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ARTICLE INFO ABSTRACT

Handling Editor: J Molinari Medium/high entropy alloys (M/HEAs)-based nanolayered metallic composites have attracted intensive scien-
tific interests due to their superior mechanical properties. However, the shear instability of the M/HEAs-based
composites is rarely studied and the underlying mechanism remains uncovered. A combination of theoretical
analysis and nano/microindentation tests was conducted to investigate the size-dependent strengthening and

shear instability of Cu/CrCoNi composites. The results show that the shear banding-induced instability of the
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shr:;gin:;ﬁity composites exhibit a clear transition from layer interfaces-mediated kinking to grain boundaries-accommodated
Interfaces one at a critical layer thickness of 25 nm, which apparently differs from those in traditional M/HEAs-free

composites. The sudden change in the deformation mode originates from the MEA-induced size-dependent
microstructure transformation, i.e., from horizontally aligned layer interfaces at large layer thicknesses to
vertically aligned grain boundaries at small ones. The size-dependent strengthening and plasticity can be

respectively captured by the confined layer slip model and the proposed theoretical model.

1. Introduction

Extensive studies have shown that nanolayered metallic composites
exhibit ultrahigh strength (Chen et al., 2018; Li et al., 2018a, 2022),
significant ductility (Mara et al., 2008; Zhang et al., 2014), outstanding
radiation damage tolerance (Huang et al., 2020; Li et al., 2012a), and
increased wear resistance (Holmberg et al., 1998; Nasim et al., 2019),
due to their high density of heterogeneous interfaces produced by the
alternatively stacked constituent layers of different materials (Beyerlein
et al., 2015; Li et al., 2018b). It has been unambiguously demonstrated
that the strength and plasticity of various nanolayered metallic com-
posites are highly tunable by varying the individual layer thickness (h)
from around 100 nm to several nanometers or below (Cui et al., 2018;
Dong et al., 2020, 2023; Gu et al., 2016; Nasim et al., 2020). It is found
that the strength-layer thickness relation usually shows three different
trends: (i) the strength always increases with the decrease of h (down to
10 nm or below) (e.g. Cu/Zr (Niu et al., 2012), Ag/Nb (Cao et al.,
2019a), Cu/W (Wen et al., 2007), Mo/Zr (Wu et al., 2018), Cu/Mo
(Zhang et al., 2016), and Al/Nb (Fu et al., 2008)); (ii) the strength

increases with the decrease of h and then reaches a plateau when h
decreases to a critical value of around 10 nm (e.g. Ag/Ni (Li et al.,
2016a), Cu/Cr (Misra et al., 1998)); (iii) the strength increases with the
refining layers and then reaches a peak when h decreases to a critical
value of around 5 nm, after which the strength decreases with the
further decrease of h (e.g. Cu/Ni (Liu et al., 2011; Misra et al., 1998;
Zhang et al., 2003), Ag/Fe (Li et al., 2016a), Cu/Nb (Misra et al., 2005a),
Cu/Fe (Chen et al., 2012; Li et al., 2016a), Cu/V (Fu et al., 2008), and
Cu/Co (Chen et al., 2015)). The size-dependent strengthening of the
nanolayered metallic composites is attributed to the confined layer slip
of single dislocation in the constituent crystalline layers, whereas the
softening below the critical layer thickness results from the interface
cutting by the dislocations due to the extremely confined space (Misra
et al., 2005a).

In addition, the plasticity of nanolayered metallic composites has
also been found to be strongly length-scale-dependent (Bhattacharyya
et al., 2009; Cao et al., 2019a; Fan et al., 2017). The current works on
nanolayered metallic composites are mainly based on microindentation,
micropillar compression, and rolling experiments to evaluate the plastic
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deformation (Li et al., 2017, 2020a; Misra et al., 2003; Qin et al., 2022).
For instance, Li et al. (2009a) observed the plastic instability in the form
of kinking-like shear banding in Cu/Au composites with h = 50 and 100
nm via microindentation experiments, while the cutting-like shear
banding was witnessed at h = 200 and 500 nm. Another typical example
is that Zhang and co-workers (Lei et al., 2012; Zhang et al., 2012)
investigated Cu/Zr composites with h spanning from 5 to 100 nm by
micropillar compression tests and demonstrated that the Cu/Zr com-
posites show totally different deformation behaviors with the decrease
of h. Atlarge h (e.g., h = 100 nm), strong extrusion of the soft constituent
phase (i.e., Cu layers) occurred, indicating the failure of the layered
interfaces. However, the shear banding-induced strain localization
dominates the deformation in the composites at smaller h (e.g., h = 10
nm). Moreover, Misra et al. (Misra and Hoagland, 2007) systematically
studied the plastic flow stability of Cu/Nb composites with layer
thickness from nanometer scale to micrometer scale through
room-temperature rolling experiments. It was found that as the initial
layer thickness decreased, the deformation transformed from
non-uniform reduction at a micrometer-scale initial layer thickness to
through-thickness cracks at an initial layer thickness of less than 10 nm.
To sum up, the cutting-like shear banding or inhomogeneous deforma-
tion is predominant in the crystalline/crystalline composites with large
layer thickness (h > 100 nm), whereas sever shear localization or even
the crack occurs in those with smaller layer thickness. The increased
propensity of shear instability at smaller layer thickness is attributed to
lower dislocation capacity and increasing mobility of interfaces and/or
grain boundaries (GBs) (Lei et al., 2012; Li et al., 2009a).

Medium/high entropy alloys (M/HEAs) are a new class of materials
which break down the traditional notions of base element (Cantor et al.,
2004; Huang et al., 2023). Unlike traditional metallic alloys containing a
base element and small amounts of alloying elements, HEAs are
composed of five or more principal elements in an equimolar or
near-equimolar composition, whereas MEAs involve 2-4 principal ele-
ments (Khallaf et al., 2022; Miracle and Senkov, 2017; Ye et al., 2016).
So far, M/HEAs have received extensive attentions due to their
outstanding strength (Sohn et al., 2019; Zou et al., 2015), ductility (Lei
et al., 2018; Li et al., 2016b), work-hardening rate (Laplanche et al.,
2018; Pacchioni, 2022), and damage tolerance at cryogenic tempera-
tures (Ding et al., 2019). Recently, some attempts have been made to
introduce M/HEAs into nanostructured composites, for instance,
Cu/NbMoTaW (Zhao et al., 2018, 2020), Cu/TasoNbasMogs (Jiang et al.,
2021), Cu/FeCoCrNi (Zhao et al., 2021), etc. It has been uncovered that
the strength and plasticity of the nanolayered metallic composites with
M/HEAs as the constituent phases is also strongly dependent on the
length scale.

However, due to the inherent characteristics of M/HEAs, some new
phenomena that did not appear in the nanolayered composites
composed of traditional metals/alloys were also discovered. For
example, Zhao et al. (2018) reported that the hardness of Cu/NbMoTaW
composites increased with the decrease of h to a plateau value of 5.9 GPa
at h = 50 nm, along with the transformation from Hall-Petch strength-
ening to interface barrier strengthening. In contrast, there is a significant
difference in the critical thickness of hardness plateau between the
Cu/NbMoTaW composites (at h = 50 nm) and the traditional nano-
layered metallic composites (at a few nanometers). In addition, Zhao
and co-workers (Zhao et al., 2019) prepared a series of Cu/FeCoCrNi
composites and demonstrated that the hardness of Cu/FeCoCrNi com-
posites increased continuously with the decrease of h (h = 5-150 nm).
Different from other bi-metal composites, the hard layers in the above
M/HEA-based nanolayered composites provide more contributions to
the plastic deformation than the soft ones. The fundamental reason lies
in the fact that the soft nanotwinned Cu layers act as a source of dislo-
cations and supply an abundance of dislocations that transmit across the
coherent crystalline/crystalline interfaces to the hard FeCoCrNi layers,
triggering their remarkable deformability. However, current studies are
mainly focused on the size-dependent strengthening in the pure
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metal-M/HEAs nanolayered composites, but their plastic instability has
been rarely investigated. Also, due to the very limited investigations on
the mechanical behaviors of M/HEAs-based nanolayered composites,
the underlying mechanisms of the size-dependent strengthening and
plastic instability remain unrevealed.

