
Polymer 48 (2007) 3273e3285
www.elsevier.com/locate/polymer
Shear induced crystallization of poly(m-xylylene adipamide) with
and without nucleating additives

Sophie Naudy a,b,c, Laurent David a,b,c, Cyrille Rochas d, René Fulchiron a,b,c,*
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Abstract

The shear induced crystallization of the poly(m-xylylene adipamide) (MXD6) which is a semi-aromatic polyamide, was studied for a virgin
(PA1) and a nucleated (PA2) grades using a shearing hot stage coupled with a microscope. Half crystallization times were measured according to
the crystallization conditions (crystallization temperature, shear rate and shearing time). The effect of shear on the crystallization kinetics was
shown by a strong decrease of the crystallization times for both materials. PA2 sensitivity to shear was much lower than that of PA1. This was
attributed to the presence of nucleating agents which increased the primary nucleation density in the unsheared quiescent melt, leading to a higher
necessary shear rate to overcome the quiescent nucleation. Kinetic models were proposed to predict the crystallization process as a function of
the crystallization conditions. They were based on both Avrami and HoffmaneLauritzen theories and modified to take into account the effect of
shear. In the model the nucleation rate of the crystalline entities was related to the shear rate by a power function. Besides, crystalline morphol-
ogy and orientation were studied by wide and small angle X-ray scattering to confirm the orientation effect of the shear in the crystalline part of
the material.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The final properties of semi-crystalline thermoplastic poly-
mer materials are directly related to the crystalline morphol-
ogy formed during processing. Therefore, the study of the
crystalline morphology development is of major interest for
industrial as well as for fundamental research for the under-
standing and the prediction of the crystallization mechanisms
in different conditions and for various polymer formulations.
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The processing of polymers generates high strain in these
materials so that the macromolecular chains’ orientation af-
fects the development of the crystalline morphology. It is
well known that applying a shear before and/or during the
crystallization process will enhance the kinetics and change
the resulting morphology [1e10].

In order to measure this kinetics enhancement, numerous
homemade devices were previously used. Two kinds of mea-
surement are preferentially developed: rheo-optic devices,
like shearing hot stage coupled with optical microscope [1e
7] or rheometry apparatus [5,8,9]. From a methodological
point of view, some studies expected to simulate the complex
flow occurring during processing [4,10] whereas other studies
tried to well control the thermal and shear conditions
[1,2,5,6,8].
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Even if the experimental devices were different, the general
trend in such studies is that the acceleration of the crystalliza-
tion is due to the orientation of the macromolecular chains
which promotes the nucleation [1,5,7,8]. This effect of shear
largely depends on the shear intensity and the crystallization
temperature. The existence of a critical shear rate above which
the shear flow efficiently speeds up the crystallization process
is often described [1,2]. Practically, the shear effect is revealed
by a decrease of the crystallization characteristic time which
can be either the induction time [1,2] or the half crystallization
time (half conversion time) [4,5,11]. The modification of the
semi-crystalline morphology which turns from spherulitic en-
tities to oriented structures after very high shear treatments is
also well known [3,4,11]. The increase of the nucleation den-
sity is largely described [3,4,6,8] but only a few studies man-
aged to quantify it [1,5,7,11]. The influence of the shear on the
lamellar growth rate GR is more debated but most of the works
seem to show that it is not affected by the shear if the shear
duration remains short compared to the crystallization time
[5,7,11].

The prediction of the crystallization kinetics in quiescent
conditions is based on the classical theories of Avrami [12e
14], Ozawa [15] or Nakamura [16,17]. One of the disadvan-
tages of these models is that they do not take into account
the process of secondary crystallization which can be impor-
tant for polyamides for example. Moreover, the shear effect
in Avrami based equations was phenomenologically intro-
duced by modifying the exponent n for which values has
been reported up to 7 [18] and even up to 12 [1] although usual
theory predicts integer values between 1 and 3. Alternatively,
Masubuchi et al. [9] introduced an induction time for the mod-
eling of the crystallization kinetics. Other models were estab-
lished by taking into account the increase of the number of
activated nuclei due to shear flow. This was related to the shear
intensity with a combination of two parameters, namely the
shear rate _g and the shearing time ts [10] or to their product
_gts [7]. More recently, the nucleation was related to the flow
relaxation time of the chains, considering that this parameter
governs the ability of the molecules to be aligned by the strain
[5,19e24].

The semi-aromatic poly(m-xylylene adipamide) (MXD6)
was first synthesized in the early 1950s by Carlston and
Lum from m-xylylenediamine and adipic acid [25,26]. Fig. 1
shows its chemical structure. Its crystalline unit cell was inves-
tigated by X-ray diffraction and infrared spectroscopy during
the 1960s by Ota et al. [27]. The unit cell is triclinic with
the following parameters: a¼ 1.201 nm; b¼ 0.483 nm; c¼
2.98 nm; a¼ 75.0�; b¼ 26.0�; g¼ 65.0�. Only a few works
deal with the crystallization of MXD6. Single crystals of
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Fig. 1. Chemical structure of MXD6.
MXD6 were elaborated by slow cooling of a dilute glycerine
solution [28] and crystallization induced by water sorption
was investigated by Inoue [29].

Measurements of the MXD6 crystallization kinetics in qui-
escent conditions were investigated and predicted by kinetic
models based on the Avrami and Ozawa theories according
to the crystallization conditions. All the results are detailed
in our previous paper [30]. Fundamental constants such as
the thermodynamic melting point T0

m or both constants to de-
scribe the lamellae growth rate Kg and G0 (see Eq. (2) below)
were determined from isothermal crystallization experiments.

The present study proposes the measurement of the shear
induced crystallization kinetics mainly by a rheo-optic tech-
nique. Some of the results dealing with the quiescent crystal-
lization of the virgin and nucleated MXD6 will be recalled as
they are considered as the reference behavior. The effect of
shear will be described as a function of the shear rate, shearing
time and temperature. A kinetic model is developed to depict
the experimental values. It is based on the Avrami theory cou-
pled with the HoffmaneLauritzen prediction of the growth
rate [31] and modified to take into account the increase of
activated nuclei due to the shearing treatment.

