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The purpose of this study was to accumulate material data for use in a simulation 
of morphology and crystallization in quenched slabs of isotactic polypropylenes 
(i-PPs). The molecular weight effect on the crystallization kinetics of various i-PPs 
were studied using isothermal and nonisothermal experiments. An experimental 
setup was constructed to measure the spherulite growth rate of i-PPs using iso- 
thermal and nonisothermal melt crystallization experiments. The molecular weight 
effect on spherulite growth rate of i-PPs was determined. Molecular weight effect on 
nuclei concentrations as a function of temperature was determined from growth 
and crystallization rate constants. The morphology and crystallization in quenched 
slabs of i-PPs were determined from experiments and compared to computer 
simulations. The molecular weight effect on the degree of crystallinity and morphol- 
ogy was determined for i-PP during quenching. 

INTRODUCTION 

great deal of work (1-3) has been done on quies- A cent crystallization of i-PPs including effects of 
nucleating agent, molecular weight, isotacticity, cata- 
lyst system, and filler. Numerous isothermal and 
nonisothermal crystallization experiments are con- 
ducted in order to characterize the fast crystallization 
kinetics of i-PPs. Data obtained in these experiments 
should be useful for modeling of crystallinity and mi- 
crostructure in various processing operations. In this 
case, extensive kinetic information is needed concern- 
ing rate of crystallization, rate of crystal growth, and 
nucleation density over a wide range of temperatures. 
However, the existing literature contains only bits of 
information in each of these areas. Therefore, the pub- 
lished data cannot be easily connected to become use- 
ful for microstructure modeling in processing. 

A number of models are proposed to carry out sim- 
ulation of the quiescent crystallization. These include 
models by Avrami (4-6). Tobin (7, 8), Nakamura (9), 
Ozawa (lo), Hoffman-Lauritzen (1 1) and a recently 
proposed model by Schneider et al. based on a system 
of rate equations (12, 13). Crystallization modeling 
under flow conditions situation is a more complicated 
situation because of the complexity of the phenomena 
taking place during the crystallization process. Only 
in recent years has some advancement been made in 
this direction ( 14 -1 7). 

This paper deals with quiescent crystallization and 
describes our efforts to accumulate material data for 
carrying out a simulation of morphology and crystal- 

linity in quenched slabs of i-PPs of various molecular 
weights. These efforts include measurements of iso- 
thermal and nonisothermal melt crystallization kinet- 
ics, spherulite growth rate, and a possibility of obtain- 
ing nuclei concentration. 

EXPERIMENTAL 

Materials and Methods of Investigation 

Six grades of isotactic polypropylenes (i-PP) were 
used to study the molecular weight dependence on 
isothermal and nonisothermal crystallization. These 
grades include Profax 6823, 6723, 6523, Valtec 
HH444, HH441 and PPH910S supplied by Himont 
USA, Inc. PP6823, PP6723, and PP6523 are simply 
different melt flow grades of homopolymer polypro- 
pylene with a general purpose stabilization package. 
HH444 and HH441 are stabilized reactor spheres 
coated with a primary antioxidant and an acid neu- 
tralizing agent. PH9lOS is also a reactor sphere, but 
with minimal stabilization consisting of less than 100 
ppm of a primary antioxidant. Material properties are 
given in Table 1. 

Compression molding was used to obtain 1.5-mm- 
thick sheets of each grade. Approximately 5 mg of 
material was removed from these sheets and used for 
isothermal and nonisothermal crystallization study in 
nitrogen atmosphere, using a differential scanning 
calorimeter (DSC-7, Perkin Elmer). The sample was 
heated from room temperature to 200°C and annealed 
for 10 min. In isothermal experiments, the sample was 
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Table 1. Material Properties Provided by Himont. 

MFI (dg/min) 
Polymer Lot # 23OoC/2.16 kg PI Mw 

PP6823 LKI 5077 0.51 3.9 670,000 
PP6723 LK15026 0.92 3.9 557,000 
PP623 BF37228 4.1 4.3 351,000 
HH444 LK61306 73 4.3 144,000 
HH441 LK06817 440 4.6 83,000 
PH91OS LK06323 748 4.7 70.000 

Liquid Nimgen 
Cmlant System 

cooled at a rate of 5O"C/min until the specified iso- 
thermal crystallization temperature was reached. In 
nonisothermal experiments, the sample was cooled to 
50°C at various cooling rates 2.5,5, 10,20, and 40°C/ 
min. More details on calibration and experimental 
procedures are given elsewhere (18-20). 

