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ABSTRACT: The crystallization kinetics of isotactic
polypropylene (iPP) and nucleated iPP with substituted ar-
omatic heterocyclic phosphate salts were investigated by
means of a differential scanning calorimeter under isother-
mal and nonisothermal conditions. During isothermal crys-
tallization, Avrami equation was used to describe the crys-
tallization kinetics. Moreover, kinetics parameters such as
the Avrami exponent n, crystallization rate constant Z,, and
crystallization half-time t,,, were compared. The results
showed that a remarkable decrease in t,,, as well as a
significant increase in overall crystallization rate was ob-
served in the presence of monovalent salts of substituted
aromatic heterocyclic phosphate, while bivalent and triva-
lent salts have little effect on crystallization rate of iPP. The
addition of monovalent metal salts could decrease the inter-

facial free energy per unit area perpendicular to PP chains o,
value of iPP so that the nucleation rate of iPP was increased.
During nonisothermal crystallization, Caze method was
used to analyze the crystallization kinetics. It also showed
that monovalent metal salts had better nucleation effects
than bivalent and trivalent metal salts. From the obtained
Avrami exponents of iPP and nucleated iPP it could be
concluded that the addition of different nucleating agents
changed the crystal growth pattern of iPP. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 101: 3307-3316, 2006
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INTRODUCTION

Sodium 2,2-methylene-bis (4,6-di-tert-butylphenyl)
phosphate (commercial product name: ADK STAB
NA-11) as a nucleating agent has been widely used in
the modification of isotactic polypropylene (iPP) be-
cause they can improve the crystallization behaviors
and mechanical properties of iPP remarkably.'”® In
recent years, trivalent aluminum salts of 2,2-methyl-
ene-bis (4,6-di-tert-butylphenyl) phosphate used as a
component of a novel nucleating agent (commercial
product name: ADK STAB NA-21) has also been used
for improving the transparency of iPP.”® Hence, sub-
stituted aromatic heterocyclic phosphate salts gradu-
ally attract people’s attention both from academic and
an industrial point of view. Research about the crys-
tallization of iPP nucleated with sodium 2,2-methyl-
ene-bis (4,6-di-tert-butylphenyl) phosphate has been
reported during the recent years.'™ Gui et al.! inves-
tigated the effects of sodium 2,2-methylene-bis (4,6-di-
tert-butylphenyl) phosphate on crystallization behav-
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iors and mechanical properties of iPP. Zhang et al.?
studied the isothermal and nonisothermal crystalliza-
tion kinetics of iPP nucleated with sodium salts and
triglyceride of 2,2-methylene-bis (4,6-di-tert-butylphe-
nyl) phosphate, and the results showed that the nu-
cleation effects of sodium salts were better than those
of triglyceride. Mai et al.** studied the crystallization
behaviors of iPP nucleated by phosphate salts melting
at different temperature for several minutes. But pres-
ently no literature reports the effects of an individual
bivalent metal salt or trivalent salt as a nucleating
agent on crystallization behaviors of iPP, and that
whether they have the similar nucleation effects as
sodium salts is unknown. So it is important to study
the effects of bivalent and trivalent metal salts of sub-
stituted aromatic heterocyclic phosphate on crystalli-
zation behaviors of iPP, which will be beneficial to
find the general rules of crystallization behavior of iPP
nucleated with substituted aromatic heterocyclic
phosphate salts and the nucleation mechanism of this
type of nucleating agents in iPP so that to design novel
nucleating agents with better nucleation effects. There
are many literatures reporting the crystallization be-
haviors and kinetics of nucleated iPP.">~'* Zhu et
al.? studied the effects of alkali dehydroabietate on the
crystallization of iPP by adopting Avrami method and
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Name  MAIl NAOZ MNAI9 HNA20 HNAI2 MNA30 NAIZ
M Ha Li K Ca I Zn Al
m 1 1 1 2 2 2 2
n 0 0 0 0 0 0 1

Scheme 1 Structure of nucleating agents in this study.

