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ABSTRACT The (three)-rail shear test is rarely considered for testing of fibre-reinforced composites
under pure shear fatigue loading conditions because of all experimental difficulties. How-
ever, in this article, a carbon fabric-reinforced PPS is tested using a modified three-rail
shear test setup. The results are compared with [(+45°,—45°)]4s tensile tests with good
correspondence. All fatigue experiments were done with R = 0 and the influence of max-
imum shear stress and frequency is investigated. It can be concluded that an increase in
maximum shear stress decreases fatigue lifetime, whereas an increase in frequency in-

creases the lifetime. Before failure, a sudden increase in both temperature and permanent
deformation could be detected. Creep tests yielded that the occurring deformation is
mainly due to the fatigue loading, rather than due to creep phenomena.
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Stiffness of the composite in the warp (0°) direction

E,, Stiffness of the composite in the weft (90°) direction
F  Measured force obtained from the tensile machine
G, Shear stiffness of the composite
b Height of the three-rail shear specimen
St Ultmate shear strength of the composite
t Thickness of the specimen (both [(+45°,—45°)]4s tensile as three-rail shear

specimen)

w  width of the [(+45°,—45°)]4s tensile specimen
X1 Ultimate tensile strength of the composite
Y1 Uldmate compressive strength of the composite
i Strain obtained from strain gauge 7 in the three-rail shear test
ex Longitudinal strain in the [(+45°,—45°)]4s tensile test
gyy Transverse strain in the [(+45°,—45°)]4, tensile test
e1™t  Ultimate strain in the warp (0°) direction
£, Ultimate strain in the weft (90°) direction

y12 Shear strain

vi2 Poisson’s ratio of the composite

712 Shear stress

INTRODUCTION

If one wantsto study the in-plane shear behaviour of
a composite, a large number of different experimen-
tal setups are available.> Typical examples are the
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[+45°/—45°], tensile test,™® the 10° off-axis test,% !
the Tosipescu test,’"*1%12 the two- and three-rail shear
test,>719 torsion of a rod!” and torsion of thin-walled
tubes.!21

From all these tests mentioned above, the most universal
method used for the determination of both in-plane shear
modulus and shear strength is torsion of a thin-walled
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tube! and it produces the most desired state of shear stress,
free of edge effects.!d However, this method also has some
disadvantages: (i) it is rather expensive, because it requires
a tension—torsion machine with specialized gripping; (ii) it
cannot determine the shear characteristics of flat products,
fabricated by pressing or contact moulding and (iii) the
tubes required for this test are not easily fabricated.

A less expensive test is the [+45°/—45°], tensile test,
because it does not require any specialized fixtures. On
the other hand, these experiments are very sensitive to
edge effects due to the [+45°/—45°] lay-up.'® For the 10°
off-axis tests, oblique end tabs are required.®"!!

The rail shear test positions itself somewhat in the mid-
dle. It does not require a sophisticated apparatus like the
torsion setup and it induces a stress state which does not
differ a lot from pure shear. Furthermore, it requires flat
specimens with limited preparation.

If fatigue loading conditions are required, then the rail
shear test is only rarely considered.!® The favourite test
setup remains the torsion of thin-walled tubes, despite its
disadvantages, and it is sometimes combined with tension
or bending in biaxial fatigue.'¥72! The [+45°/-45°] s test
is also used® for fatigue research.

The rail shear test, both two-rail and three-rail, as de-
scribed in the ‘ASTM D 4255/D 4255M The standard test
method for in-plane shear properties of polymer matrix com-
posite materials by the rail shear metbhod’ has one large dis-
advantage: it requires the drilling of holes through the
specimen, so that the clamps can be bolted to the speci-
men. Drilling in composites should be avoided because it
nearly always causes damage to the composite and it may
cause stress concentrations around the holes.!* Further-
more, the preparation of the specimen takes more time.
Hussain and Adams tried to remediate these drawbacks
with a new design for the two-rail shear test.!*1 This de-
sign no longer requires holes in the specimen. However,
in these articles, fatigue was not considered.

