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ABSTRACT

This paper aims to present an experimental multi-scale analysis of quasi-static and high strain rate
damage behavior of a new formulation of SMC composite (Advanced SMC). In order to study its capability
to absorb energy through damage accumulation, Randomly Oriented (RO) and High oriented (HO) A-SMC
composites damage has been investigated at both microscopic and macroscopic scales. A specific device
has been developed in order to perform Interrupted Dynamic Tensile Tests (IDTT) which allows analyzing
the evolution of the microscopic damage mechanisms occurring during rapid tensile tests. Several
damage micro-mechanisms have been pointed out. The relative influences of these micro-damage events
and their interactions have been related to the macroscopic damage behavior through the definition of
microscopic and macroscopic damage indicators. Damage threshold and kinetic have been quantified at
various strain rate for different microstructures and loading cases (RO, HO-0° and HO-90°). It has been
shown at both scales that increasing strain rate leads to an onset of damage initiation together with a
reduction of the damage accumulation kinetic. Moreover, the influence of the fiber orientation has been
studied in order to emphasize the anisotropic strain rate effect at the fiber-matrix interface scale. The
latter was related to the influence of the microstructure of A-SMC composites. Finally, on the basis of the
whole experimental results, the microscopic origin of the viscous nature of the damage behavior of A-

SMCs composites have been discussed and related to the influence of the strain rate and microstructure.

1. Introduction

Because of their high energy absorption capacity, short fiber
reinforced composite materials are often used for automotive
structures submitted to crash events. In contrast to metallic ma-
terials for which energy absorption is provided by plastic defor-
mation [1], composites material structures crashworthiness mostly
consists of several diffuse and progressive damage mechanisms
occurring at the local scale such as matrix micro-cracking [2], fiber
failure [3], debonding at the fiber-matrix interface [4—6], delami-
nation or pseudo-delamination [7]. This is an extremely important
issue for automotive industry. Indeed, local damage development

allows composite structures to absorb significant impact energy in
such a way that the progressive degradation enables to minimize
the transmitted energy to passenger and to assure his safety. On the
other hand, several earlier studies [8,9] have shown that the energy
absorption capacity of polymers and composites materials is highly
dependent on the microstructure parameters such as fiber content,
type of fiber and matrix or fiber orientation and length. Further-
more, a good crashworthiness requires avoiding damage localiza-
tion leading to a brittle failure and limited absorbed energy. So, in
order to favor a diffuse damage development, a better under-
standing of the damage mechanisms which can occur during high
strain rate loading is required.

Composite design capable of good crash resistance requires
acquiring a thorough knowledge of its capacity to develop damage
phenomenon [10,11]. However, short fiber reinforced composite
structure design is in general a difficult challenge because of several
specificities such as the variability of the microstructure [7], the
anisotropic behavior [12], multiple coupled damage mechanisms
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which produce an evolution of the anisotropy during loading [13]
etc. A lack of unawareness regarding the influence of high loading
rate on the local damage mechanisms could lead to a less effective
composite structure design. In particular with regard to the choice
of damage behavior laws used in finite element calculations for
crashworthiness design, the influence of microstructure parame-
ters and strain rate on the threshold and kinetic of damage is of
prime importance. Indeed, when damage behavior of composite
materials is analyzed especially at different strain rate, the archi-
tecture (Orientation of reinforcements, laminate) and the matrix
behavior (Elastic, visco-elastic, visco-plastic) should be considered.
Thermoplastic [14] and thermoset materials [7] have different
damage behavior subjected to loading at different strain rate.

Several studies have proposed models to account for the damage
behavior of composite and specific implementation techniques for
numerical simulations have been developed [15—17]. One may
distinguish two kind of predictive modeling of composite material
behavior: phenomenological and micro-mechanical approach. For
both approach, damage variables are described. For the micro-
mechanical approach theses variables describe the evolution of
the micro-cracks content during loading [18—21]. The phenome-
nological approach aims to describe the consequence of the local
damage at the macroscopic scale such as loss of stiffness. In this
approach, the macroscopic scale corresponds to the Representative
Volume Element (RVE) of composite material. However, to make
easy the micro-mechanical calculations, the damage variable is
sometimes non-local [22]. In this case, the crack data are usually
homogenized. This approach is often adopted in mixed models of
damage, combining micro-mechanical and phenomenological as-
pects [23]. Conversely, in energy approaches, the damage variable is
mostly unrelated to the physical reality [24]. Most damage models
can represent a softening deformation [25]. Mixed models are most
often associated with a fracture criterion [26]. In phenomenological
models, mechanical behavior laws are derived from thermody-
namic potentials and the representation of the mechanical degra-
dation is more finite [ 18]. Damage phenomenological models can be
used more easily that the micro-mechanical damage models in
numerical simulation, because energy formulations do not need the
microscopic data [18,19]. On the other hand, in micro-mechanical
models, the damage variable has a physical sense related to the
volume fraction occupied by cracks in the damaged composite, the
rate of energy dissipated by fracture or cracks parameters [20,21].