2. Materials and methods

2.1. Materials

Two grades based on MXD6 were studied. The first one
consisted in a virgin MXD6 labeled PA1 supplied by Solvay.
The weight average molecular weight and the polydispersity
index of this initial MXD6 measured by SEC were 33,200 g/
mol and 2.65, respectively. The second one, labeled PA2
was a nucleated formulation consisting in a blend of this
MXD6 with 11% of PA 66 and 1% of talc (Steamic 00S
from talc de Luzenac) whose particle size characteristics are:
mean cut diameter d50%¼ 1.8 mm and top cut diameter
d98%¼ 6.2 mm and the specific surface area is 11 m2/g. The
blend was achieved using a laboratory twin-screw extruder
without no specific dispersion difficulty.

2.2. Rheo-optic measurements

Quiescent and shear induced crystallization experiments
were carried out in the shearing hot stage CSS 450 from
Linkam Scientific Instruments UK coupled with an optical mi-
croscope Orthoplan from Leitz. Pellets (about 20 mg) were
placed in the shearing device when the two plates were hot.
The gap was set to 75 mm after the sample melting. The sam-
ple was molten at 280 �C for 4 min to erase its thermal history
and then cooled at 30 �C/min (which is the maximum avail-
able). As soon as the crystallization temperature was reached,
the shearing step defined by a shear rate and a shearing time
was applied and data collection (pictures or transmitted light
intensity) started. The steady shearing step before crystalliza-
tion was called preshear. Each measurement was performed
two or three times to obtain an average value of the half
crystallization time.
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Crystallization kinetics were obtained from the variation of
the transmitted light intensity I(t,T ). Even if the quantitative
relation between the crystallization advancement and the
transmitted light is not direct, the relative crystallinity a was
estimated by the relative decrease of the transmitted light
intensity:

aðt;TÞ ¼ I0� Iðt;TÞ
I0� IN

ð1Þ

where I0 is the initial light intensity and IN is the final value.
It must be mentioned that this experimental procedure for

estimating the relative crystallinity was already used and val-
idated by comparing the obtained crystallization times without
shear and those obtained with differential scanning calorime-
try (DSC) [5,30]. Moreover, the correlation between the entire
DSC and light intensity signals was also shown for polylactide
crystallization [32].

2.3. X-ray measurements

Small angle X-ray scattering (SAXS) as well as wide angle
X-ray diffraction (WAXD) were performed at the ESRF
(Grenoble France) on the BM2 beamline. The data were
collected at an incident photon energy of 16 keV. A bi-
dimensional detector (CCD camera from Ropper Scientific)
was used. All the data were corrected thanks to the software
Bm2Img available on the beamline that meant dark current
(i.e. non-illuminated camera), flat field response (i.e. homoge-
neously illuminated camera) and tapper distortion. Moreover,
the contribution of the empty cell was subtracted to the scat-
tering curves of the studied samples. The calculation of the
scattering vector values q or the scattering angles 2q was per-
formed thanks to the use of the standard silver behenate [33].

The generation of the sheared samples devoted to X-ray
measurements was obtained using a parallel plate cell of
a Rheometrics RMS 800 rheometer (diameter 8 mm, gap
500 mm). A few pellets were placed in the rheometer cell
and were molten in the same melting conditions than for
rheo-optic measurements. Then it was cooled down to the re-
quired crystallization temperature. As soon as this temperature
was reached, the desired shear treatment was carried out. The
sample was then kept at this temperature until the crystalliza-
tion was achieved. This was checked thanks to the simulta-
neous measurement of the dynamic modulus at a frequency
of 1 rad/s with a strain of approximately 1%. The solidification
was considered complete when the modulus became constant
after its increase due to the crystallization. Obviously, due to
the parallel plate geometry, the shear rate in the sample was
not constant. Therefore the X-ray measurements were carried
out on a piece of 2 mm diameter which was extracted from the
peripheral area of the sample, where the shear rate is the great-
est and corresponds to the command value of the rheometer. In
this small extracted sample, the shear rate was considered to
be constant.

Small samples were positioned horizontally or vertically
(perpendicular to the beam) on a rotating and translating
sample holder (designed by the LIMeENSAM Paris) so that
the sample could be oriented with a controlled angle. The dis-
tance between the sample center and the camera was about
6.2 cm for WAXD measurements and about 164 cm for
SAXS measurements.

3. Results and discussion

3.1. Static crystallization [30]

The crystallization behaviors of both PA1 and PA2 in static
conditions were extensively presented in a previous paper
[30]. The main conclusions are summarized in the following
paragraphs.

Half crystallization times for PA1 increase from approxi-
mately 400 s to 13,000 s when the crystallization temperature
increased from 214 �C to 230 �C. Moreover, the lamellar
growth rate GR which was predicted by the HoffmaneLaurit-
zen model (Eq. (2)):

GR ¼ G0 exp

�
� Kg

TDT

�
exp

�
� U�

RðT� TNÞ

�
ð2Þ

with DT ¼ T0
m � T and TN¼ Tg� 30 �C.

Using the generally admitted value of U* of 6270 J/mol [34]
and the obtained values of T0

m (261 �C) and Tg (85 �C), both
constants Kg and G0 of Eq. (2) were obtained, respectively,
1.77� 105 K2 and 7.0� 10�3 m/s. No growth regime transi-
tion was found in the investigated temperature range (219 �Ce
229 �C).

For PA2, the obtained half crystallization time increased
from 215 s to 8700 s when the temperature increased from
218 �C to 234 �C. Moreover, for this nucleated formulation,
the PA 66 crystallizes before the MXD6 whatever the crystal-
lization conditions (isothermal or constant cooling rate).

3.2. Shear induced crystallization

The shear induced crystallization was studied thanks to the
rheo-optic device for both materials. The shear rate was varied
from 0.5 s�1 to 200 s�1, and all the shearing time durations
were of 5 s except for the specific study of the shearing time
effect.

