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ABSTRACT: The evolution of superstructure and its relationship with the phase transition during uniaxial
deformation of poly(ethylene terephthalate) (PET) at temperatures (90 an&iC)Qtbove its glass transition
temperature were investigated by in-situ small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction
(WAXD). It appears that deformation at lower temperatures enhances the metastability of mesophase but narrows
the strain window for phase transition. Very similar superstructure evolution pathways were observed at both
temperatures. In zone | (the plastic deformation zone), WAXD did not show any crystal diffraction peak; however,
SAXS exhibited an equatorial streak at the later stage, indicating the formation of a microfibrillar structure.
Strain hardening took place in zone I, which could be categorized in two substages. In zone IlI-a, SAXS showed
an X-shaped pattern that coincided with the appearance of crystal diffraction peaks in WAXD. The initial X-shaped
patterns possessed strong intensity near the beam stop; the later patterns exhibited a scattering maximum that
shifted toward larger angles with increasing strain. Results indicated the formation of a tilted lamellar structure
within the microfibrils in conjunction with lamellar insertion. In zone 1lI-b, oval spots appeared at the edges of
the X-shaped pattern, which essentially became four-point. In this stage, the crystallinity still increased linearly
with strain, but the invariant gradually reached an asymptotic value, indicating that lamellar insertion took place
at a slower rate. In the final strain-hardening zone (lll), the load became linear with strain even though crystallization
was reduced. The equatorial long period was found to decrease drastically, suggesting that some microfibrils
were split. In addition, a two-point pattern appeared near the central streak, corresponding to a periodic structure
with long period of 100 nm. The formation of such a large layered structure and the microfibrillar splitting can
be attributed to structural defects such as kinks in microfibrils.

1. Introduction deformation at temperatures (e.g., 90 and 1G) above the

Recently, in-situ studies during uniaxial deformation of poly- 9lass transition temperature. The study was carried out by
(ethylene terephthalate) (PET) have been carried out by manySimultaneous 2D small-angle X-ray scattering (SAXS) and wide-
laboratories: 13 Some new insights into the structure and ang_le_x-ray diffraction (WAXD) techniques using synchrotron
property relationships in this widely used thermoplastic material radiation.
have been obtained. In brief, PET can be considered as a The behavior of plastic deformation (i.e., the true stress can
“marginal” liquid crystalline polyme#?.lts mesomorphic transi-  remain constant with increasing strain) near the glass transition
tions are not obvious in the isotropic state but become distinct in PET has been well recognized and routinely used in the
in the oriented state, in which the mesomorphic phase appearsshaping of varying products (e.g., films and fibers). The window
to be the precursor phase for crystallizatio®® In our earlier of plastic deformation in PET is directly related to tempera-
study? we found that the superstructure formation took place ture: atlow temperatures (e.qg., bel@y), the window is narrow
during deformation below the glass transition temperatlige ( and sometimes nonexistent; at high temperatures (e.g., above
and the evolution process is closely related to multiple phase T,), the window is relatively large. In our previous study of
transitions involving amorphous, nematic, smectic, and crystal- PET deformation below,,® we found that the unique mechan-
line phases. We used the term “superstructure” instead ofical responses in the plastic deformation zone and subsequent
“morphology” to emphasize that the observation of the large- strain-hardening zones are related to complicated phase transi-
scale structure formation (from 10 to 100 nm) was made by tions, involving amorphous, nematic, smectic, and crystalline
small-angle X-ray scattering instead of by typical microscopic phases, which are also accompanied by evolution of varying
techniques. In the current study, we continued the investigation superstructures (e.g., microfibrils and subsequent lamellar
of this subject with an emphasis on superstructure formation structures within microfibrils). In this context, the current state
and its relationship with the phase transition during uniaxial of understanding in the superstructure formation in PET, induced

by uniaxial stretching, will be briefly reviewed below. (We note
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crystalline phase took place through the smectic A phase (with °C just below itsTy. This model was carefully verified and
a characteristic-spacing of 1.07 nm), where the formation of modified using mainly the SAXS results from PET deformation
smectic A phase was correlated with the occurrence of a layeredabove itsTy,.

structure (with a long period of about 10 nm) shown as a two-

bar pattern in SAXS. Our group also investigated the mechanism2. Experimental Section

of structgral formation in amorphous PET during uniaxial 2.1. Samples Preparation.The PET samples were specially
deformation both above it (90 °C)*?and belowT (70°C).2 prepared by Toray Co. Ltd. in Japan, as described in detail
Results abové'g indicated that the structural development could previously? In brief, its weight-average molecular weigh,() was
be categorized into three zones, designated as |, Il, and Ill. In 35000 g/mol, and the polydispersitig{/M,) was about 2.0.
zone |, the oriented mesophase in the microfibrillar superstruc- Minimum amounts of antimony and phosphate were used to prepare
ture is induced by strain, where the applied load remains aboutthis sample, whereby the sample could be viewed as a pure polymer
constant. In zone II, lamellar crystallization is initiated from that would not decompose under high molding temperatures. The
the mesophase through nucleation and growth, where the Ioaogsurztp?ggﬁéen‘éﬁzéntgl%gdv:/?ttr? i?;éjagfebrem%ﬁzvﬁgggﬁvﬁhe
starts to increase marking the beginning of the straun-harden|_ngdumIObeII sample was 25 mm length, including taper part, 6 mm
region. In zone IIl, the stable lamellar crystal growth process is \yiqth and 1 mm thickness. The molded samples were completely
facilitated by strain-induced orientation until the breaking of amorphous, having no detectable crystallinity by WAXD.
the sample, where the ratio between load and strain remains 2 2 Experimental ProceduresDuring in-situ deformation for
about constant. The study beldyshowed that the appearance  X-ray measurements, the sample was mounted in the environmental
of metastable mesomorphism was enhanced under uniaxialchamber of the modified Instron stretching apparatus (model
deformation, where transitions of a series of mesophases1440)2*which was heated by hot air. The sample was equilibrated
occurred, including nematic, quasi-smectic A, smectic C, and in the heated chamber for 3 min at the desirable temperature (i.e.,
triclinic crystalline structure, all within the microfibrillar 90 and 100C) before the engagement of tensile deformation. The
superstructure. The formation of the smectic phase was definitelydeformation process was continued until the sample broke. The
related to the initiation of a lamellar structure, as suggested by load—strain curve was |_recorded simultaneously during the coI_Iectlon