The diameter of spherulites as a function of time 
during isothermal crystallization were measured us- 
ing a special device built in our laboratory. A sche- 
matic of this device is shown in Fig. 1. The crystalli- 
zation temperature was determined by an iron- 
constant thermocouple with a diameter of 75 microns. 
The thermocouple was inserted directly into the poly- 
mer sample. The sample was sandwiched between 
microscope slides at 200°C to obtain amorphous sam- 
ples approximately 150 microns in thickness. The 
sample was then cooled at the rate of 50"C/min, using 
liquid nitrogen, until the desired isothermal crystalli- 
zation temperature was reached. The growth rate was 
determined by measuring the size a spherulite as a 
function of time until the spherulite impinged. The 

Spherulites 

Super vns 

1 1 

01 

Temperalure Time Code 
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Canput- i,,,, 
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slope of this line was the growth rate. Similar experi- 
ments were repeated for nonisothermal melt crystal- 
lization using cooling rates of 2.5, 5, 10,20 and 40°C/ 
min. Spherulites were measured over a narrow 
temperature range, typically 1°C to 7°C. The average 
of the temperature range for each experiment was 
taken to be the crystallization temperature. 

Quenching experiiments were carried out on square 
slabs 30 mm in width and 3.3 mm in thickness heated 
to 200°C and annealed for 10 min. Slabs were 
quenched from 200°C into water at 0°C and 25°C. Six 
layers were sliced from the wall to the core using a 
microtome. The gapwise distribution of degree of crys- 
tallinity in quenched slabs was measured using the 
DSC-7 by heating the sliced samples over temperature 
range of 60°C to 200°C with a 10"C/min scan rate. 
The relative crystallinity was calculated as a ratio of 
areas under melting; peaks of the quenched sample 
and the fully crystallized sample obtained at a slow 
cooling (2.5"C/min). The heat of fusion was measured 
and the ultimate crystallinity was then determined as 
X, = AH,/AH,, where AHfis the area under the melting 
peak of the fully crystallized sample and AHc is the 
latent heat of fusion of a perfect crystal of i-PP, which 
is 209 J/g according Van Krevelen (2 1). Table 2 shows 
the melting point, T,, heat of fusion, AHp and ultimate 
crystallinity, X, ,  of viuious i-PPs. The gapwise distri- 
bution of spherulite diameter in the quenched slab 
was also measured on microtome cuts of approxi- 
mately 20 microns made along the thickness direc- 
tion. Spherulite diameters were measured using a Le- 
itz 12 Pol S Optical Microscope. 

THEORETICAL 

Quiescent Crystdixation Kinetics 

The overall crystallization kinetics was first formu- 
lated by Avrami (4-6); he assumed a fxed tempera- 
ture independent value for the number of initially 
present nuclei per unit volume. The Avrami equation 
takes the form 

where O(t) is the fraction of crystallized material after 
some time, t at some isothermal crystallization tem- 
perature T, k(T) is the isothermal rate constant, and n 
is the Avrami exponent. 

The half time of conversion tl,z, the time taken for 
50% of the crystallization to occur, is derived from Eq 

Table 2. Heat of Fusion, Ultimate Crystallinity, and Melting 
Point. 

~~ 

Polymer Hf .l/g X ,  T,,, "C 
~~ 

PP6823 El 1 0.436 162 
PP6723 96 0.460 162 
PP623 111 0.529 162 
HH444 12'2 0.583 162 
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1 and takes the form 

which is inversely proportional to the overall rate of 
crystallization. 

Since the conception of the Avrami model (4-6). 
numerous attempts (7-10, 22, 23) have been made to 
extend the theory to incorporate nonisothermal con- 
ditions. One such attempt was made by Nakamura et 
al. (9). The Nakamura theory is an extension of Avrami 
(4-6) and Evan's (24) theory of isothermal crystalliza- 
tion. On the basis of isokinetic conditions, the relative 
degree of crystallinity, at time t, 0 ( t ) ,  can be written as 

K(T) is the nonisothermal crystallization rate con- 
stant. Differentiating Eq 3 with respect to time, one 
obtains the differential form of the Nakamura equa- 
tion. 

d0 
= nK(T)(l - O)[-ln(1 - O ) ] ( n - l l / n  (4) dt 

A way of relating the isothermal rate constant and 
the nonisothermal rate constant is proposed by Naka- 
mura et al. (9). This equation takes the form 

(In 2)'/" 

t,/z 
K ( T )  = [k(T)]'/" = (5) 

According to Hoffman et al. (1 1) the overall rate of 
isothermal crystallization, 1 / t l , 2  may be expressed as 

where 

2T 
AT=T:-Tand f=- T +  TO,  

R is the universal gas constant: TO, is the equilibrium 
melting point; and f is a correction factor for the re- 
duction in the latent heat of fusion, which is caused by 
decreasing temperatures. Thus expressed, the kinetic 
model has four parameters: (1 / tl,Jo is a pre-exponen- 
tial factor that includes all terms independent of tem- 
perature, U* is the activation energy for the segmental 
jump rate, K, is the nucleation exponent, and T, is 
taken as the glass transition temperature minus 
30°C. 

Using Eqs 5 and 6, the temperature dependence of 
the nonisothermal rate constant may be expressed as 

The Nakamura equation does not take into account 
an induction period for the crystallization process. 
The induction time can be determined by a method 
proposed by Sifleet et al. (25). The nonisothermal in- 
duction time can be obtained by a summation of iso- 
thermal induction times according to 

I = jot'& = 1 

where t, is the isothermal induction time, tr is the 
nonisothermal induction time, and t is the induction 
time index. When the induction time index ap- 
proaches unity, quiescent crystallization begins. For 
melt crystallization, the isothermal induction time is 
assumed to follow the Godovsky and Slonimsky (26) 
expression 

ti = t,(TO, - T)-a (91 

where t, and a are material constants independent of 
temperature and can be determined using DSC. 