The results obtained for PA1 crystallization kinetics after
preshear at 226 �C are shown in Fig. 2. The relative crystallin-
ity curves are progressively shifted towards the lowest times
with increasing shear rate. Half crystallization time at
226 �C decreases from 5000 s in static conditions to 930 s af-
ter a preshear of 200 s�1 for 5 s. Hence, the preshear treatment
leads to an acceleration of the crystallization depending on the
shear rate. In accordance with the literature [1,2], a critical
shear rate necessary to enhance the crystallization kinetics is
clearly shown in Fig. 2 since the curves for 0.5 s�1 and
10 s�1 are superimposed with the curve of static crystalli-
zation. For this material, the obtained critical shear rate is
approximately of 30 s�1 when it is applied for 5 s in the shear-
ing hot stage.
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The effect of temperature was studied from 214 �C to
230 �C for PA1. The results will be detailed further but the
general trends can be already imparted. Up to a critical shear
rate, the crystallization time remains constant and then it
decreases. The crystallization temperature does not seem to in-
fluence the shear effect as the decrease of the half crystalliza-
tion times shows the same trend as a function of the shear rate
for all the investigated temperatures. The critical shear rate
value is close to 30 s�1 whatever the temperature.

Shear induced crystallization experiments were also per-
formed for PA2 with a shearing time of 5 s and a shear rate
varying from 0.5 s�1 to 200 s�1. The crystallization tempera-
ture range was then from 218 �C to 234 �C. Nevertheless, for
the lowest temperatures the maximum shear rates were
100 s�1 and 150 s�1 at 218 �C and 222 �C, respectively. As
expected, the half crystallization times progressively decrease
with increasing shear rate but the difference between the static
condition crystallization and the shear induced crystallization
is much lower than that observed for PA1.

To quantify the effect of shear, some acceleration ratios
were defined as the ratio between the half crystallization
time in static condition and the half crystallization time ob-
tained after a preshear of 200 s�1/5 s or 100 s�1/5 s. These
acceleration factors, respectively, a200 and a100 are shown
in Table 1 for PA1 and PA2 for several temperatures. It can
be noted that these factors appear mostly independent of the
temperature. For PA1, a200 and a100 are close to 4.8 and
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Fig. 2. Relative crystallinity curves for PA1 at 226 �C in static conditions and

after different preshear treatments measured by rheo-optic device. (The exper-

iments for 0 s�1, 0.5 s�1 and 10 s�1 are superimposed.)

Table 1

Acceleration factors a200 and a100 for PA1 and PA2 at different crystallization

temperatures

T [�C] PA1 PA2

a100 a200 a100 a200

214 2.6 e e e
218 3.8 4.8 3.1 e

222 1.9 4.7 1.9 e

226 2.5 5.4 1.1 2.1

230 1.9 4.3 1.6 2

234 e e 1.9 2.1
2.5, respectively. PA2 shows a lower sensibility to the shear
as both values a200 and a100 are close to 2.

Furthermore, the effect of shearing time was investigated at
218 �C with PA1. The general trend of the shearing time effect
is that, the half crystallization times first decreased but rapidly
reached a plateau value. Hence, increasing the shearing time
has only a restricted effect on the crystallization kinetics in
comparison with the effect of the shear rate. Therefore, the
shearing time was set to 5 s for the following experiments of
the study. Indeed, this shearing time was long enough to en-
hance the crystallization kinetics and short enough to allow
high shear rate experiments up to 200 s�1. This result is con-
sistent with the previous works [1,4,5] which also underlined
a limited effect of shearing time.

Contrary to PA1 for which the effect of the shear on the
crystallization kinetics is relatively important, for PA2 the
applied shear rates were not sufficiently high to create a sub-
stantial accelerating effect on the crystallization process.
Unfortunately, higher shear rates could not be reached exper-
imentally. The lower sensitivity to the shear of PA2 is due to
the presence of talc and PA 66, both improving its intrinsic
quiescent crystallization capabilities. Indeed, the shear treat-
ment is considered to enhance the crystallization kinetics by
generating a number of activated nuclei in the sheared melt
that largely exceeds the nucleation density of the quiescent
unsheared melt. Therefore, when the quiescent nucleation
density is high as for PA2, high shear intensities are needed
to create an enhancement of the crystallization kinetics. The
results are close to the conclusions of Lagasse and Maxwell
[2] who studied the shear sensitivity of pure and nucleated eth-
yleneepolypropylene copolymer (EPR). The nucleated EPR
needed highest shear rates to show a significant enhancement
of the crystallization kinetics. They also demonstrated that the
induction times for these two materials merged for high shear
rate. From a physical point of view, this merging can be ex-
plained by the following considerations: the step of the crystal-
lization which is mainly affected by the shear is the nucleation
when the shearing time is relatively short (the growth will de-
velop after the shear). Hence, the nuclei number is increased
drastically during the shear. Conversely, in quiescent condi-
tions, the nuclei number is quite influenced by the presence
or the absence of nucleating agent. Nevertheless, for high
shear rates, when the nuclei number due to the shear becomes
much higher than the quiescent nuclei number for both virgin
and nucleated formulations, the nucleating agent becomes
inefficient and the crystallization times are the same. It can
be added that the higher is the nucleating agent content, the
higher is the necessary shear rate to counterbalance the nucle-
ating agent effect. Fig. 3 shows the decrease of the half crys-
tallization times with increasing the shear rate for PA1 and
PA2 at two crystallization temperatures (222 �C and 230 �C).
For each temperature, the curves of PA1 and PA2 tend to con-
verge at high shear rate. They apparently would merge for
a shear rate of about 400 s�1e500 s�1 for both temperatures.
Nevertheless, experimental limitations did not allow to
achieve measurements for shear rates higher than 200 s�1.
Thus, this merging could not be experimentally established.
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3.3. Kinetic model

