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A B S T R A C T

As representative Group 6 refractory metals, tungsten (W) and molybdenum (Mo) are promising candidates for 
aerospace, nuclear fusion, and other advanced engineering applications because of their extremely high melting 
points, excellent high-temperature strength, and high thermal conductivity. Their wider engineering use, how
ever, is constrained by processing difficulties and limited service reliability, which are largely associated with 
intrinsic room-temperature brittleness and a high ductile-to-brittle transition temperature (DBTT). This review 
systematically examines recent advances in W- and Mo-based refractory alloys and composites within an inte
grated processing–microstructure–property framework. First, melting, powder metallurgy, and additive 
manufacturing are compared in terms of their respective advantages and limitations in impurity control, grain 
refinement, and densification. Second, homogeneous and heterogeneous microstructural architectures are 
reviewed and compared, together with different modes of interfacial bonding and the patterns of microstructural 
evolution under different thermodynamic and kinetic conditions. Particular emphasis is placed on interpreting 
strengthening and toughening mechanisms from the perspective of crystal defects of different dimensionalities 
and on analyzing irradiation-damage behavior, thereby supporting the reliable engineering deployment of W- 
and Mo-based materials in extreme environments. Finally, future research priorities are summarized, including 
standardized multi-property evaluation, characterization and testing under coupled multiphysics conditions, 
multiscale simulation, and component-scale validation.

1. Introduction

Continued advances in modern industry and technology have placed 
increasingly stringent demands on materials used in extreme service 
environments. Plasma-facing materials (PFMs) for fusion reactors [1–3], 
divertor structural materials [4,5], nuclear reactor cladding materials 
[6,7], and advanced aerospace components, such as rocket nozzles and 
hypersonic aircraft components [8,9], are exposed to extremely high 
temperatures, severe thermal shock, high-flux particle irradiation, and 
complex cyclic loading. These materials must therefore retain their 
structural integrity and mechanical performance under such conditions. 
Among the candidate materials, tungsten (W) and molybdenum (Mo) 
are particularly attractive because both are refractory metals with a 

body-centered cubic (BCC) crystal structure. Their suitability for 
extreme environments derives from their high melting points (3422 ◦C 
for W and 2620 ◦C for Mo), high strength and structural stability at 
elevated temperatures, good thermal conductivity, low coefficients of 
thermal expansion, and low sputtering yields [1,10,11] (Fig. 1).

Despite their outstanding properties at elevated temperatures, W and 
Mo possess inherent physical and metallurgical limitations that remain 
major barriers to their broader engineering application. In the BCC 
lattice, the nonplanar cores of 1/2〈111〉 screw dislocations give rise to a 
high Peierls stress that impedes dislocation glide [12]. The resulting 
lattice resistance suppresses dislocation glide at low temperatures, 
contributing to pronounced room-temperature brittleness and a high 
ductile-to-brittle transition temperature (DBTT), which has been 
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reported to be approximately 400 ◦C for pure W. W and Mo are also 
highly sensitive to interstitial impurities, particularly oxygen (O), ni
trogen (N), and carbon (C). These impurities readily segregate to grain 
boundaries and weaken grain boundary cohesion, thereby promoting 
intergranular brittle fracture under applied loading [8,13]. During 
processing or service, exposure to elevated temperatures can also induce 
recrystallization in W- and Mo-based materials. The accompanying grain 
coarsening reduces strength and may lead to recrystallization-induced 
embrittlement. Energetic particle irradiation generates defects such as 
dislocation loops and voids, which contribute to irradiation hardening 
and mechanical property degradation [3,5,7]. In W, irradiation may also 
cause damage phenomena such as surface fuzz formation and volu
metric swelling [14]. Collectively, these limitations complicate the 
machining and forming of W- and Mo-based materials, hinder the 
fabrication of complex components, and restrict their broader engi
neering application.