. R of SAXS and WAXD signals. Measurements were also carried out
Asano et al., but it appeared to have a periodicity (ca. 100 nm)

. . ./ at 90 and 100C without deformation for 40 min, which was the
much larger than that of a typical lamellar structure in the solid ,5vimum deformation time. in the same manner as the studies

phase (ca. 10 nm). under deformation. An average WAXD image was collected for
Shimizu et al. investigated the initial structural formation of €ach measurement (i.e., all images were summed up and then

PET fibers spun at various spinning speeds (above 5000 m/min)divided by the number of the images taken), which was used as a
by SAXS2122 The scattering pattern exhibited an X-shaped reference of the amorphous phase. (No crystallization was observed

feature at 5000 m/min, and it shifted to an inverted triangular " 1€ sanprlezoat either temlperature 90 or 100even in the last
shape with intensity spreading toward the meridional direction images after 40 min annealing.)

. . . 2.3. Synchrotron X-ray Measurements.Synchrotron X-ray
at higher speeds. They proposed a tited block alignment, measurements were carried out at the X27C beamline in the

consisting of microfibril, to explain this superstructure. Kubo  njational Synchrotron Light Source (NSLS), Brookhaven National
by in-situ small-angle light scatterirf§ They found thatin Ge- A three-pinhole collimator system was used to reduce the beam
catalyzed PET molecular orientation increased along the flow size to 0.6 mm in diametéP. The modified Instron apparatus
direction; flow-induced crystallization took place rather suddenly permitted the symmetrical stretching, which ensured that the focused
at a Hencky strain of about 2, where crystalline lamellae grew X-ray beam always illuminated on the same sample position during
perpendicularly with respect to the oriented chains. The deformation. The chosen deformation rate was 5 mm/min (i.e., 20%
periodicity between the optical lamellar texture was about 2 strain/min), and the experiment was carried out at temperatures of

; : 90 and 100°C for SAXS and 100C for WAXD. 2D patterns were
um. Recently, Mahendrasingam et al. performed time-resolved accumulated over the collection period of 60 s for SAXS and 20 s

X-ray meagurements of PET d_urlng defqrmatlon at®Qabove for WAXD using a CCD X-ray detector (MAR USA). The sample-
the Tg) using the step drawing technigtfeThey observed  (o.detector distance was 1783 mm for SAXS and 119.4 mm for
interesting SAXS patterns with four-point off-axis scattering WAXD. The diffraction angle in WAXD was calibrated by using
and a very weak equatorial streak prior to crystallization, from a polypropylene standard from our laboratory and a®4standard
which they proposed the smectic phase composed of mi- from the National Institute of Standards and Technology (NIST).
crofibrillar structure. Unfortunately, they did not correlate the A silver behenate (AgBe) standard was used to calibrate the

structure evolution with the mechanical response during defor- Scattering angle in SAXS. We note that the high intensity of the
mation. synchrotron X-rays made it possible to collect the SAXS/WAXD

. ) o patterns during stretching in real time without holding.

In this study, we _carrled_ ou_t In-situ SA)_(S/WAXD measure- 2.4. X-ray Data Analysis.WAXD studies abovely have been
ments of PET during uniaxial deformation at two different reported previously the same procedure was used in this study
temperatures (i.e., 90 and 100) about itsTy (ca. 80°C). The and will not be repeated here. For SAXS analysis, the contribution
work was emphasized on the SAXS analysis, which yielded of air scattering was removed from each measured image using
in-situ information about the super structure evolution. The the transmitted beam intensity detected by a pin-diode beam stop
complementary WAXD data were also collected to confirm the as a referenc&. Fiber symmetry around the stretching axis was
phase information. A relatively slow deformation rate was assumed for the SAXS studyand the invariant was determined
utilized to obtain the scattering patterns with sufficient signal- Usind the following procedurég.The two-dimensional (2D) SAXS

to-noise ratios for detailed X-ray analyses. A particular focus Paltern was first projected onto the equatorial axis to obtain
was also placed on the initial stage of stru.cture formation and integrated equatorial intensity profili(s) (sis the scattering vector,

. i A ! . <7 defined ass = 2 sin6/4, where 3 is the scattering angle aridis
its relationship with the mechanical response. The categorization,q wavelength of X-rays). This intensity profile was assumed to

of super structure formation (i.e., in Qiﬁerent zones: |, I, and have the 1 dependence at large scattering angles, and the
l1I) was employed to evaluate a previously proposed structure scattering data were fitted with a corresponding function to
model? derived mainly from the WAXD study of PET at 70  extrapolate the missing region at largeThe invariant Q) WaSCDV
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Figure 1. (A) Load—strain curve and selected SAXS images of the amorphous PET sample during drawing@t (B)0Anisotropic contributions
of selected SAXS images. (C) The visually enhanced equatorial streak feature of selected SAXS image.

