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In this work, mechanical and structural parameters related to the optical properties of polyethylene
terephthalate (PET) fibers drawn at hot multistage have been investigated. The changes in optical
parameters upon changing draw ratio are used to obtain the mechanical orientation factors
<P,(cos 6)> and <P (cos 8)>, various orientation functions £,(8), f,(6) and £ (8), and amorphous and
crystalline orientation functions (f, and f)). Also, the numbers of random links between the network
junction points (N,), the average optical orientation (F, ), and the distribution function of segment
(cos 0) were calculated. In addition, an empirical formula was suggested to correlate changes in the
birefringence with the draw ratio and its constants were determined. The study demonstrated change on
the molecular orientation functions and structural parameters upon hot multistage drawing. Significant
variations in the characteristic properties of the drawn PET fibers were due to reorientation of the
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molecules caused by applied heat and external tension.
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1. Introduction

Orientation in polymers can be produced by several
processes, such as stretching of a molten polymer followed
by rapid cooling of the melt and cold or hot drawing process.
Altering the properties of synthetic polymer fibers by
means of a drawing process is the result of changes in the
molecular arrangement leading to a new polymeric structure.
It is important to investigate the characteristic properties
of drawn fibers and thereby the degree of orientation,
crystallinity and other structural parameters and functions
could be correlated to the fiber end-use.

PET is an extremely suitable polymer for detailed
comparative studies of the molecular alignment because it is
available in a number of a distinctly different physical state.
The drawing behavior of PET has been studied extensively
over many years and different workers have highlighted
different features, from the purely mechanical aspects
to the structural changes''>. When PET fiber structure is
deformed by hot multistage drawing process, individual
crystalline regions slide past each other, to take up a new
position, where they are held together just as strong as in the
origin material, owing to the formation of fresh, inter-atomic
bonds. For this reason, the molecules pass from un-oriented
state to the oriented state.

One of the most powerful experimental methods
of short-range order determination in polymers utilizes
birefringence. Birefringence is an important physical
parameter that links the optical and mechanical properties
of fiber. The examination of birefringence in conjunction
with other physical measurements yields considerable
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insight into the characteristic of the bulk polymer. If a
polymer is subjected to an external force, such as drawing,
the molecular chains become oriented along the drawing
direction and oriented'*'>.

In the present work, the optical parameters for hot
multistage drawn PET fibers are utilized to calculate some
structural parameters. Relationships between the obtained
structural parameters are also given.

2. Material and Methods

2.1. Preparation of samples

Low oriented PET yarn (LOY), 167 dtex, 34 filaments,
was kindly supplied by Alyaf Co. (Iran). This yarn was
melt-spun from PET chips with an IV of 0.65 dL.g™". The
drawing was performed on an industrial Zinser draw-twisting
machine (Germany), type 520-2. A three-step drawing
process was carried out on the cylinders (godet roller) and
hot plate by varying second-stage draw ratio. The different
draw ratios of the drawn samples are shown in Table 1. The
total draw ratio is calculated by multiplication of the draw
ratios employed. The applied drawing conditions are listed
in Table 2. These conditions were deduced from preliminary
experiments.

2.2. Birefringence measurement

Birefringence was measured on a Ziess polarizing
microscope with a 30" order tilting compensator. The average
birefringence was based on five individual fiber samples.
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2.3. X-ray analysis

The wide-angle X-ray diffraction (WAXD) data were
collected using a bundle of PET multifilament yarn at
a room temperature by using a EQUINOX 1000 X-ray
diffractometer (Inel, France) equipped with a nickel-filtered
copper Kot radiation (A = 1.540 A). The scattering intensities
were recorded every 0.031° in the range of 20 = 10-35°. The
WAXD patterns were analyzed by a conventional curve-
fitting procedure to obtain crystallinity value. For this purpose,
the equatorial diffraction peaks were fitted into Pearson
VII function and an empirical amorphous background was
assumed to have Gaussian — type peak profile.

3. Theoretical Consideration

Hermans respected the orientation function f{0) by a
series of spherical harmonics (Fourier series) as follows
(Equation 1)':

oo

10=5 (n+3)< 1,240 M)

n=0

where the odd components are all zero and the first three
even components are given by:

fz(e)zé(scosze—l) (la)
f4(9):é(35cos49—30c0526+3) (1b)
f6(6):é(23100369—1500546+10500s26—5) (Ic)

The parameters <f, > are the average values (amplitude).
In above equations, 0 is the angle between the stretching
direction and the chain axis'"!® and f is proportional to the
birefringence (An) as follows (Equation 2):

An
An,

£ (0)= 2)

max

where An__is the maximum birefringence of fully oriented
fiber. For PET, it has previously been determined to be 0.24'°.

