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Morphology development in immiscible polymer blends during
crystallization of the dispersed phase under shear flow
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Abstract

Crystallization under shear of dispersed polybutylene terephthalate (PBT) fibers in copolymer polyethylene—methyl acrylate matrix
(EMA) was investigated using a hot optical shear device. Crystallization during isotherm and cooling process was studied. Static crystal-
lization experiments were carried out for comprehension purpose. Differential scanning calorimetry (DSC) analysis was performed in order
to predict the crystallization behavior of PBT. Shear enhancement of its crystallization was thus demonstrated from rheological experiments.
Interfacial tension of EMA/PBT blend was experimentally measured using the hot optical shear device. Theoretical break-up times of PBT
fibers were also calculated. Control of the morphology through shear rate and crystallization time balance was demonstrated. Static crystal-
lization experiments show that decreasing crystallization time favor fibrillar morphology. Breaking up of fibers was brought to the fore during
dynamic crystallization experiments due to heterogeneous development of the crystallization along the fiber. During the dynamic crystal-
lization, rapid quenching enables fibrillar morphology. Long crystallization times associated with low shear rates allow nodular morphology.

© 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Shear; Morphology; Crystallization

1. Introduction

Morphology development in immiscible polymer blends
has been extensively studied for the past two decades.
Indeed, the properties of a polymer blend material depend
strongly on the morphology developed during the different
processing steps. The final morphology of the dispersed
phase depends on the properties of the blend component
as well as on the processing operations. For example, it is
well known that the morphology of a polymer blend is
determined by the type of flow (shear or elongation), inter-
facial tension, composition and viscoelasticity of the
components. Furthermore, different types of morphologies
such as nodular, laminar or fibrillar ones of the dispersed
phase can be obtained. The deformation/elongation of the
dispersed phase particles is generated during processes like
extrusion. For instance, adequate processing conditions,
leading to elongation, rather than the break-up of the
dispersed phase drops are required to have fibrillar
morphology.

The deformation/break-up of drops can be understood
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from the Taylor [1] and Grace [2] analysis. The drop defor-
mation, its aspect ratio and its eventual break-up are
controlled by two dimensionless parameters, namely the
viscosity ratio of the dispersed phase and the matrix

P = Mg/ (1
and the capillary number
Ca= O'R/'ylz (2)

which represents the ratio between viscous stresses (shear or
elongational), o, that tend to deform the drops and inter-
facial stresses, y;,/R, that resist to the deformation and tend
to restore the initial shape of the drop, R being the drop
radius and vy, the interfacial tension. Grace’s [2] experi-
mental studies have shown that the two parameters are
linked and the possibility for the drop to sustain deformation
without breaking up is given by an empirical critical capil-
lary number, Ca.;, that has to be compared with the actual
local capillary number. By increasing the capillary number,
the drop deformation increases linearly with Ca. Above
Ca.;, the particles break-up into smaller droplets. Grace
[2] and many subsequent authors [3—5] have shown that
Ca,,; depends not only on p but also on the nature of flow.
In shear field, viscous drops (dispersed in viscous matrix)
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with p > 4 never break; they deform into fibers and then
rotate in the flow field. In contrast, viscous drops subjected
to an extensional flow field can break-up at any value of p,
provided that Ca > Ca_,.

However, the drop deformation and break-up are in a
sense transient phenomena that require a specific time
which must be defined. Similar to the capillary number,
the time scale can be defined (for shear flow for instance)
in a dimensionless form

by
Lot = —— 3
crit Ca ( )
where t, is the break-up time under quiescent conditions via
Rayleigh instabilities

21R
f= —— 70 1n(ﬂ) @
Y1202 Xm> P) @

where (x.,,p) is a complex function of the viscosity ratio
and the instability wavenumber, tabulated by Tomotika [6],
a; and «, are the initial and break-up amplitude of the
Rayleigh instability. D, represents the initial diameter of
the thread. The drop can break only if p <4 and 7 > #,.
However, this break-up mechanism is assumed to occur
under quiescent conditions, when the flow is stopped or at
low Deborah numbers D

Dy, = 14/t, (5)

T4 being the relaxation time and 7, the residence time.
During the extrusion process, this can occur in small pres-
sure gradient zones or in long dies at low extrusion speed
where D, is very small. During flow, the main critical para-
meter is the ratio between the rate of the thread diameter
reduction by Rayleigh instabilities and by flow (shear or
extensional). This leads to a link between the break-up
time and the rate of deformation (shear or extensional).

