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1. Introduction

Hybrid material systems are created by the specific combination
of materials from different classes, levels and/or sub-levels [1,2]. As
a result, complex property profiles can be achieved which cannot be
attained by monolithic material solutions. Despite the fact that hybrid
materials are already partly in series in different industries, a com-
prehensive understanding for the specific selection and combination
of materials of the composite is still lacking in many areas. As a con-
sequence, the potential of hybrid composite materials cannot be fully
utilized. For a more efficient design of future lightweight structures, a
profound knowledge of the interaction of the individual components
of the hybrid material system is essential.

One of the first studies on the quasi-static tensile behavior of lam-
inated metal composites (LMCs) combining ultrahigh carbon steel
(UHCS) with 304 stainless steel, Hadfield manganese steel or Fe-3%Si
alloy is presented by Lee et al. [3]. They performed tensile tests on roll
bonded laminates after different conditions of selective heat treat-
ment. The combination of UHCS and 304 stainless steel results in
about doubled elongation at break in comparison to the single UHCS.
However, the ductility of monolithic 304 stainless steel is far from
being achieved [3].

In addition, the improvement of ductility of roll bonded laminates
containing steel sheets is presented inter alia by Bouaziz et al. [4],
Syn et al. [5], Koseki et al. [6], Inoue et al. [7] and Lesuer et al. [8].
Two-layered LMCs containing martensitic steel and high manganese
twinning-induced plasticity (TWIP) steel result in high yield strength
and especially high uniform elongation [4]. An improvement of
tensile ductility and strength can also be attained by composites con-
structed of UHCS and brass [5], of high strength (martensitic) steel
and high ductility (austenitic or low carbon) steel [6,7] as well as
magnesium alloy and austenitic steel [6]. An enhancement of elon-
gation at break with decreased layer thickness is presented by Syn
et al. [5] and Inoue et al. [7]. According to Ref. [5], this effect of the
layer thickness is attributed to residual stress whose influence on
delamination is reduced with decreasing layer thickness.

The tensile behavior of laminates based on steel and aluminum
sheets is examined by Semiatin et al. [9]. The stable and unsta-
ble plastic flow of three-layered stainless steel-clad aluminum and
aluminum-clad stainless steel sandwich sheet materials is evalu-
ated with uniaxial tensile tests. The tensile ductility is between the
characteristic values of the two monolithic materials of the hybrid
solution. In addition, unstable deformation occurs due to the necking
of the layers and delamination arises through the plasticity-induced
thinning of the individual layers [9].

First investigations on strain fields as well as the stress partition-
ing of roll bonded laminates containing steel sheets are presented
inter alia by Lhuissier et al. [10], Nambu et al. [11] and Ojima et
al. [12]. In Ref. [10], the strain fields are investigated for laminates
constructed of 13 alternating layers of high-carbon steel (SUS420)
and ductile steel (SUS301). The significantly improved tensile ductil-
ities are attributed to the macroscopically homogenous strain field
across the specimens. Thus, in the martensitic steel the onset of
failure is delayed [10,11]. Stress partitioning in LMCs containing
martensitic and austenitic layers was investigated during uniaxial
tensile tests with in situ neutron diffraction measurements by Ojima
et al. [12]. According to Ref. [12], the deformation mode is divided
into three stages, a fully elastic, a partially plastic as well as a fully
plastic stage. However, no detailed optical strain and thermogra-
phy measurements as well as comprehensive numerical studies for
the evaluation of the interaction between the constituents and the
related mechanisms are performed.

Most of the mentioned investigations are performed on laminates
processed by roll bonding or deposition. A study on the influence of
bonding strength of the laminate interface on tensile ductilities of
LMCs containing martensitic steel and austenitic steel is presented

by Nambu et al. [13]. Comparative measurements of roll bonded and
adhesively bonded sheet metal laminates are presented [13]. For
this specific laminate, they found out, that with increasing bonding
strength, improved increased tensile ductility can be achieved [13].
Nevertheless, the influence of the stiffness or the elongation at break
of the intermediate adhesive layer on the interaction between the
individual components of the laminate is not examined by Nambu
et al. [13].