Lessard et a/.'® did use the three-rail shear setup for fa-
tigue testing, but they did not discuss any fatigue results in
their article. Furthermore, they studied a unidirectionally
reinforced epoxy.

The authors have already presented a modification for
the three-rail shear fixture, which no longer requires holes
through the specimen and is suited for fatigue testing.??
In this article, this setup is used to test a carbon fabric-
reinforced thermoplastic, namely polyphenylene sulphide
(PPS), under in-plane fatigue loading conditions. The re-
sults obtained from these experiments are compared with
results from the [(+45°,—45°)]4s tensile fatigue test. To
the authors’ best knowledge, such a comparison has not
been presented before, because no rail shear fatigue data
have ever been published. All tests were performed with
a stress ratio equal to zero and the influence of both the
loading frequency and maximum shear stress was exam-
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ined. Creep tests were also performed with both setups to
verify whether the detected permanent deformation was
due to creep phenomena or to fatigue damage.

In the next section, the used material and methods are
presented. Then, the three-rail shear tests are discussed.
This is followed by the [(+45°,—45°)]4s fatigue experi-

ments, and finally some conclusions are drawn.

MATERIALS AND METHODS
Composite material

The material under study was a carbon fibre-reinforced
PPS, called CETEX. This material is supplied to us by
"TenCate. The fibre type is the carbon fibre T300] 3K and
the weaving pattern is a 5-harness satin weave with a mass
per surface unit of 286 g/m”. The 5-harness satin weave is
fabric with high strength in both directions and excellent
bending properties.

The carbon PPS plates were hot pressed, only one stack-
ing sequence was used for this study, namely a [(0°,90°)]4s,
where (0°,90°) represents one layer of fabric.

The in-plane elastic properties of the individual carbon
PPS lamina were determined by the dynamic modulus
identification method as described in Ref. [23] and are
listed in Table 1.

The tensile strength properties were determined at the
Technical University of Delft and are listed in Table 2.

Equipment

All tensile tests were performed on a servo-hydraulic
INSTRON 1342 tensile testing machine with a Fast-
Track 8800 digital controller and a load cell of 100 kN.

Table 1

In-plane elastic properties of the
individual carbon/PPS lamina (dynamic
modulus identification method)

Eqp 56.0 GPa
Ey 57.0 GPa
V12 0.033 -
G 4.175 GPa
Table 2

Tensile strength properties of the
individual carbon/PPS lamina (mechanical

testing at TUDelft)

Xt 617.0 MPa
eqqUe 0.011 -

Yr 754.0 MPa
£put 0.013 -

St 110.0 MPa
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The quasi-static tests were displacement-controlled with
a speed of 2 mm/min.

For the registration of the tensile data, a combination ofa
National Instruments DAQpad 6052E for fireWire, IEEE
1394 and the SCB-68 pin shielded connecter were used.
The load, displacement and strain, given by the FastTrack
controller, were sampled on the same time basis.

EXPERIMENTAL PROCEDURE
Three-rail shear tests

These tests were done according to the ASTM
D4255/D4255M ‘standard test method for in-plane shear
properties of polymer matrix composite materials by the rail
shear method’ but under fatigue loading conditions. Fur-
thermore, the modified three-rail shear design, as docu-
mented in Ref. [22] is used. This design is illustrated in
Fig. 1 and differs from the standard setup because the

©)
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)

T
@

Fig. 1 The modified three-rail shear setup, as presented in
Ref. [22].

new design no longer requires bolts mounted through the
specimen. The gripping is based on friction and geometri-
cal clamping and the bolts are used to press a load transfer
plate against the specimen, generating the normal force,
necessary for the frictional clamping.

The dimensions of the used specimen are given in
Fig. 2.

The quasi-static tests were done in a displacement-
controlled manner with a displacement speed of
1 mm/min, during which the force F, the strains ¢j, i =
1,2,3,4 and the temperature were recorded. With these
values, the shear stress and strain can be calculated as

_1F
T 2th M
vz = l&i — g1,

T12

where b is the height of the specimen and 7 the thickness;
(4,7) is either (1, 2) or (3,4) with respect to the numbering
of the strain gauges in Fig. 2.