Hoffmann theory. Feng et al.'’ studied effects of
dibenzylidene sorbitol on crystallization kinetics of
iPP. But most of them are concerning the effects of one
or two kinds of nucleating agents on crystallization of
iPP.

The purpose of this article is to study the crystalli-
zation kinetics of iPP nucleated with different substi-
tuted aromatic heterocyclic phosphate salts systemat-
ically by a differential scanning calorimeter (DSC) un-
der isothermal and nonisothermal conditions and to
find the general nucleation rule of this type of nucle-
ating agents in iPP. For isothermal crystallization,
Avrami equation is generally used to describe the
crystallization kinetics, while for nonisothermal crys-
tallization, there are many methods such as Jeziorny
method modifying Avrami equation,'” Owaza meth-
od,'® Mo method,'” and Caze method.!® In the former
three methods the zero point selection of crystalliza-
tion is involved while it has obvious effect on the
calculated results, but in Caze method zero point se-
lection of crystallization can be avoided, so in this
article Caze method is chosen to describe the noniso-
thermal crystallization of iPP.

EXPERIMENTAL
Materials

An iPP pellets with a MFR of 2.5 g per 10 min, sup-
plied by Yangzi Petrochemical (People’s Republic of
China), is used in this work. The nucleating agents
prepared according to literature'® are metal salts of
substituted aromatic heterocyclic phosphate, and their
structures are shown in Scheme 1.

Sample preparation and DSC analysis

The iPP pellets and a nucleating agent (0.2 wt %) were
mixed in a high-speed mixer for 5 min. Then the
mixture was extruded by an SJSH-30 twin-screw ex-
truder through a strand die and pelletized. The pellets
were molded into test specimens by a CJ-80E injection-
molding machine.

ZHANG AND XIN

The crystallization behaviors were investigated in
isothermal and nonisothermal by using a Perkin—
Elmer Diamond DSC (Perkin—-Elmer Company, USA).
All DSC operations were carried out under a nitrogen
environment. Samples weights were between 2 and 3
mg and all samples were heated to 200°C and hold in
the molten state for 5 min to erase their thermal his-
tory. In isothermal crystallization experiments, the
sample melts were subsequently rapidly cooled to the
crystallization temperature T, and maintained until
the crystallization of the matrix was completed. The
exotherms were recorded at selected crystallization
temperatures. Nonisothermal crystallization experi-
ments were carried out by cooling samples from 200 to
50°C using different cooling rate. The exotherms were
recorded with the cooling rates 5, 10, 20, 30, and
40°C/min, respectively.

Theory of crystallization

For isothermal crystallization Avrami model is a clas-
sical method and is widely used. The Avrami equation
has been extended by Ozawa'® to develop a simple
method to study the nonisothermal experiment. The
general form of Ozawa theory is written as follows:

X,(T)=1—exp(— K/ ") (1)

where K7 is the cooling crystallization function, ®, the
cooling rate, and m is the Ozawa exponent that de-
pends on the dimension of the crystal growth. But
there is a main hypothesis in Ozawa method that # is
independent of temperature and only a limited num-
ber of X, data are available for the foregoing analysis,
as the onset of crystallization varies considerably with
the cooling rate.

Caze et al.'”® put forward a new method to modify
Ozawa equation. They have assumed an exponential
increase of Kr with T upon cooling. On the basis, the
temperatures at the peak and the two inflection points
of the exotherm with skew Gaussian shape are linearly
related to In @ to estimate the exponent n.

On the basis of the findings on the crystallization
behavior of poly(ethylene terephthalate) and PP, Kim
et al. proposed™

InK; = a(T—Db) (2)
where a and b are empirical constants. If the extreme
point of the pertinent 9X,(T) /0T curve occursat T =T,

(crystallization peak temperature), i.e. (3°X,(T)/9T°)y,
= 0, we have

Ki(Ty) = ¢" 3)

Combining egs. (1)—(3) yields
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Figure 1 Heat flow curves of iPP (a) and iPP/NAI11 (b)
during isothermal crystallization.

