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1 | INTRODUCTION

| Mohammadali Shirinbayan® | Houssem Ayari' |

Joseph Fitoussi'

Abstract

Short fiber-reinforced polypropylene is largely used in the automotive industry.
Fatigue failure is one of the most failure modes observed in this class of mate-
rials. In order to better understand the damage mechanisms and plasticity evo-
lution, this article provides an overall experimental investigation of the
mechanical properties of a PPGF40 composite (polypropylene matrix
reinforced by a 40% weight content of short glass fibers) including monotonic
and cyclic loading. The effect of various parameters such as the loading direc-
tion, the strain rate, the temperature, and the fatigue are analyzed. The evolu-
tions of the loss of stiffness and plastic strain during monotonic and fatigue
tests are analyzed. Self-heating during cyclic loading is also studied. Moreover,
the coupling effect of damage and plasticity is analyzed by plotting the evolu-
tion of the relative loss of stiffness vs the plastic strain increment for mono-
tonic and cyclic loadings. For quasi-static loading, the results emphasize an
intrinsic curve independent of the loading direction. Moreover, a sharp
increase in the damage and plasticity levels due to the local effect occurring
during cyclic loading is observed and correlated to SEM fracture surface
analysis.
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absorption in comparison with polyamide./* For such a
use, glass fiber-reinforced polypropylene must exhibit

Short fiber-reinforced thermoplastics (SFRT) are widely
used in the automotive industry. Their high strength-to-
weight ratio, reprocessing quality, low-manufacturing
price, and ability to be shaped using a conventional
molding process such as injection make them great mate-
rials for automotive components with complex geometry
and a high-volume production rate.!**!

Among them, short fiber-reinforced polypropylene is
largely used for the manufacturing of automotive exterior
parts such as the bumpers and the hatch due to its low
density, allowing high-fiber content filling and low-water

great structural durability especially against mechanical
and thermal fatigue loading. For example, tailgates (cars
back doors), are stressed in fatigue with opening and
closing cycles of up to 70 000 cycles.

It is commonly known that the damage evolution for
SFRT during fatigue occurs in three stages'*™°!: the first
stage is described by a high reduction in stiffness due to
damage mechanisms such as fiber/matrix debonding and
matrix cracking. The second stage corresponds to the coa-
lescence and propagation of microcracks. A gradual stiff-
ness decrease is observed in this stage. The last stage is
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characterized by a drastic decline in stiffness due to rapid
crack propagation leading to failure. The Analysis of the
stiffness reduction during loading-unloading monotonic
tests is used by several authors!”™! to evaluate the macro-
scopic damage evolutions of SFRC. During the fatigue
test, the dynamic modulus (slope of the stress-strain hys-
teresis) is commonly used as a damage indicator.[*'**2
Arif et al'** applied the dynamic modulus to evaluate the
damage evolution during fatigue loading. They concluded
that the latter might overpredict the damage evolution
for high amplitude due to the high-viscous effect of the
composite.

Bellenger et all'¥! studied the thermal and mechanical
fatigue of a PA66/glass fiber composite material. They
focused on analyzing the effect of the physical state of
the matrix on the fatigue behavior and the failure sur-
faces. They showed that the fatigue behavior of thermo-
plastic composites could be obtained by inducing the
thermal and mechanical fatigue. The induced tempera-
ture was not only caused by the damping induced by
crack initiation but also by the change in the physical
state of the matrix. There was a fast increase of the loss
modulus E” at the glass transition temperature hence the
increase in the dissipated energy at each loading cycle.
They concluded that the damage is initiated at fiber ends
close to sample edges where the stress concentration was
the highest.

In another study,!'>® the results showed that the
thermal fatigue had a very significant role in rising tem-
perature and decreasing fatigue lifetime. Consequently, it
is necessary to know the conditions at which thermal
fatigue happens.

Zuo et al"? studied the multiscale analysis of the
effect of loading conditions on the monotonic and fatigue
behavior of a glass fiber-reinforced polyphenylene sulfide
composite. They concluded that the increasing frequency
would lead to lower fatigue lifetime and more generalized
plasticity. They demonstrated that fiber orientation in the
loading direction would improve both the monotonic and
fatigue strength.

