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ABSTRACT: Thermal properties and crystallization behav-
ior of ultrafine fully-vulcanized powdered rubber (UFPR)
toughened polypropylene (PP) were studied by Differential
scanning calorimetry (DSC) and Wide angle X-ray diffraction
(WAXD) measurements. It was found that the fraction of b-
form in the PP crystal increased at first, then sharply deceased
up to zero with increasing UFPR content. This trend did not
rely on isothermal crystallization temperature. Moreover,
DSC measurements implied that UFPR particles addition

affected both isothermal and nonisothermal crystallization
behaviors, including the crystallization temperature and the
half-time of crystallization. Furthermore, WAXD test results
indicated that the addition of UFPR induced the orientation
of the crystallites more or less. VVC 2008 Wiley Periodicals, Inc. J
Appl Polym Sci 110: 1318–1323, 2008
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INTRODUCTION

Polypropylene (PP) is a widely used thermoplastic
due to its good process ability and low cost. How-
ever, PP is known to exhibit low notched impact re-
sistance, limiting its use. Rubber, elastomer as well as
rigid particle were successfully used to toughen PP
in the past decades.1–11 Recently, Qiao and coworkers
tried to use ultrafine fully-vulcanized powdered rub-
ber (UFPR) to toughen the PP and find a synergistic
toughening effect with the incorporation of styrene
butadiene styrene (SBS) elastomer.4,5 On the other
hand, PP exhibits three different crystallographic
forms, i.e., monoclinic a-form, pseudo hexagonal b-
form and orthorhombic c-form,12 respectively. The
latter two occurrences depend on the crystallization
conditions, usually as a minority component. Many
studies have been devoted to the b-crystal of PP or
particulate-filled-PP. Shi et al.14–16 and Varga et al.17–
19 reported the method for preparation of the b-crys-

tal of PP by using specific b-nucleating agents or
processing conditions. Yuan et al.13 found that the
incorporation of glass bead can affect the amount of
b-form in PP crystals. Tjong and Xu20 studied the
nonisothermal kinetic behavior of high purity b-PP
and carbonate-filler b-PP blends by DSC. The results
indicate that the crystallization temperature and crys-
tallization rate coeffecient of b-PP are considerably
higher than those of pure a-PP homopolymer, fur-
thermore the filler does not influence the mechanism
of nucleation or growth of the PP crystal. It is gener-
ally known that the properties of a polymer were
determined by the crystallization and its structure.
Therefore, crystallization behavior of PP and its blend
is an important topic in both polymer science and
engineering.
In the present study, UFPR was used to blend

with the PP. The purpose is to study the thermal
properties and crystallization behavior of UFPR
toughened PP.

EXPERIMENTAL

Materials

A commercially available grade of polypropylene
(PP), type 5004 produced by Liaoyang Petrochemical
Fiber (People’s Republic China) was used to study
the effects of filler on the thermal properties and
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crystallization behavior. The PP has a weight average
molecular weight (Mw) of 3.72 � 105; number average
molecular weight (Mn) of 6.90 � 104; molecular
weight distribution (Mw/Mn) of 5.4; melt flow index
of 3.3 g/10 min with a load 5 kg (ASTM D1238) and
density of 0.9 g/cm3, respectively. The styrene buta-
diene UFPR manufactured by Beijing BHY Chemical
Industry New Technology Company, China (Nar-
powTM VP-101) was used as the reinforcement filler
and its average single particle size is � 100 nm.

Preparation of samples

The PP/UFPR blends with different rubber contents
were mixed in a Thermo Haake Rheomix 600 appa-
ratus equipped with two counter rotating roller
rotors (Thermo Haake GmbH, Germany) at 1908C
for 4 min. The roller speed used for blending was 50
rpm. The temperature, mixing time and roller speed
remained unchanged for all the blends.

Impact measurement

Izod impact samples were molded into plaques by
compression molding process at 1908C and cooled
down to room temperature by air. Standard impact
samples with dimensions of 63 � 12.7 � 4.0 mm3

were cut from the plaques, and a v-notch with a tip
radius of 0.25 mm was introduced into the specimen
using a 458 V-shape knife. Then these notched
impact samples were subjected to impact test in ac-
cordance with ASTM D256 using an XJU-2.75J Izod
impact tester (made in Wuzhong, People’s Republic
of China) at room temperatures (� 258C).

Differential scanning calorimetry

The crystallization behavior of neat and UFPR-rein-
forced polypropylene was carried out using a Per-
kin–Elmer Diamond equipped with Intracooler 2P,
Thermal Analysis System. The samples were first
heated from 30 to 2008C and held at the high tem-
perature for about 5 min to remove the previous
thermomechanical history and then cooled at a cool-
ing rate of 1008C/min to the selected isothermal
crystallization temperatures. The crystallization was
carried out for adequate time to ensure complete
crystallization of the sample at constant temperature.
Subsequently, the melting curves were recorded at a
heating rate of 108C/min. Both heating and cooling
scans were carried out in a nitrogen environment.

