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a b s t r a c t

The effect of molecular weight and rubbery state uniaxial stretching conditions on the mechano-optical
behavior of Poly(m-xylylenediamine adipamide) (Nylon MXD6) films was investigated using a real time
spectral birefringence stretching machine. The stress optical behavior exhibits a multi stage behavior that
depends on process conditions as well as molecular weight. At low stretching temperatures and high
rates the stress optical behavior was found to start with an initial glassy photo elastic behavior.
Decreasing stretching rate or increasing processing temperature was found to eliminate this glassy
photoelastic regime leading to the observation of a linear initial stress optical behavior past a tempera-
ture of 95 �C (Tll). The stress optical constant (SOC) was about the same for both M.W. materials stretched
at temperatures past Tll, at 2.7 GPa�1 for HPA6 and 2.61 GPa�1 for LPA6. Following this initial regime, the
behavior is controlled by the competition between orientation and relaxation during deformation. If the
chain orientation relaxation is not suppressed by increasing the stretching rate and/or the molecular
weight or by decreasing temperature, the material strain crystallizes.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction material in PET bottle applications for tea, juice, carbonated soft
Poly(m-xylylenediamine adipamide)(MXD6) is an aromatic
polyamide produced by monomers

polymerization of m-xylylenediamine and adipic acid (hexan-
1,6-dioic acid) [1]. It is well known for its superior gas barrier
properties. This material exhibits a slow crystallization character
and is easily quenched into the glassy state, closely resembling the
behavior of PET [2]. Because of the latter behavior it shows good
processability in thermoforming, stretch blow molding and tenter
film biaxial stretching operations [3]. Hence, Nylon MXD6 is widely
used in the production of films, sheets and rigid containers as a new
type of high gas barrier resin [4]. For instance, Nylon MXD6 is
currently being used for PET bottle applications, both as a barrier
layer in multilayer bottles or as a single layer blended with PET [5].
Owing to its processability, recyclability, moderate adhesion to PET
layers and total cost, Nylon MXD6 is well suited as a high barrier
.

All rights reserved.
drinks or beer [4]. During the fabrication of these products, the
quenched amorphous polymer is oriented in the temperature range
(Tg < Tp < Tcc) where it behaves rubbery and where thermal crys-
tallization practically does not occur due to an extremely long half
time of crystallization.

In immiscible blends containing a minor component of MXD6,
orientation has been shown to transform dispersed spherical
MXD6 domains into platelets oriented in the plane of the film [6].
The formation of this disk-like phase increases the tortuosity of the
diffusion pathway arising from the high aspect ratio MXD6 plate-
lets, thus leading to increased barrier properties [6].

Upon stretching in the rubbery state from amorphous precur-
sors, polymer chains orient and after a certain degree of orientation
is reached, they may undergo stress induced crystallization
resulting in mechanical strain hardening [7,8]. As the level of
crystallinity increases in a sample, a crystalline network develops
and stabilizes the bulk material with respect to properties such as
shrinkage and heat distortion [9]. The presence of stress induced
crystallization leads to “self-leveling” in polymer films as the
thinned portions of the material stop deforming and thicker
portions are deformed to the same level, yielding a uniform
thickness distribution [10]. If this mechanism is absent or delayed
to high strain levels, the resulting product would contain
commercially undesirable thickness distributions. If one can attain
early onset of stress induced crystallization, the finished product
would have a lower thickness distribution [11], lower gas diffusion

mailto:cakmak@uakron.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.06.014
http://dx.doi.org/10.1016/j.polymer.2010.06.014
http://dx.doi.org/10.1016/j.polymer.2010.06.014


S. Seif, M. Cakmak / Polymer 51 (2010) 3762e3773 3763
characteristics [6], better thermal stability [11], mechanical prop-
erties [7,8], and enhanced optical clarity through amplified stress
enhanced crystal nucleation [12,13]. In the early stage of defor-
mation stress has been found to linearly correlate with birefrin-
gence, following the stress optical rule (SOR)

Dn ¼ Cs (1)

This relationship has been used extensively in polymeric melts
but has also been shown to be valid for amorphous polymers at low
to moderate stress levels [14,15]. Here C is the stress optical
constant. Beyond low to moderate stress levels, however, a devia-
tion from linear SOR occurs. For instance, if stress induced crys-
tallization occurs in a material, a positive deviation from linearity,
associated with a Regime II behavior was observed [6e8,16,17].
Finally, at high stress levels non-Gaussian segmental distribution is
present as the chains approach their finite extensibilities and
a negative deviation from linearity (Regime III behavior) occurs
with stress increasing while birefringence approaches a plateau
[7,18,19]. In the past [7,8], it has been shown that utilization of fast
deformation rates and lower temperatures prevents the stress
induced crystallization particularly when the polymers possess
high molecular weight and consequent high entanglement density.
Under these conditions Regime IeIIIa behavior is observed where
the IIIa regime slope negatively deviates from the Regime I. The
structures of such materials were found to possess substantial
preferred chain orientation and translational disorder along the
stretching direction.

