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Abstract

This study deals with the structural modifications of a polyamide 6 (PA6) and a miscible blend of this PA6 with an amorphous semi-aromatic
copolyamide (PA6/aPA) under tensile drawing. By combining X-ray diffraction and FTIR spectroscopy, the crystalline phase transitions have
been investigated as a function of drawing temperature and strain for both systems. A mechanically induced bea transition has been clearly
identified for PA6 at 100 �C and above, whereas the PA6/aPA blend undergoes the same evolution at 130 �C. These threshold temperatures
are very close to the upper limit of the glasserubber transition of the two systems. This is evidence that the amorphous chain mobility plays
a major role on the reorganization capability of the crystalline phase towards its stable form. Further discussion is made regarding the physical
origin of this phenomenon.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Semi-crystalline polymers are complex systems, with an
amorphous phase interlaying crystalline lamellae, most of
the macromolecular chains being engaged in both phases. Re-
garding plastic deformation, extensive work has been devoted
to the temperature range between the glass transition and the
melting point, in which both phases are involved, leading to
important changes in crystallographic texture and morphology
[1]. Indeed, a gradual lamellar to fibrillar structural transfor-
mation has been evidenced for several semi-crystalline poly-
mers under various testing conditions such as uniaxial
tension and simple shear experiments [1e3]. Contribution of
the amorphous phase has been described in terms of interlam-
ellar slip, interlamellar separation and stack rotation [1,4,5].
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Regarding the crystalline phase, the question is addressed
according to two rather conflicting approaches. The first one,
issued from ‘‘classical’’ crystal plasticity considers that plastic
flow results from dislocation motions within the lamellae in-
ducing crystallographic slip inside the crystals [6e9]. This
model accounts fairly well for experimental results at low
strains, such as the yield stress dependence on drawing
temperature or lamella thickness [6,7,10,11]. However, this
approach cannot explain some observations at large deforma-
tions, like the long period change during drawing shown by
Peterlin [12,13]. In the latter case, it is assumed that the defor-
mation proceeds by simultaneous melting and recrystallization
of the polymer under adiabatic conditions [14e16].

Deformation may induce additional effects on the structure,
such as twinning and crystal phase transitions. Twinning, usu-
ally observed at small strains, produces a large rotation of the
crystallographic lattice around the chain axis due to finite
transverse displacement of chains in crystals, while maintain-
ing the original structure. Deformation processes may also be
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accompanied by orderedisorder, disordereorder and ordere
order crystal phase transitions that have been investigated in
numerous authors [17e26]. In the case of nylon 6, a strain-
induced disordereorder reorganization has been clearly iden-
tified [27e31]. The mechanism of this phase transformation
is still not clearly elucidated. Using atomic force microscopy
and Raman microspectroscopy, Ferreiro et al., have shown
that for temperatures below 160 �C, plasticity in nylon 6 is
governed by the nucleation and propagation of shear bands
within the amorphous phase [30,32]. They also found that
starting from a spherulitic morphology, the disordereorder
transition mainly takes place during the build up of the fibrils.
It is therefore of prime importance to determine the role of the
amorphous phase in the plastic deformation process. In
the case of nylon 6, an interesting opportunity for probing
the amorphous phase contribution is afforded by studying
nylon 6/amorphous nylon miscible blends as a function of
blend composition.

Apart from their potential interest for packaging applica-
tions, blends of polyamide 6 (PA6) with an amorphous aromatic
copolyamide (aPA) offer a miscible system for which, by vary-
ing the aPA content, the crystal weight fraction of the PA6 com-
ponent may be kept fairly constant while increasing the
amorphous content and the glass transition temperature [33].

Initial structure, thermal and mechanical behaviours of
PA6/aPA blends have been reported elsewhere [34]. It was
shown that the initial morphology is not spherulitic but rather
consists of randomly distributed bundles of lamellae. At tem-
peratures above the activation of the amorphous phase relaxa-
tion, a ductility improvement has been observed in terms of
ultimate drawability upon addition of aPA. This finding has
been mainly ascribed to aPA which acts as a diluent of the
macromolecular network. Besides, the occurrence of a defor-
mation induced crystal phase transition has been asserted,
and the goal of the present paper is to focus on these transi-
tions in PA6/aPA blends and to quantify their evolution as
a function of blend composition and temperature by means
of X-ray diffraction and FTIR spectroscopy. Probing the role
of amorphous phase mobility will be a major issue in this
attempt to elucidate the disordereorder crystal phase transfor-
mations in PA6.

