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Chapter 1

Introduction




Chapter 1

1.1 Self-healing materials

Over the past few decades, self-healing materials, which are inspired by nature and
are capable of repairing structural or functional damage automatically leading to
potential extension of service lifetime or increasing reliability of a product, have
drawn more and more attention of academic and industrial researchers [1-4].

At the pioneering start of the field of self-healing materials, the self-healing ability
was created by the introduction of microcapsules or vascular networks containing a
mobile ‘healing agent’, which can rebuild or reinforce the polymer structure, into an
otherwise non-self-healing polymer [5-7]. This approach of localized supply of a
discrete liquid-like healing agent was later applied to other materials such as
concrete[8], asphalt[9] and high temperature ceramics[10] and is generically
classified as ‘extrinsic self-healing’. Apart from issues with encapsulation and the
limited shelf-life of the healing agent, a major disadvantage of this approach is that
very limited times (mostly only one time) of healing events can occur at a particular
damage site due to local exhaustion of healing agent. Some attempts have been made
to introduce multi-times healing ability into extrinsic self-healing systems, such as
compartmented fibers approach and so on[11-13]. However the intrinsic limitation
of a restricted number of healing events per damage site remains.

An alternative approach to create self-healing polymers is the ‘intrinsic self-healing’
concept, which relies on the presence of special moieties in the polymer backbone
that have an in-build tendency to chemically rebond once. In the case of intrinsic
self-healing polymers, the reversible moieties can be reversible supramolecular
interaction or reversible covalent bonds, such as hydrogen bonding, m-m stacking,
disulfide bonds, etc. [14-20]. In those intrinsic self-healing systems, local damage
restoration can theoretically be infinitely repeated due to the reversible nature of the
bonds formation. This is a significant advantage comparing to extrinsic self-healing
materials. Intrinsic self-healing is usually triggered by an external stimulus such as
heat, UV light, electric current or moisture [21-28]. Therefore intrinsic self-healing
materials can be designed and applied based on the application condition and the
type of stimulus.
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1.2 Thermal interface material

Nowadays with the rapid development of electronic industry, electronic devices such
as integrated circuit (IC) chips and solid state lighting (SSL) components are
becoming more and more powerful but also require more electrical power.
Consequently, there is more and more heat generated when they are in operation. If
the heat cannot be released in time, the temperature rise will influence the normal
operation and even lead to premature device failure. Usually relatively large metallic
heat sinks are used to dissipate the heat produced. However direct bonding of
electronic devices to metallic heat sinks is impossible from an electronic and in
particular a heat management perspective. In order to reduce this contact thermal
resistance and enhance heat dissipation, thermal interface materials (TIMs) are
applied to fill in the air gap between heat sink and electronic device[29].

There are generally three types of thermal interface material: metallic TIMs, carbon-
based TIMs and polymer-based TIMs. Metallic TIMs are often made of solder alloys
or low melting metals such as Indium or Gallium [30-34]. The significant advantage
of metallic TIMs is their intrinsic high thermal conductivity (usually higher than 20
W/m:K) However the relatively high mismatch in the coefficient of thermal
expansion (CTE) between the metallic TIMs and the other components is one of the
major disadvantages. Metallic TIMs will also be easily degraded due to oxidation
reactions at elevated temperatures. Besides, some metallic TIMs enter a (partial)
liquid state during operation, which brings a high potential risk of short circuiting to
the system. In carbon-based TIMs, carbon fibers, carbon nanotubes or graphite
flakes are aligned along the heat flow direction to provide anisotropic high thermal
conduction [35-37]. However the orientated structure will be irreversibly destroyed
under higher pressures, which limits the application of carbon-based TIMs.
Meanwhile the wetting between carbon-based TIMs and contacted surfaces are
usually very poor, which leads to a relatively high contact thermal resistance
comparing to other TIMs. Polymer-based TIMs usually consist of thermally
conductive fillers, such as metal powders or ceramic (Al;Os3, AIN, SizN4, ZnO, BN, etc.)
particles, and a polymeric matrix to bind the filler particles together and to provide
some overall mechanical flexibility [38-42]. In order to achieve high thermal

conductivity, the volume fraction of thermally conductive fillers can be as high as 70%

and even more. Currently, polymer-based TIMs are most widely used in electronic
industry as they are chemically stable, easy to apply and relatively cheap. All this
results in a wide abundance of polymer-based TIMs tailored to particular
applications.
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1.3 Challenges and future prospects

The overheating issue as a result of degradation or non-functioning of TIMs has
become one of the major reasons for premature device failure in electronic systems.
In order to improve the service lifetime and reliability of polymer-based TIMs it is
promising to introduce the (intrinsic) self-healing concept into polymer-based TIMs.
While the topic of autonomous healing of delamination damage in TIMs seems very
promising, as the damage itself leads to a temperature rise and the temperature rise
leads to the required increased local molecular mobility) at the start of this PhD
project only very few attempts had been made to develop self-healing TIMs [43]. As
the (ceramic or metallic) filler particles are non-self-healing, the healing
functionality has to come from the polymer matrix. It is a big challenge is to ensure
enough structural and functional healing ability provided by the relatively small
amount of self-healing polymer matrix. In addition, the relationship between
structural recovery (i.e. restoration of the bond strength at the delaminated area)
and functional recovery (i.e. the thermal conductions) is yet to be revealed. Another
challenge is the detection and observation of the actual interfacial healing process,
which plays an essential role in validating self-healing effect in polymer-based TIMs.

1.4 Scope and thesis outline

This thesis aims to contribute to the introduction of the self-healing concept into
polymer-based TIMs. As such, each chapter targets one of the scientific issues
identified above.

Chapter 2 gives a detailed overview of a variety of approaches to intrinsic structural
and functional healing in polymer systems that have been reported in the literature
in recent years. Unlike other reviews on self-healing polymers this literature study
aims to address the question whether the crucial factors for successful functional
healing are similar to those for structural healing.

Chapter 3 applies numerical simulations using COMSOL Multiphysics to investigate
the effect of micro damage at particle-matrix interfaces and macro delamination at a
TIM-heat source interface on the thermal conductivity and mechanical properties of
TIMs. These simulations not only can help to understand the damage sensitivity of
current thermal interface materials but also guide the further development of self-
healing TIMs.

4
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In Chapter 4, the development of healable organic-inorganic dual network polymers
based on disulfide chemistry, which could serve as the polymer matrix in TIMs and
other types of composites, is described. By tuning the reversible bond (disulfide
bond) concentration and the irreversible crosslink density in the polymer structure,
the coupled effects of both on mechanical properties and crack healing efficiency are
studied.

In Chapter 5, a novel TIM system based on the healable organic-inorganic dual
network polymers developed in chapter 4 filled with spherical glass beads is
presented. The effect of particle volume concentration (PVC) and particle size on
tensile strength and thermal conductivity healing behavior is investigated.

Chapter 6 presents some thermal cycling tests performed to investigate the long-
term reliability of two self-healing TIMs and one commercial non-healing reference
TIM. The purpose of this study is to get a first impression whether the self-healing
concept works or not in thermal interface materials.

Chapter 7 first explores the potential application of a recently developed optical
material characterization technique, Laser Speckle Imaging (LSI) to monitor the
adhesion process of a self-healing polymer to a glass substrate by monitoring the
dynamics of interfacial healing (i.e. re-bonding). Prior to these measurements and in
order to demonstrate the potential of the technique for the polymer system at hand,
the molecular dynamics of the curing process in the sol-gel hybrid polymer has been
measured and linked to the results of conventional rheology measurements.
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Chapter 2

2.1 Introduction

Over the last decades the amount of studies reporting on polymer composite
functionality and mechanical properties has grown significantly. Polymer composites
showing for example thermal and electrical properties can be found in daily life in
communication, lightning and aerospace applications [1, 2]. Although the field of
multifunctional polymer composites is increasing rapidly, researchers are far away
from reaching the diversity in functionalities that nature has established in its
composites over the past millions of years. Wood is one of nature’s finest examples of
a multifunctional fibrous composite material. This well-known material consists of
parallel hollow tubular cells reinforced by spirally wound cellulosic fibrils embedded
in a hemicellulose and lignin matrix. The helix angle of the spiral fibrils is responsible
for a variety of mechanical properties such as wood stiffness and toughness, whereas
the hollow tubular cells are capable of transporting nutrients from the soil to the top
parts of a tree [3]. A second example of nature’s engineering capabilities can be
found in bones which deliver optimal mechanical properties due to a smart
combination of material selection and material shaping [4].

Besides a variety of mechanical and functional properties, wood and bone possess
the capability to self-repair damage that is inflicted to their components. Since both
structural and functional polymer composites show a drop in performance when
subjected to a certain cyclic or impact loading due to the formation of cracks or
delamination, a bio-inspired system that autonomously restores the material
properties is considered tremendously valuable. Therefore, in the past two decades,
the self-healing capacity has inspired many researchers to design polymer
composites that are capable of healing damage rather than preventing it [5, 6]. This
field was pioneered by Dry who included hollow glass fibers containing liquid
adhesive in a concrete matrix. The liquid agent is released upon local fracture, wets
the crack surface and crosslinks thereby partially restoring the load bearing capacity
[7, 8]. White et al. showed the recovery of tensile strength of an epoxy material by
embedding polymeric microcapsules filled with crosslinkable liquid oligomer into
the polymer matrix with dispersed Grubbs catalyst [9]. However, since it is quite
challenging to obtain a uniform distribution of healing agent using particulate
containers, Bond et al. developed a self-healing fiber reinforced composite by
introducing glass fibers filled with healing agent. The resulting composite was
capable of restoring a significant amount of its original flexural strength [10].
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At the pioneering start of the field of self-healing composites, the employed healing
strategies are extrinsic (i.e. are due to the inclusion of discrete entities containing the
healing agents in an otherwise non-self-healing surroundings) and therefore only a
single healing event can occur at the same damaged site. In more recent years, the
intrinsically self-healing route (i.e. the architecture of the polymer is such that local
damage can be restored upon a mild proper trigger by the reformation of reversible
chemical bonds) was shown as a conceptually more attractive alternative. The
concept of intrinsic healing can theoretically lead to infinite amount of healing cycles
as no external healing agents are required. The healing process depends on the
ability of the matrix to acquire local mobility upon the stimulation of an external
stimulus, such as temperature, light induction, electrical current and moisture
exposure. Therefore, in contrast with their extrinsic counterparts, intrinsic healing
materials are not fully autonomous. Still, the implementation of intrinsic healing in
polymer composites is considered as a next step in development of materials that are
designed to mend damage rather than preventing it [6, 11, 12].

The majority of studies that cover the intrinsic healing of polymer composites
reported on the healing of structural properties (i.e. properties related to load
bearing behavior, such as stiffness, strength and failure strain), whereas the field of
general self-healing polymer functionality (including healing of non-mechanical
properties such as thermal conduction, electrical conduction and magnetic shielding
etc.) is emerging only in the last couple of years. However, damage (upon fatigue or
impact loading) in either the polymer matrix (cracks) or at the matrix-filler interface
(delamination) is responsible for a decrease in the properties of both structural and
functional polymer composites, because the filler material is no longer capable of
transferring its specific properties towards the matrix material. Therefore healing
strategies in both types of composites can be similar and will be most effective in the
form of a polymer matrix capable of restoring either itself or the matrix-filler
interface. For this reason the development of polymer matrices that can intrinsically
heal themselves or restore the adhesive properties at the composite interface is
considered to be a major challenge within the field of self-healing polymers. This
review aims to give an overview of the progress that is made on intrinsic matrix
healing of both structural and functional properties in polymer composites. Firstly,
the current developments in intrinsic polymer matrix healing are discussed, grouped
by the triggering mechanism for the healing process. Secondly, the general concepts
and influence of filler materials on structural composite properties (stiffness,
strength) and their healing capabilities is covered. Finally, a similar approach is used
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to analyze the self-healing potential of functional (electrical, electromagnetic,
electromechanical, magnetic and thermal) polymer based composites.

2.2 Intrinsically self-healing matrix polymers

In structural and functional composites, polymers, such as polyester, polyimide,
polyurethane, epoxy or silicone rubber, are used as matrix because of their ability to
bind and preserve the location of the filling material, their low density, chemical
inertness, low cost and versatility in fabrication methods. Traditionally polymer
based composite systems were composed such that a maximum resistance to local
mechanical, thermo-mechanical or chemo-mechanical degradation is obtained. Very
often the optimization focused on creating a lasting chemo-mechanical bond
between the polymer matrix and the filling agent. In this conventional optimization
damage, virtually always starting in the polymer matrix or at the matrix—particle
interface, was treated as an irrecoverable event. However, with the advent of
intrinsically self-healing polymers, i.e. polymers which can restore mechanical
bonding with itself or a different material due to reformation of chemical bonds
under the appropriate stimulus (see Figure 2.1 and Figure 2.2), the design concepts
for composites have changed significantly and irreversibly. Below, we describe the
range of self-healing polymers and group them according to the trigger they need to
heal cracks and interfacial delamination.
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Figure 2.1 Schematic representation of intrinsic self-sealing by external stimuli; thermal,

photochemical, electrical and moisture activation.
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Figure 2.2 General concept of matrix healing using intrinsic healing concepts. Figure shows a
sudden drop in viscosity upon heating linked to local temporary network mobility necessary
for flow and damage repair. Upon cooling the local properties (e.g. viscosity) are restored to
initial values so the material can be further used. Figure also shows the multiple healing
events possible with intrinsic healing concepts [6].

2.2.1 Heat triggered self-healing

Intrinsic self-healing polymers based on heat triggered reversible reactions have
been studied extensively. Among them, the Diels-Alder/retro-Diels-Alder reaction
(DA/rDA) has received the most attention. The Diels-Alder reaction is a reversible
reaction that takes place between a conjugated diene and a substituted alkene,
usually termed the dienophile to form a substituted cyclohexene system. DA/rDA
reaction can be used as healing mechanism in multiple polymer systems (e.g.
polyamide, polyethylene and epoxies) and can be used to heal both the matrix and
the matrix-filler interface. The latter one is schematically depicted in Figure 2.3. The
healing temperature ranges from 100°C to 150°C and the healing times were
reported in the range of 10min to 2h [13-21].

13

H



Chapter 2

Glass fibre > - Glass fibre 4 -~
g AP e
N gt Sre, e <

A [AREA

(L\
)

_ s
&
8
4

W<

] O 0 0
f A& >
AP - i\
A=~ o - = |_‘<N—Rz A - [} Q(N..Rz
L Ry o

Figure 2.3 Self-healing of composite strength via a reversible Diels—Alder reaction at the
fiber-matrix interface. Glass fibers are functionalized with maleimide functionalized groups
(blue figures) and placed in a furan group (red figures) containing polymer network. The
resulting composite is capable of thermoreversible interface healing resulting in restoration of
stress transfer between fibers and matrix [22, 23].

A second type of thermally activated self-healing was introduced by Canadell et al.
who used remendable disulfide chemistry in a covalently cross-linked rubber [24].
In their work, an epoxy resin containing disulfide groups was cross-linked with a
tetrafunctional thiol in a base-catalyzed addition reaction. Upon fracture, the
mechanical properties of this material can be fully restored by re-contacting the
fractured surfaces while heating at 60°C for 1h. A more recent study showed that the
dominant healing mechanism is based on the thiol-disulfide exchange and that
reaction is highly pH dependent [25]. An advantage of using disulfide chemistry as
self-healing mechanism is that healing can be achieved at moderate temperatures,
while keeping a reasonable level of bond strength.

Another example of self-healing by a thermal stimulus is the radical exchange
reaction of alkoxyamine units that can be used to prepare a thermodynamic polymer
cross-linking system [26, 27]. Based on this mechanism, Yuan et al. developed self-
healing polystyrene with alkoxyamine side chains which function as cross-linker. In
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this system, fission and radical recombination of C-ON bonds takes place among
alkoxyamine moieties when a thermal stimulus is applied. The healing efficiency of
this system reaches values of 75.9% by heating upon 130°C for 2.5 hours [28].

Besides the aforementioned thermally triggered covalent self-healing systems,
matrices can use supramolecular interactions, such as hydrogen bonding and n-m
interactions, as a mechanism for intrinsic healing. In healing systems based on
hydrogen bonding, mending will occur already at room temperature when the
functional groups are brought into effective contact with each other. However, the
healing efficiency decreases with increasing waiting time between the damage event
and mending because the free hydrogen bonds can rearrange and associate with one
another at the fractured surface instead of those on the other side of the crack.
Moreover, the elevation of the healing temperature can increase the molecular
dynamics and accelerate the equilibrium, thereby decreasing the healing time [29-
35].

A second system capable of supramolecular healing is based on m-electron-poor
receptors and m-electron-rich pyrenyl end-groups. Here, the healing mechanism
involves two steps. The first step is the disruption of the intermolecular m-m stacking
cross-links upon an increased temperature. The second step is the rearrangement of
chains and reformation of m-m stacking cross-links occurs when the temperature is
lowered. The healing temperature is reported to be around 100°C with healing time
more than 2 hours [36-38].

Ionomers are another class of thermally activated supramolecular self-healing
polymers that possess the ability to heal ballistic impact damage. In ionomers, ionic
metal salts are bonded to the polymer backbone creating electrostatic interactions.
The local heat that is released upon impact enables these bonds to reform and
thereby heal the material. Studies on ionomer healing focused on the autonomous
healing after high speed ballistic impact [39, 40] and on the stimulated self-healing
after quasi static damage production [41-44].

2.2.2 Photochemical triggered self-healing

Besides thermal activation, self-healing behavior can be triggered by photochemical
reactions. Based on photochemical [2+2] cycloaddition of cinnamoyl groups, Chung
et al. developed a self-healing polymer from 1,1,1-tris-(cinnamoyloxymethyl)ethane,
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which is a photo-cross-linkable cinnamate monomer[45]. In their study, healing was
conducted by photoirradiation (A > 280 nm) for 10 minutes. More recently, Ling et al.
and Oya et al. continued this line of research by synthesizing novel self-healing
polymers based on [2+2] photocycloaddition [46, 47].

Another example of photochemically triggered healing was reported by Ghosh et al.
who developed a self-healing oxetane-substituted chitosan polyurethane [48]. Upon
fracture, four-membered oxetane rings open up thereby creating two reactive ends.
When the crack plane is exposed to ultraviolet light (A=302 nm), chitosan chain
scission occurs, which forms crosslinks between the reactive oxetane ends and
repairs the network in less than 1 hour.

Amamoto et al. showed two novel studies on self-healing polymers by photoinduced
reshuffling of disulphide bonds. First, they introduced self-healing in poly(n-butyl
acrylate) by including repeatable trithiocarbonate units [49]. These polymers are
capable of healing macroscopic cracks almost completely after UV irradiation (A=330
nm) for 48 hours. In a second study, they reported on macroscopic self-healing
crosslinked polyurethanes based on radical reshuffling of thiuram disulfide units
under the stimulation of visible light at room temperature [50].

Moreover, photochemical self-healing in metallosupramolecular polymers were
reported by Burnworth et al.. Their low-molecular-mass polymers possess ligand
end groups that are non-covalently linked through metal-ion binding [51]. Samples
were healed by exposure to UV light leading to a temporary disengagement of the
metal-ligand bonds.

2.2.3 Electrically triggered self-healing

Matrix healing upon electrical stimulus was proposed by Chuo et al. who prepared an
electrically triggered self-healing polymeric material based on the complexation
reaction between ferrocene modified poly(glycidylmethacrylate) and -cyclodextrin
groups [52]. A knife-cut crack on the surface of this sample mends almost
completely after an electrical treatment of 9V for 24 hours followed by a resting
period at room temperature for another 24 hours. The healing efficiency can be
improved by an additional thermal treatment (85°C, 24 h) after the electrically
induced repairing process.
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2.2.4 Moisture triggered self-healing

Zhang et al. synthesized an isocyanate containing methacrylate monomer copolymer
system that repairs macroscopic cracks after a relative humidity treatment (95% at
30°) of 12 hours and serves as a protecting fluorine-containing monomer
component [53]. Healing is based on a zipper-like healing mechanism in which the
isocyanate groups on both sides of the crack within the effective contact areas are
coupled by reacting with environmental water. This process can be gradually
extended to the ineffectively contacted areas which ultimately results in full closure
and healing of the crack.

2.3 Structural composites containing an intrinsically
self-healing polymer matrix

Structural composites are optimized to give desirable mechanical properties, in
particular (specific) stiffness and mechanical strength. The strength and stiffness of
such composites depends on the properties of the constituent phases (polymer
matrix and inorganic filler), their volume fraction and their configuration. To realize
their full potential a perfect bonding between the matrix and the filler particles is
required. As the inorganic fillers are based on strong irreversible (non-self-healing)
covalent bonds, any self-healing has to come from the polymer matrix which (in
principle) can restore the integrity of the matrix as well that of the interfacial bond.
Below we demonstrate how the principal mechanical properties are to be affected by
a self-healing polymer matrix.

