POLYDIMETHYLSILOXANE-BASED
SELF-HEALING COMPOSITE AND COATING MATERIALS

BY
SOO HYOUN CHO

B.S., Pohang University of Science and Technology, 1993
M.S., Pohang University of Science and Technology, 1995

DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Materials Science and Engineering
in the Graduate College of the
University of Illinois at Urbana-Champaign, 2006

Urbana, Illinois



ABSTRACT

This thesis describes the science and technology of a new class of autonomic polymeric
materials which mimic some of the functionalities of biological materials. Specifically, we
demonstrate an autonomic self-healing polymer system which can heal damage in both coatings
and bulk materials. The new self-healing system we developed greatly extends the capability of
self-healing polymers by introducing tin catalyzed polycondensation of hydroxyl end-
functionalized polydimethylsiloxane and polydiethoxysiloxane based chemistries.  The
components in this system are widely available and comparatively low in cost, and the healing
chemistry also remains stable in humid or wet environments. These achievements significantly
increase the probability that self-healing could be extended not only to polymer composites but
also to coatings and thin films in harsh environments.

We demonstrate the bulk self-healing property of a polymer composite composed of a
phase-separated PDMS healing agent and a microencapsulated organotin catalyst by chemical
and mechanical testing. Another significant research focus is on self-healing polymer coatings
which prevent corrosion of a metal substrate after deep scratch damage. The anti-corrosion
properties of the self-healing polymer on metal substrates are investigated by corrosion
resistance and electrochemical tests. Even after scratch damage into the substrate, the coating is
able to heal, while control samples which do not include all the necessary healing components
reveal rapid corrosion propagation. This self-healing coating solution can be easily applied to
most substrate materials, and is compatible with most common polymer matrices. Self-healing
has the potential to extend the lifetime and increase the reliability of thermosetting polymers

used in a wide variety of applications ranging from microelectronics to aerospace.
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CHAPTER1

INTRODUCTION

1.1  Self-healing Function

The modern world uses a large variety and amount of synthetic polymers in industry and
daily life. The current society can be called “a polymer age” due to the use of many synthetic
polymer materials. However, there is a significant difference between natural biomaterials and
artificial polymers. Natural biomaterials such as our human body can automatically heal damage
or injury, while conventional synthetic polymers do not have this self-healing property.

Various polymers with high functionality and advanced properties are being developed to
replace traditional materials. These polymers sometimes are used in severe environments, such
as the deep ocean or space, which are difficult to access. In addition, some polymers are used
inside the human body, such as artificial organs and bone cement. The detection of damage and
repair to these advanced materials is difficult even though their failure results in considerable
expense and loss of effort and time. Thus, the importance of a healing effect in synthetic
polymers is much more necessary for advanced applications.

Synthetic polymers with a self-healing effect can deliver a number of merits and resolve
many unsolvable problems in common polymers. We can find one example of these problems in
anti-corrosion coatings. In terms of the economical aspect, the annual cost of corrosion in the
U.S. is approximately $276 billion per year, which corresponds to 3.1 percent of the U.S. gross
domestic product (GDP) [1]. Thus, metal substrates need to be coated by a polymer layer, but
this layer cannot protect the substrate once it sustains scratch or chip damage. Once there is
sufficient damage, the coating layer must be reapplied. This thesis is motivated by these current

needs to develop advanced synthetic polymers with a self-healing function.



1.2 Previous Self-healing Work

Since there has been so much demand for autonomic healing in artificial materials, there
have been a number of previous attempts to add self-healing functionality to polymers glasses
and concrete [2-4]. It has been known for some time that when a thermoplastic polymer such as
poly(methyl methacrylate) (PMMA) is damaged, it can be repaired by heat or solvent treatments
that causes diffusion of the thermoplastic polymer across the crack plane. Basically, the solvent
or heat brings the sample above its glass transition temperature and the polymer chains can
diffuse and entangle [5-7]. However, these kinds of treatments that require external intervention
such as heat, pressure, ultra violet radiation, or solvent are not descriptive of a self-healing
system. Moreover, it is necessary to know there is damage in the sample in the first place prior
to external treatment of the damaged region.

