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Abstract

An in situ study of structural formation of amorphous poly(ethylene terephthalate) (PET) during uniaxial deformation above its Tg (at

90 8C) was carried out by wide-angle X-ray diffraction (WAXD) with synchrotron radiations. Results indicate that the relationships between

structure and mechanical property can be divided into three zones: I, II and III. In Zone I, oriented mesophase is induced by strain, where the

applied load remains about constant but the amount of mesophase increases with strain. In Zone II, crystallization is initiated from the

mesophase through nucleation and growth, where the load starts to increase marking the beginning of the strain-hardening region. The initial

crystallites are defective but they form an effective three-dimensional network to enhance the mechanical property. The perfection of the

crystal structure and the orientation of the crystals all increase with strain in this zone. In Zone III, the ratio between load and strain is about

constant, while the stable crystal growth process takes place until the breaking of the sample. The sample damage is probably dominated by

the chain pull-out mechanism from the crystal amorphous interface. The increase in molecular weight was found to enhance the overall

mechanical properties such as the load to induce the mesophase and the ultimate tensile strength before breakage.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(ethylene terephthalate) (PET) is one of the most

widely used thermoplastic polyesters. Its most significant

applications lie in the form of fibers and films. The

production of PET films usually involves multiple-staged

processes. In one scenario, the deformed PET melt is rapidly

quenched below the glass transition temperature ðTgÞ and

solidified into the amorphous state. The subsequent drawing

processes of amorphous PET films can be carried out either

below or above Tg, resulting in very different structure,

morphology and properties. In our laboratory, we are

particularly interested in understanding the effects of

different processing conditions and material variables on

the development of structure and morphology from

quenched amorphous PET films. The processing conditions

involve high temperature drawing above and below Tg;

uniaxial and multi-axial deformation, as well as varying

deformation rates. The material variables involve different

molecular compositions in copolymer and polymer blends,

molecular weights and distributions, as well as inclusion of

nanofillers.

The structural development through the pathway of

mesophase formation by the deformation of amorphous PET

films below Tg has been studied quite extensively (most

studies were carried out at room temperature). For example,

Bonart was the first scientist who reported the structure

changes during uniaxial stretching of amorphous PET, first

forming a nematic phase and then a smectic phase [1]. Yeh

and Geil pointed out that the strain-induced crystallization

could be explained by rotation, alignment, and perfection of

the internal order of the granule-like structure [2–6]. Asano

et al. investigated the mesomorphic structural changes

during the annealing of cold-drawn amorphous PET films

and determined the mechanical properties by micro-

indentation techniques [7]. They also described the

transition from the nematic phase to the triclinic crystalline

structure during the annealing process.

Deformation studies of amorphous PET above Tg were
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relatively rare probably because of the experimental

difficulty at high temperatures [8–12]. The typical study

dealing with this subject was usually carried out in two

steps: (1) deformation at high temperatures and (2) subse-

quent quenching to preserve the structures in deformed

samples for characterization (we term this the step-

quenching technique). Using this technique, Salem studied

the relationship between the structure formation and

property development in deformed PET (above Tg), where

he divided the process into two stages: (1) the initial stage

where stress increases rapidly due to fast crystallization; and

(2) the second stage where the dramatic increase in stress

(strain-hardening) with only a moderate increase in crystal-

linity can be seen [8]. Gorlier et al. also investigated the

deformation of an amorphous PET film above Tg by the

step-quenching technique, but they categorized the relation-

ships between the structural formation and the property

development into three stages [9]. In the first stage, mol-

ecular orientation occurs due to strong molecular inter-

actions. In the second stage, nuclei appear as a result of

molecular orientation. At a given level of strain, the number

of nuclei is fixed, forming a network structure that is

responsible for strain hardening. In the last stage, crystal-

lization develops through the growth process.

Recently, strong synchrotron X-rays made it possible to

measure the structural formation in PET films and fibers

during deformation in real time. Windle and coworkers

studied the formation of a transient smectic phase in the

fiber of random PET and PEN (polyethylene naphthalene-

2,6-dicarboxylate) copolymers [13] during deformation.

Blundell and coworkers also investigated the structural

development of PET films during fast-drawing [14]. They

reported that PET did not exhibit crystallization under

fast drawing instead, a mesomorphic structure (smectic A)

appears upon extension. They proposed that the smectic

structure is a precursor of crystalline based on the simul-

taneous appearance of the triclinic crystalline peak and

disappearance of the smectic peak. Unfortunately, as their

experiment did not include the mechanical responses, the

correlation between the structural formation and mechanical

property under uniaxial deformation cannot be made.

Recently, Chaari et al. [15] also reported the in situ

WAXD results of PET during deformation above Tg in

combination with the stress–strain curve. Unfortunately, no

detailed molecular information was extracted from the

WAXD data.

In our laboratory, we have previously studied in situ

synchrotron X-ray measurements of an amorphous PET film

during deformation below Tg (at 50 8C) and a subsequent

crystallization study of the deformed sample under a

constant strain at different temperatures [16]. Our results

confirmed that the mesophase developed immediately upon

the neck formation. As the mesophase contained a sharp

meridional peak 0010 ðd ¼ 10:32 �AÞ; which was smaller

than the monomer length in the typical triclinic unit cell

ðc ¼ 10:75 �AÞ; we concluded that the chains in the

mesophase formed an inclined smectic C structure. The

isotropic fraction in the diffraction pattern was separated

from the anisotropic contribution using a 2D analytical

technique. We further observed that both isotropic and

anisotropic fractions remained about constant during

crystallization under the constant strain at different

temperatures. This indicated that strain-induced crystal-

lization occurs mainly in the mesophase region.

