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ABSTRACT

In this study, manifold experiments were conducted to investigate the thermomechanical behavior of
short E-glass fiber-reinforced polyamide 6.6 composites subjected to low cycle fatigue loadings. Different
hygrometric states, fiber configurations and loading rates were considered. Mechanical, thermal and
energy responses of composite specimens were recorded using photomechanic techniques. The influence
of water content, fiber orientation and loading rate on these thermomechanical responses was
systematically analysed.

The mechanical findings indicated that the ratcheting phenomenon was more pronounced for humid
composites reinforced with fibers oriented transversely and subjected to a low loading rate. Moreover,
the order of magnitude in self-heating was greater for transversal fiber composites conditioned at high
relative humidity and subjected to a 10 Hz loading rate. From a thermodynamic standpoint, we also
noticed that high proportions of the mean stored energy rate were obtained at a high loading rate, with
values exceeded 64%. These values were noticeably altered by the water content and fiber angles,

i.e. lower as the relative humidity increased and higher as the fiber angles increased.

1. Introduction

Short E-glass fiber-reinforced polyamides 6.6 (SGFR/PAG6.6) are a
class of thermoplastic engineering materials of growing commer-
cial importance. The interest in these composites has increased
substantially because of their ease of manufacturing and note-
worthy thermomechanical properties. They can be processed using
rapid fabrication techniques (e.g. injection molding) and are
already being used successfully in several applications, notably in
the automotive industry.

The fibers can adopt complex orientation patterns during
injection molding. These patterns can affect the thermophysical
properties of SGFR/PAG6.6, which may show significant anisotropy
due to the preferred orientation of the fibers. Here we intended to
explore and highlight the dependence of the thermomechanical
features of SGFR/PA6.6 on fiber configurations. Moreover, these
features may not solely depend on the fiber orientation, but also on
the water content [1]. For instance, the water content causes a
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reduction in the strength and modulus of SGFR/PA6.6 while
increasing the ductility [2]. It also causes SGFR/PA6.6 to swell 3],
and the amount of swelling strongly depends on the extent of
moisture uptake.

Studies carried out to date have mainly been focused on non-
linear time-dependent [4] and fatigue damage [5] behaviors of
injected molded 35-30%wt short glass fiber-reinforced PA6.6
composites. Previous studies dealing with pure PA6.6 matrix
behavior showed that the tensile strength was roughly twofold
lower when comparing fully moisture saturated specimens and
dry-as-molded specimens [6]. For cyclic loadings, it was found that
self-heating was approximately tenfold lower for dry PA6.6 speci-
mens than for humid ones, for the same stress and loading fre-
quency. Besides, the form of the energy rate balance changed
completely between dry-as-molded and humid PA6.6 specimens
due to plasticizing effects. The objective of the present study was
also to examine if such energy behavior could occur for SGFR/PA6.6
where, by definition, plasticization of the matrix could be expected
to be substantial for high relative humidity levels. We also felt it
was of prime interest to study how the internal moisture could
affect the glass transition temperature. Glass transition is defined as
a gradual thermally activated process that leads a polymer to
change from glassy to rubbery state [7,8]. This glass transition


mailto:abenaarb@univ-montp2.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2015.02.011&domain=pdf
www.sciencedirect.com/science/journal/13598368
www.elsevier.com/locate/compositesb
http://dx.doi.org/10.1016/j.compositesb.2015.02.011
http://dx.doi.org/10.1016/j.compositesb.2015.02.011
http://dx.doi.org/10.1016/j.compositesb.2015.02.011

temperature, which largely depends on the ambient temperature
and relative humidity, has been explained by many theories as
being related to the onset of movements in the macromolecular
network of polymers [9].

The LCF behavior of SGFR/PAG6.6 varies greatly compared to that
of non-reinforced material. This is due to the high degree of het-
erogeneity and anisotropy induced by the presence of glass fibers.
In quasi-isotropic materials such as pure PA6.6 matrix, full-field
measurement analyses indicate that, at the very beginning of
loading, a single dominant localization region appears with rela-
tively small localized bands [10]. However, with fiber-reinforced
composites, the localizations are often in several zones, diverted
and directed along the fiber angles [11], thus indicating numerous
possible failure onset zones. These failure zones can display matrix
cracking, fiber failure and interfacial debonding [12]. They can also
occur separately or interactively, thus complicating the study and
prediction of the SGFR/PAG6.6 behavior. As there are only few data-
bases on SGFR/PAG6.6 fatigue properties relative to those of metals,
for instance, comprehensive investigations are still required in
order to monitor and gain greater insight into the cyclic behavior of
SGFR/PAG6.6. In reinforced PA6.6 composites, the behavior is strongly
dependent on the loading and environmental conditions (loading
frequency, relative humidity, stress level, etc.), material properties
and structural arrangement (fiber orientation angles, fraction mass
of fibers, crystallinity rate of the polymer matrix, etc.). Some pre-
vious studies have focused on this behavior under tensile and cyclic
loading conditions [4,5,11,13—16].