Shirinbayan et al'”®! studied the coupled effect of
the loading frequency and amplitude on the fatigue
behavior of an advanced sheet molding compound (A-
SMC). They also studied the isodamage evolution curves
obtained from postfatigue dynamic tests to those which
could be obtained in monotonic dynamic traction. The
comparison was done on equivalent E damage states
corresponding to different values of the lifetime fraction,
N/Nr. They concluded that the elastic modulus remained
insensitive to the strain rate for predamaged A-SMC com-
posites. The fatigue predamaged samples showed a
remaining monotonic mechanical potential always lower
than the virgin samples.

17,18

Moreover, polymeric composites are known to exhibit
strong time and temperature dependence."*-?*! For poly-
mers, it is known that Young's modulus and the maxi-
mum stress increase with the strain rate and decrease
with the temperature. For a glass fibers reinforced poly-
propylene based copolymer,®®! Fitoussi et al emphasized
a strong increase in all the mechanical properties (includ-
ing ultimate strain) with the strain rate. These authors
introduced the concept of visco-damage occurring at the
local scale due to both plastic deformation of the matrix
and the strain rate dependence of the fiber matrix interfa-
cial strength. For moderate to high-strain rates, Jendli
et all®*?" also emphasized this effect for a short fiber-
reinforced thermoset.

The work of Horst and Spoormaker'?#?°! on the dam-
age mechanisms of short glass fiber polyamide 6.6 in
quasi-static and fatigue allowed proposing a scenario of
damage in fatigue similar to that of Sato,l**3! mainly
based on the creation of a vacuum at the matrix fiber
interface. Since then, this scenario has been widely vali-
dated in the literature!®>3*! and has affirmed its indepen-
dence from many parameters, including the type of
loading and the temperature. For both researchers, the
difference between each loading would lead to the level
of the kinetics of the damage propagation.

A good understanding of the damage phenomenon at
the macroscopic and the microscopic scales is therefore
necessary to better size this type of structure and to pro-
pose criteria and models capable of predicting their
mechanical response. On the other hand, the biblio-
graphic research has not provided many studies con-
cerning the damage and plasticity evolution during the
fatigue of these type of materials. The investigation of the
monotonic and fatigue properties of these composites
including damage and plasticity evolution as well as cou-
pling, is the main objective of this study.

In this article, we propose an overall experimental
characterization of the mechanical properties of short
glass fibers reinforced polypropylene at different fiber ori-
entations (0°, 45°, and 90° vs injection molding direc-
tion). Due to the different application conditions,
monotonic tensile tests at different strain rates (0.0001,
0.04, and 0.25 s_l) and temperatures (—30°C, 23°C, and
80°C) are performed. Loading-unloading tests are per-
formed at room temperature at a quasi-static strain rate
(4107 s') to analyze the macroscopic damage
evaluation.

The progressive loss of stiffness and the macroscopic
residual strain increase are used to characterize damage
and apparent plasticity evolution. Tensile-tensile fatigue
tests are performed at frequencies of 1 and 10 Hz and a
stress ratio of R = 0.1. Damage analysis during fatigue is
proposed by mean of dynamic modulus, plastic strain,
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and self-heating evolution. Finally, the scanning elec-
tronic microscope (SEM) observation of fracture surfaces
at quasi-static and fatigue loading is performed to under-
stand the failure mode and the damage mechanisms
occurring for both loading conditions.

2 | MATERIAL AND
EXPERIMENTAL PROCEDURE
2.1 | Material description

The studied material is a 40% (weight content) short glass
fibers  reinforced  polypropylene  provided by
FLEXNGATE (PPGF40). The material is obtained by the
compounding polypropylene pellets and short glass

fibers. The material is then injected to obtain 400 * 320 *
3 mm?® rectangular plate.

2.2 | Microstructure characterization
methods
2.2.1 | Microscopic observations

Microscopic observations and image analysis, using
SEM (HITACHI 4800 SEM) are performed to qualita-
tively investigate the material microstructure, espe-
cially the fiber orientation. The SEM observation of
the fracture surfaces of the specimen after tensile and
fatigue tests are performed and a comparison of the
damage mechanisms and the fracture mode is then
proposed.