Nevertheless, the quenching time ¢, which is the time for
freezing the morphology by crystallization or solidification
of the dispersed phase, must be taken into account. Usually,
the morphologies and/or the mechanical properties are
observed at room temperature. Consequently, these proper-
ties depend not only on the deformation/elongation of the
dispersed phase in melt state but also on the quenching
processing conditions. This is particularly true for immisci-
ble blends named organic composite systems for which the
dispersed phase will crystallize or solidify in a melt visco-
elastic matrix. For example, we reported in a previous work
[7] that a new type of morphology can be obtained from a
process which consists in crystallizing under shear or elon-
gational flows a semi-crystalline polymer (or solidifying an
amorphous polymer) dispersed in melt thermoplastic
matrix.

One of the aims of the present work is to study the crystal-
lization under shear flow of polybutylene terephthalate
(PBT) particles dispersed in a melt matrix of ethylene and
methyl acrylate copolymer. For this purpose, a hot optical
shear device was used in order to visualize the influence of

the different time parameters on the development of the
blend morphology under shear flow.

2. Experimental part
2.1. Materials

Copolymer of ethylene—methyl acrylate was supplied in
pellet form by AtoFina (EMA, 29% acrylate, MFI 03, M, =
22 kg/mol, M,, = 943 kg/mol, density = 0.95 g/cm?).
Polybutylene terephtalate was supplied by Dupont in pellet
form as well (PBT, Crastin S600, density = 1.31 g/cmS) and
has been dried under vacuum for one night at 80 °C. For
rheological and observation purpose, EMA pellets were put
into plate form under press at 200 °C. Then PBT pellets
were ground into powder (¢ = 100 pm) so it can be
dispersed in an EMA sandwich for shear experiment
under microscope.

2.2. Rheological analysis

Frequency and time sweep experiments on molten
samples were carried out on a Rheometrics SRS stress
controlled rheometer using both cone-plate (6 = 0.1 rad,
¢ =25 mm) and parallel-plates geometry (¢ = 25 mm).
In all cases, sample response linearity with respect to stress
amplitude was verified and nitrogen gas was used to prevent
thermal degradation. Zero shear viscosities of the compo-
nents were measured at 250 °C (Table 1). At this tempera-
ture, PBT exhibits a Newtonian behavior on a large shear
rate scale contrary to EMA that exhibits a pronounced shear
thinning behavior above y = 1 s ! (Fig. 1). Such behavior
is exacerbated with decreasing the analysis temperature.
However, in the temperature range used in this work
(T > 190 °C), the rheological behavior of the EMA matrix
is Newtonian.

2.3. DSC analysis

The thermal behavior of pure PBT was analyzed using
Perkin—Elmer differential scanning calorimeter (model 7)
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Fig. 1. Rheological behavior of pure PBT and pure EMA at 250 °C.
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Table 1
General characteristics of the materials

Acronym Polymer T (°C) T, (°C) no (Pas, 250 °C)
EMA Copolymer ethylene—methyl acrylate —30 1600
PBT Polybutylene terephtalate 60 450

calibrated with indium and zinc. Experiments were
performed under nitrogen atmosphere and weight of the
samples were approximately 10 mg in order to obtain a
significant signal. Heating and cooling ramp analyses as
well as isothermal experiments have been done with various
rates from 2 to 30 °C/min. These experiments aim at finding
an appropriate crystallization time for the optical shear
experiments. Indeed, we will deal later with breaking time
of threads, generated from the sheared molten PBT parti-
cles, that has to be far longer than crystallization time.
Isothermal experiments were carried out at several tempera-
tures between 215 and 190 °C. Half times of crystallization
were calculated and reported in Table 2. Cooling ramp tests
were carried out so as to evaluate the crystallization time
during cooling process. Different rates were used: 2, 10 and
30 °C/min, corresponding to those used with the optical
shear device. Note that the crystallization temperature will
vary with the cooling rate from 201 to 190 °C (at the start of
the crystallization) and the crystallization times will be
shorter than in isothermal conditions.

