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Abstract: A selection of commercially available poly(ethylene terephthalate) fibers with different degrees of molecular
alignment and crystallinity have been investigated utilizing a wide range of techniques including optical microscopy, infrared
spectroscopy together with thermal and wide-angle X-ray diffraction techniques. Annealing experiments showed increased
molecular alignment and crystallinity as shown by the increased values of birefringence and melting enthalpies. Crystallinity
values determined from thermal analysis, density, unpolarized infrared spectroscopy and X-ray diffraction are compared and
discussed in terms of the inherent capabilities and limitations of each measurement technique. The birefringence and refrac-
tive index values obtained from optical microscopy are found to decrease with increasing wavelength of light used in the
experiments. The wide-angle X-ray diffraction analysis shows that the samples with relatively low orientation possess ori-
ented non-crystalline array of chains whereas those with high molecular orientation possess well defined and oriented crystal-
line array of chains along the fiber axis direction. X-ray analysis showed increasing crystallite size trend with increasing
molecular orientation. SEM images showed micro-cracks on low oriented fiber surfaces becoming smooth on highly oriented
fiber surfaces. Excellent bending characteristics were observed with knotted fibers implying relatively easy fabric formation.
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Introduction

Commercially available polyester fibers are receiving in-
creasing interest from academia and industry due to their
desirable properties including ease of processibility, low cost,
and good thermal behaviour. It is well established that operat-
ing speeds play an important role in the enhancement of
mechanical properties through increased degree of order and
alignment of polymer chains along the fiber axis direction. As a
result, a full understanding of molecular structure of industrially
important poly(ethylene terephthalate) fibers is of paramount
importance for our improved understanding of processing-
structure-property relationships.

Due to its commercial importance, molecular structure of
polyester has been the subject of many interesting and useful
investigations mainly using a wide range of techniques
including infrared [1-8] and Raman[9-11] spectroscopy, X-
ray diffraction [12-14], NMR [15], and Transmission Electron
Microscopy [16]. Ward and co-workers working on fibers and
uniaxially and biaxially oriented polyester films developed
the theoretical considerations and their applications behind the
use of polarized infrared [1-3] and Raman spectroscopy [13,
14,16,19] techniques in the quantitative characterization of
orientation parameters. Zhang et al. working on the ultra-thin
PET films showed the variation of crystallinity values with
variations in film thickness values during isother crystalliza-
tion [7,8]. They attributed the reduction in crystallinity with
decreasing film thickness to slower crystallization taking
place during crystallization stages. Orientation measurements
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also showed significant thickness dependence [8]. Bower
and Ward showed the presence of polarization scrambling
during the fiber orientation measurements using Raman
spectroscopy [11]. They obtained good results by immersing
the fibers in liquid of refractive index equal to the mean fiber
refractive index.

Although the early measurements of crystallinity [12] were
based on arbitrary separation of crystalline and non-crystalline
components, nowadays computational procedures are success-
fully used to resolve the overlapping X-ray diffraction profiles to
evaluate quantitative structural parameters [13]. More recently,
Yoshioka et al. produced uniaxially oriented films of poly
(ethyelene terephthalate) and poly(ethylene 2,6-naphthalene
dicarboxylate) and their blends [16]. They studied the resulting
morphologies with transmission electron microscopy. Using
selected area electron diffraction, it was shown that the polymer
chains form uniaxial orientation.

In the present investigation, commercially available poly
(ethyelene terephthalate) fibers have been studied in terms of
the degree of crystallinity, crystallite size, and orientation
measurements using a wide range of techniques with the
ultimate aim of gaining an enhanced understanding of the
processing-structure-property relationships.

Experimental

Materials

Totally six original and five annealed samples of PET
fibers commercially produced by Polyteks A.S. of Turkey
were investigated. Details of the samples showing the linear
density, number of filaments, decitex per filament, and density
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Table 1. Sample details

Fibers and Polymers 2005, Vol.6, No.3 187

Linear density

Density from isotropic

Sample Comments (dtex) No. of filaments dtex/filament refractive indices, p (gfem’)
St Medium oriented yarn 78 128 0.609 1.3727
S2 Partially oriented yarn 78 128 0.609 1.3751
S3 Fully oriented yarn 78 24 3.350 1.3863
S4 Fully drawn yarn 78 128 0.609 1.3930
S5 Intermingled yarn 78 128 0.609 1.3973
S6 Air-textured yamn 167 256 0.652 1.3845

are listed in Table 1. Due to the commercial reasons, the
processing conditions are not released, therefore, the samples
are referred to by their commercial names. A stainless steel
frame with dimensions of 300 mm X 300 mm was constructed
to carry out the annealing experiments. The samples were
kept under optimum tension during the experiments with the
aim of preventing the possible shrinkage. Each sample was
annealed in a pre-heated oven, in air, at 160°C for the
annealing times between 1 and 120 hrs, respectively.

Refractive Index Measurements

The refractive indices of the fiber samples with the aim of
determining birefringence values were measured using an image
splitting Carl Zeiss Jena interphako interference microscope.
The measurements of refractive indices were carried out for
wavelengths of 486.1, 546.1, 551, 589.3, and 656.3 nm,
respectively. The refractive indices in the fiber axis direction
(ny) and transverse direction (n;) were measured by matching
the refractive index of Cargille immersion liquids. The measured
values of the refractive indices and the birefringences are
shown in Tables 2 and 3.

