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Introduction: Recently, great efforts have been dedicated to tailoring the
microstructure of the RHEA films to further optimize the performance of the
films. However, there is still a lack of in-depth study on their wear mechanism
and microstructure evolution.

Methods: In this work, the novel ZrNbTiMo RHEA films were prepared by DC
magnetron sputtering and splicing target techniques. The effects of sputtering
power on the microstructure, hardness, toughness, and wear resistance of
ZrNbTiMo RHEA films were investigated in detail.

Results: The ZrNbTiMo films possess the nanocomposite structure, the bcc
nanocrystal is wrapped in an amorphous phase. The wear resistance of the film is
expected to be improved by finding an appropriate ratio between the amorphous
phase and the nanocrystal phase. The nanocrystal structure ensures the high
hardness (6.547 ~ 7.560 GPa) of the ZrNbTiMo film. In addition, the nanocrystals
hinder crack propagation, this toughness mechanism effectively improves the
toughness of the film. The ZrNbTiMo film prepared at 150W possesses excellent
mechanical properties, hardness of 7.240 GPa and toughness of 0.437 ± 0.040 MPa
× m1/2, exhibits better wear resistance (wear rate: 5.223 × 10−7 mm3/Nm).

Discussion: Thewear resistance of ZrNbTiMo film is controlled by both hardness and
toughness. The nanocomposite structure makes the ZrNbTiMo films possess a
composite fracture which could improve the toughness of the ZrNbTiMo film.
The wear-resistant ZrNbTiMo RHEA films with wear rates of the order of 10−6

mm3/Nm have been prepared by tuning the sputtering power, this film can be
used as a potential candidate for wear-resistant coatings.
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1 Introduction

Friction and wear are common phenomena in the service process of moving parts
(Holmberg and Erdemir, 2019). Wear resistance is important in determining the
component’s service life. The wear phenomenon mainly occurs on the surface of
components. Therefore, it is an economically feasible method to deposit high-performance
film material on the surface of low-cost components. High-entropy alloy (HEA) films (Yeh
et al., 2004; Song et al., 2020), as a novel alloy filmmaterial, inherit the excellent properties of the
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bulk HEA, such as superior strength (Wu et al., 2018; Chung et al.,
2019; Tong et al., 2019), high hardness (Alvi et al., 2020; Huang et al.,
2020), high ductility (Li et al., 2016; Li et al., 2017), outstanding
oxidation, wear and fracture resistance (Hemphill et al., 2012; Liu
et al., 2019; Lee et al., 2021; Liao et al., 2023). In addition, refractory
high-entropy alloy (RHEA) films (Senkov et al., 2010) are composed of
high melting point elements of 4, 5, and 6 subfamilies and could be
used as heat- or wear-resistant coatings.

Magnetron sputtering (MS) is one of the most used techniques for the
preparation of RHEA films with nanocrystal structure which exhibit a
significantly higher hardness than their bulk counterpart (Alvi et al., 2020).
In addition, by adjusting the parameters of the magnetron sputtering
process, the microstructure of the RHEA films can be affected and further
optimizes the performance (Kim et al., 2019a; Kim et al., 2019b). For the
RHEA films used in wear resistance applications, toughness is another
mechanical performance index that should not be ignored. However, the
improvement of film toughness has been a technical challenge for material
scientists and engineers (Zhang and Zhang, 2012; Zhang et al., 2017; Liu
et al., 2021). A study by Yue et al. (2022) showed that finding an
appropriate ratio between the amorphous phase and the nanocrystal
phase is expected to lead to highly wear-resistant films. On the one
hand, the amorphous structure will hinder the nanocrystal from plastic
deformation, on the other hand, the nanocrystal will hinder the shearing of
amorphous regions. Recently, great efforts have been dedicated to tailoring
the crystalline phase structure of the RHEA films to improve the
mechanical properties of the films by adjusting the deposition
parameters. Song et al. (2019) found that the diffusion ability of
deposited atoms in the TaNbHfZr film is improved by increasing the
substrate temperature in the magnetron sputtering process, the
microstructure of the film transforms from the amorphous structure at
a deposition temperature of 25°C to BCC crystal structure at 700°C. Feng
et al. (2017) prepared the NbMoTaW films of different thicknesses by
controlling deposition time. The increase in deposition time promotes the
increase of the atoms’ diffusion time, thus ensuring the growth of grains.
Wang et al. (2021) emphasized that changing deposition power can tailor
both the diffusion ability and the available time of the deposited atom

