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ABSTRACT: This article deals with the study of some me-
chanical properties of ZnS/poly(methyl methacrylate) nano-
composites prepared by solution casting method. The
obtained ZnS/PMMA nanocomposites have ZnS nanopar-
ticles in (0, 2, 4, 6, and 8) wt % and characterized through
X-ray diffraction (XRD), transmission electron microscope
(TEM), scanning electron microscope (SEM), and Fourier
transform infrared (FTIR) spectroscopy measurements. Me-
chanical properties of ZnS/PMMA nanocomposites have
been determined at different temperatures (30�C, 50�C,

70�C, and 90�C) through their stress–strain behavior using
dynamic mechanical analyzer (DMA). The properties have
been found to increase upto 6 wt % of ZnS nanoparticles
and then decrease for 8 wt % of ZnS nanoparticles. A theo-
retical model has also been employed to predict the strain
softening and strain hardening of the material. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 123: 2431–2438, 2012
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INTRODUCTION

Poly(methyl methacrylate) (PMMA) has been exten-
sively employed because it is easily available and
presents good environmental stability, possesses
light-weight and bears low cost. Besides this, it is an
important transparent thermoplastic material1,2 that
finds applications in light emitting devices, batteries,
optics, electromagnetic shielding, glazing, air-craft-
ing and many applications.3–10 However, their poor
mechanical strength limits their range of applica-
tions. To improve their mechanical and thermal sta-
bility, the nanofillers are incorporated into polymer.
The introduction of filler in a host matrix gives de-
sirable material properties, which have not been
achieved by matrix phase alone. Using this
approach, polymer’s properties can be improved
while maintaining its light-weight and ductile na-
ture. Recently various nanoscale fillers, including
silica, alumina, zinc oxide, titanium oxide, zirconia,
carbon nanotubes (CNT) etc.11–15 have been reported
to enhance mechanical and thermal properties of
polymers, such as toughness, stiffness, and heat re-
sistance. Etienne et al.16 have investigated the effect
of incorporation of modified silica nanoparticles on
the mechanical and thermal properties of PMMA.
Their results showed the improvement of thermal

stability and mechanical properties by incorporation
of silica nanoparticles in PMMA matrix. Chatterjee17

has studied the mechanical and thermal properties
of PMMA using nano-TiO2. It was found that ther-
mal stability is improved due to heat inhibiting
effects of the TiO2 particles in the degradation stages
of PMMA. Luo et al.18 have discussed the mechani-
cal research of CNT/PMMA composite films. They
found that the mechanical properties of the compos-
ite films have improved with the increased concen-
tration of CNTs. Hu et al.19 have studied the surface
mechanical properties of transparent poly (methyl
metacryalte)/zirconia nanocomposites prepared by
in situ bulk polymerization. It was observed that at
low ZrO2 content, the mechanical properties were
improved due to the formation of cross-linking
structure. A remarkable improvement of hardness
and scratch resistance of PMMA were achieved
when 15 wt % of ZrO2 content was embedded. Vira-
tyaporn et al.20 have discussed the effect of nanopar-
ticles (Al2O3 and ZnO) on the thermal stability of
PMMA nanocomposites prepared by in situ bulk po-
lymerization. The results indicated that addition of
nanoparticles affects degradation mechanism and
consequently improves the thermal stability of
PMMA. The reduction of polymer chain mobility
and the tendency of nanoparticles to eliminate free
radicals are the principal effects responsible for these
enhancements.
From the literature survey, it is observed that

effect of ZnS nanofiller on mechanical properties of
PMMA have been studied very scantly because ZnS
has been known as one of the most promising
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photo-sensitive material owing to its unique photo-
chemical properties. The nanocomposites of ZnS can
provide the possibility to obtain combinations of
functionalities such as thermal stability with good
mechanical and optical properties. In view of this, in
this article, our main objective was to study the me-
chanical properties such as Young Modulus, tensile
strength, yield strength, and fracture energy of ZnS/
PMMA nanocomposites with temperature to pro-
duce mechanically viable composites which could be
effectively used in optoelectronic devices employed
in optical communication. Besides this, a constitutive
model has also been applied to ZnS/PMMA nano-
composites to predict both strain hardening and
strain softening characteristics of polymer
nanocomposites.

