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Exceptional mechanical, electrical, and thermal properties
of nanoreinforced materials as well as their low density and
high aspect ratios have now rendered them among desired
reinforcing agents in a wide range of composites in high
tech applications. The experimental measurement of nanor-
einforced material properties, however, is still a challenging
and tedious task. Extremely scattered data obtained through
experimental observations, which often originated from
different processing limitations, have led many researchers
to pursue also analytical studies on the effective properties
of nanoreinforcements and their corresponding composites.
Consequently, next to experimental investigations, simula-
tion and modeling techniques currently play a significant
role in characterizing nanocomposites properties and under-
standing their mechanical behavior via atomistic modeling,
continuummechanics-based approach, and multiscale mod-
eling techniques, among others.

Characterization of nanocomposites is often aimed at
gaining knowledge on their global response, such as the
macrodisplacement and stress fields at boundaries of a
representative volume element. The continuum mechanics
approaches are known to be adequate and sufficient for mod-
eling nanocomposites within this scope. However, for more
elaborated and in-depth analyses, the multiscale modeling
techniquesmay be considered where themolecular dynamics
and continuum mechanics models are integrated in a virtual
computing environment. This approach would be detailed
enough to account for thematerial physics at nanoscale, while

efficient enough to handle the field variables of interest at
larger length scales.

This special issue deals with a range of recently developed
characterization andmodeling techniques employed to better
understand and predict the response of nanoreinforced com-
posites at different scales.
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This study reports the manufacture, microstructure, and tribological behaviour of carbon nanotube reinforced aluminium
composites against pure aluminium. The specimens were fabricated using powder metallurgy method. The nanotubes in weight
percentages of 0.5, 1.0, 1.5, and 2.0 were homogeneously dispersed and mechanically alloyed using a high energy ball milling.
The milled powders were cold compacted and then isothermally sintered in air. The density of all samples was measured using
Archimedes method and all had a relative density between 92.22% and 97.74%. Vickers hardness increased with increasing CNT
fraction up to 1.5 wt% and then reduced.Themicrostructures and surfaces were investigated using high resolution scanning electron
microscope (SEM). The tribological tests showed that the CNT reinforced composites displayed lower wear rate and friction
coefficient compared to the pure aluminium under mild wear conditions. However, for severe wear conditions, the CNT reinforced
composites exhibited higher friction coefficient and wear rate compared to the pure aluminium. It was also found that the friction
and wear behaviour of CNT reinforced composites is significantly dependent on the applied load and there is a critical load beyond
which CNTs could have adverse impact on the wear resistance of aluminium.

1. Introduction

Metal matrix composites (MMCs) reinforced with nanopar-
ticles and nanotubes are finding increasing use in fields
such as aerospace, architectural structure, renewable energy,
alternative transport, and electronics in order to make
lighter and stronger structures [1–3]. Among various MMCs,
aluminium (Al) has attracted significant interest because
of its excellent strength, low density, and corrosion resis-
tance. Aluminium and its alloys are important lightweight
materials with low density, high thermal conductivity, good
mechanical properties, and corrosion resistance. The com-
bination of unique properties of carbon nanotubes (CNTs)
and aluminium alloys has, therefore, great potential in many
weight sensitive applications [4, 5]. Since poor tribological
performance limits its use in wear related applications, many
efforts have beenmade to improve their wear andmechanical

resistance [4, 6]. Recent research has been extended to
evaluate the effect of nanoparticles on the wear resistance
of aluminium nanocomposites. There has been significant
interest in carbonmaterials because of their special electrical,
optical, and mechanical properties [7]. In particular, CNTs
have attracted scientific and technological interest due to
their unique chemical and physical properties. CNTs have
also been proposed as a reinforcement material due to
its high modulus of elasticity, high tensile strength, and
large bending angles after being discovered by Iijima [8].
In particular, if the CNTs composite is made with alu-
minium matrix, it can inherit the lightweight property of
aluminium [9]. To use CNTs for technical applications, the
mechanical properties and characteristics of tribology need
to be investigated through determination of the wettability
between materials, the CNTs content, the homogeneous
dispersion conditions, and the propermanufacturingmethod
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[10, 11]. Several methods have been proposed and imple-
mented to synthesize nanocrystalline matrix reinforced with
multiwalled carbon nanotubes (MWCNTs), such as thermal
spraying [12, 13], sintering [14–16], mechanical alloying (MA)
[17–22], semisolid powder processing [23, 24], spark plasma
sintering (SPS) [25, 26], friction stir processing [27, 28], flake
powder metallurgy [29], spark plasma extrusion [30], and
nanoscale dispersion [31]. However, the use of MWCNTs as
reinforcement in aluminium MMCs is a great challenge due
to their agglomeration and poor dispersion of the nanotubes.
Among the aforementioned methods, SPS appears to be best
for mechanical properties but requires expensive equipment.
Pressureless sintering process ismore economical and has the
potential to produce large components.MA is employed prior
to sintering or SPS to improve the dispersion of nanoparticles
within metal matrices [32]. Improvement in wear resistance
of aluminium with the addition of CNTs was reported in
previous studies [4, 32, 33]. Al-Qutub et al. [4] clarified that
the friction and wear behaviour of Al-CNTs composites is
largely dependent on the applied load. There exists a critical
load beyond which CNTs could have adverse impact on the
wear resistance of aluminium alloys. Choi and coworkers [32]
investigated themechanical properties andwearmechanisms
of aluminium nanocomposites. They found that aluminium
infiltrated MWCNTs formed a strong interface with the
aluminium matrix by mechanical interlocking. The strength
and wear resistance were significantly improved due to
the decrease of grain size and the addition of CNTs. The
coefficient of friction was also reduced. The optimum CNTs
content for minimum wear loss was reported to be 4.5 vol%.
They also reported that the coefficient of friction and the
wear rate increased with increasing load but decreased with
increasing sliding speed. Zhou and coworkers [33] developed
aluminium composites with CNTs via pressureless infiltra-
tion of aluminium into CNT-Mg-Al composite preformed in
N
2
atmosphere at 800∘C. They found that CNTs were well

dispersed and embedded in the Al matrix and the friction
coefficient and wear rate of the composite decreased with
increasing volume fraction of CNTs content. It can therefore
be summarised that the tribological properties of Al-CNTs
composites are highly dependent on the method used for
dispersing CNTs, the CNTs content, and the fabrication
method used to consolidate the composite. Mechanical alloy-
ing (MA), also known as ball milling, is a process which has
been highly developed andwidely applied to preparing awide
range of alloys, intermetallic compounds, and composites
in the amorphous or nanocrystalline form. Some alloys
with homogenous microstructure can be readily obtained
by MA from components having significant difference in
specific weight and melting point or being even virtually
immiscible [34]. MA is a powder metallurgy processing
technique that involves repeated cold welding, fracturing,
and rewelding of particles using a high energy ball mill
[35]. It can be used to achieve a uniform distribution of the
reinforcement in metal matrix nanocomposites (MMNCs)
with reduced agglomeration. It was found that dispersion of
CNTs inMMNCs throughMA is related to several processing
variables including pretreatment of CNTs, type of milling,
ball-to-powder weight ratio, milling speed, milling time,

Table 1: Chemical composition of aluminium powder.

Element Si Cu N HCl Fe Mn Ti Al
Amount (%) 0.1 0.02 0.001 0.005 0.1 0.02 0.03 Balance

and process control agent [36]. Bakshi and coworkers [37]
reviewed that most of the corrosion studies are performed
on electrodeposited Ni-CNT composite coatings and Zn-
CNT composite coating.They reported that electrodeposited
coatings are more prone to corrosion due to the presence
of pores and voids. These studies indicate that the addition
of CNTs may improve the corrosion resistance due to two
reasons. Firstly, the chemical inertness of the CNTs helps
forming a passive layer on the coating surface. Secondly,
CNTs help filling up the voids and pores of electrodeposited
coatings reducing initiation of localised corrosion. The aim
of the present study is to compare the hardness, density,
microstructure, and sliding wear properties of Al-based com-
posites fabricated by MA using a high energy ball mill. These
composites were reinforcedwith various CNTs contents (0.5–
2wt%) based on previous works. Test samples were obtained
by cold compaction and sintering from ball milled powders.
Vickers hardness and density are obtained by established
methods.Wear behaviour of the specimens was tested against
steel discs using various loads in 300m of sliding distance.
Unless otherwise specified, CNTs in this work are referred to
as MWCNTs.

2. Experimental Procedure

2.1. Materials. The matrix material used for the composite
fabrication was pure Al (99.7%) powder with near spherical
particle average sizes of 78𝜇m obtained from Loba Chemie
inMumbai, India. MWCNTs with a nominal diameter of 20–
30 nm in lengths of 3–8𝜇m were used as reinforcement to
the matrix. These were obtained from Intelligent Materials
Private Ltd., a supplier in Punjab, India, for Nanoshel, a
company based in the United States. Ethanol was used as
a medium in the ball milling of CNT and Al powders. The
chemical composition of Al powder is presented in Table 1.

2.2. Fabrication of Nanocomposite Material. Elemental pow-
ders were used to fabricate the aluminium. CNTs with a
diameter in the range of 20–30 nmand length of 1–10𝜇mwere
added in 0.5, 1.0, 1.5, and 2.0 wt%. The CNTs were dispersed
into the aluminium powder by ball milling for 2 hours. The
ball-to-powder weight ratio was 10 : 1. The milled powders
were cold pressed in steel mould at 650MPa to form 8mm
diameter cylindrical pins of 50mm height. Consolidated
samples were pressurelessly sintered for 2 hours at 723K with
a heating and a cooling rate of 100K/min. For the purpose of
comparison monolithic aluminium was also prepared by the
same process.

2.3. Pin-on-Disc Tests for Sliding Wear. A schematic repre-
sentation of the sliding wear test machine is presented in
Figure 1. The components were designed to get a pin-on-disc
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Shaft

Arm

Disk
(counterface)

Pin
(specimen)

Holder

Figure 1: Pin-on-disc tribometer [3].

configuration with a holder positioned perpendicularly to
the rotating disc. Specimens underwent the sliding wear tests
against EN31 steel disc. Loads of 0.1 kg, 0.2 kg, 0.3 kg, 0.4 kg,
and 0.5 kg were applied directly to the specimens with the use
of the pin as indicated in Figure 1. The flat surface of the pin
polished with 9 𝜇m polishing pad. An EN31 steel disc with
a hardness of 59 HRC was used as counterface. An average
roughness 𝑅

𝑎
value of 0.3 𝜇m was achieved for the disc

through grinding using alumina abrasive wheel. The surfaces
of the pin and disc were cleaned with acetone prior to the
tests. The tests were carried out under dry sliding conditions
at constant sliding speed of 0.5m/s and normal loads in
the range of 0.1 to 0.5 kg. The sliding distance was kept
constant at 300m. Wear rate values were obtained by taking
the average from three repeated tests. The friction coefficient
was continuously recorded using 𝑥-𝑦 plotter interfaced to the
tribometer. A scanning electron microscope (SEM) was used
to inspect the worn surfaces of the specimens.

3. Results and Discussion

3.1. Densification and Micro/Nanostructure. Pressureless sin-
tering takes longer than spark plasma sintering reported
previously by Silvestre [2].There was an oxidised layer on the
surface of the sampleswhich is loose and brittle. Nevertheless,
the material inside is a dense material. The density of all
samples was measured by Archimede’s method and all had
a relative density between 92.22% and 97.74%.

High resolution SEM image of pure aluminium sin-
tered for 2 h at 723K showed a uniform and homogenous
microstructure of the alloy as shown in a typical SEM
micrograph in Figure 2(a). Similarly 0.5 wt%, 1.0 wt%, and
2.0 wt% composites sintered for 2 h at 723K also exhibit
a dense microstructure as shown in Figures 2(b)–2(d).
With increasing content of CNTs, the microstructure is less
uniform and there are more nanoporous areas observed.
It is believed that these are the undispersed CNTs clusters
showing the cross section of the hollow nanotubes. This
is correlated with the slight reduction in relative density
reported above.

Table 2: Effect of CNT content on density and hardness properties.

CNT
wt.%

Theoretical
density (g/cm3)

Measured
density (g/cm3)

Hardness
(HV)

Relative
density (%)

0.0 2.70 2.639 19.66 97.74
0.5 2.697 2.584 25.60 95.81
1.0 2.694 2.598 27.45 96.44
1.5 2.691 2.570 30.60 95.50
2.0 2.688 2.479 23.05 92.22

3.2. Hardness. Vickers hardness was measured for pure
aluminium and 0.5–2.0 wt% CNT composites as shown in
Table 2. Each data point was an average of 3 measurements
for the same material.

Figure 3 shows the hardness of the composites and
monolithic aluminium processed by the same procedure.The
hardness of the nanocomposites increased by about 50%with
CNT fraction up to 1.5 wt% and then decreased significantly.
The increase in hardness is mainly due to the strengthening
effect of CNTs. The decrease in hardness when CNT fraction
is over 1.5% is coincident with the significant increase in
porosity. Simões et al. [38] also found that the hardness of
composite is higher than the monolithic aluminium if the
CNTs are well dispersed. The hardness of composite may
decrease if the CNTs are damaged during the dispersion
process.

3.3. Wear Rate. A widely used equation to compute the wear
rate is Archard’s equation:

𝑉
𝑖
= 𝐾
𝑖
× 𝐹 × 𝑆, (1)

where 𝐹 is normal load (kg), 𝑆 is sliding distance (m),
𝑉
𝑖
is wear volume (mm3), and 𝐾

𝑖
is specific wear rate

coefficient (mm3/kgm). The wear rate for the monolithic Al
and the composite containing 0.5 wt%, 1.0 wt%, 1.5 wt%, and
2.0 wt% CNTs versus the applied load is shown in Figure 4.
The experiments were carried in triplicate. The wear rate
increasedmonotonically with the applied load. At lower loads
of 0.1–0.2 Kg, the composite showed better wear resistance
than pureAl. However, at higher loads of 0.3–0.5 Kg, the wear
resistance of monolithic Al was better than the composite.
The wear rate of the composite increased significantly as the
normal load is increased from 0.2 to 0.3 Kg which indicates
sharp change in wear mechanism from mild to severe wear
regime. These results show that addition of 0.5 wt%, 1.0 wt%,
1.5 wt%, and 2.0 wt%CNTs improves wear resistance of the Al
at lower loads (mild conditions) only. At higher loads pores
present in the composite and CNTs agglomerates (as shown
in Figure 5) act as a source of crack initiation and cause severe
subsurface fragmentation resulting in poor wear resistance
of the composite compared to the monolithic aluminium.
Compared to SPS processed composites reported by Silvestre
[2], the sintered composites appear to be more brittle and
prone to subsurface fracture. This is owing to the oxidation
during the long sintering process. Moreover, weak bonding
between CNTs and aluminium particles could be another
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(a) (b)

(c) (d)

Figure 2: SEM micrograph of polished surface of (a) pure Al, (b) Al + 0.5 wt% CNT, (c) Al + 1 wt% CNT, and (d) Al + 2.0 wt% CNT.
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Figure 3: Hardness for the Al, 0.5 wt% to 2wt% CNT.

possible reason for its severe subsurface fracturing at higher
loads.

3.4. Friction Coefficient. Thecoefficients of friction versus the
applied load for the pure aluminiumand the 0.5wt%, 1.0 wt%,
1.5 wt%, and 2.0 wt% composites are presented in Figure 6. At
a load of 0.1 Kg, for the first 250m of sliding distance, the fric-
tion coefficient of the monolithic Al increased continuously
to about 0.62. Beyond 250m, it decreased slightly to about 0.6
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Figure 4:Wear rate for the Al and composites with 0.5 wt% to 2wt%
CNT.

for the next 100m. While for the 0.5 wt% CNT composite,
the friction coefficient showed considerable increase in the
first 150m of sliding. It then stayed in the range of 0.4–
0.45. It is evident that the friction coefficient of composite
is not only lower but also less fluctuating compared to the
monolithic alloy. Similarly for the 1 wt%, 1.5 wt%, and 2.0 wt%
CNT composite, the friction coefficient increased in the first
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(a) (b)

(c)

Figure 5: SEM micrograph of fractal surface of (a) Al + 1 wt% CNT, (b) Al + 1.5 wt% CNT, and (c) Al + 2wt% CNT.
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200m of sliding. Then it remained steady at an average value
of 0.4, 0.35, and 0.3, respectively, for the remaining 100m.
This reduction in frictionmay be attributed to the lubricating
effect of CNTs.

The coefficient of friction versus load for the monolithic
alloy and the 0.5 wt% to 2.0 wt% composites are presented in
Figure 7 for a load of 0.2 Kg. It can be seen that the friction
coefficient of both monolithic aluminium and composites
decreased considerably compared to that obtained at a load
of 0.1 Kg. For the monolithic alloy and the composites with
CNTs up to 1 wt%, the friction coefficient increased by about
20% in the first 150m and then stabilises. For composites with
CNTs 1.5 wt%, the friction coefficient stayed at about 0.18 to
0.2. For CNTs above 2wt%, the friction coefficient dropped
by 20% to about 0.15 after 100m.

The coefficients of friction versus normal load for the
pure aluminium and the 0.5 wt% to 2.0 wt% composites are
presented in Figure 8 at a load of 0.3 kg. It can be seen that the
trend of friction is very similar to that seen at 0.2 kg except the
2wt% composite. The monolithic aluminium and composite
materials with CNTs up to 1.5 wt% displayed slight increase
in friction coefficient with sliding distance up to 150m and
then levels off. The composite with 2.0 wt% CNTs increased
steadily from 0.15 to 0.22.
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Figure 7: Friction coefficient for Al and 0.5 wt% to 2wt% CNT at
0.2 kg.
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Figure 8: Friction coefficient for Al and 0.5 wt% to 2.0 wt% CNT at
0.3 kg.

The coefficients of friction for the applied load of 0.4 kg
are presented in Figure 9. It can be seen that the variation
of friction coefficient with sliding distance is smaller than
that at lower applied load presented above. The friction
coefficients of the monolithic alloy and the 0.5 wt%, 1.0 wt%,
1.5 wt%, and 2.0 wt% CNT composites remained almost
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Figure 9: Friction coefficient for Al and 0.5 wt% to 2.0 wt% CNT at
0.4 kg.
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Figure 10: Friction coefficient for Al and 0.5 wt% to 2.0 wt% CNT
at 0.5 kg.

constant at average values of 0.185, 0.175, 0.152, 0.155, and 0.16,
respectively.

The coefficients of friction for a load of 0.5 kg are
presented in Figure 10. It can be seen that both aluminium
and composite materials exhibited considerable variation
in friction coefficient for the first 100m of sliding,but for
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Figure 11: SEM micrographs of (a) Al at 0.1 kg, (b) Al + 1 wt% at 0.1 kg, (c) Al at 0.2 kg, (d) Al + 1 wt% at 0.2 kg, (e) Al at 0.3 kg, and (f) Al +
1 wt% at 0.3 kg.

the remaining sliding distance, the friction coefficient of
the monolithic alloy and the 0.5 wt%, 1.0 wt%, 1.5 wt%, and
2.0 wt% CNT composites remained almost constant at aver-
age values of 0.11, 0.105, 0.10, 0.098, and 0.095, respectively.

3.5. Friction and Wear Mechanisms. SEM micrographs of
worn surfaces after tests at different loads are presented in
Figure 11. It can be seen that, at a load of 0.1 kg, abrasion
is dominant for the monolithic alloy and CNT composite

leaving small wear marks as shown in Figures 11(a) and 11(b),
respectively. Minor delamination can be found in monolithic
alloy (cf. Figure 11(a)) whereas the composite did not show
any delamination (cf. Figure 11(b)). This is due to greater
hardness and strength imparted in the composite by the
addition of CNTs. At a load of 0.2 kg, considerable abrasion
along with mild delamination can be seen for monolithic
alloy in Figure 11(c). Significant delaminated flakes with
crack initiation can be seen at several locations for the
composite in Figure 11(d). Increasing the applied load to
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Figure 12: SEM micrograph at 0.5 kg of (a) and (c) Al and (b) and (d) Al + 1 wt%.

0.3 kg, the monolithic alloy displayed severe delamination
with some possible breakage of adhesive junction as shown
in Figure 11(e), while the composite showed severe subsurface
fracturing and deep pits in Figure 11(f). It shows that cracks
have initiated and propagated as a result of surface fatigue
at higher loads during sliding leading to heavy delamination
and hence highwear rate of the composite.Theweak bonding
between CNTs and Al particles in sintered samples could be
another reason for crack initiation and propagation at higher
loads.

Figures 12(a) and 12(b) show lower magnification SEM
micrographs of worn surfaces at an applied load of 0.5 kg for
the alloy and composite, respectively. The surface of the alloy
is characterized by the formation of long and deep grooves.
Such grooves could have been formed due to continuous
abrasion of the specimen by the counterface. However, the
surface of the composite is characterized by severe fracture
and delamination, especially at the edges of the cylinder.This
breaking of sharp edge during wear test at high loads may be
attributed to weak bonding between CNTs and Al particles
in the composite. Higher magnification SEMmicrographs of
worn surfaces clearly revealed the severe fracture and deep
groove in the monolithic alloy and composite as can be seen
in Figures 12(c) and 12(d), respectively. The deep grooves in
the monolithic alloy (cf. Figure 12(c)) are typical of galling

andmaterial transfer caused by the roughened counterface as
found by Casati and Vedani [3].The roughness of the grooves
in the composite (cf. Figure 12(d)) indicates the breakage of
material due to the subsurface fracture. The results infer that
the higher wear rate of composites under an applied load
larger than 0.2 kg is correlated with the subsurface fracturing
due to the increase in hardness and the reduction in fracture
toughness.

4. Conclusions

The specimens were successfully sintered at suitable temper-
atures in ambient air and relevant tests also had been done
for evaluating density, hardness, and tribological behaviour
of carbon nanotubes reinforced aluminium metal matrix
composites. Compared to other processing methods, this
process has the potential to make large parts and does not
require expensive equipment. The density of all samples was
measured by Archimedes method and all had a theoretical
density between 92.22% and 97.74%. The microhardness was
measured for aluminium and 0.5–2wt% CNT composites.
The hardness increased with increasing fraction up to 1.5 wt%
and then reduced at 2 wt%. Wear and friction tests were
conducted using “pin-on-disc” wear test apparatus. The
micro/nanostructure was examined using high resolution
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field emission SEM to examine the distribution of CNTs in
the matrix before and after pin-on-disc wear test. The SEM
results were found to be correlated with wear rates. Wear
rates and friction coefficient results were briefly discussed.
The results showed that, under mild wear conditions, the
CNTs reinforced Al composite displayed lower wear rate
and friction coefficient compared to the monolithic Al alloy.
However, for severe wear conditions, the composite displayed
higher wear rate and friction coefficient compared to the
monolithic alloy. Analysis of worn surfaces revealed that, at
lower loads, abrasion was the dominant wear mechanism for
bothmonolithic aluminium and composites. At higher loads,
adhesion was found to be dominant for the monolithic alloy
while subsurface fracturing and delamination were observed
for the composite. Also, it was clarified that the friction and
wear behaviour of Al composites is largely dependent on the
applied load and there appears a critical load beyond which
CNTs could have a negative impact on the wear resistance of
the aluminium alloy.

It is envisaged that the densification and tribological
properties of CNTs reinforced composites could be further
improved by optimising the chemical pretreatment and
dispersion of CNTs and to minimise the oxidation of the
powders by carrying out the milling experiments to be
carried out at room temperature under argon atmosphere.
The densification can also be improved by secondary consol-
idation such as forging and rolling after cold compaction and
sintering.
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Lithium-ion (Li-ion) batteries are currently considered as vital components for advances in mobile technologies such as those in
communications and transport. Nonetheless, Li-ion batteries suffer from temperature rises which sometimes lead to operational
damages ormay even cause fire. An appropriate solution to control the temperature changes during the operation of Li-ion batteries
is to embed batteries inside a paraffinmatrix to absorb and dissipate heat. In the present work, we aimed to investigate the possibility
of making paraffin nanocomposites for better heat management of a Li-ion battery pack. To fulfill this aim, heat generation during a
battery charging/discharging cycles was simulated using Newman’s well established electrochemical pseudo-2D model. We couple
this model to a 3D heat transfer model to predict the temperature evolution during the battery operation. In the later model, we
considered different paraffin nanocomposites structures made by the addition of graphene, carbon nanotubes, and fullerene by
assuming the same thermal conductivity for all fillers. This way, our results mainly correlate with the geometry of the fillers. Our
results assess the degree of enhancement in heat dissipation of Li-ion batteries through the use of paraffin nanocomposites. Our
results may be used as a guide for experimental set-ups to improve the heat management of Li-ion batteries.

