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Abstract: Titanium alloys are acclaimed for their remarkable biocompatibility, high specific strength,
excellent corrosion resistance, and stable performance in high and low temperatures. These char-
acteristics render them invaluable in a multitude of sectors, including biomedicine, shipbuilding,
aerospace, and daily life. According to the different phases, the alloys can be broadly categorized
into a-titanium and B-titanium, and these alloys demonstrate unique properties shaped by their
respective phases. The hexagonal close-packed structure of a-titanium alloys is notably associated
with superior high-temperature creep resistance but limited plasticity. Conversely, the body-centered
cubic structure of 3-titanium alloys contributes to enhanced slip and greater plasticity. To optimize
these alloys for specific industrial applications, alloy strengthening is often necessary to meet diverse
environmental and operational demands. The impact of various processing techniques on the mi-
crostructure and metal characteristics of titanium alloys is reviewed and discussed in this research.
This article systematically analyzes the effects of machining, shot peening, and surface heat treatment
methods, including surface quenching, carburizing, and nitriding, on the structure and characteristics
of titanium alloys. This research is arranged and categorized into three categories based on the meth-
ods of processing and treatment: general heat treatment, thermochemical treatment, and machining.
The results of a large number of studies show that surface treatment can significantly improve
the hardness and friction mechanical properties of titanium alloys. At present, a single treatment
method is often insufficient. Therefore, composite treatment methods combining multiple treatment
techniques are expected to be more widely used in the future. The authors provide an overview of
titanium alloy modification methods in recent years with the aim of assisting and promoting further
research in the very important and promising direction of multi-technology composite treatment.

Keywords: titanium and titanium alloys; surface treatment; classification of titanium alloys

1. Introduction

A titanium alloy is recognized as a high-strength lightweight structural material with
excellent biocompatibility, high specific strength, robust corrosion resistance, and good
performance under high-low-temperature conditions. Titanium alloys are widely used
in various fields, for instance, biomedicine, shipbuilding, aerospace, and in daily life
scenarios [1-5]. Generally, based on their microstructure, Ti alloys are typically categorized
into «, or+compound, near-«, «+[3, metastable (3, and 3 alloys [6-10]. A near-« titanium
alloy, Ti6242S, is notably employed in the hot zones of jet engines, effectively operating
up to 550 °C for its remarkable high-temperature mechanical strength [11]. As a typical
dual-phase alloy, Ti6Al4V is widely used in the aerospace, automotive manufacturing, and
biomedical fields for its excellent comprehensive performance [12]. Additionally, the 3
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titanium alloy Ti-13V-13Cr-3Al (wt. %) is extensively utilized in the SR-71 Blackbird aircraft
because of its high specific strength and good high-temperature stability [6].

However, considering the need for high wear resistance, high quality, and long ser-
vice life of titanium alloys in the industrial field, traditional manufacturing processes
are increasingly inadequate to fulfill these stringent requirements. Accordingly, surface
strengthening technology is proposed to improve the mechanical properties of titanium
alloys and minimize their surface roughness in order to achieve excellent service character-
istics. Huang et al. [13] demonstrated that the elongation of the TA15 alloy was increased to
46.7% after 1073 K heat treatment. The observed fracture morphology showed that the size
and depth of dimples increased with heat treatment time, improving the toughness of TA15.
Yan et al. [14] found that the fatigue strength limit increased by 37.6% after shot peening,
which was attributed to the formation of ~260 um thick gradient-hardened layers on the
surface. Li et al. [15] performed ion implantation on titanium alloy surfaces and found that
nitrogen ion implantation can notably improve the surface hardness of the titanium alloy.

Surface properties exhibit high sensitivity to treatment, and distinct surface treatment
techniques yield titanium alloys with varying microstructural and mechanical properties,
which, in turn, influence their appropriateness for particular industrial uses. Numerous
advanced surface treatment technologies have been used to modify the surface of tita-
nium alloys in tandem with the dramatic rise in demand for titanium. The majority of
current research on titanium alloy surface treatment involves either a single treatment or
a composite treatment including two treatment techniques. Current research summaries
on different novel therapeutic approaches are rare. There is a relative lack of summarized
research on various new treatment methods. This work covers the research development
on alloy composition and surface treatment from the viewpoints of the preparation method,
microstructure, mechanical characteristics, and strengthening mechanism of titanium alloys
in an effort to improve the findings of previous studies in this area.

2. Titanium and Titanium Alloys
2.1. Basic Properties of Titanium

Titanium, ranking as the 10th most abundant element in the Earth’s crust, predom-
inantly exists in the form of titanium-rich ores: ilmenite and rutile. Renowned for its
lightweight nature, formidable strength, ease of processing, and exceptional specific
strength, titanium and its alloys have become staples in various industrial applications. A
comparison of the density and specific strength of titanium with other metals is shown in
Table 1.

Table 1. Comparison of density and specific strength of titanium and other metals.

. . Titanium Aluminum Magnesium .
Cooking Oil (Alloy) (Alloy) (Alloy) High-Strength Steel
Density /
45 2.7 1.74 7.8
(g/cm’)
Specific strength 29 21 16 23

2.2. The Main Structure of Titanium Alloy and Its Properties

As an allotropic element, crystallographically titanium exists in two structures: hexag-
onal close-packed structure (hcp) ax-phase at room temperature; and body-centered cubic
(bcc) structure B-phase, prevalent under high-temperature conditions. The transition
temperature between these two phases is approximately 882 °C. The crystal structure of
titanium alloy is shown in Figure 1 [16]. In addition to elevated temperatures to force the
phase transition, the addition of different alloys to change the alloy phase transition tem-
perature and component content is the main method of obtaining different organizations of
titanium alloys.

The alloying of titanium alloys mainly affects the properties of the titanium matrix
by changing the lattice structure of titanium atoms, adjusting the lattice constants and
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electronic structure, etc. These changes give rise to a variety of alloy types and microstruc-
tures. Alloying serves as the principal means to improve the organization and enhance
the mechanical properties of titanium alloys, enabling them to maintain the stability of the
original crystal structure. With to different alloys, the stability preferences can be divided
into three categories of titanium alloying elements: (1) a-stabilizers, mainly replacement
elements Al and interstitial elements O, N, C, etc. (2) (3-stabilizers, containing eutectic
elements Mo, V, Nb, Ta, and the eutectic elements Fe, W, Cr, Si, Co, Mn, H, etc. (3) Neutral
elements, notably Zr and Sn. After alloying, depending on the conditions of room tempera-
ture, the microstructure is broadly divided into: «-phase alloys, two-phase «+f3 alloys, and
-phase alloys.

@) e - (b)
e |
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Figure 1. Crystal structure of titanium alloy: (a) x-phase crystal structure, (b) B-phase crystal
structure [16].

According to the stabilizer content, x-type titanium alloys can be divided into « alloys
with a single a-phase and near-« alloys with 1%-2% {3-stabilizers [7]. The microstructure
characteristics of a-type titanium alloys are shown in Figure 2. The low-symmetric hexago-
nal close-packed row (HCP) crystal structure makes o-type titanium alloys show obvious
plastic anisotropy at both room and working temperatures. Additionally, the close-packed
row tends to be transformed into quasi-disintegration surfaces when subjected to tension,
which is prone to premature fracture initiation [17]. This tendency significantly reduces the
fatigue resistance of the alloy and adversely affects its properties.

Figure 2. Microstructure of «-type titanium alloy: (a) x-phase boundary [18]; (b) primary «-phase
and secondary «-phase [10].

Unlike at room temperature, x-type titanium alloys excel in high and low temperatures.
For example, the o alloy Ti-5A1-2.5-Sn ELI shows good strength and toughness under 20 K
low-temperature conditions due to its low interstitial element content [19]. So, it is an ideal
choice for applications like low-temperature containers and impellers in rocket engine
turbine oil pumps. In addition, the densely arranged hexagonal crystal structure gives it
good thermal stability and high-temperature creep properties, which makes it have good
material properties under high-temperature conditions. Taking the near-« alloy Ti-6Al-
25n-4Zr-2Mo (Ti-6242) as an example, its mechanical properties are better than those of the
two-phase alloy Ti-6Al-4V (TC4) under high-temperature conditions, positioning it as an
optimal material for aerospace field [9].
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B-type titanium alloys generally have the advantages of high strength, low modulus
of elasticity and good toughness [16,20]. Their body-centered cubic structure gives them
more slip systems, thereby granting 3-type titanium alloys a more pronounced plastic
deformation capacity compared to a-type titanium alloys. The lower densification and
higher self-diffusivity under high-temperature conditions result in them being relatively
poorly thermally stable, which limits their suitability for high-temperature applications.
According to the different concentrations of 3-phase stabilizing elements, 3-type titanium
alloys can be further subdivided into nearly {3 alloys, sub-stable 3 alloys, and stable 3 alloys.

Near-f3 alloys and substable 3 alloys are representative high-strength 3 alloys with
a relatively low content of (3-phase stabilizing elements and good mechanical properties,
which are widely used in large load-bearing components in aerospace [21]. Among them,
near-f3 alloys, which contain the least amount of 3-phase stabilizing elements, boast ex-
ceptional qualities such as high specific strength and corrosion resistance. This makes
them highly suitable for critical structural parts in aerospace and other industries, such as
high-strength new experimental alloys Ti-7Mo-3Nb-3Cr-3Al, Ti-4Al-7Mo-3Cr-3V], etc. [6].
The microstructure of near-§3 alloys is shown in Figure 3 [20]. Near-3 alloys have strict re-
quirements for thermo-mechanical processing, and improper treatment processes are prone
to form abnormally coarse grains, affecting the quality of the structural components [22].

Figure 3. Microstructure of near-f alloy Ti-17 (Ti-5Al-2Sn-2Zr-4Mo-4Cr) [20].

Substable {3 alloys with a relatively high content of 3-phase stabilizing elements are
widely used in the aerospace industry and biomedical fields because of their excellent
overall properties compared to those of near-f3 alloys. For example, the substable 3 alloy
Ti-35Nb-7Zr-6Ta-2F-0.55i alloy developed by Kopova et al. [23] has good biocompatibility,
and its higher strength and lower elastic modulus than those of Ti-6Al-4V make it ideal for
biomedical applications. The high-moldability and high-strength properties make substable
B alloys such asTi-6Cr-5Mo-5V-4Al (Ti-6554) show good potential for application in making
large parts such as landing gears of airplanes [24]. However, they are more expensive
than other alloys; so, their development in some fields is constrained. The microstructure
transformation of substable {3 alloys is shown in Figure 4 [25].