EXPERIMENTAL

Preparation of polymer nanocomposites

ZnS nanoparticles were synthesized following proce-
dures published elsewhere.21 The fine powder of
ZnS nanoparticles has now been used to prepare
ZnS/PMMA nanocomposite by solution casting
method. In this method, firstly PMMA has been dis-
solved in tetrahydrofurane (THF) solution by mag-
netic stirrer for 2 h and then ZnS nanoparticles with
different weight percent (0, 2, 4, 6, and 8) have been
dispersed into THF solution containing PMMA. The
obtained solutions have been agitated by ultrasoni-
cator to get the uniform distribution of ZnS nanopar-
ticles in the solution. These solutions have been
poured in the petri-dishes to obtain the ZnS/PMMA
nanocomposite films. After 2 days, the nanocompo-
site films have been taken out from the petri-dishes
and dried in vacuum of 10�2 torr for 6 h to remove
the solvent. The thickness of prepared samples is
0.1–0.2 mm.

Structural characterization

In this study, X-ray diffraction (XRD) has been used
to confirm the amorphous and crystalline phases
present in the material. Besides this, it also provides
an estimate of the approximate average size of the
nanoparticles. The XRD spectra of the nanocompo-
sites were recorded using Bragg-Brentanno geometry
on a Panalytical X’pert Pro diffractometer with a Cu
Ka radiation source (k ¼ 1.5406 Å). The X-ray tube
was operated at 45 kV and 40 mA.

To study the structure of thin films in terms of
dislocation and size of the nanoparticles in the nano-
composites transmission electron microscopy (TEM)
measurements have been employed. The TEM meas-
urements of nanocomposites were performed on
TECNAI G2 30 U-TWIN system operating at an

accelerating voltage of 300 kV. The samples for TEM
measurement were prepared by dissolving ZnS/
PMMA nanocomposite films in THF solvent using
ultrasonicator. A drop of prepared solution was
placed on the carbon coated copper grid and solvent
removed by evaporation at room temperature.
The surface morphology of the ZnS/PMMA nano-

composites was studied using scanning electron mi-
croscopy (SEM) Quanta Fe-200 model. The sample to
be examined was placed on a specimen stub and
then gold was placed on the upper surface of the
sample to make it conductive. Conductive silver
paste was used to attach the specimen to the sample
holder.
The Fourier transform infrared (FTIR) spectros-

copy measurements of ZnS/PMMA nanocomposites
were recorded in the wave number region 4000–400
cm�1, using model IR Affinity-1, Shimadzu spectro-
photometer. The accuracy of the measurement is
64 cm�1 in 4000–2000 cm�1 region and 62 cm�1 in
2000–400 cm�1 region.

Dynamic mechanical analyzer

The mechanical properties of the nanocomposites
have been measured by Tritec 2000 dynamic me-
chanical analyzer (DMA). The details about DMA
have been discussed elsewhere.22–23 For such meas-
urements, samples were cut to be between 2–3 mm
in width and 8.05 mm in length. The mechanical
properties such as Young Modulus, tensile strength,
yield strength, and fracture energy determined
although stress–strain measurements were per-
formed at room temperature (30�C) as well as at ele-
vated temperatures (50, 70, and 90�C) with load rate
0.1N/min in tension mode. The applied force is
10N.

RESULTS AND DISCUSSION

Morphology

The XRD patterns of pure PMMA and ZnS/PMMA
nanocomposites are also shown in Figure 1. This fig-
ure shows one broad hump and three broad peaks
in the XRD pattern of the nanocomposites. The first
broad hump at lower diffraction angle around (10–
20�), shows the amorphous nature of PMMA. The
other three peaks at angles 28.8�, 47.8�, and 56.6�

corresponding to (101), (103), and (004) planes
respectively indicate the hexagonal phase of ZnS
nanoparticles.21 The XRD data is refined removing
the broadening due to instrument and non uniform
strain present in the lattice. The broadening of XRD
peak (bo) is observed due to small particle (bd),
instrumental (bi) and strain induced (be) broadening
in the materials and it is given by bo ¼ bd þ bi þ be.
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The exact particle size of material has been deter-
mined by removing the peak broadening produced by
instrumental and strain induced broadening. The
instrumental broadening bi is directly determined
through the system using XRD of Si as standard mate-
rial and removed from the observed peak broadening
so that the instrumental corrected broadening (bc ¼ bo
� bi) is observed. The line broadening bd originating
from the small particle size follows Scherrer equa-
tion24 bd ¼ kk/d cos y, where k is the shape factor, k

is the X-ray wavelength, y is the Bragg angle, and d is
the effective particle size. The strain induced broaden-
ing be is given by the Wilson formula as be ¼ 4etany,
where e is the root mean square value of the micro
strain. Assuming that the particle size and strain con-
tributions to line broadening are independent of each
other so that the observed line breadth is simply the
sum of the two terms, i.e., bc ¼ bd þ be ¼ [kk/d cosy]
þ [4etany] or bc cosy ¼ kk/d þ 4esiny. This equation
is the Williamson-Hall equation. Now Plot the curve
between bc cosy and 4siny and the micro strain e is
calculated from the slope of the line of the curve. This
value of e is again used in Williamson-Hall equation
for determination of average particle size (d). The av-
erage particle size of ZnS nanoparticles is calculated
to be 3 nm.
Figure 2(a–d) shows the TEM micrographs of