GROWTH RATES AND NUCLEI 
CONCENTRATION 

The radial growth rates can be determined by mea- 
suring the size of the spherulites as functions of time 
and temperature for isothermal and nonisothermal 
crystallization. The growth rate can be written as 

dR 
dt 

G = -  

where G is the radial growth rate and R is the radius of 
a growing spherulite at time t. The temperature de- 
pendence of the growth rate, GT), can be established 
by conducting numerous isothermal and nonisother- 
ma1 experiments at various crystallization tempera- 
tures. According to Hoffman and Lauritzen (1 1). a 
kinetic description of the growth rate can be written as 

where Go is a pre-exponential factor containing quan- 
tities not strongly dependent on temperature. 

The Avrami exponent is indicative of possible 
spherulite morphologies and nucleation mechanisms. 
For instantaneous nucleation, n = 3, all potential nu- 
cleation sites are already in their activated states. 
Therefore the growth rate, combined with crystalliza- 
tion rate constants, can be used to estimate the num- 
ber of effective nuclei as a function of temperature. For 
spherulite growth with n = 3, the nuclei concentra- 
tion, N, takes the form (14) 

where V, is the maximum volume fraction of spheru- 
lites at t -+ =. 
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Models of Impingement 

Avrami (4-6) assumed a fxed temperature inde- 
pendent value for the number of initially present po- 
tential nuclei per unit volume. Taking impingement of 
growing spherulites into account and letting V be the 
transformed volume fraction, Avrami then assumed 
that the rate of change of V is proportional to the 
untransformed volume fraction, [ 1 - V). Mandelkern 
(27) modified Avrami’s work by incorporating incom- 
plete crystallization, such that the rate of change of 
the transformed volume fraction is of the form: 

d V =  (1 - O)dVe (13) 

where 

V 
@ = -  

V, 

and V .  is the largest possible transformed crystallized 
phase and V, is the extended volume. Accordingly, 
Avrami’s model of impingement, which neglects swal- 
lowing of nuclei, can be written as  (12): 

(15) 

where 3 is the number of effective nuclei, u( t, z) is the 
grain volume at non-dimensional time T, which began 
growth at time z and takes the form: 

and 

G 
P 

a = -  

with P being the probability of formation of growth 
nuclei per germ nucleus and unit time. 

Tobin (7, 8) proposed that the transformed volume 
fraction be of the form: 

such that V, is determined by taking the swallowing of 
nuclei into account. Tobin’s model of impingement 
can be written as (12): 

Transformation to a System of Rate Equations 

According to Schneider et al. (12, 13), Avrami’s 
model of impingement, Eq 15, can be evaluated by 
substituting Eq 1 6  into Eq 15 and differentiating (rn + 
1) times with respect to T, yielding a differential equa- 
tion of order (rn + l) for the dummy variable ( p l ,  where: 

(po = -h ( l  - O ) ,  0 = 1 - e-qo (20) 

Crystallization and Microstructure 
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The system of rate equations can be written as follows: 

La cpi  
Gat - ( p i + ~  
-- I i =  0, I ,  2, . . . , rn- 1) 

subject to the initial conditions 

( p i = O  ( i = O ,  1 , 2 ,  . . .  , rn) at t = O  (21) 

where cpo is the unrestricted spherulite volume, ( p l ,  is 
the projection of this volume on a unit surface, cpz is its 
projection on unit lime, and is the unrestricted num- 
ber of activated nuclei per unit of volume according to 
Eder et al. (14). L is the average distance between 
nuclei and can be written as: 

For instantaneous three-dimensional spherulitic 
growth, the constant L takes the form: 

Tobin’s model of impingement, Eq 19, can be trans- 
formed by differentiating (m +- 2) times for the dummy 
variable, where: 

The system of rate equation becomes: 

L a$i -- a t  = h + l  ( i =  0 ,  I ,  2, . . . , rn - 1) 

subject to the initial conditions 

$ i = O  ( i = O ,  11, 2, . . .  , rn+ 1 ) a t  t = O  (26) 

Limiting Cases 

Under nonisothermal conditions, Schneider et at. 
(12, 13) proposed two limiting cases: 

PL PL 
Case I: --+m, G Case 11: -+o G 

For case 11, the growth takes place much faster than 
nucleation, while in #case I, activation of the nuclei 
takes place faster than the growth. For case I, this 
indicates immediate activation of all nuclei, which 
yields cpm = 1 while (po is determined from solving the 
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set of rate Equations 20. Introducing: 

as an independent variable, the system of rate equa- 
tions can be integrated to obtain: 

or 

a@ G - 
a t  L (30) 

where 

The same result is obtained for Tobin's with +o rather 
than (po. Therefore, a single rate equation, Eq 30, can 
describe both Avrami and Tobin's model of impinge- 
ment for nonisothermal crystallization with a limiting 
case of (PL/G) --f m. 

