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Abstract: Metal fiber hybrids (MFH) exhibit outstanding mechanical properties. They combine
the advantages of ductile metallic materials with the well-known advantages of classical glass or
carbon fibers in polymer matrices. Previous research has shown that these hybrid material concepts
can improve structural integrity and energy absorption while maintaining their excellent weight-
specific mechanical properties as well as allowing a wider range of multifunctional applications. In
today’s component design process, simulation is a powerful tool for engineers to exploit the full
mechanical potential of the material used. However, describing the material behavior including
its multifunctional usability in numerically aided design processes of components is currently one
of the major challenges for MFH. Against this background, this work focuses on the development
and evaluation of a description method for MFH in the finite element analysis (FEA). A steel and
carbon fiber reinforced epoxy resin (SCFRP) with hybridization at the laminate level is chosen as
the reference material. To describe the behavior of unidirectional steel fiber reinforced plastic (SFRP)
layers, a material model combining an orthotropic damage model and a 1D-plasticity model is
proposed and implemented as a user-defined subroutine for LS-Dyna. In addition, SCFRP laminates
are manufactured, tested under tensile loading, and used to parameterize the material models and
to validate the description method for SCFRP. In this study;, it is shown that the description method
in combination with the newly developed material model is able to describe the complex failure
mechanism of SCFRP. In particular, with respect to the material behavior up to the failure of the
carbon fibers, a very good mapping accuracy can be achieved. Strain localization effects occur in
both numerically predicted and experimentally measured post-failure behavior. Therefore, it could
be concluded that the accuracy of the numerical predictions strongly depends on the geometric
resolution of the discretization.

Keywords: metal fiber hybrids; steel and carbon fiber reinforced composite; coupled damage plasticity
model; mechanical characterization; FEA analysis

1. Introduction

Hybrid fiber reinforced polymers combining metal fiber reinforcement with classical
reinforcement fibers such as carbon or glass fibers—so called metal fiber hybrids (MFH)—
are becoming increasingly important in research for the development of future-oriented
composite structures. They combine the advantages of ductile metallic materials such as
high electrical and thermal conductivity or high-energy absorption capacity under tensile
load, with the well-known advantages of classical reinforcing fibers such as their supe-
rior density-specific stiffness and strength. There are numerous examples of different
combinations of ductile metal fibers and conventional reinforcing fibers in thermoset or
thermoplastic matrices [1-17]. Most of these concepts focus on steel fiber reinforcements in
combination with glass or carbon fiber reinforced polymers (GFRP/CFRP). The objective
of these concepts focused on requirements to overcome the typical drawbacks of GFRP or
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CFRP, such as their brittle failure behavior under tensile loadings and the associated low
damage tolerance. The underlying strategy follows the basic principle of hybridization to
preserve the advantages of the individual fibers while compensating for their weaknesses.
In summary, the addition of steel fibers to GFRP or CFRP can lead to improvements in
the energy absorption and structural integrity while maintaining excellent weight-specific
mechanical properties. The improvements achieved can be attributed to the failure mecha-
nism of the hybrid laminates. Due to the ductile material behavior and the high elongation,
the steel fibers enable further load-carrying capacity after the failure of the brittle GFRP
or CFRP proportion. The performance, especially in the so-called post-damage behav-
ior, strongly depends on the following aspects: steel fiber content, steel fiber properties,
fiber resin adhesion, location of steel fibers in the composite and applied hybridization
strategy of the steel fiber reinforcement. In general, it can be concluded that the higher
the addressable energy absorption capacity of the steel fibers and the less elastic energy
released by the failing GFRP or CFRP, the more pronounced the post-damage performance
of the hybrid composite [1-17]. In addition to the mechanical advantages achieved, the
integration of steel fibers also leads to improvements in the electrical and thermal conduc-
tivity, which enables a wider range of multifunctional applications. Although it could be
shown that the integration of steel fibers in CFRP, for example, offers the possibility of
achieving weight-specific improvements in energy absorption capacity under dynamic load
cases, their actual potential for weight savings is predicted by the possibility of integrating
additional functionality [10]. Function-oriented approaches can be found in structurally
integrated anti-icing systems [18], active and passive actuators [19-21], electrical functions
such as shielding or lightning strike protection [22], and structural health monitoring [17].
Within a case study of Hannemann et al. [17] regarding the application of steel and carbon
fiber reinforced epoxy (SCFRP) in fuselage structures, the advantages of multifunctional
usage are discussed in more detail. They conclude that the density disadvantage of SCFRP
versus CFRP can be outweighed by the avoidance of additional mass required for the
installation of electrical systems (i.e., for functions such as electrical bonding, grounding,
shielding). Although this application was only considered theoretically, it clearly demon-
strates the weight-saving potential associated with the multifunctional use of these hybrid
material concepts.

