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Abstract Particulate composite materials (PCM) consist-
ing of a matrix reinforced by micro to nano-sized dispersed
phase are receiving the attention of designers as a promising
futuristic materials. This study unearths the thermal and
mechanical behavior of maleic anhydride grafted polypro-
pylene/silica (MA-g-PP/silica) composites for reinforcement
ranging from micro- to nano-size. The monodisperse silica
spherical particles were used in all the formulations of
composites. Further the volume fraction was kept the same in
all the compounded thermoplastic composites ranging from
100 nm to 130 pm in a co-rotating conical twin-screw
micro-compounder. The micrographs were obtained from
transmission electron microscopy (TEM) and the scanning
electron microscopy (SEM). The SEM and TEM results
revealed a good dispersion of the silica spheres within the
MA-g-PP matrix. The compounded composite materials
were injection molded to fabricate tensile test specimens
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(ASTM D638 type V) and tested for tensile properties. In
order to investigate the effect of particle size on crystallite
structure of the matrix, the composites were tested on dif-
ferential scanning calorimeter and X-ray diffraction
(WAXD). The thermal stability and degradation kinetics
were studied via thermogravimetric analysis. The results
show increase in crystallization rate, crystallinity percentage,
Young’s modulus, strength and thermal stability of MA-g-PP
by addition of the silica particles. Further it was observed that
the small-sized dispersed phase had better overall thermal
and mechanical behavior than its larger sized counterpart.

Keywords Silica sphere - DSC - TGA - XRD - DIC

Introduction

Particulate composites are materials which consist of, or
include particles that combine more than one physical phase
in a controlled fashion. These materials have the potential to
enable some of its properties and property combinations to
unprecedented extremes. Within the parameters affecting the
final properties of particulate composites, particle size is
known to be among the main factors [1-3]. It is reported in
the literature that the addition of filler particles to a matrix
could improve mechanical and thermal properties [4—6].
The thermo-physical properties of a composite are highly
affected by the change in reinforcement size of a composite
[7, 8]. Nanofillers can markedly improve the thermal, elec-
trical, and mechanical properties of a polymer composite,
such as the strength, modulus, and dimensional stability, as
compared with microfillers [9-11]. However, unlike mi-
crofillers that usually cause the glass transition temperature
(T,) of a polymer to increase [12—-14], the effect of nanofillers
on the T, of the polymer matrix is found to be inconsistent.
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Although the T, of the polymer can be increased by nanof-
illers as shown in some cases [15-17], T, decreases [18-20]
with no obvious change in T, [21], and an initial increase in
T, followed by a decrease in T, with a higher nanofiller
content has also been reported [22]; which indicates differ-
ence of opinions and that no consistent perception exists at
this moment. As T, is a very important property in deter-
mination of a polymer suitability for engineering applica-
tions, the difference in changes between T,’s caused by either
microfillers or nanofillers is worthy of deep investigation.

The present study reveals that the drastic improvement in
mechanical properties of MA-g-PP matrix is possible by the
incorporation of monodisperse spherical-silica particles
ranging from micro- to nano-scale sizes [23, 24]. Stiffness of
polymer composites can be readily improved by the addition
of micro- to nanoparticles since their stiffness is normally
superior to the stiffness of the polymer matrix [25-27].
Particle size has an obvious effect on these mechanical
properties. For example, smaller calcium carbonate particles
provide higher strength of filled polypropylene composites
at a given particle loading [28]. However, strength strongly
depends on the stress transfer between the particles and the
matrix. For example, the tensile strength of glass bead filled
polystyrene composites depends on the particle-matrix
adhesion and increases with it [25].

As revealed from the above literature, elaborative
research has been carried out on the aforementioned topics
but joint studies on the effect of particle size on the thermal
and mechanical properties together are not yet fully avail-
able. Most of the investigations have been focused on the
effect of particle size on either the thermal or mechanical
properties of composites in which size effect might be (in
very few cases) or might not be the only variable, i.e., there
is a combination of variables like material of both particle
and matrix, processing parameters, shape and size of parti-
cles, etc. The results of these investigations show the com-
bined effect of particle size and reinforcing parameters on
the overall properties [6]. Therefore, it is difficult to
understand the effect of size alone on the thermomechanical
properties of composites. This research study is focused
solely to understand the variation that occurs at various
thermal stages due to the change in particle size only by
keeping all other parameters constant (material of matrix
and particles, shape, processing parameters, etc.) that would
later affect the mechanical properties of these composites.

