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ABSTRACT: The mechanical and optical properties of
iPP nucleated with bicyclo[2.2.1]heptenedicarboxylate salts
(BCHED) have been investigated. The results showed that
aluminum bicyclo[2.2.1]heptenedicarboxylate (BCHE13) is
the most effective nucleating agent to improve the me-
chanical and optical properties. Then the effects of the
BCHE13 concentration on mechanical and optical proper-
ties and crystallization behaviors were studied. The results
indicated that the saturated concentration of BCHE13 is
about 0.2 wt %, at which nucleated iPP showed the better
comprehensive mechanical and optical properties and
high crystallization peak temperature. Nonisothermal crys-
tallization kinetics of iPP nucleated with different BCHE13

contents have been investigated by Caze method. The
results indicated Avrami exponents of nucleated iPP grad-
ually increased with the increasing of BCHE13 concentra-
tion. The results can be explained that crystallization
and growth model of nucleated iPP is heterogeneous
nuclei followed by more than three-dimension spherical
growth during nonisothermal crystallization, which can be
proved by agglomeration of BCHE13 in melt iPP. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 116: 792-800, 2010
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INTRODUCTION

The crystallization of isotactic polypropylene (iPP) is
generally described in terms of a crystalline nuclea-
tion and growth model, and the rate of nucleation
determines the rate of overall crystallization.' Tt is
assumed that nuclei form from ordered segments as
a result of thermal fluctuations in the melt and then
these nuclei grow by the addition of more segments
until a stable crystalline structure develops. The
addition of nucleating agents can accelerate the pro-
cess of crystalline nucleation by providing massive
foreign nucleation sites. Up to now, the use of nucle-
ating agents in iPP is widespread and of great com-
mercial importance because the control of the crys-
tallization process allows one to modify the optical,
mechanical and processing properties of iPP.

A large number of compounds have been reported
to induce the o-form of iPP.>"® These nucleating
agents are mainly categorized into three types by the
structure: (1) sorbitol derivatives,>™ such as 1,3 : 2,4-
dibenzylidenesorbitol (DBS, Millad 3905, Milliken
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Chemical and Irgaclear D, Ciba speciality Chemicals),
bis(3,4-dimethybenzylidene)-sorbitol (DMDBS, Millad
3988); (2) organic phosphate derivatives,”? such as
sodium  2,2-methylene-bis(4,6-di-tert-butylphenyl)-
phosphate (commercial product name: ADK STAB
NA-11) and aluminum salt of 2,2-methylene-bis(4,6-
di-tert-butylphenyl)phosphate (commercial product
name: ADK STAB NA-21); (3) organic carboxylic acid
sal’c,lz_14 such as sodium benzoate and salts of dehy-
droabietic acid. The effects of these nucleating agents
on crystallization behavior and kinetics of iPP has
been extensively investigated.”'* However, the
effects of organic dicarboxylic acid salts acting as o
nucleating agent on mechanical properties and crys-
tallization behavior of iPP are rarely studied.'* It was
reported that bicyclo[2.2.1]hept-5-ene-2,3-dicarboxy-
late salts (BCHED) are effective nucleating agents."
Especially, it exhibits significantly higher polymer
crystallization peak temperature, shorter crystalliza-
tion halftime. So far, the mechanical and optical prop-
erties of iPP nucleated with the nucleators and the
concentration effect of the nucleating agents were not
reported. In our previous work, the crystallization
kinetics of iPP nucleated by BCHED has been investi-
gated,'® but the effect of the concentration of the
nucleating agent on nonisothermal crystallization
kinetics has not been discussed.

In this article, the effects of BCHED on the mechani-
cal and optical properties and the crystallization
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behaviors of iPP were investigated. And then the
effects of the concentration of aluminum salt bicy-
clo[2.2.1]heptenedicarboxylate (BCHE13) on the me-
chanical and optical properties, and crystallization
behaviors were further studied. The nonisothermal
crystallization experiments of virgin iPP and
nucleated iPP with different BCHE13 content were
carried out by differential scanning calorimetry
(DSC). Caze method!” was chosen to describe the
nonisothermal crystallization kinetics as it can avoid
selecting the zero point of crystallization. While other
methods, such as Jeziorny method,'®  Ozawa
method,'” and Mo method® involve the zero point
selection, which has obvious effect on the calculated
results.

EXPERIMENTAL
Materials

The iPP powder (T30S) used in this study was
kindly provided by Jiujiang petrochemical Corpora-
tion (China). The material has a melt flow index of
3.4 g/10 min. The nucleating agents are metal salts
of BCHED, and their structures are shown in
Scheme 1. BCHED were synthesized by hydrother-
mal method according to literature.'® These nucleat-
ing agents were white powder and their melting
points are above 300°C.