2.3.1 Stiffness recovery

The stiffness of a material is defined by the ratio between stress and strain (Young’s
modulus or modulus of elasticity) at the elastic regime of tensile experiment and
describes the resistance to elastic deformation of a material. To improve the typical
low stiffness of polymers either particles or fibers of a high modulus material are
integrated into the polymer matrix [2, 54, 55].

In particulate reinforced composites, the first factor that affects the stiffness is the
weight percentage of the added particles. An increasing concentration of hard
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particles in a polymer matrix improves the stiffness since the rigidity of fillers is
much higher than that of matrix. This effect was described in many studies such as
the work of Zhu et al. on polyimide/silica particle composites [56-60]. The polymer
composite stiffness is less clearly affected by a change in particle size. For particles
with sizes in the micrometer scale, the Young’'s modulus does not change with
increasing diameter [58], but for nanometer-sized particles an increase in stiffness is
observed when the average particle size is decreased [57]. Besides the particle size,
the interfacial adhesion between the particles and the matrix has little effect on the
stiffness as well. Since values for the stiffness are determined at relatively low
deformation, there is insufficient dilation for interfacial adhesion parameters to have
an effect on the Young’s modulus [56, 59].

Besides adding particles, long continuous or short discontinuous fibers can also be
used to increase the stiffness of a polymer matrix. The elastic modulus of common
reinforcement fibers (glass, aramid, carbon) is typically a hundred times higher than
that of conventionally used polymer matrices [55]. Based on the volume fraction of
the fibers in the matrix, the overall stiffness of fiber reinforced polymer composite
can be estimated by the ‘rule of mixture”:

where E, Erand E, are the stiffness of the composite, fiber and matrix respectively,
Vr is the volume fraction of the fiber and 7, and 7, are the length efficiency and
orientation factor respectively [61]. The fiber orientation factor has a value ranging
from 0.2 (for randomly distributed fibers) till 1 (for unidirectional fibers). The length
efficiency factor 1, depends on the critical fiber length (Lc) of the filler material

which is described by:
oYy 2
27

where oris the maximum fiber stress (or ultimate fiber strength), dr is the fiber
diameter and 7 is the interfacial shear stress which can be regarded as a measure for
the interfacial adhesion between filler and matrix. When the fiber length is below L.,
n. has a value near zero and the filler material does not contribute to the composite
stiffness. The value for 7, increases with increasing fiber length up till the point
where the fiber length is ten times L. and 1, has a value of 1. At this level, an increase
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in interfacial adhesion does no longer add to the composite stiffness. For this reason
the interfacial adhesion has only a small effect on the stiffness of a continuous fiber
reinforced polymers. However, the effect of interfacial adhesion on short fiber
reinforced composite stiffness is significant. A graphical description of the effect of
interfacial adhesion on the composite stiffness is presented in Figure 2.4. In the case
of complete debonding the fillers do not carry any load and the stiffness of the
composite decreases with increasing filler content. In the case of perfect bonding the
stiffness of the composite increases with filler content according to the physical limit
given by equation 2.1. In the case of partial debonding intermediate stiffness values
are obtained. Several studies described interfaces that are modified to improve the
adhesion between fiber and matrix which show higher elastic moduli than their
unmodified counterparts [55, 62, 63]. A study by Thomason et al. on continuous
glass fiber reinforced polyimides shows that the composite stiffness is unaffected by
changes in the fiber diameter because the fiber length greatly exceeds the L. [64].

A
c
T &
g 8
a kS
m ©
T 9
Q £
5}
uf | E
ks)
0
%)
o
—
v

\ A

T T T T T T T T T T

0 10 20 30 40 50

Filler content (%)

Figure 2.4 Graphical representation of the relation between filler content, interfacial adhesion
and the elastic modulus in a short discontinuous fiber reinforced polymer composite material.
The relation is plotted for various values of T resulting in values for 7. ranging from 0 to 1
which directly shows the range of stiffness that can be healed by restoring the fiber-matrix

interface. A similar model could be composed for the strength of a polymer composite.
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Fatigue and impact damage are the most occurring types of damage in real-life
applications of polymer composites. Fatigue damage results in cracks splitting either
part of the polymer matrix or the matrix-filler interface and damage upon impact
ranges from barely visible impact damage (micro-cracks or delamination) to large
scale breakage like target penetration [6, 65]. In short fiber reinforced polymer
composites the damage will initiate at the interface resulting in a reduction of T and
n. leading to a drop in composite stiffness. Figure2.4 shows the stiffness range that
can potentially be recovered by healing of the interfacial adhesion between filler and
matrix. To repair the composite’s damage and regain its structural properties, the
focus should therefore be on healing the matrix and the composite interface which
results in restoring the initial values of 7 and 7;. Studies that report on stiffness
regeneration include the work of Yoshie et al. who reported on the recovery of
tensile moduli of a self-mending polymer based on the Diels-Alder chemistry
between anthracene and maleimide at both room temperature (17%) and 100°C
(46%) [66]. Secondly, recovery rates of Young’'s moduli of almost 100% were
reported by Amamoto et al. who designed a polyurethane that heals using radical
reshuffling of thiuram disulphide bonds under ambient conditions (Figure 2.5) [50].
A third example of stiffness regeneration was shown in the study of Zako and Takano.
They developed a composite blend material that consists of a rigid polymer matrix in
which melt processable thermosetting epoxy particles are introduced. Specimens
were damaged and healed at 120°C. After healing the stiffness of the composite
material was fully recovered [67].
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Figure 2.5 Recovery of structural properties in a self-healing polymer matrix using
photochemical reversible thiruam disulfide bonds. The polymer matrix is displayed prior
cutting and self-healing (a), after cutting (b) and after 24h of self-healing (c). (d) shows a
stress, strain curve in which the regeneration of mechanical properties is plotted at different

stages of the self-healing process [50].

2.3.2 Strength recovery

The strength of a material can be described by several parameters. The tensile
strength is defined as the maximum stress that a material can sustain under tensile
loading and is also called the ultimate strength. The stress at fracture and the stress
above which plastic deformation occurs are called the breaking strength and yield
strength respectively [2]. In line with polymer stiffness improvement, the polymer
composite stiffness can be increased by introducing particles or fibers that have
much higher strength values than the matrix.

The strength of micro and nano-particulate composites is mainly determined by the
effectiveness of the stress transfer between the matrix and the particles [54]. As for
composite stiffness, the strength depends on the weight percentage of filler that is
present in the matrix. However, no clear trend can be derived from literature as
studies show that an increase in filler concentration can initially improve the
composite strength while it is reduced upon further increase of particle
concentration [54]. This is exemplified by the work of Zhu et al. who reported on
polyimide films with silica fillers that show an increase in tensile strength up to a
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silica weight fraction of 10% [60]. However, a decline of tensile strength is observed
upon further increase of the silica concentration. This can be explained by the fact
that the particle cluster size increases together with the weight fraction which
suppresses the strength of the composite, since, in contrast to stiffness, there is a
clear relation between the size of added micro- and nanoparticles and the strength
of a polymer composite. Generally, a decrease in particle size will lead to an increase
in tensile strength as is shown for epoxy/silica composites by Nakamura et al. [68]. A
final crucial parameter is the strength of the interfacial particle/matrix adhesion
which determines the stress transfer between the components. For polymer
composites containing very well-bonded particles, the addition of particles will
result into a higher material strength. Poorly adhered particles, however, have an
ineffective stress transfer and therefore do not contribute to the reinforcement of the
matrix which leads to a decrease in strength. This phenomenon was quantified by
Zhang et al. who showed the effect of interfacial adhesion in polypropylene/silica
nano-composites on the material’s strength by treating the particles with various
monomers [69, 70].

Short and continuous reinforcing fibers with high elastic moduli (carbon, aramid,
glass) are used to enhance the strength of a polymer composite in a similar fashion
as is described for stiffness modification. Therefore, the ‘rule of mixture’ can also be
used to approach the strength of a composite based on the volume fraction of the
fibers:

oc = MnoVror + (1 = Ve)op, (2.3)

where o, orand o, are the strength of the composite, fibers and matrix respectively.
For strength, the length efficiency factor, 7, is again related to the critical thickness
L, as is described by equation 2.2. Therefore a similar graphical relation between the
strength, volume fraction and interfacial adhesion, similar to that depicted in Figure
2.4 could be composed. Such a graph would indicate that the interfacial adhesion
between fiber and polymer also has a large effect on the composite strength [62, 71].
This is exemplified by a recent study that showed the coating of carbon fibers with
carbon nanotubes in order to improve the interfacial stress transfer of polymer to
fibers resulting in an increase of tensile strength of 64% [63].

As is described for stiffness, the strength of a composite will drop upon interfacial
failure due to a reduction of effective stress transfer resulting from cracks and
delamination in the matrix or at the interface. Therefore, studies on strength healing
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should also focus on the recovery of 1, and 7 by intrinsic restoration of the polymer
matrix or the matrix-filler interface. For this purpose mainly intrinsic covalent
healing strategies, containing either thermo reversible or photo reversible
chemistries, are used [22]. Healing of the strength of epoxy-amine thermoset
composites by the addition of thermally reversible cross-linking gel based on Diels-
Alder chemistry was reported by Peterson et al. [20]. Recovery of strength can be
achieved by direct application of the gel (37%) and by incorporation as a secondary

particulate phase (21%) [72]. A more recent study described strength recovery (41%

healing efficiency) at the glass fiber-polymer interface by coating with DA functional
groups (Figure 2.3) which results in restoration of stress transfer capacity between
matrix and fiber [23]. A second thermo reversible route is the incorporation of
disulphide bonds in epoxy thermosets which leads to the recovery of the material’s
tensile strength (>90%) [24] or adhesive strength (100%) [73].

Alternatively, self-healing of structural properties by photo reversible chemistry was
introduced by Chung et al in 2004, however, the healing efficiency was rather low
[45]. Later, Ling et al. managed to achieve tensile strength recoveries up to 100% by
embedding coumarin groups in the main chains of a polyurethane network [47, 74].

Instead of using covalent healing chemistry Hayes et al. showed the recovery of
strength by blending conventional thermosets with thermoplastic material. Their
study showed that including 20 wt.% of thermoplastic material results in a regain of
70% of the virgin properties of the matrix [75]. More recent, Luo et al. showed a
strength recovery of more than 100% in a polymerization-induced phase separated
thermoset/thermoplastic blend that is capable of differential expansive bleeding
[76].

2.4 Functional composites containing an intrinsically
self-healing polymer matrix

Polymer based composites are also widely used as functional materials such as
electrically conductive materials, electromagnetic interference shielding materials,
electromechanical materials, magnetic materials or thermally conductive materials.
Like structural polymer composites their properties generally (but not always) rely
on the absence of damage in the polymer matrix and the absence of interfacial
delamination. The opportunities for restoration of functional properties due to a
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self-healing polymer matrix are addressed below. The potential options are grouped
according to the functional character of the composite.

2.4.1 Electrically conductive polymer composites

Electrically conductive polymer composites consist of a non-conductive polymer
matrix and electrically conductive fillers and are widely used in various commercial
applications due to their light weight, high manufacturability, corrosion resistance
and good electrical conductivity [77-84].

To analyze the electrical conductivity of filler-loaded polymer composites, the
percolation theory is usually used. When the content of fillers is below the
percolation threshold, a long-range connection of fillers does not exist, leading to a
very low electrical conductivity. While above the percolation threshold, the electrical
conductivity increases significantly due to the formation of a long-range filler
connection. When the percolation threshold for a material with a fixed filler
concentration is reduced an increase in electrical conductivity is observed. According
to the statistic percolation theory [85], the percolation threshold is inversely
proportional to the particle aspect ratio. Therefore carbon nanotubes are promising
candidates as electrically conductive fillers. This is exemplified by the work of
Sandler et al. who reported percolation thresholds below 0.01% in a carbon
nanotube/epoxy system [77]. Additionally, the work of Bilotti et al. showed that a
further reduction of percolation threshold can be achieved by the addition of
secondary nano-fillers [86].

Other systems using graphite, carbon black and carbon fibers as fillers are also
investigated and research focuses on improving the processability and reducing the
costs. An effective strategy that can be applied to these systems is to form a double
percolation phenomenon by localizing fillers at the interface or within one of the
phases of an immiscible polymer blend [87, 88]. Furthermore, processing conditions
will affect the particle alignment and the electrical conductivity of composites. For
example, Kitajima et al. fabricated anisotropic electrically conductive polymer
composites by applying a strong magnetic field to orient fillers [89]. The resulting
composites showed much higher electrical conductivity along the direction of the
magnetic field.
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When micro- or macro-cracks are formed in the system, the connection of fillers
may break down. Since the electrical conductivity of composites depends on the
connection of fillers, this leads to a full or at least significant decrease of electrical
conductivity and unexpected failure of electronic devices. These problems can be
overcome by introducing an intrinsic self-healing polymer matrix that can heal the
crack and restore the connection of fillers. Following this concept, Li et al. fabricated
electrically conductive self-healing films by depositing Ag nanowires on top of
healable polyelectrolyte multilayer films consisting of a layer-by-layer assembled
branched poly(ethylenimine) and poly(acrylic acid) -hyaluronic acid blend [90]. Cuts
can be autonomically repaired when water is sprayed on the films thereby
recovering the electrical conductivity. A second example electrical conductivity
healing was given by Tee et al.. They prepared an electrically and mechanically self-
healing composite consisting of a supramolecular polymeric hydrogen-bonding
network with self-healing ability filled with chemically compatible micro-nickel
particles with nanoscale surface features [91]. The result showed a full recovery of
electrical conductivity within 1 minute at room temperature upon complete fracture
(as shown in Figure 2.6).
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Figure 2.6 Electrical conductivity healing characterization of self-healing composite. (a)
Resistance measurement shows electrical conductivity healing at room temperature. (b)
Demonstration of the healing process using an LED in series with a self-healing composite
conductor. 1, undamaged; 2, completely severed (open circuit); 3, electrical healing (inset
shows conductor being self-supporting); 4, healed film being flexed to show its mechanical
healing after only 5 min at room temperature [91].
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Self-healing of electrical properties in stretchable wires was reported by Palleau et
al. who combined the self-healing Reverlink polymer produced by Arkema with
liquid metal [92]. In their experiment, 2D or 3D structures were made after cutting a
straight sample. The self-healing polymer provided the mechanical recovery and
helped to re-align the liquid metal channel. Once re-aligned, the liquid metal
components merged together and formed a conductive channel again. Self-healing
wires are particularly important for the growing field of stretchable electronics in
which electronic components may undergo significant deformation and lead to
unexpected failure. In addition, these self-healing structures offer a simple method
to rewire circuits.

Another example of self-healing electrically conductive polymer composite was
reported by Wang et al.. They fabricated silicon micro-particle (SiMP) anodes for
high-energy lithium-ion batteries, which are coated with a self-healing polymer
composite consisting of a randomly branched hydrogen-bonding polymer matrix
and carbon black nanoparticles [93]. The self-healing conductive composite coatings
assist to heal the cracks, which are generated during the cycling process, and as such
extend the cycle life ten times longer than state-of-the-art anodes made from SiMPs
while still retaining a high capacity.

2.4.2 Electromagnetic polymer composites

All electrical and electronic devices emit electromagnetic signals, which can interfere
with the operational properties of either the emitting equipment or any other
equipment around it. To overcome this problem, the equipment can be shielded by
electromagnetic interference (EMI) shielding materials. The first generation of EMI
shielding materials were made of metals, but in recent years electrically conducting
polymer composites have gained popularity for EMI shielding applications. EMI
shielding polymer composites are lightweight, resistant to corrosion, flexible, and
cost less than metals. The most important property of EMI shielding materials is the
shielding effectiveness (SE). According to Simon’s equation [94]:

1

1 f\2
SE(dB) = 50 + 1010 (—) +1.7¢ (—) (2.4)
(dB) 810 of P
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where p is the volume resistivity in Q-cm, fis the frequency in MHz, and ¢ is the
thickness in cm, the EMI SE is higher when the electrical resistivity is lower. As
discussed in section 2.4.1, the electrical conductivity can be restored after damage by
introducing a self-healing polymer matrix to electrically conducting composites.
Subsequently, the EMI shielding property can recover.

2.4.3 Electromechanical polymer composites

Polymers that possess the ability to convert electrical into mechanical energy or vice
versa are used in composite materials for numerous applications, such as sensors,
actuators and energy harvesting. The functionality of these so called
electromechanical composites can be found either in the polymer matrix or in the
added filler material. The driving force behind electromechanical polymer matrices
can be electronic (driven by an electric field or Coulomb forces) or ionic (involving
diffusion or mobility of ions). Electronically driven polymers operate at room
temperature and show a rapid electroactive response (ms range), but the required
voltages are high (+200 MV/m). lonic electroactive polymers already operate at low
voltage levels (<5 MV/m), but this is combined with a relatively slow response (in
the order of seconds) [95, 96].

One of the most common electronically activated electromechanical functionalities is
the piezoelectric effect. Piezoelectricity is found only in noncentrosymmetric
materials and it is called ferroelectricity when such a material exhibits spontaneous
polarization. Among the few polymers that show ferroelectric behavior,
poly(vinylidene fluoride)(PVDF) and its copolymers have shown to have the best
overall electroactive properties. Therefore PVDF is used in the majority of the
research and industrial applications that involve piezoelectric polymers [97].
Another class of electronically driven polymers is that of the dielectric elastomers.
This group of polymers includes silicones and acrylics with rubberlike properties
such as low tensile strength and high deformability [98]. Studies of Pelrine et al.
describe high strain rates (>100%) for both silicone and acrylic polymers [99, 100].

Ionic electroactive polymers are used for the production of ionomeric polymer-
metal composites (IPMC). IPMCs bend at low voltages due to an ionomer that
provides mobility of positive ions between a fixed network of negative ions on metal
clusters. Two types of ionomers are typically used for the production of IPMCs, being
Nafion (DuPont) and Flemion (Asahi Glass). Both ionomers consist of a
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tetrafluoroethylene backbone with a sidechain containing a negative sulfonate end
group that is responsible for ion mobility. The majority of follow-up research in this
field is based these two commercial ionomers [101, 102]. Recent studies describe the
influence of the ionomer sidechains [103] and the effects of softening and heating
processes [104]. A second class of ionic electroactive polymers is conducting
polymers. Their electromechanical response is based on the reversible insertion and
expulsion of ions that occurs during redox cycling which induces a considerable
volume change of the polymer. Frequently used conducting polymers are polyaniline,
polypyrrole and polythiophenes [105, 106].

Besides using an electroactive polymer as matrix material, composites with
electrochemical properties can be developed by adding functional fillers to a
conventional matrix. These fillers range from inorganic metallic fibers to organic
polymer particles. A common strategy is to enhance a matrix with semi-crystalline
ferroelectric ceramic particles (0-3 composites) or fibers (1-3 composites) of which
lead zirconate titanate (PZT) is the most frequently used example. These composites
typically have a high electromechanical sensitivity, high pressure tolerance and good
acoustical impedance [107]. Another strategy that increases the electromechanical
performance of non-electroactive polymers is the addition of highly conductive
fillers such as metal powders (e.g. aluminum and nickel) and carbon based materials
which changes the composite resistivity value with several orders of magnitude [98].
Many recent studies describe the high potential of carbon nanotubes (CNTs),
however, many problems will have to be overcome before they will be used in
industrial applications [108]. Another recent study describes the combination of PZT
and aluminum particles in an electromechanical epoxy based material [109].