2.2.2 | Ultrasonic measurement

The ultrasonic wave propagation measurement is used
to characterize the orientation and spatial distribution
in a short glass reinforced composite plate. Indeed, sev-
eral authors®**3%! used an innovative ultrasonic immer-
sion method to characterize the fiber orientation of
short fiber-reinforced polymers. Here, the same charac-
terization method is used. The sample is placed
between two probes to create an ultrasonic wave prop-
agating in the material through the water. An angle of
45° is respected between the sample and the incident
ultrasonic wave in order to create shear waves propa-
gating in the plane defined by the incident ultrasonic
direction and the normal vector to the sample. The lat-
ter is then rotated from 0° to 360° by a step of 30°
around its normal vector. This rotation allows the
shear wave to propagate through different material

planes. Knowing the distance between the two probes,
the sample thickness and the time taken by the wave to
propagate, between the two probes, as well as the
velocity of the ultrasonic shear wave in the material
are then calculated. The variation in the ultrasonic
velocity allows a direct quantification of the amount of
fibers orientated in the different planes of propagation.
Indeed, the presence of fibers in a specific propagation
plane increases the ultrasonic velocity.

Experimental procedure

We start by immersing two identical probes in a tank
filled with water: a first transmitter marked (E.) and a
second receiver marked (R). The two probes are posi-
tioned opposite each other at a well-known distance (d).
The first step is to measure the speed of wave propaga-
tion in the liquid alone, using an oscilloscope, we deter-
mine the flight time T, and knowing the distance we
deduce the speed Vj: Figure 1

Vo=—. (1)

In a second step, we have on the ultrasonic path, the
element of our material by which we want to know the
main fiber orientation (Figure 2). This element is
arranged perpendicular to the ultrasonic wave. This gen-
erates longitudinal waves Vo, (compression wave) in the
material propagating in the thickness of the material.
Thickness “e” is usually determined using a micrometer.
We then measure the new flight time t. (still using an
oscilloscope).

The flight time t. is then equal to:

te= +—, (2)

where V. is the velocity of the longitudinal waves in the
sample. After doing the calculation, we get:

oL
E R
A
FIGURE 1 Principle of the ultrasonic method: determination

of the speed V|, [Color figure can be viewed at
wileyonlinelibrary.com]
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— = V()L. (3)

A third step in the ultrasound analysis is to rotate the
sample using the device illustrated in Figure 3-a by an
angle of incidence (i). This configuration makes it possi-
ble to generate transverse waves which will in turn prop-
agate at speed Vo through the thickness of the sample
in a direction (r) governed by the Snell-Descartes law
(Figure 3B)

sin(i) _ sin(r)

= . 4
Vo Vor )

On the oscilloscope we read the new flight time t.. By
taking into account the routes EA and BR, which are
made at speed V, and the course AB which takes place at
speed Vgr, and considering the Snell-Descartes law,
we get:

FIGURE 2 Principle of the ultrasonic method: determination
of speed Vg, [Color figure can be viewed at
wileyonlinelibrary.com]

ev
VOT = 2 . (5)
\/e2 +2eV,(t,—to)cos(i) + V2(t,—t,)*

The sample is then rotated from 0 to 360° by a step of
30° around its normal vector, the results are represented
in Figure 7B.

2.2.3 | DMTA-analysis

To measure the main transition temperature,
thermomechanical (DMTA) tests have been performed
using DMA Q800 instrument, from TA Company. The
tests are realized according to the following conditions:
dual cantilever configuration; temperature range from
—75°C to 125°C; frequency of 1 and 10 Hz; and tempera-
ture rate 2°C/min.

