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BASIC CONCEPTS OF STRUCTURE FORMATION DURING 
PROCESSING OF THERMOPLASTIC MATERIALS 

H. JANESCHITZ-KRIEGL and G. EDER 

Institute of Chemistry 
Linz University 
A-4040 Linz, Austria 

ABSTRACT 

A report is given of progress achieved during a 5-year period for 
describing the solidification of polymers by crystallization. Empha- 
sis is placed on the fact that the classical quasi-equilibrium treat- 
ment of solidification under heat transfer conditions (as known 
under the heading of moving boundary value problems) is unable 
to predict any texturing in one-component systems. For polymers 
which are notorious for their slow approach to thermodynamic 
equilibrium, the local equilibrium theories, which are popular in 
metallurgy, are not discussed. In the present paper we show how 
to cope with nucleation under changing temperature conditions. 
Use is made of an adaptation of Avrami’s theory to nonisothermal 
conditions, as recently proposed. Experimental work is extended 
to conditions of flow, where nucleation is enhanced. We show the 
possibility of theoretically describing this latter phenomenon. 

1. INTRODUCTION 

The symposium presented in this issue is devoted to polymer blends 
and alloys. As happens very often in technology, the more complex 
situations attract attention before the basic situations are understood. 
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1734 JANESCHITZ-KRIEGL AND EDER 

This may serve as an excuse for the introduction of the present subject 
which must be studied on one-component systems first, whereas most 
contributions to this symposium are concerned with multicomponent 
systems. 

Structure formation is observed in connection with the following pro- 
cesses of solidification from the melt: 

(a) Glass transition 
(b) Crystallization 

With multicomponent systems, more complicated situations can be ex- 
pected. For instance, one can imagine that phase separation takes place 
and one phase changes into the glassy state, whereas the other phase 
remains rubbery elastic or changes into the crystalline state. Many types 
of composite materials are known in this field [5 ,  61. 

In the following we restrict ourselves to solidification by crystalliza- 
tion. Even after this restriction, we find three typical situations: 

(a) Demixing in the melt 
(b) Homogeneous melt, eutectic demixing during crystallization 
(c) Homogeneous melt, no demixing during crystallization, mostly the 

case with one-component systems 

In Case (a), the ultimate texturing of the product is largely dependent 
on the quality of disperse mixing in the fluid state [7, 81, although the 
structures of the interiors of the phases may be of some additional influ- 
ence. 

Case (b) is very popular in metallurgy. There exists a vast literature, 
starting with the classical Stefan problem of 1889 191. A beautiful survey 
is given in Crank’s book [lo]. When phase separations occur in these 
systems, mass transport becomes unavoidable as a second mechanism 
near the transport of heat. Characteristic for the classical approach is 
the assumption of local thermodynamic equilibrium at the phase bound- 
aries. This may become clear for the simple case of the solidification of 
seawater, which was treated by Stefan without taking notice of the salt 
content. Water crystallizes in the form of pure crystals. Consequently, 
the salt content must increase in front of the moving phase boundary. 
The local salt content is deduced from a solution of the additional diffu- 
sion problem, but the melting point depression which determines the 
crystallization temperature at the phase boundary is derived from the 
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local salt concentration with the aid of thermodynamic equilibrium con- 
siderations. A similar role is attributed to the classical phase diagrams in 
more complex situations. This is the reason why we propose to call these 
treatments “quasi-equilibrium treatments.” They obviously apply only 
tb materials of high-speed crystallization or to slow processes, as with 
Stefan’s growth problems of the ice layer on the polar sea. 

Confronted with Case (c), however, one observes - after some early 
surprises - that the classical treatment is unable to predict any texturing. 
As seen below, texturing in these systems is caused by nucleation as 
influenced by temperature and flow. In the literature mentioned in con- 
nection with Case (b), the key word “nucleation” is rarely found, how- 
ever. 