The fatigue experiments were done in a load-controlled
manner and force, displacement and temperature were
registered. Because of the large deformations, strain
gauges were not considered, because they de-bond after a
few dozen cycles. As such, the displacement is chosen as
parameter for information about the deformed state be-
cause there is a relationship between the shear strain and
the displacement, because of the geometrical clamping of
the grips. The latter was also shown in Ref. [22].

[(+45°,—45°)]4s experiments

The purpose of these tests is to verify if the results ob-
tained from the modified three-rail shear setup can also be
reproduced by a different kind of experiment, which also
induces an in-plane shear stress state. These experiments
were done according to the ‘ASTM D3479/D3479M-96
(2002) standard test method tension—tension fatigue of polymer
matrix composite materials’ and the ‘ASTM D3518-76 stan-
dard practice for in-plane shear stress—strain response of uni-
directional reinforced plastics’. The dimensions of the used
coupons are shown in Fig. 3.

The quasi-static tensile tests were done in a
displacement-controlled manner with a displace-
ment speed of 2 mm/min, during which the force F, the
longitudinal and transverse strains, &y, and &y, and the
temperature were recorded. With these values, the shear
stress 713 and shear strain y |5 can be calculated as

1 F
2T s @)
Y12 = Exx — Eyyl

where w is the width of the specimen and # is the thickness.
The transverse strain was measured using a strain
gauge and the longitudinal strain was measured using the

© 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 31, 414-427



COMPARISON OF THE MODIFIED THREE-RAIL SHEAR TEST 417
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Fig. 2 Dimensions of the used [(0°, 90°)] 45 0 \ ,
three-rail shear specimen. The location of 9(°
the strain gauges, as well as the clamps, is SG 2 SG 4
also illustrated. X -
250 mm
I 30 mm
(4]

50 mm

150 mm

Fig. 3 Dimensions of the used

i ¥

[(+45°,—45°)]4s tensile coupon, equipped [

with chamfered tabs of [(+45°,—45°)] 4s
carbon PPS.

extensometer. The fatigue experiments were done in a
load-controlled manner; because of the large deforma-
tions, strain gauges were not considered as they would
de-bond after a few dozen cycles. The longitudinal strain
was measured with the extensometer, but as there are no
data for the transverse strain, the shear strain cannot be
calculated. Of course, load, displacementand temperature
were also registered.

DISCUSSION
Quasi-static tests

The purpose of these tests is to estimate which values of
the maximum load level during the fatigue experiments
would be interesting. Some results from quasi-static tests
are given in Fig. 4. Since two curves can be derived from
each rail shear test, one from each instrumented loaded
zone, there should be six curves for three specimens. How-
ever, in Fig. 4, only the curves from the strain gauges which
lasted the longest are given; the tests were stopped once
all strain gauges de-bonded or saturated which means that
the maximum value of the shear stress and strain in Fig. 4
does not correspond with failure. After saturation or fail-
ure of the gauges, the test was stopped so the possibility
for non-destructive evaluation of the specimens remained
an option.

2.5mm t 7.5 mm

With respect to the [(+45°,—45°)]4s experiments, two
quasi-static experiments, N1 and M3, are shown in
Fig. 4. The curve is only depicted until the transverse
strain gauge either saturated, which was the case for M3, or
de-bonded, which happened for N1. The failure stresses
were 105.4 and 105.3 MPa for N1 and M3, respectively.
These values show good correspondence with the value
given in Table 2.

It should be noticed that the results from these quasi-
static tests are very reproducible and that the calcu-
lated stiffness corresponds very well with the value
obtained with the dynamic modulus identification method
(Table 1). During the experiments, no temperature in-
crease was measured.

From these results, a maximum stress level between 30
and 50 MPa for the fatigue tests should give interesting
results. Lower than 30 MPa, there is only very limited
nonlinear behaviour and beyond 50 MPa it is expected
that the specimen would fail after a few dozen cycles.