A more advanced system, using a thermally re-mendable cross-linked polymeric material,
for a thermoset polymer was recently reported by Chen and Wudl [8, 9]. This material can
undergo repeated healing by reversible Diels-Alder reaction with multi-dienes and multi-
dineophiles. The report proved that about 30% of the covalent bonds can be reversibly
disconnected and reconnected by temperature change, so that it can heal the fracture of samples
multiple times without a catalyst, additional monomer, or special surface treatment (figure 1.1).
However, this system requires a specially synthesized monomer, and in addition, a high

temperature treatment of above 120 °C. Since external intervention is required, this is not truly

autonomic healing.



Figure 1.1 A thermally re-mendable crosslinked polymeric material healed by reversible Diels-
Alder reaction; (a) Image of a broken specimen before thermal treatment and (b)

Image of the specimen after thermal treatment. Figure adapted from ref. [8].

One example of true self-healing materials is a system composed of an encapsulated
healing agent in a matrix polymer. In this system, the healing reaction is only triggered when the
encapsulated healing agent is released by a mechanical damage event. The first study of this
kind used macroscale glass tubes which contained cyanoacrylate or two-part epoxy resin in an
epoxy matrix [10]. It was proved that encapsulated healing agents have the possibility for self-
healing in the cracked damage by polymerization of the released healing agent from the glass
capillary. However, making glass tubes containing monomers and distributing them inside a
matrix is a difficult and time-consuming process, which make this material too difficult to be
practical. Self-healing with an encapsulated healing agent starts to gain importance when a
microencapsulated monomer, which can be dispersed through the matrix, is used. Using
microcapsules enables self-healing polymer mass production, even distribution, and effective

healing in the case of relatively small cracks inside a matrix. Early self-healing research using a



microencapsulated monomer involved epoxy pre-polymer and free-radical polymerization of a
styrene-based monomer initiated by Co(Il) naphthenate and methyl ethyl ketone peroxide
(MEKP) in a polyester matrix [11-12], but those were not very successful. The problem was
insufficient microcapsule rupture by crack invasion and incomplete polymerization of the
monomer by the initiator [13].

A breakthrough in self-healing research was developed by White et al., which induced
living ring opening metathesis polymerization (ROMP) of dicyclopentadiene (DCPD) in the
presence of ruthenium (Ru) based Grubbs’ catalyst [14]. The healing agent, DCPD, is
microencapsulated by in situ polymerization of urea-formaldehyde, which forms a shell outside
of the DCPD liquid droplet. The size of microcapsules is determined by mechanical stirring
speeds, typically 10-1000 pum in the range of 200-2000 rpm [15]. These microcapsules
effectively deliver the healing agent to the cracked plane, induce polymerization by contact with
the catalyst, and finally seal the damage. The healing efficiency of this system, calculated by the
relative ratio of healed toughness to virgin toughness, was reported as 75% [14]. However, this
self-healing polymer needs relatively large (2.5 wt%) amount of embedded Grubbs’ catalyst,
which is quite expensive ($45/g). A small amount of unprotected Grubbs’ catalyst could not
accomplish a successful healing reaction because of poor dispersion of the catalyst in the matrix,
which causes exposure of only a few large particles on the crack plane [16]. Moreover, Grubbs’
catalyst is susceptible to deactivation by contact with the amine curing agent used for epoxy
matrix polymerization [16].

Rule et al. used Grubbs’ catalyst encapsulated microspheres with paraffin wax to protect
the catalyst from the amine curing agent [16-17]. Catalyst containing microspheres are

synthesized by mixing molten wax and Grubbs’s catalyst in hot water with ethylene-maleic



anhydride copolymer as a surfactant under mechanical stirring, followed by quenching in ice
water [17-18]. When a crack propagates into a matrix, the healing agent released from the
microcapsules dissolves the wax and induces the healing reaction [17-18]. Wax-protected
catalyst microspheres can also improve the dispersion property of the catalyst in the matrix, and
consequently induce the uniform exposure of the catalyst to the cracked plane [16, 18]. The
healing efficiency calculated by the ratio of internal work between the healed sample and the
virgin sample is reported as a maximum 93% [16]. Although less catalyst is required by wax
protected catalyst microspheres, this system still uses Grubbs’ catalyst, which has some

limitations.
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Figure 1.2  Self-healing system using a microencapsulated healing agent; (a) Autonomic
healing concept with microencapsulated DCPD and Grubbs’s catalyst (adapted
from [14]) and (b) self-healing material with wax-protected Grubbs’ catalyst

microspheres (adapted from [16]).