When stretched near their glass transition temperatures,
however, polymers may initially exhibit a photoelastic glassy
behavior with stress increasing rapidly while birefringence
increases slowly [20e22]. This glassy behavior disappears at some
temperature Tll, which has been defined as a temperature at which
the material changes from a “fixed liquid” state to a “true liquid”
state on the basis of rheological behavior [23,24]. Murthy [23]
describes a model of the liquid regime consisting of dynamic
clusters (a regions) surrounded by “liquid-like” b regions. Accord-
ing to this model, the part of the polymer chain involved in the
cooperatively rearranging a region can be viewed as a “segment”.
With an increase of temperature, the “surface melting” of these
clusters starts at Tg, with the result that the number of repeat units
that go into the surrounding liquid increases and the size of the
segment that is involved in the cooperative a process decreases. In
other words, the strength of the b process increases at the cost of
the a process. Boyer and Frenkel [25,26] have also treated the
temperature Tll as that above which complete “melting” of clusters
or segments takes place. They describe the existence of “segmental
crystals” at temperatures below Tll that prevent the material from
behaving as a true liquid as they act as additional junction points in
a physical network composed of entanglements. As soon as these
preexisting “segmental crystals” disintegrate beyond the Tll, the
material starts showing rubbery deformation with the Regime I
following the stress optical rule and the strain-optical behavior
after this transition becomes completely non-linear indicating no
inherent network holding the material anymore. The authors have
also shown that the liquideliquid transition is considered a relax-
ation and not a thermodynamic transition as it is frequency-
dependent.

The Poisson’s ratio, n, is defined as the relationship between the
strain produced by a tensile force and the resulting contraction that
occurs in directions perpendicular to it [27,28].

The calculation of Poisson’s ratio is hence taken as follows [27]:

n ¼ �3trans
3axial

¼ �3x
3y

(2)
where 3trans is the transverse direction (TD) strain and 3axial is the
machine direction (MD) strain.

In an isotropic material the range of Poisson’s ratio is given by
�1 � n � 0.5. Although the Poisson’s ratio is very close to 0.5 for an
incompressible material, a Poisson’s ratio of 0.5 corresponds to an
infinite bulk modulus and is thus never attained in practice [28].

Very few researchers have studied the effects of strain on the
evolution of Poisson’s ratio; in fact, most studies on Poisson’s ratio
literature consider only one value of Poisson’s ratio, when the
deformation is infinitesimally small. Furthermore, most of the other
Poisson’s ratio studies done to date [27e33] deal only with Pois-
son’s ratio changes under small deformation levels, discovering
that Poisson’s ratio has a non-linear dependence on axial strain.
Equation (2), however, has only limited value for materials since n

thus defined is not constant at large strains. Smith [33] addressed
this issue by defining Poisson’s ratio in terms of the logarithmic or
Hencky strains:

n ¼ �dln V
V0

2lnl1
þ 1
2

¼ �dlnl2
dlnl1

(3)

whereby l1, l2 and l3 are the extension/contraction ratios in the
machine, transverse and normal directions, respectively. This
definition has several advantages in that n is independent of strain
for constant volume and at the same time n ¼ 0.5 is still associated
with incompressibility.

Choi and Lakes [29] observed an increase in Poisson’s ratio at
small strain levels for various conventional and re-entrant polymer
cellular solids (foams). They explained this behavior by using the
fact that the Poisson’s ratio is affected by the competition between
the Young’s modulus and the Bulk modulus of the material, by the
following relationship [29]:

nðtÞ ¼ 1
2
� EðtÞ
6BðtÞ (4)

The authors stated that for polymeric materials, when the
Young’s modulus E relaxes much more than the Bulk modulus B
during stretching, Poisson’s ratio increases monotonically with
time. Wilson et al. [30] and later on Ma et al. [32] have also
observed similar Poisson’s ratio increases at low strain levels in
PET and PEN film, respectively. However, all of these authors
performed their studies at room temperature conditions, whereby
the polymers are deformed in the glassy state. Kugler et al. [31]
measured Poisson’s ratio in a series of filled elastomers using
a novel optoelectronic system. They observed sharp decreases of
Poisson’s ratio with strain, relating this to binder/filler debonding
or cavitation which leads to a high rate of vacuole formation
around the embedded particles and henceforth a significant
increase in volume that gives rise to large negative slopes,
according to equation (3).

Controlling material properties through control of orientation
and phase development require a clear understanding of the effects
of molecular weight and processing conditions, including temper-
ature, rate and extent of stretching, on stress optical relationships
during the deformation process. During fast deformation processes,
structural transitions may occur quickly and are very difficult to
explain using traditional offline techniques. Hence, in order to
elucidate the details of the molecular mechanisms that rapidly
change during processing, real time birefringence/true mechanical
behavior measurement systems must be employed. In this study,
a uniaxial stretching instrument equipped with a unique on-line
measurement device is utilized in order to monitor the structural
changes that occur during the deformation/relaxation processes of
Nylon MXD6 “real time”.



