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ABSTRACT:
forced nylon-6 (GF/Ny6) under a strain controlled condition was investigated on the basis of in sifu nonlinear dynamic
viscoelasticity. Ny6s mixed with surface-modified and -unmodified short glass-fibers (SMSGF and SUSGF) were used
as specimens. An extent of nonlinearity of dynamic viscoelasticity was expressed by nonlinear viscoelastic parameter,

Effect of (glass-fiber/matrix nylon-6) interfacial interactions on fatigue behaviors of glass-fiber rein-

NVP, which was calculated from coefficients of the Fourier expanded series of the response signal during a fatigue cycle.
The nonlinear dynamic viscoelasticity for both (GF/Ny6)s became remarkable with the progress of fatigue damage. The
magnitude of NVP for the (SUSGF/Ny6) was always greater than that for the (SMSGF/Ny6) at a given fatigue time.
Since the interface between SUSGF and Ny6 was peeled off during the fatigue test due to the weak interaction, the
fatigue damage easily occurred for the (SUSGF/Ny6). Such leads to the non-uniform propagation of the imposed strain
through the (SUSGF/Ny®6), resulting in an increase of NVP. In the case of the (SMSGF/Ny6), the fatigue damage slowly
progressed due to the strong interfacial interaction. Consequently, the nonlinearity of the dynamic viscoelasticity for the
(SMSGF/Ny6) was depressed in comparison with the (SUSGF/Ny®6).
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Polymer composites are a class of materials that
polymer matrix is reinforced by fillers such as glass-
fibers or carbon-fibers with a small amount. Recently,
polymer composites have been widely used for struc-
tural components of transports and constructions as
substitutes of metal materials due to their compara-
tively high specific strength and modulus. When poly-
mer composites are applied to the above-mentioned
purpose, it is important to understand the fatigue mech-
anisms, and to predict the fatigue lifetime. This is be-
cause the fatigue fracture of them could cause fatal ac-
cidents.

Fatigue mechanisms of fiber-reinforced polymers
have been discussed on the basis of scanning elec-
tron microscopy (SEM) observations of fractured sur-
faces.!? In general, a fatigue damage of polymer com-
posites starts from debonding at fiber ends. Then, the
debonding progresses along the (fiber / polymer) inter-
face, and eventually, polymer composites are fractured.
In the case of weak interfacial interaction, debonding
easily progresses even at the initial stage of fatigue cy-
cles. On the contrary, interfacial debonding is hard
to occur for composites with strong interfacial inter-
action and thus an imposed load effectively transfers
from matrix polymer to fibers, resulting in an improve-
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ment of fatigue strength.!3~7 Although SEM is an use-
ful apparatus, fatigue tests must be interrupted to ob-
serve sample surfaces. Therefore, it seems difficult by
SEM observation to follow how fatigue damages such
as interfacial debonding progress in a specimen. In or-
der to clarify the fatigue fracture mechanisms for poly-
mer composites, it is necessary to propose a parameter
which can quantitatively monitor the fatigue progress.
Tanaka ef al. studied the nonlinear viscoelastic be-
havior for high-density polyethylene (HDPE) under
large cyclic deformation on the basis of simultaneous
measurements of dynamic viscoelasticity and dynamic
birefringence.® They claimed that the nonlinear vis-
coelasticity was associated with the local fracture of
higher-order structure of HDPE. Kajiyama et al. pro-
posed nonlinear viscoelastic parameter, NVP, which
can quantitatively investigate the nonlinearity of dy-
namic viscoelasticity for solid polymers during the fa-
tigue process.® 79714 They showed that an increase in
NVP related to the irreversible structural changes of the
polymers.” '# Also, the fatigue mechanism for glass-
fiber reinforced nylon-66 under a stress controlled fa-
tigue test was similarly discussed, and it was concluded
that the irreversible structural changes such as debond-

"To whom correspondence should be addressed (Tel : +81-92-642-3560, E-mail: kajiyama@cstf.kyushu-u.ac.jp).
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Figure 1. Dimensions of specimen for fatigue test.

ing and microcrack growth remarkably related to the
nonlinear viscoelasticity.’