Figure 4. Microstructural transformation of substable {3 alloys at 785 °C. (a) Phase kinking; (b) interlaced
lamellar x-phase restricting the growth of 3 subcrystals; (c) phase resistance to dislocation motion [25].
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Stabilized (3 alloys represent the apex of 3-type titanium alloys, enriched with the
highest concentration of 3-phase stabilizing elements. This unique composition endows
them with distinct performance characteristics, diverging significantly from other 3-type
titanium alloys. Xin et al. [26] found that various heat treatment techniques applied to
stabilized 3-type titanium alloys can profoundly influence their properties. Notably, the
presence of grain boundaries has been identified as a key factor in enhancing the high-
temperature creep resistance of these alloys. This enhancement renders stabilized (3-type
titanium alloys particularly suitable for high-temperature applications. The current typical
heat-strengthened f3 titanium alloys are Ti-35V-15Cr-0.35i-0.1C, Ti-40, etc. The organization
image of stabilized {3 titanium alloy is shown in Figure 5 [27].

\ o
Beta grain Carbide precipitates
houndary

Figure 5. Microstructures of as-received Ti3515 alloy [27].

In addition to the two phases mentioned above, the transition phase occurring during
the transformation from x-phase to 3-phase is generally referred to as the a+{3-phase. An
alloy exhibiting this transitional phase is referred to as a a+p-type titanium alloy. As the
most commonly used type of alloy in the industrial field, two-phase alloys have excellent
comprehensive performance and are widely used in aerospace, medical, marine and other
fields. For example, Ti-6Al-4V is employed in manufacturing engine compressor blades [28].
The excellent performance of two-phase alloys mainly depends on the specificity of their
internal organization, such as x-phase, 3-phase two-phase organization, so that it combines
the advantages of both x-type titanium alloys and B-type titanium alloys and exhibits
higher strength. A typical two-phase organization is shown in Figure 6 [29].
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Figure 6. Typical two-phase organization chart [29]. (a—-d): Non-IPM, IPM200, IPM300, IPM400
metallurgical microstructure of the top.
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Diverse heat treatment methodologies can induce significant alterations in the microstruc-
ture of titanium alloys, consequently affecting their material properties. Alessandro et al. [10]
obtained the following conclusions by comparing the changes in the organization and
mechanical properties of Ti-6Al-25n-4Zr-6Mo alloys after heat treatments at different tem-
peratures: At 600 °C, the &’ phase undergoes an a + b transformation, resulting in a marked
increase in material strength to 1383 MPa. At 875 °C, the appearance of the bilayer organi-
zation improves the ductility of the material, but the extensively roughened microstructure
results in a significant decrease in the hardness (339 HV). At 950 °C, the strength (1012 MPa)
and ductility (17%) decrease slightly, accompanied by a minor increase in hardness (352 HV).
At the same time, the complete recrystallization of the microstructure of the isotropy was
improved. The microscopic images of the material at different temperatures are depicted in
Figure 7 [10] and Figure 8 [30].

a" needles

meltpool borders

Figure 7. Microstructure of duplex alloys after treatment at different temperatures (a) 600 °C;
(b) 875 °C; (c) 950 °C [10].
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Figure 8. Summary of microstructure growth with heat treatment temperature [30].

2.3. Classification of Titanium Alloys

According to the different uses of titanium alloys, they can be categorized into
corrosion-resistant alloys, heat-resistant alloys, low-temperature alloys and high-strength
alloys, as well as alloys with special functions.

2.3.1. Corrosion-Resistant Alloys

Compared to other metallic materials, titanium exhibits higher activity at room tem-
perature and reacts very easily in atmospheric and aqueous solutions to produce dense
oxides. This formation of TiO; oxide film is the cornerstone of the exceptional corrosion
resistance observed in titanium alloys [31]. Protected by the surface layer of oxide, titanium
alloy products are well-suited for use in highly corrosive environments, such as marine
engineering and oil extraction, maintaining their integrity under challenging work con-
ditions. Since their inception, corrosion-resistant titanium alloys have been developed
continuously. Currently, there are four relatively mature corrosion-resistant alloy families,
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namely titanium-molybdenum alloys, titanium—palladium alloys, titanium-nickel alloys,
and titanium—tantalum alloys.

Accordingly, it is easy to see that the incorporation of different alloying elements is one
of the main methods to improve the corrosion resistance of alloys. The results of Masahiko
Morinaga’s research have shown that the introduction of elements with high bonding se-
quence values (Bo) (e.g., Ta, Nb, etc.) effectively strengthens the chemical bonding between
the matrix and the alloying elements. This enhancement leads to a reduction in the critical
anodic current density on the polarization curve, consequently elevating the corrosion
resistance properties of the alloys [32]. Bosung et al. [33] found that the introduction of
elements such as Cr and Mo into titanium alloys can induce the passivation film to form
Ti-Mo and Ti-Cr double hydroxides. This process accelerates the spontaneous passivation
of the alloys, making the oxide film more stable and thus showing high corrosion resis-
tance in highly concentrated reducing acids. Currently, titanium alloys with Pt or Pd are
recognized as the most corrosion-resistant alloys. However, their widespread application is
substantially limited by cost constraints and other practical factors.

The variability of the microstructure also has an important effect on the corrosion
resistance of materials. Dong et al. [34] have shown that at a constant strain rate, the
lamellar organization has higher stress corrosion sensitivity than the equiaxial organization
due to a higher content of the a-phase. In addition, it has been shown that the lamellar
organization can enhance the stress corrosion sensitivity of the material by changing the
crack extension pathway. The effects of grain size and the number of grain boundaries are
also critical factors in determining the corrosion resistance. When the alloy’s grain size is
reduced to microns or smaller by processing means, the material properties are significantly
optimized with increased strength, hardness, and densification, coupled with a rise in
the number of grain boundaries [35,36]. It is beneficial to increase the contact area of the
alloy surface with the external environment, form a dense and uniform oxide layer, and
improve corrosion resistance. Compared with alloying, such means (e.g., violent plastic
deformation) can effectively reduce costs, and eliminate the original defects within the
alloy material, thereby improving the mechanical properties of the material.

Surface treatment is also an effective means of improving the corrosion resistance of
alloys, with the coating method being often considered to be the preferred method for
this purpose [37]. In addition, processes such as heat treatment can significantly affect
the corrosion resistance of materials by changing the properties of surface alloy materials.
Taking nitriding treatment as an example, plasma nitriding (PN) is known to improve
the surface hardness and corrosion resistance through the formation of a titanium nitride
layer [38—41]. Li et al. [31] compared the corrosion current densities of the electron-beam
melting (EBM) Ti-6Al-4V alloy in seawater before and after PN treatment. They found
that the corrosion current density of the alloy after PN (PN-EMM) was significantly lower
than that of the original sample, which indicated that the corrosion resistance of the treated
material was effectively improved. The kinetic potential polarization curves of EBM and
PN-EBM samples in natural seawater are illustrated in Figure 9 [31].
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Figure 9. Dynamic potential polarization curves of EBM and PN-EBM samples [31].
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2.3.2. Heat-Resistant Alloys

High-temperature alloys are widely used in the aerospace field because of their ex-
ceptional specific strength and good high-temperature mechanical properties. Currently,
the service temperature of high-temperature alloys is mostly in the range of 550-650 °C.
Predominantly, these alloys are near-a-type titanium alloys, such as Ti60, Ti-1100, etc. The
continuous development of aviation technology has put forward higher requirements for
the operating temperature and other critical properties of these high-temperature alloys.
However, the increase in service temperature will result in a consequent decrease in the
antioxidant properties of the alloys, which poses a significant limitation on their application
in high-temperature components [42—44].

The addition of alloying elements and the use of ordered phase hardening are effective
methods to improve the oxidation resistance and high-temperature performance of alloys.
Xu et al. [45] found that the addition of high W content can increase the oxidation activation
energy of the alloy, so that the alloy generates a more homogeneous and denser oxidation
layer, which significantly improves the oxidation resistance of the alloy. The addition of W
also plays an important role in refining the a-sheet layer and ordered o2-Ti3Al phase. This
results in improved room-temperature yield strength and high-temperature yield strength,
and better plasticity after extended thermal exposure. SEM images of the W-free alloy and
the alloy with 4.0 W (wt.%) addition (W40) after 100 h exposure at 650 °C are shown in
Figure 10 [45].

Figure 10. SEM images of the (a) WO and (b) W40 alloys after thermal exposure [45].

Most high-temperature alloys frequently incorporate aluminum to reinforce the -
phase. However, aluminum-containing titanium alloys tend to experience coarsening
due to the precipitation of the ordered «2-Ti-3Al phase after prolonged exposure to high
temperatures. This would be detrimental to the alloy plasticity and make the alloy more
susceptible to cold residence fatigue [46,47]. Increasing the Al solubility in the alloy can
inhibit the growth of the ordered «2-Ti3Al phase, thereby enhancing the thermal strength
and thermal stability of the material. Cao et al. [48] compared the interactions of Al with
other alloy atoms in «-Ti, and found that the traps of Al atoms, such as Mo, Ru, etc.,
can increase the solubility of Al and inhibit the growth of the intermetallic compound
of Ti3Al in a-Ti. This improves the thermodynamic properties of aluminum-containing
high-temperature alloys. Rare earth elements can affect the thermomechanical properties
of alloys by changing the metallographic organization of the alloys. Li et al. [49] found that
the introduction of Re increased the 3-phase content of the alloys significantly, and the
tensile strength of the alloys was improved. This element also played a role in refining the
grain size and the thickness of the sheet layer and effectively inhibited the Al, Ta, and other
elements’ diffusion. While these alloys exhibit higher thermal strength post-Re addition,
their plasticity is somewhat compromised. The comparison of the organization images of
Ti-Al-Ta-Nb alloy before and after the addition of Re is shown in Figure 11 [49].

Compared with single-element alloying, multi-element co-alloying has proven to
be more effective in improving the high-temperature creep performance of alloys. For
example, Wen et al. [50] found that when Al-Ta coexisted on the surface of the alloy,
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the superposition of hindering oxygen adsorption and oxygen diffusion effects could be
realized. Thus, the antioxidant performance of the material could be optimized. Table 2
shows typical high-temperature alloys used in various countries [4].

Figure 11. Ti-Al-Ta-Nb TEM image. (a) Original alloy. (b) Alloy after introduction of Re [49].

Table 2. Typical high-temperature alloys in various countries [4].

Chemical Composition/wt.%

Service Temperature/°C Grade National al Sn 7 Mo Nb Si Other

400 IMI550 UK 6 2 4 0.5

500-550 BT9 RU 6.5 2 35 0.3

500-550 BT18 RU 8 8 0.6 1 0.22 0.15Fe

500-550 BT25 RU 6.8 2 1.7 2 0.2 0.7W
550 Ti6242s USA 6 2 4 2 0.1
550 Ti55 CN 5 4 2 1 0.25 1INd
580 IMI829 UK 5.5 35 3 0.3 1 0.3
600 IM1834 UK 55 4 4 0.31 1 0.5 0.06C
600 Ti-1100 USA 6 2.7 4 0.4 0.45
600 BT36 RU 6.2 2 3.6 0.7 0.35 5W
600 Ti60 CN 5.8 4.8 2 1 0.35 0.86Nd
600 TG6 CN 5.8 4 4 0.7 0.4 1.5Ta-0.06C

Currently, the physical mechanism of the effect of alloying elements on the thermal
strength and thermal stability of high-temperature alloys remains an area of ongoing
investigation [48]. It is believed that this will be one of the breakthrough directions to
improve the performance of high-temperature alloys in the future.