2.3 | Mechanical characterization
methods
2.3.1 | Monotonic tension behavior

Monotonic tensile tests until failure are performed
using a servo-hydraulic machine MTS 830 according to
the ISO 527 standard at crosshead speed variating from
2 to 1200 mm/min, which correspond to strain rates
ranging from 4.107* to 0.25 s™'. The temperature effect
is also studied by performing tensile test at a controlled
temperature of 85°C and — 30°C at 4.10™* s™'. In this
case, specimens are conditioned inside an oven for
30 minutes to get a uniform temperature all over the
specimen. A contactless image analysis technique
using a CANON camera with a frame rate of 50 images
per second allows the strain measurement by following

FIGURE 3 A, Sample holder used for ultrasonic characterization allowing control of angle of incidence (i) as well as direction of

propagation of the transverse waves. B, Principle of ultrasonic method: determination of speed of transverse waves [Color figure can be

viewed at wileyonlinelibrary.com|
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FIGURE 4 Loading-unloading tests procedure

the relative displacement of two marked points drawn
on the surface of the specimen before testing. The
video-obtained by the camera are treated with the soft-
ware ImajeJ and the strain measurement is then syn-
chronized with the data machine.

2.3.2 |
loading

Damage analysis in monotonic

To study the evolution of the macroscopic damage and
apparent plasticity at the quasi-static regime, loading-
unloading tests at different increasing maximum applied
stresses are performed at a crosshead speed of 2 mm/min
and at room temperature. For each test, the sample is
submitted to a total of eight to ten loading-unloading
cycles at a gradual increasing stress gap of about 10% of
the ultimate tensile stress (6,), as shown in Figure 4. The
residual strain at a zero stress gives an evaluation of the
residual macroscopic apparent plastic strain. Young's
modulus is evaluated by the slope of the curve at the
beginning of each cycle.

2.3.3 | Fatigue tests

Fatigue tests are performed at different applied maxi-
mum stresses (0pyax) on the MTS 830 servo-hydraulic
fatigue machine. A sinusoidal signal is applied under
stress-controlled mode, the constant amplitude and the
fixed loading ratio. To prevent the specimen from buck-
ling, the chosen stress ratio R is 0,1. The main study fre-
quency is 10 Hz; however, a second frequency of 1 Hz is
used in order to study the effect of velocity and self-
heating on the fatigue performance. The mechanical
behavior during fatigue of the three types of samples
tested (0°, 90°, and 45°) is investigated by means of stiff-
ness reduction, evolution of apparent plastic strain and

—20 2,
r \ o 50 V

QE 2

FIGURE 5 Specimen geometry

self-heating. The temperature of the specimen is
followed using a contactless infrared camera. The strain
measurement during fatigue is done using the displace-
ment data given by the machine coupled with a correc-
tion factor.

2.4 | Specimen for mechanical testing

To overcome the problems related to the machining pro-
cess, tensile specimens are obtained by a water jet cutting
technique from injected plates. Specimens are extracted
from the center of the plates and a globally uniform
microstructure. To study anisotropy, specimens were cut
along three directions: 0°, 90°, and at 45° regarding the
injection direction. Figure 5 shows the dumb-bell speci-
men geometry allowing uniform stress repartition along
the working area.

3 | RESULTS AND DISCUSSIONS

3.1 | Microstructure analysis

The microstructure obtained from the injection molding
process has been largely studied in the
literature.''>3°738! In fact, the shear flow is maximum at
the mold surface, making the fibers well oriented in the
flow direction. However, at the core, the shear flow is
negligible which makes them perpendicular to the flow
direction. Arif et al’®! used the X-ray microcomputed
tomography (pCT) technique on short fiber-reinforced
polyamide and distinguished four types of microstruc-
tures. First, the skin layer was oriented with random
fibers. Then the fibers in the shell layer were mainly ori-
ented in the injection direction. After that, a shell-core
transition layer was oriented with random fibers.
Finally, core layer with fibers oriented perpendicularly
to the injection direction. The SEM observations con-
firm the presence of this microstructure distribution for
our material. Figure 6 is a reconstitution of multiple
images taken with SEM along the thickness with a
200 times magnification. The typical skin-shell-core
microstructure of the injected material clearly appears.
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It can be noted that the shell layers represent about 66%
of the sample thickness.

