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SYNOPSIS 

Various material data for an  isotactic polypropylene were acquired for the simulation of 
the injection molding of this material. Viscosity as a function of shear rate and temperature 
was measured using a capillary rheometer at  high shear rates and a cone-and-plate rheometer 
a t  low shear rates. Heat-flow properties, characterizing kinetics and induction time of 
quiescent crystallization, were obtained from DSC measurements. Material data charac- 
terizing shear-induced crystallization were obtained from extrusion experiments through 
a slit die with subsequent quenching of the material in the die after various rest times. The 
thickness of the shear-induced crystallization layer was measured along with the birefrin- 
gence in this layer. A model of shear-induced crystallization developed by Janeschitz-Kriegl 
and co-workers was used to fit the kinetic data. Thus, kinetic parameters such as the 
limiting shear rate below which no shear-induced crystallization can occur and the 
characteristic time for the relaxation of birefringence were obtained. 0 1995 John Wiley & 
Sons, Inc. 

INTRODUCTION 

In injection molding, there exists a distribution of 
shear and normal stresses in the molten polymer 
form the wall to the center of the mold. It is well 
known from experimental experience that for semi- 
crystalline polymers the high shear stresses near the 
wall give rise to an oriented lamella structure called 
the shear-induced crystallization or skin layer of the 
part. This skin layer is characterized by high bire- 
fringence and is responsible for such undesirable 
features as cleavability, warping, and stress whiten- 
ing.' The polymer in the core region that does not 
incur high stresses is allowed to crystallize three- 
dimensionally to form spherulites. This distinct 
skin-core morphology is visible under a polarizing 
optical microscope. A third intermediate layer is 
usually seen as well, whereas other techniques such 
as X-ray diffraction have revealed up to five layers 
in some  instance^.^-'^ A review on the microstructure 
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of injection-molded semicrystalline polymers was 
given by Katti and Schultz." 

Studies on shear-induced crystallization kinetics 
of polymers have been outnumbered considerably 
by those on quiescent (or thermally induced) crys- 
tallization kinetics. The first attempt to investigate 
both theoretically and experimentally the crystal- 
lization kinetics of a molten polymer subjected to a 
constant shear stress appears to be by Kobayashi 
and Nagasawa.17 A recent and comprehensive review 
on the subject was given by Eder et al.' Quite a few 
experimental elucidations of the mechanism of 
shear-induced crystallization have appeared over the 
 year^,'*'^-^^ though most of them only offer quali- 
tative understanding. Not until the works of Janes- 
chitz-Kriegl and ~ o - w o r k e r s ' , ~ ~ , ~ ~ , ~ ~  does a theory of 
shear-induced crystallization become available that 
offers the possibility for kinetic parameters to be 
determined from independent experiments and, as 
such, is applicable to the simulation of injection 
molding. Before that, the modeling of crystallization 
in injection molding had to rely on kinetic models 
that either did not consider the effects of shear37-44 
or took into account the effects of shear in a purely 
empirical manner such that the model parameters 
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were not readily susceptible to experimental deter- 
m i n a t i o n ~ . ~ ~ . ~ ~  

This is Part I of a study on the injection molding 
of crystallizable polymers. The purpose here was to 
acquire various data for the simulation of the injec- 
tion molding of a polypropylene (PP) to be carried 
out in Part II.47 The modified Cross was 
fitted to the viscosity data obtained from a capillary 
rheometer at high shear rates and a cone-and-plate 
rheometer at low shear rates. Heat-flow properties, 
characterizing the kinetics and induction time of 
quiescent crystallization, were taken from noniso- 
thermal DSC measurements. The theory of 
Janeschitz-Kriegl et a1.1,35*36 was used to describe 
shear-induced crystallization kinetics. Shear-in- 
duced crystallization properties such as the limiting 
shear rate below which no shear-induced crystalli- 
zation occurs and the relaxation time for shear-in- 
duced crystallization were determined from extru- 
sion experiments using a special slit die apparatus. 
In Part 11,47 the same model parameters obtained 
here in Part I will be used to simulate the injection- 
molding process. Experimental results from injec- 
tion-molding experiments will be presented and 
compared with simulated results. 

