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1. Introduction

Nowadays, public opinion is increasingly oriented to-
wards recycling of materials, due to waste proliferation,
growth of material costs and reduction in the availability of
resources. Short glass fibre reinforced plastics are prom-
ising substitutes for metallic materials in automotive ap-
plications. In a green technology framework, these
materials can be obtained from the recycling of different
industrial products, including several parts from the auto-
motive sector itself, and will also lead to weight reductions
that translate into lower fuel consumption and reduced
operating costs.

In this context, it becomes crucial to understand the
mechanical behavior of these materials, particularly when
subjected to cyclic loads. In short fibre reinforced thermo-
plastic polymers, the static and fatigue stiffness and
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strength properties depend on the distribution of fibre
lengths and orientations, which are determined by the
molding process parameters [1—6]. The principal factors
influencing the mechanical properties are, besides rein-
forcing material and matrix type, the fibre fraction, the
sample geometry, the fibre length and fibre orientation
distributions, and the environmental conditions, such as
the test temperature and the frequency of the cyclic loads
[7].

In this work, the effect of the sample geometry was
investigated by comparing the mechanical, static and fa-
tigue, properties of PA6.6GF10 specimens prepared ac-
cording to two different standards: ISO 527-1a and ASTM
D1822.

Among the other effects, a quantitative evaluation of the
fibre microstructure and of its effects on defect propagation
is a fundamental step for improving the design techniques
for these materials, with particular reference to the appli-
cation of fatigue loads that are typical of the automotive
industry [8—11]. In recent years, micro-CT has proved to be
a very effective and reliable method for assessing fibre
structure in SFRP [12—19]. More recently, efforts have
been made to apply the technique to study the damage
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accumulation processes in these materials [20]. Among
other issues, the micro-CT set-up requires samples of nar-
row gauge section allowing damage to be concentrated
[20]. Since it might be difficult to identify a priori the
damaged area in samples of constant section such as those
of ISO 527-1a, the second geometry examined, ASTM
D1822, exhibits a constant curvature, which allows one to
concentrate the damage in the narrow area. A collection
of data during interrupted fatigue tests on the ASTM
D1822 samples, for later use in damage accumulation in-
vestigations, was the second aim of this experimental
characterization. However, in order to relate the fatigue
behavior observed in these smaller specimens with that
derived from tests on larger standard specimens, a
comparative investigation was conducted and the results
are presented in this paper.

It is well known that the fatigue phenomenon is influ-
enced by the viscous nature of polymeric materials: a
polymeric material subjected to a sinusoidal cyclic load
usually exhibits viscoelastic or viscoplastic behavior, char-
acterized by a phase shift between the applied stress and
the measured strain. The magnitude of this phase shift
depends on how much the material behavior is elastic
rather than viscous: in the limit case of a perfectly elastic
material, there is no phase shift, while for the ideal case of a
perfectly viscous material the phase shift is equal to a
quarter of the period. Hysteresis loops are observed and
energy dissipation takes place through thermal dissipation.
The onset of important thermal phenomena can shift the
failure cause from mechanical fatigue to thermal fatigue.
Conversely, if the hysteresis loop is sufficiently small or the
material properties allow efficient dissipation of the pro-
duced heat, failure will still be governed by mechanical
fatigue [21—23]. Typically, for short glass fiber reinforced
polyamides in the conditioned state, the number of cycles
to failure is dependent on test frequency, as found in [24]
for a PA6GF30. The dependence on test frequency can be
interpreted in terms of self-heating effects, and tempera-
ture effects are strictly related to the specimen geometry. In
order to investigate the thermal behavior, a fatigue thermal
analysis was performed on the ISO samples. This type of
analysis was not possible on the AMST specimens, due to
their small dimensions.

2. Specimens

The specimens used in this study were made of SGFR
polyamide 6.6 with 10% fibre content by weight
(PA6.6GF10), conditioned at 23°C and 50% relative humid-
ity. As already mentioned, two sample geometries were
tested: the ASTM D1822 (9.6 mm? section, constant cur-
vature) and the ISO 527-1a (40 mm?, constant section). A
total number of 30 ASTM D1822 samples, depicted in Fig. 1,
and 25 ISO 527 samples, Fig. 2, were used.