Table 1
Film casting conditions employed for Nylon MXD6 material.

Feed temperature (Zone 1) 255� C
Compression section temperature (Zone 2) 260� C
Metering temperature (Zone 3) 265� C
Adapter temperature 265� C
Die temperature 265� C
Chill roll temperature 66 �C
Screw speed 33 rpm
Take-up speed 100 fpm
Die gap thickness 0.4 mm
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In this paper, the effects of molecular weight and processing
conditions on the variation of Poisson’s ratio during large defor-
mation “rubbery-state” stretching of Nylon MXD6 are investigated
in great detail. This paper also seeks to present a comprehensive
mechano-optical study of the deformation of two different M.W.
Nylon MXD6 grades stretched in the rubbery state to various
extension levels under differing rates and temperatures, using
a well-equipped uniaxial stretching device that allows for the real
time simultaneous recording of true stress, Hencky strain and
optical retardation [7,8]. Furthermore, this study utilizes offline
wide angle X-ray diffraction (WAXD)methods in order to reveal the
structural mechanisms that take place in the material during
uniaxial deformation, as affected by molecular weight and pro-
cessing conditions.

2. Experimental section

2.1. Materials and film preparation

Two different grades of Nylon MXD6 material, Nylon MXD6
6001 and NylonMXD6 6007, produced byMitsubishi Gas Chemical,
Inc. are used for this study. ATR FTIR (A Nicolet Nexus-870 Fourier
transform IR) tests taken on melt cast samples of Nylon MXD6
confirm the chemical structure shown above (Fig. 1). The number-
average molecular weight (MN) of the 6001 grade was 16,200 g/
mol, while that of the 6007 grade was 25,920 g/mol2. After drying
to less than 0.1% moisture content, the pellets were provided in
moisture-proof bags. Thus, no pre-drying was needed immediately
before processing. The melt casting was carried out using a Prodex
single screw extruder attached to an 8” wide sheet casting die. The
casting conditions employed are shown in Table 1. In order to
prevent moisture uptake during the feeding stage, the pellets were
fed under a nitrogen gas blanket inside of the hopper. The films
ranged between 0.25 mm and 0.28 mm in thickness, implying
relative uniformity in the melt casting process.

2.2. On-line birefringence and stressestrain measurements

A uniaxial stretching instrument, described in detail elsewhere
[8,34,35] was developed in our group to simultaneously determine
the true mechanical and optical properties of Nylon MXD6 films
during the deformation process. This machine is essentially
composed of three parts: the uniaxial stretching device with an
environmental chamber, a spectral birefringence system, and
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Fig. 1. IR spectra (ATR mode) of as received Low molecular weight (6001) and high
molecular weight (6007) Nylon MXD5 films.
a laser-based widthmeasurement system. Real timemeasurements
of sample width, optical retardation, force and elongation are
recorded simultaneously using this machine. Assuming (1) simple
extension and (2) incompressibility, the time variation of the local
thickness is calculated, and hence local true stresses and local true
strains are calculated using:

True strainð3tÞ ¼ Lt
L0

� 1 ¼
�
W0

Wt

�2
(5)

True stress ¼ Ft
ðWtDtÞ ¼ Fth�

Wt
W0

�
D0

i (6)

whereWt is the real timewidth of the film,W0 is the initial width of
the film, L0 is the initial length of the film, Lt is the real time length
of the film, Ft is the time variation of force, D0 is the initial film
thickness and Dt is the real time film thickness calculated using
uniaxial symmetry:

Dt ¼
�
Wt

W0

�
D0 (7)

From the true strain, the Hencky strain is then calculated as
follows:

Hencky strain ð3HÞ ¼ ln
�
Lt
L0

�
¼ lnð3t þ 1Þ (8)

Since the sample width is continuously measured during the
deformation process and the development of crystallinity is
concentrated near the end of the stretching, the film is assumed to
exhibit incompressibility [8].

Film specimens that were used in the uniaxial stretching
machine consisted of a dumbbell-shape with the following
dimensions: 75 mm long, 40 mm wide and 30 mm wide in the
narrowest region, as shown in Fig. 2. The benefits of using dumb-
bell-shaped specimens are that they ensure that measurements are
taken at the region experiencing almost all of the deformation, or at
the narrowest region of the sample. The samples were clamped and
fixed in the arms of the uniaxial stretching machine inside the
environmental oven. The distance between the clamps was
approximately 30 mm. Prior to the beginning of each test, a ther-
mocouple touching the film surface was used in order to ensure
that the film has reached the desired temperature. This constituted
a pre-heating time of approximately 15 min for the film to ther-
mally equilibrate in the oven to the stretching temperature
employed. After the samples were stretched at the desired condi-
tions, they were cooled at room temperature prior to removal from
the clamps.
2.3. DSC testing

The thermal properties of Nylon MXD6 films were measured
using a universal 2920 MDSC V2.6A TA Instruments DSC. The



Fig. 2. An unstretched film sample before loading in the environmental chamber of
the uniaxial stretching device.

