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Abstract To fulfill the demands of applications under
severe operational conditions, alloys should possess
outstanding wear resistance at elevated temperatures. A Ti-
Hf-Nb-V based refractory high entropy alloy (RHEA) was
successfully produced using the directed energy deposition
(DED) technique, which avoided the formation of fatal
defects and showcased well-performed mechanical
properties across a broad temperature spectrum. Strategic
design of the oxidation sequence enabled the early
formation of oxide nanolayers, which can form a
polycrystalline oxide nanocoating under a complex stress
condition to drastically reduce the wear rate from 2.69 x 10
4 mm*(N-m)' at room temperature to 6.90 x 107
mm?*-(N-m)"! at 600 °C. These results indicate that the
application of additive manufacturing (AM) to fabricate
RHEAs with superior wear resistance at high temperatures
paves the way for the development of functional coatings
designed to withstand extreme conditions.
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1 Introduction

Most mechanical component failures are caused by surface
wear, with significant cost implications [1]. Therefore,
developing materials with excellent wear resistance is a
major focus for researchers [2,3]. Refractory high entropy
alloys (RHEAs) are promising for high-temperature
applications due to their superior properties [4—6]. However,
RHEAs tend to be brittle at room temperature (RT) [7],
making them vulnerable to fatigue wear [8], resulting in
poor wear resistance [9]. This presents a key issue and
technical challenge that needs to be addressed urgently. The
laser-aided directed energy deposition (DED) technique,
characterized by its integrated design and manufacturing
approach, high processing precision and short manufacturing
cycle [10], can produce RHEA deposits with superior
strength and hardness, mainly attributed to solid solution
strengthening [10] or grain refinement [11,12]. In general,
the preparation of high-quality deposits with high hardness,
plastic toughness, and minimal defects significantly
improves wear resistance [13,14]. Although the formation of
precipitation can increase the hardness of RHEAs [15,16],
blindly increasing the content of the precipitated phases
cannot significantly improve the material's wear resistance
[17]. In previous research, a TisxHf21Nb21Vie (T42) RHEA
prepared by laser-engineered net shaping (LENS) had better
plasticity than the same type of RHEA prepared by casting
[10], which may enable its favorable friction and wear
properties. As prospective high-temperature engineering
materials, the wear resistance of RHEAs is volatile and
readily affected by ambient temperatures [18-20]. Although
adjusting the fabrication parameters seems to work on
improving the high-temperature tribological performance of
fabricated RHEA deposits, like applying ultrasonic vibration
[12], changing laser power [21] and applying a remelting
approach [22], forming a denser glaze on the wear surface
would be more productive for improving the tribological
properties at elevated temperatures [23,24]. As a result, how
to regulate the formation of high-temperature oxidation
products to modify the tribological properties of RHEAs
becomes of great significance to the preparation of highly
applicable HEA deposits.
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In this study, we used the LENS method to fabricate the T42
RHEA deposit, which demonstrated superior tensile
strength, ductility, and wear resistance at elevated
temperatures. By controlling oxidation product formation,
we significantly improved wear performance from RT to
600 °C. Additionally, we explored the wear mechanisms of
LENS-fabricated RHEAs at high temperatures, offering new
insights into creating RHEAs with enhanced properties for
extreme conditions.

2 Experimental

High-purity elemental powder blends were used as the
starting materials in our LENS process, with the detailed
fabrication parameters given in Ref [10]. The alloy was used
to make test specimens via electrical wire-cutting, prepared
for various experiments. Phase analysis was done using X-
ray diffraction (XRD, Mo, 4 = 0.71 A), and specimens were
polished using a series of techniques before electron
backscatter diffraction (EBSD, C-swift). An aberration-
corrected transmission electron microscope (TEM, Spectra
300) with selected area electron diffraction (SAED) was
used  for  microstructural ~ characterization.  The
microhardness of RHEA was measured with a Vickers
Hardness tester, and nanoindentation tests (Bruker Ti980),
applying a 100 mN load with a 15 s dwell time, assessed
nano-hardness and elastic modulus. Tensile yield strength
was measured at various temperatures using a ZwickRoell
machine with a heating chamber (details in Ref. [25]).
Tribological properties were evaluated at different
temperatures using a ball-on-disk tribometer (MFT-5000,
RTEC Instruments) with an Al,Os3 ball (diameter of 9.53
mm), and the coefficient of friction (COF) was monitored in
real time. Wear tests were conducted at RT, 400, 500, 600,
700 and 800 °C, with a 10 N normal load, a 2 mm stroke
length, a 5 Hz reciprocating frequency, and a 30-minute
duration. The post-wear analysis involved a 3D Optical
Profiler (S Neox) and scanning electron microscopy (SEM,
Verios S5UC) with energy-dispersive spectroscopy (EDS, X-
max 80) to study the worn surfaces. TEM (Talos F200X)
with EDS, aided by a focused ion beam (FIB, Helios 5 UX),
characterized subsurface morphologies. High-temperature
oxidation behavior was assessed by oxidation tests at 600
and 800 °C for 12 h, with the mass gain tracked over time,
with post-oxidation XRD (Cu, 1 = 1.54 A), SEM, and EDS
analyses to examine phase changes and elemental
distributions.

