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Abstract. SMC composites, comprising chopped fiber bundles within a matrix
material, offer the potential to create lightweight structures with high strength
and stiffness, serving as viable substitutes for heavier metal components. The
complex task of designing SMC composites with optimized performance charac-
teristics is compounded by their inherently localized anisotropic behavior and the
presence of various interacting forms of damage. Consequently, simulating the
performance of SMC in crash-worthy applications necessitates a comprehensive
characterization of the material's mechanical properties through tailored experi-
mental tests. In this study, an experimental study has been conducted on a com-
mercial SMC material, with the primary objective of comprehensively compre-
hending its behavior and deriving specific parameters essential for numerical
simulations. Employing ESI-VPS, the crashworthiness of flat components was
simulated and successfully achieved a favorable correlation between the obtained
results and the experimental data.
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1 Introduction

In recent years, short fiber-reinforced composites have emerged as a focal point of re-
search and development, particularly within the automotive and aerospace industries
[1-3]. These composites, characterized by the incorporation of chopped fiber bundles
within a matrix material, offer a compelling alternative to conventional aluminum and
steel components. Utilizing sheet molding compound (SMC) as a manufacturing
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method, these materials enable the creation of high-strength and stiffness complex
lightweight structures that can effectively replace heavier metal parts [4-6]. Addition-
ally, due to the high forming capability coupled with intense processing flow [7], sev-
eral features, such as ribs or metallic inserts [8,9], can be easily integrated during the
molding process, avoiding subsequent manufacturing steps. Polymeric composite ma-
terials, composed of endless carbon fiber and epoxy resin, have gained widespread ap-
plication in crash-worthy applications owing to their well-documented proficiency in
energy absorption during crash events [10,11]. The high energy dissipation of continu-
ous fiber-reinforced structures has been attributed to the concomitant effects of frag-
mentation into small debris [12] extensive fracture propagation at the micro- and
mesoscale and subsequent high frictional forces at the crack surfaces [13,14]. Design-
ing SMC composites to achieve performance characteristics comparable to those of
other composite materials presents a significant challenge. This challenge stems from
the intricate nature of the microstructure [15], which involves variables such as the
quantity of reinforcements and the orientation of fibers, alongside the complex behavior
of the matrix material during molding [16,17]. Additionally, the inherently locally ani-
sotropic behavior and the presence of multiple interacting forms of damage complicate
the simulation process further. Simulating the behavior of SMC in crash-worthy appli-
cations requires a comprehensive characterization of the mechanical properties of the
SMC material in tailored experimental tests. In this study, an experimental study has
been conducted on a commercial SMC material, aiming to fully understand the material
behavior and calculate specific parameters required for numerical simulations. There-
after, the crashworthiness of flat components was simulated using ESI-VPS, and the
obtained results were compared with the experimental data, demonstrating a good cor-
relation.

2 Material and Methods

2.1  Materials and Manufacturing

The specimens utilized in this research were all manufactured using a commercial
STR120N131 sheet molding compound supplied by Mitsubishi Chemical Carbon Fiber
and Composites GmbH. This material is composed of a vinyl ester resin reinforced with
a 53% weight fraction of 15 k TR50S-15L carbon fiber chopped strands, each with a
length of 25.4 mm (averaged, as supplied). Average tows width and thickness are, re-
spectively, 10 mm and 0.115 mm. Several plates were compression molded, each meas-
uring 300 mm by 300 mm with an average thickness of 4.1 mm. The molding temper-
ature, pressure, and time were 141.5 °C, 215 bar, and 300 s, respectively.

2.2 Mechanical Testing

Quasistatic material characterization
The material's fundamental properties were evaluated using traditional mechanical tests
in order to incorporate them into the ESI-VPS Ply15 material model. This model is



designed specifically for short-fiber materials and can take into account process simu-
lation results to more accurately replicate the material's behavior. The model was ulti-
mately validated by comparing it to experimental crushing planar tests. All tests were
conducted using a servo-hydraulic universal testing machine equipped with a 100 kN
load cell. Tension tests have been carried out according to the ASTM D3039 standard
with a velocity of 2 mm/min, while compression tests have been performed according
to the ASTM D3410 standard and a velocity of 1.5 mm/min. Two test directions were
considered: 0° and 90° degrees, representing the primary flow directions of the SMC
charge in the mold.

