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Abstract

The purpose of this article is to investigate the effect of an initial pre-damage induced by a
fatigue loading on the tensile dynamic behavior of Advanced Sheet Molding Compounds (A-
SMC). Tension-tension fatigue preloading at a frequency of 30 Hz is performed at various
applied stress levels prior to subject the A-SMC specimens to tensile tests at different strain
rates, namely: 1073 s7! (quasi-static), 1 s7! and 60 s7!. The developed experimental approach
provided significant findings in terms of residual behavior and damage accumulation in
relation to the applied pre-fatigue loading conditions. Indeed, it has been shown that the
overall quasi-static and the dynamic responses are strongly affected by the level of fatigue
number of cycles reached prior to applying the high strain loading. The effect of fatigue pre-
damage is found also strongly strain-rate dependent. Experimental results showed that the
damage threshold in terms of stress and strain increased with strain rate. However, for a given
strain-rate the damage stress threshold depends on the number of cycles applied during the
fatigue preloading.
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1 Introduction

In order to protect automobile passengers from injury during a crash, car crash experiments
should be performed to simulate the actual accident [1-5]. To obey this matter an optimum
combination of body structure with material and also an exact evaluation of fatigue behavior
and dynamic response of the constitutive material is highly required [4, 5]. In fact, one can note
that basically, the automotive component is not always at an undamaged state. Indeed, in many
applications, especially the automotive structural components, constitutive materials are sub-
jected to vibration or oscillation forces [6-9] inducing a fatigue pre-damage accumulation prior
to undergo the service loading. Thus, for a precise prediction of the dynamic response and the
related energy absorption, the study of the material behavior exhibiting a fatigue pre-damage
by performing fatigue tests prior high strain rate loading is of high importance.

An understanding of fatigue behavior is important for any material that experiences
repeated loading during service [6—9]. Fatigue response of composites is usually characterized
by an S-N curve, also known as a Wohler curve [5, 6]. It can be presented as a curve giving the
value of cyclic stress amplitude, 0y, versus the number of cycles to failure, N. Fiber
orientations, applied stresses, temperature, frequency, and self-heating effects are main param-
eters to reliably estimate the cyclic behavior of the materials [10—-12]. Many authors [7] have
indicated that augmentation of the fatigue stress, oy, leads to a stiffness reduction rate and
shorter fatigue life. The undamaged material constitution is defined in terms of the material
elastic modulus, mass density, and yield stress.

The classical approach to characterize the crash events is by using high strain rate tensile
tests. Mechanical response of materials is sensitive to the rate at which they are loaded.
[13—-18]. Therefore, for the effective use of materials, their response under various strain rates
should be clearly understood.

The question asked in this paper can be formulated as follows: What is the effect of fatigue
stress on the residual dynamic behavior of A-SMC material? Answering this question requires
defining the scale of the analysis to be proposed. Indeed, one can be interested in this coupling
at different scales: macroscopic, microscopic or even nanometric scales. From the macroscopic
point of view, we must consider the evolution of the post-fatigue dynamic response, which
would allow us to equip ourselves with more representative behavioral laws for the crash
dimensioning of real automotive structures. Indeed, the automotive structures are hitherto
always dimensioned on the basis of mechanical characterizations made on materials which
have not undergone any stress. However, most automobile structures are subjected to stresses
of fatigue type before they undergo a crash. On a finer scale - local phenomena of deformation
and damage are at the origin of the macroscopic responses. Are there specific phenomena
during fatigue which would modify the response under a rapid solicitation? For example, in the
case of thermoplastic matrix composite materials, it has been shown that repeated stresses may
produce a progressive accumulation of plastic deformation and/or specific damage phenomena
at the interfaces/interphase fiber-matrix. Finally, on an even finer scale, one can also ask the
question of the effect of modifications of the macromolecular architecture in the fatigue test.

One can note that mechanical behavior during subsequent loading appears to be only
slightly affected by the type of initial loading mode. Two sequences of tension/fatigue and
fatigue/tension tests were performed on copper poly-crystal sheet by Jia et al. [19]. The strain
rate for the tension tests was in the domain of quasi-static tensile tests, while the fatigue tests
were performed under constant plastic strain amplitude control. In the case of fatigue/tension, it
was found that the fatigue stage had a significant influence on the subsequent yield and flow



behavior in tension. For tension/fatigue, the strain amount of preloading in quasi-static tensile
test clearly affected the initial cyclic loading, while it had almost no effect on the saturation
stress of following fatigue test.