2.4. Optical shear experiments

Molten blends of EMA and PBT (PBT in very diluted
conditions) were observed, in quiescent state or during
shear, using a Leitz Orthoplan microscope (transmission)
with 20X lens coupled with a Linkam CSS-450 high
temperature stage. For contrast purpose during the crystal-
lization, polarized light can be used. The sample was held in
the gap between the two quartz windows (Fig. 2) and was
sheared by rotating the bottom plate by a precision stepping
motor, while the top plate remained stationary. So as to
insure a complete cohesion between the EMA films and
consequently that the dispersed PBT particles are
completely imbedded, the gap between the windows is
modified, using a stepping motor, to a value smaller
than the thickness of the two EMA films. Such fitting
is realized above 100 °C, when the viscosity of EMA is

Table 2
Half time of crystallization of pure PBT; isothermal experiments

Temperature (°C) fip (8)
190 40
200 130
206 477
208 717
209 914
210 1140
215 3090

sufficiently low. Shear experiments were carried out at
various shear rate from 0.17 to 3.4s”'. Such device
allows us to study the behavior of EMA/PBT blends
during a dynamic cooling process. A video camera was
used to take pictures during the experiments. The shortest
time between two shots is 4 s which enables us to follow
rather continuously the dimensional evolution of the PBT
drops or PBT threads. Most of the work was focused on the
crystallization of PBT under shear flow. In order to under-
stand the influence of shear rate and of crystallization time
on the final morphology of the blend, several tests have been
carried out.

2.5. Determination of the interfacial tension by the drop
retraction method

According to the work of Utracki [8], measurements of
interfacial tension were carried out on a EMA/PBT blend.
Using the Linkam device, a step deformation is imposed to a
melt drop of PBT imbedded in molten EMA matrix. The
relaxation process is then optically recorded until the drop
returned from an ellipsoidal to an equilibrium spherical
shape. Then, knowing the viscosity of both components,
the interfacial tension can be inferred from the dimensional
variations of the deformed drop as a function of the relaxa-
tion time. Such experiment is carried out on different

Microscope

Quartz
windows

Fig. 2. Schematics of the Linkam shear device, showing the placement of
the sample and the rotating and fixed windows. The scheme on the left
shows the observation section which consist in the holes in the heating
plates.
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Fig. 3. Retraction of a PBT ellipsoidal droplet immersed in EMA matrix at 250 °C. The spherical particle diameter is Dy = 86 m; time of measurement is

reported on each picture.

droplets so as to obtain reproducible values of interfacial
tension. The various PBT droplets were obtained from fine
PBT powder dispersed between two circular EMA films,
the thickness of which is about 500 wm. In order to
obtain well-defined spherical droplets, the dispersed
particles were subjected to shear treatment for few
seconds (30s; steady shear 0.34s7'), giving rise to
short filaments of PBT. The flow is then stopped and
filaments are allowed to retract and to break into smal-
ler domains. Such treatment enables us on the one hand
to handle measurements on well-defined spherical PBT
drops dispersed in EMA matrix, and on the other hand
to reduce the initial particle size from 200 to 50—
100 pm (average diameter). The so obtained spherical
drop sustained several step-strains so as to be deformed

into an ellipsoid of revolution and then optical measure-
ments with the video camera coupled to the microscope
were started. Typical pictures of the retraction of a
deformed droplet are shown in Fig. 3.

Referring to Taylor’s [1] theory, it is known that the
recovery of a deformed viscous drop, immersed in a
second fluid submitted to shear treatment, at small
amplitude of deformation, is only driven by interfacial
tension. Moreover, the rheological properties of the
polymer do not change during the recovery process.
Many reviews [9-10] deal with the determination of
the interfacial tension. Bousmina et al. [11] sets out
in detail calculations of the interfacial tension from a
deformed drop retraction experiment. The calculation is
based on the following expression of the deformation D
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Fig. 4. Time evolution of the minor axis (B) and the major axis (L) for a
PBT droplet immersed in an EMA matrix at 250 °C. The values of L were
both measured and calculated for comparison. The diameter of the equili-
brium spherical droplet is 84.4 wm.

