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A B S T R A C T   

Magnetron sputtering at room temperature was used to synthesize high-entropy composite multilayers (HECMs) 
with alternating layers of nominal composition CrMnFeCoNi and TiZrNbHfTa. HECMs with individual layer 
thickness of 50 nm exhibited an amorphous structure in the TiZrNbHfTa layers, and face-centered cubic (FCC) 
nanocrystalline structure with stacking faults and nanotwins in the CrMnFeCoNi layers. However, the HECMs 
with 5 nm individual layer thickness exhibited completely amorphous structures in both layers. Nano
indentation, followed by electron microscopy imaging of the indent plastic zone, was used to experimentally 
characterize the hardness and deformability. Molecular dynamics simulations were used to elucidate the 
deformation mechanisms. The high hardness of 7.8 GPa in the 5 nm layer thickness HECM is attributed to the 
amorphous structures in both layers with multiple shear bands around the indents. The 50 nm layer thickness 
HECM also exhibits high hardness of 5.6 GPa but with a more homogeneous spread of plasticity resulting in a 
reduced density of shear bands around indents. Strengthening in the 50 nm HECM results from a combined effect 
from the high density of stacking faults and nanotwins in CoCrFeMnNi, and the amorphous structure of the 
TiZrNbHfTa layers. The amorphous 50 nm TiZrNbHfTa nanolayers exhibit a heterogeneous nano-glass-type 
structure where the reorientation and agglomeration of amorphous zones seem to provide channels for plastic 
flow enabling enhanced deformability. Composite thin films of high entropy alloys exhibit a variety of fine 
structures, nanotwinned or homogeneous amorphous in CrMnFeCoNi, and heterogeneous amorphous in 
TiZrNbHfTa layers that enable new approaches to tune the strength and deformability.   

1. Introduction 

The concept of high-entropy alloys (HEAs) or multi-principal 
element alloys was first proposed by Cantor and Yeh et al. in 2004 [1, 
2]. Since then, research on HEAs [3–6] has demonstrated superior 
properties such as excellent strength-ductility combination [7–10], 
thermal stability at high temperature [11,12] and good corrosion and 
wear resistance [13,14]. 

The extensively investigated Cantor alloy with the equiatomic 
composition CrMnFeCoNi can be cast, deformed and recrystallized into 
a single-phase face-centered cubic (FCC) crystal structure with superb 
mechanical properties, especially at 77 K, where the yield strength and 

toughness are 750 MPa and 219 MPa m1/2, respectively [6]. Some re
fractory HEAs (RHEAs) with single-phase body-centered cubic (BCC) 
crystal structure, e.g., TaNbMoW, TaNbMoWV and TiZrNbHfTa have 
exhibited improved strength and outstanding high temperature stability 
[15–18]. Among them, the TiZrNbHfTa RHEA shows a high 
room-temperature tensile strength of 1200 MPa with reasonably high 
ductility [18,19], moreover, it still maintains a single BCC structure 
without oxidation or forming new phase after annealing in vacuum at 
1000 ◦C for 2 h [20]. In addition, the eutectic AlCoCrFeNi2.1 HEA with 
mixed FCC and BCC solid solution structure shows a tensile strength 
higher than 1 GPa and a ductility greater than 10% after 
thermo-mechanical processing [21,22]. The properties of the eutectic 
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alloy reflect a combination of the high strength of the BCC phase and 
high ductility of the FCC phase. Considering that different types of HEAs 
have a wide range of properties, exploring high entropy composites 
(HECs) could be a fruitful approach for developing advanced materials 
with unprecedented mechanical and physical properties. 

Nanostructured metallic multilayers (NMMs) have been investigated 
due to promising applications in nuclear engineering [23–26], 
micro/nano-electromechanical devices [27], and optical systems [28]. 
The alternately stacked nano-layers in the NMMs provide material sys
tems where the properties can be tuned by the size effect (layer thick
ness), crystal structures of the constituent layers, epitaxial matching and 
defect structure of interphase boundaries. The various crystal structure 
combinations of NMMs, such as FCC/FCC [29–31], BCC/BCC [32], 
FCC/HCP [33,34], and BCC/HCP [35] (hexagonal close packed) have 
demonstrated interesting characteristics compared to bulk metals. 
Especially, the FCC/BCC multilayers with discontinuous slip systems 
and interfaces that promote dislocation core spreading have been 
particularly effective as strong barriers to the transmission of disloca
tions [36–41]. 

In this work, high-entropy composite multilayers (HECMs) with 
alternating layers of CrMnFeCoNi and TiZrNbHfTa alloys were investi
gated to explore the synergistic effects of nanolayer and crystallinity on 
the strength and deformability of concentrated alloys. To study the size 
dependent behavior, HECMs with individual layer thickness of 5 and 50 
nm were synthesized by magnetron sputtering. The microstructures 
were analyzed by transmission electron microscopy (TEM), and the 
mechanical properties were measured by nanoindentation. Deformation 
behavior was characterized by cross-section TEM and plan-view scan
ning electron microscopy (SEM) of nanoindents. Molecular Dynamics 
(MD) simulations were used to elucidate the deformation mechanisms. 

