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ABSTRACT: Fatigue behavior of high-strength and high-modulus polymeric fibers was investigated based on nonlinear 
dynamic viscoelastic analysis under tension-tension cyclic strain condition. Poly(vinyl alcohol) (PVA) and thermotropic 
polyester(Vectran) fibers were used as specimens. The zone nonlinear dynamic viscoelastic analysis was proposed as a new 
approach to investigate the nonlinear dynamic viscoelastic behavior in different deformation stages during one period of cyclic 
deformation for polymeric materials. It was found that the nonlinear dynamic viscoelasticity strongly depended on the rigidity 
of backbone chains of polymers. The polymeric fibers with rigid polymer chains showed remarkable nonlinear viscoelastic 
characteristics comparing with that with flexible polymer chains. Also, it was found from the zone nonlinear dynamic viscoelastic 
analyses that the nonlinear viscoelastic behavior during cyclic deformation was predominantly induced during the recovery 
process rather than the tensile process for polymeric fibers, and the more remarkable nonlinear viscoelastic behavior was 
exhibited in the zone with higher strain rate. The polymeric fibers with rigid polymer chains exhibited more remarkable 
nonlinear viscoelasticity and poorer fatigue strength. At the onset of fatigue failure, a sudden increase in nonlinear dynamic 
viscoelasticity was observed for polymeric fibers. The sudden increase was considered to relate with the remarkable irreversible 
structural changes before the fatigue failure for polymeric materials. 

KEY WORDS Nonlinear Dynamic Viscoelasticity / Zone Nonlinear Dynamic Viscoelasticity / Fatigue 
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During the past decades, as polymeric materials have 
been used in many load bearing structural applications 
wherein the reliability and safety are very important, an 
increasing amount of attention has been paid to the 
fatigue behavior of polymers. The fatigue behavior of 
polymers has thus far been investigated over a wide scale 
range using several different approaches. In most con
ditions, the specimens of polymers are simply subjected 
to various magnitudes of cyclic strain or stress, and the 
number of cycles up to fatigue failure is determined. 1 

Some researchers also used the specimens that had been 
precracked, and then, the crack growth rate was deter
mined as a function of applied stress intensity factors. 1 

Such information, as baseline data, is very important 
and can provide engineers a crude guideline to design 
structure components. However, on molecular level, 
little effort has been made to clarify the nature and the 
origin of fatigue failure about polymeric materials. 

As one of the most important mechanical properties 
of polymers, the viscoelasticity has been found to relate 
with the fatigue properties. z- 5 Also, since in actual 
fatigue test, the imposed strain or stress must be large 
enough to ultimately lead to a fatigue failure, the non
linear viscoelastic behavior cannot be ignored under such 
fatigue test condition. So it seems very important to 
investigate the fatigue behavior of polymeric materials 
based on the nonlinear dynamic viscoelastic analysis. 3 - 5 

Owing to no successful theoretical interpretation about 
the phenomena of nonlinear dynamic viscoelastic be
havior, until now, the most accurate, reliable and also, 
reproducible approach for the nonlinear dynamic vis
coelastic analysis has to be based on the direct observa
tion of the nonlinear responses. 6 • 7 In recent years, the 
direct analysis of the nonlinear dynamic viscoelastic re
sponses with Fourier transformation3 - 5 · 8 - 9 has been 

paid an increasing attention because it does not need 
any extra theoretical hypothesis and can provide much 
reliable and reproducible conclusions. The authors have 
proposed an approach (which can be called the nonlinear 
viscoelastic parameter (NVP) analysis) for the quantita
tive evaluation on the nonlinear dynamic viscoelasticity. 
The nonlinear viscoelastic parameter, NVP, which ena
bled the evaluation of the degree of nonlinear dynamic 
viscoelasticity, could be simply calculated by the co
efficients of the Fourier series transformed from the 
stress response. 3 - 5 

However, NVP provides only the information about 
the average or whole characteristics of nonlinear dynamic 
viscoelasticity during one cyclic deformation. One period 
of uniaxial cyclic deformation can be divided into two 
process according to the deformation mechanism, one is 
the tensile process in which the specimen is forcedly 
deformed, and the other is the recovery process in which 
the specimen recovers its deformation spontaneously. 
Furthermore, the viscoelasticity of polymers is a func
tion of the imposed strain rate. During one period of 
sinusoidal imposed strain, the strain rate is different in 
the different stages or zones. So, it is reasonable to expect 
that the nonlinear dynamic viscoelasticity may exhibit 
different behavior at the different stages or steps during 
a period of cyclic deformation. In the present paper, the 
authors proposed an approach to analyze the nonlinear 
dynamic viscoelasticity at each divided cyclic strain zone, 
and the authors called this approach as "zone nonlinear 
dynamic viscoelastic analysis." 

