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ABSTRACT: The large deformation mechanooptical behavior of amorphous films of PEN in the rubbery
temperature exhibits three-regime behavior. Regime | corresponds to classicalgtess behavior of amorphous
materials where PEN remains completely amorphous during stretching. Oriented crystallization and long-range
connected network formation accompany the positive slope change in-stiegsal behavior into regime Il. In

the last regime, Ill, the formation of “muscle bound” structure begins to level off birefringence as it approaches
the finite extensibility of polymer chains. Relaxation of uniaxially stretched PEN was found to depend exclusively
on the regime from which the relaxation is initiated. If the relaxation is initiated from within regime I, the stress
and birefringence decrease traces back the linear stoggieal behavior while the material remains amorphous.

The relaxation of stress and birefringence from the early stages of regime Il deviates from the linear stress
optical behavior. At long enough relaxation times, birefringence eventually begins to increase while stress continues
to decline. This marks the formation of highly localized highly oriented ordered regions with low translational
ordering along the chain axis in the material. This unexpected behavior during relaxation was attributed to the
formation of a long-range physical network that helps arrest the relaxation of orientations gained during stretching.
If the relaxation is initiated toward the end of regime Il, a fast increase of birefringence is observed while the
stress decreases. This behavior is found to be the result of a spontaneous deformation process as observed by the
increase of local true strain in the absence of macroscopic deformation. However, this mechanism is not as a
result of relaxation alone but a combination of relaxation coupled with continuation of the deformation process
that started during stretching and did not stop when the relaxation process started. In regime lll, stress relaxation
accompanies little or no increase in birefringence. In regime 1l other than establishment of three-dimensional
order in crystalline regions, no other significant change is observed.

Introduction rule becomes nonlinear, defines the starting point for the
formation of a network that develops very rapidly throughout
regime Il. When the network starts to tighten, strain hardening
occurs and eventually full extensibility of the network occurs.
This occurs in regime 11, where the birefringence changes are
insignificant compared to the stress rise.

Ito et al1®investigated the effect of temperature and rate on
the relaxation behavior of PEN using on-line measurements of
stress and birefringence in simultaneous biaxial mode. They
observed that stress relaxation is accompanied by a decrease in
birefringence for the rates (0-1L s™1) and temperatures (150
170°C) investigated. However, stress relaxation did not trace
. S g back the behavior observed during initial stretching stage.
few stgdles are reported regarding its relaxdfi@amd shrinkage The deformation effect on PET investigated by Ryu efal.
behavior:! 13_ and Ito et al%indicates that for low levels of deformation, where

In the previous papéf:the effects of temperature, rate, draw ihe stressoptical rule (SOR) is applied, the relaxation proceeds
ratio, and molecular weight on the deformation behavior of PEN py 5 decrease in birefringence and stress following the same
were investigated. For these studies, on-line measurements oktrajght line as in the stretching process. At intermediate levels
true stresstrue strain and birefringence were performed of strain, while Ito et at® observed an increase of birefringence,
together with the off-line WAXD and DSC measurements to explained by a process of spontaneous deformation, Ryuet al.
augment the interpretation of structural mechanisms. The stress gpow first a decrease in birefringence that then start to increase
optical behavior of PEN was characterized by three regimes yhjle the stress relaxes. The change in birefringence was defined
that are affected by rate, temperature, and molecular weight. a5 the beginning of strain-induced crystallization. Finally, at high
Molecular organizational mechanism responsible for each graw ratios, the birefringence increases during the whole period
regime was identified: In regime |, the SOR is followed and of stress relaxation.
the material remains amorphous. With increasing strain, the  peaarce et 4i6 investigated the effect of temperature on the
material rapidly crystallizes through a process of spontaneous gjaxation behavior of PET by means of infrared spectroscopy.
deformation. This is defined as regime Il, where a fast increase they show that for substantial relaxation to occur temperatures
of birefringence accompanies small changes in the stress. The,ee to be close to the glass transition. However, once the strain

During the orientation of polymeric films, relaxation takes
place either as a competing mechanism to orientatile to
the tendency of molecules to be in the coiled state or purposely
induced to increase the stability of the film and avoid shrinkage
in certain film applicationd. The magnitude and rate of stress
relaxation depend greatly on processing conditions applied either
during the deformation process by affecting the final state of
the material or in the relaxation process by affecting the mobility
of the chains in the amorphous regions.