1.3 Polydimethylsiloxane (PDMS) Chemistry

Sriram and Rule described the required properties of a healing agent for self-healing
material [13, 18]. Basically, unique characteristics for self-healing materials are: a long period
of activity and stability, good deliverability, high reactivity, minimal shrinkage, and no negative
effect on physical properties of materials either before or after healing [13, 18]. Moreover, Rule
also pointed out limitations of self-healing chemistry using DCPD and Grubbs’ catalyst. Those
drawbacks are: a slow rate of healing, a narrow operating temperature range, the high cost of
Grubbs’ catalyst, the severely limited availability of Grubbs’ catalyst, and a large extent of pre-
healing damage [18]. Some of these limitations are improved by microencapsulated Grubbs’
catalyst with paraffin wax [16]. However, to devise a more practical material, it is necessary to
access a chemistry which is more environmentally stable and economically viable. For this
purpose, PDMS is chosen as a healing agent in our study and we made much progress in
previously mentioned limitations. Although PDMS is not a hard polymer with strong
mechanical properties, it has a number of useful unique properties, especially for self-healing

coatings.

1.3.1 Silicone Chemistry

A chemical grade of elemental silicon for methylchlorosilanes synthesis can be achieved
by carbo-electro reduction process at high voltage and temperature (>1200 °C) from silica
(figure 1.3-a) [21, 22]. Silicone became commercially important with Roscow’s discovery of the
synthesis of methylchlorosilanes from the reaction of elemental silicone with methylchloride,
according to figure 1.3-b [19-20, 22]. The products are separated by distillation and isolation

after reaction. Polysiloxane is obtained from hydrolysis and condensation of methylchlorosilane,



which produces linear and cyclic polysiloxanes (figure 1.3-c). PDMS is finally synthesized by
either acid or base catalyzed ring opening polymerization of octamethylcyclotetrasiloxane with
hexamethyldisiloxane (figure 1.3-d) [22]. In addition the physical properties of PDMS can be

greatly improved by addition of reinforcing fillers such as silica, effectively fumed silica with

high surface area [22].
(a) Sid, +C’&>Szﬂ+ﬂic—>ﬂi +C0
(b) Cu (3-5%) Me, SiCl, (Di, 75-90%)
Zn (400-2000 ppm)  MeSiCl, (Tri. 5-10%)
Si +MeCl » Me,SiCl (Mono, 1-5%)
Sn (5-30 ppm) MeHSiCl, (MH, 0.5-3%)
Al (500-400 ppm) Me HSiCl (M,H. 0.1-1%)
290-305°C other low boilers (0.1-5%)
residue (0.5-5%)
o2
m'}Si—D\ jI\-ie
HO 'D L O O OH (8] 81
HO B / \ o N s T .
(c) Me,SiCl, — \Sc. 1 5 8§ -HS|1 .[lj. ‘me + HC
el
x" e
Me
(d) Me“éi—o\ Me
s Me (O  lO e
T Sll"‘ +  Me;SiOSiMe; \Si[/ JH\SI/M i 1‘|’“3
Me_g; o Me e;51081Me; e M = Si—0
Me/ \0_51/ 1\?& Me l\-!Ie "
/ “wMe
Figure 1.3  Reaction schemes for synthesis of PDMS; (a) silicone synthesis from silica, (b)

methylchlorosilanes synthesis from the reaction of elemental silicone with
methylchloride, (c) synthesis of polysiloxane from hydrolysis and condensation of
methylchlorosilane, and (d) synthesis of PDMS by acid or base catalyzed ring

opening polymerization of octamethylcyclotetrasiloxane (adapted from [22]).



1.3.2 Platinum Catalyzed Hydrosilylation

Many commercially available silicone products are based on hydrosilylation reaction
chemistry.  The hydrosilylation forms silicon carbon bonds by the reaction of vinyl
functionalized PDMS with multi-Si-H-containing PDMS in the presence of a platinum catalyst,
typically Karstedt’s catalyst, and an inhibitor to control the reaction rate. The final product is a
highly crosslinked polymer network (figure 1.4) [22]. The reaction is mainly affected by: the
molecular weight of the vinyl functionalized polymer, the amount of Si-H functional groups, the
ratio of vinyl to Si-H functional groups, and the amount of platinum catalyst and inhibitor [22].
The reaction can be hindered by contact with certain chemicals, curing agents, and plasticizers.
Those are organotin compounds, silicone rubber containing organotin catalysts, sulphur,
polysulphides, polysulphones, other sulphur containing materials, amines, urethanes, amides and
azides [23]. In my thesis, platinum catalyzed hydrosilylation was first considered as a healing
chemistry because of its possible polymerization reaction at room temperature. Furthermore, it
was a commonly available commercial product and had useful properties of polymerized PDMS.