2.3.3. Low-Temperature Alloys

Compared with other metal materials such as aluminum alloys and stainless steel,
titanium alloys show excellent corrosion resistance, toughness, and high specific strength
in cryogenic environments. They are commonly used in the manufacturing of cryogenic
equipment, such as hydrogen storage tanks, hydrogen pump impellers, and structural
parts for the aerospace industry. Currently, low-temperature alloys used both domestically
and internationally are dominated by «-type titanium alloys, such as TA7 and TC4 ELL

Normally, the alloy’s hardness increases with decreasing temperature, while its elon-
gation and fracture toughness tend to decrease. This makes the alloys exhibit significant
brittleness at low temperatures. In addition to temperature, the low-temperature toughness
and plasticity of alloys are also affected by the gap element content, alloy composition,
and microstructure. Researchers both domestically and internationally have managed to
enhance these properties by reducing the content of interstitial elements like carbon (C),
hydrogen (H), and oxygen (O) in the alloy. For instance, TA7 ELI alloy can even be used
at —253 °C. Compared with low-Al-content alloys, high-Al-content alloys are prone to
chemical interactions with surrounding atoms due to the presence of Al, which hinders the
dislocation movement and thereby reduces the alloy’s plasticity [51].
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Microstructure is another important factor affecting the low-temperature plasticity of
the material. The lamellar organization under low-temperature conditions shows better
low-temperature plasticity than the equiaxial organization because of the higher number of
serrations on the deformation curve and the greater susceptibility to twinning [51].

Currently, the prevalent cryogenic titanium alloys are mostly near-« alloys and two-
phase alloys with a minor 3-phase component. Generally, these alloys exhibit poor plas-
ticity. Moreover, « titanium alloys cannot be strengthened through heat treatment; so,
the use of cryogenic alloys has been greatly restricted, relegating their use to low-stress
components [19]. With the rapid development of science and technology, the plasticity
and strength of alloys at low temperatures will certainly put forward higher requirements.
Therefore, the development of low-cost, high-strength, and high-plasticity alloys will likely
become a principal focus in the field of high-temperature alloys in the foreseeable future.
Research into the low-temperature performance of 3-phase alloys may emerge as a key
direction in the evolution of low-temperature alloy research.

2.3.4. High-Strength Alloys

High-strength titanium alloys, characterized by a tensile strength greater than 1100 MPa
at room temperature, primarily consist of near-f3 titanium alloys and sub-stable {3 titanium
alloys, such as Ti5Si3 and TB17. High-strength titanium alloys usually have a high spe-
cific strength, good toughness, excellent corrosion resistance, and other characteristics.
Consequently, they find extensive applications in the aerospace and defense industries.

The strength and toughness of titanium alloys are usually affected by grain size,
metallographic structure, and alloying elements. Lu et al. [52] found that « lamellae within
the grain can strengthen the 3 matrix and prolong the crack extension path, thus optimizing
the alloy’s strength and toughness. Mantri et al. [53] successfully optimized the strength and
toughness of titanium alloys by aging the (3-21S titanium alloy (Ti-15Mo-3Nb-2.7Al-0.2Si,
wt.%) by adopting an aging treatment to precipitate lamellar «s phase, which effectively
improved the strength of this alloy.

Heat treatment techniques, such as solid solution aging, are effective means to increase
the strength of 3 alloys. Comparative observations of Figure 12 [54] show that the width of
the a-phase grows rapidly as the heat treatment temperature is increased, and the number
of strength-enhancing o’ phases precipitated in the alloy increases significantly. This phase
not only becomes more refined but also contributes to an increase in the alloy’s strength as
the process continues. The incorporation of alloying elements is the most commonly used
method to improve the strength of alloys. For instance, the introduction of Al elements can
encourage the precipitation of the x-phase, contributing to solid solution strengthening and
amplifying the solid solution aging strengthening effect. High-strength alloys are widely
used in a variety of applications. The chemical composition of common high-strength
titanium alloys is shown in Table 3 [55].

Table 3. Chemical composition of ordinary high-strength titanium alloys [55].

Alloy Code Chemical Ingredients Number of Alloying Elements  Alloying Element Content (wt.%)
Ti-1300 Ti-5Al-4Mo-4V-4Cr-3Zr 5 20%
Ti-7333 Ti-7Mo-3Nb-3Cr-3Al 4 16%
Ti-6554 Ti-6Cr-5Mo-5V-4Al 4 20%
Ti-5553 Ti-5A1-5V-5Mo-3Cr 4 18%

Ti-55531 Ti-5Al-5Mo-5V-3Cr-1Zr 5 19%
TB17 Ti-6.5Mo-2.5Cr-2V-2Nb-15n-1Zr-4 Al 7 19%
BT22 Ti-5A1-5Mo-5V-1Cr-1Fe 5 17%
B-21S Ti-11.5Mo-6Zr-4.55n 3 22%
BT32 Ti-8 V-8Mo-1.5Cr-1.6Fe-3Al 5 22.1%
Ti-153 Ti-15 V-3A1-3Cr-3Sn 4 24%

RT-1400 Ti-4.8Al-5.6Mo0-3V-1.5Cr-1.6Fe 5 16.5%
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Figure 12. Microstructures of the alloy annealed at different temperatures: (a—c) 760 °C, (d-f) 800 °C,
(g-i) 840 °C [54].

2.3.5. Special Function Alloys

Beyond the aforementioned high-performing alloys, titanium can be alloyed with
various other metals to create materials with specialized functionalities. For example,
the nickel-titanium alloy generated by the combination of titanium and nickel has a
shape memory function. Ti-Nb alloy is a superconducting material commonly used in
the industrial and medical fields. Additionally, Ti-Cr-based alloy is used as a solid-state
hydrogen storage material, demonstrating the versatility of titanium when alloyed with
different elements.

Shape memory function refers to the ability of a severely deformed alloy to recover
its intended shape when heated above its transformation temperature. According to the
different alloy compositions, they can be categorized into three types: copper-based, iron-
based, and nickel-titanium-based alloys. Among them, Ni-Ti-based alloys are widely used
as implants and surgical tools for medical applications due to their bidirectional shape
memory, superplastic effect, and good biocompatibility [56]. In addition, Ni-Ti alloys
are also commonly used in the industrial field. And in the early stage, the United States
pioneered the use of NiTiFe alloy pipe joints in the industrial domain, notably on the F14
fighter jet. In recent years, the application of NiTiFe alloys has been further expanded
as the research on the basic properties of shape memory alloys has been deepened in
various countries.

The B-type Ti-Nb alloy’s capacity to withstand stress during magnetic field establish-
ment renders it a viable superconducting material for industrial applications. Niobium-—
titanium alloys offer several significant advantages over other materials, including high
strength, good plasticity, superior mechanical properties, and lower cost. These benefits
have led to their widespread use across various fields, making them the most extensively
utilized material among low-temperature superconducting materials [57]. They can be
seen in particle gas pedals, nuclear magnetic resonance, military minesweeping, supercon-
ducting power transmission and energy storage, and magnetic levitation trains. In recent
years, with the continuous research on superconducting materials in various countries,
the demand for niobium-titanium materials has been rising, and the annual consump-
tion of niobium-titanium superconducting wires for only one item of nuclear magnetic
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resonance in medical research has reached more than 1000 tons. In the future, the field of
superconducting materials is poised for rapid advancement. As an important component
of superconducting materials, the niobium-titanium alloy is expected to find even broader
and deeper applications.

In addition, researchers have found that certain titanium alloys can inhale hydrogen
under specific conditions, and release it following a designated process, demonstrating
that titanium alloys have the function of hydrogen storage. In recent years, the research
and application of new energy sources such as hydrogen has become the main way to
solve the current energy crisis, which puts forward higher requirements on the capacity,
safety and cost of hydrogen storage materials. Ti-Cr-based alloys have been emphasized
by researchers because of their low price and large hydrogen storage capacity. A study
by Lv et al. [58] explored the impact of Mn on the hydrogen storage performance of Ti-
Cr-based alloys. They discovered that introducing Mn not only effectively reduces the
oxidation of Ti and Cr but also minimizes the loss of the hydrogen-absorbing C14-type
phase in TiCr2 alloy. This modification results in superior hydrogen storage properties
under low-temperature conditions.

In addition, the addition of multiple alloys, using the lattice distortion caused by
differences in atomic size, enables hydrogen atoms to occupy more interstitial positions in
the alloy, thereby effectively improving its hydrogen storage capacity. Multi-major element
alloys are relatively inexpensive to produce, exhibit a large hydrogen storage capacity,
and absorb hydrogen quickly, which is one of the main directions for the development of
hydrogen storage materials in the future.

3. Titanium Alloy Surface Treatment

Titanium and its alloys are celebrated for their excellent material properties, contribut-
ing to their extreme versatility. However, in most industrial cases, they cannot directly meet
the requirements of the working environment. Therefore, it is usually necessary to improve
the mechanical, force, and chemical properties of the material to suit varying operational
conditions. Metal properties are usually directly related to the friction and corrosion resis-
tance of the surface material and many other physical and chemical surface properties [59].
The performance of titanium alloys depends greatly on the quality of the surface mate-
rial, which is affected by the wear and corrosion of the surface metal. Zhang et al. [60]
demonstrated that, according to the variations in the working environment, selecting the
processing technique and parameters wisely is essential to achieving a good functional
performance of the surface. The qualities of the material are positively impacted by good
surface morphology. To increase a part’s fatigue resistance, surface strengthening is often
applied as the final step in the manufacturing process [61].

All established metal surface treatment methods have been adapted for titanium alloys,
which can be categorized into mechanical, thermal, and chemical treatments depending
on the nature of the process. Essentially, these treatments aim to either improve the
surface properties of the alloy or form a protective layer on it, mitigating the effects of
hydrogen, oxygen, or corrosive agents on the substrate. Selecting an appropriate treatment
method according to the specific working environment can significantly enhance the alloy’s
performance while preserving its inherent material and mechanical properties. This section
will delve into the mechanical treatment methods for titanium and its alloys, as well as
discuss various heat treatment techniques.

3.1. Mechanical Processing

Mechanical processing, including techniques such as mechanical shot peening and
mechanical grinding treatment, is a common means of mechanical treatment. The under-
lying principle shared by these techniques is the application of kinetic energy to a solid
medium, which then interacts with the surface of the workpiece. This interaction utilizes
the imparted force to modify the surface contour of the workpiece. The primary objectives
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of these methods are to strengthen the material’s surface or to achieve desired surface
morphology characteristics, such as specific patterns or surface roughness levels.

3.1.1. Mechanical Processes

Mechanical processing is one of the common surface treatment technologies for tita-
nium alloys. However, given their status as materials typically challenging to machine,
enhancing the surface quality and reducing tool wear during the machining of titanium
alloys present considerable challenges [62]. Du et al. [62] propose a novel hybrid machining
process to improve the machinability and mechanical properties of alloys. This process
is shown in Figure 13 [62]. In this hybrid machining process, laser-assisted diamond
turning is used to improve machinability by softening material surfaces. Additionally,
slow-tool-servo cutting is employed to create various microstructure arrays.

