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Abstract
In this study, the heterogeneous strengthening behavior in shear deformation was experimentally characterized and numeri-
cally modeled for the first time. Uniaxial tensile and simple shear tests were conducted to evaluate the mechanical behavior 
of Al/Steel/Al layered sheet and its monolithic layers. Contrary to expectations, the mechanical behavior of the layered sheet 
showed more outstanding performance compared to a simple calculation of the rule of mixtures in not only tensile deforma-
tion but also shear deformation, proving the heterogeneous strengthening effect in shear deformation as well. Moreover, 
the yield strength showed similar synergies in tensile and shear deformations, but the shear deformation exhibited a higher 
additional strengthening effect at the load before reaching fracture. This remarkable outcome is primarily attributed to the 
formation of a large amount of geometrically necessary dislocations near the heterogeneous interface in shear deformation 
than at tensile maximum load. Meanwhile, microstructure and deformation mechanism-based constitutive models were 
applied to finite element simulations of tensile and shear deformations. The numerically predicted stress–strain curves were 
compared to experimental results, indicating that microstructure-based constitutive models are reasonable for shear stress 
state as well as uniaxial tension state. Furthermore, dislocation density-based hardening model is better than conventional 
phenomenological isotropic hardening for extrapolation of large strain in simple shear test. This is mainly due to considera-
tion of microstructural features in dislocation density-based hardening model.

Keywords  Shear deformation · Heterostructured material · Layered sheet · Geometrically necessary dislocation · Finite 
element method
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UTS	� Ultimate tensile strength
UEL	� Uniform elongation
TEL	� Total elongation
ROM	� Rule of mixtures

1  Introduction

Metallic materials with excellent strength and ductility are 
always in high demand for their critical roles in structural 
applications. Structural metallic materials that satisfy both 
high strength and high ductility have various benefits, such 
as reducing component thickness and ensuring user safety 
in the construction industry, reducing greenhouse gas emis-
sions, and facilitating complex forming in the automobile 
industry. However, an increase in either strength or elon-
gation inevitably leads to a decrease in the other because 
strength and elongation are mutually exclusive factors in 
nature [1–3]. For example, Lee et al. [4] reported that there 
is a trade-off relationship between strength and elongation 
through various grain sizes depending on the annealing tem-
perature of austenitic Fe–24Mn–4Cr–0.5C high-manganese 
steel. Malygin [5] also succeeded in improving the strength 
of polycrystalline aluminum by reducing the grain size, but 
the elongation was correspondingly reduced. As such, it is 
difficult to simultaneously enhance the tensile properties 
of strength and elongation with traditional strengthening 
mechanisms.

In recent decades, the heterostructure strategy through 
microstructural heterogeneities such as grain size, compo-
sition, phase, and texture has emerged as a representative 
method for improving tensile strength-ductility combina-
tions [6–9]. This new strategy allows additional disloca-
tions to accumulate between heterogeneous domains during 
tensile deformation, inducing an extra strengthening effect 
without loss of ductility [10–13]. There have also been 
several reports that it is possible to increase the ductility 
without being limited to the strength improvement effect 
depending on the combination of heterogeneous domains 
[14–16]. Fu et al. [17] fabricated heterostructured zirconium 
with simultaneously enhanced tensile strength and elonga-
tion compared to its coarse-grained counterpart by cold-roll-
ing and subsequent annealing. Jin et al. [18] found that the 
elongation of clad materials was improved by the difference 
in the plastic instability behavior of constituent materials 
under tensile deformation and reported that the elongation 
of the clad sheet composed of aluminum alloy and stain-
less steel 439 exceeds that of the individual materials. Kim 
et al. [19] reported that the rule of mixtures calculated by the 
constituent monolithic layers is not consistent with the clad 
sheet due to the heterogeneous strengthening effect. Metallic 
materials manufactured from attempts to enhance strength 
and ductility through heterostructuring strategies were able 

to successfully upgrade tensile properties more than homo-
geneous ones. However, studies on heterostructured metal-
lic materials have limitations in that only the strengthening 
effect on tensile deformation mode has been discussed. Gen-
erally, metallic materials are subjected to various deforma-
tion modes such as compressive, shear, torsion, and bend-
ing as well as tension. This is because structural materials 
are manufactured to structures by metal forming processes, 
such as drawing, press, and extrusion, and the structures 
are exposed to various loading environments during service 
time. It is, therefore, necessary to demonstrate not only the 
deformation mechanism in tensile deformation but also the 
heterogeneous effect in other deformation modes [20–22].