Sample preparation

The nucleating agent (0.2 wt %) and antioxidant
(0.1 wt %) were added into the iPP powders then
mixed in a high-speed mixer for 5 min. The mixture
was extruded by an SJSH-30 twin-screw extruder
through a strand die and palletized for DSC
measurement.

Mechanical properties

The mechanical properties were measured according
to ASTM test methods, such as D-638 for the tensile
properties and D-790 for the flexural properties,
using a universal testing machine. The Izod impact
strength was tested on the basis of D-256.

Apparatus and experimental procedures

A perkinelmer Diamond DSC (PerkinElmer Com-
pany, USA) was used for calorimetric investigations
of nonisothermal crystallization. Calibration was per-
formed using pure indium at a heating rate of 20 K/
min. All DSC operations were carried out under a
nitrogen environment. The sample weights were
approximately 3 mg and all samples were heated to
473 K and hold in the molten state for 5 min to elim-
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Scheme 1 The chemical structure of nucleating agents in
this study.

inate the thermal history. Nonisothermal crystalliza-
tion experiments were carried out by cooling sam-
ples from 473 K to 323 K using different cooling
rates. The exotherms were recorded with the cooling
rates 2.5, 5, 10, 15, 20 K/min, respectively.

Polarized optical microscopy (POM)

The morphology studies of pure iPP and nucleated
iPP were performed with the aid of an Olympus
BX51 (Japan) polarized optical microscopy attached
with a DP70 digital camera, and a THMS600 hot-
stage. Extruded sample were placed between two
microscopy slides, melted and pressed at 473 K for
5 min to erase any trace of crystal, and then rapidly
cooled to a predetermined crystallization tempera-
ture. The samples were kept isothermal until the
crystallization process was completed, and mean-
while, photographs were automatically taken.

Theory of crystallization

The Avrami equation*'** is widely used to describe

the polymer isothermal crystallization.
Xy =1—exp(—Z(T)t") (1)

where X, is the relative crystallinity at time ¢, n is a
constant whose value depends on the mechanism of
nucleation and on the form of crystal growth, and
Z(T) is a constant containing the nucleation and
growth parameters.

Crystallization halftime (t;,,), defined as the time
to a relative crystallinity of 50%, can be obtained:

1/n

The time at maximum heat flow (t,,.x) can be cal-
culated by:

tmax = [(n — 1)/nZ(T)]"" 3)

The Avrami equation has been extended by
Ozawa to develop a simple method to study the

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
The Effect of Different Nucleating Agents on Mechanical and Optical Properties of iPP

Tensile Tensile Flexural Flexural Impact Haze
Properties strength/MPa modulus/MPa strength/MPa modulus/MPa strength/(J.m™) value/%
iPP 37.0 1109.5 43.0 1361.0 31.6 81.1
iPP/BCHEO03 38.67 1321.5 453 14454 30.5 77.8
iPP/BCHE11 39.05 1326.7 452 1566.0 30.2 68.9
iPP/BCHE19 38.34 1293.1 43.9 1410.1 30.6 79.8
iPP/BCHE20 38.68 1310.6 492 1540.3 30.3 72.0
iPP/BCHE12 37.32 1154.6 43.8 1397.6 31.5 80.2
iPP/BCHE13 39.32 1319.8 53.0 1767 .4 29.3 51.0

nonisothermal experiment. The general form of
Ozawa theory is written as follows:
Xo(T) = 1 - exp(~Kr/§") @
where Kr is the cooling crystallization function, ® is
the cooling rate, and m is the Ozawa exponent that
depends on the dimension of the crystal growth. In
Ozawa method, there is a main hypothesis that 7 is
independent of temperature and only a limited num-
ber of X, data are available for the foregoing analy-
sis, as the onset of crystallization varies considerably
with the cooling rate.
Caze et al."” put forward a new method to modify
Ozawa equation. It was assumed an exponential
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increase of Kr with T upon cooling. On the basis, the
temperature at the peak and the two inflection
points of the exotherm with skew Gaussian shape
are linearly related to In® in order 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

InKr =a(T —T1) ®)
where a and T; are empirical constants. If the
extreme point of the pertinent 0X,(T)/0T curve

occurs at T = T, (crystallization peak temperature),
ie. (asz(T)/aTZ)Tq = 0, we have:
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Figure 1 Mechanical and optical properties of iPP nucleated by the different BCHE13 content.
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Figure 2 The crystallization curves of iPP samples with
different BCHE13 contents at the cooling rate 20°C/min.

