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Abstract: At present, in the aviation industry, titanium alloy is mainly used to manufacture parts such
as compressor discs, blades, and the casings of aircraft engines. When titanium alloys are in service,
high temperature is generated due to high-speed running friction, which requires them to have high-
temperature oxidation resistance and friction resistance. If they are used in an environment with salt
corrosion, titanium alloys will face thermal corrosion, which limits their wider practical applications.
At present, there are many methods to protect titanium alloys. This paper mainly includes alumina-
based coatings and some preparation methods. The characteristics and functional mechanisms of
three functional coatings for the service environment, namely highly temperature-resistant alumina-
based coating, thermal corrosion-resistant alumina-based coating, and wear-resistant alumina-based
coating, are summarized. Finally, the development direction of composite coatings of titanium and
titanium alloys for a complex service environment is suggested.

Keywords: titanium alloy; aluminum; high-temperature oxidation resistance; thermal corrosion
resistance; wear resistance

1. Introduction

Titanium alloy has the advantages of low density, high specific strength, and strong
corrosion resistance, so it is widely used in aircraft engines [1]. The high-temperature
components of modern aircraft engines are mostly made of nickel-based superalloys. The
weights of nickel-based superalloys are large, which is not conducive to improving the
thrust-weight ratio of aircraft engines. Therefore, replacing nickel-based superalloys with
titanium alloys can significantly reduce weight and greatly improve the thrust-weight ratio.
Traditional titanium and titanium alloys account for one third of the weight of modern
aircraft engines and are the second most commonly used engine materials after nickel-based
superalloys [2]. However, at temperatures above 500 °C, titanium alloys will undergo severe
oxidation, leading to the deterioration of creep resistance and fatigue properties, which
limits their use at high temperatures [3]. For example, Ti-6Al-4V titanium alloy, due to its
poor high-temperature oxidation performance, has a maximum application temperature
below 400-500 °C [4]. At high temperatures, due to the high affinity between titanium and
oxygen, a non-dense oxide film is formed, which results in the degradation of titanium alloy.
High-temperature oxidation also results in the embrittlement of the alloy via dissolved
oxygen [5]. Furthermore, when titanium alloys are operated in a salt-containing service
environment (such as engine components), chloride-rich salt deposits inevitably condense
on the alloy material, and NaCl is the main component of these salt layers deposited on
the surface of the alloy. Generally, titanium alloy gas turbine compressors in the aerospace
industry operate at high temperatures (100-600 °C). Therefore, titanium alloy materials are
often subject to thermal corrosion caused by salt deposition, resulting in reduced engine
efficiency, increased fuel consumption, and reduced service life [6]. In addition, titanium
alloys have the disadvantages of poor wear resistance and low thermal conductivity during
use [7], which leads to premature failure of high-temperature components and a greatly
reduced service life. A high-temperature and complex environment is extremely harmful
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to the titanium alloy substrate, which greatly limits the application range of titanium
alloys and their internal field application under sliding conditions. Based on the above
performance defects of titanium alloy, it is necessary to modify titanium alloy. Because
Ti-Al alloys have superior properties, such as high specific strength and Young’s modulus,
proper strength retention at high temperatures, and high creep resistance at temperatures
up to 900 °C [8], aluminum-based coatings are chosen for preparation on the surface of
titanium alloys. However, the thermal expansion coefficient of the Ti-Al coating does not
match the substrate, and with the increase of Ti content, the oxidation and wear resistance
of the Ti-Al coating decreases with the number of defects in the cladding [9]. To improve
Ti-Al coating, it is simple and effective to add other elements with special properties to the
coating. Therefore, aluminum base coating on titanium alloy has been developed into Al-X
or Ti-Al-X coating and has been widely used.

In recent years, aluminum base coating on titanium alloy has been greatly developed,
mainly in terms of the preparation of the coating, the addition of elements in the coating,
and the heat-treatment method of the coating. To improve the high-temperature oxida-
tion resistance, thermal corrosion resistance, and wear resistance of titanium alloy, the
aluminum base coating on titanium alloy is being constantly improved. In this paper, the
oxidation behavior of titanium alloy at high temperatures is analyzed from the perspective
of thermodynamics and kinetics, and the mechanism of the thermal corrosion of titanium
alloy at high temperatures and the friction mechanism of titanium alloy is analyzed. The
research progress on improving high-temperature oxidation resistance, thermal corrosion
resistance, and the wear resistance of titanium alloys in recent years is also reviewed in
this paper.

This paper mainly uses the method of citation, enumeration, comparison, etc. The
objective of this paper is to improve the properties of the aluminum base coating on
titanium alloy and make the application of titanium alloy more widely available. It not only
systematically summarizes the previous research results, but also provides a substantial
theoretical basis for future research.

2. Aluminide Coating
2.1. Coating Preparation Method
2.1.1. Powder Aluminizing

In a heat-resistant container, the sample is packed in a diffusion-impregnating agent
consisting of a mixture of metallic aluminum powder or aluminum-rich alloy powder, an
activating substance (halogen compound), and a filler (such as alumina). Using hydrogen
or argon as a protective gas, thermal diffusion treatment is carried out according to the
specified time.

High-Activity Aluminizing

At lower temperatures (700-850 °C), aluminum diffuses inward through the initially
formed surface layer faster than metal diffuses outward due to the higher activity of
aluminum. Reactive diffusion forms an aluminum-rich phase on the surface of the alloy,
and the growth mechanism of the coating is the inward diffusion of aluminum in the
cementing agent [10]. Coating growth is mainly due to the inward diffusion of aluminum
in the infiltration agent, so no Kirkendal holes are produced, and the alumina particles of
the infiltration agent do not remain in the coating. However, because the formed aluminide
is brittle, the diffused coating still needs further diffusion treatment. Aluminized coatings
contain a variety of precipitated phases and impurities, which is because, during the inward
growth of the coating, these impurities will be wrapped in the coating. High-activity
aluminizing requires two heating steps, many operating steps, and high cost. Moreover,
the surface can easily contain inclusions, which is unfavorable to oxidation resistance and
will accelerate the destruction of oxide film. Therefore, the aluminized coating cannot
guarantee the long-term high-temperature oxidation protection of the substrate.
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Low-Activity Aluminizing

At higher temperatures (950-1200 °C), because the activity of aluminum is lower than
that of metal, the rate of outward diffusion of metal through the initially formed surface
is higher than the rate of the inward diffusion of aluminum in the aluminizing process.
Reactive diffusion forms an aluminum-rich phase on the surface of the alloy, and the
growth mechanism of the coating is the outward diffusion of the metal [11]. Aluminum and
alloying elements react to form aluminide coatings, and the growth of the coatings is mainly
achieved by the outward diffusion of alloying elements. Low-activity aluminizing can cause
holes on the side of the coating and substrate due to the Kirkendall effect. Inert-packed
alumina particles are also embedded in the outer surface area of the coating, becoming
coating inclusions. However, aluminizing is widely used because of its simple process, low
cost, and good oxidation resistance.