THEORY OF QUIESCENT 
CRY STALLlZATlO N 

For the kinetic description of quiescent crystalli- 
zation occurring in the core region of the molding, 
we use the differential form of the Nakamura equa- 
tion:4%50 

( 1 )  
d t  - = n K ( T ) ( l  - [)[-ln(1 - [ ) ] ( n - l ) / n  
dt 

where [ is the degree of crystallinity; K ,  the rate 
constant; n, the Avrami index; T ,  the temperature, 
and t ,  the time. The Nakamura equation was de- 
veloped on the basis of isokinetic conditions and the 
assumption that the number of activated nuclei is 
a c o n ~ t a n t . ~ ~ ~ ~ ~  Thus, the temperature dependence 
of the rate constant K may be given by the Hoffman- 
Lauritzen e x p r e s ~ i o n : ~ ~ * ~ ~  

X exp - - ( 2 T d  ( 2 )  

where AT = TO, - T and f = [ ( 2 T ) / ( T  + TO,)]. In 
the Hoffman-Lauritzen expression, R is the uni- 

versal gas constant; 7',, the equilibrium melting 
point; and f ,  a correction factor for the reduction in 
the latent heat of fusion as the result of a decrease 
in temperature. Thus expressed, the kinetic model 
has four parameters in addition to n: (l/tl/z)o is a 
preexponential factor that includes all terms inde- 
pendent of temperature; U*, the activation energy 
for segmental jump rate and may be given a universal 
value of 6284 J/mol, Kg is the nucleation exponent, 
and T, may be taken as the glass-transition tem- 
perature minus 30K. 

The Nakamura equation does not make allowance 
for an induction period for nucleation. To determine 
the induction time for quiescent crystallization, the 
method of Sifleet et al.52 is used. The nonisothermal 
induction time can be obtained by a summation of 
isothermal induction times according to 

(3) 

where ti is the isothermal induction time, and tr, the 
nonisothermal induction time. For melt-crystalli- 
zation, the isothermal induction time is assumed to 
follow the Godovsky and S l ~ n i m s k y ~ ~  expression: 

ti = t,(TO, - T)-" ( 4 )  

where t ,  and a are material constants independent 
of temperature. 

THEORY OF SHEAR-INDUCED 
CRY STALLlZATlO N 

A theory of shear-induced crystallization has been 
developed by Janeschitz-Kriegl and co-worke~s. '*~~,~~ 
This theory assumes that the locations of nucleation 
are created by the flow. Also, these precursors of 
nucleation can disappear by a relaxation process af- 
ter the flow is stopped. However, if the sheared melt 
is quenched quickly enough, shear-induced crystal- 
lization will occur. This type of crystallization is 
characterized by lamellar crystals oriented in one 
dimension. 

According to this theory, the probability 8 for a 
precursor to form is given by a first-order differential 
equation: 

d8 
(5) 

7 T 

where i is the shear rate; ia, the critical shear rate 
of activation; and T, the relaxation time for shear- 
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induced crystallization. The first term on the right- 
hand side of eq. (5) is the creation term. Once 8 
reaches the value of unity, no further improvement 
of the aptitude for shear-induced crystallization can 
be achieved. The second term on the right-hand side 
describes the decay of 8. This is the simplest differ- 
ential equation that can explain (at least qualita- 
tively) shear-induced crystallization. The parame- 
ters +a and r are strong functions of the melt tem- 
perature. Here, they are both assumed to have an 
Arrhenius-type temperature dependence given by 

and 

r = r o e x p ( g )  (7) 

where iaO, E,, ro, and E, are material constants in- 
dependent of temperature. 

For a tentative description of shear-induced 
crystallization kinetics, Janeschitz-Kriegl and co- 
workers introduced the “model of uttermost unifor- 
m i t y . ” l ~ ~ ~  This model assumes that the crystals grow 
in three dimensions, though not necessarily to the 
same extent, and the growth rates and the nucleation 
rate have the same temperature dependence. These 
are oversimplifying assumptions, of course. For one, 
the crystal growth in shear-induced crystallization 
should probably be closer to one-dimensional than 
to three-dimensional, as Eder et al.54 would later 
acknowledge. As to the second, it is simply the iso- 
kinetic assumption made in the development of the 
widely used Nakamura equation for quiescent crys- 
tallization. With these assumptions, it can be shown’ 
that 

and 

where = 8; g“ is the geometric mean of the growth 
rates and the nucleation rate; &,, the unrestricted 

fraction of crystal volume; and ,$, the degree of crys- 
tallinity. It is noted that this approach to shear- 
induced crystallization is, in many respects, parallel 
to that taken by Schneider et a1.55*56 in developing 
a set of differential rate equations for quiescent 
crystallization. 