Using Equations 28 and 29, Eq 20 can be written as: 

which represents the degree of crystallinity for the 
Avrami model. The degree of crystallinity for Tobin's 
model, Eq 24, using the same substitutions becomes: 

CRYSTALLIZATION AND MORPHOLOGY IN 
QUENCHEDSLABS 

In order to predict the crystallinity distributions 
and morphology of i-PP slabs of finite thickness, an 
infinitely extended slab is considered. For this case a 
one-dimensional heat transfer problem arises in 
which the temperature varies only in the thickness 
direction. The one-dimensional equation of heat con- 
duction, incorporating a heat of crystallization term, 
can be written as: 

where p ,  Cp, and k are the density, specific heat, and 
heat conductivity of the material, Tis the temperature 
after time t at a distance z from the center of the 
sample in the thickness direction, and ae/at  is the 
crystallization rate. The initial conditions are: 

no, z) = Ti, e(0, z) = 0 at t = 0 (35) 

where Ti is the initial temperature of the molten poly- 
mer. The boundary conditions are 

aT 
- = 0 at z = 0 and a t  (36) 

aT aT B i  
8 2  q a 2  H - k - = h ( T - T ) o r - = - - - ( ( T - T , )  a t z = H  

where Bi = N I / k  is the Biot number, H is the half 
thickness of the sample, T, is the quench temperature, 
and his the heat transfer coefficient between the sam- 
ple and the quench medium. 

The rate of crystallization in Eq 34 varies depending 
on which crystallization model is used. For the Naka- 
mura model, a e / a t  is given by Eq 4. For Avrami and 
Tobin's model, a e / d t  is determined by solving Eqs 32 
and 33 using the finite difference method. 

In order to simulate and determine when crystalli- 
zation began during the quenching process, the the- 
ory of nonisothermal induction times was incorpo- 
rated into a FORTRAN program, which used 50 nodes 
across the half thickness H. Once the induction time 
reached unity, according to Eq 8, the crystallization 
process was assumed to begin. The effective number 
of nuclei N(T)  was then assumed to be instantaneous 
and was determined from Eq 12. The average distance 
between nuclei was determined by Eq 23, and this 
distance was assumed to be the average diameter of 
the spherulites at a particular node. 

ACQUISITION OF PARAMETER VALUES FROM 
EXPERIMENTS 

Nonisothermal Rate Constants 

Nonisothermal crystallization experiments at vari- 
ous cooling rates were conducted using DSC. The de- 
gree of crystallinity as function of temperature was 
obtained. The master curve approach to crystalliza- 
tion kinetics was used to obtain master curves of shift 
factors as a function of temperature and crystallinity 
as a function of reduced time, E ,  for all six i-PPs (18, 
19). The reference half time, (t1,Jr was determined 
from the 8 versus E for each molecular weight i-PP. 
Using (t1/Jr and the corresponding shift factors for 
each molecular weight, i-PP the nonisothermal rate 
constant as a function of temperature was deter- 
mined. 

Isothermal and Nonisothermal Induction Times 

Further, by fitting Eq 8 to the nonisothermal induc- 
tion times, the isothermal induction time parameters 
were obtained. These parameters are listed in Table 3. 
Using these parameters, the nonisothermal induction 
time for any thermal history can then be determined. 
Figure 2 shows fitted curve and experimental data on 
the induction time versus cooling rate for PP6823. 

Hoffman-Lauritzen Parameters 

A nonlinear regression program incorporating the 
differential form of the Nakamura equation (Eq 4) with 
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Table 3. Isothermal Induction Time Parameters in Eq 8 
Obtained by Fitting Eq 9.* 

Polymer M B )  a 

PP6823 17.1 10.0 
PP6723 4.39 10.0 
HH6523 5.99 10.0 
H H444 3.04 10.0 
HH441 6.52 10.1 
PH91OS 4.20 10.1 

f, x 10l8 

* T: = 172°C was taken from Van Krevelen (21) and used in fitting 

2500 

2000 

1500 

2 

1000 

500 

n 
0 10 20 30 40 50 

Cooling rate, “c/min 

Fig. 2. Nonisothennal induction time as a function of cooling 
rate for PP6823. Symbols represent experimental data while 
solid line represents nonlinear regression. 

n = 3 was used to determine the Hoffman-Lauritzen 
parameters, Kg and (l/t1,&,. In Eq 4, K(T) is described 
by Eq 7 and incorporates the Hoffman-Lauritzen pa- 
rameters. Equation 4 can be solved using the initial 
condition that e = 0, after the induction time index for 
quiescent crystallization reaches one. Values for the 
degree of crystallinity, as a function of temperature, 
used in this fitting, are determined from numerous 
nonisothermal DSC experiments. Table 4 lists the 
Hoffman-Lauritzen parameters. The results of this fit- 
ting along with experimental data on relative crystal- 
linity versus temperature at various cooling rates are 
shown in Fig. 3 for PP6823. Table 4 indicates a slight 
decreasing Kg with decreasing molecular weight. At 
the same time, the melting point of all the i-PP sam- 
ples measured by the DSC at 10”C/min heating rate 
was found to be 162°C and independent of molecular 

Table 4. Hoffman-Lauritzen Parameters Fitted to Eq 7. 

