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Preface

This book is based on the 13 (a lucky number) review articles published
in 2014 in the journal Reviews of Adhesion and Adhesives (RAA). The sole
purpose of RAA is to publish concise, critical, illuminating and thought-
provoking review articles on any topic within the broad purview of adhe-
sion science and adhesive technology.

With the voluminous research being published, it is difficult, if not
impossible, to stay abreast of current developments in a given area. So the
review articles consolidating the information provide an alternative way to
follow the latest research activity and developments in a particular subject
area. It should be recorded that all these review articles were rigorously
reviewed to maintain the highest standards of publication.

The rationale for publication of this book is that currently the RAA has
limited circulation, so this book was conceived to provide broad exposure
and dissemination of information published in RAA. Apropos, the authors
of the articles published in RAA were consulted and they all enthusiasti-
cally endorsed the idea of this book.

Although the book is not formally divided into different sections, it
essentially addresses the following four areas in the wide domain of adhe-
sion and adhesives.

1. General adhesion aspects

2. Polymer surface modification and relevance to adhesion

3. Adhesion and adhesives in biomedical, pharmaceutical and
dental fields

4. Adhesives and adhesive joints

The topics covered include: Adhesion of condensed bodies at microscale;
imparting adhesion property to silicone materials; functionally graded
adhesively bonded joints; synthetic adhesives for wood panels; adhesion
theories in wood adhesive bonding; adhesion and surface issues in bio-
composites and bionanocomposites; adhesion phenomena in pharmaceu-
tical products and applications of AFM; cyanoacrylate adhesives in surgical
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applications; ways to generate monosort functionalized polyolefin surfaces;
nano-enhanced adhesives; bonding dissimilar materials in dentistry; flame
treatment of polymeric materials with relevance to adhesion; and mucoad-
hesive polymers for enhancing retention in ocular drug delivery.

This book containing bountiful information on certain topics of con-
temporary interest should be valuable and useful to researchers and tech-
nologists in academia, industry, various research institutes and other
organizations. Yours truly sincerely hopes that this book will be warmly
received by the materials science community in general and the adhesion
and adhesives community in particular.

Kash Mittal

P.O. Box 1280

Hopewell Jct., NY 12533
E-mail: usharmittal@gmail.com
June 3, 2015



1

Adhesion of Condensed Bodies at Microscale:
Variation with Movable Boundary Conditions

Jian-Lin Liu", Jing Sun', Runni Wu? and Re Xia®

'Department of Engineering Mechanics, China University of Petroleum, Qingdao, China
2School of Power and Mechanical Engineering, Wuhan University, Wuhan, China

Abstract

We review here the recent developments on the adhesion of condensed bodies at microscale,
spanning from droplets, microbeams, CNTs (carbon nanotubes) to cells. We first introduce
a general method to completely tackle the adhesion problem with movable boundary con-
ditions, from the viewpoint of energy variation. Based on this theoretical framework, we
then use the developed line of reasoning to investigate the adhesion behaviors of several
condensed systems. According to the variation with movable boundary conditions, the
governing equations and transversality conditions of these systems are derived, leading to
closed-form problems. The presented method is verified via the concept of energy release
rate or J-integral in fracture mechanics. This analysis provides a new approach to explore
the mechanism of different systems with similarities as well as to better understand the uni-
fication of nature. The analysis results may be beneficial to the design of micro-machined
MEMS (micro-electro-mechanical systems) structures, super-hydrophobic materials,
nano-structured materials, and hold potential for predicting the adhesion behavior of cells
or vesicles.

Keywords: Variational theory, transversality condition, beam adhesion, droplet adhesion,
CNT adhesion, cell adhesion

1.1 Introduction

A plethora of adhesion phenomena exist widely at micro/nanoscale in nature, which are
caused by van der Waals force, Casimir force, capillary force, or some other interaction forces.
In these low-dimensional systems with considerable surface-to-volume ratio, the surface

*Corresponding author: liujianlin@upc.edu.cn

K.L. Mittal (ed.) Progress in Adhesion and Adhesives, (1-30) © 2015 Scrivener Publishing LLC
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interaction dominates over the volume force as the scale reduces to micro/nano-meters, and
this feature leads to many novel behaviors distinct from those of macroscopic systems [1].
An interesting example is the striking adhesion ability of geckos, which is primarily attrib-
uted to the van der Waals force between their feet and the contact surfaces [2, 3]. Besides, the
adhesion of liquid drops plays a critical role in the famous “lotus effect” [4-6], water-walking
capability of aquatic creatures like water strider, water spider [7-9], mosquito [10] and ant
[11], and the ability of collecting dew by Namibia desert beetle Stenocara [12]. These magical
phenomena inspired the spirit of “learning from nature”, and one of the challenging subjects
is to mimic the microstructures of biological materials to achieve ultrahydrophobic proper-
ties of materials with microstructured surfaces [13]. Therefore, the core issue dealing with
droplet adhesion is how to predict the macroscopic contact angle appropriately, which has
spurred great interest in both fundamental science and engineering applications [14-18].
It has been further shown that the contact angle of a liquid drop can be derived from the
energy variation on its energy functional [19-21], and this conclusion provides a new per-
spective on considering the adhesion of a droplet on a substrate.

Adhesion can also cause the failure of such slender structures as beams, fibers and plates
in micro/nano systems. For instance, in micro-contact printing technology, adhesion asso-
ciated with van der Waals force often produces stamp deformation because of small spac-
ings [22], and the micro-machined MEMS structures will spontaneously come into contact
with the substrate under the influence of solid surface energy or capillary force of liquid
[23-27]. Similar problem has become a crucial bottleneck in the bottom-up approach, in
which nanowires and nanobelts are widely used as building blocks of micro/nano-devices,
typically, the micro-sensors, resonators, probes, transistors and actuators in micro/nano-
electro-mechanical systems (M/NEMS) [27, 28]. This sort of failure mode has proved to be
a major limitation to push further application of these novel engineering devices, and it has
been highlighted as a hot research topic in the past decades.

Another topic is the deformation of CNT (carbon nanotube) induced by adhesion,
holding great potential in a number of applications such as flexible and stretchable load-
bearing structural components in nanoscale systems [29]. There are mainly two aspects of
the CNT deformation, i.e. the adhesion and cross section collapse, which are due to the
fact that CNTs are one of the strongest and most flexible materials with the C-C covalent
bonding and the seamless hexagonal network architecture. In the pursuit of engineering
applications, it is imperative to exploit this elastic behavior and mechanism of CNT adhe-
sion. Among others, for a CNT ring adhered to a flat substrate, Zheng and Ke [30] estab-
lished an elastica model for numerical simulation, and then experimentally characterized
the CNT deformation under both compressive and tensile loadings. Like a microtubule
inside a vesicle buckling into a racket-like shape [31], CNTs with a similar shape were also
observed in a sample of HiPCo single-walled nanotubes after 30-minute of sonication in
dichloroethane [32]. This behavior is termed as “self-folding”, and its occurrence in such
small-scale materials such as nanowires, microtubules and nanotubes is mainly attributed
to the high aspect ratio. In this situation, the maximal size (e.g., the length of nanowire)
is much larger than its persistence length [33, 34]. As a consequence, a CNT can be easily
bent into an arc shape with significant curvature [35]. This form of adhesion or self-folding
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of CNT is actually an energetically favorable state, with the interplay of elastic deformation
and van der Waals attraction between different parts of CNT. The second aspect of the CNT
deformation is cross section collapse, in which its initially circular cross section will jump
to a flat ribbon-like shape. The reason lies in that CN'Ts capture the characteristic of hollow
cylindrical structures, which renders them susceptible to lateral deformation. In reality, this
morphology was first observed and explored by TEM (Transmission Electron Microscopy)
[36, 37] and then by AFM (Atomic Force Microscopy) [38-40]. From the viewpoint of elas-
tic stability, the collapse of CNTs is essentially a buckling process, which has been one of the
recent topics of considerable interest. A number of shell, tube and elastica models have been
developed to investigate the buckling of CNTs, with the adoption of continuum mechanics,
finite element, and molecular simulations [41-45].

The last related problem is cell or vesicle adhesion, which has profound implications
in the forming of biological tissues and organs [46]. It also involves many physiological
activities, which contribute to cellular organization and structure, proliferation and survival,
phagocytosis and exocytosis, metabolism, and gene expression [47]. Appropriate cell adhe-
sion can induce such diseases as thrombosis, inflammation, and cancer. Excessive adhesion
can even cause monocytes to bond to the aorta wall and eventually leads to atherosclerotic
plaques [48], and conversely the lack of adhesion can result in the loss of synaptic contact
and induce Alzheimer disease [49]. Especially, the adhesion of a vesicle or a cell to a solid
substrate is of great significance in many application fields, such as the adhesion between
the target tumor cells and drug membrane in drug delivery [50, 51], the surface-sensitive
technique based on lipid-protein bilayers [52, 53], and stem cell division modulated by the
substrate rigidity [54]. Much effort in the areas of molecular and cellular biomechanics, both
theoretically and experimentally, has been devoted to exploring this adhesion behavior [55].

This review article is organized as follows. In Section 2, we introduce a general framework
to deal with adhesion problem with movable boundary conditions, i.e., the transversality
condition method, which can be verified with the energy release rate method. In Sections 3,
4, 5 and 6, we apply the developed approach to study the adhesion of a microbeam, droplet,
CNT and cell, respectively. Through the transversality conditions and governing equations
originating from the energy variation, we can completely solve the critical adhesion length
and deflection of a microbeam, the morphology of a droplet, and the configuration of a
CNT or cell. Then the conclusion and discussion follow in the last section.

1.2 Kinematics: Energy Variation with Movable Boundary Conditions

We start from a generalized condensed system represented as a continuous and smooth
curve, where only a portion of the curve is adhered by interfacial forces. As schematized by
the anti-clockwise arc length s in Figure 1.1, the total length of the curve is L. We assume
that the “generalized elastic deformation” only happens on the segment from s=0to s = a.
The “elastic deformation” is a more general terminology, referring to the strain energy or
some other energies (such as the liquid/vapor interfacial energy which appears in Section 4)
related with this segment. It is noticeable that this model is similar to the famous JKR model
in contact mechanics [56]. The total potential energy of the system originates from three
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Elastic body

Adhered segment

Figure 1.1 Schematic of a general system incorporating two sections with elastic energy and
interfacial energy, respectively.

sources, namely, elastic strain energy, interfacial energy, and potential energy of gravity.
If the typical length of the structure is denoted as L_, the scaling laws for a planar system
are set forth as follows: the interfacial or surface energy U, oc L, the elastic strain energy
U, o< LZC, and the potential energy of gravity U_o< L3C [57]. Consequently, as the dimen-
sion of a macroscopic structure reduces to micro/nanometers, the effect of surface energy
becomes significant and that of the gravitational energy becomes negligible. Hence, the
interplay between the surface energy and elasticity is predominant in the current micro/
nano-systems.

Point s = a is a key point, as its value is an unknown and should be determined by calcula-
tion, so the total potential energy of the system [ is viewed as a function of the parameter a:

H[a]=U(a)+F(a), (1.1)

where I'(a)is the interfacial energy, U (a) is the strain energy stored in the system which is
often expressed as U = J-o F[s,y (s,a),y (5,61),)/ (5,61)] ds, and y is a function with two

variables, i.e. y = y (s,a).

If the segment from s = 0 to s = a is regarded as a crack, then according to the extreme

dIl [a]
da
classical fracture mechanics:

condition of =0, one can arrive at the definition of the energy release rate G in

~ 8U(a)| _ oI (a)

G=
da da

=W. (1.2)
A

For elastic materials under displacement loading, the energy release rate is equal to the
J-integral named after James Rice [58].
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The parameter W in Eq. (1.2) is the interfacial energy per unit area or the work of adhe-
sion at the interface. The work of adhesion between two surfaces is normally expressed as

W=y +7,—7,, (1.3)

where y, and y, are the surface energies per unit area of the two different phases, and y , is
the interfacial energy per unit area. In the conventional definition, the work of adhesion is
actually the work per unit area which is necessary to create two new surfaces from a unit
area of an adhered interface, which is a positive constant for any two homogeneous materi-
als binding at an interface at a fixed temperature [59]. If the two materials are the same, the
work of adhesion reduces to the work of cohesion:

W=2y. (1.4)

At micro and nanoscales, the work is normally termed as the binding energy E, [60]. For a
droplet on a substrate, the work of adhesion becomes

W:ySV+yLV_VSL:yLV(1+C059Y)’ (1.5)

where Y, , Y, and 7y, are the interfacial tensions of the solid/vapor, solid/liquid and liquid/
vapor interfaces, respectively, with 0, being the Young’s contact angle of the liquid. In the

above derivation, the Young’s equation )5, =) = ¥y €0s0y has been used.
Considering the movable boundary of the integrand and using Eqs. (1.1) and (1.2), the
energy release rate G can be expressed as:

G:Jw(a) :F(a)+J:(F ay+1~“,%+F”%st:W, (1.6)
A

da Yoa 7’ 9a " da

) (y-ZL)

where the partial derivative symbols are designated as ( ) = 3 =—"
S

ds®

. Equation (1.6) indicates that the energy release rate is compensated by a gain

oF
=300

2()
in the interfacial energy in the process of interface enlargement. Applying this line of rea-
soning to the current problem, it is straightforward to solve the unknown parameter a in
use of this energy balance relation. However, in many situations, the analytical expressions
for the energy release rate and the function F are not available, because they are dependent
on the governing equation. Thus, we have to seek another route to obtain the governing dif-
ferential equation and then tackle this problem. Since the value of a needs to be determined
when the system achieves an equilibrium state, the point s = a can be considered as a moving
boundary from the viewpoint of mathematics [61].
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The functional of the total potential energy about the system schematized in Figure 1.1
is normally written as:

[ y(s.a)]= J:F[s,y(s,a),y’(s,a),y”(s,a)]ds —J.aLst : (1.7)

In fact, the energy functional of Eq. (1.7) is unique in that it deals with two variables,
i.e. the function y and the length a. This fact results in an intractable problem, because the
undetermined variable a causes the boundary movement of the system, which will create
an additional term during the variational process.

Generally, the forced or fixed boundary conditions are prescribed as:

y© =y, y'(0)=y; sy @=y,y"(a)=y.. (1.8)

The governing equation and additional boundary conditions can then be derived accord-
ing to the definition of variation with movable boundary condition. Let

y(s)=yo(s)+e¥ (s), (19)

where y, (s) denotes the extreme solution to be found [62]. According to the prescribed
boundary condition of Eq. (1.8), the extreme and varied solutions must fulfill

v, @) =ya, yi(ay) =y, sy @ =ya, y'(a)=y,;Y0)=Y'(0)=0. (1.10)
The unknown a can be expanded as

+O(32), (1.11)

e=0

da
a(e) =a, +6‘E

The boundary value in Eq. (1.9) can also be expanded as

+8Y(a0)+0(82), (1.12)

e=0

, da
y(a)=yo(ap)+ey (QO)E

+8Y’(a0)+0(82)- (1.13)

=0

’ 7 ” d
y'(a)=y5(a)+ey (“O)d_g

Comparing Eqgs. (1.9), (1.12) and (1.13), one arrives at

Y (a,)=-7(a,) %2

E (1.14)

bl
&e=0
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da

Y’(ao)z—y”(ao)g (1.15)

e=0

Egs. (1.14) and (1.15) give the variation of the “new” end-point a (8) as a function of the
variation in y and the derivatives y” and y” at the “old” end-point a,.

Before proceeding further, we first revisit the definition of derivative about an integra-
tion including a parameter a. Let

o(a)= J:((:))F(x,a)dx, (1.16)

and then we have its derivative

¢’(a)= j:((z))Fa (x,a)dx+F[b(a),a]b’(a)-F[a(a),a]a’(a).  (117)

Now let us return to the variation of the energy functional in Eq. (1.7). Substituting Eqgs.
(1.8), (1.9), (1.10), (1.12) and (1.14) into Eq. (1.15), and using Eq. (1.17), one can obtain the
derivative of the functional

dH da 4 ' "
e —[W+F]S_%ES=O+ [“|EY+E,Y +E,Y"|ds
d a dF., dF .
=w+F]_ 2 +[Ey+Ey "+ [ Ey =2y -2y |ds
b de|_, L7 7oodo Jo | ds ds
e, 1° .| dr, d&F,
=[W+F]|_ da +|F,Y+F, Y -——2Y +j° F ——2+—2 |vds (1.18)
s=a, d8 0 Yy Yy dS A 0 y dS d52
’ ” ’ dF}’ ” da [ ’ dF,'V i "
=|W+F~-y'F,—y"E, +y " % +|F,Y+F, Y~ % Y
s=a, e=0 L 0
dF, d°F,
%o y y
+ F — + Yds =
J.o Y ds 52 0

The fact that the above integral equals zero leads to the governing differential equation, i.e.
the Euler-Poisson equation:
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0 0
Fy_ng/'l'a?Fy”:O' (1.19)

The remainder of Eq. (1.18) takes the following form

dFy,, %
ds - de

Il
o

[W+F —y'F,—y"F,+y’ (1.20)

=0

da
This expression vanishes for arbitrary —

d , which corresponds to arbitrary Y(a ) if the
&

&=0
bracket is zero. Then we can obtain the additional boundary condition, which is defined as
transversality boundary condition for this variation problem:

’ ” /dF)’”
W=|yF, +y"F, -y —-Fl . (1.21)

ds

In fact, the transversality condition dealing with movable boundaries has already been
deciphered in the book titled as “Methods of Mathematical Physics”, authored by Courant
and Hilbert in 1953 [63]. In essence, this additional condition indicates the equilibrium
state originating from the competition between surface energy and elastic energy at the
critical point.

Therefore, based on the above fundamental deductions, utilizing the principle of least
potential energy and considering the movable boundary, one can obtain the following vari-
ation result

ST1[ y(s.a) |=6T1,+0T1, =0, (1.22)

where

ST, :j:(Fy5y+Fy,5y’+Fy,,5y”)ds

, a a a a a2 (1.23)
= |:Fy'5y + Fy”éy —a y”5y:|0 + -[O Fy —apy; +§Fy” 5yd5 R

and

) . ,dFy,,
oI, ={F=yE, —y"F, +y +W | da, (1.24)

ds
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Inserting Eq. (1.23) and (1.24) into (1.22), and because of the arbitrariness of the varia-
tion, one can obtain the Euler-Poisson equation shown in Eq. (1.19), and the arbitrariness of
variation about the point a leads to the transversality condition in Eq. (1.21).

The combination of Eqs. (1.6) and (1.21) yields

dE ., af B o' P vj
' " ) — —G= Y Y Y .
VEy+y By =y~ F W=G F(a)+j0 [Fy =+ By o+ F 2| ds (1.25)

s=a

It is indicated from Eq. (1.25) that there are two approaches to determine the variable
a, namely the energy release rate method, and the movable boundary condition method.
However, in most cases when adopting the first method, the explicit expression for the
integral on the right side of Eq. (1.25) is impossible to obtain, and therefore the second
one is the only choice. This idea sheds a new light on solving the problem with movable
boundaries.

Next, we will review some case studies, where the governing equations and transversality
conditions can be easily derived from the variation viewpoint in light of energy minimiza-
tion. These issues include microbeam adhesion, CNT deformation, droplet wetting, and
cell adhesion. From these examples, we can see that the novel idea of movable boundary
condition proves to be more challenging and fruitful.

1.3 Microbeam/plate Adhesion

Within the above framework, the first typical example is a microbeam stuck to the substrate
with strong work of adhesion W, with the Young’s modulus E, and the moment of inertia on
the cross section I, which is schematized in a Cartesian coordinate system (0-xy). As shown
in Figure 1.2, the gap height is A, the detached segment length is g, and the total length of
the beam is L. The potential energy of the system can be expressed as

1 ¢a
= EIO Elw"*dx-W(L—a). (1.26)

According to the variation method of Section 2, one can arrive at the governing equation
w®=0 (1.27)
and the transversality condition at the moving boundary

_18EIW’

4
a

W= %EIW”(&!)Z (1.28)

This expression is in good agreement with the former results [24, 27]. According to the
above equations, one can naturally determine the detachment length and the deflection of
the beam.
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Z X
7 -
A0 !
] |
E.I?
Substrate
le a .

Y4

Figure 1.2 Adhesion of a microbeam to a solid substrate due to interfacial energy.

To validate the aforementioned results, we revisit this problem from the viewpoint of
fracture mechanics. The detached segment of the beam is modeled as a crack, and the
energy release rate G is then deduced as

_9U| _18EIW _

= 8a|A_ a’

W, (1.29)

which bears the same form as Eq. (1.28). This re-emphasizes the equivalence of the methods
of movable boundary condition and the energy release rate.

However, for the nanobeam adhesion to a solid substrate, we must take the surface
effects into account. Using the Gurtin’s theory, the potential energy of the beam-substrate
system is given as [64]

1 * ra 2 a
M= (k1) [[(w) dx— [ qudx-w(L-a), (1.30)

where (EI ) is the modified bending stiffness due to surface elasticity, and q is the trans-
versely distributed load along the longitudinal direction of the beam due to the residual sur-
face stress. Based on the presented variation method, the nanobeam deflection with surface
effects can be presented, indicating that it is not in symmetric configuration.

However, these analyses are only applicable to the case of stiff substrate, and the bound-
ary condition at the adhesion point is assumed to be a clamped end. Following the model in
Figure 1.2, Zhang and Zhao [65, 66] considered the elastic deformation of the substrate, and
mentioned that the slope angle at the movable point is not zero. They derived the boundary
conditions through energy variation, where they named these transversality conditions as
“matching conditions” In essence, their approach offers a more accurate model for the stuck
cantilever without prescribing its deflection shape.

Besides the system consisting of a single beam adhered to a substrate, considerable atten-
tion has been paid to the capillary adhesion of multiple beams with liquid bridges. For
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illustration, the adhesion of two initially parallel microbeams with a rectangular cross sec-
tion is shown in Figure 1.3, where d is the initial distance between the two beams. Adopting
the energy minimization method, Bico et al. [67] obtained the equilibrium sizes of two
beams and two bundles of beams in capillary adhesion. Kim and Mahadevan [68] derived
the rising height of the meniscus between two thin sheets dipped vertically in a liquid bath.
In their model, the liquid bridge was first modeled as a thin liquid film and the equilibrium
configuration of the static beams was determined. These theories have been verified by their
experimental results respectively, but the meniscus height is found to be different from that
predicted by Jurin’s law. By using the energy variation with movable boundary condition, Liu
et al. [69] presented the total potential energy of the system, where the values of the strain
energy and interfacial energy are twice those of Eq. (1.26). Based on these investigations and
the minimum total potential energy principle, Liu et al. [69] derived the analytical expres-
sions for the critical adhesion lengths of two beams, three beams, and two bundles of beams
under capillary forces. Their solutions were also validated by experiments using polyester
and silicone oil.

It is worth mentioning that the aforementioned studies are mainly based on the infinites-
imal deformation theory of elastic structures. However, a slender structure under the action
of capillary forces may undergo large deformation, especially when its characteristic sizes
are in the range of micrometers or nanometers. For instance, Journet et al. [70] observed
that when a volatile droplet is placed on an array of aligned CNT5, it will experience large
deformation and will be adhered to bundles. In light of this experiment, Liu and Feng [71]
studied the finite deformation of two originally parallel CNTs stuck with each other by a
thin liquid film as schematized in Figure 1.3. With the variation of the energy functional of
the system, the governing equation of an elastica beam was derived as

d*0
Elgez+t><R=0, (1.31)

where 0 denotes the angle between the horizontal and the tangential directions, e_ the
unit vector normal to the plane of the deformed beam, ¢ the tangential unit vector of

Z Liquid
[ Beam . i }

7 . | i

4 ‘2222

_! iy 4—L——

]

7 .

L -

Figure 1.3 Two microbeams adhered by a thin liquid film, where left is the side view, and right is the
cross section.
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the beam, and R the constant vectorial tension acting on the beam. The critical point of
the adhesion segment is unknown and can be viewed as a movable boundary condition
during the variation process. By solving the elastica equation [72] and the corresponding
transversality condition, Liu and Feng [71] obtained the solutions of key parameters and
deflection curve of the adhered beams. In comparison with the solution of infinitesi-
mal deformation, the finite deformation theory shows a better agreement with relevant
experimental results.

Furthermore, Liu [73] generalized the existing models of microbeams to microplates
with the effects of capillary adhesion. Assume that the plate is usually adhered to the rigid
substrate due to the capillary force induced by the liquid film between the stiction zone
of the plate and the substrate. Therefore, the plate includes a non-adhered portion and an
adhered one, denoted as D, and D,, respectively. The boundary of the adhesion zone is also
assumed as a plane curve I',. The initial distance of the substrate from the plate is H, and the
deflection of the plate is w. As schematized in Figure 1.4, the potential energy functional of
the plate-substrate system is expressed as

[1= JJ[%(VZW)Z + 2y, y cosby :|dxdy -2 J] YLy cosOydxdy (1.32)
Dl

D,+D,

From the variation of the energy functional of the solid/liquid system, Liu [73] derived the
governing equation of a plate adhered to a substrate and the supplementary boundary condi-
tion, i.e. the transversality condition. The latter is written as

0 (w» 0 (wr \|OW 5 d [ ow d( ow

0x dy

Figure 1.4 Adhesion of a microplate to the substrate by surface energy, where left is the top view, and
right is the side view.
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2
+£(V2w) +2y,y cosly }
2 r
2 2
= E(Vzw) + 2y cosby, + Kﬁ(vzw)a—w — szwﬁ_v: =0 (133)
2 n, on, on, '

I

It was found that for a circular plate, there exists a minimum critical radius, below which
no capillary adhesion will occur. This conclusion is in accord with the experimental obser-
vation of Mastrangelo and Hsu [27].

1.4 Droplet Adhesion to a Solid

As another classical example, we investigate the morphology of a liquid droplet deposited
on a smooth solid substrate. As exhibited in Figure 1.5, the radius of the liquid/solid area is
a, the maximum height of the droplet is /i, and the mass density of the liquid is p . To sim-
plify the problem, we only concentrate on two-dimensional case without loss of generality,
but the presented analysis can also be extended to three-dimensional case.

The boundary condition of the semi-droplet is

y(©0) =h, ' (0)=0;y (@) =0, ¥'(a)=—tanby (1.34)

The energy functional of this condensed system includes the interfacial energy of the
liquid/vapor interface, the potential energy due to gravity, and the surface energy of the
solid substrate, which can finally be written as

Vapor
Liquid
Q

=

Solid

2a

e -

Figure 1.5 Schematic of a liquid droplet deposited on a solid substrate.
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[1= 2J:F[y (x,a)]dx + 2J.Oa PLydx — 2_[: Wdx + /lfa ydx - (1.35)

The symbol 4 is the Lagrange multiplier, to enforce the fact of mass conservation.
In light of the variation operation with respect to Eq. (1.35) with movable boundary
conditions, one can obtain the classical Laplace equation across the liquid/vapor interface:

”

v — 7 o =P, (1.36)
(1+57)

where g is the gravitational acceleration and the Lagrange multiplier 4 can be identified as
the Laplace pressure difference at the triple contact point. The transversality condition can
also be obtained as:

’

’ 1 ’
Yov Vs = | NI Y+ gy Ay =y % =,y cosly

’2
I+y= 1 _ (1.37)

which is just the Young’s equation.

Moreover, Bormashenko [74] deduced the Young, Boruvka-Neumann, Wenzel and
Cassie-Baxter equations as the transversality conditions for the variational problem of wet-
ting. Among others, he derived the Wenzel equation [75] as

cost),, =rcosby, (1.38)

where 0, is the macroscopic contact angle, and r is the roughness parameter. The Cassie-
Baxter equation [76] is expressed as

cosO-z =cosly +O—1, (1.39)
where ¢ is the percentage of the solid area to the total droplet-substrate contact surface.
Bormashenko and Whyman [19] further applied the variational approach to wetting prob-
lems: calculations of the shape of a sessile liquid drop deposited on a solid substrate under
external field. They obtained explicit expressions describing the drop’s shape with a cal-
culation of variation for two-dimensional and three-dimensional wetting problems. This
investigation may be applicable for analysis of electrowetting problems, and for the study
of vibrated and centrifuged drops.

However, the actual distribution of roughness of the substrate was not considered in the
analysis mentioned above. Here, we suppose that the top profile of the substrate is a contin-
uous and smooth curve in mathematical meaning. For the sake of brevity, we only consider
the symmetry case for this droplet-substrate system. The origin of the coordinate is selected
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at the symmetry point of the substrate and droplet, and the corresponding right portion is
schematized in Figure 1.6. The morphology of the droplet is designated as y = y (x), and the
shape function of the substrate is z = z (x). The TCL (triple contact line) is located at the
point x = a, where the macroscopic contact angle 6 (a) is defined as the parameter in experi-
mental measurement, i.e., the angle between the tangent line of the liquid/vapor interface
and substrate [77].

All the variables which are related to the substrate surface are field functions according
to continuum theory. In other words, they are all functions with respect to the coordinate
of an arbitrary point, such as yg =yg (x) s Ysv = Vsv (x) and 0, (x) is the Young’s con-
tact angle at any point. The Young’s contact angle at any point is expressed via the classical
Young’s equation

(x) =22 ()= () (1.40)

YLv

cos Oy

To derive the expression for the macroscopic contact angle at any point, we only focus
on the TCL, where the fixed boundary conditions are prescribed as

y(a)=z(a), y(a)=—tan0(a) , z'(a)ztan(b(a), (1.41)

Here, the dot above a character stands for the derivative of the variable with respect to the
horizontal coordinate x, and the slope angle of the substrate at any point is denoted as ¢ (x) .

Figure 1.6 is a magnified view of the area near TCL. The Gibbs free energy of the drop-
let-substrate system consists of potential energies from gravity and reaction force at TCL,
and the interfacial energies at the liquid/vapor, solid/liquid, and solid/vapor interfaces,
respectively. Applying variation about the movable boundary condition to the TCL, one
can obtain the following relation

Yy

»

Solid |3 //////////7“ '/;‘//: x > "

a

-

Figure 1.6 Schematic of a droplet deposited on a rough and heterogeneous substrate with the force
balance at the TCL.
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Yoyl i — iy L+y x)V1+2* -2y, x—é — ey (X)V1+2

LV Y =Vl (—1+}_}2 SL( ) SL( ) (_1+z'2 sv( )

+2zy (x);.—y sin 0. sin¢+lpg(y2—zz)—,u(y—z) =0. (1.42)
Y (—1+z‘2 LV Y 5

X=a

Then the macroscopic contact angle at the TCL can be deduced as
Q(a) =0y (a)—arctan[z'(a)]- (1.43)

It is clear that the macroscopic contact angle strongly depends on the geometrical
and chemical properties of the substrate, as it is a continuum field variable at any point.
This means that different positions will possess different contact angles. Finally, we again
emphasize that the macroscopic contact angle is only relevant to the properties of TCL and
is independent of those of the area underneath the droplet, and this conclusion violates
the conventional idea. As is well known, the classical Wenzel and Cassie models are both
concerned with the geometrical and chemical properties of the contact zone rather than the
contact point. Moreover, using this model, one can illustrate the pinning effect of a droplet
located at a sharp wedge or the interface between the two phases [77, 78].

For another typical substrate, i.e. a slender fiber as shown in Figure 1.7, Wu and Dzenis
[79] solved the droplet shape in Legendre’s elliptical functions. The free energy of the drop-
let-fiber system reads

Fy 0, Vo
1 I x
| ol— l .
L

- -

Figure 1.7 A droplet adhered to a fiber, with a barrel shape.
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L2 L2

[M=4n J. [(ySL _st)ro +7vy 1+y” ]dx—41t j F[y(x),y'(x),,u]dx. (1.44)
0

0

By using the former variation method considering the movable boundary conditions,
they deduced the Laplace equation and Young’s equation as the governing equation and
transversality boundary condition, respectively. They also proposed a novel efficient semi-
analytical approach to extract the contact angle from experimental data, when the contact
angle is larger than 15°.

1.5 Elastica Model of CNT Adhesion

The adhesion of a bending CNT ring to a solid substrate is also a representative case study,
which is schematized in Figure 1.8. Due to the symmetry and smoothness of this configura-
tion, only the right half of the structural portion is selected and modeled as a beam with two
clamped ends. The initial radius of the carbon nanotube ring is R, and the adhered segment
is a. The slope angle of the beam at an arbitrary point is g, which continuously changes
from 0° at its lower end to 180° at its upper end.

This configuration is stabilized by the van der Waals interaction between the upper and
lower portion of the CNT ring, primarily within the horizontal contact zone, because the
van der Waals force decays rapidly in the non-contact areas. As a reasonable simplification,
the van der Waals force between the upper and lower portion of the CNT ring in the non-
contact domain is negligible. Then the total potential energy of the system mainly consists of
two parts, i.e., the elastic strain energy and surface energy. Considering the symmetry of this
configuration, the energy functional of the elastica in Figure 1.8 can be expressed as

by
g
S« L
Q >
Substrate x
2a

- -'i

Figure 1.8 A CNT ring adhered to a solid substrate due to strong interfacial energy.
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= LERBEM)Z + /(= cos¢) + 4, ()"—Sinq))]ds—Wa) (1.45)

where 4, and 4, serve as two Lagrange multipliers. Using the aforementioned method, one
can obtain the governing equation, Eq. (1.31) and the transversality condition [61, 80, 81]:

%Elé(a)2+21 =W. (1.46)

The next problem is the self-folding of CNT, as schematized in Figure 1.9. The total
length of the rod is L/2, and the adhered segment is . Much effort has been directed toward
understanding the physical mechanism of self-folding process. The first atomistic simula-
tion of the single-walled CNT with very large aspect ratio subjected to compressive loading
was carried out by Buehler et al [35]. They investigated the shell-rod-wire transition of
CNTs with increasing aspect ratio. Following this work, Buehler et al. [82] utilized atomistic
simulation to study the deformation of a highly flexible nanotube forming a thermodynam-
ically stable self-folded structure, and presented the critical length and critical temperature
for folding or unfolding. In succession, Zhou et al. [83] obtained the critical length of the
self-folding of CNTs by MD simulations and infinitesimal deformation analysis. Mikata
[84] then derived an approximate solution for the self-folding of CNTs on the assumption
that the curvature at the adhesion point was zero. Moreover, Glassmaker and Hui [85] mod-
eled the CNT as an elastica, presented the closed-form differential equation set, and gave
the numerical results. Similar to CNT folding, Cranford et al. [86] studied the self-folding
of mono- and multilayer graphene sheets, utilizing a coarse-grained hierarchical multiscale
model derived directly from atomistic simulation. Although the above-mentioned studies
have been devoted to self-folding problems, there is still a lack of systematic theoretical
analysis on the underlying physical mechanisms, which involve very large deformation and
strong geometric nonlinearity. However, adopting the above-presented variational method
with movable boundary conditions, it is easy to derive the governing equation (1.31) of the
racket-like CNT. The transversality condition is similar to the former result:

o

Figure 1.9 Self-folding of a slender CNT with a racket shape.
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EI§(I) =W =0. (1.47)

The second aspect of CNT deformation is the cross section collapse of CNT. As shown
in Figure 1.10, if the radius of the CNT is small, the cross section is normally circular; if
the radius is large enough, the cross section is called the collapsed morphology. We con-
sider the collapsed morphology of a single-walled CNT, which is initially circular with a
radius R and an axial length L. The current configuration incorporates a flat contact zone
in the middle part and two non-contact regions at the ends, as shown in Figure 1.10. As a
reasonable simplification, the van der Waals force between the upper and lower portion of
the CNT walls in the non-contact domain is ignored. Normally, the van der Waals force
between two carbon atoms is repulsive at a very close range, so the CNT wall contact is
defined by an equilibrium separation d, between the flat regions. The distance between the
flat contact zone and the extreme point of the CNT is denoted as b. From the experimental
picture, we can see that the collapsed shape of CNT is symmetrical, which was also verified
by molecular simulations [87]. For the collapsed morphology, due to the symmetry and
smoothness of this configuration, only a quarter of the structure is selected and then mod-
eled as a plate or as an elastica with two clamped ends. In fact, there is another underly-
ing assumption that the deformation along the axis of the nanotube is uniform, which has
already been verified by experiments and MD simulations [39, 40, 87, 88]. As a result, we
select the cross section representing the whole tube, and model the thin wall as a curvilinear
abscissa. Therefore, within the presented analysis framework, similar governing equation

Figure 1.10 Cross section collapse of a CNT, from a circular shape to the dumbbell shape.
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and transversality condition can also be derived [89]. In the analysis, we have defined a
new characteristic length, i.e. the elasto-cohesive length L, =, |EI / W, which is different
from the elasto-capillary length L, . named by Roman and Bico [57]. It can be noticed that

the elasto-cohesive length is identical to another parameter, 1/ \/6 , which is determined

N2

in [85]. For a slender structure adhered by a liquid film, the elasto-cohesive length L= >

L, when 0y = 0, which is consistent with the former result [67].

In succession Zhang et al. [90] carried out continuum mechanics analysis and molecular
mechanics simulations to study the adhesion between two identical, radially collapsed single-
walled CNTs, as shown in Figure 1.11. They considered both the inter-adhesion energy between
nanotubes and the intra-adhesion energy in a nanotube, and gave a closed-form solution to the
adhesion configuration. Comparing the potential energy of the adhesion structures formed by
two identical single-walled CNTs, three types of configurations, i.e., circular, deformed, and
collapsed shape, can be formed with increasing CNT radius and separated by two critical radii
of the single-walled carbon nanotube. Furthermore, they pointed out that the collapsed adhe-
sion structure possesses the highest interfacial energy. The results demonstrate that as a poten-
tial application in carbon nanotube reinforced composites, arrays formed by collapsed carbon
nanotubes will be optimal due to the strong interface strength.

1.6 Cell Adhesion

For a cell adhered to a solid substrate, Seifert [91] first gave the free energy expression for
the cell membrane:

Hzg[ﬁdA(Cl+C2—C0)2+PJ.dV+2[ﬁdA—WA*> (1.48)

where C, and C, are two principal curvatures of any point on the membrane, C is the
spontaneous curvature, A is the area of the membrane, A is the adhered area of the mem-
brane, V is the volume of the membrane, P is the pressure difference across the membrane
interface, and X is the Lagrange multiplier. According to the variation with respect to the
free energy, they gave the nontrivial boundary condition, i.e. the transversality condition at

the adhesion point as . W
o(a’)= = (1.49)

which is equivalent to the former result [92]. Moreover, they presented the morphologies
of a cell adhered to a smooth substrate by solving the governing equation considering the
transversality condition.
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Figure 1.11 Adhesion between two radially collapsed single-walled CNTs. (a) Partial collapsed
configuration (pillow-shaped) for the case with an initial radius smaller than R . (b) Critical

collapsed configuration with an initial radius equal toR . . (c) Collapsed configuration with an initial
radius larger than R

TImin®
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Furthermore, Yin et al. [93] constructed a general mathematical frame for the equilib-
rium theory of open or closed biomembranes. Based on the generalized potential func-
tional, they derived the equilibrium differential equation for open biomembrane (with free
edge) or closed one (without boundary). They also presented the boundary conditions,
including the transversality conditions for open biomembranes. Based on this theoreti-
cal framework, they also established the shape equation of the membrane by treating the
inhomogeneous biomembrane as a lipid bilayer vesicle containing inclusions or impuri-
ties [94]. After careful examination of the equation, they found that the rigidity gradient
is an initial “driving force” that may destabilize the biomembrane and stimulate shape
transitions, and proposed a concept termed “curvature bifurcations induced by rigidity
gradients”. In succession, Lv et al. [95] introduced several differential operators and inte-
gral theorems to study a vesicle sitting on a curved surface from the geometrical point of
view. In their analysis, the inhomogeneous property and line tension effect of the vesicle
were taken into account.

Similarly, Deserno et al. [96] developed a geometrical framework to deduce the equilib-
rium shape equations and boundary conditions for both a liquid adhered to a substrate and
two liquid surfaces adhered together. Recently, Das and Du [97] investigated the adhesion
of a vesicle to a substrate with various geometries. The axisymmetric configuration of the
vesicle, and the typical substrates with concave, convex and flat shapes were analyzed. The
result shows that the transition from a free vesicle to a bound state depends significantly on
the substrate shape. Following this work, Zhang et al. [98] established a phase field model
for vesicle adhesion involving complex substrates, where an adaptive finite element method
was utilized to find the solutions. The conclusion is that concave substrates favor adhesion.
More recently, Yi et al. [99] investigated the adhesion wrapping of a soft elastic vesicle by a
lipid membrane. It indicates that there exist several wrapping phases, such as full wrapping,
partial wrapping, and no wrapping states. Shi et al. [100] further explored the pulling of a
vesicle deposited on a curved substrate, and gave the relation between the external force and
the displacement of the vesicle for different substrate shapes and interaction potentials. All
these related works deal with the transversality boundary conditions at the adhesion edge.

In addition, recent report indicates that when cells are adhered to a substrate with a
non-uniform rigidity, they will move directionally and congregate at the area where the
rigidity is higher [101, 102], and this phenomenon is different from a droplet on a substrate
with gradient rigidity [103]. Understanding the mechanism of the cell-substrate adhesion
is beneficial to understanding the phenomenon of cell migration, embryonic development,
wound healing and immune response. Zhou et al. [104] studied a cell or a vesicle adhered
to an elastic and smooth substrate, i.e. a slender beam in two dimensions, as schematized
in Figure 1.12. Due to the strong adhesion ability of the vesicle, part of the substrate will
stick to the vesicle. The adhered portions of the two elastic bodies deform conformally and
the un-adhered segment of the vesicle experiences large deformation. The total length of
the vesicle is designated as L, the non-adhesion length of the vesicle is a, and the angle
at the point s = a is termed as ¢,. The bending stiffnesses of the vesicle and the substrate
are respectively denoted as «, and «,. They constructed the total free energy functional of
vesicle-substrate system as follows:
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L, /z

1 L
Hz‘([zzcl d—c, ds+J. (rc, + 1, )9*ds — (70—11)

Ly/2
+ '[ [ﬂixsin¢+ﬂ.z(5c—cos¢)] ds . (1.50)

In using the variation principle with movable boundary conditions, one can derive the
transversality condition as

WL,

2
w= = i _¢01(¢01 ) 2(+Iu)(¢01 ) . (1.51)

When x, — o0 and C = 0, Eq. (1.51) reduces to the situation of a vesicle sitting on a rigid

substrate, i.e. q;;f = 2w, and this solution is consistent with the former results [61]. In
succession, they presented the morphology of the vesicle-substrate system and the phase
diagram, and then pointed out that there exist different wrapping states depending on the
work of adhesion and bending stiffness. They further investigated the adhesion behavior
of a vesicle to a rigid substrate. These analyses are helpful to understand the mechanism of
cell motility and provide a new outlook on the droplet wrapped by a membrane when the
voltage is inputted.

1.7 Summary and Prospects

In this review article, we mainly concentrated on the recent work about adhesion of con-
densed bodies, spanning from droplets, microbeams, CNTs to cells. We first introduced the

Y

';5 0 X

Figure 1.12 Schematic of a vesicle adhered to an elastic substrate, with the deformations of the vesicle
and the interfacial segment of the substrate.
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concept of unified analysis framework for the adhesion of an elastic system with movable
boundaries. According to the principle of least potential energy and variational theory, we
derived the governing equation, i.e. the Euler-Poisson equation, and the transversality con-
dition at the movable boundary. The transversality condition actually represents the com-
petition between elastic energy and interfacial energy at the critical point. This approach
can be validated by the concept of energy release rate in fracture mechanics.

It is pointed out that the adhesion of microbeams, droplets, CNTs and cells can be
grouped into this framework, and the developed method can be used to examine the adhe-
sion behaviors of these systems. The detachment length and deflection of the beam, the
Young’s equation and morphology of the droplet, the adhesion configuration of a CNT, and
the energy landscape of cell adhesion can all be acquired considering the transversality con-
ditions. In fact, the different adhesion models presented previously can be formulated by
the same governing equation and transversality condition after coordinate translation and
scale transformation, and the physical parameters have correspondence relationships [105,
106]. Consequently, these conclusions would give insight into designing some analogous
experiments or numerical simulation methods among different systems, such as the slender
structures and droplets. These analyses open a new avenue for exploring the mechanism of
different systems with similarities and the unity of nature in depth. The obtained results are
beneficial to the design of nano-structured materials, and pave a new way to enhance their
mechanical, chemical, optical and electronic properties.
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2.1 Introduction

As it can be easily structured or patterned, commercially available and non-expensive,
poly(dimethylsiloxane) (PDMS) elastomer is one of the most suitable polymers for many
conventional and advanced technologies. It is widely used in preparation of microfluidic
devices [1-4] such as channels, valves, diaphragms and biosensors because of its elasticity,
transparency and biocompatibility. Its good mechanical properties, high gas permeability,
low toxicity, exceptionally low reactivity and long-term durability in the presence of aque-
ous solutions make PDMS attractive for biomaterials applications [5-12]. PDMS has also
other advantages as excellent flexibility, bio-inertness [13, 14], and high thermal and oxida-
tive stability [15, 16]. However, in spite of all these advantages one of the major drawbacks
is that PDMS is naturally hydrophobic with water contact angle of ~ 109 °. For variety of
applications the hydrophobic nature is disadvantageous and requires surface modification
in order to improve the PDMS wettability and adhesion property. This can be achieved
with increasing the surface free energy of PDMS by introducing reactive functional groups
into the polymer surface. Different approaches have been used to alter the surface chemis-
try of PDMS. After such treatments the polymer retains its bulk properties and the resulted
modified surfaces show enhanced wettability. This is a fundamental (but not sufficient)
requirement for improving the adhesion ability of PDMS [17, 18].

In the last two decades, several reviews have been published describing the surface modifi-
cations of PDMS and their applications. Zhou and coworkers [1, 2], Makamba et al. [19] and
Wong and Ho [20] focused on the progresses made in PDMS surface modification for micro-
fluidic devices. The strategies applied for modifying the surface of PDMS polymers to enhance
their biocompatibility and clinical performance have been reviewed by Abbasi et al. [5].

This review mainly focuses on the developments of surface modification methods used
to improve PDMS surface adhesion property. These methods are divided into three main
categories: physical, chemical and combination of both. Physical techniques include plasma,
corona, UV-ozone, laser treatment and physical adsorption. The wet chemical methods
include LbL deposition, sol-gel coating and some other wet chemical treatments. Finally, the
third category - combinations of physical and chemical methods including covalent surface
grafting and incorporation of amphiphilic block copolymers will be discussed. Advantages
and disadvantages of each of these surface modification methods are also presented.

2.2 Cured PDMS

2.2.1 Curing Reactions

Poly(dimethylsiloxane)s are liquid at room temperature and their transformation into elas-
tomeric materials proceeds via cross-linking reactions, i.e., formation of chemical bonds
between adjacent chains. The three-dimensional networks can be obtained via a wide vari-
ety of methods but the most typical routes are: free-radical reaction (normally performed
at high temperatures), condensation reaction (moisture-triggered curing) or addition reac-
tion (hydrosilylation curing).
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Figure 2.1 Free-radical reactions taking place in cross-linking of vinyl-functionalized PDMS
Reproduced from Ref. [21] with permission from Elsevier.

2.2.1.1 Free-Radical Curing

The reaction requires a high temperature for activation of the free-radical precursor, fol-
lowed by homolytic bond cleavage. The resulting radical-containing components trans-
fer their free-radicals to the silicone polymer bearing either alkyl or vinyl functionalities.
Cross-linking occurs as the free-radicals of one polymer chain react and bond with alkyl/
vinyl species of another polymer chain (Figure 2.1).

Organic peroxides (for example, benzoyl or dicumyl peroxide) are very often used as
free-radical precursors due to their convenience and availability. They are relatively inert at
room temperature but rapidly decompose (within a few minutes) at temperatures between
90 and 180 °C. However, peroxide curing has some drawbacks. The peroxides can attack
molecules that are not part of the polymer, such as atmospheric O, thus reducing the quan-
tity of active free-radicals and grafting undesired molecules to the polysiloxane backbone.
Free-radical precursors are also sensitive to acidic conditions and tend to decompose into
ionic species. Another drawback is the presence of residues in the cured elastomer, includ-
ing acid by-products and polychlorinated biphenyls (PCBs), which are highly toxic and can
act also as depolymerization catalysts at higher temperature. Therefore, rubbers obtained
by this free-radical reaction pathway often require a post-curing treatment at temperature
as high as 200 °C for several hours. All these drawbacks largely limit the nature of additives
usable in silicone resins cured in this way.

2.2.1.2 Condensation Curing

Condensation curing occurs between hydroxy, alkoxy or acetoxy groups [22] in presence of
tin or titanium catalysts, accompanied respectively with release of water, alcohol or acetic acid
as by-products and formation of Si-O-Si or Si-O-C bonds. The condensation-curing silicones
are formulated as one- or two-part products. Typical two-component systems are formulated
from a first part (Part A) containing the silanol-terminated PDMS and a second one (Part B)
composed of the cross-linker and catalyst (dialkyltin, tin (I or IV) dialkanoates or zinc
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Figure 2.2 Condensation curing with multi-functional polysiloxane (a) and low molecular weight
compounds (b), where R = Alkyl. Adapted from Ref. [23] with permission from Elsevier.

alkanoates). Thus, cross-linking starts after mixing the two parts (Figure 2.2 a,b). Reinforcing
fillers and other additives may be added to Part A depending on the targeted application.

The curing process is fast and proceeds at low temperature while by-products are
released. As a result, lightly cross-linked silicone films can be prepared, which are capable
of dissipating normal and shear stresses at high temperatures (as in release coating appli-
cations), or are tough and flexible silicone elastomers which retain their elastic properties
over a wide temperature range. The incorporation of reinforcing fillers such as fumed silica
or calcium oxide improves the mechanical properties of the elastomers and affects the flow
properties of the system. Introduction of a multifunctional cross-linker produces a three-
dimensional network. Tri- and tetrafunctional low molecular weight compounds, such as
trialkoxysilanes (R'Si(OR”),), and tetraalkoxysilanes such as tetrapropoxysilane (SiOPr,)
(Figure 2.2b) and multi-functional polysiloxane chains as poly(diethoxysiloxane) (Figure
2.2a) are usually used as cross-linking agents. These cross-linkers then condense with the
silanol (SiOH)-terminated PDMS polymer producing a cross-linked network with release
of the corresponding alcohol. The disadvantage of this kind of curing process is the forma-
tion of small by-product molecules which are released during condensation and can lead to
some shrinkage of the film.
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2.2.1.3 Hydrosilylation (Addition) Curing

Addition curing, known as hydrosilylation, is the third way for cross-linking of polysilox-
anes. The reaction consists in formation of a new Si-C bond by addition of a hydrosilyl
group (=Si-H) to an unsaturated carbon-carbon bond in the presence of a transition metal-
based catalyst (Figure 2.3). Usually the cross-linking occurs between silicone polymers with
a vinyl or other alkenyl functionality and cross-linking functional oligomers as tetrakisdi-
methylsiloxysilane or tetravinyl tetramethylcyclotetrasiloxane. The position and concentra-
tion of both vinyl and hydrosilyl groups along the polysiloxane backbone govern the nature
of the elastomeric network.

The reaction is catalyzed by complexes of platinum such as Speier (H,Pt(IV)Cl) and
Karstedt (Pt,(0){[(CH,=CH)Me Si],O},) catalysts. A three-step mechanism proposed by
Chalk and Harrod [24] (Figure 2.4) consists of the oxidative addition of the Si-H on the Pt
catalyst (oxidation state from II to IV), H transfer in the f-position of the carbon-carbon
double bond, and reductive elimination of the product.

Elastomers featuring this type of curing system are supplied as two-part kits: one part
(Part A) contains the vinyl-end capped PDMS, platinum catalyst, inhibitor, and the other
part (Part B) contains the cross-linker. The cross-linking reaction starts after mixing of
these two parts. This reaction is exothermic in nature, occurs even at room temperature
and is reported to take place very rapidly. Some Pt-catalyzed samples have been observed
to cure completely in less than 30 seconds. For slowing down the curing reaction, inhibitors
(typically 3,5-dimethyl-1-hexyn-3-ol or acetylenic alcohols) are often added. The hydro-
silylation reaction can also be slowed down by using rhodium-based catalysts, which are
approximately five-to-ten times less reactive than Pt derivatives.

Compared to peroxide-cured silicone rubber, curing by hydrosilylation is less toxic
due to the lower amount of cross-linker required. Compared to the condensation curing,
hydrosilylation reaction does not produce any by-products, which usually eliminates the
need for post-curing reactions. It gives well-cured elastomers with stoichiometric propor-
tion of reagents making it one of the cleanest cross-linking methods. Some drawbacks of
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Figure 2.3 Hydrosilylation curing. Reproduced from Ref. [21] with permission from Elsevier.
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Figure 2.4 Reaction mechanism proposed for hydrosilylation. Adapted from Ref. [21] with
permission from Elsevier.
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the method are related to the use of catalysts. First, platinum catalysts are easily bonded
to electron-donating substances like nitrogen (N-H are particularly detrimental), tin or
sulfur-containing compounds to form stable complexes, these inhibiting the catalyst action.
Secondly, due to their poor efficiency in basic environments the curing reaction may require
some pH adjustment.

2.2.2 Surface Properties

The unique surface properties of cross-linked poly(dimethylsiloxane) (PDMS) are attrib-
uted to the backbone flexibility and mobility of silicone polymer chains. The flexibility of
the chains can result in two potential conformations by exposing either methyl groups or
the oxygen atoms at the surface (Figure 2.5). In air the apolar and hydrophobic methyl
groups are pointing outwards and cover the surface of PDMS, which is the reason for its low
surface energy (Figure 2.5a). In contact with water, because the chains are very flexible and
mobile, they can potentially restructure to expose the polar oxygen groups at the PDMS/
water interface, as shown in Figure 2.5b.

The restructuring of a PDMS surface in contact with water has been demonstrated by
Chen et al. using Sum Frequency Generation (SFG) vibrational spectroscopy [25]. The
results revealed that when PDMS chains come in contact with water, their methyl groups
tilt more towards the silicone surface due to unfavorable interactions with water molecules.
In 2005 Carlos et al. [26] and in 2009 Beigbeder et al. [27] reported decrease of contact
angle of silicone coatings after immersion in water. They suggested that the increase of wet-
tability after immersion in water was a consequence of the reorganization of the side chain
and silicone backbone components. Due to the polar aqueous environment, the chains
adapt their conformation in order to minimize energy. This type of molecular reorganiza-
tion proved to be reversible.
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Figure 2.5 Schematic representations showing the two possible orientations of PDMS chains in air
(a) and in water (b).
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2.2.3 Adhesion Property

The main reasons for the low adhesion property of PDMS are its low surface free energy (y_,
of 19.9 mJ/m?) [28], the lack of reactive surface groups leading to extremely low chemical
reactivity, and the relatively high amount of low-molecular-weight (LMW) components
having high mobility in the polymer bulk and a high tendency to migrate from bulk to
the PDMS surface [17]. Silicone elastomers have also inherently low values of glass transi-
tion temperature (T ) and elastic modulus. These properties make PDMS suitable for use
in different advanced technologies as preparation of “fouling release” coatings [29-31]
where adhesion is not desirable. However, in other applications as coatings, sealings, screen
printings, and composites, requiring adhesion to a solid substrate its use evokes a high risk
of adhesion failure [17]. This can be overcome with increasing the surface free energy of
PDMS by introducing reactive functional groups into the polymer surface. Different tech-
niques have been developed for silicone surface modification and they are discussed in the
next section.

2.3 Methods for Cross-Linked PDMS Surface Modification

2.3.1 Physical Techniques

The physical techniques include flame treatment, corona treatment, cold plasma treatment,
ultraviolet-ozone (UV/O,) treatment, laser treatment, X-ray and y-ray treatments, electron
beam treatment, ion-beam treatment, etc. Among these, plasma, corona, UV/O, and laser
treatments are most commonly used and will be discussed here.

2.3.1.1 Plasma Treatment

Conventional plasma treatment involves exposing of the substrate to a glow discharge
between two electrodes or to a radio or microwave frequency generator at low pressure in
different gases, e.g., argon, helium, oxygen or nitrogen. This results in introduction of polar
functional groups on PDMS surface, which leads to the formation of hydrophilic surface.
Attention should be paid as extended plasma treatment induces undesirable surface cracks,
causing changes in the PDMS mechanical properties. The cracks also facilitate the migra-
tion of non-cured low molecular weight (LMW) PDMS chains to the surface. This migra-
tion is believed to play an important role in loss of surface hydrophilicity with time after
plasma treatment. This phenomenon is known as “hydrophobic recovery” and is considered
to be the main ongoing challenge with PDMS plasma treatment. Many studies have been
performed aiming at surmounting this problem. Eddington et al. [32] have tried to remove
the LMW species from the bulk phase through thermal aging. In this way the hydrophobic
recovery of the oxidized surface is extended from minutes to days. An alternative method
consisting in solvent extraction of oligomers from the bulk phase is introduced by Vickers
et al. [33]. After storage in air for 7 days, the solvent extracted oxidized PDMS displayed a
water contact angle (WCA) that increased from 30° to only 40°, while the WCA of PDMS
that had not been solvent-extracted increased to the initial 110°. Hydrophobic recovery can
be caused also by the reorientation of polar silanol groups from the surface towards the bulk
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phase or the reorientation of nonpolar groups from the bulk to the surface. Several groups
have successfully developed methods to avoid (or at least to slow down) PDMS reorganiza-
tion at the surface. Tan et al. [34] reported an easy way to maintain the hydrophilicity of
plasma treated samples for longer period. The PDMS samples were simply stored in water
and under vacuum, thus prolonging the hydrophilicity for at least 7 days. This effect is
explained by the high surface free energy of water which can prevent the reorganization of
the silanol groups (SiOH) [35]. More recently Zhao et al. [36] have also shown that storing
PDMS samples immediately after plasma treatment under water and Luria-Bertani broth (a
common growth medium for bacteria) allowed for maintaining surface hydrophilicity for
at least 7 days (with contact angles around 20-30° in water and 10-20° in LB broth), while
the samples stored in air recovered their hydrophobicity in a week (contact angle above
100°). Oxygen plasma treatment of PDMS surfaces was found to improve adhesion to metal
films, glass, acrylic tape, and cells [37-39]. The adhesion strength between plasma-treated
PDMS surface and glass is shown in Figure 2.6. The remarkably improved adhesion was
ascribed to the presence of surface silanol groups able to further react with the substrate
surface thus creating permanent adhesion through covalent cross-linking [37].

Surface restructuring and functionality and therefore an adequate tuning of the PDMS
surface physical chemistry are prerequisite to control adhesion property [38]. For this rea-
son, non-oxygen plasma has been also applied to treat PDMS surface. Anand et al. used an
atmospheric glow discharge with a fluorocarbon gas as precursor to modify the surface of
PDMS [40]. After plasma treatment the WCA of PDMS decreased from 104° to an average
of 80°. Vlachopoulou et al. [41] applied SF, plasma under conditions of anisotropic etch-
ing for surface nanostructuring of PDMS. The SF, plasma removes quickly the hydropho-
bic organic methyl groups, which reduces the contact angle of PDMS surface from 110°
(untreated PDMS) to lower values depending on treatment time. Further treatment with
O, plasma results in drastic increase of surface wettability for SF, plasma treatments lon-
ger than 2 min. The obtained super-hydrophilic surfaces were stable for at least one week.
Another possibility is the surface modification by atmospheric pressure plasma (APP) as
reported by Kim and Jeong [42]. Contact angle measurements of modified surface showed
that hydrophilic stability of the product lasted for 20 days. The quantitative study per-
formed on PDMS samples with different mixing ratios of base polymer to curing agent
revealed that the PDMS sample with excess base polymer shows long-term hydrophilic
stability with a low contact angle. Atmospheric-pressure plasma-enhanced chemical vapor
deposition (AP-PECVD) has also been employed for ensuring long-lasting hydrophilicity
of PDMS surface [43]. This long-lasting hydrophilicity is achieved by sequential plasma
deposition of two kinds of layers on the bare PDMS surface - first highly cross-linked
hydrocarbon layer is coated using CH, as the reactant, and then a hydrophilic upper layer
is deposited using tetraethyl orthosilicate and oxygen (TEOS-O,). The hydrocarbon layer
between the bare PDMS and the SiO_layer acts as a physical barrier that suppresses hydro-
phobic recovery. The results of static contact angle on the modified surfaces indicate high
hydrophilicity of TEOS-O,/CH,/PDMS (with WCA almost equal to 0°) with no change for
ca. 28 days. Water vapor-based plasma is another very attractive technique for increasing
hydrophilicity and thus adhesion to various materials [44]. The method is found to result in
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Figure 2.6 Tensile-strength measurements (TSMs) on PDMS-glass system. (a) Scheme of the wood/
glass/PDMS/glass/wood junction used for the TSMs. (b) Tensile stress/strain, 6/¢, relation for quality
of adhesion (QA) =2 (curves i and ii), and QA = 0 (curve iii). For curve i, the permanent adhesion at
both PDMS-glass interfaces was achieved by 30-s treatments with air plasma, radio-frequency power
(P.) = 50 W and radio-frequency (RF) = 13.56 MHz. For curve ii, both PDMS substrates were treated
with oxygen plasma under identical power, RF and time settings. For curve iii, one of the two PDMS
substrates was treated under identical conditions as the samples for curve i and allowed to age for one
day. Then at the other PDMS substrates, the materials were brought in contact without any plasma
treatment to ensure QA = 0. The failure of i, at about 1.5 MPa, was a result of tearing the PDMS slab,
while the failure of ii resulted from breaking one of the glass slides. No material deterioration was
observed for iii after the disjointment at ~7 kPa. Adapted from Ref. [37] with permission from Elsevier.

highly hydroxylated surfaces and is effective in avoiding the creation of oxidized oligomers
responsible for the hydrophobic recovery. Cell settling and spreading experiments revealed
enhanced cell adhesion to modified PDMS surfaces. The as-obtained long-term (several
months) stable hydrophilic surfaces with enhanced bio-integration enlarge the applications
of the PDMS-based medical implants.

Despite all the benefits of these non-oxygen plasma treatments, the surface reconstruc-
tion by the mobile PDMS chains cannot be prevented, thus guiding the search for alterna-
tive surface modification methods.

2.3.1.2 Corona Treatment

As for plasma treatment, the reactions occurring on the PDMS surface under corona
treatment are complex and the mechanisms behind are still not well understood [45]. It is
basically considered that during the corona treatment, excited species such as ions, radi-
cals and free electrons are accelerated into the surface of substrate, causing the rupture
of long chains and producing free-radicals. The resulting free-radicals react rapidly with
the products of the corona discharge and form new carbonyl groups with a higher surface



40 PROGRESS IN ADHESION AND ADHESIVES

free energy. Oxidation of the surface increases the surface free energy allowing for better
liquid wetting and thus promoting adhesion [18]. The results from corona treatment are
very similar to those from plasma treated surfaces, i.e., creation of hydrophilic oxidized
layer of silicon bonded to three or four oxygen atoms. The drawbacks of this type of surface
modification have been demonstrated by AFM measurements [46]. It was shown that the
initial wettability reverts to its original hydrophobic state within ca. 100 minutes. In addi-
tion, the adhesion force was found to increase immediately after the electrical exposure but
eventually returned to the original value of the unexposed surface. The occurrence of such
“oscillating” behaviour of the PDMS surface still shows the need for a method, which will
allow obtaining of an intrinsically long-term stable surface.

2.3.1.3 UV/O, Treatment

The UV-ozone (UV/O,) method involves a photo-sensitized oxidation process, in which
a treated surface is exposed to short-wavelength (184.9 and 253.7 nm) UV radiation. As a
result of UV-irradiation the exited molecules of the treated materials react with the atomic
oxygen formed during O, formation and/or dissociation. They form volatile molecules
(typically CO,), which readily desorb from the surface [47]. The introduction of polar -OH
groups to PDMS surface has been confirmed by contact angle measurements. Under the
UV/O,, silicone rubbers undergo drastic surface chemical changes that are similar to those
induced by oxygen plasma. However, compared to oxygen plasma, UV/O, treatment is a
milder type of physical modification (lack of high energy particles) and is much slower
(by about one order of magnitude). This allows for better control over the surface mod-
ification, as different degrees of hydrophilicities can be obtained for different treatment
times. Moreover, the method involves much deeper modification of the PDMS surface. The
effect of the UV/O, treatment time on the atomic surface composition of PDMS has been
reported by Oléh et al. [48]. The results from water contact angle and XPS measurements
indicated the formation of hydrophilic silica-like (SiO ) layer after 60 min UV/O, exposure.
For shorter exposure times (<60 min) WCA measurements revealed an increase of contact
angle hysteresis due to decreasing of receding contact angles, whereas the advancing angles
remained unchanged. UV/O, treatment technique for fabrication of microfluidic chips has
been developed by Berdichevsky et al. [49]. PDMS surfaces with long-term stable hydro-
philicity were obtained. It was found that surfaces exposed to UV/O, for 120 min remained
hydrophilic for more than three months, with contact angle of only 46° still recorded 130
days after treatment. For comparison those treated for 30 and 60 min recovered hydro-
phobicity in 3 days or the surfaces treated with radio-frequency oxygen plasma recovered
hydrophobicity in 1-2 days. The difference between these results is explained with deeper
penetration and higher degree of oxidation of thick-films caused by UV/O, treatment com-
pared to oxygen plasma treatment. To maintain a stable surface wettability of PDMS-based
microfluidic devices Ma et al. [50] use a very simple method, i.e., immersion of oxidized
surfaces in water at low temperature. This proved efficient in hindering the migration of
LMW species from PDMS bulk thus allowing better wettability control to be achieved.

As for plasma- and corona-treated surfaces, researchers have reported the creation of
uniform silica-like layers with thickness around 10-30 nm (as measured by ellipsometry)
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after UV/O, treatment. Similarly, hydrophobic recovery is strongly dependent on UV/
O, exposure time, mainly due to the difference in the degree of transformation to silicon
oxide-like species. However, the key issue related to wettability control over UV/O,-treated
PDMS surfaces is to control the diffusivity of LMW species for which low temperature and
water immersion proved suitable.

2.3.1.4 Laser Treatment

Laser treatment is another technique used for PDMS surface modification. Lasers are photon
sources characterized by energy and space coherence. Their main advantage is the narrow
wavelength spread that can be tuned to the maximum absorption of the sample thus making
laser treatment an energy efficient process. However, laser treatment has some drawbacks,
including possible damage of both the surface and the bulk of polymer materials, caused by
continuous irradiating with the laser beam. This problem can be overcome by pulsed lasers
allowing optimization of the time intervals between pulses (shortened exposure times).
When PDMS surface was treated with CO,-pulsed laser [51], the samples showed variation
in hydrophobicity that was strongly dependent on the number of laser pulses.

2.3.1.5 Physical Adsorption

Surface modification via physical adsorption (physisorption) is a very simple technique that
can be a very promising approach for different applications. The method relies primarily on
van der Waals interactions between the adsorbed molecules and the surface. The physisorbed
molecules are known to desorb over time. Cunningham et al. [52], for example, investigated
the cell adhesion efficiency and long-term stability of physisorbed fibronectin on PDMS sub-
strates. They showed that initially the adsorbed amount (at a density of 310 + 20 ng/cm?)
desorbed almost 90% after 7 days in static culture, leaving only 10-20 ng/cm? proteins on
the PDMS surface. Accordingly, cell adhesion tests showed poor attachment and spread-
ing compared with tissue-cultured polystyrene. Similar results for protein physisorption
were obtained by Pakstis et al. [53] in their study on screening different methods for PDMS
surface modification. Another example is the use of a specific amino acid such as L-3,4-
dihydroxyphenylalanine (L-Dopa) to enhance PDMS surface wetting and biocompatibility
[54]. Coating process takes place through direct covering by L-Dopa solution of surface due to
the interactions between the PDMS surface and the phenol group of L-Dopa, followed by sub-
sequent immobilization of collagen on the hydroxyl-terminated PDMS surface. The improved
wettability was confirmed by a decrease in the WCA from 112+3° on native PDMS to 27+3°
for L-Dopa-collagen modified PDMS. Furthermore, this modified PDMS surface was shown
to be suitable for protein immobilization and better cell adhesion, spreading and growth.
Surfactant adsorption has also been investigated for hydrophilization of PDMS surfaces. The
practice involves non-ionic poly(ethylene glycol)-based (Pluronic F127) [55] or ionic dido-
decyldimethylammonium bromide (DDAB) compounds [56]. Despite the simplicity of this
method, the performed studies revealed a) poor stability of the surfactant layer due to desorp-
tion, and b) significantly suppressed adhesion. The copolymer deposition consisting in simple
dipping of PDMS samples in ethanol/water copolymer solutions is reported by Fukazawa
and Ishihara [57]. The hydrophilicity of poly(2-methacryloyloxyethyl phosphorylcholine
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(MPC)-co-2-ethylhexyl methacrylate (EHMA)-co-2-(N,N-dimethylamino)ethyl meth-
acrylate) (PMED) and poly(MPC-co-EHMA) (PMEH) treated surfaces was confirmed by
the recorded decrease of WCA from 90° to 20°.

2.3.2 Wet Chemical Techniques

The chemical methods commonly employed in surface modification of PDMS include etch-
ing, surface oxidation and etching, hydrolysis, functionalization, and surface grafting. These
methods can be divided into two groups: the first one is modification by direct chemical
reactions with a given solution (wet treatments) and the second one is modification by cova-
lent bonding of various organic modifiers to the preliminarily introduced functional groups
on the PDMS surface (grafting).

2.3.2.1 LbL Deposition

The layer-by-layer (LbL) assembly represents a simple and efficient technique first introduced
by Decher et al. [58]. The method consists in the fabrication of polyelectrolyte multilayers
(PEMs) on the substrate by sequential adsorption of polyanion and polycation from aqueous
solutions. The driving forces for LbL film fabrication are electrostatic and other intermo-
lecular interactions such as hydrogen bonding [59, 60], covalent bonding [61, 62], coordina-
tion bonding [63], charge-transfer (donor-acceptor) interactions [64], n-m interaction [65],
cation-dipole interaction [66], etc. The important feature of LbL deposition is the achieve-
ment of a precise control on the layer thickness at the nanoscale level. The technique was
successfully applied in improving adhesion property of PDMS substrates. Engineered PDMS
microstructures and microchannel substrates were coated with multilayers of poly(styrene
sulfonate) (PSS), poly(dimethyl diallylammonium chloride) (PDDA) and gelatin using elec-
trostatic LbL self-assembly technique [67]. This surface treatment showed increased smooth
muscle cells attachment to PDMS substrates and allowed for increasing the potential growth
of cells. Ai et al. [68] have used alternating layers of cationic poly(ethyleneimine) (PEI)
and anionic PSS to create bio-nanofilms on PDMS. Subsequently polypeptides and poly-
saccharides such as poly(D-lysine), gelatin, collagen, fibronectin, laminin, hyaluronic acid,
and heparin were successfully adsorbed by LbL deposition. The obtained films as shown
by contact angle measurement were hydrophilic and supported cell adhesion and growth
compared to unmodified silicone elastomer. Park et al. [69] have produced various types
of transferred PDMS patterns - positively embossed, negatively engraved, and edge-defined
shapes using multilayer transfer printing (MTP) method. A weakly charged polyelectrolyte
pair of linear poly(ethyleneimine) (LPEI) and poly(acrylic acid) (PAA) were LbL assembled
on patterned PDMS stamps to produce multilayer films. The hydrophilicity of the polyelec-
trolytes increases the work of adhesion at the interface between the polymer and target sub-
strate thus enabling transfer of a multilayer. A new LbL deposition method for preparation
of silicone coatings to promote marrow cell attachment and spreading has been proposed by
Mehta et al. [70] (Figure 2.7). PDDA, clay, type-IV collagen and fibronectin multilayers were
deposited using automated microfluidic perfusion system developed by the authors [70].
The coatings revealed good cell spreading, proliferation and viability for the tested cells over
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a 15-day period. However, the structures (especially those of PEMs) are dependent on many
factors such as mixing ratio, polyelectrolyte ionic strength and concentration, solvent polar-
ity, temperature and pH of the solution. Owing to these factors the use of LbL deposition has
been limited.

2.3.2.2 Sol-Gel Method

Sol-gel process consists in the evolution of a colloidal suspension of particles (a ‘sol’) into
a solid-like state -‘gel’ via polymerization (polycondensation) of the hydrolyzed monomers
of a metal alkoxide (for example, tetraethoxysilane or TEOS). Roman and Culbertson [71]
modified PDMS using titanium isopropoxide, zirconium isopropoxide, and vanadium tri-
isobutoxide as sol—gel precursors. This procedure resulted in the formation of surfaces with
enhanced hydrophilicity. The WCAs of the so-obtained coatings were 90° for PDMS-ZrO,,
61° for PDMS-TiO,, and 19° for PDMS-VO.,. In addition, PDMS channels with inorganic
coatings were modified with PEG, amino, perfluoro, or mercapto organic groups using
silane chemistry. Similarly, TEOS was used as a precursor by Duo et al. [72] for preparation
of PDMS/SiO, hybrid coatings. The atomic oxygen exposure tests revealed that these hybrid
coatings have an excellent erosion resistance and can be used for Kapton® (DuPont) protec-
tion. The so-obtained modified surfaces showed good adhesion combined with cracking
and spallation resistance.

2.3.2.3 Other Wet Chemical Treatments

Maji et al. [73] proposed a new and inexpensive approach for wet chemical modification
of PDMS surface. Two-step process involving Piranha and KOH solution treatments has
been exploited. The effects of surface modification were demonstrated by a reduced con-
tact angle, i.e., ~27° for PDMS surface treated in Piranha solution with H,O, and H,SO,
in the ratio of 2:3 followed by a dip in KOH solution for 15 min, and disappearance of
methyl groups from the elastomer surface as revealed by FTIR-ATR study. The effective-
ness of the method is also supported by improved adhesion and electrical continuity of
deposited aluminum metal film over the modified PDMS surface. Hydrophobic recovery
of the chemically treated PDMS surfaces was studied by measuring the contact angles at
predetermined time intervals. The initial contact angle (74° or 27° depending on the sur-
face composition) increased and saturated (at about 101.8° and 92.4°) after about 10 days of
preservation in vacuum. A very simple, fast and low cost method for modifying the surface
of PDMS has been reported by Park et al. [74]. Hydroxyl groups on the surface of Pt-cured
PDMS membranes were generated by boiling in deionized water (Figure 2.8). The presence
of SiOH groups was clearly revealed by the appearance of a broad band near 3400 cm™ in
the ATR-IR spectrum. Adhesion of human mesenchymal stem cells on the treated PDMS
was enhanced compared to an untreated substrate.

2.3.3 Combination of Physical and Chemical Techniques

Among all the reported techniques the surface grafting is the most used one for tailoring
the surface chemistry of PDMS. The method provides superior mechanical and chemical
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Figure 2.7 PDMS micro-bioreactor chip with multifunctional nanocomposite coatings. Four
channels with compositions: (a) no coating, (b) (PDDA/Clay), . (PDDA topped), (c) PDDA/Clay),
coating (clay topped), and (d) (PDDA/Clay), (Co/FN),. Indexes refer to the number of bilayers
of PDDA and clay deposited. Co/FN refers to a polyelectrolyte multilayer built with one layer of
positively charged collagen (Co) overlaid with one negatively charged fibronectin (FN). Adapted from
Ref. [70] with permission from John Wiley & Sons.

robustness (when compared to physisorption, for example) and flexibility. It consists in
grafting of low-molecular-weight molecules as sites where further polymerization can start
(“grafting-from” technique) or reactive coupling of pre-formed chains (“grafting-to” tech-
nique) on the modified PDMS surface. The choice of the grafting technique depends on
the substrate functional groups actually introduced prior to the reaction. For this purpose
chemical treatments are applied followed by direct polymerization or physical treatments
like plasma, corona, laser or y-irradiation preceding “grafting-to” procedure with reactive
monomers and their subsequent polymerization.

2.3.3.1 Covalent Surface Grafting
2.3.3.1.1 Plasma-Induced Grafting

The PDMS surface was modified by plasma induced graft polymerization of acrylic acid
(AA), methacrylicacid (MAA), glycidylmethacrylate (GMA), 2-hydroxy ethyl methacrylate
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(HEMA), vinyl alcohol (VA), etc., in order to improve its hydrophilicity and adhesion
property. The oxygen and ammonia plasma treatments have been used for grafting of
poly(ethylene-alt-maleic anhydride) (PEMA) and improving the adhesion property of sili-
cone elastomer [17]. In the case of oxygen plasma-treated PDMS, “hydrophobic recovery”
again occurred due to the surface segregation of its low-molecular-weight species. Amino-
functional surface groups were generated after ammonia plasma treatment. This mechani-
cally unstable top layer has been stabilized by grafting with PEMA directly or after using
y-aminopropyltriethoxysilane as a coupling agent. Pull-off tests have shown considerably
improved adhesion between the PDMS and an epoxy resin after surface modification of
PDMS film (Figure 2.9).

Volcker et al. [75] have succeeded to graft-co-polymerize AA, MAA and GMA onto the
surface of PDMS samples by an argon plasma treatment prior to heat-induced solution
polymerization. The synthetic procedure consists of exposing the plasma-treated samples
to air in order to generate hydroperoxides. In a following step AA, MAA and GMA were

-SiCH=CH, HSi- . Pt f:‘SiCH=CHz
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Figure 2.8 Theory and experiment. (a) Schematic of hydrosilylation cross-linking reaction used to
cure SYLGARD' 184 PDMS elastomer. (b) Experimental procedure: PDMS substrates were cut into
membranes (diameter: 15 mm, thickness: 1 mm). Deionized water was prepared and boiled within
the prepared PDMS membranes for 30 min to 2 h. ATR-IR analysis was performed to confirm the
surface chemistry modification. Human mesenchymal stem cells were cultured on PDMS membranes
and analyzed by cell staining and polymerase chain reaction. PDMS-Vi stands for vinyl-functionalized
PDMS, and PDMS-H for HSi-terminated PDMS. Adapted from Ref. [74] with permission from Elsevier.
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graft-co-polymerized. In the case of AA copolymerization, argon plasma-treated samples
were directly exposed to AA vapor in order to initiate graft-copolymerization. The cyto-
compatibility of as functionalized silicone was increased drastically, thus opening poten-
tial applications of these materials as ophthalmological implants. A plasma-induced graft
copolymerization of acrylic acid has been used for permanent immobilization of collagen
and gelatin on the silicone surface through covalent bonding between amino groups of
proteins and carboxyl groups [76]. The same authors [77] have attached poly(acrylamide)
(PAAm) onto corona pretreated PDMS surfaces. The grafted PAAm is further converted
to poly(acrylic acid) by hydrolysis to introduce carboxyl groups and subsequently reacted
with collagen to form covalent bonds. Plasma-induced graft copolymerization of HEMA
on silica surface was demonstrated by Hsiue et al. [78], Bodas and Khan-Malek [79] and
Almutairi et al. [80]. The resulted stable hydrophilic PDMS samples were very effective for
attachment and growth of corneal epithelial cells. Polymerization of HEMA, poly(ethylene
glycol) (PEG), and poly(vinylpyrrolidone) (PVP) was also performed by surface activation
with oxygen plasma with several combinations of exposure time and RE The hydrophilic
silicone coatings with contact angle values of 30° or less and at least six-month stability have
been prepared [81]. A final example of a recently reported air plasma grafting is the work
by Li et al. [82]. They grafted poly(vinyl alcohol) (PVA) onto a nanopatterned PDMS, and
the resulting surface was used for cell culture study. The experimental results show that the
modified PDMS surface enhances cell growth and this was attributed to the lower contact
angle (50-60°) after PVA coating.

2.3.3.1.2 Laser and UV Irradiation-Induced Grafting

The CO,-pulsed laser grafting of HEMA and hydroxyethylmethacrylate phosphatidylcho-
line (HEMAPC) onto PDMS surface has been presented in the work of Khorasani and cow-
orkers [83, 84]. The obtained surfaces were super-hydrophilic with water contact angles of
about 35° and 10° for surfaced-grafted HEMA and HEMAPC, respectively. Results from in
vitro testing showed that modified PDMS surfaces have excellent blood compatibility. The
UV irradiation grafting of acrylic acid onto PDMS suface in an anhydrous benzophenone/
acetone/acrylic acid solution has been also reported by Yang and coworkers [85, 86].

2.3.3.1.3 Hydrosilylation-Induced Grafting

Alauzun et al. have modified the PDMS surface with covalently linked hyaluronic acid
(HA) in combination with PEG [87]. They prepared Si-H-rich PDMS surfaces using pre-
curing and post-curing methods [88] on which allyl-o-tosylethyl-PEG was immobilized via
hydrosilylation. Finally, HA was grafted onto the surface via amide linkage. HA-modified
PDMS showed improved wettability and significant enhancement in 3T3 fibroblast and
corneal epithelial cell proliferation, but reduced protein adsorption.

2.3.3.2 Modification by Amphiphilic Block Copolymers

Tuning of surface chemistry, wettability and topography of the silicone elastomers by incor-
poration of functionalized amphiphilic diblock copolymers in order to develop a new and
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Figure 2.9 Scheme of the grafting procedure of poly(ethylene-alt-maleic anhydride) (PEMA) on
plasma-treated PDMS surface. Adapted from Ref. [17] with permission from Elsevier.

very simple method for PDMS surface modification has been presented by Ngo et al. [89].
The method consists in incorporation of functionalized amphiphilic block copolymers, i.e.,
poly(dimethylsiloxane)-b-poly[2-(dimethylamino)ethyl methacrylate] diblock copolymers
(PDMS-b-PDMAEMA), in silicone matrices, followed by PDMS cross-linking reaction and
immersion of the obtained cured films in water. The immersion in water causes an increase
of hydrophilicity due to the exposure of PDMAEMA block after surface reorganization.
The surface reorganization was confirmed by atomic force microscopy with chemically-
sensitive tips [90]. Adhesion force mapping with hydrophobic tips showed that immersed
samples exhibited lower surface hydrophobicity due to the exposure of hydrophilic block
copolymer chains at the PDMS surface. The adhesion experiments with mussels revealed
that adhesion occurs preferably on block copolymer-filled coatings after immersion. Yao
and Fang [91] have successfully prepared long-term stable hydrophilic PDMS surface by
incorporating poly(ethylene oxide) (PEO)-b-PDMS with different concentrations in PDMS
base and the curing agent. The contact angle for modified surfaces after curing decreased
to 21.5-80.9° depending on mixing ratio. After two-month storage in air the contact angle
remained stable and then slightly increased in the next two months.
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2.3.3.3 Other Combination of Physical and Chemical Techniques

Li et al. [92] attached the amino-terminated L-Arginyl-Glycyl-L-Aspartic acid (RGD
peptide) onto PDMS surface through photochemical immobilization of functional
N-hydroxysuccinimide (NHS) groups to facilitate adhesion of human skin fibroblasts.
The results from cell culture study showed that RGD peptide-conjugated PDMS surface
promoted human skin fibroblasts adhesion and proliferation for long-term (6 days) and
enhanced collagen production.