3 Results

To investigate the microstructure and phase composition of
the T42 RHEA, we wused various characterization
techniques. XRD patterns (Fig. 1a) revealed a single body-
centered cubic (BCC) phase after the LENS process.
Surface microstructure analysis (Fig. 1b(i)) showed
equiaxed grains and confirmed the single BCC phase (Fig.

1b(ii)). At the nanoscale (Fig. 1c), contrast variations
indicated lattice distortions, but the SAED patterns
confirmed the BCC structure. Hardness assessments showed
an average microhardness of 367 + 3.4 HVj,.
Nanoindentation tests (Fig. 1d) indicated a smooth load vs.
depth curve with no pop-in phenomena, yielding a hardness
of 4.40 = 0.06 GPa and an elastic modulus of 107 = 0.87
GPa. Yield strength measurements (Fig. 1e) demonstrated
that the alloy maintains gigapascal-level strength at RT,
decreasing to 630-680 MPa at higher temperatures, with
details given in our previous study [25].
We performed reciprocating dry friction tests at various
temperatures (typically RT, 400, 600 and 800 °C) on the
fabricated alloy. Figure S1 (in Supplementary Information
(SI)) shows the COF curves as a function of sliding duration
under different thermal conditions. The average COFs vary
from 0.4 to 0.5 for temperatures below 800 °C, while at 800
°C, the COF drops to approximately 0.28. Notably, at 800
°C, the COF is significantly lower, but its temporal stability
shows more fluctuations compared to those at lower
temperatures. Fig. 2a shows the 3D profiles of the wear
scars on the RHEAs after grinding against AbO; balls at
varying temperatures. Fig. 2b provides 2D profiles of the
central area of the wear scars along the cross-section. As the
temperature rises from RT to 400 °C, the width of the wear
scar decreases by approximately 19%, from 2285 um at RT
to 1860 pm at 400 °C, while the maximum depths remain
around 41 pm. The formation of ridges around the wear
scars suggests that the RHEA tends to extrude laterally
during the dry sliding wear tests, indicating the alloy's good
plastic deformation capability. At 600 °C, the wear scar's
width and depth significantly decrease, with the maximum
wear depth falling below 1 um. The wear volumes for each
sample were determined from the 3D profiles of the worn
surfaces, and the wear rate (w) was calculated using the
following equation [26]:

w=V/(LXF) )

