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ABSTRACT: This study explores the concept of composite construction simultaneously at nano- and
macroscopic length scales. This approach promises to allow improvement of multiple properties
coincidentally but independently. A model system was identified that allows us to test this concept by
combining molecular level hybridization using a silsesquioxane epoxy nanocomposite with macroscopic
modification using core—shell rubber particles (CSR). The objective here was to form an epoxy resin system
with enhanced thermal stability, elastic modulus, and fracture toughness. The nanocomposite was made
by reacting octa(dimethylsiloxyethylcyclohexyl epoxide)silsesquioxane (OC, 1.3 nm diameter) with
diaminodiphenylmethane (DDM). This resin offers excellent elastic moduli and thermal stabilities at
the expense of poor fracture toughness. OC/DDM is a “single phase” hybrid nanocomposite that is used
here as a matrix for ~100 nm diameter CSR reinforcing particles. Characterization of OC/DDM/CSR
composites shows that fracture toughness improves significantly on inclusion of CSR particles with little
effect on elastic moduli and thermal stability. Stress and strain at failure also improve, indicating better
fracture toughness. SEM studies suggest that shear yielding and CSR pull-out are the likely sources of

toughening.

Introduction

Organic/inorganic hybrid nanocomposites offer great
potential for novel properties because distinct organic
and inorganic component properties can be combined
in a single material with uniformity of mixing at the
nanoscale. Furthermore, synergistic improvements in
properties are often made when the component sizes
approach this length scale.1~1°> While early research in
hybrid systems focused on the development of polymer-
layered silicate nanocomposites,”~1° one recent trend is
to synthesize well-defined hybrid nanobuilding blocks
with custom-designed organic functionality and to pro-
cess nanocomposites from them.16-18 Motivation for the
nanobuilding block approach arises from the knowledge
that control of structures/interactions at the smallest
scales and the systematic nanometer by nanometer
construction of composites provide the best chance to
enhance/control macroscopic properties. However, this
approach requires an understanding of the nanoscale
structure—processing—property relationships of nano-
composites to select the right nanocomponents and to
process them properly for the target properties.

To better understand such relationships, we recently
initiated studies using cubic silsesquioxanes (cubes,
typically 1.2—1.5 nm diameters) to produce completely
discontinuous nanocomposites (per Scheme 1).19°25 In
our approach, various functional groups are appended
to cubes and then cross-linked to form nanocomposites.

These systems can serve as models for studying
various nanostructure relationships because manipula-
tion of the functional groups and the cross-linking
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chemistry provides excellent control of nanoscale con-
struction parameters, especially organic tether struc-
ture, architecture, rigidity, cross-link density, etc.
Changes in properties associated with changes in these
parameters can be followed by various analytical
tools.19721

In the course of these studies, features common to all
silsesquioxane nanocomposites were identified. First,
these nanocomposites are homogeneous, and no phase
segregation occurs even at the 1-2 nm length scale.
Second, organic tether structures determine the nano-
composite mechanical properties. Last, manipulation of
tether structure can radically change nanocomposite
thermal behavior. In other words, tether design is the
limiting factor as well as the guideline for modifying
nanocomposite properties by manipulation at nanom-
eter length scales.

These findings provided the impetus to explore nano-
composite modification at macroscopic scales in the hope
that (1) properties that are not effectively controlled at
one length scale can be better controlled at another and
(2), more importantly, to prove that multiple properties
can be independently modified at two different length
scales.

In practice, cube “single phase” hybrid nanocompos-
ites can be used as matrices for macroscopic composites
because of their extreme homogeneity. Then, numerous
macroscopic composite methodologies can be adopted to
further modify hybrid matrix properties. That is, on the
nanoscale, we have the opportunity to tailor the matrix
by selecting cube tethers with specific organic architec-
tures that define basic thermomechanical properties. On
the macroscale, we can then add reinforcements based
on traditional composite approaches to selectively im-
prove target properties.