All specimens were obtained by injection moulding. The
polymer melt behaves like a viscous fluid and the final
mechanical properties obtained in the injection moulding
process are not only a consequence of the reinforcement
content but also of the fibre orientation, which is deter-
mined by the process dynamics and the mould cavity ge-
ometry, as already mentioned in the Introduction.
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Fig. 1. The ASTM D1822 geometry.

3. Experimental procedures

A servo-hydraulic Instron 8801-A2 machine with a
100KkN load cell was employed for tensile and fatigue tests.
Strains were recorded for the ISO 527 samples by means of
an extensometer with 50mm base length. For the ASTM
D1822 specimens, the movements of the mobile grip were
directly recorded.

3.1. Tensile tests

Four tensile tests for each specimen geometry were
performed with a crosshead speed of 1mm/s at ambient
conditions of 20°C, 60% humidity.

3.2. Fatigue tests

Fatigue tests at different stress levels were run for each
type of geometry by applying sinusoidal tensile loads of
constant amplitude in load control mode. The ambient
conditions of 19 °C temperature and 60% humidity may
have undergone slight fluctuations around these values.
Tests consisted of tension to tension load cycles at 2Hz,
with a minimum to maximum load ratio R = 0.1 for all tests.
Failure was defined by specimen separation.

Fatigue tests conducted at different stress levels allowed
for identification of the stress level corresponding to a fa-
tigue life of 10° cycles. Further fatigue tests were performed
at this stress level on the ASTM samples and interrupted at
different stages of the corresponding average fatigue life,
20%, 40%, 60%, 70%, 80%, 90% respectively. During the
interrupted fatigue tests on the ASTM D1822 samples, the
maximum and minimum strain values over each cycle were
collected. The complete stress-strain cycle was also gath-
ered every 1000 cycles.
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Fig. 2. The ISO 527-1A geometry.



Table 1
Fatigue tests parameters for the thermal analyses.

Specimen 1 2 3 4

Omax (MPa) 31 49 48 47
R 0.1 0.1 0.1 0.1
N 9235 44100 78524 > 370000

3.3. Thermal analysis

For the thermal analysis, the surface temperatures along
the longitudinal centerline of four ISO 527 samples were
acquired under fatigue loading in the range between
10,000 and 200,000 cycles using an infrared camera
(thermaCAM P25). Before testing, the specimens were
painted with a matt black paint of emissivity 0.95 to
improve the camera accuracy and to bring the specimens
into the sharpest focus possible with the available camera
lens. The thermal tests were conducted on fresh test pieces
but of the same geometry as those used to derive the fa-
tigue stress-life curve. The new specimens were tested at
different load levels, summarized in Table 1, exploring the
life range between 10,000 and 250,000 life cycles.

Temperatures were recorded every 3 minutes for the
first 45 minutes and thereafter every 30 minutes. During
these tests, the complete stress-strain cycle was also
gathered every 1,000 cycles.

4. Results and discussion
4.1. Tensile tests

The stress-strain curves for the two types of specimen
are depicted for comparison in Fig. 3. Despite being ob-
tained from the same polyamide 6.6 reinforced by 10% w
short glass fibres, the two types of specimen exhibit very
different behavior, as confirmed by the tensile test results
(average value for each geometry) collected in Table 2. The
Young's modulus of the dumbbell ISO 527 specimens was
36% higher than that of the hourglass ASTM D1822 speci-
mens. However, the value of the Young's modulus of the
ASTM D1822 specimens was evaluated based on the
displacement of the grips and, therefore, cannot be
compared with the more accurate measurements con-
ducted on the ISO 527 specimens using an extensometer.
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Fig. 3. Stress-strain curves for the ASTM D1822 and the ISO 527 specimens.

