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The overall isothermal crystallization kinetics for isotactic polypropylene (iPP) in dotriacontane was 
investigated. Half-time was determined via differential scanning calorimetry as a function of the 
experimentally-controlled variables, dilution and crystallization temperature. Polymer concentration was 
varied from 100 to 10 wt% iPP in 10wt% intervals. Crystallization temperature was varied from 415 to 
380 K in 1 K intervals. The influence of these variables on crystallization mechanism and spherulitic 
structure, as implied by the Avrami analysis, was determined, and their influence on fold surface energy 
was exained by the Lauritzen and Hoffman analysis. 
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I N T R O D U C T I O N  

Microporous semicrystalline membranes of controlled 
pore size, shape and distribution can be prepared by a 
process called thermally-induced phase separation (TIPS) 
as described in the first two papers in this series 1'2 and 
elsewhere 3 19. In isothermal TIPS, the temperature at 
which TIPS occurs and the diluent concentration 
affect the rate at which TIPS occurs and, therefore, 
significantly influence the membrane structure and 
properties. The polymer~liluent system reported here 
undergoes solid-liquid TIPS as the polymer crystallizes. 
The objective of this study was to understand how the 
crystallization temperature (To) and the presence of 
diluent affect the polymer crystallization kinetics and the 
resulting solid-phase morphology. 

Few studies of polymer crystallization from mixtures 
with low-molecular-weight diluents over wide concentration 
ranges have appeared in the literature. Most of these 
studies have concentrated on developing crystallization 
kinetics equations 2°'21 and describing the effect of 
dilution on the polymer crystallization rate and crystal 
morphology 22. Keith and Padden 23'24 proposed that 
diluent addition reduces polymer nucleation density and 
increases polymer mobility. Consequently, crystallization 
rate and spherulite morphology were significantly changed 
when iPP crystallized in the presence of low-molecular- 
weight atactic polypropylene 23-25. 

MATERIALS AND M E T H O D S  

Materials 
Himont X8773-66-6 isotactic polypropylene, iPP, was 
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supplied by Dr Dziemianowicz of the Himont research 
centre. The iPP is a reactor-grade flake with intrinsic 
viscosity of approximately four. The molecular weight 
of the untreated iPP sample was determined by 
high-temperature gel permeation chromatography to 
be M . = 4 . 2 4  x 104 and Mw=3.01 × l05. Dotriacontane, 
C32H66, was obtained from Alfa Chemicals with a 
guaranteed purity up to 99.9% and a melting point of 
342.9 K. 

Sample preparation 
iPP and C32H66 were weighed (total weight varied 

from 0.5 to 2 g depending on the diluent concentration 
required) and mixed with 100 ml of p-xylene in a 250 ml 
flask. The p-xylene had been filtered through a 0.2/~m 
Millipore Corp. Fluoropak filter prior to use. The mixture 
was purged with nitrogen for 15 min and then boiled with 
agitation under a nitrogen purge for 30 min. The polymer 
and diluent were crystallized as a homogeneous blend 
by pouring the hot solution into liquid nitrogen. To 
extract any p-xylene trapped in the solid sample, the 
liquid nitrogen plus p-xylene containing the iPP-C32H66 
solid blend was washed in methanol that had been filtered 
with a 0.2 #m regenerated cellulose filter. The methanol 
suspension was filtered again, and the iPP-CaEH66 blend 
recovered and dried at room temperature in a vacuum 
oven for at least 2 days until a constant weight was 
obtained. FTi.r. results showed no residual p-xylene in 
the sample. The resulting loosely-packed flakes were 
formed into a thin film by placing the sample between 
aluminium foil sheets and compression plates and 
applying 6890kPa (1000psi) pressure in a WABASH 
hydraulic compression moulder for 5 rain. Samples taken 
from various points in the film and analysed on the 
differential scanning calorimeter, d.s.c., showed melting 
point repeatability of _+ 0.1 K. 