The ideal model system for this approach would
possess at least one property that can be modified by
traditional methods. Usually, it is difficult to optimize
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Scheme 1. Formation of the Nanocomposites (11) from Cubic Silsesquioxane (I)
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all of the properties at once in developing new compos-
ites. Sometimes, improving some properties results in
degradation of others. For example, polymer composites
with well-dispersed layered silicates often offer im-
proved thermal stability and elastic modulus, but at the
expense of fracture toughness.14~16 A similar trend was
observed in epoxy cube nanocomposite studies.?! In-
creasing tether rigidity improves thermal stability and
elastic modulus but decreases the fracture toughness.
Given these results, an epoxy cube nanocomposite with
good elastic modulus and poor fracture toughness can
serve as a model system where fracture toughness can
be improved by traditional toughening strategies as an
example of macroscale modification. Furthermore, or-
ganic epoxy resins are widely studied as matrices for
composites filled with nanosized inorganic reinforce-
ments such as silica particles?6~28 or layered silicates, 233
offering good reference for comparison.

In modifying nanocomposites by traditional ap-
proaches, it is desired that properties improve indepen-
dently. In other words, inherent nanocomposite prop-
erties should not be degraded as a result of macroscale
modification or the changes should be minimal. If
correct, this model study could provide a new strategy
for modifying multiple properties independently in a
single composite.

Here, we demonstrate the concept of combining mo-
lecular level hybridization with macroscopic modifica-
tion of composite properties using an epoxy cube nano-
composite matrix.'®~2! The selection of the specific epoxy
cube nanocomposite is first justified. Then, the basic
properties of the epoxy cube nanocomposite are used to
determine the toughening strategy. Thereafter, various
properties are measured to evaluate the effectiveness
of this new approach.

Experimental Section

Materials. Diaminodiphenylmethane (DDM) was pur-
chased from Alfa Aesar (Ward Hill, MA) and used without
further purification. An aqueous suspension of core shell
rubber (CSR, ~40 wt % in suspension) particles was provided
by Professor H.-J. Sue of Texas A&M University.®4%® Octa-
(dimethylsiloxyethylcyclohexenyl epoxide)silsesquioxane (OC)
was synthesized following literature procedures.?

Processing. OC/DDM Curing. In formulating OC/DDM
nanocomposites, a variable N was defined as discussed in
previous papers.?*??2 Thus, when N = 1, there are equal
numbers of NH, groups and epoxy rings in the sample mixture.
In practice, for the formulation of N = 1.0, 3.40 g (17.17 mmol)
of DDM and 8.60 g (4.28 mmol) of OC (total 12 g) were used
to prepare composites.

Materials were weighed into an aluminum pan (61.5 mm
diameter x 18 mm) and mixed by hand. The mixture was
melted and degassed at 140—150 °C under vacuum for 7—15
min. When the mixture became homogeneous and no more

\
I
Table 1. Formulation of OC/DDM/CSR Nanocomposites
CSR loading 0.0 wt % 4.0 wt % 8.0 wt %
OC/CSR (g) (mmol of OC)2 0 0.58 (0.23) 1.18(0.47)
(CSR, g)° (0) (0.12) (0.24)

g of neat OC (mmol) 2.87 (1.43) 2.32(1.15) 1.76 (0.87)
g of DDM (g) (mmol) 1.13(5.72) 1.10(5.56) 1.06 (5.35)

2 mmol of OC in OC/CSR: 80 wt % of OC/DDM mass is assumed
as the net mass of OC. ® CSR mass: 20 wt % of OC/CSR mass.

bubbles emerged, it was poured into an aluminum mold
previously surface-coated with Teflon mold release agent and
preheated to 150 °C. The mixture was then cured at various
temperatures under nitrogen for various periods of time. After
the mold cooled, the sample was removed, rough edges were
polished on a polish wheel with 180, 600, and 1200 grit SiC
paper, and the sample was kept in a desiccator prior to testing.

Core—Shell Rubber (CSR) Particles. CSR particles used in
the study are styrene—butadiene copolymers. Their properties
and processing have been described in previous publica-
tions.3*3% CSR diameters are ~100 nm based on preliminary
SEM/TEM studies.® First, 50 mL of an aqueous suspension
of CSR particles was mixed with 100 mL of methyl ethyl
ketone (MEK) and 50 mL of deionized water in a 500 mL
beaker. The solution was then transferred to a separatory
funnel and let stand for 1 h. When the solution separated into
two layers, the aqueous layer was removed. The funnel was
rinsed with a small amount of MEK, and another 50 mL of
deionized water was added. The solution was well shaken and
then left idle for another 20 min followed by separation of the
aqueous layer. The extraction/separation step was repeated
five times. Finally, about 100 mL of organic layer (CSR/MEK
solution) was collected and used immediately for preparing
nanocomposites.