2.4 Summary and Prospects

PDMS is a versatile material possessing many unique properties. It is used in many con-
ventional (as sealants, adhesives, and cast materials) and advanced technologies (for cell
culture and the fabrication of a unique range of medical devices, in the fabrication of
microfluidic and laboratory-on-a-chip microfluidic devices). However, the strong hydro-
phobicity limits its usefulness. This review has covered various surface modification
methods to increase the surface free energy of PDMS. It is shown that the use of physi-
cal treatments, like plasma, corona or laser discharge, leads to the generation of reactive
surface groups resulting in an increased surface free energy and an improved adhesion to
other materials. However, due to the high mobility of the (cross-linked) silicone chains
these surface modifications are only temporary and the surface reverts to its native hydro-
phobic state in a short time scale. The loss of the improved adhesion property is connected
to the disappearance of polar functional groups and the loss of surface reactivity, and wet-
tability. Therefore, many efforts have been focused on grafting of different organic modi-
fiers to stabilize the surface modification effect of silicone elastomers. Chemical grafting
appears as a very promising approach to tailor the surface properties of PDMS, but the
method generally requires multiple steps such as initiator formation, growth reaction, and
distillation of some products prior to reaction. This could represent a serious limitation
for large-scale production of PDMS elastomers. Finally, the relatively new attempts for
PDMS surface modification by incorporation of amphiphilic block copolymers have been
reported and have proved to be a promising approach. But still the design of long-term
hydrophilic PDMS surfaces with well-tailored adhesion property remains a real technical
challenge.
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glycidylmethacrylate
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hyaluronic acid

2-hydroxy ethyl methacrylate
hydroxyethylmethacrylate phosphatidylcholine
layer by layer
L-3,4-dihydroxyphenylalanine

low molecular weight

methacrylic acid

2-methacryloyloxyethyl phosphorylcholine
multilayer transfer printing
N-hydroxysuccinimide

poly(acrylic acid)

poly(acrylamide)

poly(chlorinated biphenyl)s

poly(dimethyl diallylammonium chloride)
poly[2-(dimethylamino)ethyl methacrylate]
poly(dimethylsiloxane)

poly(ethylene glycol)

poly(ethyleneimine)
poly(ethylene-alt-maleic anhydride)
polyelectrolyte multilayers

poly(ethylene oxide)
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PMED poly(2-methacryloyloxyethyl phosphorylcholine-co-2-ethylhexyl meth-
acrylate-co-2-(N,N-dimethylamino)ethyl methacrylate)

PMEH poly(2-methacryloyloxyethyl phosphorylcholine-co-2-ethylhexyl
methacrylate)

P radio-frequency power

PSS poly(styrene sulfonate)

PVP poly(vinylpyrrolidone)

QA quality of adhesion

RGD L-Arginyl-Glycyl-L- Aspartic acid

RF radio-frequency

SFG sum frequency generation

T glass transition temperature

TEOS tetraethyl orthosilicate

TSMs tensile-strength measurements

UV/0, ultraviolet-ozone

VA vinyl alcohol

WCA water contact angle

XPS X-ray photoelectron spectroscopy

Y, surface free energy
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Abstract

Adhesively bonded joints exhibit a common problem, called edge effects, arising from peel
and shear stress concentrations occurring around the free edges of the adherend-adhesive
interfaces and affecting the overall joint strength considerably. Some joint geometry-spe-
cific measures were considered for adjusting the stiffness of joint members around these
free edges in order to improve the joint strength. Functionally graded materials appear in
nature with a role of reducing stress concentrations along bi-material interfaces. Biological
interfaces, such as dentin-enamel junction or tendon to bone, utilize the concept of func-
tionally graded materials. Today, this concept is considered to reduce stress concentrations
appearing along the adherend-adhesive interfaces of the adhesive joints serving under
static, dynamic and thermal loads. This review first discusses the mathematical models,
solution methods related to the adhesive joint problem, the free edge effects, and measures
to relieve these effects based on the current literature, and later evaluates how the concept of
functionally graded materials can be implemented in adhesive joints, i.e. use of functionally
graded adherends and adhesives.

Keywords: Adhesive joint, functionally graded material, functionally graded adhesive,
bi-adhesive, mixed-joints

3.1 Introduction

Adhesive bonding technique is used successfully to join similar and dissimilar materials.
The simplest geometry of an adherend is a bar, plate, shell, or tube. In order to join two
adherends at least one needs to provide an adhesive layer between the two adherends and to
apply a necessary gentle pressure by overlapping the adherends and a specific curing period.
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Despite the fact that the bonding surfaces need special cleaning and treatment before bond-
ing process, the final joined configuration has some advantages, such as: uniform distribu-
tion of applied loads, no holes needed as for conventional fasteners, lower structural weight,
and a better damage tolerance. Composite materials have found large applications in struc-
tural designs, aerospace, aeronautics and automotives, and can be joined successfully and
safely using the adhesive bonding technique [1, 2].

Single-lap, double-lap, scarf, and stepped-lap joints are commonly used due to their
simple geometries, whereas the strap, butt, butt strap, corner, T-shaped, L-shaped, double-
doubler, and tubular lap joints are preferred due to type of applied external load, and orien-
tations of bonded adherends. Some joint configurations are known as balanced joints since
they do not cause any bending moment, such as double-lap, scarf, butt and stepped-lap
joints, whereas others are unbalanced joints which cause large rotation and displacements
due to the bending moment induced by the eccentricity of the load-axis, such as single-lap,
T-shaped, L-shaped, and corner joints. The balanced joints also require simpler analysis
methods than the unbalanced joints since the effect of the bending moment is mostly at
negligible level [3-5].

In practice, the adhesive joints are expected to serve under static, dynamic, thermal and
impulsive (impact) loads. To achieve an optimum design with high strength, light-weight
and suitable geometry requires that the adhesion mechanisms and mechanical behaviour
of the adhesive joints be understood. In order to predict failure loads of any adhesive joint
one needs to know the stress and strain distributions through the adhesive layer as well as
in the adherends under a specific type of external load. This requires a mathematical model
to be established and solved for displacements, strains and stresses. A complete mathemati-
cal model should include some fundamental issues, such as: the mechanical behaviour of
materials (adhesive and adherends), the effect of joint geometry on load transfer, the type
of external load, the effect of duration of external load, fracture and failure models, etc.
A simple mathematical model assumes linear elastic material properties for adhesive and
adherends, and a single lap joint is considered for a tensile load and is analysed due to its
simple geometry. This stress analysis is a shear-lag analysis, which considers only shear
stresses and ignores the normal stresses induced by the bending moment as a result of the
load eccentricity [6] or considers them [7].

As the external load is applied the overlap region rotates considerably, and this changes
the orientation of the load transfer axis; consequently, there is a nonlinear joint behaviour,
which is called geometrical non-linearity [8, 9]. Engineering materials, like metals and alloys
as well as adhesives, exhibit ductility under applied load; therefore, they can withstand addi-
tional increases in external applied load after they begin to deform plastically. However, the
stress-strain behaviour is non-linear in this plastic region until the failure load level. This
is another type of non-linearity, called material non-linearity, that should be considered in
the stress analysis [8, 10]. In case the material or/and geometrical non-linearity is/are con-
sidered the mathematical model yields non-linear differential equations subjected to linear
or non-linear boundary conditions, whereas only linear assumption for geometrical and
material behaviours yields linear differential equations. The solution of the non-linear dif-
ferential equations requires implementation of iterative and corrective solution algorithms,
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such as Newton-Raphson and arc-length methods. Another non-linearity arises during
the re-contact of the adhesive layer and adherend surfaces, which are separated from each
other (interfacial failure). Thus, the adhesive layer and the adherend surfaces are uniformly
bonded and the adhesive layer does not contain any internal flaws before the external load
is applied; whenever separations occur along the adhesive-adherend interfaces or local
fractures occur at any location inside the adhesive layer the separated adhesive or adherend
surfaces can contact each other and as a result the members of adhesive joint deform in the
manner of large rotations and displacements. The stiffer one of the contacting deformed
surfaces affects dominantly the deformation of other surfaces. This is a nonlinearity arising
due to the boundary conditions, which also includes geometrical nonlinear effects. The sur-
face-to-surface contact or general contact algorithms are generally used to consider these
boundary conditions [11, 12].

The analytical methods, such as potential functions, Fourier series, Green functions,
Laplace transforms, are used for the closed-form solutions. However, the analytical methods
can be used on a limited basis only since the boundary conditions and the joint geometry
make the problem more complex. Consequently, the closed-form solutions become possible
only by making some assumptions, such as constant stresses across the adhesive thickness.
However, the real nature of adhesive joint problem is non-linear and more complex, and all
parameters affecting the mechanical response and failure mechanism of the adhesive joint
should be taken into account in the mathematical model. This type of mathematical model
generates nonlinear differential equations, which can be solved approximately by using the
numerical methods, such as the finite element method, the finite difference method, the
finite volume method, and the boundary element method. Today, the high performance
computers allow to establish and solve numerically the mathematical models in simulating
the stress and deformation states of any type of adhesive joint under any load type [13-15].

In general, adhesive joints exhibit interfacial failure, cohesive failure, thin-layer cohesive
failure, fiber-tear, light-fiber-tear, stock-break failure, mixed modes (in case of composite
adherends) [16]. The damage initiation and propagation through the adhesive layer and
adherends require damage models in accordance with the material behaviours determined
experimentally. Fracture mechanics offers simple linear elastic fracture models. The tough-
ness values related to elastic energy can be determined in terms of normal and shear defor-
mations at an existing crack tip appearing either along an adhesive-adherend interface or
in an adhesive layer, and the crack propagation direction can be determined based on the
local mixed mode energy release rate [4]. Alternatively, the stress singularity approach is
useful to predict the fracture initiation in case an initial crack does not exist [17, 18]. The
progressive damage models are new areas for study of adhesive joints, which allow to model
the mechanical responses of the adhesive joints from the initiation of first local failure to
the global failure of the adhesive joint [19]. The continuum approach models the damage
over a finite region whereas the local approach, cohesive zone model, confines the damage to
zero volume geometrical entities, such as lines and surfaces. The cohesive zone model can
be implemented in case of the progressive damage and failure of an existing crack by speci-
fying a traction-separation rule along the adhesive-adherend interfaces; thus, as the crack
opening is increased the tractions reach a limiting level at which the crack initiates and then
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these tractions decrease (softening stage), and then the crack propagates. The cohesive zone
models differ only in terms of the traction-separation curves, i.e. linear or non-linear paths.
The area covered by the traction-separation curve, namely toughness, and a characteristic
displacement defined by the failure strain of the cohesive zone are necessary parameters for
the cohesive law, which can be determined experimentally [20, 21].

The strength of a specific joint configuration depends on load type, stress distribution,
joint geometry, and mechanical properties of joint members. The fundamental stress analy-
sis of a simple lap joint indicates peak shear and normal stresses around the free edges of
adhesive-adherend interfaces. The shear stresses are very low in a large area of the overlap
region, increase uniformly towards the adhesive free edges, become maximum near the
free edges and disappear at the adhesive free edges due to free surface conditions. However,
the normal stresses are at peak level at the adhesive free edges and are uniformly low in the
middle of overlap region. Consequently, the free edges of adhesive-adherend interfaces are
critical regions in which the failure initiation is first expected [22]. The fibre-reinforced com-
posite adherends exhibit high through-thickness stresses around their free edges, but the
low through-thickness stiffness and strength of the composite adherends result in failures
in the adherends rather than in the adhesive layer; and the adhesive joint fails prematurely
[1, 2]. The fajlure mechanism is more complex for adhesively bonded metal-composite
joints since the composite adherends have lower through-thickness stiffness and strength
than metal adherends. The strength of adhesive joint is uncertain; therefore, designers tend
to use large safety factors. The stress concentrations, especially peel stresses, at the free
edges of the adhesive-adherend interfaces should be relieved with some design measures,
such as modifying edge geometry of adherends or adhesive composition, size and geometry
of adhesive spew fillet. This small modification of adherend edge geometry provides con-
siderable reductions in stress levels. Shaping adherend edges presents two design param-
eters, such as tapering or scarfing angle and taper edge thickness. Increasing overlap area or
length is another solution for reducing stress concentrations around the free edges. To bond
adherends a pressure is applied to adherends, and excessive adhesive between adherends is
squeezed out. These adhesive secretions around the free edges as well as lateral edges of the
adhesive layer are gathered and formed in triangular or bubble shapes. These adhesive spew
fillets provide a smooth load transfer between adhesive layer and adherends. Consequently,
this smooth geometry transition provides comparatively lower stresses around the adhesive
free edges, and the adhesive spew fillets are not removed [23-25].

In practice, the adhesive joints may experience thermal loads, such as a heat flux or pre-
scribed temperature distribution. The heat is transferred from a fluid by convection or from
a heat source by radiation to surfaces of the adhesive joint and through the adhesive joint
by conduction and thus a uniform or non-uniform temperature distribution appears in the
adhesive joint. A non-uniform temperature distribution or non-homogeneous mechanical
or thermal material distributions are the origin of thermal stresses in the adhesive joints.
Thermal strains on both sides of the adhesive-adherend interfaces are not identical but the
total strains are identical. Consequently, internal normal and shear stresses occur, and peak
adhesive stresses are observed at the adhesive free edges and along the adhesive-interfaces
[26]. The residual thermal stresses may also remain in the adhesive joint after the curing
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period of adhesive layer. The structural and thermal loads commonly cause stress concen-
trations around the adhesive free edges, and similar measures can be applied to relieve the
peak stresses under both structural and thermal loads [27, 28].

3.2 Functionally Graded Materials

The peak stresses and strains around the adhesive free edges are the main drawbacks for
any geometry of the adhesive joint under both structural and thermal loads. However, the
geometrical measures to relieve these peak stresses cause losses in the stiffness and strength
of the adhesive joint. The stresses and strains are strongly related to mechanical and ther-
mal behaviour of continuum. The stress and strain levels are dependent on ductility, rigid-
ity, thermal conductivity, and toughness of the material. The stress levels can also be con-
trolled by tailoring the composition variation of adherends as well as adhesive with one
or more other constituents. Especially this method is helpful for relieving thermal stresses
due to thermal loads. Layered composite materials, which can be joined easily by adhesive
bonding technique, have superior thermal and mechanical properties to single-composite
material. However, critical stress concentrations, reason for material failure, occur along
the bi-material interfaces due to the sharp discontinuities in the material properties. In
case an engineering structure experiences a heat flux, the design requires a layer behav-
ing like thermal barrier in front of the heat flux in order to prevent a fast heat transfer at a
high gradient and its destructive effect through the remaining part of the material. In addi-
tion, a region with high toughness after this thermal barrier will provide a high strength
for the structure against static and dynamic loads. Functionally graded materials (FGMs)
were proposed to avoid the deficiencies of the layered composite materials. FGMs have
been studied extensively since this concept was first introduced by the NKK Corporation
in Japan in 1989 when the applications of FGMs to thermal-resistant structures of space
shuttles were aimed [29].

The main aim of the functionally graded materials is to achieve performance similar
to that of single-phase materials by unifying the best properties of the constituent phases,
such as a ceramic phase with poor thermal conductivity and a metal with good toughness.
FGMs have continuously varying material composition through one or more dimensions
of the substances, such as bar, plate or shell, especially through the thickness. The mate-
rial composition variation is expected to remove sharp discontinuity along the bi-material
interface; consequently, sudden jumps in the thermal stresses induced by different thermal
and mechanical properties of the material layers can be relieved. The variable through-
thickness material properties, such as coefficient of thermal expansion and modulus, the
thickness of the FGM layer between pure-ceramic and pure-metal layers affect the thermal
and mechanical behaviours of the FGMs. During the production and service-life of func-
tionally graded materials the environmental thermal conditions result in residual stresses
to arise in the FGMs as in the adhesive joints and composite material problems [30, 31].
These thermal stresses can be minimized provided that the thermal and structural proper-
ties of both ceramic and metal constituents as well as their volume fraction variations be
combined suitably.
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The concept of FGMs is relatively new; however, a large number of research investiga-
tions have been carried out and this field continues to expand enormously. Many papers on
different aspects of FGMs have been published in regular journals as well as in special issues
of journals. The mechanical analysis of FGM:s is rather difficult since the material micro-
structure has an arbitrary spatial variation. Two distinct approaches have been implemented
so far. The first is the uncoupled micro-macrostructural approach limited to materials with
very fine microstructures [32-35]. This approach aims to analyse FGMs at macroscopic
level by reducing a given boundary-value problem to a system of differential equations with
variable coefficients. The second one is the coupled approach, which takes into account
explicitly the effects of microstructural variation and interaction between nonuniformly
distributed inclusions [36-39]. This makes possible the analysis of heterogeneous materials
with different microstructural scales. The philosophy behind the concept of the function-
ally graded materials is to smooth or to reduce thermal or structural stress concentrations.
This explains easily the relations between functionally graded materials and adhesive bond-
ing technique, and attempts for joining functionally graded adherends by adhesive bonding
technique. Therefore, it would be useful to explain the problems arising in the functionally
graded materials based on the available pioneering studies.

First, Noda [40] published an extensive review paper discussing the studies on the tem-
perature and thermal stress fields arising in thermal barrier coatings based on the elastic
or inelastic material behaviour. Shaw [41] investigated thermal residual stresses on both
metal and ceramic faces of through-thickness functionally graded plates when a rapid
change in volume fraction occurred near the metal face and showed that a linear com-
positional gradient resulted in minimum residual stresses for a uniform temperature dis-
tribution. Reddy [42] formulated theoretically the stress problem of through-thickness
functionally graded plates with the finite element models based on the third-order shear
deformation plate theory, which account for the thermomechanical coupling, time depen-
dency, and the von Karman-type geometrical nonlinearity. He showed that the material
distribution affected deflections and stresses in the functionally graded plates. Reddy and
Cheng [43] studied 3D thermomechanical deformations of simply supported functionally
graded rectangular plates for different volume fractions of the ceramic and metallic con-
stituents, and determined that the assumption of a constant through-thickness deflection
usually made by 2D plate theories was invalid for the case of the thermal load. Cho and
Oden [44] observed different thermal stress characteristics for different material variations
and different sizes of a functionally graded layer between ceramic and metal layers. Cho
and Ha [45] compared averaging estimation methods with the finite element discretiza-
tion approach for the thermomechanical properties and responses of dual-phase FGMs,
and found that almost all of the averaging estimates produced considerably different stress
distributions from those by the finite element discretized models. Cho and Ha [46] also
optimized the volume fraction for minimizing thermal stresses in FGMs by using both pen-
alty-function and golden-section methods. Goupee et al. [47, 48] proposed a methodology
for the multi-objective optimization of material distribution in functionally graded mate-
rials with temperature-dependent material properties for steady thermomechanical pro-
cesses. Bansal and Pindera [34] presented an overview of different approaches employed to
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model the thermomechanical response of FGMs, and demonstrated that the higher-order
theory is accurate and useful approach for the analysis of FGMs which accounts for micro-
and macro-structural coupling. Apalak and Gunes [49] investigated thermal residual stress
distributions in functionally graded composite plates having different composition rules
with different dual constituents for various thermal fields. The thermal and mechanical
properties of constituents had an important role in the stress magnitudes rather than on the
profiles of the through-thickness variations of normal and shear stresses. The continuous
temperature fields through the plate thickness also resulted in similar normal and shear
stress variations.

Shukla et al. [50] presented a review of dynamic fracture studies in functionally graded
materials and a discussion on the higher-order asymptotic analysis of the transient elastic
field surrounding the tip of a dynamically growing crack in a functionally graded mate-
rial. Birman and Byrd [51] presented a review of the principal developments in function-
ally graded materials with an emphasis on the work published between 2000-2007 in the
diverse areas relevant to various aspects of the theory and applications of FGMs, which
included homogenization of particulate FGM, heat transfer issues, stress, stability and
dynamic analyses, testing, manufacturing and design, applications, and fracture. Liew et al.
[52] published a review paper which focuses mainly on the developments of element-free
or meshless methods and their applications in the analysis of laminated and functionally
graded plates, and is organized as a brief introduction to the plate and shell theories with the
first-order and higher-order shear deformation approaches, a review of meshless methods
including static and dynamic analyses, free vibration, buckling, and non-linear analyses.
Marzocca et al. [53] reviewed the state-of-the-art in linear and nonlinear aero-thermo-elas-
ticity of FGM panels with emphasis on their own contributions to this topic. They presented
first an overview of the pertinent literature discussing the linear and nonlinear behaviors
of flat and curved panels when exposed to high temperature supersonic flow fields, and
addressed the effect of material property dependency on temperature, divergence and flut-
ter, and methodologies used to determine these aero-thermo-elastic instabilities. Jha et al.
[54] presented a critical review of recent research on functionally graded plates, which cov-
ers the reported studies in the area of thermo-elastic and vibration analyses of functionally
graded plates since 1998. This newest review includes all the important contributions and
outlines the critical areas regarding future research needs for a successful implementation
of FGMs.

3.3 Constitutive Relations

A graded interlayer (FGM) between the top ceramic-rich and bottom metal-rich surfaces of
a bar, plate or shell can reduce and redistribute the stresses. In general, a functionally graded
material is designed as a layer with continuous composition variation through a direction,
especially through-the-thickness, of, for example, a plate so that a high-temperature resist-
ance on one of the plate surfaces can be provided using the low thermal conductivity of the
ceramic constituent. In practice, these structures, such as plates, shells, thick cylinders, can
serve under not only thermal loads but also structural loads.
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However, an actual functionally graded material consists of ceramic and metal particles
with arbitrary shapes mixed up in random dispersion structures whose thermo-mechanical
properties are function of the shape and orientation of ceramic and metal particles, the
dispersion structure, as well as volume fraction (Figure 3.1). The simple estimation method
is the linear rule of mixtures in which a generic material property P at any point Z in the
graded region is determined by the linear combination of volume fractions V of ceramic (c)
and metal (m) as:

P(y)=Vm(y)Pm(y)+VC(y)PC(y) (3.1)

with
V,+V.=1 (3.2)

where y is considered the distance along the thickness of the functionally graded plate
(Figure 3.2). The mechanical behaviour of FGMs is strongly dependent on the accurate
estimation of their modulus of elasticity [45, 46, 55-59]. Here it is assumed that the func-
tionally graded composite plates are composed of a graded layer between homogeneous
isotropic ceramic and metal phases. The volume fractions of the metal and ceramic phases
at any position y along the thickness of the plate follow the power law as

Vi, (v)= (1 —%)n (3.3)

and

(v)=1-V, (3.4)

for a metal-to-ceramic plate where 7 is compositional gradient exponent, y is distance from
the metal-rich bottom face along the direction of the plate thickness, and ¢ is the plate

100% metal layer, Ni

Through-thickness direction, y

Figure 3.1 The through-thickness composition variation of a functionally graded adherend.
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thickness. Tomota et al. [58] proposed a modified rule of mixtures for the modulus of elas-
ticity as

-1

E(y)= (Z:g JVE +(1-V,)E, [3: jv +(1-V,,) (3.5)

where E and E_are moduli of metal and ceramic phases, respectively and the stress-strain
transfer ratio is

g=2c"%m (0<g<+) (3.6)
& " ém

The choice of value g affects the averaged modulus of elasticity based on the modified
rule of mixtures. Thus, for a well dispersed metal-Al,O, composite a value g of 500 GPa is
recommended [45]. For the isotropic particulate composites, Wakashima-Tsukamoto [59]
expressions require that the overall thermal expansion coeflicient for dual-phase materials
is related to the averaged bulk modulus using the Levin relation [60]

Volume fraction of the metal, Vm

E i i - ; ; i ;
06302 03 04 05 06 07 08 08 1

Non-dimensional through-thickness distance (y/)

Figure 3.2 The through-thickness variation of metal constituent in the functionally graded region for
different compositional gradient exponents, .
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The density, p, is defined based on the linear rule of mixtures as

P(y) = Vmpm + chc

where p and p_are densities of the metal and ceramic phases, respectively.

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

In addition, the variations of mechanical properties, such as modulus of elasticity, den-
sity and Poisson’s ratio, through the thickness of a functionally graded bar, plate or shell are

often assumed in exponential form as
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E(y):EOeﬂy (3.15)
p(y)=poe™ (3.16)
v(y)zvoeﬁy (3.17)

where E, p, and v are modulus of elasticity, density and Poisson’ ratio defined along the
center plane, and f is a constant describing the variation profiles of mechanical properties.

3.4 Joints with Functionally Graded Adherends

In adhesive joints the concept of functionally grading is used for smoothing/relieving stress
distributions, thus, the adherends or the adhesive layer can be produced in the manner of
a functionally graded material. First, Ganesh et al. [61] proposed that composite materials
with continuously varying material properties can be produced by modifying the conven-
tional braiding technology of fiber placement. The local variation of adherend modulus,
especially along the overlap region of the adhesive joints, could be possible using an innova-
tive braiding technology. Ganesh and Choo [62] implemented a new concept of adherend
modulus grading in order to reduce the peak stress and non-uniform stress distribution in
an adhesively bonded single lap joint. They fabricated composite materials with spatially
and continuously varying material properties using a new fiber placement technique and
reduced gradually the adherend longitudinal modulus from the loaded end to the unloaded
end of the adherend. Their comparison of the traditional uniform modulus adherend to
adherends with one or two assumed grading profiles showed that reductions in peak stress,
especially about 20% in peak shear stress, and more uniform stress distribution in the over-
lap region were achieved. Boss et al. [63] examined the behaviour of single-lap adhesive
joints with modulus and geometrically graded adherends. They controlled the modulus
grading of the adherend by continuously varying the braid angle and the geometrical grad-
ing by varying the adherend thickness in the overlap region. They compared the perfor-
mance of modulus grading and geometrical grading based on the stress distribution and
transverse deformation along the mid-thickness of the adhesive layer. They observed that
modulus grading and geometrical grading usually had similar effects whereas the material
grading was more effective in reducing the shear stresses for thicker adherends, and showed
that both geometrical grading and modulus grading can be combined to evolve an overall
better performing adhesively bonded single-lap joints.

Apalak and Gunes [64] investigated three-dimensional elastic stress state of an adhe-
sively bonded single lap joint with functionally graded adherends in tension. The adher-
ends had a functionally graded layer through the adherend thickness between a pure
ceramic layer and a pure metal layer. They implemented a layered three-dimensional finite
element to the stress problem [65, 66]. Stress concentrations appeared along the free edges
of the adhesive layer and through the corresponding adherend zones. The normal stresses
and in-plane shear stresses were critical along the adhesive free edges. The normal stress
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in the load direction varied uniformly from compression in the ceramic layer to tension in
the metal layer through upper adherend thickness and from tension in the ceramic layer to
compression in the metal layer through the lower adherend thickness. In the adhesive layer
the peak stresses appeared at the free edges of both upper adherend-adhesive interface and
the lower adherend-adhesive interface but at different edges. The peel stress varied uni-
formly through the adhesive thickness and attained peak level at the adhesive interfaces.
They indicated that a suitable number of layers was needed through the thickness of lay-
ered finite element in order to model functionally graded region accurately, and increas-
ing the ceramic phase in the material composition of the functionally gradient region did
not affect the through-thickness profiles of von Mises and normal stresses in the adher-
ends and adhesive, whereas their magnitudes in the ceramic-rich layer of both adherends
and along the adherend-adhesive interfaces increased considerably. On the contrary, the
layer number and compositional gradient exponent had an evident effect on the through-
thickness profiles and magnitudes of the critical stress components in the adherends and
adhesive layer of the functionally graded adhesively bonded joints.

Apalakand Gunes [67] also investigated three-dimensional elastic flexural behaviour of an
adhesively bonded single lap joint with functionally graded adherends. Their study indicated
stress concentrations along the the left free edge of the upper adherend-adhesive interface,
the right free edge of the lower adherend-adhesive interface and through the corresponding
adherend zones. The normal stress had a linear variation through the adherend thickness
which reaches peak values in the ceramic and metal layers, whereas the normal stress in the
adhesive layer reaches peak values at the left free edge of the upper adherend-adhesive inter-
face and at the right free edge of the lower adherend-adhesive interface and then decreased
uniformly across the adhesive layer towards the other adherend-adhesive interface. In addi-
tion, the ceramic-rich functionally gradient region did not affect the through-thickness pro-
files of both normal and shear stresses in both adherends and adhesive layer but affected the
stress magnitudes considerably. The three-dimensional stress analyses of adhesively bonded
single lap joints with functionally graded adherends subjected to structural loads, in tension
and bending moment, show that the peak stress levels in both adherends and adhesive layer
can be controlled by tailoring the through-thickness material composition of the adherends
rather than through-thickness stress profiles [64, 67].

Apalak [68] carried out the three-dimensional stress analysis of an adhesively bonded
tubular joint with functionally graded tubes in tension using the layered three-dimensional
finite elements. In his study the stress concentrations appeared around the free edges of the
adhesive layer, and the von Mises stress decreased uniformly through the adhesive thick-
ness from the outer tube-adhesive interface towards the inner tube-adhesive interface. The
different composition variations had only a minor effect on the stress profiles through the
tube and adhesive thicknesses. However, as the ceramic phase was increased in the material
composition of the tubes von Mises stress reached its peak levels. The peak adhesive stresses
appeared at the edge of the outer tube-adhesive interface near the free edge of the inner
tube and at the edge of the inner tube-adhesive interface near the free edge of the outer
tube. Similarly, increasing the ceramic phase in the material composition resulted in higher
von Mises stresses along the free edges of the adhesive-tube interfaces. The compositional
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variation of the tubes affected only the stress levels rather than stress profiles. Apalak [69]
also carried out the three-dimensional stress analysis of an adhesively bonded tubular joint
with functionally graded tubes under an internal pressure. He observed that the peak stress
concentrations occurred at the free edges of the adhesive-outer and inner tube interfaces,
and the material composition variation affected only stress levels and not through-thickness
profiles. In addition, the ceramic-rich composition through the tube thickness increased
the peak stress levels. In case a suitable functionally graded composition is selected for the
tubes of tubular joints both peak stress levels can be reduced reasonably and a uniform
stress distribution can be achieved under structural loads, tension or an internal pressure
in comparison with those in the tubular joints with uniform modulus and Poisson’s ratio
distributions [68, 69]. Thus, the concept of functionally graded adherends has superiority
over geometrical grading for the tubular joints.

Apalak and Ekici [70] investigated the three-dimensional stress state of an adhesively
bonded double containment cantilever joint in tension. The adherend had a functionally
graded region, whose through-thickness variation of mechanical properties was defined
based on a power law distribution, between ceramic (AL, O,) top layer and metal (Ni) bottom
layer. In this study stress concentrations appeared inside adhesive fillets along the adhesive
free edges, and the peak stresses occurred at the free edges of containment-adhesive inter-
faces. The compositional gradient considerably affected both through-thickness adherend
stress profiles and levels. As the material composition was enriched with the ceramic phase
the stress profiles became uniform. They also studied the effects of the geometrical param-
eters and the compositional gradient on the strain energy of the adhesive joint using the
artificial neural networks, and determined the adherend thickness and the compositional
gradient exponent as the most dominant design parameters affecting the strain energy. The
adhesive thickness, the support length, and thickness were other parameters. They found
that an optimum joint design required that the adherend thickness and the adhesive thick-
ness be minimal, the support length and thickness be maximal, and the material composi-
tion consist of the constituent with as high modulus as possible. Apalak [71] also investigated
the three-dimensional elastic flexural stress state of an adhesively bonded double contain-
ment cantilever joint. Similarly, she observed stress concentrations inside the adhesive fil-
lets around the adhesive free edges and that von Mises stress increased uniformly from the
adherend half-thickness to both the ceramic and metal layers and reached peak value in
the ceramic layer, and increased from the adhesive-metal interface to the adhesive-support
interface through the adhesive thickness at the adhesive free edge. A ceramic-rich material
composition was found to result in similar smooth through-thickness stress profiles and to
reduce large differences between the peak stresses in the ceramic and metal layers. By imple-
menting the artificial neural networks the compositional gradient exponent, the support
length and the adherend thickness were determined to affect considerably the elastic strain
energy, whereas the adhesive thickness had only minor effect. As the support length was
decreased the effect of the adherend thickness became apparent and the support thickness
became more effective as the support length was kept constant.

Theotokoglou et al. [72] investigated the influence of an adhesive layer in a graded elastic
wedge consisted of two subwedges radially bonded by simulating the adhesive layer either
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by an interface or by an infinitesimal subwedge of very small wedge angle. They gave the
graded character to the wedges either by a linearly varying or by an exponentially varying
shear modulus, and analyzed the problem under plane strain and generalized plane stress
conditions. Analytical solutions for the stress and displacements were deduced based on
the separation of loading in each subwedge and on the continuity of displacements at the
interface. Mustapha et al. [73] proposed a method for determining the elastic shear and
peel stresses in an adhesive joint between a strengthening plate and a functionally graded
beam, which was assumed to be isotropic with a constant Poisson’s ratio and exponentially-
varying elastic modulus through the beam thickness. They found that the inhomogeneities
played an important role in the interfacial stress distributions. Their solutions were the
basis for establishing simplified FGM theories or a benchmark to assess other approximate
methodologies.

In practice, the adhesively bonded joints also serve under thermal loads as well as struc-
tural loads. The mismatches of thermal and mechanical properties of adhesive and adher-
ends, non-uniform thermal fields, and non-uniform material distributions through the
adherends and adhesive layer are the main reasons for the thermal residual stresses [3-5,
26]. Adhesives with high curing temperatures may cause severe thermal stresses in some
low temperature applications. Functionally graded adherends can provide uniform low
stress distributions in adherends and adhesive layer. First, Apalak and Gunes [74] investi-
gated three-dimensional thermal residual stress distributions occurring in an adhesively-
bonded functionally graded single lap joint subjected to uniform cooling for two boundary
conditions: one fixed joint-edge, and two fixed joint edges. The adherends had a function-
ally graded region between ceramic and metal layers. The normal stress along the joint axis
was dominant in the overlap region of the upper and lower adherends and adhesive layer,
whereas the in-plane shear stress concentrated around the free edges of adhesive layer.
von Mises stress decreased uniformly through the adhesive thickness from compressive in
ceramic layer to tensile in metal layer. The two fixed joint edges resulted in much higher
stress levels. The compositional variation had only minor effects on the through-thickness
von Mises stress profiles but considerably affected the peak stress levels. The free edges of
adhesive-adherend interfaces and the corresponding adherend regions were still the most
critical regions for thermal loads as for structural load, and the critical peak stresses in
adherends and adhesive layer could be reduced by tailoring through-thickness material
compositions.

Das et al. [75] developed a boundary element method (BEM) capable of including func-
tionally graded materials in order to capture the correct behaviour of underfill material
in electronic packages. They coupled the BEM solution with the conventional FEM solu-
tion while satisfying the continuity of displacements and equilibrium of tractions along the
interfaces in order to use the salient features of both FEM and BEM. Their FEM and BEM
analyses covered the thermoelastic deformation involving dissimilar materials exhibiting
functional gradation in material properties. They demonstrated the capability of analysis
by considering an electronic package consisting of an assembly of dissimilar materials with
one component having FGM properties. The gradation of elastic modulus increased the
singularity arising from material mismatches, which was not a detrimental effect since the
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yield stress of the rich region with silica (silicon dioxide) beads is much higher than that of
epoxy. The reduction of the thermal mismatch through the coeflicient of thermal expansion
produced a weaker singularity.

Apalak et al. [76] carried out elastic thermal residual stress analysis on an adhesively
bonded functionally graded tubular joint for a uniform temperature drop. In their study
the tubes had a functionally graded region between ceramic and metal layers whereas the
adhesive layer had a uniform material distribution. The hoop, axial and transverse shear
stresses were dominant and concentrated around adhesive free edges, and peak stresses
were observed along the left and right free edges of the inner tube-adhesive interface and
the left free edge of the outer tube-adhesive interface. The directional material composition
variation of both tubes had considerable effect on the stress profiles and levels through the
tube thickness in the critical joint regions. However, the material compositional gradient of
both tubes had only a minor effect on the stress profiles but not on the stress levels through
the tube thickness. The layer number in the tubes also played an important role in the accu-
rate estimation of peak stress values in the ceramic layer of the metal-rich composition and
in the metal layer of ceramic-rich composition because of a sudden transition between the
two phases in these layers, whereas its effect on through-thickness stress profiles was minor.

Apalak and Bagci [77] investigated the thermal residual stress and deformation states
of adhesively bonded in-plane functionally graded clamped plates subjected to different
edge heat fluxes by assuming that the material properties of the functionally graded plates
varied with a power law along an in-plane direction and not through the plate thickness
direction. They discretized the transient heat conduction and Navier equations describing
the two-dimensional thermo-elastic problem using the finite-difference method, and the
set of linear equations was solved using the pseudo singular value method. In this study the
material properties of plates near the interfaces affected the adhesive stresses, the composi-
tional gradient of the plates had an important effect on both in-plane temperature distribu-
tions, and heat transfer periods. Both plates experienced considerable compressive normal
stresses and strains but the shear strains were more apparent. The compositional gradient
and compositional direction played important role in the profiles and levels of both stresses
and strains. The adhesive layer underwent considerable distortional deformation rather
than volumetric deformation. The equivalent stress exhibited small changes through the
thickness and along the overlap length. The peak stresses appeared at the free edges of the
adhesive-plate interfaces, but the compositional gradient and direction affected the loca-
tion of the peak stresses along the free edges of the interfaces. Only the adhesively bonded
ceramic-metal-adhesive-metal-ceramic plate configuration could achieve the lowest in-
plane deformations and stresses in both plates and adhesive layer.

Apalak and Demirbas [78] also investigated the effects of in-plane compositional gra-
dient and composition variation direction on the thermal residual stress and deformations
in adhesively bonded functionally graded clamped circular plates subjected to different
in-plane heat fluxes. They assumed the material composition to vary with a power law
along an in-plane direction and not through the plate thickness direction, and discretized
the two-dimensional transient heat conduction and Navier equations in polar coordinates
using finite-difference method. In this study the composition variation direction was



72 PROGRESS IN ADHESION AND ADHESIVES

designed as Ceramic-Metal (CM)-CM, CM-Metal-Ceramic (MC), MC-CM, and MC-MC
for the inner and outer plates. The compositional gradient and composition variation
direction affected evidently temperature levels and heat transfer periods. The compressive
radial and shear strains were more influential on the deformation states of the adhesive
layer and of the plate regions near the plate-adhesive interfaces. The adhesive layer experi-
enced considerable shear deformations. The equivalent strain and stresses exhibited sharp
peaks, which were influenced by the compositional gradient and direction, on the plate
regions near the plate-adhesive interfaces, and decreased towards the adhesive interfaces.
The MC-MC and CM-CM joints were determined to result in lower temperature, stress
and strain levels around the adhesive layer and along the adhesive interfaces for outer and
inner edge heat fluxes, respectively.

In engineering structures, long-term service life of adhesive joints is very important
under dynamic loadings as well as static loadings. In order to achieve most efficient designs
of adhesively bonded structures, it is essential to understand and improve the dynamic
characteristics of adhesive joints. Functionally graded materials can be used to control or
improve the dynamic characteristics of adhesive joints. First, Gunes et al. [79] carried out
three-dimensional free vibration and stress analyses of an adhesively bonded single lap
joint with functionally graded adherends using the artificial neural networks combined
with the finite element method. In this study the mechanical and physical properties of
very thin adhesive layer, such as modulus, Poisson’s ratio and density, had only a negligible
effect on the first ten natural frequencies and mode shapes of the adhesive joint. However,
the design parameters of the adhesive joint, such as the support length, the plate thickness
and the compositional gradient exponent, played important role in the natural frequen-
cies, mode shapes and modal strain energies of the adhesive joint, whereas the adhesive
thickness had a minor effect. They indicated that the free vibration characteristics of the
adhesive joint could be improved by tailoring the material composition of both adherends
whilst the dimensions of the adhesive joint are kept constant. Gunes et al. [80] also studied
the effects of the plate dimensions and the through-thickness compositional gradient and
composition variation direction on the three-dimensional free vibration behaviour of adhe-
sively bonded single lap joints with both wide and narrow functionally graded plates. They
used the artificial neural networks combined with the finite element method as the analysis
tools. The natural frequencies increased with increasing plate thickness or as the through-
thickness material composition variation became ceramic-rich. The overlap length had a
negligible effect, whereas the natural frequencies decreased suddenly with increasing plate
width. For a plate width larger than 50 mm, the natural frequencies became very low and the
effect of the other design parameters on the natural frequencies became minor. In case the
upper and lower plates had similar or dissimilar material composition variations the mode
shapes were affected considerably, and not the natural frequencies. Gunes et al. [81] inves-
tigated the three-dimensional free vibration behaviour of an adhesively bonded tubular
single lap joint with functionally graded regions between ceramic and metal layers through
tube thickness. They found the adhesive material properties, such as modulus, Poisson’s
ratio and density, to have only a minor effect on the free vibration characteristics (first ten
mode shapes and natural frequencies) of the adhesive joint since the adhesive layer is very
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thin in comparison with tube thickness. They also used the artificial neural networks and
the genetic algorithms combined with the finite element method in order to determine the
optimal design parameters of the adhesive joint, such as overlap length, inner radius of the
inner tube, outer and inner tube thicknesses, and the through-thickness material composi-
tion variation, which satisfy both maximum natural frequency and minimum modal strain
energy conditions for each mode of the tubular adhesive joint. The outer tube thickness,
the inner tube inner radius, and the compositional gradient exponent were found to have
considerable effect on the natural frequencies, mode shapes, and modal strain energies of
the functionally graded tubular single lap joint, whereas the overlap length and the inner
tube thickness had only a minor effect.

Bian et al. [82] presented an exact analysis based on the state space formulation to study
functionally graded beams integrated with surface piezo-electric actuators and sensors.
They considered the effect of adhesive layer by modelling the adhesive layer between the
host beam and the piezoelectric layers by a spring layer. Perfect or imperfect bonding con-
ditions were applied by different models of spring layer. The imperfect bonding between
FGM beam and piezoelectric actuator and sensor layers led to a reduction in global stiftness
of the integrated beam by the increase of deflection and the decrease of natural frequency.

Yan et al. [83] proposed an analytical model of a cracked functionally graded beam with
attached Lead Zirconate Titanate (PZT) actuator/sensors for structural health monitoring.
The model considered the dynamic behaviour of the piezoelectric patches and included a
viscoelastic law to describe the bonding imperfection between piezoelectric patches and
the functionally graded beam. They found that some parameters such as adhesive viscosity,
the shear-lag parameter, and the gradient index of the beam material-composition have
remarkable effects.

3.5 Functionally Graded Adhesives

In order to relieve high stress concentrations at the free edges of the overlap region and to
have more uniform stress distributions, an adhesive layer with variable modulus has been
proposed. This requires at least the use of two adhesives with different mechanical and
thermal properties as the adhesive layer. This is a primitive approach for the functionally
graded adhesive layer.

First, Hart-Smith [84] extended the elastic solution of Volkersen considering adhesive
plasticity, adherend stiffness imbalance, and thermal mismatch between the adherends. He
devoted a significant effort to the concept of using a high-modulus adhesive in the cen-
tral region of the joint and low-modulus adhesive in the outer regions where the relative
displacements between the adherends exceed the strain capabilities of the high-modulus
adhesives. He found that this concept had no practical merit in comparison to a ductile
adhesive alone while it did offer advantages over a brittle adhesive alone, and by softening
the end zones of the joint an increase in strength was obtained. Srinivas [85] showed that
the maximum peel and shear stresses in the bond-line could be reduced by using a combi-
nation of flexible and stift adhesives for single-lap, flush and double-lap joints, and advised
a flexible and ductile adhesive around the free edges of the overlap region, where the peak
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stress occurs, and a rigid and brittle adhesive in the middle of overlap region, where low
stresses exist uniformly. The National Materials Advisory Board of the National Research
Council [86] proposed an adhesive joint with various adhesives, called graded seal con-
cept, using one or more thin adhesive layers of suitably modified properties in order to
reduce the stress concentrations. They expected this concept to be beneficial for bonded
adherends with dissimilar coeflicients of thermal expansion, and also aimed to reduce the
peak adhesive shear stresses using a more ductile adhesive at the free edge of the less stiff
adherend. Pires et al. [87] used two adhesives with different stiffnesses along the overlap
region of an adhesive lap joint where a stiff adhesive was applied in the middle portion of
the overlap and a less stiff adhesive was applied towards the edges prone to stress concentra-
tions. Their experimental, linear and nonlinear analyses indicated a measurable increase in
strength of the bi-adhesive bonded joints in comparison to those in which single adhesives
were used over the full length of the bondline. Fitton and Broughton [88] described a prac-
tical method for joint optimisation using an adhesive layer with variable modulus. They
achieved significant changes in the failure modes and improvement in the joint strength
of lap joints in comparison to a single-modulus adhesive which is typically used to bond
unidirectional carbon fibre-reinforced plastics. They achived most significant improve-
ments in the joint strength whereas failure occurred in un-optimised single adhesive joints
at stresses considerably less than the shear strength of the adhesive, and were dominated by
peel stresses. However, an improvement was not achieved for the adhesive joints which are
subjected to a pure shear loading. Temiz [89] applied bi-adhesive concept to double-strap
joints subjected to bending moments in order to reduce stress concentrations around the
adhesive free edges with an expectation to increase the failure load levels of the adhesive
joint. He used a stiff adhesive in the middle portion of the overlap and a flexible adhesive
around the free edges of the overlap region, and his results showed that the adhesive joints
with two different adhesives carried higher loads and had higher strength as compared to
single-adhesively-bonded joints.

The concept of using multi-modulus adhesives can provide improvements in the overall
joint strength. This concept can also be implemented to the thermal stress problems of
the adhesive joints to withstand low and high temperatures. First, Hart-Smith [84] recog-
nized the use of a mixed adhesive joint for low and high temperature applications. Thus, a
high-temperature adhesive (HTA) in the middle of the overlap region keeps the strength
by transferring the entire load, whereas a low temperature adhesive (LTA) withstands loads
at the low temperatures by causing the high temperature adhesive to undergo moderate
stress levels. da Silva and Adams [90] investigated theoretically Hart-Smith’s proposition by
assessing if a mixed adhesive joint could achieve an increased load bearing capacity over a
single and a double lap joint with an HTA alone. They found that the mixed adhesive joint
decreased the stresses in the HTA at low temperatures in comparison to a joint with an
HTA alone; thus the higher the modulus of the LTA, the more was the decrease, and recom-
mended that for low modulus LTAs, in order to decrease further the stresses in the HTA,
the free ends of the overlap could be stiffened by reducing locally the bondline thickness.
In case dissimilar adherends are bonded they pointed out two factors: the stiffness unbal-
ance and the residual thermal stress unbalance, and the classic mixed adhesive joint design,
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with an LTA at both ends of the overlap, could be modified so that the LTA is located only
on the critical bondline edge. Their main predictions were that for identical adherends,
the mixed modulus concept was of little benefit to the joint strength; however, for metal/
composite joints, there was a real improvement, especially if the difference in coefficients
of thermal expansion was large. da Silva and Adams [91] also investigated experimentally
if a mixed adhesive joint was advantageous as predicted [90]. Based on their experiments
for titanium/titanium and titanium/composite double lap joints, as a joint with dissimilar
adherends, the combination of two adhesives gave a better performance (increased load
capacity) over the temperature range than a high temperature adhesive alone. They also
showed that mixed adhesive joints could be used at low temperatures after a period at high
temperatures. da Silva and Lopes [92] examined the improvements in the strength of single
lap joints using a brittle adhesive in the middle of the overlap and three different ductile
adhesives of increasing ductility at the free ends of the overlap region. They pointed that
this concept gave joint strength improvements compared to a brittle adhesive alone; and
for a mixed adhesive joint to be stronger than the brittle adhesive and the ductile adhesive
used individually, the load carried by the brittle adhesive was higher than that carried by
the ductile adhesive.

Vallee et al. [93] studied the influence of stress reduction methods, such as adhesive
rounding, chamfering and adhesive grading, on the strength of adhesively bonded joints
with brittle adherends. They found that the peak adhesive stresses did not dictate the overall
strength of the joints with brittle adherends made of fibre reinforced polymers and timber
due to adherend failures. Their experimental work allowed a better insight into the relation
between stress reduction and strength increase.

The concept of functionally graded adhesive implies, in fact, that one or more material
properties, such as modulus, Poisson’s ratio, or coefficients of thermal expansion and ther-
mal conduction, are altered along one or more coordinate directions based on a distribution
law: power or exponential. This concept is purely theoretical; consequently, today’s produc-
tion methods are not suitable for this new type of material. The bi-adhesive or mixed joint
concepts are early stages of the concept of functionally graded adhesive but are convenient
for production purposes. First, Kumar [15, 94] aimed to reduce the peak adhesive stresses
around the free edges of bondline by employing a modulus graded adhesive layer in a tubu-
lar adhesive joint. The adhesive joint had similar or dissimilar adherends and a functionally
modulus graded bondline, which was identified by smooth and continuous functions. The
peel and shear stress peaks in the functionally modulus graded bondline were much smaller
and stress distributions along the overlap region were more uniform than those of mono-
modulus bondline adhesive joints. He indicated that the peel and shear strengths could be
optimized by spatially controlling the adhesive modulus. Kumar and Pandey [95] carried
out two- and three-dimensional nonlinear (geometric and material) finite element analyses
of adhesively bonded single lap joints having modulus-graded bondline under monotonic
loading conditions by modelling adhesives as an elasto-plastic multi-linear material and
the substrates as both linear elastic and bi-linear elasto-plastic material. The static strength
was higher for joints with bi-adhesive bondlines compared to those with single adhesives
in bondline, and a higher joint strength was possible for an optimum bi-adhesive bondline
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ratio. Their 3D analysis results revealed the existence of complex multi-axial stress/strain
state at the free ends of the adhesive layer which cannot be observed in 2D plane strain anal-
ysis, and in-plane global stiffness of the joint was unaffected by modulus gradation of the
adhesive layer. Kumar and Scanlan [96] investigated the stress state and strength improve-
ment of a shaft-tube bonded joint with similar and dissimilar adherends and a functionally
modulus graded bondline. The peel and shear peak stresses in the joint with a functionally
modulus graded bondline were much lower and their distributions along the overlap region
were more uniform than those of the joint having a conventional mono-modulus bondline.
Kumar and Scanlan [97] presented an improved analytical model for the stress analysis of
interface stiffness graded axisymmetric adhesive joints, composed of similar and dissimilar
polar anisotropic and/or isotropic adherends and a functionally modulus graded bondline
adhesive. The reductions in shear and normal stresses were predicted in comparison to the
mono-modulus bondline model. Their model was applicable to examine the effects of loss
of interface stiffness due to an existing defect and/or damage in the bondline.

Functionally graded adhesives have some potential drawbacks. Hart-smith [84] identi-
fied the first two: i) using the ductile adhesive alone may provide small gains, but this may
be inadequate when the production difficulties are considered, ii) during manufacturing
the stiff adhesive may tend to displace the ductile adhesive under the applied pressure;
therefore, the bonded joint may be worse off than using the ductile adhesive alone. Aboudi
et al. [98] investigated the response of the metal matrix composites designed in the man-
ner of a functionally graded structure to the external load variations, and determined that
a functionally graded structure may lose its usefulness in smoothing stress distributions
in case of a sudden change in the direction and magnitude of the applied external load.
Stapleton et al. [99, 100] aimed to increase the understanding of both bi-adhesive and non-
stepwise functionally graded adhesives to make them a more viable, realistic, and advanta-
geous choice for actual application in composite structures. They analysed the stress state of
a butt-end joint with constant (single adhesive), discrete (bi-adhesive), linear and exponen-
tial modulus graded adhesives using a special adhesive finite element, and addressed the
issue of adhesive flow during bonding by showing the sensitivity of the functionally graded
adhesives to the gradation profiles, and later questioned if varying loading conditions for
a specific gradation profile had detrimental effects on the stress state of adhesive joint. As
long as the stress magnitude gradient in the adhesive remained unchanged under different
loading conditions the adhesive joints may become a perfect application area for material
grading. The grading was still optimum under different loading cases.

The concept of functionally graded materials with the adhesive bonding technique
has also been applied successfully in bio-inspired dental multilayers. Unlike conventional
crown structures in which ceramic crowns are bonded to the ground with an adhesive layer,
real teeth do not have a distinct adhesive layer between the enamel and the dentin lay-
ers. Niu et al. [101] were inspired by the stress reduction associated with the functionally
graded structures of the dentin-enamel junctions in natural teeth. They proposed a graded
transition from enamel to dentin, a 10 to 100 um thick regime, and used a micro-scale, bio-
inspired functionally graded structure to bond the ceramic layer to a dentin-like ceramic-
filled epoxy substrate. They found the bio-inspired functionally graded material to exhibit
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higher critical failure loads. Du et al. [102] idealized the ceramic crown structures under
occlusal contact as flat multilayered structures consisting of a crown-like ceramic top layer,
an adhesive layer and a dentin-like substrate. Their bio-inspired design of adhesive layer
is composed of functionally graded multilayers that mimic the dentin-enamel junction in
natural teeth. Later, they examined the effects of FGM layer architecture on the contact-
induced deformation of bio-inspired dental multilayers using the finite element method.
They fabricated a layered nanocomposite structure by sequential rolling of micro-scale
nanocomposite materials with local moduli that increase from the side near the soft den-
tin-like polymer composite foundation to the side near the top ceramic layer. They found
that the loading rate dependency of the critical failure loads can be well predicted by a
slow crack growth model, which integrates the actual mechanical properties obtained from
nanoindentation experiments.

Nature offers many examples related to graded materials to reduce stress concentra-
tions along the material interfaces. Tendon-to-bone joints are one of these examples, whose
graded material properties allow more even stress distributions across the joint. Genin et al.
[103] developed a model for the tendon-to-bone insertion similar to a functionally graded
interface between tendon and bone formed by the human body. This model assumed a
gradual and continuous change in: i) the orientation distribution of collagen fibers, and ii)
the relative concentration of the organic and inorganic tissue constituents. Mineral volume
fraction varied approximately linearly across the tendon-to-bone insertion. Their model
can explain how tendon-to-bone attachment was achieved through a functionally graded
material composition. Liu et al. [104] concentrated on the material mismatch at the attach-
ment of tendon to bone, which is a tensile connection in nature, and studied especially
functional grading of transitional tissue between tendon and bone. Liu et al. [105] also
showed that stress concentrations, in the attachment of tendon to bone due to the greatest
interfacial material mismatches in nature, could be reduced by a biomimetic grading of
material properties, and suggested a new approach to functional grading for minimization
of stress concentrations at interfaces.

3.6 Conclusions

Functionally graded materials appear in nature with a role of reducing stress concentrations
along bi-material interfaces. Biological interfaces, such as dentin-enamel junction or ten-
don to bone, are best examples of the concept of functionally graded materials. In adhesive
bonding process, the designers may apply the concept of functionally graded material to
adherends and/or adhesive layer in order to reduce stress concentrations appearing along
the adherend-adhesive interfaces. The adhesive joints serve under static, dynamic and ther-
mal loads; therefore, as this concept was first discussed some drawbacks were asserted as:
serious production difficulties, and detrimental effects on strength in case external load
type was varied. Today, functionally graded materials can be produced and applied suc-
cessfully to many engineering structures, especially to reduce thermal stress concentra-
tions or to distribute these stresses uniformly. In case of adhesive joints with functionally
graded adherends and single adhesive the present theoretical studies indicate that the stress
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concentrations occurring at the free edges of the adhesive layer due to mechanical and
thermal loads can be reduced and controlled by varying the material composition of adher-
ends near the adherend-adhesive interfaces or through thickness of adherends. In case a
functionally graded adhesive layer is included for adhesive joint with similar/dissimilar
adherends the earlier method was to use bi-adhesives along the bondline: a ductile adhesive
with low stiffness around the free edges experiencing peak stresses and a brittle adhesive
with high stiffness in the middle region of bondline. As far as reducing the peak stress
concentrations or achieving a uniform stress distribution is concerned the experimental
and theoretical studies show that this method is successful only for adhesive joints with
dissimilar adherends and only a small benefit is achieved for similar adherends. The pen-
etration of adhesives with low and high stiffness due to the pressure applied to adherends
during joining operation needs to be controlled, otherwise the results do not serve the pur-
pose of using bi-adhesives. New theoretical analyses concentrate on the use of a continuous
material grading, such as modulus or coefficient of thermal expansion, along one or two
coordinate directions of the adhesive material, and improved strength for adhesive joints
was achieved by controlling stress concentrations with an existing optimum material grad-
ing rule. However, the material grading distribution rules are not practical right now for
production purposes. Consequently, the concept of functionally graded materials is still in
the development stage, and needs much theoretical and experimental (if possible) studies
which consider material non-linearity, viscoelasticity of adhesive layer, etc.
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Abstract

Synthetic polycondensation adhesives have dominated for the last 80 years, and still domi-
nate, the field of wood panel bonding. They constitute about 50%-60% by volume of all
adhesives produced in the world today. This review presents through their chemistry
and technology the main categories of adhesives, namely urea-formaldehyde adhesives,
melamine- and melamine-urea-formaldehyde adhesives, phenolic adhesives and isocya-
nate adhesives and their most recent industrial modifications.

Keywords: Wood panel adhesives, urea-formaldehyde, melamine-formaldehyde,
melamine-urea-formaldehyde, phenol-formaldehyde, isocyanates

4.1 Introduction

A number of different adhesives are used for wood panels manufacture. Among these ther-
mosetting adhesives based on the use of formaldehyde-based resins obtained by polycon-
densation have dominated the field for many decades, many of these being used mainly for
their application to wood and wood fibre panel products of all types. The field is divided
into formaldehyde-based adhesives, which even to-day constitute the majority of wood and
wood fiber adhesives, and other products which have been adopted relatively recently in
this field, namely isocyanates.

Formaldehyde-based thermosetting resins constitute more than 50% by volume (NB:
not by value) of all the adhesives used today, in all fields included (not just wood). Thus, res-
ins such as urea-formaldehyde (UF), phenol-formaldehyde (PF), melamine-formaldehyde
(MF) and melamine-urea-formaldehyde (MUF), resorcinol-formaldehyde and other minor
ones constitute today, with some notable exceptions, a low margin commodity products
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produced in large quantities. The reason for such a wide use is mainly their relative ease of
manufacture and the relatively low plant investment necessary to produce such resins. This
apparent ease belies the high technology that is built in such resins; newcomers to this field
can be easily deceived by the apparent simplicity of their chemistry and of their prepara-
tion. While their basic chemistry and technology is well understood, the development of
applicable formulations acceptable to today’s sophisticated markets is not an easy matter.

In the form in which they are delivered these adhesive resins are mainly liquid and con-
sist mainly of linear or branched oligomeric and polymeric molecules in an aqueous solu-
tion or dispersion. During hardening and gelling they convert irreversibly into insoluble
and non-melting three-dimensionally crosslinked networks. The hardening conditions
used can be acidic (for aminoplastic resins such as those based on urea and melamine), or
highly alkaline (phenolic resins).

The consumption of thermosetting formaldehyde-based wood adhesives, in North
America and Europe in 1997 and 1999, respectively, based on resin solids, are as shown in
Table 4.1.

Besides their main application as wood panel adhesives, other major fields of application
for theses adhesives are as foundry sand binders, and for the impregnation and bonding of
paper with PF and MF resins to obtain laminates. There are other applications of these resins,
other than as adhesives, such as their use to prepare rigid foams, for temperature-resistant
binders for break lining, and many others.

From a purely technical point of view these resins have evolved during the last few
decades to yield

o highly reactive adhesives with quick gelling and hardening behaviour and steep

increase in bonding strength even at a low degree of chemical curing

Table 4.1 Estimated consumption of wood adhesives resin solids in North America and
Western Europe.

North Western Total
America* Europe**
Polymer type kTons kTons kTons
Urea-formaldehyde (UF) 960 2600 3560
Melamine-urea-formaldehyde (MUF) - 350 350
Phenol-formaldehyde (PF) 567 260 827
Phenol-resorcinol-formaldehyde (PRF) 12 6 18

*1997
**1999
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« highly reactive adhesive mixes by inclusion of additives such as accelerators, special
hardeners, crosslinkers and others

o lower cost resins while maintaining the same peformance, or even improving it.

« more environmentally acceptable adhesives

Thus, the minimization of the content of expensive melamine in exterior-grade MUEF-
resin, and the development of some fast-curing alkaline PF resols are conspicuous examples
of these trends.

The impact of the resins on various environmental aspects, such as waste water and efflu-
ents, emission of noxious volatile chemicals (such as formaldehyde) during the production
and from the finished boards, has been also an important concern in the last couple of
decades and for the future which is of increasing importance for these resins. The emission
of formaldehyde was a matter of concern in the past, a problem that has now been solved
and solved well, as also possibly the effluent discharge of free phenols or other monomers.

It is necessary here to introduce the principal types of wood panels that are produced
in this industry. The following types of wood panels are commercially produced: par-
ticleboard ( flakeboard and waferboard are different products with slightly different chips
dimensions. These terms are mostly used in North America and not in Europe), Medium
Density Fibreboard (MDF), Oriented Strand Board (OSB), hardboard (high density fibre-
board), plywood and Laminated Veneer Lumber (LVL).

4.2 Urea-formaldehyde (UF) Adhesives

Urea-formaldehyde resins [1-11] are based on a multitude of reactions between urea
and formaldehyde. Using different conditions of reaction and preparation innumerable
condensed structures are possible. UF-resins are thermosetting resins and are constituted
of a mix of linear or branched oligomers and polymers, always containing also some
amount of monomers. Non-reacted urea is often desirable to achieve special effects, e.g.
a better storage stability. Free formaldehyde, however, can have an ambivalent role. On
the one hand it is necessary to induce the hardening reaction, while on the other hand it
causes a certain amount of formaldehyde emission during hot pressing of the panel. At
times, even in the hardened state some residual formaldehyde leads to some unpleasant
subsequent emission from the finished boards. This concern has significantly changed
UF-resins composition and preparation during the last 20 years. The problem of formal-
dehyde emission has now been solved for the last 10 years at least and stringent formal-
dehyde emission regulations are in place in most parts of the world.

The reaction between urea and formaldehyde is complex. The combination of these
two chemical compounds results in both linear and branched polymers, as well as three-
dimensional networks in the cured resin. This is due to a functionality of 4 in urea (due to
the. presence of four replaceable hydrogen atoms) (in reality urea is only trifunctional as
tetramethylol urea has never been isolated, except in the formation of substituted urons
[1,2,11]) and a fuctionality of 2 in formaldehyde. The most important factors determining
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the properties of the reaction products are (1) the relative molar proportion of urea and
formaldehyde, (2) the reaction temperature, and (3) the pH value at which condensation
takes place. These factors influence the rate of increase of the molecular weight of the resin.
Therefore, the characteristics of the reaction products differ considerably when lower and
higher condensation stages are compared, especially with respect to solubility, viscosity,
water retention, and rate of curing of the adhesive. These all depend, to a large extent, on
molecular weights.

The reaction between urea and formaldehyde is divided into two stages. The alkaline
condensation to form mono-, di-, and trimethylolureas, (tetramethylolurea has never
been isolated). The second stage is the acid condensation of the methylolureas, first to
soluble and then to insoluble cross-linked resins. Under alkaline reaction conditions
the reaction of urea and formaldehyde at room temperature leads to the formation of
methylolureas. When condensed, they form methylene-ether links between the urea
molecules. Under alkaline reaction conditions mono- and dimethylolureas are formed,
as follows:

NH, NH; Hs 5 N NH,
o= C: +OH- —> 0= C: =0 =-——— O0=C
NH, NH H NH—CH,0H
_NH—CH,0H HCHO ,i‘iH
0=C, ~—5 0=C
NH—CH,0H NH—CH,0H
T l OH-
N HCHO /CHO0H
_N—CH;0H HCHQ N,
0=C, <—— 0=C. CH,0H
NH—CH,0H NH—CH,OH
_NH, H,N _NHCH,OH  H,N_
0=C, _c=o0 0=C_ _Cc=0
NH—CH,0CH; HN NH—CH,OCH; HN
CH;0H CH;0H CH;0H
_NHCH,0H  HN_ _NCH,OH HN_
0=C_ _C=0 0=C, _C=0

NH—CH,0OCH, HN NH—CH,0CH, HN



SYNTHETIC ADHESIVES FOR WOoOD PANELS 89

The methylolureas formed copolymerize by acid catalysis and produce polymers fol-
lowed by highly-branched and cured networks, as shown below

CH,;-NH—CO—NH,

T
Il H* Il + -H,0
H,N—C—NH—-CH,-OH ——> H,N—C—NH—CH,-OH, ——>

o +

H,N—CO-NH—CH,

+
H,C— NHCONH—CHZ{ NHCONH—CHZ} NHCONH,

n

The formation of monomethylolurea in weak acidic or alkaline aqueous solutions is
characterized by an initial fast phase followed by a slow bimolecular reaction [12, 13]. The
first reaction is reversible. The subsequent reaction of the methylolureas leads to methylene
urea oligomers. The rate of reaction varies according to the pH with a minimum rate of
reaction in the pH range 5 to 8 for a urea/formaldehyde molar ratio of 1: 1 and at a pH of
6.5 for a 1:2 molar ratio [8].

The rapid initial addition reaction of urea and formaldehyde is followed by a slower con-
densation, which results in the formation of polymers [14]. The rate of condensation of urea
with monomethylolurea to form methylenebisurea (or UF “dimer”) is also pH dependent.
It decreases exponentially from a pH of 2 to 3 to neutral pH value. No condensation occurs
at alkaline pH values.

The initial addition reaction of formaldehyde to urea is reversible and.is subject to gen-
eral acid and base catalysis. The forward methylolation reaction is reported to have an acti-
vation energy of 13 kcal/mol while the reverse demethylolation reaction has an activation
energy of 19 kcal/mol [13]. Other sources report values of 17.5 and 17.1 kcal/mol for the
same reactions respectively [7]. Thus, the inverse reaction of decomposition of the methy-
lolureas will limit somewhat the proportion of methylolated urea obtained, the reaction
going to completion only as methylolated ureas react to form dimers and higher oligomers
when the pH is lowered in the condensation phase. If the reaction is stopped before the
condensation phase a calculation of the degree of advancement of the reaction of methylo-
lation of urea under alkaline conditions [15] indicates that at equilibrium under the condi-
tions used, 60% of the urea is present as methylol ureas. This compares well with a degree
of conversion of 65%, at the equilibrium, of the more reactive melamine extrapolated from
reported kinetic values [16] under the same reaction conditions. The reaction may eventu-
ally proceed to even higher degrees of conversion, even in alkaline environment, only as a
consequence of the subsequent formation of methylene ether-linked oligomers.



90 PROGRESS IN ADHESION AND ADHESIVES

The rates of incorporation into the urea molecule of one, two, and three methylol groups
have been estimated to be in the ratio 9:3:1 respectively., The amount of N,N’-dimethylolurea
from monomethylolurea is three times that of monomethylolurea from urea.

Methylenebisurea and higher oligomers undergo further condensation with formaldehyde
[17] and monomethylolurea [18], behaving like urea. The capability of methylenebisurea to
hydrolyze to urea and methylolurea in weak acid solutions (pH 3 to 5) indicates the revers-
ibility of the amidomethylene link and its lability under weak acidic moist conditions. This
explains the slow release of formaldehyde over a long period in particleboard and other wood
products manufactured with UF resins.

After hardening, UF-resins consisting of insoluble, more or less three-dimensional, net-
works cannot be melted or thermoformed again. At their application stage UF-resins are still
soluble or dispersed in water or spray dried powders, which, however, in most cases are redis-
solved and redispersed in water for application.

Notwithstanding that UF-resins consist mainly or only of urea and formaldehyde,
a broad variety of possible reactions and structures in the resins can be obtained. At the
molecular level the basic characteristics of UF-resins can be enumerated as follows:

« their high reactivity

« their waterborne behaviour, which renders the resins ideal for use in industry

« the reversibility of the aminomethylene link, which also explains the low resistance
of the UF-resins against the influence of water and moisture, especially at higher
temperatures, this being also one of the reasons for their subsequent formaldehyde
emission.

The commercial preparation of UF resins is basically a two-step process, usually an alka-
line methylolation followed by an acidic condensation. The methylolation step, which usu-
ally is performed at high molar ratio (F/U = 1.8 to 2.5), involves the addition of up to three
(four in theory) molecules of the bifunctional formaldehyde to one molecule of urea to give
the so-called methylolureas.

The UF-resin itself is formed in the acid condensation step, where the same high molar
ratio as in the alkaline methylolation step is used (F/U = 1.8 to 2.5): the methylolureas, urea
and the residual free formaldehyde react to form linear and partly branched molecules with
medium and even higher molar masses, forming polydispersed UF-resins composed of
oligomers and polymers of different molar masses. Molar ratios lower than approx. 1.7-1.8
during this acid condensation step might cause resin precipitation.

The low molar ratio of the final UF-resin is adjusted by the addition of the so-called sec-
ond urea, which might also be added in several steps [1-3, 9, 11, 19]. This last reaction step
generally also includes the vacuum distillation of the resin solution to the usual 63%-66%
solid content syrup and in this form the resin is delivered. Industrial preparation proce-
dures are usually proprietary and are described in literature only in a few cases [1-3, 10, 11].
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The types of bridges existing between the urea molecules of the resin depend on the
conditions used, with methylene ether bridges (-CH,-O-CH,-) as well as the more stable
methylene bridges (-CH,-) being formed in different relative proportions according to the
conditions used. Methylene ether bridges rearrange with relative ease to methylene bridges
with emission of one molecule of formaldehyde. One ether bridge needs two formaldehyde
molecules and also it is not as stable as a methylene bridge; hence, it is highly recommended
to avoid and minimize when possible the proportion of such ether groups in UF-resins.

Formaldehyde emission from the finished bonded products is due to, on the one hand,
the residual formaldehyde present as a gas in the wood and recesses of UF-bonded and
MUF-bonded products as well as dissolved in the wood residual moisture content. On the
other hand, the hydrolysis of weakly bonded formaldehyde from N-methylolgroups, acetals
and hemiacetals, as well as in more severe cases of hydrolysis (e.g. at high relative humid-
ity or higher temperatures) from methylene ether bridges, increases further the content
of emittable formaldehyde. Contrary to phenolic and polyphenolic resins where an emis-
sion problem does not occur, in aminoplastic resins a permanent stream of supplementary,
emittable formaldehyde is generated from these weakly bonded structures. This explains
the constant, although nowdays low, release of formaldehyde from UF-bonded wood based
panels even over long periods. However, it depends on the conditions whether this excess
emittable formaldehyde leads to unpleasantly high emissions or not. The higher the hydro-
lysis rate, the higher is the proportion of formaldehyde which contributes to the subsequent
formaldehyde emission from the wood panel. The so-called E1-emission class describes a
product presenting formaldehyde emission which is low enough not to cause any danger,
irritation or inflammation of the eyes, nose and mouth mucous membranes.

In the literature, various other types of resin binders preparation procedures are
described, e.g. those yielding uron structures [11, 20, 21].

In the UF-resin itself the following chemical species are present:

o free formaldehyde, which is in steady state equilibrium with the remaining methy-
lol groups and the post-added urea

« monomeric methylols, which have been formed mainly by the reaction of the post-
added urea with the high content of free formaldehyde at the still high molar ratio
in the acid condensation step

« oligomeric methylols, which have not reacted further in the acid condensation reac-
tion or which have been formed by the above-mentioned post-added urea reaction

« molecules with higher molar masses, which are the main resin molecules.

The condensation reaction and the increase of the molar mass can also be monitored by
gel permeation chromatography (GPC) [22]. With longer duration of the acid condensa-
tion step, oligomers of higher molar masses are progressively formed and the GPC peaks
are shifted to lower elution volumes.
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Forced by the necessity to limit the subsequent formaldehyde emission, the F/U molar ratio
in UF resins has been progressively decreased to very low values. The main differences between
UEF-resins with high and with low content of formaldehyde are

o reactivities of the resin due to the different contents of free formaldehyde and
o different degrees of crosslinking in the cured network.

For example, a UF-resin for particleboard at the end of the 1970s would have had an
F/U molar ratio of approx. 1.6-1.8. Today a UF resin for the same application has a molar
ratio of between 1.02-1.08, and cases in which molar ratios as low as 0.95, or even slightly
lower, are used are also known [9]. However, the requirements for the boards as given in
the quality standards are still the same. Besides the degree of crosslinking of the cured
resins, also the rate of hardening depends on the availability of free formaldehyde in the
system.

Depending on the type of board and the manufacturing process applied, it is sometimes rec-
ommended to use a UF-resin with a low F/U molar ratio (e.g. F/U = 1.03), hence low content
of free formaldehyde; while sometimes the use of a resin with a higher molar ratio (e.g. F/U =
1.10) and the addition of a formaldehyde catcher/depressant will give better results [8]. Which
of these two, or other possible approaches, is a better one in practice can only be decided in each
case by trial and error.

The higher the F/U molar ratio, the higher is the content of free formaldehyde in the
resin. Assuming stable conditions in the resins, this means that post-added urea has enough
time to react with the resin; the content of free formaldehyde is very similar even for dif-
ferent preparation procedures. As a rough estimate the content of free formaldehyde in a
UF-resin is approx. 0.1% at F/U = 1.1 and 1% at F/U = 1.8 [22-24]. It also decreases with
time, in storage, due to this free formaldehyde reacting further with urea.

There is a large variety of hybrid resins to which the same emission considerations as for
UFs can be applied, these being melamine fortified UF-resins, MUFs, MUPFs, and PMFs.
In UF-resins the methylene bridge is susceptible to hydrolysis and is, therefore, not stable
at higher relative humidity, especially at elevated temperatures [25]. The influence of water
also causes degradation of the UF-resin with greater devastating effect with the higher tem-
perature of the water in which the boards are immersed. Hardened UF-resins can also be
hydrolyzed under the influence of humidity or water, due to the weak bonding between
the nitrogen of the urea and the carbon of the methylene bridge, especially at higher tem-
peratures. During this reaction, formaldehyde can be liberated [26, 27]. The amount of
this liberated formaldehyde can be taken under certain circumstances as a measure of the
resistance of a resin against hydrolysis. The main parameters on which resin hydrolysis
depends are the temperature, pH, and the degree of hardening of the resin [24]. Especially
the acid which had induced the hardening of the resin can also induce its hydrolysis. Resin
hydrolysis also leads to a loss of bonding strength. The degree of melamine fortification and
especially the way in which melamine is incorporated in the resin can be very different. The
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different resistance of formaldehyde polycondensation resins against hydrolysis is due to
their differences in behaviour at molecular level. The chemical bond between the nitrogen
of the urea or the melamine and the carbon of the methylolgroup can be easily cleaved
in UF resins but not so easily in MF resins. In the latter case this is mainly due to the
conjugated double bonds of the quasi-aromatic triazine ring of melamine. The methylene
bridges connecting phenolic nuclei in phenolic resins are instead very stable against hydro-
Iytic attack and hence are not subject to hydrolysis, making PF resins the only true exterior
formaldehyde-based thermosetting resins. The melamine fortified products are much more
expensive due to the manyfold price increase of melamine in recent years compared to urea.
The content of melamine in these resins, therefore, is always as high as absolutely necessary
but as low as possible.

Melamine can also be added to a UF resin in the form of melamine salts like acetates,
formiates or oxalates [28-31], which decompose in the aqueous resin mix only at higher
temperatures and enable considerable savings of melamine for the same degree of water
resistance compared to traditionally prepared MUF resins. These salts can act additionally
as hardeners.

Another approach to increase the resistance of UF-resins against hydrolysis is based on
the fact that the acid hardening of the resin causes residue of acids or acidic substances in the
bondline. Myers [32] pointed out that in the case of an acid hardening system the decrease
in the durability of the adhesive bonds can be initiated by the hydrolysis of the wood cell wall
polymers adjacent to the bondline as well as by an acid-cat alyzed resin degradation in the
case of UF-bonded products. A neutral bondline, therefore, should show a distinctly higher
hydrolysis resistance. The amount of hardener (acids, acidic substances, latent hardeners)
therefore always should be adjusted to the desired hardening conditions (press temperature,
press time and other parameters) and never follow “the more the better”. Just the opposite is
the case: too high an addition of hardener can cause brittleness of the cured resin and a very
high acid residue level in the bondline.

All UE, MF and MUF resins are used with addition of small amounts of hardeners. For UF
resins these are salts such as ammonium sulphate and ammonium nitrate, used alone or in
combination with small amounts of a carboxylic acid, mainly, but not only, formic acid. The
acid generated by the decomposition of the salt at higher temperature during hot-curing, and
by the simultaneous volatilization of ammonia, causes a marked and rapid decrease of pH
inducing acid-hardening of the resin.

4.3 Melamine-formaldehyde (MF) and Melamine-urea-formaldehyde (MUF)
Adhesives

UF resins are mainly used for interior products. Resins of higher hydrolysis resistance can
be obtained by reacting melamine with formaldehyde to obtain MF resins. Today, due to the
high cost of melamine, pure MF resins are not used anymore as adhesives; resin engineer-
ing has achieved the same results by using melamine-urea-formaldehyde (MUF) adhesives
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with M:U weight ratios varying from 30:70 up to 50:50, and even as low as 20:80 in some
less demanding applications,.

The condensation reaction of melamine with formaldehyde is similar to the reaction of
formaldehyde with urea. It differs only in the much faster rate of reaction for melamine.
As for urea, formaldehyde first attacks the amino groups of melamine, forming methylol
compounds. The reaction proceeds according to the following scheme:
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However, formaldehyde addition to melamine occurs more easily and completely than
does addition to urea. The amino group in melamine accepts easily up to two molecules of
formaldehyde. Thus a complete methylolation of melamine is possible, which is not the case
with urea [1]. Up to six molecules of formaldehyde are attached to a molecule of melamine.
The methylolation step leads to a series of methylol compounds with two to six methylol
groups. Hydrophobic intermediates of the MF condensation appear early in the reaction.
Another important difference is that MF condensation to give resins, and their curing, can
occur not only under acid conditions, but also under neutral or even slightly alkaline condi-
tions. The mechanism of the further reaction of methylol melamines to form hydrophobic
intermediates is the same as for UF resins, with splitting off of water and formaldehyde.
Methylene and ether bridges are formed and the molecular size of the resin increases rap-
idly. These intermediate condensation products constitute a large proportion of the com-
mercial MF resins. The final curing process transforms the intermediates to the desired
insoluble and infusible MF resins through the reaction of amino and methylol groups
which are still available for reaction.
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A simplified schematic formula of cured MF resins has been given by Koehler [33] and
Frey [34]. They emphasize the presence of many ether bridges besides unreacted methylol
groups and methylene bridges. This is because in curing MF resins at temperatures up to
100°C, no substantial amounts of formaldehyde are liberated. Only small quantities are
liberated during curing up to 150°C. However, UF resins curing under the same conditions
liberates a great deal of formaldehyde.

With regard to melamine-urea-formaldehyde, copolymers can be prepared which are
generally used to reduce the cost of MF resins, but which also show some worsening of
properties. Copolymerization was confirmed by means of model compounds and poly-
condensates [35]. MUF resins obtained by copolymerization during the resin preparation
stage are superior in performance to MUF resins prepared by mixing pre-formed UF and
MEF resins, especially because processing of such mixtures is quite difficult [36]. The relative
mass proportions of melamine to urea used in these MUF resins is generally in the range
50:50 to 30:70 [37].

Another type of resin also used today are the so-called PMUF (or MUPF depending
on which author is writing) adhesives. These are fundamentally MUF resins in which a
minor proportion of phenol (between 3% and 10%, P:M:U by weight of 10:30:60 just as an
example) has hopefully coreacted with the MUF resin to further upgrade weather resistance
of the bonded joint. Unfortunately, the alleged superior performance of such resins is often
only wishful thinking as the phenol frequently does not react with the MUF resin, and con-
sequently the PMUF resin will have a worse performance than an MUF resin. Analysis of
the molecular structure of these resins in both their uncured and cured states appeared to
show that often no co-condensates of phenol and melamine form and that these two sepa-
rate resins coexist. This is due to the difference in reactivity of the phenolic and melamine
methylol groups as a function of pH. This was confirmed by the demonstration that it
depends exclusively on the resin manufacturing parameters, and materials reaction order
used whether the phenol coreacts or not within many PMUF adhesives. This shows that
often the phenol remains as a useless pendant group in the hardened aminoplastic (MUF)
network without contributing at all to its performance [38, 39] or even stays unreacted as
shown below;

P
|
U—U-M-U- 1\|/[— U— IIJ—I\I’I— U— ]\I/l—
Mg oy
U—U—-U—U—M lIJ— P—U— lIJ—
M-P | M lij
. P
P pendant without
contribution to the P included in the network
network

+ P unreacted
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The best reaction order necessary to obtain PMUF resins in which phenol contributes
positively to the improved performance of the hardened network has also been defined
[38]. PMUEF resins are still used, and some good resins of this type do indeed exist. It is,
however, unrealistic to expect that they will outperform equivalent MUF resins. It has been
shown clearly that they perform at best as an MUF adhesive containing the same number
of moles of melamine for the total moles of phenol plus melamine of the PMUF itself. The
idea that the addition of small percentages of phenol to an MUF resin yields resins of better
exterior durability is then incorrect, a myth even today perpetuated in the industry. They
are also more expensive than equivalent MUF resins. Newer formulations of MUF resins
always outperform the corresponding PMUE PMUFs are not bad resins, they are simply
resins in which one of the materials, phenol, is often wasted for no purpose.

Melamine can also be added in the form of melamine salts like acetates, formiates or
oxalates to a UF resin or to an MUF resin to upgrade their melamine content and their exte-
rior performance [28-31]. These salts decompose in the aqueous resin mix only at higher
temperatures and enable considerable savings of melamine for the same degree of water
resistance compared to traditionally prepared MUF resins. These salts can act additionally
as hardeners.

The necessary melamine content in the resin depends on various parameters, e.g. the
type of wood particle size, the pressing parameters (pressure profile, density distribution)
and the percent resin load on wood; it can vary between a few percents up to more than
30%, based on liquid resin. Due to the considerable costs, the content of melamine must
always be only as high as absolutely necessary but as low as possible. Other important
parameters are the preparation procedure of the resin, which considerably influences the
thickness swelling of the boards even at the same board resin content and the same content
of melamine.