Crashworthiness

In order to assess components' crashworthiness properties, specific crushing tests were
performed. Five planar specimens per thickness were tested by means of a specific anti-
buckling fixture. Load-displacement curves were recorded per each test, and Energy
Absorption (EA) and Specific Energy Absorption (SEA) parameters were calculated to
compare test results. In this work, the EA is defined as:

EA(x,.) = ch(x)dx (1)
0

where X is the displacement, f(x) is the sustained crush force. The SEA can be calcu-
lated as:

fXX; f(x)dx @)
m(x. —xo)/h
where m and h are the coupon weight height, respectively; xo and x. are the initial and
final displacement values, respectively. Considering xo=0 and X, the total crashing
length, this formulation allows the calculation of the Total SEA (SEAf); however, this
parameter is highly influenced by the initial load peak which is strictly linked to the
trigger geometry and performances in both numerical and experimental tests. There-
fore, in this work, authors consider the Steady-State SEA (SEAss) where Xg is chosen
to exclude the transition region before the onset of the sustained crush load.
2.3 Numerical modelling

SEA(x.) =

The short fiber-reinforced material model PLY15 implemented in ESI-VPS software
corresponds to a homogenized description of this kind of composites, considering the
microstructure's influence on the macroscopic properties. It utilizes the 'pseudo-grain’
approach in which a fictitious area where all fibers are aligned and present the same
aspect ratio [12]. The PLY 15 model divides the composite material into Representative
Volume Elements (RVE) by taking into account all the nearby pseudo-grains (PGs)
with aligned fibers of the same aspect ratio [18]. The overall response is calculated
incrementally by using the average responses of the RVEs. During failure, even if a PG
fails, it can still deform, but it can no longer bear any load. The self-consistent method
redistributes the loads and strains at each time step to accommodate the different dam-
age kinetics of the other PGs. Damage evolution inside PGs progressively reduces the
overall stiffness and strength of the RVE, ultimately leading to catastrophic failure.

The model homogenization process consists of two main steps: first, the individual PGs
are homogenized using the Nonlinear Mori-Tanaka method [13,19]; then, a self-



consistent method [20,21] is applied to homogenize the PGs aggregates within different
RVEs.

By combining a continuum damage model [22,23] with mean-field homogenization
theory to obtain a semi-analytical approximation of the composite incremental re-
sponse, the model is particularly useful for simulating large-scale composite structures.
Numerous studies have been conducted on failure criteria for continuous fiber compo-
sites and injection-molded short fiber composites. However, a well-established failure
criterion for SMC is still missing [14]. The existing failure criteria for unidirectional
(UD) composites can be grouped into three categories. The first category includes non-
interactive failure criteria, such as the maximum stress and maximum strain failure cri-
teria. While these criteria are straightforward, they may not accurately predict failure
strengths under complex loading conditions. The second category includes interactive
failure criteria, such as the Tsai-Wu and Tsai-Hill failure criteria. The third category
consists of physically-based failure criteria, such as Hashin [24], Puck [25], and
LaRC04 [26]. According to [14,15] Tsai-Wu and Tsai-Hill demonstrated superior per-
formance in predicting the failure response of SMC material. In ESI VPS PLY15 ma-
terial model, failure triggering is implemented on either the maximum equivalent plas-
tic strain limit parameter or the Tsai-Hill criterion. The Tsai-Hill criterion considers the
material's tension and compression properties, allowing for detailed control of damage
initiation.

3 Experimental Results

3.1  Tensile and compressive tests

Results from tensile and compressive tests are summarized in Table 1. Good repeata-
bility in elastic modulus and ultimate strength was found across all samples, with coef-
ficient of variation (CV) values in the range of 15% — 17%. While the CV values for
elastic modulus measurements are higher than those measured on epoxy-based SMC
[16], this material displays less scatter in ultimate strength.

Table 1. Experimental test results.

Modulus [GPa] Strength [MPa]
1) c 1) c
0° Specimens 29.76 4.73 162.27 19.89
Tensile
90° Specimens 32.80 5.65 156.11 26.81
. 0° Specimens 27.75 0.79 236.76 22.04
Compressive .
90° Specimens 26.52 1.19 230.69 20.97

3.2 Planar crash tests

EA and SEA values, calculated by means of Eq. (1) and Eq (2), are collected and sum-
marized in Table 2.