2. Materials and methods 

2.1. Sample preparation 

The equiatomic CrMnFeCoNi and TiZrNbHfTa alloy targets were 
prepared at Oak Ridge National Lab by arc melting pure elemental 
metals (purity higher than 99.99 wt% and 99.9 wt%, respectively) in 
high-purity argon atmosphere. To facilitate mixing of the constituent 
elements, each ingot was flipped and re-melted five times and then 
allowed to solidify in a pancake-shaped water-cooled Cu mold. The cast 
ingots were homogenized in vacuum at 1200 ◦C for 48 h, sliced along the 
mid-plane by electric discharge machining, and ground until all the 
solidification shrinkage in the middle of the casting disappeared. After 
grinding, disk-shaped sputtering targets with diameter of 50.8 mm and 
height of 6.35 mm were obtained. The surface of the alloy targets was 
polished to mirror finish and ultrasonically cleaned in an ethanol bath to 
remove potential contamination from handling before insertion into the 
sputtering chamber. 

Direct current (DC) magnetron sputtering was used to prepare HECM 
films from the alloy targets. The substrate for deposition was pure Si 
with a native SiO2 layer; it was ultrasonically cleaned in ethanol prior to 
deposition. The chamber was evacuated to 3.6 × 10−6 Pa before depo
sition and then maintained at 1 Pa by ventilating with argon during 
deposition. The sputtering power applied to the TiZrNbHfTa and 
CrMnFeCoNi targets was 150 and 116 W, respectively. The nominal 
deposition rate was 1.851 Å s−1. To prepare the CrMnFeCoNi and 
TiZrNbHfTa single films, the corresponding single alloy target was used 
for continuous sputtering. In the case of the TiZrNbHfTa film which 
consists of higher melting elements, a periodic sputtering process was 
performed with a 30 min cooldown time after every 100 nm deposition, 
to avoid temperature increase of the substrate during continuous 
deposition. For the CrMnFeCoNi/TiZrNbHfTa HECMs (denoted below as 
C layer, and T layer, respectively) with individual layer thickness of 5 
and 50 nm, sequential sputtering with the two alloy targets was con
ducted using an appropriate shutter system. All films were deposited on 

the substrate nominally at room temperature to a total film thickness of 
1 μm. 

2.2. Microstructure and mechanical properties 

Cross-sectional TEM samples were lifted out using dual-beam 
focused ion beam (FIB) technique on a FEI Helios Nanolab 650 work
ing station. The microstructures were observed using a double Cs- 
corrected microscope (JEOL 3100R05) operated at 300 kV in a scan
ning TEM (STEM) mode. Composition analysis was performed using an 
analytical TEM (Talos F200X) equipped with four energy dispersive 
spectroscopy (EDS) detectors. 

The hardness was measured by a Bruker Hysitron TI950 Tri
boindenter system equipped with a Berkovich tip, at a constant strain 
rate of 0.1% s−1. The maximum penetration depth was set as 100 nm, i. 
e., 1/10 of the film thickness to avoid the substrate effect. Measurements 
were conducted at 10 or more different locations on each sample from 
which average values and standard deviations were determined. To 
further investigate the deformation mechanisms of the multilayers, the 
nanoindentation with 800 nm penetration depth was carried out on the 
surface of the 5 and 50 nm multilayers, and the surface morphologies of 
the indent were explored by scanning electron microscope (FEI Helios 
650), while the microstructures of the cross sections through the indents 
were analyzed by TEM. 

2.3. Molecular dynamics simulations 

To elucidate the HECMs’ deformation mechanisms, three types of 
models in atomistic simulations were set up and compared: Type-I, ho
mogeneous amorphous T layer – crystalline C layer; Type-II, heteroge
neous amorphous T layer – homogeneous amorphous C layer; and Type- 
III, heterogeneous amorphous T layer – crystalline C layer, respectively. 
The homogeneous amorphous layer represents a regular glassy struc
ture, while the heterogeneous amorphous layer represents a density- 
fluctuating nano-granular structure retrieved from the experiments. 

