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Abstract

The effect of the incorporation of an amorphous immiscible polymer (ethylene-propylene-diene-
terpolymer) on the PP crystallization kinetics and thermodynamics is investigated by thermal analy-
sis. The results of the investigation have shown that EPDM acts as a nucleant agent. A marked de-
crease of the half time of PP crystallization, τ1/2, as well as a sensible increase of the overall crystalli-
zation rate, Kn, has been observed in the presence of EPDM. Moreover, at any crystallization
temperature, a minimum of τ1/2, is obtained at 25% EPDM content in the blend. The Avrami model
has been successfully applied to describe the crystallization kinetics of the blend. The kinetic curves
obtained under non-isothermal conditions confirm the results obtained under isothermal conditions
and demonstrate the nucleant action of the EPDM phase on the PP crystallization.
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Introduction

Polyolefins, such as polypropylene (PP), are the thermoplastics of higher consump-
tion because of their well-balanced physical and mechanical properties and their easy
processability at a relatively low cost that makes them a versatile material. However,
in some cases, not all the characteristics of this material are suitable for common ser-
vice conditions. For instance, the relatively high PP glass transition temperature (Tg)
renders it unsuitable for low-temperature applications. Thus, it is necessary to im-
prove its flexibility and resilience at low temperatures [1, 2]. With this objective, im-
pact modifiers have been added to PP and, among them, ethylene-propylene-diene-
terpolymer (EPDM), due to its high impact strength over a wide range of temperature
has been considered the most effective one [3–8]. These blends, commonly referred
to as TPOs (polyolefin thermoplastic elastomers), are a special class of TPE that com-
bines the processing characteristic of plastics at elevated temperatures [9–11] with
the physical properties of conventional elastomers at service temperature [12, 13],
playing an increasingly important role in the polymer material industry. Polyolefin
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blends attract additional interest due to the possibility of recycling plastic wastes,
avoiding the complex and expensive processes of separation of the different compo-
nents. In a previous paper [14], the optimum conditions of processability have been
determined and the mechanical properties-morphology correlation has also been ex-
amined. The results have shown the easy processability of PP-EPDM blends and a
considerable improvement of their impact properties at low temperatures.

The study of the crystallization phenomena is of great importance in polymer
processing. In particular, the study of the crystallization kinetics of polymers as a
function of the processing conditions, from a macrokinetic point of view, is very im-
portant for the analysis and design of processing operations. On the other hand, phys-
ical properties of polymeric materials strongly depend on their microstructure and
crystallinity, since it is at this microscopic level where failure of the materials takes
place. To date, the most important aspects of polyolefin blends that have been investi-
gated are reported to be influenced by their composition, morphology, mechanical
behavior, melting temperature, crystallinity and crystallization rate during solidifica-
tion from the melt. Calorimetry may be considered as one of the most interesting
techniques for macrokinetic analysis of polymer crystallization. In particular, the
crystallization kinetics of isotactic polypropylene (iPP) has been widely studied by
different methods [15–19], and, in general, it has been well described by the Avrami
equation [20, 21].

The PP-EPDM blend morphology has been recently discussed [22, 23] and the
effects on the crystallization behavior of PP, in isothermal and non-isothermal experi-
ments, have been investigated [24, 25]. The main goal of the present study is to apply
thermal analysis to develop a kinetic model and to study the thermodynamic behavior
of PP crystallization in the presence of an amorphous polymer (EPDM) on the whole
range of rubber concentration.

Experimental

Materials

Commercially available grades of PP gently supplied by Montell and EPDM with
5-ethylidene–2-norborene (ENB) as a termonomer were used. The material specifica-
tions are listed in Table 1.