(i/t,,Ao x 107 
Polymer (s-’) (“K7 

K~ x 105 

PP6823 15.28 
PP6723 38.58 
PP6523 54.95 
HH444 6.84 
HH441 3.14 
PH91OS 2.46 

3.81 
3.93 
3.99 
3.45 
3.30 
3.28 

weight, as indicated in Table 2. Therefore, the signifi- 
cance of the dependence of the Kg parameter (Table 4) 
on molecular weight is presently unclear. 

The crystallization kinetics of six molecular weight 
i-PPs were plotted together in Fig. 4. When the Valtec 
grades, HH444, HH44 1, and PH9 l O S ,  were compared 
with the Profax grades, PP6823, PP6723, and PP6523, 
it was obvious that the crystallization rate did not 
increase as molecular weight decreased. This phe- 
nomenon was not anticipated and could be due to the 
fact that the Valtec grades are reactor spheres and use 
a different stabilization package than the homopoly- 
mer Profax grades. Additionally, different catalyst sys- 
tems were possibly employed, which give rise to dif- 
ferent crystallization kinetics, as noted by Avella et al. 
(28). However, it was noteworthy that the overall crys- 
tallization kinetics of the Valtec grades were consis- 
tent with each other. The shapes of the curves were 
consistent over a large temperature range and the 
maximum rate of crystallization occurred at 70°C. for 
HH444, HH44 1, and PH9 10s. This maximum was ap- 
proximately midway between the glass transition tem- 
perature and the equilibrium melting point. 

Growth Rates 

Figure 5 represents measured spherulite diameters 
versus time for various isothermal crystallization tem- 
peratures for PP6823. The slopes of these lines repre- 
sent the growth rate at a particular temperature. For 
all four i-PPs, higher crystallization temperatures cor- 
respond to longer crystallization times and subse- 
quently slower growth velocities. 

Figure 6 depicts typical measured diameters versus 
crystallization time for various nonisothermal experi- 
ments for PP6823. Each plot represents a single 
spherulite that was measured along a particular cool- 
ing curve. For all four i-PPs faster cooling rates cor- 
respond to faster growth rates. As the cooling rate 
increased, the induction time and the temperature of 
crystallization both decreased. Thus, at faster cooling 
rates, lower crystallization temperatures were ob- 
tained, which correspond to faster growth rates. 

Figure 7 represents the growth rates for PP6823 
obtained from isothermal, Fig. 5, and nonisothermal, 
Fig. 6, growth rate experiments for each i-PP: the 
growth rates overlap each other with a smooth tran- 
sition from isothermal to nonisothermal data. This 
indicates that both isothermal and nonisothermal ex- 
periments can be useld to determine growth rates. For 
each i-PP, the growth rate increased as the crystalli- 
zation temperature decreased. The result was consis- 
tent with phenomena reported by Avella et al. (29). Tai 
et al. (30), Huang et al. (31), and Ding and Spruiell 
(32). 

Figure 8 depicts the growth rates for all four i-PPs. 
Combining PP6823, PP6723, and PP6523, the growth 
rate depends only on temperature and was not a func- 
tion of molecular weight. Eder et aZ. (14) compared PP 
growth rates of Padden and Keith (33). Falkai (34), and 
Lovinger et al. (35) urith their own. Eder et al. (14) 
noted that there was a lack of dependence of these 
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1.0 

Fkg. 3. Relative crystallinity ver- 
sus temperature during noniso- 
thermal crystallization of PP6823 
at various cooling rates. Symbols 
represent experimental data while 
solid lines indicate nonlinear re- 
gression. 

Frg. 4.  Nonisothermal cystalliza- 
tion rate constants for various i- 
PPs.  Symbols represent data 
while lines represent nonlinearJts 
to the Hoffman-Lauritzen equation 
IEq 7). 
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growth rates on the molecular weight. These results 
are consistent with Magi1 (36, 37) in that above a 
certain maximum molar mass, the linear growth 
speed of spherulites is independent of the molar mass. 
This lack of dependence on molecular weight was also 

observed by Pospisil and Rybnikar (38). They investi- 
gated the crystallization behavior of various-molecu- 
lar-weight PPs prepared by peroxide melt degrada- 
tion. They noted that the spherulite growth rate did 
not depend on the molecular weight. 
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Fg. 5. mpical linear radial growth 
of PP6823 spherulites at various 
isothermal crystallization tempera- 
tures. 
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Fig. 6. Qpical radial growth of 
PP6823 spherulites at various 
cooling rates and the temperature 
range at which the spherulites 
were measured. 
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For all four i-PP's, HH444 appears to have a faster 
growth rate than that of PP6823, PP6723, and 
PP6523, which indicates a growth rate molecular 
weight dependence. It appears that the growth rate of 
i-PP becomes molecular weight dependent somewhere 

between 351,000 and 144,000 g/mol or that the dif- 
ference between Profax and Valtec grades affected the 
growth rate. 