simultaneously. The structures of the CoNiVAl films change from an
amorphous structure to a crystalline structure, and the hardness and tensile
strength of the film increase monotonically with the increase of sputtering
power. However, research on the effect of sputtering power on the wear
resistance of the RHEA films is still rare and needs to be explored in detail.

In this work, we developed a novel ZrNbTiMo RHEA film. The
elements of the film were selected as follows: Nb and Mo enhance the
hardness and wear resistance (Tao et al., 2018; Yu et al., 2019), and Ti
and Zr improve the tensile properties and toughness of the RHEA
(Han et al., 2017; Chen et al., 2022). The sputtering power ranging
from 90 to 210 W was applied to investigate its effects on the
microstructure, mechanical properties, and tribological properties
of the ZrNbTiMo film in detail. The growth mechanism of
nanocrystals in the film was analyzed from the perspective of atom
deposition. The toughening mechanism and the wear resistance
mechanism of the ZrNbTiMo film were investigated from the
microstructure perspective in detail.

2 Experimental

2.1 Film preparation

The ZrNbTiMo HEA films were deposited on polished ASTM304
(30 × 30 × 1.5 mm3) and Si (100) wafer (50 × 10 × 0.7 mm3) by direct-
current magnetron sputtering. The splicing target (Φ 76.2 × 5 mm2)
consists of four 90° fan-shaped Zr, Nb, Ti, and Mo (99.95% purity)
targets. During deposition, the Ar was filled at 100 sccm to ensure a
constant work pressure of 0.8 Pa. The target-to-substrate distance was
fixed at 100 mm, the substrate holder rotated at a speed of 10 r/min
and the substrate bias voltage was maintained at −50 V. The sputtering
power varied from 90 to 210 W (step size: 30 W), and the film
thickness was controlled to 1.0 ± 0.1 µm by adjusting the
deposition time. After the deposition process, the films were kept
in a vacuum chamber and cooled to room temperature before taking
out to minimize oxidation.

FIGURE 1
(A) Elemental concentration of the ZrNbTiMo films deposited at different sputtering power, (B) SEM image, and (C) element mapping images of the top
surface of the film deposited at 150 W.
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2.2 Microstructure characterization

The surface and cross-sectional morphologies were observed by field
emission scanning electronmicroscopy (FESEM,ΣIGMAHDTM, ZEISS,
Germany). An energy dispersive spectrometer (EDS, X-Max 20, Oxford,
Britain) integrated into the FESEM was used to measure the chemical
composition of the films. The crystal structure and phase composition of

the ZrNbTiMo films were analyzed by a glancing incident X-ray
diffraction (GIXRD, Empyrean Series2, PANalytical, Britain) with Cu-
Kα radiation (λ = 1.5405 nm) and an incident angle of 0.5°, the scanning
angle (2θ) ranged from 20° to 90° at a scanning speed of 4°/min. The
crystallite size of the ZrNbTiMo films is calculated by the Scherrer
equation d = kλ/βcosθ, where d is the average crystallite size, k is the
shape factor, and β is the full width at half-maximum. The interplanar

FIGURE 2
SEM images of the surface and cross-section of the ZrNbTiMo RHEA films deposited at different sputtering power: (A) 90 W, (B) 120 W (C) 150 W, (D)
180 W, and (E) 210 W.
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spacing of films is calculated according to Bragg equation 2dsinθ = λ,
where d is interplanar spacing, θ is diffraction angle and λ is X-ray
wavelength. The nanostructure of the ZrNbTiMo film was analyzed by
transmission electron microscopy (TEM, Titan Themis 200, FEI,
America). The TEM samples with a Pt protective layer were prepared
by a focused ion beam system (Helios 450 S dual beam, FEI, America).

