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ABSTRACT

Alloying is known as an effective strategy to improve the mechanical properties of metallic materials. Here we
show that the microstructure and mechanical behavior of a TiZrNbHf; ¢ high entropy alloy film can be highly
tuned by Ni addition. The newly designed TiZrNbHf; ¢Niy (x = 0, 0.4, 1.2, 1.8, 2.5, 3.0, 4.6) alloy films are
synthesized by co-sputtering Ti, Zr, Nb, Hf and Ni elemental targets. The microstructure and mechanical behavior
of the alloy films are investigated by X-ray diffraction (XRD), transmission electron microscopy (TEM), and
nano/micro-indentations. The microstructural analysis indicates that the TiZrNbHf; ¢ film has a single body-
centered cubic with columnar-nanograined structure. As Ni content increases to 0.4 or above, the films show
a complete amorphous structure. Our theoretical analysis shows that the transition from the crystalline to the
amorphous structure can be attributed to the large atomic radius difference and the change of the thermody-
namic parameters (e.g., mixing entropy and mixing enthalpy) due to the Ni addition. Compared to the
TiZrNbHf; ¢ film with a hardness of 4.8 GPa, a hardness increase of 8-35% is achieved in the Ni-doped alloy films
(5.2-6.5 GPa) as measured by nanoindentation. The elevated hardness may be attributed to the severe lattice
distortion and the amorphous structure induced by the Ni addition. Furthermore, microindentation reveals a
diversity of deformation behavior in those films with different Ni content. A homogeneous deformation (slight
plastic pileup) occurred in the films with Ni content of 1.2 and 4.6, which is close to the deformation behavior of
the crystal TiZrNbHf; ¢ film. While the film with a Ni content of 1.8 exhibits a catastrophic cracking deformation.
Finally, multiple shear banding dominates the deformation of these films with Ni content of 0.4, 2.5 and 3.0. Our
findings demonstrate that ultrastrong and highly deformable amorphous high entropy alloy thin films can be
developed by appropriate element addition, making them promising materials for corrosion and wear-resistant
coatings.

1. Introduction

equiatomic concentrations (ranging in 5-35%), as proposed by Yeh [7]
and Cantor et al. [8] in 2004. The configurational entropy of the HEA

In nearly two decades, high entropy alloys (HEAs) have attracted
great scientific attention due to their huge alloy design space and
outstanding mechanical properties, such as excellent strength and
ductility combinations [1-3], high fracture toughness under cryogenic
conditions [4], high corrosion and wear resistances [5]. Unlike the
traditional alloying strategy by adding relatively small amounts of sec-
ondary elements to improve mechanical properties (e.g., aluminum
alloy, titanium alloy, nickel alloy) [6], HEAs are defined as a new class of
alloys composed of five or more elements in equiatomic or near

system is maximized, which stabilizes solid-solution-like phases with
relatively simple crystal structures with face center cubic (FCC) or body
center cubic (BCC) solid solution phases and even amorphous structures
rather than forming the conventionally expected complex intermetallic
phases [9].

The earlier research about HEAs mainly emphasizes alloys based on
late-transition metals such as Fe, Ni, Cr, Co and Cu, which are capable of
structural function with high strength and high plasticity [10,11]. The
tension or compression strength of those HEAs usually reached more
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than 1 GPa, the uniform elongation of those HEAs is as high as 30-60%,
and the compression failure strain also reached 25-33% [12,13].
However, similar to conventional alloys, a rapid decrease in strength of
those HEAs occurs at elevated temperatures above ~ 0.6 Tp,, where Ty, is
the melting temperature. For instance, the tensile strength of the
CoCrFeNi-based FCC HEAs showed a rapid decrease from ~ 1 GPa to
nearly 100 MPa as the temperature increased from — 200 °C to 1000 °C
[10,14], which is far below the application requirements in
high-temperature scenarios.

Since Senkov et al. [15] first reported the refractory HEAs (RHEAs,
also called Senkov alloys), which can be used in high-temperature
load-bearing structures and thermal protection for the aerospace in-
dustry, there has been tremendous attention focused on RHEAs due to
their ability to retain high strength even up to 1600 °C [16,17].
Generally, the group of RHEAs is composed of the ten metals Ti, Zr, Hf,
V, Nb, Ta, Cr, Mo, W and Re. These metals have high melting even
beyond 1800 °C [18]. For RHEAs, the high strengths displayed, at high
temperatures in particular, are very attractive because they surpass
state-of-the-art Ni-based superalloys in some cases which are limited by
their solvus and melting temperatures and often lose strength at tem-
peratures above 1200 °C [17,19]. However, the significant weakness for
most RHEAs is their low ductility at room temperature (RT) and low
temperature (< 600 °C) [15,16,20-23]. For example, NbMoTaW and
NbMoTaWV bulk RHEAs only process a compression fracture strain of
2.6% and 1.7%, respectively [16] at RT. Interestingly, among the re-
ported RHEAs, HfNbTiZr [24], HINbTaTiZr [20] and their derived alloys
show RT tensile ductility well in excess of 10% and compressive ductility
greater than 50%. However, the yield strength of these TiZrNbHf or
TiZrNbHfTa RHEAs is limited (below 1 GPa) compared with other
RHEAs (e.g., the group of NbMoTaW RHEAs with yield strength beyond
1 GPa [16]). Therefore, to further elevate the strength/hardness of the
group of TiZrNbHf RHEAs is scientifically important and beneficial to
engineering applications (e.g, wear-resistant coatings), whereas rele-
vant studies are few and mainly focus on the influence of low melting
elements (like Al) on the ductility and high-temperature properties of
the bulk RHEAs [17,25,26].