In[—In(1 — X,(T))] =a(T — T,) (4)

Hence, a linear plot of In[—In(1—X,(T))] against T
would result in the constant a and the product —aT,
from the gradient and intercept, respectively. At T
= T, obtained from the foregoing algorithm, egs. (3)
and (4) lead to

T,=nln¢/a+b (5)

As such, n can be obtained from the linear plot of T,
against In ®/a in accordance with eq. (5).

RESULTS AND DISCUSSION

Isothermal crystallization of iPP nucleated with
substituted aromatic heterocyclic phosphate salts

The studies of the isothermal crystallization behavior
of virgin iPP and nucleated iPP are carried out by DSC
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at different temperatures. Figure 1 shows the heat flow
evolution of iPP and iPP/NAIl1 for the isothermal
crystallization obtained by rapidly cooling the molten
polymer to the crystallization temperature, and those
of iPP nucleated with other nucleating agents are sim-
ilar. The effect of temperature on crystallization rate of
iPP/NAI11 is clearly observed in isothermal thermo-
grams. With the increase in crystallization tempera-
ture, exothermal peak of DSC curves shifts right ob-
viously, which indicates that crystallization time is
increased and crystallization rate is decreased.

This effect is still more evident in the relative
amount of crystallinity curves obtained by integration
of the exothermal peaks, which are reported in Figure
2. The relative crystallinity, X,, is expressed as

t
f (4HE ) dt
X, (1) 0

X () (e
J (4H(E 3) dt (6)

where (dH(t)/dt) represents the heat flow, X,(f) and
X,() denote the absolute crystallinity at time f and at
the termination of the crystallization process, respec-
tively.

From Figure 2 crystallization half-time ¢, ,, can be
obtained, and the results are listed in Table I. With the
increasing crystallization temperature, crystallization
half-time ¢, ,, of iPP increases. In addition the incor-
poration of monovalent salts of substituted aromatic
heterocyclic phosphate can decrease t,,, obviously
while bivalent and trivalent salts have little effect on it.

Then the classical Avrami model can be used to
analyze the development of the relative crystallinity in
isothermal crystallization to the following equa-
tion®"%2;
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Figure 2 Relative crystallinity versus time for iPP/NA11
during isothermal crystallization.
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TABLE 1
Isothermal Crystallization Kinetic Parameters of iPP and Nucleated iPP
n
Sample T.(°C) n Z, (min~") ty ;5" (s) t /Zb (s) (average) K, (10° K?) o, (J/m?)
iPP 122.1 2.63 3.44 31 32 2.76 = 0.08 9.01 0.150
123.5 2.77 1.65 42 44
126.2 2.77 0.35 77 77
128.2 2.79 0.085 128 127
130.3 2.86 0.021 207 205
iPP/NA11 133.3 2.72 10.70 20 22 2.84 +0.18 6.98 0.116
135.4 2.61 4.66 29 29
137.4 2.86 1.41 47 47
139.5 2.93 0.28 82 82
141.5 3.06 0.04 151 152
iPP/NA12 122.1 2.80 1.36 46 47 2.98 +0.13 9.02 0.150
124.1 291 0.38 73 74
126.2 2.96 0.10 115 115
128.2 2.87 0.024 196 195
130.3 2.85 0.0046 350 349
iPP/NA13 124.1 3.01 24.28 17 18 3.01 £0.13 8.97 0.149
126.2 2.81 3.97 28 31
128.2 3.04 1.16 47 51
130.3 3.06 0.26 79 82
132.3 3.15 0.045 142 142
iPP/NAO03 133.3 2.76 12.57 21 22 2.83 £0.10 6.71 0.112
135.4 2.71 497 28 29
137.4 2.83 1.56 45 45
139.5 2.88 0.30 80 80
141.5 2.95 0.046 149 150
iPP/NA19 133.3 2.73 10.72 20 22 2.83 £ 0.09 6.72 0.112
135.4 2.75 4.66 30 30
137.4 2.82 1.30 48 48
139.5 2.90 0.28 82 82
141.5 2.93 0.045 152 152
iPP/NA20 124.1 2.98 15.83 20 21 3.00 £ 0.04 8.97 0.149
126.2 2.95 4.43 32 32
128.2 3.01 1.13 50 51
130.3 2.99 0.25 84 84
132.3 3.05 0.046 146 146
iPP/NA30 124.1 3.02 8.66 25 26 3.04 £ 0.02 8.87 0.148
126.2 3.05 2.58 38 39
128.2 3.07 0.96 54 54
130.3 3.03 0.20 89 90
132.3 3.05 0.041 151 151
? Determined from Figure 2.
b Calculated from Avrami parameters.
1 — X, = exp(—=Zt" (7)  Avrami equation is quite successful for analyzing the

