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Abstract: Heterostructured materials such as metallic laminates (LMCs) can be specifically tailored to
showcase significantly increased mechanical behavior based on the hetero-deformation-induced (HDI)
strengthening effect caused by the co-deformation at the vicinity of interfaces. This study introduces
a new approach to quantify these co-deformation effects in metallic laminates by characterizing the
behavior of inelastic back strain upon unloading. Experimentally, the inelastic back strain (IBS) is
determined by cyclic loading-unloading-reloading (LUR) tensile tests. Compared to a linear rule of
mixture (ROM) approximation used as a reference, additional amounts of inelastic back strain were
measured for different metallic laminate systems, strongly depending on the dissimilarities of yield
strength and elastic moduli of constituents and the interface density in the laminates. Conducting
finite element analysis, the distribution of residual plastic strain was investigated for the different
metallic laminates used in this study. Based on this, a schematic overview of the spatial distribution of
the hetero-deformation zone for metallic laminates with dissimilar yield strength and elastic moduli
is derived, summarizing the results of this study. As most mechanical components are subject to cyclic
stresses during the application, the method provided in this study to characterize the co-deformation
behavior of metallic laminates in the microyielding regime enables valuable insights into mechanisms
affecting the cyclic deformation behavior of metallic laminates for future applications.

Keywords: heterostructured materials; laminated metallic composites (LMCs); interfaces; hetero-
deformation zone; cyclic deformation behavior; ultrafine-grained (UFG)

1. Introduction

Subject to intensive research activities in recent years, heterostructured materials
present a new class of materials showcasing superior functional and mechanical prop-
erties over homogeneous materials [1-5]. Heterostructured materials are defined as ma-
terials containing heterogeneous zones on a micro- or mesostructural level with vastly
different mechanical and/or physical properties [3]. Based on synergistic interaction and
coupling effects between the heterogeneous zones, improved mechanical and functional
trade-off properties have been reported, such as strength—ductility [6,7] and magnetization—
coercivity [8,9]. Depending on the morphology of the heterogeneous zones, heterostruc-
tured materials can be divided into different categories, including harmonic [10-12], gradi-
ent [13,14], bimodal [15,16] or laminated materials [17-19]. In heterostructured materials,
the heterogeneous zones can consist, for instance, of mechanically soft and hard zones
separated by boundaries such as grain boundaries or interfaces. Subjected to plastic defor-
mation, these heterogeneous soft and strong zones deform inhomogeneously. In terms of
cyclic deformation, different models have been established to describe the co-deformation
behavior of mechanically heterogeneous materials. A comprehensive review is provided
by Skelton, Maier and Christ [20], describing the relationship between the Masing model,
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Ramberg-Osgood relation and Bauschinger effect in the context of cyclic stress—strain be-
havior. A further model describing the co-deformation behavior based on local interaction
at the boundary between soft and hard domains in heterostructured materials has been
proposed recently by Zhu and Wu [21]. Upon tensile deformation, a dislocation network
consisting of geometrically necessary dislocations piled up at the interface is formed in the
softer domain to compensate for the necessary co-deformation. This creates forward stress
in the strong domain and back stress in the soft domain. Gradients in stress and strain
at the vicinity of the boundaries/interfaces are formed, creating the hetero-deformation
zone or interface-affected zone [22]. The collective stress created by forward and backward
stress is interpreted as hetero-deformation-induced (HDI) stress. To determine the HDI
strengthening effect for heterostructured materials, the authors propose an experimental
method based on tensile cyclic loading-unloading-reloading (LUR) tests [1,23,24]. A simi-
lar experimental approach based on cyclic tensile LUR tests in the microyielding regime
was used by Mughrabi and Hoppel [25-27] to evaluate the inelastic back strain upon
unloading in ultrafine-grained and conventionally grained materials. The inelastic back
strain was reported to be significantly higher for ultrafine-grained and nanocrystalline
pure metals. Similar to the recent model by Zhu and Wu for heterostructured materials, the
microstructural mechanism behind this was explained by the microscopic forward /back
flow of geometrically necessary dislocations piled up at the grain boundaries during the
unloading/reloading segments [25,28,29]. In conclusion, as the inelastic back strain is very
sensitive to microstructural changes, cyclic tensile LUR tests are a promising experimental
approach to study influences on the deformation behavior of heterostructured materials.

In this study, we evaluate a concept based on the inelastic back strain as a method
to quantify co-deformation effects emerging at the hetero-deformation zones in metallic
laminates varying in mechanical properties and interface density.

2. Materials and Methods
2.1. Laminated Metallic Composites and Monolithic Materials: Processing and Overview

Six different types of laminated metallic composites were produced by means of the
accumulative roll-bonding (ARB) process to evaluate co-deformation effects at the vicinity
of interfaces in metallic laminates caused by dissimilar (a) yield strength, (b) elastic modulus
and (c) combined dissimilarities in yield strength as well as elastic modulus. Additionally,
the role of interface density was studied. As a reference, constituent monolithic materials
were produced accordingly. The chemical composition of all materials used in this study is
listed in Table 1.

Table 1. Chemical composition (wt.%) of the aluminum, copper and steel sheet metal measured by
spark emission spectrometry.

Chemical Composition (wt.-%) !

Alloy
Al Fe Cu Mg Si Mn Ti C P Others

AA1050 99.4 0.35 - - 0.15 - - - - 0.10
AA5005 98.5 0.25 - 0.99 0.12 - - - - 0.14
AA5754 95.9 0.40 - 291 0.35 0.31 - - - 0.13
Cu-DHP - - 99.92 - - - - - 0.03 0.05
Cu-OFE - - 99.99 - - - - - - 0.01

DCO05 - 99.7 - - - 0.10 0.07 0.01 - 0.12

! Elements with concentration below 0.05 wt.% listed as (-).