Table 2. Average EA and SEA for tested coupons.
EA [J] SEAss [J/g]

175.73 23.89 23.90 1.19

4 Numerical Results

4.1  Model calibration

The short fiber composite model was implemented using the PLY15 material card in
ESI-VPS. This model allows for the implementation of fundamental material properties
and damage parameters. Additionally, the software enables manual input of fiber and
matrix characteristics and the fiber orientation tensor in cases where manufacturing
simulation or additional are not available, as in this study. This provides the software
with essential information regarding the distribution of fiber tows and resin. The main
fibers and resin characteristics for the material used in this study are listed in Table 3.
Table 3. Main fibers and matrix properties.

Property Software parameter Value Units
Longitudinal Fiber modulus Efl 107 GPa
Transversal Fiber modulus Ef2 5.8 GPa
Fibers Poisson Ratio NUf 0.22

Matrix modulus Em 34 GPa
Matrix Poisson Ratio NUm 0.35

Volume fiber fraction FvC 53 %
Fiber length FIBlen 25 mm
Fiber radius FIBrad 7 pm

The fiber orientation tensor was defined to simulate a planar random configuration as
follows:
1/2 0 0
a= [ 0o 1/2 0] 3)
0 0 o0

This choice arises from the observation of material behavior during experimental char-
acterization, revealing clear failure planes that are parallel to each other, with randomly
oriented fibers.
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Fig. 1: Experimental-numerical comparison of (a) Tensile and (b) Compression tests

Tensile and compressive tests were numerically modeled to validate the material card
and the simulation settings. The results of these models closely align with the experi-
mental measurements in terms of modulus and ultimate strength, as visible in Fig. 1a
and Fig. 1b. The numerical tensile modulus and ultimate strength were 31.30 GPa and
167.15 MPa, while the compression modulus and strength were 30.73 GPa and 239.08
MPa, respectively.

4.2 Crush response

The crush test response in terms of Load-Displacement struggles to accurately simulate
the behavior during the initial phase of the test (Fig. 2a). However, after 5 mm, the
response stabilizes and aligns more closely with the experimental results. Additionally,
as shown in Fig. 2b, the SEA reduces the impact of the first phase, demonstrating a

strong correlation with the experimental data.
60 45

(a) Experimental 40 4 (b) Experimental
504 e Numerical raw data —— Numerical data
—— Numerical filtered data 351 - - —Steady State SEA

30 4
25 4

Load [kN]
SEA [J/g]

}J \';: 1‘0 1‘5 2‘0 25 0 é 16 £5 2‘0 25
Displacement [mm] Displacement [mm]

Fig. 2: Comparison between experimental and numerical results of crush tests: (a) Load-Dis-

placement and (b) SEA vs. displacement

The oscillating behavior may result from the geometric representation of the initial trig-
ger and the instability caused by element elimination within the software, suggesting
the need for further numerical investigations in the future. However, despite the scatter,
the numerical failure layout accurately depicts the progressive failure of the specimen,
as shown in Fig. 3.
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Fig. 3: Numerical-Experimental failure comparison. a) numerical simulation b) physical sample

Conclusions

The CF-SMC material tested in this paper has shown interesting crashworthiness prop-
erties, even though it has not been thoroughly studied for these applications. The spe-
cific energy absorption values obtained from the experimental test could be enhanced
with material and geometry optimization. The advantage of using this material is its
faster and more cost-effective manufacturing process, as well as the potential to use
recycled fibers, addressing the increasing demand for more sustainable materials. For
these reasons, this type of material could represent a significant advancement in design-
ing new-concept crashworthy components.

The short-fiber material model integrated into the ESI-VPS software has demon-
strated good correspondence with experimental results. This applies to both tension and
compression tests, which were used during calibration, as well as crushing tests. The
numerical results indicate the significance of the trigger configuration in the initial
phase and suggest the need for improvements to better match the experimental Load-
Displacement curve. Nevertheless, the numerical results demonstrate a strong correla-
tion in the steady-state crashing phase, providing a representative SEA similar to the
experimental behavior. Further research is required to include findings from process
simulations, especially concerning SMC charge flow and the resulting authentic fiber
distribution.
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