The assumption of local equilibrium also leads to deviating predic- 
tions of the progress of crystallization from a cold mold surface. For 
most polymers, this progress is terribly overestimated. The famous 
“square root law,” describing the distance of a crystallization front from 
the quenched wall as a function of time, has an infinite slope at time 
zero, which makes it inconsistent with the conditions of a slow process. 
As seen below, in a correct treatment, the crystallization front departs 
with a finite speed characteristic for the temperature of the quenched 
wall. In other words, the crystallization front is permitted to be super- 
cooled (no local equilibrium!). Consequently, an adjacent area of the 
melt is supercooled before the front arrives. But this is the crucial point: 
This fact opens the way for a dispersed nucleation in the melt, dependent 
on the local thermal history of the melt. With the classical treatment the 
melt is free of nuclei per definition: Its temperature is assumed to be at 
or above the melting point throughout. 

In Fig. 1 a schematic representation of the situations is given. This 
figure holds for the quench of the equatorial plane of the semi-infinite 
space. As a consequence of nucleation in the melt, a crystallization zone 
is formed which after some time supersedes the front departing from the 
quenched plane. 

2. CRYSTALLIZATION IN A QUIESCENT MELT 

2.1. Some Orientational Experiments 

The correctness of Fig. 1 is directly supported by the microphoto- 
graph shown in Fig. 2. This photograph is of a cut through a sample of 
polypropylene as quenched at its surface to 12OOC in the indicated way. 
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0 - t  

FIG. 1. Schematic presentation of the progress of crystallization into a semi- 
infinite body quenched at the plane where x = 0. Courtesy of Elsevier Applied 
Science Publishers, Amsterdam, Rolduc Polymer Meeting, 1989. 

One recognizes an area near the quenched surface which has a striated 
appearance but does not show any spherulites. Apparently this area ends 
where it impinges with spherulites which have their growth centers at 
larger distances from the surface of the sample. This situation can be 
exaggerated by quenching the sample in two steps. First, the sample 
surface is quenched from a temperature well above the melting point to 
a temperature not too far below the melting point. Under such moderate 
supercooling, nucleation in the bulk of the melt is not very active, so 
that the front departing from the surface gets its chance to proceed. 
After a certain “contact time” at this first temperature, a second quench 
to a rather low temperature is initiated. As a consequence, the front is 
“frozen in” and material lying before this front forms a fine grained 
structure, shown in Fig. 3. By carrying out a series of these experiments 
with varying “contact times,” one obtains a curve showing the progress 
of this front with time. The initial slope of this curve gives the speed of 
the front at the temperature of the quenched wall. This has been shown 
by Eder and Janeschitz-Kriegl [ll] in their treatment of the crystalliza- 
tion front. In Fig. 4 these front speeds are gathered for two types of 
industrial polypropylenes, one with a more narrow and the other with 
the usual broad molecular weight distribution (full symbols) according 
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FIG. 2. Photograph taken from a microtome cut of a sample of an industrial 
polypropylene quenched at the upper side. The grass-like area indicates trans- 
crystallization (i.e., layer growth from the quenched wall). This growth is ham- 
pered by spherulites which become larger with increasing distance. By a final 
quench, smaller spherulites are found at a still larger distance. This second 
transition is a check for the visual observation of the moving zone. 

to Krobath and Liedauer [lZ, 131. These authors also gathered data from 
other works where the growth speeds of spherulites were investigated 
under the microscope for a high and a low molecular weight polypropyl- 
ene [14, 151 and where the speed of zone crystallization [16] was investi- 
gated. The conclusion is drawn that the movement of the crystallization 
front is governed by the same processes as the growth of spherulites. 
Accordingly, there is no influence of molecular weight or molecular 
weight distribution, as Magill has proven [17] except for very low molec- 
ular weights. Figure 4 shows that below 9OoC a front movement can no 
longer be observed. At this high degree of supercooling the growth of a 
front is completely hampered by disperse crystallization in the melt. 
Finally, one observes that, at about IOSOC, there is a maximum in 
growth speed. This agrees completely with the experiences of Magill and 
cooperators [ 181 and other investigators for spherulite growth. 
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FIG. 3.  Transcrystallized layer obtained when the second quench occurred 
before this layer was hampered by spherulite growth. 

