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SPECIAL TOPIC: High-performance Structural Materials

Ultra-strong metal/high entropy alloy nanolaminates: Utilizing size
constraining effects on phase transformation

Yufang Zhao, Yagiang Wang', Jinyu Zhang', Kai Wu, Gang Liu and Jun Sun”

ABSTRACT In this work, the phase stability of non-equia-
tomic FesoMng.oCOloCl'l() and FesoMl‘l30C010Ni10 high entropy
alloys (HEAs) under strong constraining conditions as well as
its effect on the mechanical properties were comparatively
studied in the magnetron sputtered Cu/FesoMn3oCo,0Cr;o and
Cu/FesoMn3,Co;9Ni; o nanolaminates with the layer thickness h
ranging from 5 to 150 nm. During the deposition process, the
size-driven hexagonal close packed (HCP) to face-centered
cubic (FCC) phase transformation occurs in the FesoMn;o-
Co,0Crp layers as h < 25 nm due to the nanolayer constraining
and template effects. Meanwhile, the stress-driven HCP-to-
FCC phase transformation also occurs in the Cu/FesoMn;o-
Co0,0Cr;p nanolaminates during the indentation deformation,
which is attributed to the nucleation of stacking faults that
could serve as the nuclei for phase transformation. However,
the FesoMn;pCoyoNijo layers maintain stable microstructure
without size-driven nor stress-driven phase transformation.
With reducing h, both the Cu/HEA nanolaminates exhibit a
transition from h-independent to h-dependent ultrahigh
hardness, as elucidated by the partial dislocation-mediated
mechanisms. In particular, the normalized hardness of
Cu/FesoMn3,Co;¢Cryp nanolaminates represented by the ratio
of measured hardness to predicted hardness from the rule-of-
mixture is more superior to conventional Cu-based bimetal
nanolaminates. These findings provide a new perspective to
tailor the phase transformation of HEAs and thereby enhance
their strength and plasticity.

Keywords: metal/high entropy alloy nanolaminates, phase
transformation, hardness, interfaces, size effects

INTRODUCTION

Outstanding toughness is one of the most essential and desired
properties in structural materials, which is always hardly
achieved because the strength and ductility are usually mutually
exclusive [1,2]. A new class of metallic materials, i.e., high
entropy alloys (HEAs), opening a new avenue to design high-
performance materials, have attracted intensive attention during
the past decade owing to their excellent properties [3,4]. Their
excellent mechanical properties, such as superior strength [5,6],
large ductility [7,8] and good fatigue resistance [9], are often
explained by different plastic mechanisms based on ordinary
dislocation slip and/or deformation twinning. Recently, the

stress-driven phase transformation, generally observed in
transformation-induced plasticity (TRIP) steels [10], has been
unveiled in bulk HEAs, e.g., FeMnCoCr [11] and TaHfZrTi
HEA [12]. The phase transformation-mediated plasticity enables
the dual-phase FesoMn3Co;oCrip (FMCC) HEA [11] to show
simultaneous enhancement in strength and ductility, due to a
combination of the duplex microstructure-induced interface
hardening [13] and the face-centered cubic (FCC) to hexagonal
close packed (HCP) phase transformation hardening. Specifi-
cally, stacking faults (SFs) formed by the gliding of Shockley
partials can act as the nuclei of the HCP phase that forms via the
gliding of <112>/6 partials on every other {111} plane [14,15].
Interestingly, a bidirectional TRIP effect has also been uncov-
ered in the FMCC HEAs, showing the stress-driven FCC-to-
HCP transformation and reversion under both reversed cyclic
loading [15] and uniaxial tensile loading [16]. However, prior
studies mainly focused on the transformable bulk non-equia-
tomic HEAs [11,17]. As their grain sizes decrease to nanoscale,
how the microstructure and mechanical properties evolve in
nanocrystalline HEAs is still mysterious.

In parallel, the unique design concept and physical (thermal,
mechanical, and anticorrosive) properties give these small-scaled
HEAs often with nanocrystalline microstructures great potential
applications in functional barriers/coatings, thin-film-resistors,
and electronic products [18]. Prior studies have demonstrated
that the ductility and strength of a material can also be con-
trolled by scaling, i.e., the sample and microstructural sizes [19].
On the one hand, cracking becomes more difficult in small-sized
materials, ie., good plasticity could be obtained, even in con-
spicuous classes of brittle materials [20]. On the other hand,
materials can realize significantly increased strength by reducing
their dimensions due to the limited length of dislocation sources
[21]. The nanostructured HEA thin films can reach high
strength on the order of a few gigapascals [22], but their main
drawback is that the microstructure easily coarsens due to the
high mobility of grain boundaries (GBs), consequently degrad-
ing the long-term mechanical properties. To achieve even higher
strength associated with stabilized nanocrystalline structures, a
popular methodology is introducing abundant heterogeneous
interfaces to suppress the grain growth in HEA thin films, e.g.,
synthesizing the structures of nano-dual-phase thin films [23] or
nanolaminates (NLs) [24].

