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ABSTRACT: This article is a part of a study of model and bulk composites, based on
isotactic polypropylene (i-PP) and glass (or carbon) fibers, produced from knitted textile
preforms of hybrid yarns. First, we report the results on crystallization and fusion of
textile-grade i-PP, used for the processing of hybrid yarns and the corresponding knitted
fabrics. The kinetics of the crystallization process, in the dynamic and isothermal re-
gime, was followed by DSC, and the results were analyzed by Avrami, Ozawa, and
Harnisch–Muschik methods. Isothermal crystallization of i-PP was carried out at 388–
400 K, and values for the Avrami exponent ranging from 1.93 to 4.39 were determined.
The equilibrium melting temperature was determined by the Hoffman–Weeks method,
and gÅ 2.54 was found. Double melting peaks were observed both when the crystalliza-
tion was performed at lower temperatures (isothermal regime) and at higher cooling
rates (nonisothermal regime). A single melting peak appeared upon melting following
isothermal crystallization at 400 K. The nonisothermal kinetics data showed that the
peak crystallization temperature changes from 377 to 386 K as the cooling rate de-
creases from 20 to 3 K/min. Applying the Ozawa method, a value of the exponent n
Å 2.33 was determined, which is in agreement with the results for isothermal crystalli-
zation at 391–400 K. The Harnisch–Muschik approach was also applied to compare
the results for n , and a similar trend in the results of isothermal and nonisothermal
crystallization was found, due to the predominant homogeneous mechanism of nucle-
ation at lower cooling rates (lower isothermal Tc ) in spite of being heterogeneous at
higher cooling rates (higher isothermal Tc ) . q 1998 John Wiley & Sons, Inc. J Appl Polym
Sci 67: 395–404, 1998
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INTRODUCTION innovative cost-effective textile preforms, ob-
tained from hybrid yarns consisting of blended
(commingled, cowinded, etc.) reinforcing fibersDuring the last few years, investigations of the

melting and crystallization behavior of polypro- and thermoplastic filaments.4,5

pylene have become a subject of increasing inter- When these textile preforms are converted into
est. This is mostly due to the development of some composite material by hot pressing, the morphol-
new technologies, where thermoplastic polymers ogy and the resulting crystallinity of the thermo-
are used as matrices for fiber-reinforced compos- plastic component may be significantly influenced
ite materials.1–3 A new class of thermoplastic com- by the conditions (temperature regime, pressure,
posite materials was recently produced based on etc.) applied during processing.3–5 On the other

hand, the degree of crystallinity and morphology
of the matrix may, in turn, affect the mechanical

Correspondence to: G. Bogoeva-Gaceva.
properties of the composite material.6,7 Also, the

Journal of Applied Polymer Science, Vol. 67, 395–404 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/030395-10 crystallization of thermoplastic polymers is often
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Figure 1 Diffraction pattern of textile-grade i-PP.

found to depend greatly on the possible transcrys- forms.23 The appearance of multiple peaks during
the melting, observed by DSC analysis, is usuallytallization phenomena.8,9

Isotactic polypropylene (i-PP) is a polymorphic related to some of the following factors: different
crystal structures, phenomenon of recrystalliza-material with a high tendency to crystallize in

numerous crystal modifications, such as mono- tion and perfection during fusion, and different
crystal sizes. Besides the fact that the meltingclinic (a ) , hexagonal (b ) , and triclinic (g ) .10 a-

Modification is most frequently formed during the and crystallization behavior of i-PP are compre-
hensively reviewed,10 some peculiarities are stillcrystallization of industrial i-PP grades, although

b-modification can also appear at higher under- a subject of debate.
This article is part of a study of model and bulkcooling.11 The g-modification is observed in de-

graded, low molecular weight PP or when it crys- composites, based on i-PP and glass (or carbon)
fibers, produced from knitted textile preforms oftallizes under high pressure. Crystallization of i-

PP can be described by the Avrami expression hybrid yarns.24 First, we report the results on
crystallization and fusion of textile grade i-PP,over a wide crystallization temperature range,11

and Avrami exponents between n Å 1 and n Å 4 used for the processing of hybrid yarns and the
corresponding knitted fabrics.are determined by DSC and depolarization mi-

croscopy,12–22 usually explained by different nu-
cleating mechanisms.

