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ABSTRACT 

Refractory alloys exhibit excellent high-temperature mechanical properties and stability, 

demonstrating broad application prospects in various extreme high-temperature environments. 

Alloying, by precisely regulating composition and microstructure, endows alloys with good 

mailto:qyq@nwpu.edu.cn,


 

2 

 

comprehensive properties, thereby significantly enhancing their service performance in 

specific environments. So, it is a key technology in the refractory metals industry. Notably, 

extensive research has demonstrated that rare earth alloying typically plays a crucial role in 

improving the comprehensive performance of refractory alloys. To elucidate the alloying 

effects of rare earth elements in refractory alloys, this article systematically reviewed the 

relevant studies on Y alloying in Nb, Mo, W, Zr and their corresponding alloys. Therefore, the 

mechanistic roles of rare earth elements in microstructural evolution, mechanical property 

enhancement, and oxidation/corrosion resistance improvement of refractory alloys were 

comprehensively summarized in this review. Furthermore, future research directions for rare 

earth alloying in refractory alloys are discussed and prospected. 
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1 Introduction 

Refractory alloys, primarily comprising metals located in the group VB and VIB (e.g., Nb, 

Mo, Ta, W) and their alloys, are characterized by high melting points (>2000 °C), superior 

high-temperature strength, and excellent creep resistance [1-3]. Due to their excellent high-

temperature properties, refractory alloys are widely used in complex high-temperature 

environments, such as high-temperature components in aerospace engines, vessel shields for 

nuclear reactors, and etc. [4-6]. With the rapid development of science and technology, 

materials operating at high temperatures will face increasingly complex environments [7,8], 
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in which it is critical for refractory alloys with enhanced high-temperature and room-

temperature properties to satisfy the present needs. 

The improvement of mechanical properties and oxidation resistance of refractory alloys 

has always been the primary research focus, achievable through preparation process 

optimization [9-11] and alloying [12,13]. Among these, alloying is a crucial method for 

achieving comprehensive performance enhancement. Owing to the unique electronic structure, 

rare earth (RE) elements and their oxides (RExOy) are widely used as effective alloying agents 

for modifying various alloys, including refractory alloys. Up to now, various rare earth 

elements have been utilized in the alloying of refractory alloys, including La, Ce, Y, Sc, Gd, 

and oxides such as LaO2, Y2O3, CeO2, etc. Numerous studies indicated that rare earth elements 

and their oxides can significantly improve the mechanical properties and oxidation resistance 

of alloys [14-17]. However, a unified theoretical understanding regarding the mechanism of 

rare earth alloying in refining the microstructure and improving the properties of refractory 

alloys remains absent. To facilitate a deeper understanding of the RE alloying effect, this 

review primarily summarized the research progress on Y and Y2O3 modification of Nb, Mo, 

W, Zr refractory alloys and refractory high-entropy alloys (RHEAs), focusing on their 

influences and effects on micro-morphology, microstructure, mechanical properties, oxidation 

and corrosion properties, as well as the underlying alloying mechanisms. 

2 Effects of Y and Y2O3 on the microstructure of refractory alloys 

Refractory alloys are primarily divided into two categories, one of which is single solid-

solution alloys with refractory metal elements as the main component, and the other is 

multiphase alloys that include both solid solution phases and silicides, aluminides, or oxides. 
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The phase constituent, phase size, phase relationships (orientation relationship, eutectic 

coupling, etc.), microstructure, and defects are key factors determining the mechanical 

properties (both at high and room temperatures), thermal stability, and oxidation/corrosion 

resistance of alloys. Realizing the way of RE/RExOy to vary microstructure of refractory alloys 

is the basement to construct entirely system. Out of this reason, the effects and mechanisms of 

rare earth element Y and its oxide Y2O3 on the microstructure of refractory alloys are 

summarized in this section. 

2.1 Solid solution alloys 

From the binary phase diagrams of refractory alloy elements with rare earths (e.g., Mo-Y, Nb-

Y [18,19]), the solid solubility of rare earth elements in refractory metals is extremely low. 

Consequently, the rare earth-alloyed refractory alloys typically consist of a solid-solution 

matrix and a certain content of secondary phases (e.g., oxides, intermetallics). The 

investigations into the effect of rare earths on the microstructure of single-phase refractory 

alloys should mainly focus on grain structure evolution and second-phase characteristics. 

Therefore, the effects of rare earth Y or Y2O3 on refractory alloys mainly involve three aspects: 

(1) Formation of secondary phases; (2) Changes in average grain size; (3) Alterations in alloy 

densification. Among these, the formation of secondary phases can influence both grain size 

and densification. Therefore, the following discussion will focus primarily on reviewing these 

two key aspects of grain size and densification. 

2.1.1 Grain size 

Due to the influence of rare earth elements, refractory alloys generally undergo a certain 

degree of grain refinement. Fig. 1 shows the microstructure of typical refractory alloys, and 
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Table 1 statistically presents the average grain sizes of rare earth Y or Y2O3-containing 

refractory alloys. As shown in Fig. 1, the grain sizes of Nb, Mo, and W-based solid-solution 

alloys and RHEAs are significantly reduced after Y alloying, even else Y2O3. Notably, when 

the content of rare earth elements exceeds a certain threshold, their grain-refining effect on the 

grain size of the alloy weakens, and the grain size may even increase (Table 1). 

 

 

Fig. 1 Typical microstructure of the refractory alloys: (a)-(b) Nb-based alloy [20,21]; (c)-(d) Mo-based alloy 

[22,23]; (e)-(f) W-based alloy [24,25]; (g)-(h) RHEAs [26,27]. (a)-(h) without Y/Y2O3, (a1)-(h1) with 

Y/Y2O3. 

Adding different mass fractions of Y to Nb521 (Nb-5W-2Mo-1Zr, wt.%) alloy [20], the 
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grain size of the alloy experienced a typical trend of first decreasing and then increasing. With 

0.2 wt.% Y addition, the average grain size of the alloy decreased from 423 μm in the original 

alloy to a minimum of 103 μm. However, further increasing Y content caused the grain size to 

gradually increase again. Simultaneously, the particle size of the Y2O3 second phase gradually 

increased. When the Y content of reached 0.4 wt.%, the Y2O3 oxides formed along the grain 

boundaries in a rod-like morphology. In practical applications, most solid-solution alloys 

require deformation processing and heat treatment before use. For example, Liu et al. [28] 

studied the microstructure of as-cast and deformed/heat-treated Nb-1Zr-0.1C alloy modified 

with trace amounts of Y. They found that the grain size of the as-cast alloy decreased with 

increasing Y content in the range of 0-0.4 at.%. After hot rolling and subsequent heat treatment, 

the alloy did not undergo recrystallization, so the grain size change was similar to that of the 

as-cast state. However, after cold rolling, the alloy experienced varying degrees of 

recrystallization during heat treatment due to severe deformation. When the Y content reached 

0.1 at.%, complete recrystallization occurred, resulting in a more uniform and fine grain 

structure. 

Wu et al. [22] attempted to add rare earth oxide Y2O3 to Mo. In this work, spherical Y2O3 

particles with different size (105 nm and 322 nm) and short rod-shaped particles (average 

length 115 nm) were pre-prepared and mixed with Mo powder before sintering. The as-

prepared alloys showed the following average grain sizes: 10.6 μm for pure Mo, 8.5 μm and 

6.1 μm for the alloys with 322 nm and 105 nm Y2O3 respectively, and 7.1 μm for the alloy 

with short rod-shaped Y2O3 particles. These results indicate that larger Y2O3 particle size and 

higher aspect ratio provide weaker resistance to grain boundary migration. In addition to shape 
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and size, the amount of rare earth oxides is also a critical factor affecting the microstructure 

and properties of Mo alloys. He et al. [29] and Lan et al. [30] investigated the effect of Y2O3 

content on Mo and Mo-30W solid-solution alloys respectively, and obtained similar 

conclusions. The results showed that as the rare earth oxide content increased, the grain size 

of both Mo and Mo-W solid solution alloys gradually decreased, and the rare earth oxides 

tended to be distributed at the grain boundaries. Xu et al. [31] added 0.12 at.% CeO2 and 

varying amounts of Y2O3 (0, 0.1, 0.3, 0.5, 0.8 at.%) to pure Mo to investigate the effects of 

rare earth oxides on the microstructure both as-rolled and annealed (850 °C, 1200 °C) alloys. 

It was found that with increasing Y2O3 content, the spacing of fibrous tissues in the as-rolled 

alloy decreased. After annealing, the fibrous structure coarsened into a band-like structure, 

with no obvious recrystallization observed except in pure Mo. EDS and TEM analyses 

confirmed that the second-phase particles in the alloy were CeO2/Y2O3 nanocomposite 

particles. In addition, the average size of these second-phase particles increased with the 

increase of Y2O3 content. 

In the Zr-based alloy system, the addition of trace amounts of Y or Y2O3 can achieve a 

significant grain refinement effect [32-34]. Taking the Zr-Mo-Al-Ti alloy as an example [34], 

with the addition of 2 wt.%, 3 wt.% and 4 wt.% of Y respectively, the average grain diameter 

of the alloy decreased successively from 101.6 μm (without Y) to 38 μm, 29.8 μm and 19.4 

μm, indicating that the grain size of the alloy exhibits an obvious decreasing trend with the 

increase of Y content. With respect to RHEAs, several studies have confirmed that the addition 

of trace amounts of Y element can exert a significant grain refinement effect [26,27,35,36]. 

The research findings of Guo et al. [26] show that the average grain size of Y-doped alloy 
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specimens is 86 μm, which is much lower than that of Y-free alloy specimens (242 μm), 

directly verifying the remarkable grain refinement effect induced by Y alloying. Du et al. [35] 

found that the addition of Y can effectively reduce the secondary dendrite arm spacing of the 

alloy, thus achieving obvious grain refinement. This is further supported by Zhang et al. [36], 

who demonstrated that the average grain size of the alloy decreased from 131.5 μm (without 

Y addition) to 54.5 μm upon the incorporation of rare earth Y. 

As mentioned above, rare earth elements in refractory alloys generally exist as second-

phases in the form of rare earth oxides, which control the grain size of the alloy by influencing 

nucleation and grain boundary migration processes. Among these mechanisms, the pinning 

effect of second phase particles on grain boundary movement and the associated interfacial 

energy changes constitute the primary factors hindering grain boundary migration [37,38]. 

Evidently, when rare earth elements formed a dispersed and fine second phase, the alloy grain 

size reduced, which is the result of the pinning effect of rare earth elements on grain boundary 

migration during solidification. The study on the effects of composite rare earth oxides on the 

microstructure of Mo alloy indicates that when second-phase particles interacted with grain 

boundaries [39], the resulting Zener force can hinder grain boundary movement. Referring to 

the expression of Zener force (Equation 1) [40,41]: 

Fz=2πγR cos θ sin θ (1) 

where γ is the grain boundary surface tension, R is the radius of second-phase particles, and θ 

is the misorientation angle between phases. It can be observed that the Zener force is 

influenced by factors including the size, orientation, and volume fraction of second-phase 

particles. Therefore, when the Y/Y2O3 content increased within a certain range, the improved 
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volume fraction and size of second-phase particles during solidification or sintering resulted 

in stronger pinning effects. Meanwhile, increased interfacial energy further hindered grain 

growth. However, excessive additions led to rare earths segregation, forming large particles 

that reduced both effective nucleation sites and relative surface area. These factors collectively 

diminish the capacity to impede grain growth, ultimately resulting in relatively larger grain 

sizes.  

Table 1 The average grain size and relative density of refractory alloys with different Y or Y2O3 content. 

Alloy 

Processing 

Average 

grain size 

(μm) 

Relative 

density (%) 
Ref. 

Matix 
Y/Y2O3 content 

(wt.%) 

Nb521 

0Y Vacuum electron beam melting 

+vacuum electromagnetic 

levitation melting 

423 \ 

[20] 

0.2Y 103 \ 

Mo 

0Y2O3 

Pressureless sintering 

10.6 ~95.55 

[22] 

1Y2O3 (322 nm 

nanospheres) 
8.5 ~96.15 

1Y2O3 (nanorods) 7.1 ~96.68 

1Y2O3 (105 nm 

nanospheres) 
6.1 97.55 

Mo-30W 

0.25Y2O3 
Two-step reduction 

method+pressureless sintering 

2.07 ~98.82 

[30] 0.5Y2O3 1.91 ~98.35 

1Y2O3 1.74 ~98.08 

W 

0Y2O3 

Spark plasma sintering 

2.88 93.90 

[25] 2Y2O3 2.81 96.48 

5Y2O3 2.63 94.15 

   

2.1.2 Relative density 

Due to the high melting points, refractory alloys are usually produced by powder metallurgy. 

The sintering process involves chemical reactions and substance changes, resulting alloys are 

typically non-fully dense. The density of sintered samples significantly affects the mechanical 
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properties and oxidation resistance of the alloys[42,43]. Thus, achieving fully dense refractory 

alloys has always been a key issue of concern in the industry. The density of refractory alloys 

is related to various factors, including powder preparation, forming techniques, and sintering 

parameters, etc. Rare earth Y/Y2O3 can influence these factors to promote the densification 

process of the alloys, as reviewed below. 

Firstly, the addition of rare earth elements significantly affects the characteristics of 

powders prepared by ball milling or chemical methods, particularly in terms of particle size 

and dispersibility. Raw powders with smaller particle size, superior dispersibility, and narrow 

particle size distribution demonstrate higher specific surface area and enhanced surface 

activity, which are generally recognized to promote sintering behavior [44]. In conventional 

practice, refractory alloy powders are typically prepared via wet chemical methods. Prior to 

sintering, the as-synthesized composite powders usually require thorough mixing and 

reduction treatments. Therefore, the powder state before final sintering is critical and needs to 

be carefully examined. In the preparation process of Mo-W alloy [30], Mo-W-Y-O composite 

powders were first prepared by spray drying, followed by sequential carbothermal reduction 

and hydrogen reduction treatment. It was found that increasing rare earth content in composite 

powders resulted in a moderate decrease in average particle size after drying, and the particle 

size distribution concentrated towards small-sized powders. After reduction, the powders 

underwent a morphological transformation from spherical to flake-like configuration, while 

maintaining essentially unchanged particle dimensions and distribution characteristics. 

Research on rare earth addition in W alloys for composite powder preparation has been 

relatively comprehensive. For example, in W-Y2O3 alloys [25], ultrasonic spray pyrolysis was 
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used to prepare W-Y-O composite powders. It was found that the size of synthesized spherical 

particles was unrelated to the content of rare earth, but the process of spherical particles being 

reduced by the hydrogen reduction and decomposition into small nanoscale particles was 

significantly influenced by rare earth elements. Specifically, the size of these reduced 

nanoparticles exhibited a decreasing trend with the change of rare earth content. 

 

 

Fig. 2 The mechanism diagram of reduction process of the samples with Y additions: (a) and (b) W alloys 

[45,46]; (c) Mo-W alloy [30]. 

In the study on the reduction process of W-Y-O composite powder, Liu et al. [45] 

proposed a mechanism of the action Y2O3, as shown in Fig. 2a, which specifically included 

two aspects. First, altering the initial powder crystal structure, transforming rhombohedral 

tungsten oxide into a cubic structure while increasing its specific surface area, and enabling 
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the direct transformation of c-WO3 to α-W and β-W during reduction. Second, the presence of 

c-WO3 whiskers on the surface of particles, which are introduced into cracks after reduction 

to facilitate the reduction reaction and inhibit the growth of reduced W and the coalescence of 

W particles. As shown in Fig. 2b, Lv et al. [46] proposed a new reduction process and 

mechanism for the role of rare earth oxides, suggesting that the reduction of tungsten oxide 

proceeds as WO3→WO2(OH)2(gas)→WO2.72→W. Here, yttrium oxide acts as a nucleation 

site for gas-phase WO2(OH)2 deposition and transformation into WO2.72, reducing nucleation 

size and inducing selective growth on specific crystal planes of WO2.72, resulting in the 

formation of rod-like reduction products. Due to the reduced diameter of intermediate product, 

the final W particle size is consequently decreased. 