The utilized materials include commercially pure aluminum AA1050, the solid-
solution-strengthened aluminum alloys AA5005 and AA5754, the high-purity copper
grades Cu-OFE (oxygen-free electronic) and Cu-DHP (deoxidized high phosphorus), and
the interstitial free deep-drawing steel DCO05.

All laminated composites and monolithic materials were roll bonded on a four-high
rolling mill (BW 300, Carl Wezel, Miihlacker, Germany). Prior to each roll-bonding step, the
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(@)  AA5005/AA5754 LMC AA5754/Cu-DHP LMC (b) Cu-OFE/DC05 N4 LMC

sheet metal surfaces were cleaned with acetone as well as wire brushed to remove oxide
layers and achieve sufficient bonding. To study the influence of dissimilar mechanical
properties on co-deformation effects, different Al/Al-laminates (AA5005/AA5754 and
AA1050/AA5754) and Al/Cu-laminates (AA5754/Cu-DHP and AA1050/Cu-DHP) and
the respective monolithic constituents were produced using three ARB cycles (N3). Prior to
each roll-bonding step, the laminates and monolithic materials were fully recrystallized for
2 h at 365 °C using ambient atmosphere for the Al/Al-laminates and argon atmosphere for
the Al/Cu-laminates. Subsequently, the sheets were stacked with an alternating sequence
of the respective constituent materials and roll bonded at a nominal thickness reduction of
50% per ARB cycle at ambient conditions and halved in length afterwards. These steps were
repeated three times, resulting in a respective total sheet thickness of 3.75 mm after three
roll-bonding steps. Cross-sections of the laminate architectures are shown in Figure 1a.
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Figure 1. Overview of the materials analyzed in this study: (a) Light microscope images showing
cross-sections of the metallic laminate systems with dissimilar mechanical properties between layers:
varying yield strength characterized by the yield strength ratio Yy (top to bottom) and varying elastic
modulus characterized by the elastic modulus ratio Eg (left to right) between layers; (b) Scanning
electron microscope images showing cross-sections of the copper/steel laminates with varying
interface density pjr.

To study the influence of interface density on co-deformation effects, two Cu/Fe-
laminates (Cu-OFE/DC05) were produced using four (N4) and eight (N8) ARB cycles,
respectively. For the first cycle, three sheets with an initial sheet thickness of 2.0 mm were
stacked in a sequence of Cu/Fe/Cu and roll bonded. Subsequently, an additional cold
rolling step was performed on the bonded laminate. The combination of these two steps
can be treated as equivalent to a single roll-bonding cycle (N1) with a nominal thickness
reduction of 66%. Using this two-stepped approach, sufficient bonding was achieved while
minimizing edge cracking of the sheets and maintaining a nominal laminate sheet thickness
of 2.0 mm after each roll-bonding cycle. For the second cycle (N2), three N1 laminate sheets
were stacked and roll bonded using the two-stepped approach described above. These
steps were repeated four and eight times to produce the Cu/Fe N4 and N8 laminates.
After every second roll-bonding step, an intermediate recrystallization heat treatment for
30 min at 700 °C was performed using argon atmosphere. Thus, both the Cu/Fe N4 and
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N8 laminate were rolled for an additional two ARB cycles since their last recrystallization
heat treatment. Consequently, the evolution of the microstructure and local mechanical
properties due to cold working can be considered comparable between these two laminates.
The nominal interface density pjr was calculated at about 40 mm ™! for the Cu/Fe N4
laminate and about 3280 mm ! for the Cu/Fe N8 laminate. Scanning electron microscope
(SEM) cross-sections of the laminate architectures are shown in Figure 1b.

Based on the cross-sections of the laminates shown in Figure 1, the volume frac-
tions of the laminate constituents were calculated as: AA5005/AA5754—48.1%/51.9%,
AA1050/ AA5754—48.9%/51.1%, AA5754/Cu-DHP—37.8%/62.2%, AA1050/Cu-DHP—
51.4%/48.6%, Cu-OFE/DC05 N4—65.9%/34.1% and Cu-OFE/DC05 N8—65.8%/34.2%.

2.2. Cyclic Loading—Unloading—Reloading (LUR) Tensile Tests

The cyclic deformation behavior in the microyielding regime was determined by
conducting cyclic loading—unloading-reloading (LUR) tensile experiments. Tensile test
specimens were machined in transverse direction from the ARB-processed laminated metal-
lic composites and monolithic materials. The nominal cross-section was 2.00 x 3.75 mm?
for the Cu-OFE/DCO05 laminate systems and 3.75 x 3.75 mm? for all other materials and
the gauge length was 10 mm, respectively. The specimens were tested on a servohydraulic
testing machine (MTS810, MTS System Corporation, Eden Prairie, MN, USA). The force
was measured using a 10 kN load cell and the stress was determined from the cross-section
area. A clip-on extensometer with a measurement range of +2 mm was used to measure
the strain. The specimens were tested conducting periodic loading and unloading segments
at a constant stress loading/unloading rate of 1 MPa/s. For the first loading segment, a
maximum stress of 10 MPa (20 MPa for the Cu-OFE/DCO05 laminate systems) was applied
before unloading. The maximum stress for each subsequent loading segment was increased
by 10 MPa (20 MPa for the Cu-OFE/DCO05 laminate systems) with respect to the prior
loading segment. The tests were terminated after exceeding a measured plastic strain of
gy > 0.003 at the end of an unloading segment. For each material investigated, at least
three specimens were tested.