Melt-blended specimens of these homopolymers with various compositions
were prepared in a Haake Rheomix 90 internal mixer equipped with a pair of high
shear roller-type rotors. The temperature of the mixing chamber was set at 190°C and
the blending time was 10 min. The rotor rate was set at 60 rpm. The obtained com-
pounds were compression molded at 200°C in a Campana P3-34-E press during 15
min. Testing samples were cut from the molded plaques. Three different formulations
were analyzed in this work. Pure PP and two different PP-EPDM blends: 75–25%
and 50–50%. The crystallization conditions used in this study are reported in Table 2.
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Table 1 Physical and mechanical characteristics of PP and EPDM

Material iPP EPDM

Manufacturer Montell Bayer

Designation C 30 G Buna EP T 6470P

Density/g cm–3 0.92 0.86

Mooney viscosity ML (1+8) 125°C – 55±5

Melt index/g 10 min–1 6.0 –

Hardness/shore A – 68.7

Table 2 Crystallization parameters of PP and PP-EPDM blends

Material
PP–EPDM

Tc/°C τ1/2/s k/min–n n Tm/°C Tg/°C

125 81 3.25·10–1 2.29 164.2 8.9

127 126 1.11·10–1 2.40 164.8

130 275 1.45·10–2 2.54 165.9

100–00 132 464 3.97·10–3 2.59 166.8

135 1013 3.53·10–4 2.58 169.0

137 1560 1.86·10–4 2.62 170.3

140 3120 3.23·10–5 2.65 171.5

125 60 6.93·10–1 2.18 164.9 8.1

127 97 1.99·10–1 2.70 165.0

130 178 4.14·10–2 2.81 165.8

75–25 132 275 1.34·10–2 2.69 166.8

135 627 1.41·10–3 2.64 167.6

137 958 5.16·10–4 2.60 170.0

140 1714 1.17·10–4 2.51 171.8

125 77 3.64·10–1 2.36 165.6 5.9

127 131 9.24·10–2 2.70 166.1

130 213 2.63·10–2 2.61 166.4

50–50 132 333 8.30·10–3 2.83 166.5

135 690 1.27·10–3 2.61 167.8

137 1200 4.77·10–4 2.43 169.1

140 2054 7.62·10–5 2.52 171.1

Measurements

Isothermal and non-isothermal DSC tests were performed on the blends at different
temperatures and cooling rates, respectively. Thermal analysis experiments were car-
ried out in a DSC Perkin Elmer Pyris 1 differential scanning calorimeter coupled with
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an intercooler. The following standard procedure was adopted. Samples of about 8
mg of mass were melted at 200°C for 10 min in order to eliminate any thermal history
of the material; then they were cooled to the crystallization temperature, Tc and main-
tained to that temperature during the necessary time to complete the crystallization of
the matrix. Seven crystallization temperatures have been examined in a range com-
prised between 125–140°C. The heat evolved during the isothermal crystallization
(∆Hc) was recorded as a function of time, at different crystallization temperatures.
The experiments were carried out in nitrogen atmosphere and the scans after the crys-
tallization isothermal tests were obtained at 10°C min–1. Degree of crystallization
curves were constructed by integrating the area under the exothermic peaks. On the
other hand, the melting temperatures (Tm) of the blends were obtained from the maxi-
mum of the endothermic peaks.

The standard procedure performed in non-isothermal dynamic DSC scans was
the following: samples of about 8 mg were heated from 30 to 200°C at a scan rate of
10°C min–1 and held for 10 min in order to eliminate any thermal history of the mate-
rial. The samples were cooled to –50°C by using six prefixed scan rates in a range
from 1 to 50°C min–1. After crystallization the samples were heated to 200°C.

Results and discussion

Crystallization kinetics

The crystallization kinetics data of PP and PP-EPDM blends were interpreted on the
basis of the Avrami analysis. The procedure requires the computation of the degree of
crystallization (Xmc) obtained by integration of the area under the exothermic peak ac-
cording to the following equation [26, 27]:

X t
Q

Q
mc

(t)

f

( )= (1)

where Q(t) is the heat released during crystallization from the starting point to a ge-
neric time, obtained by partial integration of the curve, which is expressed in terms of
the rate of heat evolution (dH/dt) as a function of time (t). Qf is the heat of fusion of a
perfect crystal taken as 209 J g–1 for polypropylene [28].