Fatigue loading conditions

Because the objective is to compare the results of the
three-rail shear test with the [(+45°,—45°)]4, tensile tests,
all fatigue experiments were done with a shear stress ratio
R equal to 0, meaning that the shear stress varies between
0 and a certain maximum value. For the [(+45°,—45°)]4s
tensile test, it would be rather difficult to have negative
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Shear stress-strain curves for the quasi-static tests
100 - on the three-rail shear and [(45°,-45°)],,, specimens
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shear stresses, because this would mean that compressive
tests should be performed, with the corresponding diffi-
culties with buckling.

During the fatigue experiments, every five minutes five
fatigue cycles were registered and from these signals, the
maximum, minimum and average values were calculated
and stored.

A firstrail shear experiment was done at 1 Hz with a max-
imum load of 40 MPa, which is halfway through the range
suggested in the previous paragraph. Because the test was
load controlled, an increase in the displacement ampli-
tude corresponds with shear stiffness degradation. While
monitoring the experiment, it was noticed that the per-
manent deformation and stiffness degradation were less
than expected and no temperature increase occurred, so

T T T T T L T T T T
300000 400000 500000 600000 700000 800000

value of the displacement as a function of
the number of cycles for a 0-40 MPa fatigue
test at a combined frequency of 1 and 2 Hz.

after 250000 cycles, the frequency was increased to 2 Hz.
The results of this experiment are shown in Fig. 5. After
770000 cycles, the test was stopped.

The temperature tends to be slightly higher for 2 Hz
than for 1 Hz. Therefore, the next rail shear test was done
between 0 and 40 MPa at 2 Hz until failure. Fig. 6 illus-
trates the run-in of the experiment and Fig. 7 shows the
fatigue data. It should be noted that already some per-
manent deformation occurs during the run-in, followed
by a steady-state regime. That is also the reason why the
minimum of the displacement during the fatigue test does
not start at 0 in Fig. 7. It can also be noticed that the
evolution of the displacement does not have the expected
sinusoidal evolution with increasing amplitude. The test
was load-controlled with a sinusoidal evolution and due
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to stick slip, the corresponding displacement differs a
little.

The test was stopped after 1400000 cycles because the
temperature had already exceeded the glass transition
temperature of the matrix, which is 90 °C. From Fig. 7, it
can be seen that after the run-in there is a gradual increase
in permanent deformation and stiffness degradation, un-
til about 1200000 cycles. Until that time, the tempera-
ture remains constant. Then, there is a sudden increase
in both temperature and permanent deformation. This
can be explained as follows. During the first 1200000 cy-
cles, damage grows in the material, with little effect on
the stiffness. Probably the fibre-matrix interface deteri-

orates. Once there is sufficient damage to this interface,
the fibres start to slide inside the matrix under the influ-
ence of the shear load, causing heating of the matrix, with
softening of the matrix as a result. This, however, causes
more deterioration of the fibre-matrix interface, so that
even more sliding and heating occur. This process ends
with final failure. The heating due to frictional sliding of
the fibre in the matrix has also been reported in Refs [24]
and [25] for fibre-reinforced ceramics and in Ref. [26] for
fibre-reinforced polymers.

Due to the long duration of this experiment, these
loading conditions were not implemented for the
[(+45°,—45°)]4s experiments.
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The following experiment was done between 0 and
45 MPa at 2 Hz to assess the influence of maximum load
level. The run-in gave similar results as for the 0-40 MPa
test, so it is not shown. Figure 8 depicts two of these
experiments for the three-rail shear setup.

Again, a similar evolution as for the 0—40 MPa test can be
seen, although the initiation of the large stiffness decrease
and sudden temperature increase happens a lot earlier.
For these tests, the sudden jump happens around 140000
cycles for N3 and around 310000 cycles for M1. This is
five to 10 times lower than for the 0-40 MPa at the same
frequency. It should, however, be noted that the increase
in permanent deformation is much more sudden for N3
than for M1. For the latter, the sudden jump is preceded
by a gradual increase in permanent deformation and stiff-
ness degradation, which both start around 150000 cycles.
The latter is also the point in time where the tempera-
ture starts increasing. The sudden drop in temperature

around 300000 cycles for M1 was due to a loss of contact
of the thermocouple, because of the large deformations.
The thermocouple was re-attached soon afterwards.

