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Control the strain-induced crystallization of polyethylene terephthalate
by temporally varying deformation rates: A mechano-optical study
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Abstract

The mechano-optical behavior of PET is, for the first time, investigated under temporally varying rates to influence the basic mechanisms of
structural organization leading to strain-induced crystallization. For this purpose, four rate profiles, Linear, Sigmoidal, Logarithmic and Expo-
nential, were chosen and films were stretched in Uniaxial Constrained Width mode using newly developed biaxial stretching machine. This ma-
chine allows real time direct measure of true stresses, strains, in-plane and out-of-plane birefringences during the deformation. Substantial
differences in the mechano-optical behavior and resulting structural mechanism were observed in all of the chosen rate profiles. Linear profile,
taken as a standard, yields three stress-optical regimes (SOR) during deformation. At early stages of deformation the birefringence remains lin-
ear with stress and material remains amorphous. This is designated as Regime I representing classical stress-optical behavior observed in large
number of non-crystallizable polymers. In Regime II, a fast increase of birefringence accompanies formation of crystalline structure with
establishment of long-range connected network. In the final Regime III birefringence levels off as the chains approach their finite extensibilities.

All three regimes observed in Linear profile are also observed in Logarithmic and Exponential cases. However, Sigmoidal deformation shows
only the first two regimes even though the film was stretched to the same total engineering strain as applied to all profiles. Logarithmic profile
was found to induce early strain crystallization leading to early development of strain hardening. Exponential profile on the other hand retards
the formation of ‘‘potentially constraining’’ long-range physical networks. This allowed the development of higher birefringence and crys-
tallinity levels using this mode. A logarithmic birefringenceework relationship with two distinct stages was found to apply to all temporally
varying profiles.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyethylene terephthalate (PET) is a polyester material of
major commercial relevance due to its enhanced mechanical,
thermal and barrier properties. These properties are greatly
affected by the degree of orientation and crystallinity imparted
during its processing. Uniaxial and biaxial deformations as
well as post annealing stage play an important role in the de-
velopment of structure and performance characteristics. Char-
acterizations of these deformation processes are of extreme
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importance to understand and control the structural mecha-
nisms taking place in wide range of processing operations
including the tenter frame, double bubble film blowing and
stretch blow molding processes. Many studies were conducted
to investigate the effect of processing conditions and modes of
deformation on the final properties of PET [1e9]. Of major
importance is the phenomenon of stress-induced crystalliza-
tion occurring during the material deformation, in order to pro-
vide better uniformity and dimensional stability of the film as
it is directly associated with strain hardening that substantially
helps develop thickness uniformity in these processes. How-
ever, the fast structural transition mechanisms taking place
during this phenomenon are difficult to access without proper
on-line characterization methods. In this regard, Synchrotron
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X-ray diffraction techniques [10e12], on-line spectral bire-
fringence techniques [13e15] and real time FTIR [16] have
been used lately by different research groups.

Under deformation, PET shows strain hardening. As sug-
gested by Salem [17,18] its deformation can be decomposed
by two stages: (i) smooth increase of stress with rapid increase
in the crystallinity of the material (up to 15% crystallinity); (ii)
sharp increase of stress at almost constant crystallinity. A crit-
ical level of strain of 0.9, depending on the strain rate and tem-
perature was suggested for significant crystallization to occur
[19]. Tener [14] shows that an increase in strain rate promotes
the increase of birefringence at all stages of deformation. In
addition, the development of birefringence is observed prior
to the strain hardening of the material. Blundell and co-
workers [20e22] showed that when very fast rates are applied
to the material (faster than the chain retraction motion), crys-
tallization is delayed till the end of the stretching process.
Moreover orientation is reduced when high temperatures or
low rates are applied.

Gorlier et al. [19] and very recently Kawakami et al. [23,24]
suggested a mechanism for the structural development of PET.
According to the former, first there is the orientation of the mol-
ecules that starts interacting with each other resulting in the ap-
pearance of ordered entities (mesophase). When these entities
become significant in number (nucleation stage) network is
formed and strain hardening occurs. In order for crystallization
to occur (growth), a minimum level of molecular relaxation is
needed for the accommodation of the chains. Therefore if
fast rates are applied crystallization takes place only after the
deformation process. Kawakami et al. [23], on the other hand,
proposed the formation of a mesophase that nucleates the
formation of imperfect crystals, forming a network and causing
strain hardening to occur. During this last stage, crystal growth,
crystal perfection and crystal orientation follow as the strain
increases. Many other authors evidenced the formation of the
mesophase as a precursor of strain hardening in PET [10,25],
PEN [26e28] and PET/PEN copolymers [29,30].

