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Abstract

The present study investigated the influence of different compatibilizer on the dispersion of polyhedral oligomeric
silsesquioxane (POSS). The effect of POSS dispersion in the epoxy resin in terms of mechanical, and thermal properties
were reported. The three solvent used to disperse POSS in this work are ethanol, acetone, and toluene. The POSS was
initially dispersed in the solvent followed by an addition in the epoxy resin by systematically varying the weight frac-
tion from 0.5 to 8 wt%. Mechanical properties of nanocomposites were characterized in terms of elastic modulus, and
fracture toughness. The obtained result illustrates that nanocomposites prepared by polar solvent dispersion such as
ethanol showed an increase in values of elastic modulus and fracture toughness value. The increase in the modulus and
fracture toughness value is due to the better interaction between POSS and ethanol disperse the POSS uniformly in the
epoxy resin while avoiding the agglomeration. However, nanocomposites prepared by nonpolar solvent does not show
substantial change in the mechanical properties. Fractured surface morphology was studied using scanning electron
microscopy. Differential scanning calorimetry and dynamic mechanical analysis illustrates that with better POSS disper-
sion value of glass transition temperature (T,) increased. Fourier transformation infrared spectroscopy showed that POSS
completely interacted with the epoxy resin and no phase separation was observed.
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1 Introduction

Thermosetting polymers such as epoxy resin exhibit low
values of fracture toughness and strain to failure due to
their high crosslinking. To increase the fracture toughness,
common approach is to add fillers that lead to extrinsic
toughening mechanisms. A considerable amount of work
has been done to enhance the fracture properties of the
resin by introducing a second phase as a reinforcement.
Various fillers, such as rubber particles [1], metal particles
[2, 3], layered silicates [4-6], carbon nanofibers [7], carbon
nanotubes (CNT) [8, 9], graphene [10], and block copoly-
mers [11, 12] have been used with varying degree of suc-
cess. However, these nanofillers tend to form agglomer-
ates that can become a critical site of failure which results

in deterioration of the properties. Therefore, various inves-
tigation have been done in dispersing these nanofillers
using different processing techniques to optimize the
properties of such nanocomposites [13-17].

Various studies have been done in the past to combine
the advantage of organic (flexibility, reactivity, and pro-
cessability) and inorganic fillers (rigidity, high stability)
by developing hybrid materials [18, 19]. Polyhedral oligo-
meric silsesquioxane (POSS) is hybrid material made up
of organic-inorganic monomer silsesquioxane (RSiO; ;).
The POSS molecule has a size of 1-3 nm and possesses
an inorganic rigid cage type structure containing silicon
and oxygen, and selectable organic groups (R) attached
to the silicon atoms. The advantage of using POSS is that
it offers the selection of the organic group (R) based on
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the requirement. POSS can interact with the polymer
in two ways, either by forming covalent bonds or POSS
can show compatibility either by similarities in chemi-
cal structure or by the specific polar interaction between
non-reactive organic groups on the POSS molecule and
the epoxy polymer chain. There have been extensive stud-
ies on the formation of POSS as reinforcement, or forma-
tion of nanoscale structure to modify the mechanical and
thermal behavior [20-29]. In our previous work, we have
reinforced epoxy resin with the POSS molecule, and we
have observed that based on a compatible POSS molecule,
the fracture toughness increases by 200% compared to the
neat resin at room temperature [16, 30] or at cryogenic
conditions [31]. It is generally believed that the quality of
POSS dispersion in the epoxy resin is directly correlated to
its efficiency in the improvement of mechanical, electrical
and thermal properties.

Therefore, it would be interesting to investigate the
toughening mechanism of POSS-epoxy nanocomposites
and influence of POSS molecule as a function of dispersion
in a solvent, and weight fraction. As far as we know, there
are no studies to date report on the effect of solvent on the
properties of POSS-epoxy nanocomposites.

2 Materials and methods

The polymer system selected for this study is diglycidyl
ether of bisphenol-F based resin (EPON 862, Hexion Spe-
cialty Chemicals, Columbus, OH), cured with a low viscous
aliphatic amine (EPIKURE 3274, Hexion Specialty Chemi-
cals, Columbus, OH).