Secondly, the particle size of feedstock powders does not solely determine the 

densification of sintered alloys in practical applications. Thus, further understanding is still 

needed to understand the potential physical and chemical reactions that may occur during the 

sintering process, particularly to clarify the role of rare earth elements in this process. In the 

case of Mo alloys, Cao [47] and Yang et al. [48] independently investigated yttria doped in 

Mo alloys respectively, both concluding that Y2O3 delayed the sintering process of Mo, leading 

to reduced densification in rare earth-modified Mo alloys. Similarly, in Mo-W alloys, 

increasing rare earth oxide content decreased the powder particle size (Fig. 2c), but the relative 

density of the alloy also decreased [30], which may be attributed to the sintering retardation 

caused by rare earth oxides. Wu et al. [22] indicated that the relative density of alloy was 

improved with the decrease of Y2O3 particle size and the transformation from spherical to rod-

like particles. A comparison of the research findings presented in Ref. [22] and Ref. [30] 
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reveals that, even under the identical condition of a 1 wt.% Y2O3 addition, notable difference 

still exist in the alloy densification values reported in these two studies. The fundamental cause 

of such discrepancies lies in the differences in the base alloy systems, as well as the variations 

in preparation methods and key process parameters (e.g., sintering temperature, holding time, 

and powder pretreatment process). Surface and interfacial diffusion during sintering were the 

main factors affecting the microstructure of the sintered alloy. However, the specific 

mechanisms of these effects still require further investigation. With respect to W alloys, early 

studies [49,50] found that the addition of rare earth Y/Y2O3 monotonically increased the 

density of the alloy. Since the eutectic point of W-Y2O3 was below the sintering temperature, 

the formation of local liquid-phase was also a key factor contributing to densification of the 

alloy. However, the experimental results of Kim et al. [25,51] indicated that the relative density 

of the alloy initially decreased with a small addition of Y2O3 (1 wt.%/0.5 wt.%), but improved 

and reached an optimal value as the Y2O3 content increased further. Nevertheless, when the 

Y2O3 mass fractions exceeded 5%, the density of the alloy decreased again due to excessive 

liquid-phase formation during sintering, impeding the densification of W skeleton. 

2.2 Multi-phase alloys 

With the development and application of refractory alloys, the service temperatures of these 

alloys are gradually increased, and the service environments have evolved from simple to 

complex high-temperature conditions simultaneously. Thus, the development of multi-phase 

alloy systems based on refractory metal elements has become an important research direction. 

The common and extensively studied multi-phase refractory alloys are mainly Nb-Si based 

alloys, Mo-Si based alloys and Tungsten heavy alloys (WHAs). For Nb-Si based alloys, this 
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system represents a crucial class of refractory alloys designed based on refractory metal Nb. 

The primary constituent phases include the Nb solid solution (NbSS) and silicides (Nb5Si3 or 

Nb3Si), with Nb5Si3 (with α, β, γ polymorphs) serving as the dominant strengthening phase. 

This silicide phase also provides good oxidation resistance at high temperatures [5,52,53]. In 

Mo-Si based alloys, multiphase systems consisting of Mo solid solution (MoSS) and silicides 

(MoSi2, Mo5Si3, Mo3Si, or Mo5SiB2) have been developed to enhance the oxidation resistance 

and creep resistance of Mo, mainly including MoSi2-based alloys [54-56] and Mo-Si-B alloys 

[57-60]. For Tungsten heavy alloys (WHAs), they are two-phase composite materials 

consisting of W metal particles and a bonding phase (γ) composed of elements such as Ni, Fe, 

Cu, Co, etc. [61,62]. 

In multi-phase alloy systems, the microstructural characteristics are primarily reflected 

in phase volume fractions, phase geometric characteristics, and coupling relationships between 

phases. The addition of rare earth elements significantly influences the phase constituent and 

microstructure of alloys, such as inducing matrix phase transformation, altering phase 

proportions, regulating and refining microstructure (Fig. 1a1-c1). Chumarev et al. [63] studied 

the effect of B and Y content on the microstructure of binary Nb-18.7Si alloy. It was found 

that the phase constituent of the alloy changed when Y was added alone, with the eliminating 

of the α-Nb5Si3 phase and leaving only NbSS and Nb3Si in the alloy. In contrast, in the Nb-Si-

Ti-Cr-Hf-xZr-yY (x=3, y=0.6; x=5, y=0.3; x=5, y=0.6) alloy designed by Sun et al. [21], it was 

found that the addition of Y led to a decreasing trend in the volume fraction of silicides. When 

the Zr content was constant and Y increased from 0.3 to 0.6, the eutectic colonies in the alloy 

disappeared, and the silicides coarsened. Apart from influencing phase constituent, Y can also 
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refine the eutectic microstructure and reduce eutectic phase spacing in Nb-Si based alloys 

[21,64-66]. However, excessive Y addition weakened the refinement effect on the eutectic 

structure. In all, the effect of Y alloying on the microstructure of Nb-Si based alloy is complex, 

mainly reflected in phase constituent and proportions, the formation of new phases, and 

microstructure refinement (particularly the refinement of eutectic colonies). 

In MoSi2-based alloys, the added Y can substitute for Mo, forming (Mo,Y)Si2 with a C11b 

structure, while YSi2 with a C40 structure formed at higher Y contents [67]. In Al-modified 

Mo(Si,Al)2 alloys with Y addition [68], a new phase with the chemical formula Y3Al5O12 

(YAG) appeared, and its volume fraction increased from 0.1% to 2.6% as Y content rised from 

0.1 at.% to 2 at.%. For Mo-Si-B alloys [23,69,70], the addition of Y can significantly refine 

the size of the constituent phases, but when Y content exceeds a certain value, the degree of 

microstructural refinement of the alloy decreases. Conversely, for the Mo-Ti-Si-B system, the 

addition of Y resulted in coarsening of the alloy microstructure[71].  

High-density tungsten alloys (WHAs) are an important type of W-based alloys known for 

their high strength, high density, and good ductility. Extensive research has been conducted on 

the alloying of WHAs with Y or Y2O3. Ma et al. [72-74] investigated the effects of rare earth 

Y as a strengthening element in W-7Ni-3Fe alloys, focusing on its influence on composite 

powder preparation, sintering, and the microstructure and properties of the alloy. During the 

powder preparation process, the addition of Y led to the formation of a new phase, 

Y(Ni0.75W0.25)O3, in the reduced powders. This phase adhered to the W particle surface, 

inhibiting the formation of volatile hydrate WOx·nH2O during reduction and suppressing W 

particle coarsening caused by vapor-phase migration and deposition. Consequently, Y addition 
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significantly refined the reduced powder and promoted the particles into near-spherical or 

polyhedral shapes. During sintering of the composite powder under H₂, the Y(Ni0.75W0.25)O3 

phase in the Y-modified alloy suppressed the formation of water vapor and gas bubble, thereby 

promoting densification. Meanwhile, this new phase also hindered further grain growth of W 

during sintering, achieving grain refinement. Li et al. [24] and Seyyedi et al. [75] investigated 

the effects of nano-Y2O3 on the microstructure and properties of W-5Ni-3Cu WHAs. Both 

studies employed mechanical ball milling to prepare mixed powders. Seyyedi et al. [75] 

additionally employed spark plasma sintering as an alternative consolidation method to 

conventional methods. Consistent trends were found in both studies in regarding the influence 

of Y2O3 content on the microstructure of alloy. It can be concluded that the grain size of the 

alloy continuously decreased with increasing Y2O3 content, accompanied by improved 

dispersion uniformity of W particles. This refinement effect is attributed to the pinning of grain 

boundaries and dislocation movement by dispersed Y2O3 particles during sintering. However, 

excessive addition of Y2O3 caused the particle agglomeration Y2O3 itself. 

2.3 Zr-based alloys  

The extensively studied Zr-based alloys are mainly classified into two categories: 

polycrystalline Zr-based alloys and amorphous Zr-based alloys. Among them, polycrystalline 

Zr-based alloys have well-defined application areas, which are mainly used as cladding 

materials and core structural components for nuclear fuel elements in nuclear power plant 

reactors, key candidate materials for pressure tubes in pressurized heavy water reactors 

(PHWRs), and can also be applied as bone implant materials [32-34,76,77]. In contrast, 

amorphous Zr-based alloys possess broader application prospects thanks to their excellent 
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comprehensive properties including high strength, high hardness and corrosion resistance, 

covering traditional fields such as consumer electronics, medical devices and aerospace, while 

demonstrating enormous application potential in emerging technology fields [78,79]. 

For polycrystalline Zr-based alloys, the core effect of Y element addition is to regulate 

the phase morphology and size characteristics of the alloys. Using Zr-2.5Nb alloy as the 

reference [32], the microstructure of Y-doped alloys after hot deformation exhibits significant 

differences in phase morphology and primary β-phase fraction. Meanwhile, the addition of Y 

can induce the formation of fine precipitates in as-cast alloys, which are uniformly distributed 

inside and around the α-laths [32]. After hot deformation treatment, the addition of Y reduces 

the β-phase transformation temperature of the alloy, and this effect ultimately leads to a 

significantly higher fraction of transformed β-phase in Y-doped alloys than in the reference 

alloy. Furthermore, Y addition can remarkably reduce the hydride size in the alloy to less than 

20 μm, whereas the hydride size in Y-free Zr-2.5Nb alloy ranges from 10 to 150 μm [32]. For 

Zr-based alloys doped with nano-Y2O3, during hot isostatic pressing (HIP) and annealing at 

800–1000 °C for several hours, the (Y,O)-rich nanoparticles can effectively inhibit the thermal 

growth of grains [33]. 

For Zr-based amorphous alloys, the primary role of Y addition is to enhance the glass-

forming ability (GFA) of the alloys [79,80]. Studies conducted by Hu et al. [79] have 

demonstrated that in the Zr-Cu-Ni-Al coating system, the doped Y preferentially combines 

with oxygen to form dispersed Y2O3 phases with a BCC structure. These phases can suppress 

oxidation-induced crystallization behavior, thereby improving the GFA of the coating. Zhu et 

al. [80] found that as the Y element content increases from 0 at.% to 12 at.%, the glass 
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transition temperature (Tg) of the alloy decreases from 742 K to 718 K, and the onset 

temperature of the first crystallization (Tx) reduces from 791 K to 758 K. This variation is 

conducive to increasing the upper limit of the preparation size of bulk metallic glasses (BMGs). 

Research by Chen et al. [81] also confirmed that the increase of Y content leads to a 

synchronous decrease in both Tg and Tx of the alloy. Meanwhile, Y addition can broaden the 

width of the supercooled liquid region (ΔTx) and increase the value of the γ parameter 

(γ=Tx/(Tg+Tl)), which is a characteristic parameter for evaluating glass-forming ability.  

Another important function of Y element is to improve the thermoplastic formability of 

Zr-based amorphous alloys [82-85]. For instance, studies by Cheng et al. [84,85] have shown 

that Y-doped Zr-based amorphous alloys possess a wider thermoplastic forming temperature 

range and lower melt viscosity, exhibiting an excellent thermoforming performance. Their 

viscous flow behavior is characterized by a more significant deviation of the continuous 

heating scanning curve from the Vogel-Fulcher-Tamann (VFT) model. This feature indicates 

that the viscous flow of the alloy has relatively weak Arrhenius temperature dependence, 

endowing the alloy with superior thermoplastic formability. 

In addition, Y addition also contributes to the purification of Zr-based amorphous alloys 

[86-88]. Xie et al. [86] discovered that when Y is added to oxygen-containing Zr-based alloys, 

Y can eliminate free oxygen in the matrix by forming Y2O3 phases through reaction with 

oxygen. This initial purification effect can further enhance the GFA of oxygen-containing 

alloys. Additionally, it has been observed in Fig. 3 that the arising of degree of local ordering 

with the increase of Y content especially after a sharply decrease at Y:O=2:3 [86]. Research 

by Chen et al. [88] has also pointed out that when metallic Y is used as an additive, during the 
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alloy smelting process, Y combines with oxygen in the melt to generate Y2O3 particles. These 

particles can adhere to the inner wall of the crucible and the interior of the melt, effectively 

inhibiting the penetration and erosion of the crucible by the melt. It can thus be concluded that 

Y, as a high-efficiency deoxidizer, can effectively remove oxygen impurities in the melt, 

ultimately preparing high-purity Zr-based master alloys with an oxygen content as low as 

approximately 0.02 wt.%. 

 

Fig. 3 (a)-(c) The high-resolution image and (d)-(f) Fast Fourier Transform diagram of Zr-based BMG 

respectively with different content of Y by TEM at 480 at. ppm oxygen; (g) Degree of local ordering statistic 

date [86]. 

2.4 Refractory high-entropy alloys  

One of the core functions of Y element addition in RHEAs is to achieve grain refinement 

[26,27,36,89-92]. Meanwhile, Y can also regulate the phase formation, composition 

segregation characteristics, and microstructure evolution of the alloys. In the HfNbTiV RHEA 

system, the addition of trace Y slightly increases the δ parameter and mixing enthalpy (ΔHmix), 

thereby promoting the number of strongly chemically attractive atom pairs (SCAAPs) such as 

Al-Hf and Al-Y to exceed the critical threshold, ultimately inhibiting the formation of 

amorphous phases and facilitating the generation of intermetallic compounds [90]. In the 
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TaMo0.5NbZrTi1.5Al0.1 RHEA, Y alloying significantly aggravates the solidification 

segregation of the alloy, which is specifically manifested by the segregation of both Zr and Al 

elements in the interdendritic regions and a notable increase in the solidification segregation 

ratio of the alloy [26]. Further studies conducted by Huang et al. [92] have revealed that 

remarkable elemental segregation exists in Y-containing TiZrHfY and TiZrHfScY alloys, 

which exhibit a typical dendritic structure with Y-rich electride phases distributed in the 

interdendritic regions. 

Numerous studies have demonstrated that Y has a significant effect on the microstructure 

formation of RHEAs. In the Y-doped NbMoTiVSi0.3 alloy [27], the alloy is mainly composed 

of BCC phase and M5Si3 phase, with most of the Y elements segregated at the grain boundaries. 

The introduction of Y can alter the morphological characteristics of the M5Si3 phase, 

transforming its morphology from the original coarse network structure to spherical and 

blocky structures. Specifically, when the Y addition content is 0.5 at.%, the shape factor K of 

the M5Si3 phase increases from 0.26 (in the original alloy) to 0.38, while the grain factor D 

decreases from 15.17 to 9.03. Meanwhile, Y can also significantly regulate the grain boundary 

characteristics and misorientation distribution of the alloy, increasing the proportion of low-

angle grain boundaries from 18.4% (original alloy) to 23.3% (Y-containing alloy). Liao et al. 

[93] prepared NbTaTiV alloys containing Y2O3 particles via spark plasma sintering (SPS). 

Their research showed that with the increase of Y2O3 content, the average particle size of the 

alloy powder exhibited a gradual decreasing trend, and the BCC grains were refined 

synchronously. Simultaneously, the introduction of Y2O3 particles can induce the in-situ 

formation of submicron Ti(N,O) particles and nanoscale Y-Ti-O particles, realizing the 
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regulation of microstructure through the synergistic effect of multi-scale particles. Lu et al. 

[94] clarified from the perspective of phase formation mechanism that due to the most negative 

mixing enthalpy of Al-Y atomic pairs, Al3Y5 phase is preferentially formed in Y-containing 

alloys. These Y-containing compound particles can act as heterogeneous nucleation sites for 

the matrix phase during the alloy solidification process, effectively hindering grain growth and 

enabling the alloy to obtain a fine-grained structure. Moreover, this grain refinement effect is 

significantly enhanced with the increase of Y addition content. Notably, in the 

(Ti25Zr25Nb20Hf5Ta15W10)100−xYx alloy system, Wang et al. [95] found that the effect of Y 

exhibits particularity: it not only significantly changes the phase fraction, grain morphology 

and grain boundary characteristics of the alloy, but also promotes grain boundary segregation 

and grain growth, while regulating the dislocation density and grain boundary misorientation. 

