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ABSTRACT: In this article, nonisothermal crystallization
kinetics was investigated by using differential scanning
calorimeter. The Avrami, Ozawa, and combined Avrami
with Ozawa (Mo method) equations were applied to
describe the crystallization kinetics and estimate the ki-
netic parameters of mathematical models under the noni-
sothermal crystallization of isotactic polypropylene (iPP)
with rosin nucleating agent (RNA) and calcium stearate as
dispersant (CSD). The results show that RNA can improve
the crystallization temperature and accelerate the nuclea-
tion rate because of its heterogeneous nucleation. The crys-

tal grain sizes of spherulites are smaller for iPP with RNA
and CSD together than those for pure iPP and its matrix
only filled with RNA. Furthermore, iPP blends with RNA
and CSD show a lower Avrami values than that of the
pure iPP, and the Mo method can successfully describe
the crystallization model under the nonisothermal crystal-
lization. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 117:
1047-1054, 2010
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INTRODUCTION

It is well known that isotactic polypropylene (iPP)
can form large spherulites when it crystallizes from
the melt, causing unsatisfactory impact strength,
especially at low temperature, and making its prod-
ucts opaque. Several important means have been
used in industrial practice to overcome its shortcom-
ings. One of them is adding nucleating agents to
vary the crystalline morphology of iPP.

In recent years, the effects of nucleating agents on
the crystallization behaviors of PP have been widely
investigated.''" These studies showed that the vari-
ety and content of nucleating agents had great effect
on the degree of crystallinity, crystal size, nucleating
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rate, and crystal morphology. The researchers''
found that the nucleation density increased with the
addition of 0.8 wt % organic phosphorus nucleating
agent, and the crystallization temperature was
enhanced by 12 K. Moreover, when 0.4-1.5 wt % sor-
bitol derivatives were added, the rate of crystalliza-
tion of PP increased, whereas the surface energy (c,)
of PP decreased.”” Hideki et al.'*" found that the
rosin acid metallic salt could make PP crystallize at a
high rate and provide molded articles with excellent
mechanical properties and/or optical properties.
Compared with other nucleating agents, rosin-type
nucleating agent has excellent mechanical and optical
properties, odorless products, and cheap. Some pat-
ents have already indicated that the crystalline ther-
moplastic resin with a rosin acid metallic salt and a
compatibilizing agent can crystallize at a high rate
and have excellent mechanical and optical properties.
However, few reports illustrated that alkali dehy-
droabietate added to PP matrix could greatly increase
the rate of crystal nucleation. When rosin-type nucle-
ating agent was added to PP matrix, higher transpar-
ency and flexural strength were obtained. It is natural
to ask whether there exist synergistic effects on the
crystallization of iPP when both the rosin nucleating
agent (RNA) and the calcium stearate dispersant
(CSD) were added to iPP matrix simultaneously.
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The study of nonisothermal crystallization of poly-
mer is of great technological significance, since most
practical processing techniques proceed under noni-
sothermal conditions. In this work, the nonisothermal
crystallization kinetics of the iPP samples in the pres-
ence of RNA and/or CSD were investigated by dif-
ferential scanning calorimetry (DSC). Polarizing light
microscopy (PLM) was also used to observe the crys-
tallization morphology. The validity of the modified
Avrami equation, Ozawa equation, and Mo method
for these systems were discussed in detail.

EXPERIMENTAL
Materials

iPP (injection-molding grade, melting index 15.0 g/
10 min ASTM D1238) was provided by Maoming
Petrochemial Shihua. The industrial grade RNA and
CSD were supplied by Zhejiang Wannn plastics.

iPP (dried at 80°C for 6 h), RNA, CSD, etc., by the
recipe were blended in a twin-screw extruder (Type
TSE-40A/400-44-22, L/D = 40, made in Nanjing,
China). The temperatures from hopper to die at six
different zones are 170, 180, 190, 200, 210, and
205°C, respectively, and the screw speed is 160 rpm.
The extrudates were cut into pellets, and the nucle-
ating iPP samples were prepared. The sample with
RNA is marked as PPa, whereas the sample includ-
ing RNA and CSD is marked as PPb.