However, it is inappropriate due to the previously mentioned restrictions.
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Figure 1.4  Reaction scheme for Pt catalyzed hydrosilylation of PDMS (adapted from [22]).



1.3.3 Tin Catalyzed Polycondensation

The primary reaction for self-healing curing chemistry in my thesis is the tin catalyzed
polycondensation of hydroxyl end functionalized PDMS (HOPDMS) with alkoxysilane. This
PDMS polycondensation can occur to produce a crosslinked PDMS polymer network at room
temperature with certain catalysts (figure 1.5). Those catalysts are amine and carboxylic acid
salt of Pb, Zn, Zr, Sb, Fe, Cd, Sn, Ba, Ca, and Mn [24-25]. Among these catalysts, organotin
compounds were finally chosen in my study because this catalyst causes a minimal number of
side reactions [25]. Although organotin has been used as a catalyst for polycondensation of
PDMS for many years, the reaction mechanism and its function is not precisely defined. The
main reasons the function is hard to define are that there are a relatively small number of

hydroxyl groups on HOPDMS and the final product is a crosslinked gel, both of which make

monitoring of the reaction by chemical or spectroscopic methods difficult [25].

Figure 1.5
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Most of commercially available products for polycondensation reactions use an organotin
catalyst, generally dialkyltin dicarboxylates or tin dicarboxylates [26]. Although the reaction
mechanism is not clearly understood yet, some reports suggest that the reaction rate mostly
depends on steric and electronic effects [25-26]. Shah reported that the length of the carboxylic
groups bonded to the tin atom is an important factor for the catalytic activity of organotin
catalysts [25]. That also means a longer length of ester and alkyl groups bonded to tin atoms
causes a decrease of catalytic activity, but the catalytic activity decrease has saturation above 32
total carbon atoms [25]. The polycondensation of HOPDMS with PDES in the presence of an
organotin catalyst occurs at room temperature, and is not hindered by contact with oxygen,
moisture, and peroxide initiator. It was this stability that leads us to we adopt this reaction as the

basis of our self-healing chemistry.
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CHAPTER 2

SELF-HEALING POLYMER COMPOSITE

Significant components of this chapter were published as S. H. Cho, H. M. Andersson, S. R.
White, N. R. Sottos, P. V. Braun, “Polydimethyl-siloxane Based Self-healing Materials”

Advanced Materials 2006, 18, 997-1000.

2.1  Motivation

Self-healing represents a new paradigm for active and responsive materials inspired by
natural biomaterials. Self-healing is expected to extend the lifetime and increase the reliability
of materials for many applications. Specifically we are studying self-healing thermosetting
polymers, which are used in a wide variety of applications ranging from microelectronics to
aerospace. Living organisms are well known to heal their structural damages in contrast to
current artificial polymers. To introduce the natural healing concept into synthetic materials, a
number of crack-healing approaches have been studied for many years [1-23]. However, most of
these systems can not be considered as truly self-healing materials because they require an
external initiation event to heal. As first demonstrated by White et al. [24], and subsequently in
additional publications [25-30], polymer composites can be engineered to truly chemically self-
heal. The previous studies confirmed the healing effect in damaged parts of polymer composites
when an internal crack is propagated into matrix material. However, the chemistry of previous
system possesses some inherent shortcomings. Most significantly, they are unstable to

environmental exposure such as air, amine and peroxide initiator, and economically expensive.
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With this in mind, we developed a new environmentally stable self-healing system for extending

the capability of self-healing polymers.

