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Abstract. Titanium and its alloys play a pivotal role in aerospace engineering due to their exceptional 
strength-to-weight ratio, corrosion resistance, and ability to perform under extreme thermal 
conditions. This study explores the development of a titanium alloy capable of withstanding 
temperatures as high as 1273 K, specifically designed for space shuttle engine structures. Key 
challenges addressed include enhancing the alloy creep resistance, high-temperature strength, and 
oxidation resistance, which are essential for its performance in severe aerospace environments. A 
detailed review of the literature identifies crucial alloying elements such as aluminum (Al), niobium 
(Nb), silicon (Si), manganese (Mn), boron (B), and tungsten (W), all of which contribute significantly 
to improving high-temperature stability and mechanical properties. Additional considerations like 
thermal expansion, phase stability, fatigue resistance, and cost-efficiency were analyzed to ensure 
a balanced approach in alloy design. The proposed alloy composition offers an optimized balance 
of strength, ductility, and oxidation resistance, making it suitable for aerospace applications. Future 
work will involve computational simulations and rigorous empirical testing to further refine the alloy 
properties and ensure its feasibility for use in real-world space shuttle engines. 
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1. Introduction 

With the rapid development of the aerospace industry, the potential of high-temperature titanium 

alloys in aero engines has gradually become prominent. However, the research on the use temperature 

of pre-high temperature titanium alloys is difficult to break through 600 ℃ is still in the exploration 

stage. 

At present, many studies have focused on adjusting the content of some alloying elements, and 

relevant research results include high-temperature titanium alloy Ti1100 and high-temperature 

titanium alloy BT36. Meanwhile, The domestic high-temperature titanium alloy has formed a high-

temperature titanium alloy system characterized by the addition of rare earth elements, typical Ti60 

developed by the Institute of Metal Research and Baoti Group and Ti600 independently developed 

by the Northwest Nonferrous Metals Research Institute, their actual use temperature is 600 ℃, and 

their comprehensive performance is excellent [1]. Nevertheless, At present, the use temperature of 

high-temperature titanium alloy is difficult to break through 600 ℃, mainly because the thermal 

strength and thermal stability of the alloy are difficult to match when the use temperature is higher 

than 600 ℃. The oxidation resistance of the alloy decreases sharply, and the surface oxidation is 

serious. The thermal stability and fatigue properties of the alloy are reduced, which may even lead to 

the risk of "titanium fire" in the parts of the aero engine high-pressure compressor [1]. 

Despite the important progress made in the above research, there are still many challenges in how 

to break through 600 ℃for high-temperature titanium alloys, such as creep performance and high-

temperature strength. In this paper, the bottleneck restricting the development of high-temperature 

titanium alloys to higher operating temperatures is pointed out, the possible solutions are proposed, 

and the future research direction is discussed. 

This paper will first discuss the factors limiting high-temperature titanium alloys and then discuss 

the Effective design of aviation materials. Then study the key research directions of high-temperature 

titanium alloy, and finally summarize. 
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2. Factors Limiting High-Temperature Titanium Alloys 

2.1. Creep Performance, High Temperature Strength and Oxidation Resistance 

Titanium alloys are widely used in high-temperature applications due to their favorable properties, 

but they face several challenges when exposed to extreme conditions, such as temperatures reaching 

1000 ℃. To ensure their reliability and performance, several key factors need to be addressed: creep 

behavior, high-temperature strength, and oxidation resistance. 

First, titanium alloys experience creep deformation under long-term high-temperature exposure, 

particularly at temperatures like 1000 ℃. To improve creep resistance, the alloy must be designed to 

minimize deformation under sustained loads, typically by optimizing its composition and 

microstructure. A high-performance alloy should exhibit a low creep rate and a high creep fracture 

life to withstand prolonged use without significant deformation. Second, the alloy must maintain 

sufficient strength at elevated temperatures. At 1000 ℃, conventional titanium alloys suffer 

significant reductions in strength, requiring specially formulated high-temperature alloys. Adjusting 

the alloy composition by incorporating elements such as aluminum, tungsten, or molybdenum can 

enhance high-temperature strength, but care must be taken to balance improvements in strength with 

other material properties. Hardness at these temperatures can be assessed using methods such as the 

Vickers hardness test. Finally, oxidation resistance becomes a critical concern as titanium alloys form 

an oxide layer at high temperatures. This oxide layer must be stable to prevent material degradation. 

Effective oxidation resistance prevents the alloy from experiencing internal oxidation or layer 

spallation, which can lead to strength reduction. Currently, it is challenging for titanium alloys to 

retain their oxidation resistance beyond 600 ℃, making further developments in this area crucial for 

applications exceeding this temperature threshold. 