The stress-optical behavior of PET was investigated [31e
34]. Hassan and Cakmak [15,32], for example, showed very
recently the existence of a four-stage stress-optical behavior
in PET stretched under Simultaneous Biaxial mode. The first
stage obeys the linear stress-optical behavior with stress-
optical constant of 5.8 GPa�1; in the second stage the birefrin-
gence increases very fast with the formation of poorly ordered
crystals believed to be the nodes of a physical network; in the
third stage the birefringence begins to level off with further
crystallization of the material; and in the fourth stage birefrin-
gence becomes nearly constant while stress continues to in-
crease. This last stage was associated to the full extensibility
of the chains and appears only at fast rates. Ito et al. [33] in-
vestigated the effect of drawing temperature and drawing rate
on the stressebirefringence relationship of PET. Ryu et al.
[34] showed that deviation from linearity is associated to the
strain-induced crystallization of the material and that the
stress-optical rule is invalid when very low temperatures (close
to Tg) or very high rates are applied due to the contribution of
glassy stress.
Most of the studies involving the relationship between
processingestructureeproperties are based on experiments
performed at constant velocity [35], constant strain rate
[5,36,37] or constant load [38], in different modes of deforma-
tion (uniaxial vs biaxial), etc. These methods are of much sim-
ple base as compared with the complexities of deformations
and thermal histories at which the material is subjected in
a real process. The present study aims to go one step further
in the investigation of the deformation of PET films by applying
different types of deformations to the material at temperatures
above Tg. Comparison between Linear, Sigmoidal, Logarithmic
and Exponential deformations is made in UCW mode of defor-
mation. Each of the above non-linear profile applies a fast rate
of deformation at different times. Logarithmic profile applies
high rates at low strains, the Sigmoidal profile applies high rates
at intermediate strains, and Exponential profile applies high
rates at high strains. One of the key issues one would like to
investigate is the relationship between orientation/relaxation
and its implications on stress-induced crystallization. In other
words, one would like to answer the question: Is there a non-
linear stretching profile that will help accelerate the orientation,
crystallization and crystalline perfection and thickness unifor-
mity developed in the rubbery state stretching of PET films?

2. Experimental procedure

2.1. Material

Two commercial grades of PET films are used in this study.
The films have intrinsic viscosity of 0.81 and 0.69 dl/g that
correspond to Mn of 28,900 and 22,800, respectively. The
former is designated by HPET and the latter by LPET. Both
films were kindly provided by M&G Polymers Co. in cast
amorphous forms with a thickness of 0.5 mm.

2.2. On-line birefringence and true mechanical behavior
measurements

A modified Iwamoto biaxial stretching machine was used
in this study to obtain measurements of true stress, true strain
and in-plane and out-of-plane birefringences. The machine
consists in a conventional biaxial stretching machine with an
optical system, a vision system and a motor controller. Thus,
not only the machine is able to acquire the forces being ex-
erted in the material, but also acquires the true strain, through
measurements of the displacement of a dot pattern printed in
the center of the sample, and the changes in the retardation
of the film at 0 and 45� at the geometric center of the sample.
The changes in the thickness in the film, needed for calcula-
tions of the birefringence and true stress, are determined based
on the X and Y strains assuming the incompressibility of the
material, as follows: LX0� LY0� T0¼ LXt� LYt� Tt, where
LX0 and LY0 are the original distances between the dots in X
and Y directions, respectively; LXt and LYt are the X and Y dis-
tances between the dots during the deformation of the mate-
rial, respectively; T0 is the initial thickness of the sample
measured with a thickness gage and Tt is the local thickness
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of the sample to be determined. Details on the validity of the
measurements can be found elsewhere [15,32]. The temporal
evolution of the birefringence was determined at 546 nm
(green light wavelength) as follows:

(i) in-plane birefringence, Dn12:

Dn12 ¼
R0ðtÞ
TðtÞ ð1Þ

(ii) out-of-plane birefringence, Dn23, using Stein’s equation
[39]:

Dn23 ¼�
1
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(iii) out-of-plane birefringence, Dn13:

Dn13 ¼ Dn12þDn23 ð3Þ

R0 and Rq are the retardation at 0 and 45� (q is the tilting
angle), respectively, and n is the average refractive index of
the material, which is 1.57 for PET [2].

A Labview based software was developed to control the
machine, acquisition of data and data treatment, permitting
the user to set any desired temperature, rates and modes of de-
formation. A particular feature of the machine is that it allows
the input of any type of global deformation profile in addition
to the modes of deformation traditionally practiced (UCW e
Uniaxial Constrained Width, SIM e Simultaneous Biaxial,
SEQ e Sequential Biaxial). Among others, the Logarithmic,
Exponential and Sigmoidal global deformations were investi-
gated in this study and compared with the Linear deformation
(constant speed). The above-mentioned programmed deforma-
tion profiles were input and the machine follows these profiles
imposing global deformation. The actual true strains were de-
termined from the image analysis of the prepainted dot matrix
in the center of the sample. In this paper the engineering
strains are the global engineering strains based on gage sepa-
ration. True strains are local true strains determined by high
speed CCD coupled with automated image analysis system.
In-plane and out-of-plane birefringences are measured in geo-
metric center of the sample at one spot where true strains are
also determined through image analysis system. True stress
is calculated based on the load cell force reading on one of
the grips on each side that is divided by the instantaneous
thickness calculated in the center of the sample.

