N

N

Mechanical characterization of anisotropy on a carbon
fiber sheet molding compound composite under
quasi-static and fatigue loading
Clément Nony-Davadie, Laurent Peltier, Yves Chemisky, Benjamin Surowiec,
Fodil Meraghni

» To cite this version:

Clément Nony-Davadie, Laurent Peltier, Yves Chemisky, Benjamin Surowiec, Fodil Meraghni. Me-
chanical characterization of anisotropy on a carbon fiber sheet molding compound composite un-
der quasi-static and fatigue loading. Journal of Composite Materials, 2019, 53 (11), pp.1437-1457.
10.1177/0021998318804612 . hal-03225303

HAL Id: hal-03225303
https://hal.science/hal-03225303

Submitted on 12 May 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03225303
https://hal.archives-ouvertes.fr

Avrchive Ouverte - Open Repository

Science Arts & Métiers (SAM)

is an open access repository that collects the work of Arts et Métiers ParisTech
researchers and makes it freely available over the web where possible.

This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/null

To cite this version :

C NONY-DAVADIE, L PELTIER, Y CHEMISKY, B SUROWIEC, F MERAGHNI - Mechanical
characterization of anisotropy on a carbon fiber sheet molding compound composite under quasi-
static and fatigue loading - Journal of Composite Materials p.in press - 2018

Any correspondence concerning this service should be sent to the repository y A .
i - y 4 Gt
Administrator : archiveouverte@ensam.eu Parisech



https://sam.ensam.eu
https://sam.ensam.eu
http://hdl.handle.net/null
mailto:archiveouverte@ensam.eu
https://artsetmetiers.fr/

Mechanical characterization of
anisotropy on a carbon fiber sheet
molding compound composite

under quasi-static and fatigue loading

C Nony-Davadie', L Peltier', Y Chemisky', B Surowiec?
and F Meraghni'

Abstract

The paper presents an experimental analysis of the anisotropic effects of the structural advanced carbon fiber sheet
molding compound composites (AC-SMCs) subjected to quasi-static and fatigue loading. Two configurations of AC-SMC
composites (randomly oriented and highly oriented) considering three different orientations (0°, 45°, 90°) with respect
to the material thermo-compression flow direction are investigated under quasi-static and fatigue tensile loading. The
effects of fibers orientation induced by the thermo-compression process are analyzed in terms of ultimate strength,
elastic modulus, and macroscopic damage corresponding to the stiffness reduction, and related to the quasi-static and
fatigue behavior. For both loading conditions, the macroscopic damage of AC-SMC randomly oriented exhibits a two-
stage evolution without any damage saturation prior to the samples’ failure. In addition, the difference between the highly
oriented and randomly oriented configurations is pronounced especially for the 45° and 90° orientations. Post-mortem
X-ray radiography and SEM observations show that damage mechanisms such as microcracks appear between and inside
bundles, and their occurrence depends on the sample orientation. Experimental findings are compared with those of an
equivalent advanced glass fiber reinforced sheet molding compounds composite. The degree of anisotropy is more
pronounced for AC-SMC. Indeed, the dependency of the behavior during the manufacturing process induces orientation.
Furthermore, the damage evolutions of the two types of SMCs have displayed different kinetics, especially for the
saturation stage which is not observed for the AC-SMC composite.

Keywords
Carbon sheet molding compound composite, short bundles reinforcement, damage mechanisms, anisotropy, microstruc-
tures, mechanical testing, fatigue

when the developed vinyl-ester resin allows a reinforce-
ment weight content up to 60% weight. Such improve-
ment offers new perspectives in terms of applications,

Introduction

Sheet molding compounds (SMCs) materials are

widely employed in the automotive industry due to
their high strength-to-weight ratio and their flexibil-
ity.! Those features make them ideal candidates for
large semi-structural automotive components. Driven
by the need of car manufacturers to improve the mech-
anical performances of their vehicles, high-fiber content
of SMCs composite has been developed by Plastic
Omnium.*® Thanks to the vinyl-ester thermoset resin;
those advanced sheet molding compounds (A-SMCs)
allow a higher content of reinforcement. Classical
SMC*®® have a fiber content below 35% weight

especially in the automotive industry. Further develop-
ments were next conducted: on the one hand by
improving the compound with the addition of hollow
glass spheres to produce a low-density SMC,” on the
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other hand by substituting the bundles of glass fibers by
carbon fibers ones, to increase the mechanical proper-
ties, especially the stiffness-to-density ratio. Such
improvement is particularly important for structural
applications. Indeed, typical applications for SMC in
the automotive industry are semi-structural parts with
no or limited safety function, such as rear floor. Thanks
to the potential offered by A-SMC reinforced with
carbon fibers bundles, the automotive industry might
move toward fully load-bearing structure made of com-
posite materials.'® Indeed, carbon fiber molding com-
pounds reinforced epoxy matrix have been developed in
2003 by the European resin-produced DSM dedicated
to semi-structural automotive components. The flow
characteristics of low-cost carbon fiber molding com-
pounds reinforcing epoxy matrix has been studied using
an automated spray deposition process.'! The effect
of several material and process parameters have been
analyzed in relation with the level of macroscopic
reinforcement flow and compared to the characteristic
flow of conventional glass fiber SMCs. Another recent
study has been devoted to the quality assessment of the
molded parts and semi-finished (carbon fiber tows)
material made of SMC with unidirectional (UD)
carbon fiber tapes. The authors applied two techniques,
thermography and ultrasound, for identifying process-
induced defects (misaligned fibers and microstructural
changes, air inclusions, delamination).'?

Following the designation proposed by Shirinbayan
et al.,*> this new class of SMC is referred to as
advanced carbon-sheet molding compound (AC-
SMC). Hence, the combination of vinyl-ester thermoset
resin and short bundles of carbon fibers has a higher
ratio of stiffness-to-density than steel. However, the use
of AC-SMC composites in critical automotive compo-
nents requires an extensive fatigue analysis, especially
with the identification of the damage mechanisms, fail-
ure modes, and the impact of mechanical loading and
environment on their fatigue life.

Extensive research has been pursued concerning the
analysis of the mechanical behavior of SMC.*>13715
Denton'? characterized the mechanical response of an
SMC as a function of temperature under quasi-static
(QS) and cyclic loading, while Wang and Chim'*
studied the effect of fatigue on the degradation of a
randomly oriented (RO) SMC and identified different
damage mechanisms. Hour and Sehitoglu'® focused
their work on the estimation of the damage volumetric
strain. A recent experimental work by Trauth et al.'®
has been devoted to the effect of anisotropic fiber
orientation and orientation-dependent mechanical
properties on the mechanical behavior of glass fiber
reinforced vinyl-ester-based SMC. The authors have
shown that the process-induced fiber orientation affects
the QS and dynamic material properties. More recently,

Shirinbayan et al. studied the effect of high strain rate
loading® and the effect of loading frequency® on the
damage behavior of an A-SMC with respect to loading
orientation. Despite a non-viscous elastic behavior,
high-speed loading experiments have highlighted that
the damage mechanisms are the same for all directions.
Further, the more the strain rate increase, the more the
phenomena of pseudo-delamination of bundles is pro-
moted, displaying a viscous damageable behavior. As
frequency increased, a significant self-heating has been
observed, leading to a shortening of fatigue life.

