
INTRODUCTION

Polypropylene is the most funda-
mental stereoregular and semicrys-
talline polymer which has extensive-
ly been studied from academic and
industrial view points. During crys-
tallization, each isotactic polypropy-
lene (i-PP) chain adopts a chain con-

formation as a 2×3/1 helix. The pres-
ence of methyl groups substitute pro-
duce rotation of the chain to mini-
mize the Van der Waals interaction
and this is directional. Both right-
handed and left-handed helices are
found due to stereo-isomer conform-

Effect of Annealing and Pressure on
Structure and Melting of a Polypropylene

Random Copolymer
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ers d and l [1-3]. Therefore, four different chain confor-
mations exist which have identical intramolecular
interaction energies. However, the intermolecular inter-
actions within the crystal depend on packing geometry.
When the nearest neighbors of left-handed helices are
enantiometric right-handed helices and vice versa the
best packing is achieved. From different packing
geometries four crystallographic forms are observed
which are named as monoclinic (α), hexagonal (β), tri-
clinic (γ) as well as a quenched (smectic) form [2-5]. A
less common δ-form structure has also been proposed
[6]. 

The α-form is the most common crystalline form
amongst the others. This monoclinic crystal unit cell as
reported by several research groups (in particular by
Natta and Corradini) has the dimensions of a=6.65 A

o

,
b=20.96 A

o

, c=6.50 A
o

and  β = 99.33o. The crystallo-
graphic density is 0.936 g.cm-3 [7-8].

Hikosaka and Seto [9-10] explained the structure of
the α-form of i-PP according to two variants named as
α1 and  α2. While the α1-phase is less stable and has a
statistical disorder, the α2-phase is an ordered phase
characterized by regularity in the up and down position
of the methyl groups along the polymer chain.

Several researchers have reported different unit cell
dimensions for β-form [6,11]. The lower stability of
this form of crystal structure compared to that of the
α-form under normal crystallization conditions is an
important reason for the difficulty in making these
measurements. In most cases, the β-form is produced
mixed with other forms but selective nucleating agent
and rapid quenching can be used to produce an
enriched or the β-form alone [7-8,12-13].

In the γ-form, the unit cell parameters are a=6.54 A
o

,
b=21.4 A

o

, c=6.5 A
o

,  α =89o,  β =99.6o, and  γ =99o. The
crystal density is 0.954 g.cm-3 [8,14].

A quenched form is produced on rapid cooling and
the structure is not well understood. Rapid quenching
of i-PP does not produce a completely amorphous sam-
ple even at 10000 K.min-1 cooling rate. Natta and Cor-
radini considered this structure to be smectic and pro-

posed it was composed of parallel helices in which dis-
orders existed in the packing of chains perpendicular to
their axes. No equilibrium thermodynamic properties
have been reported for this crystal structure [8]. 

In the previous study [15] the kinetic of isothermal
crystallization as well as the effect of cooling rate on
the crystalline structure and melting of the polypropy-
lene random copolymer were studied. It was found that
while water cooled samples revealed a broad single
melting endotherm with only α-crystalline phase, slow
cooled samples showed a more complex melting
endotherm and a structure composed of α- and γ-phase.

The purpose of this work is to explore how the
structure and melting of the same polymer can be
changed using different pressures during cooling and
also annealing at low and high temperatures.

EXPERIMENTAL

Polypropylene random copolymer was supplied by
Himont (Italy) with the trade name of Moplen EP (TP-
176 AM). The melt flow index of the PP copolymer as
measured by Davenport MFI apparatus at 503 K is
0.18 g.min-1. Table 1 shows the other specifications of
the material.

Square sheets of PP (1.6 mm thick) were prepared
by pressing PP granules between two PTFE sheets, in a
hydraulic press at 493 K for 5 min. The sheets then
were quenched in two different ways. A slow cooling
rate was achieved by cooling the sample in the press,
i.e. the hot press heaters were switched off and allowed
the sample to cool to room temperature over about 5 h
under different pressures exerted to the sample (slow
cooled sample). In other method the sheets were
quenched in water. Annealing of the quenched samples
were carried out in an oven for 24 h at different temper-
atures in the range 343-403 K and subsequently
requenched in water.

Annealing at temperatures higher than 408 K and
all melting studies were carried out by using a Perkin-

Table 1. Specifications of the material.

Material
MW

(kg.mol-1)

Mn

(kg.mol-1)
PDI

Density

(g.mL-1)

Type of

comonomer

Comonomer 

content (mol%)

PP (random copolymer) 365 101 3.6 0.902 Ethylene 5



Elmer differential scanning calorimeter (model DSC-2)
interfaced to a PC. The temperature scale of the
calorimeter was calibrated using the melting points of
zone refined tin, indium and stearic acid. 

The X-ray studies of the samples were carried out
using a Philips X�pert wide angle X-ray diffractometer
(WAXD) which was interfaced to a PC, and operated
with CuKα radiation (λ =1.54 A

o

) at 40 keV and 30
mA. The scans were recorded in the range of 2θ values
from 5 to 65o in steps of 0.02o. The counting time was
1 s per step. 

RESULTS AND DISCUSSION

Figure 1 shows the melting behaviours of water cooled
samples which were subsequently annealed at different
temperatures. Crystallization segregation can clearly be
seen during the annealing of these samples.

WAXD Patterns of the annealed samples are shown
in Figure 2. It can be seen that the α-form was present
with diffraction lines at 2θ values equal to 14.02, 16.78,
18.4, 21.12, and 21.52o. These lines represent diffrac-
tion from the 110, 040, 130, 111, 131, and 041 lattice
planes. The diffraction line at 21.52o is due both to the
131 and 041 planes [16]. The characteristic peaks of the
β- and  γ-form, which appear at 2θ =15-16o and 19.6o,
respectively, were not observed and thus no β- and γ-
form were present in the samples. 