2.1.2. Laser-Cladding Aluminizing

Laser-cladding is a surface modification technology with high processing efficiency.
Alloy powders with different compositions and properties can be cured quickly with
the substrate surface using a high-energy-density laser beam, which can improve the
microstructure and properties of the substrate material [12,13]. Laser-cladding has become
an excellent method for preparing titanium alloy coatings due to its good compactness,
low dilution rate, high bond strength, small heat-affected zone, and fine grain size [14,15].
However, the high equipment cost of this method and the easy cracking of the prepared
coating (due to the rapid heating and cooling rates) partially limit the application of
this method.

2.1.3. Gas-Phase Aluminizing

Gas-phase aluminizing mainly includes chemical vapor deposition [16] and physical
vapor deposition. Figure 1 shows the schematic diagram of gas-phase aluminizing. Gas-
phase aluminizing is very similar to powder-package aluminizing, but the sample is placed
away from the powder mixture so that the formed coating can be formed from the gas
phase. It minimizes the possibility of forming unwanted phases and compounds on the sur-
face, and this method has minimal surface contamination of the specimen [17]. Gas-phase
aluminizing is performed in a sealed reaction vessel where the sample is suspended in a
tray of permeating agent and argon gas is injected. When heated to a given temperature,
the aluminum in the infiltration agent reacts with the activator halide compound to form a
volatile metal halide (AICl,). The gaseous halides diffuse to the alloy surface and further
react to diffuse to form an aluminide coating [18]. Compared with low-activity aluminiz-
ing, gas-phase aluminizing adopts a non-contact method, which avoids the possibility
of the dispersant particles in the aluminizing agent inserting into the coating during the
aluminizing process, and maintains the cleanliness of the sample surface.

AICL, L AICI,
e

—

Diffusion agent {}Ar
U

Figure 1. Schematic diagram of gas-phase aluminizing.
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2.1.4. Slurry Aluminizing

The slurry method involves spraying or brushing the slurry mixture made of alu-
minum powder or aluminum alloy powder with an activator and binder at room tempera-
ture on the alloy surface, and then spreading at 1000-1200 °C. A slurry with high aluminum
content is used to obtain an inward diffusion coating, and an outward diffusion aluminide
coating is obtained when the aluminum activity is low [19]. This method is convenient
for preparing aluminide-modified coatings with various reactive elements, such as YCrAl
and CeCrAl coatings. It plays a special role as the active reaction element, to improve the
high-temperature oxidation resistance of the alloy.

2.1.5. Hot-Dip Aluminizing

Hot-dipping refers to surface treatment technology in which the metal to be gilded is
immersed in molten metal liquid at a certain temperature for a certain period of time so that
the surface of the metal to be gilded is coated with intermetallic compounds. After a series of
physical and chemical reactions between the metalized metal and the metal liquid, the metal
is removed and cooled appropriately. The main features of hot-dipping are as follows: in
actual operation, hot-dipping has good controllability, and the basic theory of hot-dipping
is relatively perfect, which can explain various phenomena better. Heating diffusion is the
main reason for the formation of a hot-dip coating, so the obtained intermetallic coating will
form metallurgical bonding, and there is no need to consider the bonding problem. Figure 2
is the schematic diagram of hot-dip aluminizing. The hot-dip aluminum on the surface of
alloy substrates, i.e., the alloy substrate, is placed in the aluminum melt at high temperature
for a period of time so that a series of reactions occur between the aluminum and the alloy
substrate. As an effective surface protection technology, this method can not only provide
a good appearance and a certain comprehensive mechanical property of the alloy substrate
surface but also significantly improve the heat resistance and corrosion resistance of the
substrate material. Therefore, this method has been increasingly widely used.

However, the aluminized coating has some limitations, such as easy cracking and
peeling, difficult practical application, and low oxidation resistance above 800 °C [8], so
other elements are often added to the aluminum melt to improve it. Because this preparation
method makes it easy to add other elements, hot-dipping is often used to prepare coatings
on the surface of titanium alloys to improve the performance of titanium alloys. For
example, adding a small amount of Mn, Zn, and Mo could improve the wettability and
enhance the uniformity of the aluminized layer [20].

Ti alloy Al melt

Figure 2. Schematic diagram of hot-dip aluminizing.

There are many ways to prepare aluminide coatings, and the above mentioned meth-
ods are more common. Figure 3 is a summary of many literatures. As can be seen from
Figure 3, there are many publications on laser cladding aluminizing, slurry aluminizing and
hot dip aluminizing, but the research started late; There are few publications on powder
aluminizing and gas phase aluminizing, but the research started earlier.
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Figure 3. Number of publications on different aluminide coating preparation methods in recent years
(from the Science Direct database; the year of the earliest and latest publication are indicated above the bar).

2.2. Improved Aluminide Coating

In various aluminum-based coating preparation methods that make it easy to add
other elements (such as hot-dip aluminizing and slurry aluminizing), the aluminum-based
coating is improved by adding a certain number of other elements, to solve its insufficient
performance. Commonly added elements are Cr, Si, Nb, and rare-earth elements.

2.2.1. Cr-Improved Aluminide Coating

Al and Cr are easily oxidized rapidly in the air, forming a dense oxide film to prevent
further oxidation of the surface. An Al-Cr co-permeating layer has obvious advantages:
(1) The rich chromium in the permeating layer can form a diffusion barrier reducing the
mutual diffusion between the coating and the substrate; (2) Chromium is added to the
coating to improve the adhesion between the coating and the substrate. Some studies
suggest that the addition of chromium changes the TiAl; in the coating from the original
DO22 structure to the LI2 structure Ti(Al,Cr)3, which improves the plastic deformation
ability of the coating [21] and improves the compatibility between the aluminized coating
and the substrate [22]. It is also believed that the addition of chromium refines the grain
and improves the plastic deformation ability of the coating; (3) The addition of chromium
to the coating improves the high-temperature oxidation resistance of the coating. On the
one hand, due to the addition of chromium, the oxidation rate of the alloy is reduced.
On the other hand, in the oxidation process, the addition of chromium is conducive to
the formation of x-Al,O3, while inhibiting the formation of 8-Al,Os [23]. At present, the
addition of chromium in chrome-improved aluminide coatings is achieved on the one hand by
chromizing [22] and on the other hand by alloying, i.e., adding chromium into the substrate.