Since both electromechanical polymers and self-healing polymers are able to regain
a previously adapted form it seems a logical step to combine these two material
functionalities into one material. However, the amount of studies that report on the
regeneration of electromechanical properties after fracture is rather limited. Still,
Soroushian et al. report on the piezo-driven self-healing of fiber reinforced polymer
composites. Here, the mechanical energy that is released upon fracture is converted
into electrical energy by the PVDF based matrix. Healing of the composite is then
achieved by a electrochemical reaction at the fiber-matrix interface [110]. A second
study, that shows self-healing of electrical (as mentioned in section 2.4.1) and
electromechanical properties was performed by Tee et al. Their piezo resistive
polymer composite with tactile pressure- and flexion bending sensitive properties
can be used in electronic skin applications (Figure 2.7). The healing is based on
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supramolecular hydrogen bonding with high healing efficiencies, whereas the piezo
resistive behavior is generated by adding uNi particles to the polymer matrix. This
resulted in an almost full recovery of the composite functionality, however, the
mechanical properties were not fully restored [91]. A final option that can be
employed to prepare self-healing electromechanical composites could be through
the use of ionomers. Since ionomers possess both electromechanical and self-healing
properties, they are ideal candidates to serve as matrix material for multifunctional
materials. Recently, James et al were the first to report a self-healing piezoelectric
PZT-ionomer based polymer. They showed that the loss of sensorial functionality
after high cyclic tensile fatigue can be partially recovered by thermal healing at 70°C
[111].
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Figure 2.7 Example of piezo resistive recovery in a fully articulated wooden mannequin. (a) A
self-healing flexion and a self-healing tactile sensor were mounted on the elbow and palm of
the mannequin respectively. LEDs in the eye and body region are used to transduce
mechanical deformation into visible light. (b) shows the LED lights up with increasing elbow
flexion. (c) shows LED lightening with increasing palm tactile pressure[91].
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2.4.4 Magnetic polymer composites

Magnetic polymer composites generally contain magnetic powders, such as Fe30s,
CoFe;04, strontium ferrite and nickel [112-115], whereas epoxies, polyurethanes and
polyimides are often selected as matrix material [113, 116, 117]. Although they
possess inferior magnetic properties compared to cast or sintered magnets, they
have various advantages, such as a higher manufacturability and the possibility to
produce complicated small and thin shapes with high precision. Therefore they are
widely used for various applications, such as electronic and communications
instruments, household tools and audio equipment[118]. Self-healing in magnetic
polymer composites could be achieved by substituting conventional with
intrinsically self-healing matrices, thereby creating more reliable and longer-lasting
materials.

Magnetic gels are highly elastic hydrogels with magnetic fillers and they are an
important group of magnetic polymer composites, which could greatly benefit from
the self-healing effect. Controlled by the action of external magnetic fields, magnetic
gels can perform elongation, contraction and coiling actions (as shown in Figure 2.8),
which makes them suitable for actuator applications such as artificial muscles [119-
121]. In these kinds of applications, the material will undergo significant
deformation which may lead to unexpected failure. The mechanical damage can
potentially be undone by introducing self-healing hydrogels, which are well
developed [122-124], as polymer matrix in magnetic gels. This concept is
exemplified by a study of Zhang et al. They mixed Fe3;04; nanoparticles into a
chitosan solution and subsequently added synthetic telechelic difunctional
polyethylene glycol into the ferrofluid. The result is that a magnetic self-healing
hydrogel can be fabricated quickly and straightforward at room temperature within
less than 2 minutes. The resulting composite is capable of regenerating itself after
multiple complete fractures under the influence of an external magnetic field [125].
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b

Figure 2.8 Performance of magnetic gel (20 wt% Fe in silicone) controlled by external
magnetic fields. (a) Relaxed mode without magnetic field; (b) elongation mode; (c) contraction
mode; (d) and (e) coiling mode, the ohmmeter shows the resistance change of the sample
during coiling process; (f) hybrid mode at B=1T.[121]

2.4.5 Thermally conductive polymer composites

Thermally conductive polymer composites, consisting of a polymeric matrix and high
thermally conductive fillers, such as carbon fibers, carbon nanotubes, aluminum
oxide, zinc oxide, silicon carbide, boron nitride and metal powders, are widely used
as thermal interface materials (TIMs), which play a key role in thermal management
of the electronic industry [126-130].

Both modelling and experimental results indicate that the formation of thermally
conductive chains leads to an increase in thermal conductivity of composites. For
example, Devpura et al proposed a model on percolation phenomenon based thermal
conductivity [131]. On the other hand, an experimental study by Hu et al. described
the addition of carbon nanotubes into a silicone composite filled with spherical
Nickel particles [132]. They found out that even small quantities of carbon
nanotubes can effectively improve the heat conduction performance of the
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composites by forming carbon nanotube-nickel sphere chains. Their work shows
that a large increase in the thermal conductivity can be obtained by percolation
phenomena, which is also justified in many recent studies [133-135]. Upon crack
formation the thermally conductive chains can be cut off, which leads to a significant
decrease in the thermal conductivity of the composite.

The adhesion at the interface between the polymer matrix and the fillers is essential
to the thermal conductivity of composites. Many studies showed that the surface
treatment with coupling agent can improve the matrix-filler interfacial adhesion,
which increases the thermal conductivity of composites [136-138]. Thermal
boundary resistance (Rp) is a measure of an interface's resistance to thermal flow.
Every et al. built a thermal conductivity model of spherical particle loaded composite
material which took R, into account, as shown in equation 2.5 [139],

(1+2a)/(1-a) _ _ 3/(1—a)
m Ac = A(1 —a)

1-13= (—) X (2.5)

/1c Am - Af(l - CZ)

in which A, A, and A are the thermal conductivity of composite material, matrix and

filler, respectively, V is the volume fraction of filler, ¢ is a non-dimensional
parameter with reference to the boundary resistance, which is defined by equation
2.6,

_ 2Ryl

2.6
d (2.6)

a

in which d is the diameter of filler. When As > A, equation 2.5 can be deduced to

Ao 1
A = (1 — V)30-a)/(1+2a) (2.7)

If crack formation occurs at the matrix-filler interface, the boundary resistance will
increase significantly leading to a decrease of the composite’s thermal conductivity,
as shown schematically in Figure 2.9. As in its reference figure for mechanical
stiffness (Figure 2.4), Figure 2.9 shows that upon full delamination the properties of
the composite decrease with filler fraction and reach a value well below that of the
matrix. Only for the case of perfect interface heat transfer, the properties of the
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composite increase with the filler content to reach values that are substantially

above that of the polymer matrix.
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Figure 2.9 Graphical representation of the relation between filler content, thermal boundary
resistance and the thermal conductivity of spherical particle loaded composite material. The
relation is plotted for various values of R» resulting in values for a ranging from 0 to co which
directly shows the range of thermal conductivity that can be healed by restoring the filler—

matrix interface.

Interfacial failure is a key failure mechanism in the use of Thermal Interface
Materials (TIMs), which are composites designed to mechanically and thermally
connect a heat source and component to minimize a potential temperature rise of the
entire structure, hence TIMs and the components contacted to them usually have a
mismatch in coefficient of thermal expansion (CTE) which leads to mechanical stress.
After some thermal cycles, CTE mismatch may induce delamination between
components and TIMs, which leads to an increase in thermal contact resistance and
subsequent failure of the whole device [140-142].
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In general, the functionality of TIMs will be damaged in three ways: cracks cutting off
the thermally conductive chains, cracks separating matrix and fillers and
delamination between components and TIMs. To introduce cohesive and adhesive
self-healing ability to TIMs could be an effective way to solve this problem. Although
much work has been done on both self-healing polymers and TIMs, only a few
attempts have been made to fabricate self-healing TIMs. Lafont et al. prepared TIMs
consisting of boron nitride or graphite particles and two types of self-healing
polysulphide-based thermoset matrices [143]. The composites exhibit recovery of
both cohesion and adhesion properties under a mild healing temperature (65°C).
After multiple healing cycles, most of the samples show full recovery of initial
adhesive strength. On the other hand, the samples behave differently on cohesion
recovery: 20-100% recovery can be achieved depending on filler concentration, filler
type and matrix type.

2.5 Conclusion

This review gives the first overview on the emerging field of self-healing behavior of
composite materials. In polymer based composite materials, the damages in the
matrix or at the matrix-filler interface lead to the loss of both structural and
functional properties. By applying intrinsic self-healing polymer as matrix, those
damages can be healed upon the stimulation of an external stimulus and
subsequently both structural and functional properties can be partially or even fully
restored.

As described, the majority of recent studies regarding self-healing composite
materials focus on the restoration of structural properties, such as stiffness and
strength. Research into the self-healing of functional properties (electrical,
electromagnetic, electromechanical, magnetic and thermal conductive) is still in its
early stage development. However, as the demand for functional polymer
composites is increasing, it is expected that the focus of researchers will broaden to
the development of materials that are capable of healing both structural and
functional properties in the upcoming years.
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Chapter 3

3.1 Introduction

Thermal interface materials (TIMs) are widely used in all kinds of electronic devices
to enable heat dissipation and mechanical anchoring of components thus increasing
the reliability and service lifetime of electronic devices. Most TIMs are polymer
based composites loaded with thermally conductive filler particles. Many
experimental [1-4] and theoretical [5-9] investigations have been made to determine
the effect of filler content, filler size, filler geometry and interfacial thermal
resistance on the total thermal conductivity of the composites. Amongst all filler
parameters influencing the thermal conductivity of composites, apart from the actual
material properties of the constituent phases, the filler fraction is the most important
one [10-12]. The filler orientation also plays an important role in the thermal
conductivity of composites provided the fillers have a high aspect ratio. Feliciani et al.
conducted a FEM simulation on thermal conductivity of fiber-reinforced
thermoplastics injection molded parts. The simulation result shows good agreement
with experimental data[13]. Moreover FEM has been successfully applied in
predicting the thermal conductivity of porous materials [14-17] taking into account
the actual internal geometry in the sample. Interfacial thermal resistance, which was
first introduced by Kapitza[18], has a significant effect on the effective thermal
conductivity of composites. Numerical studies taking interfacial thermal resistance
into account predict that composites with a bigger particle size generally have a
higher thermal conductivity than those with smaller particles, all other parameters
being the same [19-21]. However Veyret et al. showed that in fibrous composites
larger fiber diameters will slightly decrease the thermal conductivity of the material.
This effect can be explained that at a constant volume concentration the increase in
diameter implies fewer fibers, therefore less contact between them[22].

Most studies on TIMs performance reported in literature focus on the performance
of perfect and freshly made samples. However, in reality the thermal properties of
TIMs will decay with time during isothermal or cyclic thermal loading [23, 24]. Sun
et al. [24] suggested that the debonding of filler-matrix interfaces due to the
mismatch in coefficient of thermal expansion may be the reason of increase of
thermal resistance. However, there are only a few computational studies on the
effect of debonding on the thermal conductivity of composites. Tang et al. proposed a
two-dimensional model and investigated the effect of mechanical loading on the
thermal conductivity of concrete, which can be regarded as a composite of mortar
and stones. The simulation showed that the decrease of the thermal conductivity of
concrete specimen as a result of crack formation during uniaxial compression could
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reach 24% [25]. Shen et al. improved Tang’s model and showed that the thermal
conductivity parallel to the crack decreased much less than that perpendicular to the
crack[26]. However there are many damage parameters that will influence the
decrease in thermal conductivity of particulate composites, due to internal and
external micro- and macro-cracks, which have not been investigated in detail yet. In
this study, we conducted many numerical simulations using COMSOL Multiphysics to
investigate the effect of micro-damage at particle-matrix interfaces on the thermal
conductivity of TIM. The effect of damage area ratio and thickness of gap at the
particle-matrix interfaces and are taken into account for particulate composites with
different combinations of particle fraction, particle size and thermal properties of the
constituents.

Apart from thermal conductivity, mechanical properties are also essential for TIMs
as the TIM is also responsible for keeping the heat producing component in place.
This study will focus on the stiffness (Young’s modulus) of TIMs as a function of its
structure and the characteristics of the damage at the particle-matrix interface. The
effects of filler content, filler size, filler geometry on the effective stiffness of the
composite have been studied extensively [27-30]. Particle-matrix interface adhesion
is another important parameter that influences the mechanical properties of
composite. Wang et al. [31] and Wong et al. [32] argued that a better particle-matrix
interface adhesion leads to a higher Young’s modulus. However Dekkers et al. [33]
and Dibenedetto [34] et al. showed that interfacial adhesion has little effect on the
Young’s modulus of particulate-filled composites because Young's modulus is
measured at relatively low deformations at which there is insufficient dilation to
cause interface separation. Nevertheless the debonding of particle-matrix interfaces
will lead to decrease in mechanical properties. Ghosh et al. applied an analytical
model to study the effect of debonding on various moduli of short fiber
composites[35]. They showed that only a few percent debonding along the fiber
length substantially reduces the elastic modulus. FEM is also widely used in
mechanical damage analysis of composites considering the influence of debonding
[36-39]. In the present study, we applied numerical simulation to investigate the
effect of micro damage at particle-matrix interfaces on Young’s modulus of TIMs in
more detail for conditions relevant for thermal interface materials in

microelectronics.

Macro damage at TIM-heat source interface will also lead to a decrease in the
effective thermal conductivity of TIM and a reduction in the reliability of the system
as a whole. Eleffndi et al. [40] showed that the change in the junction-to-case
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thermal resistance can be estimated according to the residual attached area. Not
only does macro-delamination lead to a reduced heat flux, it will also generate a
thermal profile and hence thermal stresses [41-45] at the edges of the remaining
bonded interface. In conventional TIMs the development of such a thermal profile
will accelerate the breakdown of the interface. However, in polymer-based self-
healing TIMs [46-48], the local temperature rise will stimulate the self-healing
process and restore the functionality. Hence, both for current conventional and
future self-healing TIMs, the analysis of the temperature rise at the edges of
delaminated zones is important.

The present work aims to present a comprehensive overview of the effects of micro-
and macro-cracks on the thermal and mechanical performance of thermal interface
materials.

3.2 Numerical method

All calculations were performed using the ‘Heat Transfer in Solids’ interface and
‘Solid Mechanics’ interface of COMSOL Multiphysics software V5.2. Various filler
materials such as glass (low thermal conductivity), alumina (medium thermal
conductivity) and aluminum (high thermal conductivity) were selected while the
thermal conductivity of the polymer matrix was fixed to a value characteristic for the
polymer matrices currently in use. To study the effect of macro damage, the thermal
interface composite material was homogenized (HOMO TIM). The thermal
conductivities and mechanical properties of different materials used in this study are
listed in Table 3.1. All materials are considered being homogeneous and isotropic
themselves. Furthermore, all material properties are taken to be independent of
temperature and all materials are to remain in their elastic regime during the
simulations. The air in the delaminated zones is taken to be stagnant
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Table 3.1 The thermal conductivities and mechanical properties of different materials used in
this study

Material Thermal Density Cp Poisson's Young's CTE
conductivity (kg/m3) (J/(kg'K)) ratio modulus (10-6/K)
(W/(mK)) (MPa)

Polymer 0.45 1180 1820 0.49 2 -

matrix

glass 1.13 2500 840 - - -

alumina 27 3900 880 0.222 300000 -

Aluminum 237 2700 897 0.33 70000 23

HOMO TIM 2 2550 1350 0.4 7 60

Air 0.026 1 1006 -- -- --

3.2.1 The effect of micro damage at particle-matrix interfaces
on thermal conductivity

A cuboid matrix was created and spherical particles of the same size were embedded,
as shown in Figure 3.1a. A boundary heat source @, of 40000 W/m? was applied at
the bottom surface. A constant temperature of 300K was defined at the top surface.
The four remaining walls of the cuboid matrix were set to be thermally insulated.
The temperature distribution of the whole body can be simulated by applying
stationary conditions. Then the thermal conductivity A of the TIM can be calculated
by equation 3.1:

_ Qp
A=t (3.1)

in which L is the height of the cuboid matrix and AT is the temperature difference of
top and bottom surface.

There are two methods to introduce the debonding of particle-matrix interface.
Method 1: directly creating an air gap at the particle-matrix interface and then
solving the thermal response over the system. Method 2: first calculating the thermal
conductance hy of an air gap with the desired thickness using equation 3.2 and then
defining the heat transfer coefficient hy at the particle-matrix interface.

Aair

hy =5 (3.2)

in which Ag;- is the thermal conductivity of air and [ is the matrix-particle separation
distance. The difference in results according to methods 1 and 2 is less than 0.5%,
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which is negligible. However calculations according to method 1 take much more
time because of the required small mesh size to capture the air gap between the
matrix and the particles. So in this study, method 2 was applied.

In order to investigate the effect of particle-matrix interface damage area on thermal
conductivity of TIM, 0%, 25%, 50%, 75% and 100% of the particles were selected to
be thermally detached, as shown in Figure 3.1. The additional contributions of
particle volume concentration, particle size and thermal conductivity of particles are
determined.

Z
Yul-x
(a) (b) © (@) (o)

Figure 3.1 The geometry of micro damage at particle-matrix interfaces. (a): 0% interface area
debonding; (b): 25% interface area debonding; (c): 50% interface area debonding; (d): 75%
interface area debonding; (e): 100% interface area debonding. The blue areas represent the
debonding.

3.2.2 The effect of micro damage at particle-matrix interfaces
on stiffness

The geometry is the same as shown in Figure 3.1. In the quasi-static mechanical
analysis, the bottom surface is spatially fixed. A prescribed displacement in the Z
direction, leading to 5% strain, is applied on the top surface. The other four external
surfaces are set to be free boundaries. The apparent Young's modulus of the
undamaged and damaged composites can be obtained by equation 3.3:

E=2 (3.3)
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in which o, is the average stress tensor Z component on the top surface and ¢ is the
imposed strain in the z-direction.

The de-bonded particles are randomly chosen as shown in Figure 3.1. Debonding is
already in effect at the start of the simulation. The remaining particles do not show
delamination even when the axial strain is applied during simulation. The effect of
particle volume concentration, damage area ratio and particle size are discussed.

3.2.3 The effect of macro-damage at the TIM-heat source
interface on the thermal conductivity and interfacial thermal
stresses

The geometry used in the simulation of the effect of a macro delamination is shown
in Figure 3.2. The TIM is considered to be square and to consist of a homogeneous
and isotropic material with a thermal conductivity of 2 W/m-K. The thickness of the
TIM is 1mm while the contact zone is 5 x 5 mmz2 Two aluminum layers with the
thickness of 0.05 mm are applied as heat source (at the bottom of TIM) and heat sink
(at the top of TIM) respectively. The delamination is either located at the center, the
corner or the edge of the TIM-heat source interface, as shown in Figure 3.2. A
boundary heat source Q, of 40000 W/m?2 is applied at the bottom surface. A constant
temperature of 300K is defined at the top surface. The effective thermal conductivity
of TIM was calculated using the same method as described in 2.1. By coupling the
‘Solid Mechanics’ interface to the ‘Heat Transfer in Solids’ interface, the thermal
stress at TIM-heat source interface can be obtained. The zero-strain reference
temperature was set to be 300K.

() (b) ()

Figure 3.2 The geometry of macro damage of TIM. The delamination is located at (a): center,
(b): corner or (c): edge of the TIM-heat source interface. The blue areas represent the

delamination. For clarity, the top heat sink is not shown in the figures.
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3.3 Results and discussion

3.3.1 The effect of micro damage at particle-matrix interfaces
on thermal conductivity and Young’s modulus

Figure 3.3 shows that when the particle volume concentration is below 25%, the
thermal conductivity of alumina (particle size 20 pm) loaded TIMs is not very
sensitive to the degree of debonding at particle-matrix interfaces. With increasing
particle volume fraction, the same degree of particle-matrix interface debonding
leads to a greater decrease in thermal conductivity. In contrast, the Young’s modulus
of TIM is rather sensitive to the degree of debonding at particle-matrix interfaces
even when the particle volume concentration is low. Unless specified otherwise, in
the remainder of this study the particle volume concentration is fixed at 50% and the
particle material is fixed at alumina.

1.0+ = &
c 0.8+
=
>
= 0.6+
°©
[}
o)
g 0.4+
s 50% particle-matrix debonding
< g2 —=—(0.01um air gap

' —e— (0.05um air gap
—4— 0.1pm air gap
0.0 T T T T T
0 10 20 30 40 50

Particle volume concentration (%)

Figure 3.3 The effect of particle volume concentration on the thermal conductivity and
Young’s modulus of alumina (particle size 20 um) loaded TIM

The thermal conductivity of 50 vol.% alumina (particle size 20 ym) loaded TIM
nearly linearly decreases with debonded particle-matrix interface area, as shown in
Figure 3.4. However the reduction is not dramatic. If the delamination distance at the
interface is 0.01 pm, the resulting thermal conductivity decrease is only 14%
assuming all particles to be detached. If the separation distance is taken to be 0.1 pum,
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the thermal conductivity will go down to 48 % when all interfaces are debonded.
This result agrees with Sun’s work [24] which shows that small crack openings only
lead to a slight increase in thermal resistance. On the other hand, the Young’s
modulus of a TIM rapidly drops to 53% when only 25% particle-matrix interfaces
are broken. When the percentage of debonding is over 60%, the modulus seems to
become fairly constant and independent of further debonding. This trend is the same
as in Ghosh’s work[35]. It should be stated explicitly that, unlike the thermal
conductivity, the reduction in sample stiffness is independent of the particle-matrix
delamination distance.