The effect of processing conditions on the deformation
behavior of PEN films has been investigafe@however very

transition between regimes | and Il, where the stregsical hardening occurs, the relaxation is suppressed.
Oultache et al! investigated both the effect of temperature
* Corresponding author. E-mail: Cakmak@uakron.edu. (80—105°C) and rate (25100 mm/min) on the orientation and
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relaxation of PET by birefringence and infrared spectroscopy B

techniques. The samples were stretched to a maximum stretch 12 -PEN/140°C/0.01 " relax10 min ’
ratio of 2, corresponding to an intermediate level of deformation. ¢
When the relaxation starts, stress sharply decreases, and this is
followed by a rapid leveling off into a quasi-plateau behavior . s+
at longer relaxation times. The increase of temperature or straing
rate accelerates the initial relaxation process. The increase in‘%'.’
temperature enhances the mobility of the chains. At fast rates, g |
the orientation mechanism dominates the relaxation, and % o 1 2 3 4
therefore, higher orientation levels are achieved. As soon as2 Eng Strain

the deformation is stopped, there is an elastic driving force that
helps the fast recovery of the chains to its random coiled state,
resulting in the rapid initial relaxation process. Matthews é¢ al.
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reported similar studies on PET relaxation from the oriented ost log o7 08 g5 08 A 15
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Stress-induced crystallization has been identified as a primary )
True Strain

mechanism 1o suppress orientation relaxation by a number OfFi ure 1. True mechanical behavior of PEN during stretching and
resegrcheré@lgf.ﬂ Onpe It occurg, the crystals formed act as reiqaxation processes. Samples were stretched betwgen 50 andg400% at
physical cross-link points, anchoring the molecules in a network 140°c and 0.01 s and relaxed for 10 min. In the inset engineering
hindering the chains from relaxing and recovering their original mechanical behavior is presented.
random coiled state.

The relaxation behavior of PEN films from preoriented state whereT is the retardationWo and Do are the initial width and
has not been investigated. The present work aims to clarify the thickness, and~, W, and D; are time variation of force, width,
structural mechanisms including formation of long-range physi- and thickness, respectively. , ,
cal network involved during relaxation of PEN after stretching True strain rate was calculated from true strain vs time curves.

. . . Additional details of the system can be found elsewRer#.
to. three stres,.sopUc.al regimes. The molecular weight effect The birefringence measurements taken in this study are all for 546
will be also investigated as a complementary study to the

. h . L nm wavelength.
relaxation behavior of PEN, since it is a parameter that  gample Preparation and Experimental Conditions.Samples
influences the chain length and thus entanglement density.  of dumbbell shape were cut from the as-cast amorphous film rolls.
) The dimensions used were 75 mm long, 40 mm wide, and 30 mm
Experimental Procedures wide in the narrowest region. The samples were clamped and
Materials. Two commercial grades of PEN films with intrinsic ~ Mounted on the uniaxial stretching system inside an environmental
viscosity (IV) of 0.54 and 0.67 dL/g were used in this investigation. chamber. The distance between clamps was 30 mm. A period of
For convenience, the former is designated by LPEN (lower 10 min was used for equilibration of the sample temperature. The
molecular weight PEN) and the latter by HPEN (high molecular Samples were uniaxially stretched at 4Dand with a rate of 20
weight PEN). Both films were kindly provided by M&G Polymers ~Mmm/min to a series of stretch ratios up ta.SOne set of samples
Co. was simply stretched at the conditions mentioned above, and another
As-received melt cast samples were essentially amorpheb( ~ Was allowed to relax for a fixed period of time at the same
crystallinity) and exhibitedr, at 120°C and Ty, at 270°C. The temperature as applied during stretching. Different relaxation times
cold Crysta”ization peak depends on the molecular We|ght of the were used for detalllng the structural mechanisms involved in this

material, occurring at 196C for LPEN and 200°C for HPEN, process. The relaxation step was carried out up to a maximum of

indicating slight suppression of crystallization during heating due 2 . o ) )

to increase chain lengths in HPEN. Thermal Characterization. Thermal properties of PEN films
On-Line Birefringence and True Mechanical Behavior Mea- were measured using a 2920 MDSC V2.6A TA Instruments. The

surements.A uniaxial stretching machine developed in our group Samples of approximately-610 mg were scanned at heating rate
was used to simultaneously determine the mechanooptical propertie®f 10 °C/min in a dry nitrogen atmosphere. The thermal properties
of PEN films during deformation and relaxation processes. The are referred to the maximum peak position. The degree of
machine is composed of three parts: the uniaxial stretching machinecrystallinity was determined using eq 1, considering the heat of
with environmental chamber, the spectral birefringence system, andfusion of 100% crystallineAH?) to be 103.4 J/g’

a laser-based width measurement system. By a specially designed

uniaxial stretching machine allowing the crossheads to move in oy 2Mm — AH,

opposite direction and the use of dumbbell-shaped samples, one % (%)= AHg x 100 @)
guarantees the measurements to be made always in the same
stationary midsection of the sample. Therefore, measurements ofA
optical retardation and sample width at the stationary midsymmetry
plane and force are recorded simultaneously. Assuming (1) simple
extension D/Dy = Wi/Wp) and (2) incompressibilityLoWoDo =
L\WD,), time variation of the local thickness is calculated, and thus
birefringence, local true stress, and local true strain are determined
Birefringence measurements were taken at 546 nm wavelength.