2.2. The Theory of Crystallization under Heat Transfer Conditions 

Our interest should now be focused on the mechanisms leading to  the 
formation of the zone. The existence of this zone was first predicted by 
Berger and Schneider [19] in a more global way. In the present context 
we prefer t o  derive this zone from the nucleation and growth mecha- 
nisms. For this purpose, a second paper by this group (Schneider, Koppl, 
and  Berger [ I ,  21) is of central importance. In this work, Avrami’s inte- 
gral equation [20], which is derived for isothermal crystallization at a 
fixed level of supercooling, is transformed into a set of differential equa- 
tions (“rate equations”) which can be integrated simultaneously with 
the energy equation (in our  case the one-dimensional equation of heat 
conduction). One has 

E = 1 - exp(-do),  with 
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FIG. 4. Speed of the front of the transcrystallizing layer at the quenched wall 
temperature, according to Ref. 13. Below 90°C, wall temperature layer growth 
is completely hampered by spherulite growth in the melt. ( 0 )  Industrial reactor 
polypropylene. (A) Industrial rheology controlled polypropylene. (0) High mo- 
lar mass PP, spherulite growth. (0) Low molar mass PP, spherulite growth. 
(A) Zone crystallization. Courtesy of Alfred Hiithig Verlag, Heidelberg. 
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according to Avrami, with the degree of crystallinity, +,, the “unrestric- 
ted” crystallinity, t the time, V.,, the maximum achievable volume frac- 
tion of crystallites, G the linear growth speed of spherulites, and N’ the 
number of activated nuclei per unit volume. By successive differentiation 
with respect to the time, one obtains the “rate equations”: 

with N the number of potential nuclei per unit volume and L an average 
distance between these nuclei. The equation for qj3 holds for the special 
case where N‘ is a unique function of temperature T and depends on 
time only through the change of temperature with time. This assumption 
is not trivial, as will be shown later. In contrast, growth speed G can 
safely be considered as a unique function of temperature [G(t) = 

The equation of heat conduction used for our purpose reads: 
G(T(t))l. 

aT a 2  T a t  
at ax2 at 

pc - = X - + ph - (3) 

where p is the density, c is the heat capacity, h is the heat conductivity, 
and h is the specific latent heat of crystallization. The integration starts 
with &(T(t)) and ends up with +o, which is translated into the real degree 
of crystallinity by the first Eq. (1). (This equation copes with the im- 
pingement of spherulites in a very convenient way.) 

For this procedure we need G(7) and ”(7). For polypropylene, val- 
ues of G(7) can be deduced from Fig. 4. For the number of activated 
nuclei, the work of Van Krevelen and his group [21-231 is consulted. 
For this purpose, Fig. 5 is introduced. This figure shows the number of 
“induced” nuclei as a function of (reduced) temperature v = (T, - 7)/ 
(T, - Tg), where T, is the melting point and Tg is the glass transition 
temperature. The authors observed a kind of hysteresis loop. The lower 
branch is observed with decreasing temperature. By passing through the 
glass transition temperature many more nuclei are apparently formed, 
so that, with increasing temperature, the upper branch is found. But we 
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FIG. 5.  Number of nuclei per unit of volume against reduced crystallization 
temperature (T, - T)/ (  T, - T,) = v according to Van Krevelen [23]. Courtesy 
of Brunner Verlag, Zurich. 

are interested only in that part of the lower branch which shows the 
lower (negative) slope. From Figs. 4 and 5 we obtain the following equa- 
tions valid in the temperature range of lO5OC < T c 15OoC, with a 
reference temperature T, of 183 OC: 

with a, = 2.05 x lO-”m/s and fl = 0.196 K-’ ,  and 
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0 600 1200 t 1800 
SeC 

FIG. 6. Lines of constant crystallinity ,$ = 0.1, 0.5, and 0.9 as functions of 
time for T, = 20O0C, T, = llO°C, &" = 10" m-3, and D = 10 mm [approxi- 
mate theory with uncoupled equation of heat conduction (h = O)] [4]. Courtesy 
of Pergamon Press, Oxford. 

W ( T )  = &exp [ - B ( T  - T,)] 

with a?, = 10" m-3 and B = 0.030 K-'. 

