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ABSTRACT: Poly(methyl methacrylate)/poly(styrene-co-acrylonitrile) (PMMA/SAN) blends, with varying concentrations, were prepared
by melt-mixing technique. The miscibility is ensured by fixing the acrylonitrile (AN) content of styrene acrylonitrile (SAN) as 25%
by weight. The blends were transparent as well. The Fourier transform infrared spectroscopic (FTIR) studies did not reveal any spe-
cific interactions, supporting the well accepted ‘copolymer repulsion effect’ as the driving mechanism for miscibility. Addition of SAN
increased the stability of PMMA towards ultraviolet (UV) radiations and thermal degradation. Incorporation of even 0.05% by weight
of multi-walled carbon nanotubes (MWCNTs) significantly improved the UV absorbance and thermal stability. Moreover, the compo-
sites exhibited good strength and modulus. However, at higher concentrations of MWCNTs (0.5 and 1% by weight) the thermo-
mechanical properties experienced deterioration, mainly due to the agglomeration of MWCNTs. It was observed that composites with
0.05% by weight of finely dispersed and well distributed MWCNTs provided excellent protection in most extreme climatic conditions.
Thus, PMMA/SAN/MWCNTs composites can act as excellent light screens and may be useful, as cost-effective UV absorbers, in the

outdoor applications. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43628.
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INTRODUCTION

Polymer blending has been evolved as a promising, cost-
effective method, mainly due to the scope of maximal diversifi-
cation and increased use of existing polymers, to accomplish
remarkable broad spectrum of properties. Based on the miscibil-
ity between the component polymers, polymer blends are classi-
fied into immiscible, partially miscible, and completely miscible
blends. Poly(methyl methacrylate) (PMMA) is an important
candidate for commercial glass products. Because of its good
thermo-mechanical properties and high transparency in the visi-
ble region, it has been widely applied in aircraft glazing, signs
and displays, lens for glasses, lamp covers, indicators, etc. Sty-
rene acrylonitrile (SAN) offers superior mechanical properties,
chemical resistance, and thermal stability in comparison with
polystyrene (PS) and is widely used in place of PS for various
end use applications including packaging, electronic, medical,
and automotive applications.

It is unequivocally established that poly(methyl methacrylate)/
poly(styrene-co-acrylonitrile) (PMMA/SAN) blends are miscible,
if the acrylonitrile (AN) content in the SAN is below 30%.

© 2016 Wiley Periodicals, Inc.
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Note that PMMA is neither miscible with polystyrene (PS) nor
with polyacrylonitrile (PAN). For most miscible polymer pairs,
there must be a favorable enthalpic driving force, as the
entropic contribution is very small due to the high molecular
masses of the components of the mixture.'"> However, PMMA is
miscible with SAN due to the so called ‘copolymer repulsion
effect’ between S and AN segments of the copolymer. Although
the term ‘repulsion effect’ is a misnomer, studies have shown
that in blends, where at least one component is a random
copolymer, miscibility does not always need favorable interac-
tions between the component chains, the necessary negative
value of the Flory—Huggins interaction parameter, y, can be
achieved from the ‘copolymer repulsion effect. For this blend,
the interaction energy density may be given as:

B = Bs-mma®; + Buma-and; — Bs—and, d,

where Bs nvinviar Bavmaans and Bg an are the binary interaction
parameters of styrene (S), methacrylate (MMA), and acryloni-
trile (AN), respectively, and ¢, and ¢, are the volume fractions
of component polymers in the blend.>'* It is obvious from this
equation that B may become negative even if all interaction
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Figure 1. FTIR spectra of PMMA and PMMA/SAN blends. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

parameters are positive (which is true for PMMA/SAN blends),
when the repulsive interactions between S and AN in SAN is
greater than the sum of the repulsive interactions between S
and MMA and AN and MMA. It is important to recognize that
specific inter-chain interactions, responsible for molecular com-
patibility of dissimilar polymers, tend locally to align the chain
segments for association and thus stiffen the chains, and reduce
their convolution, resulting in reduced entanglement between
dissimilar chains.'