In these metallic NLs composed of alternating soft/hard
nanolayers, the heterogeneous interfaces play critical roles in
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their mechanical behavior via serving as dislocation sources/
sinks/barriers [25,26]. Previous studies have verified that these
metallic NLs possessed excellent properties due to their unique
microstructures, such as high strength and ductility [25,27],
superior radiation tolerance [28], and great thermal stability
[29]. The strong size-constraining effect in NLs not only affects
their layer thickness h-dependent phase transformation behavior
[30,31], but also the h-dependent mechanical properties and
strengthening mechanisms [32,33]. Specifically, the coherent
interfaces with good strain compatibility but weak barriers for
slip transmission of dislocations due to continuous slip systems
confer the metal/HEA NLs, e.g., Cu/FeCoCrNi [34] and Ni/
FeCoCrNi [35], unique deformation behavior and outstanding
mechanical properties. In this scenario, it is natural to quest how
the size-constraining effect influences the phase transformation
of FMCC HEA nanolayered constituents as well as the
mechanical responses of metal/HEA NLs.

By far, some experiments [36] and atomistic simulations [37]
have shown that the FeMnCoCrNi system possessed low SF
energy (SFE), which was even predicted to be negative at 0 K.
The SFE has an influence on the plastic deformation mechan-
isms, including the ordinary dislocation slip, deformation
twinning and phase transformation, therefore impacts the
mechanical properties of HEAs [38]. In fact, lowering the SFE in
FeMnCoCrNi HEAs can be achieved by adding elements, e.g., Fe
[39], or reducing elements, e.g., Ni [40]. Moreover, Co acts as a
stabilizer for the FCC phase in the Fe-Co binary system [41], and
thus the reduction in Co contents results in reduced phase sta-
bility of non-equiatomic HEAs. This facilitates the formation of
the dual-phase microstructure, further leading to notable phase
transformation strengthening. For example, both FMCC [11]
and Taos;HfZrTi [12] HEAs exhibit enhanced mechanical
properties compared with their equiatomic siblings with higher
phase stability. Therefore, to explore the SFE effect on phase
stability, we engineer the soft Cu phase with the hard nano-
crystalline FMCC and FesoMn3yCo1oNijg (FMCN) HEA phase to
construct the Cu/FMCC and Cu/FMCN NLs, so as to investigate
the size constraining effects on the microstructural evolution of
FMCC and FMCN HEA phase and the coherent interface-
dominant mechanical properties of NLs.

Taken together, here we comparatively investigated the
microstructural evolution and strengthening mechanisms in Cu/
FMCC and Cu/FMCN metal/HEA NLs. Compared with their
bulk counterparts, the as-deposited FMCC nanolayers in Cu/
HEA NLs exhibited the h-dependent phase microstructure, i.e.,
the FCC + HCP dual-phase microstructure at large h but FCC
single phase at small /i, while that of FMCN nanolayers main-
tained the single FCC phase as the bulk. During the nano-
indentation tests, the dual-phase FMCC layers exhibited the
stress-driven HCP-to-FCC phase transformation, while the
single-phase FMCN nanolayers were difficult to transform. This
study may provide a new perspective to manipulate the phase
transformation of HEAs via heterogeneous coherent interfaces
in strong constraining NLs.

EXPERIMENTAL SECTION

Alternative Cu/FMCC and Cu/FMCN NLs with the total
thickness of ~1.5um were deposited on HF-etched (111)-Si
wafers by direct current magnetron sputtering at room tem-
perature. The individual layer thickness h in both kinds of
CuwHEA NLs was equal and varied from ~5 to ~150 nm. Pure
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Cu (99.995 wt%), FeMnCoCr (99.95 wt%, atomic percentage in
sequence was Fe: 56%, Mn: 22.3%, Co: 10.3% and Cr: 11.4%,
respectively) and FeMnCoNi (99.95 wt%, atomic percentage in
sequence was Fe: 56.8%, Mn: 22.6%, Co: 10.4% and Ni: 10.2%,
respectively) targets were used to prepare the NLs. The sput-
tering chamber was evacuated to a base pressure of 4 x 107* Pa
before the deposition process and Ar pressure of 1Pa was
maintained during the preparation process. The first layer
deposited on the substrate was always the Cu, and the cap layer
was the HEA.

To identify the phase structures and crystallographic orien-
tations of film materials, X-ray diffraction (XRD) experiment
was carried out on a Bruker D8 Discover powder X-ray dif-
fractometer with Cu Ka radiation at room temperature. Trans-
mission electron microscopy (TEM) analysis was performed on
a JEOL JEM-2100F microscope with 200 kV accelerating vol-
tages to observe the internal features before and after indenta-
tion. The TEM specimens of Cu/HEA NLs after indentation
were prepared by the lifting out technique by means of a Helios
Nano Lab 600i dual-beam focused ion beam (FIB) system.
Energy-dispersive X-ray (EDX) analyses were carried out to
determine the elemental composition using an Oxford Instru-
ments EDX detector with a spatial resolution of ~1 nm for
chemical analysis.

Nanoindentation tests were conducted on the Cu/HEA NLs
using a TI950 TriboIndenter (Hysitron, Minneapolis) equipped
with a standard Berkvoich diamond indenter at room tem-
perature according to the Oliver-Pharr method [42]. The data
were acquired within a maximum indentation depth of ~10%-
15% of the total film thickness for each specimen to avoid the
substrate effect. The nanoindentation was carried out under the
load-controlled mode with the maximum loads of 4500 and
5000 uN for Cu/FMCC and Cu/FMCN NLs, respectively. A
minimum of nine indents separated each other at least 25 um
were performed on each sample to acquire the average hardness
with the standard deviations. Before testing, drift monitor/cor-
rection was performed to improve the accuracy of data. More
details can be referred to our previous work [34].

