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Abstract: Two types of  nucleating agents ($-NAs), aryl dicarboxylic acid amide (TMB-5) and diphenyl phthalate
diamine (NT-C), were adopted to modify the polypropylene (PP)/ethylene propylene diene monomer (EPDM) blends,
which were prepared by dynamic-vulcanization technology. Wide angle X-ray diffraction (WAXD) and differential scan-
ning calorimetry (DSC) were used to study the crystallization kinetics of PP. Our results showed that the addition of (-
NAs can considerably increase the crystallization temperature, and significantly decrease the spherulite size of B-PP (L3qp).
The Jeziorny analysis showed there were ~82% and ~89% of relative crystallinity generated from the primary crys-
tallization in the composites containing TMB-5 and NT-C, respectively. The crystallization half time (#,5) showed that
NT-C improved the overall crystallization rate more effectively than TMB-5. In addition, the peaks of the relative crys-
tallization rate curves were shifted towards higher temperature by 14 and 9 °C with the addition of TMB-5 and NT-C,
respectively.

Keywords: B nucleating agent, PP/EPDM, crystallization kinetics, toughening, dynamic-vulcanization.

Introduction cation in many fields due to its excellent chemical properties,

processability as well as well mechanical strength. However,

Polypropylene (PP) is a polymorphic material with several the low impact resistance of PP (especially at low temperature)
crystal modifications including monoclinic (o), hexagonal (), still seriously limits its further promotion and wider appli-
and orthorhombic (y) forms, etc. As compared with a phase, cations.*® In an attempt to improve the impact toughness of PP,

B-form crystal has higher impact strength and heat deformation PP/ethylene-propylene-diene monomer (EPDM) thermoplastic
temperature (HDT)."? Till now, PP has gained wide appli- vulcanizates (TPVs) have been widely used.”'? Chakraborty et
al.? reported the great improvement in elongation at break and
,;, impact performance of the PP/EPDM TPVs after the use of
E?m‘:ﬁ?l;lagg&?g:ﬁi?:gz' nglould be addressed. phase modifiers. Nevertheless, the rubber toughening strategy
©2016 The Polymer Society of Korea. All rights reserved. usually sacrifices the modulus and strength of PP.°"
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Lots of research work had been done to improve the tough-
ness of PP materials with limited loss in rigidity and strength
through introducing the  nucleating agent (3-NA) into TPVs.
Tang et al.'® studied the effect of B phase on the fracture
behavior of the PP/EPDM/B-NA composites using the specific
essential work of fracture (w.). They observed that when the -
crystal content was 42.2%, there was an increase in the value
of w, by 52%. Ma et al."” found that the impact strength of the
PP/EPDM/B-NA composites with 0.5 wt% of B-NA loading
was 10 times more than that of neat PP, and a synergic tough-
ening mechanism between rubber and B-NA for the com-
posites was also proposed in their study.

As is well known, the properties of composites containing
crystallizable component usually depend largely on the extent
of crystallinity and the crystallization behavior of the crys-
tallizable one.'*'

To the date, there are still limited studies on the effect of the
B-NA on the crystallization kinetics of PP in PP/EPDM blends.
Wide angle X-ray diffraction (WAXD) and differential scan-
ning calorimetry (DSC) were employed to investigate the
inducing effect of B-NA on the formation of B-PP and crys-
tallization kinetics of PP in PP/v-EPDM composites. Our find-
ings showed that the relative content of B phase (K) was about
90% in the PP/v-EPDM/TMB-5 composites. As the NT-C
content increased, Kj; first increased and then decreased with a
largest value of 82% with a 0.6% loading of NT-C. The addi-
tion of B-NAs could largely enhance the crystallization tem-
perature, and decrease the spherulite size of B-PP (L), which
decreased with the increase of Kj. In addition, the crystal-
lization half time (7, 5) showed that NT-C improved the overall
crystallization rate more effectively than TMB-5. The present
work provides a better understanding of the crystallization
characteristics of PP, which will be helpful to further studies on
the optimization of processing parameters of PP in industrial
applications.