Both the resin and the curing agent were acquired
from Miller-Stephenson Chemical Company, (Danbury,
CT). This epoxy resin system is a highly cross-linked net-
work that results in excellent mechanical properties and
high chemical resistance. The reason behind the selection
of this epoxy resins was their superior mechanical prop-
erties, easy handling and also these resins are very well
studied in the literature. The POSS selected in this work is
trisilanol phenyl POSS (Hybrid Plastics, Hattiesburg, MS),
organic phenyl groups attached at the corners of the cage
with three active silanol functionalities. POSS can confirm
compatibility with epoxy resin through hydrogen bond-
ing, a similar chemical structure, and 7—-m interaction.
Three different solvents have been used in this work, two
solvents selected in this work are based on the polarity,
ethanol (polar) and acetone (non-polar) and with com-
patibility, toluene. All three solvents were acquired from
Sigma Aldrich (St. Louis, MO). The solvents were first mixed
with POSS by using ultrasonication (TM750, Tekmar-Dhor-
mann, Cincinnati, OH), operating at 20 kHz frequency with
5 s on-off cycle, for 15 min. It was followed by mixing of
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POSS-solvent solution in the epoxy resin for 12 h at 70 °C
and 200 rpm on a magnetic stirrer (VWR Advanced Hot
Plate Stirrers, Sugar Land, TX).

A stoichiometric amount of amine-based curing agent
was added by 40 wt% of epoxy and gently mixed with
the hand to avoid excessive introduction of air bubble
introduced during mixing. The mixture was then placed
in a vacuum chamber for 30 min for degassing, to remove
trapped air bubbles. Finally, the liquid mixture was poured
into a pre-prepared aluminum mold. The degassed mix-
ture was poured into a pre-prepared mold for casting and
cured at room temperature for 24 h. The cast plate was
then released from the mold and post cured at 121 °C for
6 h. Materials were fabricated with TSP POSS at loading
levels of 0.5%, 1%, 3%, 5%, and 8% with respect to epoxy
resin. The same curing cycle was used for preparing neat
resin as a baseline material.

3 Characterization

Fracture toughness was determined by performing a sin-
gle edge notch bend test as per ASTM D-5045 [32]. Sam-
ples were machined from the cast plate in the nominal
dimensions of 54.0 mm*12.7 mm*6.3 mm. A 4.5 mm deep
notch was cut using a diamond precision saw (MK370, MK
Diamond Products Inc.,, Torrance, CA). Then the tip of the
notch was tapped lightly with a fresh razor blade using a
hammer to initiate a natural pre-crack. The nominal crack
length was kept between 5.7 and 6.9 mm to maintain as
a/W ratio of 0.45-0.55 as per the ASTM standard. The pre-
cracked single edge notch specimens were loaded under
three-point bending using a universal testing machine
(Instron 5567, Norwood, MA). The fracture toughness of
nanocomposites were measured in terms of critical stress
intensity factor (K,) calculated from the peak load (P), as
per the ASTM standard [32].

The elastic modulus of the nanocomposites was deter-
mined as per ASTM D-638 [33]. Samples were machined
from cast plate with nominal dimension for Type 1 speci-
men (thickness less than 7 mm) as per the ASTM standard.
Extensometer was set within the gauge length to register
the actual change in distance between two points when
the specimen is pulled. Tests were conducted in the dis-
placement-controlled mode at a fixed crosshead speed of
0.1 mm/min till the specimen failure. The elastic modulus
was determined from the stress—strain curve.

Dynamic mechanical analysis (DMA) were done on
the POSS-epoxy nanocomposite using TA Instruments
DMA Q800 (TA Instruments, Inc., New Castle, DE). A sam-
ple of size 60 mm*12.7 mm*3 mm was prepared and
placed in a dual-cantilever clamping mode, with a span
length of 35 mm. Three-point bending test was carried
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out simultaneously with heating the sample from 30 °C
to 200 °C at 3 °C/min, and by applying a constant sinu-
soidal displacement of 20 um with 1 Hz frequency. The
storage modulus, loss modulus and damping factor (tand)
were obtained from the sample response against applied
frequency. Thermal analysis of samples was carried out
using the differential scanning calorimeter (Q 2000 DSC, TA
Instruments, Inc., New Castle, DE). Approximately 5-10 mg
of sample was loaded in an aluminum pan. To study the
glass transition temperature (Tg), the samples were ini-
tially heated to 210 °C at a scan rate of 15 °C/min, held
at that temperature for 2 min to eliminate any previous
thermal history, and then cooled to —25 °C at a cooling
rate of 15 °C/min. For the second scan, the samples were
heated and cooled under the same conditions. The glass
transition temperature data has extracted from the second
heating cycle.

Fourier transform infrared (FTIR) spectroscopy was per-
formed to investigate the chemical interaction between
POSS and epoxy. POSS—epoxy nanocomposite powder
was added to KBr in the ratio of 1 part of the sample to 99
parts of KBr. These powdered samples were loaded in an
FTIR spectrometer (Nicolet iS10, Waltham, MA) and sub-
jected to 128 scans at a resolution of 4.0 cm™'. The spec-
trum was collected at room temperature between 4000
and 500 cm™.

The fractured surface was studied using a field emission
scanning electron microscopy (Hitachi S-4800 FESEM, Dal-
las, TX). The surfaces of the samples were coated with gold
by an electro-deposition method using a sputter coater
(Cressington Scientific Instruments Ltd, Redding, CA).