1.0+
c 0.8+
=y
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= 0.6+
°
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Figure 3.4 The effect of debonded particle percentage on the thermal conductivity and Young’s
modulus of 50 vol.% alumina (particle size 20 um) loaded TIM.

Figure 3.5 shows the local (von Mises) stress distribution in 50 vol.% alumina
(particle size 20 um) loaded TIM for different degrees of particle-matrix interfaces
debonding and a common 5% strain along Z direction. The regions of stress
concentration clearly coincide with the regions containing the debonded samples
(see Figure 3.1). It seems that for a fixed imposed strain conditions used in the
present simulations, the amplitude of the absolute maximum stress in the debonded
(red area) decreases with the area fraction of debonded interfaces. This is due to the
fact that the total induced stress decreases dramatically with the debonded area
fraction.
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Figure 3.5 The stress distribution in 50 vol.% alumina (particle size 20 um) loaded TIM with
(a): 0%, (b): 25%, (c): 50%, (d): 75%, (e): 100% alumina particle-polymer matrix interfaces
debonding under 5% strain along Z direction. (Same delamination locations as in
corresponding cases in Figure 3.1)
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The decrease of the thermal conductivity due to particle-matrix interface debonding
also depends on the particle size. Figure 3.6 clearly shows that the thermal
conductivities of composites with smaller particles are more sensitive to the
particle-matrix debonding. Under the same damage degree (50% of particle-matrix
interfaces debonding and air gap 0.1 pm), the drop in thermal conductivity for a 20
um particle loaded TIM is 26% while for a 200 um particle loaded TIM the decrease
is only 6%. However the decrease of Young's modulus due to particle-matrix
interface debonding is independent of particle size. This can be explained by the fact
that in the micrometer range the particle size has no effect on the Young’s modulus
of particulate filled composites [4].
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Figure 3.6 The effect of particle size on the damage of TIM’s thermal conductivity and Young's

modulus due to particle-matrix interface debonding.

More importantly, it can be concluded from Figures 3.3, 3.4 and 3.6 that particle-
matrix interface debonding always leads to greater relative decrease Young's
modulus than that in thermal conductivity regardless of particle volume
concentration, particle size and damage area. This trend can also be found in Tang
and Shen’s work [25, 26].

Finally, The thermal conductivity of loaded particles will also affect the decrease in
thermal conductivity due to particle-matrix interface debonding. As shown in Figure
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3.7, TIMs loaded with medium or high thermal conductive particles, for instance
alumina (27 W/m-K) or Aluminum (237 W/m-K), are more sensitive to the particle-
matrix interface damage than the one loaded with low thermal conductive glass
beads (1.13 W/m-K).
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Figure 3.7 The effect of particle thermal conductivity on the decrease of the overall thermal
conductivity due to particle-matrix interface debonding.

3.3.2 The effect of macro damage at TIM-heat source
interface on thermal conductivity and interfacial thermal
stress

Figure 3.8 shows the effect of delamination size on the effective thermal conductivity
of TIM. When the delamination separation distance is fixed to 5% of the thickness of
the TIM, the effective thermal conductivity of TIMs decreases nearly linearly with the
delaminated areal fraction. When the delamination is located at the center of TIM-
heat source interface, the effective thermal conductivity decreases a bit less than
when the delamination is located at the corner or the edge. When the delamination
size is bigger than 80%, which has been reported to occur in real applications, the
effective thermal conductivity will be less than 50% of the virgin value irrespective
of the damage location.
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Figure 3.8 The effect of the delaminated interface fraction on the effective thermal
conductivity when the delamination distance is fixed to 5% of the thickness of the TIM.

Figure 3.9 shows the temperature distribution at the TIM-heat source interface for
different delamination dimensions. With the delamination size increases, the average
temperature at the TIM-heat source interface increases significantly due to the loss
of effective thermal conductivity. As expected the temperature at the edge of the
delamination is always higher than further into the well-adhered part. For
conventional thermal interface materials the increase in local temperature at the
“hot rim” will only lead to an increase in a stress concentration and a weakening of
the polymer matrix. In the case of self-healing polymer matrices, the increase in
temperature will lead to a temporary opening of the weaker secondary bonds, a flow
of polymer into the crack gap and a restoration of the adhesion, ultimately resulting
in a lowering of the interfacial temperature and restoration of performance. Hence
for self-healing polymer matrices the occurrence of local healing around the damage
site is the key to induce autonomous healing.

We will now look into the interfacial stresses in TIMs based on non-self-healing
polymer matrices. The results are shown in Figure 3.10 for the three cases
considered in Figure 3.9 and reveal significant stress concentrations at the rim.
Figure 3.11a shows that the average thermal stress at TIM-heat source interface
increases rapidly with the delamination size increasing. When the delamination size
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is less than 40%, the location of delamination does not show a noticeable effect on
the average interfacial thermal stress. When the delamination size is larger than 40%,
delamination at the edge of TIM-heat source interface leads to the highest (von
Mises) stresses. In Figure 3.11b the maximum thermal stress at the rim of the
delamination is plotted as a function of the delaminated area for the three damage
locations considered. If the delamination is at center, the maximum thermal stress at
“hot rim” does not show a noticeable increase when delaminated interface is less
than 15%. While for the other two locations the maximum thermal stresses increase
more or less linearly and are larger than the former situation (delamination at center)
over the whole studied range. It indicates that the damage evolution at the corner or
edge is faster than the one at center.
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Figure 3.9 Temperature distribution at TIM—heat source interface with (a): 7%, (b): 25%, (c):
75% delamination size when the delamination thickness is fixed to 5% of the thickness of the
TIM.
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Figure 3.10 Thermal stress distribution at TIM-heat source interface with (a): 7%, (b): 25%,
(c): 75% delamination size when the delamination thickness is fixed to 5% of the thickness of
the TIM.

58



Numerical simulation of the thermal conductivity and mechanical...

204 —=—center B T 40+ —=— center
z - Zg’":’ g —e— corner
< 184 9 , @ = 357 —a—edge
= L o
8 %8
2 16 , B <
@ ES
© Sl
E 144 4 £3
2 E2
[} £ %
o 124 Bl £ 0
g SE
Z 104 j 2

T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Delaminated interface fraction (%) Delaminated interface fraction (%)
(a) (b)

Figure 3.11 The effect of delamination size on (a) the average thermal stress at TIM-heat
source interface and (b) the maximum thermal stress at the “hot rim” when the delamination
thickness is fixed to 5% of the thickness of the TIM.

For a fixed delaminated area fraction of 25%, the effect of the height of the
delamination on the effective thermal conductivity is shown in Figure 3.12. The
effective thermal conductivity of TIM first decreases rapidly to around 80% of its
initial value when the up to a delamination height of 20% of thickness of the TIM. For
even larger delamination heights the effective thermal conductivity barely changes.
When the height of the delamination reaches 100%, the effective thermal
conductivity of TIMs still remains around 72%. Figure 3.12 also shows that the
effective thermal conductivity of TIM is more sensitive to delaminations at corners
or edges than those in the center.
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Figure 3.12 The effect of delamination thickness on the effective thermal conductivity of TIM
when the delamination size is fixed to 25% of the original TIM contact area.

3.4 Conclusion

In this study, we applied numerical simulations using COMSOL Multiphysics to
investigate the effect of local delaminations on the thermal and mechanical
properties of thermal interface materials (TIM) consisting of a polymer matrix filled
with particles of a high thermal conduction material. We considered both micro
delaminations at particle-matrix interfaces and macro delamination at the interface
between the TIM and a substrate acting as the heat source. Local interfacial
debonding between matrix and filler particle was found to have modest effect on
overall thermal conductivity unless at higher filler volume fractions and for very
conductive filler materials. In contrast, the elastic modulus was found to drop
already sharply at low area debonding fractions. The height of the debonded region
between filler particle was found to have a modest effect on thermal conductivity but
to have no noticeable effect on overall material stiffness.

Loss of thermal conduction as a result of macroscopic delamination at the interface
between the thermal interface material and the substrate (the heat source) was
found to scale more or less linearly with the delaminated area fraction. Such
macroscopic debonding leads to a rim of material near the edge of the delamination
having a higher temperature and induced stresses. Both temperature levels and
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stresses increase with increasing delaminated area. The degree of temperature rise
at the edge is important to guide the development of next generation thermal
interface materials based on (intrinsically) self-healing polymer matrices.
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4.1 Introduction

Over the past few decades, self-healing polymeric materials have attracted the
attention of many researchers because of their fascinating ability to restore their
original properties after local mechanical damage (such as scratches or cracks) and
their potential in applications such as coating, adhesives or as the matrix material for
fibre reinforced composites[1-4]. While the field of self-healing polymers started
with a landmark publication[5] on an extrinsic self-healing polymer (i.e. the polymer
itself has no healing ability, but contains discrete entities containing the healing
agent such as a liquid adhesive or solvent[6]), intrinsic self-healing polymers (i.e. the
polymer itself can reform bonds over the former damage site) are now seen as more
promising because of its ability of multiple healing and easier processing. In intrinsic
self-healing polymer the re-establishment of bonds is due to the incorporation of
reversible bonds/reactions (e.g. disulfide bonds, Diels-Alder reaction, hydrogen
bonding or metal-ligand coordination) in the polymer networks [7-10]. A healing
event can be triggered by applying appropriate stimulus (e.g. heat, moisture or UV
light) to break the reversible bonds leading to temporary local network mobility
which is necessary for local flow to fill the crack to and to cause damage repair[11-
13].

As the presence of weaker and reversible bonds in the polymer must have a negative
impact on mechanical properties, such as yield and tensile strength, a big challenge
in the design of intrinsic self-healing polymer is a combination of good mechanical
properties and a high healing efficiency. AbdolahZadeh et al. [14] used sol-gel
chemistry to introduce tetra-sulfide groups into an epoxy resin to form a healable
organic-inorganic dual network polymer which shows both excellent mechanical
properties as coating and good healing performance. However a drawback of this
polymer is a noticeable H2S gas release during curing process which limits its
application as matrix material for fiber reinforced composites as it causes porosity
and is environmentally unacceptable. Hernandez et al. [15] showed that a
compromise between mechanical performance and healing capability can be reached
by tailoring the amount of sulfur, the cross-linking density, and the
disulfide/polysulfide ratio in a self-healing sulfur vulcanized natural rubber. In this
work, the organic-inorganic dual network polymer is modified and the effect of
tetra-sulfide/disulfide on curing process, mechanical properties and healing
performance of polymers is investigated. Post et al.[16] applied one of the modified
disulfide-containing polymer system in this work as matrix material to develop an
intrinsic healing glass fiber reinforced polymer (GFRP) composite, which shows a
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combination of high mechanical properties, the ability to multiple thermally induced
healing and process ability by conventional vacuum infusion process.

In principle, the disulfide exchange based self-healing can be achieved without the
need for a catalyst [17]. However the application of disulfide cleavage catalyst is able
to improve disulfide exchange based self-healing by enhancing the disulfide
exchange reaction [18]. Tertiary amines[19], phosphines[20, 21], Rhodium[22] and
CuCl;[23] have been reported as efficient disulfide exchange catalysts. In this work,
triethylamine (TEA) is chosen and the effect of this catalyst on the mechanical
properties and healing performance of the bulk polymer is studied.

The polymer architecture plays an important role on the mechanical properties, and
this dependence has been studied extensively since the beginning of the field of
polymer science [24-28]. However only a few attempts have been made to
systematically understand the influence of polymer architecture on healing behavior
[29-31]. The work most relevant to the current work is done by Grande et al. [30]
who controlled the crosslink density of self-healing poly(urea-urethane) networks
by altering the ratio of bi-functional and tri-functional pre-polymers. They
demonstrated that polymers with low crosslink density possess high crack healing
efficiencies but low tensile strength values. Some other studies also showed that
good healing ability can be achieved by sacrificing the mechanical properties [15, 32,
33]. In the present work, both reversible bond (disulfide bond) concentration and
crosslink density of polymer are tuned to investigate the role of disulfide bond
concentration versus crosslink density on mechanical and healing properties.

4.2 Experimental
4.2.1 Materials

Epoxy resin Epikote™ 828 (184-190 g/eq) and curing agent Ancamine® 2500 (105-
110 g/eq) were provided by Akzo Noble. A fatty dimer diamine (from hereon called
DD1), provided by Croda Nederland B.V., was also used as a substitute of curing
agent Ancamine® 2500. (3-Aminopropyl)trimethoxysilane (purity 97%),
Pentaerythritol tetrakis (3-mercaptopropionate) (purity>95%) and Triethylamine,
from hereon called APS, tetrathiol and TEA respectively, were purchased from
Sigma-Aldrich. Bis[3-(triethoxysilyl)propyl]tetrasulfide and Bis[3-
(triethoxysilyl)propyl]disulfide, from hereon called BTS and BDS respectively, were
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purchased from SiSiB Silanes. All chemicals were used as in their as-received well-
packaged condition. The chemical structures of monomers used in this study are
shown in Figure 4.1.

CH;
CHs
OCHs NH
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Figure 4.1 Chemical structures of monomers used in this study.
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4.2.2 Polymer preparation

In the present study, organic-inorganic dual network polymers were prepared in a
multi-step process. At first, Epoxy resin and APS were mixed using a magnetic stirrer
at 100 rpm for 5 min at room temperature. Then BTS or BDS were added while
continuously stirring at 300 rpm for 3 h at room temperature. Then, the curing agent
Ancamine® 2500 or DD1 was mixed with the mixture in a high speed mixer
operating at 2500 rpm for 5 min. Then tetrathiol and the catalyst TEA were added
and mixed at 2500 rpm for 0.5 min. After casting the mixed product in a Teflon mold
to yield a plaque of about 2 mm thickness, the polymer was cured at 70 °C for 2 h, 48
h, 120 h and 336 h respectively. The weight ratio of all components is shown in Table
4.1.

4.2.3 Characterization methods

4.2.3.1 Raman spectroscopy

Raman spectroscopy tests were performed using a Renishaw InVia Raman
microscope with a 785 nm laser source at a power of approximately 30 mW. The
measured area was about 1 mm x 1 mm. The spectral response over the range 170 to
1360 cm! was collected at room temperature.

4.2.3.2 FTIR spectroscopy

Fourier-transform infrared (FTIR) spectroscopy tests were performed using a
Perkin Elmer spectrum 100 FTIR spectrometer. The spectral response over the
region 600 to 4000 cm! was collected at room temperature.

4233 SEM

Scanning electron microscope (SEM) tests were performed using a JEOL JSM 7500F
SEM. In order to avoid charging during SEM observation, the specimens were sputter
coated with a 15 nm thick gold film using a Quorum Q300TD Sputtering System.
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4.2.3.4 Tensile test

Tensile tests using dog bone shaped samples (ASTM D1708, 2 mm thick) were
performed at room temperature using an Instron 3365 tensile testing machine with
a 1 kN load cell and a cross-head speed of 5 mm/min.

42.3.5 DMTA test

Dynamic Mechanical Thermal Analysis (DMTA) was performed using a Perkin Elmer
Pyris Diamond Dynamic Mechanical Analyzer. Rectangular samples (40x5x2 mm)
were measured from -60 °C to 150 °C with a heating ramp of 2 °C/min.

4.2.3.6 Fracture healing test

To evaluate the fracture healing efficiency (FHE), double edge notched tension
(DENT) tests were performed. The size of the rectangular samples was 45x25x2 mm.
Two 10 mm long notches were cut in the middle of the sample edges using a razor
blade. The pristine samples were tested at room temperature using an Instron 3365
tensile testing machine with a 1 kN load cell and a cross-head speed of 10 mm/min.
After complete failure, the fractured sample were repositioned carefully and put into
a Teflon mold having a cavity with the same size as the pristine sample. After healing
at 70 °C under 0.3 bar pressure for 4 h, the healed samples were then re-tested after
thermal equilibration at room temperature (about 30 min) following the original
DENT fracture protocol. A typical deformation sequence of a pristine DENT sample is
shown in Figure 4.2.
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(a) (b) (©

Figure 4.2 Double edge notched tension (DENT) test sequence: (a) loading; (b) crack
initiation and (c) complete failure.

From the Load-Displacement curves of DENT tests, critical fracture energy values (J.)
can be calculated according to the following equation:

nU.

Jo [K]/m?] = bw—a)

(4.1)

where U, is the energy calculated as the area under the Load-Displacement curves
up to the displacement u, where crack initiation occurs,n is the proportionality
factor (a value of 0.8 was selected according to literature [34]); b, w and a are the
sample thickness, sample width and pre-crack length, respectively. In order to
quantify the recovery of fracture properties, /. was selected as reference parameter
[35, 36] and the fracture healing efficiency (FHE) can be calculated as the ratio

between the measured J. of healed (J#°#¢?) and virgin samples (J/"9™)

Healed
c

Virgin
c

FHE = X 100% (4.2)
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4.2.3.7 Disulfide bond (S-S) concentration calculation and
measurement.

For the polymers BDS-An and BDS-DD1, it is assumed that the S-S concentration is
the same in the mixed base ingredients and the cured polymer, because neither the
disulfide-thiol exchange reaction or the disulfide-disulfide exchange reaction will
change the number of S-S bonds . Accordingly S-S concentration (vs_g) can be
calculated by equation 4.3:

pw

BDS

Vg_g [mol/m3] = (4.3)

where p is the density of polymer; w is the weight fraction of BDS in raw material
and Mpps is the molar mass of BDS, respectively.

For other polymers in this study, vs_g was determined based on S-S bond peak area
in the Raman spectrum. The vg_g concentrations and the S-S bond peak area in the
Raman spectrum of BDS-An and BDS-DD1 were used as the internal standards:

AreaS—S,polymer X
Vs—_s,reference

Vs—_spolymerX =
ATeaS—S,reference (4_4)

4.2.3.8 Irreversible crosslink density determination

According to the theory of rubber elasticity [37, 38], the crosslink density (v.) of

highly crosslinked thermosets can be calculated by applying the simplified equation:
El
Vo = —— (4.5)
3RT

where E' is the tensile storage modulus of rubbery plateau which as obtained by
DMTA, T is pertinent temperature in Kelvin (in this study T = T, + 60°C ), and R is the
gas constant.
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4.3 Results
4.3.1 Without catalyst

4.3.1.1 Ancamine system

The morphology of BTS-An polymer and BDS-An polymer are shown in Figure 4.3. A
lot of ‘cavities’ can be observed in BTS-An polymer and BDS-An polymer cured for 2h.
The ‘cavity’ size in BTS-An polymer is much smaller than that in BDS-An polymer. As
the densities of BTS-An polymer and BDS-An polymers as a function of the curing
time do not show significant changes, this indicates that the ‘cavities’ should be filled
by a liquid phase which evaporated during gold sputtering in vacuum to prepare the
samples for SEM analysis. To test the hypothesis new samples were cut in air and the
liquid phase was carefully collected from fresh-cut cross sections of the BTS-An
polymer and the BDS-An polymer after curing for 2h and the chemical composition
of the liquid collected was measured by FTIR. The FTIR spectra clearly show that the
liquid phase is mainly BTS or BDS monomer.

BTS-An polymer

01200

L. - ’ " ) .'n
- y b £ <
b . A N . -
. > "
(5] £ R 73
ity 4
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Figure 4.3 SEM images of the fresh—cut cross section of BTS-An polymer curing for (a) 2h, (b)
48h, (c) 120h and BDS-An polymer curing for (d) 2h, (e) 48h, (f) 120h.
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The mechanical properties of BTS-An polymer and BDS-An polymer are shown in

Figure 4.4. The E-modulus and ultimate tensile strength of BTS-An polymer and

BDS-An polymer both increase with curing time and reach maximum after 336h

curing, which indicates that full curing has been achieved after 336h. J. of virgin BTS-

An polymer and virgin BDS-An polymer decreases with curing time. After healing at

70 °C under 0.3 bar pressure for 4 h, J. of healed BTS-An polymer decreases with

curing time leading to a decrease in FHE from 61% to 28% while BDS-An polymer

does not show any effective healing no matter how long it cures.

E-modulus (MPa

350

3004

250

200

150

1004

50

—=— BTS-An —=— BTS-An
+— BDS-An & —+—BDS-An
=
5 3 £ 104
o &
/ o
/ @
o
B
[
g
o
o £
A g
0 100 200 300 400 500 0 100 200 300 400 500
Curing time (h) Curing time (h)

(a) (b)

—=— BTS-An virgin
--o--BTS-An healed
2.0+ +— BDS-An virgin

LN BDS-An healed
1.54 k
E
3 1.04
[&]
ey
051
T -3
0.0+ -
0 100 200 300 400 500
Curing time (h)
()

Figure 4.4 Mechanical properties of non-catalyst Ancamine system. (a) E-modulus; (b)

ultimate tensile strength; (c) J., healing condition: 70 °C, 0.3 bar pressure, 4 h.
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4.3.1.2 DD1 system

The morphology of BTS-DD1 polymer and BDS-DD1 polymer are shown in Figure 4.5.
It is clear that after curing for only 2 h, both BTS-DD1 polymer and BDS-DD1
polymer are homogenous, no phase separation can be observed. Further curing does
not change the polymer morphology.