In this study, we have continued the in situ deformation

study of amorphous PET above Tg: This is because there are

still some inconsistencies in the current understanding of the

subject, in particular, the roles of the mesophase in the

initial stages of crystallization. In addition, we have paid

special attention to compare our in situ results with those

from the step-quenching studies [8–12]. We are concerned

that during the step-quenching processes, some additional

changes in structure and morphology are inevitable; there-

fore, the existing literature data may not reflect the true state

of structure during deformation. Finally, PET samples with

two different molecular weights were chosen in this study in

order to understand the effect of chain lengths (or relaxation

times) on the mechanism and kinetics of strain-induced

crystallization in PET above its Tg:

2. Experimental

2.1. Synchrotron measurements

Synchrotron X-ray measurements were carried out at the

X3A2 beamline in the National Synchrotron Light Source

(NSLS), Brookhaven National Laboratory (BNL). The

wavelength of this beam line was 1.54 Å. A 3-pinhole

collimator system was used to reduce the beam size to

0.6 mm in diameter [17]. A modified Instron 4410 tensile

testing instrument was used in the stretching study. The

modification to the tensile instrument included the mode of

symmetrical stretching, which assured that the focused

X-ray beam always illuminated the same position of the

sample during deformation. The chosen deformation rate

was 5 mm/min (i.e. 20% strain/min), and the experiment

was carried out at the temperature of 90 8C. Two-

dimensional (2D) WAXD patterns were accumulated over

the collection period of 20 s per image using the CCD X-ray

detector (MAR USA) during deformation. The sample to

detector distance was 114.1 mm. The diffraction angle was

calibrated by using a polypropylene standard and by an

Al2O3 standard from the National Institute of Standards and

Technology (NIST).

2.2. Sample preparation

Two PET samples were used in this study. They were

experimental materials prepared by Toray Co. Ltd in Japan.

The weight average molecular weights ðMwÞ of these

samples were 35,000 and 20,000 g/mol, respectively. The
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polydispersity ðMw=MnÞ of the two samples was about the

same (,2.0). Minimum amounts of antimony (the catalysis

for polymerization) and phosphate (the additive to enhance

the heat durability) were used to prepare these samples.

Thus, the samples could be viewed as pure polymers that

would not decompose under high molding temperatures. No

other additive for copolymerization or plasticization was

added. Both PET samples were dried under vacuum at

150 8C for 6 h after crystallization at 120 8C for 3 h in

air. They were molded into a dumbbell-shape at 270 8C

followed by rapid quenching with ice water (0 8C). The final

weight-average molecular weights ðMwÞ of the molded

samples were about 25,000 and 13,000 g/mol, respectively.

The decrease in the molecular weight was due to the process

of hydrolysis in the atmosphere instead of thermal

decomposition. The molded samples were thought to be

‘amorphous’, having no detectable crystallinity (by X-ray

and DSC). We came to this conclusion after the following

examinations, Geil et al. reported the presence of ordered

domains with size of 75–100 Å in ice-quenched PET [3,4].

We found that the peak position of nematic structure in cold

drawn PET was different from that of isotropic PET in

WAXD image. In addition, we did not observe any SAXS

pattern corresponding to a structure of 75–100 Å consider-

ing the nematic phase should have a higher density than the

isotropic amorphous phase. Thus, we believe that the

amount of nematic structure, if any, was quite small in our

samples and the initial structure was almost amorphous.

2.3. Experimental procedures

During simultaneous deformation and X-ray measure-

ments, the sample was mounted carefully in an environ-

mental chamber of the Instron instrument, which was heated

by hot air. The dumbbell-shaped sample was kept in the

chamber for 3 min after being heated to the desirable

temperature (90 8C) before engaging tensile deformation.

The deformation process was continued until the sample

broke. The load–strain curve was recorded simultaneously

during the collection of WAXD signals. A separate sample

of the same molecular weight was also studied in the

chamber at 90 8C without deformation for 40 min to make

sure that the sample did not thermally crystallize during the

period of the deformation study. A time-averaged WAXD

image was collected from the undeformed sample, which

was used as a reference for the amorphous phase. No

crystallization was observed in either sample of different

molecular weight after the thermal annealing without

deformation.

2.4. WAXD data analysis

A one-dimensional (1D) peak-fitting program (Grams

software by Galactic Industries Corporation) was used to

deconvolute the crystalline and amorphous peaks from the

linear intensity profiles (Fig. 2) extracted from the 2D

WAXD patterns in Fig. 1. Each peak was fitted by a mixed

form of Gaussian and Lorentzian functions, having the

following formula:

fMIX ¼ ð1 2 MÞ fGðxÞ þ MfLðxÞ ð1Þ

where fG ðxÞ ¼ H exp { 2 ½ððx 2 x0Þ=wÞ
2 ð4ln 2Þ�} (Gaus-

sian), fLðxÞ ¼ H=4½ððx 2 x0Þ=wÞ
2 þ 1� (Lorentzian),

x0 ¼ peak position, H ¼ peak height, W ¼ full width at

half height, and M ¼ mixture (% Lorentzian).

The position, half-width and integrated area of the fitted

crystalline peak were used to determine the d-spacing,

crystal size and fraction of crystalline phase. The azimuthal

profiles at two chosen diffraction angles (to be discussed

later) were used to estimate the Hermans’ orientation

function. The procedures for these analyses can be briefly

described as follows. During deformation, the sample was

semi-crystalline and partially oriented, which was assumed

to contain three distinct phases: (1) oriented crystalline,

(2) oriented mesomorphic, and (3) un-oriented amorphous

phases. The mass fractions of the three phases were esti-

mated from two linear intensity profiles, taken along the

equatorial and meridional directions from the 2D WAXD

pattern, respectively. The amount of the oriented crystalline

phase was assumed to be proportional to the total area of the

deconvoluted (100), (010) and (2110) peaks from the linear

equatorial profile, whereas, the amount of the un-oriented

amorphous phase was assumed to be proportional to the

area of the linear meridional profile. (If a crystal diffraction

peak was detected in the meridional scan, as the (2103)

reflection at high strains, its contribution was excluded.

