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ABSTRACT

The hetero-zone boundary affected region (HBAR) significantly influences the mechanical behaviors of
layered materials, where the deformation mechanisms differ from those in the bulk layers. In this study,
three kinds of heterogeneous Cu-Fe layered materials with different interface spacing but identical total
thicknesses were prepared. The effects of HBAR and strain partitioning on the tensile behavior of the lay-
ered materials were investigated. The results showed that layered materials had enhanced yield strength
and uniform elongation with decreasing interface spacing. During tensile deformation, geometrically nec-
essary dislocations (GNDs) were generated at hetero-zone boundaries and piled up near them, resulting
in hetero-deformation induced (HDI) strengthening and HDI work hardening. Surface profilometry mea-
surements showed that the Cu and Fe layers exhibited obvious strain partitioning and mutual constraint.
With decreasing interface spacing, strain partitioning is enhanced by interlayer constraint, which pre-
vented strain localization at interfaces and thus improved the synergetic deformation of layers. A higher
fraction of HBAR can improve the mechanical performance of heterogeneous layered materials. This study
deepens our understanding of the relationship between HBAR and strength-ductility synergy and provides

some insight into the design of layered materials.
© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

monic [18,19], hierarchical fibrous-grained [20], and layered [21-
25] materials.

Strength and ductility are key mechanical properties of struc-
tural materials but often exhibit a trade-off relationship. For in-
stance, nano-grained materials can achieve high strength, however,
their limited strain-hardening capacity leads to low ductility. Re-
cently, hetero-structured (HS) materials have emerged as a promis-
ing class of materials that can overcome this dilemma and achieve
a better combination of strength and ductility [1-9]. HS materi-
als are composed of heterogeneous zones with distinct microstruc-
tural and mechanical characteristics [10-13]. These HS materials
include gradient [1-8], bimodal [9,14,15], lamellar [16,17], har-
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Layered materials are particularly suitable for fundamental
studies since they have well-defined interfaces between layers [13].
For example, Ma et al. [24] fabricated three kinds of Cu-CuZn lay-
ered materials with different interface spacings, and they found
that both strength and ductility increased with decreasing inter-
face spacing. Huang et al. [25] prepared a layered material with al-
ternating fine-grained Ti and coarse-grained (CG) Al layers and ob-
served that its ductility surpassed that of both Ti and Al standalone
layers. The enhanced mechanical properties are attributed to the
synergistic interaction between the mechanically incompatible lay-
ers [26,27]. During deformation, the heterogeneity between layers
induces mutual constraint and strain gradient near interfaces. The
strain gradient is accommodated by geometrically necessary dis-
locations (GNDs) that accumulate near interfaces, thus generating
hetero-deformation induced (HDI) stresses and forest hardening to
strengthen and toughen the material. Strain partitioning occurs si-
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multaneously, which produces HDI work hardening and enhances
ductility [17,22,28-30].

Hence, the interface is crucial for improving the mechanical
properties of layered materials. In our previous work, the strain
distribution and evolution near the interface were characterized
using a high-resolution digital image correlation analysis tech-
nique [31]. A hetero-zone boundary-affected region (HBAR) with
constant-width zone with a negative strain gradient was observed
and initially named as interface-affected zone (IAZ), which origi-
nates from dislocations accumulated at the interface and coordi-
nates the inter-zone deformation heterogeneity. Moreover, an opti-
mal interface spacing for superior mechanical properties of layered
materials was discovered. However, the formation mechanism of
HBAR and its effect on the deformation behaviors of layered mate-
rials remain unclear. This is crucial for designing layered materials
with superior mechanical properties.

In this work, we prepare three HS Cu-Fe layered materials with
different interface spacing by accumulative roll bonding (ARB) and
annealing treatment to investigate the above issues. There is no
element diffusion between Cu and Fe layers, which allows for a
more accurate analysis of the effects of interfacial strain gradient
and GNDs on the material’s properties, without being influenced
by intermetallic compounds. Cu and Fe are low-cost and exten-
sively used in engineering applications, offering significant poten-
tial for industrial production. We investigate the distribution and
variation of GND density to analyze the formation and evolution of
HBAR. The lateral surface height profiles are measured to study the
synergetic deformation behaviors and strain partitioning with de-
creasing interface spacing. Finally, the effect of HBAR volume frac-
tion on strengthening is discussed.

