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Abstract. Sheet Molding Compound (SMC) has emerged as a compelling alternative to light metal
alloys to produce lightweight structural components in several industries. Despite their advantages,
the complexity introduced by random short-fiber reinforcement SMC materials makes their
mechanical behavior challenging to predict using Finite Element Analysis (FEA) models. These
challenges extend to evaluating and predicting the bonding strength of adhesive joints involving
such materials, which is critical in many automotive and aerospace applications. This research
proposes a methodology for generating accurate material cards for adhesives/joints. The approach
integrates experimental testing, numerical modeling, and optimization. A three-phase process was
employed, utilizing software such as HyperMesh, Abaqus, and HyperStudy. The optimization
phase involved the Design of Experiments (DOE) to explore parameter spaces, fitting to construct
response surfaces, and optimization algorithms to refine material properties for curve matching.
Despite the challenges posed by the brittle nature of SMC substrates, the approach successfully
captured the joint’s mechanical behavior, producing a reliable material card for this specific
material combination. This study underscores the potential of the proposed methodology to predict
joint strength in large-scale simulations, such as full-vehicle assemblies, with improved accuracy
and reliability. By addressing the unique challenges of SMC materials, this work provides a robust
framework for adhesive characterization and enhances structural designs in composite bonding
applications.

Introduction

In the past two decades, polymeric composite materials have garnered significant attention across
various industries due to their exceptional properties, including modulus, strength, and energy
absorption [1-3]. The automotive sector, in particular, serves as a leading example of innovation
in the application of these materials [4]. Among different methods, the sheet molding compound
(SMC) process stands out as the top choice for producing composite structures in the automotive
sector, primarily because of its impressive ability to facilitate high-volume production [5]. In
industrial applications, the joining of SMC components is currently performed in several ways,
each with specific limitations. The use of bolts [6], rivets, and inserts [7,8] is a common practice
to connect SMC structures to other components. Nonetheless, these joints may add significant
weight to the overall structure, are prone to galvanic corrosion [9], and often require a more
complex mold design to embed them successfully. Another conventional solution for joining this
material is adhesive bonding. The main limitation of the widespread use of this technology in
joining SMC material is a lack of understanding of fracture mechanisms [10]. Jyoti and coworkers
[11] examined the Mode I fracture toughness of SMC materials, analyzing samples with and
without an adhesive layer. In the specimens bonded with adhesive, the cracks developed either
along the interface between the composite and adhesive or within the composite material itself.
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Several research highlighted the difficulties in characterizing Mode II fracture toughness of
automotive class adhesive bonded joints with SMC adherend [12,13]. It can be argued that the lack
of well-established characterization strategies hinders the use of Finite Element Analysis (FEA) to
numerically study the behavior of SMC adhesively bonded joints. This implies the need to
fabricate bonded components and experimentally investigate if they will have the desired
functionalities through expensive experimental tests. In this work, the possibility of predicting the
strength of adhesively bonded SMC components by means of numerical tools is investigated.
Several SMC plates were compression molded and cut to extract the adherends for subsequent
bonding. Two specifically designed jigs were used to position the specimens and to calibrate the
thickness of the adhesives. Samples were mechanically tested in Mode I, Mode II, and shear. A
numerical model was defined in Abaqus 2020 to closely resemble each experimental condition.
Data from experimental tests were used to calibrate the numerical model by a novel semi-automatic
procedure and compared with numerical outcomes.

The procedure was successful in generating a material card that correlates with the experimental
curves.

Materials and Methods

Materials. The adherends for all specimens were obtained from a commercial Mitsubishi
STR120N131 provided by Mitsubishi Chemicals (Mitsubishi Chemicals Carbon Fiber and
Composites GMBH). This material is a fast-curing sheet-molding compound (SMC) made with a
vinyl ester resin reinforced with a 53% weight fraction of TR50S-15L Pyrofil® chopped strands.
Whereas tow width, thickness, and length are subject to variation due to the manufacturing process,
average values are 8§ mm, 0.115 mm, and 25 mm, respectively. The material was extracted from
cold storage and cut into preforms of 300 x 300 mm. Preforms were stacked to obtain the desired
charge thickness. The charge was compression molded into a specifically designed mold featuring
a cavity of 300 x 300 mm into a 15 t down stroke Cannon press. An overview of the equipment
used is given in Fig. 1. Plates were extracted from the mold, cooled at room temperature in free
air condition, and visually checked for imperfections.
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Figure 1 — Designed mold for producing SMC plates in C.P.C. srl

The average value of plate thickness was 4.8 0.2 mm. To obtain the desired shapes and sizes
of the adherends, plates were cut using a water jet machine. To eliminate any residue of the release
agent, adherends were sandblasted and polished with isopropyl alcohol. Adherends were therefore
conditioned into a climate chamber at a temperature of 20°C and 30% RH. The adhesive selected
was LORD® 7545 Urethane Adhesive (Parker Lord Engineered Materials Group, Cary, USA).
LORD® 7545 adhesive is an equal-mix, two-component urethane adhesive system used to bond
Fiber Reinforced Plastics (FRP), SMC as well as other plastics with little surface preparation. This
adhesive system is capable of being used in a range of working times to accommodate a wide
variety of process requirements. According to industrial experience, this adhesive exhibit optimal
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performance after a curing period of 7 days at room temperature, during which it achieves a robust
bond with excellent mechanical strength.