Fig. 3. The geometry of an unstretched polymer sample before loading in the envi-
ronmental chamber of the K1-machine36.
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samples of roughly 5e10 mg were crimped in aluminum pans and
were then scanned at a heating rate of 10 �C/min under a dry
nitrogen atmosphere. The TA Universal Analysis software was used
to analyze the DSC results. The reported transition temperatures,
Tcc and Tm, refer to the peak maximum positions.

2.4. WAXD measurements

The WAXD experiments used in this study were performed
using a Bruker AXS generator equipped with a copper target tube
and a two-dimensional detector. The generator was operated at
40 kV and 40 mA with a beam monochromized to Cu Ka radiation
(l ¼ 1.54�A). A customary detector-to-sample distance of 15 cmwas
used, with 2q set to 20� and c set to 45�. One-quadrant WAXD
patterns of uniaxially oriented samples were obtained.

2.5. Poisson’s ratio studies

A robust on-line true-stressestrain-electrical conductivitye
thermal effect monitoring uniaxial stretching system has been
developed in our group [36]. The systemallows for the simultaneous
monitoringof true strain and stresses aswell as birefringenceduring
processing. In this research, the machine was utilized in order to
measure the true mechanical properties of both M.W. Nylon MXD6
grades under varying rates and isothermal conditions, with partic-
ular focus on the (Tg < Toperation < Tcc) range.

In these measurements, a high speed video capture system was
employed to obtain strains in the machine and transverse direc-
tions based on a pre-painted dot matrix pattern, as this allowed for
the assessment of Poisson’s ratio as influenced by the processing
conditions.

Based on laser-based width measurement data and the uniaxial
symmetry assumption, the instantaneous thickness was calculated
from knowledge of the initial sample width and initial sample
thickness. With only this data, however, the strain measured in the
machine direction may be affected if the Poisson’s ratio is different
from 0.5. In order to address this issue, a high speed CCD camera
was implemented to directly measure MD and TD strains based on
a pre-painted dot matrix pattern on the surface of the sample.

The unstretched sample geometry consisted of a dumbbell-
shape having an initial length of approximately 82.5 mm and an
initial width of approximately 42 mm in the center of the sample.
The sample thickness ranged from 0.25 to 0.28 mm, and the
distance between the clamps was approximately 42 mm. A pre-
heating time of approximately 15 min was used for the film to
thermally equilibrate in the oven to the stretching temperature
employed, as validated by Pyrometer data. Fig. 3 depicts a sche-
matic of the region of interest of a CCD image, the dot pattern
matrix on the polymer film sample and the geometry of an
unstretched sample.
3. Results and discussion

3.1. Thermal properties of nylon MXD6

The glass transition temperatures (Tg), cold crystallization
temperatures (Tcc) and melt temperatures (Tm) of as-cast, low and
high M.W. Nylon MXD6 film samples are shown in the DSC plots of
Fig. 5. From these values, it is evident that the material is well
within the rubbery state in the temperature range between 80 and
105 �C. Hence, a stretching window of 80e105 �C was chosen in
uniaxial stretching tests, as depicted in Fig. 4.
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From the DSC scans, one can note that the Tg, Tcc and Tm values
for the as-cast samples are not significantly affected by the
molecular weight.
3.2. Mechanical behavior

Fig. 5a and b depict the true stresseHencky strain behavior of
films stretched at various temperatures and at a rate of 67%/min to
a global stretch ratio of 6�, or until fracture occurs. Just above the
glass transition temperature (80, 85 �C), Nylon MXD6 deforms
homogeneously up to a critical stress level, after which it exhibits
yielding. Increasing stretching temperatures reduces the yield
stress until it completely disappears at temperatures between 85 �C
and 90 �C.

This mechanical behavior represents the real mechanical
behavior at the stationarymidpoint of the samplewhere the optical
retardation and thickness are continuously monitored. Increasing
the stretching temperature also increases the strain at which strain
hardening occurs. This strain hardening disappears in LPA6
stretched at 100 �C and HPA6 stretched at 105 �C. Under these
conditions, the material exhibits no strain hardening or “taffy-pull”
characteristics. As we will show below, under these conditions,
neither strain induced crystallization nor thermal induced crys-
tallization occurs.