2.3. Sample preparation and experimental conditions

Samples of 14� 14 cm were cut from the as cast films,
where an array of 24 dots was printed. The machine was
pre-warmed up to 85 �C for a period of at least 2 h prior to
the stretching process. The samples were then placed and
clamped in pneumatic clamps for additional 8 min for thermal
equilibration prior to start of deformation. The samples were
stretched in the Uniaxial Constrained Width (UCW) mode,
with the following types of deformation: (i) Linear, (ii) Sig-
moidal, (iii) Logarithmic and (iv) Exponential profiles. These
profiles are represented in Fig. 1. The total time of the exper-
iment in each profile was kept constant based on a time needed
to stretch the sample in the linear mode, at a constant speed of
1.5 mm/s (0.0125 s�1) to a total stretch ratio of 3.5� 1. The
following stretch ratios lMD� lTD were used: 1.5� 1, 2� 1,
2.5� 1, 3� 1, 3.5� 1. After stretching, the films were imme-
diately cooled to temperatures below its glass transition by
fans integrated in the machine and an external fan directed
to the center of the sample. During this process the sample
was held constrained by the clamps.

2.4. Thermal characterization

Thermal properties of PET films were measured using
a 2920 MDSC V2.6A TA instruments. The samples of approx-
imately 6e10 mg were scanned between 25 and 300 �C at the
heating rate of 20 �C/min in a dry nitrogen atmosphere. The
thermal properties are referred to the midpoint in the case of
Tg and to the maximum peak position, in the case of Tcc

(cold crystallization temperature) and Tm (melting tempera-
ture). The degree of crystallinity was determined using Eq.
(1), considering the heat of fusion of 100% crystalline
ðDH0

f Þ PET to be 120 J/g [40].

cð%Þ ¼ ðDHm �DHcÞ
DH0

f

� 100 ð4Þ

DHm and DHc are, respectively, the enthalpy of melting and
enthalpy of crystallization.

The thermal properties of the initially amorphous PET films
(less than 5% crystallinity) are presented in Table 1.

Fig. 1. Types of deformation applied to PET: engineering strain vs time (global

deformation history).

Table 1

Thermal properties of amorphous PET

Tg (�C) Tcc (�C) Tm (�C)

LPET 73.3 132.6 253.5

HPET 75.5 136.5 252.6
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2.5. X-ray measurements

Bruker AXS Generator equipped with a copper target
tube and two-dimensional detector was used to obtain the one-
quadrant of WAXD patterns of the specimens. The generator
was operated at 40 kV and 40 mA with a beam monochromat-
ized to Cu Ka radiation. The sample to detector distance was
kept at 11.5 cm. A typical exposure time of 15 min was used.

3. Results

3.1. Strain measurements

In Fig. 2, the true Hencky strain and engineering strain are
compared for each type of deformation applied.

In all cases the engineering strain that is imposed by the
programmed profile overestimates the strains occurring locally
at the center of the sample. The gap between the two measures
widens at large deformations. In addition, while engineering
strain predicts no deformation in the transverse direction
(TD), the calculation of the true Hencky strain based on the
movement of the dot pattern shows a negative strain occurring
in the sample in this direction indicating some degree of re-
traction that is taking place in TD while MD stretching pro-
ceeds. Measurements based on gage separation cannot detect
this natural deformation behavior of films.
3.2. Strain rate measurements

The change of strain rate in the material during the total pe-
riod of the stretching is represented in Fig. 3 for each type of
deformation profile. In the Linear case, the strain rate initially
set at 0.0125 s�1 gradually decreases with time. In the Log-
arithmic deformation, although the strain rate is very high at
the beginning, it decreases very rapidly to values below
0.0125 s�1 in the first 30 s, slowly decreasing thereafter until
it reaches zero at the end of the stretching process. In the Sig-
moidal case, the strain rate increases slowly to a maximum
around 100 s. Beyond this time it decreases until the end of
the stretching process. The strain rate applied at intermediate
times is higher than the strain applied in the Linear case.
For the Exponential deformation function selected for this ex-
periment, the strain rate increases exponentially till around
185 s, time at which it starts to decrease.

In many processes some of these non-linear rate profiles nat-
urally occur. For example the Sigmoidal deformation profiles
are observed during the tubular film bubble inflation [41]. A
logarithmic type of profile can also be found in this process
[42]. Theoretical analysis on the film casting deformation pre-
dicts also an increase of strain rate similar to the one observed
for Sigmoidal deformation, till its maximum is reached [43].