Moreover, especially with regard to the anisotropy evolution
due to damage observed in the short fiber reinforced composite
[13], the micromechanical modeling seems to be a more suitable
approach for the prediction of the behavior and damage of this class
of materials. In these models, damage can be taken into account
through several local damage criterions which are in competition
and determine the introduction of micro-cracks at the local scale
[27—-29].

One can conclude that, whatever the numerical approach used,
a thorough knowledge of the type of local damage mechanisms,
their threshold and kinetic is always needed on one hand for the
choice of a suitable damage behavior law and for the identification
of its variables on the other hand [28—30].

The purpose of this study concerns a new formulation of SMC
composite which have recently be developed: A-SMC. Advanced
Sheet Molding Compound (A-SMC) is a high performance SMC
composite based on vinylester resin and reinforced with 50% (in
mass) of chopped bundles of glass fibers [7]. A-SMCs are provided
by Plastic Omnium Auto Exterior and are processed by thermo-
compression [7]. These composites are commonly used as a sub-
stitute for steels in structural automotive components because of
their high strength-to-weight ratio [31,32]. A recent study [7] have
demonstrated their high stiffness and strength together with low

density compared to metals which make them suitable materials
for crashworthy small weight automotive structures. This paper
aims to the determination of the damage mechanisms and their
influence on the macroscopic response of A-SMC composites when
they are submitted to high strain rates.

Different experimental techniques characterize the damage at
macroscopic and microscopic scales: Loading unloading at different
loading directions, acoustic emission technique [33], in-situ SEM
microscopy testing [5] and also micro-tomography X method [29],
anisotropic stiffness reduction measurement by ultrasonic tech-
nique and etc [13]. In the case of dynamic loading, it is not possible,
because of uncontrolled inertial effect, to measure the stiffness
reduction by loading-unloading tests. Likewise, the micro-scale
monitoring of the damage phenomenon is difficult. In this study,
the methodology of interrupted tests already used in the case of
standard SMC and PP composite [4,5] will be illustrated in the case
of A-SMC. In these previous studies, the experimental results
showed that the predominant damage mechanism is the fiber-
matrix interface debonding. However, micro-cracking of the ma-
trix can also play a significant role in particular during the last stages
before failure through the coalescence of the fiber-matrix interface
micro-cracks across the matrix. It has been shown that, for a stan-
dard SMC, when the strain rate increases, a delayed damage onset is
followed by of a reduction damage accumulation kinetic.

Several studies show that the mechanical response of A-SMC
and also SMC composites is strongly dependent on the micro-
structure variability and strain rate [4—7]. A micro-mechanical
model based on a statistical local interface failure criterion intro-
duced in the Mori and Tanaka model was earlier proposed by
Fitoussi [6], in order to predict the tensile curves and the stiffness
reduction due to damage for SMC composite. This kind of micro-
mechanical model was introduced in a finite element analysis for
composites structure damage analysis by Derrien et al. [34] and
Meraghni et al. [35]. This approach was validated in the case of
bending-torsion test. Jendli et al. [12] have generalized this
approach to high strain rate loading. They used the multi-scale
experimental analysis of high strain rate interrupted tensile tests
[5] to identify and validate a multi-scale visco-damageable model
[27].

In the present paper, we apply the method of interrupted tensile
test to identify damage mechanisms (Damage thresholds and ki-
netic) depending on the orientation of reinforcements and strain
rate in order to make the database needed to built a predictive
model of the micro-mechanical behavior of A-SMC under crash
loading.

The organization of this paper is as follow: A-SMC composite
composition and two kind of this composite (Randomly Oriented
(RO) and Highly Oriented (HO) plates) provided by Plastic Omnium
Auto Exterior are introduced in material specification section. In the
case of HO samples, two tensile directions were selected in order to
evaluate the anisotropic effect due to microstructure: HO-0° (par-
allel to the Mold Flow Direction (MFD)) and HO-90° (perpendicular
to the MFD). Quasi-static tensile tests with damage evolution at
macroscopic scales are investigated for HO samples. Subsequently,
the results of low and high strain rate tensile test until failure and
damage evolution at macroscopic and microscopic scales for RO
samples are presented. The visco-damageable behavior of A-SMC
composites is correlated to observations performed at the local
scale. The effect of high strain rate on elastic properties, damage
threshold and kinetic are analyzed at both microscopic and
macroscopic scale. A previous work [5] showed that, depending on
microstructure and strain rate, the development of a pseudo-
delamination stage between bundles of fibers which can occur
before failure. At the end of this paper, SEM analysis emphasizes the
effect of strain rate on the pseudo-delamination.
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Fig. 1. Microstructure of RO-A-SMC composite.