The thermomechanical behavior of SGFR/PA6.6 is not yet as well
understood as the mechanical behavior. Many experimental sur-
veys based on energy balances are needed to improve constitutive
material models, thus facilitating the use and application of such
engineering materials. More precisely, assessments of the stored
and dissipated energies could provide crucial information on the
microstructural changes and the nature of their irreversibility. The
most significant developments in the computation and interpre-
tation of stored and dissipated energies are closely related to
calorimetric procedures. The earliest published studies on this
subject were focused on metallic materials. Farren and Taylor [17]
and Taylor and Quinney [18] were among the first to build an
apparatus to measure dissipated energy during the deformation of
metallic materials subjected to quasi-static monotonous tensile
tests. Williams [19] and Leach [20] reviewed calorimetric methods
in detail and assessed calorimetry procedures and equipment
applicable for heat energy measurement. Most investigations have
focused on the Taylor-Quinney coefficient, which expresses the
fraction of the anelastic deformation energy rate irreversibly con-
verted into heat, i.e. dissipated. We underline the fact that these
early studies were carried out with standard measurement devices
involving thermocouples and microcalorimeters. In the early 1980s,
with the introduction of infrared cameras, new experimental ap-
proaches to the energy analysis of material behavior were devel-
oped (see. e.g. Refs. [21-23]).

Indeed, drawing up energy balances may provide greater insight
into the evolution of dissipative phenomena that cause tempera-
ture increases (or decreases) observed when materials are sub-
jected to mechanical loadings. Many experimental, theoretical and
numerical studies have still been focused on determining such
energy balances [24—28]. Complete energy balances are deter-
mined by computing all energies involved during the deformation
process. Generally, the stored energy is assessed according to the
difference between the mechanical energy required for deforma-
tion of the material and the dissipated energy. The total deforma-
tion energy is usually determined from force-displacement data.
This total energy includes the elastic and anelastic energy of the
deformed specimen. The heat produced by the deformation is

usually obtained from a heat balance associated with the defor-
mation. Many interesting surveys on specific aspects of the stored
energy can be found in the literature. Several research studies using
calorimetric techniques have focused on determining changes in
temperature increases during loadings [29,22,30—32]. However, for
repetitive loading, few previous investigations have measured
stored energy for polymeric composite materials. To our knowl-
edge, no studies have been published concerning the establishment
of energy balances for SGFR/PA6.6 under hygrometric conditions
and through many thousands of fatigue cycles. Most investigations
have generally been concerned with the thermomechanical prop-
erties in tensile mode, and were undertaken without any energy
considerations. This could be explained by difficulties and com-
plexities due to the long time required for post-processing of the
experimental data.

The major objectives of this research work were: i) thermo-
mechanical characterization of fatigue mechanisms involved dur-
ing deformation of SGFR/PA6.6 and, in particular, identification of
the energy content of cyclic hysteresis loops, ii) quantification of
internal moisture and fiber orientation effects on the thermo-
mechanical responses of the studied engineering composites.

In this paper, the preparation of SGFR/PA6.6 specimens is first
briefly described. The experimental tools and methods used for
conducting experiments are then presented. The mechanical and
thermal responses under different hygrometric, fiber states and
loading rates are then shown and examined. Complete energy rate
balances are then analyzed as well as the contribution of the mean
stored energy rate per cycle. Experimental findings obtained with
the different testing conditions and materials are compared.
Several conclusions, drawn from the findings, are finally put for-
ward, along with some proposals regarding future investigations.

2. Experimental procedure
2.1. Specimen preparation and loading

Injection-molded rectangular SGFR/PA6.6 plates were used. The
SGFR/PAG.6 plates were provided by Solvay Engineering Plastics and
are commercially available under the trade name A218V30. The
E-glass fibers (10 pum average diameter, 250 um average length)
were surface treated with a special chemical coating to greatly
enhance the adhesive links between composite constituents (short
fibers and PA6.6 matrix). The weight fraction of short glass fibers
embedded in the polyamide 6.6 matrix is in the range of 30 + 1 wt%.
Three different hygrometric states were considered: viz. RHO
(conditioned in a vacuum oven at 80 °C for 15 h), RH50 (prepared
according to the ISO1110 standard by conditioning inside a
weathering chamber at 70 °C and RH = 62% for 9 days, then at 23 °C
and RH = 50% for 15 days) and RH80 (first conditioned at 70 °C and
RH = 80%, then at 30 °C and RH = 80% until mass stability) [33]. For
PA6.6 matrix, the range of glass transition temperature values
associated with previous hygrometric states are given in Table 1.
Tensile specimens of 100 mm-in-overall-length by 20 mm-in-gage-
width and 3.14 mme-in-thickness were cut from these SGFR/PA6.6
plates as required (suitable size and shape for the clamping jaws of
the loading machine) using a high speed router. During cutting,
three different fiber configurations, with respect to the loading
direction, were designated as MGF0°, MGF45° and MGF90° for the

Table 1
Relative humidity (RH) versus the glass transition temperature (Tg) of the polyamide
6.6 matrix (courtesy of Solvay Engineering Plastics).