The original ultrasonic method described in Sec-
tion 2.2.2 is used to analyze the spatial distribution of the
microstructure of the plate. Sixteen rectangular samples
are cut from the rectangular injected plate (Figure 7).
Figure 7A represents the locations of the samples in the
plate and Figure 7B depicts the corresponding polar dia-
grams of the shear wave velocity. The latter clearly
reveals a strongly orientated microstructure in the injec-
tion direction. Despite the simple geometry of the plate
small variations can be distinguished from one location
to another. Indeed, the main orientation of fibers is not
always found in the mold flow direction especially at
some edges of the studied area. For example, samples
5, 14, and 16 show a main orientation direction at 30°
from the injection direction. Another observation is that
the velocity of the shear ultrasonic wave drops by more
than 70% when passing from the main fiber orientation
to the transverse direction, this indicate a high-
anisotropic behavior of used material. Following these
results, we have decided to extract the mechanical test
specimens from the central zone of the plate in which the
microstructure is homogeneous and well oriented in the
mold flow direction. In the following, a 0° specimen
means that it has been cut in the mold flow direction.

FIGURE 6
shell. B, core. C,
microstructure, inducted by

Skin: A,

injection molding

PIMM 13.0kV 15 5mn

3.2 | Thermomechanical analysis

To study the effect of the temperature, DMTA tests are
performed using dual cantilever at a strain of 0.01% and
frequencies of 1 and 10 Hz. Figure 8 illustrates the evolu-
tion of the storage and loss modulus for the two frequen-
cies vs temperature.

In this figure, three different zones can be identi-
fied corresponding to the glassy state, glass transition
zone, and rubbery state. It is demonstrated also that
raising the frequency leads to increasing E’ and E”
without changing the transition temperature. Indeed,
it must be noted that evolution E” shows three peaks
corresponding to the three transitions Ty (at-30°C), T,
(at 10°C) and T, (at 70°C). Ty corresponds to the
movement of short molecular segments. For an amor-
phous polymer, Ty corresponds to the ductile-brittle
transition temperature. T,, which is generally related
to the glass transition temperature, is not affected by
the presence of fibers. For pure polypropylene (PP) T,
is around 10°C. T, which corresponds to the mobility
of chains near the surface of crystallites,[24] goes up
from 50°C for pure PP to nearly 70°C when introduc-
ing fibers. This is probably due to the stiffening of the
chain segments in this intermediate zone between the
amorphous phase and the crystalline phase and
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optionally the transcrystallization at the fiber matrix
interface.

3.2.1 | Effect of fiber orientation on
tensile properties

The tensile properties of PPGF40 composites are
described in Figure 9. Five specimens are tested for all
fiber directions, the main mechanical characteristics of
the material are reported in Table 1 by the means of their
averages and deviations. The strong anisotropy induced
by the injection molding process of the material is well
illustrated. Indeed, specimens loaded in the longitudinal
direction show higher mechanical properties than those
in transversal (almost 100% increase in Young's modulus
and ultimate stress) and 45° direction. However, trans-
verse and 45° specimens show more ductile properties
characterized by higher elongation at fracture.

It is interesting to note that for the three sample ori-
entations the stress-strain curves exhibit a nonlinear

Strain (%)

FIGURE 9 Tensile normalized stress-strain curves of
PPGF40 at room temperature for 0°, 45°, 90°directions and PP at a
crosshead speed of 2 mm/min corresponding to strain rate of
0.0004 s™'. PP, polypropylene

behavior caused by plasticity and damage. Note that an
elastic behavior rises when the fibers are misoriented vs
tensile direction. Indeed, in this case, matrix and fiber
matrix interfaces are more solicitated than in the case of
longitudinal-loading, for which a minimum nonlinear
behavior is observed.

3.2.2 | Temperature effect on tensile
properties

Tensile behavior of PPGF40 highly depends on tempera-
ture due to the relatively low-glass transition temperature
of the PP (about 5°C, see Figure 8).2*! Figure 10 illus-
trates the effect of high (4+85°C) and low temperature
(=30°C) on the tensile properties; it shows that at 85°C,
the material is still highly anisotropic, but Young's modu-
lus and the maximum stress drop for more than 50% in
comparison with the results at room temperature.
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However, ductility is improved by more than 350% even
for the longitudinal direction. At —30°C there is an
improvement of the maximum stress, but the change of
Young's modulus remains neglectable. This effect is prob-
ably due to the f transition of the matrix in a glassy state,
related to the molecular mobility of short chain
segments.