The application of the Avrami model requires the computation of the relative de-
gree of crystallization given by:
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where Q∞ is the total heat released during the crystallization process, obtained by to-
tal integration of the curve. Then, the Avrami model can now be used to describe the
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development of the relative degree of crystallization in isothermal processes accord-
ingly with the following equation:

X t ktr

n( ) exp( )= − −1 (3)

where n is the Avrami exponent, k is the kinetic constant and t the crystallization
time. These parameters, n and k, can be used to interpret qualitatively the nucleation
mechanism, morphology and overall crystallization rate of the polymer. They can be
calculated by plotting log(–ln(1–Xr)) vs. log(t) and evaluating the slope, which gives
the Avrami exponent n, and the intercept, which gives the kinetic constant logk. The
value of k is also very often calculated from the equation [29]:

k= ln

( )/

2

1 2τ n
(4)

where τ1/2 is the half time of crystallization, obtained at Xr=0.5.
Following the same approach, non-isothermal crystallization processes have

been traditionally represented obtaining integral or differential expressions of the
Avrami model with a temperature dependent kinetic constant. In particular,
Nakamura et al. [30] proposed the following integral expression:

X t K T tr

n
t

d( ) exp[ ( ) ]= − −∫1
0

(5)

K(T) is related to the Avrami constant in equation (3) through the relation:

K T k T( ) [ ( ) ]= 1/n (6)

Equation (5) reduces to the Avrami equation under isothermal conditions.

Isothermal crystallization

The results of the isothermal testing of PP crystallization are reported in Fig. 1 where
DSC curves obtained by cooling the molten polymer to the isothermal crystallization
temperature are shown. The slight delay in the DSC signal in the tests performed un-
der isothermal conditions can not be simply attributed to an induction time effect due
to nucleation. Nucleation is typically heterogeneous in most polymers used for com-
mercial applications because the presence of catalyst residues and because nucleation
agents are usually added in order to accelerate the overall crystallization process [30].
The apparent increase of induction time with the crystallization temperature may well
be simply due to the slowing down of the overall crystallization rate (nucleation and
growth) that reflects the instantaneous value of rate of heat release.

The strong effects of the temperature on the crystallization rate of PP are clearly
observed in the isothermal DSC curves obtained on the neat polymer at different tem-
peratures and reported in Fig. 1. These effects are still more evident from the degree
of crystallization curves obtained by integration of Fig. 1 DSC curves and reported in
Fig. 2. An increase of 10°C in the crystallization temperature involves an increase of
more than 10 times the half time of crystallization.
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In the same manner, and to analyze the effects of the blend composition on PP
crystallization, the crystallization isotherms and the degree of crystallization curves
as a function of time of all the samples studied, obtained at 130°C, are represented in
Figs 3 and 4, respectively. From these results, it can be deduced that the PP crystalli-
zation rate increases in presence of the EPDM and this increment is more evident at
the lower concentration of the amorphous polymer (25%). Similar behavior was ob-
tained at all the crystallization temperatures tested.
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Fig. 1 Isothermal crystallization DSC curves of PP at different crystallization tempera-
tures

Fig. 2 Degree of crystallization of PP in isothermal processes at different temperatures



The effects of the rubber phase on the PP crystallization rate can be attributed to
the modification of the PP matrix superstructure by the incorporation of the elasto-
mer. Thus, a change of the average size and number of the spherulites is induced and
this structural change is very important to interpret the function as impact modifier of
the elastomer in the PP matrix. Moreover, the crystallization behavior of PP in the
blend has also been attributed to the role of EPDM to selectively extract defective
chains from the PP in the molten state [32]. This behavior should not be considered as
a promotion of miscibility of both phases as demonstrated by the very slight changes
of the measured Tg of the PP phase, obtained by DMA [33] and reported in Table 2.

