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ABSTRACT: The influence of a natural terpene resin, poly(a-pinene) (PaP), on the
nonisothermal crystallization process of isotactic polypropylene (iPP) was investigated.
The solidification process strongly depends on cooling rate, composition, and miscibility
of the system. For the blends containing PaP up to 30 wt %, the overall nonisothermal
crystallization rate is depressed with respect to plain iPP. This is probably the result of
the diluting effect of the polyterpene because the two components are miscible. The
50/50 blend presents, instead, two amorphous phases: an iPP-rich phase and a PaP-rich
phase. For this composition, solidification starts at temperatures higher than those for
plain iPP and blends with lower PaP content, given that the diluting effect of PaP in the
iPP-rich phase is counterweighted by an increased number of nuclei that originate from
the polyterpene-rich phase domains. PaP also influences the morphology of iPP spheru-
lites, which are spherical in plain iPP and become more irregular with increasing PaP
content. The number and dimension of iPP spherulites depend on blend composition
and miscibility of the components. Moreover, the nonisothermal crystallization kinetics
of iPP/PaP blends was analyzed with the Ozawa equation. © 2001 John Wiley & Sons, Inc.
J Appl Polym Sci 82: 358–367, 2001
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INTRODUCTION

Isotactic polypropylene (iPP) is a thermoplastic
material widely used in several sectors because it
offers interesting combinations of good mechani-
cal performance, heat resistance, fabrication flex-
ibility, and low cost. It is one of the most used
polymers in the food packaging sector, in spite of
its relatively high permeability to oxygen com-
pared to that of other plastic materials, for ex-
ample, nylon, poly(vinyl chloride), poly(ethylene
terephthalate), poly(ethylene-co-vinyl alcohol), and
poly(vinylidene chloride).1 Several studies have

thus been directed to decrease the diffusion of gases
through iPP films. One of the approaches consists
in the addition of a second component to iPP to
improve its barrier properties.

To produce ecosustainable iPP-based materials
for food packaging, oligomers of natural terpene
resins have been suggested as possible additives
to iPP.2,3 Preliminary studies have shown that
some polyterpenes, that is, poly(a-pinene) (PaP)
and polylimonene, can successfully decrease the
permeability of iPP to gases.3 Miscibility, phase
structure, and isothermal crystallization process
of iPP blended with the amorphous poly(a-
pinene) (PaP) have been investigated in de-
tail.2,4,5 These studies suggested a partial misci-
bility of the components with the presence of an
upper critical solution temperature (UCST).2
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When the blends crystallize from the melt at tem-
peratures above the UCST and then are cooled to
room temperature, the resulting amorphous
phase is homogeneous because the presence of the
crystallites prevents the liquid–liquid phase sep-
aration.2,5,6 When iPP/PaP blends are cooled from
the melt at 10°C/min, the amorphous phase re-
mains homogeneous for samples with up to 30 wt
% PaP, whereas the 50/50 blend separates into an
iPP-rich phase and a PaP-rich phase.5 A more
rapid cooling (i.e., from 210°C to room tempera-
tures in about 2 min) also induces phase separa-
tion for the 70/30 blend.2

Previous studies of isothermal crystallization
kinetics of iPP/PaP blends with various composi-
tions showed that the addition of resin up to 30 wt
% causes, at the same crystallization tempera-
ture, a decrease of the radial growth rate of
spherulites and of the overall solidification rate.4

However, crystallization during processing oper-
ations of polymers almost invariably occurs under
nonisothermal conditions. This raises the ques-
tion of how solidification rates measured at con-
stant temperatures can be applied to nonisother-
mal processes.

It is known that the conditions under which a
polymer solidifies from the melt determine the
crystalline structure and morphology, and thus
the properties of a material. Therefore, to reach
the optimum conditions for industrial processes
and to obtain products with tailored properties, it
is necessary to have quantitative evaluations of
nonisothermal crystallization rates.7

Studies of nonisothermal crystallization of
plain iPP were performed by several authors. Mo-
nasse and Haudin8 studied the thermal depen-
dence of nucleation and growth rate, and found a
transition from heterogeneous to homogeneous
nucleation at about 122°C. Similarly, Lim et
al.9,10 and Eder and Wlochowicz,11 showed that
iPP crystallization proceeds through heteroge-
neous nucleation with three-dimensional growth
of the crystallites, and that at low temperatures
homogeneous nucleation occurs.