! (a) BTS-DD1 2h [SEERE S

(a) (b)

Figure 4.5 SEM images of the fresh—cut cross section of (a) BTS-DD1 polymer curing for 2h,
and (b) BDS-DD1 polymer curing for 2h.

The mechanical properties of BTS-DD1 polymer and BDS-DD1 polymer are shown in
Figure 4.6. Data plotted the same range as Figure 4.4 for easy comparison. The
evolution trend is very similar to Ancamine system. The E-modulus and ultimate
tensile strength of BTS-DD1 polymer and BDS-DD1 polymer both increase with
curing time. Jc of virgin BTS-DD1 polymer and virgin BDS-DD1 polymer decreases
with curing time. After healing at 70 °C under 0.3 bar pressure for 4 h, J. of healed
BTS-DD1 polymer decreases with curing time leading to a decrease in FHE from 64%
to 30% while BDS-DD1 polymer loses healing ability.
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Figure 4.6 Mechanical properties of non-catalyst DD1 system. (a) E-modulus; (b) ultimate
tensile strength; (c) J., healing condition: 70 °C, 0.3 bar pressure, 4 h.

4.3.2 With catalyst

In order to improve healing in BDS based polymers, disulfide bond cleavage catalyst
TEA was applied.
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4.3.2.1 Ancamine system

Figure 4.7 shows the morphology of BDS-An-TEA polymer. Significant phase

separation can be observed, which is similar to BDS-An polymer as shown in Figure
4.3.

Figure 4.7 SEM images of the fresh—cut cross section of BDS-An-TEA polymer curing for (a) 2
h, (b) 48 h and (c) 120 h.

Figure 4.8 shows the effect of catalyst TEA on mechanical properties of BDS-
Ancamine system. Comparing to BDS-An polymer, the addition of TEA makes the
polymer softer and weaker. It is reasonable because TEA makes S-S bonds easier to
break. After curing for 336 h, the E-modulus of BDS-An-TEA reaches 173 MPa (23%
lower than that of BDS-An polymer) and ultimate tensile strength is 5.3 MPa (34%
lower than that of BDS-An polymer). Although the application of TEA decreases the
mechanical properties, it promotes self-healing in BDS based polymer, as shown in
Figure 4.8(c).
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Figure 4.8 The effect of catalyst TEA on mechanical properties of BDS-Ancamine system. (a)
E-modulus; (b) ultimate tensile strength; (c) Jc, healing condition: 70 °C, 0.3 bar pressure, 4 h.

4.3.2.2 DD1 system

The effect of catalyst TEA on mechanical properties of BDS-DD1 system is shown in
Figure 4.9. The evolution trend is also similar to BDS-Ancamine system.
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Figure 4.9 The effect of catalyst TEA on mechanical properties of BDS-DD1 system. (a) E-
modulus; (b) ultimate tensile strength; (c) J., healing condition: 70 °C, 0.3 bar pressure, 4 h.

4.4 Discussion

4.4.1 Curing mechanism

The curing of organic-inorganic dual network polymers in this work mainly consists
of four kinds of reactions: (1) epoxy/amine reaction; (2) epoxy/thiol reaction; (3)
alkoxy silane condensation reaction; (4) tetra-sulfide/thiol reaction.
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Epoxy/amine reaction and epoxy/thiol reaction are shown in schematic 4.1. These
two reactions complete in less than 2 h, which is confirmed by our previous
work[14].

o)
R—NH, + 2 L\R,

R*ITJ*CH2*(I3H*R'

(|3H2 OH
HO—?H
RV
Q Base
R—SH + A\R' R—S—CHz—(|3H—R'
OH

Schematic 4.1 Epoxy/amine reaction and epoxy/thiol reaction.

The reason why E-modulus and ultimate tensile strength of samples in this work
increase with curing time after 2h is alkoxy silane condensation reaction, as shown
in schematic 4.2.

Si—OR + H,0 — Si—OH + ROH

Si—OH + Si—OH — Si—0—Si +H,0

Schematic 4.2 Alkoxy silane condensation reactions.

The alkoxy silane condensation reaction was monitored by FTIR, as shown in Figure
4.10. The absorption at 1100 cm corresponds to Si-OC;Hs stretching, 1076 cm!
corresponds to Si-OCHj3 stretching, 1036 cm ! corresponds to Si-0-Si stretching and
957 cm ! corresponds to Si-OH stretching, respectively. It is very clear that the
amount of Si-OC;Hs, Si-OCH3z and Si-OH decreases during curing resulting in
formation of Si-0-Si bridges and increase of irreversible crosslink density. The effect
of curing time on the irreversible crosslink density is shown in Figure 4.11.
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Figure 4.10 FTIR spectra of BDS-An polymer curing for different time.
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Figure 4.11 The effect of curing time on the irreversible crosslink density, (a) Ancamine
system; (b) DD1 system.

It needs to be addressed that at the beginning of the curing process (within the first
few minutes) of BTS containing polymers (BTS-An and BTS-DD1), a noticeable and
unpleasant H,S gas release occurred, while this situation did not emerge during the
curing process of the BDS containing polymers (BDS-An, BDS-An-TEA, BDS-DD1 and
BDS-DD1-TEA). In order to understand what happens to tetra-sulfide unit in the
polymers synthesized with BTS, the various S-based chemical bonds present were
determined by Raman spectroscopy. In Figure 4.12, the peaks at 458 cm-! and 489
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cm ! represent S-S bond in the middle of -S-S-S-S- in BTS while the peak at 509 cm-
1 represents S-S bond in BDS. It can be noticed that the spectrum of BDS monomer
also contains small peaks at 458 cm-! and 489 cm-1, which are due to impurity. Figure
4.12 clearly shows that the peaks at 458 cm ! and 489 cm! disappear and the peak at
509 cm! appears in cured BTS-An polymer, which indicates that original tetra-
sulfide bridges were mainly converted into disulfide bridges during curing, under the
release of H,S.

3500

—— BTS monomer
3000 A —— BDS monomer

2500

2000 +

0
E
o 1500
&]
1000+
[ ‘
500+ i" [ AL \
o] WM v
35004 —— BTS-An polymer curing 48h
——— BDS-An polymer curing 48h
3000 4
25004
£ 2000
=3
[s]
O 15004

1000 4

soz- /! M/ \'..w&\m',

Raman shift (cm™")

Figure 4.12 Raman spectra of BTS monomer, BDS monomer, BTS-An polymer and BDS-An
polymer.

It is interesting to see that the disulfide bond peak area of BTS-An polymer is 2.5
times as big as that of BDS-An polymer, although molar fraction of BTS and BDS are
the same in raw materials (the spectra were normalized based on the peak at 1112
cm! which corresponds C-H stretching of aromatic ring in epoxy resin), which
means that the disulfide bond concentration in BTS-An polymer is much higher than
in the BDS-An polymer. We believe that the increasing of disulfide bond
concentration in BTS-An polymer is due to the reaction of tetra-sulfide bond and
thiol group, which also leads to the noticeable gas release (presumably H,S). The
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disulfide bond concentrations of samples curing for different time are listed in Table
4.2.

Table 4.2 Disulfide bond concentration of samples curing for different time.

Disulfide bond concentration vg_g (mol/m3)

Sample Curing time Sample Curing time

48h 120h | 336h 48h 120h 336h
BTS-An 1407 1399 1397 BDS-DD1 508 508 513
BDS-An 556 570 570 BDS-DD1-TEA 508 510 513
BDS-An-TEA | 558 570 570 0.2BTS0.8BDS-An | 706 713 720
BTS-DD1 1140 1160 1147 0.5BTS0.5BDS-An | 1006 1017 1024

4.4.2 Healing mechanism

The healing mechanism of organic-inorganic dual network polymers in this work is
dynamic disulfide exchange reaction which involves scission of the reversible sulfur-
sulfur (S-S) bonds (generating thiyl radicals) to provide temporary local mobility of
the polymer networks followed by their recombination to yield new polymer chains.

The scission of disulfide bond is promoted either by UV light or by elevated
temperature[39, 40]. So the healing temperature in this work is set at 70°C. At the
same healing temperature, higher disulfide bond concentration provides more bond
cleavage hence leading to higher temporary local mobility that is essential for
healing. This is the reason why BTS-An polymer shows good healing ability while
BDS-An polymer does not. (The disulfide bond concentration in BTS-An polymer is
about 2.5 times as high as that in the BDS-An polymer, as shown in Figure 4.12.)

Experiments show that nucleophiles such as TEA or tri-n-butyl phosphine can
effectively promote the cleavage of disulfide bonds [19-21]. So when TEA is applied
in BDS based systems (BDS-An-TEA polymer and BDS-DD1-TEA polymer), the
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amount of debonded disulfide bonds is high enough to provide necessary local
network mobility for healing.

Although alkoxy silane condensation reaction is still going on during healing process,
it is not responsible for healing. Because in BDS-An and BDS-DD1 polymer alkoxy
silane condensation reaction also exists however these two polymer do not show
effective healing. TEA promotes healing in BDS-An-TEA and BDS-DD1-TEA polymer
by catalyze the disulfide interchange reactions.

4.4.3 The effect of disulfide bond concentration versus irreversible
crosslink density on the healing of polymers

Polymer architecture plays an important role in designing self-healing materials.
The reversible bond (disulfide bond) concentration is one essential parameter. The
work done by Canadell et al.[7] and AbdolahZadeh et al.[14] show that healing
efficiency decreases with disulfide bond concentration decreasing. Another key
parameter is irreversible crosslink density. A lot of studies show that higher
irreversible crosslink density always provides better mechanical property but worse
healing efficiency [30-33]. The dual network polymer provides an ideal system to
study the effect of polymer architecture on healing behavior. By using BTS or BDS or
mixture of BTS and BDS, the disulfide bond concentration can be tuned. By curing for
different time, the irreversible crosslink density can be adjusted. Figure 4.13(a)
shows that without the help of catalyst TEA, polymers in this work can only heal if
the disulfide bond (reversible bond) concentration is higher than 900 mol/m3. This
is due to the break of reversible bonds leading to temporary local network mobility
which is necessary for flow and damage repair. If the reversible bond concentration
is not high enough the local network mobility cannot lead to effective flow and
healing. Among all healable polymers, the fracture healing efficiency decreases with
the irreversible crosslink density increasing (curing time increasing) because high
irreversible crosslink density will restrict the local network mobility. In Figure
4.13(a) data by other researchers [7, 30] are also included for low crosslink density
region.

The application of disulfide cleavage catalyst TEA significantly expands the L-shaped
“healing zone”, as shown in Figure 4.13(b). Polymers containing low reversible bond
concentration (about 500 mol/m3) can heal with the help of TEA. Because TEA
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makes disulfide bond easier to break thereby reduces the minimum reversible bond
concentration to provide enough local network mobility for healing.
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Figure 4.13 The effect of disulfide bond concentration versus irreversible crosslink density on
the healing of polymers: (a) without catalyst; (b) with catalyst TEA.

4.5 Conclusion

In this study, healable organic-inorganic dual network polymers, which have
potential application as the matrix of TIMs and other composites, are developed.
Using BDS monomer instead of BTS monomer significantly reduces gas production
during curing while decreases disulfide bond concentration in polymer that leads to
the loss of healing ability. The reversible bond (disulfide bond) concentration should
be high enough to provide enough local network mobility for flow and damage repair.
The irreversible crosslink density increases with curing time leading to decrease of
fracture healing efficiency because high irreversible crosslink density will restrict
the local network mobility. The application of disulfide cleavage catalyst TEA can
promote self-healing in polymers with low reversible bond concentration due to its
ability to make disulfide bond easier to break.
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Chapter 5

5.1 Introduction

Nowadays with electronic devices becoming smaller and more powerful, the heat
dissipation from the active component has become one of the most important issues
in determining the product life times and a factor which restricts the development of
the electronics and solid state lighting industry. Usually a relatively large metallic
heat sink is used to dissipate the heat produced during operation. However direct
bonding of the active die to the heat sink is generally not possible [1]. Thermal
interface materials (TIMs), consisting of a flexible polymeric matrix filled with highly
thermally conductive filler particles, are widely used as gap-filler materials between
heat sink and electronic device to control the heat dissipation and to provide
mechanical anchoring as shown in Figure 5.1. Aging of TIMs may lead to
delamination and internal crack formation causing loss of heat transfer and
mechanical integrity leading to premature device failure. In order to make electronic
devices more reliable and longer lasting, in the present study the self-healing
concept was introduced to TIMs using the guidelines presented in the recent
literature[2].

Heat Sink

«~—TIM

Figure 5.1 Schematic of the location of Thermal Interface Materials (TIMs) in electronic
devices between the heat source (electronic device) and the heat sink. Note that the drawing is
not at scale to real systems.

Over the last decade, several concepts leading to materials which have the ability to
autonomously repair damage and restore lost or degraded properties using
resources inherently available to the system, the so-called intrinsic healing strategy,
have been presented [3-6]. During the early stages of development of the field of
self-healing materials, the extrinsic healing strategy, in which the healing was due to
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the inclusion of discrete ‘foreign’ healing particles in an otherwise inert and
conventional matrix material, was popular [7-10]. While the approach certainly has
merit and was shown to work well, an intrinsic negative feature of the approach is
that once activated the healing particles are not available for a second healing
operation. More recently, intrinsic self-healing polymers based on reversible bond
such as hydrogen bonding, Diels-Alder/retro-Diels-Alder reaction, and disulfide
chemistry have been developed which have the potential to locally heal damage
many times [11-14]. By applying an intrinsic self-healing polymer as the matrix in
which functional particles are distributed, granulate composites can be created
which can restore mechanical or functional properties (e.g. electrically conductivity,
piezoelectric properties, etc.) after the occurrence of local damage [15-18]. Although
it seems attractive to introduce self-healing concept to TIMs [19, 20], only a few
attempts have been made in this field so far. Early work led to the development of
thermally conductive adhesives consisting of self-healing polysulfide-based
thermoset matrices containing boron nitride or graphite particles [2]. These
composites exhibit recovery of both cohesion and adhesion properties at a mild
healing temperature (65°C). However, a systematic study of the effect of particle
parameters such as particle volume concentration (PVC) and particle size on the
thermal and mechanical healing efficiency has not been presented yet. Aim of the
present work is to present such a study using a novel organic-inorganic network
polymer containing reversible tetra-sulfide units as the matrix. As model fillers,
glass spheres were used.

5.2 Experimental
5.2.1 Material preparation

In the present study, a dual organic (epoxy—-amine) -inorganic (siloxane) crosslinked
polymer containing non-reversible crosslinks and reversible groups based on tetra-
sulfides [14] was used as the matrix and glass beads with four different mean
particle sizes (6pum, 63um, 96um, 185um, respectively) were used as filler. It should
be noted that low thermally conductive glass beads were used in this work because,
opposite to highly thermally conductive particles typically used in industry such as
alumina, aluminum nitride, graphite, and metal powders, they offer a wide range of
sizes with the same geometry therefore allowing for systematic analysis of the effect
of the particle parameters on the healing. At first, a pre-mixture of Bis[3-
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(triethoxysilyl)propyl]tetrasulfide (purity 99%, total sulfur content > 20%, from
SiSiB SILANES, China), (3-Aminopropyl)trimethoxysilane (purity 97%, from Sigma-
Aldrich, the Netherlands) and an epoxy resin EpikoteTM 828 (184-190 g/eq, from
Akzo Nobel, the Netherlands) was stirred using a magnetic stirrer at 300 rpm for 3 h
at room temperature. Then the required amount of organic crosslinker Ancamine®
2500 (105-110 g/eq, from Akzo Nobel, the Netherlands) and glass beads (from
Sigmund Lindner GmbH, Germany) with a volume fraction between 30 vol.% and 50
vol.% were mixed with the pre-mixture in a high speed mixer at 2500 rpm for 5 min.
The mixture was degassed in a vacuum chamber for 20 min. Pentaerythritol tetrakis
(3-mercaptopropionate) (purity>95%, from Sigma-Aldrich, the Netherlands) was
then mixed with the mixture in a high speed mixer at 2500 rpm for 0.5 min and the
solution was cast in a rectangular Teflon mold to create a 2 mm thick film, relatively
free of air bubbles. Finally, the resulting composite was cured at 70 °C for 48 h in the
Teflon mold. The weight ratio of all components in the self-healing polymer matrix
was stated in Table 5.1. A polymer epoxy EpikoteTM 828 -amine Ancamine® 2500
with Pentaerythritol tetrakis (3-mercaptopropionate) in the same amounts as the
self-healing systems was used as the reference non-self-healing polymer.

Table 5.1 Weight ratio of all components in the self-healing polymer matrix

Chemicals Weight ratio
Epikote™ 828 1g
Bis[3-(triethoxysilyl)propyl]tetrasulfide 0.733 g
(3-Aminopropyl)trimethoxysilane 0.076 g
Ancamine® 2500 0.579¢g

Pentaerythritol tetrakis(3-mercaptopropionate) 0.566 g

5.2.2 Mechanical healing test

To investigate the mechanical healing, tensile strength tests using dog bone shaped
samples (ASTM D1708) were performed. A notch (approximately 0.5 mm in length
and cut through the thickness of samples) was applied using a fresh scalpel on one
side of the dog bone shaped sample and the ultimate tensile strength was evaluated
at room temperature using an Instron 3365 tensile testing machine with a 1 kN load
cell and a cross-head speed of 5 mm/min. After complete failure during tensile
testing, the two parts of the sample were repositioned carefully and put into a Teflon

94



The effect of filler parameters on the healing of thermal conductivity ...

mold with the same size as the original sample. A contrast experiment was
performed by rotating one of the broken parts 180° and reconnected. A healing step
at 70°C for 2 h under 1 bar pressure followed based on our previous works [14, 21].
Then the same tensile testing procedure on the healed samples was carried out. The
tensile strength healing efficiency (TSHE) was calculated using the following
equation 5.1:

O
TSHE =~ x100% (5.1)

virgin
where Oneqied and Ovirgin are the ultimate tensile strength of healed sample and original
sample, respectively.

5.2.3 Thermal conductivity restoration test

To monitor the recovery of the thermal conductivity, two kinds of samples were
prepared. The first set of samples, which is called the “virgin system”, is made by
curing a TIM cylinder (@ 36 mm, height 5 mm) on a smooth aluminum foil
(40x40x0.2 mm). The second system, which is called “crack system”, was prepared
by increasing the surface roughness of the TIM by scratching it about 30 times with a
fresh scalpel before bringing the damaged surface in contact with the aluminum foil.
The contact area of the ‘crack system’ is the same as that of the ‘virgin system’. This
approach ensures the formation of air gap between the TIM and the aluminum foil
(leading to a decrease of the thermal conductivity of the system) to mimic
delamination in actual de-bonded TIMs. After evaluation of the initial thermal
conductivity of the ‘crack system’, a healing step at 70°C for 2h under 0.3 bar
pressure was then performed leading to a so-called “healed system”. The thermal
conductivity of both the pure TIMs and the whole systems was measured at room
temperature using a modified transient source technique on a TCi C-Therm ®
apparatus. Distilled water was used as the contact agent.
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5.3 Results and discussion

In TIM composites, a high PVC is preferred because of the higher fraction of
thermally conductive material. Therefore in the present work a minimum PVC of 30
vol.% is used and the effect of particle size on mechanical healing and thermal
conductivity restoration was studied in more detail for TIMs with a 50 vol.% loading.

5.3.1 The effect of PVC on mechanical properties and healing
efficiency

Figure 5.2 shows that the ultimate tensile strength of self-healing TIMs loaded with
glass beads (mean particle size of 6 pm) increases with increasing PVC. When the
PVC is up to 50 vol%, the ultimate tensile strength of TIMs reaches a value of
3.26MPa, which is about 6 times that of the pure polymeric matrix (0.52MPa). For
other particle sizes similar effects were obtained. The rise in tensile strength with
PVC indicates that there is strong adhesion between the polymeric matrix and the
glass beads, which is probably due to the silanes presenting in the self-healing
polymeric matrix. Figure 5.2 also shows that after healing at 70°C for 2 h under 1 bar
pressure, the tensile strength of self-healing TIMs reach almost the same value
(about 0.6 MPa) independently of the glass beads loading (PVC). This suggests that
the type of interface created is independent of the particle size and similar to that
one created in the unloaded healed polymer (0.5 MPa). Accordingly, the tensile
strength healing efficiency decreases significantly with increasing PVC as shown in
Figure 5.3.