2. Experimental procedure
2.1. Material preparation

Commercial pure Cu (99.9 wt%) and pure Fe (99.8 wt%) sheets
were used to prepare Cu-Fe layered materials using the ARB tech-
nique. Before the ARB process, the surfaces of individual sheet
were cleaned with acetone and then brushed to remove the ox-
ide layer. These treatments ensured uniform surface roughness and
strong bonding strength. Subsequently, two treated sheets were
stacked and roll-bonded at room temperature using a two-high
rolling mill at a nominal thickness reduction of 50% per cycle.
The first ARB cycle was performed on a stacking sequence of “Cu
(0.5 mm)-Fe (1 mm)-Cu (0.5 mm)” which can effectively prevent
the severe bending of the sheet during rolling when using a “Cu
(1 mm)-Fe (1 mm)” stacking sequence. Because of such stacking
sequence, the bonding in the following ARB cycles only occurred
between two Cu layers and the thicknesses of the top and bottom
Cu layers were always half of the inner layers. After roll-bonding,
the material was cooled in air and halved before performing the
next cycle. After the second ARB cycle, annealing at 650 °C for
5 min followed by water cooling was performed between each ARB
cycle to prevent the shear bands that could be otherwise formed
during rolling because of the large hardness difference between
the Fe and Cu layers. After 2, 4, and 6 cycles, the total thickness
are all 1 mm, and layer numbers were 5, 17, and 65, respectively.
After the ARB process, both Cu and Fe layers are elongated grains,
as shown in the optical micrograph in Fig. S1(a) in the Supplemen-
tary Material. The ARB-processed samples were then annealed at
300 °C for 2 h in a vacuum tube furnace. This annealing temper-
ature exceeds the recrystallization temperature of Cu but remains
lower than that of Fe, which is supported by the hardness variation
of the Cu and Fe layers in Fig. S1(b). The samples were labeled as
A5, A17, and A65, respectively.

210

Journal of Materials Science & Technology 181 (2024) 209-219
2.2. Mechanical tests

The microhardness distribution across the interface was mea-
sured using a 25 g load with a 15 s dwell time. Five independent
measurements were performed for each sample to ensure repro-
ducibility. Uniaxial tensile tests were carried out on a Shimadzu
AG-100 KN machine at a strain rate of 5 x 107 s7!, using samples
with a gage size of 8 mm x 2 mm x 1 mm. A clip-on extensome-
ter was attached to monitor the strain during testing. At least three
specimens were tested for each condition to verify the experimen-
tal reliability.

2.3. Microstructure characterization

The cross-sectional microstructures of HS Cu-Fe layered mate-
rial before and after tension were examined by transmission elec-
tron microscopy (TEM) and scanning electron microscopy (SEM)
with electron backscattering diffraction (EBSD). The TEM observa-
tion was conducted on an FEI Tecnai G2 T20 microscope operat-
ing at 200 kV. The EBSD analysis was conducted at an accelerating
voltage of 15 kV with a step size of 50 nm. The height contours
on the lateral surface of after-tensile samples were measured by a
Bruker Contour-I white light interferometer in a vertical scanning
mode.

3. Results
3.1. Heterogenous microstructures

Fig. 1(a-c) presents optical images of layered samples with vari-
ous layer numbers but similar total thickness. The average interface
spacing of A5, A17, and A65 samples is approximately 250, 65, and
16 pm, respectively. The Cu and Fe layers, represented by orange
and gray, exhibit good bonding without delamination. Microhard-
ness distributions are shown in Fig. 1(d-f). The Fe layers display
a hardness of ~2.1 GPa, while Cu layers possess a relatively low
hardness of ~0.9 GPa. The layer interfaces are denoted by dotted
lines, based on the periodic distribution of hardness value. Apart
from the hardness distribution, similar textures were found across
three samples, as shown in Fig. S2. Fig. 1(g) presents an EBSD
phase map illustrating the microstructure of the A65 sample. The
Cu layer has a face-centered cubic (FCC) structure, and the Fe layer
has a body-centered cubic (BCC) structure. Thus, the interface be-
tween two phases is distinct, this type of interface (FCC/BCC) ex-
hibits a diverse range of variations in grain size, grain orientation,
phase structure, and other characteristics, which is different from
other types of interface [23-25] and may have good impact on
mechanical properties. After undergoing ARB and annealing pro-
cesses, the layered samples demonstrate CG Cu and elongated-
grained (EG) Fe layers. It means that the Cu layer underwent re-
crystallization, while the Fe layer only recovered during annealing.