According to their production and use for automo-
tive applications, AC-SMCs are subjected to QS and
fatigue loadings. To design components that can bear
fatigue loading, the damage mechanisms of AC-SMC
composites, and their effect, should be identified and
characterized. Fatigue life is usually characterized by
an S-N curve drawn from a combination of QS and
cyclic tests, from which one may extract the Wohler
curve.'”!® To properly estimate the fatigue life of
short bundles reinforced polymer composites, various
characteristics have to be taken into account. The pro-
cess-induced microstructure and the reinforcement
orientation,*> nature of the matrix,!” mean stress,'*
loading frequency, temperature, and humidity are the
main ones. It is worth noticing that in the open litera-
ture few papers have been published on the mechanical
characteristics of carbon fiber reinforced vinyl-ester-
based SMC. One can cite the work of Ogi et al. devoted
to (1) the impact damage and residual strength'® and
(2) the effect of temperature on flexural strength.*
Recently, a relevant paper has been published by
Trauth et al.>!' It deals with the experimental investiga-
tion of the mechanical properties and the damage
mechanisms of a hybrid (carbon-glass reinforcement)
SMC based on a two-step curing resin system.

The present study is dedicated to the experimental
analysis of the QS and the cyclic mechanical behavior
of AC-SMC:s as well as the related damage mechanisms
and fatigue failure modes in two AC-SMC configur-
ations. The paper presents an experimental method-
ology devoted to the analysis of the anisotropic effects
of the AC-SMC composites induced by the thermo-
compression process. The experimental findings
obtained on two configurations of AC-SMC compos-
ites (namely randomly oriented (RO) and highly ori-
ented (HO)) under QS and fatigue loading conditions
have been compared with those of an equivalent glass
fiber reinforced A-SMC.

The paper is organized as follows: the second section
describes the AC-SMC composite material as well
as the process-induced microstructure and the experi-
mental procedure and methods used in order to char-
acterize the mechanical behavior of the AC-SMC and
the damage evolution under QS and tension-tension



fatigue loading, to identify the various damage mechan-
isms evolution. Then, in the Experimental Results
and Discussion sections, the results will be presented,
discussed in terms of microstructure orientation and
loading ratio effects, and compared with the published
results on A-SMC by Shirinbayan et al.** Finally, in the
concluding section, the main experimental findings are
summarized to highlight the features of the AC-SMC
and the effects of process-induced microstructure on
the macroscopic mechanical response of the composite.

Material description and experimental
methods

AC-SMC

AC-SMC consists of vinyl-ester thermoset matrix rein-
forced by short carbon bundles having a length of
25.4mm (Figure 1). According to the thermo-compression
process, the bundles present a specific orientation. The
studied AC-SMC contains a high overall content of
carbon reinforcement (55% in weight ratio, corres-
ponding to 44.9% in volume ratio), as summarized in
Table 1. It should be pointed out that the AC-SMC
does not contain fillers, contrary to classical A-SMC.

Figure 1. Carbon bundle extracted from the semi-product
sheet molding compound (SMC) sheets before thermo-com-
pression. The carbon bundle consists of UD oriented fibers with
a length of 25.4 mm.

Table 1. Advanced carbon-sheet molding com-
pound (AC-SMC) composition and constituents’
weight content.

Content

Composition (in weight ratio)

Vinyl-ester resin 43%
Carbon fiber bundles 55%
Additives 2%

Indeed, since carbon fibers have a smaller diameter
(Gearbon = Tum) compared to glass fiber ones
(Pgiass = 15um) a lower viscosity is required to impreg-
nate them.

The manufacture of a consolidated AC-SMC plate
can be made up of two process stages.”> During the
first stage the paste reservoir dispenses a measured
amount of specified resin paste onto a plastic carrier
film. This carrier film passes underneath a chopper
which cuts the bundles of fibers onto the surface. Once
these have drifted through the depth of resin paste,
another sheet is added on top which sandwiches the
carbon bundles. The sheets are compacted and then
enter onto a take-up roll, which is used to store the
product whilst it matures. During the second stage, the
carrier film is then removed and the material is cut into
patterns. The shape of the pattern is determined accord-
ing to the shape of the mold and the process parameters.
Matched metal dies are mounted in a hydraulic molding
press. The material pattern is manually or robotically
placed in the mold, the heated mold halves are closed,
80 bar of pressure and a temperature of 150°C is applied.
Cycle time ranges from 1 to 2 min depending on part size
and thickness. It should be mentioned that there are also
other existing SMC processes such as chopped fiber
reinforcement and resin sprayed directly dosed into the
mold."!

Qualitative investigation of the AC-SMC micro-
structure has been carried out using an optical
microscope (Zeiss Axio). From such micrographs, two
subscales are observed: the microscale, in which
the fibers and the matrix compose a single bundle
(Figure 2(a)), and the mesoscale, where multiple bun-
dles are embedded in the matrix in various orientations
on the thermo-compression plane (as seen in
Figure 2(b)). The bundles are made of 12,000 carbon
fibers Toray T300 with constant length of L =25.4 mm
and diameter of d =7 pm. The bundles are considered
as UD composites with fibers volume fraction of
52.0%. The concentration of reinforcement is charac-
terized by two values: the first is the local fibers con-
centration ¢z, which represent the volume fraction of
fibers in bundles (¢, = 52.0%); the second cp/smc,
which represents the volume fraction of bundles in
the composite (cp/smc = 86.3%). The fabrication pro-
cess of the total fiber content is assumed to be constant.

cfysmc = Cyp * Coysme = 44.9% )

In order to investigate the effect of the process-
induced microstructure, two configurations of compos-
ites plates were produced and tested, namely: RO and
HO plates (500 x 500mm?). Both configurations are
manufactured from the same batch of raw AC-SMC,
with the same quantity of constituents, and are



=

38,38 mm

36,34 mm

Figure 2. Typical microstructure of an AC-SMC randomly oriented observed with an optical microscope, (a) detail of the fiber

microstructure within bundle and (b) overall microstructure.
AC-SMC: advanced carbon-sheet molding compound.
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Figure 3. Schematic of the initial mold surface coverage during the thermo-compression process: (a) case of SMC RO and (b) case of
SMC HO. The mold filling process governs the material flow and induces specific microstructures.
SMC: sheet molding compound; RO: randomly oriented; HO: highly oriented.

processed by thermo-compression under the same man-
ufacturing conditions; their sole difference arises
from the mold-filling process. For the RO configur-
ation, the initial mold surface is covered at 97% with
two layers of semi-product SMC sheets centered within
it (Figure 3(a)). This filling mode permits to preserve
the initial sheets’ microstructure, which is considered
isotropic in the sheet plane. However, in the case of
the HO one, the objective is to highly reorient the
raw microstructure in a privileged direction during the
thermo-compression. As a consequence, the two layers
are cut in three equal pieces which are then stacked
on one side of the mold, reducing the initial mold sur-
face coverage to 32.3%. Resulting from this stacking, the
material will flow in one main flow direction (MMFD),
changing the microstructure (Figure 3(b)). To ensure
that the material flow during forming does not compen-
sate a possible initial privileged orientation in the raw
material, the sheet production direction and the main
material flow direction are the same.