2.2  PDMS Based Self-healing Materials

This research aims to develop a new self-healing system by introducing environmentally
stable healing chemistry and demonstrate the concept of phase separated healing agents in
polymer matrices. Phase separation of the healing agent is an approach that may be applicable to
a broad class of new healing chemistries for structural polymers. Although inspired by the
previous self-healing methodology [24], in which the monomeric healing agent was encapsulated
and the catalyst was dispersed as particulate throughout an epoxy matrix, this new system
contains a number of distinct differences. The siloxane-based healing agent mixture is not
encapsulated, rather it is phase-separated in the matrix while the catalyst is encapsulated. In this
thesis, we created a new, chemically stable self-healing materials system based on the tin-
catalyzed polycondensation of phase-separated droplets containing hydroxyl end-functionalized
polydimethylsiloxane (HOPDMS) and polydiethoxysiloxane (PDES). The catalyst, di-n-butyltin
dilaurate (DBTL), is contained within polyurethane microcapsules embedded in a vinyl ester
matrix and is released when the capsules are broken by mechanical damage.

To introduce the PDMS curing chemistry into the self-healing system, we investigated
the room temperature reactions of PDMS in the presence of catalysts. A well known
hydrosilylation reaction [31], platinum catalyzed addition cure, is not appropriate for the self-
healing system because many chemicals, curing agents and plasticizers found in common
thermosets can inhibit this catalyst curing reaction. Thus, we investigated as our healing

chemistry the polycondensation-based curing of PDMS. The polycondensation of HOPDMS
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with PDES occurs rapidly at room temperature in the presence of amine and carboxylic acid salt
of various metal elements [32]. Because side reactions are limited, organotin catalysts are highly
desirable for curing PDMS based systems, even in open air [32-33]. This environmental stability
to water and air is of critical importance for practical realization of self-healing, and was a prime

motivation for this catalyst system. A schematic chemical reaction is shown in figure 2.1.

H, <|:H3 <|:|-|3 OC,H; [ OC,H; | OC,H;,
HO—Sli—O l.—o li—OH + HsC,0—Si—0 Ii— i—OC,H,
|
CH, | CH, nCH3 OC,H, | OC:Hs | oC,H,
HOPDMS PDES
CH;—Si —CH,
|
Cy,Hg,0,8n
—— A 08I —07 + CH,CH,OH
(DBTL-Sn) cl,
I
CH;—Si—CH,

N

Figure2.1  Reaction Scheme for the polycondensation of HOPDMS and PDES in the

presence of the DBTL-Sn catalyst.

Generally, an amine curing agent such as diethylenetriamine (DETA, Ancanmine®) is
used for epoxy polymerization, which is also used in the previous self-healing methodology. In
the case of epoxy with an amine curing system, this amine curing agent can also polymerize
PDMS liquid droplets during epoxy matrix polymerization. Thus, other matrices such as epoxy

vinyl ester (EVE), hydroxyethyl acrylate (HEA), methyl methacrylate (MMA), and
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trimethylolpropane trimethacrylate (TMPTA), which are polymerized by a radical initiator, were
investigated for the PDMS-based self-healing system. Among these, epoxy vinyl ester (figure
2.2) is considered first as a matrix material in this thesis due to its useful mechanical properties.
Furthermore, the epoxy vinyl ester is rapidly cured at room temperature using 1wt% of

benzoylperoxide (BPO) and 0.1wt% of dimethylaniline (DMA) as the initiator and activator,

respectively.
0 OH *Iiﬂa o | m
| | I
H2C={|:— —0—CH—CH— CH—0 @—C4©—O—CH5—CH._,—CHE—D ~::—~:|:=»::Hi
I
CH, CH, _n CH,

Figure 2.2 Chemical structure of epoxy vinyl ester.

Successful self-healing requires that both the healing agent and the catalyst be closely
located within the matrix. However, they must not react until desired, that is, until a crack
propagates in the material. Thus, both the healing agent and catalyst can not be freely dispersed
in the matrix. The low solubility of siloxane-based polymers enables the HOPDMS-PDES
mixture and catalyst containing microcapsules to be directly blended with the vinyl ester
prepolymer, forming a distribution of stable phase-separated droplets and protected catalyst. The
microcapsules consist of a polyurethane shell surrounding a DBTL-Sn chlorobenzene mixture.
No reactions take place between the HOPDMS and PDES prior to exposure to the catalyst.
When the matrix cracks, a mixture of catalyst released from microcapsules and the healing agent
wets the entire crack plane. Addition of an adhesion promoter to the matrix optimizes wetting
and bonding of the crack faces. After the healing agent mixture cures, the crack is self-healed

