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Abstract

:

Along with the globalization of environmental problems and the rapid development of the field of nuclear technologies, the severe irradiation damage of materials has become a big issue, restricting the development of advanced nuclear reactor systems. Refractory high-entropy alloys (RHEAs) have the characteristics of a complex composition, a short-range order, and lattice distortion and possess a high phase stability, outstanding mechanical properties, and excellent irradiation resistance at elevated temperatures; thus, they are expected to be promising candidates for advanced nuclear reactors. This review summarizes the design, preparation, and irradiation resistance of irradiation-tolerant RHEAs. It encompasses a comprehensive analysis of various aspects, including the evolution of defects, changes in microstructure, and the degradation in properties. Furthermore, the challenges and insufficiently researched areas regarding these alloys are identified and discussed. Building on this foundation, the review also provides a forward-looking perspective, outlining potential avenues for future research.
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1. Introduction


The environmental problems caused by traditional fossil fuels are increasingly prominent, and the development and utilization of clean energy have become a global issue. Nuclear energy has many advantages, such as a high energy density, great power generation efficiency, low comprehensive cost, continuous power supply, and small regional climate impact, but the inherent safety of nuclear reactors is a key issue limiting its development [1]. The properties of structural/cladding materials are fundamental in the inherent safety; however, they are affected by long-term irradiation of high-temperature and high-energy neutrons and fission products, which usually causes thermal stress expansion and cracks, in addition to radiation hardening and embrittlement [2,3,4,5], radiation swelling [6], phase transformations [7,8], helium effect behavior [9], etc.



Due to the exposure of materials to high-energy radiation, changes at the atomic level in the materials cause embrittlement. For instance, radiation-induced changes in the crystal structure create additional obstacles to dislocation movement, making the material more brittle. They may also lead to the nucleation and growth of precipitate phases within the material, which serve as initiation points for cracks and significantly affect the ductility and strength of the material. Elements like helium, produced by radiation reactions, tend to accumulate preferentially at these grain boundaries, leading to intergranular cracking and thereby increasing the brittleness of the material. Helium also forms bubbles within the lattice, causing swelling and further embrittlement. Temperature has a significant impact on materials as well. At lower temperatures, defect mobility is restricted, resulting in higher concentrations of point defects and dislocation loops. As the temperature increases, some defects may annihilate each other. However, higher temperatures can also accelerate diffusion-driven processes, which can lead to precipitation and grain boundary segregation.



In the past 70 years, many researchers have thrown themselves into nuclear structural/cladding material research and developed several alloy systems. Aluminum alloy [10] was used only at low operating temperatures (below 150 °C) in the early stages of nuclear reactor development due to its low neutron absorption cross-section, and it was gradually replaced by other alloys as the temperature and power of reactors increased. Nickel-based superalloys [11,12,13] and zirconium alloys [14,15] can work at temperatures above 400 °C, but they have a big problem of hydrogen absorption. For instance, due to the high temperature, high pressure, and strong oxidation and corrosivity, the material in a supercritical water-cooled reactor suffers hydrogen embrittlement, which makes the material fail quickly. In order to solve the problem of hydrogen absorption of the material, nickel is no longer added into the Zr-4 alloy; however, the radiation-induced swelling of this alloy is much higher. Austenitic stainless steel is used in some fast and gas-cooled reactors. Although austenitic stainless steel (FCC) has a low thermal conductivity and its swelling resistance [16] and yield strength need to be improved. Ferritic/martensitic steel (RAFM) with a BCC structure has good swelling resistance; however, the high-temperature irradiation environment instability leads to a sharp decline in mechanical properties due to the negative effect of impurities in RAFM [17]. ODS steel possesses a high irradiation resistance and good mechanical properties; nevertheless, its highly difficult preparation and processing and poor long-term phase stability under severe operating conditions limit its application potential [18,19]. Due to the relatively moderate operating environment of Generation Ⅰ to III nuclear reactors, these traditional nuclear materials meet the existing requirements, although they are not perfect.



The concept of Generation IV nuclear reactors was proposed to improve the inherent safety of nuclear systems in 2002 [20]. They possess the characteristics of miniaturization and modularization and have great application potential in extreme environments such as aerospace, islets, deserts, plateaus, polar regions, and deep seas, which leads to the prospect of dual use in military and civilian applications. With the development of Generation IV nuclear reactors, stricter requirements have been established to ensure their safe operation and the continuous supply of energy. However, their harsh coupling operating conditions, including elevated temperatures, substantial radiation damage, and high He concentrations [21], present severe challenges for their materials [22]. Although conventional alloys have developed rapidly in the past few decades, their properties are far from satisfactory. Thus, research on novel materials with superior comprehensive properties is in huge demand and has high prospects [7].