Ding and Spruiell (32) conducted nonisothermal 
growth rate experimeints with cooling rates of 2500"C/ 
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FUJ. 8. Spherulite growth rate as afunction of crystallization 
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min on a i-PP resin having a MFI of 18, M, of 226,200 
g/mol, and polydispersity of 5.87. Figure 9 represents 
growth data obtained from Ding and Spruiell com- 
bined with growth rates obtained for PP6823, PP6723, 
and PP6523. The line represents a nonlinear curve fit 
to the Hoffman-Lauritzen growth rate equation (Eq 11) 
with fitted parameters listed in Table 5. The Hoffman- 
Lauritzen growth rate equation fits the data rather 
well and enables the prediction of the growth rate over 
a large temperature range otherwise unattainable 
through experiments. The maximum predicted growth 
rate occurred at 80°C, which was approximately mid- 
way between Tg and T,. It should be noted that Kg 
parameters in Table 4 determined from the DSC mea- 
surements differ from those in Table 5 determined 
from the growth rate experiments. Possibly, these dif- 
ferences are due to the fact that the DSC measure- 
ments are based on enthalpic changes during crystal- 
lization, while the growth rate measurements are 
based on volume filling. Interestingly enough, the 
growth rate data depicted in E g .  9 do not exhibit 
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FUJ. 9. Spherulite growth rate as a function of temperature for 
various molecular weight i-PPs. Symbols represent data 
while line indicates a nonlinear J t  to the Ho@nan-Lauritzen 
growth equation (Eq 11). 

Table 5. Hoffman-Lauritten Growth Rate Parameters Fitted 
to Eq 11. 

Go x lo6 Kg x 105 
Polymer pm s-' ("K? 

PP6823, PP6723, PP6523 3.655 1.899 
HH444 5.124 1.875 

various regimes of crystallization as observed by Clark 
and Hoffman (39). However, the temperature range of 
the present growth rate measurements falls within 
Regime I11 of crystallization of i-PP given by them. 

Nuclei concentrations were calculated for PP6823, 
PP6723, and PP6523, using Eq 12 with curve fitted 
equations for the rate constant and the growth rate. 
Since the growth rate was independent of molecular 
weight, the nuclei concentration was directly propor- 
tional to the rate constant, which was observed to 
increase as molecular weight decreased. Thus, the 
effective number of nuclei for a particular crystalliza- 
tion temperature should increase as molecular weight 
decreases. This anticipated phenomenon, represented 
in Fig. 10, clearly shows an increased number of ef- 
fective nuclei as molecular weight decreased. This re- 
sult corresponds to data reported by Fillion et al. (40). 

COMPARISON OF THEORY WITH EXPERIMENT 

Crystallinity and Spherulite Diameters in 
Quenched Slabs 

Figure 11 depicts the gapwise distribution of rela- 
tive crystallinity in slab for PP6823, PP6723, PP6523, 
quenched from 200°C into water 25°C and for HH444 
quenched from 170°C into water at 25°C. Similar data 
were obtained for slabs quenched to 0°C. For each 
i-PP, the relative crystallinity was somewhat lower for 
samples quenched to 0°C in comparison with those 
quenched to 25°C. This was related to the cooling rate 
experienced by the slab. Slabs quenched to 0°C expe- 
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Flg. 11. Gapwise distribution of relative crystallinity in slabs 
of PP6823, PP6723, PP6523 quenchedfrorn 200°C to 25°C 
and HH444 quenchedfrom 170°C to 25°C. Symbols represent 
data while lines represent$rst order regression. 

rienced a greater cooling rate and had less time to 
crystallize. 

I t  was also observed that the crystallinity distribu- 
tion was rather flat, indicating that the entire slab 
crystallized to the same extent. This result was not 
anticipated, and a distribution of increasing degree of 
crystallinity from the wall to core was expected. Pos- 
sible explanations as to why a flat profile was obtained 
could be related to the cooling rate. If the core crys- 
tallized at a slower rate, it takes a greater amount of 
time to pull heat away from the center by simple heat 
conduction. With a slower cooling rate, a greater 
amount of time is allowed for the crystallization pro- 
cess. Thus, a greater degree of crystallinity would be 
observed. Since this did not occur, it was likely that 
the core does not have a significantly slower cooling 
rate than the rest of the slab. Another possible expla- 
nation could be attributed to the rates of crystalliza- 
tion across the entire slab thickness. If the rate of 

crystallization was appreciable across the entire slab 
then crystallization would occur to its fullest extent in 
the core and at the wall. 