The production of melamine-fortified UF-resins and of MUF-resins can follow various
paths:

i. cocondensation of melamine, urea and formaldehyde in a multistep reaction [40-
44]. A comprehensive study of various reaction types has been done by Mercer and
Pizzi [37]. They especially compared the sequence of the additions of melamine
and urea.

ii. mixing of an MF-resin with a UF-resin according to the desired composition of
the resin ([45, 46]

iii. addition of melamine in various forms (pure melamine, MF/MUF-powder resin,
melamine acetates or other salts) to a UF-resin during the application of the glue
mix. In the case of the addition of pure melamine the UF-resin must have a rather
high molar ratio, otherwise there is not enough formaldehyde available to react
with the melamine in order to incorporate it into the resin [28, 29, 31, 47].

iv. the addition of acetals such as ethylal and others [48-50] to upgrade the perfor-
mance of aminoplastic resins has also been reported.



SYNTHETIC ADHESIVES FOR WoOD PANELS 97

v. The use of buffers to improve the performance of MUF resins to the level of PF
resins and beyond has also been shown, with considerabkle advantages both in
improved performance and considerable savings in the proportion of melamine
used for the purpose [51-53]

The higher is the content of melamine, the higher is the stability of the hardened resin
against the influence of humidity and water (hydrolysis resistance) [2]. This concept, how-
ever, is only valid for MUF resins prepared according to traditional ways. New resin engi-
neering, especially with points (iii) and (v) above, has revolutionized the understanding of
the field and in light of this the above concept has been proven incorrect. In short, traditional
manufacturing approaches to MUF resins waste, for no purpose, considerable proportions
of the melamine added [31, 54].

MUPEF-resins (PMUF-resins) are mainly used for the production of so-called V100-
boards according to standards DIN 68763 and EN 312-5 and EN 312-7. They contain only
small amounts of phenol. Production procedures are described in patents and in the litera-
ture [55-59].

PMF-resins usually contain only little or no urea at all. The analysis of the molecular
structure of these resins has shown that there is no cocondensation between the phenol
and the melamine, but that there are two distinct networks [60-63]. The reason for this is
the different reactivity of the phenol and the melamine methylols, depending on the exist-
ing pH.

During the curing process of a thermosetting adhesive resin a three-dimensional net-
work is built up. This yields an insoluble resin which is not longer thermoformable. The
hardening reaction is the continuation of the acid condensation step of the manufacturing
process during resin production. The acid hardening conditions can be adjusted (i) by the
addition of a so-called latent hardener or (ii) by the direct addition of acids (maleic acid,
formic acid, phosphoric acid and others) or of acidic substances, which dissociate in water
(e.g. aluminium sulphate). Common latent hardeners are ammonium sulphate and ammo-
nium chloride. The latter one, however, has not been in use in the particleboard and MDF
industry for several years because of the generation of hydrochloric acid during combus-
tion of wood based panels causing corrosion problems, because of the suspected formation
of dioxins and due to the need to decrease chlorides pollution of the environment which
is now severely limited by government regulations. Ammonium sulfate reacts with the free
formaldehyde in the resin to generate sulphuric acid, which decreases the pH; this low
pH and hence the acidic conditions so generated enable the condensation reaction to start
again, resulting finally in the gelling and hardening of the resin. The rate of the pH decrease
depends on the amount of available free formaldehyde and of hardener and is greatly accel-
erated by heat [64, 65].

MUPF/PMUF-resin hardens primarily under acidic conditions as UFs and MUFs.
Because MUF-resins harden in the acid pH range, whereas phenolic resins have a mini-
mum of reactivity under these conditions, there is the real danger that the phenolic portion
of the resin might not really be incorporated into the aminoplastic portion of the resin
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during hardening. This does indeed occur if the sequence of reactions is not well chosen,
negating often any advantage which could be derived by addition of phenol [59]. Proper
reaction sequences do however yield acceptable copolymers and resins of acceptable per-
formance [59].

During the hardening of PMF-resins no cocondensation occurs and in the hardened state
two independent interpenetrating networks exist [66]. Only in model reactions between phe-
nolmethylols and melamine indications for a cocondensation via methylene bridges between
the phenolic nucleus and the amido group of the melamine has been found by "H-NMR.

In order to increase the capacity of a production line especially by reducing the neces-
sary press times, adhesive resins with a reactivity as high as possible should be used. This
requires two parameters:

o ashort gelation time
o arapid bond strength increase, and this even at a low degree of chemical curing.

The reactivity of a resin at a certain molar ratio F/U or F/(NH,), is mainly determined
by its preparation procedure.

Coreacted in situ, during hardening, UF-isocyanate resins and MUF-isocyanate resins,
forming partly methylene partly urethane cross-linked networks, even in presence of water,
have also been reported and are being used industrially [67, 68].

Recent work on the addition of very small amounts of hyperbranched acrylic polymers
(dendrimers) of the G-2 type as shown below
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to MUF resins markedly upgrading their performance as exterior adhesives has also been
reported and shows considerable promise. This is true also for UF resins [69].

4.4 Phenolic Resins

Phenolic resins, namely phenol-formaldehyde thermosetting adhesives, are the best panel
adhesives for exterior grade application being both weather- and boil-proof. Their main
disadvantages are the longer press times compared to UF- and MUF-resins, although this
problem has now been solved; the dark colour of both the bondline and the board surface;
as well as the higher moisture content of the boards on storage at high relative humidity of
the surrounding air due to the hygroscopicity of the high alkali content used. In contrast
to UF and melamine resins, PF adhesives cure well both under very acidic conditions as
well as under very alkaline conditions. Where the acid does not react with the substrate the
adhesive is acid cured (for example in sand binding for foundry cores). Where reaction of
the acid with the substrate is deleterious, such as in wood binders where acid would attack
and severely weaken the cellulose of the substrate, the PF adhesive is cured under strong
alkaline conditions.

Phenol condenses initially with formaldehyde in the presence of either acid or alkali to
form a methylolphenol or phenolic alcohol, and then dimethylolphenol. The initial attack
may be at the 2-, 4-, or 6-position. The second stage of the reaction involves methylol groups
with other available phenol or methylolphenol, leading first to the formation of linear poly-
mers and then to the formation of hard-cured, highly branched structures [1].

Novolak resins are obtained by acid catalysis with formaldehyde in lower molar propo-
prtion than phenol. A novolak resin has no reactive methylol groups in its molecule and
therefore without hardening agents it is incapable of condensing with other novolak mol-
ecules on heating. To complete resinification, further formaldehyde is added to cross-link
the novolak resin. Phenolic rings are considerably less active as nucleophilic centers at an
acid pH, due to the protonation of their rings and hydroxyl groups, as shown below.

:OH HOH OH
H'
- +
H H

However, the aldehyde is activated by protonation, which compensates for this reduction
in potential reactivity. The protonated aldehyde is a more effective electrophile as shown
below.
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H\ H\ _(_Y +
Cc=0 + H" —> C=OH —> ,C—OH
H H H

The substitution reaction proceeds slowly and condensation follows as a result of further
protonation and the creation of a benzylcarbonium ion that acts as a nucleophile, as shown
below
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Resols are obtained as a result of akaline catalysis and an excess of formaldehyde. A resol
molecule contains reactive methylol groups. Heating causes the reactive resol molecules to
condense to form large molecules, without the addition of a hardener. The function of phe-
nols as nucleophiles is enhanced by ionization of the phenol, without affecting the activity
of the aldehyde, as shown below
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A carbonium ion mechanism is, however, more likely to occur for the condensation
reaction although strong evidence for a quinone methide mechanism also exists [70-72].
Megson [70] also states that phenolic nuclei can be linked not only by simple methylene
bridges but also by methylene ether bridges. The latter generally revert to methylol bridges
if heated during curing with the elimination of formaldehyde.

The differences between acid-catalyzed and base-catalyzed processes are (1) in the rate
of aldehyde attack on the phenol, (2) in the subsequent condensation of the phenolic alco-
hols, and, to some extent, (3) in the nature of the condensation reaction. With acid catalysis,
phenolic alcohol formation is relatively slow. Therefore, this is the step that determines the
rate of the overall reaction. The condensation of phenolic alcohols and phenols forming
compounds of the dihydroxydiphenylmethane type is, instead, rapid. The latter are, there-
fore, predominant intermediates in novolak resins, as shown below

®

OH OH
o CH,
H
@
CH,
OH\ OH OH
©/cuzou ©/CH2 \©/CHZOH

Novolaks are mixtures of isomeric polynuclear phenols of various chain lengths with
an average of five to six phenolic nuclei per molecule. They contain no reactive methylol
groups and consequently cross-link and harden to form infusible and insoluble resins only
when mixed with compounds that can release formaldehyde and form methylene bridges
(such as paraformaldehyde or hexamethylenetetramine).

In the condensation of phenols and formaldehyde using basic catalysts, the initial substi-
tution reaction is faster than the subsequent condensation reaction. Consequently, phenolic
alcohols are initially the predominant intermediate compounds. These phenolic alcohols,
which contain reactive methylol groups, condense either: (i) with other methylol groups to
form ether links, or more commonly, (ii) with reactive positions in the phenolic ring (ortho
or para to the hydroxyl group) to form methylene bridges. In both cases water is eliminated.

Mildly condensed liquid resols, which are the more important of the two types of phe-
nolic resins in the formulation of wood adhesives, have on average fewer than two phenolic
nuclei in the molecule. The solid resols average three to four phenolic nuclei but with a
wider distribution of molecular size. Small amounts of simple phenol, phenolic alcohols,
formaldehyde, and water are also present in resols. Heating or acidification of these resins

OH
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causes cross-linking through uncondensed phenolic alcohol groups, and possibly also
through reaction of formaldehyde liberated by the breakdown of the ether links.

As with novolaks, the methylolphenols formed condense with more phenols to form
methylene-bridged polyphenols. The latter, however, quickly react in an alkaline system
with more formaldehyde to produce methylol derivatives of the polyphenols. In addition
to this mode of growth in molecular size, methylol groups may interact with one another,
liberating water and forming dimethylene-ether links(-CH,-O-CH.-). This is particularly
evident if the ratio of formaldehyde to phenol is high. The average molecular weight of
the resins obtained by acid condensation of phenol and formaldehyde decreases from over
1000 to 200, with increase in the molar ratio of phenol to formaldehyde from 1.25:1 to 10:1.

Usually NaOH is used as catalyst, in an amount up to one mole per mole phenol (molar
ratio NaOH/P), which corresponds to a portion of alkali in the liquid resin of approx. 10
weight%. The pH of a phenolic resin is in the range 10-13. The largest part of the alkali is free
NaOH, and a smaller part is present as sodium phenolate. The alkaline medium is necessary
to keep the resin water soluble via the phenate ion formation in order to achieve a degree of
condensation as high as possible at a viscosity which still can be used in practice. Additionally,
the alkali significantly drops the viscosity of the reaction mix. Hence the higher the alkali
content, the higher is the possible degree of condensation of the resin, hence the higher is the
hardening reactivity of the resin and, therefore, the shorter is the necessary curing time.

Higher alkali content has, however, also some important disadvantages. The equilibrium
moisture content in a humid climate increases with the alkali content as well as some hygro-
scopic (longitudinal stability, thickness swelling, water absorption) and mechanical properties
(creep behaviour) become worse. The alkali content also causes cleveage of the acetyl groups
of the cellulose. This leads to an enhanced emission of acetic acid compared to UF-bonded
boards. The higher is the alkali content, the higher is the emission of acetic acid from this
source.

Besides NaOH, other basic catalysts can also be used, like Ba(OH),, LiOH, Na,CO,,
ammonia or hexamine, some of these being commercially used and others are not. The type
of catalyst significantly determines the properties of the resin [73-75]. Decreasing the pro-
portion of alkali in PF-bonded products yields some advantages. Ammonia evaporates as a
gas during the hot curing and therefore does not contribute to the alkaline behaviour and
the hygroscopicity of the products. In wood panels applications, it is important to hold the
pH fairly high as long as possible during hot pressing in order to guarantee a high reactivity
and hence a short curing or pressing time [76, 77].

The penetration behaviour or the “grip“ of the adhesive onto the substrate depends
strongly on the molar mass of the resin: the higher the molar mass (more or less equivalent
to the viscosity of the resin at the same solid content), the worse is its wetting capacity and
the lower is its penetration into the wood surface [78, 79]. Lower molar mass chains are
responsible for good surface wetting, however, too low a molar mass can cause overpen-
etration and hence starved bondlines. Contact angles of phenolic resins on wood increase
strongly with increasing viscosity of the resins, and thus at higher molar masses [80]. The
higher molar mass chains remain at the wood surface and form the bondline, but they will
not anchor as well into the wood surface. Depending on the porosity of the wood surface,
a certain part with higher molar masses must be present to avoid an overpenetration into
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the wood, causing a starved bondline. This means a certain ratio between low and high
molar masses is necessary [81-85]. Some authors found a decrease of the wood failure with
increased molar mass averages of PF-resins [86].

The penetration behaviour of resins into the wood surface also is influenced by various
parameters, such as wood species, amount of glue spread, press temperature and pressure,
and hardening time. The temperature of the wood surface and of the bondline and hence
the viscosity of the resin (which itself also depends on the already reached degree of hard-
ening) influences the surface penetration behaviour of the adhesive [87].

4.4.1 Reactivity and Hardening Reactions of PF Adhesive Resins

PF adhesives for the core layer of panels usually have the highest average molar mass and
hence show high reactivity and quick gelation. They contain a higher proportion of alkali
than board surface resins in order to keep the resin soluble even at higher degrees of con-
densation. The higher the degree of condensation during the production process (the higher
the viscosity), the shorter is the gel time [88]. The limit on the increase of the degree of con-
densation in the production process of the resin is dictated by (i) the viscosity of the resin
(the resin must be able to be pumped, to have a certain storage stability as well as a proper
distribution of the resin on the particles during blending) and (ii) the flow behaviour of the
resin under heat, guaranteeing wetting of the unglued second wood surface and a sufficient
penetration into the wood surface. Decreasing the solid content of the resin is limited if the
moisture content of the glued particles is too high.

Alkaline PF-resins contain free reactive methylolgroups in sufficient number and can
harden even without further addition of formaldehyde, a formaldehyde source, or catalysts.
The hardening reaction is only initiated by heat. The methylol groups thus react to form
methylene and methylene ether bridges. At higher temperatures ether bridges can rearrange
to methylene bridges. The lowest possible temperature for a technically sufficient gelling
rate is approx. 100°C. In some cases, potash in the form of a 50 weight% solution is added in
the core layer resin mix in an amount of approx. 3-5 % potash based on resin solid content.

An in-depth investigation of the dependence of the gel time of an alkaline PF-resin on
the pH [71] surprisingly found an unexpected lengthening of gel time in the very high pH
value region (above 10). However, commercial PF resins for wood are prepared at high pHs
(12 to 14), with a content of NaOH of 5 to 10 % by weight. The pH of the resin, however,
may well change when the resin comes into contact with the acidic wood surface. Especially
with rather acidic wood species, the pH of the resin could significantly drop [89] bringing
back the resin to the pH for its highest reactivity.

It has also been shown that lignocellulosic substrates have a distinct influence on the
hardening behaviour of PF-resins [90, 91], other formaldehyde-based adhesives and ther-
mosetting wood adhesives (such as isocyanates): the activation energy of the hardening
process is much lower than for the resin alone [91]. The reason is a catalytic activation of PF
and other resins condensation by the surface of polymeric wood constituents, in particular
carbohydrates like crystalline and amorphous cellulose and hemicellulose. Covalent bond-
ings between the PF-resin and the wood, especially lignin, do not play any role under the
conditions industrially prevalent today for wood adhesives application [91].
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The acid-induced gelling reaction of PF resins can instead cause severe deterioration of
wood and, therefore, has lost more or less completely its importance in the wood panels
field. Procedures for the simultaneous neutralization of acid-hardened PF-bondlines dur-
ing their curing have also been described [92]. This self-neutralisation of the bondline is
obtained by adding to the PF glue-mix a strong acid coupled by complexes of morpholine
and a weak acid. After hot curing, the complex re-formed is between the morpholine and
the strong acid. This almost neutralizes the bondline and prevents acid deterioration of the
wood substrate.

Acceleration of the hardening reaction is possible by using a resin with a degree of con-
densation as high as possible. A more effective PF accelerating system is the addition of
esters such as propylene carbonate [71, 93-98] or even better of glycerol triacetate (triac-
etin) [15, 71, 99] or guanidine carbonate [99]. The higher is the addition of ester, the shorter
is the gel time of the PF-resin [71]. Esters not only accelerate resin curing, but also increase
the ultimate strength of the cured resin indicating that a more cross-linked hardened net-
work has been obtained.

Potassium carbonate, sodium carbonate [93, 97, 98] or sodium- and potassium bicar-
bonates are just accelerators for PF resins curing, without contributing to an increase in the
strength of the hardened network [93]. Also wood extractives, such as flavonoid tannins
[1], other wood chemicals [97], and amines [93] have an accelerating effect on the harden-
ing of PF-resins.

A further, very effective and relatively inexpensive method to accelerate the hardening of
PF adhesives is by partly co-polymerizing them with urea during or after their preparation
(see below).

Since alkaline phenolic resins harden only by heat, post-curing of wood panels during
hot stacking is important. In contrast to UF-bonded boards, PF-bonded boards should be
stacked as hot as possible to guarantee a maximum postcuring effect. However, too high a
temperature during further stacking might start to cause some wood degradation.

Some special resins consist of a two-phase system with a highly condensed and
no longer soluble PF-resin and an usual PF-resin [100]. Another two-phase resin
is composed of a highly condensed PF-resin still in an aqueous solution and a
PF-dispersion [101]. The purpose of such special resins is the gluing of wet wood,
where the danger of overpenetration of the resin into the wood surface exists
causing a starved bondline.

4.4.2 Modification of Phenolic Resins

4.4.2.1 Post-addition of Urea

Addition of urea to a phenolic resin at different levels of addition is current commercial
practice and it causes several effects:

o decrease of the content of free formaldehyde
« decrease of the viscosity of the adhesive
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o acceleration of the hardening reaction via the higher possible degree of condensa-
tion of the resin at the same viscosity
o reduction of the cost of the resin.

The urea usually is added to the finished PF-resin and causes a distinct decrease of the
viscosity due to cleavage of hydrogen bonds [102] and also due to the dilution effect. There
is obviously no co-condensation of this post-added urea with the phenolic resin. Some co-
condensation has also been shown to occur during hot-pressing. Urea only reacts with the
free formaldehyde of the resin forming methylols, which however do not react further due
to the high pH [10]. Only at higher temperatures during hot pressing some phenol-urea
co-condensation can occur [15, 99, 103].

The higher is the amount of post-added urea, the worse are the properties of the boards.
A reason for this might be the dilution effect of urea on the PF-resin. Amelioration of the
co-condensation process also could help in the optimization of the urea addition. In this
respect one can explain the apparently surprising results of Oldorp and Marutzky [104]
who found better board properties with increased urea post-addition, a clear indication
that some co-condensation had indeed occurred.

4.4.2.2 Co-condensation Between Phenol and Urea

Real co-condensation between phenol and urea can be achieved in a number of different
ways:

 Reaction of methylolphenols with urea [105-108].

o Reaction of UFC (urea-formaldehyde concentrate) with phenol under acidic con-
ditions followed by an alkaline reaction [109, 110].

o Alkaline co-condensation to yield commercial resins and the products of reaction
obtained thereof [15, 99] as well as the kinetics of the co-condensation of monometh-
ylolphenols and urea [112, 113] have also been reported [2].

Model reactions proving urea-phenol-formaldehyde co-condensation are described both
by Tomita and coworkers [105, 109, 113] and by Pizzi and coworkers [15, 99, 111]

4.4.2.3 Addition of Tannins, Lignins and Isocyanates

The purposes of the addition of tannins are:

« the acceleration of the hardening reaction [114, 115] but it has been unsuccesful
with hydrolysable chestnut tannins [114] but succesful when using polyflavonoid
tannins [115].

o the replacement of phenol or part of the PF-resin [1, 116, 117].

The addition of lignins to phenolic resins can be (i) as an extender, e.g. in order to
increase the cold tack or to reduce costs, or (ii) for a chemical modification of the resin,
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whereby the lignin is chemically incorporated into the phenolic resin. The idea behind is
based on the chemical similarity between the phenolic resin and lignin or between phenol
and the phenylpropane unit of the lignin. The lignin can be added at the beginning, during
the resin preparation procedure or at the end of the condensation reaction (with a follow-
ing reaction step between the lignin and the phenolic resin). It is not fully clear whether the
lignin really is incorporated into the phenolic resin or not. In practice lignin at the moment
is used, if at all, only as a neutral filler in these adhesives, without offering any special advan-
tage (sometimes even not in terms of costs).

The use of isocyanate as a fortifier for phenolic resins was not thought to be worthwhile;
Deppe and Ernst [118] reported a precuring, hence a negative effect on reaction between
the isocyanate and the phenolic resin, even if both components were applied separately
to the wood particles of the panel. However, this was eventually found not to be the case.
Thus, extensive industrial application to bond wood panel products of phenolic resins to
which isocyanate has been added just in the glue-mix has shown to yield excellent results
[119-121]. They yield copolymers linked by urethane bridges during curing of the wood
panel in the hot press. The reactions involved and the reasons for their occurrence have also
been clarified and presented [119]. Hse et al. [122] have described a similar system, however
without pre-mixing the isocyanate and the phenolic resins but adding them separately to the
wood particles. This also yielded some good results but not as good as the former system due
to the decreased in situ mobility of the two resins and thus, the lower level of co-reaction of
the two resins. These resins are now commercial in both the emulsified isocyanate/PF form,
hence as single-component adhesives, and also incorporated directly in the glue mix, just
before application by just mixing PF resin and non-emulsifiable isocyanate [119, 120, 123].

4.5 Isocyanate Wood Adhesives

Isocyanates have been used as adhesives in the wood panels industry since 1975, their first
commercial introduction for this application was in Germany [1-3]. For several years these
interesting materials struggled to find place in the market despite the fact they are excellent
adhesives. Their initial struggle to be accepted in the wood panels industry was initially
ascribed to a series of small but irritating side problems, such as binding of the panel board
to the press during manufacture, the initial impossibility to use them for plywood or dilut-
ing them with water and their high costs. Notwithstanding that most of these problems
have been solved, the main cause of this lack of acceptance was in reality the resistance of
the wood industry to the introduction of bonding systems so different from the long-time
accepted formaldehyde-based resins.

Isocyanates for wood bonding are excellent adhesives. To explain their behaviour dif-
ferent from traditional formaldehyde-based resins it was originally assumed that the very
strong bonding they provided could only be obtained by forming a high proportion of
covalent bonds between the resin and the wood substrate [124-126]. This assumption was
very appealing, as wood teems with hydroxyl groups, one of the groups with which isocya-
nates readily react. The possibility or not of such an occurrence is briefly discussed later. The
industrial polymers used for adhesives, i.e., polyisocyanates contain several repeat units
and carry several reactive isocyanate groups on each molecule.
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4.5.1 Chemistry of Isocyanate Wood Adhesives

The chemistry of polymeric isocyanates for wood adhesives is inextricably linked to the
chemistry for preparation of polyurethanes. A number of reactions characteristics of an
isocyanate group are of relevance to polyisocyanates application as wood adhesives. The
first of these is the reaction between isocyanate and hydroxyl group to form a urethane
bridge [125]:

O
Il
R-N=C=0 + HO—R' —> R-NH—C—O—R'

urethane

This extends to reaction with water, a hydroxyl-carrying molecule, with which the iso-
cyanate reacts readily with the liberation of carbon dioxide and formation of urea groups.
The first step in this reaction is the formation of unstable carbamic acid which then
decomposes in a terminal amine end group and carbon dioxide [125]:

o
Il
R—N=C=0 + H,0 —> I:R—NH—C—OH:I —> R—NH, + CO,

carbamic acid

Although in itself it is unstable, carbamic acid has been found to be stable by *C NMR
under certain conditions, namely in hardened networks formed by reaction of isocyanate
with water where immobilization of the network renders difficult or unlikely any further
reaction [127, 128]. Initially, the water reacts slowly with the isocyanate, allowing in the
case of wood adhesives a certain time for handling before curing occurs rapidly at higher
temperature. Notwithstanding this advantage, the reaction of water with isocyanate can be
a source of problems, e.g. isocyanate containers need to be well closed to avoid hardening
of the material due to atmospheric moisture content.

Primary and secondary amines also react readily with isocyanate groups. The amine
generated by reaction of the isocyanate with water in the previous reaction reacts immedi-
ately with another isocyanate group to form a substituted urea [125].

(0]

fast Il
R—-N=C=0 + H,N-R' —> R—-NH—C—NH—R'
substituted urea

The formation of substituted ureas is of particular interest in polyisocyanates used as
wood adhesives as it is the starting point of reactions leading to molecules forming three-
dimensional networks, namely allophenates and biurets (see below), which are considered
responsible for the hardening of
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i P
R-N=C=0 + R-NH—-C—OR' —> R—NH—C—ITI—C—OR'
R
allophenate

polyisocyanate adhesives in wood panel products. Thus, by reaction of an isocyanate group
with a urethane bridge formed by previous reactions, allophenate and biuret bridges are

formed [125]:

0 I
Il
R-N=C=0 + R-NH—-C—NH-R ——> R—NH—C—ITJ—C—NH—R
R
biuret

These two reactions account partly for the formation of three-dimensional covalently

cross-linked networks [2].
The probable cure chemistry of the system is summarized by the following scheme of

reactions [129]:

| —
@NCO S 4 Uretidione
PMDI T i +R—-NCO
NH—C—O —> Allophenates

Urethane

+H,0
o, i ::;
NH, ———» W<: :}—NH—C—NH
<: :> Urea
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Triuret/Polyuret Biuret |
' |
0_1: o=
OO~ 5. OO
0=(f o + NCO
NH

and further
crosslinked
network



SYNTHETIC ADHESIVES FOR WoOD PANELS 109

Thus, even one molecule of water, or reaction with a hydroxyl group, for instance of
wood, is more than enough to start the chain reaction that produces gelling and hardening
of the material [2].

Polyureas and biuret/polyuret linkages thus appear to be the main chemical linkages
in the wood /isocyanate bondline, under industrial rate bonding conditions. The spuri-
ous claim still believed today that bonding wood with isocyanates is a “green” technology
derives from the predominance of this reaction. Predominant, however, does not mean the
only one. ®C NMR spectrum of water/temperature hardened polymeric diphenylmethane
diisocyanate (PMDI) still shows in the final network clear traces of unreacted isocyanate
groups [127, 128], partly denying the “green” claim. This research work, for example, shows
the spectra of such hardened pMDI cases. They show a peak or a shoulder at 125 ppm; this
is the peak of the carbon of the -N=C=0 isocyanate group. This means that nowithstand-
ing the high proportion of water and of UF reactive groups, unreacted isocyanate groups
survive in no small proportion and remain in the hardened network. This is possibly due to
early immobilization of the network during hardening. The argument that water vapour, or
even water, during manufacture or afterwards, will eventually react with these still active,
and toxic, isocyanate groups is an incorrect one. pMDI-generated networks are exterior/
marine-grade, namely water repellant/resistant, and it is rather doubtful that either water
vapour or water itself can get to all these unreacted -NCO groups still present in the net-
work to deactivate them. The use of hybrid PF/pMDI and UF/pMDI adhesives, described
later in this review, greatly reduces this problem, but does not always eliminate it.

4.5.2 Technology of Isocyanate as Adhesives

The standard isocyanate adhesive used in the wood panels industry is 4,4” diphenylmethane
diisocyanate (MDI), not in its monomer form but in its polymeric form. Polymeric MDI
is generally referred to as simply pMDI, or PMDI or just MDI. It is an almost equal weight
mixture of methylene bridged polyphenyl polyisocyanates and of MDI monomer. It is a
dark, reddish-brown liquid containing no solvent. The monomer fraction is composed in
great majority (> 90%-95%) of the 4,4’ isomer and in minority of 2,4’ isomer [125, 129] as
shown below

OCNOCHZONCO
CH,

4, 4'-MDl typically 95% typically monomer fraction

NCO

OCN CH, NCO
n =1-3, as high as 12

NCO
Isomeric mixture of methylene bridged polyisocyanates
CH, NCO

2,4’- MDI

Polymeric MDI (or PMDI) Wood Adhesive = +50 % oligomeric MDI
+50 % MDI monomer
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The isocyanate (-NCO) groups content of industrial pMDI is in the 31%-32% range,
viscosities of 175-250 cP, and surface tension of around 45 mN/m. In general, the number
average and weight average molecular masses of industrial PMDI are, respectively, in the
250-280 g/mol and 470-550 g/mol [129]. As 4,4” diphenylmethane diisocyanate mono-
mer is more reactive than its 2,2” equivalent isomer, PMDI is less reactive than pure 4,4’
diphenylmethane diisocyanate monomer due to the presence in PMDI of ortho-substituted
—NCO groups. Polyureas and biuret/polyuret linkages appear to be the main chemical link-
ages in the wood/isocyanate bondline, when PMDI is used under industrial rate hot press-
ing conditions. Under much slower bonding conditions urethane formation between the
isocyanate adhesive and the wood constituents has been indeed shown to occur [130, 131].
However, it has also been shown that for all adhesives under fast bonding conditions preva-
lent in the wood panel industry the bondline is held together by strong secondary forces
[91, 132, 133], hence without the need for any urethane formation between adhesive and
wood [131, 134].

PMDI has been shown to penetrate down to the wood cell walls, with consequent wood
cell walls plasticization [129, 135]. The hypothesis of PMDI forming an interpenetrating poly-
mer network with wood has also been advanced [129, 136].

Advantages of bonding of wood products with PMDI are its tolerance to faster pressing,
the water and weather resistance of the bondline obtained, and in particular lower amounts
of adhesive needed than for more traditional adhesive systems [2, 124, 125]. Disadvantages
are the tendency of PMDI-bonded particleboard to stick to the hot steel platens of the press,
the need to provide a metering and pumping system devoid of water contamination, doubts
as regards PMDI’s level of toxicity and its higher cost than that of more traditional wood
adhesives [2, 124, 125]. Most of these problems have already been solved, and solved well [2].

Polymeric polyisocyanate, PMDI, is very hygroscopic and must be stored in closed con-
tainers. Once cured, a PMDI bondline is very durable, these adhesives being classified as
both exterior-grade as well as marine-grade. PMDI wood adhesives are not affected by the
pH and buffering capacity of wood. In recent years, however, water dispersible, emulsified
isocyanates have been used in industry, overcoming the problem to keep diisocyanates well
away from water in the factory. The pot-life of these emulsified adhesives is sensitive to pH
and temperature (Figures 4.1 and 4.2).

PMDI adhesives compete mainly with phenol-formaldehyde (PF) resins for the exte-
rior panels market. Pure PMDI cannot be used for plywood. PMDI is used for plywood,
but always in combination with other resins/compounds [67, 68, 119]. The great advan-
tage of PMDI is that it can be used at much lower resin loads for the same bonding results.
The other great advantage that PMDI had over PF resins was the much faster pressing/
curing. PMDI does not have this advantage anymore, with the introduction of accelerated
PF and PUF resins; on the contrary, today it can be slightly slower than this new genera-
tion of PF resins [71, 89, 104, 137]. PMDI adhesives have the further advantage of being
one of the two thermosetting panel adhesives, the other being tannin adhesives [138],
which can be used for bonding wood at higher moisture content during panel manufac-
ture. Moisture content levels of the resinated wood particles from 12% to as high as 25%
will still result in good laboratory panels and between 12% and 16% will result in good
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Figure 4.1 Dependence of PMDI pot-life on temperature in presence of water.
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Figure 4.2 Dependence of PMDI pot-life on pH in presence of water.

industrial panels. This characteristic is applicable to both pure PMDI adhesives as well as
to hybrid PF/PMDI and other similar hybrid adhesives [139].

Often in the panel industry hybrid panels are produced, i.e. panels using PMDI in the
core of the board and a different adhesive on the panel surfaces. This practice derives from
the early days of the use of isocyanates in the panel industry, when the problem of sticking
to the press of PMDI-bonded wood was rather serious. Notwithstanding that this problem
does not really exist anymore with the development of effective release agents, the fabri-
cation of hybrid panels is still prevalent in the wood industry, sometimes for economic



112 PROGRESS IN ADHESION AND ADHESIVES

reasons. Thus, panels such as OSB bonded with PMDI in the core and PF or PMUF resins
on the surfaces are still commonly used in industry.

Several variations in the type of isocyanates used in the wood panels industry exist. Each
one of these was introduced in response to some particular need. The main ones are the use
of emulsified/emulsifiable water-dispersed PMDI, hybrid PF/PMDI and UF/PMDI resins,
PMDI/polyol adhesive systems, blocked pMDI, and sometimes combinations of these.

4.5.3 Emulsified/emulsifiable Water-dispersed PMDI

This is perhaps the most used modification of PMDI. Non-emuslfiable PMDI, being less
expensive, still dominates the wood panel market, but emulsified/emulsifiable water-dis-
persed PMDI is also used in relatively high quantities. It was introduced to eliminate the
need for separate lines and pumping due to the reactivity towards water of non-emulsifiable
PMDIL. It is a good product, and solves the problem it was introduced for, but has one draw-
back: the emulsifying agents used remain in the hardened bondline after curing, rendering
it slightly more sensitive to water attack than in the case of non-emulsifiable PMDI. The
problem is noticeable, but not to such an extent to be grave because emulsifiable pMDI per-
forms well as an exterior adhesive. It just performs slightly worse than the non-emusifiable
type.

Emulsifiable PMDI is generally prepared by reaction of the pMDI with hydrophilic chains
such as polyethylene oxide [129]. The general structure as shown below

can be seen from the *C NMR spectrum of one of these products with its relative assign-
ments in Figure 4.3 [139].

The polyethylene oxide chains reacted with the PMDI act as a surfactant. The PMDI so
reacted is used as a surfactant for mixing non-emulsified PMDI to render the resin water
dispersible [140]. Depending on the emulsifier used and its proportion one obtains emul-
sified PMDIs that can have stability in water from 1 hour to several hours. These types
of PMDI are used industrially but to a much lesser extent than the less expensive non-
emulsifiable PMDI.

4.5.4 PF/pMDI and UF/pMDI Hybrid Adhesives

There has been growing interest in the last 15 years in the copolymerization of PMDI with
traditional resins such as phenol-formaldehyde and urea-formaldehyde adhesives. These
combinations yield adhesives with excellent performance. The reasons for this interest are:
(a) to lower the cost of PMDI usage while still maintaining isocyanate-like performance;
(2) to decrease by copolymerization the perceived toxicity of PMDI; (c) to allow the use of
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Figure 4.3 Liquid phase *C NMR spectrum of emulsifiable PMDI isocyanate [139].

PMDI in plywood manufacture where it cannot be used by itself alone; and (d) to upgrade
the performance of cheaper adhesives. In this type of approach, PMDI becomes an upgrad-
ing additive for traditional adhesives and not a competitor. Both resin classes have some-
thing to gain by this combination.

Up to fairly recent times, knowledge of isocyanates and polyurethane chemistry had
led to the assumption that in mixed resins such as PF/PMDI, UF/PMDI and others the
isocyanate group could only react with the water carrier of the formaldehyde-based resins
[142, 143]. However, it has been shown that the isocyanate group does react very rapidly,
more rapidly than with water, with the hydroxymethyl groups (-CH,OH) of formaldehyde-
based resins such as PF resols, UF, MUF and similar resins [119, 141-143]. This is the only
case known for formation of urethane bridges in water solution. This finding [142, 143],
and the reactions on which it is based [119, 142], led to a series of new wood adhesives.
The first which were applied industrially were PE/PMDI adhesives for plywood [67] and
tannin-formaldehyde(TF)/PMDI adhesives for particleboard [141]. The PF/PMDI system
is of particular interest as it allows the use of PMDI for plywood (alone it cannot be used for
this application) and other panel types. It allowed bonding to marine-grade veneer species
for which even the best PF resins could not give adequate results, and this at faster pressing,
higher moisture content of wood veneers, and using simpler and cheaper PF resins. This
mixed resin and its application are now well documented [67, 119].

Other resins carrying hydroxymethyl groups have also shown much improved perfor-
mance when combined with small proportions of PMDI. Thus, use of the coreaction with
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isocyanates to upgrade the performance of methylolated lignin adhesives [144, 145], UF
resins [67, 68, 119, 127, 128], MUF resins [67, 119, 143], PUF resins [146] and PMUF resins
[147] has been reported. Catalysts for polyurethanes preparation have been shown to be use-
ful even for some of these mixed resins reactions, although these catalysts are not generally
needed for wood panels bonding, other than perhaps in the case of lignin adhesives [121].

One of the positive characteristics of these mixed adhesives is that the lower proportion
of formaldehyde resin in the combination yields lower formaldehyde emission without loss
of bond strength (due to the presence of the isocyanate). Conversely, the presence of the
formaldehyde-based resin decreases the percentage of unreacted toxic isocyanate groups
immobilized in the hardened network. The decrease of the unreacted isocyanate groups in
the case of the mixed resins is quite considerable, as has been proven by *C NMR analysis
by comparing the UF/PMDI system with the system isocyanate/water only [127, 128, 139].
However, the presence, still, of some unreacted isocyanate groups (shoulder at 125 ppm)
[127, 128, 139] in the hardened network, although a considerable improvement on the iso-
cyanate/water alone case, again does not allow to designate isocyanate adhesives, even these
hybrid ones, as “green” or environmentally friendly.

A particularly interesting and recent development of finely ground waste polyurethane
powders is their use as additives to isocyanate adhesives in order to decrease the isocyanate
adhesive resin load used on wood in panels bonding [148]. No active isocyanate groups
are present in the waste polyurethane powder, which is generally obtained by grinding old
polyurethane rigid foams [149]. Thus, the reaction between powder and isocyanates to
incorporate the polyurethane powder in the final network occurs between the isocyanate
group of the adhesive and the -NH- residual groups of the urethane linkage in the powder.
Substitution of up to 20% of the isocyanate adhesive is possible in this way without any loss
of performance. Even more interestingly, the addition of polyurethane waste powder can be
done with UE, MUF and PF resins [150]. For acid setting resins such as UFs and MUFs it
is the hydroxymethyl groups of these resins which react with the -NH- residual groups of
the urethane linkage in the powder. For alkaline setting resins, such as PF resols for wood
bonding, the additional cross-linking reaction is between the hydroxybenzyl groups of the
PF resin and both the residual -NH- groups and the still free aromatic ring sites of the
polyurethane powder. In this way both the waste can be recovered and used as well, thus
decreasing the cost of the adhesives.

4.5.5 Conditions for Application of Isocyanate Adhesives for Wood

Isocyanate adhesives are only used in the bonding of exterior grade wood panel products
such as particleboard and oriented strandboard (OSB). By themselves they cannot be used
for plywood because their rheology on heating causes total penetration in the wood veneer
with migration away from the plywood-veneer interface. Thus, they harden within the
wood veneer and not where they should, at the interface, and are thus incapable, when
alone, to bond plywood. Nonetheless excellent plywood adhesives are obtained by coreac-
tion directly in the panel hot press of isocyanates with traditional condensation adhesives
such as PE, UF and MUF [67, 119].
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In their application for particleboard they need as little as 5%-6% resin load on dry wood
chips to give marine grade panels with excellent performance. Thus, the relatively low resin
load required offsets the higher price disadvantage they have in relation to formaldehyde-
based adhesives. Their conditions for application are generally short press times, around 5
seconds per mm panel thickness or shorter, for today’s high press temperatures. Maximum
pressure applied is 25 to 35 kg/cm? during the hot press cycle at temperatures between
190°C and 220°C.

Isocyanate adhesives, as well as isocyanate adhesives hybridized with other resins, have
the exceptional characteristic of being much more tolerant than other adhesives to bonding
at higher moisture content during panel manufacture. Moisture content levels of the resin-
ated wood particles from 12% and as high as 25% will still result in good laboratory panels
and between 12% and 17% will result in good industrial panels. Press cycle and the other
characteristics of panel production with these adhesives are the same as for formaldehyde-
based adhesives. The only thing that must be particularly kept in mind is that for isocyanate
panels, when the isocyanate is used on the panel faces, it is necessary to add to the resin a
specialized releasing agent, or alternatively a higher than usual level (around 1% or more on
dry wood) of wax in the form of wax emulsion. This is necessary to avoid panel sticking to
the press as the isocyanate is also a good metal adhesive. It must also be noted that recently
isocyanates are starting to be also considered as higher value additives to upgrade tradi-
tional adhesives, simply by producing hybrid adhesives of excellent performance. Thus, one
can find in the market prepacked PF/isocyanates, MUF/isocyanates and UF/isocyanates, as
well as separate resins to compose hybrid adhesives as one wishes. Typical results for 12 mm
thick particleboard bonded with different levels of PMDI are shown in Table 4.2.

It must be pointed out that in the new European directives PMDI is currently classified as
harmful if inhaled, it is also irritating to eyes, skin and the respiratory system and may cause
sensitization by inhalation or through skin contact [150]. Furthermore, PMDI apparently
does not meet the criteria for classification as environment-friendly [150]. Some European

Table 4.2 Typical internal bond strength results for pMDI bonded wood particle-
board (press temperature = 175°C) [129].

Standard
Requirements
PMDI % on dry wood 2 3 4 5 6
Press time (s/mm) 15 15 10 10 10
Density (kg/m?) 680 680 680 680 680
Dry internal bond (IB) 0.15 0.53 0.63 0.75 0.81 >0.35
strength (MPa)
2h boil IB Strength, 0.0 0.03 0.09 0.16 0.19 >0.15
measured wet (MPa)
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Union member states consider that chronic inhalation studies suggest the need to classify such
a material as harmful on prolonged exposure through inhalation and with limited evidence of
carcinogenic effect. Under what conditions its use is going to be permitted is still not clear at
this stage.

4.6 Summary

Synthetic polycondensation adhesives have dominated for the last 80 years, and still domi-
nate, the field of wood panel bonding. They are still likely to do so for quite some time. The
increasing cost of oil has increased their costs and more stringent government regulations,
particularly as regards their emission of formaldehyde in service, have both contributed
to considerable innovation in this field as well as to more stringent controls in these adhe-
sives application and manufacture. The considerable pressure exercised on these resins by
the environmental awareness of public and governments has induced a positive innovation
response in this field, rather than a decrease in their use and popularity. This has somewhat
limited also the existing but growing competition from natural materials and adhesives. It
is mainly innovation in resin engineering that has allowed these synthetic adhesives to hold
their own quite successfully up to now. In short, it is difficult to substitute with anything
else in the short and medium term the reputed, actual 10 million tons/year consumption of
urea-formaldehyde wood adhesives and more than 3 million tons of phenolic wood adhe-
sives. Thus, improvements in these resins and their continuous adaptation to ever more
stringent requirements is likely to successfully continue for sometime to come.
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Abstract

Investigating the theories or mechanisms responsible for wood adhesive bonding has
been an important aspect of wood science and technology research over the past century.
Understanding the nature of adhesion in wood and wood-based composites is of importance
because of the fact that wood is adhesively bonded in over 80 percent of its applications.
For wood bonding, studying adhesion theories requires an understanding of wood mate-
rial characteristics, surface science, polymer characteristics, and the interactions between
polymers and surfaces. The state-of-the-art categorizes adhesion theories or mechanisms
into seven models or areas. These are: mechanical interlocking; electronic or electrostatic
theory; adsorption (thermodynamic) or wetting theory; diffusion theory; chemical (cova-
lent) bonding theory; acid-base theory; and theory of weak boundary layers. The goal of
this paper is to provide a concise, critical, state-of-the-art review on adhesion theories in
wood adhesive bonding with an emphasis on factors influencing bond creation in wood-
based material applications. Over 200 papers were reviewed and information is presented
with recommendations for future studies on wood adhesion.

Keywords: Adhesion, theories, covalent bonding, diffusion, mechanical interlocking,
electrostatic, weak boundary layer, wetting, acid-base, wood

5.1 Introduction

It has been recognized over the past several decades that understanding the nature of adhe-
sion in wood and wood-based composites is of great importance because of the fact that
wood is adhesively bonded in over 80 percent of its applications [1]. There is a plethora of
wood and wood-based composite products that rely on adhesives in their manufacturing
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processes [2]. Wood composite products include: glulam beams, oriented strand board,
medium density fiberboard, particleboard, and paper just to mention a few [3]. Studying
the theories or mechanisms responsible for wood adhesive bonding has been an important
aspect of wood science and technology research over the past century. It is anticipated that
improvements in the understanding of wood adhesion mechanisms have the potential to
result in better adhesive systems and more efficient and effective processing methods for the
wide array of wood and wood-based composite materials.

For wood bonding, studying adhesion theories requires an understanding of wood mate-
rial characteristics, surface science, polymer characteristics, and the interactions between
polymers and surfaces. At present no practical unifying theory describing all adhesive
bonds exists, although a unified adhesion theory has been proposed [4]. The state-of-the-art
categorizes adhesion theories or mechanisms into seven models or areas [5-7]. These are:

. Mechanical interlocking theory

. Electronic or electrostatic theory

. Adsorption (thermodynamic) or wetting theory
. Diftusion theory

. Chemical (covalent) bonding theory

. Acid-base theory

. Theory of weak boundary layers

NN U W N

It should be noted that these theories are not self-excluding, and several may be occur-
ring at the same time in a given adhesive bond depending on the particular circumstance.
Recent applications of adhesion theories to describing the nature of wood adhesive bonding
have focused effort on the durability of wood adhesive bonds [8-11].

5.1.1 Wood Material Properties Relevant to Adhesion

Wood can be classified into two broad groupings, i.e., softwoods and hardwoods [12].
Softwoods are from gymnosperms or those trees with needle-like leaves, generally ever-
green, and bearing seeds in a woody cone. Hardwoods are from angiosperms or those trees
with broad, deciduous leaves and bearing seeds in a fleshy fruit. Wood can be classified as
an orthotropic, heterogeneous, cellular solid. The structure and properties of wood differ in
three mutually-orthogonal planes: transverse (cross section), radial, and tangential. In the
tree, wood can also be segregated into heartwood and sapwood. Sapwood, the periphery of
the tree stem, is generally light in color, transports water, and stores food in the living tree.
Heartwood, the central portion of the stem, is often darker in color, and contains extractives
(fatty acids, waxes, etc.). The cellular structure of wood also varies between softwoods and
hardwoods. Longitudinal tracheids account for over 90 percent of softwood volume, and
the empty cell lumens suggest a honeycomb structure. Hardwoods contain fibers (analo-
gous to softwood tracheids) that provide mechanical strength to the tree and large diameter
vessel elements (“pores”) that mainly transport water and nutrients. The arrangement of
cells and volumetric composition varies greatly among species. Softwood tracheids range
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in size from 30 to 40 um in diameter, and 3 to 4 mm in length. Hardwood vessel elements
range from 20 to 300 um in diameter and 0.5 to 1.5 mm in length while hardwood fibers
range from 10 to 20 pm in diameter and 1 to 2 mm in length [3].

The chemical composition of wood also varies among species but the major structural
organic polymers are similar in composition. Wood contains about 50 percent cellulose, 20
to 35 percent hemicellulose, and 16 to 33 percent lignin, on a dry weight basis [3]. Cellulose
and hemicellulose are carbohydrate based polymers while lignin is a phenylpropane-based
polymer. The non-structural components include extractives, typically 4 to 10 percent, and
inorganic ash (0.2 to 0.5 percent in softwoods, 0.1 to 1.4 percent in hardwoods). Wood also
contains water. Freshly cut trees may contain 30 to 200 percent or more water based on
the oven dry weight of wood while “dry wood” contains 5 to 12 percent moisture content
depending on the ambient interior environment, or up to 20 percent moisture content in
exterior environments.

A simplified view of the cell wall structure suggests that cellulose microfibrils are embed-
ded in a discontinuous lignin/hemicellulose matrix. Microfibril orientation varies in the
wood cells as a function of the particular wall layer. Layers in the cell wall include the
middle lamella between wood cells, the primary and three secondary wall layers: S1, S2,
and S3. Several softwoods also exhibit a so-called “warty layer”. The extractives in wood are
low molecular weight organic chemicals specific to particular species and they contribute
to wood odor, can provide decay resistance, concentrate at the wood surface during drying,
and can negatively impact adhesion and finishing.

Wood adhesion is dictated by its anatomical, chemical, mechanical, and physical prop-
erties. The differences among wood species as a function of anatomy, chemistry, mechani-
cal or physical properties reinforce its description as having a heterogeneous nature.
Important characteristics of wood relevant to wood adhesion processes are wood’s poros-
ity, anisotropy, dimensional instability, and wood surface properties. Wood as a cellular
material is porous and exhibits differing levels of porosity depending on species. Being an
anisotropic material, wood exhibits different physical and mechanical properties depend-
ing on the orientation of the wood element. Because of its hygroscopic nature wood
swells and shrinks as a function of moisture content, thus contributing to its dimensional
instability.

Wood surface property issues include chemical heterogeneity, surface inactivation, weak
boundary layers, and processing characteristics, i.e., machining, drying, and aging [13].
From a chemical perspective, it has long been recognized that extractives dominate wood
surface properties [14, 15]. Because of the complex nature of wood structure and the myr-
iad types of wood species, it is difficult to make sweeping generalizations about the surface
properties of wood. It should be emphasized that although there are certain surface prop-
erty behaviors that are similar among different wood species, it is usually prudent to learn
about the specific species of wood type being adhesively bonded.

Approximately 50 years ago, a generalized representation of wood elements used in
wood composites was promulgated that provided a practical length scale for wood com-
posite elements [16]. The wood elements listed include logs, lumber, veneer, strands, chips,
flakes, excelsior, particles, fiber bundles, fibers and wood flour. We have adapted this
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Figure 5.1 Wood elements adapted from [16]. The question mark (?) denotes wood elements not yet
defined.

representation and added microcrystalline cellulose and cellulose nanofibers, and a ques-
tion mark is left in the table for elements not yet defined (Figure 5.1) [17, 18].

A practical look at the orders of scale for examining wood-adhesive interactions from
the 1 meter scale down to the 1 nanometer scale are listed in Table 5.1. Evaluations of gross
laminate adhesion failure surfaces in glulam beams are determined on the 1 m length scale
whereas delamination measurements on glulam beam specimens subjected to accelerated
aging regimes are made on the 10 cm length scale. Plywood lap shear specimen percent
wood failure measurements are made on the centimeter length scale. Interactions between
polymer droplets on individual cellulose fibers occur on the millimeter length scale, and
microscopic evaluation of the wood-adhesive bondline is carried out on the 100 um length
scale. A bordered pit on a softwood tracheid is 10 um in diameter, and the smallest resin
droplets on medium density fiberboard furnish are on the order of 1 to 10 pm in diameter.
Cellulose nanofibrils are on the scale of 100 nm in length and 10 to 20 nm in diameter.

The comparison of wood-adhesive interactions relative to length scale is shown in
Table 5.2. Wood as a porous, cellular material has roughness on the micrometer scale but
can also exhibit roughness on the millimeter scale depending on how a particular wood
element to be bonded is produced. For example, production of rotary peeled veneer can
produce roughness on a millimeter scale because of the creation of lathe checks. Fibers can
exhibit roughness on the micro- or nanoscale depending on the method of preparation.
Pores or free volume also occurs within the amorphous regions of the cell wall material on
the molecular level.
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Table 5.1 Orders of scale for wood-adhesive interactions.

Scale Test specimen or material characteristic for determining
wood-adhesive interactions

1 meter, 100 cm Glulam beam laminates

10! meter, 10 cm Glulam cycle delamination specimens

102 meter, 1 cm Plywood lap shear test specimens

10 meter, ] mm Polymer microdroplet on wood or cellulose fiber

10* meter, 100 um Microscopic evaluation of wood-adhesive bondline

10”° meter, 10 pm Diameter of bordered pit

10 meter, 1 pm Smallest resin droplets on medium density fiberboard
furnish

107 meter, 100 nm Scale of cellulose nanofibrils

10 - 10 meters, 1 to 10 nm Scale of wood cell wall polymers

Table 5.2 Comparison of wood-adhesive interactions relative to length scale.*

Component um nm
Adhesion forces 0.0002-0.0003 0.2-0.3
Cell wall pore diameter 0.0017-0.002 1.7-2.0
PF resin molecular length 0.0015-0.005 1.5-5.0
Diameter of particles that can pass through a pit 0.2 200
Tracheid lumen diameter 4-25

Glueline thickness 50-250

*Adapted from [203]

5.1.2 Objectives

The goal of this paper is to provide a concise, critical, state-of-the-art review on adhesion
theories in wood adhesive bonding with an emphasis on factors influencing bond creation
in wood-based material applications.

5.2 Mechanical Interlocking and Mechanics of Adhesive-Wood Interactions

Mechanical interlocking, which was proposed by McBain and Hopkins in the early 1900’s
[19] is one of the basic adhesion mechanisms that can be divided into two groups, specifi-
cally: locking by friction and locking by dovetailing (Figure 5.2) [20]. In mechanically inter-
locked systems, there are irregularities, pores or crevices where adhesives penetrate into and
are adhered mechanically [21]. Mechanical interlocking strongly depends on the geometry
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of the bonding sites and the mechanical properties of the materials involved [20]. Wood
adhesive bonding is a good example where mechanical interlocking is observed because of
wood’s porous structure where it has open cells on the surface so that the adhesive can flow
into the lumen of the cells and provide high strength [2].

In addition to geometry factors, surface roughness has a big effect on adhesion. Rougher
surfaces provide better adhesion than smooth surfaces. Gent and Lin (1990) showed that
a rough surface with a 60° peak angle has twice as much surface area as a flat surface [22].
Based on a model by Marra (1992), the linkage (chain link analogy) of a wood adhesive
bond (Figure 5.3) can be divided into 9 links [16], where link 1 is the pure adhesive, link 2
and link 3 are the adhesive boundary layer which is no longer homogeneous because of the
substrate influence while cured. Adhesion mechanisms may be mechanical interlocking, or
chemical bonding which can be seen in links 4 and 5. Links 6, 7, 8 and 9 are the wood cells
for this example, which are shown in Figure 5.3.

A study investigating the relationship between surface roughness and peel strength (N/m)
showed that an increase in surface roughness produces an increase in the surface area (contact
area), which produces higher peel strengths [23]. Wake (1982) proposed an equation defining
the effects of mechanical interlocking and thermodynamic interfacial interactions for esti-
mating adhesive joint strength G, as:

G=CxXM, X1 (5.1)

where: C is a constant, M, is a mechanical keying component, and I is the interfacial inter-
actions component [24].

Mechanical Interlocking

Coating surface
area increase

Substrate

Coating friction
locking

Substrate

Coating dovetail
locking

Substrate

Figure 5.2 Schematic diagram of mechanical interlocking mechanisms.
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Figure 5.3 Chain link analogy for an adhesive bond in wood [16].

Table 5.3 Comparison of adhesion interactions relative to length scale.

Category of Adhesion Mechanism Type of Interaction Length Scale
Mechanical Interlocking or entanglement 0.01-1000 pm
Diffusion Interlocking or entanglement 10 nm-2 ym
Electrostatic Charge 0.1-1.0 um
Covalent bonding Charge 0.1-0.2 nm
Acid-base interaction Charge 0.1-0.4 nm
Lifshitz-van der Waals Charge 0.5-1.0 nm

High-level adhesion can be attained by improving the surface properties and mechanical
keying can be enhanced by increasing the surface area [24]. Cheng and Sun (2006) studied
the adhesion between a soybean protein adhesive and wood, where they investigated the
effects of wood surface roughness, adhesive viscosity, and the processing pressure on adhe-
sion strength [25].

On the other hand, absorption has an important role in mechanical interlocking, because
absorption affects the penetration of a liquid into pores or irregularities on the adherend
surface. Therefore, higher absorption produces better adhesion in mechanical interlocking
systems [26]. The length scale, which changes according to type of interaction, is another fac-
tor that affects adhesion. The detailed length scales for adhesion are listed in Table 5.3 [11].

Mechanical interlocking is an important factor for adhesion in wood and affects the
mechanical stability of end grain adhesive joints. Follrich et al. (2007) examined grain angle
effects on shear strength and showed that good mechanical interlocking is an important fac-
tor for the strength of adhesive joints [27]. In another study on the thermal and mechanical
properties of polypropylene (PP)-wood powder (WP) composites, it was determined that
better interfacial adhesion can be obtained with better mechanical interlocking [28]. Smith
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et al. (2002) used scanning electron microscopy (SEM) to investigate mechanical inter-
locking of a thermoplastic adhesive and wood substrate. They showed that the extent of
mechanical interlocking depends on the processing details of the adhesive joints and higher
pressure and higher temperature with increased process time provides better interlocking
than a short process cycle [29]. Kazayawoko et al. (1999) investigated the effects of adhe-
sion on wood-polymer composites’ mechanical performance and indicated that a decrease
in the quality of mechanical interlocking because of pores or crevices produced lower shear
strength [30]. A study on mechanical interlocking of adhesive in the cellular structure of
wood showed that mechanical interlocking is the only effective bonding mechanism in
preservative-treated wood because cell walls are physically blocked and chemically modi-
fied by metal complexes [31]. Backman and Lindberg (2004) investigated the interaction of
Pinus sylvestris wood with poly (vinyl acetate) (PVAc) adhesive, poly(methyl methacrylate)
(PMMA), and a hydrophilic acrylate, and, as a result, found that adhesion between wood
and PVAc adhesive is mainly attributed to mechanical interlocking [32].

Mechanical interlocking is strongly dependent on the surface properties. While studying
mechanical interlocking, the surface properties including the presence of crevices, pores,
roughness and irregularities should be well understood. Optimizing the surface proper-
ties, for instance, increasing the roughness, of the surface will produce stronger or better
mechanical interlocking.

5.2.1 Atomic Force Microscopy (AFM) & Nanoindentation

The atomic force microscope (AFM), an instrument that allows the measurement of surface
characteristics using different interaction modes, is a useful tool to accurately measure the
adhesion and pull-oft forces between two surfaces. AFM allows researchers to investigate
the adhesion properties of materials on the micro- and nano- levels so it is a valuable tool to
aid in the understanding of the interactions in wood adhesive bonding systems where wood
is comprised of micro- and nano- structures [33].

Opver the last decade, there has been a significant increase in adhesion and pull-oft force
determinations, which depend on contact mechanics, specifically: Hertz, JKR (Johnson,
Kendall and Roberts) and DMT (Derjaguin, Muller and Toporov). JKR and DMT incorpo-
rate the concepts developed by Hertz in 1896 [34]. The equations responsible for determi-
nation of the contact radius and pull-off forces according to Hertz, JKR and DMT are given
in Table 5.4 [35]. The comparison of the theories discussed above is based on interactions
between a flat plane and a sphere depicted in Figure 5.4 [35]. There is no attractive force in
the Hertz model, only hard wall repulsion at contact. The JKR model includes short-range
adhesion which is essentially a delta function with strength W,, and thus only acts within
the contact zone. The DMT curve shown represents a long-range surface force between the
surface and a sphere. A volume integrated force, like the van der Waals force, can also lead
to a DMT dependence, where the contact profile remains Hertzian and the attractive forces
actlike an additional external load. For an actual interaction force, the integral of the attrac-
tive well corresponds to the work of adhesion, W,.
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Table 5.4 Equations responsible for determination of the contact radius and pull-oft forces
according to Hertz, JKR and DMT.

Equation Method Source
(PR) 1/3 Hertz [204]
a=|—
K
) N Hertz [204]
K=é(1—vl L1 )
3\ E E,
R 1/3 JKR [35]
e (? #(P+377R) + J(677RP) + (3y7R)” ))
3 JKR [34]
P =-ZyaR
2
R 1/3 DMT [205]
=| —*(P+2yaR )
e
P =-2ymR DMT [205]
where;
P=Load

a= Contact radius

R= Sphere radius

E,, E,= Young’s moduli

K= Combined elastic modulus of tip

V,» V,= Sphere and flat-plane Poisson ratios
y = Dupré energy of adhesion

P = Pull-off force

Surface roughness characterization and adhesion force measurements have become an
important topic with the increase in nanotechnology research and improvements in devices
like AFM [36]. Hertz, JKR, and DMT theories have been modified and modeled by differ-
ent researchers and applied to various materials [37]. A study on determining the adhesion
between two rough surfaces showed that the modified model based on JKR theory may
provide a useful approach for researchers studying adhesion [37].

Another technique that is used to measure the effect of adhesives and the adhesion
between adhesives and wood is nanoindentation, which provides a more accurate way to
make adhesion measurements. This technique allows researchers to apply the force to the
surface vertically and protect the tip sliding on the surface and creating greater adhesion
forces due to friction. Jakes et al. (2008) devised an experimental method to account for
structural compliance in nanoindentation measurements, where they utilized the standard
Oliver—Pharr [38] nanoindentation analysis where assumptions of the model include hav-
ing a structurally rigid specimen with a homogeneous structure [39]. As a result of their
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Figure 5.4 Interaction forces (per unit area) for the Hertz, JKR and DMT models, compared to
an actual interaction. There is no attractive force in the Hertz model, only hard wall repulsion at
contact. The JKR model includes short-range adhesion that is essentially a delta function with bond
strength W, , and thus only acts within the contact zone. The DMT curve shown represents a long-
range surface force. A volume integrated force, like the van der Waals force, can also lead to a DMT
dependence, where the contact profile remains Hertzian and the attractive force acts like an additional
external load. For an actual interaction force, the integral of the attractive well corresponds to the

work of adhesion, W, [35].
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Figure 5.5 Typical load-depth (displacement) curve (drift subtracted) for multi-load indents
performed in S2 layer of wood tracheid wall [39].

experimental study, they found a small amount of adhesion between the tip of the indenter
and wood tracheid wall during the final unloading, which is shown in Figure 5.5 [39].
Konnerth and Gindl (2006) measured elastic modulus, hardness, and creep factor of wood
cell walls in the interphase region of four different adhesive bonds specifically, melamine-urea-
formaldehyde (MUF), phenol-resorcinol-formaldehyde (PRF), poly(vinyl acetate) (PVAc)
and polyurethane (PU). They found that MUF and PRF bondlines produced improvement in
elastic modulus and hardness and reduced the creep compared to reference cell walls (unaf-
fected by adhesive) whereas PVAc and PUR bondlines decreased the elastic modulus and
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Figure 5.6 Optical micrograph of a wood-adhesive joint with a PVAc bondline (indicated by arrows)
[40].

hardness and increased the creep. A sample optical micrograph, showing the tested (nanoin-
dented) area of a wood joint with PVAc bondline, is provided in Figure 5.6 [40].

5.3 Electrostatic Adhesion

The electrostatic theory of adhesion was first proposed by Derjaguin in 1948 [41]. In the
electrostatic theory, the adherend-adherend interface is viewed as analogous to the plates
of an electrical condenser across which charge transfer occurs and adhesion strength is
attributed to electrostatic forces (Figure 5.7) [6].

A list of the concepts and quantities important in electrostatic adhesion are shown in
Table 5.5. Coulombs Law describes the electrostatic interaction between electrically
charged particles (Figure 5.8) as:

IF|=k, @ (5.2)
r

where: F is force, k,is Coulomb’s constant, g, and g, are the charges and r is the distance

between the charges. Capacitance C is defined as the ratio of charge Q on each conductor

to the voltage V between them

c-2 (5.3)

v
Derjaguin expressed the force F(h) acting between two charges away from one another
to the strength of an adhesion bond where:
F(h)=2mn Reﬁ,W(h) (5.4)

where: W (h) is the interaction energy per unit area between the two planar walls and R ;
the effective radius.
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Figure 5.7 Schematic of the formation of an adhesion bond attributed to transfer of charge from an

electropositive materi

Table 5.5 Concepts

al to an electronegative material.

and quantities important in electrostatic adhesion*.

Concept

Definition

Electric field

Generated by electrically charged particles

Coulomb’s Law

Electrostatic interaction between electrically charged particles.

Capacitor

Consists of two conductors separated by a non-conductive region.

Charge density

Measure of electric charge per unit volume of space, in one, two or three
dimensions.

Van der Waals force

Close-range force between two molecules attributed to their dipole
moments

Hamaker constant

Augmentation factor for van der Waals force when many molecules are
involved, as in the case of nanoparticles

DLVO Theory

Named after Derjaguin, Landau, Verwey and Overbeek. Theory explains
the aggregation of particles in aqueous dispersions quantitatively and
describes the force between charged surfaces interacting through a
liquid medium. It combines the effects of the van der Waals attraction
and the electrostatic repulsion due to the so-called double layer of
counter ions.

Zeta potential

The potential difference between the dispersion medium and the station-
ary layer of liquid attached to the dispersed particle

Smoluchowsky
approximation

Used to calculate the zeta potentials of dispersed spherical nanoparticles

*Adapted and augmented from [43]

F, a1 ) F,

r
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Figure 5.8 Interaction between electrically charged particles. F and F, are the forces of interaction
between two point charges (q, and q,) and the distance (r) between them.
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When dealing with electrostatic interactions in liquids, the Derjaguin, Landau, Verwey
and Overbeek (DLVO) theory is used to describe interactions between charged surfaces
where the total adhesion force F, is equal to the sum of the van der Waals force F,,, and the
Electric Double Layer force F,

F,=F  +F, (5.5)

The van der Waals force is a function of the system Hamaker constant, particle diameter,
contact radius and particle-surface separation distance. The Electric Double Layer force is a
function of liquid medium dielectric constant, zeta potential, reciprocal double layer thick-
ness, particle diameter, and particle-surface separation distance.

The electrostatic theory is often used to describe adhesion behavior of pow-
ders to solid surfaces [41-43]. Practical applications of electrostatic adhe-
sion in wood and wood-based materials include coating of furniture, sandpaper
manufacture, xerography or photocopying paper, and ink jet and laser jet printing [44-46].
Typically, dry particles or powders (coatings, inks) are charged and deposited on an oppo-
sitely charged or grounded substrate. A novel application of inkjet printing is in the creation
of bioactive papers for cellulose-based functional materials [47]. Waterborne coatings can
also be applied to wood electrostatically [48]. Electrostatic coating of wood became viable
and commercially applicable in the 1950s [49, 50]. However, the scientific literature has
been somewhat limited on electrostatic adhesion applied to wood over the past 60 years.
It should be noted that the patent literature on electrostatic powder coating over the same
time period is significant [51].

Electrostatic adhesion that occurs in the liquid phase through colloidal interactions
has received much greater emphasis in the scientific literature and practical applications
are plentiful in paper manufacturing [52]. Electrostatic interactions have also been the
subject of study regarding cellulose films [11]. Electrostatic self-assembly in liquids is
an important area in nanoscience applications [43, 53] and has been applied to paper
coatings with success [54]. Electrostatic self-assembly has also been applied to wood
using layer-by-layer (LbL) nanoscale coatings (Figure 5.9) and the creation of conductive
paper using nanoparticles [55-58].

5.4 Wettability, Surface Energy, Thermodynamic Adhesion

Thermodynamic adhesion or wetting refers to the atomic and molecular interac-
tions between adhesives and adherends. Surface tension or surface energy represent
these forces and are regarded as fundamental material properties to understand adhe-
sion because they are associated with adhesive bond formation [5]. Bond formation
arises from the highly localized intermolecular interaction forces between materials.
Therefore, good wetting is beneficial to strong adhesive bonding. Mittal pointed out that
the dominant surface chemical and energetic factor influencing joint strength is interfa-
cial tension between the adhesive and the adherend (y,): the joint strength increases as
Y, decreases [59]. The atomic and molecular forces involved in wetting include: (a) acid-
base interactions, (b) weak hydrogen bonding, or (c) van der Waals forces (dipole-dipole
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Figure 5.9 Schematic representation of LBL coating of wood fibers with polyethyleneimine (PEI),
poly(sodium 4-styrenesulfonate (PSS) and indium tin oxide (ITO) [57].

and dispersion forces) [5]. The condition necessary for spontaneous wetting is given
below:

Y2 Yat Yy (5.6)

where: y_, v, and v, are respectively the interfacial free energies for solid-gas, solid-liquid
and liquid-gas interfaces. If y, is insignificant, the criterion can be simplified to:

Ysg 2 'Ylg or ysubstmte 2 adhesive (5.7)

which means that the adhesive will wet the surface of the adherend when the surface free
energy of the substrate is greater.

Usually the determination of surface free energies of solids can be made by mea-
suring the contact angles of appropriate probe liquids on the solid surface. Different
contact analysis techniques are applied in the measurements of various forms of sub-
strates. One is the sessile drop method (Figure 5.10) which is also referred to as static
contact angle technique. The angle can also be calculated by the following equation with
obtained height (h) and radius (r) of the spherical drop.

2rh

— 5.8
r2+h? 58

Contact angle () = sin™"
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Figure 5.10 Schematic illustration of the sessile drop method.
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Figure 5.11 Schematic illustration of the Wilhelmy method.

Another method is the Wilhelmy Plate technique that is suitable for making contact
angle measurements on thin plates and single fibers. According to Figure 5.11, the contact
angle can be calculated using the Wilhelmy equation (Equation 5.9) [60].

F=yPcosO+mg-p Ahg (5.9)

where:

F=advancing or receding force on the sample in liquid

v, = surface tension of the liquid

P = perimeter of the wetted cross section

m = mass of the specimen

g = acceleration due to gravity

p, = liquid density

A = cross-sectional area of the specimen

h = depth of immersion.

For particles (also fibers), by recording the process of liquid going through a column
attributed to capillary forces where particles of interest are packed inside, the contact angle
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can be calculated from the Washburn equation (Equation 5.10) [61] that governs the wick-
ing process:

_tRA; cos 8
27

n? (5.10)

where:

h = height to which liquid has risen as a function of time ¢

R = effective interstitial pore radius between the packed particles

Y, = surface tension of the liquid

T = viscosity of the liquid.

Recently a three-dimensional dynamic contact angle analysis method was developed
that can determine the key parameters such as volume and contact angle during sessile
droplet measurement [62]. A strong point of this method is that even when the orientation
of the droplet’s axis changes with time, the dynamic parameters of droplet on anisotropic
surfaces can be determined. However, one limitation of this technique is that because the
model is based on spherical and ellipsoidal droplets, the calculated volumes and contact
angles for non-elliptical oblong droplets are not reliable.

The methods for determining surface free energy of solids based on contact angles
are various, for example the Zisman approach [63], the Neumann (the equation of state)
[64], the Chibowski approach [65], the harmonic mean approach [66], Owens and Wendt
approach (the geometric mean) [67] and the acid-base approach [10], which are reported
in a recent review by Etzler [65]. Most of the methods have already been applied to wood
surface adhesion. Another way to compute surface free energy of fibers or particles is by
inverse gas chromatography (IGC) which provides an alternative to the measurement of
contact angles [68]. Regarding the wetting of wood materials, there are several influen-
tial factors: wood species, sapwood or heartwood, grain orientation, wood elements and
chemical composition, surface roughness, absorption and capillary flow, sample aging, and
machine test speed, different treatments, etc. [69-72].

5.4.1 Wood Anatomy Impact on Wetting

In general, hardwoods have lower contact angles than softwoods whose surfaces contain
more hydrophobic substances, such as resins and unsaturated fatty acids, in addition to phe-
nolic compounds in both species [73]. As reported, huge variability in surface free energy
of wood exists along the stem [74]. The polar component of surface free energy is found to
be high at the stem base and gradually decreases with height, but the dispersion component
acts in an opposite manner. Because the polar component of surface free energy is mark-
edly higher than the dispersion component, in general, the surface free energy decreases
along the tree height. No significant difference in surface free energy is observed across
the tree cross section. Wood is more easily wetted along the grain direction than across the
grain direction [75, 76]. This results from the fact that the liquid drop placed on the surface
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will spread easily along the wood cell lumen in the grain direction than across the lumen
because of capillary effects during the adhesive wetting process [70].

Heartwood and sapwood have different influences on the wetting by adhesives.
Heartwood normally contains extractives and hardened parenchyma cells. Additionally,
closed pits in heartwood will greatly reduce the number of microscale pathways for adhe-
sive penetration. Therefore, the heartwood is expected to be less wettable than sapwood in
terms of instantaneous liquid spreading. However, the difference in equilibrium contact
angles between heartwood and sapwood depends on the wood species and resin type [70].
On the microscale, earlywood consists of parenchyma and is distorted more by cutting
tools, resulting in protruding cell fragments. Therefore, earlywood is often rougher than
latewood [77]. So normally, wettability and surface free energy of earlywood are greater
than latewood.

5.4.2 Extractives

The influence of extractives on the wettablility of wood surface is significant because of
both physical blocking of adhesive penetration and chemically affecting the curing process
[78, 79]. Decreased wettability can also be attributed to the change in wood chemical com-
position [80] and acid-base property of the wood surface when it is covered by extractives
[81]. Because the surface composition and surface free energy of the solid are altered, the
measured contact angle is not representative of the state of the surface of interest. A detailed
description of the effect of extractives on wood surface wettability can be found in the sec-
tion on weak boundary layers.

5.4.3 Adhesive Wettability

The differences among contact angles are related to the nature of the adhesives. PF resins are
more hydrophobic than UF resins because of the phenyl rings present in their structures. As
aresult, the contact angles of PF resins should be larger than that of UF resins. On the other
hand, viscosity of UF and PF is also an important factor affecting wetting [82]. The contact
angle increases with an increase in resin viscosity [83]. Wetting of soy protein adhesives
modified by urea on wood surfaces was found to increase because the molecular attraction
between the adhesive and the wood surface was greater than that between adhesive mol-
ecules after modification [83]. Incorporation of dendritic compounds which bear different
end groups such as -OH, -NH,, and NH_*, CI" into urea-formaldehyde adhesive has been
shown to be effective adhesion promoters for wood bonding. This promotion is partially
attributed to the improved wetting caused by the large number of polar functional groups
present at the interface [84].

5.4.4 Wood Modification

Within a short period of time, freshly-cut wood surfaces undergo a transformation that has
been referred to as surface inactivation. The major reason for the change of wood surface
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free energy is the migration of low molecular weight extractives to the wood surface and
the oxidation of extractives thereafter. This will reduce the surface wettability and impair
the bonding of wood elements. Several chemical, physical, and mechanical methods can
be applied to activate the surface from hydrophobic to hydrophilic, which is further dis-
cussed in the weak boundary layer section. At the same time, a hydrophobic wood is usu-
ally favored since hydrophilicity is an intrinsic property of wood, which is detrimental to
physical properties, mechanical properties, and utility and service life of wood-based prod-
ucts. To minimize the hydrophilic effect, acetylation and grafting of hydrophobic groups
on wood are general methods. Besides the interaction with moisture, flammability and
biodegradability are intrinsic properties of wood that hamper its application. These can be
overcome or ameliorated by fire retardant and preservative treatments. For bonding wood
to fiber-reinforced plastics (FRPs), hydroxymethyl resorcinol (HMR) is used as adhesion
promoter to produce durable adhesive bonds in an exterior environment for a number of
diverse resin adhesive systems [85]. All these modifications will affect the wettability and
surface free energy of wood and a brief review is given below. A summary of these treat-
ments on the wettability of wood is shown in Table 5.6.

5.4.4.1 Acetylation

Acetylation is basically an esterification process where the available hydroxyl groups of
wood are reacted with acetic anhydride. A review on acetylation of wood was reported
by Rowell [86]. Chemicals that have been studied include acids (carboxylic acids, phthal-
dehydic acids), aldehydes (formaldehyde, difunctional aldehydes, acetaldehyde, chloral),
chlorides (acid chlorides, alkyl chlorides), esters (B-propiolactone), ketene, isocyanates,
acrylonitrile, dimethyl sulfate and epoxides. It was reported that all of these chemicals can
create a hydrophobic layer on the wood surface by reacting with hydroxyls, reducing the
wetting of polar adhesives on wood [87].

5.4.4.2 Grafting

Grafting is referred to as the covalent bonding of various substances like polymers or mon-
omers, as well as smaller organic or inorganic compounds onto functional groups on a
surface. For wood surfaces, new functional groups are introduced by reacting with existing
functional groups (mainly hydroxyl) in wood polymers. A grafting process can be achieved
by plasma, wet chemical and even enzymatic methods. Wettability of treated wood surfaces
is determined by the functional groups grafted onto the wood. Hydrophobic groups will
reduce the wetting of wood [88-90]. Prolonging the reaction duration of grafting will add
more polymers on the wood substrate, creating a less wettable surface.

5.4.4.3 Fire Retardants, Preservatives and Adhesion Promotion

Ayrilmis et al. (2009) studied the wettability of fire retardant treated laminated veneer lum-
ber (LVL) with a borax-boric acid compound, monoammonium phosphate and diammo-
nium phosphate [91]. They found that waterborne fire retardants such as boron compounds
and phosphates can make more wettable wood surfaces attributed to the hygroscopic
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characteristics of the reagents, which was confirmed by other researchers [92]. On the other
hand, other research indicated that borax and boric acid used as preservative resulted in
poor wettability of alder and beech veneer surfaces [93]. The authors pointed out that wet-
tability is dependent on the type of impregnation chemical, and also the wood species and
resin used for bonding wood. The effects of two wood preservatives (waterborne chromated
copper arsenate (CCA) and organometallic copper naphthenate (CuN)) on the surface free
energy of wood and E- glass/ phenolic composite material were also investigated [94]. The
CuN treatment increased the contact angle of water on southern yellow pine because of
the oily non-polar nature of this kind of preservative. CCA treatment reduced the contact
angle of water and increased the total surface free energy of wood by metallic salts with high
surface energy.

Hydroxymethyl resorcinol (HMR) can produce durable adhesive bonds for application
in exterior environments. The dynamic adhesive wettability of HMR treated wood with PF
and PMDI was found to decrease because the dispersion component of surface free energy
decreased in this treatment [85]. The principles and details of wood surface modifications can
be found in a recent review by Petric [95].

5.4.5 Test Methods

Compared to homogeneous materials like plastics and metals, the wetting process of wood
is more complex and is attributed to its intrinsic surface properties like heterogeneity,
roughness, and liquid adsorption, which makes the thermodynamic equilibrium condi-
tions assumed by Young’s equation not applicable to wood surface [96]. Therefore, some
modifications on contact angle measurements and calculations are applied by researchers to
take into account these factors. The sessile drop contact angle technique also referred to as
static contact angle measurement has appeared in most previous studies on determination
of the thermodynamics of the liquid/solid interaction of wood where the instantaneous or
equilibrium contact angles were usually used [97]. However, it has been reported that time
is a significant factor affecting the measured surface parameters of the wood surface [75, 98,
99]. Thus, simply comparing initial or equilibrium contact angles is not as meaningful as
investigating all other phenomena during the wetting process like spreading and penetration
[70]. Models and parameters (decay ratio, spreading ratio and changing rates) can be used to
illustrate the dynamic wetting process [99].

During the measurement of contact angles on wood surfaces by the Wilhelmy plate
method, a hysteresis phenomenon is observed [71]. That is, the advancing contact angle on
the wood surface during the immersion process is usually higher than the receding contact
angle when the liquid is withdrawn from the wood surface. This phenomenon is attributed
to two reasons: (1) wood surface is heterogeneous which represents the low-energy sites
during advancing contact angle measurement, while the surface transforms to high-energy
sites during receding angle measurement because it is already covered with the test liquid;
(2) molecules or hydroxyl groups in the solid surface rearrange after contact with a polar
liquid. For instance, hydroxyl groups on the wood surface try to avoid contact with inert
air by hiding under the surface, but they reorient to form hydrogen bonds when the surface
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is in contact with water [71, 100]. End-sealing wood veneers or polymeric foams with poly
(vinyl acetate) is recommended as a standard practice for Wilhelmy plate analysis because
it can reduce capillary uptake of the probe liquid, reducing premature wetting of the wood
surface. Another way to minimize the effect of capillarity is to increase the test speed to
reduce the time for absorption.

It is not accurate to use column wicking measurements to determine the contact angle
on swelling polymer substrates by the Washburn equation because the effective interstitial
pore radius (R) in the wicking experiments changes after the particles swell. Two phenom-
ena observed during the wicking process indicate that the equation needs further modifi-
cation: (1) heat was released during the wicking process when the polar liquids contacted
the swelling polymer particles, and (2) compared to using hexane (non-polar liquid), using
methanol (polar liquid) resulted in a smaller average capillary radius (r) [101]. At the same
time, Shi and Gardner (2000) reported one attempt to account for swelling and energy loss
during the wicking tests [101].

5.5 Diffusion Theory of Adhesion

The diffusion theory is based on the concept that two materials are soluble in one another,
i.e. compatible, and if they are brought into close contact, they dissolve in one another and
form an interphase which is a solution of both materials in one another and therefore does
not form a discontinuity of physical properties between the two materials (Figure 5.12) [6].
In the case of wood adhesive bonding, this theory is more applicable for an adhesive that
diffuses/penetrates into the wood cell wall. Penetration is the ability of an adhesive to move
into the voids on the surface of a substrate or into the substrate itself. The cellular nature of
wood can cause significant penetration of an adhesive into the substrate. Adhesive penetra-
tion follows the path of least resistance into the porous structure, either by gross penetra-
tion or by cell wall penetration [102]. According to Frihart (2004) there are four scenarios
of penetration: 1) occupation of free volume, 2) mechanical interlocking, 3) interpenetrat-
ing polymer networks, which form cross-links between the adhesive molecules within the
free volume of the cell wall, and 4) chemical cross-links with cell wall polymers [103].

(a) (b) (€)

Figure 5.12 Schematic of diffusion theory of adhesion: (a) two compatible materials are brought into
close contact (b) and an interphase (c) is formed where both materials mix and/or entangle with one
another.
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Adhesive bond performance between wood elements is presumed to be significantly
influenced by the degree of penetration of the adhesive into the porous network of intercon-
nected cells and is controlled by 1) adhesive variables (molecular weight (MW), distribu-
tion), 2) substrate variables (species, orthogonal plane, moisture content) and 3) processing
variables (curing method i.e. time, pressure, and temperature). Swelling is defined as the
uptake of liquid molecules by wood polymers in the wood cell wall and is driven by dif-
fusion. The degree of swelling decreases with increasing size of the molecules in the lig-
uid [104]. Mantanis et al. (1994) showed that even relatively large molecules, like pyridine
(MW=79) and benzyl alcohol (MW= 108), are able to swell the wood cell wall significantly
because of their high capacity to form hydrogen bonds [104]. Furuno et al. (2004) studied
the penetration of PF resin at different MWSs (290, 470, 820) into the wood cell wall and
found that low MW resin penetrated more into the cell wall whereas the medium and high
MW resins penetrated only slightly [105]. A lower MW resin is also more likely to contrib-
ute to dimensional stability and decay resistance [105]. Similar results were reported by
Laborie and coworkers [106, 107] suggesting a nanoscale miscibility of low MW PF resin
with wood polymers using solid-state NMR spectroscopy.

