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Abstract

The fatigue behavior of short glass-fiber reinforced nylon 66 under stress controlled fatigue tests was studied on the basis of the nonlinear
dynamic viscoelasticity measurements. In order to analyze the effect of nonlinear viscoelasticity on the fatigue behavior, quantitative
measurements of nonlinear viscoelasticity have been carried out based on Fourier analysis. It was found that the nonlinear viscoelastic
behavior that was closely related to the irreversible structural change appeared markedly during fatigue process. The failure models in fatigue
process were proposed based on the cross-section morphology under optical microscopic observation before final failure of the specimens.
The fatigue behavior could be classified into the two failure mechanisms, depending on whether the fatigue test was carried out below or
above glass transition temperature of the matrix nylon 66. The fatigue process proceeded with the following steps:(1) the damage started with
void formation at fiber ends; (2) the microcracks propagated around the fiber ends (T'= T,) or the microcracks propagated being accompanied
with debonding along the fiber sides and also, forming the crack walls(T > T,); (3) the cracks propagated between the fiber ends(T = T,) in a
brittle manner, or the crack walls dominantly remained being connected by bridges(T" > T,) in a ductile manner; (4) the fast crack propaga-
tion occurred, after the crack reached to a critical size, and finally, the specimen failed. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recently polymer composite materials have been used in
many structural applications. Metal parts have been
replaced by thermoplastic composites reinforced with
short glass-fiber because of cost and weight reductions in
engineering applications. Thermoplastic composites rein-
forced with short glass fibers have high modulus and
strength and they have been prepared by the injection mold-
ing process, which brings feasibility of design and integra-
tion of functions possible. Because the thermoplastic
composites have been applied for the structural components
as a replacement of metals with higher level of fatigue
strength, it is necessary to improve the long term reliability
of the short glass-fiber reinforced composites in order to
enhance the lifetime of the composites. Especially, the fati-
gue characteristics are very important and the accurate
prediction of fatigue lifetime is necessary for the design of
structural component. Most of the present fatigue studies on
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the thermoplastic composites have been done based on clas-
sical testing method established for metals [1-3]. However,
little attention has been paid to the viscoelasticity of the
polymer composites that is a characteristic property of poly-
mers. From such an engineering viewpoint, it is very impor-
tant to clarify the fatigue mechanism and also to predict
fatigue lifetime of polymer composites.

Even though the magnitude of loading cyclic stress is by
far lower than that of tensile strength of the polymer materi-
als, changes of structure and physical properties gradually
proceed during cyclic loading and materials finally come to
fracture. Though the tensile failure mechanism of compo-
sites has been studied more in detail [4], the fatigue has not
been clarified yet. Lang et al. [1] and Horst and Spoormaker
[5] discussed the differences between tensile fracture and
fatigue fracture surfaces of short glass-fiber reinforced
nylon specimens on the basis of SEM observation. In case
of the tensile fracture, the fiber surface was covered with the
polymer matrix, while in the case of the cyclic fatigue, the
fiber surface was smooth without any adhered matrix.
Hertzberg and Manson [2] reported that the fatigue damage
started from debonding of the fibers that oriented
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perpendicular to the load axis. Though many investigations
on the fatigue mechanism of thermoplastic polymer compo-
sites have been done, there is still no identical view.

On the other hand, the fatigue property of polymeric
solids or polymer composites has been studied from a
point of view of a viscoelastic change during cyclic fatigue
[6-9]. Two types of brittle and ductile failures reported on
the basis of continuous measurements of nonlinear dynamic
viscoelasticity and a surface temperature during the fatigue
process [6—9]. Also, the authors proposed the quantitative
evaluation method on the nonlinear dynamic viscoelasticity,
so-called the nonlinear viscoelastic parameter (NVP) analy-
sis [10—15]. The magnitude of NVP can be calculated from
the coefficients of the Fourier expanded series of the
response signal and provides the information on the irre-
versible structural change during cyclic fatigue.

However, little study has been made to clarify the
relationship between nonlinear dynamic viscoelasticity
and irreversible structural change, such as crack initia-
tion and crack growth during cyclic fatigue. If the irre-
versible structural change during cyclic fatigue can be
directly evaluated on the basis of the nonlinear dynamic
viscoelasticity, it is apparent that effective information
on fatigue mechanism and prediction of fatigue lifetime can
be obtained.