Similarly, contributions from the off equatorial peaks were

also eliminated in the analysis.) The subtraction of the

crystalline and amorphous fractions from the total area in

the equatorial profile was proportional to the amount of the

mesophase. The mass fraction of the individual phase was

taken as the ratio of the area for each phase to the total area

of the equatorial profile [18,19]. The effect of the orientation

of mesophase and crystalline phase were totally ignored. As

a result, these fractions should be overestimated (results in

Fig. 3(b)).

Crystalline dimensions normal to the (100), (010),

(2103) reflection planes were estimated using the Scherrer

equation [20].

Dhkl ¼ Kl=ðb1=2 cos uÞ ð2Þ

In Eq. (2), Dhkl represents the apparent lateral crystallite size

of the hkl reflection plane, b1=2 is the full width at the half

height of the diffraction peak hkl in radians, the shape factor

K is set at 0.9 for polymer systems, l is the X-ray wave-

length, and u is half of the diffraction angle. We recognize

that there is the possibility of lattice distortion, which would

broaden the line width, leading to the underestimation of the

crystal size. However, this possibility could not be verified

in this work due to the lack of suitable higher order reflec-

tions for evaluation. According to Salem [8], the contri-

bution of the lattice distortion is likely to be small. Strictly
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Fig. 1. Load–strain relationship and selected WAXD patterns collected during stretching of (a) higher molecular weight PET and (b) lower molecular weight

PET. Each image was taken at the average strain indicated by the arrows. Images No. 1 and 2 in both Fig. 1(a) and (b) are original WAXD patterns without

corrections, while the remaining WAXD images are corrected images after the subtraction of the isotropic amorphous phase.
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speaking, the analysis by the use of inverse integral peak

widths should be recommended to determine the crystalline

size. In view of the fact that the Scherrer equation is a

widely adopted method to estimate the crystalline size,

we have also used this method to estimate the trend of

the crystal size change instead of determining the real

value.

The average crystal orientation and its distribution were

calculated from the azimuthal scans IðfÞ of two principle

equatorial peaks (100) and (010) [20], where f represented

the azimuthal angle (note that we defined the position f ¼ 0

to be the meridional direction instead of the equatorial

direction). Because PET has a triclinic crystalline unit cell

with the 100 and 010 planes tilted against the molecular

axis, these peaks can split into two along the azimuthal

direction near the equator. Each (100) and (010) reflection

was assumed to contain a doublet near the equator at

intermediate strains (e.g. at strains less than 400% in the

sample A and less than 500% in the sample B), and was

analyzed using the mixed function described in Eq. (1). At

higher strains (i.e. .400% in sample A and .500% in

sample B), as the Grams program could no longer

deconvolute the measured peak, the analysis was carried

out by assuming that only one diffraction peak was present

on the equator. The crystal orientation was determined by

the Hermans’ orientation function ð fHermansÞ

f ¼
3kcos2fl2 1

2
ð3Þ

where kcos2fl was defined as

kcos2fl ¼

ðp=2

0
IðfÞ cos2 f sin f df

ðp=2

0
IðfÞ sin f df

ð4Þ

The above analysis requires the specimen to possess a

cylindrical symmetry, which may not be the case for the film

Fig. 2. (a) Equatorial and (b) meridional linear intensity profiles extracted from the 2D WAXD patterns of high molecular weight sample A. (c) Equatorial and

(d) meridional linear intensity profiles extracted from the 2D WAXD patterns of low molecular weight sample B.
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geometry encountered in this study. It is well known that in

typical crystalline PET film, the (100) reflection has a

tendency to align its normal parallel to the film surface.

[21,22] To address this concern, we have taken 2D WAXD

patterns along the face-on as well as the edge-on directions

from both deformed samples. Our results indicated that the

WAXD patterns along these two directions were similar and

both deformed samples could be assumed to have a

cylindrical symmetry. Perhaps, this is because the initial

samples were amorphous instead of semi-crystalline. No

orientation factor was determined from the (2103) diffrac-

tion peak near the meridian.

We also performed the Fraser correction to convert

the flat-plate WAXD image into the data in undistorted

reciprocal space [23]. The procedure allowed us to follow

the changes of the unit cell parameters during defor-

mation. This is because the meridional scans of the

uncorrected 2D patterns are not true meridional scans but

curved profiles in the reciprocal space. The exact

positions of the peaks, especially for those near the

meridian, were determined after the Fraser correction. We

have recently demonstrated this procedure in the PET

deformation study below Tg [16].

3. Results and discussion

From our earlier deformation study of the amorphous

PET film below Tg [16] and the current cursory evaluation

of the WAXD images through both face-on and edge-on

directions, we concluded that the structure developed from

the deformed amorphous sample in this study exhibited a

rough cylindrical symmetry (this would not be correct if the

starting film was semi-crystalline). This assumption signifi-

cantly simplified our data analysis schemes. The resulting

structural information, although semi-quantitative, turned

out to be quite useful for the understanding of the mech-

anism for structural development during deformation of

PET above Tg:

The load–strain curves and selected WAXD patterns

(through the face-on direction) taken during uniaxial

deformation of the two PET samples are shown in Fig. 1

(A for the higher molecular weight sample and B for the

lower molecular weight sample). Images No. 1 and No. 2 in

both Fig. 1(a) and (b) are original WAXD patterns without

correction, while the remaining WAXD images are

corrected images after the subtraction of the isotropic

amorphous phase. The two load–strain curves were

Fig. 3. Mass fractions extracted from the two linear intensity profiles of high molecular weight sample A and low molecular weight sample B: (a) oriented

crystalline phase, (b) oriented mesophase and (c) unoriented amorphous phase.
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obtained under the same experimental conditions. Overall,

both curves exhibited a similar trend of increase, except for

the exact values of strain hardening and of strain at break.