An impact fatigue study on 35% jute/vinyl-ester composites [20] showed that the defect
concentration played an important role in the fatigue behavior of the composites under impact
loading.

Epaarachchi [21] investigated the effects of static-fatigue interaction on tension-tension
fatigue life of glass fiber reinforced plastic (GFRP) composites. Static-fatigue interaction
results showed a considerable effect on fatigue behavior at intermediate and lower applied
stress due to longer exposure to applied loads.

What is the impact of these different types of evolution on the residual behavior under rapid
solicitation? It is clear that this theme could be the subject of several years of research. In this
work, we will only propose a comparison of the post-fatigue dynamic properties with that of
the same virgin material. As mentioned above, this comparison is necessary in order to ensure
a realistic dimensioning.

SMCs and A-SMCs are high strength glass reinforced thermoset molding materials proc-
essed by thermo-compression [22, 23], which are ideal for large structural automotive com-
ponents because of their high strength-to-weight ratio [13]. Vinyl-esters resins used for new
Advanced SMCs (A-SMC) exhibit many desirable features, including mechanical properties
comparable to those of epoxy. It was reported that fiber-matrix interface debonding, matrix
microcracking, fiber pull-out and breakage, delamination and pseudo-delamination were some
of the main damage mechanisms observed under fatigue tests for SMC composites. Tensile
curves obtained for A-SMC samples showed clearly that the overall behavior is highly load-
rate dependent. Indeed, under rapid tensile load, A-SMC composites exhibit typically a non-
linear response. Measuring Young’s modulus and material mechanical characteristics such as
damage thresholds corresponding to the first non-linearity (Oyneshold; Ethreshold) @nd ultimate
stress and strain (Oyjgmate; Eulimate) @S @ function of strain rate have been developed for glass
fiber reinforced composites, especially A-SMC composites [13—18].

So far no sequential loading study, which is highly related to technical applications, has
been performed on SMC composites with fatigue as one of the loading modes and high strain
rate as the second loading mode. This test is very remarkable to determine the mechanical
characterization of the Advanced SMC (A-SMC).

Randomly Oriented A-SMC (RO-A-SMC) plates have been provided by Plastic Omnium
Auto Exterior. In this paper, an experimental procedure is carried out to investigate the effect of
strain rate on the overall behavior of pre-damage RO-A-SMC under fatigue tests. In the
coupled loading of fatigue crash, the fatigue procedures with quasi-static and high loading
amplitudes perform until defined cycles before failure of samples at the frequency of 30 Hz.
One can note that this value of frequency is equal to vehicle vibration during usage. After the
fatigue stage, the damaged composite is subjected to quasi-static and high strain rate tensile test
to simulate crash events.

After a microstructure presentation of A-SMC composite, the fatigue procedures in certain
amplitudes and until defined cycles without failure of samples were presented in the prelim-
inary characterization. All cyclic tests were performed at the frequency equal to 30 Hz. After
performing the fatigue tests until certain cycles, the tensile tests by varying the staining rate
from the quasi-static to 60 s™! were applied. The results of material characteristics, namely
Young’s modulus (E); damage thresholds corresponding to the first non-linearity (Oreshold;
Ethreshold) and ultimate stress and strain (Oyimate; Eultimate) Were discussed.



2 Material Description and Methods
2.1 Advanced Sheet Molding Compound (A-SMC) Composite

Advanced Sheet Molding Compound (A-SMC) composite consists of a vinyl-ester matrix with
a high content of glass fibers (50% in mass corresponding to 38.5% in volume, 25 mm length).
A-SMC as a thermoset material is a serious candidate for structural parts in the automotive
industry. The process of manufacturing has been discussed in a previous paper [13]. The low
process time is mandatory in the automotive industry due to the high production rhythm. The
composition of A-SMC is shown in Table 1. In this study, Randomly Oriented (RO) plates of
A-SMC composite have been provided by Plastic Omnium Auto Exterior.

