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Highlights

What are the main findings?

e Dual-layer Cr-20Al composite coatings were successfully fabricated on Ti-6Al-4V
substrates via mechanical alloying; 250 rpm is the optimal milling speed for dense,
strongly adherent coatings.

e  The coatings significantly boost the substrate’s oxidation resistance at 850 °C cyclic
oxidation, forming protective (AL Cr);O3 and BCC Cr-rich solid solutions with a
four-layer structure that effectively inhibits inward oxygen diffusion.

What are the implications of the main findings?

e  The optimal 250 rpm milling speed enables low-cost, scalable mechanical alloying
fabrication of high-quality Cr-20Al coatings on Ti-6Al-4V, offering a viable alternative
to expensive traditional coating techniques.

e  The coatings’ enhanced high-temperature oxidation resistance expands Ti-6Al-4V’s
service scope in high-temperature fields like aerospace and nuclear engineering.

Abstract

Cr-Al composite coatings were fabricated on Ti-6Al-4V alloy substrates via mechanical
alloying using a high-energy planetary ball mill. The coatings exhibited a distinctive
bilayer architecture comprising an inner layer with coarse reinforcing particles and an
outer layer featuring a refined, homogenized microstructure. Systematic investigations
were conducted to elucidate the influence of rotational speed on coating formation, mi-
crostructural evolution, phase composition, and high-temperature oxidation performance.
The findings revealed that insufficient milling speeds failed to facilitate adequate powder
deposition, resulting in poor interfacial adhesion and the formation of porous or thin
coatings. Conversely, excessive rotational speeds induced surface roughening and coating

M) Check for updates delamination. Optimization studies identified 250 r/min as the optimal milling speed,

yielding dense, well-adherent coatings with superior oxidation resistance. Cyclic oxida-
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mass gain compared to uncoated substrates. Post-oxidation characterization confirmed the
formation of a protective corundum-type oxide scale (x-Al,O3 and Cr,O3) and revealed a
four-layered structure in the oxidized coating: (I) a dense oxide film serving as an oxygen
Copyright: ©2026 by the authors. barrier, (II) a dense alloyed layer, (III) a porous alloyed layer, and (IV) an inner diffusion
Licensee MDPL Basel, Switzerland. zone. These results demonstrate that the mechanically alloyed Cr-Al coatings provide
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1. Introduction

Ti-6Al-4V alloy is the most widely used titanium alloy in aerospace and biomedical ap-
plications due to its excellent specific strength, corrosion resistance, and biocompatibility [1].
However, its poor oxidation resistance above 400 °C, caused by the high affinity of tita-
nium for oxygen and the formation of a brittle, non-protective TiO,-rich scale, significantly
limits its high-temperature applications [2]. Surface protective coatings represent an ef-
fective strategy to overcome this limitation by acting as diffusion barriers against oxygen
ingress [3,4].

Among various protective coating systems, Cr-Al-based coatings have attracted con-
siderable attention due to their ability to form thermodynamically stable and slow-growing
x-Al,O3 and Al,O3 oxide scales [5,6]. The protective mechanism relies on the selective
oxidation of Al and Cr to form a dense, adherent oxide layer that impedes inward oxygen
diffusion. Ideally, protective oxide scales should be sufficiently thick to ensure complete
surface coverage while avoiding excessive residual stress that could compromise mechani-
cal integrity and adhesion [7]. Recent advances in Cr-Al coatings include the development
of composite architectures, such as multilayered structures and gradient compositions, to
enhance scale adhesion and thermal cycling resistance [8,9].

Current fabrication methods for Cr-Al coatings include diffusion heat treatment [10],
physical vapor deposition (PVD) [11], and electrodeposition [12]. However, these tech-
niques often involve high processing costs, complex equipment, or limited coating thick-
ness. Mechanical alloying (MA) offers a promising alternative due to its simplicity, cost-
effectiveness and ability to produce coatings with non-equilibrium phases and amorphous
and composite structures [13-16]. This study employs high-energy ball milling to fabricate
Cr-Al composite coatings on Ti-6Al-4V substrates. The effect of rotational speed on the
microstructure and oxidation behavior of the coating was investigated through the compar-
ison of the microstructures, the phase compositions and the oxidation behaviors. After that,
a reasonable oxidation process of the coating was discussed and elucidated.