Relative humidity (%) 0 50 80
Glass transition temperature (°C) 65-70 18—-26 0




mean fiber orientation angles 0°, 45° and 90°, respectively. The final
specimen geometries and mean fiber orientations are shown in
Fig. 1. These SGFR/PAG6.6 plates exhibit anisotropic behavior due to
the skin-shell-transition-core microstructures [33]. However, it is
considered that most fibers in the specimens are aligned in the
mold fill axis. This consideration was taken into account during this
study.

Tensile—tensile uniaxial fatigue tests in stress control and
sinusoidal waveform (see Fig. 2) at 1 and 10 Hz were carried out on
composite specimens at non-zero mean stress and room temper-
ature (23 °C). The load ratio was set at 0.1 while the number of
cycles was 10%, At the beginning of each test, the load signal was set
at zero for 10 s to calculate the stabilized thermal image. Its
displacement rate was then controlled with a constant cross-head
velocity of 1 mm s~!, with stress maintained at oy, for 3 s and
tensile—tensile loading between ¢,;;, and omax.

2.2. Apparatus and test methods

The thermal measurements were conducted using a Flir tita-
nium infrared camera. This thermal imaging system included a
Stirling cycle cooled indium antimonide (InSb) detector with a focal
plane array of 512 x 640 elements, coded on 14 bits This InSb de-
tector is sensitive to infrared radiation in the 3—5 pm wavelength
range (middle waves). The thermal sensitivity of the camera was
above 25 mK. The camera was placed perpendicular to the gauge
section of the samples in order to avoid geometrical and metro-
logical errors (Lambert's conditions). The sample to camera dis-
tance was maintained at 0.8 m in all loading cases. Several window
sizes were available and we decided to operate with a
160 x 128 pixel window size (a quarter of the available full window
size) and 29 um pixel size. This small window size enabled us to
acquire several images, up to 85,000 images for a data storage ca-
pacity of 20 Go per test. The frame rate of the camera was set at
tenfold the loading frequency to obtain enough sampled data in
order to improve the signal-to-noise ratio using local least-squares
approximation. The frame rate was thus set at 10 Hz for tests per-
formed at a 1 Hz loading rate. Moreover, we decided to operate
with a 900 us integration time (electronic charge accumulation
time) in order to optimize the measurement accuracy according to
the observed temperature range. Generally, a longer time reduces
the temporal noise (mainly of thermal origin), but this can lead to
detector element saturation and reduce the maximum acquisition
rate. Thermal images were recorded continuously for whole fatigue
cycles and were stored in a computer hard drive. The control
computer was equipped with ALTAIR software, which enabled us to
visualize and analyze the thermal images captured by the IR cam-
era. During the experiments, several experimental precautions
were taken to overcome some difficulties inherent to the thermal
measurements. As the heat flux density transferred to the infrared
sensor included noise components due to the reflected incident
energy from the surroundings, the IR measurements were there-
fore done indoors and the experimental tools were screened and
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Fig. 1. Sketch of composite sample configurations at different fiber orientations.
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Fig. 2. Diagram of the mechanical loading used in the experiments.

isolated far from the radiation sources of the surroundings. Some
parts of the loading machine were wrapped with paper in order to
avoid infrared parasitic reflections onto the specimen. The camera
was also turned on for 4 h before starting the experiments in order
to reach thermal equilibrium. The temperature was quantitatively
measured after improving the surface emissivity. The tested spec-
imens were coated with matt black paint, and were then assumed
to be perfect black bodies with an emissivity value close to 1.
Finally, a dummy specimen was placed close to the tested one to
monitor possible temperature changes in the testing area.

An appropriate calibration protocol was also conducted to
determine the temperature recorded by the IR camera. This pro-
cedure allowed conversion of the thermal radiation digitized by the
infrared camera into temperature using pixel calibration functions
[34]. This pixel protocol was based on a polynomial fitting of the
digital levels DL;, delivered by each individual detector element
(i,j) using a black body with a uniform high emissivity coating,
maintained at cold and hot temperatures T ;).The measurement
accuracy could thus be assessed for each pixel individually in the
resulting image.

d
Tiij) = > xij, DLy (1)

m=0

where d; denotes the degree of the polynomial fitting function and
X(ij), are coefficients of the calibration law for the element (i, J).
These coefficients were derived from least-squares fitting
approximations.

Finally, a local least-square fitting method using an optimized
approximation function set was developed to reduce the noise ef-
fect [35].

3. Experimental results
3.1. Cyclic stress-strain hysteresis loops

Several properties regarding the cyclic behavior of materials can
be extracted by plotting the hysteresis loops under stress vs strain
curves. Figs. 3 and 4 show the mechanical responses of short-glass
fiber-reinforced PA6.6 specimens subjected to uniaxial tensi-
le—tensile tests, plotted at various fatigue cycles ranging from 10 to
8500 cycles. Different hygrometric states (RH = 0, 50 and 90) and
fiber configurations (0°, 45° and 90°) were considered in order to
study the effect of both the water content and fiber angle change on
the mechanical responses of the composites under investigation.

