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1. Introduction
Isotactic polypropylene (iPP) can exist
in three polymorphic modifications: α
(monoclinic), β (hexagonal) and γ (tric-
linic) [1,2]. Of these forms, the β only
arises in the presence of specific orga-
nic compounds  of small molecular
weight (additives) [3,4,5,6,7,8] or during
isothermal crystallisation at various
temperatures [9,10], and can also be cre-
ated by shear forces.

According to our hypothesis, descri-
bed as a mechanism of β->α transfor-
mation, the presence or absence of the
hexagonal form depends upon the
mobility of polymeric chains during
crystallisation [11].

We have also suggested that the forma-
tion of β-iPP in the presence of additi-
ves is a result of the chains’ mobility
retardation, which is caused by speci-
fic weak interaction between the surfa-
ce of added crystals (or molecules) and
polymer [12].

This suggestion was partly confirmed
by the electro-crystallisation of iPP,
where we found that the electric field
causes a lowering of activity of the ad-
ditives and, as a consequence, a decre-
ase in the content of β-iPP was observed
[13]. The other factor which can stron-
gly influence mobility of chains is pres-
sure. Here, it is worth mentioning that
crystallisation of melted iPP at high
pressure [386 MPa] [14] leads to forma-
tion of the γ-phase.

In this study we used only a slightly
elevated pressure during the crystalli-
sation of polypropylene containing
β-nucleants. This study was undertaken
in order to check the action of β-additi-

ves in presence of external weak me-
chanical forces, which may influence
the final structure.

2. Experimental
In our investigations we used isotactic
polypropylene (Petrochemistry, P³ock,
Poland) with a melting temperature of
176°C without stabilisers. 0.5% of addi-
tives, triphenodithiazine (TPDT) [15]
and Permanent Red E3B (E3B) (Hoechst,
Germany) were mixed mechanically
with powdered iPP. The samples were

heated between a cover slip and a glass
slide on a microscopic hot stage up to
205°C, after which the samples were
pressed uniaxially by special weights.
The pressure was retained during
anisothermal crystallisation whilst the
temperature dropped to room tempera-
ture. The temperature and pressure pro-
gramme was similar to that previously
described [16] (Fig.1). We used pressure
from 0 to 14 x 104 Pa. The  samples ob-
tained took the form of thin foils. This
experiment was repeated three times:
A for pure iPP, B for iPP with E3B, and
C for iPP with TPDT.
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Figure 1. Temperature and pressure program used during experiments.
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Structural investigations of the samples
obtained were carried out by means of
a wide-angle X-ray scattering method,
using CuKα radiation (λ=1.5418Å). The
resolution of superimposed multipeaks
was performed by use of a method pro-
posed by Hindeleh and Johnson [17,18]
improved and programmed by Rabiej
[19]. In this work, the experimental
X-ray diffraction patterns are presented
as upper curves, and the separated lines
of crystalline and amorphous phases
are shown below.

On the basis of separated diffraction
lines, the β phase content and the de-
gree of crystallinity were analysed. The
amount of β-form (k) in samples of iPP
was determined by using the
Turner-Jones formula [1]. This formula
takes into account only one maximum
value from the β-form (at Θ = 8.06°) and
three from the α-form (at 7.07°; 8.49°
and 9.30°). The diffraction maximum at
10.7° is susceptible to various interpre-
tations and common for both forms, but
it was not taken into consideration in
the Turner-Jones formula [1].

The presence of both the forms were
also analysed by means of DSC. The
measurements were made in an atmo-
sphere of argon on DSC-200 Netzsch
apparatus. The samples were heated in
the 323-463K temperature range at the
rate of 5 K /min.

3. Results and discussion
In the samples without additives (se-
ries A) crystallised both with and with-
out pressure, only the α-phases were
presented (Fig.2a).

The samples of iPP with E3B or TPDT,
crystallised without pressure, con-
tained 80% and 50% of β-form respec-
tively (Figure 2b and 2c). After crys-
tallisation at elevated uniaxial pres-
sure, the intensity of diffraction peaks
from the β-phase dropped significantly
(Figure 3.), which indicates a lowering
in the amount of hexagonal forms.

On the other hand, this observation
raises the question of whether the de-
crease in the intensity of the peak at
Θ=8.06°  really corresponds with the
disappearance (diminishing) of the β
form, or whether it is caused by the
effect of the orientation of crystallites
perpendicular to the surface of the
pressed sample. To exclude the last
suggestion, we carried out DSC meas-
urements (Fig.4.), by which it is pos-
sible to analyse the amount of both
forms [8,20] irrespective of the orien-

tation effect. These measurements
were carried out only for samples con-
taining E3B.