The miscibility of PMMA/SAN blends was studied in detail by
using various experimental techniques such as optical and tor-

sional pendulum measurements,”> cloud point measure-
ments,”>”° small angle neutron scattering (SANS),*"?
differential scanning calorimetry (DSC),"*'®  rheology,'”*°

atomic force microscopy (AFM),' positron life time measure-
ments,”! and small angle light scattering (SALS).*>** Most of
these studies support ‘copolymer repulsion mechanism’ as the
driving force for miscibility, while a few researchers reported on
the specific attractive interactions between carbonyl groups of
PMMA and phenyl groups of SAN.*»"

Table I. Characteristic Group Frequencies Observed in FTIR Spectra of
PMMA and PMMA/SAN Blends™*°

Peak cm™%)  Remarks

699 Benzene ring C=C out-of plane bending of SAN
1145 C-0O-C stretching of ester group of PMMA
1188

1237

1270

1215, 1650 C-C non-saturated bonds

1400-1500 Aromatic C=C absorption in SAN

1720 C=0 stretching of MMA

2850 C-H symmetric stretching
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Figure 2. Effect of blend ratio on the glass transition temperature (T) of
the PMMA/SAN blends. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

A few studies have been reported on the phase separation of
PMMA/SAN blends in the presence of nanoparticles.*** Yu
and coworkers®®*® have studied the effect of silica nanoparticles
on the phase separation of these blends, using rheological meth-
ods and optical microscopy, and found that a small amount of
silica nanoparticles significantly altered the phase diagram of
the blends. Although PMMA/SAN blends are extensively stud-
ied, no systematic study has been published related to the
thermo-mechanical and ultraviolet (UV) resistance properties of
the PMMA/SAN blend. Therefore, the prime objective of the
present study is to explore the thermal degradation, UV resist-
ance, and tensile properties of these blends and their composites
with multi-walled carbon nanotubes (MWCNTs). To ensure
complete miscibility between the SAN and PMMA phase, we
have taken SAN copolymer with 25% of acrylonitrile content.
Fourier transform infrared spectroscopy (FTIR), differential
scanning calorimetry (DSC), UV spectrometry, high-resolution
transmission electron microscopy (HRTEM), thermogravimetric
analysis (TGA), and tensile test were used to characterize and
evaluate the properties of the blends.

EXPERIMENTAL

Materials

Poly(methyl methacrylate) (PMMA), grade PERSPEX® CP-61
with a density of 1.18 g/cm’, was supplied by Plaskolite West
(Compton, CA, USA). Poly(styrene-co-acrylonitrile) (SAN), LG
SAN 82TR with a density of 1.07 g/cm’, was supplied by LG
Chem. Pvt. The SAN contained around 75% styrene and 25%
acrylonitrile. The MWCNTs, synthesized by catalytic carbon
vapor disposition process (purity > 95%, average diameter 13—
16 nm, and length >1 pm) (Baytube VR 150P), were supplied
by Bayer Material Science AG (Leverkusen, Germany).

Preparation of Blends and Composites

PMMA/SAN blends were prepared by melt-mixing, using
Thermo Haake Polylab QC system equipped with roller rotors.
The mixing was done at 180 °C with a rotor speed of 60 rpm
for 15 min. Among the prepared PMMA/SAN blends, 80/20
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Figure 3. Ultraviolet (a) absorption and (b) transmission spectra of
PMMA, SAN, and their blends. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

blends possess the best properties, in terms of strength and
elongation; therefore these blends were taken as the matrix for
composites. For making PMMA/SAN (80/20)/MWCNTs compo-
sites, PMMA and SAN were pre-mixed and melt-mixed for 5
min, followed by the addition of MWCNTs. The concentrations
of MWCNTs used were 0.05, 0.1, 0.5, and 1% by weight. The
mixing was continued for 10 more minutes at 180 °C and
60 rpm. The resulting blends and composites were hot pressed
at 180 °C using a hydraulic press (model SHP-50, Zeus controls
Pvt.,, India), at a pressure of 200 kg/cm® into sheets and cut
into pieces and compression molded at 200 °C at a pressure of
200 kg/cm?, for preparing test specimens.