1. Introduction

In recent years, communication technologies have been
rapidly progressed. Therefore, increasing the efficiency is
inevitable in applications ranging from portable electronics
to renewable energies and power plant is inevitable. In
portable electronics, the battery plays a crucial role in their
efficiency. On the other hand, there are some deficiencies in
the application of the present batteries in which the thermal
management of battery packs is one of the most important
problems. In some cases, uncontrollable temperature inside
the batteries may result in fire or even explosion. Recently,
Goli and coworkers [1] proposed the utilization of paraf-
fin phase change material (PCM) with graphene fillers to
enhance the performance of lithium-ion (Li-ion) batteries
versus intense self-heating. The above-mentioned method-
ology describes a heat storage-heat conduction approach
that has affirmative effects on thermal management of any
types of batteries including Li-ion batteries. Kumaresan

et al. [2] assessed discharge efficiency prediction of Lithium-
ion cell at various operating temperatures (15–45∘C) by
a thermal model. Numerical results were compared with
experimental data obtained from lithium-ion pouch cells. In
addition, Goyal and Balandin [3] investigated the thermal
properties of some materials with the hybrid graphene-
metal particle fillers. In this research activity, the thermal
conductivity of composites was measured with the variation
of temperature. The achieved results are applicable for the
thermal management of electronics and optoelectronics.
Zolot et al. [4] presented the hybrid vehicle test focusing
on battery thermal management. The results of tests proved
that the performance of battery packs significantly changes
due to thermal condition. Yeow et al. [5] developed 3D
finite element (FE) models with consideration of geometry
variations in order to model the treatment of Lithium ion
cells of vehicle electrification applications. The results show
that the 3D electrothermal model satisfactorily describes
the electrothermal behaviour of the Li-ion battery cells and
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the results are in acceptable agreement with battery tempera-
turemeasurements. To simulate various cell types for an elec-
tric drive system, Benger et al. [6] developed a parameterized
model for the electrochemical and thermal properties. The
comparison betweenmodelling results and the measurement
indicates that the developed model can predict the current
voltage behaviour and the temperature development of the
various cells. Mohammadian et al. [7] made a comparison
between internal and external cooling procedures for thermal
management of LIBs. They performed 2D and 3D transient
thermal analysis of a prismatic Li-ion battery cell. The results
showed that, with the same pumping power, external cooling
decreases the bulk temperature less than internal cooling
and, moreover, internal cooling considerably decreases the
standard deviation of the temperature inside the battery.

It is quite well-known that the phase changematerials can
store a large amount of heat according to their high capacity
of latent heat storage. They can absorb high amount of heat
while their temperature remains nearly constant. According
to their applications, there are various types of PCMs that
each of them is applicable for certain temperature ranges
[8]. However, the properties of PCMs yet can be varied by
changing their chemical composition or by adding additional
components. In this regard, one solution is to fabricate
nanocomposites structures through adding nanoscale fillers
to PCMs. For the application in Li-ion batteries, the thermal
conductivity is themain parameter to improve. Carbon based
nanostructures such as graphene and carbon nanotubes offer
the highest thermal conductivities available in the nature [9].
Therefore, they could be considered as the best candidates
to enhance heat conduction for PCMs. Shahil and Balandin
[10] showed that adding multilayer graphene to commercial
grease can enhance drastically the thermal conductivity of
the mixture even in low fillers volume percent. There exist
numerous theoretical and experimental studies available in
the direction of composite materials with superior thermal
and mechanical properties [11–17].

In this paper, we investigate the temperature rise in a
Lithium ion battery pack. In this regard, the simulations are
used to provide a general viewpoint to guide experiments
which are expensive and time consuming as well [18, 19]. We
used pure and nanocomposites paraffinPCMs to dissipate the
heat produced during the charge/discharge cycles of a battery
pack containing 16 individual Li-ion batteries. Fullerene,
graphene, andCNTwere used as fillerswith different volumes
concentration to enhance the thermal conductivity of paraffin
hybrid phase change material. The effects of various volume
percent of fillers on thermal behaviour of batteries were
investigated at different charging/discharging rates (C-rates).
Our results show remarkable effect of using paraffinPCMs on
the heat dissipation of a battery pack. Thermal conductivity
coefficients of hybrid paraffin PCMs were obtained through
finite element modelling of representative volume elements.
Heat generation rates during the charging/discharging cycles
were simulated using Newman’s well established electro-
chemical pseudo-2Dmodel [20]. It is shown that as the filler’s
volume fraction inside the paraffin increases, the amount of
heat dissipation to the ambient environment increases, which
is due to the increase in the thermal conductivity of PCMs.

2. Theory and Modeling

Numerical simulations of electrochemical response of Li-ion
battery at different charging/discharging cycles were simu-
latedwithin the framework of the pseudo-2D electrochemical
model proposed by Newman andThomas-Alyea [20]. In this
model, the dynamic performance of a cell is characterized by
the solution of four partial differential equations describing
the time evolution of the lithium concentration profile in the
electrode and electrolyte phases, under charge conservation.
Then, based on the electrochemical response, heat generation
was calculated which was used in the heat transfer model
for the evaluation of temperature rises in a battery pack.
Accordingly, we first present the electrochemical model
which is considered as a 1D problem. Then, we discuss the
heat sources and temperature evolution in the battery cell.
We note that the heat sources are calculated based on the
1D electrochemical problem, which is then coupled with 3D
heat transfer modelling. Figure 1 illustrates the 1D Li-ion cell
model which consists of three main regions: the mesocarbon
microbead (MCMB) negative composite electrode (graphite
type structure), an electron-blocking separator, and LiCoO

2

positive composite electrode.
Lithium concentration in the electrolyte phase is obtained

by using Fick’s second law along the 𝑥-coordinate with a
source term coupled to the local reaction current density
which yields the following equation:
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number of Li-ions with respect to the velocity of solvent, and
𝐹 is the Faraday constant. 𝑗Li is the reaction current density.

The Li-ions cannot diffuse through the current collectors,
as set by the boundary conditions in (2), which is valid at the
two electrode/current collector interfaces
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At the interfaces between the positive electrode/separator and
separator/negative electrode, the concentration of the binary
electrolyte (𝐶

𝑒
) and its flux (𝜕𝐶

𝑒
/𝜕𝑥) are continuous.

For the modelling of diffusion of Li-ions inside the
solid particles, Newman’s model assumes the electrode can
be described by a lattice of spherical particles of identical
size representing the intercalation centre into which metallic
lithiumdiffuses.The distribution of lithium in the solid phase
(𝐶
𝑠
) is described by Fick’s second law of diffusion in polar

coordinates (𝑟), as shown in the following relation:
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where 𝐷
𝑠
is the diffusion coefficient in solid particles. The

solution is constrained by a zero gradient boundary condition
at the centre of the particle from symmetry arguments,
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Figure 1: Schematic illustration of Newman’s electrochemical model based on 1D (𝑥-direction) electrochemical cell model coupled with 1D
microscopic (𝑟-direction) solid diffusion model.

while at the surface of the particle the lithium flux must
correspond to the reaction current density 𝑗Li, as imposed by
the following equation:
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,

(4)

where 𝑟 is the particle radius of negative or positive elec-
trodes. Potential in the electrolyte phase 𝜙

𝑒
is a function of

reaction current density 𝑗Li and the local concentration of Li
(𝐶
𝑒
) by the following relation:

𝜕
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ln𝐶
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) + 𝑗

Li
= 0, (5)

where 𝑘
eff is the effective ionic conductivity of electrolyte

and 𝑘
eff
𝐷

is the effective diffusional conductivity of a specie.
The solution of (5) is subject to a zero gradient boundary
condition at the two current collector/electrode interfaces
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Finally, the potential in the solid phase 𝜙
𝑠
is introduced as

a function of the conductivity of the electrode 𝜎eff and the
reaction current density 𝑗

Li, as described by the following
relation:

𝜕
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(𝜎
eff 𝜕𝜙𝑠
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) = 𝑗
Li
. (7)

The boundary conditions are then introduced as follows: at
the electrode/separator interface, there is no flux of charge,
and thus a zero gradient boundary condition is applied.
Moreover, at the electrode/current collector interface, the
charge flux corresponds to the current in the outside circuit
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(8)

Last, but not the least, 𝑗Li which is a parameter that simulate
charge transfer rate in all previous four PDEs is determined
by the Bulter-Volmer equation as follows:

𝑗
Li
= 𝑎
𝑠
𝑖
0
{exp [0.5𝐹

𝑅𝑇

𝜂] − exp [−0.5𝐹
𝑅𝑇

𝜂]} , (9)

where 𝑎
𝑠
is the active surface area per electrode unit volume

(m2/m−3), 𝐹 is the Faraday constant, 𝑇 is temperature, 𝑅 is
the universal gas constant, and finally 𝑖

0
is exchange current

density which is introduced as follows:

𝑖
0
= 𝐾
𝑖
(𝐶
𝑒
)
0.5

(𝐶
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(𝐶
𝑠,surf)
0.5

, (10)

where 𝐾
𝑖
is the reaction rate coefficient, 𝐶

𝑠,max is the max-
imum Li concentration in the solid phase particles, 𝐶

𝑠,surf
is the concentration of Li at the surface of solid phase
particles, and𝐶

𝑒
is the Li-ion concentration in electrolyte.The

overpotential 𝜂 in (9) is given by

𝜂 = 𝜙
𝑠
− 𝜙
𝑒
− 𝑈, (11)
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Table 1: Parameters for 1D lithium ion battery cell [2].

Parameter Description Negative electrode Separator Positive electrode
𝑡
0 Transference number of electrolytes 0.435 0.435 0.435
𝐿 Length of electrode (𝜇m) 73.5 25 70
𝑟 Solid particle radius (𝜇m) 12.5 — 8.5
𝜀
𝑠

Solid phase volume fraction 0.5052 — 0.55
𝜀
𝑒

Electrolyte phase volume fraction 0.4382 0.45 0.30
𝜀
𝑏

Binder volume fraction 0.0566 — 0.15
𝐷
𝑠

Solid phase diffusion coefficient (m2/s) 1.4523 × 10−13 — 1.0 × 10−11

𝜌 Active material density (kg/m3) 2292 — 5031.67
𝐶
𝑠,max Maximum concentration in solid phase (mol/m3) 31 858 — 49 943

SOC State of charge in charge/discharge (%) 5/95 — 95/50
𝐶
𝑙,0

Initial electrolyte concentration (mol/m3) 1000 1000 1000
brug Bruggeman coefficient for tortuosity 4.1 2.3 1.5
𝑘
𝑖

Reaction rate coefficient at 25∘C 1.764 × 10−11 — 6.6667 × 10−11

𝐾
𝑇

Thermal conductivity (W/(m⋅K)) 1.7 0.16 2.1
𝛼
𝑎

, 𝛼
𝑐

Charge transfer coefficients 0.5, 0.5 0.5, 0.5
𝜎 Solid phase conductivity (S/m) 100 — 10

where 𝑈 is the equilibrium potential which is the function
of intercalated Li and is on the basis of empirical functions.
The parameters used in the presented equations are listed in
Table 1 which are on the basis of the work by Kumaresan
et al. [2]. In addition, the equilibrium potentials for solid
electrodes and electrolyte ionic conductivity as a function
of Li concentration were all adopted from [2]. To calculate
the effective ionic conductivity (𝑘eff ) and lithium diffusion
coefficients (𝐷eff ) in the electrolyte in the different parts of
the cell, we used the Bruggeman approximation as follows:

𝑘eff = 𝑘
𝑖
𝜀
brug
𝑖
,

𝐷eff = 𝐷
𝑒
𝜀
brug
𝑖
,

(12)

where index 𝑖 refers to different cell regions (anode, separator,
or cathode) and the exponent (brug) is the Bruggeman expo-
nents (the values are listed in Table 1). The total generated
heat is taken as the sum of reaction and joule (ohmic) heats.
Typically, heat generation in lithium-ion batteries can be
attributed to three main sources: heat from the reaction
current and overpotentials (𝑞

𝑟
), ionic ohmic heat from the

motion of lithium/lithium-ions through the solid (𝑞
𝑗
), and

reversible heat (𝑞rev). In this study, these sources of heat are
expressed as follows:

𝑞
𝑟
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0

𝑗
Li
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− 𝜙
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− 𝑈) 𝑑𝑥, (13)
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2

𝑑𝑥, (14)

𝑞rev = 𝑗
Li
𝑇

𝜕𝑈

𝜕𝑇

. (15)

Equation (15) presents the reversible heat generation which
can be either positive or negative.This is related to the entropy
changes in solid electrode materials which are referred to
as 𝜕U/𝜕T. As discussed in [2], the reversible heat plays

99
mm

7
0

m
m

rb

Figure 2: 3D heat transfer model coupled with electrochemi-
cal model to evaluate the temperature rises during the battery
charging/discharging cycles. The Li-ion batteries and paraffin based
structures are illustrated by blue and yellow colors, respectively. The
battery radius, 𝑟

𝑏

, was chosen to be 9.2mm.The outer surface of the
model is exposed to air.

an important role in the LiCoO
2
electrode. In the present

work, 𝜕U/𝜕T curves, as a function of Li concentration in
solid particles, were adopted from [2]. We note that the
coupled electrochemical heat transfer models have also been
developed in numerous previous works [21–27].

The calculated heat generation rates based on Newman’s
model were then used to simulate the temperature rises in
a battery pack containing 16 individual batteries. The heat
transfer model is shown in Figure 2. This model includes
two materials: Li-ion batteries and paraffin based structures.
The material parameters used in the simulation are given
in Table 2. The heat capacity of paraffin nanocomposites
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Figure 3: Different structures of nanofillers used in this study. We studied the thermal conductivity of paraffin nanocomposites filled with
fullerene, graphene, and carbon nanotubes (CNT). Under each filler, the constructed finite element model in Abaqus is shown with 5%
volume concentrations for filler. Under each finite element model, the temperature distribution obtained from the application of the heat flux
is plotted.

Table 2: Material properties.

Material Density (kg/m3) Heat capacity
(J/(kg⋅K))

Thermal
conductivity
(W/(m⋅K))

Battery cell 2680 1280 1
Paraffin 900 2500 0.25
Fullerene 2200 717 3000
CNT 2200 717 3000
Graphene 2200 717 3000

was also calculated using the rule of mixtures. The outer
surfaces of 3D heat transfer model were exposed to air
with convective heat transfer coefficient of 2.5W/m2⋅K.

The coupled electrochemical and heat transfer models were
built in COMSOL/Multiphysics package using Li-ion battery
and heat transfer modules.

In this work, we also studied the effective thermal con-
ductivity of paraffin nanocomposites. Here, we include three
different fillers of graphene, carbon nanotubes, and fullerene
to study the thermal conductivities using the finite element
approach. Computational limits of finite element method
impose restrictions on the maximum number of elements
used in amodel.Thus, the simulations of compositematerials
are limited to the modeling of a representative volume
element (RVE) of the system. In an attempt to construct the
RVEs in a status closer to those in experimentally fabricated
random composites, the 3D fillers were randomly distributed
and oriented in the RVE. The atomic structures of three
studied fillers along with the FE models constructed in



6 Journal of Nanomaterials

CNT
Graphene

2 3 4 51
Fillers volume (%)

0

0.5

1

1.5

2

2.5

3

Th
er

m
al

 co
nd

uc
tiv

ity
 (W

/m
·K

)

Fullerene

Figure 4: Calculated effective thermal conductivity of paraffin
nanocomposites as a function of different fillers volume concentra-
tion.

ABAQUS software are illustrated in Figure 3. The RVEs were
modeled in such a way that they satisfy the periodicity
criterion. This means that if a filler is cut by a boundary face
of RVE, the remaining part of that particle should continue
from the opposite face. The random RVEs were constructed
in ABAQUS by developing Python scripts as input files.
We developed advanced C++ codes for creating randomly
distributed/oriented fillers with high volume concentrations
and without intersection [28, 29]. In our FE modeling,
we assumed perfect heat transfer condition (no interfacial
resistance) between the fillers and the paraffin matrix. For
the evaluation of thermal conductivity, we merged two thin
auxiliary parts to the RVE as discussed in our previous work
[29]. We then applied a constant heat flux along the sample
and based on the established temperature profile the effective
thermal conductivity was evaluated which is discussed in
detail in [29]. We note that length to diameter ratio for
CNT (with cylindrical geometry) and diameter to thickness
ratio for graphene (defined with disc geometry) were both
assumed to be 50. The thermal conductivity of all fillers was
assumed to be 3000W/m⋅K [30]. It is worth noting that
this thermal conductivity may not be realistic for fullerene.
Nevertheless, based on previous theoretical investigation [11],
for spherical particles the thermal conductivity of composite
does not correlate strongly with the fillers to matrix, contrast
in properties.

3. Results and Discussions

Figure 4 depicts the finite element results for effective thermal
conductivity of paraffin nanocomposites as a function of
different filler’s volume concentration. It is worthy to note
that in our finite element modeling, for each RVE, we
calculated the effective conductivities along three Cartesian
directions. For each volume concentration, three or four
RVEs were constructed with different filler distributions. To
obtain converged effective thermal conductivity, the results
for different RVEs as well as different directions were all
averaged. Our results shown in Figure 4 reveal that the
thermal conductivity of paraffin can be drastically improved

by the addition of CNT. In addition, it is shown that the
addition of fullerene leads to insignificant enhancement of
effective thermal conductivity. In composite materials, the
heat flux is transferred between matrix and filler through
their contacting surfaces. Therefore, the filler’s surface to
volume ratio plays an important role in the final reinforce-
ment. This can justify the least reinforcement in thermal
conductivity by the addition of spherical shaped fullerene.
The calculated effective parameters were then used in our 3D
heat transfer model to introduce the thermal conductivity of
paraffin structures.

Simulated maximum temperature rises for the battery
pack for different charging/discharging C-rates are depicted
in Figure 5. As the first finding, we could observe remarkable
decline in temperature rises by the use of PCM materials for
all applying C-rates. However, in all studied cases, fabrication
of paraffin nanocomposites does not show huge effect on the
temperature damping in comparison with pure paraffin. It
is worthy to note that in the electrochemical simulations in
this study, we considered stop conditions of 4.8 V and 3.0V
for charging and discharging cycles, respectively.This way, by
increasing the C-rate, the simulations were stopped in much
earlier times because of reaching the stopping criteria. So, the
temperature rises decrease by increasing the C-rate because
the heat generation was achieved in a much shorter time.
From the theoretical point of view, by increasing the battery
current, the reaction and ohmic heats ((13) and (14)) increase
by the power of two while reversible heats increase linearly.
On the other hand, the simulation results in Figure 5 also
show that during discharging process the temperature rises
are approximately twice the ones during the charging process.
This is due to the fact that during the charging process
reversible heat generated in the positive LiCoO

2
electrode is

negative which results in the cooling of the battery. However,
during the discharging process the reversible heating in the
positive electrode is mainly positive leading to the heating
of the batteries. It should be emphasized that based on the
𝜕𝑈/𝜕𝑇 curves reported in [2], the reversible heating ismainly
dominated by the positive LiCoO

2
electrode compared with

MCMB negative electrode.
Simulation results for the maximum temperature rises

for the battery pack with the use of paraffin nanocomposites
with different concentrations of nanofillers during a 1C
current for a single charging (a) and discharging (b) cycle
are illustrated in Figure 6. As expected, by increasing the
nanofiller’s concentration inside the paraffin, the maximum
temperature rises in the battery decrease continuously. In the
discharging cycles, the maximum temperature rise decreases
by around 3K through the addition of 5% volume ratio
of CNT fillers inside the paraffin which is a remarkable
enhancement. This temperature decrease might be crucial
in applications in which the performance of the building
blocks is sensitive to the temperature changes such as in
nanoelectronics. Our modeling results suggest that fabri-
cation of paraffin nanocomposites as a PCM for the heat
management of batteries could be considered as a solution
if the battery is supposed to work under fast and continuous
discharging cycles.Nonetheless, our simulation results clearly
confirm the importance of the use of paraffin based PCMs for
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Figure 5: Simulated temperature rises for the battery pack for different charging (a) and discharging (b) C-rates.
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Figure 6: Modeling result for the maximum temperature rises for the battery pack with the use of paraffin nanocomposites with different
concentrations of nanofillers during a 1C current for a single charging (a) and discharging (b) cycle.

the thermalmanagement of Li-ion batteries for both charging
and discharging cycles.

In Figure 7, two samples of calculated voltage curves
and simulated 3D temperature profiles of the battery pack
surrounded by a paraffin matrix mixed with 5% carbon
nanotubes at different times during a 1C charging and
discharging cycles are plotted. Interestingly, for the charging
cycle at the time of 10 secondswe noticed that the battery pack
temperature is lower than that of ambient. This means that
reversible cooling due to the entropy changes that occurred
in the positive electrode was large enough to surpass ohmic
and reaction heat generations. The simulated temperature
profiles reveal that regardless of the initial times of charging
cycle, for the rest of times, the maximum temperature
rises take place inside the batteries somewhere close to
the center of the battery pack. Therefore, one solution to
improve the temperature management of the battery pack
is to include higher concentration of the fillers within the
paraffin materials in the sections that are closer to the center
of the pack in order to enhance the heat conduction to the
surroundings. Consequently, our modeling suggests that the
heat management of a battery pack can be improved by an

appropriate use of paraffin nanocomposites in the positions
where the maximum temperature rises occur.

4. Conclusion

We developed an electrochemical model based on Newman’s
pseudo-2D model coupled with a 3D heat transfer model to
investigate the heat management of a battery pack. The con-
sidered battery is made of LiCoO

2
positive composite elec-

trode and mesocarbon microbead negative electrode. Based
on the electrochemical theory, the heat generation during
charging/discharging cycles was calculatedwhichwas used in
the 3D heat transfer model for the evaluation of temperature
rises in a battery pack under various loading conditions. Our
modelling results revealed remarkable decrease in tempera-
ture rises by embedding the batteries inside a paraffin wax.
This effect was found to bemore considerable for discharging
cycles. Then, we studied the effects of fabrication of paraffin
nanocomposites on temperature rises of a battery pack. We
included different carbon based nanofillers such as graphene,
carbon nanotubes, and fullerene for the improvement of
thermal conduction of paraffin. The thermal conductivity
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Figure 7: Calculated voltage curves and simulated 3D temperature profiles at various times during a 1C charging (a) and discharging (b)
cycle. The ambient temperature was set to the room temperature (298.15 K).

for all fillershas been considered to be the same so that
our emphasis in the present study is related to the effect of
fillers geometry.The effective thermal conductivity of paraffin
nanocomposites was evaluated using advanced 3D finite
element models. It is shown that the fabrication of paraffin
nanocomposites can increase the enhancement of the heat
management of batteries. In this case, a favorable case was
found to be the paraffinwax that was enhanced by the carbon
nanotubes. We note that we did not include the effect of
temperature on the thermal properties of paraffin structures;
however, a separate investigation can be yet conducted in
this direction. It was shown that during the charging process,

the reversible heat generated in the positive LiCoO
2
resulted

in the cooling of the battery so that there is a remarkably
lower temperature rises compared to discharging cycles.
Our modeling results suggest that fabrication of paraffin
nanocomposites for the heat management of batteries can be
considered as a promising solution if the battery is to be work
under fast and continuous discharging cycles. In summary,
the proposed modeling methodology can be considered as
an efficient method for the design of Li-ion batteries packs
with enhanced heat management. In the future, we intend to
extend our framework to a multiscale approach accounting
also for the fine scale features [31–35] of the batteries which
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is of utmost importance for the design of new battery materi-
als.
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Crashworthiness, energy absorption capacity, and safety are important factors in the design of lightweight vehicles made of fiber-
reinforced polymer composite (FRP) components. The relatively recent emergence of the nanotechnology industry has presented
a novel means to augment the mechanical properties of various materials. As a result, recent attempts have contemplated the use of
nanoparticles to further improve the resiliency of resins, especially when resins are used for mating FRP components. Therefore,
a comprehensive understanding of the response of nanoreinforced polymer composites, subjected to various rates of loading, is
of paramount importance for developing reliable structures. In this paper, the effects of nanoreinforcement on the mechanical
response of a commonly used epoxy resin subjected to four different strain rates, are systematically investigated. The results are
then compared to those of the neat resin. To characterize the mechanical properties of the nanocomposite, a combination of the
strain rate-dependent mechanical (SRDM) model of Goldberg and his coworkers and Halpin-Tsai’s micromechanical approach is
employed. Subsequently, a parametric study is conducted to ascertain the influences of particle type and their weight percentage.
Finally, the numerical results are compared to the experimental data obtained from testing of the neat and the nanoreinforced epoxy
resin.