(Figure 2.3 a—d).
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Figure 2.3

Schematic of self-healing process: a) self-healing composite consisting of
microencapsulated catalyst (yellow) and phase-separated healing-agent droplets
(white) dispersed in a matrix (green); b) composite containing a pre-crack; c)
crack propagating into the matrix releasing catalyst and healing agent into the

crack plane; d) a crack healed by polymerized PDMS (crack width exaggerated).
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2.3  Phase Separation

The approach of this thesis research was inspired by the previous self-healing
methodology [24], where the healing agent was encapsulated. However, in my self-healing
system the healing agents are simply phase separated in the matrix, which induces smaller and
more uniform distribution of the healing agent in the polymer matrix as well as an easy

manufacturing process upon simple mixing with the matrix.

2.3.1 Preliminary Study for Phase Separation Behavior
Before the actual phase separation study with PDMS as a healing agent, it was first tried
to investigate the phase separation behavior of polybutadiene (PBD) in an epoxy (EPON®828)

matrix regarding thermodynamic incompatibility such as molecular weight difference.
Commercially available PBDs (Sigma-Aldrich) whose molecular weights (M) are 1,000 and

1,800 were used. Basically, PBD is chemically immiscible with epoxy due to the large
difference of hydrophobicity, and the very small entropy of mixing of polymers, so it exists as
liquid droplets inside the matrix upon mixing with epoxy.

The morphology of phase separated PBD droplets is first observed by a conventional
laser scanning confocal microscope (Leica, DMIRBE microscope and SP-2 scan-head).
Confocal micrographs showed that PBD is successfully phase separated from the matrix in the
spherical domain even with small amount of addition (10 wt%) to the matrix (figure 2.4), even
before crosslinking of the matrix. After matrix polymerization at room temperature, the phase
separated PBD domains were very obvious because of the increase in thermodynamic
incompatibility. Phase separation behavior of PBD is not significantly affected by molecular

weight as long as it has sufficient molecular weight for thermodynamic incompatibility.
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Confocal micrographs were obtained both in xyz mode for surface observation and in xzy mode

for cross section.

(a)

Before

Polymerization

XYZ

After

Polymerization

A 4
<

Before

Polymerization

XZY

After

Polymerization

(b)
Before

Polymerization

XYZ

After

Polymerization

Before

Polymerization

XZY

After

Polymerization

Figure 2.4  Confocal micrographs of phase separated PBD droplets with molecular weight (a)
M =1,000 and (b) M ,=1,800 from epoxy before and after matrix polymerization.

The images are obtained in scanning modes for surface observation (XYZ

direction) and cross sectional observation (XZY direction).
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To obtain clearer images for the phase separation behavior, a fluorescent dye, Rodamine
6G, was added into the epoxy matrix, which has very little solubility in PBD. The phase
separated morphology of PBD droplets was evident as black dots in fluorescence confocal
micrographs (figure 2.5). The number of phase-separated PBD droplets was increased as the
amount of added PBD increased. The size of phase separated droplets is not related with the

molecular weight of PBD but that was increase as the amount of added PBD increased (table 2.1).

PED1000 10% PB01000 20% PBO1000 30%
Before
Polymerization
XYZ
PEDME00 10% PED1800 20%
After
Polym erization
PBD 1000 10% PB01000 20% PBD 1000 30%
Before
Polymerization
XZY
PBD 1500 10% PB0800 20% PBOS00 30%
After
Polym erization

Figure 2.5  Fluorescence confocal micrographs of phase separated PBD (M, =1,000 & 1,800)

droplets from epoxy including fluorescent dye (Rodamine 6G) before and after
matrix polymerization. The images are obtained in scanning modes for surface

observation (XYZ direction) and cross sectional observation (XZY direction).
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Table 2.1. The size values of phase separated PBD droplets.

Size of droplets (1m)
Amount of PBD Average [+1 standard deviation]
t% — —
(wt%) PBD (M, =1,000) PBD (M, =1,800)
10 5.5 [£3.1] 5.6 [£3.1]
20 7.9 [£3.9] 7.9 [£5.5]
30 10.7 [£3.7] 13.8 [+£6.3]

The phase separated morphology was also investigated with scanning electron
microscopy (SEM). Polymerized epoxy containing PBD droplets was fractured to observe the
bulk morphology, followed by dipping in tetrahydrofuran (THF) to extract PBD liquid droplets,

so that an obvious distinction between the phase separated domain and the matrix could be made

(figure 2.6).