The degree of crystallinity was simulated for each 
quenching condition using Nakamura, Avrami, and 
Tobin’s theory of crystallization. All simulated results 
produced 100% relative crystallinity for each grade, 
under both quenching temperatures, across the entire 
thickness. The reason for this was quite simple. All 
three models are derived using geometric consider- 
ations. That is, the degree of crystallinity is considered 
to be the degree of space covering. In actuality, this is 
not the case. The rrdcrostructure was composed en- 
tirely of spherulites, but the measured degree of crys- 
tallinity, Fig- 11 ,  shows values less than 100%. It is 
well known that splierulites are composed of amor- 
phous and crystalline regions. No geometric model, 
Nakamura’s, Avrami’s, or Tobin’s, has a way of pre- 
dicting which regions of the spherulite were amor- 
phous. Therefore, the degree of space covering, caused 
by the growth of spherulites, was considered to be a 
100% crystalline entity for each model, which in fact 
was not the case. 

With the exception of HH444, for each quench tem- 
perature the relative degree of crystallinity increased 
as molecular weight increased. Even though lower 
molecular weight grades of i-PP have faster crystalli- 
zation rates, the relative extent to which they crystal- 
lized decreased as mlolecular weight decreased. It was 
also noted that PP6823 and PP6723 have rather sim- 
ilar values for the degree of crystallinity, while PP6523 
was about 15% lower for both quench temperatures. 
The discrepancies between HH444 and PP6823, 
PP6723, and PP6523 could be attributed to the fact 
that the Valtec grades are reactor spheres and use a 
different stabilization package than the homopolymer 
Profax grades. Additbonally, different catalyst systems 
could have been employed. Avella et al. (28) noted that 
different catalyst systems produced i-PPs that dif- 
fered not only in stereoregularity, in this case isotac- 
tic, but also in atactic content. Avella et al. (28) also 
noted the different crystallization rates were obtained 
for i-PPs that used different catalyst systems. Any of 
these unknown factors could be attributed to the dif- 
ferences between the Profax and Valtec grades. 

Figures 12, 13, and 14 represent, respectively, the 
gapwise distribution of spherulite diameters for 
PP6823, PP6723, and PP6523 quenched from 200°C 
to 0°C and 25°C. Generally greater diameters were 
obtained for slabs quenched to 25°C. The slabs 
quenched to 25°C experienced a slower cooling rate. A 
slab cooled at slower rates experienced a greater in- 
duction time, which corresponds to a start of crystal- 
lization, and number of effective nuclei. Thus, differ- 
ent numbers of effective nuclei and maximum 
spherulite diameters were obtained. 

Another possible explanation includes the swallow- 
ing or disappearance of potential nuclei as the crys- 
tallization process proceeds. If fewer nuclei are avail- 
able, then the sph,erulites can grow to greater 
dimensions than otherwise expected from an initial 
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Fig. 12. Gapwise distribution of spherulite diameters in 
PP6823 slabs quenchedfrom 200°C to 0°C and 25°C. Symbols 
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Fg. 13. Gapwise distribution of spherulite diameters in 
PP6723 slabs quenchedfrom 200°C to 0°C and 25°C. Symbols 
represent data while lines represent second order regression. 

estimate of nuclei. Swallowing of potential nuclei vio- 
lates the premise of instantaneous nucleation. If all 
potential nuclei begin growing at the same time, then 
it is impossible for any nuclei to be swallowed. Instan- 
taneous nucleation was assumed, but it was possible 
that mixed nucleation existed. Evidence for mixed nu- 
cleation was observed while accumulating data for the 
growth rate experiment. Once crystallization began, a 
finite number of nuclei were activated at a particular 
crystallization temperature. As the crystallization pro- 
cess proceeded, new nuclei would appear and begin to 
grow. These new spherulites had smaller final diame- 
ters than those first initiated. The appearance of ad- 
ditional nuclei was an indication of sporadic nucle- 
ation occurring after a finite number of initial nuclei 
began to grow. If mixed nucleation occurred, it was 
impossible with the models used in this simulation to 
determine how many nuclei were actually present 
during the crystallization process. 

so t  
6523 

101 ' " ' I  " " ' 
0.0 0.5 1.0 

Ym 
Fig. 14. Capwise distribution of sphedite diameters in 
PP6523 slabs quenched from 200°C to 0°C and 25°C. Symbols 
represent data while lines represent second order regression. 

Rgures 15, 16, and 1 7 represent, respectively, the 
gapwise distribution of predicted and measured 
spherulite diameters for PP6823, PP6723, and 
PP6523 quenched from 200°C to 25°C. For each con- 
dition, the Nakamura, Avrami, and Tobin models of 
crystallization were used, in which three values for the 
heat transfer coefficient were assumed: 62.5, 125, 250 
J/s  m2 O K .  The Nakamura model predicted the great- 
est spherulite diameter while the Avrami model was 
second and the Tobin model predicted the smallest of 
the three. A greater heat transfer coefficient, for all 
three models, predicted smaller spherulite diameters. 
For higher heat transfer coefficients, the polymer was 
cooled at a faster rate, which enabled a greater degree 
of super cooling for which a lower crystallization tem- 
perature was predicted. A lower crystallization tem- 
perature corresponds to a greater number of effective 
nuclei, which means the spherulites will impinge be- 
fore they can grow to larger dimensions. Sifleet et al. 
(25) and Chan and Isayev (20) noted that the heat 
transfer coefficient affects the rate of heat loss and 
caused different cooling rates. 