2.3 Mechanical property test

The elastic modulus (E) and hardness (H) of films were characterized
by a nano-indentation tester (Nano-Indenter G200, KLA, America)
equipped with a standard Berkovich diamond indenter under

continuous stiffness mode, the indentation depth was maintained
within 90 nm to avoid the influence of the substrate, the elastic
modulus and hardness of each sample were measured at six points to
ensure the data reliability. The residual stress (σ) of the films deposited on
the Si (100) wafers was characterized by a film stress tester (FST-1000,
Supro Instruments, China), the residual stress was calculated by the
Stoney formula, as shown in Eq. 1:

σ � − Es · h2s
6 1 − Vs( ) · hf

1
R2

− 1
R1

( ), (1)

where Es is the elasticmodulus andVs is Poisson’s ratio of the substrate, hs
and hf are the thickness of substrate and film respectively, and R1 and R2

are the curvature radii of the sample before and after deposition,
respectively. The crack resistance of the ZrNbTiMo films was detected
by a Vickers hardness tester (HVS-1000Z, Shanghai Yi Zong Precision
Instrument Co., China) with a load of 1 N for 15 s, and the indentation
morphology was observed by FESEM. The fracture toughness (KIC) was
calculated according to Eq. 2:

KIC � 0.016
E

H
( )1/2 P

c3/2
, (2)

where P is the load, E is the elastic modulus, H is the hardness, and c is the
radial crack length, which was obtained by calculating the average value of
crack length from five indentations. During the adhesion strength test, a
diamond tip contacted the film’s surface, and a 1 N load was applied, then
the diamond tip slides forward 10 mm at a sliding speed of 40 mm/min,
and the contact load linearly increased to 30 N. The critical load (Lc) at
which the film first delamination on the trackside was recorded.

2.4 Tribological property test

The tribological properties of the ZrNbTiMo films were evaluated by
tribometer (UMT-TriboLab, Bruker, America) under the linear

TABLE 1 The sputtering power, chemical composition, and thermodynamic parameters of the ZrNbTiMo RHEA films.

No. Dc power (W) Composition δ (%) ΔHmix (kJ/mol) ΔSmix (J/K·mol) VEC

The condition for forming a single solid solution phase 0–8.5 −22–7 11–19.5 <6.87 for BCC

1 90 Zr24Nb24Ti22Mo30 6.107 −6.336 11.47 4.84

2 120 Zr22Nb18Ti20Mo40 6.319 −8.397 11.06 4.98

3 150 Zr20Nb18Ti21Mo41 6.214 −8.477 11.01 5.00

4 180 Zr25Nb23Ti22Mo30 6.175 −6.374 11.46 4.83

5 210 Zr25Nb22Ti22Mo31 6.209 −6.642 11.44 4.84

FIGURE 3
XRD patterns for the ZrNbTiMo RHEA films deposited at different
sputtering power.

TABLE 2 The crystallite size, crystallinity, hardness (H), elastic modulus (E), residual stress (σ), and fracture toughness (KIC) of the ZrNbTiMo RHEA films.

No. Crystal size (nm) Crystallinity (%) H (GPa) E (GPa) σ (GPa) KIC (MPa × m1/2)

1 2.6 ± 0.3 13.03 ± 3.60 7.548 161.0 −0.222 0.304

2 12.5 ± 0.8 12.77 ± 2.30 7.560 148.9 −0.328 0.293

3 15.3 ± 1.2 20.07 ± 3.45 7.240 148.7 −0.564 0.437

4 2.5 ± 0.4 4.24 ± 1.20 6.547 140.1 0.712 0.238

5 3.5 ± 1.0 2.40 ± 0.84 7.219 138.1 0.343 0.034
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reciprocating mode, the friction test was conducted under a constant load
of 2 N and frequency of 2 Hz condition for 30 min. The friction
counterpart was a Si3N4 ball with a diameter of 6 mm and the length
of the wear tracks was 10mm. After the test, the surface morphology of
wear tracks was observed via a tungsten filament scanning electron
microscopy (JCM-7000, JEOL, Japan). The cross-sectional area of the
wear tracks was obtained by a white light interferometer (Contour GT-K,
Bruker, America), and the wear rate (W) of the ZrNbTiMo films was
calculated by Eq. 3:

W � V

L × S
, (3)

where V is the wear volume of the wear track, L is the applied constant
load and S is the sliding distance.