Experimental
Materials

The silica micro- and nanospheres (sphericity ~ 1.0) from
XL Sci-Tech, USA, in sizes of 100, 250, 750 nm and 4, 70
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and 130 pum were used as reinforcement for MA-g-PP
matrix. Figure 1 shows SEM microphotograph of 130 pum,
70 pm, 4 pm and 750 nm silica powders. Polypropylene
(PP) grafted maleic anhydride (MA-g-PP) and acid func-
tionality with the trade name of OPTIM® P-406 obtained
from M/s. Pluss Polymers, India were used as the matrix
for the composite. The MFR of polymer was measured to
be 40 g/10 min (2.16 kg, 190 °C). The bulk density of
polymer was 0.91 g/cc and crystalline melting point was
found to be 154.7 °C by DSC.

An equal volume fraction of 0.03 of particle reinforce-
ment was selected for all the MA-g-PP/silica composites to
see its size effect. In the dry blending, the calculated
amounts of MA-g-PP and silica sphere particles were mixed
together in a manual tumbler and then dried for 8 h in a
vacuum oven at 70 °C temperature and 50 mmHg vacuum
to remove moisture before feeding to the compounder.
Composite compositions are summarized in Table 1.

Melt compounding

A co-rotating conical twin-screw micro-compounder (with
internal melt recirculation for batch processing), from M/s.
DSM Research, The Netherlands, model 5 mL, was used for
the compounding of various compositions of MA-g-PP/sil-
ica composites at the screw RPM of 130 and barrel tem-
perature of 190 °C for 10 min under nitrogen atmosphere.

Injection molding

The tensile test specimens (ASTM 638, type-5) were
molded by microinjection molding system of M/s, Thermo
Electron Corp., Germany, Model Haake MiniJet. The
processing parameters were as follows:

Melt temperature 200 °C
Injection pressure 700 bar
Packing pressure 350 bar
Cooling time 12s

Characterization of composites

Among the various techniques of morphological charac-
terization of the polymer composite, transmission electron
microscopy (TEM) and scanning electron microscopy
(SEM) have been used. The samples for TEM were mi-
crotomed using ultramicrotome (Leica, USA), having
100 nm thickness, stained with uranyl acetate for 15 min
and lead citrate for 5 min and fixed onto a copper grid of
3.05 mm. The samples were scanned on TEM (Jeol, Japan,
model-2100F). The TEM micrograph, at 200 kV, of MS
100 nm is shown in Fig. 2. The samples were cryogeni-
cally fractured in liquid nitrogen for SEM study, then gold
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Fig. 1 SEM microphotographs of a 130 um, b 70 pm, ¢ 4 um and d 750 nm silica powder

Table 1 Composition of the composites

Designation Composite composition
Matrix Particle volume Particle size
fraction (%)
MA-g-PP MA-g-PP 0 -
MS 130p MA-g-PP 3 130 um
MS 70p MA-g-PP 3 70 pm
MS 4pn MA-g-PP 3 4 pm
MS 750 nm MA-g-PP 3 750 nm
MS 250 nm MA-g-PP 3 250 nm
MS 100 nm MA-g-PP 3 100 nm

coated and analyzed using scanning electron microscope
(Carl Zeiss AG, model: EVO® 50 Series). The SEM
micrographs are shown in Fig. 3. It can be observed that a

good dispersion of silica particles has been achieved within
the MA-g-PP matrix.