To address these limitations, recent research has focused on pro
cessing innovation, compositional and microstructural design, and the 
mechanisms governing property optimization in W- and Mo-based ma
terials. In processing, conventional powder metallurgy (PM) and melting 
routes remain widely used, although they often involve a trade-off be
tween densification and grain coarsening. The emergence of additive 
manufacturing (AM), commonly known as three-dimensional (3D) 
printing, has enabled the near-net-shape fabrication of geometrically 
complex W- and Mo-based components [15–20]. However, the steep 
thermal gradients and rapid cooling rates inherent to AM can generate 
high residual stresses [21,22], resulting in microcracking and, in severe 
cases, macroscopic cracking. Crack suppression therefore remains a 
major challenge in the AM of refractory metals. For compositional and 
microstructural design, second-phase dispersion strengthening with 
oxides or carbides [23–26], alloying [27,28], and grain refinement, 
including nanocrystalline (NC) strengthening [9,14,29–31], have been 
widely adopted. These strategies seek to promote strength-toughness 
synergy while enhancing irradiation resistance and high-temperature 
stability under extreme conditions [32,33]. Despite substantial prog
ress, several challenges remain, including the limited availability and 

high cost of certain alloying elements, second-phase coarsening at 
elevated temperatures, and particle agglomeration. Accordingly, current 
research is increasingly focused on precise microstructural control. One 
approach is to develop homogeneous microstructures containing uni
formly dispersed nanoscale phases and tailored coherent or 
semi-coherent interfaces [30,34,35]. A complementary approach is to 
introduce heterogeneous architectures, such as gradient and multiphase 
structures, to exploit hetero-deformation-induced (HDI) stresses, which 
may enhance strain-hardening capacity and fracture resistance while 
retaining high strength [36,37].

Previous reviews have largely focused on a single processing route or 
alloy system, while discussions of the relationships among processing 
routes, defect evolution, microstructure, and service performance 
remain fragmented. In addition, although W and Mo are both Group 6 
refractory metals and share many intrinsic characteristics, comprehen
sive comparisons of their similarities and differences remain limited. 
Accordingly, this review systematically examines W- and Mo-based re
fractory alloys and composites intended for extreme service conditions 
involving high temperatures, intense heat fluxes, irradiation, and high 
mechanical stresses, with particular emphasis on their strengthening 
and toughening mechanisms and irradiation resistance. The respective 
advantages and limitations of different processing routes are also dis
cussed; homogeneous and heterogeneous microstructural design stra
tegies are compared; and the effects of interfacial compatibility on 
properties, together with the underlying mechanisms of microstructural 
evolution under different thermodynamic and kinetic conditions, are 
analyzed from a microscopic perspective. This review aims to provide a 
mechanistic foundation for the rational design of cost-effective, high- 
performance refractory materials that can be fabricated into complex 
geometries. The resulting analytical framework may also provide guid
ance for the development of critical materials for strategic applications 
in aerospace and nuclear fusion.

2. Material design

Processing routes govern the thermodynamic and kinetic pathways 
through which compositional distributions, defects, and interfaces 
evolve, thereby linking materials design to macroscopic performance. 
Advances in processing now enable the controlled development of both 
homogeneous and heterogeneous microstructures. These architectures 
should be viewed as complementary design strategies, with their se
lection guided by the target combination of properties and service 
conditions.

2.1. Preparation method

The principal processing routes for W- and Mo-based refractory al
loys and composites can be grouped into three categories: melting, AM, 
and PM. These routes are governed primarily by conventional melt so
lidification, rapid melting and solidification, and solid-state diffusion 
and sintering, respectively.

Melting processes represented by electron beam melting (EBM) [38], 
plasma arc melting (PAM) [39], and vacuum arc melting (VAM) 
combine purification with liquid-state solidification (Fig. 2(a–f)) 
[38–46]. Heat sources, atmospheres, temperature gradients, and cooling 
rates jointly determine impurity removal, elemental volatilization 
behavior, compositional uniformity, and the columnar-to-equiaxed 
grain transition. Detailed descriptions of the operating principles of 
these methods are provided in Supplementary Note S1. For the prepa
ration of W/Mo materials, EBM generally provides the strongest puri
fication capability, whereas PAM is more effective in suppressing 
elemental volatilization.