In this study, in order to clarify the fracture mechanism of
short glass-fiber reinforced nylon 66 under stress control
fatigue tests, the fatigue behavior was studied on the basis
of nonlinear dynamic viscoelastic measurement, and the
variation of fracture morphology during cyclic fatigue was
observed. An aim of this study is to reveal the relationship
between nonlinear viscoelasticity and fatigue mechanism
and finally, to propose the model of fatigue fracture
mechanism.

2. Experimental
2.1. Materials

The specimens for fatigue tests were injection-molded
from nylon 66 containing 33 wt% glass-fiber reinforcement
that treated with aminosilane coupling agent and sizing
agent (Leona 14G33 provided by Asahi Chemical Industry
Co. Ltd, Japan). Fig. 1 shows the shape and the dimensions
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Fig. 1. Dimensions of ASTM-D1822 Type S tension-impact specimen.

of an ASTM-D1822 Type S tension-impact specimen. The
diameter and the number average length of the glass
fiber in the specimen were 10 and ca 300 wm, respec-
tively. The glass-fibers in the minimum cross-section
area of the specimen were almost oriented along the
flow direction of the molding, that is, the longitudinal
direction of the specimen. The moisture content of the
specimen before and after the fatigue test was kept to be
less than 0.2 wt%.

2.2. Fatigue test

Fig. 2 shows the blockdiagram of the fatigue tester
(Fatiguron VFA-1kNA, A&D Orientec Co., Ltd, Saitama,
Japan) that enables continuous measurements of nonlinear
dynamic viscoelasticity and surface temperature during
cyclic fatigue. Fatigue tests were carried out in a tempera-
ture range from 373 to 423 K under tension—tension stress-
controlled loading and the frequencies of 10 and 20 Hz. The
sinusoidal stress with the constant amplitude was imposed
to the specimen. The minimum stress was 5.4 MPa and the
maximum was in a range of 45-140 MPa. The data of the
dynamic storage modulus, E', loss tangent, tan 6 and
surface temperature rise, 8 = Tg — T,;, where Ts and T
were the surface temperature of the specimen and the ambi-
ent temperature, respectively, were continuously calculated
and listed during cyclic fatigue. The surface temperature at
the specimen center was continuously measured during
cyclic fatigue with an infrared radiation thermometer
producing a beam diameter of less than 2 mm long.

2.3. Nonlinear dynamic viscoelastic analysis

Since the imposed strain or stress must be large enough to
ultimately lead to a fatigue failure, the deviation from the

IR-Radiation
thermometer

Thermo

Load cell :

Servo H Pump

Specimen

y

Controller
> & -«
T,0 | Data processor &

Disp.detector

GP-IB >
Fatigue cycle, T, O,
E’, E”, tan 8, NVP

Fig. 2. Block diagram of fatigue tester that enables continuous measurement
of nonlinear dynamic viscoelasticity and surface temperature during cyclic
fatigue.



K. Noda et al. / Polymer 42 (2001) 58035811 5805
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Fig. 3. Schematic representation of nonlinear response strain to sinusoidal
stimulation stress with constant amplitude.

sinusoidal shape of the response strain signal to the
sinusoidal stimulation stress was measured. Fig. 3 shows
the schematic representation of nonlinear response strain
to the sinusoidal stimulation stress with the constant ampli-
tude. In the case of nonlinear viscoelastic behavior, when
the sinusoidal stimulation stress, o(f) with angular
frequency, w is imposed to the specimen, the response
strain, £(#) can be expanded by a Fourier series given by
Eq. (1):

&(t) = gy sin(wt + 6)) + & sin(Rwt + 5,)

e))
+ - + g, sin(nwt + 5,)

where £; and 0, are the fundamental strain amplitude and
the phase difference angle, respectively. &, &;---, and
&,, 03++, are the higher harmonic strain amplitudes and the
higher harmonic phase difference angles, respectively. The
NVP [10], which corresponds to the degree of nonlinear
viscoelasticity, is defined by Eq. (2).

NVP = (82 + &3 + “'8n)/81 (2)

where the number of higher harmonics, n was taken up to 10
in our study because the magnitude of ¢, for n > 11 is
generally negligible.