Experimental

Materials. Ethylene-propylene-diene monomer (EPDM,
model: 4785-HM) in this study was supplied by Dow Chem-
ical Co., U.S.A., containing 68 wt% of ethylene and 27 wt% of
propylene, respectively. Polypropylene (PP, model: T30S) used
was obtained from Lanzhou Petrochemical Co., China, with a
melt flow rate (MFR) of 2.8 g/10 min (under 2.16 kg/230 °C)
and a density of 0.91 g/cm’. Besides, two nucleating agents
(denoted as B-NA-1 and B-NA-2) were TMB-5 and NT-C,

respectively, which were both obtained from Jingsichen Indus-
try & Trade Co., China. In addition, peroxide cumene (DCP)
from Hengnuo Chemical Co., Ltd.; zinc oxide, HG 3623-99,
from Hongyan Chemical Reagent Co., Ltd; and antioxidant
1010 (AT-10), from Shengnuo Plastic Material Co., were used
as received.

Sample Preparation. The melt reactive blending process
for preparing TPV samples (PP/EDPM=80/20 in weight per-
cent) was carried out in a HAAKE torque rheometer with a
screw speed of 60 rpm at 180 °C for 7 min. The B-NA contents
were 0, 0.2, 0.4, 0.6 and 0.8 wt% (to the total weight of the
blends). The PP, EPDM, B-NA and vulcanizing agents (DCP,
AT-10, zinc oxide) were simply mixed at first, and then added
to the HAAKE torque rheometer. The resultant mixture was
mixed on an open mill at 170 °C for 15 min. Finally, the com-
posites were molded as a sheet on a hot press at 180 °C for
10 min. Neat PP and PP/EPDM blend without 3-NA or vul-
canizing agent were prepared for comparative study. The
obtained composites were cut into standard samples for further
characterizations. In this work, neat PP and PP/EPDM blends
without vulcanizing agents were also designated as TPV(s),
with the crosslinking degree of zero. For brevity, TPVs with
different B-NA dosages were designated as follows: PP/v-
EPDM (0 wt%), B-NA 0.2 (0.2 wt%), B-NA 0.4 (0.4 wt%), B-
NA 0.6 (0.6 wt%) and B-NA 0.8 (0.8 wt%), respectively.

Characterizations. Differential Scanning Calorimetry
(DSC) Measurement: The non-isothermal crystallization
behavior was investigated on a Perkin-Elmer differential scan-
ning calorimeter (DSC), model: DSC-2C. In the tests, samples
of about 3~5 mg were scanned from 30 to 200 °C at a heating
rate of 10 °C/min in a nitrogen (N,) atmosphere, and kept at
200 °C for 5 min for removal of thermal history. Afterwards,
the samples were cooled to 30 °C at 10 °C/min. An empty alu-
minum pan served as a reference. The absolute crystallinity
(X.) of samples was calculated from the follow eq. (1):

X. = AH /(. x AHy) % 100% €))

where AH, was the enthalpy of fusion of samples as obtained
by DSC, ¢ the mass fraction of PP in the blends/composites,
and AH, the enthalpy of fusion for 100% crystalline polymer
which was taken as 209.0 J/g for PP in this study.”

Wide Angle X-ray Diffraction (WAXD): WAXD mea-
surements were carried out using a XD-3 X-ray diffractometer
(Puxi General Instrument Co., Ltd., PR. China) at the room
temperature at an accelerating voltage of 36 kV with the Cu-
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Ko (A=1.541 nm) as radiation source. The WAXD patterns
were collected by monitoring the diffractions with the 26 rang-
ing from 5° to 40° at a scanning speed of 4°/min.