2. Experimental Details

A Fritsch Pulverisette-6 planetary mono ball mill was employed for coating fabrication.
The experimental setup is schematically illustrated in Figure 1a. Ti-6Al-4V alloy substrates
were sectioned into blocks measuring 10 mm x 10 mm x 2 mm. Al and Cr powders served
as the raw materials for Cr-Al coating preparation. The purity and particle size of the
powders are listed in Table 1. To achieve dense coatings, various milling speeds were
employed; the specific powder compositions and processing parameters are detailed in
Table 2.

A milling duration of 5 h was chosen to mitigate severe work hardening of the powder
particles. All experiments were conducted in a standard 700 mL stainless steel grinding
vial (Figure 1a). No process control agent was introduced, and milling was performed in
ambient atmosphere, with the vial sealed to prevent atmospheric contamination during
mechanical alloying. To limit excessive temperature buildup, a cycle of 20 min milling
followed by 10 min cooling was adopted. Oxidation behavior was evaluated using a cyclic
testing method in a box-type high-temperature resistance furnace at 850 °C. This testing
temperature exceeded twice the maximum service temperature of pure Ti (350 °C) yet
remained below the 3-transus temperature (882.5 °C) [1]. Both coated specimens and bare
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substrates were oxidized in static laboratory air at atmospheric pressure for a total duration
of 100 h. The specimens were periodically removed from the furnace, cooled to room
temperature, and weighed at 5 h intervals using an electronic balance with a precision of
0.1 mg.

(a) Rotation

Grinding vial =—

Substrate «———
Revolution
Grinding ball<—

250rpm 300rpm  350rpm

Figure 1. Schematic illustrations of experimental method (a) and macro morphologies of the coatings
fabricated at different rotational speeds (b).

Table 1. Purity and average particle size of the raw powder.

Material Purity in Weight Percent Average Particle Size
Al ~99.95% ~73 um
Cr ~99.95% ~73 um

Table 2. Experimental parameters.

Ball-to-Powder Cr-to-Al Millin; Milling Time Milling Mode
Sample  Ball Mass (g) Ratio Weight Ratio  Speed (cpm) Py (min)
1 300 10:1 70:30 150 5 20/10
2 300 10:1 70:30 200 5 20/10
3 300 10:1 70:30 250 5 20/10
4 300 10:1 70:30 300 5 20/10
5 300 10:1 70:30 350 5 20/10
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Cross-sectional samples were extracted from the as-prepared coated specimens by
spark erosion wire cutting, followed by careful grinding and polishing following standard
metallographic procedures. Microstructural characterization was conducted using a JEOL
JSM-6360LV (JEOL Ltd., Tokyo, Japan) scanning electron microscope (SEM) equipped
with an EDAX energy-dispersive X-ray spectrometer (EDX). Phase identification of the
coatings and oxide products was performed by X-ray diffraction (XRD) using an X'TRA
diffractometer (SmartLab™, Rigaku Corporation, Tokyo, Japan) with Cu K« radiation
(A = 0.1540562 nm) operated at 40 kV and 40 mA in continuous scan mode.

3. Results and Discussion
3.1. Microstructure

The macroscopic morphologies of the as-synthesized coatings are presented in
Figure 1b. Evidently, the coating fabricated at 150 r/min was thin and discontinuous, ren-
dering it unsuitable for substrate protection. Conversely, the coating prepared at 350 r/min
exhibited partial flaking, likely attributable to excessive energy input during milling. In
contrast, coatings formed at 200 r/min, 250 r/min and 300 r/min achieved complete
substrate coverage. These coatings displayed a rough surface texture, with roughness
increasing progressively with milling speed. Given the ineffectiveness of coatings pro-
duced at 150 r/min and 350 r/min, subsequent investigations focused primarily on the
microstructural characteristics, phase compositions and oxidation behaviors of samples
milled at 200 r/min, 250 r/min and 300 r/min. These samples are designated as MA-x,
where x denotes the respective milling speed.