where n is the Avrami exponent, Z, is the rate con-
stant, and X, is the relative crystallinity calculated
with equation (6) at a different crystallization time, t.
From the plot of In[—In(1—X,)] versus In ¢, the param-
eters of eq. (7) can be obtained by the conventional
Avrami plot method. The typical Avrami plots ob-
tained at various temperatures are illustrated for vir-
gin iPP, iPP/NA11, iPP/NA12, and iPP/NA13 in Fig-
ure 3. Other samples have the similar Avrami plots.
There are good linearities of In[—In(1—X,)] versus In ¢
in a wide relative crystallinity range. It is clear that the

experimental data of the isothermal crystallization ki-
netics. The Avrami exponent n and the rate constant Z,
can be obtained from the values of the slope and
intercept of these straight lines. The values of Z,, n and
t,,, are listed in Table I.

For virgin iPP, an average value of n = 2.76 = 0.08
is obtained over the crystallization temperature range
studied, which is close to the value 2.6 in literature.?
This value can be attributed to a heterogeneous nucle-
ation followed by diffusion-controlled spherulite
growth due to the existence of impurities and catalyst
residues.?> While for nucleated iPP, n values are all
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Figure 3 Plots of In(—In(1—X,)) versus In t for isothermal crystallization of (a) iPP, (b) iPP/NA11, (c) iPP/NA12, and (d)

iPP/NA13.

close to 3, which indicate the addition of nucleating
agents does not change the spherulite growth patterns
of iPP. The average value of n for iPP/NA1lis 2.84
+ 0.18, which 1is consistent with that in
literature.?With the increase in crystallization temper-
ature, crystallization rate constants of all samples are
decreased, which indicates crystallization rate de-
creases with the increase in crystallization tempera-
ture. In addition, the addition of monovalent salts can
shorten t, ,, of iPP obviously, while bivalent and triva-
lent salts have little effect on crystallization rate of iPP.
Yoshimoto et al.” utilized epitaxial crystallization to
explain the nucleation effect of sodium 2,2-methylene-
bis (4,6-di-tert-butylphenyl) phosphate (expressed as
NA-11) on iPP. As the c cell dimension of iPP is very
close to the b cell dimension of sodium 2,2-methylene-
bis (4,6-di-tert-butylphenyl) phosphate, and further
the a cell dimension of sodium 2,2-methylene-bis (4,6-
di-tert-butylphenyl) phosphate is about four times the
a value of iPP cell, the lattice matching is able to be

performed between two crystal lattices, and then the
following epitaxial crystallization will take place pref-
erentially:  [010]ya.11//[001)ipp  and  [001]xa-11//
[010];pp. The free energy barrier of nucleation is re-
duced because of the existing of epitaxial crystalliza-
tion, and then the rate of nucleation increases. The
strong or weak nucleation ability of other metal salts
of 2,2-methylene-bis (4,6-di-tert-butylphenyl) phos-
phate may result from whether there is crystal lattice
matching between the nucleating agent and iPP,
which we will study in further work. From the calcu-
lated and experimental t, ,,, we can conclude that the
Avrami model is in agreement with the experimental
data.