The purpose of this study is to evaluate the effect
of interfacial interaction on fatigue behaviors for short
glass-fiber reinforced nylon-6 (GF/Ny6) by measuring
the magnitude of NVP. Then, the fatigue mechanism of
the (GF/Ny6) was discussed.

EXPERIMENTAL

Materials and Dynamic Viscoelastic Measurement

The specimens used in this study were short glass-
fiber reinforced nylon-6 (GF/Ny6), which has been
widely applied as structural components. Matrix poly-
mer of Nylon-6 (UBE Nylon 1015B, M,, = 15000) was
kindly supplied from Ube Industries, Ltd. Surface-
modified short glass-fibers (SMSGF) which were
treated with aminosilane coupling agent and surface-
unmodified ones (SUSGF) were used as reinforcing
components. Diameter and average length of glass-
fibers were 13 um and ca. 400 um, respectively. The
fraction of glass-fibers in the (GF/Ny6)s was fixed to
be 30 wt%. Figure 1 illustrates the schematic repre-
sentation of an ASTM-D1822 Type L tension-impact
specimen for the fatigue test. The test pieces of the
(GF/Ny6)s was prepared by injection molding. The
gauge length of the dumb-bell shape specimens was
20mm. By SEM observation of cross-section of the
(GF/Ny®6), the glass-fibers almost oriented along the di-
rection of molding, that is, the longitudinal direction of
the specimens.

In order to evaluate thermal molecular motions of
the nylon-6 chains around glass-fibers, the tempera-
ture dependences of dynamic viscoelastic properties for
the (GF/Ny6)s and the nylon-6 homopolymer were ob-
tained with Rheovibron DDV-01FP (A&D Co., Ltd.) at
the frequency of 11 Hz, in the temperature range from
120K to 440K under dried nitrogen gas purge. The

heating rate was 1 K min~!.

Evaluation of Fatigue Behavior for (GF/Ny6)s Based
on Nonlinear Dynamic Viscoelastic Analysis

The fatigue behaviors for the (GF/Ny6)s were eval-
uated by using a homemade fatigue tester which can
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Figure 2. Block diagram of fatigue tester.

monitor nonlinearity of dynamic viscoelasticity dur-
ing cyclic straining.%!4 Figure 2 shows the block-
diagram of the fatigue tester. Strain and stress signals
were collected by a personal computer with GP-IB in-
terface. The degree of nonlinear dynamic viscoelastic-
ity was continuously analyzed by nonlinear viscoelas-
tic parameter, NVP being defined as follows. When a
sinusoidal strain is imposed to specimens with an an-
gular frequency, w, the responded stress, o (f) can be
expanded by Fourier series given by eq 1.

o(t) = 05 +01 sin(wt + 01) + 03 sin Qwt + ;) +1ID
+ oy sin (nwt + 6y) (1

where o, 071, and ¢; are the static stress, fundamen-
tal stress amplitude and phase difference angle, respec-
tively. o3, 03,..., and 07, 03,..., are the higher har-
monic stress amplitudes and higher harmonic phase dif-
ference angles, respectively. Assuming that the degree
of nonlinear dynamic viscoelasticity can be represented
by the contribution of higher-order terms, NVP can be
defined by eq 2.%°714

Oy +03+---+00

NVP = )
01

Where the number of higher harmonics, n, was taken
up to 10 in our study because the o, for n > 11 were
negligibly small. The magnitude of NVP increases
with the increasing nonlinearity of dynamic viscoelasti-
city. 67914

The frequency of fatigue tests was 11 Hz and the am-
bient temperature was 303 K. The condition of fatigue
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Figure 3. Flow chart of the repetition test during the initial fa-
tigue process.

tests was tension-compression cyclic straining in dried
nitrogen atmosphere. Surface temperature rise, 6 (=
Ts — Ty, ) was continuously monitored during cyclic fa-
tigue, where T and Ty were temperatures of specimen
surface and the environment, respectively. The surface
temperature was continuously measured at the center of
specimen with an adhesive type thermocouple.

