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Abstract: An experimental method for preparing high-entropy thin films with gradient changes
of alloying elements by magnetron sputtering co-deposition is proposed in this work to evaluate
the effect of alloying element composition changes on the properties of non-equal molar ratio high-
entropy alloys. The (TiVCr)x-(TaW)1-x binary system thin films were deposited by a magnetron
sputtering system with two intermediate alloy targets. The surface morphology, element composition,
roughness, and phase structure of the coatings were studied with scanning electron microscope
(SEM), energy dispersive X-ray (EDX), X-ray diffractometer (XRD), atomic force microscope (AFM),
and transmission electron microscope (TEM). The results show that at x = 0.51, the films had the best
mechanical properties under the action of multiple strengthening mechanisms, and the hardness and
modulus reached 27.61 GPa and 274.42 GPa, respectively. Due to higher hardness and special surface
morphology, the films showed a lower average friction coefficient and had excellent wear resistance
with wear rates of 0.34 and 5.01 × 10−9 mm3/(N·mm), respectively. On the other hand, it was found
that forming a BCC polycrystalline structure and an amorphous-mixed structure can improve the
radiation resistance of the material.

Keywords: high-entropy alloy; magnetron sputtering; co-deposition; mechanical properties; radiation
resistance

1. Introduction

With the development of the nuclear-power industry, the next-generation nuclear
reactors have put forward stricter requirements for structural materials in the reactor. The
material needs to maintain phase stability and structural stability in harsh conditions such
as high temperatures, high pressures, and strong particle irradiation, without radiation
hardening, radiation embrittlement, precipitation, or volume swelling [1–3]. Therefore,
the development of radiation-resistant materials is important for the development of next-
generation nuclear energy technologies. The study of high-entropy alloys (HEAs) is an
important research direction of radiation-resistant materials. Since the concept of HEAs
was first proposed in 2004, they haves gradually come to occupy an important position
in materials science research after more than ten years of development. Their unique
high-entropy effect, cocktail effect, lattice-distortion effect, and diffusion barrier effect
afford them excellent performance in contrast to traditional materials in some specific
environments [4–7]. HEAs have broad application prospects in hard films, light-to-heat
conversion films, diffusion barriers, and internal components of nuclear reactors.

In the traditional definition, a high-entropy alloy specifically refers to a single-phase
solid-solution alloy composed of five or more alloy elements in near-equiatomic propor-
tions, such as AlCoCrFeNi [8], CoCrFeMnNi [9], and WTaMoNb [10]. However, HEAs do
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not necessarily achieve the best performance in near-equiatomic proportions. Therefore,
with in-depth understanding, the definition of HEAs has been broadened beyond the
constraint of equimolar ratios and single solid solutions, by combining the non-equimolar
formation of multiple-phase solid solutions and dispersed phases to achieve a richer
combination of excellent properties, such as AlxCo1.5CrFeNi1.5Tiy [11] and (FeNiC-
oCu)86Ti7Al7 [12]. With a recently studied class of non-equivalent molar ratio HEAs
of WxTaTiVCr [13], when the X value is 71 to 90%, the alloy was composed of solid-solution
phases, a Ti-rich phase, a W-rich phase, and a C15 Laves phase, which yielded various
types of solid-solution-strengthening effects. The hardness and yield strength were greatly
improved in this system, reaching 768 HV and 2265 MPa, respectively. Since there are many
types of alloying elements, it is cumbersome to use the traditional trial and error method
to screen alloying elements for alloy development. In addition, multiple experiments are
carried out at the same time, and other variables are easily introduced, which is inconsistent
with the principle of experimental control variables.

High-throughput manufacturing, also known as combinatorial manufacturing, pre-
pares a combination of samples with different parameters in one experiment to screen
a variety of compositions to find samples with specific performance parameters, which
provides a new solution for the development of HEAs. In a combined sputtering, different
aspects of the material’s properties, such as the phase structure, surface morphology, hard-
ness, corrosion resistance, and vitrification ability, can be studied at the same time, greatly
reducing the workload [14–19]. A high-throughput research method commonly used at the
present stage is to select multiple targets for co-deposition on a substrate at the same time.
For example, in the Ti-Al-(Cr, Fe, Ni) [20] system, Ti targets, Al targets, and CrFeNi alloy
targets are selected for magnetron-sputtering deposition, and 144 independent samples
can be prepared at one time. In this experiment, a channel was reserved on a Si substrate
to distinguish different samples, and Ti targets, Al targets, and CrFeNi alloy targets were
selected for magnetron-sputtering deposition, which can prepare 144 independent samples
in one combined deposition.

However, this type of method also has some limitations. First, based on the principle
of the thin-film growth by magnetron sputtering, two targets are selected for co-deposition,
which makes it easy for the sputtered atoms to affect each other before deposition, inter-
metallic compounds or mesophases are more easily formed. The film grown by this method
is inferior to that deposited by a single target in terms of adhesion, hardness, uniformity, etc.
Second, in a combination deposition strategy, although multiple samples can be prepared at
one time, due to the cocktail effect of HEAs, in most combination deposition strategies, the
performance gap between adjacent groups of samples is not large. Moreover, magnetron
sputtering has an extremely high cooling rate during alloying, which makes the film more
inclined to form an amorphous structure [21].