The present paper systematically analyzes and assesses selected
hybrid material systems consisting of adhesively bonded sheet met-
als as well as their underlying physical mechanisms at uniaxial tensile
loading. For the purposeful assessment of different underlying mech-
anisms, hybrid materials constructed of Interstitial-Free (IF) steel and
twinning-induced plasticity (TWIP) steel as well as solutions consist-
ing of IF steel with the aluminum alloy EN-AW 5182-O are selected. To
investigate the interaction between their constituents systematically,
structural adhesives with different stiffness and elongation at break
levels are used for the adhesive bonding. In addition, hybridization-
induced mechanisms for the targeted stabilization of plastic insta-
bilities are evaluated in detail with complementary optical strain
measurements, thermography and numerical simulation. By consis-
tent implementation of a design strategy based on these underlying
mechanisms, the ductility and also the tensile strength of such mate-
rial combinations can be adjusted. Hence, locally tailored properties
according to the local requirements can be obtained by hybridization
of a cost-effective base structure with reinforcing patches.

2. Materials

2.1. Metals

In the course of this work, three different sheet metals are
used to investigate the underlying physical mechanisms of differ-
ent hybrid material systems systematically. An Interstitial-Free (IF)
steel HC220Y, which is widely applied in the automotive industry,
is used. The HC220Y has been produced by ThyssenKrupp Steel and
is abbreviated as “HC” in the following. Furthermore, EN AW 5182-
O (abbreviated as “AL”), a standard aluminum-magnesium alloy for
body parts, is applied. This aluminum alloy has been provided by
Constellium. In addition, an optimized twinning-induced plastic-
ity (TWIP) steel (HSD®-steel X70MnAlSi15_2.5_2.5) from Salzgitter
Mannesmann Forschung GmbH is used and is abbreviated as “HSD”
(High Strength and Ductility) in the following. The investigated met-
als have a layer thickness of about 1.0 mm. The measured mechanical
characteristics of the individual materials under quasi-static loading
conditions are shown in Table 1.

2.2. Adhesives

Epoxy resin based cold-curing structural adhesives from Dow
Automotive with a thickness of 0.15 mm are used for the adhesive
bonding between the individual materials. The influence of adhesive
stiffness and elongation at break on the interaction of the com-
ponents of the hybrid material system is evaluated by using the
structural adhesives which are listed in Table 2. The Betamate 2090
2:1 [14], which is abbreviated as “BM21” in the following, possesses
high Young’s modulus compared to Betamate 2090 1:1 (abbrevi-
ated “BM11”) [15]. A complete parameter set, which is essential
for numerical simulation, was not available for the experimentally
tested BM11 and BM21. Therefore, BETAMATE 2098 (abbreviated as
“BM98”) [16] is applied for the numerical simulations.
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Table 1
Measured quasi-static properties of the applied materials.

Name Ultimate tensile strength 0.2% proof stress Uniform elongation Elongation at break Young’s modulus

s/MPa Rp0,2/MPa ep/% ef/% E/GPa

HC220Y 375 ± 2 230 ± 1 23.01 ± 0.33 36.4 ± 0.9 202 ± 7
EN AW 5182-O 289 ± 1 137 ± 1 24.15 ± 0.77 26.0 ± 0.4 70 ± 1
X70MnAlSi15_2.5_2.5 1027 ± 4 546 ± 1 49.46 ± 0.34 53.4 ± 0.4 182 ± 3

Table 2
Properties of the applied adhesives [14–16] .

DIN EN 1465 DIN EN ISO 527-1

Name Lap shear strength/MPa Ultimate tensile strength/MPa Elongation at break/% Young’s modulus/MPa

BM 2090 1:1 [20] (BM11) 18 16 ≥ 84 150
BM 2098 [21] (BM98) 23 22 ≥ 20 1100
BM 2090 2:1 [19] (BM21) 25 30 ≥ 5 2000

2.3. Evaluated monolithic materials and hybrid material systems

In the course of this work, the type of metal as well as the adhesive
layer serve as variation parameters. These parameters are summa-
rized in Table 3 in terms of the investigated configurations of the
experimental and the basic numerical program. The hybrid speci-
mens are three-layered metal laminates joined with the specified
structural adhesives.