ORTIMUS
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Figure 13. (a,b) Experiment setup of machining high-quality microstructure arrays; (c,d) working
principle of the in situ laser-assisted diamond turning [62].

In the machining process, the high temperature caused by friction can increase the
titanium’s chemical activity, so that it reacts with the oxygen in the air to generate high-
hardness oxides. These reactions often produce high-hardness oxides, complicating the
subsequent processing steps. Moreover, the elevated chemical activity can cause portions
of the titanium to cold weld onto the cutting tool. Therefore, titanium machining, due to
different hardness requirements, is not easy to process with the titanium in the bonding
diffusion of the tool material. Ahmed et al. [63] investigated the machinability of titanium
alloy (Ti-6Al-4V) through electric discharge machining and identified the most appropriate
tool material for better machining performance. This shows that superhard materials are
the first choice for turning tools. Research [64] further supports that superhard cutting tool
materials can effectively mitigate bonding issues, facilitating the finishing and high-speed
machining of titanium alloys. For example, polycrystalline cubic boron nitride tools can
effectively cut titanium alloy materials under the conditions of high cutting speed, low
feed, and low back draft, maintaining a stable cutting force and low machining surface
roughness. Additionally, polycrystalline diamond tools can still maintain good tool life
and machining surface quality when machining a titanium alloy at a speed of more than
200 m/min.

Furtherly, Cui et al. [65] evaluated the grindability of the titanium alloy by consid-
ering the grinding temperature, grinding force, surface roughness, and defect ratio. The
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experimental results indicated that the values of surface roughness and grinding force ob-
viously decreased under the assistance of the cryogenic nano-lubricant minimum quantity
lubrication. Moreover, they observed a substantial 84.5% reduction in the defect ratio of
the workpiece surface compared to cryogenic air cooling. Fabio et al. [66] compared the
machinability of the casting Ti-6Al-4V with the selective laser-melted Ti-6Al-4V in terms of
cutting forces, surface roughness, burr formation analysis, and microchips morphology,
and found that the selective laser-melted Ti-6Al-4V had higher machinability with lower
cutting forces, lower surface roughness, and less burr formation.

Apart from grinding and milling, turning is another machining process to remove
the workpiece material and create the desired shape. Dandekar et al. [67] combined
laser-assisted machining with the cryogenic cooling of the cutting tool to improve the
machinability of a titanium alloy (Ti-6Al-4V) during the turning process. But the nanometric
surface roughness was not achieved due to the limitations of the lathe and cutting tool.
Addressing a similar challenge, Li et al. [68] utilized the femtosecond laser to texture the
submillimeter-scaled structures on the rake faces of the uncoated cemented carbide cutting
tool. Their findings showed that the textured cutting tool enhanced the machinability
of Ti-6Al-4V because the cutting forces were reduced. Ni et al. [69] investigated the
influences of anisotropic mechanical properties and microstructure features of additively
manufactured Ti-6Al-4V alloys on machining performance in terms of cutting force and
surface roughness. Yip et al. [70] studied the single-point diamond turning of titanium alloy
Ti-6Al-4V under the assistance of the magnetic field. They found that the surface quality
had been improved and marks on the workpiece surface had been obviously reduced.
Considering that the mechanical properties of titanium alloys were dramatically influenced
by their microstructures, Zhao et al. [71] applied a commercial electropulsing treatment
to Ti-6Al-4V. The results showed that the single-point diamond turning improved the
machinability by adding the magnetic field, electropulsing treatment, or using the hybrid
cooling strategy.

In addition to traditional tool machining, Electrical Discharge Machining (EDM),
as a new precision machining method, is commonly used for the treatment of difficult-
to-machine materials such as titanium alloys. This method achieves material removal
by applying a regulated electrical pulse between the tool electrode and the workpiece
specimen [72]. The EDM setup is shown in Figure 14 [73].
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Figure 14. Graphical representation of EDM setup [73].

The surface quality and machining efficiency of EDM are mainly affected by the
electrode material and pulse on conductive current. Panagiotis et al. [73] found that the
effect of pulse on conductive current (IP) and pulse on time (Ton) on the material removal
rate is significant by comparing the effect of pulse on conductive current (IP) and pulse
on time (Ton) on the material removal rate. Ahmed et al. [74] found the effect of pulse on
conductive current (IP) and pulse on time (Ton) on the material removal rate of -3 titanium
alloys by exploring the effect of tool electrode on the machinability of EDM. The evaluation
was based on material removal rate and surface morphology. It was finally determined
that the copper electrode enhances the material removal mechanism, and the tungsten
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carbide electrode produces small craters after machining due to its high melting point.
And the surface roughness after processing is superior to the other electrode materials.
Brass electrodes have a lower melting point, produce larger craters on the surface after
machining, and have higher surface roughness and electrode wear.

EDM can be used to fabricate complex shapes and geometries with high dimensional
accuracy compared to conventional manufacturing processes [73]. And EDM is relatively
inexpensive compared to other mechanical treatments. However, EDM can produce ma-
chined surfaces with high roughness, high white layer thickness and large heat-affected
zones. Therefore, the selection of a suitable pulse generator is critical to improve the quality
of EDM machining.

3.1.2. Machine Shot Peening

Shot peening (SP) is a robust technique for surface layer strengthening, effectively
enhancing the surface life and durability of the components while preserving their original
internal chemical structure. Its operating principle involves utilizing compressed air,
pressurized water, ultrasonic energy, or centrifugal force to propel spherical particles
at high velocities against the material’s surface. The impact of the projectile produces
compressive residual stress on the surface of the component [75]. The introduction of
compressive stresses effectively prevents crack initiation and extension and improves the
fatigue resistance of the material. In addition, shot peening can also effectively refine the
grain structure, thus playing a role in improving the fatigue strength and resistance to
stress corrosion cracking [76]. Figure 15 shows a schematic diagram of the SP process and
the plastic deformation introduced [77].
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Figure 15. Schematic illustration of (a) the SP process and (b) the plastic deformation made by SP [77].

The plastic deformation capacity of metallic materials depends on the dislocation
mobility and plastic strain rate. Constraining the movement of dislocations can lead to
an increase in the material’s strength [78]. The degree of plastic deformation during SP
is directly related to the amount of total impact energy. This suggests three major factors
that determine the effectiveness of SP: blast size, blast velocity, and number of blasts.
Each of these factors plays a pivotal role in determining the level of impact energy and,
consequently, the degree of plastic deformation achieved during the SP process.

A comparative study of conventional SP (CSP) and micro-SP (MSP) by Su et al. [79]
found that micro-shot peening can better inhibit crack initiation than the impact of high-
speed, large-size particles. This efficacy results in surfaces exhibiting a superior finish and
enhanced fatigue properties. However, the smaller size used in MSP also equates to lower
kinetic energy, leading to a shallower impact layer depth. Consequently, MSP is generally
not preferred for alloys that require stringent corrosion and wear resistance. Wang et al. [80]
investigated the effect of different shot sizes on the microstructure via coupled intrinsic
modeling and found that larger shot sizes increased the depth of the dislocation density
layer. The alloy was made to possess higher compressive residual stresses and exhibit
greater corrosion resistance.
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Research indicates that employing a dual shot peening approach can enhance the
fatigue strength of an alloy more effectively than a single shot peening method. Shi et al. [81]
determined the fatigue strength of the TC17 titanium alloy using a combination of classical
shot peening and vibratory shot peening. Their findings demonstrated that this combined
technique resulted in a greater increase in fatigue strength compared to the application of
classical shot peening alone.

Shot peening has the advantage of being a simple process without heat exposure,
and adaptable to complex and intrinsic conditions [82]. However, the determination of
its process parameters remains a challenging task. The use of the small-size shot peen
may not affect the deeper alloys, thus limiting the improvements in corrosion resistance.
Conversely, the bombardment of large-size particles tends to increase the surface rough-
ness and friction coefficients, which leads to pitting corrosion and the creation of stress
concentration defects. Therefore, optimizing the coefficient of the shot peening process and
developing better means for the shot peening process are an effective way to improve the
shot peening technology.

3.1.3. Surface Mechanical Grinding

Surface mechanical grinding (SMAT) is a new surface nanosizing technology based
on the high-frequency impact of balls. It operates on the principle of high-frequency ball
impacts, inducing intense local plastic deformation on the surface. This process achieves
grain size refinement within the impacted layer, alongside the introduction of dislocation
density and residual stresses. Notably, SMAT enhances the material properties without
altering the material’s chemical composition [83].

The surface generated by the SMAT technique is mainly affected by the vibration
frequency and the treatment time. Yao et al. [84] found that the thickness of the surface
nanocrystalline layer increased with increasing treatment time by comparing the thick-
ness of the crystalline layer after STMA treatment of different durations. Additionally,
Aoudia et al. [83] investigated the impact of SMAT on the mechanical properties of coat-
ings and their corrosion resistance. They discovered that the SMAT treatment effectively
increased the hardness of the affected zone and improved the wear rate of the coating. SEM
images of the cross-section microstructure of titanium alloy at different processing speeds
are shown in Figure 16 [85]. Furthermore, they noted a positive correlation between the
wear rate of the material and the amplitude of ultrasonic electrode vibration. Figure 17 [85]
shows the 3D morphology of the wear trajectories of the specimens after different process-
ing treatments. Chamgordani et al. [86] demonstrated that an ultrafine grain layer treated
via a surface mechanical attrition treatment was generated on the surface of commercial
pure titanium, resulting in a 60% reduction in the friction coefficient.

SMAT treatment technology is inexpensive and flexible, significantly improving the
surface properties of materials. It has substantial potential value addition, particularly
when integrated with other surface treatment technologies such as coatings. The working
principle is similar to that of mechanical shot peening, but there are still some differences.
For instance, SMAT involves random directional impact that facilitates grain refinement.
Additionally, the shots used in SMAT are typically larger and smoother. In addition,
compared with ordinary machining and mechanical shot peening, SMAT can achieve high-
speed shear deformation and large strain gradients on large-scale materials without size
constraints, and achieve the purpose of surface auto-nanosizing [87].

The methods discussed above represent some of the more commonly employed
mechanical treatments for titanium alloys. These techniques are characterized by their
simplicity in operation and the ability to be applied to large-sized metals. They enhance
the overall chemical and mechanical properties of the material. Moreover, certain methods
among these can even boost the material’s strength and further improve its comprehensive
mechanical properties. This enhancement is achieved through surface nanonization, which
is accomplished while preserving the original toughness of the material.
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Figure 16. SEM images of cross-sectional microstructure of (a,c) CC and (b,b1,d,d1) HUVC samples
with cutting speeds of 200 m/min (a,b,b1) and 300 m/min (c,d,d1) [85].
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Figure 17. Three-dimensional topography of wear tracks of (a) CC- and (b) HUVC-machined samples;

(c) cross-sectional profile curves at cutting speed of 200 m/min; (d) summary of worn volume [85].