Alloying is a typical strategy to modify the mechanical properties of a
material by choosing an appropriate element addition. In principle, the
microstructure varies when the component concentration changes in an
alloy system due to the differences in physical characteristics among
different elements (e.g., atomic size, elastic modulus, valence electron
concentration, etc.) [27,28]. For example, by co-sputtering In and
CoCrCuFeNi targets, Braeckman et al. [29] observed a transition from
FCC structure to an amorphous one as the In content exceeds 8.6 at.%.
Also, the group of Hsueh [30-32] reported that the addition of Ti, V, and
Nb elements to CoCrFeMnNi films can induce a phase transition from
FCC to an amorphous structure, and the hardness of the alloy films
increased simultaneously. The elevated hardness/strength in the afore-
mentioned FCC HEA films with element addition [30-32] might be
attributed to the high and ubiquitous local lattice distortions produced
by neighbor atoms with different atomic sizes [9]. Additionally, by using
an uniaxial tensile test combined with density functional theory calcu-
lation, Sohn et al. [33] directly proved that the inherent severe lattice
distortions in FCC VCoNi bulk HEA can substantially improve the lattice
friction stress to eventually realize a high yield strength of ~ 1 GPa in
this alloy.

The above studies share a pertinent design strategy for developing
alloys with high strength, i.e., inducing severe lattice distortions.
Motivated by this paradigm, the nickel (Ni) element is selected to be the
alloying element adding in a TiZrNbHf; ¢ alloy since the atomic radius
and modulus of Ni have a large difference from the matrix elements (Ti,
Zr, Nb, Hf), which potentially enables a huge space for microstructural
regulation and high lattice distortion for strengthening. Here a Hf rich
composition (TiZrNbHf; ¢) is selected as a starting point of the studied
alloy films based on the following considerations: (i) the addition of
subgroup IV elements (Hf, Ti, Zr) generally improve the toughness of the
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refractory HEAs [17]. For example, the fracture toughness of the
Hf39NbasTagsTijsMos is reached as high as 94.7 + 1.4 MPa m!/ 2, which
is 20% higher than that of the (TiZrNbTa)gsMos [34]; (ii) Hf element is
extremely corrosion resistant due to the strong oxygen affinity. There-
fore, a Hf rich composition may potentially enhance the deformability
and the corrosion resistance of the TiZrNbHf; ¢Niy HEA films.

This study aims to investigate the effect of Ni addition on the
microstructure and mechanical properties of the TiZrNbHf; ¢ HEA thin
films. Firstly, a series of TiZrNbHf; ¢Nix (x = 0, 0.4, 1.2, 1.8, 2.5, 3.0,
4.6) HEA films were fabricated by using a magnetron co-sputtering
method. The chemic composition, crystallographic structure, mechani-
cal properties including hardness and elastic modulus, and deformation
behaviors of the as-prepared HEA films were examined in detail by
scanning electron microscopy (SEM), XRD, TEM and nano/micro-
indentations. Furthermore, the effect of Ni addition on the phase for-
mation of the HEA films was analyzed based on the calculated ther-
modynamic parameters, e.g., mixing entropy and mixing enthalpy.
Moreover, the correlation between the microstructure and the plastic
deformation behaviors was discussed.

2. Materials and methods
2.1. Alloy film preparation

A series of TiZrNbHf; ¢Niy (x = 0, 0.4, 1.2, 1.8, 2.5, 3.0, 4.6) HEA
films were synthesized by co-sputtering five pure targets Ti (purity of
99.999%), Zr (purity of 99.9%), Nb (purity of 99.9%), Hf (purity of
99.9%), and Ni (purity of 99.95%) in a magnetron sputtering system
(PTL6S PVD system), as illustrated in Fig. 1a. The substrate is a single
crystal Si (100) wafer without any heating or cooling before deposition.
The background vacuum of the deposition chamber was less than 5 x
107° Pa. The work pressure was 1.4 Pa using high-pure (99.999%) Ar
gas. Additionally, the path of sputtered atoms from the target to the
substrate is arc-type due to the annular configuration of the chamber (as
schematized in Fig. 1a), which may lead to an inhomogeneous distri-
bution of elements arriving at the substrate. Thus, a rotation rate of 30
rpm was set for the substrate to homogenize the composition as well as
the thickness of the film [31,35]. The power used for Hf and Ni targets
was radio frequency (RF) and for other targets was direct current (DC).
Technically, both RF and DC powers can be used to sputter all the five
metal targets (Ti, Zr, Nb, Hf and Ni). The usage of DC or RF power de-
pends on their specific number in the sputter instrument, which will not
alter the microstructure and mechanical properties of the sputtered film.
The atomic molar ratio of Ti, Zr, Nb, Hf is designed to be constant, i.e.,
1:1:1:1.6, while the content of Ni is increased in proportion by adjusting
the power (Table 1). Note that the powers of the other four targets (Ti,
Zr, Nb and Hf) in the samples with x > 1.8 were reduced to obtain the
designed Ni content in all the samples without exceeding the power limit
(180 W). All samples shared an equivalent total thickness of ~ 1 pm by
controlling the deposition time as presented in Table 1. Besides, the
as-deposited sample would be heated at a low temperature during the
deposition process because the sputtered atoms that possess high kinetic
energy would collide with each other during the deposition process,
resulting in an increased temperature (~ 350 K) in the sample and the
substrate. Therefore, all films were naturally cooled in the vacuum
chamber for 2 h after deposition to make the full diffusion of the
deposited atoms and avoid delaminating and breaking from the sub-
strate due to internal stress.