Sample Preparation. Custom design gluing jigs depicted in Fig. 2 were used to position the
adherends. The adhesive was carefully applied by hand using an air gun. The jig was then closed
and maintained in a climate chamber at a temperature of 20°C and 30% RH for 7 days to allow a
complete crosslink of the adhesive.

[ —— - pas

Figure 2 — Custom design gluing jigs: a) SLJ gluing jig, b) DCB and ENF gluing jig

Mechanical Testing. Double Cantilever Beam (DCB), End-Notch Flexure (ENF), and Single-
Lap Joinjt (SLJ) test specimens were mechanically tested following ASTM 5528 [14], ASTM 7905
[15], and ASTM 3165 [16], respectively, into an Instron universal testing machine operated in
displacement control. Mode 1 fracture toughness Gy, (J/m?) of DCB specimens was calculated
through the formula:

Where P. (N) is the critical force at break point, §. (mm) is the relative critical displacement
at break point, b (mm) is the width of the specimen and a (mm) is the crack length. Mode II
fracture toughness Gy (J/m?) was calculated using Eqs. 1 and 2:

_ 3Pcéc

G[c - m * 1000 (1)
3mP?., a? 2
Gy = 2o max e 55 % . 1000 @)

where Ppax is the maximum force recorded on the force-displacement curve, m (1/Nmm?) the slope
of the linear fit of compliance versus crack length cubed data and b is the specimen width. The
crack length a. (mm) was computed through Eq. 3:

 \1/3
o = (C“ A) 3)

m

where C, (mm/N) is the specimen compliance after unloading, and 4 (mm/N) is the intercept of
the linear fit of compliance versus crack length cubed data. Single lap joints were evaluated based
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on ASTM standards so considering the maximum load at break and the relative shear stress
calculated as follows (Eq. 4):

F
Ty = 0

Semiautomatic Material Card Generation. A procedure based on the Design of the Experiment
(DOE) was adopted to automatically optimize the material card parameters for cohesive zone
modeling (CZM) within the commercial code Hyperstudy 2021. Cohesive properties such as
elastic moduli, nominal stress of the interface, and fracture energies were considered as design
variables and parameterized for variation during the optimization. Targets such as peak force, and
critical displacement were extracted from experimental data and defined as objectives within DOE
optimization. Constraints were imposed on cohesive material parameters based on industrial
experience. The LatinHypercube [17] algorithm was selected to sample the design space by
dividing each design variable parameter range into equal intervals and ensuring that each interval
is sampled exactly once. Among available alternatives, this method was selected due to its ability
to provide a well-distributed representation of the parameter space, allowing for effective
exploration and analysis of variable interactions with a relatively small number of simulation runs
[18,19]. Results from DOE-generated data were used to create a quadratic response surface, which
serves as an approximate model to relate the design variables (elastic moduli, nominal stress of the
interface, and fracture energies) to the simulated response of the joint behavior (peak force, and
critical displacement). The Global Response Search Method (GRSM) [20] was selected to find the
optimal solution. It combines global and local search techniques to optimize complex systems, it
reads the response surface using the simulation data and iteratively refines it, and then locates the
optimal solution [21]. This process of using DOE, Fitting, and Optimization algorithms is first
executed for the DCB specimen, the resulting parameters for Mode I (K,,,t3,G,c ) were then fixed,
and the entire process was repeated for the SLJ specimen, finally identifying the remaining
properties in Mode 11 (K;,t2,Gy;c ) and taking Mode III as equal to Mode II. The optimized material
card was validated by running test simulations and trying different algorithms, ensuring
consistency with experimental observations and algorithm choice.

Numerical Model. The numerical simulations were performed using Abaqus 2020 explicit
solver. Each test (DCB, ENF, and SLJ) was simulated closely resembling experimental conditions,
including boundary conditions, loading rates, and constraints. Continuum shell elements (S4R)
with reduced integration were used to simulate the adherends whilst cohesive elements (COH3DS)
were used to simulate the behavior of the adhesive. A 5 mm mesh was adopted to mesh the
adherends, whilst a 2.5 mm mesh was used to discretize the adhesive layer following established
industrial procedures. Overall, the DCB model accounted for 1071 nodes, the ENF model
accounted for 5726 nodes, and the SLJ accounted for 426 nodes (see Fig. 3). As illustrated in Fig.
3a, hinges for DCB were modeled using kinematic coupling, while loading and support surfaces
were modeled using rigid body elements (R3D4), as illustrated in Fig. 3b. Within Abaqus, the
elastic behavior of the cohesive elements’ material is modeled through the relationship (Eq. 5)