3.2. Surface Heat Treatment

As a traditional treatment process, heat treatment is widely utilized to prevent the
formation of cracks and voids, as well as to overcome the generation of unstable phases
and internal stresses [30]. By heating and cooling the material, the metal undergoes phase
transformation or recrystallization to achieve changes in the internal organization and
structure so that the alloy achieves the specific desired material properties. The properties
of titanium alloys are strongly related to the properties of their surface metals; so, it is
necessary to perform targeted surface heat treatments on titanium alloys according to the
demands of the working environment.

According to researchers, titanium alloys can be broadly classified into two categories
based on the introduction of chemical elements: general heat treatment and thermochemical
treatment [30]. The first method can take advantage of the hot and cold deformation of the
material to change the metal organization structure, optimize the stress distribution within
the material, and obtain better wear resistance and fatigue resistance. Thermochemical
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treatment, on the other hand, is used to achieve surface modification by injecting different
alloying elements, resulting in the formation of alloys with higher hardness. At present,
the prevalent thermochemical methods include boron infiltration, carburization, nitriding,
and carbonitriding.

3.2.1. Normal Surface Heat Treatment

Surface heat treatment of titanium alloys facilitates alterations in the microstructure
and organization of the surface material, consequently influencing the material’s properties.
Surface heat treatment operations have also been proven to be an effective way to extend
the service life of titanium alloy materials and improve the wear resistance of titanium
alloy components. This section focuses on surface quenching and annealing processes as
applied to titanium alloys.

e  Surface hardening

Quenching is known to significantly enhance material properties through the alteration
of phase composition and redistribution of elements within the alloy. It has been shown that
quenching above and below the solid-phase temperature results in a uniformly distributed
single-phase organization. This process effectively eliminates defects associated with the
segregation of the constituent elements and mitigates selective phase corrosion. As a result,
the wear resistance of the material is substantially improved [88].

Dang et al. [89] developed a new forming process of fast gas forming with in-die
quenching for titanium alloys. The formed component could be significantly strengthened
through the formation of abundant fine martensitic microstructure during in-die quenching.
For example, the yield strength and tensile strength of the Ti-3A1-2.5V alloy component
increased by 26.5% and 15.2%, respectively, while the elongation still reached up to 16.2%.
Traditional quenching methods, which typically involve treating the entire workpiece,
can lead to reduced plasticity and potential brittle fracture, thus adversely affecting the
mechanical toughness of the substrate [90]. This challenge led to the development of surface
quenching, which targets only the surface layer of the material, forming a supersaturated
layer with uniform element distribution and enhanced corrosion resistance. Since surface
quenching primarily affects the surface, the internal microstructure and properties of the
metal matrix remain largely unchanged, preserving the original mechanical characteristics
of the interior metal. At present, laser quenching and induction quenching are the two
main ways of titanium alloy quenching.

Laser quenching is currently the most prevalent method for quenching titanium alloys.
This process involves directing a high-density energy beam onto the metal surface, where
the photothermal effect instantaneously melts and then rapidly solidifies the surface metal.
This results in the formation of ultrafine, acicular martensite with a uniform distribution
and well-developed vertical grain boundaries, significantly enhancing the material’s wear
and corrosion resistance. Laser quenching has the advantages of high processing efficiency,
and controllable quenching depth. It also minimizes stress introduction and is less likely
to induce porosity defects. Additionally, the rapid cooling effect associated with laser
treatment ensures minimal changes in surface roughness and contour.

As a rapid thermal treatment technology, high-frequency induction quenching has
been widely used in the industrial field due to its advantage of process controllability, fast
heating rate, cleanliness, low energy consumption, and environmental friendliness. A tem-
perature gradient can be formed via fast quenching. The surface temperature of the material
reduces rapidly, in contrast to the more gradual temperature decline within the substrate.
This differential cooling rate facilitates the formation of distinct microstructures across the
material’s depth during high-frequency induction quenching, thereby engendering hetero-
geneous mechanical properties at the surface and the core. As reported by Jian et al. [91], a
gradient microstructure was successfully fabricated through a high-frequency induction
quenching treatment to improve the mechanical behavior of Ti-6Al-4V alloy. The results
showed that the gradient microstructure of the alloy varied from a fine, as lamellae decom-
posed from a’-martensite at the surface layer, to a bimodal microstructure at the center.
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Moreover, the alloy with a gradient microstructure presents an optimal strength—ductility
synergy. However, it is worth noting that the application of high-frequency induction
quenching for surface enhancement in titanium alloys remains underexplored, signifying a
potential avenue for further research in material science.

During a quenching treatment, the thermal gradients induce internal stresses and plas-
tic strains. The mechanical behavior depends on the local temperature and microstructure.
In an effort to demystify this phenomenon, Teixeira et al. [92] conducted a comprehensive
numerical simulation, meticulously examining the Til7 alloy. Their study was pioneering
in considering the synergistic effects of thermal, mechanical, and microstructural evolutions
during the quenching process. Simultaneously, emphasis was put on the influence of the {3
and a+f3 phases transformation on the internal stress evolutions during quenching. Fur-
thermore, for the quantitative assessment of the parameters related to the morphological
structure generated during laser treatment, Lytvynenko et al. [93] introduced a method of
mathematical analysis. This method, coupled with the consideration of the stochastic and
cyclic nature inherent in laser treatment, is employed to analyze the ordered undulations
that manifest on the surface of titanium nanoparticles following laser shock wave treatment.

e  Surface annealing

Annealing stands as a pivotal process in the realm of material fabrication, primar-
ily for its efficacy in mitigating or entirely rectifying the non-uniform microstructures
typically induced by uneven deformation during processing, as outlined in [94]. This
thermal treatment is instrumental in alleviating residual stresses inherent within the ma-
terial, thereby enhancing both the stability of the alloy’s microstructure and its overall
toughness. Furthermore, annealing contributes significantly to the homogenization of the
material’s microstructure, ensuring a more consistent and predictable response to subse-
quent processing or operational stresses. To illustrate this process, Figure 18, as referenced
in [95], presents a detailed schematic that delineates both the preparation of specimens for
annealing and their subsequent characterization.
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Figure 18. Schematic diagram of specimen preparation and characterization of annealed speci-
mens [95].

Annealing temperature and annealing time are the main factors affecting the usable
properties of the treated material. In a seminal study conducted by He et al. [94], the impact
of annealing on the microstructure of the TB8 alloy post cold rolling was meticulously
investigated. Their findings underscored that the annealing temperature positively cor-
relates with the grain growth time index. Furthermore, as the holding time extends, the
activation energy required for grain growth exhibits an increasing trend. This phenomenon
is vividly illustrated in Figure 19 [96], which compares the microstructural transformation
of TA10 alloys under different heat treatment regimes. The micrographs show that the
recrystallization drive increases with annealing time. On the other hand, a high annealing
time will lead to the consumption of small grains by large grains. The (3-phase dispersed
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between x-phases gradually decreases, while the volume fraction of the x-phase shows
an increasing tendency [96]. This transition leads to a morphological change from an
equiaxed to a Weissian organization. Such microstructural evolution results in a material
that displays enhanced plasticity, albeit at a slight compromise in strength.
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Figure 19. Microstructural evolution of the TA10 sheet at different annealing times [96].

Annealing is also commonly used to improve the organization and mechanical proper-
ties of welded joints and so on. In this context, it serves as a crucial technique for improving
both the microstructural organization and mechanical properties of the joints. A notable
investigation by Kumar [97] delved into the effects of annealing on titanium alloy welded
joints under various thermal conditions. This study illuminated the multifaceted impact of
annealing on the microstructure of these joints.

Surface heat treatment is one of the pivotal techniques to regulate the microstructure
of the alloy and change the mechanical properties. Compared with deformation processing,
it has the advantages of energy saving and high efficiency, short cycle time and convenient
operation. Therefore, this tailored approach to heat treatment not only conserves energy
and reduces processing time but also unlocks the potential for customizing the mechanical
profile of alloys to meet specific application requirements [98].

3.2.2. Thermochemical Treatment

Thermochemical treatments, as one of the most common surface methods, include
carburizing, nitriding, and other elemental carburizing surface treatments. These methods
fundamentally enhance the material properties of surface alloys by infusing elements such
as carbon and nitrogen into the alloy matrix. This infusion results in the formation of a
hardened layer, which is a composite of ceramic particles and a solid solution, as detailed
in [99]. The quality of the hardened layer formed via this method is influenced by a number
of factors such as the oxide layer, gas atmosphere, treatment time and temperature. The
oxide layer is a significant impediment to the penetration of elements such as carbon
and nitrogen. So, it is usually necessary to remove the surface oxide layer by grinding
and cleaning before carburizing. Increasing the treatment temperature and time can also
lead to the generation of a thicker saturated penetration layer. This enhanced penetration
contributes to a marked improvement in the treated material’s wear resistance and hardness,
thereby extending the material’s operational life and broadening its application spectrum
in demanding environments.

e  Carburization

Carbon is one of the elements with the greatest influence on the surface hardness
of titanium alloys. And the injection of carbon into the surface layer of the alloy can
effectively improve the hardness and wear-resistant properties of the surface metal. It is
usually believed that the main strengthening effect on the surface of the material is the
hard TiC particles in the carburized layer. Take the carburization treatment of Ti-6Al-4V as
an example: a hardened layer composed of carbide particles is formed on the surface of
the material after the carbonization treatment. Compared with the pre-treatment material,
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the hardness of the treated material was increased by about 128%, and the fatigue strength
and wear resistance of the material were improved [100]. The thickness of the penetration
layer generated by the carburizing treatment is thickened with the increase in the treatment
temperature. And there is no obvious sharpness between the penetration layer and the
subsurface. These methods include solid carburizing, where the alloy is exposed to a carbon-
rich solid medium; liquid carburizing, involving immersion in a carbonaceous liquid; gas
carburizing, which employs a carbon-rich gas atmosphere; and plasma carburizing, which
utilizes ionized gases in a plasma state for the process.

1.  Solid carburization

Solid carburization, a prominent method in hydrogen-free carburization, stands out
as an efficient technique to enhance the surface properties of titanium alloys, notably with
minimal alteration to the matrix properties of the material. Prior to the carburizing process,
it is imperative to remove any oxide layer present on the sample’s surface. Subsequently,
the sample is enveloped in a carburizing agent and placed within a sealed chamber. The
solid vacuum carburizing unit is shown in Figure 20 [99]. After solid carburizing, TiC
reinforcing phase and Ti-C solid solution are introduced into the x-Ti phase of the alloy.
The carbon content of «-Ti is increased and the hardness of the surface layer is improved.
With the increase in sample depth, the volume fraction of x-Ti decreases gradually, and the
carbon content of the inner metal layer decreases. So, the solid-nitriding-treated samples
usually show a decrease in metal hardness with the increase in the samples” layer depth.
This phenomenon is corroborated by the experimental findings of Duan et al. [99] on the
Ti-6Al-4V alloy, which demonstrate a significant decrease in the volume fraction of the o-Ti
phase in the diffusion layer as the sample depth increases. In addition, the hardness test
results showed that the microhardness of both carburized surfaces significantly increased
by about 100% compared to the untreated material.
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Figure 20. Schematic diagram of solid vacuum carburization process [99].