96



The effect of filler parameters on the healing of thermal conductivity ...

4.0
M + GB1(6um)
= 3-51—o— Virgin samples I
% *— Healed samples
= 3041..__Pure polymer matrix
2 254
p
7]
© 2.0
B
3 151
2
E 1.0+ i
= i S
S 0s]  Fbe ]
30 35 40 45 50
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5.3.2 The effect of particle size on mechanical healing

The ultimate tensile strength of 50 vol% glass beads loaded TIMs was found to
decrease when the particle size increases, as shown in Figure 5.4. The ultimate
tensile strength of TIMs loaded with bigger particles (diameter 185 pm) was only
half that of composites filled to the same PVC but containing smaller particles
(diameter 6 um). As it can be seen in Figure 5.4, after healing at 70°C for 2h under 1
bar pressure, the well repositioned TIMs recover to similar ultimate tensile strength
values independently of the particle size (i.e. 0.7 MPa). Consequently the tensile
strength healing efficiency increases with increasing particle size due to the general
decreasing of ultimate tensile strength of virgin TIMs, as shown in Figure 5.5. A
maximum healing efficiency of 50% can be achieved when bigger particles (185 pm)
are applied. However when rotating one of the sample halves over 180° before
reassembly only some restoration of mechanical properties occurs for the
composites with the smallest particles (see Figure 5.5). In the case the registry is
very poor and only in the samples loaded with smallest particles the fracture surface
is relatively smooth and local polymer-polymer contact may exist across the
interface explaining a healing efficiency similar, but still lower, than the well
repositioned sample.
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Figure 5.4 The effect of particle size on ultimate tensile strength of glass beads loaded TIMs
(black solid squares: virgin samples; red hollow circles: healed samples; dash line: indication
of the interfacial healed strength level of the unloaded polymer matrix)
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Figure 5.5 The effect of particle size on tensile strength healing efficiency of glass beads
loaded TIMs.

5.3.3 The effect of particle size on thermal conduction and
healing efficiency

For a fixed PVC, the thermal conductivity of pure glass beads loaded TIM increases
with increasing particle size, as shown in Figure 5.6 for a PVC of 50%. When bigger
particles (185 um) were used, the thermal conductivity is 0.77 W/m-K, which is less
than twice that of the pristine polymer matrix (0.45 W/m-K) due to the fact that the
thermal conductivity of glass beads is rather low for a filler material in a TIM. When
using particles with higher thermal conductivity (e.g. Alumina, Aluminum Nitride, et
al.) more thermally conductive TIMs can be obtained. Every et al. [22] built a thermal
conductivity model of spherical particle loaded composite material which took
thermal boundary resistance (Rp) into account, as presented in equation 5.2,

(1+2¢x)/(1—a) _/1f(1 _ a) 3/(1-“)

p
< 5.2
X[Am—,lfu—a) (52

A-V) = (’;—i‘)

where A, A, and As are the thermal conductivity of composite material, matrix and

filler, respectively, V is the volume fraction of filler, @ is a non-dimensional
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parameter with reference to the boundary resistance, which is defined by equation
5.3,

2Ry

*=74

(5.3)

in which d is the diameter of the filler particle. From equation 5.2 and 5.3, it can be
derived that the thermal conductivity of composite will increase when filler particle
size increases. This trend also agrees with the modeling work on the effect of particle
size on thermal conductivity of particle loaded polymer based composites done by
Devpura et al. [23].
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Figure 5.6 The effect of particle size on thermal conductivity of glass beads loaded TIMs.

Figure 5.7 shows the effect of matrix type (self-healing vs. non-self-healing) on the
thermal conductivity recovery of glass beads loaded TIMs. It is clear that the thermal
conductivity of ‘crack system’ is lower than that of ‘virgin system’, which indicates
that the intentionally produced air gap between the TIM and the aluminum foil can
be detected by the evaluation method applied in present work. After healing at 70°C
for 2h under 0.3 bar pressure, the thermal conductivity of the system with self-
healing polymer based TIM restores significantly while the system with non-self-
healing polymer does not show any thermal conductivity recovery.
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Figure 5.7 The effect of matrix type on the thermal conductivity recovery of glass beads
loaded TIMs. (The thermal conductivity showed in this figure is the thermal conductivity of
the system consisting of one layer of TIM and one layer of aluminum foil.)

Figure 5.8 shows how the thermal conductivity of the virgin system increases slightly
with the particle size, which is due to the general increase of the thermal
conductivity of TIMs made with bigger particles. Meanwhile the thermal conductivity
recovery of TIMs shows the same trend as mechanical healing efficiency. It is
interesting to note that a 100% thermal conductivity recovery of TIMs can be

achieved when bigger particle (185um) are used even though the tensile strength
healing efficiency is low (50%).
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Figure 5.8 The effect of particle size on the thermal conductivity recovery of glass beads
loaded TIMs. (The thermal conductivity showed in this figure is the thermal conductivity of
the system consisting of one layer of TIM and one layer of aluminum foil.)

5.4 Conclusion

Thermal Interface Materials capable of restoring mechanical properties and thermal
conduction can be obtained when a self-healing organic-inorganic network polymer
containing reversible tetra-sulfide bonds is used as the matrix. For the same particle
size, higher particle volume concentration (PVC) increases the mechanical strength.
For a fixed PVC, larger particle sizes cause lower mechanical properties. Under the
same healing conditions, the mechanical properties of the TIMs recover to similar
values independently of the particle size or PVC. However, in terms of healing
efficiency it was found that this property increases with the particle size and
decreases with the PVC indicating that this factor is highly dependent on the
mechanical properties of the virgin samples. Moreover, such healing efficiency is
greatly reduced if the registry of the fracture surfaces brought in contact is destroyed.
Thermal conductivity restoration of TIMs can reach 100% even though mechanical
healing efficiency remains modest.
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Chapter 6

6.1 Introduction

Thermal interface materials (TIMs) are widely used as gap-filler materials between
electronic devices and their heat sink and aim to control the heat dissipation and to
provide mechanical anchoring. As the rated power densities of electronic devices are
increasing rapidly nowadays, there is an increased demand for reliable and efficient
TIMs [1-3]. Low quality or inappropriately chosen TIMs will degrade faster than
expected causing the thermal resistance of heat transfer path and the junction
temperature of the electronic device to increase substantially, leading to premature
device failure. In order to know whether the TIMs can deliver the required
functionality under the foreseen conditions s for the desired time, reliability and life
time tests are required.

However, from what appears in the literature, the TIM reliability test is not as
mature as those of other components in electronic devices such as solder joints.
Besides, the reliability of a TIM highly depends on the system to which it is installed,
the environment to which it is exposed to and the cyclic nature of its operation. As a
result a particular TIM used in two completely different devices may show a different
reliability. So, there is not a universal reliability test protocol for TIMs. Specific
reliability test protocols need to be designed according to the application conditions
of a particular TIM [4-6].

Actual reliability and life time test can be done in several ways. For instance, the test
can be done under the regular operating conditions and continued until the first
failure occurs. However this method is generally too time consuming. In order to
shorten the time to failure, accelerated life time testing (ALT) is usually performed
[7-9]. In ALT components, devices or entire systems are exposed to stresses and
other conditions that are more severe than those under normal or application
conditions. There are three most common ALT categories for TIMs: temperature and
humidity stress test (THT/HAST), high temperature storage test (HTS) and
thermal/power cycling test (TC/PC). From a material selection and screening point
of view all three stress tests are essential and informative and reveal different
aspects of damage evolution. . In THT and HTS the failure mechanism is mainly
(chemical) degradation (oxidation, phase separation, etc.) of the TIM itself [10-14]
while in thermal cycling the periodic variation in test temperature will lead to
delamination and cracks due to a mismatch in the coefficient of thermal expansion
(CTE) between the TIM and the attached components (heat sink, die, etc.). Thermal
cycling test may also cause warpage of components, leading to a ‘pump-out’ effect for
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some low viscosity thermal grease [15, 16]. It has been proposed that self-healing
TIMs can promote the reliability and service lifetime of electronic devices due to
their ability to heal delamination and cracks in the system [17, 18]. So in this study
the thermal cycling test, rather than THT and HTS is chosen to test the reliability of
the TIM.

The two key parameters in a thermal cycling test are the temperature range and the
number of cycles. In order to allow self-healing TIMs to heal autonomously, the
maximum temperature in each cycle should be equal to or higher than the healing
temperature of the material (70°C). Two temperature cycling ranges were chosen: a
mild condition (cycling between 20°C to 70°C) and a harsh condition (cycling from -
196°C to 70°C). For the mild condition thermal cycling was continued for as long as
the testing time was available (more than 10,000 cycles). For the harsh condition
cycling was continued till clear damage could be detected. In some tests lap shear
testing after cycling was performed to quantify the damage and healing. A
commercial TIM was used to set the reference levels. The purpose of this study is to
get a general impression whether the self-healing concept works or not, rather than
targeting at a specific application.

6.2 Experimental
6.2.1 Material preparation

In this chapter, two self-healing thermal interface materials (TIMs), each containing
50 vol.% alumina particles, are employed: (1) a dual-network self-healing polymer-
based system (from hereon called ‘DN’) and (2) a polysulfide self-healing thermoset
(from hereon called ‘EPS25’). The healing temperature for both TIMs is 70°C. 3M™
Thermally Conductive Interface Tape 8926 was chosen as the reference material
(from hereon called ‘Refer").

6.2.1.1 Dual-network self-healing polymer-based TIM

First, a pre-mixture of Bis[3-(triethoxysilyl)propyl]tetrasulfide (purity 99%, total
sulfur content > 20%, from SiSiB SILANES, China), (3-Aminopropyl)trimethoxysilane
(purity 97%, from Sigma-Aldrich, the Netherlands) and an epoxy resin Epikote™
828 (184-190 g/eq, from Akzo Nobel, the Netherlands) was mixed together and
stirred using a magnetic stirrer at 300 rpm for 3 h at room temperature. Then, an
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organic crosslinker Ancamine® 2500 (105-110 g/eq, from Akzo Nobel, the
Netherlands) and (spherical) alumina powder (mean particle size 20 um, from
Denka Company Limited, Japan) were mixed with the pre-mixture in a high speed
mixer at 2500 rpm for 5 min. Then, the mixture was degassed in a vacuum chamber
for 20 min. Subsequently, Pentaerythritol tetrakis (3-mercaptopropionate)
(purity>95%, from Sigma-Aldrich, the Netherlands) was mixed with this degassed
mixture in a high speed mixer at 2500 rpm for 0.5 min. Finally, the resulting
composite was cast on a Teflon plate to form a film with a thickness of 0.5 mm which
was cured in an oven at 70°C for 48 h. The weight ratios of all components in the
dual network self-healing polymer based TIM are listed in Table 6.1.

Table 6.1 Weight ratios of all components in the DN thermal interface material

Chemicals Weight ratio
Epikote™ 828 1g
Bis[3-(triethoxysilyl)propyl]tetrasulfide 0.733 g
(3-Aminopropyl)trimethoxysilane 0.076 g
Ancamine® 2500 0.579 g
Pentaerythritol tetrakis(3-mercaptopropionate) 0.566 g
Spherical alumina powder* 9.807 g

* The volume fraction of the alumina powder in the composite is 50 vol.%.

6.2.1.2 Polysulfide self-healing thermoset-based TIM

The synthesis procedure is based on a basic catalyzed addition reaction of epoxy
groups with thiols. At first, a stoichiometric amount of epoxidized polysulfide
Thioplast™ EPS25 (640 g/equ, from Akzo Nobel, the Netherlands) was mixed with
Pentaerythritol tetrakis(3-mercaptopropionate) (purity>95%, from Sigma-Aldrich,
the Netherlands) in a high speed mixer at 2500 rpm for 3 min. Then, the catalyst 4-
dimethylaminopyridine (purity>99%, from Sigma-Aldrich, the Netherlands) and the
filler (spherical alumina powder (mean particle size 20 pm, from Denka Company
Limited, Japan)) were added. After mixing at 2500 rpm for 5 min, the mixture was
then degassed in a vacuum chamber for 20 min. Finally, the resulting composite was
cast on a Teflon plate to form a film with a thickness of 0.5 mm which was then cured
in an oven at 70°C for 48 h. The weight ratios of all components in the polysulfide
self-healing thermoset-based TIM are shown in Table 6.2.
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Table 6.2 Weight ratios of all components in the polysulfide self-healing thermoset-based
TIM

Chemicals Weight ratio
Thioplast™ EPS25 1lg
Pentaerythritol tetrakis(3-mercaptopropionate) 0.185¢g
4-dimethylaminopyridine 0.012 g
Spherical alumina powder* 3.628¢g

* The volume fraction of the alumina powder in the composite is 50 vol.%.

6.2.2 Thermal cycling test protocols
6.2.2.1 Drop-off test

In order to investigate whether the adhesion of thermal interface materials can
withstand the shear stress generated by the weight of typical heat sinks (based on
discussions with industrial partners set to 0.6 kPa in this study) during thermal
cycling, a drop-off test was performed. Cured thermal interface material films were
cut into 10mm x 10mm pieces and placed between a copper heat sink and a glass
fiber/epoxy composite substrate, forming a sandwich structure, to mimic a TIM
application in an electronic device. To ensure good initial adhesion, a normal
pressure of 10 kPa was applied on the assembly and the whole sandwich structure
was kept in an oven at 70°C for 24 h. Then, the sandwich structure was taped onto
Peltier elements for thermal cycling. The Peltier elements acted both as heater and as
cooler simply by altering the applied DC voltage. The whole thermal cycling system
was placed vertically in a climate chamber which was kept at an ambient
temperature of 20°C. The setup is shown in Figure 6.1.
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Glass fiber/epoxy
composite substrate

A

TIMs in between

Copper heat sink

Peltier element

(as heater and cooler)

Figure 6.1 The setup of drop-off test thermal cycling system in the climate chamber.

The entire thermal cycling history in drop-off testing consisted of 4 periods. Period I:
8000 cycles at temperatures from 20°C to 70°C; In each thermal cycle of 55 seconds,
it took 20 seconds for the temperature to rise from 20°C to 70°C, 10 seconds for
isothermal annealing at 70°C and then another 25 seconds to lower the temperature
to 20°C. Period II: ageing at room temperature for 5 months; Period III: another
10000 cycles at temperatures from 20°C to 70°C; Period IV: a final 8000 cycles at
temperatures ranging from 20°C to 70°C with an additional block of steel hanging on
the heat sink to apply 13 kPa shear stress on the TIM in order to simulate more
severe testing and to create more damage. The temperature profile of the drop-off
test is shown schematically in Figure 6.2.
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Figure 6.2 The schematic temperature profile of the drop-off test.

6.2.2.2 Adhesion decay test

Single lap shear tests were performed to quantify the adhesive strength decay during
thermal cycling. Specimens were prepared by bonding two (degreased) Aluminum
plates (50mm x 20mm x 1mm) to each other using cured TIM films with a thickness
of 0.5mm. The overlap length is 20mm and the test geometry is shown in Figure 6.3.
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The adhesion was established in a 24 h thermal treatment at 70°C. During the
thermal treatment the TIMs and the two Aluminum plates were kept in contact using
a paper clip.

50 _ .
mm 5 Q = Alumlnum
[ % 20 mm / '—/ =TM

20 mm

N

Figure 6.3 Schematic lap shear test geometry.

Four different thermal cycling conditions were applied. Condition 1: samples were
positioned on the Peltier elements and the whole thermal cycling system was placed
horizontally in a climate chamber which kept the ambient temperature always at
20°C, as shown in Figure 6.4(a). The temperature of the samples was cycled between
20°C and 70°C. For each cycle, the temperature profile was the same as that in drop-
off test (Figure 2). After every 1000 regular cycles, 10 temperature shocking events
(temperature of the samples was cycled between 0°C and 90°C, with heating and
cooling in 25 and 30 seconds respectively) were introduced. In this case, the larger
thermal mismatch strain between the TIMs and the Al plate may lead to crack
initiation and growing, which should result in a decrease of adhesion strength. On
the other hand, the 90°C is above the healing temperature, so any damage formed
could be healed and the adhesion strength should be maintained. Condition 2:
samples were taped on the Peltier elements and the whole thermal cycling system
was placed vertically. A block of copper was adhered to the lower end of the Al plate
so that a constant shear stress of 0.8 kPa was applied on the TIMs/Al plate interface,
as shown in Figure 4(b). The thermal history of condition 2 is the same as condition
1. Condition 3: the samples went through even more drastic temperature changes. At
first, samples were manually kept in liquid nitrogen (-196°C) for 20s, then samples
were placed on a table at room temperature to warm up by ambient temperature for
120s, and so on. No shear stress was applied during this cycling. Condition 4:
samples were cycled between liquid nitrogen (-196°C, 20s) and a hot stage (70°C,
120s). The hot stage was kept in a hot oil bath to maintain the temperature of the
upper surface, which contacted with samples, stable at 70°C, as shown in Figure
6.4(d). In this condition, samples suffered from greater temperature change than
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condition 3 however a self-healing event could be triggered during heating period.
All four conditions are summarized in Table 6.3. Three samples were tested per
condition and per material.

After testing single lap shear tests were performed on an Instron 3365 tensile testing
machine fitted with a 1 kN load cell. The cross-head speed was 1 mm/min. In order
to determine the adhesion recovery of self-healing TIMs after complete failure in the
lap shear tests, the sample ends were repositioned carefully, kept together using a
paper clip and annealed at 70°C for 24h. After this healing treatment, the lap shear
strength was measured again.

Table 6.3 Details of the four conditions in the adhesion decay test.

Constant shear stress  Thermal history

Condition1 0 Every 1000 normal cycles (from 20°C to
70°C) introducing 10 shocking cycles (from
0°C to 90°C)

Condition 2 0.8 kPa Every 1000 normal cycles (from 20°C to
70°C) introducing 10 shocking cycles (from
0°C to 90°C)

Condition3 0 Temperature cycled from -196°C to room
temperature

Condition4 0 Temperature cycled from -196°C to 70°C
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(a) (b)
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Liquid N3 Liquid N
cooling: cooling:
-196°C, 20s -196°C, 20s

Room Temp.
heating up:
120s

Hot stage
heating up:
70°C, 120s

(d)

Figure 6.4 Four conditions for the adhesion-decay test: (a) condition 1; (b) condition 2; (c)

condition 3; (d) condition 4.
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6.3 Results and discussion
6.3.1 Drop-off test

In the drop-off test, Refer samples, DN samples and EPS25 samples all stayed
attached to the substrate after Period I (8000 cycles from 20°C to 70°C), Period II
(aged at room temperature for 5 months) and Period III (10000 cycles from 20°C to
70°C). However, upon the application of 13 kPa shear stress, one Refer sample lost
adhesion after only 50 cycles and the other Refer sample failed after 100 cycles, as
shown in Figure 6.5. The DN samples and EPS25 samples survived the 8000 cycles

till the end of the experiment.

(a) (b)

Figure 6.5 Refer sample failed after (a) 50 cycles and (b) 100 cycles during Period IV in the
drop-off test

In order to explain this result, the initial adhesive strengths of Refer, DN and EPS25
between a copper plate and a glass fiber/epoxy composite plate were measured both
at room temperature and at 70°C, as shown in Figure 6.6. At room temperature, DN
showed the highest adhesive strength (0.68 MPa), EPS25 showed a lower adhesive
strength (0.43 MPa) and Refer showed the lowest strength (0.24 MPa). At 70°C, the
adhesive strength of DN decreased by 24% to 0.52 MPa, EPS25 decreased by 28% to
0.31 MPa and Refer showed an 85% drop to 0.036 MPa. So, the early failure of Refer
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samples is probably due to its low adhesive strength (in particular at the higher
temperature) and the relatively high applied shear stress (the applied shear stress is
about one third of its initial adhesive strength). For the record, all samples broke at
the composite plate/TIM interface due to the stronger adhesion between TIM and
copper. Nevertheless, the data show that DN and EPS25 have a better endurance
during thermal cycling than the commercial thermal interface adhesive.
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Figure 6.6 Adhesive strength of Refer, DN and EPS25 between a copper plate and a glass
fiber/epoxy composite plate.

6.3.2 Adhesion decay test

Figure 6.7 shows that the adhesive strength of Refer and EPS25 remained almost
constant after 20000 temperature cycles from 20°C to 70°C including 10 shocking
cycles (from 0°C to 90°C) per 1000 normal cycles (i.e. the adhesion decay test
condition 1). The adhesive strength of DN even increased slightly. This is due to the
aging of the DN TIMs, which has been discussed extensively in Chapter 4. The data
show that the applied cycling condition were not harsh enough to result in a
decrease of adhesion strength for any of the three systems tested.
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Figure 6.7 Adhesive strength changes of Refer, DN and EPS25 samples between two
Aluminum plates in adhesion decay test condition 1.