RESULTS

Microstructures of the as-deposited Cu/HEA NLs

Fig. 1 presents the high-angle XRD spectra for these two kinds of
the as-deposited Cu/HEA NLs. One can see that the Cu peaks
and HEA peaks overlap each other owing to their same lattice
structure and similar lattice parameters. The features of dif-
fraction peaks of Cu/FMCC NLs in Fig. la show the size-
dependence with a critical layer thickness . ~25 nm. (i) In the
Regime-I with h < 25 nm, Cu/FMCC NLs exhibit the single FCC
structure with strong (111), weak (200) and (220) peaks. (ii) In
the Regime-II with & > 25 nm, the HCP (0002) and (1013) peaks
of FMCC layers gradually appear, whose intensity increases with
increasing h. By contrast, Cu/FMCN NLs only show FCC (111),
(200) and (220) peaks without the existence of HCP peaks, see
Fig. 1b.

Figs 2 and 3 display the representatively cross-sectional TEM
images of the as-deposited Cu/FMCC and Cu/FMCN NLs with
different h, respectively. It appears that the morphologies of the
microstructure can be divided into two regimes by a critical layer
thickness /. = 25 and 50 nm for Cu/FMCC and Cu/FMCN NLs,
respectively. The main results are summarized as follows.
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Figure 1 XRD patterns of (a) Cu/FMCC and (b) Cu/FMCN NLs with different layer thicknesses.

(i) In Regime-I with /i < h., the Cu/HEA interfaces cannot be
identified in the bright field TEM images and a columnar grain
along the growth direction contains several interfaces, while the
scanning TEM (STEM)/EDX results display the nanolayered
structure clearly, as shown in Figs 2b and 3b. Chemical com-
positions obtained from the EDX of the present HEA nanolayers
are summarized in Table 1, showing that the atomic ratio of
both FMCC and FMCN layers is about 5:3:1:1, consistent with
our design. The selected area diffraction patterns (SADPs) in
Figs 2a and 3a, d show the overlapping diffraction rings and the
single FCC structure of these two Cu/HEA NLs, which is in
accordance with the XRD results. In addition, the nanotwins in
the columnar grains penetrate the interfaces (termed as pene-
trated twins), as shown in Figs 2¢ and 3¢, e, f for Cu/FMCC and
Cu/FMCN NLs, respectively.

(if) In Regime-II with h > h., the layered structure and
interfaces are clear in the bright field TEM images and the
nanotwins are confined inside the isolated layers (termed as
confined twins), as shown in Fig. 2d-h for Cu/FMCC NLs and
Fig. 3g-i for Cu/FMCN NLs. For Cu/FMCC NLs, the HCP phase
appears in the FMCC layers, which is revealed by overlapping
{111} :&{0002}y, {220}r&{1120} diffraction rings and indivi-
dual HCP {1012}, {1013}, rings, see the SADPs in Fig. 2d-f
and g-i for h = 25 and 100 nm samples, respectively. Meanwhile,
the fast Fourier transform (FFT) images also manifest the dual-
phase structure of FMCC layers. The microstructural morphol-
ogy of Cu/FMCC NLs with h = 25nm exhibits a transition
feature from Regime-I to Regime-II, in which the grains near the
surface behave as the internal morphology in the Regime-I and
those close to the substrate exhibit the morphology in Regime-II.
By contrast, Cu/FMCN NLs in Regime-II also exhibit single FCC
structure, see Fig. 3g-i. The 9R phase, comprised of an SF ribbon
consisting of a repeated unit of 9{111} atomic layers [43],
emerges in FMCN layers. Moreover, the high-resolution TEM
(HRTEM) observations show that the interfaces are coherent
without misfit dislocations, see Fig. 3i.

Figs 4 and 5 show the histogram of grain size d-distribution
and that of twin spacing A-distribution in Cu/FMCC NLs and
Cu/FMCN NLs, respectively. The microstructural sizes, includ-
ing the grain size d, the twin spacing A, and the number fraction
of twinned grain P, are summarized in Figs 4c, f and 5e, f,
respectively. It appears that the microstructural sizes in the
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Regime-I of Cu/HEA NLs are insensitive to h. The in-plane
grain size d of Cu and HEA layers almost keeps a constant of
~30 nm. The A of both Cu/HEA NLs is nearly equal ~5.5 nm and
the P remains unchanged ~61% in Cu/FMCC NLs and ~72% in
Cu/FMCN NLs. In Regime-II, all these microstructural sizes of
Cu layers increase with increasing h, while the grain size d of
HEA layers is still insensitive to h. The A of individual HEA
layers is absent in Fig. 5e and the P of HEA layers is ~100% in
Fig. 5f, considering it is difficult to identify their specific values
due to the vast planar defects (e.g., nanotwins and SFs) in their
every extremely tiny grains.

Microstructures of indented Cu/HEA NLs

To elucidate the deformation behavior and underlying
mechanisms, post-mortem TEM observations were performed
on the indented Cu/HEA NLs with different h, as shown in
Figs 6 and 7. It is revealed that the constituent layers behave
homogenous thinning in the severely deformed region (under
the indenter tip) without highly localized shear bands in both
kinds of Cu/HEA NLs. In addition, since both Cu and HEA
layers behave a significant reduction of layer thickness after
nanoindentation tests, both of them make great contributions to
the plastic deformation.