2. Material specification and methods
2.1. Advanced Sheet Molding Compound (A-SMC) composite

Advanced Sheet Molding Compound (A-SMC) composite is
typically used in automotive industry. A-SMC is a high mechanical
performance SMCs consisting of a vinyl-ester resin reinforced by a
high content of chopped bundles of glass fibers (50% in mass cor-
responding to 38.5% in volume). Two types of A-SMC plates have
been provided by Plastic Omnium Auto Exterior: Randomly Ori-
ented (RO) and Highly Oriented (HO) plates. HO plates have been
obtained by placing the initial charge of SMC prepreg sheets only in
the left part of a rectangular mold (30 x 40 cm?). Thus, compression
molding leads to material flow and fiber orientation. RO plates were
obtained without material flow by completely filling the mold.
Fig. 1 shows microstructure of A-SMC observed by SEM microscope
on polished surfaces. Indeed, fibers are initially randomly oriented
in the SMC prepreg sheets before compression. The fibers are
presented as bundles of constant length (L = 25 mm). Each bundle
contains approximately 250 fibers of 15 um diameter.

2.2. Methods

In order to study the damage behavior of A-SMC composite,
interrupted high speed tensile test at different strain rate have been
performed and deeply analyzed at both microscopic and macro-
scopic scales on Randomly Oriented (RO) plates. Moreover, in the
case of HO plates, two tensile directions; HO-0° (parallel to the
Mold Flow Direction (MFD)) and HO-90° (perpendicular to the
MFD) were used to investigate the damage behavior in quasi-static
tensile test.

2.2.1. Low and high speed tensile tests

Low-speed tensile tests and also quasi-static loading-unloading
tensile tests have been performed at different defined maximum
stress using a MTS 830 hydraulic machine. The analysis of the
reloading slope leads to the determination of the loss of stiffness
(see equation (1) in section 3.3).

At the other hand, a servo-hydraulic machine as specified by the
manufacturer (Schenk Hydropuls VHS 5020) was used to perform
tensile tests at different strain rates from quasi-static to 60 s—'. The
A-SMC sample is positioned between the load cell (upper

extremity) and the moving device (lower extremity) as shown in
Fig. 3(a). In order to get a constant strain rate from the beginning of
the high speed tensile test, a tube-piston device allows applying a
displacement of the moving device without loading during the
acceleration stage.

2.2.2. Interrupted high-velocity tensile test

In order to identify the damage mechanisms occurring during
dynamic loading, it is necessary to perform experimental in-
vestigations at both macroscopic and microscopic scale. To that
end, rectangular specimens with polished surfaces which enable
microscopic SEM observations were used as drawn in Fig. 2.

Interrupted high-strain rate tensile test have been originally
proposed by Lataillade et al. [36] in the case of glass fiber epoxy
laminates. Fitoussi et al. used it for standard SMC composites, car-
bon Epoxy laminate [5] and short glass fiber reinforced poly-
propylene [4]. On one hand, this test aims to identify damage
mechanisms occurring progressively at the microscopic scale. On
the other hand it allows determining the progressive loss of stiff-
ness due to damage. The threshold and kinetic of damage are
determined and correlated at both microscopic and macroscopic
scale. In this paper, the interrupted dynamic tensile test was
developed for A-SMC composite. IDTT is a dynamic loading-
unloading test which allows producing successive damaged sam-
ples states obtained at different force levels during high-speed
loading. The same sample is used several times for increasing
levels of applied force. Moreover, before each reloading stage,
Scanning Electronic Microscope observations (HITACHI 4800 SEM)
have been performed on the polished surface in order to quantify
the strain rate effects on the microscopic damage mechanisms (see
equations (2) and (3)) in section 3.3 related to the mechanical loss
of stiffness of the composite. Thus, A-SMC composites damage was
pointed out at two scales (micro and macro).
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Fig. 2. Rectangular specimen dimension.
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Fig. 3. Interrupted dynamic tensile test: (a) High-strain rate tensile device; b) Specimen-fuse device for interrupted high-speed tensile test.

The IDTT device is illustrated in Fig. 3(b). During dynamic
loading of the sample, the inertia of the hydraulic cylinder, when it
is launched, does not allow interrupted test at chosen stress level
such as in quasi-static loading-unloading tests. Therefore, the
loading of specimen will continue until macroscopic failure. To
solve this problem, the basic idea is to place an elastic brittle fuse in
series with the composite sample. In this study, a special device was
developed and adapted for cylindrical notched steel fuse. The lig-
ament length is related to the maximum value of the required force
(see Fig. 7 in section 3.2.2).