Results and Discussion

Non-isothermal Crystallization and Melting Behaviors.
Figure 1(a) and 1(b) showed the melting behaviors of TPVs.
There was one melting peak at about 163 °C on the melting
curves of PP, PP/EPDM and PP/v-EPDM, which belonged to
the endothermic peak of o phase of PP. However, as for the
samples with B-NA, there existed two melting peaks in the
melting curves at 142 and 163 °C corresponding to the char-
acteristic peaks of B and o phases of PP, respectively.”! The
peak melting temperatures of PP/EPDM and PP/v-EPDM
were both lower than that of neat PP. This could be because the
presence of EPDM affected the movement and rearrangement

of the PP molecular chains, leading to the imperfect crystals.'*

B. Yang et al.

In Figure 1(b), for NT-C 0.2%, the endothermic peak of B
phase did not appear when the B-NA content was low; while
the melting peaks of B-PP can be clearly seen for NT-C 0.4%,
NT-C 0.6% and NT-C 0.8%. Besides, a small peak appeared at
the high temperature side of the melting peak of B-PP, which
could be attributed to the recrystallization of B-PP.'° It should
be noted that the peak melting temperatures of a phase were
shifted to the higher value with increasing -NA content, indi-
cating a higher degree of crystal perfection for o-PP.

The crystallization behaviors of the TPVs were showed in
Figure 1(c) and 1(d). It was observed that the crystallization
peak temperature of neat PP was 113.0 °C. However, the addi-
tion of B-NA into PP caused an obvious shift of the crys-
tallization peak towards higher temperature. With the addition
of TMB-5, the crystallization peak temperature of the com-
posites was shifted from 113 to 127 °C. The addition of NT-C
increased the crystallization peak temperature of PP by 9 °C.
The B-NA had good nucleating effect, causing PP to crystallize
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Figure 1. DSC heating and cooling thermograms for various composites with different B-NAs: (a) TMB-5 at heating; (b) NT-C at heating;

(c) TMB-5 at cooling; (d) NT-C at cooling.
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Figure 2. X-ray diffraction curves for various composites with dif-
ferent B-NAs: (a) TMB-5; (b) NT-C.

at higher temperature during the melt cooling process.”
Crystalline Structures. To verify the crystalline structures,
WAXD measurements were employed and the results were
shown in Figure 2. The WAXD patterns of neat PP displayed
five distinct peaks at 26=14.1°, 16.9°, 18.5°, 21.2° and 21.9°,
which corresponded to the (110), (040), (130), (131) and (111)
reflections of o phase, respectively.* As can be seen, the
height of diffraction peaks of o phase decreased after intro-
ducing EPDM. The presence of EPDM was speculated to con-
strain the molecular chains’ movement and diffusion during
the crystal growth to some extent, resulting in the formation of
imperfect crystals. When adding the B-NA, a strong peak
appeared at 26=16.0° corresponding to the (300) reflection of

Table 1. Crystal-related Parameters for the Samples Containing
Different Contents of B-NA

Sample Lo (nm) K (%) X. (%)
PP - - 4417
PP/EPDM 38.89 0.04 35.09
PP/v-EPDM 19.45 0.09 33.02
TMB-5 0.2% 5.56 0.89 39.02
TMB-5 0.4% 4.62 0.92 39.47
TMB-5 0.6% 5.19 0.91 38.05
TMB-5 0.8% 5.19 0.90 39.94
NT-C 0.2% 5.19 0.74 43.17
NT-C 0.4% 5.19 0.74 44.73
NT-C 0.6% 4.09 0.82 43.85
NT-C 0.8% 5.19 0.74 44.16

the B-PP crystal. Meanwhile, the o diffractions almost dis-
appeared, indicating that the addition of B-NA depressed the
growth of a crystal and resulted in the transformation from o~
type to B-type crystals, which was in accordance with previous
literature.'” The value of K;,”' the relative content of B phase,
was evaluated from the WAXD diffractograms as below eq.