2.5 Mechanism of rare earth element 

Rare earth elements exhibit similar and comparative alloying effects on microstructures, 

making well-established studies on rare earth alloying valuable for understanding their role in 

the microstructure evolution of refractory alloys. The influence of rare earth elements (REEs) 

on microstructure of steel has been extensively studied, providing profound insights into their 

modification mechanisms. Ji et al. [96] provided a comprehensive explanation of the two 

refining mechanisms of rare earth elements in steel which are heterogeneous nucleation and 

solute effects. Regarding the heterogeneous nucleation of the second phase during 

solidification, various explanatory models have been established within steel systems. The 

Lattice Disregistry model proposed by Bramfitt has been demonstrated to be applicable to 

certain steel systems [97]. This model is based on interfacial mismatch between two phases 
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and is particularly suitable for simple-composition steel systems. In refractory alloys [30], this 

model can also be tentatively employed to predict the refinement effects of rare earth elements, 

though it remains in the preliminary exploration stage and requires more testing and calibration. 

As for the refractory alloys containing complex phase constituent and microstructure, the 

model for microstructure refinement still needs continuous research and exploration. 

In addition, several studies have explained the existence form and action mechanism of 

Y and Y2O3 in refractory alloys from the computational point of view [98,99], simulated the 

tendency of element aggregation at the interface of refractory alloys, and further proved the 

existence form and state of rare earths during the solidification process. These findings 

corroborated their roles in heterogeneous nucleation and solute action during the solidification 

process of alloys. The combination of the above two theories may be able to further promote 

the application of rare earth element alloying modification. 

3 The effect of Y and Y2O3 on mechanical properties of refractory alloys 

The mechanical properties of refractory alloys are primarily influenced by phase constituent, 

microstructural features (including grain size, morphology, etc.), and interphase orientation 

relationships. In the preceding section, the influence of rare earth elements on microstructure 

formation and underlying mechanisms of alloys have been discussed in detail. The following 

section will systematically analyze the effects of rare earth alloying on the mechanical 

properties of refractory alloys, with a focus on elucidating the intrinsic correlation between 

microstructural evolution and mechanical behavior. 

3.1 Nb-based alloys 

NbSS is a ductile phase with excellent room-temperature fracture toughness and machinability, 
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but its drawback is insufficient strength at high temperatures. In contrast, strengthening phases 

such as silicides are hard and brittle, characterized by complex lattice structures and limited 

slip systems, resulting in high dislocation slip resistance. These phases can effectively enhance 

the high temperature strength of alloys, but they can compromise the room temperature 

toughness. Due to the mechanical limitations of both solid-solution and reinforcing phases, 

whether in single-phase or multiphase Nb-based alloys, it is necessary to optimize preparation 

processes or employ alloying design to improve their comprehensive mechanical properties, 

so as to achieve synergistic enhancement of room temperature toughness and high temperature 

strength. 

There is a non-wetting phenomenon between liquid metal and extrinsic rare earth oxides, 

which hinders research on the oxide dispersion strengthening in molten alloys [100,101]. In 

the Nb521 alloy [20], ZrO2 acts as an oxygen carrier and interacts with Y to mitigate the 

agglomeration caused by poor wettability between added Y2O3 and the molten metal, thereby 

achieving oxide dispersion strengthening. Mechanical property test results reveal that at 0.1 

wt.% Y content, the alloy reaches peak yield strength and tensile strength, with a concurrent 

improvement in elongation. When the Y content is 0.2 wt.%, the alloy exhibits the highest 

elongation, while its yield and tensile strength remain higher than those of the Y-free alloy, but 

slightly lower than the 0.1 wt.% Y alloy. However, when the Y content further increases, all 

mechanical properties deteriorated, even below those of the base alloy. Based on the analysis 

of the microstructure of the alloy, the grain size of the alloy with high Y content is still lower 

than that of the base alloy even the Y content is higher than 0.2 wt.%, indicating the presence 

of fine grain strengthening in the alloy. However, extensive second-phase particles precipitated 
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along grain boundaries. As illustrated in Fig. 4a and a1, the Y-doped alloy with refined NbSS 

exhibits significant plastic deformation, accompanied by an increase in its ultimate tensile 

strength [20]. Meanwhile, the TEM image reveals that nanoparticles hinder dislocation motion, 

thereby enhancing the mechanical properties of the Nb-based alloy (Fig. 4b). Unfortunately, 

The deformation incompatibility between the two phases leads to stress concentration and 

crack initiation, becoming the weak point of the alloy and ultimately reducing its mechanical 

properties. 

 

Fig. 4 (a)-(a1) Deformation microstructure and (b) TEM results of Nb521 alloy [20]; (c) Silicide content , 

(d) scheme of cracks propagation and (e)-(g) BSE images of cracks propagation in Nb-Si based alloys with 

different Y/Y2O3 contents [21]. 

For NbCr2-based alloys, the addition of Y improves room-temperature fracture toughness 

while maintaining the original phase composition and without sacrificing yield strength [102]. 

The fracture toughness, calculated through Vickers hardness testing, revealing that at 0.1 wt.% 

Y, the alloy achieved a fracture toughness of 6.15 MPa·m¹/², which is 20% higher than that of 

Y-free NbCr2 alloy and four times greater than the as-cast alloy (1.2 MPa·m¹/²). There are two 
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main reasons for the improvement of alloy fracture toughness. Firstly, after grain refinement, 

deformation became uniform and stress concentration reduced, hindering crack propagation. 

Secondly, Y atoms substitute for Nb in the crystal lattice, creating Cr vacancies in new grain 

cells. These vacancies facilitate dislocation movement, thereby improving fracture toughness. 

In multiphase Nb-based alloys, rare earths improve mechanical properties by modifying 

microstructure and micro-morphology. In Zr-Y alloyed Nb-Si based alloys [21], the 

mechanical properties of the all three compositions of alloys were enhanced compared to the 

base alloy [103], with fracture toughness increasing from 9.9 to 23.1, 17.9, and 20.0 MPa·m1/2 

respectively, and room-temperature tensile strength rising from 430 to 919, 1274, and 1149 

MPa, respectively. As discussed in Section 2.2, rare earth Y plays a key role in regulating the 

type and quantity of silicides (Fig. 4c), which is the primary factor influencing the mechanical 

property of alloys. On one hand, the increased ductile phase absorbs more deformation energy. 

on the other hand, the 0.6Y alloy developed abundant microcracks at crack tips, promoting 

crack deflection, secondary cracking, and bridging during propagation, thus enhancing 

toughness of the alloy (Fig. 4e-g). However, excessive Y will lead to an increased NbSS/silicide 

phase ratio, coarsening of silicide, and disappearance of eutectic colonies, all of which reduce 

alloy strength. Notably, with the change of Y content, dislocations in NbSS transformed from 

immobile <100> to mobile <111> types during deformation process of the alloy, which leads 

to a decrease in alloy strength and a change in fracture mode. Nevertheless, the mechanism of 

rare earth elements in this process still needs to be elucidated. 

3.2 Mo-based alloys 

Mo-based alloys exhibit excellent high-temperature strength and creep resistance, but their 
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intrinsic brittleness below the ductile-to-brittle transition temperature (DBTT) and high-

temperature recrystallization are still the main challenges. The ductile-brittle transition in Mo 

is typically explained by dislocation theory [104], which characterizes this behavior by the 

difficulty of dislocation nucleation and movement. The key influencing factors include the 

number of available slip systems, the magnitude slip resistance, and the purity level at grain 

boundaries. Dislocation theory indicates that impurity elements at grain boundaries strongly 

pin dislocations, thereby severely restricting plastic deformation capability of alloy. This 

phenomenon is particularly detrimental to the ductility of Mo-based alloys. 

Table 2. Mechanical properties of Y or Y2O3-doped Mo-based alloys. 

Note: MYL = Mo-Y₂O₃ (322 μm); MYR = Mo-Y₂O₃ (rod-shaped); MYS = Mo-Y₂O₃ (105 μm); BM = ball 

milling; PSH = pressureless sintering in H₂; FD = freeze-drying; L-L = liquid-liquid doping; CIP = cold 

isostatic pressing; TS = tensile strength; YS = yield strength; BS = bend strength. 

To enhance both the high-temperature strength and ductility of Mo based alloys, 

researchers have employed Y or Y2O3 alloying as an effective strengthening and toughening 

strategy. As summarized in Table 2, the mechanical properties of various Y or Y2O3-modified 

Mo alloys demonstrate significant improvements. Notably, the Mo based alloys doped with 

Y2O3 particles of different shapes and sizes (MYL, MYR, and MYS systems) exhibit enhanced 

Alloy Processing Hardness (HV) Strength (MPa) Ref. 

MYL 

BM+PSH 

~240 213.6；TS 

[22] MYR ~250 243.6；TS 

MYS 274.6 283.6；TS 

Mo-0Y2O3 

BM+PSH 

/ ~391.19；TS 

[29] Mo-1Y2O3 / 511.43；TS 

Mo-1.5Y2O3 / ~456.02；TS 

Mo-1Y2O3 
BM+PSH 382 892；YS 

[105] 
FD+PSH 487 902；YS 

Mo-30W-0.25Y2O3 

L-L +CIP+Sintering 

386 546；BS 

[30] Mo-30W-0.5Y2O3 417 571；BS 

Mo-30W-1Y2O3 462 613；BS 
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tensile strengths of 213.6, 243.6, and 283.6 MPa, respectively, all higher than the tensile 

strength of pure Mo alloy (197.2 MPa) [22]. More remarkably, He et al. [29] reported that at 

an optimal Y2O3 content of 1 wt.%, the alloy achieved remarkable room-temperature tensile 

strength of 511.43 MPa and yield strength of 456.00 MPa, which are 1.31 and 1.57 times 

higher than that of pure Mo. Hu et al. [105] first prepared fine Mo/Y2O3 composite powders 

via freeze-drying and then consolidated by low-temperature sintering, achieving a yield 

strength of 902 MPa and compressive strength of 1100 MPa. Adding a certain mass fraction 

of Y2O3 to Mo-0.12 wt.% CeO2 alloy can further improve the mechanical properties of the 

alloy. When the addition amount reaches 0.8 wt.%, the tensile strength of the alloy reach a 

maximum of 917 MPa, which is 21.9% higher than pure Mo [31]. In Mo-30W alloys, with the 

increase of rare earth oxide content, the bending strength of the alloy gradually increases, 

reaching 546 MPa (0.25 wt.%), 571 MPa (0.5 wt.%), and 613 MPa (1 wt.%) [30], clearly 

demonstrating the concentration-dependent strengthening effect. 

Based on the experimental data from Table 1 and Table 2, the enhancement of strength 

and hardness in Mo-based alloys can be primarily attributed to two grain refinement-related 

mechanisms. First, according to the Hall-Petch relationship, the strength of polycrystalline 

alloys is inversely proportional to the square root of grain size. In Mo based alloys, the addition 

of appropriate amounts of rare earth elements effectively reduces grain size, thereby increasing 

alloy strength. Second, rare earth addition leads to the formation of dispersed second-phase 

particles both within and along grain boundaries, resulting in dispersion strengthening. During 

deformation, these dispersed second-phase particles interact with dislocations to achieve 

strengthening via Orowan bypass and cutting mechanisms [106]. The number, size, and 



 

28 

 

morphology of these second-phase particles significantly influence dislocation motion and 

consequently affect the deformation behavior of the alloy [30,106]. As shown in Fig. 5, the 

strengthening effect varies significantly with particle characteristics. The fine oxides 

distributed within the crystal can provide optimal strengthening by blocking dislocation 

movement. Larger particles tend to cluster at grain boundaries and create dislocation pile-up, 

causing stress concentration and cracking. Rod-shaped oxides, however, may rupture during 

dislocation interaction, reducing the resistance to dislocation motion [22]. This comprehensive 

strengthening behavior explains the mechanical property variations observed in different RE-

doped Mo alloys, where the balance between grain refinement and optimized second-phase 

distribution determines the final performance. 

 

Fig. 5 (a1) Tensile strength [22], (a2) fracture morphologies and TEM bright-field image of Mo alloy [22,30]; 

(b1)-(b2) Tensile strength and elongation data and fracture morphologies of (c1)-(e1) as-rolled; (c2)-(e2) 

annealing at 850 ℃; (c3)-(e3) annealing at 1500 ℃ 0Y/0.3Y/0.5 Y2O3 Mo-0.12CeO2 alloy [31]; (f1)-(f2) 

Stress-strain curves of Mo and Mo-Y alloy at room temperature and 600 ℃ [107]; (g1)-(i1)/(g2)-(i2) grain 

boundaries, KAM map and TEM image of Mo/MO-Y alloy [107]. 
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In summary, the strengthening mechanisms of Y2O3-reinforced Mo alloys involve several 

interconnected effects. Firstly, a small amount of Y can dissolve into Mo matrix, resulting in 

solid solution strengthening. Secondly, fine Y2O3 particles are distributed uniformly within the 

crystal and along grain boundaries of the Mo alloy, producing second-phase strengthening by 

hindering dislocation motion. Thirdly, Y or Y2O3 can refine the microstructure of alloy, 

leveraging the Hall-Petch relationship to enhance strength through grain boundary resistance 

to deformation. Lastly, rare earth can reduce impurity segregation at grain boundaries, directly 

improving boundary strength and reducing stress concentration. 

It is important to note that grain boundaries and phase interfaces also significantly 

influence the mechanical properties of the alloy. On one hand, the segregated impurities at the 

interfaces disrupt deformation uniformity. On the other hand, the hindering effect of interfaces 

on dislocations impacts the deformation of the alloy. For instance, Mo-Y alloys with highly 

coherent or semi-coherent interfaces were successfully prepared through the method of 

interface engineering. Hu et al. [107] showed that phase interface engineering in Mo-Y alloys 

created uniform second-phase sizes and abundant low-angle subgrain boundaries, significantly 

enhancing the strength and ductility by modulating dislocation behavior and deformation 

homogeneity (Fig. 5). 

Observation of the alloy fracture morphology indicated that the addition of Y/Y2O3 

improved the room-temperature fracture toughness of alloy [30], as shown in Fig. 5. For Mo-

30W alloys with optimal Y2O3 content, the fracture mode transitioned from single 

intergranular brittle fracture to a mixed mode of intergranular brittle and transgranular 

cleavage fracture, thereby improving the toughness of the alloy. Fig. 5c1-e1 shows the tensile 
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fracture morphology of alloys in the as-rolled state and after annealing at different 

temperatures [31]. In the as-rolled state, with the increase of rare earth Y content, the fracture 

mode of the alloy transformed from plastic shear fracture to mixed fracture involving 

microvoid coalescence. After annealing at 850 °C, fibrous structure coarsened, but the fracture 

mode remained unchanged. After annealing at 1200 °C, pure Mo underwent complete 

recrystallization, leading to transgranular cleavage fracture in the alloy. The fracture surface 

of the 0.1Y2O3 alloy exhibited coarsened lamellar fractures, while the 0.8Y2O3 alloy also 

displayed cleavage fracture. The grain refinement caused by Y/Y2O3 and the elimination of 

harmful impurities at grain boundaries are the main reasons for improving the fracture 

toughness of alloys. The enhanced grain boundary strength inhibits crack initiation and 

propagation, reducing the probability of intergranular fracture and promoting the occurrence 

of transgranular fracture instead. In addition, grain refinement promoted more uniform 

deformation and reduced stress concentration, further increasing the toughness of the alloy. 

However, when the Y/Y2O3 content exceeds a certain value, the amount of intergranular large 

second-phase particles increases and tends to form large-sized second precipitates. These 

excessive and oversized second-phase particles can easily cause dislocation pile-up during 

deformation, leading to stress concentration and crack initiation, thereby deteriorating the 

toughness of the alloy. 

3.3 W-based alloys 

W based alloys primarily include tungsten solid-solution alloys and W-Ni two-phase alloys, 

The development of W based alloys that combine higher strength and toughness remains a key 

research focus. Rare earth doping can not only refine grains and purify grain boundaries but 
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also achieve synergistic strengthening and toughening through the formation of highly stable 

second-phase particles. offering a promising approach to overcoming the mechanical 

performance bottleneck in W based alloys.  