In order to give a clearer and deeper understanding of the size
dependence of the strengthening and deformability of the M/HEA-based
nanolayered composites, a typical Cu/CrCoNi system was selected to
combine the well-studied copper and equiatomic CrCoNi MEA (Gludo-
vatz et al., 2016; Schneider et al., 2020) as the constituent phases in this
paper. The size-dependent microstructure, hardness, shear instability,
and underlying mechanisms of strengthening and deformation of the
Cu/CrCoNi composites with h = 2-100 nm were systematically inves-
tigated by nano/microindentation tests. A theoretical model is devel-
oped to quantify the size-dependent shear instability of the composites.
It is found that the microstructure of the MEA-based composite shows a
strong size dependence, i.e., the horizontally aligned layer interfaces in
the samples with large layer thicknesses (h > 25 nm) are replaced by the
vertically aligned GBs in those with small ones. The microstructure
transformation is unique in this MEA-based composite, which triggers a
shift of deformation mode from the layer interfaces mediated-shear
banding at large scales to the GBs-accommodated one at small scales.
This finding is totally different from those observed in traditional
M/HEA-free nanolayered composite systems (Li et al., 2009a,b), in
which the shear instability is all undertaken by the layer interfaces
including the cutting-like and kinking-like shear banding. Also, the
as-prepared Cu/CrCoNi composites manifest the trend of “smaller is
stronger” even when h decreases to 2 nm, which can be well described
by the refined confined layer slip (CLS) model. The article is organized as
follows. Sect. 2 presents the experimental details. Sect. 3 shows the
microstructures and mechanical behaviors of the designed Cu/CrCoNi
composites, while Sect. 4 illustrates the underlying mechanisms of the
size-dependent strengthening and shear instability. Finally, the conclu-
sions are drawn in Sect. 5.

2. Experimental

Six Cu/CrCoNi nanolayered samples with h ranging from 2 to 100 nm
were deposited on Si (100) substrates by direct current magnetron
sputtering at room temperature. Pure Cu (99.99%) and CrCoNi (99.9%)
targets were used to produce the Cu/CrCoNi composites with the total
thickness of 1.2 pm. Among all samples, the first layer on the wafer was
Cu and the topmost one was CrCoNi. The deposition rates of Cu and
CoCrNi were determined to be 0.1730 and 0.0874 nm s}, respectively.
The pressure of the sputtering chamber was evacuated to less than 1.1 x
10~* Pa before deposition, and the Ar pressure was maintained as 0.5 Pa
during sputtering process. The rotation speed of the substrate was set to
be 30 rpm to enhance the uniformity of the microstructure of all sput-
tered samples.

X-ray diffraction (XRD, Bruker D8 Advance) analyses were utilized to
characterize the crystallographic orientations of the Cu/CrCoNi com-
posites. Transmission electron microscopy (TEM) and scanning TEM
(STEM) were performed on Talos F200X G2 microscope equipped with
energy dispersive spectroscopy (EDS) to investigate the internal micro-
structures and elemental distributions of the Cu/CrCoNi composites
before and after deformation. The TEM foils were prepared by focused
ion beam (FIB, FEI Helios Nanolab 600i) machining technique. The
nano-hardness of all samples were measured using a Nanoindenter
system (Keysight, Agilent G200) at room temperature under continuous
stiffness measurement (CSM) mode. The maximum indentation depth
was 350 nm, and 12 indentations were performed on each sample to
improve the credibility of measurements. Among all the tests, the strain
rate was set to be 0.05 s~ !. To investigate the shear deformation of the
Cu/CrCoNi composites, the microindentation experiments were carried
out by Shimadzu HMV-G20ST. All samples were indented under the load
of 50 g, and the holding time was 5 s. Subsequently, the morphologies of
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indentation surface were characterized by using scanning electron mi-
croscopy (SEM, Tescan Mira 3).

3. Results
3.1. Microstructures of Cu/CrCoNi composites

The XRD patterns of all Cu/CrCoNi composites with h spanning from
2 to 100 nm are shown in Fig. 1, indicating the crystal characteristics of
all samples. The higher diffraction peaks located at 43.3° and lower
peaks at 44.2° coincide with the (111) crystal plane of Cu (JCPDS No.
04-0836) and the (111) crystal plane of CrCoNi (Cao et al., 2019b),
respectively, which proves that the as-prepared Cu/CrCoNi composites
exhibit strong Cu (111) texture and relative weak CrCoNi (111) orien-
tation. With the decrease of h, the intensity of two diffraction peaks
decreases gradually, reaching the minimum at h = 2 nm. When h de-
creases to 10 nm and below, the (111) peak of CrCoNi nearly disappears
(Fig. 1, inset).

The STEM and the corresponding EDS images of the internal mi-
crostructures of the as-prepared Cu/CrCoNi composites with h = 100,
50, 25, 10, 5, and 2 nm are displayed in Fig. 2, presenting a clearly
modulated layered structure and obvious contrast between two com-
ponents in all samples. The distribution of Cu, Cr, Co, and Ni elements in
all Cu/CrCoNi samples is uniform, with no obvious element segregation.
Among them, due to the smaller layer thickness of two samples with h =
5 and 2 nm, the distinction of element distribution between layers is not
very clear (Fig. 20 and r). Note that the aligned columnar grained
structure along the growth direction of samples can be observed when h
< 50 nm. In addition, it is obvious that the interfaces between the Cu and
CrCoNi layers are relatively flat when h = 100 nm (Fig. 2a—c), as well as
the interfaces are wavy when h = 50, 25, 10, 5, and 2 nm (Fig. 2d-r).
Specifically, the interfaces at the bottom (close to the Si substrate) are
relatively flat when h = 50, 25, 10, 5, and 2 nm, while the interfaces at
the top show a wavy structure, similar to the cases of reported results,
such as Cu/Nb (Misra et al., 2005a,b) and Cu/FesoMnszCo1oCr1g (Zhao
et al., 2022) composites. During the process of deposition, due to the
lattice constant misfit between the film and the Si substrate, the strain
energy gradually increases with the increase of the deposited atomic
layer. In order to relax this energy, the growth mode of the film changes
from layered growth to island growth after reaching a certain thickness,
thus leading to wavy and broken interfaces (Nasim et al., 2019). When h
increases to 100 nm, the flat deposited layers are formed due to the
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Fig. 1. XRD patterns of the Cu/CrCoNi composites with different layer thick-
nesses. The inset shows the magnified XRD pattern of the Cu/CrCoNi composite
with h = 5 nm.
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coalescence of islands during sputtering (Fig. 2a).