Furthermore, various constitutive models have been 
employed to predict the deformation behavior of hetero-
structured metallic materials. Some studies used phenom-
enological constitutive models. Brown et al. [23] used the 
Johnson–Cook hardening model [24] to predict the temper-
ature-dependent tensile behavior of heterostructured high 
entropy alloy. Wang et al. [25] also used the Johnson–Cook 
hardening model to predict the dynamic tensile behavior of 
heterostructured high entropy alloys. Moon et al. [26] used 
the phenomenological constitutive model to predict mechan-
ical behavior in V-bending for stainless steel/carbon steel 
clad sheets. On the other hand, some studies used micro-
structural mechanism-based constitutive models. Zhao et al. 
[27] used the dislocation density-based hardening model to 
predict the tensile behavior of heterostructured laminates. 
Kim et al. [28] also used the dislocation density-based hard-
ening model to predict the tensile behavior for the layered 
sheet composed of aluminum and steel. However, most pre-
vious studies have a limitation to applications of constitu-
tive models to only uniaxial tensile tests. The constitutive 
models need to be validated for other deformation modes for 
the application of manufacturing and structural simulations.

In this study, the shear deformation mechanism at the 
heterogeneous interface of Al1050/low-carbon steel/
Al1050 layered sheet was experimentally characterized 
and analyzed by numerical modeling with microstructural 
mechanism-based constitutive models. The layered sheet 
with Al1050 and low-carbon steel was selected because of 
their clear heterogeneous interfaces and large differences 
in strengths between the individual materials. This is the 
first report on the specific deformation mechanism of het-
erostructured materials under shear deformation mode. 
The shear-deformed microstructure and the finite element 
method (FEM) results validated the benefits of the heteroge-
neous interfaces in shear deformation in addition to tensile 
deformation. This study will contribute to the fundamental 
understanding as well as to the industrialization of hetero-
structured materials in terms of user safety as the first step in 
verifying the deformation mechanism of non-tensile defor-
mation mode.
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2 � Experimental Procedures

2.1 � Sample Preparation

To experimentally demonstrate heterogeneous interfaces 
under shear deformation, commercially available Al1050 
alloy and low-carbon steel were used in this study. The 
reason why Al1050 and low-carbon steel were selected is 
that their strength heterogeneity is high and intermetallic 
compounds are not formed at the interface below 540 °C 
[15]. The layered sheet was prepared by sequentially stack-
ing Al1050, low-carbon steel, and Al1050 plates and bond-
ing them through a roll-to-roll process. After the roll-to-roll 
process, the thickness of the Al1050, low-carbon steel, and 
Al1050 layers was measured to be 0.2 mm, 0.6 mm, and 0.2 
mm, respectively. The as-rolled layered plate was subjected 
to annealing heat treatment at 500 °C for 1 h. The individual 
plates were also produced through the same thermomechani-
cal processes for quantitative comparisons. All metal plates 
used in the experiments were provided by POSCO.

2.2 � Microstructural Characterization

Before microstructural analyses, the transverse direction 
(TD) planes of all the samples were mechanically polished 
using 600, 800, and 1200 grit papers; then, they were finely 
polished for 10 min each with 3 μm, 1 μm, 0.25 μm diamond 
suspensions, and slightly etched for 20 min with colloidal 
silica suspension. Backscatter electron (BSE) and electron 
dispersive spectroscopy (EDS) analyses were performed 
using field emission scanning electron microscopy (FE-
SEM; JSM-7800F PRIME, JEOL Ltd., Japan) to investigate 
the fraction of each layer and the absence of intermetallic 
compounds.

The effect of heterogeneity in shear deformation was 
demonstrated by comparatively analyzing the tensile-
deformed and shear-deformed microstructures using the 
electron backscatter diffraction (EBSD) technique. The 
EBSD experiments were conducted on an FE-SEM (FE-
30XL, Philips, The Netherlands) equipped with an EBSD 
detector. The step size of EBSD was set to 25 nm to repre-
sent the geometrically necessary dislocation (GND) maps 
more accurately. The collected EBSD data were interpreted 
with orientation imaging microscopy software (TSL OIM 
Analysis 7).

2.3 � Mechanical Properties Evaluation

Uniaxial tensile tests and Vickers microhardness tests were 
used to evaluate the mechanical properties of Al1050 and 
low-carbon steel constituting the layered sheet. Before 

performing the tensile test, the rolling direction (RD) of 
the dog bone-shaped tensile specimens with a gauge length 
of 6.4 mm and a gauge width of 2.5 mm was cut using 
wire-cut electrical discharge machining from each metal 
plate. No polishing was conducted prior to tensile testing 
to maintain the fraction of constituent layers in the lay-
ered sheet. Tensile tests were performed with a universal 
testing machine (Instron 1361, Instron Corp., USA) at a 
strain rate of 10–3 s−1 and at room temperature conditions. 
The digital image correlation (DIC) equipment (ARAMIS 
12M, GOM Optical Tech., Germany) and ARAMIS Pro-
fessional 2021 software were used to precisely estimate 
the length change during tension. The hardness of Al1050 
and low-carbon steel was assessed by performing a Vickers 
microhardness test using a Vickers microhardness tester 
(Future-Tech FM-700, Japan).