where ¥ corresponds to the wear volume (mm?), L denotes
the total sliding distance (m), and F refers to the applied
normal load (N). Fig. 2c shows the wear rates as a function
of temperature, indicating a decrease in wear rate from RT to
600 °C. At RT, the wear rate of the RHEA is approximately
2.69 x 10* mm*-(N-m)’!, while at 600 °C, it is nearly three
orders of magnitude lower, at about 6.90 x 10”7 mm?3-(N-m)
!. The wear rate increases to 3.10 x 10~> mm?3-(N-m)"! when
the temperature rises to 800 °C. For the samples tested at
500 and 700 °C, with the wear scars given in Figure S2,
higher wear rates were also formed compared to the sample
tested at 600 °C, indicating that the RHEA has optimal wear
resistance around 600 °C. Fig. 2d compares the tribological
performance of our RHEA with other reported RHEAs
[9,18-20,27,28], showing that our designed RHEA
demonstrates exceptional ~wear resistance at high
temperatures, particularly around 600 °C.
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We examined the worn surfaces of the fabricated RHEA and
the AL,O; sliding ball after dry friction tests to understand
the wear mechanisms. Figure S3 a captures the 3D
morphology of the wear region on the AlOs ball surface
after interaction with the RHEA under different thermal
conditions. At RT and 400 °C, the ball surface wear is
characterized by distinct circular planes, whereas, at higher
temperatures, the wear is less pronounced. The
corresponding SEM and EDS images indicate detachment of
Al,O3 grains along their boundaries at RT and 400 °C, while
the EDS results show the presence of alloy elements (Ti, Hf,
Nb, V, and O) mixed with AlO; (as shown in Figure S3),
suggesting the presence of adhesive wear. Further analysis
of the RHEA's worn surfaces, as shown in Fig. 3, reveals
different wear mechanisms at various temperatures. At RT,
severe abrasive wear is indicated by the abundant wear
debris and deep grooves, while the same similar wear
features with significant plastic deformation suggest a
combination of abrasive wear and plastic deformation at 400
°C. As the temperature increases to 600 °C, a smoother
surface with an oxide layer indicates a transition to
oxidative wear. The surface remains relatively smooth, but
the formation of various oxides (Hf, Nb, and their oxides)
degrades wear performance, increasing the wear rate at the
temperature of 800 °C.

We examined the cross-sectional morphologies of the wear
tracks on the fabricated RHEA. At temperatures from RT to
400 °C (Figure S4 a, b), a distinct friction layer forms from
the compacted wear debris [26,29]. At RT, this layer shows
cracks that likely lead to its disintegration and accelerated
wear. At 400 °C, the friction layer is similar but without
cracks, suggesting enhanced wear resistance. When the
temperature increases to 600 °C (Figure S4c), the worn
surface is smoother and lacks a thick oxidation layer. Bulk
oxides form within the matrix at 800 °C (Figure S4d), with
internal cracks that exacerbate wear. To investigate
deformation and oxidation post-dry friction tests at various
temperatures, we used FIB and TEM on the worn scars from
the RT and 600 °C tests. Figure S5a shows the FIB
sampling area. At RT, reciprocating sliding induces plastic
deformation beneath the wear scar (Figure S5b), forming
nano-grains that increase in size with depth (Figure S5c).
The SAED pattern confirms the nano-sized grains as the
single BCC phase of the RHEA matrix (Figure S5c (iii)),
and high resolution transmission electron microscope
(HRTEM) image supports the formation of these grains
(Figure SSc (iv)). EDS analysis (Figure S5d) reveals an
even elemental distribution without extensive oxide
formation post-RT test. We focused on studying the cross-
sectional microstructure of the 600 °C test sample, which
has a dramatically low wear rate. Fig. 4a shows the TEM
sampling area with a flattened worn surface and distinct
oxide layers. TEM images reveal a stratified structure with a

high dislocation density beneath the surface (Fig. 4b). The
magnified image (Fig. 4c) shows clear layer boundaries and
an oxygen gradient, with more oxygen at the top and
diminishing levels towards the bottom. Further analysis of
the phase composition of different layers beneath the wear
surface is provided by the SAED patterns and HRTEM
atomic maps (Fig. 4d). While the upper layer under the wear
surface is confirmed to have nano-sized grains, the lattice
constant differs from the BCC matrix shown in Figure S5.
The bottom layer maintains a single BCC structure, as
evidenced by the atomic structure in Fig. 4d, whereas the
middle layer appears to have a distorted lattice and is
identified as HfO,. For the upper layer, nanocrystals of a
mixture between TiO» and HfO, were formed in the ultra-
thin film based on the SAED pattern, with a thickness of ~
200 nm.