A kinetic model was previously developed to describe the
quiescent crystallization results [30] for the virgin and nucleated
formulations taking into account the temperature effect. In the
present work the model is extended including the shear induced
crystallization for both PA1 and PA2. The basic model, for qui-
escent conditions, was based on a combination of the Avrami
and the HoffmaneLauritzen equations where the effect of tem-
perature was introduced using the expression of the growth rate
(Eq. (2)) and a variation of the nuclei number with temperature,
this later variation being different for PA1 (virgin) and PA2 (with
nucleating additives). Moreover, it was concluded that consider-
ing an instantaneous nucleation was suitable so that the Avrami
exponent n was set to 3. Furthermore, it was shown that the
growth rate could be considered unchanged in the presence of
nucleating agents which affects only the nuclei number in
PA2. The basic additional assumptions necessary to account
for the shear effect are, (i) that the lamellae growth rate GR

does not depend on the shear rate as it is generally admitted
for shear treatments which are relatively short compared to the
whole crystallization times [5,7,11] and, (ii) that the shear
affects only the nucleation rate in the melt. Therefore, the
expanded transformed volume fraction a0 is modified to take
into account the number of nuclei due to the preshear:

a0ðtÞ ¼ 4

3
pG3
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2
4N0t3þ
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Fig. 3. Crystallization characteristic times versus shear rate (shearing time 5 s)

for PA1 at 222 �C (,), PA1 at 230 �C (-), PA2 (6) at 222 �C and PA2 at

230 �C (:).
where N0 is the natural nuclei number per unit volume in the
quiescent melt, _NðtÞ the nucleation rate and ts the shearing
time. The relative crystallinity (a) takes into account the fact
that the spherulites impinge during the crystallization and is
written as:

a¼ 1� expð �a0Þ ð4Þ

According to different previous works [5,35], the natural
nuclei number in quiescent melt N0 was expressed as a function
of the supercooling DT ¼ T0

m � T:

N0 ¼ expðaDTþ bÞ ð5Þ

The parameters a and b were fitted on the experimental half
crystallization times obtained in static isothermal crystalliza-
tion as detailed in the previous paper [30]. Their values are
summarized in Table 2 where the calculated values of the nu-
clei number per unit volume N0 for the temperatures of 218 �C
and 230 �C are also reported.

It can be noticed that, as expected, Eq. (3) is reduced to the
classical Avrami equation (Eq. (6)) with instantaneous nucle-
ation (n¼ 3) for zero shear.

a¼ 1� expð�KAvramit
nÞ with KAvrami ¼

4

3
pN0G3

R ð6Þ

Finally, the nucleation rate _NðtÞ appearing in Eq. (3) must
be expressed as a function of the shear rate. In this respect,
several expressions can be found in the literature with the
_NðtÞ proportional to a power law of the shear rate. The used
exponents for this power law can vary from 1 [7] to 2 or 4
[10]. More recently Janeschitz-Kriegl et al. [36,37] linked
the nuclei number to the mechanical work provided by the
shear treatment to the material. They obtained a power law
with an exponent between 2 and 3. Then, recalling that the
mechanical work for a constant shear rate can be evaluated
by h _g2ts, it turns out that the nuclei number, and therefore
the nucleation rate, can be represented by a power law of
the shear rate with an exponent between 4 and 6. Thus, accord-
ing to the literature, in the present work, the nucleation rate
was expressed by a semi-empirical power function of the shear
rate _g.

_Nðt0Þ ¼
�
c _gðt0Þ

�d ð7Þ

The combination of Eqs. (3), (4) and (6) allows to express
the relation between the relative crystallinity a and the
Table 2

Values of parameters a, b, c and d for PA1 and PA2 kinetic models and nuclei number N0 as a function of the temperature

a b c [s2/3 m�1] d N0 [m�3] T¼ 218 �C N0 [m�3] T¼ 230 �C

PA1 6.09� 10�2 29.08 6.267� 102 3 5.8� 1013 2.8� 1013

PA2 2.63� 10�1 26.82 6.267� 102 3 3.7� 1016 1.6� 1015
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corresponding time. Moreover, the integral of Eq. (3) can be
analytically calculated. Hence Eq. (8) is deduced:

a0 ¼ ln

�
1

1� a

�

¼ 4

3
pG3

R

�
N0t3

aþ c _gd

�
tst

3
a�

3

2
t2
s t2

aþ t3
s ta�

t4
s

4

��
ð8Þ

where ta is the time corresponding to a given value of a.
Therefore, the time for any relative crystallinity value can be

extracted by resolving the third degree equation (Eq. (8)). The
remaining unknown parameters (c and d ) were numerically op-
timized to fit the decrease of the half crystallization times (t1/2)
with increasing the shear rate. These parameters appeared inde-
pendent of the temperature and the obtained values are reported
in Table 2. First, in Fig. 4, the relative crystallinity curves for
one temperature (226 �C) and different shear rates are plotted
(shearing time 5 s) comparing experimental data with the cal-
culated ones. As it is shown, the model is able to well predict
the crystallization kinetics and the shear effect, especially for
the first part of the crystallization. However, at the end of the
crystallization, the slowing shown by the experimental curves
and due to secondary crystallization is not forecasted by the
model. Moreover, data for PA1 are gathered in Fig. 5 in terms
of half crystallization times versus the shear rate for different
temperatures. Globally these data are well represented by the
model. Particularly, the model prediction exhibits a critical
shear rate (at approximately 30 s�1) which corresponds to the
experimental data. It can be specified that the critical shear
rate is predicted by the model via the balance between the first
and the second terms in the bracket of Eq. (3). Indeed, the crit-
ical shear rate is reached when the second term which contains
the shear effect becomes greater than the first one which ac-
counts for the natural nucleation. Moreover, the slope of the
curve for a shear rate higher than the critical one is governed
mainly by the exponent d in Eq. (7).

Fig. 6 shows the comparison between the experimental and
calculated results for PA2. Again, the model prediction ap-
pears consistent with the experiments except at 234 �C where
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Fig. 4. Relative crystallinity curves for PA1 at 226 �C for different shear rates

(shearing time 5 s). Symbols: experimental data, lines: calculated curves.
the half crystallization times are overestimated. This discrep-
ancy probably originates from the evaluation of the growth
rate by Eq. (2) at 234 �C. Indeed, this temperature is higher
than the temperature range where the parameters of Eq. (2)
were determined (219 �Ce229 �C) and the extrapolation to
234 �C may be unsuitable because of a growth regime transi-
tion between 229 �C and 234 �C.