Nonisothermal DSC analysis

DSC analysis was performed on a Perkin-Elmer Q
10 under nitrogen flow. The sample of about 8 mg
was packed in the aluminum DSC pans and placed
in the DSC cell. The samples were heated from 50 to
210°C at a heating rate of 20°C/min and then kept
at 210°C for 5 min to eliminate any nuclei that might
act as seed crystals. Then, the samples were cooled
down to 100°C at cooling rates of 5, 10, 15, and
20°C/min, respectively.

Polarizing light microscopy

A PLM (Nikon E4500) was used to observe the crystal
morphology. The samples were first annealed at 210°C
for 5 min, and then quickly cooled to 110°C at a cool-
ing rate of 90°C/min. The end images of the crystalli-
zation were recorded with an image processor.

RESULTS AND DISCUSSION
Nonisothermal crystallization behaviors

Figure 1 shows nonisothermal crystallization exo-
therms of pure PP and nucleating PP samples. The
onset temperature (T;), the peak temperature (T,),
and the end temperature (T,) of the exotherm, and
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Figure 1 DSC curves of some samples in air at different
cooling rates: (A) pure iPP, (B) PPa, and (C) PPb.

the crystallinity degree (X.) are widely used to
describe the nonisothermal crystallization process of
polymers.16'17 The T, T,, T, and values of the afore-
mentioned samples are also listed in Table I. As
shown in Figure 1, the T, T,, and T, values of pure
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TABLE I
DSC Data on the Rosin Nucleating PP Composites, Obtained from the Cooling DSC Curves
Cooling rate
Samples (°C/min) T,” (°C) T, (°C) T, (°C) T, (°C) ~H. (1/g) X, (%)
Pure iPP 5 164.4 124.2 119.8 116.4 83.4 39.9
10 163.2 120.2 115.2 110.1 79.8 38.1
15 164.3 119.0 114.3 109.9 75.8 36.2
20 165.9 117.4 112.4 106.6 72.6 34.7
PPa 5 166.4 133.0 130.1 126.2 78.3 37.5
10 166.6 130.4 126.4 120.4 76.9 36.8
15 165.9 127.9 123.8 116.2 73.1 35.0
20 167.1 127.5 123.5 115.6 69.6 33.3
PPb 5 166.7 131.6 130.4 126.7 87.2 41.7
10 166.6 129.4 127.6 122.5 81.5 38.9
15 166.6 127.9 126.6 120.0 74.7 359
20 166.9 127.7 1259 119.1 73.6 35.2

PP, PPa, and PPb shift to lower temperature with
increasing cooling rate. The current results appear to
verify the previous observations'” that the crystalli-
zation peak temperatures increased by about
10-12°C due to the addition of the organic fillers.

There are two major effects acting simultaneously
when polymer filled with the organic particles
undergoes crystallization. One is the increase in mo-
bility of the chain segments and the other is the het-
erogeneous nucleation. Increasing in molecular mo-
bility would play a positive effect on the perfect
crystallization and the value of T, would increase.
At the same time, the heterogeneous nucleation
would accelerate the deposition of polymer mole-
cules, which leads to the increase of T,.

As shown in Table I, all the T, values of PPa and
PPb are clearly seen to be higher than that of pure
PP. Because the rosin is incompatible with PP, the
RNA in the PP matrix could more or less hinder the
motion of the PP chain segments. This results in pro-
ducing the smaller and more defects spherulites
compared with the homogeneous crystallization of
pure PP. At the same time, it can be seen from Table
I that a very little amount (0.06 wt %) of calcium ste-
arate would result in increasing polymer chain mo-
bility, and the values of T, increase. Moreover, with
increasing amount of calcium stearate, the heteroge-
neous nucleation effect will gradually evolve. Pro-
viding more sites for nucleation and accelerating the
deposition of polymer molecules; the T, of PPb
would shift to higher temperature with the addition
of calcium stearate.