For the Cu/FMCC NLs with & = 10 nm in Regime-I, they
maintain the initial crystallographic orientations after deforma-
tion, implying that no phase transformation occurs during
nanoindentation, as shown in Fig. 6b. A local magnified TEM
image of the boxed region in Fig. 6a displays that nanotwins still
exist after deformation, as indicated by the orange arrows in
Fig. 6¢. It implies these nanotwins in both Cu and HEA layers
are stable and no detwinning occurs. The penetrated nanotwins
were also observed in HRTEM image, see Fig. 6d. By contrast,
for Cu/FMCC NLs with & = 25 and 100 nm in Regime-II, the
HCP {1013}, ring disappears after deformation, as revealed in
Fig. 6f, j, respectively. It is suggested that the HCP to FCC phase
transformation occurs in FMCC nanolayers. Also, the nanotwins
in Cu and FMCC layers still exist after nanoindentation, as
indicated in Fig. 6g, h and k, 1, implying that detwinning does
not occur and the nanotwins are stable during deformation.

For the Cu/FMCN NLs regardless of h, it appears that the
diffraction rings in SADPs of the as-deposited samples on the
left and indented samples on the right are the same, demon-
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Figure 2

(a) Representative TEM image of Cu/FMCC NLs with h = 10 nm. (b) Corresponding STEM image and EDX mapping analysis, showing clearly

modulated nanolayered structure. (c) Typical HRTEM image of Cu/FMCC NLs with h = 10 nm. (d) Typical TEM image of Cu/FMCC NLs with # = 25 nm,
and (e, f) its corresponding HRTEM images, showing the dual-phase structure in FMCC layers. (g) Typical TEM image of Cu/FMCC NLs with h = 100 nm,
and (h, i) its corresponding HRTEM images. The corresponding SADPs are inserted in (a, d, g).

strating the remained single FCC structure after nanoindenta-
tion, see Fig. 7b, f. The deformation behaviors in the two regimes
(samples with different /) are similar. No phase transformation
occurs and the nanotwins in both Cu and FMCN layers are
stable, as shown in Fig. 7b-d and f-h for Cu/FMCN NLs with h
=25 nm in Regime-I and & = 100 nm in Regime-II, respectively.

Mechanical properties of Cu/HEA NLs

Fig. 8a displays the typical indentation load-displacement curves
of the two Cu/HEA NLs with different h at a strain rate of
0.1 s7". The indentation depth of Cu/HEA NLs firstly remains
constant with reducing h from 150 to 50 nm, then gradually
decreases as h further decreases. The h-dependent indentation
hardness of the two Cu/HEA NLs is shown in Fig. 8b. The
hardness tendencies of the two Cu/HEA NLs are similar, and
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both of them behave a hardness plateau and then increase with
reducing h. In Regime-I, the hardness of Cu/FMCC NLs
increases from ~4.3 to ~4.8 GPa with reducing h from 25 to
5 nm, and that of Cu/FMCN NLs monotonically increases from
~3.8 to ~4.6 GPa as h decreases from 50 to 5 nm. In Regime-II,
both Cu/FMCC and Cu/FMCN NLs show a hardness plateau of
~3.8 GPa.

To further estimate the influence of HEA and stress-induced
transformation on the strengthening of multilayers, we intro-
duced the parameter of normalized hardness, H/Hpom, to
represent their strengthening capability, where Hrom was cal-
culated via the rule of mixture (ROM). Fig. 8c summarizes the
hardness of the present Cu/HEA NLs and the reported con-
ventional Cu-based bimetal NLs as a function of h~"/? [33,35,44—
46]. Obviously, the strengthening capability of NLs containing

November 2023 | Vol.66 No.11
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Figure 3

(a) Representative TEM image of Cu/FMCN NLs with & = 10 nm. (b) Corresponding STEM image and EDX mapping analysis, showing clearly

modulated nanolayered structure. (c) Typical HRTEM image of Cu/FMCN NLs with 4 = 10 nm. (d) Typical TEM image of Cu/FMCN NLs with h = 25 nm,
and (e, f) its corresponding HRTEM images. (g) Typical TEM image of Cu/FMCN NLs with 4 = 100 nm, and (h, i) its corresponding HRTEM images. The

corresponding SADPs are inserted in (a, d, g).

Table 1 Chemical compositions of the present FMCC and FMCN nanolayers
HEAs Fe (at%) Mn (at%) Co (at%) Cr (at%) Ni (at%)
FMCC 48.80 27.28 12.42 11.50 -
FMCN 50.06 28.68 11.55 - 9.71

the HEA layers as a whole is greater than that of traditional pure
metal NLs, which could attribute to the HEAs themselves with
the unique microstructure and the severe lattice distortion. The
phase transformation occurs in Cu/HEA NLs with large h,
whose strengthening capability is apparently higher than those
NLs without phase transformation. Thus, the strengthening
capability of Cu/FMCC NLs with stress-induced transformation
is much better than that of Cu/FMCN ones, indicating that the

November 2023 | Vol.66 No.11
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phase transformation provides extra strengthening.
DISCUSSION

Phase structure evolution in the as-deposited HEA nanolayers

The bulk FMCC HEA contains a duplex microstructure of HCP
and FCC phases [11], while the bulk FMCN sample presents a
single FCC phase, which is mostly consistent with the phase
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Figure 4 (a) Cross-layer grain size histograms for Cu/FMCC NLs with h = 5 and 10 nm. (d) Cross-layer grain size histograms for Cu/FMCN NLs with h =5,
10 and 25 nm. (b, e) Grain size histograms of Cu and HEA layers for Cu/FMCC and Cu/FMCN NLs, respectively. (c, f) Average grain size as a function of
layer thickness for Cu/FMCC and Cu/FMCN NLs, respectively.
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Figure 5 Histograms of penetrated twin spacing in the cross-layer grains of (a) Cu/FMCC and (c) Cu/FMCN NLs. Histograms of confined twin spacing in
the Cu layers of (b) Cu/FMCC and (d) Cu/FMCN NLs. (e) Average twin spacing and (f) the fraction of grains with nanotwins as a function of layer thickness h
for the present Cu/HEA NLs.
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Figure 6 Representative images of the deformed microstructure underneath the indenter in Cu/FMCC NLs with (a-d) h = 10 nm, (e-h) & = 25 nm and
(i-1) h = 100 nm. (a, e, i) Representative STEM images of the deformed region. (b, f, j) Typical SADPs of the as-deposited sample on the left side and the severe
deformed sample on the right side. (¢, g, k) Magnified TEM images of the boxed region in (a, e, i), and nanotwins are marked by orange arrows.
(d, h, 1) Typical HRTEM images of the severe deformed region boxed in (c, g, k).