Moreover, because of the talc and the PA 66 which crystal-
lizes before the MXD6, it could be pointed out that the effec-
tive shear undergone by the MXD6 is higher than the nominal
one. Actually, in our approach, the effective shear rate was
considered equivalent to the nominal one. Indeed, the effect
of the non-deformable talc was neglected since its amount is
only 1% by weight (that is even much less by volume). As
concerns the PA 66 (11%), obviously its amount cannot be ne-
glected. Though, it was shown by rheological measurements in
the previous paper [30], that the crystallization of the PA 66 in
the MXD6 in this temperature range leads to a kind of very
weak network which confers a certain elasticity to the mate-
rial. Moreover, when a continuous shear is applied to the ma-
terial, the elasticity disappears and takes a certain time to be
recovered. Hence, it can be deduced that the PA 66 and
MXD6 are miscible in the melt state. In other words, more
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than effective solid particles dispersed in the matrix, the crys-
tallized PA 66 can be considered as very weak physical gel
which is destroyed during the shear. As a conclusion, even if
the PA 66 crystallizes faster than the MXD6, it probably
does not perturb the shear of the MXD6. Therefore, the effec-
tive shear rate can be assimilated to the nominal one.

One of the other interesting issues is that even if lot of pa-
rameters are temperature dependent (quiescent nuclei number,
growth rate, rheological behavior), it appears that the critical
shear rate itself does not greatly depend on temperature (see
Fig. 5). This apparently paradoxical result may be explained
as follows: the temperature dependence of the quiescent nucle-
ation rate is very important, in the present temperature range
(214 �Ce230 �C). Comparatively, the rheological behavior
does not change a lot in a so narrow temperature range.
Thus, the molecular orientation for a given shearing, and con-
sequently the nucleation rate are not strongly temperature de-
pendent. Besides Eq. (7) used for the nucleation rate due to the
shear does not include any temperature dependence. On the
other hand, the effect of the shear rate on the nucleation is
very high (shear rate to the power 3 in Eq. (7)), so high that
the nuclei number due to the shear becomes greater than the
quiescent nuclei number for practically the same shear rate
in the studied temperature range. In other words, the global
nuclei number is more dependent on the shear rate, when it
is sufficient, than on the temperature.

It could be added that if the calculated curves in Figs. 5 and
6 were plotted in a same plot (not shown here), for each tem-
perature, they would become unique at high shear rate for both
formulations as expected (see previous discussion concerning
the merging of data for nucleated and virgin formulation).

Finally, the model was also used to describe the effect of
shearing time which was measured for PA1 at 218 �C. As
highlighted in Fig. 7, the shearing time effect is also well
predicted by the model.

As a result, the proposed model that is based on simple but
reasonable assumptions appears suitable to describe several
features of the crystallization kinetics of the studied PAs.
Particularly, it can predict the effect of the temperature, the
formulation (with or without nucleating additives) and
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especially the effect of shear, while preserving a small number
of adjustable parameters. Nevertheless, this model is not able
to predict the crystalline morphology and orientation devel-
oped because of shear.

3.4. Crystalline morphology study

3.4.1. Crystalline cell orientations
WAXD experiments were performed on both materials

crystallized in the rheometer at 226 �C after a shear of
200 s�1 for 5 s following the procedure exposed in the ex-
perimental part. Samples were positioned flat on the rotating
support with the shear direction initially parallel to the
X-ray beam. Samples were progressively rotated around the
axis normal to the sample (i.e. to the shear plane) with steps
of 9�. Nevertheless, for both PAs, the rotation did not lead
to a significant change which indicates that the crystalline ori-
entation shows a cylindrical symmetry around the normal axis.
Therefore, the results will only be shown for an X-ray beam
parallel to the shear direction.

Fig. 8 shows the diffraction pattern for PA1 (a) and PA2 (b).
For PA1, two main diffraction rings corresponding to the in-
terplanar distances of 0.472 nm and 0.417 nm are obtained.
According to the works of Ota et al. [27] and the highest struc-
tural factors of planes of the MXD6 triclinic cell, these rings
were attributed, respectively, to the (100) planes and to the
(010) and (110) crystalline planes whose interplanar distances
are so close that they could not be distinguished in this study
(d010¼ 0.417 nm and d110¼ 0.419 nm).

Additionally to the diffraction rings due to MXD6, the
diffraction pattern of PA2 showed also two well-defined dif-
fraction rings corresponding to interplanar distances of about
0.940 nm and 0.310 nm. They were attributed to the (002)
and (006) reflections of talc which presents a monoclinic
cell whose parameters are a¼ 0.526 nm; b¼ 0.910 nm;
c¼ 1.881 nm; a¼ g¼ 90�; and b¼ 100� [38,39]. It should
be noted that for talc, the (004) crystalline plane should lead
to a diffraction peak. However, the interplanar distance is
d004¼ 0.470 nm so that this ring is embedded in the diffraction
ring due to the (100) planes of MXD6 crystal. Additionally,
some diffraction peaks of lower intensity, obtained in the dif-
fraction pattern of PA2, can be attributed to the PA 66 crystals
of triclinic cell with the following parameters: a¼ 0.49 nm;
b¼ 0.54 nm; c¼ 1.72 nm; a¼ 48.5�; b¼ 77�; and g¼ 63.5�

[40]. These PA 66 rings correspond to the (010) and (110)
planes of interplanar distance close to 0.37 nm and the (002)
planes of distance close to 0.64 nm.

The different indexations are summarized in Fig. 9 which
shows the diffraction results for two azimuthal angles for the
PA2 sheared at 200 s�1 for 5 s. Actually, this corresponds to
the plots of the recorded intensity along two radii of Fig. 8b
(horizontal: 4¼ 0� and vertical: 4¼ 90�). For comparison,
the inset in Fig. 9 shows the intensity for the same azimuthal
angles of PA2 crystallized without shear revealing no orienta-
tion, as expected.