Infrared Measurements

An IR-Plan® microscope installed on a Nicolet Magna IR
750 Fourier Transform spectrophotometer was employed for
infrared measurements. The IR-plan® microscope allows the
single fibers to be examined. On an average 10 single filaments
were studied to maintain the reproducibility of the results. In
all cases, 200 interferograms of a sample were averaged and
transformed with Happ-Genzel apodization function. All the
spectra were collected at a resolution of 2 cm . Finally, all
the spectra were analyzed by curve fitting procedures [19] to
obtain accurate peak parameters. '

DSC Measurements

The differential scanning calorimetry (DSC) experiments
were carried out using a DuPont Differential Scanning
Calorimeter controlled by a Thermal Analyst 2000 system.
Typical sample weights used were approximately 5 mg. The
heating rate of 10 °C/min and an upper temperature range of
300°C were selected. Indium (m.p. 156.5°C) was used as
calibration standard. The specimens were always tested in a
nitrogen environment. The fiber samples were cut in very

Table 2. Birefringence and optical orientation parameters of PET fiber samples

An

n n Pigo 2 Orientation angle (°
Sample at 559 nm at SST nm at 551 nm at 551 nm <Paonop <e08 i Zop <G> optg v
S1 1.663 1.560 1.594 0.103 0.430 0.620 38.06
S2 1.667 1.559 1.595 0.108 0.452 0.635 37.17
S3 1.683 1.560 1.601 0.123 0.508 0.672 34.94
S4 1.698 1.558 1.6046 0.140 0.574 0.716 3220
SS 1.702 1.560 1.607 0.142 0.579 0.719 32.01
S6 1.698 1.552 1.600 0.146 0.604 0.736 30.92
Table 3. Birefringence, density and optical orientation parameters of annealed fiber samples

Annealing time at 5;1 q nm at SZT nm at 5?;1 nm pD(Zr;::l}; ) <Prooop <cos’ GesZon Onemjg:? >T;gle 0
unannealed 1.667 1.559 0.108 1.3751 0.452 0.635 37.17
1 hour 1.698 1.552 0.146 1.3845 0.611 0.741 30.62
2 hours 1.698 1.553 0.145 1.3863 0.605 0.737 - 30.86
5 hours 1.707 1.552 0.155 1.3921 0.643 0.762 29.20
7.5 hours 1.703 1.560 0.143 1.3973 0.590 0.726 31.54
120 hours 1.699 1.560 0.139 1.3963 0.574 0.716 32.20
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short lengths, placed into an aluminium pan and sealed with
a lid. An empty pan sealed with a lid was used as a reference.

X-ray Diffraction

Wide-angle X-ray diffraction patters were recorded on a
flat plate at a sample to camera distance of 5 cm. The wide-
angle X-ray traces were obtained using Phillips X-ray diffrac-
tometer system utilizing nickel filtered CuK, radiation
(wavelength of 0.1542 nm) and voltage and current settings
of 10 kV and 30 mA, respectively. Counting was carried out
at 20 steps per degree. The observed equatorial X-ray scattering
data in the 26=10-35 ° range was corrected and resolved
using a well established curve fitting procedure [19]. The
peak widths at half-height have been corrected using the
Stoke’s deconvolution procedure [20]. Finally, the apparent
crystallite size of a given reflection was evaluated using the
Scherrer equation:

I __K-2
(hkD) B cos(6)

where &is the Bragg angle for the reflection concerned, A is
the wavelength of radiation (0.1542 nm), Ly, is the mean
length of the crystallite perpendicular to the planes (447), Bis
either the integral breadth or the breadth at half maximum
intensity in radians and X is a Scherrer parameter.

(M

Analysis of Experimental Data

Infrared Data-Curve Fitting

The unpolarized infrared spectra of poly(ethylene tereph-
thalate) fiber samples in the 1190-930 cm™' region were
curve-fitted according to an established procedure described
previously [19]. During the curve-fitting procedures, it was
found necessary to include the peaks at 1030 and 1102 cm”!
to improve the fits in the tails of the major peaks, but they
are not considered any further. During the IR data collection,
an average of 10 single filaments were tested to maintain the
reproducibility of the results.

Evaluation of Orientation Averages from Refractive Indices

For a transversely isotropic sample, such as uniaxially oriented
fiber, the measured refractive indices can be used to calculate
optical orientation averages by using the following general
equations [1,2,17,18].

——¢” 4 = 2A0‘lp 200 2
A +24, 3ay
n2 -1
where ¢; = ; N 3)
n; +

Substituting the expressions for ¢ (where i is || or L) from
equation (3) into equation (2) and writing An = n)—n;
and n, = 1/3(n; +2n,) then leads, to a good approxima-
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tion, to

P200=(

3a 2, An
0) @

Aol A 2 o
Aa (niso + Migo — 2)

where 4n is the birefringence, »)| is the refractive index
parallel to the fiber axis direction, n, is the refractive index
perpendicular to the fiber axis direction and #;g, the isotropic
refractive index. In the present study, a value of 0.24 has
been used as the maximum birefringence value for the fully
oriented sample of poly(ethylene terephthalate) [21]. Substituting
Py =1 in equation (4), together with the experimental value
of n,, leads to 3ay/Acc=9.2 4 0.2. For the annealed samples,
the value of 3¢y/Ac is found to be 9.3 +0.2. Using these
values and equation (4), the values of Py, can be determined
from the refractive index data shown in Tables 2 and 3. The
P,y is known as the Herman’s orientation factor in the polymer
and fiber science. From Py, the values of <cos’ G, (> can
be determined using equation (5), and the results for the
samples are shown in Tables 2 and 3.