According to the Hoffman theory, the growth rate
of crystals G can be expressed as follows”?*:

— ur K8
= Guewr| ~xr, || ~rs] ©
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NA30.

where G, is a preexponential factor containing quan-
tities not strongly dependent on temperature, U* is the
activation energy of polymer segments transporting to
the crystal front through the subcooled melt, and U* is
6270 J/mol for iPP, R is the gas constant, T, is the
equilibrium melting temperature at which all motion
associated with viscous flow ceases and is given by
T,—30 K (T, is 263 K for iPP), T. is the crystallization
temperature, AT is the degree of supercooling
(To,—T.), where Ty, is the equilibrium melting temper-
ature (here ATy, is 481 K for iPP), f is a correcting factor
for variation in the heat of fusion with temperature
and is approximated by f = 2T./(T,, + T.), and K, is
the nucleation constant.

Assuming that the crystal growth mechanism of the
polymer is as a three-dimensional spherulite, and the
number of nuclei in isothermal crystallization is con-
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TABLE 1I
Nonisothermal Crystallization Kinetic Parameters for iPP and Nucleated iPP

Sample ® (°C/min) T; (°C) a qu’ (°C) t1 5 (s) n AE (kJ/mol)
iPP 5 121.0 —0.89 121.0 80 3.71 £ 0.25 216
10 117.6 —0.88 117.4 44
20 113.8 -0.76 113.3 25
30 111.0 —-0.74 110.6 21
40 109.2 —-0.73 108.7 15
iPP/NA11 5 134.0 —-1.35 133.4 46 3.17 = 0.30 279
10 131.2 —1.40 130.5 26
20 127.5 -1.21 126.8 14
30 125.6 —-1.04 125.1 11
40 123.1 —0.85 122.5 8
iPP/NA12 5 120.7 —-1.02 120.4 85 3.18 = 0.37 251
10 118.0 -0.92 117.6 43
20 114.6 —-0.83 114.7 24
30 112.9 —-0.79 111.7 21
40 111.2 -0.77 110.3 14
iPP/NA13 5 125.7 —-1.38 125.4 54 321 =0.17 245
10 122.8 —-1.34 122.1 30
20 119.6 —0.99 119.2 20
30 116.9 —-0.79 116.5 17
40 114.5 -0.79 113.5 12
iPP/NAO03 5 134.2 -1.38 133.7 48 3.20 £ 0.32 279
10 131.3 —1.49 130.9 28
20 128.2 -1.33 127.6 16
30 125.8 -1.13 125.5 12
40 123.9 —-1.04 123.5 10
iPP/NA19 5 133.8 —1.44 133.6 48 3.02 +0.21 293
10 131.8 —1.43 131.3 28
20 129.3 —-1.36 129.0 17
30 126.6 —1.00 125.9 12
40 124.8 —0.88 124.1 10
iPP/NA20 5 129.5 -1.22 129.3 76 3.13 £ 0.32 227
10 126.1 —-1.27 126.0 38
20 122.2 -1.00 122.2 26
30 119.4 —0.84 119.2 18
40 117.2 —-0.71 116.3 15
iPP/NA30 5 124.8 —1.46 124.6 68 3.17 = 0.25 239
10 121.9 —1.44 121.6 35
20 118.3 —-1.24 118.0 24
30 115.6 —-0.96 114.9 21
40 1134 —-0.79 113.1 13
@ Determined from Figure 5.
P Calculated from Caze method.
stant, the growth rate G is reciprocally proportional to 400,b,T°
the half-crystallization-time (t; ,,). Then we obtain K, = kAH (10)

It + o = A S 9
1’1( 1/2) R(TC _ Too) - TCAT_]( ( )
-1
Thus, the plot of In(t,,) + R(T.—T.) versus

1/(T.ATf) will give a straight line (Fig. 4), and K, can
be determined form the slope of the line. The results
are listed in Table I.