In Figs. 4 and 5 the Hencky strain rate is plotted as a func-
tion of the Hencky strain for LPET and HPET, respectively, in
Fig. 2. Comparison between engineering strain (3E) (global) and true Hencky strain (3H) (local) for the different types of deformations.
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Fig. 3. Hencky strain rate as a function of time and type of deformation applied for LPET stretched at 85 �C. In insert: engineering strain rate as a function of time.
order to map the deformation rates onto strains occurring
throughout the deformation. This also helps to eliminate the
time factor, as the speed is non-linear in these profiles except
in the linear one.

The results show that both HPET and LPET are subjected to
identical strain rates when Linear, Sigmoidal and Exponential
deformations are applied. In the case of Logarithmic deforma-
tion, the strain rate of LPET is much higher than the strain rate
of HPET, for the same strain level. In both Mw materials, the
strain rate of the Logarithmic profile is much higher than any
of the other deformations. Only at 60% strains the strain rate
reaches the same level of the other types of deformation. At
100% it is observed that the strain rate has decayed to
a zero strain rate, in the case of HPET.

The strain rate applied to the material during a Sigmoidal
deformation shows a plateau that lasts from around 20 to
90% strains. Therefore, the deformation of the material takes
place mostly at constant strain rate even though the externally
applied profile is highly non-linear sigmoidal shape.

Fig. 4. Hencky strain rate as a function of Hencky strain and type of deforma-

tion applied for LPET stretched at 85 �C.
3.3. Optical behavior

The temporal change of in-plane and out-of-plane birefrin-
gences for each type of deformation studied is represented in
Fig. 6. For all deformations, Dn12 and Dn13 increase signifi-
cantly, whereas Dn23 shows only a small increase. These re-
sults are expected due to the orientation of the chains in the
stretching direction, which increases the refractive index
of the film in the MD (n1) and at the same time it decreases
the refractive index in the ND (n3) due to the realignment of
the phenyl group parallel to the surface of the film [44]. The
refractive index of the TD (n2) is also expected to decrease
[45], but at less extent than the ND, and therefore there is
a small positive increase of Dn23.

The temporal development of birefringence generally fol-
lows the imposed deformation profile. In the Linear deforma-
tion, the birefringence increases throughout the deformation
and it accelerates beyond 120 s. In the Logarithmic deformation,

Fig. 5. Hencky strain rate as a function of Hencky strain and type of deforma-

tion applied for HPET stretched at 85 �C.
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there is a very fast increase in the birefringence at low times,
which then slows down showing a shoulder and started increas-
ing at much slower rate. The Sigmoidal deformation shows a fast
increase of birefringence at intermediate times, leveling off
above 150 s. This result contrasts with the Logarithmic profile
in the sense that for long times both of them have little deforma-
tion occurring locally in the material (see Fig. 2) and while the
Logarithmic deformation shows an increase of birefringence
all the time, in the Sigmoidal case it is almost zero after 150 s.
This result might show some mechanistic differences in the
orientation and structural development of the material. In the
last case of Exponential deformation, the birefringence starts
increasing only above 100 s, increasing very rapidly thereafter,
accompanying the deformation applied. Among all, the Expo-
nential deformation is the one that shows higher final in-plane
and out-of-plane birefringences, followed by the Sigmoidal,
Linear and Logarithmic deformations. If one compares the
changes of strain rate with the slopes of birefringence change
for each type of deformation, it is observed that at low times,
the slope is higher in the following order: Logarithmic, Linear,
Sigmoidal and Exponential, whereas at long times, the slope is
higher for Exponential, Sigmoidal, Linear and Logarithmic.
This change in tendency correlates well with the changes in
strain rate plotted in Fig. 3. Just as example, the Logarithmic
strain rate is the highest at low times and is the lowest at long
times, causing therefore a very fast increase of birefringence
at first that slows down thereafter.

Fig. 6. Optical behavior of LPET
3.4. Mechanical behavior

The mechanical behavior of LPET and HPET is shown in
Fig. 7 and Fig. 8, respectively. Upon deformation, an expected
increase of stress in the MD (s11) is accompanied by a small
increase of stress in the TD (s22). The films naturally contract
in the transverse direction when MD stretching is applied
(Fig. 2). These data reflect this behavior.

For LPET, Linear, Sigmoidal and Exponential deformations
have the same mechanical response at low strains, where s11 in-
creases nearly linearly with the increase of strain. For HPET, the
Sigmoidal and Exponential deformations have the lowest
stresses at low strains, crossing over the Linear deformation at
a Hencky strain of 40%. With the increase of strain, the differ-
ence in stress level for each type of deformation becomes larger.
They order as: Exponential> Sigmoidal> Linear> Logarith-
mic. In both Mw materials, the stress increase tends to slow
down reaching a quasi plateau just prior to the strain hardening.