Hm andAH. are respectively the enthalpy of melting and enthalpy
of crystallization estimated by the DSC curves.

X-ray Measurements.A Bruker AXS generator equipped with
a copper target tube and two-dimensional detector was used to
obtain the one-quadrant WAXD patterns of the specimens. The
‘generator was operated at 40 kV and 40 mA with a beam
monochromitized to Cu & radiation. A sample-to-detector distance

) of 11.5 cm was used for all experiments. A typical exposure time
thicknessD; = (W/Wg)D, of 10 min was used.

birefringence= I'/D, Results and Discussion

true strain= L /L, — 1= (WyW)* — 1 Mechanical Behavior. In Figure 1, the true mechanical
) behavior of LPEN during the process of stretching and relaxation
true stress= F/(W,Dy) = F/[(W,"/W,)D(] is presented. The samples were stretched to different Ievedﬁ:)(%;
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Figure 2. Normalize true strain as a function of relaxation time for Figure 3. Normalized true stress as a function of relaxation time for
LPEN relaxed at 140C for 2 h. The values indicate the true strain LPEN relaxed at 140C for 2 h. The values indicate the true strain
and engineering strain (in parentheses) at relaxation time zero. and engineering strain (between parentheses) at relaxation time zero.

. . . 3.0
strain and allowed to relax for a period of 10 min at P4D(at £=1.06(0.9)

the stretching temperature). As expected, a stress drop is
observed during relaxation of PEN.

However, the stress relaxation is accompanied by an increase
in true strain at intermediate levels of deformation. This 2.0 1
spontaneous deformation has also been observed by Biangardj,:9 £=127 (1)
and Zachmarm$ and Peszkin et & while investigating the 15 -
effects of heat treatment of spun PET fibers.

When the engineering properties are considered (see insetin 4, |
Figure 1), the stress drops at constant strain, and thus a
spontaneous deformation mechanism cannot be observed. The
comparison between the true and engineering behaviors shows
that the increase of true strain is more pronounced for samples
deformed between 80% and 100%, which corresponds to the
region of neck formation for PEN. Relaxation time (s)

In Figure 2, the change of strain is plotted as a function of _. . o . S

: . N - . . Figure 4. Normalized birefringence as a function of relaxation time
relaxation time. The strain is normalized relative to the strain for) pEN relaxed at 146C for 2 h. The values indicate the true strain
at relaxation time zeroe(eg), so that comparison between the and engineering strain (in parentheses) at relaxation time zero.
samples stretched to different strain levels could be made. A
relaxation period b2 h is shown in this figure. and the magnitude of stress relaxation decreases with further

Three different tendencies are observed: (i) no change in theincrease of initial strain. Spontaneous deformation is perhaps
true strain, as indicated by the unity value @, occurring the mechanism causing the former behavior, whereas the latter
for deformations that are either very low (below 60%) or very is attributed to strain hardening, as observed by other
high (above 150%); (ii) slow increase of strain through all the authorst6:18-21
relaxation period, as observed for 70% strains; and (iii) rapid  Optical Behavior. While stress relaxation is taking place,
increase of stain at beginning of relaxation which slows down considerable change in birefringence is observed in the material.
and maintains a constant level until the end of relaxation. This This depends primarily on the applied strain. These results are
last case corresponds to deformations between 80% and 100%represented in Figure 4, where the normalized birefringefné (
where considerable spontaneous deformation is observed.  Anp) is plotted as a function of relaxation time.

As depicted in the inset of Figure 2, where the same plotis  Starting from low prestretching levels, (strain 60%), the
represented on a logarithmic scale, the higher the strain appliedbirefringence decreases very fast at the beginning and then slows
to the material (I, 70%, ..., IV, 100%), the quicker is the strain down as the relaxation time increases. At 70% strain, the
increase during relaxation and the sooner is the leveling off of birefringence first decreases and then starts increasing slowly.
the strain at a constant value. About 200 s is needed for the The increase of birefringence starts around 350 s and eventually
strain to start increasing when a 70% strain is applied during crosses over the initial birefringence value at around 3200 s.
stretching. The magnitude of strain change increases with theThe turnaround of birefringence as well as its slow increase
increase of strain from 70% to 90% but is less at 100%. fits with the strain behavior observed previously in Figure 2

Figure 3 shows the normalized strestog) as a function of where the strain was shown to increase very slowly at 200 s.
relaxation time. As observed, the rate of stress relaxation is very  This links the increase observed in birefringence to additional
fast at the initial stages and tends to level off as the relaxation deformation that occurs during relaxation as a result of
time increases. The magnitude and rate of stress relaxation aspontaneous deformation. The same is observed between 80%
long times depend on the strain applied to the material. The and 100% strains, where birefringence and strain have the same
following is observed: as the strain applied to the material behavior (see Figure 2). Both values increase very rapidly at
increases to 100%, so does the magnitude and rate of stresfow relaxation times, reaching a maximum and maintaining there
relaxation, above which a change in this tendency is observed,values thereafter. For strains above 150%, no chang&DiQ/
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Figure 5. Change of strain rate during relaxation of LPEN at 240 The values indicate the true strain and engineering strain (in parentheses)
at relaxation time zero.

birefringence is observed. This is consistent with the strain result

that does not change during relaxation after having been 0.06 €=127(1) oo

l

stretched to these levels.