In order to discuss the relationship between the mag-
nitude of NVP and fatigue damage of the (GF/Nyo6)s,
the tensile properties of the (GF/Ny6)s being subjected
to various fatigue cycles were measured at 303 K with

the constant strain rate of 1.0 mm min~!.

Repetition Tests for (GF/Ny6)s in an Initial Fatigue
Process

To reveal the relationship between the degree of
nonlinear dynamic viscoelasticity and morphological
changes for the (GF/Nyo6)s, repetition tests in an initial
fatigue process were carried out. Figure 3 shows the
flow chart of this repetition test. First, when a magni-
tude of NVP reached an equilibrium value, the fatigue
test was intermitted. Then, the surface morphology
of specimen was observed by using a charge-coupled
imaging device (CCD) camera. These operations were
repeated until the specimen was fractured.

SEM Observation of (GF/Ny6)s Morphology
Morphology of fatigued fracture surface and cross-
section of the (GF/Ny6)s were observed by SEM (S-
2150, Hitachi Ltd.). After a magnitude of NVP of the
(GF/Ny6)s reached a given value, fatigue tests were in-
terrupted. Then, the cross-section of the (GF/Ny6)s was
obtained by microtoming the (GF/Ny6)s. The fractured
surface and the cross-section of the (GF/Ny6)s were
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Figure 4. Temperature dependences of E’ and tand for the
(GF/Ny6)s and the nylon-6 homopolymer at 11 Hz.

coated with gold to avoid charging of the specimen dur-
ing SEM observation.

RESULTS AND DISCUSSION

Linear Viscoelastic Properties of (GF/Ny6)s

Figure 4 shows the temperature dependences of
dynamic storage modulus, E’ and loss tangent, tan
0 measured in a linear viscoelastic regime for the
(SMSGF/Ny®6), the (SUSGF/Ny6) and the nylon-6 ho-
mopolymer. In the temperature ranges employed, the
magnitude of E’ was decreased in the order of the
(SMSGEF/Ny6), the (SUSGF/Ny6) and the nylon-6 ho-
mopolymer. The temperature dependence of tan ¢ ex-
hibited three mechanical absorptions around 330K,
220K, and 150K, respectively. The absorption ob-
served at 330K corresponds to the a,-absorption be-
ing characteristics of micro-Brownian motion in amor-
phous phases of nylon-6.15"17 The absorption observed
at 220K is the S-absorption being attributed to seg-
ments containing amide groups not involved in the
formation of hydrogen bonds.!” ™! The y-absorption
observed around 150K is attributed to the motion of
methylene parts of nylon-6 chains.'>!7720 The peak
temperature of @,-absorption increased in the order of
the nylon-6 homopolymer, the (SUSGF/Ny6) and the
(SMSGF/Ny®6). 1t is clear that the thermal molecular
motion of nylon-6 segments in the amorphous regions
was more restricted at the interface region between
SMSGF and matrix nylon-6 of the (SMSGF/Ny6) in
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Figure 5. Relationship between imposed strain amplitudes and
fatigue lifetime for the (GF/Ny6)s and the nylon-6 homopolymer
under cyclic straining at 11 Hz and 303 K.

comparison with that of the (SUSGF/Ny6). There-
fore, it is reasonable to consider that the interfacial in-
teraction between SMSGF and matrix nylon-6 in the
(SMSGF/Ny6) was more strengthened by the aminosi-
lane treatment of glass-fiber surface. Then, it is ex-
pected that the interfacial interaction between glass-
fibers and matrix nylon-6 influences fatigue behaviors
of the (SMSGF/Ny6) and the (SUSGF/Ny®6).

