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ABSTRACT: The effects of silver (Ag) nanoparticles on
the physical properties of syndiotactic PP (sPP) were inves-
tigated concentrating on the isothermal melt crystallization
behavior under shear. sPP with 5 wt % Ag nanoparticles
presented higher crystallization temperature (Tc) and heat
of crystallization (DHc) than pure sPP. At 908C, the Ag
nanoparticles had little effect on the induction time of crys-
tallization but a little increased the half-time (t1/2) for the
crystallization. At 1008C, however, the induction time was
decreased with increasing the Ag content and the t1/2 was
decreased up to the Ag content of 0.5 wt %. DSC melting
endotherms exhibited double melting peaks when crystal-

lized at 908C under shear but a single melting peak when
crystallized at 1008C. The WAXD patterns exhibited that the
presence of Ag nanoparticles did not produce any change
in the crystal structure of sPP. The tensile strength of sPP is
little changed up to the Ag content of 0.1 wt % but it was
decreased with further addition. In addition, the introduc-
tion of less than 0.1 wt % Ag increased the elongation at
break, but further addition decreased it abruptly. � 2008
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INTRODUCTION

Organic–inorganic hybrids are widely used because
the functionalities of inorganic materials can be com-
bined with the organic polymer.1,2 Recently, thanks
to the feasibility of the preparation of nanoscale filler
its application to polymer matrix attracts great inter-
est. The nanocomposites exhibit the outstanding
advantages derived from nanoscale phenomena such
as excellent processing properties, lower thermal
expansion coefficient, higher swelling resistance, and
gas permeability even at very low loading level.3–7

The presence of nanoparticles can modify the crys-
tallization and melting behavior of polymeric materi-
als. Further, the final properties of the inorganic
filled polymer composites are seriously dependent
on the thermal or shear histories which are imposed
under processing because they affect the resultant
morphology of the composites.8 Thus, it is of great
technological importance in all fabrication processes
such as injection molding, extrusion, fiber spinning,
and film blowing, to understand the effects of shear
on the nucleation and crystallization processes
because this offers a critical clue to optimize process-

ing conditions and to improve the performance of
final products.9–12 In case of nanoscale particle filled
polymeric systems, their characteristic features are
not well understood. This is attributed to the unusu-
ally large specific surface area of the nanoparticles
that strongly affects crystallization behavior and
macroscopic properties of the base polymer, even at
very low loading level. However, only a limited
number of research works has been carried out on
the crystallization behavior of the nanocomposites
under shear which is related to the engineering
application.

Syndiotactic PP (sPP) is claimed to have higher
levels of transparency, heat resistance, and low tem-
perature toughness in comparison with isotactic PP
(iPP).13 The stereostructure of a polymer chain often
significantly affects the physical properties of the
polymer together with molecular weight and chemi-
cal composition. Recently, many research on the
nanocomposites based on the sPP are carried out.14–17

Inclusion of Ag nanoparticles is expected to impart
bacterial killing and electromagnetic shielding
properties to sPP. In this study, sPP/Ag nanocom-
posites were prepared by melt mixing and the
effect of Ag nanoparticles on the physical proper-
ties were discussed focusing on the isothermal melt
crystallization behavior under shear and resultant
morphology.
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EXPERIMENTAL

Materials

Syndiotactic polypropylene (sPP: number average
molecular weight 5 17,400), were purchased from
Aldrichs. In addition, a round-shaped silver (Ag)
nanoparticle (average size 5 46.2 nm, standard devi-
ation 5 6.45) was supplied by NP-Tech (Korea). The
sPP was vacuum dried at 608C for 24 h before melt
mixing with Ag nanoparticles. The sPP and Ag
nanoparticles were premixed by tumbling and then
melt-compounded in an internal mixer (Haake Rheo-
mix 600) for 5 min at 1908C at a rotor speed of
60 rpm. The loading levels (X) of the nanocompo-
sites were 0.01, 0.1, 0.5, 1, and 5 wt %, and they
were coded sPP-X.

Dynamic crystallization and physical properties

Field emission scanning electron microscopic
(FESEM; JEOL, JSM-6340F) experiment was carried
out on the surface of the nanocomposites in a sheet
formed by compression molding.