High-entropy alloys (HEAs) have attracted increasing attention [23] due to their high entropy effect, lattice distortion effect, sluggish diffusion, and cocktail effect [24]. These effects make it difficult for HEAs to accumulate defects in irradiation environments and provide new possibilities for advanced nuclear reactors. Radiation-tolerant 3D transition group HEA systems with a face-centered cubic (FCC) structure have been widely studied in recent years. To compare the effects of different elements and components on the irradiation performance, Lu and Jin et al. [25] started their research on pure Ni in an FCC system and gradually added components from binary NiCo and NiFe. Later three- to five-element alloys include CoCrNi [26], FeCoNi, CoCrFeNi [27], FeMnCoNi, and CoCrFeMnNi [28]. As the composition complexity of the alloy increases, it is found that its irradiation resistance also improves because the high entropy leads to a change in the interstitial atom–vacancy migration energy barrier, resulting in less lattice damage. In particular, the five-element alloy NiCoFeCrMn has excellent mechanical properties and its swelling resistance is 40 times higher than nickel, but it might not be ideal for nuclear applications due to the presence of Co, which can become radioactive 60Co upon neutron absorption. Wang et al. [29] compared the approximate component alloys (Ni, NiFe, NiCo, NiFeCr, NiFeCo) and found that with the increase in the number of elements from one to three, the size of helium bubbles tended to decrease, except for Cr ternary alloys. It was found that Cr can exchange with vacancies to cause vacancy accumulation and promote the growth of helium bubbles. However, research on helium embrittlement and the swelling resistance of FCC alloys containing nickel shows the opposite, because Ni has a high neutron activation and an adverse effect on the hydrogen absorption of materials, which make the alloy susceptible to transmutation under irradiation. To sum up, it was found in previous studies that many elements in the 3D transition group possess high neutron absorption and activation, which are not ideal for nuclear applications. In addition, HEAs with a body-centered cubic (BCC) structure have begun to be explored owing to their higher resistance to helium embrittlement and swelling [5,12,30,31]. Therefore, new HEA systems with a BCC structure have recently attracted attention.



As one type of HEA, refractory high-entropy alloys (RHEAs) are mainly composed of multiple principal refractory elements [7,8,30]. They possess a BCC structure, good phase stability, and high melting points and operating temperatures, and have good prospects in nuclear applications. However, research on RHEAs in the nuclear field has just started and they have not been systematically studied yet. A lot of studies are required before RHEAs can be used in advanced nuclear reactor systems. This review aims to provide assistance for in-depth research of radiation-tolerant RHEAs in future by summarizing and organizing the current research on RHEAs.




2. Composition Design and Preparation of RHEAs


The composition of RHEAs is notably diverse, which consequently imparts a variety of effects on material properties. This diversity adds complexity to material design, as selecting suitable ratios and combinations from myriad possibilities is a key focus in current alloy design. Two primary challenges arise in the design of these alloys: the selection of proper elements and the appropriate proportions of these elements. Leveraging the cocktail effect, one of the four core effects of HEAs, certain elements can be chosen based on their intrinsic properties to achieve specific performance goals. For instance, Ti can be selected to reduce density and enhance ductility [32,33], Cr can be selected for its oxidation resistance [34,35,36], and Zr can be selected for its low thermal neutron absorption cross-section [37,38,39].



In terms of designing RHEAs with a high radiation resistance, neutron absorption and activation should be considered as a priority from the outset. A low neutron absorption cross-section is a crucial requirement for radiation-resistant alloys, as it enhances the neutron economy of nuclear reactors. Table 1 summarizes refractory elements and those with low neutron absorption cross-sections. It is observed that, with the exception of Hf, which has a thermal neutron absorption cross-section of 104.1 barns [40], most refractory elements have relatively low neutron absorption cross-sections. Notably, Zr has a neutron absorption cross-section of only 0.186 barns [37], making it particularly well suited for use in nuclear reactors.



Following the selection of elements for RHEAs, it becomes imperative to determine the proportion of each element. This determination can be guided by empirical methods, computational simulations, or high-throughput experimental approaches. Thermodynamic considerations such as configurational entropy, mixing enthalpy, melting point, atomic size difference, and valence electron concentration offer a framework to establish a reasonable range for these proportions. The use of phase diagram calculations further elucidates the impact of temperature on phase composition, facilitating the assessment of alloy phase stability. Additionally, employing first principles calculations [41,42] from a thermodynamic perspective enables a deeper analysis of the alloy. This approach yields critical data, including entropy, enthalpy, and Gibbs free energy, which are essential for comprehending the thermodynamic properties and potential performance of the alloy. Such a comprehensive analysis is integral to optimizing the design of HEAs for specific applications, particularly in demanding environments where material stability and performance are crucial.



The fabrication of RHEAs can be accomplished through various advanced techniques, such as magnetron sputtering [8,43] and laser metal deposition (LMD) [44,45]. However, to produce bulk materials, vacuum arc melting [46] is the most prevalent method. This technique is widely favored due to its efficiency in producing high-quality, homogeneous alloys. A smaller proportion of RHEA production utilizes alternative methods like levitation melting [47] and powder metallurgy [48]. While a variety of techniques is available for the preparation of RHEAs, the choice of method largely depends on the specific requirements of the alloy being produced, including its composition, desired properties, and intended application.