1. Introduction

Nanoparticle-reinforced polymer composites (NRPs) are
receiving special attention, especially for bonding applica-
tions in automotive,marine, aerospace, and oil and gas indus-
tries. NRPs are known to enhance the mechanical, electrical,
thermal, and permeability properties and diffusion barrier
attributes of their host polymers. Moreover, in some cases,
they could also provide self-healing ability. The enactment
of mechanical properties gained by inclusion of nanopar-
ticles includes improved strength and stiffness to weight
and cost ratios, improved fatigue and corrosion resistance,
more controllable damage mechanism, and augmentation
of the energy-absorption capacity of their host polymer.
Therefore, these attributed properties render them as effective
candidates for reinforcing polymers [1–11].

Nanoparticle-reinforced polymer composites (NRPs) are
increasingly being used in various engineering applications,
especially in the form of adhesives. Adhesives are becoming
increasingly more popular for joining structural components
because of the recent advancements in techniques used
for toughening them. One such emerging technique has
been the inclusion of an appropriate amount of inexpensive
nanocarbon, namely, Graphene Nanoplatelets (GNPs), in
resins/adhesives. GNPs, which have larger diameter and
aspect ratio than their more commonly used nanocarbon
tubes counterpart, are less expensive and are more widely
available.

One of the thrusts of our current research has been to
promote the use of NRPs, in form of adhesives, in automobile
applications. In such applications, the NRPs become often
subject to large loading rates. Unfortunately, there is a
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clear paucity in databases that convey the performance of
nanoparticle-reinforced adhesives, especially when subject
to high loading (or strain) rates. This issue, in turn, has
impeded the greater usage of NRPs in such engineering
applications. Therefore, the mechanical characterization of
such nanoreinforced adhesives is vital, especially when they
are subject to large loading rates.

The use of carbon nanotubes, which are essentially sheets
of graphite rolled into tubes [12, 13], was first proposed by
Iijima in 1991 and later by Iijima and Ichihashi in 1993.
Even though CNTs (both single-walled and multiwalled
varieties) are quite flexible in the direction perpendicular
to their longitudinal axis [14], the strength and elastic
modulus of MWCNTs have been estimated to be as high
as 150GPa and 900GPa, respectively [15]. Their superior
mechanical characteristics and optimal length-to-diameter
ratio have rendered CNTs as an effective reinforcing agent for
resins. Nevertheless, in order to fully harness the exceptional
mechanical properties of CNTs, a strong interfacial bond
between the polymer matrix and CNTs must exist [16].

Since the advent of nanotechnology, nanoparticle-
reinforced adhesives have also been increasingly used in
many other advanced applications such as naval, automotive,
aerospace, andmedical industries. Kim andReneker reported
that Young’s modulus of a nanofiber-reinforced composite
was ten times greater than that of the neat adhesive [17]. It
has also been demonstrated that MWCNT particles enhance
the strength and toughness of epoxies, because nanoparticles
strengthen the polymeric chains of the resin and resist
crack initiation and propagation by acting as bridges [18].
Qian et al. suggested that nanotubes (CNTs) could enhance
the composite strength by as much as 25% [19]. It should
also be noted that a nanoparticle-reinforced adhesive with
the most optimum properties can only be produced if the
nanoparticles are distributed uniformly and fully dispersed
(exfoliated) within the polymer. This is a very challenging
process, because the formation of agglomerations can act
as defect regions, thus reducing the performance instead of
enhancing it.

Despite the noted studies, to date, there are only a
limited number of studies that have explored the mechanical
properties of resins reinforced with carbon nanoparticles,
especially GNPs. Moreover, the lack of such studies becomes
even more noticeable when one requires information on the
effect of loading/strain rates on the response of nanoparticle-
reinforced resins.

Therefore, in order to better understand the mechanical
behavior of the nanoparticle-reinforced polymer compos-
ites under dynamic loading conditions (hence, to be able
to establish and assess the safety factor of the structure
hosting NRPs), one should gain a better understanding
of the mechanical response of such resins under different
strain rates. Several researchers have demonstrated the rate-
dependent mechanical behavior of neat polymers and have
developed constitutive models for their characterization (see,
for instance, [20–28]). Notwithstanding the abovementioned
studies and those alike, there exists no unified and robust
theoretical approach capable of mimicking the atomic inter-
action between nanoparticles and polymers. The involved

challenges in constructing such a model have therefore
necessitated the use of multiscale techniques to identify the
macroscale mechanical behavior of nanoparticle-reinforced
polymer composites. An example of suchmodeling approach
can be found in thework of Shokrieh et al. [29].They incorpo-
rated a strain rate-dependent continuum-based macroscale
level constitutivemodel developed byGoldberg et al. [22–24],
combinedwith theHalpin-Tsaimicromechanical model [30],
to study the loading rate effects on a CNT-reinforced polymer
composite.

In this paper, using a similar approach adopted by
Shokrieh et al. [29], the effects of nanoreinforcement on the
mechanical response of a nanoreinforced resin, subjected to
different strain rates, are modeled and systematically inves-
tigated. More specifically, neat and nanoreinforced resins are
subjected to tensile loadings applied at the rates of 1.5, 15, 150,
and 1500mm/min (strain rates of 10−3, 10−2, 10−1, and 1 s−1).
Subsequently, a parametric study is conducted to ascertain
the influences of various parameters (i.e., the particle type,
their weight percentage) on the mechanical properties of the
nanocomposite. Finally, the numerical results are compared
to the experimental data obtained for the neat and the
nanoreinforced epoxy resins [31, 32].

2. Experimental Investigation

2.1. Materials and Specimen Preparation. A commonly used
thermoset epoxy resin (i.e., theWest System 105 resin and 206
hardener (Bay City, MI)) was used as the baseline adhesive to
fabricate the test specimens. This resin was selected, because
it is a commonly used resin, has a relatively low cost, and is
readily available.

In order to establish a cost-effective means for enhancing
the mechanical properties of the resin/adhesive, different
types of nanocarbon particles were utilized as the reinforcing
agent. However, the uniform distribution and dispersion of
nanocarbon particles in resin were found to be quite time-
consuming and challenging, hence increasing the processing
cost. It should be noted that not only do the distribution and
dispersion of particles directly influence adhesive’s mechan-
ical properties, but also more importantly the nanoparticle
agglomeration results in significant statistical discrepancies
in performance of the final product.

Three different forms of nanocarbon particles were cho-
sen to be dispersed into the epoxy resin:

(i) Graphitized CarbonNanofibers (CNFs) with an outer
diameter of 200 to 600 nm and more than 99.9%
purity (obtained from the US Research Nanomateri-
als, Inc., Houston, TX).

(ii) GrapheneNanoplatelets (GNP-M-25)with an average
diameter of 25 𝜇m, thickness of 6 nm, and surface area
of 100m2/g (obtained from XG Science Ltd., Lansing,
MI).

(iii) Multiwalled Carbon Nanotubes (MWCNTs) with an
outer diameter of 5 to 15 nm and more than 95%
purity (obtained from the US Research Nanomateri-
als, Inc., Houston, TX).
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To facilitate uniform dispersion of the nanoparticles in
resin, a mechanical stirrer was used first. Each slurry of
resin/nanoparticle was stirred at a speed of 2000 rpm for
10min. This procedure was followed by calendering the
resin/nanoparticles mix with a three-roll mill. The calender-
ing rollers’ speed was set to the machine’s maximum rota-
tional speed of 174 RPM. Tomaximize dispersion quality and
minimize agglomerations, the calendering was performed
seven times. The roller gaps were set at 20𝜇m. Note that
concentrations of CNF, MWCNT, and GNP with weight
percentages of 0.25%, 0.5%, and 1% were considered. It
should be noted that selection of the rollers gap size is quite
important. It is postulated that when the nanoparticles are
dispersed into adhesives, they are surrounded by monomer
molecules. After each round, the quality of the distribution
and dispersion was monitored by sampling the mixed slurry
and assessing the uniformity of the dispersion with a digital
microscope.

The subsequent addition of the curing agent would initi-
ate the chemical reaction process of the resin, promoting the
monomermolecules to surround the GNPs as the resin cures.
In addition to the mechanical bonding, chemical bonding
known asVan derWaals bond is also generated.The inclusion
of nanoparticles into resin also increases resin’s viscosity
(thickens it). It should also be noted that, in comparison
to other types of nanoparticles (e.g., CNFs or CNTs), the
relatively greater aspect ratio of GNPs helps to increase
the resin/nanoparticles interactions, thus forming a tougher
adhesive.

Following the aforementioned procedures, the curing
agent (hardener) was added to the slurry and mixed using
a stirrer at a speed of 400 rpm for 4 to 6 minutes. The
mixture was then degassed under 28

Hg vacuum for 2
to 3 minutes (the degassing time period depends on the
gel time of the resin). After degassing, the mixture was
poured into appropriately designed and fabricatedmolds and
allowed to cure for at least 12 hours at room temperature.
The final products in the form of dog-bone tensile coupons
with dimensions as per ASTM D638 for both neat and
nanoparticle-reinforced resins are shown in Figure 1 [33].

2.2. Characterization of the Mechanical Properties of Adhe-
sives. The prepared dog-bone shaped samples were tested
in tension using an Instron servo-hydraulic universal test
machine equipped with 8500+ electronics. To establish the
stress-strain characteristics of the neat and nanoreinforced
resins, the specimens were subjected to a displacement-
controlled tensile loading [33]. First, tensile tests were per-
formed on the neat resin at room temperature, at cross-
head speeds of 1.5, 15, and 150mm/min, per ASTM D 897
(as the baseline tests for the static and quasistatic loading
conditions), and at 1500mm/min, per ASTM D 950 (as
the baseline tests for the high-strain rate loading condition)
[34, 35]. Subsequently, the reinforced adhesive specimens
underwent testing with the same loading rates. The gauge-
length displacement of specimens tested under quasistatic
loading rates (1.5mm/min) was recorded using an Instron
extensometer (Instron Industrial Products, Grove, PA) as
well as an EIR Laser Extensometer (Electronic Instrument

Neat resin

Nanoparticle-
reinforced resin

(a)

5

50.8

R76

56
191

20.5

(b)

Figure 1: Representative tensile coupons of the neat and
nanoparticle-reinforced epoxy resins and their dimensions (in
mm).

Research, Irwin, PA). An Instron dynamic extensometer
and the laser extensometer were used to record the gauge-
length displacement of the specimens tested under the
quasistatic and higher loading rate experiments (i.e., 15, 150,
and 1500mm/min), as shown in Figure 2. Using the recorded
load and gauge length displacement, the stress-strain curve of
each adhesive was constructed and their elastic modulus was
evaluated. The initial gauge length for all cases was 25.4mm.

The experimental results revealed that not only did the
inclusion of nanoparticles improve themechanical properties
of the adhesive, but it also enhanced the resin’s viscosity.
The improved viscosity renders the adhesive suitable for use
in adhesively bonded joints that oriented vertically, which
are often encountered in several industrial applications,
especially in marine and other applications where relatively
thick bond-lines are commonly used [31, 32].

Figure 3 shows that the inclusion of the nanoparticles
produced the same effect as did the increase in the strain
rate. In other words, the increase in the amount of dispersed
nanoparticles enhanced the stiffness of the matrix; similarly,
the apparent stiffness of the composite increased as the
applied strain rate increased.

3. Problem Statement and Modeling Strategy

The rate-dependent mechanical behavior of nanoparticle-
reinforced polymers has been studied by different research-
ers. Nonetheless, to the best of the authors’ knowledge, there
exists a clear lack of coherent and comprehensive paramet-
ric studies that have either theoretically or experimentally
characterized the effects of nanoparticle types, their weight
content, and strain rates on their response. Therefore, in this
work, the macroscale rate-dependent constitutive equation
of Goldberg et al. [22–24] will be modified by incorporating
the Halpin-Tsai micromechanical model [30], including the
inclusion of more specific shape factors, in order to assess the
influence of different strain rates on the response of a polymer
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Figure 2: Experimental setup for the (a) static and (b) quasistatic and higher loading rate tests.
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Figure 3: Influence of strain rate on the tensile elastic modulus of
the epoxy resin reinforced with various amounts (wt%) of GNPs.

reinforced by different types of nanoparticles with various
weight contents. The predicted results obtained through the
aforementioned superposition technique (as incorporated by
Shokrieh et al. [29]) will be validated with the experimental
results. At this juncture, it should be noted that one could
equally adopt other micromechanical modeling techniques
(such as that developed by Mori-Tanaka [4, 6], or others), in
place of the Halpin-Tsai model used in this study.

3.1. Strain Rate-Dependent Continuum-Based Constitutive
Equation of Polymers. Various researchers [21–24] have
shown that the stress-strain response of nanoparticle-
reinforced polymer composites is dominated by the nonlinear
response of its main constituent. In order to determine the
viscoelastic-viscoplastic response of the polymer, the total
strain (𝜀

𝑇

) can be decomposed into elastic (𝜀
𝐸

) and inelastic
(𝜀
𝐼

) components. Analogously, the inelastic strain can be cal-
culated as the difference of the total strain and elastic strain.

Goldberg et al. [22–24] proposed a model for predict-
ing the viscoplastic response of neat polymers, utilizing

a set of state variables as an indication of the resistance of
polymeric chains against flow. It should also be mentioned
that polymer’s mechanical properties and loading/strain rate
are the two main parameters that govern the nonlinear
response of the polymer.The inelastic strain components can
be expressed in terms of the deviatoric stress components as
follows [21–24]:
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where ̇𝜀
𝐼

𝑖𝑗

is the inelastic strain rate tensor which can be
defined as a function of deviatoric stress; 𝐽

2

is the second
invariant of the deviatoric stress tensor; and 𝑍 and 𝛼 are the
state variables. Moreover,𝐷

0

and 𝑛 arematerial constants;𝐷
0

represents the maximum inelastic strain rate; and 𝑛 controls
the rate dependency of thematerial.The equivalent (effective)
stress is also defined as a function of themean stress, such that
the summation of the normal stress components 𝜎

𝑘𝑘

is three
times of the mean stress, as follows:
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where 𝛼 controls the level of hydrostatic stress’ effect as a
state variable. The term ̇𝑒
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The rate of change of the other two-state variables, 𝑍 and
𝛼, can be determined using the following evolution equations:

�̇� = 𝑞 (𝑍
1

− 𝑍) ̇𝑒
𝐼

𝑒

,

�̇� = 𝑞 (𝛼
1

− 𝛼) ̇𝑒
𝐼

𝑒

.

(5)



Journal of Nanomaterials 5

Here, 𝑞 is a material constant, representing the hardening
rate, which is determined through trial and error, based on
the inelastic shear strain attaining a plateau, or the tensile
strain corresponding to the saturation region of the stress-
strain curve. 𝑍

1

, 𝛼
1

are material constants, representing the
maximum values of 𝑍 and 𝛼. 𝑍

0

and 𝛼
0

are the initial values
of the material constants 𝑍 and 𝛼. 𝑍

0

is the magnitude of the
stress at the pointwhere the shear stress-strain curve becomes
nonlinear. 𝛼

0

and 𝛼
1

are defined using (2) and tensile stress-
strain and shear stress-strain curves (the values of stress at
the plateau and first nonlinearity points of the stress-strain
curves, resp.).

The material constants 𝑍
1

, 𝑍
0

, 𝛼
1

, 𝛼
0

, 𝑛, and 𝐷
0

can be
determined using the shear stress-strain and tensile or
compression stress-strain curves, obtained by experiments
conducted under constant strain rates on neat polymers.
Empirically, it has been shown that the value of 𝐷

0

, quanti-
tatively, can be set equal to 104 times the maximum applied
total strain rate; qualitatively, it is the restricting (controlling)
value of the inelastic strain rate. The values of 𝑛, 𝑍

1

can be
identified using the shear stress-strain curves constructed
under various strain rates. The plateau region of the effective
stress under a uniaxial tensile loading at a particular strain
rate corresponds to the saturation region of the effective stress
obtained under pure shear loading.

To solve the implicit Goldberg constitutive equation (1),
one should utilize an appropriate numerical discretization
technique. Moreover, one should ensure that the selected
technique for solving the equation would be stable. For that,
the four-step Runge-Kutta (R-K-4) method is adopted and
implemented in this work, which is similar to the procedure
that was first proposed by Tabiei and Aminjikarai [36, 37]
and was also used by Shokrieh et al. [29]. The numerical
representations of (1) and (5) take the following incremental
forms after multiplying the rate-dependent equation by the
time step (𝑑𝑡):
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As in any forward numerical method, the parameters’
values from a previous step are available to be used as an input
in the subsequent step.Therefore, usually a value less than the
yield stress is considered as the initial guess for 𝜎𝑛

𝑖𝑗

to start the
numerical integration. Another given input parameter is the
total strain rate, ̇𝜀
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are considered as
the input parameters (note: the superscript “𝑚” refers to the
matrix). For an initial guess, themagnitude of𝜎𝑚(0)

𝑖𝑗

is selected
such that it is less than the material’s yield strength. One can
then determine the values of 𝑑𝜀𝐼1

𝑖𝑗

by substituting the values of
𝑍
0

and 𝛼
0

into (6). As a result, based on (4), (6), and (8)–(10),
the first step of the R-K-4 can be represented as follows:
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,

𝛼 = 𝛼
𝑚(𝑛)

+
1

2
𝑑𝛼
(step1)

,

(12)

where [𝐶
𝑚

] is the stiffness matrix of the polymer and the
stress can be determined based on elastic and inelastic strain’s
constituents.The remaining steps of the R-K-4 procedure are
shown in Appendix.

3.2. The Halpin-Tsai Micromechanical Model. There are dif-
ferent micromechanical models available for characterizing
the elastic behavior of nanoparticle-reinforced polymer com-
posites under static loading condition.Themodels developed
by Halpin-Tsai, Mori-Tanaka, and Nielsen, to mention a few
[4–6, 30], are some examples. The Halpin-Tsai model [4–
6, 30] used in this work can be expressed in the following
form:

𝐸
𝑐

𝐸
𝑚

=
1 + 𝜉𝜂𝜙

1 − 𝜂𝜙
,

where, 𝜂 = (
𝐸
𝑓

𝐸
𝑚

− 1)(
𝐸
𝑓

𝐸
𝑚

+ 𝜉)

−1

,

(13)

where 𝐸
𝑐

is the composite’s tangential modulus, which can
be determined by another equation developed by Halpin
and Kardos [30], 𝐸

𝑚

is the tangential modulus of neat poly-
mer, determined using the predicted stress-strain curve as
described in the previous section, and𝐸

𝑓

is the nanoparticle’s
modulus of elasticity.Moreover,𝜙 is the nanoparticles volume
fraction in themixture. Depending on the nanoparticles type,
different shape factors, 𝜉, would have to be used (i.e., 𝜉𝐼𝐼GNP =

2(𝑙/𝑡), 𝜉⊥GNP = 2, and 𝜉CNT = 2(𝑙/𝑑), where 𝑙, 𝑡, and 𝑑 refer to
the length, thickness, and diameter of the nanoparticles).

In the following section, the abovementioned techniques
will be employed to establish the integrity of the proposed
models and solution scheme. For that, first the stress-strain
response of the neat resin will be predicted. That will be
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Table 1: Calculated rate-dependent material constants of WS-105 epoxy resin.

Material Strain rate
(s−1)

Tangential
modulus
(GPa)

Poisson’s
ratio 𝐷

0

(s−1) 𝑛 𝑍
0

(MPa) 𝑍
1

(MPa) 𝑞 𝛼
0

𝛼
1

WS-105 epoxy
1 × 10

−3

1 × 10
−2

1 × 10
−1

1

3.1 0.3 5 × 10
6 0.745 200 1130 610 0.202 0.430

followed by a parametric study that will assess the strain-
rate effects on the nanoparticle-reinforced epoxy resin. To
calculate the stress-strain of nanoparticle-reinforced polymer
composite, first the global stress-strain curve of the neat resin
is predicted using the Goldberg model [22–24]. Then, the
tensile tangent moduli of the pure polymer in appropriate
strain intervals are determined, sequentially. Subsequently,
the tangent moduli of the nanoparticle-reinforced resin are
evaluated at each strain interval by modifying the obtained
tangential moduli of the pure polymer using the Halpin-Tsai
equation. As a result, the stress corresponding to each strain
interval can be determined for the nanoparticle-reinforced
resin. Finally, after establishing the stress values, one would
be able to establish the global stress-strain curve.

4. Results and Discussion

In this section, we discuss the integrity and accuracy of
the developed SRDM model introduced in Section 3, for
predicting the tensile stress-strain response of the neat epoxy
resin reinforced with various nanoparticles. For that, first by
following the steps noted in Section 3 and those in Appendix,
the stability of the iterative R-K-4 numerical procedure for
establishing the tensile stress-strain response of the neat
resin under an arbitrary strain rate is tested, with the results
illustrated in Figure 4. As can be seen, three different time
steps, 𝑑𝑡, were selected for this task.

As seen and anticipated, smoother and more continuous
curves are obtained as the value of time step is decreased, and
the numerical convergence is clearly evident. To establish the
rate-dependent material constants, the experimental results
of the tensile tests conducted under quasistatic loading rate
of 150mm/min (= 10

−1 s−1) are used. It should be noted that,
by knowing the initial gauge length (i.e., 25.4mm), one can
easily convert the loading rates into strain rates. The rate-
dependent material properties of the neat epoxy are provided
in Table 1.

Due to the nonlinear behavior of nanoparticle-reinforced
polymer composites, the value of the constant linearmodulus
should be replaced by the tangential modulus. To establish
the strain rate-dependent response of the resin reinforced
with different nanoparticles and their resulting response to
different strain rates, first the instantaneous tangential mod-
ulus of the neat resin under quasistatic strain rate (10−1 s−1) is
established. Figure 5 illustrates the variation of the tangential
tensile modulus of the neat resin.

Subsequently, having established neat resin’s stress-strain
response, the SRDM micromechanical model is used to
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Figure 4: Influence of the time steps (𝑑𝑡) on the numerical stability
of the adopted iterative procedure used for predicting the stress-
strain curves of the neat WS-105 epoxy resin at an arbitrary strain
rate.
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Figure 5: Variation of the tangential modulus of WS-105 neat
epoxy resin, as a function of strain when the material loaded under
quasistatic strain rate of 10−1 s−1.

establish the tensile stress-strain response of the resin rein-
forced with various weight contents (wt%) of the three
nanoparticle types, subjected to different strain rates. The
predicted responses are then compared to the experimental
results.

Figure 6 shows comparison of the predicted and experi-
mental stress-strain curves. Figure 6(a) illustrates the varia-
tion in stress-strain response as a function of nanoparticles
type under quasistatic strain rate of 10−3 s−1. Figure 6(b)
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Figure 6: Comparison of the predicted and experimental stress-strain curves ofWS-105 resins reinforced with various types of nanoparticles:
(a) influence of nanoparticles type; (b) influence of GNP’s weight content when the resin is subjected to a quasistatic strain rate of 10−3 s−1;
(c) influence of strain rate on the stress-strain responses of the resin reinforced with 1 wt% GNP.

shows the influence of GNP weight content on the predicted
stress-strain responses, loaded at a quasistatic strain rate of
10−3 s−1. Finally, Figure 6(c) illustrates the influence of the
different strain rates on the predicted stress-strain responses
of the resin reinforcedwith 1wt%GNP. It can be seen from the
results illustrated in Figure 6 that, in all cases, the predicted
values are in good agreement with the experimental results.

As seen from the results shown in Figure 6(b), the inclu-
sion of the GNPs produced the most optimum enhancement
of the mechanical response of the resin. Moreover, among
the weight contents considered for the inclusion of GNPs in
this study, 1 wt% was found to produce the most optimum
mechanical response, regardless of the applied strain rates. It
was also demonstrated that both the strength and stiffness of
the nanoparticle-reinforced resin were increased as the strain
rate was increased.