In Fig. 9, the fracture of this specimen is shown.
Although the failure started near the clamped edges,
where stress concentrations exist, final failure occurred
in the centre of the specimen, under shear loading
conditions.

With respect to the [(+45°,—45°)]4s experiments, the
following remarks must be made. For comparison of the
results with the rail shear tests, the evolution of the dis-
placement is illustrated. For each experiment, it was ver-
ified that no slipping in the grips occurred. Also, the
evolution of both temperature and displacement is only
considered until there is a significant temperature in-
crease and stiffness degradation. Afterwards, a new regime
reinstates itself, which is discussed at the end of this
paragraph.

Evolution of the displacement and temperature for the fatigue tests

between 0 MPa and 45 MPa at 2 Hz
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Number of cycles [-] test at 2 Hz; three-rail shear experiments.

Fig. 9 Illustration of the failure of specimen
MI1.
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Fig. 10 Deformed (top) and undeformed
(bottom) [(+45°,—45°)]4s specimen.
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Moreover, the specimens tend to deform into a ‘dog
bone’ like shape. This deformation was most apparent for
the highest stress range and frequency, which is illustrated
in Fig. 10, where the specimen N2, on which a 0-50 MPa,
2 Hz fatigue experiment was done, can be compared with
another specimen which is still to be tested, but with the
same dimensions as specimen N2 had before testing.

Figure 11 shows the corresponding results from a fatigue
tensile test between 0 and 45 MPa at 2 Hz. The initiation
of the increase in temperature and deformation is situated
around 400000 cycles, which is higher than the 140000
and 310000 cycles found for the corresponding rail shear
test.

Because of this difference in lifetime, the following ex-
periments were conducted in the same stress range, 0—
45 MPa, but at 1 Hz, to assess the influence of the fre-
quency. The results of these experiments are shown in
Fig. 12. The temperature measurement was unavailable
for specimen M3, because the thermocouple de-bonded
very early. Again, similar evolutions are found for the evo-
lution of the displacement. Specimen M4 has a sudden in-
crease in temperature and displacement after about 80000
cycles, whereas specimen M3 has a more gradual increase,
starting around 100000, until there is a sudden increase at

Number of cycles [-]

160000 cycles. Apparently, lowering the frequency tends
to decrease the lifetime. The initiation of both the increase
in temperature and deformation growth occurs around
280000 cycles for the tensile test, which is again higher
than for the rail shear tests.

"To verify this behaviour, fatigue experiments were done
at a load range of 0-50 MPa and again at 1 and 2 Hz.
When examining the run-in of these experiments for the
rail shear test, similar evolutions as for the 0-40 MPa@2
Hz test were found (see Fig. 6), namely a relatively large
increase, followed by a steady-state regime.

Figure 13 shows the results for the rail shear tests at
2 Hz. The sudden increase for the displacement occurs
around 55000 cycles for N1 and around 45000 cycles for
L5. It should be noted that due to the large deformations,
the thermocouple de-bonded after 59000 cycles for N1,
hence the sudden drop in temperature. Furthermore, the
temperatures lie lower than in the previous experiments,
because the thermocouple lost contact with the specimen’s
surface, due to the large deformations, but still remained
quite close to the surface. As such, the actual temperatures
would be in the same range as for the previous tests, which
means higher than the softening temperature of PPS
(90 °C).
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Ewvolution of the displacement and temperature for the fatigue tests

between 0 MPa and 45 MPa at 1 Hz
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Considering the lifetime, a reduction factor of about
three with respect to the 0—45 MPa@2 Hz measurements
is found.

Figure 14 shows the results from two of the conducted
0-50 MPa@2 Hz tensile experiments. It can be remarked
that the behaviour is very similar to the three-rail shear
tests. The sudden jump occurs at 70000 cycles for N2
and at 125000 cycles for NS5, which is higher than the
corresponding rail shear tests, where the jump occurred
at 45000 and 55000 cycles. However, an increase in fre-
quency again tends to yield an increase in lifetime, corre-
sponding with the rail shear test.