Thermal characterization
Differential scanning calorimetry (DSC)

The DSC was used to investigate the crystallization and
melting behavior of the prepared composites. The DSC scans
were recorded using a Perkin Elmer Pyris 7 calorimeter. Bits
of test samples, weighing 6 £+ 2 mg, were heated to 180 °C
at a rate of 20 °C/min and kept for 3 min to remove the
thermal history. Afterward, the samples were cooled down to
40 °C at a cooling rate of 10 °C/min, and heated again to
180 °C at the rate of 10 °C/min. This experiment was per-
formed for each sample of composite. The second heating
scans were used to study the crystallization since first heating
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was done to remove the thermal history from the material.
The exothermic and endothermic peaks were termed as
crystallization temperature (7.y,) and melting endothermic
temperature, T,,. The area of crystallization and melting
peaks are used to calculate the crystallization enthalpy (AH,)
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and the heat of fusion (AHy), respectively. The summary of
the cooling and the heating scans for DSC can be observed in
Tables 2 and 3, respectively. The maximum temperature
limits for the heating scan were chosen based on the melting
range of the following equation [29];

AH; )
X, = % 100 1
(AH 100W m

Where AH; is the heat of fusion, AH g is the heat of
fusion for 100 % crystalline PP (AH oy of MA-g-PP was
not available) and w is the mass fraction for matrix in the
composites. The heat of fusion of 100 % crystalline PP is
taken as 207 J/g [30].

Thermogravimetric analysis (TGA)

Thermal stability of MA-g-PP/silica composites (particles
size ranging from micro- to nanometer levels) was deter-
mined by recording TG/DTG traces in an inert (nitrogen)
atmosphere. Perkin Elmer Pyris 6 having TG module was
used for this purpose. The dynamic scans were run from
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Table 2 Results of cooling scans recorded from the DSC graph

Material Texo Ts AHL (J/g) Tszexo Si (tan o)
MA-g-PP 114.88 118.27 92.251  3.39 78 (4.7)
MS 130p 11533 119.47  98.15 4.14 85.2 (11.9)
MS 70p 116.1 12033 99.44 4.23 86.1 (14.66)
MS 4p 116.33 120.7 101.8 4.37 86.31 (15.5)
MS 750 nm 116.44 120.82 104.5 4.38 86.6 (16.8)
MS 250 nm 118.5 12298 103.3 4.48 86.8 (17.8)
MS 100 nm 119.1  125.04 108.8 5.94 86.9 (18.34)
Table 3 DSC melting scans data of composites

Material T Tom AH; (J/g)
MA-g-PP 157.74 152.85 63.833
MS 130n 159.38 153.94 99.43
MS 70pn 159.36 153.67 101.6
MS 4p 159.84 153.62 102.2
MS 750 nm 159.91 153.81 104

MS 250 nm 160.06 153.34 106.7
MS 100 nm 160.63 154.11 106.2

room temperature to 700 °C at a heating rate of 20 °C/min.
The average weight of tested TGA samples used in each
experiment was 9 &+ 2 mg. It is already defined in the lit-
erature that the residual weight measured during the TGA
test can be converted to the corresponding value of per-
centage of the residual weight fraction, [w(%) = 100 * (w/
Wo)], where w, is the mass of the sample at each temperature
and wy is the initial mass of the sample. The derivative
curves (DTG) were obtained to compare the weight loss rate
in the entire range of the temperature. The temperature at
which the slope of the weight vs. temperature curve starts to
decrease was noted as the temperature of the degradation
initiation (TDI) [7]. The TGA and DTG thermographs of the
composite samples are shown in Fig. 4. Thermal degrada-
tion parameters of TGA are summarized in Table 4.

Wide angle X-ray scattering (WAXS)

X-ray diffractograms [scan range (20) = 10°-80°, scan
speed: 2.0° min~'] of the composite samples were obtained
with a PANalytical X-ray diffractometer having an X-ray
tube producing monochromatic Cu-Ko radiation. The MA-
g-PP and composite sheets were mounted onto sample
stage to record the diffraction patterns and crystallinity
index. The sample stage was mounted on horizontal axis
and the diffracted beam optics and the detector was
mounted onto 20 axis. The diffractograms are shown in
Fig. 5. D spacing and peak intensity obtained from XRD
diffractograms are shown in Tables 5 and 6, respectively.

The crystallinity percentage index was estimated using
Eq. 2 (Table 7):

(2)

Crystalline A
% Crystalinity — (y—) « 100,

Total Area

Mechanical characterization

Digital image correlation (DIC) was used to minimize
strain measurement errors during tensile testing (non-con-
tact strain reading) and to have a global perspective of the
strain distribution within the tensile sample. The latter
provided a check for macroscopic homogeneity of the
sample, to confirm the testing which corresponds to pure
uniaxial tension. The samples were first painted white by a
normal spray and then black dots were put on them by a
pneumatic painter. Uniaxial tensile test was performed on a
Universal Material Tester (CETR, USA) at a speed of
0.01 mm per second. A 5-mega pixel camera with strain
measurement resolution of 25 microstrains was used to
capture the strain field during the test. The scale used for
correlation was 2.8 pm per pixel. The displacement field
was differentiated to obtain the Green—Lagrange strains.
Figure 6a shows DIC setup synchronized with the tensile
testing machine. Figure 6b shows painted ASTM-638
tensile sample fixed onto the UMT machine.