Strain Rate. To understand the origin of the spontaneous 0.05 4
deformation process during relaxation, the true strain rate was
plotted as a function of relaxation time (Figure 5). The strain @ o4
rate does not reach zero level during relaxation after stretching £ €=1.06(09)
to intermediate deformation levels. These results explain why ¢ ¢34 N\
there is a very fast increase of strain and birefringence at strains § = 0.8(0.8)
between 80 and 100%, while stress relaxation is taking place. # ¢, | A
However, the strain rate at 70% does not explain the slow
increase in the strain at long times, nor the change in tendency 4.
of birefringence, as discussed previously. This result points to
a process of spontaneous deformation starting during relaxation g4 ¢<088(07)
and not during stretching, as in the other cases.

For strains less than 70%, the strain rate drops rapidly from
the initial set point (strain rate of Q'OIJE) to zero. Al strains .., Figure 6. Change of strain rate during stretching of LPEN at 2@0
between 80% and 100%, the strain rate decreases slowly withang 0,01 s. The values indicate the true strain and engineering strain
time, until it eventually becomes zero. The higher the strain (in parentheses) at relaxation time zero.
applied to the material during stretching, the faster is the decay . ) . .
of strain rate during relaxation and the shorter is the time needed The arrows in the figure points to the end of the stretching

for it to decrease to zero. For samples stretched above 15004 0CESS fo_r samples d(_aformed to different Ieyels of strain. If.
the stain rate is null throughout all the relaxation period and the stretching process is stopped before the increase of strain

thus so does the strain and birefringence, as plotted in Figuresrate. takes plac_e, the strain rate de_creases instantaneously to zero
2 and 4. during relaxation, as shown in Figure 5. On the other hand,

) ] _ stopping the stretching process anywhere along the peak (as in
The large values of the strain rate observed at intermediatetne case of strains between 80% and 100%), the relaxation
levels of deformation are a result of the spontaneous deformation(.jlccomloanies deformation, which in turn increases birefringence
mechanism developing during stretching, as is shown in Figure 55 discussed earlier. As revealed in the previous pémevery
6. fast increase of birefringence is observed when spontaneous
During the start of stretching with a constant engineering deformation takes place, and as soon as this deformation ceases,
strain rate of 0.01¢, the monitored true strain rate matches the birefringence levels off to a constant level. The latter
this engineering value for a period of first 45 s, indicating that behavior is observed when the sample is stretched to strains
material deforms affinely. Following this stage, a rapid rise in above 150%, in which the strain rate reaches zero and thus no
the true strain rate signifies the occurrence of spontaneouslonger changes during the relaxation process.
deformation. In the last stage the strain rate measured in the Mechanoooptical Behavior.In a previous papert three
midsection of the sample rapidly approaches zero as it straindistinct regimes were identified in mechanooptical behavior of
hardens and eventually stops deforming. This is shown in detail PEN. They were regime |, where the stresgtical rule applies;
in Figure 6. regime I, where a fast increase of birefringence is observegDa\t/

004 Affine
deformation
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a.20 2 ; et al.1% revealed only a decrease in birefringence not propor-
HPEMN [ 140°C /0.01 7 / relax 10 min| . . . . .
I tional to the stresses. The difference in behavior might be
0.25 4 attributed to the high temperatures used in their study {C§0
Relaxation behavior in regime Il is characterized by the
o 0207 ! - following birefringence changes: (i) decrease of birefringence
g : o Regime I does not follow back the same curve observed during stretching
2 : I s (70% strains); (ii) birefringence remains constant for a short
£ 015 i g o ; ; i ;
5 : g s period, then increases very rapidly, and finally slows dowr<(80
= € 045 h . . . . . i
@ I £ \ 90% strains); (iii) continuous birefringence increase right after
0.10 - ! £ om L) . . . . .
i o Sraraf ceasing the stretching, decreasing its rate as the relaxation
=1 o i proceeds (100% strains). The changes observed in (ii) and (iii)
0.05 L E e : z : i are related to the strain rate (Figure 5), since the lower the strain
: I & {[n18 Stress (MPe) rate applied, the slower the birefringence change observed in
0.00 — : : . regime Il.
L 3 9 12 15
|

Regime |

The main impact of the molecular weight on the relaxation
Figure 7. Mechanootical behavior of LPEN during stretching and behavior was observed in the transition between regimes | and
relgaxation proce:sse:s.p Samples were stretched bet\?veen 50 a?ld 400‘%" For HPI.EN stretched at 70% strains, the birefringence
strain at 14C°C and 0.01 st and relaxed for 10 min. increases right after the relaxation starts, whereas for LPEN,
the birefringence decreases. This slight difference is explained
0.30 by the differences in efficiency of orientation of the two
o HEEM FURTE (5w faucic mi materials as the entanglement density in HPEN is higher.