Characterization
FTIR Spectroscopy. Infrared studies were conducted to investi-
gate the interaction between the blend components. The sam-

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

transmission electron micrographs of the nanocomposites were
taken with a JEOL JEM 2100 transmission electron microscope
(TEM), with an accelerating voltage of 200 kV. Ultrathin sec-
tions of bulk specimens (100 nm thickness) were prepared at
room temperature, using an ultra-microtome fitted with a dia-
mond knife.

Thermogravimetric Analysis. Thermal stability of PMMA/SAN
blends was analyzed by using a thermogravimetric analyzer

Table II. Initial Decomposition Temperature (T;), Maximum Decomposi-
tion Temperature (T,,,,), and Activation Energy for Decomposition (E,)
of PMMA, SAN, and Their Blends

Applied Polymer L

Sample (Ty) (°C) Trmax ( °C) E4 (kJ/mol)
PMMA 338 370 70.6
80/20 blends 344 375 73.5
60/40 blends 350 382 77.2
40/60 blends 352 385 84.3
20/80 blends 367 392 88.9

SAN 387 406 119.8
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Table III. Weight Percentage of PMMA/SAN Blends Remained at Different Temperatures

Temperature (°C) PMMA 80/20 blends 60/40 blends 40/60 blends 20/80 blends SAN
100 99 99 99 99 99 99
200 96 98 95 97 98 98
300 94 96 91 95 95 95
350 80 86 81 86 92 93
375 37 48 49 52 73 89
390 7 16 16 19 44 77
395 1 8 7 9 32 68

(TGA), Perkin Elmer, Diamond TG/DTA. The measurements
were performed using 5-10 mg of the samples, in the tempera-
ture interval from 25 to 700 °C, at a heating rate of 20 °C
min~', in nitrogen atmosphere.

Tensile Testing. Tensile measurements were performed accord-
ing to ASTM D-882 standards. The measurements were taken
with a universal testing machine (Tinius Olsen), Model H 50
KT, at a crosshead speed of 10 mm min~'. Rectangular speci-
mens of 80 X 10 X 0.5 mm’ were used for determining the
tensile strength. The tests were performed on six different speci-
mens of the same sample and the average was taken as the final
value.

RESULTS AND DISCUSSION

PMMA/SAN Blends

FTIR Spectroscopy. As mentioned previously, it is widely
accepted that the mechanism of miscibility of PMMA/SAN
blends is due to ‘copolymer repulsion effect’ even if there are
reports that miscibility is due to the specific interactions
between the carbonyl group (C=0) of PMMA and phenyl
group or hydrogen of SAN. In this study, we carried out the IR
absorption measurements to detect the possible interactions
between SAN and PMMA. FTIR spectra and characteristic

PMMA

80/20 blends
60/40 blends
40/60 blends
20/80 blends
SAN

0.5

In [ In(1-alpha)” ]

-0.5

-1.0 1

-20 -15 -10 -5 0 5 10 15
T-T
Figure 5. Arrhenius plots for the activation energy for the decomposition

(E,) of PMMA, SAN, and their blends. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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group frequencies observed in the spectra are given in Figure 1
and Table I, respectively. It should be noted that favorable inter-
actions between C= 0O group of PMMA and phenyl or H of
SAN would have resulted in a significant shift in the C=0
stretching frequency of PMMA at 1720 cm™ '. Further, C-O-C
stretching frequencies of ester groups of PMMA, observed in
between 1145 and 1270 cm™ ', might have changed. However,
IR spectra revealed that there is no significant change in these
peaks. The possibility of strong intermolecular interactions,
such as hydrogen bonding or dipole interactions, which may
lead to the miscibility of the certain polymer systems, can be
neglected as there is no significant shift in the corresponding
absorption peaks of the groups, which are involved in those
interactions. However, the peaks of aromatic C= C absorption
in the spectrum of SAN are observed at 1400-1500 cm™". Thus,
the FTIR study supported the absence of any favorable specific
interactions between the PMMA and SAN, which in turn sup-
ports the so called ‘copolymer repulsion effect’ as the driving
force of miscibility of PMMA with SAN.

