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Crystallization kinetics of isotactic polypropylene blended with atactic 
polystyrene 
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Abstract: Crystallization kinetic parameters, such as spherulitic growth rates, nucleation 
densities, and Avrami-exponents, have been determined by optical microscopy for 
isotactic polypropylene blended with atactic polystyrene. It is found that the crystal- 
lization of iPP is strongly influenced by the presence of polystyrene. With increasing 
PS concentration in the blend, the nucleation densities decrease, while the spherulitic 
growth rates as well as the positions of thermal peaks, measured by DSC, remain 
independent of sample composition. Due to the formation of interfaces as a consequence 
of increasing dispersion of polystyrene the nucleation changes from preferentially 
thermal to athermal. 
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Introduction 

A c c o r d i n g  to  m o s t  c o m m o n l y  e m p l o y e d  c r i te r ia  
of  m i sc ib i l i t y  of  p o l y m e r  b l ends ,  i so tac t ic  p o l y p r o p y -  
lene  a n d  a tac t ic  p o l y s t y r e n e  s h o u l d  be  i n c o m p a t i b l e  

[1, 2]. I n d e e d ,  m i x t u r e s  of  b o t h  p o l y m e r s  s h o w  t w o  
g lass  t r ans i t i ons  a n d  the  m e l t i n g  t e m p e r a t u r e  of  
i P P / a P S  is sh i f t ed  o n l y  g r a d u a l l y  as  a f u n c t i o n  of the  
aPS content .  H o w e v e r ,  it  is f o u n d  tha t  the  g lass  t r an -  
s i t ion  t e m p e r a t u r e  shif ts  w i t h  b l e n d  c o m p o s i t i o n  a n d  

s eve r a l  i n v e s t i g a t i o n s  l ike  m e c h a n i c a l  a n d  d i l a -  
t o m e t r i c  m e a s u r e m e n t s  [3-5] l ead  s o m e  a u t h o r s  to  
t he  conc lus ion ,  t ha t  the re  is a spec ia l  i n t e r a c t i o n  be-  
t w e e n  iPP a n d  aPS [3, 5]. This  i n t e r ac t i on  s h o u l d  
in f luence  the  c ry s t a l l i z a t i on  b e h a v i o r  of  the  c rys ta l -  
l i zab le  c o m p o n e n t .  The  a i m  of  th is  p a p e r  is to  inves -  
t i ga t e  the  c ry s t a l l i z a t i on  k ine t ics  of  i so tac t ic  p o l y -  
p r o p y l e n e  in  i ts  b l e n d  w i t h  a tact ic  p o l y s t y r e n e .  

2.Experimental 

2.1 Sample preparation 

The polymers used for the blends were isotactic polypropylene 
with an average molecular weigth Mw = 468,000 and atactic pol- 
ystyrene with Mw = 276,000. Appropriate amounts of both poly- 
mers (aPS weight fractions: 0 %...40 %; for thermal investigations 

0 %...50 %) were dissolved in xylene followed by precipitation in 
an excess of methanol. The resulting powder was placed between 
the plates of a hydraulic press where it was heated to a temperature 
well above the melting temperature (ca. 220 ~ at a load of 10 kN. 
After switching off the heating of the press, the sample was allowed 
to cool to room temperature. The resulting thickness of the sample 
amounted to ca. 30/,tm. Some thicker samples (d~80/lm) have also 
been prepared to investigate the influence of the truncation effect. 

2.2 Measurements 

For observation in the optical microscope (Leitz Metallux II), 
the samples were placed between microscope slides and put in a 
Mettler hot-stage. Here they were heated to 483 K for 5 min. and 
then cooled to the chosen crystallization temperature Tc with an 
average cooling rate of 20 K/min. At a temperature of 2 K above 
the crystallization temperature, the cooling rate was lowered to 3 
K/rain to avoid cooling below Te. Crossed polarizers were used 
and the crystallization was monitored on a video screen and re- 
corded on tape. From the video recording, the growth of the 
spherulites and the nucleation density as a function of time were 
determined. The crystallization temperatures for isothermal crys- 
tallization were chosen between 402 K and 408 K with a tempera- 
ture increment of 1 K. At lower crystallization temperatures, the 
crystallization proved to be too fast; at higher temperatures it 
appeared too slow. We consider this temperature range to be 
sufficient to investigate the influence of blend composition on the 
crystallization parameters. Each crystallization experiment was 
carried out five times at different locations of the sample to allow 
an error analysis. Findings showed that both the spherulitic growth 
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rate as well as the development  of the number  of nuclei as a 
function of t ime could be measured wi th  great accuracy. DSC 
curves were recorded using a Perkin Elmer DSC II calorimeter. 
The heating rate was 20 K/min ;  the cooling rate 10 K/rain.  Wide- 
angle X-ray scattering curves were  measured using a Philips 
PW 1380 goniometer. Cuka-radiat ion was used and monochro-  
matisation was achieved by  use of a graphite monochromator.  The 
polypropylene crystallizes in all samples in the monoclinic a -mod-  
ification, the hexagonal ~modif ica t ion  d id  not occur. 