The rheological properties of the nanocomposites
were investigated by a rotational rheometer
(Advanced Rheometric Expansion System (ARES);
Rheometric Scientific, Inc.) in an oscillatory mode.
Parallel plate geometry with a diameter of 25 mm
was employed. The plate gap and strain level were
1 mm and 5%, respectively. The specimen was
melted at 1508C between plates and then kept for
5 min at the temperature in nitrogen atmosphere to
remove residual stress. For time sweep measurement
the given shear rates of 1 and 5 rad/s were applied
immediately after quenching from 1508C to the prede-
termined crystallization temperatures, 90 and 1008C.

Wide angle X-ray diffraction (WAXD) experiments
were carried out by Rigaku Denki (D/MAX-2000)
with Nickel filtered CuKa radiation of 40 kV and
100 mA. Scanning was carried out on the equator in
the 2y range from 5 to 808 at a scan speed of
58/min.

Differential scanning calorimetry (DSC) measure-
ment was carried out by DSC 2010 (TA Instruments,
Dupont). The sPP/Ag nanocomposites were held at
1508C for 5 min to eliminate the effect of thermal
history, and the cooling scan was obtained at the
cooling rate of 10 K/min. The heating scan was also
obtained for the specimen isothermally crystallized
under shear at a heating rate of 10 K/min in nitro-
gen atmosphere.

Thermal gravimetric analysis (TGA) was carried
out by SDT2960 (TA Instruments, Dupont). Samples
were heated to 8008C at a heating rate of 10 K/min
in a nitrogen atmosphere.

The mechanical properties of the samples were
measured by Instron tensile tester model 4465 at

room temperature using dog bone-shaped specimens
(ASTM D638 Type V). The gauge length and cross-
head speed were 25 mm and 10 mm/min, respec-
tively. Average values of 10 measurements were
taken as the data.

RESULTS AND DISCUSSION

Figure 1 presents FESEM image of the surface of the
sPP nanocomposite film with 5 wt % Ag. The Ag
nanoparticles are dispersed uniformly in the sPP
matrix although their small agglomerate is sparsely
observed.

The cooling scan thermograms of as-prepared
samples in Figure 2 show that sPP is a slowly crys-
tallizing polymer. The introduction of Ag nanopar-
ticles increases the crystallization temperature (Tc)
and heat of crystallization (DHc) with the loading
level. When comparing the parameters of pure sPP
to those of sPP-5, Tc and DHc are increased from 57.9
to 70.28C and from 23.1 to 27.2 J/g, respectively.
This suggests that the Ag nanoparticles induce heter-
ogeneous nucleation and increase the degree of crys-
tallization. In addition, the crystallization peak
becomes sharp with increasing the Ag content. This
indicates that uniform size of crystal is formed by
the presence of Ag nanoparticles.

Figure 3 exhibits TGA thermograms of sPP and
sPP/Ag nanocomposites. Introducing the Ag nano-
particles increases the thermal stability of sPP with
Ag content. When comparing the T0.1 of the samples,
the temperature required for 10% degradation, sPP-5
shows higher T0.1 than sPP by 258C. This is likely to
be a result of the shielding effect of Ag through the
physical association between the nanoparticles and
the polymer chains, impeding the out-diffusion of
volatile by-products generated during polymer deg-
radation.18,19 In addition, in the derivative TGA

Figure 1 FESEM images of the surface of sPP-5 sheet.
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curve, a temperature (Tmax), where the highest
weight reduction occurs, is also increased from 441.6
to 450.18C with increasing the Ag content. It is worth
noting that all samples display a single peak in the

curve. This indicates that the Ag loading has little
influence on the degradation step of sPP.

Figure 4 shows the variation of storage modulus
(G0) with time for sPP and sPP/Ag nanocomposites
at 1 and 5 rad/s at 90 and 1008C. In rheological prin-

Figure 2 DSC cooling scan thermograms of as-prepared
samples.

Figure 3 TGA thermograms of sPP and sPP/Ag nano-
composites.