Isothermal crystallization of iPP: Y. F. Wang and D. R. Lloyd 

Table 1 Crystallization temperature range investigated 

iPP Tc range 
(wt%) (K) 

100 403-415 
90 401-408 
80 398-405 
70 395-403 
60 394402  
50 39(~397 
40 387-395 
30 385-393 
20 381-389 
10 380-386 

Sample analysis 
The kinetic studies were conducted on a Perkin-Elmer 

DSC7. The kinetics of iPP-C32H66 systems were 
investigated for mixtures with iPP concentrations ranging 
from 10 to 100wt% at 10 wt% intervals. Each sample 
was sealed in an aluminium sample pan and heated in the 
d.s.c, to 473 K. Preliminary experiments indicated that 
10 min at 473 K make the half-time reproducible. After 
heating, the sample was quenched at the fastest rate 
possible in the DSC7 to obtain the desired crystallization 
temperature and the thermogram was recorded. The 
melting point was determined by annealing the sample 
at a specified T¢ for 6 h and then heating at 10 K rain- 1 
The melting peak temperature was taken as the melting 
point for a specified To. 

Data analysis 
Calorimetry was used to measure the heat liberated 

during crystallization as an indication of the overall 
crystallization rate 26. The measured relative crystallinity, 
X, defined as the ratio of crystallinity developed at time 
t to crystallinity developed at t--*~, can be correlated 
by the Avrami equation27-29: 

1 - X  = e x p ( -  Kt") (1) 

X is experimentally obtained as 

X = Qt/Qo (2) 

where 
K is the crystallization constant (min-"), 
t is the time elapsed (min), 
n is the Avrami exponent, indicative of possible 
spherulitic morphologies and nucleation mechanisms 29 
(dimensionless), 
Qt is the total heat evolved at time t (mW), 
Qo is the total heat evolved as time approaches infinity 
(mW), and 
X is the relative crystallinity (dimensionless). 

Equation (1) can be transformed into 

In{ - In(1 - X)}  = n-In t + In K (3) 

A plot ofln{ - ln(1 - X)} versus In t should yield a straight 
line with slope n and intercept in K if the Avrami theory 
applies. 

RESULTS AND DISCUSSION 

Crystallization temperatures used 
experiments are listed in Table 1. 

in the kinetics 

Effect of  T c and dilution on crystallization mechanism 

Typical crystallization isotherms are shown in Figure 
1. Isotherms for the 60 and 20 wt% iPP samples exhibited 
behaviour similar to the diluted systems shown in 
Figure 1. For 100 wt% iPP, the Avrami plot is a straight 
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Figure 1 Crystallization isotherms of (a) pure iPP (413-403 K), 
(b) 80 wt% iPP (405-398 K), and (c) 40 wt% iPP (395-387 K) 
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line up to 90% relative crystallinity, while the lines are 
non-linear when the relative crystallinity is greater than 
60% (In( - ln(1 - X)} = - 0.08) for diluted samples. This 
non-linear behaviour has been observed in iPP 3° as well 
as in other pure polymer and polymer-diluent systems 
and attributed to 'secondary crystallization '31-36. After 
primary crystallization (0 to 60% crystallinity) or 
crystallization times longer than twice the half-time 37, 
slower, secondary crystallization perfects the structure of 
the already-crystallized phase and further crystallizes 
some of the amorphous macromolecules. The perfection 
of crystallites follows an empirical logarithm law with 
time (that is, the fold period of crystallites or crystallinity 
increases with time logarithmically, and the rate increases 
with To) 29'38. Molten polymer mobility is important in 
determining the secondary crystallization rate. Since 
the addition of diluent increases polymer mobility, 
the secondary crystallization effect is enhanced. Thus, 
secondary crystallization may have contributed to the 
earlier and more evident non-linear behaviour when iPP 
concentration is 80wt% or lower. Other factors may 
have contributed to the non-linearity, as suggested in the 
following paragraphs. 

Macromolecules are known to fractionate during 
crystallization25'39; that is, macromolecules of smaller 
molecular weight are rejected from the growth front. The 
rejected molecules accumulate between spherulites or 
within spherulites in inter-lamellar regions, depending on 
the crystallization kinetics. These short-chain macromol- 
ecules have a lower equilibrium melting temperature (Tm). 
At a fixed T~, the supercooling is less for the shorter-chain 
molecular weights than it is for the long-chain molecules. 
Thus, crystallization of the short chains occurs at a slower 
rate. The iPP used in this study has a polydispersity of 
6.8. Thus, the blends of iPP and C32H66 of various 
concentrations should exhibit molecular fractionation to 
a greater extent as the polymer concentration decreases 
and Tc increases. 