<C052 ec, f>opt = %(1 + 2<P200>) (5)

From <cos® 6., > op» the values of orientation angle, <6, >y,
where <@, 1>, is the orientation angle between the chains
and the fiber axis direction, can be calculated and the results
are listed in Tables 2 and 3. .

Evaluation of Density from Refractive Index Values
According to Vries [21], density (o) can be calculated using
the relation in equation (6)

ni o —1

p= K{z—} ©)
Miso +2

where #, is defined as the isotropic refractive index determined

from equation (7). '

1S

ney, = %(n” +2n)) 7

Using equations (6) and (7), the density of the PET fiber
samples can be estimated. The constant X is given by Vries
as 4.047 for PET samples [21]. The estimated density (o)
values are listed in Tables 1 and 3.

Evaluation of Crystallinity from Density Values
Fractional crystallinity, using the density values evaluated
from equation (6), can be determined using equation (8).

= PP, 100(%) (8)

¢ Fa

c

where p is the density of the sample evaluated using isotropic

refractive index value for each sample and p, is the density

of the amorphous phase given as 1.335 g/cm’ whereas p, is
the density of the fully crystalline material given as 1.455 g/
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cm’ by Daubeny et al. [22].

Evaluation of Crystallinity from Melting Enthalpy Values

Assuming a two-phase model consisting of crystalline and
non-crystalline (i.e., amorphous) phase, the degree of crys-
tallinity can be evaluated from the melting enthalpies using
equation (9)

2, = A 100(%) ©
AH,,

where 7, is the degree of crystallinity evaluated by DSC
method, AH,, is the melting enthalpy of the sample and
AH?,, is the melting enthalpy of 100 % crystalline sample
and is taken as 140 £ 20 J/g as published in the literature [23].

Sometimes, as-spun fibers, exhibit a small exothermic peak
associated with crystallization. This implies incomplete crys-
tallization during the as-spun fiber formation. As a result, the
area of crystallization exotherm must be deducted from the
area of melting endotherm to obtain the original corrected
melting enthalphy. The melting enthalpy, should, therefore
be re-evaluated as follows in equation (10) '

AH, = AH,- AH, (10)

where AH, is melting enthalpy and 4H, is crystallization
enthalpy.

Evaluation of Crystallinity from X-ray Diffraction Data

X-ray crystallinity [13] is based on the ratio of the integrated
intensity under the resolved peaks (above the fitted baseline)
to the integrated intensity of the total scatter under the
experimental trace. This definition can be expressed as in
equation (11).

[ 1A26)d(20)

= an
Io 1,,,(26)d(26)

The area under the background is considered to correspond to
the non-crystalline scatter. It should be emphasized that X-
ray crystallinity is defined between two arbitrarily chosen
angles and should be considered as an optimum mathematical
solution. In this work, the peak area crystallinity was estimated
in the 2 @range between 10 and 35 °.

Evaluation of Crystallinity from Infrared Spectroscopy
The infrared crystallinity value of the samples is determined
using the 973 and 1018 cm™ IR bands using the equation (12)

Katny = 222 % 100(%) (12)
1018

where Aq7; and 4,5 are the absorbance values of the infrared

bands located at 973 and 1018 cm™, respectively. Unpolarized

spectrum was used for the infrared crystallinity calculations
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due to the orientation independent data requirement.
Results and Discussion

In the textile industry, the melt-spun polyester yams are
classified according to the degree of orientation incorporated
through different operating speeds introduced during the
fiber formation stages. Normally operating speeds of 500 to
1500 m/min give low oriented yarn, whereas the processing
speeds of 1500 to 2500 m/min give medium oriented yarn.
Yarns referred to as partially oriented yarn are produced
with operating speeds between 2500 and 4000 m/min.
Between 4000 and 6000 m/min, kighly oriented yarn can be
obtained. Finally, fully oriented yarn is produced with
processing speeds above 6000 m/min. The intention behind
the use of increasing operating speeds is to produce fibers
with enhanced tensile properties via increased degree of
alignment of chains along the fiber axis direction. The melt-
spun poly(ethylene terephthalate) yams produced with different
degrees of alignment through different operating speeds are
listed in Table 1 with their commercial identitication names.

The melt-spun polyester yarns are textured to give the
characteristics of natural staple fibers via the introduction of
increased bulk or mass incorporating crimps, coils or loops
along the length of the filaments. In principle, air-texturing
uses a cold air stream to produce entangled bulky yarns
involving the overfeeding a yarn into a turbulent air-jet to
form excess length into loops [24] as shown in Figure 1,
whereas the intermingling process involves the introduction
of mingling process using cold air-jets to create turbulence to
entangle the continuous filament yams during, for example in
high speed spin-drawing, high-speed take-up or the false-
twisting stage to impart cohesion to the yarn without forming
loops as shown in Figure 2.