3 Results and discussion

3.1 Microstructure

3.1.1 Elemental composition and morphology
The element concentration of the ZrNbTiMo RHEA films deposited

at different sputtering power is shown in Figure 1A. The element
concentration of Mo, Zr, Nb, and Ti in the films deviates slightly
from that in the splicing target. The atom ratio of three elements (Ti,
Zr, andNb) in the RHEA film is near-equal and the concentration of each
element is between 15 and 25 at%, the Mo element concentration is
significantly higher than that of the other three elements. The difference in
the element concentration is attributed to the sputtering yield specific to

each element (Yamamura and Tawara, 1996). Under the normal
incidence of Ar+ (energy: 300 eV), the sputtering yields of Ti, Zr, Nb,
and Mo are 0.465, 0.463, 0.592, and 0.652 (Zhang et al., 2022). The
number of atoms deposited on the film surface is positively correlated
with their sputtering yield. Figure 1B shows the SEM image of the
ZrNbTiMo RHEA film deposited at 150W which is imaged by
backscattered electron signal (BES), the corresponding element
distribution maps are shown in Figure 1C. All alloy elements are
uniformly distributed in the micron-scale region, which means the
splicing target is a technically feasible method to prepare the RHEA
film with uniform composition distribution. The adjustment of the
element content will be more flexible by changing the fan-shaped area
of the splicing target, which effectively solves the challenge of preparing
the cast RHEA target.

The morphologies of the surface and cross-section of the films
deposited at different sputtering power are shown in Figure 2. The
ZrNbTiMo RHEA film has a relatively smooth island-like structure at
90 W sputtering power. Many triangular conical protrusion structures
occur on the film surface with the power increasing to 120 and 150 W.
As the power increases to 210 W, the surface changes to a smooth
island-like structure again. The dependence between the film’s cross-
sectional structure and sputtering power is also obvious. The cross-
sectional structure of the film changes gradually from a fine fiber
structure at 90 W to a columnar grain structure at 150 W, then
transforms into a fine fiber structure at 210 W finally.

3.1.2 Phase structure and microstructural analysis
The phase formation ability of HEA can be predicted by

thermodynamic parameters, the mixing enthalpy (ΔHmix), atom

FIGURE 4
Cross-section microstructure of the ZrNbTiMo RHEA films: (A,D) TEM images with SAED patterns of the film deposited at 150 W and 210 W respectively,
(B,E) magnified TEM images, (C,F) HRTEM images with FFT patterns corresponding the characteristic regions marked by the white rectangles.
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size difference (δ), and mixing entropy (ΔSmix) of ZrNbTiMo were
listed in Table 1. The thermodynamic parameters of ZrNbTiMo are
consistent with the theoretical formation condition of solid-
solution phases (11 J/Kmol ≤ ΔSmix ≤ 19.5 J/Kmol, −22 kJ/mol ≤
ΔHmix ≤ 7 kJ/mol and 0% ≤ δ ≤ 8.5%). The valence electron
concentration (VEC) is a decisive factor in the formation of the
FCC or BCC solid solutions phase (Guo et al., 2011). The VEC
values of ZrNbTiMo are less than 6.87, indicating the formation of
the BCC phase in ZrNbTiMo. However, the actual microstructure
for the ZrNbTiMo films is also controlled by the dynamic
parameters during the deposition process. Therefore, the actual
microstructure of ZrNbTiMo films needs to be explored. Figure 3
shows the XRD patterns of the ZrNbTiMo film prepared at
different sputtering power. The films deposited at 120 and
150 W sputtering powers show clear diffraction peaks of (110)
and weak diffraction peaks of (200), and (211), which confirms the
existence of the BCC phase in the ZrNbTiMo RHEA films. For the
diffraction peak of (110), a broad diffraction hump appears for

other sputtering powers. In addition, the intensity of (200) and
(211) diffraction peaks diminish gradually when the sputtering
power decreases to 90 W or increases to 180 W, and (200) and
(211) diffraction peaks disappear eventually at the sputtering
power of 210 W. The average crystallite size and crystallinity of
the ZrNbTiMo films are shown in Table 2. With the increase of
sputtering power, the crystallinity experienced a process of first
increasing and then decreasing, the optimized crystallinity
(20.07%) of films is achieved at 150 W.