2.2.2. Si-Improved Aluminide Coating

An aluminum-silicon coating is made by adding Si based on aluminizing coating.
Due to the high viscosity of molten aluminum, adding 2%-6% Si can improve the fluidity
of molten aluminum and improve the brittleness of the aluminizing layer [24]. Research by
Cammarota et al. [25] showed that when Si was added as an alloying element, the lifetime
of a Ti-Al protective layer could be extended. Moskal [26] reported that Ti-Si and Ti-Al-Si
silicide phases in silicon-rich titanium aluminide coatings formed an oxygen diffusion
barrier and prevented the internal oxidation of Al and Ti, therefore improving the oxidation
resistance of titanium alloys.
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A Ti-Al intermetallic compound, Ti5Si3, and (or)TiSiy phase alloy coatings were pre-
pared on the surface of the Ti-Al compound using the Si thermal diffusion method. At
high temperatures, an oxide layer mainly composed of Al,O3 and SiO, was formed on the
surface of the alloy. This could effectively prevent Ti** and O%>~ from forming scales in the
oxide layer, improving the high-temperature oxidation resistance of the alloy. The surface
of the oxidized sample had a special oxide/Ti-Si compound /substrate structure. Since the
coefficient of thermal expansion of Ti-Si compounds was similar to that of the substrate,
the oxide skin had a good thermal cycle stripping ability [27]. Hu Xiaoyuan et al. [28]
researched and invented the Self-generated Gradient Hot-Dipping Infiltration (SGHDI)
method to prepare an in situ autogenous Ti-Al-Si gradient coating. This kind of coating
solved the problem of coatings being easy to crack and fall off due to the large difference
in thermal expansion coefficient between coating and substrate. The bonding surface of
the coating and substrate was transformed from the abrupt state of the interface into a
transition surface, so that the performance of the contact surface lay between the substrate
and the coating, forming a smooth connection to reduce the problem whereby the coating
was easily deformed, cracked and fell off the substrate. However, this method of coating
preparation provided Si through a quartz glass tube, which made it difficult to control the
content of Si added, and the shape of the sample was limited by the quartz glass tube.

2.2.3. Nb-Improved Aluminide Coating

By doping 15-27 at.% Nb in Ti-Al alloy, the ductility and fracture toughness at room
temperature could be improved [29]. Nb increased the activity of Al and promoted the
formation of an Al,Os-rich layer in the oxide layer. Dai Jingjie et al. [2] used laser-cladding
technology to prepare Ti-Al and Ti-Al-xNb (x = 10, 20, 30, 40, 50) coatings on the surface
of Ti-6Al-4V, respectively. It was found that the Nb element could reduce the cracking
tendency of Ti-Al-xNb coating. In the process of high-temperature oxidation, the addition of
Nb promoted the formation of a continuous Al,Os layer in the oxide layer and significantly
improved the adhesion of the oxide layer on the Ti-Al-xNb coating.

2.2.4. Pt-Improved Aluminide Coating

Among many modified aluminide coatings, the effect of Pt-Al coating is more sig-
nificant. Adding platinum to the coating can improve the anti-spalling and self-healing
ability of Al,O3 on the coating surface. It can enhance the stability of the coating struc-
ture and reduce the mutual diffusion between the coating and the substrate so that the
coating can maintain a high aluminum concentration for a long time. Trivedi et al. [30]
prepared a Pt-Al compound coating on titanium base alloy IMI-834. By observing various
microstructures of the coating, it was found that the outer layer of the coating contained
PtAl, and AlsTi phases, the middle layer was mainly composed of the Al3Ti phase, and the
inner layer was an interdiffusion layer. The microstructure of the coating was affected by
the content of Pt and Al. Many studies have shown that the addition of platinum to the
platinum-modified aluminide coating caused a “pinning effect” between the coating and
the substrate, which increased the bonding strength between the coating and the substrate
and greatly improved the high-temperature oxidation resistance of the alloy. However,
there is no single explanation.

2.2.5. Rare-Earth Element-Improved Aluminide Coating

Rare-earth elements are lanthanides, scandium, yttrium, and a total of 17 elements.
China’s rare-earth content is very rich, accounting for more than one third of the world’s
total rare-earth content. Rare-earth elements are divided into light rare-earth and heavy
rare-earth according to the difference in atomic number, and the reserves of light rare-earth
are greater than heavy rare-earth. Different rare earths have different mechanisms of action
and play different roles. Two rare-earth elements, lanthanum and cerium, are mainly used
in large quantities in China. Lanthanum is active and often plays a catalytic role in metal
modification. Cerium is mainly used as an additive or reducing agent in the reaction. The
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addition of rare-earth elements to the metal substrate has the functions of purification,
modification, and alloying. Trace amounts of rare-earth elements would significantly
improve the physical, chemical, and mechanical properties of metal materials [31].

Before the study of rare-earth-modified high-temperature titanium alloy coating, there
were a lot of studies on the modification of common metals such as rare-earth-modified
magnesium alloy and rare-earth-modified aluminum alloy. However, in comparison, the
properties of titanium alloy are more active and difficult to control than other metal elements
under high-temperature service environments or conditions, so the modification effects of
rare-earth elements on high-temperature titanium alloy are more difficult to promote [32].
The addition of different rare-earth elements or a variety of rare-earth elements can play a
different role in the modification of high-temperature titanium alloy coating. The addition
of cerium-group rare-earth elements mostly produces high-temperature titanium alloys
with high performance, so titanium alloys have better strength. The main feature of
praseodymium is to enhance the corrosion resistance of high-temperature titanium alloys.
After adding ytterbium to high-temperature titanium alloy, the grain of titanium alloy can
be refined, and the comprehensive properties of titanium alloy can be improved.