To further explore the internal microstructures of the Cu/CrCoNi
composites, TEM is employed. As shown in Fig. 3, the clear modulated
layered structure of the Cu/CrCoNi composites with various h and the
columnar grained structure of the Cu/CrCoNi composites with h < 25
nm can be witnessed, which is well in accordance with the aforemen-
tioned STEM and EDS results in Fig. 2. In addition, the bright-field TEM
images (Fig. 3a—c, g, i and k) further show the column morphology of the
composites. The SAED pattern (Fig. 3b) and FFT patterns (insets in
Fig. 3c-g, i and 1) reveal the twinned orientations either in CrCoNi or Cu
layers. The high-resolution TEM (HRTEM) views (Fig. 3b-d, f, h, j, and I)
demonstrate that the orientation between the Cu and CrCoNi layers
depends on the specific layer thickness. At large layer thickness, e.g., h
= 50 nm (Fig. 3d), the Cu-CrCoNi interface shows a {111}<110>Cu//
{111}<110>CrCoNi cube-on-cube orientation, such that the interface
plane is {111}Cu//{111}CrCoNi, while {111}Cu//{111}CrCoNi hetero-
twin interfaces with atomic steps are observed in the samples with h of
25 nm (Fig. 3f) and 10 nm (Fig. 3h). Different from the cube-on-cube
Cu-CrCoNi interface, the slip systems across the hetero-twin interface
exhibit a mirror symmetry orientation relationship between the Cu and
CrCoNi layers (Fig. 3f and h). In the case of small layer thickness (5 and
2 nm), there are coexistence of {111}<110>Cu//{111}<110>CrCoNi
interface with parallel slip systems and {111}<110>Cu//{0002}<
11-20>CrCoNi incoherent interface due to formation of hexagonal
close-packed (hcp) CrCoNi near the interface, as shown in Fig. 3j and 1.

The TEM analysis (Fig. 3d-f, h, j, 1) shows that the interfaces between
Cu and CrCoNi layers are typical sharp interfaces (with low-index planes
and tend to be atomically flat), which is distinguished from the facet
interface as well as the 3D interface. The sharp/flat interfaces are
common in nanolayered composites as prepared by physical vapor
deposition techniques, such as magnetron sputtering (Zheng et al.,
2014) and electron beam evaporation (Li et al., 2012b). The facet
interface results from joining two crystals at crystallographic planes that
are serrated (Kang et al., 2012), which is usually formed by severe
plastic deformation, e.g., accumulative roll bonding (Zheng et al., 2013).
The 3D interfaces are one kind of hetero-phase interfaces with a certain
thickness, which are chemically, crystallographically, and/or topologi-
cally distinct from their constituent phases in three dimensions as pro-
posed by Chen et al. (2020).

It has been reported that the formation of the nanotwins in the
sputtered samples is determined by two critical parameters, i.e., the
stacking fault energy (SFE) (Bajpai et al., 2022) and the deposition rate
of the materials (Zhang et al., 2004). The lower the SFE or the higher the
deposition rate, the bigger the possibility of nanotwin nucleation (Zhang
et al., 2004). It is known that CrCoNi has low SFE ranging from 1.4 to 57
mJ m~2 (Li et al., 2019), and the deposition rates of the Cu and CoCrNi
targets in this experiment are relatively large (0.1730 and 0.0874 nm
s71, respectively). Therefore, a large number of nanotwins were gener-
ated during the deposition process. Note that parallel stacking faults
(SFs) on basal planes and twins are mostly observed in CrCoNi layers
whereas randomly observed in several Cu layers (Fig. 3d-f, h, j, D).
Particularly, the SFs are usually localized near the interfaces.

Then, the grain size (d) in both Cu and CrCoNi layers are measured
from the cross-sectional TEM views, as shown in Fig. 4. The average
grain sizes in the Cu layers for the Cu/CrCoNi composites with h = 100,
50, 25, 10, 5, and 2 nm are 67.4 4+ 14.3 nm, 46.2 &+ 11.7 nm, 36.3 +
10.9 nm, 30.3 £+ 7.0 nm, 27.9 4+ 5.5 nm, and 27.4 + 4.9 nm (Fig. 4a—f),
respectively. With the decrease of h, the grain size in the Cu layers de-
creases gradually. Similar to the case of the Cu layers, the grain size in
the CrCoNi layers decreases from 63.7 + 14.2 nm to 27.0 & 5.6 nm with
the decrease of h (Fig. 4g-1). The aforementioned results prove that the
grain size in the Cu/CrCoNi composites strongly depends on the layer
thickness, and the grain size is smaller than the layer thickness for the
samples with h = 100 and 50 nm, but is larger than the layer thickness
for the samples with h = 25, 10, 5, and 2 nm. Moreover, the actual
thicknesses of the Cu and CrCoNi layers are measured to be 95.9 + 7.3
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Fig. 2. STEM images and the corresponding EDS mapping images of the Cu/CrCoNi composites with h = (a—c) 100, (d-f) 50, (g-i) 25, (j-1) 10, (m-o0) 5, and (p-r) 2
nm, respectively.
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Fig. 3. Cross-sectional microstructures of the Cu/CrCoNi composites. (a) Bright-field TEM image of the composite with h of 100 nm. (b) Representative SAED pattern
in (a) taken along [110] zone axis, showing the twinned orientations either in CrCoNi or Cu layers. (c-1) TEM images and the corresponding HRTEM images of the
composites with h = 50 (c, d), 25 (e, ), 10 (g, h), 5 (i, j), and 2 nm (k, 1), respectively. Insets in (c, €, g, i, k) are the corresponding FFT patterns.

nm and 97.6 4+ 7.8 nm for h = 100 nm, 56.1 + 2.4 nm and 55.0 £+ 1.5 nm
for h =50 nm, 27.2 + 3.0 nm and 22.9 & 2.8 nm for h = 25 nm, 10.5 +
0.7 nm and 7.6 + 0.7 nm for h = 10 nm, 4.8 + 0.6 nm and 4.4 + 0.4 nm
for h = 5 nm, as well as 2.3 & 0.3 nm and 2.1 & 0.2 nm for h = 2 nm,
respectively. It can be noted that d < has h > 25 nm, whereas d > hwhen
h < 25 nm, as summarized in Fig. 5.

3.2. Mechanical behaviors of Cu/CrCoNi composites

3.2.1. The hardness of Cu/CrCoNi composites

The hardness and elastic modulus of the Cu/CrCoNi composites were
measured by nanoindentation tests, as plotted in Fig. 6. The hard-
ness-indentation depth curves of six samples (Fig. 6a) show that the
hardness (H) values reach a plateau at the indentation depth of 120-200
nm. With the further increase of indentation depth, the hardness values
increase gradually on the basis of the plateau values due to the substrate
effect. As a result, the average hardness within the indentation depth of
10%-15% of total thickness (corresponding to 120-180 nm) is adopted
as the intrinsic hardness values for each sample to eliminate the sub-
strate effect. The variation of hardness of the Cu/CrCoNi composites
with the layer thickness is shown in Fig. 6b. Of note, the hardness in-
creases monotonically with reducing h, reaching a maximum value of
7.8 £ 0.2 GPa at h = 2 nm, which is far different from the previously
reported face-centered cubic (fcc)/fcc bi-metal composites. In some
cases of fcc/fcc bi-metal composites, softening can be observed at
extremely small layer thickness (h < 5 nm), such as Cu/Ni (Liu et al.,
2011), Ag/Ni (Yu et al., 2013), and Cu/Co (Liu et al., 2013) composites,
while in others, the hardness reaches a plateau when h < 25 nm, such as

Cu/330 stainless steel (Zhang et al., 2004) and Cu/Fe (Chen et al., 2012)
composites. In order to more clearly describe the strengthening effect of
the layered structure, the predicted hardness based on the rule of
mixture (ROM) is also calculated as follows:

Hgom = feuHeu + ferconiHerconi (€9)

where Hc, = 3.0 GPa, Herconi = 7.6 GPa (Cao et al., 2019b), and fc, and
fcrconi are the volume fractions of the Cu and CrCoNi layers, respec-
tively. The calculations show that the hardness of all Cu/CrCoNi samples
is higher than Hgopm (5.3 GPa) except for the sample with h = 100 nm.
Notably, the maximum hardness is even higher than that of the hardest
one, i.e., CrCoNi, similar to the cases of previously reported fcc/fcc
Cu/Ni (Liu et al., 2011) and Cu/FeCoCrNi (Zhao et al., 2019) compos-
ites. In contrast, the data of elastic modulus-indentation depth curves
(Fig. 6¢) have higher discrete degree. The elastic modulus (E) data with
the indentation depth of 15% of entire thickness are chosen to charac-
terize the intrinsic elastic modulus of each sample. As presented in
Fig. 6d, the elastic modulus remains almost constant with h varying from
50 to 5 nm, as well as the elastic modulus sharply increases when h
decreases from 100 to 50 nm and h < 5 nm.