Annealing is usually carried out to release internal stresses
and strains taking place during the fiber formation while
causing greater dimensional stability, reduction or elimination

Figure 1. Longitudinal SEM image of air-textured poly(ethylene
terephthalate) yarn (x72).
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Figure 2. Longitudinal SEM image of intermingled poly(ethylene
terephthalate) yarn (x200).

of defects and improvement in mechanical properties [25].

Optical Microscopy Data

The refractive index values measured at 551 nm are listed
in Tables 2 and 3. As shown in Figure 3, the refractive index
values are found to decrease with increasing wavelength. The
effects of annealing on birefringence are summarized in Table 3.
It is clear that the birefringence, defined as a measure of overall
orientation, shows a tendency to increase with increasing
annealing time of up to 5 hours, when the partially oriented
yarn samples are treated in constrained condition and then
exhibits slight decrease after annealing times of 7.5 and 120
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Figure 3. Variation of birefringence (4n) with wavelength of light
used in the experiments. (O) sample S1, (O) sample S2, (v)
sample S3, (W) sample S4, (2) sample S5, (+) sample S6. See
Table 1 for sample definition.
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hours, possibly due to some molecular relaxation processes
taking place with prolonged annealing times.

Evaluated optical orientation parameters in terms of Herman’s
orientation factor (<Pypp>qp), <c0529C’ £ opt and orientation
angle, <@, 1>, are summarized in Tables 2 and 3 for yarns
produced with different processing speeds and for annealed
samples. The results suggest that following th¢ increasing
processing speeds, the fibers are introduced with higher
molecular orientation and a high degree of crystallinity. It
shows that the average angle, <&, ¢>,,, between the poly
(ethylene terephthalate) chains and the fiber axis varies
between 32.2° and 38.06° for the untextured samples. The
orientation angles for the intermingled and air-textured
samples are found to be 32.01 ° and 30.92°, respectively. In
the case of the annealed samples, the orientation angle varies
between 29.2° and 32.2°.

Thermal Analysis Data

The DSC traces of medium oriented (sample S1) and
partially oriented (sample S2) melt-spun fibers shown in
Figure 4 exhibit crystallization exotherms with peak tempera-
tures of 118.3°C and 109 °C, respectively, due to the effects
of incomplete crystallization taking place during the fiber
formation stages. The crystallization enthalpies for these
samples have been subtracted from the melting enthalpies to
obtain correct crystalllinity values listed in Tables 4 and 5.
As shown in Figures 4 and 5, the melting temperatures of
original melt-spun fibers produced with different processing
speeds and hence with different molecular orientation values
are found to vary between 253.5 and 261 °C, respectively. It

()
I 109°C 254.4°C

<--—-Endotherm Heat flow (mw/g)

Temperature ( °C)

Figure 4. DSC thermograms of (a) sample S1, (b) sample S2 and
(c) sample S3. Crystallization and melting temperatures are shown
on the figures. See Table 1 for sample definition.
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<-..--Endotherm Heat tlow (mw/g)

Temperature ("C)

Figure 5. DSC thermograms of (a) sample S4, (b) sample S5 and
(c) sample S6. Melting temperatures are shown on the figures. See
Table 1 for sample definition.

Table 4. Thermal analysis results of original PET fiber samples

AH, (J/g) AH, (J/g) AH (Vg) DS(; .
Sample due to due to crystallinity
L . corrected

crystallization ~ melting 7. (%)

S1 19.39 41.28 21.89 15.63
S2 16.68 40.99 2431 17.36
S3 - 49.12 49.12 © 35.09
S4 - 57.20 57.20 40.86
S5 - 60.35 60.35 43.10
S6 - 56.42 56.42 40.30

Table 5. Thermal analysis results of annealed PET samples

Anr}ealing Afi—ﬁe( {f)g) Afi—{ie({i)g) AH (Vg) cry:?asl l?nity
time crystallization ~ melting corrected 2. (%)
Unannealed 16.680 40.99 24310 17.36
1 hour 3.034 53.91 50.876 36.34
2 hours 3.942 55.17 51.228 36.59
5 hours 5.243 55.19 49.947 35.68
7.5 hours 6.553 63.36 56.807 40.58
120 hours 4.565 61.24 56.675 40.48

is clear that increasing orientation has a distinct role with
increasing melting temperatures and the disappearance of
crystallization exothermic peaks due to the improved lateral
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e f

Figure 6. Wide-angle X-ray diffraction patterns of (a) sample S1,
(b) sample S2, (c) sample S3, (d) sample S4, (e) sample S5, and
(f) sample S6. Fiber axis is vertical. See Table 1 for sample definition.

perfection taking place along the fiber axis direction.

The results suggest a variation of DSC crystallinity 15.6
and 43.1 % as the alignment of polymer chains progresses
with increasing processing speeds. As shown in Table 5,
annealing causes increased amount of crystallinity of the
parent sample from an initial DSC crystallinity of 17.4 % to
40.6 % for an annealing time of 7.5 hours.