estimated as the area underneath the integrated equatorial intensitwill be presented first, and results from @0 will be discussed
profile (Q = 27/31«(s) ds), which was normalized by the beam next as deformation at lower temperatures in PET generally
fluctuations and the sample thickness. The long period was yields more complicated mesomorphic transitiénahen a
evaluated from Bragg's lawl., (= 1/Snay, Wheresmax represents  thorough comparison between the structural changes at different
the peak position in the Lorentz correlated scattering plot,88.,  emperatures is made, we also attempt to correlate the structure

vs s. The long periods estimated by equatorial and meridional evolution and the mechanical property. Resulting structure
projection (. and L, respectively) were used to calculate the

diagonal long periodL( = (L& + Ly2)Y?). changes are evaluated again on the basis of categorization of
three zones: plastic deformation zone (zone I), strain hardening
3. Results and Discussion zone (zone Il), and linearly load developing zone (zone ll),

From our earlier in-situ WAXD studies during deformation derived from our earlier studi&s® to check its universality.

of an amorphous PET sample, both face-on and edge-on 3.1. Deformation at 100°C. The load-strain (LS) curve
measurements confirmed that the formed anisotropic structureduring uniaxial deformation of an amorphous PET sample at
possessed a cylindrical symmetry. This assumption signifi- 100 °C and selected as-measured SAXS images are shown in
cantly simplified the data analysis schemes. In this work, two Figure 1A. The scattering contribution from nondeformed
different temperatures were used: 90 and A00both are above  sample was subtracted from some critical images during the
Tg. (Here we defindy as the temperature at the inflection point  zone transition, taking into consideration of the sample thickness.
of the heat capacity change in DSC thermogram measured at &Selected subtracted images are shown in Figure 1B. Another
heating rate of 18C/min under a dry nitrogen atmospheTsg; set of enlarged SAXS images to illustrate the evolution of central
determined in such a way was 78.) Results from 100C scattering streak feature is shown in Figure 1C. The CO&SV
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Zone lI-b 8 Zone Il

Figure 2. Selected WAXD images of the amorphous PET sample drawn at@0Qupper) as measured patterns; (lower) anisotropic contributions
of the images.

sponding as-measured WAXD patterns and subtracted aniso-crystallization since no WAXD diffraction was seen at the same
tropic images (i.e., with the removal of amorphous contribution) strain. A similar phenomenon under deformation has also been
are illustrated in Figure 2. The number at the upper left of each reported by other research grodys®” For example, Zachmann
image represents the strain at which the image was taken. Theet al3! as well as Schultz and Hsiao et%F2 carried out in-
peak assignments were given on the image of 300% strain; thesitu SAXS and WAXD studies on the melt spinning of poly-
zones were also indicated. The analytical methods of WAXD (vinylidene fluoride) (PVDF) and polyethylene (PE). They
were described in detail elsewhér&These results are discussed reported that the SAXS signal appeared prior to crystallization

in the categorization of three zones as follows. detected by WAXD, indicating that density fluctuations take
3.1.1. Zone I: Plastic Deformation Zone (6-170% Strain). place before crystallization. Ryan et al. also observed this

This is the region often referred to as the plastic flow region phenomenon during extrusion of isotactic polypropylene (iPP)

exhibiting properties similar to the flow of a viscous flu#3° and proposed that it could be attributed to spinodal-decomposi-

where the strain increases without any increase in stress. In othetion-induced phase separation, where the amorphous phase
words, the yield plateau for an “ideal” plastic in the concept of underwent modulated density fluctuatioti$® The concept of
plasticity is achieved. Beyond the yield plateau, strain hardening spinodal decomposition as the driving force to induce crystal-
occurs, where the material stiffens resulting in an increase in lization was first proposed by Petermann et®s¥and followed
modulus. It was found that the plastic flow region in amorphous by Imai et al4°4> who have extensively studied the cold
PET aboveTy was significantly broader than that beldys? In crystallization of PET at the quiescent state. They argued that
the major portion of zone I, no distinct scattering or diffraction density fluctuations via route of spinodal decomposition form
feature was observed by SAXS and WAXD (Figures 1 and 2). the precursor state for crystallization. Recently, our group also
This observation can be explained by the strexstical rule. observed the phenomenon of SAXS before WAXD during step-
The stressoptical coefficient of PET is around 4.8 GPaand shear deformation of iFPand PE” melts, which was explained
the stress applied in this region was around 1 MPa (3 N/é mm by sequential growths of shish and kebab structures instead of
x 2.7). Therefore, the corresponding birefringence was around spinodal decomposition.