The surface microstructures of the coatings are revealed in the SEM images presented
in Figure 2, which displays the surface morphologies of the MA-200, MA-250 and MA-300
samples, respectively. A clear trend emerges with increasing milling speed: the surface
progressively becomes more porous and loosely packed. The MA-200 coating exhibits
a dense, continuous structure composed of soft matrix regions interspersed with cold-
welded angular particles, as evident in the high-magnification micrograph (Figure 2d).
The MA-250 surface presents an intermediate condition, where both cold-welded regions
and exposed, unincorporated particles coexist. At 300 r/min, however, the surface layer
has been severely fragmented into numerous coarse, discrete particles that maintain only
weak adhesion to the underlying coating, creating a microcracked, particulate surface
layer. This evolution in surface morphology stems fundamentally from changes in particle
state. Elevated milling speeds accelerate alloying and work hardening, both of which
impede coating formation. At 200 r/min, particles retain sufficient ductility, enabling cold
welding between the Al bonding agent and entrapped constituents to produce a continuous
outer layer (Figure 2a,d). At 250 r/min, partial alloying and work hardening of ductile Al
particles hinder further deposition, leaving exposed particles at the surface (Figure 2b,e).
At 300 r/min, rapid and severe work hardening suppresses cold welding entirely, resulting
in the loosely bonded, spalled structure observed in Figure 2c,f.

The microstructures of the coatings are presented in Figure 3. All coatings exhibit a
similar composite architecture comprising angular reinforcing particles embedded within a
surrounding bonding matrix. The chemical composition profiles from the coating surface
toward the substrate are displayed in Figure 2d—f, where pronounced fluctuations in
elemental concentrations confirm the composite nature of these layers. EDS analysis
identifies the angular particles as Cr and the bonding agent as Al, with the composite
structure arising from cold welding between these constituents. A gradient in Cr particle
size is evident, decreasing from the inner coating layer toward the surface. This refinement
effect stems from the ball milling process: initially, brittle Cr particles fracture and become
entrapped within plastically deformed ductile Al. The cold welding of Al with these
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large Cr particles forms the inner layer, while continued milling progressively reduces Cr
particle size, yielding finer reinforcements in the outer regions. Eventually, the fine Cr
particles achieve uniform distribution throughout the Al matrix, producing a homogeneous
near-surface microstructure. High-magnification views of the interfaces and coatings are
provided in Figure 4. The ball-milled samples display seamless coating—substrate bonding,
facilitated by the dark gray bonding agent visible in Figure 4a—c. Furthermore, Figure 4d—f
reveal favorable interfacial bonding between Al and Cr constituents within the coating

structure.

Figure 2. Surface morphologies of the coatings prepared at the rotational speed of 200 rpm (a),
250 rpm (b) and 300 rpm (c); (d—f) are high magnifications of (a—c), respectively.
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Figure 3. Cross-section microstructures of the coatings prepared at the rotational speed of 200 rpm
(a), 250 rpm (b) and 300 rpm (c); (d—f) are EDS line-scanning results along the arrow lines in (a—c),

respectively.
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Figure 4. High magnifications of interfaces and the coatings of the MA-200 sample—(a,d), the MA-250
sample—(b,e), and the MA-300 sample—(c,f).

The coating thickness increased with rotational speed, attributable to two synergistic
effects. Firstly, elevated milling speeds deliver greater energy input, which enhances parti-
cle activation and promotes cold welding. Secondly, higher speeds improve the collision
frequency among the balls, powder and substrate, thereby accelerating material deposition
within the same milling duration. However, this increased energy input simultaneously
exacerbates surface roughness. Considering the effects of rotational speed on the thickness,
the roughness, the density and the surface microstructure of the coating, both high and low
milling speeds were unfavorable to the fabrication of the coating. Thus, the selection of
optimal milling speed should take into consideration further analysis.

3.2. Phase Identification

The phase compositions of the as-synthesized coatings were determined by XRD
analysis, with results presented in Figure 5a. The diffraction patterns are dominated by
Al and Cr phases. Notably, substrate diffraction peaks are visible in the MA-200 pattern,
indicating that the coating formed at 200 r/min was insufficiently thick or contained
discontinuities. Furthermore, the intensity of Al peaks diminishes with increasing milling
speed, suggesting progressive alloying between Al and Cr. This interpretation is supported
by variations in Cr lattice parameters. The lattice parameters of Cr in both milled and raw
powders are illustrated in Figure 5b, calculated from XRD data after smoothing, background
subtraction and peak fitting. An expansion of the Cr lattice is observed following milling,
with higher rotational speeds producing larger lattice parameters. Conventionally, severe
impact and frictional effects during mechanical alloying tend to reduce lattice parameters
through defect generation [13]. The concurrent attenuation of Al peaks and lattice expansion
with increasing rotational speed therefore provides compelling evidence for Al dissolution
in Cr. Specifically, elevated milling speeds enhance energy input, thereby promoting Al-Cr
alloying through particle refinement (reduced diffusion distances) and increased lattice
defect density.
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Figure 5. XRD patterns of the coatings fabricated at different rotational speeds (a) and comparison of
Cr lattice parameter changes as a function of milling speed (b).