3.2.3 | Strain rate effect on tensile
properties

The materials under investigation show a strong strain
rate-dependent behavior.['®?>3°*2IThe study made by
Fitoussi et al'*!! demonstrated that mechanical character-
istics, in terms of damage and plastic strain threshold,
ultimate properties, were highly sensitive to the strain
rate. As the strain rate rose, Young's modulus would
increase by 50%. The “visco-damage” effect that they
introduced produce a delay of the first damage

phenomenon, a slower damage rate at high-strain rate
and a delay in the plastic strain threshold.

Even for a strain rate less than 1 s7%, a slight improve-
ment of Young's modulus and the maximum stress may
be observed. Indeed, Figure 11 shows an improvement of
20% at strain rate of 0.25 s™* for the three microstructures
in comparison with quasi-static loading performed at
4.10™* s'. At a higher strain rate, the improvement
should be much more important.ml In fact, the viscoelas-
tic behavior of the matrix impacts the composite
I.esponse‘[21,26,27,41]

3.2.4 | Macroscopic damage and
apparent plasticity evolution during
loading-unloading tests

Figure 12 illustrates both the loading-unloading response
and the monotonic stress-strain curves for the three con-
figurations 0°, 45°, and 90°. This figure demonstrates that
there is no significant gap between the monotonic and
the cyclic envelopes for all sample orientations. This con-

TABLE 1 Summary of mechanical properties of tested firms that there is no significant change in the behavior
configurations of PPGF40 by the loading-unloading test compared to
E(MP3) G (MP2) g (mm/mm)  (C1Sile loading. . o
Damage and residual strain (apparent plastic strain)
0 Avrg - 78833 84.85 0.02 evolution during loading-unloading quasi-static tests is
devi  277.8 1.58 0.001 analyzed in Figure 13. Three specimens are tested for
45° Avrg 5090 55.89 0.03 each configuration. For the three microstructures, the
devi 432 1.14 0.002 plasticity threshold is lower than the damage threshold.
90° Avig  4466.7 44.01 0.025 The.refore, the presencg of t\yo deformation stage.:s.can be
devi 1556 138 0.002 noticed: the first one. involving matrix a'n.elast1c1t.y and
the second one coupling damage to plasticity. Maximum
Pure PP Avrg 1045 31 0.39 .
. damage and plasticity are observed for the transverse
devi /e z e direction followed by the 45° direction and then the lon-
Abbreviation: PP, polypropylene. gitudinal direction, which exhibits the lower levels of
damage and plasticity.
° —=—-30°C
14]0 14]45° 1.4] 90° 230
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FIGURE 10 Tensile normalized stress-strain curves of PPGF40 at 23°C, —30°C, and 85°C for 0°, 45°, and 90° directions at crosshead

speed of 2 mm/(min 0.0004 s™)
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FIGURE 13
loading-unloading tests

Stiffness loss and plasticity evolution during

From Figure 13, the value of the plastic stain
reached at the threshold of damage: ¢.can be extracted
This value should be directly read in Figure 14 for each
orientation. Therefore, the difference between the total
plastic strain, ep and s},h, represents the increment of plas-
tic strain during the second stage involving both damage
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FIGURE 14 Stiffness loss as a function of plastic strain at
damage threshold

and plasticity. Thus, the coupling effect of damage and
plasticity should be emphasized by plotting the evolution
of the loss of stiffness, 1:% vs ep — el Figure 15 shows that
this evolution follows a unique curve for all the orienta-
tions. This means that there is an intrinsic relation



Number of cycle to failure Nr

FIGURE 15 S-N curves at frequencies of 10 and 1 Hz
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FIGURE 16 Evolution of normalized dynamical modulus, maximum plastic strain and temperature during fatigue

between the macroscopic loss of stiffness and the incre-
ment of plastic strain during the second stage involving
both damage and plasticity. As a consequence, it can be
concluded that for a given microstructure, knowing the
stiffness loss for applied loading leads directly to the
corresponding plastic strain, independently of the orien-
tation of fibers. This result should be useful for compo-
nent design.