Table 1. Applied draw ratios in different stages of a multistage
drawing process.

Sample 1 Stage 2" Stage 3 Stage Total draw
draw ratio draw ratio draw ratio ratio
1 1.2 3 1.3 4.68
2 1.2 34 1.3 5.304
3 1.2 3.8 1.3 5.928
4 1.2 4 1.3 6.24

Table 2. The operating conditions in drawing experiments.
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The optical orientation angle 6 can be found using
Hermans orientation factor from the following Equation:

0=sin”' G0 @)y 3)

where 0 being the angle between the polymer chain and the
fiber axis. Before orientation, the segments were randomly
oriented at an angle 0 with respect to the draw direction.
After drawing, the segments will be constrained at an angle
B given by Equation 4:

-3
tan3 = DR % tan® “4)

On the aggregate model, the low-strain mechanical
anisotropy is related to the orientation functions
<P, (cos 0)> and <P (cos 0)>. These functions provide
some understanding of the mechanism of deformation.
By considering the network as freely jointed chains of
identical links called random links, <P (cos 0)> is given by*
Equation 5:

12+U% 3Ucos™' U
2 3
211-U (1_U2)A

(B (0))= (5)

where U = D2 and D is the draw ratio. Using the Treloar?!
expression for the inverse Langvin function to obtain

(P4(8)) | we have the following equation:

35 U72_ 3Ucos™ U B
O=UD 2 -yt
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The overall orientation® F_ was calculated from
birefringence measurements on individual fibers. Optical
birefringence gives the average of crystalline and amorphous
orientation. Frequently, orientation means orientation of
ordered phases. It should be noted that both crystalline
and amorphous materials can exist in both oriented and
un-oriented states. The average orientation F,_ was calculated
from the following Equation:

_ 2Mn
An; + An,,

av @)
where the denominator is composed of the intrinsic
birefringence of both the crystalline and the amorphous
regions.

The number of random links between the network
junction points (N)) is obtained from the following
Equation*

Temperature of Temperature of Temperature Temperature of  Temperature Drawing Intermingling Spindle
feeding roller first godet roller of hot plate second godet roller of third godet speed (m/min) jet pressure speed
(°C) (°C) (°C) (°C) roller (°C) (bar) (rpm)
Room 90 130 130 Room 400 2 4000
temperature temperature
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p*-p!
P(§)=——— 8
2(8) SN, (3)
where D is the draw ratio.
Roe and Krigbaum? derived an expression for the
distribution function of segments at angle 6 with respect to
the draw ratio (Equation 9):

o(cos0)= %+ ﬁ@ cos’@— 1)(D2 - D’l) )
1

In semicrystalline polymers, crystalline and amorphous
orientations are present and, assuming that the total
birefringence is the sum of the crystalline and amorphous
birefringence, Stein and Norris** have shown that
(Equation 10)

An = Xf.AnS +(1- X)f,An, (10)

where An is the measured birefringence, X is the crystallinity
(obtained here from XRD measurement), An, and An; are
the intrinsic birefringence values of segments in the crystalline
and non-crystalline regions, respectively. The intrinsic
birefringence values for the crystalline and amorphous phases
were assumed to be An; =0.22 and An, =0.275, based on
literature data®.

The Gaylord’s theoretical analysis® of stress-induced
crystallization is in good agreement with various experimental
data®”?*. The crystalline orientation factor f, was evaluated
by using the following Equation:

_('-
(D> +2)

Je an
where D is draw ratio.

The amorphous orientation function f, was calculated
by subtracting the crystalline orientation from the overall
orientation as determined from birefringence.

4. Results and Discussion

The optical orientation functions £,(0), £,(0) and f(6)
were calculated and their relationships with the draw ratio
are given in Figure 1. Figure 2 shows the relationships
between the orientation functions P,(6) and P (6) and the
draw ratio. All the optical orientation functions increased
as the draw ratio increased.