0.25 4 A gray line is used in both Figure 7 and Figure 8 to help
clarify the deviation from linearity of the stressptical rule.
In Figure 7, the sample that remains in regime | during the
Regime stretching traces back the same line during relaxation (note the
gray line behavior). The deviation is noted as the initial
deformation increased toward regime Il where the stress
o A\ birefringence relationship becomes nonlipegr and before fast
o T.r spontaneous deformation takes place. This is observed at 70%
strains for LPEN (Figure 7). From these results it is possible to
2 3 4 conclude that when the material is stretched to a birefringence
e level between 0.05 and 0.07, the relaxation proceeds with a
T T T decrease in stress and birefringence that deviates from from the
rrze s"essm:a} 2 15 linearity observed during stretching. Moreover, on the basis of
the results shown in Figure 2 (see 70% strains), a very slow
Figure 8. Mechanooptical behavior of HPEN during stretching and increase of strain should be expected within this region of
relaxation processes. Samples were stretched between 50 and 400%eformation (transition between regimes | and Il). The lower
strain at 140°C and 0.01 s* and relaxed for 10 min. the birefringence level attained (within the 0-05.07 range),
almost constant stress as a result of spontaneous deformationthe longer should be the time for the strain to start to increase
and regime lll, where birefringence reached a plateau while the and the slower the strain increase thereafter.
stress continues to increase. Those regimes are now defining
substantial differences in the relaxation behavior of PEN, as is
shown in Figure 7 for LPEN and in Figure 8 for HPEN, relaxed
for 10 min.

Both figures show that when PEN is stretched to strain levels
within regime |, the relaxation stage involves the decrease in ) ) L .
both stress and birefringence tracing back the same straight line hen low strains are applied to LPEN within regime |, the
of linear stressoptical behavior recorded during stretching Material remains in the amorphous state throughout the defor-
stage. Once the samples are stretched beyond regime | into théhation and relaxation stages.
early part of regime Il, the relaxation stage still involves In the transition of regimes | to Il (strains of 70%), although
decreases in both birefringence and stress, but they no longethe material is amorphous before relaxation, a very sharp
trace back the slope of regime | as they deviate from it following crystalline peak corresponding@g§010) reflection appears. This
slower decline in birefringence as the stress decreases. Thisneans that uniplanar axial texture is developing at very early
decline is not indefinite, and at a critical point, the birefrin- stages of deformation. It is important to note that this peak
gence-stress curve shows a minimum beyond which the represents those regions that exhibit near perfect orientation
birefringence starts to increase. The higher the birefringence along the stretching direction despite the fact that it is observed
attained during the stretching stage, the faster is the increase ofluring relaxation stage that should have led to low orientation
birefringence during relaxation. In the transition between regime levels. Because the off-equatorial peaks are not present in this
Il and I1I, the birefringence still increases but not as significantly pattern, the regions exhibiting near perfect orientation exhibit
as in regime Il. Finally, when regime 1l is reached, the low translational ordering along the stretching direction. When
birefringence remains nearly constant while stress relaxation deformation reaches 80% strain, the amorphous material
proceeds. Ryu et aP.and Ito et all® showed similar behaviors  converts to a crystalline structure of low orientation and low
during the relaxation behavior of PET. However, the limited three-dimensional order (poor interchain registry along the chain
investigations on PEN’s relaxation behavior, performed by Ito axis) since the off-equatorial peaks are only slightly defirEBV
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Structural Studies. To understand the structural changes
occurring in the material upon relaxation, WAXD and DSC
techniques were applied to both as-stretched and relaxed
samples. Figure 9 shows the mechanooptical behavior of LPEN
with corresponding WAXD patterns before and after relaxation.
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Figure 9. Mechanooptical behavior of LPEN during stretching and relaxation processes with corresponding WAXD pattern. Samples were stretched
at 140°C and 0.01 st and relaxed for 10 min. The values indicated in the pictures are referring to the true strain and engineering strain (in
parentheses) at relaxation time zero.