TEM observations were performed on the A65 sample to in-
vestigate the microstructure of HS Cu-Fe layered material before
tensile deformation. Fig. 2(a) exhibits a microstructure transient
from the CG Cu layer to the EG Fe layer. No obvious interfacial
reaction is detected. The corresponding EDS mapping further con-
firms the sharp Cu-Fe interface without any noticeable chemical
element diffusion (Fig. 2(b)). The high-resolution TEM (HRTEM)
images in Fig. 2(b) reveal the crystal structure of Cu and Fe, re-
spectively. These findings collectively suggest an excellent bonding
in the Cu-Fe layered sample, enabling us to study the interface-
strengthening effect without interfering with other factors. The de-
tailed microstructures of individual Cu and Fe layers are displayed
in Fig. 2(c-f). As expected, the Cu layer has undergone recrystal-
lization, forming equiaxed grains with an average size of 10.8 um
(Fig. 2(c, e)). The corresponding selected area electron diffraction
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Fig. 1. Optical micrographs and corresponding microhardness distributions of (a, d) A5, (b, e) A17 and (c, f) A65 sample. (g) EBSD phase map showing the microstructure

across the interface of the A65 sample.

(SAED) pattern indicates the presence of annealing twins. Con-
versely, Fig. 2(d, f) shows that the Fe layer has elongated grains
with an average layer thickness of 0.13 wm and a high density of
dislocations. This high dislocation density can enhance the strength
of the Fe layer, which could bring in a higher heterogeneity be-
tween adjacent layers. Significant heterogeneity in microstructure
between Cu and Fe layers is expected to produce considerable me-
chanical incompatibility and synergetic deformation behaviors dur-
ing deformation [5,14].

3.2. Mechanical behaviors

Fig. 3(a) presents the engineering stress-strain curves of three
HS layered materials along with their individual Cu and Fe coun-
terparts which were prepared by polishing away other layers. The
freestanding CG Cu film exhibits good ductility but low strength,
while the EG Fe film has higher yield stress but becomes unsta-
ble soon after yielding. However, when the CG Cu and EG Fe films
are combined into heterogeneous layered materials, all HS layered
materials demonstrate a significant balance of strength and ductil-
ity. Fig. 3(b) compares the corresponding true stress-strain curves
vs strain-hardening rate curves. The strain hardening rate improves
with decreasing interface spacing, leading to good uniform elonga-
tion at a high-stress level.

Fig. 3(c) summarizes the variation of yield strength and uniform
elongation with interface spacing and Table 1 summarizes the me-
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Table 1
Mechanical properties of HS Cu-Fe layered materials and freestanding Cu and Fe
films.

Sample Yield strength Ultimate Uniform Prs

(MPa) strength (MPa) elongation (%) (%)
A5 sample 321 £8 369 + 11 92+ 13 3.5
A17 sample 329+9 385 + 11 121+ 1.8 6.1
A65 sample 346 + 11 406 + 12 139 +£23 11.6
Cu300°C2h 127 £ 5 218 £ 8 259 + 4.6 -
Fe 300 °C 2 h 494 + 20 605 + 22 28 £0.2 -

Pao: Index of extra strengthening.

chanical properties of three-layered materials and their individual
Cu and Fe counterparts. Here, a parameter P, is defined to eval-
uate the extra strengthening, which is expressed by

(1)

where oy is the experimental yield strength and oygowm is the pre-
dicted yield strength by rule of mixture (ROM) theory [1]. Remark-
ably, the yield stress of A5, A17, and A65 samples surpasses the
predicted value based on the ROM, indicating extra strengthening
resulting from the HS layered structure, and the extra strengthen-
ing becomes more pronounced with increasing layer number (i.e.,
decreasing interface spacing), resulting in enhanced yield strength.
The extra strengthening and higher strain hardening rate suggest

Pro = (Uy - Uy,ROM)/Gy,ROM x 100 %
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Fig. 3. Tensile behavior of three HS layered samples and freestanding Cu and Fe sheets. (a) Engineering stress-strain curves. (b) True stress-strain curves and strain-hardening
rate curves. (c) Yield strength and uniform elongation plotted as a function of interface spacing.

that interface spacing contributes significantly to the strengthening
and strain hardening capacity of the HS Cu-Fe layered materials.