The corresponding WAXD patterns for each sample under

the same experimental conditions were somewhat different,

indicating that the structural development during defor-

mation is molecular weight dependent. This will be dis-

cussed in more detail later. We note that the high intensity of

the synchrotron X-rays made it possible to collect the

WAXD patterns during stretching in real time without

holding. As the acquisition time for the X-ray detection was

20 s per image, each WAXD pattern represented an average

structure occurring during deformation in a 6.7% strain

span. In Fig. 1, the arrow indicated the average strain value,

where each WAXD image was taken. It was seen that only

the initial WAXD image was isotropic, the rest of the

WAXD images taken from the deformed sample were

anisotropic with orientation increased with strains.

In a recent communication [24], we proposed that the

structural development during uniaxial deformation can be

divided into three zones: I—the region before strain-

hardening, II—the strain-hardening region, and III—the

region after strain-hardening. Each zone contains distinct

features in the structural development. This three-zone

argument resembles the three-staged classification proposed

by Gorlier et al. [9] using the step-quenching technique.

However, the mechanism of structural formation in each

‘zone’ is quite different from that in each ‘stage’ (we note

that the use of ‘zone’ versus ‘stage’ is only semantic, which

is intended to indicate the different mechanism from the

different study). Thus, the extraction of the detailed

molecular information in each zone during uniaxial

deformation is the primary theme of this paper.

In the conventional view, the determination of the strain-

hardening point on the load–strain curve can be made by the

interception of two extrapolated lines: one fitting the load–

strain curve in the low strain region (not including the initial

load increase at strain less than 50%), and the other one

fitting the load–strain curve in the high strain region (see

Fig. 1(a)). The cross-point of the two lines marks the

initiation of the strain-hardening process. The correspond-

ing mechanical property is often divided into two parts for

discussion, before and after the strain-hardening point.

However, this approach is not consistent with the evolution

of microstructure observed by in situ WAXD results in

Fig. 1. For one, there was no abrupt phase transition at the

strain-hardening point (the crystallization occurred much

earlier than the strain-hardening point). A more proper way

to correlate the structure and the strain-hardening behavior

is by using the definition of a strain-hardening zone, which

starts from the first deviation point of the fitted line in the

low strain region and ends with the none deviation point of

the fitted line in the high strain region (see Fig. 1(a)). In the

following sections, we will carefully describe the micro-

structures formed in each zone. These microstructures

include the fractions of crystalline, mesophase and isotropic

amorphous phases, crystalline size, d-spacing of the

crystalline lamellar structure, average crystalline tilt angle

and so forth. In addition, we will compare the difference

between the systems of high molecular weight (HMW) and

low molecular weight (LMW) PET samples.

3.1. Zone I—mesophase development before strain-

hardening

In Zone I (strain less than 140%), three WAXD images

(Nos. 1–3 in Fig. 1(a)) were collected in the sample A (the

HMW sample). The No. 1 WAXD pattern was taken before

the deformation process, which showed only an amorphous

ring confirming that the initial structure in the quenched

PET sample was amorphous without preferred orientation.

Upon deformation, a small increase in load was seen. This

load remained at a constant level (8 N) in the remainder

of Zone I until the onset of the strain-hardening Zone II

(ca. 140% strain) was reached. The region of the constant

load is often referred to as the ‘plastic deformation’ region.

Two more WAXD images were taken (Nos. 2 and 3) in this

region. The No. 2 WAXD image showed a very weak trace

of anisotropy near the equator. In contrast, the No. 3 image

showed a distinct pattern of the oriented mesophase in PET,

i.e. the scattered intensity was seen to converge into a pair of

broad and intense arcs on the equator. The mesophase

structure has a degree of packing order that is between the

crystalline phase and the amorphous phase. Although we

cannot determine the exact type of mesophase in the

deformed sample, we speculate that the strain-induced

mesophase may be nematic or smectic C as recently

identified in our study of the amorphous PET deformed

below Tg [16].

The load–strain relationship and the corresponding

structural changes in Zone I can be explained by the fol-

lowing argument. The increase in the initial load represents

the force needed to overcome the activation energy for

polymer flow at the experimental temperature (90 8C) [25].

In this zone, even if some polymer chains are stretched, the

fraction of oriented chain segments is low and the degree of

molecular orientation is also low, resulting in the weak

appearance of anisotropy in the WAXD pattern. In the

plastic deformation region, as the activation energy for

continuation of orienting the chain segments remains about

constant, the applied load also stays constant. However, as

strain increases both the fraction of oriented chain segments

and the degree of molecular orientation increase, the

deformation process eventually produces a distinct aniso-

tropic WAXD pattern indicating a mesomorphic structure.

In other words, in the plastic deformation zone, the con-

centration of the oriented mesophase increases continuously

with strain, in spite of the constant load. It is known that the

average orientation is proportional to stress (load divided by

the cross section area of the sample). If we assume the

density of the sample is constant in Zone I, the cross section

area then decreases inversely, proportional to strain. As a
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result, stress increases proportional to strain under the

constant load. This suggests that the fraction of the oriented

mesophase increases linearly with strain in accord with

the stress-optical law. The result shown in Fig. 3(b) fully

supports this argument.

A similar behavior was also observed in the LMW

sample B (Fig. 1(b)). Comparisons of the load–strain

relationships and the structural developments between the

high and low molecular weight samples (Fig. 1(a) and (b))

yielded several interesting findings. First, the plateau load

value in the plastic deformation zone for the LMW sample

was lower than that for the HMW sample (5 N versus 8 N).

Second, the final strain value of Zone I for the LMW sample

was higher than that for the HMW sample (180% versus

140%). Third, at the same strain level, the observed oriented

mesophase pattern was weaker in the LMW sample, indi-

cating that a lower concentration of the mesophase was

obtained. These findings can be explained by the following

argument. In this study, the initial PET sample was an

amorphous glass without crystallinity. Above Tg; the PET

glass became PET melt where the ‘flow draw’ phenomenon

was seen. This behavior has been reported before [26–27].

