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Ageing effects during isothermal crystallization
of polypropylene blended with elastomers

W. WENIG

University of Duisburg, Laboratory of Applied Physics, 47048 Duisburg, Germany

The secondary crystallization of isotactic polypropylene in its blend with the elastomers
ethylene—propylene-diene-terpolymer (EPDM) and trans-polyoctenylene (TOR), which occurs
during isothermal crystallization, has been measured by time-dependent recording of X-ray
wide-angle scattering. From the results, Avrami exponents were determined, which show that
secondary crystallization takes place primarily within the already formed spherulites. Avrami
exponents of the primary crystallization have been determined by the same method and also by
observation of the spherulitic growth in the polarization microscope. It was found that both
elastomers have different effects on the crystallization behaviour of the polypropylene.

1. Introduction

The blending of elastomers to isotactic polypropylene
(iPP) influences its mechanical behaviour [1]: while
the impact strength of such blends is increasing, the
¢lastic modulus is decreasing. It has been found that
the course of the elastic modulus as a function of
elastomer mass fraction in the biend is correlated with
the statistical order of the lamellar morphology, and
that the degree of dispersion of elastomer in the iPP
matrix is the reason for the morphological changes
[2]. This dispersion has an effect on the crystallization
behaviour of the iPP matrix by influehcing the inter-
phase volume between the two components.

For blends of iPP with ethylene—propylenc-diene—
terpolymer (EPDM), Martuscelli et al. [3] found
a strong dependence of crystallization parameters
such as nucleation density and spherulite growth rate
on the amount of EPDM mixed into iPP. When the
EPDM is replaced by trans-polyoctenylene (TOR),
the nucleation becomes more heterogeneous for cer-
tain TOR concentrations than for others, which has
been shown to be a consequence of concentration-
dependent dispersion of the rubber component in the
iPP matrix [4].

A measure for the mode of nucleation is the Avrami
exponent, which, for equal crystallization conditions,
describes the transition from homogeneous to hetero-
geneous nucleation. Several methods for both iso-
thermal and non-isothermal determination have been
proposed [5-12]. Because for polypropylene the
spherulite growth can be well monitored under the
optical microscope, microscopic methods for isother-
mal determination of the Avrami exponent are often
used. This method can only be properly used, when
effects like secondary crystallization can be excluded.
However, in the case of isothermal crystallization, this
cannot always be assured. In neat polypropylene,
a mixture of homogeneous and heterogeneous nuclea-
tion and secondary nucleation as an effect of ageing
during isothermal crystallization seems to occur in
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most cases. Mixtures of iPP and elastomer show an
even more complicated behaviour. Therefore, it would
be of interest to separate primary and secondary nu-
cleation. This is possible through direct measurement
of the volume of the crystalline material transferred
from the melt, i.e. the crystallinity of the sample, dur-
ing crystallization by X-ray methods. These experi-
ments are described here for the systems iPP/EPDM
and iPP/TOR.

2. Experimental procedure

2.1. Sample preparation

Isotactic polypropylene (Myw = 468 000), polyocteny-
lene (Mw = 89000, trans-content 80%) and ethy-
lene—propylene-diene—terpolymer (M = 215000),
were dissolved in hot o-xylene and precipitated into
a large excess of methanol to form iPP/TOR and
iPP/EPDM blends with elastomer contents of 0%,
5%, 10%, 15% and 20%, respectively. For each
sample, a quantity of the dried material was placed
between the plates of a hydraulic press and heated to
a temperature well above the melting point under
a force of 100 kN. After switching off the press, the
sample was allowed to cool to room temperature. The
resulting thickness of the samples amounted to
~30um for the microscopic investigations and
~ 1 mm for the X-ray experiments.

2.2. Measurements

For observation in the optical microscope (Leitz
Metallux II) the samples were placed between micro-
scope slides and placed in a Mettler hot stage, where
they were heated to 200 °C for 5 min and then cooled
to the chosen crystallization temperature, 7. Crossed
polarizers were used and the crystallization was
monitored on a video screen, digitized, and recorded
on a computer hard disk. The crystallization temper-
atures for the isothermal crystallization were chosen
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between 130 and 140 °C. Each crystallization experi-
ment was carried out five times at different locations
on the sample for an error analysis.

X-ray wide-angle scattering curves were recorded
using a Philips PW 1380 goniometer. The measure-
ments were controlled by a computer, and the temper-
ature of the cooling water was kept constant through
a constant temperature unit. CuK, radiation was used
and monochromatization was achieved by use of
a nickel filter in conjunction with pulse-height analy-
sis. The goniometer was equipped with a Paar TTK-
HC temperature chamber to investigate the samples
at the chosen crystallization temperature. To monitor
the development of crystallinity as a function of time,
the scattering curves were measured in the angular
range 7° < 20 < 30° with a stepsize of 0.125° and
a counting time of 20s. After subtracting the back-
ground, a separate measured halo was fitted to the
curve [13-16].

