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Abstract

The effect of melt memory on the shear-induced nonisothermal crystallization of a low-density polyethylene melt is analyzed with a shear
DTA instrument. The melt state responsible for the saturation of shear-induced isothermal crystallization was identified previously as the steady
state in steady shear flows and the strain applied to the melt was identified as the controlling factor for that saturation. Here it is shown that the
same strain that saturates the isothermal crystallization also saturates the shear-induced nonisothermal crystallization. Regardless of the cooling
rate, the nonisothermal crystallization, starting from the same sheared melt temperature, saturates at the same strain. The contribution of the melt
memory effect to the overall nucleation density is estimated, and it is concluded that the majority of nuclei results from the thermal-induced

crystallization.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The current view of polymer crystallization in real process-
ing conditions is that it is nonisothermal with strong thermal
gradients, the material microstructure being formed during
the cooling process. From a practical point of view, the study
of shear-induced nonisothermal crystallization and the condi-
tions leading to the saturation of crystallization kinetics are
important for controlling the final product properties. To our
knowledge, the effect of melt memory on shear-induced non-
isothermal crystallization was not considered so far. In fact,
little attention has been given to the melt morphology prior to
cooling. It is our opinion that this morphology plays a key
role during the overall crystallization development, both iso-
thermal and nonisothermal, since it must be related to the
formation and dimensions of precursor structures.
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Probably because of the difficulties in mimicking precisely
the combined effects of orientation induced by the flow and
the relatively high cooling rates in real processing, only a
few works on shear-induced nonisothermal crystallization
have been reported. Some relevant results will be briefly pre-
sented. A parallel plate theometer, incorporating a differential
thermal analysis setup, was used to record the shear-induced
nonisothermal crystallization of isotactic polypropylene (iPP)
at low shear rates [1]. Besides the expected conclusion that
shear flow accelerates the crystallization kinetics, no other rel-
evant result was reported in this work. The same conclusion
was drawn for the effect of pre-shear treatment on the shear-
induced nonisothermal crystallization of both neat iPP and a
microfibrillar blend with iPP and PET studied by on-line small
angle X-ray scattering [2]. Also for the nonisothermal crystal-
lization of iPP, besides the already mentioned acceleration
of crystallization with the pre-shear treatment, other results
obtained with a custom dilatometer indicate less oriented sam-
ples and the crystallization temperature onset increases with
the temperature of application of shear [3]. It was concluded
that application of shear at a sufficiently high temperature (al-
ways during the cooling process and at a temperature below
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the melting temperature) resulted in the remelting of “flow-
induced crystalline structure” and relaxation of oriented
chains.

The last conclusion implicitly assumes that flow-induced
precursor structures have crystalline order. To our knowledge,
there is no experimental evidence for this assessment. Never-
theless, it must be mentioned that micro-WAXS experiments
performed at different positions on iPS samples, nearby the
regions of a pulled fibre, after shearing at 260 °C, followed
by a quenching at room temperature after the cessation of
the flow, indicate the presence of a crystallinity level of less
than 1% [4]. Since these micro-WAXS experiments were per-
formed on quenched samples, and not at the molten state, they
do not provide a clear indication of the precursor structures’
crystallinity, even though at the slow crystallizing rate of
this polymer.

However, there is no doubt that ordered structures exist in
sheared melts. It was shown that the flow-induced oriented
structures above nominal melting temperature must be non-
crystalline or of low crystallinity, below the crystallinity detec-
tion limit in WAXS, and that ordered structures, with crystalline
order, develop after application of shear at temperatures below
the polymer nominal melting temperature [5]. There is also
experimental evidence that precursor structures without crys-
talline order persist for long time after cessation of shear,
even when shear is applied at temperatures above the polymer
melting temperature [5,6].

To get further insight into the melt morphology, possible
mechanisms behind the formation of shear-induced precursors
and their effect on crystallization development, it is important
to separate undercooling effects, i.e. the application of orienta-
tion imposed at temperatures below the melting temperature,
from the melt orientation at the common processing tempera-
ture. This implies the study of melt memory effects induced by
shear flow on crystallization.