The plastic deformation of PET above its Tg could be treated

as the flow of a viscoelastic polymer melt. In the LMW

sample, the corresponding activation energy for elonga-

tional viscosity is lower than that of the HMW sample. (The

relationship between the viscosity and the molecular weight

during elongational flow of PET melt has been clearly

described by George using the constitutional equation [28]).

As a result, the plateau load value in the plastic deformation

zone is lower in the LMW sample. Since the melt viscosity

is also proportional to the relaxation time spectra of the

chains, the LMW sample (with lower viscosity) has a larger

population of chains with shorter relaxation times [29]. This

will result in the generation of a lower fraction of the

mesophase for the LMW sample under the same straining

conditions during plastic deformation than that for the

HMW sample, which was clearly detected by WAXD. It is

well known that the chains of short relaxation times cannot

remain in the oriented (or stretched) state under deformation

[30,31]. Consequently, the amount of mesophase and the

corresponding load are lower in the LMW PET sample.

The WAXD images, No. 3 in Fig. 1(a) and No. 3 in

Fig. 1(b), indicate that only a small fraction of the oriented

mesophase is produced in Zone I. This can be explained that

only the chains with relaxation times longer than a critical

value can remain oriented after stretching; while the rest of

the chains are relaxed and return to the isotropic state.

Recently, we reported that this critical value of relaxation

time is probably inversely proportional to the deformation

rate [30] and should be a strong function of temperature and

strain. The precise relationship between the critical relax-

ation time, above which the chains can retain orientation

after deformation, as a function of strain, strain rate and

temperature, will be a subject for our future study.

Gorlier et al. [9] have correlated the plastic deformation

zone to the chain orientation process. We generally agree

with their viewpoint. However, we want to point out that the

chain orientation process induces the formation of meso-

phase, which is a first-order phase transition. Even though

the fraction of the mesophase produced in this zone can be

low (thus not easily detectable by WAXD), the role of the

mesophase is critical for the initiation of nuclei. Once the

nuclei are formed, the crystal growth process will also be

facilitated by the orientation of the chains in the mesophase

region. The processes of nucleation and growth take place in

the early stages of Zone II.

3.2. Zone II—structural development during development of

strain-hardening zone

In the HMW sample, the strain-hardening zone began

at 140% strain and ended at about 380% strain (the

corresponding WAXD images collected during this zone

range from Nos. 4 to 7 in Fig. 1(a)). In the No. 4 image, a

clear indication of crystallization in the WAXD pattern is

seen, which coincides with the initiation of strain hardening.

This should not be a surprise, as in our early deformation

study of amorphous PET below Tg [16] and the studies by

Gorlier et al. [9] and Chaari et al. above Tg; [15] we noted

that the mesophase behaved as a precursor for strain-

induced crystallization, i.e. the strain-induced crystalliz-

ation occurred mainly in the mesophase region. We believe

that the similar behavior also took place here during defor-

mation above Tg: The incremental structural changes from

Nos. 4 to 7 offered us a unique opportunity to examine the

mechanism of crystallization from the oriented mesophase.

Both equatorial and meridional intensity profiles

extracted from the flat-plate 2D WAXD pattern of the

HMW PET sample are illustrated in Fig. 2(a) and (b),

respectively. In Fig. 2(a), two distinct equatorial reflection

peaks and a weak higher angle shoulder were identified in

the No. 4 profile. These peaks could be indexed as the (010),

(2110), and (100) reflections, respectively, based on the

triclinic unit cell structure in PET [32]. From the meridional

profile (Fig. 2(b)), no diffraction peak could be identified

until the end of Zone II (profile No. 7), where the (2103)

peak (d-spacing ¼ 2.96 Å) was seen. We noticed that the

(2103) peak was in fact visible in all 2D WAXD images in

this zone (e.g. No. 4 in Fig. 1(a)). The missing (2103) peak

in the meridional scans was because this peak was not

located on the meridian until the end of Zone II. Thus, the

extracted meridional profiles (in Fig. 2(b)) in the early

stages of Zone II represented the contributions of

the unoriented amorphous phase at different strains. The

appearance of the (2103) peak in the No. 7 profile (in

Fig. 2(b)) was due to the increase in crystal perfection and

orientation at a higher strain. In the No. 4 WAXD image of

Fig. 1(a), four (003) peaks at a higher angle (d-spacing

3.10 Å) near the meridian were also seen. As they were also

located at some off axis angles with respect to the meridian,

they could not be viewed from the linear meridional scan.
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The general features of the WAXD patterns in Fig. 1 have

also been observed before in several step-quenching

deformation studies, as carried out by Schultz et al. [33],

Salem [8], and Gorlier et al. [9].

Extracted equatorial and meridional intensity profiles

from the 2D WAXD pattern of the LMW PET sample are

illustrated in Fig. 2(c) and (d), respectively. Overall, the

diffraction features observed in the LMW sample were

similar to those in the HMW sample. Three equatorial

peaks, which could be indexed as (100), (010) and (2110),

were seen to increase in Zone II, where the (2103) peak on

the meridian was also identified only at the end of Zone II

(profile No. 9). Unfortunately, no Zone III was seen in the

LMW sample. In other words, the LMW sample broke

(strain <620%) before the occurrence of Zone III. This is

not surprising as the sample breakage during tensile

deformation is usually related to the chain pull-out from

the craze surface. As the molecular weight of the sample is

decreased, the entanglement between the chains becomes

less and the pull-out breakage becomes easier. As a result,

the stable crystallization growth in Zone III (to be described

later) is not achievable by the uniaxial deformation of LMW

sample.