Janeschitz-Kriegl and C O - W O ~ ~ ~ ~ S ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~  ob- 
served that with high-temperature shearing where 
no crystallization occurred in a continuous flow the 
typical textures of shear-induced crystallization were 
obtained, nevertheless, when the sample was 
quenched immediately or with some delay after ces- 
sation of flow. Accordingly, the model parameters 

r ,  and ĝ  may be determined from a special kind 
of extrusion experiments at temperatures well above 
the melting point, keeping the shearing time t, 
shorter than the induction time for shear-induced 
crystallization of the melt. Once the flow is stopped 
at  a time t,, the sample is quenched to a temperature 
well below the melting point. For this case, it can 
be shown’ that 

and 

where parameter A is related to the ratio of the 
growth rates of quiescent crystallization and shear- 
induced crystallization, and f1, the limiting shear 
rate below which no shear-induced crystallization 
can occur after quenching to a temperature below 
the melting point. Parameters A and +l at a given 
temperature can be obtained by fitting eq. (12) to 
the experimental data of the shearing time vs. the 
shear rate. Once A and i.1 are determined, the value 
of ia is calculated from eq. (13). 

The parameter ĝ  is given by 

where ti(T) is the isothermal induction time for 
quiescent crystallization, and E ,  the smallest mea- 
surable value of crystallinity that is observed when 
the induction time is reached. Here, c is taken to be 
0.01. In arriving at eq. (14), it is assumed that the 
induction time for the sheared melt after quenching 
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to a lower temperature is the same as that for a 
quiescent melt at  the same temperature.' 

Parameters +a and T can only be determined for 
a narrow range of temperatures above the melting 
point where no crystallization occurs. The parameter 
2, which is certainly also a strong function of tem- 
perature, is zero in this temperature range. The val- 
ues of ya  and T at temperatures where ĝ  is significant 
have to be obtained by extrapolation using eqs. (6) 
and (71, respectively. In eq. (141, ti is finite only at 
temperatures below the melting point, whereas the 
quantity A can be obtained experimentally only at 
temperatures above the melting point. Thus, either 
A or ti has to be obtained by extrapolation for the 
purpose of determining ĝ . Fortunately, as will be 
shown below in Table 11, parameter A tends to ap- 
proach unity as the temperature drops below 185"C, 
at least for the PP studied here. 

EXPERIMENTAL 

Material 

The material studied was a commercial-grade iso- 
tactic polypropylene (iPP) Pro-fax 6523 (Lot 
# BE37228) supplied by Himont USA, Inc. The melt 
flow index was 4.1 dg/min (230"C, 2.16 kg). The 
weight-average molecular weight and polydispersity 
index were 3.51 X lo5 and 4.3, respectively. 

Rheological Characterization 

To determine the parameters in the modified Cross 
viscosity measurements were performed on 

a Rheometrics mechanical spectrometer (RMS-800) 
in the cone-and-plate mode in the shear rate range 
lop2 to lo1 s-' and on an Instron capillary rheometer 
(Model 3211) up to lo3 s-'. Measurements were 
made at three different temperatures: 180, 200, and 
230°C. 

Quiescent Crystallization Characterization 

A Perkin-Elmer differential scanning calorimeter 
(DSC-7) was used to measure the nonisothermal 
crystallization kinetics. All measurements were car- 
ried out with the sample in a nitrogen atmosphere. 
Samples about 5 mg were weighed into standard 
aluminum pans and sealed. The samples were first 
heated to 200°C and kept for 10 min in the DSC 
furnace to erase any thermal history. The melted 
samples were then cooled at  constant rates of 2.5, 
5, 10, and 20"C/min. Before the PP samples were 

tested, pure indium was used to calibrate not just 
the temperature scale and the melting enthalpy, but 
also the heat-transfer coefficient between the sample 
pan and the DSC f ~ r n a c e . ~ ~ - ~ '  All nonisothermal 
crystallinity results were corrected for the effects of 
temperature lag between the sample and the DSC 
furnace according to the method of Janeschitz- 
Kriegl et a1.57-59 

Shear-induced Crystallization Characterization 

Isothermal shearing experiments were conducted on 
a single-screw extruder (Killion KL-100). A slit die 
apparatus was placed at the end of the extruder. 
The slit die apparatus is made of stainless steel. It 
consists of an inner cylinder that fits snugly when 
inserted into a cylindrical outer shell. A rectangular 
flow channel is cut in the central portion of the inner 
cylinder. The length, width, and height of the flow 
channel are 63.5, 16, and 1.6 mm, respectively. A 
single bolt holds the inner cylinder firmly in place 
during extrusion. The use of only one retaining bolt 
facilitates the removal of the inner cylinder from 
the outer shell after stoppage of flow. Experiments 
were carried out at  four different temperatures: 185, 
190, 200, and 210°C. 