Furthermore, both Figs. 8 and 9 reveal some orientation by
the variation of the intensity along the diffraction rings, as
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a function of the azimuthal angle. This feature is highlighted
by Fig. 10 for PA1 and Fig. 11 for PA2 where the intensity dif-
fracted by the (100) planes and by both (010) and (110) planes
are plotted versus the azimuthal angle. Moreover, from these
two Figures, it can be clearly seen that (i), the crystalline
orientation is much more pronounced in the PA1 sample and
(ii), the crystalline orientation is different in PA1 and PA2.

First, for PA1 (Fig. 10), the diffraction due to the (010) and
(110) planes is largely higher for an azimuthal angle at about
90�. Moreover, as already mentioned, the rotation of the sam-
ple around to its normal direction did not significantly change
the diffraction patterns. Therefore, even if more experiments
should be necessary to rigorously determine the main orien-
tation of the unit cell, it can be concluded that the (010)
and (110) planes are preferentially aligned in the shear
plane. Indeed, because of shear, it can be foreseen that the

10 nm-1

ND

TD

(a)

(b)

Fig. 8. Diffraction patterns of PA1 (a) and PA2 (b) crystallized at 226 �C after

a preshear of 200 s�1 for 5 s. X-ray beam is parallel to the shear direction, SD:

shearing direction, ND: direction normal to the shear plane.
macromolecular chains could be oriented in the shear plane
(but not necessary in the shear direction) with the benzene
rings also oriented in the shear plane. In the crystalline cell,
these benzene rings are in the (120) plane [27] which forms
an angle of 26.4� with the (110) plane and an angle of 26.3�

with the (010) plane. Unfortunately it was not possible to
detect the diffraction of these (120) planes because the cor-
responding structure factor is relatively low. However, this
assumption could be supported by the fact that the (010) and
(110) planes diffraction intensity is higher for an azimuthal
angle centered at 90� but spreading over a relatively broad
angle range (�26�). In Fig. 12, the proposed crystalline cell
orientation is plotted for the virgin grade (PA1). In this figure,
the curved arrow indicates the possible cylindrical symmetry
deduced from the quasi invariance of the pattern when rotating
the sample around the normal to the shear plane.

Concerning the nucleated grade, Fig. 11 highlights the
slight crystalline preferential orientation observed in PA2
sheared sample. The low orientation level is to be linked to
crystallization kinetics. Indeed the sample was sheared at
226 �C for 5 s at 200 s�1 and, as it can be seen in Fig. 6,
this shear treatment does not considerably decrease the crys-
tallization time of the nucleated grade. In other words, the
crystallization occurs practically as for shear free conditions.
Thus, considering that the crystalline orientation would result
of the orientation of the shear induced nuclei, a low resulting
orientation level is expected when the shear rate is lower than
the critical shear rate necessary to enhance the crystallization
kinetics. For comparison, the PA1 grade exhibited a greater
orientation linked to the high effect of the shear treatment
on the crystallization kinetics (see Fig. 5) indicating a high
number of oriented nuclei due to the shear.

Nevertheless, even if the orientation level is low for PA2,
Figs. 9 and 11 show that this crystalline orientation is actually
present and, as already noted, it is not the same as it was for
PA1. Indeed, the (100) planes of MXD6 crystal now preferen-
tially diffract the X-rays for an azimuthal angle of about 90�

whereas the (010) and (110) planes preferentially diffract
around 0� but more precisely between �26� and þ26�. It
should be added that even if the diffraction ring of (004) plane
of the talc crystal overlaps with the diffraction ring due to
(100) planes of MXD6 crystal (see Fig. 9), the diffraction
ring corresponding to (010) and (110) planes is not altered
by the talc nor by the PA 66. Thus the variation of its intensity
with the azimuthal angle is really due to MXD6 preferential
orientation. Besides, likewise for PA1, the rotation of the
PA2 sample around the normal of the shear plane did not sig-
nificantly change the diffraction patterns so that again, a cylin-
drical symmetry of the crystalline orientation is expected.
Moreover, as it can be seen in Fig. 8b and in Fig. 9, the talc
crystalline planes (002) and (006) diffract at an azimuthal an-
gle of 90�, hence revealing a noticeable preferential orienta-
tion of the talc platelets in the shear plane, consistently with
literature data [41e45]. The preferential orientations of
MXD6 and talc crystals in PA2 are, respectively, shown in
Fig. 13a and b. Again, the proposed preferential orientation
for MXD6 crystals corresponds to the macromolecular
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Fig. 9. Diffractograms for two azimuthal angles of PA2 crystallized at 226 �C after a preshear of 200 s�1 for 5 s. The diffraction planes of MXD6, PA 66 and talc

are indicated with their respective interplanar distances. X-ray beam is parallel to the shear direction (inset: diffractograms of PA2 crystallized without shear).
backbone in the shear plane, but, contrary to the case of the
virgin grade, the (120) plane containing the benzene rings is
now perpendicular to the shear plane. Obviously, it can be
foreseen that the PA 66 crystals may be oriented as well but
it was not possible to correctly investigate this feature in the
present study because of the low diffraction intensity for
PA 66 (see Fig. 9). Nevertheless, this eventual orientation of
PA 66 is probably not very important (similarly to the MXD6
orientation in PA2) because, as it was already mentioned,
the crystallization kinetics is not considerably enhanced for
the present shear treatment.