On the other hand, in order to extend the liquid crys
talline polymer to the applications with large deforma
tion or long-term bearing load, it is very important to 
know how the unique fatigue behavior of this new-type 
polymers is related with their very rigid polymer chains. 
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However, no attempt has been made to reveal the rela
tionship between the rigidity of polymer chains and the 
fatigue behavior for polymers. In this study, the relation
ships among the rigidity of polymer chains, the nonlinear 
dynamic viscoelasticity and the fatigue behavior for 
polymeric fibers were discussed on the basis of NVP 
analysis and zone NVP analysis under cyclic fatigue. 

EXPERIMENT AL 

Specimens 
Two kinds of high-strength and high-modulus poly

meric fibers with different polymer chain rigidity were 
used in this study. Vectran (a copolymer of p-hydroxy 
benzoate (HBA) and 2-hydroxy-6-naphthoic acid (HNA)) 
was the fiber with rigid polymer chains, and poly(vinyl 
alcohol) (PV A) was the fiber with flexible polymer chains. 
Figure 1 and Table I show their chemical structures and 
mechanical properties, respectively. 

Fatigue Tester with In-Situ Measurement for Nonlinear 
Dynamic Viscoelasticity 
Figure 2 shows the blockdiagram of the fatigue tester 

which enables the in-situ measurement of nonlinear dy
namic viscoelasticity during fatigue process. The speci
men of the single fiber was placed into a specimen 
chamber with temperature controller in a dry nitrogen 
purge. A sinusoidal strain was imposed to the specimen 
with a variable magnitude of strain amplitude at fre
quency of 11 Hz. Both of the signals from the strain 
detector and the stress detector contained a static part 
(es or as) and a dynamic part (ed or ad) as shown in Figure 
2. Due to the difficulties involved in the amplification of 
the signals with a DC component directly, the signals 
were separated into the static parts (DC component) and 
the dynamic parts (AC component), respectively by 
high-pass filters as shown in Figure 2. The amplified 
static signals were measured by digital multimeters and 
then, sent into a personal computer with GP-IB interface. 
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Figure 1. Chemical Structures of PV A and Vectran fibers. 

Table I. Mechanical properties of Vectran and PVA fibers• 

Vectran 
PVA 

d/µm 

23 
21 

E/GPa 

75 
49 

<Tb/GPa 

3.5 
2.5 

3.8 
4.3 

• d, diameter of fiber; E, tensile modulus; <Tb, breaking strength; Eb, 
breaking strain. 
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Also, the amplified dynamic signals were converted into 
digital data with a high sampling rate 2 channel A/D 
converter and then, the converted digital data were sent 
into the computer and analyzed by fast Fourier transfor
mation (FFT). 

Principle of Nonlinear Viscoelastic Parameter (NVP) 
Analysis 
Since the high-pass filters were used to separate the 

dynamic signals from the mixing signals, only the dy
namic parts for strain and stress were analyzed below. 
When the uniaxial sinusoidal dynamic strain, e(t) with 
angular frequency, w is imposed on the specimen (eq 1), 
the response stress, a(t) can be expanded by a Fourier 
series (eq 2). 

e(t) =e0 sin(wt) 

a(t) = a 1 sin(wt+ 61) + a2 sin(2wt+ 62) + · · · 

+ajsin(jwt+6)+ · · · 

(1) 

(2) 

where e0 is the imposed strain amplitude, and a 1 and 61 

are the fundamental stress amplitude and the phase dif
ference angle, respectively. a 2 , a 3 · · ·, and 62 , 63 · · · are 
the higher harmonic stress amplitudes and the higher 
harmonic phase difference angles, respectively. The non
linear viscoelastic parameter, NVP, 3 - 5 which enables 
the evaluation of the degree of nonlinear dynamic vis
coelasticity, was defined as eq 3. 