towards the equilibrium shape of the droplet:

4 +
D=D, exp{— Op +1) Y12 }
2p + 3)(19p + 16) 1Ry
t L—B
== D —_——— P
0 CXP{ s } L+B ©)

where Dy is the deformability parameter at the initial time £,
p is the viscosity ratio, L and B represent, respectively, the
major and the minor axis of the ellipsoid and vy, represents
the interfacial tension. Knowing the relaxation time 74 as:

R
Ty = Jea’to (7
Y12
With the equivalent viscosity
2p + 3)(19p + 16)1,,
- iU ®)

Tleq 400 + 1)

where 7, is the zero shear viscosity of the matrix and Ry is
the initial drop radius.

From the appropriate curves (Figs. 4 and 5) and the corre-
sponding linear fits, we have access to the value of the
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Fig. 5. Deformation D as a function of time for a PBT droplet immersed in
an EMA matrix at 250 °C. Both curves obtained from L calculated and L
measured were traced as well as their linear fit.

interfacial tension for the studied blend. From an experi-
mental point of view, the real value of the major axis cannot
be measured. Actually, the velocity gradient upon the gap
generates an angle between the major axis of the ellipsoid
and the shear direction. Hayashi et al. [12] demonstrate the
dependence of this angle on the deformation imposed.
However, the minor axis of the ellipsoid is not affected by
this angle. Assuming that the deformed drop is a sym-
metrical ellipsoid and considering the volumes conserva-
tion, the major axis can be calculated from the following
expression:

L= 8R}/B* )

When drawing on the same graphic, the time evolution of
both the experimentally measured (without angle correc-
tion) major axis and the calculated one, we have noticed
near values of the curves slope. Knowing that the major
axis is far bigger than the minor one, the measurement
accuracy will be better on the former. Consequently, the
interfacial tension can be determined from the observed
values of ellipsoid axis without angle correction.

As regards the EMA/PBT blend studied here, an average
value of the interfacial tension has been calculated from the
viscosities of the components (Table 1):

’YIZ(EMA/PBT)ZSO °oc — 3.6 mN/m (10)

3. Results and discussion

In the experimental section, we have described the way to
prepare the samples for optical shear experiments. In fact,
the sample consists in a sandwich of two EMA films
between which small particles of ground PBT are dispersed.
The sandwich is placed between two quartz windows and
the temperature is then increased to 250 °C, which is far
above the melt temperature of PBT (TP =245°C). A
shear flow of 0.34 s ™' is applied for 3 min so as to deform
the PBT particles. As discussed in Section 1, the dimension-
less parameter Ca (Eq. (2)) controls the deformation of the
drop sheared in a liquid matrix. The critical value of Ca can
be calculated by the following expression from de Bruijn
[13] as a function of the viscosity ratio p:

log(Cag;) = —0.506 — 0.0994 log(p) + 0.124(10g(p))2

0.115

log(p) — 0.6107 (1D
In our conditions, Ca.; = 0.485.

From the size of the molten initial particles of PBT and
the previously measured value of the interfacial tension of
the EMA/PBT blend, knowing the viscosity of each compo-
nents, we could give, according to Eq. (2), a couple of
values between which the capillary number vary during
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Fig. 6. Variation of the storage modulus versus time. Influence of a preshear
treatment on the isothermal crystallization time of pure PBT at 210 and
215°C.

the shear treatment:
7.60 = Ca = 22.81 (12)

In this case, the values of Ca obtained are far above the
critical value. The PBT particles actually turn into filaments
as predicted by the literature. In fact, Janssen and Meijer
[14] assumed that in shear flow, when Ca > 2Ca,,, initially
affine stretching occurs and the droplets deform into fila-
ments. Then, depending on the ratio Ca/Ca,, the stretching
becomes non-affine and next, after the droplet is deformed
substantially, the deformation becomes affine again. Experi-
ments have been carried out with different shear rates so as
to select the optimal value of 0.34 s ~'. Actually, for smaller
shear rates, the formation of fibers is a long process and
thermal degradation becomes a major problem. On the
contrary, for higher shear rates, the formation of fibers is
very fast but substantial diameter reduction causes too many
breaks of slender filaments. However, shear rates between
0.05 and 0.68 s ' will be used to demonstrate the influence
of shear rate on the crystallization of PBT fibers.