As a research method, although high-throughput manufacturing significantly reduces
the workload and eliminates the interference of other variables, HEAs films do not fully
reflect the true performance of HEAs. First, when preparing an HEAs block, it is easy to
segregate and form an enriched phase, and when preparing a thin film, alloying is more
efficient in forming a two-dimensional structure, having a higher strength and modulus
than the bulk material. Second, compared with the traditional thin-film preparation method,
the composition and thickness of the thin film prepared by combined sputtering are uneven
and uncontrollable, which adds difficulties to further analysis. Therefore, it is necessary to
select specific parameters for further experiments.

In this group of experiments, a number of low-activation metal elements were selected,
namely, Ti, V, Cr, Ta, and W, and powder metallurgy was used to prepare TaW and TiCrV
intermediate alloy targets, by the ball-milling and mechanical alloying (MA) method. By ad-
justing the current ratio of the two targets, the gradient of the elemental composition in the
(TiCrV)-(TaW) binary system was realized. The properties of the material phase structure,
surface morphology, and radiation damage were studied. In combination with the idea of
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high-throughput manufacturing, a multi-gradient material test scheme was designed to
find a balance between the quality of the thin film and the experimental efficiency.

2. Materials and Methods

In the experiment, closed-field non-equilibrium magnetron-sputtering ion-plating
equipment from the German Teer company (Teer, Worcestershire, UK) was used to prepare
HEA thin films, and TaW and TiVCr alloy targets were selected. The alloy elements of
each alloy target were equimolar. The choice of alloying elements was based on two
considerations. First, metal elements of the lowest possible activation level must be selected
to meet the requirements of the nuclear reactor service [22–24]; Second, under normal
circumstances, face-centered-cubic (FCC) structural materials are more prone to radiation
swelling than BCC materials [25–27]. Therefore, the alloy elements selected should avoid
the FCC-phase structure as much as possible. High-purity metal powders with a purity of
99.95 atomic percent (at.%) were selected to make up each target, and were prepared by ball
milling and mechanical alloying (MA), The content of each metal element in a target was
less than 2 at.%, and the target size was 345 mm × 145 mm × 10 mm. In the selection of
target metal elements, metal elements with similar atomic sizes, similar physical properties,
and similar sputtering rates were placed in the same target in order to achieve regulation
of the film-forming elemental content through the current adjustment. Thus, Ta and W
powders were selected to prepare one target, while Ti, V, and Cr powders were chosen to
prepare the other target.

The film was grown on an N-type (111) Si substrate. Before deposition, the Si substrate
was first ultrasonically cleaned with the ethanol and acetone for 10 min, and cleaned with
an ion cleaner for 15 min to sufficiently remove the oxide layer and impurities on the surface
of the Si substrate after drying. In the chamber, two alloy targets were placed opposite each
other to avoid mutual influence. The parameters were determined through preliminary
experiments, and the total current of the two targets was determined to be 3A, while the
bias voltage was −50V. Before deposition, the cavity was evacuated to 1.5 × 10−3 Pa, and
then argon gas was deposited at a flow rate of 20 standard cubic centimeters per minute
(sccm) to perform deposition with a working pressure of 8.0 × 10−2 Pa in DC power. There
was no additional prefabricated interface layer before deposition, no additional heating was
performed during deposition, and the distance between the Si substrate and the target was
15 cm during the deposition process. The ratio was adjusted to realize the gradient change
of the elemental composition, and 13 groups were divided according to the component
gradient. To avoid more than variable effects, all samples were continuously prepared with
current changes and had the same starting pressure, working pressure, and cooling time.
Three repeated experiments were performed to exclude randomness.

The Bruker D8 Advance X-ray diffractometer (XRD, Bruker, Billerica, MA, USA) was used
to analyze the phase structure of the film (CuKα, 40 kV, 40 mA). The scanning step was set
to 0.01◦, the scanning speed was 4◦ per minute, and the scanning range was set as 20–80◦.
A Hitachi S3400N scanning electron microscope (SEM, Hitachi, Tokyo, Japan) was used for
the surface-morphology observation, and an EDAX Apollo XP energy dispersive X-ray (EDX)
analysis attached to the device was used for the elemental content determination. The
surface morphology of the film was observed with a Bruker MultiMode 8 SPM atomic
force microscope (AFM, Bruker, Billerica, MA, USA). In the nanoindentation experiment,
the NANO Indenter G200 nanoindentation device (KLA-Tencor, Milpitas, CA, USA) was
used for measurement. The Berkovich indenter was used in the experiment, was set to an
indentation depth of 100 nm, which was less than 1/10 of the film thickness, in order to
eliminate the interference of the substrate material on the experimental results. The CETR
UMT-3 multifunctional micromechanical testing machine (CETR, Campbell, CA, USA) was
employed to analyze the abrasion experiments of materials. The reciprocating wear test
was performed using a chrome steel ball with a diameter of 2 mm (surface roughness not
greater than 0.05 µm, hardness 63 HRC). In the wear test, the wear distance was 5 mm, the
rate was 1 mm·s−1, the load was 500 mN, and the wear time was 3600 s. The ZEISS Smart
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proof 5 turntable Confocal Laser Scanning Microscope (CLSM, ZEISS, Jena, Germany)
was used to observe the wear scars and measure the wear volume. In order to study the
radiation damage performance of the material, a 70 KeV He+ irradiation experiment was
performed on a 100 KeV electromagnetic isotope separator of the Shanghai Institute of
Applied Physics, and the implantation dose was set to 1.0 × 1016 ions/cm2. The radiation
damage was calculated using the structural reaction injection molding (SRIM) software [28].
At this dose, the damage peak appeared at 400~500 nm. A Tecnai G28-Twin transmission
electron microscope (TEM, FEI, Hillsboro, OR, USA) was used to analyze the internal
crystal structure and radiation damage of the film.