The calculated values for the orientation functions are
useful in predicting the optical and mechanical anisotropy.
The factors P,(6) and P (0) are only mechanically dependent
and the values of P (0) are always comparatively small. The
relationships between the birefringence and the factors £(0),
£,(6) and f,(8) are given in Figure 3. It shows a linear increase
in orientation function with increasing birefringence. This
means that more orientation occurred involving molecular
arrangements in both crystalline and amorphous regions.

Under a given external force, different material will
show different states of deformation response. In this
study it assumes that the polymer consists of aggregate
of transversely isotropic units which have no extensibility
themselves but are rotating in proportion to the macroscopic
deformation of the sample. So, the mechanical anisotropy for
PET fiber deformed upon hot multistage drawing, enables
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the factors P,(0) and P (6) to be calculated as a function of
draw ratio. The differences in values of P,(6) and P (0) by
comparison with those for f,(6) and f,(6) can be attributed to
that the former factors are only functions of the draw ratio.

Birefringence, crystallinity value (obtained by XRD)
and average orientation function for PET samples are listed
in Table 3. As can be seen in Table 3, drawing significantly
increased the birefringence values of PET fibers, indicating
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Figure 1. The optical orientation functions f,(8), f,(6) and f,(6) as
a function of the draw ratio.
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Figure 2. The mechanical orientation functions P,(8) and P (0) as
a function of the draw ratio.
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Figure 3. The optical orientation functions f,(0), f,(6) and f,(0) as
a function of birefringence.
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significantly improved overall molecular orientation. The
increase in An is a result of a large improvement in axial
packing and slightly reduced molecular packing in the
radial direction. In the hot drawing process, the temperature
changes the molecular mobility due to input thermal
energy and this decreases the resistance of the polymer
network to deformation. Therefore, the efficiency of chain
orientation during drawing of PET increases and gives
rise to higher birefringence values. A greater alignment of
chains should therefore gives rise to higher crystallinity,
which can be found in the crystallinity values obtained by
X-ray diffraction (see Table 3). Figure 4 shows equatorial
WAXD scan of diffraction patterns of undrawn and drawn
samples. X-ray diffraction pattern of undrawn PET fiber
shows an almost amorphous behavior. The crystalline
content of the undrawn sample is low and therefore it is
not possible to detect by X-ray diffraction. In contrast, all
the drawn samples show crystalline reflections and three
reflection planes (010), (110), and (100) were recognized.
Upon hot multistage drawing, an increase in crystallinity
can be attributed to the orientation-induced crystallization
as well as thermal-induced crystallization. With increasing

Table 3. Values of birefringence, crystallinity and average optical
orientation F_ for PET fibers in different draw ratios.

F Crystallinity An Draw ratio
(%)
00T e oo MO0
0.6870 41 (8(1)(7)(2)2) 4.680
0.7392 44 (8(1)33491) 5.304
0.7846 47 (g(l)g;li) 5.928
0.8359 49 (8(2)823) 6.240
The numbers in parentheses are standard deviations.
(100)
DR = 6.240

DR =5.928
DR =5.304

DR =4.680
M

10 20 30
2 theta

Intensity (a.u.)

Figure 4. X-ray diffraction patterns of undrawn and drawn PET
fibers.
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chain extension, fiber crystallization is promoted due to the
decreased kinetic barrier®.

According to the relationship between
birefringence-crystallinity, we can use orientation
measurement to estimate the crystallinity values (X).
Therefore, the graph was fitted linearly in Figure 5 and
the following empirical formula was suggested for PET
fiber drawn with different draw ratios ranging from 4.680
to 6.240:

X =221.4An+3.5094 (12)

From the Equation 12, the initial value of crystallinity for
undrawn fiber, which is corresponded to zero birefringence,
was calculated to be 3.5%. This value is in good agreement
with X-ray diffraction pattern of undrawn sample which
shows an almost amorphous (Figure 4).

