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ABSTRACT

Addition cure (X1-2672) and condensation cure (4-3136) silicone resins have
been studied for their mechanical property change with temperature. Properties include
maximum flexural stress, flexural modulus and fracture toughness Kj.. Temperature
effect on mechanical properties of addition cure resin is substantial and also depends on
the crosslinkers used. Generally the maximum stress and flexural modulus decrease with
temperature, and the dependence upon crosslinkers in addition cure resin is obvious.
Fracture toughness data of addition cure silicone resins have a peaking behavior with the
peak appearing ~58-101°C (depending on the crosslinker) below their glass transition
temperatures. This can be explained by the competing effect between network mobility
and rigidity of the silicone polymer. Rate effect on fracture toughness of silylphenylene
crosslinked 2672 has also been studied. It is concluded that the temperature effect on
such a system is more dominant compared to the rate effect. The condensation resins also
experience decrease in modulus and strength but the toughness changes little with
temperature. This is due to its tight network structure.

Silylphenylene crosslinked addition cure resin (2672B) and the toughened
condensation cure resin (3136T) were used to make silicone fiberglass laminates. They
have been successfully processed with a vacuum bagging technique. Silicone resin
composites are proved to be thermally stable, moisture resistant and fire resistant.
However, they have weak strength and modulus. Their temperature dependence of
mechanical properties is also big and results in poor property retention at high
temperatures.

2672B was used to produce hybrid composites with an organic resin — vinyl ester.
The processes of curing the hybrid composites in both sequential cure and co-cure
methods prove to be successful. The hybrid composites are stronger and their property
retention at elevated temperatures is improved compared to silicone resin composites.
They also have improved moisture resistance, thermal stability and fire resistance over
vinyl ester composites. The co-cured V/B 8/4 structure has excellent strength and rigidity
and also extraordinary property retention at high temperatures, which can be explained by
the chemical reaction at the silicone resin and vinyl ester resin interface. The hybrid
composites prove to be successful in having balanced mechanical and environmental
properties.

Thesis Supervisor: Frederick J. McGarry
Title: Professor of Polymer Engineering and Civil Engineering
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Introduction and scope of research

Silicone polymers are a group of polymers possessing the characteristic siloxane
(Si-O) backbone. As rigid and brittle materials possessing the T (SiO3/3) or Q (SiO4p)
structures, silicone resins find applications in electronic, automotive and aerospace
industries due to their moisture resistance, chemical resistance and thermal and oxidative
stability. These properties mainly come from the unique characteristics of the Si-O bond.
Si-O-Si bond has high bond energy, long bond length, large bond angle, and is inert to
oxygen. These characteristics lead to the flexibility of silicone chains and weak interchain
reactions. Thus, silicone resins have low Ty, weak mechanical properties, thermal
stability, and oxidation resistance. Organic groups like methyl group on the siloxane
backbone also help to shield the Si-O bond and thus lead to its moisture resistance. The
brittleness and comparatively low strength among other thermoset resins are mostly
attributed to the high crosslink density, weak interchain reaction and network structure of

silicone resins. These limit some of the applications of silicone resins in industries.

In recent years, successful cooperative research work have involved Dow Corning
Corporation and MIT researchers to improve silicone resin mechanical properties for
more applications and to achieve more understanding of the resin properties and
structures. These have set the ground work for this thesis, where mechanical property
evaluation of silicone resins at high temperature and their applications as matrix materials

for composites are carried out.

Dow Corning has been playing a big role in the silicone resin industry and has
developed many new silicone materials for different applications. Two major Dow
Corning silicone resins studied at MIT are: condensation cure resin 4-3136 and addition
cure resin X1-2672. Condensation cure resin 4-3136 has the formula of (PhSiO3/2)0.40
(MeSi03/2)0.45(Ph2Si0)g.10(PhMeSiO)g os. Addition cure resin X1-2672 has the empirical
formula of (PhSi03/,)0.75(ViMe;Si012)0.25. The experimental work in these materials

proved to be successful and brought out many publications and patents.

Curing of the condensation resin is by reaction between silanol ends:
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=8i~OH + HO-Si=—%% 5 = §i — 0 - Si =+H,0

Curing reaction of the addition cure resin is by reaction of Si-H present in the

crosslinker with the vinyl group in the resin:
=Si-CH=CH,+H-Si=—2%" = §i—CH,-CH,-Si =

Zhu et al. have studied the condensation cure resin and tried to incorporate PDMS
rubber into the network to increase its toughness [1-7]. This is done by two methods:
Phase I toughening of short PDMS chain to increase network mobility, Phase II
toughening of forming rubber particles as sources of more plastic deformation within
matrix. Both methods successfully induce network flow and deformation and thus lead to
higher toughness. With Phase I toughening, the fracture toughness is increased from 0.25
MPa m'? to ~0.45 MPa m"”. The best Phase I toughening effect is obtained with 10%
KPE (functional PDMS of a degree of polymerization of 57 with triethoxy silyl end
group), which gives the best combination of fracture toughness and strength of the resin.
On the basis of Phase I toughening and combined with Phase II toughening, the fracture

toughness is increased to 0.55 MPa m'?.

Many have studied the Dow Corning addition cure resin X1-2672 to toughen it as
well [8-18]. Spence has studied the effect of incorporating PDMS rubber into the X1-
2672 network crosslinked with trifunctional phenyltris(dimethylsiloxy)silane and tetra-
functional tetrakis(dimethylsiloxy)silane [17]. She has found that silane terminated
rubber has more effect on the mechanical properties of X1-2672 than the vinyl terminated
one. With 12% silane terminated rubber (DP,=4) addition and curing with trifunctional
crosslinker phenyltris(dimethylsiloxy)silane, fracture toughness of the resin is increased
to ~0.55 MPa m" from 0.3 MPa m'?. Li has also worked with toughening the addition
cure silicone resin and tried to incorporate various crosslinkers and a combination of
those into the resin network [12, 13]. New crosslinkers he used include
hexamethyltrisiloxane and diphenylsilane. A combination of 70% hexamethyltrisiloxane

172

and 30% diphenylsilane results in a toughness of 0.72 MPa m'“. The crosslinker with the

best toughening effect in X1-2672 has been discovered at Dow Corning [18].
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1,4-bis(dimethylsilyl)benzene has been synthesized and used as a crosslinker in the
addition cure resin. This results in a toughness of 1.08 MPa m"?. The guideline in this
work is to get a combined flexible (with low crosslinking density) and rigid structure into
the network. The former is achieved by using the di-functional crosslinker and the latter
is realized by a rigid backbone structure of phenyl ring presence. On the basis of the
silylphenylene modified X1-2672, Zhu et al. has been able to toughen the addition cure
resin further to the range of 1.8 MPa m'” by incorporating colloidal silica particles into
the resin matrix [8]. The resultant toughness is comparable to the commercial epoxy
resins and thus the research work achieves a big step in making it possible to

commercialize the silicone resin.

The condensation resin ha>s volatile by-products and also needs relatively higher
curing temperatures. In order to produce sound and bubble/void free bulk samples, the
curing cycle has to be very long and thus is relatively difficult to implement [1]. On the
other hand, the addition cure resin has no volatile by-product, has comparatively good
stability and also is relatively easy to cure. The addition cure resin also offers a
solventless potential by replacing-solvent with a crosslinker. All these lead to better

application possibilities for the addition cure resin.

Because of its low dielectric constant, silicones as common dielectrics in the
microelectronic or electronic industry also draw attention of researchers from that field.
Spain has studied the mechanical properties of 4-3136 resin and methyl T silicone resins
as thin film materials by modified edge lift off test [19, 20]. He has found that the thin
film toughness measured by the edge lift-off test method is comparable to that of the bulk
material. This offers a fast and easy way of measuring fracture toughness of silicone
resins without casting the bulk material. A family of polyorganosiloxane resins has also
been developed by being blended with other silicone or organic resins. With appropriate
processing techniques and cure chemistry, higher nonvolatile content silicone resins with

desired film performance have been achieved [21].

Although much more understandings of the silicone resin properties have been

achieved and many applications of silicone resins are explored, work remains to
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characterize the resins and also to use them in different fields. Because of its thermal
stability, one area of research interests in silicone resins is to characterize how the
mechanical behavior of these toughened and un-toughened resins changes at temperatures
beyond room temperature. This information will be useful to find out if there are any
other applications at high temperatures that we can explore. Regarding application, one
field is the composite area where these toughened resins can be used as a matrix material

to take advantage of their thermal, oxidation, and moisture resistance.