The diffusion coefficient of carbon in titanium is very low, and the titanium carbide
layer generated on the surface will hinder the diffusion of carbon. Therefore, more efficient
carburizing methods and better carburizing processes have become the main direction for
the development of solid carburizing. Zhao et al. [101] proposed a contact solid carburiza-
tion method to fabricate TiC coatings on titanium alloy using a “carbon sponge” cast iron.
The schematic illustration of the contact solid carburization is shown in Figure 21 [101].

Solid titanium alloy (depicted in blue) and “carbon sponge” (illustrated in yellow)
contact in atomic scale at high temperatures to enable the directional diffusion of interstitial
carbon atoms (represented in black) from “carbon sponge” to the substrate. Specifically,
when titanium alloy (Ti6Al4V) and cast iron contact in atomic scales at high temperatures
below the melting point of the cast iron (e.g., 1100 °C), the interstitial carbon atoms in the
cast iron diffuse into the titanium alloy, forming a TiC layer. This process is marked by
the negligible interdiffusion of metallic atoms, which notably facilitates the subsequent
removal of iron, leaving behind a titanium alloy coated with TiC. The resultant coating is
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characterized by its composition of equiaxed TiC grains and its complete density, signifying
a noteworthy advancement in the field of surface-coating technologies for titanium alloys.

Hot pressing

Figure 21. Schematic illustration of the contact solid carburization [101].

Solid carburizing, recognized for its operational simplicity and cost-effectiveness,
plays a pivotal role in augmenting the hardness and wear resistance of alloys. However,
this technique is currently limited by its relatively low carburizing efficiency. The result-
ing penetration layer often exhibits limitations such as being thin, porous, and prone to
uncontrollable oxidation reactions. Moreover, the quality of this layer is significantly and
adversely influenced by the process temperature, highlighting intrinsic drawbacks in its
application under certain conditions.

Given these constraints, we posit that the development of innovative process tech-
nologies and treatments aimed at enhancing the quality of the solid carburized layer is
imperative. Such advancements will not only address the existing limitations but also
significantly broaden the application spectrum of solid carburization. Therefore, it stands
to reason that refining and innovating in this domain will constitute a primary direction for
future development in solid carburizing techniques.

2. Liquid carburization

Liquid carburizing, also known as salt bath carburizing, is a method of carburizing in
a liquid medium. Molten salts can provide a liquid reaction media at high temperature for
surface treatment of metals. Comparing to an aqueous solution, they have excellent thermal
conductivity, rapid ion migration and diffusion at elevated temperature, resulting in a
faster reaction rate at the solid /liquid (S/L) and metal/carbide interfaces [102]. In addition,
inorganic carbon sources such as CO, [103] and carbonates [104-106] can be employed
as raw materials for the preparation of carbides. These sources can be converted into
carbon via electrochemical reduction or oxidation [107,108] to prepare carbon films or metal
carbides. Furthermore, due to the good wettability of molten salt to the metal substrate, it
also offers possibility for preparing coatings on shaped structural parts. Zhao et al. [109]
demonstrated a general salt-thermo-carburizing method to prepare TiC coatings, as shown
in Figure 22 [109]. In molten CaCl,-CaCy, TiC coatings were efficiently prepared on the Ti
substrate at a temperature below 900 °C. The spontaneous carbonization of Ti is attributed
to the negative formation of Gibbs free energies [110]. The growth of TiC is determined
by the diffusion of C in the TiC coating, which is driven by the high carbon potential at
the molten salt/TiC interface. The growing kinetics of the coating follow a parabolic law,
demonstrating a diffusion-controlled process [111].

This simplicity and effectiveness of the salt-thermo-carburizing method suggests a
general way to prepare metallic carbide coatings on the relative metal substrate at a medium
temperature. However, due to the limitations of the container, it is difficult to carburize
larger sizes and slender parts via salt bath carburizing, rendering this method more suitable
for small batch production rather than large-scale manufacturing.
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Figure 22. (a-c) The SEM images and structural composition of the initial sample and the sample after
carburizing for 2 h at 900 °C, respectively. (d) The SEM-mappings, (e) linear scan of the elements,
and (f) the carburizing mechanism process of the TiC coating [109].

3.  Gas carburization

Gas carburization stands as a prevalent method for the carburization of titanium
alloys, predominantly utilizing high-carbon-content gases such as methane and carbon
monoxide (CO) as the carbon sources. This process typically involves constant-temperature
heating. Concurrently, inert gases like nitrogen (N) are introduced as protective agents to
circumvent the potential oxidation of the material or to prevent hydrogen embrittlement,
a common concern in high-temperature treatments. The elevated furnace temperatures
facilitate the disassociation of carbon from the gas source, subsequently enabling the
activated carbon atoms to react with the surface titanium atoms, leading to the formation
of TiC (titanium carbide). A depiction of a typical gas nitriding setup is illustrated in
Figure 23.
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Figure 23. Schematic diagram of gas carburization device.

This process not only ensures a controlled introduction of carbon into the titanium
alloy but also maintains the integrity of the material by preventing adverse reactions that
could compromise its mechanical properties. The resultant TiC layer is known for its
enhanced hardness and wear resistance, making gas carburizing a vital technique in the
surface treatment of titanium alloys.

The carburizing temperature is the factor that has the greatest influence on the quality
of the layer. A lower temperature will lead to lower carbon atom activity, resulting in a
thinner thickness of the generated layer. With increasing carburization temperature, there is
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a decrease in reaction activity but an increase in the availability and diffusion capability of
active carbon atoms. This change facilitates deeper penetration of carbon into the titanium
matrix, leading to the formation of a thicker carburized layer. Such temperature-dependent
dynamics are crucial for tailoring the depth and quality of the carburized layer in titanium
alloys. Wu et al. [112] compared the XRD physical and metallographic organization of TA2
alloy under different carburizing temperatures. It was also concluded that the thickness of
the carburized layer increased with the increase in the carburizing temperature. And when
the treatment temperature exceeds 882.5 °C, the organization of the titanium alloy changes,
while the abnormal coarsening of martensitic organization provides more possibilities for
carbon atoms to enter the interstices. The XRD physical phase diagrams and metallographic
histograms of TA2 alloy carburized at different temperatures are shown in Figure 24 [112].
And the related microstructural characteristics are shown in Figure 25 [112].
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Figure 24. Phase analysis of TA2 titanium alloy via XRD at different temperature [112].
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Figure 25. Microstructure of TA2 titanium alloy carburized at different temperature, (a) 850 °C,
(b) 880 °C, (c) 910 °C [112].

The second important factor affecting the quality of the penetrating layer is the treat-
ment time. It is generally believed that the longer the treatment time, the greater the
thickness of the carburized layer, and the more carbon atoms there are in the carburized
layer. The hardness distribution of the carburized layer is positively correlated with the
carbon concentration distribution [113]. Therefore, longer treatment times typically yield
a carburized layer of superior quality. Amar et al. [114] observed that the carburized
layer’s thickness and the tribological properties of TC4 alloys improve proportionally with
increased treatment durations.

Upon examining the comparative graph of the tribological properties in Figure 26 [114],
a distinct trend is evident. Alloys subjected to prolonged carburization times demonstrate
significantly lower friction coefficients. This reduction in friction is directly linked to an
increased resistance to mass loss over distance, indicating enhanced wear properties.

Gas carburizing can effectively improve the material hardness, coefficient of friction
and wear resistance. Characterized by high processing temperatures, this method offers
rapid carburization, with cycles approximately half the duration of those in solid carburiz-
ing. Its operational simplicity, coupled with minimal pollution, makes gas carburizing a
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preferable choice for continuous and large-scale production. Furthermore, the ability to
control the thickness of the carburized layer by adjusting the carbon potential is a significant
advantage of this technique, allowing for precise tailoring of surface properties to meet
specific application requirements. But too high carburizing temperature will make the
martensite grain abnormally coarse, resulting in a decline in the mechanical properties of
the material.
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Figure 26. Comparison chart of friction performance. (a) Coefficient of friction (untreated and
carburizing 930 °C: 2 h, 4 h, 6 h). (b) Variation in mass loss (untreated state (reference) and carburizing
930°C:2h,4h,6h)[114].

Therefore, the authors believe that optimizing gas carburizing to ensure material
properties while lowering the carburizing temperature represents a key direction for future
advancements in this field. This approach not only maintains the desired surface character-
istics but also aims to enhance the overall efficiency and sustainability of the carburizing
process. Research has shown that intense plastic deformation and surface nano-means such
as active ions can provide diffusion channels, effectively improve the diffusion of active
ions, and reduce the temperature required for thermochemical treatment.

Integrating gas carburizing with additional surface strengthening techniques, such
as shot peening, could potentially reduce the required carburizing temperature while
simultaneously enhancing the mechanical properties of the carburized alloy and the quality
of the carburized layer. This combined approach may offer a synergistic effect, optimizing
both the process efficiency and the performance of the treated material. In addition,
constant-temperature, low-pressure intermittent carburizing can repeat the saturation and
diffusion cycle by repeatedly pumping in and out the carburizing gas. It effectively avoids
hydrogen embrittlement and maintains a high carbon ion concentration to generate a
high-quality carburized layer [115].

4. Ion carburizing

Ion carburizing is a process of surface carburization using the glow discharge effect be-
tween the cathode and anode in a low carburizing atmosphere, which is commonly used to
improve the hardness, corrosion resistance and tribological properties of alloys. Compared
with the traditional means of carburizing, ionic carburizing can obtain a higher quality
and greater thickness of the layer in 3—-6 h. This represents a substantial improvement in
both processing efficiency and layer quality. Ionic carburizing is derived from a variety
of technologies, including plasma electrolytic carburizing and double-layer glow plasma
carburizing, broadening its application and efficacy in surface treatment processes.

The quality of ionic carburizing layers depends mainly on the carburizing temperature.
Numerous studies have shown that the carburizing temperature plays a decisive role in
the diffusion process of atoms. Under the same conditions, high temperatures are more
likely to form a composite layer on the metal surface, and the composite layer is likely to
hinder the penetration of carbon atoms into deeper specimens. Zhang et al. [116] compared
the effects of different temperatures on the quality of TC4 carburized layers, and found
that the carburized layers obtained at 950 °C were of higher quality compared with those
obtained at 1000 °C and 900 °C, highlighting the significance of optimizing the temperature
to achieve the best carburizing results.
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The SEM cross-section of SLM-C-TC4 is shown in Figure 27 [117]. A black TiC layer
is formed on the surface, followed by a gray transition layer. In contrast, the titanium
substrate contains «-Ti and (3-Ti, while the transition layer contains only 3-Ti. This suggests
that the diffusion of carbon in the titanium matrix promotes the transition of titanium from
the a-phase to the 3-phase. On the other hand, a thicker transition layer indicates a good
bonding between the carburized layer and the titanium substrate [117].