Research investigating bondline performance has focused on methods using micro-
scopic examination and associated techniques with the goal of establishing a relationship
between penetration and bond performance. Modzel et al. (2011) provide a good review
on microscopic methods used and resin systems studied to examine adhesive penetration
in wood [108]. Figure 5.13 gives an overview of the most commonly used methods and
examples of attainable images to study resin penetration into wood.

Figure 5.13 Photomicrographs of PF adhesive bondlines in hybrid poplar (a-d) and Douglas-fir (e-h)
with rubidium replacing sodium in the PF formulation for better detection. Images show the same
field of view for each species and were created using fluorescence microscopy (a+e), scanning electron
microscopy (SEM) (b+f), SEM with back-scatter detector (BSE) (c+g), and SEM with wavelength-
dispersive spectroscopy (WDS) (d+h). Images courtesy of Fred Kamke.
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More recent work using micro- or synchrotron radiation X-ray computed tomography
has shown its advantage over more conventional microscopic techniques in providing an
accurate representation of the 3D microstructure of the wood and penetrating adhesive
system [109-111]. Furthermore, it is possible to calculate the stress and strain in the adhe-
sive bondline using a micromechanical model proposed by Kamke et al. [112]. Besides the
adhesive type, especially the characteristics of the wood elements to be bonded play an
important role in penetration and bond performance. Gruver and Brown (2006) investi-
gated the penetration and bond performance of pMDI according to: 1) species, 2) anatom-
ical bonding plane, and 3) moisture content by fluorescence microcopy and compression
shear block test [113]. While a species and corresponding anatomical effect was observed,
overall bond performance was mostly influenced by moisture content. The influence of
species and corresponding anatomy is most apparent in hardwood species, where the pen-
etration occurs mostly in the vessel network compared to softwoods where the penetration
is more evenly distributed and interconnected [110]. Mendoza et al. (2012) developed a
model to predict adhesive penetration into the interconnected vessel network of hard-
woods taking into account adhesive hardening, capillary penetration, and processing tech-
niques [114]. A different method to characterize resin penetration is described by Wang
and Yan [115] who used mercury intrusion porosimetry to measure the pore volume with
and without resin. Their work showed that processing parameters are an important factor,
since pressure applied by hot- pressing promoted resin penetration into smaller pores.

While gross penetration into wood cells is relatively easy to study, the methods employed
are often limited by their resolution and/ or contrast capabilities to investigate cell wall
penetration on the nano- or even angstrom scale. To date, the most successful methods
to investigate cell wall penetration use some form of tagging of the adhesive to make the
tag detectable by the method employed. The penetration of UF/UMEF resin into MDF fiber
walls was shown by means of confocal scanning microcopy in combination with staining
[116, 117]. Xing et al. (2005) observed that the penetration was directional through the
outside of the fiber wall towards the lumen and not horizontal along cell wall layers, pre-
sumably through pores in the cell wall [116]. Gindl and coworkers (2002, 2003) used UV
absorbance microscopy specifically for melamine in MUF and MF resin to study cell wall
penetration. Their results confirm that resin diffusion into the wood microstructure occurs
for these adhesive types [118, 119]. The UV absorbance microscopy method was further
used to study the effect of resin diffusion on the stability of adhesively bonded joints of PUR
and PRF resins on cell wall mechanical properties by nanoindentation [120]. PRF resin
penetrated the cell wall microstructure while PUR resin did not. The elastic modulus deter-
mined by nanoindentation of resin infiltrated undamaged cells did not change significantly
but hardness increased. The presence of PRF but not of PUR and epoxy resin in wood cell
walls was also determined by scanning thermal microscopy [121].

Another more recently developed technique is the use of solid or solution state NMR
spectroscopy to investigate polymer miscibility and therefore nano scale cell wall penetra-
tion of isotopic labeled PF and pMDI resins [107, 122-124]. NMR spectroscopy has also
found application in investigating the adhesiveless bonding of wood by high speed rotation
welding [125]. The mechanism for high speed rotation, as well as linear vibration welding,
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relies on mechanical friction and corresponding temperature-induced softening and pen-
etration of amorphous polymer material (mostly hemicelluloses and lignin) into the inter-
cellular structure of the wood. The result is a high densification of the bonded interphase,
yielding high quality wood-wood joints [125-127].

5.6 Covalent Bonding

A covalent bond is a bond where two atoms share an electron pair and is believed to improve
the bond durability between wood and an adhesive. While covalent bonds occur in certain
fields of adhesion their existence was for a long time not believed to occur between wood
and adhesives [11, 128]. It is well established that the energy of activation of the condensa-
tion of wood adhesives (e.g. PE, UE, MF and MUF) is influenced by the presence of wood
polymers compared to neat resin [129-132]. According to Pizzi et al. (1994) two effects are
present when an adhesive cures on a wood surface, 1) catalytic self-activation of the resin
self-condensation induced by carbohydrates and 2) formation of resin-substrate covalent
bonds induced by lignin [130]. However, the contribution of the second one is very small
and often negligible under the conditions pertaining to thermosetting adhesive applications
[130, 131] and do not exist for MUF systems [133].

A limiting factor for the investigation of resin to wood substrate covalent bonding is the
difference between conditions in the laboratory and industrial settings. Often used differ-
ential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) techniques are
subject to time and temperature limitations since heating rates are much slower (10-20°C/
min) compared to a maximum heating and curing of only a few minutes in industrial com-
posite board production processes. Even more extreme sampling requirements are neces-
sary when infrared (IR) and ultraviolet (UV) spectrophotometries are used [130].

Most of the more recent research in wood-adhesive covalent bonding focuses on phe-
nyl isocyanate-based adhesives, since they are most likely to form urethane (or carbamate)
bonds with wood polymers and are shown to penetrate the wood cell wall and intimately
associate with wood molecules [122-124, 132, 134]. Solid-state NMR spectroscopy can be
used to study urethane formation using isotopic labeled isocyanate pMDI. However, this
method cannot identify covalent bonds with certainty since urethane and polyurea signals
display a significant overlap in the acquired spectra and are of low signal intensity [123,
124, 134]. A solution-state NMR spectroscopy technique was further developed to allow
for a more accurate determination of isocyanate reactivity with wood. While this method
was able to detect urethane formation between phenyl isocyanate and cell wall polymers
no covalent bonds could be determined in experiments under typical conditions used for
industrial oriented strand board (OSB) bonding using pMDI [135-137]. Bao et al. (2003)
proposed a model for pMDI bonding and attribute the strength of this particular wood-
adhesive bond to the deep penetration of adhesive molecules into the wood cell wall and
middle lamella and the crosslinking between individual sections between and within cells
[138]. All together it is very unlikely that covalent bonds form in any significant amount
under conditions characteristic of thermosetting wood adhesive applications, even though
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the formation of covalent resin-substrate bonds has been demonstrated to exist. If the
advantages of covalent wood-adhesive bonds are desired for certain applications, future
work in this field needs to focus on adjusting processing parameters to allow for the forma-
tion of covalent bonds and further development of detection methods.

5.7 Acid-base Theory

Based on the correlation of acid-base interactions by Drago et al. (1971) [139], Fowkes and
Mostafa proposed a new method to interpret the interactions during polymer adsorption
where the polar interaction is referred to as an acid-base interaction [140]. In this interac-
tion, an acid (electron-acceptor) is bonded to a base (electron-donor) by sharing the elec-
tron pair offered by the latter, which forms a coordinate bond.

Thomas Young formulated (without using equations) the relation between the surface
tension of a liquid and a solid, the interfacial tension between the solid and the liquid, and
the contact angle 0 for a drop of liquid deposited on a flat horizontal surface [141]. This
formulation is usually expressed as Young’s equation:

716 €08 0= y56 — J51 (11)

where: v, . and vy, are the surface free energies of the liquid and the solid, respectively,
exposed to a gas (G), and v, is the solid-liquid interfacial free energy.

Perhaps the most convenient way of interpreting the wettability of a low-energy surface,
such as that of various polymers or ligno-cellulosic materials, is by the formulation of the
work of adhesion, W, defined as the work required to separate unit area of the solid-liquid
interface [142], i.e.

M/u :'YS+’YL _'YSL (5.12)

where: y, and 7, are the surface free energies of the solid (S) and liquid (L) surfaces in
vacuum, and 7, is the solid-liquid interfacial free energy.

The surface free energy per unit area (or surface tension) g, of the substance i is defined
as half the work of cohesion W, i.e.:

vi=We (5.13)

Assuming thaty, = v, ,and g, = g, , combination of equations (5.11) and (5.12) leads to
the Young-Dupré equation:

W, =y (1+cos 6) (5.14)

Hence, if the contact angle, 0, of a well-defined probe liquid against a solid is measured, the
work of adhesion can be determined.
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The following descriptions briefly summarize the Lewis acid-base concept in wetting-
related phenomena. According to Fowkes [143] and van Oss et al. [144], the total work of
adhesion in interfacial interaction between solids and liquids can be expressed as the sum
of the Lifshitz-van der Waals (LW) and the Lewis acid-base (AB) interactions, viz.

W,=Wwk" + w8 (5.15)

The separation of the work of adhesion into LW and AB components is also applicable
to the surface free energies according to:

%:%LW+7/I.AB (516)

A breakthrough in the understanding of wetting phenomena was the Good-Girifalco-
Fowkes ‘geometric mean’ combination rule for the LW interactions between two com-
pounds i and j, which can be expressed as [145, 146]:

W =2 (5.17)

Hence, if the 0 is determined for both a non-polar and a polar liquid, with known y * param-
eters, on the same surface, then WHLW and WaAB can be determined using equations (5.14-5.17).

The acid-base theory plays a critical role in surface chemistry and adhesion and it has
been exploited broadly on different materials [147, 148]. Several models of calculating
the surface energy of solids were proposed where acid-base theory was applied, including
Fowkes’s method, Good’s method, van Oss’s method and Changs method [65]. In terms
of surface energy of wood determined by contact angle analysis, results from the Zisman
approach deviate from other methods; the equation of state method is practical to an adhe-
sion interaction only having a dispersion component because the polar part of the equa-
tions is not related to contact angle. For chemically heterogeneous materials like wood, the
acid-base approach is a more valuable method because it can provide the most detailed
information about the surface chemistry including the values of Lifshitz-van der Waals
(dispersion) and Lewis acid-base (polar) components of surface free energy. Because the
type of contact angle test liquid has an influence on the results of the acid-base approach, a
minimum of three liquids is recommended for this method [10, 149].

Analysis of wood extractives reveals that they are the dominant factor influencing the
acid-base properties [81]. Wood surfaces with extractives exhibit less acidic (electron-
accepting) character and greater basic (electron-donating) character and the Lifshitz-van
der Waals (dispersion) surface free energy component increases after the elimination of
extractives from spruce wood particles [68].

5.8 Weak Boundary Layer

Bikerman first introduced the concept of a weak boundary layer (WBL) in adhesion sci-
ence in 1961 [150]. In his model, three general classes of WBLs were specified, i.e., air
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bubbles, impurities at the interface, and reactions between components and the medium.
It was pointed out that the interface was the place where the failure of a bonded assembly
will occur when a weak boundary layer was present. The WBL is important because people
initially thought that an interface between an adhesive and a substrate would not fail, but
actually it can fail if a WBL is present. Thus, to achieve satisfactory adhesive bonding per-
formance, the weak boundary layer should be eliminated.

In regards to wood adhesion, Stehr and Johansson gave a detailed definition of the WBL
(Figure 5.14) [151]. They classified wood weak boundary layers into two groups. The first
group is referred to as a chemical weak boundary layer (CWBL) which is attributed to
low-molecular-weight compounds on the wood surface. This contamination usually comes
from extractives of wood, containing both hydrophobic and hydrophilic components. The
second group is referred to as a mechanical weak boundary layer (MWBL) formed by dam-
age to the wood surface. The MWBL derives from surfaces going through machining pro-
cesses (planing, sanding, peeling, etc.), weathering (light delignification) and other forms
of loose particles (dirt), as well as trapped air bubbles.

Christiansen (1990) focused on the influence of excessive drying (surface inactivation)
on wood bonding. Physical responses to excessive drying include: 1) migration of extrac-
tives to the surface, lowering the wettability or covering the surface, 2) rearrangement of
wood surface molecules, reducing wettability or sites for bonding, and 3) permanent clo-
sure of large micropores in cell walls [78]. Chemical responses to excessive drying include:
1) deteriorating wood surface strength, 2) degrading wood surface by oxidation and pyrol-
ysis reactions, 3) chemical interference with resin cure or bonding, and 4) reducing the
number of surface hydroxyl groups by etherification [79]. Besides, drying methods can
have different impacts on wettability of wood [69]. For example, research found that polar
components of oven and rotating-drum dried strands were greater than that of air and
microwave dried strands [152].

5.8.1 Extractives

The mechanisms proposed for surface inactivation appear valid to some degree. The wood
aging effect is generally attributed to the exudation of wood extractives to the exterior sur-
faces after machining processes, which decreases the wettability and surface free energy
of wood surfaces [98, 153]. Overall, the chemical compositions of extractives have much
lower oxygen to carbon (O/C) ratios compared with cellulose, causing a hydrophobic effect,
which is detrimental to the wetting of polar adhesives [80, 154]. The hydrophobic compo-
nents from bark extractives have more difficulty in being covered by the polar adhesive
during gluing. Thus, bark extractives are adverse to the interaction of the particle/phenol-
formaldehyde adhesive system [155].

Extractives often affect the curing process of adhesives because they contain both acidic
and basic constituents. For PF resin, some previous studies on the effects of wood extrac-
tives on the curing reaction of resole (alkaline curing) resins showed that the acidity of
the wood extractives inhibited the curing of the resole by changing them from weak basic
to neutral, which resulted in the formation of a large quantity of dimethylene ether link-
ages [156, 157]. A definitive answer pertaining to the influence of wood extractives and
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their chemical compositions on the hardening behavior of aminoplastic condensation resin
adhesives (urea- and melamine-formaldehyde) is not clear: acceleration as well as retarda-
tion of the hardening process have been reported [158, 159]. Acceleration of the hardening
process of aminoplastic resins usually results from a decrease in the adhesive pH after appli-
cation onto a wood surface [160]. Resin curing retardation arises from the basic component
in wood extractives. However, dissimilar to the former two cases, extractives of different
wood species from cold water extraction had almost no effect on the curing process of UF
resin and melamine-modified UF resin [158]. For wood-cement composites, hydration of
cement was inhibited by low molecular weight carbohydrates and hemicelluloses [161].

Extractives also have a negative influence on the hydrogen bonding prevalent in wood
pellet manufacturing [162, 163]. Detailed explanation was given that extractives block many
binding sites on the particles, therefore, little hydrogen bonding or van der Waals forces occur
between particles, forming a chemical weak boundary layer [164, 165]. A positive aspect of
extractives during wood pellet production is that they have a beneficial effect on lowering the
energy consumed during compression by acting as plasticizers and lubricants [162].

5.8.2 Heat Treatment

Heat-treated woods have outdoor applications attributed to their enhanced properties
such as reduced hygroscopicity, improved dimensional stability, and improved resistance
to degradation by microorganisms. Much research has focused on the change in wettability
of heat-treated woods because excessive heat can cause problems during varnish or paint
application. The wettability of wood decreases after high temperature treatment [166-172].
Contact angles on heat-treated wood surfaces increase because of a more hydrophobic
character of the surface attributed to partial degradation of hemicelluloses and the plasti-
cization of lignin, leading to a rearrangement of the wood polymer components [173-179]
and exudation of extractives and VOC-like substances to the surface [80]. In contrast, an
interesting result was that certain exterior waterborne coatings were found to exhibit much
better wetting on oil-heat-modified Scots pines than on unmodified samples that should
be more hydrophilic and readily wetted. It was believed that surface tensions of the tested
waterborne coatings were low, attributed to the increased hydrophobicity by adding silicone

Machining Adhesive layer

Extractives \ damage

Loose particles

Delignification

Air bubbles Wood substrate

Figure 5.14 Revised scheme for weak boundary layer in wood adhesion [151].
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and wax into the coating and the dispersion component of the surface free energy increased
after heat treatment [180].

5.8.3 Wood Impregnation and Densification

After the first patented procedures appeared, wood densification methods have been avail-
able for at least a century [172]. Wood can be densified because it is constituted of cells
whose lumens can be filled with other materials like polymers, wax, sulfur and molten met-
als. The surface energy of densified wood decreases slightly compared to hyro-thermally
treated wood [181], which may be attributed to the hydro-thermal treatment induced dur-
ing the densification process [182].

5.8.4 Machining Processes

It is difficult to generalize whether a rough wood surface has a positive or negative impact
on adhesive bonding performance. On one hand, roughness is a disadvantage because it
contains failure initiation sites and hinders adhesives and coatings to penetrate into the
wood substrate [183, 184] and anchor to intact wood material [185]. On the other hand,
roughness appears, to some extent, to improve the adhesive joint performance [186] because
crushed fibers can mechanically interlock with adhesives [187] and offers a larger contact
area on the surface of wood [82]. Moreover, a rougher surface can provide enhanced cap-
illary forces and expose more porous structures in the wood [25]. Wood-adhesive bond
performance deteriorates only when the damaged fibers become excessive and unattached.

Different machining methods applied in the process of making wood elements have
various effects on the surface wettability. Overall, regardless of the tools used, an increase
in surface roughness enhances wettability and adhesion. In contrast to sanding and face
milling, helical planing produced higher surface roughness on birch wood, with better wet-
ting properties [188]. Compared to peripheral knife planing, the sanding process on sugar
maple wood caused cell wall fibrillation and only a few open vessels, while planed surfaces
were smoother and consisted of more open cells. Thus, the surfaces of sanded wood were
rougher than planed and more hydroxyl groups were displayed. As a result, the sanded
wood surface has a higher surface energy and wettability [77]. Face-milled black spruce
wood had more subsurface damage, fibrillation, and open lumens that favored coating pen-
etration than oblique cutting and helical planing generated surfaces [189].

Wettability probe liquids most readily wet sanded surfaces, which have higher surface
roughness and capillary forces compared with sawed, planed, and razor blade cut south-
ern pine surfaces [183]. In addition, planing homogenizes surfaces, while sanding activates
surfaces by mechanical cell modification [73]. However, since sanding redistributes non-
wettable extractives on the wood surface, surface tension of sanded wood may decrease
more rapidly with time than surface tension of microtome prepared or planed wood [98].
Planing parameters (rake angle and feed speed) have a significant effect on surface energy
and the total surface energy is strongly influenced by the dispersion component of surface
energy [190]. As pointed out by Cheng and Sun (2006), the final adhesive bonding property
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of wood products depends on wettability which sometimes acts as a secondary effect, and
also on processing factors such as curing time and pressure [25]. Therefore, comprehensive
consideration is needed when dealing with bonding performance of an adhesive bonded
wood product [25].

5.8.5 Surface Degradation

In the high temperature environment of wood element processing such as drying, it was
speculated that a small amount of active hydroxyl groups were consumed in carboxyla-
tion reactions instead of reacting with phenolic adhesives [191]. Wood dried in a nitrogen
environment is less inactivated than wood dried in air based on the values of bond strength
and wood failure, which is a proof for oxidation occurring during drying. As temperature
increased, the difference between the characteristic oxidation times of white spruce became
smaller, indicated by the result from infrared spectroscopy measured in the atmosphere
of nitrogen and air. The observation suggests that pyrolysis reactions are the predominant
source of surface degradation.

Ugovsek et al. (2012) applied liquefied wood as an adhesive on the surface of beech
(Fagus sylvatica L.) and used light microscopy, scanning electron microscopy, FT-IR micro-
spectroscopy, and elemental carbon, nitrogen and sulfur (CNS) analysis techniques to inves-
tigate adhesive bonding [192]. The results showed that a layer of partially delignified cells,
defined as a weak boundary layer, existed between the original wood cells on the adherend
and carbonized cells. Because lignin isassumed to be a fortifying polymer of wood cells,
the strength of the cell wall was dramatically weakened and bond shear strengths were
relatively low.

Weathering is an important process affecting wood surface wetting. Wettability often
increases after weathering since cracks propagate and a more hydrophilic surface is formed by
transforming the crystalline area into an amorphous area [193, 194].

5.8.6 Surface Activation

Elimination of extractives usually results in wetting improvement, but it is also species
dependent. For hot water extraction of red maple, this enhancement is attributed to the
loss of lipophilic substances, higher pore volume created during the extraction process and
increased acid-base characteristics from the hemicellulose cleavage which exposes high sur-
face energy functional groups [195]. Douglas-fir was more wettable after extraction because
the dispersion force attributed to low or nonpolar extractives was predominant before extrac-
tion, while after extraction, the polar force became relatively prevalent [196]. However, post-
drying extraction by a variety of different organic solvents such as acetone, petroleum ether
and benzene-ethanol did not increase the wettability of high-temperature-dried Douglas-fir
veneer [197], which may be attributed to the wood surface reacting with fatty acids and
forming ether bonds with the cellulose during the high temperature drying [198]. Boiling
water extraction of oak chips before bonding increases internal bond (IB) strength and bend-
ing strength, which can also be achieved by sodium carbonate treatment [199].
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Exposure of a wood surface to UV light is a simple and effective way to improve the wet-
tability of the surface [200]. UV light can open the pits (spruce), change surface morphol-
ogy and alter surface chemical composition to a certain extent. Because of the oxidative
activation effect, wettability and carbonyl group concentration of bamboo surface increased
with UV irradiation time [201].

5.9 Discussion and Future Research Prospects

Upon reviewing the literature for this paper, it became apparent that there were several
wood adhesion theories that deserve greater attention because of the lack of a body of
knowledge on the subject. The electrostatic theory of adhesion has received little scientific
attention over the last half century relative to wood adhesion probably because it works well
for coating applications and thus was readily accepted in the commercial marketplace. It is
difficult for researchers to solicit and obtain financial backing for fundamental research on
a topic that is well accepted in the commercial marketplace. However, there may be applica-
tions of electrostatic adhesion that could benefit the production of bonded wood materials
especially in wood nanomaterial applications.

The contact mechanics between surfaces or particles and a surface remains an interest-
ing topic for researchers. Many studies have been done on contact mechanics starting in
late 1800’s with Hertz and followed by DMT and JKR. Nowadays, with the newest state-of-
the-art measurement equipment, new methods are used to measure the forces between sur-
faces. AFM is one of the most popular techniques to measure the adhesion forces between
two surfaces, which uses force- deflection curves and calculates adhesion forces according
to these nanomechanical interactions. A study investigating the adhesive bonding proper-
ties of wood- plastic composite (WPC) and continuous glass fiber reinforced (FPR) surfaces
using AFM for measuring the surface roughness and adhesion forces is a good example
[202]. On the other hand, nanoindentation is another novel technique which works with
the same principle (force- deflection curves) as AFM but nanoindentation techniques give
more accurate results because the setup is capable of applying the force to the surface with
90° while creating force- deflection curves. When the knowledge gained from previous
studies is integrated with the newest measurement techniques, there will be less assump-
tions and more accurate studies on adhesion forces, and these measurements will be capa-
ble of addressing smaller length scales and adhesion forces.

The covalent or chemical bonding theory applied to wood adhesion is a challenging area
because of the complex nature of both wood and the adhesives used to bond wood. This
bonding mechanism has been addressed by a number of researchers, but many questions
regarding this topic remain unanswered. Perhaps with newer imaging techniques and more
sophisticated solid state chemistry analytical methods, the question of covalent bonding in
wood adhesive applications can be addressed with greater certainty. The ability to create suc-
cessful nonreversible covalent bonds between wood and an adhesive would ultimately lead to
extremely durable wood adhesion for adverse environmental applications of wood products.

Ongoing research in studying wood adhesion theories using more easily accessible
and tried and true techniques such as wettability and contact angle analysis, optical- and
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electron microscopic techniques, thermal analysis, spectroscopic techniques as well as novel
techniques like AFM and nanoindentation will continue. Following are some thoughts on
future prospects for research on wood adhesion.

The effects of wood anatomical characteristics on wood wettability have already received
considerable attention. Based on the articles cited in this review, certain aspects of wood
wettability may need further investigation. For example, the different influences of tracheids
in softwoods and vessel elements in hardwoods on wood wettability deserve more detailed
study because they have different pore sizes that impact adhesive-wood interactions and
subsequent penetration. Related articles discussed the wetting variations between along
the grain direction and across the grain direction. However, even along the grain direction,
there are still two distinguished faces (radial and tangential). Different amounts of cell wall
microstructural inclusions (pits) exist on these faces, which will affect the penetration of
adhesive into the wood cellular structure. Few articles have dealt with surface wettability of
woods after modification by chemical reagents, where wettability becomes very important
if the samples need further adhesive bonding or painting. In these cases, the wood modi-
fication processes may have significant effects on wood surface properties and wettability
should be studied. For its heterogeneous nature, the contact angle measurements on the
wood surface are quite complicated compared to homogeneous materials. Modifications
have been adopted in the methods of contact angle measurements on wood which take the
hygroscopic and heterogeneous characteristics of wood into account and certain improve-
ments are observed. The modified and even original contact angle calculation equations
contain simplifications and assumptions that are not necessarily accurate, which can lead
to inaccurately calculated contact angles. Moreover, the prevalent surface free energy com-
putations are based on the measured contact angles, thus an imprecise contact angle will
result in surface free energy deviations that may lessen the significance of these methods.
Therefore, more refined techniques are required to make contact angle measurements.
From this perspective, IGC may be a better choice for surface free energy analyses because
it is based on the affinities between column packing material and different probe gases,
avoiding the inherent problems with contact angle measurements. Although IGC is rela-
tively simple and accurate, its ability to obtain surface free energy is not perfect because the
diluted gases are usually adsorbed on high energy sites during the testing of heterogeneous
materials like wood whose mechanism should be explored in future research.

There are many constituents in wood extractives, which can influence the adhesion
between wood and an adhesive. However, not all extractives have negative effects on adhe-
sion. For example, cold water extraction had little or no effect on the curing process of UF and
MUF resin. Though some research pointed out that lipophilic component of wood extractives
interfered with adhesion, relationships are still unknown between the specific types of extrac-
tives and their influences on wood adhesion parameters, like formerly mentioned acid-base
property, chemical compositions, number of hydrogen bonding sites, curing process of adhe-
sives, etc. It will be beneficial to analyze the extractives’ compositions and correlate them to
adhesion.

One suggestion is that effort should be exerted on figuring out the influence of wood
extractives and their chemical compositions on the hardening behavior of aminoplastic



ADHESION THEORIES IN WOOD ADHESIVE BONDING 157

condensation resin adhesives which is not entirely clear now. This is important to decide
whether an extraction procedure is necessary for an aminoplastic resin system.

Regarding the effect of heat treatment on wood adhesion, the problem is that most pre-
vious papers dealing with this issue usually did not exclude the influence of extractives
which also have the effect of reduced wetting of the wood surface as a result of heat treat-
ment. Extractives may mask the mechanism of decreased wettability attributed only to heat
treatment. The measured decreased surface free energy of densified wood has the same
problem because this process is often associated with heat and moisture, and altered sur-
face properties cannot be attributed solely to densification. Besides, the surface property of
wood densified with materials like polymers and metals is not readily seen in past research,
however, this is important because it is related to secondary processing like painting and
overlaying laminates.

For the surface roughness caused by different machining methods, it is hard to gener-
alize which method can produce the roughest surface because the roughness is not only
dependent on the machining methods and processing parameters, but also on other factors
such as wood species and anatomical characteristics. Therefore, if one wants to study the
effects of different machining methods on wood surface properties, it is critical to make sure
that other factors are the same. In addition, although roughness is beneficial to a product’s
mechanical properties as a result of mechanical interlocking with an adhesive, excessive
wood cell wall damage can result in deteriorated bonding. Optimized surface roughness
should be determined to maintain the roughness at a reasonable level. Combined with the
roughness caused by different machining methods for certain species of woods, it should be
possible to determine optimal machining process characteristics for each particular wood
species.

The novel techniques of atomic force microscopy and nanoindentation can be used to
determine adhesion forces and pull-off forces between wood and adhesives. The surface
properties, pores, crevices, roughness of wood on the nanolevel should be investigated
using these techniques. New adhesion models should be developed according to more
accurately determined geometric properties of the wood surface. Future studies should
be more focused on the effect of ambient conditions on adhesion forces at the nano level
and determining the optimum conditions for adhesion. In addition to this, the adhesion
between a single cellulose nanofiber and different adhesives should be studied in depth and
the adhesion system based on a single cellulose nanofiber structure should be explained
and compared to wood as a bonding substrate. As a result of these unique studies, the
methods and conditions that will enhance the adhesion between cellulose nanofibers and
adhesives can be determined and described in detail.

5.10 Summary

The study of wood adhesion theories has and will continue to be an important topic for
researchers, and practitioners of wood adhesive bonding. The topics of wood wettability
and the weak boundary layer have tended to dominate the study of wood adhesion over the
past several decades. The diffusion theory of wood is beginning to receive greater attention
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with the availability of improved analytical capabilities. Mechanical interlocking has long
been accepted as a wood adhesion mechanism but is receiving new focus as researchers
examine the nanometer length scale of wood-adhesive interactions. Both the electrostatic
and covalent bonding theories deserve greater research attention from the wood research
community. It is envisioned that much of the new knowledge being generated regarding
wood adhesion theories will be incremental in nature unless researchers adopt non-con-
ventional approaches and experimental methodologies to address this subject area. Are
breakthroughs in understanding wood adhesion coming in the near term?
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6.1 Introduction

Materials derived from renewable biomaterials undoubtedly play a large role in the bio-
composite research effort. Cellulose, chitin and starch are important biopolymers used in
new materials development. The behavior of these material surfaces in different media and
their interaction with different chemicals are of great importance in their current and future
applications (like papermaking and development of composites and nanocomposites). The
mechanical performance of composites, for instance, is dependent on the degree of dis-
persion of the fibres in the matrix polymer and the nature and intensity of fibre-polymer
adhesion interactions. Biopolymers are increasingly used as matrix for biofibre reinforced
composites. There is a growing trend to use biofibers as fillers in plastics composites. Their
flexibility during processing, high specific stiffness, and low cost make them attractive to
manufacturers. This century has witnessed ever-increasing utilization of plastics. More than
80% of such plastics are thermoplastics. Biofiber reinforced plastic composites are gaining
more and more acceptance in structural applications. Natural fibres have several advantages
like low density, low cost, good specific mechanical properties, reduced tool wear and bio-
degradability than traditional reinforcement materials such as glass fibres, carbon and talc.
This review covers all important biopolymers, biomatrices and their modifications. It also
discusses the processing techniques and various interface characterization techniques for
assessing the properties of the composites.

6.2 Biopolymers
6.2.1 Cellulose

Cellulose is the most abundant biopolymer on the Earth. It is available in the form of renew-
able fibre in nature. Moreover, it can be produced from agricultural waste. This makes it
more economically viable than any other source of fibres currently in use. Cellulose fibre
offers an exceptional balance of excellent mechanical properties, low density, high crystal-
linity, safer handling and working conditions compared to synthetic fibres. The basic chem-
ical structure of cellulose is given in Figure 6.1 and it is a homopolysaccharide consisting of
B-D glucopyranose units linked together by -1, 4-linkage.

The presence of hydroxyl groups enables the formation of hydrogen bonds which influ-
ences the crystalline structure as well as physical properties of cellulose. Nanosized cellu-
lose fillers have been found to be very promising reinforcing elements for about 15 years [1].
There are two types of nanosized cellulose,cellulose whiskers and micro fibrillated cellulose.
Depending on the source, the microfibrils of cellulose may be several micrometers in length.

Figure 6.1 The basic chemical structure of cellulose [2
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Figure 6.2 Transmission electron micrographs of dilute suspensions of hydrolyzed (a) tunicin
[17], (b) ramie [13], (c) cotton [18], (d) sugar beet [15], (e) MCC [19], and (f) bacterial
cellulose [20].

Each microfbril consists of crystalline domains intermixed with disordered amorphous
regions [2]. On acid hydrolysis the amorphous phase can be removed and highly crystalline
cellulose whiskers or nanocellulose can be obtained. Mechanical treatments can be employed
to obtain nanofibrillated cellulose (NFC) [3-5]. As mentioned earlier, crystalline cellulose
nanowhiskers can be obtained by simple acid hydrolysis. Cellulose whiskers are also known
as cellulose nanocrystals, nanorods or nanowhiskers. These can be prepared from a variety of
sources, eg. microcrystalline cellulose [6], bacterial cellulose [7], algal cellulose (valonia) [8],
hemp [9], tunicin [10, 11], cotton [12], ramie [13], sisal [14], sugar beet [15], and wood [16].
Transmission electron microscopy (TEM) studies show that the colloidal suspensions after
acidic treatment of cellulose can be dried to produce aggregates of needle-shaped particles
[13, 15, 17-20] (Figure 6.2).

The shape, size and dimensions of nanocrystals depend on the nature of source as well
as the hydrolysis conditions such as time, temperature, ultrasound treatment, and purity of
materials. However, typical dimensions of whiskers range from 5 to 10 nm in diameter and
from 100 to 500 nm in length. These are otherwise known as NFC. The degree of fibrillation
and properties of the microfibrillated cellulose (MFC) are closely linked. For low degree of
fibrillation the MFC separates out from water, as is the case with untreated fibres. However,
with too much processing the MFC structure starts to break down, forming a film. This film
can be used, for example, as a coating or packaging material for food products [21].

6.2.2 Chitin

Chitin is the second most abundant semicrystalline polysaccharide in nature after cellulose. It
is a high molecular weight biopolymer found predominantly in exoskeleton shells of arthro-
pods as well as in the internal flexible backbone of cephalopods. Chemically, a chitin mol-
ecule consists of N-acetyl-D-glucosamine units. Chitin is known to be non-toxic, odorless,
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biocompatible with living tissues, and biodegradable [22]. Recently, the commercial value of
chitin has increased because of the beneficial properties of its soluble derivatives, which are
important in chemistry, biotechnology, agriculture, food processing, cosmetics, veterinary,
medicine, dentistry, environment protection, and paper or textile production. Chitin also gives
rise to two types of nanoparticles: nanowhiskers and nanofibres (Figure 6.3 and Figure 6.4).
The incorporation of chitin whiskers (ChWs) as reinforcing nanofillers in polymer matrices
has broadened the utilization of chitin in preparing a new class of biocomposite materials
[23]. As in the case of cellulose whiskers, acid hydrolysis is the principal method adopted
for the isolation of chitin nanocrystals [24]. Disordered regions of chitin are preferentially

Figure 6.3 FE-SEM micrographs of chitin nanofibers from crab shell after one pass through the
grinder (a) without acetic acid (pH 7) and (b,c) with acetic acid (pH 3). The length of the scale bar is
(a) 200, (b) 200, and (c) 100 nm [41].

Figure 6.4 TEM image of a dilute suspension of chitin whiskers (inset: typical electron diffractogram
recorded on chitin fragments) [29].
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hydrolyzed and dissolved in the acid solution, whereas water-insoluble, highly crystalline
residues that have a higher resistance to acid attack remain intact. Therefore, following an
acid hydrolysis that removes disordered regions, chitin rodlike whiskers are produced [2, 11].
ChWs can be prepared by hydrolysis in HCI solutions. Revol and Marchessault [25] and Li
et al. [26] reported an approach for preparation of suspension of chitin crystallites through
acid hydrolysis in detail. In this approach, purified chitin was hydrolyzed by boiling in 3 N
HCI for 90 min under stirring; after acid hydrolysis, the suspensions were diluted with deion-
ized water, followed by centrifugation and decanting of the supernatant liquid; this process
was repeated several times until the solution spontaneously transformed into a colloidal state.
The obtained crystallites were rodlike particles with average size of 200 + 20 nm in length
and 8 + 1 nm in width. Because of their nanoscale size, the crystals are named nanocrystals
or whiskers. Based on this procedure, whiskers have been prepared from chitins of different
origins such as squid pen chitin [27], riftia tubes [28], crab shells [29-32] and shrimp shells
[33-37]. Mechanical treatment under acidic condition or neutral condition is important in
the preparation of chitin nanofibers. Cationization of amino groups in the chitin by the addi-
tion of an acid facilitates the fibrillation of chitin into chitin nanofibers due to electrostatic
repulsion [38]. Because of their linear (1,4)-p-N-acetyl glycosaminoglycan structure with two
hydroxyl groups and an acetamide group, native chitins in crustacean shells are highly crystal-
line with strong hydrogen bonding, and are arranged as 3-chitin microfibrils in an antiparallel
fashion. These microfibrils consist of nanofibers about 2-5 nm in diameter and about 300 nm
in length embedded in a protein matrix. Other methods used for the preparation of chitin
nanofibres are: TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) mediated oxidation, an ultra-
sonic technique [39], and an electrospinning method [40]. However, the nanofibers obtained
by these methods are substantially different from the native chitin nanofibers in terms of
width, aspect ratio, crystallinity, chemical structure, and/or homogeneity. Although Fan et
al. [37] reported a procedure for preparing chitin nanofibers 3-4 nm in width from squid
pen chitin by ultrasonication treatment under acidic conditions, crystallinity of the nanofib-
ers from the squid pen is relatively low. In addition, the biomass quantity of the squid pen is
considerably lower than those of crab and shrimp shells. Ifuku and coworkers [41, 42] have
recently succeeded in isolating ci-chitin nanofibers from crab and shrimp shells with a uni-
form width of 10-20 nm and a high aspect ratio by a simple process involving only grinding.
Figure 6.3 shows the FE-SEM micrographs of chitin nanofibers from crab shell and Figure 6.4
shows TEM image of dilute suspension of chitin whiskers.

6.2.3 Starch

Starch is an abundant, inexpensive, naturally renewable, and biodegradable polysaccharide
found in the roots, stalks, and seeds of staple crops such as rice, corn, wheat, tapioca, and
potato [43-47]. Chemically starch is a mixture of two main components: amylose, a lin-
ear or slightly branched (1—4)-B-D-glucan; and amylopectin, a highly branched macro-
molecule consisting of (1—4)-B-D-glucan short chains linked through B-(1—6) linkages
[48-50]. TEM images of starch nanocrystals in its longitudinal and planar view are shown in
Figure 6.5. About 70% of the mass of a starch granule is amorphous and 30% is crystalline.
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Figure 6.5 TEM observations of starch nanocrystals: longitudinal view and planar view [50].

The amorphous regions contain the main amount of amylose, and a considerable part of
the amylopectin. The crystalline region consists primarily of the amylopectin [51]. Starch
occurs naturally as discrete granules since the short branched amylopectin chains are able to
form helical structures which crystallize. Starch granules exhibit hydrophilic property and
strong inter-molecular association via hydrogen bonding formed by the hydroxyl groups on
the granule surface [52]. Starch has been widely used in many industrial applications [53,
54] because of its attractive properties such as biodegradability and biocompatibility, as well
as its universality, low-cost, versatility, and functional attributes. Starch nanoparticles can
be divided into two types i) Nanocrystals and ii) Colloidal starch nanoparticles. The com-
monly used terms for starch nanocrystals are starch crystallites, microcrystalline starch, and
hydrolyzed starch (Figure 6.5). Starch nanocrystals are obtained from mild acid hydrolysis
of native starch granules using hydrochloric or sulfuric acid. The use of sulfuric acid leads to
more stable aqueous suspensions due to resulting negatively charged surfaces. Starch nano-
particles are generally prepared by regeneration or mechanical treatment.

6.3 Chemical Modification of Cellulose, Chitin and Starch

Cellulose has three alcoholic hydroxyl groups in it, and chemical modifications can be exclu-
sively performed on these hydroxyls. The primary hydroxyl group at C-6 and the two second-
ary ones at C-2 and C-3 can participate in all the classical reactions as the alcoholic hydroxyl
group does, including esterification, etherification, and oxidation reactions. Chemical mod-
ifications can be conducted both in heterogeneous and homogeneous conditions. Among
the various modification techniques, silylation, mercerization, peroxide treatment, benzo-
ylation, graft copolymerization, and bacterial cellulose treatment are the best methods for
surface modification of cellulose fibres. Silane coupling agents usually improve the degree of
cross-linking in the interface region and offer a perfect bonding. Silane coupling agents may
reduce the number of cellulose hydroxyl groups at the fibre-matrix interface. In the presence
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of moisture, hydrolysable alkoxy groups lead to the formation of silanols. The silanol then
reacts with the hydroxyl group of the fibre, forming a stable covalent bond with the cell wall
[55]. Mercerization is a common method used to produce high quality cellulose fibres [56].
Mercerization reduces fibre diameter, thereby increasing the aspect ratio and also leads to
the development of a rough surface topography that results in better fibre-matrix interface
adhesion and an increase in mechanical properties [57]. Moreover, mercerization increases
the number of possible reactive sites and allows better fibre wetting. Several researchers have
carried out work on alkali treatment and reported that mercerization leads to an increase in
the amount of amorphous cellulose at the cost of crystalline [57, 58]. Figure 6.6 shows the
probable mechanism of mercerization of cellulose fibres.

Many researchers make use of peroxide treatment of cellulose fibres because of its
easy processability and improvement of mechanical properties. Organic peroxides tend to
decompose easily to free radicals, which further react with the hydrogen atom of the matrix
and cellulose fibres. In benzoylation treatment, benzoyl chloride is most often used in fibre
pretreatment and inclusion of benzoyl (C6H5C=0) group in the fibre is responsible for the
decreased hydrophilic nature of the treated fibre [57]. In this treatment, a known amount of
washed fibres are soaked in 18% NaOH solution for 30 minutes followed by filtration and
washing with water. The treated fibres are then suspended in 10% NaOH solution and agi-
tated with 50 ml benzoyl chloride. The reaction between the cellulosic ~-OH group of sisal
fibre and benzoyl chloride is shown in Figure 6.7 [57, 59].

Chitin nanowhiskers possess a reactive surface covered with hydroxyl groups, which
provides the possibility of modification through chemical reaction. The purpose of chemi-
cal modification is to provide specific functions and to expand the applications of chitin
nanowhiskers. Nair et al. [27] investigated the surface chemical modification of chitin
nanowhiskers with different reagents. The surface of chitin nanowhiskers - prepared by
acid hydrolysis of chitin from crab shells -was chemically modified using chemical reac-
tion between hydroxyl groups and isocyanate groups (Figure 6.8). In TEMPO-mediated
oxidation, the primary hydroxyl groups on the chitin nanowhisker surfaces are selectively
oxidized to carboxylate groups. (Figure 6.9).

Chemical modification of starch involves the polymer molecules of the starch granule
in its native form. Modification is generally achieved through methods such as etherifica-
tion, esterification and crosslinking, oxidation, cationization and grafting of starch. Starch
modification using a combination of chemical and physical or chemical and enzymatical
methods has grown rapidly. A combined method of modification using crosslinking and
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Figure 6.6 Mechanism of mercerization of cellulose fibres [56].
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Figure 6.8 Chemical modification of chitin nanowhiskers with alkenyl succinic anhydride.
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Figure 6.9 TEMPO oxidation of chitin nanowhiskers.

phosphorylation on rice starch provided modified rice starch with good freeze-thaw stabil-
ity [60]. Starch modified through esterification with ferulic acid giving rise to starch feru-
late showed lower viscosity and higher water holding capacity compared to native starch
[61]. The high efficiency in producing succinylated cassava starch with microwave assis-
tance was also observed [62]. This is a good method to decrease the use of chemicals to
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enhance production. More enzymes are being identified for use in modification of starch.
In another study by Hansen et al. [63] on gel texture formed in the modification of potato,
high-amylose potato, maize and pea starch with amylomaltase, there was an improvement
in gel texture compared to the parent starch. All modified starches showed broadened amy-
lopectin chain length profiles [63]. Figure 6.10 shows a schematic representation of the
reaction taking place.

Plasma surface modification [64, 65] is an effective and economical surface treat-
ment technique to improve adhesion. There are different types of treatments and using
oxygen plasma provides the possibility of carboxyl, carbonyl, ester, ether, epoxy, hydroxyl
and carbonate moieties on a hydrocarbon surface. Pertile et al. [66] modified bacterial
cellulose(BC)membranes with nitrogen plasma in order to enhance cell affinity. The surface
properties of the untreated and plasma modified BC were analyzed through contact angle
measurements, X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy
(SEM). The nitrogen plasma treatment did not increase the wettability of the material, but
increased the porosity. In another study by Han et al. [67] cold plasma treatments created
fluorine-rich layers on the surface of starch samples enhancing hydrophobic property. The
treatment parameters affect the chemical mechanisms of modifications, which results in
different levels of fluorine deposition and oxygen to carbon ratio [67].

6.4 Bio-based Matrices

6.4.1 Poly(lactic acid) (PLA)

Poly(lactic acid) (PLA) polymers have recently been introduced commercially for products
where biodegradability is wanted. PLA is a versatile polymer made from renewable agri-
cultural raw materials, which are fermented to lactic acid. The lactic acid then undergoes
ring opening polymerisation to give PLA. The polymer is modified by certain means, which
enhances the temperature stability of the polymer and reduces the residual monomer con-
tent. The resulting PLA can be processed similarly to polyolefins and other thermoplastics
although the thermal stability could be better. Reinforcing with fibres is one possibility
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Figure 6.10 Schematic representation of the enzymatic conversion of potato-starch-derived amylose
and amylopectin into ATS by amylomaltase [63].
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to enhance thermal stability. Poly(lactide) polymers are brittle materials, and it is, there-
fore, necessary to use plasticizers to improve the elongation and impact properties. The
poly(lactide) is fully biodegradable. The degradation occurs by hydrolysis to lactic acid,
which is metabolised by micro-organisms to water and carbon dioxide. By composting
together with other biomass the biodegradation occurs within two weeks, and the material
fully disappears within 3-4 weeks [68].

Several reports are available in the literature regarding the usage of various fibres, flax,
ramie, jute [69-71], as reinforcement in polymeric matrices. The interface which is termed
the “heart” of the composite is the factor that controls the ultimate properties of the compos-
ite. Composites based on flax fibre have been reported by Duigou et al. [69]. They studied
the interfacial bonding of flax fibre/poly(lactide) bio-composites. The interfacial charac-
terization of flax fibre/poly(lactide) composites was performed on a micro-scale using the
microbond method [69]. To understand the interfacial mechanisms of flax/poly(lactide)
biocomposites, these were exposed to different thermal treatments (i.e., different cooling
rates and annealing to release thermal stress). The treatments resulted in different micro-
structures and residual stress states within the material.

Yu et al. studied [70] the effect of fibre surface-treatments on the properties of PLA/
ramie composites. Ramie was treated with alkali and silane (3-aminopropyltriethoxysilane
and y-glycidoxypropyltrimethoxysilane). The mechanical properties (tensile, flexural and
impact strengths) of the composites showed significant improvements. The morphology of
fracture surfaces evaluated by scanning electron microscopy (SEM) indicates that surface
treatment can produce better adhesion between the fibre and the matrix.

Ji et al. reported [71] the electron beam effect on the tensile properties and topography
of jute fibres and the interfacial strength of jute-PLA green composites. They concluded that
electron beam irradiation played a contributing role in physically modifying the jute fibre
surfaces and also in improving the interfacial adhesion between jute fibres and PLA in the
green composite system.

Petinakis et al. [72] investigated the influence of interfacial adhesion on the mechani-
cal properties of PLA micro-composites. According to them addition of up to 40% w/w
of wood flour particles into PLA has only little influence on the tensile strength of the
micro-composites, but is accompanied by a significant reduction in their elongation-at-
break and also results in an increase of up to 95% in the tensile modulus. The lack of the
effect of the wood flour particles on tensile strength indicated poor interfacial adhesion
between the PLA matrix and the wood flour particles. The addition of a coupling agent,
methylenediphenyl-diisocyanate (MDI) to the composition resulted in an increase in
tensile strength and tensile modulus of the micro-composites, by 10 and 135%, respec-
tively, indicating enhanced matrix—particle interfacial adhesion. The interfacial adhesion
can also be improved by using a compatibilizing agent such as maleic anhydride [73].

6.4.2 Polyhydroxybutyrate (PHB)

Polyhydroxybutyrate (PHB) is a natural thermoplastic synthesized by bacterial microorgan-
isms whose characteristics and potential applications have recently attracted the attention
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of both academia and industry [74]. This material is a semicrystalline linear polyester with
proven biocompatibility and biodegradability and, therefore, is harmless to the environ-
ment. The combination of these characteristics associated with its excellent barrier proper-
ties to gas and ultraviolet radiation (250-350 nm) makes it an outstanding candidate in the
food packaging industry [75], where products are immediately disposed after consumption
and are known to be responsible for the large amount of accumulated waste. The use of
biodegradable packages can drastically diminish this solid waste.

Unfortunately, commercial use of PHB is still limited due to its poor mechanical prop-
erties as well as its high production cost compared with usual synthetic polymers. PHB
presents high crystallinity after processing, as it undergoes secondary crystallization due to
its low glass transition temperature (T ), about 58°C. [76].

A new class of biodegradable “green” composites has been prepared by Luo and Netravali
[77] using pineapple fibres and poly(3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV)
resin. Pineapple fibres have an average tensile strength of 445 MPa and Young’s modulus of
13.21 GPa. As is the case with all natural cellulosic fibres, pineapple fibres showed high vari-
ability in their mechanical properties. Pineapple fibre/PHBV resin interfacial shear strength
measured using the microbond technique was found to be 8.23 MPa. This suggests that
fibre surface may be treated to improve fibre/PHBV interfacial shear strength.

6.4.3 Cellulose

Cellulose from agricultural products has been identified as a source of biopolymer that can
replace petroleum-based polymers. Green nanocomposites have been successfully produced
from cellulose acetate (CA), triethyl citrate (TEC) plasticizer and organically modified clay
via melt compounding [78]. The cellulosic plastic with 80 wt% pure cellulose acetate and
20 wt% triethyl citrate plasticizer has been used as the polymer matrix for nanocomposite
fabrication. Mechanical properties of the nanocomposites were determined and correlated
with observations from X-ray diffraction and transmission electron microscopy. Results
showed that cellulosic plastic-based nanocomposites containing 5 and 10 wt% organoclay
had better exfoliated and intercalated structure than those with 15 wt% organoclay. Tensile
strength and modulus of cellulosic plastic reinforced with 10 wt% organoclay improved by
75 and 180% respectively. Thermal stability of the cellulosic plastic also increased.

Recently, a cellulose based nanocomposite material has been investigated as a flexible
humidity and temperature sensor [79]. Cellulose was obtained from cotton pulp via acid
hydrolysis using a solution of lithium chloride and N,N-dimethylacetamide. Nanoscale
polypyrrole has been used as the second component of the nanocomposite. Cellulose-
polypyrrole nanocomposite was fabricated by nanocoating polypyrrole layer onto cellulose
membrane with varying polymerization time. The authors focused basically on the sensing
ability and not on the structural integrity of the nanocomposite material. However, the
analysis revealed that there was successful deposition of polypyrrole nanolayer onto the
cellulose surface.

An active antimicrobial packaging material has been developed using methyl cellulose
(MC) as the base material with montmorillonite (MMT) as reinforcement [80]. MC and
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MMT were industrially prepared and mixed with carvacrol (CRV) to form nanocompos-
ites and the resulting nanocomposites were characterized. TEM showed that there were
both intercalated and exfoliated nanocomposite structures with exfoliated structures being
more prevalent in nanocomposites with low concentration of MMT. Thermal stability of
nanocomposite was found to increase with increase in concentration of MMT. The authors
suggested that the slight thermal degradation shown by the nanocomposite was due to the
structural degradation of MC at higher temperatures.

A new strategy was developed for cellulose diacetate (CDA) based biocomposites by
melt processing [81]. It makes use of two different plasticizers: a primary “non-reactive-
type” plasticizer, triacetin (TA), added prior to extrusion to enhance the “processing win-
dow” of the polymer, and a secondary “reactive-type’, glycerin polyglycidyl ether (GPE),
added during the extrusion step to reduce the amount of potential volatiles or leachable
products in the final product and to help in the reduction of viscosity and further improve
the processability. It was observed that the adhesion of the polymer matrix to the fibres
improved by the addition of GPE, possibly because of the formation of strong chemical
bonds with the polymer matrix through the epoxy groups of GPE.

6.4.4 Chitosan

Chitosan (CH) offers a number of advantages over other materials for developing biomate-
rials due to its excellent properties, such as biocompatibility, biodegradability, bioadhesive
nature, and antibacterial activity [82 - 84]. However, the poor processability and mechanical
properties limit its applications [85]. The formation of organic-inorganic hybrids through
incorporation of fillers is an effective approach for improving physical and mechanical
properties of chitosan. For example, hydroxyapatite (HA) [86], cellulose nanocrystals [87],
graphene oxide (GO) [88], polyhedral oligosilsesquioxanes (POSS) [89] etc can be used as
the reinforcing phases.

Nikpour et al. [86] synthesized hydroxyapatite/chitosan composite membrane for bio-
medical application. Chitosan showed strong adsorption on HA. The HA nanoparticles well
dispersed in the matrix and it was indicated that composite samples consist of homoge-
neous aggregates around 40-100 nm, in which many HA nanocrystals align along the chi-
tosan molecules. This homogeneous distribution of inorganic nanoparticles reveals strong
interfacial interaction between the nanoparticles and the polymer matrix.

deMesquita et al. [87] functionalized cellulose nanocrystal (CNC) surface with methyl ester
end groups for creating reactive end groups on the nanocrystals which reacted with the amino
groups of the chitosan biopolymer, leading to a bionanocomposite with covalent linkages
between the CNCs and the chitosan. A remarkable increase in tensile strength and modulus
with increasing concentration of the nanocrystals was observed. The strain-to-failure of the
nanocomposites was similar to that of the pristine CH matrix when the concentration of CNCs
was relatively low (up to approximately 10%). For higher concentrations of CNCs, a decrease
in the strain-to-failure (from 12% for the pristine CH to 5% for the highest concentration used
in this work) was observed. This behavior can be explained by the strong interfacial adhesion
between the matrix and the cellulose nanofillers, which restricts the motion of the matrix.
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Pan et al. [88] developed a simple and green approach for fabrication of graphene oxide
(GO)/chitosan nanocomposite films. Mechanical properties of the nanocomposite were
significantly enhanced without sacrificing the optical transparency. GO sheets are unidi-
rectionally aligned in the chitosan matrix and parallel to the surface of nanocomposite
film. With incorporation of 1 wt% GO, the fracture strength and tensile modulus of the
nanocomposites were significantly enhanced i.e., by 93% and 51%, respectively. The simul-
taneous improvement of strength and toughness could be attributed to the homogeneous
dispersion and alignment of GO sheets in the chitosan matrix.

Xu et al. [89] added hydrophilic and hydrophobic POSS with different charges into chi-
tosan matrix to form composite membranes. Phase separation was observed in composite
membranes containing hydrophobic POSS, whereas no phase separation was observed in
the membranes containing hydrophilic POSS. Composite membranes containing hydro-
philic POSS presented good mechanical properties due to good compatibility and strong
interactions between POSS and the chitosan matrix. However, hydrophobic POSS with
poor interfacial interaction with chitosan made the composite membranes more brittle.

6.4.5 Starch

Starch films have a strong and flexible structure and good transparency derived from the
linear structure of amylose (one of the components of starch), and they are resistant to fats
and oils [90]. In addition, they are odorless, tasteless, colorless, non-toxic and biologically
absorbable. However, the use of starch based materials has been strongly limited because
of their poor mechanical properties and high permeation compared to other non-natural
polymers [91]. The incorporation of micro and nano-sized fillers into starch has been the
topic of many studies in order to overcome these disadvantages [92].

Cassava starch based composites were prepared by Ramirez et al. [93] by incorporat-
ing fibres from Brazilian green coconuts with different amounts of coir fibres by thermal
molding using glycerol as plasticizer for the starch. The matrix and composites were given
thermal treatment. Both the untreated and treated matrices and their composites were char-
acterized. The tensile properties of cassava starch improved with both the incorporation of
fibres and thermal treatment. Fractographic studies through scanning electron microscopy
were used to explain the observed strength properties. Water uptake, swelling and moisture
absorption of thermoplastic starch (TPS) showed decrease with the incorporation of fibres,
which is due to better interfacial bonding between the matrix and fibres as well as the hin-
drance to absorption caused by the fibres.

Castanoa et al. [94] reported the physical, chemical and mechanical properties of pehuen
cellulosic husk and pehuen starch based composites. Thermo-mechanical properties of
thermoplastic pehuen starch composites reinforced with pehuen husk showed the poten-
tial of this biofiber as an excellent reinforcement for composite materials. TPS composites
showed a good interaction between the fibres and the plasticized starch matrix due to the
natural affinity between husk and starch in the pehuen seed.

Starch/multi-walled carbon nanotube composites were prepared by Fama et al. [91].
These materials exhibited highly improved tensile and impact properties as a consequence
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of wrapping the multi-walled carbon nanotubes (MWCNTs) with a starch-iodine complex
composed of the same starch as the matrix. Thus, good dispersion of the filler in the matrix
and excellent adhesion between the phases were achieved. SEM observations also indi-
cated that carbon nanotubes were well dispersed in the starch matrix and good adhesion
between matrix and filler was achieved. This is a consequence of the successful wrapping of
the nanotubes with the complex composed of the same starch as the matrix. Thus, strong
adhesion between matrix and filler was assured and also better dispersion of the MWCNTSs
was achieved by hindering van der Waals interactions among them and therefore CNTs
agglomeration was avoided.

6.4.6 Natural Rubber

The second most consumed biopolymer after cellulose is natural rubber (NR) and it is the
most widely studied elastomer. Different tropical trees produce different forms of poly(1,4-
isoprene), which are exuded or extracted as an aqueous emulsion (latex) or as a sap-like
dispersion, before coagulation. The cis -form of the polymer (Figure 6.11 (a)) tends to be
amorphous and has a glass transition temperature of about -70°C, which makes it ide-
ally suitable for application. The practical application of elastomers requires the addition of
fillers to obtain an improvement in mechanical properties. It is impossible to use most elas-
tomers without reinforcing with certain fillers, such as carbon black and highly structured
silica. The trans -form (Figure 6.11 (b)), called gutta percha or balata, readily crystallizes
forming rigid materials melting at about 70°C.

The primary effects of bio-fibre reinforcement on the mechanical properties of natu-
ral rubber composites include increased modulus, increased strength with good bonding
at high fibre concentrations, decreased elongation at failure, greatly improved creep resis-
tance over particulate-filled rubber, increased hardness, and a substantial improvement in
cut, tear and puncture resistance. Biodegradation of vulcanized rubber material is possible,
although it is difficult due to the interlinkages of the poly(cis-1,4-isoprene) chains, which
however result in reduced water absorption and gas permeability of the material [95].

It is difficult for inorganic nanoparticles to be evenly dispersed in a polymer, such as
rubber matrix, and attain the strong interface strength due to their surface characteris-
tics (which generally cause strong filler-filler interaction and weak filler-rubber interac-
tion). Therefore, it is very important and challenging to find an economic and effective
technique to improve the dispersion of nano-particles in polymer matrix and strengthen
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Figure 6.11 The two main structures of poly (1,4-isoprene) in natural rubber: (a) the cis -form and
(b) the trans —form.
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the interfacial interaction between inorganic nano-particles and polymer [96]. Peng et al.
[97] prepared NR/MWCNT composites by a combination of latex compounding and self-
assembly techniques. The morphological structures of the composites depended on the
loading of acid treated MWCNTSs, which were modified with poly(diallyl dimethyl ammo-
nium chloride) (PDDA); MWCNTs were dispersed well in NR when the loading was less
than 3 wt %, but aggregation was observed when more MWCNTSs were added. These struc-
tural and morphological effects contributed directly to the thermal and mechanical prop-
erties of the composites. Significant improvements in tensile strength and modulus were
observed when the MWCNT loading was between 1 and 2 wt %, whereas a further increase
in the loading showed only limited reinforcement. The results indicate that the MWCNTs
were homogeneously distributed throughout the NR matrix as single tubes and had good
interfacial adhesion with the NR phase when the MWCNT loading was lower than 3 wt %.

Cellulosic nanoparticles (cellulose whiskers or microfibrillated cellulose) were used as
reinforcing phase to prepare nanocomposite films using natural rubber latex as matrix
using solvent casting technique. The swelling behavior of the polymeric matrix by tolu-
ene was found to strongly decrease even at only 1 wt.% of cellulose nanoparticles and was
almost independent of the filler content and nature. Differences in properties between the
two sets of nanocomposite films were analyzed from the differences between the two kinds
of cellulosic nanoparticles, i.e., flexibility and possibility of entanglements, and presence of
residual lignin, extractive substances and fatty acids at the surface of MFC. From the results
Bendahou et al. [98] concluded that higher filler-matrix adhesion dominates the behavior
of MFC-based composites. It results in lower water uptake and higher mechanical property
in terms of stiffness.

Arvanitoyannis et al. [99] reported on biodegradable blends based on gelatinized starch
and 1,4-transpolyisoprene (gutta percha) for food packaging or biomedical applications.
Components are mixed to an adequate degree of dispersion by thermal pressing. A series of
blends of gutta percha with gelatinized starch, with and without plasticizers or compatibil-
izers, were prepared in an attempt to preserve the excellent biocompatibility of gutta per-
cha. A small amount of plasticizer was incorporated into the blends to improve mechanical
properties. The gas and water permeability values of the blends were found to have inter-
mediate values between the two components.

Mondragon et al. [100] used unmodified and modified natural rubber latex (uNRL
and mNRL) to prepare thermoplastic starch (TPS)/natural rubber/montmorillonite type
clay (TPS/NR/Na+-MMT) nanocomposites by twin-screw extrusion followed by injec-
tion molding. The dispersion of the nanoclay in the polymer blends was evaluated by XRD
and TEM. The chemical modification of NR improved both the dispersion and interfacial
adhesion of the rubber phase in the TPS matrix. This improvement combined with the NR
crosslinking occurring during chemical modification resulted in very significant increase
of tensile strength and elastic modulus as compared to TPS/uNR blends. Addition of 2
wt.% MMT led to exfoliated structures which further increased the tensile properties of
the TPS/mNR blend, demonstrating the benefits of using both modified rubber molecules
and nanoclay particles. Surprisingly, nanoclay particles were mainly dispersed in the NR
domains.
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6.5 Processing Techniques

Many methods have been employed for the production of nanocomposites in an attempt
to achieve optimum dispersion of fibres in the matrix. The extrusion process is used by the
plastics industry for the production of granules and also in the continuous production of
semi-finished products or components. Single-screw as well as twin-screw extruders are
used for this process. Single-screw extruders are used when the mixing effect does not have
to be very high. Owing to the excellent mixing effect of the twin-screw extruder, natural
fibre materials can be homogeneously distributed in and wetted by the thermoplastic melt
[101]. One of the current limitations of compounding and extrusion is that only relatively
short fibres (which impart limited reinforcement) can be used. If longer fibres are to be
included, alternative methods may need to be employed [102].

Injection molding is the most common method of producing parts made of plastic. The
process includes the injection or forcing of heated molten plastic into a mold which is in
the form of the part to be made. Upon cooling and solidification, the part is ejected and the
process continues. Extrusion followed by injection molding has been used [103]. Although
the effect of the method on the properties of the resulting composite has not been reported,
it is believed that this processing method leads to a better exfoliation of fibres in the matrix
[103]. Majdzadeh -Ardakani and S-Ardakani [104] noted that when using the melt extru-
sion method, extrusion speed has a significant effect on the thermal properties, specific
energy requirement, radial expansion ratio and compressibility of polymer foams. Another
common method is film stacking which involves compressing a stack of polymer film and
fibre for a period of time. Moulding method influences the tensile properties of the compos-
ites [105]. Melt compounding followed by compression moulding [100], injection mould-
ing [106], solution casting after gelatinization [107], direct melting and solidification [108]
and one-step in-situ intercalative solution polymerization [109] were some of the moulding
techniques used. The one-step in-situ polymerization method involves the dispersion of
nanofillers in monomer(s), followed by bulk or solution polymerization. The functional
group modification of nanofillers helps to increase the interaction between the polymer and
the nanofillers, which ultimately leads to a good dispersion in the polymer matrix.

In the processing of rubber composites, mixing is the most critical part. The primary
purposes of mixing are incorporation, dispersion and distribution of the filler and other
ingredients in elastomeric polymers. Usually, this is achieved by using batch mixing or con-
tinuous mixing of dry fillers and solid rubber or pellets, referred to as dry mixing. Mixing
is done either in large enclosed mixing machines or in rubber mills. The Banbury mixer, a
traditional compounder, which mixes components together that do not readily blend and
require considerable energy to become homogeneous. Jong [110] compounded NR with a
Brabender mixer equipped with a pair of Banbury blades. Visakh et al. [111] used two-roll
mill mixing method for the preparation NR reinforced with cellulose nanofibres. Solvent
casting is another widely used method which is based on dispersing the filler as well as
matrix in an appropriate solvent, mixing it together followed by casting it into films by
evaporating the solvent. Jiang et al. [112] fabricated a carbon nanotube (CNT) reinforced
natural rubber composite by solvent casting method.
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6.6 Interfacial Adhesion Issues

The utilization of polymer nanocomposites derived from renewable biomaterials has
received much attention because of their low cost, low density, nonabrasiveness, combus-
tibility, non-toxicity, and biodegradable characteristics. However, the lack of good inter-
facial adhesion between the hydrophilic filler particles and hydrophobic polymer matrix
makes these composites less attractive for various applications. This is a very important
issue, since the poor adhesion between the reinforcement and the matrix may lead to poor
mechanical properties in comparison to the neat polymer. The use of adhesion promoters,
additives or chemical modification of the filler surface can help to improve the interfacial
adhesion between filler particles and polymer macromolecules as well as their dispersion
in the matrix, thereby improving the overall mechanical performance of the composites.

6.6.1 Challenges of Interfacial Adhesion of Natural Fibres
in Polymer Matrix

The major difficulties associated with the use of natural fibres as reinforcement in poly-
mer matrix composites are related to their strong sensitivity to water, even moisture, rela-
tively low thermal stability and fibre decomposition during compounding with the poly-
mer matrix. These factors strongly influence the morphology and final properties of the
composites.

One of the biggest problems encountered in the use of natural fibres lies in the difficulty
in ensuring good dispersion of the fibres in the matrix material. Natural fibres are hydro-
philic and polar in nature due to the high density of hydroxyl (-OH) groups on their surface,
whereas common thermoplastic matrices are hydrophobic and non-polar. The weak bond-
ing between the non-polar matrix and polar fibres is caused by the large difference in the
respective surface energies of the two materials [113]. Bonding between the matrix and the
fibre is dependent on the atomic arrangement and chemical properties of the fibre and on
the molecular conformations and chemical constitution of the polymer matrix. Therefore,
the interface is specific to each fibre/matrix system.

Interface plays an essential role in the physical and mechanical properties of composites.
It has been established that the mechanical performance of the composites depends not
only on the principal components but also on the nature and strength of the interface that
is responsible for the load transfer from the matrix to the fibres. A strong interface allows
effective stress transfer between the matrix and fibres and a weak interface causes insufficient
stress transfer from the matrix to the fibres. When the interface is too strong then brittle scis-
sion of fibres occurs, whereas a too weak interface leads to pull-out of fibres [114]. Therefore,
the optimization of interfacial properties is essential for effective stress transfer between the
matrix and fibres. Physical and chemical modifications can be used to optimize the interface
in natural fibre composites. A good interfacial adhesion can also be achieved by the use
of coupling/compatibilizing agents, or the modification of the matrix [115-120]. The main
aims of these modifications are to provide an efficient hydrophobic barrier and to minimize
the interfacial energy between the fibres and the non-polar matrix, thus generating optimum
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adhesion. A large number of adhesion theories have been proposed to understand how the
modification of the matrix improves the fibre/matrix adhesion in natural fibre composites.
These include adsorption, diffusion, mechanical interlocking, surface energy or wetting,
electrostatic attraction, acid-base and weak boundary layer theory [121-125].

6.6.1.1 Challenges of Dispersion of Cellulose Nanofibres

Cellulose nanofibres have attracted widespread interest as a renewable reinforcing phase for
polymers to increase their modulus, strength and heat distortion temperatures. Cellulosic
nanofibers present a very high surface area and the most important parameter to be con-
trolled for its ultimate application is the adhesion property. Key determinants of the perfor-
mance properties of cellulose nanofibre reinforced composites include fibre-matrix adhe-
sion, the mechanical properties of the fibre, moisture content, physical impact and fatigue,
thermal stability, etc.

Cellulose nanofibres have a tendency to form hydrogen bonds with adjacent fibrils,
which results in agglomeration or entanglement of the nanofibres and hence dispersion is
an important challenge in non-polar solvents. In order to expand the horizon of bionano-
composites for high performance applications, it is necessary to reduce the entanglement
of fibrils and improve their dispersion quality in the polymer by surface functionaliza-
tion without deteriorating their reinforcing ability. The surfaces of cellulose nanoparticles
have accessible -OH groups on which chemical functionalization can take place. Surface
functionalization allows tailoring of particle surface chemistry to facilitate self-assembly,
controlled dispersion in a wide range of matrix polymers, and control of both the particle-
particle and particle-matrix bond strength. The main challenge in the chemical function-
alization of different nanocelluloses is to conduct it in such a way that it only alters their
surface while preserving their original morphology, avoiding any polymorphic conversion,
and maintaining the integrity of their native crystalline structure [2].

Nanocelluloses are generally recognized to be effective in reinforcing polymers due to
interaction between the nano-scale elements that form a network interconnected by hydrogen
bonding. These hydrogen bonds present on the surface of nanofibers of cellulose are the key
for a better manageability of these new materials to determine their future applications. These
applications will be strongly dependent on the surface properties of nanocellulosic materials
and their capability to be compatible with the matrix in which they are processed [126].

6.6.2 Strategies for Improving Interfacial Adhesion

Various strategies have been developed to improve the adhesion of the matrix to the fibre
and the corresponding fibre/matrix interfacial strength in composites. These strategies
include (i) physical treatments of fibres such as corona, plasma, laser, vacuum ultraviolet
and y-radiation, and (ii) chemical modification methods such as mercerization, acetylation,
esterification, cationization, carboxylation, silylation, isocyanate treatment, and polymer
grafting [127-133]. Polymer grafting improves wetting of the fibre by the matrix by hydro-
phobizing the fibre surface and thus promotes interfacial bonding by diffusion of the chain
segments of the grafted molecules into the matrix. These methods have achieved various
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levels of success in improving fibre strength and fibre/matrix adhesion in natural fibre com-
posites. All chemical functionalizations have been mainly conducted (i) to tune the surface
characteristics of nanocelluloses to promote their dispersion in nonpolar organic media
and/or to improve their compatibility with hydrophobic matrices in nanocomposites; (ii) to
introduce stable negative or positive charges on the surface of nanocellulose to obtain better
electrostatic repulsion induced dispersion, especially when exploring their self-assembly
properties [2].

Coupling agents and radical induced adhesion also enhance interfacial bonding through
covalent bonds between the fibre and the matrix [122, 134]. The substance which promotes
or establishes a stronger bond at the matrix/reinforcement interface is known as the cou-
pling agent/compatibilizer. The role of the coupling agent/ compatibilizer is to interact with
both the fibre and matrix, in order to bridge the properties of the two different systems. In
general, to enhance the compatibility between hydrophobic and hydrophilic components of
a system, the compatibilizing agents have a functional group able to react with the hydroxyl
groups of cellulose, and an alkyl chain which decreases the hydrophilicity of the fibre and, at
the same time, makes its surface more compatible for good adhesion to the matrix.

Several strategies for surface modifications aiming at improving the compatibility
between cellulose fibres and polymer matrices have been reported [135-136]. Coupling
agents bearing two reactive groups can be used to chemically modify the surface of fibres
and that of polymeric materials. Coupling agents usually improve the degree of cross-link-
ing in the interface region resulting in a perfect bonding. Coupling agents such as maleated
polymer [137], isocyanates [138] and alkoxysilanes [139-143] were used to improve the
compatibility between the fibre and matrix. Within these different reagents, maleated poly-
propylene (MAPP) or polyethylene (MAPE) have reportedly shown significant enhance-
ment in tensile and flexural strengths, ranging from 40% up to 80%, when they are blended
with cellulose fibres before mixing with the matrix [142].

Similarly, silane coupling agents were also found to be effective in modifying the natural
fibre-matrix interface. Coupling agents such as triethoxy (vinyl) silane, aminopropyl (tri-
methoxy) silane and aminopropylmethyl (diethoxy) silane were tested in fibre treatment
in order to improve the interface properties. Silanes as a coupling agent have some major
advantages, first these are commercially available; second these bear an alkoxysilane group
that is capable of reacting with the OH-rich surface of natural fibres at one end while at the
other end, a large number of organo functional groups are available which can be tailored
to the matrix to be used [141].

Andresen et al. [143] have reported successful surface silylation of nanofibrillated cellulose
with (chlorodimethyl) isopropylsilane. At moderate degree of substitution (between 0.6 and 1),
hydrophobized silylated fibres maintained their morphological integrity and were able to sta-
bilize water-in-oil emulsions [144]. Nishino et al. [145] reported that the interfacial adhesion
strength of kenaf fibre can be effectively improved by the addition of silane coupling agents.

Surface-trimethyl silylation of cellulose nanocrystals extracted from bacterial cellu-
lose and their resulting cellulose acetate butyrate [20] or polysiloxane [146] based nano-
composites were investigated. Cellulose nanocrystals functionalized by partial silylation
through coupling with n-dodecyldimethylchlorosilane showed a very good dispersion in
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poly(L-lactide) and acted as nucleating agents and hence accelerated the crystallization rate
of poly(L-lactide) [147]. Similarly, the coupling of either cellulose nanocrystals or nano-
fibrillated cellulose with 3-aminopropyltriethoxysilane enhanced their compatibility with
PLA, thus significantly improving mechanical performances of final nanocomposites [148].

Interaction of cellulose with surfactants or surface active agents has been another way
to facilitate the adhesion of hydrophilic cellulose suspension to non-polar hydrophobic
polymer matrix. A surfactant is a material that can greatly reduce the surface tension of
water when used in very low concentrations. It has been found that the surface tension
of polymeric material contributes significantly to adhesion forces. The concentration and
dispersion of cellulose particles within polymer matrices will also change surface tension
dynamics of nanocomposites relative to its interface. The value of interfacial tension gener-
ally lies between the surface tension valuesof the two immiscible phases. If the molecules of
the two phases are similar, the interfacial tension will be zero.

Noncovalent surface modifications of nanocelluloses are typically made via adsorption of
surfactants [149]. Surfactants consisting of mono- and di-esters of phosphoric acid having
alkylphenols tails have been used to modify cellulose nanocrystals. The surfactant coated cel-
lulose nanocrystals dispersed very well in nonpolar solvents [150]. Bondeson and Oksman
[151] have reported the use of an anionic surfactant to enhance the dispersion of cellulose
nanocrystals in PLA. Kim et al. [152] and Rojas et al. [153] reported the use of nonionic
surfactants to disperse cellulose nanocrystals in polystyrene-based composites. Zhou et al.
[154] reported a new and elegant way of noncovalent nanocellulose surface modification
based on the adsorption of saccharide-based amphiphilic block copolymers. By mimicking
the natural lignin—carbohydrate copolymers, they adsorbed xyloglucan oligosaccharide-poly
(ethylene glycol)-polystyrene triblock copolymer onto the surface of cellulose nanocrystals.
The resulting cellulose nanocrystals showed excellent dispersion ability in nonpolar solvents.

6.6.3 New Challenges and Future Trends in Fibre/Matrix
Interfacial Adhesion

The potential of cellulose nanofibres as a reinforment in nanocomposites has received much
interest recently. These nanoscale cellulose fibre materials serve as promising candidates
for the preparation of bionanocomposites. However, there are some challenges that can be
identified for expanding their use in new composite materials. One of the challenges associ-
ated with the use of nanocellulose in composites preparation is that it is desirable to have
a fine dispersion between the two main phases, i.e., cellulose nanofibres and matrices. In
order to achieve improved dispersion of cellulose nanofibres in polymer nanocomposites,
good filler- matrix interaction is essential because it dictates the overall performance of
the composites. Better dispersion of cellulose nanofibres in polymer matrices improves the
interfacial characteristics of the composite and thereby improves the strength and stiffness
of the composite. Consequently, the direction of research has been focused on produc-
ing composites with maximized and reproducible properties by developing new processing
routes. The ideal process has been found to be the one that produces a fine nanocellulose
dispersion by avoiding large-scale nanofibre agglomeration, which increases the effective
particle size and lowers the fibre -matrix interface area [155].
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Next challenge is associated with the control of nanocellulose properties, i.e. to pro-
duce nanocrystalline cellulose with tightly controlled size and aspect ratio, minimized
crystal defects and controlled surface chemistry. Development of such nanocellulose mate-
rials with controlled properties will help to produce repeatedly, optimised materials with
minimum or zero defects — a challenge presently faced by manufactures in the production
line. The other major challenge dealing with nanocellulose is cost. A factor in the cost of
nanocellulose production is the low yield when starting from plant based raw materials, as
opposed to bacterial sources. Additionally, the viscosity of a nanocellulose dispersion rap-
idly builds with concentration, forcing the use of only dilute nanocellulose content during
processing and functionalization. In addition to increased capital costs for production, this
can also lead to excessive waste [155].

Extensive research efforts for nanocellulose adhesion are necessary to obtain a better
understanding of the adhesion interactions of nanocellulose beyond hydrogen bonding,
including mechanical interlocking, interpenetrating networks, acid-base interactions, and
covalent linkages on a fundamental level to improve interfacial properties with thermoplas-
tics, thermosets and biopolymers.

6.7 Interface Characterization Techniques

In natural fibre reinforced polymer composites, the strength and type of interface play an
important role in the overall performance of the composites. Therefore, the interface char-
acterization is very important for assessing the properties of the composites. The techniques
that allow investigation of different changes at the composite interface are important tools
for establishing correlations between interface characteristics and composite properties.
Various techniques have been extensively used to characterize the interface in polymer
nanocomposites. The commonly used powerful techniques for morphological characteriza-
tion are scanning electron microscopy (SEM), atomic force microscopy (AFM) , transmis-
sion electron microscopy (TEM), wide-angle X-ray diffraction (WAXD) and small-angle
X-ray scattering (SAXS). For thermal characterization and to study the cure behaviour of
polymer nanocomposites, the commonly used techniques are differential scanning calo-
rimetry (DSC), thermogravimetric analysis (TGA), thermomechanical analysis (TMA) and
dynamic mechanical thermal analysis (DMTA). Spectroscopic techniques such as Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy, Attenuated total reflectance
infrared spectroscopy (ATR-IR) and nuclear magnetic resonance (NMR) spectroscopy pro-
vide complementary information about the chemical nature of materials, the investigation
of the composition of surfaces, and the interactions developed at the interface of composite
materials. In this section, we briefly describe the applications of these techniques in the field
of cellulose-based nanocomposites.

6.7.1 Morphological Characterization

Techniques such as scanning electron microscopy (SEM), atomic force microscopy (AFM)
and transmission electron microscopy (TEM) can be used to study the morphological
changes on the surface and can predict the extent of mechanical bonding at the interface.
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6.7.1.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is generally employed for morphological investiga-
tion and interface characterization in composites. It provides images of surface features
associated with a sample.

Kim et al. [156] used atmospheric glow discharge (AGD) to modify the surface proper-
ties of wood powder as well as plant fibre to improve the compatibility between the fibre
surface and polypropylene (PP) matrix. The AGD surface modification allows the reinforc-
ing material to disperse evenly within the matrix with a strong interfacial bonding between
the fibre and the polymer matrix (Figure 6.12 and Figure 6.13). The tensile strengths of the

Figure 6.13 SEM micrograph of 50 wt% wood powder/PP composite [156].
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wood powder/PP composites, coir/PP composites and jute/PP composites were examined.
The tensile strength of AGD treated jute/PP composites increased by 50 and 114% and for
coir/PP increased by 22 and 92% compared with NaOH treated and raw fibres, respectively.

Zhou et al. [157] investigated the effect of atmospheric pressure plasma jet (APPJ) treat-
ments on ramie fibres and polypropylene (PP) composites reinforced with modified ramie
fibres. APP] treatment increased the roughness of the fibre surface in comparison to the
untreated fibres which helps in the enhancement of the interfacial adhesion between the
two phases and hence the mechanical properties (Figure 6.14).

Hernandez et al. [158] modified sugarcane bagasse fibres by various surface treatments
like alkaline treatment, silane coupling agent, fibre coating with polystyrene (PS) and graft-
ing of PS on the fibre (with and without crosslinker). SEM analysis revealed that after treat-
ment PS aggregates distributed as dots which appeared along the fibre surface, resulting in
more interlocking sites that contributed to the adhesion. The interfacial adhesion between
the modified fibres and the polymer matrices was quantified using the single fibre pull-out
test. The IFSS (interfacial shear strength) of all the chemically modified fibres increased
significantly as compared to the untreated ones.

The influence of fibre surface treatment on the interfacial property of biocomposites
based on PLA and ramie fibres was investigated by Chen et al. [159]. In order to improve
the interfacial adhesion, ramie fibres were treated with permanganate acetone solution
and silane acetone solution. SEM images (Figure 6.15) show that PLA biocomposites with
treated ramie fibres exhibit better interfacial adhesion compared to the untreated fibres.
Permanganate acetone solution removes the pectin, lignin and other components from the
ramie fibre and the interaction between silane amino group and PLA matrix provides high
interfacial adhesion between ramie fibre and PLA matrix.

The morphology and fracture surfaces of polyurethane (PU) nanocomposites have been
examined by scanning electron microscopy (SEM) [160-162]. SEM images of PU nano-
composite films indicated a well dispersion of cellulose nanowhiskers in the matrix and
good adhesion at the interface which has been attributed to strong hydrogen bonding.

Liu et al. [163] examined the morphological characteristics of flax fibre modified with
poly(vinyl acetate) (PVAc) or PEG (poly(ethylene glycol)). Scanning electron micrographs
of untreated, PVAc and PEG treated fibres are shown in Figure 6.16 (a-d). The SEM images

Figure 6.14 SEM micrographs of APP] (a) plasma treated ramie fibres for 16 s with ethanol
pretreatment (b) plasma treated ramie fibres for 24 s with ethanol pretreatment [157].
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Figure 6.15 SEM micrographs of tensile fracture surfaces of (a) untreated ramie fibre/ PLA composite
and (b) silane treated ramie fibre/ PLA composite [159].