The effect of pressure on PP crystal structure was
also studied by slow cooling of the samples from the
melt to room temperature at different pressures. The
WAXD spectra of the samples can be seen in Figure 3.

At all pressures studied, 0-20 tonnes, a mixture of the
α- and γ-form was present.

The phenomenon of random copolymers to crystal-
lize partially in the γ-form has not been completely
understood. However, the incorporation of ethylene
units into regular i-PP sequences has been reported as a
main factor of causing defects within the crystal and
then the formation of γ-phase [17]. The studies carried
out by Guidetti et al. [18] also support the idea that the
development of the γ-phase is due to the interruption of
isotactic sequences by the incorporation of the
comonomer into the polymer chains. They discovered
that the fraction of triads PEP, EPP, and EEP grow with
ethylene content and the amount of crystallinity due to
γ-phase formation and the melting temperature depend
not only on the total ethylene content but also on the
distribution of ethylene units throughout the copolymer
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Figure 1. Melting behavior of quenched PP after annealing at

different temperatures for 24 h (rate of heating = 10 K.min-1).

Figure 2. WAXD Spectra of PP copolymer after annealing at

different temperatures for 24 h.

Figure 3. WAXD Spectra of slow cooled PP samples at dif-

ferent pressures.



chain. It was also found that the sequence of EPE triad
have a greater influence on the properties of the random
copolymer than the other sequences such as PEP and
EPP triad.

The relative amounts of the α- and γ-phase were
calculated using the ratio of the intensities of 130 peak
at 2θ value of 18.1-18.6o and 040 peak of the γ-phase at
2θ equal to 19.6-20.1o, i.e. Iα and Iγ , respectively. The
fractional amount of the γ-phase in each sample was
estimated from Iγ/(Iα+Iγ) [19]. This is shown in Figure 4
for the different pressures. It can be seen that γ-phase
remained relatively constant but may increase slightly
with pressure. However, Feng and Hay [20] reported
that the amount of γ-phase which was formed during
the crystallization of bulk PP copolymer at elevated
pressures increased with increasing pressure. These dif-
ferences between the results can be attributed to the

study of PP copolymers with different molecular struc-
tures. They also found that ethylene sequence content
had some influence on the formation of γ-phase.

Comparing to the results reported in the previous
paper [15], it can be concluded that the cooling rate is
the most important factor in determining the amount of
γ-phase present in the PP random copolymer, but not
the extent of annealing or pressuring the polymer dur-
ing cooling from the molten state.

The melting behaviour of PP copolymer on anneal-
ing at higher temperatures (408-423 K) was also stud-
ied. The samples were first annealed at a specific tem-
perature for 16 min and then cooled at 160 K.min-1 to
320 K followed by heating at 10 K.min-1 (Figure 5). 

Two melting peaks were generally observed and
attributed to the presence of two distinct crystal distri-
butions, which segregated during annealing and then
rapid cooling to lower temperature. The lower melting
endotherms were more prominent at higher annealing
temperature due to the fact that longer times were
required for recrystallization to occur at higher
temperature. 

The second melting endotherm was sharper and the
related melting point after annealing at 423 K was
about 10 K higher than that of the unannealed sample.
This can be attributed to annealing or recrystallization
of the i-PP lamellae which can be transformed from
less ordered α1-form with random up and down distri-
bution of chain packing of methyl groups to a more
ordered α2-form with a well-defined deposition of up
and down helices in the crystal unit cell [8,21-25].

Two theories have been proposed by researchers
about how the α1- α2 transition occurs. While Hikosaka
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Figure 4. Effect of pressure on the extent of γ-phase forma-

tion of PP copolymer.

Figure 5. Melting behavior of PP copolymer after annealing

at different temperatures for 16 min (rate of heating =

10 K.min-1).

Figure 6. Melting behavior of PP copolymer after annealing

for different periods at 423 K (rate of heating =10 K.min-1).
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and Seto [10] describe that this transition takes place in
solid state and the domain of the α2-phase grows in the
sea of α1-phase, Petraccone et al. [22-24] and recently
Naiki et al. [5] explain that the α1-phase melts first and
then reorganizes and recrystallizes in the form of
α2-phase. 

Figure 6 shows the effect of annealing time at
423 K on the melting behaviour of the PP copolymer. It
can be seen that the sharp melting endotherm at higher
temperature became more prominent as the time of
annealing increases while the lower melting endotherm
became smaller and shifted to lower temperature. This
can also be related to the increase of α1- into α2-form
transformation as the annealing time length increases.

CONCLUSION

The effects of pressure and annealing on the crystalline
structure and melting behaviour of a PP copolymer
have been studied. The crystallization of the PP copoly-
mer under different pressures and slow cooling showed
no increase in the proportion of the γ-phase. No change
in crystalline structure on annealing revealed that cool-
ing rate was still the most important factor in determin-
ing the amount of the γ-phase for the PP random
copolymer.

Two melting endotherms were observed after
annealing of the PP copolymer at temperatures higher
than 408 K. These higher and lower temperature melt-
ing endotherms were attributed to the melting of
species produced by molecular segregation during
annealing and rapid cooling, respectively.

The melting point of the sample annealed at 423 K
was about 10 K higher than that of the unannealed sample.
The sharp melting endotherm appeared at higher tem-
perature after annealing could be attributed to the trans-
formation of less ordered α1-structure with random up
and down distribution of helices to a more ordered
α2-form with a better deposition of up and down
helices in the unit cell.
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