Veleva et al. [108] fabricated nano-sized W-2Y and W-1Y2O3 alloys via powder 

metallurgy. Contrary to the aforementioned Mo-based alloys, the addition of rare earth did not 

significantly improve the toughness of these alloys, and their ductile-to-brittle transition 

temperature (DBTT) remained as high as 1000 °C. Conversely, W-2Y2O3 with coarser grains 

exhibited improved strength and toughness, achieving a bending strength of 1227 MPa at 

25 °C, which decreased to 581 MPa at 1000 °C. Notably, this alloy demonstrated ductile 

behavior at 400 °C and above. Kim et al. [25] studied the effect of Y2O3 content on the 

microstructure and mechanical properties of alloys and found that when the Y₂O₃ content 

reached 10 wt.%, grain coarsening and a reduced relative density occurred in the alloy, while 

hardness increased. This phenomenon may be related to the extensive formation of W and Y-

rich Y₂WO₆ phase. In addition, the mechanical properties of the alloy exhibited a positive 

correlation with grain size variations induced by changes in Y2O3 content. These results 

demonstrate that the mechanical properties of ODS-W alloys are influenced by various factors, 

among which casting defects such as pores, inclusions, segregation significantly reducing the 

toughness of the alloy. Thus, optimizing the preparation process to achieve fine-grained, 

compositionally uniform, and dense W-based alloys is crucial for enhancing their 

comprehensive performance. In all, for single-phase W-based alloys, the addition of Y or Y2O3 

generally demonstrates beneficial effects in improving mechanical properties, which can be 

largely attributed to the grain refinement strengthening. However, Y2O3 can also deteriorate 
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properties due to deformation mismatch between phases, leading to stress concentration and 

microcrack initiation at interfaces [15,109]. Typically, Y2O3 particles distributed within grains 

do not have this negative effect. In contrast, excessive addition or large-sized Y2O3 particles 

accumulated at grain boundaries, which can damage the mechanical properties of the alloy. 

Ma et al. [74] prepared 90W-Ni-Fe alloys with varying Y contents. When the Y content 

was 0.6 wt.%, the alloy achieved a tensile strength of 1100 MPa, significantly higher than the 

880 MPa of the 90W alloy. Pan et al. [80] investigated the relationship between Y2O3 doping 

content and mechanical properties in W-Ni-Mn alloys. Their results demonstrated that with 

the increase of Y2O3 content, the bending strength decreased while the hardness increased, and 

the fracture mode changed. The alloy exhibited optimal comprehensive performance when the 

Y2O3 content was 0.4 wt.%, with hardness and bending strength reaching 78.21 HRA and 

782.23 MPa, respectively. Chen et al. [110] studied Y-doped W-Ni-Co high-density alloys, 

reporting hardness values of 448.5, 490.4, 484.8, and 349.8 HV for Y contents of 0.5, 1.2, 2 

wt.% and 0.5 wt.% Y2O3, respectively. For nano-Y2O3-doped W-Ni-Cu alloys [24], the 

addition of 0.4 wt.% Y2O3 enhanced both hardness (489 HV) and flexural strength (893 MPa). 

However, as the Y2O3 content further increased, the mechanical properties of the alloy began 

to decline. In W-Ni-Nb alloys [111-113], the addition of Y2O3 can effectively refine the grains 

and improve the density of the alloys. Specifically, the W-Ni-Nb alloy with 3 wt.% of Y2O3 

achieved a hardness of 5.59 GPa. However, compared to the alloy with 2 wt.% Y2O3 addition, 

further increase in Y2O3 content led to an increase in wear mass loss and deeper wear scar. 

For pure W and two-phase composite alloys (WHAs), the addition of Y/Y2O3 exhibits 

distinct effects on their room-temperature fracture toughness. When metallurgical quality is 
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ensured, rare earth doping can enhance the toughness of pure W to a certain extent via grain 

refinement. However, in WHAs, the fracture behavior is more complex, involving γ-phase 

ductile tearing, brittle fracture of W particles, and interfacial debonding between phases. The 

introduction of rare earths enhances the W/γ phase interfacial strengthen and optimizes the 

connectivity between W particles, thereby synergistically improving fracture toughness. 

However, it should be noted that excessive addition of rare earth elements may lead to the 

precipitation of rare-earth-rich phases at grain boundaries or phase boundaries, detrimentally 

affecting mechanical properties. Therefore, precise control of rare earth doping concentration 

is crucial. 

3.4 Zr-based alloys 

3.4.1 Hardness  

The hardness and strength property data of polycrystalline Zr-based alloys and Zr-based 

bulk metallic glasses (BMGs) are summarized in Table 3. Concerning the influence of Y 

content on the hardness of Zr-based alloys, conflicting results have been reported in different 

studies: some investigations [32,86,114] indicate that hardness generally declines as Y content 

increases, while Devi et al. [32] found that a hardness rebound occurs when the Y content 

reaches a high range. In oxygen-containing Zr-2.5Nb alloys, oxygen enhances the alloy 

hardness via interstitial solid solution strengthening. When Y was added, oxygen reacted with 

Y to form Y2O3, which consumed the oxygen atoms available for interstitial solid solution 

strengthening. This results in the diminished interstitial solid solution strengthening effect, 

thereby leading to a reduction in alloy hardness. Meanwhile, the in-situ formed nano-sized 

Y2O3 precipitates can impede dislocation motion, yielding a precipitation strengthening effect. 
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These two competing mechanisms counteract each other, eventually resulting in a hardness 

level of Y-containing alloys comparable to that of the pristine alloy. Thus, in the high Y content 

range, the hardness can even rebound [32]. 

In contrast, the research findings in [86,114] demonstrate that the alloy hardness 

decreases monotonically with the increase of Y content. Specifically, Xie et al. [86] observed 

a two-stage variation characteristic of hardness with Y content in oxygen-contaminated alloys: 

a sharp hardness drop in the initial stage, followed by a significant slowdown in the decreasing 

rate. The initial rapid hardness reduction is essentially driven by the oxygen scavenging effect 

of Y, as Y continuously depletes matrix oxygen, thereby weakening the interstitial solid 

solution strengthening effect. As the Y content increases further, most of the excessive Y 

dissolves into the matrix, and the alloying effect becomes dominant, leading to a slowed 

decline in hardness. Furthermore, some studies have drawn opposite conclusions. For instance, 

Liu et al. [115] discovered that the Vickers hardness of Zr-based BMG composites increases 

gradually with the rising volume fraction of Y2O3 reinforcing phase. This is mainly attributed 

to the hardness differences and volume fractions of the constituent phases. Here, Y2O3 has a 

higher hardness than the Zr-based BMG matrix, so the composite’s overall hardness increases 

with increasing Y2O3 volume fraction. 

Table 3. Hardness and strength of Y or Y2O3-doped Zr-based alloys. 

Alloy Processing 
Hardness 

(HV) 

Strength 

(MPa) 
Ref. 

Zr-2.5Nb 

Vacuum 

electric arc 

melting 

234 

/ [32] 

Zr-2.5Nb-0.5Y 226 

Zr-2.5Nb-1.0Y 221 

Zr-2.5Nb-1.5Y 216 

Zr-2.5Nb-2.0Y 229 
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3.4.2 Strength   

The effect of Y on the strength of Zr-based alloys exhibits significant complexity, with 

its effects depending on the alloy system, Y addition content, oxygen content, and derived 

microstructures (e.g., Y2O3 particles, nanocrystals, crystal-like ordering structures (CLO), 

etc.).  

Zr-0.9Sn-0.3Y-0.3O HIP 324~337 

RT: 1020 

[33] 400 ℃: 257 

600 ℃: 143 

Zr56Co28Al16 

Arc-melted 

 

 

/ 

1805±10 

[80] 

Zr54Co28Al16Y2 1791±12 

Zr51Co28Al16Y5 1695±15 

Zr50Co28Al16Y6 1449±7 

Zr46Co28Al16Y10 1410±12 

Zr44Co28Al16Y12 1390±15 

Zr60Cu27Al8Fe5 

Arc-melted 

 
/ 

1207 

[83] 
Zr59Cu27Al8Fe5Y1 1268 

Zr57Cu27Al8Fe5Y3 1277 

Zr55Cu27Al8Fe5Y5 1140 

0Y 

Arc melting 

 

508.4 2020 

[86] 

0.032Y 508.1 1987 

0.16Y 506.9 1932 

0.32Y 504.4 1913 

0.64Y 502.6 1890 

0.96Y 500.3 1861 

Zr51 
Non-

consumed 

arc melting 

/ 

2140 

[87] 
Zr51Y0.5 2040 

Zr51Y0.75 1950 

Zr51Y1 1700 

Zr50Ti2Cu38Al10 

Arc melting 

518 1871 

[114] 

(Zr0.5Ti0.02Cu0.38Al0.1)99Y1 504 1852 

(Zr0.5Ti0.02Cu0.38Al0.1)98Y2 498 1842 

(Zr0.5Ti0.02Cu0.38Al0.1)97Y3 492 1759 

(Zr0.5Ti0.02Cu0.38Al0.1)95Y5 473 1598 

Zr0.55Al0.10Ni0.05Cu0.30 

Arc melting 

459.5 1770 

[115] 
(Zr0.55Al0.10Ni0.05Cu0.30)99.75(Y0.4O0.6)0.25 510.7 1950 

(Zr0.55Al0.10Ni0.05Cu0.30)95(Y0.4O0.6)5 542.5 1960 

(Zr0.55Al0.10Ni0.05Cu0.30)90(Y0.4O0.6)10 552.4 1780 
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From the perspective of universal mechanisms, the fracture strength of alloys is positively 

correlated with the glass transition temperature (Tg), which is dominated by the binding energy 

between constituent atoms. This rule is generally applicable to Zr-based bulk metallic glasses 

[80,87,114]. Similar to most brittle materials, the fracture of bulk metallic glasses is essentially 

the breaking of chemical bonds between adjacent atoms dominated by elastic deformation. 

Therefore, the fracture strength directly depends on the atomic binding energy. Since Tg is 

approximately proportional to the binding energy, Y addition that enhances Tg can usually 

improve the fracture strength synchronously, whereas the opposite leads to strength 

degradation [87]. For the Zr-Ti-Cu-Al-Y bulk metallic glasses, both strength (Fig. 6) and Tg 

decrease with the increase of Y content, which is presumably attributed to the weakening of 

interatomic binding force caused by Y [114]. 

In terms of differential rules, the matching degree between Y addition content and oxygen 

content is a key influencing factor. For oxygen-contaminated alloys, Y exerts dual oxygen 

scavenging and alloying effects, with the Y:O atomic ratio of 2:3 serving as the turning point 

[86]. Before reaching this ratio, Y removes oxygen from the matrix by reacting with oxygen 

to form Y2O3, thereby indirectly regulating the strength-related microstructure. Beyond this 

ratio, the excess Y dissolves into the matrix, and the alloying effect becomes dominant, usually 

resulting in strength reduction (Fig. 6). In the study by Chen et al. [83], when the Y addition 

content is 3 at.%, the alloy can enhance the fracture stress by forming an amorphous structure 

or precipitating Cu3Al2 nanocrystals, and the nanocrystalline phase can significantly 

strengthen the strength and toughness of the alloy. In oxide dispersion-strengthened (ODS) 

composites, an appropriate amount of Y2O3 particles (volume fraction ≤ 3.7%) can be 
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embedded in the amorphous matrix to hinder the sliding and propagation of shear bands, 

increasing the compressive strength from approximately 1770 MPa to 1960 MPa (Table 3 and 

Fig. 6). However, excessive Y2O3 (5.2 vol.%) leads to a significantly lower measured strength 

due to the high brittleness of the composites [115]. 

It is worth noting that excessive Y addition leads to strength degradation in most alloy 

systems. In the Zr-Co-Al-Y bulk metallic glasses, with the increase of Y content (from Y0 to 

Y12), the vein-like morphologies on the fracture surface decrease and eventually disappear, 

gradually transforming into mirror-like regions and nano-wave morphologies, and finally 

exhibiting typical brittle fracture characteristics, with the strength decreasing synchronously 

[80]. The fracture strength of Zr-Ti-Cu-Al-Y bulk metallic glasses decreases monotonically 

with increasing Y content, which is consistent with the decreasing trend of Tg [114]. Even in 

oxygen-contaminated alloys, when the Y:O atomic ratio exceeds 2:3, the alloying effect of 

excessive Y results in the simultaneous degradation of strength and glass-forming ability [86]. 

The evolution of microstructure is the essential pathway for Y to regulate strength. On 

the one hand, the Y-derived phases have a dual effect: as a ceramic phase, Y2O3 has a higher 

hardness than the amorphous matrix. An appropriate addition can improve the hardness and 

strength of composites through dispersion strengthening [115], but it may also induce localized 

stress concentration, promoting crack initiation and propagation, thus leading to the reduction 

of strength [87]. In contrast, phases such as Cu3Al2 nanocrystals enhance strength by impeding 

dislocation motion and optimizing stress distribution [83]. On the other hand, the regulation 

of CLO structures is also crucial [86]. Y addition can reduce the proportion of CLO structures 

through the oxygen scavenging effect, while promoting the formation of icosahedral-like 
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clusters, inhibiting the excessive growth of CLO structures, reducing localized stress 

concentration during deformation, and thereby improving strength. However, the alloying 

effect of excessive Y disrupts the balance between them, leading to the overgrowth of CLO 

structures, hindering the formation and propagation of shear bands, causing alloy 

embrittlement, and ultimately deteriorating strength. 

 

Fig. 6 Stress-strain curves, yield strength and plastisity of Y/Y2O3 alloyed Zr-based BMGs 

[80,86,87,114,115]. 

In summary, the regulation of alloy strength by Y is a multi-level coupling process of 

“atomic binding energy - microstructure - macroscopic properties”. Reasonable control of Y 

addition content (e.g., Y:O atomic ratio of 2:3, appropriate Y2O3 volume fraction) can improve 

strength by optimizing atomic binding energy, precipitating strengthening phases, and 

regulating ordered structures. In contrast, excessive addition or unbalanced ratio will lead to 

strength reduction by weakening binding energy, inducing brittle phases, or causing structural 

defects. 
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3.4.3 Other mechanical properties   

In terms of other mechanical properties, Y can significantly enhance the room-

temperature creep resistance of Zr-based bulk metallic glasses [116]. Nanoindentation creep 

tests show that the total creep displacement of the ZrAgY alloy is 76 nm, which is much lower 

than that of the ZrAg alloy (120 nm), indicating its superior creep resistance. This 

enhancement is attributed to multiple mechanisms: the atomic size difference between Y and 

other elements in the alloy is generally larger than that between Ag and other elements, which 

can hinder the long-range diffusion of atoms and promote the formation of a dense randomly 

packed structure; the bonding strength of Y-Cu and Y-Al atomic pairs is higher than that of 

Ag-based atomic pairs, which can reduce the free volume of the alloy and inhibit the initiation 

of localized shear flow. In addition, the addition of Y results in the coexistence of positive and 

negative mixing enthalpy of the alloy components, forming heterogeneous regions that further 

impede the development of shear flow, thereby enhancing the creep deformation resistance 

[116]. 

Some studies investigated the effect of Y doping on the tribological properties of Zr-based 

bulk metallic glasses (Zr-BMG) [117]. The results demonstrate that Y doping can effectively 

improve the wear resistance of the alloy. The wear rate of Zr-BMG (Y) is 1.95×10-7 mm3N-

1mm-1, which is significantly lower than that of the undoped sample (2.7×10-7 mm3N-1mm-1). 

In terms of wear morphology, a large number of protrusions formed by the extrusion and 

accumulation of wear debris are observed at the bottom of the wear scar of Zr-BMG (Y), and 

the width of the wear region is 1.233 mm, narrower than that of the undoped alloy. Regarding 

the wear mechanism, Zr-BMG (Y) is dominated by adhesive wear and abrasive wear, with 
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plowing grooves, spalling, as well as numerous small spalling pits and wear debris observed 

at the bottom of the wear track. In summary, Y doping improves the tribological properties of 

zirconium-based bulk metallic glasses by optimizing the wear morphology and reducing the 

wear rate [117]. 

3.5 Refractory high-entropy alloys 

As a typical rare-earth element, Y possesses a large atomic radius and high chemical 

activity. When doped into refractory high-entropy alloy (RHEA) systems or introduced in the 

form of Y2O3, which can significantly influence the hardness, strength, ductility, tribological 

properties, and fracture behavior of alloys by tailoring the microstructure and inducing 

multiple strengthening mechanisms. Therefore, systematically summarizing the action laws 

and intrinsic mechanisms of Y based on existing research findings is of great significance for 

optimizing alloy composition design. 