Differential Scanning Calorimetry. Differential scanning calo-
rimetry (DSC) is one of the most widely used techniques to
characterize the miscibility level of polymer blends. The crite-
rion for miscibility, most frequently used in polymer blends, is
the appearance of a single glass transition (T,) in the blend at a
temperature intermediate between those of the pure compo-
nents. However, in the case of PMMA/SAN blends, since the
T,’s of the pure components are close to each other (106 and
104 °C, respectively, for PMMA and SAN), in an experimental
DSC thermogram, it is difficult to distinguish between two
overlapped transitions, and a single one broader than those of
the pure components. Song et al.'* have shown that modulated
differential scanning calorimetry can be used to resolve the glass
transitions of PMMA/SAN miscible blends. Cameron et al'®
studied the temperature dependence of the relaxation times of
miscible PMMA/SAN blends with different AN contents, by
modeling DSC thermograms obtained after different thermal
histories in each sample. They observed homogeneity in
PMMA/SAN blends, where AN content of SAN is close to the
upper limit of miscibility. Thus, in the present case, display of a
single T, in that range (Figure 2) cannot be taken as a direct
evidence of miscibility. Although this barrier could be overcome
by conducting DSC thermograms on samples previously sub-
jected to different thermal treatments, it is beyond the scope of
the present study.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43628
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Figure 6. Tensile properties of the PMMA/SAN blends: (a) tensile strength and elongation at break; and (b) tensile modulus.

UV Absorbance and Transmittance. To evaluate the optical
properties of the blends, the UV absorption and transmission
spectra were taken and are shown in Figure 3(a,b). From the UV
profile, it is quite clear that PMMA filters ultraviolet light at
wavelengths below 250 nm. It may be attributed to the n-r* tran-
sition of C=0 group present in PMMA.?"”* However, SAN fil-
ters ultraviolet light at wavelengths below 280 nm. The addition
of SAN into PMMA improves the absorption to 275 nm range
and hence ultraviolet-C light can be effectively shielded. It is inter-
esting to note that addition of 20% by weight of SAN (80/20
blends) remarkably enhances the absorption of UV radiations by
the sample. Further addition has not considerable impact on the
percentage absorbance. It is obvious from the figure that UV
shielding efficiency of the samples enhances with the increase in
the amount of SAN in the blends. The transmittance of the UV
radiation through the blends is less compared to neat PMMA
samples. In other words, PMMA/SAN blends have higher shield-
ing efficiency than the neat PMMA, such that the blends absorb
UV light below 275 nm, which is very harmful to human health
(for example, the skin and eyes are most sensitive to damage by
UV below 275 nm) and can be screened.

Thermogravimetric Analysis. Thermal stability of PMMA/SAN
blends was studied by thermogravimetric analyzer (TGA) in nitro-
gen atmosphere. TGA curves for the blends are given in Figure 4.
The thermal stability of the blends is higher than that of neat
PMMA. Thermal stability can be expressed in terms of parameters

Table IV. Relative Tensile Strength and Adhesion Parameters of PMMA
Rich Blends

like initial decomposition temperature (T;), where the sample starts
degradation, and maximum decomposition temperature (Tax),
where the rate of degradation is the fastest. T; and Ty, obtained
from the thermogram are given in Table II. From the thermograms
and table, it is clear that T; and T, increase with the increase in the
concentration of SAN in the blends and a maximum was obtained
for the neat SAN system. Table III, which shows the effect of blend
ratio on the weight percentage of the sample at seven selected tem-
peratures, gives a clear picture about extent of improvement in the
thermal stability achieved by the addition of SAN into PMMA.