ZnS/PMMA nanocomposites for 2, 4, 6, and 8 wt %
of ZnS nanoparticles, respectively. The average parti-
cle size of ZnS nanoparticles is approximately 5 nm.
The particle size obtained from XRD and TEM dif-
fers slightly from each other. This slight difference
in particle size estimation using XRD and TEM is
due to the intrinsic twining and dislocations present
in the lattice of sample. The TEM images for 2 and 4
wt % of ZnS nanoparticles indicate that the particles
are well dispersed in PMMA whereas small agglom-
eration is found for 6 wt % and the agglomeration is
enhanced for 8 wt % of ZnS nanoparticles.

Figure 1 XRD patterns of PMMA and ZnS/PMMA
nanocomposites.

Figure 2 TEM micrographs of (a) 2 wt % ZnS/ PMMA, (b) 4 wt % ZnS/ PMMA, (c) 6 wt % ZnS/ PMMA, and (d) 8 wt
% ZnS/ PMMA.
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Figure 3(a–c) shows the SEM micrographs of pure
PMMA and ZnS dispersed PMMA nanocomposites.
From the figure, it is observed that dispersed ZnS
filler particles create considerable change in mor-
phology of the pure PMMA film. In ZnS/PMMA
nanocomposites, ZnS nanoparticles upto 6 wt %
have almost uniform dispersion (with very small
agglomeration) whereas particles are agglomerated
at higher weight percentage (8 wt %) of ZnS nano-
particles (Fig. 3). The figure also demonstrates that
interaction between PMMA matrix and ZnS nano-
particles increases with the increase of ZnS content
into PMMA upto 6 wt %, whereas for 8 wt % of ZnS
nanoparticles into PMMA matrix, interaction
between nanoparticles is larger as compared with
polymer–particle interaction, which causes the
agglomeration of ZnS nanoparticles.

Figure 4 shows the FTIR spectra of the pure
PMMA and ZnS/PMMA nanocomposites. The char-
acteristic peaks of the stretching vibration bands of
the C¼¼O, C¼¼C and CAH bonds in the PMMA seg-
ment have been observed at 1730, 1960, and 760,
2820–3050 cm�1, respectively.25 Besides these bands,
the additional bands related to ZnS at 630 and 3440
cm�1 have been observed in the spectra of ZnS/
PMMA nanocomposites.26 Weak band at 630 cm�1 is
also assigned to the stretching vibration of C-S
group.27 The presence of these bands indicates the

chemical bonding between PMMA chains and ZnS
nanoparticles.

Mechanical properties

Figures 5–8 show the stress–strain curves of ZnS/
PMMA nanocomposites with different weight

Figure 3 SEM micrographs of (a) Pure PMMA, (b) 6 wt % ZnS/PMMA, and (c) 8 wt % ZnS/PMMA.

Figure 4 FTIR spectra of PMMA and ZnS/PMMA nano-
composites. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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percent of ZnS nanoparticles at room (30�C) as well
as at elevated (50�C, 70�C, and 90�C) temperatures.
From Figure 5, it is observed that all ZnS/PMMA
nanocomposites show no yield point and no break
point at room temperature. This is due to the fact
that in the given experiment the applied force of
10N is not sufficient (the limit of applied force in the
used experiment is 10N) to produce any yield and
break point. Hence, it is not possible to obtain the
value of tensile strength, yield strength and fracture
energy at room temperature.