4 Results and discussion
4.1 Fracture toughness

Figure 1 shows the variations in the fracture toughness
of POSS-epoxy nanocomposites as a function of POSS
loading as well as the type of solvent used for the disper-
sion. We observed that for all the specimen the fracture
toughness increases with the POSS loading attains, the
maximum followed by a decrease in the toughness value.

As result indicates, at low weight fractions of POSS inclu-
sion, the fracture toughness value for all the specimen is
equivalent. However, at higher POSS loading, the influence
of the dispersion of POSS is there is a pronounced impact
on the fracture toughness based on the type of solvent
used. From the result, as shown in Fig. 1, we observed that
use of ethanol and acetone as dispersion medium leads
to the increase in fracture toughness by 60% and 80% at
3 and 5 wt% respectively. It must be noted that for epoxy/
POSS/Acetone the fracture toughness attains a maximum
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Fig. 1 Effect of different solvents on the fracture toughness of the
POSS-epoxy nanocomposites

at 3 wt% while for epoxy/POSS/ethanol the maximum
fracture value achieved at 5 wt%, this suggests that pres-
ence of a polar solvent such as ethanol provides the bet-
ter dispersion of POSS. This is due to the presence of —-OH
group present in silica cage forming hydrogen bond
with the ethanol, which leads to the better distribution
of POSS at higher loading. After attaining the maximum
value, the fracture toughness of the epoxy/POSS/ethanol
and epoxy/POSS/acetone decreases. This decrease in the
fracture toughness value is due to the formation of POSS
agglomerates that deteriorates the material. The formation
of POSS agglomerates and its influence on the mechanical
properties are explained in detail in our previous work [30,
31]. The nanocomposite prepared without solvent shows
an increase in the fracture toughness by 40% at 5 wt%.
However, epoxy/POSS/toluene exhibit a decrease in the
fracture toughness value after attaining the maximum
value of 30% at 3 wt% followed by a decline in the value.
The presence of bigger size benzene group in the POSS
and the toluene cause the steric hindrance hence leads
to the formation of agglomerates at higher POSS loading.

4.2 Elastic modulus

Figure 2 shows the influence of solvent and POSS loading
on the elastic modulus of the nanocomposite. The elastic
modulus values increase as a function of POSS loading up
to a specific value and after that decrease with the further
addition of POSS. The decrease in modulus value at higher
values of POSS loading can be attributed to agglomeration
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Fig.2 Effect of different solvents on the elastic modulus of the
POSS-epoxy nanocomposites

of the POSS molecules. For the epoxy/POSS nanocompos-
ites, we observed the increase by 14% at 5 wt%.

Epoxy/POSS/ethanol exhibit an increase by 25% at
5 wt%, this increase in the elastic modulus value is due
to the similar phenomenon explained in the previous
section. Epoxy/POSS/Acetone and epoxy/POSS/Toluene
shows maximum elastic modulus value by 23% and 21%
at 3 wt% and 5 wt% respectively. It must be interesting to
note that the increase in the elastic modulus value does
not depend on the type of solvent, unlike the fracture
toughness observation.

4.3 FTIR

To understand the POSS-epoxy interaction and the role
of solvent, FTIR spectroscopy was performed as shown in
Fig. 3. The broad peak from 3500 to 3100 cm™' represents
the —OH stretching, which indicates the polymerization
of the epoxy resin. The presence of the peak at 1110 cm™
corresponds to Si-O-Si stretching suggest that POSS has
been entirely absorbed by epoxy resin. The medium peak
around 1400 cm™ for the neat resin suggested the pres-
ence of —-OH bending, however, with the inclusion of POSS
molecule the peak at 1400 cm™" diminishes indicates the
formation of covalent bond due to the reaction between
POSS and epoxy resin. More interestingly peak of the
constitutive solvent was not observed, indicating that the
solvents (ethanol, acetone, and toluene) were evaporated
during the curing process.
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Fig.3 FTIR spectra of neat resin and 5 wt% POSS/epoxy nanocom-
posite fabricated by different dispersion technique

4.4 Dynamic mechanical analysis (DMA)

Figure 4 illustrates that the storage modulus value of the
nanocomposites does not change with the inclusion of the
POSS molecule. For epoxy/POSS/ethanol nanocomposites
we observed the increase in modulus value at glassy state
as well as in rubber state. The result indicates that the
proper dispersion of POSS molecule leads to the rise in the
storage modulus value. The obtained result corroborates
with the result obtained from elastic modulus and fracture
toughness experiment.