The scope of the thesis is to understand the resin mechanical behavior at different
temperatures and to explore their applications as matrix materials in composite
applications. The first part of the thesis will focus on the mechanical behavior and
mechanisms of silicone resins at temperatures other than room temperature. Due to the
thermal stability and oxidation resistance of silicones, there have been research interests
in identifying mechanical behavior changes at elevated temperatures and in
understanding the mechanisms associated with the changes. Then in the second part,
silicone resins are used as matrix materials for fiberglass composites. The first step
involves processing silicone resin composites and also characterizing their properties
including mechanical, thermal, and environmental properties. A further step is then taken
to process silicone resin / organic resin (vinyl ester) hybrid composites, which uses two
resins as matrix materials with silicone resin as the skin and the organic resin as the core.
This is to achieve balanced mechanical properties and environmental properties by taking
advantage of the environmental properties of silicone resins and the mechanical

properties of vinyl ester resin.
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Part I Mechanical properties of silicone resins

CHAPTER 1. Background information

1.1 Fracture mechanics of polymers

Fracture in polymers involves the breakage of either primary covalent bonds or
secondary bonds like van der Waals bonds. Which type of breakage occurs is generally
considered to be dependent upon the types of polymers and testing conditions. For
thermoset resins, it is believed that primary covalent bond breakage is usually attributed
to fracture [22]. A material often fractures at a stress much lower than its theoretical bond
strength, because of the presence of defects and cracks inside. This makes it useful to

study the behavior of such a material, which leads to fracture mechanics studies.

Fracture mechanics is a way of analyzing stress-strain field in front of a crack tip
and it derives the criteria of crack stability by an energy balance consideration. Intensive
treatments of the subject can be found in references [22, 23]. Griffith’s treatment of
isotropic brittle materials containing an elliptical crack of length 2a has been used widely
to quantify this criterion [24]. The critical stress level for a crack to propagate in such a

material is given by:

- 2Ey /2 .
O,=|—— Equation 1-1
wa

where yis the surface energy of the material and E is the modulus.

Such an equation also applies to brittle solids like glassy polymers, except for
modifying the surface free energy term y with G., where G. is the fracture energy, i.e. the
total amount of energy dissipated during crack growth, and is defined as the energy
required to form a unit area of the crack. The reason is because glassy polymer fracture
often involves a large amount of plastic deformation in front of the crack tip and can not

be treated the same as a real brittle solid.
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Op=|—— Equation 1-2
a

Stress intensity factor concept is based on the crack tip stress state analysis and is
used to characterize the crack tip stress field. At the critical applied stress level oy, crack
propagation occurs and this critical value of the stress intensity factor is called the

fracture toughness and expressed as:

a
Ke=0, Xf(;)x a"? Equation 1-3

where a is the initial crack length, b is the specimen width, and f{a/b) is a geometrical
correction factor. This is the basis of the experimental measurements of fracture
toughness in a material. Experimentally, fracture toughness can be measured on a single

edge notched bending specimen under plane strain stress state [25].

Although it is clear that for thermoset resins plastic deformation must take place
in front of crack tip during crack growth and propagation, it is very difficult to directly
observe and to prove the presence of the crack tip plastic zone by experiment. In epoxy
resins, work has been done to use the crack slow growth region, the area after the crack
arrest line, to define the plastic zone [26]. But still direct observation is difficult.
Calculation of the plastic zone size can be quantified by knowing the fracture toughness

and yield stress of the material.

In considering localized plastic deformation in front of the crack tip, the size of
the plastic zone radius is generally given in the form of yield strength (0,) and fracture

toughness of the material (K;) [22]:

2
1 KI .

¥, =——| — | Equation1-4
67| o,
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For polymer materials, modification was made according to Dugdale line plastic
zone model because the plastic zone shape ahead of a crack tip is considered a line zone.

The final presentation of the length of the plastic zone ahead of a crack tip is:

2
K
R = E(—’] Equation 1-5
8l o

y
Fracture surfaces of the thermoset polymers are relatively featureless. Their
characteristics depend highly upon the structure of the polymer and also testing
conditions. There are three crack propagation modes observed in mostly studied epoxies.
A stable brittle propagation with relatively featureless fracture surface often occurs in
relatively brittle material and at low temperatures. An unstable brittle propagation unique
to the epoxy resins features crack arrest lines and smooth featureless fracture area. The
crack arrest lines result from the stopping of crack propagation, and the featureless area is
associated with the brittle behavior of stable brittle crack propagation. This is the so-
called stick/slip mode of crack propagation [27-29]. The reason is the crack initiation K,
value is higher than the stable grthh and arrest values. One explanation is the effect of
crack tip blunting and thus the resultant higher initiation K, value. The third mode is the
stable ductile propagation which tends to be observed at high temperatures [30, 31].
Features of this type of fracture surface often include a ridged structure running parallel

to the crack propagating direction.

Experimental observations of crack propagation in thermoset polymers have
found that an unstable stick/slip manner is usually characteristic, where the load
displacement curves demonstrate a sawtooth shape with crack growth undergoes a
propagation-arrest-propagation-arrest pattern [32, 33]. This pattern is explained by crack-
tip blunting which causes the discontinuous propagation. Broutman and McGarry have
employed a cleavage test to measure the fracture surface work of glassy polymers [33].
They find that the fracture surface work of Plexiglas IT and polystyrene decrease with
increasing temperature. The fracture surface appeared rough at low temperature and

smooth at elevated temperature. Williams has found that stable brittle crack growth in
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thermosets is similar to what is seen in PMMA and generally thermosets are slightly

viscoelastic [23].

1.2 Temperature and rate effects on mechanical behavior of polymers

Temperature affects both deformation and fracture of polymers. Because of the
viscoelasticity of polymers, temperature effects on mechanical behavior of pofymers are
more distinct and complex compared to those on metals and ceramics. The deformation
and fracture behavior of a polymer is usually manifested through parameters like
strength, plasticity and fracture toughness. Temperature effects on mechanical properties
of polymers have been mainly concerned with the flow characteristics of the network and
chains. Apparently, the temperature affects the strength behavior including the shear
yielding stress — which is one major parameter from the flow. It is also generally believed
that the temperature effect on mechanical properties of glassy polymers is more

distinguished compared to the effect caused by rate change and environmental effects.

Studies on temperature and rate effects on mechanical properties of polymer
materials including strength and toughness have found that results are much material
dependent. Explanations of the behavior are material specific and there is no general
theory obtained so far. Major polymer systems studied include PMMA, polycarbonate,

epoxies, and other glassy polymers. The most studied thermoset resin is epoxy.
1.2.1 TEMPERATURE AND RATE EFFECT ON YIELDING

According to Williams [23], because thermoset resins often possess a strong and
three-dimensional network structure from crosslinking, there is little thermal softening of
the structure so they behave mostly like glasses. However, it is generally believed that
even in brittle solids as thermoset polymers, localized plastic deformation in front of a
crack tip takes place before bonds actually break. Because experimental observations of
crazing in front of crack tips in thermoset polymers were rare, shear yielding is believed
to be the main mechanism of crack tip localized energy dissipation in highly crosslinked
network polymers like thermoset resins. Researchers have observed that a high degree

crosslinking in epoxy would lead to the disappearing of crazing and visible shear bands
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[34]. So yielding behavior is important in understanding mechanical properties of
thermosets. Through studying the yielding behavior of an epoxy resin, it is found that its
yielding is very similar to the un-crosslinked thermoplastics like polystyrene, which can
be explained by Argon’s yielding theory [35]. It also has been found that the amount of
post-yielding plastic deformation in thermosets is substantially smaller than that in
thermoplastics. The lack of post-yielding deformation is believed to be one of the main

reasons for brittleness in thermosets.

Classical continuum mechanics has developed a few famous criteria in
characterizing failure of homogeneous and isotropic material [36, 37]. One of the criteria
is the Coulomb yield criterion, which states that the critical shear stress 7* accompanying
the shear deformation in any plané is proportional to the normal stress o, applied to that

plane:

* =1, + uo, Equation 1-6

where 7 is a constant related to the cohesion of material. This criteria, although quantify

the shear deformation stress, does not take account into variables like time and

temperature.

Microscopically, the viscoelastic nature of yielding behavior of polymer is
quantified by the Eyring theory, which assumes an activated-rate process involving the
overcome of an energy barrier AE . It 1s generally accepted that the yield stress decreases
with temperature and yet increases with strain rate in glassy polymers. The Eyring theory

correlates the applied stress o with the strain rate & as:

(68 *}o)

Equation 1-7
RT

=4, exp(—

where Agis a constant, R is the gas constant, AE" is the potential energy barrier, T is the

temperature and v# is the activation volume.
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Rearranging the equation will give the relationship between yield stress o, and

temperature and strain rate as:

*

AE  RT £ .
|O'y’ = ——+——In| — | Equation 1-8
v v Ag

Because of thermal fluctuations, the kinetic or thermal energy of an atom or
molecule varies, which provides a possibility of overcoming the barrier AE”™ . Applied
stress has the effect of reducing the energy barrier. Temperature increase also has the

effect of lowering the barrier, making the yielding flow easier.