_In this case, reflections ak(010), 5(220), a(100), anda- regime Il. And at this conditioff.. decreases 13C to 177°C,
(110) planes can be clearly seen. At 90% strains, crystalline and a lower temperature shoulder appears in the cold crystal-
reflections of thea(010) plane can be distinguished together lization peak. This signifies the development of two distinct
with a broad peak where reflections @f100) ando(110) are chain populations of differing orientation levels.
expected to appear. From this state, the material develops a The lower peak corresponds to the chain population that
crystalline state of higher crystalline perfection but of lower possesses higher orientation and higher peak correspond to those
crystalline orientation. At strains of 100% the starting structure amorphous chains with low orientation levels. This also suggests
is already crystalline but with low three-dimensional ordering. that the overall structure becomes inhomogeneous with regions
With further relaxation, the interchain registry improves, but of higher orientation and regions of lower orientation. The
not significantly. crystallinity is around 13% (by DSC) at this stage of deforma-

Throughout regime Ill, as the strain applied to the material tion, which translates into an amorphous WAXS pattern as
increases, the ordering of the material also increases, so in thedepicted in Figure 9, indicating that this level of crystallinity is
relaxation stage only slight crystalline disorientation is detected. simply as a result of overall “uniform compaction” of the

In Figure 10 and Figure 11 the DSC thermograms and structure and does not represent 13% of the material possessing
percentage of crystallinity of both LPEN stretched and relaxed 100% crystallinity. At 90% strain, th&.. moves again, being
samples are presented. in the position of theT.. of the more oriented population. The

Comparing only the as stretched samples, it is observed thatcrystallinity increases from 13% to 20%. Above 100% strains,
(i) the glass transition temperature increases and its regiona considerable shift of; and reduction of its peak area are
broadens as the strain is applied to the material especially aboveobserved and as a result of strain hardening of the material,
100%; (ii) the cold crystallization temperaturé.§ decreases,  where PEN reaches a plateau with crystallinity around 38%.
and the area under its peak changes considerably as the strain When relaxation takes place within regime | (below 60%
increases. For example, with only 50% strain, the peak position strains), no change is observed in the peak and areg.of
of Tec moves 6°C below its original position (190C). T is Consequently, the crystallinity level remains constant at around
maintained at this position until about 70% strain; however, 8% after relaxation, reflecting an effectively amorphous state
broadening of this peak occurs while the crystallinity remains of the material shown by WAXD. At the start of regime I
below 10% during this period (Figure 11). It is important to around 70% strains (point | marked in Figure 11), the crystal-
recall that the sample stretched with 60% strain is within regime linity slightly increases from less than 10% to 13% on 10 min
I, and with 70% it is in the nonlinear transition region between relaxation, reflecting the decreaseTgf observed in Figure 10.
regimes | and lla. At 80% strain, the sample is at the start of Like the samples stretched at 80%, a bimodal population ap%?s{;
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Figure 12. Percentage of crystallinity of as stretched and relaxed
samples as a function of true strain. Samples were stretched to different
levels of strains between 50 and 400% at P@and 0.01 st and
finally relaxed for 10 min and 2 h.

The area under the peak also reduces upon relaxation, reducing
even further during relaxation at 90% strains, after which no
significant change is observed. The crystallinity of the relaxed
material increases to around 35% and 40% respectively for 80
and 90% strains (points Il and IIl). Thus, relaxation within
regime Il causes substantial chain orientation (reductioff

and crystallization (reduction of.. peak area) as a result of

Figure 10. DSC thermograms of LPEN samples stretched at different the spontaneous deformation mechanism, therefore explaining
strains at 140C and 0.01 s* and relaxed for 10 min at 14%C. The the increase of birefringence in Figure 9. Above 100% strain,

values indicate the true strain and engineering strain (in parenthesesype Tee of the relaxed samples moves to slightly higher
at relaxation time zero.

50

8

% Crystallinity
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12

temperatures, appearing in the same position as in the samples
simply stretched at 400% strains, whereas the area under the
peak is reduced slightly as the strain increases. This corresponds
to very small 3% increase in crystallinity.

In Figure 12, the crystallinity of as-stretched and relaxed
samples is plotted as a function of true strain. When the material
is strained at 70% (point 1), the crystallization increases during
relaxation accompanied by an increase of strain. The same
occurs at 80% strain (point 11) and to some extent at 90% strain
(point IlI). In this last case, the crystallinity level increases
substantially after 10 min relaxation but does not change
thereafter. The increase of crystallinity is due to the increase of
strain shown to occur as a result of the spontaneous deformation
during stretching and relaxation. Above 100% strains (point 1V),
no change in crystallinity is observed.