Effect of Interfacial Interaction on Fatigue Lifetime for
(GF/Ny6)s

The effect of interfacial interaction between glass-
fibers and matrix nylon-6 on fatigue characteristics for
the (GF/Ny6)s was examined. Figure 5 shows the rela-
tionships between fatigue lifetime and imposed strain
amplitude for the (SMSGF/Ny6), the (SUSGF/Ny6)
and the nylon-6 homopolymer. The responded stress
of the nylon-6 homopolymer was much smaller than
those of the (GF/Ny6)s at given strain amplitudes be-
cause of the low modulus of the nylon-6. There-
fore, the fatigue lifetime of the nylon-6 homopoly-
mer remarkably increased in comparison with those
of the (GF/Ny6)s under strain-controlled fatigue tests.
At large strain amplitudes, the fatigue lifetime of the
(SMSGF/Ny6) was almost comparable to that of the
(SUSGF/Ny6). When large strain amplitudes were
imposed on the (GF/Ny6)s, surface temperatures of
both (SMSGF/Ny6) and (SUSGF/Ny6) remarkably in-
creased much more than the glass transition temper-
ature (Ty) of matrix nylon-6. Therefore, the ductile
type of fatigue fracture was accelerated for the (GF/
Ny6)s.2!:22 On the other hand, the fatigue lifetime of
the (SMSGF/Ny6) increased in comparison with that
of the (SUSGF/Ny6) as small strain amplitudes were
applied. It is reasonable to consider that the interfacial
interaction between glass-fibers and matrix nylon-6 in-
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Figure 6. Variations of E’, 6, and NVP for the (GF/Ny6)s and
the nylon-6 homopolymer during the fatigue process under the im-
posed strain amplitude of 0.9% at 11 Hz and 303 K.

fluences the fatigue lifetime of the (GF/Ny6)s at small
strain amplitudes. The effect of interfacial interaction
on the fatigue behaviors will be discussed in the fol-
lowing section.

Fatigue Behavior Analysis for (GF/Ny6)s Based on
Nonlinear Dynamic Viscoelastic Measurement

When small strain amplitudes were imposed on the
(GF/Ny6)s, the difference in fatigue lifetime between
(SMSGF/Ny6) and (SUSGF/Ny6) increased, as shown
in Figure 5. The fatigue behaviors for the (GF/Ny6)s at
small strain amplitudes were evaluated on the basis of
nonlinear dynamic viscoelastic measurement.

Figure 6 shows the fatigue time dependences of £”, 6,
and NVP for the (SMSGF/Ny6), the (SUSGF/Ny6) and
the nylon-6 homopolymer at the small strain amplitude
of 0.9%. The nylon-6 homopolymer was not fractured
within the time range of this measurement. The mag-
nitudes of £/, 6, and NVP for the nylon-6 homopoly-
mer were almost constant during the fatigue process.
On the other hand, those for the (GF/Ny6)s remark-
ably changed with a distinct decrease or increase at a
fatigue time. In the initial fatigue process, initial stage,

Polym. J., Vol. 34, No. 12, 2002
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Table I. Tensile properties for the (GF/Ny6)s after cyclic fatigue under
dynamic strain amplitude of 0.9% at 11 Hz and 303 K

Fatigue time NVP  Tensile strength  Modulus  Yield strain
(s) (%) (MPa) (GPa) (%)
(SMSGF/Ny6) - - 163.0 7.50 3.53
600 1.81 141.9 7.16 3.34
17000 3.86 115.6 7.00 2.36
(SUSGF/Ny6) - - 148.1 7.18 3.21
400 1.93 122.3 6.90 2.90
800 3.61 117.4 6.83 2.74
6000 9.23 81.7 6.56 1.69

the magnitudes of NVP for the (GF/Ny6)s slightly in-
creased accompanying a decrease in £’ and a rise of 6.
At critical fatigue time, the magnitudes of NVP remark-
ably increased and then, reached certain values. The
region, in which magnitudes of £’, 6, and NVP were
almost constant during the fatigue process, is defined
as equilibrium stage. After passing through the equilib-
rium stage, the magnitudes of NVP and 6 again started
to increase monotonically, and also, the magnitude of
E’ simultaneously decreased. Finally, the (GF/Ny6)s
were fractured accompanying remarkable changes in
E’, 8, and NVP.