2.2. Microstructural characterization

Crystallographic structures of the as-prepared films were identified
using XRD (Bruker D8 Advance) with Cu Ka (A = 0.15406 nm) radia-
tion, and the scanning angle is 26 ranging from 20-60°. The chemical
compositions and uniformity of the as-prepared samples were investi-
gated using energy dispersive X-ray spectroscopy (EDS) with 20 kV in
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Fig. 1. (a) Schematic diagram of the co-sputtering system used to fabricate the HEA films. (b) Display of the as-prepared sample grown on Si substrate. (c) Surface
SEM morphology of the as-deposited TiZrNbHf; ¢ film. (d) Element mappings of the white rectangular box area indicated in (c).

Table 1
The co-deposition parameters for preparing the TiZrNbHf; ¢Niy, HEA films.

Sample Power (W) Deposition time (minute)
Ti Zr Nb Hf Ni
x=0 140 94 90 106 0 44
x=0.4 140 94 90 106 46 42
x=12 140 94 90 106 136 39
x=1.8 100 67 64 76 146 51
x=24 80 54 51 61 162 60
x=3.0 70 47 45 60 171 65
x=4.6 45 30 29 34 168 90

scanning electron microscopy (SEM, TESCAN MIRA3). The cross-
sectional TEM lamellas were prepared using the focused ion beam
(FIB) (FEI, Helios Nanolab 600i, and Helios 5CX) milling. Before FIB
milling, a 2 ym thick platinum layer was deposited on the sample to
prevent ion beam damage. The final milling voltage and the current
were 5 kV and 18 pA, respectively, which was small enough to reduce
the FIB damage. Subsequently, the cross-sectional micrographs of the
RHEA films, including bright-field TEM, selected area electron diffrac-
tion (SAED), high-resolution TEM (HRTEM), high-angle annular dark
field (HAADF)-scanning TEM (HAADF-STEM) and STEM-EDS mappings
were taken in a spherical aberration-corrected FEI Titan Themis mi-
croscopy (Titan G2 60-300) operated at 300 kV.

2.3. Nanoindentation and microindentation tests

Nanoindentation (Agilent G200, Berkovich indenter with a radius of
50 nm) tests were used to measure the hardness and elastic modulus.
The continuous stiffness measurement (CSM) mode [36] with a constant
strain rate of 0.05 s~ was applied. The maximum indentation depth was
350 nm. A total of ten independent tests were performed for each sample
to ensure statistical reliability. The deformation of the HEA films was
examined using the microindentation (Shimadzu HMV-G20ST) equip-
ped with Vickers indenter with a radius of ~ 14.7 um. Six micro-
indentation tests, a load of 500 mN with 5s dwelling time, were
conducted on each sample. Subsequently, the deformation morphology
induced by microindentation was characterized by SEM (TESCAN
MIRA3), and the profile of the residual indents was characterized in an

atomic force microscope (Agilent 5500AFM/SPM).
3. Results and discussion
3.1. Microstructures of the as-deposited films

Fig. 1b presents the as-deposited TiZrNbHf; ¢ film grown on the Si
(100) wafer (Fig. 1b). A smooth and mirror effect can be observed from
the sample surface, which indicates a small roughness and good film
compactness. The surface SEM image (Fig. 1c) of the TiZrNbHf; ¢ film
reveals a nano-needles-like morphology, similar to the surface
morphology reported in Ws g2Tagg 97Cry 24Fe; 31Nij 56 HEA film [37].
The corresponding EDS mappings (Fig. 1d) demonstrate the uniformity
of the constituent elements without obvious clusters. Fig. 2 shows the
surface morphology of the as-prepared TiZrNbHf; ¢Niy HEA films with
different Ni content. It can be seen that the microstructure of the film
surface does not vary significantly with changing the composition even
the Ni content increased to 38.5 at.% (x = 3.0). However, a smooth
surface morphology accompanied by a large number of nano-cracks
occurs in the alloy film with a Ni content of 50.8 at.% (x = 4.6)
(Fig. 2f). Also, nano-cracks have also been reported in the as-prepared
W15439T338.81CI'14.58F615_45Ni15477 HEA film [37]. These nano-cracks
may be attributed to the high lattice distortion and stress produced by
the large difference in atomic size in the alloy system [33]. Besides, the
representative EDS mappings (Fig. 2g) show the homogeneity of the
component elements with Ni addition. The chemic concentrations
measured by EDS for all samples are presented in Table 2, which con-
firms the compositions of each sample with different Ni content. The
deviation between the actual atomic percentage and the normal one for
each element is less than 3%, which is considered as a reasonable de-
viation range of the co-sputtering deposition.

Fig. 3 presents the XRD patterns of the as-prepared TiZrNbHf; ¢Niy
films. It can be seen that the TiZrNbHf; ¢ film (x = 0) exhibits sharp
diffraction peaks, which indicates the instinct crystalline structure.
Further analysis confirms that the film has a single BCC structure with
typical (110) and (200) textures. As the Ni content increased to 0.4 or
above, a broad diffraction hump with low intensity occurs in those films,
which indicates a typical characteristic of the amorphous alloys. It can
be noted that the intensity of the peak of x = 3.0 is relatively low, which
is close to that of the x = 1.8 and 1.2, whereas that of x = 1.2, 2.5 and
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Fig. 2. Surface morphologies of the as-prepared TiZrNbHf; ¢Ni, HEA films. (a—f) SEM image of x = 0.4, 1.2, 1.8, 2.5, 3.0 and 4.6, respectively. (g) Element mappings

of (f), i.e., TiZrNbHf; gNiy ¢ film.