Figure 12 shows that as the strain increases the crystallinity
first increases slightly as the strain increases to about 0.7, and

Figure 11. Percentage of crystallinity of LPEN as stretched and relaxed then at intermediate true strains (between 0.7 and 1.4) the
samples as a function of true stress. Samples were stretched to straingryStaIIInIty increases very rapidly, from less than 10% te-38

between 50 and 400% at 14C and 0.01 st and finally relaxed for ~ 40%. Finally it levels off at 46-42%.
10 min and 2 h. The numbers identify the as stretched and relaxed The development of crystallinity is governed by the strain

pairs. Number | corresponds to 70%, Il to 80%, ..., and VIIl to 400%. applied to material. This can occur either during the stretching
No number was indicated below 60%. stage or as a spontaneous deformation during relaxation stage.
during relaxation, showing that the same kind of structure can The latter is typically observed after stretching to intermediate
be formed either during stretching or during relaxation. Both deformation levels. Once strain hardening occurs, very small
of them show similar WAXD patterns of a near perfectly change in the true strain is observed; hence, the saturation
oriented structure of low translational order along the chain axis, behavior observed at the high strain end of the plot.
resembling a nematic-like structure. Despite the increase in Relaxation at intermediate states of deformation (relaxation
crystallinity, birefringence decreases (Figure 9), indicating that within regime Il) accompanies substantial structural changes.
substantial amorphous chain relaxation must be occurring To detail the structural evolution mechanism in this regime
simultaneously with crystallization, the former being more during relaxation, different relaxation times were further applied
dominant than the latter. Relaxation of samples stretched at 80%and investigated. The results are shown in Figures1E

causes a decreaseff to around 156C, which is maintained Figure 13 details the structural changes occurring during 2 h
for the relaxed samples that have been strained to higher levelsrelaxation after a 70% strain has been applied to the mat(E{B{./
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by the appearance of extremely sharp equatorial peak0df0).
Following the appearance of this peak, the birefringence levels Figure 16. Detailed mechanooptical behavior and WAXD patterns of
off for a while (about 6 min) while the stress relaxation contin- -PEN strain at 100% and relaxed for 2 h.
zgst'hfé g_rgisr:]ﬂ:gﬁjﬁglugg:“\:\stg ;glr?rtllt\e/glglsos\f\ég:%;t?rsfgbilic of relaxation while stress decays. In_this case, the birefringence
of off-equatorial peaks in the WAXD péttern %olds constant for a very short perlpd of time and then starts
) ) R ] increasing until the end of relaxation process. The rate of

At 2 h relaxation, the azimuthal distribution of the crystalline birefringence increase approaches a plateau as the relaxation
peaks be;gin to increase, indicating that thg crystallizaj[ion that proceeds to long times. At the end of the relaxation stage the
is occurring as part of the long-term relaxation process involves ¢t equatorial peaks become visible, indicating the establishment
reduction in crystalline orientation. The most likely reason for ¢ three-dimensional order. However, the orientation of these
this is the crystallization of polymer chains which has relaxed ¢ ystalline regions also decline from near perfectly oriented state
to a certain extent during this process. first observed at 44 s relaxation with 17% crystallinity with

An important conclusion in this structural organizational equatorial WAXDo(010).
process is that the nearly perfectly oriented regions form At the start of relaxation within regime Il there already are
throughout the body of the material and these regions musthighly oriented-albeit containing considerable translational
somehow be connected to each other through a three-disordercrystalline domains, as shown in Figure 15 and Figure
dimensional network that is rather taut as they form during the 16. These two cases correspond to deformations between 90%
relaxation stage (answering the questions why ordered regionsand 100%, respectively. The initial plateau observed in the
formed during relaxation stage exhibit near perfect orientation birefringence at the early stage of relaxation eventually disap-
and why they do not form in a disoriented state). Beyond the pears at 100% prestrained samples where birefringence begins
birefringence minimum, the expected crystallites of lower to increase as soon as the stretching stage is terminated. At this
orientation eventually form with improved order. point the material reached a crystalline state where three-

Figure 14 shows the detailed structural development for LPEN dimensional ordering starts to form, as diffused off equatorial
stretched to strain of 80%. Following the stoppage of the peaks appear while the overall crystalline orientation declines.
stretching the birefringence remains constant in the early stagesThis clearly follows earlier observations that the crystallEnBV
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regions that develop during the relaxation stage consist of chains
of lower orientation partly as a result of relaxation processes.
We do not think that the ordered regions that exhibit very highly
oriented domains disorient during relaxation simply those that
form at a later stage exhibit lower orientation, thereby reducing
the total orientation of these regions.

In the second case, Figure 16, the relaxation causes an
increase of structural ordering in the material with decrease of
orientation as the relaxation time increases. The crystallinity
increases from 37% after stretching to 40% & relaxation.

As alluded to earlier, the behavior shown in Figure 13
identifies the beginning of the network formation that, once
started, arrests the decline of birefringence as the stress declines
(see Figure 9) and has the strength of developing further if
enough time is allowed. If one recalls (see Figure 2), the strain
steadily increases during the total timé ® h relaxation,
explaining the increase of crystallinity observed. In this
particular case, the increase of strain is motivated by a process (a) (b)
of spontaneous deformation starting during the process of figyre 17. Schematic representation of network formation.
relaxation, in contrast to the other cases, where the deformation
starts during the stretching process and continues/ends during
the relaxation.