Figure 6.16 SEM micrographs of flax fibres that are untreated (a), pre-treated in a two stage (b), PEG
(c) and PVAc (d) [163].

of the pre-treated fibres (Figure 6.16 (b)) are seen to be well separated and free from debris
adhering to the fibre surface compared to the untreated fibre (Figure 6.16 (a)). After treat-
ment with PEG and PVAc (Figure 6.16 (c) and Figure 6.16 (d) respectively), globular depos-
its were visible on the fibre surfaces which indicated the formation of a layer on the surface
of the fibre. The authors suggested that a two-stage pre-treatment of flax fibre followed by
modification with PEG and PVAc can improve the fibre/matrix interfacial adhesion.
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Zhou et al. [164] used scanning electron microscopy (SEM) technique to understand the
effect of nanocellulose isolation techniques on the surface morphological characteristics of
nanocellulose reinforced poly (vinyl alcohol) (PVA) films. They introduced three techniques
(acid hydrolysis (AH), 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated
oxidation (TMO) and ultrasonication (US)) to isolate nanocellulose from microcrystalline
cellulose, in order to reinforce poly(vinyl alcohol) films. The fractured surfaces after tensile
tests on neat PVA and PVA nanocomposite films were examined using SEM (Figure 6.17).
SEM images clearly showed the homogeneous distribution of the nanocellulose in both
AH/PVA and TMO/PVA films, implying good adhesion between fillers and matrix. This
should be attributed to the formation of a rigid hydrogen-bonded network of nanocellulose
that is governed by percolation theory. However, some microfibril bundles are observed in
fractured surfaces of US/PVA films, due to the lack of charge on the US-derived nanofibrils.

Vilela et al. [165] prepared novel low-density biocomposites based on cork and two bio-
degradable matrices, PLA and poly(caprolactone) by simple melting-mixing. The morpho-
logical characterization of the composites was done by SEM. The SEM results showed a
good dispersion of cork and a strong interfacial adhesion between the cork particles and
the polymeric matrices.

Shu et al. [166] presented a general methodology to enhance the interfacial adhesion in
polymeric composites by creating nanoscale morphology on the surfaces of particles. The

Figure 6.17 SEM images of fractured surfaces of (a) neat PVA, (b) AH/PVA, (c) TMO/PVA and (d)
US/PVA films.(mag 20000x for (a), (b), (c), (mag 10000x for (d)) [164].
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(b)

Figure 6.18 (a) Ultem™ composite film containing unmodified silicate (zeolite 4A) particles, (b)

Ultem’ composite film containing modified silicate (zeolite 4A) particles [166].

surface morphology, which appears as inorganic whiskers, was achieved by treating silicate
particles (zeolites 4A) with thionyl chloride, followed by reaction with methyl magnesium bro-
mide (Grignard reagent). Poly (vinyl acetate) and Ultem® / PEI (polyetherimide) composites
containing this type of modified particles exhibit defect-free interfaces. The authors examined
the surface morphology of the particles as well as the interfacial morphology in the resultant
composite films by scanning electron microscopy (SEM). SEM image of the film composed of
Ultem' and unmodified 4A had apparent voids between the polymer and particles (Figure 6.18
(a)), indicating poor adhesion between these two phases. These undesirable voids were elimi-
nated in the films embedded with the modified particles having the whisker surface morphol-
ogy (Figure 6.18 (b)), implying enhanced interaction at the interface. The authors concluded
from these results that the nanoscale whisker morphology stabilizes the polymer chains at the
interface and promotes compatibility between the polymer and filler particles.

Perez et al. [167] investigated the influence of chemical surface modification of cellu-
lose nanowhiskers (CNWs) on the morphological property of poly(lactide) based bionano-
composites by scanning electron microscopy (SEM). Poly(lactide) / CNW composites were
grafted with n-octadecyl-isocyanate (ICN) by applying an in situ surface grafting method.
SEM observation of the samples was made after cryofracture in liquid nitrogen. SEM image
of neat poly(lactide) showed a flat and neat fracture surface. Upon dispersion of cellulose
nanowhiskers (CNWs), fracture surfaces became rough. CNW and CNW composites were
grafted with n-octadecyl-isocyanate (CNW-ICN) and with 2.5 wt% in poly(lactide) matrix
showed a uniform distribution. For 15 wt% of nanofiller, aggregates of CNW and CNW-
ICN were observed in the poly(lactide) matrix. However, the filler/matrix interaction was
much better for CNW-ICN. It appeared to be better distributed in poly(lactide) compared
to CNW and adhesion to the poly(lactide) matrix seemed to be improved.

6.7.1.2 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is another useful technique to characterize structures
from nanometer to micrometer size scale. It has been applied to determine the structure of
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nanocomposites and to provide three-dimensional morphology. AFM is considered to be a
powerful tool for imaging the topography of the surfaces due to its high spatial and vertical
resolution. The morphology of fractured and polished surfaces of polymer nanocompos-
ites can be studied by AFM in tapping mode. In tapping mode, the AFM tip oscillates at a
frequency close to its resonance and the tip is allowed to make contact with the sample for
only a short duration in each oscillation cycle. During oscillation of the tip over the sam-
ple surface, the sample-tip interaction may alter the amplitude, resonance frequency, and
phase angle of the oscillating cantilever. Detection of phase angle changes of the cantilever
probe during scanning provides an image, called a phase image. Phase angle change is asso-
ciated with energy dissipation during sample-tip interaction. Several parameters, such as
topography of the sample, sample-tip interaction, deformation of sample-tip contact area,
and experimental conditions, can cause energy dissipation. The phase image is very useful
for compositional mapping of surfaces and interfaces of polymeric materials and generally
provides better contrast than the topographic images.

Recently, Brown et al. [168] investigated the use of nanocrystalline cellulose (NCC) to
reinforce the biocompatible fibrin matrix for artificial vascular graft application. NCC-
fibrin nanocomposites were prepared which composed of homogeneously dispersed
oxidized NCC (ONCC) in a fibrin matrix, with fibrin providing elasticity and ONCC
providing strength. The maximum strength and elongation of the nanocomposites were
determined by Atomic Force Microscopy (AFM) and compared with a native blood vessel.
A representative AFM force curve is shown in Figure 6.19. They suggested that oxidized
NCC and fibrin nanocomposites provided potential new biomaterials for small-diameter
replacement blood vessels.

-
LT

Deflection (nN)

Z (nm)

Figure 6.19 AFM force curve of ONCC-fibrin nanocomposite and illustration of maximum stretch
and force measurement. Inset: AFM height image of an indented ONCC-fibrin nanocomposite
surface by AFM tip [168].
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6.7.2 Thermal Analysis

Thermal analysis of polymeric materials provides some basic information regarding ther-
mal stability of materials. Thermal properties have a strong practical significance for the
macroscopic performance of nanocomposites, in particular for the mechanical, barrier,
and biodegradation. Additionally, in composites the main thermal transitions of a polymer
matrix reflect the morphologies of both the matrix and the matrix/filler interface. Indeed,
the relaxation behavior of a polymer matrix as well as the kinetics and thermodynamics of
phase formation and transitions are all influenced by the level of miscibility between the
polymer matrix and the reinforcement. Therefore, aside from the practical significance of
thermal properties, their diagnostic capability for assessing filler/matrix miscibility, level
of interactions, and microstructures at different length scales are particularly interesting.

In the case of nanosized reinforcements such as cellulose nanofibres (CNFs) and microfi-
brillated cellulose (MFC), a significant improvement in fibre/matrix interfacial interactions
and compatibility between polymer matrix and filler was observed due to the formation of
a percolating network and to an inherent entangled network morphology. CNFs are very
efficient fillers to control the properties of polymer matrices. As for filled polymers, it is well
established that the thermal properties of polymers, namely glass transition temperature
(T,), melting temperature (T, ), equilibrium viscoelastic properties, and thermal stability,
are sensitive to the addition of fillers. This section highlights the impact of CNFs on the
thermal properties of polymers.

The main thermal techniques applied for cellulose-based nanocomposites include differ-
ential scanning calorimetry (DSC), thermogravimetric analysis (TGA), thermomechanical
analysis (TMA), and dynamic mechanical thermal analysis (DMTA). The application pos-
sibilities of these methods in the field of cellulose-based nanocomposites are so diverse that
only a brief review can be given here.

6.7.2.1 Thermogravimetric Analysis (TGA)

TGA is used to characterize the decomposition and thermal stability of materials under a
variety of conditions. Principally, in TGA analysis a change in thermal stability is exam-
ined in terms of percentage weight loss as a function of temperature while simultaneously
differential thermal analysis (DTA) involves comparing the precise temperature difference
between the sample and an inert reference material, while heating both. TGA measure-
ments are often displayed as the first derivative of the TGA curve, the so-called derivative
thermogravimetry (DTG) curve. Steps due to loss of mass in the TGA curve then appear as
peaks in the DTG curves. The DTG curve corresponds to the rate of change of sample mass
versus temperature. The influence of nanosized cellulose fibres on the thermal behavior of
polymer composites has been studied by TGA. The thermal stability of nanocomposites is
usually improved by incorporation of the cellulose nanofibers.

Liu et al. [169] have studied the thermal properties of clay nanopaper hybrid composites
with montmorillonite (MTM) and nanofibrillated cellulose (NFC) using TGA and differ-
ential thermal analysis (DTA) techniques. TG-DTA results of NFC/clay nanopaper with
different contents of MTM (50, 67, 80 and 89 wt %) are presented in Figure 6.20. TGA
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Figure 6.20 Datafrom TGA (a) and DTA (b) experiments in O, environment on NFC/clay nanopaper
with different MTM contents (50, 67, 80, and 89 wt %).

curve of NFC shows two degradation stages, which can be divided into thermal cracking at
250-350°C and carbonization at 400-500°C. It has been observed that the decomposition
rate for both stages increases with increasing NFC cellulose content. The TGA curves in
Figure 6.20 demonstrate that the degradation of clay nanopaper is much slower compared
to that of NFC cellulose nanopaper. Primarily because of its gas barrier properties, the clay
nanopaper shows delayed thermal degradation of cellulose and self-extinguishing charac-
teristics when it is subjected to open flames. From these results, the authors concluded that
clay nanopaper has great potential for application in self-extinguishing composites and for
further development into barrier layers in packaging applications.

Alemdar and Sain [170] investigated the thermal stability of nanocomposites obtained
from wheat straw nanofibers with thermoplastic starch (TPS) polymer as the matrix and glyc-
erol as the plasticizer. The TGA thermograms of the TPS and the nanocomposite filled with
5 wt % nanofibre showed that the starch starts to degrade at around 275°C. The degradation
temperature for the nanofibres was around 296°C. The lower weight loss of the TPS and the
nanocomposites is the result of evaporation of glycerol. TGA results also show that the deg-
radation temperature of thermoplastic starch and the nanocomposites are close to each other.

Thermoplastic starch (TPS) nanocomposites reinforced with cellulose nanofibers
(CNFs) extracted from wheat straw were prepared by Kaushik et al. [107] using the solu-
tion cast method. CNFs were dispersed in distilled water and sonicated for almost 3 hours.
Maize starch was added with 30% glycerol and shear-mixed for 10 minutes using a Fluko
FA25 homogenizer. Dispersed CNFs were added to the starch and glycerol mixture, and
further shear-mixed for 20 minutes. Solution cast films of TPS-cellulose nanocomposites
were made with 5%, 10%, and 15% nanofibers (as per dry weight of nanocomposites). The
nanocomposites films were thermally analyzed by TGA and DSC. The results of TGA and
DSC experiments indicated an interaction between the fibre and glycerol (plasticizer), caus-
ing the reduction in onset of degradation temperatures and a reduction in water sorption
compared with the pure matrix.

Lee et al. [171] studied the thermal decomposition behaviour of nanocellulose rein-
forced PVA composite films by TGA. They observed that thermal stability of the composite
films increased as the nanocellulose loading increased.
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Similarly Zhou et al. [164] also investigated the thermal behaviour of nanocellulose rein-
forced PVA nanocomposites using TGA. They introduced three techniques including acid
hydrolysis (AH), 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxida-
tion (TMO) and ultrasonication (US) to isolate nanocellulose from microcrystalline cellu-
lose (MCC), in order to reinforce PVA films. They observed that the thermal stability of the
PVA nanocomposite films was much improved with addition of TMO-derived nanofibrils.
The thermal stabilities of the neat PVA and PVA nanocomposite films examined by TGA
are shown in Figure 6.21. All samples show a major weight loss in the range of 300~550°C.
For PVA nanocomposite films, a slight increase of the major degradation temperature was
observed, in the sequence of TMO/PVA (287.8 °C)>AH/PVA (277.2 °C) >US/PVA (264.0
°C)>MCC/PVA (271.1 °C)> neat PVA(270.4 °C) , further confirming the enhanced ther-
mal stability due to a strong hydrogen bonding between the TMO-derived nanocellulose
and the PVA matrix.

In another study, Li et al. [172] used TGA technique to understand the thermal deg-
radation behaviour of nanocrystalline cellulose (NCC) reinforced PVA composites.
Figures 22 (a) and (b)show TGA and DTG curves for the pure PVA and PVA/NCC nano-
composites respectively. According to the DTG (Figure 6.22 (b)) curves, the degradation of
the pure PVA can be divided into three processes. These occur in the temperature ranges
77.5-210°C, 210-350 °C and 380-500 °C. The second degradation process of the PVA/NCC
begin at a slightly higher temperature than that of pure PVA, which indicates the increased
thermal stability of PVA/NCC. The amount of char residue of PVA/NCC has been found
to be slightly lower than that of pure PVA. TGA results indicate that the introduction of
NCC in PVA/NCC lowers the maximum decomposition temperature of the first process
by 5-15°C,and that of the third process by 10-16 °C. while the maximum decomposition
temperature of the second process changed only slightly,

100
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Figure 6.21 TGA curves of neat PVA and PVA nanocomposite films (6 wt% filler loading) [164].
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Figure 6.22 TGA (a) and DTG (b) curves for the PVA and PVA/NCC (PVA/NCC are composite
films with NCC contents of 2-8 wt.%) [172].

6.7.2.2 Differential Scanning Calorimetry (DSC)

DSC can be used to investigate thermal events such as physical transitions (the glass transi-
tion, crystallization, melting, and vaporization of volatile compounds) and chemical reac-
tions. Thermal properties such as heat capacity, glass transition temperature (T ), melting
temperature (T ), and thermal stability can be determined using DSC.

Zhou et al. [164] carried out thermal characterization of neat PVA and PVA nanocomposite
films using DSC measurements (Figure 6.23). The authors evaluated the glass rubber transition
temperature (Tg), the melting temperature (Tm), heat of fusion (AH_) and degree of crystal-
linity (X)) from the DSC graphs. The glass transition temperature (T ) of PVA nanocompos-
ites (Tg=70.3 °C) increased with the addition of AH-derived (Tg = 75.1°C) and TMO-derived
nanocellulose (T, =76.9°C). The strong hydrogen bond formation between the PVA matrix
and nanocellulose is expected to restrict the segmental mobility of polymer chains and thereby
increase the T . The features of T , AH_and X_also enhanced as compared to neat PVA film.

Fujisawa et al. [173] determined the glass-transition temperatures (T ) of the polysty-
rene matrix (PS) in the TEMPO-oxidizedcellulosenanofibrils (TOCN)/PS nanocomposite
films using DSC. The Tg of the neat PS was 102 °C, and regardless of the TOCN content,
the T value of the PS matrix remained almost constant around 98-100 °C.

Suryanegara et al. [174] carried out DSC studies on PLA/MFC nanocomposites with
nanofiber loading ranging from 3 wt% to 20 wt% using a two-step procedure based on
solution-casting. For the amorphous PLA and the corresponding composites, T , cold crys-
tallization temperature (T ) and T were determined in the first DSC heating scan, as well
as a melt crystallization point (T_) upon cooling (Figure 6.24). The 10 wt% PLA/MFC
composite showed a higher melt temperature (102.5°C) than the neat PLA (95.6°C) and
much higher crystallinity after cooling (39.4%) compared with 17.3% for the neat PLA. The
results reveal the faster and higher crystallization in the presence of MFC.

6.7.2.3 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) was used to measure the thermal transi-
tions and temperature dependence of the materials’ mechanical properties. In dynamic
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Figure 6.23 DSC curves of (a) neat PVA, (b) MCC/PVA, (c) AH/PVA, (d) TMO/PVA and (e) US/
PVA films (6 wt% filler loading) [164].
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Figure 6.24 DSC thermograms of (a) neat PLA and (b) 10 wt% MFC/PLA nanocomposite [174].

mechanical thermal analysis (DMTA), mechanical modulus is determined as a function of
temperature, frequency, and amplitude. The important properties of storage modulus, loss
factor, T , and, especially, the influence of fillers and reinforcing effect on the modulus and T,
can be investigated by DMTA. Since the mechanical modulus depends on molecular condi-
tion, information can be gained about cross-linking and compatibility of polymer blends and
additives. The T is often measured by DSC, but the DMTA technique is more sensitive and
yields more precise data. It has been the most reported technique for evaluating the response
of the mechanical properties of nanocellulose reinforced polymer composites.

Fujisawa et al. [173] investigated the storage modulus of TOCN/PS nanocomposite films
by DMTA analysis (Figure 6.25). DMTA showed that the storage modulus of the TOCN/
PS films increased significantly with TOCN content above the glass transition temperature
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Figure 6.25 Storage moduli of (a) TOCN-93/PS and (b) TOCN-310/PS nanocomposite films.
TOCNs were termed TOCN-93 and TOCN-310, corresponding to their aspect ratios. The average
aspect ratios of the TOCNs were calculated to be 93 and 310, respectively, on the assumption that all
TOCNSs have the same and constant width of 3.5 nm [173].

of PS by the formation of an interfibrillar network structure of TOCNs in the PS matrix,
based on percolation theory. The modulus of nanocomposite films maintained high values
up to 230°C, whereas the neat PS fractured at 150°C. The dimensional stability of PS to
temperature was enhanced significantly owing to the TOCN — matrix or TOCN — TOCN
interactions. Compared to other fillers such as carbon nanotubes, TOCNs provide a supe-
rior reinforcement effect even at low addition levels.

Dynamic mechanical thermal analysis (DMTA) of nanocomposites from wheat straw
nanofibers and TPS from modified potato starch has been reported. Results revealed that
the T of the nanocomposites shifted to higher temperatures with respect to the pure TPS
[170]. Lu et al. [175] observed no further improvement in mechanical properties when MEC
was used above 10 wt%. In their study, MFC suspension was added at 1 wt%, 5 wt%, 10 wt%,
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and 15 wt% loadings to the PVA matrix. A steady increase in film modulus and strength was
observed until a plateau was reached at 10 wt% MFC. DMTA showed an increase of storage
tensile modulus in the glassy state with increasing MFC content. The thermal stability of the
PVA composite films was slightly increased with the addition of MFC.

Sehaqui et al. [176] studied the dynamic mechanical thermal properties of the wood
fibre/NFC composites. Three materials were studied, namely the reference biocomposite
(0% NFC), the 5% NFC composite, and the 100% NFC nanopaper. Results revealed that cel-
lulose nanocomposites can be very stiff under conditions of low mobility and exhibit high
modulus values at low temperatures. Modulus values are well preserved until temperatures
as high as 200°C. The 5% NFC composite has higher storage modulus (E”) than the 0% NFC
composite and lower E’ than the NFC nanopaper.

Cho and Park [177] investigated the thermomechanical properties of nanocellulose rein-
forced PVA nanocomposites by DMTA. The DMTA results showed a significant increase in
the storage modulus (E”) by about 74% at the 3 wt% nanocellulose loading level compared
to that of the neat PVA film at 25°C. Figure 6.26 shows the tan 0 of the nanocompos-
ites reinforced with various amounts of the nanocellulose as a function of temperature. As
the nanocellulose content increased, the maximum tan & slightly increased at 1 wt% and
then decreased up to 5 wt%. This result confirmed that a low tensile strength results in a
decreased E’, which subsequently increases the tan d.

The DMTA analysis of novel bionanocomposites using CNFs as reinforcement in PLA
using acetone as the solvent has been reported [178]. Results showed that the storage mod-
ulus of the composites stayed constant above the glass transition temperature of the matrix
polymer. In another study, Suryanegara et al. [174] applied the same method but exchanged
the solvent acetone by dichloromethane and showed that the resulting nanocomposites had
improved storage modulus when compared to neat PLA.
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Figure 6.26 Tan d as the function of temperature for nanocellulose-reinforced PVA nanocomposites [177].
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Figure 6.27 Temperature dependence of the storage modulus for PVA and PVA/NCC (PVA/NCC are
composite films with NCC contents of 2-8 wt%) measured at 2.5 Hz [172].

Li et al. [172] investigated the reinforcing capability of nanocrystalline cellulose in PVA
matrix via a solution casting method. They carried out DM TA analysis to investigate the rein-
forcement effect of the NCC in PVA matrix. Figure 6.27 shows the temperature dependence
of the storage modulus (E’) for PVA and PVA/NCC (2-8 wt% NCC content) composite films.
The curve corresponding to the pure PVA showed the thermoplastic nature of the material.
The o-relaxation transition temperature (Ta) corresponding to the glass transition of PVA
was detected at about 44 °C. The To values of PVA/NCC with 0, 2, 4, 6 and 8 wt.% NCC were
59.2°C, 64.5 °C, 59.1 °C, 67.8 °C and 65.3 °C, respectively. The DMTA data showed a marked
increase in storage modulus from 1.7 GPa for pure PVA to 4.2 GPa for PVA/NCC-8 (PVA with
8 wt% NCC content) at 30°C, because of the high modulus of NCC. Results indicated that a
strong reinforcement effect was achieved through the addition of NCC into the PVA matrix.

6.7.3 Spectroscopic Techniques

6.7.3.1 Fourier Transform Infrared (FTIR) and Raman Spectroscopies

Among the available spectroscopic techniques, the most commonly utilized is Fourier
Transform Infrared Spectroscopy (FTIR). All materials absorb infrared radiation and the
frequency intervals in which absorption bands appear are associated with the vibrational
modes of specific functional groups. For a vibrational motion to be IR active, the dipole
moment of the molecule must change, the higher the magnitude of this change, the higher
the intensity of the band. Raman spectroscopy is also based on the vibrational motion of
functional groups, detecting changes in polarizability of the molecule. The intensity of
Raman vibration is proportional to the rate of change of polarizability. The polarizability of a
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Figure 6.28 FTIR spectra of untreated ramie fibre (FAB), permanganate treated ramie fibre (kFAB)
and silane treated ramie fibre (ksFAB) [159].

molecule decreases with increasing electron density, increasing bond strength and decreas-
ing bond length. Both these techniques investigate the chemical composition of surfaces and
also provide valuable information regarding possible interactions at the composite interface.

The effect of physical and chemical treatments on the interfacial property of bio-
composites based on PLA and ramie fibres was anaylzed by Fourier Transform Infrared
Spectroscopy (FTIR) [159]. Figure 6.28 shows the infrared absorption spectra of untreated
ramie fibre (FAB), permanganate treated fibre (kFAB) and silane treated fibre (ksFAB).
The peaks at 1460cm™ and 1378cm™ are characteristic peaks of ~CH,, the strong absorp-
tion peak at 1749cm™ is the C-O stretching vibration characteristic peak and the peaks at
1086cm™" and 1178cm™ are the C-O-C stretching vibration absorption peaks. There is no
apparent change between the FAB and kFAB, this shows that the treatment by permanga-
nate acetone solution does not change the chemical structure of ramie fibre. In the infrared
spectrum of silane treated ramie fibres, the newly emerging characteristic peak at 860cm™
is the characteristic peak of Si-cellulose, the characteristic peak at 950cm™ is the Si-O-Si
asymmetric stretching vibration characteristic peak. This shows that the silane coupling
agent has reacted with ramie fibres through the hydrolysis effect.

Raman spectroscopy has been found to be a very powerful technique for the analysis
of interfaces in cellulose fibre-based composite materials. It has been used to measure the
anisotropy in cellulose nanowhisker composites [179]. Hot pressed samples of poly (vinyl
acetate) resin with 15 wt% of tunicate cellulose nanowhiskers were compared with solution
cast samples. It was shown that the former contained oriented domains of cellulose whiskers,
whereas the latter only contained isotropic random networks. Both exhibited clearly differ-
ent mechanical behaviours based on measurements of the local stress transfer using Raman
spectroscopy. Therefore, this technique opens up the possibility of investigating orientation
in cellulose nanocomposites, and also the local mechanics of these interesting materials.
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In another study, Rusli et al. [180] monitored the mechanically induced molecular
deformation of cellulose nanowhiskers embedded in subpercolation concentration in an
epoxy resin matrix through Raman spectroscopy. Cellulose nanowhiskers isolated by sul-
furic acid hydrolysis from tunicates and by sulfuric acid hydrolysis and hydrochloric acid
hydrolysis from cotton were used in this study. Mechanically induced shift in the Raman
peak initially located at 1095 cm™ was used to express the level of deformation imparted
to the nanowhiskers embedded in the resin. Much larger shifts of the diagnostic Raman
band were observed for nanocomposites with tunicate nanowhiskers than for the corre-
sponding samples comprising cotton nanowhiskers. In the case of nanocomposites com-
prising nanowhiskers produced by hydrochloric acid hydrolysis, no significant Raman
band shift was observed. This suggested that Raman spectroscopic data are a useful diag-
nostic tool to elucidate the quality of mixing in cellulose nanocomposites.

6.7.3.2 Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR)

ATR-IR technique has also been used to investigate the surface composition of composite
materials. It is based on the multiple internal reflection of the beam incident on the sample.
It is useful for studying the surface of materials (up to a depth of 0.5-5 pm) that are placed
in contact with the crystal.

Mohan et al. [181] prepared partially and fully regenerated cellulose model films
from trimethylsilyl cellulose (TMSC) by a time-dependent regeneration approach.
The surface composition of these thin films was investigated by ATR-IR technique.
Figure 6.29 shows the ATR-IR spectra of the TMSC film and the regenerated cellulose
films that were obtained with low volume of HCI (Method I) and a higher volume of
HCl vapour (Method II) respectively. The spectra in Figure 6.29 show that the peaks due
to Si -C rocking at 757, 848, and 1252 cm™ decrease concomitantly with the emergence
of OH vibrations at 3000-3700 cm™". From the ATR-IR spectra, it is evident that method
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Figure 6.29 ATR-IR spectra of spin coated trimethylsilyl cellulose (TMSC) films after different
regeneration times. Low volume of HCl (Method I) and a higher volume of HCl vapour (Method IT) [181].
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Figure 6.30 Cross polarization/magic angle spinning (Cp/MAS) 13 C NMR spectrum of freeze-
dried bamboo cellulosic crystals (BCCs) [182].

IT cleaved more TMS groups, introduced more -OH groups and improved wetting by
water in shorter reaction times than method I. Nevertheless both methods allow con-
trolled fabrication of partially and fully regenerated cellulose model films from TMSC
and can be used to study the interaction ability of cellulose on these surfaces.

6.7.3.3 Nuclear Magnetic Resonance (NMR) Spectroscopy

Solid-state nuclear magnetic resonance (NMR) spectroscopy has been used to study the
supramolecular structure of cellulose materials. The structure and morphology of bam-
boo cellulosic crystals (BCCs) were investigated by Liu et al. [182] using solid-state 13C
NMR. CP/MAS 13C NMR spectrum of the freeze-dried BCCs is shown in Figure 6.30.
The BCCs exhibited five main peaks at 105.6, 89.2 (83.9), 74.5 (72.9) ppm [assigned to
the C1, C4, C5 (C3, C2)], as well as the C6 peak line at 64.6 ppm, which were all attrib-
uted to cellulose I. The C1 resonance region at 105.6 ppm, C4 at 89.2 ppm, as well as C6
at 64.6 ppm are all attributed to cellulose If. The absence of cellulose 1ot (shoulder peak
of C1 or C4) peak in the NMR indicates that higher plants contain no cellulose Ic at
all, only a distorted form of cellulose If is located immediately below the surface of the
crystalline units.

All the spectroscopic techniques mentioned above can be used as valuable tools for
understanding the chemical composition and interactions at the composite interface.
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6.8 Summary and Conclusions

Biopolymers and biocomposites have drawn attention in scientific community due to
their versatile properties. Biopolymers can be used in several applications with substan-
tially enhanced properties. Some drawbacks limit their use, such as aggregation, low
concentration suspension, low compatibility with hydrophobic polymeric matrices. The
lack of good interfacial adhesion between the hydrophilic filler particles and hydropho-
bic polymer matrix makes these composites less attractive for widespread applications.
The use of adhesion promoters, additives or chemical modification of the filler surface
can help to improve the interfacial adhesion between filler particles and polymer mac-
romolecules and their dispersion in the matrices, thus improving the overall mechani-
cal performance of the composites. Realization of functional modifications of nanow-
hiskers under mild reaction conditions would greatly improve their practical utility in
the future. Interfacial adhesion between filler and matrix will remain the key issue in
terms of overall performance, since it dictates the final properties of the composites.
Many studies are examined, reviewed and highlighted in this review paper regarding
the important biopolymers, biomatrices, their modifications, processing techniques,
and characterization of interfacial modifications.
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Abstract

This review aims at pinpointing the issues commonly associated with the production of
pharmaceutical formulations and biomedical devices regarding adhesion and cohesion
interactions through utilisation of atomic force microscopy (AFM) techniques. Adhesion
and cohesion phenomena have been of interest for many years as they are encountered
on a daily basis from activities such as walking to geckos climbing a tree. Many models
for adhesion interactions have been developed since the early 1970s: Derjaguin, Landau,
Verwey, and Overbeek (DLVO) assumed a physical approach to understanding adhesion;
whilst, Johnson, Kendall, and Roberts (JKR) as well as Derjaguin, Muller and Toporov
(DMT) both assumed a mechanical approach for understanding the adhesion phenomena.
However, these theories were not without limitations, therefore models have been devel-
oped including the extended DLVO (xDLVO), as well as mathematical models based on
data collected using AFM.

This review highlights the issues in the development of pharmaceutical formulations and
where adhesion impacts the development of medical preparations. As many pharmaceuti-
cal products possess aspects of colloidal systems, so they are often affected by adhesion and
cohesion interactions causing problems such as aggregation, sedimentation and flocculation.
These phenomena can influence the overall adhesion and alter the outcome of formulations
causing undesirable effects to medications; these issues are governed by the physicochemical
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properties of materials. Such characteristics include surface topography and morphology
and are influenced by humidity, and all these parameters can be analysed using the AFM.
Therefore, such methodology has shown advantages over traditional techniques employed
in the pharmaceutical industry including centrifugation, near-infrared spectroscopy and
inverse gas chromatography in the understanding of adhesion at the nanoscale.

Keywords: Adhesion, cohesion, pharmaceutical industry, atomic force
microscopy, pMDIs, DPIs, inhalers

7.1 Introduction

Adhesion is a complex phenomenon which spans many aspects of daily life, from the simplest
task of a toddler gluing a pretty collage, to a cell adhering to a surface to form a new tissue [1].
Many aspects of day to day living may, therefore, be affected by the extent of attraction at these
contact points. For instance, these interactions apply to many industrial as well as natural
processes, such as cell to cell interactions, cells to materials interactions, drug delivery sys-
tems as well as drug formulations [1-3] and in medical prosthesis [4] in which adhesion can
have impact on the wear and tear of the contacting materials through forces such as friction
[4, 5]. Natural occurrences of adhesion appear throughout the animal world. An interesting
example is the adhesion property of geckos toes [6]. There are millions of setae on the toes
of geckos which utilize van der Waals (vdW) forces; studies have shown that the toes are
highly hydrophobic and adhere well to hydrophobic, hydrophilic and polarisable surfaces[7].
Another adhesion encounter in nature includes adhesive pads on the toes of tree frogs [8],
whereby friction forces generate large adhesion forces.

A simple analogy to describe adhesion could be when two bodies join resulting in a
shared surface zone defined as a contact zone [9]. Yet, adhesion is often classified according
to the different types of interacting forces such as electrostatic interactions, acid-base inter-
actions, hydrophobic interactions and van der Waals (vdW) forces [10-13]. For example,
fluid flow initially increases attachment by transporting materials to a surface, yet this also
alters the hydrodynamic detachment forces especially in an aqueous environment [13].
Moreover, the differences between adhesion and cohesion have been highlighted [14]:
adhesion is the propensity of particles to adhere to other surfaces, whereas cohesion is the
propensity of like particles sticking together, i.e., the internal strength [15].

However, there are some theories of adhesion that attempt to describe/predict the con-
tact zone which include a physical approach by Derjaguin, Landau, Verwey and Overbeek
(DLVO) [16] with an additional extension (xDLVO); and Johnson, Kendall, and Roberts
(JKR) [17] theory, as well as the Derjaguin, Muller and Toporov (DMT) theory which are
based on a mechanical approach to understanding adhesion [18].

The former physical model of adhesion considers what happens at the point of contact,
forming the basis of modern colloid and interface science [19]. DLVO theory has often
been applied to explain the physical interactions in colloidal systems, such as emulsions,
aerosols and foams. Generally, the total interaction potential (V) depends on the separa-
tion distance (d) and it is assumed to be the sum of the attractive (V,) van der Waals (vdW)
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and repulsive (V) electrostatic interactions [19]. DLVO theory calculates the electrostatic
double layer (EDL) energy usually between two macro-bodies and is limited to investigat-
ing two parallel infinitely flat surfaces [20, 21], obviously this approximation has limita-
tions such as in pharmaceutical powders and microbial adhesion. An alternative version is a
smooth surface contacting a rougher surface which has been considered at the macro-scale,
which includes the use of the extended DLVO (xDLVO) [11] theory. Similarly to the DLVO
model, the xDLVO theory considers the energy associated with two surfaces immersed in
an aqueous environment, the main difference between DLVO and xDLVO is that the latter
includes also Lewis acid-base polar interactions (AB) and the Brownian motion (BR) to the
Lifshitz-van der Waals (LW) and the electrostatic double layer (EDL) interactions [11, 22].
Yet, xDLVO predictions differ from experimental adhesion measurements especially when
micro-organisms are concerned, which may be due to their complex surface which is far
from the ideal colloidal particle [23, 24].

The JKR theory only applies to mechanical interactions that occur inside the contact
zone, particularly to the deformation which influences the extent of adhesion and was
developed in 1971 [17, 25]. JKR theory balances the stored elastic energy and the loss in
surface energy through the deformation of interacting surfaces, i.e., it predicts the critical
pull-oft force over a contact area larger than the Hertzian contact [26], and considers the
short-range surface forces that act in the contact zone. Whereas DMT theory considers
the tensile stress which exists in an annular zone around the contact area with no defor-
mation, i.e., the non-contact regions that lie outside the contact zone. Furthermore, both
mechanical models, JKR and DMT, are often only applied to thermodynamically equili-
brated conditions [27] otherwise other influencing factors must be considered that are not
included in these theories of attachment such as temperature, relative humidity, as well as
the morphology of the surfaces, and the viscoelastic deformation, and surface roughness..
These theories, however, are further complicated when real materials and interactions are
concerned. For example, both physical, DLVO and xDLVO, as well as the mechanical JKR
and DMT theories consider only ideal colloidal particles that have smooth surfaces contact-
ing a flat surface.

The interest in adhesion from animal studies has opened avenues to study the micro-
and nano- adhesion inherent in microelectromechanical systems (MEMS) [28, 29]; these
systems are susceptible to stiction which is an unintentional adhesion of the structural ele-
ments when forces of elasticity cannot overcome the attractive effects due to interfacial
forces from capillary, vdW and electrostatic interactions [30]. Adhesion is often detrimen-
tal in biomedical applications, for example, when considering total hip and knee prosthe-
ses, whereby constant movement of these joints can lead to fractures and wear impacting
the longevity of the device. Another problem occurs in medical devices such as inhalers
where there is an issue with the powders in dry powder inhalers (DPIs) to agglomerate and,
consequently, the desired dose and size of the inhaled particles are affected, with the dose
reduced and the size of the particle increased [31]. On the other hand, adhesion is essential
is some aspects of drug delivery systems for rapid absorption of the active compound [32],
as well in understanding the role of the extracellular polymeric substances (EPS) involved
in bacterial attachment [33].
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In this article we will describe the problem of adhesion in the pharmaceutical context
through AFM techniques.

7.2 Adhesion in Pharmaceuticals

Adhesion has been of great interest to the pharmaceutical industry as the adhesion phenom-
ena can affect many areas such as colloidal dispersion, aggregation, and lubrication processes
[34-36]. It is vital to take into account adhesion and interaction forces when considering
pharmaceutical materials, as caking of colloidal particles to the walls of machines often
results in a reduction of production capacity [34]. Figure 7.1 demonstrates the common
problems which occur when a colloidal system becomes unstable from a stable form.

In general, tablets are the most popular product in the pharmaceutical industry [14,
37]; however, there are often concerns during the development of tablets such as formula-
tion materials sticking to tooling surfaces causing a build-up of product on punch sur-
faces leading to potential defects and alterations to the end product [15, 38]. Therefore,
it is essential for correct production to select suitable excipients as well as manufacturing
processes to minimise sticking from occurring, as this issue is normally recognised late in
the development of tablets. Any changes in the structure and formulation may, therefore,
cause an adverse effect on the overall application of a particular drug, for instance, in the
gas phase, humidity can deteriorate many pharmaceutical particles if relative humidity
(RH) is over 75% [34, 39, 40] causing capillary force contributions by forming a liquid
meniscus between particles that are in contact. Thus, identification and control of adhe-
sion is essential for industrial processes as well as for the delivery of medications [32]. For
example, in inhalers, if the powder aggregates before the dose is expelled, then the active

Creaming

Coagulation Flocculation

Sedimentation

Figure 7.1 An illustration depicting the effect of destabilisation of a colloidal system.
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pharmaceutical ingredient (API) may not reach its target, as agglomerated powder can
collect in the upper airways causing hoarseness and oropharyngeal candidiasis [31, 41, 42].

Granulation is a common process that needs particular control on adhesion [43] as agglom-
eration of powders is achieved by controlled crushing using high stress to form compacted
powders [44]. It is also known as particle bonding and is of relevance in both dry and wet
compaction processes [44, 45]. There are two main mechanisms associated with particle bond-
ing especially in pharmaceutical powders and tablet formation [45]. For example, if liquid is
present in a powder formulation, then a thin layer of immobile particles may form on a pow-
der particle which increases the area for contact to take place between powder particles. This
increases the bond strength as the van der Waals (vdW) forces are proportional to the particle
diameter and inversely proportional to the distance of separation [45]. Secondly, the interfacial
forces of the mobile film must be taken into consideration. For example, during industrial
processes of wet granulation, the added liquid is distributed as films around the particles, this
holds the particles together by surface tension forces [45, 46].

Another major concern that has been highlighted in the developmental stages of tablet
formulations is the sticking of the tablet materials to the tooling surfaces [14, 15]. Sticking
can affect the surface chemistry and topography of the compacted tablet; this can cause
destabilisation of the original formulation resulting in disintegration and drug dissolution.
This can lead to changes in the surface structure and chemistry of the formulation, thus
causing variations in the formulations from batch to batch [14].

A common example of batch to batch alterations has been a concern in aerosol based
medications [47], such as those used in dry powder inhalers (DPIs) and pressurised metered
dose inhalers (pMDIs) to treat asthma [47]. Especially in these cases, there is significant
concern to control interactions between drug-drug, drug-carrier, and drug-device in order
to effectively and efficiently deliver fine drug particles into the human body.

7.2.1 Adhesion Interactions

In the literature [48-50], it has been highlighted that there are three main concepts whereby
adhesion can influence the outcome of pharmaceutical applications, i.e. drug-drug, drug-
carrier, and drug-device (canister) interactions. The switch from chlorofluorocarbon propel-
lants (CFCs) to hydrofluoroalkanes (HFAs) according to the Montreal Protocol [51, 52] has
led to an increase in the study of drug-drug, drug-carrier, and drug-device interactions [1, 51,
53]. Results have revealed that modifications to the drug substance, co-solvents, design of the
device, and excipients are needed to improve the performance of formulations using HFAs
[54]. For example, excipients did not provide adequate stability to the systems causing floccula-
tion (Figure 7.1) leading to sedimentation of particles (drug-drug/drug-carrier) [51]; therefore,
one notable change was the use of oleic acid previously used in CFC products as a stabiliser
but it can only be used in new HFA products when ethanol is present in the formulations [51].

7.2.1.1 Drug-Drug/Carrier Interactions

Inhalers are common examples where there are many problems associated with drug-drug,
drug-carrier and drug-canister/packaging. The two main devices used are pressurised
metered dose inhalers (pMDIs) and dry powder inhalers (DPIs): pMDIs contain the active
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ingredient suspended in a propellant gas as solid micronized particles; DPIs contain parti-
cles in a blister for respiration. Both devices often have excipients or carriers which act as
stabilisers to minimise the effects of adhesion in the formulations [55]. Thus, the microni-
sation process used in the pharmaceutical industry is a well-established procedure for the
production of micron-sized particles for both orally and inhaled medications [48], however
itis reported to contribute to some metal contamination. Micronisation often results in par-
ticulates with high surface area, which has the risk of forming unstable cohesive systems that
often agglomerate and adhere to surfaces [55], thus making it difficult to control the dosage.

Aggregation is not a desirable attribute, especially in inhaled medications [51, 56] as this
affects the size and morphology of the formulation through flocculation or coagulation of
particles, contributing to the lack of stability [54]. Such interactions are dominant in the man-
ufacturing of pharmaceutical powders which can influence the adhesion of these powders to
each other or to devices used in industry and have been reported to interact with the packag-
ing of oral medications [50, 57, 58]. For example, electrostatic charges can be used as a benefi-
cial aspect when mixing powders of controlled size distributions, such as those in dry powder
inhalers (DPIs), to ensure homogeneous mixtures to increase the quality of the product [50,
57] as this introduces a repulsive force which can overcome the attraction causing agglomer-
ates to form. It is often generated when two different materials contact and are then separated
through sliding; unfortunately, this particle electrification can result in dust explosions [50].
Yet electrification is exploited in powder flow measurements, separation processes as well as
in electrophotography in photocopiers and laser printers [50]. However, in the pharmaceuti-
cal industry it has become a priority to control this process as it can affect the particle dose by
governing the deposition rate in the human lung, and by influencing the aerosol dispersion
behaviour in the air stream [50, 57]. Another effective way to combat this issue is by steric
effects through the addition of a polymer to stabilise the formulation [51].

Normally carrier particles are required in DPI systems and excipients are required in
pMDIs and tablet formulations [39]. These act as bulking agents, while stabilisers aid in
the metering and fluidisation within DPIs. When stress is introduced to the system, these
carriers aid in the de-agglomeration and deposition of the drug. The adhesion interactions
between carrier and drug are the result of manufacturing processes as well as of the physi-
cochemical characteristics of the drug and carrier used [39, 59]. Although carrier particles
have been successfully used [39], influencing factors that may play a relevant role during
storage still lead to a number of fundamental effects on the particles properties. These fac-
tors are responsible for the inter- and intra-batch variations observed in pharmaceutical
formulations [39]. It is important, therefore, to control the ambient conditions to ensure
the integrity of these systems as particle adhesion is often dominated by non-surface-spe-
cific capillary forces arising from a thin layer of water molecules adsorbed on the surface
forming a concave meniscus between drug and carrier. This has been described as Laplace
vapour pressure which acts across the meniscus at the air-liquid interface [35, 39, 60].

7.2.1.2 Drug-Device/Packaging Interactions

Drug-packaging or device interactions are another potential issue in pharmaceutical indus-
trial processes, which can be a result of the micronisation methods used [55]. This problem
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involves the agglomeration of particles forming larger particles which govern the particle-
particle and particle-canister adhesion especially in DPI systems. Such adhesion also controls
the powder flow often influenced by van der Waals forces and electrostatic interactions result-
ing from charged particles [50, 55]. Other issues associated with drug and packaging interac-
tions in pharmaceutical industry include leaching and sorption. Leaching is the migration of
chemical components from the packaging to the drug, whilst sorption is the opposite with the
drug adhering to the packaging material [58]. Therefore, either process has a significant effect
on product safety by either altering the toxicity levels due to leaching or causing alterations in
the efficacy and stability through sorption [58]. Compaction processes have been shown to
alter the interactions in formulations by modification of the particles surface [61].

A further problem with drug-device interactions is the attraction of the formulation to
the seals and valves of the device [54, 62]. As HFA is inert it does not interact with elas-
tomeric seals. However, it lacks lubrication for a smooth actuation [62], hence a suitable
lubricant must be used to minimise the adhesion of the formulation to seals and to prevent
leakage of highly volatile formulations from pressurised canisters [62]. Also, variations in
the valve designs can cause alterations in the drug dose as valves in contact with the suspen-
sion may become coated and enriched with the suspended drug; furthermore, any small
orifices or long nozzles within the device can result in de-aggregation [54].

7.2.2 Factors Influencing Adhesion

There are many factors that influence the extent of adhesion and cohesion interactions
which directly affect the outcome of pharmaceutical formulations. The most recognised
parameters that directly govern adhesion include: roughness, morphology and topography;
humidity and moisture; surface energy and tension (when liquids are concerned) [23, 25,
47, 50, 56, 63, 64].

Electrostatic charging of pharmaceutical powders is also a prevalent issue due to colli-
sions and sliding contact of particles with other particles as well as with the walls of devices,
this is known as triboelectrification [57]. This frictional contact or sliding often occurs with
charged pharmaceutical particles which can then dominate the overall adhesion and depo-
sition processes and thus has become of great importance in DPI devices. Not only does
electrostatic charging cause adhesion to walls and other particles but also causes problems
during manufacturing by affecting the powder flow and disrupting the dose uniformity
[57]. On the other hand, this phenomenon has been used for controlling the mixing of
powders [57].

Also micronisation impacts the crystalline structure of materials [48, 56], as the forces
generated induce lattice defects as well as weakening of the intermolecular bonds in the
crystalline material altering the overall physical and chemical stability [48]. This process of
crystallisation can also influence the size and shape of the particle. It has been noted that
the principal factor governing crystallisation is supersaturation which is the ratio of actual
concentration to the solubility at a specific temperature [56]. Additionally, any alterations in
the physicochemical characteristics of a particle affect the way in which it will interact with
other particles [48]. The crystallisation of lactose causes drug particles to adhere causing
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sedimentation due to the morphological change of the surface of the lactose carrier from
smooth to a rougher texture due to crystallisation [56].

Surface roughness often correlates with the surface topography of a material or sub-
strate, thus has a definite effect on the adhesion as the roughness governs the contact area
[61]. Often the roughness of a surface is described in terms of asperities [4, 65] which
are the peaks and troughs of a surface (Figure 7.2). Therefore, contact occurs when these
peaks contact another surface. Recently, it has been noted that more often than not, surfaces
exhibit multi-asperities [4], whereby the peaks and troughs at the micro-scale are covered
by nano-scale asperities (Figure 7.2) which also affect adhesion process, as real surfaces
possess roughness is several length scales, and ultimately nano-scale roughness determines
the strength of adhesion [66]. For example, when two bodies contact, only the peaks will
touch the opposite surface; therefore, the total amount of contact will be small giving a low
adhesion, resulting in a non-permanent contact [66].

On the other hand, permanent adhesion tends to occur when whole surfaces, including the
troughs, are in contact; this type of adhesion is useful for wound dressings and medical glues
[67, 68]. Nevertheless, adhesion governed by asperities is important in tablet and powder for-
mulations in pharmaceutical applications, as the rougher the surface the lower the adhesion.
Morphology of interacting particles or materials is also important and is related to the topog-
raphy and roughness of the surfaces. When particles are in contact, the adhesion interactions
are dominated by the vdW interactions, and the extent of this attraction is governed by the
surface roughness and asperities [64]. The mechanical properties of the materials surfaces
are also an important factor to consider in adhesion [69]; for example, in biomimetic devices
mushroom shaped fibrils have exceptionally high adhesion strength which exceeds that of
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Figure 7.2 Three micro-asperities are shown as large peaks with a trough in-between, with nano-
scale asperities shown in the dotted grey square and are present on all asperities.
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natural fibrils found in gecko toes [69, 70]. Also, it is important to note that the shape of these
asperities can have an influential role in adhesion [64, 65]; average asperity height, curvature
radius of asperity tip and distribution of these parameters control the contact zone. Many
models have been developed to consider asperities [4, 64, 71-73] which have been derived
from JKR and DMT contact theories of single asperities, and recently the Prokopovich and
Perni model [4, 25, 65] has taken into consideration the variability of the height and curvature
of radius of each asperity [4]. This model assumes a rough surface contacting a flat surface
as represented by Figure 7.3, so the total contact force can be assumed to be the sum of the
individual asperities each with individual height and curvature radius.

The size of the particle is also an important aspect to consider when investigating adhe-
sion behaviour [74]. Centrifugal technique has been employed to analyse the effects of the
particle size [75-77] as the behaviour and mechanical properties of particles are depen-
dent on the particle size and distribution. In the pharmaceutical industry especially, particle
adhesion as a function of size has been quantified as tensile strength of a powder mass [74].
Adhesion of small particles to rough surfaces is governed by the geometrical effect on the
surface-particle system. Adhering particles to a surface that are smaller or similarly sized to
the asperities tend to be weakly dependent on the particle size and the interaction is limited
to contact of a single asperity (Figure 7.4) demonstrating linear dependence of the pull-oft
force, and therefore adhesion is based on this contact alone [66, 78]. On the other hand, par-
ticles larger than the surface features will have several contact points so the asperity geom-
etry and the size of the particle will have a greater influence over the extent of adhesion [66].

Humidity can be detrimental for pharmaceutical powders [47] especially in inhaler
devices as this can cause agglomeration, altering the size and shape of the particles and
consequently the drug deposition kinetics. Humidity tends to govern the particle-particle
interactions that are influenced by capillary forces [79-81]which in dry powder inhalers
(DPIs) become dominant [49] with possible detrimental effects. Capillary forces have a
significant effect on the flow and adhesion behaviour of fine powders [80] through capillary
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Figure 7.3 Multiasperity model of a rough and flat surface in contact, only asperities 2 and 5 are in
contact as their height (h,) is greater than distance (d), also asperity 4 is in contact as d-h, < critical
deformation (561). Reprinted from Journal of Colloid and Interface Science, volume 168, issue 1-2,
Prokopovich. P and Starov. V, Adhesion models: From single to multiple asperity contacts, pages 210-
222. Copyright 2011, with permission from Elsevier.
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Figure 7.4 Pull-off forces measured from rough surfaces as a function of particle size expressed
as area of maximum contact, with varying TiO, thin film coatings with a thickness of (a) 500, (b)
130 and (c) 10 nm [66]. The solid lines are to show the fit only. Journal of Colloid and Interface
Science, volume 304, issue 2, Katainen. J, Paajanen. M, Ahtola. E, Pore. V, and Lahtinen. J, Adhesion
as an interplay between particle size and surface roughness, pages 524-529. Copyright 2006 with
permission from Elsevier.

condensation, especially between two hydrophilic surfaces in contact [79]. Capillary con-
densation is often described by the Kelvin equation [79, 82]), with Figure 7.5 representing
a particle and flat surface attraction, and Figure 7.6 illustrates a particle-particle capillary
force [79, 80]. Capillary condensation is described by the Kelvin equation [79]:

In(P
P
B o) 1.1 (7.1)
/”LK r 1
Where:
_ W (7.2)
& K,T

Where r is the meridional radius of curvature of the meniscus and / is the azimuthal curva-
ture parallel to the surface. P denotes the vapour pressure, and P, is the saturation vapour
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Figure 7.5 Spherical particle interacting with a flat surface via a liquid meniscus. Reprinted with
permission from H.J. Butt, 2008 [79]. Copyright (2008) American Chemical Society

pressure. V. represents the molecular volume of the molecules in the liquid phase, k, the
Boltzmann’s constant, g the surface energy of the liquid and T is the temperature. The Kelvin
length is shown as the constant A, which characterises the length scale for capillary con-
densation. Figure 7.5 represents the capillary interaction between a particle and flat surface,
Figure 7.6 demonstrates that the capillary interaction between two particles can be predicted
in a similar manner as a particle and flat surface with a capillary bridge formation [79, 83].

Recently, a model has been devised to predict adhesion forces between rough particles
and surfaces by including vdW interactions and capillary forces [73]. This model consid-
ers a multiscale roughness feature as well as capillary forces as DPI systems are not limited
to the nanoscale, and employs the fractal theory and Gaussian roughness distribution to
account for the surface roughness. It also considers two important components for capillary
forces, the capillary pressure and the surface tension force which tends to have a smaller
influence as compared to the capillary pressure [73]. Figure 7.7 demonstrates the influence
of surface roughness and vdW forces and capillary forces based on the You and Wan 2013
model and a graph representing the relative humidity effects on the forces of interactions
that govern the overall adhesion of particles [73].

An understanding of all surface properties is important, as well as the surface tension
[84] which is caused by the contraction of the exposed surface of a liquid to the smallest
possible area [46]. The surface energy and tension of a system can, therefore, influence the
overall adhesion [84]. As adhesion initially occurs through contact of two surfaces, surface
interactions play a role and can explain the variability often found from batch to batch in
pharmaceutical formulations [84]. Usually, the surface tension of the liquid must be lower
than or equal to the surface tension of the substrate, i.e. liquid must have stronger attraction
to the substrate than to itself for ease of adhesion [46]; the reverse is also true in order for
interacting bodies to detach.

7.2.2.1 Monitoring and Controlling Influential Factors

Certain techniques have been employed within the pharmaceutical industry to investigate
and control adhesion. It is important in industry to consider the cost of the process and
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Figure 7.6 Schematic of two equal spheres interacting with each other via a liquid meniscus. ¢
represents the mean of the cosines of the contact angles of the liquid on the two surfaces of the
spheres. Reprinted with permission from H.]J. Butt, 2008 [79]. Copyright (2008) American Chemical
Society

s Van der Waals (This work/Aa=0.1, 1 pm)
Van der Waals | Joh ot al. [17])
=== Van der Waals (Rabinovich ot al, [115]) s Van deor Waals {This workiAa=0.1, 1 ym)
——— Capillary (This workiAa=0.1, 1 ym) = = = Van dor Waals (Rabinovich ot al. [115])
—— Capillary (Classical solution-Bun [78]) = Capillary (This work/Aa=0.1, 1 ym)
= -+ Caplllary (Rabinovich ot al.[80] ) — -+ Capillary (Rabinovich et al.[80])
— - - Capillary (But [79]) — - - Caplilary (Butt [79])
10000 ¢

1000 1000 :
= 100 —_ :
= Z 100 -
= 10 £ 2
@ 3
S 1 3 10y
& S 1)

0.1 w : i
r As=0.1 pm
0.1
0.01 l i (b)
0.001 0.01 S At
0 1 2 3 4 5 0.00 0.03 0.06 0.09 0.12 0.15
Surface RMS roughness (nm) Surface RMS roughness (nm)

Figure 7.7 Surface roughness influence on van der Waals interactions and capillary forces using
prediction models (You and Wan 2013 [73] and others), for (a) RMS roughness range of 0-5nm and
(b) RMS roughness range of 0-0.15nm [73]. Reprinted with permission from [73]. Copyright (2013)
American Chemical Society.



ADHESION PHENOMENA IN PHARMACEUTICAL PrRODUCTS 231

therefore it is essential to have quality assured products balanced with an acceptable level of
testing taking into consideration the overall cost [85, 86].

Centrifugation is a common technique used in the pharmaceutical industry [77], where
the concentration gradients of sedimenting particles are measured during application of
centrifugal forces [77]. This technique separates particles from solutions according to their
size, shape, density, and viscosity of the medium and rotor speed; and it has been used as an
analytical investigative tool to separate natural and synthetic macromolecules and colloids in
solution, dispersions and suspensions [75, 76]. The basic theory of centrifugation is that any
object moving in a circle at a steady angular velocity is subject to an outwardly directed force,
F also known as the relative centrifugal force (RCF) , the magnitude of this force will depend
on the angular velocity in radians, , and the distance from the rotation axis, r, as:

F =rw? (7.3)

Sedimentation takes place due to a number of characteristic properties such as the size,
shape and density of the molecules or particles, as well as the solvent properties [75-77].
These physicochemical characteristics will also influence the interactions between particles
[75]. During the centrifugation process, two forces counteract the buoyancy force which are
the displacement force and the frictional force. Analytical ultracentrifugation (AUC) tech-
niques [75, 76] can also quantitate the concentration distribution of particles during sedi-
mentation, providing hydrodynamic and thermodynamic information on the size, shape,
molar mass, association energy, stoichiometry and thermodynamic non-ideality of the par-
ticles in solution [76]. AUC is becoming increasingly important in the study of biomaterials
and biomedical devices [75]. It is often used in a non-conventional manner by employing
layer by layer procedure to study hydrogel formation at the interface [75].

Inverse gas chromatography (IGC) has been utilised to monitor molecular mobility,
crystallisation, relaxation; all of these can impact adhesion [84]. This technique has been
employed [87] to study the characteristics of DPI formulation powders to monitor batch
to batch variability. Many novel techniques including non-contact procedures to moni-
tor the quality of formulation have emerged, such as acoustic, near-infrared (NIR), and
focused beam reflectance measurements (FBRM), which aim to assess the desirable aspects
of powders and tablets throughout their production [45, 88-90]. The acoustic process aims
to obtain granulation signatures using an acoustic transducer which monitors changes in
particle size, flow and compression properties [45]. The advantages of this technique are
it is non-invasive, relatively inexpensive and sensitive. NIR is often used in pharmaceuti-
cal monitoring as a moisture sensor but is limited to only measuring liquid on the surface
of a powder [45, 86, 91]. FBRM is used to determine the particle size of powders during
formulations [45, 90]. It is based on a laser beam which follows a circular path intersecting
the edges of particles, it passes through a sapphire window and the backscatter signal is col-
lected. FBRM measures the dynamic changes in the particle size , morphology, concentra-
tion and rheology when liquids are concerned [45]. Further preparation techniques have
been used for particles less than 2.5um as used in DPI devices. FBRM uses a micromanipu-
lator and video microscope to measure the adhesion force distribution between spherical
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polycrystalline drug particle and lactose as a DPI carrier and to stainless steel as the wall of
the inhaler device [47]

Another useful technique that has been used recently is a wireless transmission of ultra-
sonic waveforms to monitor tablet properties and deviations from the required specification
during the formulation stage in pharmaceutical industrial processes [85]. This technique is
of interest to industry as it has the capability of rapid and extensive inspection of a product
with minimal time or interruption, and this is achieved through a non-contact procedure.
The wireless technology is capable of monitoring such properties as geometry and mechan-
ical properties which are important for the therapeutic effect of the drug formulations [85],
as well as tablet thickness, mass density, integrity of the tablet, and even the layer by layer
bonding quality as the powders are compacted.

Isothermal calorimetry (ITC) has also been utilised by the pharmaceutical industry to
characterise physicochemical changes in the active pharmaceutical ingredients (APIs) [92].
This method is robust to handle the volatility of hydrofluoroalkanes as propellants unlike
previously used techniques such as zeta potential and in situ laser diffraction [92]. ITC is
a quantitative physical technique employed to determine reaction thermodynamics and
kinetics, and can be used with a large variety of samples from liquids to solids and hetero-
geneous mixtures during the various stages of drug manufacturing including pre-formula-
tion, determination of solubility as well as crystallinity and interactions between drug and
carrier [92].

Near-infrared (NIR) spectroscopy is commonly used in the industrial setting for the
qualitative analysis of large numbers of pharmaceutical products [86]. NIR spectroscopy
is beneficial as a non-destructive analytical tool enabling simultaneous measurements
of physicochemical properties such as chemical composition, the active pharmaceutical
ingredient (API), as well as tablet hardness and dissolution profile [86, 91]. Usually, API
is analysed using high performance liquid chromatography (HPLC) but this is a destruc-
tive technique and can be time consuming [86], and NIR spectroscopy can provide the
same information as gained with HPLC but in less time and less labour-intensive man-
ner. However, multivariate calibrations are required when simultaneously analysing both
chemical and physical aspects of pharmaceutical products just to ensure adequate accuracy,
precision and robustness of the technique [86]. Yet HPLC is still required to quantify the
APl ingredients as a complimentary technique to NIR spectroscopy [91].

7.3 Atomic Force Microscopy

Atomic force microscopy (AFM) has been employed by the pharmaceutical industry as it pro-
vides a simple and sensitive technique for measuring a wide variety of surface characteristics
of complex pharmaceutical systems. For example, interaction forces are measured as a func-
tion of sample displacement by recording the cantilever deflection. Unlike other techniques,
AFM can focus on individual particles to further understand adhesion issues associated with
pharmaceutical systems which can then be used to improve bulk formulations [3, 93].
Throughout its history, atomic force microscopy (AFM) has been utilized to provide
high resolution topographical images of a wide variety of samples, from conducting to
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non-conducting materials [94]. It was initially developed to overcome the limitations asso-
ciated with other microscopy techniques, especially with scanning electron microscopy
(SEM) [95]. SEM requires a conducting coating, often resulting in artefacts particularly in
biological samples.

AFM is a very versatile technique allowing for in situ imaging of a range of samples in
their physiological conditions [96]. It has been employed to characterise the cohesive nature
of pharmaceutical powders for inhalation therapy, to quantitatively study the elasticity of
cells, and to measure molecular interactions forces [97]. It can also be used to image the
topography of materials in their native environments, giving significant information about
surface features with unprecedented clarity [98]. One aspect which enables AFM to effec-
tively produce accurate representation of the topography is its ability for three-dimensional
mapping of the surface [96, 98]. AFM creates images by scanning a micro-scale cantilever
with a sharp tip across the surface in a non-destructive manner and can be performed on
bulk samples to reveal nano-scale topographical information about soft matter, without the
need for complex sample preparation [99].

The tip is the heart of the instrument [98], giving rise to the image through force interac-
tions; and it is mounted on the end of the cantilever. Important characteristics of the tip are
the sharpness of the apex, the radius of curvature, and the ratio of the tip curvature to tip
height [98]. AFM images are formed by the interaction forces that are recorded between the
tip and the sample, and a feedback loop is essential for the accuracy of the images produced.
Principally, the AFM utilizes the tip to scan across a surface in a horizontal pattern and
back, controlled by the AFM electronics [98], [100].

Normally, the AFM cantilever has three modes of operation: contact, non-contact, and
tapping mode [101]. The non-contact mode is utilized by moving the cantilever away from
the sample surface and oscillating the cantilever at/near its natural resonance frequency.
Contact mode monitors the interaction forces while the cantilever tip is in contact with the
sample. Tapping mode combines characteristics of both contact and non-contact modes
by gathering sample data and oscillating the cantilever tip at/near its natural resonance
frequency while allowing the cantilever tip to impact the target sample for a minimal dura-
tion of time [101].

7.3.1 AFM and Pharmaceutical Formulations

From a pharmaceutical aspect, AFM has been used to study important factors that may
affect the formulation of the end product and all these influence adhesion interactions [53].
A common example that has been extensively studied using the AFM is salbutamol sul-
phate found in DPIs [53]. This powder was of interest due to its cohesion and de-agglom-
eration aspects which can be detrimental to the efficacy of the delivered dose as a result of
alterations in the size of particles in the dose. Consequently, Young et al. [53] studied the
forces between a drug functionalised cantilever and the drug powder to determine drug-
drug interaction. As humidity also can affect the homogeneity of pharmaceutical powders,
so this aspect was taken into account by using a custom-built perfusion apparatus; this
resulted in a domination of capillary interactions with increasing humidity [47, 49, 53].
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These studies have successfully demonstrated the strength of AFM as an investigative tool
for the quantification of separation energies between micronized particles [2].

Interestingly, the development of the colloidal probe, i.e. an AFM tip with an attached
particle, has led to investigations using single particles to understand the fundamental
forces which influence pharmaceutical formulations, including understanding of vdW, elec-
trostatic, and capillary forces; and can be applied to understand particle-particle, particle-
carrier, and particle-canister/packaging interactions [93]. This technique can be employed
to study the forces of interactions, as the morphology of contact area and asperities and
surface roughness are directly related [102].

To assess the surface roughness of materials, AFM scans samples using the topography
function whereby surface features and asperities can be represented as three-dimensional
(3D) images. Data can also be extracted to explore the roughness of samples using the aver-
age roughness (Ra) measurements. This technique has been utilised to understand the extent
of roughness and the inter-particle interactions between lactose carrier and the drug par-
ticles in DPI formulations [103]. Interactions between surfaces of different work functions
result in contact potential between the surfaces in question; Coulombic interactions are usu-
ally between oppositely charged particles or a charged particle and a neutral surface; whereas
capillary forces tend to be influenced by humidity because of the influence of RH on the
liquid bridge formation between particles [103]. The AFM has also qualitatively identified
intermolecular interactions such as vdW forces and hydrogen bonding [103, 104].

Pharmaceutical powders are susceptible to humidity, and the AFM can monitor changes
in adhesion with humidity [105, 106]. From the literature [36, 39, 105, 107] humidity
influences the physical and chemical stabilities of the product, control of drug release as
well as the properties of the solid dosage form and excipient. Moisture can also govern
the dispersion and de-agglomeration behaviour especially in DPIs [36] which influences
the performance of the respiratory drug delivery by affecting the aerodynamic properties
which are often dependent on the carrier particles [3, 49]. Interestingly, it has been noted
through the use of AFM that storage humidity which influences the aerosolisation effi-
ciency is drug dependent [108].

The surface energy, to understand its role in adhesion, has been assessed by AFM [93,
109]. Pierce et al. [110] used AFM to assess the surface energy and work of adhesion of
flat surfaces, which could then be adopted for pharmaceutical applications [111, 112]. This
investigation emphasised the need for free-flowing particles of controlled size and morphol-
ogy to ensure homogeneous powders for pharmaceutical formulations, Hooton et al. [111]
applied this concept to study interactions between pharmaceutical particles by determining
the contact area [93, 111]. More recently, it has been highlighted that the contacting asperi-
ties must be considered rather than the overall contact area [65, 112].

7.3.2 Advantages of AFM

It has also been demonstrated [49] that there are three main inter-particle forces within DPI
systems: vdW dispersion interactions, electrostatic forces, and capillary interactions. These
forces and their contributions to a system are dependent on the material properties and
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the environmental conditions (temperature, relative humidity (RH) [47, 49]. The measure-
ments of these fundamental interactions has previously been limited to bulk techniques
[47],however, now the AFM has been found to be capable of measuring such forces between
individual particles and substrates at specific environmental conditions.

It is important to point out that atmospheric humidity and surface roughness play a role
in the adhesion forces; for example, Tsukada et al.[47] noted that with increasing surface
roughness of the lactose plate, to mimic lactose carriers by coating a surface, i.e., a plate
with lactose, the distributions of adhesion forces between a drug particle and the plate were
widely spread and their mean values decreased. Furthermore, adhesion force increased with
atmospheric humidity [47]. Humidity also affects the water layer thickness adsorbed on the
surface of pharmaceutical particles and it was also determined by AFM. The forces between
particles having hydrophilic surfaces were affected more by atmospheric humidity than
those with hydrophobic surfaces. In general, adhesion force of more hydrophilic material
increased remarkably with increasing humidity and this was precisely evaluated by adhe-
sion force measurement between silica particles with a silica colloid probe. The increase
in adhesion force at higher humidity conditions can be caused by the capillary force and
surface tension of water due to the formation of a condensed water bridge between the par-
ticle and the plate. In addition, the powder once exposed at high humidity did not show the
same adhesion force after returning to lower humidity conditions, i.e., the change in adhe-
sion force was irreversible. To conclude, a small curvature particle, rough surface plate with
low Hamaker constant material and low humidity in the atmosphere have the tendency to
decrease the adhesion force [47].

In order to directly measure the force using the AFM, the tip approaches vertically towards
and away from the sample in the z direction, and the relative deflection of the cantilever pro-
duces a force-distance curve. The attachment of a drug particle to the apex of a tipless can-
tilever may be a route for the measurement of drug-drug interactions (Figure 7.8) [49, 53].

Figure 7.8 Image A represents an SEM image of salbutamol sulphate powder (5000x) and image B
demonstrates a salbutamol drug probe attached to AFM cantilever (5000x). Journal of Pharmaceutical
Sciences, volume 92, issue 4, Young. P. M, Price. R, Tobyn. M. ], Buttrum. M, and Dey, F, Investigation
into the Effect of Humidity on Drug-Drug Interactions Using the Atomic Force Microscope, pages
815-822. Copyright 2003, with permission from John Wiley and Sons.
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Thus, the degree of cohesiveness between salbutamol sulphate particles will directly
influence the aerosolization performance of the drug when administered to a patient via a
dry powder inhaler (DPI). Recent in vitro aerosolization studies have reported humidity to
cause a significant decrease in aerosolization efficiency of micronized salbutamol sulphate
from a model DPI [47, 49]. This decrease in aerosolization performance is possibly related
to an increase of particle cohesion due to capillary interactions. Such increases in the cohe-
sion and adhesion between micronized pharmaceutical materials at elevated humidities
were also demonstrated using the centrifugal technique [49].

Another useful investigation supporting the benefits of using AFM in pharmaceutical
investigations is the study of the influence of cohesion-adhesion balance on DPI formu-
lations [113, 114] for drug delivery through the respiratory tract. It is important when
formulating powders for use in aerosols to consider their size [113], typically DPI formu-
lations are binary blends of coarse carriers and micronized drugs. The homogeneity, de-
aggregation, and dispersion properties tend to be governed by the resulting cohesion due
to drug-drug interaction, and adhesion due to drug-excipient interactions [113]. Problems
in DPI systems occur when there is excessive adhesion as this may prevent elutriation or
separation of particles from the carrier, resulting in upper airway deposition leading to
hoarseness as the particles are too large [113]. Likewise, excessive cohesion could enhance
the segregation and agglomeration, which directly affects the dispersion characteristics of
the formulation. Not only are the drug-drug and drug-excipient adhesion and cohesion
interactions important factors when considering the dispersion aspects of the formula-
tion, but the actual inhaler device can directly affect the fluidisation and aerosol character-
istics too. Therefore, the aerodynamic forces that are generated within the device have an
influential role in the aerosolisation of the powders [113].

Also Begat et al.[113] have used a predictive cohesion-adhesion balance (CAB) which
provides a graph of binary and complex formulations which is used to as a rapid pre-for-
mulation tool to determine the relative strength of various interactions forces and to predict
the DPI behaviour. AFM was used for this investigation to evaluate interaction forces using
a colloid probe technique, to study the specific role of the cohesion and adhesion force
balance in the de-agglomeration efficiency and deposition characteristics of the drug. The
results revealed a relationship between particle cohesive strength and the de-agglomeration
efficiency of drug only formulations. It was also noted that addition of fine particles such as
lactose carrier influenced the drug deposition patterns, and was thought to be dependent
on the relative cohesion and adhesion force balance in the formulation.

7.4 Prospects

It is evident that the AFM can offer realistic results regarding individual components in
formulations. That said, an advantage to the pharmaceutical industry could be to combine
this analytical tool with techniques already in use, such as IGC [84], ITC [92], and even
NIR [86] to understand formulations at their nano-level, in order to improve and develop
aspects of these pharmaceutical products at the macro-level. AFM has and will provide new
insights into its extended applications due to its capability for spatial mapping of adhesion
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under a range of environments, allowing for specific identification of high adhesion areas
and relate these to local morphology and composition [93].

7.5 Summary

Atomic force microscopy since its invention in the early 1980s has proved to be a useful
technique to quantify the morphology of surfaces by producing detailed two-dimensional
and three-dimensional images. Not only can AFM produce real images of a wide range
of materials from hard metals to delicate biological samples in optimum environmental
conditions, but can also analyse interfacial interactions associated with these materials by
employing colloidal probe techniques. Over the years many models of adhesion have been
proposed considering the physical and mechanical aspects of adhesion, including DLVO,
XDLVO, JKR and DMT. Yet it has been observed that these traditional theories are limited
to ideal colloidal materials approaching atomically flat surfaces; therefore, new models have
been introduced recently which include a more rounded approach to understanding adhe-
sion. These new models have been built on the original theories by adding protocols to
include certain characteristics known to govern the extent of adhesion, including the phys-
icochemical properties of materials including size, shape, surface topography and morphol-
ogy. Others have considered the interactions that often occur such as van der Waals forces
of attraction, electrostatic repulsive interactions, as well as capillary forces, all of which can
have a detrimental impact on the formulation of pharmaceutical and biomedical products.
A greater understanding of the adhesion phenomena by employing better techniques to
investigate adhesion, should be beneficial for industry, and AFM is the technique for this
purpose in combination with some traditional procedures already in place in the pharma-
ceutical industry. Improvements in formulations would help produce cost-effective, less
time consuming quality assured products which is advantageous for the industry as well as
beneficial to patients care and well-being.
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Abstract

Medical adhesives are considered to be a strong alternative to sutures in future clinical
applications. Cyanoacrylates were first used for clinical applications in the early 1960s and
have received prominent attention as a medical polymer. However, even today, few sur-
geons use cyanoacrylate adhesives except in unusual circumstances or in emergency cases.
Improvements in biocompatibility, adhesion, and application characteristics will need to be
addressed before these materials gain greater acceptance. This review provides a description
of the chemistry, main categories, formulation modifications, and clinical applications of
medical-grade cyanoacrylate adhesives that have been developed over the last 50 years.The
review also recognizes the value of cyanoacrylate adhesives in surgery today, their future
potential if unmet needs can be satisfied, and the most likely pathways for improvement.

Keywords: Cyanoacrylate, tissue, surgery, toxicity, medical, biocompatibility, sutures,
adhesives, sealants, hemostats

8.1 Introduction

The subject of medical adhesives has a long history, is very wide-ranging, and encompasses a
variety of materials that can be applied to a number of clinical procedures including surgery.
As aresult of advances in healthcare, such as non-invasive surgery and laparoscopic surgery,
there are many clinical trials underway to evaluate the efficacy of surgical adhesives. However,
the application of surgical adhesives in the operating room is still controversial and must be
matched to specific tissue types as well as to a large and increasing number of procedures.
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A universal adhesive does not exist, and there is very limited choice for applications inside
the human body.

The medical community is, therefore, in search of adhesives which swiftly bond tissues,
replace mechanical fasteners such as staples and sutures and which are biocompatible, bio-
degradable, and do not interfere with the healing process. Continued research and devel-
opment is necessary to find new or improved adhesive systems. However, the following
fundamental functions of surgical adhesives have not changed over time:

« Fixation of the structures and surfaces which are to be bonded

o Filling of cavities and gaps

o Reduce or eliminate bleeding

o Regulation of moisture content

o Protection of the wound from outside environment (water, stress, bacteria, etc.)
o Support the healing process.

Over the entire range of surgical adhesives, cyanoacrylates have unique properties that set
them apart from others and have been exploited for topical tissue repair and closure. For
example, cyanoacrylate adhesives are replacing sutures in external applications, and they
are the most widely used adhesives for bonding traumatized tissues[1]. Cyanoacrylates are
also being suggested and clinically tested in many internal surgical procedures.

Cyanoacrylate adhesives were originally developed in the late 1940s, and their potential
as a medical adhesive became evident during the Vietnam War as a hemostat for soldiers
wounded in field combat. These compounds entered the clinical market in the 1980s as
dental products, liquid bandages, and wound closure adhesives. Today, several products are
approved by the FDA and other regulatory agencies.

The use of cyanoacrylate adhesives in surgery is significant because of their unique
combination of chemical and physical properties. They are single-component, catalyst-free
adhesives capable of bonding at room temperature within just a few seconds. Cyanoacrylates
require no external initiation, relying only on the small amounts of adsorbed water and
chemicals on the tissue surface for cure. Unlike sutures, which leave small openings in the
wound, cyanoacrylates form a continuous seal which efficiently distributes the load and
leads to decreased scarring. These adhesives can also act as a liquid bandage to protect the
wound and even act as a reservoir for antibacterial medication.

8.1.1 Basic Requirements of Surgical Adhesives

One can understand how far cyanoacrylates have come and also how far they still need to
go by considering the general requirements imposed on a surgical adhesive. Five criteria are
important in the use of surgical adhesives: safety, effectiveness, usability, cost, and regula-
tory approval[2]. Cost is an important consideration because some adhesives are relatively
expensive compared to traditional surgical techniques. Only products that satisfy all of
these criteria will be recognized and widely accepted by the surgical community.
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General requirements for surgical adhesives are listed in Table 8.1, but most require-
ments will depend on the surgical procedure. Surgical adhesives must be nontoxic, safe,
and free from risk of infectious transmission. Ideally, they should be bioabsorbable and not
persist for a long time as a substance that is foreign to the body. Surgical adhesives should
not hinder the healing processes. Appropriate working life, gel time, and mechanical prop-
erties will be required for specific procedures. They should bond rapidly to the surrounding
tissues in the presence of water or other bodily fluids and provide high adhesive strength.
However, the working life and gel time should be long enough for the surgeon to apply

Table 8.1 General Requirements of Surgical Adhesives

Chemical:

« Curable from the liquid state (wettable and spreadable) through polymerization, chemical
crosslinking, or solvent evaporation

 Rapidly curable under wet physiological conditions (e.g., blood) at body temperature

+ The adhesive should provide sufficient tack for early fixation and opportunity for
rearrangement

o Any exothermic or chemical process involved in the curing of the adhesive should not
damage the surrounding tissue

Physical:
o Once cured, the adhesive should mimic the mechanical performance of undamaged tissue
« Should not shrink excessively after application
« High bonding strength to tissues
« Tough but pliable
Clinical:
o  Should be simple to handle and be easy to store (long shelf-life)

«  Viscosity, bond strength, working life, and strength development time should be suitable
for the procedure

« Should be sterile
Biological:
« Should not influence the healing process and the regrowth of new tissue where possible

o Adhesive product or degradation products should not affect the tissue (dermatitis, heat and
chemical sensitization, etc.) or histotoxicity

o Adhesive or degradation products should not be transferable through the body
« Nontoxic components and degradation products that are bioabsorbable or are metabolized
in a reasonable time
Regulatory:
o  Should meet appropriate standards and regulations relevant for the procedure (e.g., United

States Pharmacopoeia (USP) Class VI Standard and International Standards Organization
(ISO) ISO-10993).
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the dressing without being rushed. Other properties such as hardness, flexibility, exotherm
temperature, etc. are important considerations as they can cause discomfort to the patient.

As with other surgical techniques, the use of surgical adhesives and sealants requires
special training in order to attain full value and minimize complications. As with most
adhesives and sealants, mixing and application procedures can be critical factors for suc-
cess. Working time is an important factor that can cause complications and limit the type
of procedures that can be performed. Due to toxicological concerns, not all substances are
approved by the FDA or other regulatory agencies and some adhesives are limited as yet to
only external procedures.

8.1.2 Surgical Substrates

For surgical adhesives, one substrate will always be a bodily tissue (skin, bone, muscle, etc.).
These tissues can be external or internal. External substrates are exposed to air, sweat, and
other elements, while internal substrates are constantly submerged in bodily fluids. As a
result, surgical adhesives must generally bond to wet substrates and provide lasting strength
in wet environments. This is indeed a challenge for many adhesive systems.

However, the substrates have many functional groups on their surface which can be
used to develop adhesion. Table 8.2 describes tissue surfaces with regard to their functional
groups and requirements. Blume and Schwotzer[3] provide an excellent review of the prop-
erties of tissue substrates as related to the development of adhesion.

Researchers have also shown that tissue adhesion can strongly be improved by adding
functional groups to yield engineered hybrid adhesive materials[4]. These adhesive materi-
als have a blend of different functional groups with specific hydrophobic / hydrophilic ratios.

Table 8.2 Specifics of Tissue Substrates[3]

Tissue Type Functional Groups on Surface Specific Requirements for
Applied Adhesive

Skin Waxy lipids: -OH, -NH, Resistant to water (sweat)
Fatty acids: -COOH and hydrophobic
Proteins: -OH, -COOH, -NH,, -CONH,, -§-§ | ~ compounds (>C,)
Triglycerides: -COOR

Teeth Proteins: -OH, -COOH, -NH,, -CONH,, -S-S Resistant to water (saliva)
Carbonated hydroxyapatite: -OH, PO,

Bones Glycoproteins: -OH, -CHO, -S-S Wet bonding process,
Proteins: -OH, -COOH, -NH,, -CONH,, -$-S injectable, resorbable
Calcium hydroxyapatite: -OH, PO,, Ca**
Phospholipids: -OH, -COOH, -NH,, PO,

Blood vessels Phospholipids: -OH, -COOH, -NH,, PO, Wet bonding process,
Proteins: -OH, -COOH, -NH,, -CONH,, -S-S injectable, resorbable
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8.1.3 Scope and Objectives of this Review

From the above requirements it is apparent that there is no single surgical adhesive that is
currently acceptable in the majority of procedures. Arguably, cyanoacrylates have gener-
ated the most interest and have the greatest potential. Cyanoacrylate adhesives have several
benefits and limitations in surgical applications (Table 8.3), and today their surgical applica-
tions are limited mainly to external or temporary use. However, their formulation oppor-
tunities promise new developments that will compete strongly not only for wound closures
but for other surgical procedures as well.

As a result of this anticipated success, cyanoacrylate surgical adhesives are the focus
of this review article. Improvements in safety, biodegradation rate, tissue adhesion, and
application characteristics will need to be addressed before these materials gain greater
acceptance. This review provides a description of the chemistry, categories, formulation
modifications, and clinical applications of medical-grade cyanoacrylate adhesives that have
been developed over the last 50 years. The value of cyanaoacrylates in today’s surgery, their
unmet needs, and likely pathways for improvement are identified.

8.2 Types of Surgical Adhesives
8.2.1 Full Scope of Surgical Adhesives

The full scope of medical adhesives (Figure 8.1) includes those used for surgery (tissue
adhesives), pressure-sensitive adhesives used for bandages, tapes, labels, etc. and assembly
adhesives used to assemble various medical products. This review focuses on cyanoacrylate

Table 8.3 Benefits and Limitations of Cyanoacrylate Adhesives in Surgical Procedures

Benefits Limitations
« Simple cure mechanism « Significant reactivity results in short
« Rapid strength development shelf-life
« No measuring or mixing required « Due to reactivity, precautions are needed for
« High tensile-shear strength (approximately application and delivery
an order of magnitude greater than other « Limited gap cure
surgical adhesives) o Soluble in polar solvents
o Excellent adhesion to a wide variety of sub- | « Relatively high material cost
strates including human tissues and graft « Toxic byproducts (e.g., formaldehyde) can
materials form on degradation causing inflammation
« High strength possible on polyolefins and (additive scavengers can reduce this risk)
fluorocarbons using primers « Heat produced from the curing reaction can
 Available in FDA approved, USP Class VI, cause inflammation
and ISO 10993 compliant formulations « N-butyl-cyanoacrylate is relatively rigid

(octyl-cyanoacrylate has significantly higher
flexibility)
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adhesives for surgical applications, and this section deals with other surgical adhesives that
may be considered for similar functions. These adhesives can be considered competitors of
cyanoacrylate adhesives in certain procedures.

Surgical adhesives are used during a surgery or after a traumatic injury to bond together
external or internal bodily tissues. Surgical adhesives can be used as alternatives to or in
conjunction with more conventional methods of closure such as sutures or staples.