Table 2
The compositions (at.%) of the as-deposited TiZrNbHf; ¢Niy samples as
measured using the EDS with 20 kV.

Samples Ti Zr Nb Hf Ni
x=0 20.5 22.7 221 34.7 0
x=0.4 22.8 19.1 19.7 30 8.4
x=12 15.3 17.4 16.7 30.2 20.4
x=18 16.7 15.1 15.1 24.6 28.5
x=25 14.6 13.5 13.1 24.3 34.5
x=3.0 13.9 12.9 12.4 22.3 38.5
X =4.6 10 12.3 7.7 19.2 50.8

4.6 is similar. This difference in the peak shape between these samples
may be attributed to the distinct diffraction intensity induced by the
composition variation [38]. Besides, the position of the peak for x = 3
agrees with the trend of the amorphous peak in the series of
TiZrNbHf; ¢Niy films, which moves to higher angles with the increase of
the Ni content. For example, for x = 0.4, x = 3.0 and x = 4.6, the peak is
located at 36.6°, 39.1° and 40.5°, respectively. This deflection of the
diffraction peak is indicative of reflections from the increase of Ni
element which has a FCC (111) peak at ~ 45°.

The cross-sectional TEM observations of the as-prepared TiZrNbHf; ¢
film are presented in Fig. 4. The bright-field TEM image (Fig. 4a) and
corresponding SAED pattern (inset in Fig. 4a) reveal a typical poly-
crystalline structure. Note that the grains are columnar in shape and
exhibit the needle geometrical morphology, where the diameter in-
creases gradually from the bottom to the surface. For example, the
measured diameter of the columnar grains near the substrate is ~ 35 nm
while that of the grains near the sample surface is as high as 150 nm,
which indicates that the grain size of the as-deposited TiZrNbHf; ¢ film
grows gradually with the deposition process. This phenomenon has also
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Fig. 3. X-ray diffraction (XRD) patterns of the TiZrNbHf; ¢Niy (x = 0, 0.4, 1.2,
1.8, 2.5, 3.0, 4.6) HEA films.

been observed in sputtered CrCoFeMnNi HEA films [35]. The HRTEM
micrograph (Fig. 4b) and the enlarged microstructure (inset in Fig. 4b)
taken along the [111] zone axis reveal the typical BCC lattice arrange-
ment, which is consistent with the XRD results. Furthermore, the cor-
responding FFT pattern (Fig. 4¢) indicates the representative (110) and
(011) orientations for the BCC lattice. The HAADF-STEM image (Fig. 4d)
and corresponding EDS mappings (Fig. 4e) further display the
columnar-grained microstructure of the TiZrNbHf; ¢ film, where a
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Fig. 4. Microstructures of the TiZrNbHf; ¢ HEA film. (a) Cross-sectional bright-field TEM image. (b) HRTEM micrograph taken along the [111] zone axis, the inset in
(b) shows the typical BCC lattice arrangement. (c) The fast Fourier transform (FFT) pattern of (b). (d) Cross-sectional HAADF-STEM image, indicating the columnar
grains of the sputtered TiZrNbHf; ¢ film. (e¢) EDS mappings of the box region indicated in (d).

deficiency of elements at the columnar boundary can be detected
(Fig. 4e). This phenomenon of element deficiency at the columnar
boundary observed from the EDS mappings is mainly induced by the
special grain morphology of the TiZrNbHf; ¢ film. The excessive growth
of columnar structure in the vertical direction leads to the appearance of
ditch-like between the boundaries of the columnar grains structure
(Fig. 4d), i.e., shadow effect [39]. Thus, during the process of EDS
scanning, the EDS detector will preferentially collect more element in-
formation inside the grain than the grain boundary since there exists a
plane difference in height between the grain and grain boundary,
resulting in a large difference in the bright and dark contrast of the el-
ements between the grain and the grain boundary.

Fig. 5 shows the microstructure of the amorphous HEA films with Ni
addition of 8.4 at.% and 34.8 at.%, i.e., TiZrNbHf; ¢Nig4 (Fig. 5a—c),
TiZrNbHf; ¢Nig 5 (Fig. 5d-f). First, no obvious crystalline characteristics
(e.g., grain boundary) can be detected from the bright-field TEM images
for both films (Fig. 5a and d). The corresponding SAED patterns (insets
in Fig. 5a and d) show a broad diffraction ring for TiZrNbHf; ¢Nig 4 and
TiZrNbHf; gNiy 5 films, which reveals their amorphous nature. More-
over, an obvious halo ring can be observed from the FFT patterns (insets
in Fig. 5b, ¢, e and f), which further confirms the amorphous structure of
Ni-doped HEA films, and this finding is consistent with XRD results.
Second, one can see that a high density of bright bands, 1-2 nm wide,
form along the growth direction in both amorphous samples, which is
clearly indicated by the red arrows in the inset in Fig. 5a. Interestingly,
these bright bands seem more prevalent in the internal of the film, while
gradually decrease or even disappeared near the sample surface. This
phenomenon can be further proved by the HRTEM observations by
detecting the region in the internal (A-I, D-I) and those near the surface
regions (A-II, D-II) for the two samples. It can be seen that obvious bright
bands can be captured in Fig. 5b and e (indicated by bright yellow ar-
rows), whereas no bright bands can be observed in Fig. 5c and f.