For PP6823 quenched 2 5 T ,  Fig. 15, h = 250 J/(s 
m2 OK) near the wall best predicts the spherulite diam- 
eter, while at intermediate distances, h = 125 J/(s m2 
OK) fits the data, and for the core, h = 62.5 J/(s m2 OK). 
Similar results were obtained for PP6723 and PP6523. 
This phenomenon could indicate that the heat trans- 
fer coefficient was not a constant but rather a variable 
as  the cooling process proceeded. Another explanation 
was that the model used for predicting spherulite di- 
ameters was too simplistic and can give only approx- 
imate values. The simplicity of the present model is 
due to the fact that it is based on the instantaneous 
nucleation while in reality the nucleation process is 
sporadic. In addition, the present calculations were 
carried out using constant thermal properties based 
on the PP melt. A further work is in progress to incor- 
porate variation of thermal properties with tempera- 
ture into simulation. 
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From Figs. 15, 16, and 17 it was observed that the 
predicted increase in spherulite diameter from the 
wall to the core was not always a smooth transition. A 
small peak and valley was observed in simulated data. 
This fluctuation was due to the temperature at which 

the polymer crystallized. The same type of peak and 
valley in the predicted crystallization temperature was 
observed as depicted in Fig. 18 for the gapwise distri- 
bution of the Crystallization temperature for PP6823. 
The changing crystallization temperature was due to 
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Fig. 17. Gapwise distribution of 
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[symbols) spherulite diameters in a 
slab of PP6523 of thickness 3.3 
mm quenched from 200°C to 25°C. 
Predictions were based on various 
heat transfer coefficients, h. 
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Fig. 18. Gapwise distribution of predicted crystallization tem- 
peratures in a slab of PP6823 of thickness 3.3 mm quenched 
from 200°C to 0°C. Prediction based on the Aurami model with 
a heat transfer coefficient of 62.5 J / [ s  m2 OK). 

the evolved heat of crystallization and was observed to 
be approximately 1°C. This slight change in crystalli- 
zation temperature produces a change in simulated 
spherulite diameter of approximately 2 to 3 microns. 

Figure 19 represents gapwise distribution of pre- 
dicted spherulite diameters, based on the Avrami 
model with h = 250 J/(s m2 OK), with and without a 
source term for the heat of crystallization. It is obvious 
that the heat of crystallization plays a major role in 
calculating the final spherulitic diameter. Omitting 
the heat of crystallization produces final spherulite 
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Fig. 19. Gapwise distribution of predicted spherulite diame- 
ters in a slab of PP6823 of thickness 3.3 mm quenchedfrom 
200°C to 0°C based on the Aurami model with h = 250 J/[sm2 
OK). Lines indicate predictions with and without a source term 
for the heat of crystallization. 

diameters that are smaller. Neglecting the heat of 
crystallization allows the slab to cool at a faster rate. 
Faster cooling rates lowered the crystallization tem- 
perature, which in turn produced a large number of 
activated nuclei: see Fig, 10. 

CONCLUSION 

A method was developed to simulate microstruc- 
ture. The predicted microstructure was compared 
with experimental results. This was the first time such 
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an attempt was made. For i-PPs, as the molecular 
weight decreased, the heat of crystallization in- 
creased, and a greater ultimate degree of crystallinity 
was obtained. For each i-PP, the relative crystallinity 
was lower for samples quenched at 0°C than for those 
quenched to 25°C. It was also observed that the gap- 
wise crystallinity distribution was rather flat, indicat- 
ing that the entire slab crystallized to the same extent. 
Using the theory of nonisothermal induction times, 
the number of crystallizing nuclei was determined for 
the simulation. This was the first time such an ap- 
proach was used. The degree of crystallinity was sim- 
ulated for each quenching condition using Nakamu- 
ra’s, Avrami’s, and Tobin’s theories of crystallization. 
All simulated results produced 100% relative crystal- 
linity for each grade, under both quenching tempera- 
tures, across the entire thickness. Experimental data 
indicated that the relative degree of crystallinity for 
Profax samples increased as molecular weight in- 
creased. For all i-PPs, greater spherulite diameters 
were obtained for slabs quenched to 25°C. Maximum 
diameters of 63, 55, and 75 microns at 25°C were 
obtained for PP6823, PP6723, and PP6523, respec- 
tively. For PP6823, PP6723, and PP6523, quenched 
0°C and 25”C, the Nakamura model predicted the 
greatest spherulite diameter while the Avrami model 
was second and the Tobin model predicted the small- 
est of the three. A greater heat transfer coefficient, for 
all three models, predicted smaller spherulite diame- 
ters. A transition of heat transfer coefficients with 
larger values fitting the data near the wall and smaller 
values fitting the data near the core was hypothesized 
for PP6823, PP6723, and PP6523. This phenomenon 
could indicate that the heat transfer coefficient was 
not a constant, but rather a variable during the cool- 
ing process. Another explanation was that the model 
using for predicting spherulite diameters was too sim- 
plistic and can give only approximate values. 
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