Figure 15 illustrates the results from the O0-
50 MPa@1 Hz experiment for both the rail shear
and tensile test. Unfortunately, the temperature mea-

Y 0 value of the displacement as a function of
the number of cycles for a 0-50 MPa fatigue
test at 2 Hz; three-rail shear experiments.

surement was not successful for the rail shear test
because of the de-bonding of the thermocouple. The
sudden increase in displacement occurs after about
27500 cycles for the rail shear test and at 45000 cycles
for the tensile test. Both are indeed lower than for the
corresponding experiment at 2 Hz, but again the lifetime
is higher for the tensile test than for the three-rail shear
experiment.

Finally, the entire measured evolution of the displace-
ment for the 0-50 MPa@2 Hz on the [(+45°,—45°)]4s
specimen N2 (see Fig. 14) is given in Fig. 16. As can be
seen, a different behaviour manifests itself after the rise in
temperature and decrease in stiffness.

The evolution of both displacement and temperature is
very similar to the three-rail shear test until the point of
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the number of cycles for a 0-50 MPa fatigue
test at 1 Hz.

the sudden rise in temperature and deformation, which
occurs here at about 60000 cycles. For the three-rail shear
test, the specimen failed soon after the rise in temperature,
but for the [(+45°,—45°)]4s tensile test, a new regime ini-
tiates. After the sudden rise in temperature, which again
exceeds the softening temperature of the matrix, the spec-
imen cools down and no further increase in displacement
or stiffness degradation manifests itself. This can be ex-
plained by re-observing the images of the specimen after
the test (Fig. 10).

This ‘dog bone’ like shape arose during the heating of
the specimen. Because of the softening of the matrix, the
fibres were able to realign considerably with respect to the
loading direction. This can be seen in a detailed image of
specimen N2 (see Fig. 17).
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Number of cycles [-]

As such, a new load distribution occurs, with less shear
load and more load along the fibres and Eq. (2) for the
shear stress and strain is no longer valid. Therefore, after
the sudden rise in temperature and displacement, no more
increase in stiffness degradation or deformation occurs,
because the specimen is now loaded more along the fibres.

During the increase in temperature, the force—
displacement hysteresis loops become much wider, as il-
lustrated in Fig. 18, indicating that a lot of energy is
dissipated, both in damage and, of course, in the heating
of the specimen.

Furthermore, it must be remarked that the narrowing
of the specimen to a ‘dog bone’ like shape, as illustrated
in Fig. 10, does not happen in a uniform manner over
the entire specimen, but starts near the clamped ends and
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Evolution of the displacement and temperature for the first fatigue test
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Fig. 17 Illustration of the change in fibre
orientation due to the softening of the
matrix.

Force-displacement hysteresis for the fatigue test

between 0 MPa and 50 MPa at 2 Hz

—0o— 50 —— 59341 —»— 69541 —— 71341 —— 77341 —— 107341 —=— 149341

&

7000 - ]

2
6000 |
5000

4000 -

3000

Force [N]

2000 -

1000

|

]’?
i

Displacement [mm]

then gradually grows along the entire specimen length.
This growing of the localization of the shear strain could
clearly be seen in the experiments.

In conclusion, increasing the maximum shear stress for
fatigue tests with R equal to zero decreases the fatigue
life, while increasing the loading frequency for a given

Fig. 18 Force as a function of the
displacement for a few measurements of the
tensile fatigue test on specimen N2.

load range seems to increase fatigue life. The fatigue life
is very sensitive to the maximum shear stress at low maxi-
mum stresses; an increase from 40 to 45 MPa (for the rail
shear) decreased fatigue life by a factor of 10. For higher
stresses, the sensitivity is lower; an increase from 45 to
50 MPa only reduces fatigue life by a factor of about 3.
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Evolution of the shear strain T during a [|[+45’.-45")La and a three-rail shear
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During run-in, there is firstly a relatively large increase in
displacement. Then, there is some sort of steady state with
avery gradual increase and finally, a sudden large increase
in both temperature and displacement occurs, before
failure.