3. Results
3.1. Elemental Composition Distribution

Table 1 shows the content of each element of the coating under different deposition
processes. The sputtering rate of the thin film was positively correlated with the deposition
current. Hence, the elemental composition of the thin film could be controlled by adjusting
the current ratio between the TaW and TiVCr alloy targets. Applying a bias during the
deposition process can enhance the strength of the coating and make it denser [29]. At
the same time, the bias voltage was liable to cause reverse sputtering of light elements,
affect the quality of the films potentially reducing the content of the light elements, Ti,
V, and Cr, in the coating. After comprehensive consideration, a bias value of −50 V was
chosen for the deposition. Based on the results of the coating alloy element content, a
certain process parameter gradient was designed to linearly change the proportion of each
element to between 5% and 35%. In the EDX test, five points were selected for each group
of samples for repeated experiments, and the average value was calculated as the final
result. Eventually, as the current ratio changed, the metal contents of Ti, V, and Cr increased
from 8.00 at.% to 26.70 at.%, 27.67 at.%, and 32.44 at.%, respectively.

Table 1. (TiVCr)x-(TaW)1-x (A-M) binary system HEA film-deposition process parameters and alloy
elemental composition.

Series I(TiVCr), A I(TaW), A Concentration, at.%

Ti V Cr Ta W x

A 1.4 1.6 7.92 10.63 8.08 37.07 36.30 0.266
B 1.5 1.5 10.88 13.54 11.67 31.37 32.55 0.361
C 1.6 1.4 12.15 14.73 12.94 29.56 30.63 0.398
D 1.7 1.3 14.69 16.97 15.49 25.92 26.93 0.472
E 1.8 1.2 15.83 18.49 16.98 24.17 24.53 0.513
F 1.9 1.1 16.89 20.08 19.05 21.98 22.01 0.560
G 2.0 1.0 18.90 21.83 21.57 18.92 18.78 0.623
H 2.1 0.9 20.14 22.92 22.96 17.03 16.95 0.660
I 2.2 0.8 21.61 23.56 24.47 15.09 15.27 0.696
J 2.3 0.7 22.26 25.02 26.59 13.08 13.05 0.739
K 2.4 0.6 23.92 26.27 29.35 10.29 10.16 0.795
L 2.5 0.5 24.88 26.52 30.14 9.27 9.20 0.815
M 2.6 0.4 26.70 27.67 32.44 6.72 6.47 0.868

Figure 1 shows the changes in the proportions of the five elements in the coating. The
difference in the contents of Ta and W elements in each group was relatively small, being
less than 1 at.%, while the difference among Ti, V, and Cr elements was much larger than Ta
and W. The reason for this was that the deposition rates of the three Ti, V, and Cr elements
had different responses to the deposition current. The deposition rate of Cr was larger than
those of Ti and V with the current. Therefore, under the large current ratio, the Cr content
was greater than those of Ti and V. Under the Sample M, the content difference reached
5.74 at.%. On the other hand, subject to the conditions of the powder metallurgy, the metal
elements in each target cwere not able to achieve an equimolar ratio, and there was a
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certain difference in the content. With the change in the deposition current ratio, the coating
elemental composition changed linearly, with the result that it was feasible to achieve the
gradient change of the coating elemental composition by adjusting the current ratio.

Figure 1. Variations in alloy compositions of (TiVCr)x-(TaW)1-x (A-M) binary system HEA films.

3.2. Structural Analysis

By adjusting the coating composition, the phase structure of the HEA was changed.
Figure 2 shows the XRD patterns of all samples. With the change in the current ratio, the
HEA coating showed a transition from the BCC to amorphous structures. At the same
time, the positions of the crystalline peak and the amorphous peak gradually shifted to
a larger angle. Combined with the crystalline peak-diffraction intensity values, it can be
roughly divided into crystalline regions (labeled in blue), transition regions (labeled in
green), semi-amorphous regions (labeled in red), and amorphous regions (labeled in black).
The coating presented a BCC structure in the crystalline region, forming two diffraction
peaks of the BCC structure at 38◦ and 71◦. In the amorphous region, the coating exhibited
an obvious amorphous structure between 38◦ and 42◦.

Figure 2. XRD patterns of (TiVCr)x-(TaW)1-x (A-M) binary system HEA films.

In the crystalline region, the formation of the BCC crystal structure is mainly due to
the absolute advantage of Ta and W contents, which formed a TaW solid solution during
the coating-deposition process. The TaW solid solution formed (110), (200), and (211)
diffraction peaks at 38◦, 56◦, and 71◦ in the range of 20–80◦, respectively. In practice, due



Metals 2022, 12, 772 6 of 18

to the influence of the remaining dispersed metal elements, the diffraction peak at the 56◦

position was extremely weak and almost invisible, and the diffraction peak intensity at
the 71◦ position was also weaker than 38◦. The content of the remaining metal elements
in this group of coatings was low. It is speculated that the dispersed light metal elements
may had a certain orientation effect on the formation of the crystalline phase of the TaW
solid solution, which made it more inclined to form the (110) crystalline BCC structure. In
sample B, the content of light metal elements in the coating was grater than that in sample
A, but the crystalline peak intensity had increased, which can be proved to a certain extent.