Fig. 6a and b summarize the effects of M.W. and stretch rate (at
90 �C) and stretching temperature (at 67%/min) on the strains at the
Fig. 5. True stresseHencky strain behavior of (a) HPA6 and (b) LPA6
onset of strain hardening. For the same rates, higher M.W. samples
were observed to strain harden at lower critical strains. The strain
hardening mechanism is delayed to higher Hencky strains as the
rate is lowered. Under the same thermal treatment, HPA6 strain
hardens at lower strains than LPA6 as expected from the differences
in entanglement density between these two samples (Fig. 6b).
3.3. Poisson’s ratio

Fig. 7a and b depict the effect of stretch rate on the evolution of
Poisson’s ratio with machine direction (MD) Hencky strain for LPA6
and HPA6 samples stretched at 90 �C, and show how the Poisson’s
ratio vs. MD Hencky strain plots are affected by the stressestrain
behavior. Poisson’s ratio initially increases for all low molecular
weight samples and for high molecular weight MXD6 stretched at
low rates. High MW samples that are stretched at intermediate to
high rates show slight glassy behavior at early stages of deforma-
tion and the Poisson’s ratio does not show initial increase but rather
starts high and continues to decrease. Choi and Lakes [29] sug-
gested that the Young’smodulus E relaxesmuchmore than the Bulk
modulus B during stretching as a result of more molecular relaxa-
tion during the orientation/relaxation competition, causing the
Poisson’s ratio to increase monotonically with strain according to
equation (4). Interestingly, from Fig. 7b one can see that the slope of
the initial Poisson’s ratio rise with MD strain increases as the
stretch rate decreases for LPA6, as a result of higher chain relaxation
which leads to a larger difference between the MD and TD Hencky
strains (ln l1 and ln l2 terms in equation (3)) over time.

In all cases, beyond the onset of strain hardening (indicated by
black circle symbols in Fig. 7) the Poisson’s ratio linearly decreases
withMDHencky strain. As expected, increasing the stretching rates
decreases the strain at the onset of strain hardening. Fig. 8a and
b depict the effect of temperature on the evolution of Poisson’s ratio
with machine direction (MD) Hencky strain for LPA6 and HPA6
samples stretched at 67%/min. These graphs clearly depict that in
samples in which higher chain relaxation takes place due to either
lower molecular weight or higher temperatures (more fluidity), an
initial rise of Poisson’s ratio with MD strain is observed.
3.4. Mechano-optical behavior

3.4.1. Effect of temperature
3.4.1.1. Stress optical behavior. When a polymer of slow crystalli-
zation character (PLA, PET, PEN) is stretched from amorphous
precursors in at or above Tg they exhibit a common stress optical
behavior [7,8,11]. This generalized behavior is graphically shown in
films stretched at various temperatures and a rate of 66.7%/min.



Fig. 6. Effects of (a) M.W. and stretch rate and (b) M.W. and stretching temperature on the Hencky strains at the onset of strain hardening for Nylon MXD6 samples.
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Fig. 9. When deformation occurs at high enough temperatures or
conditions in which chain relaxation takes place, a Regime IeIIeIIIc
behavior is observed whereby the material undergoes strain crys-
tallization in the transition from Regime I to II.

When stretched at temperatures just above glass transition and
below Tll, the material does not strain crystallize and only a Regime
IeIIIa behavior, preceded by a photoelastic glassy behavior, with
birefringence increasing very little with large increases in stress, is
present [37].

The birefringence vs. stress behaviors of LPA6 and HPA6 samples
stretched at 67%/min and various temperatures to a global stretch
ratio of 6�, or until fracture, are depicted in Fig. 10a and b. For both
M.W. grades, a glassy component occurs at lower temperatures and
recedes with increasing temperature, until disappearing altogether
at 95 �C. For all samples inwhich the photoelastic glassy behavior is
seen, a Regime IeIIIa stress optical behavior follows, with the
occurrence of a birefringence increase with stress relaxation due to
yielding before Regime I behavior begins. The difference between
the behaviors of the two M.W. grades is that the HPA6 material
exhibits Regime II at 95 �C and higher temperatures, whereas the
LPA6material continues to showRegime IeIIIa behavior even at the
highest stretching temperature (100 �C) before the thermal crys-
tallization begins to be significant.

When HPA6 is stretched at 95 �C, a Regime IeIIeIIIc behavior
takes place. This is because the high entanglement densities asso-
ciated with a high molecular weight material alongside relaxation
promoted at high temperatures and low stretching rates tend to
convert an oriented amorphous structure into a stress induced
crystalline structure. The fact that there is a very slow increase of
Fig. 7. Effect of stretch rate on Poisson ratio vs. MD Hencky strain and
birefringence with stress (Regime IIIc behavior) after the comple-
tion of Regime II is due to the long-range tightly connected physical
network that forms when stress induced crystallization takes place.
This network “locks” the chain structure in place, slowing down the
development of further orientation until a birefringence plateau is
eventually reached. At 100 �C and above, the Regime III is not
reached even when the samples are stretched as much as 6�. This
coincides with the fact that very little (at 100 �C) to no (at 105 �C)
strain hardening occurs at these elevated temperatures, making the
material exhibit “taffy-pull” character as shown in Fig. 5. Of
particular interest is the behavior of thematerial at 105 �C, whereby
the birefringence relaxes with increasing stress and a negative
deviation from the linearity of the SOR occurs before Regime II is
reached. The reasoning behind this is that this temperature is high
enough so that relaxation process dominates the orientation while
no thermal or stress induced crystallization takes place.