The term melt memory has been used to describe the effect
of different holding times at the melt temperature on quiescent
crystallization kinetics. It is known that increasing this time or
the melt temperature, the crystallization kinetics decreases.
After a time long enough at a specified melt temperature, no
change is observed on crystallization kinetics [7]. It is said
that the melt memory was erased. The reason for this behav-
iour was assigned to clusters existing in the melt, and theories
for the cluster distribution were presented [8]. An important
point is the molecular origin of these clusters, which was never
clearly established so far. Since they were generated by flow
deformation of the melt, there is no reason to assign their speci-
ficity to crystallization from quiescent melts. Their molecular
origin could be studied by analyzing the effect of controlled
shear deformations on melts with erased memory. One would
expect to observe the reverse effect — an acceleration of crys-
tallization kinetics.

Previous studies on shear-induced isothermal crystalliza-
tion of a low-density polyethylene and iPP described this
acceleration [9,10]. Contrary to current experimental pro-
cedures, controlled shear deformation was applied at a temper-
ature higher than the thermodynamic melting temperature,

after which the sheared melt was cooled to the crystallization
temperature and crystallization kinetics was recorded with a
shear DTA instrument [11]. It was shown that a critical strain
was required to saturate the crystallization kinetics, its magni-
tude being crystallization temperature independent, but
decreasing with the sheared melt temperature increase. For
higher melt temperatures, crystallization saturates at lower
strains. The melt state responsible for this saturation was iden-
tified by shear stress growth experiments as the steady state in
steady shear flow, where for linear polymer chains the viscos-
ity is constant with time. The strain at the onset of this state is
similar in magnitude and shows the same temperature varia-
tion as that needed to saturate crystallization. By saturation
it is meant that crystallization process cannot be further
accelerated.

Acceleration of crystallization implies an increase in the
density of nuclei. The density of nuclei is limited for two rea-
sons, because for any crystallizable material stable nuclei must
reach a critical size and the quantity of material available for
phase change is finite. A significant part in the density of
nuclei results from the supercooling degree, and it may be
evaluated with quiescent crystallization experiments. The
remaining contribution results both from the effect of melt
memory and from the shear deformation applied to the super-
cooled melt. The separate role of these two contributions to
the overall nucleation density was not established so far.

Janeschitz-Kriegl considered the mechanical work or the
shear stress as the main factor responsible for the density of
nucleation increase, up to a limiting value [12]. Kornfield
et al. reported the saturation of crystallization kinetics when
shearing was applied above a critical stress for a time longer
than a critical duration [13]. For higher stresses or longer
shearing time a transition to oriented growth was observed.
Bushman and McHugh performed planar extension experi-
ments and identified a limiting critical strain for oriented
crystallization [14]. It was found that accelerated kinetics, de-
velopment of oriented growth, and the existence of a limiting
strain for oriented crystallization are observed both in shear
and in extensional flows [13]. A question remains concerning
the factor responsible for the acceleration of shear-induced
crystallization kinetics: the shear stress, the stress dependent
shearing time or the shear strain. Chai et al. performed small
angle light scattering experiments with a polyethylene in
a Linkam shearing cell and observed the saturation of the
spherulite radius R(%¥), with a value around 1/2 the radius of
the spherulite without shear, at strains of ~10%s.u. [15)].
Similar strains also lead to the anisotropy saturation of
SAXS patterns of PE and PP melts with DBS, when sheared
in a Linkam shearing cell [16]. In previous works we clearly
identified the strain applied to the sheared melt as the factor
responsible for the acceleration of crystallization kinetics
and its saturation [9,10].

In this work we study the effect of melt memory on shear-
induced nonisothermal crystallization of a low-density poly-
ethylene melt. The relevance of two important effects on the
overall crystallization kinetics development, the memory of
orientation imposed on sheared melts and the cooling rate is
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analyzed. The following questions will be answered. (i) What is
the effect of the sheared melt temperature on the nonisothermal
crystallization kinetics? (ii) Does this crystallization saturates,
and if so, what is the effect of the cooling rate? (iii) What is
the correspondence between the critical strains eventually
needed to saturate the shear-induced nonisothermal crystalli-
zation and those that saturate the shear-induced isothermal
crystallization for the same temperature of the sheared melt?