Generally speaking, an important characteristic that all com-
posites had in common was the change in the shape and the drift of
the hysteresis loops. Figs. 3 and 4 show that the stress-strain curves
were never completely stabilized, and their size and shape changed



MGF/RH0/0°/1HZ

Normalized engineering
stress

Normalized engineering
stress

o
w

MGF/RH0/90°/1HZ

o

£ 09
[}

(]

g 0.7
ca

[}
28os
v n

N

©

£

[=]

=

al
'%).4 0.8 12 0’10 0.5 1 15 2 0'10
Engineering strain (%) Engineering strain (%)
MGF/RH50/0°/1HZ

MGF/RH50/90°/1HZ
7 7

A

f

Normalized engineering
Normalized engineering
stress

1447
02 06 1 14

0.1
0.5 15

Normalized engineering

2.5 35
Engineering strain (%)

6
Engineering strain (%)

MGF/RH80/45°/1HZ
i/

Normalized engineering
stress

Normalized engineering
stress

Engineering strain (%)

= MGF/RH0/0°/1Hz

0144/ 01LLUl W
02 06 1 14 05 15

7

MGF/RH80/90°/1HZ

4

Normalized engineering

25 35

Engineering strain (%) Engineering strain (%)

MGF/RHO/45°/1HZ s MGF/RH0/90°/1HZ s MGF/RH50/0°/1Hz === MGF/RH50/45°/1Hz

MGF/RH50/90°/1Hz == MGF/RH80/0°/1Hz == MGF/RH80/45°/1Hz === MGF/RH80/90°/1Hz
i 45 6
_ 12 =
& —_
= © S 5
=10 < 3 e
o = £
o 8 5 g 4
g " c
5 5 25 8
§ 6 = = 3
I
4 15T
0 4000 8000 0 4000 8000 202000 8000

Number of cycles

Number of cycles

Number of cycles

Fig. 3. Plots (a—i) correspond to the normalized engineering stress vs engineering strain curves, showing the effect of the water content and fiber orientation on the cyclic
mechanical properties of short glass fiber-reinforced PA6.6 composites. Note that stress normalization was done for each test. Plots (j), (k) and (1) represent the hysteresis area, the
mean slope and mean strain per cycle as a function of the number of cycles. The loading frequency was 1 Hz.

with increasing cycle number. Progressive mean strain per cycle
accumulation took place due to the drift in the hysteresis loops. The
mechanical behavior exhibited significant cyclic ratcheting with no
stabilized state reached. The cyclic ratcheting trend altered
noticeably with the hygrometric states and fiber configurations as
can be noted in all of the selected sub-figures. This trend (drift of
the hysteresis loops) was more significant for humid composites
reinforced with fibers oriented at 45° and/or 90° with respect to the
tensile axis (see. e.g. Figs. 3 and 4, plots g, h and i).).

To characterize the mechanical response, we considered the
following parameters associated with the hysteresis loop: the
hysteresis area, the mean slope of the loop and the mean strain per
cycle. These three parameters represent a quantitative measure of
the cyclic mechanical responses. The time courses of these pa-
rameters are closely analyzed hereafter. They are schematically
shown in Fig. 5. Figs. 3 and 4 (plots j, k and 1) give the time courses
associated with these three mechanical parameters as a function of
the number of cycles for the different studied fiber configurations
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Fig. 4. Plots (a—i) correspond to the normalized engineering stress vs engineering strain curves, showing the effect of the water content and fiber orientation on the cyclic me-
chanical properties of short glass fiber-reinforced PA6.6 composites. Note that stress normalization was done for each test. Plots (j), (k) and (I) represent the hysteresis area, the
mean slope and mean strain per cycle as a function of the number of cycles. The loading frequency was 10 Hz.

and hygrometric states. Note that different gains (scaling factors)
were applied to the mechanical data to distinctly plot the variation
patterns of these parameters on the same figure, thus facilitating
their comparison. These gains (denoted G) are directly indicated on
each curve.

3.1.1. Hysteresis area
To compare the amounts of deformation energy corresponding
to the area of the hysteresis loops, hysteresis areas were calculated

and plotted for the various dry and humid composites according to
the number of cycles (see. Figs. 3 and 4, plot j). From the results,
there was clearly a significant change in hysteresis area values
when the fiber angle was altered. It is also inferred that the order of
magnitude in values of the hysteresis areas was much higher for
low loading frequency than for high loading frequency. At the end
of loading, this order of magnitude ranged from 0.63 MPa to 12 MPa
when the composites were subjected to 1 Hz loading frequency,
and from 0.16 MPa to 4.5 MPa under 10 Hz loading frequency.
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Fig. 5. Graphical representation of the hysteresis area, mean slope and mean strain per
cycle.