With respect to the correspondence between the three-
rail shear test and the [(+45°,—45°)]4s tests, the point in
time where both the sudden temperature increase as the
stiffness decrease occur is situated a little later for the ten-
sile test than for the rail shear test. Also, after this in-
crease, the [(+45°,—45°)]4s specimen does not fail, but a
new regime re-instates itself, due to a re-alignment of the
fibres along the loading direction, because of the softening
of the matrix.

Creep testing

All fatigue experiments documented in this article were
done with a stress ratio equal to zero, meaning that the
force, and therefore shear stress, had a sinusoidal evolution
between 0 MPa and a certain maximum value T, MPa.
This, however, means that the specimen is subjected to an
average loading of half of 7.,y during the entire fatigue
test. Because of the thermoplastic nature of the matrix,
the matrix may suffer from creep. In this article, the fa-
tigue life is considered to be the number of cycles at which
there is a sudden increase in temperature and permanent
deformation. The purpose of the creep test is to verify
whether the permanent deformation during fatigue cy-
cling until this point is the result of fatigue damage, creep
damage or a combination of both. Because during fatigue
cycling the temperature remains relatively stable around
room temperature, the creep tests were also performed at
room temperature.

A creep test was performed both with the three-rail shear
test and with the [(+45°,—45°)]4s test and a constant shear
stress of 25 MPa was applied. The latter corresponds with
the fatigue tests with a maximum shear stress of 50 MPa,
which are the heaviest fatigue loading conditions for this
article. Both the rail shear specimen and the tensile spec-
imen were instrumented with two strain gauges, in order
to evaluate the evolution of the shear strain. The load
was applied for about 700000 s, which equals 700000 cy-
cles at 1 Hz or 1400000 cycles at 2 Hz for the three-rail
shear test and for about 600000 s, corresponding with
600000 cycles fora 1 Hz testand 1200000 cycles fora2 Hz
test for the [(+45°,—45°)]4s specimen. The evolution of
the shear strain y 1, for both experiments is depicted in
Fig. 19. As can be seen, the absolute increase in shear
strain is less than 0.0008 for both test setups. Again, the
correspondence is very good.

Because the shear strain could not be registered during
the fatigue experiments, only information about the dis-
placement is available. For the three-rail shear test, an
increase of only 0.05 mm over 700000 s occurred and for
the [(+45°,—45°)]4s test, an increase of 0.05 mm was mea-
sured. Therefore, it may be concluded that the increase in
displacement during the fatigue test is mainly caused by
fatigue damage, because the measured increase is larger.

CONCLUSIONS

In this article, the in-plane shear fatigue behaviour of a
carbon fabric-reinforced PPS has been examined by per-
forming and comparing three-rail shear experiments with
[(+45°,—45°)] 4, tensile experiments. All experiments were
done with a stress ratio equal to 0, meaning that the shear
stress varied between 0 MPa and a certain maximum. For
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both types of experiments, the same conclusions could be
drawn with respect to the frequency and the maximum
shear stress: (i) increasing the maximum shear stress de-
creases fatigue lifetime and (ii) increasing the frequency
seems to increase the fatigue lifetime. The results from
both types of tests show good correspondence, although
the lifetime was always higher for the [(+45°,—45°)]4, ten-
sile test. The material behaviour itself can be described in
three stages: (i) run-in of the fatigue test, where a cer-
tain amount of permanent deformation occurs without an
increase in temperature; (i) a steady-state phase, where
there is a gradual increase in permanent deformation,
without an increase in temperature and (iii) the end-of-
life phase, where there is a sudden increase in tempera-
ture, above the softening temperature of the matrix and a
sudden growth in permanent deformation.

Two final remarks should be made: (i) for the three-
rail shear test, the end-of-life phase ended with failure
of the specimen, whereas for the [(+45°,—45°)]4s test, a
‘dog bone’ like shape was formed, with re-alignment of
the fibres along the loading direction; (ii) creep tests were
performed to verify whether the constant growth of per-
manent deformation during the ‘steady-state’ phase was
due to fatigue damage. It could be concluded that the ma-
terial did creep, but the main damage occurred due to the
fatigue loading conditions.
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