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ABSTRACT: Seven experimental poly(ethylene terephthalate) (PET) fibers were spun
and then drawn under different processing conditions (i.e., spinning speed and draw
ratio) in such a way that the fibers possessed different long periods but retained the
same crystal structure. Wide angle X-ray diffraction, small angle X-ray scattering, loss
modulus, initial modulus, and taut tie molecules measurements were used to charac-
terize the fine structure and the physical property of the fibers. The influence of the fine
structure on the extensional fatigue behavior of the PET fibers was studied by subject-
ing them to 120—180 rpm at a repeated extension at 10*~10° cycles. In order to detect
the molecular motion of PET with the extensional fatigue, we carried out differential
scanning calorimetry, X-ray diffraction, density, and thermoluminescence (TL) exper-
iments. The high temperature TL (above room temperature) intensity decreased with a
10* cycle extension but increased with a 10° cycle extension. The extent of change in the
TL intensity was found to be a function of the long period and loss modulus. © 2000 John
Wiley & Sons, Inc. J Appl Polym Sci 78: 90-100, 2000
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INTRODUCTION

Poly(ethylene terephthalate) (PET) fibers are
used in many situations in industry (e.g., tire
cords and conveyer belts) in which they are sub-
jected to high oscillatory tensile loads, possibly up
to a high percentage of their simple tensile
strength. The cords in a tire are constantly flexed,
extended, and compressed. Therefore, the rein-
forcing fibers must withstand a large number of
such fatiguing cycles without the loss of proper-
ties. It is important to improve the fatigue resis-
tance properties of these materials. Great efforts
have been made for this purpose and a number of
articles have been published on the fatigue resis-
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tance property of PET fibers.'™” Moreover, the
mechanism of the fatigue process and its contri-
bution to fine structural changes are still incom-
pletely understood and need further analysis.
Miyasaka et al.®~* developed a new approach
by means of the thermoluminescence (TL) method
to characterize and evaluate the fatigue and fa-
tigue resistance performance of polymers includ-
ing PET tire cord. They found that the TL fre-
quency factor S (TL integrated intensity) was
very sensitive to the fatigue process of PET tire
cords and rubber sheet and that a strong correla-
tion existed between TL intensity and the fatigue
process: the TL glow curve was greatly increased
in intensity as a result of the cyclic loading. For
the same fatigue condition, the change in the TL
intensity of crystalline polymers against exten-
sion cycles could be possibly utilized as a criterion
for fatigue resistance of these polymers. However,
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Table I Processing Conditions and Physical Properties of Samples

Sample No.

T-1 T-2 T-3 T-4 T-5 T-6 T-7
Spinning speed (m/min) 550 1000 1500 2025 2450 3450 3525
Draw ratio 5.73 4.53 3.07 2.47 2.16 1.74 1.70
Heat-set temp. (°C) 240 240 240 240 240 240 240
Heat-set time (s) 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Intrinsic viscosity (dL/g) 0.89 0.899 0.908 0.913 0.906 0.908 0.900
Tenacity (g/d) 8.4 7.8 7.9 7.7 7.8 7.7 7.1
Elongation (%) 21.4 26.7 21.4 21.0 20.4 20.4 18.4

the samples used in this case were prepared un-
der comparatively high fatigue cycles. It is well
known that the fatigue mechanism of the initial
stage of fatigue is quite different from that of high
fatigue cycles.

In order to obtain more detailed and systematic
understanding of the change of fine structure and
the molecular motion in the process of fatigue, we
studied the changes of TL glow curves, d spacing,
and density of PET tire cord fiber with exten-
sional fatigue cycles for various samples with dif-
ferent spinning speeds and draw ratios.

EXPERIMENTAL

Materials

Seven kinds of PET fibers used in this study were
provided courtesy of Toyobo Co. Ltd. The process-
ing conditions and data on the mechanical prop-
erties of these sample fibers are given in Table 1.