The dependence of iPP polymorphism on cool-
ing rate was investigated by Piccarolo and co-
workers.12–14 At cooling rates lower than
10–20°C/s only the a-monoclinic phase forms,
above 200°C/s only the metastable phase devel-
ops, and between 20 and 200°C/s smectic and
a-monoclinic phases coexist. Solidification at
these intermediate cooling rates leads to compe-

tition between monoclinic and smectic forms, the
latter prevailing at higher cooling rates.

Burfield et al.15 analyzed the dependence of the
thermal properties of polypropylene on tacticity
and catalyst system used for the synthesis. The
crystallization onset temperature decreases with
reduced isotacticity and, at a given tacticity, poly-
mers prepared from supported catalysts present
lower crystallization temperatures. A similar
study was conducted by Paukkeri and Lehtinen,16

who proved that isotacticity is the main parame-
ter determining the crystallization peak temper-
ature and crystallinity, whereas molecular mass
has a much less pronounced effect on solidification
rates and almost no influence on crystallinity.

The dynamic crystallization process of iPP in
the presence of various nucleating substances
was studied by several authors, for example, Lim
et al.,9,10 Feng et al.,17 Zhang et al.,18 Cazé et
al.,19 and Bogoeva–Gaceva et al.20

The objective of our study is to investigate the
effect of PaP on overall nonisothermal crystalli-
zation of iPP. iPP/PaP blends were prepared by
melt mixing and compression molding. No ther-
mal degradation of isotactic polypropylene has
been reported to occur below 230–250°C,21 which
is well above the temperatures used for the pro-
cessing of the blends. As the addition of PaP sta-
bilizes iPP against thermal degradation,3 it is
safe to exclude any thermal degradation during
both preparation and nonisothermal cooling of
the blends.

EXPERIMENTAL

Materials

The isotactic polypropylene (iPP) was a commer-
cial product, Shell HY 6100, kindly supplied by
Montell Polyolefins (Ferrara, Italy), with Mw 5
3.0 3 105 g mol21. The poly(a-pinene) (PaP) was
a commercial resin, kindly supplied by Hercules
(Rijswijk, The Netherlands). PaP is an amor-
phous oligomer derived from the polymerization
of a-pinene monoterpene, which is the main con-
stituent of the wood of coniferous plants. The
sample used was Piccolyte A115, with softening
point 5 115°C (Ring and Ball method), Tg 5 61°C,
Mn 5 680 g mol21, Mw 5 1075 g mol21, and Mz 5
1650 g mol21 (Hercules data).

The structure of PaP is not exactly known. Its
main chain probably consists of two repeat units,
as shown below22,23:
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Blend Preparation

Binary blends of polyolefin/resin were obtained by
mixing the iPP and PaP components in a Bra-
bender-like apparatus (Rheocord EC; Haake Inc.,
Paramus, NJ) at 210°C and 32 rpm for 10 min.
The mixing ratios of iPP/resin (w/w) were: 100/0,
90/10, 80/20, 70/30, and 50/50.

Preparation of Compression-Molded Samples

The mixed material was compression-molded in a
heated press at a temperature of 210°C for 5 min,
without any applied pressure, to allow complete
melting. After this period, a pressure of 100 bar
was applied for 5 min. Next, the plates of the
press, containing coils for fluids, were rapidly
cooled to room temperature by cold water, then
pressure was released and the mold removed
from the plates. Films of 150 mm thickness were
produced.

Thermal Analysis

A differential scanning calorimeter (Mettler DSC
30) was used to investigate the nonisothermal
crystallization of the compression-molded iPP/
PaP samples. The apparatus was calibrated with
pure indium, lead, and zinc standards at various
scanning rates.

Each sample was heated from 30 to 200°C at
the rate of 30°C/min, kept at this temperature for
10 min to allow complete melting, and then cooled
to room temperature at five different scanning
rates: 0.5, 1, 2, 4, and 8°C/min. Each experiment
was repeated three times to ensure reproducibil-
ity. Dry nitrogen gas with a flow rate of 20 mL
min21 was purged through the cell.

Optical Microscopy

The morphology of the iPP/PaP blends was inves-
tigated by optical microscopy, using a Zeiss polar-
izing microscope equipped with a hot stage. The
compression-molded films, squeezed between two
microscope glasses, were heated from 30 to 200°C
at 30°C/min, kept at this temperature for 10 min
to allow complete melting, and then cooled to
room temperature at 4°C/min. Dry nitrogen gas
was purged through the hot stage.