[22]:
tn Ky 0 0\ (6n
t:{ts}=<0 K 0){55} ()
te 0 0 K/\§

Being t the nominal traction stress vector representing the stress induced by the three
deformation modes: the deformation in the normal direction §,, and two shear deformation modes
&5 and &;. The quadratic failure criterion and the Benzeggagh—Kenane (BK) law [23] are employed
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to predict the initiation and propagation of delamination damage, expressed in Eqs. (6) and (7)
respectively:

2 2 2
t t t
Sl - @
t9 t! t
where t9, t2, t? are the peak values of the nominal stress of the interface when separation is merely
aligned with the respective fracture mode.

Gy + Gy )n

Ge = Gic + (Gye — Gic) (m

(7)

Being G, Gjc and Gy respectively the total, normal and shear critical energies release rates
and Gy, Gy and Gyyy the energy release rate under Mode I, Mode 11, and Mode III respectively. 7 is
the relevant material parameter in the BK law, as well as peak stresses and the critical energy
release rates.

Kinematic
Coupling

s L

Figure 3 —a) DCB, b) ENF and c) SLJ test specimens mesh models

Results and Discussions

Mechanical Testing. Force vs displacement curves for DCB, ENF, and SLJ specimens are
illustrated in Fig. 4a, Fig. 4b, and Fig. 4c, respectively. The curves from the DCB test shared a
comparable stiffness up to failure that occurred at different loads between the samples, suggesting
inconsistency in crack initiation and propagation. Specimens D1, D2, and D4 exhibited marked
load drop after the first failure, while specimens D3 and D5 showed a more gradual stiffness
degradation. The ENF test curves, shown in Fig. 4b, display uniformity, with all specimens
following a similar linear trend until approximately 3000 N and reaching their maximum load
within a narrow range. The observed failure mode invalidated the tests: in all specimens, the failure
occurred in the lower adherend rather than the adhesive layer. SLIJ test curves (Fig. 4c) also exhibit
consistent linear stiffness during the elastic phase, followed by a smoother non-linear region where
the force-displacement relationship deviates from linearity. Indeed, at higher forces, the adhesive
layer undergoes plastic deformation. This phase transitions to a break point characterized by a
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sharp force drop. All specimens failed at a comparable ultimate load except for specimen S4, which
failed at 5250 N.
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Figure 4 — Load Displacement curves for a) DCB test, b) ENF test and c) SLJ test

Numerical Simulation. The optimization process culminated in what the solver calls an optimal
solution: a set of parameters that represents the material card, reported in Table 1.
Table 1 — Optimized parameter set for the Material Card

Material property Value Units

K, 112.90 MPa/mm
Ks = K¢ 4.38 MPa/mm
t9 3103.50 MPa

td =t? 452.90 MPa

Gic 56.95 N/mm
GIIC:GIIIC 5695 N/rnm

1 1 -

A comparison between simulative and experimental results is given in Fig. 5. By focusing solely
on damage initiation and excluding propagation, it can be observed that the DCB curves exhibit a
similar initial linear trend and stiffness. Near the point of failure or maximum force, the generated
curve demonstrates a slight increase in stiffness (Fig. 5a), followed by an abrupt load drop followed
by crack propagation. The failure predicted by FEA occurs at a force value that is lower than that
observed in the experimental results. Consequently, it can be concluded that the data generated by
FEA is conservative when compared to the empirical findings. The SLJ curves (Fig. 5b) exhibit
notable differences. The experimental curve is influenced by complex physical effects, resulting
in a softer appearance. In contrast, the generated curve is more rigid and linear. Both curves exhibit
a convergence at a remarkably narrow range of ultimate load capacity, with the numerical one
being more conservative in predicting the ultimate load of the joint.
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Figure 5 — Comparison between Experimental and numerical Load Displacement curves a)
DCB test, b) SLJ test.

Conclusions

In this work, the possibility of investigating the strength of adhesively bonded SMC components
by means of numerical tools was successfully demonstrated. The experimental testing phase
revealed consistent initial stiffness across all test types (DCB, ENF, and SLJ), with variations
primarily occurring at first failure. DCB and SLJ tests provided valuable insights into adhesive
and adherend interactions, while the ENF test was demonstrated to be ineffective in characterizing
the Mode II fracture toughness of the joint due to consistent failure in the lower adherend. The
numerical simulation and optimization process successfully produced a material card that closely
replicated experimental force-displacement curves, particularly in terms of stiffness and failure
points. Although the simulated DCB curves demonstrated conservative predictions compared to
experimental results, and SLJ curves exhibited differences in linear regions due to complex
physical effects, the overall agreement at critical points validated the methodology. Future studies
will investigate the scalability of the findings to more complex parts and loading scenarios.
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