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Abstract. In this study, thermal and mechanical properties of nanocomposites containing SC-15 epoxy resin and polyhedral-oligomeric-sil-sesquioxanes (POSS) have been studied. Dynamic Mechanical Analysis (DMA) results show that the
addition of 5 wt% of POSS yielded a 13% increase in the storage modulus and a 16°C enhancement in Tg. Thermo gravimetric Analysis (TGA) results show that the thermal stability of epoxy increased with higher POSS content. Tension tests
were used to evaluate the mechanical properties of materials. Both modulus and tensile strength are linear functions of
POSS content. Scanning Electric Microscopy (SEM) pictures of fracture surfaces show that the roughness of the fracture
surfaces of epoxy increased after adding POSS. Based on experiment results, a three-parameter nonlinear constitutive equation was developed to describe the strain-softening stress-strain relationship behavior of materials. The parameters in this
model are the elastic modulus, a strain exponent, m, and a compliance factor, β. Their relationships to the POSS weight
fraction were obtained from the experiment results. The simulated stress-strain curves from the model agree with the test
data. Analysis of the model shows that both the strain exponent, m, which controls the strain softening and hardening effect
of the material, and the compliance parameter, β, which controls the flow stress level of the material, increase with higher
POSS content.
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1. Introduction
Epoxy resin has been important to the engineering
field for many years. Components made of epoxybased materials provide outstanding mechanical
and thermal properties. Using an additional phase,
such as inorganic fillers, to strengthen epoxy resins
has become a common practice. Because microscale
fillers have been successfully synthesized with
epoxy resin [1–5], nanoparticle-filled resins are
attracting considerable attention; they can enhance
properties sometimes even better than conventional
filled polymers at volume fractions between 1%
and 5%. Adding small amounts of nanoparticles
(<5 wt%) to a matrix system can increase thermal,
mechanical, and electrical properties without com-

promising the weight or processability of the composite. Consequently, many automotive, aerospace,
electronics, and biotechnology companies have
shown interest in nanocomposite materials [6–11].
The extremely high surface area of nanocomposites
is one of its most attractive characteristics because
it helps create a great interface in a composite.
According to Reynaud et al. [12], an interface of
1 nm thick makes up roughly 0.3% of the total
polymer’s volume in microparticle-filled composites, whereas it can reach 30% of the total volume
in nanocomposites.
The primary objective of this paper is to determine
the effect of adding polyhedral-oligomeric-silsesquioxanes (POSS) on the thermal and mechani-
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cal properties of epoxy. POSS is inorganic silicalike nanocages 1.5 nm in size that have organic substituents (as shown in Figure 1). Inactive organic
substituents make POSS physically compatible
with relevant polymers and promote dispersion in
the polymer at a molecular level [13], while substituents that are reactive promote curing or grafting reactions [14]. Thermoplastics such as polypropylene [15, 16], polycarbonate [17, 18], and
polyamide [19, 20], and thermosets such as epoxy
[21, 22] have been reinforced with POSS. Previous
results indicate that adding POSS to a matrix system can increase thermal and mechanical properties
[23–26].
In this study, POSS was mixed into epoxy with different weight fractions. Tensile tests were performed to evaluate mechanical performance. Thermogravimetric Analysis (TGA) and Dynamic
Mechanical Analysis (DMA) were used to evaluate
thermal performances. Based on experiment
results, a nonlinear constitutive equation was developed to describe the stress-strain relationship of the
materials.

2. Experiment
2.1. Materials and manufacturing
nanocomposites
The resin used in this study is a commercially available SC-15 epoxy obtained from Applied Poleramic, Inc. It is a low-viscosity, two-phased,
toughened epoxy resin system consisting of part A
(resin mixture of diglycidylether of bisphenol-A,
aliphatic diglycidlether epoxy toughener) and
part B (hardener mixture of cycloaliphatic amine
and polyoxylalkylamine). The EpoxyCyclohexyl