Measurements

Wide angle X-ray diffraction (WAXD) experi-
ments were carried out on a Rigaku Denki appa-
ratus (working at 50 kV and 180 mA) using a
scintillation counter with a pulse height analyzer.
The apparent crystallite size (ACS) was calcu-
lated from the half-height width of the (010),
(100), and (105) diffraction profiles using Scher-
rer’s equation.

ACS = K\/B cos 0 (1)
where K is a constant (0.94), A is the wavelength
of the X ray (1.5418 A), 0is the Bragg’s angle, and
B is the intrinsic width of the profile measured
(radians).

The width B was estimated using the relation
B? = B2 — B2, where B,, and B, are measured
and instrumental width, respectively. The degree
of orientation was calculated from the half-height
width of the (100) intensity profile along the De-
bye ring.

In small angle X-ray scattering (SAXS) exper-
iments the intensity was measured as the same
as that for WAXD. The long period (L) was cal-
culated using the following equation from the an-
gle of scattering at the peak maximum x (radi-
ans).

L= \x (2)

The density was measured at 23°C using a
density gradient tube consisting of a mixture of
carbon tetrachloride and ethanol. The apparent
crystallinity (X) was calculated from the density
using the following equation:

(d—-d.)

X=@.-a)”

100 (3)

The crystalline density (d.) was 1.455 g/mL and
the amorphous density (d,,) was 1.335 g/mL.'®

In the dynamic viscoelasticity measurements,
the loss modulus (E”) curves were measured as a
function of temperature using a Rheograph from
Toyoseiki Co. Ltd. The peak maximum tempera-
ture of the «, dispersion related to the amorphous
phase and the half-height width of the E” peak
were measured. The initial modulus (E) was cal-
culated with a length of 50 mm, a 25°C tempera-
ture, 656% RH, and 110-Hz frequency according to
eq. (4).

E=[(L+L,y-2/V]X (AF/AL) X 3.2exp8 (4)
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where V is the sample volume (mL), L is the
sample length (cm), L is the length change (cm),
AF is the stress after oscillation (g), and AL is
the length change after oscillation (cm).

The molecular weight with extension fatigue
was calculated using eq. (5) from the intrinsic
viscosity as measured in metacresol at 25°C.

[n]=K XM (5)

where [n] is the intrinsic viscosity, K is the con-
stant (0.77 X 102 mL/g), M is the viscosity mo-
lecular weight, and « is the constant (0.94).

The thermal behavior with the extensional fa-
tigue was measured by differential scanning cal-
orimetry (DSC). The samples each weighed 5 mg,
and the heating rate was 10°C/min. The repeated
extension fatigue test was carried out under a
cyclic extension of 2% with a frequency of 2—-3 Hz
at room temperature.

The fraction of taut tie molecules (TTMs) can
be calculated by the Peterlin'® and microfibril'”
model. The model proposed by Peterlin® is a sim-
ple series parallel model with the following struc-
tural unit element for uniaxially orientated poly-
mer samples:

TTM A

where TTM is the taut tie molecules, A is the
nonstretched molecular proportion of the non-
crystalline region, and C is the crystalline mate-
rial.

Assuming a uniform distribution of TTM over
the cross section of the noncrystalline regions and
if (L(705/L) is used as the linear degree of order,
the following equation for the axial Young’s mod-
ulus E is valid:

E = EC(B + (1 - B)Ea/Ec)
= (1= (Ly/L)(1 = B)(1 — E/E,) (6)
where E_, is the axial modulus of a completely

amorphous sample and E,, is the axial modulus of
a single crystal sample. Provided E, < E_, and

knowing E and (Lgs5/L), the fraction g of TTM
can be estimated as follows!®:

B = E(1 — Lis/LNE1~E(Las)/LVE))  (7)

The microfibril model assumes that the poly-
mer structure is divided by ordered and disor-
dered regions and the modes of molecules in the
disordered region are chain ends, loops, coiled,
tangled, and stretched segments with the latter
connecting neighboring crystallites.