All the mechanical properties such as Young’s
modulus, tensile strength, yield strength, and frac-
ture energy obtained from the stress–strain relation
have been summarized in Table I. Young’s modulus
is determined from the elastic linear region of the
stress–strain curves whereas tensile strength is the
maximum stress at break point. The total area under
the stress–strain curve is defined the fracture energy.
This fracture energy is related to the toughness of
polymer. It is noticed from the Table I that all these
properties show higher value for ZnS/PMMA nano-

composites than that of pure PMMA. The results
obtained from this study are explained on the basis
of interaction between ZnS nanoparticles and poly-
mer matrix. The increase in the mechanical proper-
ties is attributed to the interaction between nano-
particles and polymer matrix.28,29 The interaction
between PMMA and ZnS is identified through CAS
(630 cm�1) bonding which is shown in FTIR spectra
(Fig. 4). This is a weak interaction (Van der Waals
interaction) between PMMA and ZnS nanoparticles.
The nanoparticles have high surface area compared
with the conventional fillers and have good interfa-
cial adhesion with the polymer chains so that the
mobility of polymer chains is restricted under load-
ing, which increases Young’s modulus.30–33 Simi-
larly, the increment in tensile strength and in yield

Figure 5 Stress–strain behavior for ZnS/PMMA nano-
composites at 30�C.

Figure 6 Stress–strain behavior for ZnS/PMMA nano-
composites at 50�C.

Figure 7 Stress–strain behavior for ZnS/PMMA nano-
composites at 70�C.

Figure 8 Stress–strain behavior for ZnS/PMMA nano-
composites at 90�C.
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strength is attributed to the nano reinforcement of
the fillers used, which facilitates efficient stress
transfer to the filler.34 The fracture energy also
shows increasing behavior with the addition of
nanoparticles up to 6 wt % at all temperatures. It is
also observed from Table I that all mechanical prop-
erties decrease at 8 wt % (beyond 6 wt %) of ZnS
nanoparticles in PMMA. The same behavior is
observed for glass transition temperature (Tg) of
ZnS/PMMA nanocomposites and thermal conduc-
tivity measurements of CdS/PMMA nanocomposites
with filler concentration.21,35 The decrease in the me-
chanical properties is caused due to the change in
dispersion of nanoparticles from uniform to agglom-
eration. Due to the agglomeration of the nanopar-
ticles, the particle–particle interaction is predominant
over the filler–polymer interaction. Also agglomer-
ated particles act as defects.36,37 As a result, the
decrease in mechanical properties is observed.

From Figures 5–8 and Table I, it is observed that
Young’s modulus and tensile strength are maximum
for all composites at room temperature. Young’s
modulus and tensile strength decrease with the
increase in temperature. This behavior of stress–
strain curves can be explained on the basis of molec-
ular motion of polymer chains. At low temperature,
the structure is rigid and compact therefore the mo-
lecular motion in polymer is small due to the low ki-
netic energy of molecules, which ultimately leads to
high Young modulus and tensile strength. As the
temperature is increased to 50�C, the kinetic energy
of molecules increases, which further increases the
molecular motion resulting in an increase in the
loosely bound structure, thereby decreasing the

above-mentioned properties. On further increasing
the temperature, i.e., at temperature (70�C and 90�C)
in the vicinity of glass transition temperature, the
molecular motion is further enhanced for viscous
flow and the samples becomes soft and rubbery. The
values of glass transition temperature21 with ZnS
concentration is shown in Table II. This conse-
quently decreases the Young’s modulus and tensile
strength to a great extent and very low values of
Young’s modulus and tensile strength are obtained.
Similar trend is followed by fracture energy, which
is high at 50�C and decreases drastically with
increasing the temperature (70�C and 90�C). The ten-
sile strength increases 361%, 446%, 761%, and 607%
for 2, 4, 6, and 8 wt % of ZnS nanocomposites as
compared with pure PMMA near the glass transition
temperature (90�C), respectively. The behavior of
fracture energy at 90�C shows 185%, 285%, 342%,
and 314% increment with ZnS concentration 2, 4, 6,
and 8 wt % as compared with pure PMMA,
respectively.
To describe the temperature dependent tensile

behavior of ZnS/PMMA nanocomposite, as obtained

TABLE II
Glass Transition Temperature (Tg) Values for the

ZnS/PMMA Nanocomposites

Samples Tg (
�C)

PMMA 82.1
PMMA with 2 wt % ZnS 89.6
PMMA with 4 wt % ZnS 91.4
PMMA with 6 wt % ZnS 99
PMMA with 8 wt % ZnS 93.6

TABLE I
Mechanical Properties of ZnS/PMMA Nanocomposites

Sample
Temperature

(�C)
Young’s

modulus (MPa)
Tensile

strength (MPa)
Yield strength

(MPa)
Fracture

energy (10�3J)

PMMA 30 1597 – – –
50 1240 11.33 12.58 3.27
70 58 0.81 1.24 0.26
90 5 0.13 0.31 0.07

PMMA with 2 wt % ZnS 30 2220 – – –
50 1361 13.40 14.50 3.78
70 176.4 2.87 3.40 0.87
90 11.11 0.60 0.78 0.20