The tensile tests and deformation behaviors of the three models 
under the strain rate of 107 s−1 at 300 K were investigated by MD sim
ulations using the LAMMPS software. The periodic boundary conditions 
were assigned to the y- (interfacial normal) and z- (perpendicular to 
screen) directions, while the free boundary condition was employed 
along the x-direction. The simulations were performed at 300 K with 
NPT (P = 0) control, and each tensile test contained a total time step of 
2.5 × 107 at individual time step of 2 fs. The ratio between height (y- 
direction) and length (x-direction) was set to be around 2, in accordance 
with the experiments. The tensile loading is along the y direction. 
Admittedly, there is a considerable time scale gap between MD simu
lations and real experiments. Under some circumstances, such a strain 
rate mismatch would not change the deformation mechanisms but may 
lead to a quantitative yield strength variation [42–44], while under 
some special cases, it might trigger distinct deformation mechanisms 
[45,46]. We believe that in the scope of nanoindentation process the 
high strain rate in MD simulations would not significantly compromise 
the true physics underpinning because the indentation velocities in our 
simulations (~0.2 m/s) are far below the speed of sound, which in
dicates that MD simulations could effectively dissipate reflected waves 
due to the motion of the indenter and would not invoke a fundamentally 
different physical picture from the experiments [47]. In other earlier 
studies on the interface-mediated deformation in nano-structured ma
terials, it was also demonstrated that the high strain rate in MD simu
lations did not affect the underlying interface physics [48]. Therefore, 
we believe the high simulation strain rate would not be a significant 
issue in the present study. We also examined different sizes of simulation 
cells ranging from 50,000 to 880,000 atoms, and no remarkable size or 
image force effects were observed. All the obtained data from MD sim
ulations were displayed through “The Open Visualization Tool” (OVITO) 
[49]. 
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It should be noted, describing the HECMs completely via atomistic 
simulations is challenging since it would require a high-fidelity inter
atomic potential capable of handling the collective particle interactions 
up to 10 different elements, which to our awareness, is not available to 
date. While one can always define some generic Lenard-Jones force 
fields or special bonding connections [50,51]to approximate the in
teractions between dissimilar atoms, the overwhelming parameters 
needed to fit a 10-element force field may inevitably compromise the 
predictive power of the modeling. Considering this, some simplifications 
have been made in the simulations, particularly for the TiZrNbHfTa 
layer that demonstrated amorphous structure. For CoCrFeMnNi, a reli
able, modified embedded atom method (MEAM) inter-atomic potential 
was employed [52]. In the experiments reported in this manuscript, the 
HECM samples at 50 nm thickness exhibited crystalline structures in the 
C layer, where the lattice distortions caused by different species are 
postulated to influence the deformation behavior. Thus, it was impor
tant that the simulated C layer captured the compositional complexity of 
5 equimolar elements. As for the T layer, some flexibilities can be 
allowed because all the HECM samples in the present study exhibited 
amorphous structures, meaning that the lattice distortions in crystalline 
HEA phases may not be relevant in room temperature sputtered 
TiZrNbHfTa. In other words, it is not necessary to study the exact 
composition of TiZrNbHfTa; instead, it can be acceptable to construct 
the T layer using fewer elements, as long as it can interact with the C 
layer effectively in a similar way. To be more specific, the simplification 
made in the present study is to construct amorphous Mn layer as the 
substitution for T layer, and the reasons are four-fold (1) The chemical 
test results (e.g. Fig. 5b below) clearly show a diffusing Mn’s profile that 
stretches into the T layer, meaning it can interchange with other ele
ments and at least can represent some features of T layer; (2) Electro
negativity of constituent elements have been found to play critical roles 

in complex alloys’ mechanical and thermodynamic properties [53]. 
Mn’s Smith electronegativity is close to the average value of Ta, Nb, Hf, 
Zr, and Ti elements [54,55], which suggests that it may be representa
tive of some key features of T layer; (3) Using a single element with a 
similar valence electron concentration to represent a 5-element HEA has 
been practiced in the atomistic simulation and achieved consistent re
sults with experimental observations [56]; (4) With such set up, one can 
directly employ the widely adopted force field for CrMnFeCoNi alloys 
[52] without the necessity of invoking further parameters or fittings. 

3. Results 

3.1. Microstructures 

3.1.1. Microstructure of the as-deposited TiZrNbHfTa film 
The cross-sectional TEM image of the TiZrNbHfTa film, Fig. 1a, 

shows different structure in the bottom 300 nm as compared to the top 
700 nm. Columnar grains with 100 nm in width and BCC crystal struc
ture are observed in the top layer, as shown in Fig. 1b and c, with no 
obvious texture detected. The amorphous nature of the bottom layer is 
confirmed by TEM, as shown in Fig. 1d and e, while isolated, faint 
diffraction spots in the selected area diffraction pattern (SADP) indicate 
the presence of a small amount of nanocrystals. The high resolution (HR) 
TEM image demonstrates a nanoscale granular amorphous morphology 
with dark and light contrasts, which is different from the typical glassy 
metals that exhibit maze-like contrast without any visible heterogene
ities. The light cells are circled in orange in Fig. 1e, with an average cell 
size of 2–4 nm, while the inter-granular area with dark contrast shows an 
average spacing of around 1.5 nm. A similar microstructure called nano- 
grained metallic glass (NGMG) [57,58] or nanoglass (NG) [59–67] has 
been reported in recent years. Typically, the granular morphology was 

Fig. 1. (a) Cross-sectional TEM image of the 1 μm thick TiZrNbHfTa film. (b) Magnified TEM image, showing a change in film structure with increasing thickness. (c) 
Microstructure and corresponding SADP of the top region (labeled as layer 2 in (a)), showing its polycrystalline structure. (d) Microstructure and corresponding SADP 
of the bottom region (labeled as layer 1 in (a)), showing its amorphous structure. (e) HRTEM image of the amorphous region, displaying the nanoscale granular 
amorphous morphology with amorphous cells, some of which are outlined by the dotted orange lines as a guide to the eye. (f) Schematic diagram of a granular 
amorphous structure showing regions of high and low relative density.(For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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not induced by elemental segregation, while the dark area was believed 
to correspond to an amorphous region with high atomic density, and the 
light area with low atomic density [68]. A schematic diagram of the 
atomic arrangement for the granular amorphous structure is shown in 
Fig. 1f. 