2.3. Non-Linear Elastic Behavior, Inelastic Back Strain and Micro Yield Strength

The elastic behavior of a solid can be described by the change in potential energy
resulting from the displacement of the interatomic spacing from the equilibrium state. The
potential energy is defined by superposition of the repulsive and attractive forces acting on
two neighboring atoms, resulting in an anharmonic potential (see Figure 2a). Consequently,
the description of the elastic behavior using a linear relationship between stress ¢ and
strain e (Hooke’s law) is strictly only valid for infinitesimal small strains. An improved
approximation for the elastic behavior for small strains can be obtained by describing the
potential energy including the third-order term [30]. This results in a quadratic expression
of Hooke’s law by introducing a second-order term:

0= Epe,+ k-s%l 1)

with Ej being the elastic modulus and k being a constant. Using this improved approx-
imation, the elastic behavior of a material can be characterized by a stress-dependent
differential elastic modulus Ep(c) (see Figure 2a) as proposed by Sommer, Christ and

Mughrabi [31]:
Ep(0) = \/E3 + 4ko ()

with lim Ep = E,.
SL,Z*)O
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Figure 2. Non-linear elastic behavior: (a) Potential energy as a function of the interatomic spacing
(top) and the derived approximations describing linear—elastic and non-linear elastic behavior (bot-
tom), adapted from [31] with permission; (b) Connection of the stress-dependent differential modulus
Ep(0) and the stress independent elastic modulus E; (c) Cyclic loading—unloading-reloading (LUR)
tensile test (plot of true stress versus plastic strain) with and without including the correction for non-
linear elastic behavior. Determination of inelastic back strain (IBS) upon unloading; (d) Continuous
stress—strain curve derived from the cyclic LUR tensile experiments and determination of the micro
yield strength oy

For each LUR experiment, the differential modulus Ep(c) was determined upon
unloading as a function of the maximum stress applied for each segment. Using linear
regression, the elastic modulus E( and the constant k characterizing the stress dependency
were obtained for each test as shown in Figure 2b.

Consequently, the normalized plastic strain ¢y, , correcting for the non-linear, stress-
dependent elastic behavior can be calculated as:

20 20

€ Inl etot etot
147 E E
0 D(C) E0+ /E2_|_4k0'

with & being the total strain measured by the strain gauge. Figure 2c compares the results
of an exemplary loading-unloading-reloading experiment with and without the correction
for non-linear elastic behavior. As can be seen, the stress—strain curves deviate from one
another significantly at elevated stress. By calculating the difference between the maximum
normalized strain obtained upon unloading and the residual plastic strain at zero remotely
applied stress, the inelastic back strain (IBS) can be determined for each unloading segment
of the LUR experiment.

The transition from non-linear elastic behavior to microyielding behavior of the in-
vestigated materials was characterized by determining the micro yield strength oy from

®)
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the cyclic LUR tests (see Figure 2d). Therefore, upon onset of residual plastic strain after a
given unloading segment (1), the micro yield strength oy of the respective specimens was
determined as the mean value of the maximum stress applied in the previous (2) and the
penultimate loading segment (3). Using this approach, the micro yield strength oy (4) could
be determined precisely within an accuracy of +5 MPa (+£10 MPa for the Cu-OFE/DC05
laminate systems) for each sample, depending on the chosen step size of loading segments
for the LUR tests (see Section 2.2). This analysis was performed for all specimens tested,
and the micro yield strength oy was calculated as the average of all tested specimens within
one material.

For each LUR test on laminated and monolithic materials, a continuous stress—strain
curve was generated using the respective loading maxima of each loading segment (see
Figure 2d) to adequately compare the microyielding behavior of the different materials.

2.4. Finite Element Analysis (FEA) of the Residual Plastic Strain Distribution

To evaluate the distribution of residual plastic strain within the layers of the different
laminate systems in a qualitative manner, finite element analysis (Abaqus FEA, Dassault
Systemes, Vélizy-Villacoublay, France) was conducted. A 2D model was created with a
gauge length of 10 mm and width of 3.75 mm to simulate the tensile test specimen used
in the cyclic LUR tests. The third dimension was included by plain strain condition with
a thickness of 3.75 mm. The FE model was partitioned into sections, representing the
architecture of each metallic laminate system (see Figure 3a).

(a) (b) FE analysis: loading/unloading of LMC specimen
—O— Monolithic material 1

—0O— Monolithic material 2

===+ LMC (rule of mixture behavior)

—— FEA loading to & ¢ = 0.001

symmetry
plane

\

front surface
reference
point

true stress o / MPa

unloading

0 0.001

normalized plastic strain ¢, / -

pl,nl

Figure 3. Determination of the residual plastic strain distribution in laminated metallic composites
(LMCs) consisting of constituents with dissimilar mechanical properties using FE analysis: (a) Exem-
plary 2D model representing the cross-section of the tensile test specimen used in the cyclic LUR tests;
(b) Loading of the FE model up to plastic strains of ¢, yc = 0.001 for the laminated composites and
subsequent unloading.

The elastic (Young’s modulus) and plastic material behavior (true stress oy and
corresponding plastic strain ¢,/) provided by the continuous stress—strain curves derived
from the cyclic tensile loading /unloading/reloading experiments (see Figure 2d) for the
monolithic materials was used as input for the simulation and assigned to the individual
sections (layers) of the model.

Using the symmetry of the specimen geometry and the displacement (17 = 0) and
rotation (ug3 = 0) boundary conditions at the symmetry plane, only half of the tensile test
specimen’s gauge length was modeled, reducing the simulation runtime. The loading F
was applied to a reference point, representing the front surface by a surface-based coupling
constraint using continuum distribution.