3. Results and discussion
From X-ray measurements, the Avrami exponent can
be determined through the well-known equation

[17-20]
X (t) = 1 — exp(—kt") (n

which describes the development of the crystallinity in
a crystallizing spherulite as a function of time. X, is
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Figure 1 Avrami plot for iPP blended with (a) trans-polyocteny-
lene (85% iPP + 15% TOR) and (b) ethylene—propylene-diene—
terpolymer (85% iPP + 15% EPDM) at different crystallization
times: (W) 130°C, ( +) 132°C, (%) 134°C, (O) 136°C, (x) 138°C,
(&) 140°C.

the volume crystallinity as a function of crystallization
time, t, k a characteristic constant, and n the Avrami-
exponent describing the mode of crystallization.
Plotting In[ — In(1 — X )] versus In¢, the Avrami expo-
nent is yielded from the slope of the straight line.
Fig. 1 shows such plots for two examples: iPP mixed
with 15% TOR (Fig. la) and with 15% EPDM
(Fig. 1b) for all crystallization temperatures. The fig-
ures reveal two straight lines for every crystallization
temperature with different slopes. The steeper lines
yield the Avrami exponents for the primary crystal-
lization, the second line with lower slope the second-
ary crystallization. We see that fewer points are
obtained for the primary crystallization. The reason is
that X-ray determination of the crystallinity does not
limit the measurement of slow crystallization pro-
cesses, but has limited sensitivity for fast processes (e.g.
the error for X _measured at T, = 130°Cand ¢, = 25 s
crystallization time amounts to ~ 5%, while for
t. = 100 min it decreases to ~ 0.5%). Therefore, the
values for n determined for low crystallization temper-
atures and short crystallization times have a lower
accuracy. As repeated measurements showed, an error
above 1% is found only for very short crystallization
times and is independent of the elastomer content. The
secondary crystallization, however, can be well
monitored. The results are displayed in Fig. 2, where
the Avrami exponents for both elastomers and for the
two crystallization processes are shown. In Fig. 2a the
values for the primary crystallization are plotted. For
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Figure 2 Avrami exponents for (a) primary and (b) secondary crys-
tallization as a function of elastomer concentration. (@) TOR,
(O) EPDM.
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the given crystallization conditions, n should assume
the values n =3 for heterogeneous and n =4 for
homogeneous nucleation [20]. It can be seen from
Fig. 2a, that for neat polypropylene n assumes a value
lower than 4. This may be an effect of catalyst residues,
but it seems that “natural” impurities are responsible
for this behaviour [21,22]. In unseeded PP, therefore,
a mixture of heterogeneous and homogeneous nuclea-
tion is observed.

The addition of TOR or EPDM to iPP shows
different courses for n for both elastomers: while for
EPDM n varies only slightly with the concentration,
the blend iPP/TOR shows a minimum for n at 10%
TOR content (n ~ 3). Here the nucleation is almost
entirely heterogeneous, which has been discussed
earlier to be a consequence of an increasing iPP/TOR
interphase due to a higher dispersion of the TOR
component at this composition [2,4]. The Avrami
exponent of the iPP/EPDM blend does not show this
dependence. Here, n varies only slightly with the
EPDM content, showing only a small drop of n at
15% EPDM.

The Avrami exponent of the primary crystallization
can also be determined from the observation of the
spherulitic growth in the optical microscope.

Provided that the spherulites are globular shaped,
and that their crystallinity is independent of their
volume, the spherulitic volume, ¥, (¢), is proportional
to the “absolute” volume, ¥,,p aps, (the transferred vol-
ume covered by the crystals in the spherulites), and the
observed volume, and thus proportional to the cry-
stallinity, X ()

Vsph ,abs (2)

Vsph(t) = %
obs

From the microscope image, only spherulitic areas
instead of volumes can be determined. From the vol-
ume of the spherulitic globules, V = 4/3 nr?, the “half-
radius”, which is correlated to the half-volume, V;;,,

may be calculated
k3% 1/3
— 3
( 4n) 3

31\ 3 3\
we = () () “

The ratio of radius to half-radius corresponds to the
ratio, A;;,, of the respective areas covered by the
spherulites. This ratio calculates

_:
i

rl/le:
rn

_ [(3 V)/(81t)]2/3
-~ LBw)/@m)

1\2/3
)

= 0.63 (5)
Thus, the spherulites cover half the volume, when 63%
of the observed area is covered. From this the volume

half time, ¢, ;,,, can be determined.
For globular spherulites for athermal nucleation,
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n=3and
k = @rn/3)G3M (6)

where G, is the average spherulitic growth rate, and
for thermal nucleation n = 4 and

k = (n/3)Gn M(t) (7)

where M (¢) describes the development of nuclei per
unit volume as a function of time. For the shape of the
spherulites discussed here, the term kt" becomes the
N-fold spherical volume

kt" ~ (4/3)nG3 M¢? (8)
We then obtain for the Avrami equation

Vi) = 1— exp[— (4/3)TEG,3“MI"] )

From this equation we calculate for n

—(@4/3)mGE Mt = ln|:1 — Vsph(t)] (10)

31nl:1 - Vsph(t)]
o= 4nGEM (1)
n o= log{—%l/—;#}/logt (12)

With t = ¢, ;,,, Equation 12 becomes

3In2
n = log[— m:l/logt (13)

The Avrami exponent can thus be determined by
measuring the spherulitic growth rate, the nucleation
density, and the volume half-time.