3.3. Generation of GNDs

To elucidate the mechanisms responsible for the strengthen-
ing and strain hardening induced by interfaces, we conducted de-
tailed analyses of the deformation behaviors in the vicinity of in-
terfaces by using EBSD and TEM. Based on EBSD data, the ker-
nel average misorientation (KAM) method was used to determine
the local misorientation. The GND density was then calculated by
PonD = 260/ub, where 0 represents the local misorientation, b is
the magnitude of Burger’s vector (0.255 nm for Cu and 0.248 nm
for Fe), and w is the unit length of the point (50 nm in this study).
Furthermore, the gradient in GND density was estimated using the
conventional strain gradient theory [32,33]. Finally, to obtain the
averaged GND density, the whole map was separated into several
thin bars parallel to the interfaces to calculate the averaged GND
density (Fig. 4). This method can minimize the errors caused by
grain boundaries.

Fig. 4 shows the averaged GND density distributions of three
layered samples at a tensile strain of ~1%, which are displayed
as white squares and round dots in the Fe and Cu layers, re-
spectively. The Cu layer exhibits a lower average GND density
(~5.0 x 10™/m?) than the Fe layer (~17.6 x 10'/m?). Notably, a
higher density of GNDs accumulates near the interfaces in all lay-
ered samples, forming a gradient distribution (Fig. 4(a-c)). Fig. 4(d)
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is the enlarged view of the rectangle area in Fig. 4(b), the num-
bers under A, B, and C denote the GND densities at these points.
It shows that the GND density at the layer interface is significantly
higher than that at high-angle grain boundaries (HAGBs) on the
Cu side, which suggests that the deformation in the region near
the layer interface is more inhomogeneous, leading to higher GND
density. In our previous work, the zone with a strain gradient was
defined as IAZ [31], and later redefined as HBAR [13]. Due to the
formation mechanism of strain gradient and GND density gradi-
ent [13], the width of the GND density gradient is identical to
the strain gradient. So, in this study, the zones with GNDs den-
sity gradient can be regarded as another pattern of HBAR. The
width of HBAR is taken as the distance from the interface to the
place where the GND density gradient disappears. From Fig. 4, the
widths of HBARs in Cu and Fe layers are ~5 um and ~4 pum, re-
spectively, giving the total HBAR width for Cu-Fe layered material
~9 pm. Based on the total thickness and number of HBARs in the
A5, A17, and A65 layered materials, the volume fraction of HBAR in
each layered material can be estimated as 3.6%, 14.4%, and 57.6%,
respectively.

To investigate the evolution of GND density, the A65 samples
were subjected to interrupted tensile testing at various strains, and
the results are presented in Fig. 5. As anticipated, the GND density
in both Cu and Fe layers increased with increasing tensile strain.
Specifically, the averaged GND density in the Cu layer increases
from 4.2 x 10™/m? at the initial stage to 14.3 x 10™/m? at a
tensile strain of 8%. In contrast, a slight increment in GND den-
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Fig. 4. Averaged GND density mapping based on EBSD data. (a) A5, (b) A17, and (c) A65 samples at the tensile strain of ~1%. (d) Enlarged view of the white rectangle area

in (b).

sity is observed in the Fe layers, ranging from 17.2 x 10¥/m?2 to
20.3 x 10™/m?2. It suggests that the Cu layer accommodates more
strain during tension, suggesting the occurrence of strain partition-
ing between the Cu and Fe layers.

Fig. 6 shows representative TEM images of the deformed struc-
ture near the interface at the point of tensile fracture. In compari-
son to the undeformed sample, a high density of dislocations is ob-
served in the Cu layer after tension, some of them form dislocation
arrays in the vicinity of the interface, as seen in Fig. 6(a). In the Fe
layer, both dislocation tangles and arrays are observed near inter-
faces (Fig. 6(b)). If the dislocations in arrays are generated from the
same dislocation source and have the same Burgers vector, they
are GNDs that can produce long-range back stress to strengthen
layered materials. HRTEM images and corresponding inverse fast
Fourier transform (IFFT) images in Fig. 6(c, d) also demonstrate
that dense dislocations are arrayed at interfaces. An enlarged view
of Fig. 6(c) is shown in Fig. S3, we can clearly see the atoms in the
figure, which confirms the reliability of the HRTEM image. These
findings suggest that the Cu-Fe interface can serve as an important
source for dislocations, thus facilitating improved strain hardening
[34,35].

4. Discussion

The experimental results shown in Fig. 3 indicated that the
strength-ductility combination of HS Cu-Fe layered materials im-
proves with decreasing interface spacing. Previous investigations
[3,10,13,15,24,31] have demonstrated that HBAR and GNDs play
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crucial roles in enhancing the mechanical properties of different
HS materials. Here, the mechanisms for enhancing the strength-
ductility synergy of the HS Cu-Fe layered materials are discussed
as follows.