In conclusion, the performance of titanium alloys at high temperatures depends on optimizing 

creep resistance, maintaining high-temperature strength, and ensuring robust oxidation resistance. 

These factors are critical for extending the operational limits of titanium alloys in demanding high-

temperature environments. Besides, there are a few more minor challenges, which also raise our 

awareness and require further consideration. 

2.2. Thermal Expansion, Material Stability, Fatigue Performance and Cost and Processing 

When designing titanium alloys for high-temperature applications, several critical factors must be 

considered to ensure both performance and practicality. These include thermal expansion, phase 

transformation, fatigue strength, cost, and processing challenges. 

First, thermal expansion is a key factor at high temperatures, as titanium alloys experience 

significant expansion. This can impact the assembly and dimensional stability of parts, especially in 

precision applications. To address this, design considerations must account for the material's thermal 

expansion characteristics, and compensation measures may be required to maintain stability. Second, 

phase transformation can occur in titanium alloys, such as the transition from the α phase to the β 

phase. This transformation affects the alloy's mechanical properties, so stability control is essential. 

Selecting the proper alloy composition and heat treatment process is critical to managing phase 

transformation and maintaining stable performance at high temperatures. Third, high-temperature 

fatigue is another important issue, as the fatigue performance of titanium alloys can degrade under 

cyclic loads at elevated temperatures. To ensure fatigue strength and long-term reliability, it is 

necessary to evaluate and design the material for these conditions. 

In addition to performance factors, cost considerations play a role. High-temperature titanium 

alloys are typically expensive, so it is important to balance material performance with cost to achieve 

a practical design. Furthermore, the processing difficulty of these alloys can be high, requiring 

specialized equipment and technologies, which may increase manufacturing complexity and cost. 

In conclusion, designing titanium alloys for high-temperature applications requires addressing 

thermal expansion, phase transformation, fatigue strength, cost, and processing challenges to ensure 

a balance between performance and economic feasibility. 
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3. Effective Design of Aviation Materials 

Various elements significantly impact the properties of high-temperature titanium alloys, 

especially those based on Ti-Al intermetallic compounds. Aluminum (Al), comprising 32-36 % of 

the alloy, is essential for forming the Ti-Al and Ti3Al phases, which contribute to the alloy's heat 

resistance. However, an excessive Al content can reduce ductility and oxidation resistance. Niobium 

(Nb), when combined with silicon (Si), enhances oxidation resistance, particularly above 800 ℃, 

while also increasing strength by forming a solid solution in Ti3Al. However, too much Nb (over 4 %) 

can negatively affect ductility. Si (0.05-2.00 %) improves oxidation resistance, but excessive amounts 

lead to the formation of silicon compounds that reduce room-temperature ductility. Manganese (Mn) 

improves room-temperature ductility by forming a solid solution in Ti-Al, enhancing strength through 

solid solution strengthening, though exceeding 5 % can reduce ductility. Boron (B), at 0.005-0.20 %, 

refines grain size, improving high-temperature ductility and castability, but higher concentrations 

lead to boride formation, weakening the alloy. ZHU confirmed that the addition of a small amount of 

B to Ti-6Al-4V alloy could significantly refine the as-cast grain size of the alloy, while the as-cast 

grain size of Ti-6Al-4V-0.1B alloy melted by ISM is an order of magnitude finer than that of the 

matrix alloy Ti-6Al-4V [2]. These elements collectively contribute to an alloy that balances heat 

resistance, strength, ductility, and oxidation resistance, making it suitable for high-speed rotating and 

reciprocating components used in high-temperature environments. 

4. Key Research Directions of High-Temperature Titanium Alloy 

4.1. Application of High-Temperature Antioxidant Coating 

It is necessary to study and develop a high-temperature anti-oxidation coating suitable for higher 

use temperatures to further improve the surface oxidation resistance of high-temperature titanium 

alloy [3]. Titanium alloys are very prone to oxidation in high-temperature environments, especially 

in air or oxidizing gases. Specifically, high-temperature oxidation is mainly manifested in the 

following aspects: 

Oxide film generation and growth: When titanium alloy is exposed to high-temperature air, the 

surface will quickly form an oxide film, usually titanium dioxide (TiO2). At lower temperatures, this 

layer of oxide film has a certain protective effect and can prevent oxygen from continuing to spread 

inward. However, as the temperature increases, the oxide film becomes thicker and thicker, and its 

structure becomes unstable and prone to cracking or peeling. The exfoliated oxide layer can no longer 

play a protective role, resulting in continued exposure of the base metal and further oxidation, forming 

a vicious cycle. 