The effect of Y on the hardness of RHEAs exhibits remarkable content dependence, 

matrix adaptability, and variation with addition forms. Via direct doping, an appropriate 

amount of Y can effectively enhance the hardness of the alloy. For instance, in TiZrHf-based 

alloys, Y improves the alloy hardness through the combined effects of solid solution 

strengthening and grain refinement [92]. In the Al-containing RHEA system, the hardness of 

Y-doped A3 alloy reaches 724±10 HV, which is significantly higher than that of nickel-based 

superalloy 718 (300–400 HV) and 316 stainless steel (150 HV). This high hardness originates 

from Y-induced formation of a single BCC phase and intermetallic compound phases, realizing 

the synergistic effect of solid solution strengthening and precipitation strengthening [90]. For 

the (Ti25Zr25Nb20Hf5Ta15W10)100-xYx alloy system, the hardness increases first and then 
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decreases with the increase of Y content. When the Y addition amount is 0.2 at%, the hardness 

peaks at 658.5 HV, which is 85.6 HV higher than that of the Y-free alloy. This phenomenon 

stems from the synergistic effect of lattice distortion strengthening caused by Y atoms and the 

increased proportion of the hard primary BCC phase [95]. However, excessive Y content will 

intensify element redistribution and microstructure transformation inside the alloy, leading to 

structural softening. For instance, the hardness of Y0.5 alloy in this system decreases to 537.1 

HV [95].  

 

Fig. 7 Yield strength and stress-strain curves of Y/Y2O3 alloyed high-entropy alloys [26,27,36,93,95]. 

In terms of addition forms, when introduced as Y2O3, multi-scale oxide particles 

(submicron Ti-(N,O), nano-sized Y-Ti-O, and Y2O3) can strengthen the alloy through 

dislocation bypass or cutting mechanisms, increasing the hardness of oxide dispersion-

strengthened (ODS) NbTaTiV alloy to 515.4 HV, which is much higher than that of the as-cast 

alloy with the same matrix (298 HV) [93]. In addition, there are special cases regarding the 
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effect of Y on alloy hardness. For instance, in the WTaCVTi6Yx alloy system, a low Y content 

alters the composition and distribution of oxide particles, weakens the particle strengthening 

effect, and thus results in the hardness of Y-containing alloys being lower than that of Y-free 

counterparts [118]. However, with the increase of Y content, the effects of grain refinement 

and high-entropy become prominent, and the hardness of Y6 alloy rebounds to 848.6±9.3 HV 

[118]. 

For the strength and ductility, the effect of Y is closely related to addition content and 

preparation process, with the aim of optimizing strength-ductility synergy. From the 

perspective of preparation process, Y doping has limited influence on the strength and ductility 

of as-cast alloys, and the compressive stress-strain curves of Y-free and Y-containing alloys 

almost overlap. After annealing at 1300 °C for 48 h, the strength-ductility synergy of Y-

containing alloys is significantly improved, with compressive strength increasing from 1612 

MPa to 1669 MPa and fracture strain rising from 16.1% to 20.6% [26]. The key to this change 

lies in that annealing promotes Y-induced grain refinement, reducing the grain size from 242 

μm to 86 μm. According to the Hall-Petch theory, grain refinement increases the number of 

grain boundaries, which in turn hinders dislocation movement, shortens the dislocation slip 

distance, and facilitates grain rotation and uniform deformation [26]. 

From the perspective of the effect of content, a low Y content can simultaneously improve 

the strength and ductility of the alloy. For instance, in a certain refractory high-entropy alloy, 

the yield strength of the 0.1Y alloy reaches 1693 MPa and the ductility increases to 32 % (Fig. 

7). The mechanisms include lattice distortion strengthening caused by the solid solution of Y 

atoms and grain refinement strengthening derived from Y acting as nucleation sites to refine 
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grains [36]. In the NbMoTiVSi0.3 alloy system, the specific strength of the alloy reaches 287.80 

MPa·cm3∙g-1 after Y addition. The improvement in ductility originates from Y-induced 

spheroidization and refinement of silicide morphology, and the spheroidized and 

discontinuous silicides can effectively hinder crack propagation [27]. Wang et al. [95] found 

that when Y content increases to 0.2 at%, some alloys exhibit a decrease in strength 

accompanied by an increase in ductility. For example, in the (Ti25Zr25Nb20Hf5Ta15W10)100-xYx 

alloy system, the yield strength of Y0.2 alloy decreases to 1838.7 MPa while the fracture strain 

increases to 19.8%, which is due to Y-induced grain coarsening that promotes the 

transformation of low-angle grain boundaries to high-angle grain boundaries, thus reducing 

the resistance to dislocation movement (Fig. 7). When the Y content is further increased to 

0.3–0.5 at%, the positive mixing enthalpy between Y and matrix elements, together with the 

repulsive effect arising from the large atomic radius of Y, induces the segregation of Y atoms 

at grain boundaries. This subsequently triggers local lattice distortion and dislocation pile-up, 

impairs the structural integrity of grain boundaries, attenuates the grain boundary 

strengthening effect, and ultimately leads to a sustained reduction in strength [95]. 

Regarding the tribological properties, Y can effectively improve the wear resistance of 

alloys, but has little impact on the friction coefficient. Studies have shown that the wear depth 

and wear rate of Y-containing alloys are significantly reduced, which is because Y enhances 

the matrix strength of alloys through the synergistic effect of grain refinement strengthening 

and solid solution strengthening, thereby improving wear resistance [36]. In terms of friction 

coefficient evolution, the friction coefficient of Y-containing alloys tends to stabilize 

progressively with the prolongation of sliding time. Specifically, the average friction 
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coefficients of the 0.1Y and 0.2Y alloys are measured as 0.664 and 0.658, respectively, 

exhibiting negligible differences from those of Y-free counterparts. In terms of wear 

mechanism analysis, the primary wear modes of Y-containing alloys are still dominated by 

abrasive wear and oxidative wear, where clear plowing grooves, delamination, and oxide films 

can be identified in the microstructural characterization of wear tracks. Although Y addition 

contributes to the enhancement of alloy strength, its insufficient dosage renders it unable to 

modify the intrinsic wear mechanisms [36]. 

The influence of Y on the fracture behavior of RHEAs is mainly reflected in changing 

fracture morphology characteristics and optimizing plastic deformation ability. Overall, most 

RHEAs exhibit brittle intergranular fracture characteristics. The fracture surfaces of Y-free 

alloys show obvious cleavage planes and river patterns without ductile dimples [95]. After Y 

addition, the roughness of the alloy fracture surface increases significantly. For example, after 

Y is added to the NbMoTiVSi0.3 alloy system, the fracture surface exhibits cleavage steps, rock 

candy-like fractures, and tear ridges [27]. In the (Ti25Zr25Nb20Hf5Ta15W10)100-xYx alloy system, 

the fracture surface of Y0.2 alloy has both cleavage planes and a large number of dimples, 

presenting a mixed fracture mode, and the fracture strain increases to 19.8%, which is closely 

related to the lowest kernel average misorientation (KAM) value (0.60°) of this alloy. Here, a 

low KAM value indicates reduced local dislocation density and strain concentration, which is 

conducive to the smooth movement of dislocations and uniform distribution of plastic 

deformation [95]. However, alloys with high Y content (e.g., Y0.3) still exhibit dominant brittle 

fracture with only slight morphological changes, which is associated with interface hardening 

and stress concentration caused by excessive Y segregation [95]. In addition, when Y was 
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introduced in the form of Y2O3, holes with a size of approximately 300 nm formed on the alloy 

fracture surface, which is caused by the pull-out effect of Ti-(N,O) particles during 

deformation [93]. 

The core mechanisms by which Y regulates the mechanical properties of RHEAs include 

solid solution strengthening, grain refinement strengthening, and precipitation strengthening, 

accompanied by negative effects such as grain boundary segregation and shrinkage defects. 

Solid solution strengthening represents the fundamental strengthening mechanism. 

Specifically, the dissolution of Y atoms into the BCC matrix creates a substantial difference in 

atomic radii between Y and matrix constituents, which in turn triggers lattice distortion and 

elevates the resistance to dislocation glide [36,95]. In addition, Y doping is capable of 

increasing the atomic size mismatch (δ) and mixing enthalpy (ΔHmix), inhibiting the formation 

of amorphous phases while promoting the precipitation of intermetallic compounds [90]. 

Grain refinement strengthening is related to the nucleation effect of Y. Y can act as 

heterogeneous nucleation sites to refine alloy grains, and this effect can be further amplified 

by annealing treatment [26]. Precipitation strengthening is predominantly exhibited in Y2O3-

doped alloy systems. Specifically, the in-situ-generated nano-sized Y-Ti-O particles form a 

coherent interface with the BCC matrix, thereby enhancing the alloy strength through the 

dislocation cutting mechanism. In contrast, submicron Ti-(N,O) particles and Y2O3 particles 

possess an incoherent interface with the matrix, and they hinder dislocation movement by 

virtue of the dislocation bypass mechanism [93]. Regarding the adverse effects, excessive Y 

addition tends to trigger grain boundary segregation, which in turn compromises the structural 

integrity of grain boundaries [95]. Furthermore, Y can also induce the formation of shrinkage 
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defects at grain boundaries and these irregular defects are prone to induce stress concentration 

during the deformation process, ultimately accelerating crack initiation and propagation [26]. 

In summary, the effect of Y on the mechanical properties of RHEAs is the result of the 

synergistic balance of multiple mechanisms, which is closely related to the addition form, 

content, and alloy preparation process. Appropriate Y doping or Y2O3 introduction can 

improve the hardness, strength, and wear resistance of alloys and optimize strength-ductility 

synergy through solid solution strengthening, grain refinement strengthening, and 

precipitation strengthening. Whereas excessive Y addition will lead to performance 

degradation due to grain boundary segregation, microstructure transformation, and other 

factors. Future research needs to further clarify the action threshold of Y in RHEAs with 

different matrices, and realize the directional optimization of alloy mechanical properties 

through precise composition design and process control. 

4 The effect of Y and Y2O3 on oxidation resistance of refractory alloys 

Refractory alloys such as Nb, Mo, and W generally exhibit insufficient oxidation resistance, 

primarily due to the inherent characteristics of their oxidation products. For Nb based alloys, 

the oxidize Nb2O5 generated by oxidation has a high Pilling-Bedworth ratio (PBR = 2.74), 

which generates significant internal stress during oxidation, leading to cracking and peeling 

of the oxide scale, making it difficult to form a continuous and dense protective scale [119-

121]. In the case of Mo and W based alloys, volatile oxides (MoO3 and WO3) were formed 

during high-temperature oxidation. These volatile oxides not only damage the integrity of 

oxide scale but also accelerate the oxidation process of the alloy. Such unique oxidation 

behaviors severely limit the application of refractory alloys in high-temperature oxidative 
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environments. Consequently, technological approaches like alloying or surface protection are 

required to enhance the oxidation resistance of these refractory alloys. 

The incorporation of reactive elements for alloying can significantly enhance the 

oxidation resistance of alloys, primarily due to the beneficial effects of the reactive element 

effect [122,123]. As a key class of reactive elements, rare earths have been demonstrated to be 

an effective strategy for oxidation-resistant modification. Generally, rare earths improve the 

oxidation resistance of refractory alloys in two primary ways, (1) refining the alloy 

microstructure to promote the rapid formation of protective oxide scales during the early 

oxidation stage, and (2) fundamentally altering the alloy oxidation behavior by modulating the 

type of oxidation products and reducing oxidation rates. Based on these mechanisms, the 

following section will systematically summarize and analyze the influence and underlying 

mechanisms of Y/Y2O3 doping on the oxidation behavior of refractory alloys. 
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Fig. 8 The weight gain trends of Y-doped Nb-Si based alloys after oxidation at (a1) 800 ℃, (a2) 1200 ℃ 

[65] and (a3) 1250 ℃ [64]; Oxidation weight change curves of the Mo-Si-B-Y alloys after oxidation at (b1) 

650 ℃, (b2) 750 ℃, (b3) 820 ℃, (b4) 900 ℃, (b5) 1000 ℃, (b6) 1100 ℃ in static air [70]; Mass change 

curves of W-Cr-Y alloys oxidized at (c1) 1000 ℃, (c2) 1100 ℃ and (c3) 1200 ℃ [130].  

Table 4. Mass change data of Y or Y2O3-doped Nb,Mo,W-based alloys after oxidation in static air. 

Alloy Mass change (mg·cm-2) Temperature (℃) Time (h) Ref. 

Nb-15Si-24Ti-4Cr-2Al-2Hf 135.1 

1250 48 [64] Nb-15Si-24Ti-4Cr-2Al-2Hf-0.3Y 77.0 

Nb-15Si-24Ti-4Cr-2Al-2Hf-0.5Y 174.5 

Nb-16Si-24Ti-2Al-4Fe-5V 10.99/77.55 

800/1200 24 [65] Nb-16Si-24Ti-2Al-4Fe-5V-0.3Y 4.93/48.57 

Nb-16Si-24Ti-2Al-4Fe-5V-0.6Y 5.31/53.92 

Mo-9Si-8B / 

650 

40 

[70] Mo-9Si-8B-0.2 Y ~ -17.69 100 

Mo-9Si-8B-2Y ~ -9.96 100 
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Mo-9Si-8B ~ -382.32 

750 

20 

Mo-9Si-8B-0.2 Y ~ -354.78 80 

Mo-9Si-8B-2Y ~ -34.49 100 

Mo-9Si-8B ~ -94.82 

820 

28 

Mo-9Si-8B-0.2 Y ~ -104.84 100 

Mo-9Si-8B-2Y ~ -7.30 100 

Mo-9Si-8B ~ -66.17 

900 

100 

Mo-9Si-8B-0.2 Y ~ -145.19 100 

Mo-9Si-8B-2Y ~ -0.25 100 

Mo-9Si-8B ~ -21.08 

1000 

100 

Mo-9Si-8B-0.2 Y ~ -13.85 100 

Mo-9Si-8B-2Y ~ -10.21 100 

Mo-9Si-8B ~ -20.32 

1100 

100 

Mo-9Si-8B-0.2 Y ~ -10.70 100 

Mo-9Si-8B-2Y ~ -33.57 100 

W0.7Cr0.3 54.1 

800 

15 [130] 

W0.7Cr0.3-3 wt.%Y2O3 10.2 

W0.5Cr0.5 18.2 

W0.5Cr0.5-3 wt.%Y2O3 5.6 

W0.7Cr0.3 254 

1000 
W0.7Cr0.3-3 wt.%Y2O3 22.2 

W0.5Cr0.5 91.4 

W0.5Cr0.5-3 wt.%Y2O3 23.2 

W0.7Cr0.3 336 

1200 
W0.7Cr0.3-3 wt.%Y2O3 -9.6 

W0.5Cr0.5 143 

W0.5Cr0.5-3 wt.%Y2O3 10.5 

4.1 Nb-based alloys 

The insufficient oxidation resistance of Nb based alloys stems not only from stress-induced 

oxide scale rupture due to volumetric changes during oxidation, but also from the high oxygen 

solubility and rapid oxygen diffusion characteristics in the matrix. Several studies showed that 

the addition of Y/Y2O3 significantly improved the oxidation resistance of Nb based alloys. As 

illustrated in Fig. 8a1-a3 and Table 4, the addition of Y/Y2O3 effectively reduced the mass 

gains of Nb-based alloys exposed to static air. This enhancement primarily occurs because rare 

earth elements preferentially combine with oxygen to form stable oxides, effectively reducing 
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oxygen solubility in the matrix while simultaneously hindering oxygen diffusion and slowing 

the oxidation kinetics. Furthermore, the addition of rare earths can promote the formation of a 

denser, more adherent oxide scales, thereby further enhancing the oxidation resistance of the 

alloy. 

Wang et al. [65] investigated the isothermal oxidation behavior of Nb-16Si-24Ti-2Al-

4Fe-5V-xY (x=0, 0.075, 0.15, 0.3, 0.6 at.%) alloys at 800 °C and 1200 °C (Fig. 8). The results 

indicated that the addition of Y significantly reduced the oxidation rates at both temperatures. 