The FE model was loaded to a stress level corresponding to a plastic strain &, pvic
of 0.001 as predicted by a linear rule of mixture approximation based on the laminated
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composites” monolithic constituents and subsequently unloaded. This loading procedure
for the finite element model is described schematically in Figure 3b.

The model was meshed using 17,280 fully integrated, quadratic 8-node plain strain
elements (CPES) selected from the Abaqus two-dimensional solid element library. After the
unloading step, the residual strain profile across all layers was determined at the symmetry
plane in the direction of loading (¢, xx). An average value ¢, was calculated for each
constituent material to evaluate the distribution of residual strain qualitatively.

3. Results

The microyielding behavior of the different monolithic materials and laminated com-
posites was studied by conducting cyclic tensile loading-unloading-reloading (LUR) ex-
periments. Using this experimental approach, the characteristics of mechanical behavior
such as the onset of plastic deformation, elastic modulus or hardening behavior can be
determined precisely. Additionally, microstructural aspects regarding the deformation
behavior as apparent by the evolution of inelastic back strain upon unloading or the stress
relaxation upon reloading can be studied precisely in the microyielding regime.

3.1. Evaluation of Mechanical Microyielding Behavior and Properties of Metallic Laminates

An overview of the stress—strain behavior of the investigated materials in the mi-
croyielding regime is shown in Figure 4. The data have been corrected for non-linear elastic,
i.e., stress-dependent, behavior and are hence plotted as true stress o versus normalized
plastic strain ¢y, ;. Figure 4a—d depicts the stress—strain behavior of the monolithic materi-
als and Figure 4e—j of the different metallic laminates. One exemplary curve was chosen for
each investigated monolithic and laminated material.

The following mechanical properties were determined from the tensile LUR tests for
each monolithic and laminated material system: the elastic modulus E, the micro yield
strength oy at the onset of plastic deformation and the strength oy » at respective plastic
strains &y, ,,; of 0.002 (0.2%). The results are summarized in Table 2. As can be seen, AA1050
is the softest material with a micro yield strength of 63 MPa, followed by AA5005 with
110 MPa. Both the solid-solution-strengthened aluminum alloy AA5754 and commercially
pure copper Cu-DHP were processed to exhibit similar micro yield strength oy of 147 MPa
and 141 MPa, respectively. The copper material, however, exhibits substantially higher
strain hardening behavior compared to the AA5754 alloys, as indicated by the higher yield
strength oy » of 433 MPa compared to 290 MPa for AA5754.

Table 2. Overview of mechanical properties (micro yield strength oy, yield strength oy, and elastic
modulus E) determined by cyclic LUR tensile tests. Calculation of yield strength ratio Y and elastic
modulus ratio Eg to characterize dissimilar mechanical properties between the respective constituents
at the interfaces in the metallic laminate systems.

ARB-Processed
Monolithic

Mechanical Properties

: Micro Yield Yield Strength Elastic Modulus (Micro) Yield Elastic Modulus
Materials & LMCs Strength oy/MPa oyo2/MPa E/GPa Strength Ratio Yg ! Ratio Eg !
AA1050 63 154 69 - -
AA5005 110 207 70 - -
AA5754 147 290 71 - -
Cu-DHP 141 433 138 - -
AA5005/AA5754 118 256 69 13 1.0
AA1050/AA5754 83 233 69 2.3 1.0
AA5754/Cu-DHP 109 355 111 1.0 1.9
AA1050/Cu-DHP 85 273 102 2.3 2.0
Cu-OFE/DC05 N4 88 516 172 -2 -2
Cu-OFE/DC05 N8 59 469 171 -2 -2

! Yield strength Y and elastic modulus ratio Ex present at the interfaces of the respective laminates. Calculated
based on the properties of the respective monolithic constituents of each laminate. 2 No monolithic constituent
material produced.
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Figure 4. Microyielding stress—strain behavior (plot of true stress o versus normalized true plastic

strain gy ,,;) determined by cyclic loading-unloading-reloading (LUR) tensile tests: (a-d) Monolithic
materials AA1050, AA5005, AA5754 and Cu-DHP; (e-h) Metallic laminate systems with varying
yield strength ratio Yr and elastic modulus ratio Eg between layers; (i,j) Metallic laminate systems

with varying interface density pjr.

The micro yield strength values measured for both heterogeneous Al-laminates
(118 MPa for AA5005/AA5754 and 83 MPa for AA1050/AA5754) are marginally big-
ger than the micro yield strength of the respective softer constituents. As the elastic moduli
of all three monolithic aluminum materials were determined to be essentially the same (see
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Table 2), the co-deformation behavior of the heterogeneous Al-laminates can be assumed
to be uniform up until the point of onsetting plastic deformation in the respective softer
material. Consequently, the micro yield strength oy of the heterogeneous Al-laminates
should be about the same as the respective softer monolithic material. This assumption,
however, neglects microstructural inhomogeneities in metallic laminates caused by the
accumulative roll-bonding (ARB) processing history. This includes the formation of an
interface-affected zone (IAZ) [22,32] with severe grain refinement due to higher strains at
the interfaces caused by the necessary co-deformation. The additional strengthening effect
of the interface-affected zone can be a possible explanation for the discrepancy between
the onset of plastic deformation (micro yield strength ¢y) in the laminated composites
compared to their respective softer monolithic constituents.