RESULTS AND DISCUSSION

The analysis of polymer crystallization in noniso-
thermal conditions by calorimetric methods must
be performed with care because it is complicated
by the possible occurrence of thermal gradients
within the sample and between the cooling fur-
nace and the sample. For thin specimens (' 0.3
mm) and for scanning rates that do not exceed
80°C/min, the latter factor is of little importance.8

The former factor, instead, is more critical and its
occurrence needs to be limited by choosing appro-
priate experimental conditions. In the absence of
transitions, to avoid thermal gradients scanning
rates should not exceed 1 and 100°C/min for sam-
ples of 1 g and 1 mg, respectively.24

In addition, crystallization is an exothermic
process and the heat developed during the phase
transition may cause some local heating and cre-
ate additional thermal gradients within the sam-
ple. As a consequence, transitions can occur at
temperatures that do not correspond to those de-
tected by the instrumentation. The thicker the
sample, the more critical this problem is.
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To limit the problems arising from thermal
lags, for the present analysis the scanning rate
was limited to 8°C/min, and 0.15-mm-thick sam-
ples of approximately 3 mg were used.

The results obtained studying the nonisother-
mal solidification process of iPP/PaP blends
showed that the mechanism of phase change de-
pends on cooling rate and composition. For every
composition, with increasing cooling rate x, the
crystallization curves shift to lower temperatures,
as shown in Figure 1 for the 90/10 blend. At lower
x there is more time to overcome the nucleation

barrier, so crystallization starts at higher temper-
atures, whereas at higher x nuclei become active
at lower temperatures.7

The influence of PaP on dynamic solidification
of iPP is shown in Figure 2, which presents the
thermoanalytical curves of iPP/PaP blends crys-
tallized at x 5 4°C/min. Similar trends were ob-
tained for the other cooling rates. The addition of
PaP up to 30 wt % shifts the crystallization
curves to lower temperatures. This effect indi-
cates that in the presence of PaP, iPP needs
higher undercooling to crystallize. When 50% of

Figure 1 Heat flow rate of iPP/PaP 90/10 blend cooled at various scanning rates.

Figure 2 Heat flow rate of iPP/PaP blends cooled at 4°C/min.
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PaP is added to iPP, crystallization starts at a
temperature higher than that of plain iPP, and
the curve is much broader.

From the solidification exotherms, the onset
temperature Tb and the temperature correspond-
ing to the maximum of the peak Tp were mea-
sured and are shown in Figures 3 and 4, respec-
tively. Both Tb and Tp depend on cooling rate and
composition. At all the cooling rates used, for the
blends containing up to 30% PaP, a decrease of Tb
and Tp with the addition of polyterpene is ob-
served. For the 50/50 blend, for all the cooling
rates used, Tb values were always higher than
those of iPP and blends with lower PaP content,
as shown in Figure 3. The Tp of the 50/50 blend

was slightly lower than that of iPP, but higher
than that of the other blends examined (Fig. 4).

These results can be accounted for by examin-
ing the phase structure of the blends as a function
of composition. Previous studies showed that in
the range of temperatures at which nonisother-
mal crystallization occurs, the 90/10, 80/20, and
70/30 iPP/PaP blends have one homogeneous
amorphous phase, whereas the 50/50 blend pre-
sents liquid–liquid phase separation, with the for-
mation of an iPP-rich phase and a PaP-rich
phase.2,5 For the blends with PaP content up to 30
wt %, the decrease of solidification rate can be
attributed mainly to the diluting effect of PaP. As
a consequence, crystallization starts at lower

Figure 3 Onset temperature of crystallization of iPP/PaP blends as a function of
cooling rate.