Due to the complexity of long chain molecular motions in polymers, microscopic
mechanisms of shear yielding in polymers are more complicated than the dislocation
model proposed in metals. One rﬁodel is Argon’s double kink model which proposes that
yield occurs by thermally activated production of local molecular kinks. At absolute zero,
this model predicts that the yield stress is only dependent on the shear modulus and
Poisson’s ratio. Between absolute zero and near glass transition temperature, the theory
also incorporates the temperature, pressure, and strain rate dependence of the yield stress
[35, 38, 39]. '

Based upon the theory that a polymer molecule changes from cis to trans
conformation at yielding, Wu has proposed a semi-empirical relationship between shear
yield stress and molecular parameters related to molecular structure: glass transition
temperature, cohesive energy density, and characteristic ratio [40]. The relationship
between shear yield stress 7, (which is defined by the Von Mises yielding criterion) and

these parameters is given by:

T
W]‘)}—T) =2.51x 10_4 X Cm Equation 1-9
.~

where 7 is the cohesive energy density, C

@

is the characteristic ratio, 7} is the glass

transition temperature and 7 is the testing temperature. This equation accounts for the
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intermolecular effect on shear yielding, which is reflected in both 6* and (T,-7) terms. It
also includes the intramolecular effect, which is expressed in C_ - a measure of intrinsic

molecular rigidity related to the conformational changeability.

Modifications to the Wu equation above have been made by Yamamoto and
Furukawa to better characterize the temperature dependence of the shear yield stress
[41]. The new relationship includes a term representing the effective moving unit of a
polymer. The reason is that with the same amount of free volume the conformational

change becomes more difficult as the effective moving unit getting larger.

T, = AlCmé'z(Tg -T)V, /n,)"* + A, Equation 1-10

where V,, is the van der waal volume of a repeat unit and N, is the statistical skeletal unit
number in a repeat unit. The modified relationship shows good agreement with their
experimental data from testing polystyrene, polycarbonate, PMMA, poly vinyl chloride

and other glassy polymers.

Macroscopically, strength of polymers, including yield stress and ultimate stress,
generally decreases with temperature [42]. This also applies to other material categories
like metals and ceramics. The most general explanation of the process is due to the effect
of thermal energy, which enhances deformation of the material. Under such condition,
the material often undergoes chaﬂges from brittle stress-strain curves to curves that show

substantial deformation.

Pink and Campbell have studied the tensile behavior of an epoxy resin [43]. The
testing temperature ranges from -196°C to 108°C. Linear stress strain curves were
observed at temperatures below 27°C, with the highest fracture stress reached at -196°C.
At temperatures above room temperature, the stress strain curves start to bend over and
show plastic deformation. At 33°C and 50°C, the material demonstrate both
comparatively high ultimate strength and a small amount of plastic deformation. At 90°C
and 108°C, the ultimate strength drop dramatically and yet the strains reach over 4%. In

addition, Young’s modulus of the resin also decreases with temperature, showing a

27




smaller resistance to load with increasing temperature. This behavior is typical of
thermoset resins, which are often brittle at room temperature but demonstrate ductility at

higher temperature.

Harismendy et al. have studied the strain rate and temperature effects on the
mechanical behavior of two epoxy mixtures with different crosslink densities [44]. They
have found that both flexural modulus and flexural strength are affected by the
temperature greatly for two epoxies. The behavior is similar to that shown by the storage
modulus and can be explained by the relaxational changes in these materials. The higher
crosslinked epoxy exhibits lower flexural modulus and strength at the temperature range
of above 10°C. The rate effect on the flexural modulus at room temperature is not big, the
curve remains flat and the less crosslinked epoxy shows a higher modulus value. The
room temperature flexural strength increases slightly for both epoxies with testing rate,
with still the less crosslinked epoxy showing bigger values. These phenomena have been
attributed to a w relaxation between 40°C and 100°C which is unique to the more
crosslinked epoxy. The relaxation can be related to the local motions of chains in the high
crosslinked region due to a free volume increase. Their experiments suggest that testing
temperature is an important factor in flexural properties of the epoxy resin studied and its

effect is more obvious than that of the rate.
1.2.2 TEMPERATURE AND RATE EFFECT ON FRACTURE

In glassy polymers (including both thermosets and thermoplastics), the effect of
temperature on fracture toughness can experience a monotonic increase or decrease, a
constant, and a peaking mode with temperature. The effect is also material specific and

different microscopic mechanisms contribute to the results.

Studying glassy polymers like Nylon, Polyacetal, PVC and Polyethylene,
Hashemi and Williams [42] have found that their fracture toughness changes with
temperature can be described by three different distinct regions: brittle, semi-brittle and
ductile. These three modes are believed to be existent in thermosets too. These fracture
modes are closely related to the load-displacement curve shapes during the single edge

notched bending tests for fracture toughness. In the brittle mode, the load-displacement
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curves behave linearly before breakage occurs. In the semi-brittle region, small non-
linear part in the load-displacement curves is observed. In the ductile mode, distinguished
non-linear curves are observed. The non-linear portion of the curve is believed to be
related to the plastic deformation occurring at the crack tip during loading. The fracture
toughness values of rubber modified PVC show a peak in the semi-brittle region, with

both the brittle and the ductile side having lower values.

Testing both unmodified and rubber modified epoxy resins in the range of -60°C

‘ = 60°C [45], Kinloch et al. have found that rubber modified epoxy demonstrate an
enhanced temperature dependence in toughness. Crack propagation mode goes from
stable brittle growth to unstable stick-slip growth to ductile tearing with temperature
increase. With the unmodified epoxy, the ductile tearing mode at higher temperature is
not observed, and its toughness is less temperature dependent. They have also found that
the occurrence of three crack propagation modes would depend on the yield stress of the
epoxy. Increasing yield stress has led to the transition from ductile tearing to brittle

unstable to brittle stable crack growth.

By varying the testing rate and temperature in epoxy resins, it has been observed
that the critical intensity factor for initiation of the crack decreases with increasing testing
rate [22, 46]. When changing testing temperature, crack propagation is continuous at low
temperatures but becomes unstable at high temperatures. The critical stress intensity
factor of initiation drops with temperature and yet that of crack arresting increases with
temperature. This has been attributed to the viscoelasticity of epoxy resins. A decrease in
rate and an increase in temperature will promote the stick-slip crack propagation mode,

which suggests the material becomes tougher.

In both rubber-modified and un-modified epoxy resins (epoxy resin with
piperidine hardener and CTBN rubber), the compressive strength decreases with
temperature in the region of -80°C > 160°C [47-49]. The fracture energy increases
monotonically in the range of -80°C ~ 60°C. The rate effect is characterized by: a

decrease in rate is equivalent to an increase in temperature.
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Cardwell and Yee have studied the rate and temperature effects on fracture
toughness of a rubber modified DGEBA epoxy resin by three-point bending toughness
testing [50]. The rubber modified epoxy has a bigger sensitivity to temperature change
and its load-displacement curves appear non-linear at temperatures close to its 7. The
fracture toughness increases with decreasing testing rate and increasing temperature,
accompanied by observed shear plasticity at the crack tip. On the other hand, un-modified
epoxy shows no strong dependence on the rate and temperature. By using time-
temperature superposition, they calculate that the apparent activation energy for the
toughening process is ~ 22.9 kcal mol™. It is concluded that fracture toughness
dependence upon the testing rate and temperature is generally determined by the yielding
process of the matrix. The second phase rubber particles promote shear yielding in front

of the crack tip, which is the main mechanism of toughening the epoxy.

The strain rate is found to affect both the crack stability and the fracture energy G,
in the double cantilever beam test of epoxy resin [30]. The critical strain energy release
rate decreases from 10° J/m? to about 10> J/m” when the crosshead speed increases for 10
fold. This can be qualitatively explained by the relaxation and crack blunting process at
the crack tip which also correlates well with the crack stability. A big loading rate would
result in less time available for crack tip relaxation. Thus crack tip would remain sharp
and stable propagation occurs. On the other hand, slow loading would give rise to
unstable crack propagation and crack arrest would happen before re-initiation. The same

phenomena have also been observed by Selby and Miller [51].

In studying pure and modified epoxies, Low and Mai [52] have found that Gy,
from compact tension test increases monotonically with temperature for both epoxies.
The reason lies in the increasing amount of crack tip blunting when the yield stress
decreases with increasing temperéture. This so-called “plastic blunting” at slow strain
rate is used to explain Gy increase with temperature. As to the rate effect, the rubber

modified epoxies are less dependent on strain rates than the pure epoxies.

In summary, both temperature and rate affect mechanical properties of polymers

greatly. Although there is no general mechanism or theory accounting for the mechanical
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behavior change with temperature and rate, including changes in fracture toughness and
fracture mechanisms, previous on epoxies and other glassy polymers are important to

gain further understanding of the subject.
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CHAPTER 2. Materials and experiments

2.1 Materials

2.1.1 DOW CORNING X1-2672 ADDITION CURE RESIN

The lot numbers of the Dow Corning experimental X1-2672 resin (with the
empirical formula (PhSiOg/g)oqs(ViMezSiO1/2)0_25), a vinyldimethylsiloxy terminated
phenylsilsesquioxane resin, are: PE#03700007 and #03700008. They were carried in
toluene with the resin wei ght content around 60%. The weight content of the resin
solution was measured by weighing differences between as-arrived resins and the ones
that have been dried at ~90°C for 24 to 48 hours. The final weight was taken down when

there was no substantial weight loss within a weighing period of ~ 4 hours.