AM [47], commonly known as 3D printing [21,48,49], mainly uses 
laser or electron beams as energy sources [17,18,22,50]. For W/Mo 
materials, powder bed fusion (PBF) [19] and directed energy deposition 
(DED) [15,51] are representative AM routes for the near-net-shape 

Fig. 1. Applications of W/Mo alloys and composites and their common addi
tive elements.
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forming of complex components (detailed mechanisms are provided in 
Supplementary Note S2) [52]. Its rapid thermal cycling suppresses im
purity migration and facilitates the formation of supersaturated solid 
solutions, ultrafine-grained (UFG) structures, and amorphous phases 
[53]. However, the high ductile-to-brittle transition temperatures 
(DBTTs), poor melt flowability, and fluctuating laser absorptivity of W 
and Mo can readily induce the balling effect and pore defects; the rapid 
heating and cooling cycles during AM further increase the cracking 
tendency [54]. Therefore, current studies mainly focus on crack sup
pression through process optimization and powder quality improvement 
[55,56]. Other AM techniques applicable to W/Mo materials include 
wire arc additive manufacturing (WAAM) [57] and binder jetting (BJ) 
[58], as summarized in Supplementary Note S3.

PM is one of the most widely used processing routes and generally 
comprises powder production, blending, compaction, sintering, and 
post-treatment [16,59,60]. As illustrated in Fig. 2(g and h), densification 
during PM is driven by the reduction of surface and interfacial energies 
and controlled by solid-state diffusion [61]. Powder production is a 
critical step in PM, because high-quality precursor powders are benefi
cial for obtaining fine and uniform grain structures during subsequent 
sintering. Common powder preparation methods for W- and Mo-based 
alloy powders include mechanical alloying (MA) [62], freeze-drying 
[63], wet-chemical synthesis [64], hydrothermal synthesis [65], and 
sol-gel processing [66], with detailed information provided in 
Supplementary Table S1. Common powder forming methods include die 
pressing, isostatic pressing, and powder injection molding (PIM) [67]. 
Sintering is the core step of PM. Conventional solid-state sintering and 
liquid-phase sintering (LPS) still play important roles, and LPS is 
particularly suitable for tungsten heavy alloys (WHAs) containing 
low-melting-point binder elements; however, prolonged heating can 
readily cause grain coarsening. In recent years, various advanced sin
tering techniques have attracted increasing attention [68,69]. Spark 
plasma sintering (SPS) [70], hot isostatic pressing (HIP) [71,72], and 
microwave sintering [73] provide more effective routes for improving 
densification and suppressing grain growth. In addition, emerging sin
tering processes such as oscillatory-pressure sintering [74] and ultrafast 
high-temperature sintering (UHS) [75] have also been developed, as 
detailed in Supplementary Note S4. Nevertheless, residual porosity 

remains a long-standing limitation of conventional PM. Residual pores 
can reduce electrical and thermal conductivity and may serve as crack 
initiation sites under certain loading conditions. Therefore, improving 
densification and controlling residual porosity remain central objectives 
in PM processing.

The operating principles, advantages, and limitations of the above 
preparation methods for W- and Mo-based materials are detailed in 
Supplementary Table S2. This comparison provides guidance for 
selecting an appropriate processing route according to the target prop
erties and component geometries. Although the same three processing- 
route families are applicable to both metals, their relative priorities 
differ. Because W has a higher melting point and more pronounced low- 
temperature brittleness, full melting and fusion-based AM require 
particularly high energy input and stringent control of residual stress 
and cracking. Consequently, PM, liquid-phase-assisted densification in 
WHAs, and rapid or pressure-assisted sintering are especially prominent 
in W processing. Mo has a lower melting point and generally better 
room-temperature deformability, which can provide a comparatively 
broader window for melt-based fabrication and subsequent thermo
mechanical processing; nevertheless, oxygen contamination, porosity, 
columnar-grain formation, and cracking remain important concerns. 
Thus, W processing is often dominated by densification and crack sup
pression, whereas Mo processing more frequently requires a balance 
among impurity control, recrystallization, and formability [19,54,61].