For a better understanding of the thermal stability of the blends,
activation energy was calculated using the Horowitz-Metzger
equation given by

Infln(1-a)"']= E,08/RTmu (1)

where a is the decomposed fraction, E, is the activation energy
for decomposition, Ty, is the temperature at maximum rate of
weight loss, R is the universal gas constant, and 0 is given by T
— Tmax The E, is calculated from the slope of the plot of
In[ln(1-0) '] against 0. Figure 5 shows the Arrhenius plots for
the E, for the decomposition of PMMA and SAN in PMMA/
SAN blends. The effect of blend ratio on the E, of PMMA/SAN
blend is shown in Table II. E, of PMMA and SAN are found to
be 70.6 and 119.8 kJ mol ™", respectively. It is seen that addition
of SAN into PMMA increases the E, of blends. Since the blend
is homogeneous, we have only one E,. Attention should be paid
to the fact that an increase in E, indicates that more energy is

Table V. Relative Tensile Strength and Adhesion Parameters of SAN Rich
Blends

PMMA/SAN Blend oblop S S Kp PMMA/SAN Blend OblGp S S Kp
90/10 0.88 0.99 1.15 0.51 10/90 0.93 1.02 1.17 0.35
80/20 1.03 131 161 -0.08 20/80 1.09 1.34 1.62 -0.29
70/30 0.95 1.4 1.80 0.10 30/70 1.09 1.51 1.91 -0.21
60/40 0.93 1.61 213 0.13 40/60 131 2.10 2.4 -0.60
50/50 0.87 1.83 2.49 0.20 50/50 1.26 2.40 3.22 -0.42
Mean 0.93 1.42 1.82 0.18 Mean 1.14 1.68 2.14 -0.24
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online issue, which is available at wileyonlinelibrary.com.]

required for the major degradation step, which in turn implies
an improvement in thermal stability of the blends. Thus, it can
be concluded that as the amount of SAN in the blend increases,
the thermal stability also increases.

Tensile Properties. Tensile properties of the blends are shown
in Figure 6(a,b). It is observed that the tensile strength and
elongation at break decrease with the increase in the concentra-
tion of SAN in the blends, due to the inherent brittle nature of
the SAN phase. However, addition of SAN into the blends
increases the modulus. Among the various blends, 80/20 blends
possess the best properties, in terms of strength and elongation.

Theoretical Modeling. Theoretical analysis of tensile strength.
In order to understand the level of interaction between the
component polymers in PMMA/SAN blends, predictive models
were used to tensile strength data. These models include:

| 80/20 PMMA/SAN |

o | L[0.05wt% MWCNTs | MM
2 5

g .

£ | [ 0.1 wt%MWCNTs | WW\
: |

g

® || 0.5wt% MWCNTs | W

1720
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Figure 8. FTIR spectra of PMMA/SAN (80/20) blends and PMMA/SAN
(80/20)/MWCNTs composites. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Nielsen’s first power law model:

(1=dy)s (2)

Ob _
Op

Nielsen’s two-third power law model®:

Ob _ (1 _ 4 23\

op (1 1 ) S (3)
Nicolais-Narkis model**:

Sv_(,_ 2/3

o (1-K0,*) (4)

where o, and o, represent the tensile strength of the blend and
the major component of the blend, respectively, ¢, is the vol-
ume fraction of the minor phase, S and S’ are Nielsen’s parame-
ters in the first and two-third power law models, respectively,
and K, is an adhesion parameter. S and S’ account for the
weakness in the structure, brought about by the discontinuity