2. Experimental

2.1. Materials

The aliphatic polyamide 6 supplied by DSM (Akulon F
136) has a weight-average molar mass Mw¼ 50 kDa. The
semi-aromatic amorphous polyamide, referred as aPA (Gri-
vory G21 from EMS) is an amorphous copolyamide, PA6I-
6T, with isophthalic (I)/terephthalic (T) ratio 0.70/0.30 and
Mw¼ 8120 Da.

Pure PA6 and PA6/aPA blend with 60/40 weight ratio were
provided by DSM Research. Materials were extruded at
275 �C, cast into films about 80 mm thick on a chill roll at
22 �C and annealed at 100 �C for 5 min. Samples were then
stored under vacuum at room temperature prior to stretching.
The thermal characterizations of the annealed films have
been published elsewhere [30]. The main features are summar-
ised in Table 1.

2.2. Mechanical testing

Dynamic mechanical experiments were performed to eval-
uate the evolution of the main viscoelastic relaxation with re-
spect to blend composition. Measurements were carried out on
a Rheometrics RSA II apparatus operating in tensile mode at
a frequency of 1 Hz in the temperature range 0< T< 180 �C.
Specimens with gauge width and length 7 mm� 22 mm were
cut from the cast films.

Tensile tests were performed in the temperature range
70< Tdraw< 130 �C on dried samples. The upper value for
the drawing temperature was deliberately chosen to make
sure that the observed structural transformations are not ther-
mally induced but originate from plastic straining. Indeed,
a previous study has shown that thermally induced crystal
transitions significantly occur above 130 �C [33]. Test speci-
mens with 25 mm gauge length and 5 mm width were drawn
at a constant crosshead speed of 50 mm/min. For the structural
characterization, the local strain, 3, was determined a posteriori
from the spacing of ink marks printed 1.5 mm apart on the
samples prior to deformation.

2.3. Structural characterization

The drawn samples were analyzed in the unloaded state.
X-ray diffraction, in combination with infrared spectroscopy,
was used to investigate the strain-induced crystal phase
changes.

Wide-angle X-ray scattering (WAXS) experiments were
carried out at room temperature in transmission mode. The
Ni-filtered Cu Ka radiation (l¼ 1.54 Å) was generated by
a Phillips tube operated at 40 kV and 20 mA. The 2D X-ray
patterns were obtained on flat films, the sample-to-film
distance being 90 mm. The X-ray diffraction profiles were re-
corded on a diffractometer equipped with a curved position-
sensitive X-ray multi-detector INEL CPS120. Uniaxially
stretched films were fixed on the goniometer so that the
draw direction was normal to the detector plane. The diffrac-
tion data are thus collected in the equatorial plane in the range
8� < 2q< 30� with a step interval of about 0.03�. The specific
features of the different crystalline structures of PA6 by X-ray
diffraction are documented in many papers [27,33,35,36]. The
a form is identified by two well-defined reflections at 2q¼ 20�

and 24�, corresponding to the diffraction of the (200) and

Table 1

Glass transition temperature, Tg, melting point, Tm, crystal weight fraction, Wc,

and crystal weight fraction with respect to PA6 only, WcPA6, for pure PA6 and

PA6/aPA blend

Material Tg (�C) Tm (�C) Wc (%) WcPA6 (%)

PA6 51 220 27 27

PA6/aPA blend 77 217 15 25
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(002) planes, respectively. It can be noticed that the latter
corresponds to the H-bond plane. The g phase exhibits two
main diffractions, at 2q¼ 10.5� and 21.5�. The mesomorphic
b form is characterized by a weak diffraction at about
2q¼ 10� and a main diffraction at about 2q¼ 21.5�, much
broader than the one observed for g phase at about the same
scattering angle. The latter feature is relevant to the disordered
character of the b phase.

Infrared spectra were collected in transmission mode on the
microscope attachment of an FTIR PerkineElmer 2000 spec-
trometer equipped with a narrow range MCT detector. The
size of the focused beam on the sample was 100 mm. Each
FTIR spectrum consisted of 30 scans recorded over the wave
number range 850e1150 cm�1 with a resolution of 4 cm�1.
The spectrum intensity was normalized with respect to film
thickness. Identification of the specific infrared bands for
each crystalline form of PA6 as well as for the aPA has been
reported in literature [33,37,38]. The absorbance bands at
927, 960 and 1028 cm�1 are ascribed to the a form whereas
the bands at 914 and 1000 cm�1 are assigned to the a form.
The absorbance bands at 973 and 1068 cm�1 are attributed
to both b and a phases. The aPA exhibits a characteristic
band at 868 cm�1. These specific bands allow following and
quantifying the mechanically induced crystal phase changes
in the materials under study. Experimental spectra are consid-
ered as the result of a linear combination of ‘‘pure component
spectra’’ recorded from PA6 samples having major a, b and g
forms. Every experimental spectrum is fitted by adjusting the
proportions of the three pure component spectra [33].

