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Abstract The crystalline modifica-
tions o and f§ of polypropylene (PP)
were studied by using polarized light
microscopy (PLM), wide-angle
X-ray diffraction (WAXD), and
differential scanning calorimetry
(DSC). Typically f crystals sur-
rounded by o spherulites were
observed at low temperature. With
increasing temperature the f crystals
melted and a new crystal appeared.
More interestingly, the melting tem-
perature of the new crystal was
about 5 © higher than that of

o spherulites originally present in the
sample formed isothermally. It was
assumed that this new crystal was

the recrystalline o crystal. This
assumption was supported by the
DSC results. Furthermore, the crys-
tallization kinetics of the PP used
was studied on the basis of the tra-
ditional Avrami analysis. As a result,
the Avrami exponents of crystalli-
zation temperature from 120 to

130 °C ranged between 4.21 and
3.60, indicating that the crystalliza-
tion mechanism of PP order melt
was spherulitic growth and random
nucleation.
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Introduction

It is generally known that polypropylene (PP) has
complex polymorphism with crystalline modification,
i.e. a monoclinic («) form, including limit-order o, and
limit-disorder o [1, 2, 3, 4, 5, 6, 7, 8, 9], the trigonal ()
form [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23],
the triclinic (y) form [24, 25, 26, 27, 28, 29, 30], and the
mesomorphic (smectic) form [31]. The formation and
mutual transformations of these forms are critically
dependent on initial crystallization conditions and
molecular weight. For example, the triclinic (y) form
normally needs high pressure and low molecular
weight [15, 32, 33, 34]. The prevalent and most widely
studied modification is the monoclinic () form, which is
generally obtained by crystallization from solution or
the melt, or even from recrystallization. The o form
actually has two variants, i.e. two limiting modifications,
limit-order o, and limit-disorder o; [1, 4, 7]. Radha-

krishnan et al. obtained nearly pure «, form crystals with
high tacticity in iPP [7]. Compared with the o form, the
f form occurs much more rarely after bulk crystalliza-
tion. However, unless using specific f-nucleating
agents [12, 13] or as a result of special crystallization
procedures, such as in a thermal gradient [14, 35],
fp form PP cannot be obtained at high levels and is
always accompanied by « crystals. Because f§ form PP
has a lower melting temperature and is less stable than
the o form, crystalline phase transformation (from f to
o form) would be a characteristic feature of § form PP.
The phase transform process is very complicated,
depending on the experimental temperature, the thermal
history of the sample, etc. Varga et al. [10, 12, 13, 19]
and Lotz et al. [18] have reported the original and
complex melting and recrystallization behavior of
fp form iPP and analyzed it in terms of the o form
nucleation potential of high and low temperature
growth transitions. Recently, some results related to
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memory effects in p-iPP were reported [16, 17, 18, 19,
20]. Cho et al. used real-time in-situ X-ray diffraction to
study memory effects in f-iPP during the heating and
crystallization process. They found that lower melt
temperature and longer hold time were needed in order
to obtain a high percentage of pure and stable f-iPP.
Moreover, the characteristic memory effect of the «
form within the f phase cannot be nullified. The phase
transformation is not only caused by the thermody-
namic instability of the S modification, but also by
the characteristic memory effect of « form. On the
other hand, after Avrami proposed the theory of phase
transition kinetics in 1940 [36, 37, 38], Evans gave
similar equations for the growth of spheres and
circles [39]. Morgan, Flory, and Mandelkern used these
theories to study the crystallization of polymers [40, 41,
42, 43]. Today, the Avrami equation is still widely
used to determine the Avrami exponent, the rate
constant, and to study nucleation and mechanisms of
crystallization.

In this study, polarized light microscopy (PLM) and
differential scanning calorimetry (DSC) were used to
explore the process of f—a recrystallization, and the
melting behavior for o« modifications presents in the PP
formed isothermally and new crystals formed from
S modifications.

Experimental

Sample characteristics and preparation

The polypropylene [type 5004, M,,=3.72x10°, M,,/M,=5.4, den-
sity p=0.9 g cm™>, and melt flow index=3.3 g/10 min with a load
of 5 kg (ASTM D1238)] used was obtained from Liaoyang Petro-
chemical Fiber (P.R. China). Thin PP films with thickness about
100 pm, were prepared by compression-molding of PP pellets at
180 °C with a pressure 90 kg cm™ for 4 min. The films were used
in all experimental tests.