The elastic compliance 1/E of a series of ori-
ented crystallites and noncrystalline regions can
be defined in terms of £, and E,.

1 de  de, 1 de, a 1l-a
E do “do M"Y "8 g,
«a l1—«

“E BE.+(1-pE, ®)

where « is the volume crystallinity, ¢ is the elon-

gation, o is the tension, E_ is the chain modulus,

and E, is the axial modulus of unoriented chains.
With E, < E_ the equation yields

B
E2E01—a(1—3) 9)

With the inferiority of the fiber modulus E
compared with E., E < E_, the fraction  of the
TTM follows:

ol

1— o

E,

(10)

In TL measurements, the glow curve was mea-
sured above room temperature as a function of
temperature with a photomultiplier: samples
were heated from 20 to about 180°C at a rate of
6°C/min and the measured glow curves were stan-
dardized by the sample weight.

RESULTS AND DISCUSSION

Fine Structure

The XRD photographs in Figure 1 show that the
degree of crystalline orientation is high in all the
samples. This may be easily explained by taking
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T-7

Figure 1 Wide angle X-ray photographs of PET fibers. See Table I for the naming of

each sample.

into consideration the data on the spinning speed
and the draw ratio as shown in Table 1.

Figure 2 shows meridional SAXS intensity
curves for sets of PET fibers. One can see changes
in the position of the maximum peak with in-

creasing spinning speed (i.e., the long period de-
creased with increasing spinning speed). It
should be noted that all of these samples were
heat treated under the same conditions and the
annealing temperature dependence of the long
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Figure 2 SAXS curves of PET fibers. The sample
number is indicated.

period is a well-known fact. The difference in
SAXS intensity curves can be seen not only in the
maximum peak but also in the intensity itself: the
intensity tends to increase with increasing spin-
ning speed. These differences in SAXS should be
related to the difference in the crystallization pro-
cesses: because the as-spun fibers were almost
amorphous, the crystallization took place during
and after drawing at low spinning speed while the
crystallization was induced during spinning at
high spinning speed, according to a mode of ori-
ented crystallization. Thus, the long period struc-
ture is mainly formed during drawing spun fibers
at low spinning speed but it is also formed during
spinning spun fibers at high spinning speed. The
increase in the SAXS intensity with increasing
spinning speed was observed at comparatively
high spinning speed and it was considered to be
along the same lines as the results obtained in
high speed spinning experiments carried out by
Shimizu et al.'®

Figure 3 shows the temperature dependence of
the loss modulus (E”) for some sample fibers. The
dispersions at around 120°C are the noncrystal-
line dispersion associated with the micro-Brown-
ian motion of drawn amorphous chains.?® As the
spinning speed increases, the E” peak, maximum
T, shifts to a lower temperature and the half-
height width of the peak decreases, indicating
that the mobility of the amorphous chains is
larger in spun samples at higher spinning speeds.

The «, dispersion peak temperature and the
half-height width are plotted against the long pe-

T-2

E" (X10%dyne/cm?)

T-7
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Temperature(°C)

Figure 3 The temperature dependence of the loss
modulus (E”). The sample number is indicated.

riod in Figure 4. These plots indicate that the
increase of noncrystalline orientation in the sam-
ple and the increase in the long period are inti-
mately related. These fine structural data for
seven kinds of samples are summarized in Table

II.
High Temperature TL Glow Curves

Figure 5 shows the high temperature TL glow
curves of the PET fibers. All the samples exhib-
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Figure 4 The correlation between the T, absorption
and the long period.