0.005, and the orientation factor was about 0.025, which is too  Although we are not sure whether the mechanism of spinodal
small to induce any structure change. In the late stages of zonedecomposition is truly responsible for the density fluctuations

I (i.e., near 170%), SAXS exhibited a distinct equatorial streak. observed at the initial stages of PET during deformation above
Such a scattering streak might not be resulted from the void Ty, we anticipate that there are two possible pathways for the
scattering because the quenched deformed samples did not showvolution of molecular structure in this zone. In the first
any void structure by electron microscopy or whitening under pathway, mechanical extension of the sample induces rotation
visible light. The streak appearance thus might indicate the of chemical bond in molecules, where all chains can be extended
formation of a microfibrillar structure, which occurred before locally as well as macroscopically. Because the moIec&IBR/
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relaxation time is proportional to the molecular weight by a 40

power of 3.4, short molecular weight chains would maintain 38 ! ll-a I-b m
its undeformed state during deformation in a relatively slow

rate, while long molecular weight chains can be stretched 'g:ss i \
selectively?® Another pathway is that chains have strong inter- Tl Reeo o

or intramolecular interactions, such as dipotipole (between g *
C=0’s) and/or induced polarized interactions (between benzene 232

molecules), which form reversible cross-links that can induce 5 a0 |

molecular orientation and extension locally. The reversible -

interactions may break, while in some instances, the interactions 28 |

let molecular chains become closer. As a result, the opportunity 26

for chains to interact increases, and the number of the interac- 0 200 400 600

tions increases as deformation. But the amount, as well as the Strain (%)
ordering of these deformed chains, may be too small to be ) > ) )
detected by WAXD techniques. Flgure°3. Long period change from the SAXS pattern during drawing
3.1.2. Zone Il: Strain Hardening Zone (170-4700%  2t100°C:
Strain). In Figure 1, the strain hardening zone Il began at a  eE+06
strain value about 170%, where the nonlinear load increase was
caused by development of ordered structures. From the stand- sg+oe e —
point of structure formation, this zone can be further divided e ¢
into two subzones, Il-a and lI-b, as follows. 3
Zone ll-a (176-350% Strain).Figure 1B shows selected £
SAXS patterns in this subzone; all exhibit an X-shaped scattering s ; g.o6
feature. The scattering arms were short in the early stages ofg
this zone, and they extended outward with the cross angle bein% 2E+06
almost constant (i.e., 2p at larger strains. No scattering &
maximum was detected on the scattering arm at strains up to 1E+06
310%, and if there was any, it was within the beam stop (i.e., | Il-a I-b m
larger than 100 nm). At strains above 310%, the SAXS pattern
be_came four-point vyith clear sca_tt(_aring maxir_nu_m. Th_e Io_ng 0 100 200 300 400 500 600 700
axis of each scattering peak exhibited the principal direction Strain (%)
along the arm of .the X_S.haped pattern at the beginning of this Figure 4. Invariant change from the SAXS pattern during drawing at
subzone. It was interesting to note that the occurrence of the1gg-c.
X-shaped pattern (Figure 1B) coincided with the detection of
peak splitting of (100) and (010) reflections in WAXD, as seen chains in the smectic structure, leading to the tilted end-face
in Figure 2. The splitting of these two peaks indicates the tilting domain in the subsequent triclinic structure.
of crystallites along the stretching axis. The tilt angle was about  The assumption of the microfibrillar structure is consistent
15° from the evaluation of (100) and (010) peaks near the with the persistent appearance of equatorial streak in SAXS,
equator. We argue that the structures associated with thewhereby microfibrils are aligned parallel to the stretching
X-shaped and the four-point patterns are qualitatively the samedirection. It was found that the tilt angle of the X-shaped
despite their difference in appearance, and they are related toscattering pattern was about constant (i.e%;-23° with respect
the crystallization process in oriented PET. The four-point to the fiber axis) in this subzone, but the periodicity of the
pattern in PET has been explained by the concept of mi- lamellae decreased with strain. At low strains, it was difficult
crofibril, 212247 which includes two possible arrangements. In to determine the long period since the scattering maximum
one arrangement, crystals in the microfibrils are lamellae with appeared to be buried within the beam stop or the wide
tilted arrangement (i.e., inclined end-faé¢é}? while there is distribution of long period. At higher strains (e.g., in the range
no correlation between the neighboring microfibrils. In another of 310-350%), the scattering maximum was clearly seen, and
arrangement, the lamellae in the neighboring microfibrils are it shifted toward higher angles at higher strains, indicating the
correlated without being tilteéd2247 (the so-called chessboard formation of a denser lamellar structure. Figure 3 illustrates the
model). Both arrangements can generate the four-point patternlong period change (determined from the average long period
and the real structure may be the mixture of the two. However, as defined earlier) with strain (after 310% strain). In zone Il-a,
we favor the tilted arrangement in zone ll-a, based on the crystalthe long period was found to decrease rapidly (e.g., 38 nm at
structure changes under deformation from our earlier in-situ 310% and 35 nm at 350%), which can be explained by the
WAXD studied—3 and some previous report8.The initial conventional nucleation mechanism; i.e., more nucleating sites
structure for triclinic structure has been revealed to be an are generated at higher strains (this mechanism is often termed
oriented smectic structufe’? In the smectic structure, benzene lamellar insertion), leading to the reduction of long period.
molecules form rows perpendicularly to the mechanical &Xis. Figure 4 illustrates the SAXS invariant as a function of strain.
When the smectic transforms to triclinic, the oriented molecules In zone Il-a, the invariant was found to increase linearly with
slip one another, resulting in tilting alignment of benzene strain (the invariant at strain 350% was approximately twice of
molecules against the stretching akfsAsano reported thatthe  that at 250%), which is similar to the crystallinity change that
two-bar pattern appeared in SAXS when the smectic structurewill be discussed next. This suggests that the origin for the
was seen in WAXD, suggesting the domain size of smectic X-shaped or four-point pattern in SAXS is mainly due to the
structure is in the range of 10 nm. Moreover, they proposed development of crystalline structure, not related to the meso-
the tilting end-face domain of triclinic structure. Our results are morphic transition as found in the case of deformation below
consistent with the concept of slipping mechanism of molecular the glass transition temperatir&esults obtained from in_Sit&DV