The number of random links between the network
junction points (N,) increased with increasing draw
ratio as shown in Figure 6. This can be attributed to the
slippage in the network required by a transition from
affine to pseudo-affine deformation. A value for N, of
about 5.466 for sample drawn at draw ratio of 4.680 is
in reasonable agreement with previous reported value
for a rubber like network (affine deformation)*°. This
suggests that beyond the draw ratio of 4.680, the PET fiber
deforms pseudo-affinely. Because the amorphous chains
and crystallites are oriented toward the draw direction
simultaneously, the pseudo-affine deformation is reasonable
only when the molecular relaxation does not exceed the
orientation. Also the distribution function of segment
(cos 0) is drawn as a function of draw ratio in Figure 6 and
increases with an increase in draw ratio. Changes of w(cos 0)
give indication for mass distribution within PET fiber chains
and new reorientations were given®'. When a molecular
network is deformed unidirectionally, the distribution of
chain displacement vectors becomes rather well oriented
along the stretching direction. The relationships of tan 6 and
tan [ values with draw ratio are given in Figure 7. As can
be seen in Figure 7, both tangents decreased by increasing
the draw ratio for hot multistage drawn PET fibers. Before
orientation, the segments were randomly oriented at an angle
0 with respect to the draw direction. After the hot multistage
drawing process, the segments will be constrained at angle 3.
The relation between the orientation angle before and after
drawing was clarified by plotting the relation between the
tangent of these angles and the draw ratio according to
Equation 4.

Figure 8 shows the relationships between the crystalline
and amorphous orientation factors and draw ratio. As
can be observed, both f and f were found to increase
with increasing draw ratio. The rapid development of the
crystalline orientation factor to the almost full fiber-axis
orientation compared with the slower development of
orientation in the amorphous orientation and an intermediate
increase in the average orientation function (Table 3) is
common behaviors for flexible chain polymers®. Mobility
of chain segments and ability of orientation increase upon
hot drawing gives rise to an increase in orientation factor. It
is seen thatf is already quite high at all draw ratios, whereas
f, develops slowly and increased more significantly with
increasing the draw ratio. This shows that more orientation



558 Haji et al.

occurred in amorphous phase as well as the crystallite
redistribution of the crystalline region. According to
Equation 11, for the draw ratio of DR > 3, f values will be
larger than 0.9, in fair agreement with other results on the
drawn PET filaments®. The birefringence of a crystalline
polymer is made up of contributions from the crystalline
and amorphous regions. Assuming that the crystalline
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Figure 5. Birefringence versus crystallinity value obtained from
X-ray diffraction for the drawn PET fibers.
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Figure 6. Variation of the distribution function of segment w(cos 6)
and the number of random links between entanglements N, due to
different draw ratios.
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Figure 7. Variation of the tangent of the orientation angle 6 and
for hot multistage drawn PET fibers at different draw ratios.
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orientation factor of the drawn sample is almost identical,
the birefringence is affected mainly by the degree of chain
alignment of the amorphous region.

The contribution of first-stage drawing to overall
crystalline orientation factor is constant at all draw ratios due
to the applied constant draw ratio at first stage of drawing
(DR1 = 1.2). The second stage of three-stage drawing is
more effective in developing the low orientation level of
the crystallites formed in first stage and this contribution
increases as total draw ratio increases. This occurs at the
expense of decreasing in the contribution of third stage of
drawing to overall crystalline orientation factor. The higher
contribution of second step in final crystalline orientation
factor is a result of the higher applied draw ratio in this
stage (see Table 1).

From the well-known Mooney-Rivlin equation,
the birefringence-strain relation is given as follows*
(Equation 13):

An=(D-D7)(4, +AT)2) (13)

A . . .
A plot of (D# against the reciprocal draw ratio

2

)
D' gives straight line whose slope A, and intercept with
ordinate A (Figure 9). The values obtained for A, and A, are
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Figure 8. Variation of the amorphous and crystalline orientation for
hot multistage drawn PET fibers at different draw ratios.
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and draw ratio, respectively. See the text for details.
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0.02245 and 0.06586, respectively. In general, the ratio A /A
is approximately similar to C/C, for the Mooney-Rivlin
equation, so the birefringence remains proportional to the
stress.

An empirical formula was suggested to evaluate the
relationship between the birefringence and draw ratio as
follows (Equation 14):

An=(D- D’Z)(O.02245 +0.065 86)

(14)

The advantage of this relation is that one can determine
the birefringence at every draw ratio. Also, using this
formula one can theoretically predict the preferable value
of the draw ratio that is required for certain application.

5. Conclusion

Hot multistage drawing has been applied to observe the
changes in the orientational behavior of PET polymer chains
at amolecular level. The results of this study prove that in hot
multistage drawing, external tension and applied heat have a
significant effect on the optical and structural properties of
the drawn fibers. The birefringence and orientation function
increased linearly up to high draw ratio with increasing draw
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