This type of bright band might be originated from the f relaxation
process of the amorphous alloys. In principle, # relaxation, which is
thermally activated and stress-assisted, occurs when undergoing a
temperature high enough to trigger f relaxations (~ 310 K [40]). In the
present study, considering that the high-energy atomic collision during
the co-sputtering process generated a temperature (at least 350 K

detected by the temperature detector connected to the substrate, which
is higher than the f relaxation temperature (~ 310 K) while lower than
the a relaxation temperature (~ 430 K) for amorphous alloys [40]. In
particular, the f relaxation corresponds to the local linkage of shear
transformation zones (STZs) [41] as illustrated in Fig. 5g, which might
be captured in the form of bright bands (or referred as nano shear bands
(NSBs)) in the amorphous matrix as the observed microstructures in
Fig. 5a. Besides, studies [42,43] have shown that both the fast quenching
from the high temperature to RT and the as-deposited form without any
heating could produce similar bright bands in the amorphous matrix,
whereas the former would reserve higher-density bright bands than the
latter. For example, similar bright bands have also been observed in
crystalline-layer confined amorphous NiW alloy films with fast quench
from high temperature to RT [42], and CuZr amorphous alloys in the
as-deposited crystalline Cu/amorphous CuZr layered films without any
extra heating [43], both of which were attributed to the f relaxation.
Therefore, abundant NSBs could form in the TiZrNbHf; gNiy films after
deposition due to the activation of $ relaxations. In addition, the process
from 350 K to RT after deposition needs about 1-2 h, which is consid-
ered as a slow annealing process. Then, the formed NSBs would anni-
hilate upon structural relaxation in amorphous alloys when no surface
confining [44]. Thus, it is expected that few NSBs can be reserved near
the film surface region, whereas high-density NSBs are reserved in the
inner of the film due to the fast cooling of the deposition, which is a
typical feature of the sputtering deposition. In other words, there is a
rapidly quenched effect during the formation of the thin films [37]. It is
emphasized that these NSBs (bright bands) are not caused by the
segregation of specific elements, which can be supported by the
STEM-EDS mappings (Fig. 6), where the five component elements are
distributed uniformly without obvious segregation or precipitation.

The above microstructural analysis results demonstrate that the
addition of Ni makes the phase structure of TiZrNbHf; ¢ HEA films
transmit from a single BCC to an amorphous structure. According to
Zhang et al. [45,46] and Guo et al. [47,48], the formation of a solid
solution or amorphous structure can be predicted in terms of atomic size
difference (8) and the thermodynamic parameters Q, which are defined
as follows [46]:
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Fig. 5. Cross-sectional TEM microstructures of the amorphous HEA films. (a) and (d) Bright-field TEM images of the as-prepared TiZrNbHf; ¢Nip4 (a) and
TiZrNbHf; ¢Niy 5 (d) samples, respectively. The insets in (a) are the SAED pattern and the high magnification of the as-deposited microstructures of TiZrNbHf; ¢Nig 4
film, while the inset in (d) is the corresponding SAED pattern of TiZrNbHf; ¢Ni, s film. (b, ¢) and (e, f) HRTEM micrographs taken from (a) and (b), respectively. The
insets are the corresponding FFT patterns. (g) Schematic diagram of the potentially shear transformation zones (STZs) in the as-deposited amorphous matrix. (h)
Tllustration of the nano shear bands (NSBs) formed in the amorphous matrix, which is associated with the local linkage of STZs during f relaxation.

n

s= 1> c(l—r/r) )
i=1
TnASpix
= 2
|AHmix‘ ( )

where 7= Y"1, cir; is the average atomic radius for the alloy, r; is the
atomic radius of the component, and AHpy is the mixing enthalpies of
the HEA alloy system with n elements, which can be expressed as [49]:

AHyy = Y AH} cic; (3)
i=1,i#j

in which AHg-“" = 4AHTX, AHTX is the mixing enthalpy of binary liquid
alloys and can be obtained in [50], as presented in Table 3. c; or ¢;is the
mole percent of each element. ASyx is the mixing entropies of an
n-element regular solution according to Boltzmann’s hypothesis and can
be written as follows [7]:

ASpi = —RY (cilnc) “)
i=1

where >0 ,c = 1, R=8.314 JK 'mol™! is gas constant. T, =
S ici(Tw); is the melting temperature. The values of the parameters Ty,
and r; of each element are listed in Table 4.

As a consequence, the calculated parameters Q, & as well as AHpx,
ASnix are presented in Table 5. Yang and Zhang et al. [46] suggested that
the HEAs tend to form a solid-solution structure within the range
Q>1.1, § < 6.6%; while the formation of the amorphous phase is
determined by AHp,x and 8, i.e. AHpix < —12.2 kJ/mol, § > 6.4% ac-
cording to Guo et al. [48]. It can be noted that the values of those pa-
rameters for BCC structured TiZrNbHf; ¢ and those Ni-doped amorphous
TiZrNbHf; gNiy (x = 0.4, 1.2, 1.8, 2.5, 3.0, 4.6) films meet the above
criteria, which indicates that HEA films could be designed by using the
thermodynamic parameters based design criteria for bulk HEAs. To
more clearly show the relationship between parameters Q, & and the
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Fig. 6. Representive cross-sectional HAADF-STEM micrograph and corresponding EDS mappings of the as-deposited TiZrNbHf; ¢Nig 4 HEA film.

Table 3

Mixing enthalpies AHpyix (kJemol 1) of different binary elements [50].
AHpmix Ti Nb Ni
Ti 0 2 - 35
Zr 0 4 — 49
Nb 2 0 - 30
Hf 0 4 — 42
Ni - 35 - 30 — 42 0

Table 4

Melting point, shear modulus and atomic radius of the elements, which are
directly adopted from Refs. [47,51,52].