3.3 | Fatigue behavior
3.3.1 | Effects of loading amplitudes and
frequency

Figure 15 represents the 10 Hz and 1 Hz S-N curves for
the three directions. In concordance with tensile results,
the longitudinal direction shows the fatigue strength
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twice higher than the transverse direction. It is interest-
ing to note that the fatigue life is slightly improved when
increasing the frequency from 1 to 10 Hz. The average
strain rate undergone during a 10 Hz fatigue test is about
0.25 s7L. As it was depicted in Figure 8, at this rate, the
material exhibits higher mechanical properties due to
matrix visco-plasticity and visco-damage. Therefore, the
plasticity and coupled damage plasticity stages empha-
sized in Figure 10 may be influenced in terms of thresh-
olds (delayed) and kinetics (lower). This can explain the
improvement of the fatigue strength. Moreover, Figure 16
illustrates the evolution of the stiffness loss, apparent
plastic strain and the temperature of the specimens dur-
ing fatigue. These results show that the longitudinal
direction presents the maximum temperature evolution
with self-heating of 10°C. This temperature is reached for
medium amplitudes. Indeed, lower and higher ampli-
tudes exhibit lower self-heating. It can also be noted that
a variation in the temperature from 22°C to 32°C due to
self-heating corresponds to a variation of the storage
modulus from 3725 to 3275 MPa (a variation of 12%), as
represented in Figure 8. Therefore, the strain rate effect
shown in Figure 11 together with possible higher defor-
mation possibility due to self-heating lead to a slight
improvement of the fatigue strength at 10 Hz.

3.3.2 | Macroscopic damage and
plasticity evolution

Figure 16 illustrates the evolutions of the normalized
dynamic modulus, the maximum plastic strain, and tem-
perature for the three studied orientations. Considering
continuum damage mechanics, the loss of dynamic stiff-
ness can be used as a damage indicator during fatigue.
For amplitudes higher than 0.85 S, (where S, is the ulti-
mate stress), the dynamic modulus decreases rapidly in a
linear logarithmic regime until fracture of the specimen.
For amplitudes between 0.85 S, and 0.60 S, the dynamic

Stiffness loss as function of plastic strain subtracted by plastic strain at the damage threshold during fatigue loading

High amplitudes
—— Medium amplitudes
—— Low amplitude
—— Monotonic

Ep- £
FIGURE 18 Schematic of damage plasticity coupling as

function of fatigue amplitudes [Color figure can be viewed at
wileyonlinelibrary.com]

modulus exhibits three decreasing regimes: a rapid one
during the first 1000 cycles, followed by a gradual one,
and finally a drastic decrease just before fracture. It is
noted that for amplitude below 0.6 S,, the specimen
exhibit a higher fatigue life up to 10° cycles. It is interest-
ing to notice that medium amplitudes exhibit the greatest
values of stiffness loss and plastic strain. For high ampli-
tudes, damage mechanisms and failure occur rapidly so
that stiffness loss, plastic strain, and self-heating cannot
evolve until reaching the maximum values.

As it is analyzed in Section 3.2.4 for quasi-static load-
ing, the coupling effect of damage and plasticity during
fatigue should be analyzed. First, it is obvious from
Figure 16 that after a first increment due to the first cycle,
plastic strain remains stable while stiffness decreases.
Thus, contrary to quasi-static loading where the first
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FIGURE 19 Fracture faces for tensile and fatigue tests

stage is described by plasticity without damage, for
fatigue loading, the first stage corresponds only to the
damage phenomenon. However, generally after
1000 cycles, plastic strain and damage increase together
rapidly during a second stage.