Since in this case of PA2, the crystallization of MXD6 is
mainly induced by the nucleating additives (talc and/or PA
66), the orientation of MXD6 crystal may be governed by
the orientation of these additives. Thus, the difference of pref-
erential orientation between the virgin and the nucleated
grades may be explained as follows: for the virgin grade, the
shear directly orients the backbone and the benzene rings in
the shear plane. Conversely, in the presence of the talc and
the PA 66, the MXD6 crystals orientation will be different
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Fig. 10. Intensity of the two main diffraction peaks versus azimuthal angle for

the PA1 crystallized at 226 �C after a preshear of 200 s�1 for 5 s.
since it is a consequence of the previous orientation of the
talc platelets or the PA 66 crystals. If the MXD6 crystals orig-
inates from the talc, it would lead to transcrystalline layers on
talc particles as it was already reported in the works of Naiki
et al. [43] and Choi et al. [45] for injected samples of talc
nucleated polypropylene. According to this point of view, it
can be added that the crystalline orientation of MXD6 in
PA2 could be determined as a result of epitaxial growth on
(001) plane of the pre-oriented talc crystal. Indeed, the lattice
spacing of (040) and (220) planes of talc are 0.228 nm and
0.225 nm, respectively. Because the lattice spacing of (120)
plane of MXD6 is 0.233 nm, lattice matching is possible. On
the other hand, if the MXD6 crystals rather originate from
the PA 66, the orientation should be much less pronounced
since the PA 66 crystals are likely not to be noticeably ori-
ented. Therefore, in the present case where the orientation of
MXD6 remains weak, it seems that the nucleation of MXD6
crystals is rather induced by the PA 66.

As a conclusion, it can be added that the orientation of
MXD6 as shown in Fig. 13a should be obtained only for
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the PA2 crystallized at 226 �C after a preshear of 200 s�1 for 5 s.
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moderated shear treatments. Indeed, when the shear treatment
would become sufficient to enhance the crystallization kinet-
ics, that is to say, to provide shear induced nuclei more numer-
ous than the nuclei due to the nucleating additives, the
orientation should be the same as for the virgin grade (Fig. 12).

3.4.2. Crystalline lamellae analysis
SAXS measurements were performed on samples of PA1

and PA2, both crystallized at 226 �C after a preshear of
200 s�1 for 5 s. Fig. 14aed shows the scattering patterns for
both samples and for X-ray beam normal to the shear plane
and in the shear plane but perpendicular to the shear direction.
Moreover, Fig. 15 shows the plot of the intensity as a function
of the scattering vector q for an azimuthal angle of 0� in
Fig. 14b and d. The first conclusion deals with the nucleating
agents and more particularly the talc platelets. In the presence
of these fillers, the scattering intensity for PA2 is considerably
higher than in PA1 (see Fig. 15), likely because of talc. More-
over, the scattering intensity due to the talc is so high that the
scattering of the MXD6 crystalline lamellae in PA2 is practi-
cally undetectable (no correlation peak). Furthermore, as
shown by the scattering pattern in Fig. 14c the talc platelets
are oriented in the shear plane as already shown by the
WAXD analysis.

Contrary to PA2, the PA1 scattering patterns show a well
defined maximum typical of a semi-crystalline lamellar sys-
tem as illustrated in Fig. 15. This correlation peak is located
at a scattering vector value q¼ 0.5 nm�1. The long period
(Lp) can be determined by two different ways [35,46]. First,
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Fig. 12. Possible preferential position of the MXD6 crystal cell in a sheared

sample of PA1. The small arrows indicate the preferential diffraction direction

of the planes. The curved arrow indicates the cylindrical symmetry. X-ray

beam is parallel to the shear direction, ND: direction normal to the shear plane,

TD: direction in the shear plane, perpendicular to the shear direction.
the position qmax of the maximum of the Lorentz-corrected in-
tensity I1(q)¼ q2I(q) was calculated. Then Lp can be deduced
from:

Lp¼ 2p

qmax

ð9Þ

With this method, the obtained value of qmax was
0.54 nm�1 so that Lp¼ 11.6 nm.

The second method used consisted in the calculation of
the autocorrelation function G(r) from the cosine Fourier
transform of q2I(q):
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Fig. 13. Possible preferential positions of the crystal cells in a sheared sample

of PA2. (a) MXD6 triclinic cell, (b) talc monoclinic cell. The small arrows

indicate the preferential diffraction direction of the planes. The curved arrow

indicates the cylindrical symmetry. X-ray beam is parallel to the shear direc-

tion. ND: direction normal to the shear plane, TD: direction in the shear plane,

perpendicular to the shear direction.
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Fig. 14. Scattering patterns for PA1 (a and b) and PA2 (c and d). SD: shearing direction, ND: direction normal to the shear plane, TD: direction in the shear plane,

perpendicular to the shear direction. Patterns (a) and (c): X-ray beam is parallel to TD. Patterns (b) and (d): X-ray beam is parallel to ND.
GðrÞ ¼

ZþN

0

q2IðqÞcosðqrÞdq

ZþN

0

q2IðqÞdq

ð10Þ

In order to calculate the integrals defined above, extrapola-
tions of the data for the small q and for the large q ranges were
necessary. At low q the power law I(q)¼ aqf was used and the
Porod’s asymptote I(q)¼ C/q4þ B/q2 was used for the large q
range. The first maximum of the correlation function G(r)
finally yields the long period. In all cases, the values deduced
by both methods are in good agreement: Lp¼ 11.5 nm
(f¼ 1.85; a¼ 1.747� 106 nm1.85; B¼ 2.705� 104 nm�2;
C¼ 2.207� 104 nm�4).
Moreover, from the correlation function, the thickness of
the crystalline and amorphous lamellae can be evaluated, pro-
vided that the value of the crystallinity is available [46]. From
previous data [30] concerning the same materials, the esti-
mated crystallinity of MXD6 was lower than 24% in all cases.
Different alternative methods have been proposed in literature
for deducing the lamellae thickness. One of them consists in
determining the abscissa (l ) of the intercept between the tan-
gent of the correlation function at the origin and the horizontal
line which passes through its first minimum. From the correla-
tion function the obtained value of l was 2.3 nm. The ambigu-
ity to assign this size to the crystalline or the amorphous
lamella thickness is resolved thanks to the low obtained crys-
tallinity and this leads to a crystalline lamella thickness lc
of 2.3 nm and an amorphous lamella thickness of 9.2 nm
(la¼ Lp� lc).
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The 2D SAXS patterns of PA1 can also provide some de-
tails concerning the crystalline lamellae orientation. From
Fig. 14a and b, it can be observed that the lamellae appears
preferentially perpendicular to the shear plane. Indeed, the
scattered intensity maximum appears at an azimuthal angle
of 0� for both these patterns, indicating that the stack period-
icity (i.e. the small dimension direction of the lamellae) is par-
allel to the shear direction. Surprisingly, this result only
partially agrees with the conclusions drawn from WAXD ex-
periments. Indeed, from WAXD, it was concluded that the
macromolecular backbone of the MXD6 chains were aligned
in the shear plane with the benzene rings oriented also in
the shear plane and this first main conclusion is corroborated
by the SAXS. However, the fact that the WAXD patterns are
not modified by the rotation of the sample around the normal
to the shear plane allows to conclude that there was a cylindri-
cal symmetry of the orientation around this axis. Consequently
all orientations of the crystalline lamellae with the thickness
direction in the shear plane could be possible. This last result
slightly differs from the SAXS data which indicate rather
a preferential orientation of the lamellae with their normal di-
rection parallel to the shear direction. Obviously, more inves-
tigations should be performed to unquestionably remove this
discrepancy but at this stage, it could be deduced that there
is a slight preferential orientation of the lamellar thickness di-
rection parallel to the shear direction, as revealed by SAXS ex-
periments, this orientation being not sufficient to be revealed
by WAXD.