 





Table 1. Fundamental information on refractory elements and select elements that form secondary phases [40,49,50].






Table 1. Fundamental information on refractory elements and select elements that form secondary phases [40,49,50].





	Symbol
	Name
	Atomic Number
	Atomic Weight
	Type
	Ionization Energy (eV)
	Melting Point (°C)
	Boiling Point (°C)
	Crystal Structure
	Atomic Radius (Display)
	Metallic Radius (pm)
	Covalent Radius (pm)
	Density (g/cm3)





	B
	Boron
	5
	10.811
	Metalloids
	8.298
	2075
	4000
	rhom.
	(v) 82
	-
	82
	2.46



	C
	Carbon
	6
	12.011
	Non Metal
	11.260
	3550
	4027
	hex
	(v) 77
	-
	77
	2.26



	Al
	Aluminum
	13
	26.982
	Poor Metal
	5.986
	660.32
	2519
	FCC
	(m) 143
	143
	118
	2.70



	Si
	Silicon
	14
	28.086
	Metalloids
	8.152
	1414
	2900
	cubic
	(v) 111
	-
	111
	2.33



	Ti
	Titanium
	22
	47.867
	Transition Metal
	6.828
	1668
	3287
	HCP
	(m) 147
	147
	136
	4.51



	V
	Vanadium
	23
	50.942
	Transition Metal
	6.746
	1910
	3407
	BCC
	(m) 134
	134
	125
	6.11



	Cr
	Chromium
	24
	51.996
	Transition Metal
	6.767
	1907
	2671
	BCC
	(m) 128
	128
	127
	7.14



	Zr
	Zirconium
	40
	91.224
	Transition Metal
	6.634
	1855
	4409
	HCP
	(m) 160
	160
	148
	6.51



	Nb
	Niobium
	41
	92.906
	Transition Metal
	6.759
	2477
	4744
	BCC
	(m) 146
	146
	137
	8.57



	Mo
	Molybdenum
	42
	95.940
	Transition Metal
	7.092
	2623
	4639
	BCC
	(m) 139
	139
	145
	10.28



	Hf
	Hafnium
	72
	178.490
	Transition Metal
	6.825
	2233
	4603
	HCP
	(m) 159
	159
	150
	13.31



	Ta
	Tantalum
	73
	180.948
	Transition Metal
	7.550
	3017
	5458
	BCC
	(m) 146
	146
	138
	16.65



	W
	Tungsten
	74
	183.840
	Transition Metal
	7.864
	3422
	5555
	BCC
	(m) 139
	139
	146
	19.25



	Symbol
	Atomic Radius (calculated) (pm)
	Electro-negativity (Pauling)
	Elasticity (Gpa)
	Thermal neutron absorption cross-section (barns)
	Thermal Conductivity, W/(m K)
	Latent Heat of Fusion (kJ/mol)
	Yield strength (MPa)
	UTS (Mpa)
	Van der Waals Radius, (pm)
	Hardness (HV)
	Electrical Resistivity (Ωm)
	Electron Affinity (kJ/mol)