4.E+06

0.E+00
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A 40 structure. This indicated that the transformation from the
3.8 / orie_nted mesomorphic pha_se to orier_lted crys_talline_pha_lse is_ quite
. rapid abovely due to the higher chain mobility, which is quite
36 0 % different from the case belowy where several metastable
34 I mesophases were seen.
| lla | lb | M Zone ll-b (356-470% Strain).The zone between 350% and
470% strains was defined as zone ll-b, where the relationships
between the structural parameters and strain were found to
deviate from those in zone ll-a (e.g., the change of long period
was found to slow down considerably in zone ll-b, as seen in
26 4 Figure 3). Although the general mechanism of crystallization
24 N in this subzone appeared to be the same as that in zone ll-a, the
At 4 4 deviations of the structural parameters are notable and can be
22 A described as follows. All SAXS patterns in this subzone
2.0 exhibited a four-point scattering feature. However, the principal
0 200 400 600 axis of the scattering peak in these four-point patterns became
Strain (%) parallel to the equatorial direction (e.g., Figure 1, no. 8), which
was different from those in zone Il-a. Nevertheless, there was
B 12 no change in the equatorial streak (Figure 1C). The rate of long
I l-a |ll-b | 1 period reduction, determined from the position of the scattering
10 /’ maximum, was found to decrease in this subzone. The long
period still showed a negative slope with strain, but the reduction
rate was several times smaller than that in zone ll-a (Figure 3).
In addition, the increase of the invariant was found to decrease
significantly but still exhibited a linear slope with strain (Figure
6 o 4). On the other hand, the corresponding rate of the crystallinity
increase was found to be the same as that in zone Il-a (Figure
5B).

The above findings suggested that, although the crystallinity
continued to increase with strain in zone ll-b, the addition of
the new crystallites did not significantly change the basic
lamellar structure formed in zone ll-a. There are two possibilities

0 for such a behavior. One is due to the mechanism of lamellar
(] 200 400 600 thickening, which would result in the continuous increases of
Strain (%) crystallinity and (possible) scattering invariant. (This depends
Figure 5. (A) Crystalline size estimated from (100) and (010) on the value ofp; becaus&) is proportional to the product of
reflections of the sample during drawing at 1TD. (B) Crystallinity o1 — ¢2) and has the maximum valuegt= 50%.) However,
change during drawing at 10C. the long period should remain constant in this case, which was

WAXD images (Figure 2) are shown in Figure 5, where Figure NOtseen. Thus, th@s scgnario is not favprablg. Anotr_ler possibility
5A illustrates the crystal sizes associated with the crystalline 1S due to the continuation of lamellar insertion as in zone Il-a.
(100) and (010) reflections (the-(L03) reflection could not be Since the relatively den_s_e lamellar structure is already formed
used because it was too weak), while Figure 5B illustrated the after zone ll-a, the addition of new lamellae can only reduce
crystallinity change with strain. In Figure 5A, the estimated the average long period in a moderate rate. Such a mechanism
crystalline size along the plane normal of the (100) reflection would increase the total invariant, but at a slow rate. This may
was about 2.4 nm and of the (010) reflection was about 3.5 be the more likely scenario. It is interesting to note that the
nm. The dominance of the size for the (010) reflection is due rotation of the four point pattern from zone lIl-a to zone II-b
to the stronger dipoledipole interactions of &0 than the was not related to the crystal orientation. This is because the
induced polarized interactions of benzene molectiésThe azimuthal dependencies of the (010)-1¢0), and (100)
constant crystal size in zone ll-a indicates that the perfection reflections were not changed during the transition. Thus, the
or the “growth” of the lamellae is minimal; thus, the linear change of the four-point pattern is primarily due to the
crystallinity increase is mainly due to the formation of new alternation of superstructure, such as the formation of the
lamellae through the lamellar insertion mechanism. The crystal- “chessboard” arrangement.

linity at strain 350% was also found to be about 2.5 times that ~ 3.1.3. Zone llI: Linear Load —Strain Relationship (>470%).

at 250%, similar to the change in the SAXS invariant. This can In zone lll, a large linear decrease in the long period was seen
be explained as follows. The invaria@ = C¢pcppa(oc — pa)? (Figure 3), having a slope more negative than those in zone
whereC is a constantp. is the volume fraction of the crystalline  Il-a and zone II-b. To further examine this behavior, we also
phase g, is the volume fraction of the amorphous phase, and evaluated both equatorial and meridional long periods separately.
(0. — pa) is the electron density contrast. At low crystallinity, The meridional long period was 16 nm at the beginning of zone
the product ofpcp4 is directly proportional tap., which would [l and was 14 nm just before the sample breakage. On the other
be the case in zone II; while at high crystallinity, this relationship hand, the equatorial long period changed dramatically from 31
will not hold. It was interesting to note that all crystals formed to 23 nm. Thus, the decrease of equatorial long period was
in zone ll-a were highly oriented (Figure 2), and no detectable mainly due to the change of long period seen in Figure 3. This
oriented noncrystalline fraction (or mesophase) could be observation is consistent with the hypothesis put forth by
observed-Figure 2 revealed no meridional (0QPeak from Shimizu et al2! who argued that the microfibril structure can
the smectic structure or equator scattering peak from the nematicbe divided by the slipping mechanism under high strains.CDV
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Figure 6. (A) Load—strain curve and selected SAXS images and of the sample during drawing@t @) Anisotropic contributions of selected
SAXS images. (C) The visually enhanced equatorial streak feature of selected SAXS image.