After the rare-earth element is added to the metal, because of its strong activity, it
will react with impurity elements such as oxygen in the substrate and produce rare-earth
compounds. Rare-earth compounds are insoluble substances with high melting points and
tend to be isolated at grain boundaries or cracks. This will hinder the dislocation movement
so that the grain boundary cannot move and leads to the grain not growing, playing a role
in refining the grain. The addition of cerium can purify the impurities in the substrate and
reduce the internal stress of the substrate. Wang Zihan et al. [33] prepared the Ti-Al-Si
gradient coating with Ce on the surface of TC4 using the Self-generated Gradient Hot-
Dipping Infiltration (SGHDI) method. Finally, a Ce-rich quaternary phase (TiAlsSipCey)
could be formed in the L-(Al, Si, Ce) alloy layer. It inhibited the formation of the loose
12 phase: a Ti(ALSi), phase that caused Al,O3 to be less dense. The Ti-Al-Si gradient
coating with Ce had excellent resistance to high-temperature oxidation because it could
maintain a dense and continuous multiphase layer structure for a long time in the process of
high-temperature oxidation so that the oxygen atoms could not be diffused to the substrate.

2.3. Growth Kinetics of Aluminum-Based Coatings

The growth kinetics of the coating is a reflection of the growth rate of the coating,
which can be visually presented by fitting formulas and curves. Its significance is to simplify
the representation of the coating growth rate. There is an empirical formula [34]:

5 = kt" 1)

where J is the alloy layer thickness (um), ¢ is the hot immersion time (min), k is the rate
constant, n is the kinetic index, and the kinetic index n < 0.5 is the diffusion-controlled
growth, and n > 0.5 is interfacial controlled growth (reaction-controlled growth). Some
literatures [28,33] have studied the growth kinetics of the alloy layer, and the results are
as follows:

S7i(aLsi), = 0.698t%77 ()
OTi(alxsiy ), = 0.043£7 3)
5Ti(Al,Si)3 =0.216t47° (4)

3. High-Temperature Oxidation-Resistant Coating
3.1. Thermodynamic Analysis of the High-Temperature Oxidation of Titanium Alloy
Titanium alloys in high-temperature oxidation atmosphere can occur via the following

reactions:
Ti(s) +1/20,(g) = TiO(s) (5)
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TiO(s) + 1/20,(g) = TiOx(s) 6)

ZAI(S) + 3/202 (g) = Aleg,(S) (7)

Since the affinity of TiO formed by Ti with oxygen is similar to the affinity of Al,O3
formed by Al with oxygen, this fact prevents the selective oxidation of Al to Al;O3. TiO is
unstable and oxidizes to TiO, in practice.

3.2. Kinetics Analysis of the High-Temperature Oxidation of Titanium Alloy

Figure 4 shows the process of oxide formation on the metal surface. The oxidation
scale formation of a pure metal surface includes four steps: surface oxygen adsorption,
oxidative nucleation, lateral nuclear growth, and dense scaling. When the lateral growth
of the nucleus ends, the metal surface is completely covered by a thin oxide film, there-
fore separating it from the gaseous environment. The properties of oxide film have an
obvious influence on the oxidation resistance of metal. For pure titanium, in an oxidiz-
ing atmosphere, at a lower temperature, dense TiO, oxidation scales formed by Ti and
oxygen can completely cover the alloy surface, therefore separating the alloy from the gas
environment. In this case, due to the small activity of oxygen, the diffusion rate was slow,
and the oxidation kinetics followed the parabolic law. However, under high-temperature
conditions, the dense titanium dioxide oxide became loose and porous. The activity of
oxygen was enhanced, and the diffusion speed was accelerated. The oxygen atom entered
the substrate, while the Ti atom diffused from the core and cracked to the surface. The
oxidation layer became thicker, and the bonding strength with the substrate became worse.
The oxidation kinetics followed a linear rule. As the temperature increased, the mass gain
increased [35,36].

O, atmosphere

[ Metal | = [ Metl | = [ Metal | =

Surface oxygen
adsorption

Oxidative nucleation ~ Lateral nuclear growth Dense scale

Figure 4. Process of oxide formation on the metal surface.

Figure 5 shows the oxidation process of a binary A-B alloy. For A-B binary alloys
that do not form mixed oxides or spinels, and where B is a rarer element, there are three
boundary cases. For low concentrations of B, only A forms oxides (Figure 5a). B is enriched
at the A-oxide interface of the alloy until a critical concentration of B oxide is reached. If
the concentration of B is high enough, only B oxide is formed, and A diffuses into the
alloy (Figure 5b). For concentrations of intermediates A and B, both A and B are in oxide
form (Figure 5c¢).

O, O,

B.O, —B,0,

A-B AOy

Al AB B B| AB |A Al allo o
alloy alloy y

c.Concentrations of

a.Low concentration of B b.High concentration of B . 8
¢ g intermediates A and B

Figure 5. The oxidation process of a binary A-B alloy (a—c).
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3.3. Improvement of the High-Temperature Oxidation Resistance of Titanium Alloy
3.3.1. Surface-Coating Technology

Surface-coating technology uses coatings to change the surface properties of a sub-
strate. The substrate components do not react with the coating, or react with only a small
amount of the coating. Surface-coating technologies include vapor deposition, hot-dipping,
ion plating, thermal spraying, the sol-gel method, etc. The key to oxidation protection
of coatings is the adhesion and long-term stability of coatings. The metal-based coatings
used for oxidation protection on the surface of titanium alloys mainly include aluminum
plating coating, Al-X series coating, Ti-Al-X series coating, and rare-earth element-modified
aluminide coating.

Aluminized Coating

Aluminum plating on titanium alloys can produce TiAl; coatings. Continuous Al,O3
oxide film can be formed after high-temperature oxidation in the air, which plays a role in
improving the high-temperature oxidation resistance of the substrate. Based on the advan-
tages of the hot-dipping method, such as simplicity, operability, and good controllability,
Shiang-Cheng Jeng et al. [37] prepared a simple hot-dip-aluminized coating on Ti-6Al-4V
alloy and evaluated the oxidation resistance of the coating at high temperatures. After oxi-
dation at 800 °C for 96 h, the surface of the aluminized sample was intact, while the surface
of the non-aluminized sample was seriously spalling. The weight increase of aluminized
samples was significantly lower than that of non-aluminized samples, indicating that the
hot-dip-aluminized coating could effectively protect the oxidation resistance of Ti-6Al-4V
alloy at high temperatures.

Al-X Series Coating

Al-X coatings include Al-Si, Al-Cr, etc. Because of their high aluminum content and
excellent thermal stability, Al-X series coatings are often used as effective protective coatings
to improve the high-temperature oxidation of titanium alloys and titanium aluminides.