The rejection and accumulation of diluent at the 
amorphous-crystal interface may have also contributed 
to the deviation from linearity in the latter stages of 
crystallization. The iPP concentration of the mixture at 
the amorphous-crystalline interface decreases as the 
diluent is rejected by the growing spherulite. As the 
concentration of the available amorphous material 
is depleted, the diffusion of polymer segments to 
the amorphous-crystalline interface can become rate- 
determining 4°. If this is the case, the spherulite growth 
rate and overall crystallization kinetics become non- 
linear. 

Finally, the accumulation of the diluent between the 
spherulites may have physically retarded the growth of 
the spherulites, as suggested by Mandelkern 2°. As two 
spherulites approach each other, the volume-filling 
diluent acts as a physical restraint to the growing 
spherulites. For pure iPP, the retardation is not so 
evident, but the magnitude of the effect increases with 
increasing initial diluent concentration. 

Effect of  T c and dilution on the Avrami exponent 
The slope of lines in Figure 1 were determined as 

follows: 
(i) A likely break point where the line began to deviate 

from a straight line was selected based on visual 
inspection. 

(ii) Regression analysis was performed using the 

selected break point and the end point to the left of 
the selected break point. 

(iii) The end point in (ii) was omitted and the regression 
was repeated. 

(iv) Step (iii) was repeated until the number of points 
between the break point and the new end point was equal 
to four points. 

(v) The analysis in (ii) to (iv) was repeated with a new 
break point, which was situated five points to the left of 
the previous break point. 

(vi) The group of points that yielded the best regression 
correlation coefficient was selected and the slope was 
determined. 

Table 2 lists the Avrami exponents for various 
concentrations and T¢. Assignment of morphology to 
specific values of the Avrami exponent has been 
attempted in the literature, based on the result of studies 
conducted using pure polymer melts. Non-integral 
Avrami exponents have been observed in almost all 
polymer systems studied 41 44. Banks and Sharpies 45 and 
Sharples and Swinton 46 attributed fractional Avrami 
exponents to the decreasing average density within the 
growing spherulite with crystallization time. Hillier 3° 
attributed the non-integral exponent to the impingement 
of spherulites. Wunderlich 29 has attributed an exponent 

Table 2 Effect of T~ and dilution on the Avrami exponent n (95% 
confidence limits given where available) 

iPP/C32/H66 (weight ratio) 
To 
(K) 100/0 90/10 80/20 70/30 60/40 

413 
412 
411 
410 
409 
408 
407 
406 
405 
404 
403 
402 
401 
400 
399 
398 
397 
396 
395 
394 

2.7 
2.6 
2.6±0.0 
2.6±0.0 
2.5±0.1 
2.5±0.1 2.5 
2.4±0.0 2.3±0.0 
2.3±0.0 2.2±0.0 
2.2±0.1 2.2±0.1 
2.0±0.0 2.1±0.2 
1.9±0.0 2.0±0.1 

1.9±0.2 
1.7±0.1 

2.1±0.1 
2.1±0.1 
2.1±0.1 2.5 
2.0±0.3 2.2±0.0 2.3 
1.9±0.1 2.2±0.2 2.2±0.3 
1.7±0.1 2.1±0.0 2.2±0.2 
1.6±0.1 2.0±0.2 2.1±0.0 
1.5±0.2 1.9±0.2 1.9±0.0 

1.7±0.3 1.8±0.2 
1.6±0.2 1.7±0.3 
1.5±0.2 1.5±0.1 

1.4±0.1 

50/50 40/60 30/70 20/80 10/90 

397 2.3 
396 2.1±0.1 
395 2.0 ± 0.0 2.4 
394 1.8+0.1 2.3+0.1 
393 1.7+0.1 2.2+0.1 1.9__+0.2 
392 1.7±0.0 2.1+0.1 1.9+0.2 
391 1.5±0.1 1.9±0.0 1.8±0.1 
390 1.5+0.1 1.8+0.1 1.8+0.1 
389 1.6+0.1 1.8±0.0 
388 1.6__+0.0 1.6+0.0 
387 15.__+0.0 1.5±0.1 
386 1.4 + 0.0 
385 1.4±0.1 
384 
383 
382 
381 
380 