2.2.2.1. Fuse characterization. Tensile tests have been performed of
the steel fuse for different ligament lengths in order to determine
the order of magnitude of the maximum stress. Fig. 4 shows the
ultimate force as a function of the fuse ligament length. In fact, the
defined force during interrupted high strain rate can be achieved by
varying of ligament length. One can note that the ultimate stress
can vary for high strain rates. However, no significant variation has
been observed during IDTT.

2.2.3. Strain and strain rate measurements

A contactless technique is used to measure the local deforma-
tion using a high speed camera (FASTCAM-APX RS). The strain rate
measurements procedure has been presented in a previous paper

Ligament length

10 15 20 25 30 35
Ligament length (mm)

Fig. 4. Required ultimate force as a function of fuse diameter.

[7] and consists in analyzing the images of the filmed surface
during deformation.

3. Experimental results and discussion
3.1. Low and high strain-rate tensile test until rupture

In this section, some of the results described in a previous paper
[7] are reported in order to justify the choice of the damage
experimental analysis presented in this paper.

Quasi-static tensile curves for different fiber direction (HO-90°,
RO and HO-0° samples) and the tensile behavior of RO samples at
different strain rate of quasi-static, 1 s~! and 60 s~! are presented in
Fig. 5(a) and (b), respectively. The material elastic moduli measured
in the first stage of the stress-strain curve show a rough average
value of 12, 14.5 and 18.5 GPa for HO-90°, RO and HO-0° A-SMCs
respectively. However, the non-linear overall response of the A-
SMC is obviously clear. These curves are suitable to damage study of
different fiber direction.

Previous paper [7] indicated that a variation of the strain rate
from quasi-static to 60 s~ lead to an increase of the damage
threshold starting from a strain rate of about 1 s~! (Fig. 6). One can
note, for RO samples, an increase of 50% of the stress damage
threshold and 40% of the ultimate stress when varying the stain
rate from the quasi-static to 60 s~ Therefore, three strain rate
ranges were selected for qualitative analysis and quantitative evo-
lution of the damage mechanism of RO samples: quasi-static, 4 s~
and 40 s~

3.2. Multi-scale qualitative damage investigation

3.2.1. Quasi-static loading-unloading tensile tests

Experimental stress-strain curves for quasi-static loading-
unloading tensile test coupled to microstructure observations
performed before each reloading stage is shown in Fig. 7.

The same representative observation zone was microscopically
analyzed at consecutive increasing value of applied stress level
(about 3 x 5 mm?). This means that the investigation zone is large
enough to contain all the heterogeneities of the material micro-
structure. The local investigation can be assumed as statistically
representative of the damage accumulation in the studied material
composite. As mentioned, one must bear in mind that the investi-
gation zone is considered as representative of the material micro-
structure. In addition, microscopic observations have confirmed the
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fact that this zone is statistically representative for the damage
accumulation.

The first observed damage phenomenon corresponds to the
debonding of the fiber-matrix interface. For quasi-static loading,
this phenomenon is the predominant damage mechanism. It ap-
pears very soon (for 0.35% of 6;) and propagates through the overall
volume of the material as a diffuse manner from the more miss-
oriented fibers (90°) to the more oriented fibers (30°). It should
be noted that interface debonding is largely favored on the fibers
bundles oriented perpendicularly to the principal stress direction.
Indeed, these fibers are submitted to a high local normal stress at
the interface. Inside each bundle of fibers, fiber-matrix interface
failure propagates from one fiber to its neighbor. This phenomenon
appears several times on each bundle (from 3 to 5 times) and leads
to localized transverse cracks which can be observed in the
micrograph performed at an applied stress equal to 0.70 o.. Finally,
when approaching the ultimate stress, the localized propagate
through the matrix located between the bundles and induce
pseudo-delamination of the bundles just before final failure. One
can conclude that for quasi-static loading, the predominant damage
mechanism brings about the diffusion of debonding at the fiber-
matrix interface beginning at the more miss-oriented fibers (90°)
and progressively diffusing on the less miss-oriented fibers (until
30°). Matrix micro-cracking and pseudo-delamination are sec-
ondary damage diffusion mechanisms appearing just before failure.
However, they cannot be neglected in the description of the failure
process.
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quasi-static tests performed on RO-A-SMC).