Figure 4 Variation of G0 with time at (a) 908C and x 5 1 rad/s, at (b) 908C and x 5 5 rad/s, at (c) 1008C and x 5 1
rad/s, and at (d) 1008C and x 5 5 rad/s.
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ciple, the isothermal crystallization behavior under
shear can be evaluated by tracking G0 with time at a
given temperature. G0 increases monotonously with
time at the early stage of experiment, which is
referred to as an induction time for crystallization.
Then an abrupt increase of G0 is followed in a
minute due to the formation of crystallites.20,21 With
crystallite growth the homogeneous melt changes to
the heterogeneous suspension and G0 is increased
with time.22 In the G0-time curve, the level-off of G0

is regarded as an equilibrium state. In general, time
to reach the equilibrium is equivalent to the overall
crystallization time. This G0 versus time data can be
normalized to give a relative crystallinity function of
time, from which the half-time for crystallization (t1/2)
is determined. The induction time and t1/2 obtained
from the plot are summarized in Table I. At the crys-
tallization temperature of 908C, the Ag nanoparticles
have little effect on the induction time indicating
that the nucleation activity is weak at a low crystalli-
zation temperature. However, at 1008C the induction
time is decreased with increasing the Ag content. At
relatively high crystallization temperature, less
favorable conditions for nucleation, the role of the
nanoparticle acting as a nucleating agent is more
effective leading to a decreased induction time with
increasing the Ag content. At 908C the Ag nanopar-
ticles a little increase the t1/2 of sPP. On the other
hand, the t1/2 is decreased up to the Ag content of

0.5 wt % at 1008C. However, further introduction
retards the crystallization with increasing the Ag
content. This suggests that the Ag nanoparticles play
a role in hindering the motion of polymer chain. The
decelerated crystallization behavior with the Ag
loading at 908C is ascribed to a lower mobility of
polymer chain than at 1008C. The rate of crystalliza-
tion of polymers is determined from a concurrent
nucleation and growth processes, with nucleation
being the dominant factor with nearing melting tem-
perature. At a high loading level, however, Ag nano-
particles remarkably retard the growth of crystallites
leading to an increase of t1/2. In addition, the pro-
moting effect of shearing on the crystallization
behavior is notably observed at 1008C. As well
known the crystallization rate is greatly determined
by uncoiling of the chains. Since the extent of disen-
tanglement and orientation, which is the very rate
determining step in the crystallization of polymers,
is increased with shear rate shearing accelerates the
crystallization. The initial value of G0 is increased
with an applied frequency. In the early stages, just
after being cooled to the crystallization temperature,
the polymer is present in the melt state. At the start
of the time-sweep measurements, the higher fre-
quency exerts a higher torque. Thus, the initial value
of G0 is higher at higher frequency.

According to the WAXD diffractograms of the
above-mentioned samples in Figure 5, the character-
istic crystalline peaks are present at the scattering
angle, 2y 5 12.0, 16.0, 20.5, and 24.4, corresponding
to the reflection planes of sPP at (200), (010), (111),
and (400), respectively. In addition, the diffraction
peaks at 2y 5 37.98, 44.08, 64.18, and 77.28, which get
more prominent with increasing the Ag content, rep-
resent (111), (200), (220), and (311) planes of Ag,
respectively. The WAXD patterns show that Ag
nanoparticles do not produce any new diffraction
peaks and peak shift indicating that there is no for-
mation of new crystal structure in the interface.
However, the intensity of crystalline peak associated
with sPP is decreased abruptly at the Ag content as
high as 5 wt % because of a great reduction of sPP
amount on the surface of the nanocomposites. In
addition, the shearing level and crystallization tem-
perature have little effect on the crystal structure.

Figure 6 presents DSC thermograms of sPP and
sPP/Ag nanocomposites isothermally crystallized at
the same conditions as given in Figure 4. They ex-
hibit a double melting behavior in the vicinity of 121
(Tm1) and 1298C (Tm2) when crystallized at 908C. Tm1

is attributed to the melting of primary crystallites
formed at the isothermal temperature and Tm2 corre-
sponds to the melting of crystallites produced by
melt-recrystallization.23 On the contrary, the samples
crystallized at 1008C give a single Tm at 1268C,
resulting from the melting of primary crystallites.