The No. 4 WAXD pattern of the HMW sample

(Fig. 1(a)), representing the initial crystalline structure,

exhibited several distinct diffraction peaks around both

equator and meridian axes. This pattern was generally

consistent with the triclinic crystal structure of PET,

although the corresponding unit cell dimensions were

quite different than the typical values [32,34]. In the No. 4

pattern, the strongest two peaks were (010) and (2110)

reflections near the equator, which indicated that the initial

crystalline structure was dominated by the formation of an

inter-chain benzene sheet structure (which would result in a

strong 010 peak) instead of a benzene stacking structure.

Here the benzene sheet structure indicates that the planes of

benzene rings are on the same plane, whereas, the benzene

stacking structure indicates that the planes of benzene rings

pile up as layers. The preferential growth of the 010

reflection in PET during stretching was reported earlier by

Salem [8] and Huisman [35] and our results agreed well

with their findings. However, our results did not support the

argument by Gorlier et al. [9], who stated that the initial

crystalline structure induced by tensile deformation had

only two-dimensional (2D) ordering. This is because they

did not observe the presence of the (2103) peak in their

study. We believe that their observation was probably due to

the use of the lower molecular weight sample ðMw ¼

19; 000 g=molÞ: In the study of sample B ðMw ¼

20,000 g/mol), we also could not identify the (2103)

peak in the uncorrected (as-measured) No. 4 image in

Fig. 1(b). However, after the subtraction of the amorphous

background, the No. 4 image in Fig. 1(b) exhibited a weak

but clear presence of the (2103) peak. This indicated that

the initially formed crystalline structure induced by

stretching had distinct three-dimensional ordering, although

the ordering along some axes was relatively poor.

Using the method described earlier, the fractions of

the oriented crystalline, oriented mesomorphic and random

amorphous phases were estimated, and the results are shown

in Fig. 3(a)–(c), respectively. The levels of the mesophase

and crystalline fractions in the HMW sample were con-

sistently higher than those in the LMW sample (the amor-

phous fraction thus was lower). However, these three figures

revealed several new but consistent features for both HMW

and LMW samples. (1) The amorphous fraction decreased

continuously in the entire process of deformation. (2) In

Zone I, only the oriented mesophase was developed, which

increased with strain. (3) In Zone II, the crystalline phase

appeared but the corresponding mesophase fraction

decreased upon the initiation of crystallization. This obser-

vation, seen in both HMW and LMW samples, suggested

that the fraction of the mesophase was consumed by the

formation of the crystalline phase, which supported the

argument that the mesophase acts as a precursor for

crystallization and crystallization occurs mainly in the

mesophase region. In addition, the development of the

crystalline phase coincided with the increase of the load,

which marked the beginning of the strain-hardening zone.

The similar behavior was also reported in the study of high

speed spinning for PET [18,19]. (4) Upon further defor-

mation, both fractions of the mesophase and the crystalline

phase increased continuously with strain (in Zones II and

III). The amount of the mesophase was consistently higher

than that of the crystalline phase in the deformed samples

(see Fig. 3(a) and (b)).

The apparent crystal sizes normal to the three crystal

reflections: (100), (010) and (2103), were estimated by the

analysis of the linear intensity profiles taken across the

reflection peaks using the Scherrer equation (Eq. (2)). These

results are shown in Fig. 4(a) and (b) for HMW and LMW

samples, respectively. The estimated sizes were probably

underestimated because there were several factors such as

instrumentation broadening and thermal fluctuations that

could broaden the diffraction peak. The effect of thermal

fluctuations might be particularly significant since the

measurement was carried out at 90 8C. The three chosen

reflections ((100), (010) and (2103)) are almost orthogonal

to each other, thus marking the average lateral sizes of the

crystals induced by deformation. In both Fig. 4(a) and (b),

the size normal to the 010 plane was the largest, which

represented the dimension related to the benzene sheet

formation. The size normal to the 2103 planes was the

smallest at the beginning of Zone II, which indicated the

dimension (or the coherent length) developed along

the chain-axis (the c-axis) was relatively small. However,

this size increased more rapidly in the latter part of Zone II

than those of the 100 and 010 planes. This suggests that the

lateral interactions between the 010 and 100 planes probably

formed first, which initiated the crystallization and allowed

the growth of the 2103 plane (or longitudinal ordering)
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along the chain axis. This behavior was seen in both HMW

and LMW samples (Fig. 4(a) and (b)). The estimated sizes

for the HMW sample are higher than those for the LMW

sample, which are consistent with the crystal fraction results

in Fig. 3. The size of the initial crystalline structure was

quite small. For example, the crystalline size at the begin-

ning of Zone II in HMW was 33 Å for the (010) reflection

and 14 Å for the (100) reflection. The number of repeating

unit corresponding to the crystalline size was calculated

to be 6.3 for (010) and 3.8 for (100). This indicates that

the initial crystalline structure is consisted of only a few

interacting chains.

The d-spacings for the three principal (100), (010) and

(003) reflections were calculated using Bragg’s law, and the

results are shown in Fig. 5(a)–(c), respectively. In the

HMW sample, it was seen that the d-spacings of both (100)

and (010) reflections decreased with strain with the largest

reduction taking place in the later part of Zone II. In

contrast, the d-spacing of the (003) reflection increased with

strain. In the LMW sample, the d-spacing of the (010)

reflection also decreased sharply with strain in Zone II, but

the d-spacing of the (100) reflection remained about con-

stant. The (003) peak was not clearly seen in the LMW

sample. The large reduction of the (010) d-spacing suggests

that the interactions between the benzene ring stacking were

quite poor in the initial stage of crystallization in Zone II,

which was seen in both samples. In Fig. 5, the comparison

also shows that the crystallization took place at higher

strains and lower stress levels for the LMW sample than

those for the HMW sample. It is interesting to note that no

significant d-spacing decrease of the (100) peak in the LMW

sample was seen. This indicates that the crystal perfection

process during deformation becomes unfavorable with the

decrease in the molecular weight. The decreases in two

lateral d-spacings of (100) and (010) and the increase in the

d-spacing of (003) could be attributed to the changes mainly

in two unit cell parameters (a and b angles, both are related

to the chain axis alignment). The parameters of a; b; c and g

were found to remain constant during deformation. This

behavior has been described by us elsewhere [24].