For the simple shear test, a rectangular specimen with 
RD of 50 mm and TD of 16 mm was machined from 
Al1050, low-carbon steel, and layered sheet. The simple 
shear tests were performed by a 500 kN MTS universal 
tension–compression machine with anti-buckling equip-
ment. The average shear strain of the specimens was 
obtained using a DIC camera (GRAS-50S5M-C, FLIR 
Systems Inc., USA) and VIC-2D software. The simple 
shear test was performed by fixing one side of the rec-
tangular specimen and moving the other grip down, as 
illustrated in Fig. 1. A detailed description of the simple 
shear tester is provided in a previous study [29].

Fig. 1   Schematic illustration of a before and b after deformation in 
the simple shear test
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3 � Numerical Modeling Procedures

3.1 � Constitutive Models

The microstructure and deformation mechanism-based 
constitutive models were employed to analyze mechani-
cal behaviors numerically. For elasticity, the conventional 
isotropic Hooke’s law was used. Also, the conventional 
macroscopic elasto-plasticity theory judges the plastic 
state when the yield condition is zero. The yield condi-
tion is defined as follows:

where Φ is the yield condition, � is the Cauchy stress ten-
sor, 𝜎̃ is the equivalent stress, �r is the reference isotropic 
hardening, and � is the equivalent strain. The von-Mises 
isotropic yield function was employed to consider multi-
axial mechanical behavior. The equivalent stress of this yield 
function is defined as follows:

For the reference isotropic hardening, the dislocation 
density-based isotropic hardening for heterostructured 
materials [12] was employed. For the dislocation model, 
the reference isotropic hardening is defined based on Tay-
lor hardening law [30]. The equation is:

where �0 is the lattice friction stress, � is a dislocation 
interaction parameter, M is the Taylor factor, G is the shear 
modulus, and b is the magnitude of the Burgers vector. �SSD 
and �GND mean densities of statistically stored dislocations 
(SSD) and GND, respectively. Both dislocation densities are 
evolved by the increase of equivalent strain. The evolution of 
�SSD is selected by the Kocks-Mecking-Estrin equation [31] 
and it is defined as follows,

where D means the average grain size, k is a dislocation 
accumulation parameter, and f  is a dislocation annihilation 
parameter. The evolution of �GND selected in Reference [28] 
is as follows:

where � and Dloc mean the local deformation parameter and 
the geometrical position, respectively. The local deformation 
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parameter ( � ) evolves with respect to the equivalent strain 
as follows:

where �0 and � are the initial deformation parameter and 
coefficient, respectively. This evolution equation expresses 
the characteristic of GND, indicating that the rate of GND 
storage tends to saturate as plastic deformation increases. In 
other words, the generation of GND is decelerated by plastic 
deformation because many existing dislocations prevent the 
generation of new dislocations through repulsion between 
dislocations. The geometrical position ( Dloc) means the dis-
tance between the geometrical dislocation and interface of 
the layered sheet. The FEM implementation of the geometri-
cal position ( Dloc) will be dealt in the next section.

3.2 � Finite Element Modeling

The uniaxial tensile and simple shear tests in Sect. 2.3 were 
numerically modeled by commercial finite element software, 
ABAQUS. The implicit FEM and the 3D brick solid element 
(C3D8R) were used. The previous constitutive models were 
implemented into the user material subroutine, UMAT using 
FORTRAN language. The recently developed non-iterative 
stress projection method, originally referenced in the paper 
[32], was implemented. This approach was used for all simu-
lations to reduce the huge simulation time for solid elements. 
The non-iterative stress projection method offers a better 
combination of speed and accuracy in stress calculation 
compared to the other conventional iterative stress integra-
tion methods because it does not require iteration processes. 
The geometrical position ( Dloc) was implemented using the 
following equation:

where � is a steepness parameter, z is the z-coordinate of 
the integration point, and z0 is the z-coordinate of the inter-
face between Al1050 and low-carbon steel. It means that the 
z-coordinate of integration point was normalized based on 
the z-coordinate of the interface. This adjustment is made 
to consider the phenomenon that the closer to the interface, 
the more GND is generated.

One-eighth and a half of the specimens were modeled 
for the uniaxial tensile and simple shear tests, respectively. 
Stress–strain curves can be extracted from simulations in the 
same way that they are measured in experiments. Based on 
the stress–strain curves, a sensitivity study was performed 
to decide mesh size and the number of through-thickness 
elements. For the uniaxial tensile test, 0.1 mm2 mesh size in 
the central region and 10 through-thickness elements were 
selected. On the other hand, for the simple shear test, 0.2 

(6)� = �0exp
(

−��
)

(7)Dloc = �
z−z0

z0
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mm2 mesh size in the central region and 10 through-thick-
ness elements were selected. Figure 2 shows the finite ele-
ment models for the uniaxial tensile and simple shear tests.