As in Figure 14, Figure 17 depicts the coupling effect
of damage and plasticity during the second stage of the
fatigue tests. Some general comments can be made:

« For the three orientations, it can be noticed that the
stiffness reduction vs plastic strain curves in fatigue
start like the monotonic curve, but they do not show

Fatigue

the same kinetics. In fact, the maximum damage and
plastic strain reached under fatigue are considerably
greater than those reached during monotonic tests
(up to x 2.5 for damage and x 2 for plastic strain). This
is probably due to the local plastic strain cumulated
around the fiber during cyclic loading, which behaves
as a barrier that prevents fiber matrix interface micro-
cracks from branching off into the matrix, so that dam-
age and plasticity can diffuse more largely through the
material.

However, this effect is limited when the fibers are ori-
ented in the loading direction (0°). Indeed, in this case,



matrix plasticity and fiber matrix interface damage are
reduced.

« Two stages are observed: The first stage is character-
ized by a strong damage kinetic, which means that to a
given plastic strain increment corresponds a sharp loss
of stiffness. The latter effect increases when increasing
the amplitude. Then, damage kinetics decreases pro-
gressively to level off around an average kinetic, which
appears to be quite independent of the orientation and
applied stress amplitude. However, for very high
amplitude, this stabilized second stage may disappear
because of early failure.

« The higher levels of damage and plastic strain are gen-
erally obtained for the lowest applied maximum stress.
Indeed, when applying high-stress amplitude, the plas-
tic strain barrier around the fibers may be crossed
more easily due to higher local stress concentration.
Consequently, the redistribution of the local stress and
strain may be limited, and microcrack coalescence
may occur earlier leading to precocious failure.

« For very low amplitudes, the coupling curves during
fatigue begin to follow the monotonic one; then dam-
age seems to saturate. This leads to a plasticity domi-
nant stage where the coupling curve remains almost
flat. Finally, a third-drastic damage stage occurs lead-
ing to the fracture of the specimen.

Figure 18 resumes the different stages of the damage

plasticity evolution for different applied stress
amplitudes.
3.4 | Fracture surfaces

Figure 19 illustrates the SEM fracture surfaces for tensile
and fatigue tests. For the three direction and for both
monotonic and fatigue loading, the creation of cavities or
microvoids can be observed around the fiber matrix inter-
face, indicating local plasticity before debonding. A lot of
studies have been interested in the creation of these cavi-
ties, we can, for example, cite those of Achour et all*?!
who reported a damage scenario starting with the crea-
tion of cavities and microcracks at the glass fiber ends.
The second stage of the damage is characterized by the
propagation of microcracks around the fiber; the coales-
cence of microcracks lead to a fast crack growth leading
to failure.

For fatigue loading, plastic deformation can be also
observed in the form of striations located around the
fibers. This confirms the above interpretation of a plastic
deformation barrier located around the fibers, which
allows avoiding microcracks propagation through the
matrix and leading to larger damage and deformation.

The SEM images reveal higher ductility for tensile tests.
In fact, under monotonic loading, the matrix just around
the fibers does not accumulate plastic deformation while
under fatigue, local cyclic loading can result in high-
plastic strain concentration around the fibers. This high
ductility observed for monotonic loading leads to more
fiber pullout in comparison with the fatigue loading. The
same remark was advanced in the works of Noda et al.13!

4 | CONCLUDING REMARKS

The overall mechanical properties of PPGF40 are studied
based on of monotonic, loading-unloading, and fatigue
tensile tests. The effects of the temperature and the strain
rate are illustrated. Fatigue tests are performed at two dif-
ferent frequencies and a slight improvement of the fatigue
strength is observed at 10 Hz. The dynamic modulus,
the plastic strain and the self-heating evolution are used
to analyze the evolution of the macroscopic properties
of the composite during fatigue. Under fatigue loading,
the fatigue stiffness reduction vs plastic strain incre-
ment curves always starts as the monotonic curve, but
they do not show the same kinetics. Indeed, a sharp
increase in damage and plasticity is emphasized for
cyclic loading. A comparison between monotonic and
fatigue fracture surfaces obtained by SEM observations
provides an interpretation of the specific coupling effect
between damage and plasticity occurring at the local
scale during cyclic loading at its effect on the macro-
scopic properties of the composite.
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