1.1. Challenges

When designing components, the aim is usually to find a weight-optimal solution. In
most cases, this requires a numerically supported design process. In order to exploit the
full mechanical potential of these metal-hybridized composites in the design process, it
must be possible to describe the material behavior, including the additional functions. This
is currently one of the major challenges of MFH, not only with respect to the numerous
possibilities for integrating additional direction-dependent, electrical, thermal, tribological,
sensory, adaptive or actuator functions, but also for the fundamental description of the
mechanical material behavior. In principle, micromechanical material modeling can account
for the complex interactions in the mechanical behavior of MFH [23-27]. However, due
to the small scale on which micromechanical approaches operate, this would require a
significant computational effort for larger geometric structures. Several models using
homogenization methods have been published so far for the description of the whole
hybrid material on a macroscopic scale [28-32]. These models are mainly formulated for
hybrid materials consisting of carbon fibers in combination with glass fibers, where the
fibers are considered as linear elastic materials. However, this assumption does not apply
to metal fibers, which exhibit pronounced nonlinear material response due to plasticity.
A more flexible method of modeling hybrid structures is given by resolving the different
layers in the hybrid laminate structure, which is called laminated shell modelling. This
is a well-known strategy for modeling composite materials in FEA and is supported by
most commercially available FE codes [33]. In the laminated shell modeling strategy,
only the material models for each layer are needed to describe the mechanical behavior
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of the hybrid laminate. For the classical fiber reinforced plastics (FRP), there are a large
number of theoretical approaches and already implemented models [34-36]. In contrast,
there is little research on the material behavior of pure MFRP [37-39]. CALLENS et al.
carried out experimental research on the mechanical behavior of MFRP and demonstrated
a pronounced ductile behavior with an elongation in the range of 10 to 15%, despite the
application of lower elongating matrices [38]. With respect to the mapping of this material
behavior, in particular the development of irreversible strains due to the plastic deformation
of the steel fibers, the selection of implemented material models is severely limited. As can
be found in the literature, there are already several approaches that consider irreversible
strains when mapping the nonlinear mechanical behavior of FRP [40-47], but only a few of
them have been implemented for FEA and are available in commercial FE solvers or have
been applied to describe MFRP.

1.2. Objective

Addressing the challenges described above, this work was dedicated to the develop-
ment and evaluation of a description method for MFH in the FEA. The basic strategy of the
description method follows the classical laminate theory implemented in FE codes as a lami-
nated shell method. Here, the classical FRP-layers were modeled using the well-established
continuum damage model (CDM) by Matzenmiller, Lubliner and Taylor [47] (referred to as
MLT model). For the description of unidirectional MFRP layers, a 1D plasticity model was
added to the MLT model and implemented as a user-defined material model for explicit
simulations with the LS-Dyna solver. Using these material models in the context of the
laminated shell method, a numerical investigation was conducted to predict the mechanical
behavior of unidirectionally reinforced MFH. SCFRP with laminate-level hybridization
was used as a reference material. In the first step, the material models were calibrated for
the pure SFRP and CFRP behavior. Subsequently, the numerical prediction investigation
was performed and finally the mapping capability of the proposed modeling approach
model was validated. In addition, experimental investigations on the mechanical behavior
of SFK, CFRP and SCFRP were conducted. For this purpose, SFRP, CFRP and SCFRP
samples were prepared by manually stacking unidirectional steel fiber fabrics, thin resin
foils and pre-impregnated carbon fibers followed by a curing process in the autoclave. The
specimens were experimentally analyzed using monotonic tensile tests. The results were
used to calibrate the material models and to validate the modeling approach. Summarizing
the main innovations of this work can be concluded as follows:

e Development and implementation of a material model for the description of the
mechanical material behavior of unidirectional metal fiber reinforced plastics.

e  Application and validation of a description method for the mechanical behavior of
SCERP in the FEM.

e  Experimental characterization of the mechanical material behavior of SCFRP with the
aim of material model parameterization and validation of the numerical predictions.

2. Combining the MTL Model with a 1D Plasticity Model

The conceptual idea of the material model for SFRP is to combine the constitutive
relationship of the MTL-Model [47] with a formulation for the evolution of plastic strains
based on a 1D plasticity model. Within the plasticity model, the isotropic hardening is
described by the Ramberg-Osgood relation [48], and the kinematic hardening is considered
according to the model by Ziegler [49]. In addition, a model by Schweizerhof [50] is
implemented, which allows the consideration of a constant stress level in the post-peak
softening behavior. This addresses the energy absorption behavior associated with the
failure of the material. The basic principle of the combined material model follows similar
approaches from [43,46]. The material model is formulated for the plane stress state
(033 = 013 = 023 = 0). The unidirectional layer consisting of fibers and matrix is assumed
to act as a continuum with orthotropic material properties. The direction dependencies are
assigned in the 1-2-3 coordinate system, where the 1-direction corresponds to the direction
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of the steel fibers. Because detailed information regarding the constitutive relationships
for the MTL-Modell [47], the 1-D plasticity model [48,49] and the material softening [50]
can be found in the literature, this section focuses on the implementation of the combined
material model as a user-defined material routine. Therefore, the set of equations from the
different material models are treated in a sequential solution scheme (see Figure 1).
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Figure 1. Flowchart of the sequential treatment of the plasticity and the damage model within the
implemented material model.

In the first step, the 1D plasticity model is used to determine the evolution of the
plastic deformation within the steel fibers. It is assumed that the total strain tensor ¢ can
be additively divided into an elastic ¢,; and a plastic g, strain component (¢ = &, + &)
Because the plastic deformations are related to the mechanical behavior of the steel fibers,
the plasticity model considers only the material behavior in fiber direction. Thus, the

plastic strain tensor takes the form €y = [8 pi1 0 0] T Based on these assumptions, the
plasticity model separates the total strain tensor in its elastic and its plastic components
and transfers the elastic components to the damage model, which is the second part of the
sequential solution scheme. Considering the computed total elastic strain state, the damage
influence is now determined. Therefore, damage state variables are used to represent
the relationship between the stress state caused by the total elastic strain state for an
undamaged (w; =0, i € {1,2,12}) and a damaged material (1 > w; > 0). To account for
the influence of damage on the material behavior, the elastic stiffness tensor is formulated
as a function of the damage variables. Furthermore, the second step contains a formulation
for the propagation of the damage state variables, which distinguishes between damage
propagation driven by the MTL model and damage propagation driven by Schweizerhof’s
model after the failure stress has been reached.
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Regarding the implementation for the LS-Dyna solver, the corresponding system of
equations is transformed into its time-discretized form. Therefore, the value of a quantity
passed at the beginning of a time increment is denoted by the superscript (1), while the
updated value carries the superscript (1 + 1). The superscript (tr) represents a prediction of
a variable in a so-called trial step, where a correction of the value might be necessary within
the algorithm. The following two chapters give a detailed overview of the implemented set
of equations for the plasticity and damage model.