There are two controlling variables in these ex- 
periments: One was the flow rate and the other was 
the temperature. Heating was provided by three 
band heaters in the extruder and one on the die as- 
sembly. The screw rotation speed was adjusted be- 
fore the flow was initiated. The material temperature 
was measured at  the die exit using a thermocouple. 
The set points on the temperature controllers were 
adjusted until the temperature of the exiting melt 
reached the desired value. The flow rate was deter- 
mined from the amount of extruded material within 
a given period of time. The flow was stopped after 
steady state had been reached. The inner part of the 
slit die assembly was then quenched rapidly in water 
at ambient temperature. Quenching was performed 
at various rest times after the cessation of flow. Once 
the sample was cooled, it was taken out of the die 
and cut according to Figure 1 using a diamond saw 
(Buehler Isomet Low Speed) and a microtome 
(Reichert Histo STAT Rotary). The final thickness 
of the sample was 20-25 pm. The thin sample was 
set on glass slides. The crystallization layers were 
observed under a polarizing optical microscope 
(Leitz Laborlux 12 POL) and the thickness of the 
skin layer was measured. The birefringence of the 
skin layer was determined from optical retardation 
measurements with the help of a compensator (Leitz 
tilting compensator). The optical retardation r was 
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Areal Area2 Area3 Area4 Area5 Area6 

Cut sample using - diamond saw 
_ _ _ - - -  

I!?' Entrance 
point 

c-- Cut sample using 
microtome 

t \thickness: 20 - 25 p m  - 
Measure the thickness and birefringence of 
shear-induced crystallization layer using 
optical microscope 

Figure 1 
ples. 

Sample cutting procedure in extrusion sam- 

calculated using a Leitz calibration chart. The bi- 
refringence An is the optical retardation divided by 
the thickness of the sample. 

RESULTS AND DISCUSSION 

Rheological Data 

Plots of steady shear viscosity vs. shear rate a t  three 
different temperatures for the PP used in this study 
are shown in Figure 2. The various symbols repre- 
sent the experimental data and the solid lines rep- 
resent the fitted values using the modified Cross 
model:48 

where 

The model parameter values B = 0.2 Pa-s, Tb 
= 5066.5 K, T* = 1.2 X lo4 Pa, and m = 0.34 were 
found to fit the viscosity data well. 

1 o4 

A lo3  

€= lo2 

? 
a 0 
v 

v T-200oc 

l o '  1 oo 1 0 T=23O0C 

1 0 - ~  lo-' loo 10' lo2  lo3 104 

r 6') 
Figure 2 Viscosity as a function of shear rate at  three 
different temperatures. Symbols and lines represent ex- 
perimental and fitted values, respectively. 

Quiescent Crystallization Constants 

Heat-flow curves of DSC cooling runs at four dif- 
ferent cooling rates are shown in Figure 3. It can be 
seen that the crystallization peaks for different 
cooling rates begin at different temperatures. With 
the increase of cooling rate, the starting point of the 
crystallization peak moves to a lower temperature. 
The nonisothermal induction time tr was defined as 

10 "Clmin V 
7: 

V 50min 

K 5  "C/mln 
1 ,  I ,  , I , . , . ,  , , , , ,  , I  I ,  

40 60 80 100 120 140 160 180 200 

Temperature ["C] 

Figure 3 
different cooling rates. 

Heat-flow curves of DSC cooling runs a t  four 
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Table I 
and Nonisothermal Induction Time 
at Various Cooling Rates 

Temperature at Start of Crystallization 

Temperature at Start Nonisothermal 
Cooling Rate of Crystallization Induction 

("C/min) ("C) Time ( s )  

2.5 
5.0 

10.0 
20.0 

128.3 
124.1 
120.5 
114.3 

1048.8 
574.8 
309.0 
173.1 

where TO, is the equilibrium melting point (= 172°C 
for PP6'); T,, the temperature at  which the crystal- 
lization peak begins; and b, is the cooling rate. The 
values of tr and T, for different cooling rates are 
given in Table I. By dividing the time into small 
intervals At and substituting eq. (4) in eq. (3), 

1 
t,(TO, - T)-" 

tl c At = 1 

By fitting eq. (18) to the nonisothermal induction 
time data given in Table I using nonlinear regres- 
sion, the following isothermal induction time pa- 
rameters were obtained t, = 8 X 10l1 s K6 and a 
= 6. Figure 4 shows the fit of the induction time 
model [eq. ( I S ) ]  to the experimental data. Using the 
same model parameters, the nonisothermal induc- 
tion time for any thermal history can be calculated. 