1.9 
1.9±0.1 
1.9±0.0 
1.8±0.0 1.9±0.1 
1.7±0.0 1.8±0.1 
1.6±0.1 1.7±0.2 
1.5±0.1 1.6±0.1 
1.3±0.1 1.5±0.1 

1.5±0.1 
1.4±0.1 
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Figure 2 Scanning electron micrograph of iPP crystallized at 493 K 
(30 wt% iPP in C32H66 ) 

of 3 to spherical structure resulting from instantaneous 
nucleation (that is, the number of nuclei, N, reaches 
a steady value rapidly after crystallization begins) 
and an exponent between 2 and 3 to truncated spheres 
resulting from instantaneous nucleation. Wunderlich 29 
has attributed an exponent of 1.5 to spherical structure 
resulting from instantaneous nucleation with diffusion 
control. 

Table 2 shows that as T c decreases for a given iPP 
concentration, the exponent n decreases. The Avrami 
exponent of pure iPP is close to 3 at higher To, indicating 
that the nucleation is instantaneous. This is expected since 
sporadic nucleation is rarely observed unless the sample 
is free of all foreign material (such as catalyst or dust) 4v. 
As T c decreases, the nucleation density increases. Since 
more spherulites are initiated per unit volume at lower 
Tc, spherulite truncation from impingement prevents the 
spherulites from developing a fully three-dimensional 
morphology. The Avrami exponent of nearly 2 for pure 
iPP at lower Tc appears to confirm this hypothesis. 

For  a given To, the exponent increases as the iPP 
concentration in the sample decreases since the nucleation 
density decreases and there is less spherulite truncation. 

microscopy study and mathematical modelling of the 
iPP-C32H66 system 48'49. The Avrami exponent should 
also decrease from the value of 3 predicted by equation 
(1) as the iPP concentration in the system decreases. For 
systems crystallized at low Tc, the Avrami exponent 
should decrease as the iPP concentration decreases since 
both lower T c and lower polymer concentration enhance 
diluent accumulation at the growth front. Table 2 shows 
that the Avrami exponent is below 2 at low T c in 30 to 
10wt% iPP systems. 

In summary, the Avrami exponent for high polymer 
concentration systems may be controlled by the three- 
dimensional spherulite morphology at high T c and by 
spherulite truncation at lower Tc. For lower iPP 
concentration systems at lower Tc the Avrami exponent 
may be determined by a combination of diluent rejection 
at the inter-spherulite boundary and its inclusion within 
the spherulite. 

Effect of T c and dilution on crystallization rate 
Figure 3 shows the effect of dilution on the time 

required for 50% of the crystallizable iPP to crystallize, 
q/2. The tl/2 values are accurate to within -t-5%. tl/2 is 
a measure of crystallization rate at a given temperature; 
the greater tl/2, the slower the crystallization. Figure 3 
s h o w s  tl/2 increases exponentially with increasing T c in 
the T c range explored when the concentration of the 
system remains constant, q/2 also decreases with 
increasing iPP concentration at a constant Tc. 

Figure 4 shows t~/2 of various concentrations at 
constant AT, where the supercooling was calculated as 
described below. In Figure 4, the crystallization half-time 
increases with increasing iPP concentration, reaches a 
maximum in the neighbourhood of 80 wt% iPP, and then 
decreases as iPP concentration increases. Since the 
thermodynamic driving force is the same at constant 
supercooling, kinetic factors must be considered to 
explain the maximum half-time in Figure 4. 

The half-time can be correlated with 1/T~ATf32"5°: 

ln(1/tl/2)+ U*/R(T~- T, )=In  Go - Kg,/T¢ATf (4) 

or in an alternate form 

ln(1/t~/2) + U*/R(Tc-  T~)= In a o-(Kg/ 'rm)(T~/TcATf)  
(4a) 

Effect of diluent rejection on the Avrami exponent 
Electron microscopy 48 has shown that spherulite 

morphology is characterized by parallel-packed lamellae 
clusters separated by voids for the 30 and 10 wt% iPP 
systems crystallized at the supercoolings in this study (see 
Figure 2). The spherulite structure is described as 'open' 
or 'fibrillar '25. The lamellae in an 'open' spherulite grow 
more independent of each other than they do in 
the compact spherulites Wunderlich 29 used to relate 
spherulite structure and Avrami exponent. 