5. Conclusion

This study demonstrated that the combination of a strain
rate-dependent mechanical (SRDM) model (in this case, the
Goldberg et al. model) and a micromechanical model (in this
case, the Halpin-Tsai model) could predict the stress-strain
response of neat and nanoparticle-reinforced epoxy resins
with good accuracy. The predicted results also revealed that
the response of the resinwas improvedwhen it was reinforced
with the relatively inexpensive type nanocarbonparticles (i.e.,
GNPs), in comparison to the more expensive CNTs. It was
also demonstrated that the increase in strain rate resulted
in higher apparent strength and stiffness of nanoparticle-
reinforced resin. Comparatively, this increase was even more
significant than the enhancement obtained by inclusion of the
nanocarbon particles. Moreover, the enhancement in resin’s
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stiffness was observed to be more significant compared to the
gain in its strength.

As noted, inclusion of GNP into the neat resin improved
the stiffness of the adhesive, resulting in enhancement of
the elastic modulus by 11% and 21% for the resin rein-
forced 0.5 wt% GNPs, evaluated at the lowest and highest
strain rates, respectively. Furthermore, based on the obtained
results, one can conclude that the higher weight percentage
(i.e., 1 wt% GNP) resulted in the highest stiffness. It was also
observed that reinforced resin’s modulus of elasticity was
enhanced by 19% and 33% when the resin was reinforced
with 1 wt%GNPs and when the material was tested under the
lowest and highest loading rates, respectively.

Finally, comparison of the results obtained for the resin
reinforced with 0.5 wt% of GNP and that reinforced with
0.5 wt% of CNF, subjected to the quasistatic strain rate,
revealed that inclusion of theGNPproduced a greater average
ultimate tensile strength and modulus of elasticity than
inclusion of CNF could.

Appendix

Details of the Runge-Kutta Procedure

The second step of the R-K-4 using the results of the first step
takes the following form:
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𝐼(step2)
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1

2
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𝑖𝑗

,

{𝜎} = [𝐶
𝑚
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𝐼
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,
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1

2
𝑑𝛼
(step2)

.

(A.1)

And the 3rd step can be obtained using the results of the 2nd
step:
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Similar to the pervious steps, results of the third step are used
in the final step:
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(A.3)

Then, the magnitude of stress and inelastic strain in the next
time step can be calculated through the final step of the
Runge-Kutta method as follows:
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Finally, the tensile stress-strain curve of the neat polymer
under an arbitrary strain rate can be obtained accordingly.
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Due to their prominent properties (mechanical, stiffness, strength, thermal stability), ceramic composite materials (CMC) have
been widely applied in automotive, industrial and aerospace engineering, as well as in biomedical and electronic devices. Because
monolithic ceramics exhibit brittle behaviour and low electrical conductivity, CMCs have been greatly improved in the last decade.
CMCs are produced from ceramic fibres embedded in a ceramic matrix, for which several ceramic materials (oxide or non-oxide)
are used for the fibres and the matrix. Due to the large diversity of available fibres, the properties of CMCs can be adapted
to achieve structural targets. They are especially valuable for structural components with demanding mechanical and thermal
requirements. However, with the advent of nanoparticles in this century, the research interests in CMCs are now changing from
classical reinforcement (e.g., microscale fibres) to new types of reinforcement at nanoscale. This review paper presents the current
state of knowledge on processing and mechanical properties of a new generation of CMCs: Ceramics Nanocomposites (CNCs).

1. Introduction

It is widely recognised that ceramic matrix composites
(CMCs) are extremely valuable materials for applications
with demanding mechanical and thermal requirements.
Despite the fact that ceramic matrices often present brittle
behaviour, CMCs have been developed to achieve quasi-
ductile fracture behaviour and maintain all other advantages
of monolithic ceramics at high temperatures. For instance,
CMCs can be fabricated as strong asmetals, but they aremuch
lighter and can withstand much higher temperatures. These
advantages led to their application in automotive and
aerospace engineering (components and aircraft engine plat-
forms; see Figure 1).

On the opposite side, there are many ceramic products
in construction industry, like floor, wall and roofing tiles,
cement, or bricks, but the level of sophistication of these
products is still low. Due to the large scale and multibillion
dollar industry, it is expected that construction and associated

manufacturing companies will invest in CMCs for building
and structural components.

There are many different types of CMCs. The classifi-
cation is usually done according to the matrix and fibre
materials, separated by a slash. For example, C/SiC is a
ceramicmatrix compositemade of carbon fibres and a silicon
carbide matrix. Besides these types of matrices and fibre
materials, the classification usually separates ceramic matrix
composites in oxide and nonoxide composites. Table 1 shows
the main materials used as ceramic matrix composites
according to that classification. As shown in the examples,
oxide fibres are usually combined with oxide matrices and
nonoxide fibres with nonoxide matrices. Thus, the main
CMC types are C/C, C/SiC, SiC/SiC, and Ox/Ox, where Ox
represents one of the oxide materials presented in Table 1.

When nanotechnology was introduced in the production
of CMCs and analysis went from micro to nanoscale (com-
posites to nanocomposites), some of the previously existing
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Figure 1: Oxide ceramic matrix composites exhaust ground test
demonstrator consisting of a 1.60m diameter nozzle (showing
underneath the titanium-alloy faring) and 1.14m diameter by
2.34m conical centerbody with titanium end cap inspection portal
(Courtesy of Wiley, Steyer [1]).

Table 1: Brief overview of CMCs reported in the literature.

Ceramic matrix composites Materials References

Matrix

Nonoxide Silicon carbide [2, 3]
Carbon [4]

Oxide

Alumina [5, 6]
Zirconia [7]
Mullite [8]

Aluminosilicates [9]

Fibres Nonoxide

Carbon [10]
Silicon carbide [11–13]

Alumina [8]
Mullite [14]
Zirconia [15]

materials lost impact and others arose. For example, the intro-
duction of CNTs [16, 17] and graphene nanosheets [18, 19] in
CMCs led to great interest of the research community due to
the outstanding inherent mechanical, thermal, and electrical
properties of these materials. Authors reported remark-
able improvements in properties like hardness, toughness,
strength, damping, and thermal conductivity overmonolithic
ceramics by using these types of fillers. For example, in the
case of alumina CMCs, Fan et al. [20] reported an improve-
ment of approximately 100% in fracture toughness and 20%
in flexural strength with the addition of only 1 wt% single-
walled carbon nanotubes (SWCNTs). Moreover, Walker et al.
[21] reported an increase of approximately 235% (from ∼2.8
to ∼6.6MPa) at ∼1.5% graphene platelets volume fraction.

As concluded from these preliminary remarks, the topic
of Ceramics Nanocomposites (CNCs) is growing fast and the
next years will demonstrate the need for a continuous and
updated review on this theme.The objective of this paper is to
bring to the scientific community a state-of-the-art review on
the main developments and trends in CNCs. From the search
carried out in scientific databases, this review is focused

on the most effective strengthening nanoparticles and the
corresponding CNCs, which are

(i) silica carbide (SiC);
(ii) zirconia;
(iii) carbon nanotubes (CNTs);
(iv) graphene.

2. SiC-Based CNCs

Silicon carbide (SiC) is one of the most promising structural
materials due to its superior thermomechanical properties,
such as high chemical and thermal stability, good chemical
inertness, high thermal conductivity, high hardness, low
density, and low coefficient of thermal expansion [22]. Silicon
carbide is a compound of silicon and carbon with chemical
formula SiC. It occurs in nature as mineral moissanite.
Because of the rarity of natural moissanite, most silicon
carbides are synthetic. SiC is part of a family of materials that
exhibit a one-dimensional polymorphism called polytypism.
Thanks to its structure, an almost infinite number of SiC
polytypes are possible, and more than 200 have already been
discovered [23]. With the introduction of nanotechnology
and manipulation at nanoscale, new opportunities have
been opened. One-dimensional (1D) nanostructures such as
nanowires or nanotubes have gained much interest in funda-
mental research as well as tremendous potential applications.
Among many materials, SiC-based 1D nanostructures have
very interesting physical, chemical, and electronic properties.
SiC is a wide band gap semiconductor, from 2.2 eV to 3.4 eV
depending on the polytype with a high electronic mobility
and thermal conductivity. One of the other merits of SiC
is that it can be used at high temperatures because its
noncongruent melting point reaches 3100∘K and its maximal
operating temperature is considered to be 1200∘K [24]. More-
over, SiC is resistant to corrosive environments because of its
chemical inertness. These facts justify the high application
of SiC in a wide range of areas, such as electronics, heating
elements, and structural materials. More particularly, SiC
nanoparticles have been introduced in CMCs to enhance the
mechanical and thermal properties of ceramic materials such
as Al
2
O
3
and mullite. The purpose now is to present some

examples of the main improvements achieved with these
nanoadditions in ceramicmaterials and to evaluate how these
improvements can be incorporated in ceramic products used
in construction industry.

In terms of thermal behaviour and electrical conductivity,
Parchovianský et al. [25] studied the influence of SiC
nanoparticles additions on the electrical and thermal
conductivity of Al

2
O
3
/SiC micro-/nanocomposites under

normal and high temperatures. Different samples with
various volume fraction of SiC ranging from 3 vol% to
20 vol% were prepared by hot pressing at 1740∘C and at
30MPa pressure in an argon atmosphere.The results showed
that the thermal properties (thermal diffusivity and thermal
conductivity) of Al

2
O
3
/SiC nanocomposites were not influ-

enced by the size and shape of SiC particles but by the volume
content of these particles. Thermal conductivity increased
with higher contents of SiC nanoparticles up to a maximum
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Figure 2: (a) Open porosity and (b) relative density of SiC-AlON composites measured via the Archimedes principle versus amount of SiC
particles [22].

of 35% increase (from 28W/mK to 38W/mK) for 20 vol%
of these nanoparticles. Barea et al. [26] obtained similar
trends for these properties. However, if compared with the
theoretical values of thermal conductivity reported for SiC
(700W/mK) or the value measured for a polycrystalline hot
pressed SiC (270W/mK), the resulting thermal conductivity
of a composite with 20 vol% of SiC should be much higher.
Hasselman and Johnson [27] stated that the existence of a
thermal barrier resulted from unperfected thermal contacts
at the matrix/dispersion interfaces, partially explained by the
difference of thermal expansion coefficients of the twophases.
Still, a relevant increase was achieved with the inclusion
of SiC nanoparticles. Regarding electrical conductivity,
Parchovianský et al. [25] also showed that the electrical
conductivity increased with higher amounts of SiC nanopar-
ticles, especially in the composites with the volume fraction
of SiC higher, or equal to 10 vol%.The results indicated that at
low SiC contents the SiC particles were not interconnected to
form a continuous conductive networkwhichwas verified for
amounts higher than 10%, when an increase from 10−5 S/m
(for 5 vol%) to 10−3 S/m (for 10 vol%) was recorded. Other
studies testified identical trends, such as those of Sawaguchi
et al. [28] or Stauffer and Aharony [29] that, based on mathe-
matical models, proposed a value of 17 vol% of addition of a
secondary phase to create an effective conductive path.

Regarding the mechanical properties of SiC ceramic
nanocomposites, Zhao et al. [22] investigated processing
and mechanical behaviour of SiC, aluminium oxynitride
(AlON) nanocomposites. AlON is widely used as ceramic
material due to its high stiffness, good chemical stability
and superior corrosion and wear resistances. However, its
low flexural strength and poor fracture toughness justify the
incorporation of nanoadditions in the production of these
types of CNCs. In this study, four samples were tested with
0wt%, 4wt%, 8wt%, and 12wt% contents of SiC. The results
showed interesting indicators. Concerning microstructure

and density, the authors reported a decrease in the number
of visible pores with the addition of SiC up a maximum
reduction for 8wt% SiC sample. For 12 wt%, an increase in
the number of pores was observed, in accordancewith similar
works such as Dong et al. [30], where a decrease in relative
density was registered for higher contents of SiC (more than
10wt%). Complementarily, a similar trend was observed for
open porosity and relative porosity as shown in Figure 2.

Figure 2 shows that the open porosity decreased with the
increasing content of SiC nanoparticles up to 8wt% and then
increased with additional SiC up to 12 wt%. Accordingly, the
relative density showed an opposite trend. The authors pro-
posed some explanations for these facts, namely, the agglom-
eration of SiC nanoparticles in these composites for higher
addition amounts. Moreover, Djenkal et al. [31] also reported
that additional amounts of SiC would bring a sintering
inhibiting effect on the ceramic matrix, due to the strong
covalent nature of Si-C bond, which makes it harder to
fabricate self-bonded SiC ceramics below 2100∘C [32].

Regarding the mechanical properties, the microhardness
andYoung’smodulus of SiC-AlONcompositeswere also eval-
uated. Figures 3(a) and 3(b) show that both microhardness
and Young’s modulus increased with increasing the addition
of SiC nanoparticles up to 8wt% and then significantly
decreased for 12 wt%, showing a direct relationship between
mechanical properties and microstructure (density) of SiC-
AlON nanocomposites. Moreover, Smirnov and Bartolomé
[33] also reported that the presence of porosity generally has
a negative influence on the mechanical properties, due to the
concentration of stress in pores, resulting in lower strength.
In addition, the authors registered similar results for flexural
strength and fracture toughness. The flexural and fracture
toughness were 35% and 24% higher in comparison to pure
AlON for an optimum content of 8wt% addition. From these
results, two main ideas should be emphasized from the use
of SiC nanoparticles: (i) almost all properties of monolithic
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Figure 3: (a) Microhardness and (b) Young’s modulus as a function of the content of SiC particles in SiC-AlON composites [22].

ceramics are enhanced, such as the thermal, mechanical, and
electrical ones as well as the microstructure, but an optimum
value of 8–10wt% SiC is proposed to maximize the increase
in mechanical properties and (ii) the thermal properties of
ceramics with SiC particles improved with increasing SiC
addition content.

According to the specific functions intended for these
types of materials, a reasonable value (not higher than 10–
15wt%) should be considered, in order to reconcile these
two goals (optimization of strength versus maximization
of thermal conductivity). Contrary to other nanomaterials,
the dispersion of these SiC nanoparticles into a cement
matrix does not seem to be a critical issue for the scientific
community, justifying the high application of SiC in ceramics
materials. For example, the CoorsTek Company [34] devel-
oped ceramic products with the application of SiC powders.
The producers present, as key benefits and properties of
SiC ceramics, their high thermal conductivity, low thermal
expansion coefficient, extreme hardness, and chemical attack
resistance, making of SiC a nanomaterial with high potential
for reinforced ceramics materials.

3. Zirconia-Based CNCs

Like SiC, zirconia (ZrO
2
) is a specific material with high

potential to be used in ceramic materials, due to its high
ionic and thermal conductivity, in addition to mechanical
properties. ZrO

2
is a white crystalline oxide of zirconium.

It can occur naturally or synthesized in three main phases:
monoclinic, tetragonal, and cubic. In addition, zirconia is
chemically unreactive. Under higher temperatures, ZrO

2

adopts a tetragonal and cubic structure. ZrO
2
particles are

used as one of themost common fillers, leading to an increase
in fracture toughness and chemical inertness. Recent studies
suggest that the mechanical properties of CNCs with ZrO

2

could be considerably increased by reducing the level of
grain size and by achieving high levels of dispersion of these

particles in the matrix. Zirconia and alumina are very often
associated [35]. Zirconia Toughened Alumina (ZTA) ceram-
ics offer an improved performance for an exceptional cost
ratio. ZTA nanocomposites are attractive structural materials
that combine the high hardness and Young’s modulus of
the alumina matrix with an additional toughening effect
of the zirconia dispersion. ZTA ceramics are produced to
contain 2–20 vol% of fine zirconia particles in an alumina
matrix, with increased strength and toughness. For example,
Chinelatto et al. [36] studied the effect of sintering curves on
the microstructure of alumina-zirconia CNCs. The purpose
of sintering advanced composites is to control the material’s
final microstructure with high densification with low grain
growth and elimination of porosity. Different samples with
5 vol% of nanometric ZrO

2
inclusions in an alumina matrix

were tested. The results showed an important influence of
the temperature on the grain size and growth. An increase
of approximately 2.5 times (from 1000 nm to 2500 nm) was
observed in the mean grain size with two distinct sintering
procedures: 1500∘C and 1600∘C, respectively. These results
have important consequences on the mechanical properties
of CNCs that are summarized next. Most studies focus the
toughening mechanisms in CNCs. For example, Benavente
et al. [35] registered an increase from 5MPam1/2 to approxi-
mately 6MPam1/2 in the fracture toughness for samples with
15 vol% ZrO

2
in alumina matrix for a sintering temperature

of 1200∘C and 1400∘C, respectively. Complementarily, as
Figure 4 shows, a significant increase in hardness and Young’s
modulus was registered (from 9GPa to 20GPa and from
300GPa to 367GPa, resp.) for samples with 10 vol% of ZrO

2
.

Zirconia can also be used as thematrix and alumina as the
addition. For example, Vasylkiv et al. [15] produced zirconia
ceramic with 1 wt% to 5wt% Al

2
O
3
addition. The authors

obtained an average hardness and toughness for 2.5 wt% alu-
mina addition of 16.23GPa and 7.86MPam1/2, respectively.
Zirconia can also play an important role as a ceramic matrix



Journal of Nanomaterials 5

0

2

4

6

8

1100 1200 1300 1400 1500

A5Z
A10Z
A15Z

Fr
ac

tu
re

 to
ug

hn
es

s (
M

Pa
·m

1/
2
)

Temperature (∘C)

(a)

250

300

350

400

1100 1200 1300 1400 1500

Yo
un

g’s
 m

od
ul

us
 (G

Pa
)

Temperature (∘C)

A5Z
A10Z
A15Z

(b)

Figure 4: Influence of microwave sintering temperature on (a) fracture toughness and (b) Young’s modulus of Al
2

O
3

-ZrO
2

materials with
different contents [35].

material. Danilenko et al. [37] studied the effect of nickel
oxide (NiO) in ZrO

2
composites. The authors registered that

NiO and inclusions can increase the indentation fracture
toughness of zirconia-nickel oxide composite material more
than 50%, but only when the sintering occurs in a neutral
atmosphere.

In this context, the CoorsTek Company [38] also devel-
oped a zirconia ceramic product named Technox zirconia
[39] for application in several industries, such as refracto-
ries, telecommunications, or electronics with the following
advantages: high strength, high fracture toughness, highwear
resistance, good frictional behaviour, low thermal conduc-
tivity, and electrical insulation. Still, as observed for silicon
carbide, if improved electrical properties are needed, other
nanomaterials are more suitable, such as carbon nanotubes
or graphene oxide.

4. CNT-Based CNCs

The excellent properties of carbon nanotubes (CNTs)
together with their one-dimensional nature (high aspect
ratio) dimensionality make them ideal candidates for rein-
forcement in almost any type of materials. CNCs are nat-
urally included in these areas, where CNTs can be used as
toughening elements to overcome the intrinsic brittleness of
the ceramic materials. Thanks to their structure, CNTs tend
to form complex networks of aggregates within composite
materials, playing a major role in defining the mechanical,
electrical, and thermal properties of the composites [40].The
majority of works addressing CNT composites were focused
on polymer matrices, whilst comparatively few investigations
explored inorganic (ceramic) matrices and the potential of
CNTs reinforcements as toughening mechanisms. However,

the increasing interest on CNTs applications and fabrication
with lower costmaintain the potential of this issue. For exam-
ple, Cho et al. [40] presented an extended overview on CNCs
containing CNTs. According to the authors, for successful
CNT/composite development, two major challenges must be
considered. Primarily, CNTs with intrinsically goodmechan-
ical properties must be obtained in reasonable quantity at
acceptable cost for consistent incorporation in materials
production industry. Secondly, CNTs must be processed in
such a way that a homogeneous dispersion is obtained within
the matrix with an appropriate degree of interfacial bonding.

These requirements are naturally common to all CNT
composites, but, in the case of inorganic matrix composites,
such as ceramics, they play a key role in the production of
CNCs with CNTs. In the case of CNCs, obtaining a high
degree of inorganic matrix densification without damaging
the CNTs is a widely discussed and challenging task. A good
dispersion of CNTs in composites means that the individual
nanotubes are distributed uniformly throughout the matrix
and well-separated from each other. However, CNCs with
CNTs tend to form aggregates spontaneously during the
growth process. These agglomerates are extremely undesir-
able especially in ceramic matrices, as they may act as defects
leading to stress concentration and premature failure.

Figure 5 shows the typical microstructures of agglomer-
ated (Figure 5(a)) and homogeneous (Figure 5(b)) CNT/glass
matrix composites. CNTs easily agglomerate thanks to their
high aspect ratios and typically poor interactionwith solvents
or cement matrix composites. Within CNTs, SWCNTs are
more prone to agglomerate into “ropes” or “bundles,” con-
sisting of many parallel nanotubes bound by van der Waals
forces.These agglomerations lead to a decrease inmechanical
and functional properties of CNCs.
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(a) (b)

2𝜇m

Figure 5: SEM images of fracture surfaces of (a) agglomerated CNTs in a borosilicate glass matrix and (b) homogeneously dispersed CNTs
in a silica matrix (individually pullout CNT segments can be observed that may be related to possible toughening mechanisms) [40].

Regarding the influence of surfactants and sonication
parameters on the homogeneous distribution of CNTs in
ceramics, the works by Estili et al. [41] and Dassios et al. [42]
must be cited. Estili et al. [41] applied a powder technology
to investigate the load-carrying and reinforcing capabilities of
CNT-basedCNCs.They prepared surfactantless, hydrophilic,
slightly disordered, crystalline, multiwalled CNTs and then
incorporated them in an 𝛼-alumina ceramic. The homo-
geneous incorporation of these CNTs within the alumina
ceramic led to a considerable increase in the fracture tough-
ness after spark plasma sintering (SPS), proving their effec-
tiveness in the ceramics.The bundledCNTs observed in some
dried samples were individually separated by mild ultrasoni-
cation in distilledwater. Although having the same crystalline
structure as in these samples, the poor dispersion observed
in other slightly disordered samples was probably due to
inadequate functionalization. The authors attributed this
evidence to cause difficulties in surrounding effectively CNTs
by water molecules, and thus CNTs cannot be redispersed
after drying even by strong ultrasonication. Very recently,
and in order to quantify the effects of sonication parameters
on CNT length and sample polydispersity, Dassios et al.
[42] suggested a straightforwardmethodology based onCNT
agglomerate size analysis by liquid mode laser diffraction.
Their methodology allowed a surfactant-assisted homoge-
neous dispersions of multiwalled CNTs in aqueous solutions
by optimization of sonication parameters (duration, energy,
and surfactant loading ratio).

Typically, high loading fractions favour agglomeration,
because particles come into contact more often, which
explains common results for CNCs where properties are
enhanced at low loading fractions but cannot be increased
further due to CNT agglomeration above a small vol%. In
fact, with good dispersion, each CNT is loaded individually
over a maximum interfacial area, contributing directly to
mechanical and toughening mechanisms. However, the situ-
ation becomes more ambiguous when addressing transport
properties, such as electrical conductivity, as a network of
touching CNTs is desired. Also in this case, the results
indicate that an initial good dispersion favours these prop-
erties, allowing the network to form by itself. To overcome
the problem of dispersion of CNTs issues many different

approaches have been proposed ranging from ultrasonic
action, functionalization of surfaces, and use of surfactants
[43, 44]. In terms of CNCs, several methods gain advantage
as potential techniques to assure a good dispersion of CNTs
in ceramic matrices: colloidal processing, sol-gel processing,
electrophoretic deposition, in situ growth of CNTs on ceram-
ics, and high shear compaction combined with spark plasma
sintering.

Notwithstanding these dispersion issues, CNCs with
addition of CNTs still attract much attention from the
research community, due to potential significant improve-
ments on mechanical and functional properties. Thanks to
the brittle property of ceramic materials, most of studies aim
to increase the fracture toughness. However, improvements
extend to many other properties, such as flexural and bend-
ing strength, compressive strength, Young’s modulus, and
electrical properties. Estili and Kawasaki [45] developed an
approach to mass-producing CNTs alumina composites with
optimized and controlled compositions. Authors stated that
homogeneous composites can only be obtained for CNT con-
centrations in the range of 2.4–16 vol%. However, an increase
of 70% in the fracture toughness from 3.12 × 106 Pa⋅m1/2

for monolithic to 5.20 × 106 Pa⋅m1/2 was registered only for
alumina composites with 3.5 vol% of CNTs. Also Jiang et al.
[46] produced 10 vol% SWCNTs-Al

2
O
3
composites by the

spark plasma sintering (SPS) method that exhibit excellent
toughness, ranging from 6.9 × 106 Pa⋅m1/2 (221%) to 9.7 ×
106 Pa⋅m1/2 (310% increase related to monolithic alumina
composite). Regarding fracture toughness, similar results
were presented by other authors [19, 47].