Mei X.L. et al. [38] proposed a low oxygen partial pressure fusing technology using
Al-13%at.Si alloy particles to prepare Al-Si coating on Ti-6Al-4V surface. The experimental
results showed that the prepared Al-Si coating could greatly improve the high temperature
oxidation resistance of Ti-6Al-4V, but extending the fusion time was unfavorable to the
high temperature oxidation resistance of Ti-6Al-4V.Cheng Chen et al. [39] successfully
prepared a dense and continuous Al-Si coating on Ti-6Al-4V alloy substrate by mechanical
alloying method, with a thickness of about 350 um. The mass gain and oxidation rate of
the substrate at 850 °C were greatly reduced by the synthesis of the coating. The oxide
layer had a multi-layer structure. It was successively composed of an Al diffusion layer,
Ti5Sis intermediate layer, internal TiAl; layer, external Ti-Al-Si alloy layer, and oxide layer
from the inside of the substrate to the surface of the coating. This multi-layer structure
could hinder and prevent the inward diffusion of oxygen at high temperatures, so the
synthesized Al-Si coating could effectively improve the oxidation resistance of the Ti-6Al-4V
substrate. Zhao Yuguang et al. [40] prepared an Al-Cr coating on the surface of Ti-6Al-
4V alloy by low-oxygen self-melting technology. The oxidation resistance of the coated
sample at 600 °C was almost 300 times that of the uncoated sample. Zhou Wen et al. [41]
successfully prepared an Al+Cr coating on a Ti-6Al-4V alloy using the vacuum melting
method, which improved the high-temperature oxidation resistance of the sample. This
new coating preparation method was simpler, more efficient, and lower cost. Compared
with the sample of Cr-modified aluminide, the oxidation resistance of Al+Cr coated by
vacuum melting was about twice that of Cr-modified aluminide coated. This was because
only a single x-alumina scaling was formed on the surface of the vacuum-welded Al+Cr
coating, and no metastable 6-alumina scaling was formed.
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However, the coating of the Al-X system is prone to cracking, spalling, and rapid
degradation due to the large difference in thermal expansion coefficient between the coating
and the substrate, which significantly reduces the service life of the coating and degrades
the mechanical properties of the substrate. Therefore, it is necessary to seek the element-
modified Al-X coating or prepare a coating that is well combined with the substrate to
improve the anti-spalling property of the coating.

Ti-Al-X Series Coating

The composition of the Ti-Al-X coating is similar to that of Ti and Ti-Al-based alloys,
and it has good compatibility and little difference in thermal expansion coefficient. These
characteristics can reduce the mutual diffusion between the coating and the substrate and
reduce the cracking and peeling of the coating.

To improve the surface properties of Ti-6Al-4V titanium alloy, Jingjie Dai et al. [42]
used laser surface alloying method to prepare Ti-Al-Si coatings with different Si contents
on the surface of Ti-6Al-4V titanium alloy. The results showed that the coating had good
metallurgical bonding with the substrate. There was no obvious crack in the Ti-Al-Si
coating. Ti-Al-Si coatings showed better high-temperature oxidation resistance at 800 °C for
1000 h. The higher the content of Al and Si in the coatings, the better the high-temperature
oxidation resistance. The effect of Si on the oxidation resistance of Ti-Al-Si coating at
high temperatures was mainly to refine the oxidation grains and promote the formation
of Al,O3. Oukati Sadeq et al. [43] proposed a fast, simple, and reflective method for the
synthesis of Ti-Si-Al coating on the surface of Ti-6Al-4V alloy by hot-impregnating silicon.
The results showed that 850 °C was the best processing temperature. The appropriate
thickness of titanium silicide was obtained under the appropriate soaking time, and the
weight gain of the coating sample was the least in the isothermal oxidation experiment at
1000 °C. The TiO,-Al,03-SiO,, TiSiy, and TizAl continuous protective layers were formed
in the initial oxidation stage, which made the coated Ti-6Al-4V alloy have higher high-
temperature oxidation resistance. Jiang Huang et al. [44] prepared a novel Si-Al diffusion
coating consisting of a uniform Ti(ALSi)s phase on a y-Ti-Al alloy by post-heat treatment of
cold-sprayed Al-40Si (wt.%) coating. The high-temperature oxidation performance of the
diffusion coating was evaluated at 950 °C for 1000 h. The results showed that the TisSi3
layer played a major role in the oxidation process, which acted as a diffusion barrier to
inhibit the mutual diffusion between the coating and the substrate, thus improving the
long-term oxidation resistance of y-Ti-Al.

Rare-Earth-Modified Aluminide Coating

Many studies have shown that a moderate number of rare-earth elements can im-
prove the high-temperature oxidation resistance of titanium alloys. To improve the high-
temperature oxidation resistance of Ti65 alloy, Zeng Siqi et al. [45] prepared a Ti-Al-Si
composite coating with Ce added on the surface of Ti65 alloy using a two-step hot-dipping
method. The main components of the coating were (Ti,Ce)(AlSi)s phases. The two-step
hot-dipping method could control the thickness of the coating by controlling the time and
temperature of the hot-dipping. After pre-oxidation treatment, the coating was transformed
from a single phase to a multiphase layer structure composed of a Ti-Al binary phase and a
Ti-Si binary phase. The results (Figure 6) showed that the weight gain of the substrate after
23 days of constant temperature oxidation at 800 °C was 26 times that of the plated sample,
indicating that the oxidation resistance of Ti65 alloy at high temperature was improved. The
effects of common rare-earth elements added to titanium alloys on their high-temperature
oxidation resistance are shown in Table 1:
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Table 1. The effects of common rare-earth elements added to titanium alloys on their high-

temperature oxidation resistance.

Rare-Earth Element

Effect on High-Temperature Oxidation Resistance of Titanium Alloy.

Nb

Sc

Ce

It promoted the formation of fine Al,O3 dispersion around TiO; scales, enhanced the density of oxide
film, and thus improved the high-temperature oxidation resistance of
Ti-5.6Al-4.85n-2Zr-1Mo-0.35Si-0.7Nd [46].

The adhesion between the oxide film and the substrate was significantly improved, and the diffusion
of oxygen to the substrate was inhibited, so the oxidation resistance of Ti-6Al-2.55n-4Zr-0.7Mo-0.35i
alloy was improved [47].

The formed holmium oxide promoted the 8-Al,O3 to «-Al,O3 phase transition and inhibited the
inward diffusion of oxygen, thus improving the oxidation resistance of Ti46A14Nb1Mo alloy [48].

It refined the microstructure and oxide, promoted the formation of the outermost layer Al,Os3,
improved the density of the oxide film, inhibited the segregation of W element, and finally improved
the high-temperature oxidation resistance of « titanium alloy [49].