POSS was obtained from Hybrid Plastics. The
chemical structure is shown in Figure 1. The average epoxy functionality of EpoxyCyclohexyl POSS
is 10. POSS molecules are similar to the smallest
silica particles. However, unlike silica or modified
clays, each POSS molecule contains covalently
bonded reactive functionalites suitable for polymerization or for grafting POSS monomers to polymer chains. Some other POSS molecule also
contains nonreactive organic functionalities for solubility and compatibility with various polymer systems. But no nonreactive organic functionalities
were attached in EpoxyCyclohexyl POSS.
POSS and part A were carefully weighed and
mixed together using a magnetic stirring for
24 hours at 800 rpm and 40°C. The weight fractions of POSS ranged from 1 to 5 wt%. Next, part B
was added to the modified part A and mixed using
a high-speed mechanical stirrer for about 5 minutes. The mix-ratio of part A and part B of SC-15
was 10:3. The rigorous mixing of part A and part B
produced highly reactive volatile vapor bubbles
during the initial stages of the reaction, which could
detrimentally affect the final product by creating
voids. A high vacuum was applied for about
30 minutes, using the Brand Tech Vacuum system.
After the bubbles were completely removed, the
mixture was transferred into a teflon-coated, dogbone-shaped metal mold and stored for 24 hours at
room temperature. The cured material was then dePart A

POSS

Part B

24 hrs magnetic steering at 40°C

5 min. mechanical stirrering

30 min. degasify in vacuum

24 hrs room temp. curing

5 hrs 100°C post curing

Figure 2. Manufacturing processing of POSS/epoxy
nanocomposites

Figure 1. EpoxyCyclohexyl POSS (C8H13O2)n(SiO1.5)n
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molded and trimmed. Finally, test samples were
machined for thermal and mechanical characterization. All panels were post-cured at 100°C for
5 hours. Figure 2 shows the block diagram for manufacturing POSS/epoxy nanocomposites.

2.2. Test procedure
Dynamic mechanic analysis (DMA) was performed
on a TA Instruments 2980 operating in the threepoint bending mode at an oscillation frequency of
1 Hz. Data were collected from room temperature
to 160°C at a scanning rate of 3°C/minute. The
sample specimens were cut into rectangular bars,
1.7 mm×30 mm×10 mm, with a diamond saw.
Thermogravimetric analysis (TGA) was conducted
using a TA Instruments TGA 2950 at a heat rate of
10°C/minute from ambient to 800°C. The TGA
samples were cut into small pieces using an
ISOMET cutter and were machined to maintain the
sample weight of about 10 mg, using a mechanical
grinder. These samples were put in ceramic crucibles and placed inside the apparatus. The realtime characteristic curves were generated by
Universal Analysis 2000-TA Instruments Inc., a
data acquisition system.
Tensile testing on the dogbone-shaped specimens
was performed according to ASTM Standard D
638-89. Five replicate specimens from four different materials were tested. All tests were performed
at room temperature. The test was performed under
displacement control mode at a crosshead speed of
2.0 mm/min and a strain rate of 0.5/min. Two
parameters, elastic modulus (E) and ultimate tensile
strength (σb), were evaluated from each stressstrain curve.

Figure 3. Storage modulus versus temperature plots of
POSS/epoxy nanocomposites

of nanocomposites significantly shift to a higher
temperature while the widths of tanδ peaks remarkably broaden and their intensities lower. An
increase of 16°C in Tg was observed in 5 wt%
POSS/epoxy as compared with neat epoxy.
According to Huang et al. [27], incorporating
POSS increases the crosslinking density of resulting nanocomposites. The increase in crosslinking
density leads to high Tg, broad tanδ peaks, and high
storage modulus.
Another important characteristic of polymers is
their stability at high temperatures. Thermogravimetric analysis (TGA) was used to estimate the
thermal stability of POSS/epoxy nanocomposites.

3. Results and discussions
3.1. Thermal properties
The DMA plots in Figure 3 show storage modulus
versus temperature as a function of POSS loading.
Storage modulus steadily increases with increasing
POSS weight percent. The addition of 5 wt% of
POSS yielded a 13% increase in the storage modulus at 30°C. POSS is a rigid body; an increase in
POSS concentration increases the rigidity of the
composite system. Figure 4 shows loss factor versus temperature curves of POSS/epoxy nanocomposites. As POSS content increases, the tanδ peaks

Figure 4. Loss factor versus temperature plots of
POSS/epoxy nanocomposites
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observed in 5 wt% POSS/epoxy as compared with
neat epoxy.