OC/DDM/CSR Nanocomposites. OC monomer (50 g, 24.86
mmol) was first dissolved completely in 50 mL of CSR/MEK
solution, and then the solution was vacuum-dried to give a
solid OC/CSR mixture. The CSR content in the OC/CSR
mixture was determined by comparing the mass of the sample
solution before (2.5 g of neat OC in 5 vol % of the final OC/
CSR/MEK solution) and after the solvent was vacuum-dried
(a combined mass of 3.1 g of OC and CSR). Thus, the weight
fraction of CSR in the OC/CSR mixture was estimated to be
~20 wt %.

Melt Processing. Nanocomposites with three CSR loadings
were prepared. Table 1 summarizes the formulations of 0.0,
4.0, and 8.0 £ 0.1 wt % CSR loaded nanocomposites. Neat OC
and DDM (total 4.00 g) were weighed separately, introduced
into an aluminum pan (61.5 mm diameter x 18 mm), and
melted together at 200 °C. The resulting melt was first stirred
by hand, then degassed under vacuum for 5—7 min, and
transferred into an aluminum mold (30 x 13 x 30 mm).
Samples were then cured under N, at 200 °C for 24 h. The
prepared nanocomposite was characterized by optical micros-
copy to identify/assess phase segregation.

Solution Processing. Formulations in Table 1 were prepared
using this process. The OC/CSR mixture, neat OC, and DDM
(total 4.00 g) were separately weighed and dissolved together
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Scheme 2. Preparation of Optical Microscope (OM) Image Samples: (a) OM Sample with Full Indentation; (b)
OM Sample with Halved Indentation via Microtoming
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in 10 mL of MEK in a 20 mL vial. The solution was then
transferred to an aluminum pan (61.5 mm diameter x 18 mm).
MEK was removed under vacuum at 200 °C for 5—7 min, and
the resulting melt was poured into an aluminum mold (30 x
13 x 30 mm) and cured under N, at 200 °C for 24 h. The
prepared nanocomposites were initially examined for phase
segregation by optical microscopy and then further character-
ized using DMA and TGA.

Fracture toughness specimens were prepared using the
same procedure butina 9 x 5 x 40 mm aluminum mold. For
the preparation of tensile and compression test specimens, a
dog bone-shaped mold (2 mm neck thickness x 3.2 mm neck
width x 60 mm length) and a cylindrical mold (9.5 diameter
x 19 mm length) were used.

Characterization. To assess the toughenability of these
rather brittle materials, indentation studies were performed
using a Teledyne-Table shear/scratch tester model 502. In-
dentations were made on the surfaces of neat OC/DDM
nanocomposites using a diamond stylus (90° angle, 76 um
radius). An arbitrary force was applied by hand. The prepared
specimens were embedded in epoxy resin and cured for 24 h.
Samples were then carefully polished using 600, 1200, and 400
grit SiC papers and 5, 1, 0.3, and 0.05 yum alumina powder
suspensions until the center of the indentation was exposed.
The polished surface was glued to a glass slide using epoxy
resin and cured at room temperature for 24 h. The remaining
sections were then polished into ~50 um thick specimens. The
prepared specimens were kept in a desiccator until charac-
terization by optical microscopy (OM).

To prepare samples for assessing the amount of residual
elastic stress caused by the indentation test, the indented
samples were cut in half by microtoming. Then, the other
sample halves were embedded in epoxy resin and processed
into OM specimens as described above. These steps were
schematically illustrated in Scheme 2.

All of the OM specimens were studied using an Olympus
BH-2 optical microscope. Cross-polarized light was used to
view the birefringence with magnifications up to x1000. The
images were recorded using a SONY color video CCD camera,
DXC-151A (resolution = 768 x 493 pixels).