In the amorphous region, the coating exhibited an obvious amorphous structure
between 38◦ and 42◦. Ti, V, and Cr in this group occupied an absolute majority, and an
amorphous solid solution was formed at near-equiatomic compositions. In the transition
region, the coating still exhibited a BCC structure, but the sub-diffraction peak at the 71◦

position disappeareds, and the intensity of the main peak also decreasds.
In the semi-amorphous region, due to the dominance of light-metal elements, the

peak intensity has dropped sharply and remained at a certain level, producing HEAs
from an amorphous structure. However, Ta and W still occupied a certain proportion,
and it remained possible to form intermetallic compounds. It is speculated that in this
region, a mixed BCC polycrystalline structure wrapped with an amorphous phase was
formed. It is worth mentioning that the intensities of diffraction peaks of Samples G and
H in the semi-amorphous region were slightly lower than those of the other samples, and
the amorphous characteristics were more obvious. The reason for this was that in the
two groups of samples, the difference in the contents of the three light-metal elements,
especially V and Cr, was the smallest and close to equal, and a lower alloy-mixing entropy
between V and Cr helped form an amorphous structure.

The phase structure of HEAs was affected by two aspects. First, the metal elements
that can form an amorphous alloy must occupy a major position in the elemental compo-
sition. Second, the metal elements with the ability to form amorphous structures should
also be configured according to certain rules. In equal-atomic HEA systems, changes in
elemental compositions creat variations in the alloy-mixing entropy, (∆Smix), mixing en-
thalpy, (∆Hmix), theoretical alloy melting point, (Tm), atomic-size difference, (δ), and their
related entropy-enthalpy ratio, (Ω). These parameters can help understand and analyze the
formation and change law of the HEA phase structure of the system, and these parameters
are discussed in the next section [30].

3.3. Phase-Formation Rule

In this experiment, a (TiVCr)x-(TaW)1-x binary system film was designed, and a
change in the x values from 0.26 to 0.87 was achieved by adjusting the change in the current
ratio. With the increases in the Ti, V, and Cr elemental contents, the phase structure of the
thin film gradually changed from BCC to amorphous structures. When x < 0.36, the thin
film mainly formed a BCC structure; when x > 0.79, the thin film is mainly an amorphous
structure; when 0.36 < x < 0.79, the thin film has both a BCC and amorphous structure.

By calculating the entropy enthalpy ratio, Ω and the atomic-radius difference, δ, the
phase-formation law of HEAs can be analyzed. They are calculated as follows:

Ω =
Tm∆Smix

|∆Hmix|
(1)

δ =

√√√√ n

∑
i=n

(
1− di/

n

∑
j=n

xjdj

)2

(2)

Tm = ∑N
i=1 xi(Tm)i (3)

∆Smix = −R ∑n
i=1 xi lnxi (4)

∆Hmix = ∑n
i=n,i 6=j ∆Hmix

AB xixj (5)
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where Tm is the theoretical melting point of the alloy calculated under the ideal mixing rule,
where (Tm)i is the melting point of the i component in the alloy, ∆Smix is the mixing entropy
of the alloy, ∆Hmix is the mixing enthalpy of the alloy, Xi in the above formula is the mole
fraction of the ith component in the alloy, and di is the atomic radius of the ith component in
the alloy. Through the above five formulas, the corresponding thermodynamic parameters
can be calculated, and the calculation results are shown in Table 2. According to calculations,
the range of Ω is from 5.53 to 7.29, and the range of δ is from 4.16 to 6.55, togather meeting
the conditions for forming a solid solution [31].

Table 2. Thermodynamic-parameter calculations and phase-structure predictions of the (TiCrV)x-
(TaW)1-x (A-M) binary system HEA film.

SERIES Smix Hmix Tm (K) Ω δ Phase

A 11.46 −5.69 3103.87 6.25 4.16 BCC
B 12.40 −5.39 2975.71 6.85 4.68 BCC
C 12.68 −5.29 2923.28 7.01 4.85 BCC
D 13.09 −5.11 2820.11 7.22 5.17 BCC
E 13.24 −5.02 2761.26 7.28 5.34 BCC
F 13.34 −4.93 2695.56 7.29 5.53 BCC + MG
G 13.36 −4.86 2607.16 7.16 5.77 BCC + MG
H 13.31 −4.83 2555.06 7.04 5.89 BCC + MG
I 13.21 −4.83 2504.18 6.85 6.02 BCC + MG
J 13.01 −4.79 2446.14 6.64 6.15 BCC + MG
K 12.63 −4.80 2366.55 6.22 6.33 BCC + MG
L 12.47 −4.85 2337.63 6.00 6.41 MG
M 11.91 −4.87 2263.56 5.53 6.55 MG

3.4. TEM and Radiation-Damage Analysis

Drawing on the research in the previous two sections, it can be concluded that as the
alloy composition changes, the film varies from a BCC to an amorphous structures. In the
entire phase-transition process, there is no mesophase formation, which belongs to a simple
linear phase-transition relationship. Therefore, two typical samples were selected sample C
(x = 0.398) and sample K (x = 0.759), which represent the BCC structure and the amorphous
structure, respectively. TEM analysis and irradiation experiments were executed for these
two samples. Before the irradiation experiment, SRIM was used to simulate the damage
calculation. The calculation results are shown in Figure 3.