Compared to the Y-free alloy, the oxidation weight gain of the 0.3 at.% Y alloy after 24 h 

oxidation decreased from 10.99 to 4.93 mg∙cm-² at 800 °C and from 77.55 to 48.57 mg∙cm-² at 

1200 °C, showing an optimal oxidation resistance. During high-temperature oxidation, Y-

containing alloys underwent the reaction of Y2O3 + Nb2O5 + TiO2 → YNbTiO6. The formation 

of Y-containing oxidation products was identified as the main reason for hindering oxygen 

diffusion and delaying the oxidation process. Guo et al. [64] and Zhang et al. [66] respectively 

studied the oxidation behavior of two Nb-Si based alloys with different compositions at 

1250 °C (Fig. 8). The results demonstrated that with increasing Y content, the oxidation weight 

gain decreased and the oxide scale thickness reduced, indicating that Y can significantly 

improve the oxidation resistance Nb-Si based alloy. However, when the Y content up to 0.5 

at.%, the eutectic microstructure coarsened and the oxidation resistance of the alloy 

deteriorated dramatically. 

From the data of oxidized weight gain (Fig. 8), it can be observed that the addition of rare 

earth elements effectively inhibits the oxidation process of the alloy at different temperatures, 

but the degree of improvement is closely related to the amount of rare earth added. As shown 
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in Fig. 8, under isothermal oxidation condition at 800 °C, the introduction of a trace amount 

of Y significantly reduced the oxidation weight gain of the alloy. However, when the 

temperature rised to 1200 °C and 1250 °C, the decreasing trend of oxidation weight gain with 

increasing rare earth content became notably slower. At lower temperature of 800 °C, the 

oxidation products primarily consist of TiO2 and a small amount of TiNb2O7, accompanied by 

trace oxides of reactive elements. At high temperatures, the Nb2O5 content increased and 

reacted with TiO2 to form TiNb2O7. Notably, after the addition of rare earth elements, Y2O3 

were observed in the oxidation products at 800 °C, while the content of TiNb2O7 relatively 

decreased. When the temperature rised to 1200°C, Y2O3, TiO2, and Nb2O5 further reacted to 

form YNbTiO6 [65]. This composite oxide not only exhibits excellent ion diffusion blocking 

capability but also enhances the adhesion of oxide scale to the substrate, as shown in Fig. 9a 

and b. 

Thus, during the initial oxidation stage, the preferentially formed YNbTiO6 can produce 

a dense protective scale, which can effectively block the oxygen penetration (Fig. 9a and b). 

Concurrently, both Y2O3 and YNbTiO6 can significantly suppress the inward diffusion of 

oxygen, thereby reducing the overall oxidation rate of Nb-Si based alloys. The oxidation 

reaction of Nb-Si based alloys typically initiated preferentially at phase interfaces and grain 

boundaries, followed by the oxidation of the NbSS phase, and finally the silicides. This 

sequence is closely related to the oxygen diffusion rate in different regions, for instance, 

oxygen diffuses fastest at interfaces and slowest in silicides. Therefore, the oxidation 

resistance effect of rare earth element Y is primarily manifested in three key aspects as 

followings. Firstly, Y has a strong affinity with O, promoting the formation of a protective 
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oxide scale during the initial oxidation stage, which can effectively hinder further oxygen 

diffusion. Secondly, due to the extremely low solid solubility of Y in the alloy matrix, it tends 

to segregate at grain boundaries, inhibiting ion migration by blocking the diffusion channels 

at grain boundaries. Thirdly, Y can significantly refine the eutectic microstructure and enhance 

the ability of silicides to impede oxygen penetration. 

Based on the above discussion, the mechanism by which Y/Y2O3 improves the oxidation 

resistance of Nb based alloys can be summarized as: (1) promoting the rapid formation of a 

protective oxide scale through microstructure refinement; (2) generating thermodynamically 

stable composite oxides (e.g., YNbTiO6) during oxidation, which not only effectively impede 

ion diffusion but also suppress the progression of oxidation reactions. 

 

Fig. 9 The mechanism of Y improving the oxidation resistance of Nb-Si based alloy: (a) 0Y and (b) 0.3Y 

[65]; Effect of Y on the oxidation resistance of self-passivating tungsten alloys: (c) W-Cr and (d) W-Cr-Y 

[133]. Cross-section BSE images of Mo-9Si-8B-0.2Y alloy after oxidation at (e) 1300 ℃ and (f) 1000 ℃ 

[69].  
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4.2 Mo-based alloys 

The catastrophic oxidation of pure Mo is difficult to solve by solid solution of certain alloying 

elements. In order to improve the oxidation resistance of Mo based alloys and expand their 

application range, K Yanagihara et al. [67] designed Mo-Si-X ternary alloys based on the 

MoSi2 structure and conducted cyclic oxidation tests under atmospheric conditions at 673–

973 K. Notably, the alloy with Y as the third element forming (Mo,Y)Si2 exhibited a low 

oxidation weight gain at 773 K. The weight gain curve of the alloy was similar to that of 

Mo(Si,Al)2, effectively enhancing the oxidation resistance of the alloy. The Mo-Si-B ternary 

alloys primarily consist of MoSS, Mo5SiB2 (T2), and Mo3Si (A15) phases. Both the T2 and 

A15 phases play crucial roles in high-temperature oxidation by facilitating the formation of 

protective SiO2 and borosilicate glass scales, thereby significantly enhancing the oxidation 

resistance of the alloys. On the other hand, the continuously distributed MoSS phase provides 

essential room-temperature fracture toughness, but exhibits poor oxidation resistance [57-60]. 

Despite the good high-temperature oxidation resistance of multiphase Mo-Si-B alloys, two 

key challenges remain to be addressed. On the one hand, In the intermediate-low temperature 

range (400–800 °C), MoSS phase is prone to oxidation to form volatile MoO3, leading to the 

phenomenon of “pesting oxidation”. On the other hand, achieving optimal balance among 

room-temperature toughness, high-temperature strength and oxidation resistance through 

microstructure control remains a key research challenge. 

Majumdar et al. [69] systematically investigated the oxidation behavior of Mo-9Si-8B 

alloy with 0.2 at.% Y addition across a temperature range of 650–1400 °C (Fig. 9). As shown 

in Fig. 9, during high-temperature oxidation (1300–1400 °C), the incorporation of Y led to the 
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formation of yttrium silicate scale on the alloy surface, significantly enhancing oxidation 

resistance in high-temperature humid environments. At 1000‒1200 °C, a dense SiO2 layer 

formed, in which Y-rich oxide particles were distributed. Furthermore, yttrium segregation 

was observed at the interface between oxidation scale and matrix, which simultaneously 

improved scale adhesion and suppressed diffusion of both oxygen and metal ions. Compared 

to the oxidation behavior of Mo-9Si-8B alloy [124], the addition of 0.2 at.% Y significantly 

enhanced the oxidation resistance at 800–900 °C. This enhancement should be attributed to 

competitive oxidation formation between Y2O3 and MoO3, and the formation of a Si-Y mixed 

oxide scale that can prevent MoO3 from evaporating and penetrating for a certain period of 

time. However, at 650–750 °C, the Y-doped alloys exhibit no significant improvement of 

oxidation resistance. Notably, a pre-oxidation treatment can form a protective oxide scale. 

Majumdar et al. [70] further explored the formation mechanism of oxide scale in Y-doped 

alloys. Mo-9Si-8B-xY (x=0.2, 0.75, 2 at.%) alloys were prepared and conducted isothermal 

oxidation tests at 650 °C–1100 °C. The oxidation mass change curves are shown in Fig. 8. In 

the 750–1000 °C range, the oxidation resistance of the alloy increased with the increase of Y 

content (except 0.75 at.%). Notably, the 0.2 at.% Y alloy showed superior oxidation resistance 

at 650 °C and 1100 °C, while alloys with higher Y content (excluding 0.75 at.%) also exhibited 

improved oxidation resistance. 

Yang et al. [23] designed and prepared Mo-12Si-10B-1Zr (1Zr) and Mo-12Si-10B-1Zr-

0.3Y (1Zr-0.3Y) alloys based on the Mo-12Si-10B matrix, and investigated the effects of Zr 

and Zr-Y alloying on the oxidation resistance of Mo-Si-B alloys at 1250 °C. It was found that 

the addition of Zr refined the alloy microstructure and led to the formation of ZrO2. Continuing 
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to add Y further refined the microstructure without changing the phase constituent of the alloy. 

Oxidation experiments showed that the 1Zr alloy suffered catastrophic oxidation, whereas the 

1Zr-0.3Y alloy exhibited excellent oxidation resistance. Further studies revealed that during 

the oxidation of Mo-Si-B alloys, the formation of ZrO2 caused cracks and pores in the oxide 

scale due to volume shrinkage, severely compromising scale integrity. This leads to a loss of 

barrier function against oxidation and accelerates volatilization loss of MoO3. However, the 

introduction of rare earth Y effectively mitigated this issue by promoting the transformation 

of the initial oxidation products from ZrO2 to the thermodynamically more stable ZrSiO4, 

eliminating the detrimental effect of Zr on the oxidation process because of ZrSiO4 has 

superior volume stability and lower gas permeability. In the 1Zr-0.3Y alloy, Y2O3 formed 

during oxidation can suppress MoO3 volatilization and also react with SiO2 to form a 

continuous and dense Y2Si2O7 layer, which is the primary reason for the enhanced oxidation 

resistance of the alloy after Y alloying. 

 

Fig. 10 (a) Cross-section BSE image, (b) EDS map showing Y, Si and Al and (c) BSE image of dendritic 

YDS of Y-doped Mo(Si,Al)2 alloy after oxidation at 1500℃ for 50 h [68]. 

The Mo(Si,Al)2 alloys, designed based on MoSi2, exhibits superior oxidation resistance 

in the intermediate temperature range [67,125-127]. Edgren et al. [68] prepared Mo(Si,Al)2-
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xY (x=0, 0.1, 0.5, 1, 2) alloys and investigated their oxidation behavior at 1500 °C in detail. 

The doping of Y introduced a new phase Y3Al5O12 (YAG), and its volume fraction increased 

from 0.1% to 2.6% with rising Y content. However, with the increase of Y content, the 

oxidation rate of the alloy accelerated, and the oxide scale spallation became more severe. 

Further characterization and analysis revealed that, compared to the base alloy, the thickness 

ratio of the Mo5(Si,Al)3 layer to the oxide scale in the Y-doped alloys gradually decreased with 

increasing Y content. This phenomenon is related to the transition from selective oxidation of 

Al to selective oxidation of Si during the oxidation process. Meanwhile, mullite appeared in 

the oxide scale, and its content increased with higher Y concentrations. In addition, Si- and Y-

rich α-Y2Si2O7 phase (YDS) was also observed. As shown in Fig. 10, YDS exhibits a dendritic 

morphology, indicating that the phase melted at the oxidation temperature. The presence of 

liquid-phase YDS at high temperatures reduced the ability of the oxide scale to hinder oxygen 

diffusion, accelerating the oxidation reaction and consequently deteriorating the oxidation 

resistance of the alloy. 

In all, the improvement mechanism of Y and Y2O3 on the oxidation behavior of Mo-Si 

based alloys is primarily reflected in the regulation of oxidation products. This includes 

promoting the formation of thermodynamically stable phases such as ZrSiO4 (replacing crack-

prone ZrO2), and accelerating the generation of dense and continuous borosilicate oxide scale. 

These actions effectively block oxygen diffusion pathways and inhibit the volatilization of 

MoO3. 

4.3 W-based alloys 

As is well known, W based alloys faces a serious problem of insufficient oxidation resistance 



 

57 

 

in high-temperature environments, similar to Mo alloys, primarily due to the formation of 

volatile WO3 during oxidation. Due to their excellent properties such as high density (19.3 

g∙cm-³) and melting point (3422 °C), W based alloys have become a key shielding material for 

nuclear reactors. However, under the influence of high temperature and radiation, W based 

alloys may experience accidents such as LOCA (Loss of Coolant Accident) [128]. Thus, it is 

particularly important for the alloys to have a certain level of oxidation resistance to avoid 

failure during service. This special application environment imposes strict requirements on the 

oxidation resistance of W based alloys, and it is urgently needed to enhance their high-

temperature stability through material modification and other means to meet the strict safety 

standards of the nuclear industry and facilitate the development of advanced nuclear energy 

systems such as fusion reactors in the future.  

Binary W-Cr alloys typically formed a protective Cr2O3 scale during oxidation, which 

can further react with W-oxides to Cr2WO6, thereby further enhancing the oxidation resistance 

of W based alloys [129]. To achieve better oxidation resistance, rare earth Y or Y2O3 have been 

introduced into W-Cr alloys. For instance, Telu et al. [130] investigated the non-isothermal 

and cyclic oxidation behaviors of W1-x-Crx-3 wt.% Y₂O₃ (x=0.3, 0.5) alloys at 873–1473 K, 

and elucidated the influence of rare earth on the oxidation behavior of the alloy. At lower 

temperatures (873–1273 K), rare earth-modified alloys exhibited lower oxidation weight gain 

and slower oxidation rates than those of binary W-Cr alloys, along with significantly reduced 

porosity and crack formation in the oxide scale. At 1473 K, the ternary alloys first showed 

weight gain followed by mass loss, whereas the W-Cr alloys exhibited continuous weight gain 

under the same conditions. Similar oxidation behavior was observed in [(W1-xCrx)90Nb10]98-
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(Y2O3)2 (x=0.3, 0.5) alloys [131]. At oxidation temperatures below 1473 K, the addition of 

Y₂O₃ resulted in slower oxidation weight change and reduced oxidation rates. However, at 

1473 K, the alloys exhibited continuous weight gain during the oxidation process. Reuban et 

al. [132] studied the oxidation behavior of a low-Cr containing W-11.4Cr alloy doped with 0.6 

wt.% Y, and found that the matrix alloy followed a linear oxidation law due to the low Cr 

content. In contrast, the addition of Y transformed the weight-gain curve into a parabolic 

pattern, reducing the oxidation rate by ~50 times. Wegener et al. [133] studied and summarized 

the oxidation behavior of W-Cr-Y ternary alloys (Fig. 8c1-c3). Preliminary results revealed 

that the oxidation resistance of the alloy was enhanced when the Y content is 0.6 wt.%, but 

decreased with further increase of Y content. 

During the oxidation of W-Cr-Y/Y2O3 alloys, the scale primarily consists of W and Cr 

oxides. Here, Y and Y2O3 can enhance the oxidation resistance of the alloy by influencing 

oxide scale formation and inhibiting volatile oxides generation. Firstly, Y/Y2O3 promoted the 

nucleation of Cr2O3 by providing heterogeneous nucleation sites, accelerating the formation 

of a protective oxide scale to hinder oxygen penetration and WO3 volatilization. Secondly, as 

illustrated in Fig. 9b and d, Y and Y2O3 improve the oxidation resistance of the alloy through 

the following three aspects. (1) Pinning effect: Acting as “pegs” to pin the outer oxide layer; 

(2) Pore suppression: preventing void formation within the oxide scale; (3) Purification: 

purifying the Cr2O3 layer and improving the stability of the oxide scale. When the temperature 

exceeds 1273 K, Y2O3 reacted with WO3 to form Y2W3O12. This reaction, on one hand, 

reduced the volatilization of WO3. On the other hand, a eutectic reaction between Y2W3O13 

and WO3 occurred at 1428 K, forming a liquid phase. The liquid phase can rapidly fill and seal 
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pores via viscous flow in a short time. However, the long-term presence of the liquid-phase 

may cause WO3 overflow and volatilization, thereby deteriorating the oxidation resistance of 

the alloy. 

4.4 Zr-based alloys 

In open literature, reports regarding the influence of Y on the high-temperature oxidation 

resistance of Zr-based alloys remain rather limited. The mechanism by which Y enhances the 

high-temperature oxidation resistance of such alloys is primarily attributed to the inhibition of 

oxygen diffusion and the optimization of oxide scale microstructure. Experimental 

investigations have demonstrated that Y addition can markedly reduce the oxidation mass gain 

of Zr-2.5Nb (wt.%) alloy at elevated temperatures [77]. Even after 1 h of oxidation at 700 °C, 

the oxide scale thickness of Zr-2.5Nb-1.5Y (wt.%) alloy remains lower than that of Zr-2.5Nb 

(wt.%) alloy after oxidation at 600 °C [77]. EDS analyses revealed that the Zr mass fraction 

in the depletion zone beneath the oxide scale of the Y-containing alloy was about 85.53%, a 

value notably higher than the corresponding 78% measured for the Y-free alloy. This result 

confirms that Y can suppress the outward diffusion of Zr atoms. Meanwhile, the Y2O3 scale 

formed via Y oxidation effectively hinders the inward diffusion of oxygen atoms, thereby 

lowering the overall oxidation rate of the alloy [77]. 