To clarify an origin of an increase in NVP, tensile
properties for the (GF/Ny6)s were evaluated. Table I
shows the tensile properties for the (GF/Ny6)s at vari-
ous magnitudes of NVP. The magnitude of £’ in Fig-
ure 6 decreased in comparison with the modulus in Ta-
ble I due to the effect of an increase in 6 during the fa-
tigue process. The regions that the magnitudes of NVP
reached 1.81% and 3.86% for the (SMSGF/Ny6) were
in the equilibrium stage and in the stage just before the
final fracture, respectively. The magnitudes of NVP of
1.93%, 3.61%, and 9.23% for the (SUSGF/Ny6) were
in the initial stage and in the stages after the equilib-
rium stage and just before the final fracture, respec-
tively. The tensile strength, the modulus and the yield
strain for both (SMSGF/Ny6) and (SUSGF/Ny6) de-
creased with increasing magnitudes of NVP. Therefore,
Table I indicates that an increase in NVP corresponds
to a progress of fatigue damage. This means that a
magnitude of NVP is one of the measures or the pa-
rameters to evaluate a progress of fatigue damage of
the (GF/Ny6)s. Once the fatigue time goes beyond the
equilibrium stage, the magnitudes of NVP again started
to increase monotonically, meaning that fatigue dam-
ages might be progressed.

The initial stage of fatigue process for the
(SMSGF/Ny®6) as indicated by the initial slight change
of NVP was longer than that of the (SUSGF/Ny6). Ka-
jiyama et al. revealed that debonding at interfaces be-
tween glass-fibers and matrix nylon-66 occurred before
the specimen temperature rose under a stress-controlled
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fatigue test.” Hertzberg and Manson implied that an in-
cubation (initial) stage was associated with an initial
material state involving a few mobile defects and a state
wherein such defects were generated at a slow rate.”
Because defects such as interfacial debonding in the
(GF/Ny6)s occurred, the magnitudes of NVP for the
(GF/Ny6)s slightly increased in the initial stage. There-
fore, the period of initial stage for the (SMSGF/Ny6)
was longer than that for the (SUSGF/Ny6), since it
seems difficult to occur interfacial debonding between
SMSGF and matrix nylon-6 for the (SMSGF/Ny6) due
to the strong interfacial interaction.

The period of equilibrium stage as shown by
the second flat region of E’ of the (SMSGF/Ny6)
markedly prolonged in comparison with that of the
(SUSGF/Ny6). The degree of 6 in the equilibrium
stage for the (SUSGF/Ny6) was larger than that for
the (SMSGF/Ny6). This may be attributed to a larger
net strain amplitude imposed only on matrix nylon-
6 of the (SUSGF/Ny6) compared with that of the
(SMSGF/Ny6) since cyclic deformation of matrix poly-
mer causes a rise of 8. In the case of the (GF/Nyo6)s,
the occurrence of nonlinear dynamic viscoelastic prop-
erty during a fatigue process is mainly originated
from debonding at interface and plastic deformation
of matrix nylon-6. Since the interfacial interaction
of the (SUSGF/Ny6) was weak, it seems that irre-
versible structural changes such as debonding in the
(SUSGF/Ny6) occur easily. Therefore, the distribu-
tion of responded stress amplitude in the (SUSGF/Ny6)
was less uniform than that in the (SMSGF/Ny6) and
then, the magnitude of NVP for the (SUSGF/Ny6) was
larger than that for the (SMSGF/Ny6) in the equilib-
rium stage. The areas where the irreversible struc-
tural changes occurred during a fatigue process of the
(GF/Ny6)s were observed by CCD camera and SEM as
describe in the next section.