The elastic modulus E of the monolithic copper (Cu-DHP) determined experimen-
tally at 138 GPa is significantly higher than the elastic modulus of the aluminum alloys
(around 70 GPa). In the case of the Al/Cu-laminates, this leads to stress shielding of the
aluminum layers upon loading as stress is distributed into the stiffer Cu-layers of the
laminated composite. Consequently, a higher micro yield strength oy is measured for the
AA1050/Cu-DHP laminate compared to monolithic AA1050 (see Table 2) as the onset of
plastic deformation is occurring in the softer but stress-shielded AA1050 layers. In the case
of the AA5754/Cu-DHP laminate, the micro yield strength oy measured experimentally is
below the relatively similar yield strength values determined for both respective monolithic
materials (Table 2). Again, this can be explained by stress redistribution into the stiffer
copper layers upon loading of the laminated composite. For the AA5754/Cu-DHP laminate,
this ultimately leads to earlier onset of plastic deformation in the stiffer and thus higher
stressed copper layers.

The micro yield strength ratio Y and elastic modulus ratio Eg serve as systematic
measures describing the different changes in the mechanical properties at the interfaces of
the laminates investigated in this study. Both ratios are calculated from data determined
for the monolithic constituents of the respective metallic laminates, thus not taking into
account the above-mentioned considerations about the formation of an interface-affected
zone during laminate processing. As can be seen in Table 2, the processing of laminated
composites shown in this study was specifically tailored to a systematic approach. The
heterogeneous Al-laminate systems AA5005/AA5754 and AA1050/AA5754 exhibit, re-
spectively, a small micro yield strength ratio Y of 1.3 and a large micro yield strength ratio
YR of 2.3 at the interfaces between layers of different constituents while having the same
elastic moduli of constituents (Eg = 1.0). The AA5754/Cu-DHP laminate system exhibits a
large ratio of elastic moduli Er = 1.9 at interfaces between layers of different constituents,
while the micro yield strength of constituents is quite similar (Y = 1.0), albeit with very
different strain hardening behavior. The AA1050/Cu-DHP laminate system exhibits a large
ratio both in micro yield strength (Yr = 2.3) and elastic moduli (Er = 2.0) at the interfaces
between layers of different constituents.

In the case of the Cu/Fe-laminates, the micro yield strength oy and the yield strength
0yo2 of the N4 laminate are higher compared to the N8 laminate. For both laminate systems,
two roll-bonding cycles were applied following their last recrystallization heat treatment.
Consequently, the equivalent von Mises strain imposed on both laminates during process-
ing has been roughly the same. A possible explanation for the reduced strength of the N8
laminate could be associated with the onset of necking, leading to a non-homogeneous
layer structure in the case of the N8 laminate (see Figure 1). Another explanation could
be connected to the tendency of pure copper to show continuous recrystallization when
subjected to high strains [33,34]. The nominal layer thickness of 300 nm for the N8 laminate
is significantly reduced compared to 40 um for N4. Consequently, continuous recrystalliza-
tion effects during processing in highly strained regions of the interface-affected zone [32]
might play a bigger role for the N8 laminate compared to the N4 laminate.

The overview provided in Figure 5 is showing the continuous stress—strain curves
derived from the cyclic tensile LUR tests and summarizes the results of the mechanical



Metals 2023, 13, 1049

10 0of 18

behavior and properties of the metallic laminate systems and their monolithic constituents
in the microyielding regime.
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Figure 5. Continuous stress-strain curves derived from cyclic LUR tensile experiments and linear rule
of mixture behavior (ROM) calculated for the laminated composites based on the volume fractions
of the respective constituents: (a) AA5005/AA5754 laminate system (small yield strength ratio Yg);
(b) AA1050/ AA5754 laminate system (large yield strength ratio YR); (c) AA5754/Cu-DHP laminate
system (elastic modulus ratio ER); (d) AA1050/Cu-DHP laminate system (combined yield strength
and elastic modulus ratio Yy + ER).

As a point of reference for the stress—strain behavior of the laminates, a linear rule
of mixture (ROM) has been calculated based on the monolithic constituents and their
respective volume fraction in the metallic laminates. As discussed in the sections above, the
behavior at the onset of plasticity in metallic laminates cannot be adequately described by a
rule of mixture. Instead, a weakest link concept complemented by considerations regarding
stress redistribution, if applicable, would be better suited in this case. For higher plastic
strains, differences between the experimental data and stress—strain-behavior calculated
based on the ROM concept can be caused by several different effects, including statistical
effects, morphology of the interface or influences of the interface-affected zone.

3.2. Evaluation of Inelastic Back Strain (IBS) in Metallic Laminates

Substantial non-linear elastic behavior has been observed in Figure 4 upon unloading,
leading to inelastic back strain. In monolithic materials, this phenomenon can be explained
by the microscopic forward/back flow of geometrically necessary dislocations piled up
at the grain boundaries during the unloading/reloading segments [3,25,26,28]. As can be
seen in Figure 4a—c, the characteristics of non-linear elastic unloading/reloading behavior
and the associated inelastic back strain decreases with increasing Mg content in AA5005
and AA5754 aluminum alloys compared to the technically pure aluminum AA1050. Since
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magnesium atoms are primarily dissolved in the aluminum crystal lattice [35], they inhibit
dislocation movement, thereby reducing the inelastic back strain upon unloading. The
cyclic LUR curves of the metallic laminates shown in Figure 4 exhibit different degrees of
inelastic back strain (IBS) depending on the laminate system.