Figure 27. Typical microstructures of SLM-C-TC4 specimen (left) and the enlarged views of areas A
and B (right) [117].

Dong et al. [118] investigated the effect of carburizing on the bond strength of titanium
alloy DLC coatings and found that the carburizing treatment can effectively reduce the grain
size of DLC coatings and thus improve the densification of the coatings. The carburizing
layer also inhibits grain boundary migration in the bulk of the DLC coatings, preventing
grain coarsening and imparting higher thermal stability [118]. SEM micrographs and 3D
images of the carburized DLC coatings are shown in Figure 28 [118]. The cross-sectional
SEM micrographs and EDS line scan analysis of the carburized DLC coatings are shown in
Figure 29 [118].
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Figure 28. SEM micrographs and 3D images of carburized DLC coatings [118]. (a). Coated surface
under low magnification. (b). DLC coating under high magnification. (c). Surface profile of coatings
deposited on the different pretreated substrates.

Compared with glow plasma carburization, dual-glow plasma carburization technol-
ogy further improves the hardness and service life of the carburized alloy by forming two
different layers of glow ion carburization. Zheng et al. [119] demonstrated that dual-glow
plasma carburization can introduce supersaturated vacancies to form a gradient structure
layer, which accelerates the transport of metallic elements to the outside. This process ac-
celerates the outward transport of metallic elements, leading to a more rapid development
of the gradient structure layer. Post carburization, there is a significant improvement in the
surface layer hardness due to the vacancy concentration gradient.
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Figure 29. Cross-sectional SEM micrographs and EDS line scan analysis of carburization-treated DLC
layers [118]. (a). SEM micrograph of DLC coated sample after carburizing treatment. (b). EDS line
scan analysis of DLC coated sample after carburizing treatment.

Ion carburizing, known for its brief heat treatment duration, produces a high-quality
penetration layer and is versatile enough to treat workpieces of varied shapes and com-
plexities in a clean manner [120]. It can improve the hardness and wear resistance of
the material surface without damaging the original properties of titanium. However, its
drawbacks such as an unavoidable hollow cathode effect and difficulty in scale production
remain significant obstacles to its broader adoption. It is worth mentioning that the emer-
gence of new treatment methods such as physical vapor deposition and chemical vapor
deposition provides a new choice and development direction for the ion carburization of
titanium alloys.

Carburizing is an effective means to improve the surface properties of titanium alloy.
Compared with nitrogen atoms, carbon has a weaker solubility in titanium, which makes
carburizing titanium alloys more difficult than nitriding [121]. In addition, the nitrogen
element has a greater effect on the surface hardness of titanium alloys than carbon. Con-
sequently, both domestically and internationally, there is a notable prevalence of research
focusing on the nitriding of titanium alloys.

e Nitriding

Nitrogen significantly influences the surface hardness of titanium alloys, with nitriding
treatments notably enhancing their surface hardness and friction corrosion resistance.
Currently, the more common nitriding treatments include solid nitriding, gas nitriding and
plasma nitriding. These treatments typically require several hours to effectuate the desired
surface modification. However, solid and gas nitriding often result in a loosely structured
and porous layer, which may lead to hydrogen embrittlement and thus fail to meet quality
standards for the workpieces. Another research report shows that plasma nitriding can
complete the surface alloy nitriding within one hour, offering a marked improvement in
both nitriding efficiency and layer quality compared to the other two methods [122]. In this
section, three different nitriding methods for titanium alloys are presented.

1.  Salt bath nitridation

Salt bath nitridation is a surface modification technique that involves the decomposi-
tion of cyanide into cyanate in a molten salt medium at temperatures ranging from 500 to
600 °C. This process facilitates the diffusion of nitrogen from the salt into the surface of the
workpiece, with nitrogen atoms infiltrating the surface in the form of an interstitial solid
solution. Because of a relatively low working temperature, salt bath nitriding is categorized
as a low-temperature surface treatment. The primary nitrogen source in salt bath nitriding
originates from the cyanate ion in the nitriding salt. However, the high temperatures
involved in the nitriding process can lead to the gradual decomposition of cyanate and the
formation of cyanogen, which poses health risks. Consequently, the development of salt
bath nitriding techniques has been oriented towards low-cyanogen, cyanide-free solutions,
and faster processing rates to mitigate these concerns.
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Typically, salt bath nitriding involves extended treatment durations. However, pro-
longed exposure to high temperatures during nitriding can lead to porosity in the nitride
layer, adversely affecting the hardness and wear resistance of the alloy [123]. In order to
improve the nitriding efficiency of salt bath nitriding, researchers have developed many
directions, including the addition of rare earth elements to change the metallographic
structure of the alloy. For example, Zhu et al. [124] compared the metallographic struc-
tures of nitride titanium alloys before and after the addition of rare earth elements. They
discovered that rare earth atoms, due to their strong surface adsorption capabilities, can
attract a significant amount of reactive nitrogen atoms. These atoms are adsorbed onto the
workpiece’s surface at low energy, significantly increasing the nitrogen concentration in the
substrate’s surface layer.

Salt bath nitriding has the advantages of low equipment cost, reduced nitriding tem-
peratures, and minimal deformation of the workpiece. This method effectively enhances the
roughness, hardness, and wear resistance of samples, thereby broadening their application
spectrum. The hardness of the workpiece quenched in water after salt bath nitriding will be
greatly improved, and the workpieces treated by this means can usually be used for making
fasteners and automotive parts (e.g., nuts and bolts), etc. [125]. However, the highly toxic
cyanogen produced by decomposition in the salt bath process is still an urgent problem to
be solved.

2. Gasnitriding

Gas nitriding, a method for surface modification of titanium alloys, involves exposing
these alloys to an atmosphere of nitrogen or a nitrogen-hydrogen mixture and heating them
to form a hardened layer of Ti2N or TiN on the surface. The nitrogen source mainly comes
from nitrogen or nitrogen-hydrogen and other gaseous media. According to the different
heating methods, gas nitriding can be divided into vacuum nitriding and laser nitriding.

Vacuum nitriding is an innovative technique developed in recent years, which involves
a series of steps to enhance the surface properties of titanium alloys. The process begins
with placing the titanium alloy into the furnace, followed by purging impurity gases
using an inert gas. The furnace is then evacuated, and this vacuum-gas washing cycle is
repeated 2-3 times. The alloy is heated to 800 °C and maintained at this temperature for
approximately an hour. This step is crucial for decomposing the titanium surface oxidation
layer, thereby reducing the hindrance it poses to nitrogen atom infiltration into the substrate.
Such a temperature setting also facilitates the formation of a fine lamellar structure on the
alloy’s surface, aiding in grain refinement and reducing lamellar organization. Finally, high-
purity nitrogen is introduced into the nitriding treatment for 30 min, so that nitrogen is fully
diffused into the substrate, and the above operation is repeated until the nitriding treatment
time is reached [126], which can generate a layer of dense nitriding layer. Intermittent
vacuum nitriding treatment is particularly effective in breaking down residual oxide layers
on the titanium alloy’s surface, enhancing the number of reactive nitrogen atoms, and
improving both nitrogen adsorption rates and reaction speeds on the surface. A higher
nitrogen potential further facilitates nitrogen’s inward diffusion, resulting in a thicker
nitriding layer.

Vacuum nitriding, characterized by its simplicity, cost effectiveness, and flexibility
in accommodating various workpiece geometries, has certain limitations. Typically, the
treatment duration is lengthy, and as the nitriding time extends, the thickness of the
nitride layer increases. However, this newly formed nitriding layer can hinder further
nitrogen diffusion, leading to issues such as brittleness, thinness, and poor adhesion
strength with the substrate. Managing the duration of the nitriding process is crucial;
excessively long treatment times can cause the nitride layer to peel off due to prolonged
high temperatures, while insufficient treatment time may not satisfy the material’s wear
resistance requirements [127]. To overcome these shortcomings, laser nitriding has been
gradually used for surface modification of titanium alloys. This technique, developed
through continuous exploration, offers a solution to the challenges posed by traditional
vacuum nitriding.
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High-purity nitrogen then reacts with this molten pool to form a nitride layer, sig-
nificantly improving the wear and abrasion corrosion resistance of the treated surface. A
key advantage of this technique is its surface-specific treatment, which leaves the mechan-
ical properties of the titanium alloy matrix largely unaffected. By restricting the process
parameters during the treatment, it is possible to control the thickness and hardness of
the titanium alloy nitriding layer. The working schematic of laser nitriding is shown in
Figure 30 [128]. Figure 31 shows a schematic diagram of the wear mechanism for samples
with different laser nitriding energies [128].
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Figure 30. Pulsed laser nitriding process flow diagram [128].
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Figure 31. Schematic of the wear mechanism of different laser nitriding energy samples [128].

With the change in depth, the nitrogen concentration shows a gradient from the surface
of the percolated layer to the bottom of the molten pool. Meanwhile, the formed nitrides
also show different metallographic structures. On the near surface of the percolated layer,
TiN exists in the form of dendrites, and the secondary dendrites grow perpendicular to the
primary dendrites, as shown in Figure 32a [129]. Originating from the bias effect of TiN
dendrites on nitrogen, the near-surface region has the largest nitride concentration and the
highest hardness. This inference is consistent with the results exhibited in Figure 32d. In the
intermediate region, often referred to as the heat-affected zone, the microstructure primarily
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consists of parallel rows of martensite, exhibiting a predominantly needle-like organization,
as illustrated in Figure 32b [129]. The TiN content in the heat-affected region is relatively
lower than that in the near-surface region. Its hardness is relatively low compared to the
nitride region, which is generally twice the hardness of the matrix. With increasing depth,
nitrides precipitate in the interphase region in the form of particles (Figure 32c) [129]. In
this region, the heat-affected zone is less pronounced, and the overall structure of the alloy
remains largely unchanged.
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Figure 32. (a-c) SEM images of different nitride zones. (d) The microhardness and nitrogen contents
measured at points A, B, C, and D [129].

Compared with vacuum nitriding, the processing time of laser nitriding is greatly
shortened. The thickness of the nitride layer can be increased via repeated laser scanning.
Among the nitriding treatments discussed in this paper, laser nitriding achieves the highest
surface hardness post treatment. However, defects, such as surface cracks, triggered by
the heat buildup effect are still a challenge that needs to be solved urgently. Therefore,
maintaining high hardness and limiting the generation of cracks are still important issues
in optimizing the parameters of the laser nitriding process. It is worth mentioning that
in recent years, scholars have proposed a new surface-strengthening strategy combining
surface nitriding and surface weaving. This approach has been shown to produce a uniform,
crack-free nitride layer of 40-60 um on the weave’s surface [129]. Kang et al. [130] also
reported that the composite treatment can significantly reduce the material wear rate and
friction coefficient. And it can effectively control the thermal deformation and inhibit the
generation of cracks, addressing one of the primary drawbacks of traditional laser nitriding.