2.4. Cross-section morphology

The microfailure state during the fatigue process was
observed under an optical microscope (Optiphoto 200-D,
Nikon Co., Ltd). The specimen for the optical microscopic
observation was obtained by cutting off the test pieces,
which were subjected to the cyclic fatigue for a certain
fatigue cycle, Nyqp. The cross-section of the specimen was
precisely polished by metallurgical polishing technique with
a buff and alumina powder and then was treated by ion
etching. The cross-section morphology was observed in
the central part and the longitudinal direction of the speci-
men. Also, the fracture surface after fatigue failure was
observed on the basis of scanning electron microscopy (S-
2120, Hitachi Co., Ltd). The fracture surface of the speci-
men was coated with gold for SEM observation in order to
eliminate a charge-up of the specimen.

3. Result and discussion
3.1. S—N curve characteristics

Fig. 4(a) shows the temperature dependence of the S—N
curves for the short glass-fiber reinforced nylon66 at 20 Hz.
The S—N curve at each temperature can be approximated
with the general Eq. (3) [16,17]:

Omax = —AlogN + B 3)

where o ,,x and N are the maximum stress and fatigue cycle,
respectively. A and B are the slope which means the fatigue
resistance sensitivity and the intercept which means the
apparent tensile strength, respectively. The relationship of
Eq. (3) could be mentioned even in the case of the different
frequency conditions, such as 10 Hz. Fig. 4(b) shows the
temperature dependence of the slope A and the intercept B
for Fig. 4(a). Both the slope and the intercept decreased
almost linearly with increasing temperature in a low-
temperature region below the glass transition temperature
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Fig. 4. (a) Temperature dependence of S—N curves for short glass-fiber
reinforced nylon 66 at 20 Hz. (b) Temperature dependence of the slope A
and intercept B of S—N curve at 20 Hz.
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T, of nylon 66 (T = T, = 323 K). On the other hand, in a
high-temperature region above T, (T >T,), the slope A
increased with increasing temperature, but the intercept B
decreased slightly with increasing temperature. The
temperature dependence of the magnitudes of A and B indi-
cate that the fatigue characteristics can be expressed by two
failure mechanisms depending on whether the testing
temperature is below or above T,. Therefore, the fatigue
behavior and mechanism of the short glass-fiber reinforced
nylon 66 during cyclic fatigue will be discussed next for the
cases below and above T.

3.2. Fatigue behavior of short glass-fiber reinforced nylon
66 below T,

3.2.1. Variation of nonlinear dynamic viscoelasticity during
cyclic fatigue below T,

Fig. 5 shows the variations of loss tangent, tan , surface
temperature rise, § and NVP with the number of fatigue
cycle at 296 K as a function of maximum stress. Though
the magnitude of tan & increased slightly with an increase of
maximum stress, the temperature dependence of tan 6 did
not show any noticeable change with fatigue cycle up to the
fatigue failure and the magnitude of tan 6 apparently
increased just before the fatigue failure. The surface
temperature increased with an increase of maximum stress
at the same number of fatigue cycles. The surface tempera-
ture showed a remarkable increase in an initial short period
of fatigue and also, in a final stage to a fatigue fracture in the
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Fig. 5. Variations of tan §, # and NVP with the number of fatigue cycle at
296 K (T < T,) as a function of maximum stress.

‘e, ¢k tand
| T-296 K, £=10 Hz
Gru=107 MPa : :i 0

i am --.-—F.u-l-w-i“‘ﬁ

B Nslop/Nbrea.k IP NVP
MK =0.63
- * \
“'%,v oy
=]
=0.21 i

tand,0,NVP

102 100 10* 108
Number of Cycles

Fig. 6. Variations of tan 6, 6 and NVP with the number of fatigue cycle
under maximum stress of 107 MPa at 296 K (T < T,).