The diluent is rejected from the spherulite during 
crystallization and accumulated at the growth front. The 
diluent accumulation is most pronounced when the 
crystallization rate is fast, since the diffusion mechanism 
does not have time to reduce the concentration gradient. 
Thus, at lower T c, which has a fast crystallization rate, 
the spherulite radius is not proportional to t as in the 
derivation of equation (1), but rather to t 1/2 25,29 and the 
exponent of t in equation (1) will be 1.5 rather than 3. 
This behaviour has been observed in the optical 
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Table 3 Effect of iPP concentration on T~, and kinetic parameters 
(95% confidence limits given where available) 

iPP T~ T ~ -  Tg Kg tr~ 
(wt%) (K) (K) x 10 -s  (K 2) In G O (ergcm -2) 

100 459.5+2.5 200.5 4.22___+0.18 22.4+___0.8 86.1+3.6 
90 457.8+2.1 219.9 4.19___+0.15 21.4+___0.7 85.8+3.0 
80 455.4+3.3 236.0 4.12-t-0.37 20.8+1.8 84.8+7.6 
70 452.6+2.7 248.1 3.87+0.33 19.7+1.6 80.2+6.7 
60 449.7_____4.2 258.6 3.99+___0.23 20.9+1.2 83.1+4.8 
50 447.0+1.0 267.6 3.81+0.12 19.8+0.6 79.8+2.4 
40 444.2+1.4 276.2 3.84+0.26 19.9+1.4 80.9+5.6 
30 440.3+1.8 280.6 3.67+0.17 20.0___+0.6 78.1__+3.5 
20 436.3+2.0 284.8 3.59+0.34 19.9+1.8 77.0___+7.3 
10 432.4__+2.9 288.4 3.04_+0.34 17.7+2.0 65.9+7.5 

As reported elsewhere 48 the experimental data fall into 
regime III kinetics; consequently, Kg is defined for regime 
III as 

Kg = 4baa e T ~ / k A H  (5) 

where 
ae is the fold surface free energy (erg cm-2), 
a is the lateral surface free energy (erg cm-2), 
G O is the pre-exponential factor (dimensionless), 
AH is the polymer heat of fusion (erg cm- 3), 
k is the Boltzmann constant (erg K -  1 mol- 1), 
T~ is the polymer crystallization temperature (K), 
Too is the temperature at which polymer crystallization 
ceases (K), 
T O is the equilibrium melting temperature (K), 
AT is the degree of supercooling, defined as T 0 -  T¢ (K), 
U* is the Williams, Landel and Ferry (WLF) shift 
constant (kcal mol- 1), 
R is the gas constant (kcal mol- 1 K-1) and 
f i s  defined by 2TJ(T0+ To). 

Hoffman et al. 36 found Too=Tg--30K and U*=1500 
calmo1-1 by fitting the crystallization kinetics rate 
data for various polymers with equation (3). In this 
work, a value for T, was estimated using the Fox 
equation 5 ~: 

l/Tg(mix.) = Waa/T, mp) + Wc32/Tg(c32) (6) 

where W~ and Tg~ are the mass fraction and the 
glass transition temperature of component i. Tg of 
dotriacontane was estimated to be 137.2K using the 
equation developed by Fedors 52'53. A value of Tg = 259 K 
was used for iPP 54. 

The approach suggested by Hoffman and Weeks 55 
was adopted in this study to determine the equilibrium 
melting temperature. The equilibrium melting points 
obtained by this method are listed in Table 3. T ° of pure 
iPP was determined to be 459.5 K by the Hoffman-Weeks 
method using experimental T¢ between 380 and 403 K. 
The T ° is comparable to 459 K obtained by Krigbaum 
and Uematsu s6 and 457 K by Danusso and Gianotti 57. 