The fold surface free energy o, can be obtained by
the following equation:

where k is the Boltzman constant, b, is the thickness of
the molecular layer and is determined by lattice pa-
rameters, AH is the theoretical heat of fusion, o and o,
are interfacial free energies per unit area parallel and
perpendicular to the molecular chain direction, re-
spectively. The value of o can be obtained from the
following expression:

o = ab,AH (11)
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where a is an empirical constant close to 0.1, b, is 6.56
X 107 °m and AH is 1.34 X 10® J/m? for iPP, then the
value of o for iPP is 8.79 X 102 J/m?, so the fold
surface free energy o, can be directly obtained from K,
and the results are also listed in Table L. It can be seen
that the addition of monovalent salts of substituted
aromatic heterocyclic phosphate can decrease fold sur-
face free energy o, obviously. The smaller the fold free
energy of crystallization surface, the smaller the en-
ergy needed by macromolecule chain to form crystal
structure on nuclei is, then the smaller the energy
needed to reach the critical nuclei size is. So it can be
regarded that the addition of monovalent salts can
increase the nucleation and crystallization rate of iPP,
while bivalent and trivalent salts have little effect on
o, of iPP, that is to say, they have little effect on
crystallization rate of iPP, which is consistent with the
results obtained from Avrami method.

Nonisothermal crystallization of iPP nucleated
with substituted aromatic heterocyclic phosphate
salts

From a technological point of view, nonisothermal
crystallization conditions approach more closely the
industrial conditions of polymers processing, so that
the study of crystallization of polymers under noniso-
thermal conditions is of great practical importance.
The nonisothermal crystallization of iPP and nucle-
ated iPP were carried out by DSC with cooling rates
from 5 to 40°C/min. The thermograms of iPP and
iPP/NAI11 are reported in Figure 5 and those of iPP
nucleated with other nucleating agents are similar.
With increasing cooling rate, crystallization peak tem-
perature of iPP (T)) shifts to lower temperature. With
the addition of monovalent metal salts of substituted
aromatic heterocyclic phosphate, T), of iPP is increased
greatly. When cooling rate is 10°C/min, T, of iPP/
NAI11 is increased from 121.0°C of virgin iPP to
133.4°C, while bivalent and trivalent metal salts of
substituted aromatic heterocyclic phosphate have little
effect on T), of iPP.

By means of integrating the partial areas under the
DSC endotherm, one would obtain the values of the
crystalline weight fraction X,(T) (Fig. 6).

Crystallization half-time t, ,, can be obtained from
Figure 6 by using equation t = (T, — T)/¢ (where ¢
is crystallization time, T, is onset crystallization tem-
perature, T is crystallization temperature and ® is
cooling rate). The results are listed in Table II. It can be
seen that addition of monovalent metal salts of sub-
stituted aromatic heterocyclic phosphate can shorten
t,,, of iPP increasingly. When cooling rate is 10°C/
min, ¢, , of iPP/NAI11 can be decreased from 44 s of
virgin iPP to 26 s, while bivalent and trivalent metal
salts of substituted aromatic heterocyclic phosphate
have little effect on t, ,, of iPP.
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Figure 7 Plots of In[—In(1 — X,(T))] versus T for virgin (a)
iPP and (b) iPP/NAT11.

Now X,,(T) can be converted into X,(T) by eq. (12)*:

X (1)

c

XD = 0= g0 ) Xu(T) (12)

where p, and p, are the bulk densities of the polymer
in the amorphous and pure crystalline states, respec-
tively. For iPP, the density of the amorphous phase is
p, = 0.852, and that of the crystallized phase is p. =
0.935. So plots of In[—In(1 — X,(T)] versus T can be
obtained (Fig. 7) and there is good linear relationship
between them. The values of 2 and —aT, can be deter-
mined from the slope and intercept of each straight
line, and the results are also listed in Table II.