2.1.2 CROSSLINKERS AND CATALYST FOR X1-2672

The crosslinkers used for curing x1-2672 resin are listed below. They are

commercially available from Gelest Inc.

The controlled molar ratio of the silicon hydrogen group in the crosslinker to
silicon vinyl group in the resin was [.1:1. Resin and crosslinker(s) were mixed with a
good agitation and yet as slow as possible by Teflon stirring bars or stirring rods. This

was to ensure good mixing and yeét minimize bringing air into the resin mixture,

The catalyst was a Pt [V catalyst carried in toluene solution. The nominal weight
_ concentration of the catalyst to the resin solid weight was controlled at 1 ppm for the

| silylphenylene and hexamethyltrisiloxane crosslinked resin and at 30 ppm for other
crosslinked systems containing diphenylsilane due to its low reactivity. Mixing of the
catalyst was carried out in the sarﬁe careful fashion as described above after the resin and

the crosslinker(s) were fully mixed.
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1,4—bis(dimethylsilyl)benzene (or silylphenelene) (MwW1 94.42)

toughness from ~(.25 to ~0.45 MPa m'”? by adding 10 KPE (PDMS with ethoxy end
and the degree polymerization is 55). This toughened resin appeared to have the best
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2.14 CATALYST FOR 4-3136

The catalyst used for curing 4-3136 was Dow Corning Catalyst Y-177%. It is a
mixture of 7% zinc octoate, 3% choline 2-ethylhexanoate in 47% n-butyl alcohol, 30%
toluene, and 12% Stoddart solvent [2]. The concentration is kept at 0.05 wt% for resin

castings.

2.2 Experimental procedures
2.2.1 CURING PROCEDURE FOR X1-2672

After mixing resin with the crosslinker(s) and the right amount of Pt IV catalyst,
the mixture was degassed in a vacuum oven without heat for about 20-30 minutes. The
vacuum level was controlled so that the gas bubble could form and break, and yet it did
not produce much agitation/bubbling/boiling motion within the mixture. This is a critical
step to avoid void formation in the final casting. Care and patience was needed to ensure

the completion of this step.

Cure was done in an air circulating oven, and the curing cycle for all x1-2672
castings was: 85°C x 24 hours, 150°C x 24 hours, and 200°C for 24 hours. Castings were
cooled along with the furnace from 200°C to room temperature and removed from the
Teflon coated mold. More complete details regarding the curing can be found in Li’s

thesis [3].

Buckling of the final casting plate was always noticed. The degree of buckling
varies between castings but it was common that the center of the plate was always higher
than the edges. This produced some difficulties in the next machining step of the samples.
Care has to be taken when cutting and milling samples from these cast plates. Otherwise,

breakage could occur during machining.
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2.2.2 CURING PROCEDURE FOR 4-3136

Both toughened (with 10% KPE) and un-toughened resins were mixed with 0.05
wt% of the catalyst. The mixture was poured into a Teflon mold and degassed inside a
heated (~60-70°C) vacuum oven to remove toluene and trapped air. Then it was placed
into the oven for cure under the cycle recommended in Dr. Zhu’s thesis: 70°C x 24hrs,
75°C x 24hrs, 80°C x 24hrs, 85°C x 24hrs, 90°C x 24hrs, 95°C x 48hrs, 110°C x 24hrs,
120°C x 24hrs, 130°C x 48hrs, 150°C x 4hrs, 175°C x 4hrs, 200°C x 12hrs, 230°C x 6hrs,
and 260°C x 8hrs. More details of the casting procedure are available in Zhu’s thesis [1].

2.2.3 DYNAMIC MECHANICAL ANALYSIS

DMA analysis was performed on a Dynamic Mechanical Rheology Station
DMS200 from Seiko Inc. Tested specimens had rectangular cross-sections of a dimension
0.5 mm x 4 mm, the clamping distance was 20 mm. The data was collected at a frequency
of 1 Hz, and temperature range was —150°C ~350°C with a rate of 2°C/min. The samples
were loaded in tension mode, with a nitrogen atmosphere by flowing N; at 200 ml/min.
Some samples failed before the end of the ramping temperature but enough useful data

for analysis were collected in such cases.
2.24 THERMOGRAVIMETRIC ANALYSIS

Thermogravimetric analysis was done on a Texas Instrument TGA7. Sample
weight was about 10-20 mg. The testing temperature range was 20 to 800°C, and the
heating rate was 10°C/min. Gas flow rate was at 20 ml/min. Tests were done in air and

data were collected in a computer controlled program.
2.2.5 MECHANICAL TESTING

Flexural samples and fracture toughness samples were made by standard
machining tools. A band saw was first used to trim the edges and cut samples into smaller
dimensions. Then a milling machine was used to machine samples down to the right

thickness. Final samples were ground with SiC papers or polished with alumina polishing
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solution. Samples were conditioned at room temperature for two days before being tested

on an Instron 4505 machine.

Flexural tests were performed according to ASTM standard D790 [4]. The size
for the samples was 12.7 mm x 2.5 mm x 51 mm and the span was 38 mm (0.5” x 0.1” x
2” and 1.5” span). Final flexural samples were polished with 0.3 pm alumina polishing
solution to eliminate surface defects from grinding. The loading rate was at | mm/min
(0.04 inch/min).

Fracture toughness measurements were performed according to ASTM standard
D5045-96 [5]. Based on the stress intensity factor concept outlined in Chapter 1, critical
stress intensity factor value is taken as the mode I fracture toughness. Three-point
bending tests on single edge notched bending samples were performed. The fracture

toughness is calculated by:

Lol
bt

Kilc =

[1.99—0.41(a/b)+ 18.7(a/b)* —38.48(a/b)* + 53.85(a/b)4]Equation 2-1

where L is load at failure, a is the initial crack length, b is the specimen width, and ¢ is

specimen thickness.

Because of the sensitivity of fracture toughness to testing details in single edge
notched bending, care was taken during every step of sample preparation and testing to
make sure that the results were valid. There are a few points worth mentioning. The first
is the plane strain state. To ensure that the test-obtained critical value of the stress
intensity factor is a material property, the plane strain state requirement must be met by
using a sample with enough thickness. Otherwise, the K. obtained might be higher since
K. in a plane stress state is always higher than that in a plane strain state. This is not
difficult because the plane strain state requires a sample thickness of less than 3 mm and
our test sample has a thickness of 4.8 mm. Second is that the pre-crack sharpness has to
be ensured because the presence of a relatively blunt crack will yield higher fracture
toughness values. The sharp crack was produced by using a liquid nitrogen cooled razor

blade to tap natural cracks in front of the saw-cut notches and also by producing enough
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travel of the sharp crack in front of the notch front. The crack length to width ratio was
controlled to meet the requirement of 0.45< a/b < 0.55. Extreme care was also taken

when measuring the crack length after the sample was broken.

Fracture toughness sample dimension was 9.5 mm x 4.8 mm x 51 mm (0.375” x
0.19” x 27) with notch length of 2.5 mm. The span length was 38 mm. The loading rate
was 10 mm/min (0.4 inch/min). There were other tests performed at different rates of 100
mm/min and 1 mm/min and those will be noted otherwise. All samples were polished

with SiC paper (finest grit size 4000) with water-cooling.

For both flexural tests and fracture toughness tests done at temperatures other than
room temperature, an Instron environmental chamber 3111 was used. Typically, testing at
elevated temperatures was performed by heating the sample to the test temperature and
held for 30 minutes before applying the force. For low temperature testing below room
temperature, a typical holding time was 15-20 minutes. In this case, the Instron
environmental chamber was still used, but the testing temperature was controlled by a
setup outside the Instron box (Figure 2-1). From the thermocouple signal, the thermal
controller energizes the cryogenic valve and thus controls the flow amount of liquid N,
into the Instron chamber. The whole apparatus used stainless steel tubing and fittings to

minimize low temperature embrittlement of the setup.
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Figure 2-1 Sketch of low temperature testing setup on Instron 4500 with an Instron environmental
chamber.

2.2.6 SCANNING ELECTRON MICROSCOPE ANALYSIS

SEM analysis was performed on a Leo-438VP machine (Leo Electron
Microscopy Ltd.) at MIT. The acceleration voltage was set at 20 KV. A Variable
Pressure Mode, which involves the back-scattered detector, was used for observing
fracture surface. This required no gold coating on plastic sample surfaces to make them
conductive. Broken samples were mounted onto aluminum holders with graphite tape,

and micrographs were taken on different samples as indicated below in Figure 2-2.

42




/ Area where
micrographs are taken.