DSC experiments have been carried out on a PerkineElmer
DSC-7 apparatus. Temperature scale was calibrated using high
purity indium and zinc samples. The heating rate was 10 �C/
min and the sample weight was about 10 mg.

3. Results

3.1. Mechanical behaviour

Fig. 1 summarises the mechanical relaxation behaviour of
PA6 and PA6/aPA homogeneous blend. More details can be
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Fig. 1. Loss modulus E00 as a function of temperature for pure PA6 and PA6/

aPA blend (dashed arrows indicate upper temperature limit of main

relaxation).
found in Ref. [34]. The temperature location of the main relax-
ation peak is clearly composition dependent due to the higher
glass transition temperature of aPA as compared to the amor-
phous phase of pure PA6. The upper limit of the glasserubber
transition, Ta

up, indicated by arrows in Fig. 1 occurs at about
105 �C for PA6 whereas it takes place at about 135 �C for the
PA6/aPA blend.

Based on these results, the tensile testing experiments were
conducted below, above and in the glasserubber transition
range. Pure PA6 was thus tested at 70, 100 and 130 �C, and
the blend at 100 and 130 �C. It is worth noticing that whatever
be the draw temperature, the two materials exhibit a ductile
behaviour [34].

3.2. Structural characterization

Before investigating crystal phase transitions, the crystal
content evolution with deformation has been controlled by
comparing the melting endotherm of drawn samples with the
ones of the isotropic specimens. No significant evolution in
melting energy is observed indicating that the crystal content
is kept fairly constant with drawing irrespective of blend com-
position. The DSC thermogram of PA6/aPA blend already
reported in the previous mechanical study [34] displays a melt-
ing endotherm much similar to that of pure PA6. Moreover, as
indicated in Table 1, the PA6 crystal weight fraction in the
blend is very close to that measured for pure PA6, i.e. insen-
sitive to the presence of the amorphous copolyamide chains.
These findings reveal that only PA6 chains are engaged in
the crystalline phase of the blend.

Another point of general concern is that considering
the large gap between the draw and melting temperature
ranges, strain-induced meltingerecrystallization phenomena
are unlikely to occur. Only solid state processes should be in-
volved during the deformation of pure PA6 and blend cast
films, in agreement with LineArgon [9] and FerreiroeCoulon
[32] experimental studies of the plastic behaviour of a form of
nylon 6.

Fig. 2 displays the WAXS patterns of the pure PA6 and
blend uniaxially stretched at 100 �C for various strains. The
undrawn pure PA6 sample (Fig. 2a 3¼ 0) is mainly in disor-
dered state as revealed by the broad diffraction ring located
around 2q¼ 21.5�. As the strain is increased, the initial pattern
changes into two well-defined equatorial diffractions at
2q¼ 20� and 24� (Fig. 2a 3¼ 1.0 and 3¼ 2.2). These reflec-
tions become predominant at the higher strain 3¼ 2.2. This
pattern is indicative of an orientation of the chain axis in the
stretching direction, in combination with a strain-induced
bea phase transformation.

The WAXS patterns of the PA6/aPA blend (Fig. 2b) display
an initial broad scattering relevant to the b form in addition to
some contribution of the two diffraction rings characteristic of
the a form. Upon drawing at 100 �C, the main scattering
located in the equatorial region (Fig. 2b 3¼ 1.7 and 3¼ 2.6)
reveals a gradual orientation of the chains in the stretching
direction. However, no evidence of disordereorder transfor-
mation is observed. It even seems that significant crystalline
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Fig. 2. WAXS patterns of (a) pure PA6 stretched at 100 �C for strains 3¼ 0, 3¼ 1.0, 3¼ 2.2, and (b) the PA6/aPA blend stretched at 100 �C for strains 3¼ 0,

3¼ 1.7, and 3¼ 2.6.
disorder occurs with deformation as judged from the gradual
broadening of the equatorial scattering with increasing strain.
Besides, the observation of the meridian reflection characteris-
tic of the b phase at about 2q¼ 10� corroborates the develop-
ment of crystalline disorder upon deformation at the expense
of the a crystals.