2.2 Methods
2.2.1 Characterization Methods

X-Ray Micro-Tomography It allowed a three-dimensional visualization of A-SMC. EasyTom
nano setup, which comprises an X-Ray source, a rotating table, and an X-ray detector, was
used. The studied sample (1 x 1 x 3 ¢cm?) was placed between the X-ray beam and the camera
detector. The principle of operation of the microstructure analysis by X-ray micro-tomography
is widely described in [24].

Thermo-Mechanical Properties In order to measure the main transitions temperatures due to
molecular mobility as a function of temperature, DMTA tests have been performed on RO-A-
SMC samples at room temperature using DMA Q800 instrument, from TA Company. The
tests have been realized at the following condition: alternating bending configuration; temper-
ature range from —100 °C to 250 °C; frequency 1 Hz; temperature rate 2 °C/min.

2.2.2 Fatigue Tests

Tension-tension fatigue tests have been performed at the different applied maximum stress on
MTS 830 hydraulic fatigue machine. The minimum applied stress is always chosen to be equal
to 10% of the maximum applied stress. In this paper, the results of experiments performed at
the frequency of 30 Hz are presented. In order to measure precisely the stiffness reduction due
to the first loading stage, each fatigue test is preceded by a quasi-static tensile loading-
unloading-reloading stage.

Table 1 A-SMC composition

Product nature Composition (content in mass percent)
Glass fibers 50%
Vinyl-ester resin 24%
Filler 24%

Other products 2%




During cyclic loading, the temperature rise (due to self-heating) has been measured using
an infrared camera (Raynger-MX4) in the specific area (maximum temperature). The evolution
of Young’s modulus is also determined.

2.2.3 Tensile Tests

Quasi-Static Tensile Tests Quasi-static tensile tests by the velocity of 2 mm/min have been
performed with MTS 830 hydraulic machine.

High-Speed Tensile Tests High-speed tensile tests have been performed upon a servo-
hydraulic test machine. As specified by the manufacturer (Schenk Hydropuls VHS 5020),
the test machine can reach a crosshead speed range from 1074 m/s (quasi-static) to 20 m/s.
Moreover, the load level is measured by a piezoelectric crystal load cell having a capacity of a
50 kN. High-strain rate tensile tests were conducted at different strain-rates until the composite
specimen total failure. The test machine is equipped with a launching system. The specimen is
positioned between the load cell (upper extremity) and the moving device (lower extremity) as
sketched in Fig. 1. A contactless technique [13] was used to measure the local deformation
using high speed camera (FASTCAM-APX RS).

VM/W
Load cell

Composite specimen

Fixing system

Sliding bar

N

AN

Hydraulic jack

135 mm

Damping joint (nitrile)

Displacement direction

Fig. 1 Experimental device used for high-speed tensile tests



2.2.4 Specimen Geometry

In a previous study [13], on the basis of FE simulations and assuming that the specimen
behaves like an elastic anisotropic solid, a recursive optimization procedure results in the
determination of optimal geometrical parameters for high speed tensile tests: L, L,, L3 and R
(Fig. 2). These parameters are optimized in such a way of reducing the stress wave effects in
the overall response and of generating homogeneous stress/strain field during high strain rate
tensile tests. The experimental coupled loading of fatigue crash was performed on the same
geometry of the sample.

3 Experimental Results and Discussion
3.1 Microscopic Characterization

For three-dimensional visualization of A-SMC composite (Fig. 3), X-ray tomography
technique was used. Actually, it can be observed not only microstructures of the skin,
but also those of the shell and core. Indeed, fibers are initially randomly oriented
before compression molding. The complete characterizations of A-SMC composite
provided by Plastic Omnium Auto Exterior have been presented in the previous paper
[13].

3.2 Thermo-Mechanical Properties

In order to measure the main transitions temperatures due to molecular mobility as a function
of temperature, DMTA tests have been performed on RO-A-SMC samples as described in
paragraph 2.2.1. Figure 4 shows the typical evolution of the storage modulus and the loss
modulus versus temperature.