The loss modulus value represents the energy dis-
sipated due to molecular friction. We observed that the
inclusion of the POSS molecule does not change the
loss modulus value. However, we noted that with better
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Fig.4 Storage modulus curve of neat resin and 5 wt% POSS/epoxy
nanocomposite fabricated by different dispersion technique
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Fig.6 Tan delta curve of neat resin and 5 wt% POSS/epoxy nano-
composite fabricated by different dispersion technique

dispersion of POSS molecule we increase in the value of
loss modulus (Fig. 5).

The damping ratio between storage and loss modulus is
represented by tan delta. The peak of tan delta represents
the glass transition temperature. Figure 6 illustrates that
in the presence of solvent the dispersion of POSS increase
which results in resistance against the motion of the

Table1 Glass transition temperature, obtained from tan delta
peaks, of neat resin and 5 wt% POSS/epoxy nanocomposite fabri-
cated using different solvents

Sample Glass transition
temperature (°C)
Neat epoxy 55.24+0.03
Epoxy with TSP POSS 56.86+0.06
Epoxy with TSP POSS and ethanol 63.33+0.14
Epoxy with TSP POSS and acetone 58.19+0.11
Epoxy with TSP POSS and toluene 61.31+0.09

Table2 Glass transition temperature, obtained from tan delta
peaks, of neat resin and 5 wt% POSS/epoxy nanocomposite fabri-
cated using different solvents

Sample Glass transition
temperature (°C)
Neat epoxy 40.17+0.01
Epoxy with TSP POSS 41.18+0.05
Epoxy with TSP POSS and ethanol 44.48+0.11
Epoxy with TSP POSS and acetone 43.33+0.11
Epoxy with TSP POSS and toluene 44.08+0.89

polymer chain hence increases the glass transition tem-
perature as shown in Table 1. As discussed in the previous
section, the presence of solvent enhances the dispersion
of the POSS molecule in the epoxy resin. Better dispersion
of POSS molecule in polymer network restrict the chain
motion with the increase in temperature hence it increases
the glass transition temperature as observer in Table 1.

4.5 Differential scanning calorimetry (DSC)

The results obtained from DMA were further confirmed by
DSC results as given in Table 2. DSC result also, the addition
of Trisilanol phenyl POSS in epoxy has increased the glass
transition temperature. The presence of better dispersed
POSS shows the increase in the glass transition tempera-
ture which is due to the obstruction in the movement of
the polymer chain as discussed in DMA section. In case
of epoxy/POSS/toluene, the presence of bigger benzene
rings leads to the steric hindrance at some location in the
polymer network hence more variation in the glass transi-
tion temperature observed.

4.6 Scanning electron microscope (SEM) images

Micrographs of the fractured surfaces are shown in Fig. 7.
Figure 7a shows the featureless surface for the neat
epoxy resin which indicates the lower resistance against
crack propagation. For epoxy/POSS nanocomposite
we observed no phase separation which indicates the
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Fig.7 Fractured morphology of a neat epoxy, b epoxy/POSS, ¢
epoxy/POSS/ethanol, d epoxy/POSS/acetone, e epoxy/POSS/tolu-
ene

excellent dispersion of POSS in epoxy resin. We observe
that the surface gets rough with the inclusion of POSS.
These rough surfaces indicate greater resistance against
crack propagation that contributes towards the enhance-
ment of fracture toughness. In all images, the presence
of rivermark indicate the phenomena of crack arrest and
release suggests that the presence of POSS molecule
directs the crack into a tortuous path.

5 Conclusion

In this work, three different solvents were used to disperse
POSS in the epoxy resin and its influence on the mechani-
cal and thermal properties. It was observed that the inclu-
sion of POSS increases the fracture toughness of the nano-
composites. Fracture toughness result showed that better
dispersion of POSS leads to a higher increase in fracture
toughness. POSS dispersed by ethanol shows an increase
by 80% at 5 wt% which is due to the polarity of ethanol
that leads to better dispersion. However, nanocomposite
prepared by toluene dispersion does not change the frac-
ture toughness due to the formation of agglomerates.
Elastic modulus data showed that with the inclusion
of POSS molecule the elastic modulus increases. For the
epoxy/POSS nanocomposites prepared without any
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solvent shows an increase by 14% at 5 wt%. The nanocom-
posite prepared by POSS dispersion due to ethanol shows
a rise of 25% at 5 wt%. The nanocomposite prepared by
other solvent exhibits an increase of around 20%. FTIR
data indicates POSS form covalent bond between POSS
and the epoxy resin as well as peak of constitutive solvent
was not observed suggested that the solvent evaporated
while mixing the solution.

The better dispersion of the POSS, based on the con-
stitutive solvent, also shows an increase in the storage
modulus, loss modulus, tan delta peak, and glass transi-
tion temperature. Scanning electron microscopy was used
to observe the fractured surface of nanocomposites after
fracture experiment. Presence of crack pinning lines and
river marks provided further evidence of extrinsic tough-
ening mechanism.
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