3. Results 

3.1 Nucleation densities 

Assuming a constant density M of nuclei, for 
isothermal crystallization the nuclei appear statisti- 
cally with a probability v of developing per unit time 
[6-13] 

N(t) = vMe- vt (1) 

where N(t) is the nucleation frequency per unit of 
untransformed volume at time t. Integration of Eq. 
(1) yields the number of nuclei as a function of time: 

N(t) = M(1 - e- vt). (2) 

Figure 1 shows N(t) for the sample containing 20 
% aPS. Using Eq. (2), the nucleation density M and 
the probability v can be determined. These values 
are listed in Tables 1 and 2. 

Assuming that at a given temperature the number 
of nucleating sites is distributed normally as a func- 
tion of temperature, the equation obtained for the 
temperature dependence of the nucleation density 
[8] is 

1 [ _ [(x-T)~(2~ 2) 
M(T) = Mo ~ j e ]dx 

T 
(3) 

Table 1. Nucleation densities 

Crystallization 
temperature 

Tc/K cip P = 1 

M/103 rain -3 

0.9 0.8 0.7 0.6 

408 0.4 3.5 
407 0.7 3.2 
406 1.1 3.4 
405 1.5 3.7 
~ 4  1.7 3.3 
~ 3  2.6 3.8 
~ 2  2.1 3.9 

4.3 2.5 2.7 
5.1 2.5 4.3 
3.7 2.6 2.0 
3.6 2.8 1.8 
3.7 2.7 2.4 
3.9 2.9 2.4 
4.3 3.4 2.5 

Table 2. Nucleus activation frequency 

Crystallization v~ 10 2 

temperature 

Tc/K cip P = 1 0.9 0.8 0.7 0.6 

408 2.4 2.0 0.4 0.4 0.3 
407 0.6 1.5 0.5 0.6 0.2 
406 1.7 1.5 1.0 0.8 0.5 
405 1.6 0.6 1.5 0.6 0.4 
~ 4  1.5 0.8 1.9 1.3 1.7 
~ 3  2.8 0.7 2.6 8.0 3.2 
~ 2  4.9 0.2 3.7 1.4 2.2 

where Mo = total nucleation density; o-= standard 
deviation of the distribution, and T = temperature of 
the distribution maximum. Mo can be determined 
from the experiment using Eq. (3) by a numerical 
method (Newtonian approximation). The results are 
listed in Table 3. Figure 2 shows M(T) for polypropy- 
lene. 
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Table 3. Total nucleation density and standard deviation of the 
distribution of nucleating sites (variance) 

Polypropylene Total nucleation density Variance 
weight fraction Mo/103 mm -3 ry/K -I 

CipP 

1 2.7 2.6 
0.9 6.7 25.9 
0.8 7.2 18.7 
0.7 5.3 25.3 
0.6 4.0 9.9 

3.2 Spheru l i t i c  g r o w t h  rates 

For the system investigated, the growth rate of a 
spherulite is defined by 

G = ,4r (4) 
At  
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Fig. 3. Radii of five observed spherulites as a function of time for 
polypropylene (To = 406 K) 
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where r is the spherulitic radius. The initial time for 
the spherulitic growth can be determined as follows: 
The radius of the i-th spherulite as a function of the 
observation time tL~b is given by 

ri(tLab) = Gi tLab + ro, i (5) 

where Yo,i is the radius of the i-th spherulite at tLab = 0. 
Because the spherulites are nucleated at different 
times, any experiment yields a distribution of the 
spherulitic radii. Figure 3 displays the development 
of the spherulitic radius of five observed spherulites 
as a function of tZ~b. The arithmetic average of the 
slopes of the straight lines 

k 
1 Ari 

Cm=k i~1.= At--i 
(6) 

already yields a good approximation of the average 
growth rate. The initial time of the growth curves is 
then determined by linear regression of the functions 
ri (tLab) and introducing the time variable tSph which 
follows the condition r (tsph = 0) = 0. This transfor- 
mation is displayed in Fig. 4. From this figure we 
take 

tL~b = tSph + to. (7) 

With Eq. (5) we obtain 

ri(t) = Gi (tsph + to,i) + ro,i (8) 

ro,i = G . - to)  = -Goto.  (8a) 
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For ri as a function of time we now obtain { - 
/ 

ri(tSph, i) = Gi tSph, i (9) ~r - 5 

and for the average growth function ~+ 

r(tsph) = Gmtsph + ro. (10) + 
(.9 

r -  

Figure 5 shows, as an example, the radii of five ob- - -7 
served spherulites as a function of tSp h for polypropy- z, 
lene. The experimentally determined values for the 
growth rates are listed in Table 4. 