	B
	87
	2.04
	-
	760.30
	27
	50.2
	-
	-
	192
	4998
	1.0 × 104
	26.7



	C
	67
	2.55
	-
	0.0035
	140
	-
	-
	-
	170
	-
	1.0 × 10−5
	153.9



	Al
	118
	1.61
	69
	0.23
	235
	10.79
	15
	90
	184
	17.034
	2.6 × 10−8
	42.5



	Si
	111
	1.90
	150
	0.171
	150
	50.55
	165
	170
	210
	-
	1.0 × 10−3
	133.6



	Ti
	176
	1.54
	116
	6.096
	22
	15.45
	450
	520
	-
	81.6–346.8
	4.0 × 10−7
	7.6



	V
	171
	1.63
	128
	5.086
	31
	20.9
	770
	800
	-
	64.26
	2.0 × 10−7
	50.6



	Cr
	166
	1.66
	279
	3.05
	94
	16.9
	131
	550
	-
	105.06
	1.3 × 10−7
	64.3



	Zr
	206
	1.33
	88
	0.186
	23
	16.9
	230
	330
	-
	91.8
	4.2 × 10−7
	41.1



	Nb
	198
	1.60
	105
	1.156
	54
	26.4
	70
	275
	-
	132.6
	1.5 × 10−7
	86.1



	Mo
	190
	2.16
	330
	2.60
	139
	32
	-
	324
	-
	156.06
	5.0 × 10−8
	71.9



	Hf
	208
	1.30
	78
	104.1
	23
	24.06
	125
	480
	-
	173.4
	3.0 × 10−7
	0



	Ta
	200
	1.50
	186
	20.5
	57
	31.6
	705
	760
	-
	88.74
	1.3 × 10−7
	31



	W
	193
	2.36
	750
	18.3
	170
	35.4
	411
	980
	-
	357
	5.0 × 10−8
	78.6









3. Irradiation Resistance of RHEAs


The degradation of the macroscopic properties of alloys caused by radiation damage is one of the most important reasons for the failure of materials in reactors. High-energy particles such as neutrons, electrons, protons, and ions interact with the alloy, resulting in point defects such as vacancies and atom gaps, which gradually evolve into changes in microstructure and finally lead to a degradation in material properties. At present, the most studied radiation damage includes irradiation hardening, embrittlement, swelling, phase transitions, and high-temperature helium and hydrogen embrittlement. Some researchers have studied the radiation damage of RHEAs.



3.1. Irradiation Hardening and Embrittlement


In nuclear applications, materials are often exposed to extreme radiation, which can lead to irradiation hardening: an increase in material hardness and brittleness due to the formation of defects like dislocation loops and voids in the crystal lattice. This phenomenon can severely impact the performance and safety of nuclear reactors [51]. Kumar et al. [52] conducted a study on the variations in the mechanical properties and microstructure of RHEAs after irradiation. The hardening mechanism model is depicted in Figure 1 [5]. They discovered that RHEAs have commendable resistance to radiation hardening and maintain stability following ion irradiation.



Kareer et al. conducted ion irradiation experiments using 2 MeV V+ ions on four different alloys at 500 °C, with an irradiation fluence of 2.26 × 1015 ions/cm2. Observations were made on pure V and the high-entropy alloys TiVNbTa, TiVZrTa, and TiVCrTa. It was found that pure V exhibits the most significant change in hardness, approximately 37%, prior to and following irradiation. In contrast, the three RHEAs showed relatively minor changes in hardness, with TiVNbTa exhibiting a hardening rate of about 6%. Notably, the low-activation TiVZrTa and TiVCrTa RHEAs demonstrated negligible hardening rates, as shown in Figure 2a. Correlating with the neutron absorption cross-section data provided in the accompanying Table 1, Zr indeed has the smallest cross-section, indicating a higher resistance to irradiation [53]. At the University of North Texas [4], in an irradiation experiment with 4.4 MeV high-energy Ni2+ ions at a fluence of 1.08 × 1017 ions/cm2 at room temperature, the radiation response of HfTaTiVZr RHEAs was compared to that of conventional 304 stainless steel. It was observed that HfTaTiVZr RHEAs undergo a modest increase in hardness and yield strength by about 13% and 28% (Figure 2b), respectively; a contrast to the significant increases in 304 stainless steel, which exhibits 50% and 54% enhancements in these mechanical properties (Figure 2b). This disparity is attributed to the inherently sluggish diffusion of atoms in RHEAs, which impedes the mobility of interstitials, resulting in a superior irradiation resistance. Such findings underscore the potential of HfTaTiVZr RHEAs as more resilient materials subject to high radiation exposure.



Chang et al. [31] explored the irradiation resistance of the HfNbTaTiZr RHEAs. The experiment involved subjecting samples of the HfNbTaTiZr alloy to 300 keV Ni+ ion bombardment at a fluence of 1.5 × 1016 cm−2 at 100 °C, with a damage level of over 30 dpa. The researchers discovered that irradiation-induced swelling is remarkably suppressed in the HfNbTaTiZr alloy. The nanoindentation hardness after irradiation is almost unchanged, indicating a high resistance to hardening due to irradiation. This suggests that the material experiences extensive lattice distortion and has altered diffusion kinetics under irradiation. The lattice distortion and diffusion kinetics of RHEAs like HfNbTaTiZr endow them with superior radiation tolerance. The results reveal that the swelling and hardening effects in HfNbTaTiZr RHEAs are significantly suppressed compared to those in conventional nuclear materials.



Moschetti et al. [54,55] investigated the room-temperature mechanical behavior of TiZrNbHfTa RHEAs after ion irradiation, revealing their resistance to He irradiation damage. It was found that the strength and ductility of the TiZrNbHfTa RHEAs are well maintained after irradiation. The results of the study indicate that TiZrNbHfTa RHEAs exhibit only a 13.9% increase in hardness (hardening), while a 4.5% of increase in elongation, suggesting a high resistance to He-induced hardening and embrittlement (Figure 3). Nanoscale He bubbles were found within the grain boundaries, as shown in Figure 3. The authors believe that these bubbles are contributing factors in the activation of a grain boundary gliding mechanism, which helps the material to maintain a certain ductility. The presence of helium bubbles weakens the grain boundaries of the alloy, allowing for movement or sliding at the grain boundaries under stress.