Straight lines can be obtained from plots of obtained
T, versus In ¢/a under different cooling rates (Fig. 8),
and Avrami exponents of iPP and nucleated iPP can
be determined from the slope of each straight line. The
results are also listed in Table II.

As for iPP, the Avrami exponent is 3.71 closing to 4,
which indicates that in virgin iPP the crystal growth
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Figure 8 Plots of T, versus In ¢/a for iPP and nucleated
iPP: (a) iPP, iPP/NA11, iPP/NA12, iPP/NA13 and (b) iPP/
NAO3, iPP/NA19, iPP/NA20, iPP/NA30.

pattern is homogeneous nucleation followed by three-
dimensional spherulite growth. While Avrami expo-
nents of all nucleated iPP are close to 3, which indi-
cates in nucleated iPP the crystal growth pattern is
heterogeneous nucleation followed by three-dimen-
sion spherulite growth. Addition of all substituted
aromatic heterocyclic phosphate salts can change the
crystal growth pattern.

The Kissinger method can be used to determine the
activation energy of nonisothermal crystallization of
iPP and nucleated iPP*:

d[In(¢)/T}1/d(1/T,) = —AE/R (13)

where ¢ is cooling rate, T, is the crystallization peak
temperature, and R is the gas constant, AE is the
activation energy of nonisothermal crystallization.
The plots of In(¢)/T; against 1/T, give a straight
line (Fig. 9). According to the slope of each straight
line, the crystallization activation energy of iPP and

nucleated iPP can be calculated. The results are listed
in Table II.

It can be seen that addition of different metal salts of
substituted aromatic heterocyclic phosphate can in-
crease the crystallization activation energy of iPP. It
indicates that addition of nucleating agents plays a
role of heterogeneous nuclei, on the other hand, the
strong interaction between molecule chain of nucleat-
ing agents and that of iPP will hinder the crystalliza-
tion of iPP.?® But in crystallization process consisting
of nucleation and growth, nucleation rate plays a con-
trol role on crystallization process. Although addition
of nucleating agents increases the crystallization acti-
vation energy of iPP, total crystallization rate is in-
creased because nucleation rate is accelerated greatly
due to the existence of large amounts of heteroge-
neous nuclei.

CONCLUSIONS

The crystallization kinetics of iPP nucleated with sub-
stituted aromatic heterocyclic phosphate salts have
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Figure 9 Plots of In(¢/ T;) versus 1/T, for iPP and nucle-
ated iPP: (a) iPP, iPP/NA11, iPP/NA12, iPP/NA13 and (b)
iPP/NAO03, iPP/NA19, iPP/NA20, iPP/NA30.
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been investigated under isothermal and nonisother-
mal conditions by Avrami method and Caze method,
respectively. Under both conditions, the addition of
monovalent salts of substituted aromatic heterocyclic
phosphate can increase the crystallization rate and
decrease crystallization half-time of iPP remarkably
while bivalent and trivalent salts have little effect.
Under isothermal conditions the Avrami equation is
successfully employed to deal with the crystallization
kinetics, meanwhile the addition of monovalent phos-
phate salts can decrease the interfacial free energy per
unit area perpendicular to PP chains o, value of iPP.
The Caze method is successfully employed to deal
with the nonisothermal crystallization kinetics. Under
nonisothermal conditions the addition of nucleating
agents changes the spherulite growth pattern of iPP.
For virgin iPP growth pattern is homogeneous nucle-
ation followed by three-dimensional spherulite
growth, while for iPP nucleated with substituted aro-
matic heterocyclic phosphate salts growth pattern is
heterogeneous nucleation followed by three-dimen-
sion spherulite growth. In addition the introduction of
nucleating agents can increase crystallization activa-
tion energy of iPP.
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