The behavior observed in the Logarithmic profile is differ-
ent as compared to the other profiles. In this case, there is a
very fast rise of the stress at low strains, as a result of the
high rates applied to the material. Other authors have shown
this behavior when PET is deformed at very high rates or tem-
peratures close to the Tg [34]. The stress keeps increasing until
it reaches a plateau and then strain hardens. The plateau in
the Logarithmic case is longer and appears at lower stresses
when compared to the other profiles. This result shows that

a function of type of deformation.
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significant relaxation might take place simultaneously to the
orientation of the material, as a result of the substantial reduc-
tion in the strain rate applied observed above 60% strains (see
Figs. 4 and 5). It should be emphasized that the onset of strain
hardening shifts to lower strains and lower stresses in Loga-
rithmic profile as compared to others. This result is shown
in Fig. 9. Strain hardening is quite significant in controlling
the thickness uniformity of the films. The lower the strain
hardening the lower the strains at which the ‘‘self leveling’’
can take place in these films [6]. All the deformation profiles
investigated show strain hardening of the material starting
from 90 to 100% strains. This value is in good agreement
with the observed value by Gorlier et al. [19]. Strain hardening
is more pronounced for HPET than LPET as expected from in-
creased entanglement density in longer chains that accelerate
the orientation development and consequent strain-induced
crystallization and strain hardening.

3.5. Mechanicaleoptical behavior

In Figs. 10 and 11, the in-plane mechano-optical behavior
e Dn12 vs (s11� s22) e of LPET and HPET is shown for

Fig. 7. True mechanical behavior of LPET stretched with different types of

deformation profiles, in UCW mode at 85 �C.

Fig. 8. True mechanical behavior of HPET stretched with different types of

deformation profiles, in UCW mode at 85 �C.
all the deformation profiles. Three regimes are distinguished:
Regime I, where stress-optical rule applies, with a stress-
optical constant of 8 GPa�1. The SOC is slightly higher than
that previously reported by some authors [15,34,46,47], how-
ever, according to Ajji and Zhang [48] it can vary between 3.8
and 8 GPa�1. Regime I is independent of Mw and of the type
of deformation applied. Sigmoidal and Exponential deforma-
tions cause an extension of the linear region, associated with
Regime I, to higher stresses and birefringences, as compared
to the Logarithmic and Linear deformations.

Regime II is characterized by a fast increase of birefrin-
gence with small increase of stresses. This regime is greatly
affected by the types of deformation applied. For example,
the slope of Regime II becomes more abrupt as one changes
from Linear, Exponential and Sigmoid deformations, becom-
ing even negative in the case of Logarithmic deformation.
The transition from Regime I to Regime II occurs in the fol-
lowing order: Logarithmic, Linear, Sigmoidal and Exponen-
tial, suggesting that earlier application of high rates leads to
earlier transition. Regime II is also considerably longer for
all the other deformations as compared to the Linear one,

Fig. 9. Effect of deformation profile on the critical true stress and critical true

strain at the strain hardening point of LPET and HPET.

Fig. 10. In-plane mechano-optical behavior of LPET stretched with different

types of deformation profiles, in UCW mode at 85 �C.
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indicating that much higher orientation is achieved for the
same level of stress. This behavior is more pronounced in
the case of LPET than HPET.

Regime III shows a strong dependency on the Mw and on
the type of deformation applied, i.e. much bigger differences
are found between the deformation profiles in LPET than
HPET. This behavior is due to the differences in the strain
hardening of the two Mw materials, as shown in Figs. 7
and 8. In general, Regime III occurs when maximum extensi-
bility of the chains is achieved that tightens the network and
causes the stress to rise. Thus, the increase of stress is only
accompanied by small increases of birefringence. This behav-
ior is seen in the case of HPET where the birefringence levels
off around 0.08 while the stress increases and not in LPET.
This result seems to indicate that the mechanism of network
tightening is more significant for HPET than for LPET. This
behavior is in line with the expectations as the longer chains
should form long-range network connectivity at lower defor-
mation levels due to multiple factors including reduction of
orientation relaxation rates and faster stress build-up.

For LPET, the Logarithmic and Sigmoidal deformations have
a very short Regime III, indicating that considerable chain relax-
ation is taking place simultaneously to the deformation process,
preventing the stress to build up. This phenomenon can be un-
derstood simply by the fact that the deformation rate decreases
in both cases at the end of deformation process, allowing the
molecular relaxation to dominate over the orientation process.
The orientation/relaxation phenomenon is well documented in
the literature for deformation at constant speed (Linear deforma-
tion), being more pronounced at lower deformation rates [21]. In
the particular case of Sigmoidal deformation, a small relaxation
stage is clearly observed at the end of Regime III, showing that
molecular relaxation becomes more significant than the molec-
ular orientation. This behavior is also seen in the Sigmoidal and
Logarithmic cases of HPET. Exponential deformation induces
a substantial increase of birefringence as compared to all the
other cases together with an increase of the stresses.