1200 

h 

v 
m 

4- 
1000 

; ' 800 
C 

3 

a 600 
C 

8 
.- - 

400 

9 
B .$ 200 
2; 

0 
0 5 10 15 20 25 

Cooling rate ('C/min) 

Figure 4 Nonisothermal induction time as a function 
of cooling rate. Symbols and lines represent experimental 
and fitted values, respectively. 

1 .o 

0.9 

- 
U U J  I I I 

0 

80 90 100 110 120 130 140 

Temperature ("C) 

Figure 5 Relative crystallinity as a function of tem- 
perature at four different cooling rates. Symbols and lines 
represent experimental and fitted values, respectively. 

Figure 5 shows the relative crystallinity as a 
function of temperature at four different cooling 
rates. These data were corrected for the effects of 
temperature lag between the sample and the DSC 
furnace according to the method of Janeschitz- 
Kriegl et a1.57-59 The relative crystallinity [ was cal- 
culated according to 

where AT,-T is the area under the heat-flow curve 
from T, to T, and AH,, the total area under the heat- 
flow curve. The crystallization kinetic model [eqs. 
(1 )  and (2)] was fitted to the data given in Figure 5 
using nonlinear regression, assuming that the 
Avrami index n = 3. The following parameter values 
were obtained (l/tl,z)o = 2.07 X lo6 s-l and Kg = 2.99 
X lo5 K2. The fitted values are given by solid lines 
in Figure 5 .  

Shear-induced Crystallization Parameters 

Shear-induced crystallization experiments were 
performed at  several temperatures for two purposes: 
One purpose was to observe the growth of the skin 
layer using a polarized optical microscope. From this, 
the critical shear rate of activation for shear-in- 
duced crystallization can be obtained as a function 
of temperature. The other purpose was to study the 
relaxation behavior of the skin layer by the tech- 
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the thin layer consists of an oriented lamella struc- 
ture and the core region consists of spherulites. 

Figure 8 shows the normalized thickness of the 
skin layer as a function of the distance from the die 
entrance at  190OC. The normalized thickness of the 
skin layer increases with increasing distance from 
the die entrance. The slope increases with increasing 
flow rate, but decreases with increasing distance 
from the die entrance. 

1 I , I / , . I  I I a 10 t 
180 190 200 210 220 230 240 

Temperature [“C] 

Figure 6 Experimental conditions for existence of 
shear-induced crystallization layer. 

nique of birefringence. From this, the characteristic 
time 7 for the relaxation of shear-induced crystal- 
lization can be determined as a function of temper- 
ature. 

Developmenf of Shear-induced 
Crystallization Layer 

b 

The rest time was negligible in this type of experi- 
ment, i.e., the inner part of the slit die assembly was 
dropped into the water bath as quickly as possible 
after the flow was stopped. Figure 6 shows the var- 
ious conditions of flow rate and temperature for the 
existence of a skin layer. In this figure, the symbol 
“0” means that there exists a skin layer at 15 mm 
from the die entrance under the conditions indicated 
and the symbol “X” means no skin layer. It can be 
seen that as the temperature increases the minimum 

The maximum screw rotation speed allowed in 
the Killion extruder was 95 rpm. This translates 
into a maximum flow rate of about 80 g/min for our 
PP in the temperature range 185-210°C. At  tem- 
peratures above 210°C, the skin layer did not appear 
even when the flow rate reached 80 g/min. Below 
185”C, the torque became excessively high for any 
screw rotation speed. Accordingly, further experi- 
ments were carried out between 185 and 210°C. 

Figures 7(a)-(c) show the polarized optical mi- 
crographs of the same sample at different magnifi- 
cations. The experimental conditions were temper- 
ature = 2oo”c, flow rate = 73-9 g/min, and rest time 
= minimum. Two different layers are clearly dis- 
cernible from these pictures: Figure 7(c) shows that 

flow rate at which the skin layer appears increases. C 

Figure 7 Optical photomicrographs of an extrusion and 
quenched sample at various magnifications: (a) X40; (b) 
x100; (c) X400. 
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0 5 10 15 20 25 30 35 40 45 50 

Distance from the die entrance [mm] 

Figure 8 Normalized thickness of shear-induced crys- 
tallization layer as a function of distance from die entrance 
at 190OC: (0) 58.8 g/min; (0)  46.6 g/min; (A) 37.9 g/min; 
(A) 33.0 g/min; (0) 32.2 g/min. 