Polarized light microscopy (PLM)

For optical microscope observation, a Leica DM LP optical
microscopy with a Panasonic digital camera (type WV-BP330) in
conjunction with a Linkam hot stage was used in this study. All
optical micrographs presented in this paper were taken under
cross-polarized light. The specimens were heated to 200 °C and
kept at this temperature for 10 min to erase thermal history ef-
fects. The sample was then cooled at a rate of 10 °C min~' to
crystallization temperature, 7.= 130 °C. Keeping the temperature
at T, for 15 min, the sample was preheated again at a rate of
10 °C min™".

Wide-angle X-ray diffraction (WAXD)

The wide-angle X-ray diffraction patterns were analyzed on a
Rigaku D/MAX 2500 V PC X-ray diffractometer in conjunction
with a Rigaku PTC-20A hot stage, operating at 40 kV and 200 mA

using CuKo radiation of wavelength 1.54 A as the X-ray source.
Samples were scanned at different temperatures in the 26 range of
5-40°.

Differential scanning calorimetry (DSC)

A differential scanning calorimeter, Perkin—Elmer Diamond DSC
instrument equipped with intracooler 2P, was used for thermal
analysis. The sample was heated from 30 °C to 190 °C at a scan-
ning rate of 80 °C min~', and was held there for 2 min before
quenching at a cooling rate of 200 °C min~! to a desired isothermal
crystallization temperature 7.. After being held for a desired time,
the sample was quenched to 10 °C below crystallization tempera-
ture (7.—10 °C); 1 min later, the sample was heated at a scanning
rate of 10 °C min™! to test its melting behavior.

Results and discussion

Figure 1 shows WAXD patterns for polypropylene at
different scanning temperatures. The results reveal that
the two crystalline modifications (x, f forms) coexisted
in the samples at 50 °C and 130 °C. It is well known that
the melting temperature of the crystal f form is about
155 °C. From Fig. 1 it is seen that the crystalline of
p form disappeared, leaving only o form at 160 °C. At
about 175 °C the crystalline « form melted. The relative
amount of the f and « forms present in PP could be
measured according to an empirical term K, as:

Hﬁ + (Hal +Hyp +Hx3)
where H,;, H,,, and H,; are the heights of the three
strong equatorial « form peaks (110), (040), and (130),

respectively, and Hp the height of the strong single ff peak
(300). From Eq. (1) and Fig. 1, we obtain Kz=16%.
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Fig. 1 WAXD patterns for polypropylene at different scanning
temperatures



1238

It is well known that the conformation of the f form
is very different from that of the a form; therefore the
conversion (from f to «) requires the complete break
up of the f form structure (such as melting) before the
o form can develop [15]. So phase transformation from
the metastable § modification to stable « modification
could occur by recrystallization during the heating
procedure. Figures 2a—¢ show the process of f recrys-
tallization, the melting of the f crystal, the original
o crystal, and new o crystal recrystallized from spheru-
lites. Figure 2a shows that after isothermal crystalliza-
tion at 7.,=130°C for 15 min there are radial
o modification and f modification spherulites in the
samples. Furthermore, it is clear that the  modifica-
tion spherulites are more brilliant than « modification
spherulites, and the shape of the f modification was

Fig. 2 Optical micrographs
showing PP morphology at
different temperatures during
heating: (a) 130 °C, (b) 155 °C,
(c) 160 °C, (d) 170 °C,

(e) 175 °C

R 3

somewhat different from that of « modification. As is
known, the melting temperature of the  modification
(Tmp) is lower than that of the o modification (7n,)
and is around 155 °C. From Fig. 2b we can see that
the more brilliant spherulites have melted completely at
155 °C. This further indicates that this crystal is the
metastable  modification. More interesting, in Fig. 2¢
we can see clearly that at 160 °C (after f modification
spherulites have complete melted), new spherulites with
ring structure (for convenience, we called it «”) begin to
appear within the region of the f-modification
spherulites. This process is the typical f—o recrystalli-
zation phenomenon. Figure 2d indicates that at 170 °C,
the o spherulites originally present in the sample have
melted completely, leaving only o'-modification

spherulites. At heating temperatures up to 175 °C, the
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Fig. 3 DSC curves for PP at different isothermal temperatures