Even when 0.8 kPa shear stress was applied during thermal cycling, no significant
reduction in the adhesive strength of Refer, DN and EPS25 samples was observed, as
shown in Figure 6.8. The black bars represent the initial value while the red bars
represent adhesive strength after 20000 temperature cycles from 20°C to 70°C
including 10 shocking cycles (from 0°C to 90°C) per 1000 normal cycles at 0.8 kPa
shear stress. However it is interesting to note that the self-healing samples (DN and
EPS25) and the non-healing samples (Refer) broke differently in the final lap shear
test. Figure 6.9 (a), (b) and (c) shows the morphologies of Refer, DN and EPS25
samples after completely failure in lap shear test. All Refer samples delaminated at
the lower interface which is nearer to Peltier elements and the complete TIM film
adhered to the upper aluminum plate. Meanwhile, all DN and EPS25 samples broke
at both interfaces so that one part of the TIMs adhered to the upper aluminum plate
and the other part adhered to the lower aluminum plate. The different failure
locations of healing samples and non-healing samples are schematically shown in
Figure 6.9(d). It seems that in the Refer samples the lower interface is weaker than
the upper interface while in DN and EPS25 samples both interfaces are of the same
strength. It is important to point out that the sample construction is symmetric so
the upper interface and the lower interface strength of each sample should be all the
same initially. In Refer samples, the lower interface suffers relatively harsher
temperature variations than the upper interface so that more defects are introduced
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and accumulated at the lower interface leading to delamination only to occur at the
lower interface. In DN and EPS25 samples, although the lower interface suffered
relatively harsher temperature variations, the same as in Refer sample, the defects
seemed to have healed so that both lower interface and upper interface strength
remained the same after thermal cycling. It should be pointed out that a larger
number of samples need to be tested to validate the statements on preferred failure
location made above.

After the complete failure of the thermally cycled samples in the lap shear test, DN
and EPS25 samples were put back in the oven for healing at 70°C for 24h. After this
healing treatment, the lap shear strength was measured again. As the blue bars in
Figure 6.8 show, the adhesive strength of DN and EPS25 recovered for 95% and 98%,
respectively. It indicates that the self-healing ability of DN and EPS25 TIMs still
exists after 20000 temperature cycles from 20°C to 70°C.
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Figure 6.8 Adhesive strength changes of Refer, DN and EPS25 samples in adhesion decay test
condition 2 and healing results. Healing condition: 70°C for 24h.
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Figure 6.9 Sample morphologies after lap shear test (a) Refer samples, (b) DN samples and (c)
EPS25 samples, (d) different failure locations of healing samples (DN and EPS25) and non-
healing samples, red lines indicate delamination.
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In order to introduce more damage, harsher thermal cycling conditions (from -196°C
to room temperature and from -196°C to 70°C) were applied. After 100 cycles from -
196°C to room temperature, the adhesive strength of Refer, DN and EPS25 samples
decreased to 77%, 86% and 78% of the initial adhesive strength values respectively,
as the red bars in Figure 6.10 shows. The Figure shows that a certain amount of
damage has been introduced successfully to all samples by fast thermal cycling from
liquid nitrogen to room temperature. More interestingly, if the thermal cycling
condition is from -196°C to 70°C, the adhesive strength of Refer samples still
decreased to 80% of the initial value while the adhesive strengths of DN and EPS25
samples remained almost the same as the initial value. Although the samples
suffered greater temperature variations and more defects or micro cracks were
formed, healing events were triggered in the DN and EPS25 samples leading to no
loss in adhesive strength. This result clearly shows that self-healing TIMs can be
more reliable than common TIMs by healing small damage (if there is)
spontaneously if the healing condition is appropriate.
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Figure 6.10 Adhesive strength values for Refer, DN and EPS25 samples in adhesion decay test
conditions 3 and 4.

6.4 Conclusion

In this study, several thermal cycling tests were performed to investigate the long-
term reliabilities of two self-healing TIMs with a healing temperature of 70°C and
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one commercial non-healing TIM. When large shear stresses are applied the chosen
self-healing TIMs have a much better endurance during thermal cycling than the
commercial non-healing TIMs due to their higher adhesive strength at the higher
temperature (70°C). Under moderate thermal cycling condition (from 20°C to 70°C)
both self-healing TIMs and the commercial non-healing TIM show good long-term
reliability, as the testing conditions were too mild to induced damage. However
under harsh thermal cycling condition (from -196°C to 70°C) self-healing TIMs were
found to be more reliable than the reference commercial non-healing TIM because
the damage due to thermal cycling was healed autonomously.
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7.1 Introduction

As stated in the earlier chapters of this thesis, the life time of most thermal junctions
between the electronic heat source and the cooling block is determined by the loss of
adhesion between the thermal interface material (TIM) junction connecting both.
Hence the use of (particulate filled) self-healing polymers, capable of autonomously
restoring the interfacial adhesion up the unavoidable temperature rise upon loss of
adhesion may lead to a significant life time extension. In the present work we
explore the potential of a new physical material characterization technique, Laser
Speckle Imaging (LSI) to directly image the collective molecular motion required to
restore the contact between the TIM and a planar glass substrate. As the anticipated
motions are very small and at or below the resolution of the technique we first study
the change in molecular mobility during the curing of the self-healing polymer
(containing < 1% nanosized TiO; particles).

Laser Speckle Imaging (LSI) is a non-contact and non-destructive optical testing
method for measuring the relative displacements of inert scattering features on the
surface of non-transparent materials or in the bulk of transparent or translucent
materials. The basic theory of LSI was developed in the 1970s[1]. Since then
extensive studies have been made relating speckle temporal dynamics to various
forms of particle dynamics in dilute single-scattering suspensions [2-4]. The method
was further developed in the 1990s with the availability of faster digital image
acquisition and processing technologies. Nowadays LSI is successfully applied in
biomedical optics (especially in the studies on blood flow within arteries),
observation of thermally activated processes (such as the drying of paint) and
tracking crack progress in polymers and bulk ceramics under mechanical load [5-9].
Recent research done by Van der Kooij et al. showed that LSI is an effective method
to follow heterogeneous dynamics in drying and aging of paints [10].

The spatial and temporal resolution of the LSI technique depends on the stability and
power of the laser light source, the quality of the optical components and the
detector and finally the software used to deconvolute the scattering patterns into
displacement fields [11]. For systems comparable to the one to be used in this work
the lateral spatial resolution can be as fine as 1 micrometer while the time resolution
can be from 10 milliseconds to weeks.

Over the past few decades, intrinsic self-healing materials which are capable of
restoring their original properties after damage due to the occurrence of reversible
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processes have attracted many researchers’ attention as such material can heal local
damage several times in succession [12-16]. Understanding the healing dynamics is
essential to both designing and applying self-healing materials. Van der Kooij et al.
have applied LSI to the study of healing of a polyetherimide polymer after cutting
and showed its potential in tracking of local dynamic motions at different locations
in the vicinity of the crack and linking that to damage recovery [17]. In that study a
clear correlation was found between the time constant of the dominant collective
molecular reorganization process as determined with LSI and the dominant time
constant as determined using conventional rheology.

In this chapter we first demonstrate the potential of the LSI technique in monitoring
the change in molecular mobility during curing of four highly comparable hybrid sol-
gel polymers (two of the self-healing type and two of the non-self-healing type),
linking the LSI experiments to rheological data during obtained during of the same
polymer. Subsequently the average molecular motion during bonding of fully cured
sol-gel polymer films to a glass plate was studied as a function of time for a fixed
temperature of 70°C. The LSI data are complimented by companion interfacial
adhesion strength measurements. LSI studies on polymer curing and re-adhesion of
a polymer to a glass substrate have not been reported in the literature yet.

7.2 Experimental

7.2.1 Material preparation

Epoxy resin Epikote™ 828 (184-190 g/eq) and curing agent Ancamine® 2500 (105-
110 g/eq) were provided by Akzo Noble. (3-Aminopropyl)trimethoxysilane (purity
97%), Pentaerythritol tetrakis (3-mercaptopropionate) (purity>95%) and
Triethylamine, from hereon called APS, tetrathiol and TEA respectively, were
purchased from Sigma-Aldrich. Bis[3-(triethoxysilyl)propyl]tetrasulfide and Bis[3-
(triethoxysilyl)propyl]disulfide, from hereon called BTS and BDS respectively, were
purchased from SiSiB Silanes. All chemicals were used as in their as-received well-
packaged condition.

The polymers for this study were prepared in a multi-step process. At first, Epoxy
resin and APS were mixed using a magnetic stirrer at 100 rpm for 5 min at room
temperature. Then BTS or BDS were added while continuously stirring at 300 rpm
for 3 h at room temperature. Then, the curing agent Ancamine® 2500 was mixed
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into the mixture with a high speed mixer operating at 2500 rpm for 5 min. Because
the polymers in this study are transparent to the laser applied, 0.5 wt% TiO; nano-
particles (about 21 nm particle size, purchased from Sigma-Aldrich) was also added
in this step to ensure local laser light reflection and high LSI contrast. Finally
tetrathiol and the catalyst TEA were added and mixed at 2500 rpm for 0.5 min. The
weight ratio of all components is shown in Table 7.1. As introduced in chapter 4,
BTS-An polymer and BDS-An-TEA polymer have a good self-healing ability while the
REF polymer and the BDS-An polymer are non-healing polymer variants.

Table 7.1 Compositions of polymers studied in this work

Polymers
Components REF BTS-An BDS-An BDS-An-TEA
Epikote™ 828 1g 1g 1g 1g
Ancamine® 2500 0.579g 0.579g 0.579g 0.579g
APS 0 0.076g 0.076g 0.076g
BTS 0 0.733g 0 0
BDS 0 0 0.646g 0.646g
Tetrathiol 0.566g 0.566g 0.566g 0.566g
TEA 0 0 0 0.014g
TiOz nano-particles | 0.011g 0.015g 0.014¢g 0.014¢g
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7.2.2 LSI test geometry

7.2.2.1 Setup for monitoring the polymer curing

The LSI setup for monitoring the polymer curing process is shown in Figure 7.1.
Immediately after mixing the polymer was cast on a glass substrate. Prior to this a
frame with a thickness of 1 mm was built onto the glass substrate to prevent the
polymer from flowing out and to prevent macroscopic flow of the material due to
gravitational effects. Then the glass substrate was placed on a hot plate to heat up
from room temperature to curing temperature 70°C and keep at 70°C. The heating
up took about 2 min. A laser beam (220mW, A=473nm) was projected onto the
sample and the raw speckle images were recorded by a camera at a frame rate of 60
fps and an exposure time 1200 ps. The LSI recording included the heating up and
holding period. The system as used was a modified copy of the system as described
in the publications by van der Kooij [10, 17].

£——7= Glass substrate
Vi ‘ / = Frame
/7 =Polymer

.7 2 ’= Observation area

25mm

Figure 7.1 LSI setup and polymer curing process observation geometry.
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7.2.2.2 LSI setup for re-adhesion monitoring

Figure 7.2 shows the set up for monitoring the re-adhesion of the polymer. A cured
polymer film (curing at 70°C for 48h) with a thickness of 1 mm was placed between
two glass substrates. Two pieces of copper were applied on the top of glass substrate
to provide a pressure of 7 kPa. The whole test setup was first kept at room
temperature for polymer relaxing for 2h, then heated up from room temperature to
70°C using a hot plate (this heating up period took about 2 min), and then keeping
the set-up at 70°C for 1h. The LSI recording started as soon as heating up process
began (so includes the heating up period). The area imaged by the LSI (marked by a
dashed red line in Figure 7.2) contains both the top area of the polymer film in
contact with the glass plate and a small area outside the contact zone. The free-
surface area in the field of observation serves as the internal reference frame and
allows the spontaneous thermal behaviour to be subtracted from the thermal re-
adhesion processes taking place at the polymer-glass plate interface.

&——7= Glass substrate
£——7= Polymer film

2"~ ’= Observation area

Figure 7.2 Polymer re—adhesion process observation geometry.

One of the raw speckle images of polymer adhesion process observation is show in
Figure 7.3. The left side of the image corresponds to the part of polymer film under
glass substrate under pressure, which is expected to show the information of
adhesion process and from hereon called ROI (region of interest). The right side of
the image corresponds to the part of polymer film contact with air and from hereon
called BKG (background).
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= ROI

= BKG

Figure 7.3 Raw speckle image of polymer adhesion process observation.

7.2.3 LSI principle, data acquisition and data processing

When monochromatic (single wavelength) and coherent (constant phase difference)
incident light interact with ’scattering centers’ (in this chapter TiO, nano-particles)
in a bulk material, it will generate pattern composed of randomly distributed light
and dark spots, called speckles. When scattering centers move due to Brownian
motion, fluid flow or any other source of material structure rearrangements, the
speckle pattern changes. In order to quantify the temporal changes in the speckle
pattern, a parameter d; was introduced, defined as:

(@ - I1(t+1)*)
(TNt + 1))

dy(t,T) = 7.1)

where [ is the intensity level for each pixel (measured by grey value ranging from 0
to 255) and the symbol <...> means temporal and/or spatial averaging. A high value
of d; indicates a high variation of intensity between two frames and therefore greater
activity, while a low d; represents less detectable variations and therefore a lower
level of activity.

T is called ‘correlation time’ which defines the temporal distance between the frames
to be compared. It acts as a tuning factor for the type of dynamics we aim to probe:
small values of t bring to fast, high frequency dynamics, while large values of
correspond to slow, low frequency dynamics.
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Averaging is broadly practiced in LSI to decrease statistical noise due to camera
noise and/or laser power fluctuations [18-20]. Features of interest might be buried
under statistical noise, while averaging can increase the contrast. So a parameter
‘averaging window’ (AW, in the unit of frames) is introduced. Then equation 7.1 can
be expressed as:

S — I(t+1))?)
aw L A@XIE+ )

(d2(t, D aw = (7.2)

The data processing scheme is shown in Figure 7.4. It needs to be pointed out that if
AW is too long the signal of fast processes will be lost, while for too short AW values
a greater effect of noise can be observed. An intermediate value of AW is therefore
required. In the LSI measurements as reported here, a constant AW (60 frames) is
applied to all LSI data processing.

Averaglng
window

—

Frame / Time

Figure 7.4 Scheme of LSI data processing parameters

The actual software to analyze the LSI data has been made available by ]. Sprakel
(Wageningen University, Wageningen, the Netherlands). Due to its set-up the
software allows the monitoring of an arbitrary number of processes each with a
specific (selected) time constant during the entire measurement cycle. The volume
over which the (vertically) averaged collective molecular mobility is determined is
about 5x5mm in the rheology set-up and about 5x5mm for ROI and 1.5x5mm for
BKG in the adhesion set-up. While the laser penetration depth of REF polymer and
BTS-An polymer is about 0.5mm and that of BDS-An polymer and BDS-An-TEA
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polymer is about 0.Imm (BDS-An polymer and BDS-An-TEA polymer are less
transparent than REF polymer and BTS-An polymer).

7.2.4 Rheology measurement

The rheological measurements on three of the four polymers specified in section
7.2.1, (the non-healing REF polymer and the self-healing polymers BTS-An and BDS-
An-TEA), were performed using a Thermo Scientific™ HAAKE MARS 3 rheometer in
oscillatory shear mode with plate/plate geometry (diameter 20mm). A shear strain
of 0.05% was applied and the oscillating frequency was 1 Hz. The oven of rheometer
was first heated up and kept at 70°C for 15min. Then the polymer was loaded on the
test plate (already at 70°C) immediately after mixing to perform the isothermal
measurements. A maximum curing time of 60 minutes was imposed.

7.2.5 Adhesion strength measurement

A cured polymer film (curing at 70°C for 48h) of each of the four polymers specified
in section 7.2.1 with a thickness of 1 mm was placed between two glass substrates.
The same pressure (7 kPa) and the same thermal treatment (heating up from room
temperature to 70°C in 2 minutes followed by keeping at 70°C using a hot plate) as in
the LSI testing was applied. Various isothermal holding temperatures of 10min,
20min, 30min, 40min, 50min and 60min were imposed. After annealing the samples
were taken away from the hot plate and allowed to cool to room temperature for
30min. Then the adhesion strength was measured by single lap shear test using an
Instron 3365 tensile testing machine with a 1 kN load cell and a cross-head speed of
1 mm/min.

7.3 Results and discussion

7.3.1 The polymer curing process

Figure 7.5 shows the rheological time sweep curves of the curing process of the REF
polymer, the BTS-An polymer and the BDS-An-TEA polymer. During the first 5-7
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minutes the data are rather noisy as the induced shear forces are very small and
close to the detection limit of the rheometer. Once the force level is above 10-2 kPa
the signal becomes stable and both G’ and G” rise continuously until reaching a
steady state value after 10-20 minutes. The rapid increase in due to the network
formation as described in detail in chapter 4. The crossover of the G’ and G” curves
(the gel point) of the REF polymer, BTS-An polymer and BDS-An-TEA polymer can be
found around 5 min, 7 min and 8 min, respectively.

—G'REF
—G"REF

kPa

10* - T T T T T 10 - T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Curing time (min) Curing time (min)

€Y (b)

10° —— G'BDS-ANn-TEA

3 —— G" BDS-An-TEA
10°4
10%4

104 —
10°4

kPa

Curing time (min)

()

Figure 7.5 The rheological time sweep of the curing process of (a) REF polymer, (b) BTS-An
polymer and (c) BDS-An-TEA polymer. The dashed lines mark the time of the gel point. The

measurements were carried out at 1 Hz frequency.
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In order to allow direct comparison with the rheological data, the LSI data were
processed at 1 Hz frequency (correlation time = 1s), and the results are shown in
Figure 7.6. Higher d. absolute values indicate higher molecular mobility. It is very
clear that during the first few minutes molecular mobility of all polymers stays at a
high level then suddenly decreases and stays at a low level as if the polymer
networks are ‘frozen’. The sharpest transition in molecular mobility transition
occurs at 6 min, 11 min and 10 min for the REF polymer, the BTS-An polymer and the
BDS-An-TEA polymer respectively. Those values are all a little bit later than the
times at which the gel point was obtained during the rheology experiments (5 min, 7
min and 8 min, respectively), but this is due to the heating stage being shorter in the
rheology experiments in which the polymer had to be dropped on the pre-heated
plates. The times at which the equilibrium cured state is obtained correspond very
well between both techniques with the REF polymer curing fastest and the BTS-An
polymer curing slowest.
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Figure 7.6 LSI dz values (processed at 1 Hz) of (a)REF polymer, (b)BTS-An polymer and (c)
BDS-An-TEA polymer against curing time. Higher dz values indicate higher collective

molecular mobility.

The LSI date can also be processed at different frequencies (different correlation
time) in order to understand how the spectrum of molecular mobilities changes
during curing. Figure 7.7 shows LSI d; values of the REF polymer, the BTS-An
polymer and the BDS-An-TEA polymer against processing frequency for different
curing times from 2 to 60 minutes. With increasing curing time, the LSI frequency
sweep curves of all three polymers shift to the low frequency side. Clearly the most
rapid molecular motions are stopped first by the curing process. Interestingly the
curves become more noisy once the curing reaction is completed (t = 15 minutes)
but are very smooth up to that point. For the fully cured polymer only slow
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molecular motions with a time constant >10 seconds are observed. While the data in
the low frequency domain and the long holding time are a bit noisy, they suggest that
the frequency domain of active molecular motions of the only non-self-healing
polymer, REF, < 0.02 Hz is more restricted than that of the two self-healing polymer
grades, < 0.2 Hz. This may be due to the dynamic nature of the S-S bonds in the BTS-
An and the BDS-An-TEA polymer.
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Figure 7.7 LSI dz values of (a) REF polymer, (b) BTS-An polymer and (c) BDS-An-TEA polymer

against processing frequency at different curing times. Higher d» values indicate higher

collective molecular mobility.
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7.3.2 The adhesive bonding process

The build-up of the room temperature lap shear adhesive strength with contact time
at 70°C for the four polymers tested is shown in Figure 7.8. For BTS-An polymer, the
lap shear strength increases with adhesion time and reaches a maximum value of 0.2
MPa after 50 min. BDS-An-TEA polymer shows similar behavior. The lap shear
strength increases with adhesion time and reaches maximum value of 0.08 MPa after
40 min. [t means that the self-healing dual network polymers are well bonded to the
glass plate after 50 min treatment at 70°C under 7 kPa pressure. In contrast for both
non-healing polymers (REF polymer and BDS-An polymer), no adhesion was
observed under the same adhesion condition.