Besides, loops associated with longitudinal fiber composites were
much thinner compared to those in 45° and 90° fiber composites.
We also noted that the hysteresis loop area values increased with
increasing relative humidity. In other words, these hysteresis areas
were larger for humid specimens (e.g. RH50 and RH80) than for
dry-as-molded specimens. Moreover, the hysteresis loop area
values decreased in the case of MGF/0° with an increasing number
of cycles. However, non-monotone variations were observed in the
case of MGF/90°, where the hysteresis area values decreased
initially at the very beginning of loading, and increased slightly for
the rest of the cyclic loading period.

Note that it is still commonly acknowledged in the literature
that the deformation energy loss during a mechanical cycle is due
to material dissipation. The hysteresis area assessment is then used
to estimate the dissipated energy. However, from a thermodynamic
standpoint, it has been highlighted that, although intrinsic dissi-
pation naturally contributes to the existence of a hysteresis loop,
other phenomena may also modify the size of its area. It was
recently underlined that the hysteresis area may not only be
induced by intrinsic dissipation but also by internal energy varia-
tions due to microstructural transformations and/or strong ther-
momechanical coupling effects [36]. For pure polyamide 6.6, it has
been shown that hysteresis loop areas were essentially induced by
energy dissipation and storage (with the thermomechanical
coupling sources per cycle being negligible) [6]. The energy analysis
of SGFR/PA6.6 will be strengthened by experimental results and
discussed in Subsec. 3.3.

3.1.2. Mean strain

In order to check whether the material would exhibit a marked
ratcheting effect or not, the mean strain values per cycle were
deduced from the experimental data (by integrating the strain
maps over each cycle) and plotted in Figs. 3 and 4, plot 1. These
figures illustrate the time courses of the mean strain as a function of
the number of cycles. This parameter exhibited a sharp increase at
the very beginning of loading, and this increase became less
marked as the number of cycles increased. Moreover, it is clear that
this mean strain time course was strongly dependent on the fiber
configuration and relative humidity change. When the relative
humidity was maintained at a steady level, fiber orientations, as can

be shown in Figs. 3 and 4 plot i, had a great effect on the mean
strain intensities. The mean strain values increased markedly when
changing the fiber angle from Ilongitudinal to transverse
direction. Note that the cyclic mean strain values associated with
MGF/RH80/0° were 6-fold lower than those of MGF/RH80/90°. For
MGF/RH80/0°, the cyclic mean strain had the lowest value of 0.86%
compared with that of MGF/RH80/90°, which was roughly 6%.
Besides, when the relative humidity increased, the mean strain
values increased correspondingly. For instance, the mean strain
values were approximately 1.2% for MGF/RHO/45°, but they were
2.6% for MGF/RH80/45°. At high RH levels, a remarkable ratcheting
occurred and increased progressively throughout the cycling, and
no clear saturation was reached. For example, the cyclic mean
strain in MGF/RH80/90° was about threefold greater than that of
MGF/RHO0/90°. This relative humidity dependence was quite similar
to that previously observed in the PA6.6 matrix behavior [6].

3.1.3. Mean slope

The mean hysteresis slope is defined as the slope that connects
the ‘extreme’ points (in terms of stress range) of the hysteresis
loops together (see. Fig. 5). The black dashed line indicated in all the
loops of Figs. 3 and 4 shows this parameter symbolically. This fa-
tigue parameter was thoroughly analyzed by tracking its changes
throughout the cyclic loading test. The decrease in the mean slope
up to 8500 cycles could be divided into two stages, as shown in
Figs. 3 and 4, plot k. The first one was characterized by a steep
reduction or decrease during the first few cycles (around one
thousand), whereas the second stage indicated low degradation
without reaching a real stable state, similarly to the observations
extracted from the PA6.6 matrix mechanical behavior [10]. Note
also that this decrease grew considerably with increasing relative
humidity and/or fiber orientation. This decrease was more pro-
nounced for high RH and transverse fiber orientations.
Up to 8000 cycles, the loss in the mean slope was about 3 MPa for
MGF/RHO/0° and 12.5 MPa for MGF/RH80/90°. These results
implied that increasing relative humidity and fiber angles (in the
sense that fibers change from the longitudinal to transverse di-
rections) led to a decrease in the mean slope and the fatigue life
could eventually decrease as a result. These observations applied
for all the varieties of PA6.6 composites investigated in this study.

Besides, the anisotropic mechanical elasticity observed in the
composite materials at a fixed RH could be explained by the fiber
orientations affecting the mechanical responses. When fibers were
oriented at 0° with respect to the loading axis, the maximum load
was mostly taken by the reinforcing fibers and the material showed
high strength and low ductility. Usually, the polymer matrix is
much weaker in strength than reinforcing fibers. When fibers were
oriented at 45° with respect to the loading axis, this strength was
reduced and the ductility started to grow due to local shear stresses
within the matrix. When these local shear stresses exceeded the
shear strength of the polymer matrix, they started dominating the
composite behavior. Such fiber direction sensitivity was also
observed through heterogeneous dissipative maps obtained by the
IR procedure [11].