Figure 4 Maximum of crystallization peak of iPP/PaP blends as a function of cooling
rate.
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temperatures. In the phase-separated 50/50
blend, the presence of the dispersed phase prob-
ably lowers the activation energy required for the
formation of stable nuclei, allowing the crystalli-
zation process to start at lower undercooling. The
increased broadness of the transition in the 50/50
sample is to be ascribed to the low value of
spherulite growth rate.25

Nucleation in iPP/PaP blends was investigated
by optical microscopy. Figure 5 shows the optical
micrographs of plain iPP and iPP/PaP samples
crystallized at 4°C/min. Polypropylene solidifies
according to a prevalent spherulitic morphology.
For the blends, the spherulite number and dimen-
sion strongly depend on composition. In iPP and
90/10 samples cooled at 4°C/min, large and small
spherulites, nucleated at different times and tem-
peratures, are present [Fig. 5(a) and (b)]. During
cooling from the melt, a few nuclei form, giving
rise to large spherulites. At lower temperatures,
many other nuclei suddenly appear. As their
number is elevated, they quickly impinge each
other, forming small spherulites. For the 80/20
and 70/30 blends only one type of spherulite is
formed [Fig. 5(c) and (d)]. The total number of
spherulites in the blends with a homogeneous
amorphous phase, that is, with PaP up to 30%,
diminishes with increasing PaP content as a re-
sult of the dilution of nuclei by PaP.

In the iPP/PaP 50/50 blend, many nuclei start
to grow at high temperatures, giving rise to a
large number of small spherulites, as exhibited in
Figure 5(e). In phase-separated blends, increase
of nucleation density is often explained with mi-
gration of heterogeneities from one component to
the other.26–28 This should not be the case for
iPP/PaP blends because for the blends with a
single amorphous phase, diminution of nucleation
density with PaP content is observed. In the
phase-separated 50/50 blend, heterogeneous nu-
clei are probably formed at the interfaces between
the dispersed particles and the iPP-rich phase
matrix. Such a nucleation mechanism has been
shown to occur in other phase-separated binary
blends of iPP in which the second component is in
rubbery state, like blends of iPP with atactic poly-
styrene28 and blends of iPP with trans-polyocte-
nylene.29 The activity of the interface toward pri-
mary nucleation of crystallization of the matrix is
probably attributable to a decrease of the energy
barrier for the formation of heterogeneous nuclei
contacting with the interface.28 In the iPP/PaP
50/50 blend, these heterogeneous nuclei favor
crystallization of iPP, which starts at higher tem-

peratures compared to that of iPP and to iPP/PaP
blends with one homogeneous amorphous phase
(see Fig. 3).

To analyze the kinetic parameters of the non-
isothermal crystallization process, the method
proposed by Ozawa30 was applied. According to
Ozawa, the degree of conversion at temperature T
is related to the cooling rate x by the expression

X~T! 5 1 2 e2@K~T!/xn# (1)

where X(T) is the relative crystallinity at temper-
ature T, n is the Avrami exponent, and K(T) is the
cooling crystallization function. K is related to the
overall crystallization rate and indicates how fast
crystallization occurs.31 Equation (1) can be re-
written as

log$2ln@1 2 X~T!#% 5 log@K~T!# 2 n log~x! (2)

By plotting the left term of eq. (2) against log(x),
a straight line should be obtained and the kinetic
parameters K and n can be derived from the slope
and the intercept, respectively. Previous investi-
gations showed that this method can be applied
to analyze the dynamic solidification of plain
iPP.8,9,11,32

In Figure 6 the log{2ln[1 2 X(T)]} versus log(x)
plots for two iPP/PaP blends are shown. Experi-
mental data for these two blends, as well as those
(not shown) of plain iPP and of the other blends,
were fitted by straight lines. Thus the Ozawa
equation seems to satisfactorily describe the
nonisothermal crystallization of iPP/PaP blends.

Intercepts of the Ozawa plots provide the cool-
ing crystallization function K. Plots of log(K) as a
function of temperature are reported in Figure 7.
For iPP/PaP blends with PaP content up to 30%,
the value of log(K) decreases with the increase of
polyterpene amounts. For all the compositions,
log(K) is a decreasing linear function of T, as
observed for other polymers.11,33,34 For the misci-
ble blends, the diminution of K with temperature
follows the trend of both nucleation and growth
rates. For the 50/50 blend, the dependence of K on
temperature is much lower because the nucle-
ation rate, which is mainly heterogeneous, changes
little with T, and the decrease of K with temper-
ature is caused only by the variation of growth
rate. Moreover, K values of the 50/50 blend lie
between those of plain iPP and 90/10 blend. This
behavior can be accounted for by the presence of
PaP-rich phase droplets in the melt that act as
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Figure 5 Optical micrographs of iPP/PaP blends crystallized at 4°C/min: (a) 100/0; (b)
90/10; (c) 80/20; (d) 70/30; (e) 50/50.
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nucleation surfaces for solidification, thus accel-
erating the crystallization.