2.3. Some Experimental Support 

From these data and the above-cited equations, the progress of the 
crystallization zone is calculated. For this purpose, a premelted disk of 
10 mm thickness and large radius is considered. This disk is thought to 
be quenched on one side from initial temperature T, = 200OC to the 
"wall" temperature T, = 1 10°C. In Fig. 6, curves for [ = 0.1, 0.5, and 
0.9 are plotted showing the fact that the zone becomes broader with 
increasing time and distance from the quenched wall. In Fig. 7, the wall 
temperature is varied for [ = 0.5. At the same time, experimental points 
are inserted. One should keep in mind that no adjustments have been 
carried out. This means that agreement between theoretical and experi- 
mental points is reasonable. Fu:: curves were calculated for h = 0, i.e., 
with the decoupled equation of heat conduction. The exact calculation 
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FIG. 7. Lines of constant crystallinity [ = 0.5 as functions of time t and 
initial temperature 7;. = 200OC with varying quenched wall temperatures T, for 
an industrial reactor PP. Full lines: Approximate theory with uncoupled equa- 
tion of heat conduction (h = 0). Dashed line: Exact solution. Experimental 
points according to Mrs. E. Ratajski for industrial reactor PP [4]. Courtesy of 
Pergamon Press, Oxford. 

gives the dashed line for T, = 100OC. In view of the experimental 
spread, the improvement is not important. 

A closer inspection shows that at short times of observation the exper- 
imental points lag behind the corresponding theoretical curves. In princi- 
ple, this must be ascribed to the simplification made with respect to &. 

2.4. A Final Discussion 

Actually, a temperature-dependent value of the number of activated 
nuclei N’ can only be introduced by the assumption of an activation 
time spectrum. One must assume various activation processes (dependent 
on the varying surface properties of particles causing heterogeneous nu- 
cleation) with activation times rj of differing temperature dependences. 
In this way one obtains 
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with 

A value of N’ depending merely on temperature is obtained with a 
simplified spectrum of the form 

when T, is the temperature at which thejth process is activated without 
delay. If there is any delay which, in fact, may be expected from a 
physical point of view, one must also differentiate 43 with respect to 
time to enable a simultaneous integration. 

One has: 

If there is only one mechanism, Eq. (9) reduces to 

1 
= - (1 - 43) & 

at 

as proposed by Schneider et al. This equation can be integrated conven- 
iently together with the equation of heat conduction, in contrast to Eq. 
(9). On the other side, no temperature-dependent number of “induced” 
nuclei can be introduced if only one mechanism is considered. However, 
as we can see from Fig. 7, the use of Eq. ( 5 )  gives almost correct results, 
so that an approximate treatment of Eq. (9) will certainly be found and 
will be sufficient for a sufficiently correct description of crystallization 
under general heat-transfer conditions in a quiescent polymer melt. 
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3. FLOW-INDUCED CRYSTALLIZATION 

3.1. Introductory Remarks 

Flow-induced crystallization is observed with melt spinning and with 
several other processing techniques. Despite the enormous amount of 
careful experimental work done in melt spinning [24] in order to eluci- 
date crystallization processes, real progress in understanding has so far 
been achieved only with shearing experiments. For a survey of these 
latter experiments, see Ref. 4. In this paper you will also find a more 
extended discussion: According to an interesting paper by Zulle, Linster, 
Meissner, and Hurlimann [25], extensional flow at a constant rate of 
extension is nearly equivalent to shear flow at a shear rate increasing 
exponentially with time. As the flow in a spin-line is characterized by 
an extension rate increasing with the distance from the spinneret until 
crystallization occurs, it becomes quite clear that shearing experiments 
provide much milder conditions for a quantitative evaluation. 

The occurrence of shear-induced crystallization is characteristic for 
the injection molding process [26-281. In the cross-sections of the walls 
of injection molded articles, one finds highly oriented surface layers 
which are the consequence of this type of crystallization. Injection mold- 
ing, however, is not a simple process. In Fig. 8 we find surface layers 
which are produced in a much more perspicuous way by short-time 
shearing at a constant level of supercooling in a duct of rectangular 
cross-section (with a large aspect ratio). We may consider this as nice 
texturing which has nothing to do with phase diagrams in the classical 
sense. Admittedly, such texturing is not always desirable. In injection 
molded articles it can cause warping and cleavability. From a practical 
point, it can be avoided by the use of narrow molecular weight distrib- 
uted polymer samples. But this forms an entrance to our more funda- 
mental considerations. 