< »ld »ld [
« Ll L ]

notch  pre-crack  crack propagation
under bending

Figure 2-2 Sketch of SEM analysis of broken notched samples.
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CHAPTER 3. Temperature and rate effects on silicone resin
mechanical properties

From three-point bending tests, results of flexural stress, modulus and strain were
obtained. From the single edge notched bending tests, Kj. data were obtained. These are
presented and discussed in this section. Generally maximum flexural strain data exhibit a
greater scattering because it is not an actual material property, but more or less dependent
upon the testing condition. However, the data are still useful in presenting the trend of

how deformation changes with temperatures.

3.1 Mechanical testing results of Dow Corning X1-2672 addition cure
resin

As mentioned in the previous chapter, this resin has been used to make bubble
free, defect free castings. Three-point bending tests were performed on them under
different temperatures. 2672 resins crosslinked with D, P, DP and B are studied. For the
DP system, variations in combination of the crosslinkers are: D100 (100%D), DP37
(30%D, 70%P), DP55 (50%D, 50%P), DP73 (70%D, 30%P) and P100 (100%P). With
the B100 (100%B) system, effect of rate variation is studied too. The results are

summarized and discussed in this section.

3.1.1 B100 SYSTEM - TEMPERATURE EFFECT

The B100 is the toughest system among all. It has both high strength and high
toughness. The effect of testing temperature on its maximum flexural stress, strain,
modulus and K is shown in Table 3-1 and Figure 3-1 through Figure 3-4. It is clear that
both maximum flexural stress and flexural modulus decrease with temperature and the
maximum flexural strain increases with temperature. Using room temperature properties
as references, the flexural modulus increases 20% at -40°C and decreases 42% at 60°C.
The maximum stress increases 57% at -40°C and decreases 53% at 60°C. Changes in
maximum flexural strain are less dramatic: -24% at -40°C and +17% at 60°C. The
fracture toughness, however, peaks at about room temperature. This is clearly seen from

Figure 3-4, where the curve reaches its maximum near room temperature. At both
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temperature extreme ends, toughness values drop; but with a bigger magnitude of -64% at
-40°C.

From Table 3-1, it is observed that the P,,../P, ratio at 60°C is slightly bigger than
the test validity upper limit of 1.1. This is due to the non-linearity present in the load-
displacement curves of the toughness testing (Figure 3-40). The semi-brittle behavior is
already seen during test at 40°C (Figure 3-39) but the P,,,,/P, criterion is still met under
this temperature. Although the test validity is slightly off at 60°C, we can still say that the
trend of toughness decreasing with temperature can be established at temperatures above
20°C.

The behavior of B100 toughness with temperature can be approximated as an
asymmetric parabola. The high temperature end illustrates a gradual decrease, while the
low temperature end has a steep slope. For B100, the increased mobility of the network at
high temperatures enhances its plasticity, and this effect alone should increase the
fracture toughness value. However, at the same time, B100 experiences a moderate loss
of rigidity and strength due to thermal softening, which cancels out the network mobility
effect. The final result is that loss.of rigidity becomes dominant and there is a moderate
drop in the toughness value above 20°C. At temperatures below room temperature, the
network mobility is hindered and there is not much chain movement involved. This
contributes to its brittleness. Although the polymer is stronger and more rigid under these
temperatures, the decrease in the network mobility seems to be the key controlling factor.
Thus, the overall toughness drops even more substantially compared to the high

temperature end.
3.1.2 B100 SYSTEM - RATE EFFECT

The rate effect on the B100 fracture toughness has also been studied. In addition
to the normal crosshead moving rate at 10 mm/min, the fracture toughness of B100 has
been tested under the loading rates of 1 mm/min and 100 mm/min. The summary of all
data is presented in Table 3-2. Plotting the fracture toughness versus the Log of testing

rate in Figure 3-5 shows that the sensitivity of toughness to the loading rate is different at
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different temperatures. From the experimental data, at 0°C and 60°C, testing rate has the

biggest effect on toughness.

From Figure 3-6, the effect of teniperatures on toughness exhibits similar trends
even under different loading rates. At loading rates of both 1 mm/min and 100 mm/min,
toughness curves present lower values compared to that under 10 mm/min. The loading
rate of 100 mm/min has a bigger effect on the drop of Ky values, and the peaking
temperature of the curve also shifts slightly to the higher end. However, the effect of rate
is not conclusive. One reason could be that although tests were done at constant loading
rates, the single edge notched bending test is not a test that can control the crack
propagation rate. The instability in the crack front during bending makes it impossible to
keep the rate of crack propagation at a constant level. Another reason could be that at
temperatures higher than 40°C, we see big data variations accompanied by P../P, > 1.1,
which suggests the test does not meet the validity criterion. The dynamic effect of
increasing rate has made it difficult to keep the test valid, and thus has brought some

errors into the data.
3.1.3 DP SYSTEM - TEMPERATURE EFFECT

3.1.3.1 D100

The D100 system has the lowest rigidity but the biggest flexural deformation
among all systems. This is well associated with the molecular structure of the crosslinker.
Hexamethyltrisiloxane is a di-functional crosslinker, with soft and flexible backbone due
to its lack of bulky groups. Theoretically, this is a low crosslinked system because the di-
functional crosslinkers are the least effective in forming crosslinking points. D100 also
has the lowest glass transition temperature, about 66°C from the Tan & plot in Figure
3-32. From Table 3-3, it is clear that the stress and modulus decrease with temperature.
Both flexural modulus and maximum flexural stress values drop about 10 folds from —
40°C to 60°C. Its modulus and strength at 40°C decrease about 60-70% of the RT values,
however, at -60°C they increase about 220%-240%. The maximum flexural strain shows

an increase with temperature, and the relative increase at 60°C to RT is 16%. However,
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its toughness has a unique pattern of going up at temperatures below RT, and it stays
almost unchanged at —40°C and —60°C.

For this system, the dramatic increase in rigidity and strength below 0°C is
unique. This seems to compensate for the minor loss of plastic deformation within the
frozen network, which still demonstrates enough mobility at the low temperatures, and
result in a high toughness at temperatures below 0°C. On the other hand, flexural
modulus drop at 40°C is big and results in a moderate drop in toughness. Temperature
effect on the strength and modulus of D100 is more substantial compared to that in B100.
This effect, combined with the deformation characteristic of di-functional crosslinker, has

been the main source of toughness.

The plastic zone size calculation also verifies that D100 experiences bigger plastic
deformation in general, even at temperatures below RT. If we compare values of D100
values with those of B100 at same temperatures, we see big differences at temperatures
below 20°C (last columns in Table 3-1 and Table 3-3). If we take into account of the
difference between glass transition temperatures of D100 (~66°C) and B100 (~88°C), we
can compare values at temperatures with the same magnitude below T, say comparing
the value at -40°C in B100 with that at -60°C in D100 and so on. We see that the
differences still exist until 0°C. Apparently there is still enough amount of deformation

occurring in the D100 network even at low temperatures.

From the load-displacement curves, we see that non-linearity signifying a semi-
brittle behavior starts to appear at 20°C, which only appears in other systems at a

temperature higher than RT, say 40°C or 60°C. (Figure 3-41 and Figure 3-42)

3.1.3.2 DP73

In DP73 part of the hexamethyl crosslinker is substituted with a more rigid
crosslinker P — diphenylsilane, which has two phenyl rings on the side chain and is also
difunctional. In DP73 there is 70%D and 30%P. The diphenylsilane crosslinker adds
some rigidity to DP73, and the D crosslinker provides network flexibility. This results in
its high toughness of 0.75 MPa m"? at room temperature.
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Compared to D100, DP73 is stronger and more rigid at all temperatures. Table
3-4 shows the temperature effect on its flexural properties. At -40°C, increase in the
maximum flexural stress is about 790% and flexural modulus increase is about 50%
relative to their RT values. At 60°C they lose about 80% of the RT values. Compared to
D100, DP73 shows a similar change of strength and modulus in relation to temperature,
with the exception that its increase in stress and modulus is not as dramatic at the low
temperature region. Figure 3-11 through Figure 3-13 show plots of flexural properties vs.

temperature.

From Figure 3-14 we see the toughness drops at temperatures both below and
above RT, and it peaks around 10°C. The toughness vs. temperature curve is similar to
that of B100, but not that of D100. Compared to D100, DP73 has higher toughness at
temperatures above 0°C. We see that the drop at the high temperature end is comparably
bigger and causes the parabola to have a skewed shape. However, it is noted that the
Prar/Py value is 1.573 at 60°C, so the K. value at 60°C is not valid (See Figure 3-44).
The non-linearity is observed starting at 40°C (Figure 3-43) but becomes substantial at
60°C. Even without the data point at 60°C, we can still establish the trend of toughness
dropping at temperatures above RT. The toughness sensitivity to temperature is about the

same at both high temperatures and low temperatures.

Replacing 30% D crosslinker with P results in a very different toughness behavior
at low temperatures. The hindrance from the phenyl rings on the side chains provides
enough resistance force to the deforming of polymer network at low temperatures, even
with the accompanying flexibility offered from the D crosslinker. The network mobility

is greatly decreased, so the overall result is a toughness drop of 50% at -40°C.