The out-of-plane mechano-optical behavior e Dn13 vs
s11 e is plotted in Figs. 12 and 13, respectively, for LPET and

Fig. 11. In-plane mechano-optical behavior of HPET stretched with different

types of deformation profiles, in UCW mode at 85 �C.
HPET. The behavior is very similar to the in-plane mechano-
optical behavior, with the exception of the SOC. In this case
the SOR is 6 GPa�1 which is lower than the previous one.

Fig. 14 shows the in-plane mechano-optical behavior of
LPET with correspondent time slicing, aiming to answer the
following question: why is the linear stress-optical region
extended to higher stresses for Sigmoidal and Exponential
deformations, when those start at lower rates than Linear and
Logarithmic deformations? According to previous observa-
tions [15,33,34] the SOR is extended as the rate of deforma-
tion increases.

If one compares Fig. 1 or Fig. 3 with Fig. 14, it is observed
for example that for a Sigmoidal deformation, the strain starts
to increase more rapidly after 50 s. For the same time, only a
very small increase in the birefringence and stress is observed.
Thus once the rapid deformation stage starts, it leads to an ex-
tension of Regime I just as it has been observed in high speed
stretching conditions in constant speed stretching experiments.
The same happens with the Exponential deformation, as it is
seen by the comparison of the same Figures at 100 s.

Fig. 12. Out-of-plane mechano-optical behavior of LPET stretched with

different types of deformation profiles, in UCW mode at 85 �C.

Fig. 13. Out-of-plane mechano-optical behavior of HPET stretched with

different types of deformation profiles, in UCW mode at 85 �C.
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Fig. 14. Time slicing of mechano-optical behavior of LPET for each type of deformation profile.
The Logarithmic deformation, on the other hand, should
show an extension of the Regime I. Since the rates are so fast
at the early stages of deformation, 25 s are enough to cause an
increase in the birefringence and stress much higher than any
other type of deformation. Nevertheless, the strain rate has
substantially decreased at this time giving the possibility for
the molecules to start relaxing and thus crystallize more rap-
idly, causing the deviation from linearity of SOR to occur at
this instant. This behavior is confirmed by the results shown in
Fig. 15. For the Logarithmic deformation a very fast increase
of crystallinity is observed at lower stresses as compared to
any other type of deformation. This behavior is augmented
in the case of HPET. Blundell et al. [21] shows that when
PET is deformed at very fast rates, crystallization takes place
only when the process of deformation stops. A similar mech-
anism seems to be occurring in the Logarithmic case, although
in here one needs to think that the deceleration in the rate of
deformation also helps on the fast crystallization of the mate-
rial. Mulligan [49] also observed similar behavior for PLA, but
since the molecular chains of PLA are much longer than PET
it takes some time to crystallize. Forced small strain retraction
experiments have shown to instantaneously enhance crystalli-
zation of PLA.

The comparison between the types of deformation shows
that till (s11� s22) of 2 MPa, the crystallinity increases slightly
and for the same amount in all the deformation profiles. LPET
shows higher level of crystallinity at this point. With a small
increase of stresses, for example (s11� s22) of 2.5 MPa, the
increase of crystallinity becomes greatly dependent on the
type of deformation. Exponential and Sigmoidal deformations
show a small increase of crystallinity (12e15%), whereas
Logarithmic have a considerable increase to about 28% in
both materials. Further increase of stress shows a rapid in-
crease of crystallinity in LPET for the Exponential and Sig-
moidal deformations that is much higher than in the Linear
deformation. Logarithmic deformation profile, on the other
hand, shows only a 2% increase in the crystallinity of the ma-
terial. HPET have a different behavior, since above (s11� s22)
of 4 MPa, the percentage of crystallinity becomes almost inde-
pendent of the deformation type, leveling off around 30%
crystallinity (on average). Among all, the Linear deformation
shows the lowest percentage of crystallinity.

To detail the structural mechanisms occurring for each type
of deformation, the in-plane mechano-optical behavior is
shown with correspondent WAXD patterns and percentage
of crystallinity as measured by DSC. This is represented in
Figs. 16e19, respectively for Linear, Sigmoidal, Exponential
and Logarithmic deformations.

All the profiles have similar behavior in Regime I, as de-
scribed before. In this regime, till about (s11� s22) of 2 MPa,
the WAXD pattern shows the appearance of a broad halo,
correspondent to an amorphous structure and, as indicated
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by the DSC measurements, the percentage of crystallinity has
increased only slightly. When deviation from linearity occurs,
in the transition from Regime I to II, an increase in the

Fig. 15. Crystallinity of LPET and HPET as a function of stress difference:

effect of type of deformation.
percentage of crystallinity is observed, that is dependent on
the type of deformation applied, as discussed previously.
The WAXD pattern in this case shows a concentration of the
amorphous halo in the equatorial region indicating the devel-
opment of preferentially oriented amorphous chains in the
machine direction. In Sigmoidal profile, the WAXD pattern
begins to show faint equatorial peaks starting when D12

reaches 0.03.
During Regime II, the birefringence increases very rapidly

as a result of the fast rise in the crystallinity of the material.
Depending on the deformation profile, the crystallinity can in-
crease to more than 25% at the end of this stage. The higher
orientation achieved with either Logarithmic or Exponential
deformations, results in the appearance of very clear peaks
in the WAXD pattern in the middle of Regime II (D12 around
0.04). These peaks become more pronounced as the Regime
III develops.