The wear rate reduction observed at 600 °C compared to 800
°C (Fig. 2¢) suggests enhanced wear resistance, likely due to
different oxidation behavior at these temperatures. Static
oxidation experiments were conducted to investigate this
phenomenon. Fig. 5a shows the mass gains of the RHEA at
varying temperatures over time, with a sharper increase at
800 °C compared to 600 °C, indicating faster oxide
formation at higher temperatures. The Gibbs free energy
change (AG) curves (Fig. 5b) indicate that Ti and Hf
elements in the alloy have significantly lower AG to form
their oxides compared to other elements, favoring their
initial oxidation at high temperatures. XRD analysis (Fig.
5c) revealed the initial formation of TiO, or HfO, alongside
a predominantly BCC matrix at 600 °C, with lattice
expansion indicating oxygen absorption. At 800 °C (Fig.
5d), diverse oxides formed initially, with minimal change
upon prolonged exposure. Morphological analysis (Fig. 5 d,
e) highlighted distinct oxidation behavior: noticeable Nb, Ti,
Hf, and V oxides formed at higher temperatures, evident
from elemental distribution maps.

4 Discussion

The empirical model by Archard [14] proposes a wear rate
inversely related to yield strength or hardness. However, the
as-fabricated RHEA exhibits better wear resistance at 600
°C than at RT (Fig. 2c), challenging this model in the
counter-grinding system. Adhesive wear and material
transfer occur due to high shear stress at the adhesive nodes
during dry sliding friction at RT and 400 °C (Figure S3),
influencing the wear dynamics. Below 600 °C, elastic
collision effects with AlLO; and the peeling of ALOs
particles contribute to the wear process, leading to a
randomly distributed adhesive layer (Figure S3 a, b) and
poor wear resistance (Fig. 2c). Additionally, strip-shaped
grooves along the sliding direction (Fig. 3 a, b) were
produced due to micro-cutting and plastic deformation under
frictional forces and normal loads [30], influenced by the



alloy's overall mechanical properties. As a result, we then
considered the influence of elastic moduli in calculating the
maximum contact stress (Pmax) using Hertzian contact
mechanics [31], with details shown in Note 2 (SI). Values
of Pmax, ranging from 910 to 980 MPa under a 10 N static
load, listed in Table S2, exceed the yield strength of the
RHEA at elevated temperatures (Fig. 1), resulting in plastic
deformation during the RT and high-temperature
tribological processes (Figure SS5).

The formation and composition of oxides play a crucial role
in high-temperature tribological behavior, significantly
influenced by the environmental temperature [32]. At
elevated temperatures and under mechanical stress, RHEAs
undergo complex physical and chemical transformations
[20,26], including micro-protrusion adhesion, surface
material spalling, subsurface micro-defect initiation and
growth, surface oxidation, and oxide layer formation and
detachment. As the temperature rises, a transition to
oxidative wear occurs. Friction under high contact pressure
induces plastic deformation (Figure S5), facilitating oxygen
atom diffusion into the metal matrix [33] and forming a
protective oxide layer [26]. This oxide layer is typically
harder than the substrate, providing wear protection [34,35].
Certain metal oxides can act as dry friction lubricants at
high temperatures [26,36], reducing direct friction pair
contact, and thereby lowering the friction coefficient and
wear rate [36].

Under further oxidative wear conditions, the wear rate
depends on oxidation film thickness and oxide quantity [37].
The high-temperature oxidation behavior of the fabricated
RHEA, composed of multiple components, is complex and
governed by both kinetic and thermodynamic factors
[38,39]. Initially, Ti and Hf, with lower AG values (Fig. 5b),
are preferentially oxidized, and the sluggish diffusion in
HEAs [39] prevents internal elements from replenishing the
surface, leading to a compositional gradient (Fig. 4c). At
this stage, a mixed oxide of TiO, and HfO, forms, resulting
in the rapid initial weight gain (Fig. 5a) and impeding the
diffusion of O, from air, thus protecting the alloy from
severe oxidation [40]. In addition, the oxide layer needs
strong matrix support to effectively reduce wear [41].
Hence, we introduced the Pilling-Bedworth ratio (Rp-),
which can be used to assess the degree of oxide expansion
during growth [42,43], to evaluate the bonding strength
between the oxidation layer and substrate [44], defined as:
RP—B = VD-"II[:H" Vm] = Mn 'pm.";[”" Mm ) pn] @
This ratio compares the oxide film volume (Vo) to the
consumed metal volume (Vi) by using the relative
molecular/atomic masses of the oxide (Mo) and metal (M ),
their densities (pm and po) and the number of metal atoms
per oxide molecule (n). The calculated Rp.p values of
different oxidation products are given as follows: HfO,
(1.592), TiO2 (1.777), Nb2Os (2.665), and V205 (3.240). A
Rps value between 1 and 2 indicates good adhesion and