(b) OM sample/halved
indentation

[Adhesion to glass slide + polishing]

Fracture Toughness Testing. The critical stress intensity
factor (K c) was measured in the three-point bending mode
following ASTM standard E399 (1990). Specimens were pol-
ished to 8.50 (B) x 4.25 (w) x 40.0 mm bars. The span of the
two support beams was 30.5 mm. A 0.5 mm notch was made
in the sample using a hacksaw, and a natural crack was
introduced using a new razor blade. The ratio of the crack to
the thickness (B) was 0.35—0.55. The sample was then loaded
in an Instron testing machine, and force was applied at a
constant crosshead rate of 1 mm/min until the sample broke.
The load at fracture was recorded. The critical stress intensity
factor was calculated from the following equations:

Kic = Yo,a'?
2 3 4
Y= [1.93 - 3.07(3) + 14.53(3) - 25.11(3) + 25.80(3) ]
W, W, W, W,

_ 3sP,

o =—2
° 2BwW?

where Py, is the load at fracture, B is the sample thickness, w

is the sample width, S is the span, and a is the crack length.

Thermal Gravimetric Analyses (TGA). Thermal stabilities
of materials were tested under nitrogen or air using a model
2960 DTA-TGA Instrument (TA Instruments, Inc., New Castle,
DE). Samples (15—25 mg) were loaded in platinum pans and
ramped to 1000 °C (5 °C/min/N). The N; or air flow rate was
60 mL/min.

Dynamic Mechanical Analyses (DMA). Dynamic mechanical
behavior of cured samples was studied using a TA instruments
2980 dynamic mechanical analyzer (New Castle, DE). Cured
samples were polished to ~3.0 x 13.0 x 30.0 mm and mounted
on a single cantilever clamp. The mechanical properties were
measured under nitrogen in step mode in 10 °C intervals from
—50 to 200 °C. Prior to each measurement, the environment
was kept at the setting temperature for 10 min to ensure
thermal equilibration.
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Table 2. Selected Properties for Various Epoxy Cube Nanocomposites (N = 1);19721 Properties of the Organic Epoxy
Resin (DGEBA/DDM)1920 Are Included for Comparison

nanocomposites Ta(5%)° (°C)  Ta(20%) (°C) CY9(%) charY (%) modulus(GPa) Kic(MPam?)  T4(°C)
OC/DDM 415 450 31 34 2.3 0.5 110
OG/DDM?2 344 408 32 40 1.8 1.2 60
OG/OC/DDMP (N = 1.25) 350 416 31 35 2.3 1.8 60
DGEBA‘/OAPSH 355 384 17.6 43 2.4 h
DGEBA/DDM 338 368 0 17 2.4 1.3 110

a2 0OG = octa(glycidyldimethylsiloxy)silsesquioxane. ® OG/OC/DDM = blending of 75 mol % OG/25 mol % OC at N = 1.25. ¢ DGEBA =
diglycidyl ether of bisphenol A. ¢ OAPS = octaaminophenylsilsesquioxane. ¢ T4(5%) = 5% mass loss temperature in TGA (N2/5 °C/min).
fT4(20%) = 20% mass loss temperature in TGA (N2/5 °C/min). 9 CY = ceramic yield at 1000 °C (air/5 °C/min). " No T.

Scheme 3. Structures of OC and DDM
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Compression tests were performed using a screw-driven
Instron 4502 following ASTM standard E9-89a (2000). Cylin-
drical samples with a diameter of 9.5 mm and a length of 19
mm were used for the tests. The cross-head speed was set at
1 mm/min. Data were recorded at a rate of 10 points/s. The
tests were continued until the samples failed completely.

Tensile testing was also performed using a screw-driven
Instron 4502 following ASTM standard E111 (1997). Dog bone
samples with a thickness of ~2 mm and a width of ~3.2 mm
were used for all of the formulations. The cross-head speed
was set at 1 mm/min. Data were recorded at a speed of 10
points/s. The tests were continued until the samples failed.

Scanning Electronic Microscopy (SEM). Fractured samples
were mounted on a holder and a thin layer (=5 nm) of Au/Pd
was applied on to the fracture surfaces using a Technics
Hummer VI sputter coater. SEM images were then taken
using a Philips XL 300 FEG SEM at an acceleration voltage
of 5 kV under high vacuum.

Results

Demonstration of independent property modification
at two length scales requires a composite that already
exhibits improved properties as a result of tether
manipulation and at least one poor property that can
be further improved by macroscopic composite methods
with minimum interference with the nanoscale modi-
fications. Table 2 shows selected properties of epoxy
tether nanocomposites studied to date.