Table II Structural Characteristics of Samples

FATIGUE RESISTANCE IN PET TIRE FIBERS 95

Sample No.
T-1 T-2 T-3 T-4 T-5 T-6 T-7

d Spacing A)

(010) 5.09 5.09 5.09 5.09 5.09 5.09 5.09

(100) 3.49 3.49 3.49 3.50 3.49 3.49 3.49

(105) 2.11 2.11 2.11 2.11 2.11 2.11 2.11
Crystallite size (A)

(010) 50 49 47 47 50 49 55

(100) 34 33 33 34 33 33 37

(105) 79 72 67 67 67 67 72
Degree of orientation (%) 94 93 94 94 93 94 95
Long period of SAXS (A) 186 161 147 141 143 145 139
Degree of crystallinity (%) 48 46 43 44 44 44 44
T, (°C) 123 119 118 118 118 118 116
Half-width of T', (°C) 61.5 54.0 50.0 48.5 49.0 49.5 48.5

ited a glow peak with a maximum at 75—80°C and
a weak peak on the higher temperature side,
making the glow curve asymmetrical.

Figure 6 shows the TL glow curve and loss
modulus E” as a function of temperature for sam-
ple T-1 compared with the undrawn sample in
order to discuss the TL glow curve in detail. In the
undrawn PET the loss modulus peak, E” maxi-
mum, corresponds to the glass transition temper-
ature, T,; as shown in Figure 6, the undrawn
amorphous sample exhibits a very narrow E”
peak at 75°C. In the drawn PET the « peak shifts
to a higher temperature as is observed for sample
T-1, which has a distinctly measurable crystallin-
ity (Table II). Note that in the undrawn amor-
phous sample the maximum temperature of the

intensity(arbitrary units)

20 50 100 150 200
Temperature(°C)

Figure 5 The high temperature TL glow curves of
PET tire cord fibers. The sample number is indicated.

TL peak almost coincides with that of the E”
peak. This suggests that the electron detrapping
for the TL glow is triggered by the onset of the «
mode relaxation of the amorphous regions.!® In
addition to this main TL peak, a weaker peak
appears at above 80°C in all spun and drawn
samples (i.e., spinning speed and drawing change
the TL glow curve of a single peak to that of
double peak). This phenomenon shows that an
additional trap site population appeared during

Intensity(arbitrary units)
E" (X10° dyne/cm?)

' pe 1 ot L L L 0

20 40 60 80 100 120 140 160 180 200

Temperature(°C)
Figure 6 The (—) TL glow curve and (- - ) loss mod-

ulus E" as a function of temperature for the T-1 sample
and undrawn (U.D.) sample.
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Figure 7 The change of the initial modulus with var-
ious spinning speeds.

the course of these processes, making the TL glow
curve asymmetrical. The additional trap sites
may be related to the oriented amorphous phase
and the interface region of the crystalline and
amorphous phases.

Initial Modulus and Fraction of TTM

Figure 7 shows the change of the initial modulus
as a function of spinning speed. The initial mod-
ulus decreased up to the spinning speed of 1500
m/min because of the decrease of the draw ratio
with the increase of spinning speed, but it in-
creased gradually above the spinning speed of
1500 m/min. By comparing the initial modulus of
3500 m/min with the 550 m/min spinning speed,
we found that the initial moduli were similar to
each other. This suggests that at the high spin-
ning speed (3500 m/min) it is possible to produce
PET tire cord yarn with a high modulus.

Figure 8 shows the fraction of TTMs calculated
by the Peterlin'® and microfibril'” model as a
function of spinning speed. The change of the
TTM fraction with spinning speed shows a ten-
dency similar to the initial modulus. Modulus is
mainly determined by the fraction of TTMs be-
tween crystallites in the same fibril. These mole-
cules connect crystallites that are neighbors in
one fibril through a noncrystalline region and
have the same axial modulus as a chain section in
a crystallite. It is shown that values of 8 between
two models are different because of calculations
using different crystallinity: the linear degree of
order by the Peterlin model'® and the volume
crystallinity by the microfibril model.'” Figure 9
shows the initial modulus as a function of the
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Figure 8 The fraction of the TTMs with various spin-
ning speeds.

fraction of TTM, and the initial modulus in-
creased with the increase of the fraction of TTMs.
It is indicated that the initial modulus depends on
the fraction of TTMs.