It promoted the formation of continuous Al,O3 and prevented crack propagation, thus improving
the high-temperature oxidation resistance of Ti65 alloy [45].
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Figure 6. High-temperature oxidation weight-gain curves of the substrate and the coated sample [45].

3.3.2. Pre-Oxidation Treatment

It has been pointed out that the pre-oxidation treatment had a great influence on the
compatibility and oxidation resistance of titanium alloy aluminized coating. However,
research in this area is quite limited. Zhou et al. [50] pre-oxidized (4 h under 1000 °C inert
environment) + aluminized and aluminized + pre-oxidized (4 h under 1000 °C inert envi-
ronment) Ti-6Al-4V alloy, and compared the surface morphology and oxidation kinetics
curves of the samples. It was concluded that pre-oxidation (4 h under 1000 °C inert envi-
ronment) + aluminized titanium alloy had better oxidation resistance and crack resistance.
The pre-oxidation of titanium alloy before aluminization had a great influence on the alu-
minization process: AlsTi3, Al3Ti, and Al,TiOs were formed, and the coating was thinner.
Therefore, appropriate heat treatment could be carried out before aluminizing titanium
alloy to improve the high-temperature oxidation resistance of the aluminizing coating.
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The high temperature oxidation resistance of the coating is usually judged by the
amount of weight gain. Substrate weight gain/coated Sample weight gain is a good
parameter to judge. Table 2 is a summary of the experimental data in the previous literature.

Table 2. Comparative summary of the weight gain of the substrate and coated sample after high-
temperature oxidation in the literature.

Substrate Weight Gain/

Substrate Coating Oxidation Condition Coated Sample Weight Gain Lit.
Ti-6Al-4V Ti-Al-40Nb 800 °C/1000 h 15.02 [2]
Ti-6Al-4V Ti-Al-Si 800 °C/120 h 7.31 [28]
Ti-6Al-4V Al 800 °C/96 h 2.85 [37]
Ti-6Al-4V Al-Si 850 °C/100 h 5.56 [39]
Ti-6Al-4V Ti-Al-Si 800 °C/1000 h 24.80 [42]
Ti-6Al-4V Ti-Al-Si 1000 °C/80 h 6.60 [43]
v-Ti-Al Ti(ALSi)3 950 °C/1000 h 6.33 [44]
Ti65 (Ti,Ce)(AlLSi)3 800 °C/552 h 26.00 [45]

4. Thermal Corrosion-Resistant Coating
4.1. Mechanism of Thermal Corrosion under the Action of Molten Salt

It is generally believed that the thermal corrosion of gas turbine materials is mainly
caused by fuel combustion products, which contain a large amount of sulfur, sodium,
vanadium, chlorine, potassium, etc. [51,52]. Mixtures of these pollutants are highly corro-
sive at temperatures higher than the melting point of the pollutant, further accelerating
the high-temperature corrosion process. High-temperature corrosion is the main failure
form of hot-end components of important engineering systems such as aircraft engines
and land-based gas turbines. This corrosion is caused by the condensation of thin films
containing molten salts such as chloride, sulfate, or vanadate. Impurities absorbed from
the air or present in the fuel lead to the formation of low-melting-point salts such as NaCl
and Na;SO,, which severely degrade the performance of the hot-end components of the
turbine [53,54].

The marine environment is characterized by high humidity and high salinity, and its
atmosphere is filled with a lot of salt. The hot-end components of aero engines serving
in the marine environment are susceptible to thermal corrosion due to high temperature
caused by high-speed operation and the above environmental characteristics. When the
engine works in the marine environment, a large amount of water vapor and NaCl in
the marine atmosphere will enter the engine along with the gas, and be deposited on the
blade or coating surface. At the same time, NaCl reacts with sulfur oxide products of fuel
combustion to generate NaySO4, which is also deposited on the surface of the hot-end
components, and these reaction equations are as follows: (8)—(10) [55]. When the engine
is running, because the air is compressed step by step, the pressure and temperature will
gradually increase, and the temperature in the compressor part can reach 300-750 °C.
Although the temperature does not reach the melting point of the deposited salt on the
surface, it causes thermal corrosion to the sealing coating of the compressor.

2NaCl + SO, + O, — NaySOy4 + Cly (8)
2NaCl + SO3 +1/20,; — NaySO4 + Clp 9)
2NaCl + SO3 + H,O — Na»,SO,4 + 2HCI (10)

Thermal corrosion can be regarded as a process that accelerates the coexistence of
thermal oxidation and vulcanization [56]. Under high-temperature conditions, even though
part of the salt film may evaporate, there is still a certain amount of mixed sulfate that will
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be transformed into a liquid state, and the decomposition reaction as shown in (11) will
occur [57].
SO~ = S0, +1/20, + 0>~ (11)

For aluminum-silicon coatings, the general process of high-temperature thermal
corrosion is that the anti-oxidation Al elements inside the coating first undergo selective
oxidation (as shown in (7)), and then are decomposed by molten salt to O?~ rapid melting
(as shown in (12)). The above process is repeated until the Al elements inside the coating
are consumed, and the coating fails. At this time, the Ti element in the substrate will react
directly with the molten salt, as shown in (13).

AlLOs; +O?™ =2A10, (12)
350%™ +2Ti + 12H" = 2Ti*" + 350, + 6H,0 (13)

4.2. Improvement of the Heat Resistance and Corrosion Performance of Titanium Alloy
4.2.1. Surface-Coating Technology
Aluminized Coating

The aluminized coating is the first high-temperature protective coating used. Due to
the cost-effectiveness and simplicity of alumina diffusion coatings, it is also widely used for
the thermal corrosion resistance of Ti and Ni-based alloys. The formation of a dense Al,O3
layer can effectively prevent the entry of oxides. However, some studies have also shown
that hot-dip-aluminized coating reduces the corrosion resistance of commercial purity
titanium in 3.5 wt.% NaCl solution at room temperature, which is related to the difference
in corrosion resistance between titanium and aluminum and the formation of galvanizing
cells [58]. In addition, the dissolution of Al,O3 in molten salt [59] and the formation of
holes in the aluminide coating during thermal cycling [60] would lead to the spalling and
cracking of the aluminide coating, failing the coating. The aluminizing coating had defects
such as high brittleness, easy cracking, easy mutual diffusion with the substrate, poor
thermal corrosion resistance and fatigue creep resistance, etc., resulting in the formation
of cracks and falling from the oxide layer of the coating at high temperatures [61], so the
thermal corrosion resistance decreased. Therefore, to solve this series of defects, modified
aluminide coatings have begun to be developed. Many experiments have shown that
the addition of some active elements can improve the thermal corrosion resistance of the
coating [62,63].