3.2.2. The shear instability of Cu/CrCoNi composites

The indentation morphologies of the Cu/CrCoNi composites are
investigated by SEM, as depicted by Fig. 7. The results show that almost
all samples (except the sample with h = 100 nm) share the same shear
banding behavior as indicated by well-shaped circular shear bands
(SBs), which are denoted by the white arrows in the indentation areas



F. Qin et al.

a b . ("
o Cn — Cu i | Cu
& B = 100 = hr = 50 2 & =15 nm
?; ] A= 6744 143 nm ':’ wr d= 4622107 nm = M = =363 4 10% nm
; . E - & . "=“' I & \
g s} | = g 1sp _ - E 1sf _
o iy F Y -5 | |
z 4 M | g : X\ 5 T _
= it ™, t 10 / \ l.; i1k I \
; / \\ o 4 8 = 1 |
2 sha/ = st/ h E o /
: B N | Z | NP
0 n N g n i " i n i i i i il i i i i i i
40 S0 6@ 70O KO 90 DG 110 i kL A s &ilh T RO i 0 40 i i Tih
Grain size (nm) Grain size (nm) Grain size (nm)
d 15 € k1] f EL]
P Cu i Cu P r Cuw
=8 b= 1 nm = ho= 5 nm = b= 1 pim
= wp d = 303 & T4 nm — M d =279 & 5.5 nm - Mf d =174 & 4.9 nm
E- _/- N E‘ E‘ | :
g st \ 2 st % g sp \-\
(- i = = /
11 Y = r = 3 4
[~ L1 ™ ri II-- -If \
ol L] & // \ e 3t / = 1t / ;
= \ E A by g b 7/ 3
4l o7 ‘~ - | § X 4 f
[ . — T 3 = I‘/ ".
= = = b g | P o
b Il Il 'l 'l 'b 1 L L i A 1 I] i i " L A i
15 0 25 30 kL 40 45 15 0 5 £l iz 4l 15 0 25 £ 1] s Ell]
Grain size (nm) Grain size (nm) Grain size (nm)
g h i 5
= CriaXi i CriaMi - CrlaNi
3& L LT E-E Iy = 50 fim = L b= 15 nm
- l6f d=637 & 142 nm = Wr = = 420 & 10,0 nm = M S/ d=36.2 % 123 nm
-y - - o " e )
- ’ % 7 -
12F - 15 \ 18 \
H ] 1) B / \ H
= 4 Fi ' 2 [ \
= Ak / ", = 0k el ¥
i - LY [T] ]
£ / E £ | \
" o N = L = L/ h
s ‘B ~_| T % 3 1 ——
& 8 &= e = -
8 . ; AL RN a . ; A . L o 1L . ) A ! A
kL] 1] 50 0 Ty L1 ) 100 20 an =] S0 ] T B 1] o 40 L] 1] T
Grain size (nm) Girain size (nm) Grain size (nm)
-
j 15 k kL] [ £l
= CriaXi _ CriaXi _ | CrioNi
a{ B 10 mm = b= 5 nm = fr=1nm
— W} ~ d=295467 nm — HMf d =277 £ 5.5 nm - Hr = 270 & 5.6 nm
s 2 g
S st \ g sf ;| g s} T
e ] I~ - = |
z / \ g ; N ] N
= ok \ = g2k F M, = gk Fi \
] N ] 4 LY 1] J \
z ; £ 4 £ | / !
o5 Bemam E o6l by E g \
= o / o - "
= = \ 2 | o .
l] b A A A A 'r "'FI-' i i i i i I'I i i i i i i
15 m 5 3o EL] 40 45 15 k] 25 1] ig 40 15 0 25 £l is 40

Grain size (nm)

Grain size (nm)

Mechanics of Materials 197 (2024) 105107

Grain size (nm)

Fig. 4. Histograms of grain size in the (a-f) Cu and (g-1) CrCoNi layers for the Cu/CrCoNi composites with h = 100, 50, 25, 10, 5, and 2 nm, respectively.

(Fig. 7a—e). In contrast, the sample with h = 100 nm only shows slight

also indicates a better plasticity in the former than in the latter.

pile-ups in the indentation region (Fig. 7f). Meanwhile, some micro-
cracks can be observed at the edges of the SBs in the samples with h less
than 100 nm as denoted by the orange arrows in Fig. 7a—e, which is
otherwise absent in the sample with h = 100 nm (Fig. 7f). These findings
suggest that much better plasticity and toughness have been gained in
the sample with h = 100 nm as compared with the other counterparts.
Moreover, the sample with h = 50 nm possesses a slightly smaller
number of SBs (i.e., 8) than those with h = 2-25 nm (i.e., 9-11), which

In order to further elucidate the shear instability of the designed Cu/
CrCoNi composites, the cross-sectional TEM lamellas were prepared
from the residual indentations with h = 100, 50, 25, 10, 5, and 2 nm.
Fig. 8a presents a SEM view of the indentation surface of the Cu/CrCoNi
composite with h = 100 nm, and the corresponding cross-sectional
microstructure is investigated by TEM. As shown in Fig. 8b, the Cu
and CrCoNi layers are represented by the bright and dark layers,
respectively, which is also confirmed by the corresponding EDS analysis
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of Cu (Fig. 8c). Obviously, one long SB is formed to kink all constituent
layers of the Cu/CrCoNi composite with h = 100 nm as marked by the
white dashed lines. By comparison, three typical kinking-like SBs appear
in the Cu/CrCoNi composite with h = 50 nm (Fig. 8d-f) under the same
microindentation conditions. According to the distance between the SBs
and microindenter from near to far, the three SBs are marked as 50-SB1,
50-SB2, and 50-SB3, respectively. Among them, the 50-SB1 is not visible
in SEM image of the indentation area because of its small shear
displacement. The above findings clearly show that the shear banding of
the Cu/CrCoNi composites with h = 100 and 50 nm is produced by the
cooperative kinking of all horizontal layered interfaces, although their
indentation surfaces show different morphologies.
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However, it is intriguing to find that the Cu/CrCoNi composites with
h = 25, 10, 5, and 2 nm exhibit totally distinct shear banding behavior,
in which the kinking-like shear banding is mediated by the vertically
aligned GBs of all columnar grains (Figs. 9 and 10), instead of the hor-
izontally aligned layered interfaces in the Cu/CrCoNi composites with h
=100 and 50 nm. Also, the original continuous constituent layers in the
top are separated by the SBs (Fig. 9d, 10d and 10e), which result from
the kinking of the vertical GBs. The above difference in shear banding
behavior might come from the fact that the columnar GBs are more
aligned than the wavy layered interfaces in the Cu/CrCoNi composites
with h = 25, 10, 5, and 2 nm, which is otherwise reversed in the Cu/
CrCoNi composites with h = 100 and 50 nm (Fig. 2), because the
cooperative kinking-like shear banding favors a more aligned interface
structure. At small layer thicknesses (h = 25, 10, 5, and 2 nm), the
aligned columnar grains are more involved in the plastic deformation.