In Regime III, the birefringence keeps increasing while
the stress rises as a result of strain hardening, especially in
the Exponential case. However, only a slight increase in the
percentage of crystallinity is observed for all the types of
deformation in this stage indicating that overall structure is
reaching a saturation level. This result indicates that the Expo-
nential deformation profile promotes higher birefringence
development with further alignment of the amorphous chains.
This can occur if the long-range network formation is retarded
to higher deformation levels allowing further alignment of the
polymer chains. Evidences of this behavior are also shown by
the increase in the Tg of the material at (s11� s22) above
3 MPa, maintaining the maximum peak of Tcc at the same
constant temperature. These results are shown in Fig. 20.

3.6. Strain-optical behavior

The strain-optical behavior of LPET and HPET is plotted in
Fig. 21. The birefringence increases nearly linearly as the
Fig. 16. In-plane mechano-optical behavior of LPET subjected to a Linear deformation with respective WAXD patterns and % crystallinity.
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Fig. 17. In-plane mechano-optical behavior of LPET subjected to Sigmoidal deformation with respective WAXD patterns and % crystallinity.
strain increases. Beyond strains of 70%, the slope increases
over a relatively broad range. This point coincides to the
transition from Regime I to Regime II of the stress-optical
rule discussed above. Only a small dependency on the type
of deformation is observed in contrast to the stress-optical
behavior.

At lower strains the Logarithmic profile shows higher bire-
fringence for the same strain as compared to all other profiles
signifying its effectiveness in influencing the orientation be-
havior at early stages of deformation. This effect is more pro-
nounced in HPET. The influence of molecular weight becomes
quite substantial, particularly at high strains where the bire-
fringence is higher in HPET. During Regime I, Logarithmic
deformation shows the larger increase of birefringence,
whereas the Exponential shows the smallest one. When the
material enters in the Regime II, this tendency changes and
Exponential deformation is the one causing the higher increase
of birefringence, especially for LPET. HPET does not seem to
be affected. As prescribed in the deformation profile, a cross-
over between the Logarithmic and the rest of the profiles were
observed especially in LPET data. This points to the domina-
tion of relaxation processes in the Logarithmic profile over
orientation processes at large strains.

The strain-optical behavior of PET is presented in appendix
as: (a) the change of birefringence as a function of exponential
of true strain (Dn vs exp(3)) and as (b) the change of birefrin-
gence as a function of exponential of the double of the true
strain (Dn vs exp(23)).
Fig. 18. In-plane mechano-optical behavior of LPET subjected to Logarithmic deformation with respective WAXD patterns and % crystallinity.
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Fig. 19. In-plane mechano-optical behavior of LPET subjected to Exponential deformation with respective WAXD patterns and % crystallinity.
The percentage of crystallinity of LPET and HPET as a
function of Hencky strain in plotted in Fig. 22. Both Mw ma-
terials have a distinct behavior from each other regarding the

Fig. 20. Change in the thermal properties of LPET with the different types of

deformation.
effect of the type of deformation. In the case of LPET there
is a small but linear increase of crystallinity at strains be-
low 60%. Logarithmic deformation shows a slightly higher
crystallinity than the other profiles indicating that the strain-
induced crystallization is accelerated with the use of high
speeds early in the Logarithmic profile.

In the Exponential profile the lowest increase is observed as
this profile applies the lowest rate at the early stages of deforma-
tion. As the strain increases further, the % of crystallinity starts
to increase faster, becoming more dependent on the type of
deformation. At strains around 80%, the percentage of crystal-
linity is around 18% for the Logarithmic, Exponential and Sig-
moidal, whereas for Linear is around 15%. This critical strain
marks the point at which the Logarithmic profile is no longer
the type of deformation imparting higher % of crystallinity in
the material, changing it for the Exponential and Sigmoidal
cases. As the strain increases, the Exponential deformation leads
to higher % of crystallinity, followed by the Sigmoidal deforma-
tion. The Logarithmic deformation tends to stabilize at a value
similar to the linear one at high strains. A difference of 6% in the
crystallinity of the material is observed between the Linear and
Exponential cases, at 100% strains.

For HPET, crystallinity starts increasing above 40% strains,
exhibiting a clear distinction for the Logarithmic as compared
to the other profiles. A faster increase in the % of crystallinity
is always observed till strains slightly above 100%. At this
strain level, the % crystallinity is identical for all types of de-
formation and starts increasing more rapidly for the Exponen-
tial case, as the strain increases.