Values of the Avrami exponent are reported in
Table I. For plain iPP, n lies between 3 and 4, in

agreement with the data reported in the litera-
ture for crystallization conducted in isothermal
and nonisothermal conditions,8,9,11,32,35,36 indi-
cating that iPP crystals grow from both homoge-
neous and heterogeneous nuclei.

The addition of PaP to iPP produces a decrease
of the Avrami exponent, suggesting a change in
the nucleation mechanism and/or in the morphol-
ogy of the spherulites. A lower value of the
Avrami exponent with the presence of PaP was
also documented for isothermal crystallization,
where n was found close to 3 for iPP and close to
2 for the blends with PaP up to 30%, indicating
three-dimensional and bidimensional growths,
respectively, supposing heterogeneous nucle-
ation.4 PaP influences the morphology of iPP
spherulites: with increasing PaP content in the
blend, the formation of spherulites with irregular
growth face can be observed (see Fig. 5). The

Figure 6 Ozawa plot of iPP/PaP blends: (a) 80/20; (b) 70/30.

Figure 7 Cooling crystallization function versus tem-
perature plot of iPP/PaP blends.
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irregularity of the shape of iPP spherulites in the
blends increases with the addition of PaP, al-
though their appearance remains roughly spher-
ical. Therefore, the Avrami index does not seem
able to explain the crystallization mechanism in
the case of iPP/PaP blends. This probably occurs
because the equation used does not take into ac-
count that, during the growth, the crystallizable
molecules have to deviate to englobe, deform,
and/or reject the noncrystallizable component.

CONCLUSIONS

The analysis of the nonisothermal crystallization
process of iPP/PaP binary blends has shown that
the solidification behavior of the system is
strongly influenced by the miscibility of the com-
ponents. For the miscible blends (90/10, 80/20,
and 70/30), the addition of PaP retards the solid-
ification of iPP as a consequence of the diluting
effect of PaP. For the phase-separated blend (50/
50), the droplets of the PaP-rich phase act as
nucleation promoters for iPP crystallization. In
these conditions, solidification starts at tempera-
tures even higher than those for plain iPP be-
cause of the increased nucleation temperature,

although crystallization proceeds very slowly be-
cause of the high dilution.

PaP also influences the morphology of iPP
spherulites, which become irregular with increas-
ing PaP content. Their number and dimension
depend on composition and miscibility of the
blends: PaP produces a dilution of nuclei in the
blends that present one homogeneous amorphous
phase, whereas in the phase-separated blend the
particles of the dispersed phase generate an in-
crease in nucleation density.
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19. Cazé, C.; Devaux, E.; Crespy, A.; Cavrot, J. P. Poly-
mer 1997, 38, 497.

20. Bogoeva–Gaceva, G.; Janevski, A.; Grozdanov, A.
J Appl Polym Sci 1998, 67, 395.

21. Vasile, C. in Handbook of Polyolefins, 2nd ed.; Va-
sile, C., Ed.; Marcel Dekker: New York, 2000; pp.
413–476.

22. Higashimura, T.; Lu, J.; Kamigaito, M.; Sawamoto,
M. Makromol Chem 1993, 194, 3441.

23. Lu, J.; Kamigaito, M.; Sawamoto, M.; Higashimura,
T.; Deng, Y. J Appl Polym Sci 1996, 61, 1011.

24. Wunderlich, B. in Thermal Characterization of
Polymeric Materials, 2nd ed.; Turi, E., Ed.; Academic
Press: New York, 1997; Chapter 2, pp. 205–482.

25. Di Lorenzo, M. L.; Cimmino, S.; Silvestre, C. Mac-
romolecules 2000, 33, 3828.

26. Galeski, A.; Bartczak, Z.; Pracella, M. Polymer
1984, 28, 1323.

27. Bartczak, Z.; Martuscelli, E.; Galeski, A. in
Polypropylene: Structure, Blends and Composites;

Karger–Kocsis, J., Ed.; Chapman & Hall: London,
1995; Vol. 2, Chapter 2, pp. 25–49.

28. Bartczak, Z.; Galeski, A.; Krasnikova, N. P. Poly-
mer 1987, 28, 1627.

29. Wenig, W.; Fiedel, H. W. Makromol Chem 1991,
192, 191.

30. Ozawa, T. Polymer 1971, 12, 150.
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