To quantify the shear instability and to predict the shear banding
direction of the Cu/CrCoNi composites with different layer thicknesses,
here a theoretical model is developed based on the pure shear stress state
in the shear banding region (Figs. 11 and 12). Fig. 11a and b represent
the model of kinking-like SBs mediated by the layered interfaces as
observed in the samples with h = 100 and 50 nm, while the model of
kinking-like SBs dominated by the vertically aligned GBs observed in the
samples with h = 25, 10, 5, and 2 nm is depicted in Fig. 11c and d. The
SB angle (a) of a given SB is defined as the angle between the original
layered interfaces (when h = 50 and 100 nm, Fig. 11a) or the aligned
GBs (when h = 25, 10, 5, and 2 nm, Fig. 11c) and the SB, as well as ¢
denotes the kinking angle between the kinking interfaces and the orig-
inal ones. It is assumed that the regions of SBs are subjected to pure shear
stress state. Hence, the shear strain (y) of the i-th layer within a given SB
in all samples with different layer thicknesses can be expressed by the
same formula, which is calculated as the change of the right angle in the
microelement before and after deformation based on the geometries in
Fig. 11b and d:

n=p—F =p+a—3 @
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Fig. 6. (a) The typical hardness-indentation depth curves and (b) the dependence of hardness on the layer thickness of the Cu/CrCoNi composites. (c) The typical
elastic modulus-indentation depth curves and (d) the dependence of elastic modulus on the layer thickness of the Cu/CrCoNi composites.
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Fig. 7. (a—f) SEM images of the indentations of the Cu/CrCoNi composites with h ranging from 2 to 100 nm. The white and orange arrows point to well-shaped
circular SBs and microcracks, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. (a, d) SEM images, the corresponding cross-sectional (b) TEM image, (e) high-angle annular dark-field STEM image, and (c, f) EDS mapping images of the
indentations of the Cu/CrCoNi composites with h = 100 and 50 nm, respectively. The white solid lines in (a, d) designate where the cross-sectional lamellae are
extracted. The positions of the indenter tips are arrowed in (b, e). The regions of SBs are indicated by white dashed lines in (c, f).

value of y is 7/2.

In addition to the shear strain parameter, a strain localization
parameter can also be defined for each constituent layer in a given SB by
dividing the shear displacement (h;) by SB width (wgsp):

where i represents the number of the constituent layers from bottom to
top. Because the columnar GBs huddle together within SBs for the Cu/
CrCoNi composite with h = 25 and 10 nm, the parameter ¢; of each layer
cannot be measured clearly. As a result, the kink of vertical columnar
GBs is considered as a whole and only one value of y in each SB is chosen hi
to characterize the shear deformation for the Cu/CrCoNi composites &= Wep
with h = 25 and 10 nm. Since ¢ is in the range of [0, 7 - a], the maximum

3
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fi=10 nm

Fig. 9. (a, e, g) SEM images, the corresponding cross-sectional (b, f, h) STEM images, and (c, d) bright-field STEM images of the indentations of the Cu/CrCoNi
composites with h = 10, 5, and 2 nm. The white solid lines in (a, e, g) designate where the cross-sectional lamellae were extracted. (d) is the magnified view of the
boxed region in (c). The positions of the indenter tips and the regions of SBs are indicated by arrows in (b, f, h).
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Fig. 10. (a) SEM image, the corresponding cross-sectional (b, c, f) STEM images, and (d, e) dark-field STEM images of the indentation of the Cu/CrCoNi composite
with h = 25 nm. The white solid line in (a) designates where the cross-sectional lamella was extracted. (d, e, f) are the magnified views of the boxed regions in (b, c),
respectively. The position of the indenter tip and the regions of SBs are indicated by arrows in (b).

-

Fig. 11. Schematic diagrams for (a) the geometric model of kinking-like SBs mediated by the horizontal layered interfaces and (b) the corresponding microelement
deformation within the given SB under pure shear stress state in the Cu/CrCoNi composites with h = 100 and 50 nm. Schematic diagrams for (c) the geometric model
of kinking-like SBs mediated by the vertically aligned columnar GBs and (d) the corresponding microelement deformation within the given SB under pure shear stress
state in the Cu/CrCoNi composites with h = 25, 10, 5, and 2 nm. In the above schematic diagrams, f and f' are the angles before and after deformation, respectively.
The magnified image in (a) shows the geometric model details of the i-th layer, where ¢; and h; denote the interface kink angle and shear displacement induced by the

SB of the i-th layer, respectively.

By a simple algebra derivation based on the above geometry (Fig. 11a),
the strain localization parameter can be given as the function of the
kinking angle and the SB angle, i.e.,

sin ¢;

“sin(a + ) @

i

Eq. (4) shows that & is positively related to the interface kink angle
considering that a is constant for a given SB, similar to the y; — ¢; relation
given in Eq. (2). As a result, in addition to the shear strain y;, the strain
localization parameter & can also be employed to quantify the shear
instability-induced strain localization for each layer in a given SB.
Consider a given SB as an ensemble, its corresponding &, can be
expressed as:

10

h
gpiip

- )

Wsp
in which hy, is the surface shear displacement in a given SB (Fig. 11a and
c). Due to the severe shear instability of the Cu/CrCoNi composites with
h =5 and 2 nm, it is difficult to accurately measure their wgg and ¢.
Therefore, the shear instability of the two samples is not quantitatively
analyzed.

The measured values of , h,, and wsp of the Cu/CrCoNi composites
with h =100, 50, 25, and 10 nm based on Figs. 8-10 are listed in Table 1.
It can be seen from Table 1 that the average wgp of several SBs decreases
with the decrease of h. A similar relationship between wgsg and h has been
reported in Cu/Au composites (Li et al., 2010b; Zhang et al., 2006), i.e.,
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Fig. 12. (a, b) The calculated y within different SBs and (c) the corresponding calculated ymax and &p max of the Cu/CrCoNi samples with h = 100, 50, 25, and 10 nm,
respectively. L;/L denotes the normalized position of the constituent layers in each sample, where L; is the position of the i-th layer from bottom to top and L is the

total thickness of each sample.

Table 1
Summary of a, wsg, and h,, for the Cu/CrCoNi composites with h = 100, 50, 25,
and 10 nm.

SB a(®) Wsp (nm) hy, (nm)
100-SB1 59 271 407
50-SB1 71 103 495
50-SB2 70 119 591
50-SB3 61 167 269
25-SB1 155 81 495
25-SB2 149 83 203
10-SB1 158 38 408
10-SB2 154 86 237
10-SB3 144 24 38

the wgp monotonically decreases as h decreases. Different from the
Cu/Au and Cu/CrCoNi composites, the wsg of Cu/amorphous CuNb
composites shows a trend of first decreasing and then increasing with
the decrease of h (Qin et al., 2024). After summarizing relevant litera-
ture and the experimental data in this paper, it is found that the
changing trend of wgg with h is negatively correlated with the changing
trend of degree of shear instability with h. That is, the decrease of wgp
indicates that plastic deformation is localized in narrower SBs, implying
that the shear instability becomes more severe. However, it is not
comprehensive to directly judge the degree of shear instability with
different h just by the changing trend of wsg with h, which should be
further accurately quantified according to the afore-mentioned &.

The value of « for 100-SB1 is measured to be 59° when h = 100 nm,
as well as the values of a for 50-SB1, 50-SB2, and 50-SB3 are determined
to be 71°, 70°, and 61° when h = 50 nm, respectively. In addition, those
values for 25-SB1 and 25-SB2 are 155° and 149° when h = 25 nm, as well
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as 158°, 154°, and 144° when h = 10 nm, respectively. In addition, the
calculated shear strains of the Cu/CrCoNi composites with h = 100, 50,
25, and 10 nm are plotted in Fig. 12a and b, which clearly show that the
sample with h = 100 nm possesses the lowest shear strain, whereas the
shear strain is significantly increased in the smaller-layer-thickness
samples with h = 50, 25, and 10 nm. For example, taking the
maximum shear strain (ymax) of the samples as the measurement index,
the ymax values of the samples with h = 100, 50, 25, and 10 nm are
calculated to be 0.48, 1.48, 1.54, and 1.57, respectively. The ypax value
is decreased by 69% when h increases from 10 to 100 nm, demonstrating
that the severest strain localization occurs in the sample with h = 10 nm
(Fig. 12¢). The calculated values of maximum strain localization
parameter (£ max) of the samples with h = 100, 50, 25, and 10 nm are
1.50, 4.81, 6.11, and 10.74, respectively, indicating a reduction of shear
instability with almost one order of magnitude with the increase of h. In
addition, it is obvious that £, max shows a monotonically increase when h
decreases from 100 to 10 nm, which is well consistent with the ypax — h
relation. The above results clearly demonstrate that the shear instability
of the Cu/CrCoNi composites is strongly size-dependent.