1104 I PMMA/SAN/ MWCNTSs composites

109

105

104

PMMA blend 0.05wit% 0.1wit%  0.5wi%

Tg of neat PMMA, blend and composites

1 wt%

Figure 9. Glass transition temperature (T,) of PMMA, PMMA/SAN (80/
20) blends, and PMMA/SAN (80/20)/MWCNTs composites.
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(c)

in stress transfer and generation of the stress concentration at
the interfaces in the case of blends. The values of S and S are
unity if there is no stress concentration effect. The value of K,
is 1.21 for spherical inclusions of the minor phase, having no
adhesions. Although these models are proposed for filled poly-
mer systems and are used in immiscible polymer blends to
inspect the level of interfacial adhesion in the absence of com-
patibilizer,”?® we apply these models in PMMA/SAN miscible
blends to get an idea about the extent of deviation resulting
from the miscible nature of the system. The values of relative
tensile strength (cy/cy), S, §', and K, are listed in Tables IV
and V. From the tables, it is obvious that the values of S and &
are greater than unity suggesting good adhesion between the
blend components. Further, the values of K, are too small or
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(d)
Figure 10. TEM images of PMMA/SAN(80/20)/MWCNTs composites (a) 0.05 wt % MWCNTs, (b) 0.1 wt % MWCNTs, (c) 0.5 wt % MWCNTSs, and (d)
1 wt % MWCNTs.

even negative indicating perfect adhesion between the blend
components.

Plots of relative tensile strength versus volume fraction of the
blends, predicted using the three models, are presented in
Figure 7. From Figure 7(a), it is obvious that in all the blends,
where PMMA forms the major phase, the experimental data are
far away from that predicted by the models. In other words, the
experimental relative tensile strength values are far better than
those of the models. This means that there exists strong interac-
tions between the blend components or the blends are com-
pletely miscible. Note that in the present case, the miscibility is
not due to favorable interactions. Figure 7(b) shows that for
SAN rich blends also the experimental data are far better than
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Figure 11. Ultraviolet (a) absorbance and (b) transmittance spectra of
PMMA, SAN, PMMA/SAN (80/20) blends, and PMMA/SAN (80/20)/
MWCNTs composites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

those predicted by models. This means that when SAN forms
the matrix, there is greater adhesion between the two compo-
nents in the blend. Nielsen’s two-third power law model and
Nicolais-Narkis model deviate from the experimental results.
Nielsen’s first power law model suggests that there is good com-
patibility between the blend components only when the concen-
tration of SAN is <10% by weight. In short, these models failed
to explain the experimental data, mainly due to the completely
miscible nature of the component polymers.

PMMA/SAN (80/20)/MWCNTs Composites

FTIR Spectroscopy. FTIR studies were performed to detect any
possible interactions between MWCNTs and polymers. We
observed no significant change in the characteristics peaks of
various groups obtained for the composites (Figure 8) and
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PMMA/SAN blends (Figure 1). This means that the presence of
MWCNTs in the blends has no impact on the miscibility of
PMMA/SAN blends. This is not unexpected as the driving force
for the miscibility of the blends is the ‘copolymer repulsion
effect’ and not any specific exothermic interactions, which give
rise to a negative enthalpy of mixing.

Differential Scanning Calorimetry. The T, values for various
composite systems are given in Figure 9. The presence of
MWCNTs, up to 0.1% by weight in the blends, increases the T,
of PMMA/SAN blends by 5 °C (from 104 to 109 °C). This does
not mean that there is strong interaction between the blends
and MWCNTs, which was already ruled out by FTIR studies.
Note that the glass transition process is related to the molecular

> N
z w0l ——PMMA \‘
7 - — 80/20blends &es
- = - -80/20 + 0.05 MWCNTs \ !
—-=80/20 + 0.1 MWCNTs \\
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Figure 12. (a) Thermogravimetric curves of PMMA, PMMA/SAN (80/20)
blends, and PMMA/SAN (80/20)/MWCNTs composites. (b) Arrhenius
plots for the activation energy for the decomposition of PMMA, PMMA/
SAN (80/20) blends, and PMMA/SAN (80/20)/MWCNTs composites.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Table VL. T;, Tihay and E, of PMMA, PMMA/SAN (80/20) Blends, and PMMA/SAN (80/20)/MWCNTs Composites