TEM allows us to probe the microstructure and phase structure of
the films at the nanometer scale. Here, the ZrNbTiMo RHEA films
deposited by 150 and 210 W were selected for the TEM test.
Figures 4A, D show the cross-sectional TEM images of the
ZrNbTiMo RHEA films deposited by 150 and 210 W, respectively.
From the selected area electron diffraction (SAED) patterns in
Figures 4A, D, the diffused diffraction rings and bright diffraction
spots indicate that the structure of the film is the nanocomposite
structure, composed of two phases: a nanocrystalline phase and an
amorphous phase (Kamalan Kirubaharan and Kuppusami, 2020).
High-resolution TEM (HRTEM) images of the ZrNbTiMo RHEA
films deposited at 150 and 210 W are shown in Figures 4B, E
respectively. As shown in the inserted fast Fourier transform (FFT)
images in Figure 4E, the amorphous structure accounts for a larger
proportion in the 210 W film. Only a few ordered regions about
10–20 nm in diameter are embedded into the amorphous matrix.
However, many ordered regions with size over 30 nm appeared in the
150 W film, the relatively more optimized crystallinity of the 150 W
film is consistent with the more obvious diffraction peak in the XRD
pattern. In addition, some (110) type planar defects (stacking faults)
with different spaces (3–5 atomic width) are found in the
nanocrystalline structure (Feng et al., 2018), as shown in Figure 4B.
The crystal planes with an orientation of (110), (200), and (211) of the
bcc phase are marked in Figure 4C. The spacing of the (110) crystal
plane is 0.234 nm, which is consistent with the analysis results of the
XRD pattern (0.233 nm). The crystal planes with an orientation of
(110) and (200) of the bcc phase are marked in Figure 4F. The analysis
results of the TEM test more intuitively prove that changing the
sputtering power can effectively control the crystallinity and
nanocomposite structure of the ZrNbTiMo films.

FIGURE 5
(A) Load-displacement curve with an analysis schematic diagram in the illustration and (B) hardness and elastic modulus of the ZrNbTiMo RHEA films
deposited at different sputtering power.

FIGURE 6
Residual stress and fracture toughness of the ZrNbTiMo RHEA films
deposited at different sputtering power.
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Wang et al. (2021) have found that the nanocrystalline phase
fraction in the HEA films experienced a process of first increasing and
then decreasing with the sputtering power increasing. Such a
microstructural change can be explained by the multiple
competition between atom diffusion ability promoted by incident
atom energy and available time limited by deposition rate. The
incident atom energy can be expressed by Eq. 4:

Uk � DW · VS

P0.5
g

, (4)

where DW is the target power, Pg is the working pressure and VS is the
substrate bias voltage. According to the equation, Uk is directly related
to DW when the other parameters remain constant (Zhang et al.,
2004).With the increase of the sputtering power from 90 to 150 W, the
incident atom energy increases which promotes the migration of the
deposited atom, leading to the growth of nanocrystalline and the
increase of the film crystallinity. With the sputtering power increasing
to 210 W, the number of atoms reaching at substrate surface per unit
of time increases. The higher deposition rate means that the available
time of deposited atoms’ re-arrangement before being buried by the
additional incident atoms becomes shorter, which limits the atom
diffusion ability, and the crystallinity of the film decreases.

3.2 Mechanical properties

3.2.1 Hardness and elastic modulus
The load-displacement curves of the ZrNbTiMo RHEA films

deposited at different sputtering power are shown in Figure 5A.
The hardness and elastic modulus of the film can be calculated
according to Eqs. 5–7, and the analytic diagram is shown in the
illustration of Figure 5A.