3.3. Oxidation Behavior

The oxidation kinetics of the substrate and coated samples are presented in Figure 6.
The bare Ti-6Al-4V substrate exhibited linear mass gain during the initial 15 h of oxidation
in laboratory air, with complete oxide spallation occurring at 20 h. In marked contrast,
all coated samples demonstrated substantially superior oxidation resistance. During the
initial 5 h, the mass gain (MG) of the coated samples increased linearly, consistent with
reaction-controlled oxidation kinetics rather than diffusion-controlled behavior [17,18].
Upon prolonged exposure, the oxidation kinetics of the coated specimens transitioned to
approximate parabolic behavior. Notably, the MA-250 sample achieved the lowest MG
among all specimens, indicating optimal oxidation resistance. The MA-200 sample recorded
the highest MG after 100 h, attributable to its insufficient coating thickness. Meanwhile, the
MA-300 sample exhibited higher MG than MA-250, which can be ascribed to the porous,
loosely packed surface structure evident in Figure 2f that compromises protective capability.
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Figure 6. Comparison of the oxidation kinetics of the substrate and the coated samples.

The phase compositions and surface morphologies of the oxidized samples were
provided to discuss the oxidation behavior of the coatings. Figure 7a shows the phase
compositions of the oxidized Ti-6Al-4V substrate. The oxides were made up of TiO,
and a small amount of a-Al,O3. The morphology of the oxide is exhibited in Figure 7b.
The oxides showed irregular shapes, forming a loose oxide layer. The XRD patterns of
oxidized coatings are shown in Figure 8. After oxidation, the oxide in the coatings mainly
included Cr,O3 and «-Al;Os. The formation of corundum-type Al,Oj3 at a relatively low
temperature (lower than 1000 °C) could be ascribed to the presence of the template structure
of CryO3 [5,6]. The formation of dense CrpO3 and «-Al,Oj3 film in the coating was favorable
to the improvement of coating oxidation resistance.
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Figure 7. XRD pattern (a) and surface morphology (b) of the oxidized substrate.
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Figure 8. XRD patterns of the coated samples after the cyclic oxidation test.

In addition, the XRD patterns showed a rather strong peak at a diffraction angle of
about 43.4°. This diffraction peak, along with the peaks at about 63.1° and 79.6°, were
difficult to match with the phases in PDF cards. According to Bragg’s law, the interplanar
spacing d, the diffraction angle 20, and the wavelength of diffraction beam, A have the
following relations:

2dsinf = nA (1)

Thus, the relationship of interplanar spacing values at 43.4°, 63.1° and 79.6° could be
calculated as follows:
This is an example of an equation:

T 11 11

~

dog—a3 10 1 drg—gz 10 : Aog—rg go = : : ~1l:—:— 2
20=4347 - H20=63.1° - U20=79.6" — 171.7° " sin31.55° = sin 39.8° V2 3 @

In the standard PDF card of Cr (PDF 85-1336), the main diffraction peaks represent
the (110), (200) and (220) planes at the diffraction angles of 44.37°, 64.552° and 81.690°,
respectively. However, the interplanar spacing values of the (110), (200) and (220) planes in
BCC structure have the relations

1 1
d(110) * d(200) * d(220) = 1 5 3)