A-SMCs present a glass transition lying between 60 and 200 °C. It can be assumed that this
transition temperature is about 130 °C. Moreover, it can be assumed that the temperature range
from 25 °C to 75 °C corresponds to the [3-transition related in amorphous polymers to a
ductile-brittle transition. In this zone, sufficient thermal agitation allows the activation of the
movement of the radicals located at the periphery of the carbon chain. This transition can be
considered as centered around 45 °C.
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Fig. 2 Obtained specimen dimension from optimization procedure results



Fig. 3 Three-dimensional
visualization of A-SMC composite

3.3 Fatigue Behavior Analysis
3.3.1 Wohler Curve and Self-Heating Phenomenon

Figure 5(a) depicts the Wohler curve of RO-A-SMC samples at the frequency of 30 Hz. This
figure demonstrates a linear logarithmic for the loading amplitudes varying from 0.45 o, to
0.62 0. One can observe that the Wohler curve starts deviating for the lowest loading
amplitudes. A variation of the applied stress from 0.45 o, to 0.38 o, (variation of 15%) leads
to 20 times higher fatigue lifetime (resp. 10° cycles and 2 x 10° cycles).

Figure 5(b) illustrates the variation of temperature during fatigue tests at different ampli-
tudes (f=30 Hz). One can observe no significant temperature change before 200 cycles. For
fatigue tests performed at 0.62 o, the temperature increases rapidly from room temperature to
60 °C up to 2000 cycles while temperature variation does not exceed 10 °C for fatigue tests of
0.38 0. One can note that the self-heating phenomenon depends directly on the viscoelastic
behavior of the polymer. Increasing applied loading amplitude leads to more self-heating and
matrix viscosity decreases [13, 25-26-27]. Therefore, fatigue conditions with applied stresses
0f 0.38 o, 0.45 o, and 0.55 o, were chosen until a defined number of cycles before failure of
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Fig. 4 DMTA test performed on RO-A-SMC
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samples at the frequency of 30 Hz. One can note that these fatigue conditions can have a
significant effect on temperature rise which reaches the (-transition domain. In para-
graph 3.4.1., this aspect is addressed in the analysis of the fatigue loss of stiffness.

3.4 Analysis Methodology of Fatigue Damage Effect on Residual Dynamic Behavior

In order to demonstrate the specific effect of fatigue on the residual dynamic behavior of A-
SMC composites, we need to define a reference state to which post-fatigue dynamic behavior
should be compared. Since it has been demonstrated that damage is the main non-linear
deformation mode in A-SMC composites, it is possible to define the residual stiffness, E, as an
indicator of damage. Therefore, one can choose the stiffness of the non-damaged material, Ey,
as a reference value.

3.4.1 Phenomenological Basic Considerations about Damage

For an elastic damageable material such as A-SMC, one can consider the phenomenological
point of view by analyzing the evolution of the relative stiffness, E/E,. Since this parameter
evolves for all types of loadings (fatigue, quasi-static and dynamic monotonic), it can be
chosen as a damage indicator.

Consider a quasi-static loading-unloading test with the progressive increase of the maxi-
mum stress (Fig. 6). The envelope of the whole stress-strain curve should follow that of the
monotonic tensile curve obtained under the same strain rate condition. Consider that the first
loading-unloading stage is applied until a maximum value oy, higher than the damage
threshold, 0. At the end of the loading stage, a population of micro-cracks is created at the
local scale defining a damaged state which is related to a certain reduction of Young’s
modulus, E/Ey. We consider that unloading stages do not modify the local damage state.
During the second loading stage (first reloading until 0,), a new value of the apparent
threshold stress (non-linearity) will be observed close to o} (see Fig. 6). Thus, for a given
strain rate, the non-linearity threshold will always approach a value close to the maximum
stress previously reached. Moreover, failure should occur during the last reloading stage when
reaching the ultimate stress observed for the monotonic tensile test until failure (Fig. 6). This
basic analysis of damage behavior shows that a given damage state can be determined by two
parameters: the residual stiffness and the associated damage threshold stress.
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Fig. 6 Evolution of the apparent damage threshold during a tensile test

3.4.2 Definition of a Reference Damage Threshold-Strain Rate Curve for a Given Damage
State

Let us now consider tensile curves at different strain rates as well as a given damaged state of
the material characterized by a modulus E lower than the modulus of the virgin material E,
(Fig. 7a). For each value of strain rate, this specific damage state is associated with a specific
value of the damage threshold (as discussed above). Therefore, the evolution of the damage
threshold can be plotted as a function of the strain rate by construction as in Fig. 7. This
evolution can be considered to be a reference curve for the considered damage state (defined

It is, therefore, possible to define a reference curve per state of considered damage state
describing the evolution of the threshold stress as a function of the strain rate.