Limiting Shear Rate for Shear-induced 
Crystallization 

Figure 9 is a schematic diagram illustrating the for- 
mation of a skin layer during shear flow. As a fluid 
particle moves downstream along its flow path, its 
shearing (residence) time t, in the flow channel in- 
creases. Therefore, the thickness of the skin layer 
increases with increasing distance from the die en- 
trance, even though the shear rate at the interface 
between the skin layer and the core region decreases 
as the skin layer thickens. From Figure 9 it is seen 
that the shearing time t: of a fluid particle farther 

Shear rate distribution Shear-induced crystallization layer 
\ 

Die entrance point\ / 

r,..............1,\..\ Y' 
Shear rate ? at the interface 
layer 

Figure 9 
shear-induced crystallization layer during extrusion. 

Schematic diagram indicating formation of 

+ 1 YI = 134 sec- 

7 

0 100 200 300 400 500 600 

i. [sec-l] 

Figure 10 Shearing (residence) time as a function of 
shear rate at 190OC: (0) 58.8 g/min; (0) 46.6 g/min; (A) 
37.9 g/min; (A) 33.0 g/min; (0) 32.2 g/min; (U) 29.8 g/ 
min; (+) 28.1 g/min.) 

downstream is greater than t, and the corresponding 
+' is smaller than +. Since shear rates higher than 
100 s-l lie in the power-law region (see Fig. 2), they 
can be calculated by assuming power-law behavior 
for the fluid. Figure 10 shows the residence times of 
all points along the interface vs. the corresponding 
shear rates at 190°C. It is seen that the data points 
for various flow rates fall practically on a single 
curve. With decreasing flow rate, the shear rate 

1 ' %  A-'9995 

0 T-210°C 

Y7 T-2W°C 

0 T=19O0C 

A T- 185'C 

2 3 

r 6') 
Figure 11 Shearing time vs. shear rate from extrusion 
experiments at various flow rates and temperatures. Dif- 
ferent symbols represent experimental data obtained at 
temperatures indicated. Solid lines represent fitted values. 
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Table I1 
Shear Rate and Parameter A 

Temperature Dependence of Limiting 

Temperature ("C) Limiting Shear Rate (s-l) A 

185 109 0.9995 
190 134 0.9992 
200 211 0.998 
210 278 0.993 

reaches a limiting value at which the residence time 
t, approaches infinity. In other words, it takes an 
infinite shearing time for the skin layer to form at  
shear rates below about 130 s-'. The average of the 
three lowest shear rates shown in the figure is taken 
as the limiting shear rate i t .  The double logarithmic 
plots of shearing time t, vs. shear rate a t  different 
temperatures are combined in Figure 11, from which 
values of the limiting shear rate il and parameter 
A are determined by fitting eq. (12) to the experi- 
mental data. The values so obtained are given in 
Table 11. From these values, the critical shear rate 
of activation can be calculated from eq. (13). In 
Figure 12, In is plotted against 1/T. The best fit 
of eq. (6) to the data gives +ao = 4.361 X 1019 s-l and 
Ea/R = 2.032 X lo4 K. It can be seen from Table I1 
that the value of A approaches unity as the tem- 
perature drops below 185"C, with the implication 
that the growth rate is about the same in quiescent 
and shear-induced crystallization. This is consistent 

3.5 

3.0 

2.5 

2.0 

1.5 

1 .o 

0.5 
0.0020 0.0021 0.0022 0.0023 

1/T (1/K) 

Figure 12 Natural logarithm of critical shear rate of 
activation as a function of reciprocal temperature. Symbols 
and lines represent experimental and fitted values, re- 
spectively. 

300 k 
250 1 0 - 

8 200 0 
v) 

X Y 

180 190 200 210 220 230 240 

Temperature YC] 

Figure 13 Experimental conditions for existence of 
shear-induced crystallization layer in experiments with 
rest times. 

with the experimental results of W o l k o ~ i c z ~ ~  that 
the effect of shear on crystallization was mainly to 
increase the number of nuclei, with no significant 
change in the growth rate. 