Figure 2.6  Scanning electron micrographs of fracture plane in (a) epoxy matrix and epoxy

with 10 wt% of PBD (b) before and (c) after extraction by THF.

Phase-separated PBD domains were shown as spherical holes on the matrix surface,
which represents liquid droplets existing after matrix polymerization (figure 2.7). SEM images
proved successful phase separation with 10 wt% of PBD added to the epoxy, and consequently in
consecutively observed phase separated domains according to the amount of PBD addition.

The previous self-healing system adopted dicyclopentadiene (DCPD) as a healing agent,

which is encapsulated by a urea-formaldehyde shell [24]. Thus, the possibility for inducing
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DCPD in the matrix by phase separation without any capsule formation is also investigated in
this study. The fracture plane of polymerized epoxy with DCPD was observed by SEM
according to the amount of DCPD after THF etching. Phase-separated droplets were only
observed at 30 wt% of DCPD content, while there was not obvious phase separated morphology
with 10 and 20 wt% additions (figure 2.8). In the result, more than a 30 wt% addition is required
to induce DCPD in the form of phase separated liquid droplets in an epoxy matrix, which is a
large amount. To increase incompatibility, I also investigated the phase separated morphology
of DCPD oligomer which has 3 repeating units of the monomer, but it showed almost the same
behavior as the monomer case according to the amount of DCPD. From this observation, DCPD

seems not to be as promising a material for inducing the healing agent as phase separated liquid

droplets without encapsulation.

T

Figure 2.7  Scanning electron micrographs of fracture plane in epoxy with (a) 10 wt%, (b) 20

wt%, and (c) 30 wt% of PBD (M, =1,000); (d) 10 wt%, (e) 20 wt%, (f) 30 wt%

of PBD (M, =1,800) after extraction by THF.
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Figure 2.8  Scanning electron micrographs of fracture plane in epoxy with (a) 10 wt%, (b) 20

wt%, and (c) 30 wt% of DCPD after extraction by THF.

2.3.2 Phase Separation Behavior of PDMS in Matrix

A curing chemistry based on PDMS was considered for the new self-healing system
because of the very low solubility of PDMS oligomers in most materials. Such a system will
rapidly phase separate, yielding the desired droplets of healing agents dispersed in a polymer
matrix. The healing agent, PDMS, is immiscible with the epoxy or epoxy vinyl ester matrix
(DOW, DERAKANE 510A-40) we used. Through vigorous mixing, these healing agents
disperse within the matrix. The phase separated PDMS droplets are successfully observed by
optical microscopy and SEM started with 10 wt% of addition (figure 2.9 and 2.10). Phase
separated PDMS domains exists in the form of liquid droplets in epoxy after matrix
polymerization, so it can be used as healing agent in the case of damage. The size of the phase

separated droplets is summarized in table 2.2.

Table 2.2. The size values of phase separated PDMS droplets.

Amount of PDMS Size of droplets (Lm)
(wWt%) Average [+1 standard deviation]
10 11.0 [+6.2]
20 12.8 [£9.4]
30 13.1 [£6.1]
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100um

Figure 2.9  Optical microscopic images of epoxy with (a) 10 wt%, (b) 20 wt%, and (c) 30

wt% of PDMS (DOW, SYLGARD184).

Ll f h

Figure 2.10  Scanning electron micrographs bf fracture plane in epoxy with (a) 10 wt%, (b) 20

wt%, and (c) 30 wt% of PDMS (DOW, SYLGARDI184).

2.3.3 PDMS Solubility in Epoxy Vinyl Ester Matrix

Prior to testing of the self-healing composite system, several processing variables were
investigated. First, elemental analysis was used to confirm the immiscibility of the healing agent
in the prepolymer. The vinyl ester prepolymer was vigorously mixed with HOPDMS, PDES,
and adhesion promoter, and subsequently placed in a centrifuge to separate the prepolymer and
dissolved adhesion promoter from the healing agents. The silicon content of the resulting
prepolymer phase was almost the same as for a control sample consisting of a mixture of
prepolymer and adhesion promoter (table 2.3). The elemental analysis proves the solubility of

healing agent is very low in epoxy v