2.1. 1D Plasticity Model
Assuming that the strain increment Ae of the current time increment At is fully elastic

and thus triggers an elastic material reaction, a stress prediction 51(tr’n+1)—the so-called

trial stress—calculated for the updated stress is

fa_(tr,nJrl) o (an)( (n+1)

(n)
1 = & &y

o)+l M)

where C; and Cy; represent the corresponding components of the elastic stiffness tensor.

To check the validity of this trial step, the time-discretized yield condition f(#""+1) needs to
be evaluated for the trial quantities:
f(tr,n+l) _ &1(tr,n+1) _ q(tr,n+1)’ _ (Ud I K.(lx(tr,nJrl))m) 2)

Therefore, in addition to the updated predicted stress, the so-called back stress q("+1)

and the isotropic hardening law containing the yield stress ¢y, the isotropic hardening
modulus K, the Ramberg-Osgood exponent 112, and the isotropic hardening variable a (" +1)
have to be calculated. In the context of the elastic trial step, the trial values for the internal

plasticity variables are
a(tr,n—&-l) _ “(n) )

q(tr,n+1) — q(n) (4)

The yield stress, the isotropic hardening modulus, and the Ramberg-Osgood exponent
are material constants and are taken from the material model parameters. For £ "+1) <,
the prediction applies, and the updated values equal the trial values. The actual elastic
strain in 1-direction results from

E(n+1) _ €(1n+1) . E(n) ®)

el,1 pl1

For the case f("""*+1) > 0, the plastic strain increment must be determined. For this

purpose, the time-discretized form of the evolution equations for the plastic strain épl,l, the

isotropic hardening variable a and the back stress g are required:

E;Tlrl) = 5;7,)1 + sign ( 51(tr,n+1) — q(”)> AN (6)
a1 = g (1) 4 Ap (1) )
gt = g0 4 H-sign( '51(”/"“) _ q(n)) A1) (8)

Therein, AA("*1) = A(+1). At describes the time-discretized form of the proportional-
ity factor and H represents the kinematic hardening modulus according to Ziegler’s [49]
approach for the back stress evolution. Furthermore, it can be proved that

sign ( ?Tl(nﬂ) — q(”H)) = sign( 51(tr’n+1) — q(”)) )

‘5_1(n+1) _ q(n-i—l)‘ _ "Nﬁ(tmﬂ) — g

_ AN ((an) + H) (10)
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f(n+1) _ &1(tr,n+1) o q(n)

(trm+1)
Ll

tr,n—+1
O_(rn+)

holds, and thus, the trial quantities in Equations (6)—(8) can be used. To compute the
(n+1)
pl1

back stress q("*1), the value of AA("+1) must be determined such that f(**1) = 0 applies
again for the time-discretized flow condition:

updated values of the plastic strain e , the isotropic hardening variable a("+1) and the

— a0 (€ 4 B — (g + K- (2 M(n+1>)’") =0 (11)

Equation (11) cannot be solved analytically for AA, so a numerical solution must be
determined using a Newton—-Raphson iteration method [51]. The updated plastic and

elastic strain result from (n+1) _ (n41) _(n41)
n+ n+ n+

€
2.2. Damage Model

Considering the computed elastic strain state §£7+1), the damage influence is now de-

termined using the MLT model [47]. Thus, it is initially assumed that the elastic strain com-

ponents generate stresses ¢("""*1), which can be calculated using damage state variables

— (1) T . o . .
w = [wl(”) wy (M w12(")} from the previous time increment. For this assumption,

the stress state update ¢("**1) is given by

gl — g ")y 3
where (C( 3(")> is given as
. (1—W1)E1 (1—&)1)(1—602)1)21]52 0
Q(W) = |(1-w1)(1—w)vi2Ey (1—w2)Es 0 (14)
0 0 D(l — a]lz)Eu
with
D=1-(1-wi)(l—ws)vavi (15)

The quantities Eq, E, E1p represent the elasticity constants and vy, vy, the Poisson’s
ratios of the undamaged material. Then, the predicted stress state update ¢(!"+1) is
checked for validity using simplified damage criteria g; for each coordinate direction:

D) _ oy (al.(”'"“)) , (£(n+l) _ ng) ie{1,2,12} (16)

i eli
For the case gi(t’/”“) < 0, no damage evolution needs to be considered, and the
predicted stress component applies as a valid material reaction. However, g;(""*1) > 0
indicates a damage evolution. Before calculating the new damage state variables, it is
necessary to check if their evolution is rather driven by the post-peak softening stress limit

or the MLT damage evolution formulation. Therefore, limit stress criteria LYWH) and

Lgtr’nﬂ) are introduced:

)