Dynamic mechanical analysis

The storage modulus, loss modulus and glass transi-
tion temperature of neat and UFPR-reinforced poly-
propylene were studies by a dynamic mechanic

analyzer 242 (NETZSH-Gerätebau Gmbh, Germany).
Dynamic mechanical analysis (DMA) was carried
out on in a single cantilever mode from �100 to
1008C under nitrogen environment. The testing fre-
quency was 1 Hz and heating rate was 3 K/min.

Wide angle X-ray diffraction

Izod impact samples were used directly for X-ray
characterization. Wide angle X-ray diffraction
(WAXD) was performed on a Rigaku D/MAX 2500V
PC X-ray diffractometer (Japan) in reflection mode
operating at 40 KV and 200 mA using Cu Ka radia-
tion as the X-ray source. Samples were scanned at
48/min in the 2y range of 4–358.

Field emission scanning electron microscopy

Scanning electron microscopy (SEM) measurements
were performed on a XL 30 E-SEM (FEG, Micrion
FEI PHILIPS). The blend specimen was cryofrac-
tured in liquid nitrogen. The sample was coated
with a thin layer of gold prior to SEM observations.

RESULTS AND DISCUSSION

Figure 1 shows the variation of the notched Izod
impact strength with UFPR content for the PP/
UFPR blends. It can be found that the addition of
UFPR to PP continuously increases the impact
strength (toughness) in the range of 0–26 wt %. A
similar result was recently reported by Zhang and
Qiao4,5 in their study on polypropylene-UFPR and
polypropylene-UFPR/SBS blend systems. However,
the crystallization behavior changes correspondingly.
From the WAXD patterns of the PP/UFPR blends
(Fig. 2), it is seen that the content of the b-PP in the
samples depends on UFPR content. The content of

Figure 1 Variation of the Izod impact strength with
UFPR content for PP/UFPR blends.
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b-crystals increases with increasing UFPR particles
up to 6 wt %, thereafter it decreases rapidly with
increasing UFPR particles content. This result has
been further confirmed by DSC analysis (Fig. 3). On
the other hand, it can be found that although the
overall nature of the diffraction patterns for a-crystal
remains unchanged, the intensity of the 110 and 040
reflections are different for different UFPR contents.
The result suggests that the crystalline phase
remains the same in all cases, but the crystallites are
likely to be orientated somewhat in the presence of
UFPR.21 The crystal orientation degree (I (040)/I
(110)) for the PP increases from 0.76 to 1.27 when
the particles content increases from 0 to 22 wt %.
This may result from the presence of UFPR particles.
They can affect the PP chains motion during crystal-
lization because the viscosity of the UFPR particles
and the PP are quite different.

The melting curves after isothermal crystallization
at various temperatures for the PP and PP/UFPR
blends are shown in Figure 3. It can be seen from
these melting curves that at a given isothermal crys-
tallization temperature, it is noticed that there are
two melting peaks in the melting curves, belonging
to b-PP (about 1538C) and a-PP (about 1668C),

respectively for the blends with lower UFPR content
(�6 wt %). However, the melting enthalpy of b-crys-
tal dropped markedly with further increasing UFPR
particles content. This result is in accordance with
the previous result by WAXD. It is generally known
that the formation and the content of b-crystal rely
on the type and content of fillers.22 At low content
of UFPR particles (�6 wt %), the particles act as an
effective b-crystal nucleating agent and the amount
of b-PP increase with increasing the filler content.
However, for higher filler content, coalescence
occurs easily and may lead to the suppression of b-
crystal formation. In this case, the amount of b-PP
decreases with increasing the filler content.
Table I shows the effect of UFPR particles on the

crystallization behaviors of the PP from DSC meas-
urements. The degree of crystallinity (Xc) is calcu-
lated from the heat evolved during crystallization
(DHc) by eq. (1),

Xc ð%Þ ¼ DHc

ð1 � /ÞDHm
� 100 (1)

where DHm ¼ 209 J/g is the enthalpy of fusion for a
fully crystalline polypropylene and / is the weight
percentage of the UFPR particles in the blends. The
data in Table I indicates that the addition of UFPR
has little effect on the crystallinity of the PP. The
crystallization temperatures listed in Table I show
that with lower UFPR content (�6 wt %), the PP/
UFPR samples possess lower crystallization tempera-
tures (Tp) than pure PP, but with increasing the
UFPR content further (�6 wt %), the PP/UFPR sam-
ples exhibit relatively higher crystallization tempera-
tures than pure PP. These results are different from
that reported, in which all the rubber toughened
samples have higher crystallization temperature
than pure PP.5 The difference results from the differ-
ent PP samples used. The PP used in the present
study possesses b-form crystalline, whereas the PP
used in Ref. 5 does not. The data for the half-time of
crystallization (t0.5), which is the value of the time

Figure 2 WAXD spectra for the PP and PP/UFPR blends.