protection against oxidation [45], while a value over 2
suggests that the oxide is prone to expansion, cracking, and
is relatively loose, failing to offer adequate protection [46].
The initially formed TiO, and HfO, oxides, with Rp.s values
close to 1-2, indicate good adhesion [42,43]. Additionally,
the proliferation of ultra-thin TiO, and HfO, oxide
nanocrystal layer on the subsurface of RHEA ground at 600
°C (Fig. 4c), impedes further oxidation [40] and contributes
to reduced wear rates [26]. This is why a superior resistance
of the fabricated alloy was produced at 600 °C in this study.
As the temperature increases to 800 °C, internal oxidation
occurs with extensive alloying element segregation,
disrupting the oxide film structure, precipitating various
oxides (Fig. 5¢), forming different oxidation products (Fig.
5c), and increasing the oxidation weight gains (Fig. Sa).
Under cyclic loading, cracks propagate within the matrix
(Figure S4d), exposing it to atmospheric oxygen, and
forming double or multi-layered oxide structures (Figure
S4d). Internal oxides alter the crack stress field, accelerating
their expansion [47]. When the cracks reach critical sizes,
matrix portions detach with upper oxide layers, generating
large wear debris observed on the grinding ball Fig. 2a),
perpetuating oxidative wear cycles [48], and resulting in
worsened wear resistance compared to samples ground at
600 °C. In summary, by designing the oxidation sequence,
remarkable wear resistance under high temperatures was
achieved in our fabricated RHEA.

5 Conclusion

In this study, a Ti-Hf-Nb-V based RHEA was synthesized
via LENS, focusing on its microstructure, tribological
properties, and oxidation behavior at various temperatures.
The T42 RHEA, fabricated with LENS, exhibited a single-
phase bcc structure with uniform element distribution,
maintaining high yield strength at RT and elevated
temperatures. Wear resistance significantly improved at 600
°C compared to other temperatures by strategically
controlling the oxidation sequence to pre-form the TiO, and
HfO; layers. This nanocrystalline coating with good bonding
strength with substrate reduced the wear rate to 6.90 x 107
mm?-(N-m)"!, a nearly three-order decrease compared to that
at RT. At 800 °C, diverse oxidation products with large
expansion degrees formed a brittle, loosely structured
oxidation film prone to cracking and detachment under
frictional stress, lowering the COF but adversely affecting
the wear resistance.
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Fig. 1 The microstructure and properties of LENS-fabricated T42 alloy. a XRD profile showing the presence of a single BCC structure.
b (i) IPF and (ii) phase figures. c (i) bright field picture with inserted SAED pattern collected from the marked area along zone axis of
[1 0 0QF; (ii) atomic structure with corresponding FFT images showing the difference in the lattice structure in different areas. d Load vs
depth curves from nano-indentation experiments. e Average tensile yield strength of fabricated T42 alloy as a function of
temperatures.
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Fig. 2 a Worn scars of as-fabricated RHEA at various temperatures. b line profiles of the cross-section from the corresponding worn
scars. ¢ Wear rates of fabricated RHEA under different temperatures and d Comparison of wear rates between different HEAs [9,18—
20,27,28].
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Fig. 3 Wear surface morphologies and corresponding EDS analysis of fabricated RHEAs after dry friction tests under different
temperatures: a RT, b 400, ¢ 600, and d 800 °C.
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Fig. 4 Microstructure on the cross-section of wear scar after 600 °C friction test. a SEM image showing the TEM sampling area by FIB
lift-out method. b TEM bright field image indicating the presence of layer structure and high density of dislocations. ¢ The
corresponding enlargement of marked area in b illustrating the obvious laminate structures and the elemental gradient on

corresponding elemental distribution images. d The SAED patterns and HRTEM images from different layers beneath the wear scar,
giving the presence of various metallic compounds.
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Fig. 5 Oxidation experimental results of the fabricated RHEA at 600 and 800 °C. a The mass gain as a function of processing time. b
The Gibbs free energy of oxidation reactions of the alloying constituents in the fabricated alloy. XRD patterns of the samples oxidized
after ¢ 600 and d 800 °C. Oxidation morphologies with corresponding EDS maps of fabricated RHEA at e 600 and f 800 °C for 1 h.
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