3.2. Cyclic thermal responses

In the following, mean temperature variations averaged over the
sample gauge part of the composite materials are first outlined.
These thermal responses were plotted as a function of the number
of images for 1 and 10 Hz loading frequency in Figs. 6 and 7. For
clarity, composite nominations are directly indicated on each sub-
figure. One immediate observation is that all thermal responses
increased markedly at the very beginning of loading to reach quasi-
stabilized values (at least for 1 Hz fatigue tests), as summarized in
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Fig. 6. Spatial averages of temperature variations for short E-glass fiber-reinforced PA6.6 composites for each relative humidity and fiber orientation. The loading frequency was

1 Hz.

Table 2. The results obtained when the number of cycles was
further increased showed that these quasi-stabilized self-heating
values reached by composites were obviously relative humidity and
fiber orientation dependent. This noticeable self-heating should
certainly be closer to the time course of the previous fatigue
parameters characterizing the hysteresis loops. The temperature
variations initially indicated a steep rise due to an increase in
anelastic strain (the dissipative effect was activated). Then these
temperature variations started to display a steady state region
characterized by thermal stabilization throughout the 1 Hz fatigue
test. From a calorimetric standpoint, this thermal steady state could
be associated with an equilibrium between the dissipation in-
tensity and thermal losses. We however stress that the stabilization
in the mean temperature variations per cycle does not imply cyclic
stabilization of the thermomechanical state. Note that this cyclic
stabilization could occur if and only if all the hysteresis area is
dissipated (no stored energy variations over the cycles). Moreover,
it should be mentioned that the trends of all thermal curves
obtained at 10 Hz loading frequency (see. Fig. 7) did not indicate
any stable state as was observed at 1 Hz loading frequency (see.
Fig. 6). As noted in all the selected experiments, the self-heating
increased when the fiber angles changed from longitudinal to 45°
and 90° directions. The same observation can be deduced from the
effect of relative humidity. Although this relative humidity effect
was less pronounced for longitudinal fiber composites, it appeared
to be more significant for fiber-reinforced composites orientated at
45° and 90° (see. Table 2).

These results suggest that increasing the relative humidity and
fiber angles leads to a marked increase in mean temperature vari-
ations. These results are also of crucial importance when thinking
to the thermal sensitivity of composites behavior. For high hygro-
metric conditions and low loading frequencies, the material tem-
perature became greater than the glass transition temperature. We
then observed the inversion of the thermoelastic effect. This
important point will no longer be discussed here as it has already
been addressed for pure PA6.6 in Ref. [6]. Cyclic tests cannot be
considered as isothermal mechanical tests from a modeling
standpoint. When the temperature becomes greater than the glass
transition temperature, a rubber behavior has to be considered for
the matrix.

3.3. Energy balances

Energy storage reflects internal energy changes induced by
anelastic transformations. An essential feature of this stored energy
is that it remains in the deformed material, at least temporarily,
until possible unloading or restoration processes. Generally, the
stored energy amounts are computed as the difference between the
deformation energy spent during the material transformation and
the dissipated energy. In the case of standard quasi-static tests, the
overall deformation energy Wy, is determined, via the energy
balance, from force-displacement data (or from stress-strain data
for local analyses in the case of homogeneous tests). This defor-
mation energy can be split into elastic W, and anelastic Wq,
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energies, where Wy, is both stored and dissipated. In this context,
the stored energy rate W; reads [36]:

Wi = Wiy = W, — Dy 2)

The term D; stands for the intrinsic dissipation and character-
izes the nature and intensity of material irreversibility accompa-
nying the deformation process, whereas Wi translates the material
microstructural changes (e.g. internal energy variation). Note that
the non-standard notation ()" specifies that (.) is path-dependent.
For instance W; represents the stored energy rate and means that
this energy rate is not a state function.

According to this energy rate balance equation (2), a correct
estimate of Wy, D1, W, leads to indirect assessment of W;. Only
the assessment over each complete cycle of the above volume en-
ergy rates will be considered in the following. The mean elastic
energy per cycle thus remains close to zero. Consequently, the

Table 2
Quasi-stabilized self-heating values associated with the investigated materials.

mean deformation energy rate is approximately equal to the
anelastic energy rate per unit volume and per cycle
(W&ef)i = (W:m)i (i representing the considered cycle number). The
key issue here not only concerns computing the stored energy rate
per unit volume and per cycle but also evaluating its contribution in
the global energy balance. We thus defined the stored energy rate
ratio, which is expressed by(8;)' = (W;)'/(Wies)". The values of
this ratio are computed at the beginning and end of each cyclic test.