3.1.33 DP55

DP55 has the same amount of diphenylsilane and hexamethyl crosslinkers in it.
The results are shown in Figure 3-15 to Figure 3-18. Compared to D100 and DP73, the
modulus and stress drop with temperature shows a similar trend. DP55 also has higher
stress and modulus than both D100 and DP73 at all temperatures, which can be explained

by the presence of higher content of P crosslinker. Using room temperature value as a
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reference, the relative percentages of changes in stress and modulus at -40°C and +60°C

are all slightly smaller compared to those of DP73.

The toughness curve of DP55 has a flatter shape than that of the DP73.
Interestingly, its toughness at 0°C, 20°C and 40°C are almost the same — at a value around
0.64MPa m'?. Its toughness at temperatures below 40°C are lower than those of DP73,
but its toughness values at 40°C and 60°C are greater. The toughness peaking
temperature also moves to a higher temperature, ~20°C. Compared to the RT toughness
value, the relative percentage change at -40°C is -52%, this is about the same compared
to that of DP73. The relative percentage change at 60°C is -31%, a slightly smaller
magnitude compared to that of DP73.

All P,,,,/P, values are within the 1.1 limit, so all toughness tests are valid. At
60°C, we see slightly bent-over load-displacement curves showing small non-linearity. In

this case, data points with P,,.,/P, greater than 1.1 are discarded. (See Figure 3-45)

3.1.34 DP37

DP37 has 70% diphenylsilane and 30% hexamethyltrisiloxane. The results are
presented in Figure 3-19 through Figure 3-22. Due to the presence of a major part of the
P crosslinker, DP37 is the most rigid among all DP combinations. The relative changes in
modulus and strength to their RT .values are even smaller when compared with DP55 and
DP73. From —40°C to 60°C, there is only a 2-3 fold drop in strength and modulus. This
could be explained by the higher P content in the resin network, which contributes to the

rigidity and strength of the network.

The toughness curve in Figure 3-22 shows an even flatter shape compared to
DP73 and DP55. Compared to DP55, the relative change to RT toughness value is about
the same (-53%) at -40°C, but it is in a small magnitude of -20% at 60°C. Toughness
values are also lower than those of DP55 almost at all temperatures. The toughness curve
peaks at ~30°C, which also moves a higher temperature. Toughness tests at all
temperatures meet the criterion of Pp../P, <1.1. Even at 60°C, the load displacement

curves of DP37 show brittle behavior (Figure 3-46).
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3.1.35 P100

P100 is crosslinked only with diphenylsilane. Undoubtedly, this is the strongest
system among D100, DP systems and B100, which exhibits highest maximum flexural
stress. The modulus and maximum stress vs. temperature are described in Figure 3-23
and Figure 3-24, respectively. Because the system is relatively brittle compared to other
DP series, there are bigger variations in the data obtained. This is due to the fact that
brittleness causes samples to become more sensitive to scratches and defects, and thus to
be more subjected to pre-mature breakage during loading. Generally, its room
temperature strength and modulus is comparable to other DP systems at -40°C,
suggesting the P100 network is very rigid even at room temperature. The phenyl rings on

the crosslinker pose much resistance on the movement of the network.

The toughness of P100 at room temperature is the lowest, largely due to its
limited network mobility from the diphenylsilane crosslinker. P100 toughness generally
has lowest values at all temperatures and the flattest shape compared with other DP
systems. Its change with temperature is also small (Figure 3-26). It is noted that
toughness stays almost the same at 0.44+0.03 MPa m'” at temperatures of 0°C, 20°C,
40°C and 60°C (Table 3-7), which shifts the toughness vs. temperature curve to a peak of
higher temperature ~35°C.,

The diphenylsilane crosslinker brings in many phenyl side groups into the
network. This results in more hindrance to the mobility of chains, which contributes to
low deformation ability and thus small maximum strain. This also explains for the
brittleness at RT. Even with increasing temperature, the resistance to the chain mobility
is still high enough for the resin to have a low toughness. We see the proof from a very
small increase (~2%) in the maximum flexural strain from -40°C to 60°C (Figure 3-25).
In addition, plastic zone size at 40°C and 60°C remains small. These all suggest that the
network mobility is greatly reduced in P100. However, the overall toughness does not

drop much at 60°C due to the compensation effect of the rigidity of the network.

All P100 load-displacement curves of the toughness tests demonstrate pure brittle
behavior with P,,./P; = 1.

51



3.14 DMA (TAN 6 VS. T) AND FRACTURE TOUGHNESS (Kic VS. T)

Plots of Tan 6 curves in Dynamic Mechanical Analysis and toughness with
temperature for both DP series and B100 are shown in Figure 3-31 through Figure 3-36.
As P crosslinker concentration increases (from DP73 to DP37), the Tan & peak
temperature shifts to the higher temperature end. At the same time, the peaking
temperature of the toughness curve moves to a higher temperature, as discussed in

previous sections.

If we list out the two peak temperatures and compare them as in Table 3-8, we see
that except D100, all other systems fall into the same difference range — about 62+4°C.
The toughness peak always occurs at about 62°C below the Tan & peak, thus it is closely
associated with the glass transition temperature of the polymers. The molecular motions
inside the polymer network at ~62°C below the glass transition temperature seem to be at
its best when contributing to the toughness. At this temperature, molecules still have
some mobility and also enough rigidity to achieve relatively high toughness. Above this
they will lose too much rigidity and below this they will lose mobility, thus resins appear

brittle under both situations.

The exception of D100 suggests that D100 is different in molecular structure and
deformation mechanism. Its toughness peaks at a much lower temperature, ~ 100°C
below its glass transition temperature. The D100 network is very flexible and deformable,
which can be explained by the difunctional and long molecule crosslinker. At -40°C and
-60°C, the network is still mobile and deformable at the same time of the network rigidity

increase, this has resulted in its high toughness at these low temperatures.
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3.1.5 PLASTIC ZONE SIZE AND ACTIVATION ENERGY CALCULATION

Using the fracture toughness and flexural strength data obtained in previous

sections, the plane strain plastic zone size R, has been estimated by [1]:
2
1 [Kq .
Rp =—:| —— | Equation 3-1
6r | o
where o is the maximum flexural stress and K, is fracture toughness. The maximum

flexural stress is used here instead of the yield stress as an approximation. The numbers

are listed in the last column in Table 3-1 and Table 3-3 through Table 3-7.

A plot of Log(R,) vs. T of B100 and DP series is shown in Figure 3-37, and a plot
of Log(Ry) vs. 1/T is shown in Figure 3-38. Figure 3-37 clearly shows that the plane strain
plastic zone size increases monotonically with temperatures for almost all systems. One
exception occurs in DP73 tested at 60°C, which might be from the invalidity of the test.

The trend of increase can be explained by larger plastic flow at higher temperatures.

At the same time, we can fit Log(R,,) vs. /T with linear correlation (Figure 3-38).

All fit equations have a form of

y=a-e™ (yisR,and x is 1/T) Equation 3-2
and rewriting this will yield

Log(Rp) = Log(a)—bx % Equation 3-3

where —b is the slope of the curve.

From the fitting equations shown in the figure, we can see that most systems can
be grouped into one category — with slope varying from —2500 to —3200. D100 falls out

of this group because its slope is much smaller ~ -1400.
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From the activation energy theory of a thermally assisted process [2], we have:
_Q
Rp < e RT Equation3-4

where Q is the apparent activation energy of the process. From the slopes of curves, we
can calculate the apparent activation energy Q of the plastic zone deforming process.
Values of calculated Q are listed in Table 3-9. We see that DP’s and B100 have about the
same apparent activation energy, but D100 has a much smaller value. D100 also has the
biggest plastic zone size among all systems studied. This is due to the easiness and big

magnitude of plastic deformation in the material, which involves more flow and ductility.

3.1.6 SUMMARY OF DATA ANALYSIS

Summary of flexural properties vs. temperature for D100, DP, P100 and B100 are
presented in Figure 3-27 through Figure 3-30.

For DP systems:

1) D100 is unique in having highest flexural strain and lowest flexural
strength and modulus over all temperature range. Its flexural modulus
change over all temperatures is the most dramatic and results in the

steepest modulus vs. temperature curve.

2) D100 is also unique in its fracture toughness change vs. temperature. The
curve reaches a maximum point at -35°C. Its toughness at 0°C, -20°C,
-40°C and -60°C remains almost the same at 0.72 + 0.03 MPa m'%, which

is the highest value in the testing temperature range.