El Atwani et al. [43] focus on nanocrystalline RHEAs composed of W, Ta, Cr, V, and Hf. This composition was determined through techniques like thermophysical parameter calculations and the Calculation of Phase Diagrams (CALPHAD) method. Quinary RHEAs exhibit microstructural stability and a promising ion irradiation response under single- and dual-beam ion irradiation conditions, attributed to factors like the high density of stable grain boundaries, the chemical complexity affecting defect recombination rates, and a lower order–disorder transition temperature compared to the original four-element RHEAs. Dislocation loops are not detected even after significant helium implantation and irradiation. A study of cavity density and size shows no increasing trends in these parameters, indicating a saturation effect under the tested irradiation conditions. Furthermore, nanoindentation tests conducted before and after annealing and irradiation reveal changes in the hardness of the alloy. The substantial hardening of the alloy under irradiation conditions reaches 20 GPa (unirradiated sample: 13.25 GPa and annealed sample: 16.25 GPa). The microstructure and irradiation-induced hardening of a group of BCC-structured alloys (MoNbTaTi, MoNbTa, and MNbTaTiW) were observed via the CALPHAD method at Hokkaido University, Japan [56]. It was found that MoNbTa-based BCC RHEAs have quite a good high-temperature stability, and it is speculated that due to the high entropy of HEAs, the radiation hardening of MoNbTaTiW is smaller than that of MoNbTaTi. The radiation hardening of both alloys is smaller than that of pure W.




3.2. Irradiation-Induced Phase Transformations of RHEAs


The phenomenon of the segregation of alloy elements caused by irradiation was firstly postulated by L.E. Anthony in 1972 [57]. At Argonne National Laboratory, the segregation effects of principal and trace elements within the matrix of both binary and ternary alloy systems were studied using techniques like Auger electron spectroscopy to reveal the complex changes in materials exposed to radiation [58]. It was found that the segregation of elements can affect the mechanical properties of materials. Under irradiation, the movement of vacancies and interstitial atoms in the material promotes diffusion, leading to element segregation and precipitation, resulting in enrichment and depletion of elements. The movement of point defects promotes the movement of solute atoms. When the radius of body atoms is larger than that of solute atoms, solute are easily combine with collective atoms to form a positive binding energy; these atoms move to defect traps such as grain boundaries, so solute atoms precipitate at the grain boundaries under irradiation conditions. On the contrary, when the radius of the matrix atom is smaller than that of the solute atom, the solute atom easily combines with the collective atom to form a negative binding energy. The atoms move away from the boundary, so the phenomenon of solute atom dilution occurs at the grain boundary.



Pu et al. [8] discuss the mechanisms of irradiation-induced crystallization in amorphous TaTiWVCr RHEAs and W films when exposed to 60 keV He+ ion irradiation. Both materials were irradiated using a 60 keV He ion beam platform, with fluences ranging from 1 × 1016 cm−2 to 2 × 1017 cm−2. Defect accumulation increases the free energy and triggers crystallization when a critical concentration is reached. This process is propelled by the thermal-spike effect, where energy transfer from hot electrons to the cooler lattice causes short-range diffusion and a rise in the lattice temperature. Grain growth is further aided by interactions at the grain boundaries (GBs) between amorphous and nano-crystalline areas, reducing the GB’s curvature. He+ ion irradiation introduces vacancies and interstitial defects, enhancing atomic mobility and rearrangement and thus forming nanometer-sized grains. Additionally, irradiation causes compositional reorganization in the RHEAs, where metallic atoms diffuse and become entrapped by GBs, facilitating grain growth. Theoretical simulations show that the amorphous–crystalline boundary advances into the amorphous zone over time, Figure 4, forming spherical or ellipsoidal grains through atomic entrapment. Continuous ion irradiation at a high fluence results in fast grain growth, induced by a disorder-driven mechanism that promotes preferential growth in grains with a {110} direction on a much shorter timescale than curvature-driven or grain-rotation mechanisms. Tunes et al. [59] observed the changes in the chemical composition of two RHEAs before and after irradiation. They found that the crystalline region of the WTaCrV alloy shows no significant changes before and after irradiation, while small Hf-rich precipitates are observed in WTaCrVHf after irradiation at 800 °C.



The NbZrTi series of RHEAs has excellent phase stability and high mechanical properties at elevated temperatures [60], such as NbZrTiHf [61,62], NbZrTiTaHf [31,63,64], NbZrTiV [65], NbZrTiMoV [66], etc. Their lattice distortion and composition complexity have obvious inhibition effects on heavy ion irradiation [67]. Lei et al. [68] focused on improving the damping properties of Ta0.5Nb0.5HfZrTi by doping with oxygen or nitrogen. These enhanced materials show promise in eliminating noise and mechanical vibrations, crucial for various applications. This research indicates that these doped RHEAs exhibit not only good damping properties but also an improved strength and ductility. They are promising as a cladding material for high-power nuclear reactor systems. A team from Xi’an Jiao Tong University [7] analyzed the point defect properties of NbZrTi RHEAs using first principles calculations. They found that severe lattice distortion in these alloys leads to instability in conventional vacancies and interstitial structures. This results in a lower average formation energy for vacancies and interstitials compared to pure Nb. They also observed a wide distribution of vacancy migration energies and slow interstitial diffusion (Figure 5). Additionally, Ti atoms show fast diffusion rates under irradiation. NbZrTi shows reduced void formation at high temperatures due to its altered vacancy and interstitial behaviors. There is a wide range of vacancy migration energies, extending to 0 eV, leading to preferential migration through low barrier sites. Interstitial diffusion is slower than that in pure Nb, mainly due to reduced long <111> diffusion pathways caused by variations in stable interstitial orientations.