At the end of the 3 min shear treatment, we start studying
the crystallization of the PBT dispersed in the EMA matrix.
In this study, we have focused on the two main parameters:
the crystallization time and the shear rate. In the first part,
we focus the effects of crystallization on the relaxation of
the fibers and consequently on the morphology development
as a function of the crystallization time. Then we will deal
with the influence of the shear flow during the crystalliza-
tion process. However, we will first deal with a phenomenon
that could accelerate the crystallization process. Indeed,
Janeschitz-Kriegl et al. [15] demonstrates that shear treat-
ment on molten polypropylene ones enhances its nucleation
rate and therefore can reduce the crystallization time by two
orders in magnitude. Kornfield et al. [16] attributes this
phenomenon to the formation of an oriented structure
induced by distortion of polymer chains. Although PBT
chains are shorter than of polypropylene, a similar but
attenuated behavior should be hoped for PBT. Boutahar
et al. [17] demonstrates that during crystallization, trans-
formed fraction is linked to the dynamic modulus. In this

Log G' (Pa)

100 120 140 160 180 200 220 240 260
Temperature (°C)

Fig. 7. Variation of the storage modulus versus temperature. Influence of
preshear treatment on crystallization of PBT particles in EMA/PBT 70/30
blends. (l) EMA pure, (A) without preshear (O) preshear.

way, dynamic time sweep tests, using cone-plate geometry,
were carried out at Y = 1s~' on samples of pure PBT that
have undergone, or not, a preshear treatment at 1 s~ ! for
2 min. Substantial decrease could be observed on the crys-
tallization time of shear induced crystallized PBT during
isothermal treatment at both 210 and 215 °C (Fig. 6). On
the other hand, in dispersed conditions, shear enhanced
crystallization of PBT seems to be less effective depending
on the process. During a rapid cooling process, a presheared
blend of EMA/PBT 70/30 crystallizes between 220 and
190 °C. A non-presheared blend crystallizes between 160
and 115°C (Fig. 7). In isothermal conditions, dispersed
PBT does not crystallized, with or without preshear treat-
ment, even at low isothermal temperatures (7 < 210 °C). A
corresponding experiment is carried out in differential scan-
ning calorimetry (DSC) and leads to the same conclusion.
Such observations were made by Pesneau et al. [18] on PE/
PBT blend 80/20. Indeed, they suggested that molten PBT
inclusions still exist at high supercooling. They also demon-
strate that the crystallization rate does not increase with time
at a fixed temperature. We will not go further in this subject
since our work does not aim at understanding the origin of
the enhancement of the crystallization growth rate or why
dispersed PBT does not crystallize. These rheological
experiments aim at evaluating the crystallization time of
PBT in shear flow. In addition, it must be specified that
blend samples for these tests were obtained from blend
prepared with an internal mixer. As a consequence, the
morphology of the blends used with the optical shear device
is far coarser (¢ = 100 wm) than that used for the rheo-
logical tests (¢ = 2 wm) and consequently, the crystalliza-
tion behavior of large PBT domains and finely dispersed
PBT is hoped to be different.

3.1. Static crystallization

After the 3 min preshear, the shear is stopped as soon as
the isothermal temperature is reached or as soon as the cool-
ing ramp starts.

First of all, we carried out isothermal experiments in
order to control the crystallization time. The latter can
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Table 3
Experimental break-up times of molten fibers as a function of temperature
and diameter

210°C 215°C 260 °C
Dy (pm) Iy (5) Dy (pm) Iy (5) Dy (pm) Iy (5)
14.3 298 10.10 180 20.5 110
6.7 100 9.2 165 11.8 75
5 65 8.9 150 11 52
8.4 135 9.8 36

considerably vary according to the cooling rate used or the
isotherm temperature and as a consequence, the final
morphologies could be very different. The simplest
morphology obtained is a classical nodular one due to
break-up of molten fibers before crystallization. Indeed,
the break-up time of molten fibers must be taken into
account. If the crystallization is too slow, the molten fiber
is allowed to relax. Knowing that it has been generated,
thanks to shear treatment with a Ca greater than the critical
value, break-up of the fiber is expected. Testa et al. [19] has
shown that for strong drop deformation, generating slender
filaments, a sudden decrease in shear rate leads to break-up.
Break-up times could be predicted from the work of
Huneault et al. [20] and Elemans et al. [21] based on the
theory of Tomotika [6]. Huneault et al. [20] gives the break-
up time of molten fiber in quiescent state or submitted to a
shear flow:
Break-up time in quiescent state:

21mR
fp= ——am0__ 1n(ﬁ) )
Y122(Xm> ) \

Break-up time in shear flow:

L LCTOR W)
a Y122 Xm> P) V' ‘
with:
21kT \'?
12
@, = 1.64R, (15)

O(xm, p) is the complex tabulated function of Tomotika [6].
a; and «, are the initial and break-up amplitude of the

Table 4

Rayleigh instability. Dy represents the initial diameter of
the thread, k the Boltzmann’s constant and 7 the tempera-
ture. Experimental break-up times for various diameters of
fibers and temperatures are presented in Table 3. Theoretical
break-up times are presented in Table 4. As regards our
work, we are in a transient case since the shear flow is
stopped after 3 min and the generated molten fibers relax
toward an equilibrium shape and then break-up by Rayleigh
instabilities. This is the reason why experimental times
measured are included between the theoretical break-up
time in shear flow and in quiescent state. So despite the
fact that there is an additional time due to relaxation of
the molten fiber after shearing, the growing of the Rayleigh
instabilities generated by the stop of flow makes the fiber
break-up sooner. Nodular morphology has been obtained for
two isotherm experiments, at 210 and 215 °C. Referring to
the DSC analysis, we could predict the start of the crystal-
lization after about 200 s at 210 °C and 1100 s at 215 °C. As
a consequence, the increase in fiber viscosity, due to crystal-
lization, will not slow down efficiently the relaxation
process in time and thereby will not prevent the fiber from
breaking. A nodular morphology is therefore expected.
Regarding the crystallization times involved, a shear
enhancement phenomenon following the fiber formation
by shear flow should be negligible in this case. Such
phenomenon is demonstrated in an isothermal experiment
carried out at 209 °C. The rate of crystallization is too slow
to stop the relaxation of the fiber by the crystallization
process. The thinnest fibers having short relaxation times
break into several drops. The biggest ones crystallized
during the relaxation process and this leads to two types
of structures. The former consists in fibers that have broken
into smaller domains as they were partially crystallized. The
latter consists in wavy fibers, the shape of which comes
from Rayleigh instabilities that have been fixed by the
excess in viscosity due to crystallization. The competition
between relaxation of the molten PBT fibers and their
crystallization are shown in Fig. 8.

From that point of view, fibrillar morphology should be
obtained if the crystallization time is shorter than the break-
up time. This is demonstrated in an isothermal experiment
carried out at 206 °C. It leads to a mainly fibrillar morphol-
ogy with a few broken pieces emerging from the relaxation
of the smallest fibers. The morphological change that

Theoretical break-up times of molten fibers as a function of temperature and diameter

210°C 215°C 260 °C
Dy (pnm) 1, (s) t, (s) Shear Dy (um) ty () 1y, (s) Shear Dy (nm) ty (8) t, (s) Shear
Quiescent Quiescent Quiescent
14.3 732.8 1103 10.10 311 62 20.5 163 41
6.7 315.7 62.9 9.2 281 58 11.8 89 27
5 227.7 42.8 8.9 270 57 11 82 26
50.6 8.4 253 55 9.8 72 24
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t=0s t=330s

Fig. 8. Static crystallization of EMA/PBT blend at 209 °C; competition between relaxation of molten PBT fibers and their crystallization. The crystallized parts

appear in white on the fibers.