In order to realize an excellent adhesive bond, the surface of the
sheet metals are ground and also cleaned with isopropyl alcohol. The
application of the adhesive to the sheet metals is performed with a
2 K cartridge pistol for 2 K structural adhesives. The individual lay-
ers are pressed with a Collin laboratory platen press under constant
conditions. After pressing, the hybrid material systems were put into
a separate pressing tool to ensure that the adhesive layer is cured at
room temperature under constant pressure. After seven days curing at
room temperature, the test specimens were extracted by high preci-
sion waterjet-cutting according to DIN 50125 type H [17] with a gauge
length of 80 mm from the plate. Furthermore, the specimens are fin-
ished by milling to ensure the required surface quality in thickness
direction.

3. Methods

3.1. Experimental setups and test procedures

A Zwick universal testing machine with a 200 kN load cell at
the Institute of Applied Materials (IAM) at the Karlsruhe Institute
of Technology, is used for all material characterization experiments
which are described in the following. To measure the strains, a

multiXtens as well as an optical strain measurement system, consist-
ing of Canon EOS 70D and MATLAB-based digital image correlation
(DIC) software, are installed. The deformation as well as onset and
progress of the localization of strain can be visualized on the basis
of strain distribution contours. Furthermore, these deformation pro-
cesses cause a temperature change [18]. Therefore, a FLIR Systems
GmbH thermal imaging camera, referred to as T420, is used. By com-
plementary optical strain measurements and thermography, the dif-
ferent strengthening and local failure mechanisms and especially the
hybridization-induced changes of these mechanisms in comparison
to the constituents are examined in detail.

All tensile tests on the sheet metals as well as on the hybrid mate-
rial systems consisting of sheet metals are performed according to
DIN EN ISO 6892-1 [19]. In accordance with these standards, differ-
ent crosshead velocities for the different test phases are used. For the
determination of Young’s modulus by regression according to DIN EN
ISO 6892-1 [19], a nominal strain rate of 7 × 10−5 1/s and different
evolution ranges for the different materials in accordance with the
standards are selected. A nominal strain rate of 25 × 10−5 1/s is used
for the test phase until yield strength. In the field of higher strains,
the strain rate is increased to 2 × 10−3 1/s.

3.2. Numerical modeling

The numerical investigations are performed by using the com-
mercial ABAQUS/Explicit finite element code. For modeling, the
uniaxial tensile behavior of the monolithic metal specimens and
the hybrid specimens, 3D models (specimen type H according to
DIN 50125 [17]) are developed. The sheet metals are discretized by
solid elements (C3D8 elements). The adhesive joints of the hybrid

Table 3
Composition of the investigated monolithic materials and hybrid configurations.

Classification Configuration Component 1 Component 2 Adhesive

(1.0 mm) (1.0 mm) (0.15 mm)

References HC220Y (HC) HC – –
EN AW 5182-O (AL) AL – –
X70MnAlSi15_2.5_2.5 (HSD) HSD – –

Hybrids AL-BM11-HC-BM11-AL HC AL BM11
AL-BM98-HC-BM98-AL HC AL BM98
AL-BM21-HC-BM21-AL HC AL BM21
HSD-BM11-HC-BM11-HSD HC HSD BM11
HSD-BM98-HC-BM98-HSD HC HSD BM98
HSD-BM21-HC-BM21-HSD HC HSD BM21
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material systems are modeled by using cohesive elements (COH3D8
elements) [20].