4 � Results

4.1 � Initial Microstructure

Figure 3a shows the BSE image for the entire area of the 
Al1050/low-carbon steel/Al1050 layered sheet. The lay-
ered plate is clearly divided into a relatively dark Al1050 
layer and a bright low-carbon steel layer. The fractions 
of Al1050 and low-carbon steel regions calculated using 
an image analysis software (ImageJ Ver. 1.50i, National 
Institutes of Health, USA) were 40.33% and 59.67%, 
respectively, consistent with the measured thicknesses of 
0.2 mm/0.6 mm/0.2 mm. Along with the EDS elemental 
distribution maps in Fig. 3b, c, it was confirmed that no 
intermetallic compound was generated at the interfacial 
region during the annealing heat treatment at 500 °C for 1 

h. The EDS line profile result indicates that the interface 
between Al1050 and low-carbon steel is bonded by a short 
interdiffusion of ~ 0.8 μm (Fig. 3d).

Figure 4 shows EBSD inverse pole figure (IPF) maps 
and GND maps of the Al1050, low-carbon steel, and 
interfacial region of the layered sheet. From the low-mag-
nification EBSD results, the average grain size of Al1050 
was measured to be 34.10 ± 12.83 μm, and low-carbon 
steel was measured as 15.35 ± 6.15 μm. The difference in 
grain size between Al1050 and low-carbon steel is due to 
various factors such as grain size before bonding, degree 
of deformation during processing, and difference in their 
grain growth driving force. The initial GND densities 
of Al1050 and low-carbon steel calculated from Fig. 4d, 
e are 1.27 × 1014 m−2 and 7.99 × 1013 m−2, respectively. 
Although Al1050 has a lower microstructural evolution 
(i.e., recovery, recrystallization, and grain growth) tem-
perature than low-carbon steel, the dislocation density 
was measured to be higher. It can be inferred that the 
relatively soft Al1050 plate underwent more deforma-
tion during the roll-to-roll process. The phase boundaries 

Fig. 2   Finite element models for 
a the uniaxial tensile and b the 
simple shear tests

Fig. 3   a BSE image of Al1050/low-carbon steel/Al1050 layered sheet. b, c Magnified EDS elemental distribution maps and d EDS line profile 
in the interfacial region. In the EDS maps and line profile, red and olive colors indicate aluminum and iron elements, respectively
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and grain boundaries showed higher GND densities than 
the grain inside because they are a kind of defect-like 
dislocations.

4.2 � Tensile Properties and Vickers Microhardness

Figure 5a represents the tensile properties of Al1050, low-
carbon steel, and the layered sheet. Table 1 summarizes the 
tensile properties: Elastic modulus (E), yield strength (YS), 

ultimate tensile strength (UTS), uniform elongation (UEL), 
and total elongation (TEL). Elastic modulus was calculated 
using the method proposed in Ref. [33]. The rule of mix-
tures (ROM) in Table 1 was calculated from tensile testing 
results of Al1050 and low-carbon steel and BSE micrograph 
(Figs. 3a and 5a). Interestingly, the tensile properties of the 
layered sheet outperformed ROM in all respects except the 
elastic modulus. The YS and UTS were further strengthened 
by ~ 22.97 MPa and ~ 24.14 MPa, respectively. The UEL 

Fig. 4   a, b, c EBSD IPF maps and d, e, f GND maps of a, d Al1050, b, e low-carbon steel, and c, f interfacial region of the layered sheet

Fig. 5   a Tensile testing results 
of Al1050, low-carbon steel, 
and layered sheet. b Vickers 
microhardness results of Al1050 
and low-carbon steel
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and TEL increased by ~ 2.53% and ~ 9.87%, respectively, 
and even the layered sheet had a higher elongation than the 
individual Al1050 and low-carbon steel. Not only the layered 
sheet but also the individual Al1050 and low-carbon steel 
were in good agreement with the tensile stress–strain curves 
obtained by removing the counterpart material by chemical 
etching in our previous research [19]. This observation indi-
cates that the A1050 and low-carbon steel used in this study 
well simulate the constituent materials in the layered sheet. 
Furthermore, such synergy of strength and elongation by 
heterostructuring has often been reported in heterostructured 
materials [14–19]. The extra strengthening mainly occurs 
because additional dislocations are generated by the strength 
heterogeneity at the heterogeneous interfaces [16], and the 
advantage in ductility is primarily attributed to differences 
in plastic instability [17].

The Vickers microhardness results for Al1050 and low-
carbon steel are shown in Fig. 5b. The Vickers microhard-
ness values of Al1050 and low-carbon steel were measured 
as 39.06 ± 1.65 kg/mm2 and 197.38 ± 3.74 kg/mm2, respec-
tively. The tensile testing and Vickers microhardness testing 
results demonstrate that Al1050 and low-carbon steel have 
strength heterogeneity, with Al1050 acting as a soft domain, 
and low-carbon steel acting as a hard domain.