Confusion sometimes exists regarding the differences between a surgical “adhesive”,
“sealant”, and “hemostat”. They do similar tasks such as sealing post-operative internal air or
fluid leaks or closing a topical wound, but each has specific advantages and disadvantages.

Surgical sealants are absorbable materials used primarily to control internal bleeding
and to seal tissue. Sealants prevent the leakage of body elements, thereby reducing risk of
complications and enhancing the ability to manipulate fragile tissues. Sealants are gener-
ally intended for light bleeding, and they generally degrade rapidly (in a few days to a few
weeks). They are often applied over incisions as hemostatic agents. Often they have low or
no adhesive strength. The most common type of surgical sealant is fibrin.

Certain sealants have only one function, to help blood clotting, and these are known as
“hemostats”

Intraoperative and postoperative blood losses have always been a primary concern in
modern surgery. Sealants as well as adhesives have also been used to stem the flow of blood.
In addition, several modern techniques exploit different types of energy to induce blood
clotting: monopolar energy (Tissuelink, Salient Surgical Technologies, Dover, NH, USA) or
bipolar energy (Ligasure, Covidien, Boulder, CO, USA), and electrocoagulators based on
radiofrequency and ultrasound (Ultracision, Johnson & Johnson, New Brunswick, NJ, USA).

Surgical adhesives are stronger than sealants, and they are typically non-absorbable.
They provide tissue fixation and attachment to allow easy and rapid operative procedures.
Adhesives may have a hemostatic effect if used to reduce the potential for blood loss even
though they do not directly cause blood to clot. Surgical adhesives are generally consid-
ered to be alternatives to more conventional methods of tissue fastening such as sutures
or staples. Adhesives are used in procedures requiring higher bonding strength, sealing of
heavy bleeding, and long-term durability. Adhesives are used primarily for bonding tissue-
to-tissue and tissue-to-grafts of various types. The most common surgical adhesives are
based on cyanoacrylate.

In all cases, these materials go from a liquid phase (during application) to a solid phase
(during service) based on some mechanism. These mechanisms include chemical cross-
linking by mixing several reactive components together, solvent evaporation or absorption,
heat activation, light (laser) activation, and a variety of other energetic methods (ultrasonic,
magnetic, etc.).

The combination of formulation and activation mechanism will control how fast the
adhesive / sealant sets and this will generally be dictated by the application. For example,
cyanoacrylate adhesives are very rapid setting polymers that have been effective embolic
agents for brain vascular malformation. However, its application to other procedures, such
as aneurysm repair, has been limited seemingly because of the technical difficulties of
using the adhesive, such as too rapid a polymerization, precise positioning of the delivery
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catheter, accidental bonding to the catheter, premature gellation in the delivery tube, and so
forth. Considerable skill is required for cyanoacrylate embolization.

The functions of surgical adhesives and sealants often do not have strict boundaries.
Although the adhesive strength of sealants is often considered to be too low to bond wet
tissue on their own, they are still considered viable adjuncts for many closure applications
such as microvascular surgery and fixation of vascular grafts. Also, cyanoacrylate adhesives
are often used to seal and provide embolization even though they are not as elastic as a
“sealant”[6]. Surgical sealants and adhesives are often considered together when the sur-
geon goes through a selection process. In many articles and reports, surgical sealants and
adhesives are often colloquially referred to as “glues”

8.2.2 The Surgeon’s Toolbox

Currently there are several types of surgical or tissue adhesives, which are traditionally clas-
sified as either natural (biological) or synthetic. Recently another class of surgical adhesives
has been suggested - “biomimetic” adhesives. These are adhesives that attempt to mimic the
function of an animal such as a gecko or mussel. In recent years a gecko-mimicking adhesive
has been developed for wet tissue adhesion[7]. Biomimetic surgical adhesives are as yet not
commercially available.

There are many tissue glues that are currently used in clinical and experimental proce-
dures. Each of these has an optimal clinical application depending on physical and chemical
characteristics (bond strength, fluid or solid consistency, activation mechanism, etc.). The
strength of these products to tissue varies considerably from product to product, with cya-
noacrylate adhesive having the strongest bond strength.

Of these tissue adhesives, five main types appear to be preferred by surgeons:

« Fibrin sealants

 Cyanoacrylates

o Collagen-based compounds (made from bovine collagen and thrombin or human
plasma)

o Poly(ethylene glycol) polymers

o Glutaraldehyde products (made from bovine albumin).

Several examples of the manufacturers and their products are provided in Table 8.4. The
composition, function, and value of these materials are summarized in the following sections.

8.2.2.1 Fibrin Sealants

Fibrin sealants are a type of surgical adhesive derived from human or animal (bovine)
blood products. Fibrin sealants are absorbable, relatively easy to use, and can be kept at
room temperature or in a refrigerator prior to use. They are generally used by surgeons for
hemostasis and sealing during cardiac surgery, liver surgery, and splenic trauma. Fibrin
sealants are commonly used because they are relatively safe, and they have a long history
and a wide range of applications.
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Table 8.4 Examples of Commercially Available Surgical Adhesives and Sealants by Type

Type of Surgical Trade Name / Supplier
Adhesive / Sealant
Fibrin TachoComb / CSL Behring, Tokyo, Japan

Haemseal APR / Haemacure Corp., Sarasota, FL, USA
Tissel VH / Baxter Healthcare Corp, West Lake Village, CA, USA
Aventis / Berring GmbH, Marburg, Germany

Cyanoacrylate Dermabond / Ethicon, Somerville, NJ, USA

Trufill / Cordis Neurovascular, Inc., Miami Lakes, FL, USA
Histoacryl / B. Braun, Tuttlingen, Germany

Glubran 2 / GEM s.r.l, Viareggio, Italy

Collagen FloSeal,/ Sulzer Spine-tech, Anaheim, CA, USA
Proceed/Fusion Medical Technologies, Mountain View, CA, USA
CoStasis / Cohesion Technologies, Palo Alto, CA, USA
Poly(ethylene glycol) AdvaSeal / Ethicon Inc., Somerville, NJ, USA

CoSeal / Cohesion Technologies Inc., Palo Alto, CA, USA
FocalSeal-L / Genyzme Biosurgery Inc., Cambridge, MA, USA

Glutaraldehyde BioGlue / CryoLife, Inc., Kennesaw, GA, USA
products

Cardial / Technopole, Sainte-Etienne, France

It is claimed that the fibrin glues have a powerful hemostatic effect and promote healing
by inducing blood clotting. Fibrin sealants essentially mimic the final stages of the coagula-
tion cascade in the human body. They comprise two components: fibrin and thrombin. In
the presence of calcium ions, thrombin cleaves the fibrinogen chains to form fibrin mono-
mers, which can then polymerize to produce a physiological fibrin clot. This fibrin clot
degenerates by physiologic fibrinolysis in two weeks. The sealant is completely reabsorbed
by the body and does not induce an adverse inflammatory tissue reaction.

Formulations of fibrin glues contain two separate components that are reconstituted as
two separate systems with sterile water immediately before use and then mixed immedi-
ately prior to application. Fibrin sealants tend to polymerize rapidly. Hence, the individual
components are generally applied through a double plunger syringe or a double lumen
injection needle catheter.

The tensile strength of the fibrin clot is mainly a function of the fibrinogen concentration
of the glue. The speed of cure is determined by the thrombin concentration. Fibrin glues
usually lack sufficient adhesive strength without the support of suture, staples, or other fixa-
tion devices. The adhesive strength is weak (~13 kPa) compared to cyanoacrylate (~68 kPa).
TachoComb (CSL Behring, Tokyo, Japan) was determined in one investigation[8] to have a
stronger adhesive and sealing potential than other fibrin based adhesives.
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Fibrin glue has been used since the 1970s for hemostasis in cardiac surgery[9] and for
sealing of vascular grafts and treatment of aortic dissections in vascular surgery[10], as
well as many other surgical procedures. Optimal application requires a dry operative field,
which can be difficult to achieve, and thus fibrin sealants are most used while the suture
line is dry to prevent possible hemorrhage. Fibrin sealants have been applied by endoscopic
procedures for the treatment of peptic ulcers and for the prevention of anastamotic leaks
during gastric bypass surgery. While fibrin glues have been used in Europe for endoscopic
hemostasis in bleeding ulcers and varices, in the US product labeling does not endorse
intravascular injection. The University of Virginia Tissue Adhesive Center is a multidisci-
plinary center that provides educational programs and clinical consultation of sealant use.
Their focus appears primarily to be on fibrin based sealants.

The main advantage of using fibrin based adhesives is their lack of toxicity, complete bio-
compatibility, and a natural degradation process so that healing is not affected. Drawbacks
of fibrin products include the method of preparation, relatively low bonding strength, and
somewhat variable response time.

8.2.2.2 Cyanoacrylates

The cyanoacrylate tissue adhesives are liquid monomers that polymerize quickly on con-
tact with tissue surfaces in an exothermic reaction creating a strong yet somewhat flexible
film that bonds the wound edges. The two primary types of cyanoacrylates used as tissue
adhesives are:

o N-butyl-2-cyanoacrylate (Histoacryl, B. Bruan, Tuttlingen, Germany; Glubran 2,
GEM S.rl., Viareggio, Italy; Trufill, Cordis Neurovascular, Inc., Bridgewater, NJ,
USA, and others)

o 2-Octyl-cyanoacrylate (Dermabond, Ethicon, Raleigh, NC, USA, and others)

Dermabond and Trufill are approved by the FDA for superficial wound closure, and are
used by emergency room physicians, dermatologists, and plastic surgeons for external tis-
sue adhesives. The 2-octyl-cyanoacrylate (OCA) is about three times stronger and more
flexible than N-butyl-2-cyanoacrylate[11]. OCA is comparable to 5-0 sutures yet should
not be used alone in tissue joints where there may be high post-operative stress.

Unlike fibrin sealants, cyanoacrylates are not bioabsorbable and the body cannot break
them down. The degradation products are cyanoacetate and formaldehyde. These products
can accumulate in tissues and produce significant histotoxicity characterized by both acute
and chronic inflammation. Fibrin glues are generally less toxic than cyanoacrylates; how-
ever, they are less strong, less available, and more expensive.

Using cyanoacrylates can avoid sutures -- a great advantage when operating on young
children. Cyanoacrylates are waterproof, flexible and require no dressing on the wound.
Cyanoacrylate adhesives have many different uses and considerable research is underway
on the application of certain cyanoacrylate products in a drug delivery system. The various
types of cyanoacrylate surgical adhesives, their formulations, and history of development
and clinical use are more fully described in other sections of this review.
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8.2.2.3 Collagen-Based Adhesives

Collagen-based adhesives are relatively new, but they show significant potential. Collagen-
based compounds are surgical adhesives made from bovine collagen, bovine thrombin, and
human plasma. Collagen based compounds assist with coagulation by delivering fibrino-
gen to the wound area, which helps to control bleeding. Collagen-based adhesives are bio-
absorbable and suitable for cardiovascular surgery, though further study is needed to assess
long-term risks.

Two of these products are approved for use in the US: FloSeal (Sulzer Spine-tech,
Anaheim, CA, USA) and Proceed (Fusion Medical Technologies, Mountain View, CA,
USA). FloSeal is marketed for vascular surgery hemostasis, and Proceed is intended for
prevention and treatment of cerebrospinal fluid leakage.

CoStasis (Cohesion Technologies, Inc, Palo Alto, CA, USA) is another collagen product
that adds autologous human plasma to the bovine collagen and thrombin. The literature
suggests that CoStasis provides significant improvement in the control of surgical bleed-
ing in general, as well as in hepatic, cardiovascular, and orthopedic procedures. CoStasis
has been successfully used for endoscopic control of severe upper gastrointestinal bleeding
from metastatic cancer[12].

8.2.2.4 Poly(ethylene glycol) Polymers

Poly(ethylene glycol) (PEG) polymers are biodegradable agents that can be used to act both
as a fluid barrier and as a hemostatic agent. PEG sealant can be applied as a two-component
system that crosslinks during bonding. PEG gels can also be crosslinked with visible light
in order to provide a seal.

They form an adhesive bond rapidly and are biodegradable in about 1-6 weeks. PEG
surgical glues may be more expensive than other products.

PEG sealants have been shown to be useful in preventing dural leaks after neurosurgical
procedures. Dural leaks are potentially dangerous because of the possibility of meningitis, and
the leaks can lead to severe headache. PEG sealants have also been used in the control of pul-
monary air leaks. However, the product swells within the body and must be used sparingly in
tight spaces such as intracranial cavities.

One example of this is FocalSeal (Genyzme Biosurgery Inc., Cambridge, MA, USA),
which is based on a primer and a sealant. The primer is first brushed on and absorbed by
the tissue where it crosslinks. The sealant is applied in the form of an aqueous solution. The
sealant is then cured into a gel by photopolymerization with visible blue-green light (450-
550 nm). FocalSeal is FDA approved. Another example of this type of adhesive is AdvaSeal,
Ethicon, Somerville, NJ, USA. It is a one-component bioabsorbable poly(ethylene glycol)
based synthetic compound that undergoes photopolymerization to form a flexible and
strongly adhered hydrogel.

PEG polymers have the potential to be very useful. However, at this point the application
process is complicated and adds a significant amount of time to the procedure. The pho-
toactivation makes application of the compound difficult and nearly impossible in hem-
orrhage situations. This obstacle is claimed to be overcome by yet another PEG product
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currently being evaluated in the US (CoSeal, Cohesion Technologies, Inc., Palo Alto, CA,
USA).

Hydrogels are synthetic PEG polymers commonly used in lung and thoracic surgery
due to their ability to seal air leaks. Hydrogels are bio-absorbable and stronger than fibrin
sealants. They are also photoactivated, meaning that the sealant sets with exposure to light,
which can be a drawback in situations where a patient is hemorrhaging.

8.2.2.5 Albumin and Glutaraldehyde Products

This group of adhesives is based on the combination of albumin and organic compounds to
provide adhesion. They are sometimes referred to in the literature as gelatin-resorcinol-formalin
(GRF) glues, and contain formaldehyde and glutaraldehyde as an activator. Currently, there is
one GRF compound approved in the US (BioGlue, CryoLife Inc., Kennesaw, GA, USA). In
BioGlue, the formaldehyde component is left out because of its toxic potential. To date, none of
the other GRF glues have been approved by the US FDA because long term outcomes are not
yet known.

The glue is composed of purified bovine serum albumin and glutaraldehyde. It utilizes
the crosslinking reaction between glutaraldehyde and amine groups for its adhesive effect.
The amine groups are supplied by the amino acid lysine, which is abundantly present in
bovine serum albumin as well as in extracellular matrices and cell surface proteins. The
reaction is rapid (2-3 min) and the resulting scaffold is relatively strong. GRF BioGlue is
delivered via a proprietary device that requires minimal set-up time.

BioGlue has been used worldwide in many different surgical locations and procedures
including: cardiac (aortic valve replacement, coronary artery bypass grafting, aortic dissec-
tion repair, and aneurysm repair of the abdominal aorta), vascular, pulmonary, gastrointes-
tinal tract, and general surgery procedures[13, 14].

Currently BioGlue is limited in the US to the repair of aortic dissection (i.e., filling in of
the false lumin)[15]. BioGlue fills in the dissection, thus closing the cavity and providing a
stronger arterial wall for repair. BioGlue’s properties allow it to be used in sealing, reinforce-
ment, and in rebuilding of tissues. It has a half-life of approximately 30 days.

Potential complications include vascular strictures at the site of application or emboliza-
tion of adhesive substance from the local site to a distant site. Like cyanoacrylate adhesives,
GREF adhesives are considered cytotoxic and are poorly reabsorbed.

8.2.2.6 Others

Other organic compounds are currently being considered for surgical adhesive applica-
tions. For example, polyurethanes[16, 17] and proteins[18] from marine organisms (e.g.,
mussels) are actively being studied but are not yet widely available on a commercial basis.
Researchers[19] have developed a biological glue from gelatin and poly(l-glutamic acid),
PLGA. This is a hydrogel that can be used for soft tissues. Water soluble carbodimides can
be used to crosslink the aqueous mixture of gelatin and PLGA. The mixed solution sets to a
hydrogel as rapidly as fibrin glue. Gel time can be controlled by the PLGA and carbodimide
concentrations, and tensile strength is controlled by the PLGA concentration. The cured
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hydrogel exhibited firm adhesion to mouse skin and other soft tissues with a higher bond-
ing strength than fibrin glue. The adhesive is gradually absorbed with time in vivo.

8.2.3 Comparison of Adhesive Types

An adhesive used for tissue bonding must possess a number of attributes, and many of the
basic requirements have been identified in the previous section of this review. The advan-
tages and disadvantages of the main surgical adhesives and examples of commercial prod-
ucts are listed in Table 8.5.

Above all else the adhesive must hold the tissue together with adequate bond strength
for sufficient time. Once cured it must also have physical properties (elongation, conform-
ability, etc.) that are suitable for the application. The tissue should regrow to heal the defect
naturally, in which case the adhesive must also degrade at a rate which is consistent with its
replacement. It must be chemically acceptable to the body, and any degradation products
must be able to be removed by natural processes. Although there is no specific set of criteria
for the surgeon to use in selecting a surgical adhesive, Table 8.6 provides a list of certain
essential properties that are important.

Bond strength and physical properties such as elongation provide a method of compar-
ing adhesives. Bond strength will depend on the substrate. Most adhesives bond well to
graft materials due to penetration and mechanical bonding. The bond strength to the bodily
tissues is expected to be the “weak-1link” in the joint.

Chivers and Wolowacz[21] conclude from their investigation that the bond strength will
depend strongly on the nature of the adhesive and the condition of the tissue, with adhesive
bond strengths showing the following orders of magnitude:

« Cyanoacrylate: 1 MPa
¢ GRF: 0.1 MPa
o Fibrin: 0.01 MPa

The bond strengths measured in their study depended somewhat on the type of tis-
sue being bonded (Table 8.7). However, the order of bond strength remained constant
(cyanoacrylate>GRF>fibrin).

The rigidity of the adhesives follows the same ranking. Cyanoacrylates are relatively
brittle and show an interfacial failure mode. Fibrin adhesive / sealants are relatively soft and
provide cohesive failures. As a result, fibrin is more often used as a sealant than an adhesive
and is usually applied only to softer tissue.

8.3 History of Cyanoacrylate Surgical Adhesives

8.3.1 Development of Cyanoacrylates as Industrial Adhesives

Cyanoacrylate resins were developed during the 1940s. The earliest patents on the prepara-
tion of cyanoacrylates were issued in 1949 and assigned to B.E. Goodrich Company([22, 23].
The adhesive properties were later realized accidently. Between the years 1955 and 1957, a



258 PROGRESS IN ADHESION AND ADHESIVES

suoneorjdde £reroduo)

PUE [BUI)XA 0] PAJOLIISAT A[USLINY) o

9]qeq10sqeoiq JoN *

£o1%0)

PUBISIOPUN 0) PIPIIU BIRP JIOJN *

S[enpIAIPUT UTeLISD UM STIIJRUWLIS( *

ampadoid uo

Surpuadap jse] 00) ST 21N SAWTPWOG

Jooxdioyep, o
UOIJDJJUT JO UOISSIUWISURI) JO YSLI ON
($a1Imns 0U) SWOIINO J[JIWSOD POOL)

*239 “pOOq “@INISIOUT JO IOUD

([9[uay) [ruapuy o

(Teorpaworg

UOISIYPY) [ISOIO[]
(TTs WED) cueIqn -«
(unexq “q) [AI10BOISTH o

(01807 pajy) pueaqmbry e

Ayonsep moT o | -saxd ur (s 09-0¢) Ajprder sozrowid[og e (uootyjy) puoqewriog o Jje[h1oBOURLD
% .
105 01 urz< sormbay * (SIs9ULHOULIY]T,) [BISOALD)
(sosna (qued[1Q) 15e[J USDID) o
10 UOT}OJUT JO UOISSTWISUe) JuaAdxd (19Xeq) (0908, *
0) PaJsa) / PaJeaI] 9q Jsnwr) poo[q Surxiur uo samy (Burryag) g iseduog
UBWNY 10 UIAOQ WOIJ PAINIORJNURIA o SISB)SOWIY] 9INDIS 0} [BIP] o (191xe() [99SSI, * uLqrg
jueeas
| PAISIYpPY
sadejuespesi(q sadejuespy (T2amydeynuely) swreN spel], | [esrding yo adAy,

SOAISIUPY [e0131ng Ppajodas Jo saSejueapesiq pue sadejueapy '8 d[qel,




259

CYANOACRYLATE ADHESIVES IN SURGICAL APPLICATIONS

asn [e51do} 10 [RUINXS JOJ J[qeINS JON
yImois [erra)oeg e
(s1eaf ) swmy wondiosqe Suoy

[e3s S[qIXaT]

S 09-0¢ Ul $319S
Sumxtur £q saan)

(syodouyoay) rerpre)
(3yr1041D) Snfdorg

syonpoad
apAyoprereinin

suonenwIo} o[qeferds

(pazirowkjodojoyd) s 09> ur saan)

skep o¢ noqe ur uondiosqeay (UOOTY3) [BISBAPY
srqnedwodorg (oug A1981msorg
UOISYpe POOD) owzAuan)) T-[eas[ed0]
SAISIYPE Ue S J[qeynsun sp30IpA o adexea[ (ser3ojouyda], srowA[od (J0d
AJI[-J[9YS HOYS pmbry 10 118 JUaA21d S[0IpAL Uuo1SaY0))) [8950D) -£13 suspdy3e)4[og
195 0] UTWIZ< s2ImMbay o
(Aqreorueypowr
A[uo 2oe[d ur sAe3s) uolsaype Mo o ur10j 0} 102 & 10J (sa13o[ouya,
(sasnia XLIyew o[qels A[fesrueyoow e sapraoid UoIsaY0D) SISLIS0D
IO UOT)OIJUT JO UOISSTWISULI) JUAdId pue pooiq jo aduasaxd ay) ut S[PMS (sd13o[ouyday,
0} P23s3) / pajear} 3q Jsnuwr) poorq 19)58] [JIP3JA UOISN]) Paad01 spunodwoo
UBTUNY] JO 9UTAOQ TUOJJ paIrnjoejnuely « | Apoq 0jut sqIosqe Inq ULIqY 0} Te[Iug (yo91-aurds 19z]ng) ‘TeISOL] uaSerjon

‘JU0d '8 d[qeL,



260 PROGRESS IN ADHESION AND ADHESIVES

Table 8.6 Suggested Criteria for Comparing Sutureless Adhesives (Required value will
depend on nature of surgical procedure)[20]

Curing « Time to set, seconds
« Time to reach 100% bond strength, seconds
Physical o Tensile strength, MPa

o Modulus, MPa
« Cydlic fatigue, Hz/cycles
o Tear / peel strength, MPa

Biodegradability « Time to degrade, hours-days
« Time to absorb into the body, hours-days

Table 8.7 Measured Bond Strength Between Different Tissue Types for Butt Joints[21]

Adhesive Bond Strength, MPa
Cartilage Bone Skin
n-Butyl-2-cyanoac- 1.0 1.4 1.2
rylate (4) [1.4] (2) [L.6] (5) [1.8]
Gelatin-resorcinol- 0.15 0.2 0.07
formalin (GRF) (5) [0.23] (1) [0.20] (5) [0.12]
Fibrin 0.0049 0.011 0.019
(4) [0.0070] (5) [0.019] (6) [0.028]

Note: The mean is quoted first, followed by the number of specimens in parentheses and then the highest value
measured is in square brackets.

number of patents were issued to Eastman Kodak including the use of cyanoacrylates as
adhesives[24]. These materials only had limited use at first mainly because of their cost.
However, the small amounts of adhesive required to achieve high bond strength lessened
this as an issue, and cyanoacrylates commercially were introduced to the industry in 1958
and then to the general public as do-it-yourself type adhesives in 1973.

The first commercial cyanoacrylate adhesive was Eastman 910. Later similar composi-
tions were introduced into the market under brand names such as Krazy Glue, Super Glue,
Permabond, etc. These adhesives grew rapidly in the consumer market as well as many indus-
trial markets because of their ability to bond a wide variety of substrates in a few seconds.
Table 8.8 summarizes the general benefits and limitations of cyanoacrylate adhesive systems.

Early generations of cyanoacrylate adhesives had significant performance limitations.
Since they were essentially thermoplastic in nature, cyanoacrylate adhesives exhibited poor
thermal and chemical resistance. Since they were hard and brittle when cured, they exhib-
ited poor impact and peel properties. These drawbacks limited their industrial applications
to high volume assembly operations with minimal performance requirements.
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Table 8.8 General Benefits and Limitations of Industrial-Grade Cyanoacrylate Adhesives

Benefits Limitations
« Excellent adhesion to a wide variety of « Blooming/frosting
substrates « Difficult to cure fillet or exposed liquid
« Simple cure mechanism adhesive without activator
« Rapid strength development o Limited gap cure
« High strength possible on polyolefins and o Stress cracking could occur to some plastics
fluorocarbons using primers o Soluble in polar solvents
+ Available in USP Class VI compliant o Thermal and chemical stability not as good
formulations as with certain other structural adhesives
+ High shear strength « Unmodified formulations have low peel and
« No measuring or mixing required impact strengths
« Relatively high materials cost
« Pungent odor associated with early
formulations

Over the years the various properties of these adhesives were improved for specific end-
uses. New cyanoacrylate resin monomers (Table 8.9) have also been introduced to provide
faster cures, higher strength with some plastics, and greater thermal and impact resistance.
These newer products continue to offer the ease of use of a cyanoacrylate but now with the
added performance properties of a truly structural adhesive.

Improved heat resistance is addressed by the addition of crosslinking agents, heat resis-
tant modifying monomers, or both. The use of phthalic anhydride has been reported to
improve both the moisture resistance and heat resistance of the cyanoacrylates[26]. Rubber
toughened cyanoacrylates generally also show the best performance in water and humid
environments. Crosslinking monomers such as biscyanoacrylates or alkenyl cyanoacrylates
can be used to generate some amount of crosslinking in the adhesive[27].

Whereas unmodified cyanoacrylates normally have a maximum operating temperature
of about 82°C, new thermally resistant formulations offer continuous service at tempera-
tures as high as 120°C. Several formulations are commercially available that claim short
term service temperatures up to 150°C. These high temperature formulations are very use-
ful in electrical / electronic applications such as wire tacking and component bonding to
printed circuit boards.

Typically unmodified cyanoacrylate adhesives have a high lap shear strength, on the order
of 14-21 MPa, on most substrates. Lap shear strength can be further improved by 10-30%
and peel and impact resistance can be greatly improved by incorporation of tougheners or
plasticizers to the unmodified cyanoacrylate adhesive formulation[25, 27]. Products have
been developed which have 5-10 times higher peel strength than conventional compositions.

Plasticizers such as aliphatic esters, aromatic phosphates, and phthalates can also be
added to the cyanoacrylate formulations for flexibilizing the bondline. Plasticizers help



262 PROGRESS IN ADHESION AND ADHESIVES

Table 8.9 Relationship of Cyanoacrylate Monomer to Basic Adhesive Properties[25]

Property Methyl- Ethyl- beta- n-Butyl n-Hexyl
Methoxy
Tensile-shear strength | 22 20 18 15 8
on grit blasted mild
steel,
N/ mm?’
Typical setting time/s
- Steel 50 20 50 60 120
- Rubber 5 5 10 20 30
- pPVC* 10 5 15 30 60
Moisture resistance Good Good Good Good Fair - good
Solvent resistance Very good | Good Good Fair Fair
Maximum operating 90 90 90 90 80
temperature, °C
Odor Pungent Pungent Negligible Pungent | Negligible
Blooming Significant | Significant | Very slight Slight Very slight
*poly(vinyl chloride)
Table 8.10 A Typical Cyanoacrylate Adhesive Formulation[28]
Component Amount (pph) Function
Ethyl cyanoacrylate 91 Resin former
Poly (methyl methacrylate) 4 Thickener, flow control agent
Dimethyl sebacate 5 Flexibilizer
p-Methoxyphenol 0.1 Free radical inhibitor
Sulfur dioxide 0.005 Anionic polymerization
inhibitor

improve the peel strength and shock resistance of the cured cyanoacrylate adhesive.
Table 8.10 illustrates a typical early cyanoacrylate adhesive formulation.

Significantly improved impact strength has been accomplished using various elasto-
meric tougheners[29]. Modern cyanoacrylate adhesives include toughening agents such
as acrylonitrile-butadiene-styrene, ethylene-methyl acrylate copolymers, styrene butadi-
ene rubber grafted with styrene and methyl methacrylate as well as other copolymers and
grafted polymers. The toughening agent is usually added at a concentration of 15-20 per-
cent by weight of the cyanoacrylate monomer. The toughening mechanism is primarily one
of phase separation.
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Unmodified cyanoacrylate adhesives do not polymerize readily on acidic surfaces such
as wood or dichromated metals. The incorporation of poly-n-vinyl pyridine or polyeth-
yleneimine or even simple amines presumably serves the dual purpose of thickening the
liquid (for better bonding to the porous wood surface) and increasing the pH to speed cure.
Surface insensitive and fast reacting cyanoacrylates have been developed by adding agents
such as silacrown compounds, crown ethers, and calixarenes to ethyl cyanoacrylates.

Cyanoacrylates are now available in gel form in addition to the conventional low viscosity
liquids. These systems provide the ability to bond to substrates such as wood, leather, and fab-
rics, which have been notoriously difficult substrates for bonding with cyanoacrylate adhesives.
Fumed silica and high molecular weight acrylates are generally employed in these formulations.

Recently light curing cyanoacrylate adhesives have been developed that offer the rapid
light cure properties of a thermosetting acrylic adhesive coupled with the ease and speed of
a secondary cyanoacrylate cure[30]. Light curing cyanoacrylates are ethyl based products
that have photoinitiators added to the formulation, allowing them to set rapidly on expo-
sure to low intensity light, and to cure in shadowed areas.

A major benefit of light curing cyanoacrylate adhesives is that liquid adhesive can be
cured to a tack-free surface in less than three seconds through exposure to a low intensity
light. This prevents blooming (frosting of substrate surfaces) and stress cracking of plas-
tics, and greater gap thicknesses can be cured. Light curing cyanoacrylate adhesives can be
cured to depths in excess of 0.64 cm within 15 s. Since light cured cyanoacrylate adhesives
are thermosetting, they provide improved creep resistance at elevated temperatures.

8.3.2 Development of Cyanoacrylate Tissue Adhesives

The high bonding strength and ability to bond in wet environments attracted the medi-
cal community to cyanoacrylate adhesives in the 1960s. The surgical use of cyanoacr-
ylate was first proposed by Coover in 1959[31]. A series of reviews on medical applica-
tions of cyanoacrylate applications have since been published[1, 11, 32]. The various
cyanoacrylate adhesive derivatives are effective and recommended mainly for superficial
skin closure. The clinical applications of cyanoacrylate surgical adhesives are described
in a later section of this review.

Unfortunately, the short chain early butyl-cyanoacrylates (e.g., Eastman 910) proved to
be extremely toxic to tissue, preventing their widespread use at the time. The mechanical
(poor tensile strength and brittle nature) also limited their use to small lacerations and inci-
sions where post-operative stress was small. While the FDA prohibited their early surgical
use, research was being done to develop fast setting and strong n-butyl-cyanoacrylates that
were less toxic (e.g. Histoacryl (Braun), Indermil (Henkel), or LiquiBand (Advanced Medical
Solutions)). Then Ethicon developed Dermabond, a slower setting octyl-cyanoacrylate adhe-
sive with more flexibility. It was approved for external clinical use by the FDA in 1998.

Concerns with toxicity as well as mechanical properties (primarily flexibility) have led
to a series of improvements. Quite a few cyanoacrylate surgical products are commercially
available. They differ primarily in monomer type, formulation, and the design of their
application system.
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Today’s commercially available cyanoacrylate surgical adhesives are listed in Table 8.11.
Of these Dermabond, Indermil, and Turfill are FDA approved for topical wound closure
applications. Turfill is FDA approved for neurological embolization. The FDA, as yet,
approves no cyanoacrylate adhesive for internal use. However, internal use is not prohibited
in other countries or in clinical trials in the US. Many clinical studies have been made and
are underway. The major clinical studies will be described in a later section of this review.

Some commercial cyanoacrylate adhesives have been developed only for veterinar-
ian use. The main n-butyl-2-cyanoacrylate manufacturers are Vetbond (3M), VetGlu
(GluStitch), LiquiVet (Oasis Medical) and the main 2-octyl-cyanoacrylate manufacturer in
this category is Nexaband (Abbott).

8.3.2.1 n-Butyl-2-Cyanoacrylate

n-Butyl-2-cyanoacrylate surgical adhesives have been in use the longest. It has been widely
used in endoscopic therapy for more than 10 years. After polymerizing, the adhesive
becomes relatively brittle and is subject to fracturing when used in skin creases or long
incisions. Although this limits the application somewhat to low tension joints, n-butyl-
2-cyanoacrylate has been used with good cosmetic outcomes for various plastic surgery
procedures[33]. Several studies have shown that the strength of tissue joints made with
n-butyl-2-cyanoacrylate are equal to suture joints after 5-7 days; however, the initial break-
ing strength is much less than for a wound sutured with 5-0 monofilament[34].

The following summarizes the properties and applications of some of the more common
n-butyl-2-cyanoacrylate surgical adhesives.

Histoacryl Blue

Histoacryl Blue tissue adhesive has been widely used in hospital accident and emergency
departments for the treatment of pediatric patients and traumatic skin incisions in adults.
It has been compared with silk sutures as a means for closing incisions and was found to be
less inflammatory but the healing process was slower than sutures[35].

Histoacryl Blue has been the most widely used cyanoacrylate for internal operative pro-
cedures. For endovascular treatment, it has been mixed with Lipiodol for visualization and
retardation of the polymerization reaction. Histoacryl Blue contains a blue dye; Histoacryl
contains no dye. The manufacturer claims higher tensile strength than 2-octyl-cyanoacry-
late (Figure 8.2), but the bond strength to tissue is debated by others.

Glubran 2

Glubran 2 is a modified n-butyl-2-cyanoacrylate with high adhesive and hemostatic prop-
erties. It is certified (European Directive on Medical Devices 93/42/EU) for internal or
external use outside of the U.S. and has been used for endoscopic surgery. Kull, et al., evalu-
ated the properties of Glubran 2 on biological substrates and found it to be far superior to
fibrin adhesives[37].
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Figure 8.2 Comparative wound closure strength of Histoacryl and Dermabond in accordance with
ASTM F 2458-05 (adhesive is applied across the seam of a butt joint made with freshly harvested
porcine skin)[36].

Trufill

Trufill is a relatively new type on n-butyl-cyanoacrylate. It has received FDA approval for
use in neurological embolization procedures as well as for topical tissue closure. Although
much slower reacting than Histoacryl, Trufill also may require the addition of an inhib-
itor (e.g., Lipiodol) to slow the polymerization rate to allow for practical microcatheter
application[38].

Trufill is a three-component system containing n-butyl-cyanoacrylate, ethiodized oil,
and tantalum powder. It is used under fluoroscopic guidance to obstruct or reduce the
blood flow to cerebral arteriovenous malformation via catheter delivery. The ethiodized oil
is a radiopaque polymerizing retardant and will decrease the rate of polymerization of the
cyanoacrylate. The tantalum powder is used to provide additional visualization.

8.3.2.2 2-Octyl-Cyanoacrylate

2-Octyl-cyanoacrylate overcomes some of the deficiencies of the shorter-chain butyl deriv-
atives. Dermabond, the first 2-octyl-cyanoacrylate surgical adhesive, was approved by the
FDA for closure of superficial skin lacerations in 1998, and in 2002 it was approved by the
FDA as a barrier protection against common microbes.

The longer chain 2-octyl-cyanoacrylate adhesives are more flexible than the n-butyl-
2-cyanoacrylate derivatives. Additionally, plasticizers are added to produce a more pliable
and tissue-compatible product that flexes with the tissue and remains adhered for longer
periods. Because of this flexibility it is preferred over n-butyl-2-cyanoacrylate for long
incisions.

Thelonger chain length of the 2-octyl-cyanoacrylate monomer will also provide extended
cure times. The monomer is slower to polymerize than its butyl counterpart, taking up to
one minute to polymerize on skin tissue compared to 30 seconds for the butyl derivative.
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The bond strength of 2-octyl-cyanoacrylate is claimed to be about 3 times that of
n-butyl-2-cyanoacrylate and is closer to that of 5-0 monofilament suture. This stronger,
more flexible bond may allow its use in clinical applications not possible with n-butyl-2-cy-
anoacrylate. However, the relative bond strength of n-butyl-2-cyanoacrylate and 2-octyl-
cyanoacrylate adhesives is heavily debated.

A review of octyl-cyanoacrylate surgical adhesives has been made for animal and human
studies in a variety of surgical indications and specialties[11]. The 2-octyl-cyanoacrylate
derivatives are effective and recommended mainly for superficial skin closure. Use of the
material below the level of the skin can result in acute and chronic inflammation and tissue
necrosis[39].

However, cyanoacrylates have been used for embolization[38, 40] and repair of endole-
aks after conventional aortic abdominal aneurism surgery[41, 42]. Injection therapy with
cyanoacrylates is now considered the first line of endoscopic intervention of bleeding gas-
tric varices as well as secondary prevention of gastric variceal bleeds outside of the US[43].

The following summarizes the properties and applications of some of the more common
2-octyl-cyanoacrylate surgical adhesives.

Dermabond

Dermabond is a 2-octyl-cyanoacrylate adhesive. Its larger molecular weight is claimed to
provide flexibility and toughness. The manufacturer claims that Dermabond has tensile
shear strength 3X that of Histoacryl and an order of magnitude greater than other surgical
adhesives or sealants (i.e., fibrin, GRE BioGlue). Dermabond is FDA approved only as a
topical skin adhesive. However, it has been used clinically for embolization. Dermabond
can be successfully applied on surgical incisions from 0.1 cm to more than 50 cm long. With
an average tensile strength of 68 kPa it is indicated for cornea, skin wounds, or endoscopic
therapy[44].

Dermabond is a relatively slow cyanoacrylate adhesive having a slower polymerization
rate than n-2-butyl-cyanoacrylate type adhesives (60+ s vs. < 30 s). In fact, it is considered
far too slow on its own for certain topical skin applications. As a result, an accelerator is
added to the tip of the Dermabond applicator so that the flexible properties of the mono-
mer can be utilized. The monomer becomes activated as it moves through the pores of the
tip to give a desired setting time and provide a topical wound closure. Even in this mode
of application, the Dermabond product is considered to be slower setting than n-2-butyl-
cyanoacrylate derivatives.

SurgiSeal

SurgiSeal is a newer 2-octyl-cyanoacrylate from Adhezion Biomedical. It does not have FDA
approval as yet, but it appears to be similar to Dermabond in properties. However, the moisture
permeability rate for SurgiSeal is much higher which should provide better healing properties.
SurgiSeal is claimed to have a slightly faster polymerization rate than Dermabond, and the
accelerator is included in the formulation rather than incorporated in the applicator. Adhezion
Biomedical claims that SurgiSeal has higher T-peel strength than Dermabond (Table 8.12).
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Table 8.12 Comparative Test Results of SurgiSeal and Dermabond[45]

Property SurgiSeal Dermabond ASTM Test Method
Tensile strength, MPa 0.979 0.075 F2255-05
Lap shear strength, MPa 0.101 0.108 F2258-08
T-peel strength, 707 484 F2256-05
kg/cm
Wound closure strength, kg 1.22 1.09 F2458-05

8.3.2.3 Newer Cyanoacrylate Surgical Adhesives

More recently in the UK there has been the development of blended butyl- and octyl-
cyanoacrylates (LiquiBand, Advanced Medical Solutions, Plymouth, Devon, UK) provid-
ing both a fast setting adhesive and a good degree of flexibility[46].

Recent research has also demonstrated that the new family of cyanoacrylate hemostatic
agents (OMNEZX, Ethicon, Somerville, NJ, USA), which had previously proven their safety
and eflicacy in topical use, are now safe and effective absorbable surgical sealants for inter-
nal use. OMNEX is a cyanoacrylate-based synthetic surgical sealant. To date, the use of
OMNEX has only been described in a limited number of vascular surgery procedures.

8.4 Formulation Development

Cyanoacrylates can be synthesized by reacting formaldehyde with alkyl cyanoacetate to
obtain a prepolymer that, by heating, is depolymerized into a liquid monomer. The result-
ing monomer can be modified by altering the alkoxycarbonyl (-COOR) group to obtain
compounds with different chain lengths. The properties of various monomeric derivatives
are discussed in the first part of this section.

Additives can be incorporated at the end of the manufacturing process, although certain
additives are required early in the manufacturing process to prevent premature polymer-
ization. The additives that are incorporated during the final step are used to modify the
application properties (viscosity, set time, etc.) and performance properties (bond strength,
flexibility, etc.). Such additives normally used in medical grade cyanoacrylate adhesive for-
mulations are discussed in the second part of this section.

The final adhesive product must be carefully packaged to provide a practical shelf-life
since it is such a reactive resin. The cyanoacrylate can be packaged in tubes using conven-
tional, humidity-free, techniques. Because most metal tubes would react with the cyano-
acrylate, packaging tubes are usually made of plastic such as polyethylene although coated
aluminum tubes are possible. Once the cyanoacrylate is exposed to moisture or an alkaline
material, the monomers will repolymerize and harden.

Formulation of cyanoacrylate adhesives is typically difficult because of the sensi-
tivity of cyanoacrylates to contaminants and the extreme reactivity of the cyano-
acrylate curing mechanism. The difficulty in manufacturing is one reason for the high price of
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cyanoacrylate resins. Medical grade cyanoacrylate is even more expensive to manufacture and
purchase than commercially available industrial cyanoacrylates.

8.4.1 Monomeric Derivatives

There are several known methods of synthesizing cyanoacrylate monomers. The most
important industrial method uses the following sequence:

1. Base-catalyzed Knoevenagel reaction of formaldehyde with a cyanoacetate ester to
produce the 2-cyanoacrylate ester, which spontaneously polymerizes.

2. Thermal depolymerization (cracking) under acidic conditions and in the presence
of an inhibitor (e.g., sulfur dioxide, phosphorous pentoxide, or nitric oxide) to gen-
erate the monomer.

3. Purification of the monomer by one or more distillations.

4. Addition of stabilizers, thickeners, and other additives to produce a commercial
adhesive product.

The details of the reaction processes, pertinent manufacturing equipment, and quality con-
trol methods can be found in several publications[47, 48].

Cyanoacrylate adhesive monomers are alkyl-2-cyanoacrylates with a basic structure
which is shown in Figure 8.3. Different monomers can be manufactured by altering the
-R group. Development efforts have focused on modifying the chemical structure of the
cyanoacrylate monomer itself.

Ethyl and methyl are the most commonly used alkyl groups in industrial or do-it-your-
self cyanoacrylate adhesive markets. N-butyl-2-cyanoacrylate and 2-octyl-cyanoacrylate
encompass the expanding range of potential surgical adhesives. The uses and properties of
several cyanoacrylate monomers are shown in Table 8.13.

The longer the hydrocarbon group at the -R position, the slower the rate of polymer-
ization, the less heat released during polymerization, and the lower the histotoxicity. The
shorter-chain derivatives tend to have a higher degree of tissue toxicity than do the longer-
chain derivatives. The inflammatory or carcinogenic potential of cyanoacrylates, as well
as their degradation rates, are inversely proportional to the length of their alkyl (-COOR)
side chains. Thus, the longer the side chains the slower the breakdown and formation of
toxic degradation products (formaldehyde and cyanoacetate). In large quantities, these

If:

H CN R = CH3 — methyl-2-cyanoacrylate
\ct — (:/ R = C2H5 —» ethyl-2-cyanoacrylate
H/ \C  O0—=R R = C4H9 — butyl-2-cyanoacrylate
/ R = CH3CH(CH)2 — isobutyl-2-cyanoacrylate
¢

R = C8H17 —» octyl-2-cyanoacrylate

Figure 8.3 Monomeric cyanoacrylate. The R represents an alkyl group.
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Table 8.13 Commercially Available Alkyl-2-Cyanoacrylate Monomers

Alkyl Chemical Structure Uses and Properties

Methyl N Industrial adhesive; strongest bonds
[l to metals; good solvent and heat

C resistance
@]
~
HZC}Y CH,
O

Ethyl N General purpose industrial adhesive;
Il forms strong bonds to metals,

c plastics, and rubbers
O
H.‘,C)\ﬂ/ ~C,H,
(@]

Butyl N Surgical adhesive, adhesive also for
plastics and rubber; improved
flexibility; less irritating vapor
o than the lower cyanoacrylates

~~C,Hq

H.C

0
o)

Octyl N Surgical adhesive; low toxicity; very
good flexibility; moderate bond
strength; slower setting than the

1"
C
0 lower cyanoacrylates
~
H,C CeH,,
o

breakdown products can be histotoxic. Formaldehyde and cyanoacetate have the potential to
cause inflammatory reactions and impair wound healing. Therefore, 2-octyl-cyanoacrylate
(Dermabond) and n-butyl-2-cyanoacrylate (Turfill and Indermil) with longer side chains
have had safety profiles satisfactory for human topical application and regulatory approval
by the FDA.

The alkyl side chain has an important impact on the application properties and even-
tual performance of the cyanoacrylate adhesive. In general, reactivity can be increased by
incorporating shorter alkyl side chains or by increasing branching off the side chain. A
highly reactive compound will set fast and will be cohesively strong. However, short chain
monomers tend to form brittle bonds which do not distribute stress well and can fracture
easily. Also, short chain monomers, when exposed to moist or alkaline tissues, will result
in very rapid polymerization and can cause significant heat (exotherm) during polymeriza-
tion. Such heat can cause pain and inflammation.
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Longer chain monomers (particularly four carbon chains or longer) have been found to
be optimal for clinical uses. The polymer degrades by hydrolysis, and the longer the alkyl
chain, the more hydrophobic the polymer becomes. The alkyl chain of the octyl polymer is
so long and hydrophobic that it can take years to degrade[49, 50]. The degradation products
from the longer chain compounds are barely detectable in extraction studies. Thus, it is not
surprising that the longer chain cyanoacrylate monomers have passed FDA standards for a
medical device adhesive.

The low reactivity of these compounds also is accompanied by a slow polymerization
process, resulting in longer setting times, which is of benefit in surgical processes such as
endovascular embolization. In fact, in some clinical settings (topical wound closure), longer
chain compounds such as octyl-cyanoacrylate need an accelerator to polymerize in a clini-
cally useful time period. This is particularly true if the formulation has had stabilizers added
to improve stability during sterilization and to improve shelf-life.

The length and structure of the alkyl side chain also impart other important physical
properties to the cured product, such as flexibility. In general, the longer or more complex
the side chain, the more flexible the monomer. Such flexibility adds to the toughness of the
adhesive and is considered to be of importance in dynamic situations such as topical wound
closure (flexing of the skin) or for blood pulsation through an attached graft section.

8.4.2 Optimal Formulation Development

Commercial cyanoacrylate adhesives such as Dermabond or Histoacryl are fully formu-
lated products. They contain a certain base monomer as well as additives to provide for the
specific properties required for topical tissue adhesives. In the formulation process con-
sideration must be given to the base cyanoacrylate monomer, inhibitors, accelerators, and
other additives. As a result, there exist many cyanoacrylate formulation possibilities.

The methods to synthesize cyanoacrylates are elaborate and expensive. Although dis-
tributors and even surgeons can add modifiers to commercial cyanoacrylate adhesives to
optimize properties for a specific application, this practice is best left to those experienced
and having the proper processing equipment (i.e., the monomer manufacturer).

Once the liquid cyanoacrylate monomer is produced it is then stabilized with a free
radical inhibitor, such as hydroquinone. This serves as a free radical trap, preventing repo-
lymerization. Finally, various cyanoacrylate adhesive formulations can be manufactured by
adding components to vary viscosity, spreadability, set time, bond strength, degradation
rate, and other physical, chemical, and mechanical properties.

Cyanoacrylate adhesives are rarely sold as pure monomers. A simplified formulation for
a cyanoacrylate tissue adhesive is shown in Table 8.14. In fact, most surgical adhesive for-
mulations are even more complex, being customized for specific procedures. In addition to
the base alkyl-2-cyanoacrylate monomer, they may contain initiators, adhesion promoters,
thickeners, fillers, inhibitors, plasticizers, and dyes to modify both the application prop-
erties and final performance properties. In addition to the additives that the commercial
cyanoacrylate adhesive manufacturers incorporate, the surgeon or end-user may deem it
necessary to add modifiers to provide for a practical working time, radiopacity, etc.
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Table 8.14 Simplified Formulation of a Cyanoacrylate Adhesive[51]

Component Amount Function

Alkyl cyanoacrylate 75-82 wt % Base monomer

Acyl trialkyl citrate 18-25 wt % Plasticizer

Sulfur dioxide 50-500 ppm Anionic polymerization
inhibitor

Components can be added to the cyanoacrylate adhesive formulation to modify the
application or performance properties. However, this approach should be considered only
with caution because:

1. Additives and modifiers are likely to affect FDA or other regulatory approval since
most additives have lower molecular weight than the cured cyanoacrylate.

2. Unlike other adhesive types, the formulation of cyanoacrylate adhesives is difficult
because of the sensitivity of cyanoacrylate reaction rate to additives or contaminants.

Thus, most development work regarding new formulations has been focused on changes in
the chemical structure of the cyanoacrylate monomer itself. Several exceptions are noted
below.

8.4.2.1 Inhibitors

Inhibitors or stabilizers are added by the adhesive manufacturers to prevent polymeriza-
tion during storage. The specific type and concentration of inhibitor are chosen to provide
stability during storage yet fast cure on application to a substrate. The two main types of
inhibitors are radical polymerization inhibitors and anionic polymerization inhibitors.

Protection from anionic polymerization is provided by chemical compounds that are
electron acceptors (i.e., protonic and Lewis acids). Some commonly used inhibitors are
volatile acid gases and nonvolatile acids such as phosphoric acid, partial esters of phos-
phoric acid, sulfonic acids, and sulfur dioxide. These are used in various concentrations,
depending upon the type of stabilizer (Table 8.15). Sulfur dioxide gas was the earliest used
inhibitor. It is functional both during the manufacturing process as well as during packag-
ing and storage. More recently, solid inhibitors have been preferred.

The earliest patents in this area reccommend the use of SO,. The SO, was used in con-
centrations of 10 ppm to several hundred ppm. The gaseous inhibitors, however, presented
several problems. Being gases, they are difficult to handle, and the determination of exact
concentration of the gas in the adhesive is difficult. When SO, or other acidic gases are
used as a stabilizer, they have been noticed to separate from the liquid adhesive causing
reduced shelf-life[52, 53]. In prolonged storage, the inhibitors may evaporate and change
the cure rate and stability of the adhesive, particularly when polyethylene containers are
used. These problems have been generally overcome by using nonvolatile acid inhibitors,
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Table 8.15 Anionic Polymerization Inhibitors

Inhibitor Concentration
SO, 10-500 ppm
SO, 10-100 ppm
ArSO.H 10-30 ppm
Sulfones 0.1-0.2%
Sulfamides 10-500 ppm
Cation exchange resins 5%

Boric acid chelates 10-600 ppm

such as aromatic sulfonic acids, or to complex the SO, with chelates, or to provide the adhe-
sive in a gas barrier (e.g. aluminum foil) package.

Cyanoacrylate manufacturers also add inhibitors for free radical polymerization, usu-
ally phenolic types, such as hydroquinone or t-butyl catechol. Typical levels are 50-1000
ppm. These inhibitors protect the adhesive from polymerization induced by heat or light
and other radical sources during storage. If used in reasonable quantities, they do not affect
the cure speed of the adhesive. Radical inhibitors not only protect the formulated adhesive
during storage, but they also may be needed during distillation of the monomer to prevent
polymerization. Free radical inhibitors are generally also used to protect medical-grade
cyanoacrylate adhesives during package sterilization.

A free radical stabilizer system consisting of hydroquinone and butylated hydroxy-
anisole is described in a US patent application[54]. The stabilized adhesive composition
comprises cyanoacrylate monomers along with a first free radical stabilizer consisting of
hydroquinone in an amount of 5 to 70 ppm and a second free radical stabilizer consisting of
butylated hydroxyanisole in an amount of 500 to 10,000 ppm. This type of inhibitor system
can be used in both industrial and medical cyanoacrylate adhesives.

8.4.2.2 Stabilizers Added Depending on the Surgical Procedure

Two problems with commercial surgical cyanoacrylate adhesives are that (1) their polym-
erization rate is too rapid for the specific procedure being undertaken and (2) their lack of
radiopacity to detect the adhesive’s presence or location during the procedure. These prob-
lems can make precise, safe application difficult to achieve.

Speed of setting can be modified by the proper choice and concentration of inhibitors or
accelerators. One must be aware that cyanoacrylates have the potential for distal emboliza-
tion of untargeted sites if the injection rate is too rapid or the adhesive polymerization time
is so long that unpolymerized adhesive enters the blood stream[40]. Ideally, the surgeon
wants an adhesive that will set “on-demand” or at least provide sufficient working time to be
able to reach the surgical site through a microcatheter and wet the substrates before setting.
But once at the correct location, the adhesive should set as quickly as possible.



CYANOACRYLATE ADHESIVES IN SURGICAL APPLICATIONS 275

Modifications to address these problems include the addition of powdered metals, typi-
cally tantalum or tungsten, and iodized oils. Tantalum has been noted to result in a slow
initiation of polymerization. For embolic applications it should be added to the adhesive
shortly before its use. Iodized oils not only act as a contrast medium to opacify the adhe-
sive, but also reduce the polymerization time. However, the effect was found to be less pro-
nounced when mixing n-2-butyl-cyanoacrylate with iophendylate (Pantopaque, Lafayette
Pharmacol, Lafayette, IN, USA). Another side effect of the oils is to promote a less uniform,
more flocculent polymer. The addition of glacial acetic acid has also been described as a
method of delaying polymerization.

Most endoscopists mix cyanoacrylates with the lipid soluble Lipiodol to retard polymer-
ization and enhance imaging. A mixture that is too concentrated risks premature polymer-
ization, a mixture that is too dilute increases the risk of embolization. Lipiodol is also used
to coat the interior of the injection needle catheter, the interior of the endoscope channel,
and the tip of the endoscope to avoid damage to the endoscope.

In vitro measurements have shown that the polymerization of cyanoacrylates can be
delayed markedly and controlled by adding an oily radiopaque material such as Lipiodol
ultrafluid[55]. For example, a volumetric ratio of 1:4 of Histoacryl: Lipiodol provided good
flow properties with polymerization time of approximately 12 seconds and excellent con-
trast definition (Table 8.16). Pollak and White use a mixture of monomeric cyanoacrylate
adhesive with Ethiodol (Savage Laboratories, Melville, NY, USA) in ratios varying from 1:1
to 1:4[56].

Opverstabilization is a temptation to ensure long shelf and working lives for cyanoacrylate
adhesives. This practice, however, should be avoided because it leads to sluggish cure rates
and inferior bond strengths. Overstabilization with strong acids should also be avoided in
order to minimize hydrolysis.

Researchers have explored the possibility of non-adhesive cyanoacrylates to reduce the
potential for adhesion between the tip of a microcatheter and an artery. An isostearyl-2-cya-
noacrylate (ISCA) was developed to polymerize on contact with blood and does not demon-
strate strongadhesion to the catheter. The ISCA required mixing with n-2-butyl-cyanoacrylate

Table 8.16 Polymerization Time of Various Volumetric Mixtures of Histoacryl and Lipiodol
or Panthopaque[55]

Volume Mixing Ratio Polymerization time, s
Histoacryl / Lipiodol Histoacryl /
Panthopaque
1:1 3.2 3.6
1:2 4.7 4.9
1:3 7.5 6.3
1:4 11.8 10.2
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to give reasonable tissue adhesion, but much lower than with the adhesive alone[57]. Other
possible non-adhesive cyanoacrylate products have been proposed, such as derivatives with
long alkyl chains or 2-hexyl cyanoacrylate (Neuracryl M, Prohold Technologies Inc., San
Diego, CA, USA)[58].

8.4.2.3 Accelerators

Accelerators are substances that increase the rate of polymerization but are not initiators in
their own right. Accelerators can be compounded into the adhesive and do not significantly
detract from storage stability. Among the earliest accelerators was common chalk, a natural
carbonate. Certain chelating agents, such as crown ethers (10-1000 ppm) and polymers of
ethylene oxide (0.5-10%) decrease the setting time without markedly reducing stability[59].
Presumably, they function by producing anions. The incorporation of poly-n-vinyl pyridine
or polyethyleneimine or even simple amines serves the dual purpose of thickening the liq-
uid and increasing the pH to speed cure.

Cooke and Allen provide an interesting test methodology for determining the effect of
weak bases (e.g., N,N-dimethyl-p-toluidine and piperidine) on the polymerization time of
various commercial adhesives[60]. Such a methodology may be used to measure the effect
of inhibitors or accelerators. The authors also show that the acid value of the adhesive has a
significant effect on the polymerization time.

Accelerators such as long chain amines, quaternary ammonium salts, and phosphine can
be supplied in a solvent carrier and applied as a substrate primer or the accelerator can be
added to the applicator tip. This prevents premature cure of the bulk adhesive by the accelera-
tor before the parts can be mated. Also, liquid adhesive not cured by reacting between the sub-
strates (e.g., excess adhesive at a filet) can generally be cured within seconds with activators.
In these cases the activator can be sprayed or brushed directly onto the liquid cyanoacrylate.

Primer / accelerators are generally used on acidic surfaces or on surfaces where there is
no adsorbed water or hydroxide ions (e.g., many plastic or elastomeric substrates). Most
manufacturers supply suitable accelerators for their adhesives and can recommend specific
combinations for most bonding applications. The use of accelerators / primers in surgical
adhesives has not been reported in the technical literature but may be advantageous as a
primer on synthetic grafts.

Several companies have discovered new primers that effectively interact with the cya-
noacrylates. Triphenylphosphine or cobalt acetylacetonate primers used with cyanoacry-
late adhesives produce adhesive bonds with polypropylene and low density polyethylene
that are sufficiently strong to exceed the bulk shear strength of the substrate. They are also
sufficiently durable as to withstand immersion in boiling water for long periods of time.
Dimethyl-p-toluidine (DMPT) is an effective and common activator for cyanoacrylate
adhesives. Since it is classified as a toxic substance, this activator is used only in industrial
applications. Diethanol-p-toluidine (DEPT) is preferred in many applications based mainly
on its relatively low toxicity and color retention.

Several patents describe methods of inducing cure of cyanoacrylate by pass-
ing the adhesive through a porous applicator tip containing substances that initiate the
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polymerization[61]. These substances co-elute and dissolve into the adhesive as it is forced
through the porous tip.

8.4.2.4 Thickeners

Thickeners are added to control the rheology of the adhesive and to prevent the adhesive
from being absorbed into the substrate or from running off the surface. The higher viscosity
grades are also necessary when large gaps exist between two substrates. The viscosities of
commercial cyanoacrylates range from 0.002 Pa-s for unmodified monomers to 30 Pa-s for
monomers thickened with organic polymers.

Thickeners are typically high molecular weight acrylates soluble in the cyanoacrylate
monomer. Suitable thickeners include poly(alkyl acrylates), poly (alkyl methacrylates),
poly(vinyl acetate), and poly(alkyl-2-cyanoacrylates). The addition of elastomeric material
or a polymer such as poly(methyl methacrylate) has been found to increase impact strength
and elongation-to-break values.

Because of their low viscosity, cyanoacrylates are easy to deliver through microcath-
eters; however, the high flow characteristics may be a detriment in certain applications.
Thixotropic cyanoacrylates have been formulated with hydrophobic silica along with an
organic thickener. The rheological properties of these adhesives provide a low viscosity
under high strain rates such as when pumped through a microcatheter and high viscosity
under low strain rates such as after application between substrates.

Manufacturers have increased viscosity of the adhesive by dissolving polymer back into
the monomer. By incorporating flexible viscosifying agents and adding nontoxic plasticizer,
one can possibly use shorter chain cyanoacrylate monomer in formulation and overcome
their brittleness[62].

8.4.2.5 Plasticizers

Early in the development of cyanoacrylate adhesives, brittleness was recognized as a defi-
ciency and many efforts have been made to solve this problem Two generic approaches have
been taken: (1) to use plasticizers or flexibilizers as additives or (2) to internally plasticize
the molecule by adding longer side chain groups and/or increasing molecular weight.

Plasticizers are occasionally added to increase the flexibility of the cured adhesive and to
improve impact resistance. Those most commonly used are C, though C, esters of dicar-
boxylic acids, such as phthalic acid and sebacic acid. High concentrations of plasticizer
reduce both the cure rate and bond strength. Limiting the plasticizer concentration to less
than 5% will not generally retard the cure speed, from 5-20% will retard the cure rate, and
over 20% plasticizer concentration seriously slows the cure rate of the adhesive[63].

High levels of lactones (e.g., propiolactone, butyrolactone, and heptodilactone) however,
have been found to plasticize the cyanoacrylates without retarding the cure rate. In fact, some
of the lactones apparently increase the cure speed after long-term storage of the adhesive.
This is an indication that the lactones copolymerize with the cyanoacrylate in some fashion.

Plasticization may also result from internal modification of the cyanoacrylate molecular
structure. This is the case for octyl-2-cyanoacrylate. The longer chain segments and the
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higher molecular weight provide flexibility in the cured molecule, which translates into
greater flexibility and impact strength. Such internal plasticization does not result in a sig-
nificant decrease in adhesive strength and, in fact, may result in improvements depending
on the specific substrate and joint geometry.

8.5 Properties

The properties of cyanoacrylate adhesives that set them apart from nearly all other adhe-
sives are that they are single component and capable of bonding at room temperature
within just a few seconds.

The “cure-on-demand” characteristic of cyanoacrylate adhesives has interested surgeons
for decades. However, other properties are also vital, and often they will determine the
extent of application and define the risks and benefits. The utility of various cyanoacrylate
adhesives in surgery is directly related to their application and performance properties. This
section reviews and compares important performance properties of commercial cyanoac-
rylate surgical adhesives.

8.5.1 Curing Mechanism

The reaction chemistry of cyanoacrylate adhesives is an important factor to the use and
success of cyanoacrylates in surgical applications. On application to living tissues, the
cyanoacrylate monomer undergoes an exothermic hydroxylation reaction that results in
polymerization of the adhesive.

When the adhesive contacts a slightly alkaline surface, trace amounts of adsorbed water
or hydroxide ions (OH-) that are present on the substrate’s surface neutralize the acidic
stabilizer in the adhesive, resulting in rapid polymerization as shown in Figure 8.4. Thus,
human tissue can be bonded very quickly with cyanoacrylate adhesive, not only due to the
water content, but also to the amino acids present, which are quite basic to the adhesive.
This has encouraged the use of cyanoacrylates in many surgical and dental applications.

Initiation:
CN CN
OH + CH: = Cl e HO - CH2 — (I‘
C|OOCQH5 ICOOCsz
Propagation:
CN CN CN CN
OH--CHz-le + CHz=é - HO--CH?-!’S--CH:--é'
(_|:OOC2H5 (_|:OOC2H5 CIIOOC2H5 (LOOCzHE

Figure 8.4 Chemical reaction of cyanoacrylate adhesives[59].
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Cyanoacrylates typically reach significant bond strength within one minute at room
temperature and achieve full strength in a few hours. In general, ambient humidity in the
air or moisture on the bonding surface is sufficient to initiate curing within a few seconds.
Therefore, substrates must be joined quickly. The setting time is dependent on the grade
of adhesive, the ambient temperature and relative humidity, and the nature of the sub-
strate surface (pH and amount of adsorbed water). Most cyanoacrylate development has
been either to increase reaction rate (especially to less reactive surfaces such as low surface
energy polymers) or to improve shelf-life without sacrificing set time.

8.5.1.1 Comparative Shelf-Life

It is generally assumed that the shelf-life of cyanoacrylate adhesives is in the range of 6-12
months at room temperature and almost indefinite when stored under refrigeration[47].
Medical cyanoacrylate tissue adhesives generally claim a longer shelf-life than industrial
cyanoacrylates.

A comprehensive stability study was performed over a three-year period and results
indicated that many cyanoacrylate adhesives were stable for two years after which their
stability and performance degraded[64]. The cyanoacrylate adhesives studied were stored
in a cool, dark, and dry location in order to prevent premature polymerization by heat,
sunlight, or moisture.

Generally, octyl-cyanoacrylate adhesives have better stability and a longer shelf-life than
n-butyl-2-cyanoacrylate adhesives as they are inherently less reactive. Refrigeration is usu-
ally recommended for n-butyl-2-cyanoacrylate adhesives, while octyl-cyanoacrylate does
not require refrigeration. The shelf-lives that are claimed for commercial cyanoacrylate
adhesives used in surgical applications are indicated in Table 8.17.

As a rule, if the viscosity of a stored adhesive has not increased and the rate of cure
has not diminished during storage, the adhesive will perform as specified. Henkel uses an
accelerated aging test for cyanoacrylate adhesive products consisting of 50°C aging and
testing after 0, 2, 4, 6, and 8 weeks of aging. Two weeks of aging is roughly equivalent to
six months of aging at room temperature[65]. Based on ASTM F1980-2 (Standard Guide
for Accelerated Aging of Sterile Barrier Systems for Medical Devices), 12 days accelerated
aging at 80°C or 6 months at 40°C is equal to 2 years shelf-life at room temperature.

According to Adhezion Biomedical, the shelf-life of SurgiSeal adhesive (an octyl-cyano-
acrylate) was determined by real time shelf-life stability of 2 years and by the accelerated
aging test at 80°C for 12 days, as well as the accelerated aging test at 40°C for 6 months. The
stability of SurgiSeal was assessed based on five chemical characteristics: purity (2-OCA per-
centage), setting time, viscosity, color and sterility.

8.5.1.2 Container Materials for Packaging

The fast setting property of cyanoacrylates which makes them useful as a surgi-
cal adhesive raises serious problems in regard to packaging for a suitable shelf-life.
A suitable container for cyanoacrylate monomer must have a high degree of gas and
water vapor impermeability. This is to prevent water vapor in the air from permeating the
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Table 8.17 Shelf-Life of Commercial Cyanoacrylate Surgical Adhesives

Cyanoacrylate Trade Name Company Shelf-life
Type
2-Octyl- Dermabond Ethicon, Somerville, NJ, 2 years at <30°C
cyanoacrylate USA
SurgiSeal Adhezion Biomedical, 2 years at <30°C
Wyomissing, PA, USA
n-Butyl-2-cyanoac- | Histoacryl B. Braun, Tuttlingen, 2 years at <-5°C
rylate Germany
Indermil Henkel Loctite, Rocky Hill, 2 years refrigerated or
CT, USA four months ambient
Glubran 2 GEM s.r.l., Viareggio, Italy 2 years at 0°C to -4°C
Liquiband* Advanced Medical 18 months at 5°C to
Solutions, Howell, M1, 25°C
USA

* Liquiband is a blend of 2-octyl-cyanoacrylate and n-butyl-2-cyanoacrylate

container and, thereby, causing the monomer to polymerize before it can be used. It is also
important that the container be impermeable to vapors other than water which could simi-
larly polymerize the monomer should they gain entry into the container.

An example of the latter problem occurs when one wants to sterilize the outer surface
of an adhesive container by conventional ethylene oxide technology. Ethylene oxide may
be a preferred method of sterilization of cyanoacrylate adhesives since it avoids the high
temperature encountered in autoclaving. However, during the ethylene oxide sterilization
cycle, the container is ordinarily subjected to a mixture of pressurized ethylene oxide, car-
bon dioxide, and water for extended periods of time. Should appreciable amounts of water
or ethylene oxide penetrate the container, the product will polymerize.

It is also important that the container have a high degree of impermeability toward cyano-
acrylate monomer, both liquid and vapor. Should vapor or liquid escape from the container
it will polymerize on contact with the ambient moist environment surrounding the container
to produce an effect called “blooming” It is also important that the container material be
hermetically sealable so as to prevent leaks either into or out of the package at the seal points.

As a result, packaging containers are generally made of polyethylene or polytetrafluoro-
ethylene products since these surfaces are relatively non-reactive with cyanoacrylate and
they provide a moderate barrier to ambient moisture. Since polyethylene and polytetrafluo-
roethylene are somewhat permeable to moisture, the container is often shipped and stored
in a barrier package, such as metal foil. US Patent 3,524,537 provides a good description of
early problems noticed with cyanoacrylate monomer packaging materials[66]. These are
summarized in Table 8.18.

High density polyethylene (HDPE) is the primary packaging material for industrial
grade cyanoacrylates because it provides adequate containment and shelf-life for many
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Table 8.18 Problems Noticed with Early Cyanoacrylate Packaging Materials

Container Material

Problems Noticed

Low and high density
polyethylene

Noticeable and rapid diffusion of monomer vapor out of the
container as evidenced by the appearance of a substantial
amount of white polymer film (blooming) on the surface of the
container in only a few hours.

Saran (vinyl chloride —
vinylidene chloride
copolymer)

Generally known to have good vapor barrier properties, but
permitted cyanoacrylate monomer to escape and polymer-
ize on the external surfaces of the packaging after three weeks
of storage at 37°C. In addition the Saran film was badly and
permanently distorted.

Cellulose acetate and a
laminate of cellulose
acetate, Saran, and
polyethylene

Similarly permitted cyanoacrylate monomer to escape as evi-
denced by polymer film on the surface of the container within
16 hr at 37°C.

Mylar - polyethylene

Caused the contents of the container to polymerize within about

(polytetrafluoroethylene)

laminate two months after preparation of the package, thereby indicat-
ing entry of polymerization initiators into the contents of the
container.
Haloethylene polymer Provided storage-stable containers; however, they were not

transparent and are known to be quite difficult to fabricate
into sheets or tubing suitable for containers (heat sealing is
difficult).

compositions including butyl-cyanoacrylate monomers. These lower chain length cyano-
acrylate adhesive monomers can be stably contained in HDPE containers for over one year
without significant degradation of the monomer composition in the container, and for over
17 months without the container becoming noticeably degraded[67].

However, even with the stability provided by HDPE containers, cyanoacrylate sup-
pliers have continued to develop innovative packaging designs that promised to even
further improve the stability and shelf-life of the adhesive. This has generally been in
response to the need to have a very fast reacting adhesive with surface insensitivity
(good strength development on both basic and acidic substrates) and the desire to have
greater purity (lack of inhibitors) in medical grade cyanoacrylates. Some of these devel-
opments are described below:

o Schaefer and Eckstein[68] disclose a multilayer packaging tube. The tube has a layer
of HDPE positioned on the side of the tube that comes into contact with the cyano-
acrylate. A primer layer of polyethyleneimine is located on the outside of the high
density polyethylene layer to act to block migration to the outside surface of any
cyanoacrylate product that passes through the polyethylene.
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o Colvin[69] discloses the use of halogenated hydrocarbon polymers such as Teflon
and poly(vinyl fluoride) for packaging.

o Winter[66] discloses a hermetically sealed package comprising a polymonochlo-
rotrifluoroethylene container for a sterilized cyanoacrylate adhesive.

o D’Alessio[70] discloses a post-fluorinated process for treating a packaging material
to contain a cyanoacrylate monomer.

o Montenieri and Termley[71] describe a squeezable multilayer container made of
external and internal layers of polyolefin and a barrier layer formed of a barrier
material blended with an adhesive.

o Azevedo and Zimmerman[72] describe a polypropylene package for cyanoacrylate
with a nitrile polymer barrier layer as the inner layer of the package. The nitrile
polymer material is sold under the Barex brand by BP Petrochemicals. The combi-
nation of materials is claimed to offer a shelf-life for cyanoacrylate adhesive prod-
ucts of two years or longer.

8.5.2 Bond Strength

Common tests used to determine the adhesive strength of cyanoacrylate surgical adhesives
have been described by ASTM.

o ASTM F 2255, Standard Test Method for Strength Properties of Tissue Adhesives in
Lap- Shear by Tension Loading.

« ASTM F 2256, Standard Test Method for Strength Properties of Tissue Adhesives
in T-Peel by Tension Loading.

« ASTM F 2258, Standard Test Method for Strength Properties of Tissue Adhesives
in Tension.

o ASTM F 2458, Standard Test Method for Wound Closure Strength.

Further reading regarding the chemistry, method of preparation, and application of
cyanoacrylates is covered in several excellent reviews[73-76].

Chivers and Wolowacz[21] provide a thorough review of the strength of adhesive bonded
tissue joints. Bonds described were formed in vitro and tested with a standard tensile test
procedure. Bond strengths were strongly dependent on the adhesive type, with cyanoacry-
late adhesives outperforming the others by at least an order of magnitude (as was previously
shown in Table 8.7). Bond strengths of cyanoacrylate adhesives are dependent on its specific
formulation, the nature of the substrate(s), and the application / curing method utilized.

Although n-butyl-2-cyanoacrylate is effective in closing superficial lacerations under
low tension, it has several limitations. Studies have shown wound breaking strength in
wounds repaired with n-butyl-2-cyanoacrylate to be equal to that in wounds repaired
with sutures at 5-7 days; however, on day 1 the breaking strength with the tissue adhesive
is only approximately 10-15% of that in a wound sutured with 5-0 monofilament. After
polymerizing, the adhesive becomes brittle and is subject to fracturing when used in skin
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creases or long incisions. This restricts the use of adhesive to areas of relatively low ten-
sion, thus limiting their use.

The 2-octyl-cyanoacrylate adhesive (Dermabond) has greatly improved flexibility due to
its internal plasticization and several researchers have reported bond strength to tissue to be
greater than n-butyl-2-cyanoacrylate[77, 78]. However, there is debate regarding this due
to differences in test procedures, substrates, etc. It may be possible that n-butyl-2-cyanoac-
rylate has a greater tensile strength while 2-octyl-cyanoacrylate has greater shear strength.
Generally more rigid adhesives perform better in tension while more flexible systems per-
form better in shear.

Several studies have been made with regard to a comparison of the bond strengths of
surgical cyanoacrylate adhesives with the strength of conventional sutures. Early studies
indicated that the initial strength of n-butyl-2-cyanoacrylate or 2-octyl-cyanoacrylate was
not as strong as sutures and the breaking strength only equalized after several days[79, 80].
However, more recent publications indicate that Dermabond and Histoacryl are both sig-
nificantly stronger than Steri-Strips (3M, St. Paul, MN, USA) but inferior to staples[81, 82].

8.5.3 Toxicity

When used as a tissue adhesive, cyanoacrylates have been reported to cause inflammation
and tissue necrosis in vivo. An excellent recent review of the toxicity of cyanoacrylate adhe-
sive in surgical applications has been published by Leggat et al.[83].

Inflammation, tissue necrosis, granulation formation, and wound breakdown can occur
when cyanoacrylates are implanted subcutaneously. The process causing the histologic tox-
icity is thought to be related to the byproducts of degradation: cyanoacetate and formal-
dehyde[84]. The liberation of formaldehyde inside the body represents a significant issue
regarding the acceptance of cyanoacrylates as internal tissue bonding adhesives. However,
this is not believed to be a major issue in topical applications.

An alternative degradation mechanism has been proposed where the cyanoacrylate
breaks down by the hydrolysis of the ester group. This seems to be verified by the fact that
the measured amount of formaldehyde produced is only 5% of the amount of the theoreti-
cal quantity that would have been produced if the polymer had been entirely degraded by
the cyanoacetate / formaldehyde pathway.

It is possible that the formaldehyde levels released from cyanoacrylates in vivo are low
enough to be processed by tissue metabolic systems and/or cleared by the normal flow
of physiological fluids over the site[85]. Research has shown that longer-chain cyanoacry-
late derivatives degrade at a slower rate, thereby permitting the degradation products to be
more safely metabolized with the generation of a less intense inflammatory response[86].

The local concentration of these breakdown products is proportional to the rate of deg-
radation of the parent compound. Therefore, slower degradation rates result in less toxicity
to the tissues. The slower degradation rate results in more effective clearance and invokes
a less intense inflammatory response. The longer-chain compounds degrade much more
slowly than the shorter chain compounds (Figure 8.5). The biodegradation rate of other
surgical adhesives (e.g., fibrin, GRF) is much faster than any cyanoacrylate.
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Figure8.5 Invivodegradation rates measured as remaining radioactivity of tagged alkyl cyanoacrylate
adhesives after days of body implantation[87]. (In vivo degradation of radioactivity is considered to
be analogous to biological degradation.)

8.5.4 Biocompatibility

Adhesives used in medical devices are tested for their effect on cells (cytotoxicity), blood
constituents (hemolysis), adjacent tissues, and for overall systemic effect. Several stand-
ards exist for biocompatibility testing. Adhesive suppliers, however, generally test accord-
ing to the following guidelines that have been established for toxicological properties and
biocompatibility:

o United States Pharmacopoeia (USP) - Class VI Standard
o International Standards Organization (ISO) - ISO-10993.

These guidelines were originally developed for testing the suitability of plastics used in
medical devices that may come into contact with bodily fluids, but they have been extended
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to adhesives as well. The two standards specify slightly different tests and follow different
methodologies.

According to the injection and implantation testing requirements specified under the
USP biological reactivity tests, in vivo polymers are classified on a scale of I to VI. To test
a polymer, extracts of the material are generated in various media. The extracts are then
injected systemically and intracutaneously into rabbits or mice to evaluate their biocom-
patibility. Class I, II, III, and V polymers do not require implantation testing; Class IV
and VI polymers do require such testing. The USP Class VI test method consists of acute
systemic (over the tissue), intracutaneous (under the skin), and muscle implantation (in
the muscle) tests.

The Class VI rating merely states that the products exhibit a low level of toxicity under
the test conditions. Merely passing the USP Class VI standard does not guarantee that an
adhesive will meet FDA requirements in a particular application; however, passing the test
is a strong indication of the nontoxicity of an adhesive.

The ISO-10993 standard is generally recognized as the standard of choice for compa-
nies operating globally and is widely recognized by North American, European, and Asian
countries. It is also more extensive than the USP Class VI standard. The ISO-10993 biocom-
patibility testing includes:

o Intracutaneous injection tests to evaluate the irritation potential of the material,

o Acute systemic injection tests to evaluate the material for potential toxic effects as a
result of single dose systemic injections,

« Cytotoxicity tests to determine the biological reactivity of cell cultures to the mate-
rial, and

o Hemocompatibility tests to evaluate the hemolytic potential of the material with
rabbit blood. (In vitro hemocompatibility tests ensure that the test material extract
does not adversely affect the cellular components of the blood.)

ISO Standard 10993 consists of 16 parts. Each part describes specific tests that include a
variety of toxicity tests. Table 8.19 indicates the biological effects that are tested in ISO
10933 for various combinations of procedures, tissues, and contact duration.

8.6 Clinical History

Cyanoacrylates have been used in many surgical disciplines[88]. Skin closure is a major
application area for cyanoacrylate adhesives and this has received extensive attention.
There are also literature reports documenting the use of cyanoacrylates to bond bone and
cartilage, nerve tissue, vascular tissue, and intestines. Table 8.20 lists just some examples
of the surgical and medical applications for cyanoacrylate adhesives. Other specific pro-
cedures include repair of blood vessels[89], placement of dural substitutes[90], animal
limb reimplimentation[91], kidney[92] and bronchial[93] closure, and repair of bone
fractures[88, 94].
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Table 8.20 Examples of Surgical and Medical Applications of Cyanoacrylate Adhesives[84, 95]

Procedure Past, Present, and Potential Applications
General surgery Surgical wound repair; control of hemorrhage; skin graft
fixation
Emergency medical and gen- Traumatic wound repair; fingernail repair
eral practice
Endoscopy Control of variceal bleeding and obliteration of oesophagogas-
tric varices
Ophthalmology Temporary repair of corneal perforations
Thoracic surgery Closure of pulmonary leaks
Neurosurgery Ossicular chain reconstruction
Otological surgery Ossicular chain reconstruction
Interventional radiology and Embolotherapy of various vascular abnormalities, including
cardiology aneurysms
Pediatrics Wound closure in children
Pharmacotherapeutics Drug carriers

Although cyanoacrylate adhesives have been used, undergone trial, or suggested for
use in many medical procedures, in practice few surgeons use cyanoacrylate adhesives
except in unusual circumstances or in emergency cases. This is generally due to inexperi-
ence, toxicity issues, degradation rates, and to a lesser extent the adhesive’s rigidity and
low viscosity. Future desirable design features in a surgical grade cyanoacrylate would
solve these issues as well as provide a set time that can be tailored to the needs of the
surgeon and the procedure.

The discussion below provides a small sampling of the external and internal clinical uses
of cyanoacrylate surgical adhesives that have been reported in the literature. A more com-
prehensive literature survey can be developed from MEDLINE and BIOSIS, two literature
research facilities dedicated to the medical and biological sciences.

8.6.1 Closure of Skin Wounds and Superficial Incision Closure

The use of cyanoacrylate tissue adhesives for closing skin lacerations and surgical inci-
sions is well documented in the scientific literature[79, 96]. The adhesive was first used
during the Vietnam War to provide emergency battlefield treatment[97].

The adhesive is used in various situations to avoid using skin sutures in cosmetic sur-
gery and by emergency room physicians to close smaller cuts or to provide support for
deeper sutures. It is especially useful in minor pediatric surgery since cyanoacrylate adhe-
sives avoid the use of needle and the resulting trauma[98]. Toriumi, et al., have published
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an excellent paper on the use of 2-octyl-cyanoacrylate adhesives that underscores the need
to reduce skin stresses at the site of laceration and the need to ensure that there is no dead-
space present before sealing with the adhesive[86]. The FDA approved 2-octyl-cyanoacry-
late (Dermabond) for topical application for the closure of incised skin and for the use as a
barrier against common bacterial microbe[99, 100].

8.6.2 Other Surgical Procedures and Future Uses

Surgeons have begun to use cyanoacrylate tissue adhesives in the operating room for the
closure of surgical skin incisions although there are fewer clinical trials to support this indi-
cation. Application beyond external use is considered to be unwise and could be dangerous
to patients[101].

While the FDA has only approved the use of 2-octyl-cyanoacrylate in superficial clo-
sures, many European and off-label US clinical trials have been conducted illustrating the
broad effectiveness of 2-octyl-cyanoacrylate in other applications. The following is a list of
uses of 2-octyl-cyanoacrylate that have proven successful[102].

« Type I tympanoplasty (eardrum surgery)

« Repair of fractured teeth

o Total joint arthroplasty wounds

« Hemostasis and anastomoses of vessels in cardiac surgery
« Implanting pacemakers

o Direct application to visceral pleura to control air leaks

« Controlling bleeding from gastric varices

« Asawound barrier in clear corneal cataract surgery

« For patch fixation in a tension-free inguinal herniorraphy.