The deformation process also affected the average

orientation and the orientation distribution of the crystal-

lites, as indicated by the narrowing of the azimuthal spread

with strain. The azimuthal peaks were analyzed by the peak

fitting method. The average orientation was determined by

the position of the azimuth peak and the orientation dis-

tribution was estimated by the full-width at the half height

(FWHH) of the peak. The peak displacements or FWHH of

equatorial (100) and (010) peaks for the HMW and LMW

samples are shown in Fig. 6. Both samples exhibited notice-

able decreases in the peak displacement with strain,

indicating the increase of crystal orientation in Zone-II.

However, the decrease of the displacement in the HMW

sample was found to be significantly larger than that in the

LMW samples. This indicated that the crystal orientation

induced by drawing in the LMW sample was significantly

lower than that in the HMW sample.

The Hermans’ orientation functions ð f Þ calculated from

the deconvoluted azimuthal peaks of the two principal

diffraction peaks (010) and (100) are shown in Fig. 7(a) and

(b), respectively. It was seen that the f value associated with

the (010) peak increased with strain, but that associated

with the (100) peak remained about constant ( f ¼ 1

represents the perfect orientation) in the HMW sample.

The orientation function of the (100) peak was higher than

that of the (010) peak. This result indicates that there were

more long-range interactions within the polymer chains

in the 010 plane than with those in the 100 plane. This

conclusion is also consistent with the observation of the

higher crystal thickness value with respect to the 010

plane (Fig. 4). A similar behavior was seen for the LMW

sample. The orientation function of the (100) peak was

higher than that of the (010) peak. The f-value associated

with the (010) peak also increased with strain in the LMW

sample, but its starting value was higher than that in the

HMW sample.

Fig. 4. Estimated crystal sizes from three nearly orthogonal reflection

planes: (a) (010), (100) and (2103) of high molecular weight sample A

during deformation: (b) (010), (100) and (2103) of low molecular weight

sample B during deformation.
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3.3. Zone III—structural development after strain-

hardening zone

In the HMW sample of Fig. 1(a), the region of strain

hardening (Zone II) ended at a strain of 380%. A constant

load–strain ratio was observed afterward, marking the

unique feature of Zone III. Zone III began at the 380% strain

and ended at the break point for the HMW sample (the

maximum strain was about 580% and the maximum load

was about 135 N). In contrast, for the LMW sample

(Fig. 1(b)), Zone III was not observed (the break point at

the maximum strain of 620% and the maximum load of

37 N was still in Zone II). The maximum load of the LMW

sample (37 N) was substantially lower than that of the

HMW sample (135 N). This is consistent with the argument

that the strength of the sample is inversely proportional to

the number of chain ends. In other words, as the molecular

weight decreases, the number of chain ends increases,

reducing the concentration of tie chains between the

adjacent crystallites and thus the final tensile property

[36,37]. It is logical to assume that the mechanism

responsible for the sample breakage is mainly due to the

pull-outs of the chains, as the typical maximum strength of a

polymer is substantially lower than the theoretical value of

the broken chains. The higher the tie-chain concentration

present between adjacent crystallites; the higher the load

required to break the sample. Although the WAXD data

cannot be used to detect the tie chains between the

crystallites, it can be used to reveal the crystal structural

Fig. 5. Changes of d-spacing during deformation above Tg for (a) (010), (b) (100) and (c) (003) diffraction peaks.

Fig. 6. Displacement angles of three selection diffraction peaks ((100) and

(010)) during deformation.
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development and its relationship with the mechanical

property during deformation in Zone III, as depicted

below for the HMW sample.

In Fig. 3, the mass fraction of the amorphous phase was

seen to decrease continuously, while the fractions of both

crystalline phase and mesophase all increased with strain.

The amount of the mesophase was consistently larger than

that of the crystalline phase. These findings indicated that, in

Zone III, the production of the mesophase was proportional

to the increase in strain. As crystallization could only be

initiated within the mesophase, the resulting crystalline

fraction continuously lagged behind the mesophase fraction,

even at the break point (strain ¼ 580%). In a previous study

[16], we demonstrated that if the elongation was stopped

and the temperature was raised under a constant strain, only

the mesophase could be converted into the crystalline phase

because both isotropic and anisotropic contents remained

constant.

In Fig. 4(a), the apparent crystal sizes for the three

reflections: (010), (100) and (2103) all increased with

strain in Zone III. The rate of the increase associated with

the size of the (2103) peak was the largest among the three.

It is interesting to note that in the sizes associated with the

(100) and (2103) peak, there appeared to be a break point

between Zone II and Zone III. The slope of the size increase

(by strain) in Zone II was larger than that in Zone III.

However, this was not seen in the size of the (010) peak,

where the slope was the same for Zone II and Zone III. Such

a transition behavior was also observed in the d-spacing

plots (Fig. 5(a)–(c)). The changes of the d-spacings in Zone

III were quite small, compared with those in Zone II. This

suggests that the process of crystal perfection was largely

completed in Zone II, whereby relatively few structural

changes occurred in Zone III. Furthermore, the d-spacing of

the 100 peak remained constant in Zone III, indicating that

the projected spacing between the benzene stacks did not

change.