Table 4. Spherulitic growth rates 

Crystallization 
temperature 

Tc/K 

G/IO -4 m m s  -I 

cip P = 1 0.9 0.8 0.7 0.6 

408 0.29 0.14 0.28 0.31 0.24 
407 0.41 0.25 0.33 0.37 0.24 
406 0.53 0.27 0.52 0.47 0.35 
405 0.43 0.30 0.58 0.55 0.49 
404 0.73 0.29 0.67 0.64 0.50 
403 1.02 0.52 0.95 0.91 0.62 
402 1.12 0.40 1.03 1.41 0.64 

Within the investigated range of crystallization 
temperatures, only one regime of lamellar growth 
can be expected (Regime Ill) and the spherulitic 
growth rate increases exponentially with the super- 
cooling. This temperature dependence can be calcu- 
lated from [16-18] 
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Fig. 6. Plot to determine the parameters Go and C3. (C1 = 25, C2 = 30 
K, Tg = 260 K, Tm~ = 460.5K) 
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Fig. 7. Temperature dependence of the spherulitic growth rate for 
polypropylene [experimental values were fitted using the function 
defined in Eq. (11)] 

0; (T < T x - C2) 
G(T) = Goe -clc2/(G+r- T~)e-CVIT(T~ - T)] ; (T x _ C2 < T < ~m ) 

L o; (V > G ) 
(11) 

where T x = glass temperature, Tm~ -- melting tempera- 
ture, and Go, C1, C2, C3 = parameters describing the 
growth rate behavior [8]. 

For polypropylene, C1 and Ca can be taken from 
the literature [8] (C~ = 25, C2 = 30 K). T x and Tm~ can 
be measured. Go and C3, which is strongly dependent  
on the melting temperature Tm~ can be obtained from 
a plot of In G + C1C2 / (C2 + T -  Tx) versus 1 / [T  
(Tin ~ - T)]. Figure 6 shows such a plot for polypropy- 
lene. The values for Go and C3 are listed in Table 5. 
Using these values, the function G (T) can be calcu- 
lated (Fig. 7). 

Table 5. Parameters Go and C3 to determine the temperature de- 
pendence of the spherulitic growth rates 
(C1 = 25, C2 = 30 K, Tg = 260 K, 2~m = 460.5K) 

Polypropylene Go/10 -3 m m s  -I C3/10 -5 K 2 
weight fraction 

CipP 

1.0 1.1 2.8 
0.9 0.6 2.8 
0.8 38.3 3.6 
0.7 69.5 3.7 
0.6 2.6 3.1 
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3 .3  A v r a m i - e x p o n e n t s  

The deve lopment  of the crystallinity as a function of 
t ime in a crystallizing polymer  can be described by  
the Avrami-equation [14, 15]: 

1 - X ~ = e -ktn (12) 

where  X c = fraction of t ransformed (spherulitic) 
material, k = characteristic constant, and n = 'Avrami- 
exponent '  describing the kind of crystallization; and 

X r = vC (13) 

c = crystallinity where  v c = volume crystallinity, Vm 
after complete crystallization. 

Exponents k and n can be determined by  plotting 
the crystallinity versus time. Using the equation 

log [-ln(1 - Xc)] = log k + n log t, (14) 

k and n are yielded by  plotting log [ - ln  (1 - X r ) ] 
versus log t. Figure 8 shows such a plot for poly- 
propylene.  The values for k and n are listed in Table 6. 

Table 6. Avrami-exponents and constants (To = 408 K) 

Polypropylene n k 
weight fraction 

C i p P  

1.0 2.7 1.7 10 -1~ 
0.9 2.6 1.3 10 -13 
0.8 2.3 2.2 10 -8 
0.7 2.4 95 10 -9 
0.6 1.7 7.8 10 -7 

4. Discussion 

Specific interactions between iPP and PS have been 
concluded from DTA, dilatometric measurements  
and mechanical analysis. Han  et al. [3] finds a higher 
degree of dispersion of the two components  in ex- 
t ruded  blends, which was concluded from a correla- 
tion between blend composit ion and thermal spectra 
area of DTA curves. Mucha [5] observes a decrease 
of the melt ing temperature  of iPP with increasing PS 
weight  fraction accompanied by  a linear decrease of 
the area under  the thermal spectra. From the decrease 
of Tm as a function of aPS-concentration, a nucleation 
effect at the interfaces is concluded. 