Specimens and experimental procedure

Sample geometry. In order to reduce the scattering of the
results, to avoid that the sample break within the grips,

and to maximize the number of sample cut per plate, we
used dog-bone samples as presented in Figure 4(a). The
dimensions of the Zone of Interest (Zol) are, respect-
ively, 60 mm for the length, 30 mm for the width, and a
thickness of 2.2mm. All the samples were cut using
hyperbaric water jet from the manufactured plates. As
presented in Figure 4(b), all specimens were extracted
from a zone sufficiently far from the edges of the man-
ufactured plate. Furthermore, it must be pointed out
that the gauge zones (Zol) of the machined specimens
are positioned in the central part of the plate avoiding
the ejection marks.

Experimental procedures. All performed tests (QS and
fatigue) were done at room temperature and ambient
humidity. In order to investigate the effect of the micro-
structure induced by the process (reinforcement orien-
tation) on both AC-SMC configurations, three loading
directions with respect to the “Main Material Flow
Direction” (MMFD, Figure 5) were investigated.

QS tensile tests were carried out at a strain rate of
£=103s"", on a Zwick Universal mechanical test
machine. The load level was measured by a load cell
having a capacity of 50 kN with an accuracy of 0.5% of
the full-scale capacity. The displacement was measured
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Figure 4. (a) Dog bone geometry of the tested specimen under quasi-static tension and tension—tension fatigue loading, and (b)
geometrical arrangement of the waterjet cut dog-bone specimen within an AC-SMC plate.

AC-SMC: advanced carbon-sheet molding compound.

Figure 5. Three loading angles with respect to MMFD during
forming.
MMFD: main material flow direction.

by Digital Images Correlation using VIC 2D software
from pictures recorded by a CCD camera. The tension
loading was displacement (strain)-controlled up to a
given stress level. The specimens were then unloaded
at the same strain rate until a load level of 0.33 MPa
to avoid a potential compression state. This strain-con-
trolled loading-unloading process was repeated by
increasing incrementally the stress level with a step of
20MPa, up to failure (Figure 6). For each loading
orientation, five samples were tested.

Tension—tension fatigue tests were performed under
load control at a frequency of f=10Hz, on an Instron
servo-hydraulic test machine with control software. The
load level is measured by a strain-gauges load cell
having a capacity of £100kN with an accuracy of
0.5% of the full-scale capacity. The temperature evolu-
tion is monitored by means of an infra-red (IR) camera
positioned in front of the gripped specimen, as illu-
strated in Figure 7. The strains are computed using
(1) the displacement measured by the embedded
LVDT sensor within the servo hydraulic jack, and (2)
the DIC technique. For the RO AC-SMC

configuration, three different loading directions with
respect to MMFD {00;45;90} are considered,
whereas for the HO AC-SMC configuration only one
direction {00°} is tested. Indeed, the 0° orientation of
the HO AC-SMC configuration represents the upper
limit in terms of QS and fatigue behavior.
Furthermore, it is worth noticing that the HO config-
uration of the studied advanced carbon-based SMC
(HO AC-SMC) has been developed by Plastic
Omnium to be employed for structural automotive
components submitted to loading oriented in 0°,
namely in the reinforcement direction. Conversely to
that, the RO AC-SMC configuration is mainly devoted
to components or partial regions of a component that
are subjected to “‘off-axis” loading conditions.

Fatigue tests have been carried out at a loading ratio
R, =2 equal to 0.1, which is largely considered by
car manufacturers and their equipment suppliers and
selected in other studies on SMC (reinforced with
glass fibers).

The modulus reduction has been estimated experi-
mentally at specific defined cycles during the elastic
release stage as proposed by Brunbauer et al.*’
(Figure 8). As illustrated in this figure, such procedure
provides the cycle-dependent stiffness evolution. For
each load levels five to nine samples were tested.

Experimental results and discussion

The main objective of this section is to investigate the
effects of the manufacturing process-induced anisot-
ropy on the mechanical response of the AC-SMC com-
posites. Post-mortem analyses by the means of
radiography and SEM observations were conducted
to characterize qualitatively the degradation modes.
For each loading configuration, namely QS and fatigue
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Figure 6. Qualitative representation of: (a) incremental strain-controlled loading-unloading process during the tensile tests, and (b)
the schematic expected non-linear stress response evolution with respect to time.
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Figure 7. Testing bench and measurement devices for tension—
tension cyclic tests.

tests, the obtained experimental findings have been
compared with those published by Shirinbayan
et al.,** with glass-based A-SMC. The presented results
refer to tested samples that failed within the Zol.
Furthermore, it should be pointed out that the pre-
sented experimental results were normalized due to
industrial confidentiality.

QS tensile behavior

Effect of orientation. Figures 9 and 10 illustrate the typ-
ical responses for RO and HO microstructures for three
different loading directions. Tables 2 and 3 summarize
the three characteristic mechanical properties for both
configurations and the three loading directions: (1) E is
the averaged elastic modulus of the tested considered
batch of samples during the first loading, (2) c_uts the
averaged ultimate tensile stress, and (3) 8;» the averaged
strain at failure in the longitudinal direction. The elastic
modulus is estimated for every single sample between
0.05% and 0.2% of the measured strain according to
the standard ISO 527. For each considered mechanical
properties, the coefficient of variation is also computed.