Analysis of Wide-Angle X-Ray Diffraction Data

Structure of Untextured Melt-Spun Yarns with Low
Orientation and Crystallinity

Qualitative inspection of WAXS pattern of medium oriented
(sample S1) shown in Figure 6(a) shows a broad halo centred
around 26=22° with considerable azimuthal spread to the
meridional region. Equatorial trace shown in Figure 7(a) is
found to be asymmetrical and can be resolved into at least
three broad peaks labelled as PA1, PA2 and PA3, respectively.
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Figure 7. Resolved equatorial X-ray diffraction traces of (a)
sample S1, (b) sample S2 and (c) sample S3. A: 010, B: 110, C: 100
peaks. See Table | for sample definition.

Intensity

26(°)

Figure 8. Resolved meridional X-ray diffraction traces of (a)
sample St1, (b) sample S2 and (c) sample S3. A, extension of 105
peak into the meridional region. See Table 1 for sample definition.

The corresponding d-spacings and half-height widths before
and after instrumental broadening correction are summarized in
Table 6. The results suggest a slightly oriented non-crystalline
structure containing so called micro-crystallites consisting of
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Table 6. Apparent crystallite sizes obtained from resolved equatorial
X-ray diffraction traces

Experimental Corrected Ly

Sample ' a?-ls):;::\l,sg half-height half—height apparept
indexing (nm) width width crystalhte
(26,deg) (26, deg) size (nm)

PA1 0.506 5.74 5.68 1.6

S1 PA2 0.411 6.13 6.08 1.4

PA3 0.347 6.01 5.96 1.5

PAl 0505 5.66 5.59 1.6

S2 PA2 0.410 5.98 5.92 1.5

PA3 0.347 5.80 5.76 1.6

010 0.501 1.57 1.53 5.8

S3 110 0.392 1.95 1.92 4.7

100 0.343 1.97 1.92 4.7

010 0.503 2.05 2.01 4.4

S4 110 0.392 249 2.45 3.7

100 0.346 2.56 2.51 3.6

010 0.504 1.99 1.94 4.6

S5 110 0.392 2.70 2.66 3.4

100 0.346 2.69 2.64 34

- 011 0.505 2.74 2.70 33

S6 110 0.393 3.13 3.09 29

100 0.347 3.03 2.99 3.0

Table 7. Apparent crystallite thicknesses obtained from resolved
meridional X-ray diffraction traces

Experimental  Corrected L

Sample 'gts’;‘;rc‘i’ﬁg hslf-peight half-height app:l;le)pt

(nm) width width cgstalllte

(26, deg) (26, deg) size (nm)
S1 0.207 6.23 6.19 1.54
S2 0.207 5.56 5.53 1.72
S3 0.210 2.38 2.32 4.01
S4 0.210 2.41 2.37 4.01
SS 0.210 2.45 2.40 3.96
S6 0.210 2.60 2.56 3.72

at least 12 laterally packed chains. Meridional diffraction
trace in the 26 = 10-60° range shown in Figure 8(a) shows
the contributions of the equatorial and off-meridional peaks
labelled as PM1, PM2, PM3 and PM4. The meridional peak
labelled as PM4 is broad and well-defined with a d-spacing
of 0.207 nm close to the d-spacing of 0.21 nm indexed as
105 planes of triclinic unit cell of crystalline structure. As
shown in Table 8, X-ray crystallinity of this sample is found
to be 36.2 %.

WAXS pattern of partially oriented (sample S2) shown in
Figure 6(b) shows similar features to sample S1 except with
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Table 8. Comparison of crystallinity values of original PET fiber
samples evaluated from DSC, density, infrared spectroscopy and
X-ray diffraction methods

DSC Crystallinity IR X-ray
Sample crystallinity from density crystallinity crystallinity

X (7o) X (%0) X (%) X.(%0)
S1 15.63 31.42 21.76 36.2
S2 17.36 33.42 27.00 383
S3 35.09 42.75 42.26 60.2
S4 40.86 48.33 44.44 70.0
S5 43.10 51.92 4200 - 658
S6 40.30 4125 40,00 69.6

enhanced lateral order and orientation as shown by the lower
azimuthal spread of the broad equatorial scatter into the
meridional region. The equatorial trace shown in Figure 7(b)
can be resolved into at least three peaks labelled as PA1, PA2
and PA3. The corresponding d-spacings and the half-height
widths are summarized in Table 6. The meridional trace of
this sample shown in Figure 8(b) shows contributions from
equatorial and off-meridional reflections labelled, again, PM1,
PM?2, PM3 and PM4. The results suggest an oriented non-
crystalline structure containing so called micro-crystallites
consisting of at least 15 laterally packed chains. Following
the peak resolution, X-ray crystallinity of this sample is found
to be 38.3 %. It shows that increasing orientation along the
fiber axis directions leads to an increased lateral order and
the corresponding increase in the number of laterally packed
chains.