stress-controlled fatigue test. When the magnitude of
imposed stress was small, the surface temperature showed
a little change over an intermediate fatigue process, indicat-
ing a quasi-thermal equilibrium state as shown in Fig. 5. In
the case of large imposed stress, the surface temperature
increased monotonically in the initial stage and the speci-
men fractured accompanying large plastic deformation due
to a remarkable increase of specimen temperature. This is
typical behavior for ductile failure. The magnitude of NVP
as an index of nonlinear viscoelasticity increased and there-
fore, the fatigue lifetime decreased with an increase in the
maximum stress. This apparently indicates that the fatigue
behavior is closely related to the nonlinear viscoelastic char-
acteristics. The change in NVP was observed in advance
than the change of tan 6 and the surface temperature. There-
fore, it is reasonable to consider that the irreversible struc-
tural change being associated with nonlinear viscoelasticity
did not appear in the final stage of fatigue fracture but was
gradually stored in the specimen during cyclic fatigue.

3.2.2. Fracture mechanism during cyclic fatigue below T,

Fig. 6 shows the variations of tan &, § and NVP with the
number of fatigue cycle under the maximum stress of
107 MPa (fatigue cycles to failure of ca 9.5X 10°) at
296 K. The specimens were subjected to the number of
cycles, Nyqp, in order to observe the morphology of micro-
failure under optical microscope during cyclic fatigue.

The cross-section morphology of the specimen before
cyclic stress loading is shown in Fig. 7. As shown in the
optical microscope image, any defects were hardly observed
in the composite specimen. When cyclic stress loading was
applied to the specimen, a cluster of microcrack was
observed in the matrix around the fiber ends as shown in
Fig. 8(a). Fig. 8(a) shows the cross-section morphology of
the specimen, which was obtained after being subjected to
the cyclic fatigue of Nyop/Npreaxr = 0.21 at 296 K. N, is the
cycles that the fatigue test was interrupted for the morphor-
ogical observation and Ny is the fatigue cycles to failure
under the maximum stress of 107 MPa. Microvoids at the
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Fig. 7. Cross-section morphology of the specimen before cyclic stress
loading.

interface of the fiber ends were formed as local defects. The
magnitudes of tan 6, 6 and NVP did not show any remark-
able changes with the number of fatigue cycle until
Niop/Noreak = 0.21. Also, Fig. 8(b) shows the cross-section
morphology of the specimen, which was obtained after
being subjected to the cyclic fatigue of Nyop/Nyreqx = 0.63
at which the magnitudes of tan 6, # and NVP gradually
started to increase at 296 K. The initiation and connection
of microcracks running from one fiber end to another one,
corresponding to the formation of microcracks, was
observed as shown in Fig. 8(b). It seems reasonable to
consider that the interfacial failure was generated due
to a shear stress concentration around the fiber ends.
Fig. 8(c) shows the cross-section morphology of the speci-
men, which was obtained after being subjected to the cyclic
fatigue of Nyiop/Nyreak = 0.84 at 296 K. The magnitudes of
tan 0, 6 and NVP rapidly increased at Ngop/Nyreak = 0.84.
The crack propagation connecting the interfacial failure at
the fiber ends and also the fracture of glass fiber were
observed.

The fatigue failure mechanism of the short glass-fiber
reinforced nylon 66 below T, is discussed on the basis
of the results of Figs. 5-8. Fig. 9 shows a schematic
representation of the fatigue failure process (stages 1-4)
below T,. The stage 1 is a void formation and an initia-
tion of microcrack generally at glass-fiber ends of the
highest stress concentration as shown in Fig. 8(a). The
fiber ends were weakly bonded to the matrix because of
no surface treatment of fiber ends. The stage 2 is a
propagation of microcracks around the glass-fiber ends
as shown in Fig. 8(b). The stage 3 is a crack growth
among the fiber ends as shown in Fig. 8(c). The final
stage 4 is a fast crack growth in a brittle manner gener-
ally perpendicular to the stress loading direction
resulting in the final failure of the specimen. The
magnitude of NVP gradually increased at the intermedi-
ate stage of cyclic fatigue of Nip/Npreak = 0.63 under
the maximum stress of 107 MPa at 296 K as shown in
Fig. 6. The increase in NVP during the fatigue process

(€) Ny /Ny = 0,84

Fig. 8. Cross-section morphology of the specimen, which was obtained to
be subjected to the cyclic fatigue of: (a) Nyop/Noreax = 0.21; (b)
Niiop/Noreak = 0.63 and (€) Nyop/Npreax = 0.84 at 296 K.

remarkably related to the propagation of microcracks
and the crack growth corresponding to the stage 2.
Since the fatigue behavior was closely related to the
nonlinear viscoelasticity as discussed above, the modeling
of fatigue mechanism and the prediction of lifetime might be
possible on the basis of nonlinear dynamic viscoelasticity
measurements [10].
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Fig. 9. Schematic representation of fatigue failure process below Ty.