In Fig. 9, the DSC curves of the investigated 
samples are displayed. No shift of the melting 
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Fig. 12. Crystallinity after complete crystallization (Tc = 407 K) as 
a function of iPP weight fraction [�9 = measured crystallinity 
(WAXS), �9 = decrease of the crystallinity that can be expected 
from the dilution effect] 
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Fig. 14. Total nucleation density as a function of polypropylene 
weight fraction 

temperature is observed (cf. Fig. 10). The heats of 
fusion (Fig. 11) decrease with the iPP-concentration. 
The values of AH/m for the iPP component are also 
plotted in Fig. 11. We see a slightly increasing curve, 
which means that the aPP cannot be dispersed in the 
blend to such an extent that it effects the melting 
properties of the polypropylene component. There- 
fore, we expect the crystallinity to drop linearly with 
composition as a consequence of the dilution of the 
crystallizable component. 

As Fig. 12 reveals, we find a steeper decrease of 
v c than can be expected from the dilution of the iPP 
fraction by the PS component. The difference be- 
tween the measured from the expected values is max- 
imal at ctpp = 0.8, while for higher PS concentrations 
the values converge. This indicates a concentration 
dependent interaction of the two components and 

we expect to find an effect on the crystallization 
parameters at this particular composition. 

Figure 13 shows the nucleation density as a func- 
tion of sample composition. We observe that M in- 
creases with decreasing iPP content and surpasses a 
maximum at Cip P ---- 0.8. At lower iPP concentrations 
M decreases, but seems to increase again for 
cipp < 0.6. This could be the result of dispersion of 
polystyrene in polypropylene. With increasing PS 
concentration, polypropylene/polystyrene inter- 
faces are created at which surface nucleation may 
occur. The decrease of the nucleation density for PS- 
concentrations >20 % may then be a result of an 
agglomeration of PS domains causing the surface 
area of the PS component to decrease. At higher 
PS-concentrations, the surface area increases again 
causing the nucleation density to increase. 
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For all blends and at all crystallization tempera- 
tures we find the nucleation density higher than in 
polypropylene. Also, the total nucleation density, 
which is plotted in Fig. 14, shows this behavior. Ob- 
viously, additional nucleation at the PS surfaces con- 
tributes to the overall nucleation density. 

The spherulitic growth rate, displayed in Fig. 15, 
seems to be independent of sample composition: it 
is constant within the experimental error except for 
the value at CLpp = 0.9, where G is lower. This value, 
however, is connected with a larger experimental 
error, so that it is difficult to conclude a possible 
hindrance of the spherulitic growth at this particular 
PS-concentration. A second sample, prepared the 
same way, showed a similar behavior. Possibly, the 
dispersion of the PS in the polypropylene was not 
homogeneous with this composition. This, however, 
is difficult to investigate under the microscope. 

Further insight into the crystallization behavior, 
especially into the type of nucleation, is provided by 
the Avrami-exponent n. In Fig. 16, n is plotted for 
Tc = 408 K. We observe that n assumes values be- 
tween 2 and 3 and decreases with increasing PS-con- 
centration. For unhindered three-dimensional 
growth, we should expect Avrami-exponents be- 
tween 3 (athermal nucleation) and 4 (thermal nuclea- 
tion) [19]. Deviations from these values may be due 
to truncations of the spherulites [20-22], which in 
this case should reduce the Avrami-exponent. Ob- 
viously, this situation applies here and we have, at 
least in part, two-dimensional growth of the PP 
spherulites. The value n = 3 for polypropylene then 
means that the nucleation is preferentially thermal. 
With increasing PS content the Avrami-exponent 

decreases and the nucleation becomes athermal. This 
can only be the effect of surface nucleation (hetero- 
geneous nucleation) at the PS interfaces. Due to con- 
stant thickness of the samples, the truncation effect 
should be constant. 

It is, however, possible that the calculated Avrami- 
exponent is a complex combination of volume limi- 
tation and surface nucleation. Of importance would 
then be the truncations of the spherulites due to the 
existence of interfaces, which would reduce the Av- 
rami-exponent proportional to the PS-concentration 
and the dispersion of the polystyrene in the poly- 
propylene melt. We found, however, that the PS 
domains are incorporated into the PP spherulites 
during their growth. Also, there is no indication that 
the spherulitic growth rate is influenced by the dis- 
persed polystyrene. 

From this discussion we draw the following con- 
clusions: 
1. The crystallization kinetics of isotactic polypropy- 
lene in its blend with atactic polystyrene is strongly 
dependent on blend composition. 
2. Polystyrene is, proportional to its concentration in 
the blend, increasingly dispersed and creates inter- 
faces. 
3. Due to the formation of interfaces, the nucleation 
changes from preferentially thermal to athermal. 
4. The blending of polystyrene to polypropylene does 
not affect the growth rates of the polypropylene 
spherulites. 
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