Figure 3 Melting curves after isothermal crystallization at various temperatures for the PP and PP/UFPR blends. (a)
1258C; (b) 1278C; (c) 1298C.
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from the onset of crystallization to the time at which
the degree of crystallinity is 50%, are listed in Table
I. It is apparent that for a given sample, the value of
t0.5 decreases with decrease in the crystallization
temperature (tc) since t0.5 is a measure of the crystal-
lization rate, the higher tc, the lower crystallization
rate is. But for a given tc, the t0.5 for crystallization
tends to increase firstly and then decrease with
increasing the content of UFPR. This phenomenon
can be explained as: UFPR particles act as a hetero-
geneous nucleating agent to facilitate crystallization
and speed up the rate of crystallization, namely
decrease the value of t0.5. For higher UFPR content
(�6 wt %), most of the crystal is a-PP in the blends,
t0.5 decreases with increasing the content of UFPR.
In this case, the function of UFPR particles is nucle-
ating and facilitating crystallization. However, for
lower UFPR content (�6 wt %), as previously seen
UFPR particles can improve the formation of the b-
crystal, and change the tendency of t0.5 with UFPR
particles content. As a result, the value of t0.5
increases with increasing the content of UFPR
particles.
Figure 4 shows the variation of the storage modu-

lus (E0) with the temperature detected from DMA
tests for the blends with various UFPR contents. It is
known that the E0 value of the PP at 27.28C is 2 GPa.
To evaluate the heat resistance of the blends, the
temperature at E0 ¼ 2 GPa is defined as TE0 ¼ 2.
From Figure 4, it is known that TE0 ¼ 2 is 27.28C for
pure PP and TE0¼ 2 increases to 44.58C for the blend
containing 6 wt % UFPR, indicating that the heat-
deflection temperature of the PP can be improved
by adding a proper amount of UFPR particles. Fig-
ure 5 shows the loss factor (tan d) spectra for various
PP/UFPR blends. It is found that the peaks of tan d
curves around 128C, i.e., the glass transition temper-
ature (Tg) of the PP, obviously shifts to lower
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Figure 4 Storage modulus spectra for PP and PP/UFPR
blends; (insert) TE0 ¼ 2 for PP/UFPR blends as a function
of UFPR content.
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temperature with increasing UFPR content. Figure 6
gives the relationship between the Tg and filler con-
tent for the PP/UFPR blends. It is found that the Tg

of PP decreases from 15 to 108C with increasing the
UFPR content from 0 to 22 wt %. In addition, the
lower temperature peak at about � 7.88C, which cor-
responds to the glass transition of UFPR particles,
appears obviously in the tan d curves for the blends
with 14 and 22 wt % UFPR particles. It is found that
the two peaks tend to shift close to each other with
increasing UFPR content, indicating that the UFPR
possesses good compatibility with PP.

Finally, Figure 7 gives a low and a high magnifica-
tion SEM fractographs for the PP/UFPR (92/8 by
weight) blend sample, respectively. It can be found
that the UFPR particles were well dispersed and em-
bedded in the PP matrix, further indicating that the
UFPR possesses good compatibility with the PP.
However, some big UFPR particles (more than 20
lm) were observed. These big particles reduce the

toughening efficiency of the UFPR. This is a main
reason that the toughness of the PP increases slowly
with the addition of the UFPR. Nevertheless, the
increase of the toughness of the blend is mainly
from the contribution of the UFPR, rather than the
b-PP because the content of b crystal increases with
increasing the UFPR particles up to 6 wt %, there-
after it decreases rapidly with increasing the UFPR
particle content. However, the toughness of the
blend increases continuously with the increase of the
UFPR content.

CONCLUSIONS

The UFPR was used to blend with the polypropyl-
ene (PP). Thermal properties and crystallization
behavior of the resulting blends were studied by
Differential scanning calorimetry (DSC) and WAXD
measurements. The results showed that the fraction

Figure 5 Loss factor (tan d) spectra for the PP and PP/
UFPR blends.

Figure 6 Glass transition temperature (Tg) for the PP as a
function of UFPR content.

Figure 7 SEM fractographs for the PP/UFPR (92/8 by weight) blend sample. (a) low magnification; (b) high
magnification.
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of b-form in the PP crystals increased at first, then
deceased markedly with increasing the UFPR par-
ticles content. This tend did not rely on isothermal
crystallization temperature. Moreover, the results of
DSC analysis implied that the addition of UFPR rub-
ber particle affected the PP crystallization behaviors
obviously, including the crystallization temperature
and the half-time of crystallization. Furthermore,
WAXD test results indicated that the addition of
UFPR could induce the orientation of the crystallites
more or less.

The UFPR particles used in this study are kindly supplied by
Prof. Qiao Jinliang (Sinopec Beijing Res Inst Chem Ind).
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