The nanocrystalline(top)/amorphous(bottom) structure in the 
TiZrNbHfTa film is quite different from the single-phase BCC crystal 
structure in its bulk, as-cast state [69]. In another investigation, thin 
films of TiZrNbHfTa that were DC magnetron sputtered at room tem
perature exhibited complete amorphous structure without a clear tran
sition from amorphous to nanocrystalline with increasing film thickness 
[70]. For a similar composition of HfNbTiVZr (V instead of Ta), also a 
BCC structure was reported only in films deposited at 275 ◦C and the 
room temperature deposited films were amorphous [71]. During sputter 
deposition, the high quenching rate from vapor to solid limits the time 
available for diffusion in refractory HEAs, and thus the ability to form 
crystalline phases, leading to the amorphous microstructure. 
Non-equilibrium phases have also been reported in sputter deposited 
stainless steel thin films [72], but not the transition from amorphous to 
crystalline with increasing film thickness. In this study, an interrupted 
deposition of TiZrNbHfTa film was performed in which 30 min of 
cooldown time was inserted after every 100 nm of deposition, to mini
mize any temperature increase that may occur during continuous 
deposition. However, as can be seen in the bright field (BF) and high 
angle annular dark field (HAADF) cross-sectional TEM images in Fig. 2a 
and b, nanocrystalline (top)/amorphous (bottom) morphology again 
appears in this film. As before, the bottom layer with thickness of 300 
nm is amorphous (Fig. 2c), while the top layer is polycrystalline with 
columnar grains. It seems that the columnar nanocrystalline structure is 
not caused by potential substrate heating during continuous deposition. 
Rather, a graded structure evolves gradually with increasing thickness 
with the bottom region predominantly amorphous containing dispersed 
nanocrystallites that seed the crystalline growth in the top region. Once 
critical size crystalline are nucleated, these tend to grow preferentially 
resulting in a columnar morphology. 

3.1.2. Microstructure of the as-deposited CrMnFeCoNi film 
The cross-sectional TEM image of the CrMnFeCoNi HEA film is 

shown in Fig. 3a where the nanoscale columnar crystals with grain 
boundaries perpendicular to the substrate are observed. Measurements 
of approximately 100 grains indicate that the average width of the 
columnar grains is 38 ± 2 nm. The inserted SADP not only suggests a 
single FCC crystal structure in the columnar grains with preferred 
orientation of [111], but also indicates the existence of nanotwins in the 
grain interior. Furthermore, the microstructure that is presented in 
Fig. 3b illustrates an ultrahigh density of nanotwins with interfaces 
parallel to the surface of the film. Fig. 3c and d shows the HRTEM images 
taken in the grain interior, in which the nanotwins and stacking faults 

(SFs) with spacing ranging from 0.5 to 3 nm can be clearly observed. An 
amorphous substrate layer of ≈300 nm thickness as reported in Ref. [73] 
for sputtered CoCrFeMnNi films was not observed in this study. 

3.1.3. Microstructure of the as-deposited CrMnFeCoNi/TiZrNbHfTa 50 nm 
multilayer 

Fig. 4a shows the cross-sectional microstructure of the CrMnFeCoNi/ 
TiZrNbHfTa 50 nm multilayer, with sharp and nominally flat interfaces. 
From the inserted SADP, both a diffuse halo and FCC diffraction spots 
are observed, indicating the coexistence of the amorphous structure and 
the FCC crystal structure in the multilayer. The magnified microstruc
ture in Fig. 4b, illustrates an amorphous structure in the TiZrNbHfTa 
layer, and an FCC polycrystalline structure with SFs and nanotwins 
distributed along various orientations in the CrMnFeCoNi layer. From 
the [110] zone axis of the FCC phase, an ultrahigh density of nanotwins 
with (111) twinning plane perpendicular to the layer interface is 
observed in Fig. 4c (the magnified image of the blue framed area in 
Fig. 4b). However, in Fig. 4d, the magnified microstructure of the pink 
framed area in Fig. 4b, the (111) twinning plane nearly parallel to the 
layer interface is observed. The HRTEM image from the [111] zone axis 
in Fig. 4e, taken from the green framed area in Fig. 4b, further confirms 
the FCC structure in the CrMnFeCoNi layer. The HRTEM image in Fig. 4f 
taken from the TiZrNbHfTa layer (orange framed area in Fig. 4b) shows 
a heterogeneous amorphous structure. In addition, the elemental dis
tribution of the CrMnFeCoNi/TiZrNbHfTa 50 nm multilayer was 
measured by EDS, and the resulting elemental maps are shown in 
Fig. 4g, illustrating a homogeneous distribution without segregation or 
clustering in both CrMnFeCoNi and TiZrNbHfTa layers. 

3.1.4. Microstructure of the as-deposited CrMnFeCoNi/TiZrNbHfTa 5 nm 
multilayer 

The CrMnFeCoNi/TiZrNbHfTa 5 nm multilayer exhibits a high 
deposition quality, with each layer flat and their interfaces sharp, as can 
be seen in the cross-sectional TEM image in Fig. 5a. The corresponding 
SADP with fully diffuse halo shown in the insert suggests a completely 
amorphous structure in both T and C layers. The TiZrNbHfTa layer is 
amorphous in both 5 nm and 50 nm layer thickness samples. However, 
the CrMnFeCoNi layer is amorphous in the 5 nm layer thickness HECM, 
but crystalline structure in the 50 nm thickness HECM. 