Given the respective mold filling, it is expected an in
plane isotropic behavior for the AC-SMC RO, which
means that the (o — ¢) responses should be independent
of the plane Iloading direction. However, the

experimental findings highlight certain plane anisot-
ropy of the overall behavior, especially for the non-
linear stages and on the ultimate stress and strain.
Indeed, as illustrated in Figure 9, the sample loaded
at 0° direction with respect to the MMFD behaves as
an elastic quasi-brittle medium: high initial stiffness and
ultimate stress, limited non-linear behavior, total strain
at failure below 1% and almost no inelastic permanent
strain after unloading. At 45°, the material exhibits a
slightly higher ductility: the ultimate stress decreases by
28%, the strain to failure extends by 58%, and the
inelastic permanent strain is about two times larger
compared to the 0° loaded samples. The AC-SMC
RO-90° samples exhibit a slightly more pronounced
ductility which corresponds to an increase of strain to
failure of 13% and a decrease of 27% of the ultimate
stress compared to the MMFD direction. Furthermore,
one notices an increase by 100% of the inelastic per-
manent strain compared to 45° configuration. It should
be pointed out that the loading direction affects less the
elastic properties. In fact, as given in Table 2, the max-
imum difference between the averaged elastic modulus
for the three configurations does not exceed 28%.

The AC-SMC RO anisotropic behavior might not be
caused by the thermo-compression molding of the com-
posite but by the sheet manufacturing process. Since it
has been assumed that (1) for the RO configuration no
privileged flow direction exists during the thermo-com-
pression process and (2) the raw sheet rolling direction
coincides with 00° (MMFD), the observed plane anisot-
ropy is associated to the SMC sheet manufacturing.

For the AC-SMC HO configuration, as expected,
strong anisotropic plane behavior is highlighted
(Figure 10). The stress—strain response is strongly
dependent on the loading direction. At 00°, the behav-
ior is elastic-brittle with a high initial elastic modulus
and almost no damage occurs. At 45°, the material
exhibits a non-linear response and the ultimate stress
decreases by 57%, whereas the elastic modulus
decreases by 35% compared to the 0° loaded samples.
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Figure 9. Quasi-static typical response for RO microstructure to the loading orientation, and normalized experimentally evaluated.

For the HO-90° samples, the material exhibits signifi-
cant ductility, represented by a large increase of strain
to failure (+55%) and the ultimate stress is divided by 4
compared to 0° samples. For this testing direction the
overall behavior is mainly governed by the matrix prop-
erties. Conversely to the RO configuration, the HO pre-
sents an elastic anisotropy. Table 3 summarizes the
averaged properties for the HO configuration tested
at 0°, 45°, and 90°.

Based on the experimental findings, the anisotropy
exhibited by the AC-SMC HO is clearly demonstrated
compared to the RO configuration. As mentioned
above, this anisotropy is due to the microstructure
orientation induced by the specific filling mode during
the thermo-compression process of HO configuration.
In addition, the HO-0° response can be considered as
an upper bound of the overall behavior of the AC-SMC

composites, whereas the HO-90° response constitutes a
lower bound.

Qualitative QS damage investigation. Post-mortem analyses
were conducted on different tested samples. Firstly, the
samples were radiographed using X-ray (Figures 11 and
12). Then the damage mechanisms taking place within
the sample are investigated through SEM observations.
The most significant results are presented in Figure 13.

On the radiographies of RO samples shown in
Figure 11, a complex network of cracks is observed,
which covers a substantial area of the Zol. The network
is composed of two kinds of cracks: on the one hand
clustered and parallel cracks and on the other hand
broader entangled ones. As their local orientation,
proximity, and limited width suggest, the first ones
are assumed to take place within the bundles.
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Table 2. Mechanical properties experimentally determined for
AC-SMC RO.

AC-SMC RO 0° 45° 90°

E Avg. (GPa) 35.9 26.2 26.7
CoV 9% 6% 16.6%

O luts Avg. (MPa) 208 150 159
CoV 17% 6.9% 15.1%

& Avg. (%) 0.67 0.65 0.76
CoV 23% 17.7% 15.8%

AC-SMC: advanced carbon-sheet molding compound; RO: randomly
oriented.

Table 3. Mechanical properties experimentally determined for
AC-SMC HO.

AC-SMC-HO 0° 45° 90°
E Avg. (GPa) 39.4 235 13.5
CoV 9.3% 10.2% 16%
Ous Avg. (MPa) 180 90 55.4
CoV 21.4% 10% 14%
el Avg. (%) 0.52 0.58 0.66
CoV 55.7% 20.3% 22%

AC-SMC: advanced carbon-sheet molding compound; HO: highly
oriented.

Contrarily, the second ones are presumed to happen at
the scale of the bundle. If at 0° the whole region is
affected by such network, the affected area and the net-
work complexity decreases as the loading angle grows,
leading to a less diffusive damage evolution.

Post-mortem radiographies of HO samples are
shown in Figure 12. The samples loaded at 45° and
90° present a crack network similar to the RO samples
subjected to the same loading conditions: the failure
occurs along the MMFD in both cases. According to
the microstructure of the HO samples, the cracks follow
the reinforcement orientation. In the two radiographies
of HO-00° there are less diffuse cracks of type 1 and
cracks of type 2 are concentrated in a band of a single
orientation (around 45° for HO-00° (1) and 90° for
HO-00° (2) with respect to the longitudinal direction).
Overall, in all configurations it is clear that two levels of
damage are present: intra-bundle damage in the form of
long and thin cracks and inter-bundle damage in the
form of large, opened cracks that can lead to the failure
of the specimen.

To further investigate, at a lower scale, where
and how the damage mechanisms take place, the frac-
ture area of post-mortem samples was observed using
of SEM. The failure surface of an AC-SMC RO sample
loaded at 0° is shown in Figure 13, with a focus on
several areas of interest. Such analysis confirms the
hypothesis of a two-scale damage pattern (intra and
inter-bundle). Inter-bundle damage takes place in the
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Figure 12. X-ray radiographies of broken HO samples loaded in different directions.
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form of fiber pull-out and fiber debonding. Inside the
bundle the damage is primarily characterized by matrix
cracking in the areas where there is sufficient pure
matrix volume.

The observation of the fracture surfaces by SEM
also shows that bundles keep their integrity, the
macro cracks of type two that leads to the final failure
of the specimens occurs between the bundles.

Quantitative QS damage investigation. During the incre-
mental QS loading-unloading tests, following the pro-
cedure presented in the section devoted to the
description of the experimental methodology, the evo-
lution of stiffness is monitored up to failure. The elastic
modulus is evaluated for each unloading between
0.05% and 0.2% of the measured strain according to
the standard ISO 527. Such evolution is presented in
Figures 14 and 15 with respect to the loading orienta-
tion for each material configuration (HO and RO,

respectively). All the results are normalized with respect
to the original stiffness of each sample in the considered
loading direction. For HO samples (Figure 14), it is
observed that during the loading at 0°, the stiffness is
constant up to failure. This indicates that the induced
damage up to failure, if any, is organized in such a way
that the stiffness in the loading direction is not affected.

As the loading angle shifts away from the MMFD,
the stiffness degradation prior to failure increases,
dropping down to 65% oriented at 90°. Those obser-
vations are consistent with the analogy with a UD
composite, since for HO samples most of the bundles
are oriented around the 0° direction.