The melting of i-PP is affected by many factors, THEORETICAL BACKGROUND
such as molecular mass and molecular mass dis-
tribution, degree of isotacticity, and head-to-tail The crystallization kinetics of polymeric materi-

als under isothermal conditions for various modessequences and the presence of different crystal
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Figure 2 (a) DSC thermograms of isothermal crystallization at different Tc : (a) 388
K; (b) 391 K; (c) 394 K; (d) 397 K; (e) 400 K. (b) tp as a function of Tc .

of nucleation and growth can be well approxi- used experimental technique, enabling isother-
mal crystallization as well as kinetic studies. Themated by the known Avrami25 equation. This

equation is derived by assuming random nucle- extent of crystallization as a function of time and/
or temperature can be recorded and the parame-ation, a constant growth rate, and a constant rate

of nucleation (or a constant nucleation density), ters of crystallization determined.
In nonisothermal DSC studies, a polymer sam-and the general form of the Avrami expression is

given as ple is usually crystallized by cooling (b õ 0) from
the melt or by heating (bú 0) from an amorphous
state under the influence of a linear temperaturea Å 1 0 exp(0Ktn ) (1)
change (T Å T0 / bt , where T0 is the initial tem-
perature; b, the scanning rate; and t , the time).where a is extent of crystallization (crystal con-
Under such conditions, the crystallization processversion); n , the Avrami exponent; and K , a rate
may be treated as a sequence of infinitesimallyconstant which usually follows the Arhenius rela-
small isothermal crystallization steps.26,27 Hence,tionship with temperature:
the rate equation for the isothermal condition:

K Å A exp(E /RT ) (2)
a Å da /dt Å nKtn01(1 0 a ) (3)

where A is the preexponential factor, and E , the should also be applicable for the nonisothermalactivation energy. The value of the Avrami expo- condition and has the formnent depends on the mechanism of nucleation and
the geometry of crystal growth, and the constant a Å da /dt Å nK[ (T 0 T0) /b] (1 0 a ) (4)
K includes nucleation parameters as well as
growth-rate parameters. DSC is the most widely Integration of eq. (4) leads to
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log[0ln(1 0 a ) ] Å log[x(T ) ] 0 n log(b ) (6)

where

x(T ) Å nA *
T

T0

exp(E /RT ) (T 0 T0)n01 dT

Ozawa suggested that the Avrami exponent can
be obtained by plotting log[0ln(10 a ) ] vs. log(b )
at constant temperature. The Ozawa approach is
valid only when a linear dependence of log[0ln(1
0 a ) ] vs. log b exists.

The method developed by Harnisch and
Muschik29 is derived from the Avrami eq. (1) and
allows determination of the Avrami exponent dur-
ing nonisothermal crystallization of polymers. As-
suming that the enthalpy of transformation is in-
dependent of temperature and rearranging eq.
(1), the following equation is obtained:

n Å 1 / ( ln(ai / (1 0 ai )

0 ln[aj/ (1 0 aj) ] / ln(bj/bi )

ÉbjÉ õ ÉbiÉ, T Å Tc (7)

To determine the values of the exponent by this
Figure 3 Avrami plots of isothermal crystallization method, it is necessary to record nonisothermal
of i-PP at different Tc : (a) 388 K; (b) 391 K; (c) 394 K; crystallization thermograms at least at two differ-(d) 397 K; (e) 400 K.

ent cooling rates.

a Å 1 0 expS0 *
t

t0

nKtn01 dtD (5) EXPERIMENTAL

The kinetics of the crystallization process, in the
dynamic and isothermal regime, was followed us-Equation (5) was derived by Ozawa from funda-

mental consideration in order to describe the non- ing a Perkin-Elmer DSC-7 analyzer. The experi-
ments were carried out under nitrogen, and theisothermal crystallization, and this method is the

most commonly used to analyze the nonisother- calibration was performed with indium and zinc.
To analyze the effect of the cooling rate on themal kinetics data.28 Equation (5) can be expressed

as crystallization kinetics, PP samples (3–5 mg;

Table I The Isothermal Crystallization Data for i-PP

Tc DHm
a Xc

b K
(K) (kJ/mol) (%) n (s01)

388 3.58 41.0 4.39 1.35 1 1006

391 3.60 41.4 2.18 1.22 1 1006

394 3.67 42.2 2.01 8.86 1 1006

397 4.25 48.9 2.00 2.58 1 1006

400 3.96 45.5 1.93 1.27 1 1006

a DHm , heat of fusion after isothermal crystallization of i-PP performed at given Tc .
b Xc , degree of crystallinity determined as Xc Å DHc /DH*c r100%. DH*c Å 8.7 kJ/mol.
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Figure 4 DSC thermograms of nonisothermal crystallization of i-PP at different cool-
ing rates: b1 Å 20 K/min; b2 Å 15 K/min; b3 Å 10 K/min; b4 Å 5 K/min; b5 Å 3 K/
min.