Q):

Ky= m x 100% )
where I; was the intensity of the (300) reflection of the {3
phase, and I, I, and I ; the intensities of (110), (040) and
(130) reflections of the o phase, respectively. The kinetic
parameters of crystallization can be obtained from DSC and
WAXD, as listed in Table 1. The crystallite sizes Ly in the
direction perpendicular to (%4/) planes were estimated by using
Scherrer eqution,'® eq. (3):

Lia = k/B - cos6) 3

where 260 was the diffraction angle, B the reflection breadth at
half-maximum and k the X-ray wavelength. For the deter-
mination of the crystallite size, the crystalline reflection (300)
of the B phase was selected. The crystallite size L3y, became
smaller when adding B-NA. It is well known that fine spheru-
lites could usually overcome the defects originating from the
stress concentration in the products, leading to good tough-
ening effect.” With the addition of 0.4% TMB-5 and 0.6%
NT-C, the crystallite sizes of B phase, Ls, reached their min-
imum values of 4.62 and 4.09 nm, respectively. At the same
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time, their Kj; values also achieved the maximum. Here, spatial
confinement provided a good explanation for the development
of B-PP. Interestingly, the K value was high, but the endo-
thermic peak of the B phase in DSC seemed quite small. Actu-
ally, the determination of the exact B content was difficult
using DSC method since there existed the transformation from
B-crystals to a-crystals during the heating process.” It should
also be noted that the absolute crystallinity (X.) almost
remained unchanged with increasing 3-NA content. The sam-
ples containing NT-C bore higher crystallinity values than
those containing TMB-5, suggesting that NT-C provided more
nucleation sites for PP than TMB-5.

Jeziorny Analysis. The Avrami equation has been widely
used to analyze the kinetics of polymer isothermal crystal-
lization, eq. (4),

Xo=l-exp(=2Z - 1) 4)

where Z; was the crystallization rate constant describing the
nucleation and growth rate and # the Avrami exponent relating
to the mechanism of nucleation as well as the growth method
of crystal. During a non-isothermal crystallization process, the
cooling rate ¢ should also be taken into consideration, and the
parameter Z; should accordingly be corrected as suggested by
Jeziorny.® At a cooling rate of ¢, the modified form of the rate
constant (Z,) for the non-isothermal -crystallization was
expressed as eq. (5),

log Z.=log Z/¢ )

The plots of log[-In(1-X;)] versus log ¢ for all the samples
were shown in Figure 3. All plots comprised two distinct
regions corresponding to the primary and secondary crystal-
lizations, respectively. Both crystallization stages can be lin-
early correlated. It was seen that there existed a turning point
for two crystallization stages on each curve, as indicated by the
dot line. The turning point occurred at a constant crystallinity
X, of ~82% and ~89% for samples with TMB-5 and NT-C,
respectively, regardless of the B-NA content.

The values of n,, n,, Z,; and Z, were summarized in Table
2, with the subscripts 1 and 2 denoting the primary and sec-
ondary crystallization, respectively. It was observed that the
addition of B-NA increased the value of »; from 5.2 to 7.9. The
changes of n, value showed that B-NA increased the crystal
growth rate of PP in the composites. The values of », of all
samples were greater than 3, which indicated that the crys-
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Figure 3. Plots of log[-In(1-X;)] versus log t for various composites

with different B-NAs: (a) TMB-5; (b) NT-C.

Table 2. Summary of Jeziorny Parameters of the Samples
Containing Different Contents of f-NA

Primary Secondary
Sample

n Ze n, Zo
PP 5.2 0.76 25 0.95
PP/EPDM 6.8 0.77 1.6 1.03
PP/v-EPDM 6.0 0.84 1.8 1.03
TMB-5 0.2% 6.8 0.78 2.8 0.91
TMB-5 0.4% 5.5 0.82 22 0.97
TMB-5 0.6% 6.3 0.81 2.6 0.94
TMB-5 0.8% 6.0 0.82 2.1 0.97
NT-C 0.2% 7.5 0.87 1.0 1.05
NT-C 0.4% 7.5 0.87 1.0 1.05
NT-C 0.6% 7.8 0.80 0.8 1.05
NT-C 0.8% 7.9 0.78 1.0 1.04




Study on Crystallization Kinetics of Dynamically-Vulcanized PP/EPDM Blends: Effect of 3 Nucleating Agent 529

tallization was governed by three-dimensional growth.”” In the
secondary crystallization stage, the values of n, were less than
that of »; in the same TPVs, indicating that the crystal dimen-
sion decreased. the Avrami exponent n, values of TPVs with
TMB-5 were between 2.1 and 2.8, suggesting the growth of PP
in composites primarily occurred in two- or three-dimensional
mechanism. While #n, values of TPVs with NT-C were
between 0.8 and 1.0, the grown spherulite had occupied most
of the space of samples in primary crystallization, and the rest
of space was not enough to complete the rest of the spherulite
growth during secondary crystallization.®®