Results and discussion
Effect of particle size on melting behavior of composite

In order to systematically investigate the effect of particle
size on the melting behavior of MA-g-PP composites, the
DSC heating scans were obtained after cooling under
controlled conditions. Figure 7 shows DSC thermograms
of MA-g-PP/silica composites and neat MA-g-PP matrix.
In all the samples, a change in the endothermic transition
peak was observed due to different melting behaviors of
composite materials, which may be because of the forma-
tion of different crystal structures during cooling. The
heating scans are characterized by observing the endo-
thermic peak temperature (7},), onset of melting tempera-
ture (T,,,) and heat of fusion (AH;) calculated from the area
under the endothermic transition. The results of heating
scans are summarized in Table 4. There is no change in the
starting (at a much lower temperature) and ending of
melting endothermogram. There was a marginal increase in
the onset of melting temperature of MA-g-PP by intro-
ducing the particles in it to form the composite. Further
samples with smaller particle size had higher onset tem-
perature. The endothermic peak temperature was highest
for MS 100 nm indicating possession of higher crystallinity
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Fig. 4 a TGA and b DTG ( A) (B)
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Table 4 Thermal degradation parameters determined by TGA of the
MA-g-PP/silica composite

Material Char Step End Onset
yield inflection temperature temperature
(%) point (°C)  (°C) O

MA-g-PP 0.182  440.28 488.55 410.23

MS 130pm 3.80 442.89 456.15 430.31

MS 70pm 3.90 468.75 485.71 432.08

MS 4pm 4.24 469.03 482.39 438.37

MS 750 nm  4.41 471.42 484.94 442.7

MS 250 nm  4.75 472.42 485.86 443.96

MS 100 nm  4.97 473.95 485.18 444.53

followed by MS 250 nm composites. Further, the endo-
thermic peak temperature was reduced in the smaller par-
ticle size sample as compared to the larger particle
samples. This was clearly observed when the composites
sample was subjected to a programmed cooling process
which led to the formation of bigger size crystals resulting
in the broadness of endothermic peak. The broad fusion
range observed in the DSC thermograms presents a wide
distribution of crystallite sizes of the MA-g-PP.

&8
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Effect of filler size on crystallization behavior

A typical DSC cooling scan showing the exothermic
transition and the observed characteristic temperatures are
shown in Fig. 8. The exothermic transition was character-
ized by virtue of the following characteristics; the quantity
(S)) is a slope of the initial arm (arbitrary units), (75) is an
extrapolated onset of exotherm, (7,,) is temperature of start
of exotherm, (T.y,) is temperature of crystallization, (7;)
is the temperature of completion of exotherm, and (7,—
Texo) 1s a measure of the overall rate of crystallization.

It was observed that the onset of exotherm (7) takes
place at higher temperatures in presence of the filler,
indicating a faster crystallization process. The various
quantities as evaluated from the crystallization exotherms
of these samples (Fig. 9) are given in Table 2. There was a
5 °C increase in the exothermic peaks of MA-g-PP to MS
100 nm composite samples.

As the particle size decreased in the composite, (T;—
Texo) increased, indicating increase in overall rate of
crystallization which corroborates the work of Modesti
et al. [31] in the samples with smaller particle size. The
higher ($;) value indicated the higher rate of nucleation.
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Fig. 5 XRD diffractograms of
MA-g-PP/silica composites of
different particle sizes
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Table 5 D spacing at different peaks from the XRD graphs
Material D spacing at different peaks