X,, the degree of crystallinity,'® is defined as fol-
lowing:

_ AHy

N
AHf

)

c

Where AH; and AH{ are the melting enthalpies of
PP sample and 100% crystallization PP, respectively,

the AHY = 209 J/g."” AHy is acquired by the integral
area of the heating DSC curve.

Nonisothermal crystallization kinetics

According to the DSC thermograms of nonisother-
mal crystallization scans, the values of the relative
crystallinity at different cooling rates can be deter-
mined by the following equation®

_ Jr,(dH./dT)dT

= 2
" ST (dH/dT)dT @
where Ty and T, are the onset and end of crystalli-
zation temperature, respectively, and dH./dT is the
heat flow at temperature T. The relative crystallinity
of pure PP, PPa, and PPb can be expressed as a
function of crystallization time, as shown in Figure
2. It can be seen from Figure 2 that all these curves
have the similar sigmoidal shapes, and the curvature
of the upper parts of the plot could be due to the
spherulite impingement in the later stage of crystalli-
zation. The crystallization time (f) can be estimated
from the corresponding temperatures by means of*!

CTy-T
T

t

)

where o is the cooling rate. It seems that the crystal-
lization time of PPb is less to approach the same rel-
ative crystallinity at various cooling rates than that
of pure iPP and PPa.

Avrami equation

It is well known that the Avrami equation®** can

be applied to describe the isothermal crystallization
behaviors. Under nonisothermal crystallization, the
Avrami equation could still explain the initial stage
of crystallization, or the primary crystallization, as
follows:

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Plots of X, versus t for crystallization of some
samples: (A) pure iPP, (B) PPa, and (C) PPb.

1—X; = exp(—Zit") 4)
In[-In(1-X;)]=nIn t+1InZ ®)

where X; is the relative degree of crystallinity at
time t. Both the parameter Z; and the Avrami expo-
nent n are diagnostic of the crystallization mecha-
nism. The parameter of Avrami exponent n
describes the growing mechanism and geometry of
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crystallization, and the parameter Z. describes the
growth rate in the nonisothermal crystallization pro-
cess. On account of the nonisothermal characteristics
of the process investigated, the value of the crystalli-
zation rate Z, should be corrected as**

ant

InZ. = (6)

According to eq. (4), the plot of In[-In(1 — X})]
versus Int will give the slope n, the Avrami expo-
nent, and the intercept InZ; as shown in Figure 3
and Table II. As shown in Table II, the n values of
pure PP are higher than those of RAN or/and CSD
filled PP sample, and the value is close to 3, suggest-
ing that nucleation mechanism of pure PP is homo-
geneous nucleation and three-dimension crystal
growth.! The crystallization temperature shifts to
low temperature while the cooling rates increase.
However, this is not accompanied with a lower n
value. The possible reason is that the PP crystal
grows very fast. Therefore, the more impingement
effect, defects spherulites and irregular shape of the
spherulites will be produced with increasing cooling
rates. Compared with the RNA nucleating PP, the
addition of CSD does not lead to a low n value. This
indicates that the calcium stearate does not change
the nucleation mechanism and the growing geome-
try of the nucleating PP. All these data show that
the nucleation mechanism of PPa and PPb samples
are between homogeneous and heterogeneous
nucleation.

As expected, the parameter Z. describes the crys-
tallization rate of the polymer molecules. As shown
in Table II, at the same cooling rate, the Z, values of
PPa and PPb are higher than those of pure PP. On
account of the relation between the crystallization
time t and the crystallization rate Z., a lower t value
should be accompanied with a higher Z. value,
accounting for the fast crystallization rate. The inclu-
sion of the RNA could hinder the crystallization,'”
and the dispersant offers the more specific area to
crystallize under the nonisothermal scans. As a con-
sequence, there are more sites available to nucleate.
Each crystal grows to a smaller crystal grain size
and cease to grow further, shortening overall crystal-
lization time.*

Ozawa equation

The nonisothermal crystallization can be also ana-
lyzed by the Ozawa method'® as follows:

In[—In(1 - X})] =InK(T) —m Ina (7)