Similar to the 50 nm layer thickness case, all elements are distributed 
homogeneously in the 5 nm layers without the formation of any 
detectable solute clusters, as can be seen in the EDS results in Fig. 5b. 
From the magnified HAADF and BF TEM images in Fig. 5c,d, a typical 
maze-like amorphous structure is observed in the CrMnFeCoNi layer, 
while a nanoscale granular amorphous structure with dark and light 
contrast that mentioned in 3.1.1 is observed in the TiZrNbHfTa layer. 
The HRTEM images of T and C layers in Fig. 5e and f further confirm 
their amorphous nature. Together with the EDS results, it can be 

Fig. 2. Cross-sectional TEM images of the periodically deposited TiZrNbHfTa film: (a) BF. (b) HAADF. (c) Magnified TEM image of the bottom amorphous area.  
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concluded that the dark and light contrast is not induced by any 
elemental segregation, which has been reported in Ref. 68. 

3.2. Mechanical properties 

To evaluate the mechanical properties, nanoindentation tests were 
performed on the CrMnFeCoNi and TiZrNbHfTa single layer films as 
well as their 5 and 50 nm HECMs, and the representative load-depth 
profiles are shown in Fig. 6a. The CrMnFeCoNi film exhibits a hard
ness of 7.6 GPa which is attributed to the high density of nanotwins that 
effectively impede dislocation motion. The TiZrNbHfTa films prepared 
by continuous deposition (Fig. 1) and interrupted deposition (Fig. 2) 
show comparable hardness values given their similar microstructures. 
For the alloys with the same composition of TiZrNbHfTa, the film with 
layered amorphous and crystalline structures shows hardness of 6.1 
GPa, which is superior to 4.9 GPa reported for bulk alloy with large 
grains [74], and lower than 12.5 GPa reported for sputtered thin film of 
TiZrNbHfTa alloy with fully amorphous structure [75]. For a similar 
HfNbTiVZr (V instead of Ta) sputtered thin film [71], hardness of the 
fully amorphous film was 6.5 GPa, increasing to 7.9 GPa for BCC 
nanocrystalline film and to 9.2 GPa with Laves phase precipitates in the 
BCC matrix. In Ref. [75], microstructure of the film was not reported, 
hence, it is not clear what caused the unusually high reported value of 
12.5 GPa. For the TiZrNbHfTa film reported here, the top 70% of the film 
thickness is columnar nanocrystalline and hence, the indentation is 

primarily measuring the deformation of the nanocrystalline region, 
although the measurement is likely affected by the bottom 30% region 
that is amorphous. The indentation results for TiZrNbHfTa film reported 
here in comparison with the literature [71] suggest that the film hard
ness can be controlled by the ratio of the amorphous to the crystalline 
structure. 

The morphologies of the Berkovich indents on the 5 and 50 nm 
composite multilayer surfaces were investigated to compare the defor
mation behaviors, as shown in Fig. 6c and d. Both the indents exhibit a 
convexity at the edges of the equilateral triangle, suggesting pile-up at 
the contact surface during indentation. Well-developed circular defor
mation lines are observed at the edge of the indent of the 5 nm multi
layer, as indicated by the blue dotted lines in Fig. 6c. Generally, the 
occurrence of shear bands inside the materials will leave protuberances 
on the sample surface, therefore, the high density of such loops around 
the indent indicates significant shear deformation in the 5 nm multi
layer. However, from Fig. 6d, the irregular wave lines surrounding the 
indent of the 50 nm multilayer suggest a lower density of shear bands. 

As for the CrMnFeCoNi/TiZrNbHfTa HECMs, the combination of the 
two amorphous structures in the 5 nm multilayer contributes to the high 
hardness of 7.8 GPa, while the combination of the amorphous structure 
and the crystalline structure with ultrahigh density of nanotwins in the 
50 nm multilayer shows a lower but still high hardness of 5.6 GPa. This 
is not surprising because, compared with the crystalline C layer in the 
50 nm sample, the amorphization of C layer in the 5 nm sample would 

Fig. 3. (a) Cross-sectional TEM image of the CrMnFeCoNi film, and the corresponding SADP. (b) Magnified TEM image, showing a high density of planar defects in 
the film, the representative nanotwins are indicated by red arrows. (c,d) HRTEM images taken from the grain interior, displaying the nanotwins and stacking faults 
with spacing ranging from 0.5 to 3 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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make plastic strain more difficult to propagate and thus yield a higher 
strength. 

4. Discussion 

Fig. 7a below shows the stress-strain curves for all 3 types of models 
in atomistic simulations. The retrieved Young’s modulus is around 70 
GPa, which is close to experimental results. Among the 3 curves, the 
sample with amorphized C-layer (i.e. Type-II) exhibits the highest 
strength around 2.2 GPa; while the samples with crystalline C-layer (i.e. 
Type-I and Type-III) exhibit a lower strength around 1.5–1.7 GPa. Note 
that these numbers are the uniaxial tensile strength values in simula
tions, and they are reasonably well consistent with the indentation 
measurements considering the hardness to flow strength conversion 
factor of around 3 or slightly above. 