DAPLEN MT55-Prespatex, MFI/2307C Å 12–14 held at the molten state for 5 min to erase the
former thermal history, and then rapidly cooledg/10 min) were heated at 10 K/min and then

cooled at different cooling rates (3, 5, 10, 15, and at the maximum cooling rate (200 K/min) to the
crystallization temperature, Tc . Tc was then held20 K/min). At an isothermal regime, PP samples

were heated to 478 K (heating rate 80 K/min), constant until crystallization was completed. The
equilibrium melting point of PP, T0

m , was deter-
mined by the Hoffman–Weeks method,7 extrapo-

Table II Nonisothermal Crystallization Data lating the experimental points of the plot Tm
for i-PP Å f (Tc ) to the intercept with the plot Tm Å Tc .

0b Tc 0DHc Xc
b

Na (K/min) (K) (kJ/mol) (%)
RESULTS AND DISCUSSION

1 20 377.3 3.84 38.0
Crystallization2 15 378.3 3.54 40.7

3 10 380.5 3.64 41.8
The percent of isotactic content in PP was calcu-4 5 383.8 3.65 42.0
lated from the FTIR spectra30 by the equation5 3 386.3 3.70 42.6

a Number of experiment. % iso
b Xc , degree of crystallinity determined as Xc Å DHc /

DH*c r100%. DH*c Å 8.7 kJ/mol. Å [1 0 (K 0 1)/(0.853K 0 0.113)] 1 100 (8)
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Figure 5 Ozawa plots of log{ln[1 0 a] } against log(bt ) from the data presented in
Figure 4.

where K Å A974 /A995 . A974 and A995 are absorban- The time required to reach the exothermal DSC
peak, tp , [Fig. 2(b)] increases with increasingces of the bands at 974 and 995 cm01 , respectively,

determined from curve-fitted FTIR spectra, re- crystallization temperature. These results are in
agreement with the common behavior of crystalli-corded on Perkin-Elmer FTIR-2000 spectrometer.

The i-PP content was 78%. zation rates at moderate undercooling.26

The values of the Avrami exponents are pre-The diffraction pattern recorded on i-PP film
(Universal X-ray diffractometer, KCua, 40 kV, 20 sented in Table I. For the studied interval of crystal-

lization temperatures (388–400 K), different val-mA) is represented in Figure 1, and the percent
of crystallinity calculated by the Hermans–Wei- ues for n, ranging from 1.93 to 4.39, were found.

The values of the Avrami exponent depends on thedinger method31 was 64. The results of isothermal
DSC experiments are presented in Figure 2, and applied experimental method (dilatometry, DSC,

optical microscopy).32,33 DSC data for the Avramithe kinetic parameters were inferred from the
graphic representation of the Avrami equation exponent varied with the temperature range: 2.0

(390–413 K),12,13 2.7–3.5 (383–403 K),14,15 2.0–(Fig. 3). As can be seen, the crystallization below
390 K proceeds too fast (see Fig. 2 and Table I) , 2.6 (396–407 K),16 Ç 3.0 (387–405 K),17 and 5.9–

7.6 (403–413 K).18 Dilatometry-based data areand it is also assumed that a considerable amount
of crystallinity can be produced already during usually close to n Å 3 (396–429 K)19–21 and 2.8–

4.0 (403–433 K).22 Lower values (in the range ofthe cooling from the melt to the Tc .26 This is con-
firmed by investigation of the melting behavior of 0.5–1.6) for n were found in the presence of unmelt-

ing materials.13 According to Godovsky and Slonim-isothermally crystallized i-PP (see Fig. 8) and the
appearance of two melting peaks in the DSC sky,13 this discrepancy in the data is connected with

the morphology of the polymer crystallized from thecurve.
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cooling rate decreases from 20 to 3 K/min (Table
II) . A slightly higher degree of crystallinity is also
found for the lower cooling rates, obviously due to
the formation of a more ordered crystalline struc-
ture.

An Ozawa plot, obtained by using data for 0b
Å 20, 15, 10, 5, and 3 K/min, for different crystalli-
zation temperatures, is shown in Figure 5, and a
value of 2.33 for the Avrami exponent was deter-
mined based on these results, which is in agree-
ment with the results from isothermal crystalliza-
tion at 391–400 K, reported in Table I. The de-
rived values for an exponent determined by the
Harnisch–Muschik method, listed in Figure 6,
are n102 Å 3.59, n203 Å 3.47, n304 Å 2.52, and n405

Å 2.46.
A similar trend in the results of isothermal and

nonisothermal crystallization analyzed by this
method can be observed. The lower values for n
found for lower cooling rates are possibly due to
a predominant homogeneous mechanism in spite
of a heterogeneous mechanism at higher cooling
rates.