(trm+1)
; L

7 =2

l. ]— a}”’"*”‘ — STy i€{1,2,12}, 1 €{t,c} (17)

Therein S; ; represent the material strength for the different directions. For the variables
in 1 and 2 direction, the material strength differs depending on the loading state / and must
be defined for tensile (t) and compressive loadings ©. The quantities 7; € [0 — 1] are the
so-called limiting factors, which denote the fraction of the limiting stress level relative to

the peak stress resp. the material strength. The first component of the limit stress criteria

LY”"H) indicates whether material softening occurs, and the second component Lé”’”ﬂ)
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distinguishes between a stress state prediction above or below the post-peak softening stress
limit. Therefore, Ly ""1) > 0 or L{ ("D < 0 A L,(""*+1) >0 implies that the updated
damage state is computed from the MLT model as follows:

1 (E | )] .
wip=1—exp [”i,l‘e' (Sllz €11 ‘ ,i1€{1,2,12}, 1 € {t,c} (18)
Here, the damage exponents #;; define the shape of the damage propagation and can
be defined for the different material directions as well as for different loading states. In case
of LUrm+1l) < g A Lz(t"”ﬂ) < 0, the evolution of the damage state variables follows from
the post-peak softening stress limit formulation according to Schweizerhof’s approach:

.S
wy=1— 22U e 1012}, 1 eft,c) (19)
Ei-|€ei]
. . . . —(n+1)
The final updated stress is determined from the current damage variables w as
1
g_(nJrl) _ (C( a(nJr )> '§£ln+1) 20)

3. Experimental Work

To parameterize the SFRP and CFRP material models and validate the mapping
capabilities of the “laminated shell” strategy for SCFRP, eight different laminate panels were
manufactured, processed into coupon specimens and tested under monotonic tensile loads.

3.1. Laminate Manufacturing

The different laminate configurations are manufactured by manually stacking the
pre-impregnated fiber reinforced textiles and a subsequent curing process in an autoclave.
Because no pre-impregnated steel fiber textiles are currently available, the first step was to
combine a steel fiber textile with thin resin films (Type: Cycom 977-2-40). The dry steel fiber
fabric used is a quasi-unidirectional fabric structure (see Figure 2a; area weight: 440 g/m?)
and has been developed in cooperation with GKD.

) Equipping Stretching and  Solving the
the frame cleaning PES filaments

250°C (3
fi Tft’l fi | e ‘t
extie

direction = : # EP-film
. Freazing Cutting depositioning

135°¢G EP
A - =y

Figure 2. (a) Woven structure of the quasi-unidirectional steel fiber fabric; and (b) manufacturing

Weft direction=
e

~ Woven —
— —areas I =
. Steel fibers

process of the pre-impregnated steel fiber textiles.

Compared to other manufacturing and hybridization methods used so far, such as
fiber winding [17] or dry fiber placement [52], the use of this quasi-unidirectional fabric
simplifies the semi-finished products handling and thus increases the efficiency of the
manufacturing while maintaining a high level of reproducibility. The fabric consists of
single drawn steel fibers (1.4301; diameter: 75 um, supplied by Bekaert) in the weft direction
(size approx. 250 mesh) and frequently repeating areas of woven polyethersulfone (PES)
filaments (diameter: 90 pm) in the warp direction. The frequently repeating woven areas



J. Compos. Sci. 2022, 6, 235

8 of 18

have a width of about 10 mm, while the distance between them is approximately 50 mm.
The manufacturing process of the pre-impregnated steel fiber textile (see Figure 2b) started
by fixing the fabric on a frame and stretching it until the fibers were aligned parallel to
each other. To reduce the undulations caused by the fabric structure, the PES filaments
were heated up to 250 °C in the next step. At the same time, the pretension of the steel fiber
textile was slowly increased. This dissolves the PES filaments and significantly reduces
the degree of undulation. Then, the resin films were applied on both sides of the fabric,
heated up to 135 °C for a short time period (t < 2 min) and simultaneously pressed onto the
fabric. The short-term heating reduces the viscosity of the resin and, in combination with
the manually applied pressure, enables pre-impregnation of the steel fiber fabric. In the
next step, the pre-impregnated steel fiber textiles and the pre-impregnated carbon fibers
(type: Cycom 977-2-35-12KHTS-134) were sliced into panel-sized pieces (350 x 350 mm)
and stacked according to the desired stacking sequence (see Table 1). In addition, peel
fabrics (Tygavac 60BR) were applied to the top and bottom of the panels. Then the panels
were fixed in the panel tooling and sealed with polyimide adhesive tape to prevent resin
loss during curing. This setup is provided with venting fabrics, packed in a vacuum bag,
evacuated (<10 mbar) and cured an autoclave. The curing cycle included a one-hour dwell
time at 135 °C followed by a three-hour cure time at 180 °C. The heating and cooling
rates used were 2 °C/min. A pressure of 6.5 bar was applied from the beginning of the
dwelling stage until the end of the curing cycle. During the initial heat-up, the resin
viscosity decreased and reached its minimum at approximately 135 °C. By interrupting the
heating at this temperature, further cross-linking of the epoxy resin was delayed. The low
viscosity facilitated impregnation and consolidation of the laminates as well as removal of
entrapped air. This is particularly important for the pre-impregnated steel fiber textiles.
Applying this procedure, the panels listed in Table 1 were manufactured. Figure 3 shows
exemplary micrographs of the manufactured laminates.

Table 1. Manufactured laminate configurations, including their stacking sequence and volume
fractions measured by fiber counting using a Hough transform-based circle detection.