The relationship between oxidation rate and temperature: The oxidation rate of titanium alloy 

increases exponentially with the increase in temperature. Usually below 600 ℃, the oxidation 

reaction is relatively slow, but when the temperature exceeds 600 ℃, the oxidation rate is significantly 

increased, and the surface of titanium alloy will rapidly deteriorate. At higher temperatures (such as 

800 ℃ and above), oxidation is not only a surface phenomenon. Oxygen will penetrate deep into the 

material, causing problems such as grain boundary embrittlement and hole generation, seriously 

weakening the mechanical properties of the material. 

Diffusion and damage of oxidation: High-temperature oxidation of titanium alloys is a diffusion-

controlled process. With the increase in temperature, the diffusion coefficient of oxygen increases 

significantly, and oxygen atoms can penetrate the oxide layer and reach the matrix, which causes the 

deep oxidation of the titanium alloy matrix. In addition, oxidation will lead to stress concentration on 

the surface of the material, especially in the process of thermal cycling. The thermal expansion 

coefficient of the oxide film does not match the matrix, which is easy to leads to surface cracks and 

spalling, further aggravating the oxidation and material damage. 

Because of these oxidation problems, titanium alloys cannot maintain long-term stable properties 

at high temperatures. Therefore, the development of high-temperature anti-oxidation coating to 
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inhibit the formation of oxide film and prevent oxygen diffusion into the matrix is an effective means 

to improve the oxidation resistance of titanium alloys. 

The damage of high temperature oxidation to the properties of titanium alloy is all-round, 

especially the mechanical properties and chemical stability will be seriously affected. Suppose 

effective anti-oxidation protection is not carried out. In that case, the mechanical properties and 

corrosion resistance of titanium alloys will rapidly decline with the intensification of oxidation. 

Because the A-Ti can drop 34% oxygen, and oxygen is a stable element, when T60 alloy is exposed 

to the right air for a long time at high temperature, it will not only form an oxide layer on its surface 

but also diffuse into the matrix to form an oxygen-rich layer, thus affecting its mechanical properties 

[4,5]. Degradation of mechanical properties: high temperature oxidation causes the surface of 

titanium alloy to become brittle, especially after the oxidation layer is broken or spalling. The exposed 

matrix metal is more vulnerable to oxidation and then forms cracks, holes and other defects. Once 

these defects expand, they will cause the overall structural strength of the material to decrease, and 

the tensile strength, toughness and fatigue life will be significantly reduced. In addition, the diffusion 

of oxygen atoms also causes phase transitions inside the material, further reducing the high-

temperature strength of the alloy. 

Reduced creep resistance: Titanium alloys are prone to creep at high temperatures (slow plastic 

deformation of the material under continuous load). High-temperature oxidation accelerates surface 

degradation and reduces the creep resistance of the material. When the structural integrity of titanium 

alloys is damaged by oxidation, the creep properties are also seriously affected. The development of 

highly effective oxidation-resistant coatings enables the integrity of the surface to be maintained, thus 

better maintaining the creep resistance of the material in high-temperature environments. 

Weakening of corrosion resistance: Titanium alloys have excellent corrosion resistance at room 

temperature, especially widely used in aerospace and chemical fields. However, at high temperatures, 

oxidation not only destroys the oxide film on the surface but also intensifies the erosion of other 

corrosive atmospheres (such as nitrogen, chlorine, etc.). This synergistic effect of oxidation and 

corrosion will further weaken the service life of titanium alloys. 

Thermal fatigue problem: Under the condition of high temperature thermal cycle, the oxide layer 

and titanium alloy matrix are easy to produce thermal stress due to different thermal expansion 

coefficients, which induces surface cracks and spalling. This thermal fatigue phenomenon is even 

more significant in the absence of antioxidant protection, especially for high-temperature equipment 

such as aircraft engines and gas turbines, whose components must remain stable in violent 

temperature fluctuations. 

Through the development of efficient anti-oxidation coating, the oxidation process of titanium 

alloy can be significantly delayed under a high-temperature environment so as to maintain the 

integrity of its surface, reduce surface cracks, spalling and other defects caused by oxidation, and 

extend the service life of the material. At the same time, the antioxidant coating can isolate oxygen 

and other corrosive atmospheres and prevent them from reacting with the matrix, further improving 

the chemical stability and corrosion resistance of the material. 