3.2. Experiments 

How dangerous is it, however, to contend that shear-induced crystalli- 
zation has really nothing to do with phase separation? This became 
obvious on the basis of experiments carried out by Rietveld and McHugh 
[29] and Wolff et al. [30]. These authors showed that prior to extension 
and shear-induced crystallization, respectively, a kind of phase separa- 
tion occurs in polymer solutions. Extensive thermodynamic considera- 
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FIG. 8. Highly oriented surface layers as obtained according to  the method 
described in Section 3.1. Shearing time 2 s ,  shear rate at duct wall 100 s C ' ,  level 
of supercooling 15OoC, industrial reactor PP.  

tions were devoted to this phenomenon [31]. On the other hand, no  
direct observations confirmed this kind of phase separation for polymer 
melts. Interestingly enough, however, a type of quenching experiments 
introduced by one of the present authors and his coworkers [12, 13, 321 
gave evidence that something happens in the flowing melt (in particular, 
in the sheared melt) even at temperatures Lvell above the melting point. 
If such a melt is quickly quenched to a sufficiently low temperature, 
shear-induced crystallization occurs, \vith all the characteristics of a tex- 
ture containing strings of highly oriented crystalline material. These 
characteristics cannot possibly be formed during the quench, as flow is 
stopped prior to this cooling operation. On the other hand, if the mate- 
rial is kept for varying times at the temperature level of the shearing 
before it is quenched, the proneness to shear-induced crystallization 
gradually decreases: The material relaxes. I f  the birefringence of the 
quenched material is plotted against the tempering time, one finds an  
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TABLE 1. Relaxation Times of the Precursors to 
Shear-Induced Crystallization at Various Flow 
Temperatures (according to Wippel [33]) for an 
Industrial Polypropylene 

Temperature, OC Relaxation time, s 

210 0.83 
205 3.67 
200 7.27 
195 15.88 
190 57.81 

exponential decay, from which a relaxation time can be deduced. This 
has been shown by Wippel [331. 

For an industrial polypropylene, this relaxation time is presented for 
a temperature range of shearing between 210 and 190°C in Table 1. 
Above 21OOC the relaxation time is too short for this type of experiment; 
below 190°C the melt shows flow anomalies. In Fig. 9 the logarithm of 
the zero shear viscosity of the polymer melt is plotted against the loga- 
rithm of this relaxation time. One notices that the temperature depend- 
ence of the relaxation time is much higher than the one of the viscosity. 
This means that with this relaxation much more happens than just a 
redistribution of chain segments in an ordinary melt, as governed by 
the WLF equation [34]. As is well known, this equation holds for the 
temperature dependence of the zero shear viscosity. On the other hand, 
the changes in the sheared melt must be very small. They cannot be 
detected by flow birefringence [32] and other, probably less sensitive, 
rheological measurements. 

3.3. Theoretical Considerations 

A model containing the minimum number of parameters was intro- 
duced [3,4] by the following differential equation: 
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0 i 2 

FIG. 9. Double logarithmic plot of zero-shear viscosity qo against relaxation 
time r of proneness to shear-induced crystallization. Experiments on industrial 
reactor PP, according to Wippel [4]. Courtesy of Pergamon Press, Oxford. 

where CP is the probability for the formation of shear-induced structures, 
7 is the relaxation time, and is the critical shear rate of activation. The 
first term on the right-hand side is the creation term, the second one is 
the decay term, which becomes clear when the equation is divided by 7.  

As a third parameter, besides 7 and a combined nucleation and 
growth factor 

is introduced, which has the dimension of reciprocal seconds. In this 
relation the nucleation factor is introduced by 

G, = g,@, with G, comparable to N’ (W 

whereas the growth factors (of three-dimensional growth) are defined by 

Gj = giCP, with i = 1, 2, 3 (12b) 

Because of Eq. (12), we called this model the “model of uttermost unifor- 
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mity.” Since, according to Eq. ( l l) ,  Cp always increases linearly with 
time at the beginning of the shearing treatment, the Avrami exponent is 
enhanced above the usual values for quiescent melts. In fact, if for 
simplicity we consider the growth of an orthorhombic crystallite, we 
have for “unrestricted” crystallinity 