Gas nitriding, as one of the most convenient and effective nitriding methods, has
an extremely wide range of applications in the field of industry and scientific research.
But prolonged high-temperature treatment will cause a large amount of energy loss, and
may lead to the growth of secondary x-phase or the decomposition of the substable phase,
which will affect the internal organization and structure [131]. Therefore, reducing the
nitriding temperature and improving the nitriding efficiency is a major critical issue in the
development of gas nitriding. Recent developments in low-temperature nitriding have
led researchers to explore innovative strategies for improving nitrogen diffusion. These
strategies include creating diffusion channels and utilizing surface metal phase transitions
to provide auxiliary driving forces for nitrogen diffusion [131]. For example, Liu et al. [132]
reduced the nitriding temperature of the Ti-6Al-4V alloy to 650 °C via surface nanosizing.
Additionally, Jiang et al. [131] increased the effective thickness of the nitride layer by 15 pm
from 500 °C nitriding treatment through post-laser nitriding, demonstrating the potential
for significant improvements in gas nitriding efficiency.
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3. Plasma nitridation

Plasma nitriding (PN) is an important surface modification technique that significantly
increases surface hardness and improves the anti-corrosion ability by forming a titanium
nitride layer [38—41]. When the nitrogen ions hit the surface of the workpiece at high speed,
the kinetic energy is converted into thermal energy, which increases the temperature of
the surface of the titanium alloy. In this process, part of the nitrogen ions seizes electrons
to become nitrogen atoms and penetrate into the alloy surface [133]. Another part causes
cathodic sputtering upon impact with the alloy surface. The sputtered titanium atoms react
with nitrogen atoms to form nitrides, which subsequently deposit on the surface of the
workpiece [134]. Under the effect of sputtering and diffusion of ions, nitrogen continuously
diffuses to the inside of titanium and forms a new nitride layer. The schematic diagram of
the plasma nitriding device is shown in Figure 33 [135].
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Figure 33. A schematic representation of the plasma nitriding setup [135].

From the working principle of ion nitriding, the rate of ion nitriding has a greater
relationship with the nitrogen content in the gas medium and the voltage or temperature of
the glow discharge. A higher nitrogen content in the gas medium accelerates the nitriding
rate, but it can also lead to rapid formation of surface nitrides, which may hinder the
inward diffusion of nitrogen and the growth of the nitriding layer, thereby impacting the
wear resistance of the material. It has been found that gas nitriding of Ti6Al4V alloy is
conducted at temperatures near or exceeding 1000 °C, whereas plasma nitriding is optimally
performed within the 700 to 900 °C range. This enables the formation of a protective surface
layer of TiN compound while preserving the mechanical properties of the workpiece [136].
The nitride layer is composed of a compound layer (TiN and Ti2N) on the surface and a
subsequent nitrogen diffusion zone (x-Ti(N)) [41,137,138]. In previous work, researchers
have demonstrated that a protective Ti-N layer could be formed on Ti6Al4V surface via
hollow cathode plasma source nitriding [139]. And a special compound layer structure
with nanocrystalline/amorphous TiN formed during this process.

Ionic nitriding can significantly enhance the surface hardness and wear resistance of
titanium alloys, and it can form a fine grain layer by changing the microstructure of the
alloy, thus enabling it to exhibit better mechanical properties [140]. However, prolonged
high-temperature nitriding is prone to lead to the growth and precipitation of undesirable
grains, which is not conducive to the enhancement of the material properties of titanium
alloys [141]. The study of She et al. [142] also showed that the hardness and brittleness
of the nitride layer increase with the increase in the temperature, which has a significant
effect on the abrasion resistance. The low-temperature environment is not conducive to
the growth of nitriding layer. Therefore, the nitriding layer may not meet the requirements
of surface modification. So, the selection of the appropriate treatment temperature and
treatment time is an important part to ensure the quality of the nitriding layer.

Ion nitriding’s characteristics are its high energy efficiency, fast speed, small deforma-
tion of workpiece, low pollution levels, and suitability for a complex surface workpiece.
However, it has a high cost, energy consumption and other shortcomings, which limit
the application of this technology. And traditional DC plasma nitriding often results in
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surface damage, edge effect and hollow cathode effect, which can negatively impact the
quality of the nitride layer [143]. In order to overcome these defects, researchers have made
many efforts. Active screen plasma nitriding technology is one of the active screen plasma
nitriding technologies. This innovative approach utilizes a metal mesh cage to transfer the
cathodic potential, shifting the formation of plasma from the component’s surface to the
cage. Consequently, it effectively mitigates many of the inherent problems associated with
DC plasma nitriding. The experimental setup of this technology is shown in Figure 34 [144].
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Figure 34. Experimental diagram of active screen plasma nitriding device [144].

To address these issues, significant efforts have been made, leading to the development
of active screen plasma nitriding technology. This innovative approach utilizes a metal
mesh cage to transfer the cathodic potential, shifting the formation of plasma from the
component’s surface to the cage. Consequently, it effectively mitigates many of the inherent
problems associated with DC plasma nitriding. The experimental setup of this technology
is illustrated in Figure 34 [144], demonstrating its unique approach to improving the
nitriding process.

Although this method of active screen plasma nitriding solves many of the inherent
shortcomings of traditional plasma nitriding, it also introduces a new problem: the pro-
cess’s high nitriding temperature of around 800 °C. When applied to titanium alloys, this
elevated temperature may lead to the growth of large grains, potentially compromising
the mechanical properties of the titanium alloy matrix. Therefore, when employing this
method, additional measures are often necessary to mitigate the required temperature of
titanium nitriding. Some studies have shown that shot peening can obtain a nanocrystalline
structure with a surface gradient. The high-energy grain boundaries present in the surface
nanocrystalline layer can provide channels for the diffusion of nitrogen, which is conducive
to saving the nitriding time and lowering the nitriding temperature [143].

For example, Yao et al. [145] carried out nitriding treatment of pure titanium after
shot peening and found that the nitriding temperature was reduced to 550 °C. Similarly,
Wen et al. [146] reduced the optimum plasma nitriding temperature to 500 °C for TC4
titanium alloy via ASPN after SP. Zhang et al. [143] further confirmed the effectiveness of
this approach by comparing nitride TA17 samples, both pre-treated with shot peening and
without pre-treatment. They found that the surface nanocrystals generated by shot peening
significantly enhanced the nitriding kinetics and promoted the formation of nitrides. Ob-
serving the surface morphology and SEM cross-sectional images of the original TA17 and
the SP-treated TA17 samples in Figure 35 [143], it can be found that the nitriding samples
treated with shot peening have more titanium nitride particles generated in the surface
layer, forming a reticulated structure. Additionally, the composite layer generated is also
thicker. Combined with the previous research, it can be found that SP-ASPN nitriding
technology not only effectively reduces the nitriding temperature but also yields a nitriding
layer of superior quality and thickness.
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Figure 35. The O-N and SP-N samples nitrided at 500 °C for 20 h via ASPN: (a) XRD patterns,
(b,c) surface morphologies, (d,e) cross-sectional SEM images [143].

In summary, the combination of shot peening and ASPN nitriding technology has
demonstrated significant advantages in the surface treatment of titanium alloys. This
approach not only effectively reduces the required temperature for nitriding but also
enhances the quality and thickness of the nitride layer.

e Oxidized coating

Oxygen is another important element that significantly affects the quality of titanium
alloys, and this paper focuses on plasma electrolytic oxidation (PEO) technology. Compared
with the nitriding and carbonizing treatments, this coating method is a more cost-effective
and environmentally friendly surface treatment technique. Taking flame-retardant alloys
as an example, the preparation of flame-retardant coatings on the surface of parts can
effectively maintain the original mechanical properties of the metal and improve the flame-
retardant properties of the parts, avoiding the introduction of low-strength and high-cost
alloys through alloying [147].

Plasma electrolytic oxidation (PEO), as a promising high-pressure plasma-assisted
electrochemical method, can produce oxide ceramic-like coatings on metal substrates sub-
merged in electrolyte [148]. Their coatings are grown in situ and consist of a two-layer
structure: the inner layer is dense, while the outer layer is porous [149-152]. Currently,
PEO has been shown to be an effective surface treatment for additive manufacturing of
Ti6Al4V alloys to obtain coatings with high hardness and high abrasion and corrosion
resistance [153]. However, inherent defects such as porosity and cracks limit the develop-
ment of this coating in the medical field [154].

Composite surface modification technology is an effective measure to compensate
for the defects of a single type of technology. Arash et al. [148] showed that pre-treatment
or post-treatment methods, such as laser surface melting (LSM) or laser surface texturing
(LST), can effectively improve the densification of PEO coatings, which leads to a reduction
in the porosity and number of the pores and an improvement of the coating quality.

With ongoing advancements in technology and metal surface treatment, the applica-
tion of titanium alloys in biomedical, shipbuilding, and aerospace industries is expected to
experience further expansion [155-157]. Simultaneously, these advanced technologies are
likely to be adapted for the fabrication of a broader spectrum of alloys, such as aluminum
alloys and high-temperature-resistant alloys [158,159]. The advancements discussed herein
not only highlight the evolution of surface treatment techniques but also pave the way
for future research in optimizing the mechanical and chemical properties of metal alloys.
Our comprehensive review underscores the importance of continued innovation and in-
terdisciplinary research in material science to develop more efficient, cost-effective, and
environmentally friendly surface treatment methods.
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4. Conclusions

In conclusion, this review comprehensively examines the characteristics of titanium
alloys with diverse microstructures and investigates the impact of various surface pro-
cessing methods, including machining, conventional heat treatment, and thermochem-
ical treatment, on the surface quality and material properties of Ti and its alloys at the
microstructural level. The findings underscore the superiority of composite surface mod-
ification technologies in enhancing the material properties of metals compared to single
treatment methods.

Addressing the challenges posed by the difficult machinability of titanium alloys,
Electrical Discharge Machining (EDM) emerges as an effective technique for Ti alloy cutting.
Additionally, shot peening and surface mechanical grinding play crucial roles in enhancing
surface metal densification through nanosizing, thereby contributing to improved material
properties. Innovative approaches such as dual shot peening and the combination of
vibratory and conventional shot peening exhibit superior efficacy in increasing metal
fatigue strength.

Common heat treatment methods like quenching and annealing are identified as effec-
tive means to alter the metallurgical structure of alloys, thereby enhancing the performance
of the metal’s surface layer. Thermochemical treatment, involving the introduction of
titanium-sensitive elements, leads to the formation of a protective layer on titanium alloy
surfaces, mitigating external influences and contact with the alloy matrix. Carburizing
elements, when introduced before heat treatment, nanostructure the surface, facilitating
element diffusion and reducing the carburization temperature requirements, ultimately
improving heat treatment efficiency and forming higher quality carburized alloys.

The authors assert that composite surface modification technology serves as a potent
strategy for elevating the surface hardness and friction corrosion resistance of titanium
alloys. This review aims to aid researchers seeking to enhance the surface properties of
titanium and its alloys by delving into the mechanisms through which diverse processing
methods bolster the surface characteristics of these alloys. Given the widespread use
of titanium, continuous development and refinement of surface modification techniques
remain imperative, leaving room for further exploration and summarization of various
technical approaches.
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