Table 2
Young's modulus E, Yield stress (0.2 % off-set), Ultimate tensile strength
UTS, and percent elongation at break for the two geometries investigated.

Young's Yield stress  Ultimate tensile Elongation
modulus (0.2 % off-set) strength UTS at break (%)

E (MPa) (MPa) (MPa)
ASTM D1822 (4481) 59 72 (54)
ISO 527 5119 42 56 3.0

Conversely, the yield stress at 0.2 % offset and the ultimate
tensile strength of the ASTM D1822 specimens were
respectively 29% and 22% higher than those of the ISO 527
samples. The increase in elongation at break, shown in
Fig. 3, between the dumbbell and the hourglass specimens
is particularly noteworthy, although similar considerations
about the accuracy of the measurement of the strain at
break for ASTM D1822 specimens apply as in the case of the
Young's modulus values.

4.2. Fatigue tests

The results of the fatigue tests are reported in Fig. 4,
which is a bi-logarithmic plot of the maximum applied
stress versus the number of cycles to failure Nt. The test
results are linearly interpolated to obtain the correspond-
ing S—N curves (Wohler curves), which are superimposed
on the experimental results in the graph. Although very
different properties can be observed for the two specimen
types, the S-N curves appear to be nearly parallel to each
other. Assuming a 6ax = 6fN* form for the S-N curves, the
fatigue strength exponent a, slope of the S-N curve and the
fatigue strength coefficient of are shown in Table 3.
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Fig. 4. S-N curves of conditioned PA6.6GF10 ISO 527 and ASTM D1822
samples tested at R = 0.1, 2Hz frequency and ambient temperature of 19°C,
60% humidity.

Table 3
Values of the fatigue strength coefficients and exponents of PA6.6GF10 for
the two geometries investigated.

Fatigue strength exponent o.  Fatigue strength

coefficient of (MPa)

ASTM D1822 —0.0357 78
ISO 527 —0.0307 69
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Fig. 5. The maximum and minimum strain values over each cycle of the samples tested at: 20% (a) and (b), 40% (c) and (d), 60% (e) (failed at 32521 cycles) and (f),
70% (g) and (h), 80% (i) and (j), 90% (k) (failed at 11003 cycles) and (1) of fatigue life respectively.
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Fig. 6. The maximum and minimum strain values (average and error bar)
recorded every 5,000 cycles in all the interrupted tests of the ASTM D1822
specimens.

The stress level corresponding to a life of 10° cycles was
52 MPa for the ASTM D1822 and 48 MPa for the 1SO527
specimens. The differences in the fatigue behavior (the fa-
tigue stress coefficient obtained using ASMT D1882 speci-
mens is 15% higher than that obtained using the ISO 527
specimens) are almost in agreement with the observed
tensile behavior (UTS of ASTM D1822 is 28.5% higher than
that of the ISO 527 specimen). A possible explanation of
these differences is the different fibre orientation pattern. A
narrower gauge section and a width varying continuously
with a constant curvature radius are likely to have induced
a higher degree of alignment of the reinforcing fibres with
the specimen axis. On the other hand, the ISO 527 spec-
imen, having a thicker section and a long gauge section
with constant width, is known to display the usual shell-
core structure, with fibres aligned along the specimen'’s
axis in the shell layers and a much more scattered fibre
orientation distribution in the central part of the section.

Another possible source of the observed differences in
the mechanical behavior could be the thermal behavior,
related to the hysteresis of the material. Hysteresis implies

energy dissipation through heat exchange, and in turn, the
shape of the gauge section influences the heat exchange.
Therefore, the cyclic behavior and the thermal behavior
have also been investigated.

Two specimens were used for each stress level in the
interrupted fatigue tests run on the ASTM D1822 speci-
mens. The tests were interrupted at 20,000, 40,000, 60,000,
70,000, 80,000 and 90,000 cycles. One of the samples failed
at 32,521 cycles and another at 11,003 cycles, before
reaching the expected end of the tests, 60,000 and 90,000
cycles respectively. The maximum and minimum strain
values recorded over each cycle are shown in Fig. 5.