Comparison of these properties indicates that octa-
(dimethylsiloxyethylcyclohexylepoxy)silsesquioxane (OC)/
diaminodiphenylmethane (DDM) exhibits the best ther-
mal stability and higher elastic modulus than its OG/
DDM counterpart, perhaps as a result of tether rigidity,
but it also has the poorest fracture toughness. Thus, it
may require toughening using the right strategy. Previ-
ous studies®2! show that improving fracture toughness
by tailoring tether structure (OC/DDM vs OG/DDM)
results in decreases in modulus and thermal stability.
Improving modulus and toughness simultaneously by
blending OG and OC also degrades thermal stability
and the glass transition temperature.?* Thus, indepen-
dent improvement of all these properties only at the
nanoscale seems difficult at best; however, the fracture
toughness of epoxy resins is often modified by the
addition of macroscopic tougheners such as rubber,

HN—< >—c—< )—NH
2 H2 2

DD

ocC

thermoplastic, or inorganic particles.3”=58 We show in
this paper that one of these toughening strategies is
indeed successful. Given these results, OC/DDM can
serve as a model system for property modification at
two length scales, where fracture toughness can be
modified by macroscopic modification. A practical goal
in this study is to develop nanocomposites with en-
hanced thermal stability, elastic modulus, and fracture
toughness.

We begin by reviewing the OC/DDM properties re-
ported previously followed by OC/DDM nanoindentation
studies to determine whether the proposed toughening
strategy is feasible. Note that the silsesquioxane cube
component = hard particle is ~1.4 nm in diameter. On
the basis of these results, core—shell rubber (CSR)
particles with sizes 2 orders of magnitude larger (di-
ameters > 100 nm) were chosen as potential tough-
eners.3’751 Processing conditions were developed to
produce homogeneous nanocomposites with improved
fracture toughness. Then, properties were assessed by
fracture toughness measurements, TGA, DMA, tensile,
and compression tests. Last, SEM studies of fractured
surfaces were conducted to identify the toughening
mechanism(s).

Matrix Characterization. OC/DDM Nanocomposite
Base Properties. The synthesis and characterization of
OC are reported elsewhere?! and thus are not discussed
here. OC is a white solid with a Ty, of 125 °C. It is
readily amine cured in the melt providing that both
components are miscible. In formulating OC/DDM
nanocomposites the “variable N” was defined (see
Experimental Section) such that when N = 1, there are
equal numbers of NHzs and epoxy rings in the sample
mixture. A conventional stoichiometric ratio of 2 mol of
amine to 1 mol of epoxy would occur for N = 0.5.59-61
Scheme 3 shows the OC and DDM molecular structures.

Our previous studies®2! show that the OC/DDM
modulus increases to >3 GPa (cured 150 °C/10 h) at N
= 1.5 as the DDM content increases, while fracture
toughness remains at 0.5 + 0.1 MPa m¥2 for all
compositions studied. It was also found that the simplest
OC/DDM nanonetwork structure was obtained at N =
1.0 with the highest glass transition temperature of
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Figure 1. DMA of OC/DDM cured under selected conditions
(1 Hz): (a) storage modulus; (b) tan 6.

~110 °C and 5% mass loss temperature of ~415 °C
(TGA under N, at 5 °C/min ramp). Therefore, the
formulation N = 1.0 was selected as a standard matrix
in studies reported here.

Glass Transition Temperature Modification. The base
Ty of OC/DDM is only 110 °C after curing at 150 °C/10
h following the method adopted previously. Because a
high glass transition temperature (Tg) is essential for
composites used for high-temperature applications and

Cubic Silsesquioxane Epoxy Nanocomposites 3271

matrices with low Tgs can be toughened easily, an
attempt was made to maximize Tg4 by varying the cure
temperatures and times. Figure 1 shows OC/DDM DMA
results using various curing conditions.

In the DMA profiles, it appears that higher curing
temperatures and longer times produce OC/DDM with
higher Tgs. The rubbery plateau moduli also increase
with increasing Tgs, suggesting increasing cross-link
densities. Tan ¢ profiles permit convenient and precise
identification of T4s. The highest Ty observed is ~160
°C after a 2 day cure at 200 °C. This result suggests
that higher temperatures overcome viscosity/diffusion
barriers allowing curing of remaining unreacted end
groups (defects), which in turn further increase the
cross-link density. However, a 1 day cure at 200 °C
provides a Ty ~ 150 °C and was adopted as a practical
cure cycle.