occurred during this experiments are shown in Fig. 9. Note
that the shear enhancement of crystallization of molten PBT
fibers is quite important. Indeed, in Figs. 8 and 9, we can
notice that crystallization is completed quite before the half
time of crystallization measured in DSC. So as to reduce
drastically the crystallization time, a controlled cooling
ramp could be applied to the molten PBT fibers as soon as
the shear flow is stopped. As the Linkam shear device
enables such experiments, we have decided to carry out
experiments at three different cooling rates: 2, 10 and
30 °C/min. Thanks to the DSC analysis, we could predict
the crystallization onset temperatures at each cooling rate.
At 2 °C/min, the crystallization onset temperature is about
201, 198 °C for 10 °C/min and 190 °C for 30 °C/min. For the
two fastest cooling rates, the crystallization is so quick that
the shear enhancement could be negligible. This assumption
is justified since the experimental start temperatures are
206 °C at 2 °C/min, 198 °C at 10 °C/min and 190 °C at
30 °C/min. The shear effect on crystallization is only effec-
tive for long crystallization times. As shown in Fig. 10,
decreasing drastically the crystallization time (or increasing
the cooling rate from 10 to 30 °C/min) prevents the fibers in
developing of Rayleigh instabilities. Thus, the PBT fibers
that have been crystallized at 10 °C/min are slightly wavy
whereas those crystallized at 30 °C/min are regular. The
crystallization times involved during such experiments are

far shorter (71 s at 10 °C/min and 42 s at 30 °C/min) than
those observed for isothermal experiments. Regarding the
experiment carried out at 2 °C/min, we could not say that the
crystallization time is really reduced. On the contrary,
nearly 2 min elapsed before the start of crystallization and
the stop of shear flow. As a consequence, most of the thin-
nest fibers have already been broken by Rayleigh instabil-
ities before the crystallization reaches a sufficient rate;
notice that as soon as the crystallization starts, its growth
rate is high, due to permanent temperature decrease, and the
instabilities are stopped in a very short time. No further
break-up of fibers is observed. Such phenomenon is pointed
out on the first picture of Fig. 10. The so obtained morphol-
ogy consists in the coexistence of more or less long wavy
fibers and polymorphous particles; particles composed
of nodules and deformed droplets crystallized during
relaxation.

3.2. Dynamic crystallization

It consists in a continuous shear flow, even during the
crystallization of the PBT fibers generated during the first
3 min of shear. As well as in the previous part, isothermal
crystallization and controlled cooling crystallization have
been studied. In order to take clear pictures during the

t=0s =755

Fig. 9. Static crystallization of EMA/PBT blend; isothermal at 206 °C. The small white line on the pictures correspond to 50 pm.
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t=7ls(b)

t=42s(c)

Fig. 10. Static crystallization of EMA/PBT blend; (a) cooling rate = 2 °C/min, (b) cooling rate = 10 °C/min, (c) cooling rate = 30 °C/min. The small white

line on the pictures correspond to 50 pm.

dynamic cooling process experiments, we stop and resume
the shear flow just for a few seconds.

As we have demonstrated in the previous part, the crystal-
lization time has to be short enough so as to perpetuate the

b)

Fig. 11. Dynamic crystallization (a) isotherm at 206 °C, (b) isotherm at
210 °C; zoom on the irregularities” development on a PBT fiber, due to the
heterogeneous crystallization along the fiber.

206°C

210°C

fibrillar morphology. During dynamic experiments, other
parameters have to be taken into account, for instance, the
heterogeneity development of the crystallization along the
fiber under shear flow. Such phenomenon was also observed
during static experiments and was responsible for the wavy
shape of partially crystallized fibers. In dynamic experi-
ments, the same effect appears and will be responsible for
the premature breaking of partially crystallized fibers.
Indeed, as the PBT crystallized, its viscosity increases dras-
tically till it becomes infinite, when no more chain move-
ments are possible. Consequently, there is a major viscosity
difference between molten parts of the fiber and already
crystallized parts. Undergoing the shear flow, molten parts
will be able to deform whereas partially crystallized ones
will not. Such breaking process is shown in Fig. 11. In these
pictures, we can see that a molten part of the fiber, situated
between two white crystallized parts, is able to deform. This
process leads to fast diameter reduction of the molten areas
that could eventually break-up. This explains the irregula-
rities in fiber width as well as the flood of broken pieces
observed at the end of the crystallization. Final morpholo-
gies obtained for isothermal at 206 and 210 °C are shown in
Fig. 12. We can notice that decreasing the crystallization
time limits the development of the irregularities along the
fiber. Indeed, although the crystallization starts in a hetero-
geneous way along the fiber, the remaining molten parts

210°C

Fig. 12. Dynamic crystallization—isothermal experiments; breaking of PBT filaments due to heterogeneous crystallization along the fiber. The small white

line on the pictures correspond to 50 pwm.
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Fig. 13. PBT fibers crystallized during dynamic cooling at 0.34 s ' with a

cooling rate of 30 °C/min. The small black line on the pictures correspond
to 50 pm.