3.2. Tensile properties

Figure 5 shows the normalized weights versus temperature curves of four materials. All samples
began to decompose around 350°C and completely
decomposed around 450°C. This study considers
the derivative peaks as the decomposition temperature. As shown in Figure 6, decomposition temperatures increased with higher POSS content. An
increase of 10°C in decomposition temperature was

Figure 7 shows the typical tensile stress-strain
curves of neat and nanophased epoxy. The stressstrain curves show considerable nonlinearity before
reaching maximum stress, which is assumed to be
the yield strength of the material. After this point,
stress decreased steadily with strain until fracture
occurred. Five specimens were tested for each condition; the average properties obtained from these
tests are listed in Table 1.
Figure 7 and Table 1 show that the yield strength
and modulus of epoxy and POSS/epoxy nanocomposites increase continuously with increasing POSS
content. 5% POSS yielded a 16.6% increase in modulus and a 19.4% increase in yield strength. The
small size of POSS, which restricts the mobility of
polymer chains under loading, improved the modulus and yield strength; good interfacial adhesion
between the POSS and matrix also contributed to
the reinforcement [25]. Figure 8 represents the variation of modulus E and yield strength σs with the
weight fraction of POSS as a linear relationship.

Figure 6. Effect of POSS content on thermal stability of
epoxy

Figure 7. Tensile results of POSS/epoxy stress vs. strain
curve

Figure 5. Weight loss versus temperature curves of
POSS/epoxy nanocomposites

Table 1. Tensile properties of poss/epoxy nanocomposites
Material
Neat epoxy
1 wt% POSS
3 wt% POSS
5 wt% POSS

Modulus [GPa]
2.59
2.73
2.77
3.02

Enhancement in modulus
–
05.4%
06.9%
16.6%
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Strength [MPa]
51.5
54.3
57.9
61.5

Enhancement in strength
–
05.4%
12.4%
19.4%
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Using the least square method, the m values of the
composite were calculated as shown by Equations (3a) and (3b):
σ s = 51.9 + 194.4W

[MPa]

E = 2.60 + 7.7W [GPa]

(3a)
(3b)

3.3. Fracture surfaces

Figure 8. Effect of POSS weight fraction on modulus and
yield strength of epoxy

Compared with multi-walled CNT-reinforced
epoxy [28], vapor-grown CNF-reinforced epoxy
[9], and nanoparticle-reinforced epoxy [29], no optimal loading was observed on the POSS/epoxy system, indicating good dispersion of POSS in epoxy.
The Equations (1a) and (1b) fit the modulus and tensile strength data of the composite:
E = E 0 + m1w p

(1a)

σ s = σ s 0 + m2 w p

(1b)

where E0 and σs0 are reference elastic modulus and
reference yield strength, and wp is the weight fraction of POSS. Two other parameters, m1 and m2,
appearing in Equations (1a) and (1b), represent
weight fraction strengthening coefficients for modulus and tensile strength, respectively. Mathematically, they are defined by Equation (2):
m1, 2 =

∂( E, σs )
∂w f

(2)

The fracture surfaces of neat epoxy and the nanocomposites were compared using SEM. Figure 9a
shows that neat epoxy resin exhibits a relatively
smooth fracture surface and that the initial crack
occurred at the tension edge of the specimen. The
river pattern in Figure 9a indicates a typical cleavage fracture, accounting for the low fracture toughness of the unfilled epoxy. Compared to neat
epoxy, the fracture surfaces of the nanocomposites
show considerably different fractographic features.
For example, the failure surfaces of the nanocomposites containing 1 wt% POSS and 5 wt% POSS
are shown in Figure 9b and 9c. Generally, adding
POSS into the epoxy matrix results in a much
rougher fracture surface and the surface roughness
increases with higher POSS content.
The higher magnification micrographs of POSS/
epoxy nanocomposites are shown in Figure 10a
(for 1% POSS/epoxy) and Figure 10b (for 5%
POSS/epoxy). The rougher fracture surface consists of many small smooth zones. These smooth
zones nucleate in the material at areas of localized
deformation and, in the center of each partly ovalshaped zone, a second-phased particle can be
observed, as shown in Figure 10c. During the failure process, the crack propagation changed direction as it crossed second-phased particles. The
pinning effect, which prevents crack opening,