Considering the RO samples, the stiffness degrad-
ation is shown in Figure 15 for the same loading condi-
tions. While a similar trend is observed, i.e. the stiffness
degradation increases with the angle of loading, the
range of this degradation is limited from 6% at 00°
and up to 17% at 90°. As discussed in the previous
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Figure 13. Qualitative damage investigation, SEM observation of the failure area (dashed line) of an AC-SMC RO sample at 00°.
AC-SMC: advanced carbon-sheet molding compound; RO: randomly oriented.
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Figure 14. Stiffness evolution for AC-SMC HO configuration
with respect to their respective loading stress for three different
orientation of the loading 0°, 45°, 90°.

AC-SMC: advanced carbon-sheet molding compound; HO: highly
oriented.

section, such results do not correspond to expected
results coming from a pure random distribution of bun-
dles. However, the overall mechanical responses of RO
samples are clearly closer to the expected behavior of
composites with a random distribution of the bundles
compared to those obtained for HO samples. The crit-
ical stress for the onset of damage, relative to the ultim-
ate stress of each sample, is globally lower for the RO
samples than it is for the HO samples.

The stiffness reduction of the HO samples, and to
some extent of the RO sample, can be analyzed follow-
ing the results of micromechanical models that consider
damage as a growth of ellipsoidal voids. Except
towards the last cycles prior to failure, the crack net-
work is mostly composed of thin intra-bundle cracks
whose propagation occurs in a plane parallel to the
bundle direction. At this scale, a bundle can be con-
sidered as a UD composite, composed of aligned
carbon fibers embedded in a surrounding matrix.
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Figure 15. Stiffness evolution for AC-SMC RO configuration
with respect to their respective stress and loading orientation.
AC-SMC: advanced carbon-sheet molding compound; RO: ran-
domly oriented.

Praud et al.>* have considered the evolution of such
long, thin crossing microcracks oriented in the transverse
direction with respect to the direction of reinforcement
in UD composites (the two small half-axis of the ellips-
oid lies in a plane, which the normal direction is
reinforcement). It is shown that in this case, the longitu-
dinal stiffness is weakly impacted, while the in-plane
shear and transverse modulus are significantly impacted
with the appearance of such crossing microcracks. Since,
especially in the HO configuration, bundles are mainly
oriented in the MMFD direction (0°), the observed stiff-
ness reduction is typical of the apparition of long, thin
intra-bundle cracks.

Inelastic strain evolution. During the incremental QS load-
ing-unloading tests, proceeding in the same manner as
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Figure 16. Inelastic strains evolution for AC-SMC RO config-
uration with respect to stress and loading orientation.
AC-SMC: advanced carbon-sheet molding compound;

RO: randomly oriented.

for the stiffness evolution, the inelastic strain evolution
has been recorded and is shown in Figures 16 and 17. It
is worth mentioning that, for the sake of visibility, the
stress on the abscissa is normalized with respect to the
ultimate stress in the considered direction.

The inelastic strain occurred during loading of
HO specimen. The evolution of HO configuration
(Figure 16) follows qualitatively the same evolution as
observed for stiffness degradation: a limited evolution
prior to failure at 0°, which is the signature of a brittle
failure. In addition, for the loading cases at 45° and 90°,
the level of inelastic strain reached indicates a ductile
failure. Again, the global evolution of inelastic strain
observed in HO specimen is comparable to what is gen-
erally observed for UD composites.

Considering the RO configuration (Figure 17),
the same trend as for the stiffness degradation is
also observed. Indeed, the development of inelastic
strain starts at the same stress level as the onset of stiff-
ness degradation, earlier than for the HO specimen.
The evolution of inelastic strains, similarly to what
has been observed for the stiffness degradation, do
not correspond to the expected evolution of a compos-
ite reinforced with RO bundles. The evolution is not
identical for all directions, and is more important
when the angle deviates from the MMFD.

The analysis of the stiffness degradation and the
inelastic strain evolution for both RO and HO speci-
mens indicate that their respective evolution starts at
the same load level, with a similar trend. This allows
formulating the assumption that both mechanisms are
coupled. As those inelastic strains remains limited
(quasi-brittle failure) and their evolution follows the
stiffness evolution such inelastic strains are considered
to be induced by the damage. These experimental
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Figure 17. Inelastic strains evolution for AC-SMC RO config-
uration with respect to stress and loading orientation.
AC-SMC: advanced carbon-sheet molding compound;

RO: randomly oriented.

Table 4. Advanced sheet molding compound (A-
SMC) composition and constituents’ weight
content.*®

Content

Composition (in weight ratio)

Vinyl-ester resin 24%
Glass fiber bundles 50%
Filler 24%
Additives 2%

observations and conclusion are consistent with those
made by Dano et al.?

Comparison with a SMC obtained with the same manufacturing
process. The mechanical properties and the specific
characteristics in relation with damage failure of the
AC-SMC are compared with A-SMC materials studied
by Shirinbayan et al.*> The weight contents of A-SMC
constituents are given in Table 4. Both materials are
produced with the same vinyl-ester resin and thermo-
compression process, both RO and HO configurations
are obtained with the same method, and the process
direction of the raw sheet coincides with the 0° orien-
tation for both configurations. Their sole differences are
the nature of the reinforcement and the thermo-com-
pression parameters. The A-SMC*® material is rein-
forced by bundles of glass fibers and fillers, whereas
AC-SMC material is only reinforced by bundles con-
sisting of carbon fibers. In contrast to AC-SMC, the A-
SMC configurations are thermos-compressed under a
pressure of 135 bar, at the same temperature (150°C),
however with a shorter process time: 90s.

From the previous experimental observations and
analysis, it can be concluded that the AC-SMC RO
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Figure 18. Comparison between A-SMC and AC-SMC elastic moduli of the (a) A-SMC* and (b) AC-SMC, and ultimate tensile
strength (c) A-SMC results normalized with respect to AC-SMC RO 0°, (d) AC-SMC.
A-SMC: advanced sheet molding compound; AC-SMC: advanced carbon-sheet molding compound.

do not exhibit an in-plane isotropic behavior, leading to
two assumptions: either the RO molding process
induces a main direction or the observed behavior of
the RO configuration results from the raw sheet man-
ufacturing process. In Figure 18, the elastic moduli and
normalized ultimate stress of respectively A-SMC
(Figure 18(a) and (c)) and AC-SMC (Figure 18(b)
and (d)) samples are presented with respect to loading
angles and configuration. It is worth mentioning that
the information about the A-SMC (Figure 18(a) and
(¢)) are extracted from Shirinbayan et al.” All ultimate
stress values (Figure 18(c) and (d)) are normalized
with respect to one of the AC-SMC RO at 0°. Note
that in the A-SMC case, since the RO configuration
exhibits an in-plane isotropic overall response accord-
ing to Shirinbayan et al.,*’ results for 00° and 90°
(Figure 18(a)) are gathered. In fact, it has been estab-
lished that both the elastic modulus and the normalized
ultimate stress of the configuration A-SMC RO does
not depend on orientation.*>