~15° ~17.5° ~19° ~22.5° ~26° ~29° ~44° ~51° ~73°
MA-g-PP 597 5.01 4.5921 3.922 3.40 3.0566 2.068 1.78 1.296
MS 130p 5917 5.018 4.562 3.909 3.396 3.049 2.066 1.7848 1.297
MS 70p 5.90 5 4.56 39 3.38 3.041 2.076 1.785 1.297
MS 4p 6 5.09 4.63 3.95 3.42 3.07 2.071 1.785 1.297
MS 750 nm 5.98 5.05 4.6 3.93 3.41 3.06 2.06 1.785 1.297
MS 250 nm 59 5.001 4.563 3.90 3.38 3.03 2.076 1.785 1.297
MS 100 nm 6 5.06 4.59 3.93 3.416 3.06 2.071 1.787 1.297
Table 6 Intensity of the peaks obtained from the XRD graph
Material Peak intensity at different angles Total intensity

~15 ~17.5 ~19 ~22.5 ~26 ~29 ~44 ~51 ~73

MA-g-PP 2,382.3 2,147 1,617.6 1,882.3 588.2 529.4 764.7 441.1 588 10,940.6
MS 130p 2,550.9 2,423.5 1,676.4 2,117.6 717.5 658.7 852.94 470.5 529.32 11,997.36
MS 70p 2,551.3 2,454.3 1,702.7 2,189 702 621.6 810 497 500 12,027.9
MS 4p 2,600 2,558.8 1,774.7 2,418.2 705.8 658.8 852.9 529.4 647 12,745.6
MS 750 nm 2,623.5 2,604.7 1,798.3 2,590 764.6 705.8 794 511 480.4 12,9323
MS 250 nm 2,729.4 2,670.5 1,805.8 2,647 794.1 647.05 764.7 441.17 499.9 12,999.62
MS 100 nm 2,731.6 2,647.5 1,861.9 2,635.8 778.4 623.7 786.9 431 501.2 12,998

The quantity (S;) increased with decrease in the particle
size indicating an increase in the rate of nucleation.

A high rate of nucleation might have caused the for-
mation of a large number of spherulites, which could not
grow to a large size due to a high rate of crystallization
(higher cooling rate). Thus, the samples with small parti-
cles contained a large number of small spherulites.

TGA

From Fig. 4, it can be observed that the degradation of
MA-g-PP/silica composites is a single stage process in the
temperature range of 350-500 °C, it is because of good
thermal stability of polypropylene and silica constituents
of the composites. The thermal degradation mechanism
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Table 7 X. (%) obtained from XRD

Material X. (%)
MA-g-PP 47.9431544
MS 130pn 60.2947159
MS 70p 60.8594411
MS 4p 60.958925
MS 750 nm 62.5902353
MS 250 nm 66.7220233
MS 100 nm 66.2547159

may involve a random chain scission at the weak links
along the polymer backbone that produces large amounts
of hydrocarbon products. The degradation depends on the
particle encapsulation and extent of interaction with
matrix as described by Kumar et al. [32] for fiber com-
posites. Enhanced thermal stability is commonly observed
when filler particles are well-dispersed into the polymer
matrix, as a result of hindered out-diffusion of the volatile
decomposition product and also of carbonaceous-silicate
char formation that acts as a physical barrier effect of
filler that hinders the diffusion of heat and degradation of
volatiles from the bulk [10, 11]. The thermal stability of
various composite formulations can be compared by onset
temperature shown in Table 4. The higher value of onset
temperature was an indication of the higher stability of
composites, which resulted in improvement in the thermal
stability of MA-g-PP by addition of the silica particles.
Further, the thermal stability increased when moving from
MS 130 pm down to MS 100 nm. This single step deg-
radation was confirmed by the observed single peak in the

Heat flow (mW)

— MS100nm3|
-12

130 140 150 160 170 180
Temperature (°C)

Fig. 7 DSC thermograms showing the effect of filler size on melting
behavior

Endo =— Heat flow —=EXO

Temperature (°C) ——

Fig. 8 Typical DSC thermograms showing the exothermic transition
and characteristic temperatures

Fig. 6 a DIC setup synchronized with the tensile testing machine and b painted tensile sample fixed onto the UMT grips
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Fig. 9 DSC thermograms of composites with different particle sizes
showing the exothermic transition

DTG traces. The char yield increased from 0.182 % in
MA-g-PP to 497 % in a MS 100 nm sample due to
increased interactions between the filler with the matrix
which were the result of larger surface area of smaller
silica particles.