To better demonstrate the role of C-layer in HECMs, we compared 
the deformation mechanisms between Type-II and Type-III models, 
where they possess the same T layer (heterogeneous amorphous struc
ture) while having different C layers (homogeneous amorphous for 
Type-II and crystalline for Type-III). It is observed that under the same 
loading conditions, the Type-III’s C layer exhibits more extended shear 
deformation than Type-II does. For example, as seen in Fig. 7b, at the 
global tensile strain of 0.08 the shear strain of C layer in Type-III already 

propagates across the sample, while in Type-II it is still highly localized 
near the C/T interface. As mentioned above in Sec. 2.3, no significant 
size effect has been observed in simulations in terms of the tensile 
strength and deformation mechanism. This indicates the amorphization 
of C-layer is the main factor that further strengthens the HECMs, 
corroborating the experimental measurements. 

It is worth emphasizing that, both these values of hardness are su
perior to those of previous multilayers with the same thickness, such as 
5.5 and 4.8 GPa, respectively, for the Cu/Ta multilayers with thickness 
of 5 and 50 nm [76] and 6.4 and 4.3 GPa, respectively, for the Cu/Nb 
multilayers with thickness of 5 and 50 nm [38]. Moreover, the hardness 
is even higher than the values, 6.8 and 4.9 GPa for Cu/(Ta50Nb25Mo25) 
5 and 50 nm multilayers [77]. Therefore, the present CrMnFeCoNi/
TiZrNbHfTa HECMs exhibit potential for achieving higher hardness than 
FCC/BCC elemental multilayers. 

In order to experimentally characterize the deformation mechanisms 
of the 5 and 50 nm HECM, the cross-sections of the indents with a total 
indentation depth of 800 nm were lifted out by FIB and studied by TEM. 
For the cross-section through the indent in the 5 nm multilayer (Fig. 8a), 
a series of shear bands is observed, indicating the localized shear 
deformation in the film. The magnified TEM image in Fig. 8b suggests 
that the shear deformation has triggered the instability of the interface, 
resulting in thinner and blurrier layer-interfaces in the shear bands. The 

Fig. 4. (a) Cross-sectional TEM image of the CrMnFeCoNi/TiZrNbHfTa 50 nm multilayer, and the corresponding SADP. The letters T and C denote TiZrNbHfTa and 
CrMnFeCoNi layer, respectively. (b) Magnified TEM image, showing the FCC structure in the CrMnFeCoNi layer and the amorphous structure in the TiZrNbHfTa 
layer. (c,d) HRTEM images taken from [110] zone axis of FCC, displaying the twinning plane perpendicular and parallel to the layer interface, respectively. (e) 
HRTEM image taken from [111] zone axis of FCC. (f) HRTEM image taken from TiZrNbHfTa layer, showing a heterogeneous amorphous structure. (g) EDS results of 
the 50 nm multilayer. 
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Fig. 5. (a) Cross-sectional TEM image of the CrMnFeCoNi/TiZrNbHfTa 5 nm multilayer, and the corresponding SADP. (b) EDS results of the 5 nm multilayer. (c,d) 
HAADF and BF TEM images, showing the maze-like amorphous structure and nanoscale granular amorphous structure in the CrMnFeCoNi and TiZrNbHfTa layers, 
respectively. The letters T and C denote TiZrNbHfTa and CrMnFeCoNi layers, respectively. (e,f) HRTEM images of the granular and maze-like amorphous structures 
in T and C layer, respectively. 

Fig. 6. (a) Representative load-depth curves of the 5 and 50 nm HECMs and TiTaHfNbZr and CrMnFeCoNi single films, in which the periodically deposited 
TiTaHfNbZr film is denoted as TiZrNbHfTa-2. (b) Schematic diagram of the Berkovich tip. (c,d) SEM images of the indent surface of the 5 and 50 nm multilayers, 
respectively. 
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kink angle (φ) of the shear bands is about 45◦, and the thickness of the 
shear bands ranges from 10 to 40 nm, comparable with those of the bulk 
amorphous alloys [78,79]. A close-up view of the shear band in Fig. 8c 
indicates a shearing displacement of 5 nm. Generally, the 5 nm multi
layer exhibits a similar deformation behavior with that of most con
ventional amorphous alloys. 

Fig. 8d shows the cross-sectional TEM image of the indent in the 50 
nm multilayer, which demonstrates co-compression of the CrMnFeCoNi 
and TiZrNbHfTa layers at the right bottom of the indenter tip, with a 
wave-like layer buckling beside the indenter. This cooperative buckling 
and rotation of the constituent layers could further lead to a wide shear 
band [80–82]. To be noted, the curvature of the buckled layers along the 
shear banding direction decreases with increasing indentation depth. 
For the layers close to the surface, even the amorphous TiZrNbHfTa 
layers maintain continuity without fracture, although the shear 
displacement has exceeded several times the thickness of the individual 
layers, which suggests an excellent co-deformation of the constituent 
layers. However, for the layers close to the substrate, the localized shear 
deformation occurs in the TiZrNbHfTa layers due to the limited buckling 
under the control of the adjacent top layer. As the strain concentration 
cannot be released through layer buckling, it accumulates in a small 
region and finally induces the formation of a localized shear band. 
Meanwhile, the CrMnFeCoNi layers maintain an intact microstructure 
due to the release of the strain concentration by the internal ultrahigh 
density of SFs and nanotwins during deformation. From the magnified 
BF and HAADF images of the deformed microstructures in Fig. 8e, a 
nanoscale shear deformation with shearing displacement of about 30 nm 
is observed in the TiZrNbHfTa layer. A close-up view of the indented 
region revealed a reorientation and agglomeration of sheared amor
phous zones along the shear band direction (Fig. 8f). Furthermore, these 
columnar amorphous zones or “grains” serve to provide channels for 
plastic flow during deformation, rather than strengthening the alloy by 
blocking or branching the shear band. As a result, the amorphous 