Firstly, the comparison of the A-SMC and AC-
SMC respective stiffness (Figure 18(a) and (b)) high-
light the higher elastic modulus of the AC-SMC in
both configurations for every considered direction.
It is particularly noticeable that in the case of the HO

configuration: the AC-SMC stiffness in the
MMEFD is twice the one of the A-SMC. The ratio
of the stiffness for the configuration HO in the 0°
and 90° is also higher in the AC-SMC compared to
that in the A-SMC (R{{%.4—suc=1,48 <2,92
= R ac—smc)-

Secondly, the comparison of the A-SMC and
AC-SMC normalized ultimate stress (Figure 18(c) and
(d)) highlights the following observations. On one
hand, the ultimate stress on RO samples is higher for
the AC-SMC regardless of the orientation; however,
on the other hand, the ultimate stress of AC-SMC
HO strongly depends on the orientation. Specifically,
the ultimate stress at 90° is significantly lower for the
AC-SMC compared to the A-SMC one. Proceeding in
the same manner as for the elastic moduli, the
ratio of the ultimate stress in the HO configuration
between 0° and 90° presents a higher level of anisotropy
for the AC-SMC (RgggooA,SMc =1,47 < 3,22
= RMO 0. ac—smc)-

Based on the experimental findings comparing the
A-SMC and AC-SMC in terms of their respective elas-
tic moduli and ultimate stress, it comes out that for a
same fiber content the AC-SMC is suitable for struc-
tural applications where a high stiffness is required.
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Figure 19. Damage evolution under quasi-static for (a) A-SMC RO* and (b) AC-SMC.
A-SMC: advanced sheet molding compound; AC-SMC: advanced carbon-sheet molding compound; RO: randomly oriented.

The A-SMC composites are more appropriate than the
AC-SMC for applications where a high strength-to-cost
ratio is required.

Besides the comparison between A-SMC and
AC-SMC composites in terms of ultimate stresses
(Figure 18(a) and (b)), the macroscopic damage evolu-
tions are analyzed and compared for the RO configur-
ations for both SMCs Figure 19(a) and (b). On the one
hand, the damage evolution of A-SMC RO exhibits
three stages (Figure 19(a)): (1) the damage initiation,
which occurs at 25% of the ultimate tensile stress.
It is followed by (2) a rapid evolution at a relatively
high quasi-constant rate (the slope % = D)). For this
second stage, the damage accumulation reaches
Diacro=0.2 for an applied stress up to 73% of
ous- The third and ultimate damage stage (3) is char-
acterized by a reduced damage rate (D5 < D}). It cor-
responds to the damage saturation prior to the
specimen’s failure. During this saturation, the damage
reaches a critical level of 0.25 before failure. On the
other hand, as shown in Figure 19(b), the AC-SMC
RO exhibits only a two-step damage evolution: (1)
the initiation, which depends on the sample orientation,
and (2) the accumulation stage. Conversely to the A-
SMC, non-saturation stage has been observed preced-
ing the specimen failure. In addition, the maximal
damage level (critical level) reached prior to the failure
depends on the sample’s orientation. In Figure 19(b),
one can notice that the damage evolution and the crit-
ical damage levels depend on the sample orientation.
For the 0° specimen, the critical macroscopic damage
level is about 0.06, whereas for 45° and 90°, the max-
imal level of damage prior to failure is respectively
equal to 0.17 and 0.18. Furthermore, for 45 and 90°,
the damage initiation and evolution stages are compar-
able, whereas for AC-SMC RO 0°, the initiation of the

damage is delayed (33% of o,) and its evolution
is clearly reduced. Indeed, due to the fact that the
damage evolution is comparable between 45° and 90°,
their respective o, are of the same order of magnitude
as mentioned previously. Lastly, it is worth noticing
that the damage threshold in AC-SMC RO depends
on the sample orientation.

The comparison highlights three main conclusions:
(1) the thermo-compression in the RO configuration
results in a transversally isotropic response of A-SMC
composite and an in-plane anisotropic overall response
for the AC-SMC composite. (2) The difference between
the HO and RO configurations (effect of the process
induced orientation) is more pronounced for the AC-
SMC than for the A-SMC samples. (3) This difference
affects drastically the damage evolution and the ultim-
ate strength, especially for AC-SMC at 45° and 90°.

Fatigue test results

To characterize the fatigue response of AC-SMC com-
posites, cyclic tensile tests have been performed for
various orientations of the RO and HO samples.

Evolution of the mechanical response of RO samples oriented
at 0°. AC-SMC RO samples have been loaded at 80%
of o, at a frequency of 10 Hz with a load ratio of 0.1
up to failure. Under those loading conditions, consider-
ing a batch of seven samples, the fatigue life Nsq per-
taining to the median fatigue life is 11,832 cycles. This
value corresponds to the minimal fatigue life of at least
50% of the tested specimen of the considered batch,
under the same loading conditions. Specifically, one
specimen of the considered bath has been selected
that failed at 4591 cycles, which is the lowest life from
this batch. The analysis of the evolution of the



mechanical response is therefore considered to be con-
servative compared to the other specimens of the batch.
The evolutions of the mechanical response at different
cycles have been recorded and are shown in Figure 20.
The evolution of three characteristics is analyzed: the
shape of the hysteresis loop (Figure 20), the macro-

scopic damage D(N) =1 — %}V) (Figure 21(a)), and the
permanent strain (Figure 21(b)).

The shape of the hysteresis loop (Figure 20) stays
constant throughout the number of cycles, which indi-
cates that the mechanical dissipation is not evolving
significantly, even if only a careful analysis of the ther-
mal field is required to properly conclude on the frac-
tion of mechanical work that is dissipated into heat.

Evolution of the hysteresis :
{RO, 00°, f=10 Hz, Ro=0.1, Omax=80%}
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Figure 20. Evolution of the hysteresis with respect to cycles of
an RO ° sample loaded under (f=10Hz, Ro =0.1, G = 80%).
RO: randomly oriented.