Fig. 3a shows the FTIR spectra of pure PA6 as a function of
strain. The characteristic bands of the a phase at 927 and
960 cm�1 steadily grow with increasing strain whereas the
973 and 1068 cm�1 bands drop. This is clearly indicative of
a phase formation upon drawing, in agreement with the previ-
ous X-ray observations.

The evolution of the crystalline structure upon drawing for
PA6/aPA blend has been also investigated using FTIR
spectroscopy. As shown in a previous study [33], the FTIR
spectrum of pure aPA exhibits the following valuable features.

- The 868 cm�1 band does not interfere with any of the
characteristic bands of the various PA6 pure forms: it
could therefore be taken as a reference insensitive to strain
and phase changes in the PA6 crystalline phase. It also
allows checking the aPA content in the blend.

- The lack of aPA band in the wave number range
950e970 cm�1 enables monitoring the strain-induced
bea and aeb crystal phase transitions in PA6 without
perturbation.
Fig. 3b displays the FTIR spectra recorded at various
strains for the PA6/aPA blend stretched at 100 �C. The
decrease of the absorbance band at 960 cm�1 as the strain is
increased reveals a steady drop of a phase content, in perfect
support to the previous X-ray observations. Moreover, it can
be observed that the absorbance level at 868 cm�1 shows no
significant evolution with strain, as discussed before.

Based on these FTIR spectra, a quantification of the crystal-
line phases as a function of strain was achieved by considering
a linear combination of the spectra of pure aPA and the
so-called pure PA6 components using the same procedure as
described in a previous paper [33]. Fig. 4a discloses the results
for PA6 stretched at 100 �C as a function of strain. The initial
crystalline structure of PA6, mainly the b phase, gradually
transforms into a form as the strain is increased. Regarding
the bend, the calculated volume fraction of aPA is found to
be 40� 3%, in very good agreement with the data from blend
processing. The relative contribution of each crystalline form
in the blend with respect to total PA6 crystal phase content
is reported in Fig. 4b as a function of strain. A continuous
drop of the a form content is observed as a function of strain,
down to the sensitivity limits of the procedure, in parallel with
an increased content of the disordered b phase.

Some authors have already reported on a mechanically
induced disordereorder transformation in PA6 [27e31]. How-
ever, this phenomenon has been barely commented. It is worth
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noticing that the present gradual bea crystal transition start-
ing at low strains in materials with an initial morphology con-
sisting of bundles of lamella strongly differs from the situation
encountered in the case of spherulitic morphology [30]. In the
latter case, as mentioned in Section 1, Ferreiro et al., have
shown that the bea transition mainly occurs at high strains
during the build up of the fibrils, through the reorientation
of the nano-blocks resulting from the lamella fragmentation.

Fig. 5a illustrates the evolution of the FTIR spectra for PA6
drawn up to 3¼ 1.0 at various draw temperatures. The
bea transformation is clearly favoured at higher draw temper-
ature as indicated by the increase of the 927 and 960 cm�1

bands at 130 �C, as compared to the evolution at 100 �C. By
contrast, no evidence of disordereorder transition is observed
between the isotropic sample and the one stretched at 70 �C.
Indeed, the specific bands at 927 and 960 cm�1 relative to
the a phase even decrease at 70 �C, rather suggesting a reverse
trend of increased disorder at this temperature. The quantita-
tive evolution of the crystalline structure upon drawing at 70
and 130 �C reported in Fig. 6 shows that the disordereorder
transformation is promoted as the draw temperature is
increased. Besides, no significant crystal transition occurs
for PA6 stretched at 70 �C till 3> 1.8.

Fig. 7a which depicts the equatorial WAXS scans of PA6
drawn at 70, 100 and 130 �C up to the same strain of
3¼ 2.0 confirms the above FTIR analysis. In particular, the
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Fig. 3. Infrared spectra of (a) pure PA6 and (b) PA6/aPA blend stretched at

100 �C at various strains.

X-ray profile for PA6 stretched at 70 �C exhibits a broad
diffraction peak spanning the scattering range 19e25�, charac-
teristic of b form. Very faint humps close to 2q¼ 21� and 23�

are relevant to small amount of a crystals, either strain induced
or already present in the isotropic film, as suggested by the
FTIR data of Fig. 6a. In the latter situation, the appearance
of the two faint a form reflections could be due to the disap-
pearance of the g form reflection at 2q¼ 21.5� that masked the
presence of the a phase in the isotropic sample. It is worth
noticing that the amount of g crystals in the isotropic film is
less than 5%, and therefore undetectable by FTIR.