TiZrNbHfTa nanolayers exhibit good deformability compared to the 
conventional amorphous materials with limited plasticity [83,84]. Such 
a mechanism is also confirmed by atomistic simulations shown in Fig. 9, 
in which the deformation behaviors of the Type-I (homogeneous 
amorphous T layer – crystalline C layer) and Type-III (heterogeneous 
amorphous T layer – crystalline C layer) models under the same con
ditions are compared. Since C layers are identical in both models, the 
differences can only originate from T layers, namely the conventional 
homogeneous amorphous structure (Type-I) vs. the heterogeneous 
nano-granular amorphous structure (Type-III). It can be seen from 
Fig. 9a–c and e-g that the deformation behaviors in C layers are similar, 
namely the nucleation of SFs at C/T interfaces and the subsequent slip 
propagation. However, the deformation mechanisms in T layers are 
remarkably different. It is clear from Fig. 9d,h that the number of par
ticles with high atomic-level shear strain is much larger in Type-III than 
in Type-I. Furthermore, those highly-strained regions are confined in a 
thin shear band in Type-I, while in Type-III, by contrast, additional 
plastic deformation channels show up. By scrutinizing the T layer’s 
microstructural evolution through Fig. 9e–g, it is evident that the 
enhanced plasticity in Type-III is due to the reorientation and aggrega
tion of nano-granules in the T layer, in accordance with the experimental 
results. Again, no significant size effect has been observed in simula
tions, and as long as the T layers are in heterogeneous nano-granular 
structures the system would present enhanced plasticity. 

It is worth noting that similar softening phenomenon has been 
observed in most NGMGs, like Cu–Zr, Cu–Zr–Al and Zr–Cu–Al–Mo alloys 
[85–88]. Adibi et al. [89] reported an amorphous grain size (d) depen
dent deformation behavior in NGMGs using molecular dynamics simu
lation. Their results confirm that the deformation mode changes from 
shear fracture to plastic flow when d decreases from 15 to 5 nm. 
Therefore, the amorphous grains with size of 4 nm in this work could 
effectively improve the ductility of the amorphous alloys. In general, 
amorphous alloys are widely studied due to their high hardness and low 

Fig. 7. (a) The tensile loading along the y direction is applied and stress-strain curves for all three types of models in atomistic simulations. (b) Deformation be
haviors in Type-II and Type-III models under uniaxial loading. Type-II consists of heterogeneous amorphous T (TiZrNbHfTa) layer and homogeneous amorphous C 
(CrMnFeCoNi) layer, while Type-III consists of heterogeneous amorphous T layer and crystalline C layer. It is clear that the C layer with FCC crystal structure in Type- 
III exhibits more extended shear deformation than in that with homogeneous amorphous structure in Type-II under the same loading conditions. Note that to focus on 
the role of C layer in HECMs, here we only highlight the atomic level von Mises strain in C layers of both Type-II and Type-III. It is worth clarifying that, from the 
whole system level the plastic deformation is more likely to initiate and concentrate in T layers (see Fig. 9 below). When the C layer is amorphized, the shear 
deformation is more difficult to propagate through compared with the scenarios where C layer is in crystalline structure, and that is why Type-II presents the 
highest strength. 
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elastic modulus, but poor deformability limits their further application. 
A crystalline-amorphous nanocomposite with nanocrystalline grains 
containing high density of nanotwins wrapped by nanoscale amorphous 
regions was obtained by doping glass-forming elements into a crystalline 
CrCoFeNi system. It realized a near theoretical yield strength of 4.1 GPa 
and a homogeneous compressive strain of 45% [90]. During deforma
tion, the crystalline part serves to improve the plasticity of the alloy 
through mechanically driven de-twinning, while the strain hardening 
from the amorphous part and the crystalline-amorphous interfaces 
effectively strengthens the alloy. Furthermore, a BCC phase embedded 
in the amorphous matrix [91], or a nano-multilayer mixed with crys
talline and amorphous layers [92–94] are equally effective in improving 
the deformability by branching the shear bands and thus avoiding 
catastrophic shear fracture in the amorphous regions. 

Finally, it is noted that hardness of the single phase CrMnFeCoNi 
film, 7.6 ± 0.5 GPa, was nearly equal to the hardness of the 5 nm HECM 
multilayer, 7.8 ± 0.4 GPa, although the hardening mechanisms are 
different. This is due to the nanocrystalline columnar morphology with 
38 ± 2 nm average columnar width containing a high density of SFs and 
twin interfaces with spacing ranging from 0.5 to 3 nm in single phase 
CrMnFeCoNi film. In FCC metals, nanotwinned sputtered films have 
been shown to produce high hardness, approaching 6.5 GPa in austenitic 
stainless steel 330 [95] and tensile strength of ≈1.2 GPa in Cu [96]. The 
hardness of nanotwinned HEA film is significantly higher than that of 
nanotwinned austenitic stainless steel for comparable column size and 
twin spacing. It thus seems that for HEA systems, on one hand, it is easy 
to obtain crystalline/amorphous structures in sputtered thin films; on 
the other hand, its excellent properties combining the range of nanoscale 
structural dimensions, alloy compositions and structures provide 

numerous possibilities for developing advanced materials with unprec
edented mechanical and physical properties. 