Element Melting point Shear modulus Atomic radius
®) (GPa) )
Ti 1939 44.16 1.462
Zr 2125 35.51 1.603
Nb 2741 37.5 1.429
Hf 2470 55.95 1.578
Ni 1728 76.03 1.246
Table 5
Calculated parameters ASpix, AHmix, Tm, Q and 8 for TiZrNbHf; ¢Niy RHEA films.
Samples ASmix AHp,ix Tm (K) Q 8 (%)
(JeK temol ™) (kJemol ™)
x=0 11.33 2.39 2342.72 11.09 4.7
x=0.4 12.82 —10.14 2274.1 2.88 8.7
x=12 13.11 —24.29 2222.62 1.2 8.9
x=1.8 13.08 —30.92 2160.62 0.91 9.6
x=2.5 12.71 — 34.78 2125.41 0.78 10.2
x = 3.0 12.47 — 36.54 2099.62 0.72 10.4
X =4.6 11.19 —39.99 2018.4 0.57 11.04

phase structure of the TiZrNiHf; ¢Niy RHEA films, the map of the Q, 5 for
the films and those of other reported bulk HEAs are plotted in Fig. 7.
First, it clearly shows that Q is inversely proportional to the Ni content,
while § is proportional to the Ni content (inset in Fig. 7). Second, the
crystallographic structure of the TiZrNbHf; ¢Niy films is in good agree-
ment with the phase predicted by the parameters Q and &, which are
divided to the solid solution region (the blue area) and amorphous re-
gion (the orange region). The above theoretical analyses demonstrate
that the atomic size difference and the change of thermodynamic con-
ditions induced by Ni addition are the key points that trigger the phase
transition of the TiZrNbHf; ¢Niy from a BCC solid solution to an amor-
phous structure.

3.2. Mechanical properties

Nanoindentation tests were performed to measure the hardness and
elastic modulus of the TiZrNbHf; ¢Niy RHEA films, as plotted in Fig. 8. It
can be seen that the hardness decreases rapidly at first as the depth in-
creases due to the size effect of nanoindentation (Fig. 8a). The hardness
reaches a plateau when the penetration depth is reached around 120 nm
(~ 10% of the film thickness), and further increases with the increase of
the indentation depth when the depth exceeds 200 nm. According to
Saha and Nix [65], the effect of the hard substrate on the hardness of the
soft film can be ignored since the plastic deformation was contained only
in the film at a small indentation depth (below 15% of the sample
thickness). Thereby, the plateau in the hardness-displacement curve can
be considered as the intrinsic hardness of the films [65]. The elastic
modulus of the films decreases rapidly at first as the depth is below
50 nm and increases slowly in the depth of 50-100 nm (Fig. 7b). Sub-
sequently, the elastic modulus shows a rapid increase with the pene-
trating of the indenter, which can be attributed to the higher stiffness of
the Si substrate than the RHEA films [65]. Thus, the elastic modulus of
the composites is calculated using the data in the depth of 50-100 nm, in
which depths the substrate effect is insignificant. As a consequence, the
variation of the hardness (H) and elastic modulus (E) with Ni content is
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Fig. 8. Representative indentation depth-dependent hardness (a) and elastic modulus (a) curves of the TiZrNbHf; ¢Niy (x = 0, 0.4, 1.2, 1.8, 2.5, 3.0, 4.6) HEA films.
(c) The variation of hardness and elastic modulus with the Ni content.

presented in Fig. 8c. Both hardness and the elastic modulus are obtained without Ni addition. The elevated hardness in Ni-doped alloy films may
by averaging the data from ten independent tests. It clearly shows that be attributed to the severe lattice distortion and the amorphous micro-
the samples with Ni-doped possess a higher hardness than the film structure produced by the large atomic size difference between the base
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elements Ti, Zr, Nb, Hf and the added element Ni. For instance, the
atomic size difference (8) of the TiZrNbHf; ¢Nig 4 system is about twice
of the TiZrNbHf; ¢ system, i.e., 8.7% for the former and 4.7% for the
later as presented in Table 5. Besides, the elastic modulus does not
change significantly in the films with different Ni content and is slightly
lower than that of the BCC-structured TiZrNbHf; ¢ film.

To evaluate the mechanical properties of the newly designed
TiZrNbHf; ¢Niy RHEA films, the relation of H%/E? and H/E (particularly
predicting the wear resistance than the H alone [66]) of the films and the
other bulk RHEAs [5,20-22,25,67-69], RHEA films [70] and pure ele-
ments [20] are plotted in Fig. 9. The value of H/E denotes an elastic
deformation factor, reflecting the ability of the film to resist elastic strain
[66]. The value of H?/E? is a plastic deformation factor, reflecting the
ability of the material to dissipate energy during plastic deformation
[71].1t can be clear from Fig. 9 that both the H/E and H3/E? values of the
TiZrNbHf; ¢Niy RHEA films (indicated by red circle symbols) are
generally higher than those of bulk RHEAs and the pure elements, while
close to that of the TiZrNbHfTa films as reported by Cheng et al. [70]. By
tunning the Ni content, the H/E value of the TiZrNbHf; ¢Niy RHEA films
varies from 0.043 to 0.059, and the H®/E? value varies from 0.009 to
0.022. This finding indicates that the excellent mechanical properties of
the TiZrNbHf; ¢ RHEA films can be effectively tailored by Ni addition,
making the them promising materials as wear resistance coatings.