Figure 3. SRIM-simulation calculation of the (TiCrV)x-(TaW)1-x (A-M) binary system HEA films. The
implanted particles were He+ ions, the energy was 70 KeV, and the dose was 1 × 1016 ions/cm2. The
black line is the radiation damage, and the red line is the deposited He+ ion concentration: (a) Sample
C, Ta30W30Ti12V15Cr13, and (b) Sample K, Ta10W10Ti24V26Cr29.
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Comparing Figures 4a and 5a, under the same total deposition current, the sample
thicknesses of Samples C and K were 1.29 µm and 1.18 µm, respectively. This shows that
the deposition rates of Ta and W were faster than those of Ti, V, and Cr, but the difference
in thickness among the group of film samples was not obvious. The reason for this is that
the application of bias voltage can change the deposition rates of elements, making the film
denser and more uniform, which is beneficial for the analysis of gradient material systems.

Figure 4. HRTEM and SAED images of sample C (Ta30W30Ti12V15Cr13): (a) cross-sectional view of
the film; (b) before irradiation, and (c) at the peak damage depth after irradiation.

Figure 5. HRTEM and SAED images of Sample K (Ta10W10Ti24V26Cr29): (a) cross-sectional view of
the film; (b) at the peak depth of damage after irradiation, the interface between the BCC phase and the
amorphous phase; (c) before irradiation; and (d) the BCC polycrystalline structure after irradiation.

Compared with the results of SRIM calculations, under the same irradiation dose,
when the contents of Ti, V, and Cr were high, the damage value of the material was smaller,
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the damage range was wider, and the injected particles were wider in the depth direction.
The imnges in Figure 4b,c show the high-resolution transmission electron microscopy
(HRTEM), and selected area electron diffraction (SAED) images of Sample C (x = 0.398)
before and after the He+ irradiation with a dose of 1 × 1016 ions/cm2. Before the TEM
analysis, the XRD analysis showed no significant change in any of the samples in the XRD
pattern after irradiation, and no significant phase structure change. In SAED, the diffracted
light spot was a ring-like light spot, signified a polycrystalline structure. Upon analysis
of the ratio of the diffraction-ring radius, Ri, Sample C was found to belong to a BCC
polycrystalline structure mainly composed of TaW solid solutions and wrapped with Ta
and W simple substances. When analyzing the HRTEM image, two crystal structures with
a crystal plane spacing of 0.228 nm and 0.224 nm could be observed, representing the TaW
solid solution, and the Ta and W metal simplex, respectively. A large range of Ti, V, and
Cr metal elemental solid crystals and the characteristic crystal structure of intermetallic
compounds were not observed. It is speculated that Ti, V, and Cr entered the Ta and W
structure to form a replacement solid solution.

Figure 5 presents the HRTEM and SAED images of Sample K (x = 0.759) before and
after irradiation. Compared with Figure 4, Sample K has a more complex polycrystalline
structure in these images. The SAED pattern exhibits a typical polycrystalline diffraction
ring with a small diffuse reflection halo, showing a BCC polycrystalline and amorphous
mixed structure. Through the HRTEM images, a variety of BCC structure crystals with
different interplanar spacings can be observed, as well as obvious amorphous regions.
A variety of crystal structures with different interplanar spacings can be observed in the
crystalline region, corresponding to intermetallic compounds and solid solutions formed by
different metal elements. The relevant parameters of different crystal structures are listed
in Table 3. With increases in the Ti, V, and Cr elemental contents, many different crystal
structures formed among themr, so that the material tended to form polycrystalline and
amorphous structures. These phase-structure changes are consistent with the calculation
results of the thermodynamic parameters in Table 2.

Table 3. Crystal structures and interplanar spacings of several types of elemental and mesophases
present in (TiCrV)x-(TaW)1-x (A-M) binary system HEA thin films.

Ta W TaW VW TiCr TaV CrTi4 TiV

Cubic bcc

d (110) 0.224 nm 0.224 nm 0.228 nm 0.219 nm 0.221 nm 0.225 nm 0.227 nm 0.222 nm
d (220) 0.165 nm 0.158 nm 0.162 nm 0.155 nm 0.156 nm 0.159 nm 0.161 nm 0.157 nm
d (211) 0.135 nm 0.129 nm 0.132 nm 0.126 nm 0.127 nm 0.130 nm 0.131 nm 0.128 nm

3.5. Surface Topography

The surface morphology of the coating and its roughness were analyzed by atomic
force microscopy (AFM) at room temperature. It was observed that with the increases in
the Ti, V, and Cr elemental contents, the phase structure and surface morphology changed
accordingly. Several distinct topographical characteristics are given in Figure 6. The images
in Figure 6a–f correspond to Samples B, D, F, H, J, and L, respectively in Tables 1 and 2,
and the corresponding x values are 0.36, 0.47, 0.56, 0.66, 0.74, and 0.81. The corresponding
samples in Figure 6a–d are smaller and flatter than in Figure 6e,f. Therefore, a 40 nm
vertical scale was used, and the scanning range is set to 5 µm to display more details. The
samples of Figure 6d,e are relatively coarse. In order to better observe the whole picture, a
vertical scale of 100 nm was selected, and the scanning range was also enlarged to 10 µm.
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The surface topography of each group of samples was collected by AFM, and the
roughness was calculated. The results are shown in Figure 7. When x < 0.66, the roughness
of the coating was relatively low, and the average roughness was Ra < 7.0. Subsequently, as
the value of x increased, the roughness rapidly rose and eventually stabilizes, which was
roughly maintained at 12.0–13.5.