For the Zr-1Nb-0.2Y (wt.%) alloy, the intermediate heat treatment process can indirectly 

affect the oxidation resistance of the alloy by tailoring the characteristics of precipitated phases 

[134]. For the Zr-1Nb-0.2Y (wt.%) alloy, intermediate heat treatment can indirectly modulate 

its oxidation resistance by tailoring the features of precipitated phases. Notably, fine and 

uniformly dispersed precipitated phases with a high Nb + Y content can markedly enhance the 
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oxidation resistance of the alloy. Following optimized rolling and sequential high-and-low 

temperature annealing, the precipitated phases of the alloy can be controlled, and its oxidation 

resistance was improved [134]. Specifically, high-temperature heat treatment can promote the 

migration of Y from the matrix to the precipitated phases, while low-temperature treatment 

can refine the precipitated phases. The synergistic effect of the two treatments enables the 

precipitated phases to be Y-enriched and uniformly distributed, thereby enhancing the high-

temperature oxidation resistance of the alloy [134]. 

4.5 Refractory high-entropy alloys 

 

Fig. 11 Oxidation behavior of RHEAs with different Y contents: (a) AlMo0.5NbTa0.5TiZr-Y [94]; (b) 

NbMoCrTiAl-Y [135]; (c) CrMoTaTi-Y [35]. 

Firstly, the addition of Y is capable of tailoring the microstructure of RHEAs, which in 

turn influences their high-temperature oxidation behavior. Since Y has extremely low 

solubility in BCC phases (Nb, Mo, Ta, etc.), even below 0.1 at.% at 1000 °C, it is mostly 

precipitated in elemental form or as intermetallic compounds (e.g., Al2Y, Al3Y5) and 
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subsequently segregates at grain boundaries [94,135]. In the Al-Y binary system, the Al2Y 

phase has a solidus temperature of 1500 °C and good thermodynamic stability, so even at a 

low Y addition of 0.5 at.% (Fig. 11), the Al2Y phase can still be precipitated in the 

NbMoCrTiAl alloy [135]. In the AlMo0.5NbTa0.5TiZr alloy, by contrast, Y is distributed at 

grain boundaries in elemental or intermetallic compound form, which significantly refines the 

dendrite size and increases the number of grain boundaries as well as diffusion paths [94,135]. 

Y can alter the composition of oxidation products and induce the formation of highly 

stable protective oxides. The oxidation products of Y-free alloys are dominated by TiO2, Nb2O5, 

MoO3 and other oxides, among which Nb2O5 exhibits a fast growth rate and significant volume 

expansion, easily causing stress concentration and cracking in the oxide scale. In the oxide 

scale of Y-containing alloys, however, Y2O3 and YNbO4 phases are detected alongside the 

matrix oxides [35,94,135]. Thermodynamic calculations show that Y has the strongest oxygen 

affinity among all alloying elements, and the formation of Y2O3 has an extremely high 

thermodynamic driving force. Furthermore, YNbO₄ possesses much higher stability and better 

compactness than Nb2O5 [94,135]. In the CrMoTaTiY alloy, Y can also promote the reaction 

between Cr2O3 and Ta2O5 to form CrTaO4, whose oxidation growth constant at 1000 °C is only 

3.83×10-17 (Fig. 11), much lower than that of the Cr oxide layer, thus effectively hindering 

elemental diffusion [35]. 

As reported in the literature, the mechanisms by which Y enhances oxidation resistance 

mainly include the following aspects. First, in terms of grain refinement effects: Y addition 

increases the number of grain boundaries, enhances its interdiffusion coefficient (D), lowers 

the critical elemental concentration threshold for selective oxidation, and thus facilitates the 
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rapid formation of a protective oxide scale [35,94]. Second, in terms of defect filling and 

oxygen vacancy trapping effects: Y2O3 can fill shrinkage pores and internal porosities within 

the alloy, thereby blocking oxygen diffusion pathways. Meanwhile, dispersedly distributed 

Y2O3 particles serve as oxygen vacancy traps, which mitigates porosity in the oxide scale and 

further enhances the adhesion between the oxide scale and the substrate [35]. Third, pinning 

effect: the rapid oxidation of intermetallic compounds such as the Al2Y phase forms oxidation 

pinning columns at the scale-substrate interface, which inhibits the spallation of the oxide scale. 

This effect has been verified in systems including NbMoCrTiAlY and Ti-Al-Y [135]. Fourth, 

in terms of elemental diffusion behavior modulation: Y can inhibit the growth of TiO2, narrow 

the difference in PBR values between TiO2 and the protective oxide scales (with the difference 

between CrTaO4 and TiO2 being merely 0.06), thereby preventing the oxide scale from 

cracking due to volumetric mismatch [35]. 

The influence of Y on oxidation kinetics exhibits stage-dependent characteristics and a 

dosage threshold effect. At the initial stage of isothermal oxidation, Y-containing alloys show 

a higher weight gain than Y-free alloys, which is attributed to the rapid oxidation of Y and 

intermetallic compounds to form Y2O3 and Al-Y-O composite oxides [94,135]. Upon entering 

the steady-state stage, Y-containing alloys form a semi-continuous Al2O3- or AlNbO4-based 

composite oxide scale, which significantly reduces the oxygen diffusion rate and results in a 

lower oxidation rate compared with Y-free alloys [94]. However, excessive Y addition induces 

adverse effects. For example, in the AlMo0.5NbTa0.5TiZr alloy, at a Y addition of 0.05 at.%, 

preferential oxidation of the Al3Y₅ phase induces localized stress in the oxide scale, which in 

turn triggers cracking and subsequent oxygen penetration into the alloy matrix [35]. In the 
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NbMoCrTiAl alloy (Fig. 11), a Y addition exceeding 0.3 at.% leads to aggravated internal 

oxidation and oxide scale spallation [94,135]. Research has demonstrated that controlling the 

Y addition at approximately 0.1~0.3 at.% can give full play to its oxidation resistance-

enhancing effect while inhibiting the precipitation of harmful intermetallic compounds [135]. 

It should be noted that the influence of Y on the oxidation behavior of alloys varies across 

different systems. In the CrMoTaTiY alloy, Y mainly constructs a composite oxide layer by 

promoting the formation of CrTaO4. For the AlMo0.5NbTa0.5TiZrY alloy, by contrast, relies on 

the slow-diffusion characteristic of the AlNbO4-based oxide scale to inhibit MoO3 

volatilization. For the NbMoCrTiAlY alloy, the effects of Y on the oxidation behavior are more 

pronounced, which can enhance the adhesion between the oxide scale and substrate during the 

early oxidation stage, while the sustained oxidation of the Al2Y phase in the late oxidation 

stage induces the accumulation of internal stress within the scale [35,94,135]. 

5 The effect of Y and Y2O3 on corrosion and irradiation resistance of refractory alloys 

5.1 Corrosion resistance 

Refractory metals such as Ta, Nb, W and Mo exhibit excellent corrosion resistance to 

various chemical media [1]. Current research into the corrosion performance of refractory 

alloys focuses on Zr-based alloys and their amorphous counterparts, with existing reports on 

how rare earth Y influences the corrosion resistance of these alloy systems. 

Y mainly affects the corrosion resistance of alloys by modulating the microstructure and 

compositional characteristics of the passivation film, and this effect exhibits distinct dual 

positive and negative impacts. For the positive effects, Y can induce the formation of a dense 

composite passivation film on the alloy surface. For instance, a composite oxide film 



 

64 

 

consisting of ZrO2 and Y2O3 can be formed on the surface of Zr-BMG (Y) [117]. It can be 

observed in Fig. 12 that Y2O3 has the largest band gap value, leading to high difficulty in 

electron excitation, which can effectively block the intrusion of corrosive media and 

simultaneously significantly improve the bonding strength between the passivation film and 

the substrate [117]. In Hank’s solution simulating the physiological environment, Y can 

promote the formation of Zr-enriched Al2O3 oxide film, thereby enhancing the application 

potential of the alloy in biocompatibility [136]. For the negative effects, the addition of Y 

results in an increase in the thickness of the oxide film of Zr1.0NbxY alloy in the service 

environment of pure steam at 400 °C (Fig. 12d and e). Moreover, with the increase of Y content, 

the number of chain-like nanopores at the grain boundaries of the oxide film increases and 

their size expands to 10–30 nm. Such pores provide fast channels for the internal diffusion of 

oxygen, thus reducing the corrosion resistance of the alloy [76]. The formation of these 

nanopores originates from the Kirkendall effect induced by the interdiffusion of Y3+ and Zr4+. 

The diffusion rate of Y3+ is significantly higher than that of Zr4+, ultimately causing vacancy 

aggregation and coalescence (Fig. 12f). 

The effect of Y on the electrochemical corrosion behavior of Zr-based alloys is highly 

concentration-dependent. In lactated Ringer’s solution, the corrosion potential of Zr-based 

alloy with 4% Y content can reach -0.59 V, which is nearly 200 mV higher than that of alloys 

with 2% and 3% Y content, exhibiting better thermodynamic stability. However, its breakdown 

potential is only 0.04 V, the width of the passivation region is significantly shortened, and the 

pitting corrosion susceptibility is notably enhanced [34]. As shown in Fig. 12a, in 20% sulfuric 

acid solution, the corrosion potential of Y-doped Zr-based bulk metallic glass (Zr-BMG) 
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increases to 0.05 V and the corrosion current density decreases to 2.48×10-5 A∙cm-2, whose 

corrosion resistance is significantly superior to that of pure Zr-BMG [117]. In addition, the 

Nyquist plot of Y-doped Zr-BMG shows a larger radius of the capacitive arc and a higher 

charge transfer resistance, indicating that Y can significantly strengthen the electron transfer 

inhibition ability at the alloy/solution interface [117]. In hydrochloric acid medium, when the 

Y content increases to 4%, the number of corrosion pits on the alloy surface decreases 

significantly, with only a small amount of scattered micro corrosion pits observed, and the 

corrosion resistance shows a trend of continuous improvement [137]. 

The micro-mechanism of Y regulating the corrosion resistance of Zr-based alloys is 

closely related to the interatomic interactions and the evolution law of alloy microstructure. 

The Fermi level of Y is higher than that of Zr, so Y tends to lose electrons preferentially to 

form Y3+ during the corrosion process, which can effectively promote the rapid formation of 

passivation film on the surface of Zr-based alloys. Meanwhile, Y can alter the short-range 

ordered domain structure of the alloy and accelerate the precipitation of Zr-enriched oxide film 

[137]. In Cu-containing Zr-based alloy systems, the interaction between Y and Cu is stronger 

than that between Zr and Cu, which easily leads to the formation of Cu+Y-enriched 

quasicrystalline phases, causing inhomogeneous composition distribution of the alloy. This 

further aggravates its pitting corrosion susceptibility and results in a significant decrease in 

the breakdown potential of the alloy in 3.5 wt.% NaCl solution [138]. Furthermore, the 

addition of Y leads to the formation of a periodic multilayer structure in the oxide film of 

Zr1.0NbxY alloy, and the number of layers increases with the rise of Y content. This 

phenomenon stems from an additional transformation stage in the corrosion kinetics process, 
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which is closely related to the sharp increase in oxygen diffusion rate caused by the 

interconnection of nanopores in the oxide [76]. 

 

Fig. 12 (a) Polarization curves, (b) corroded microstructures and (c) corrosion mechanism schematic of Zr-

BMG(Y) [117]; Cross-sectional morphologies of (d) Zr1.0Nb and (e) Zr1.0Nb0.1Y, and (f) schematic of Y 

effect on alloy corrosion [76]. 

In summary, the effect of Y on the corrosion performance of Zr-based refractory alloys 

has a significant dual dependence on the medium and concentration. In acidic media such as 

sulfuric acid and hydrochloric acid, an appropriate amount of Y can effectively improve the 

corrosion resistance of Zr-based alloys by increasing the corrosion potential and enhancing 

the compactness and integrity of the passivation film. In contrast, in high-temperature steam 

environment and chloride-containing media, excessive Y is prone to induce pore defects in the 

oxide film and composition segregation of the alloy, leading to the degradation of corrosion 

resistance. The core mechanism by which Y affects the corrosion resistance of alloys lies in 

its regulation of the composition, microstructure of the passivation film and the diffusion 
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behavior of elements. This conclusion provides an important theoretical reference and 

practical guidance for the optimization design of the corrosion performance of Zr-based 

refractory alloys. 

5.2 Irradiation resistance 

As an important rare earth element for modifying tungsten (W) alloys, Y is uniformly and 

dispersively distributed along the grain boundaries and within the grains of the tungsten matrix 

mainly in the form of Y2O3 nanoparticles, and partially forms composite oxide phases with 

other elements. It modulates the irradiation performance of tungsten alloys through multiple 

mechanisms including grain refinement, defect trapping and grain boundary strengthening, 

effectively improving the structural stability, resistance to defect evolution and irradiation 

hardening resistance of the alloys under helium/deuterium (He/D) ion irradiation. Thus, Y is 

one of the core modifying elements for tungsten-based plasma-facing materials (PFMs) in 

fusion reactors [139-141]. However, the modification effect of Y is significantly affected by 

the alloy microstructure, and recrystallization will lead to a substantial reduction in its efficacy, 

which is also a key focus for the optimization of the irradiation performance of W-Y alloys 

[142]. 

Y2O3 nanoparticles are the core phase for enhancing the irradiation performance of 

tungsten alloys, and their primary function is to realize grain refinement and grain boundary 

strengthening of the tungsten matrix, laying a structural foundation for irradiation resistance. 

In W-Y alloys prepared by laser powder bed fusion (LPBF) or wet chemical methods, the size 

of Y2O3 nanoparticles ranges from 10 to 50 nm, which form a semi-coherent interface with a 

mismatch degree of only 12.1% with the tungsten matrix, significantly improving the grain 
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boundary strength [141]. Meanwhile, Y2O3 nanoparticles induce the formation of a higher 

proportion of high-angle grain boundaries (HAGBs) and fine subgrain boundaries in the alloy. 

These grain boundaries act as efficient irradiation defect sinks, which can rapidly capture point 

defects such as vacancies and interstitial atoms generated by He ion irradiation, inhibit the 

long-range migration and aggregation of defects, and thus reduce the formation of irradiation-

induced defect clusters [140,143]. For W-Ti-oxide dispersion strengthened (ODS) alloys, Y2O3 

nanoparticles are also pinned at the interfaces between oxides and the matrix, confining He-

vacancy complexes near the interfaces and preventing the formation of large-sized clusters 

within the grains [144]. In contrast, in pure tungsten without Y addition, point defects tend to 

aggregate to form vacancy clusters, resulting in more significant irradiation damage [140]. 

Under He ion irradiation, Y can effectively regulate the internal defect evolution of the 

alloy, significantly inhibit the nucleation, growth and coalescence of He bubbles, and reduce 

the void swelling degree. Y2O3 nanoparticles disperse and pin the irradiation-induced 

vacancies, making it difficult for He atoms to form large-sized He bubbles, which only exist 

in the form of small-sized He-vacancy complexes with a uniform distribution characteristic in 

the alloy [140]. Under high-temperature He irradiation at 773~1173 K, the void swelling 

degree of W-Y alloys is 2.5%, much lower than that of pure tungsten (4%) [140]. At the same 

time, the introduction of Y reduces the number density and size of He bubbles in tungsten 

alloys, and the He bubbles are mainly enriched in the near-surface region of 250~560 nm. In 

the regions with high He bubble concentration, Y inhibits the further aggregation of vacancy-

type point defects and hinders the formation and growth of dislocation loops, resulting in the 

number density and size of dislocation loops in W-Y alloys being significantly lower than 
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those in pure tungsten or recrystallized tungsten fibers [141,143]. In addition, Y2O3 

nanoparticles can improve the thermal stability of He-vacancy complexes, inhibit their 

diffusion and coalescence toward the surface, and reduce the formation of large-sized defects 

in the near-surface region [144]. 