3.3. Deformation behaviors

The plastic deformation of the TiZrNbHf; ¢Niy films was produced by
the microindentaion tests (schematized in Fig. 10a) with a load of 500
mN, as presented in Fig. 10b-i. It can be seen from Fig. 10b that an
obvious plastic pileup occurs around the indent in the crystal
TiZrNbHf; ¢ film, indicating a homogeneous deformation. While the
deformation mode varies in those films with different Ni content
(Fig. 10c-i). First, profuse shear bands (in regular circle-shaped) can be
observed around the indent with Ni content of 8.4 at.% (x = 0.4,
Fig. 10c). At the same time, the corresponding pileup height (hy) is
increased as compared with the film without Ni content (Fig. 10j).
Second, only plastic pileup occurs in the film with Ni content of 20.4 at.
% (x = 1.2, Fig. 10d), which is close to the morphology observed in
TiZrNbHf, ¢ film (Fig. 10b). This finding demonstrated that deform-
ability of TiZrNbHf; ¢Ni; 5 is superior to TiZrNbHf; ¢Nig 4 film, which
can be attributed to the relatively soft nature of the former (5.2 GPa)
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Fig. 9. Relationship between the H/E and H®/E? of the designed TiZrNbHf; 6.
Niy RHEA films and other bulk RHEAs (TiZrHfNb [5], TiZrHfNbTa [20],
TiZrNbTaHfy¢Alp4 [25], TiZrHfNbTaMo [67], TiZrNbAlMogsTags [25],
TiZrNbCrMoo sTag.s [21], TiZrNbVCr [22], TiZrNb [68], TiZrHf [69]), HEA film
(TiZrNbHfTa [70]) and pure metal elements (Ti, Zr, Nb, Hf) [20].
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than the later (5.9 GPa), as plotted in Fig. 10j. However, catastrophic
cracks with a maximum crack width of ~ 660 nm, occur in the film with
Ni content of 28.5 at.% (x = 1.8, Fig. 10e and f). No obvious plastic
pileup can be detected around the indent (Fig. 10j), suggesting a sig-
nificant brittleness behavior. It is clear that the crack initiates from the
center of the indenter and propagates directly along the edge of the
indenter (Fig. 10e and f), which is the typical radius crack [72]. As Ni
content increases to 34.5 at.% (x = 2.5, Fig. 10g) and 38.5 at.% (x = 3,
Fig. 10h), shear banding instead of cracks dominates the deformation
and produces obvious pileups with a height of ~ 230 nm as measured by
atomic force microscope (Fig. 10j), which is similar to the deformation
as observed in TiZrNbHf; gNig 4 film (Fig. 10c). With further increase Ni
content to 50.8 at.% (x=4.6), a slight pileup (~ 150 nm) and
high-density nano-cracks (indicated by red arrows in Fig. 10i) can be
observed around the indent. In contrast to the cracks observed in
Fig. 10f, these nano-cracks are initially formed in the as-deposited
TiZrNbHf; ¢Nis ¢ film (Fig. 2f) and did not cause the film to fracture
even subject to a large deformation imposed by microindentation, which
suggests its excellent instinct toughness.

Based on the above nano and micro-indentation results, it is believed
that x = 1.8 is a critical composition, in which the hardness reaches the
maximum and the deformability is the poorest, i.e., obvious brittleness.
When the Ni content is below or above 1.8, the hardness of the film is
decreased while the deformability is elevated (as seen in Fig. 10). The
hardness of metallic glasses is strongly determined by the chemical
bonding (primarily metallic bonding) between the atoms, which can be
broken and reformed at the atomic scale under the applied stress [73,
74]. The addition of Ni element with a small atomic size compared with
the base elements (Ti, Zr, Nb, Hf, Ni) may potentially enhance the bonds
of the amorphous alloy, which leads to the maximum hardness achieved
at x = 1.8. Besides, it is widely believed that the distribution of free
volume controls the deformation of metallic glasses, and brittleness
usually occurs when the free volume drops below a critical level
required for inhomogeneous plastic flow [73]. However, the addition of
heavy elements (usually with a density > 5 g/cm®) improves the atomic
packing of the metallic glasses, which lowers the free volume content of
the amorphous alloy [74]. Hence, it is easy to envision that as the Ni
(with a density of ~ 8.9 g/cm®) composition is increased to a critical
value, the free volume content of the TiZrNbHf; ¢Niyx amorphous alloy
may be significantly reduced, resulting in the extreme limitation of
atomic mobility, which may explain the brittleness deformation in
x = 1.8. It should be pointed out that since all the Ni-doped samples
have the same complex amorphous structure, it may be hard to detect a
difference between x = 1.8 and other amorphous samples from the SEM,
XRD and TEM analyses. Besides, the specific chemic bonding and the
free volume can be influenced by the solubility of Ni atomic into the
TiZrNbHf; ¢ alloy with the change of Ni content, which is difficult to
determine in the current experimental study, further investigation by
density functional theory combined with molecular dynamics calcula-
tion is needed in future work.