The values for n determined by this method are
displayed in Fig. 3. We see that we obtain n varying
around 3.5 and the same principal concentration de-
pendence. These results show, that the determination
of the Avrami exponent by observation of the
spherulitic growth can obviously be done with suffi-
cient accuracy, despite the fact that the sample is
squeezed into a limited volume between the micro-
scope slides [23].
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Figure 3 Avrami exponents of the primary crystallization, deter-
mined by microscopic observation of the spherulitic growth, as
a function of elastomer concentration. (@) TOR, (O) EPDM.



The sharp drop of n at 10% TOR in the iPP/TOR
blend should be accompanied by a change of the
spherulitic radius and its distribution. For this blend,
one can observe in the microscope, that the spherulitic
size distribution is small at 10% TOR and signifi-
cantly higher for all other concentrations.

The mean spherulitic radius can be determined
from the micrographs as follows: having determined
the nucleation density, M, the mean spherulitic vol-
ume can be calculated as

Ven = 37 = 4/ (14

From this equation the mean spherulitic radius can be

determined
3 1\
G

From Fig. 4, where 7 as a function of the TOR concen-
tration is shown, the mean spherulitic radius is seen to
surpass a minimum at 10% TOR.

Owing to its longer crystallization time, the second-
ary crystallization, which is discussed in the literature
as an ageing process [9, 11], can be well monitored by
X-ray measurements. Several concepts have been de-
veloped concerning the location of secondary crystal-
lization and the orientation of the crystals. It is known
that ageing leads to an improved tensile strength,
which is believed to be a result of decreasing spherulite
size [24, 25]. Vinogradskaya et al. [26] proposed the
crystallization of small spherulites in the inter-
spherulitic zones between the spherulites of primary
crystallization, but other microstructural variations
could also be possible. Gezovich and Geil [27] sugges-
ted an orientation in the amorphous zones, and
Remaly and Schultz [11] assumed additional struc-
tural rearrangements after the formation of the
spherulitic microstructure. Interspherulitic crystalliza-
tion could explain the measured increase of crystal-
linity at longer crystallization times. Whether the
secondary crystallization takes place in newly formed
smaller spherulites or within the already existing
ones, can be decided by the values of the Avrami
exponents. Interspherulitic crystallization is, of course,
less hindered than interlamellar crystallization. The
latter type of crystallization takes place within the
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Figure 4 Mean spherulitic radius as a function of elastomer concen-
tration.

spherulites of the primary crystallization and under-
goes severe steric hindrances, because the newly built
crystals have to grow in an already formed environ-
ment. Consequently, the Avrami exponents should be
very low. Owing to the fact that the nucleation of these
crystals is secondary, and that no three-dimensional
undisturbed growth can be expected, the values for
n should be around 1. Fig. 2b shows a plot of these
values for both blend systems. Indeed, n is below 1 and
varies around 0.8. For the blend containing TOR,
n drops from 0.8 for neat polypropylene to n = 0.7 and
increases to n = 1.1 for the sample containing 20%
TOR. The values roughly correlate with the course of
the interlamellar distances of the iPP/TOR lamellar
morphology as a function of TOR concentration [2]:
this distance, calculated from interface distribution
functions, decreases for TOR concentrations around
10%. For the iPP/EPDM blend, an interlamellar
distance is observed, which increases slightly for
low EPDM concentrations, and decreases for concen-
trations > 10% [28]. The Avrami exponent follows
roughly this course, except for the value at 20%
EPDM. In principle, the dependence of the Avrami-
exponent on the elastomer concentration seems to be
an effect of the interlamellar volume. We further find
that the elastomer affects both the primary and sec-
ondary crystallization.

From these results we draw the following con-
clusions.

1. The elastomers trans-polyoctenylene and ethy-
lene-propylene—diene—terpolymer have, when mixed
to isotactic polypropylene, different effects on the crys-
tallization behaviour of the iPP.

2. Both primary and secondary crystallization can
be well determined by measuring the X-ray crystal-
linity as a function of crystallization time.

3. Avrami exponents, determined by X-ray scatter-
ing, match well with values measured by optical
MiCroscopy.

4. Secondary crystallization takes place within the
already formed spherulites and increases the crystal-
linity of the sample,

5. The size distribution of the spherulitic micro-
structure is not changed by the secondary crystalliza-
tion.

6. For iPP/TOR blends, the spherulitic radius de-
pends on the composition; in iPP/EPDM blends
the elastomer does not influence the radius of the
spherulites.
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