Kr(Ty) = ¢" (6)
Combining egs. (4)-(6) yields:
In[—In(1 — X,(T))] = a(T - T,) (7)

Hence, a linear plot of In[—-In(1 — X (T))] vs. 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. (6)
and (7) lead to:

T,=nlnd/a+T; ®)

As such, parameter n can be obtained from the lin-
ear plot of Ty vs. In®/a in accordance with eq. (8).

RESULTS AND DISCUSSION

The effect of BCHED on mechanical and optical
properties of iPP

The mechanical and optical properties of iPP
nucleated by the Li, Na, K, Ca, Mg, Al salts of bicy-
clo[2.2.1]Theptenedicarboxylate were characterized
and the results were listed in Table I. From the Table
I, it can be seen that BCHED can significantly
increase the tensile and flexural properties, however,
decrease the impact strength of iPP. The haze values
of nucleated iPP obviously decrease compared with
that of virgin iPP. BCHE13 showed the best nuclea-
tion effect among all the BCHED. The tensile
strength and flexural modulus increase 6.2% and
29.9% compared with those of virgin iPP, respec-
tively. The haze vale decrease 37.1% with that of vir-
gin iPP. So it is necessary to further investigate the
effects of the content of BCHE13 on the mechanical,
optical properties, and crystallization behaviors.

The effect of BCHE13 concentration on mechanical
and optical properties of iPP

The mechanical and optical properties of iPP
nucleated different content BCHE13 are shown in
Figure 1. From Figure 1(a), it can be seen that haze
values of iPP nucleated by BCHE13 first significantly
decreased and then gradually increased. When the
content of BCHE13 is 0.2-0.4 wt %, the haze value
reaches the lowest (about 60% of pure iPP). From
the Figure 1(b,c), it can be seen that tensile and flex-
ural properties increase rapidly when BCHE13 is
less than 0.2 wt %, and then basically keep constant
with the further increase of BCHE13. When the con-
tent of BCHE13 is 0.2 wt %, the tensile strength and
flexural modulus of nucleated iPP improved about
6.2% and 29.9% compared with that of pure iPP,
respectively. The impact strength of iPP nucleated
by BCHE13 gradually decrease with the content.
Therefore, the 0.2 wt % BCHE13 is better in the
industry application considering the comprehensive
mechanical and optical properties and cost.

The effect of BCHE13 concentration on
crystallization behavior

To check the effect of the nucleating agent BCHE13
on crystallization behavior, the crystallization curves
of iPP with different BCHE13 contents are plotted in
Figure 2. For the pure iPP, the T, is around 119°C.
The T, of the nucleated iPP by 0.05 wt % BCHE13 is
about T, = 125°C. With the increasing of BCHE13
contents, the crystallization peak temperature of iPP
shift to higher temperature. Figure 3 shows a plot of
crystallization peak temperature as a function of
BCHE13 contents, from which we can see that the
increase of T, is very strong when the contents of
BCHE13 is lower than 0.05 wt %, while that is weak
when the contents of BCHE30 is higher than 0.2 wt
%. T, (125.6°C) of iPP nucleated with 0.2 wt %
BCHE13 is higher than that (119.4°C) of the pure iPP
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Figure 3 T, as a function of BCHE13 contents.
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Figure 4 Polarized optical micrographs of iPP (a), nucleated iPP with different BCHE13 concentration 0.05 wt % (b), 0.1
wt % (), 0.2 wt % (d), 0.4 wt % (e), 0.8 wt % (f) under isothermal crystallization at 140°C. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

by 6.2°C. It indicates that 0.2 wt % is the saturated
concentration and more nucleating agent is less
effective in increasing the crystallization peak tem-
perature further.

Polarized optical micrographs of pure iPP and
nucleated iPP with different concentrations of
BCHE13 crystallized under isothermal conditions are
shown in Figure 4. For the pure iPP, the spherulite
diameter is more than 20 mm. The incorporation of
BCHE13 greatly decreases the spherulite size even

Journal of Applied Polymer Science DOI 10.1002/app

the content is low. Furthermore, the spherulite size
decrease greatly before the concentration of nucleat-
ing agent reaches 0.2 wt % and then decrease
slightly with a further increase of BCHE13. This is in
good agreement with the result of crystallization
peak temperature. As we know that the crystalliza-
tion process includes the nucleation and the crystal
growth. In pure iPP, the forming of nuclei is diffi-
cult; spherulite growth is mainly homogeneous
nucleation, followed by nucleation-controlled
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Figure 5 DSC cooling curves of (a) iPP and (b) iPP/
(BCHE13/0.2 wt %) at different cooling rates.

spherulite growth. As the nucleation rate is slow
and number of nucleus is very few, the spherulite of
iPP can become very large before it impinges
another spherulite. While in nucleated iPP, a large
number of nuclei should be produced because of the
existence of nucleating agents, and so the nucleation
rate is very fast and the spherulite growth in it is
heterogeneous nucleation, followed by diffusion-con-
trolled growth. Because of the existence of a great
deal of nuclei, the spherulite can not grow large
enough to overlap, and so the size of spherulites in
nucleated iPP should be much smaller than those in
pure iPP.