Structure of Untextured Melt-Spun Yarns with High
Orientation and Crystallinity

WAXS pattern of fully oriented yarn (sample S3) shown
in Figure 6(c) shows fully developed crystalline structure
with relatively enhanced crystalline orientation as shown by
the intensity, sharpness and lower azimuthal arcing of the
equatorial and off-equatorial reflections. The equatorial trace
shown in Figure 7(c) can be resolved into at least three
crystalline peaks indexed as 010, 110 and 100 peaks. The
corresponding d-spacings, half-height widths and crystallite
sizes are summarized in Table 6. The results suggest crystallite
sizes perpendicular to the (010), (110) and (100) planes as
5.8, 4.7 and 4.7 nm, respectively, corresponding to oriented
168 laterally packed chains along the fiber axis direction.
Meridional trace of this sample is shown in Figure 8c. This
peak has a d-spacing of 0.21 nm and is the azimuthal spread
of 105 reflection intersecting the meridional region. Crystallite
thickness of this peak corresponds to at least 4 chemical
repeat units (see Table 7). As shown in Table 8, the X-ray
crystallinity for this sample is found to be 60.2 %.

WAXS pattern of fully drawn yarn (sample S4) shown in
Figure 6(d) shows similar features to sample S3 with well-
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Figure 9. Resolved equatorial X-ray diffraction traces of (a)

sample S4, (b) sample S5 and (c) sample 86. A: 010, B: 110, C: 100
peaks. See Table | for sample definition.
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Figure 10. Resolved meridional X-ray diffraction traces of (a)

sample S4, (b) sample S5 and (c) sample S6. A, extension of 105
peak into the meridional region. See Table 1 for sample definition.

developed and oriented crystalline structure. The equatorial
trace of this sample shown in Figure 9(a) can also be
resolved into three crystalline peaks indexed as 010, 110 and
100 peaks. The corresponding d-spacings, half-height widths
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and apparent crystallite sizes are summarized in Table 6. The
results suggest crystallite sizes perpendicular to the (010),
(110) and (100) planes as 4.4, 3.7 and 3.6 nm, respectively,
corresponding to oriented 90 laterally packed chains along
the fiber axis direction. The X-ray crystallinity for this sample is
found to be 70 %. The results obtained from the resolution
of meridional peak located at 0.210 nm, shown in Figure 10(a)
and Table 7, suggest at least 4 repeating units. The results
point to the fact that increasing alignment of chains leads to
the improvement in the lateral order as shown by the increased
number of chains in the laterally packed crystalline material.

Structure of Textured Melt-Spun Yarns with High
Orientation and Crystallinity

WAXS patterns shown in Figure 6(¢) and 6(f) of intermingled
(sample S5) and air-textured (sample S6) yarns show well-
developed crystalline structure with considerable azimuthal
spread. The corresponding equatorial traces shown in Figure
9(b) and 9(c) can be resolved into three crystalline peaks.
The corresponding d-spacings, half-height widths and apparent
crystallite sizes are summarized in Table 6. The results suggest
a crystalline structure containing at least 90 and 63 laterally
packed chains for the intermingled and air-textured yarns.
The X-ray crystallinity for the intermingled and air-textured
yarns are 65.8 and 69.6 %, respectively (Table 8). The results
obtained from the resolution of meridional peak located at
0.210 nm, shown in Figures 10(b) and 10(c), suggest at least
4 repeating units. Due to the effects of cold air-turbulance and
the resulting possible mechanical deformation, the intermingled
and air-textured samples possess somewhat lower number of
laterally packed chains than the filly oriented yarn and fully
drawn yarn samples.

Unpolarized Infrared Spectroscopy Data

Yazdanian er al. working on the oriented fibers of PET
showed that the IR peaks at 962, 973 and 978 cm™ can be
assigned to the frans conformations of ethylene glycol units [2].
They also showed a direct relationship between the crystallinity
measurements and the 973 cm™ frans band concentration for
both melt-spun and drawn fibers. In the same study, the
amorphous phase is found to contain both #ans and gauche
conformations, whereas the crystalline regions are found to
contain only frans conformations of ethylene glycol units.
Therefore, in the present investigation, the 973 cm™' frans
band is chosen for the determination of the infrared crystallinity.

In a separate investigation, Ward and Wilding showed that
the IR bands at 1410, 1018 and 874 cm ™' show no sensitivity
to annealing effects [3]. Therefore, one of these bands can be
chosen as an internal band. In the present study, the IR peak
at 1018 cm™' due to the proximity to the 973 cm™ #rans band
is chosen as an internal standard band to normalize the
absorbance values.

The infrared crystallinity index values are determined
using equation (12) after obtaining the absorbance values
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Figure 11. An example of the unpolarized IR spectrum peak
resolution in the 1190-930 em™ region corresponding to sample
S3. The lower curves are the fitted peaks, the middle curve is the
observed spectrum and the upper curve is the difference between
the observed spectrum and the fitted spectrum on the same scale.

Table 9. Comparison of crystallinity values of annealed samples
evaluated from DSC, density and infrared spectroscopy

DSC Crystallinity IR
Annealing time  crystallinity ~ from density  crystallinity
Ze (%) X (%) Xe (%)
Unannealed 15.63 33.42 21.76
1 hour 36.34 41.25 38.54
2 hours 36.59 42.75 43.39
5 hours 35.68 47.58 42.18
7.5 hours 40.58 51.90 44.03
120 hours 40.48 51.08 41.86

from the curve fitting of 1190-930 cm™ region shown in
Figure 11. The infrared crystallinity vatues for the melt-spun
untextured samples (i.e., samples S1-S4) and textured samples
(samples S5 and S6) are summarized in Table 8 and in Table 9
for the annealed samples.