TABLE I
Induction Time and Half Time of Crystallization (t1/2)
Data Determined from the G0 Versus Time Curves

Temperature
and frequency Sample

Induction
time (s) t1/2 (s)

908C, 1 rad/s sPP 205 157
sPP-0.01 204 156
sPP-0.1 203 162
sPP-0.5 197 158
sPP-1 205 159
sPP-5 198 176

908C, 5 rad/s sPP 192 143
sPP-0.01 190 150
sPP-0.1 194 167
sPP-0.5 190 162
sPP-1 197 169
sPP-5 192 186

1008C, 1 rad/s sPP 523 1101
sPP-0.01 525 1052
sPP-0.1 515 884
sPP-0.5 437 784
sPP-1 426 864
sPP-5 425 1180

1008C, 5 rad/s sPP 495 1021
sPP-0.01 487 967
sPP-0.1 430 774
sPP-0.5 426 730
sPP-1 413 812
sPP-5 413 1075
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The 58C higher melting peak associated with the pri-
mary crystallites at 1008C than 908C is indicative of
the formation of larger crystallite because less nucle-
ation site exists. In addition, the absence of the peak
for the recrystallization at 1008C suggests that more
stable crystallites are formed at the higher isothermal
crystallization. Shearing level has little influence on
the melting behavior of the nanocomposites, which
agrees well with the WAXD data.

The stress–strain curves of sPP and sPP/Ag nano-
composites are shown in Figure 7. The samples
exhibit a yield behavior and then the upturn to a
high stress. The incorporation of Ag nanoparticles
decreases the ductile properties of sPP. This indi-
cates that the nanocomposites become brittle with
increasing Ag content because of the stress concen-
tration effect of the nanoparticles. Tensile strength is
little changed up to the Ag content of 0.1 wt %, but
further addition decreases it from 28.8 to 20.5 MPa
with increasing the Ag content. An increased hetero-

Figure 5 WAXD profiles of sPP and sPP/Ag nanocompo-
sites crystallized at (a) 908C and x 5 1 rad/s, and at (b)
1008C and x 5 5 rad/s.

Figure 6 Heating scan thermograms of sPP and sPP/Ag
nanocomposites crystallized at (a) 908C and x 5 1 rad/s,
and at (b) 1008C and x 5 5 rad/s.

Figure 7 Stress–strain curve of sPP and sPP/Ag nano-
composites.
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geneity in the sPP matrix with Ag content is more
likely to introduce premature flaws, raising localized
stress before fracture. Thus, the fracture resistance is
decreased progressively with increasing the Ag con-
tent. The loading of less than 0.1 wt % Ag increases
the elongation at break from 528.0 to 553.8%, but fur-
ther addition decreases it abruptly. The Ag nanopar-
ticles play a role in stopping crack growth at a low
Ag content. However, at a high loading level, there
exists some polymer chain entrapped by the Ag
nanoparticles, which is immobilized and cannot
deform as part of the matrix. This less deformable
matrix results in a decrease of elongation at break.
The significant reduction of elongation at break may
also result in low toughnable properties.

CONCLUSIONS

This work focuses on the isothermal melt crystalliza-
tion behavior under shear of sPP/Ag nanocompo-
sites and their resultant morphology. The Ag nano-
particles promote the crystallization behavior leading
to a high crystallization temperature and a short
time to complete the crystallization. sPP needs a
long processing time because sPP is a very slowly
crystallizing polymer. Thus, the introduction of the
Ag nanoparticles may be of great help to overcome
the weak point of sPP in the processing. In addition,
the Ag nanoparticles improve the thermal stability of
sPP by showing a high degradation temperature
with increasing the Ag content.

At an isothermal crystallization temperature of
908C, Ag nanoparticles retard the crystallization a lit-
tle. However, they promote the crystallization behav-
ior up to 0.5 wt % loading at 1008C, but further
addition increases the half-time for crystallization
time with Ag content. This suggests that the Ag
nanoparticles in the matrix not only act as a nucleat-
ing agent but also reduce the chain mobility. Poly-
mer crystallization is determined from concurrent

nucleation and growth processes. In other words,
the competition between these two conflicting roles
of the nanoparticles determines overall crystalliza-
tion behavior of the composites. Thus, both roles
should be in good harmony for favorable conditions
of the crystallization.
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