The effect of BCHE13 concentration on
nonisothermal crystallization kinetics

Crystallization process of semi-crystalline polymers
can have a dramatic impact on the mechanical prop-
erties and hence is important to final application.
Practical processes usually proceed under noniso-
thermal crystallization conditions. In order to find

the optimum conditions in the industrial process
and obtain products with better properties, it is nec-
essary to have quantitative evaluations on the noni-
sothermal crystallization process; therefore the study
of nonisothermal crystallization kinetics has great
practical importance. Furthermore, the effect of
nucleating agent concentration on the nonisothermal
crystallization kinetics was not reported. Therefore,
the nonisothermal crystallization of iPP and iPP
nucleated by different content BCHE13 was carried
out by DSC with cooling rates from 2.5°C/ min to
20°C/ min. The thermograms of neat iPP and iPP/
BCHE13 (0.2 wt %) are plotted in Figure 5. Those of
nucleated iPP with other concentration are similar
with that of iPP/BCHE13 (0.2 wt %). It is evident
that the crystallization temperature is affected by the
cooling rate. The higher is the cooling rate; the lower
is the crystallization peak temperature. Furthermore,
it can be recognized that, at the same cooling rates,
Tep of nucleated iPP is greatly increased compared
with virgin iPP.
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TABLE 1I
Parameters of NonlIsothermal Crystallization Kinetics for
iPP and iPP with Different BCHE13 Contents Obtained
by Caze Method

®,°C/ T,° ti, T,
Sample min °C) S a (@) n
iPP 2.5 128.7 122.6 —1.22 128.6 441 = 0.11
5 1258 73.6 —1.11 1257
10 1227 378 -1.09 122.7
15 120.8 246 -1.08 120.7
20 1194 209 -1.03 119.3
0.05 wt % 25 1315 1042 -156 1314 298 *= 0.09
5 129.7 576 -—141 129.6
10 1275 320 -1.24 1273
15 1262 266 —1.13 1259
20 1250 193 -1.06 124.8
0.1 wt % 2.5 1320 91.7 —-1.64 1320 297 =0.13
5 1299 53.8 -—-1.48 1299
10 1278 347 -121 1276
15 1265 258 —1.10 126.1
20 1253 219 -1.03 1248
0.2 wt % 2.5 1322 845 -1.70 1325 4.10 = 0.21
5 1304 49.6 —-1.57 130.2
10 1281 25,6 -—-1.50 127.8
15 1267 208 -1.35 126.2
20 1257 167 —-1.27 125.0
0.4 wt % 2.5 1322 979 -—157 1322 422 +0.05
5 1304 541 -1.55 1303
10 128.1 28.6 —1.46 1279
15 1267 202 -139 1265
20 125.7 158 -1.36 1254
0.8 wt % 2.5 135.0 1176 —-1.35 1349 5.22 = 0.12
5 1322 538 -—-140 1321
10 129.6 313 -1.34 1293
15 1279 226 —-1.34 1277
20 1269 163 -130 1264

 Determined from Fig. 5.
b Calculated from Caze method.

By means of integrating the partial areas under
the DSC endotherm, it can be obtained the values of
the crystalline weight fraction X, (T) (Fig. 6).

Crystallization halftimet;,, can be obtained from
Figure 6 by using equation t = (Ty — T)/¢ (where t
is the crystallization time, T, is the onset crystalliza-
tion temperature, T is the crystallization temperature
at X,(T) = 50% and @ is the cooling rate). The
results are listed in Table II. It can be seen that the
addition of BCHE13 can obviously shorten t;,, of
iPP, especially at low cooling rate. When the cooling
rate is 2.5°C/min, t,,, of pure iPP is 122.6 s while
that of iPP/BCHE13 (0.2 wt %) is 84.5 s.