Where K(T) is the crystallization rate constant, X; is
the relative crystallinity, o is the cooling rate, and m
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Figure 3 Plots of In[-In(1 — X;)] versus In f for crystalli-
zation of some samples at different cooling rate: (A) pure
iPP, (B) PPa, and (C) PPb.

is the Ozawa exponent depending on the crystal
growth and nucleation mechanism. Figure 4 shows
the nonisothermal crystallization results of several
samples according to Ozawa’s method. The curva-
ture in Figure 4 prevents an accurate analysis of
nonisothermal crystallization data. Under noniso-
thermal crystallization, the crystallization rate

depends on the time and the cooling rate. However,
the Ozawa method does not take into account the
difference caused by the time and the cooling rate.
Some studies have predicted other disregarded fac-
tors such as the folded chain length of the polymer
chain and the secondary crystallization in the Ozawa
method.*

The Mo method

A method modified by Mo and coworkers,” com-
bining the Avrami equation with the Ozawa equa-
tion, was used to describe the nonisothermal
crystallization.

Ina=InF(T)—b Int 8)

where F(T) = [K(T)/Z,]*'™ and b = n/m. F(T) refers to
the necessary value of cooling rate approaching the
degree of crystallinity at unit crystallization time.
The plots of In a versus In f for all samples are given
in Figure 5, from which the values of b and F(T) can
be obtained by the slopes and the intercepts of these
lines, respectively (Table III). The F(T) value
increases systematically with increasing the relative
degree of crystallinity. At a given degree of crystal-
linity, the higher the F(T) value, the higher cooling
rate is needed within unit crystallization time, indi-
cating the difficulty of polymer crystallization. The
F(T) values of rosin nucleating PP and rosin/calcium
stearate nucleating PP are lower than those of pure
PP, indicating that the crystallization rate of PPa and
PPb is faster than that of pure iPP. Among those
samples, PPa can crystallize easier. This is in accord-
ance with the result obtained from the Avrami
approach. The b values of PPb are lower than those
of PPa and pure iPP, which indicates that the lower
n of PPb is obtained.

TABLE II
The Avrami Exponent 1 and the Growth Rate Constant
Z, of Crystallization on the PP Composites Under
Nonisothermal Crystallization Process

Cooling rate

Samples (°C/min) n Z. (min/°C)
Pure iPP 5 3.20 0.69
10 3.83 0.95
15 391 1.04
20 3.85 1.06
PPa 5 244 0.79
10 2.39 1.04
15 3.10 1.07
20 2.69 1.08
PPb 5 3.15 0.76
10 2.79 1.00
15 2.62 1.10
20 2.72 1.12

Journal of Applied Polymer Science DOI 10.1002/app
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nonisothermal crystallization of several samples: (A) pure
iPP, (B) PPa, and (C) PPb.

Crystallization activation energy

As for the nonisothermal crystallization at different
cooling rates, Kissinger® proposed that the crystalli-
zation activation energy could be estimated as fol-
lows:

In(a/T}) —AE
AT T R ©
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Accordingly, the crystallization activation energy
could be determined from the slope the plot of
In(o/ Tg) versus 1/T,, as shown in Figure 6 and Ta-
ble III. The crystallization activation energies of pure
PP, rosin nucleating PP, and rosin/calcium stearate
nucleating PP are estimated to be 245, 266, and 407
k] mol ™!, respectively. As discussed earlier, RNA
and CSD would result in the higher X, and Th.
However, the higher crystallization energy seems to
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Figure 5 Plots of In o versus In ¢ for several samples at
each given relative crystallization: (A) pure iPP, (B) PPa,
and (C) PPb.
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TABLE III
Nonisothermal Crystallization Kinetic Parameters Based
on the Mo Method, and the Activation Energy Estimated
According to Kissinger Method