2. Experimental

The material used is a low-density polyethylene (ref.
PE7324 from Borialis, MFI =3.3 g/10 min, with a load of
2.16 kg, ISO 1133) with a thermodynamic melting tempera-
ture of 133.6 °C. Further material details and results of melt
memory effect on shear-induced isothermal crystallization
were given in Ref. [9].

The shear-induced crystallization experiments were per-
formed with a shear DTA instrument whose working principle
was already described in detail [11]. In this instrument, the
molten polymer was initially pumped from an accumulator
to the capillary channel at shear rates lower than 0.5 s~ ', until
the channel was full with molten material. After a fixed relax-
ation time of 5 min, shear pulses with different durations and
intensities were applied above nominal melting temperature,
after which the material was immediately cooled with constant
and controlled cooling rates (from —2 °C/min up to —8 °C/
min), and the overall crystallization kinetics was recorded.
Both flow and temperature profiles on the flowing polymer
melt are perfectly stabilized in the measurement region of
the shear DTA capillary channel. The apparent shear rate
at the wall was corrected with the Rabinowitsch correction
for the non-Newtonian behaviour of the material. The true
shear rates were used to evaluate the strains applied to the
melt with an accuracy of £10%.

Rheometer experiments were performed in a Physica MCR
300 rheometer (Paar Physica) with parallel plate configuration
(25 mm diameter). Following a temperature calibration pro-
cedure described previously [17], the temperature accuracy
is 1 °C.

3. Results
3.1. Shear DTA results

Fig. 1a shows the nonisothermal crystallization of polyeth-
ylene at the cooling rate of —4 °C/min, after a pre-shear at
220 °C with different shear rates and constant shearing time
60 s. Results obtained when a constant shear rate (vy, =
8.4 s71) is applied during different shearing times are shown
in Fig. 1b. The crystallization kinetics is accelerated (shifted
to higher temperatures) with the increase of shear rate or
shearing time. As observed previously for shear-induced iso-
thermal experiments [9,10], the saturation occurs at a limiting
critical strain. The strain value evaluated is around 3090 s.u.
Surprisingly, for shear-induced isothermal crystallization, a
similar value of the critical strain was recorded for the
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Fig. 1. Nonisothermal crystallization at constant cooling rate of —4 °C/min
after controlled shearing at 220 °C. (a) Constant shearing time (60 s) and
increasing shear rates. The kinetics saturates at a shear rate at the wall vy, =
51.5s7!, corresponding to an average critical strain at the wall of 3090 s.u.
(£10%). (b) Constant shear rate at the wall (8.3 s™') and increasing shearing
times. The average critical strain at the wall is 2988 s.u. (£10%).

saturation of crystallization from a sheared melt at 220 °C
(Table 1). In fact, within the measurements of experimental er-
rors, it may be considered that isothermal and nonisothermal
shear-induced crystallizations saturate at the same strain.
The strain applied to the sheared melt is the factor controlling
the saturation of crystallization.

The effects of sheared melt temperature and cooling rate
are analyzed in Fig. 2a and b, respectively. The results

Table 1

Average critical strains measured with the shear DTA (at the wall, ¥,,) and
with a rheometer, in parallel plate configuration (at r =R, ¥,_p), for the
saturation of isothermal, nonisothermal crystallization and stress growth
experiments, respectively

T (°C) Shear DTA Rheometer
Nonisothermal 7, Isothermal ¥, Parallel plate 7,z

190 - - 6376

200 5838 5888 5848

210 4152 4061 4054

220 3090 2916 3032
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Fig. 2. Effect of shearing temperature and cooling rate on saturation of non-
isothermal crystallization kinetics. (a) Saturation of crystallization at constant
cooling rate of 4 °C/min for different shearing melt temperatures. The shearing
time is 60s and the average critical strains are 5838 s.u., 4152 s.u. and
3090 s.u. for 200 °C, 210 °C and 220 °C, respectively. (b) Saturation of non-
isothermal crystallization at different cooling rates and the melt temperature
of 220 °C for constant shearing time of 60 s and the shear rate of 51.5s~ ..
The average critical strain is 3090 s.u. The measurement error in the strain
values is £10%.

indicated for each cooling rate and melt temperature refer to
the saturation of crystallization conditions. Those of Fig. 2a
were obtained for constant cooling rate of —4 °C/min and
shearing time of 60 s. They indicate that the strain needed to
saturate crystallization decreases with the sheared melt tem-
perature increase (Table 1). On the contrary, for a constant
sheared melt temperature, the saturation of crystallization is
not affected by the cooling rate (Fig. 2b). Regardless of the
applied cooling rate, kinetics saturates at the same applied
strain =3090 s.u., corresponding to an applied shear rate at
the wall of 51.5 s and a shearing time of 60 s.