In addition to these bulk-processing routes, physical vapor deposi
tion (PVD) and chemical vapor deposition (CVD) provide surface- 
engineering approaches for preparing W- and Mo-based films and 
coatings. Such coatings offer localized protection, while multilayer or 
interlayer architectures can regulate interdiffusion and alleviate prop
erty mismatch at dissimilar-material interfaces. Ruset et al. [76] 
reviewed W coatings deposited on carbon-based substrates by vacuum 
plasma spraying (VPS), CVD, and PVD, showing that ion-assisted 
magnetron sputtering enables relatively thick W coatings with reduced 
delamination, while a Mo interlayer mitigates thermal-expansion 
mismatch. Kim et al. [77] further demonstrated that the thermal 
response of 5-μm PVD W/Mo coatings on graphite depends on coating 
architecture and heat load; the Mo interlayer improves adhesion, and 
the W/Mo bilayer exhibits better resistance to plasma heating. For 

Fig. 2. (a–c) Schematic diagrams of the equipment for EBM, PAM, and VAM, respectively; (d) Purification and impurity removal mechanism of the melting process; 
(e) Schematic illustration of equiaxed grain growth; (f) Typical microstructure after solidification; (g) Schematic diagram of the sintering die for PM; (h) Sintering 
mechanism of PM, including atomic diffusion, solid-state phase transformation, and densification.
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Mo-based coatings, Ahmed et al. [78] found that sputtering power and 
working-gas pressure jointly determine the crystallite size, porosity, 
roughness, and residual stress of direct-current (DC) 
magnetron-sputtered Mo films. High power combined with 
low-to-moderate pressure favors dense crystalline films, whereas 
increasing pressure changes the residual stress from compressive to 
tensile. Studies of other magnetron-sputtered coatings have also shown 
that service-induced elemental segregation and preferential oxidation 
can form an amorphous–crystalline surface layer that redistributes 
deformation and suppresses surface cracking [79], providing useful in
sights into the service evolution of W/Mo coatings. Nevertheless, prac
tical applications remain constrained by intrinsic brittleness, 
deposition-induced residual stress, and interfacial degradation. Pure 
sputtered Mo films exhibit low crack-onset strain and straight channel 
cracks, although Re alloying can delay cracking within the solid-solution 
range [80]. Moreover, in W coatings with a Mo interlayer on 
carbon-fiber composite (CFC) substrates, carbon diffusion and carbide 
formation can degrade the CFC-Mo and Mo-W interfaces [77,81], while 
cyclic high-heat-flux loading may further induce nanopore formation 
and buckling delamination [82]. Therefore, deposition parameters, 
coating thickness, fracture resistance, interfacial reactions, and accu
mulated thermal cycles should be considered jointly when designing 
W/Mo protective coatings for long-term service.

2.2. Microstructure design

Microstructural designs in W- and Mo-based materials are classified 
here as homogeneous or heterogeneous. Homogeneous designs 
distribute solutes and second phases relatively uniformly to reduce local 
property variation, whereas heterogeneous designs deliberately 
combine regions differing in composition, phase constitution, grain size, 
or defect density to exploit interactions among them. The benefits of the 
latter depend on the mechanical integrity and thermal stability of the 
constituent regions and interfaces.

2.2.1. Homogeneous structure
Homogeneous design primarily relies on uniformly distributed sub

stitutional solutes or thermally stable second-phase particles. The 
former provides solid-solution strengthening, whereas the latter con
tributes to grain refinement, dislocation pinning, and dispersion 

strengthening [23,83–85]. It should be noted that, because of the 
extremely high melting points of W and Mo and the demanding pro
cessing conditions they entail, second-phase particles are highly sus
ceptible to agglomeration during fabrication. Such agglomeration may 
not only promote brittle-phase-induced cleavage fracture but also 
facilitate the formation of microstructural defects, thereby degrading 
material performance. Therefore, W- and Mo-based materials containing 
uniformly dispersed second phases are included in this section to 
emphasize the importance of controlling the spatial distribution of 
second-phase constituents.