Label

Stacking Sequence Microstructure

L = longitudinal;
T = transvers;
S = shear; UD = uni-

sf = steel fiber; cf = carbon fiber;

directional; s — symmetric: ¥ = middle Steel fiber volume Carbon fiber volume  Resin volume

MD = multidirec- =5y tric pl P Y= fraction ( ¢s¢) fraction ( ¢.¢) fraction ( ¢y)

tional; 20, 30 or Symmetic py

45 = steel fiber

volume fraction

SFRP_UD_L (05 f) } 58.92 vol.% 0vol.% 41.08 vol.%
L 4

SFRP_UD_T <905 f) ] 59.48 vol.% 0 vol.% 40.52 vol.%
L 81s

SFRP_SL_S <+45S 1/ — 45, f) ] 59.73 vol.% 0vol.% 40.27 vol.%
L 415

CFRP_UD_L _<OC f> ] 0vol.% 61.49 vol.% 38.51 vol.%
L 4

CFRP_UD_T <90C y ] 0 vol.% 62.35 vol.% 37.75 vol.%
L 81s

CFRP_SL_S <+45C /145, f)4] 0 vol.% 60.16 vol.% 39.84 vol.%
L S

SCFRP_UD_30 _<OS f) / <Oc f> } 32.50 vol.% 28.35 vol.% 39.15 vol.%
L 2 31s

SCFRP_UD_45 (05 f) / <Oc y 45.39 vol.% 18.40 vol.% 36.21 vol.%
L 3 21s

0 90 45 45
SCFRP_MD_20 [< sf ) )/ < sf ) )/ <+ o/ 45s ) )/ 18.36 vol.% 40.89 vol.% 40.75 vol.%

9ocf/0cf/%cf]s




J. Compos. Sci. 2022, 6, 235

90f18

Figure 3. Micrographs of the SFRP_UD_L laminate in (a), the SCFRP_UD_30 laminate in (b), and the
SCFRP_MD_20 laminate in (c).

3.2. Specimen Preparation and Test Setup

The test specimens listed in Table 2 were retrieved from the manufactured panels using
a circular saw and fitted with end tabs to improve the load introduction by the hydraulic
clamping device of the testing machine. The tests were performed with a Zwick/Roell
7250 servo-electric testing machine. The force was measured using a load cell with a
calibrated measuring range between 500 N and 250 kNN. In addition to the testing machine’s
deformation measurement system, specimen surface deformations were captured by a
three-dimensional digital image correlation (DIC) system. Data acquisition during the
test starts when a force threshold of 100 N is exceeded and ends when the force falls
below this threshold. The measured forces and deformations are evaluated based on
stresses and strains. Therefore, the forces are related to the initial cross-section area, and
the deformations are related to the initial gauge length of the specimen. Each laminate
configuration is tested in a series of 10 specimens under laboratory conditions at room
temperature (23 °C).

Table 2. Scope of testing as well as related standards, specimen geometries and testing parameters.

Feasible Related Specimen Size
Label Tests Standard (W x H x T) Gauge Length Test Speed Purpose
DIN EN
SFRP_L 8 250 x 15 x 1 150 4 i
- ISO 527-5 X mm/min Parametrization of
SFRP_T 9 DIN EN 2597 150 x 10 x 2 50 2 mm/min the SFRP-Model
SFRP_S 8 EN ISO 14,129 250 x 25 x 2 150 4 mm/min
DIN EN i
CFRP_L 8 250 x 15 x 1 150 2
- ISO 527 X mm/min Parametrization of
CFRP_T 9 DIN EN 2597 150 x 10 x 2 50 2 mm/min the CFRP-Model
CFRP_S 10 ENISO 14,129 250 x 25 x 2 150 4 mm/min
SCFRP_UD30 10 DIN EN 150 x 15 x 1 50 2 mm/min Validation of the
ISO 527-5 e
unidirectional
SCFRP_UD45 10 DIN EN 150 x 15 x 1 50 2 mm/min prediction
- ISO 527-5
DIN EN Validation of the
SCFRP_MD 10 250 x 15 x 2 150 2 mm/min multidirectional
ISO 527-4 o
prediction

4. Numerical Predictions and Model Validation

To assess the predictability of the material behavior of SCFRP using the laminated
shell strategy, three steps were performed. In the first step, the parameters of the material
model are adjusted. This adjustment process is based on the results of the tensile and shear
tests on the pure CFRP and SRP specimens (see Table 2 column: Purpose) and enables
the best possible mapping of the mechanical behavior of the single layers in the hybrid
laminates. Based on these parameterized material models, the second step demonstrates



J. Compos. Sci. 2022, 6, 235

10 0of 18

Fixed DOF in y-
and z-direction

Section force

Fixed
boundary

the application of the laminated shell strategy for the numerical prediction of the material
behavior of SCRP laminates. In the third step, the numerical predictions are validated
by comparing them with experimental results of the unidirectional and multidirectional
reinforced SCFRP specimens (see Table 2 column: Purpose). The numerical analyses
presented in this study were performed using the following FEA-model setup (see Figure 4):

e  The numerical investigations were performed using the explicit solver LS-Dyna.

e  The sample geometries were modeled with rectangular, fully integrated shell elements
(LS-Dyna element type 16) [53]. The element size was varied as described in the
following sections.

e  The degrees of freedom of the nodes belonging to the shell elements were locked in
the area of the fixed clamping, and a prescribed displacement was set in the area of
the load introduction.

e Inorder to be able to determine a structural response comparable to the experimental
results, force sensors in the cross section and displacement sensors were modeled at
the clamping areas of the sample geometry.

e  The mapping of the experimentally investigated laminate structures was carried out
using the laminated shell strategy using the *PART_COMPOSITE method of LS-Dyna
(see Figure 4).

e  The material model *MAT_LAMINATED_COMPOSITE_FABRIC [53] implemented for
LS-Dyna was used in combination with the failure criterion according to HASHIN [54]
to represent the material behavior of CFRP layers. The material behavior of the SFRP
layers was mapped with the material model described in chapter 2.