3.2.2. Interrupted high velocity tensile test

Fig. 8 and Fig. 9 show the experimental results of interrupted
high strain rate tensile tests performed at 4 s~! and 40 s,

The Young's modulus reduction resulting of an increasing
applied stress appears clearly and indicates a progressive damage
process. At the microscopic scale, one can note debonding at the
fiber-matrix interface appearing later than for the quasi-static
loading case. This onset of fiber-matrix interface damage in-
creases when increasing strain rate (at 0.45 o, and 0.60 o for strain
rates of 4 s~! and 40 s~ ', respectively). On the other hand, one can
observe that when increasing the strain rate, the interface damage
appears to be less diffuse. Moreover, one can observe that
increasing the strain rate favors the propagation of the transverse
micro-cracks into the matrix and pseudo-delamination.

3.2.3. Pseudo-delamination mechanism

This phenomenon is called hereafter pseudo-delamination. A
previous study [7] showed that, prior to the final failure, local
delamination between bundles of fibers always occur indepen-
dently of the microstructure and strain rate. However, it has been
shown that increasing strain rate and orientated fibers favor the
pseudo-delamination. Fig. 10 shows a comparison between SEM
micrographs performed on RO samples submitted to QS, 4 s~! and
40 s~ It is obvious to note that in the case of quasi-static loading,
pseudo-delamination remains limited while a wide diffuse damage
is observed. For higher strain rates, a less diffuse damage and more
localized pseudo-delamination is highlighted.

From the overall obtained results of interrupted dynamic tensile
tests performed on RO samples, the following conclusions can be
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drawn:

e For both quasi-static and dynamic tests, debonding at the fiber-
matrix interface seems to be the predominant diffuse local
damage mechanism. Matrix breakage and pseudo-delamination
can also appear for higher stress levels.

e When the strain rate increases from quasi-static to 40 s~
noticeable effect consists of a delayed fiber-matrix damage onset
and favored matrix micro-cracking and pseudo-delamination.

3.3. Multi-scale quantitative damage investigation

In this section, a quantitative multi-scale analysis of the damage

effect is performed. At the macroscopic scale, the evolution of
stiffness reduction is determined for RO, HO-90° and HO-0° sam-
ples under quasi-static loading in order to emphasize the influence
of fiber orientation. On the other hand, for RO samples, the
microscopic damage propagation has been quantitatively related to
its consequence on the macroscopic stiffness reduction. This
quantitative analysis has been especially focused on the fiber-
matrix interface mechanism which has been demonstrated in the
previous section to be the predominant damage mechanism for A-
SMC. The anisotropic strain rate effect on the fiber-matrix interface
decohesion have been also studied through the comparison be-
tween damage threshold and kinetic measured for several fiber
orientations chosen in RO samples.




Fig. 10. Pseudo-delamination phenomenon at microscopic scale.

3.3.1. Damage indicators
Stiffness reduction is an appropriate macroscopic damage in-
dicator to define damage development in short fiber reinforced
composite materials [4—6]. In the case of tensile loading, one can
define a macroscopic damage variable as [37]:
D
Divacro =1~ o (1)

Eo and Ep are the Young's modulus of virgin and damaged ma-
terial, respectively.

On the other hand, damage accumulation can be characterized
in SMC composites by several elementary failure mechanisms such
as matrix cracking, fiber breakage, debonding at the fiber-matrix
interface and pseudo-delamination [4—6]. At microscopic scale,
the stiffness reduction related to evolution of the micro-cracks
density, the threshold and the kinetics of the cracks growth were
demonstrated [12]. The damage mechanisms at the microscopic
scale have been identified by means of SEM micrographs obser-
vations achieved upon polished specimen surfaces in the previous
section. The evolution of the fiber-matrix damage mechanism can
be quantitatively described by a local variable as [4—6]:

f
dmicro = % (2)

Where fy is the volume fraction of debonded fibers and f; is the
fiber volume content in the Representative Elementary Volume
(REV). dpicro can also be defined as the debonded fibers proportion
which is measured directly on the SEM micrographs by counting
the number of fiber presenting an interface failure inside a bundle.
Moreover, in order to study the influence of the fiber orientation on
the damage strain rate effect, one can define the parameter d(0) as
follows [12]:

fa
dy -1 (3)

Where fg and fy are the volume fraction (or number) of the 6°
oriented debonded fibers and the fibers volume content (or total
number of fiber contained inside the bundle which is about 250)
oriented at 6°, respectively.

3.3.2. Macroscopic scale
3.3.2.1. Quasi-static loading: effect of fiber orientation distribution.
Fig. 11 shows the evolution of the macroscopic damage parameter,
D, under quasi-static loading-unloading tensile test as a function of
applied stress. It should be indicated that, for each microstructure,
several tests (at least 3) were performed and the results have been
reported in this figure in such a way that at least 15 points have
been measured until the very last stages just before failure. One can
note that in the case of HO-0° sample, the values of macroscopic
damage parameter remains very low. This confirms that interface
failure remains limited leading to a relative linear behavior as seen
in Fig. 5(a) while pseudo-delamination is favored.