To further investigate the deformation mechanisms of the BCC-
structured film without Ni addition and the Ni-doped amorphous
films, the cross sections of micro-indents of TiZrNbHf; e and
TiZrNbHf; ¢Nig 4 alloy films were milled by FIB and characterized by
TEM, as shown in Fig. 11 and Fig. 12. First, it can be seen that in
TiZrNbHf; ¢ film the columnar grains deformed in a ductile yielding
without cracks or voids formation (Fig. 11a). Moreover, the magnified
HAADF-STEM image (Fig. 11b) shows that these grains undergo a large
buckling deformation without fracture, which demonstrates its excellent
plastic deformability, which is consistent with observed plastic pileup
(Fig. 10b). In the region near the pileup region, the deformation is
mainly accommodated by the intersqueezing of adjacent grains under
the constraints of the indenter while the grain boundaries remain intact,
as illustrated in Fig. 11c. A lot of defects (stacking faults and disloca-
tions) are dectected in the deformed region as indicated in the inverse
FFT image (Fig. 11e). Generally, there are no stable stacking faults in
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Fig. 11. Cross-sectional TEM micrographs of TiZrNbHf; ¢ HEA film after microindentation of 500 mN. (a) HAADF-STEM image. (b) The magnified region as
indicated in (a). (c) Brigth-field TEM image taken from the region indicated in (a). (d) HRTEM micrograph of the area marked in (c), the inset is the FFT image of the
orange box region. (e) Inverse FFT pattern obtained from the mask position (red dotted circle) indicated in the FFT image, showing the reserved stacking faults and
dislocation (“L™). The white arrow in (a) designates the position of the indenter.

BCC metals and the deformation is mainly accommodated by the motion
of screw dislocations with type Burgers vector 1/2 < 111 > [75]. Thus,
the formation of a stacking fault may be originated from a dislocation
dissociation reaction [76]:

a/2[11T)=a/6[111] +a/3[111] (5)

10

The two partials in the right term can glide out of their original slip
plane into other differently oriented {112} planes. This dislocation
dissociation reaction results in an energy reduction of about 45% ac-
cording to the Burgers vector square energy criterion [76]. Therefore,
this dislocation dissociation is energetically favorable and might be
responsible for the deformation stacking faults in the TiZrNbHf; ¢ RHEA
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Fig. 12. Cross-sectional TEM observations of micro-indents for the TiZrNbHf; ¢Nig 4 film. (a) HAADF-STEM image of the shear banding region. (b) Magnified
microstructural area indicated in (a). (c, d) HRTEM images of the shear banding region, the insets in (d) are the corresponding FFT patterns of the box regions marked

in (d).

film with BCC structure.

Fig. 12a presents the cross-sectional HAADF-STEM image of the
TiZrNbHf; ¢Nig 4 film after microindentation, showing the typical shear
banding deformation (indicated by the white arrows) of the amorphous
alloys. These shear bands are formed in a direction of 41° (close to 45°,
at which angle the shear stress reaches the maximum) with respect to the
substrate. The shear band width is measured to be 8.7 nm (Fig. 12b),
which is in accordance with the typical shear band width (~ 10 nm) for
many amorphous alloys [77]. Moreover, it can be noted that those NSBs
(bright bands indicated by yellow arrows) can not be detected within the
shear band due to the large shear deformation, whereas those NSBs
outside the shear banding region remain intact (Fig. 12c). It can be
speculated that the NSBs are sheared into the shear band and undergo a
large shear displacement, resulting in rearranging of the local atom or
STZs. Yu et al. [78] suggested that like the STZs, the NSBs generated by 8
relaxations contribute to the plasticity of amorphous alloys. Similarly,
Chen et al. [42] demonstrated that the NSBs formed in NiW amorphous
alloy film lead to significant hardening and toughening effects since they
promote multiple shear banding under micropillar compression [42].
Thus, the pre-existing NSBs may be beneficial for the generation of
multiple shear bands upon microindentation due to their high atomic
motility, hence enhancing the deformability of HEA films. Although
previous studies [42,79] indicated that j relaxation and subsequently
shear banding deformation may cause crystallization within the shear
band, no crystallization is detected in the present study inside the
sheared region (region I, Fig. 12d) or near-sheared region (region II,
Fig. 12d) (i.e., no crystal spots be detected in the FFT images). This may
be attributed to the distinguished atomic configuration and thermal
activation conditions for crystallization in different amorphous systems
[79].

11

4. Concluding remarks

In summary, TiZrNbHf; ¢Niy (x =0, 0.4, 1.2, 1.8, 2.5, 3.0, 4.6) HEA
films were prepared by the co-sputtering method using the pure metal
targets, and the effect of Ni content on the microstructure and me-
chanical behavior of the films were systematically investigated. The
main findings are concluded in the following.

A transition from a single BCC to an amorphous structure was
observed in the HEA films when Ni content increased to 0.4, as
confirmed by XRD and TEM. The phase structure of the HEA films with
different Ni content is satisfied with the theoretical prediction of the
published criteria for those bulk HEAs based on the calculated ther-
modynamic parameters 8, Q and AHp;x.

A significant hardness increase (8-35%) is achieved via Ni addition,
i.e., increased from 4.8 GPa without Ni addition to 5.2-6.5 GPa with Ni-
doped HEA films. Additionally, the mechanical property of the
TiZrNbHf; ¢Niy films evaluated by hardness (H) and elastic modulus (E)
with H/E and H°/E? is superior to the bulk TiZrNb, TiZrNbHTI,
TiZrNbHfTa and their derived alloys (e.g., TiZrNbVCr, TiZrNbHfTaAly,
TiZrNbHfTaMoy), suggesting them a promising material for wear resis-
tance coatings.

Microindentation tests revealed three deformation modes in the HEA
films with different Ni compositions. A slight plastic pileup occurred in
the films with Ni content of 1.2 and 4.6, while brittleness fracture
induced by cracks was observed in the film with the Ni content of 1.8,
and shear banding prevailed in the films with Ni content of 0.4, 2.5 and
3.0.

The present work provides a paragon for designing HEA films with
amorphous structure and high hardness by appropriate element addi-
tion, which may guide the development of HEA coatings with high wear
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and corrosion resistance.
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