Providing a concise way to analyze the evolution of inelastic back strain for metallic
laminates, the inelastic back strain was determined for every unloading cycle and plotted
in Figure 6 as a function of the maximum normalized plastic strain ¢, ,,; obtained upon
unloading. In addition, the inelastic back strain of the monolithic constituents was included
for each metallic laminate system. Furthermore, a linear rule of mixture behavior (ROM)
was calculated to serve as a point of reference for the laminate systems.
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Figure 6. Evolution of the inelastic back strain (IBS) upon unloading as a function of the residual
plastic strain ¢, ,; determined by cyclic LUR tensile tests. Calculation of a linear rule of mixture
behavior (ROM) for the laminated composites based on the volume fractions of the respective con-
stituents: (a) AA5005/AA5754 laminate system (small yield strength ratio Yr); (b) AA1050/AA5754
laminate system (large yield strength ratio Yr); (¢) AA5754/Cu-DHP laminate system (elastic modu-
lus ratio Eg); (d) AA1050/Cu-DHP laminate system (combined yield strength and elastic modulus
ratio YR + ER); (e) Cu-OFE/DC05 N4 and N8 laminate systems with low and high interface density
OIF, respectively.
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As shown in Figure 6a—d, the evolution of inelastic back strain with increasing plastic
strain exceeds the reference behavior provided by the ROM approximation in all laminate
systems. For the AA5005/AA5754 system with a comparatively low yield strength ratio Yg
of 1.3 (Figure 6a), the amount of inelastic back strain is marginally higher than the ROM
behavior. A similar trend can be observed for the AA1050/AA5754 laminate system with a
comparatively high yield strength ratio Yy of 2.3 (Figure 6b) where the deviation between
the inelastic back strain of the composite and the ROM behavior is higher compared
to the AA5005/AA5754 system. Furthermore, at elevated microplastic strains of 0.002
and above, the inelastic back strain of the laminate reaches the same level as the softer
monolithic constituent (AA1050) and subsequently surpasses the inelastic strain behavior of
the monolithic constituents at high strains. For both Al/Cu-laminate systems, the inelastic
back strains determined for the laminates exceed the values determined for the respective
monolithic constituents. This can be observed starting at small plastic strains of about
0.0005 for the AA5754/Cu-DHP laminate with an elastic modulus ratio Eg of 1.9 (Figure 6¢)
and about 0.001 for the AA1050/Cu-DHP laminate with a combined elastic modulus and
yield strength ratio Er + Y of 2.0 and 2.3 (Figure 6d), respectively.

For all metallic laminate systems discussed above, the inelastic back strain exceeds
the reference behavior of the ROM approximation. Furthermore, the deviation increases
with accumulating plastic strain. Consequently, additional effects complementing the
forward /backward flow of dislocations piled up at the grain boundaries must be present
in metallic laminates compared to monolithic materials. These effects are caused by the
heterogeneous co-deformation near the interfaces in metallic laminates with dissimilar
mechanical properties and thus are responsible for the increased inelastic back strain in
metallic laminates compared to the rule of mixture reference behavior.

Figure 6e highlights the influence of the interface density pr on the evolution of
inelastic back strain in two Cu/Fe-laminate systems with comparable processing histories.

Starting at low microplastic strains of about 0.0005, the inelastic back strain of the
Cu-OFE/DC05 N8 laminate system with a higher nominal interface density of about
3280 mm ! surpasses the inelastic back strain of the Cu-OFE/DC05 N4 laminate system
with a lower nominal interface density of about 40 mm~! and the difference increases
further with accumulating microplastic strain. As both the deformation behavior and
mechanical properties of the monolithic constituents are dissimilar, albeit not determined
experimentally in this study, emerging heterogeneous co-deformation effects at the vicinity
of interfaces in both laminates are apparent. As the interface density is significantly higher
for the N8 laminate and thus interface-related effects play a more elaborate role, an increase
in inelastic back strain for the N8 laminate compared to N4 is connected to the dimension
of co-deformation effects. Thus, the experimental determination of inelastic back strain can
be used to evaluate and quantify co-deformation effects in metallic laminates.

3.3. Evaluation of the Residual Plastic Strain Distribution in Metallic Laminates

When subjecting heterogeneous metallic laminates to (cyclic) tensile loadings, the
resulting formation of residual stress and plastic strain is distributed unevenly in the in-
dividual layers due to the dissimilarities in the mechanical properties of the constituents.
Consequently, in the microyielding regime, the plastic deformation determined for the lam-
inate composite is locally distributed unevenly among the layers of different constituents.
The distribution of residual plastic strain upon unloading in the respective layers of the
different metallic laminate systems presented in this study was assessed by conducting
finite element analysis (FEA). Figure 7 gives an overview of the residual plastic strain ¢, dis-
tributions determined by FE analysis upon unloading at ¢, ppc = 0.001 for the different
heterogeneous metallic laminates investigated in this study.

As can be seen in Figure 7 (top left and bottom left), the plastic deformation is primarily
concentrated in the softer layers for both heterogeneous Al/Al-laminates. As the ratio
YR of the constituent’s (micro) yield strength increases, the distribution of residual plastic
strain is continuously shifted towards the softer layers. This is expressed by the ratio of
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residual plastic strain provided in Figure 7: the amount of plastic strain exhibited by the
softer layer is about 2.5 times (5.25 times) higher than the plastic strain exhibited by the
stronger layer for the Al/Al-laminate system with the smaller (larger) yield strength ratio
YR. In the case of the Al/Cu-laminates (see Figure 7, top right and bottom right), the plastic
strain is distributed more evenly across layers of different constituents. This is caused by
stress shielding of the Al layers resulting from the dissimilar elastic moduli of aluminum
and copper constituents. The effect is highlighted by comparing the residual plastic strain
distributions in metallic laminate systems with similar ratios Y of the constituent’s micro
yield strength, as shown in Figure 7 (bottom left and right). Additionally, the stress shielding
effect leads to plastic deformation being primarily concentrated in the stiffer copper layers
for the AA5754/Cu-DHP composite (Figure 7, top right) with similar micro yield strength
oy of constituents (Yr = 1).