—s=—REF

02l —* BTSAn /;/%
1 —s—BDs-An p

—v— BDS-AN-TEA /}/

Lap shear strength (MPa)

Adhesion time (min)

Figure 7.8 Lap shear strength measurement against adhesion time. The applied pressure for
adhesion is 7 kPa. Data for REF polymer and BDS-An polymer coincide in the plot and always
show no adhesion.

Figure 7.9 shows LSI d; values for the REF polymer, the BTS-An polymer, the BDS-An
polymer and the BDS-An-TEA polymer against frequency for different contact times.
As described in experimental section, in area ROI the polymers are in contact with
the glass plate while in the area BKG the polymers are not in contact to the glass but
are in contact with stagnant air. Then the comparison between BKG (solid lines) and
ROI (dash lines) is expected to show the effect of local molecular rearrangements at
the glass surface. It is obvious that in all polymers the most dynamic molecular
behaviour was observed for the samples heated for only 5 minutes and in the free
contact BKG region while the least dynamic behaviour was observed for the
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polymers aged for 60 minutes in contact with the glass. However the data as plotted
do not show obvious differences between BKG and ROI observations, no systematic
differences between self-healing and non-self-healing polymers and no correlations
to the observed adhesion behaviour. It can be noticed from Figure 7.10 that d; curves
of all samples are rather noisy when processing frequency is less than 1 Hz. Similar
phenomenon was observed by Van der Kooij et al. [17] when they used LSI to
measure the molecular activity of a self-healing polyetherimide at 100°C. According
to their explanation those big ‘spikes’ correspond to reproducible intermittent

molecular activities in the overall dynamics. Further discussion on these big

fluctuations can be found in Appendix.
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Figure 7.9 LSI dz values of (a) REF polymer, (b) BTS-An polymer, (c) BDS-An polymer and (d)
BDS-An-TEA polymer against processing frequency at different adhesion times. Higher d:

values indicate higher collective molecular mobility.
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To try and unravel the molecular motion effects from the thermal and instrumental
noise five frequencies 10 Hz, 1 Hz, 0.1 Hz, 0.05Hz and 0.01 Hz were chosen to
perform further LSI data analysis. Figure 7.10 shows the polymer activity in the
polymer-glass contact area with respect to background (<dzroi>/<dzsxk¢>). For the
REF polymer and the BTS-An polymer, <dzroi>/<dzsk¢> is all around 1 irrespective of
the observation frequency, which means that no difference in behavior between in
the adhesion area and in background can be observed. The absence of a difference
could be due to there being no difference in behaviour or because the penetration
depth of the incident laser in the REF polymer and the BTS-An polymer is too large
which leads to the LSI signal coming effectively from bulk material itself rather than
from the polymer-glass interface. In contrast, the BDS-An polymer and the BDS-An-
TEA polymer both being less transparent than the REF polymer and the BTS-An
polymer and having a smaller penetration depth show a difference between the
behaviour at the glass interface and that at the free surface. At higher mobility
frequencies (10 Hz and 1Hz) the normalized d; activity of BDS-An-TEA polymer
(which can adhere to the glass substrate) at adhesion area is higher than the
background. While for BDS-An polymer (which shows no adhesion to glass)
<dzror>/<dzsk¢> is around 1. Those high frequency activities may be linked to the
occurrence of the buildup of the adhesion. It is very interesting to note that at lower
frequencies (0.1 Hz 0.05 Hz and 0.01 Hz) the activities of both the BDS-An polymer
and BDS-An-TEA polymer in the adhesion area are lower than the background,
which suggests that low frequency activities are somehow restricted by the
(pressurized) contact with the rigid glass surface. However, the overall analysis of
the LSI results and the comparison with the results of the adhesion test does force us
to conclude that with the current LSI set-up and data analysis we were unable to
extract new and relevant insights regarding the relation between the creation of
polymer-glass adhesion and the required molecular motion near the interface.
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Figure 7.10 Activity of the REF polymer, the BTS polymer, the BDS-An polymer and the BDS-
An-TEA polymer in the glass contact area with respect to background (<dzror>/<dzsk¢>) at (a)
(b) 10 Hz; (c) (d) 1Hz; (e) (f) 0.1 Hz; (g) (h) 0.05 Hz and (i) (j) 0.01 Hz.
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Figure 7.10 Activity of the REF polymer, the BTS polymer, the BDS-An polymer and the BDS-
An-TEA polymer in the glass contact area with respect to background (<dzror>/<dzsk¢>) at (a)
(b) 10 Hz; (c) (d) 1Hz; (e) (f) 0.1 Hz; (g) (h) 0.05 Hz and (i) (j) 0.01 Hz.

7.4 Conclusion

Laser Speckle Imaging (LSI) has a lot of potential applications due to its high spatial-
temporal resolution. In this chapter, we report the first attempt to use LSI to monitor
the molecular dynamics of the curing process in a sol-gel hybrid polymer and to link
it to the results of conventional rheology measurement. The results show that LSI is a
very effective non-destructive and non-contact method to follow polymer curing
process and measure the polymer gel point as well as the end point of the curing
process. The curing was shown to involve a transition from high frequency processes
to low frequency processes. We found a weak indication that the natural mobility of
fully cured self-healing polymer variants is higher than that of the non-self-healing

variants.
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We also applied LSI to observe the adhesion process of self-healing polymers to a
glass substrate in order to figure out the dynamics of interfacial healing (or re-
bonding) which plays an important role in self-healing thermal interface materials.
The result shows that the method requires that the penetration depth of the incident
laser in the polymer is small enough so that the activity at the interface can show up
and does not disappear in the signal coming from below the surface. The observation
of an increase of high frequency (10 Hz and 1Hz) activities near the glass-polymer
interface may correspond to the buildup of the adhesion process. Similarly the
observations on the low frequency (0.1 Hz, 0.05 Hz and 0.01 Hz) activities are
restricted by contacting the glass under pressure.
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Appendix

It can be noticed from Figure 7.9 that d; curves of all samples are very noisy when
processing frequency is less than 1 Hz. To figure out what is the reason to cause such
big mobility variation at low frequency, two control experiments were performed.
The first one is the LSI observation of a sand-blasted aluminum plate at 70°C.
Because at 70°C the mobility of aluminum plate itself is very small, the LSI can show
the macro motion of the whole setup if there is any. As show in Figure 7.al the d:
absolute value of aluminum plate is very small at all observation frequencies which
indicates that there is no macro motion of the LSI setup and the big spikes of BTS-An
polymer at 70°C at low frequency is coming from other source. Another control
experiment is the LSI observation of BTS-An polymer at 35°C. It is very clear that the
curve is much smoother than the one at 70°C. To sum up, the fluctuations in the
high-temperature curves are not experimental noises but correspond to
reproducible intermittent activities in the overall dynamics and those activities only
occur at high temperature (higher than T, of the polymer).

—— BTS-An polymer 70°C
—— BTS-An polymer 35°C
—— Al plate 70°C
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Figure 7.al1 LSI dz values of BTS-An polymer at 35°C and 70°C and sand-blasted aluminum
plate at 70°C against processing frequency.
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Thermal interface materials (TIMs) are widely used as gap-filler materials between
electronic devices such as LEDs and ICs and their heat sink and aim to control the
heat dissipation and to provide mechanical anchoring. As the rated power densities
of electronic devices are increasing rapidly, the TIMS are exposed to higher thermal
and mechanical loads. The resulting aging of the TIMs may lead to delamination and
internal crack formation causing loss of heat transfer as well as mechanical integrity
leading to premature device failure. Therefore there is an increased demand for
efficient and reliable TIM which can avoid, or even better, mitigate this
thermomechanical damage. This thesis aims to contribute to the introduction of self-
healing concepts into polymer-based TIMs to increase their reliability and service
lifetime. As such, each chapter targets one of the scientific issues that are related to
the development of commercial self-healing TIMs.

Chapter 2 gives a detailed overview of a variety of approaches to intrinsic structural
and functional healing in polymer-based systems that have been reported in the
literature in recent years. The intrinsic self-healing polymers are sorted based on
external stimuli to trigger healing event (i.e. heat, UV light, electric current or
moisture). Then the potential of healing structural or functional properties within
polymer-based composites is evaluated. It is clear that in polymer-based composites
mechanical damages in the matrix or debonding at the matrix-filler interface is
responsible for the decrease in both structural and functional properties. The
majority of recent studies regarding self-healing composite materials focus on the
restoration of structural properties, such as stiffness and strength, while research
into the self-healing of functional properties (electrical, electromagnetic,
electromechanical, magnetic and thermal conduction) is still in its early stage
development. Since the crucial factors for successful self-healing are similar for both
structural and functional polymer-based composites, it is deemed promising to
autonomously restore multiple properties using the same intrinsic self-healing

mechanism.

Chapter 3 applies numerical simulations using COMSOL Multiphysics to investigate
the effect of micro damage at the interface between the thermally conductive particle
and the polymer matrix and that of macro delamination at a TIM-heat source
interface on the thermal conductivity and mechanical properties of TIMs. Local
interfacial debonding between matrix and filler particle is found to have a modest
effect on overall thermal conductivity unless at higher filler volume fractions and for
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very conductive filler materials. In contrast, the elastic modulus is found to drop
already sharply at low debonding fractions. The thickness of the debonded region is
found to have a modest effect on thermal conductivity but to have no noticeable
effect on the overall material stiffness. Loss of thermal conduction as a result of
macroscopic delamination at the interface between the TIM and the substrate is
found to scale more or less linearly with the delaminated area fraction. Such
macroscopic debonding leads to a rim of material near the edge of the delamination
having a higher temperature and induced stresses. Both temperature levels and
stresses increase with increasing delaminated area. The degree of temperature rise
at the edge is important to guide the development of next generation TIMs based on
intrinsic self-healing polymer matrices, as the healing kinetics are strongly
temperature dependent

In Chapter 4, the development of healable organic-inorganic dual network polymers
based on disulfide chemistry, which could serve as the polymer matrix in TIMs and
other types of composites, is described. By tuning the reversible bond (disulfide
bond) concentration and the irreversible crosslink density in the polymer structure,
the mechanical properties and crack healing efficiency of polymer will change
dramatically. In order to achieve efficient healing, the reversible bond concentration
should be high enough to provide enough local network mobility for flow and
damage repair. Meanwhile an increase in the irreversible crosslink density will lead
to a decrease in fracture healing efficiency because the local network mobility is
restricted. The application of disulfide cleavage catalyst TEA can promote self-
healing in polymers with low disulfide bond concentration due to its ability to make
disulfide bond easier to break.

In Chapter 5, a novel TIM system based on the healable organic-inorganic dual
network polymers filled with spherical glass beads developed in chapter 4 is
presented. The effect of particle volume concentration (PVC) and particle size on
tensile strength and thermal conductivity healing behavior is investigated. The
results show that a higher PVC increases the mechanical property of the composite
but decreases the mechanical healing efficiency. For the same PVC, bigger particles
lead to lower mechanical properties but higher thermal conductivity and higher
mechanical healing efficiency. Unfortunately such healing efficiency is greatly
reduced if the registry of the fracture surfaces brought in contact during healing is
destroyed. Finally, the thermal conductivity restoration of TIMs can reach 100%
even though the mechanical healing efficiency remains modest.
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Chapter 6 presents some thermal cycling tests performed to investigate the long-
term reliability of two self-healing TIMs and one commercial non-healing reference
TIM. The chosen self-healing TIMs have a much better endurance during thermal
cycling than the commercial non-healing TIMs when large shear stresses are applied,
because their adhesive strength are higher at the peak cycle temperature (70°C),
which is the optimal temperature of efficient and repetitive healing. Under moderate
thermal cycling conditions (from 20°C to 70°C) both self-healing TIMs and the
commercial non-healing TIM show good long-term reliability, as the testing
conditions are too mild to induced damage. If thermal cycling condition becomes
harsh (from -196°C to 70°C), self-healing TIMs are found to be more reliable than
the reference commercial non-healing TIM because the damage caused by thermal
cycling is healed autonomously when the samples periodically reach the healing
temperature.

Chapter 7 explores the potential application of a recently developed optical material
characterization technique, Laser Speckle Imaging (LSI) to monitor the adhesion
process of a self-healing polymer to a glass substrate by monitoring the dynamics of
interfacial healing (i.e. re-bonding). However the message derived from the
observation is not very clear which indicates that this method requires that the
penetration depth of the incident laser in the polymer should be small enough so that
the activity at the interface can show up and does not disappear in the signal coming
from below the surface. Prior to these measurements and in order to demonstrate
the potential of the technique for the polymer system at hand, the molecular
dynamics of the curing process in the sol-gel hybrid polymer has been measured and
linked to the results of conventional rheology measurements. The results show that
LSI is a very effective non-destructive and non-contact method to follow polymer
curing process and measure the polymer gel point as well as the end point of the
curing process.
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Thermische Interface materialen (TIMs), zoals thermisch geleidende tapes, lijmen en
pasta’s, worden gebruikt om elektronische componenten zoals LEDs en IC te
verbinden aan hun koelplaat om zo de warmte af te voeren en de componenten
mechanisch te verankeren. Omdat het gedissipeerde vermogen van de componenten
blijft toenemen, worden TIMs aan steeds hogere thermo-mechanische belastingen
blootgesteld. Als gevolg hiervan treedt veroudering van de TIM op, hetgeen kan
leiden tot onthechting en de vorming van inwendige microscheuren. Hierdoor wordt,
de warmte niet langer goed afgevoerd en raakt de hechting verloren waardoor de
componenten voortijdige bezwijken. Er is daarom een grote belangstelling voor voor
efficiénte en betrouwbare TIMs die beter om kunnen gaan met de hoge belastingen
en optredende schades. Dit proefschrift heeft als doel bij te dragen aan de
ontwikkeling van zelf-herstellende TIMs met als uiteindelijk doel de
betrouwbaarheid en de levensduur van de elektronische componenten te verhogen.
Ieder hoofdstuk adresseert een andere wetenschappelijke vraag die beantwoord
moet worden bij de ontwikkeling van commerciéle zelf-herstellende TIM systemen.

Hoofdstuk 2 geeft een uitgebreid overzicht van de literatuur op het gebied van
intrinsieke  zelf-herstellende, polymeer-gebaseerde systemen voor zowel
mechanische als functionele toepassingen. De polymeren worden eerst
geclassificeerd naar de aard van de externe trigger (bijv. warmte, UV licht,
elektrische stroom, luchtvochtigheid, etc. ) die nodig is om het herstelproces in
werking te zetten. Daarna is gekeken in welke mate de gewenste functionaliteit
hersteld kan worden. In polymeer-gebaseerde composieten is die schade vrijwel
altijd in de vorm van inwendige microscheuren in de matrix of van inwendige of
uitwendige delaminatie. De meerderheid van de studies aan zelf-herstellende
composieten is gericht op het bepalen van het herstel van mechanische
eigenschappen, en er zijn maar weinig studies uitgevoerd naar het herstel van
andere, functionele, eigenschappen, zoals elektrische, elektromagnetische of
thermische geleiding. = Omdat het herstel van mechanische en functionele
eigenschappen uiteindelijk van het gedrag van de polymere matrix afthangt, lijkt het
zinvol om per herstelmechanisme te kijken naar het herstel van meerdere

functionaliteiten.

Hoofdstuk 3 beschrijft numerieke simulaties met COMSOL Multiphysics software om
het effect van micro-delaminatie aan het grensvlak tussen de thermisch geleidende
deeltjes en de polymere matrix te berekenen alsmede de effecten van macro-
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delaminaties op het grensvlak van de TIM en de elektronische componenten op de
thermische geleidbaarheid en de mechanische eigenschappen te bepalen. Gebleken
is dat lokale delaminaties maar een klein effect hebben op de thermische
geleidbaarheid tenzij bij hoge vulgraden geleidende deeltjes en deeltjes met een zeer
hoge geleidbaarheid. Daarentegen neemt de stijfheid van de TIM al bij lage
delaminatiegraden snel af. De dikte van het onthechte gebied heeft een beperkt effect
op de geleidbaarheid maar geen enkel effect op de stijtheid van het materiaal. Het
verlies in thermische geleidbaarheid van de TIM schaalt min of meer met het
percentage gedelamineerd grensvlak tussen TIM en de LED. De delaminatie leidt tot
een lokale toename in temperatuur en inwendige spanningen nabij de grenslijn
tussen gehecht en onthecht TIM. Beide nemen toe bij een relatief groter
onthechtgebied. Omdat de kinetiek van het herstel proces sterk
temperatuurafhankelijk is, is deze lokale temperatuur stijging van belang in de
ontwikkeling van zelf-herstellende TIM systemen.

Hoofdstuk 4 beschrijft de ontwikkeling van een zelf-herstellend organisch-
inorganisch netwerk polymeer gebaseerd op di-sulfide bindingen en met potentie
voor toepassing als TIM. Door de hoeveelheid reversibele bindingen (de di-sulfides)
en de hoeveelheid irreversibele crosslinks in het polymeer te variéren kunnen grote
verschillen in mechanische eigenschappen en in zelf-herstellend gedrag gerealiseerd
worden. Voor een goed zelf-herstellend gedrag is een hoge fractie reversibele
bindingen wenselijk, maar voor goede mechanische eigenschappen wordt juist een
hoog percentage irreversibele crosslinks gevraagd. Een hoog percentage crosslinks is
juist weer slecht voor het zelfherstellende gedrag omdat het de mobiliteit van de
polymeerketen verlaagt. De aanwezigheid van katalysatoren zoals TEA vergroot het
zelf-herstellend vermogen in polymeersystemen met een laag di-sulfide gehalte
omdat het breuk en (her-)vorming van de binding gemakkelijker maakt.

In Hoofdstuk 5 wordt een nieuw TIM, bestaande uit het polymeer van Hoofdstuk 4
maar nu gevuld met bolvormige glazen deeltjes, beschreven. Het effect van de
volume fractie deeltjes en hun afmetingen op de treksterkte en de thermische
geleiding is experimenteel bepaald. De resultaten laten zien dat een hogere volume
fractie deeltjes de sterkte van de TIM doet toenemen, maar het zelf-herstellend
vermogen doet afnemen. Bij een vaste volume fractie deeltjes zijn grotere glas
deeltjes nadelig voor de sterkte maar gunstig voor het zelf-herstel, maar alleen als de
gebroken grensvlakken perfect passend bij elkaar gebracht kunnen worden bij het
begin van het herstelproces. De metingen laten zien dat de thermische geleiding van
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de TIM bijna volledig hersteld kan worden, maar dat dat niet geldt voor de
mechanische eigenschappen.

Hoofdstuk 6 beschrijft experimenten waarbij het lange-duur gedrag van twee zelf
herstellende TIMs en één conventioneel TIM bij opgelegde thermische en thermo-
mechanische cycli gemeten wordt. De twee nieuwe TIMs hebben een veel langere
levensduur dan het referentie systeem maar dat zou ook kunnen komen omdat ze
een hogere hechtsterkte hebben bij de hoogste temperatuur van de cyclus (70 °C).
Deze hoogste temperatuur in de cyclus is gekozen dat die gelijk is aan de
temperatuur voor efficiént en meermalig zelf-herstel van de polymere matrix. Indien
de temperatuur gevarieerd wordt tussen 20 °C en 70 °C hebben alle systemen een
lange levensduur omdat de test condities te mild waren. Als de temperatuur tussen -
196 °C en 70 °C gevarieerd wordt, treedt in alle drie systemen schade op, maar
gedragen de zelf herstellende TIMs zich beter omdat ze de schade autonoom
verhelpen elke keer dat de cyclustemperatuur de hersteltemperatuur bereikt.

In hoofdstuk 7 worden de mogelijkheden van een recent ontwikkelde optische
materiaal -karakteriseringstechniek, Laser Speckle Imaging (LSI) verkend om de
moleculaire dynamica tijdens het herstel van de hechting tussen het polymeer en een
glasoppervlak te meten. Helaas waren de resultaten van deze experimenten niet
heel duidelijk. Dit wordt toegeschreven aan het feit dat niet alleen moleculen aan het
grensvlak maar ook moleculen dieper in het materiaal bijdroegen aan het te
analyseren optische signaal. Alvorens deze metingen aan het herstel van hechting
aan het grensvlak uit te voeren, zijn LSI experimenten uitgevoerd tijdens het
crosslinken van het polymeer en zijn de resultaten gerelateerd aan die van
conventionele reologische metingen. De resultaten laten zien dat LSI een zeer
geschikte niet-destructieve contactloze methode is om het crosslink proces in de tijd
te volgen en het gel-punt alsmede het einde van het proces te bepalen.
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