The prediction of the shear banding direction has been given in the
following by considering the orientation of the dislocation gliding plane
and the maximum shear stress direction as well as their relationships in
the developed theoretical model (Fig. 13). Accordingly, the shear band
direction can be determined by the coupling effect of the maximum
shear stress direction (i.e., @ = 45°, Fig. 13b-d) and the orientation of
the activated slip planes that are rotated towards the maximum shear
stress plane following the kinking of the interfaces during deformation,
as illustrated in Fig. 13. It is reasonable to assume that the shear banding
occurs in a direction that coincides with or is close to the orientation of
the dislocation gliding plane. However, the orientation of the activated
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Fig. 13. Schematic illustration of the shear banding direction in the samples with (a, b) h > 25 nm and (c, d) h < 25 nm. (a, ¢) The activated slip planes during micro-
indentations. (b, d) The range of the shear banding direction. ¢ = 70.5° denotes the angle between the orientation of the activated slip plane and the horizontal
layered interface, while ¢ = n/2 — ¢ is the angle between the slip plane (111) and the vertical GB, i.e., 19.5°. @ = 45° indicates the maximum shear stress direction, 6
represents the angle between the slip plane after rotation and the original layered interfaces or vertical GBs, a designates the tilting angle of the shear band, and ¢

denotes the kinking angle of the horizontal layered interface or the vertical GB.

slip plane generally deviates from the maximum shear stress direction
(Fig. 13a—c). Therefore, the interfaces (horizontal layered interfaces or
GBs) must kink to rotate the activated slip plane towards the maximum
shear stress direction. Finally, the shear banding occurs if the orientation
of the rotated slip plane coincides with or is close to the maximum shear
stress direction. As a result, the shear banding direction lies between the
orientation of the rotated slip plane and the maximum shear stress di-
rection (see the green shaded area in Fig. 13b-d).

For the case of shear banding induced by the kinking of the hori-
zontal layered interface (i.e., as h > 25 nm), the original plane of the
constituent layers lies normal to the loading direction. In this condition,
the (111) slip planes (70.5° to the horizontal layered interface) are
activated in priority, whereas the (111) slip planes parallel to the
interface are not favored (Fig. 13a) because the Schmid factor of the
former (0.27) is larger than that of the latter (zero). With further
loading, the geometric stress concentrations of the Vickers indenter tip
exert a nonuniaxial stress state, causing a rotation of the layers, thereby
bringing the (111) slip plane towards the maximum shear stress plane
(45° to the layered interface, i.e., ® in Fig. 13b), and eventually leading
to shear banding. The angle between the (111) slip plane after rotation
and the original layered interface is 6. Then, the tilting angle of the SB
(@) should be located between the maximum shear stress plane and 0, as
indicated by the green shaded area in Fig. 13b. In this case, we can
obtain 45° < a < 6 < 90°.

For the case of shear banding induced by the kinking of the vertically
aligned grain boundary (GB) (i.e., as h < 25 nm), the slip events may be
concentrated in (111) slip plane (70.5° to the horizontal layered inter-
face, i.e., ¢ as indicated in Fig. 13c) with Schmid factor of 0.27 in [110]
slip direction. This is because the shear banding at h < 25 nm is induced
by a small kinking angle ¢ (21°-25°, see Table 2) of the vertical GBs.
This deformation indicates that the activated (111) slip plane can
approach the maximum shear stress plane only by a small angle rotation,
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thus leading to shear banding, as schematized in Fig. 13d. In this case,
the SB direction is located between the maximum shear stress direction
and the (111) slip plane, as denoted by the green shaded area in Fig. 13d.
Then, the tilting angle of the SB is in the range of n—w to n—6, i.e., 1 —

@ < a < 1 — 6. Here 6 should be larger than ¢ (19.5°) due to the kinking
of the vertical GBs towards the clockwise direction. Thus, we have
135° < a < 160.5°.

Based on the above analysis, it can be concluded that the SB forms as
the activated slip planes rotate to coincide nearly with the maximum
shear stress plane. As a consequence, the measured tilting angles of the
SBs in experiments are in good agreement with the theoretical model-
predicted one, as summarized in Table 2. It should be pointed out that
the 0 is hard to determine due to the complex slip events in the poly-
crystalline material, especially under the complex stress states. Never-
theless, the theoretical model gives a quantitative prediction for the
range of the SB direction, that is 45° < a < 90° for the shear banding

Table 2

The measured tilting angle (a) of the shear band (SB) and the maximum kinking
angle (pmax) of the horizontal layered interface or the vertical aligned grain
boundary for Cu/CrCoNi composites.

SB a () Pmax () 45° < a < 90°? 135° <a <
160.5°?
Experimental ~ Experimental Theoretical Theoretical
100- 59 46 Yes /
SB1
50-SB1 71 73 Yes /
50-SB2 70 79 Yes /
50-SB3 61 76 Yes /
25-SB1 155 23 / Yes
10-SB1 149 25 / Yes
10-SB2 158 21 / Yes
10-SB3 154 24 / Yes
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induced by the kinking of the horizontal layered interface, and 135° <
a < 160.5° for the shear banding induced by the kinking of the vertically
aligned GB.

In conclusion, the theoretical model gives a unified mechanics
expression (Eq. (2)) for calculating the shear strain (y) for the two shear
banding modes mediated by the kinking of the horizontal layered in-
terfaces or the vertically aligned GBs. In addition, the range of the shear
banding direction can also be predicted based on the relationship be-
tween the orientation of the dislocation gliding plane and the maximum
shear stress direction. The proposed theoretical model provides a
fundamental tool, which is otherwise absent in all existing studies, to
quantify the degree of the shear banding either dominated by the hor-
izontal layered interfaces or the vertical GBs. The developed model can
be used to evaluate the layer thickness-dependent shear instability,
including the magnitude of shear banding-induced strain localization
and the shear banding direction, for medium entropy alloy based
nanolayered metallic composites.

4. Discussion
4.1. The strengthening mechanism of Cu/CrCoNi composites

As mentioned previously, the hardness of the Cu/CrCoNi composites
monotonically increases with the decrease of h (Fig. 6b). In this section,
the underlying strengthening mechanism of the Cu/CrCoNi composites
will be discussed. Fig. 14 provides the yield strength (o) as a function of
the layer thickness or grain size for the Cu/CrCoNi composites, where ¢
is estimated via the Tabor relation ¢ = H/2.7 (Liu et al., 2011; Mompiou
et al., 2012). The findings in the previous sections have demonstrated
that the shear instabilities of all samples with different layer thicknesses
are all induced by the cooperative kinking of interfaces, namely the
layered interfaces in the samples with large layer thicknesses or the
aligned GBs in those with small layer thicknesses.