CUIFOsoMI’I;oCOmNiw'F‘lOO nm CU/FGmMI‘IuCOmNim h=25 nm

Figure 7 Representative images of the deformed microstructure underneath the indenter in Cu/FMCN NLs with (a-d) h = 25 nm. and (e-h) h = 100 nm.
(a, e) Representative STEM images and bright field TEM images of the deformed region. (b, f) Typical SADPs of the as-deposited sample on the left side and
the server deformed sample on the right side. (c, g) Magnified TEM images of the boxed region in (a, e), and nanotwins are marked by orange arrows.
(d, h) Typical HRTEM images of the severe deformed region boxed in (c, g).
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Figure 8 (a) Representative load-depth curves of Cu/FMCC and Cu/FMCN NLs with different h. (b) Dependence of nanoindentation hardness on 4 for both
Cu/HEA NLs. (c) The parameter H/Hyowm as a function of the present Cu/HEA NLs, compared with the reported bimetal multilayers [33,35,44-46].

structure of the as-deposited HEA nanolayers in NLs. In the
present Cu/HEA NLs with small h in Regime-I, their char-
acteristic sizes are the domain grain sizes of ~30 nm, which are
too large for phase transformation in NLs. While in Regime-II,
the grain sizes in HEA layers become ~10 nm, making it possible
for phase transformation. Under the strong constraining effect,
the constituents are more favorable for phase transformation.
For example, the phase transformation in NLs was observed in
several bimetal systems when layer thickness & was reduced to a
few nanometers, such as Ti/Nb [31], Zr/Nb [47], Cu/Fe [46] and
Al/Ti [48]. In particular, for the present Cu/HEA NLs, the Cu
layers play a role of “template” in the deposition process and
then significantly affect the microstructure of HEA layers. This
template effect has been employed to introduce a high-density of
nanotwins in high-SFE metal Al through incorporating a buffer
layer of a low-SFE metal Ag [49]. Moreover, the template layers
with different orientations would generate different structures of
NLs. For example, in the (100) textured Cu/Co NLs deposited on
the Si(100) substrate, Co showed a primarily FCC structure,
whereas in the (111) textured system on the Si(110) substrate,
Co displayed a mixture of FCC and HCP phases at large h [45].
With reducing h, the Cu template effect increases, associated
with the increased constraining effect. In this regard, the present
Cu layers with an FCC structure introduce the FCC phase into
FMCC nanolayers through the epitaxial growth, thereby forming
FCC/FCC Cu/FMCC NLs with small /& in Regime-I and Cu/
dual-phase FMCC NLs with large h in Regime-II. Similarly, the
template effect of Cu renders the FMCN nanolayers in Cu/
FMCN NLs only show the FCC single phase structure, forming
FCC/FCC Cu/FMCN NLs, regardless of h. At the same time, the
formation of abundant SFs/nanotwins can effectively release the
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strain energy of the system, in particular at small 5, as revealed
in NLs of Cu/Ni [33] and Cu/Co [45].

Stress-driven phase transformation in deformed HEA nanolayers
The stress-driven phase transformation has been uncovered in
some materials, such as HEAs [11,12], steels [10], and Ti-based
alloys [50], which confers these materials outstanding mechan-
ical properties. Actually, its premise is that there must be nuclei
for the phase transformation. For example, the lamella HCP
phase in the BCC TaosHfZrTi HEAs acts as the transformation
nuclei and then multiplies and coarsens with further deforma-
tion [12]. Another example is that SFs in stainless steels act as
the martensitic embryos, and the martensite extends through
dislocation gliding, resulting in the phase transformation from
FCC austenite to HCP martensite during deformation [10].
More specifically, the high Mn segregation on the decorated
martensite boundaries promotes the heterogeneous nucleation
of austenite in the Fe-9 at% Mn steel [51]. Then, we will discuss
the different transformation behaviors of HEAs based on this
premise.

Previous studies showed that FeMnCoCrNi HEAs behaved the
stress-driven FCC-to-HCP transformation [11,14], as well as the
reverse HCP-to-FCC transformation [16,52]. The underlying
reasons are as follows [16]: the thermal transformation barriers
of these two phases that have nearly the same stability are very
small on the one hand, and the dynamic forward and backward
transformations can be realized by the motion of Shockley
partials on the other hand. Moreover, based on the elaborated
atomistic simulations, Lu et al. [16] and Fang et al. [52] also
pointed out that the FCC-to-HCP phase transformation in
FeCoCrNiMn HEAs could be realized by the dissociation of the
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full dislocations and the HCP-to-FCC phase transformation by
the association of the Shockley partials. In other words, the back
and forth movement of the same Shockley partials results in the
reversible HCP-to-FCC transformation with the preservation of
the orientation.