Despite these positive results, the alumina composites
with CNTs addition have not been sufficiently documented
and recently some contrasting results came up. For exam-
ple, Aguilar-Elguézabal and Bocanegra-Bernal [48] studied
the fracture behaviour of alumina ceramic reinforced with
a mixture of 0.05wt% MWCNTs + 0.05wt% SWCNTs.
Although the small amounts of CNTs added to the alumina
matrix, the results showed a general decrease in Vickers
hardness and fracture toughness for these samples compared
to monolithic alumina matrix (Figure 6). The hardness and
fracture toughness of the CNCs with different types of
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Figure 6: Variation of (a) Vickers hardness and (b) fracture toughness with relative density for various nanocomposites [48].

CNTs were much lower than those of pure Al
2
O
3
(17.05GPa

and 3.34 × 106 Pa⋅m1/2, resp.). The lowest hardness and
fracture toughness values were registered for the composites
reinforced with the mixture of SWCNTs and MWCNTs
(12.45GPa and 1.96 × 106 Pa⋅m1/2, resp.), due to the higher
porosity and the presence of clusters or bundles of CNTs that
undoubtedly act as defects with no load-carrying ability.

As mentioned previously, the main difficulty to achieve
a CNTs-ceramic composite is the homogeneous dispersion
of CNTs in the ceramic powder. The technique proposed by
Peigney et al. [49, 50], based on a catalysis method for the in
situ production (in a composite powder) of a huge amount
of CNTs bundles, was very successful. SEM observations
proved that the CNT bundles were present in CNCs but in a
smaller quantity than in the starting powder. Although SEM
observations indicated that the CNT bundles could dissipate
some fracture energy, Peigney et al. [49, 50] also concluded
that the obtained mechanical properties were not improved
because the reinforcement effect expected from the addition
of very long CNT bundles was not observed.

Very recently, Dassios et al. [51] proposed a technique
that combines high shear compaction and spark plasma
sintering for the massive, cheap, and sustainable production
of 100% dense ceramics containing CNTs.This technique was
systematically found associated with 100% dense final mate-
rials, which dramatically improves current CNT-ceramic
densification standards. MWCNT loadings of 0.5 wt.% pro-
vided optimal stiffness improvement of the borosilicate glass
under both shear and axial elastic loads. Due to indications
of nanoscale-specific energy dissipation mechanisms, these
authors propose further research on the toughening and
functional aspects of the material for a wide range of rein-
forcing and multifunctional applications.

Also Gallardo-López et al. [52] tested the effects of SWC-
NTs on the hardness and flexural strength of alumina matrix
composites. Samples of fully dense Al

2
O
3
and SWCNTs com-

posites with 1, 2, 5, and 10 vol% of SWCNTs were fabricated
by colloidal processing and tested.The results showed neither

increase nor decrease of hardness for samples with 1 vol%
SWCNTs with respect to monolithic alumina. Moreover, a
25% decrease in hardness was found for composites with
higher SWCNTs content (3, 5, and 10 vol%). Similar trends
were found for flexural strength where a significant decrease
was found for samples with higher contents of SWCNTs
addition (48.7% decrease for 2 vol%).

These contradicting results show that much has to be
done to determine ideal experimental conditions and mate-
rials processing to obtain consistent results in the addition of
CNTs in ceramic matrices. From the literature, authors put
forward for reflection the following aspects.

(i) Mechanical properties are strongly affected by grain
size. The CNT refinement effect on the matrix grains
is greater at higher temperatures (1550–1600∘C) [52].
Recently, Hanzel et al. [53] developed a new approach
based on the functionalization of MWCNTs by acid
treatment and stabilization of alumina/MWCNT dis-
persion at high temperatures (1550∘C) with subse-
quent freezing. Figure 7 shows the high levels of
dispersion obtained for the samples tested in this
study.

(ii) Many authors [47, 54] questioned the validity of the
method used to measure fracture toughness using
the microhardness method based on the following
equation:

𝐾

𝑙𝐶
= 𝛼(

𝐸

𝐻

)

1/2

⋅ (

𝑃

𝐶

3/2

) ,
(1)

where 𝐸 and 𝐻 are Young’s modulus and hardness,
respectively, 𝑃 is the applied load, 𝐶 is the radial
crack length, and 𝛼 is an empirical constant which
depends on the geometry of the indenter.The authors
argue that the validity of the fracture toughness results
depends critically on the elastic/inelastic contact-
mechanical response of the material under test.
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Figure 7: SEM images of (a) granulated alumina/CNT composite powder and (b) detail of granulate surface with distribution of MWCNTs
and alumina grains [53].

According to Estili and Sakka [55], CNTs embedded in
ceramic matrices experience a combination of tensile and
bending loads during the bridging of the cracks of the ceramic
matrix. Additionally, the rupture and/or frictional pullout of
the single-walled CNT bundles during the crack bridging
process contributed marginally to the energy dissipation
and the mechanical improvement. Estili and Kawasaki [56]
proposed a stronger intergraphene shear strength in mul-
tiwalled CNTs by embedding these into a compressive-
stressing ceramic environment to exploit the exceptional
strength of tube inner walls during tensile loading. A relevant
enhancement in the tensile failure load of multiwalled CNTs
was obtained in the ceramic environment and a new “mul-
tiwall” failure mechanism was discovered. Microstructural
investigations byDassios [57] specified the existence of highly
dissipating nanoscale-specific toughening mechanisms act-
ing complementary to CNT bridging and pullout, stipulating
high potential and capabilities in a wide range of reinforcing
and multifunctional applications.

The before-mentioned issues should be considered and
studied to fully take advantage of CNTs potential in ceramic
products. Despite these important aspects, CNTs have also
been tested to increase the electrical properties and structural
healthmonitoring capabilities of CNCs. For example, Inam et
al. [58] developed a novel method for analysing the structural
health of alumina nanocomposites filledwith graphene nano-
platelets CNTs and carbon black nanoparticles. A change
in electrical conductivity was analysed after indentation to
understand the structural damage and try to establish some
kind of correlation. The results showed that the change in
electrical conductivity is highly dependent on the type of
filler and number of indentations or damage. Damage was
indicated by an irreversible decrease in electrical conductivity
for the indented nanocomposite bars.

Moreover, despite the massive advantage of the use of
alumina as ceramic matrix in the literature, due to its high
resistance to corrosion, chemical stability, and hardness,
other ceramicmatriceswere used. For example, SiO

2
matrices

were used with various contents of CNTs additions and the
results showed similar trends to those obtained with alumina
[59, 60]. Still, the attention of current research is mainly
aimed at achieving good dispersion of CNTs in all of these
types of cement matrices.

5. Graphene-Based CNCs

Graphene (GO) has gained increasing interest from the
research community in almost all areas. However, probably
due to problemswith the dispersion ofCNTs inCNCs, studies
involving the incorporation of graphene in ceramic matrices
have increased highly in the last few years. Graphene, with its
combination of a large specific surface area, two-dimensional
high aspect ratio sheet geometry, and increased mechanical
properties, shows great potential as nanofiller in composite
materials. It has been shown that graphene is mainly used
to reinforce polymeric matrices, as the majority of research
works have dealt with graphene-reinforced polymer matrix
composites (PMCs). However, the improvements inmechan-
ical and thermal properties in PMCs have opened new
perspectives for its use in bulk ceramics. The first reports on
graphene/alumina composites occurred in 2009 [61], when
5% of carbon was added to the alumina matrix via milling
alumina and graphite in ethanol at room temperature. Since
then, much has been done. Records of improvements involve
mainly properties like fracture toughness, electrical conduc-
tivity, or Vickers hardness. For example, Centeno et al. [62]
preparedGO/Al

2
O
3
powders and tested theirmechanical and

electrical properties. Regardless of the well-known problems
of aggregation when reduced oxide is directly used as the
second phase in hydrophilic matrices, the resulting slurries of
GO/Al

2
O
3
showed very good dispersion. As a consequence,

the authors registered good impacts in both electrical and
mechanical properties. As Figure 8 shows, an increase of 50–
80% in fracture strength compared to monolithic Al

2
O
3
was

registered. For an optimum value of 0.22wt% GO addition,
an increase of approximately 80% was observed. Moreover,
Vickers hardness of the composites was very similar to the
one of the monolithic alumina.This means a good dispersion
of the graphene phase that avoids the deterioration of this
important property (Figure 8).

Wang et al. [64] developed another example of a
graphene/alumina CNC. GO nanoplatelets were added to
an Al

2
O
3
/water dispersion. Among several improvements,

the authors registered an increase of approximately 53% of
the fracture toughness compared to that of pure alumina.
Moreover, an increase of the electrical conductivity up to
172 Sm−1 was achieved. Also, Chen et al. [63] added GO
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Figure 8: Mechanical properties of the composites and alumina: (a) fracture toughness and (b) Vickers hardness [62].

Figure 9: SEM image of 0.22wt% GO/ Al
2

O
3

polished surface [62].

nanosheets to alumina composites by hot pressing in contents
ranging from 0.1 to 1.0 wt%. These additions had impact in
almost all the properties of the resulting samples. Primarily,
a decrease of approximately 20% (from 2.51𝜇m to 2.0 𝜇m)
in average grain size was observed when GO was added
to alumina matrix. The introduction of GO nanosheets
hinders the growth of alumina particles making much finer
particles resulting in more homogeneous materials as shown
in Figure 9. Figure 10(a) shows large and uneven grains for
the monolithic alumina. Contrarily, GO composites exhibit a
remarkable decrease in grain size (Figure 10(b)).

Consequently, the authors registered an increase of
approximately 43.5% of the fracture toughness for an opti-
mum value of 0.2 wt% of GO/alumina composite. Also
the bending strength increased by 28% (from 420MPa to
540MPa) with GO addition for an optimum value 0.1 wt%.

Moreover, GO addition has high impacts on cracks propa-
gation. The authors registered four toughening mechanisms:
crack deflection, enhanced by the large specific surface area of
GO nanosheets (Figure 11(a)); crack stopping when cracking
slows downor even stops by the action of graphene nanosheet
(Figure 11(b)); crack bridgingwhenGOnanosheets effectively
dissipate fracture energy (Figure 11(c)); crack branching
which constitutes cracks in lengths of several micrometres,
which contributes to the increase of toughness (Figure 11(d)).
Similar phenomena were reported by several other authors
[18, 20, 62, 65].

Although the great majority of works regard the appli-
cation of GO in alumina matrices, these outstanding results
extend to other types of matrices. For example, Hvizdoš et al.
[66] tested a series of silicon nitride based CNCs containing
1 and 3wt% of four types of graphene platelets. The results
showed that graphene does not tend to extensive clustering;
that is, only occasional stacks are observed. This is in fact a
great advantage of GO addition in ceramic matrices, espe-
cially when compared to the application of CNTs. Moreover,
the incorporation of GO leads to better wear resistance. A
decrease of 60% was registered in samples with 3wt% addi-
tion of graphene nanosheets. Fan et al. [20] also registered a
remarkable 235% improvement in fracture toughness due to
the addition of only 1.5 vol% of graphene in silicon nitride.

Although the number of publications of GO Ceramics
Nanocomposites is relatively limitedwhen compared to other
nanomaterials, such as silicon carbide or CNTs, there are no
claims of a decrease in mechanical and functional properties
of these nanomaterials. In fact, the potential of using these
nanoparticles is so high that some authors are recently patent-
ing processes andmethods to produce these composite mate-
rials. For example, Corral et al. [67] patented novel graphene-
reinforced ceramic composites and methods for making
such composites materials with small amounts of these
nanomaterials (0.02 to 1.5 vol%). The perspectives of using
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Figure 10: Mechanical properties of the composites and the alumina [63].

(a) (b)

(c) (d)

Figure 11: FESEM images of Vickers indentation fractured surfaces indicating the toughening mechanisms: crack deflection (a), crack
stopping (b), crack bridging (c), and crack branching (d) [63].

GO in CNCs production for high temperatures applications
justified their efforts to publish and protect such methods.

6. Concluding Remarks

This paper reviewed the current research status of the field of
ceramic nanocomposites (CNCs) and recent developments
in this area. The range of application of CNCs compared to
polymer nanocomposites (PMCs) is considerably smaller,
especially within the construction industry. Ceramics usually
play a nonstructural role in construction,with themain appli-
cations ranging from floor, wall, and roofing tiles to bricks or
glass. For example, ceramic tiles are used in floors and walls
and similar materials are used to furnish bathrooms. These
ceramic products are durable, relatively hygienic, and

normally used to add aesthetical value. Additionally, for these
types of applications, ceramic products show high stiffness
and strength, good corrosion resistance, and low thermal and
electrical conductivity. The introduction of nanotechnology
has allowed increasing all of these properties. Moreover,
with nanotechnology new features can be added to ceramic
products. For example, the introduction of CNTs or graphene
allowed some ceramics to exhibit high thermal conductivity
and/or high electrical conductivity.

In terms of thermal behaviour, fracture toughness and
chemical resistance, silicon carbide, zirconia, and alumina
showmore consistent results. Their incorporation in ceramic
matrix has as a primary impact an improvement of themicro-
structural composition with high densification, low grain
growth, and elimination of porosity. Consequently, it impacts
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other properties. For example, silica carbide shows the poten-
tial to increase the thermal behaviour up to a maximum of
35% for a 20 vol% addition. For additions under 20 vol%, both
silica carbide and zirconia additions increase the fracture
toughness up to 35% and 50–100%, respectively. Besides
these improvements, the dispersion of these nanopowders in
ceramic matrices is currently relatively controlled, justifying
the investment of some manufacturers in producing these
nanopowders, such as CoorsTek [38, 39].

Still, the biggest potential of development of hi-tech
ceramic materials is the opportunity of adding carbon
derived nanomaterials, particularly CNTs and graphene.
Regarding CNTs, their incorporation has a tremendous
impact on almost all properties of ceramic materials. For
example, the results showed up to 310% increase in fracture
toughness for 10 vol% addition of SWCNTs. Also, the elec-
trical conductivity can increase up to 45% with the addition
of CNTs for 5–15 vol% addition. However, the dispersion of
CNTs in ceramic matrices represents a critical issue that has
been preventing further developments. CNTs tend to form
agglomerations, particularly in cement matrices, acting as
defects leading to stress concentration and premature failure.
The techniques used to process CNCs with CNTs have gradu-
ally provided better andmore consistent properties compared
to traditional powder processing methods. However, further
developments are still required to develop higher quality
samples in sufficient quantities to provide reliable results.

The problems related to the addition of CNTs enabled
graphene to gain preference in the application in CNCs. The
results indicate similar improvements in mechanical proper-
ties to those of CNTs, such as improvements up to 235% in
fracture toughness for only 1.5 vol% addition.Much attention
has been focused on describing the toughening mechanisms
with the addition with these types of nanoparticles. Also the
electrical conductivity increased up to 172 Sm−1. Despite
these positive results, more research is needed in order to
define optimal contents and processing methods to consis-
tently achieve these improvements. If these issues are increas-
ingly controlled and the impact on other mechanical proper-
ties (such as compressive strength, and bending strength) is
accurately estimated, it will be possible to use CNCs as a
structural material in the near future. Future developments
of CNCs will be developed for aerospace applications. CNCs
might be applicable to propulsion systems and hot structures
with interest in both SiC-based and oxide composites. As
reported by Steyer [1], whereas CMCs may be preferred for
hot structure in hypersonic vehicles, CNC applicationsmight
be possible for materials supporting higher heat loads, such
as ultra-high-temperature ceramics. Additionally, funda-
mental and applied research domains remain open for CNCs
including, such as damage accumulation mechanisms/mod-
els, life predictions methodologies/modeling, nondestructive
inspection techniques, and robust field and depot-level repair
methods [1].
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The reduced graphene oxide reinforced silicone-acrylate resin composite films (rGO/SAR composite films) were prepared by in situ
synthesis method. The structure of rGO/SAR composite films was characterized by Raman spectrum, atomic force microscope,
scanning electron microscopy, and thermogravimetric analyzer. The results showed that the rGO were uniformly dispersed in
silicone-acrylate resinmatrix. Furthermore, the effect of rGO loading onmechanical properties of composite films was investigated
by bulge test. A significant enhancement (ca. 290% and 320%) in Young’s modulus and yield stress was obtained by adding the rGO
to silicone-acrylate resin. At the same time, the adhesive energy between the composite films andmetal substrate was also improved
to be about 200%. Moreover, the erosion resistance of the composite films was also investigated as function of rGO loading. The
rGO had great effect on the erosion resistance of the composite films, in which the 𝑅corr (ca. 0.8mm/year) of composite film was
far lower than that (28.7mm/year) of pure silicone-acrylate resin film. Thus, this approach provides a novel route to investigate
mechanical stability of polymer composite films and improve erosion resistance of polymer coating, which are very important to
be used in mechanical-corrosion coupling environments.

1. Introduction

An intense effort is underway to find coatings that inhibit the
process of metal corrosion, a problem costing US industries
more than $200 billion annually [1]. Corrosion can be
inhibited or controlled by introducing a stable protective
layer made of inert metals [2], conductive polymers [3],
or even thiol-based monolayers [4] between a metal and a
corrosive environment. In particular, polymeric coating has
attracted considerable interest due to lightweight, low-cost,
and being fabricated easily and inexpensively by employing
cost-effective techniques, for instance, inkjet and spray coat-
ing [5–7]. Most of these works have focused more on erosion

resistance of polymeric coating. However, the application
environment of corrosion-resistant polymeric coating was
multienvironmental fields of corrosion, mechanics, and
thermo in practical engineering [8]. In addition to this,
the erosion resistance of polymeric coatings was usually
closely related to their mechanical properties such as Young’s
modulus, ultimate tensile strength, and adhesive energy. For
example, when the coating barrier was mechanically dam-
aged and the corrosive species penetrate the metal surface,
the corrosion process could not be avoided [8, 9]. So, the
study of mechanical behavior was very important to design
and practical application of corrosion-resistant polymer thin
film. However, there were few works reporting on the
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mechanical behavior of corrosion-resistant polymer thin film
because these mechanical properties (i.e., elastic modulus,
yield strength, and adhesive energy) of corrosion-resistant
polymeric coatings were difficult to be measured by the
conventional tensile test [10].Therefore, it is of great necessity
to find a newmethod to investigate themechanical properties
of corrosion-resistant polymer thin filmwithmetal substrate.
Silicone-acrylate resin was a common polymeric coating that
inhibited the process of metal corrosion [11]. And graphene
was the strongest material and effective corrosion-inhibiting
materials known toman [12]. So, graphene nanosheets (GNS)
reinforced silicone-acrylate resin thin film is expected to be a
good kind of anticorrosive material with high performance.
To the best of our knowledge, the erosion resistance of poly-
mer composite thin film based on graphene materials was
rarely reported.

In this study, the GNS reinforced silicone-acrylate resin
composite thin film was prepared by the in situ synthesis
method. Furthermore, their mechanical properties (i.e., elas-
tic modulus, yield stress, and adhesive energy) were charac-
terized by the modified bulge test. Moreover, erosion resis-
tance of GNS-based silicone-acrylate resin coating was also
investigated by electrochemical measurements. These results
are very important to improve the mechanical properties and
erosion resistance of polymer coating, which is used as a
stable protective layer applied in metal corrosion.

2. Experimental

2.1. Materials. Nature graphite flakes (325mesh, 99.8%),
sodium hydroxide emulsion (37.0 wt%), and other chemicals
and reagents used in this work are of analytical grade.
Deionized water was used for preparation, dilution, and ana-
lytical purpose.

2.2. Preparation of rGO/Silicone-Acrylate Resin Composite
Film. rGO was prepared from natural graphite by our own
group, and the preparation process was shown in previous
work [13]. An appropriate amount of rGO aqueous solution
(2.5mg/mL), calculated by 0, 0.27, 1.1, and 1.93wt% with
respect to silicone-acrylate resin, was introduced into the
solution containing silicone-acrylate and then further mixed
under magnetic stirring for 1 h at room temperature. The
resultant mixture was coated onto a clean Zn plate and then
cured at 80∘C for 2 h.

2.3. Characterization. Raman spectrum was collected on a
Jobin-Yvon LabRam HR800 Raman spectroscope equipped
with a 514.5 nm laser source.

AFM images were taken of rGO by a NTMDT NTE-
GRA SPM instrument with NSG03 noncontact “golden”
cantilevers.

The morphology of samples was observed by scanning
electron microscopy (SEM) (Su-1500, HITACHI, Japan) with
an accelerating voltage of 20 kV.

Thermogravimetric analysis (TGA) was carried out using
a TA Q600 instrument in a temperature range from 20 to
600∘C with a heating rate of 10∘C min−1 in air.

Displacement sensor

Pressure source

Oil

Pressure sensor

Specimen

Computer and
data acquisition

Scheme 1: The bulge test setup used in present work.

1 2

3
4

Zn plate Spherical window Paraffin wax

Polymer coating

Scheme 2: Schematic illustration for the stepwise preparation of the
sample used in bulge test.

2.4. Mechanics Measurement by Bulge Test

2.4.1. Bulge Test System. Mechanical properties of polymeric
coating were characterized by the bulge test as shown in
Scheme 1. The system contains a small inner chamber used
to control the pressure exerted on the coating and a large
outer chamber for ambient control.The pressurizingmedium
was dry nitrogen and the flow rate was controlled by a mass
flow controller. A pressure gaugewas installed to the chamber
and the pressure signals were transferred to a computer
for recording and to a processor controller for regulating
a proportional valve to maintain an intended pressure. The
Michelson type of interferometer was used to measure the
bulging of the coating. The difference between our optical
setup and a typical Michelson interferometer was that the
optical window used for the chamber acted as the reference
mirror. An expander lens was used to expand the interference
pattern onto a viewing screen. The interference pattern was
then recorded using a digital video recorder with a frame rate
of 30 frames/s.The recorded images and the bulge heightwere
then transferred to a computer for analysis.

2.4.2. Preparation of Sample Used in Bulge Test. Preparation
of sample used in bulge test was shown in Scheme 2. Firstly,
chemical-etching method was used to fabricate spherical
window in center of Zn plate (2.0 cm × 2.0 cm), in which the
diameter of spherical window was about 10.0mm. Secondly,
paraffin wax was filled into spherical window in center of
Zn plate. Thirdly, the rGO/silicone-acrylate resin mixture
solution was coated onto surface of Zn plate with spherical
window and cured at 60∘C for 10.0min. Finally, the paraffin
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wax was removed by heating at 80∘C and the rGO/silicone-
acrylate resin composite film with Zn plate substrate was
further cured at 80∘C for 2 hours.

2.4.3. Theory. The generalized equation for bulge test has
been established by Huang et al. [14] following the energy-
minimization approach and can be expressed as

𝑃 =
4𝑡

𝑎2
𝜎
0
ℎ +
8𝑡𝑌

3𝑎4
ℎ
3

,

𝑃
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=
4𝑡

𝑎2
𝜎
0
+
8𝑡𝑌

3𝑎4
ℎ
2

,

(1)

where 𝑃 is the pressure, 𝜎
0
is residual stress, ℎ is bugle height

measured at the center of the window, 𝑎 is the dimension of
the window, 𝑡 is the coating thickness, and 𝑌 is the biaxial
modulus of the polymer coating and is defined as 𝐸/(1 − V).
𝐸 and V are Young’s modulus and Poisson ratio (ca. 0.45) of
polymer coating [15], respectively.

For the small strain case, the yield stress expression can
be expressed as [16]

𝜎 =
𝑃
0
𝑎
2

4ℎ
0
𝑡
, (2)

where 𝜎 is yield strength, 𝑃
0
is the pressure, and ℎ

0
is bugle

height, which are obtained from the cure of 𝑃 versus ℎ
and correspond to elastic deformation transferred to plastic
deformation.

For the elastic strain case, the adhesive energy expressions
can be expressed as [17]

𝐺 =
𝑃
0
ℎ
0

𝑓 (V)
(
1
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+

𝛾
2

(1 − V2)
2
) , (3)

𝑓 (V) = 3√
3 (1 − V)
(7 − V)
, (4)

where 𝐺 is the adhesive energy of interface between polymer
composite coating and Zn plate substrate, 𝑃

0
is the pressure,

and ℎ
0
is bugle height, which are obtained from the cure of

𝑃/ℎ versus ℎ2 and correspond to elastic deformation trans-
ferred to plastic deformation, and V is Poisson ratio and is
assumed as 0.45. And then 𝛾 = 𝑔(V) = 0.362.