(a) Evolution of Damage:
{RO, 00°, f=10 Hz, Ro=0.1, cmax=80%}
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The evolution of macroscopic damage with respect
to the number of cycles is shown in Figure 21(a) for the
AC-SMC RO samples oriented in the MMFD for an
applied stress at 80% of 6_uts. The fatigue macroscopic
damage exhibits a non-linear evolution: the rate of
damage with respect to the number of cycles is the high-
est at the beginning, and drastically reduces around 35
cycles. A progressive evolution is observed afterwards,
while the rate continuously decreases, as it is often
noticed in the fatigue response of glass or carbon
fibers reinforced SMC composites.”>® Actually, after
the cycle 4000 and prior the cycle to failure, no damage
evolution has been noticed. Final failure happens with
a level of macroscopic damage that is much higher than
the one observed during QS tests. This indicates that
the stiffness reduction is not the appropriate character-
istic to monitor, and it is unable to predict the final
failure of this material. Damage mechanisms should
be observed and tracked at lower scales to identify
the damage modes that eventually lead to failure. In
Figure 21(b), the evolution of macroscopic permanent
strain (normalized with respect to the ultimate perman-
ent strain previously evaluated) is presented. A curve
describing evolution of the permanent strain would pre-
sent an exponential type shape in the semi log-scale
graph. Actually, it is observed that the permanent
strain evolves linearly with the number of cycles. At
N =4000 cycles, the permanent strain reaches eight
times that established in QS tests, making this feature
as inappropriate to monitor to predict final failure as
macroscopic damage.

(b) Evolution of Permanent strain:
{RO, 00°, f=10 Hz, Ro=0.1, omax=80%}
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Figure 21. Evolution of (a) damage and (b) permanent strain, for a RO-00 ° sample loaded under (f=10Hz, R; =0.I, G, = 80%).

RO: randomly oriented.
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Figure 22. Qualitative observations of the sample Zol: (a) post-mortem photo, (b) thermal field computed at failure from the

IR-CCD, and (c) post-mortem X-ray shot.
Zol: Zone of Interest.

Following each fatigue test, a qualitative post-
mortem investigation is conducted on the samples.
This systematic analysis is composed of an optical pic-
ture of the sample surface, a map of the temperature at
the surface computed from infra-red picture and X-ray
radiography. Those results are presented in Figure 22
for the sample loaded up to failure. Two complex
cracks networks within the Zol can be observed in
the optical picture (Figure 22(a)). The X-ray shot fur-
ther unveils the complexity of the cracks networks,
since those cracks are not superposed throughout the
thickness of the specimen (Figure 22(c)). As observed in
the post-mortem analysis of samples after a QS tensile
loading up to failure, two types of cracks compose the
networks: cracks thin and parallel, as well as broader
and entangled ones. The thermal field computed from
the last infra-red picture prior to failure (Figure 22(b))
highlights the strong heterogeneous temperature field at
the surface of the specimen. Temperature varies from
ambient temperature (20°C) to a maximum of 40.3°C.
In area where a crack network is observed through
radiography, the temperature is significantly higher.
However, the highest temperature is not measured
close to the macro-cracks that have appeared on the
surface of observation. A hot zone in the upper right
area of the Zol corresponds to the high density of
cracks that can be seen with X-ray radiographies,
which highlights the importance of damage through
the thickness of the sample that might have not affected
the surface.

Effect of microstructure and loading orientation on the evolution
of fatigue damage. The importance of the microstructure
(RO versus HO samples) is investigated based on a

fatigue experimental characterization test campaign
performed at a frequency of 10Hz and with a load
ratio of 0.1. Samples were loaded at different levels of
maximum stress that have been normalized with respect
to the ultimate stress of the RO sample loaded in the 0°
direction. The obtained normalized S-N curves are pre-
sented in Figure 23(a) for the RO samples loaded in the
0°, 45°, and 90° direction and in Figure 24 for RO and
HO samples loaded in the 0° direction. The samples
that survived 10° cycles are identified with an arrow.
It can be noted that the fatigue life of samples loaded at
a maximum stress value of 0.6 and below (relative to
the o,,; RO sample loaded at 0°) is very scattered, with
orders of magnitudes that can reach four decades.
Figure 23(b) shows reduced S-N curves considering a
median fatigue life Nsq. Overall, for all the considered
orientation, the median fatigue life (Nsq) increases
when decreasing the maximum stress. In Figure 23(c)
the standard deviation (variability) of the fatigue life of
RO samples loaded in the 0°, 45°, 90° and HO samples
loaded in the 0° direction is plotted with respect to the
applied maximum stress. Note that the variability has
been estimated considering that the fatigue life limit
corresponds to 10° cycles. The variability increases by
decreasing the maximal stress level. This trend is also
noticed for the 0°, 45°, and 90° orientations.

The comparison between the S-N curves for RO and
HO samples (loaded at 0°) is shown in Figure 24(a).
Figure 24(b) shows the fatigue life (Nso) with respect
to the maximum stress plotted for both previous sam-
ples. At all stress levels, for either RO or HO samples,
the results in terms of number of cycles up to failure is
also very scattered, with orders of magnitudes that can
reach four decades. Note that the variability at high



maximum stress levels is higher for HO samples than
the one observed for the RO samples (Figure 23(c)).
To sum up, the observations realized on the orien-
tation effect under tensile QS loading are confirmed in
tension—tension cyclic loading. Concerning the RO con-
figuration, the differences in terms of ultimate stress
feed through to a difference in terms of fatigue life.
The spread of the result is aggravated due to the dis-
persive nature of cyclic testing and no meaningful dif-
ference could be made between the three loading angles.

(a)

Concerning the HO orientation, 00° is the sole loading
orientation tested. The results display a binary behav-
ior: below a given threshold no failure was observed
before 10° cycles, adversely over it the results covert
the full span of the test. The nearer the maximal loading
stress is to the threshold, the more frequently samples
survive 10° cycles.

Load ratio effect. S-N curves, normalized with respect to
the ultimate stress of the RO sample loaded in the 0°
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Figure 23. Fatigue results obtained on the AC-SMC RO normalized with respect to RO-00° S-N at a frequency of 10 Hz and a load
ratio of 0.1, (a) S-N curve, (b) S-N at Nf (50%), and (c) evolution of measured variability at each load level for the three considered

orientation for RO and only at 00° for HO.

AC-SMC: advanced carbon-sheet molding compound; RO: randomly oriented; HO: highly oriented.
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Figure 24. AC-SMC RO and HO at a frequency of 10Hz and a load ratio of 0.1, (a) S-N curves normalized with respect to RO-
00°and (b) results for Nf (50%) normalized with respect to RO-00°.
AC-SMC: advanced carbon-sheet molding compound; RO: randomly oriented; HO: highly oriented.

direction, obtained at a load ratio of 0.1 and 0.4 for one
load level in the case of RO samples are presented in
Figure 25(a), for samples oriented at 0° and 90°, and
Figure 25(b), for samples oriented at 45°. Considering
the specimen loaded in the 45° direction, three load
levels have been tested (75%, 70%, and 60% of
ous(RO — 45°)). For the following comparison between
several orientations of sample, all the values have been
normalized with respect to o,s(RO — 00°).