Relationship between Nonlinear Dynamic Viscoelastic-
ity and Morphological Changes for (GF/Ny6)s

The magnitude of NVP for the (SMSGF/Ny6) de-
creased in comparison with that for the (SUSGF/Nyo6)
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at the given strain amplitude as shown in Figure 6.
The irreversible structural changes such as debonding
at interface between glass-fibers and matrix nylon-6 oc-
curred during the fatigue processes for the (GF/Nyo6)s.
The areas of irreversible structural changes in the
(GF/Ny6)s which reached the various magnitudes
of NVP were observed by means of CCD camera
and SEM. The flow chart of test method is shown
in Figure 3. Figure 7 shows the relationship be-
tween the repeating numbers of the repetition test,
N and the magnitudes of NVP at the end of initial
stage for the (GF/Ny6)s. Since both (SMSGF/Ny6)
and (SUSGF/Ny6) were fractured after some repeat-

407 &4 = 0.9%, Tension-Compression,

| f=11Hz, Ty=303K
- 1 o (SMSGF/Ny6)
3.0r 1 2 o (SUSGF/Ny6)

°
0
o

Figure 7. Variations of NVP for the (GF/Ny6)s during the rep-
etition test under the imposed strain amplitude 0of 0.9% at 11 Hz and
303K.

direction

08 o
(a) 1st test

(NVP = 1.94%)

I Deformation

(NVP =6.44%)

Figure 8. Optical micrographs for the (SMSGF/Ny6) surface with various magnitudes of NVP during the repetition test at 11 Hz and 303 K.
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ing numbers, it is clear that fatigue damages in the
(GF/Ny6)s progressed during the initial stage. The pe-
riods of 1st repeating number of the repetition test (N
= 1) for the (SMSGF/Ny6) and the (SUSGF/Ny6) were
ca. 600s and 400 s, respectively. Then, each period af-
ter the 2nd (N>1) was ca. 150 s and 90 s, respectively.
Since irreversible structural changes such as interfacial
debonding already occurred in the (GF/Ny6)s during
Ist repeating number, each period after the 2nd de-
creased in comparison with that of 1st. The magnitudes
of NVP for the (SMSGF/Ny6) slightly increased and
then, remarkably increased at the last several repeating
numbers. In the case of the (SUSGF/Ny6), the magni-
tudes of NVP increased monotonically from early re-
peating numbers. In order to reveal the relationship be-
tween these changes of NVP values and the structural
changes of the (GF/Ny6)s, the surface morphology of
the (GF/Ny6)s after each repeating number correspond-
ing to the N shown by arrows in Figure 7 was observed
by CCD camera. Figure 8 shows the CCD images of
the (SMSGF/Ny6) surface after various repeating num-
bers of the repetition test. With an increase in repeat-
ing numbers, stress whitening began to occur at a cer-
tain area of the (SMSGF/Ny6) surface as indicated by
an arrow. The plastic deformation spread from the ini-
tial position and grew as cracks with an increase in re-
peating numbers and then, the (SMSGF/Ny6) was frac-
tured. The magnitude of NVP of the (SMSGF/Ny6) in-
creased with an increase in the area of plastic deforma-

(b) 35th test
(NVP = 3.49%)

(d) 67th test
(Failure of the specimen)
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Figure 9. Optical micrographs for the (SUSGF/Ny6) surface with various magnitudes of NVP during the repetition test at 11 Hz and 303 K.