In the following, the mean deformation energy rate and
dissipated energy as well as the stored energy, averaged over
each complete cycle, were computed and plotted as a function of
the mean strain in Figs. 8 and 9. All energy rates were assessed by
post-processing of the experimental data. The mean dissipation
energy rate averaged over a cycle D; was calculated via the zero-
dimensional approach of the heat diffusion equation [37] as
follows:

PAG.6/1 Hz MGF/0°/1 Hz
RH RHO RH50 RHS0 RHO RH50
Osp (°C) 25 16 30 06 12
PAG.6/10 Hz MGF/0°/10 Hz

RH RHO RH50 RHS0 RHO RH50
0, (°C) 08 33 34 06 4

MGF/45°/1 Hz MGF/90°/1 Hz

RH80 RHO RH50 RH80 RHO RH50 RH80

0.9 6.4 4.5 1.8 10 10

MGF/45°/10 Hz MGF/90°/10 Hz

RH80 RHO RH50 RH80 RHO RH50 RH80

1.8 17 13.4 32 17 27
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Fig. 8. Energy rate balances associated with the cyclic LCF tests performed on short glass fiber-reinforced PA6.6 composites, showing the effect of relative humidity and fiber
orientation. The load ratio was R, = 0.1. The geometrical ratio was 7~ = 0.56 and the volume of the observed gauge area was vz = 82 mm?. The loading frequency was 1 Hz.
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where (0) = T — T, is the temperature variation averaged over the
volume element under investigation, f; denotes the loading fre-
quency and T?ﬁi a time constant characterizing overall heat ex-
changes between this volume element and the surroundings. This
dissipative term D; was determined by estimating the derivative
operator @ using IR thermal data.

The deformation energy represented by the area enclosed by
hysteresis loops represents the ability of the material to cyclically
deform. Its rate per cycle was estimated using the expression
below:

ifit
fur
v,
9 - fit

Wier = Fdlg (4)

where F, I; and vg are respectively the applied force, the global
specimen elongation and the volume of the gauge area. + repre-
sents a geometrical ratio. This ratio connects the global mechanical
response to the local one with respect to the hypothesis that the
deformation process gives a quasi-homogeneous strain state over

each cross-section. This was calculated using the following equa-
tion:

Lo L
2 2

r= o f I () dy (5)

Lo
2 2

L, denotes the length of the gauge section, while L represents
the global length of the sample. The stored energy rate can then be
computed as:

W, = Waer — D 6)

The dark curve in Figs. 8 and 9 corresponds to the mean
deformation energy rate per cycle, the green (in web version) curve
corresponds to the mean stored energy rate per cycle and the red
(in web version) curve indicates the mean intrinsic dissipation per
cycle. In order to discuss the energy balance vs ratcheting behavior
for the composites under consideration, the variations in mean
energies per cycle were plotted as a function of the mean strain.
Note that all energy densities were divided by the heat capacity per
unit volume pC and thus expressed in °C s~! in order to define, for
each energy rate, an equivalent heating rate that is relevant and
facilitating comparison of the different energy rates.
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Fig. 9. Energy rate balances associated with the cyclic LCF tests performed on short glass fiber-reinforced PA6.6 composites, showing the effect of relative humidity and fiber
orientation. The load ratio was R, = 0.1. The geometrical ratio was #~ = 0.56 and the volume of the observed gauge area was v; = 82 mm?. The loading frequency was 10 Hz.

According to all the plots, the overall shape of the energy rate
balance closely depended on the loading frequency, relative hu-
midity and fiber orientations. For composites at high loading fre-
quency (=10 Hz), the results indicated a substantial part of the mean
stored energy rate per cycle with a ratio accounted 64—87% (Fig. 9).
However, in the case of low loading frequency (=1 Hz), the trend in
the energy rate balance changed completely (Fig. 8). The mean
intrinsic dissipation per cycle was, in some cases, predominant
compared to the stored energy rate. It started increasing slightly at
the beginning of loading and then seemed to stabilize after a certain
accumulated strain level (around the first thousands of cycles). Note
that this energy stabilization was never accompanied by a stabilized
cyclic shakedown. Indeed, except for MGF/RH50/0°/1 Hz and MGF/
RH80/0°—45°/1 Hz, where the mean intrinsic dissipation per cycle
predominated the mean stored energy rate, the energy rate re-
sponses indicated a substantial part of the mean stored energy rate
per cycle with ratio exceeding 52%. It is also clear that the stored
energy rate proportion at the end of the cycles decreased consid-
erably with increasing relative humidity. Conversely, it seemed to
increase with increasing fiber angles. Indeed, it should be noted that
this conclusion was true for all the composites prescribed here.

3.4. Comparative analysis of the energy rate terms

Based on Fig. 8, the previous energy rate balances were obvi-
ously loading frequency, relative humidity and fiber orientation

dependent. Another way to observe these effects is to plot and
compare the three computed energy rates separately for all
investigated composites, as in Fig. 10. The energy data presented in
Fig. 10 show the values of the mean deformation energy rate per
cycle (Fig. 10, plot a), the mean intrinsic dissipation per cycle
(Fig. 10, plot b) and the mean stored energy rate per cycle (Fig. 10,
plot c), all obtained at a 1 Hz loading frequency.

First, all curves clearly did not start at the same mean strain
level. This was due to the application of the initial monotone
loading of the specimen to reach the minimum cyclic loading stress
value (see. Fig. 10, plot a, stage A). Note also that MGF/RH80/90°/
1 Hz and MGF/RH50/90°/1 Hz displayed high cyclic ratcheting with
high values for all computed energy rates. Besides, the set of dry
and/or longitudinal fiber composites (curves surrounded by the
brown (in web version) circle) were gathered in the region of low
energy rates, with mean intrinsic dissipation and stored energy rate
values not exceeding 0.02 °C s~! and 0.04 °C s~, respectively.