3.4.3. Crystalline orientation versus kinetic model
A comment can be added concerning the links between the

crystallization kinetics and the obtained crystalline orientation.
Indeed, for the considered shear treatment (200 s�1 for 5 s at
226 �C), the crystalline orientation is important for PA1 and
low for PA2. Moreover, from a kinetic point of view, the en-
hancement due to this shear treatment is more efficient for
PA1 than for PA2 (see for example Table 2). Additionally,
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the kinetic enhancement being considered as a result of the
increasing nucleation due to the molecular orientation by the
shear, it follows that the kinetic enhancement should coincide
with a resulting crystalline orientation. Nevertheless, it must
be recalled that, in the presented kinetic model, a non-oriented
spherulitic structure was considered to calculate the expanded
volume (see Eq. (3)). Obviously, this is one of the drawbacks
of the presented kinetic model which is inadequate to predict
any crystalline orientation. One of the ways of its improve-
ment should be in revisiting Eq. (3) to take into account the
development of non-spherical entities. However, this would
lead to a more complex model required to determine more pa-
rameters. Nevertheless, from a merely kinetic point of view,
the model introduced in the present work remains reliable in
predicting the crystallization times.

4. Conclusion

The present study showed the enhancing effect of shear
on the crystallization kinetics of the MXD6 for both virgin
or nucleated grades. For a constant shearing time, and for
shear rates higher than a critical value, the enhancement of
the crystallization kinetics increases with increasing the shear
rate, as it has been observed for many polymers. For a definite
shear rate, increasing the shearing time leads also to enhance
the crystallization kinetics but only up to a given level that is
reached asymptotically. Moreover, in the investigated temper-
ature range, the crystallization temperature does not affect the
shear effect on the crystallization kinetics. Besides, the virgin
grade of MXD6 is more sensitive to the shear with a lower
critical shear rate and a more important decrease of the crys-
tallization time than for the nucleated grade. That can be
explained by the creation of additional nuclei with chain
alignment induced by shear. Thus, the shear can be efficient
only if the shear induced nuclei become more numerous
than in the quiescent melt. Obviously, in the nucleated grade
of MXD6, the quiescent nuclei number is higher than in the
virgin grade, so that it requires a higher number of shear in-
duced nuclei and thus, a stronger shear treatment to change
the crystallization kinetics.

From these observations, a simple kinetic model based on
the Avrami equation has been proposed in order to take into
account separately the different parameters. First, based on
previous analyses [30], the temperature effect was introduced
including the effect on the growth rate and on the quiescent
nuclei number which is obviously also affected by nucleating
agents. Second, the shear effect was introduced by relating the
additional nucleation frequency to the shear rate by an empir-
ical power law which leads to a good prediction of the effect of
both the shear rate and the shearing time and for both
formulations.

Moreover, X-ray analyses provided a microstructural de-
scription of the shear effects. In identical shear conditions,
the non-nucleated grade exhibits a more pronounced orienta-
tion than the nucleated one, in good agreement with the previ-
ous conclusion that the shear is more efficient for the
non-nucleated polymer. Indeed, it seems that these specific
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shearing conditions are not enough strong to largely enhance
the crystallization kinetics of the nucleated polymer and
consequently to largely orient the resulting crystalline mor-
phology. Moreover, the obtained crystalline orientation is dif-
ferent between the virgin and the nucleated grades. Indeed for
the virgin polymer, the main crystalline orientation appears to
be with the chain backbone and the benzene rings parallel to
the shear plane. Alternatively, for the nucleated grade, the
weak crystalline orientation appears with the chain backbone
still in the shear plane but with the benzene rings perpendicu-
lar to the shear plane, possibly because of a heterogeneous
nucleation on the nucleating agents which are themselves
oriented in the shear plane. This result is consistent with the
low effect of shear on the MXD6 crystallization in the nucle-
ated grade, otherwise the orientation would be the same than
in the virgin grade. Indeed, for the nucleated grade, the shear
affects the orientation of the talc platelets but, as mentioned
before, if the shear was really efficient in directly enhancing
the crystallization kinetics, this would be due to a large num-
ber of nuclei generated by the chain orientation independently
of the nucleating agent. In that case, the resulting crystalline
orientation should be the same than for the virgin grade.

The last conclusion may be extrapolated to practical appli-
cations. For example, if one would like to govern the crystal-
line orientation by adding some nucleating agents of high
shape ratio and expecting them to be oriented by the process-
ing to determine the subsequent crystalline orientation, one
would be careful that the shear due to the processing is not
too strong otherwise the nucleating agent efficiency will be
lost. On the other hand one may compensate this shear effect
by adding more nucleating agent.
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