However, at higher percentages of EPDM in the blend (50%) an inversion of the
crystallization rate increase is observed. This behavior is clearly reflected analyzing
the half time of crystallization as a function of the temperature (Fig. 5). From this fig-
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Fig. 3 Isothermal crystallization DSC curves of PP and PP-EPDM blends at 130°C

Fig. 4 Degree of crystallization of PP and PP-EPDM blends at 130°C



ure it can be deduced, in first place, that the half time increases with the crystalliza-
tion temperature and, on the other hand, that the incorporation of the rubber increases
the PP crystallization rate independently of the crystallization temperature. In addi-
tion, this increment is clearly higher for the blend with 25% of EPDM. The values of
half times of PP crystallization (τ1/2) in the studied blends are reported in Table 2. As
expected, when plotting the half time of PP crystallization vs. the EPDM content at
different crystallization temperatures (Fig. 6), a minimum at 25% rubber content in
the blend is observed.

The kinetic analysis was also performed by applying the Avrami model (Eq. (2))
in its logarithm form to the results of the isothermal crystallization processes of PP
and of their blends. From these results, reported in Fig. 7, the Avrami parameters, n
and the kinetic constants, k, of the different blends were calculated and are reported in
Table 2. In all cases, fractional values of n were obtained and can be explained in
terms of a partial overlapping of primary nucleation and crystal growth [34]. Follow-
ing the evident parallelism of Avrami plots these values lie in a relatively narrow in-
terval (2<n<3), and are traditionally attributed to a heterogeneous nucleation fol-
lowed by diffusion controlled spherulitic crystalline growth.

The particular behavior observed on the crystallization kinetics of the blends
could be explained through the balance of two opposite contributions. The results ob-
tained suggest an increase of nucleation at the rubber-matrix interface with the rubber
content while, on the other hand, the same rubber phase could be responsible of an
impingement effect on the spherulitic growth. A similar behavior has been also re-
ported in the study of the effects of carbon fibers on the crystallization behavior of
different thermoplastic matrix composites [27, 35].

The values of the crystallization kinetic constant (k) (Table 2) have been normal-
ized with the average value of n of the blends studied. These values confirm the in-
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Fig. 5 Half time of PP crystallization (τ1/2) vs. crystallization temperature (Tc), in
PP-EPDM blends. Continuous lines represent the model predictions



ferred conclusions from the analysis of τ1/2 values. That is, the crystallization rate of
the polymer matrix decreases as the crystallization temperature increases and that
EPDM acts as nucleating agent for the PP crystallization. At any crystallization tem-
perature, the PP crystallization rate is higher in the presence of the amorphous poly-
mer, showing a maximum for the PP-EPDM 75-25 blend.

The ability of the model to represent the crystallization behavior of the neat
polymer and of the PP-EPDM blends is reported in Figs 2 and 4 where a very good
agreement between experimental and theoretical curves for isothermal processes can
be easily observed. Moreover, the model developed has been also used to predict the
behavior of the crystallization half time as a function of the temperature in the iso-
thermal processes. These predictions are well compared with the experimental values
in Fig. 5.

The PP and PP-EPDM melting temperatures, determined as the maximum of the
endothermic peaks obtained in DSC scans of the isothermally crystallized samples,
are reported in Table 2. The melt temperature of the polypropylene increases as crys-
tallization temperature increases (Fig. 8), which is directly related to the polymer
crystallite size. However, Tm is not modified by the incorporation of EPDM in the
blend.

Non-isothermal crystallization

The effects of EPDM on the crystallization of iPP have also been analyzed in
non-isothermal DSC experiments. Figure 9 shows the dynamic DSC curves obtained
on neat PP and PP-EPDM blends. The dynamic crystallization behavior observed
confirms the results obtained in isothermal tests regarding the positive effects of the
elastomeric phase on the crystallization kinetics of PP. The average values of the ab-
solute degree of crystallinity (Xc), the crystallization peak (Tc) and the apparent melt-
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Fig. 6 Effect of EPDM content on the half time of PP crystallization (τ1/2)



ing temperatures of the crystallized samples (Tm) are reported in Table 3. As in iso-
thermal crystallization processes, Tc increases with the incorporation of the EPDM in
the blend and this increment is more marked at lower rubber concentrations. This be-
havior is also evident when the results are expressed in terms of the relative degree of
crystallization, computed by integration of the dynamic DSC curves, as reported in
Fig. 10 for all the blends studied. These results confirm the nucleation ability of the
EPDM on PP crystallization already detected in the isothermal analysis. It can be
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Fig. 7 Avrami plot of a 75-25 PP-EPDM blend at different temperatures