3.4.1.2. Strain-optical behavior. Fig. 11a and b display graphs of the
strain-optical behaviors of LPA6 and HPA6 samples stretched at
67%/min. and various temperatures. Linear or near-linear strain-
optical behavior is observed under the conditions where the
Regime II is absent, whereas a highly non-linear large deformation
behavior, where birefringence increases dramatically with small
increases in strain, is observed at conditions where the Regime II is
present. As Fig. 11b indicates, non-linearity occurs during the late
stages of deformation in the strain-optical plot of LPA6 stretched at
95 �C and 67%/min., although the slope of this non-linear region is
substantially lower than that of HPA6 stretched under identical
conditions.
true stress vs. MD Hencky strain behaviors of Nylon MXD6 film.



Fig. 8. Effect of temperature on Poisson ratio vs. MD Hencky strain and true stress vs. MD Hencky strain behaviors of (a) HPA6 and (b) LPA6 film samples stretched at 66.7%/min.

Fig. 9. Generalized stress optical behavior for the deformation of slow crystallizing
materials.
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3.5. Effect of rate

3.5.1. Stress optical behavior
3.5.1.1. HPA6. Fig. 12 depicts the birefringence vs. stress behavior of
HPA6 as influenced by stretch rate and temperature.

At 85 �C, with the decrease in stretching rate the initial glassy
behavior decreases approaching Regime IeIIIa stress optical
behavior. At stretching temperature of 90 �C, high rates of
stretching exhibit the behavior observed at lower temperature and
decrease of rate reduces the initial glassy behavior. At very low rate
of 6.7% we observe first sign of Regime IeII transition with the
positive deviation from linearity. When the temperature is
increased to 95 �C, the photoelastic glassy behavior disappears at all
stretch rates, even ones as high as 1000%/min. All stretching rates
collapse on to same Regime I classical stress optical behavior and
show positive slope change into Regime II indicative of stress
crystallization.

A similar trend is observed at 100 �C, with a disappearance of
Regime II behavior at the very low rate of 6.7%/min. However, at this
condition the slope of the Regime II is highest at 333%/min., due to
the fact that relaxation behavior is still prominent at 67%/min even
though Regime II exists. For all applied temperatures and stretch
rates on HPA6, the Regime I slope remained constant at 2.7 GPa�1.

A remarkable feature of the stress optical graphs for HPA6 is that
at all conditions where photoelastic glassy behavior is observed,
there is an absence of Regime II behavior. According to the Tll
concept proposed by Boyer and others [23e26], the amorphous
chains exhibit segmental correlations between Tg and Tll, and
beyond the Tll melting of the segments take place leading to
formation of true fluid. These segmental correlations enhance the
network connectivity and thus act to suppress the relaxation
during deformation. Increasing temperature and decreasing rates
tend to eliminate this effect.

Fig. 13 displays the strain rate vs. time at various rubbery-state
temperatures for HPA6 stretched at 67%/min. The results show that
the strain rate at the midsection of the sample is not constant, even
though the crosshead separation speed remains the same. From the
very beginning of the stretching process, strain rate rises sharply
due to highly localized start of deformation at mid symmetry plane
of the sample where the measurements are made. The strain rate
results can be correlated with the birefringence changes over time
in the material, as Fig. 13 depicts. At the start of deformation, both
the birefringence and the strain rate increase with time, with the
sharpest increases occurring at 80 �C, which is very close to the
glass transition temperature. In fact, at 80 �C, the strain rate starts at
almost zero value and peaks earlier than samples that are stretched
at higher temperatures. The strain rate rapidly reaches a maximum
and starts decreasing again, while the birefringence is still
increasing sharply. At longer times birefringence begins to level off
as the strain rate approaches zero. The increase of stretching
temperature increases the time at which the maximum strain rate
is observed. Another important observation in Fig. 13 is that the
peak position of the strain rate strongly depends upon temperature,
moving to longer times as the temperature increases.