Use of the cyanoacrylate below the level of the skin can result in acute and chronic inflam-
mation and tissue necrosis[39]. However, cyanoacrylates have been used for emboliza-
tion[38, 40] and repair of endoleaks after conventional aortic surgery[41, 42]. Injection
therapy with cyanoacrylates is now considered the first line endoscopic intervention of
bleeding gastric varices as well as secondary prevention of gastric variceal bleeds outside of
the US[43].

In an anatomical area that is difficult to reach, application of cyanoacrylate adhesive can
be accomplished by using a long polyethylene catheter or needle. The tips of the instru-
ments used for applying the cyanoacrylate should be siliconized or coated with Teflon or
other low surface energy polymers so that the adhesive can flow freely and the application
instrument does not adhere to the repaired wound.

8.6.3 Graft Fixation

Cyanoacrylate (2-octyl-cyanoacrylate) can be used for skin graft fixation among other
grafting applications. A 2001 study[103] evaluated 2-octyl-cyanoacrylate for mechanical
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fixation of an expanded polytetrafluoroethylene prosthesis in minimally invasive incisional
hernias repair in rabbits. The mesh was successfully fixed to the abdominal wall muscula-
ture at 6 weeks. However, the force required to displace the mesh was lower than for mesh
fixed with staples or sutures. Prosthesis fixed with 2-octyl-cyanoacrylate induced fewer
intra-abdominal adhesions than those fixed with staples and sutures.

Kreamer discloses the use of an adhesive covering the entire outside of the graft to
provide adherence of the luminal intima to the graft[104]. An example is given of a cya-
noacrylate adhesive that can be sandwiched between Dacron or film-like materials that
are relatively inactive to cyanoacrylate polymerization. During application this protective
sheath is slid off, and the cyanoacrylate is allowed to attach the prosthesis to the vessel wall.

The restoration of receptors of the eye and the ear and oral applications represent delicate
procedures that can also be aided by cyanoacrylate adhesives[1]. The adhesive can seal cor-
neal or fistuls of the eye to prevent oozing of optical fluids. However, torn eye muscles cannot
be fastened with these adhesives due to inadequate bond strength. Cyanoacrylate adhesives
have also been used to rejoin bones in the middle ear during mastoid surgery. These adhesive
have also been used to stop nose bleeding. In dental surgery, cyanoacrylates have been used
as a hemostatic agent, protection for healing ulcers, and as a dental filling / adhesive material.

8.7 Future Potential

8.7.1 Development Path

The use of cyanoacrylates in surgery has been restricted over the years due to (1) applica-
tion and physical properties not being suitable for specific procedures and (2) concerns
about histotoxicity. The current commercially available cyanoacrylate surgical adhesives are
only approved for external use in regions such as the US.

The development of surgical cyanoacrylate adhesives should aim at satisfying the unmet
needs of both internal and external applications. Physicians need more advanced materials
that are precisely deliverable, easily controlled, maintain a clear field of vision, and work
reliably and promptly.

For external applications, increased viscosity to a gel form, antimicrobial properties,
and greater strength and flexibility would be valued improvements. For internal proce-
dures the development of adhesives with lower toxicity and faster degradation rates would
be of significant benefit. In both external and internal applications, improvements may be
possible in the easiness with which cyanoacrylate adhesives can be prepared and applied
with a polymerization rate that can be controlled by the surgeon. Such improvements will
be required before cyanoacrylate adhesives gain full surgeon acceptance and regulatory
approval for the majority of surgical procedures.

Past research and more recent developments in the field indicate that such improve-
ments may not be too far away. Meaningful accomplishments have been made especially in
making the application and polymerization properties more convenient for complex surgi-
cal procedures. Several of these activities are described below.
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8.7.1.1 Light Curing Cyanoacrylates

It is possible to formulate a light activated cyanoacrylate adhesive. These are now available
commercially for the assembly of medical and electronic devices. However, the commercial
products still cure on contact, and the “light activation” is used mainly to set cyanoacrylate
material that is not sandwiched between two substrates (e.g., a coating used for wire tacking
or the excess cyanoacrylate that exudes out from a joint).

Several light activated cyanoacrylates have been suggested for surgical adhesives. One is
based on n-phenyl-o.-cyanoacrylate that is stabilized by the types of additives mentioned
in this review. Cyanoacrylate compositions with terminal vinyl groups have also been
developed to be medical adhesives that can be activated by heat or light activated initiators
and accelerators[105]. Free radical polymerization can then be initiated by irradiating the
monomer with UV light or other radiation sources. This methodology may be superior to
current cyanoacrylate surgical adhesives since one can “overdose” with an inhibitor and rely
primarily on the radiation energy for crosslinking rather than the blood chemistry.

An interesting concept is contained in US Patent 6,718,212 that describes an implantable
medical lead attached to the heart with a light activated adhesive[106]. The light activated
adhesive comprises one of the more standard industrial light activated acrylic or cyanoac-
rylate adhesive (e.g., Loctite FlashCure, Henkel, Rocky Hill, CT, USA). An advantage of this
method of delivery is that the speed of the cure can be adjusted by the intensity of the UV
light. The patent also describes a method of adhesive delivery and of administering the light
energy inside the body cavity.

8.7.1.2 Solid Cyanoacrylate

A solid cyanoacrylate adhesive composition is disclosed which can be applied to a substrate
in solid form and which polymerizes into an adhesive upon liquefying[107]. The adhesive
can be formulated so that it liquefies at temperatures slightly above room temperature and
then polymerizes on wetting the substrate surface. e-Caprolactones are used as the solidify-
ing polymer with cyanoacrylate monomers and other additives to form the solid adhesive
composition.

The solid cyanoacrylate is claimed to be easy to apply, non-polymerizing in solid form and
capable of use in a variety of industrial, consumer, and medical applications. Furthermore,
the formulation appears to be straightforward and not complex. A cyanoacrylate mono-
mer is heated and maintained at 55°-70°C. The resin €-caprolactone (Tone Polyol P-767-E,
Dow Corporation, Midland, MI, USA) is mixed into the cyanoacrylate until completely
dissolved. The solution is then cooled to a solid at room temperature. Melting temperature
can be controlled by the concentration of the €-caprolactone. A 70:30 ratio of cyanoacrylate
to e-caprolactone will provide a melt temperature of 40°C and a 50:50 mixture will provide
a melt temperature of 43°C.
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8.7.2 Drivers for Increased Demand

Over the past few decades, the wound closure market has seen the introduction of a number
of new adhesive materials to hold tissues together or reinforce surgical sutures. According
to MedMarket Diligence, LLC, approximately 114 million surgical and procedure-based
wounds occur annually worldwide, including 36 million in the US, which can benefit from
adhesives, sealants, or hemostatic agents[108].

Despite their high initial cost, coupled with reluctance on the part of some physicians to
wholeheartedly adopt surgical adhesives, these products have gained increasing acceptance
in recent years due to the advantages they provide over traditional suture- and staple-based
closure methods. Trends that support the increasing demand in surgical adhesives include:

o Ambulatory same day surgery

« Laparoscopic procedure

o Operating room time reduction

o The shift over the past two decades to performing surgery in the less expensive
outpatient setting

o Trend to less invasive procedures which produce shorter recovery times, faster
discharges, less scarring, less pain and less need for pain medications

o The reclassification of tissue adhesives as Class II by the Food and Drug
Administration (FDA).

The market for advanced wound closure processes including sealants and adhesives is
growing and is expected to continue its expansion as new products and application devices
are developed and regulatory approvals are achieved. The global market for these products
is expected to grow to $1.72 billion by 2017 (Figure 8.6). The cyanoacrylate tissue adhesive
share of this global market was valued at $35.7 million in 2009, and is expected to grow at a
compounded annual growth rate of 5.4% to reach $51.6 million by 2016[109].

8.8 Summary

A surgical adhesive is one that can join tissues without the complications of sutures or other
mechanical fasteners. Cyanoacrylates were among the first synthetic organic compounds
to be used as adhesives for human tissues. Cyanoacrylates for such medical purposes were
originally developed and introduced in the 1960s under a cooperative agreement between
Eastman Chemical and Ethicon, a subsidiary of Johnson & Johnson.

The first use of cyanoacrylate surgical adhesive came during the Vietnam War. Often
seriously wounded soldiers would die from loss of blood before surgeons could make
needed repairs. This was especially true for serious wounds of the chest or abdomen.
Medical technicians found that a simple spray of cyanoacrylate stopped the bleeding almost
immediately.

Early-on there were concerns about the compatibility of cyanoacrylate adhesives with
the human system and possible toxicological effects of the adhesive. However, it was found
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Figure 8.6 Worldwide estimated market, in million USD, for high strength medical adhesives,
2010-2017[108].

that the adhesive breaks down to relatively harmless by-products. More importantly, the
rate of cyanoacrylate breakdown was about the same as the rate at which the wounds healed.

The full value of cyanoacrylate adhesives has been identified through many medical tri-
als. Cyanoacrylate adhesives are valuable in many sutureless surgery procedures. They are
also useful in sealing and reinforcing suture lines in more conventional surgery. In cosmetic
surgery, the use of cyanoacrylate to replace or supplement sutures reduces scarring. Skin
grafts using cyanoacrylate adhesives heal with much less scarring than those done with
stitches.

Today, cyanoacrylate adhesives are approved by the U.S. Food and Drug Administration
for specified surgical procedures in the United States. Cyanoacrylates are also more widely
used by physicians in Canada, Europe and Japan. Continued development of cyanoacrylate
adhesives and new operating procedures will insure that these “superglues” will continue to
be a valuable part of the surgeon’s toolbox.
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Abstract

Polyolefin surfaces are characterized by their chemical inertness. To create bio-sensi-
tive surfaces by grafting brushes, dendrimers, proteins and other biomolecules with
bio-sensor properties, the presence of anchoring points at the polyolefin surface for
grafting these molecules is necessary. More precisely, the existence of only one sort of
functional groups in sufficient concentration at polyolefin surfaces is a precondition
for chemical grafting of such bio- or polymer molecules onto these monosort groups.
Several routes for introduction of monotype functional groups are based on plasma
treatment. Such plasma exposure has sufficient energy to modify the inert poly-
olefin surfaces and introduce plasma gas-specific functional groups. However, it is
well-known that plasma treatment is not selective. Therefore, special plasma pro-
cesses with high selectivity in producing monotype functional groups were devel-
oped, or alternatively combinations of plasma and chemical treatments were used, or
the polyolefin substrates were coated with thin layers of functional-groups bearing
polymer layers produced by plasma polymerization or electrospray ionization (ESI).
Grafting was preferentially performed in a wet-chemical way by nucleophilic substitution of
the graft molecules onto the monotype functional groups at polyolefin surfaces. Alternatively,
radical initiated graft polymerization is possible onto plasma-produced radical sites in
vacuum after switching-off the plasma and immediate introduction of vapors of vinyl and
acrylic monomers. However, the life-time of most plasma-produced C radicals is very short
(<107 s), the graft yield is very low, non-anchored homopolymers are formed, and many
side-reactions occur. If oxygen is present, these radicals are instantly transformed into per-
oxy and subsequently into hydroperoxy groups. The last ones can be decomposed by irradia-
tion with UV light or by heating with formation of alkoxy radicals, which are able to initiate
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a graft polymerization. All radical graft processes have low yield and poor reproducibility.
This review covers the energetic situation in plasmas, the dissociation energies in polyole-
fins, the oxidation of polyolefin surfaces, and the broad variety of produced O-containing
groups, as well as side- and post-plasma reactions. The need for monotype functional
groups for post-plasma wet-chemical grafting is explained. A few ways to introduce such
monotype functional groups are explained in more detail.

Keywords: Hydroxyl groups, amino groups, azide groups, bromine groups, carboxylic
groups, plasma modification, monosort functional groups

9.1 Introduction

9.1.1 General Principles

Polyolefins, such as polyethylene and polypropylene, are chemically inert and do not have any
functional groups at their surfaces. To produce biocompatibility or to anchor sensor mole-
cules, covalent grafting of brushes, dendrimers, proteins and other biomolecules is necessary.
However, such grafting needs chemical anchoring points with monotype functional groups at
the surface. Among chemical, photo-chemical, electro-chemical or radiation-chemical meth-
ods the plasma exposure of polyolefin surfaces is the most prominent approach to produce
such functional groups [1]. Exposure to oxygen or air in low- or atmospheric-pressure plasmas
oxidizes carbon atoms at the polyolefin surface to a broad variety of singly or multiple carbon-
to-oxygen bonded species. To obtain only single (mono-) type of C-O species at the surface,
chemical transformation of all different O-functional groups to a single type of C-O species is
needed. At first glance two principal chemical routes allow such transformation to a single type
of C-O functional groups. The first obvious way is the oxidation of all C-O species to carboxylic
groups (COOH), which are most convenient for chemical graft reactions. The second possible
way is the reduction of all O-species to hydroxyl groups (OH). Considering these two processes
in detail, there does not exist a specific oxidation process to transform all C-O species into
COOH groups [2]. Using a strong oxidizing agent, such as chromic sulfuric acid (Pickling),
the oxidation does not stop at the carboxylic group formation. The oxidation proceeds to the
formation of carbon dioxide and water, due to etching of the polymer [3]. Using a soft oxidizing
reagent, such as selenium dioxide, the oxidation remains incomplete [2]. The low- or atmos-
pheric pressure plasma oxidation of polyolefin surfaces has principally the same disadvantages.
It is not selective and does not produce the desired monosort C-O functional groups [4,5].
However, the plasma oxidation is a dry process and can be controlled and adjusted by varying
the plasma process parameters.

Similar oxidation results were found by irradiating with excimer lamps and excimer
lasers with wavelengths A<170 nm. This vacuum UV (VUV) has an energy content of about
10 eV and is, therefore, also able to attack C-H and C-C bonds (bond dissociation energies
ca. 3.5 eV) in polyolefins directly by exciting c—6* transitions associated with bond scis-
sions (cf. Figure 9.1) [6,7].
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Figure 9.1 Overview of different variants of polyolefin surface modification

Reduction of O-containing groups is a more promising process. The final product of
reduction would be the OH (hydroxyl) groups. Strong reducing agents, such as Zn/HCl or
LiAIH,, remove oxygen-containing groups partially or nearly completely from the surface
by their reduction to methyl or methylene groups. These agents also reduce C-O-C (ether)
bonds. In case of polyethers, polyesters and polycarbonates such reduction cannot be used
because of scissions of polymer backbones. However, weak reducing agents, such as dibo-
rane (B,H,) or sodium bis(2-methoxyethoxy)aluminum hydride (Vitride), are able to trans-
form all types of carbonyl-containing functional groups to OH-groups as developed by H.
C. Brown (Figure 9.2) [8]. This process was made popular for plasma-oxidized polymer
surfaces in 1984 [9].

This (wet-) chemical post-plasma grafting was performed chemically by liquid-phase
nucleophilic substitution of OH, NH,, N,, COOH or Br groups [10]. After formation of
such monotype groups at the surface these groups can covalently bond organic molecules,
oligomers and polymers to the polyolefin surface with high selectivity and in sufficient yield
[11]. Thus, small and large graft molecules can be anchored to the polyolefin surface by a
chemically well defined process (Figure 9.3). In contrast to this the gas-phase radical graft
reaction of monomer molecules containing reactive double bonds with plasma-produced
radicals at the polyolefin surface is of non-controllable selectivity and yield [12-17]. The
kinetic chain-length of a radical-initiated graft co-polymerization is strongly limited under
post-plasma vacuum conditions. Under such low-pressure conditions the density of mono-
mer molecules is too low to maintain the chain growth process.
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In contrast, chemical bonding of large and complex molecules onto functional groups
at the surface of polyolefins is a well known reaction. It is performed by nucleophilic sub-
stitution and formation of stable bonds, such as Schift’s base (-CH=N-)), ether formation
(C-0-C), esterification (-CO-O-), silanization (C-O-Si), or by electrophilic/nucleophilic
addition to double bonds [10,18]. Moreover, click chemistry is increasingly used for graft-
ing of molecules (Figure 9.3) [19-20].

Radical bonding as a non-specific grafting method is achieved by irradiating the poly-
olefin and producing C radical sites, which can start a radical chain growth polymerization
from the polyolefin surface with acrylic or vinyl monomers immediately after turning off the
plasma and instantaneous addition of the monomer in the absence of oxygen (Figure 9.4)
[12-16]. An alternative technique consists of post-plasma exposure of the plasma treated
polyolefin surface to oxygen from the ambient air to produce peroxy radicals and subse-
quently hydroperoxides. The radiation induced decay of hydroperoxides to R-Oe radicals
can initiate the graft (co-) polymerization [16,21-23]. Kang and coworkers have developed
this peroxy process for grafting vinyl monomers onto polymer surfaces (Figure 9.4) [17,24].

9.1.2 Formation of Functional Groups at Polyolefin Surfaces by Plasma
Exposure

Any oxidation in plasma, thermally or by exposure to flame, oxidizing agents and acids
generates different types of carbon-oxygen bonds at polyolefin surfaces. The lowest number
of carbon-oxygen bonds is found for C-OH groups (+1). Higher C-O numbers for carbon-
oxygen bonds are present in ketones and aldehydes (+2), in carboxylic or ester groups (+3)
and in carbonate groups (+4). The problem is that within a single group of C-O bonds dif-
ferently structured functional groups exist, such as for C(+1) hydroxyl, hydroperoxy, epoxy,
phenol and ether groups.

The oxidation of polyolefin surfaces is accompanied by polymer etching leading to material
ablation and formation of gaseous etching products such as CO, (+4), CO (+2) and H,O [25].

Another problem is that most of O-containing functional groups cannot be formed
directly by attachment of oxygen species from plasma. Hydrogen is also needed to form
OH and COOH groups. It has to be removed from polymer chains to react with oxygen
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grafting onto radical sites grafting onto peroxy radicals grafting onto functional groups
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Figure 9.4 Three principal grafting modes (simplified scheme)
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species to form hydroxyl and carboxylic groups [26]. These plasma-produced species then
have to attach to the polymer surface as covalently bonded functional groups. It should be
remembered at this point that on turning-off the oxygen plasma polyolefins can be oxidized
further on exposure to the ambient air by “auto-oxidation”, also known from polyolefin age-
ing or weathering [27].

The removal of hydrogen from the polymer backbone (abstraction) is the desired start-
ing reaction: C-H + hv — Ce + oH (0.5 H,) for forming an anchoring point for the covalent
bonding of oxygen species from the plasma. For example, hydroxyl radicals can recombine
with such C radical site and form the desired C-O group: Ce + ¢OH — C-OH. The most
probable reaction is the reaction of molecular oxygen in the triplet ground state with C
radicals. It is a chemical reaction and does not need plasma assistance: Ce + ¢O-Oe —
C-0O-Oe. The peroxy radical formed can then abstract hydrogen from neighboring C-H
bonds of the polymer molecule to form hydroperoxides: C-O-Oe + RH — C-O-OH + oR.
The newly formed Re is characteristic of chain reactions (auto-oxidation). The hydroperox-
ides can decompose in several ways, for example: C-O-OH — C-Oe + ¢OH or 2 C-O-OH
— C-0-Oe + C-Oe¢ + H,0. C-Oe may pick up H: C-Oe + RH — C-OH + oR, thus form-
ing hydroxyl, keto, aldehyde, carboxylic and other groups [27]. Figure 9.5 represents these
complex reaction processes at polyethylene surfaces on exposure to the ammonia plasma as
well as the deposition of a plasma polymer formed from allylamine (CH,=CH-CH,-NH,).
This plasma polymer carries primary amino groups formed by chain-growth and fragmen-
tation-polyrecombination polymerization (Figure 9.5) [28].

Plasma particle bombardment of the topmost polymer surface as well as short-wave-
length vacuum ultra-violet (VUV) irradiation produce C-radical sites on the topmost sur-
face and within a near-surface layer of a thickness of a few or, in some cases, hundreds

Ammonia plasma exposure Allylamine plasma
polymerization
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2 NH, 2 NH; 2NDy hv plasma
particle CHp=CH-CH,-NH; CH2=CH-CHy-NH,
g shower .
: classic i plasma
pol ization : pol
: ¥
2NH#+2H, 2NHa+H; 2ND;+D; CH,=CH-CH,
CHz  CH,-NH,
CHz-NH;
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NH MH; N NH ND, CH, Nil/@ NH,
polyethylene D mfy@fhyfene
hydrogen release, hydrogen/ release of hydrogen, grafting,
formation of radicals, deuterium formation of double bonds, initiation of chain-growth polymerization,
dissociation of plasma gas, exchange chain scission, monomer fragmentation,
linking of plasma fragments forrnaﬂon of radicals, random polyrecombination
to polymer chaing crosslinking

Figure 9.5 Schematic representation of processes on polyethylene surfaces on exposure to the
ammonia or allylamine plasma
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micrometers [4,29-31]. Hence photo-, plasma- and chemical oxidation show similar prob-
lems, so it can be stated that any oxidation of polyolefins is not appropriate for production
of monosort O-functional groups. Such (auto-) oxidations are not controllable as schemati-
cally shown in Figure 9.6 [27].

Another problem is that C-H and C-C bonds in polyolefins have similar dissociation
energies (395 and 375 kJ/mol, respectively) [2]. Therefore, any attack by energy-rich plasma
particles or plasma irradiation or chemically reactive species should cause comparable per-
centages (about 50:50) of C-H and C-C bond scissions [32]. The real situation is slightly
better than expected because the C-C bonds in the polyethylene backbone are shielded
from extensive chain scissions by attack of plasma-produced oxygen species [2] by the
hydrogen atoms of the methylene units. The integrity of C-C bonds is thermodynamically
unexpected. It can be imagined that the hydrogen atoms form a cloud around the C-C
backbone and shield the backbone from extensive chain scissions. Such thermodynamically
forbidden behavior is already known from the additional (post-) chlorination of poly(vinyl
chloride), which proceeds without significant polymer degradation [33]. This shielding by
the hydrogen cloud around the polyethylene backbone, however, will not prevent chain
scissions by irradiation with plasma-vacuum UV radiation. Thus, C-C bond scission and,
therefore, polymer degradation will occur in each case. It is well known that even a few C-C
bond scissions of polymer backbones strongly degrade the mechanical strength of the poly-
mer (Figure 9.7) [34]. The advantage of establishing reactive groups at polyolefin surfaces is
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accompanied with the disadvantage of polymer degradation and formation of a mechani-
cally unstable surface layer.

As stated before plasma particle bombardment as well as VUV irradiation do not act
selectively. Filtering the species with lower energy from plasma (afterglow or remote plasma,
downstream plasma) may be considered as an alternative [35]. However, the energy of such
long-living species in the afterglow, such as metastable states of noble gases, is still going to
be much higher than C-C bond energy (=3.5 eV). Thus, the use of remote plasma did not
improve the selectivity compared to the direct oxygen plasma exposure as derived from the
resulting polymer surface functionalization characterized by XPS valence band spectra as
well as angle-resolved XPS [36,37]. Another option was to filter the VUV radiation using
LiF or MgF, windows from the plasma, cut-off the shortest and, therefore, energy-rich
lines of the spectrum and to induce with a softer residual radiation the photo(co-)polym-
erization, for example ethylene with ammonia by VUV radiation of wavelength A<120
nm, which corresponds to E=12 eV [38]. Excimer lamp and excimer laser ablations were
used with the intent to achieve higher selectivity [6,7]. However, all these methods could
not avoid sufficiently the undesired degradation, etching and side-reactions. The reduced

Bond dissociation energies in the polyethylene molecule and the respective probability of bond dissociation on
exposure to the plasma
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energy was still too high for initiating more selective reactions (Figure 9.8). The minimiza-
tion of electron energies in the plasma, however, is limited because the plasma has to be
sustained. However, this minimum kinetic energy of electrons still exceeds considerably the
dissociation energies in polymers.

Another approach was the use of pulsed plasmas for reducing the effective power input
into the plasma. Thus, only short plasma pulses would initiate chain reactions, which pro-
ceed in long plasma-less dark phases [19,39].

Plasma polymerization of functional groups carrying precursors and the deposition of a
thin polymer layer is also an alternative way to produce a functionalized polyolefin surface.
Thus, poly(acrylic acid) was deposited onto polypropylene and polyethylene to improve
their adhesion to thermally evaporated aluminium layers [40]. However, monomer frag-
mentation dominates the process of continuous-wave plasma polymerization and the
retention of carboxylic groups in the plasma polymer layer was no higher than 50%. Using
the pulsed plasma mode the retention in carboxylic groups could be increased to about 75%
[41]. It should be remembered that in pulsed plasma polymerization short plasma pulses (a
few us) were ignited followed by plasma-less (dark) phases (a few ms) (Figure 9.9). As men-
tioned before, the plasma phase should initiate the chain-growth polymerization, which
proceeds in the dark phase because it is an exothermal process. This is a clever idea but
under low-pressure conditions the chain-growth polymerization produces only very short
kinetic chain length. As an alternative, plasma polymerization using pressure and power
pulsing was developed to increase the monomer pressure in the dark phases. Thus, longer
kinetic chain length was achieved and thus linear polymer products with a higher number
of repeat units in the polymer backbone were produced [42,43].

Thus, the use of vinyl or allyl monomers, capable of undergoing classic chain growth
polymerization in pulsed plasma polymerization, has shown that in comparison to the ordi-
nary plasma induced fragmentation and recombination in the continuous-wave plasma,
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Figure 9.8 Dissociation energy in polymers compared with energy ranges found in various processes
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the yield of retained monosort functional groups in the deposited layers can be slightly or,
in some cases, significantly improved [44,].

Plasma-initiated (quasi-) co-polymerization of ethylene with ammonia resulted in a
plasma polymer with a certain concentration of primary amino groups [38]. This insertion
of covalently bonded amino groups into the plasma polymer structure cannot be achieved
by classic chemistry. This indicates that plasma chemistry does not follow classic chemistry.
Nevertheless, surprisingly, the yield of amino groups was about 12-14% NH_/C, because
the formation of NH, groups in the ammonia plasma is thermodynamically unfavorable as
shown later. Use of vinyl or allyl monomers and ammonia, water, carbon dioxide or bro-
mine increased the number of (monotype) functional groups further [19]. The insertion of
inorganic or non-polymerizable molecules into the polymer structure generally requires
plasma fragmentation/recombination.

However, another situation is when using two vinyl, diene or allyl comonomers. The
initiation of the classic chain-growth polymerization and, therefore, also the classic copo-
lymerization is possible by use of a chemical initiator. Replacing the chemical initiator by
plasma initiation, chemical chain-growth polymerization/copolymerization as well as frag-
mentation-recombination can be expected.

Styrene, ethylene or butadiene do not have functional groups in contrast to allyl alcohol
(OH), allylamine (NH,), allyl bromide (Br) or acrylic acid (COOH), which possess chemi-
cally reactive functional groups [39]. Varying the comonomer ratio of these two groups and
considering the chemical copolymerization rules (copolymerization parameters) [46,47]
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the concentration of OH, NH, or COOH groups could be varied over a large range in the
deposited copolymer layer (Figure 9.10) [48-53].

Using the pulsed plasma mode with low duty cycle and low wattage, the retention of
polymer structure and functional groups should be maximal and thus a single (dominat-
ing) kind of functional groups should be formed [54-62]. A detailed discussion of plasma
polymerization is planned to be published in a separate review article.

9.1.3 Polymer Degradation Caused by Plasma Exposure

There have been many attempts to introduce switchable polymer combs and brushes, sen-
sor and probe units as well as spacer molecules with several functions or flexible bonding of
intact proteins, cells, etc. to polyolefin surfaces. A precondition is a well-defined modified
polyolefin surface needed as the basis for grafting of molecules onto the polyolefin sub-
strate. It was shown in Section 1.2 that these technical requirements cannot be fulfilled
by a simple unspecific plasma treatment of polyolefin surface. Strong hindrance for such
applications is caused by the broad variety of different types of O- or N-functional groups
at the surface and other disadvantages such as formation of a weakly bonded layer of oxi-
dized and degraded polyolefin material at the surface (Low-Molecular Weight Oxidized
Material- LMWOM) [63] forming a Weak Boundary Layer (WBL) [64]. In case of non-
specific oxidized polyolefin surfaces with a variety of O-functional groups different physical
interactions dominate the adhesion to any material. Such physical interactions may be van
der Waals type and hydrogen bonds but both types of interactions are sensitive to water.
Additionally, the LMWOM is only loosely bonded to the polyolefin bulk. Although, strong
adhesion between a coating (or a metal layer) and the oxidized polyolefin surface may exist
but the LMWOM itself does not adhere well to the polymer substrate (bulk). At mechani-
cal loading such polyolefin laminate fails within the LMWOM layer. Before coating, it is

allylamine allylamine + 2 ethylene allylamine + butadiene
H,C=——CH——CHNH, H,C =——=CH——CHNH, HoC =——=CH——CHNH,
l 2 HL=—=CH, CHy——CH—CH=CH;
CHeNH; CHrNH; CHrNH; CH-NH, CHyNH; CHy-NH;

CH;-NH; CH-NH;

CHyNH, CHrNHy CHrNHy  CH-NH, Mm

homopolymerization co-polymerization chemical crosslinking

Figure 9.10 Schematic representation of plasma-induced homo- and co-polymerization as well as
crosslinking of allylamine with ethylene or 1,3-butadiene [28]
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recommended to remove the loosely bonded LMWOM from the topmost polyolefin surface
by solvent extraction (washing) and thus to expose intact polymer chains. Unfortunately,
these buried polymer molecules possess only a low concentration of adhesion-promoting
polar groups. This is the general dilemma in polyolefin surface functionalization.

At mentioned in the beginning a further problem exists, i.e., the absence of hydrogen
in the O, plasma. Attachment of hydroxyl and carboxyl groups onto polyolefin surfaces
requires a prior release or abstraction of hydrogen from the polyolefin:

CH-H + oxygen plasma — CHe + He
0O-Oe + oxygen plasma — 2 Qe
CHe + ¢Oe — CH,-Oe

CH-Oe+ CH,-H — CH-OH + CHe
The other possibility is, as mentioned before, the peroxy-based auto-oxidation:

CH,e + #0-Oe — CH,-O-Os + CH_
CH,-0-Os + CH,-H — CH,-O-OH

CH,-O-OH (decay, rearrangement) — -OH, C=0, COOH.....

As mentioned before nearly identical dissociation energies of C-H and C-C bonds make
chain scissions and formation of O-functional groups possible:

...-CH,-CH,-... + oxygen plasma — ...... -CH,e +eCH,-... + H,0.

2

...-CH,-CH,-... + oxygen plasma — ...... -CH,-OH + HO-CH,-... or

...-CH,-CH,-... + oxygen plasma — ...... -CH(OH)-CH,-...

The formation of carboxylic groups at polyolefin surface needs also a hydrogen source.
Moreover, COOH groups are terminal groups in polymers; therefore, their formation is
associated with chain scissions of the polymer backbone (degradation):

...-CH,-CH,-... + oxygen plasma — ...... -COOH + HOOC-... + HO.

2

9.1.4 Possible Strategies to Produce Monosort Functional Groups on
Polyolefin Surfaces

The following routes to produce monosort functional groups can be considered:

1. Post-oxygen plasma wet-chemical reduction of O-functional groups to OH-groups
Accepting the unspecific oxygen plasma treatment with the formation of different

types of O-functional groups, all the carbonyl unit-containing functional groups can
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be chemically reduced to OH groups and also C=C double bonds can be transformed
by addition of a OH group (>C=C< + H /O — >CH-C(OH)<).
2. Selective and high-vield plasma bromination
Selective plasma processes forming monosort functional groups in high density
were not found in the older literature [25]. However, the newly introduced plasma
bromination fulfils this requirement and produces exclusively C-Br bonds. These
plasma-produced monotype C-Br groups are very reactive. As known from
Organic Chemistry these bonds are ideally suited as anchoring points for mol-
ecules, oligomers and polymers via post-plasma wet-chemical nucleophilic sub-
stitution reactions. Additionally, C-Br bonds can also be converted to OH, NH,,
NO,, CN, N, (N, precondition and, therefore, starting point for new “click” chem-
istry) etc. with high selectivity and yield by wet-chemical post-plasma conversion.
3. In situ-graft polymerization onto C-radical sites
Another possibility is, after turning off the plasma, the immediate grafting of vinyl
or acrylic monomers carrying reactive functional groups (OH, COOH, NH,....) onto
plasma produced C radical sites under vacuum conditions and starting a radical chain-
growth polymerization.
Alternatively, post-plasma formed hydroperoxides can be radiatively or thermally
decomposed to alkoxy radicals, which also can start a chain-growth polymerization.
4. Plasma polymerization of monomers carrying functional groups
A completely different alternative is the deposition of plasma polymer layers made
from functional group carrying monomers (allyl alcohol, acrylic acid, allylamine....)
onto the polyolefin surface. Variation in the density of functional groups is possible
by plasma-initiated co-polymerization of functional group bearing co-monomers and
“chain-extending® co-monomers, i.e. co-monomers without functional groups [41].

These possibilities of producing monosort-functionalized polymer surfaces and chemical
grafting onto these functional groups or radicals are discussed using a few examples in
Section 2.

The above listed variants of polyolefin surface modification with monotype functional
groups are schematically presented in Figure 9.12.

The occurrence of various functional groups, double bonds and radical sites as well as
crosslinking and oligomer inclusions are characteristics of the irregular structure of such
plasma polymers, thus they are subject to rapid ageing. On the other hand, the high post-
plasma reactivity of such layers can enhance the adhesion to other materials [61,65-79].

9.2 Production of Monotype Functional Groups

9.2.1 OH Group Formation by Exposure to Oxygen Plasma

As mentioned in Introduction, there is a good possibility to apply also an oxidative wet-chem-
ical process for transforming all the C-O_ bonds to a single bonding state, for example, to
COOH groups, which can serve as adhesion promoters because of their chemical reactivity
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Figure 9.11 Schematics of the formation of Low-Molecular Weight Oxidized Material (LMWOM)
in case of oxygen low-pressure plasma exposure of polyethylene and the situation after solvent
extraction

and ability to form hydrogen bonds. An important disadvantage is that COOH groups are
terminal groups. In case of polyethylene, they indicate scission of the polymer backbone.
Moreover, certain known oxidation reactions can be initiated with selenium dioxide or potas-
sium permanganate etc; however, they are not specifically suited for oxidation of all types of
O-functional groups to COOH [12]. Moreover, COOH is not the highest oxidation level of
carbon atoms. Therefore, the oxidation must be stopped at the level of 3 carbon-oxygen bonds.
The highest oxidation ratio with 4 carbon-oxygen bonds is found in CO,. However, formation
of carbon dioxide is accompanied by polymer etching. The formation of organic carbonate
structures by simple oxidation in plasma is unlikely but can occur [80].

The chemical reduction of carbonyl features introduced to the surface by exposure to the
oxygen plasma to OH groups is a well-proven way to produce monotype hydroxy groups
at polyethylene or polypropylene surface (Figure 9.13) [9]. Such reductions are based on
investigations of H. C. Brown, who received the Nobel Prize in Chemistry in 1979 [81-85].

Following the Brown s route, carboxylic, ester, ketone and aldehyde functions can be
transformed into OH groups by reduction with diborane as well as C=C double bonds can
be hydroborated and hydrolyzed to OH groups (Figure 9.13) [18,86,87]. NaBH, is a gentler
reducing agent and it reduces only ketones, aldehydes and acid chlorides [2].

Using strong reducing agents such as LiAIH, or Zn/HCI, C-O-C ether bonds were also
broken and transferred to OH groups. However, a few polymers possess these ether bonds
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Figure 9.12 Processes to produce monotype functional groups onto polyethylene surfaces

in their polymer backbone, such as polyethers (poly(oxymethylene)-POM, poly(ethylene
glycol)-PEG, poly(phenylene oxide)-PPO), and may, therefore, be degraded during chemi-
cal reduction [86]:

-C-O-C- + LiAlH, — -C-OH + HC- (HO-C)
HI and HCl/Zn also attack C-O-C bonds quantitatively [2]:
-C-0-C-+2HI->2C-I+HO

C-1+ OH — C-OH

The results of different reduction treatments are compared in Table 9.1.

Diborane (B,H,, dissolved in tetrahydrofuran-THF) reduces only carbonyl features
occurring in different O-functional groups (C=0, CHO, COOH, COOR) and does not
attack ether structures (C-O-C), therefore, chain scissions are minimized [9,88,89].

A similar reduction process of carbonyl features to OH groups can be performed using
Vitride” (Na-bis (2-methoxyethoxy)aluminium hydride)) or 9-BBN (9-borabicyclo[3.3.1]
nonane) [18]. Using diborane in combination with hydrogen peroxide and hydrolyzing it,
olefinic double bonds in the polymer can be additionally hydroborated, i.e. transformed to
OH groups [90]:

>C=C< + B,H, — adduct + H,O, — >CH-C(OH)< very fast
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Figure 9.13 Reactions of carbonyl features and double bonds with diborane and ether groups with
LiAlH4 to hydroxyl groups

The hydroboration of double bonds also makes sense with polyethylene because double
bonds are formed by oxygen plasma exposure. Using hexatriacontane (HTC, C, H, ) as
model molecule for polyethylene the formation of double bonds could be evidenced by
Near-Edge X-ray Absorption Fine Structure (NEXAFS) and also in polypropylene exposed
to oxygen plasma by Matrix-Assisted Laser Desorption/Ionization (MALDI) spectroscopy
(Figure 9.14) [88].

Summarizing these different reduction routes, their relative efficiency for OH formation
is reflected in Figure 9.15. However, it should be noted that use of strong reduction agents
produces higher yields in OH groups but it is associated with some loss in total oxygen
percentage (O/C_ ) by reduction to C-H_groups.

total

9.2.2 Formation of COOH Groups by Exposure to Carbon Dioxide Plasma

The choice of plasma gas essentially determines the type of functional groups introduced
to the polymer surface. Therefore, it was observed that carbon dioxide plasma was able to
bond this molecule to the polyolefin surface with formation of carboxylic groups [91,92].
Again, CO, attachment is not sufficient because hydrogen is needed to form COOH groups.
However, the addition of water to the carbon dioxide plasma did not increase further the
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Table 9.1 Overview of results of different chemical reduction processes of O-functional to

OH groups

Reduction

Efficiency

Side-reactions

Chemical reduction

reduced except ether groups

Na/NH, All O-functional groups were | Reduction C-F bonds to
reduced carbon (PTFE)
Zn/HCl All O-functional groups were | Partial reduction to
reduced hydrocarbons
LiAlH, All O-functional groups were | Scission of ether groups in
reduced polymer backbones (poly-
mer degradation)
NaBH, All O-functional groups were | Scission of ether groups in
reduced polymer backbones (poly-
mer degradation)
B.H, O-functional groups were

Vitride (Na-complex)

O-functional groups were
reduced except ether groups

Reduction is not complete

Plasmachemical reduction

reduced and N-functional
groups introduced

H,-plasma All O-functional groups were | Reduction to hydrocarbon,
reduced strong alteration of polymer
structure, strong post-
plasma oxidation
NH,-plasma All O-functional groups were | Reduction to hydrocarbon,

strong alteration of polymer
structure, strong post-
plasma oxidation

concentration of COOH groups at polyethylene surfaces [93]. Thus, the mechanism of
COOH formation at polyolefin surfaces can be simplified to:

C-H + CO,* - C-COOH

Detailed investigation of COOH formation and formation of other O-containing groups at
polyethylene surfaces was already published in 1995 [94].

It was found that additional polar groups (oxidation) formation and ablation also occur
on exposure of aromatic polyester surfaces (poly(ethylene terephthalate)-PET) to CO,
plasma. The treatment results in the incorporation of carboxyl, carbonyl, and hydroxyl
groups, together with a small percentage of carbonate species [95]. It should be stated that
the COOH percentage among all plasma-produced O functional groups is low for modi-
fied polyolefins (max. 14% COOH/O) [94]) and also for carbon fibres [96]. Although CO,
plasma treatment has low efficiency, plasma of 50 mol-% CO, and 50 mol-% acrylic acid
produces almost twice as many COOH groups than without CO, addition [97].
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Figure 9.14 Near-Edge X-ray Absorption Fine Structure (NEXAFS) spectra of polypropylene and
Matrix-Assisted Laser Desorption/Ionization (MALDI) spectra of hexatriacontane (HTC) with
addition of silver ions (AgNO,)

Hegemann et al. have found that the COOH formation by plasma polymerization of
acrylic acid has different origin [98]. Many COOH groups in the acrylic acid monomer
survived the plasma polymerization process. The other COOH groups are the product of
monomer fragmentation, formation of CO, in the plasma and its insertion into the plasma
polymer as newly formed COOH groups. CO, as intermediate is formed at moderate or
high energy input. It can also copolymerize with C H,, which is also formed within the
active plasma zone by monomer fragmentation [98]. Thus, polyolefin surface functionaliza-
tion and plasma polymer deposition of COOH-containing monomers are characterized by
some common fragmentation-recombination mechanism:

~C-H + plasma — ~Ce + oH
CO,* + plasma — Ce + 2 O (or other O-species)

~Ce + Ce +2 0 + ¢H — ~C-COOH + AH

The multiple recombinations are strongly exothermal and the COOH group formed can disso-
ciate again or etching can occur. It is assumed that stepwise recombination and flow of energy
to the substrate material are needed. Intermediate rearrangements may also be responsible for
the formation of other types of O-functional groups.
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Figure 9.15 Efficiency of different wet-chemical processes in the reduction of oxygen plasma
produced O-functional groups to OH groups

9.2.3 Formation of Amino Groups by Exposure to Ammonia or Nitrogen
Plasmas

9.2.3.1 Significance of Primary Amino Groups in Life Sciences

Amino groups play an important role in biology and medicine, and are often found in
vitamins, peptides and proteins. They are composed fully or partially of amino acids - the
building blocks of all proteins. Amino groups react with carboxylic groups to form peptide
(amide) bonds:

R'-NH, + HOOC-R* = R'-NH-CO-R* + H,O.

In 1953, ammonia plasma enriched with carbon monoxide or dioxide, water, hydrogen and
so on were used to produce amino acids. S. L. Miller, under the guidance of H. C. Urey, who
received the Nobel Prize in Chemistry in 1934, explained experimentally the genesis of life
by exposure of a liquid-phase mixture of water, hydrogen, ammonia, methane and carbon
monoxide to plasma. This mixture simulated the early earth atmosphere [99,100]. Initially
hydrogen cyanide (HCN) and aldehydes (R-CHO) were formed followed by their reaction
to form 28 amino acids:

R-CHO + HCN + H,0 — H N-CHR-COOH

R-CHO + HCN + 2 H O — HO-CHR-COOH + NH,

Because of their pronounced chemical reactivity amino groups are of special interest.
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Hollahan et al. (1969) used an ammonia plasma for introduction of (primary) amino
groups (-NH,) onto polymer surfaces such as polypropylene, poly(vinyl chloride),
poly(tetrafluoroethylene), polycarbonate, polyurethane and poly(methyl methacrylate)
[101]. The primary amino group was well suited for anchoring of heparine and thus made
the polymer surface biocompatible. Primary amino groups react easily with carbonyl groups
to form Schift’s bases (azomethines) [102,103]. Secondary amino groups (-NH-) react with
carbonyls to form enamines [2]. Carbon fibres [104], poly(ethylene terephthalate) [105],
aromatic polyamide fibres (Kevlar) [106] and poly(tetrafluoroethylene) (PTFE) were also
exposed to the ammonia plasma [107,108] with the intention to produce NH, groups at
their surfaces.

9.2.3.2 Ammonia Plasma Treatment of Polymers and Graphitic Materials

Hollahan et al. had proposed that the ammonia molecule dissociated in the plasma phase
by abstraction of hydrogen to the eNH, radical. Then, this radical can recombine with a
plasma-produced C radical site at the polymer backbone [101]:

NH, + e — eNH, + He
-[CH,-CH(CH,)] - + hv — -[CH,-Ce(CH,)] - + He

CH,-Ce(CH,)] - + ®NH, — -[CH -C(NH,)(CH,)]

Later on it was shown that this assumption was too optimistic because of thermodynamic
reasons and because of the general energy excess in the plasma. Therefore, the yield in pri-
mary amino groups at polymer surfaces exposed to plasmas of ammonia, nitrogen or nitro-
gen-hydrogen mixtures was lower than about 10% of all inserted N-containing groups as
shown at carbon fibre surfaces [109]. ToF-SSIMS (Time-of-Flight Static Secondary Ion Mass
Spectrometry) analysis identified 2 NH,/100 C after exposure of polystyrene to the ammonia
plasma [110]. Nitrogen [111,112], N,/H -mixtures [101] and NH,/H,-mixtures [113-117]
did not improve the yield in NH,-groups compared to ammonia plasma exposure [118].
The dissociation energies of N-H bonds in the ammonia molecule prefer the formation of
secondary amino (-NH-) and tertiary N (>N-) species [119]: N-H = 348 kJ/mol; NH-H =
381 kJ/mol; NH,-H = 440 kJ/mol (for comparison CH-H,, = 395 k]/mol). Based on these
values the formation of NH,-species in ammonia plasma and their linking to the polyole-
fin surface is not favorable in terms of thermodynamics and also in light of energy excess
in the plasma, as reflected by low yield of hydrazine in N /H, plasmas [120] due to the
energetically preferred reaction: NH,—+NH + H,=209 kJ/mol. The formation of desired
NH,-radicals needs more than twice the energy than is needed for NH formation. This fact
explains the surprising low yield of NH, groups in contrast to the significant high percent-
age of nitrogen incorporation into polyolefin surfaces [120].

Nevertheless, to determine the functionalization process of polyolefin surfaces with pri-
mary amino groups in detail, polypropylene was exposed to ammonia, nitrogen or N, + H,
plasmas (Figure 9.16) [117].

n n
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Figure 9.16 NH,, N, and NH,+H, pulsed-rf plasma exposure of polypropylene surfaces and XPS-
measured N, O and NH, concentrations (X) (10 min, 6 Pa, 30 W, pulse frequency 1000 Hz, duty cycle 0.1)

The yields of NH, groups were in the same low range for all three N-containing gas
plasmas (=2% NH,/C). It should be mentioned that the NH, groups concentration linked
to polymer surfaces was estimated by their derivatization (labelling) using pentafluoroben-
zaldehyde [89] or trifluoromethylbenzaldehyde with Schiff’s base formation [115]: (R-NH,
+ OHC-C F, (OHC-C H,-CF,) - R-N=CH-C F, (R-N=CH-C_H,-CF,)) and XPS measure-
ment of the resulting fluorine concentration.

The N introduction is also detectable by recording the XPS N1s peak. Here, Highly-Ordered
Pyrolytic Graphite (HOPG) was exposed to ammonia plasma. A significant N1s peak position
at a binding energy of 399 eV was observed (Figure 9.17) [121].

9.2.3.3 Undesired Oxygen Introduction on Exposure to Ammonia Plasma

Besides the desired introduction of N-functional groups on exposure to the ammonia
plasma, high concentrations of undesired post-plasma attached oxygen were measured at
the surface of polyolefins as well as carbonaceous materials [108,109]. The undesired intro-
duction of oxygen into polymer surface layers or graphitic materials occurs during the
plasma process with traces of oxygen in the reactor or sometimes from acetone from the
ammonia bottles. However, it was shown clearly that post-plasma oxidation of radical sites
on exposing the plasma-treated samples to ambient air was responsible for oxygen intro-
duction and polymer ageing [108]. The same post-plasma oxidation was observed with car-
bon fibres after exposure to the ammonia plasma [109]. The detected oxygen concentration
was very high and amounted to about 10% O/C for both carbonaceous materials as well as
polyolefins on exposure to ammonia, nitrogen and nitrogen+hydrogen plasmas [25,117].
The addition of hydrogen to the ammonia plasma did not increase the yield of NH_-groups
as could be expected from chemical equilibrium processes following the Le Chatelier prin-
ciple [117]. Replacing continuous-wave radio-frequency by pulsed radio-frequency plasma
(pulse frequency 10° Hz, duty cycle 0.1) the nitrogen introduction increases, the undesired
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Figure 9.18 Cls XPS peaks of NH,, N, and NH,+H, (1:3) plasma treated polypropylene in
dependence of treatment time (continuous wave radio-frequency plasma, 100 W, 6 Pa)

oxygen incorporation decreases but the desired NH,-group formation remains nearly con-
stant and at a low level (cf. Figure 9.18).

In the Cls peak of polypropylene, peak broadening on the high energy side is observed
in dependence on exposure time to the ammonia plasma. The peak broadening up to 286
eV can be attributed to the attached N-functional groups and at >286 ¢V to C-O, >C=0,
0O-C=0 bonded functional groups.

The increasing concentrations of N and O incorporation into the PP surface are exempli-
fied for the ammonia plasma and polypropylene in Figure 9.19.

It can be seen in Figure 9.19 that the undesired oxygen incorporation is significant also
at short plasma exposure and is about 10% O/C [122,123].

Besides the undesired post-plasma incorporation, also oxygen attachment onto the
various N-functional groups was observed. N-oxide (C-N...O), hydroxylamine (>N-OH),
nitroso (-N=0) or amido (-CO-NH-) groups were assumed to be formed [125,126].
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Figure 9.19 Time-dependence of oxygen and nitrogen incorporation into the polypropylene surface
on exposure to the ammonia plasma (continuous wave radio-frequency plasma, 100 W, 6 Pa) as
measured by XPS analysis after transport of samples from the plasma chamber to the spectrometer
(exposure to air ca. 30 min)

9.2.3.4 Additional Side Reactions on Exposure to Ammonia Plasma

A number of newly formed additional groups were identified after ammonia plasma expo-
sure using IR and XPS. Hydrogenation products are observed because the ammonia mol-
ecule is rich in hydrogen (1 N, 3 H). Thus, at carbon fibre surfaces the formation of hydro-
carbon plasma polymers was observed by XPS and IR spectroscopy from the appearance of
a new intense peak at 285.0 eV [109].

Exposure of polyethylene to the ammonia plasma also produced CH, groups. These
were the consequence of polymer chain scissions by ammonia plasma exposure and respec-
tive hydrogenation of carbon atoms after scissioning (Figure 9.20) [117].

The completely deuterated (per-deuterated) hexatriacontane (d-HTC, C, D. ) served as
short-chain model for polyethylene. The formation of CH, bonds on exposure of d,-poly-
ethylene to the NH, plasma confirmed the hydrogenation. It should be added that the
same results were obtained if hexatriacontane (h-HTC, C, H.,) or h4-polyethylene were
exposed to the ND, plasma. Moreover, the hydrogenation covers a few micrometers from
the surface because the C-H and C-D bands are intense considering the sampling depth
of the ATR cell of about 2.5 um [117]. Therefore, it can be concluded that the hydrogena-
tion effect of ammonia plasma dominates strongly the nitrogen introduction and modifies
pm thick layers. This is also evident by the appearance of strong D-related signals in ToF-
SIMS and NMR ('H, "C, *H MAS (Magic-Angle Spinning) using the ND, plasma [117].

It was assumed that short-wavelength vacuum UV radiation (VUV) of the ammonia
plasma with its characteristic hydrogen lines produces dehydrogenation in analogy to
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Figure 9.20 IR spectra of h-HTC and deuterated hexatriacontane (d-HTC) exposed to NH, or ND,
plasma

observed dehydrogenation and formation of C=C double bonds on hydrogen plasma expo-
sure of poly(vinyl chloride) [127] or polyethylene [128] or poly(tetrafluoroethylene) [129].
Considering HTC (or polyethylene) the following reaction is proposed:

H,C[CH,],,CH, + VUV (NH, plasma) - H,C[CH, ], CH=CH-CH, + H,

Moreover, in analogy to the observed di-, trimerization and crosslinking of h-HTC
on exposure to the oxygen low-pressure plasma by means of Matrix-Assisted Laser
Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-ToF-MS) (cf. Figure
9.14) [130,131]. Ammonia plasma also produces crosslinking. Thus, ammonia plasma
treated hexatriacontane (HTC) was not completely soluble and could not be analyzed
using MALDI because of its partial crosslinking. A similar observation was made by
Hudis, who has investigated the effect of hydrogen plasma on polyethylene, which may
be acting in the same way as ammonia plasma [132]. The existence of low concentration
of primary amino groups on polypropylene (cf. Figure 9.16) was evidenced by derivatiza-
tion with pentafluorobenzaldehyde (PFBA) and quantified by measuring the F1s peak as
described already (Figure 9.21).

Unexpected infrared absorptions were found between 2100 and 2200 cm™ assigned to
nitriles (-C=N), isonitriles (-N*=C") and acetylenes (R'-C=C-R?) indicating unexpected
side-reactions (cf. Figure 9.22, v=2127 cm™). The formation of nitrile (cyanide) groups
requires an excess of energy because an energy-consuming dehydrogenation of amino
groups is necessary. Moreover, it results in a chain scission:

>CH-NH, —» -C=N + H..

Other reaction ways to formation of nitrile groups are also probable.
Moreover, the formation of acetylene bonds (-C=C-) in polypropylene (v __~2100 cm™
and v__.,=3300 cm) is found which may be produced by a similar process:

-CH,-C(CH,)H-CH,-R — -C=C-CH, + CH,-R + H,,
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Figure 9.22 Polypropylene exposed to the ammonia plasma (cw-rf plasma, 100 W, 10 Pa,
300 s). The spectrum is the difference between treated-untreated. The spectra were recorded using the
Surface-Enhanced Infra-Red Absorption (SEIRA) technique [14]
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9.2.4 Surface Bromination

9.2.4.1 Kinetics, Thermodynamics and Mechanism

Using the bromoform or bromine plasma to functionalize polyolefin surfaces the exclu-
sive formation of monotype C-Br groups was found [10,60,133]. Selectivity and yield of
this process are extremely high. As a consequence, bromination is the only known plasma
process for producing monosort functional groups. The presumed mechanism of plasma
bromination should be a radical one given the standard (°) enthalpies (H) of dissociation

() (A H):
Br, + plasma — 2 Bre A H’=190 kJ/mol
-[CH,-CH,] - + plasma — -[CH,-CHe] - + eH A H=395 k]/mol
-[CH,-CHe] - + eBr — -[CH,-CHBr] - A H=-281 kJ/mol
Bre + ¢H — HBr A H=-363 k]/mol

Bromine atoms are also capable for radical substitution and to initiate a chain reaction:
-[CH,-CH,] - + 2 eBr — -[CH,-CHBr] - + HBr

The proposed detailed bromination mechanisms are presented in Figure 9.23.

Plasma-induced H-abstraction followed by radical recombination
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Figure 9.23 Proposed reaction mechanisms of plasma-activated bromine with a polyethylene chain
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Under plasma conditions the bromoform molecule dissociates preferably by release of
Br considering the different bond dissociation energies for the bromoform molecule:

HCBr, — He+ «CBr, A H’=389 kJ/mol
HCBr, — HCBr, e+ «Br A H=230 kJ/mol

Using ethane as a model for polyethylene, the following thermodynamic calculation of the
reaction heat is possible considering the Hess rule and disregarding entropy influences (see
Gibbs equation AG=AH-TAS) [2]:

A H=A H° - A H, = (411-363) k]/mol = +48 k]/mol.

The positive reaction enthalpy shows that the bromination reaction needs additional activa-
tion enthalpy (vis or UV irradiation, plasma) in contrast to the strongly exothermal fluori-
nation (A H’= -155 kJ/mol) with F, [26].

The monosort functionalization of polymers is expected because the Br atom has only
one way to complete its outer electron shell, i.e., the formation of the C-Br bond and,
thus, to achieve the noble electron configuration. The alternative completing of the outer
electron shell by formation of Br- anions was not found by analyzing the Br3d peak in
the X-ray photoelectron spectrum. Also the formed HBr is volatile and, therefore, absent
at the polyolefin surface. Side reactions with oxygen are only possible after transfer of
the bromine plasma-treated polymer samples to the ambient air. However, the formation
of oxygen-containing functional groups during and after the plasma process is not very
probable because Br atoms are efficient radical scavengers and quench all C-radical sites
before oxygen has a chance to attach. This effect is well known from flame retardation
using Br containing additives, which quench radicals in the gas phase and also at the
surface of solids.

In the order of CH,-H, CH-H, C-H to C-C bonds the standard dissociation enthalpies
(A, H°) decrease from 411, 395, 389 to 370 kJ/mol, respectively, clearly showing that tertiary
C-H (probability of Br-introduction into primary, secondary, tertiary C-H bonds=1:250:6300)
and also C-C bonds are more easily attacked by Br atoms than primary or secondary C-H
bonds [2]. The conclusion is that the scission of polyethylene backbone should be much eas-
ier than that of C-H bonds in polyethylene:

-[CH,-CH,] - + plasma — -[CH,-CHe] - + eH A H’= 395 kJ/mol

CH3-CH,-H

-[CH,-CH,] - + plasma — -[CH,] -CH e + OHZC—[CHZ]y— A H°= 370 kJ/mol

As explained before, shielding of C-C bonded polyethylene backbone by its surrounding
hydrogen atoms (“hydrogen jacket”) suppressed extensive chain scissions, similar to the
extra-chlorination of poly(vinyl chloride) (Figures 7,23) [2]. Thus, plasma bromination is a
suitable way to produce monosort-functionalized polyolefin surfaces. To remove the low-
molecular weight products of plasma bromination (LMWOM), because extensive chain-
scissions still occur, it is recommended to wash the surfaces (cf. Figures 11,24) [19].
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Figure 9.24 Time-dependent bromination of polyolefin surfaces using different types of
bromine-releasing plasmas (left) and loss of bromination (right) by extracting the polyolefin with
tetrahydrofuran for 15 min

9.2.4.2 Parameter Dependence

The introduction of bromine on exposure to bromine-releasing plasmas is very fast.
Within 10 s exposure the maximum bromination percentage is achieved [19,]. The con-
centration of C-Br can be adjusted from a few percent Br/C to more than 100% Br/C
(Figure 9.24).

Bromoform (CHBr,) plasma tends to substitute C-H in polymers by Br thus forming
C-Br bonds and secondly to deposit of Br-containing plasma polymer layers. Allyl bromide
(CH,=CH-CH,-Br) forms exclusively a plasma polymer but tends to trap plasma-produced
C-radical sites in its structure, which then can undergo undesired post-plasma reactions on
exposure to oxygen from the ambient air (auto-oxidation [27]).

9.2.4.3 Conversion of C-Br into Other Monotype Functional Groups

C-Br groups can be easily converted into other monotype functional groups in a post-
plasma wet-chemical way (cf. Figure 9.25). An important process is the transformation
of C-Br bonds into primary amino groups using pure ammonia under high pressure and
elevated temperature [19]:

| Br+NH, > JNH, + HBr

The yield of amino groups was 7% NH,/C. Higher yields of NH,-groups were produced by
grafting ethylenediamine via nucleophilic substitution (20-22% NH,/C) [19,60,136]:

| Br+ NH,-CH -CH,-NH, —» | NH-CH,-CH,-NH, + HBr

The reaction with NaNO, followed by reduction of nitrite groups to amino groups yielded
about 4% NH,/C,
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| Br + NaNO, > |NO,

[ NO, + NaBH, — JNH,

The reaction of brominated polymer surfaces with sodium azide (NaN,) and the reduction
of azides with LiAlH, or exposing it to low pH, amino groups are formed (4% NH_/C):

I Br+NaN, - N,

N, (+H) - NH,

I—N3 is the starting anchoring point for formation of 1,2,3 triazoles with differently substi-
tuted acetylenes known as Click Chemistry [19,20].
Another way is the incorporation of nitrile (cyanide) groups with potassium cyanide:

| Br+kCN— Jc=N

followed by reduction of the formed nitrile group with LiAlH, leading to about 3% NH_/C:
fc=N- JcH,NH,

Thus, plasma-produced monosort C-Br groups can be easily converted into other monosort

functional groups in a chemical way.

Using the Williamson ether synthesis or other nucleophilic substitution reactions
[2], bi- (or mono-) functional molecules (HO-R-OH, H,N-R-NH,) were covalently
grafted onto C-Br functionalized polyolefin surfaces) [19]. Br (halogen) atoms were
consumed by OH (polymer-Br + HO-R-OH (Na) — polymer-O-R-OH + HBr) with
the assistance of sodium metal. NH, groups containing molecules are more reactive
than OH group containing ones and react without assistance of Na (polymer-Br +
H,N-R-NH, — polymer-NH-R-NH, + HBr).

The graft yield of molecules ranges from 1-22 molecules/100 carbon atoms of the poly-
olefin. Large or voluminous oligomers could also be grafted such as poly(ethylene glycol)
with a molecular weight 5000 g/mol, poly(amidoamine) (PAMAM) dendrimers or amino-
phenylene group-substituted polyhedral oligomers of silsesquioxanes (POSS) in low con-
centrations (1-2 molecules/100 C) owing to the large space required by the POSS molecule
at the polyolefin surfaces. Small molecules, such as ethylenediamine, were grafted in con-
centration up to 22 molecules per 100 C (Figure 9.26) [19].

9.3 Other Methods for Introduction of Monotype Functional Groups onto
the Polyolefin Surface (Plasma Polymerization, Underwater Plasma,
ElectroSpray Ionization Deposition, Atmospheric-Pressure Chemical
Ionization, Chemical Pretreatment)

9.3.1 Plasma Polymerization

As suggested in the foregoing Section 1.4 plasma polymerization of monomers or precur-
sors or their mixtures is also an often used variant in polyolefin surface functionalization
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Figure 9.26 Dependence of grafted spacer molecules on length of spacer molecules (referenced to
the number of CH, units in the grafted molecule)
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Figure 9.27 General possibilities to establish monotype functional groups at polyolefin surfaces,
here exemplified by polyethylene and bromine groups

as an alternative to direct polyolefin surface functionalization in chemically reactive
molecular plasmas and post-plasma chemical conversion. Thus, a few variants for pro-
duction of monotype functional groups are available (Figure 9.27). Plasma polymeriza-
tion as well as direct functionalization of polyolefin molecules (C-H) can be performed
under low- or atmospheric-pressure conditions. Thin coating of polyolefins (C—HI)
by plasma polymers carrying functional groups (X) proceeds as follows: C—HI +n
CH =CH-X— C-HJ}[CH,-CH-X] -

As known plasma polymers have several advantages such as good adhesion property,
they are pinhole-free and their composition can be varied but they also have several disad-
vantages, such as irregular structure, post-plasma reactivity, and ageing sensitivity [137].
The use of such plasma polymer coatings for functionalization will be discussed in a sepa-
rate review article.
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9.3.2 Underwater Plasma

The process of liquid-based plasmas (“underwater plasma” - UWP) was established in the
1960s and termed as “glow-discharge electrolysis” (GDE) [137,138]. Gas-phase plasmas
in contact with the surface of a liquid consisting of monomers or monomer solutions are
also used for the production of polymers with ultra-high molar masses [139]. Waste water
purification provided the stimulus to apply underwater plasmas to modify polymer sur-
faces, such as polyester yarns [140,141] or polyethylene [25,26]. Another traditional appli-
cation of underwater plasmas is the passivation of magnesium (or other metals) compo-
nents [142-144]. From the historical point of view the synthesis of amino acids in water by
plasma exposure (lightning, arc) of the liquid surface in the presence of CO, CH,, H, and
NH, as inorganic precursors by Miller and Urey must be mentioned again [99,100].

As mentioned before several variations of underwater plasma arrangements and plasma
types exist. The simplest arrangement consists of the liquid (water, solvent or liquid mono-
mer) phase with a submerged electrode and an upper electrode in the gas (air) atmosphere,
where the plasma glows in the gap between the upper electrode and the liquid [139])
(Figure 9.28).

The real underwater plasma works in a water bath. The most popular capillary discharge
variant consists of two chambers separated by a dielectric barrier. Only a quartz capillary
within the barrier connects the two chambers. The two capillary-connected chambers are
filled with the water (or other liquid) and each is equipped with submerged electrodes (cf.
Figure 9.28). After applying the voltage water is vaporized and the plasma is established
within the capillary and the bubbles. The plasma expands in the capillary, produces shock
waves, and generates local supercritical conditions, UV-radiation and some plasma-filled
bubbles in the liquid [146]. The plasma zone within and outside the capillary as well as
plasma-illuminated water vapor bubbles contact the polymer surface and modify it by

electrodes electrodes

I

electrodes

6 plasma
plasma

0 [0 ﬂ 0
(c)

(a) (b)

Figure 9.28 Different glow-discharge equipments for polymer surface modification and
polymerization characterized by electrode arrangements, (a) gas phase-gas phase electrodes with
plasma contact to liquid surface, (b) gas phase-liquid electrodes with plasma contact to liquid surface,
(c) liquid-liquid electrodes, with capillary (black) through the barrier and plasma is underwater, in
capillary and outside the capillary)
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plasma-produced species from the liquid, by irradiation, shock-waves, electrochemical and
chemical processes. Thus, water vapour plasma and chemically active water alternately con-
tact the polymer surface. In this way, different oxygen functional groups were anchored at
the polyolefin surface. The additionally formed hydrophilic polymer degradation products
were continuously extracted from the polymer surface by the surrounding water. Moreover,
plasma-produced C-radical sites are immediately quenched by water or OH and other radi-
cals. It is obvious that OH radicals are the main product of plasma electrolysis of water
[147]. Hydrogen, oxygen, ozone and hydroperoxide formation is also observed. Moreover,
several types of anions were found, such as O, CO,*, HCO, O, CO,, N,0,, O, and also
solvated electrons e | [148].

Up to 40% of all UWP produced O-containing groups at polyolefin surface were iden-
tified as OH groups [149]. All efforts to increase the selectivity in OH group production
by addition of hydrogen peroxide and Fenton’s catalyst did not increase the yield of OH
groups further [150,151].

Another general process in underwater plasma is the plasma polymerization. For exam-
ple, underwater plasma polymerization of acrylic acid produced a water-soluble polymer.
Copolymerization with N,N’-methylenebisacrylamide as crosslinker formed a transparent
gel [152]. The outstanding, or may be exotic property of plasmas to polymerize monomers
without polymerizable double bond, such as saturated carboxylic acids, e.g., acetic acid was
also evidenced [153]. Mixtures of acrylic acid monomer, N,N’-methylenebisacrylamide
crosslinker and poly(ethylene glycol) polymer without polymerizable double bonds were
used to synthesize super-hydrogels by UWP plasma co-polymerization [152,154].

9.3.3 ElectroSpray Ionization (ESI) Deposition

ElectroSpray Ionization (ESI) deposition is a new method to coat substrates with ultra-
thin (10-30 nm) pinhole-free polymer layers of intact molecular structure and regular
elemental composition under atmospheric-pressure conditions by spraying low concen-
tration solutions of high molar mass polymers with functional groups or polar units in
a high-strength electrical field between the capillary (anode) and the (grounded) coun-
ter electrode (cathode). The sample is deposited on the counter electrode (Figure 9.29)
[26,155]. These high-molecular-weight polymers dissolved in polar liquids, such as meth-
anol, could be sprayed without any polymer degradation because no plasma is present.
Nearly all polymers can be sprayed, in particular, ionic polymers, biopolymers and poly-
mers with polar groups. The absence of polar groups in the molecules and the need for
high solution temperature, because of low solubility, make it difficult to spray polyolefins.

The ESI-deposited polymer films are pinhole-free for an average thickness of about 8 nm.

In the presence of atmospheric plasma, for example corona, the deposited polymer mol-
ecules were additionally activated and therefore partially degraded but adhere strongly to the
substrate (Atmospheric-Pressure Chemical Ionization — APCI).

The third variant is the aerosol spraying into a dielectric barrier discharge (DBD).
However, this causes significant polymer degradation (cf. Figure 9.30) [156].
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Figure 9.29 Schematic equipment and photograph of electrospray ionization (ESI). The powered
capillary (cathode) is at the top. Taylor cone and liquid jet leave the capillary. The electro-spray region
is visible (pale blue). The substrate is placed on the grounded counter electrode (anode). In case of
electrically insulating polymer samples, the current polarity was alternated continuously to avoid
surface charging of sample.

ESI retains the structure and composition of polymers completely, APCI deposits show
significant loss in molar mass, and aerosol spray deposition via DBD is accompanied by
strong polymer degradation.

In case of electrically conductive substrates used as (grounded) cathode, pinhole-free
polymer layers were deposited as a consequence of the “electrophoretic (electrostatic) effect”
of ESI. The reason is the surface charge on the deposited polymer film. Additional macro-
molecular ions were repelled and re-directed to non-coated areas of the cathode (conduc-
tive sample as cathode). This effect is responsible for polymer deposition of the shadowed
backsides of samples as well as in buried gaps and voids in the sample. Thus, all carbon
fibres of a bundle (roving) could be completely coated (wrapped) with poly(allylamine)
or poly(acrylic acid) films within the roving to a distance of 100 um from the surface [25].

9.3.4 Chemical Pretreatment

Wet-, gas-phase- and flame-chemical pretreatments of polyolefin foils were often per-
formed in the past [157-162]. A number of oxidation variants were compared [3].
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Figure 9.30 Schematics of aerosol-DBD, APCI and ESI processes for deposition of ultra-thin
polymer films

Chromo-sulphuric acid is used for polyethylene and polypropylene etching, sodium in
tetrahydrofuran for poly(tetrafluoroethylene), phosphoric acid for poly(oxymethylene)
and formic acid for polyamide. Flame treatment has been used for many years to modify
the surface of plastics. The effect of the treatment is to produce hydrophilic species on the
surface of the plastic making it water-wettable. Flame treatment is ideal for functional-
izing bi-axially oriented polypropylene (BOPP), poly(ethylene terephthalate) (PET), PE,
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coextruded films, paperboard, metal foils, and foams for numerous product applications in
the food, automotive, medical, industrial tape and textile industries.

9.4 Hydrophobic Recovery

Polymer surfaces generally are highly mobile (Figure 9.31) [163-167]. The mobility of
polymer chain segments allows surface restructuring. This typically leads to a consider-
able decrease over time of the effects conferred on the surface by non-depositing plasma
treatments [108]. Surface restructuring results from an energetically unfavourable situa-
tion that arises when polar groups are located at the surface in contact with air (extremely
hydrophobic). Chain segments carrying polar groups migrate (diffuse) into the polymer.
Thermodynamic driving force of diffusion is a chemical process in which molecules from
an area of high concentration move to an area of low concentration as described by Fick s
laws. The macromolecules or their segments equipped with functional groups by pretreat-
ment of polymer surfaces tend to diffuse into the bulk for equilibration from all different
concentrations to an average and uniform concentration in the polymer bulk and at its
surface [38]. This diffusion is hindered by adjacent crosslinks.

Thus, functional groups can rotate around C-C single bonds and turn away from surface;
segments with functional groups can slowly move and diffuse from the topmost layer into
the bulk. Moreover, complete polymer chains equipped with functional groups diffuse into
the bulk accelerated by temperature or flexibilizing additives. This mobility of functional
groups and macromolecule segments is called “surface dynamics” or “hydrophobic recov-
ery” [168-172]. The driving force is always the thermodynamics [38]. Dipping the samples

water drop

Figure 9.31 Schematics of surface dynamics with retention of functional groups permanently at
surface by wetting with water and thus producing hydrogen bonds between functional groups and
water as well as diffusion of hydroxyl groups without contact to water [163]
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with polar groups in polar solvents, such as water, hydrogen bonds and physical interac-
tions can be established between water and the polar groups at the surface. Thus, the polar
groups remain at the surface of the polyolefin.

9.5 Grafting onto Functionalized Polyolefin Surfaces

The most important aim to produce monotype functional groups is the creation of anchor-
ing points at polyolefin surfaces for grafting of molecules, oligomers and polymers. In
Figure 9.4 the three principal routes for grafting of molecules, oligomers and polymer mol-
ecules onto polyolefin surfaces are schematically shown,

a) direct grafting onto C-radicals (radical route),

b) formation of peroxides/hydroperoxides, their decay and the radical grafting (per-
oxy route) and

¢) the chemical grafting onto functional groups at the polyolefin surface (chemical
route)

9.5.1 Direct Grafting onto Radical Sites

The term “radical® was introduced by A. L. Lavoisier and means atoms or molecules with
one or two unpaired electrons [173]. Radicals are very reactive and short-lived [2].

Radical-radical recombination is a useful way for grafting. For example, NO is a per-
manent radical and can rapidly react with all C-radical sites in polymers by recombination
and formation of a nitroso group, which can oxidize further on exposure to air [174]. This
reaction was used for stabilizing the polymer against post-plasma oxidation by acting as a
gaseous radical scavenger [174]:

lcH,. +.NO— JCH,-NO
or bromine:
JcH,.++Br— JCH,-Br

A prominent example for detection of C-radical sites in dissolved polymers is the reac-
tion (recombination) with the stable radical 2,2-diphenyl-1-picrylhydrazyl radical (DPPH).
Then, the DPPH solution becomes colorless or pale yellow as measured using photometry
or Electron Paramagnetic Resonance (EPR) spectroscopy:

DPPH (Ce + (phenyl),-N-Ne-arene(NO,), — (phenyl),-N-N(C)-arene(NO,),)

A different variant is the starting of a graft polymerization from plasma-produced radical
sites at the polyolefin surface. The chain reaction is easily terminated by recombination,
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disproportionation, chain-transfer or concurrent reaction with traces of oxygen or water.
Grafting of easily polymerizable vinyl or acrylic monomers is possible such as styrene:

I—CHZ- + CH,=CH-phenyl — I—CHZ—CHZ—C'H(phenyl) etc.

This reaction needs oxygen-free vacuum and no interruption between plasma switch-off
and monomer addition (oxygen-free) [15,21], because the mentioned competing reaction
with molecular oxygen (I—CHZ- +¢0-0e = I—CHZ—O—O-) is more rapid and would hinder
the grafting of vinyl or acrylic monomers.

9.5.2 Grafting onto Peroxy Radicals/Hydroperoxides

In most cases carbon radicals are too unstable and too very short-lived (<10 s [2]) for use
in radical graft reactions. The radicals recombine, disproportionate or are annihilated before
the reactive monomer gas or vapour can contact the initiator radicals. Longer-living trapped
electrons may start homopolymerization at polyolefin surface but the formed polymer chains
are not anchored to the polyolefin substrate [176]. Special radical initiators, such as azo-
bisisobutyronitrile, dibenzoylperoxide, dicumylperoxide, were used to start chain-growth
polymerization. However, such long-living radicals at polymer surface are not produced on
plasma exposure.

Plasma-produced carbon radicals react rapidly with oxygen, e.g., on exposure to
the ambient air, to form peroxide radicals. The peroxide radicals become stabilized by
H-abstraction from neighboring chain segments with the formation of hydroperoxides
(C-O-OH).

Grafting onto radiatively or thermally decomposed hydroperoxides is easy to realize
but is not well controllable [21,24,177]. In this way all C-radical sites were converted into
peroxy radicals at first on exposure to air, followed by reaction to hydroperoxides, which
can be dissociated thermally or by irradiation. The alkoxy radicals formed can react with
monomers, thus initiating a graft polymerization:

I—CH3 + plasma — I‘CHz’ +eH
lcH.+.0-00 > |CH,-0-0.
| cH,-0-0.+RH—|CH-0O-OH +R.
|-CH,-0-OH + uv irradiation — |-CH,-O + «OH
| CH,-O« + n CH,=CH-phenyl — } CH,-[CH,-C+H(phenyl)]

It is obvious that this reaction sequence cannot be controlled. Also the yield in radical
formation depends on many factors and can vary strongly. In particular, adsorbed water
layers on reactor walls, leak rate, incomplete degassing of monomer etc. have influence. This
complete reaction route is schematically depicted in Figure 9.32.
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Figure 9.32 Schematic view on “Peroxy route” of graft polymerization starting from alkoxy radicals
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chemical grafting via functional groups (c)
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9.5.3 Grafting onto Monosort Functional Groups by Nucleophilic Substitution

The method of choice is the anchoring of spacer molecules onto monosort functional
groups at the surface of polyolefins in a well-known and well-tested chemical way. It fol-
lows the general principle (Y, X, Z=functional groups, I— =polyolefin):

I-Y + HX-spacer-Z — I-Y(or X)-spacer-Z.

The grafted products were strongly bonded to the polyolefin by covalent bonds. Most often,
these bonds are chemically and thermally stable and are not susceptible to hydrolysis.

9.5.3.1 Wet-Chemical Chain Extension at Amino Groups

One of the most prominent graft reactions is the attachment of glutaraldehyde onto amino
groups at the polymer surface. This reaction is used for anchoring and chain-extension. The
amino groups at substrate surface were produced by exposure to ammonia plasma or by
plasma polymerization of allylamine and its deposition as thin polymer layer. Subsequently,
the wet-chemical grafting of spacer molecules follows (plasma polymerized allylaminezl):

I-NH, + OHC-(CH,),-CHO — | N=CH-(CH,),-CHO

forming Schift’s base (azomethine) bond for anchoring onto the plasma polymerized
allylamine. Reaction with isocyanates produces linkage via urea bonds [102,103], for
example:

| NH, + OCN-(CH,),-NCO — |-NH-CO-NH-(CH,),-NCO

In principle, ammonia plasma exposure or aminolysis of C-Br bonds with ammonia or eth-
ylenediamine is also possible showing about 2% NH_/C, 6-8% NH,/C or 18-22% NH_/C,
respectively [11,60]. The reaction of glutaraldehyde (GAH) with amino groups is selective
but the yield depends on the availability of the anchoring groups and, therefore, it is no
higher than about 50%. The density of surface-grafted GAH is about 6-10% GAH/C. The
terminal aldehyde group is favored for reactions with amino groups, for example with ami-
nopropyltriethoxysilane (APTES) [178].

In this way bi- or polyamino-functionalized molecules can be grafted onto the spacer
aldehyde group, such as polyamidoamine (PAMAM) dendrimers, amino group-carrying
polyhedral oligomers of silsesquioxanes (POSS) or cyclotriazine attachment at azide groups
(click chemistry) is possible [19,20].

| Br + HN-PAMAM — | NH-PAMAM + HBr
| Br + HN-POSS — | NH-POSS + HBr
I Br+ KN, > N, + KBr

[N, + R -C=C-R, - |-cyclo-N,C,(R R).
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9.5.3.2 Spacer Grafting onto OH-Groups at Polymer Surface

Using OH groups for grafting of spacer molecules several routes were used in the past.

The first approach was the exposure of polyolefin surfaces to the oxygen plasma for max-
imum 2 s to prevent excessive polymer degradation at the surface [179] and followed by
the post-plasma wet-chemical reduction of carbonyls to hydroxyl groups and the hydrox-
ylation of double bonds. In this way a maximum of 11-14% OH/C were produced [18,87]:

>C=0, CHO, COOH, >C=C< + B,H, — C-OH + products

The second way was the plasma bromination also used to produce OH groups by hydrolysis
with 8-12% OH/C (I:polymer):

| Br +kKOH — J-OH + KBr,

without other side products [60]. The hydroxyl groups can react with silanes, isocyanates
or carboxylic acids. For example, OH groups at polyolefin surface react with diisocyanates
(hexamethylene diisocyanate or toluene diisocyanate for example) [53,103,184]:

J oH + OCN-R-CNO — J-0-CO-NH-R-CNO

| 0-CO-NH-R-CNO + H,0 - }O-CO-NH-R-CH,-NH,.

The third variant was the coverage of polyolefins with a thin layer of plasma polymerized
allyl alcohol producing a maximum of 30% OH/C [181,182].
Wet-chemical post-plasma grafting onto OH groups was performed using aminosilane:

JoH + (C,H,0),8i-(CH),-NH, —» JO-(C,H,0),Si-(CH,),-NH, + C,H.OH

and subsequent chain-extension with glutaraldehyde as shown before and coupling of ala-
nine (or cysteine) [18]:

J 0-(C,H,0),8i-(CH,),-NH, + OHC-(CH,),-CHO —
} 0-(C,H,0) Si-(CH,),-N=CH-(CH,),-CHO
}-0-(C,H,0) Si-(CH,),-N=CH-(CH,),-CHO + H,C-CH(NH,)-COOH —
|} 0-(C,H,0) Si-(CH,),-N=CH-(CH,),-CH=N-CH(CH,)-COOH

The concentration of such grafted bio-active spacer with terminal alanine (or cysteine)
groups was about 2% alanine/C or 2% cysteine/C [86,87].

9.5.3.3 Spacer Anchoring onto C-Br Groups

C-Br groups on polyolefin surfaces were easily substituted by diols, glycols, poly(ethylene gly-
col)s (PEGs) and diamines or alcohols, thiols or amines [19,60,187-189]. Ethylenediamine
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(EDA) was evaporated immediately after ending the plasma process and reacted with C-Br
groups at the polymer surface as evidenced by the loss in Br:

|- Br + H,N-CH,-CH,-NH, — - NH-CH,-CH,-NH, + HBr.

The yield was 18-22% EDA/C as mentioned before. With growing chain length of the
spacer (graft) molecule the graft density decreased, in particular if polymers were grafted,
such as poly(ethylene glycol) 5000 (PEG) with a concentration of about 1-2 PEG per 100 C
atoms at the surface of polyethylene. In case of glycols, diols and alcohols sodium is needed
as a catalyst (Williamson s ether synthesis) as exemplified with ethylene glycol:

|-Br + Na*O-CH,-CH,-OH — O-CH,-CH,-OH + NaBr.

The graft density was found to depend on the chain length of the spacer molecule as shown
before in Figure 9.26 [19]. The chain length was measured in terms of methylene units.

9.5.3.4 Silane Attachment

Three principal ways were adopted to anchor silanes onto the polymer surface.
The first way consists of deposition of allylamine plasma polymer (;:) onto the polyolefin
substrate (here, polypropylene) substrate (I) and then reacted:

(a) with isocyanatopropyltriethoxysilane or

(b) with glutaraldehyde and aminosilane (3-aminopropyltriethoxy (or trimethoxy)
silane-APTES) or

(c) with hexamethylenediisocyanate and aminosilane
(3-aminopropylriethoxysilane-APTES):

i) ]i NH, + OCN-(CH,) -Si(OC,H.), — ||: -NHCONH-(CH,),-Si(OC H.),
ii) |. -NH, + OHC-(CH,) -CHO — || -N=CH-(CH,),-CHO
-N=CH-(CH,),-CHO + H)N-(CH,) -Si(OC,H,), —
-N=CH-(CH,),-CH=N-(CH,) -Si(OC,H,),
iii) |- -NH, + OCN-(CH,)-NCO — |i-NH-CO-NH-(CH,),-NCO

-NH-CO-NH-(CH,) -NCO+ HN-(CH,),-Si(OC H,), —

-NH-CO NH-(CH,),-NH-CO-NH-(CH,),-Si(OC H,),

The second way was either bromination of the polyolefin substrate by exposure to the bro-
mine plasma (I—Br) or the deposition of a Br-containing plasma polymer (polyolefin sub-
strate coated with plasma polymerized poly(allyl bromide)=
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The C-Br bonds were substituted by the amino groups of 3-aminopropyltriethoxysilane
(APTES):

I8 Br) +HN-(CH),Si(OCH,), - | NH-(CH,),-Si(OC,H,),.
Chain extension was achieved using diamines and isocyanatosilane:

| Br+ HN-(CH) -NH, - | NH-(CH)) -NH,

J-NH-(CH,) -NH,+ OCN-(CH,),-Si(OC H,), -

I NH-(CH,), -NH-CO-NH-(CH,),-Si(OC,H,),

The Si-O-R groups at the spacer-modified polyolefin surface were then partially or fully
hydrolyzed, thus producing Si-OH groups. After condensation of neighboring silanol
groups siloxane bonds (Si-O-Si) are formed.