Therefore, the refined CLS model proposed by Misra et al. (2005a)
that incorporates the effect of dislocation core spreading along the
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Fig. 14. The dependence of yield strength on the layer thickness/grain size for
the Cu/CrCoNi composites, and the comparison of yield strength between the
Cu/CrCoNi composites and the reported bi-metal Cu/Ni (Liu et al., 2011),
Cu/Co (Liu et al., 2013), and Cu/Cr (Misra et al., 1998) composites. The red
solid curve is obtained based on the CLS model. For the plotting of the exper-
imental data of Cu/CrCoNi composites, grain size d was adopted for the samples
with h < 25 nm (region-I), otherwise the actual layer thickness h was used
when h > 25 nm (region-II). The experimental data adopted for comparison
were all plotted by using layer thickness. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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interface, interface stress, and dislocation-dislocation interactions (Fan
etal., 2017; Zhao et al., 2019) can be used to estimate the yield strength
of the Cu/CrCoNi composites with h = 2-100 nm, i.e.,

As

4—v In _f+
1-v bsin @ s

where s represents the distance (i.e., interface spacing) between two
neighboring layered interfaces or GBs, i.e., h or d. M, u, b, 0, and v
represent the Taylor factor, the shear modulus, the magnitude of Burgers
vector of a full dislocation, the angle between the interface and the slip
plane, and the Poisson ratio, respectively. And A is the core cut-off
parameter in the range from 0 to 1 (Misra et al., 2005a), F is the char-
acteristic interface stress, typically 2-3 J m 2 for crystalline/crystalline
interfaces (Misra et al., 2005a), and ¢ is the in-plane plastic strain in the
range of 1%-2%. By using the following parameters, i.e., M = 3.06, ucy
= 48 GPa (Zhao et al., 2019), bgcy = 0.2556 nm (Zhao et al., 2018), 0 =
70.5°, vey = 0.343 (Zhao et al., 2018),A=1,F=3Jm 2 and ¢ = 1.9%,
we obtain the relation between the CLS stress and layer thickness/grain
size of the Cu/CrCoNi composites as shown in Fig. 14. It can be found
that the CLS model shows a good prediction of the strength of the
Cu/CrCoNi composites.

It is believed that it is the GB, instead of the layered interface, that
contributes to the continuous strengthening of Cu/CrCoNi composites
with h < 25 nm for the following reasons. It is wildly accepted that the
dislocation across the interface occurs at the layer thickness of 2-5 nm
(Misra et al., 2005a) in deposited metallic nanolayered composites,
which determines the peak strength of the composites (Su et al., 2021).
Thus, one may expect that parts of dislocations can transmit across the
layered interfaces in the present 5 nm and 2 nm Cu/CrCoNi samples
since there exist parallel slip directions in the Cu and CrCoNi layers as
demonstrated by the TEM analysis (Fig. 3j and 1). Then, the strength of
the composite will reach a maximum and even decrease in the layer
thickness of 5 and 2 nm. However, it can be seen that the Cu/CrCoNi
composites show a continuous strengthening even the layer thickness is
reduced down to 2 nm (see Fig. 14). Therefore, this finding indicates that
the continuous strengthening below 5 nm in the composite might result
from the bowing of dislocations between the vertically aligned GBs. In
this case, the CLS stress is significantly reduced because the grain size is
much larger than the layer thickness (e.g., d = 27 nm for the 2 nm
sample), see the CLS model predictions for h < 25 nm (the empty circles
in the red solid line). As a result, the transmission of dislocations across
the layered interfaces will not occur. Instead, the bowing of the dislo-
cations between the aligned GBs is stimulated to contribute to the
continuous strengthening of the composite.

Moreover, except for the samples with h = 5 and 2 nm, the yield
strength of the composites is basically consistent with the predicted
values of the CLS model. The reason why the yield strength of the Cu/
CrCoNi composites with h = 5 and 2 nm is slightly higher than that
predicted by the CLS model is that abundant nanotwins can make sig-
nificant strengthening in nanostructured metallic materials, as demon-
strated by extensive experiments, atomic simulations, and theoretical
analysis (Li et al., 2010a, 2020b; Lu et al., 2009). Previous atomic
simulations (i et al., 2010a) demonstrated that the
strengthening-to-softening transition will not occur if the twin-boun-
dary spacing is larger than 1.2 nm for nanotwinned Cu with d = 10 nm.
In this paper, the thickness of nanotwins is around 2 nm, larger than the
above-mentioned critical size, and the layer thicknesses of the Cu and
CrCoNi layers are refined to 5 and 2 nm. Therefore, continuous
strengthening was observed in the Cu/CrCoNi composites with h = 5 and
2 nm.

In addition, the reported data in conventional Cu/Ni (Liu et al.,
2011), Cu/Co (Liu et al., 2013), and Cu/Cr (Misra et al., 1998) com-
posites are included in Fig. 14 for comparison. The results show that the
yield strength of the Cu/CrCoNi composites is significantly higher than
that of fcc/fcc Cu/Ni and Cu/Co composites, and its value at small h (h <
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10 nm) is even higher than that of fcc/body-centered cubic (bcc) Cu/Cr
composites. This result suggests that compared to bi-metal Cu/X (X = Cr,
Co, Ni) composites, the Cu/CrCoNi composites have great advantages in
practical usage due to their ultrahigh strength.

4.2. The shear banding mechanisms of Cu/CrCoNi composites

According to the above-mentioned residual indentation morphol-
ogies and the corresponding quantitative analyses about the degree of
shear instability, it is clear that all Cu/CrCoNi composites exhibit the
same shear instability mode in the form of kinking-like shear banding.
However, the cooperative kinking-like shear banding is mediated by
totally different interfaces, namely the aligned GBs in the samples with
h < 25 nm and the layered interfaces in those with h > 25 nm. Combined
with the strengthening mechanism, two underlying layer-thickness-
dependent deformation mechanisms of the Cu/CrCoNi composites
with h varying from 2 to 100 nm will be discussed in this section.

Next, we consider the influence of the dislocation mechanism on the
SB formation in the Cu/CrCoNi composites. For the Cu/CrCoNi com-
posite with a relatively small layer thickness (h < 25 nm) (Fig. 15,
Region-I), the dislocation is believed to be bowing between the adjacent
vertically aligned GBs (instead of the horizontal layered interfaces) due
to d > h because a lower stress is required to propagate the gliding
dislocation loop in the former than in the latter (as seen in Fig. 5, where
d represents the grain size) according to the CLS model (Misra et al.,
2005a), i.e., Eq. (6), which is inversely proportional to layer thickness or
grain size. The dislocation seems to be moving almost parallel to the
layered interface because the interface spacing made by the constituent
layers is much smaller than that by the GBs (i.e., small h versus large d).
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Actually, the dislocation is moving in a slip plane (the blue one) with a
specific angle to the horizontal layered interface (e.g., typical 70.5° for
{111} planes to the horizontal interface plane) that is bound by the
vertical GBs (the yellow planes in Fig. 15).

However, for the case of h > 25 nm, the dislocation glides by Orowan
bowing in its slip plane that is bound by the horizontal layered interfaces
(instead of the vertical GBs, see Region-II in Fig. 15), which is similar to
the observed confined layer slip in the Cu/Nb nanolayered composite by
in situ nano-indentation experiments in TEM (Li et al., 2012b). In this
case, the dislocation is bowing between the horizontal layered interfaces
(the green planes in Fig. 15), instead of the vertical GBs, due to the
smaller stress required to propagate the gliding dislocation loop in the
former than that in the latter since h > d according to Eq. (6). Physically,
the deformation modes for the two size regions are identical, that is, the
dislocation is bowing out between interfaces. The only difference lies in
the specific type of interfaces, i.e., the horizontal layered interfaces or
the vertical aligned GBs.