For the present Cu/FMCC NLs, the FCC phase and SFs in the
as-deposited FMCC nanolayers provide nuclei for the formation
of FCC phase transformed from the HCP phase, leading to the
stress-induced HCP-to-FCC transformation during indentation
deformation. The HCP/FCC phase boundary with high energy
often promotes the phase transformation, owing to their inner
energy with the relatively small barrier for the HCP-to-FCC
transformation [16,52]. In particular, under the strong con-
straining conditions, one constituent is more preferred to
transform to form fully coherent interface with the other con-
stituent to lower the heterogeneous interface energy of Cu/
FMCC NLs, in agreement with previously reported results,
including Ti/Nb [31], Zr/Nb [47], and Cu/Fe [46]. By contrast,
only FCC phase emerges in FMCN nanolayers of the as-
deposited Cu/FMCN NLs, owing to the combination of size
constraining effect and Cu template effect. During the sub-
sequent indentation deformation, the coherent interface in Cu/
FMCN NLs with very low energy does not facilitate phase
transformation on the one hand [30], but enables continuous
slip of dislocations to transmit across the coherent interface on
the other hand [53]. In this case, once the Shockley partial
emitted from the boundary/interface along the slip plane creates
an SF in the FCC phase in FMCN nanolayers with low SFE
(compared with Cu), the SF can serve as an embryo of a
nanotwin and becomes thicken via the subsequent gliding of
twinning partials [54]. Such a process not only renders the
breakdown of stress-induced HCP-to-FCC transformation, but
also gives rise to the formation of abundant nanotwins in Cu/
FMCN NLs, as verified in Fig. 7.

Twinning behavior in Cu/HEA NLs

It was reported that the HCP-FCC phase transformation was in
favor of facilitating the deformation twinning [55-57]. The
HCP-FCC phase transformation can be achieved by the move-
ment of a/6 <112> Shockley partial dislocations on alternated
{111}-planes [16], while the deformation twinning usually occurs
via continuous gliding of partial dislocations on consecutive
{111}-planes [55]. The HCP is characterized by the easy slips of
partials on the basal planes, which leads to the FCC twin pla-
telets and more twin boundaries (TBs) during deformation,
further enhancing the prosperity of twins. Furthermore, the
interface, especially coherent interface, could facilitate the
deformation twining [58] or detwinning [34]. During defor-
mation, partial dislocations emit from the interface and glide
into the constituent layers, then affect the twinning behavior. In
this work, nanotwins in both Cu and HEA layers are stable
during deformation, regardless of h, see Figs 6 and 7. However, a
prior study showed that detwinning occurred in coherent Cu/
FeCoCrNi [35]. For Cu/FeCoCrNi NLs with small h, nanotwins
penetrated across the interfaces, and provided channels for
partials nucleating in Cu layers and sliding across the interfaces
easily, leading to detwinning in both Cu and FeCoCrNi layers.
For those with large h, nanotwins were confined into isolated
layers and partials in Cu must constrict into full dislocations to
transmit interfaces, rendering detwinning only occurs in Cu
rather than FeCoCrNi layers [35]. It is suggested that the evo-
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lution of nanotwins during deformation in Cu/FeCoCrNi NLs is
strongly influenced by the stability of nanotwins in Cu layers.

In fact, the twin spacing A plays a vital role in the evolution of
nanotwins during deformation [59]. There is a critical twin
spacing Ay for the transition from TB hardening to TB softening
[59,60]. When A is larger than A, the strength increases with
decreasing A, which is well explained by the Hall-Petch (H-P)
strengthening relationship, since TBs can serve as barriers to
dislocation gliding, as given by [61],

oo tk-A" (1)

O-T-ha.rdening =

While as A further decreases down to below Ay, the softening
behavior occurs, which could be ascribed to the plastic defor-
mation dominated by TB migration. The partials nucleate from
GB-TB intersections and then glide along the twin planes,
resulting in TB migration, ie., detwinning. In this case, the
strength of a material contributed by nanotwins can be expres-

sed as [60],
AU kT (dvy
SV Wln(z?) ’ @

O-T-softening =

where M is the Taylor factor, AU is the activation energy, S is a
factor representing local stress concentration and geometry, V"
is the activation volume, kg is the Boltzmann constant, T is the
Kelvin temperature, d is the grain size, vp is the Debye fre-
quency, and ¢ is the macroscopic strain rate. The first term can
be regarded as the athermal resistance and the second term is
due to thermal softening. In this model applied to the present
Cu/HEA NLs, AU and S are adjustable, while other parameters
are fixed. The adjustable AU and S of the Cu layers are related to
the coherent strain of interfaces. The higher the stress level, the
lower the activation energy [62]. Thus, a possible reason for the
discrepancy between the reported Cu/FeCoCrNi and the present
Cu/HEA NLs is that A of Cu layers is smaller than its A, making
it possible to detwin in the former. However, A of Cu layers in
the latter is larger than its Acs, and thus the nanotwins are stable
and play an important role in strengthening rather than soft-
ening of materials.