Change of TL Glow Curve by Repeated Extension
Fatigue

According to the phenomenological interpretation
of the TL glow curve by Randall and Wilkins,?!
the TL intensity L at any time ¢ is given by the
product of the ion recombination rate and the
luminescence constant « (the probability of pro-
ton emission from each recombination).
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Figure 9 The change of the initial modulus with the
fraction of TTMs.



and for the first-order ion recombination

dn
ar - —Kn (12)
where n is the number of trapped ion pairs at
time ¢ and K is a recombination rate constant. If
the trapped charges were released by purely ther-
mal activation from a trap, K might be expressed
as follows:

kT) (13)

E
K =S exp| —
where E is the activation energy (trap depth) and

S is the attempt to escape frequency. Accordingly,
eq. (11) is

dn E
L= _a(dt) = aSn exp(—kT) (14)

¢ E
-S f exp| — ﬁ
0

where n is the number of trapped ion pairs at the
starting point of warming (¢ = 0).

From eq. (14), the TL glow intensity depends
on the number of trapped electrons n, during
irradiation and the activation energy E for de-
trapping of the electrons, which is usually trig-
gered by the molecular motion during heating
and the attempt to escape frequency S. More
trapped electrons and a larger S both increase the
TL glow intensity, while a larger E decreases the
TL glow ability and tends to shift the peak to a
higher temperature.

Figure 10(a) shows TL glow curves of sample T-1
with a long periods of about 186 A before and after
repeated extension fatigues of 10* and 10° cycles. In
this case the TL glow intensity was reduced with a
10* repeated extension and at the same time the
glow peak shifted to a higher temperature. Cyclic
extension of PET fibers generally causes two oppo-
site effects on the TL glow ability: the decrease in
the trap site number due to the strain hardening
and the increase in the trap site number due to the
introduction of defects.’ Thus, the change in the TL
glow ability with cyclic extension increases in some
cases and decreases in other cases according to the

where

n = nyexp dt (15)
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Figure 10 (a) The high temperature TL glow curves
of the T-1 sample before and after repeated extension
fatigue tests at room temperature. (b) The high tem-
perature TL glow curves of the T-7 sample before and
after repeated extension fatigue tests at room temper-
ature.

conditions. It was also shown that the effect of de-
fects on TL glow seemed to be more recoverable
than that of strain hardening when the samples
were kept standing at room temperature, as re-
vealed by the noticeable decrease in TL glow ability
measured as a function of aging time after the fin-
ishing of cyclic extension. In almost all tire yarns
the TL glow ability of the sample fatigued with
cyclic extension, measured after a long period of
aging, was less than that measured before cyclic
extension. The result shown in Figure 10(a) indi-
cates that the strain hardening effect is stronger
than the effect of defects. Figure 10(a) also shows
the results of the same sample that suffered from a
10° cyclic extension. In this case, the TL glow ability
slightly increased with repeated extensions. This
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Figure 11 The change of the viscosity molecular
weight and density with repeated extension fatigues.

indicated that the increase in the number of cyclic
extensions from 10* to 10° certainly enhanced the
effect of defects introduced by the cyclic extensions.
These results certainly support our proposal on the
two effects of fatigue on TL glow ability and indicate
that the strain hardening effect is predominant at
an early stage of cyclic extension and is followed by
the effect of defects at a later stage. This is very
understandable when we consider how the stress—
strain curve changes with cyclic extension: one can
see that the most remarkable change in the stress—
strain relation is always induced by the first exten-
sion, and the second remarkable change is induced
by the second extension. This change in the stress—
strain relation is strain hardening. This means that
strain hardening occurs at an early stage of re-

peated extensions and the rate of hardening must
decrease with an increasing number of repeats of
the extension. On the other hand, the situation of
the defect origination is quite different. There is no
doubt that the increase in the number of repeats is
always favorable for the increase in the number of
defects: the strain hardening must help the source
of the defects, because of the decrease in the relax-
ation time, and the number of defects should in-
crease the average possibility of the occurrence of
defects by the number of repeats. The possibility
must be a function of the number of repeats. How-
ever, it is reasonable to suppose that the number of
defects continues to increase, being cumulative, but
even at a larger number of repeats the strain hard-
ening almost stopped increasing.