4.1. Strain partitioning and interfacial strain gradient

The difference in the mechanical properties between the Cu and
Fe layers can lead to heterogeneous deformation and synergistic
constraints during the loading process [10-12,15,34]. The heteroge-
neous plastic deformation between layers can be reflected by the
lateral profile of the specimen. Fig. 7(al-c1) shows the 2D lateral
surface height profile contours of three HS layered materials at 8%
strain, and Fig. 7(a2-c2) displays the measurement data. Black and
blue dots identify the locations of interfaces. All the results ex-
hibit height differences between adjacent layers, and the degree
of height difference H decreases with increasing interface number,
showing more compatible deformation among the layers.

The height disparity observed in the Cu and Fe layers is due to
their different lateral shrinkage extent. There is a report showing
that this occurrence is attributed in part to the variation in Pois-
son’s ratio and textures [36]. However, as illustrated in Fig. 7(a),
the height difference between the Cu and Fe layers can be as high
as ~4 um, such a substantial difference between layers cannot be
attributed to the texture or Poisson’s ratio alone. In the current
case, the strain partitioning is considered as the main contribu-
tor to the lateral height disparity [2,34]. In Fig. 7(a), the Cu layer
exhibits a higher plastic deformation capacity than that of the Fe
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layer, causing the Cu layers to bear more deformation and have
more significant lateral shrinkage than the Fe layers. This marked
difference in deformation results in a synergistic constraint be-
tween adjacent layers, which transforms the uniaxial stress state
in each layer into a multiaxial stress state. Consequently, more dis-
location slip systems are activated in each layer, resulting in im-
proved strain hardening ability and delayed early plastic instabil-
ity in the Fe layer. The multiaxial stress state is a cause of strain
banding observed in the previous studies [37-40], which is also
considered as reason for improving the ductility of HS layered
materials.
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Interestingly, a continuous transition in the lateral height of ad-
jacent layers is observed in Fig. 7, indicating that strain partition-
ing is accompanied by a strain gradient at the layer interface. The
zone with interfacial strain gradient is defined as HBAR. The ex-
istence of HBAR effectively accommodates the inhomogeneous de-
formation of the layers, and benefits strain hardening by accumu-
lating GNDs. Additionally, the lateral height disparity between Cu
and Fe layers becomes smaller with increasing layer number. Fig.
7(c2) demonstrates that the deformation ability of the Fe layer is
comparable to that of the Cu layer in the A65 sample. It means
that better compatibility in deformation can be obtained by in-
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Fig. 6. Representative TEM images of the deformed structure near the interface at fractured tensile strain. Dense defects blocked/entangled in (a) Cu and (b) Fe layer near
interface. (c) High-resolution TEM image near interface. (d) Dislocations stored in the Cu layer. Yellow dotted lines represent interfaces.

creasing layers. Since the interfacial strain gradient covers a rel-
atively wide area respective to the decreased spacing, the defor-
mation among the layers becomes more homogeneous. The strain
delocalization and improved strain hardening ultimately lead to a
better uniform elongation of the HS layered materials, as demon-
strated in Fig. 3(a).

Fig. 7(a3-c3) depicts the lateral height gradient (|[HG|) distri-
bution of the three samples, which are calculated by the deriva-
tive of lateral height in Fig. 7(a2-c2). The concept of “height gradi-
ent” mentioned here is different from “strain gradient”. The height
gradient is obtained by taking the derivative of the final lateral
height, while the strain gradient represents the continuous differ-
ence in the strain component along the direction perpendicular to
the layer interface. Here, [HG| reflects the level of strain partition-
ing between layers. The HBAR serves as a bridge for strain parti-
tioning among different layers. The maximum values of [HG| are
found to be located at or near the interface, indicating that the
strain gradient at the interface is the highest. As a result, deforma-
tion inhomogeneity at the interface is the most severe and strain
delocalization easily occurs. However, as the number of interfaces
increases, the HBARs approach each other and even overlap, thus
preventing strain localization and significantly reducing the value
of [HG] at the interfaces. In other words, the synergistic deforma-
tion between layers is enhanced by decreasing layer spacing, fun-
damentally due to the overlap of interfacial strain gradient area
(i.e., HBAR).