In contrast to pure PA6, both FTIR and X-ray diffraction
revealed an orderedisorder transformation for the PA6/aPA
blend stretched at 100 �C. Further investigation of the inci-
dence of draw temperature on the phase transition in the blend
is reported in Figs. 5b and 7b through the FTIR spectra and
X-ray scattering patterns for a strain 3¼ 2.0. Both kinds of
data show that drawing at 130 �C promotes a bea crystal
phase transition contrary to what is observed for samples
drawn at 100 �C. Therefore, the PA6/aPA blend behaves at
130 �C in the same way as pure PA6 beyond 100 �C.

4. Discussion

Since the crystalline phase consists of pure PA6 in both
PA6 and PA6/aPA blend, one cannot suspect changes in chain
mobility in the crystal to be responsible for the different
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thermal behaviour of the two systems regarding strain-induced
phase transitions. Considering that PA6 displays a marked be
a transition at 100 �C and above, whereas the PA6/aPA blend
clearly starts to transform at 130 �C, it is worth recalling that
there is a 30 �C shift in the temperature location of the main
viscoelastic relaxation peak of the blend with respect to that
of pure PA6 (Fig. 1). More precisely, these two threshold tem-
peratures for the onset of bea phase transition correspond to
the upper temperature limit, Ta

up, of the viscoelastic peak asso-
ciated with the glasserubber transition for both pure PA6 and
the PA6/aPA blend. These features are in favour of suspecting
that amorphous chain mobility plays a major role on the reor-
ganization capability of the crystalline phase towards its stable
form. For further comparison of PA6 and PA6/aPA blend,
Fig. 8 shows the relative crystal content as a function of strain
for the two systems drawn at 100 and 130 �C, respectively.
Note that in both cases Tdraw roughly equals Ta

up. The perfect
coincidence of the evolution of the bea transition in Fig. 8
for both materials points out the key role of the Ta

up parameter
on the strain-induced changes in the crystalline phase. It there-
fore reinforces the above questioning of a close connection be-
tween the reorganization capability of the crystal phase and the
chain mobility in the amorphous phase.

Previous studies on strain-induced phase changes in semi-
crystalline polymers have pointed out the major role of chain
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mobility in the crystal [18,39]. The situation looks more com-
plex in the present case. First, the fact that the temperature
dependence of the crystalline phase transition is different for
the pure PA6 and the PA6/aPA blend, whereas the crystalline
phase is identical for the two systems, strongly suggests that
the phenomenon is governed by factors external to the crystal-
line phase. Second, since the threshold temperature of the tran-
sition is tightly connected with the glasserubber transition
temperature, these external factors are definitely related to
the surrounding amorphous phase.

Regarding the chain mobility in the amorphous phase of
nylon 6, both the strong dissymmetry of the main relaxation
peak associated with molecular mobility in the amorphous
phase and the great sensitivity of the high temperature side
of this peak to frequency were ascribed to the presence of
a so-called constrained amorphous phase [40]. This finding
was confirmed by NMR measurements which gave evidence
of an amorphous component with reduced mobility above
the usual glass transition temperature. It was assigned to a to-
pologically constrained interfacial region [41e43]. The con-
straints on the amorphous chains due to the anchoring onto
the crystal surface, and the dynamic equilibrium of interchain
H-bonds in the amorphous phase, even for temperatures far
above the glass transition, should be the factors of hindrance
of chain mobility in the crystalline phase. More particularly
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concerned with such hindrance is the translation motion
through the crystalline lamella thickness of the crystalline
chain stems which need some mobility of the amorphous chain
counterpart at the crystal surface. All present experimental
findings therefore provide definitive evidence of the intimate
dependence of the strain-induced phase change on the com-
plete unlocking of the constrained amorphous phase.
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Fig. 7. Equatorial WAXS scans of (a) pure PA6 and (b) PA6/aPA blend drawn

at 3¼ 2.0 for various draw temperatures.
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It is worth adding that the observation of an orderedisorder
transition for draw temperature below 100 and 130 �C for PA6
and PA6/aPA blend, respectively, is also consistent with the
above arguments.

As a final point, we would like to emphasize that the hin-
drance to the translational motions of the crystalline stems
may be the reason why nylon 6 does not display mechanical
damping associated with the crystalline phase in spite of the
actual activation of libration motions in the crystal.
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