Figure 7. Average roughness (Ra) change in the (TiCrV)x-(TaW)1-x (A-M) binary system HEA films.

Correspondingly, the surface morphology also changed in stages. When x = 0.36, the
main components of the film were Ta and W components, which had a BCC structure, and
a relatively regular column-like crystal structure was formed on the surface. The film was
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delaminated, columnar crystals were aggregated into blocks on the surface, and there are
tiny gaps between the aggregated blocks (Figure 6a). At x = 0.47, the phase structure of the
film changed to an amorphous structure, the BCC columnar crystal structure disappeared,
the surface was wrinkled, a small number of irregularly-shaped pits began to appear,
and a small number of precipitated phases also appeared on the film surface (Figure 6b).
Figure 6b,c, shows that with the increases in the Ti, V, and Cr elemental contents, the
surface wrinkles of the film gradually decrease, and the surface pits and precipitation
phases gradually increase. Hence, the roughness increases slightly. Figure 6e, shows Ti,
V, and Cr as the main components in the film. A certain regular distribution of peak and
valley structures formed on the surface of the film, and elliptical pits are evenly distributed,
The precipitated phase disappeared rapidly. Due to the obvious peak and valley structures,
the roughness increased rapidly, and a white mist structure began to form. In Figure 6f, the
surface morphology of the film is basically consistent with that of Figure 6e, although less
prominent, and a clear white haze structure is visible.

3.6. Mechanical Properties

The mechanical properties of the material were analyzed through nanoindentation
and abrasion experiments, and the hardness and modulus values of the deposited films
with different current ratios are shown in Figure 8a. It can be seen from the comparison
that the hardness and modulus increase from 25.36 GPa and 261.47 GPa to 27.54 GPa and
274.39 GPa with the increases in the Ti, V, and Cr elemental contents, and then decreased to
19.74 GPa and 225.45 GPa. When x = 0.513, the hardness and modulus of the film reached
their maximums, which were 27.54 GPa and 274.39 GPa, respectively. The film’s mechanical
properties showed a clear correlation with its elemental composition.

Figure 8. Room temperature mechanical properties of the (TiCrV)x-(TaW)1-x (A-M) binary system
HEA films: (a) hardness (black-line segment) and modulus (red-line segment), (b) H/E (black-line
segment) and H3/E*2 (red-line segment) calculation results.

The H/E value and H3/E*2 value of the film were two important indicators for
analyzing the fracture toughness of the film. The fracture toughness of nanocrystalline
films increases with the increase in H/E (resistance to elastic deformation) and H3/E*2
(resistance to plastic deformation) [32]. The H/E and H3/E*2 values calculated from the
results of the nanoindentation experiment are shown in Figure 8. According to the results
shown in the figure, with the increases in the Ti, V, and Cr elemental contents, the values
of H/E and H3/E*2 increased rapidly at x = 0.47, and then decrease rapidly at x = 0.56.
When 0.47 < x < 0.56, due to the influence of various strengthening mechanisms, a strong
and tough area appeared. The value of H/E was 0.95–0.1, and the value of H3/E*2 was
0.25–0.3. The experimental results indicate that the film exhibited excellent strength and
toughness under the specific alloying elemental ratio.
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3.7. Tribological Properties

Figure 9 shows the changes in friction coefficients for four typical film friction experi-
ments under different process parameters. Generally, the friction curve includes an initial
wear phase and a stable wear phase. During the initial wear phase, the friction coefficient
of the material will rise rapidly in a relatively short period of time, and then remain stable.
The wear performance of the film is affected by many factors, such as hardness, strength,
toughness, internal defects, surface roughness, and the bonding force of the film to the
substrate. In this experiment, due to the multiple strengthening mechanisms unique to
HEAs, the films i exhibited unique wear behavior, with a longer friction coefficient rising
stage. Under specific processing parameters, the friction coefficient will change after 30 min
of wear, presenting a certain abrasion resistance.

Figure 9. Room-temperature wear experiments on the (TiCrV)x-(TaW)1-x (A-M) binary system HEA
films: (a) friction-coefficient curves of Samples B, E, H, K; (b) average friction coefficient (black line)
and wear rate (red line).

As shown in Figure 9a, when x = 0.36, the friction coefficient of the film increased
during 500–1000 s abrasion, and then fluctuated continuously at about 0.6. When x = 0.51,
the friction coefficient of the film increased after 1500–2000 s abrasion, and fluctuateds
around 0.5. When x = 0.69, the film had a long friction coefficient rising process during
1500–3500 s abrasion, and after nearly 1 h of wear, the friction coefficient was stable at 0.8.
When x = 0.81, the friction coefficient quickly rose to 0.8 during 1000–1250 s abrasion, and
rose slightly futher in the subsequent wear process. The response of most samples to the
wear behavior was not obvious, and they showed good wear resistance. Comprehensive
analysis shows that when x = 0.51, the film showed the best wear resistance. The wear
track morphologies were examined with CLSM, and the wear rate (Wr) of the films were
calculated using Equation (6):