FEA-model Laminated shell strategy Laminated micro structure
SFRP
9, ey —
K2
Q5
0% SFRP
(X
y. am . ab
ERSRLA
SR SFRP
BRI =0 @  SFRP e ..
%y b} CFRP
%7 2 =0"@  SFRP %
o
X =0 @ SFRP © CFRP
Y -
=0 @  CFRP 5 CFRP
Shell element @=0°® CFRP '% pr
4=0° @ CFRP £ Ty &=
N SFRP
. . =0° o
Relative displacement ¢ ® CFRP = - &- 4
between two knots a=0° @ SFRP SFRP
Integration point 6=0" @ SFRP L & 4 4
“RegraTon poie SFRP 4
0=0° @  SFRP 4

Figure 4. Overview of the FEA-model setup including the application of the laminated shell strategy
and its linkage to the microstructure of the corresponding laminate.

4.1. Material Model Parameterization

Because the used material models contain phenomenological description approaches,
the material model parameters cannot be derived directly from the experimental results.
Instead, the material model parameters were determined using a parameter-fitting process.
This involved comparing the numerical predictions with the corresponding experimental
results and systematically adjusting the material model parameters until the numerical
prediction shows the best possible mapping. This was realized in an automated process
using a parameter-fitting method implemented in LS-Opt. The comparison between the
experimentally determined stress—strain curves on the pure CFRP and SFRP specimens
and the result of the parameter fitting are shown in Figure 5. The mechanical properties of
the best-fitting numerical result and the experimental results are listed in Table 3.
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Figure 5. Experimentally determined stress—strain behavior and the result of parameter fitting for tensile
tests of CFRP and SFRP in parallel to the fiber direction (CFRP_UD_L, SFRP_UD_L) (a), transverse to the
fiber direction (CFRP_UD_T, SFRP_UD_T) (b) and for shear tests (CFRP_UD_S,SFRP_UD_S) (c).
Table 3. Experimentally determined and numerically predicted mechanical properties of CFRP and SFRP.
Label Result ) E, ) E, ) Gy ) Sex ) Sty ) Sy & &y
Type in GPa in GPa in GPa in MPa in MPa in MPa in % in %
SFRP Test 90.3 £54 124 +£028  3.68 £0.09 462 + 64 219£27 51.8 +0.42 20.6 £2.8 0.19 £ 0.04
Fitting 93.7 12.95 3.7 428.8 25.7 54.2 19.3 0.24
CERP Test 1415+ 4.8 9.1 +0.94 443 +£014 2312+112 76.5 + 5.6 795+ 1.5 1.5 +0.04 1.01 £0.17
Fitting 145.8 9.31 4.8 2550.13 78.6 73.8 1.58 1.12

When subjected to tensile loading parallel to the fiber orientation (see Figure 5a), CFRP
exhibits linear elastic, brittle material behavior. In contrast, pure SFRP shows a pronounced
ductility with a significant higher elongation at break and a lower strength and stiffness.
This results directly from the different material properties of the reinforcement fibers. When
loaded transverse to the fiber direction (see Figure 5b), both SFRP and CFRP exhibit nearly
linear stress—strain behavior. Compared to CFRP, SFRP shows higher stiffness, lower
strength and elongation at break transverse to the fiber direction. The reasons for these
differences can be attributed, on the one hand, to the different degrees of isotropy for
steel and carbon fibers, which explain the difference in stiffness. On the other hand, it
is assumed that the interface strength between the unseized steel fiber surface and the
matrix is comparatively low and thus explains the differences in strength and elongation
at break. Similar influences can also be assumed in the shear test. The results of a shear
test (see Figure 5c) on CFRP and SFRP show a pronounced nonlinear material behavior.
Despite the higher shear stiffness of the steel fibers, CFRP exhibits a higher shear stiffness
and shear strength. The reason for this unexpected behaviour is also assumed to follow
from the lower level of adhesion between the unseized steel fiber surface and the matrix.
In general, the fitting results show very good agreement with the experimental results
and prove the already known mapping ability of the MTL model. This is also true for the
newly implemented material model when it comes to the mapping for the SFRP material
behavior in fiber direction. The largest remaining deviations occurred in the mapping of
the transition from the elastic to the elastic—plastic section of the stress—strain curve and
lead to a slight overestimation of the yield stress and to a slight underestimation of the
material failure.