Fig. 14 shows a comparison between the structural evolutions of
HPA6 material stretched at 6.7%/min and 333%/min, at a tempera-
ture of 90 �C. As shown by the WAXD images on the birefringence
vs. stress plots, at both stretch rates HPA6 remains essentially
amorphous in the beginning stages of the deformation. Only at the
end of the Regime I do moderate levels of orientation in the
amorphous state develop as indicated by increase equatorial
intensity.When the 6.7%/min stretched HPA6material goes into the
Regime II, the appearance of sharp equatorial diffraction spots and
weaker off-equatorial spots emerges 0.5 MXD6 typically crystal-
lizes into a triclinic unit cell. (a ¼ 1.201 nm, b ¼ 0.483 nm,
c ¼ 2.98 nm, and fiber axis angles of a ¼ 75.0�, b ¼ 26.0�, and
g ¼ 65.0�) [2]. The partial local chain relaxation coupled with chain
orientation during the deformation process at this high tempera-
ture (higher fluidity) and low stretch rate (longer time) condition



Fig. 10. Stress optical behavior of (a) HPA6 and (b) LPA6 as influenced by temperature, when stretched in the rubbery state at 66.7%/min.
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allows the chains to register into crystallographic lattice planes. For
samples stretched at 333%/min however, the Regime II is absent
and oriented amorphous phase developed within the Regime IIIa as
indicated by the darkening of the equatorial spot with higher
birefringence levels. These images imply that under conditions
where the Regime II is present, oriented crystallization with 3D
order occurs, whereas when Regime II is absent, oriented amor-
phous phase remains.

3.5.1.2. LPA6. The stress optical behavior of LPA6 stretched at 90 �C
to a 6� stretch ratio at various rates is depicted in Fig. 15. Just as in
HPA6, a photoelastic glassy behavior is evident and it disappears at
very low stretch rates (6.7%/min). At this condition we also see
a faint evidence of strain crystallization with the appearance of off-
equatorial peak at the end of stretching. In this polymer, Regime II
behavior is absent for higher stretching rates where Regime IeIIIa
behavior is witnessed at all conditions. A very high degree of
birefringence is achieved at 667%/min, as the efficiency to orient
the polymer chains is very high at this conditionwhere relaxation is
highly suppressed.WAXD data taken at the end of stretching shows
that at all these conditions where Regime IeIIIa behavior exists, an
oriented amorphous structure showing little to no translational
order exists at the higher rates, while a highly oriented and 2D
ordered structure is present at lower stretch rates, where chain
relaxation alongside orientation processes is enhanced.

3.5.2. Strain-optical behavior
Fig. 16 displays where the WAXD tests were taken on the strain-

optical curves for HPA6 stretched at 90 �C at different rates of 6.7%/
min and 333%/min. The dashed lines on the graph are positioned at
the same Hencky strains for both stretch rate conditions, where the
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Fig. 11. Strain-optical behavior of (a) HPA6 and (b) LPA6 as influenced b
structural behavior should be compared. When the material is
deformed at 6.7%/min, the strain-optical plot starts becoming
highly non-linear and SIC begins to develop at the same birefrin-
gence level corresponding to the transition from Regime I to
Regime II behavior on the stress optical plot. When deformation
occurs at 333%/min, no sharp rise of birefringence with increasing
strain is observed on the strain-optical plot and the material
remains oriented amorphous even at the end of deformation.

3.6. Effect of molecular weight

3.6.1. Stress optical behavior
Fig. 17 shows a comparison between the structural evolutions in

LPA6 and HPA6 material stretched at 90 �C and 6.7%/min. For HPA6,
the birefringence increases at a faster rate with stress past the
Regime I, and unlike in LPA6, a Regime II behavior is present indi-
cating a higher efficiency to orient and strain crystallize the poly-
meric chains in HPA6 as a result of the higher chain entanglement
density. It is of importance to note that the slope of the Regime I (i.e.
the SOC) is not affected by the material molecular weight, as can be
observed from the true stress optical behavior.

As shown by the WAXD images on the birefringence vs. stress
plots, both M.W. materials remain essentially amorphous in
following linear stress optical rule in Regime I. Only at the end of
the Regime I do moderate levels of orientation in the amorphous
state develop as indicated by the higher concentrations of equa-
torial intensities in the azimuthal spreads. As the HPA6 material
goes into the Regime II, the appearance of sharp equatorial
diffraction spots and weaker off-equatorial spots emerges at
a Hencky strain value of 1.71 and crystal order is enhanced by
further stretching to 1.74 Hencky strain as indicated by the
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y temperature, when stretched in the rubbery state at 66.7%/min.



Fig. 12. Stress optical behavior of HPA6 as influenced by stretch rate, when stretched in the rubbery region at (a)85 �C (b) 90 �C (c) 95 �C and (d)100 �C.

Fig. 13. Change of birefringence with time (top) and change of strain rate with time
(bottom) for HPA6 stretched at several temperatures and a rate of 66.7% min.
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sharpening of these spots. Off-equatorial peaks are not present in
LPA6 material that’s stretched to the highest Hencky strain level
reached in HPA6. In fact, even at 1.74 Hencky strain the lower
molecular weight material shows only weak equatorial spots,
implying a poorly oriented and ordered structure is formed. Only
when this low M.W. polymer is stretched to a very high Hencky
strain value of 1.79 does a sharp crystallographic peak forms,
implying the presence of a highly oriented and 2D ordered struc-
ture lacking 3D translational crystal order as indicated by the
absence of off-equatorial diffraction spots.
Fig. 14. Comparison between the structural evolutions of HPA6 material stretched at
6.7%/min and 333%/min, at a temperature of 90 �C.