The material model for the metals is a linear elastic model
expanded by a plasticity model with isotropic von Mises yield
function. To describe the failure behavior, a IDS failure criteria pre-
sented by Hooputra et al. [21] is applied. This is a phenomenological
model for ductile and shear fracture and is already implemented in
ABAQUS/Explicit [20]. For the plasticity model of the three metal
sheets, the hardening curve during plastic deformation up to uni-
form elongation is described directly by the stress vs. strain curves
of the experimental uniaxial tensile tests. The extrapolation of the
hardening curve beyond uniform elongation is described by Swift-
Voce law [22,23]. The material constants describing these two laws
are identified by parameter optimization procedure based on the
least squares method and using the hardening curves generated from
experiments. To model the diffuse and localized necking behavior of
the HC layer exactly, the plasticity model has to be extended by strain
rate dependent material data [24–27]. The strain rate dependent
hardening curves of the HC are determined by scaling the original
curve with the strain rate sensitivity m according to Hart et al. [24].
This parameter m of the HC as well as the parameters for ductile and
shear fracture of the different metals are identified based on former
experimental data of the BMW Group. In the final report of FOSTA
P 957 [28], the required parameter for the cohesive zone model are
determined for the structural adhesive BM98.

4. Results

4.1. Experimental and numerical results of AL-HC-AL-hybrids

Fig. 1a depicts the experimental engineering stress vs. engineer-
ing strain curves of two AL-HC-AL-hybrid specimens with different
adhesives (solid blue and solid green) in comparison to curves of the
two monolithic materials, AL (black) and HC (grey). In general, the
curve progression of the two hybrid material systems can be divided
into four regions following the phenomenological description accord-
ing to Kelly [29]. A linear elastic behavior is followed by a region in
which one material shows linear elastic behavior, whereas in the sec-
ond material plastification occurs. Subsequently, the following region
is determined by plastification of both materials. After the failure of
the first material, plastic behavior of the remaining material can be

observed. Comparing the curves of the hybrids containing the two dif-
ferent structural adhesives, a difference in uniform elongation can be
recognized, whereas a good agreement for elongation at break can be
seen. The stepped failure behavior is more pronounced at the hybrid
containing the adhesive BM21 which offers a higher stiffness and
smaller elongation at break of the adhesive. Compared to monolithic
AL, both hybrids exhibit about 5% higher elongation at break.

Yield strength, hardening behavior, ultimate tensile strength and
uniform elongation observed in experiments show a good correla-
tion with simulation results for the monolithic materials HC (dashed
grey) and AL (dashed black) as well as the AL-HC-AL-Hybrid (dashed
light green).

Looking in detail at the experimentally and numerically observed
curve progression of AL and also of the two AL-HC-AL-Hybrids, a
serrated stress vs. strain behavior can be detected (detail in Fig. 1a).
The serrated curve progression can be attributed to the Portevin-Le
Chatelier (PLC) effect. This effect is ascribed to dynamic strain aging,
which refers to dynamic interactions between dislocations and mobile
solute atoms [30,31]. Further, it can be observed that AL shows a more
pronounced sawtooth-shaped behavior compared to hybrid material
systems. The strain paths of the critical (highest strain) elements of
the monolithic materials HC (grey) and AL (black) as well as of the
individual layers of the hybrid material solution (HC— blue, AL —
green) are presented in Fig. 1b by equivalent plastic strain eeq vs. stress
triaxiality g curves. The dimensionless parameter stress triaxiality g

describes the stress state and is defined as the ratio of hydrostatic
stress sh and equivalent von Mises stress seq according to Hooputra
et al. [21], Bao et al. [32,33] and Wierzbicki et al. [34]. Looking at the
curves, differently pronounced shifts from the uniaxial strain path
(g = sh/seq = 1/3) can be detected for the different materials and
the layers of the hybrid. Furthermore, serrated strain paths can be
observed for aluminum as well as both constituents of the AL-HC-AL-
hybrid, whereas monolithic HC shows a smooth curve progression.

Comparing the occurring mechanisms that are observed qualita-
tively by optical strain measurements, thermography and numerical
simulation of the two monolithic materials HC and AL as well as the
AL-HC-AL-hybrids (Fig. 2a–c), three different effects can be seen. On
the one hand, HC shows the typical localized neck formation behav-
ior at the center of the gauge area. On the other hand, localized
deformation bands, referred to as PLC bands [30], become visible at
AL. Looking at the progressing of these band-shaped deformations
in experiment and simulation, it becomes evident, that they move

(a) (b)

Fig. 1. a) Engineering stress vs. engineering strain curves for HC, AL and AL-HC-AL-hybrids and b) numerically predicted equivalent plastic strain paths of HC, AL and the individual
layers of the AL-HC-AL-hybrid within the critical (highest strain) elements of the FE model.
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Fig. 2. Strain map from optical strain measurements (left); heat map from thermography (middle); distribution of equivalent plastic strain (PEEQ) in simulation (right) for a) HC,
b) AL and c) AL-HC-AL-hybrids.

rapidly and discontinuously across the specimen. For hybrid solu-
tions containing two layers AL and a single intermediate layer HC,
slowly and continuously progressing wider bands become visible in
contrast to the monolithic aluminum sheet metal.