Relaxation Behavior of Shear-induced 
Crystallization f ayer 

In these experiments, the inner part was kept in the 
die assembly for various rest times t, after stoppage 
of flow and before quenching. Figure 13 shows 
whether a skin layer exists at various rest times and 

v) v) 

a, c Y 

0 ._ 

I , ,  ( , , I .  I I I 
0 10 20 30 40 50 60 

Distance from the entrance [mm] 

Figure 14 Normalized thickness of shear-induced 
crystallization layer as a function of distance from die 
entrance at  a flow rate of 72 g/min, a temperature of 2OO0C, 
and various rest times: (0) 13 s; (0 )  20 s;  (A) 40 s; (A) 50 
s; (0) 80 s; (.) 90 s. 
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0 20 40 60 80 100 120 140 

Figure 15 Normalized thickness of shear-induced 
crystallization layer at 15 mm from die entrance as a func- 
tion of rest time t, at a flow rate of 75 g/min: (0) 190°C; 
(0 )  200°C; (A) 210°C. 

temperatures. The symbol "0" stands for the exis- 
tence of a skin layer, whereas the symbol "X" in- 
dicates that no skin layer can be obtained. It is ob- 
vious from Figure 13 that the minimum rest time 
after which a skin layer can no longer exist decreases 
with increasing temperature. Figure 14 shows plots 
of the normalized thickness of the skin layer as a 
function of the distance from the die entrance after 
several rest times a t  200°C. The layer thickness de- 
creases with increasing rest time: a clear indication 
that relaxation of the skin layer occurred during the 
rest time. 

Figure 15 shows the normalized thickness of the 
skin layer as a function of rest time at three different 
temperatures. The thickness of the skin layer de- 
creases linearly with increasing rest time. The neg- 
ative slope increases in magnitude with increasing 
temperature, i.e., the rate of relaxation becomes 
higher as the temperature increases. The shear rate 
is high and the polymer molecules are highly ori- 
ented in the skin layer. Therefore, the birefringence 
or the difference in refractive index between the di- 
rections parallel and perpendicular to the flow di- 
rection is larger in the skin layer than in the core 
region. As a result, birefringence measurements can 
be used to estimate the growth or relaxation of the 
skin layer. In Figure 16, the natural logarithm of 
the birefringence A n  is plotted against the rest time 
tr a t  four different temperatures. It was possible to 
keep the flow rate relatively constant as the melt 
temperature varied from 190 to 210°C. The same 
flow rate could not be maintained at 185°C because 

of the significantly higher melt viscosity at this 
temperature. All birefringence measurements were 
made a t  a point 15 mm from the die entrance. It 
was found that the birefringence varied only slightly 
within the thickness of the skin layer and along the 
distance from the die entrance. The results are seen 
well fitted to a linear function of the form 

(20) 
t r  In An = In Ano - - 
7 

where 7, the relaxation time, can be obtained from 
the slope. The intercept on the An axis, which is the 
natural logarithm of the initial birefringence, in- 
creases with decreasing temperature from 210 to 
190°C, whereas the value a t  185°C was lower than 
that a t  210°C. This can be explained by the fact 
that the flow rate a t  185°C was only about half of 
that a t  the higher temperatures. The initial bire- 
fringence between 190 and 210°C was determined 
by the temperature alone, whereas the value at 
185°C was significantly reduced by the lower flow 
rate attainable. It can also be seen from Figure 16 
that the slope increases with increasing temperature 
from 185 to 210°C. The slope, which is related to 
the relaxation time, seemed to be insensitive to 
variations in the flow rate. However, positive con- 
clusions on this point can only be made after further 
investigations. The values of the relaxation time are 
given in Table I11 for the temperatures of 185, 190, 
200, and 210°C. The relaxation times are plotted in 
the form of In 7 vs. 1/T in Figure 17. The four data 

-3 I 

4 
c -3.5 I 

-45  L 

0: 185 "C 
0:  190 "C 
A: 200 "C 
*: 210 "C 

5 
-5 

-5 5 

-6 

t, [=cI 

Figure 16 Natural logarithm of birefringence as a 
function of rest time t ,  at various temperatures indicated 
and a flow rate of 75 g/min, except for 185°C where flow 
rate was 43 g/min. Various symbols represent experimen- 
tal values and solid lines represent fitted values. 
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points are nicely fitted by eq. (7), giving ro = 1.735 
X s and EJR = 2.5027 X lo4 K. With these 
parameter values, eq. (7) gives a relaxation time of 
3 s at 220°C. Therefore, it should not be surprising 
now that according to Figure 13 no skin layer could 
be obtained no matter what the flow rate was. Any 
shear-induced crystallization would have relaxed 
within the 10 s or so between the stoppage of flow 
and the cooling of the central part of the die assem- 
bly down to a temperature at which crystallization 
was possible. 