The irradiation of RHEAs is studied by a combination of simulations and experiments. Egami et al. [69] report that due to local melting caused by thermal spikes and recrystallisation caused by different atomic sizes, high atomic-level stresses in ZrHfNb can promote the amorphous phase via irradiation and lead to much less defects. They reveal that ZrHfNb has less defects and a good resistance to electron damage via simulations of the kinetic damage of displacing atoms and molecular dynamics simulations of the thermal spike of energy deposition.




3.3. Irradiation Effect of Helium


The nuclear reaction between neutrons and materials can produce hydrogen and helium, and the helium generated by transmutation is not easily diffused in the material because of its low solubility. Hydrogen is easily diffused out of the material under high-temperature conditions; hydrogen and helium in the alloy further accelerate the diffusion of atoms in the material under irradiation with the capture and diffusion among crystal defects, such as vacancy point defects, dislocation rings, and interstitial atomic clusters. This results in phase precipitation and element segregation in the material, making the material undergo hydrogen embrittlement or helium embrittlement [70]. The formation of defect groups through the combination and decomposition of defects leads to radiation swelling of the material. Defects such as dislocation rings lead to hardening of the material. When the irradiation temperature is greater than 0.5 Tm, helium ions generated by transmutation reactions in the nuclear material form helium bubbles or cavities under the action of stress, which causes swelling inside the material, resulting in further improvements in the brittleness of the material [71]. High-temperature helium embrittlement can be used as one of the reference standards to determine the highest temperature of structural materials in a neutron irradiation environment.



Jia et al. [72] compared three different single-phase BCC structure alloys, V-alloy, TiVTa and TiVNbTa alloys, after irradiation by He ions (1.5 MeV) at fluences of 2 × 1016 and 1 × 1017 ion/cm2 at 700 °C. By comparing the width of the He bubble formation region in Figure 6a–c under 1 × 1017 ion/cm2, it was found that V-alloy has the narrowest region, indicating that helium diffuses the slowest in V-alloy, while the wider distribution of He bubbles in TiVTa and TiVNbTa suggests that helium diffuses relatively fast in these two alloys. Especially for TiVTa, they observed He bubble clusters in the irradiation peak region. They found that the density and size of He bubbles in these three alloys increase with the increase in fluence, which is the same trend as the simulation results. The yellow arrow in Figure 6d,e shows that V accumulates around He bubbles and Ti, Nb, and Ta are depleted around the He bubbles.



Cui et al. [30] studied the irradiation behaviors of pure W and W-rich RHEAs (RHEA-W). The RHEA-W alloys consist of ultrafine grains with a body-centered cubic (BCC) structure. They are composed of W-based and Ti-rich grains with an ultrafine grain size, which is significantly finer than that of pure W. These alloys exhibit excellent surface stability under He irradiation. With an irradiation fluence of 0.9 × 1025 ions/m2, the surface of the RHEA-W alloys remains nearly flat. The impressive stability of these alloys under He+ irradiation is attributed to their self-healing mechanism. The high-entropy matrix undergoes microstructural rearrangement to fill in damaged areas, atom diffusion to repair defects, phase transformations that mitigate damage, and potential chemical reactions.



Guo et al. [73] and Senkov et al. [74] studied nanocrystal NbMoTaW and NbMoTaWV RHEA films under high-dose and low-energy helium ion irradiation at 777 °C. It was found that the alloys maintain a BCC structure, and neither the thermal conductivity nor the electrical conductivity decreases. This indicates that the alloys can inhibit the diffusion of helium and effectively inhibit the growth of helium bubbles after the introduction of V (Figure 7a,b). The accumulation and clustering of helium bubbles may be mitigated by adjusting the formation and migration energies of helium and vacancies, thereby enhancing the ability of the material to accommodate helium. The introduction of V further enhances the lattice distortion of the alloy, indicating that the lattice distortion greatly inhibits the diffusion of helium ions. By measuring the resistivity and conductivity of two alloy films before and after irradiation, it is observed that with the increase in fluence, the resistivity of the alloy films progressively decreases, while their conductivity gradually increases. The increase in fluence leads to the coalescence of small grains into larger grains, significantly reducing electron scattering caused by grain boundaries. This results in a decrease in the overall resistivity of the films. Moreover, defects such as helium bubbles in the irradiated films contribute to an increase in electron scattering, thereby elevating the resistivity (Figure 7c,d).