Now X, (T) can be converted into X, (T) by eq.
(14)*

XalT)
(T) 5 14)

T Ry P e

where p, and p. are the bulk densities of the poly-
mer in the amorphous and pure crystalline states,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Plots of In[-In(1 — X,(T))] versus T for (a) vir-
gin iPP and (b) iPP/(BCHE13/0.2 wt %).

respectively. For iPP, the density of the amorphous
phase (p,) is 0.852, and that of the crystallized phase
(pe) is 0.935. Therefore, plots of In[—In(1 — X,(T))]
vs. T are shown in Figure 7 and there is good linear
relationship in the initial crystallization stage. The
values of a and -aTq can be determined from the
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Figure 9 The morphology of nucleating agents BCHE13 in melting iPP (200°C); the content of nucleating agent is 0 wt %
(@), 0.05 wt % (b), 0.1 wt % (c), 0.2 wt % (d), 0.4 wt % (e), 0.8 wt % (f), respectively. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

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, vs. In®/a under different cooling rates
(Fig. 8), and good linearity of those curves suggests
that the Caze model works well in describing the
nonisothermal crystallization for iPP and nucleated
iPP. Avrami exponents of iPP and nucleated iPP can
be determined from the slope of each straight line
and the results are also listed in Table II.

From the results presented in Table II, it is evident
that crystallization peak temperature obtained from
the experimental data is in agreement with that
from Caze method, indicating the validity of Caze
method. The crystallization peak temperatures of
nucleated iPP are higher than those of pure iPP for
the same cooling rate, which reveals that nucleating
agents act as nucleation sites and accelerate the crys-
tallization of iPP. For pure iPP, the Avrami exponent
is 4.41, corresponding to three-dimensional spherical

Journal of Applied Polymer Science DOI 10.1002/app
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growth and thermal nucleation in the primary crys-
tallization stage. However, Avrami exponents of
nucleated iPP are obviously influenced by the con-
tent of BCHE13. With the increase of BCHE13 con-
tent, Avrami exponents of nucleated iPP gradually
increase. When the content of BCHE13 is 0.05, 0.1,
0.2, 0.4, 0.8 wt %, the n values of nucleated iPP are
2.98,2.97, 4.10, 4.22, and 5.22, respectively. When the
content of BCHE13 is lower than 0.2 wt %, the n val-
ues of nucleated iPP is about 3, which shows that
crystallization and growth model of nucleated iPP is
heterogeneous nuclei followed by three-dimension
spherical growth during nonisothermal crystalliza-
tion. When the content of BCHE13 is higher than 0.2
wt %, the n value of nucleated iPP is larger than 4.
The result can be explained that crystallization and
growth model of nucleated iPP is heterogeneous
nuclei followed by more than three-dimension
spherical growth during nonisothermal crystalliza-
tion, which can be proved by the morphology of
nucleating agents with different contents. The mor-
phology of nucleating agents in melting iPP is char-
acterized by POM, which are shown in Figure 9.
From Figure 9, it can be seen that the agglomeration
of nucleating agents is not obvious when the content
of BCHEI13 is lower than 0.2 wt %, while the
agglomeration of BCHE13 is more obvious with the
increase of BCHE13 content. However, the correla-
tion between the Avrami parameter and the agglom-
eration of nucleating agent still need more direct evi-
dence and more explanation. This will be studied in
detail in the following work.

CONCLUSION

The mechanical and optical properties of iPP
nucleated with bicyclo[2.2.1]heptenedicarboxylate
salts (BCHED) have been investigated. The results
showed that aluminum salt bicyclo[2.2.1]heptene
dicarboxylate (BCHE13) is the most effective nucleat-
ing agent to improve the mechanical and optical
properties. The effects of the BCHE13 concentration
on mechanical and optical properties of iPP were
studied. The results indicated the tensile and flex-
ural properties of nucleated iPP first increase and
then basically keep constant while haze values of
nucleated iPP first decrease and then gradually
increase with the BCHE13 contents. The saturated
concentration of BCHE13 is about 0.2 wt %, at which
nucleated iPP showed the better comprehensive me-
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chanical and optical properties. The crystallization
behavior was studied by DSC and POM. It shows
that BCHE13 can greatly increase the crystallization
peak temperature of iPP and sharply decreases the
spherulite sizes of iPP with the increasing of the
content of BCHE13. Nonisothermal crystallization
kinetics of iPP nucleated with different BCHE13 con-
tents has been investigated by Caze method. The
results indicate Avrami exponents of nucleated iPP
gradually increase from 3 to 5 with the increase of
BCHE13 concentration. The results can be explained
that crystallization and growth model of nucleated
iPP is heterogeneous nuclei followed by more than
three-dimension spherical growth during nonisother-
mal crystallization, which can be proved by agglom-
eration of BCHE13 in melt iPP.
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