The corresponding dislocation activities of the above two deforma-
tion modes are elucidated in the following. First, the dislocation is
nucleated from the layered interface in the Cu/CrCoNi composite due to
the atomically intense interface distortions, i.e., misfit dislocations. This
physic mechanism has been validated by in situ nano-indentation in
TEM (Li et al., 2012b) and atomic simulations (Zhang et al., 2011; Cheng
and Trelewicz, 2016). Though GB can act as the dislocation source, there
are only few dislocations that nucleate from the GB in the nanolayered
composite as demonstrated by the atomic simulations (Cheng and Tre-
lewicz, 2016). Therefore, in the case of small layer thickness (h < 25
nm), a dislocation (indicated by the number ‘1’ in Region-I of Fig. 15)
first nucleates from the layered interface and propagates within the slip
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Lavered interface
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Fig. 15. Schematic diagrams of the microstructures of the Cu/CrCoNi composites with (a) small and (b) large h. (c) Schematic illustration of the underlying
mechanism of the size-dependent shear instability of the Cu/CrCoNi composites as a function of the layer thickness.
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plane to form a dislocation loop (number ‘2’). With strain processing, the
bowing dislocation will be bound by the GB and slip in the slip plane
until it reaches the neighboring layered interface. Then, the gliding
dislocation (number ‘3’) would get blocked at the layered interface due
to the formed stacking faults near the layered interface (as seen in Fig. 3j
and 1), which is a very strong barrier to slip since the transmission re-
quires the creation of a jog line or stair-rod dipole (Hoagland et al.,
2002). With further loading, the dislocation would penetrate the
stacking fault planes (Li et al., 2023), and then the layered interface can
shear in response to the stress field of the glide dislocation that ap-
proaches the layered interface, leading to the absorption of the gliding
dislocation in the layered interface (Wang et al., 2011). Subsequently,
the next plasticity events will occur (stochastically) at other locations
along the GB.

For h > 25 nm, the dislocation also nucleates from the layered
interface and propagates within the slip plane, similar to the case of
small layer thickness. The difference is that the dislocation is bowing
between the horizontal layered interfaces, instead of the vertical GBs,
due to the larger interface spacing in the former than that in the latter.
Thus, the gliding dislocation moves within the slip plane until it is
absorbed in a columnar GB (Misra et al., 2004; Li et al., 2012b), as
schematized in Region-II of Fig. 15. It is admitted that there is a lack of
direct experimental observation for the above dislocation activities that
could be obtained by in-situ nano-indentation tests in TEM, as conducted
by Li et al. (2012b) for Cu/Nb nanolayered composite. However, the
investigation on the present material by this in-situ test is out of the
scope of this study.

The above conclusion on the dislocation mechanism was made based
on the following experimental and theoretical evidences: (i) the shear
banding of the composite in all the samples with h < 25 nm is governed
by the kinking of the vertically aligned GBs (Fig. 9), which is in a clear
contrast to the kinking of the horizontally arranged layered interfaces in
those with h > 25 nm (Fig. 8). (ii) The CLS model can be used to well
reproduce the size-dependent strength of the composites with h < 25 nm
only if the grain size d (rather than the layer thickness h) was adopted to
be the size parameter in Eq. (6) (Fig. 14). In contrast, the model pre-
dictions are much higher than the experimental measurements if the
layer thickness was employed in the CLS model (see the red circles
versus the blue squares in Fig. 14) because h is much smaller than d (see
Fig. 5).

Besides, it is well known that the dislocation transmission across the
interface is associated with many factors, such as the orientation rela-
tionship, elastic moduli mismatch and lattice parameter mismatch be-
tween constituent phases (Hunter et al., 2018). Particularly, the
orientation relationship plays a key role in the dislocation transmission,
which even alters the shear banding mechanism. It can be seen that SFs
on basal planes and twins are mostly observed near the interfaces
(Fig. 3d-f, h, j, D). Therefore, the dislocation reaching the interface will
be extremely blocked due to the existence of high-density SFs near the
interface and hetero-twin interface with mirror symmetry orientation, i.
e., the slip directions are not well aligned. Consequently, these blocked
dislocations by the interface/GB can cause the interface/GB to slide,
which in turn attracts and traps the impinging dislocation, and once
absorbed causes its core to spread within the interface instead of
crossing the interface (Wang et al., 2011). The interface/GB sliding
produced by this dislocation mechanism combined with the titling of
interface/GB induced by the stress concentration (generated by the
Vicker indenter) leads to the shear banding in the Cu/CrCoNi compos-
ites. In contrast, the case of the dislocation transmission across the
interface usually induced the crystallographic banding as observed in
Cu/Nb composite with facet interface (Zheng et al., 2014).

Furthermore, the transition of the deformation modes from the
vertically aligned GBs-accommodated kinking to the horizontal layered
interfaces-mediated one in the Cu/CrCoNi composites results from the
competition of these two modes (Fig. 15). When h < 25 nm, the grain
sizes are much larger than the layer thicknesses (Fig. 5), leading to a
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much smaller CLS stress based on the GBs-mediated cooperative kinking
(here d is used in Eq. (6)) than that based on the layer interfaces-
dominated one (here h is used in Eq. (6)). Furthermore, in such scale,
the GBs are vertically aligned, whereas the layered interfaces are wavy
(Fig. 2g-r and Fig. 15a). Therefore, the shear banding in the composites
with h < 25 nm is governed by the cooperative kinking of the vertically
aligned GBs. However, when the layer thickness is sufficiently large (h >
25 nm), the grain sizes are smaller than the layer thicknesses (Fig. 5).
And more importantly, the layered interfaces are successive, which is
not the case in the GBs in the vertical direction (Fig. 2a—f and Fig. 15b).
Thus, the shear banding is dominated by the cooperative kinking of the
layered interfaces, which requires much smaller CLS stress than the
cooperative kinking of the GBs.

In addition to dislocation motion, abundant nanotwins in the CrCoNi
layers also participate in deformation. For instance, in similar CrCoFeNi
HEA materials with low SFE, it was observed through experiments and
molecular dynamics simulations that the dominated deformation
mechanism of the <100>-orientation is deformation twinning (Cao
et al., 2023; Zhang et al., 2022). The nanotwin nucleation resulted from
the slip of the pre-existing partial dislocations from an internal source.
Also, the in situ tension shows that the <110>-oriented CrCoFeNi
nanopillar possesses a super high room-temperature uniform elongation
(up to 110%), owing to the spatial and synergetic coordination of
deformation twinning and dislocation slip (Zhang et al., 2023). As a
result, it can be speculated that the deformation of the CrCoNi layers in
the Cu/CrCoNi composites is dominated by dislocation slip, deformation
twinning, and twin-dislocation interactions (Liang et al., 2021; Liu et al.,
2022; Zeng and Li, 2021).

5. Concluding remarks

In this work, the strengthening and shear instability of the Cu/
CrCoNi composites with various layer thicknesses (h = 2-100 nm) have
been systematically investigated by both nano/microindentation ex-
periments. A theoretical model has been developed to quantify the shear
instability. The main findings are summarized as follows.

(1) The hardness of the Cu/CrCoNi composites increases mono-
tonically with the decrease of h, manifesting the trend of “smaller
is stronger”. The hardness of the samples reaches the maximum
value of 7.8 + 0.2 GPa at h = 2 nm, which is much higher than the
predicted value (5.3 GPa) based on the ROM. In addition, the
strengthening effects of all samples can be well described by the
refined CLS model.

(2) As indicated by the microindentation tests and the theoretical
analysis, the deformation of all Cu/CrCoNi composites is domi-
nated by cooperative kinking-like shear banding. However, the
shear banding of the samples with h > 25 nm is mediated by the
horizontal layered interfaces that collaborate to kink together,
whereas that of the others is mediated by the vertically aligned
GBs of all columnar grains. Furthermore, the degree of shear
instability increases with the decrease of the layer thickness.

Different from the popular belief, it is found that the shear defor-
mation is mediated by the vertically aligned GBs rather than the hori-
zontal layered interfaces due to the occurrence of the columnar crystal
when h < 25 nm. These findings give valuable insights into explaining
the behavior of shear deformation for the nanolayered composites that
contain M/HEAs as the constituent phases. In addition, the developed
theoretical model provides a convenient and effective route to evaluate
the plasticity of nanolayered metallic composites by several simple
micro-indentations, in which the time consuming and costly micropillar-
compression tests and the following complicated TEM characterization
of the deformed pillars could be avoided.
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