The Jeziorny rate parameter Z, described the nucleation and
growth rate. The larger the Z,, the higher the crystallization
rate. From the Z, values listed in Table 2, it was obvious that
the variations of Z, value were among 0.78-0.82 and 0.78-0.87
for the TMB-5 TPVs and NT-C TPVs, respectively. All Z, val-
ues of the composite materials were larger than that of neat PP,
indicating that both EPDM and B-NA could be favorable to PP
from the viewpoint of the crystallization rate.

Kinetics of Non-isothermal Melt Crystallization. The rel-
ative degree of crystallinity, X;, was defined as below eq. (6):

jT (dHe/dT)dT

X, = X()/X(20) = ©)
j (dHc/dT)dT
To

Where T, and T, are the onset and end crystallization tem-
peratures, respectively.” The relationship between relative
crystallinity (X;) and temperature was shown in Figure 4. All
curves displayed a typical sigmoidal shape, indicating that the
crystallization process of polymers consisted of three sections:
(1) the crystallization induction period, when X; almost
remained unchanged; (2) the primary crystallization period,
when X increased sharply with the elapsed time; (3) the post-
crystallization stage, when X; gradually reached its maximum
value until achieving 100% crystallinity. As can be seen, the
crystallization temperature increased with increasing B-NA
content, suggesting that the existence of B-NA played a good
role in increasing the probability of the contact between chain
segments and crystal nucleus. Hence, the composites could
reach higher crystallinity at elevated temperatures.®

Under the same thermal history, the X; vs. time plots (Figure
5) can be obtained using the following eq. (7),

t=(T,-T)/¢ 7

where T was the temperature at crystallization time ¢ and ¢ the

100 m@‘m T T T T T T T T L
“Geigeagg.
r \\ A LR
80 - \
60 -
)
>
~
o4 —o0—PP
40 _e—PP/EPDM
—4&— PPIv-EPDM
—v—TMB-5 0.2%
20} —©—TMB-50.4%
—<—TMB-5 0.6%
—>—TMB-5 0.8%
o N 1 . 1
100 105 110 115 120 125 130 135
Temperature(°C)
100 T T 3

(b)

—
\
~
X —o—PP \i\
40 —e—PPIEPDM o} \ 1
—o—PPNVEPDM |\ | ‘\>
—v—NT-C0.2% 3 \
20 | —o— NT-C 0.4% D\ A .
—<—NT-C 0.6% N\ \%
—>—NT-C 0.8% o Y AN

o o & N
[ 3 0., &
ot . . . 'r--fﬁ%a%@w“m

100 105 110 115 120 125 130 135
Temperature(°C)

Figure 4. Evolution of relative degree of crystallinity (X) as a func-
tion of crystallization temperature for various composites with dif-
ferent B-NAs: (a) TMB-5; (b) NT-C.

cooling rate.”' It was found in Figure 5 that the X; of TPVs con-
taining TMB-5 increased much slower than PP/EPDM and PP/
v-EPDM, and the times of complete crystallization of TPVs
containing TMB-5 were longer than those containing NT-C.
This can also be seen from two time-related parameters, the
crystallization half time (#,5) and the crystallization induction
time (#), which were listed in Table 3. The parameters 7,5 and
t; were the measure of the overall crystallization rate (OCR)
and the nucleation rate, respectively. The smaller the value of
t,, the faster the nucleation rate. Higher nucleation rate always
existed with more effective -NA, thus promoting the OCR
(indicative of the reduced #s value).”> From Table 3, it was
found that the incorporation of B-NA into TPVs significantly
decreased both #,, and #. For the sample with 0.4 wt% NT-C,
the value of # decreased from 1.87 to 0.92 min in comparison

Polymer(Korea), Vol. 40, No. 4, 2016
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Figure 5. Evolution of relative degree of crystallinity (X)) as a func-
tion of crystallization time (¢) for various composites with different
B-NAs: (a) TMB-5; (b) NT-C.