3.2. Sheared melt at steady state

The coincidence of strain values leading to the saturation
of both isothermal and nonisothermal shear-induced

crystallizations further confirms that a well defined melt state
should be responsible for this behaviour. This melt state was
identified by rheometer experiments as the steady state in
steady shear flows [9,10]. The strains at the onset of this state
are shown in Fig. 3. For a specific melt temperature they are
similar to those needed to saturate crystallization (see Table 1).
The experimental procedure to obtain these results was de-
scribed in detail [9,10]. At steady state the viscosity is constant
with time.

Although the strain in the capillary and that in the rheom-
eter plate changes with the capillary or plate position, being
maximum at the capillary wall or plate radius, respectively,
it must be noticed that the strain that saturates crystallization
is exactly that needed to establish a steady state in shear
flow. It may easily be checked in a shear stress growth experi-
ment that the strain at the onset of steady state is independent
of the plate diameter used. It is a material property, dependent
on polymer molecular weight and branching degree, chemical
structure and interchain interactions. Therefore, one would
reasonably expect that the strain needed to saturate crystalliza-
tion would also be independent of the capillary diameter used.

4. Discussion

A recent work reported molecular dynamics simulation re-
sults of crystallization and orientation in PE during uniaxial
extension [18]. Although in shear flows the maximum exten-
sion allowed to polymer chains is around 0.5L, where L is
the chain length, while in extension flows this extension may
be 0.95L [19], the above results allow us to understand the ef-
fect of deformations on the melt morphology and hence their
effect on crystallization kinetics. It was found that crystalliza-
tion process accelerates as a result of large deforming stresses
that drive the chains to lower conformational energy states, by
aligning long trans sequences in a single direction. It was
further concluded that extension and orientation of large seg-
ments of the chains reduce the barrier to primary nucleation
and that a sufficient total strain is required to extend the
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Fig. 3. Shear stress growth experiments at 210 °C with the shear rates
indicated.
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polyethylene chains and align the chain segments parallel to
each other. Above a threshold strain, sufficient extension and
orientation develop that allow rapid nucleation as soon as
deformation is stopped [18].

As mentioned in Section 1, the reason behind the accelera-
tion of crystallization from sheared polymer melts is com-
monly assigned to the increase of nucleation density. The
overall nucleation density increase results from three factors:
the orientation imposed to the sheared melt at the processing
temperature, the additional deformation imposed to the super-
cooled melt, and the increase resulting from the supercooling,
which is determined solely by the crystallization conditions,
isothermal or nonisothermal. The maximum contribution of
the last factor to the overall nucleation density is around
10'* nuclei/m® [12]. The deformation imposed at the process-
ing temperature contributes to a maximum of around 107
nuclei/m®. Since the maximum nucleation density is around
10'® nuclei/m?® [12], it remains that around 10° nuclei/m> are
originated by shear deformation imposed at the supercooled
melt, generally at temperatures below the melting temperature
and nearby the average crystallization temperature.

Although it is important to understand the effect of melt
memory on shear-induced crystallization, as well as the melt
morphology at steady state and the dimensions of precursor
structures at this state, its contribution to the overall nucleation
density is low, no more than the 102 nuclei/m® mentioned
above. This conclusion may already be extracted from the
results in Fig. 1a and b: the temperature increase due to the
deformation applied at the molten state is small, =3 °C.

Results in Fig. 4 show the variation of the half crystalliza-
tion temperature with cooling rate for quiescent nonisothermal
crystallization experiments performed with a Perkin—Elmer
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Fig. 4. Variation of the half crystallization temperature with the cooling rate.
() and (W) are the quiescent nonisothermal values obtained with a DSC-
7. The temperature values indicated with the open squares were corrected
with the calibration on cooling at each rate. The values indicated by half-filled
squares contain additional corrections for the heat of crystallization released
during the solidification and sample thermal resistance. The half crystallization
temperature recorded with the shear DTA is also indicated for quiescent
experiments (O), which include the calibration on cooling, and shear-induced
crystallization experiments ().