H � P max

A
, (5)

Er �
��
π

√ · S
2β · ��

A
√ , (6)

FIGURE 7
Vickers indentationmorphologies of the ZrNiTiMo RHEA films on Si substrate deposited at different sputtering power: (A) 90 W, (B) 120 W, (C) 150 W, (D)
180 W, (E) 210 W, and (F) an illustration of radial cracks.

FIGURE 8
Magnification image of crack and the schematic diagram of the
toughening mechanism corresponding to the ZrNbTiMo RHEA films
deposited at 150 W.
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1
Er

� 1 − v2

E
+ 1 − v2i

Ei
, (7)

where H, Er, E, and ν are the hardness, reduced modulus, elastic
modulus, and Poisson’s ratio of the RHEA film, respectively. Pmax is
the load corresponding to maximum indentation depth. A is the
projective area of the contact surface between the diamond
indenter tip and the film under the load of Pmax. S is the elastic
contact stiffness at Pmax calculated by the slope of the initial 30%
unloading of the load-displacement curves (Oliver and Pharr,
2011). The H and E of the ZrNbTiMo RHEA films are shown in
Figure 5B and Table 2. The Pmax of the films deposited at 90, 120,
and 150 W are similar, these films possess similar hardness (7.3 ±
0.2 GPa). Moreover, the elastic contact stiffness (S) of the RHEA
films monotonously decreases with the increase of sputtering

power, and this change ultimately causes the elastic modulus of
the film to decrease from 161.0 to 138.1 GPa. The high hardness of
the films is attributable to the following two reasons: Firstly,
according to the Hall-Petch effect, the grain boundary structure
can effectively hinder dislocation motion, the ZrNbTiMo films with
smaller grain size acquire a higher hardness than their bulk
counterparts with larger grain size (Zou et al., 2017). Secondly,
the high-entropy effect causes the nanocrystalline structures in the
ZrNbTiMo films to form a single-phase solid solution structure.
The remarkable solid solution strengthening due to sever lattice
distortion causes the ZrNbTiMo RHEA films to exhibit higher
hardness compared with the other elemental metal films, such as
Nb (~3 GPa), Mo (~2 GPa), and Ti (~5 GPa) films (Vieira et al.,
2002; Schneider et al., 2009; Kaufmann et al., 2013).

FIGURE 9
Surface morphologies of the scratch tracks for the ZrNbTiMo RHEA films deposited at different sputtering power: (A) 90 W, (B) 120 W, (C) 150 W, (D)
180 W, and (E) 210 W.

FIGURE 10
(A) Friction coefficient curve and (B) wear rate of the ZrNbTiMo RHEA films deposited at different sputtering power.
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3.2.2 Residual stress and fracture toughness
Figure 6 shows the residual stress of the ZrNbTiMo films

deposited at different sputtering power. The compressive
residual stress increases with a concurrent increase in the
sputtering power from 90 to 150 W, then the residual stress
transforms into tensile residual stress with the sputtering power
increasing to 180 and 210 W. This change can be explained from
the aspect of the film microstructure. With the sputtering power
increasing from 90 to 150 W, the diffusion ability of deposited
atoms improves, and the film cross-sectional structure changes
from a fine fiber structure to a columnar grains structure with a
larger grain size. As the size of columnar grains increases, adjacent
columnar crystals squeeze against each other causing increasing
compressive residual stress. With the sputtering power further
increasing to 180 and 210 W, the films exhibit the fine fibrous
cross-sectional structure again. The diffusion ability of deposited
atoms is limited, the gaps appear between the fine fibrous grains.
However, due to the mutual attraction between the atoms of

adjacent fine fibrous grains, the gaps disappear and change to
grain boundaries which leads to the tensile residual stress
(Thornton and Hoffman, 1989).