Figure 5B shows that in zone-lll the crystallinity still increases chains. It is conceivable that some isotropic amorphous domains,
with strain, but at a much reduced rate. This indicates the outside the network of microfibrillar structure, did not encounter
retardation of strain-induced crystallization. The decreasing deformation even at high strains.
crystallization rate is due to the reduction of available space 3.2. Deformation at 90 °C. Figure 6A illustrates in-situ
for strain-induced crystallization in this zone. It should be SAXS images (corrected by sample thickness and background
pointed out that the crystallinity at this point was only 10%, scattering) and loadstrain curve of amorphous PET drawn at
and there should be enough space for crystallization. However,90 °C; Figure 6B illustrates selected SAXS images, where the
if the crystallization could only occur in microfibrils, the limited  scattering contribution from nondeformed sample was sub-
space would slow down the crystallization rate. Thus, we tracted; Figure 6C shows another set of selected SAXS images
hypothesize that in zone Il the energy absorbed by the sampleto reveal the evolution of equatorial scattering streak feature
is mainly used for formation of superstructure (microfibril and during deformation. The corresponding WAXD patterns and
lamellar morphology) due to crystallization, while in zone Ill, subtracted anisotropic images (i.e., with the removal of amor-
the energy absorbed by the sample is mainly used for structuralphous contribution) are illustrated in Figure 7. The number at
destruction, such as the splitting of microfibrils and the distortion the upper left on each image indicates the strain at which the
of lamellar structure (as seen by the conversion of a four-point image was taken. The peak assignments were given on the
pattern to a two-bar pattern in SAXS). In addition, we observed images of 200% and 570% strains, where the zones were also
another meridional scattering having a triangle shape at low indicated. The detailed schemes for WAXD analysis to extract
angles. The corresponding long period of this pattern near thecrystallinity and crystalline size were discussed elsewhére.
beam stop was about 100 nm, indicating a large periodic Figures 8 and 9 show the corresponding changes in long period
superstructure. This scattering feature suggests the occurrencand SAXS invariant, respectively. For the most part, the
of microfibrillar splitting or newly developed aggregation of relationships between the LS responses and structure for
crystallites. Because the appearance of the superstructuraneasurements at 90 and 10C@ were quite similar. The
coincided with the reduction of crystallization rate and the structural formation at 90C is explained in this section, and
decrease of equatorial long period, we favor the possibility of the differences and similarities between 90 and 2Q0are
structural destruction. In Figure 2, it is interesting to note that discussed in detail in the next section.

WAXD patterns in zone IlI still exhibited an intense amorphous ~ 3.2.1. Zone I: Plastic Deformation Zone (Strain 6-160%).
halo, indicating the persistence of some isotropic amorphousIn the load-strain curve (Figure 6A), zone | could bC?DV
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Figure 7. Selected WAXD images of the amorphous PET sample drawn &E9qupper) as measured patterns; (lower) anisotropic contributions
of the images.
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signals, whereas at strains from 90 to 160%, SAXS showed aFigure 9. Invariant change from the SAXS pattern during drawing at
distinct equatorial streak (Figure 6C), and the corresponding 90 °C.
WAXD also exhibited a small fraction of oriented component
but still without discernible crystalline peaks (Figure 7). WAXD crystal reflections, which indicated the possible formation of
results indicated the possible existence of mesomorphic phasemesophase prior to crystallization. The oriented mesophase
(although we could not identify the exact nature of the phase), increased linearly in this zone before the occurrence of crystal-
which occurred slightly after the appearance of equatorial streaklization at 160% strain, which had also been reported edrfier.
in SAXS. The equatorial streak is assigned as microfibril These findings are quite consistent with the mechanism of
structure, and the microfibril is composed of the oriented structure formation proposed as in our earlier deformation study
mesomorphic structure as described for 200 below T3

Itis interesting to note that weak but distinct X-shaped SAXS  3.2.2. Zone Il: Strain Hardening Zone (160-370%). Strain
patterns were seen in the later stages of zone | (e.g., at 130%hardening began at 160% strain, where the load began to rise
strain in Figure 6B), while these patterns did not show the nonlinearly with strain. This zone could also be divided into
scattering maximum. Corresponding WAXD patterns exhibited two subzones for discussion: zone ll-a (strain1800%) and
an oriented scattering feature around the equator but withoutzone Il-b (strain 306-370%). CDV
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In Figure 6, it was found that in the early stage of zone ll-a zone is outlined as follows by comparison of similarity and
the SAXS pattern changed from X-shaped (e.g., 170% strain difference between the superstructure formations at 100 and 90
in Figure 6B) to four-point. As in the scenario at 10D, results °C (as shown in parts A and B of Figure 10, respectively).
at 90°C also indicated the occurrence of microfibrils, containing 33 1. zone I Plastic Deformation Zone At 90 and 100