Silicon-Modified Aluminide Coating

In recent years, although many coatings have been developed, the slurry method
can prepare Al-Si coatings on the surface of special-shaped parts, and it has been widely
used because of its simple operation, low cost, and stable performance. The Si-modified
aluminide coating can slow the degradation caused by the mutual diffusion between the
coating and the substrate at high temperatures and has better high-temperature oxidation
resistance and thermal corrosion resistance than the aluminizing coating [64,65]. Si can
increase the activity of Alin the coating, promote the selective oxidation of Al, reduce the
consumption of Al, and improve the bonding property between the oxide film and the
coating [66—68]. At the same time, the oxidation rate of the superalloy can be reduced, and
the isomild cyclic oxidation resistance of the superalloy can be improved. Si gathers on the
surface of the coating to form an Al-Si base, inhibit the diffusion of insoluble elements (Ti,
Mo, W, and V), strengthen the aluminide coating [69,70], and extend the service time of the
coating. However, the Si content in the coating should not be too much, to avoid forming a
harmful phase with a low melting point with Ni in the substrate at high temperature. This
makes the coating brittle and prone to peeling off during high-temperature oxidation and
thermal corrosion [71].
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Dai Jingjie et al. [72] prepared Ti-Al-xSi coating on Ti-6Al-4V using the laser surface
alloying method and exposed the sample to a salt mixture of 75 wt.% NapSOy + 25 wt.%
NaCl at 800 °C for 300 h to explore the effect of Si on the heat resistance and corrosion prop-
erties of the coating. The results showed that the addition of silicon significantly improved
the heat resistance and corrosion of the coating. With the increase in Si content, the heat
resistance and corrosion of the coating were improved. The mechanism of improving the
heat resistance and corrosion of titanium alloy by preparing Ti-Al-Si coating promoted the
formation of Al,O3 and SiO;, therefore increasing the density of oxide skin and hindering
the internal diffusion of O,.

Rare-Earth-Modified Aluminide Coating

To improve the thermal corrosion resistance of titanium alloy, researchers have chosen
to add rare-earth elements based on the aluminum base coating on titanium alloy. It is well
known that rare-earth elements can significantly reduce the oxidation rate of the alloy and
greatly improve the adhesion of the oxide film. Lin Hao et al. [73] deposited Al-Y gradient
coating on y-Ti-Al alloy by reactive magnetron sputtering (MS) system and investigated
the influence of Al-Y gradient coating on the heat resistance and corrosion properties
of y-Ti-Al alloy in Na;SO,4 molten salt at 750 °C, 850 °C and 950 °C. The experimental
results showed that Y in Al-Y gradient coating reacted easily with S compared with a single
aluminized coating, therefore promoting the formation of Al,O3, which not only reduced
the Al consumed by vulcanization in the initial stage of corrosion but also facilitated the
formation of an oxidation protective layer. In conclusion, rare-earth-modified aluminide
coating could improve the heat resistance and corrosion of Ti-Al alloy. At present, there
are few studies on the modification of rare-earth elements on the surface of titanium
alloy to improve its high-temperature corrosion resistance coating, but it has a certain
application prospect.

4.2.2. Pre-Oxidation Treatment

Pre-oxidation is the operation of maintaining a high temperature (generally greater
than 900 °C) for a period of time under a certain atmosphere and then cooling. Yuan-tao
Hu et al. [74] pre-oxidized aluminized Ti-Al alloy (20 h pre-oxidized in a Muffle furnace
at 900 °C) before the thermal corrosion experiment, and then carried out a thermal cor-
rosion test at 700 °C and 100 h in a eutectic salt mixture (75 wt.% NaySO4 + 25 wt.%
NaCl). The results showed that the pre-oxidation could promote the formation of a dense
alumina protective layer, effectively preventing the attack of corrosive elements on the
substrate and the rapid consumption of aluminum coating. Moreover, the aluminized layer
can provide enough aluminum source that the aluminized Ti-Al alloy has good thermal
corrosion resistance.

5. Wear-Resistant Coating
5.1. Analysis of the Friction Mechanism of Titanium Alloy

Although titanium alloys have many advantages, their frictional properties are poor.
The poor frictional properties of titanium alloys are characterized by high friction coefficient,
severe adhesive wear, strong occlusal tendency, and low wear resistance [75]. Titanium and
titanium alloys have a low wear resistance for two main reasons, namely low resistance
to plastic shear and low work hardening. Low protection of surface oxides that are easily
removed by spalling or micro-debris is due to high flash temperatures caused by friction
during dry sliding, and failure to protect the subsurface layer from wear. In addition,
dissolved oxygen from the atmosphere is prone to the embrittlement of the substrate,
which reduces the mechanical resistance of the material [76]. The friction coefficient is
related to the d-bond, and the smaller the percentage of the d-bond, the stronger the activity
of the metal, and the greater the friction [77]. Titanium has the lowest percentage of d-bonds
(27%), so it has the most friction. It is well known that the use of lubricants can greatly
reduce friction, but all conventional lubricants (mineral oils and greases) used on titanium
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alloys are ineffective [78]. In addition, the low thermal conductivity of titanium exacerbates
the problem of ineffective lubricants.

5.2. Improvement to the Wear Resistance of Titanium Alloy
5.2.1. Surface-Coating Technology
Aluminized Coating

The low hardness and poor wear resistance of titanium alloys severely limit their appli-
cation as key moving parts. Ti-Al intermetallic compounds have both metallic and covalent
bonds, providing the final material with the toughness of metals and the high-temperature
properties of ceramics [79,80]. Therefore, Ti-Al intermetallic coating is a promising method
to enhance the high-temperature oxidation resistance and friction properties of titanium
alloys. Liu Yang et al. [81] used Ti6Al4V and AlSi10Mg powders as substrates to prepare
a graded Ti-Al intermetallic compound coating using the laser powder deposition (LPD)
method and explored the wear resistance of the coating through sliding-wear evaluation
experiments. The results showed that the hardness of each layer was higher than that of
the Ti6Al4V substrate and the wear rate was much lower than that of the Ti6Al4V substrate.
The excellent wear resistance of the Ti-Al intermetallic compound coating was due to the
high hardness of the Ti-Al intermetallic phase, which could effectively inhibit the corre-
sponding penetration of the coating surface. Wenbin Zhang et al. [82] prepared the Ti-Al
composite coating on Ti-6Al-4V alloy using the laser-cladding method and studied the
microstructure and tribological behavior of the composite coating at an estimated tempera-
ture (25-500 °C). The results showed that the composite coating had enough toughness,
and no brittle spalling occurred on the wear surface.