NVP= a2+a3+ ... +aj+ ... +an 
(3) 

where the number of higher harmonics, n was taken into 
consideration up to 100 since the higher harmonics over 
l 00th are very small and can be ignored. 
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Figure 2. Blockdiagram of fatigue tester for investigation of non
linear dynamic viscoelastic properties under cyclic fatigue test. 
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Zone Nonlinear Viscoelastic Analysis of Polymeric Fibers 

Principle of Zone Nonlinear Dynamic Viscoelastic Anal
ysis 
Figure 3 shows the wave shapes of the imposed strain 

and the response stress for Vectran and PVA fibers at 
various strain amplitudes at 303 K after 100 seconds 
from the start of the fatigue test. As to the stress re
sponse, the magnitude of the deviation in the wave shape 
from sinusoidal imposed strain increased with an in
crease in the imposed strain amplitude. It indicated that 
the degree of nonlinear viscoelasticity increased with the 
magnitude of the imposed strain amplitude. Also, it 
could be found that the deviation of the wave shape of 
the stress response was different at the different stages 
or zones during one period of cyclic deformation. In 
order to give a detail description for the nonlinear re
sponse, the authors proposed the "zone nonlinear dy
namic viscoelastic analysis." Figure 4 shows the principle 
of the zone nonlinear dynamic viscoelastic analysis. One 
period of cyclic deformation is divided into several zones. 
The variation of response stress with time in each zone 
can be represented by a Fourier expansion. If one period 
of cyclic deformation is divided into 2m zones (m is an 
integer), that is, m tensile zones and m recovery zones, 
we can obtain m equations for tensile process and other 
m equations for recovery process as shown in eq 4. 

a(i, t)=a 1(i)sin[wt+b 1(i)]+az(i)sin[2wt+bz(i)]+ · · · 

+aj(i)sin[jwt+bj(i)]+ · · · (4) 

where i is the zone number such as T3, R4, etc., as shown 
in Figure 4. In this study, each period of cyclic defor
mation was divided into 12 zones (i=Tl,· · ·T6, R6,· · · 
R 1 ), i.e., 6 tensile ( T 1 · · · T6) and 6 recovery (R 1 · · · R6) 
zones. Then, the zone nonlinear viscoelastic parameter, 
NVP(i), which represents the degree of nonlinear dynamic 
viscoelasticity in the ith zone, is defined as eq 5. 

(J (i) + (J (i) + ... + (J -(i) + ... + (J (i) 
NVPOO= 2 3 J n 

(J 1 (i) 
(5) 

PVA Vectran 

·········· Strain -- Stress 

Figure 3. Wave shapes of imposed strain and response stress for 
Vectran and PV A fibers at various strain amplitudes at 303 K after 100 
seconds from the start of the fatigue test. 
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where the number of higher harmonics, n is taken into 
consideration up to 100 as mentioned in eq 3. 

Wide Angle X-Ray Diffraction 
Wide angle X-ray diffraction (WAXD) experiments 

were carried out for the polymeric fibers using a X-ray 
generator (M18XHF-SRA, Mac Science Co., Ltd.) with 
graphite filtered Cu-Ka radiation (J=0.15405 nm) at 
room temperature. X-Ray diffraction patterns were re
corded with an imaging plate (DIP2000, Mac Science 
Co., Ltd.). A bundle of parallel fibers was fixed on a 
metal frame that had a freely sliding side to extend the 
fibers up to various degree of strains. 

Scanning Electron Microscopic Observation 
Scanning electron microphotographs (SEM) of poly

meric fibers weretaken by using a Hitachi S-2120 scan
ning electron microscope. The polymeric fibers that were 
unsubjected and subjected to fatigue test were observed 
by SEM. 

RESULTS AND DISCUSSION 

Relationship between Nonlinear Dynamic Viscoelasticity 
and Fatigue Behavior 
Figure 5 shows the relationships between the average 

value of NVP during fatigue test and fatigue lifetime for 
Vectran and PVA fibers under various imposed dynamic 
strain amplitudes at 303 K. The fatigue lifetime of PV A 
fiber which exhibited smaller NVP value was much longer 
than that of Vectran fiber which exhibited larger NVP 
value under the same imposed strain condition. 