Thus, in the XRD patterns of oxidized coatings, the peaks that appeared at the diffrac-
tion angles of 43.4°, 63.1° and 79.6° could be considered an indication of a phase of Cr-rich
solid solution with a BCC structure. Information on this phase could be traced from some
previous research. G. Van Tendeloo and F. J. A. Den Broeder [19,20] found an additional
phase in a Cr-rich part (at a Cr percent of about 75 at.%) of Cr-Al alloys; this phase was
denoted as X and possessed a BCC structure. This phase was considered as a concentration
modulation of the a-phase (Cr) or as a periodic antiphase boundary structure of the 3-phase
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(CrpAl). In this work, the alloying and oxidation in the cyclic heating and cooling process
might have resulted in the formation of an X phase. It could be observed that the intensity
of the Cr peaks decreased with the increase in rotational speed. Especially for the MA-300
sample, the Cr peaks almost disappeared. For the thick coating, the XRD-detected layer
was the outer layer, which was made up of refined particles. This layer was easily alloyed
under high temperature due to the homogeneous microstructure; thus, the Cr peaks of the
MA-250 and M-300 samples were weak. For the sample with a thin coating, the XRD result
included the signal from the inner coating, which consisted of coarse Cr particles and was
difficult to fully alloy. Thus, a sharp main peak of Cr was detected in the MA-200 sample.
Also, diffraction peaks indicating the presence of TiO, were detected in the MA-200 sample,
which came from the inner substrate and implied the low thickness or even the flaking of
the coating.

The surface morphologies of the oxidized coatings are shown in Figure 9. In the case
of the MA-200 sample, regions with different microstructures were observed. The high
magnifications (Figure 9b) of the loose region (region A) showed a microstructure similar
to that of the oxidized substrate, and the EDS result showed a high content of Ti, which
indicated the exposure of the substrate and the partial flaking of the coating after 100 h of
oxidation. Region B was a dense region which was made up of oxide grains with uniform
size and shape. The morphology of the oxide was similar to corundum-type (Al + Cr),03,
and this structure could be considered to be protective under high-temperature oxidation
conditions. In addition, the element compositions exhibited an atomic ratio of (Al + Cr) to
O that was much higher than 2:3 (the atomic ratio of (Al + Cr),03), which implied that the
surface was not completely oxidized. This also provided evidence of the formation of dense
oxide film on the top coating surface. The partial faking of the oxidized MA-200 coating
could provide evidence of weak adhesion of the coating fabricated at low rotational speed.
Figure 9d,e are the oxide morphology of the MA-250 and MA-300 samples, respectively.
They both showed dense oxide layers with the microstructure and chemical compositions
similar to the dense region of the MA-200 sample. The oxide layer of the MA-300 sample
showed higher roughness and lower continuity than that of the MA-250 sample. This could
be applied to explain the reason for the higher mass gain of the MA-300 sample compared
with the MA-250 sample. In general, the MA-250 sample had the best oxidation resistance
compared with the other samples. Also, it could be assumed that the rotational speed of
250 rpm was optimal for the preparation of an oxidation-resistant 80Cr-20Al coating.

3.4. Oxidation Process

In order to further investigate the oxidation process of the coating, a cross-section
of the oxidized MA-250 sample was obtained, as shown in Figure 10. The EDS results
of the marked regions in Figure 10 are provided in Table 3. The oxidized coating could
be considered to be made up of four layers through the combination of the cross-section
microstructure and the chemical compositions in the marked region. Taking into considera-
tion the double-layer structure of the as-fabricated coating, the formation of these layers
after oxidation could be elucidated as follows, which is illustrated in Figure 11.
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Figure 9. Surface morphologies of the oxidized MA-200 sample (a), MA-250 sample (d) and MA-300
sample (e); (b) and (c) are high magnifications of the marked region A and B in (a), respectively.

Figure 10. Cross-section of the oxidized MA-250 sample exhibiting a four-layer structure (a) and the
high magnification of the dense alloyed layer (b).
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Table 3. Chemical composition of marked regions in Figure 10.

Position 2 3 4 5 6

Element wt% at% wit% at% wit% at% wit% at% wit% at% wit% at%
AIK 5.68 9.68 11.22 1832 2.64 8.07 1.98 5.50 13.43 2557 3.14 8.36
TiK 9158 87.85 88.47 81.41 0.24 0.43 1349 2223 4371 4933 1597 25.25
VK 2.74 2.47 0.32 0.27 9712 9150 8453 7228 4285 2510 80.89 66.38

-

Substrate

Layer with coarse partic?es
Layer with refined partic

Substrate Microhole

Layer I: a dense oxide film

Layer II: a dense alloyed layer
Layer III: a loose alloyed layer
Layer IV: an inner diffusion layer

.

Figure 11. Schematic illustrations of the formation of the four layers in the coating during oxidation.