tion. When the plastic deformation occurred, the distri-
bution of responded stress around the area became non-
uniform. Therefore, the degree of nonlinearity of dy-
namic viscoelasticity of the (GF/Ny6)s increased with
an increase in the areas of plastic deformation. Fig-
ure 9 shows the CCD images of the (SUSGF/Ny6) sur-
face after various repeating numbers of the repetition
test. At early repeating numbers, plastic deformation
occurred at several areas of the (SUSGF/Ny6) surface
as indicated by arrows. With an increase in the repeat-
ing numbers, each area of plastic deformation spread
from their initial positions and connected each other,
and finally, the (SUSGF/Ny6) was fractured. The mag-
nitude of NVP of the (SUSGF/Ny6) also increased with
an increase in the areas of plastic deformation. It is
reasonable to consider that since plastic deformation
was easily occurred in the (SUSGF/Ny®6), the magni-
tude of NVP of the (SUSGF/Ny6) increased in com-
parison with that of the (SMSGF/Ny6).

In order to discuss the plastic deformation in the
(GF/Ny6)s in detail, the internal morphology of the
(GF/Ny6)s was observed by using SEM. Figure 10
shows the internal morphology of the (GF/Ny6)s be-
fore fatigue test and after being subjected to the
cyclic fatigue until the magnitudes of NVP for the
(SMSGF/Ny6) and the (SUSGF/Ny6) reached 6.35%
and 7.25%, respectively. The directions of cyclic de-
formation and glass-fibers orientation in SEM pho-
tographs are horizontal. As shown in Figure 10a,

Polym. J., Vol. 34, No. 12, 2002

debonding at the interface between SMSGF and ma-
trix nylon-6 in the (SMSGF/Ny6) was not observed be-
fore a fatigue test. In the case of the (SUSGF/Ny6),
debonding at the interface between SUSGF and ma-
trix nylon-6 was observed even before a fatigue test
as shown in Figure 10b. When the (SUSGF/Ny6) is
injection-molded, interfacial debonding may occur due
to weak interfacial interaction. After the (GF/Ny6)s
were subjected to cyclic fatigue, debonding at the in-
terface along glass-fiber surface and remarkable plastic
deformation at glass-fiber ends in both (SMSGF/Ny6)
and (SUSGF/Ny6) were observed as shown in Fig-
ures 10c and 10d. Therefore, an extent of stress whiten-
ing observed by using CCD camera (Figures 8 and
9) corresponded to the area of debonding and plastic
deformation around glass-fibers. It became clear that
when the plastic deformation of matrix nylon-6 around
glass-fibers in the (GF/Ny6)s occurred during a fatigue
process, the magnitude of NVP increased. Besides, the
magnitude of NVP for the (SUSGF/Ny6) increased in
comparison with that for the (SMSGF/Ny6), because
the plastic deformation around glass-fibers easily oc-
curred in the (SUSGF/Ny6).

CONCLUSIONS

The fatigue behaviors for the (GF/Ny6)s were eval-
uated on the basis of nonlinear dynamic viscoelas-
tic measurement. Nonlinear viscoelastic parameter,
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(a) Before the fatigue test
for (SMSGF/Ny6)

(c) After the fatigue test

for (SMSGF/Ny6)
NVP = 6.35%

debomling

(b) Before the fatigue test
for (SUSGFE/Ny6)

Deformation
direcifon

(d) After the fatigue test
for (SUSGF/Ny6)
NVP = 7.25%

Figure 10. SEM photographs of internal morphology for the (GF/Ny6)s before fatigue test and after being subjected to the cyclic fatigue
until the magnitudes of NVP were 6.35% (SMSGF/Ny6) and 7.25% (SUSGF/Ny®6) at 11 Hz and 303 K.

NVP increased with the progress of fatigue damage
of the (GF/Ny6)s. The magnitude of NVP for the
(SMSGF/Ny6) with strong interfacial interaction was
comparatively small because of the slow accumulation
of fatigue damage. On the other hand, the magnitude
of NVP for the (SUSGF/Ny6) with the weak interfa-
cial interaction increased in comparison with that for
the (SMSGF/Nyo6) since the interfacial debonding eas-
ily occurred and spread. It became clear that progress
of fatigue damage of the (GF/Ny6)s can be monitored
by NVP.
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