If the G;s and the G,, are constants, one has 

Avrami’s corresponding equation for the isothermal growth of sperulites 
in a quiescent melt is 

Inserting this expression into the first Eq. (l), one has 

with Avrami’s exponent equal to 4. When shearing at a constant shear 
rate begins at time zero, Eqs. (12a) and (12b) are needed. In a first 
approximation with respect to ( t / r ) ,  the solution of Eq. (1 1) reads 

Inserting this linear function into Eqs. (12a) and (12b) and using the 
obtained expressions in Eq. (13), one finds 

3 

40 = 8glgS3gn 1: [ j:4(Z)dz] ww 

= 2i4 [ sl4(.s)dsr 
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= 2g [(-I-] + t 2 4  oc t8 
i.0 27 

The doubling of the Avrami exponent is due to the integrals jfdr 
occurring in Eq. (la), which are the consequence of the initially linear 
increase of CP. If the model has a lower degree of “uniformity,” one 
obtains a lower value for the enhanced Avrami exponent. Interestingly 
enough, Sherwood, Price, and Stein [35] found increasing Avrami expo- 
nents with increasing shear rates. This phenomenon finds its natural 
explanation in our theory. 

In order to evaluate the parameters i.. and 7, a variety of experiments 
were designed and partly carried out, like Wippel’s experiment men- 
tioned above. A more detailed description is given in Ref. 4. As one 
heavily relies on these experiments in the quenching procedure, these 
parameters can, in principle, only be determined for a range of relatively 
high temperatures where no crystallization occurs. Parameter g, which is 
certainly also a strong function of temperature, is zero in this tempera- 
ture range. Separate values for f0 and 7 can be obtained for the lower 
temperatures only by extrapolation. From Table 1 and Fig. 9, however, 
we can deduce that T must be rather large at temperatures where crystalli- 
zation really happens during shearing. This means that Eq. (15) can 
probably be used in many cases of industrial relevance. 

Under this condition, the phenomenon of shear-induced crystalliza- 
tion is governed by a single combined and dimensionless parameter: 

1/2 

p = 4,@ 

At the same time, the induction time after uninterrupted shearing be- 
comes 

This means that the total critical shear yi = ti+ = (8 In 2)’”P becomes 
independent of shear rate ;/. This is a limiting law observed by Lagasse 
and Maxwell [36] for polyethylene melts in a wide range of shear rates 
even at low levels of supercooling. 

Some remarks should be made with respect to the description of non- 
isothermal situations, such as those occurring under realistic processing 
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conditions. In partial analogy to Eqs. (2), which are valid for quiescent 
melts, one finds the following set of rate equations (see Ref. 4): 

$o = (9g4 = 1' g(T(z))cp(z)dz 
0 

One can recognize without difficulty that is the same as our proba- 
bility function CP. However, $o is not the "unrestricted" crystallinity $o 
but the fourth root of one-half of this quantity. The last rate equation is 
identical with Eq. (1 1). The lower number of rate equations is not due to 
the lower dimensionality of the growth processes. It is a consequence of 
the combined treatment indicated by Eq. (12). In the case of the quies- 
cent melt, a further differentiation of & with respect to time caused 
difficulties because of the nature of the relaxation time spectrum. Here 
the analogous differentiation of I$, did not cause any problem because 
shear-induced crystallization is considered as the consequence of homo- 
geneous nucleation by the action of shear. No spectrum is expected. In 
view of the difficulties expected in practical calculations, where, beside 
the convection of heat the convection of nucleated fluid is also expected, 
the simpler structure of Eqs. (19) can only be welcomed. 

In view of the experience with isothermal crystallization at constant 
levels of supercooling, one would expect that the last term in the equa- 
tion for a$,/ai could be omitted. (Compare Eq. 15.) A stepwise integra- 
tion, occurring simultaneously with the equation of heat conduction, 
shows that -with the simplified equation for d$,/at-the parameters +a 

and r remain combined. Unfortunately, this does not hold for 1, which 
enters only in the second step of the integration. As a consequence, 
the determination of parameter P at several levels of supercooling in 
isothermal experiments will not suffice for the evaluation of the neces- 
sary model parameters. Special quenching experiments are planned 
where, in simple words, +, and 7 correspond to the higher temperature, 
whereas g corresponds to the lower one. 