Sample (T)) (C) Trmax (°C) E, (kJ/mol)
PMMA 338 370 70.6
80/20 blends 344 375 73.5
80/20 blends + 0.05 wt % MWCNTSs 859 379 74.2
80/20 blends + 0.1 wt % MWCNTs 353 384 86

80/20 blends + 0.5 wt % MWCNTs 356 385 82.7
80/20 blends +1 wt % MWCNTs 352 377 77.3

motion. Hence, molecular packing, chain rigidity, entangle-
ments, and linearity affect the T,. Increase in T, of the compo-
sites in comparison to that of neat blend may be attributed to
the adhesion between the blends and the MWCNTs, where the
nanometer sized MWCNTs can slightly restrict the segmental
motion of PMMA/SAN polymer chains. However, beyond 0.1%
by weight of MWCNTs, the dispersion may be poor due to
weak van der Waals force of attraction between the CNTs,
which eventually leads to their agglomeration and deterioration
of properties of composites.

The High-Resolution Transmission FElectron Microscope
(HRTEM) Images. TEM images of composites are shown in the
Figure 10. It is seen that for composites containing 0.05% by
weight of MWCNTs, the nanotubes are well dispersed in the
polymer matrix. However, as the concentration of MWCNTs in
the blend increases, MWCNTs tend to stick to each other, which
they love to do, due to van der Waals’ interactions, resulting
agglomeration.

UV Absorbance and Transmittance. From Figure 11(a,b), it is
seen that MWCNTs effectively filter the UV radiations. Even at
lower concentration of MWCNTs (for example, at 0.05 wt % of
MWCNTs), the composites could effectively screen the high-
energy UV radiations. Note that PMMA/SAN/0.05 wt % of
MWCNT composites possess greater UV absorbance than neat
SAN, even beyond 300 nm. This, in turn, indicates that nano-
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tubes are well dispersed in the polymer matrix. It is worth
emphasizing that the percentage transmittance of UV radiation
through the composites decreases from 80 to 40% with the
addition of 0.05% by weight of MWCNTS. Presence of 0.1% by
weight of MWCNTs in the composites further reduces the per-
centage transmittance. Although at higher concentrations of the
filler (for example, at 1% by weight of MWCNTs), the percent-
age transmittance of UV radiations through the composites
decreases to zero for the entire UV range in the spectrum, and
the transparency of the sample is diminished. Previous studies
have shown that nanoparticles strongly absorb UV — VIS radia-
tions®” and reduce the transmittance properties of composites
as they act as strong scattering centers’®” The percentage
reduction of transmittance with the addition of nanoparticles
may be attributed to the formation of small crystalline
domains.”® In short, PMMA/SAN/MWCNTs composite, with
even 0.05 wt % of finely dispersed and well distributed
MWCNTS, can effectively shield UV radiations and act as excel-
lent light screen and UV absorber. Thus, it is concluded
PMMA/SAN/MWCNTs composites can provide excellent pro-
tection against most extreme climatic conditions and will be
cost effective for making lightweight UV shields.

Thermogravimetric Analysis. T;, Ty and E, obtained from
the thermograms of the composites (Figure 12) are shown in
Table VI. From the table, it is obvious that the thermal stability
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Figure 13. Tensile properties of the PMMA/SAN/MWCNTs composites (a) tensile strength and elongation at break (b) tensile modulus.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

43628 (9 of 11)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43628

Applied Polymer L


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

of the composites increases in the presence of MWCNTs. In our
previous publications, we reported that incorporation of nano-
fillers only marginally improve the thermal stability of immisci-
ble and incompatible multiphase systems.*>*' However, in the
present case, a considerable enhancement in thermal stability is
observed by the addition of even 0.1% by weight of MWCNTs.
T; and T,y increase by 9 °C, whereas E, by ca. 15%. The signif-
icant improvement in thermal stability may be due to the finely
dispersed and uniformly distributed nanoparticles in miscible
systems. However, in immiscible systems, nanoparticles prefer
to stay at the interface or may preferentially be dispersed in one
of the phases. It is important to note that at higher concentra-
tions of MWCNTs viz. 0.5 and 1% by weight of MWCNT;,
there is marginal decrease in the thermal stability. This may be
attributed to the increase in rate of agglomeration of nanopar-
ticles at high concentrations.