It should be noticed that HO-90° damage kinetic is higher than
that of RO. This is essentially due to the fact that more fiber-matrix
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for quasi-static tests performed on RO-A-SMC).
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Fig. 12. Macroscopic damage evolution versus applied stress for different strain rates
(Normalized value = current value/average ultimate stress (o;) value obtained for
quasi-static tests performed on RO-A-SMC).

decohesions are involved in the case of HO-90° samples. On the
other hand, one can also observe for RO samples an altered slope of
the curve (from D = 0.18) indicating the saturation of the fiber-
matrix interface failure occurring together with the beginning of
the propagation of transverse cracks into the matrix. Finally, the
critical value of D at failure for these two microstructures appears
to be of the same order of magnitude which indicates a similar state
of damage.

3.3.2.2. Effect of strain rate for RO samples. Experimental findings
from Interrupted tensile tests (Fig. 12) performed at five different
strain rates values varying from quasi-static (QS) to 60 s~ confirm
that strain rate increase leads to a delayed macroscopic damage
initiation. Indeed, macroscopic loss of stiffness begins at a stress
level of 0.30 o; in the case quasi-static tensile test whereas for a
strain rate of 60 s, the first stiffness reduction appears around a
stress of about 0.60 o; which corresponds to a 100% augmentation
of the damage threshold. Moreover, it should be indicated that the
damage kinetic is more than three times reduced as the strain rate

increases from quasi-static to 60 s~ 1.

3.3.3. Microscopic scale

In order to understand the physical origin of the damage delay
described in the previous sections, experimental investigations at
the microscopic scale have been performed in order to identifying
the corresponding damage mechanisms, their threshold and ki-
netic. Fig. 13 illustrates the global microscopic damage parameter
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Fig. 13. Global microscopic damage evolution versus strain rate (Normalized

value = current value/average ultimate stress (o,) value obtained for quasi-static tests
performed on RO-A-SMC).

(dmicro) evolution as a function of the applied stress, previously
defined in equation (2), for Randomly Oriented (RO) samples at
different strain rates ranging from quasi-static to 40 s~ .

In accordance with the macroscopic damage indicator evolu-
tion, the damage threshold analyzed at the microscopic scale is
shifted to higher values and the damage growth is reduced when
increasing strain rate. These aspects account on the well known
visco-damage effect described in previous papers [4—7].

3.3.3.1. Anisotropic strain rate effects on the fiber-matrix interface
decohesion. In the following, the influence of fiber orientation on
interfacial micro-cracks density evolution is discussed. Different
families of fiber orientation bundles were selected at microscopic
scale and their damage evolution were investigated at each defined
applied stress and strain rates. Note that the 30° family (respec-
tively 45° and 90°) results presented in Fig. 14 correspond to the
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Fig. 14. Evolution of dy as a function of applied stress; (a) Quasi-static, (b) Strain rate of
457" and (c) Strain rate of 40 s~ (Normalized value = current value/average ultimate
stress (o;) value obtained for quasi-static tests performed on RO-A-SMC).




averaged crack density evolution obtained for fiber orientation
ranging from 20° to 30° (respectively from 35° to 55° and from 80°
to 90°).

Fig. 14 shows the evolution of the fiber-matrix interface local
damage indicator for each specified orientation family (dg), at strain
rates varying from quasi-static to 40 s—. One can note that inde-
pendently of applied strain rate, when increasing fiber orientation,
damage threshold stress decreases while the damage kinetic
increases.

Fiber-matrix decohesion can occur when a combination of a
local ultimate normal and shear stress are reached on the interface
[4]. 45° oriented fibers are submitted to higher interfacial shear
stresses while fiber-matrix interface of 90° oriented fibers fails
under a pure normal stress.

In Fig. 15, the evolution of the relative damage threshold and
kinetic (determined by the slope of between the density evolution
curve) have been plotted as a function of the strain rate for the
three defined fiber orientations. A noticeable local anisotropic
strain rate effect can be pointed out. Indeed, this figure shows that
when the fibers are oriented in the tensile direction, the damage
onset due to increasing strain rate is favored while the damage
kinetic is altered. These coupled effect of strain rate and orientation
on the fiber-matrix interface failure will be discussed in the next
section.

4. Viscous nature of the microscopic damage

In this section, the whole experimental results described above
are use to propose an interpretation of the origin of the strain rate
effect on damage of A-SMC composites. Obviously, interactions
between microscopic and macroscopic scale are considered.
Moreover, it is shown that to get a thorough understanding of the
strain rate dependent damage behavior of A-SMC, it is also neces-
sary to analyze the influence of the deformation mechanisms
occurring at the polymer chains scale. Note that the multi-scale
analysis proposed hereafter is also suitable for many short fiber
reinforced composites.