lamellae with tilted arrangement, while there was no correlation ¢ saxS showed a distinct equatorial streak in the late stages
among the microfibrils. The estimated tilt angle for the lamellae of 7one |, indicating the formation of strain-induced microfibril-
in the microfibril was about 67 and the estimated lamellar |5y structure. The corresponding WAXD also exhibited oriented
dimensions were as follows: the size along the plane normal featyres but no crystal reflections. This suggests that the polymer
of the (100) reflection was 2-62.5 nm, and that of the (010)  chains in the microfibrillar domain are oriented and may be
reflection was about 4.0 nm. The quantitative results (i.e., long ayen in the mesomorphic phase, but they are relatively
period and invariant) from the SAXS measurements are shown homogeneous without being arranged into a periodic structure
in Figures 8 and 9, respectively. The long period was found to (j e |Jamellar structure). The strain region for the existence of
decrease more rapidly in zone ll-a than in zone II-b. However, microfibrils in zone | at lower temperatures (e.g., 90 90—
Figure 9 indicates that although the invariant increased in zone 16094 strain) was significantly broader than that at higher
ll-a, it became saturated in zone II-b. The decrease in long temperatures (e.g., 10C: 160-170% strain). This indicates
period, the increase in invariant, and the increase in crystallin- hat the metastability of strain-induced mesophase is enhanced
ity12 all suggested the process of lamellar insertion, which has by the lowering of temperature. (Although we did not detect
been discussed in section 3.1.2. In addition, we hypothesize thatany apparent mesomorphic structure by WAXD, the oriented
the slipping of benzene molecule could take place in imperfect faature was more enhanced at @ than at 100°C.) In other
triclinic crystallites! and the s_ubseql_Jent_perfection process \yords, the high mobility in polymer chains probably decreases
would decrease the correspondihgpacings in the crystallités.  the metastability of strain-induced mesophase at high temper-
The lamellar insertion process appeared to slow down in zone atures, thus minimizing the window for mesophase formation.
lI-b, resulting in deceleration of the decrease in long period. This hypothesis is consistent with our earlier study belgw
The corresponding crystallinity still increased linearly in this The induction of microfibrillar structure is not directly related
subzoné;? but the invariant reached a plateau value. The to strain-induced crystallization, but it appears to be associated
invariant saturation may be due to the decrease of scatteringwith the phase transition between the amorphous and meso-
contrast in the microfibril. In other words, the average density morphic states. Generally speaking, at lower temperatures, the
of the microfibril increased with strain, caused mainly by the existence of strain-induced mesomorphic transition becomes
increase of molecular packing in the noncrystalline domain, more favorable due to the enhanced metastability, whereas at
while the increase in the crystalline density (due to crystal higher temperatures, the mesomorphic phase is not apparent
perfection) was relatively smaller. A similar behavior was also because the transition from mesophase to crystalline can be very
seen at 100C. fast. It seems that crystallization occurs mainly within the
3.2.3. Zone IlI; Linear Load —Strain Relationship (>370%). microfibrillar dpmain (Figurg 10), sgrving as thg precursor state
In zone I, the distinct four-point SAXS feature was found to for the formation of three-dimensional crystalline ordering.
diminish, and an intense two-point feature along the meridian  Schultz et al. predicted the presence of continuous scattering
with scattering maximum near the beam stop began to appearfrom the origin of theg-axis caused by sporadic nucleatR9i¥!
(Figure 6C). The appearance of the equatorial streak seemed tarhey showed that the scattering near zero angle could be
remain constant with increasing strain. The long period of the observed for slit-smearing scattering from a finite perfect stack
four-point pattern changed slightly from 20 to 17 nm, but the of lamellae, and the “spike” (or low-angle up-turn) would remain
long period of the newly developed two-point pattern near the even with the increase of the number of lamellae stacks. In zone
beam stop was about 100 nm. Such a large periodic superstruci, we observed the similar diffuse scattering upturn near the
ture has been observed before during the deformation of PETbheam stop even in the presence of the X-shaped pattern. This
at 100°C and belowTy.2 The variations of crystallinity and  indicates that the formation of well-ordered lamellar stacks
unit cell parameters in this region were smakuggesting that  through sporadic nucleation might occur in this stage. From the
the observed structure changes were mainly due to the crystallinestandpoint of the relationship between the microfibrillar structure
rearrangement rather than further crystallization. Judging from and mechanical property, the development of microfibrils does
the decrease in the SAXS invariant, the density difference not always correspond to the onset of the load rise.
between crystalline and noncrystalline regions in microfibrils 332 7one 1I: Strain Hardening Zone. On the basis of
continued to decline. combined SAXS and WAXD results, we hypothesize that
3.3. Mechanism for Evolution of Superstructure and crystallization takes place in the microfibril domain through a
Relationship with Mechanical ResponseThe mechanism of  sporadic nucleation process during deformation. The higher the
strain-induced phase transition and its relationship with super- temperature, the greater the strain required to induce crystal-
structure formation in PET during deformation beldy has lization (Figure 10A). The change of superstructure and the
been proposed by us beforén the current study (deformation  relationship with crystallization can be described as follows. In
aboveTy), the strain-induced phase transition involving meso- zone ll-a, SAXS exhibited first an X-shaped pattern (without
phase(s) is significantly weakened because the increased chaithe scattering maximum) and then a distinct four-point pattern
mobility facilitates direct crystallization without forming detect-  (with the scattering maximum) having the principal axis of
able metastable mesophase(s) first. The evolution of superstrucscattering peak oriented along the scattering arm. The corre-
ture aboveTy (i.e., without or under the small influence of sponding WAXD showed the appearance of crystalline reflec-
mesophase transition) appears to be similar to that ba&lgw  tions, which gradually changed with stradifThe crystallinity
(i.e., under the large influence of mesophase transition). In at both temperatures increased continuously (Figure 5B). These
summary, the loadstrain curve can be divided into three zones results indicate that the growth of the nuclei is rapid and
(plastic deformation zone, strain hardening zone, and linear loaddirectional, resulting in the formation of lamellae with their
increase zone), where the corresponding mechanism for eactprincipal axis tilted against the stretching direction (Figure :5)'5.\/
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Figure 10. Schematic diagrams to illustrate the evolution of superstructure during deformation of amorphous PET samplg a#9wdrawing
at 100°C; (B) drawing at 90°C. The background color of the microfibril is varied from white to dark gray gradually. The darkness represents the
density of the region (darker color indicates higher density). The microfibril is composed of oriented mesophase and tilted crystalline lamellae.