Chromium-Modified Aluminide Coating

Due to the coexistence of Al, Cr, and Ti elements, a multiphase structure is generated,
and the hardness and wear resistance of titanium alloy are improved [83-85]. Li Zhihao
et al. [86] prepared a Ti-Al-Cr alloy layer on Ti-4Al-2V alloy using pulsed laser-cladding
technology, and the alloy layer had good metallurgical bonding with the substrate. The
results showed that the microhardness of the Ti-Al-Cr alloy layer was about twice that of
the titanium alloy substrate, and the wear rate was only 1/3 of the substrate. Therefore,
the Ti-Al-Cr alloy layer improved the wear resistance of the titanium alloy substrate. The
reason for this was the binding strengthening caused by strong solid solution and lattice
distortion, as well as the Al/ Cr-induced difference from the substrate phase structure.

Nb-Modified Aluminide Coating

By hindering the diffusion of Ti and oxygen, Nb can effectively improve the activity of
Al and reduce the concentration of oxygen vacancy in the TiO, lattice, therefore inhibiting
TiO, growth and promoting the formation of the Al,O3 protective layer. Wensheng Li
et al. [87] prepared the Ti-Al-Nb intermetallic coating using in situ synthesis of Ti-6Al-4Nb
powder on the surface of Ti-25Al1-17V alloy by laser. By measuring the friction coefficient
curve and wear rate of the coating at 25, 200, 400, 600 and 800 °C, it was found that the
friction coefficient and wear rate of the coating at 800 °C were lower. Therefore, the Ti-
25A1-17Nb coating had good wear resistance and anti-friction properties at 800 °C. This
was because, at 800 °C, the dense hardened Al,O3 oxide film gradually replaced the loose
porous TiO, oxide film, hindering the diffusion of oxygen to the coating, reducing the
possibility of brittle oxide formation, and the dense Al,O3 oxide film had good lubricity.

5.2.2. Pre-Oxidation Treatment

To form a metallurgical bond between the coating and the substrate through diffusion,
Zhao et al. [88] adopted hot infiltration to first coat the surface of Ti-6Al-4V alloy with
pure aluminum and then carried out pre-oxidation treatment. After the sample was
pre-oxidized, the Al coating was oxidized to alumina (Al,O3), and a Ti-Al intermetallic
compound was formed. The tribological properties of the sample were characterized by
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observing and analyzing the microstructure and composition of the sample and measuring
the microhardness and friction coefficient of the sample. The results showed that when the
pre-oxidation temperature was 750 °C, the microhardness reached the maximum value
of about 500 HV. The final optimized process parameters were hot-dipping at 700 °C for
15 min, followed by pre-oxidation at 750 °C for 6 h in a resistance furnace. This process
improved the wear resistance of Ti-6Al-4V alloy by forming a bulk TiAl; phase and oxide.

5.2.3. Carburizing

Yang Wenying et al. [89] combined the hot-dip aluminum process with the carburizing
process. First, a layer of pure aluminum was hot-dipped on the Ti65 alloy, and then it was
solid carburized. After the hot-dipping of pure aluminum, the coating was successively a
TiAl; phase +L-(Ti,Al), a mixed-phase layer, and an L-(Ti,Al) layer from the substrate. After
carburizing, the coating was successively TiAly, Ti-Al, TizAl alloy-phase layer, and Ti-Al
carburizing layer from the substrate. Finally, the hardness of the substrate, aluminized sam-
ple, and aluminized recarburized sample were measured by hardness meter and compared.
The results (Figure 7) showed that the hardness of the aluminized recarburizing sample
was about 960 HV, which was higher than that of the substrate and aluminized sample. It
also showed that the wear resistance of hot-dip-aluminized samples was improved by car-
burizing treatment. This was because the carbide particles formed in the Ti-Al carburizing
layer played a strengthening role.
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Figure 7. Surface hardness values measured with a force of 3 kg of (a) the uncoated Ti65
sample, (b) the hot-dip-aluminized (760 °C x 10 min) Ti65 sample, (c) the hot-dip-aluminized
(760 °C x 10 min) and carburized (1050 °C x 4 h) Ti65 sample [89].

6. Conclusions

There are many ways to prepare aluminum-based coatings on titanium alloys, but
each method has certain advantages and disadvantages. We should choose the specific
preparation method according to the characteristics of the required preparation coating.

There are different bases for evaluating the different properties of coatings. The high-
temperature oxidation resistance of the coating is mainly judged according to the mass gain.
In general, the mass increase of coated samples during high-temperature oxidation is less
than that of uncoated samples, because the coating can protect the substrate from oxidation.

The heat resistance of the coating can be judged not only by the level of corrosion
potential but also by the quality gain. The higher the corrosion potential, the less the mass
increase, and the better the corrosion resistance of the coating.
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The wear resistance of the coating is mainly related to microhardness, wear rate, and
friction coefficient. The higher the microhardness, the lower the wear rate, the lower the
friction coefficient, the better the wear resistance of the coating.

At present, the method to improve the performance of titanium alloy aluminum-based
coating is mainly to add an appropriate number of other elements, which can only add one
element or multiple additions. The added elements are elements that have some special
functions, e.g., to improve the salt corrosion resistance of the coating. Elements that are
resistant to salt corrosion such as Cr should be added. Therefore, the current development
trend of coating is high-entropy alloy coating. In addition, proper pre-oxidation treatment
of titanium alloy before and after the coating preparation can also greatly improve its
high-temperature oxidation resistance and other properties.

In this paper, the research on oxidation resistance, thermal corrosion resistance, and
wear resistance of the aluminum base coating on titanium alloy in recent years was de-
scribed from four perspectives: aluminide coating, high-temperature oxidation resistance
coating, thermal corrosion resistance coating, and wear resistance coating. The novelty
of this paper is that it combines the practical application scenario of titanium alloy and
studies three properties of the aluminum base coating on titanium alloy at the same time.
It is very logical. The framework of this paper is as follows: the preparation method of the
coating; the improvement of the coating by adding other elements; the failure mechanism
under different service conditions; and the method of improving the coating performance.
Future research should focus on the preparation cost, preparation efficiency, and versatility
of the coating. To give full play to the advantages of abundant rare-earth elements in China,
rare-earth elements should be given priority when adding elements. At the same time, it is
necessary to constantly try to add a variety of elements in combination with heat-treatment
methods to achieve versatility of coating.
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