2.5. Corrosion Measurements

2.5.1. Preparation of Sample Used in Corrosion Measurements.
As a typical procedure to prepare samples for corrosion mea-
surements, freshly the rGO/silicone-acrylate resin mixture
solution was coated onto the Zn plate (2.0 cm × 2.0 cm) and
the rGO/silicone-acrylate resin composite filmdried for 2 h at
80∘C.The rGO/silicone-acrylate resin composite filmwithZn
plate substrate was then mounted to the working electrode.
The other uncoated side and edges of Zn plate were sealed
with super-fast epoxy cement (SPARR).

2.5.2. ElectrochemicalMeasurements. All the electrochemical
measurements of corrosion potential and corrosion cur-
rent were performed on a Volta Lab model 21 Potentio-
stat/Galvanostat in a standard corrosion test cell equipped
with a saturated calomel reference electrode (SCE) and a
working electrode, and all experimental data were repeated
at least three times. The electrolyte was an aqueous solution
containing 3.5 wt% of sodium chloride. Open circuit poten-
tial (OCP) at the equilibrium state of the systemwas recorded
as the corrosion potential [𝐸corr (V) versus SCE]. Corrosion
current (𝐼corr) is determined by superimposing the straight
line along the linear portion of the cathodic or anodic curve
and extrapolating it through𝐸corr. Corrosion rate (𝑅corr, mm/
year) is calculated from the following equation [18]:

𝑅corr (mm/year) =
(3270 × 𝐼corr × EW)

𝜌
, (5)

where EW is the equivalent weight (g), 𝐼corr is the corrosion
current density (𝜇A/cm2), and 𝜌 is the density (g/cm3).

3. Results and Discussion

3.1. Preparation of rGO/Silicone-Acrylate Resin Composite
Film. The Raman spectrum of rGO/silicone-acrylate resin
composite film was shown in Figure 1(a). It clearly shows
two peaks of 1340.3 cm−1 and 1594.6 cm−1 assigned to D and
G bands of rGO, and the 𝐼D/𝐼G intensity ratio is about 1.1,
implying the existence of rGO in the composite film [19].
The rGO/silicone-acrylate resin composite film was further
characterized by the atomic force microscopy (AFM) as
shown in Figure 1(b). It clearly showed some sheet-like fillers
in silicone-acrylate resin matrix, which may be assigned to
rGO sheets. At the same time, it clearly showed that the size
and thickness of rGO sheets were about 5.5 𝜇m and 2.4 nm,
respectively. These results confirmed the formation of rGO/
silicone-acrylate resin composite film with good dispersion.

The structure of rGO/silicone-acrylate resin composite
film was investigated by the SEM as shown in Figure 2.
The SEM images reveal very different morphologies for
rGO/silicone-acrylate resin composite film with various con-
tents of rGO. The smooth layer mainly consists of polymer
while the interior ones (bright spots) are due to the rGO
phase, which confirms the particles’ distribution on the sur-
face.The SEM images also show that the composite films con-
sist of rGO fillers with sheet-like shape for the as-grown film
and agglomerated mosaic structures observed for the com-
posite films with rGO content of 1.9 wt%. In addition, the
surfaces of all films were smooth, pin hole free, and free of
cracks, which was very important to improve the corrosion
resistance of coatings.The insets in Figures 2(b)–2(d) display
the optical images of the composite films.The surface color of
the pure silicone-acrylate resin film that changed from trans-
parent (in inset in Figure 2(a)) to black also demonstrates the
doping of rGO in silicone-acrylate resin matrix. In addition
to this, the black color was uniformon composite films.These
results indicate that the rGO could be uniformly dispersed in
silicone-acrylate resin matrix by a simple method.
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Figure 1: (a) Raman spectrum and (b) AFM of polymer composite film.
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Figure 2: SEM of polymer composite film with various rGO contents of (a) 0, (b) 0.27wt%, (c) 1.1 wt%, and (d) 1.93 wt%.The insets show the
photographs of polymer composite films.

Figure 3 shows the thermogravimetric (TGA) analysis
of rGO/silicone-acrylate resin composite film. As shown in
Figure 3, all the samples have only one decomposition step.
The thermal stability of rGO/silicone-acrylate resin compos-
ite films was clearly increased, which are determined from
the thermal decomposition temperature at weight loss of

10.0 wt% (𝑇
10
).𝑇
10
of composite films increased from 307.0∘C

to 336.0∘C, corresponding to doping content of 0 and
1.93 wt%. Itmay be due to the interactions between the rubber
matrix and the fillers. The NR macromolecules are attached
on GO surface, which thus decreased the amplitude of their
thermal motions as well as the degradation probability [20].
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Figure 3: TG curves of polymer composite films with various rGO
contents of (a) 0, (b) 0.27wt%, (c) 1.1 wt%, and (d) 1.93 wt%.

Here, the good dispersion of rGO in silicone-acrylate resin
matrix is also responsible for the improvement of 𝑇

10
,

resulting in formation of more physical cross-linking point
between inorganic particles and polymer matrix.

3.2. Mechanical Properties and Erosion Resistance of rGO/
Silicone-Acrylate Resin Composite Film. Figure 4 showed
typical pressure versus deflection curves of rGO/silicone-
acrylate resin composite film, which was measured by the
bulge test. Regardless of the processing conditions, the
mechanical properties of silicone-acrylate resin were altered
significantly by the rGO sheets. All composite films showed
increased modulus and strength versus neat silicone-acrylate
resin film, and the modulus and strength have strong depen-
dence on rGO loading. As shown in Table 1, the strength
and moduli are improved rapidly with the increasing rGO
content. However, they show a gradual decrease with fur-
ther addition of rGO. The significant improvements of the
strength and moduli are due to the very good exfoliation,
high aspect ratio, uniformdistribution of rGO in the silicone-
acrylate resin matrix, and the hydrogen bonding between
rGO and the polymer [21]. These interactions are believed to
assist in forming a glassy layer at the filler-rubber interface.
During the bulge test, the chains in this glassy layer could be
easily reorientated and aligned together by slipping the chains
along the filler [22]. After the chains’ reorientation, the exter-
nal stress can be distributed uniformly to avoid stress con-
centration [21]. When rGO content is more than 1.1 wt%, the
strength and moduli start to slightly decrease because of the
aggregation of excessive rGO content as shown in Figure 2. In
addition, it can be seen that the experimental results coincide
with the elastic theory only when the pressure is small. As the
pressure increases, the results evidently deviate from that of
elastic theory. It indicates that considerable viscoelastic defor-
mation is induced under high stress. It can also be seen that
the pressure versus deflection curves of these composite films
trended toward that of a thermoplastic deformation at higher
pressure comparing to pure silicone-acrylate resin film.
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Figure 4: The bulge test data of polymer composite films with
various rGO contents of (a) 0, (b) 0.27wt%, (c) 1.1 wt%, and (d)
1.93 wt%.

Adhesion energy of rGO/silicone-acrylate resin compos-
ite film against the rGO content was calculated by (3) as
shown in Table 1, too. The adhesion energy between rGO/
silicone-acrylate resin composite film and Zn substrate was
significantly improved compared with pure silicone-acrylate
resin film. It also showed that adhesion energy increased with
increase in the rGO content. The average adhesion energy
for pure silicone-acrylate resin film was about 5.5N/m. The
adhesion energy gradually increased to 12.3N/m for the
polymer composite films with rGO content of 1.93 wt%,
corresponding to an improvement of 224.0%. This indicated
that the introduction of rGO into silicone-acrylate resin
matrix could effectively improve the interface force between
silicone-acrylate resin filmandmetal substrate.The result was
attributed to the fact that the interatomic force between rGO
and metal was stronger than the typical van der Waals force
between silicone-acrylate resin and metal [22]. The stronger
bonding was due to an increase in the electronic density
at the interface between the rGO and the metal, although
the bonding type was basically van der Waals adhesion [23].
To the best of our knowledge, this has not been explicitly
demonstrated elsewhere and therefore requires further study.

The corrosion protection of Zn plates by rGO/silicone-
acrylate resin composite film was investigated by electro-
chemical impedance spectroscopy as shown in Figure 5.
And then the corrosion potential (𝐸corr), corrosion current
(𝐼corr), and corrosion rate (𝑅corr) were listed in Table 2. It
clearly showed that the Zn plates coated with GNS reinforced
silicone-acrylate resin composite films all showed lower val-
ues of 𝐼corr and𝑅corr than the pure silicone-acrylate resin film,
implying that the rGO/silicone-acrylate resin composite films
were nobler toward electrochemical corrosion relative to the
pure silicone-acrylate resin. For example, the rGO/silicone-
acrylate resin composite film (1.1 wt%) with Zn substrate
showed a low 𝐼corr value of 0.45𝜇A/cm2 in 3.5 wt% NaCl,
which was about three orders of magnitude lower than the
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Table 1: The mechanical properties of the polymer composite film measured by the bulge test.

Loading (wt%) Biaxial modulus (GPa) Young’s modulus (GPa) Residual stress (MPa) Yielded stress (MPa) 𝐺 (N/m)
0 0.08 0.05 4.6 8.2 5.5
0.27 0.13 0.07 10.3 14.8 6.1
1.10 0.25 0.14 10.5 24.1 11.4
1.93 0.20 0.11 12.2 22.7 12.3

Table 2: Anticorrosive performance of polymer composite film
measured from electrochemical measurements.

Loading 𝐸corr (mV) 𝐼corr (𝜇A/cm
2) 𝑅corr (mm/year)

0 −327 13.8 28.7
0.27% −878 6.2 4.6
1.1% −585 0.45 0.8
1.93% −976 6.7 5.0
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Figure 5: The Tafel plots for polymer composite films with various
rGO contents of (a) 0, (b) 0.27wt%, (c) 1.1 wt%, and (d) 1.93 wt%.

pure silicone-acrylate resin filmwith Zn substrate.The corre-
sponding 𝑅corr of rGO/silicone-acrylate resin composite film
(1.1 wt%) with Zn substrate was ca. 0.8mm/year, which was
smaller than that (28.7mm/year) of silicone-acrylate resin
film. Although only a small proportion of rGO was incor-
porated into the silicone-acrylate resin film, high corrosion
protection was afforded. By comparison with that of silicone-
acrylate resin film in the previous works [11, 24, 25], the
corresponding𝑅corr of rGO/silicone-acrylate resin composite
film was smaller. The good corrosion resistance may be
attributed to the following two reasons: (1) silicone-acrylate
resin could act as a physical barrier coating and (2) the well-
dispersed rGO embedded in silicone-acrylate resin matrix
could prevent corrosion owing to a relatively higher aspect
ratio than clay platelets, which enhances the oxygen barrier
property of rGO/silicone-acrylate resin composite film [10,
25].

Figure 6 showed typical SEM images of the corroded
surface of uncoated and coated Zn plates after 6 days of

immersion in 3.5 wt%NaCl solution. It clearly showed that no
distinct cracks or pitting corrosion was observed for all
Zn plates coated with rGO/silicone-acrylate resin composite
thin film compared with the uncoated Zn specimen (in
Figure 6(b)). Additionally, there were no changes in the sur-
face of the coated specimen before and after corrosion (Fig-
ures 6(a) and 6(c)–6(f), resp.). These results indicated that
silicone-acrylate resin filmwas a good kind of protective layer
for inhibiting the process ofmetal corrosion. Surface of the all
specimens coated with polymer coating after corrosion was
furthermore compared as shown in Figures 6(c)–6(f). It was
obvious that there were some holes on surface of Zn plates
coated with pure silicone-acrylate resin and rGO/silicone-
acrylate resin composite film (1.93 wt%), indicating the pres-
ence of local corrosion. Contrarily, there were no holes on
surface of Zn plates coated with rGO/silicone-acrylate resin
composite films (0.27wt% and 1.1 wt%). Based on the results
of the electrochemical tests and corroded surface analysis,
the rGO/silicone-acrylate resin composite films (0.27wt%
and 1.1 wt%) exhibited better corrosion resistance than other
samples.The resultswere similar to themechanical properties
of polymer composite films as function of rGO content. It
is well-known that mechanical properties (such as Young’s
modulus andhardness) and erosion resistance play important
roles in the corrosion behavior of materials: a lowmechanical
property with high porosity and erosion resistance allows
for the penetration of solution, which leads to local cor-
rosion [10]. The rGO/silicone-acrylate resin composite film
(0.7 wt%) exhibited better mechanical properties and a finer
and more dense surface as shown in Table 1 and Figure 2,
respectively. In addition to this, rGOwas a good inhibitor and
rGO distributed on silicone-acrylate resin matrix could form
a good protective layer to act as a barrier to the penetration
of solution [26–28]. For these reasons, the rGO/silicone-
acrylate resin composite film with good mechanical proper-
ties presented better corrosion resistance.

4. Conclusions

The rGO/silicone-acrylate resin composite films were pre-
pared by in situ synthesis method and the rGO was well
dispersed in the silicone-acrylate resin matrix and had good
adhesion with silicone-acrylate resin matrix. Furthermore,
the bulge tests were used to investigate the mechanical
properties of rGO/silicone-acrylate resin composite films.
The result measured by the bulge tests clearly showed
that elastic modulus, yield stress, and adhesive energy of
silicone-acrylate resin films were obviously improved by the
introduction of rGO. Moreover, the erosion resistance of
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Figure 6: SEM images of uncoated Zn plate (a) before and (b) after corrosion; Zn plate coated polymer composite films with various rGO
contents of (c) 0, (d) 0.27wt%, (e) 1.1 wt%, and (f) 1.93 wt%.

rGO/silicone-acrylate resin composite film was also better
comparing to the pure silicone-acrylate resin film. These
results provide a novel route for studying and improving
mechanical properties of rGO/polymer composite film with
good erosion resistance. And the further investigations in
erosion resistance of rGO/silicone-acrylate resin composite
film under mechanic-corrosion coupled field have been
carried out by our group.
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Mathematical models are investigated and suggested for the calculation of the elastic stiffness of polymer nanocomposites.
Particular emphasis is placed on the effect on the elastic stiffness from agglomerates and the particle interphase properties. The
multiphase Mori-Tanaka model and an interphase model are considered as two relevant models. These models only include and
require the designation of a few system independent parameters with a clear physical meaning. Extensions of the models are
also presented. The model calculations are compared to results from other models, as well as experimental data for different
nanocomposites. For nanocomposites with spherical particles and with fiber-like particles, the suggested models are found to be
the most flexible ones and are applicable to estimate the stiffness increase of nanocomposites for both low and high particle volume
fractions.The suggested theoretical models can hence be considered as a general multiscale “model toolbox” for analysis of various
nanocomposites.

1. Introduction

Polymers are widely used in engineering applications, such as
in adhesives and in fiber-reinforced composites, where it con-
stitutes the continuous phase. Model analysis of lightweight
materials is becoming more important in the design, devel-
opment, and analysis of novel and complex structures. There
is often a desire or need to improve themechanical properties
of the polymers, especially for advanced high-performance
applications. The traditional approach has been to add par-
ticulate inclusions of microsize, such as inorganic or rubber
particles, to the polymers. In recent years, however, a lot
of effort has gone into investigating the effect of adding
nanosized inclusions [1–3]. A range of nanosized inclusions
with different shape and chemical composition has been
investigated, such as nanoclay, nanosilica, carbon nanotubes
(CNTs), and carbon nanofibers (CNFs). Since the required
loading level of the nanoparticles in the polymer is much
lower than that for inclusions of microsize, many of the
intrinsic properties of the polymer will be retained after the
addition of nanoparticles.

One mechanical property that is of significant interest is
the nanocomposite elastic stiffness, that is, Young’s modulus
of the nanocomposite.Most of the commonly used inclusions
have a higher elastic modulus than the polymer itself and
may therefore contribute to an increased elastic stiffness.
The elastic stiffness of a nanocomposite material will, among
others, depend on the type, orientation, and the volume
fraction of the nanoparticles (assuming that the remaining
constituents and the production process are kept constant).

Themacroscopic nanocomposite material parameters are
required in finite element (FE) modeling, among others.
There may be a need for FE modeling of the nanocomposite
itself or of a composite material where the nanomodi-
fied polymer constitutes the matrix of a continuous fiber-
reinforced material. It would therefore be of interest to estab-
lish a set ofmathematical models that can be used to calculate
the macroscopic elastic stiffness of various nanoparticle-
reinforced polymer composites.

For the models to be able to handle inclusions of various
geometries, they must be flexible, while at the same time
giving accurate predictions. In practice, the nanocomposite
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structure on the microlevel may be difficult to understand
in detail. A detailed microstructural understanding may,
however, not be required on a macroscopic level. Therefore,
themathematicalmodels should havemodel parameters with
physical meaning, without being directly system dependent,
but they should still be sophisticated enough to give an
accurate estimate and to predict the behavior observed in
experimental testing.

The main aim of this work is to identify and establish
flexible and system independent mathematical model tools
for the prediction of the elastic stiffness of multiphase
nanocomposites. The influence from the interphase around
the nanoparticles and the influence from agglomerates are
two effects that are of high interest tomodel for advanced and
high-performance nanocomposites. Both effects will depend
on the type of polymer, type of inclusion, loading level of the
inclusion, and the processing conditions, and they thus have
a practical interest for various nanoparticle/polymer systems.
The main contribution from this work will therefore be more
on defining a “model toolbox” rather than presenting new
models for relevant nanocomposites. After the models
are established and described, the model calculations are
compared to experimental test data.

2. Mathematical Models

2.1. Nanoparticle/Polymer Characteristics. To actually
increase, in this case, the elastic stiffness of a polymer
material using particles of nanosize, several factors need to
be considered and optimized. First of all, the nanoparticles
are very small and therefore have a very large surface
compared to larger particles; the surface area is inversely
proportional to the particle size. The large surface area is,
however, only available if the particles are well dispersed in
the polymer. A good dispersion of the particles is believed to
be a crucial requirement for obtaining a significant stiffness
increase. If the particles form agglomerates, the inclusion
phase will act more as defects/impurities in the homogenous
polymer, which may instead reduce the bulk elastic stiffness
[4, 5]. For nanocomposites with well-dispersed particles,
significant increase of the stiffness (and also other properties,
such as the toughness) is often explained by interphase
effects. A precise description of the mechanical properties
and behavior of the interphase is very challenging. Zhang
et al. [6] describe these effects as the formation of a “three-
dimensional physical network of interphase in a polymer
matrix.” For the interphase, there may be other chemical
and physical properties than in the bulk matrix, with
differences in, among others, the polymer morphology and
chain conformation [7], as well as the adhesive properties
between the particle and the matrix. Several factors have
been shown to affect the binding properties, such as the
functionalization or surface treatment of the particles [8]
and/or the choice of curing agent [9]. The stiffness of the
composite is, furthermore, depending on the geometry and
the orientation of the particles. Particles, where the size in
one direction is significantly different from the others, such
as for CNTs and CNFs, will introduce directional dependent
changes in stiffness even for particles considered as isotropic.

Also, composites with curved fiber-like particles (i.e.,
with waviness) have been reported to give a lower stiffness
compared to composites with straight fiber-like particles [10].

With a relatively large set of properties, partly inter-
related, that will affect and alter the elastic stiffness of a
given nanoparticle/polymer system, a study purely based on
experiments will soon become too complex, time consuming,
and expensive. As mentioned above, the understanding and
development of new nanocomposites will therefore benefit
from having flexible and accurate mathematical models on
macrolevel with only a fewmodel parameters to vary.This set
of models will then function as the multiscale mathematical
“model toolbox” for understanding the behavior of the
nanocomposites. It is, however, important to have a strong
coupling to experimental test results for verification of the
models.

2.2. Modeling Approaches. Fisher and Brinson [10] refer to
two main mathematical multiscale modeling approaches for
nanocomposites, that is, the “top-down” and the “bottom-
up” approach. In the “bottom-up” approach, one starts out
with the atomistic structure of the nanoreinforcements and
the matrix. Typical model techniques are quantum mechan-
ics, molecular dynamics, and Monte-Carlo simulations [10,
11]. These simulations end up in fairly large systems to be
solved for only a small part of the composite material, for
example, a single CNT attached to a relatively short polymer
chain. The output from these calculations should then be
representative for the entire composite. Moreover, these
simulations are very time consuming, even with large com-
puting resources available.

The “top-down” approach, on the other hand, is based
on continuum mechanics, where the polymer and the nano-
and microinclusions are treated as continuum elements. The
nanocomposite models often use short-fiber models and
laminate theory [12] as a starting point. Equivalent models
are then established for particles of smaller size. Additional
effects, such as interphase effects, are often incorporated in
the equivalent models, since these effects seem to be more
significant when reducing the size of the particle. One main
benefit of the “top-down” approach is that one is able to
calculate for a larger part of the composite material (often
referred to as a representative volume entity) to estimate the
macroscopic properties of the materials.

Due to the size of the nanoparticle filler material, care
must be taken when applying the continuum mechanics
approach since the structure and interactions at the atomistic
level are essential for a precise description of the mechanical
properties. For this study, the “top-down” approach, employ-
ing continuummechanics, is, however, assumed to be a valid
approach.

2.3. Analytical Models. Several analytical models for the
elastic stiffness of nanocomposites are based on the pioneer
work by Cox [13]. Rule of mixtures models specially designed
for nanocomposites with nonspherical particle geometry
have also been presented [14]. Moreover, to include a random
orientation of the particles, models for weighting of the
properties for the different orientations have been defined,
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for example [12]. Approaches employing laminate theory in
describing the macroscopic properties of the composite have
also been considered; see, for example, [15] and the references
therein.

Most of thesemore “traditional” short-fiber basedmodels
assume a perfect dispersion of the particles in thematrix, that
is, one inclusion phase in addition to the matrix phase, and a
no-slip boundary condition at the particle-matrix interface.
Moreover, the traditional models are often developed for
a specific nanocomposite, that is, one type of nanoparticle
with a given geometry, embedded in a given polymer system.
The model parameters are then specific to the particular
nanoparticle/polymer systemandmaynot be transmissible to
other nanocomposites. More flexible models with less system
dependent parameters are therefore appropriate to establish.

In the following, a set of more flexible models for
nanocomposites are described: the Mori-Tanaka approach
and an interphase model. For comparison, the Halpin-Tsai
equation and a slip/no-slip model are also included since
these latter models are often applied in comparison with
experimental data. It should also be mentioned at this point
that expressions based on the Mori-Tanaka method have
been established for specific nanocomposites and applied for
comparison with experimental results [16–22], but, again,
these expressions are not as flexible as the more general
multiphase model.

2.3.1. The Halpin-Tsai Equation. For aligned particles, the
Halpin-Tsai equations, which are based on empirical data,
are often applied [23–26]. For the special case of spherical
particles, these equations are reported in the literature to
give a reliable estimate for the stiffness properties of the
nanocomposite and are often applied for comparison with
experimental test results.Themodified version of theHalpin-
Tsai equations has also been presented, including an orien-
tation factor 𝛽 that takes into account the randomness of
discontinuous fibers.

The modified version of the Halpin-Tsai equation for the
longitudinal elastic modulus can be expressed as [27, 28]

𝐸𝐶 =
1 + 𝛼𝜂𝑉

𝑓

1 + 𝜂𝑉
𝑓

𝐸
𝑚
,

𝜂 =
(𝛽𝐸
𝑓
/𝐸
𝑚
) − 1

(𝛽𝐸
𝑓
/𝐸
𝑚
) + 2𝛼

,

(1)

where in the above expression 𝐸
𝐶
is the elastic stiffness of

the composite, 𝐸
𝑓
and 𝐸

𝑚
are the elastic stiffness of the

inclusions and the matrix, respectively, and 𝛼 = 𝑙/𝑑 is the
aspect ratio, 𝑙 being the length and 𝑑 being the diameter of the
particle. In the original Halpin-Tsai equation, 𝛽 equals unity.
For composites with a three-dimensional randomorientation
of fiber-like particles (where 𝑙 ̸= 𝑑), 𝛽 = 1/6 is used.

2.3.2. The Mori-Tanaka Method. To include more than one
inclusion phase, for example, the combination of dispersed
nanoparticles and voids/agglomerates, or a second type
of particle with other elastic properties and/or a different

geometric shape, more general multiphase models are estab-
lished.TheMori-Tanakamethod is one such attempt [29–31],
which also has been reported to agree well with experimental
results; see, for example, [10] and the references therein.
Different model variants based on theMori-Tanaka approach
can be found in the literature; see, for example, [32] for a
review.

The composite elastic stiffness 𝐶𝐶 in the Mori-Tanaka
model for a multiphase composite with unidirectionally
aligned inclusions can generally, following the derivation in
[10], be expressed as

𝐶𝐶 = 𝑉0𝐶0𝐴0 +
𝑁−1
∑
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where
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𝐴
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= 𝐴dil
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𝐴0.