Table 3. Crystallization Times of the Samples Containing
Different Contents of p-NA

Sample ¢, (min) tys (min)

PP 1.87 2.20
PP/EPDM 1.23 1.65
PP/v-EPDM 1.20 1.38
TMB-5 0.2% 1.25 1.68
TMB-5 0.4% 1.55 1.93
TMB-5 0.6% 1.08 1.46
TMB-5 0.8% 1.72 2.08
NT-C 0.2% 0.93 1.16
NT-C 0.4% 0.92 1.15
NT-C 0.6% 1.09 1.31
NT-C 0.8% 1.31 1.56
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to neat PP, indicating that the nucleation rate of PP was
remarkably enhanced in presence of NT-C.

Relative Crystallization Rate (RCR). Figure 6 showed the
variation of relative crystallization rate (RCR), i.e., (dX/df), as
a function of the crystallization temperature. As it is known,
the rates of the crystal nucleation and crystal growth are both
dependent on the temperature. The RCR also reflects the over-
all rate of crystallization, a combination of both nucleation and
growth stages. When the temperature is lower than the melting
temperature, the thermodynamic factors with lowest and most
stable energy induce the crystallization of macromolecular
chains, the lower temperature (or high cooling rate) will be
more favorable for polymer crystal growth.?*** From the Fig-
ure 6, it was observed that the addition of EPDM enhanced the
(dX/df)nax of PP from 1.7 to 2.2 s, but hardly showed any
effect on the onset crystallization temperature (7;). The addi-
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Figure 6. Variation of relative crystallization rate (dX/df) as a func-
tion of crystallization temperature for various composites with dif-
ferent B-NAs: (a) TMB-5; (b) NT-C.
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tion of the curing agents, however, caused an obvious decrease
of (dX/df)max to 1.8 57!, since the vulcanized EPDM structures
presented more chain entanglement and the steric hindrance,
which slowed down the crystal growth rate and thus lowered
the crystallization rate.***> Besides, the peaks of crystallization
rate curves were found to be shifted towards high temperature
by 14 °C with the addition of TMB-5 (in accordance with our
earlier discussion in Figure 1 and 4), suggesting that TMB-5
played a good role in increasing the probability of the contact
between crystal nucleus and chain segments.” Additionally, it
can be seen that the relative crystallization rate (RCR) dis-
played a progressively rising trend with the addition of NT-C.
RCR had a maximum value of 2.4 s at NT-C%=0.4%. While
the (dX/df)ma of TPVs containing TMB-5 was 1.5, which
indicated that NT-C provided more nucleation sites, leading to
an enhanced nucleation rate.

Conclusions

In this study, two kinds of B-NAs (TMB-5, NT- C) were
employed to prepare the PP/EPDM/B-NA composites. The
effect of B-NA on formation of [ crystals and crystallization
kinetics of PP in the composites were studied by WAXD and
DSC. Our findings showed that the Kj; was about 90% in PP/
v-EPDM/TMB-5 composites and the content of TMB-5 had
little effect on it. With the increase of NT-C content, K} first
increased and then decreased with a maximum value of 82%
when NT-C% was 0.6%. The crystallite size L;y decreased
with increasing Kp. It can be seen that all curves in Figure 4
and 5 had similar sigmoidal shape, indicating the existence of
nucleation, primary and secondary crystallizations. There
existed turning points on the Jeziorny plots at nearly constant
X; of ~82% and ~89% for samples with TMB-5 and NT-C,
respectively. From the RCR curves, it was found that the peaks
were shifted towards high temperature by 14 and 9 °C with the
addition of TMB-5 and NT-C, respectively. Additionally, the
crystallization half time (#s) value showed that NT-C
improved the overall crystallization rate (OCR) more effec-
tively than TMB-5. The present work could supply a better
understanding of the crystallization characteristics of PP mate-
rials, and give an insight into further research on the design of
PP composites with desirable crystalline structures.
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