Ti and Re [27], as well as Nb, V, and Ta [86], have been widely 
investigated for producing homogeneous solid solution microstructures 
in W- and Mo-based materials. As shown in Fig. 3(a and b), Zhang et al. 
[87] used laser powder bed fusion (L-PBF) to fabricate a crack-free Mo 
alloy containing a homogeneous Ti solid solution. Fig. 3(c and d) shows 
that Ti addition increases the average Taylor factor (TF) and promotes a 
more uniform distribution of geometrically necessary dislocation (GND) 
density, thereby reducing grain-to-grain deformation heterogeneity and 
mitigating local stress concentrations. Multielement alloying may 
further generate synergistic effects on phase stability and mechanical 
performance [88]. Liu et al. [89] used thermodynamic and empirical 
descriptors, including the enthalpy of mixing, entropy of mixing, Ω 
parameter, atomic size difference (δ), and valence electron concentra
tion (VEC), to predict the phase constitution of W-Ta-Re alloys and 
evaluate their propensity to form detrimental phases. For an n-compo
nent alloy, these descriptors can be calculated as follows: 

ΔHmix =
∑n

i=1,i∕=j
Ωijcicj (1) 

ΔSmix = − R
∑n

i=1
(ci ln ci) (2) 

Ω =
TmΔSmix

|ΔHmix|
,Tm =

∑n

i=1
ci(Tm)i (3) 

δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
ci

(
1 −

ri

r

)2
√

, r =
∑n

i=1
ciri (4) 

Fig. 3. (Reprinted from Ref. [87]) (a) X-ray diffraction patterns of L-PBF fabricated commercially pure Mo (CP-Mo) and Tiμm/Mo alloy; Tiμm/Mo alloy fabricated by 
L-PBF: (b) scanning electron microscopy (SEM) image and electron probe microanalysis (EPMA) elemental maps; (c) TF distribution maps and corresponding dis
tribution curves; (d) GND distribution maps and grain size distribution diagrams.
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VEC =
∑n

i=1
ci(VEC)i (5) 

where n is the number of components; ci is the atomic fraction of 
element i; Ωij is the pairwise interaction parameter between elements i 
and j; and R, Tmi, ri, and (VEC)i are the gas constant, melting point, 
atomic radius, and valence electron concentration of element i, respec
tively. The Ω parameter compares the entropy-stabilizing contribution 
with the enthalpy of mixing, δ quantifies the overall atomic-size 
mismatch, and VEC is commonly used to estimate the preferred crystal 
structure. A smaller δ generally favors single-phase solid-solution for
mation, while VEC < 6.87 has been empirically associated with BCC 
solid solutions. These composition-based descriptors are intended for 
preliminary screening and should be interpreted as empirical tendencies 
rather than universal phase-selection rules.

Alloying element content is another key variable in homogeneous 
microstructural design. Yang et al. [90] reported that, in Mo-10B alloys, 
B in excess of its solid solubility limit precipitated as Mo2B, while pores 
occupied approximately one-third of the observed surface area. Opti
mization of the processing route can also promote the formation of 
homogeneous microstructures. Conklin et al. [91] treated W powder 
with perrhenic acid (HReO4) through sequential wetting, drying, and 
reduction steps. This treatment produced a continuous Re-containing 
coating on the W particles and promoted prealloying. A χ phase inter
layer containing 71–75 at.% Re formed, reducing the diffusion distance 
of Re during sintering and thereby promoting the formation of a ho
mogeneous single-phase solid solution.