Wr =
C× S
F× L

(6)

where C is the perimeter of the wear crack (mm), S is the wear crack area (mm2), F is the normal
load (N) and L is the sliding length. Figure 9b presents the changes in the average friction
coefficient and wear rate of different films under different deposition-process parameters. With
the increases in the Ti, V, and Cr elemental contents, the average coefficient of friction and
wear rate rose slightly from 0.381 and 7.85 × 10−9 mm3N−1 mm−1, and then decreased rapidly.
When x = 0.51, the minimum value was obtained, and the average friction coefficient and wear
rate were 0.308 and 4.77× 10−9 mm3N−1 mm−1, respectively. Then, with the increases in the Ti,
V, and Cr elemental contents, the average friction coefficient and wear rate increase significantly.
When x = 0.69, it is basically stable at 0.7 and 2.0× 10−8 mm3N−1 mm−1.
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Figure 10 shows several typical types of surface morphologies after abrasion. After the
abrasion test at 3600 s, the film samples maintained their integrity without surface peeling,
indicating that the film had a good bond with the silicon substrate. The films both exhibited
particle abrasion and adhesion-wear behavior. As presented in Figure 10b, when x = 0.51
(Sample E), due to the higher hardness and modulus, the film had better wear resistance.
Compared with other samples, Sample E suffered less damage, and the wear scars and
channels were shallower. As shown in Figure 10d, at x = 0.79 (Sample K), the hardness and
modulus of the film were relatively low, and a clear particle morphology is formed on the
surface. In the early stage of the wear test, it has a certain effected on the frictional response
of the film. The particle morphology is destroyed, the surface characteristics no longer
affect the wear behavior of the film, and the wear test truly reflected the characteristics of
the material. Therefore, it was inferred that the good abrasion resistance of the material is
the result of the combined effect of the surface effect and material characteristics, in which
the hardness and modulus of the material had a decisive influence.

Figure 10. SEM pictures of several types of typical wear scars: (a) Sample B, (b) Sample E, (c) Sample
H, and (d) Sample K.

4. Discussion

By adjusting the coating composition, the phase structure of the HEA was changed.
Previous studies have shown that when Ω > 1.1, δ < 6.6%, ∆Hmix < 3.2 KJmol−1, HEAs
tend to form solid solutions [33]. According to calculations, the range of Ω was from 5.53
to 7.29, and the range of δ was from 4.16 to 6.55, which meet the conditions for forming a
solid solution. The calculation results were consistent with the experimental data. ∆Hmix
reflected the tendency of the compound formation of the alloy, and ∆Smix represented the
degree of chaos of each component in the alloy. Moreover, magnetron-sputtering deposition
has a very high cooling rate when preparing thin films, and the higher cooling rate makes
it tend to form amorphous structures. Hence, the film becomes amorphous under the
combined effect of variations in the elemental composition and high cooling rate. Therefore,
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the characteristics of HEAs cannot be fully reflected by HEA films. Compared with the
dual-target combined co-sputtered film, the thin film prepared by adding a biased co-
sputtering method in this paper has a more uniform element distribution. Combining the
calculation of the thermodynamic parameters, it can be considered that the thin alloy film
prepared by this method was closer to the characteristics of the alloy material, achieving a
balance between accuracy and experimental efficiency.

Comparing Figures 4 and 5, it can be seen taht no obvious phase-structure change occurred
in the samples after the two groups of irradiation experiments, and no significant holes and
dislocation rings appeared after the irradiation, which means that samples showed good
radiation resistance. The effect of He+ ion irradiation on the sample consisted mainly in the
He bubble left at the damage peak position, which is marked in Figures 4c and 5b,c. It can be
observed that He bubbles were concentrated in the BCC structure and hardly appeared in the
amorphous region. At the same time, the He bubbles in Sample K were relatively small.

Based on the previous research [34–36], it is known that among crystal structures, a
BCC structure has better resistance to radiation damage than an FCC structure. On the
other hand, an amorphous structure does not have a lattice, so there are no inter-lattice
dislocations and defects, and it has better radiation resistance than a crystal structure. In
this experiment, the selected alloy elements had a lower activation energy. After alloying,
the samples showed a variety of different BCC crystal structures and amorphous structures.
A large number of phase interfaces are generated between different structures, which helps
the absorption of defects and greatly improves the radiation resistance of the HEA [37].

All samples had the same deposition process (bias voltage, working pressure, and
Argon flow), and the only variable was the change in the deposition current ratio and
the composition of the thin-film elements that it generated. In the experimental design
of this paper, all samples had the same total current. Because different elements respond
differently to current excitation and reverse sputtering, the deposition rates of Ta and W
were faster, while the deposition rates of Ti, V and Cr were slower. Therefore, in order to
achieve the predetermined composition effect, when the contents of Ti, V, and Cr are high,
the current of I(TiVCr) was higher than that of I(TaW). The greater single target deposition
current produced a certain anti-sputtering effect, and the film surface was bombarded with
sputtering-atomic groups, forming the peak-to-valley morphology unique to Figure 6e,f,
which led to an increase in roughness [38]. In Figure 6a–d, the currents difference between
the two targets is relatively small, and the change in the surface morphology was mainly
affected by the elemental composition.