4.2. Experimental and numerical results of HSD-HC-HSD-hybrids

The engineering stress vs. engineering strain curves of the mono-
lithic HC (grey) and HSD (black) specimens as well as of the hybrid
material systems, containing two outer HSD layers and an inter-
mediate HC layer, are presented in Fig. 3a. Looking at the curves,
it becomes evident, that the two hybrids with two different adhe-
sives (solid blue and solid green) show nearly the same elongation
at break (about 55%) as the monolithic HSD specimen. In comparison
to AL-HC-AL-hybrids (Section 4.1), uniform plastic deformation until
failure can be detected for the HSD-HC-HSD-hybrids, whereas the
hybrids containing aluminum show the mentioned stepped failure
behavior. This means that the intermediate HC layer, which usually
shows about 35% elongation at break, is now forced to deform until
about 55% due to the constraining effects of the adjacent outer HSD
layers.

Looking at the numerical results of the hybrid material system
containing BM98 (dashed light green) in Fig. 3a, it becomes evident
that in comparison to the experimental results of the hybrid mate-
rial systems containing BM11 (solid blue) and BM21 (solid green),
a very good agreement can be achieved for yield strength, harden-
ing behavior, ultimate tensile strength, uniform elongation as well as
elongation at break.

The equivalent plastic strain eeq vs. stress triaxiality g curves of
the constituent materials HC (grey) and HSD (black) as well as of
the individual layers of the hybrid material solution (HC — blue,
HSD — light green) are presented in Fig. 3b. Looking at the curves in
detail, the monolithic HSD as well as the HSD layers of the HSD-HC-
HSD-hybrid show a predominantly uniaxial strain path (g = 1/3),
whereas for the monolithic HC an early drift and for the HC layer of
the hybrid a significantly later drift to a multiaxial strain path can be
detected.

By using optical strain measurements, thermography as well as
numerical simulation, the strengthening mechanisms of HC, HSD
and HSD-HC-HSD-Hybrids can be detected qualitatively in detail.
Comparing the formation of localized necking of Fig. 4a–c, HC, HSD
and laminates consisting of HSD and HC layers qualitatively show
the same localized necking mechanisms. Looking in detail at the
temporal progressions, the following behavior can be observed. HC
shows less stable deformation (until about e = 0, 23), followed by
slow localized neck formation, while HSD as well as the constructed
hybrids exhibit a longer uniform elongation (until about e = 0, 50)
followed by an abrupt localization of the strain.

5. Discussion

5.1. Tensile behavior of AL-HC-AL-hybrids

The more pronounced serrations in engineering stress vs.
engineering strain curves of AL (Fig. 1a), which are mentioned in
Section 4.1, are associated with random initiation and hopping prop-
agation of localized deformation bands along the specimen length
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(a) (b)

Fig. 3. a) Engineering stress vs. engineering strain curves for HC, HSD and HSD-HC-HSD-hybrids and b) numerically predicted equivalent plastic strain paths of HC, HSD and the
individual layers of the HSD-HC-HSD-hybrid within the critical (highest strain) elements of the FE model.

(Fig. 2b, Fig. 5a). This type of PLC bands is referred to as type C
according to Halim et al. [30].