Activation

Samples X b F (K/min) energy (kJ/mol)
Pure iPP 0.1 1.520 5294 245

0.2 1.522 7.048

0.3 1.531 8.349

0.4 1.549 9.504

0.5 1.567 10.602

0.6 1.586 11.721

0.7 1.609 12.957

0.8 1.637 14.445

0.9 1.676 16.661
PPa 0.1 1.403 2.942 266

0.2 1.433 3.848

0.3 1.504 4.554

0.4 1.548 5.309

0.5 1.590 6.037

0.6 1.622 6.954

0.7 1.652 7.993

0.8 1.705 9.583

0.9 1.697 12.386
PPb 0.1 0.994 3.262 407

0.2 1.072 3.649

0.3 1.145 3.970

0.4 1.207 4.319

0.5 1.288 4.700

0.6 1.364 5.184

0.7 1.452 5.897

0.8 1.546 7.056

0.9 1.560 9.671

violate the above two influences. The only possibility
accounting for this contradiction might be reduced
in grain size in the iPP matrix while CSD is
introduced.

The crystallization activation energy E. is also
expressed as®

E. = (EN + mEG)/n (10)

where Ey and Eg are the activation energies for
nucleation and growth, respectively. The rosin/cal-
cium stearate particles could make the PP molecules
easier to nucleation, greatly increase the nucleation
rate, the Ey decreases, compared with the rosin
nucleated PP, thus the E; will increase and it will be
more difficult to make the composite grow. Obvi-
ously, the inclusion of rosin/calcium stearate par-
ticles could make the PP molecules easier to
nucleate and accelerate the crystallization rates dur-
ing the dynamic crystallization process, but it also
lowers the grain size in the iPP matrix.

PLM observation is used to characterize the crys-
tallization morphology of polymers. Figure 7 shows
the crystalline morphologies of pure PP, PPa, and
PPb at 110°C. For the pure iPP, the complete spheru-

lite structure is remarkable, the Maltase cross is
obvious and the interface of spherulites is clear.
While in PPa, a fewer nuclei would be produced
because nucleating agent is nonhomodisperse in the
iPP Matrix. There are certain amounts of the irregu-
lar spherulites produce and remarkably complete
spherulites exist, while the interface of spherulites
becomes obscure and the Maltase cross is still
obvious. In PPb, the incorporation of RNA and CSD
can greatly decrease the spherulite size even if CSD
content is low. As CSD is introduced, RNA could
homodisperse in the iPP matrix to offer more spe-
cific area for iPP to crystallize. Because of the exis-
tence of a great deal of nuclei, the spherulite cannot
grow large enough to overlap due to the very fast
nucleation rate and the heterogeneous nucleation fol-
lowed by a diffusion-controlled growth. Accord-
ingly, the size of spherulites in PPb would be much
smaller than those in pure iPP and PPa, and thus no
complete spherulite is observed. This accords well
with DSC results.

CONCLUSIONS

In this work, the effects of RNA and CSD on crystal-
lization behaviors and nonisothermal crystallization
kinetics of iPP were studied. The addition of RNA
and CSD has a great effect on the crystallization
behaviors of iPP. The Avrami and the Mo method
can successfully describe the crystallization behav-
iors of iPP with RNA and CSD. The heterogeneous
nucleation effect depends on the dispersibility of
RNA in the iPP matrix. CSD can improve the disper-
sibility of RNA and reduce the overall crystallization
time of RNA nucleated iPP as a result of the com-
bined effects of rapid heterogeneous nucleation and
the shorter time to grow to the small final crystal
grain size. This factor directly results in the higher
crystallization temperature, the smaller crystal grain
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Figure 6 Crystallization activation energies of some sam-
ples: (A) pure iPP, (B) PPa, and (C) PPb.
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Figure 7 PLM photograph of some samples: (A) pure
iPP, (B) PPa, and (C) PPb. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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size, the slightly higher crystallinity fraction X. and
T,, the higher crystallization activation energies, as
well as the lower crystallization rate in terms of
lower Z. and F(T). PLM photographs also confirm
that there is a correlation among crystallization pa-
rameter, the dispersibility of the nucleating agent
and the resulting morphologies. The incorporation
of RNA and CSD can greatly decrease the spherulite
size of iPP, and no complete spherulite of iPP is
observed.
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