3.3. Fatigue behavior of short glass-fiber reinforced nylon
66 above T,

3.3.1. Variation of nonlinear dynamic viscoelasticity during
cyclic fatigue above T,

Fig. 10 shows the variations of loss tangent, tan J, surface
temperature rise, # and NVP, with the number of fatigue
cycle at 393 K as a function of the maximum stress. The
magnitude of tan § increased with an increase of maximum
stress. The magnitude of tan & decreased with an increase of
the number of fatigue cycle, and showed the minimum just
before the fatigue failure. This behavior indicates a consid-
erable increase in the contribution of elastic term, such as an
orientation of molecular chains under cyclic loading. The
surface temperature shows little change with increasing
maximum stress. The surface temperature almost remained
constant in the intermediate fatigue process after 6 reached
a quasi-thermal equilibrium state and slightly rose in the
final stage of fatigue test. Also, the magnitude of NVP
increased with an increase in maximum stress. The magni-
tude of NVP remarkably increased just before the fatigue
failure and this behavior was observed in advance than the
steep increases of tan 6 and the surface temperature. Thus,
Fig. 10 apparently indicates that the irreversible structural
change during the cyclic fatigue test of the composite
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Fig. 10. Variations of tan 8, # and NVP with the number of fatigue cycle at
393 K (T'> T) as a function of maximum stress.

above T, strongly related to the nonlinear viscoelastic
characteristics.

3.3.2. Fracture mechanism during cyclic fatigue above T,

Fig. 11 shows the variations of tan 0, § and NVP with the
number of fatigue cycle under the maximum stress of
67 MPa (fatigue cycles to failure of ca. 9.2 10°) at
393 K. The specimen has been subjected to the cyclic
fatigue for the prescribed fatigue cycle, in order to observe
the morphology of microfailure under optical microscope
during the fatigue process.

Fig. 12(a) shows the cross-section morphology of the
specimen which was obtained after being subjected to the
cyclic fatigue of Nyop/Nyreac = 0.02 at 393 K. Little
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102 108 10 105 106 107
Number of Cycles

Fig. 11. Variations of tan §, # and NVP with the number of fatigue cycle
under maximum stress of 67 MPa at 393 K (T > T).
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Fig. 12. Cross-section morphology of the specimen, which was obtained to be subjected to the cyclic fatigue of: (a) Nyiop/Npreak = 0.02, (b) Nytop/Npreak = 0.24,

() Nuop/Noreak = 0.67 and (d) Nyop/Norear. = 0.90 at 393 K.

microvoids or local defects were observed at the fiber ends
that were weakly bonded to the matrix. However, the
magnitude of NVP did not show any change up to
Niop/Noreak = 0.02 and the surface temperature reached to
a quasi-thermal equilibrium state. Fig. 12(b) shows the
cross-section morphology of the specimen, which was
obtained after being subjected to the cyclic fatigue of
Niop/Npreaxk = 0.24 at 393 K. The magnitude of NVP did
not change up to Nyop/Nyreak = 0.24. The microvoids were
formed at the interface of the fiber ends as the initiator of
microfailure since the local stress intensity was high at the
fiber ends. Fig. 12(c) shows the cross-section morphology of
the specimen, which was obtained after being subjected to
the cyclic fatigue of Nyop/Npeax = 0.67 at 393 K. The
magnitude of NVP gradually increased at Nyop/Npreak =
0.67. The microfailure propagated at the almost interfacial
region between matrix nylon 66 and glass-fiber surface.
Debonding might take place in a shear mode at the fiber
ends, where the shear stress was the highest. The deforma-
tion and fracture of the matrix between fibers, pull-out fibers
were observed and then the crack walls were formed by

debonding along the fiber sides as shown in Fig. 12(c).
Fig. 12(d) shows the cross-section morphology of the speci-
men, which was obtained after being subjected to the cyclic
fatigue of Nyiop/Npreax = 0.90 at 393 K. The magnitude of
NVP remarkably increased at Nyiop/Nyreak = 0.90. The crack
walls remained being connected by bridging at several
points. The crack propagated in a ductile manner and finally
the matrix was led to the final failure when the crack grew
up to the critical size.