Tensile Properties. Figure 13 shows mechanical properties of
various MWCNTs reinforced composites. Tensile strength and
modulus increase on the addition of MWCNTs. Tensile strength
is maximum for composites containing only 0.05% by weight of
MWCNTS, while Young’s modulus is maximum for composites
with 0.1% by weight of MWCNTs. Elongation at break, on the
other hand decreases with increase in concentration of
MWCNTs. From the FTIR spectra, it is clear that there are no
favorable specific interactions between polymer matrix and
MWCNTs. Hence, the increase in tensile strength and modulus
may be attributed to the reinforcing effect of MWCNTs on the
matrix, due to the interfacial adhesion between polymer matrix
and nanofillers. Various researchers reported on the mechanical
properties of polymer nanocomposites reinforced with CNTs
and have shown that CNTs are excellent reinforcing agents for
polymer matrices.*>™*® Spitalsky et al.** extensively reviewed the
mechanical properties of CNT based polymer nanocomposites.
Effects of addition of various types of CNTs on the mechanical
properties of the epoxy matrix have been reviewed by Domun
et al.”> However, many of the studies revealed that incorpora-
tion of high filler loading might diminish mechanical proper-
ties, due to particle agglomeration.*”*® However, upon
increasing the concentration of MWCNTs, tensile properties
decrease due to agglomeration of MWCNTTs.

CONCLUSIONS

This article is devoted to investigate the miscibility, UV absorb-
ance, thermal degradation, and tensile properties of PMMA/
SAN blends and their composites with MWCNTs. FTIR studies
revealed that the miscibility of PMMA/SAN blends is not due
to favorable specific interactions between PMMA and SAN
polymer chains and supported the widely accepted ‘copolymer
repulsion mechanism. MWCNTs acted as excellent nanofillers
for PMMA/SAN system as their addition remarkably reduced
UV transmittance, improved thermal stability, and modulus of
PMMA/SAN blends. The glass transition temperatures (T,’s) of
PMMA and SAN are so close that DSC analysis could not dis-
tinguish the T,’s of individual polymers. The presence of
MWCNTs marginally increased the T, of the blends. UV absorp-
tion and transmission spectra disclosed that PMMA/SAN blends
have higher shielding efficiency than the neat PMMA and the
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presence of SAN reduced transmittance of UV radiations. It was
observed that incorporation of MWCNTs could effectively filter
UV radiations because the finely dispersed and uniformly dis-
tributed MWCNTS in the composites could effectively shield the
high-energy UV radiations. High-resolution TEM images
revealed that MWCNTs are well dispersed in polymer matrix
only at very low concentration of the filler and higher concen-
trations of the filler facilitate the agglomeration of CNTs. It was
also found that the addition of SAN into PMMA significantly
improved the thermal stability of the blends and the presence of
0.1% by weight of MWCNTs appreciably enhanced the thermal
stability of the systems. At high filler concentrations (>0.1% by
weight), a marginal decrement in thermal stability is observed
due to the agglomeration of nanofillers. In addition, the pres-
ence of MWCNTs at very low concentrations reinforced
PMMA/SAN system, in terms of tensile strength and modulus.
In short, PMMA/SAN/MWCNTs composites can act as an excel-
lent light screens and may be useful as ultraviolet (UV) shields
in outdoor applications, including automotive applications as
they exhibit good strength and modulus coupled with excellent
thermal stability.
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