X-ray diffraction

The X-ray diffractograms of MA-g-PP and its composites
are shown in Fig. 5. The peaks existed at about 9 angles.
The X-ray peak that appeared in the matrix was also
observed in the composites. The overall peak intensity as
compared to neat MA-g-PP was increased due to increase
in the trans-crystallinity as shown in Table 6. The peak
intensity is directly dependent on the distribution of
particular atoms in the structure and increase in peak
intensity suggests the structural perfection as Rousseaux
et al. [30].

There was a slight increase in the peak intensity moving
from MS 130 pm down to MS 250 nm. The higher peak
intensity indicated higher crystallization of melt during
cooling.

The relative decrease in intensity of peak in the MS
100 nm as compared to MS 250 nm could be due to slight
agglomeration of silica particles in MS 100 nm sample
which resulted in smaller crystalline area or it could be due
to the fact that the samples with small particles contained a
large number of small spherulites that were responsible for
the decrease in the overall crystallinity.

The values of the D spacing remained constant and
dependent only on the shape of unit cell, which did not
change on the addition of filler. The peak positions are
indicative of the crystal structure.

324

=i —
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¢ =
3tp

316

314 } }

312

Young's modulus (MPa)

0.1 1 10 100
Particle size in micron (log scale)

Fig. 10 Young’s modulus of composite samples of different particle
sizes

Young’s modulus

It has been mentioned in the literature that the change in
size of micron-scale particles does not have significant
influence on the composite modulus [25, 28, 29], whereas
in this study Young’s modulus of polymeric matrix (MA-g-
PP) increases by adding 130 um particles by 18 %. From
Fig. 10, it can be observed that the Young’s modulus of the
composite samples further increases slightly with reduction
of particle size from 130 pm to 100 nm.

Ultimate strength

The ultimate strength strongly depends on the stress transfer
between the particles and the matrix. For well-bonded
particles, the applied stress can be effectively transferred to
the particles from the matrix [33]. Strength of MA-g-PP
being 30 MPa does not improve by adding particles larger
than 1 micron samples (Fig. 11). The improvement can be
seen in composite samples containing particles of sizes less
than 1 pm. The increase may be attributed to hydrogen
bonding between the free hydroxyl groups present on the
silica particle’s surface and MA of the matrix while the
neutral effect in sizes above 1 pm samples could be due to
lack of free hydroxyl groups on its surface as compared to
smaller size particles. This proved that there was a good
interaction between the matrix and the particles of less than
I pm composite samples. Strength increases with the
increasing surface area of the filled particles through a more
efficient stress transfer mechanism. It is for this reason that
smaller particles having higher total surface area for a given
particle loading have higher value of strength.
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Ultimate tensile strength (MPa)

Fig.
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1000

11 Ultimate tensile strength of composite samples of different

particle sizes

Conclusion

Eﬁaﬁ

Composite samples of smaller particle size had a higher
value of S; (tano) indicating higher overall rate of
crystallization.

The results revealed that melting endotherm is com-
paratively unaffected by addition of dispersed phase
although a marginal increase in the melting onset
temperature was noticed for composites containing
smaller particle size of silica.

The thermal stability of matrix was increased by
incorporation of silica spheres. Further increase in
thermal stability was observed for smaller reinforce-
ment size.

The increasing trend of crystallinity of composite
material was observed for reduced size of dispersed
phase. The lowest crystallinity percentage, observed
from WAXD diffractograms, was seen for neat MA-g-
PP followed by 130 micron silica particle whereas the
highest value of crystallinity was obtained for a matrix
reinforced with 100 nm silica particles.

The Young’s modulus was found to be increasing with
the addition of the silica spherical particles and further
increases for the composites containing larger particle
size. This can be understood in the light of the fact that
dispersed silica phase is much stiffer than the thermo-
plastic counterpart. The modulus being a stiffness
parameter which governs by the size and amount of
dispersed phase whereas the strength depends upon the
size and shape of crystallites. It was also observed that
strength increases with reduction in particle size. This
is an indirect confirmation of the fact that smaller
particle size of dispersed phase leads to large number of
crystallites of smaller dimensions that provides better

@ Springer

transmission of internal stresses throughout the matrix
which exhibits higher strength-at-break.
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