For homogeneous microstructures strengthened by second-phase 
dispersion, conventional solid-state mixing often produces nonuniform 
particle distributions. Liquid-phase synthesis routes have therefore been 
widely adopted to improve particle dispersion [92], as described in 
Supplementary Note S5. Xiao et al. [93] combined liquid-phase doping 
with hydrothermal treatment to mix Zr4+ and Y3+ uniformly with a W 
precursor at the molecular scale. Following HIP consolidation, Zr(Y)O2 
nanoparticles were uniformly dispersed throughout the alloy. Yang et al. 
[94] used solution combustion synthesis (SCS) to obtain a uniform dis
tribution of La2O3 particles measuring 10–50 nm within grains and 
50–500 nm along grain boundaries, even at a relatively high La2O3 
content of 5.0 wt%. At high sintering temperatures, however, enhanced 
diffusion and the thermodynamic tendency to reduce interfacial energy 
can drive second-phase particles toward grain boundaries. Core-shell 
powder design [95–97] and in situ precipitation can instead control 
diffusion distances and nucleation sites, thereby improving particle 
dispersion. Further details are provided in Supplementary Note S6. Lang 
et al. [98] synthesized core-shell precursors comprising a TiC core and a 
tungstic acid shell using a modified wet-chemical method. This archi
tecture suppressed TiC agglomeration and promoted a relatively uni
form intragranular distribution of TiC particles within the W matrix. Hu 
et al. [99] used thermal plasma synthesis to dissolve Y2O3 rapidly within 
the NC W lattice, thereby forming a metastable solid solution. Subse
quent sintering at 1600 ◦C induced the uniform intragranular precipi
tation of Y2O3 particles with an average size of approximately 970 nm. 
In addition, tailoring the crystallographic orientation relationship be
tween the precipitates and matrix can reduce interfacial energy and 
suppress particle agglomeration [100,101]. As discussed in Section 3.2, 
such interface engineering can further support the development of ho
mogeneous microstructures.

Collectively, these studies show that uniformity alone is insufficient 
because particle size distribution and interface chemistry independently 
affect material properties. However, homogeneity is still assessed 
mainly from as-sintered microstructures. Because metastable intra
granular precipitates may redistribute or coarsen during subsequent 
forming and long-term service, microstructural observations should be 
accompanied by volume-representative dispersion statistics and high- 
temperature stability data.

2.2.2. Heterogeneous structure
Heterogeneous structures [102–104] can generate HDI stresses 

during deformation [105,106], which arise from deformation in
compatibility between relatively soft and hard domains. This in
compatibility promotes the accumulation of geometrically necessary 
dislocations near domain boundaries, producing back stress in the soft 
domains and forward stress in the hard domains. These coupled stresses 
enhance strain hardening and load sharing, although the resulting me
chanical benefit depends on domain contrast, interfacial integrity, and 
structural stability. Representative W- and Mo-based architectures 
include multimodal [107], multilayer [108,109], and gradient 
structures.

Recent studies have advanced heterogeneous structure design. Ning 
et al. [107] produced heterostructured pure W comprising elongated 
grains with numerous low-angle grain boundaries and blocky recrys
tallized grains. The coexistence of transgranular cracking in elongated 
grains and intergranular cracking in recrystallized regions increased 
crack path tortuosity and the total work of fracture. This mechanism 
differs from homogeneous grain refinement, in which strengthening 
arises mainly from uniformly distributed grain boundaries. Li et al. 
[110] developed bimodal and lamellar structures in a W-Y2O3 alloy, 
yielding a tensile strength of approximately 1.0 GPa and an elongation 
of 26% at 200 ◦C. This property combination suggests strength-ductility 
synergy under the reported test conditions. Hu et al. [111] prepared the 
WTaTiVN + Taμm heterostructured alloy shown in Fig. 4(a and b). Fig. 4
(c–f) shows three regions: Ta islands, high-entropy alloy (HEA) islands, 
and an HEA matrix. Coarse-grained (CG; >5 μm), fine-grained (FG; 1–5 
μm), and ultrafine-grained (UFG; <1 μm) regions form a multimodal 
structure. Regional hardness differences may contribute to HDI 
strengthening. Awasthi et al. [112] fabricated a multiphase W-Nb-C 
alloy using L-PBF. Phase contrasts in elastic modulus and yield strength 
were associated with HDI strengthening; for example, NbC and the 
W-Nb solid solution had elastic moduli of 535 and 400 GPa, respectively. 
In Mo-based materials, heterogeneous structures are used mainly for 
functional integration [113]; their application under extreme conditions 
remains less studied than in W-based materials. Ren et al. [114] found 
that, in a Mo-containing dual-phase alloy, controlled partial recrystal
lization generated a deformable recrystallized phase within a contin
uous skeleton of the unrecrystallized hard phase, thereby coordinating 
strain and redistributing stress while suppressing interfacial cracking. 
This finding indicates that the spatial continuity and microstructural 
state of individual regions are also critical. These cases show that 
multimodal and multiphase designs can provide the mechanical contrast 
needed for HDI strengthening. Nevertheless, tensile ductility, fracture 
toughness, crack growth resistance, and microstructural stability at 
relevant service temperatures should be evaluated jointly.