3.4.3 Definition of a Deviation Parameter
Moreover, each considered macroscopic damage state (defined by E or E/Ej) can also be

reached by an interrupted fatigue loading (Figs. 8). Consider several specimens submitted to
fatigue loading until the considered damaged state E/E,) is reached. These equivalent damaged
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Fig. 7 Evolution of the apparent damage threshold as a function of the strain ratefor a given damage state
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specimens can also be submitted to tensile tests performed at different strain rates. Thus,
damage thresholds values can be plotted as a function of strain rate (first non-linearity).
Therefore, a post-fatigue damage threshold-strain rate curve can be defined for the considered
damaged state E/Ej). The methodology proposed in this study consists in comparing the
obtained post-fatigue curve to a reference curve established using virgin specimens (i.e. not
submitted to cyclic loading) obtained for the same damaged state E/Ey) as described in
paragraph 3.4.2. This comparison should emphasize the effect of fatigue loading on the
residual dynamic behavior. These iso-damage-strain rate evolution curves obtained from
post-fatigue dynamic tests can be established on different E/E, damage states corresponding
to different values of the lifetime fraction, N/N,. The remaining mechanical potential of a
fatigue pre-damaged sample is then compared to the virgin monotonic tension response
obtained at different strain rates.

For a given damaged state, the gap observed between the post-fatigue and the virgin
monotonic tensile damage threshold stresses will be attributed to specific phenomena devel-
oped in fatigue. The deviation observed on the damage threshold may be calculated for
different conditions (Amplitude, N/N, (or E/Ey), ¢) by the following expression:

reference _ post—fatigue
5 _ O-threshold O-threshold (1)
Othreshold — reference
threshold

This parameter emphasizes the effect of the type of applied loading on the local structural state
in spite of equivalent macroscopic damage states (E). Indeed, at the local scale, repeated



loading may locally modify the strength of the different phases and leads to the significant
evolution of the macroscopic mechanical response. Therefore, residual macroscopic stiffness
may be not enough representative of the damage state. Indirectly, the practical issue that is
springing out of this approach concerns the local effect of fatigue loading on the remaining
potential at different loading strain rates.

3.4.4 Experimental Campaign

The selected variability parameters will be the fatigue lifetime fraction N/N; which is directly
related to the fatigue damage state characterized by the progressive decrease of the relative
stiffness E/E, (Fig. 8). In fatigue the second parameter is the applied amplitude. Three values
of applied stress were defined: 0.38 o, 0.45 o, and 0.55 o, (0,: ultimate stress obtained for
quasi-static tensile tests defined as a reference). The fatigue tests were interrupted at different
values of the lifetime fraction, N/N,, i.e. around 3%, 15%, 35% and 50% according to Table 2.

The correct repeatability of the interrupted fatigue tests is checked on the curves of decrease
of relative stiffness (Fig. 8).

Following the interruption of the fatigue test (Fig. 8), monotonic tensile tests are carried out
for three strain rates: 103 s7!, 1 s7! and, 60 s™!. Table 2 summarizes the whole experimental
campaign. For each of the test conditions of this procedure (Amplitude, N/N; (or E/Ey), ¢), the
tests were repeated four times. All the tests were carried out on the optimized sample geometry
(Fig. 2) in order to ensure a good quality of the dynamic tests [3].

3.4.5 Thermal and Damage Effects

A previous study has emphasized the influence of amplitude and frequency on self-heating
phenomenon developed by A-SMC composites during fatigue [25]. In order to reproduce the
real conditions of use in automobile structures, fatigue tests were carried out at a frequency of
30 Hz. At this frequency, the effect of self-heating should not be neglected. In Fig. 9, the
changes in the temperature increase measured during the fatigue tests were reported for applied
stresses of 0.38 o,, 0.45 o, and 0.55 o,

A temperature which can exceed 50 °C is noted. However, DMTA analysis (Fig. 4) shows a
significant modulus variation in this temperature range. It should be noticed that the applied
strain amplitude in the DMTA test is extremely low and are not sufficient to produce self-
heating. Therefore, part of the observed decrease in stiffness measured in Fig. 8 is linked to the

Table 2 Loading parameters in trials for the study of coupling fatigue-dynamic

Fatigue test Tensile test

Applied stress Defined cycles N/N; (%) Strain rate

0.38 o, 100,000 3 quasi-static 1s7! 60 s7!
500,000 15
1,000,000 35

0.45 o, 15,000 15 quasi-static 1s7! 60 s7!
40,000 35
60,000 50

0.55 o, 1000 15 quasi-static 1s! 60 s7!