Nanoindentation Study. In general, the effectiveness
of toughening strategies is greatly affected by the
matrix’s intrinsic plasticity.5354.62-64 |f the matrix ex-
hibits plasticity, its capacity to absorb fracture energy
can improve when soft cavitating materials such as
rubber trigger plastic deformation. If the matrix exhibits
little plasticity, materials that can absorb fracture
energy within themselves such as thermoplastic tough-
eners are preferred. Therefore, to determine whether
OC/DDM nanocomposites deform in plastic shear, sur-
face indentations with a diamond stylus and optical
microscopy (OM) were used to characterize deformation
behavior.

First, an arbitrary force is applied with a diamond
stylus (90° angle, 76 um radius) to the composite’s
surface, and cross sections of indentations are viewed
by OM under crossed polars (Figure 2a,b).

In these images, significant birefringence is observed
around the indentation pit due to matrix deformation.
Small cracks beneath the indented surface also cause
some birefringence, but only small cracks were observed
and only near the indent center. Thus, they contribute
little to the birefringence and can be ignored for assess-
ing the extent of plastic deformation. In fact, birefrin-
gence is stronger in regions without cracks, indicating
significant plastic or trapped elastic deformation.

To differentiate between birefringence caused by
plastic deformation from potentially trapped elastic
deformation, i.e., residual stress due to the plastic
deformation, half the indentation was removed to
release the frozen-in stress. Indented cross sections were
cut to half by microtoming and examined by OM (Figure
3a,b). (It should be noted that these sections are already
quite thin; thus, it is thought that halving the section

(a)

(b)

Figure 2. OM images of cross sections of indentations on OC/DDM made by a diamond stylus: (a) unpolarized light; (b) cross-

polarized light.
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(b)

Figure 3. OM images of halved cross sections of indentations on OC/DDM made by a diamond stylus: (a) unpolarized light; (b)
cross-polarized light. The bright areas in (b) are due to birefringence.

Figure 4. Upolarized OM images of OC/DDM cross sections after CSR incorporation: (a) solution processed; (b) melt processed.
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Figure 5. Improvement of OC/DDM fracture toughness vs
CSR loading.

perpendicular to its thickness should release any re-
sidual stress that might be contributing to the birefrin-
gence.) In these micrographs, birefringence is still
significant, indicating significant plastic deformation.
Therefore, it is thought that OC/DDM is brittle but
capable of deforming plastically. This result suggests
the toughening strategy, which is described in the
following.

Hybrid Matrix Toughening. CSR Nanocomposites
Processing. The matrix plasticity found in the indenta-
tion study suggests that the capacity of the matrix to
absorb fracture energy can be improved by incorporating
soft, cavitable materials. Thus, core—shell rubber par-
ticles (CSRs)3738 were chosen to toughen the system.
CSRs with diameters from ~100 nm to several microns
have been used to effectively toughen various poly-
mers.3751 |n these studies, toughening mechanisms
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Figure 6. TGA of OC/DDM/CSR nanocomposites (N./5 °C/
min).

that involve crazing, shear yielding, and/or cavitation
have been proposed. For cross-linked polymers, en-
hanced shear yielding is suggested to be the primary
reason for improvements in fracture toughness.*5-51

CSR particles are commercially available as an aque-
ous suspension®”:38 and must be extracted using organic
solvents. In our process, CSR particles were extracted
using methyl ethyl ketone (MEK). OC was then dis-
solved directly in the CSR/MEK solution, and MEK
removed by vacuum during cure to prepare a solid OC/
CSR mixture. The CSR concentration in this mixture
was determined to be ~20 wt % (see Experimental
Section). In preparing OC/DDM/CSR nanocomposites,
the 20% CSR/OC was further diluted with pure OC to
give 4 and 8 wt % CSR resins.

Two different curing approaches were taken. The first
was to redissolve the OC/DDM/CSR mixture in MEK
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Figure 7. DMA of OC/DDM/CSR nanocomposites (frequency
1 Hz): (a) storage modulus; (b) tan 9.

to form a homogeneous solution and then remove
solvent prior to thermal curing (solution process). The
second involves melt mixing with simultaneous curing.
In both cases, the cure protocol was the same as for
unloaded OC/DDM.