From the results shown in Figure 5, it seemed reason
able to conclude that the fatigue lifetime became shorter 
with an increase in the magnitude of NVP. This con-
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+ 

t 
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· ......... Strain 
1 --Stress 

Figure 4. Principle of zone nonlinear dynamic viscoelastic analysis. 
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Figure 5. Relationships between the average value of NVP during 
fatigue process and fatigue lifetime for Vectran and PVA fibers under 
various imposed strain amplitudes at 303 K. 

clusion was well in agreement with that made by our 
previous papers3 •4 in the case of polyethylene. It was 
considered that since the irreversible structural changes 
would occur more frequently when the specimen exhibit
ed greater nonlinear viscoelasticity, the fatigue deteriora
tion induced by the irreversible structural changes would 
grow faster, and finally resulted in a shorter fatigue 
lifetime. 

Strain Amplitude Dependence of Nonlinear Viscoelastic 
Parameter (NVP) 
Figure 6 shows the variations of NVP with the im

posed dynamic strain amplitudes for PVA and Vectran 
fibers at 303 K after 100 seconds from the start of fatigue 
test. NVP value increased with the magnitude of the 
imposed strain amplitude for both PV A and Vectran 
fibers. Vectran fiber with rigid polymer chains exhibited 
much greater nonlinear viscoelasticity than PV A fiber 
with flexible polymer chains. Also, the NVP value of 
Vectran fiber increased very steeply with the imposed 
strain amplitude in comparison with that of PV A fiber. 
These results suggested that the rigidity of polymer 
chains exerted a great effect on the nonlinear dynamic 
viscoelasticity for polymers. 

There was still lack of data to give a satisfactory inter
pretation about why the remarkable nonlinear visco
elasticity was exhibited in the case of the rigid chain 
polymers. The authors suggested that the aggregation 
structure of polymers may play an important role here. 
In general, crystalline polymers such as polymeric fibers 
have a relatively hard crystal region comparing with a 
relatively soft amorphous region in aggregation struc
ture. This means that the imposed deformation will be 
predominantly absorbed by the amorphous region rather 
than by the crystalline region. 10• 11 In the case of polymer 
with rigid polymer chains (Vectran), since its amorphous 
region was almost as hard as its crystalline region, 10 

the imposed strain could not be absorbed by the soft 
amorphous region as easy as the case of the polymer 
with flexible polymer chains. So, the irreversible struc
tural change such as the micro-slippage among polymer 
chains and/or the macro-slippage among microfibrils 
would occur more easily or more frequently, and such 
irreversible structural change would lead to the remark
able nonlinear dynamic viscoelastic behavior to be ex
hibited for the rigid chain polymers. 

In order to estimate the degree of deformation oc
curred in the crystalline region, the wide angle X-ray 
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Figure 6. Variations ofNVP with imposed dynamic strain amplitude 
for Vectran and PVA fibers at 303 K after 100 seconds from the start 
of fatigue test. 

Table II. The actual strain in crystalline region ( ec) and the strain of 
the specimen (e) for Vectran and PVA fibers at room temperature 

e/% 0 1.5 3 

Vectran 0 0.56 1.40 

PVA 0 0.17 0.51 

diffraction experiments were carried out for Vectran and 
PV A fibers under tension condition. The degree of de
formation occurred m the crystalline region, ec was 
evaluated by eq 6. 12 

11dhkl 
e=--

c dhkl 
(6) 

where, ec is the magnitudes of crystal strain. Also, 11dhkl 

is the variation of the plan distance of (hkl), dhkl under 
the strain of the specimen, e. Furthermore, in order to 
calculate ec along the direction parallel to the fiber axis, 
the (002) and (001) reflections were used for Vectran and 
PVA fibers, respectively. Table II shows the variations 
of ec under the various imposed static strain, e. The small 
ec in the case of PV A indicated that the deformation in 
the amorphous region was much larger than that in the 
crystalline region. By contrast, the larger ec in the case 
ofVectran fiber indicated that the deformation could not 
be absorbed so easily by the amorphous regions as the 
case of PV A fiber. These results were in good agreement 
with our consideration mentioned above. 