In the oxidation process, the top coating surface was exposed to air and reacted with
O in the air at elevated temperature. Although the temperature was lower than that of
the formation of a—Al;Oj3, the formation of Cr,O3 as a template of a corundum structure
stimulated the nucleation of corundum-type Al;O3 and ultimately formed a dense oxide
film, which was identified as Layer I in Figures 10 and 11. The formation of a dense
oxide layer on the top coating surface effectively protected the inner coating from severe
oxidation. Thus, the inner layer exhibited relatively low O content, as shown in Table 3.
Meanwhile, the heat input promoted the alloying in the coating. The outer coating layer
with refined brittle particles and a homogenized structure tended to form a dense alloyed
layer (Layer II). However, in the inner coating layer with coarse brittle particles (Layer
III), the diffusion of Al towards large Cr particles induced the formation of microdefects.
These defects were easily adsorbed by O before the formation of a dense oxide film and
then formed positions with high O content (EDS 5 in Figure 10a). This layer was a loose
layer; although its structure did not favor the improvement of oxidation resistance, it
can act as a buffering layer to protect the substrate from direct oxidation when the outer
layer fails. Also, it indicated that the utilization of more refined Cr powder might have
a favorable effect on the improvement of the inner coating microstructure. It should be
noted that a diffusion layer (Layer IV) was detected at the coating—substrate interface. This
layer exhibited elevated Al content relative to the substrate, indicating formation through
inward Al diffusion. The absence of detectable oxygen in both Layer IV and the substrate
by EDS analysis confirms the effective protective function of the coating under oxidizing
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conditions. Layer IV functions as a multi-component barrier against oxygen penetration.
The Al enrichment (approximately 15-20 wt%, compared with ~6 wt% in the substrate)
promotes the formation of a Ti(Al) solid solution, which increases local Al activity and
thermodynamically favors protective Al,O3 formation over non-protective TiO; should
oxygen reach the interface. Furthermore, the inward diffusion of Al occupies interstitial
sites in the Ti lattice, thereby reducing the oxygen diffusion coefficient in this region. The
layer also serves a sacrificial role, consuming Al reserves that are continuously replenished
by diffusion from the coating, thus delaying substrate oxidation. Geometrically, the layer
thickness of approximately 10-20 pm extends the diffusion path length for oxygen. The
complete absence of oxygen in Layer IV and the underlying substrate, as confirmed by
EDS analysis (Figure 10 and Table 3), demonstrates that oxygen penetration is effectively
arrested above Layer III.

4. Conclusions

Cr-Al composite coatings were successfully fabricated on Ti-6Al-4V alloy substrates
via mechanical alloying. The influence of rotational speed on coating formation was sys-
tematically investigated by examining microstructural evolution, phase development and
high-temperature oxidation resistance. The principal findings are summarized as follows:

(1) The coatings exhibited a distinctive bilayer architecture comprising an inner region
with coarse reinforcing particles and an outer region with a refined, homogenized
microstructure.

(2) Rotational speed exerted a pronounced effect on coating quality. Insufficient milling
speeds yielded inadequate deposition, poor interfacial adhesion and porous or dis-
continuous coatings; excessive speeds induced surface roughening and delamination.
Optimization studies, considering microstructural integrity, phase stability and ox-
idation performance, identified 250 r/min as the optimal processing parameter for
producing dense, well-adherent and oxidation-resistant coatings.

(8) Coated specimens demonstrated substantially lower mass gains than uncoated sub-
strates following high-temperature exposure. The protective oxide scale consisted
predominantly of corundum-type Al,O3 and Cr,O3, whose dense morphology ef-
fectively impeded inward oxygen diffusion. Additionally, a body-centered cubic Cr
solid solution phase formed through cyclic thermal-induced alloying and oxidation,
contributing to the overall protective capability.

(4) Post-oxidation characterization revealed a four-layered structure: an outer dense oxide
film (Layer I), an intermediate dense alloyed layer (Layer II), a porous alloyed layer
(Layer III) and an inner Al-enriched diffusion zone (Layer IV). The surface oxide
film functioned as the primary oxygen barrier, while the subsurface layers provided
supplementary protection through oxygen consumption and diffusion retardation.

(5) The mechanically alloyed Cr-Al coatings markedly enhanced the high-temperature
oxidation resistance of Ti-6Al-4V alloy substrates, demonstrating the feasibility of this
cost-effective approach for aerospace and high-temperature applications.
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