4.1. Characteristic times and relaxation times

In order to understand the origin of the viscous nature of
damage accumulation, one can define a specific characteristic time
which is required for a local damage or deformation mechanism to
occur. Indeed, this characteristic time is related to the viscoelastic
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Fig. 15. Evolution of the relative damage threshold and kinetic as a function of the
strain rate.

behavior of the matrix or fiber/matrix interface-interphase or, more
precisely, to the relaxation time of the constitutive polymers of the
latter. These relaxation times are related to the mobility of the
molecular chains constituting the matrix and the fiber-matrix
interface (on which depend adhesion properties). The relaxation
time of a polymer is defined as T = n/E where 1 and E are viscosity
and modulus, respectively. It is important to remember that these
two parameters are intrinsic properties of polymers and are
directly related to the adhesion force between molecular chains
and their mobility. Then, the relative values of the different relax-
ation times (matrix and fiber-matrix interface) versus the loading
rate determine how the damage will develop over time. Indeed, the
value of the imposed strain rate determine a characteristic time of
the loading.

4.2. Origin of the strain rate effect on damage threshold, kinetic and
diffusion

Under quasi-static loading, the local damage characteristic
times related to the relaxation times of each constitutive polymer
(matrix and fiber-matrix interface) are far below that of the
imposed loading characteristic time. Under such conditions, dam-
age can easily occur in a diffuse manner. In fact, when damage
occurs on one location, sufficient time remains for the material to
generate other damage events on other locations. Consequently,
damage is systematically delocalized to other sites. This leads to
foster diffuse damage. As a result, low threshold and high kinetic of
local degradation are observed. When one type of mechanism get
saturated, another one can take place as it can be seen on Fig. 12 for
quasi-static curve (see the altered slope from D = 0.18 highlighting
a saturation of the fiber-matrix decohesion together with the
beginning of the micro-cracks propagation from the interfaces to
the matrix).

On the other hand, when increasing strain rate, the character-
istic loading time can reach the same order of magnitude than the
required time for local damage mechanisms to occur (which is
related to matrix and/or fiber-matrix interface relaxation times). At
these speeds, polymer chains mobility is not sufficient to allow easy
local deformation. Thus, local deformation and damage initiation
require more energy. On one hand, this leads to shift damage
threshold to higher values of applied stress and to reduce the local
degradation kinetic on the other hand. Moreover, under rapid
loading, relatively high value of local relaxation times (matrix and/
or fiber-matrix interface) versus strain rate do not allow the ac-
commodation of the deformation through systematic damage
delocalization. Consequently, one can observe an easier concen-
trate accumulation of micro-cracks which can rapidly lead to more
localized failure when increasing strain rate.

4.3. Influence of the deformation mechanisms at the polymer chains
scale on fiber-matrix interface damage rate

In the case of A-SMC composites, it is of first importance to
understand the origin of the strain rate effect on the fiber-matrix
interface failure which appears to be the predominant damage
mechanism and the more sensitive to strain rate effect. Indeed, the
mobility of the macromolecules near to the surface of the fibers
(interface or interphase) may be affected by the rigidity of the fi-
bers. So, one may suppose that the relative values of T and 7/, cor-
responding to the relaxation times relative to the molecular
mobility respectively far and near to the fibers can play an impor-
tant role in the fiber-matrix interface damage delay and altered
damage kinetic observed when increasing strain rate. Actually,
because of lower crosslinking density of the matrix around the fi-
bers, because of chemical bonds between matrix and coupling




agent and finally because of the high rigidity of this later (Fig. 16), 7/
is generally higher than t. Thus, when loading rate increases, the
mobility of the macromolecules near to the interface is not suffi-
cient to accommodate the deformation. Therefore, the high sensi-
tivity to strain rate observed especially for fiber-matrix interface
damage can be interpreted as a consequence of the higher value of
7.

Moreover, by increasing the temperature, the relaxation time of
polymers generally increases. Moreover, under high strain rate
loading, self-heating probably occurs at local scale (matrix and
fiber-matrix interface). Thus, because of lower crosslinking and
higher local self-heating due to strain localization at interface, this
effect is more significant for the macromolecules near to the fibers.