Residual plastic strain g, in LMC layers
after unloading from g, | yc = 0.001

AA5005/AA5754 LMC

AA5754/Cu-DHP LMC

AA5005 layers  0.00142

AA5754 layers  0.00058

€pl, soft

ratio 2.45

€pl, strong

AA5754 layers  0.00061

Cu-DHP layers  0.00139

ratio —Rlsoft 0.44

€pl, strong

AA1050/AA5754 LMC

AA1050/Cu-DHP LMC

ing yield strength ratio Y
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AA5754 layers 0.00032 Cu-DHP layers  0.00075

€p], soft €pl, soft

ratio 5.25 ratio

€pl, strong €pl, strong

Increasing elastic modulus ra‘

Figure 7. Overview of the residual plastic strain ¢, distribution determined by FE analysis within lay-

1.67

ers of different constituents in metallic laminates with dissimilar mechanical properties characterized
by Yg and Eg.

4. Discussion

In heterogeneous metallic laminates, the dissimilar deformation behavior of the lay-
ers (during processing of the laminates or subsequent mechanical loading) needs to be
compensated by additional local plastic deformation near the interfaces. These locally
confined, additional straining effects can be called co-deformation effects. As a result of
the necessary co-deformation at the vicinity of interfaces, a complex interface dislocation
network depending on the different strain gradients caused by the local change of the
mechanical properties across the layer interface is formed by the pile-up of geometrically
necessary dislocations, creating the so-called hetero-deformation zone. The strain gradient
defining the hetero-deformation zone decreases with an increasing distance to the interface
and can be described by a reciprocal function [1,2]. Both the range and the magnitude
of the strain gradient scale with the amount of plastic strain accumulated during (cyclic)
deformation. The spatial distribution of the strain gradient in the layers adjacent to the
interfaces depends on the distribution of plastic flow in these layers upon loading and can
thus be estimated using the results of the finite element analysis (see Figure 7).

Based on these considerations, a schematic overview of the gradient and the distri-
bution of the interface dislocation network defining the hetero-deformation zones at the
vicinity of interfaces is given in Figure 8 for metallic laminate systems with dissimilar yield
strength and/or elastic moduli of constituents.
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Figure 8. Schematic illustrations of the hetero-deformation zones at the vicinity of interfaces in metal-

lic laminates with dissimilar materials properties: (a) moderate Y. (b) large YR; (c) Eg; (d) YR + ER.
Formation of interface dislocation networks and pile-up of geometrically necessary dislocations at
the interfaces compensating for the necessary co-deformation upon tensile loading of the laminated
composites. Dislocation movement caused by back stress upon unloading leading to additional
inelastic back strain (AIBS) in metallic laminates depending on the distribution and gradient of the
hetero-deformation zone in the layers adjacent to the interfaces.

The interface dislocation network is primarily concentrated in the layers exhibiting
the larger amount of plastic deformation. These are the softer layers for metallic laminates
with dissimilar yield strength (Figure 8a,b) and the stiffer layers for metallic laminates
with dissimilar elastic moduli (Figure 8c). For metallic laminates with both dissimilar yield
strength and elastic moduli (Figure 8d), the hetero-deformation zone is active in both layers
adjacent to the interface.

As described in the section above, the dislocation networks at the vicinity of interfaces
are formed upon tensile loading of the heterogeneous metallic laminates to compensate for
the co-deformation behavior of the layers with dissimilar mechanical properties. This co-
deformation generates a stress gradient, hence causing a forward flow of dislocations into
the hetero-deformation zone and subsequently a pile-up of dislocations at the interfaces [3].
Upon unloading, the stress gradient is inverted, causing a back flow of the piled-up
interface dislocations. This effect creates an additional amount of inelastic back strain AIBS
for metallic laminates. Consequently, the amount of additional inelastic back strain AIBS
can be interpreted as a quantitative measure of the co-deformation effects appearing in the
hetero-deformation zones in metallic laminates subjected to cyclic tensile loading.

The additional inelastic back strain AIBS in heterogeneous metallic laminates can be
determined experimentally from the total amount of inelastic back strain (IBS) measured
by cyclic loading/unloading/reloading (LUR) tensile tests. This is based on the following
considerations: As discussed in Section 3.2, the inelastic back strain determined experi-
mentally for all metallic laminate systems exceeds the reference behavior, calculated as a
linear rule of mixture approximation (ROM). Furthermore, the difference increases with
accumulating plastic strain. The rule of mixture approximation describes the behavior
of the individual constituents of the metallic laminates upon unloading, where inelastic
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back strain is caused exclusively by the forward/back flow of dislocations piled up at
grain boundaries. Consequently, the increased inelastic back strain in metallic laminates
compared to the rule of mixture behavior is caused by the additional forward /back flow
of the geometrically necessary dislocations in the hetero-deformation zone piled up at the
interface. At a given microplastic strain ¢y, ,;, the additional inelastic back strain AIBS in
metallic laminates can be calculated as follows:

AIBS = IBS;pc — IBSgrom ()

with IBSppic being the inelastic back strain determined experimentally for a laminated
metal composite and IBSgop being the inelastic back strain calculated by a linear rule of
mixture approximation based on the respective monolithic constituents.

Table 3 gives an overview of the respective inelastic back strain AIBS, IBS;pc, and
IBSrom determined for all metallic laminate systems in this study at low and high mi-
croplastic strain g, ,; of 0.001 and 0.005, respectively.

Table 3. Additional inelastic back strain AIBS determined at low (g, ,, = 0.001) and high (¢, ,,; = 0.005)
microplastic strain. AIBS calculated as the difference of inelastic back strain IBSyyc in laminates
determined by cyclic LUR tensile tests and inelastic back strain IBSgpops in laminates based on a linear
rule of mixture behavior calculated from LUR tests of monolithic materials.