The results show that the infrared crystallinity values increase
in line with the increases in the molecular orientation along
the fiber axis direction. The same trend also exists for the
annealed samples. :

As shown in Figures 12 and 13, there is a relationship between
the crystallinity values measured by different techniques and
the optical orientation parameter, <Py Tor the untextured,
textured and annealed samples.

Comparison of Crystallinity Values Obtained via Different
Methods

By definiton, the crystallinity is defined as the relative amount
of three dimensionally ordered structure and is usually most
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Figure 12. The relationship between the optical orientation
parameter, <Pyy>,, and the crystallinity values of original samples
obtained from different methods. (v) DSC, (O) IR, (m) density, (+)
X-ray.
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Figure 13. The relationship between the optical orientation
parameter, <P>, and the crystallinity values of annealed
samples obtained from different methods. () DSC, (O) IR, (m)
density.

directly measured by wide-angle X-ray diffraction. Although
the numerical results summarized in Tables 8 and 9 and shown
in Figures 12 and 13 show that the crystallinity values obtained
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from density, thermal analysis, infrared spectroscopy and X-
ray methods are different, but they are found to correlate
reasonably well with each other shown in Figures 14 and 15.
The crystallinity values obtained from the thermal analysis
are found to be on the lowest side and the values obtained
from X-ray diffraction are, on average, on the highest side.
The crystallinity values obtained from the density and
infrared spectroscopy fall between these two limits. Basically,
the X-ray diffraction method using the equatorial region
measures the lateral order between a predefined 26 region
and is based on the separation of oriented crystalline and
unoriented non-crystalline (i.e., amorphous) scatter by curve-
fitting procedure. Although the X-ray procedure is more
reliable than the other methods of measuring crystallinity but
the X-ray crystallinity may contain small amounts of oriented
non-crystalline material, but this quantity is not expected to
be more than 5-10 %.

In the case of infrared spectoscopy, the crytallinity values
are based on the frans conformer content in the crystalline
phase. Assuming further contributions of trans conformer
content in the amorphous phase, there is no doubt that, the
total trans conformer content is expected to be ever higher.

The crystallinity values determined from density assumes
a constant crystalline and amorphous density values. It is
well known that the amorphous density increases following
the introduction of orientation during the fiber production
and the drawing stages. The crystallinity values for the samples
with low orientation such as medium oriented (sample S1)
and partially oriented (sample S2) yarns may be acceptable
due to small changes in the amorphous density values, whereas
the samples with higher orientation may have slightly unreliable
crystallinity values determined from density.

The main shortcomings of the thermal analysis are mainly
cold-crystallization taking place before the melting process
and the uncertainties in establishing the baselines for the
calculation of integrated areas. Although the crystallization
exotherm is deducted from the melting endotherm but the
uncertainty still remains in the correct positioning of the
baselines for area integration. The uncertainty becomes con-
siderably higher when a baseline arbitrarily placed between
the crystallization exotherm and melting endotherm for the
samples with low crystallinity.

The crystallinity values shown in Figures 14 and 15 are
used for the evaluation of linear correlation coefficient (R)
after drawing the best fit lines using linear least-squares
method. The results show a reasonable correlation between
X-ray crystallinity and DSC crystallinity with R =0.98 for
the original samples shown in Figure 14(b). There are also
reasonable correlation between X-ray crystallinity and infrared
crystallinity values with R = 0.96 shown in Figure 14(c) and
between infrared crstallinity and DSC crystallinity with
R =0.96 shown in Figure 14(e). As far as the combined data
from original and annealed samples are concerned, the best
correlation is observed between the infrared crystallinity and



196  Fibers and Polymers 2005, Vol.6, No.3

c

Fractional crystallinity-y (%)

Infra-red crystallinity-y (%)

(4

DSC crystallinity-y_(%)

75 [ T T T T T T T 75 T T T T
b 4 4
601 E 60 .
. °51 & L :
L 4 % ]
45 I o g 45 r ]
g A
L 1 2 L 1
30 - ] 5 30 - -l
172}
i A 4
15 E 15 4
(@) 1 Fom
0 3 PR SR TR N U S FUNY ST TN NN T S0 VN IOF SO0 SR TN S R S WY 1 0 i deb 1 RN Y ST T T T 1 4 1 L
0 15 30 45 60 75 0 15 30 45 60 75
X-ray crysta!linity—xc(%) X-ray crystallinity-xc(%)
75 (1T : T T 75 ; S B S
601 . 601 .
S
ash 4 7 st .
L 2 L (o]
° L0 1 E | o ]
i 1% I ]
301 - E 30 1
L 4 © L E
- @ 3
[ o e ]
L B 3 (¢]
15 -1 15+ =
©) I @
0 [ U AN T S SN N ST T SN SV WA YURE YU WU MY T S T W SO WA SO AN 1 0 3 PR 1 1 - 1 1
0 15 30 45 60 75 0 15 30 45 60 75
X-ray crystallinity-xc(%) Fractional crystallinity—xc(%)
75 T T T T T 5 T T T T T
60t 4 60 8
o} 1€ ]
[ 7 ]
-
a5 - & 45 -
L O 8 L O
(o) 8
{1 3 o
i 1 58 I 0
30- . g 30¢ ]
L i [ 7 4
151 1 15 1
) 1 P
0 [ A P ISR VY WA S0 SN WU DU SUUTSNNS N ST ST S S SN SO SN TR 3 1 0 [ domdennk | ST D WY TOUR IO N WS ST ST S ST WY WY TR DU FUUN WO DU S 1
0 15 30 45 60 75 0 15 30 45 60 75
Infra-red crystallinity-x (%) Infra-red crystallinity-x_(%)