2500 35
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self-heating phenomenon. Our approach is based on the analysis of the stiffness decrease due
to damage, thus we must extract the evolution of the relative modulus due to the temperature
increase in the range from 25 °C to 75 °C which corresponds to the zone of the transition 3
(around 45 °C). To this aim, Figs. 4 and 9 should be used in order to extract the loss of stiffness
due to thermal part induced by the self-heating, (E/E0)r by considering the following relation:

no(e) (®), ®

Where (ET’>D corresponds to the stiffness decrease due to damage only. This treatment is

illustrated in the case of the amplitudes of 0.38 o, 0.45 o, and 0.55 o, on the curves of Fig. 10.
It should be noted that for this frequency, the thermal part remains relatively limited except for
the amplitude of 0.55 o,

Therefore, all the following analysis exclusively considers the stiffness reduction due to
damage.

3.5 Post-Fatigue Dynamic Tensile Behavior

Tensile tests at different strain rates (from QS to 60 s™!') were performed on several
pre-damaged RO-A-SMC samples. Three applied amplitudes values were chosen:
0.38 o0y, 0.45 o0, and, 0.55 o,, according to the protocol presented in Table 2. Post-
fatigue stress-strain curves (o-¢) at different applied strain rates are plotted in Fig. 11
for different applied strain rates and fatigue lifetime fraction values (N/N,). In this
example, applied fatigue amplitudes were of 0.38 o, Independently of the applied
strain rate, one can observe that the residual Young’s modulus decreases when the
applied lifetime fraction increases. The normalized stress (respectively strain) corre-
sponds to the ratio between the measured stress (respectively strain) and the ultimate
stress (respectively strain) obtained for a quasi-static tensile test chosen as a
reference.
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3.6 Strain Rate Effect on Fatigue Pre-Damaged A-SMC
3.6.1 Residual Stiffness

In a previous study [3], it has been shown that the strain rate effect on A-SMC elastic behavior
is negligible. Therefore, in order to get good precision on the post-fatigue damage state prior to
all dynamic tensile stage, the elastic modulus (initial slopes of the stress-strain curves) was
measured by quasi-static tensile test until 50% of the maximum applied stress during the
fatigue stage. Figure 12 shows the evolution of E/E for pre-damaged A-SMC obtained from
the dynamic tensile test as a function of strain rate for different fatigue loading conditions and
lifetime fractions. As expected, the residual Young’s modulus decreases when increasing the
applied fatigue lifetime fraction. However, even after the fatigue tests, the strain rate effect
remains negligible similarly to the virgin material. One can observe that the stiffness variation
with the applied fatigue lifetime is of the same magnitude for all the applied fatigue amplitude.
Therefore, one can conclude that the local repeated deformations during fatigue tests do not
affect the macroscopic stiffness.

3.6.2 Threshold and Ultimate Characteristics

Post-fatigue material characteristics, namely damage thresholds corresponding to the first non-
linearity (Onreshold; Ethreshold) @and ultimate stress and strain (Oyjimate; Eultimate)> are plotted as a
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Fig. 11 Experimental tensile curves obtained at variable strain rate on specimens submitted to fatigue applied
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function of strain rate in Fig. 13. Normalized characteristic is defined to be the ratio between the
considered characteristic under post-fatigue tensile loading and ultimate quasi-static character-
istic. Indeed, the quasi-static tensile response was defined as a reference. Note that the ultimate
characteristics correspond to the maximum stress (or strain) level (before delamination when it
occurs, see [3] for more description). The non-linear overall response of both non-damaged and
fatigue pre-damage A-SMCs composites are drastically influenced by the strain rate.

One can note the particularly high strain rate dependence of the damage threshold inde-
pendently of the loading conditions. More than 100% variation of the threshold stress and
strain can be observed.

One can notice that for all tests, no significant strain rate effect is noticed on the ultimate
Strain.