5. Conclusions 

In this work, high-entropy composite multilayers based on the 
compositions of typical FCC-structured CrMnFeCoNi and BCC- 
structured TiZrNbHfTa were successfully synthesized by magnetron 
sputtering from two pre-alloyed sputtering targets. To investigate the 
size dependent microstructural evolution, the CrMnFeCoNi and 
TiZrNbHfTa single films and their corresponding composite multilayers 
with individual layer thickness of 5 and 50 nm were prepared. 

Single phase FCC CrMnFeCoNi film exhibits nanotwinned structure 
with high hardness of ≈7.6 GPa even higher than the hardness of ≈6.1 
GPa observed in the refractory TiZrNbHfTa film that exhibited an un
usual gradient structure changing from nanocrystalline near film surface 
to amorphous/nano-glass near substrate. 

The 50 nm high-entropy composite multilayers (HECM) with gran
ular amorphous structure in the TiZrNbHfTa layers and FCC structure in 
the CrMnFeCoNi layers demonstrates simultaneously high hardness and 
deformability, taking full advantages of both phases. The novel mech
anism of the reorientation and agglomeration of granular nano-glasses 
in the TiZrNbHfTa layer, which enables more plastic activities 
compared with conventional uniform-density amorphous solids, in 
conjunction with the nanotwinned structure in the CrMnFeCoNi layer, is 
the key to achieve high strength and plastic deformability in HECMs. On 
the other hand, hardness is maximized, although at loss of uniform 
plastic deformability, when nano-glass structure of the TiZrNbHfTa 
layer is combined with homogeneous glassy structure of CrMnFeCoNi 

Fig. 8. (a) Cross-sectional TEM image of the indented region of the 5 nm multilayer. (b) TEM image of the deformed area, exhibiting shear bands. (c) A magnified 
TEM image, showing the details of the shear band. (d) Cross-sectional TEM image of the indented region of the 50 nm multilayer. (e) BF and corresponding HAADF 
images, indicating the shear deformation in the TiZrNbHfTa layer. (f) TEM image of the deformed TiZrNbHfTa layer, showing the amorphous cells agglomerate along 
the shear direction. The pink arrows in the figures indicate the shear deformation. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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layer, resulting in high hardness of 7.8 GPa in the 5 nm layer thickness 
HECM. 

High-entropy composite multilayers provide new opportunities to 
develop strong and plastically deformable structural materials through 
synergistic mechanisms involving size (nanolayer), structure (crystal
line/nano-glass) and chemistry (multi-component concentrated alloys). 
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L. Perrière, T. Chauveau, I. Guillot, Elastic and plastic properties of as-cast 
equimolar TiHfZrTaNb high-entropy alloy, Mater. Sci. & Eng. A 654 (2016) 30–38. 

[75] N. Tüten, D. Canadinc, A. Motallebzadeh, B. Bal, Microstructure and tribological 
properties of TiTaHfNbZr high entropy alloy coatings deposited on Ti6Al4V 
substrates, Intermetallics 105 (2019) 99–106. 

[76] M. Wei, Z. Cao, X. Meng, Interfacial structures governed plastic deformation 
behaviors in metallic multilayers, Acta Metall. Sin-Engl 29 (2016) 199–204. 

[77] L. Jiang, M. Powers, Y. Cui, B.K. Derby, A. Misra, Microstructure and mechanical 
properties of nanoscale Cu/(Ta50Nb25Mo25) multilayers, Mater. Sci. & Eng. A 799 
(2021), 0921-5093. 

[78] J.H. Perepezko, S.D. Imhoff, M.W. Chen, J.Q. Wang, S. Gonzalez, Nucleation of 
shear bands in amorphous alloys, Proc. Natl. Acad. Sci. 111 (2014) 3938–3942. 

[79] Y. Zhang, A.L. Greer, Thickness of shear bands in metallic glasses, Appl. Phys. Lett. 
89 (2006) 71907. 

[80] Y.P. Li, X.F. Zhu, G.P. Zhang, J. Tan, W. Wang, B. Wu, Investigation of deformation 
instability of Au/Cu multilayers by indentation, Philos. Mag. 90 (2010) 
3049–3067. 

[81] D. Wang, T. Kups, J. Schawohl, P. Schaaf, Deformation behavior of Au/Ti 
multilayers under indentation, J. Mater. Sci. Mater. Electron. 23 (2012) 
1077–1082. 

[82] G.P. Zhang, Y. Liu, W. Wang, J. Tan, Experimental evidence of plastic deformation 
instability in nanoscale Au/Cu multilayers, Appl. Phys. Lett. 88 (2006), 13105. 

[83] S.V. Madge, D.V. Louzguine-Luzgin, J.J. Lewandowski, A.L. Greer, Toughness, 
extrinsic effects and Poisson’s ratio of bulk metallic glasses, Acta Mater 60 (2012) 
4800–4809. 

[84] R. Maaß, D. Klaumünzer, E.I. Preiß, P.M. Derlet, J.F. Löffler, Single shear-band 
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