Figure 7 shows the Vickers indentation morphologies of the
ZrNbTiMo RHEA films deposited at different sputtering power. In
general, the fracture toughness (KIC) of the films is inversely
proportional to the radial crack length (Zhang et al., 2017). The fracture
toughness of the ZrNbTiMo RHEA films is shown in Figure 6, the film
deposited at 150W possesses the maximum toughness. This may be
attributed to two main factors: microstructure and compressive residual
stress. Firstly, according to Chakraborty et al. (2009), (Zhu et al., 2011), the
plastic metal phase in the amorphous matrix can work as a micro-energy
absorber and a bridge connecting the amorphous matrix during the plastic
deformation process of composite coatings, thus buffering and deflecting
the crack propagation. Therefore, the nanocrystalline in the filmwill lead to
the mixed fracture mode, in which the trans-granular fracture mode
dissipates energy via nanocrystalline plastic deformation and the
intergranular fracture mode dissipates energy by increasing the crack
length. What’s more, for the trans-granular fracture mode, the existence
of stacking fault structures in nanocrystals of the 150W films could further
hinder the dislocationmovement. Secondly, the compressive residual stress
of the film will promote the closure of microcracks which hinders the
propagation of cracks (Yu et al., 2021), the toughness correspondingly
increases as the compressive residual stress increases.Hence, the 150Wfilm
exhibits the maximum fracture toughness, the toughening mechanism of
the 150W film can be described as shown in Figure 8.

3.2.3 Adhesion
The adhesion between film and substrate is another important factor

affecting the wear resistance of the films. Figure 9 shows the surface
morphologies of the scratch tracks for different films at critical loads. In
Figures 9B, C, the 120 and 150W films exhibit slight splits with minor
exfoliation along both sides of the scratches. For the 90 and 180W films,
similar morphologies appear at shorter sliding distances, as shown in
Figures 9A, D, whereas the 210W film exhibits a large area of film
exfoliation on the surface of the scratches, as shown in Figure 9E. The
critical load values obtained from scratch measurements are 9.7, 16.0,
12.2, 3.9, and 3.1 N for the films deposited by 90, 120, 150, 180, and 210W
respectively, the film deposited at 210W possesses the poorest adhesion
compared with other films. Two notable reasons which determine the
poorest adhesion of the 210W film are tensile residual stress and
toughness: Firstly, lower toughness means that the film’s ability to
absorb energy during the plastic deformation is limited and the film is
easier to fracture. Secondly, tensile stress in the film can cause the rapid
propagation of cracks and may lead to the film separating from the
substrate finally. The ZrNbTiMo thin films deposited by 120 and 150W
power are expected to have better wear resistance than other films due to
their excellent performance combination of hardness, toughness, and
adhesion. We further confirm the wear resistance of the ZrNbTiMo film
in the following section.

3.3 Tribological properties

3.3.1 Friction coefficient, wear rate, and wear tracks
morphology

The tribological properties of the ZrNbTiMofilmswere evaluated using
a tribometer under the linear reciprocating mode. The friction coefficient
curves of the ZrNbTiMo films deposited at different sputtering power are

FIGURE 11
Wear surface of the ZrNbTiMo RHEA film deposited at 150 W: (A) 3D
image; (B), (C), and (D) SEM image.

FIGURE 12
Wear surface of the ZrNbTiMo RHEA film deposited at 210 W: (A)
3D image; (B) and (C) SEM image; (D) Face-scan element distribution
map of (C).
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shown in Figure 10A. During the test, a running-in stage is observed
corresponding to the initial transient followed by a sudden increase in the
friction coefficient. After the running-in stage, the friction coefficient of the
ZrNbTiMo films remained stable at approximately 0.65. The friction
coefficient curve of the film deposited by 150W is relatively stable and
smooth, while the friction coefficient curve fluctuates between 0.5 and
0.7 for the film deposited by 180 and 210W. The friction coefficient curve
may fluctuate due to the irregular surface morphology caused by the wear
debris particles, plastic deformation, and pits.