4.3 � Shear Properties

Shear stress-shear strain curves in shear deformation for 
Al1050, low-carbon steel, and the layered sheet are dis-
played in Fig. 6, and Table 2 summarizes indicators rep-
resenting shear properties: 0.2% offset strength and maxi-
mum strength. Unlike the tensile testing results (Fig. 5a 
and Table  1), the shear deformation does not reveal 
plastic instability called necking, so UEL and TEL are 
not defined. The shear stress was obtained by dividing 
the force measured in the load cell by the cross-sectional 
area along the whole specimen length as for tensile stress 
calculation. The simple shear test was finished when the 
load value started to decrease due to fracture or buckling 
near the tips of the specimen, and the maximum shear 
strength was defined as the maximum value before the 
load decreased. Meanwhile, the shear strain was not meas-
ured uniformly over the entire specimen during the defor-
mation, especially near the tips of the shear specimen. 

Therefore, the value of the shear strain was determined 
as the average of the region having homogeneous strain 
distribution using the DIC technique. The validity of the 
shear strain obtained in this way was assessed by compari-
son with FEM simulations in a previous study [29].

The shear properties of Al1050 and low-carbon steel 
were consistent with tendencies of tensile and Vickers 
microhardness results in Fig. 5. Al1050, a region with low 
tensile strength and Vickers microhardness value, exhib-
ited the lowest 0.2% offset strength and maximum strength 
of 35.10 ± 0.36 MPa and 59.37 ± 0.72 MPa, respectively. 
Reaching maximum strength at low shear strain also cor-
responded to having low ductility in tensile deformation. 

Table 1   Summary of tensile 
properties of Al1050, low-
carbon steel, ROM, and layered 
sheet

Tensile tests were repeated three times for reliability

E, GPa YS, MPa UTS, MPa UEL, % TEL, %

Al1050 44.96 54.91 ± .2.9 91.34 ± 3.2 17.21 ± 2.5 19.96 ± 2.1
Low-carbon steel 171.17 264.25 ± 2.2 334.90 ± 3.0 17.01 ± 1.6 37.90 ± 2.5
ROM 120.68 180.51 237.48 17.09 30.72
Layered sheet 120.88 203.48 ± 3.5 261.62 ± 1.2 19.62 ± 1.5 40.59 ± 1.5

Fig. 6   Shear stress versus shear strain curves of Al1050, low-carbon 
steel, and layered sheet

Table 2   Shear 0.2% offset strength and maximum strength for 
Al1050, low-carbon steel, ROM, and layered sheet

The shear tests were repeated three times

0.2% offset strength, 
MPa

Maximum strength, MPa

Al1050 35.10 ± 0.36 59.37 ± 0.72
Low-carbon steel 169.86 ± 1.35 282.98 ± 1.31
ROM 115.96 193.54
Layered sheet 126.74 ± 1.52 222.78 ± 1.28
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Low-carbon steel with high tensile strength and Vickers 
microhardness value showed the highest shear strength with 
0.2% offset strength of 169.86 ± 1.35 MPa and maximum 
strength of 282.98 ± 1.31 MPa.

The 0.2% offset strength of the layered sheet was 
126.74 ± 1.52 MPa and the maximum strength was 
222.78 ± 1.28 MPa, showing values between the Al1050 
and low-carbon steel. The layered sheet achieved shear 
strengths exceeding the calculated ROM from the Al1050 
and low-carbon steel, but the values of strength increase by 
heterogeneity were quite different compared to the tensile 
deformation. In the tensile test, the strengthening effect by 
heterostructuring showed similar values of ~ 22.97 MPa 
and ~ 24.14 MPa for YS and UTS, respectively (Fig. 5a). 
On the other hand, the 0.2% offset strength and maxi-
mum strength of layered sheet increased by ~ 10.78 MPa 
and ~ 29.24 MPa, respectively, compared to those of ROM, 
indicating a greater strengthening effect in the later stage 
than in the early stage of shear deformation. It will be dealt 
with in detail in Sect. 5.1.

4.4 � Parameter Identification

The parameter identification for constitutive models in 
Sect. 3.1 was conducted with the tensile testing results in 
Sect. 4.2. The inverse identification method was used for 
parameter identification. The details of the inverse identifica-
tion procedure [34] are as follows. The finite element simu-
lation of tensile deformation in Sect. 3.2 was conducted with 
initial coefficients. Then, a difference in true stress–strain 
curves between the experiment and simulation was calcu-
lated by the least square method. To minimize the differ-
ence between experiments and simulations, many trials were 
repeated following the Nelder-Mead simplex optimization 
algorithm.

The parameters for single materials, Al1050 and low-car-
bon steel, were identified first with the tensile test results. 
The shear modulus was calculated using the elastic modulus 
in Table 1 and Poisson’s ratio, which is usually assumed to 
be 0.33 for metals. The Taylor factor (M) and the magni-
tude of Burger’s vector (b) were assumed to be 3.06 and 
2.54 × 10–7 mm, respectively. The grain size (D) was selected 
from EBSD results in Sect. 4.1. Therefore, only four param-
eters (τ0, α, k, and f) were identified using the inverse identi-
fication method. Then, the tensile stress–strain curve of the 
layered sheet was used to identify GND-related parameters 
(θ0 and λ). The steepness parameter (δ) was assumed to be 
104. In the tensile test simulation of the layered sheet, it was 
assumed that the GND effect was generated only for Al1050 
based on observations from a previous study [28]. Table 3 
summarizes all identified parameters for Al1050 and low-
carbon steel.