Aminosilane and isocyanatosilane were grafted onto brominated or aminated polyolefin
surfaces with concentrations of about 6-10 silanes/100 C.

9.6 Summary and Conclusions

Introduction of O-functional groups onto polyolefin surfaces is a proven simple process.
Chemical oxidation, plasma-chemical oxidation in low-pressure oxygen glow or atmos-
pheric barrier discharges in air as well flaming are widely used. The maximum concentra-
tion of O-functional groups at polyethylene surfaces is limited to 25-28% O/C. All further
oxygen attachment produces etching of polymers to gaseous degradation products, such
as H,0, CO,, CO, etc. Thus, a steady-state of oxygen concentration is established. The etch
front propagates linearly into the bulk of polyolefins with retention of the steady-state max-
imum oxygen concentration. Inorganic constituents remain at the surface as non-etchable
oxides. The polyolefin surface becomes hydrophilic by the introduction of the polar oxy-
gen-containing functional groups. The surface energy increases from 28-33 mJ/m? for the
untreated polyolefins to 38-44 mJ/m? for the slightly oxidized ones. Now, the polyolefin
foils are wettable by ink and thus can be printed. The adhesion of coatings and metal layers
is also improved.

The propagation of the etch front into the polymer bulk proceeds with the formation of a
thin layer of degraded and oxidized polymer molecules (LMWOM-Low-Molecular Weight
Oxidized Material) [63]. This LMWOM layer is also etched by the oxygen plasma or other
oxidation processes at its surface and is, therefore, further thinned. However, simultane-
ously, LMWOM formation propagates into the unmodified polymer bulk. In other words,
LMWOM formation is also a steady-state phenomenon. LMWOM is highly oxidized, well
wetting and partially soluble but mechanically unstable. This is important in case of adhe-
sion improvement. Using coating processes with viscous resins, which harden later, such
LMWOM can be dissolved and integrated within the coating resin by diffusion. Thus, it
cannot form a mechanically unstable interlayer between polyolefin and resin coating. The
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formation of a weak boundary layer [64] should be avoided. In case of hard coatings, such as
metal layers, the LMWOM disturbs the mechanical and chemical anchoring between poly-
olefin and metal layer because the LMWOM is permanently present and acts as a release
agent. The way out of this situation consists in washing or extracting the oxidized polyolefin
surface; thus, LMWOM is removed. However, the non-degraded polymer structure is now
exposed by solvent extraction. This new surface possesses only a few oxygen-containing
polar groups. The effect of making the polyolefin surface wettable is partly lost. Therefore,
oxidation of polyolefin surfaces has to be a compromise between maximum concentration
of polar groups at the surface and the formation of a weak boundary layer.

LMWOM is produced by oxidizing species produced in the oxygen plasma and by irra-
diation with the vacuum-plasma UV radiation (and post-plasma reaction with oxygen
from air) [132,190,191]. The plasma particle shower is limited to a few Angstroms at the
surface but the UV radiation has penetration depths into the polymer bulk in the range of
about 0.1-100 um [87,192-196].

An important disadvantage for a number of applications is the broad variety of func-
tional groups produced, which are not suitable for a post-plasma selective graft reac-
tion. The co-existence of different functional groups would also affect or even inhibit the
intended reaction.

Transformation of all oxygen-containing groups by post-plasma wet-chemical reduc-
tion with diborane to OH groups was necessary [8,9,197-199]. The thus produced 10-14%
OH/C could be grafted with silanes, acids and isocyanates [10,18,86,87]. However, the
whole process was expensive and consisted of two separate process steps.

For biological and medical purposes it would be advantageous if one could prepare
monotype NH, groups [101,200]. However, the exposure to ammonia or nitrogen or
ammonia-hydrogen and nitrogen-hydrogen mixtures in low- and atmospheric pressure
plasmas could produce significant concentrations of primary amino groups [104,201,202].
Favia and coworkers reported tuning of amino group concentration by varying the ammo-
nia-hydrogen feed gas composition [115]. A post-plasma reduction of the broad variety of
N-containing groups using diborane to NH, groups, in analogy with the reduction of C=O
and C=C to OH-groups with B,H, NaBH,, LiAlH, or sodium bis(2-methoxyethoxy)alu-
minum hydride (Vitride), was not completely successful [89]. However, H. C. Brown and
P. Heim demonstrated successfully the wet-chemical reduction of different amides [203].
Nevertheless, it has to be highlighted that the formation of monosort NH, groups is not
used as well as is not completely possible yet. Partially, this problem can be solved by coat-
ing the polyolefin with a thin polymer film using the plasma polymerization process as
shown [204].

A similar process is the electrospray ionization (ESI) deposition of commercial
poly(allylamine), poly(acrylic acid), poly(vinylidene chloride), poly(styrene), poly(methyl
methacrylate) etc. [155,156]. The adhesion of such sprayed polymer films to other materials
was surprisingly high.

Plasma bromination is the most promising plasma process to produce chemically well-
suited and highly reactive monotype functional groups at polyolefin surfaces with high selec-
tivity and good yield [19,205]. The bromination of polyolefin surface achieves the maximum
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Table 9.2 Yield in desired functional groups on polyethylene surfaces exposed to various

treatments [25]

Treatment

Functional
groups

Yield in all func-
tional groups
[%]

Desired
functional group

Yield in desired
monosort func-
tional group [%]

Chemical
oxidation

C-OH, C-0-OH,
C-0-C, >C=0,

28

OH

5

CHO, COOH

C-OH, C-0-OH, 28
C-0-C, >C=0,
CHO, COOH

C-OH, C-O-OH, 28
C-0-C, >C=0,
CHO, COOH

-NH,, -NH-, 20
>N-, C=N,
>C=N-,
>N-OH,
-N=0,
CO-NH-

C-Br 65

Oxygen plasma OH 2

Flaming OH 5

Ammonia
plasma

-NH, 2

Bromine plasma C-Br 65

Br concentration within 10 s exposure to the bromine plasma. Covalently bonded 65%
Br/C were found without side-reactions. The maximum yield in bromination of graphene
amounts to 35% Br/C. The exposure to bromoform plasma allows increasing the C-Br yield
to about 120% Br/C, originated from the bromination of polyolefin and partial covering with
a Br-containing plasma polymer. Using the principle of plasma polymer deposition the yield
in Br can be further improved by use of mixtures of bromoform with bromine or allyl bro-
mide with bromine. Thus, concentrations up to 157% Br/C were achieved [19].

Other chemical and plasma-chemical processes do not produce similar results concern-
ing monosort functionalization of polyolefin surfaces. Also the plasma polymerization and
the ESI process may be considered as alternative processes to plasma bromination.
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Abstract

This review aims at summarizing the recent advances made in the development of resilient
adhesives reinforced with nanoparticles (NPs). Different aspects of nano-reinforced adhe-
sives, including various types of NPs and their properties, various methods used for for-
mulating and fabricating nanocomposites, their functioning mechanisms, as well as their
advantages and disadvantages are discussed. In addition, the recent progresses made in
improving the mechanical, electrical and thermal properties of adhesives reinforced by NPs
are addressed. Moreover, the mechanisms that contribute to altering the properties of such
adhesives are briefly discussed. Finally, a brief review of bio-adhesives and bio-inspired
adhesives is also provided.

Keywords: Nanoparticles, adhesives, mechanical, electrical, thermal properties

10.1 Introduction

Adhesively bonded joints (ABJs) generally comprise of at least two joining components
(adherends) with a layer of adhesive in between. The adhesive layer is considered to be an
important part of a joint system, as it is the agent that accommodates the transfer of load
from one adherend to another. ABJs are being widely used in industry owing to their many
advantageous attributes compared to conventional mechanically fastened joints. Some of
the advantages of adhesive bonding over alternative assembly techniques, especially when
joining fiber-reinforced polymer (FRP) composites, are shown below [1]:

o Stresses are more evenly distributed over the entire bond region, thereby minimiz-
ing high localized stress concentrations.
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o More superior fatigue resistance than mechanically fastened joints.

o Excellent resistance to mechanical vibration.

o Better compliance to critical tolerances can be achieved compared to mechanical
fastening methods.

o Produces leak-free joints.

 Provides weight and cost savings.

Moreover, briefly stated, the applications of composite materials in various industries (e.g.,
piping, aerospace, automotive, and infrastructures) have created demand for enhanced ABJ
systems. Furthermore, in several industrial applications, FRP structural components have
to be mated to other composite or metallic components. An AB]J is an efficient joining
method for such purposes compared to mechanically fastened joints [2]. Last, but not least,
the “smart adhesives”, which are another class of adhesives, have been recently introduced
for further managing the stress concentration in ABJs [3, 4].

Altogether, the mentioned features are the key parameters that have made ABJs to gain
significant interest in various industries. There are, however, some disadvantages to using
adhesives as a joining agent; for instance, long curing time, relatively poor temperature/
humidity resistance, requiring elaborate surface preparation in some cases, and difficulties
in disassembly are some of the drawbacks of using adhesives for mating structural compo-
nents. As a result, the attempts for modifying the properties of adhesives to overcome such
drawbacks have been the focus of several studies [5-7]. One of the recent attempts opted
by several researchers has been the use of nanostructured reinforcements as a promising
means for enhancing the response of adhesives and combating some of the above-men-
tioned shortfalls.

10.2 Why Nanostructured Reinforcements?

A nanoparticle (NP) is defined as a particle with one of its dimensions being less than
100 nm. In fact, a NP is considered as a bridge between atomic and bulk scales. The key
advantages of nano-size materials are as follows [8]: large specific surface area, high surface
energy, reduced numbers of structural imperfections, and distinctively different physical
properties from those of bulk materials. Unlike bulk materials, whose properties are fairly
size independent, NPs exhibit size-dependency. This size-dependency is due to the signifi-
cant increase in the ratio of the atoms on the surface of the particle to the total atoms form-
ing the particle, as nanoparticle’s dimension approaches zero.

Various types of NPs have been produced using a diverse range of materials. Each type
of NP exhibits one or more unique physical properties, which cannot be achieved at macro
scale. These unique properties have encouraged many scientists to devote their efforts in
tailoring the desired properties of adhesives utilizing different types of NPs. In this vein,
the following factors should be taken into consideration: the target properties of adhesive,
the compatibility of adhesive and NPs, functionality of the NPs, and the service conditions,
to name a few. Therefore, as the first step, one ought to acquire appropriate information
in regard to the properties of each NP type, and how they would affect the properties of
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the adhesive formed by inclusion of the NPs. The most common NPs used in reinforcing
adhesives are classified based on their type; therefore, a brief description of each group is
provided below.

10.2.1 Carbon-based NPs

Among the various types of NPs, the excellent capability of carbon NPs in ameliorating
different properties of resins or matrices has persuaded researchers to perform extensive
investigations into the behavior of carbon NP reinforced polymers. There are three com-
mon configurations of carbon nanofillers, including zero dimensional or spherical particles
such as nano-diamond (ND) particles, one-dimensional or cylindrical fillers such as carbon
nanotubes (CNTs) and carbon nanofibers (CNFs), and two-dimensional nanofillers such as
graphene nanoplatelets (GNPs). The ND particles with their well-established superior tri-
bological properties [9] have been widely used for surface modification of different materi-
als [10, 11]. In addition, it has been shown that inclusion of CN'Ts and CNFs into polymers
leads to notable increase in the mechanical properties [12, 13], electrical properties [14, 15],
and thermal properties [16, 17] of the resulting nanocomposites. Besides, the nanocompos-
ites reinforced with GNPs are postulated to offer remarkable thermal [18], mechanical [19],
and electrical properties [20].

All these impressive features have encouraged the researchers to explore the reinforcing
effect of nanomaterials when included in different polymer matrices. The main disadvan-
tages of carbon nanomaterials are known to be: (a) the inconsistency in the quality of car-
bon NPs, especially in their mass-produced form, and (b) their cost.

10.2.2 Metal-based NPs

Metallic NPs have fascinated scientists for over a century, mainly due to their huge potential
applications in nanotechnology, as well as the recent surge in their utilization in biomedical
sciences and engineering [21]. Today, these materials can be synthesized and modified to
obtain various chemical functionalities. Metallic nanomaterials can be formed from most
metallic elements of the periodic table such as nano-gold, nano-silver and metal oxides
(e.g., alumina (ALO,) or zirconia (ZrO,)) NPs. Although the metal based NPs have been
mainly investigated for their electrical [22], optical [23] and magnetic properties [24], it has
been shown that the mechanical properties can also be improved by inclusion of metallic
NPs into polymers [25].

Although the interest in the optical and electrical properties of metallic NPs has had a
long history [26], a number of recent experiments have renewed the interest in using metallic
NPs for optical applications. This has also fostered better theoretical and experimental under-
standings of the key factors and mechanisms governing these properties [27]. Moreover,
some metallic NPs have certain unique properties that are of clinical interest. For instance,
nano-silver particles have antibacterial properties, which have made them one the most com-
mercialized metallic nanoparticles in healthcare [28]. This feature of nano-silver has also ren-
dered it as a potential candidate for inclusion in adhesives used for biomedical applications.
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10.2.3 POSS

Polyhedral oligomeric silsesquioxanes (POSS) are nanostructures with the empirical for-
mula RSiO | ,, where R may be a hydrogen atom or an organic functional group [29]. POSS
nanostructures have diameters in the range 1-3 nm. In the last decade, POSS NPs have
attracted considerable attention, mainly owing to their small dimensions, and easy incorpo-
ration into polymeric materials, thus providing excellent reinforcing attributes to polymers
[30]. POSS is also being used as a facilitator for other NPs to improve their dispersion abil-
ity [31].

10.2.4 Other Nanomaterials

10.2.4.1 Nanoclays

Nanoclays are NPs of layered mineral silicates with platelet structure. Nanoclays are rela-
tively inexpensive NPs, which have shown promising results as polymer reinforcements.
Nanoclays have been incorporated into polymers to enhance their gas permeation bar-
rier properties [32], mechanical properties [33], fire retardancy properties [34], rheologi-
cal properties [35] and liquid infusion resistant properties [36]. Nanoclays modified with
organic materials, referred to as organoclays, are an enticing class of hybrid organic-inor-
ganic NPs with several applications, such as rheological modifiers, oil and gas absorbents,
and drug delivery carriers.

10.2.4.2 Nanosilicas (SiO,)

Nanosilicas have porous and relatively large surfaces that host a large number of hydroxyl
groups and unsaturated residual bonds. Nanosilicas have proven to be an effective reinforce-
ment for polymers for enhancing their strength [37], flexibility [38], and durability [39].
Moreover, nanosilicas have been used as an additive to improve workability and the strength
of high-performance and self-compacting concrete [40].

10.3 Development of Polymer-based Nanocomposites

The last step in deployment of nanostructured materials is to devise a suitable strategy for
the manufacturing process. Depending on the type of NP, a number of production meth-
ods could be used. For example, in selecting an effective and efficient dispersion technique,
one should be concerned that the process would not damage the NPs, that the process
would yield consistent results, and that it would be suitable for mass-production. In the
next section, the manufacturing methods commonly used for generating nanocomposites
are discussed.

Perhaps the prime challenge in manufacturing of polymer-based nanocomposites is the
attainment of a uniform dispersion of NPs in the polymer matrix. Due to the small dimen-
sions and relatively large surface area of NPs, the intermolecular forces attract individual
particles to one another, and as a result, they tend to form large clumps or agglomerations.
In order to promote the efficiency of nanocomposites, it is vital to minimize the formation
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of such agglomerates and ensure a uniform dispersion of NPs. This task becomes more
challenging as the volume content of the NPs in polymers increases, which, in turn, ele-
vates the viscosity of the host polymer, thereby making it less workable. As an example,
Figure 10.1 generated by Pinto et al. [41], reports the increase in the viscosity of poly(vinyl
acetate) (PVAc) as a function of GNP content and shear rate.

An acceptable dispersion status can usually be achieved through two steps:
(i) distribution of NPs within the matrix, and (ii) dispersion of NPs. A mechanical stirrer is
usually used for distributing nanoparticles; however, depending on the selected method of
dispersion, the distribution step may be avoided. For the second step (i.e. the dispersion),
several methods have been developed. The selection of the most suitable method would
depend on the type of NP, matrix and application. The most commonly used techniques for
dispersion of nanomaterials are briefly discussed.

10.3.1 Sonication

Sonication is the act of applying high-energy sound waves to disperse NPs in a matrix.
For this purpose, usually ultrasonic frequencies greater than 20 kHz are employed, which
is referred to as ultrasonication. Dispersion by ultrasonication is accomplished by the
ultrasonic cavitation developed at the end of the probe, which generates high speed liquid
jets (with velocity as high as approximately 1000 km/h). The highly pressurized liquid is
then forced between NPs agglomerates, thereby separating them from one another (see
Figure 10.2). In addition, the NPs that are accelerated with the liquid jets may also crash
into one another, resulting in a further dispersion [42].

Two types of sonication methods are generally used for the purpose of processing nano-
composites. These are: (i) the bath method, and (ii) the probe sonication method. In the
bath method, the ultrasonic waves are propagated into the liquid through the bath walls. On
the other hand, in the probe method, concentrated ultrasonic waves exit from a bar-shaped

2 O PVAc+ 2 wt. % GNP
] A PVAc+ 1 wt.% GNP

51g < PVAC + 0.1 wt. % GNP
1o & PVAC

Viscosity /Pa - s

Shear rate / s*

Figure 10.1 Variation in the Brookfield viscosity for PVAc hosting different contents of GNP as
function of shear rate [41].
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Figure 10.2 Cavitation phenomenon occurring during ultrasonication in two differently shaped
probes [42]

probe. The resulting ultrasonic cavitation is usually powerful enough to break NPs agglom-
erates, especially when they are in relatively large volumes; thus, the probe method is more
commonly used for this purpose. The shortfall of this method is that the material is not uni-
formly exposed to the entire sound waves energy. This issue can be addressed by continuous
mechanical stirring of the liquid during sonication.

It is worth mentioning that the temperature of the liquid elevates and, as a result, the
viscosity decreases during the process, thus further facilitating the dispersion process.
However, the use of very high energies might result in overheating or burning of the poly-
mer. Therefore, in some cases, one may place the mixing container in ice and water to keep
the temperature in the desired range. An additional advantage and outcome of sonication is
the degasification of the mixture. High speed mechanical stirring produces a large number
of gas bubbles in the mixture, which in some cases could even cause brightening of the
mixture’s color. In such an event, the sound wave used in the ultrasonication would force
the bubbles out of the liquid, thus degasifying the mixture.

Different factors are associated with an efficient sonication process, including the power,
time and cycles of sonication. Montazeri and Chitsazzadeh [43] and Suave et al. [44] inves-
tigated the effects of these factors on the dispersion and structural damages of CNTs. They
showed that whereas exposing the mixture to a little amount of ultrasonic energy would
lead to residual agglomerations in the system, overusing sonication could cause severe dam-
ages to NPs. The scanning electron microscopy (SEM) micrographs shown in Figure 10.3,
taken from the nanocomposites manufactured utilizing different time intervals of the soni-
cation process, illustrate these phenomena. It can be seen that after 15 minutes of sonication
(Figure 10.3 (a)) there are still large agglomerations in the system [45]. After 45 minutes,
the desired state of dispersion is obtained and structural integrity of NPs is also maintained.
However, after 135 minutes of sonication, NPs are severely damaged (I.e. broken into small
pieces); as a result, they would not deliver any positive attributes to the host matrix.
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Figure 10.3 SEM micrographs of CNT/epoxy nanocomposites after the burn-off test, sonicated at
100 W, after: (a) 15 min (b) 45 min and (c) 135 min [43]

10.3.2 Three-roll Milling (Calendering)

The three-roll mill machine (calender) exerts shear forces to the matrix through three adja-
cent rollers, with a tiny gap in between them. The rollers rotate in opposite directions at
progressively increasing speeds to break down NPs agglomerations, thus dispersing them
into the matrix. Figure 10.4 shows the schematic of calendering mechanism. The material is
loaded between the feed- and center-rollers. Because of the narrow gaps between the roll-
ers, essentially all the material would remain in the feed region. The mixture makes its way
through the rollers, experiencing very large shear force magnitudes, which in turn disperse
NPs in the matrix. As the resin comes out the other side of the rollers, the material, which
remains on the center roller (as a very thin layer), goes through the gap between the center
roller and apron roller, experiencing even larger shear force resulting due to the higher roll-
ing speed. The sharp knife-edge plate located immediately adjacent to the last roller collects
the processed material from the apron roller. The three-roll milling process may be repeated
for a number of cycles, until the material is perfectly dispersed. Calendering has proven to
be a very effective means for dispersing different types of NPs, especially carbon-based NPs
in resins [45, 46].

Although the damaging effect of calendering is much less than that exerted by sonication,
an investigation recently carried out by Ahmadi-Moghadam and Taheri [47] demonstrated
that depending on the type and dimension of NPs, very small roller gap distances could
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Figure 10.4 Schematic of calendering mechanism

lead to breakage of NPs and reduce their effective length. Therefore, in order to obtain the
desired results, the number of cycles and the gap distances should be carefully established.
The duration of each cycle is significantly dependent on rollers gap distance. Consequently,
depending on the rollers gap distance, calendering could be accomplished faster or slower
in comparison to the sonication. The other advantage of calendering over sonication is that
the entire resin/NP mixture is uniformly subjected to the applied energy, thus, leading to
more consistent results.

10.3.3 High-Shear Mixing

A high-shear mixer, which has also been used for dispersing NPs within resins, consists of
a driven vertical shaft together with a high-shear disk type blade. The blade rotates at up
to 5000 rpm, which creates a radial flow pattern within a stationary vessel. As shown in
Figure 10.5, the rotating blade creates a vortex that pulls in the material within the vessel
toward the blades sharp edges. The blades surfaces then mechanically tear apart the parti-
cles, thereby reducing their size, and at the same time dispersing them throughout the resin
[48]. Many researchers have used high shear mixing as a dispersion technique for process-
ing nanocomposites [49].

10.4 Mechanical Properties of Nano-reinforced Adhesives

Essentially, two decades of research has been devoted to developing NP-reinforced adhe-
sives. Achieving higher mechanical properties for ABJs is the goal of the majority of stud-
ies conducted in this field. The increase in the mechanical strength for ABJs can be
more accurately described as the increase in their peel and shear strengths. Several
researchers have studied the effects of inclusion of different types of NPs on the shear and
peel strengths of adhesives. Table 10.1 and Table 10.2 have been prepared to provide a
summary of some of the most notable studies, and to compare their findings related to
the enhancement of peel and shear strengths, respectively. As can be seen, a wide range
of results have been reported on the influence of NPs on the shear and peel strengths of
adhesives. The reported results range from 757% improvement to 30% degradation in the
properties. This enormous range stems from a large number of parameters that influence
the final results, including the manufacturing-related factors, quality of NPs, particle size,
and functionality of the NPs, to mention a few. However, more consistent results could be
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Figure 10.5 The vortex created by rotating blades [48]

expected by elimination of the undesirable perturbations. The different mechanisms that
influence the reinforcing efficacy of NPs in adhesives are reviewed in the next section.

The degradation of ABJs strength that has been reported in some of the studies as a result
of inclusion of NPs can be attributed to different factors, including entrapped gasses in the
adhesive mixture, NPs agglomeration, and damage in NPs structure. In addition, the pres-
ence of NPs may also affect the curing process of polymers. Dorigato et al. [50] reported
reduction in the glass transition temperature of the host polymer at relatively high NP con-
tents. This could be ascribed to contrasting effects of blocking the formation of polymeric
chains and reducing the evolution of cross-linking.

10.4.1 Effect of Adhesive Stiffness

Adhesive stiffness is one of the important factors that significantly affect the performance
of ABJs. Numerous researchers have reported enhancement in the stiffness of polymers by
addition of NPs to various resins [77, 78]. It is believed that the increase in stiffness of poly-
mers that include NPs is due to the constraint imposed on molecular mobility of the polymer
chains. In fact, NPs which usually have much greater stiffness than their host polymers are
nested within the spaces that exist among the polymer chains, thus reducing chains flexibil-
ity [79]. Shadlou et al. [80] studied the effect of graphene nanoplatelets content and loading
rate on the tensile and compressive properties of epoxy nanocomposites. The values of ten-
sile Young’s modulus of their nanocomposites measured at various loading (strain) rates are
shown in Figure 10.6. The results depict a noticeable increase in the Young’s modulus of the
nanocomposite as the loading rate increases. Moreover, comparison of the results at a given
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Figure 10.6 Comparison of the Young’s modulus for the neat epoxy and GNP nanocomposites
evaluated at various strain rates [80]
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Figure 10.7 Effects of loading rate on nano-reinforced adhesively bonded single-lap joints with
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loading rate indicates that the addition of GNPs improved the stiftness of their nanocom-
posites. The results also reveal the influence of loading rate on the efficiency gained through
the use of GNPs; in other words, as seen, the efficiency of the GNP content decreases with
increasing loading rate.

The effects of different NPs and loading rates on the ultimate strength of adhesively
bonded single lap joints (SLJs) have also been reported by Soltannia and Taheri [81]. As
illustrated in Figure 10.7, joints utilizing different types of NPs improved the resin’s stiffness
and strength by significant margins. The average ultimate shear strength of SLJs with graph-
ite adherends was increased as much as 32% (relative to the neat adhesive), when SL]s were
subjected to high loading rates; the increase was also significant (on average of 26%), under
the quasi-static loading rate. A large amount of information related to the change in the
stiffness, and the entire response of an epoxy resin reinforced with various NPs, bonding
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both glass- and carbon-reinforced epoxy adherends have also been reported by Soltannia
and Taheri [81].

Considerable efforts have been expended by researchers with the aim to identify or
develop accurate and reliable models for predicting the stiffness of nanocomposites. The
Halpin-Tsai model is one of the most commonly used models for predicting the Young’s
modulus of the composites. According to this model, the maximum attainable Young’s
modulus of a composite with uniform fiber distribution and perfect fiber/matrix bond is
given by:

E - §1+2(/1)77,Vf+§1+2mvf £ (10.1)
8 1-pV, 81-n,V,
in which
E,/E, -1 E,/E, -1
f m f m
=, = ,)\,zl d
g E, /E, +2(2) & E,/E,+2 /4 (10.2)

where E is the Young’s modulus of the composite, /, d and E are the length, average diam-
eter and Youngs modulus of the reinforcement, E_ is the Young’s modulus of the matrix,
and V. is reinforcement volume content.

Ayatollahi et al. [82] evaluated the accuracy of Halpin-Tsai’s model against their experi-
mental results for epoxy/CNT nanocomposites (see Figure 10.8) [80, 82-84].

As seen, there is a noticeable difference between the experimental and theoretically pre-
dicted results. This is mainly due to the underlying assumptions used in developing the
model, i.e., uniformity in distribution of reinforcement, perfect bond between matrix and
reinforcement, and the absence of any void in the matrix. As a result, various researchers

P
—_—

r-
'

g %
§ 29 ~~ea
4138 Exp‘erirne‘rital results B
- | -++o---o- Tsai-Halpin theory
B 37 modified Tsai-Halpin
E 36 - — = difference between experiment and theory
v .
] R
§ 3.5 —
* //_'

34

33

400 600 800 1000

MWNT aspect ratio (I/d)

Figure 10.8 Comparison of the experimental results and theoretical predictions of the Young’s
modulus of MWNT reinforced nanocomposites [82]
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(a) (b)

Figure 10.9 The failure mechanisms in ABJs (a) interfacial failure (b) cohesive failure (bulk adhesive
failure)

have proposed modifications to the model in order to improve its predictive accuracy when
applied to nanocomposites [80, 82-84].

Multi-scale modeling is another technique for prediction of the stiffness of nanocom-
posites, which is more complicated when compared to semi-empirical theories; however,
such models usually lead to more accurate results [85, 86]. Multi-scale modeling refers to a
modeling approach in which multiple models at different scales are used simultaneously to
describe a system [87].

10.4.2 Effect of Fracture Toughness

In general, failure in ABJs is categorized as: (i) interfacial failure, in which a crack would
initiate at the adhesive/adherend interface and subsequently propagate (see Figure 10.9(a));
(ii) cohesive failure, in which a crack would initiate and propagate within the bulk adhesive
(see Figure 10.9 (b)). Either of these two scenarios could occur, depending on the interfa-
cial bond strength, fracture toughness of the adhesive, and presence of probable voids and
microcracks within the adhesive. In the case of cohesive failure, the fracture toughness of
adhesive is the key factor that governs the mechanical strength and durability of ABJs, in
particular, if a micro-crack is present within the adhesive.

The use of NPs for enhancement of the fracture toughness of adhesives has been reported
by several researchers [77, 88]. Shadlou et al. [12] investigated the effect of inclusion of dif-
ferent carbon-based NPs on the fracture toughness of an epoxy resin under different frac-
ture mode mixities. Figure 10.10 shows the experimental results obtained for pure epoxy
and the three types of nanocomposites. It is seen that K increases from mode-I to mode-
IT in pure epoxy and also for nano-diamond/epoxy nanocomp031tes However, by adding
the CNF and GNP reinforcements, the maximum value of K . occurs in a mixed-mode
state, and then as the fracture state moves from the mixed-mode to the mode-II state, the
enhancement of K in nanocomposites reinforced with CNF and GNP decreases gradually.

Burkholder et al. [89] investigated the effectiveness of CNTs as an epoxy adhesive addi-
tive for bonding steel to composite and composite to composite materials. The results,
shown in Figure 10.11, revealed that the additions of CNTs to epoxy adhesive enhanced
the fracture toughness of their ABJs. However, higher contents of CNTs could decrease the
properties by a significant margin (likely due to agglomeration).

Two principal mechanisms that contribute to enhancing the fracture toughness of poly-
mers reinforced with NPs are: (i) crack deviation, and (ii) crack bridging. Either of these
mechanisms may be dominant over the other one, depending on the geometry of NPs.
For instance, in nanocomposites hosting CNTs of long cylindrical shapes, the main energy
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Figure 10.10 Effective fracture resistance, K for pure epoxy and for nanocomposites reinforced with
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Figure 10.11 Normalized fracture energy G, for (a) steel-composite (b) composite-composite
adhesive joints (the codes in the legend relate to various dimensions and functionality of CNT as
described in reference [89])

dissipating mechanism is the crack bridging. This is because CNTs have very small diameters
compared to their lengths, and thus, the crack deviation might take a secondary role [79].

The crack deviation mechanism can be identified by investigation of the roughness of
fracture surfaces of nanocomposites, i.e., the higher is the roughness of the fracture sur-
face, the more the crack would be deviated from its original plane. Figure 10.12 shows the
increase in fracture surface roughness as a function of CNT content. On the other hand,
detection of crack bridging mechanism requires high magnification micrographs. The
bridging mechanism plays an important role in improving the fracture toughness of com-
posites [90]. When a NP bridges two fracture surfaces, depending on the embedded length,
interfacial strength, angle to fracture surface and flexibility of the NP, it may either fracture
or pull out from one of the surfaces. A micrograph illustrating the bridging mechanism in
CNT/epoxy adhesive is shown in Figure 10.13.
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Figure 10.12 Mode-I fracture surfaces of (a) the neat epoxy (b) 0.1 wt.% CNT/epoxy (c) 0.5 wt.%
CNT/epoxy (d) 1 wt.% CNT/epoxy near the pre-crack tip. The direction of crack propagation is from
top right to bottom left [91]

Figure 10.13 Micrographs showing the participation of CNTs, marked with white arrows, in bridging
and (b) pull-out mechanisms [92]
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10.4.3 Effect of Surface Wettability

As mentioned in Section 10.4.2, the interfacial strength is one of the key factors governing
the performance of ABJs. A weak interfacial strength would lead to interfacial failure of
AB]Js (Figure 10.9(a)). The adhesive interfacial strength is largely related to the wettability
of the adhered substrate by the adhesive, which can be quantified in terms of the interfacial
tension. In other words, higher interfacial tension means poorer wettability [93]. The inter-
facial tension can be calculated using the following empirical formula [54]:

by

_ ) (10.3)
1-0.015(y,p, )"

where y, and y, are the surface free energy of substrate and the surface tension of nano-
composite slurry, respectively and y represents the interfacial tension between the nano-
composite slurry and the substrate. Figure 10.14 shows the variation in the surface tension
of nano-SiO, reinforced nanocomposite slurry reported by Fu et al. [54]. The wettability
can also be directly determined by measuring the static contact angle. In general, a smaller
contact angle evidences better wettability of the adhesive. Dorigato et al. [50] measured
the epoxy-water contact angle. Representative images of a water droplet on pure epoxy, on
the epoxy filled with 0.5 vol% zirconia, and on the aluminum substrate, are illustrated in
Figure 10.15. The measured values for all types of materials are shown in Figure 10.16. The
results show that the presence of zirconia NPs led to a noticeable decrease of the equilib-
rium contact angle values. In fact, for the pure epoxy sample, an equilibrium contact angle
of 82° was measured, while a mean angle of 71.5° was measured for the epoxy reinforced
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Figure 10.14 Surface tension of the SiO,/FWPU nanocomposite slurry (FWPU: fluorinated
waterborne polyurethane) [54]
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() 4]

Figure 10.15 Images of epoxy-water contact angles; a, b and ¢ are the static conditions, d, e and
f represent the equilibrium (vibrated) conditions; a & d are epoxy, b & e are epoxy-B-0.5 (epoxy
modified with calcined zirconia) and ¢ & f are aluminum substrates [50].

equilibrium contact angle (%)

Epoxy Epoxy-B-0.5 Epoxy-B-1  Epoxy-B-1.5 Al substrate

Figure 10.16 Substrate-water equilibrium contact angles for epoxy-B-x (epoxy-zirconia-vol%)
nanocomposites and aluminum substrate [50].
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with 0.5 vol% zirconia. These values indicate that the water contact angle values of the
nanocomposite are closer to that displayed by the aluminum substrate (59.4°). Dorigato
et al. [50] associated the subsequent increase of contact angle observed in specimens with
relatively high NP contents to the degradation in dispersion uniformity of their NPs, pos-
sibly due to the formation of agglomerates.

Dorigato and co-workers concluded that the inclusion of zirconia NPs leads to a better
wettability and chemical compatibility between the adhesive and substrate, positively con-
tributing to the shear resistance of the joints.

Pinto et al. [41] also measured the equilibrium contact angle of ultra-pure water drops
on PVAc films hosting various GNP weight contents (see Figure 10.17). As can be seen, the
measured angle is approximately 43° on PVAc, while the angle increased to approximately
56° for PVAc specimens hosting 0.1 wt% GNPs. The higher hydrophobicity of the film has
been attributed to the presence of partially exposed GNPs on the specimen surface.

Prolongo et al. [68] investigated the effect of different surface treatments and also dif-
ferent contents of CNFs on the contact angle of epoxy adhesive. The results are depicted in
Figure 10.18. It should be noted that the plasma technique noted in the figure is another
means for preparing the surface of composite adherends for bonding. In this technique,
the adherend surfaces are bombarded by ionized gas(es) (typically oxygen and sometimes
other gases such as nitrogen), generated by radio-frequency energy. The highest values of
contact angle were measured on the as-received adherends (i.e. those without any surface
treatment), and no notable differences were observed when a treatment was applied. They
further observed that the contact angle for their neat epoxy adhesive decreased when CNF
content increased. They ascribed this trend to the nano-scale size of CNF and the higher
chemical compatibility between the carbon fiber-reinforced epoxy composite substrates
and the nano-reinforced epoxy adhesive.
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Figure 10.17 Equilibrium contact angle of ultra-pure water drops on PVAc films with different GNP
loadings. Bars represent standard deviation [41].
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Figure 10.18 Contact angle of neat epoxy adhesive and modified adhesives reinforced with 0.25, 0.5,
and 1 wt% CNF on carbon fiber/epoxy laminates (non-treated and treated with grit blasting, peel ply,
and atmospheric plasma) [68].

It is worth mentioning that the interfacial tension can also be calculated by using the
measured contact angles, for which different methods have been proposed [94-97]. For
instance, y , can be calculated using Young’s equation [98, 99]:

ys = 7,Cos0 + 75, (10.4)

where 0 is the contact angle of nanocomposite slurry on the nonpolar polyolefin films.

10.4.4 Effects of Residual Stresses

ABJs are generally constructed of different materials (i.e., adhesive and adherend, which
could also be made of different materials). In cases where there is a large difference
between the coefficient of thermal expansion (CTE) of the adhesive and adherend, the
ABJs may suffer from thermal residual stresses. In ABJs formed by hot-cured adhesives,
the residual stress would start developing during their fabrication process, which would
remain throughout their service lives; on the other hand, ABJs made with cold-cured
adhesives would not retain substantial level of residual stress. However, the thermal
stress could be exasperated due to any applied thermal load to the ABJ during the ser-
vice life.

The magnitude of the residual stress becomes more significant in ABJs with metallic
adherends. This is because there is a larger mismatch in the CTE values of metals and adhe-
sive, in comparison to that between fiber reinforced polymers (FRPs) and adhesives. For
instance, the CTE of typical epoxies is approximately 60x10°¢ m/m K, while for aluminum
it is 22x10° m/m K, for steel it is around 13x10° m/m K, and it would vary considerably
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for FRPs, depending on the FRP’s layup and fiber orientation (a typical value for epoxy
reinforced with unidirectional E-glass fibers would be 0.66x10° m/m K, while values of
-0.533x10° m/m K and 1.592x10° m/m K have been reported for cross-ply and quasi-iso-
tropic graphite-epoxy laminates, (C6000/PMR-15, from the Celanese Corp., Irving, TX),
respectively [100]).

A large number of NPs have a very small CTE compared to polymers. For instance, the
CTE of a graphene sheet is about -0.5x10° m/m K (valid between 80°C and 197°C) [101];
thus, addition of small contents of NPs to polymer can reduce the polymer’s CTE by a
noticeable margin. Chow [102] proposed an equation for predicting the CTE of nanocom-
posites. He extended the “mean field theory”, which was originally developed for evaluat-
ing the elastic modulus of composites, for evaluating the CTE of composite materials. He
suggested the following equations for calculating the longitudinal and transversal CTE of

a composite.
kf (yf _ym)GIVf
Op =0+~ (10.5)
k, 2K,G, +K,G,

k -7, 1G5V
0, =0 +_fu (10.6)
k 2K,G, +K,G,

where Hm is the matrix linear CTE, k,and k_ are the bulk moduli of nanofiller and matrix,
respectively, V. is the filler volume fraction, y, and y are the bulk thermal expansions of
nanofiller and matrix, respectively, and finally, K, and G, are calculated by Egs. (10.7) and
(10.8).

Ki=1+(£—f—1)[(1—vf)a,.+vf] (10.7)

m

G =1+(ﬂ_ ][(1—vf)ﬁi+vf] (10.8)

m

In the above equations, y is the shear modulus, and a, and f3, are functions of GNP charac-
teristic ratio (i.e., t/D) and Poisson’s ratio of the matrix, respectively [101].

The reduction in CTE of polymers using different types of NPs has been reported by
many researchers [84, 103-105]. For example, Park et al. [66] investigated the effect of car-
bon black NPs on CTE of epoxy. Figure 10.19 shows CTE of the epoxy adhesive with respect
to the carbon black content. As seen, the CTE decreases as the carbon black content is
increased, this is because of the lower value of CTE of carbon black. The minimum CTE
was reported as 48.4¢<>107° m/m °C, when the carbon black content was 3.0 wt%, which is
40% less than that of the neat epoxy. Park et al. also used the finite element method to inves-
tigate the influence of carbon black on the maximum principal strain in their ABJs (see
Figure 10.20). As can be seen, the value of maximum principal strain decreases at higher
contents of the carbon black.
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Figure 10.19 Coefficient of thermal expansion (CTE) of epoxy adhesive with respect to the weight
content of carbon black particles [66].

10.4.5 Effect of Durability of Adhesives

The durability of ABJs could be significantly reduced by environmental stresses arising
from the moisture and difference in temperature. The absorbed fluids may plasticize and
induce relaxation of adhesives, as well as degrading adhesive’s mechanical properties; the
latter is considered to be one of the primary causes of failure of ABJs [106]. In this section,
a summary of some of the notable investigations into the effect of NPs on the durability of
AB]Js is reported.

Yu et al. [107] studied the durability of a CNT reinforced epoxy adhesive bonded alu-
minum alloy joints utilizing the Boeing wedge test (see Figure 10.21), subjected to humid
conditions [108]. They also studied the effect of the CNT content on the durability and
failure mode of the joints. The wedge test creates a relatively high stress concentration at
or near the interface, thus increasing joint’s sensitivity to environmentally caused degrada-
tion. Therefore, the test is usually used to provide quantitative durability data for ABJs. The
investigators used a tensometer to insert a wedge under a constant load (and also a constant
speed) into the bond-line of the flat specimens. This process creates a tensile stress in the
region surrounding the crack tip. After the specimens were allowed to equilibrate at the
ambient conditions for several hours, the initial crack length was recorded. Subsequently,
while the wedge was in each specimen, under the same applied constant load as used to
initiate the crack, they immersed the specimens in 60°C water. They then measured the
resulting crack propagation for a period of up to 90 h, in order to establish the relative bond
durability performance in a humid environment. The results are depicted in Figure 10.22.

As can be seen, the initial crack length, which was measured immediately after the wedge
specimen was immersed in water (i.e., at time 0 h), was very different from one specimen
to another. For the specimens bonded with CNT-reinforced epoxy, the initial crack length
depended highly on the CNT weight fraction. The initial crack length decreased when CNT
weight fraction was increased from 0 to 1 wt%, but then it increased only slightly as the
CNT weight fraction increased from 1 to 5 wt%. The initial crack length for the joint with
epoxy filled with 0.5 wt% CNTs was about 70.3% lower in comparison to that of the joint
made with neat epoxy. However, the best results were obtained for the joint made with
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Figure 10.20 (a) Maximum principal strain in AB]J with respect to the weight content of the carbon
black particles subjected to tensile load of 16 kN; (b) thermal residual strain [66].
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Figure 10.21 Configuration of the wedge-test specimen [108]

epoxy containing 1 w% CNT; obviously, the addition of CNTs into the epoxy significantly
improved the bond strength of the ABJs.

10.5 Other Advantages of Nano-Reinforced Adhesives

The positive enhancing aspects of nano-reinforced adhesives discussed in section 10.4 were
mainly those aspects that helped to improve the mechanical strength of ABJs. Although



384 PROGRESS IN ADHESION AND ADHESIVES

90
80 = Epoxy, Failed
& < 4
‘E'O" - 1-11-144441“"“‘
£ &0- % 5.0wt% CNT/Epoxy
=
A Sﬂﬂl
E‘ 40 4 e et T T 4 & 4 b
= ! 3.5 wi% CNT/Epoxy . .
G 90 yyry ¥ ovrowowr ¥
© |
‘3 204 b 2.'0.wfk.fiNT:Epfk\L e —0- 0 8 8 9 -®
10+ o U.S‘Wr’;'o‘ﬁftil‘i?pfx’yl a A A cA—A—A—h A
0 1.0 Wit CNT/Epoxy
T T T T

0 20 40 60 80 100
Time (hours)

Figure 10.22 Crack length of the CNT-filled epoxy adhesive joints as a function of immersion time
in 60°C water [107]

strength enhancement is the most important attribute that NPs could impart to ABJs, it is
not the only positive attribute NPs offer. In this section, a brief description of other positive
attributes of NPs in their role as a reinforcing agent in adhesives is discussed.

10.5.1 Electrical Properties

Common polymers used in structural application are not electrically conductive; however,
some types of NPs, especially carbon NPs, are superconductive. Therefore, addition of an
appropriate amount of such NPs to polymers could significantly decrease their electrical
resistance (also referred to as the “percolation threshold”). Generally, there are two different
types of thresholds, namely: static and kinetic thresholds. The static percolation threshold
refers to a situation when randomly distributed filler particles form the percolating paths.
In the kinetic percolation, the particles are free to move, thereby forming a conducting
network at much lower particle concentrations [109]. Different parameters, however, could
affect the resulting electrical conductivity, including the fabrication method, matrix wet-
tability of filler, and filler dimensions. It is noteworthy to mention that while an effective
method of NP dispersion would result in better mechanical properties, it may lower nano-
composites electrical conductivity [110].

Ayatollahi et al. [14] measured the DC electrical conductivity of CNT/epoxy for differ-
ent NP contents. As seen in Figure 10.23, the resistivity decreases dramatically as the filler
content approaches the value resulting into the electrical percolation threshold, and the
conductive network of the CNTs is formed at about 0.25 wt%. Similar results have been
reported by Yu et al. [111], and Wang et al. [51] for the surface electrical resistivity of epoxy
adhesives. In addition, several analytical and semi-empirical models have been developed
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Figure 10.23 Electrical resistivity of epoxy/CNT nanocomposites [14]

for predicting the electrical conductivity of nanocomposites. Some examples of the predic-
tive models are the “excluded volume model” [112], Lu and Mai’s model [113] and a more
recently proposed model, which is based on the average inter-particle distance [114].

Electrically conductive adhesives could have a variety of applications, including mag-
netic painting, circuit boards, damage sensing and solar cells [115, 116]. In addition to the
mentioned applications, the use of conductive adhesive for structural health monitoring
purposes has recently attracted considerable attention. Lim et al. [117] used a conductive
CNT modified adhesive (in addition to as an acoustic emission sensor) to monitor the effect
of adherend surface treatments on the failure mechanism of an SLJ. The results are shown
in Figure 10.24. For their untreated adherend, the electrical resistance increased in a step-
like manner, which represents the sudden failure in adhesive. A potential weak interaction
between the steel and adhesive could result in low overall shear strength of the ABJ, while
the change in the resistance (i.e., jumps in the electrical resistance) can signify the onset of
damage long before the specimen reaches its ultimate shear strength. On the other hand, in
case of saline-treated adherend, the resistance increases gradually throughout the loading
regime, which would indicate that a progressive damage event is occurring during the load-
ing cycle, possibly due to presence of damage in the adhesive layer.

10.5.2 'Thermal Properties

Inclusion of NPs in the adhesives could also alter the thermal properties of adhesives,
including the thermal conductivity and thermal expansion coefficient (CTE), with the latter
discussed in section 4.4. Some NPs have extraordinary thermal conductivity. For instance,
the thermal conductivity of CNTs at room temperature can be as high as 6600 W/m K.
Therefore, the thermal conductivity of the host polymer reinforced with these NPs would
be significantly altered. The main applications of thermally conductive adhesives are in heat
sink bonding, potting/encapsulating sensors and in fabrication of power semiconductors.
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Figure 10.24 Mechanical, electrical and acoustic emission responses of (a) untreated specimens (b)
saline-treated specimens (where 7 is the shear stress and 8 is the displacement)

Qiao et al. [118] investigated the effect of nano-silver particles on the thermal conduc-
tivity of an epoxy based adhesive, and the results are shown in Figure 10.25. An obvious
increase in the thermal conductivity value is observed (i.e., an increase from 1.057 W/m
K (70 wt%) to 1. 70 W/m K (83 wt%). This indicates that the thermal conductivity would
increase with the increase in the nano-silver content. The results further reveal that the ther-
mal conductivity is not as sensitive to agglomeration of NPs as is the mechanical strength.

10.5.3 Gas Permeation Barrier Properties

In general, polymers, because of their large molecules, can act only as a relatively weak gas
barrier. However, in some industries such as food packaging and fuel tank production, there
is a high demand for materials with superior barrier properties. Plate-like NPs, because of
their geometrical shape and high aspect ratio, have been found to be excellent candidates for
enhancing the gas barrier properties of resins. In fact, effective improvements in the prop-
erty could be obtained by inclusion of low volume fractions of such NPs, which enables the
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Figure 10.25 Relationship between thermal conductivity of epoxy and weight percent contents of
nano-silver (a) spherical silver and (b) mixed spherical and flaky silver [118]

nanocomposite to retain the optical clarity of the neat resin, which is mostly desired in pack-
aging applications [32, 119].

Osman et al. [120] investigated the gas permeation properties of polyurethane adhe-
sives reinforced with three different types of nanoclays. The dependency of the water vapor
transmission rate through the nanocomposites as a function of the volume fraction is illus-
trated in Figure 10.26. It can be seen that the transmission rate decreased asymptotically
with increasing volume fraction of the nanoclays in all types of nanocomposites. It was also
observed that the maximum efficiency could be obtained if the nanoclay particles were ori-
ented parallel to one-another and perpendicular to the gas penetration direction.

10.5.4 Bio-Adhesives

Researchers have reported successful application of different types of bio-adhesives con-
taining: POSS [30], SiO, [121], nanoclays [122, 123], silica [124], zirconia [125], nano-
silver [126], to mention a few. In addition to increasing the mechanical strength of the base
matrix, incorporation of various NPs could create other properties that could be of interest.
For instance, Kassaee et al. [127] showed that the addition of silver NPs to an acrylic resin
rendered a dental composite that exhibited strong antibacterial activity against Escherichia
coli.

As another example, it is important for the adhesives used in dentistry to be easily dis-
tinguishable by X-raying teeth. The development of radiopaque adhesives using Ta,O,/SiO,
NPs has been reported by Schulz et al. [121] and the improvement in the radiopacity is
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Figure 10.26 Dependence of the water vapor transmission rate through the PU-nanocomposites on the
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illustrated in Figure 10.27. As seen, the increase in Ta O, content increased the composite
radiopacity by a notable margin. In fact, the nanocomposites containing 40 mol% (83 wt%)
Ta,O, exhibited higher radiopacity than dentin and enamel. However, the surface function-
alized particles exhibited slightly lower radiopacity than the untreated ones.

The advances in nanotechnology have also led to the generation of a new class of adhe-
sives called bio-inspired adhesives. As a result, a significant amount of efforts has been
expended by various researchers to (i) characterize a broad array of adhesive mechanisms
imparted by utilizing biological organisms in their natural environments; (ii) mimic such
adhesives performance through synthetic platforms [128]. The efforts have thus far led to
several interesting applications in various industries, such as [129]:

o In wood industry - Adhesives made of environmentally-friendly materials used in
manufacturing plywood.

o For drug delivery - A bio-inspired adhesive system based on microspheres has been
shown to significantly increase the systemic absorption of conventional drugs and
polypeptides across the nasal membrane, without the need for use of absorption
enhancing agents.

o In wound-healing dressing - A variety of bio-inspired surgical adhesives have been
and are under development with applications in homeostasis, skin closure, and
sealing of the colon and blood vessels.
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Figure 10.27 Radiopacity of nanocomposites containing 20 wt% filler with 35-83 wt% Ta,O, content
normalized with respect to that of equally thick aluminum (Particles were functionalized with y-met
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o In military - Bio-inspired adhesives extracted from geckos are controllable, revers-
ible, and adhere to surfaces with a strength that is approaching the strength of
geckos toe pads.

10.6 Conclusion

The recent advances in adhesives reinforced with nanomaterials have been presented in this
state-of-the-art review. It was also discussed that because nano-reinforced adhesives offer
multifunctional properties, they have been used in a variety of applications. In comparison
to the bulk materials, NPs possess relatively large specific surface areas, high surface energy,
reduced number of structural imperfections, and distinctively different physical properties
than in bulk form. Various types of NPs produced from a variety of materials and their
attributes were discussed. As stated, each NP type exhibits one or more unique physical
properties, which cannot be offered by the same material in its bulk form.

Extensive discussion demonstrated that one of the biggest challenges in manufacturing
polymeric nanocomposites is the uniform dispersion of NPs within a given matrix. Due to
their extremely small dimensions, NPs tend to form large bundles or agglomerations. The
investigation of various dispersion methods, especially those suitable for mass production
of nanocomposites, has been the objective of many ongoing investigations.

In addition, the achievement of higher mechanical properties for ABJs has been the main
goal of most of the studies performed in this field. Therefore, a comprehensive review on
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the effects of different types of NPs on the mechanical strength of ABJs was also presented.
Moreover, the mechanisms that contribute in reinforcing ABJs were thoroughly discussed.
Furthermore, a brief description of the positive attributes, other than those related to the
mechanical properties, obtained by the inclusion of NPs in adhesives, was also presented.
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Abstract

Bonding of dental restorative materials to tooth tissues is one of the most important aspects
in dentistry. Adhesion at the interface has been the topic of never-ending and growing
discussion in the research field of adhesive dentistry for quite some time. Prosthetic materi-
als have to be cemented in the moist oral cavity either to the remaining tooth structure or
to another prosthetic dental material. The affinity of most of the dental materials to each
other is inherently inadequate. Thus, to meet this harsh oral environment many so-called
coupling agents are used after the surface modification to further enhance the adhesion
between different materials. There has been considerable research on coupling agents, with
most of it focusing on silane coupling agents as compared to studies on some other cou-
pling agents. One of the main problems with silanes is their susceptibility to humidity, and
thus other coupling agents have been investigated to provide a more hydrolytically stable
bonding agent. Some phosphate, zirconium and titanium based inorganic-organic hybrid
compounds are also actively being investigated for the purpose. This review is focused on
the coupling agents used in the contemporary adhesive dentistry including silanes which
have and are being extensively studied. This review starts briefly from the history of the
coupling agents and finally moving on to the current trends in research on coupling agents.
This review is aimed to give better view and understanding of the different coupling agents
and how these can be used in adhesive dentistry in the future.
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11.1 Introduction

One of the main clinical aspects in any field of dentistry is durable adhesion, and it is of crit-
ical importance in the fields of aesthetic, conservative, orthodontic and prosthetic dentistry.
Modern adhesive dentistry is conservative, i.e., it preserves tooth tissues as much as clini-
cally possible. According to the Oxford Dictionary of Dentistry, “Adhesion is the sticking of
two surfaces together” or according to ISO Dental Terminology, adhesion can be defined as
“A state in which two surfaces are held together by chemical or physical attraction or both
with or without the aid of a substance formulated for coating one or two surfaces for the
purpose of holding or intend to be held by another body”. In general, adhesion has been
explained as coming together or sticking of two dissimilar surfaces together. It is simple
to understand that two dissimilar surfaces may not have natural affinity for each other.
Adhesion in dentistry can be described as connecting or joining of two dissimilar surfaces
to obtain the optimal result for the particular purpose and it is different from cohesion
which is the union of two similar surfaces. Adhesion can be broadly divided into two main
categories: mechanical and chemical adhesion. Mechanical adhesion is the one in which
the substrate surface is subjected to surface conditioners thus forming irregularities on the
surface, and when the restorative material is placed on the substrate it penetrates into these
irregularities. These small surface irregularities enable mechanical locking (interlocking)
between the surfaces and provide good bonding as compared to the bodies without any
irregularities. Dental silver amalgam restorations and resin composite restorations are good
examples of mechanical adhesion. Chemical adhesion does not involve any surface treat-
ment but only an adhesive which has affinity for both substrates when placed between them,
thus increasing the bonding and giving good, adequate, and durable adhesion. Examples of
this include adhesive resin bonded ceramic (porcelain).

Adhesion in dentistry is promoted by many factors such as clean surfaces, increased
wettability (low contact angle) and absence of biofilms on the substrates. One of the main
problems encountered and which is still of main concern is the adhesion property of den-
tal materials when placed in the harsh and hostile oral environment. The materials in the
oral cavity have to bear varying masticatory forces, changes in temperature (ca. + 5°C to
+ 55°C), varying pH, saliva, bacteria, fungi, proteins etc. [1, 2]. This limits the options for
different types of adhesives which can be used in dentistry as compared to the adhesives
being used in numerous industrial applications. In the 1950’ acid etching technique was
introduced to create mechanical retention on dental ceramics and thus giving birth to the
concept of mechanical adhesion. In the 60’s resin composite materials were developed with
further modification of the composite material components to be used e.g., with acid etch-
ing techniques to bond orthodontic brackets to the tooth structure. Since then acid etching
of tooth tissues has been used in adhesive dentistry. In the 1970’s the so-called polycarbox-
ylate cements were introduced and subsequently followed by the introduction of glass iono-
mer cements (GICs) by Wilson and Kent [3, 4], thus giving rise to the concept of chemical
adhesion.

In general, coupling agents are synthetic, functional compounds and conditioning agents
used to increase the bond strength between e.g., various oxide-based dental materials and
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tooth structures with resin based composite luting cements. The coupling agents may be
used for the bonding of resin composites to the tooth, bonding resin composites to surface-
treated base or noble metal alloy frameworks or bonding resin composites to silanized silica
and non-silanized non-silica based permanent ceramic crowns/inlays/onlays to be placed
in the oral cavity. Coupling agents basically act as adhesives providing adhesion between
dissimilar materials which without coupling agents would not bond or adhere to each other.
Silane coupling agents were the first coupling agents to be introduced. The developments of
other coupling agents such as zirconates, titanates and phosphates have been of increasing
interest.

In this critical review we discuss all the currently used coupling agents or those which
have a potential to be used and drawing the attention to their reactivity and molecular
structure and the how they can be applied to benefit clinical dentistry.

11.2 Silane Coupling Agents

There has been a great deal of research in the field of silanes during the last six decades
to promote adhesion between dissimilar materials, ranging from glass fiber lamination to
building material coatings, mineral surface treatments, optical coatings, glass fillers in resin
composites for high-tech applications, such as in dentistry. In dentistry silanes are also used
in the bonding of porcelain with resin composites, repair of ceramics and metals, bonding
of metals and ceramics to resin composites and a number of other applications [5-7].

Silanes are derivatives of silicon compounds and they contain Si-C and Si-H bond(s).
Si and C are interestingly from the same periodic element group 14 (previously IV A)
which includes carbon (C), silicon (Si), germanium (Ge), tin (Sn) and lead (Pb). Out of
which carbon and silicon are the two most important elements for living things [8]. Silanes
are, in general, synthetic organic-inorganic silicon compounds which have the synergic
property of bi-functionality which enables promotion of adhesion between two chemi-
cally dissimilar materials [9-12]. Silanes are also of two main types, viz. functional and
non-functional silanes. Functional silanes contain two functional end groups that can react
with organic and inorganic surfaces, respectively. Silica-based ceramics are one of the most
utilized (inorganic) substrates and resin composites are the (organic) material, which are
unified to each other by the use of silanes, leading to the adhesion of two chemically dif-
ferent materials [8, 9]. Non-functional silanes have only reactive groups which react with
the hydroxyl groups of the inorganic substrate. These types of silanes are used for special
purposes, e.g., coatings. Other types of silanes include the so-called bis-functional silanes
(also known as bis-silanes) or cross-linking silanes. They can have e.g,, two Si atoms in the
molecular backbone and with three hydrolysable alkoxy groups (usually ethoxy) as shown
in Figure 11.1 [8, 9].

Such silanes are mainly used in steel and tire industry and also a few laboratory
research studies have shown them to increase the adhesion of resin composites to tita-
nium and zirconia substrates [9, 13, 14]. As most of the coupling agents are not com-
pletely reactive as such, they need to be activated by the process of hydrolysis before they
can adsorb on the surface of the substrate. One of the most commonly used silane is
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Figure 11.2 Molecular structure of 3-methacryloxypropyltrimethoxysilane [1].

3-methacryloxypropyltrimethoxysilane (MPS) and its structure is shown in Figure 11.2 [1].
This molecule has a very reactive methacrylate group at the end of the backbone, which
provides good chemical reactivity in particular with other acrylic based dental materials
[15-17].

MPS has to be pre-hydrolyzed before use. It should be noted that these silanes may have
a relatively shorter shelf-life if they are kept in a pre-hydrolyzed form. But this pre-hydro-
lyzed form of silane has a very short shelf-life and should not be used after becoming milky,
so now the silanes are also supplied as two-bottles systems commercially. When needed,
the unhydrolyzed silane dissolved in ethanol is mixed with water and some acetic acid solu-
tion is added to hydrolyze it before its application (normally one coat) on the substrate
(Figure 11.3) [8, 9]. Nevertheless, there is no international standard about the shelf-life
after acid mixing or even after opening the bottle. Every company has its own indication of
usage and thus should be followed accordingly by each user, be it in dental laboratories or
at chair-side. Further research in this regard is necessary.

Silanes which intrinsically are nontoxic have a wide range of uses in dentistry, biomedi-
cine and other fields. This said, the main function of silanes remains the promotion of
union of dissimilar materials together.

In dentistry the silanes find their use in bonding the resin based composites to
silica coated zirconia, acid-etched porcelain, other silica-coated substrates such as
base metal and noble metal alloys, titanium and even Ag-amalgam [11, 12, 16, 17].
Another use in dentistry is the application of silanes for bonding glass-based fillers of vari-
ous sizes to a resinous matrix to form the resin composites used in restorative dentistry
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Figure 11.3 Silane hydrolysis reaction mechanism in an acidic medium, using
3-methacryloxypropyltrimethoxysilane as an example.

(filling materials) and luting cements. Thus, the mechanical properties, such as fracture
toughness and hardness of the material are significantly enhanced. As a relatively new
group of dental materials, silanized E-glass fibers are being used to increase the strength
of fiber reinforced resin composites (FRCs), and are mainly used in removable prostheses,
periodontal splinting and in some new filling materials [8, 18-21]. Silanes are also used in
the intraoral repair of fractured/chipped ceramics, composite veneers, and Ag-amalgam
[11, 12, 22, 23]. In another study, rebonding of resin cement to ceramic brackets (mainly
zirconia) was found to have higher shear bond strength but high ceramic fracture rates after
storage and thermocycling were observed because of the hydrolytic instability of silanes
[24]. Using a new commercial silane primer containing three components, namely methac-
rylate silane, phosphoric acid methacrylate and sulfide methacrylate, the authors [24] tried
to explain the higher adhesion between alumina brackets and adhesive, by the presence of
lowly soluble phosphate layer on the bracket. This can be attributed to the phosphoric acid
methacrylate present in the commercial silane. Despite silane being a conventional cou-
pling agent used in dentistry, the nomenclature of silanes should not be confused with the
new generation of coupling agents, in which [24] the “silane” should be referred to a cou-
pling agent mixture that contains MPS and a phosphate monomer. Essentially the authors
[24] are wrong and confusing the scientific community. Therefore, a generalized (re)defini-
tion about the terminologies is necessary.

A particular group of novel dental materials are E-glass fiber reinforced composites
(FRCs). E-glass fibers are fibrous materials containing very thin silanized fibers embedded
into a resinous matrix to form a composite material. These materials have a high fracture
resistance because of the high amount of fibers present in them and thus it is difficult for
the crack to propagate through them and these fibers act as reinforcing agents in the mate-
rial. Such materials have a wide range of applications in dentistry especially the novel resin
composite materials and also in prosthetic dentistry where they are used as denture base
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polymers and the multi-directional fibers present in them can help eliminate fractures and
these materials are also used to make dentures. In addition, E-glass fibers are hydrolytically
stable because they do not practically dissolve in water in observable quantities. Various
silane coupling agents have been screened and evaluated by Matinlinna and co-workers [25,
26] in FRCs to adhere the glass fibers to the polymer matrices and it was concluded that the
mechanical properties of the materials weakened after aging in water storage, this may be
because silanes are unstable in aqueous media. Some other coupling agents which are more
hydrolytically stable might be incorporated into E-glass fibers to provide better mechanical
properties and durable adhesion of dissimilar materials.

In the medical field, silanes can be used to provide longevity to the hip replacement pros-
theses, when the head and neck of the femur are formed from a base metal alloy (Co-Cr or
TiAlV,). The neck part can be silica-coated and can be silanized for adhesion to the socket
of the hip bone by bone cement. These two parts are to be cemented by bone cement, but
this raises an issue due to the hydrolytic environment. This can either be prevented by pre-
coating the metal with poly(methyl methacrylate) as reported with various studies [8, 27,
28]. Another way of doing this is to first coat the metal with a silica layer and then silanize
it as reported in [8]. Interestingly, silanes may also prevent the formation of biofilms which
reduce the adhesion of the biomedical implants to the body tissues, and in addition, silanes
have also been used as carriers in the field of drug delivery [8, 29-33]. Industrial uses of
silanes include significantly enhanced mechanical properties of fiber reinforced resin com-
posites by promoting adhesion. Such composites are used in the construction of spaceships,
automobiles, aircraft, construction materials and different electronic products and even to
prevent corrosion of certain metals and alloys [8, 25, 34]. The toxic hexa-valent chromium
based coupling agents (i.e. chromates) were replaced by biocompatible and non-toxic silane
coupling agents in the steel and tire industry as reported by van Ooij et al. [34]. Silanes
are not only biocompatible in the oral environment but are also found to be non-toxic by
different laboratory experiments [35]. Thus, silanes have a large application in the field of
biomedicine and biomedical materials.

One of the main drawbacks when resin composites are bonded to prostheses is the loss
of adhesion or degradation of bonding under aging. This indicates hydrolytic instability of
commercial silanes (e.g., MPS) [8, 36]. The silane coupling agents have been found to be
very good for silica based (or hydroxyl groups containing surfaces) materials but the adhe-
sion for non-silica based materials or some metals (e.g., Mg, Ca) has not been found to be
adequate at all. A solution to this has been found by conditioning the surface of the material
by adding silica content, e.g., by tribochemical silica coating after which the rough surface
is wetted with the silane solution resulting in a more durable bonding of the materials by
combined chemical and micro-mechanical adhesion [9].

Development of a hydrolytically stable silane material is the direction for the ongoing
research and it may increase the durability of adhesion between dental materials in the oral
environment.

Ceramic restorations are bonded to the tooth or other dental materials after surface
treatments, such as either by the chemical action of hydrofluoric acid (HF) for silica-based
ceramic materials and lately very commonly used method of tribochemical silica-coating
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method for non-silica based ceramics like zirconia. As the next step, they are treated with
silane for the bonding (cementation) step. However, the main shortcoming is the hydro-
Iytic instability of silane-based bonding in the harsh oral environment [37]. Due to this
the failure takes place at the interface and leads to clinical problems, such as marginal
leakage and secondary caries. This is why the quest for more hydrolytically stable coupling
agents is ongoing. Zirconate, phosphate, thiol, titanate based coupling agents which may
have the potential to be more hydrolytically stable and thus they are being investigated
to provide a durable bonding between the resin cements and the metal/ceramic indirect
restorations.

11.3 Zirconate Coupling Agents

Zirconate coupling agents, i.e., organozirconium compounds, have been studied extensively
for coupling zirconium and ZrO,. They increase bonding between the zirconia substrate
and resin composite in the same manner as silanes by bonding with their hydroxyl groups
to ZrO, [37-40]. Zirconate coupling agents are considered to be more hydrolytically stable
and have been used to increase the adhesion between the two dissimilar components in
the composite material. Also, zirconates have been found to be non-toxic to the osteoblasts
and, therefore, can be considered for bonding of zirconia to resin composite materials [38].
The chemical modifications of the ceramic surfaces are mainly focused on the application
of zirconate coupling agents with resin composites, which give a good, stable bond by asso-
ciation of chemical bonding with mechanical bonding when compared with only chemical
bonding [41]. Zirconate coupling agents along with phosphate adhesives are also said to
have good chemical bonding property with metal oxides and react well with hydroxyls at
the surfaces and thus can create durable adhesion with luting cements [41, 42]. Some of
the pioneering studies using zirconate coupling agents were their use as a coupling agent
between dental enamel and polymer filler [39] and between zirconia and resin cement by
Cheng et al. [38]. Also, a very low weight percentage of zirconate in the resin composite
material has shown to increase the adhesion between the inorganic and organic phases of
dental composite material [40] and thereby reducing the amount of resin and being cost
effective as well. Zirconates can be combined with polymers to obtain thereby materials
with increased hydrolytic stability. Zirconates can be used for surface modification and thus
can also be considered to not only increase the mechanical properties but also to reduce the
moisture uptake [42].

Although zirconate coupling agents as shown in Figure 11.4 [38] increase the bond
strength of the resin cements to zirconia, highly decreased bond strength was observed
after thermo-cycling the test specimens [37]. Nevertheless, some studies have found that
a mix of the acidic 10-methacryloxydecyl dihydrogen phosphate (MDP) and a zirconate
coupling agent (2,2-di(allyloxymethyl) butyl trimethacryloyl zirconate) primer increased
the bond strength between the resin cement and the zirconia substrate and was clinically
found to be quite effective and durable [39, 40]. The ratio of such a mix is unknown, but the
blend of various functional and non-functional coupling agents might be a good strategy
for a synergistic effect and thus to improve the bonding performance.
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Figure 11.4 General structure of zirconate coupling agent [39].

In biomedicine, zirconate coupling agents have been found to increase adhesion in
biodegradable implants by acting as an adhesive between hydroxyapatite crystals and the
polymer matrix. During the last few years, hydroxyapatite incorporated into high density
polyethylene has been used in the orthopedics. The incorporation of hydroxyapatite is obvi-
ously for biointegration and could also be used as a filler for improvement of mechanical
properties. When the fillers were treated with a zirconate coupling agent at a particular
weight ratio it increased the mechanical properties of the composite materials through bet-
ter adhesion between the polyethylene matrix and the filler particles [43]. Hence, as in
dental resin composites, if zirconia is used as a filler material, zirconate could be used as a
coupling agent between the resin and zirconia which might possibly increase the strength
of resin composites. More testing is necessary in this regard.

In industry, zirconate coupling agents find numerous applications such as in printing inks,
lithographic printing plates, aluminum beverage cans, pigment coatings on titanium materi-
als, and enhancement in the toughness of thermoplastics [42].

In dentistry, zirconate coupling agents have been studied and investigated only very
sparingly so far. The zirconates can be modified according to their requirement in dentistry
to increase the adhesion of organic and inorganic phases in the dental materials but can also
help in increasing the adhesion of the ceramic prosthetic dental materials to metal prosthe-
ses. Zirconates possess the potential to provide the restorations a longer clinical service life
by being hydrophobic under natural aging in the oral cavity.

11.4 Phosphate Coupling Agents

The first study in dentistry showing the durability of the shear bond strength between
phosphate containing resin composites and ZrO, was done by Kern and Wegner [44].
10-Methacryloxydecyl dihydrogen phosphate (MDP) shown in Figure 11.5 [45] has been
widely studied and considered to be a very promising primer for the bonding of ceramic
substrates to resin composites. The functional group of the MDP bonds with the metal
oxide surfaces by chemical bonding mechanism along with secondary forces (or hydrogen
bonds) at the interface between the ceramics and resins [46-48]. It was further established
that the MDP-based resin cements could be used for the final cementation of the ZrO,-
based restorations in clinical practice [49]. The recent research has focused on improving
bonding with MDP-based monomers as they are very stable in hydrolytic environment over
long periods [37].

With the good chemical bonding of 10-methacryloxydecyl dihydrogen phosphate cou-
pling agent to zirconia substrate there have been a few studies which have shown adhesion
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failure [22, 41, 49, 51]. It has been suggested that the possibility of using zirconate coupling
agents instead of silanes and 10-methacryloxydecyl dihydrogen phosphate might be worth
further studies [38, 42].

10-Methacryloxydecyl dihydrogen phosphate coupling agent has also been found to
enhance the bonding of different alloys, such as chromium-titanium, nickel-chromium
and cobalt-chromium alloys with resin composites. Thus, it can have a high potential in
increasing the bonding between zirconia and resin composites [38]. Ikemura et al. explained
the hypothetical bonding mechanism of phosphate monomers by stating that phosphonic
acid monomer 6-methacryloxyhexyl phosphonoacetate (6-MHPA) (Figure 11.6) [51], and
6-methacryloxyhexyl 3-phosphonopropionate (6-MHPP) (Figure 11.6) [51] ionize by the
water present on the surface of the ceramic and then penetrate into the micro-spaces in the
substrate. Next, chemical bonds form first via hydrogen bonds and with the polymerization
of resin composites with light irradiation, forming stronger bonds at the interface of resin
composite and substrate [52]. Two primers were recently introduced in the dental market
out of which one primer was methacrylate with a thiophosphoric acid moiety (MEPS) and
the other primer was a combination of 10-methacryloxydecyl dihydrogen phosphate (MDP)
and 6-(4-vinylbenzyl-n-propyl)-amino-1,-3,-5-triazine-2,-4-dithiol (VBATDT) which
showed in the infrared spectroscopic studies that the phosphate groups of the MDP were
adsorbed on the silver substrate thus giving quite a strong bonding. These types of coupling
agents can provide good bonds between noble metal alloys and polymeric materials [53].

10-Methacryloxydecyl dihydrogen phosphate coupling agent even with high hydro-
lytic stability has been considered to be unstable under artificial aging [48, 54-56]. This is
because its hydrolytic stability has been found to be less than the baseline which has been
set up by silane coupling agents. Therefore, these bonding agents have to be looked into
more detail and extensive study is necessary.

11.5 Thione/thiol Coupling Agents

Primers containing thione/thiol monomers form chemical bonds with precious (noble)
metals and have the tendency to form a good bond to gold, gold alloys, silver alloys and
gold-silver-palladium alloys. The methacrylate based monomers with sulfur atoms in the
backbone are also used as primers for bonding noble metals and their alloys [52, 57]. When
the sulfur based primers are combined with some other acidic monomers they impact posi-
tively the bonding efficacy of that substrate to resinous materials.
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Figure 11. 5 Chemical structure of 10-methacryloxydecyl dihydrogen phosphate (MDP) [45].
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Figure 11. 6 General structure for both MHPA and 6-MHPP molecules [51].

Bonding by sulfur containing primers to some noble metals may be due to the forma-
tion of a monolayer by self-assembly of thiol (-SH) groups. A recent study carried out on a
thiol-based primer stated that the application of the mixture of 6-(4-vinylbenzyl-n-propyl)-
amino-1,-3, 5-triazine-2,4-dithiol (VBATDT) as shown in Figure 11.7 [58] and 10-methac-
ryloxydecyl dihydrogen phosphate even after thermocycling exhibited good bond strength
between a gold-palladium-copper-silver alloy and titanium [52]. This observation was fur-
ther confirmed by a study using a commercially available primer containing 6-(4-vinylben-
zyl-n-propyl) amino-1,-3,-5-triazine-2,-4-dithiol and MDP which showed increased bond
strength of not only precious metals but also non-precious metals [57, 59].

It has also been reported that the effect of sulfur-based primers on the enhancement
of the bond strength to the metals is not as much as that of phosphates [56]. In addition,
some studies have reported a high percent loss of bond strength after artificial aging and the
increase in bond strength can vary depending on the substrate (adherend) [59-61]. Thus,
further work is required on this topic as sulfur-based primers look favorable in the future to
potentially act as good coupling agents.

11.6 Titanate Coupling Agents

Coupling agents form an interfacial unifying layer between two dissimilar materials. They
promote the adhesion between the organic matrix and filler particles in dental resin com-
posites. In addition, the biomechanical properties of the dental composites mainly depend
on how the masticatory forces are transferred through the matrix to the reinforcing filler
particles and thus, the bonding of the resin and filler particles is of primary importance and
can be provided only by appropriate coupling agents [62]. As mentioned above, the cou-
pling agents should be hydrolytically stable, should not deteriorate in an aqueous environ-
ment, and provide a waterproof bond at the interface of the two dissimilar materials [63].
In some commercial products, titanium dioxide has been incorporated as a filler material
and it seems that titanate could bond dissimilar fillers and resins. However, very limited
information is available about the titanates and more extensive investigations are needed.
The titanate coupling agents i.e., tetravalent organo-titanium compounds, may form an
organic reactive monomolecular layer on the inorganic surface of the substrate by react-
ing with the free protons of the hydroxyls at the inorganic interfacial surface. Ti at the
molecular center undergoes reorganization and reshuftling enabling itself to act either as



BONDING DI1SSIMILAR MATERIALS IN DENTISTRY 407

SH
Taﬁv N:<
H,C=C CH,—N— N
’ |{4©7 ) \ /
N{
SH

Figure 11. 7 Structural formula of VBATDT [58].

a proton donor or acceptor [64, 65], thus when introduced into a polymeric system it not
only increases the bonding but also reduces the brittleness of the material [44]. The forma-
tion of -Ti-O-Ti-O- bonds leads to hydrophobicity of the substrate material. The chelate
titanates, as the name implies, have a chelating function, attract filler protons more than
water and are more hydrolytically stable than the alkoxide titanates which are more reactive
in a moist environment and undergo hydrolysis quickly [63].

Titanates, the general formula of which is shown in Figure 11.8 [66], when used as a
coupling agent in dental composites lead to an increase in their mechanical properties.
This has been investigated [67-71], and it has been reported that mainly the increases in the
tensile strength and the impact strength of the dental composites by using titanate coupling
agents occur. Another study incorporated a titanate coupling agent into a composite which
was a blend of polypropylene and two types of calcium carbonates. It was concluded that
the titanate coupling agent increased the mechanical properties of the composite material
due to the good adhesion between the filler and the matrix. The loading of the coupling
agents should be properly investigated to obtain the desired effect of the coupling agent
[65]. Different loading ratios of coupling agents can have different effects on the mechanical
properties of the materials [62, 64] in that the Young’s modulus of the composite increased
when two materials were compared, out of which one was treated with the titanate coupling
agent and the other not. Along with the increase in the modulus, the dispersion of fillers
was better, which was another factor for an increase in the Young’s modulus [62]. One
more study on a talc-epoxy composite reported an increase in the flexural strength of the
composite material when the talc was treated with a titanate as compared to the composite
material in which talc was treated with a silane coupling agent [62].

Titanate coupling agents also changed the ferrite powder surface from hydrophilic to
hydrophobic by the interaction of the Ti-O bond of the titanate with the Fe-OH bond form-
ing a hydrophobic Ti-O-Fe layer on the surface and thereby increasing adhesion between
the hydrophobic resin and ferrite powders [72]. Polybutadiene rubber/clay and nylon 6/mica
composites showed superior mechanical properties when the fillers were treated with tita-
nate coupling agents. This was because such titanates increased the adhesion of the matrix
to the filler [65].

A definite conclusion has not yet been drawn as to what an optimum loading amount
of a coupling agent should be, in order to bring about the required result in the material
properties. Therefore, a more systematic approach should be taken for a final say regarding
the use of titanates as coupling agents in modern dental applications.



408 PROGRESS IN ADHESION AND ADHESIVES

11.7 Zircoaluminate Coupling Agents

Zircoaluminates are low molecular weight compounds and they are more hydrophobic than
silanes and titanates [73]. Since their introduction in 1985 by Cohen [74, 75] who studied
zircoaluminates as coupling agents and a surface modifier, zircoaluminates have been found
to be applicable in different industrial applications as a coupling agent in plastics, rubbers,
coatings, pigment and adhesives. They are also used as surface modifiers for certain metal
surfaces and as corrosion resistant agents for materials which require a long exposure time
to moisture [75-77]. Zircoaluminates are currently being used for enhancing the physical
properties of paper and the treatment of TiO, with a zircoaluminate coupling agent results
in improved optical properties and better print quality in the paper industry [73, 78].

These materials have not yet been studied extensively in the field of dentistry, although
this type of coupling agent looks very promising. Nonetheless, nothing can be said until
they have been studied thoroughly as to whether they fulfill all the criteria required by the
coupling agents.

11.8 Other Coupling Agents

Lung et al. [54] carried out experiments with three different coupling agents, 2-hydroxy-
ethyl methacrylate, oleic acid and itaconic acid (the latter two are carboxylic acids) and
compared them with two different types of silane coupling agents. They concluded that even
these types of coupling agents did not give better properties to the materials when compared
with silane treated materials. However, these coupling agents were hydrolytically more sta-
ble, provided mechanical properties in the acceptable range prescribed by ISO standards,
had a longer shelf-life and are much cheaper than the competitive silanes. These coupling
agents have currently also been found to have a number of applications in different fields/
industries. For example, they have been used as a surface modifier in oily wastewater treat-
ment, in contact lenses, in paper industry, and in shampoos and detergents. Some of them
are used in a drug delivery system for keloid and hypertrophic scarring, corrosion protec-
tion of steel and in many other applications [53]. These cost-effective coupling agents could
be further investigated and optimized according to the required applications and modified
accordingly for their use.

It cannot be stressed enough how important adhesion is in dentistry, but also in all
aspects of life. Virtually all the adhesives or coupling agents which have been used are
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Figure 11. 8 A general titanate structure [66].
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synthetic. Interestingly, very recently natural marine mussels and their adhering ability are
being studied as they have one of the best adhesive qualities and, more importantly, they are
from an aquatic environment. This said, they are understood to be hydrolytically very stable
and are not vulnerable in the aqueous environment. Hamming et al. [79] mimicked the
marine mussel’s foot protein and carried out the pull-out test between NiTi and Ti-6Al-4V
wires and poly(methyl methacrylate) using this mussel adhesive. The results indicated an
increase in the adhesive property [79]. In fact, the mussel adhesive property relies on the
repeated 3, 4-dihydroxy-L-phenylalanine (L-DOPA) motif from food protein. Inspired by
this, Zhou et al. [80] were successful in using the decarboxylated derivative 3, 4-dihydroxy-
phenethylamine (dopamine, DOPA) to remineralize the human teeth hydroxyapatite in
vitro. Thus, this material has been found to be one of the best adhesives occurring naturally,
also giving the remineralization of the natural tooth and can be further modified and used
according to the requirements in dentistry.

Table 11.1 presents bond strength results obtained using various coupling agents in
selected studies.

Table 11.1 Bond strength results obtained using various coupling agents from selected
studies.

Shear bond
. Reportedly strength
1 fe
Coupling agents Substrates bonded to (SBS) MPa References
with SD

Silane coupling agents

3-isocyanatopropyl- Zirconia Resin composite | 6.6 (2.6) 14
trimethoxysilane

3-isocyanatopropyl- Zirconia Resin composite | 6.6 (2.2) 14
triethoxysilane

3-methacryloxypropyl- Zirconia Resin composite | 12.1 (2.9) 54
trimethoxysilane

3-acryloxypropyl- Zirconia Resin composite | 14.6 (1.1) 54
trimethoxysilane

3-trimethoxysilylpropyl- Zirconia Resin cement 16.6 (2.6) 46
trimethoxysilane

3-acryloxypropyl- Titanium Resin composite | 14.6 (2.9) 36
trimethoxysilane +
cross-linking silane

3-isocyanatopropyl- Titanium Resin composite | 12.5 (5.8) 81
triethoxysilane

(Continued)
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