Now regarding the time courses of each type of energy rate, we
observed:

e Low fluctuations in the mean deformation energy rate per cycle
and steep increases of the mean intrinsic dissipation. In addi-
tion, it can be seen that as the relative humidity and fiber angles
increased, the mean energy rate values also increased.

o Noticeable decreases in stored energy rates per cycle for all
composite materials. In addition, these stored energy rates
remained positive and never stabilized, thus indicating internal
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energy variations associated with each loading cycle. Finally, as
revealed in Fig. 10 (c), the stored energy rates were also strongly
dependent on the relative humidity as well as on the fiber
angles.

3.5. Dissipative analysis of deformation mechanisms

The mechanical cyclic response of the composite specimens can
be schematically split into the oscillatory response and the mono-
tone creep response induced by the mean stress. It could thus be
interesting to estimate the dissipation associated with each defor-
mation mechanism. The thermal data enabled us to estimate the
overall dissipation (i.e. the intrinsic dissipation defined in Eq. (3),
spatially averaged over the volume element under investigation
and over a loading time period). We propose hereafter to assess the
“dissipative” contribution of the ratcheting effect. This “ratcheting”
energy rate per unit volume Dg, can be defined by:

DRat = Tave Eave (7)

where o4 and éqe are the mean stress and the mean strain rate,
respectively.

Fig. 11 shows the experimental results of the overall dissipation
and the ratcheting energy rate as a function of the number of cycles
for the composite specimens under investigation. First, the ratch-
eting energy rate clearly decreased with the increase in the number
of cycles. The ratcheting energy rate curves can be divided into two
stages. In the first stage, the ratcheting energy rate was initially
high and quasi-equal to the overall dissipation, but it rapidly
decreased to a nearly asymptotic and positive value. This decrease
lasted only around 1500 to 2000 cycles for humid composites and
4000 cycles for dry-as-molded composites. During the second
stage, the ratcheting energy rate remained nearly constant, and this
stage lasted throughout much of the fatigue test.

All of these findings clearly showed that, at the beginning of the
cyclic loading, the ratcheting effect was prominent and this pre-
dominance decreased progressively to leave place to dissipative
cyclic effects. For instance, we observed ratcheting energy rate of
about 64—75% at cycle number 75 and 0.5—2% at the end of the
cyclic loading.

4. Concluding comments

A series of experimental investigations were carried out on
short glass fiber-reinforced PA6.6 composites to evaluate and
characterize their LCF thermomechanical behavior. Different hy-
grometric states, loading frequencies and fiber configurations were
considered. Several parameters, such as the hysteresis area, mean
slope and mean strain per cycle were computed in order to present
the LCF cyclic pattern of the material mechanical hysteresis loops.
Thermal responses were also examined to quantify the order of
magnitude of the specimen self-heating. Based on the analysis of
the test findings, the most noticeable and useful features obtained
from the experiments are summarized as follows:

e Regarding the hysteresis areas, the loops associated with the
fiber composites oriented at 0° were much thinner compared to
those in composites reinforced with fibers oriented at 45° and
90°, and their values decreased in almost all cases with an
increasing number of cycles.

o With a further increase in the number of cycles, a marked cyclic
ratcheting strain increased progressively throughout the cycles,
with no clear cyclic stabilization. The ratcheting for fiber-rein-
forced composites oriented at 45° and 90° was much higher

than that for 0° composites. This ratcheting phenomenon was
also sensitive to the relative humidity change and loading fre-
quency. The mean strain values were much higher for high
relative humidity and low loading frequency. This behavior was
logically similar to that observed in the PA6.6 matrix.

e The decrease in the mean slope up to 8500 cycles was divided
into two major stages. The first one was characterized by a steep
decrease during the first few cycles, whereas the second stage
was characterized by a lower decrease. The results implied that
increasing relative humidity and fiber angles (where the fibers
changed from longitudinal to transverse directions) led to a
decrease in the mean slope.
With the further increase in the number of cycles, the results
obtained from the thermal responses showed that the
maximum self-heating reached by the composite materials was
obviously loading frequency, relative humidity and fiber orien-
tation dependent. The maximum self-heating increased when
the fiber angles changed from the longitudinal fiber composite
to the 45° and 90° fiber composites. The same observation was
deduced when the relative humidity and loading frequency
increased.
The overall shape of the energy rate balance also closely
depended on the loading frequency, relative humidity and fiber
orientations. The stored energy rate proportion at the end of
cycles decreased considerably with increasing relative humidity
and loading frequency. Conversely, the trends of this stored
proportion seemed to increase with increasing fiber angles.

The results obtained from the comparison of energy ranges

indicated that as the relative humidity and fiber angles

increased the mean of the energy rate values increased
concomitantly.

e The assessments of the overall dissipation (derived from ther-
mal data) and of the ratcheting energy rate (derived from stress
and strain measurements) confirmed the prominent character
of the creep effects at the beginning of the low cycle fatigue test.
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