4.2. Prediction of the SCFRP Material Behavior in FEA

To demonstrate the possibilities and limitations of the proposed modeling approach,
the calibrated material models for CFRP and SFRP are used to predict the stress—strain
behavior of tension-loaded unidirectional reinforced hybrid SCFRP laminates. For this
purpose, various simulation models were built considering different steel fiber volume
fractions and different element sizes. The total fiber volume fraction was fixed to 60 vol.%.
The respective steel and carbon fiber volume fractions were adjusted by the number of
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corresponding individual layers in the laminate structure. A variation of the steel fiber
volume fraction is therefore equivalent to a reciprocal variation of the carbon fiber volume
fraction. The resulting stress—strain curves of these variations (see Figure 6a) can be divided
into two sections.

a) Continuum E Post failure behaviour | b) 20 1 /
2000 4 behaviour E . Swain e,
1 /M nitial failure P
: 15 T 0.18
L 150 /7 LI __ ol dl I 016 Failed
: (e I | e
£ @st. 30% £ 10 1 0.1 L: Smrrl 1
. ) osi20%(| 9 oo R ™~Specimen (Ps1 40%
2 o=
6 2 9 ‘© 0.04
5 - & 541 002 || Intact
B
O : J ‘ l ! T 0 - J’{ } [
0 1 2 3 4 o : : :
Strain g4 in % — S

Figure 6. Variation of the steel fiber volume fraction in the FEA model with a fixed element edge
length of 5 mm in (a) and local strain of an initially damaged and an intact element in the FEA model
with 40 vol.% steel fibers and a fixed element edge length of 5 mm in (b).

The first section represents the continuum material behavior of the intact material
and ends with the initial failure of the carbon fibers. Its characteristic bilinear stress—strain
behavior can be attributed to the transition of the SERP layers from a purely elastic to an
elastic—plastic material behavior. Thus, the intensity of the bilinearity increases with rising
steel fiber volume fraction. The second section of the material behavior occurs only for
specific steel fiber volume fractions. Here, a so-called post-failure behavior is observed
after the failure of the carbon fiber. The stress level and the maximum elongation in the
post-failure behavior increase with the steel fiber volume fraction. The distinctive initial
failure of the carbon fibers shows up as a local effect within a single row of elements
across the cross-section of the simulation models (see Figure 6b). In these elements, there
is a sudden increase in strain at the time of the initial failure, while the strains in the
intact elements suddenly drop. The associated node movement of the initially damaged
elements represents a relative displacement. The intensity of the sudden strain increase in
the damaged elements depends on the load drop after the initial failure, which is related
to the number of failed CFRP layers in the laminate structure and thus to the steel fiber
volume fraction and the edge length of the elements. The smaller the edge length of the
elements or the smaller the steel fiber volume content, the greater the relative displacement
and the greater the sudden increase in strain in the damaged elements (see Figure 7a,b).
Regarding the occurrence of a post-failure behavior, the sudden strain increase during the
initial failure must be resisted by the steel fibers. For a SCFRP configuration with a steel
fiber volume fraction of 40 vol.% and an element edge length of 3 mm, the strain increase
is higher than the elongation at break of the SFRP layer. Accordingly, the initial failure is
coupled with the brittle material failure of the laminate. For higher element edge lengths,
the initial failure can be exceeded and a post-failure behavior occurs (see Figure 7c). The
strain states within the post-failure behavior are inhomogeneous and follow the stiffness
ratio between the damaged and intact elements. With the exception of SCFRP laminates
with very high steel fiber volume fractions, strain increases in the post-failure behavior
occur mainly in the damaged elements (see Figure 6b). Therefore, the elongation at break
of the entire SCFRP laminate depends on the remaining strain capacity of the SFRP layers
in the damaged elements after the initial failure and the edge length of these elements. The
dependency between the post-failure behavior and the element geometry is a well-known
problem in mapping the softening behavior using an element-wise discretized geometry
and is formally known as the localization effect.
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Figure 7. Sudden strain increase at the initial failure for different steel fiber volume fractions in (a)
and for different element edge lengths in (b) and stress—strain behavior of a laminate configuration
with a steel fiber volume fraction of 40% for a variation of the element edge length in (c) as well as
stress—strain behavior of an SFRP layer in the initially damaged elements for different element edge
lengths in (d).

In general, the stress—strain behavior of SFRP layers during initial failure is influenced
by hardening. Higher sudden strain increases are associated with higher stress increases
due to hardening (see Figure 7b,d). Furthermore, relative displacement during initial failure
is associated with dampened translational oscillation. Here, it can be observed that higher
load drops after the initial failure lead to a higher first amplitude in the oscillation (see
Figure 7a,b). Depending on the steel fiber volume fraction and the length of the element
edge, the oscillation can induce one or more hystereses in the SERP layers (see Figure 7d).

4.3. Validation of the Numerical Predictions

To evaluate the mapping capability of the presented approach, the experimental
results of the unidirectional and multidirectional reinforced SCFRP laminates are compared
with corresponding numerical predictions. As the element edge length has a significant
influence on the numerical prediction of post-failure behaviour—in addition to the fiber
volume fractions and laminate layup—the size of the initial damage area that occurs in
the experiment after the initial failure is also adjusted in the model setup. In (Figure 8a,b),
the numerical predictions are compared to the experimental results for the unidirectional
reinforced hybrid laminates. The corresponding properties are listed in Table 4. In the first
section of the material behavior, the numerical predictions achieve a good mapping of the
experimental results. Smaller deviations are observed in the prediction of the transition
point in the bilinear stress—strain behavior. Besides a slight overestimation of the material
strength, the point of initial failure is also predicted with very good accuracy.
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Figure 8. Experimentally determined and numerically predicted stress—strain behavior for the
SCFRP_UD_30 specimens in (a) and the SCFRP_UD_45 specimens (b) in comparison of the elongation
measured in the initial damage area with the elongation of the entire specimen during a tensile test of
a SCFRP_UD_30 specimen in (c), and comparison of the damage evolution in the experiment and the
initially damaged element in the calculation model for a SCFRP_UD_45 specimen in (d).