(3)

In the above expressions, phase 0 is the continuous and
homogeneous matrix phase, and phases 1 to 𝑁 − 1 are the
inclusion phases. Moreover, 𝑉0 is the volume fraction of
the matrix phase, 𝐶0 contains the stiffness properties of the
matrix phase, 𝑉

𝑟
is the volume fraction of the 𝑟th inclusion

phase, and 𝐶
𝑟
contains the stiffness properties of the 𝑟th

inclusion phase.The quantity 𝐼 is the identity matrix and 𝑆
𝑟
is

the (second-order) Eshelby tensor for the 𝑟th inclusion phase
[30, 31]. For composites where the particles can be modeled
as having a spheroidal shape (e.g., spherical, oblate, or prolate
shape) and included in a homogeneous infinite matrix, the
Eshelby tensor is constant. Expressions for the Eshelby tensor
for relevant spheroidal inclusion geometries can be found in
the literature, for example, [18, 22, 33].

For the special case of a two-phase composite, including
the matrix (phase 0) and the nanoparticles (phase 1), the
stiffness relation in (2) can be expressed as

𝐶
𝐶
= (𝑉
𝑚
𝐶
𝑚
+𝑉
𝑝
𝐶
𝑝
𝐴dil
𝑝
) (𝑉𝑚𝐼 +𝑉𝑝𝐴

dil
𝑝
)
−1
, (4)

where now 𝑚 indicates the matrix phase and 𝑝 indicates the
inclusion phase. Furthermore, 𝑉

𝑚
is the volume fraction of

the matrix, 𝑉
𝑝
is the volume fraction of the inclusions, 𝐶

𝑚
is

the stiffness matrix of the matrix, 𝐶
𝑝
is the stiffness matrix of

the inclusions, 𝐼 is the identity matrix, and

𝐴dil
𝑝
= [𝐼 + 𝑆𝑝𝐶

−1
𝑝
(𝐶𝑚 −𝐶𝑝)]

−1
, (5)
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where 𝑆
𝑝
is the (second-order) Eshelby tensor for the inclu-

sion phase.
TheMori-Tanaka model for a multiphase composite with

randomly oriented inclusions can in a similarway be expressed
as

𝐶𝐶,random

= (𝑉0𝐶0 +
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∑
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𝐴dil
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𝐴dil
𝑟
})𝐴0,

(6)

where the curly brackets indicate orientational averaging of
all possible orientations, as described and shown in [10] (and
also in [34] for another orientation of the local axes of the
inclusion compared to that used in [10]). In the same way as
for aligned inclusions, the elastic stiffnessmay for a two-phase
composite be written as

𝐶
𝐶,random = (𝑉

𝑚
𝐶
𝑚
+𝑉
𝑝
{𝐶
𝑝
𝐴dil
𝑝
}) (𝑉
𝑚
𝐼 +𝑉
𝑝
𝐴dil
𝑝
)
−1
. (7)

For the special case of a three-phase composite, the con-
tribution from the second inclusion phase is added to the
expressions for aligned and random oriented composites,
respectively.

An extension of the abovemodel, also taking into account
the curvature (waviness) of the fiber-like particles, has been
included by performing a finite element method model
calculation for a single curved fiber-like particle surrounded
by matrix [10, 35]. Curved fiber-like particles have a reduced
stiffness contribution to the composite compared to straight
fiber-like particles.

2.3.3. Interphase Models. As for the rule of mixtures and
short-fiber composite expressions described above, theMori-
Tanaka method assumes a no-slip condition at the interface
between the particles and the surrounding matrix. Such
an interface interaction condition may not be a correct
description for all nanoparticle/polymer systems.

One approach for allowing a slippage at the interface is
presented by Lewis and Nielsen [36] andMcGee andMcGul-
lough [37]. In theirmodel, the generalizedEinstein coefficient
(𝑘
𝐸
) is altered for the “no-slip” and “slippage” conditions.

This model parameter, however, has to be estimated for each
nanoparticle/polymer system, which makes the model less
flexible for estimating the elastic stiffness of different systems.

As an alternative approach, it can be assumed that the
binding characteristics can be expressed in the form of an
elastic stiffness for the interphase surrounding the particles,
that is, a “second matrix phase.” The stiffness will typically
vary (radially) through the interphase, with a smooth tran-
sition from the particle surface to the surrounding bulk
polymer. As pointed out by Fornes and Paul [7], when
employing a continuum mechanics approach, one should
assume that each constituent material in the composite does
not affect or alter the properties of the other constituents.
The interphase should thus be defined as a geometrically

Particle

Interphase
Bulk polymer

ri

rp

Figure 1: Representative volume entity (RVE) for the particle with
interphase.The radius of the particles is 𝑟

𝑝
, whereas the radius of the

interphase is 𝑟
𝑖
, 𝑟
𝑖
≥ 𝑟
𝑝
.

well-defined region with given elastic properties. A high
interphase elastic stiffness indicates good bonding and less
flexibility to deform when loaded, whereas a lower inclusion
phase elastic stiffness indicates a weaker bonding with more
flexibility to deform when loaded.

Measurements of the interphase elastic properties have
been done, for example [38]. Since it may be difficult to
perform stiffness measurements of the interphase without
including the stiffness of the particle itself, molecular model
calculations have instead been applied for estimating the
interphase properties, for example [39]. Furthermore, the
interphase properties may vary as a function of the volume
fraction of nanoparticles in the composite. This change
in interphase properties may thus indicate a variation in
the thickness of the interphase surrounding the particles.
Alternatively, the variation of the properties in the interphase
can be due to variation in elastic stiffness. Tuning the elastic
stiffness and the interphase thickness can therefore give
an adequate description of the interphase properties and
behavior. The interphase properties are discussed further in
Section 4.1.

An effective interphase model has been presented by
Odegard et al. [39, 40]. In this case, a no-slip condition at the
interface between the particle and the interphase and between
the interphase and the bulk matrix has been assumed.
However, the interphase itself introduces the wanted flexi-
bility. Note that Odegard et al. refer to their model as an
“effective interface model.” To the authors’ knowledge and
understanding, the interface is the surface of the particle
being in contact with its surroundings. The interphase, on
the other hand, is the polymer matrix region surrounding
the particle. A sketch is given in Figure 1 for a spherical
particle with radius 𝑟𝑝, surrounded by an interphase with
thickness 𝑡

𝑖
= 𝑟
𝑖
− 𝑟
𝑝
, 𝑟
𝑖
≥ 𝑟
𝑝
. This latter terminology is

also in accordance with Fisher and Brinson [10] and will be
employed in this paper.
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In the interphase model by Odegard et al., the elastic
stiffness of the nanoparticle/polymer composite 𝐶

𝐶
, where

the particles have a surrounding interphase and a bulkmatrix
phase outside the interphase, can be expressed as

𝐶
𝐶
= 𝐶
𝑚

+ [(𝑉𝑝 +𝑉𝑖) (𝐶𝑖 −𝐶𝑚) 𝐴𝑝𝑖 +𝑉𝑝 (𝐶𝑝 −𝐶𝑖)𝐴𝑝]

⋅ [𝑉
𝑚𝐼 + (𝑉𝑝 +𝑉𝑖)𝐴𝑝𝑖]

−1
,

(8)

where in this case
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(9)

In the same way as for the Mori-Tanaka model described
in the previous section, 𝑚 indicates the matrix phase and
𝑝 indicates the inclusion phase, whereas 𝑖 indicates the
interphase. Furthermore, 𝑉

𝑚
is the volume fraction of the

matrix, 𝑉
𝑝
is the volume fraction of the inclusions, and 𝑉

𝑖
is

the volume fraction of the interphase. Moreover, 𝐶
𝑚
is the

stiffness matrix of the matrix, 𝐶
𝑝
is the stiffness matrix of

the inclusions, 𝐶
𝑖
is the stiffness matrix of the interphase,

and 𝐼 is the identity matrix. It should at this point also be
noted that the geometric properties of the interphase are not
explicitly given in the stiffness expressions in (8) and (9),
but implicitly through the volume fraction calculations of the
different constituents.

In the model presented by Odegard et al., the particles
are assumed to be spherical (and thus aligned), and 𝑆

𝑝
hence

refers to the Eshelby tensor for spheres. An extension of
the Odegard et al. model is to include spheroidal shapes
different from spheres (i.e., prolate and oblate spheroidal) and
also random orientation of the inclusions. Including other
spheroidal shapes is easily done by replacing the Eshelby
tensor for spheres with the tensor for another spheroidal
shaped inclusion. The random distribution may be more
complex. In this paper, it is assumed that the same “averaging
strategy” as was performed for the multiphase Mori-Tanaka
model is applicable. By comparing the terms in the Mori-
Tanaka model and the effective interphase model, we find the
terms that are required to be orientationally averaged. The
stiffness for such a composite can then be expressed as

𝐶𝐶 = 𝐶𝑚 + [(𝑉𝑝 +𝑉𝑖) {(𝐶𝑖 −𝐶𝑚) 𝐴𝑝𝑖}

+𝑉
𝑝
{(𝐶
𝑝
−𝐶
𝑖
)𝐴
𝑝
}] ⋅ [𝑉

𝑚
𝐼 + (𝑉

𝑝
+𝑉
𝑖
)𝐴
𝑝𝑖
]
−1
,

(10)

where the curly brackets indicate the average of the quantity
over all possible orientations. To the authors’ knowledge, the
model extensions have not been published elsewhere.

2.3.4. Agglomerate Models. Agglomeration is highly relevant
for nanocomposites with nonspherical particles since the
particles in such cases are more likely to be entangled prior to
the dispersion process. This situation can be handled by the
multi-phase Mori-Tanaka model described in Section 2.3.2,
by assuming that one of the particulate phases is an agglom-
erate phase.

Special models are also established for certain composites
including a combination of free and agglomerated particles.
As a first example, a model for composites with carbon
nanotubes (CNTs) in a polymer system has been presented
by Shi et al. [41, 42]. In their work, models are presented
both for perfectly dispersed CNTs and for composites with
a combination of dispersed particles and agglomerates of
particles. In both approaches, the Mori-Tanaka method
is employed. In their agglomerate model, the areas with
concentrated CNTs are considered to be spherical inclusions
with different elastic properties compared to the surrounding
material. Two parameters are employed for describing the
agglomeration. Based on the Voigt model, found in [43], and
assuming that both the matrix and the CNTs have isotropic
material properties, expressions for the elastic properties of
the inclusions and the material outside the inclusions are
established.

As a second example, Gershon et al. [5] presented an
agglomerate model for CNFs in a polymer system. In their
model, expressions are given for the volume fraction of
agglomerated CNFs

𝑉CNFagglomerate =
𝐸agglomerate𝑉agglomerate

𝐸CNF
, (11)

for the volume fraction of dispersed CNFs in the polymer,
referred to as the matrix,

𝑉CNFmatrix =
𝐸matrix − 𝐸polymer

𝐸CNF − 𝐸polymer
, (12)

and finally for the composite

𝐸composite

=
1

(1 − 𝑉agglomerate) /𝐸matrix + 𝑉agglomerate/𝐸agglomerate
.
(13)

Experimental data for Young’s modulus of the matrix, that
is, the polymer with free and dispersed CNFs, and Young’s
modulus for the agglomerates are required. The values vary
as a function of the volume fraction of CNFs.

3. Experimental Work

Experimental workwas conductedwith themain aimof com-
paring the experimental results with the model calculations
(see Section 5) and to obtain realistic model parameters. In
this work, the elastic stiffness variation of two silica/epoxy
nanocomposite materials, upon increasing nanosilica con-
tent, was determined.
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3.1. Materials. Two different epoxy polymers were investi-
gated in this work: one amine-cured and one anhydride-
cured system [44]. The amine-cured polymer system was
Araldite LY 556/XB 3473, while the anhydride-cured polymer
system was Araldite LY 556/Aradur 917/Accelerator DY 070.
Both systems are from Huntsman. LY 556 is a standard
bisphenol A based epoxy resin with an epoxy equivalent
weight (EEW) of 183–189 g/eq. XB 3473 is an amine hardener
containing two different diamines. The active hydrogen
equivalent weight (AHEW) of XB 3473 is ≈43 g/eq. Aradur
917 is a methyltetrahydrophthalic acid anhydride hardener
with an AHEW of 166 g/eq, whereas DY 070 is an imidazole
accelerator.

A sol of silica (SiO
2
) nanoparticles in an epoxy resin was

employed to produce the silica/epoxy nanocomposites. The
Nanopox F400 was supplied by Evonik Hanse, Geesthacht,
Germany. The silica phase in Nanopox F400 consists of
surface-modified silica sphereswith an average particle diam-
eter of 20 nm and a narrow particle size distribution. The
silica content is 40wt%, and the density of the silica 𝜌𝑟 is
2100 kg/m3 [45]. The silica particles have an elastic stiffness
of 70GPa and a Poisson ratio of 0.20. The epoxy phase is a
bisphenol A diglycidyl ether, and the EEW for Nanopox F400
is 299 g/eq. Nanopox F400 has a comparatively low viscosity,
due to the low degree of agglomeration of the nanoparticles
in the resin.

3.2. Specimen Preparation. Plates of the neat epoxy polymers
were prepared by first mixing stoichiometric ratios of epoxy
resin and hardener (and the accelerator in the case of the
anhydride-cured system). After mixing, the blends were
stirred manually using a spatula, thereafter heated to 80∘C to
lower the viscosity, and then stirred thoroughly again. Finally,
the blendswere vacuumdegassed and then cast in a preheated
metal mold that had been coated with a release agent.
The resulting plate thickness was 4mm. The curing cycles
employed were (1) 2 hours at 120∘C, 2 hours at 140∘C, and
2 hours at 180∘C for the amine-cured system and (2) 4 hours
at 80∘C and 8 hours at 140∘C for the anhydride-cured system.

The procedure for producing plates of the silica/epoxy
nanocomposites was similar to that of the neat epoxy poly-
mers, except that Nanopox F400 was also mixed into the
blends. Plates with four different loadings of silica for each
polymer system were prepared. The cured composite plates
were visually observed to be free of air and blisters.

The density of the neat epoxy polymers 𝜌𝑚 and the
nanocomposites 𝜌𝑐 was measured according to the immer-
sion method described in ASTM D 792-08 [46]. Measure-
ments were conducted on six pieces from each produced
plate. The density was in the range from 1160 to 1315 kg/m3
for the amine-cured system and in the range from 1200 to
1305 kg/m3 for the anhydride-cured system. Based on the
known weight fractions of silica in the nanocomposites, the
density measurements were used to calculate the volume
fraction 𝑉

𝑝
.

3.3.Material Characterization. Tensile testingwas conducted
on dumbbell specimens that were machined from the neat
epoxy and silica/epoxy nanocomposite plates.The testingwas

conducted according to the relevant ISO standard [47, 48]
on a Zwick BZ2.5/TN1S material testing machine, employing
specimens of type 1BA. The test speed was 1mm/min, and
the strain was recorded using a clip-gauge extensometer.
Values for the tensile modulus of elasticity 𝐸

𝑡
, the maximum

tensile stress, or the tensile strength 𝜎
𝑚
, and the maximum

elongation, or tensile strain at break 𝜀𝑏, were determined.The
tensilemodulus𝐸𝑡 was determined from the linear part of the
stress-strain curve in the strain range from 0.05% to 0.25%.
Average values of six replicate specimens are reported. The
ambient temperature during the testing was 23 ± 1∘C.

Dynamic mechanical analysis (DMA) was performed
on a DMA 2980 Dynamic Mechanical Analyzer from TA
Instruments. Rectangular specimens with the dimensions
3mm × 10mm × 60mm were cut from the produced plates.
The analysis was conducted in a three-point bending mode
employing a low friction three-point bending clamp with a
specimen free length of 50mm.The oscillation frequencywas
1Hz, the preload forcewas set to 0.05N, and the “ForceTrack”
was set to 150%. The heating rate was 3∘C/min. The value of
the storage modulus, 𝐸, was measured at a temperature of
30∘C, and the value of the glass transition temperature 𝑇

𝑔
of

the epoxy polymer is reported as the peak value of the loss
modulus, 𝐸. Average values of three replicate specimens are
reported.

3.4. Experimental Test Results

3.4.1. Amine-Cured System. The results from the tensile
testing and the DMA of the neat amine-cured epoxy and
its silica/epoxy nanocomposites are shown in Table 1. The
tensile testing showed a linear increase in the elastic modulus
𝐸
𝑡
with increasing content of silica. The value increased

from 2.61 GPa for the neat epoxy polymer to 3.68GPa for
the composite containing 17.2 vol% (volume fraction 𝑉

𝑓
=

0.172) nanosilica.The tensile strength 𝜎
𝑚
remained relatively

constant, although the results show that the strength may
have been slightly improved at the highest silica contents.The
tensile strain at break 𝜀𝑏, on the other hand, is significantly
reduced by the addition of the silica nanoparticles. All
specimens broke without yield being observed. The DMA
also showed a linear increase in the elastic modulus, that is,
for the storage modulus 𝐸 with increasing silica content.The
glass transition temperature 𝑇𝑔 remained almost constant at
around 186∘C, and a small decrease in 𝑇

𝑔
was observed only

for the composite containing the highest amount of silica.

3.4.2. Anhydride-Cured System. The results from the tensile
testing and the DMA of the neat anhydride-cured epoxy and
its silica/epoxy nanocomposites are shown in Table 2. The
elastic modulus 𝐸

𝑡
increased linearly from 3.03GPa for the

neat epoxy polymer, to 4.15 GPa for the composite containing
12.3 vol% silica (volume fraction 𝑉𝑓 = 0.123). There was also
a gradual increase in the tensile strength 𝜎𝑚, whereas a minor
reduction in the strain at break 𝜀𝑏 was observed.

A linear increase for the storage modulus 𝐸 was also
observed. However, it is noteworthy that for the anhydride-
cured system there was also a linear decrease in 𝑇𝑔 with
increasing silica content. The decrease in 𝑇

𝑔
was from 155∘C
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Table 1: Material properties of the amine-cured epoxy polymer and silica/epoxy nanocomposites, obtained from tensile testing and DMA
testing.

Silica content Tensile testing DMA

wt% vol% 𝐸
𝑡

𝜎
𝑚

𝜀
𝑏

𝐸 𝑇
𝑔

(GPa) (MPa) (%) (GPa) (∘C)
0.0 0.0 2.61 ± 0.03 69 ± 4 4.8 ± 0.6 2.61 ± 0.03 186 ± 2
6.6 3.7 2.80 ± 0.05 68 ± 2 4.1 ± 0.2 2.87 ± 0.05 186 ± 2
13.4 7.8 3.04 ± 0.07 66 ± 2 3.5 ± 0.3 3.09 ± 0.03 187 ± 1
20.3 12.3 3.31 ± 0.08 69 ± 1 3.3 ± 0.2 3.37 ± 0.06 185 ± 1
27.5 17.2 3.68 ± 0.11 67 ± 4 2.7 ± 0.3 3.70 ± 0.05 182 ± 1

Table 2: Material properties of the anhydride-cured epoxy polymer and silica/epoxy nanocomposites, obtained from tensile testing and
DMA testing.

Silica content Tensile testing DMA

wt% vol% 𝐸
𝑡

𝜎
𝑚

𝜀
𝑏

𝐸 𝑇
𝑔

(GPa) (MPa) (%) (GPa) (∘C)
0.0 0.0 3.03 ± 0.07 85 ± 1 5.8 ± 0.5 2.99 ± 0.04 155 ± 0
4.4 2.5 3.28 ± 0.05 89 ± 1 5.7 ± 0.4 3.24 ± 0.04 154 ± 1
9.1 5.4 3.53 ± 0.10 89 ± 2 4.9 ± 0.7 3.41 ± 0.08 151 ± 0
14.2 8.6 3.80 ± 0.09 88 ± 5 4.3 ± 1.1 3.75 ± 0.06 146 ± 1
19.8 12.3 4.15 ± 0.08 93 ± 0 5.1 ± 0.3 3.97 ± 0.10 143 ± 1

to 143∘C. It has been shown in the literature that there may
be a correlation between the observed 𝑇𝑔 and the elastic
modulus for neat polymer, for example [49]. In our case,
by varying the resin/hardener ratio of the neat anhydride-
cured epoxy polymer, we have observed by DMA that a
reduction in 𝑇𝑔 of 10

∘C may coincide with an increase of
the elastic modulus by 0.15 GPa when there is an excess
of hardener, resulting in different crosslink densities of the
three-dimensional polymer network. The increased elastic
modulus may be explained in terms of free volume, that is,
a higher packing of the polymer chains and higher material
density as the result of lower crosslink density [10, 49]. For the
anhydride-cured nanosilica/epoxy system, this may indicate
that nonstoichiometric amounts of hardener have also been
used when producing the nanocomposite plates. In addition,
this observation indicates that also the state of the epoxy
matrix may contribute partly to the elastic modulus of the
nanocomposites. A variation in 𝑇

𝑔
as a result of the presence

of silica has also been observed and reported by others [6, 50].

4. Model Parameters

In the next sections, the flexibility, accuracy, and main areas
of application for the models described above are discussed.
This is done by comparing themodel calculations with exper-
imental results for some relevant nanocomposites. Polymer
matrix nanocomposites with two different inclusions are
then considered: (1) spherical particles (Section 5) and (2)
randomly distributed fiber-like particles (Section 6).

Before comparing the model calculations with the exper-
imental results for different composites, the general and
system independent model parameters used to describe
the stiffness properties of the different nanocomposites are
considered.

4.1. Properties of the Interphase Region. As described for the
interphase model by Odegard et al. in Section 2.3.3, the
interphase is defined as the region surrounding the particles,
with different elastic properties compared to the bulk matrix.
As shown in Figure 1, we assume that the interphase has a
constant thickness 𝑡

𝑖
and that the radius of the interphase 𝑟

𝑖

is expressed as

𝑟
𝑖
= 𝑛𝑟
𝑝
. (14)

The dimensionless parameter 𝑛 is here denoted as the inter-
phase thickness factor. As also pointed out above, the elastic
properties are assumed to be constant through the interphase.

The thickness of the interphase is included in the stiffness
calculations through the expressions for the volume fractions.
For the case of spherical particles, the volume of the particles
is given by V𝑝 = 4/3𝜋𝑟3

𝑝
. From this, the volume of the

interphase can be calculated as

V
𝑖
=
4
3
𝜋 (𝑛𝑟
𝑝
)
3
−
4
3
𝜋𝑟3
𝑝
=
4
3
𝜋𝑟3
𝑝
(𝑛3 − 1)

= (𝑛3 − 1) V
𝑝
.

(15)

Hence, the volume of the interphase is (𝑛3 − 1) times the
volume of the particle. As a consequence of this, the volume
fraction of the interphase is (𝑛3−1) times the volume fraction
of the particles; that is,𝑉𝑖 = (𝑛

3 −1)𝑉𝑝. Moreover, the volume
fraction of the matrix phase is given as 𝑉

𝑚
= 1 − (𝑛3 − 1)𝑉

𝑝
−

𝑉
𝑝
= 1 − 𝑛3𝑉

𝑝
. For other spheroidal shapes we end up with

the same expressions for the volumes and volume fractions;
see [10] for the special case of volume fractions for carbon
nanotubes in a matrix system.
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Figure 2: Model results for the silica/epoxy composite elastic
stiffness. The interphase thickness factor is set to a constant value
of 1.3, and the interphase elastic stiffness is varied.

To better explain the effect on the two key model
parameters for the interphase (i.e., the interphase thickness
factor and the interphase elastic stiffness), we now assume a
nanocomposite where the bulk matrix has an elastic stiffness
of 2.5 GPa and a Poisson’s ratio of 0.35, with a small volume
fraction of spherical nanoparticles with an elastic stiffness of
70GPa (28 times the bulk matrix) and a Poisson’s ratio of 0.2.
The interphase model is applied in the calculations.

First, the interphase thickness factor is set to a constant
value, say 1.3, and the interphase elastic stiffness is varied. An
interphase elastic stiffness equal to the bulk matrix stiffness,
which is the two-phase Mori-Tanaka model case, is in this
case our reference. (Note that an elastic interphase stiffness
equal to the bulk matrix stiffness results in inversion of a
singular matrix, and, hence, this particular case is outside
the area of application for the interphase model.) As can be
observed in Figure 2, increasing the elastic stiffness of the
interphase region will increase the stiffness of the composite,
whereas a reduction of the same stiffness parameter will
reduce the composite stiffness. When approaching the case
of no interphase elastic stiffness, that is, a polymer with voids,
the calculated composite stiffness is reduced to a value below
the bulk stiffness.