The interfacial strain gradient is formed through the generation
and accumulation of GNDs [10-12,22,41,42]. Fig. 8(a) illustrates the
distributions of GND density across two interfaces at tensile strains
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of 0%, 1%, and 8%. Without deformation, the GND density distribu-
tion in each layer is nearly uniform, and Fe layers have a relatively
higher initial GND density than that of the Cu layer due to its de-
formed microstructure. At an applied strain of 1%, GNDs accumu-
late near the interface, forming a GND density gradient. Continu-
ously increasing strain results in a higher gradient of GND density
near the interfaces, indicating enhanced deformation inhomogene-
ity between the adjacent layers. However, the width of the GND
density gradient remains constant (~5 pum in the Cu layer).

Fig. 8(b) shows the increases in GND density from a strain of
0% to 1% and 1% to 8%. Both the Cu and Fe layers exhibit substan-
tial increases in the GND density, while the increment in the Fe
layer is relatively low. Notably, the regions near the interfaces have
higher increments in GND density than the layer interior, indicat-
ing the strain gradient near the interface with loading strain. Here,
the region containing the GND density gradient can be defined as
the HBAR, which maintains a constant width during deformation
[31,41]. As previously discussed, GND accumulation near the inter-
face and interfacial strain gradient result from strain partitioning.
Thus, HBAR is formed at the onset of strain partitioning. In addi-
tion to accommodating heterogeneous deformation, GNDs play an
important role in strain hardening, which is known as HDI strain
hardening [26].

4.2. Extra strengthening from HBAR

Besides strain hardening, extra strengthening can be also
achieved from HBAR [13,31,43]. The accumulation of GNDs can im-
pede the movement of mobile dislocations, resulting in Taylor-type
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strengthening. Additionally, the accumulation of GNDs during ten-
sion can induce long-range internal stress known as HDI stress,
which can further strengthen HS-layered materials. Therefore, the
strengthening effect due to GND accumulation increases as the
HBAR fraction increases. The extra strengthening effect for the HS
layered materials is summarized in Fig. 9, by collecting data from
Refs. [24,31,44,45]. In Fig. 9, Pa, is the extra strengthening effect
defined in Eq. (1), and the HBAR fraction is calculated by dividing
the HBAR width by the total sample thickness. It is seen that the
extra strengthening increases gradually with increasing the HBAR
fraction. Notably, when the interface spacing decreases to the point
where two adjacent HBARs overlap, it leaves insufficient space for
dislocation accumulation, thereby contrarily weakening the strain-
hardening ability [31]. In addition, the amplitude of the strain gra-
dient would be reduced, which may result in a decrease in the
density of GNDs and subsequently weaken the strength-ductility
synergy [46]. As a result, it becomes difficult to simultaneously in-
crease the strength and ductility. Thus, a higher HBAR fraction can
obtain better strength-ductility synergy until two HBARs overlap
(i.e., HBAR fraction is 100%).

Apart from the HBAR, increasing the interlayer heterogeneity
can also improve the extra strengthening effect in HS-layered ma-
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terials. This prolongs the elastic-plastic stage and enlarges the
strain gradient between layers, leading to a greater accumulation
of GNDs at the interface, thus producing a stronger extra strength-
ening [29]. However, excessive interlayer heterogeneity will in-
crease the difficulty of synergetic deformation between layers and
easily produce discontinuity across the interface. Therefore, tuning
interlayer heterogeneity to build appropriate HBAR and strain par-
titioning among HS layers should be carried out to pursue a better
strength-ductility synergy in layered materials.

5. Conclusions

In this study, we fabricated three HS layered materials using
ARB and annealing treatment and investigated the deformation be-
haviors of Cu-Fe layered materials by tensile test, microstructure
observation, and height profile measurement. The main conclu-
sions are summarized as follows:

(1) In the HS layered material, the Cu layer is characterized by a CG
microstructure with low dislocation density, while the Fe layer
is an elongated nano-grained microstructure with high dislo-
cation density. This heterogeneity in microstructure produces
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mechanical incompatibility and synergetic plastic deformation
during tensile test.

(2) During deformation, mutual constraint and strain partitioning
between adjacent layers lead to GNDs accumulation near the
interface to accommodate the strain gradient and form HBARs,
promoting strain hardening ability of HS layered materials and
relieving strain localization at the interface. More interfaces can
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induce more GND accumulation, which enhances the activation
of HBARs and improves the synergetic deformation ability of
HS-layered materials.

(3) The strength-ductility combination in layered materials is in-
creased with increasing the HBAR fraction, due to higher GND
density and corresponding enhanced HDI strengthening and
hardening by GND density gradient.
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