Melting Behavior
Figure 6 Harnisch–Muschik plot of ln[a / (1 0 a ) ] The equilibrium melting temperature of i-PP wasagainst temperature at different cooling rates (b ) ,

determined by applying the Hoffman–Weekslisted in Table II.

melt, and a general conclusion is derived: that in-
creasing n is related to several factors, such as de-
creasing of supercooling, changes from athermal to
thermal nucleation, and initiation of the secondary
crystallization processes.33

Variation of the rate constant, K, in the range of
1.35 1 1009 (388 K) to 8.86 1 1006 (394 K) con-
firmed that the rate constant is in a complex rela-
tion to the temperature. Compared to the literature
data for K at the same crystallization tempera-
tures,13 our data are lower. Based on the obtained
results, it can be proposed that the mechanism of
nucleation is homogenic at lower crystallization
temperatures and heterogenic at higher tempera-
tures. From the practical point of view, study of the
kinetics of crystallization in a nonisothermal regime
is, further, more important, since the processing of
thermoplastic polymers and composites is usually
carried out under nonisothermal conditions.

The DSC scans of i-PP recorded during cooling
from the melt (478 K) at different cooling rates
are shown in Figure 4. The peak crystallization
temperature, Tc (corresponding to temperature at
which the maximum crystallization rate is

Figure 7 Hoffman–Weeks plot for i-PP.reached), changes from 377.3 to 386.3 K as the
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the crystallization temperature. The value of g
Å 2.54 is found, which is in good agreement with
the literature data for i-PP.7

Depending on the crystallization temperature,
DSC thermograms obtained after isothermal crys-
tallization represent remarkable differences (see
Fig. 8). Double melting peaks are observed when
the crystallization is carried out at 388 K. The
high-temperature peak gradually diminishes and
finally disappears as Tc increased. A single melt-
ing peak is observed upon melting following crys-
tallization at 400 K. At the same time, the value
of the low-temperature melting peak increases as
Tc increases from 430.7 K (Tc Å 388 K) to 435.7
(Tc Å 400 K) and the melting peak becomes
sharper. The shoulder peak at 435.7 K obviously
indicates the melt reorganization of i-PP, which
may include an increasing order in crystal spheru-
lites, interfibrilar growth, and crystal thickening.
Crystals formed at higher Tc are more highly or-
dered, and, therefore, only a few of them undergo
recrystallization during melting.

The DSC melting thermograms performed
after nonisothermal crystallization at different

Figure 8 DSC thermograms of melting of i-PP after
isothermal crystallization at different Tc : (a) 388 K; (b)
391 K; (c) 394 K; (d) 397 K; (e) 400 K (heating rate
10 K/min).

method, by plotting melting temperatures, Tm ,
against isothermal crystallization temperatures,
Tc , as presented in Figure 7. The studied i-PP
sample was first crystallized isothermally (as re-
ported in the Experimental part) , and then, fol-
lowing each crystallization process, the solidified
sample was heated from Tc to 478 K at a heating
rate of 10 K/min. The polymer melting tempera-
ture increases linearly as crystallization tempera-
ture is increased.

Using the Hoffman–Weeks relation, the con-
stant g which represents the ratio between the
final thickness of the crystalline lamellae and the
initial critical thickness, can be determined from
the equation7

T *m Å T0
m (g 0 1/g ) / Tc /g

Figure 9 DSC melting thermograms after noniso-
where T *m is the observed melting temperature; thermal crystallization at different cooling rates: (a)

b1 ; (b) b2 ; (c) b3 ; (d) b4 ; (e) b5 .T0
m , the equilibrium melting temperature; and Tc ,
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CONCLUSION

The crystallization and melting behavior of tex-
tile-grade i-PP were studied by DSC. Isothermal
and nonisothermal crystallization data were ana-
lyzed by the Avrami, Ozawa, and Harnisch–
Muschik methods. Isothermal crystallization was
carried out at 389–400 K, and values for the
Avrami exponent ranging from 1.93 to 4.39 were
determined. Double melting peaks were observed
upon isothermal crystallization carried out at
lower Tc , while a single melting peak appeared
after isothermal crystallization at 400 K. During
nonisothermal crystallization, it was found that
Tc changes from 377 to 386 K as the cooling rate
decreases from 20 to 3 K/min. Double melting
peaks were also observed upon nonisothermal
crystallization performed at higher cooling rates.
Similar values for n were determined both by
Avrami’s and Ozawa’s methods (nonisothermal
regime), and a similar trend, confirmed by the
Harnisch–Muschik approach, was observed for
isothermal and nonisothermal crystallization, at-
tributed to a predominant homogeneous mecha-
nism of nucleation at lower cooling rates (or lower
isothermal Tc ) in spite of a heterogeneous one at
higher cooling (or higher isothermal Tc ) .

Figure 10 Changes of melting peak temperature reg-
istered at different cooling rates: (a) low-temperature
melting peak; (b) high-temperature melting peak. REFERENCES
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