3) The behavior of D100 is attributed to its molecular structure of the di-
functional crosslinker with no bulky groups, which gives rise to its high
deformation ability and weak strength and stiffness. The deformation is
even big at -40°C and —60°C, over 100°C below its Tj.
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4) P100 is the strongest and most brittle System among all, with maximum
flexural stress and modulus curves in the highest positions and its fracture
toughness curve in the lowest. The toughness didn’t change much with
temperature, resulting in a flat shape of the toughness vs. temperature

curve,

5) P100’s stiffness and brittleness can also be explained by its molecular
structure. P crosslinker has two phenyl groups on the side chain. It is also
a short molecule, and reduces the network mobility when crosslinked into
the network. These phenyl groups present a great obstacle to the network

chain mobility,

6) Combination of DP crosslinker results in Systems behaving more similar
to the P100 than to the D100, which means the effect of the P crosslinker,

particularly from its molecular structure, is dominant.

7) Comparing D100, DP73, DP55 , DP37 and P100 in increasing P
crosslinker content, we see that maximum flexural stress and modulus
curves of DP series sit in between those D100 and P100. The bigger the P
crosslinker content, the more rigid and stronger the system becomes. The
relative changes to RT values at both -40°C and 60°C also become smaller

with increasing P content.

8) Comparing DP73, DP55, DP37 and P100 in increasing P crosslinker
content, the fracture toughness vs. temperature curves flattens, DP73 is
more sensitive to temperature changes than DP37 and DP55. As P content
increases, the relative decrease in toughness at the high temperature end

also becomes smaller.

9) For D, DP’s and P, fracture toughness vs. temperature curves aj] undergo
maximum points at certain peaking temperatures. This temperature shifts

to a higher value with increasing P content.
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For B100:

10) B100 is moderately strong and stiff, with strength and modulus values
closer to DP55 and DP37. They also experience has the least change with

temperature, leading to curves with smaller slope.

11) B100 has the highest fracture toughness at temperatures above 0°C, but its
value decreases substantially at temperatures below 0°C. B100
demonstrates a higher sensitivity to temperature change, especially at low

temperatures. Its toughness peaking temperature is around 30°C.

12) Compared to P, B crosslinker has phenyl groups positioned on the
backbone, not on the side chain. B also brings in fewer phenyl groups into
the network compared to P. The backbone phenyl groups provide rigidity,
but their hindrance to chain movement is low. Thus, B100 offers a better
balance of rigidity and deformation ability of the network structure, which
results in its high toughness.

Finally:

13) Tan § peak and toughness peak difference analyses proves that these two
temperatures are closely related. A common difference value of 62°C+4°C

is found in most crosslinked systems, except that such a value is 100°C in
D100.

14) Plastic zone analysis proves that D100 has the biggest plastic zone size
over all temperatures, and D100 also has the smallest apparent activation
energy obtained from the plastic zone calculation. Other DP, P and B

systems have close values of the apparent activation energy.

15) Both peaking temperature and plastic zone analyses prove that D100 is
unique among other P, DP and B systems in its network deformation
ability. The molecular structure of D explains for its network deforming

mechanism.
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Table 3-1 Mechanical properties of silylphenylene (B) crosslinked X1-2672 resin (B100) as a result of

varying testing temperature.

Maximum Maximum Flexural Plastic zone
Temp. | flexural stress | flexural strain Modulus Kic Prmax/Pq | size
(MPa) (%) (GPa) (MPam'?) (pm)

Ave Stdev | Ave Stdev | Ave Stdev | Ave Stdev | Ave Ave
-40°C | 7240 +6.55| 547 064 | 1.96 +0.12| 0.37 =+0.04 1139
-20°C | 67.89 +5.52 7.6 £1.67 | 1.90 +0.04 | 0.46 +0.04 1244
0°C 62.16 +£1.67| 7.65 +0.22 | 1.77 +0.03 | 0.72 +0.05 1{7.12
20°C 46.17 £1.27 | 7.23 +0.28 | 1.63 =+0.06 | 1.03 +0.06 | 1.038 | 26.4
40°C 35.58 +0.96 7.4 +0.60 | 1.32 +0.03 | 0.96 +0.02 | 1.108 | 38.62
60°C 21.83 +092 | 8.49 095 | 0.94 +0.08 | 0.71 =+0.02 | 1.238 | 56.14

Table 3-2 A summary of temperature and rate effects on fracture toughness of the silylphenylene
crosslinked X1-2672 (B100).

Temp -40°C -20°C 0°C
Rate K4 Prax/Pqi  Kimax K, Prax/Pq Kmax Kq Prax/Pq Kinax
(MPam'?) (MPam'?) | (MPa m'?) (MPa m'?) | (MPa m'?) (MPa m'?)
1 mm/min 0.369: 1.000 0.369 0.371. 1.000 0.371 0.697 1.000 0.697
stdev 0.035 0.035 0.025 0.025 0.053 0.053
10 mm/min 0.366. 1.000 0.366 0.455 1.000 0.455 0.716. 1.000 0.716
stdev 0.036 0.036 0.041 0.041 0.049 0.049
100 mm/min 0.300 1.000 0.300 0.303: 1.000 0.303 0.331. 1.000 0.331
stdev]  0.019 0.019]  0.041 0.041]  0.034 0.034
Temp 20°C 40°C 60°C
Rate Ky Pu/Pq Ko Ky  Pra/Pq  Kuax Ky PoalPq Koo
(MPam'? (MPam'?) | (MPam'?) (MPa m'?) | (MPa m'?) (MPam'?)
1 mm/min 1.050 1.142 1.213 0.886 1.316 1.158 0.512 1.570 0.794
stdev 0.040 0.072 0.064 0.060 0.096 0.074
10 mm/min 1.038 1.029 1.038 0.907E 1.108 0.907 0.706. 1.239 0.875
stdev 0.027 0.027 0.111E 0.111 0.023 0.023
100 mm/min 0.936. 1.000 0.936 0.880. 1.280 1.077 0.418 2.045 0.843
stdev] 0.068 0.068 0.205 0.059 0.072 0.099
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Table 3-3 Mechanical properties of hexamethyltrisiloxane (D) crosslinked X1-2672 (D100) as a result
of varying testing temperature.

Maximum Maximum Flexural Plastic

Temp. | flexural stress flexural strain Modulus K. Prmax/Pq | zone size
(MPa) (%) (GPa) (MPam'?) (pm)

Ave Stdev Ave Stdev Ave Stdev | Ave Stdev Ave Ave
-60°C | 71.55 +2.40 9.51 +0.40 1.77  £0.07 |1 0.75 =+0.06 1]5.83
-40°C | 52.05 +£1.33 8.87 +0.87 1.29 £0.06 | 0.75 =+0.07 1{11.02
-20°C | 4147 4337 | 10.83 +0.52 1.15 +0.12] 0.69 =+0.04 1| 14.69
0°C 3144 +1.46| 1022 +040 0.83 +0.08 | 0.72 +0.05 1.047 | 27.83
20°C | 22.20 +0.52 10.4 +£1.10 0.52 +0.03 ] 0.54 =+0.03 1.172 | 31.4
40°C 8.78 £0.26 | 12.11 +0.26 0.14 +0.00 | 0.28 =+0.02 1.177 | 53.91

Table 3-4 Mechanical properties of hexamethyltrisiloxane (D) /diphenylsilane (P) crosslinked X1-
2672 (DP73) as a result of varying testing temperature.

Maximum Maximum Flexural Plastic
Temp. | flexural stress | flexural strain Modulus K. Prmax/Pq | zone size

(MPa) (%) (GPa) (MPa m'?) (um)

Ave  Stdev | Ave Stdev | Ave Stdev | Ave Stdev [ Ave Ave
-40°C | 63.84 +2.59( 7.83 +0.84 1.59  +0.06 | 0.36 =+0.07 1.022 1.69
-20°C | 53.68 +0.77 | 9.27 +1.10 1.51 +0.03 | 0.65 =0.05 1 7.78
0°C 46.43 +0.66 | 8.02 +0.21 1.34 +0.03| 0.78 =+0.04 1 14.97
20°C 3334 £0.85] 9.48 <+£1.10 1.07 +0.01 | 0.75 =+0.02 1.106 26.84
40°C 17.41 +0.39 | 8.94 =+0.55 0.63 +0.05| 0.54 =+0.07 1.199 51.05
60°C 7.32 £0.58 | 9.66 +0.52 0.17 +0.02| 0.19 +0.01 1.573 35.75
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Table 3-5 Mechanical properties of hexamethyltrisiloxane (D) /diphenylsilane (P) crosslinked x1-2672
(DPSS5) as a result of varying testing temperature.