In contrast, at hybrid material systems consisting of two aluminum
layers with an intermediate steel layer, the wider localized deforma-
tion bands nucleate at one end of the gauge length of the specimen and
propagate slowly, repetitively and continuously along the length of
the specimen (Figs. 2c, 5 b). It seems that by hybridization a change of

the type of PLC bands is caused in the AL layers. According to Halim et
al. [30] this continuous propagation of the bands is referred to as type
A. The resulting serrations are less pronounced (Fig. 1a) compared to
those of the monolithic aluminum sample. The underlying physical
mechanism of the hybrid material system which is responsible for
the change of the type of PLC bands for the aluminum layer could be
the so-called supporting or bridging effect [8,35]. This mechanism has

Fig. 4. Strain map from optical strain measurements (left); heat map from thermography (middle); distribution of equivalent plastic strain (PEEQ) in simulation (right) for a) HC,
b) HSD and c) HSD-HC-HSD-hybrids.
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(a) (b)

Fig. 5. Phenomenological description of the physical mechanisms of a) the monolithic materials (HC-at the top, AL-at the bottom) and b) the AL-HC-AL-hybrid (on the left) and
the individual layers (on the right).

been observed in a 35-layer UHCS/brass laminated composite in terms
crack growth resistance at bending load cases by Ohashi et al. [36]
and in fiber metal laminates made of a low-ductility aluminum alloy
and aramid fiber reinforced polypropylene at tensile load cases by
Gonzalez-Canche et al. [37]. Fig. 5b depicts schematically, that in the
area of softening at the individual serrations, the load can be trans-
mitted to the adjacent steel layer. Hence, the drop in the curve is
intercepted by hardening behavior of the supporting steel layer. At
the areas of PLC bands within the AL layers, localized necking occurs
in the intermediate HC layer. Thereby, the continuous propagation
of the PLC bands leads to multiple necking within the steel layer
(Fig. 5b). The effect of multiple necking is detected for spring steel
wire reinforced aluminum profiles by Merzkirch et al. [38,39]. These
mentioned effects can also be detected at the numerically calculated
strain paths of the individual layers of the hybrid material system and
the monolithic specimens (Fig. 1b). While in the single HC specimen
a continuous uniaxial strain path (g = 1/3) until localized necking
can be recognized, the intermediate HC layer of the AL-HC-AL-hybrid
shows serrations in the strain path which correlate to those of the
outer aluminum layers of the hybrid.

In addition, the neck formation of the outer aluminum layers,
starting for monolithic aluminum at uniform elongation of about
24%, is hindered by the intermediate steel layer [10,11]. Due to the
constraining effect caused by the intermediate HC layer, the strain
path of the AL layers is changed by hybridization (Fig. 1b). Due to
neck formation, the strain path drifts from uniaxial to multiaxial, in
monolithic aluminum sheet. By reason of the mentioned localization
hindrance, the aluminum layers of the hybrid are held slightly longer
on the strain path of HC before they drift off.

The mentioned stepped failure behavior varies significantly
comparing the curves of the hybrids containing the two different
structural adhesives. At the hybrid containing the adhesive BM21 the
metal layers separate at smaller strain and, based on that, the mecha-
nism localization hindrance is ceased to be effective. Hence, localized
necking is initiated for the aluminum layers, which results in an
earlier stress drop. The HC-layer still carries the load and enables
an elongation at break comparable to the hybrid with the adhesive
BM11, however. At the hybrid joined with the BM11 the adhesive
bonding remains longer, the aluminum layers are held on the strain
path of HC nearly until total failure of the material composite.

In summary, the bridging effect, the multiple neck formation as
well as the localization hindrance contribute to a change in the strain
path of the individual layer and, consequently, to a 5% improvement
of the elongation at break for these AL-HC-AL-hybrids in comparison

to the monolithic aluminum. The manifestation of localization hin-
drance and thereby the stepped failure behavior can be influenced
by the applied structural adhesive. For hybrids containing the adhe-
sive with low stiffness, the adhesive bonding remains slightly longer
and this results in higher uniform elongation of this hybrid, whereas
the layers joined with the stiffer adhesive separate at smaller strains
resulting in a more pronounced stepped failure behavior.