4.5 � Numerical Prediction

The true stress–strain curves of Al1050, low-carbon steel, 
and layered sheets in tensile deformation were predicted 
by simulation with the dislocation density-based isotropic 
hardening model, as shown in Fig. 7a. For Al1050 and low-
carbon steel, the predictions of the simulation follow the 
experimental results well. This means that inverse identifica-
tion was completed successfully. For the layered sheet, the 
simulation without considering GND terms, which is the 
same for ROM, shows a clear underestimation of flow stress. 
On the other hand, the simulation considering GND terms 
predicted flow stress well without underestimation. This is 
mainly due to the heterogeneous strengthening effect.

Furthermore, constitutive models were applied to simple 
shear tests. For simulation of multi-axial deformation, the 
von-Mises isotropic yield function in Sect. 3.1 was used. 
The numerical prediction of stress–strain curves of Al1050, 
low-carbon steel, and layered sheets in simple shear tests 
is shown in Fig. 7b. Although some underestimation was 
observed for Al1050 and low-carbon steel, the prediction for 
shear strength in the von-Mises yield function is acceptable 
for both materials. In addition, prediction considering GND 
effect shows better than prediction without GND effect. 
This is consistent with results of tensile test simulation. It 
indicates that the dislocation model considering GND effect 
is effective in shear stress state even though its parameters 
are identified only in tensile deformation. Although a slight 
underestimation was found for the Al and low-carbon steel 
single sheets, the dislocation model predicted the layered 
sheet very well. This suggests that the formation of GND is 
the main determinant of hardening in layered sheets. More-
over, predictability of dislocation model for layered sheet 
until large strain is verified. Although the maximum strain 
of tensile test was smaller than that of simple shear test, the 

Table 3   Identified parameters of the constitutive models for Al1050 
and low-carbon steel

† Inversely identified parameters

Al1050 Low-carbon steel

�
0
 [MPa]† 34.51 247.19

� † 0.7730 0.0955
M 3.06 3.06
G [MPa] 16.9 64.35
b [mm] 2.54 × 10−7 2.54 × 10−7

D [mm] 0.0341 0.0153
k† 0.0009 0.0392
f † 2.74 2.99
�
0

† 50.77 1
�† 0.0033 0
� 104 0
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prediction of dislocation model follows the whole trend well 
in simple shear test. This observation will be discussed more 
in the next section.

5 � Discussion

5.1 � Heterogeneous Strengthening Effect in Shear 
Deformation

A comparison of the layered sheet with monolithic Al1050 
and low-carbon steel demonstrated that shear deforma-
tion can achieve a heterogeneous strengthening effect as in 
tensile deformation (Fig. 6 and Table 2). The synergistic 
strengthening of YS in tensile deformation is ~ 22.97 MPa 
and the corresponding 0.2% offset strength in shear deforma-
tion is ~ 10.78 MPa. The von-Mises yield criterion defines 
a 0.2% offset strength in the shear test to be 0.577 times YS 
in the tensile test [35]. In terms of the yield onset relation-
ship, the additional strengthening effect of shear deformation 
using the von-Mises yield criterion was converted to ~ 18.68 
MPa in tensile deformation. Considering that the YS of the 
layered sheet exceeded the ROM by ~ 22.97 MPa in ten-
sion, both tensile and shear deformations can benefit from a 
similar degree of heterogeneous strengthening effect at the 
beginning of plastic deformation.

The tensile UTS and the maximum shear strength, 
which are the highest stresses in each deformation mode, 
exhibited different results from the yield onset. There is no 

well-established theory for maximum shear strength, such 
as the yield criterion at the beginning of plastic deforma-
tion. However, it is generally considered for product design 
purposes that maximum shear strength is equal to 60% of 
tensile UTS [36]. Nevertheless, the investigated layered 
sheet showed additional strength enhancements of ~ 24.14 
MPa and ~ 29.24 MPa in tensile UTS and maximum shear 
strength, respectively, compared to the ROM of the individ-
ual materials. Considering that the maximum shear strength 
is 60% of the tensile UTS, the additional strengthening effect 
at maximum shear strength was converted to ~ 48.73 MPa 
in the tensile UTS. These results obviously indicate that the 
shear and tensile deformations have similar heterogeneous 
strength improvement in the early stage of plastic deforma-
tion but show more effective strength enhancement in the 
shear deformation in the later stage of deformation.