In all samples, with the increases in the Ti, V, and Cr elemental contents, the δ, ∆Hmix,
and ∆Smix showed trends of first increase and then decrease. As the compositions of the
Ta and W alloys decreased, Tm gradually decreased, and finally the associated entropy-
enthalpy ratio, Ω, also presented a trend of first increase and then decrease. When the
components of the coating approached an equimolar ratio, the entropy enthalpy ratio,
Ω, and ∆Smix, reached the maximum value, showing similar x values, and when ∆Hmix
reached the maximum value position, the x value was relatively larger. With the increase
in atomic-size difference, δ, the alloy produced a larger lattice-distortion effect, which
intensified the internal stress of the film to a certain extent, leading to the generation of
precipitated phases. Therefore, as shown in Figure 6a–d, with the increases in the Ti, V,
and Cr elemental contents, the surface morphology changed accordingly, from the pleated-
shape morphology to pits. On the other hand, when x = 0.74, ∆Hmix achieved a maximum
value, and with a higher ∆Hmix, the alloy tended to form intermetallic compounds, which
promoted the formation of precipitated phases. In Figure 6e,f, the peak-valley structure on
the surface of the film effectively absorbed the internal stress generated by the effect of the
lattice distortion due to the increase in the sputtering current. Thus, the precipitate phase
disappeared, but the pit shape was retained.

With the increases in the Ti, V, and Cr elemental contents, the hardness and modulus
first increased and then decreased. The changes in the mechanical properties of HEA films
can be attributed to the following three factor [39–41]. The first factor is the influence of the
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characteristics of the alloying elements in the coating. Compared with Ti, V, and Cr, Ta and
W have higher hardness, and each element in the HEA forms a solid solution. Due to the
cocktail effect, the original properties of the alloy elements were retained and reflected in the
alloy. Therefore, Sample A had higher hardness and modulus than Sample M. The second
factor is the phase-structure change caused by the change in the alloy element ratio and the
effect of solid-solution strengthening. Ta and W form a typical BCC structure of a TaW solid
solution, and the hardness is greater than the amorphous structure formed when Ti, V, and
Cr elements were dominant. With the increases in the Ti, V, and Cr elemental contents, the
film changed from a BCC structure to an amorphous structure. Due to the higher hardness
of the BCC structure, the grain refinement caused by the alloy-phase transformation and
the solid-solution strengthening worked together to obtain the best mechanical properties
in the transition zone. Subsequently, with the further increase in the Ti, V, and Cr elemental
contents, the film completely changed to an amorphous structure, the phase-structure
characteristics changed, and no longer had the conditions of solid-solution strengthening,
and the mechanical properties of the material decreased significantly. The third factor is
the influence of the thermodynamic calculation. Comparing the results of the mechanical
properties of the film with the calculated parameters of the thermodynamics, it was found
that the entropy-enthalpy ratio, Ω, was related to hardness and modulus. When the alloy
element were close to the equimolar ratio, Ta and W, with smaller atomic radii, entered
the original lattice of Ti, V, and Cr to form a replacement solid solution, which produced
a solid-solution strengthening effect. At the same time, with the introduction of multiple
elemental compositions, more complex mixing entropy and mixing enthalpy relationships
were generated between each elemental composition. The phase was analyzed in the
formation part, which produced a pinning effect and fixed the grain structure, further
improving the mechanical properties of the material [42].

The wear resistance of the film was affected by the following factors [43–46]. The first
factor was the change in the hardness and modulus caused by the proportion of different
alloy elements. The second factor was the influence of the change in the film-surface
roughness on the wear response. In the analysis shown in Figure 6, the hardness of the
film and the wear performance of the film show a clear correlation. When the value of x
was small, the roughness of the film did not change significantly, and the wear resistance
was mainly affected by the hardness, and was jointly affected by multiple strengthening
mechanisms. When x = 0.51, the film hardness was the highest, and the greater hardness
largely improved the wear resistance of the material. The third factor, was the effect
of different alloying elements on the surface, as exhibited in Figure 6. When x = 0.56
and x = 0.66, a large number of fine particles formed on the surface of the film, and the
morphology also tended to form a regular pit structure, which played a self-lubricating
role and contributed to the high wear resistance of the material. Corresponding to the wear
curve of x = 0.51 in Figure 9, as the wear time increased, the effect of the film surface on the
wear behavior of the material disappeared. In the stable wear stage, the friction coefficient
of the film was mainly affected by the material hardness and modulus. Through the
calculation of thermodynamic parameters, the properties of materials could be predicted to
a certain extent.

5. Conclusions

The (TiCrV)x-(TaW)1-x binary system HEA thin films were prepared by double-target
co-deposition, and the current ratio between the two targets was adjusted to make the elemental
composition in the film change linearly with it. With the increases in Ti, V, and Cr contents,
the thin film changed from a BCC single-crystal structure to BCC polycrystalline + amorphous
structure, and finally became an amorphous structure. The calculation of a series of thermo-
dynamic parameters could effectively predict the phase-structure change of the alloy, and the
analysis predictions agreed with the results of XRD and HRTEM.

The radiation-damage analysis of two typical samples was performed using He ions. The
materials showed good radiation resistance without obvious holes and dislocation rings. He
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bubbles caused by the He-ion irradiation were concentrated in the BCC crystal structure region.
By comparison, it was found that by forming a BCC polycrystalline + amorphous hybrid
structure, the material’s radiation resistance could be effectively improved. Nanoindentation
and abrasion experiments were performed on the film material. When x = 0.51, because
of the joint action of multiple strengthening mechanisms, the film had the best mechanical
properties, with the hardness and modulus reaching 27.54 GPa and 274.39 GPa, respectively.
At the same time, the film had excellent wear resistance. The average friction coefficient and
wear rate were 0.308 and 4.77 × 10−9 mm3N−1 mm−1, respectively.
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