3.7 Analysis
3.7.1 Evolution of the Relative Ultimate Properties

As mentioned, based on the curves of Fig. 11, it is observed that the fatigue pre-damaged
samples present a remaining monotonic mechanical potential always lower than the virgin
samples. For example, the results are shown in Fig. 13(c) shows a decrease of the residual
ultimate stress of about 50% relative to the virgin samples which this decrease is independent
of the strain rate. Indeed, the curves remain parallel and their level is the only function of the
lifetime fraction (or in other words of the reached damage level).
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Therefore, we can plot the evolution of the relative ultimate stress defined by the ratio: gr,
Qs

where 04 is the average ultimate stress under quasi-static loading and o' (¢) is the ultimate
stress for an applied strain rate . Then Fig. 13(c) is converted to Fig. 14 which indicates a
single evolution as a function of the strain rate not depending on the cyclic loading amplitude
and the imposed fatigue damage state (represented here by the lifetime fraction). Consequently,
one can conclude that the damage level reached by fatigue do not impact significantly the
strain rate sensitivity. In other words, the local phenomena which lead to failure under dynamic
loading are not affected by local microscopic modifications induced by cyclic loading.

3.7.2 Analysis of the Threshold Deviation Parameter Evolutions

As it was presented in paragraph 3.4.3, one can study the effect of a fatigue pre-damage on the
residual dynamic properties by comparison to that obtained on a reference equivalent damaged
state generated by monotonic loading. As it is described in Table 2, several interrupted fatigue
tests have been performed in order to generate different levels of fatigue damage. Contrary to
Table 2, here, the latter is characterized by the macroscopic damage parameter D classically
defined by D=1 - E/E, [26].

Therefore, for each reached value of D, the evolution of the threshold stress versus strain
rate can be determined experimentally. The deviation parameter defined in eq. (9) can then be
calculated and plotted as a function of the cyclic pre-damage D and the strain rate e(see
Fig. 15).
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It was stated that the origin of the observed gap between post-fatigue curves and those of
post-monotonic ones is attributed to specific phenomena developed in fatigue at the local scale.
The quasi-static response of specimens submitted to a pre-damage by fatigue can be
considered as equivalent to those of specimens pre-damaged by monotonic loading. Indeed,
for quasi-static loading, the deviation parameter is always negligible. On the other hand, at
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Fig. 14 Relative value of the ultimate stress for different values of the imposed amplitudes and the lifetime
fractions
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higher strain rates, the deviation parameter increases when the fatigue pre-damage level
increases. This suggests that local repeated deformations lead to the embrittlement of the
fiber-matrix interfaces, especially at high strain rate. Indeed, one can also notice that when the
degree of damage applied under fatigue conditions increases, sensitivity to strain rate increases
(see Fig. 15). Therefore, one can conclude that the fiber-matrix interface weakening is more
marked when applying cyclic mechanical conditions. Moreover, this effect is enhanced for
increasing strain rates.

4 Conclusion

The methodology proposed in this paper consists in comparing the iso-damage evolution
curves (modulus E) obtained from post-fatigue dynamic tests to those which can be obtained in
monotonic dynamic traction. The comparison has been made on successive equivalent E
damage states corresponding to different values of the lifetime fraction, N/N,. The remaining
potential of a pre-damaged sample is then compared with the pre-damaged monotonic tension
at different strain rates. The differences observed between the post-fatigue and the monotonic
tensile evolutions will be attributed to the specific phenomena developed in fatigue. Tensile
results of pre-damaged A-SMCs showed the elastic modulus remains insensitive to strain rate.
The fatigue pre-damaged samples presented a remaining monotonic mechanical potential
always lower than the virgin samples. This decrease is independent of the strain rate. Indeed,
the curves remain parallel and their level is the only function of the lifetime fraction (or in other
words of the reached damage level). The quasi-static response of specimens submitted to a pre-
damage by fatigue can be considered as equivalent to those of specimens pre-damaged by
monotonic loading. Indeed, for quasi-static loading, the deviation parameter was always
negligible. On the other hand, at higher strain rates, the deviation parameter increases when
the fatigue pre-damage level increases. This suggests that local repeated deformations lead to
the embrittlement of the fiber-matrix interfaces, especially at high strain rate. Indeed, one can
also notice that when the degree of damage applied under fatigue conditions increases,



sensitivity to strain rate increases. Therefore, one can conclude that the fiber-matrix interface
weakening is more marked when applying cyclic mechanical conditions. Moreover, this effect
is enhanced for increasing strain rates.
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