The tilted lamellar structure is the result of specific chain dimensional crystalline network, which causes the load to
registrations from the formation of monoclinic cell, where increase significantly. Some stretched chains are imbedded in
benzene stacking can slip past each other with strain duringthe microfibrils, and other stretched chains interconnect the
stretching due to local shearing motibA.The growth of microfibrils. The former can reinforce the microfibrils through

sporadically nucleated lamellae leads to the formation of a three-the three-dimensional crystalline network; the latter can resér'B{/
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the motion of microfibrils, resulting in further load enhancement. defects in microfibrils like kinks. It is interesting to note that
The rapid decrease in long period with strain in zone ll-a is the initiation of the large periodic superstructure always appears
due to the lamellar insertion mechanism, which originated from at the final stage of this zone before the sample breaks. It is
the sporadic nucleation process. In zone II-b, the four-point conceivable that the splitting of microfibril may initiate the
SAXS pattern shows a rotation of the scattering peak, having catastrophic failure of the sample. We observed some differences
the principal axis perpendicular to the stretching direction. The between the results in this stage at 90 and 100 The first
corresponding rate of long period decrease is reduced signifi- difference was that the WAXD pattern at 10G exhibited a
cantly, but the crystallinity still increases linearly with strain. strong amorphous halo even at breaking, indicating the persis-
These results can be explained by the continuation of lamellar tence of isotropic amorphous chains. On the other hand, the
insertion (Figure 10), where the influence of new crystal addition WAXD results at 9¢C showed much less isotropic amorphous
becomes much less on the average long period, but the procesphase. This may be because the number of chains having long
generates a more homogeneous chessboard-like superstructureelaxation time is smaller at 1@, more chains would remain
Overall, there were several different features between the In the isotropic state than those at 0. The second difference
X-ray results from 90 and 10TC. The first difference was that ~ concerned the behavior of the SAXS invariant. It was seen that

the orientation of the crystalline phase induced ar@was  at 90 °C the scattering invariant significantly decreased,
higher than that at 100C. For example, the crystalline indicating that the densn_y contrast between the crystalline
reflections (100), (010), and<L10) in the WAXD patterns at lamellae and the surroundings was smaller than that afCO0
90 °C were all located near the equator (Figure 7), which was
not the case at 10€C. This is probably caused by the slow
molecular relaxation at lower temperatures. The second differ- The evolution of superstructure and its relationship with
ence was that the tilt angles of the X-shaped arm in the SAXS strain-induced phase transition during uniaxial deformation of
pattern were quite different at two temperatures. Using the amorphous PET at temperatures (90 and A@PaboveTy was
machine axis (i.e., the meridional direction) as the reference, investigated by means of in-situ SAXS and WAXD techniques.
the estimated tilt angle was about°at 90°C and 25 at 100 Results indicate that the categorization of three zones to relate
°C. The third difference was that the scattering peak was to the structure and mechanical properties is applicable to
observed at the very early stages of zone Il-a at@Dwhere ~ temperatures below and aboVg The change of temperature
it was seen only at the later stages at @ The fourth significantly alters the stability of the strain-induced mesophase,
difference was that the strain-hardening region (zone II) at 90 but it does not affect the evolution of superstructure, except for
°C was narrower than that at 10C (170-470%). The fifth the strain range related to the appearance of these three zones.
difference was that the oriented mesophase was observed befor# zone | (plastic deformation zone), no identifiable structure
crystallization at 90°C but was not at 100C due to rapid  and mesophase are seen at the early stages of deformation,
transition from the mesophase to crystalline phase. The lastwhereas a distinct microfibrillar superstructure (the equatorial
difference was that the change of the crystalline size (Figure streak from SAXS) coupled with oriented chain conformation
5A) was relatively small at 100C compared with that at 90  appears at the later stages. The decrease in temperature can
°C.2 This could be caused by rapid perfection of the crystalline significantly enhance the stability of oriented mesophase. In zone
phase at higher temperatures. These differences are consistert (strain hardening zone), crystallization takes place in the
with our hypothesis that the metastability of mesophase increasegnicrofibrillar domain, resulting in formation of a network linked
at low temperatures, which facilitates the development of more by tilted lamellae. The increasing strain induces further nucle-
oriented solid-state morphology. However, despite these dif- ation and growth, leading to the process of lamellar insertion,
ferences, the mechanism of lamellar insertion induced by which profoundly affects the resulting SAXS pattern (e.g., from
uniaxial deformation seems to be applicable to explain all X-shaped to four-point) and lamellar long period. In zone III
experimental results observed at both temperatures. (linear load zone), the saturated lamellar superstructure is
3.3.3. Zone IlI: Linear Load Increase Zone.In this zone, responsible for the linear load increase. However, at very high

crystallization slows down because the available sites for ;trams, some lamellar domains become fragmented, resulting

continuing nucleation and growth are significantly reduced at in_microfibrillar splitting and the prelude for catastrophic
high strains. The corresponding changes of crystallinity and unit breakage.

cell parameters are very small in this zone at both temperatures.
The load may directly reflect the energy required to deform the
crystalline lamellar structure with microfibrils, and it appears
to increase linearly with strain. SAXS exhibited the diminishing
of the four-point pattern and the appearance of a new two-point
pattern at low scattering angle (near the beam stop) with a long
period about 100 nm. These results suggest the occurrence Of?eferences and Notes
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