In Fig. 6, the average azimuthal peak width displace-

ments for both (010) and (100) peaks reached a low value at

the end of Zone II (displacement less than 38) and they did

not change significantly in Zone III. In Fig. 7, the Herman’s

orientation function of both (010) and (100) peaks increased

almost linearly with strain in Zone III, but with a very slow

rate. These results indicate that the crystal orientation in

Zone III was slightly improved by drawing, but the majority

of the orientation was already accomplished by the end of

Zone II. A transition point between Zone II and Zone III was

seen in Fig. 7. For example, the Herman’s orientation

function of the (100) peak was about constant ðf ¼ 0:9Þ in

Zone II, while it increased to 0.93 by the end of Zone III. In

contrast, the Herman’s orientation function of the (010)

peak increased significantly in Zone II, while the rate of the

increase was reduced in Zone III.

In Zone III, our results showed several new findings,

which disagree with some conclusions reported in the

literature. (1) Gorlier et al. reported that the crystalline

growth stage started around the onset of the linear stress

development, which coincided with the appearance of the

(2103) peak indicating the perfection of the crystalline

structure [9]. Our result indicated that although the crystal-

line structures in Zone III were significantly ‘perfected’

when compared with the initial defective crystal structure

formed at the beginning of Zone II, they changed

continuously with strain. In fact, the ongoing perfection

process of the crystalline structure persisted until the

breakage of the sample. (2) Salem reported that the increase

of crystallinity slowed down at the onset of the linear stress

development with density measurement [8]. We did not

observe this behavior. In Fig. 3(a), the mass fraction of

the phase crystalline was found to increase almost linearly

with strain in Zone III. Perhaps, the variation was due to

their inclusion of the mesophase as part of the crystalline

phase.

3.4. Proposed mechanism for structural development during

deformation above Tg

Based on the above results, we can propose a possible

Fig. 7. Changes of Hermans’ orientation function during deformation of

PET above Tg: (a) high molecular weight sample A (b) low molecular

weight sample B.
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mechanism for the structural development during defor-

mation of amorphous PET above its Tg and its correlation

with the mechanical properties as follows. A schematic

diagram, using the division of three zones for the HMW

sample, as illustrated in Fig. 8, is used to facilitate the

discussion.

In Fig. 8, Zone I represents the induction period of

oriented mesophase without the actual formation of crystals.

In the very initial stage, a small load is needed to overcome

the activation energy of polymer flow above Tg to initiate

the oriented mesophase. However, during the continuing

development of oriented mesophase, the required load

remains about constant until the formation of crystals. The

higher the molecular weight of the sample, the larger

the initial load needs to be overcome, and consequently, the

greater the concentration of the oriented mesophase that will

be produced. It has been proven that the mesophase provides

the nucleation sites for crystallization, i.e. the mesophase

acts as precursors to crystallization. The event of nucleation

cannot be sporadic in the deformed sample; it probably

prefers the region of higher molecular orientation.

Upon the initiation of crystallization, the applied load

increases soon after. The deviation from the constant load

region marks the beginning of Zone II or the strain-

hardening zone. The load increase can be attributed to the

formation of a three-dimensional (3D) network of small

crystallites, which reinforce the continuum matrices con-

taining random amorphous phase and oriented mesophase.

The greater the concentration of the crystallites, the larger

the load needed to deform the sample. Moreover, in the

initial stage of crystallization, the formed crystals (still with

a structure of triclinic unit cell as shown by the presence

of (2103)) are quite defective and do not possess good

orientation. The crystal registration along the benzene sheet,

indicated by the (010) peak, appears to form first. The

growth along the benzene stacking direction appears to

develop later (at a higher strain). In this zone, several

processes appear to proceed simultaneously with the

increasing strain: crystal growth along all three directions,

crystal perfection and crystal orientation. The crystal per-

fection process can be followed by the changes of two unit

cell angles (a and b) in the triclinic structure during defor-

mation [24]. We argue that the formation of the crystalline

phase mainly occurs in the mesophase, which is consistent

with the observation that the mesophase content decreased

during the initial development of crystallization. Finally, the

end of Zone II can be marked by the stabilization of the

crystal structure and concentration, where the load is found

to be linearly proportional to strain afterwards.

In Zone III, the ratio between load and strain remains

about constant until the break point of the sample is

encountered. In this zone, the crystalline structure becomes

stable with increasing strain, having good lattice regis-

trations typical of the PET triclinic unit cell reported in the

literature. The increase in the load reflects that the crystal-

line fraction is increased, suggesting the continuation of the

growth process. The overall crystal orientation is also found

to increase with strain. The molecular weight of the sample

appears to have very little effect on the formation of the

crystal structure, but it greatly impacts the final strength

(maximum load), the fractions of the crystalline phase and

mesophase and the initial point of Zone II. The higher

performance of the higher molecular weight sample can be

attributed to the lower concentration of chain ends and the

high concentration of the crystalline phase and mesophase.

This is consistent with the conventional notion that the

sample breakage under uniaxial deformation is mainly due

to the pull-out of the chains.

4. Conclusions

An in situ study of structural development in amorphous

poly(ethylene terephthalate) (PET) under uniaxial defor-

mation above Tg (90 8C) was carried out using the synchro-

tron WAXD technique. The results showed several new

insights into this subject. The load–strain curve can be

divided into three zones (I, II, III), with each zone having its

unique structure-property relationship. Zone I represents the

development of the mesophase as a precursor for crystal-

lization, which can be characterized by a constant load

response with increasing strain. Zone II represents the

strain-hardening region, which can be marked between the

initial development of imperfect crystallites (with a loose

triclinic unit cell) as well as the formation of stable cryst-

alline structure and three-dimensional crystalline network.

This zone contains several processes, which occur simul-

taneously including nucleation, growth, perfection and

orientation. All these processes probably take place in the

mesophase region. In Zone III, the formed crystal structure

and the morphology become stable, which is characterized

by a constant load–strain ratio. The crystal fraction is

increased continuously with strain until the sample breaks.

The molecular weight plays a particularly important role in
Fig. 8. Proposed mechanism for the structural development and mechanical

response during deformation of PET above Tg:
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affecting the initiation and the span of these zones, and the

ultimo strength.
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