We can see that the endothermic peak
connected with the melting of the β
phase (at 146°C) is much lower in the
sample crystallised under pressure
(Fig. 4b) than in that crystallised with-
out any external forces (Fig. 4a). How-
ever, the intensity of peak in question
returns to the previous value (Fig. 4c)
after recrystallisation without pres-

sure. This confirms that the specific ac-
tion of press has an impact on the con-
tent of the β modification.

In addition, X-ray and DSC experi-
ments clearly indicated that decrease
in the amount of the β-form takes
place in the whole mass of the sam-
ple, and that the changes observed in
the intensity of the X-ray diffraction
pattern are connected with the differ-
ence in the content of the particular
crystalline phase.

Figure 2. X-ray diffraction patterns of samples crystallised in nonpressure conditions for:
 a) iPP without additives
 b) iPP with E3B
 c) iPP with TPDT
The upper curves are experimental data; the bottom ones are lines after separation. The dotted lines
concerns the β-form, and the continuous lines indicate the α-phase and amorphous phase of iPP.
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Figure.4. DSC curves (without correction) iPP + E3B for:
a) sample crystallised without any external forces
b) sample crystallised under pressure 1.42 104 Pa
c) sample of (b) after recrystallisation in nonpressure conditions.

c)

b)a)

Figure.3. Wide-angle scattering patterns for samples crystallised with pressure 14 x 104 [Pa] for:
a) iPP + E3B, b) iPP + TPDT (the bottom and the upper curves as on Figure 2.).

Diffraction angle θ [°]

b)

Diffraction angle θ [°]

 a) The content of the β-phase (k) as a
function of uniaxial pressure is pre-
sented in Figure 5, where we can see
a difference between series B and C.
In case of iPP with E3B (series B) the
value of k decreases more rapidly
(from 80% to 32%) than in the case of
iPP with TPDT (series C) (from 50%
to 28% at 1.42 x 104 Pa).

Figure.5. Changes in the amount of β-phase (k) for
samples iPP containing E3B (•) and TPDT (♦) as a
function of the pressure applied during crystallisation.

This suggested that due to the action
of pressure, the role of additives as the
β-nucleants is reduced. This in turn
means that the formation of the mono-
clinic arrangement of iPP chains is fa-
voured under stress. To explain this
thesis, we propose to consider the fol-
lowing model: uniaxial stress (the ac-
tion of pressure) on the melted iPP
sample may force a screw motion of
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Figure.6. Schematic view of screw motion of one layer of iPP chains caused
by uniaxial stress. The black arrows indicate the action of stress.

Figure.7. Schematic projection of arrangement of one layer of iPP chain on a,c plane.
The left figure presents hexagonal (β) and the right one the monoclinic (α) form
(vertical arrows indicate the direction of displacement of the polypropylene chains).

helical chains in a direction perpendicu-
lar to the direction of the applied press
(Figure 6). As a result of the chains shift-
ing along their axes, the macromol-
ecules could not remain in a hexagonal
arrangement, where in the unit cell the
x,y plane is at right angle to the c axes,
but in the monoclinic phase, this angle
is 99°20’ [21], (Figure 7).

Therefore, the observed diminishing of
β-phase corresponds with the pro-
posed mechanism of formation of this
structural modification, according to
which the hexagonal form arises when
the mobility of chain is retarded dur-
ing crystallisation. In other words, the
pressure causes an increase in kinetic
energy, which exceeds the potential en-
ergy of interaction between additive
and polymer, and as a consequence the
macromolecules tend to assume a more
stable monoclinic arrangement. This
can also confirm that the pressure ap-
plied lowers the barrier energy of β→α
phase transition.

4. Conclusions
The elevated uniaxial pressure (order
14 x 104 Pa) applied during crystallisa-

tion of melted isotactic polypropylene
reduces the nucleating activity of
β-additives, which is manifested by a
decrease in the content of hexagonal
β-phase. This effect differs quantita-
tively with the additive used.

We hope that the present work will
throw new light on the mechanism in-
volved in the formation of the β poly-
morphic form of iPP in the presence
of additives, and also that it will help
in further explanation and understan-
ding of the mechanism of β→α trans-
formation.
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