The alloys compositions of MoNbTiVCr and MoNbTiVZr RHEAs have a low thermal neutron absorption cross-section and a high thermal conductivity [38]. They have superior irradiation resistance and high-temperature corrosion resistance. Through an experiment of He ion simulations of neutron irradiation, it was found that Mo0.5NbTiVCr0.25 is stable at lower irradiation levels but shows signs of amorphization at higher fluences. Moreover, both alloys exhibit slight irradiation hardening. Dislocation loops are formed in BCC-structure HEAs after irradiation. The dislocation loops are similar in size (4–6 nm) but vary in density (Figure 8). After exposure to high doses of irradiation, it is observed that there is a notable increase in the number of dislocation loops, while the size of these loops remains unchanged. This phenomenon can be attributed to the significant lattice distortion present in RHEAs. The lattice distortion in these alloys creates barriers to the migration of point defects, effectively controlling the growth of dislocation loops. The presence of lattice distortion is a hallmark characteristic of RHEAs, resulting from their complex multi-element composition. This distortion leads to an irregular lattice structure, which hinders the movement of atoms and defects within the material. Due to lattice distortion and composition complexity, the material reaches the irradiation damage peak late, and no sediment is found after irradiation. This indicates that this material is one of the candidates for fuel cladding materials with good accident resistance [75]. The chemical long-range disorder of RHEAs increases the scattering of electrons and results in a slowdown in the energy consumption of the cascade collision, thus prolonging the thermal peak time and increasing the probability of defect recovery.



Lu et al. [76] found that Ti2ZrHfV0.5Mo0.2 RHEAs have an exceptional irradiation resistance and exhibit minimal hardening and a unique reduction in the lattice constant upon exposure to He-ion irradiation. In conventional alloys, X-ray diffraction (XRD) peaks typically shift to the left with an increase in the lattice constant following irradiation. However, in the case of the Ti2ZrHfV0.5Mo0.2 HEA, the opposite trend is observed, where the XRD peaks move to the right, accompanied by a decrease in the lattice constant after irradiation, as shown in Figure 9a. The high concentration of vacancy defects in the alloy plays a role in trapping He atoms. This mechanism significantly reduces the formation of helium bubbles along grain boundaries, thereby mitigating the brittleness typically induced by irradiation in RHEAs (Figure 9b). Additionally, the limited formation of helium bubbles within the matrix contributes to a substantial decrease in irradiation hardening of the alloy. This characteristic of this HEA is attributed to its high-density lattice vacancies/defects, which confer exceptional irradiation tolerance.





4. Summary


The introduction of refractory elements into BCC-structured HEAs can further improve their high-temperature mechanical properties. Although stable BCC-structured HEAs are resistant to irradiation hardening, their phase stability under irradiation conditions remains a key issue. The second phase precipitated by phase instability can serve as the recombination core of annihilation, thus inhibiting the formation and growth of helium bubbles. An interface between the precipitated phase and the matrix, especially the substructure interface, can lead to the formation, accumulation, and nucleation of lattice defects, thus inducing hardening embrittlement and other ion-induced damage, and its effects need to be further studied. RHEAs have been considered for use in irradiation conditions due to their high melting points and potentially superior radiation damage resistance. However, several challenges arise when they are exposed to such harsh environments:




	
Radiation-induced phase segregation and precipitation: RHEAs may experience changes in the microstructure due to radiation, including segregation of elements and precipitation of new phases, which can change their mechanical properties and lead to embrittlement or reduced strength.



	
Swelling and void formation: exposure to irradiation can lead to the formation of voids and swelling in the material, which can damage the integrity of the material’s structure and lead to premature failure of the alloy under mechanical stress.



	
Helium embrittlement: Transmutation reactions within nuclear reactors can lead to the formation of helium or helium bubbles within the alloy. These helium bubbles create pressure within the material, leading to embrittlement and cracking.



	
Long-term behavior: The long-term behavior of RHEAs under irradiation is not fully understood, making it difficult to predict their performance over the lifespan of a nuclear reactor. This uncertainty can be a significant barrier to their adoption in safety-critical applications.



	
Irradiation-induced changes in other properties: Irradiation can lead to variation in the microstructure of RHEAs, thus resulting in changes in other properties, such as damping, armoring, corrosion and oxidation resistance, thermal expansion, etc. On the one hand, the study of the variation in these properties is a necessary part of the comprehensive evaluation of RHEAs under irradiation conditions; on the other hand, it can also broaden the range and possibility of their applications. However, research in these fields has rarely been reported.









5. Future Prospects


As a future direction in materials science and nuclear engineering, it is suggested that researchers focus on optimizing alloy compositions continuously and refine post-irradiation heat treatments to effectively manage radiation-induced segregation and precipitation. This involves tailoring alloys to stabilize the desired phases and minimize detrimental secondary phases, as well as utilizing heat treatments to re-dissolve segregated elements and eliminate unwanted precipitates.