Laminated Metallic

Inelastic Back Strain IBS at ¢, ,,; = 0.001 and 0.005

Composites IBS;pc x 10% IBSgom x 10 AIBS x 10*
0.001 0.005 0.001 0.005 0.001 0.005
AA5005/AA5754 0.68 1.891 0.58 1.65 0.10 0.24
AA1050/AA5754 0.71 1.98 0.58 1.57 0.13 0.41
AA5754/Cu-DHP 1.09 2.37 0.72 1.67 0.37 0.70
AA1050/Cu-DHP 1.06 2.54 0.86 1.94 0.20 0.60

! Extrapolated based on data shown in Figure 6a.

Both for high and low microplastic strains, the magnitude of co-deformation effects
varies significantly depending on the laminate systems (see Table 3). The evolution of
the additional inelastic back strain AIBS quantifying co-deformation effects in metallic
laminates is summarized in Figure 9 as a function of the accumulated microplastic strain for
all laminate systems investigated in this study. For heterogeneous Al/Al-laminate systems,
an increased yield strength ratio Y of constituents leads to larger co-deformation effects
at the vicinity of interfaces upon cyclic loading. These effects are continuously increasing
for higher microplastic strains. Compared to heterogeneous Al/Al-laminate systems with
dissimilar yield strength (YRr), the softer Al layers are shielded due to the higher elastic
modulus of copper layers in Al/Cu-laminates with dissimilar yield strength. Consequently,
the hetero-deformation zone is distributed more evenly in both layers adjacent to interfaces
(see Figures 7 and 8). As evident from Figure 9a, this leads to an increased amount of
co-deformation measured for the Al/Cu-laminates compared to heterogeneous Al/Al-
laminate systems. The largest amount of co-deformation was determined for Al/Cu-
laminates with dissimilar elastic moduli (Eg) and similar yield strength (Figure 9a), where
the hetero-deformation zone is primarily concentrated in the stiffer copper layers (see
Figures 7 and 8) as an effect of stress shielding.

Figure 9b shows the effect of the interface density ojr on the additional inelastic back
strain in metallic laminates schematically. A quantitative evaluation of AIBS according to
Equation (4) was not realized for the Cu/Fe-laminates with different interface densities
since the monolithic materials were not processed. Thus, the axes in Figure 9b do not
include units or scales, and the effect of the interface density on AIBS is discussed solely in
a qualitative manner. For metallic laminates with low interface density, the size of the hetero-
deformation zone is small compared to the layer thickness. Consequently, the deformation
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behavior is primarily dominated by the bulk deformation behavior of the layers, leading
to lower amounts of additional inelastic back strain AIBS measured for metallic laminates
with low interface density. For metallic laminates with high interface density, the size
of the hetero-deformation zone is significant compared to the layer thickness, and the
hetero-deformation zones of adjacent interfaces may even overlap. Thus, the deformation
behavior is primarily dominated by characteristics of the co-deformation behavior in the
hetero-deformation zone, leading to high amounts of additional inelastic back strain AIBS
measured for metallic laminates with high interface density.
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Figure 9. Additional inelastic back strain AIBS as a quantitative measure for co-deformation effects
in metallic laminates with dissimilar mechanical properties: (a) Influence of yield strength ratio (Yr)
and elastic modulus ratio (ER) of constituents on AIBS; (b) Influence of interface density pjr on AIBS.

5. Conclusions

Determining the inelastic back strain (IBS) by means of cyclic loading—unloading—
reloading (LUR) tensile tests provides a feasible experimental method to quantify co-
deformation effects in metallic laminates. The influences of the yield strength ratio (Yy), the
elastic modulus ratio (Eg) and the interface density (p;r) on the co-deformation behavior
have been studied systematically. The following conclusions can be drawn:

1.  Additional amounts of inelastic back strain (AIBS) were determined upon unloading
for all laminate systems compared to linear rule of mixture (ROM) references based on
their respective monolithic materials. This is caused by the back flow of dislocations
piled up at the interfaces to compensate for the necessary co-deformation of adjacent
layers, forming the so-called hetero-deformation zone.

2. The AIBS was found to be increased for higher yield strength ratios (Yr) between
constituents in metallic laminates. FEA analysis shows that the plastic deformation is
concentrated primarily in the softer layer and the localization increases for higher Yg.
These findings indicate that the hetero-deformation zone is concentrated primarily in
the near interface regions of the softer layers in heterogeneous Al/Al-laminates.

3. The AIBS was measured to be increased further for metallic laminates exhibiting
a difference in elastic moduli of constituents (ratio Eg). This results from a more
complex co-deformation behavior at the vicinity of interfaces due to additional stress
shielding of the compliant layer upon loading. As shown by FEA analysis, the plastic
strain is concentrated predominantly in the stiffer layers for metallic laminates with
increasing Egr, whereas the plastic strain is distributed more evenly among both
constituents for laminates with Yi + Eg. These conclusions can be transferred to the
spatial distribution of the hetero-deformation zone in Al/Cu-laminates.

4.  Increasing the interface density pjr in metallic laminates leads to significantly higher

AIBS. While the size of the hetero-deformation zone at the interfaces stays constant,
the layer thickness is significantly reduced in laminate systems with high pjr as these
two properties are connected inversely. In this case, the deformation behavior of
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the layers is influenced increasingly by the characteristics of the hetero-deformation
zone. Consequently, co-deformation effects are significantly pronounced for metallic
laminates with high p;r compared to laminate systems with low pr.
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