Plastic
Maximum Maximum Flexural zone
Temp. | flexural stress | flexural strain Modulus Ky Prmax/Pq | size

(MPa) (%) (GPa) (MPam'?) (um)

Ave  Stdev| Ave Stdev | Ave Stdev | Ave Stdev | Ave Ave
-40°C 73.63 +£5.18 | 5.54 +091 | 1.86 +0.09 0.3 =+0.03 1 0.88
-20°C 68.30 +£259 | 7.89 +0.62 | 1.63 +0.03 0.5 =+0.02 1 2.84
0°C 5648 +£2.14| 7.11 +0.74 | 1.57 +0.06 | 0.64 =+0.04 1 6.81
20°C 4235 *1.41| 7.44 +£145 | 136 +0.03| 0.62 =+0.04 1 11.37
40°C 2941 =1.75| 9.54 +0.68 | 0.98 +0.08 | 0.64 =+0.07 1.038 | 25.12
60°C 17.00 £2.55| 9.78 +0.50 [ 0.50 +0.07 | 0.43 =£0.02 1.08 | 33.93

Table 3-6 Mechanical properties of hexamethyltrisiloxane (D) /diphenylsilane (P) crosslinked X1-
2672 (DP37) as a result of varying testing temperature.

Maximum Maximum Flexural Plastic
Temp. | flexural stress | flexural strain Modulus K. Prmax/Pq | zone size
(MPa) (%) (GPa) (MPa m'"?) (um)
Ave Stdev Ave  Stdev Ave Stdev | Ave Stdev Ave Ave
-40°C 82.69 +£3.31 6.65 +0.74 2.04 +0.04( 0.28 +0.02 1 0.61
-20°C 71.29 +4.57 6.51 =£1.85 1.93 +0.10 | 0.44 +0.03 1 2.02
0°C 68.14 +£1.13 8.05 +1.23 1.75 +0.04 | 0.49 =+0.05 1 2.74
20°C 4445 +0.86| 7.64 +0.81 1.61 +0.01 | 0.59 +0.01 1 9.35
40°C 3533 +0.34 7.8 +0.25 1.28 +0.04 | 0.57 +0.04 1 13.81
60°C 23.16 +£1.22 | 8.62 +0.71 0.77 +0.03 | 0.47 =+0.03 1.08 21.84
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Table 3-7 Mechanical properties of diphenylsilane (P) crosslinked X1-2672 (P100) as a result of
varying testing temperature.

Maximum Maximum Flexural Plastic
Temp. flexural stress | flexural strain Modulus Kie Prmax/Pg | zone size
(MPa) (%) (GPa) (MPam'?) (um)
Ave  Stdev | Ave Stdev | Ave Stdev | Ave Stdev | Ave Ave
-40°C 9195 037 6.5 =035 230 +0.09] 026 =0.01 1 0.42
-20°C 79.57 4092 633 =+0.14 223 +0.06| 026 =+0.03 1 0.57
0°C 73.87 £5.10 | 6.01 +0.00 225 026} 044 =+0.02 1 1.88
20°C 70.23  +3.24| 7.27 =+0.66 209 +£0.11| 047 =+0.03 1 2.38
40°C 44.66 +3.01 7.5 £2.17 142 +0.06 | 0.44 =+0.02 1 5.15
60°C 3046 +0.09 | 8.38 +0.85 096 +0.01 | 041 =+0.01 1 9.61

Table 3-8. Toughness curve peak and DMA Tan & peak summary.

toughness peak DMA Tans peak
temperature temperature temperature difference
DMA peak - toughness peak
°C °C °C
B100 30 88 58
D100 -35 66 101
DP73 10 73 63
DP55 20 80 60
DP37 30 90 60
P100 35 101 66

Table 3-9 Activation energy calculation — B100, D100, DP37, DP5S, DP73 and P100.

System [Fit equations Intercept |Q/R Q(J/mol)
B100 |Log(R,)=Log(0.8072)-3135.7 * (1/T) }-0.09 3135.7 [26070.21
D100 [Log(Rp) =Log(0.0046) -1423.5 * (1/T) |-2.34 1423.5 ]11834.98
DP37 [Log(Rp) = Log(0.099) -2781.6 * (1/T) |1.00  R2781.6 [23126.22
DP55 [Log(R,) =Log(0.1972) -2841.2 * (1/T) -0.71 F841.2 23621.74
DP73 |Log(R,) = Log(0.1028) -2470.6 * (1/T) |-0.99 2470.6 [20540.57
P100  [Log(R,) = Log(0.014) -2476.8 * (1/T) |1.85 2476.8 [20592.12
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Flexural modulus vs. Temperature
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Figure 3-1 Flexural modulus vs. temperature for silylphenylene (B) crosslinked X1-2672 (B100).
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Figure 3-2 Maximum flexural stress change with temperature for silylphenylene (B) crosslinked X1-
2672 (B100).
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Maximum fiexural strain vs. Temperature
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Figure 3-3 Maximum flexural strain change with temperature for silylphenylene (B) crosslinked X1-
2672 (B100).
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Figure 3-4 Fracture toughness change with temperature for silylphenylene (B) crosslinked X1-2672
(B100).
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Toughness (Kq) vs. Rate
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Figure 3-5 Plots of fracture toughness versus Log (rate) at different temperatures for the
silylphenylene crosslinked X1-2672 (B100).
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Figure 3-6 Plots of fracture toughness versus temperature at different rates for the silylphenylene
crosslinked X1-2672 (B100).
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Flexural modulus vs. Temperature
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Figure 3-7 Flexural modulus change with temperature for hexamethyltrisiloxane (D) crosslinked X1-
2672 (D100).
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Figure 3-8 Maximum flexural stress change with temperature for hexamethyltrisiloxane (D)
crosslinked X1-2672 (D100).
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Maximum flexural strain vs. Temperature
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Figure 3-9 Maximum flexural strain change with temperature for hexamethyltrisiloxane (D)
crosslinked X1-2672 (D100).
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Figure 3-10 Fracture toughness change with temperature for hexamethyltrisiloxane (D) crosslinked
X1-2672 (D100).

65




Flexural modulus vs. Temperature
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Figure 3-11 Flexural modulus change with temperature for hexamethyltrisiloxane (D)/diphenylsilane
(P) crosslinked X1-2672 (DP73).
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Figure 3-12 Maximum flexural stress change with temperature for hexamethyltrisiloxane (D) /
diphenylsilane (P) crosslinked X1-2672 (DP73).
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Maximum flexural strain vs. Temperature
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Figure 3-13 Maximum flexural strain change with temperature for hexamethyltrisiloxane (D) /
diphenylsilane (P) crosslinked X1-2672 (DP73).
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Figure 3-14 Fracture toughmess change with temperature for hexamethyltrisiloxane (D) /
diphenylsilane (P) crosslinked X1-2672 (DP73).
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Flexural modulus vs. Temperature
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Figure 3-15 Flexural modulus change with temperature for hexamethyltrisiloxane (D) /
diphenylsilane (P) crosslinked X1-2672 (DP55).
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Figure 3-16 Maximum flexural stress change with temperature for hexamethyltrisiloxane (D)
/diphenylsilane (P) crosslinked X1-2672 (DP55).
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Maximum flexural strain vs. Temperature
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Figure 3-17 Maximum flexural strain change with temperature for hexamethyltrisiloxane (D) /
diphenylsilane (P) crosslinked X1-2672 (DPSS5).
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Figure 3-18 Fracture toughness change with temperature for hexamethyltrisiloxane (D) /
diphenylsilane (P) crosslinked X1-2672 (DP55).
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Flexural modulus vs. Temperature

25
2 | -
g
5 15 -
(72}
3
=]
°
o
E 1] -
-
3
x
o
'8
05 - - ———
0 . , i : : ,
70 -50 -30 -10 10 30 50 70

Temperature (°C)

Figure 3-19 Flexural modulus change with temperature for hexamethyltrisiloxane (D)/diphenylsilane
(P) crosslinked X1-2672 (DP37).
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Figure 3-20 Maximum flexural stress change with temperature for hexamethyltrisiloxane
(D)/diphenylsilane (P) crosslinked X1-2672 (DP37).
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Maximum flexural strain vs. Temperature
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Figure 3-21 Maximum flexural strain change with temperature for hexamethyltrisiloxane
(D)/diphenylsilane (P) crosslinked X1-2672 (DP37).
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Figure 3-22 Fracture toughmness change with temperature for hexamethyltrisiloxane (D) /
diphenylsilane (P) crosslinked X1-2672 (DP37).
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Flexural modulus vs. Temperature
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Figure 3-23 Flexural modulus change with temperature for diphenylsilane (P) crosslinked X1-2672
(P100).

Maximum flexural stress vs. Temperature

100

80 -

70 A

60 -

50 - e

40

30 -

Maximum flexural stress (MPa)

20 A

10 4 . —

Temperature (°C)

Figure 3-24 Maximum flexural stress change with temperature for diphenylsilane (P) crosslinked X1-
2672 (P100).
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Maximum flexural strain vs. Temperature
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Figure 3-25 Maximum flexural strain change with temperature for diphenylsilane (P) crosslinked
X1-2672 (P100).
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Figure 3-26 Fracture toughness change with temperature for diphenylsilane (P) crosslinked X1-2672
(P100).
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Flexural modulus vs. Temperature
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Figure 3-27 Summary of flexural modulus vs. temperature for DP and B100 systems.
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Figure 3-28 Summary of maximum flexural stress vs. temperature for DP and B100.
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Maximum flexural strain vs. Temperature
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