Y exhibits a significant inhibitory effect on irradiation-induced phase transformation and 

lattice distortion of tungsten alloys, ensuring the crystal structural stability of the alloys. Pure 

tungsten is prone to undergo a phase transformation from BCC (α-W) to FCC (γ-W) under 

high-fluence He ion irradiation, accompanied by significant lattice distortion [139]. However, 

the introduction of Y restricts this phase transformation to only small local regions of the alloy 

and greatly reduces the transformation degree. W-Y alloys maintain a stable BCC structure 

without obvious amorphization or phase transformation under the He irradiation dose of 

3.6×1016~2.88×1017 ions∙cm-2 [141,143]. Meanwhile, Y can alleviate irradiation-induced 

lattice strain: the offset of 2θ angle and the broadening of full width at half maximum (FWHM) 

of diffraction peaks in W-Y alloys are both smaller than those in pure tungsten. Moreover, the 

lattice distortion can be partially released under high-dose irradiation, and the lattice tends to 

recover stably [143]. After removing the irradiation damage layer, the lattice parameters of the 

alloy almost recover to the original state [139]. 

In terms of irradiation hardening effect, Y induces moderate irradiation hardening in 

tungsten alloys and simultaneously significantly improves their resistance to irradiation 

hardening, avoiding the excessive hardening phenomenon of pure tungsten. Under He ion 

irradiation, the nano-hardness of W-Y alloys increases from 6.28±0.28 GPa to 7.42±0.47 GPa, 

the microhardness increases by about 14.85%, and the hardening rate is only 18.0%, which is 
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much lower than that of pure tungsten (70%) and alloys such as W-0.5ZrC [141]. In Wf/W-

Y2O3 composites, the hardening rate of non-recrystallized novel reduced tungsten (NRX-W) 

fibers is 52.96%, far lower than that of Y-unmodified reduced tungsten (RX-W) fibers (84.95%) 

[143]. This hardening effect originates from the combined pinning of dislocations by Y2O3 

nanoparticles, irradiation-induced He bubbles and dislocation loops, which hinders dislocation 

motion [141]. In W-10Cr-0.5Y alloys, Y can also inhibit the formation of dislocation-type 

defects, resulting in irradiation hardening dominated only by Cr-enriched clusters. 

Furthermore, Y2O3 nanoparticles remain in a nanoscale distribution after irradiation, and the 

strengthening effect remains basically unchanged [145]. 

The modification effect of Y on the synergistic effect of thermal shock and He irradiation 

of tungsten alloys has structural dependence. In the non-recrystallized state, the thermal shock 

resistance of W-Y alloys is better than that of pure tungsten: the propagation degree of main 

cracks is smaller under the same thermal shock conditions, and the increase amplitude of main 

crack width after He irradiation is lower than that of pure tungsten [142]. Meanwhile, the 

interfaces between Y2O3 and the matrix serve as deuterium trapping sites, which increase the 

temperature of deuterium desorption peaks in W-Y alloys, increase the number of vacancy 

clusters while reducing their size, and optimize the deuterium retention behavior of the alloys 

[140]. However, after recrystallization, the grain size of W-Y alloys increases, the grain 

boundary area decreases, and the defect trapping ability of Y is weakened. The surface fuzz 

structure becomes finer under high-flux He irradiation, and the main crack width increases to 

10.97±1.26 μm under the synergistic effect of thermal shock and irradiation, leading to a 

decrease in thermal shock resistance [142]. This indicates that inhibiting the recrystallization 
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of W-Y alloys is the key to maintaining their advantages in irradiation performance. 

In summary, Y improves the irradiation performance of tungsten alloys from the aspects 

of structural regulation, defect evolution, phase transformation inhibition and hardening 

control by forming Y2O3 nanoparticles, making it an effective element for the irradiation-

resistant modification of tungsten-based materials. However, this modification effect is 

affected by the alloy microstructure. Subsequent research needs to inhibit recrystallization 

through process optimization and further improve the functional stability of Y under high-

temperature and high-fluence irradiation, so as to provide theoretical support for the 

development of tungsten-based materials for fusion reactors [140-142]. 

6 “Process-Microstructure-Property” relationships in Y or Y2O3 modified refractory 

alloys  

The preparation processes of Nb-based alloys directly affect the evolution of their 

microstructures, and doping with Y optimizes the mechanical properties and high-temperature 

oxidation resistance of the alloys via microstructural modification [20,21,28,63-65,146], as 

shown in Fig. 13. Combining the controllable addition of Y with processes such as vacuum 

melting, directional solidification plus heat treatment, laser melting deposition (LMD), and 

rolling forming plus annealing enables the precise regulation of grain size, secondary phases 

and phase compositions of the alloys. Cold rolling followed by annealing alters the distribution 

of Y2O3 and facilitates the recrystallization of niobium matrix in Nb-1Zr-0.1C alloy [28]. Y 

improves the molten pool fluidity and thus enhances the compactness of samples prepared by 

LMD [146]. Also, Y accelerates the spheroidization rate of silicides during the directional 

solidification plus heat treatment process [21]. An appropriate amount of Y refines grains, 
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induces the fine precipitation of secondary phases such as Y2O3 and γ-Nb₅Si₃, and segregates 

primarily in γ-Nb5Si3 phases [20,64]. However, when the Y addition exceeds 0.3 at.%, acicular 

Y2O3 forms and causes microstructural coarsening [65]. In Nb-1Zr-0.1C alloy, the addition of 

0.1% Y results in the continuous distribution of Y2O3 along grain boundaries, while increasing 

the Y addition to 0.4% leads to the restoration of granular Y2O3 distribution [28]. The 

optimization of microstructures directly endows the alloys with excellent properties. For 

instance, the solid solution strengthening induced by Y, Orowan strengthening caused by Y2O3 

and grain refinement jointly improve the strength and plasticity of niobium-based alloys 

[20,28]. Y can enhance the fracture toughness of Nb-Si based alloys, while the increased 

silicide content and improved compactness contribute to the elevated compressive strength. 

The 5Zr-0.6Y alloy achieves a favorable balance between fracture toughness and tensile 

strength through the combined regulation of Y and Zr [21]. In addition, Y generates YNbTiO6 

at the interface, which enhances the adhesion between the oxide scale and the matrix, hinders 

oxygen diffusion and inhibits pesting oxidation, thereby improving the high-temperature 

oxidation resistance of the alloys. Nevertheless, an excessive addition of Y will deteriorate the 

aforementioned oxidation resistance [64,65]. 
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Fig. 13 The effect of Y/Y2O3 on the morphologies of Nb-based alloys fabricated by different processing 

technologies [13,20,21,28,59-61].  

For another example, in oxide dispersion strengthened Mo alloys (ODS-Mo), the 

morphological characteristics, size, preparation method, and incorporation mode of Y2O3 

particles, as well as the final sintering process, all significantly influence the alloy’s 

microstructure, as illustrated in Fig. 14. For instance, hydrothermal synthesis combined with 

spark plasma sintering (SPS) enables Y2O3 to be uniformly dispersed as nanoscale particles in 

the Mo matrix [10]. With a lattice mismatch of 10.9%, Y2O3 acts as a heterogeneous nucleation 

site, refining the grain size to 1.80±0.17 μm and forming semi-coherent interfaces. The 

hardness is enhanced through the effects of grain refinement and dislocation pinning [10]. The 

freeze-drying method can produce ultrafine composite powders with a particle size of 54 nm. 

After low-temperature sintering, Y2O3 retains a size below 50 nm, and Y5Mo2O3 is formed to 

purify the matrix, achieving a high relative density of 99.6% and ultrafine grains of 620 nm, 

which endows the alloy with ultra-high compressive strength [105]. The particle size and 

morphology of Y2O3 also play a decisive role in the microstructural strengthening effect. For 
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example, spherical Y2O3 with a diameter of 105 nm is most prone to intragranular distribution, 

exhibiting a more significant dislocation pinning effect and increasing the alloy’s tensile 

strength by 51.5% compared with pure Mo [22]. Coexisting Y2O3 and CeO2 particles prepared 

by the liquid-liquid doping method can refine the grain boundary spacing of the rolled alloy 

by 52.43%. Through the synergy of grain refinement strengthening and Orowan strengthening, 

a favorable match between high strength and high ductility is achieved, and the strength-

ductility product after annealing reaches 2.4 times that of pure Mo [31]. The strengthening 

effect of Y2O3 can also be regulated via multi-component doping. For instance, La2O3 

promotes the grain boundary dispersion of Y2O3 and elevates the Zener force and interface 

drag force, further refining grains and boosting strength. In contrast, CeO2 weakens the 

dispersion of Y2O3, leading to grain coarsening and performance degradation [39]. Phase 

interface engineering technology enables Y2O3 to form coherent interfaces. Combined with 

the ultrafine grain characteristic, this endows the alloy with a synergistic combination of ultra-

high strength, ductility, and hot workability [107]. 
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Fig. 14 The influence of the morphological characteristics, size, preparation method, and incorporation 

mode of Y2O3 particles and final sintering process on the alloy’s microstructure [10,12,22,31,35,84]. 

For W-based alloys, the core research focus is the synergistic improvement of strength 

and toughness, with rare earth Y/Y2O3 doping acting as a key approach to breaking through 

the performance bottleneck. The preparation process directly determines the mechanical 

properties and high-temperature oxidation resistance of the alloys by regulating the 

microstructural characteristics such as grain size, second-phase distribution and relative 

density [25,74,108-113,129-133]. For instance, the ultrasonic spray pyrolysis process can 

control the size of W-Y-O nanoparticles [25], and the local liquid phase induced by Y2O3 

during sintering can promote alloy densification, while an excessive liquid phase will hinder 

the densification of the W skeleton and thus lead to a decrease in relative density [25,49,50]. 
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Optimizing the preparation process to achieve fine grains, uniform composition and high 

relative density of the alloy is the key to exerting the modification effect of Y/Y2O3 [108], and 

the precise control of Y/Y2O3 doping concentration can avoid the precipitation of rare earth-

rich phases at grain boundaries/phase boundaries, thereby ensuring the improvement of the 

comprehensive properties of the alloy [128,133]. Under the regulation of preparation 

processes, the differences in microstructure significantly affect the mechanical properties of 

W alloys. In single-phase (ODS)-W alloys, Y/Y2O3 improves the mechanical properties 

mainly through grain refinement strengthening. However, an excessive amount of Y2O3 or 

Y2O3 particles segregated at grain boundaries will cause stress concentration and microcracks 

due to deformation mismatch between phases, which instead deteriorates the strength and 

toughness [15,109,108]. The coarse-grained W-2Y2O3 alloy unexpectedly achieves the 

improvement of strength and toughness and exhibits ductile characteristics above 400 °C [108]. 

When the Y2O3 content reaches 10 wt.%, the alloy undergoes grain coarsening and a decrease 

in relative density, while the hardness increases due to the massive formation of Y2WO6 phase 

[25]. In duplex W-Ni alloys, there exists an optimal doping concentration of Y/Y2O3. It was 

found that 0.6 wt.% Y significantly improves the tensile strength of 90W-Ni-Fe alloy [74], and 

0.4 wt.% Y2O3 corresponds to the optimal comprehensive properties of W-Ni-Mn and W-Ni-

Cu alloys, with excessive doping leading to performance degradation [24,80]. Y/Y2O3 

synergistically improves the fracture toughness of the alloy by strengthening the W/γ phase 

interface and optimizing the connectivity of W particles [110-113]. Y/Y2O3 also significantly 

enhances the high-temperature oxidation resistance of W alloys. W alloys tend to form volatile 

WO3 at high temperatures, while Y/Y2O3-doped W-Cr series alloys can accelerate the 
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formation of a protective oxide scale by providing heterogeneous nucleation sites for Cr2O3. 

Meanwhile, the stability of the oxide scale is improved through pinning the oxide layer, 

inhibiting pores within the film and purifying the Cr2O3 layer [133]. 0.6 wt.% Y changes the 

oxidation law of W-Cr alloy with low Cr content from linear to parabolic, reducing the 

oxidation rate by about 50 times [132]. However, above 1473 K, the liquid phase generated 

by the reaction of Y2O3 with WO3 is prone to induce the long-term volatilization of WO3, 

which instead deteriorates the oxidation resistance [130,131]. 

7 Outlook 

Rare earth element Y/Y2O3 are important alloying component for refractory alloys, which 

effectively alleviates the issues such as the mismatch between high-temperature strength and 

room-temperature toughness, as well as the insufficient oxidation/corrosion resistance to a 

certain extent. This markedly enhances the service reliability of refractory alloys in high-

temperature environments, thereby qualifying them as core candidates for critical components 

under extreme high-temperature conditions in aerospace, nuclear energy, advanced metallurgy 

and other related fields. However, due to the lack of systematic and in-depth research, several 

challenges remain in the study of rare earth Y/Y2O3 alloying modification for refractory alloys 

as followings.  

(1) Research on the effects and interaction mechanisms of Y is still inadequate. Low-

content Y exhibits markedly different effects in various refractory metals such as Mo and Nb, 

and relevant research on Ta-based systems is severely lacking. Moreover, the addition content 

of Y lacks systematic design, and the optimal addition range that balances mechanical 

properties and oxidation resistance has not yet been defined. The mechanism by which rare 
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earths improve alloy mechanical properties remains insufficiently studied. The strength 

calculation models currently used are not well-adapted, and systematic research on the high-

temperature strength of refractory alloys as well as in-depth studies on the recrystallization 

mechanisms of W and Mo based alloys are insufficient. 

(2) In terms of preparation, it is highly challenging to regulate alloying elements and 

powder feedstocks. The high melting point of refractory metals renders traditional smelting 

processes prone to Y segregation, such as the agglomeration of Y2O3 nanoparticles 

encountered in the preparation of ODS alloys via powder metallurgy. The forming and 

processing costs are high and technically challenging. Those alloys exhibit relatively low 

room-temperature ductility, necessitating specialized techniques for shaping complex 

components. In addition, the high work hardening rate of the alloy accelerates tool wear, 

significantly increasing manufacturing costs. 

(3) For engineering application, there remain significant cost and supply chain risks 

related to resources and production. The supply of Y resources is concentrated, and the 

preparation processes of high-purity Y and Y2O3 are complex. Performance and data for 

certain alloy systems are incomplete, for instance, fundamental data on Y-microalloyed Ta 

alloys is notably lacking. Research on service performance and failure mechanisms also lags 

behind, with a scarcity of lifetime data for such alloys under long‑term coupled extreme 

conditions and insufficient understanding of key failure mechanisms. 

To further enhance the comprehensive properties of refractory alloys and promote their 

industrialization and practical application, future research should focus on refining Y/Y2O3 

composition design to identify alloying schemes with optimal comprehensive properties, for 
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pursuing this purpose it is feasible to narrow and refine the contents of Y/Y2O3 (such as Y-

based alloys as the Y source). Simultaneously, it is necessary to introduce computation 

methods to assist in designing, as First-principle method, Phase Field modeling and CALPHD. 

It is also necessary to explore the synergistic effects of multiple rare earth elements, such as 

co-alloying of Y/Ce/La or Y2O3-CeO2-La2O3, and elucidate their respective mechanisms 

further optimize the alloy properties based on Y/Y2O3 modification. Development of advanced 

alloy preparation, forming techniques, and post-processing techniques (e.g., deformation and 

heat treatment) is also crucial to precisely regulate the size and morphology of second-phase 

particles, while minimizing the formation of coarse intergranular precipitates. For another 

example, the agglomeration of Y2O3 can be inhibited through process control measures 

including raw material pretreatment, precise control of preparation processes, dispersion-

assisted methods and optimization of post-treatment processes. In addition, it is necessary to 

strengthen theoretical calculations and simulations to analyze the orientation relationship 

between rare earth second phases and matrix phases, as well as to establish and refine grain 

refinement efficiency evaluation models. Concurrently, mechanical strengthening models 

should be revised to deepen the understanding of how second phases affect alloy deformation 

behavior, thereby providing theoretical support for the design and fabrication of high-

performance refractory alloys.   
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