Second, the stiffness of the interphase is set to a constant
value, and the interphase thickness factor is varied. The case
𝑛 = 1.0, that is, no interphase region, is now our reference,
and in this case the composite stiffness overlaps the composite
stiffness calculated using the two-phase Mori-Tanaka model.
If the interphase elastic stiffness is set to 4GPa, which is a
bit higher than the bulk matrix stiffness, but still much lower
than the particle inclusion stiffness, from Figure 3 we observe
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Figure 3: Model results for the silica/epoxy composite elastic
stiffness. The interphase thickness factor and the interphase elastic
stiffness are varied.

that the composite stiffness is increased with increasing 𝑛.
With a constant interphase elastic stiffness of 2GPa, which
is a bit lower than the bulk matrix stiffness, the composite
stiffness is shown to be reduced for increasing 𝑛. This seems
like a logical behavior and confirms that the model provides
the expected trend.

In the examples above, no precise estimate was given for
the interphase elastic stiffness, and no restrictions were made
for the interphase thickness factor.This will certainly vary for
different nanocomposites, but some conclusions can bemade.
For the model calculations to actually match the stiffness
improvement observed experimentally, the interphase elastic
stiffness should be higher than the neat matrix stiffness.
Also, taking into account the fact that the interphase volume
fraction is (𝑛3 − 1) times the volume fraction of the particles,
the interparticle distance sets some restrictions on 𝑛 [51–53].

For the interparticle distance, two idealized particle
packing structures for the case of spherical particles, obtained
from simple geometrical considerations taking the interphase
into account, are shown in Figure 4. A contour map indicates
the minimum distance between layers for each packing,
where a negative value indicates particle interphase overlap
(which is outside the area of application for the model). In
case of hexagonal packing of the particles (Figure 4(a)), the
interphase thickness factor should be less than 1.9 for particle
volume fractions up to 0.10. In case of simple cubic packing
of the particles (Figure 4(b)), the interphase thickness factor
should be less than 1.75 for particle volume fractions up to
0.10. In a real situation, something between the two idealized
packing structures would be expected. An equivalent plot
has also been shown by Karger-Kocsis and Zhang [53] for
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Figure 4: Packing structures of spherical particles in 3D. (a) Hexagonal packing; (b) simple cubic packing.

cubic distribution of spherical particles, for different particle
diameters.

4.2. Degree of Exfoliation in Agglomerated Composites. For
nanocomposites with fiber-like particle inclusions, it is likely
that the particles are not fully dispersed and that a second
inclusion phase is present in the form of particle agglom-
erates. In addition, one also needs to take into account the
particle orientation distribution; without an enforced flow
field as part of the production process, the particles are likely
to be randomly oriented. The random orientation is taken
care of by the models described above, by integrating over all
orientations.

To quantify the amount of agglomerates and the vol-
ume fraction of particles inside the agglomerates, the two-
parameter model by Shi et al. [41, 42] can be applied.
Alternatively, the volume fractions of the dispersed (i.e., free)
particles and agglomerates can be estimated using the degree
of exfoliation (DOE) 𝜑DOE, which can be expressed as

𝜑DOE =
𝑉
𝑝,𝑓

𝑉𝑝
, (16)

where 𝑉
𝑝,𝑓 is the volume fraction of free particles and 𝑉𝑝 is

the total volume fraction of particles in the composite. In this
latter case, 𝜑DOE can also be expressed by the volume fraction
of the particles within the agglomerates of the composite.
The DOE for a given nanocomposite can be estimated from
a particle size analysis; see [55] for the case of dispersion of
multiwall CNTs (MWCNTs) in a liquid solution. The DOE
will vary as a function of volume fraction of 𝑉

𝑝
.

5. Model Results for Spherical
Particle Inclusions

Three different nanosilica/epoxy composites are compared
with the mathematical models in the following, including the

elastic stiffness results of the amine-cured and anhydride-
cured composites given in Tables 1 and 2. For these systems, a
perfect dispersion of the spherical silica particles is assumed,
and, hence, a two-phase nanocomposite is considered. The
stiffness can in this case be estimated from the Halpin-Tsai
equation (with 𝛽 = 1.0), the two-phase Mori-Tanaka model,
and the interphasemodel. A Poisson’s ratio of 0.35 is assumed
for the neat epoxy polymers, as well as for the interphase (in
the interphase model).

5.1. Results. First, for the amine-cured composite, the three
different models are plotted together with the experimental
data in Figure 5(a). To try to fit the interphase model results
to the experimental data, the interphase thickness factor as a
function of silica volume fraction was selected in the range
from 1.05 to 1.1; see Figure 5(b). The elastic stiffness of the
interphase is in this case set to a constant value of 4.0GPa.
As can be observed, the Halpin-Tsai equation overestimates
the elastic stiffness of the composite. However, both theMori-
Tanaka two-phase model and the interphase model estimate
the elastic stiffness very well for all volume fractions of
silica (provided the selected interphase characteristics are
employed for the interphase model). For higher volume
fractions, the interphase model with a small interphase
thickness resulted in best agreement with the experimental
results.

Second, the modeling and experimental results for the
anhydride-cured composite are given in Figure 6(a). In this
case, again to try to fit with the experimental data, the
interphase thickness factor was set much higher and varied
between 1.7 and 1.4 as a function of the silica volume fraction;
see Figure 6(b). The elastic stiffness of the interphase is also
in this case set to a constant value of 4.0GPa. As can be seen
in the figure, the Halpin-Tsai equation and the interphase
model estimate the elastic stiffness of the composite very
well. The two-phase Mori-Tanaka model, on the other hand,
underestimates the elastic stiffness of the composite.
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Figure 5: Model results and experimental data for the amine-cured nanosilica/epoxy system. (a) Composite elastic stiffness as a function of
particle volume fraction; (b) interphase thickness factor.
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Figure 6: Model results and experimental data for the anhydride-cured nanosilica/epoxy system. (a) Composite elastic stiffness as a function
of particle volume fraction; (b) interphase thickness factor.

Comparing the above two systems, a much lower inter-
phase thickness factor was selected for the amine-cured
composite. Therefore, the effect of selecting a lower and
constant interphase thickness factor of 1.3 and varying the

interphase elastic stiffness of the anhydride-cured composite
is a relevant case. This is shown in Figure 7. It can be seen
that an interphase stiffness between 5.0 and 6.0GPa agrees
well with the experimental data. An elastic stiffness of 4.0GPa
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Figure 7: Model results and experimental data for the anhydride-
cured nanosilica/epoxy system. The interphase thickness factor is
set to a constant value of 1.3, and the interphase elastic stiffness is
varied.

is observed to underestimate the composite stiffness. The
two-phaseMori-Tanaka calculations are unchanged from the
previous case and only included here for comparison.

Third, Johnsen et al. [54] reported results for a similar
nanosilica/epoxy system. They used the same nanosilica
particles, but the polymer was cured with a different anhy-
dride hardener. Their measured composite elastic stiffness
was compared to model calculations using the Halpin-Tsai
equation, as well as the Lewis-Nielsen model for both no-slip
(𝑘𝐸 = 2.167) and interfacial slippage (𝑘𝐸 = 0.837) conditions.
A perfect dispersion of the nanoparticles was assumed. The
experimental results and the calculated composite elastic
stiffness are shown in Figure 8(a) [54]. In the figure, the
results shown have been corrected to a silica density of 𝜌𝑝 =
2100 kg/m3, which is identical to the density used in the
above cases; the density applied by Johnsen et al. was 𝜌𝑝 =
1800 kg/m3. The different silica density will affect the silica
volume fraction, which again will slightly alter the slope
of the elasticity curve. As can be observed in the plot, the
Halpin-Tsai equation and the Lewis-Nielsen model with no-
slip interface condition give the same stiffness increase for
increasing volume fractions. The two models underestimate
the stiffness for low volume fractions and overestimate the
stiffness for higher volume fractions. The two-phase Mori-
Tanaka model and the Lewis-Nielsen model with slippage at
the interface underestimate the elastic stiffness for all volume
fractions. On the other hand, the calculated elastic stiffness
using the interphase model can be tuned (as was done for
the above two nanocomposite systems), such that there is an
agreement with the experimental results for both low and

high volume fractions. The elastic stiffness of the interphase
is in this case set to 5.0GPa, whereas the interphase thickness
factor is varying between 1.6 and 1.2, as shown in Figure 8(b).
With a reduced stiffness in the interphase region (i.e., 𝐸

𝑖
<

𝐸
𝑚
) and constant interphase thickness factor for all volume

fractions, the interphase model would have given a similar
curve to that of the Lewis-Nielsen model with the “slippage”
condition.

In the previous case, the thickness of the interphase for
low volume fractions was set to a very large value, which may
be unphysical and not according tomeasurements (e.g., [38]).
In the same way as for the anhydride-cured system above, the
interphase thickness for the nanosilica/epoxy system from
Johnsen et al. is therefore reduced and set to a constant value
of 1.3, whereas the interphase elastic stiffness is varied. As
can be seen in Figure 9 [54], an interphase stiffness 𝐸

𝑖
=

9.0GPa agrees well with the available experimental data for
low volume fractions. Similarly, an interphase stiffness of
𝐸
𝑖
= 4.0GPa agrees well with the experimental data for

higher volume fractions.TheMori-Tanaka model is included
for comparison.

5.2. Discussion. In the results presented above, the extent
of the interphase was varied significantly in order to fit the
experimental data. It can be argued whether the (selected)
values for the interphase thickness factor 𝑛 are correct or not.
However, some data can be found in the literature regarding
the extent of the interphase around nanoparticles. According
to Antonelli et al. [56], the extent of the interphase was 3 nm
for a silica/epoxy system with 17 nm silica particles. For the
silica particles used here, this gives a value of 𝑛 = 1.15.
Holt et al. [38] studied a silica/poly(2-vinylpyridine) system.
They found that the interphase thickness was 4–6 nm for
silica particles with a diameter of 30 nm and that it was
independent of particle concentration (i.e., particle volume
fraction). For 20 nm particles, this results in a value of 𝑛 in
the range from 1.2 to 1.3. Thus, these literature values and the
values used in the interphase model are of the same order,
although the highest values may be considered unrealistically
high. Interphase layer thicknesses of 10 nm, here resulting in
a value of 𝑛 of 1.5, have, however, been reported; see [56] and
the references therein.

The two silica/epoxy systems that were tested here (in
Section 3) gave different values for the elastic stiffness of the
neat epoxy polymer. It follows that the relative increase in
elastic stiffness was also different. On the whole, the elastic
stiffness was increased relatively more for the anhydride-
cured system with the addition of silica, compared to the
amine-cured system.The difference between the two systems
is likely to be explained by chemical and physical differences,
such as the difference in the polymer network structure, as
well as differences in interfacial binding properties between
the particles and the polymer. As already discussed in
Section 3.4.2, 𝑇𝑔 of the anhydride-cured system decreases
for increasing volume fractions. The same behavior was not
observed for the amine-cured system. In addition, DMA
measurements of the neat anhydride-cured epoxy polymer
showed that the elastic stiffness could be increased when 𝑇

𝑔

was decreased as a result of nonstoichiometric resin/hardener
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Figure 8: Model results and experimental data for the nanosilica/epoxy system in Johnsen et al. [54]. (a) Composite elastic stiffness as a
function of particle volume fraction; (b) interphase thickness factor.
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Figure 9: Model results and experimental data taken from Johnsen
et al. [54]. Composite elastic stiffness of nanosilica/epoxy composite
as a function of volume fraction.The interphase thickness factor and
the interphase elastic stiffness are varied for the interphase model.

ratios (the elastic stiffness increase was around 0.15GPawhen
𝑇
𝑔
was decreased by 10∘C). Since 𝑇

𝑔
of the anhydride-cured

composite is decreased, it couldmean that the elastic stiffness

is also influenced by an altered polymer structure. Hence,
the effective increase in elastic stiffness, solely due to the
addition of silica, may not be as high as that indicated by the
experimental results.

When comparing the experimental results with themath-
ematical models, it can be presumed that the properties of the
interphase region surrounding the particles are different for
the amine-cured system and the anhydride-cured system. For
the amine-cured system, the two-phase Mori-Tanaka model
was found to agree well with the experimental results for
all volume fractions. For the interphase model, only a small
interphase thickness was required to obtain good agreement
with the experimental results. This indicates that the molec-
ular structure of the polymer network is not significantly
influenced by the particle inclusions.This is also indicated by
the stable 𝑇𝑔 values. Moreover, the Halpin-Tsai equation was
found to overestimate the stiffness and it did not describe the
stiffness properties of the amine-cured system very well, even
though a two-phase composite with no-slip condition at the
interface between the particle and the polymer is assumed.

For the anhydride system, on the other hand, the stiffness
calculated using theHalpin-Tsai equation agrees well with the
experimental data, whereas theMori-Tanakamodel underes-
timated the elastic stiffness. The interphase model was also
found to agree well, when assuming an interphase region,
with a slightly higher elastic stiffness compared to the bulk
matrix. This observation, combined with the observation of
the reduction in 𝑇

𝑔
of the composites, indicates that the

polymer network is altered due to the particle inclusions (or
possibly also by themixing ratio of the different components).
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Mathematically it should then be plausible to model the
stiffness increase by an interphase region with different
elastic properties compared to the nonreinforced neatmatrix.
Since the two-phase Mori-Tanaka model does not include
this additional stiffness region, it is predictable that the
model underestimates the composite stiffness. However, the
calculated stiffness from employing the Halpin-Tsai equation
agrees well with the experimental results, even if the proper-
ties of the composite are different from what is assumed in
the model. The reason for this is at present unknown.

For the system presented by Johnsen et al. [54], the
silica particles were assumed to be fully dispersed in the
polymer matrix, even for higher concentrations, and 𝑇𝑔 of
the composite was relatively stable. Thus, the system should
be considered as a two-phase system with no significant
interphase region surrounding the particles. As reported
above, theHalpin-Tsai equation and the Lewis-Nielsenmodel
with no-slip interface condition do not agree very well with
the experimental results in this case but provide some kind
of average stiffness estimate for all particle concentrations.
The Mori-Tanaka model underestimates the stiffness for low
volume fractions. For higher volume fractions, on the other
hand, there is good agreement. Again, for the interphase
model it is possible to vary the model parameters, so that
the stiffness is in agreement with the experimental values
for all volume fractions included. A plausible explanation
is that the elastic properties, in fact, vary as a function of
volume fraction, which then can be modeled either by an
increased interphase region or by an increase in the elastic
stiffness of this region. Finally, the Lewis-Nielsen model with
the slippage interface conditions underestimates the elastic
stiffness for all volume fractions and, hence, does not seem
tomimic the interface conditions in an appropriate way, even
though 𝑘𝐸 is adjusted to fit the system considered.

6. Model Results for Fiber-Like
Particle Inclusions

Fiber-like particle inclusions in polymer systemsmay require
other models than those used for spherical inclusions. First
of all, the orientation of the particles needs to be accounted
for. Moreover, the particles are often more challenging to
disperse, resulting in a second inclusion phase in the form of
agglomerates of the particles. Two different nanocomposite
systems are considered: (1) a CNF/epoxy composite and (2)
a MWCNT/polystyrene composite.

6.1. CNF/Epoxy Composite. A model for a CNF/epoxy com-
posite with agglomerates has been presented by Gershon
et al. [5]. The amount of free, randomly orientated CNFs
was expressed by the degree of exfoliation (DOE), which
is calculated from the volume fractions of CNF in the
agglomerates and in the polymer matrix. Based on their
DOE curve, Gershon et al. concluded that the modulus of
CNF is 30GPa, even though a value of one order higher
was expected. Now, if we instead assume a stiffness value for
the CNFs of one order higher, say, 200GPa, the DOE values
are only slightly changed; both sets of values are shown in

Figure 10(b). The latter values should therefore be equally
representative as the reported values, at least for defining a
continuous DOE function from the discrete values. Based
on the above discussion, a stepwise linear DOE function is
defined and applied for the composite considered and also
included in the figure.

In this case, only the three-phase Mori-Tanaka model
is applicable for comparison since the interphase model
is restricted to one inclusion phase. For the CNF/epoxy
system considered, the bulk elastic stiffness of the matrix
is 1.95GPa. The matrix Poisson’s ratio is not given but set
to 0.35. Moreover, the CNFs are said to have a diameter of
100–200 nm and a length of 10–30 𝜇m.The CNF aspect ratio
is therefore set to 150 in our calculations. Furthermore, the
elastic modulus of the CNFs is set to 200GPa, and Poisson’s
ratio is set to 0.20. Finally, for the agglomerates, themeasured
average elastic stiffness is 4.2 GPa and Poisson’s ratio is set to
0.35, which is equal to the matrix.

The three-phase Mori-Tanaka model results together
with the stiffness values from Gershon et al. are shown in
Figure 10(a) [5]. As can be observed, the Mori-Tanaka model
agrees very well with the Gershon et al. calculations. It should
also be noted that a slightly higher DOE value for the higher
volume fractions would have given an even better match for
all volume fractions in the range. However, this would have
required amuch higherDOE than that calculated byGershon
et al.

6.2. MWCNT/Polystyrene Composite. In this second case,
we consider a MWCNT/polystyrene composite. Experimen-
tal values are reported by Andrews et al. [57]. Only the
polystyrene elastic stiffness is given in the paper; that is,
𝐸𝑚 = 1.9GPa [57]. However, representative parameter
values, which are needed for the modeling, can be found
elsewhere in the literature. From the work by Shi et al.
[41], who considered the same system, Poisson’s ratio for
polystyrene is given; ]

𝑚
= 0.3. For the MWCNTs, the values

are taken from the work of Lu [58]; 𝐸CNT = 975GPa and
]CNT = 0.27. The aspect ratio of the MWCNTs is set to 1000,
based on the length and diameter range reported by Andrews
et al. [57].

First, we investigate the applicability of the two-phase
Mori-Tanaka model, the interphase model, and the modi-
fied Halpin-Tsai equation for randomly oriented fibers. The
results are given in Figure 11 [57]. It can be seen that the
model results agree with the calculated stiffness reported
by Shi et al. [41, 42] for the same nanocomposite. Also,
the Mori-Tanaka model and the interphase model with zero
interphase thickness, that is, 𝑛 = 1, result in overlapping
stiffness curves. (The interphase model curve is not shown
in the plot.) This shows that the averaging strategy employed
for the extended version of the interphase model should
be valid. Moreover, an interphase thickness factor larger
than one and a reduced stiffness of the interphase region
do not reduce the composite stiffness significantly. Hence,
both model approaches overestimate the composite elastic
stiffness compared to the experimental data.This could partly
be due to a less than perfect dispersion of the MWCNTs
in the experiments conducted by Andrews et al. [57], that
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Figure 10: Model results for the CNF/epoxy composite in Gershon et al. [5]. (a) Composite elastic stiffness as a function of particle volume
fraction; (b) DOE curve for the CNF/epoxy.
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Figure 11: Model results and experimental data for the
MWCNT/polystyrene composite in Andrews et al. [57]. Composite
elastic stiffness as a function of particle volume fraction.

is, DOE < 1. Finally, the modified Halpin-Tsai equation also
overestimates the elastic stiffness.

From the above case, other effects than the interphase
effects seem to significantly affect the composite stiffness in
this case. We therefore instead apply the three-phase Mori-
Tanaka model. Figure 12 [57] displays the model results and
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Figure 12: Model results and experimental data for the
MWCNT/polystyrene composite in Andrews et al. [57]. Composite
elastic stiffness as a function of particle volume fraction using the
three-phase Mori-Tanaka model with voids.

the experimental data. To get agreement with the experimen-
tal results, the elastic stiffness of the agglomerated areas is set
to zero, that is, assuming that the agglomerated MWCNTs
do not contribute to the composite stiffness. Hence, the
agglomerates are considered to be voids in the model. In this
case, an assumed constant degree of exfoliation of 0.1 for all
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volume fractions gives good correlation between the model
and the experimental results.

6.3. Discussion. The first observation from the study of the
two nanocomposites with fiber-like inclusions is that signifi-
cant stiffness improvements can be obtained if the inclusions
with extreme mechanical properties and high aspect ratio
are perfectly dispersed in the matrix. This conclusion seems
to yield even for the case of reduced load transfer at the
interphase. The second observation is that the composite
stiffness is significantly reduced due to agglomerates of the
particles. But even a small amount of dispersed particles, that
is, a very low value of the degree of exfoliation, will give a
stiffness increase.

Considering the models and the experimental data, only
the three-phaseMori-Tanakamodel is applicable and relevant
for composites with agglomerates. For the results presented
by Gershon et al. and shown in Section 6.1, the volume
fraction of the CNFs included in the agglomerates was found
to give a stiffness increase compared to the bulk matrix. For
the results presented by Andrews et al. [57], the agglomerates,
on the other hand, seem not to improve the composite
stiffness, but rather being the main factor for the large
stiffness reduction (compared to the perfect dispersion case).

For the MWCNT/polystyrene case, the large stiffness
reduction due to the agglomerates may not be in accordance
with the results reported by Andrews et al., where the
structural imperfections and impurities for the as-received
MWCNTs were said to be removed (by heating to graphitiza-
tion temperatures) before making the MWCNT/polystyrene
composite of the well-dispersedMWCNTs.Themodel results
presented here may therefore give some new insight. Our
calculations have shown that a well-dispersed composite
with optimal load transfer may actually not be the case.
One parameter that can be changed in the calculations,
to help support the conclusions by Andrews et al., is the
elastic stiffness of the MWCNTs. A stiffness reduction of the
MWCNTs from 975GPa to 450GPa is found to dramatically
reduce the composite stiffness. The stiffness does, however,
not seem to be significantly affected by the variation in aspect
ratio in the same way; a reduction of the aspect ratio from
1000 to 250 is not found to significantly reduce the composite
stiffness.

7. Summary and Conclusion

In this paper, the main objective has been on identifying
models that are relevant to include in a “model toolbox”
for estimation of different nanocomposites with varying
geometry and constituent materials with different properties.
Different mathematical models are described for the elastic
modulus of nanoparticle/epoxy systems. Agglomerates and
particle interphase properties are two relevant factors for
the elastic stiffness increase. A set of flexible models for
nanocomposites have been described, which are relevant in
multiscale modeling, including finite element method anal-
yses, of advanced high-performance composite structures.
Extensions of the models are also presented to include more
flexibility in the choice of particle geometry and orientation.

The suggested models for modeling of the nanocom-
posites, that is, the multiphase Mori-Tanaka model and the
Odegard et al. interphase model, are composite system inde-
pendent models containing a few general model parameters
with a clear physical meaning. For the interphasemodel, only
two parameters are included: the interphase thickness factor
and the interphase elastic stiffness.

For the three nanosilica/epoxy systems considered, the
calculated stiffness using the Mori-Tanaka model and the
interphase model was compared to the experimental results,
as well as the results from using the Halpin-Tsai equation and
the slippage model by Lewis and Nielsen. Due to differences
in the applied polymer systems, different stiffness increases
were obtained for the nanocomposites. From adjusting the
model parameters, the interphase model was found to agree
well for all three systems, both for low and high volume frac-
tions. Moreover, the two-phase Mori-Tanaka model agreed
well for systems where the interphase properties do not seem
to be significant for the stiffness increase. The Halpin-Tsai
equation was applicable for predicting the stiffness increase
for the anhydride-cured system, but not for the two other
composites. The Lewis-Nielsen model only seems to give
some kind of average stiffness for all volume fractions.

The calculated stiffness increase from employing the
interphase model, the Halpin-Tsai equation, and the general
multiphase Mori-Tanaka model was also compared to exper-
imental and model results for a CNF/epoxy composite and
a MWCNT/polystyrene composite. For fiber-like particles,
the interphase properties seem to be less important for the
stiffness increase, compared to other factors. One reason
may be that the fiber-like particles are entangled, resulting in
agglomerates with less or no stiffness contribution.The three-
phase Mori-Tanaka model was found to agree well with the
results for both nanocomposites considered.

As a final and overall conclusion, the multiphase Mori-
Tanaka model and the Odegard et al. interphase model are
found to be flexible, system independent, and applicable
for calculating the elastic stiffness properties of the vari-
ous nanocomposites, including both low and high volume
fractions. These models are therefore preferred over more
traditional models in estimation of the macroscopic elastic
stiffness of multiphase nanocomposites.
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