4.2. Improving Creep Resistance 

When the temperature of high-temperature titanium alloy exceeds 600 ℃, its surface oxidation 

resistance and high-temperature creep resistance are sharply reduced. From the creep mechanism, 

diffusion and dislocation slip are the main factors leading to the decrease of creep resistance [1]. At 

high temperatures, diffusion controls the migration of atoms and vacancies, causing microscopic 

deformation and voids to occur inside the material, weakening the resistance of the material. At the 

same time, dislocation slip is the main mechanism of plastic deformation. With the increase in 

temperature, the movement of dislocation becomes more active, which leads to the further decrease 

of the creep resistance of the material. The synergistic effect of diffusion and dislocation slip causes 

plastic deformation and microscopic damage in the creep process, and finally, the creep resistance 

decreases significantly. 
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4.2.1 Precipitation hardening reducing dislocation motion 

Precipitation hardening (also known as precipitation hardening) prevents dislocation slip by 

forming a uniform distribution of nanoscale sediments or second-phase particles in the alloy, thereby 

improving the creep resistance of the material. Appropriate elements (such as aluminum, titanium, 

etc.) are introduced into the alloy, and through solution treatment and aging treatment, fine sediments 

distributed in the matrix are generated. These deposits can inhibit dislocation motion and reduce the 

probability of dislocation slip, thereby improving creep resistance. The precipitate can also prevent 

dislocation climbing through the "pinning" effect, further improving the creep resistance of the 

material at high temperatures. A second phase particle that is stable at high temperatures can also be 

selected to strengthen the alloy. These particles are not easy to coarse or decompose and can hinder 

dislocation movement for a long time, such as carbide, oxide and nitride particles. 

4.2.2 Key research directions 

The diffusion during creep is mainly affected by the thermal stability of the material lattice. By 

improving the lattice stability of the alloy, the diffusion process can be reduced, and the creep 

resistance can be increased. Adding high melting point elements: By introducing high melting point 

elements (such as rhenium, tungsten, molybdenum, etc.) into the alloy, the melting point of the matrix 

can be increased, thereby improving the stability of the crystal lattice at high temperatures. This 

method can effectively inhibit the diffusion of atoms and vacancies and reduce the rate of creep 

deformation. Solid solution strengthening: the introduction of some solute elements to form a solid 

solution with the matrix atoms can increase lattice distortion, make atomic diffusion more difficult, 

and then inhibit diffusion creep at high temperatures. Typical solid solution strengthening elements 

include niobium (Nb), tantalum (Ta) and molybdenum (Mo), which can significantly improve the 

creep resistance of alloys by solid solution strengthening. 

4.2.3 Inhibiting dislocation motion and dislocation climbing 

Reducing dislocation slip and dislocation climb is the key to improving creep resistance. The creep 

resistance of the material can be improved effectively by designing the microstructure to inhibit the 

activity of the dislocation. By introducing high-density and fine precipitates into the material, 

dislocation movement and climbing can be effectively hindered. In particular, nano-scale precipitates 

can better nail the dislocation line, reduce the frequency of dislocation slip and climb, and delay the 

creep deformation. In addition, the introduction of a strengthening phase in the superalloy, such as 

carbide particles or intermetallic compounds, can effectively inhibit the movement of the dislocation. 

For example, adding intermetallic compounds (such as Ni₃Al or Ni₃Ti) particles to nickel-based 

superalloys can greatly enhance the pinning effect of displacements and increase creep resistance. 

At the same time, the research shows that rare earth elements can play an important role in refining 

grains, improving fatigue properties, improving thermal stability and high-temperature creep 

properties in titanium alloys, which are mainly reflected in internal oxidation to form rare earth oxides, 

thereby reducing the oxygen content of the matrix, which is beneficial to the improvement of 

mechanical properties; Obviously inhibit the precipitation and growth of α2 phase, thereby improving 

the thermal stability; Promote the uniform precipitation of fine silicides, thereby improving the creep 

resistance [6]. 

5. Conclusion 

This study has highlighted the critical challenges in developing high-temperature titanium alloys, 

specifically focusing on their creep performance, high-temperature strength, and oxidation resistance. 

The main findings indicate that the introduction of alloying elements such as Al, Nb and Si 

significantly enhances these properties, making the alloy more suitable for applications in extreme 

aerospace environments. However, while these advancements mark significant progress, the 

difficulty in surpassing the 600 ℃ temperature barrier remains a key limitation. The rapid degradation 
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of oxidation resistance and thermal stability at higher temperatures severely affects the alloy's 

mechanical properties, particularly its creep resistance. 

The impact of this research lies in its comprehensive approach to addressing both the material 

composition and performance requirements for aerospace applications. By focusing on balancing 

strength, ductility, and oxidation resistance, the proposed solutions provide a path forward for the 

next generation of high-temperature alloys. 

Despite these advances, there are still challenges in practical applications, such as the high cost of 

materials and the complexity of processing techniques. Additionally, more empirical testing and 

computational simulations are necessary to confirm the long-term viability of the proposed alloys in 

real-world operating conditions. 

Future research should focus on improving the oxidation resistance at higher temperatures, perhaps 

through the development of new coatings and further refining the alloy’s microstructure to better 

resist creep deformation. With continued innovation, high-temperature titanium alloys could achieve 

broader use in advanced aerospace technologies. 
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