At 0°, we observe no significant influence for both
the fatigue life and its variability. At a loading orienta-
tion of 90°, a notable increase of the fatigue life is
observed for a ratio of 0.4 compared to the ratio of
0.1. For the 45° loading direction, if at a maximal load-
ing stress of 0.470,,,(RO — 00°) no major difference is
observed, at the other two maximal loading stresses
57% and 54% of o,,,(RO — 00°), we observe a global

increase of the fatigue life with a load ratio of 0.4.
Furthermore, we observed a higher number of samples
surviving 10° cycles at oaxnom. = 0.500,,5(RO — 00°)
with  respect  tO  Ouaxnorm. = 0.570,5(RO — 00°).
However, there is still no meaningful impact on the
variability.

To summarize, similar tendencies are observed on
the orientation effect under tensile QS loading and ten-
sion—tension fatigue loading converge towards the same
tendencies: (1) Concerning the RO configuration, the
evolution of level of ultimate stress with the loading
angle is correlated with evolution of the fatigue life
with the loading angle; (2) While it is commonly
observed that a higher load increases the fatigue life,
such observation is not clear regarding the RO samples
(note that only load ratio of 0.1 and 0.4 have been
tested) and depends on the loading orientation and
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RO: randomly oriented.

maximum stress. A more in-depth study of the effect of
load ratio on the evolution of damage should be pur-
sued to be able to draw noticeable conclusions.

Comparison of the fatigue response of AC-SMC and A-
SMC. Similarly, with the analysis of QS experimental
tests, the fatigue experimental characterization pre-
sented here is compared with the results obtained by
Shirinbayan et al.* on the A-SMC obtained with the
same manufacturing process. In Figure 26, the results
of the tension—tension stress-controlled cyclic tests per-
formed on the A-SMC with a load ratio of 0.1, a fre-
quency of 10 Hz for RO, HO-00°, and HO-90° samples
are presented from the results provided by Shirinbayan
et al.> The obtained S-N curves are normalized
with respect to RO ultimate stress. If it is not possible

to determine the variability of the fatigue life, a clear
Woéhler curve can be observed obtained from the cyc-
lic test results, suggesting a small scattering of the fati-
gue life. Those curves display a typical bilinear form
for every tested orientation and configuration RO
and HO-90° samples exhibit a similar fatigue life.
Considering the A-SMC RO, between an applied
stress of 0.44 and 0.390,,,(RO), the fatigue life jumps
from 50,000 to 10° cycles.

As for the AC-SMC, the behavior under tension—
tension fatigue loading is strongly influenced by the
configuration of the composite material. If the disper-
sive nature of the AC-SMC restricts the determination
of a Wohler curve with a good confidence, such diffi-
culty does not exist for the A-SMC. In order to reliably
draw those fatigue curves for the AC-SMC, further
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Figure 26. S-N curves of A-SMC, normalized in stress with respect to the ultimate stress of AC-SMC RO-0 °, obtained with a load
ratio of 0.1 and frequency of 10Hz, for HO-00° RO and HO-90° samples from Shirinbayan et al.?
AC-SMC: advanced carbon-sheet molding compound; RO: randomly oriented; HO: highly oriented.

testing is required as the actual number of tested sam-
ples is too low to conduct a reliable statistical analysis
on the data.

Conclusion

In this paper, the characterization of the mechanical
behavior of a new class of SMC reinforced carbon
fiber bundles (AC-SMC) has been carried out through
QS tensile tests with incremental loading/unloading
loops and tension—tension load-controlled fatigue
tests. The effect of the anisotropy induced by the
thermo-compression process has been investigated
through the comparative study of two configurations
of this composite material: RO and HO. For both con-
figurations, specimens were cut and tested along three
directions (0°, 45°, and 90°). For QS tests, the influence
of the process-induced orientation is studied in terms of
ultimate strength, elastic modulus, and macroscopic
damage corresponding to the stiffness reduction. With
regard to fatigue tests, the effect of specimen orienta-
tion is analyzed in terms of S-N curves and macro-
scopic damage evolving with respect to the number of
cycles. The obtained experimental results have been
compared with those obtained on an equivalent SMC
composite reinforced by glass fiber bundles (A-SMC).
The following concluding remarks are drawn from
these studies:

e Both configurations of AC-SMC exhibit a quasi-
brittle in-plane anisotropic response. Especially for
the RO configuration, this was a surprising result
at a first glance, since one could expect an in-plane

isotropic behavior, according to the established
knowledge from the A-SMC composites. This non-
conventional finding is associated with the manufac-
turing process-induced microstructure specific for
AC-SMC.

e The microscopic investigations using post-mortem
SEM and X-rays radiographies show that the
damage modes occur as microcracks at two levels
(inter-bundles and intra-bundles) and they depend
on the sample orientation. The analysis of the
macroscopic damage evolution for HO AC-SMC
configuration reveals that samples in the MMFD
direction (0°) exhibit very limited stiffness degrada-
tion whereas for other tested samples orientations
the damage reaches respectively 0.2 and 0.32 for
45° and 90°. For RO AC-SMC small stiffness reduc-
tion prior to failure (6%) is observed in the MMFD
direction, while similar critical levels (approximately
0.18) and kinetics are noticed for samples at 45° and
90°. In addition, the macroscopic damage evolution
exhibits an evolution on two-stages (initiation and
propagation) and no saturation was observed prior
to the samples’ failure, conversely to the damage
evolution observed on A-SMC RO.

e In terms of ultimate stress, the difference between the
HO and RO is more pronounced for the AC-SMC
samples than for the A-SMC samples. This differ-
ence is amplified especially for AC-SMC at 45° and
90°.

e For the fatigue tests, the experimental results based
on S-N curves analysis demonstrate that, with
respect to the loading angle, the evolution of fatigue
life of AC-SMC RO configuration exhibits the same



trend as the ultimate stress. A higher load ratio
might increase the fatigue life of RO samples,
though this is not observed in all situations and
depends on the loading orientation and maximum
stress. For the AC-SMC HO in the MMFD, the
fatigue behavior has a similar trend and brittleness
as that generally observed for a carbon fiber UD
composite.

e The macroscopic damage of AC-SMC RO under
fatigue loading shows a two-stages evolution similar
to that observed for QS loading. In addition, the
damage modes caused by fatigue in RO samples
were also similar with those appearing under QS
conditions.

This study highlights the key points differentiating
the two types of SMC (carbon and glass) with chopped
reinforcement. The degree of anisotropy was more pro-
nounced for AC-SMC, due to the high dependency of
the behavior on the manufacturing process-induced
orientation. Furthermore, the damage evolutions of
the two types of SMCs have displayed different kin-
etics, notably for the saturation stage which was not
observed for the AC-SMC composite. These findings
may guide the formulation of specific micromechanical
modelling for these two types of composites, which
should necessarily integrate the highlighted differences.
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