The morphology of the worn area was imaged by a white light
interferometer to calculate the wear rate of the ZrNbTiMo films. As
shown in Figure 10B, the wear rate value is 12.933 × 10−6, 6.091 ×
10−6, 0.522 × 10−6, and 6.972 × 10−6 mm3/N m for the films
deposited by 90, 120, 150, and 180 W respectively, the film
deposited by 210 W is worn out. The film deposited by 150 W
exhibits the best wear resistance. The film wear track morphology
of the selected films deposited by 150 and 210 W was used to
analyze the wear mechanism, as shown in Figure 11 and Figure 12
respectively. For the film deposited at 150 W, in Figures 11A, B, the
furrow parallel to the wear track was observed and the slight film
peeling phenomenon occurred on the film surface, resulting in the
maximum depth of wear tracks exceeding the film thickness in
individual areas (up to 1.3 µm), which proves the abrasive wear
mechanism for the 150 W film. The high-magnification image
(Figures 11C, D) shows that fatigue cracks occur on the film
surface due to repeated plastic deformation during reciprocating
friction. The accumulation of cracks causes delamination and
spalling of local film, resulting in the fatigue wear mechanism.
For the film deposited by 210 W, Figures 12A, B exhibits the furrow
parallel to the wear track, and the depth exceeds the film thickness
to 4.6 μm. The high magnification image (Figure 12C) shows that a
large area of film peeling appeared at the edge of the wear track. The
element distribution corresponding to this wear track is shown in
Figure 12D, the element content of Fe in the film peeling area
increases obviously, indicating that the film has been worn out and
the ASTM304 substrate exposed. The wear mechanism of the
210 W film is severe abrasive wear.

3.3.2 Analysis of wear resistance mechanism
Wear is a complex process of material consumption, the process is

affected by various mechanical properties, such as hardness, residual
stress, fracture toughness, and adhesion. We found that fracture
toughness is the significant factor affecting the wear resistance of
the ZrNbTiMo RHEA films in our work. For the low toughness
ZrNbTiMo film (the film deposited at 210 W), the plastic
deformation occurs on the film surface when the friction pair
contacts with the film and the microcracks appear due to the
brittle characteristics of the film. During the reciprocating friction
process, the microcracks eventually spread into the inner and
penetrate the ZrNbTiMo films. Then, the cracks inside the film
accumulate gradually leading to adjacent cracks connecting, which
causes the decohesion of the film particles. These particles become
wear debris in the abrasive wear process which further aggravates the
generation of wear debris and microcracks, and severe abrasive wear
occurs finally. The wear mechanism diagram is shown in Figure 13A.
For the high toughness ZrNbTiMo films (the film deposited at 150 W),
when the friction pair contacts with the film surfaces, due to the
toughening mechanism of the nanocomposite structures, the
nanocrystals in the films can alleviate the cracks propagating into
the inner of the films. During reciprocating friction, the decrease in the
number of cracks leads to an increase in the time for fatigue crack
accumulation and a decrease in the crack length, reducing the size of
hard abrasive particles. The damage to the film caused by abrasive
wear could be relieved. Thus, the wear mechanism of the ZrNbTiMo
film deposited by 150 W is mainly fatigue wear accompanied by slight
abrasive wear, the wear mechanism diagram is shown in Figure 13B.

4 Conclusion

In this work, we have systematically investigated the effects of
sputtering power on the microstructure, mechanical, and tribological
properties of the ZrNbTiMo films. In addition, the toughening
mechanism and wear mechanism of the ZrNbTiMo film were
discussed in detail.

FIGURE 13
Schematic diagram about the wear mechanism of the ZrNbTiMo RHEA films deposited at (A) 210 W and (B) 150 W.
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1) The elements of the ZrNbTiMo films prepared by splicing target
are evenly distributed on a micron scale. The alloy element content
of the ZrNbTiMo film can be adjusted more flexibly by changing
the area of the splicing target.

2) All the ZrNbTiMo films possess a nanocomposite structure which is
composed of two phases: A nanocrystalline phase and an amorphous
phase. The film deposited at 150W exhibits a larger crystallite size
(15.3 nm) and more optimized crystallinity (20.07%).

3) The nanocomposite structure makes the ZrNbTiMo films possess a
composite fracture mode that mixes the trans-granular fracture
mode and the intergranular fracture mode, which eventually
improves the toughness of the ZrNbTiMo film.

4) The hardness of the ZrNbTiMo films decreases with the increase of
sputtering power. The film deposition by 150 W shows the
maximum toughness (0.437 MPa × m1/2) and exhibits the best
wear resistance (wear rate: 5.223 × 10−7 mm3/N m).
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