Effect o f  mobility term on crystallization rate at constant 
AT 

The polymer crystallization rate is controlled by two 
factors: nucleation rate and polymer mobility. In 
equation (4), the mobility term U*/R(T~--Too) accounts 
for the effect of viscosity on the transport of polymer 
molecules from the amorphous phase to the crystal 
phase. The polymer mobility increases with increasing 
(T~- Too). By substituting for Too, it can be shown that 

T¢- Too = T~- Tg+ 30= ( T 0 -  T~)- ( T 0 -  T~)+ 30 

= ( T ~  - Tg) - AT+ 30 ( 7 )  

From Table 3, ( T O - T ~ )  increases with decreasing 
polymer concentration. Thus, polymer mobility increases 
with decreasing polymer concentration. The increased 
polymer mobility may increase the crystallization rate by 
increasing the rate that the molecules can move to the 
crystalline-amorphous interface to crystallize. 

Effect o f  nucleation rate on crystallization rate at 
constant AT 

In equation (4), the nucleation term - -K~/TcATf  
accounts for the secondary nucleation barrier of polymer 
molecules 36. For homopolymers, the nucleation rate 
increases with decreasing To, thus the crystallization 
rate increases with decreasing To. However, polymer 
mobility decreases as T~ is decreased. Thus, a maximum 
crystallization rate is observed. A maximum in growth 
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rate as a function of Tc has been reported for systems 
of isotactic polystyrene 58 and Nylon 6 s9. Thus, the 
maximum in crystallization rate observed in Figure 4 
may be caused by the opposing effects on nucleation 
rate and polymer mobility. 

Equation (4) shows that at constant AT, T~ ( = T ~ -  AT) 
decreases with increasing diluent concentration (that 
is, decreasing iPP concentration) due to T~ depression. 
Thus, the nucleation rate decreases and polymer mobility 
increases as polymer concentration decreases at the 
same supercooling. Consequently, as the initial iPP 
concentration is decreased from 100 to 70wt% the 
crystallization rate decreases because the crystallization 
rate is dominated by the nucleation rate. Further 
decreases in polymer concentration enhances the 
crystallization rate since polymer mobility increases to 
override the decreasing nucleation rate. 

Effect of Tc and dilution on fold surface energy 
Figure 5 shows the plot of equation (4a) for various 

iPP concentrations, t u 2  and the corresponding I/TcATf 
of each polymer concentration were analysed using 
equation (4). The slope and intercept of the lines obtained 
from equation (4) are listed in Table 3. Table 3 implies 
that the intercept In Go shows no significant trend with 
concentration. 
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The Kg values obtained from tu2 were analysed using 
equation (4). The slope of equation (4) yielded the 
fold surface energy, G, using equation (6). For iPP, 
a x b=34.37/~z, b=6.26A on the (110) growth plane, 

= 11.5 erg cm-2, length of monomer unit = 2.165 A, and 
AH = 1.96 x l 0  9 erg cm -3 6o. The side surface free energy 
has been assumed a material constant and independent 
of diluent or polymer concentration (in the case of 
polymer blends system) in nearly all crystallization kinetic 
data analysis. This assumption is correct if there are few 
diluent molecules or no diluent molecules included in the 
crystal. Thus, the crystallizing polymers see minimum 
diluent (concentration) effect while depositing on the 
growth surface of the substrate. This is also discussed in 
ref. 48. 

Some error may have been introduced by assuming 
the growth is only on the (110) plane. It has been shown 
that more than one growth plane is involved in regime 
III growth 6°'61. However, ref. 60 also indicates that the 
experimental value of Kg in regime III is nearly twice 
that of Kg in regime II, implying that the error is small 
when assuming the growth plane is only (110). This has 
been verified for the kinetic data 48. Additional evidence 
for this assumption comes from the work of Wittman 
and Lotz 62'63, who show PE molecules crystallize 
epitaxially with PP. The crystal growth plane is not 
altered by the presence of PE. Since dotriacontane 
is an analogue of PE, it is reasonable to assume the iPP 
growth plane is not altered in this case. 

The fold surface energy listed in Table 3 appears to 
decrease slightly as the polymer concentration decreases 
from 100wt%. Further research is required to confirm 
the behaviour in G. 

Comparison of kinetic data with literature data 
The three major methods involving Avrami analysis 

of crystallization kinetics data include polarized light 
microscopy, dilatometry and d.s.c. A comparison of 
kinetic data obtained by different scientists is difficult not 
only because they used different instruments, but also 
because the methods and parameters used to analyse the 
data varied. 