Since the maximum and minimum strain recordings
differ from one sample to another, a graph of the maximum
and minimum strain values recorded every 5,000 cycles
(average value and error bar) in all the interrupted tests
appears to be more significant, and is shown in Fig. 6. It can,
therefore, be observed that the maximum and the mini-
mum strain values increase by the same amount, i.e. the
difference between the maximum and the minimum strain
is almost constant in the examined life range.

The hysteresis loops of the ASTM samples were also
gathered every 1,000 cycles during the interrupted fatigue
tests. The graph showing the last recorded hysteresis loops
for each fatigue life level is shown in Fig. 7. The hysteresis
loops appear even at fairly moderate stress levels, due to
phase shifts between applied stresses and measured
strains, which are never in a linear relationship. The pro-
gression of the hysteresis loops along the strain axis
throughout the lives of the specimens is indicative of cyclic
creep, while cyclic softening is not evident.

4.3. Thermal analysis

The surface temperature recorded at different stress
levels for the ISO samples is reported in Fig. 8 as a function
of the number of cycles. Labels inside the plot area indicate
the applied maximum stress. The test conducted at
47.3 MPa was interrupted at 370,000 cycles, whereas the
other three tests ended at specimen separation.
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Fig. 7. Last recorded hysteresis loops for each fatigue life level in the interrupted tests of the ASTM D1822 specimens. Percent numbers indicate the specimen life

stage at recording.
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Fig. 8. Surface temperature for ISO samples.

It appears that surface temperature increases rapidly
during the first stage of the tests, then the rate of temper-
ature increase stays constant for most of the fatigue life,
with a steep rise taking place during the very last cycles.
The variation of the surface temperature with the number
of cycles follows a sigmoidal curve similar to that of the
maximum strain. Temperature fluctuations can be
observed in the case of the specimen tested at the lowest
stress level, presumably due to the fluctuations in the
ambient temperature (it was not possible to conduct the
test in a temperature controlled environment).

By analyzing the temperature data in the range corre-
sponding to the secondary stage, it appears that the average
temperature almost coincides with the temperature at half
the fatigue life (Ng/2), as is reported in Table 4. This co-
incides with similar observations reported in [24] for a
similar material, containing 30% by weight reinforcing fi-
bres. Compared to the data reported in [24], average tem-
perature values are similar for similar fatigue lives,
although final peak values are much higher in the case of
the less reinforced material presented in this work.

5. Conclusions

The ASTM and ISO samples exhibit very different static
and dynamic properties. This result is mainly due to the
differences in the mould geometry, which is one of the
parameters influencing the polymer flow into the mould
and, presumably, the reinforcing fibre distribution, which
in turn determines the mechanical properties obtained in
the specimen.

The trend of the maximum and minimum strains and
the shifts in hysteresis loops along the strain axis in the
interrupted fatigue tests of the ASTM samples are similar.

Table 4
Values of T,y average temperature in the secondary phase, of Tat N/2,
temperature at N¢/2 and percentage difference.

Tavg (°C) Tat N¢/2 (°C) diff %
Sample 51.29 MPa 35.8 343 4.2
Sample 49.05 MPa 34.75 33.2 44
Sample 47.64 MPa 34.45 334 3.1

With each 20% increase in life cycles, the area enclosed by
the hysteresis loops grows by about 10%.

The thermal behavior of the ISO samples is character-
ized by a rapid rise in the surface temperature at the
beginning and at the end of the tests. A lower increase (7°C
for high stress tests and 3°C for low stress tests) was found
in the remaining fatigue life, confirming the trend found in
[24] for a PA6GF30. At present, the ASTM samples subjected
to the interrupted fatigue tests are being further analyzed
by means of micro-computed tomography, a technique
which allows a complete 3D reconstruction of the internal
structure of the sample, evidencing both fibre architecture
and micro-void distribution. The purpose of this additional
investigation is a better understanding of the damage
nucleation and progression phenomena, a necessary step
for the development of accurate predictive models of the
fatigue behavior of SFRP materials.
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