Sian 2110 N
Sheafide (5101

Sum

Fig. 14. PBT fibers crystallized during dynamic cooling at (a) 0.68 s ' with
a cooling rate of 10 °C/min and (b) 1.7 s ' with a cooling rate of 2 °C/min.
The small black line on the pictures correspond to 50 pm.

Fig. 15. PBT fibers crystallized during dynamic cooling at 0.17 s ' with a
cooling rate of 10 °C/min. The small black line on the pictures correspond
to 60 pm.

crystallize in a rather short time, which prevents the fiber
from further deformation. This complex mechanism drives
the morphology of the blend during the dynamic crystal-
lization. Therefore, in order to keep the fibrillar morphology
through the dynamic crystallization process, an instanta-
neous crystallization is required. Even by using the fastest
cooling rate of the shear device, we could not reduce the
crystallization time efficiently. Therefore it was not possible
to obtain regular fibers with the dynamic crystallization
process. Fig. 13 shows the final morphology of an EMA/
PBT blend that has undergone a dynamic crystallization at
0.1 rad/s and a cooling rate of 30 °C/min. Even the remain-
ing fibers are rather long, the adopted shape confirms our
assumption about the heterogeneous development of the
crystallization along the fiber.

In the dynamic cooling process, the crystallization time is
an important parameter, however, the shear rate is another
one. Indeed, so as to limit the effect of heterogeneous defor-
mation along the fiber, we have to modify the shear rate.
Actually, increasing the shear rate will lead to more
break-up. Indeed the limited effect of shear enhancement
crystallization time will not balance with the increase in
deformation rate due to an increase in the shear rate. Experi-
ments have been carried out to demonstrate that over a shear
rate of 0.68 s ' (Fig. 14), most of the fibers break during the
crystallization and lead to a flood of small particles. Only
the biggest filaments resist. As a matter of fact, decreasing
the shear rate is the only solution to solve the problem of
fiber breaking during the crystallization. Such experiment
gives good results and is shown in Fig. 15.

4. Conclusions

The crystallization under shear flow of shear generated
PBT fibers dispersed in an EMA matrix have been studied.
The influence of crystallization time, break-up time of
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filaments and shear rate on the final morphology of the blend
has been demonstrated. The study was divided in two parts
for comprehension purpose. First we focused on the static
crystallization of the PBT filaments so as to understand the
influence of crystallization time on morphology. We can
deduce three headlines:

1. crystallization time > break-up time = nodular
morphology

2. crystallization time < break-up time = fibrillar
morphology

3. crystallization time =~ break-up time = thin fibers lead to
nodules and thick fibers adopt a more or less pronounced
wavy shape.

Secondly we studied the dynamic crystallization and
notably the breaking process of crystallizing fibers during
shear flow and the influence of shear rate. We have brought
to the fore that shear induced crystallization development is
heterogeneous along the fibers and leads to the premature
breaking of the fibers. Two solutions enable to keep fibrillar
morphology. The former consists of a drastic reduction of
the crystallization time by using a substantial cooling rate.
The latter consists of a decrease of the shear rate during the
crystallization so as to limit the deformation of partially
crystallized fibers. Shear enhancement of the PBT crystal-
lization was demonstrated as well, which favor the fibrillar
morphology.

As a consequence of these experiments, we are able to
control the morphology resulting from a dynamic crystal-
lization. A nodular morphology can be obtained using long
crystallization time. The nodule size can be controlled as
well. High shear rates will lead to very small nodules. Low
shear rates will result in coarser nodules. In order to keep
a fibrillar morphology, short crystallization times are
required, as well as low shear rates.

From the complex morphologies generated by crystalli-
zation under simple shear flow, we can expect very complex
structures [7] resulting from extrusion or injection process.
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