Table 4. Experimentally determined and numerically predicted mechanical properties for SCFRP
laminate with a steel fiber volume fraction of approx. 30% and with approx. 45% (for property
identification see Figure 8a).

Label Result Ex Oyield Oini Eini Opost Etot Uy
Type in GPa in MPa in MPa in % in MPa in % in MPa
SCFRP Test 109.4 +£0.02 22414189 1540+109  1.68 & 0.03 131.3 £8.7 119+39  2346+37
UD30 FEA 110.65 270.45 1635.45 1.58 119.73 11.2 22.85
SCERP Test 978 £0.08 1951+189 9124+109 175+0.09 266.6 309 17.8+29  4781+98
UD45 FEA 98.54 210.64 970.35 1.58 261.95 741 32.47

Similar to the results of numerical predictions, the initial failure in the experimental
results is coupled with the occurrence of a local damage. It is assumed that the failure
of the carbon fiber occurs in this area and causes delamination between the SFRP layers
and the CFRP layers. As in the numerical predictions, the corresponding drop in stiffness
causes a relative displacement between the intact and the damaged area of the specimen,
leading to a sudden increase in strain (see Figure 8c). Regarding the prediction of the
stress level in the post-failure behavior, the numerical prediction also achieves very good
mapping. However, when it comes to the elongation at break, the numerical predictions
become inaccurate, especially for laminates with high steel fiber volume fractions. The
numerical prediction for the laminate configuration with a steel fiber volume fraction of
approx. 45% and an element edge length of 16 mm leads to a significant underestimation
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of the elongation at break. Higher accuracy is reached for the laminate configuration with
a steel fiber volume fraction of approx. 30% and an element edge length of 25 mm. This
results from the limitation of the initial damage area by the element size of the numerical
predictions. While the initial damage area in the experiment propagates during further
loading, the initial damaged area in the numerical prediction is limited to the geometry
of the initially damaged elements (see Figure 8d). This leads to an overestimation of the
strain state in the damaged elements and thus to an underestimation of the elongation at
break. This applies in particular when the initial size of the damaged area occurring in the
experiments is small compared to its size during the propagation.

In the context of future design tasks, the interaction of unidirectional oriented steel
fibers with multidirectional oriented hybridization partners is of significance in addition to
the modeling of unidirectional material behavior. Therefore, the tensile test result of the
multidirectional SCFRP laminate is compared with a corresponding numerical prediction
(see Figure 9 and Table 5). As before, the modeling of the experimental test setup takes into
account not only the fiber volume fractions and the laminate layup, but also the size of the
initial damaged area occurring in the test. In this regard, an element edge length of approx.
12 mm is used (experimental average: 11.45 mm).
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Figure 9. Experimentally determined and numerically predicted stress—strain behavior for a multidi-
rectional SCFRP with a steel fiber volume fraction of approx. 20%.

Table 5. Experimentally determined and numerically predicted mechanical properties for a multidi-
rectional SCFRP with a steel fiber volume fraction of approx. 20%.

Label Result Ey Oyield Cini Eini Opost Etot Uy
Type in GPa in MPa in MPa in % in MPa in % in MPa

SCFRP Test 40.12+1.06 815+7.06 4122+659 1.52+0.05 85 + 8.52 3.144+045 0.884+0.33

MD20 FEA 45.15 120.56 425.79 15 98.53 2.51 0.85

The resulting numerical prediction for the multidirectional SCFRP laminate shows
a good mapping of the material behavior before initial failure as well as within the post-
failure behavior. In particular, with regard to the predicted stress level of the post-failure
behavior, it can be observed that in addition to the SFRP layer oriented in 0°, the CFRP
layers oriented in +45° are also involved in the load contribution after the initial failure.
The good mapping result between the experimental and the predicted stress level in the
post-failure behavior suggests that this also occurs in the experiments.

5. Conclusions

This work is dedicated to the development and evaluation of a description method for
MFH for use in FEA. For this purpose, numerical predictions for the material behavior of
hybrid SCFRP using the laminated shell strategy were performed and evaluated. Regarding
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the description of the complex material response of metal fiber reinforcement polymers, a
material model combining an orthotropic damage model and a 1D plasticity model was
developed and implemented as a user-defined subroutine for LS-Dyna. Furthermore, steel
and carbon fiber reinforced composites were manufactured and used for the parameteri-
zation and validation of numerical predictions. For SCFRP with a sufficiently high steel
fiber content, the occurrence of an initial failure and the associated relative displacement
is a characteristic mechanism in the material behavior. In this study, it is shown that the
model using the laminated shell strategy in combination with the adapted material model is
capable of describing this mechanism. The material reactions of the SFRP layers associated
with the initial failure show a physically plausible mechanical behavior and characterize
the progress achieved in the field of describing the material behavior of MFH. However,
the drawback is the dependence between the element size and the accuracy in predicting
the post-failure behavior due to the well-known effect of strain localization. In terms of
validation of numerical predictions for SCFRP, a good mapping for the behavior up to
initial failure is reached. The numerical predictions of the post-failure behavior show an
underestimation for laminates with high steel-fiber volume fractions. The reason for the
underestimation arises from the limitation of the numerical model to element sizes. Because
the element size must be adjusted to the geometric size of the initial damage area occurring
in the experiments, a prediction method for the size of the initial damaged area is needed
to consider MFH such as SCFRP within numerically aided component design.
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