Network Formation. Both during the stretching process and
during the relaxation, there are the same mechanistic evidences
for the formation of a network. It occurs in the transition from
regime | to regime Il where the streseptical rule starts
deviating from the linearity and crystalline order first begins to
take shape. First, there is an increase of orientation of the
amorphous regions, as observed by the increase of birefringence
together with the movement of.; to lower temperatures,
maintaining the same crystallinity level. Further stretching
encourages the formation of extremely high oriented ordered
regions of poor translational ordering sprinkled throughout the
sea of chains of varying orientation levels. During relaxation,
the same structure is observed after a certain period of time,
together with the reduction of orientation of the amorphous
regions due to relaxation.

The molecular interpretation given to these results is as fol-
lows: during stretching within regime I, the applied deformation
is transmitted affinely to the chains, which proves the chains Figure 18. Schematic representation of network formation (connected
are connected to each other by, at least, the entanglement nodf?‘“t chains forming the long-range network are indicated with darker

S : T ines).
existing in the structure. The orientation is promoted and must be
higher close to those nodes, since the chains are arrested betweahe network) are allowed to relax but only to a limited extent
them and cannot move freely to rearrange themselves back tosince the network arrests them. This is shown in Figures 3 and
the random coil state, remaining in a stretched position. A simple 15 by the lower change in stress upon relaxation when high
schematic representation of this idea is shown in Figure 17. strains are applied to the material.

According to the WAXD patterns, the chains are very highly
oriented, but they are not properly aligned with each other to Conclusions
crystallize (Figure 17b). Nevertheless, the lowering of the  The relaxation behavior of uniaxially oriented PEN in the
entropy in these sites favors the rapid crystallization of the rubbery state was investigated. It was found that relaxation
material. Either by further stretching or by relaxation, spontane- pehavior greatly depends on the state of the structure of the
ous deformation takes place causing the crystallization of the material at the start of relaxation. If the material is in the
material in the regions of high orientation, arresting the chains amorphous state, anywhere in regime | where the strestical
permanently in the network, as depicted in Figure 18. The result ryle is linear, the relaxation proceeds with a decrease in both
is the birefringence increase with further stretching or relaxation the stress and birefringence due to the absence of long-range
accompanied by an increase in the crystallinity of the material. connectivity between the chains, allowing them to relax freely.
This confirms a similar model was also put forth by Peszkin et Once deviation from linearity occurs, stress relaxation is
al.2% on their investigations of heat treatment of preoriented fiber. accompanied by first a decrease in birefringence that then

When network starts forming, it develops very quickly, changes its trend and starts to increase. The increase of
tightening up with the crystallization of the material. Once the birefringence is proven to be due to a spontaneous deformation
network is fully formed, it starts a process of “network process developing during relaxation, which is accompanied by
deformation” which is made much harder due to increased the formation of a very highly oriented structure, believed to
crystallinity and taut connectivity. During relaxation, the chains be the starting point for the formation of the network. Well
of the amorphous regions within the crystalline sites (nodes of within regime Il the birefringence increases very rapidly W@BV
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the stress decreases. In this regime, the strain rate is observed(9) Blanton, T. N.Powder Diffraction2002 17, 125-131.

to be very high when relaxation starts, revealing that a (10) Iljtg,rtti-;aISuzzslgiz, K.; Kikutani, T.; Nakayama, RPS 18 Conf. Proc.
contlnu.ous process of spon;aneous deformatlon that starts durin 11) Schogkéns, G.: Verschuere, Folymer1999 40, 3753-3761.
_stretchlng an(_i ceases during the_ relaxation period causes th 12) Schoukens, G.; Samyn, P.; Maddens, S.; Van AudenaerdeAppl.
increase of birefringence. In regime Ill, the stress decreases  polym. Sci2003 87, 1462-1473.

during relaxation but is accompanied by very little change in (13) Bhushan, B.; Jayantha-Rao,RAppl. Polym. Sci2004 91, 78-88.
the birefringence. This result shows that when the network (14) Martins, C.; Cakmak, MMacromolecules2005 38, 4260-4273.
structure is well developed, it becomes structurally “muscle (15) Ryu, D. S.;Inoue, T.; Osaki, Kolymer199§ 39, 2515-2520.
bound” by the developed crystallites and taut chains crisscross-(16) Pearce, R.; Cole, K- C.; Ajji, A.; Dumoulin, M. Mrolym. Eng. Sci.

. . 1997, 37, 1795-1800.
ing the body of the structure, preventing any further changes (17) Oultache, A. K.; Kong, X.; Pellerin, C.; Brisson, J.:zBket, M.;

including crystallization and relaxation to take place. Prud’homme, R. EPolymer2001 42, 9051-9058.

(18) Matthews, R. G.; Ajji, A.; Dumoulin, M. M.; Prud’homme, R. E.
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