In Figure 16, the data are more scattered at the 
higher temperatures (200 and 210°C) than at the 
lower temperatures (185 and 190°C). It was 
estimated61 that it took about 8 s for the central part 
of the die assembly to cool down to the equilibrium 
melting point of 172°C during quenching from 200 
to 20°C. This was in addition to the 2 s or so that 
had been taken to loosen the retaining bolt and drop 
the inner part into the cooling water. All in all, this 
would introduce an error in the measurements of 
relaxation time especially at high temperatures 
where the relaxation times are short. 

Let us compare the relaxation of shear-induced 
crystallization with the viscoelastic relaxation of the 
sheared melt after cessation of flow. For this pur- 
pose, it is useful to use a Maxwell element to describe 
the rheological behavior of the melt. Stress relaxa- 
tion of the Maxwell element is given by 

c = goex.(- t) 
where go is the initial stress; t ,  the time; and X 
= vd/G is the time taken for the stress to decay to 
l le  of its initial value. Since the modulus G of the 
spring is independent of temperature, the relaxation 
time X and the viscosity vd of the dashpot should 
have the same temperature sensitivity. In Figure 17, 
the zero shear viscosity vo is plotted alongside the 
relaxation time r for shear-induced crystallization 
against the reciprocal temperature. If r and X were 

Table I11 Temperature Dependence of 
Relaxation Time for Shear-induced 
Crystallization 

~~~ 

Temperature ("C) Relaxation Time (s) 

185 
190 
200 
210 

935 
543 
155 
58 

10 

9 
h 

2 7  
9 

s 5 6  

$ 5  

4 

3 
0.0019 0.002 0.0021 0.0022 0.0023 

1/T (K-') 

Figure 17 Natural logarithm of relaxation time for 
shear-induced crystallization and zero-shear viscosity as 
a function of reciprocal temperature. Hollow and filled 
circles represent experimental values of relaxation time 
and zero-shear viscosity, respectively. Solid lines represent 
fitted values. 

the same, the two lines in Figure 17 would have the 
same slope. It is obvious from Figure 17 that this is 
not the case, i.e., the temperature sensitivity of the 
relaxation time for shear-induced crystallization is 
higher than that of the relaxation time of the Max- 
well element. The same result was obtained by 
Janeschitz-Kriegl and c o - w ~ r k e r s ~ , ~ ~ , ~ ~  who sug- 
gested that this is indirect evidence of the formation 
of precursors of shear-induced nucleation in the flow 
field. These precursors must be very small, for they 
cannot be detected by flow birefringencez9 and other 
rheological techniques. The existence of precursors 
in the form of liquid fibrils has been proposed by 
McHugh and c o - w ~ r k e r s . ~ ~ , ~ ~  

CONCLUSIONS 

Various characterization experiments were per- 
formed on a PP. Viscosity as a function of shear 
rate and temperature was measured using a rota- 
tional rheometer in the cone-and-plate mode at low 
shear rates and a capillary rheometer at high shear 
rates. Heat-flow properties, characterizing kinetics 
and induction time of quiescent crystallization, were 
obtained from nonisothermal DSC measurements. 
Material data characterizing shear-induced crystal- 
lization were obtained from a special kind of extru- 
sion experiments through a slit die with subsequent 
quenching of the material in the die after various 
rest times. A thin skin layer consisting of an oriented 
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lamella structure was observed under an optical mi- 
croscope. The skin layer thickness was found to in- 
crease with increasing distance from the die en- 
trance. The limiting shear rate below which no skin 
layer could be obtained increased with increasing 
temperature. The skin layer thickness decreased 
with increasing rest time between the cessation of 
flow and the quenching of the sample in the die, 
indicating that a relaxation process was taking place. 
The relaxation time for shear-induced crystallization 
was determined by measuring the birefringence of 
the skin layer in samples obtained at  different rest 
times. It was found that the relaxation time for 
shear-induced crystallization was significantly dif- 
ferent from the characteristic time for viscoelastic 
relaxation of the sheared melt after the cessation of 
flow. A model developed by Janeschitz-Kriegl and 
co-workers was used to describe the shear-induced 
crystallization kinetics. All three parameters in the 
model were found to be strongly dependent on tem- 
perature. The model parameters could only be ob- 
tained within a narrow range of temperatures using 
the present extrusion experiments. It was found that 
both .Un(T) and ~ ( 7 ' )  could be well represented by 
an Arrhenius-type temperature dependence between 
185 and 210OC. 
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