Fig. 15. Stress optical behavior of LPA6 stretched at 90 �C to a 6� stretch ratio at
various rates. Fig. 17. M.W. effect on the structural evolutions of Nylon MXD6 film stretched at 90 �C

and 6.7%/min.
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It is of importance to note that even for HPA6, the off-equatorial
diffraction spots are not very sharp as compared to materials like
PLA [7] that show much brighter diffraction spots early on in the
Regime II, indicating that the relatively lowM.W. of NylonMXD6 as
compared to material like PLA results in lower amorphous orien-
tation and crystallinity when strain is applied due to lower
entanglement density exhibited by MXD6.

3.6.2. Tll studies
When the slopes of the glassy components, known otherwise as

photoelastic constants (PEC), for LPA6 and HPA6 stretched at 66.7%/
min are plotted against temperatures ranging from just above glass
transition temperature to temperatures just before thermal crys-
tallization (<110 �C) (see Fig. 18), an increase in the slopes with
temperature is observed until the glassy component disappears
and the photoelastic constant becomes equal to the stress optical
constant (SOC), which is the slope of the Regime I. Beyond the
critical temperature at which this happens, known as the Tll, the
slope remains constant and material attains true “unstructured”
fluid state. In general, the SOC was found to decrease with
increasing temperature for both M.W. grades, reaching a constant
value past Tll. For LPA6, the Tll was observed at approximately
Fig. 16. Comparison between the structural evolutions of HPA6 material stretched at
6.7%/min and 333%/min, at a temperature of 90 �C: strain-optical plots.
1.26 � Tg while for HPA6, it was observed at approximately
1.20 � Tg.

Fig. 19 shows that both stress optical as well as photoelastic
constants are independent of molecular weight. Beyond the value
of Tll, which is 95 �C, true fluid behavior is attained whereby the
stress optical constant becomes truly independent of temperature
and rate (see also Fig. 15). In addition, the stress optical constant
(SOC) was about the same for both M.W. materials stretched at
temperatures past Tll, at 2.7 GPa�1 for HPA6 and 2.61 GPa�1 for
LPA6.
3.7. Molecular model

Fig. 19 displays a conceptual molecular model for the uniaxial
deformation of Nylon MXD6 at conditions which favor strain
crystallizability, when high M.W. in conjunction with either
medium high temperatures (90 �C) and lower rates (6.7%/min) or
high temperatures (95 �C and higher) and higher rates are applied.
The first diagram depicts the material in the as-cast amorphous
state, in which it possesses several entangled clusters with the
chains being randomly oriented throughout the film. As the
deformation proceeds, the polymer chains become well oriented
and due to partial chain relaxation crystallize, with the highly
Fig. 18. Photo-elastic constant and stress-optical constant versus temperature for LPA6
and HPA6 stretched at 66.7%/min.



Fig. 19. Molecular model of different stages of the rubbery state deformation of high M.W. Nylon MXD6 film showing chain entanglements and strain crystallized regions.
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oriented adjacent chains registering themselves into the crystal
lattice formation. A physical network is formed consisting of both
entanglement junctions as well as crystallite nodes that act as
additional “crosslinking” junctions. Together, they pull the chains
between them in the deformation direction until they become
highly oriented and taut, resulting in a very rapid rise in oriented
crystallization. The entangled clusters, as well as the crystallite
nodes, eventually become positioned side-by-side in the film
transverse direction, dramatically slowing down TD contraction at
large deformation levels.
4. Conclusions

In this paper, the influence of temperature, rate, and molecular
weight on large deformation stress optical behavior, strain-optical
behavior and Poisson’s ratio changes of Nylon MXD6 films
deformed uniaxially in the rubbery state from amorphous
precursors were mapped out. For all M.W. Nylon MXD6, defor-
mation between Tg and Tll resulted in an initial glassy response
whereby the polymer exhibited photoelastic behavior and
remained amorphous. This glassy response diminished with
higher temperatures and/or lower rates, until totally disappearing
at 95 �C for all employed rates. This photoelastic behavior was
followed by a Regime IeIIIa behavior, where the birefringence
rises linearly at a much faster rate with true stress (Regime I)
before approaching a plateau behavior (Regime IIIa). Even at the
end of the Regime IIIa, the material remained in the oriented
amorphous state. When high M.W. in conjunction with higher
temperatures and/or lower rates was used, a Regime IeIIeIIIc
behavior was evident and a constrained 3D crystal structure was
formed. It was also found that a change in molecular weight did
not significantly alter the values of photoelastic constant (PEC) at
the different test temperatures or the value of the liquideliquid
transition Tll, which was found to be equal to 95 �C. In addition,
the stress optical constant (SOC) was about the same for both M.
W. materials stretched at temperatures past Tll, at 2.7 GPa�1 for
HPA6 and 2.61 GPa�1 for LPA6.
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