3.4. Experiments with Interrupted Shear 
An interesting field of experiments which considerably widens the 

horizon of possibilities is that of interrupted shearing. According to the 
presented theory, a period of shearing much shorter than the above- 
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mentioned induction time ti causes subsequent shear-induced crystalliza- 
tion. A very realistic experiment has been carried out in a slit die (a duct 
with a rectangular cross-section with a large ratio) by Liedauer [37]. (See 
also Ref. 4.) Near the end of this rather long duct, windows were placed 
in opposite positions in the large side walls. Through these windows the 
optical path difference, as caused by varying birefringence effects, could 
be observed continuously by the use of a special optical arrangement. 
The duct was filled isothermally with a melt of an industrial polypropy- 
lene from a screw extruder. Because the die is thermally insulated from 
the extruder, its temperature can easily be lowered by the circulation of 
a heat transfer fluid to a level below the melting point. Levels of rela- 
tively low supercooling are chosen where normal crystallization takes a 
long time to appear. At time zero, extrusion is suddenly started again at 
a constant extrusion pressure for variable periods of time f, shorter than 
ti. During these periods, flow birefringence is observed. After cessation 
of flow, this birefringence does not disappear completely. This indicates 
the sporadic start of shear-induced crystallization (crosslinking of ori- 
ented molecules). The observed path difference, which increases drasti- 
cally at later times, reflects the massive growth of a shear-induced crys- 
talline layer. The proportionality factor between layer thickness and path 
difference is determined by shear rate and shearing time applied during 
the previous period of shearing. With these experiments the conse- 
quences of the theory can be checked successfully. This is the first on-line 
measurement of layer growth. 

In Fig. 10 the results for five shearing times -chosen to be extremely 
short compared with the times of observation-are shown for an appar- 
ent shear rate +A = 100 s-' at the (large) duct walls. With the use of the 
fundamental equations of the previous section, a theoretical prediction 
of layer growth was developed. The full lines in Fig. 10 are fitted to the 
experimental points by adjustment of parameter P. In this way, for all 
curves, the same induction time to at the wall, corresponding to the 
chosen jlA, was obtained within an acceptable spread (to = 16 * 0.5 s, 
P 0.16). One may observe that this to is much longer than the chosen 
shearing times. The theoretical lines start at times > to, indicating the 
delayed moment when crystallization (massively) starts at the wall, if 
t, < to. Apparently some flow birefringence arrested by a beginning 
crosslinking obscures this effect in the experimental points, the onset of 
crystallization being identified in the theory with the half conversion 
time, when crystallization rigorously progresses. As this work is still not 
completed, further discussion must be postponed. Measurements in 
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24- 
-loZ r(nm> 

0 

FIG. 10. Optical retardation r against time t for five shearing times t, at an 
apparent shear rate j lA = 100 s- ’  at the wall of the duct for an industrial reactor 
PP. Full lines adapted to the experimental points according to the described 
theory with to = 16 f 0.5 s.  Dotted lines connect early experimental points 
where the flow birefringence of previous shear flow seems arrested by starting 
crosslinking by crystallization. The ultimate layer thicknesses from microtome 
cuts are on the right-hand side [4]. Courtesy of Pergamon Press, Oxford. 

ducts with continuously decreasing wall temperatures (at a constant cool- 
ing rate) may lead to a separation of &7), as indicated above. 

It probably should be mentioned that Fig. 8 is taken from a sample in 
which the shear-induced layers were obtained in the way described in 
this last section. They are much neater than those usually obtained in 
injection-molded samples. 

4. CONCLUSIONS 

Both types of crystallization which occur under heat transfer condi- 
tions in polymer processing, viz., spherulitic and shear-induced fibrillar 
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crystallization, can now be considered as well understood from a phe- 
nomenological point of view. 

However, there are still difficulties in the experimental field with re- 
spect to the determination of all the data required for the calculations. 
Progress has been made in the design of proper experiments, but most 
data were obtained for one industrial polypropylene. 

As there is a variety of other semicrystalline polymers of potential 
interest, a molecular theory predicting at least some of the required data 
in terms of molecular weight distribution or molecular structure would 
be desirable. 
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