Figure 8a, b are the IPF and GND maps at 15% and 80% 
applied shear strain, respectively. It clearly demonstrates 
that GNDs thickly accumulate at the heterogeneous domain 
interfaces even under shear deformation, similar to the result 
of tensile deformation [15]. Figure 8c, d show the GND 
density profiles near the Al1050/low-carbon steel interface 
under tensile and shear deformations, respectively. Both 
tensile deformation and shear deformation accumulated 
GNDs at the heterogeneous interface as plastic deforma-
tion progressed but with slight differences. In the case of 
tensile deformation, both at the beginning of plastic defor-
mation and UTS exhibited accumulated GNDs by approxi-
mately 1.69 μm near the heterogeneous interface. It can be 

Fig. 7   a Numerical prediction of true stress vs. true strain curves 
of the Al1050, low-carbon steel, and layered sheets in the tensile 
test using the dislocation density-based isotropic hardening model; 

b Numerical prediction of shear stress vs. shear strain curves of the 
Al1050, low-carbon steel, and layered sheets in the simple shear test 
using the dislocation density based isotropic hardening model
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demonstrated that there was a limit to the GND accumula-
tion even at maximum load, which results in a similar level 
of heterogeneous strengthening effect in tensile UTS and 
YS. On the other hand, in the shear-deformed heterogeneous 
interface, GND was additionally accumulated by a distance 
of about 0.79 μm at the maximum shear strength with large 
deformation compared to the initial stage of plastic defor-
mation. These GND line profile results verify the differ-
ence in the heterogeneous strengthening behavior of tensile 
deformation and shear deformation at the yield onset and 
maximum load.

5.2 � Deformation Characterization in a Simple Shear 
Test

To discuss the strain ranges in tensile and shear deformation 
modes, the von-Mises equivalent strain formula defined by 
Eq. (8) was used [36]:

 where �11 , �22 , �33 , �12 , �23 , and �31 indicate components of 
the strain tensor. The shear strain at the maximum shear 
strength of the layered sheet was 80.98%, which corresponds 

(8)�vm =
2

3

√

3

2

(

�2
11
+ �2

22
+ �2

33

)

+
3

4

(

�2
12
+ �2

23
+ �2

31

)

,

to the von-Mises equivalent strain of ~ 66.13% according to 
Eq. (8). This converted von-Mises equivalent strain value 
is about three times higher than 19.62%, which is the strain 
corresponding to the UTS of the layered sheet in the tensile 
test. The difference between applied strain in tensile defor-
mation and shear deformation at maximum load was primar-
ily due to their deformation behavior. In tensile deformation, 
the material elongates only in the axial direction, and plastic 
instability occurs in which stress and strain are concentrated 
locally after UTS [37, 38] (Fig. 9a). This is referred to as the 
neck phenomenon, and strain hardening behavior does not 
appear and the load decreases in the post-necking elongation 
regime after UTS. That is, due to the concentration of local 
stress and strain by plastic instability in the post-necking 
elongation regime, the tensile UTS does not show defor-
mation behavior at large deformation despite the maximum 
load. In shear deformation, strain is applied to the specimen 
uniformly up to the maximum shear strength without plastic 
instability, and fracture occurs at that strain (Fig. 9b). Fig-
ure 9a1, b show von-Mises equivalent strain distributions at 
tensile UTS and maximum shear strength, respectively, and 
it was confirmed that the load maximum in the shear test 
exhibited a higher strain distribution. Also, the occurrence 
of plastic instability after UTS was visually validated in 
Fig. 9a2. Maximum shear strength can accommodate more 

Fig. 8   EBSD IPF maps and GND maps at a 15% and b 80% applied shear strain. GND density profiles near the Al1050/low-carbon steel inter-
face at c 5% and 20% applied tensile strain and d 15% and 80% applied tensile strain
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deformation than the tensile UTS, which causes more dis-
location formation and accumulation. Because dislocations 
accumulated at the dissimilar domain interfaces are the main 
cause of heterogeneous strengthening, the greater synergistic 
strengthening at maximum shear strength than tensile UTS 
can be explained by the difference in applied strain.

We concluded that (1) the heterogeneous strengthening 
behavior in shear and tensile deformations is similar and (2) 
the predominant additional strengthening effect in the maxi-
mum shear strength compared to the tensile UTS is simply 
the difference in applied strain. To support this outcome, the 
strengths of layered sheet and ROM were compared in terms 
of percentage. In tensile yield strength and shear 0.2% offset 
strength, the layered sheet showed additional strengthening 
of ~ 12.73% and ~ 9.30% over ROM, respectively. Meanwhile, 
the layered sheet exhibited ~ 10.17% and ~ 15.11% higher 
strength than ROM in tensile UTS and maximum shear 
strength, respectively. Although there are some deviations, by 
and large, the degree of heterogeneous strengthening effect 
in tensile and shear deformations is identical. The reasonable 
prediction of the dislocation density-based isotropic harden-
ing model considering GND effect for both tensile and shear 
deformation modes (Fig. 7) also supports the similarity. There-
fore, these results obviously indicate that the heterogeneous 
strengthening behavior in shear and tensile deformations are 
similar.