Zone Nonlinear Dynamic Viscoelastic Analysis 
Figure 7 shows the zone nonlinear dynamic viscoelas

tic behavior for Vectran and PVA fibers under various 
imposed dynamic strain amplitudes at 303 K after 100 
seconds from the start of fatigue test. The abscissa cor
responds to the zone number shown in Figure 4 and 
the ordinate is the magnitude of NVP(i). The NVP(i) 
values during recovery zones were greater than those 
during tensile zones for both Vectran and PVA fibers. 
This result suggested that the nonlinear dynamic visco
elasticity predominantly appeared during recovery zones 
rather than tensile zones. Also, the result shown in Figure 
7 suggested that the rigidity of polymer chains strongly 
affected their zone nonlinear viscoelastic behavior. Vec
tran fiber exhibited greater nonlinear viscoelasticity than 
PV A fibers in each deformation zone, and the nonlinear 
viscoelastic behavior during the recovery zones was 
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Figure 7. Comparison of zone nonlinear viscoelastic parameter, 
NVP(i) for Vectran and PVA fibers at 303K after 100 seconds from 
the start of fatigue test. 

especially remarkable in the case of Vectran fiber. Also, 
it should be noticed that in the zone with higher strain 
rate, the NVP(i) value was often larger than that in the 
zone with lower strain rate (strain rate: Tl = T6 < T2 = 

T5<T3=T4; RI= R6<R2= R5<R3=R4). 
It was interested that the rigid chain polymer exhibit

ed very remarkable nonlinear viscoelasticity during the 
recovery process. We supposed that this might be related 
to the kink-band formation. It has been well known that 
the kink-band formation usually occurs under compres
sive deformation for the rigid chain polymers, and this 
results in the poor compressive strength in comparison 
with their excellent tensile strength. 13 It seems reason
able to consider that the recovery process during cyclic 
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20µm 
(a) Vectran fiber 

20µm 
(b) PVA fiber 

Figure 8. Scanning electron micrographs for Vectran and PY A fibers 
after 100 seconds from the start of fatigue test under "d = 1.2%, a,= 
1.8% at 303 K. The portion "D" indicates a kink band. 

deformation is similar to the compressive deformation. 
So the micro-kinking among polymer chains and/or the 
macro-kinking among microfibrils might occur frequent
ly during the recovery process. Furthermore, the remark
able nonlinear viscoelastic behavior during the recovery 
zones might be induced by such kink-band formation in 
the case of the rigid chain polymer. 

Figure 8 is a scanning electron micrographs for Vectran 
and PV A fibers after I 00 seconds from the start of fatigue 
test. The kink-band formation in the case of Vectran 
fiber was observed, however, no evident kink-band 
formation was observed in the case of PVA fiber. So the 
kink-band formation during the recovery process might 
be one of the reasons why the rigid chain polymer 
exhibited very remarkable nonlinear viscoelasticity 
during the recovery zones. 

Variation of Zone Nonlinear Viscoelastic Behavior with 
Time during Fatigue Process 
Figures 9 show the variations of NVP(i) value with 

time during fatigue process for Vectran (Figure 9(a)) and 
PVA(Figure 9(b)) fibers at 303 K. During the fatigue 
process, the NVP(i) value did not show significant varia
tion until the onset of fatigue failure in both cases of 
Vectran and PVA fibers. At the onset of fatigue failure, 
an abrupt increase in the NVP(i) value was observed for 
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Freq.= 11 Hz, Temp.=303 K, £ct= 1.2%, £,= 1.8% 
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both fibers. It was important to note that the fashion of 
the increase in NVP(i) caused by increasing the imposed 
strain amplitude was much different from that caused by 
fatigue (see Figures 7 and 9). In the former case, the 
increase of NVP(i) was predominant in recovery zones, 
but in the latter case, the increase ofNVP(i) was observed 
in both tensile and recovery zones, especially in the zone 
with higher strain rate. Such increase in NVP(i) before 
fatigue failure was considered to be related to the re
markable irreversible structural changes caused by cyclic 
deformation. 

CONCLUSION 

The fatigue behavior was investigated on the basis of 
NVP and zone NVP analyses for the polymeric fibers 
with different main-chain rigidity. The polymeric fiber 
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Figure 9(a) 

with rigid polymer chains showed greater nonlinear dy
namic viscoelasticity and poorer fatigue strength than 
that with flexible polymer chains. The zone nonlinear 
dynamic viscoelastic analysis revealed that the nonlinear 
viscoelastic behavior was predominantly induced during 
the recovery process rather than the tensile process for 
oriented polymers such as polymeric fibers. It was con
sidered that the strong nonlinear viscoelasticity and the 
poor fatigue strength in the case of the rigid chain 
polymers might be attributed to the ease of the slippage 
and the kink band formation among the rigid polymer 
chains. 
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