OM of cross sections of two indented nanocomposite
specimens (4 wt % CSR loading), made by both methods,
are compared in Figure 4. The melt process apparently
results in phase segregation >50 um, while no visible
phase segregation occurs using the solution process.
Therefore, solution processing was adopted for further
studies. Note that no cracks are seen in Figure 4
(compared with Figure 2) around the indentation,
suggesting improved fracture toughness.

Fracture Toughness Measurement. Changes in frac-
ture toughness were measured. Figure 5 shows the K¢
values vs CSR loading. Each data point is an average
of at least five measurements. It is clear that incorpora-
tion of CSR improves fracture toughness gradually. At
8 wt % loading, K¢ increased from 0.60 + 0.01 to 0.95
+ 0.05 MPa m¥2, an increase of >50%. Up to 2-fold
increases in K¢ in organic epoxy resins at 5—10 wt %
CSR loadings have been reported in the literature.49-51

This result suggests that toughening methodologies
used for organic epoxies are equally effective in silses-
quioxane hybrid matrices. This finding is important
because it suggests that general macroscopic composite
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Figure 8. Room temperature mechanical properties tests: (a)

compression; (b) tension. Note that the strain scales for (a)
and (b) are different.

technologies can be adopted for silsesquioxane thermo-
set nanocomposites.

However, for this approach to be really valuable,
macroscopic modification should not affect the proper-
ties optimized by nanoscale modification. Because inclu-
sion of soft, organic-based CSR particles might degrade
thermal stability, T4, and elastic modulus, these proper-
ties were examined by TGA, DMA, tensile, and com-
pression tests, as discussed in the following sections.

Thermal Gravimetric Analysis (TGA). Given proof of
improvements in fracture toughness, the effects of CSR
on other properties were assessed. Thermal stabilities
were first tested by TGA. Figure 6 shows the results
for three nanocomposites (N2/5 °C/min). First, both 5%
mass loss temperatures and the char yields do decrease
with increases in CSR loading. However, the changes
are minimal, and the 5% mass loss temperatures remain
>400 °C. Furthermore, the main-chain decomposition
temperatures of ~450 °C are also hardly affected. In
contrast, the char yields are clearly lower for CSR
loaded nanocomposites, but the decrease is smaller than
the expected (4 or 8 wt %), suggesting that some CSR
remains as char. In general, the incorporation of CSR
at up to ~8 wt % does not degrade thermal stability
significantly and only slightly decreases char yields.

Dynamic Mechanical Analysis (DMA). Mechanical
stabilities at elevated temperatures were then measured
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(c)

by DMA. Parts a and b of Figure 7 show the storage
modulus and tan 6 of the nanocomposites, respectively.
The results show that Ty decreases gradually as CSR
loadings increase, but only slightly from ~150 to ~130
°C. Although decreases in T4 suggest matrix softening,
the effect on fracture toughness is likely minimal
considering that the initial K;c was ~0.5 MPa m2 at a
Ty ~ 110 °C and because such toughness values are
typical of very brittle thermosets and unlikely to become
lower. The effects of residual solvent on Ty are also likely
small because decreases in char yields are smaller than
expected, suggesting that the amounts of residual
solvent are negligible. Note that the current cure
conditions were selected for a practical cure cycle, and
if the cure conditions are changed, T4 can be further
improved, e.g., to >160 °C (2 day cure at 200 °C). The
rubbery state modulus also decreases slightly as CSR
loading increases.

Compression and Tensile Testing. Finally, compres-
sion and tensile tests were performed on the new
nanocomposites. Nominal stress—strain profiles are
shown in Figure 8a,b.

In compression profiles, features typical of materials
capable of plastic deformation are found. Initial elastic
deformation becomes plastic deformation as the strain
passes 0.03 for all three composites. Additionally, the
nanocomposites begin to yield at strains of about 0.1
and continue to undergo shear flow until they break.
However, these two features are common for all CSR
loadings, and distinctive behavior is observed only at
failure. These composites fail gracefully at higher CSR
loading vs drastic failure at 0 wt % CSR loading, which
is consistent with the higher fracture toughness of the
CSR loaded composites. Significantly, elastic modulus
is preserved completely.

Differences between the materials are more dramatic
in tensile tests. In tension, both the ultimate stress and
strain increased significantly at the same time as a
result of CSR inclusion. As in compression tests, the
initial linear elastic deformation changes to nonlinear
deformation, but a distinctive yield point is not observed.
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(d)

Figure 9. SEMs of OC/DDM/CSR fracture surfaces at (a) 0% CSR, (b) 4% CSR, (c) 8% CSR, and (d) 8% CSR; high resolution.
Cracks propagate from left to right.