By comparing the behavior of the two Mw materials, it is
observed that at strains of 40%, LPET has higher % of crystal-
linity than HPET, as a result of the higher strain rate applied to
the material, as observed in Figs. 4 and 5. At strain between 60
and approximately 100%, the % of crystallinity is higher only
for the Logarithmic deformation of HPET, maintaining the
same value at all the other deformations in both Mw’s. At
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Fig. 21. Strain-optical behavior of PET as a function of Mw and type of deformation.
100% strains HPET shows the same value of crystallinity
independently of the type of deformation, whereas LPET is
dependent on the deformation profile.

Fig. 22. Crystallinity of LPET and HPET as a function of Hencky strain: effect

of type of deformation.
3.7. Work-optical behavior

Fig. 23 shows the work-optical relationship for the two Mw

materials and types of deformation applied. The total work
inputted in the material was determined from the following
relationship:

WT ¼
Zt

0

s : D dt ð5Þ

where s is the stress tensor and D is the deformation rate
tensor. In the case of Uniaxial Constrained Width, the total
work is defined as follows:

WT ¼
Zt

0

�
s113�11þ s223�22

�
dt ð6Þ

Fig. 23. Work-optical behavior of PET as a function of Mw and type of

deformation.
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where s11 and s22 are the true stresses in MD and TD, respec-
tively, and 3�11 and 3�22 are the strain rates also in the MD and
TD, respectively.

In a double log plot the relationship between birefringence
and work is an independent function of the type of deforma-
tion and Mw of the material. There is a two stage linear rela-
tionship between log Dn12 and log w. In both of them the
birefringence increases with the work applied to the material,
which is faster in the second stage. This transition point coin-
cides with the transition between the Regime I and Regime II
of the stress-optical behavior, as indicated in the figure.

4. Structural interpretation

The focus of this study was to investigate the influence of
non-linear deformation rate profile on the development of
structural hierarchy in particular stress-induced crystallization
and its implications on long-range network development and
thickness uniformity resulting from strain hardening. In addi-
tion, the effect of molecular weight, within the available range,
was investigated to observe the influence of entanglement
density on all the above-mentioned physical phenomenon.

The first question was whether or not one can influence the
start of strain-induced crystallization by judicious location of
high strain rate segments of deformation profile at low (Loga-
rithmic), intermediate (Sigmoidal) or high (Exponential) pro-
files. The data clearly point out that the use of Logarithmic
profile has the biggest influence on early development of crys-
tallinity that also translates into early development of strain
hardening that is directly responsible for the achievement of
film uniformity at lower strains. In this mode the use of slower
speeds at high strains also helps improve the organization of
the crystalline domains by facilitating the partial relaxation
of polymer chains that in turn allow them to register with
the oriented crystalline domains, facilitating their growth as
well as their perfection.

Exponential profile that imparts the highest strain rate at
high strains certainly retards the strain-induced crystallization
as the early stage of deformation is dominated by the relaxa-
tion processes. The delay in the strain-induced crystallization
delays the strain hardening allowing for an increased orien-
tation of polymer chains as they are not constrained by the
long-range network until high strains are achieved. This in
turn allows further development of birefringence. In fact the
crystallinity data indicate that the Exponential deformation
yields the highest crystallinity for the same total true strain.
In other words, the exponential application of strain keeps
the structure ‘‘looser’’ while the polymer chains become ori-
ented preventing the formation of ‘‘muscle bound’’ long-range
network at intermediate states thereby facilitating higher
strain-induced orientation and consequent crystallinity devel-
opment at the end of the deformation process.

5. Conclusions

The influence of different types of deformations on the
structural development of PET under UCW stretching was
investigated. The types of deformation studied included Lin-
ear, Sigmoidal, Logarithmic and Exponential deformations.
In addition, the effect of Mw was also investigated.

If a uniform thickness profile is desired at lower strains the
Logarithmic deformation profile is recommended as it rapidly
develops strain-induced crystallization that in turn accelerates
the establishment of long-range physical network leading to
early strain hardening process. However, to obtain higher crys-
tallinity with higher orientation at the end of deformation, the
Exponential deformation profile should be used as it sup-
presses the early development of long-range physical network
formation promoting the delay of crystallinity development to
higher strains and leading to high orientation and strain-
induced crystallization for the same total strains.

Appendix A

In this appendix the (a) birefringence changes as a function
of exponential of true strain (Dn vs exp(3)) and the (b) birefrin-
gence changes as a function of exponential of the double of the
true strain (Dn vs exp(23)) are presented for PET (Fig. 24).

Fig. 24. Strain optical behavior of PET as a function of (a) exp (Hencky strain)

and (b) exp (2*Hencky strain) for low and high MW PET for all types of

deformation used.
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