The dislocation density-based isotropic hardening model 
shows reasonable prediction until a relatively large strain in 
the simple shear test, even if the parameters are identified only 
in the tensile test, which shows a relatively small strain. The 
reasonable extrapolation of reference isotropic hardening is 

important because some structural applications, i.e., crush and 
forming simulations, require large strain regions.

To compare the predictability of the dislocation model, 
one of the phenomenological isotropic hardening models, the 
Swift-modified Voce model, is selected. The equation is:

 where K, ε_0, n, σ_y, ρ, σ_b, and η are the fitting param-
eters. This equation is usually used for sheet metal forming 
simulation in references [34, 39]. The inverse identification 
explained in Sect. 4.4 is applied to the Swift-modified Voce 
model. The identified parameters for Al1050 and low-carbon 
steel are listed in Table 4.

Then, the Swift-modified Voce model was used for the 
tensile and simple shear simulations. Figure 10 shows the 
numerical predictions for the tensile and simple shear tests 
with the Swift-modified Voce models. The stress–strain curve 
prediction for low-carbon steel in the tensile test is reasonable 
because the parameters are identified in the tensile test. How-
ever, the stress–strain curve prediction for low-carbon steel in 
the simple shear test tends to be underestimated. This indicates 
that the extrapolation of the Swift-modified Voce model is 
not appropriate, even if the number of fitted parameters for 
the Swift-modified Voce model is larger than those for the 
dislocation density-based hardening model. The number of 
fitted parameters for the dislocation density-based hardening 
model is only four because other parameters can be decided 
using microstructure information. Therefore, this comparison 
suggests that considering microstructure characteristics can be 
helpful to predict hardening behavior until large strain regions.

(9)�r
(

�
)

= K
(

�0 + �
)n

+ �y + �� + �b
(

1 − exp
(

−��
))

,

Fig. 9   Von-Mises equivalent 
strain distribution maps at a1 
tensile UTS, a2 after tensile 
neck onset, and b maximum 
shear strength

Table 4   Identified parameters of 
the Swift-modified Voce model 
for Al1050 and low-carbon steel

Swift-modified Voce K �
0

n �y � �b �

Al1050 130.08 1.62 × 10−3 0.1638 3.9012 35.45 1.055 10.31
Low-carbon steel 131.68 0.215 1.97 × 10−7 120.55 1 173.75 10
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6 � Conclusions

The shear deformation behavior of heterostructured material 
was investigated using the Al1050/low-carbon steel/Al1050 
layered sheet in this study. The BSE and EDS analyses were 
performed to verify the adhesive condition of the layered 
sheets. The EBSD analysis provided average grain sizes and 
GND densities. The uniaxial tensile and simple shear tests 
were conducted to characterize the mechanical behaviors 
of the Al1050, low-carbon steel, and their layered sheet. 
Furthermore, the microstructure and deformation mecha-
nism-based constitutive models for the layered sheets were 
selected to predict mechanical behaviors. Then, the models 
were applied to the finite element simulations of uniaxial 
tensile and simple shear tests. From these experimental and 
numerical approaches, the following conclusions can be 
extracted:

•	 The mechanical properties of the Al1050/low-carbon 
steel/Al1050 layered sheet showed superior performance 
beyond the ROM calculation in both tensile and shear 
deformations. These results mainly originated from the 
formation of GNDs in the interface between Al1050 and 
low-carbon steel.

•	 The development of GNDs at the beginning of plastic 
deformation was similar in the uniaxial tension and shear 
deformation states. This implies that the development of 

GNDs is not sensitive to deformation mode. However, 
the main difference between tensile and shear deforma-
tions was observed in the applied strain at maximum 
load. The simple shear test showed ~ 66% von-Mises 
equivalent strain at maximum shear strength but the 
uniaxial tensile test showed ~ 19% von-Mises equivalent 
strain at tensile UTS. The absence of plastic instability 
allows the development of GNDs up to large strain at 
maximum load, which results in more effective synergis-
tic enhancement at maximum shear strength than tensile 
UTS.

•	 The numerical prediction of the simple shear test indi-
cates that the dislocation density-based hardening model 
for the layered sheet is appropriate for simple shear 
deformation as well as the tensile test. This is consistent 
with the observation for the development of GNDs in the 
uniaxial tensile and simple shear tests.

•	 The dislocation density-based hardening model showed 
good extrapolation until the large strain ranges in the 
simple shear test. This suggests that microstructural 
characterization can provide reliable hardening behav-
ior even under different deformation modes. Therefore, 
the dislocation density-based hardening model can be 
utilized for structural applications that require large strain 
ranges compared to the conventional phenomenological 
isotropic hardening model.

Fig. 10   a Numerical prediction of true stress vs. true strain curves of 
Al1050, low-carbon steel, and layered sheet in the tensile test using 
the Swift-modified Voce model; b Numerical prediction of shear 

stress vs. shear strain curves of Al1050, low-carbon steel, and layered 
sheet in the simple shear test using the Swift-modified Voce model
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