The swelling and void problem can be solved by the incorporation of alloying strategies with elements known to form stable oxides or nitrides. This can be explored to effectively restrain dislocations and inhibit void formation in radiation-exposed materials.



One promising approach to addressing helium embrittlement in future research is to focus on the creation of effective helium trapping sites within materials. This can be achieved by incorporating specific microstructural features, such as finely dispersed oxides or carbides, which have the capability to capture and immobilize helium atoms. Additionally, the design of dual-phase alloys is another future direction. By engineering alloys with one phase that is more resistant to helium embrittlement, it becomes possible to maintain the overall ductility and integrity of the material, even in helium-rich environments. These strategies hold the potential to advance the development of materials for nuclear reactors and aerospace technology.



Due to the predominance of short-duration irradiation experiments in laboratory settings, there exists a necessity to delve into the long-term behavioral responses of materials within irradiation environments. Irradiation experiments with extended exposure durations can simultaneously collect data related to material evolution under irradiation. Moreover, irradiation-induced changes in other properties of RHEAs, i.e., damping, armoring, corrosion and oxidation resistance, and thermal expansion, are worth further study. Furthermore, the enhancement of computational models holds great potential. This entails the refinement of predictive frameworks, encompassing multiscale modeling methodologies that enable the prediction of long-term material behavior under irradiation. Such models should include effects ranging from the atomic scale to the macroscopic scale, contributing to a more comprehensive understanding of radiation-induced material alterations over extended periods.
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Figure 1. A model of the hardening mechanism. The severe lattice distortion, dislocation, and irradiation-induced dislocation loops are considered in the model of RHEAs. (Reprinted with permission from ref. [5]. Copyright 2021 Elsevier.) 
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Figure 2. (a) Indentation hardness of irradiated and unirradiated HEAs and control sample at 300 nm indentation depth [53]. Hardness versus depth for irradiated and un-irradiated samples of (b) HfTaTiVZr HEA and (c) 304 stainless steel [4]. (Reprinted with permission from refs. [4,53]. Copyright 2019 and 2020 Elsevier.) 
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Figure 3. Tensile stress–strain curves of both irradiated and unirradiated HPT [55]. (Reprinted with permission from ref. [55]. Copyright 2023 John Wiley and Sons.) 
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Figure 4. Illustration of irradiation-induced grain growth in TaTiWVCr or W films constructed with amorphous structures. (a) atomic nucleation, (b) atomic entrapment, (c) grain growth and (d) grain aggregation (Reprinted with permission from ref. [8]. Copyright 2023 Elsevier.) 
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Figure 5. Representative trajectories of interstitial pairs in NbZrTi and Nb with the same diffusion time scale. The interstitial trajectories are unwrapped from the simulation box with periodic boundaries and are enclosed here in boxes of the same length scale. (Reprinted with permission from ref. [7]. Copyright 2022 Elsevier.) 
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Figure 6. Under-focused TEM-BF images showing the He bubble distribution under a fluence of 1 × 1017 ion/cm2 in (a) V-alloy, (b) TiVNbTa, and (c) TiVTa between 1500 and 3200 nm below the surface. STEM-HAADF images and the corresponding EDS mappings of the He bubbles in the peak region of the samples irradiated with a fluence of 1 × 1017 ion/cm2, showing the elemental distribution around the He bubbles. (d) TiVNbTa, (e) TiVTa, (f) V-alloy. (Reprinted with permission from ref. [72]. Copyright 2021 Elsevier.) 
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Figure 7. Cross-sectional TEM images and corresponding line scan energy spectra of (a) a NbMoTaW RHEA film and (b) a NbMoTaWV RHEA film after irradiation with He+ at an irradiation fluence of 1.0 × 1026 ions/m2. The resistivity and conductivity variations curves of (c) NbMoTaW RMPEA films and (d) NbMoTaWV RHEA films before and after different fluences of He+ irradiation. (Reprinted with permission from ref. [73]. Copyright 2022 Elsevier.) 
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Figure 8. Cross-section TEM BF images of the specimens irradiated by helium ions: (a) a Cr-HEA at ion fluences of 1 × 1017 ions/cm2, (b) a Cr-HEA at ion fluences of 5 × 1017 ions/cm2, (c) a Zr-HEA at ion fluences of 5 × 1017 ions/cm2. Some irradiation-induced dislocation loops are marked by white arrows. (Reprinted with permission from ref. [75]. Copyright 2021 Elsevier.) 
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Figure 9. (a) XRD patterns of initial and irradiated Ti2ZrHfV0.5Mo0.2 HEA at ion doses of 5 × 1015, 1 × 1016, and 3 × 1016 ions/cm2, respectively. (b) A schematic diagram of He ions being captured in the vacancy defects of the Ti2ZrHfV0.5Mo0.2 HEA. (Reprinted with permission from ref. [76]. Copyright 2018 Elsevier). 
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