Strengthening mechanisms of Cu/HEA NLs

Strengthening mechanisms of Cu/HEA NLs in the Regime-I

It is well-known that material properties are controlled by the
microstructure, which also influences the deformation
mechanisms. The size effect on strengthening in conventional
bimetal NLs has been extensively investigated and well captured
by several strengthening models operative at different length
scales, such as the classical Hall-Petch model, the confined layer
slip (CLS) model and the interface barrier strength (IBS) model
[32]. In the nanoscale, whether the CLS model works in the NLs
depends on the magnitude of the IBS. Once the stress needed for
hairpin dislocations gliding in isolated layers overwhelms the
IBS, the deformation mechanism changes from CLS to disloca-
tion transmission. Thus, we first calculate the IBS of Cu/HEA
NLs via the following equation [45]:

Ogs=0x T 04T 0y, =

* i * A
Mu' R + M (g* %) + M%, (3a)

where o is Koehler stress originating from modulus mismatch,
0q is determined by misfit dislocations due to lattice mismatch
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which could be neglected considering the coherent interfaces in
Cu/HEA NLs, and oy, is chemical interaction term related to the
SFE difference between constituents. The interfaces of Cu/HEA
NLs are coherent without lattice mismatch, hence the interface
strength can be given by

4 sin A
Ous = M Roget + M, (3b)

. S VTN
where M is Taylor factor, * = ————=— is the mean shear

Koy T Hyea
_ Mupa P .
modulus, R = > ¢ is the angle between the slip plane
Hypa THcy

and interface, Ay = ycy — yuea is the SFE difference and b is the
magnitude of the Burgers vector. Previous study [63] has
revealed that the dislocations nucleated from GBs converted
from partials to full dislocations at a critical size d;, which was
~128 nm for Cu and larger than the grain size in this regime.
Hence, it is the partials nucleating in Cu layers that govern the
deformation mechanism in Cu/HEA NLs. Taking M = 3, ycy =
48.3 GPa [45], Urmcc = 80 GPa [64], UEMCN = 77 GPa [65], ¢ =
70.5, you = 41 mJ m™? [45], prmcc = 22 mJ m™2 [64], yrmen =
31 mJ m~2 [64] (the SFE of FeMnCoCrNi alloy is similar in the
range of 22-31 mJ m™?), by,ca = 0.1476 nm, the estimated IBS is
~1.87 and ~1.91 GPa for Cu/FMCC and Cu/FMCN NLs,
respectively. Their corresponding hardness is present in Fig. 8b
as red and blue dot lines, respectively. Although the IBS is larger
than the applied stress, the unique characteristic of coherent
interfaces with the continuous slip system makes it easy for
dislocations to transmit across the interface. On the other hand,
the columnar grains in Regime-I provide another characteristic
size, i.e., their domain grain sizes also play a critical role on
dislocation slip. The dislocations emitted from GBs are confined
inside the columnar grains by GBs to glide, following the CLS
model. In this case, both of the grain size d and layer thickness
make remarkable effects on the strength, and thus the char-
acteristic size should be expressed as hes = (h + 2d)/3 [66].

Misra et al. [32] proposed a refined CLS model considering
the effect of dislocation core spreading along the interface, the
interface stress and the resistance from interface dislocation
arrays, as follows:

Mubsing (4—v oh _F ufe 4

s (173 ol g )~ 5+ B @

However, this model neglects the interactions between
nanotwins and partials as well as the SFE effect on gliding
partials. Actually, the contributions of these two factors should
be included in the modified CLS model, yielding

- M,ubpsin(ﬂf4v)ln[ ah o ]_

OcLs =

Ox =

8nhy \1-v) | b,sing
F ufe P, _ i
R + Pk T+ (1 P)M[b—p], ©)

where « represents the core cut-off parameter, v is the Poisson’s
ratio, F is the characteristic interface stress of NLs, f is volume
fraction of constituent layers, ¢ is the in-plane plastic strain, B is
a strain resolution factor of the order of 0.5 for the active slip
system, and kr is a constant. Considering the feature of severe
distortion in HEAs, the lattice friction ¢y cannot be ignored as a
strengthening factor. The lattice friction can be predicted based
on the motion of dislocation through the HEAs [67]. The zero-
temperature shear stress 7, and the energy barrier AE, for
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thermally activated flow are given by

4 2
S [14v]3| Z,c,AV 23
0= A0 T 1—,}6 ] , ©
2 ) 1
L 1S, AV
AE, = A ysub’ I_J A 7

At finite temperature T and strain rate ¢, the predicted lattice
frication 0 is expressed as

2
. ksT . &,\3
aO(T,g):Mrok(ALEb —0) . ®)

The prefactor coefficients A; and Ar emerge from the reduced
elasticity theory and depend on the solute misfit volumes and
dislocation pressure field, which are 0.01785 and 1.5618,
respectively, stemming from the calculation of the typical ato-
mistic structure of FCC dislocation [67]. y is related to the edge
dislocation line tension which is 0.125 for FCC alloys [68].
AV, =V, = Viga is the misfit volume of the n-component HEAs,
and Vyga = X ,¢,V,, where c, is the atomic content of each ele-
ment and V), is the apparent volume of the constituent elements.
€, = 10*s7! is a reference strain rate and ¢ = 0.1s™! is the
macroscopic strain rate of the present nanoindentation. kg is the
Boltzman constant of ~1.38 x 102 J K™, and T is the tempera-
ture ~298 K. Taking ppmcc = 80 GPa [64], ppmen = 77 GPa [65],
VEMCC = 0.28 [64], VEMCN = 0.28 [64]) bf,FMCC =0.2531 nm [64], bf’
pvon = 0.2539 nm [64], ¢, = (0.5, 0.3, 0.1, 0.1), and V,, = (12.09,
12.60, 11.12, 12.27, 10.94) A? [67] for Fe, Mn, Co, Cr and Ni,
respectively, the lattice friction o, for FMCC HEA is ~65.8 MPa
and for FMCN HEA is ~105.5 MPa. In addition, the lattice
friction oy for Cu is ~25.5 MPa [69]. Therefore, the CLS model
can be modified as follows:

M,prsinco(4v)]n[ ah g ] N

Bheyy \1-V b,sing h

Ox =0y

ufe -1/2 _ N
m+PkT/1 +(1 P)M[bp]' )

Giving the Cu/HEA NLs show synergistic deformation beha-
vior, we approximately estimate the strength of the NLs by ROM
as follows [70]:

0=C e Tcu™ Cpipn * Oens (10)
where &, and éyga are the deformed fraction contribution of Cu
and HEA layers, representatively, which could be taken as an
equal value of 0.5 for the sake of simplicity. Taking vc, = 0.343,
bp,FMCC = 0.1461 nm [64], bp,FMCN = 0.1466 nm [64], a = 08,
ECu/EMCC = 0.03%, ECu/FMCN = 0.25%, F = 20 I m‘z, kT =
3.4 GPa nm'? [61], Pcurmcc = 61%, Pcwrmcc = 72%, Acwrmce =
5.2 nm, Acyrmcn = 5.4 nm, then substituting Equation (9) to
Equation (10), the corresponding hardness of the calculated
strength agrees well with the experimental results, as shown in
Fig. 8b by the green and pink solid lines for Cu/FMCC and Cu/
FMCN NLs, respectively. However, this model far under-
estimates the strength of Cu/HEA NLs with large h in Regime-IIL
There should be other mechanisms contributing to their
mechanical response at such length scale, as discussed below.

Strengthening mechanisms of Cu/HEA NLs in Regime-II
In general, the hardness/strength of NLs at large h is often
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captured by the H-P relationship, showing smaller h leads to
higher hardness/strength. However, the size h-independent
hardness implies that the H-P relationship is breakdown in
Regime-II for the present Cu/HEA NLs. Actually, the defor-
mation mechanisms of metals may vary with grain size d. When
d is in the range of micro- to submicron-scale, the dislocations
generate in grain interiors and then move towards boundaries,
and thus the strength is determined by the stress needed to
overcome the obstructions during gliding, such as GBs and TBs.
When d is reduced into the nanoscale, it is quite difficult for
dislocations to generate in grain interiors, and thus the stress
needed for dislocations emission from GBs becomes the con-
trolling factor of strength [71]. When d further reduces to
~15nm or even less, the deformation mainly stems from the
GB-mediated mechanisms, such as grain rotation and GB slid-
ing, leading to the reverse H-P effect [72].

Obviously, the GB-mediated mechanism does not work in the
present Cu/HEA NLs owing to the strong layer constraining
effect, and it is easier for dislocations to generate and slip in Cu
layers owing to their relatively larger grain sizes. In fact, the
small grain size in HEA layers makes it difficult for partials
emitting rather than gliding, thus the strength of Cu/HEA NLs
can be regarded as the critical stress for partial emission in HEA
layers. Therefore, the critical stress could be predicted by [73-
75],

(11)

O-Pam'al = ms b

[ a b )

p

where m is a stress concentration factor of 2-4 [75], s is the
Schmid factor of the corresponding slip system of 0.27-0.41
[73], and B is the order of unity, reflecting the character of a
dislocation [74]. The in-plane columnar grain size d of HEA
layers in Regime-II is ~9.8-12.1 and ~10.3-10.9 nm for Cu/
FMCC and Cu/FMCN NLs, respectively. Taking m = 2, s = 0.41
and other parameters have the same meaning as above, the
corresponding hardness from the calculated Gparial is depicted as
the light pink and light blue region for Cu/FMCC and Cu/
FMCN NLs in Fig. 8b, respectively. It is found that the experi-
mental data fall into this region, implying the mechanism of
partial emission from interfaces/boundaries in HEA nanolayers
is activated. Moreover, the corresponding hardness from the
calculated 0pariat for Cu layers is obviously h-dependent in the
range of ~1.98-2.81 GPa, which is much lower than the hardness
of Cu/HEA NLs, and thus it is not the determining mechanism.

CONCLUSIONS

In this study, we systematically investigated the phase transfor-
mation behaviors of two kinds of Cu/HEA NLs with different
layer thicknesses, i.e., Cu/FMCC and Cu/FMCN NLs, in terms
of microstructural evolution and mechanical properties. The
current work provides a new pathway to tailor the stress-
induced phase transformation and thereby synthesize high-
strength metallic materials. Three main conclusions are sum-
marized as follows.

(1) The size-driven HCP-to-FCC phase transformation
appeared in FMCC HEA nanolayers with reducing / during the
non-equilibrium magnetron sputtering, while the FMCN
nanolayers displayed h-independent single FCC phase same as
the bulk sibling. The Cu layers in Cu/HEA NLs played a role of
template and introduced the FCC phase into HEA layers.

(2) The stress-driven HCP-to-FCC phase transformation
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occurred in the dual-phase FMCC layers with large h, due to
their interfacial structure and layer constraining effect. However,
the FMCN nanolayers in the as-deposited NLs maintained their
initial single FCC phase structure during plastic deformation,
ascribing to the coherent interface with very low energies.

(3) Owing to the high interface barrier, the dislocation sliding
in the confined isolated nanolayers was the dominant defor-
mation mechanism of Cu/HEA NLs associated with the nanot-
win strengthening at small h. Within the large h range, the
critical stress for partial emission in HEA layers became the
controlling factor of ultrahigh hardness/strength due to the tiny
grains in HEA nanolayers.
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