Figure 10(b) shows TL glow curves of sample
T-7 with a long period of about 139 A before and
after repeated extension fatigues of 10* and 10°
cycles. The general features are the same as those
described for Figure 10(a), but the decrease in the
TL glow intensity is smaller than in the sample
T-1 with a larger long period (186 A). It can be
predicted that the fatigue resistance property for
sample T-7 with a smaller long period is better
than that of sample T-1 with a larger long period,
which was revealed by many authors.?2725

Changes of Fine Structure by Repeated
Extension Fatigues

Figure 11 shows the changes of viscosity molecu-
lar weights and density with repeated extension
fatigues. The viscosity molecular weights gradu-

Table III Change of Structural Characteristics of Samples with Number of Repeated Extension

Fatigues
Degree of
Orientation
No. Repeated (%) d Spacing (A) Crystallite Size (A)
Sample Extension Fatigues -
No. (X10%) (100) (010) (100) (010) (100)
T-1 Control 94.00 5.09 3.49 50 34
1 94.70 5.08 3.48 49 35
10 94.72 5.07 3.47 49 35
30 94.74 5.07 3.48 49 34
70 93.98 5.08 3.48 50 35
T-7 Control 95.00 5.09 3.49 55 37
1 94.94 5.03 3.45 55 38
10 94.70 5.02 3.43 55 38
30 93.55 5.02 3.43 55 38
70 93.83 5.03 3.43 54 37




ally decreased with the increase of the number of
repeated extensions caused by chain scission of
molecules. By comparing T-7 with T-1, T-7 with a
smaller long period had less changes in the mo-
lecular weights with the repeated extensions than
T-1, because it took less stress and better uni-
formly distributed stress in the molecular chain.
But in case of density, a change with the number
of repeated extension fatigues scarcely occurred.
According to the increase of fatigue cycles, we
expected that a decrease of density from the in-
crease of defects caused by chain scission was
shown in the change of molecular weights, but the
gradual decrease of density was not observed. So,
we considered that the strain hardening effects on
the amorphous region continuously occurred with
the increase of fatigue cycles, because density
scarcely decreased in spite of chain scission.

Table IIT shows the changes of the crystalline
region according to the number of repeated exten-
sions, which is calculated by the WAXD profile
[i.e., crystalline orientation of (100), d spacing,
and crystallite size]. In rayon tire cord, OnoZ®
reported that the sliding of the crystal plane and
the decrease of crystallinity occurred with an in-
crease of the number of extension fatigues, but
the changes of the crystalline region with the
cyclic extension scarcely occurred in this study.
Figures 12 and 13 show the DSC thermograms of
the samples with repeated extensions. The melt-
ing temperature scarcely changed with repeated
extension fatigues. Table III shows that the fine
structure with extension fatigue was mainly
changed in the amorphous region.
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Figure 12 DSC thermograms of the T-1 sample with
repeated extension fatigues.
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Figure 13 DSC thermograms of the T-7 sample with
repeated extension fatigues.

CONCLUSIONS

It would appear from our results that there was a
change of fine structure on cyclic extension in PET
tire cord. The change of fine structure mainly oc-
curred in the amorphous region, and it was due to
two effects occurring at the same time: an increase
of defects caused by chain scission and the strain
hardening effect. The strain hardening effect was
predominant at the early stage of cyclic extension
and was followed by the effect of defects at a later
stage. The fatigue resistance property for sample
T-7 with a smaller long period was better than that
of sample T-1 with a larger long period.
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