PMMA with 4 wt % ZnS 30 2360 – – –
50 1390 16.71 18.87 5.77
70 256.6 3.50 4.19 1.17
90 12.42 0.71 0.89 0.27

PMMA with 6 wt % ZnS 30 3330 – – –
50 1452 18.90 21.04 7.67
70 318.9 4.42 4.80 1.76
90 14.5 1.12 1.26 0.31

PMMA with 8 wt % ZnS 30 2960 – – –
50 1414 18.1 19.98 5.81
70 280.1 3.80 4.48 1.41
90 12.53 0.92 1.14 0.29
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through experimental results, a three parameter con-
stitutive model proposed by Zhou et. al.38 has been
employed. In this model, the total stress depends on
the three parameters (elastic modulus, strain expo-
nent, and compliance factor) and is given by the fol-
lowing relation:

r ¼ Eð�e;TÞe=f1þ Eð�e;TÞbð�e;TÞemg (1)

Equation (1) is rewritten as follows

e=r� 1=E ¼ bð�e;TÞem (2)

Taking log on both sides, of eq. (2) transforms into

ln ðe=r� 1=EÞ ¼ ln bþm ln e (3)

where, E is elastic modulus of the material, which is
a function of both strain rate (�e) and temperature (T)
and e is total strain composed of elastic and inelastic
part, b is a compliance factor which controls the
flow stress level of the material and m is a strain
exponent. The polymer behaves as a strain-harden-

ing material when strain exponent m < 1 and as a
strain-softening material when m > 1. When m ¼ 1,
the slope of the stress–strain curve becomes zero
and the polymer is strain neutral, i.e., it is neither
strain-hardening, nor strain-softening. Thus eq. (1)
can be used to describe either a strain-hardening,
strain-softening, or strain-neutral behavior with the
help of value of m.
Figure 9 shows the variation of ln (e/r � 1/E) with

ln e for ZnS/PMMA nanocomposites at temperature
50�C at constant strain rate as a representative case.
Similar trend is observed at other temperatures. The
data is fitted to straight line and the slope of this
straight line gives the value of m and ln b. It can be
observed that these plots are linear for all nanocompo-
sites and are nearly parallel to each other, which means
that material has the same strain exponent at different
test conditions. The values of m and b are given in Ta-
ble III. From Table III, it is observed that the values ofm
are <1 at 30�C temperature while it is >1 for 50�C,
70�C, and 90�C temperatures for all composites. Results
indicate that m is almost independent of concentration
of ZnS content in PMMA matrix and depends only on
the temperature. This suggests the fact that at low tem-
perature the material is rigid whereas at high tempera-
ture, it turns into softer material. This is also indicated
from the mechanical properties. From Table III, it can
also be noticed that the compliance factor (b) increases
with the increase of temperature. This shows that stress
flow level increases with increase of b, i.e., by increas-
ing temperature.

CONCLUSIONS

Mechanical properties of ZnS/PMMA nanocomposites
improve with the increase of concentration of ZnS
nanoparticles in PMMA upto 6 wt % due to reason-
ably good interaction between ZnS nanoparticles and
PMMA matrix and a notable decrease in mechanical
properties beyond 6 wt % is due to the change in the
dispersion of ZnS particles in polymer matrix from
uniform to agglomeration. Mechanical properties of
nanocomposites also show decreasing behavior with
the increase of temperature due to the softening of

Figure 9 Variation of ln (e/r � 1/E) with ln e for ZnS/
PMMA polymer nanocomposites at 50�C. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE III
Constitutive Parameters of ZnS/PMMA Nanocomposites

Temperature
(�C) PMMA

PMMA with
2 wt % ZnS

PMMA with
4 wt % ZnS

PMMA with
6 wt % ZnS

PMMA with
8 wt % ZnS

m 30 0.56 0.52 0.53 0.53 0.55
50 1.03 1.26 1.27 1.36 1.40
70 1.44 1.50 1.47 1.44 1.40
90 1.87 1.82 1.91 1.71 1.69

b (1/MPa) 30 0.009 0.008 0.008 0.008 0.009
50 0.087 0.120 0.087 0.101 0.121
70 0.591 0.831 0.674 0.580 0.499
90 0.658 0.583 0.580 0.189 0.183
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material. The values of m and b indicate that all nano-
composites show the strain hardening behavior at
room temperature, whereas show strain softening
behavior at higher temperature and also show the
increase in stress flow with increase of temperature.
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