Ismail Karacan

Figure 14. Correlation between crystallinity values obtained via different methods for the original samples listed in Table 1. A linear least-
squares fitted line is drawn through the points. Linear correlation coefficient (R) of the plots are given as follows: (a) X-ray crystallinity vs.
crystallinity from density measurement (R = 0.87), (b) X-ray crystallinity vs. DSC crystallinity (R = 0.98), (c) X-ray crystallinity vs. infrared
crystallinity (R = 0.98), (d) fractional crystallinity vs. DSC crystallinity (R = 0.93), (¢) infrared crystallinity vs. DSC crystallinity (R = 0.96),
(®) infrared crystallinity vs. fractional crystallinity (R = 0.90).
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Figure 15. Correlation between crystallinity values obtained via different methods for the combination of original and annealed samples. A
linear least-squares fitted line is drawn through the points. Linear correlation coefficient (R) of the plots are given as follows: (a) infrared
crystallinity vs. fractional crystallinity (R = 0.86), (b) infrared crystallinity vs. DSC crystallinity (R = 0.94), (c) fractional crystallinity vs.
DSC crystallinity (R = 0.89). (O) original samples listed in Table 1, (v) annealed samples listed in Table 3.

DSC crystallinity with R = 0.94 shown in Figure 15(b).

Scanning Electron Microscopy Observations

The surface features of the PET fiber samples were
investigated using an ISI-100A Scanning Electron Microscope
with a voltage setting of 5 kV and a specimen to detector
distances ranging between 8 mm to 12 mm, respectively. As
shown in Figure 16, the lateral image of medium oriented
fiber (sample S1) characterized by low orientation shows micro-
cracks on the fiber surfaces becoming smooth on surfaces of
the highly oriented fiber as shown in Figure 17. A typical
lateral image of a knotted medium oriented fiber shown in
Figure 18, shows kinking bands across the fiber and excellent
bending characteristics without the presence of delamination
or fibrillation often seen in rigid-rod polymer systems indicating
the suitability for an easy fabric formation. The kinking is
found to disappear with highly oriented samples.

Figure 16. Longitudinal SEM image of partially oriented fiber
showing micro-cracks along the fiber axis direction (x10,000).
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Figure 17. Longitudinal SEM image of fully oriented fiber
showing smooth surface along the fiber axis direction (x10,000).

Figure 18. Longitudinal SEM image of medium oriented fiber with
a knot showing kinking bands across the fiber (x1,000).

Conclusions

The quantitative measurement of crystallinity, crystallite
size and orientation parameters of a selection of commercially
available poly(ethylene terephthalate) fibers have been carried
out using wide-angle X-ray diffraction, infrared spectroscopy,
thermal analysis and optical microscopy techniques. Annealing
experiments carried out under constrained conditions at a
fixed temperature for various times showed enhanced molecular
orientation and crystallinity as shown by the increased values of
birefringence and melting enthalpies.

Optical microscopy has been used to obtain birefringence
values as a means of overall orientation via the refractive index
measurements. The birefringence and refractive index values
are found to decrease with increasing wavelength of light
used in the experiments. Data from thermal analysis, infrared
spectroscopy, X-ray diffraction and density values obtained
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from the samples used for the isotropic refractive index
measurements are used for the determination of crystallinity
values. The measured crystallinity values are found to be
different, but they are found to correlate reasonably well
with each other. The crystallinity obtained from the density
measurement is found to be less reliable with the highly
oriented samples due to the assumption of constant amorphous
density used in the calculations, whereas the crystallinity
calculated from the X-ray diffraction measurement is found
to be more reliable. The results suggest a close relationship
between increasing overall orientation and increasing crystallinity
as a direct result of increasing processing speeds and
annealing procedure under constrined condition.

The results from X-ray diffraction analysis show that the
samples with relatively low orientation possess oriented non-
crystalline array of chains, whereas those with high molecular
orientation possess well defined and oriented crystalline array
of chains along the fiber axis direction. Crystallite size values
are found to increase with increasing molecular orientation
due to the increasing perfection of lateral order. It shows that,
possibly, due to the mechanical deformation taking place
during the intermingling and air-texturing processes, the
lateral order for these samples, appear to be less well ordered
than the fully oriented and fully drawn yarn samples.

SEM examination of surface features of samples showed
surface irregularities characterized by micro-cracks along the
fiber axis direction with samples of low orientation becoming
smoother with samples of higher orientation. All the samples
showed excellent bending behavior when knotted implying
relatively easy fabric formation.

Further studies on the use of high temperature infrared
spectroscopy and X-ray diffraction as a function of tempera-
turee before, during and after melting would enhance our
understanding of the processes taking place. Use of TEM for
the direct measurement of crystallite size would be helpful
for the assessement of the apparent crystallite size obtained
from X-ray diffraction analysis.
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