DSC-7 and with the shear DTA instrument, together with the
values for the saturation of shear-induced nonisothermal crys-
tallization. A shift of around =3 °C to higher temperatures is
observed for the cooling rates tested. The evaluation of the
memory of shear effect on the density of nuclei increase
may be carried out starting from the relationship between
the half crystallization time and the spherulite growth rate,
assuming that the isothermal -crystallization XKinetics is
described by the Avrami’s equation and considering an instan-
taneous nucleation of spheres (Eq. (5) of Ref. [20]). Assuming
further that in a shear-induced isothermal crystallization from
a sheared melt at constant temperature, without any additional
deformation applied to the supercooled melt, the spherulite
growth rate is constant (because no shear flow is applied to
the supercooled melt), the shift to shorter times of the half
crystallization time is reflected in a higher slope of In(1/t504,)
versus 1/T(AT) with respect to the quiescent crystallization
experiment at the same temperature. Therefore, for an isother-
mal crystallization, the ratio between the average density of
nuclei for a shear-induced and quiescent experiment is:

=2

sh

1/t
— =exp4 31n 7( /50%)Sh
N, (1/l50%)q

(1)

where the constant 3 results from the assumption of an instan-
taneous nucleation of spheres. For the nonisothermal crystalli-
zation experiments, the half crystallization temperature may
be related to the half crystallization time, by setting the zero
time at the polymer thermodynamic melting temperature.
Since it was shown previously that the average density of
nuclei at a certain isothermal crystallization temperature is
similar to that occurring at a similar T'’5o¢, temperature in a non-
isothermal crystallization experiment [21], based on the ex-
perimental results obtained, it may be assumed that both
quiescent and shear-induced nonisothermal shear-induced
crystallization experiments occur in a narrow temperature
interval near the half crystallization temperature. Therefore,
for each Tsgq, a corresponding half crystallization time may
be evaluated. Considering the cooling rate of —8 °C/min, the
shear-induced and quiescent half crystallization times are
212.15s and 192.75 s, respectively. After substitution into
the above equation it results in Nsh/ﬁqz 1.34, a result that
was confirmed by measurements of the spherulite radius by
small angle light scattering of crystallized samples. Other
results were obtained for other polymers.

These results fit within current ideas of models for flow-
induced crystallization. It is considered that crystallization
from strained polymer melts is subjected to the thermal-
induced and flow-enhanced effects, each one giving its own
contribution to the crystallization rate and stored free energy
[22]. The crystallization rate equation is therefore based on
a nonisothermal version of Avrami’s equation coupled with
a term for the stored free energy of the amorphous phase
that accounts for the effect of flow. The model was applied
to the poly(lactic acid) crystallization evolution along a spin-
line and it demonstrated the above two effects. The results
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obtained allowed to conclude that “crystallization, as such, is
always thermally induced and if the fibre temperature is not in
a range where quiescent crystallization can occur, flow-
enhanced crystallization will not occur either”. This con-
clusion was supported by the experimental verification that
crystallization only occurs after a certain distance from the
spinneret (around 150 cm) where the fibre temperature has
reached a value that allows quiescent crystallization to occur,
although for an undeformed melt it would require a very
long time.

5. Conclusions

It was shown that the effect of melt memory on shear-
induced crystallization kinetics is independent of the crystal-
lization mode, isothermal or nonisothermal. The same strain
applied to the molten polymer saturates both crystallization
processes, and it depends on the sheared melt temperature.
Sheared melt at higher temperatures need lower strains to
reach a steady state in shear flows. The steady state is the
melt state responsible for the saturation of shear-induced
crystallization.

The contribution of the melt memory effect to the overall
nucleation density in shear-induced crystallization is small,
but the understanding of its effect is important to explain the
formation of precursor structures in shear flows. The results
presented also indicate that thermal-induced crystallization is
the major contributor to the overall density of nuclei in poly-
mers crystallizing from sheared melts.
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