Fig. 8 DSC scans at 25°C min–1 of a 75-25 PP-EPDM blend showing the effect of the
crystallization temperature



concluded that the presence of the rubber produces more crystals leading to a faster
overall crystallization behavior. However, no changes in the final absolute crystallin-
ity fraction are detected. In fact, the decrease in the values of the crystallinity content
observed in Table 3 with the addition of EPDM in the blend are directly associated to
the dilution effects of the elastomer phase. Furthermore no changes in the melting
point of the PP phase were detected in the blends.
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Fig. 9 Non-isothermal crystallization curves of PP and PP-EPDM blends at 1°C min–1

Fig. 10 Non-isothermal crystallization curves of PP and PP-EPDM blends at 1°C min–1



Table 3 Melting temperature, crystallinity index and crystallinity peaks of PP and PP-EPDM
blends

Material
PP-EPDM

Cooling rate: 1°C min–1 Cooling rate: 5°C min–1 Cooling rate: 10°C min–1

Tm/°C Xr/% Tc/°C Tm/°C Xr/% Tc/°C Tm/°C Xr/% Tc/°C

100–00 164.3 43 127.3 162.5 40 120.1 161.7 38 116.2

75–25 164.6 36 128.9 162.4 33 121.6 161.4 32 117.9

50–50 164.9 25 128.1 162.8 23 120.0 162.0 22 115.9

Material
PP-EPDM

Cooling rate: 15°C min–1 Cooling rate: 25°C min–1 Cooling rate: 50°C min–1

Tm/°C Xr/% Tc/°C Tm/°C Xr/% Tc/°C Tm/°C Xr/% Tc/°C

100–00 161.3 38 113.8 161.0 37 110.9 161.6 37 103.8

75–25 160.8 31 115.3 160.2 31 111.7 159.4 30 106.2

50–50 161.6 21 113.0 161.0 21 109.2 160.8 20 102.7

The dynamic crystallization analysis was also performed at different cooling
rates. Dynamic results in terms of relative degree of crystallization as a function of
temperature obtained on PP at three different cooling rates are reported in Fig. 11.
Complete results on the neat PP and PP-EPDM blends are reported in Table 3. The
shift in Tc with the cooling rate is directly associated to the thermal activation behav-
ior of the crystallization process. The Nakamura model (Eq. (5)) with the same Avra-
mi index obtained from isothermal results has been applied to the dynamic results. A
reasonable agreement between experimental and theoretical curves for the non-iso-
thermal crystallization processes on the blends studied is observed in Fig. 11.
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Fig. 11 Non-isothermal crystallization curves of PP at different cooling rates



Conclusions

Crystallization phenomena are of great importance in the study of the physical prop-
erties and the processing behavior of polymeric materials. It has been demonstrated
how the incorporation of EPDM affects the crystalline behavior and structure of PP
matrix and this change is very important to interpret the function of the elastomer as
impact modifier within the PP matrix. It has been observed that EPDM rubber accel-
erates the nucleation and crystal growth mechanisms of PP, being this effect more ap-
preciable at low rubber content (25%). This effect is attributed to the role of EPDM to
selectively extract the defective molecules within PP and to offer a higher surface for
crystal nucleation. On the other hand, the addition of EPDM does not affect the melt-
ing temperature of the PP matrix.

A good theoretical description of the crystallization behavior of PP in blends
with EPDM has been obtained with the Avrami model which fractional values of n
(2<n<3) confirm the heterogeneous nucleation of spherulitic crystals.
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