4.4. Microstructure and local anisotropic strain rate effect on fiber-
matrix interface damage

Moreover, in the previous section (Figs. 14 and 15), it has been
shown that, at the fiber-matrix interface scale, the ultimate normal
stress is more sensitive to strain rate than the ultimate interface
shear stress. Indeed, under high strain rate, normal interface failure
requires more energy. In fact, when the stress is normal, at local
scale, mostly the bonds between matrix and coupling agent (at the
surface of fibers) will be under loading; while for shear stress, both
matrix and bonds at interface will be submitted to the local load. It
is important to precise that generally the chemical cross-linking
bonds are more important than the bonds between matrix and fi-
bers. Consequently, at a given strain rate, normal failure at the fiber-
matrix interface is always favored compared to shear mode failure
(See damage threshold evolution on Fig. 15). Thus, transversely
oriented fibers and high strain rate will contribute to lower kinetic
of damage accumulation. This leads to a prompt loss of stiffness in
the case of HO-90° samples, a moderate one for RO samples and to a
very limited one for HO-0° samples (see Fig. 11).

4.5. Strain rate and fiber orientation effects on pseudo-
delamination

On the other hand, it has been shown that high strain rate and
oriented fibers favor pseudo-delamination. This mechanism
occurring prior to the final failure is always preceded by the
propagation of localized micro-cracks coming from neighbor’s in-
terfaces decohesion inside the bundles into the matrix until
another bundle.

The multi-scale damage analysis showed that the fiber-matrix
interface damage is limited for a high oriented microstructure. On
the other hand, the strain rate effect appears to be predominantly
due to the local damage at the most miss-oriented fiber interface.
Thus, in the case of highly oriented microstructure, interfacial
damage and strain rate effect on its accumulation remain limited.

Crosslinked
matrix

Fiber

Region
around fiber

Fig. 16. Polymer structure near and far from the interface and related relaxation times.

Consequently, high strain rate and orientation together contribute
to a rapid saturation of the fiber-matrix interface damage accu-
mulation and a prompt propagation of the micro-cracks from the
interface into the matrix between the bundles of fibers. Conse-
quently, especially for HO-0° samples submitted to high applied
strain rate, fiber-matrix interface damage accumulation is altered
while damage onset increases and pseudo-delamination is favored.

5. Conclusion

In automotive industry, a new formulation of high glass fiber
content SMC is used for structural parts submitted to crash events.
These Advanced Sheet Molding Compound composites must be
able to absorb sufficient energy during a crash event in order to
assure safety of the passengers. To this aim, the capability of the
constitutive material to develop a non linear behavior through
damage accumulation is a central purpose of study.

In this paper, a multi-scale experimental analysis of the damage
behavior of an A-SMC composite has been performed. A specific
device has been developed in order to be able to characterize at
both microscopic and macroscopic scales, the evolution of the
damage accumulation at quasi-static and high applied strain rates.
Interrupted tensile test technique has been used in order to
determine, for several microstructure configurations (RO, HO-90°
and HO-0°), qualitatively and quantitatively the damage effect
during high speed tensile loading ranging from quasi-static to
60 s~ L. Quantitatively, the SEM analysis coupled to IDTT led to the
following conclusions:

e Fiber-matrix interface failure appears to be the predominant
mechanism,

e Matrix micro-cracking coming from the propagation of the
interface micro-cracks into the matrix located between the
bundles of fibers is favored at high strain rates,

e Pseudo-delamination between the bundles of fibers coupled
with the matrix micro-cracking described above always occurs
prior to the final failure and is favored by high strain rate and
orientation of the fibers in the loading direction.

Microscopic and macroscopic damage indicators have been
proposed and well correlated each other for various microstruc-
tures and strain rates. The evolution of the fiber-matrix interface
cracks density has been measured as a function of applied strain
rate ranging from quasi-static to 40 s~! for Randomly Oriented
samples. An increase of the strain rate leads to an augmentation of
the damage threshold together with a diminution of the damage
accumulation kinetic and a less diffuse spatial distribution of the
micro-cracks. Moreover, in order to emphasize the effect of the fi-
ber orientation, an analysis of the interface damage accumulation
have been performed on 30°, 45° and 90° oriented bundles of fibers
statistically chosen on RO samples micrographs. It has been shown
that the strain rate effect on microscopic damage accumulation is
mostly due to the specific sensitivity of the ultimate normal stress
at the interface. The latter leads to a more sensitive strain rate effect
for RO and HO-90° A-SMC samples observed at the macroscopic
scale.

Finally, the origin of the viscous nature of the microscopic
damage has been discussed and correlated to the macroscopic
damage thresholds delays and damage kinetics as a function of the
microstructure and the strain rate. Specific considerations at the
polymer chains scale allow proposing a consistent interpretation of
the origin and the nature of strain rate effect described in this study.

The multi-scale experimental analysis performed in this study
led also to a deep understanding of the origin of the anisotropic
elastic visco-damageable behavior of A-SMC composites and




constitutes a rich database for the development of further micro-
mechanical modeling for A-SMC automotive structures submitted
to crash events [27].
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