Slonimsky and Godovsky found the Avrami exponents 
obtained from calorimetry and dilatometry do not 
agree 64 because of the different measuring principles 
of the two methods 65. Calorimetry measures the growth 
of lamellae, which are the finer forms of macromolecular 
structure. Dilatometry registers changes in spherulite 
structure, which depends on lamellae packing within the 

Table 4 Comparison of Kg from the literature 

K g  f i e  

Data source x 10-5 (K 2) (erg c m - : )  Method Sample preparation 

Monasse and Haudin 6~a 5.96 121 Microscopy 483 K, 5 min 
Martuscelli e t  al .  67 5.02 102 Calorimetry ~473 K, 10 min 
This study 4.22 86.1 Calorimetry 493 K, 10 min 
Binsbergen 6° 3.61 74.2 Dilatometry 483 K, 15 min 
Keith and Padden 6° 3.34 68.7 Microscopy 473 K 
Godovsky and Slonimsky 69 3.22 65.7 Calorimetry 463 K, 10 min 
Falkai and Stuart 6° 3.18 65.4 Microscopy 453 K, 15 min 
Wang and Lloyd 7° 2.78 56.7 Microscopy 493 K, 10 min 
Lim and Lloyd 1 3.92 91.8 Calorimetry 493 K, 10 min 

" C l a r k  and Hoffman 6° used A H  = 1 . 9 6  × 1 0 9  erg cm-2 to calculate G, while Monasse and Haudin 67 used 1.4 x 1 0 9  erg cm-2. The actual Kg value 
in ref. 67 is 7.28 x 105 (K 2) 
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spherul i te  64, and  is on a larger  scale than  the lamel lae  
format ion .  

A n o t h e r  factor  tha t  makes  c o m p a r i s o n  of  kinet ic  d a t a  
difficult is the different molecu la r  weights used by 
m a n y  invest igators .  Different  molecu la r  weights cause 
differences in the crys ta l l iza t ion  rate  66, and  thus  in the 
half-times. This  makes  the c o m p a r i s o n  of  i P P  half- t imes 
with o the r  studies no t  pract ical .  However ,  tre should  be 
the same for pure  i P P  since it reflects the work  of  chain 
folding and  is i ndependen t  of  the i P P  used. C o m p a r i s o n  
of  Kg for pure  i P P  reveals  tha t  differences in measu remen t  
techniques,  sample  p r e p a r a t i o n  and  molecu la r  weight  can 
lead to a difference in Kg. Table 4, which lists Kg from 
the l i terature ,  shows cons iderab le  scatter.  Even Kg values 
from the same m e t h o d  do  no t  agree with each other.  
The ere ob ta ined  f rom ca lo r ime t ry  is h igher  than  
those  ob ta ined  f rom mic roscopy  and d i l a tomet ry ,  with 
the except ion  of G o d o v s k y  and  S lon imsky ' s  data .  
Again,  differences can be a t t r ibu ted  to differences 
in the quant i t ies  measured  by different ins t ruments .  
Ca lo r ime t ry  measures  the overal l  c rys ta l l iza t ion  rate  
which involves all spherul i tes  crysta l l ized in the system 
and  nuclei  format ion .  Mic ro scopy  measures  the rad ius  
of a single spheruli te .  

C O N C L U S I O N S  

Ca lo r ime t ry  has  been used to s tudy the effect of  di luent  
add i t i on  on i P P  crys ta l l iza t ion  ra te  and  morpho logy .  
Di luen t  add i t i on  increases the crys ta l l iza t ion  ra te  mos t  
l ikely by enhanc ing  po lymer  abi l i ty  to d isentangle  in the 
melt,  move  to the a m o r p h o u s - c r y s t a l l i n e  interface, and  
depos i t  on the growing  crystal .  The  di luent  re ject ion at  
the g rowth  front  affects the lamel lae  m o r p h o l o g y  and  the 
g rowth  rate  as reflected by  the change  in the Avrami  
exponent .  The  fold surface energy was found to decrease 
sl ightly as the po lymer  concen t ra t ion  decreases from 
1 0 0 w t % ,  eventua l ly  reaching a cons tan t  value at  the 
lower  po lymer  concent ra t ions .  
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