o’-modification spherulites become totally melted as
shown in Fig. 2e, indicating that the melting tempera-
ture of o’-modification spherulites is about 5 °C higher
than that of the original a-modification spherulites.
This is because their crystallization temperatures are
different. The crystallization temperature of o'-modifi-
cation spherulites (7.,”) is about 160 °C, whereas that
of a-modification spherulites (7¢,) is only 130 °C. It is
generally known that the higher crystallization tem-
perature is, the higher the melting temperature would
be. DSC results (Fig. 3) further support this conclu-
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Fig. 4 Variation of melting temperature with crystallization tem-
perature for PP
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Fig. 5 Development of relative degree of crystallinity with time for
isothermal crystallization of PP

sion. It is assumed that this o’-modification spherulites
is o modification recrystallized from fS-modification
spherulites. Similar phenomena were observed by
Varga [10]. It is reported that when heating began
from the temperature of crystallization, the f modifi-
cation did not recrystallize into the « form, but if the
samples containing fS-PP were cooled below a critical
temperature before heating, partial melting would be
accompanied by f—o recrystallization and finally they
melted in the o form. In this study, we did not cool the
sample to a critical temperature before heating. After
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Fig. 6 Plots of In[-In(1-0(¢))] against In(7) for isothermal crystal-
lization of PP
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Table 1 Crystallization kinetics data for PP

T. (°C) 120 125 127 128 130
fos (min)  0.99 292 4.76 5.86 9.47
n 408 418 421 3.88 3.60
k(min™) 0.61 0.0060 7.14x10™* 6.33x107*  1.93x107*

crystallization at 130 °C, we heated the sample directly
and also observed the ff—o recrystallization phenomena.

Figure 3 shows the DSC results for various isother-
mal crystallization temperatures of PP. It can be found
that all the curves have double-melting endotherms. If
the crystallization temperature (7.) <135 °C, the first
melting endotherm belongs to the § modification and the
second endotherm belongs to o modification. However,
if T.>135°C, both of the endotherms belong to
o modification, the first belongs to the disorder-limiting
structure (o), the other to the order-limiting structure
(ap). Figure 4 shows that the melting temperature (77,)
of endotherms changes with crystallization temperature
(T,). It can be seen that T}, increases from 160.9 to
172.06 °C when T, is increased from 125 to 145 °C.
These results suggest that the o” spherulites is o modifi-
cation recrystallized from f-modification spherulites.

DSC is generally used to follow the overall isothermal
crystallization by measuring the heat released during the
crystallization process. According to Eq. (2), the relative
crystallinity 0(z) as a function of time ¢ could be obtained.
If we write it in its logarithmic form, we get Eq. (3).

0(¢) = 1 —exp(—kt") (2)
In[—In(1 — 0(2))] = Ink + nln(z) (3)

where 0(1), k, t, and n are the relative crystallinity, the rate
constant, reactive time, and Avrami exponent, respec-
tively. By fitting the experimental data, the Avrami
exponent n and the rate constant k can readily be ex-
tracted. Furthermore, ¢, 5 is the half-time of crystalliza-
tion, taken from the onset of crystallization until 50%
completion, which is extracted directly from the plot of
0(r) versus time z.

Figures 5 and 6 show the relationship between the
relative crystallinity and time at various isothermal
crystallization temperatures. The relative fitting results
from Eqgs. (2) and (3) are listed in Table 1. It is seen that
the Avrami exponent n ranged from 4.21 to 3.60, which
does not seem to exhibit a definite overall correlation
with 7T.. The rate constant k ranges from 0.61 to
1.93x10™* and decreases with increasing crystallization
temperature. Moreover, the Avrami exponent value
depends on the dimensionality of the growth process,
and on the kinetic order of nucleation. In this study # is
around 4, suggesting that the nucleation and growth
mechanisms are spherulite growth accompanied by
random nucleation.

Conclusions

The recrystallization and isothermal crystallization of
polypropylene were studied. X-ray results show that
the PP used had two different crystal modifications,
o and f8, and the relative crystallinity of  modification
in the two modifications is about 16%. The f—o
recrystallization phenomenon of the PP was success-
fully observed by means of polarized light microscopy.
Furthermore, the crystallization kinetics of the PP used
were studied on the basis of the traditional Avrami
analysis. As a result, Avrami exponents of crystalliza-
tion temperature between 120 and 130 °C ranged from
4.21 to 3.60, suggesting that the mechanism of crys-
tallization of molten PP was spherulitic growth and
random nucleation.
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