As in the compression tests, the elastic moduli are not
affected by CSR addition.

SEM Studies. The morphology of the nanocomposite
fracture surfaces (Figure 8) was studied to identify
possible source(s) of toughening.

Distinct surface features are found in each image.
These images were taken from behind the crack tips
which are on the left sides of the images (cracks
propagate from left to right). First, unmodified OC/DDM
nanocomposites exhibit fracture patterns that are typi-
cal of brittle thermosets. The fracture surface suggests
little shear yielding. However, as CSRs are added, the
surfaces exhibit more complex patterns. The lines in (b)
and (c) are probably due to multiple cracks merging as
they grew. The literature indicates that CSR-induced
cavitation and shear yielding are typical mechanisms
whereby epoxies are toughened.*>51 Crazing with cavi-
tation and shear yielding is also observed when rubber
particles toughen other polymers.3®=44 In this study,
CSR cavitation is not observed but CSR pull-out is, at
higher resolution (Figure 9d).#575! The cavity sizes
appear to be =100 nm, in accord with CSR sizes
determined previously.3

The particles in the 8 wt % CSR loaded composite
appear to aggregate, forming rubber-rich regions of ~5
um in a pure OC/DDM matrix. Little evidence for
similar segregation is seen in the 4 wt % CSR compos-
ites. It appears that the solution process does not fully
disperse CSR in the OC/DDM matrix on dilution with
extra OC probably because the MEK dissolved or
swelled the shell of the CSR, causing the particles to
aggregate. Note that phase segregation of rubber-rich
regions from pure OC/DDM matrix was not obvious by
optical microscopy (OM) because the domain sizes of
rubber-rich regions in OM (~5 um) are relatively small.

It is surprising that the fracture toughness of the
nanocomposites increases noticeably despite phase seg-
regation. Usually uniform dispersion is required for
optimal toughening. However, it is not clear in this case
if phase segregation degrades fracture toughness. In
fact, the noticeable increase in fracture toughness
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suggests that either phase segregation did not affect the
fracture toughness much or the generation of interfaces
between the rubber-rich region, and the pure matrix
might compensate for the loss in the fracture toughness.

It is thought that phase segregation can be minimized
if composites are cured immediately after OC is mixed
with extracted CSR without a dilution step. Comparison
of these homogeneous composite properties with those
of phase-segregated ones will provide a better under-
standing of phase segregation effects on toughening, and
thus in-depth studies will be carried out in the future
to investigate this issue.

Discussion

The indentation test is valuable for determining
whether a small amount of a specimen of brittle mate-
rial could be toughenable. In principle, the compression
test would reveal the same information but would
require much larger specimens. The indentation test
showed that toughening was worth pursuing.

The work presented here also suggests that failure
mechanisms in nanocomposites can differ considerably
from those found in macroscopic composites. However,
SEM examination of the fracture surface cannot give
clear indications of the actual sequence of deformation
events around the crack tip. Further work is required
to clarify this issue.

Conclusions

This work provides important guidelines for new
strategies that combine molecular level hybridization
with macrocomposite strengthening techniques. First,
cube nanocomposites are entirely homogeneous and can
be used as hybrid matrices for macroscale composites.
Furthermore, because the nanocomposite base thermo-
mechanical properties are easily varied by adjusting
tether structure, cross-link density, processing condi-
tion, etc., various macroscale modification techniques
can be used for particular properties. This model study
can be extended to include imide nanocomposites®® and
fiber reinforcement to form new hybrid nanocomposites.

Next, little modification is necessary, if any, in
applying macroscale modification techniques to hybrid
matrices. Toughening effects are also similar to those
for organic thermosets. Thus, literature-based modifica-
tion methods should offer additional methods of tough-
ening.

Last, it appears that macroscale modification of
hybrid nanocomposites can have minimal effects on the
properties already optimized by nanoscale modification.
These results suggest that multiple properties can be
improved independently by tailoring the composite
structures at nano- and macroscales simultaneously. In
this model study, fracture toughness doubles as a result
of macroscale modification, while Ty, decomposition
temperature, and elastic modulus remain nearly unaf-
fected.
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