5.2. Tensile behavior of HSD-HC-HSD-hybrids

The uniform plastic deformation until failure of the HSD-HC-
HSD-Hybrid at about 55% elongation is associated with the two
distinctively different interacting physical mechanisms, localization
hindrance and bridging effect, which result in the stabilization of
plastic instabilities of the intermediate HC layer [10,11]. While the
monolithic HC sheet metal is only deformed uniformly to an elonga-
tion of about 23%, the HSD shows a stable tensile deformation of up
to 50% elongation (Figs. 3a, 6a). In the case of the HC, a small change
in the cross-sectional area of the specimen occurs after the uniform
deformation at one point along the length of the specimen, which
results in a localization of the strain in this region. Hence, the strain
is becoming more and more localized, a softening and, subsequently,
the ultimate failure of the material occurs [24,25]. In the HSD-HC-
HSD-hybrid, the larger stable tensile deformation of HSD is utilized.
The outer HSD layers of the hybrid material attempt to suppress this
localized neck formation in the HC layer and force the intermediate
layer to deform still uniformly along the specimen length (Fig. 6b).

Lhuissier et al. [10], Semiatin et al. [9] and Ojima et al. [12] have
assumed that such an effect is responsible for the improvement in
elongation at break. This mechanism can also be described by com-
paring the numerically evaluated strain paths of the individual layers
of the hybrid solution with those of the constituent materials. Fig. 3b
shows that a uniaxial strain path (g = 1/3) is impressed to the inter-
mediate layer of such a structure for a longer time. While the strain
path of the individual HC layer drifts away from uniaxial to multiaxial
above uniform elongation, the HC layer within the hybrid is kept on
the uniaxial strain path until onset of plastic instability of the outer
HSD layers. Consequently, no stepped failure behavior according to
Kelly [29] can be detected, however, there is a behavior similar to
that described by Ojima et al. [12].

The bridging effect as a second mechanism contributes to sta-
bilize plastic instabilities [8,35]. In the area where the HC layer is
reaching onset of necking, the surrounding HSD layers form a second
load path and, subsequently, the load can be transmitted through
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(a) (b)

Fig. 6. Phenomenological description of the physical mechanisms of a) the monolithic materials (HC-at the top, HSD-at the bottom) and b) the HSD-HC-HSD-hybrid (on the left)
and the individual layers (on the right).

this bridging load path [8,35,36]. By this redirection of the loads in
the adjacent uniformly deforming layers, a discharge in the vicinity
of the potential necking area occurs in the HC layer.

In comparison to the AL-HC-AL-hybrids, no significant influence
of the adhesive properties on the deformation and failure behavior of
the investigated material systems can be detected for the HSD-HC-
HSD-hybrids.

In summary, the two physical mechanisms, localization hindrance
and bridging effect, contribute to a change in the strain path of the
intermediate HC layer, to stabilization of plastic instability in this
layer and, based on that, to enlarged stable tensile deformation. As
a result, a considerable improvement in the uniform elongation as
well as in the elongation to break (up to 20% improvement) can be
achieved by this type of hybridization.

5.3. Influencing factors on the mechanism localization hindrance

Due to the consistency of the experimental and numerical results
regarding tensile strength, uniform elongation and elongation at
break, the presented simulation methodology is used in the follow-
ing to evaluate the influence of further variation parameters on the

manifestation of the mechanism localization hindrance. In the course
of this complementary numerical study on hybrids consisting of HC
and HSD layers, the thickness of reinforcing HSD layer as well as
the configuration of the hybrid material system serve as additional
variation parameters.

Thenumericallypredictedengineeringstressvs.engineeringstrain
curves of monolithic HC and HSD as well as of two- or three-layered
hybrid material systems, consisting of an HC (1.0 mm) and HSD with
varying thickness (1.0 mm, 0.6 mm, 0.2 mm), are presented in Fig. 7a
and b. Looking at the curves of the hybrids in Fig. 7a, it becomes evi-
dent, that by hybridization of HC with HSD of the thickness 1.0 mm
or 1.0 mm the elongation at break of the monolithic HSD (about 55%)
can achieved. In comparison to these solutions, the hybrid containing
an intermediate HC layer (1.0 mm) and two 0.2 mm thick HSD layers
deform uniformly until about 50% elongation, however the ductility
of monolithic HSD cannot be achieved. Comparing the two-layered
hybrid material systems (Fig. 7b), the elongation at break of the mono-
lithic HSD can only be attained with the 1.0 mm thick HSD layer. For
the other two single-sided reinforced variants a reduction of duc-
tility with decreasing thickness of the reinforcing HSD layer can be
detected. The low stress values of the hybrid containing 0.2 mm thick