Figure 9. Fracture surface of neat and nanophased epoxy (a – neat epoxy; b – 1 wt%POSS/epoxy and c – 5 wt%
POSS/epoxy)
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Figure 10. Fracture surface of POSS/epoxy nanocomposite (a – large smooth zone in 1% POSS/epoxy; b – small smooth
zone in 5% POSS/epoxy and c – second-phased particle in the center of smooth zone)

modulus of the material. It is expressed by Equation (5):

increased the strength of the epoxy. The size of the
smooth zones on a fracture surface is determined by
the number and distribution of second-phased particles. When second-phased parties are few and
widely spaced, the cracks propagate longer before
coalescing, resulting in a fracture surface with large
smooth zones. Smaller zones are formed when
many second-phased particles are produced. Figures 10a and 10b show that the size of smooth
zones decreases with increasing POSS weight fractions. Fewer smooth zones and more surface roughness imply that the number of second-phased
particles increased with increasing POSS content.
The path of the crack tip is distorted because of
more second-phased particles, which make crack
propagation more difficult.

where β represents a compliance parameter and m
is a strain exponent. Therefore, by substituting
Equations (5) and (6) into Equation (4) and rearranging, we obtain the Equation (7):

3.4. Constitutive equation

σ=

The failure of fiber reinforced epoxy involves a
complicated damage accumulation process resulting from random fiber breakage, stress transfer
form fiber to matrix, and interface debonding
between the fiber and matrix. It is necessary to
obtain stress strain relationship of matrix to analyze
such a complicated probabilistic failure phenomenon. To better understand the stress-strain relationship of neat and nanophased epoxy, a nonlinear
constitutive equation has been developed. In the
proposed constitutive model (Equation (4)), the
total strain is assumed to be composed of an elastic
part and an inelastic part:
ε = ε e + εi

(4)

where εe and ε i represent the elastic and inelastic
strains, respectively. The elastic strain is assumed
to be path-independent and related to the elastic

εe =

ε

(5)

E

where E is the elastic modulus of the POSS/epoxy
material, which is a function of both strain rate and
temperature, and where σ is the stress. The inelastic
strain, εi, is assumed to be a function of both stress
and strain, as shown by Equation (6):
ε i = βσε m

Eε
1 + Eβε m

(6)

(7)

To determine the material parameters in the constitutive equation, Equation (7) is rewritten into Equation (8):
ε
σ

−

1

= βε m

(8)

E

This equation, on taking log on both sides, transforms into Equation (9):
⎛ε 1⎞
ln ⎜⎜ − ⎟⎟ = ln β + m ln ε
⎝σ E⎠

(9)

Equation (9) represents a linear plot of ln[ε/σ–1/E]
versus lnε. The slope of the linear plot is m and the
intercept at ε = 1 is lnβ. These linear plots at different strain rates are nearly parallel to each other,
which means that the material has the same strain
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Figure 11. The plot of ln[ε/σ–1/E] vs. lnε of materials

Figure 13. Comparison between experiment results and
simulated results

exponent at different test conditions. The plots of
ln[ε/σ–1/E] versus lnε of neat epoxy and POSS/
epoxy is shown in Figure 11. The compliance factor β and strain exponent m obtained from these
plots are plotted as a function of POSS content in
Figure 12. Also, strain exponent m and compliance
factor expressed as functions of POSS content are
as follows. See Equations (10a) and (10b), respectively:

tion (7), the simulated stress-strain plots fit the
experiment data very well.

m = 1.85 + 4.5W
β = 0.150 + 2.40W

(10a)
[1/MPa]

(10b)

As shown in Figure 13, elastic modulus E, compliance factor β, and strain exponent m in Equa-

4. Conclusions
1. DMA results exhibited a 16°C increase in Tg in
5 wt% POSS/epoxy as compared with neat
epoxy.
2. TGA results show that the POSS content has
successfully increased the decomposition temperature as well.
3. The tensile results indicate that 5 wt% loading
of POSS in epoxy resin showed the highest
improvement in the tensile strength as compared
to the neat systems. Also, there was an improvement in the elastic modulus.
4. The nonlinear constitutive equation established
in this study can predict the stress-strain tensile
behavior of the POSS/epoxy nanocomposite.
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