Fig. 13 shows the schematic representation of the fatigue
process of the composites above T, based on the results of
Figs. 10—12. The stage 1 corresponds to the local defect
formation due to cyclic deformation at the locations of high-
est stress intensity such as at the fiber ends as shown in Fig.
12(b). The damage accumulated, resulting in the void
formation, mainly at the fiber ends. The stage 2 is the propa-
gation of the interfacial microfailure due to debonding along
the fiber sides and the deformation of matrix resin between
fibers as shown in Fig. 12(c). The stage 3 shows the crack
walls connected by bridging them and the crack growth
between fibers as shown in Fig. 12(d). The final stage 4
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Void formation and initiation of the microcracks at the
fiber ends.

Void
< $ >
< GF > Load direction

CCmwE— )

Stage 2:
Microcracks growth and debonding from the fiber ends
along the fiber sides.
/ Debonding — s GF _——=A
R I it #) A—— =

l® Load direction

Stage 3:
The crack walls connected by bridging at several points;
Crack growth between fibers.

Debondin;
/ g

=>
Load direction

Stage 4:
Fast crack growth in a ductile manner;
Failure of the specimen.

Fig. 13. Schematic representation of fatigue failure process above 7.

shows that the specimen finally failed after the fast crack
growth in a ductile manner. The magnitude of NVP remark-
ably increased in the intermediate stage of cyclic fatigue up
t0 Nyiop/Npreak = 0.67 under the maximum stress of 67 MPa
at 393 K as mentioned in Fig. 11. This behavior showed the
same tendency without depending on the temperature.
Therefore, it is apparent that the irreversible structural
changes, such as debonding and microcrack growth,
strongly related to nonlinear viscoelasticity without depend-
ing on the measuring temperature below or above T,.
However, the final fatigue failure took place in a brittle
and in a ductile manner below and above T,, respectively.

3.4. Fatigue fracture surface below T, and above T,

Fig. 14 shows SEM images of the fatigue fracture surface
(a) below T, and (b) above T,. In the case of the fatigue
failure below 7, as shown in Fig. 14(a), the glass-fibers were
broken into fairly short pieces and then the number of pull-
out fibers was not large. On the other hand, many pull-out
fibers were observed on the fracture surface in the case of
the fatigue failure above T, as shown in Fig. 14(b). These
results correspond to the two different fatigue mechanisms
based on the different degree of matrix ductility, depending
on the testing temperature below or above T.

"7

(a) below TI_,__
>
=

(b) above TL’

Fig. 14. SEM images of fatigue fracture surface: (a) below T, and
(b) above 7.

4. Conclusions

The fatigue mechanism of short glass-fiber reinforced
nylon 66 under stress control fatigue tests was studied on
the basis of the nonlinear dynamic viscoelasticity measure-
ments. Microvoid formation at the fiber ends due to the
stress concentration was found to be essential origin of fati-
gue failure of the composites, without depending on the
measuring temperature. When the magnitude of NVP as
an index of nonlinear viscoelasticity remarkably increased
in the intermediate stage of cyclic fatigue, the debonding
occurred and microcrack grew. Therefore, it can be
concluded that the irreversible structural changes such as
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debonding and microcrack growth remarkably related to the
nonlinear viscoelasticity. The fatigue characteristics can be
classified by the two failure mechanism depending on
whether the testing temperature is below or above T,. In
the case of the fatigue mechanism below T, the microcracks
propagated around the fiber ends, and then the cracks domi-
nantly propagated between the fiber ends in a brittle manner.
While, in the case of the fatigue mechanism above T, the
microcracks propagated accompanied debonding along the
fiber sides and forming the crack walls, and then the crack
walls dominantly remained being connected by bridging in a
ductile manner. The fatigue behavior and failure mechanism
obtained in this study is considered to be essential for other
types of short glass-fiber reinforced composites.
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