(a) (b)

Fig. 7. a) Numerical engineering stress vs. engineering strain curves for HC, HSD and HSD-HC-HSD-hybrids (2-1-2-configuration) with different thickness of the HSD (1.0 mm,
0.6 mm, 0.2 mm) and b) numerical engineering stress vs. engineering strain curves for HC, HSD and HC-HSD-hybrids (1-2-configuration) with different thickness of the HSD (1.0
mm, 0.6 mm, 0.2 mm).
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HSD compared to the monolithic HC are due to the fact that, for the
calculation of the cross-sections, the thickness of the adhesive layer
is taken into account.

Studies on both configurations show that especially the thickness
of the reinforcing HSD layers is decisive for the onset of plastic insta-
bility in the HC layer and thereby for the achievable ductility of the
hybrid. Below a certain thickness ratio, the reinforcing effect of the
HSD layer is no longer sufficient to prevent the localized necking
within the HC layer. Hence, plastic instability occurs within this layer
and failure of the hybrid is initiated.

6. Conclusions

In this contribution, hybrid material systems consisting of dif-
ferent sheet metals are analyzed and assessed by uniaxial tensile
tests. The occurring strengthening, localization and failure mech-
anisms and especially the hybridization-induced changes of the
material-specific mechanisms are investigated by optical strain mea-
surements, thermography and numerical simulation.

For hybrid material systems containing an intermediate layer of
HC and two top layers of AL, the mechanisms supporting effect,
the multiple neck formation as well as the lateral contraction hin-
drance can be distinguished. It is shown that these physical mech-
anisms lead to changes of the manifestation of PLC bands in the
aluminum layer and additionally to multiple localized deformation
regions in the intermediate steel layer. Thereby, a 5% improvement
in elongation at break for the AL-HC-AL-hybrid in comparison to the
monolithic aluminum can be demonstrated. Furthermore, it is shown
that the manifestation of the mechanism localization hindrance and
thereby the stepped failure behavior can be influenced by the applied
structural adhesive.

The experimental results of the HSD-HC-HSD-hybrid demon-
strate that the physical mechanisms localization hindrance and
bridging effect lead to a change in the strain path of the inter-
mediate HC layer, to stabilization of plastic instabilities of the HC
layer and, subsequently, to enlarged uniform elongation. An up to
25% improvement in the uniform elongation and the elongation
to break compared to monolithic HC can be achieved by this type
of hybridization. An influence of the adhesive properties on the
manifestation of the localization hindrance cannot be shown for
HSD-HC-HSD-hybrids.

The presented results for HC-HSD-hybrids of the complementary
numerical studies demonstrate that theoretically by reinforcing the
HC layer (1.0 mm) on one side with an 1.0 mm thick HSD layer or
on two sides with 0.6 mm thick HSD layers the uniform elongation
and elongation at break of the monolithic HSD can be achieved. Even
the single-sided reinforcement with an HSD layer of the thickness of
0.2 mm lead to a uniform elongation improvement of about 20% and a
10% improvement in elongation at break. The studies on both material
systemsindicatethatespeciallytheportionsandtherebythethickness
ratio of the components is decisive for the onset of plastic instability.
This onset of instability is initiating failure of the hybrid. Therefore,
as an extension to this manuscript comprehensive investigations on
plastic instability in hybrid material systems will be conducted. To
identify the main factor influencing the onset of diffuse and local
necking, the cross-sections, the forces as well as the strain paths of
the individual layers of the hybrid material system will be tracked
and evaluated. In the course of these investigations, additionally, the
influence of different adhesives as well as the influence of single- or
double-sided reinforcement on the start of the localization will be
examined in detail.

Implementing a mechanism-based design strategy enables the
adjustment of the ductility and also the tensile strength of mate-
rial combinations. Hence, according to the local requirements, locally
tailored properties can be obtained by the hybridization of a base
structure with precisely designed patches.
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