Gradient structures reduce abrupt thermophysical and mechanical 
mismatches and are therefore attractive for Mo-based materials under 
severe thermal gradients [115,116]. For example, AlN/Mo functionally 
graded materials use a gradual ceramic-to-metal transition to relieve 
thermal stresses caused by steep temperature gradients and thermo
physical mismatch. The Wakashima power law commonly controls this 
transition, with exponent p defining the gradient profile [117], and can 
be expressed as follows: 

CMo = K⋅
(x

d

)p
(6) 

where CMo is the mass fraction of Mo in a given gradient layer, x is the 
layer position, d is the total thickness of the gradient layer, K is a con
stant related to the density of the raw materials, and p is the composi
tional exponent. Jia et al. [118] showed that ceramic interlayer strength 
and p govern crack propagation, whereas strength differences between 
adjacent layers determine crack initiation sites. This function-based 
approach may also guide phase distribution control in W-based graded 
composites for extreme environments.
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In W-based composites, gradient designs are used mainly in WHAs 
[119] and W-Cu composites [120,121]. Relevant applications are sum
marized in Supplementary Note S7. Deng et al. [122] prepared W@NiFe 
composite powders by intermittent electrodeposition. Following LPS at 
1470 ◦C for 0.5 or 1 h, the alloy developed a mechanical property 
gradient along the gravity direction, consistent with the hard-surface 
and tough-core requirements of armor-piercing cores. Zhang et al. 
[123] used low-cost gray cast iron as a solid-state carbon source to 
reinforce W-Cu graded materials through in situ WC formation. After 
hot-press sintering, a WC + Cu layer, an Fe3W3C + W(Fe) + Cu transi
tion layer, and the original W + Cu region formed along the C/Fe 
diffusion direction. This architecture improved interfacial bonding and 
reduced particle detachment risk, a common problem in composites 
reinforced with externally added ceramics. These studies show that 
gradient structures can spatially integrate functions while avoiding 
abrupt property changes. However, effective crack suppression also re
quires control of reaction products, phase continuity, and local porosity, 
not merely smooth compositional gradients.

Overall, homogeneous and heterogeneous designs address different 
limitations of W- and Mo-based materials. Homogeneous solid solutions 
and particle dispersions generally provide isotropic strengthening, sta
ble load transfer, and good processing reproducibility but may offer less 
strain hardening and crack deflection. Heterogeneous structures can 
improve strain accommodation and fracture resistance through HDI 
stresses, crack deflection, and spatial functional integration but are more 
sensitive to interfacial integrity, property contrast, and microstructural 
stability. Therefore, heterogeneous structures should not be considered 
universally superior to homogeneous structures. A promising route is to 
combine both strategies by stabilizing heterogeneous regions with uni
formly dispersed nanoscale phases, thereby coupling local stability with 
macroscopic strain partitioning. It has been reported that a high density 
of uniformly distributed nanoprecipitates formed within a BCC matrix, 
with a lattice misfit of only approximately 0.37%. Interactions between 
the precipitates and dislocations provided precipitation strengthening, 
while their uniform distribution helped retain tensile ductility. Com
bined with the coexistence of mechanically dissimilar soft and hard re
gions, this multiscale heterogeneous architecture achieved a favorable 
strength–ductility balance [124].

3. Microstructure tailoring

3.1. Thermodynamic driving forces and kinetic control of microstructural 
evolution

Microstructural features, including grain morphology and size, phase 

constitution and distribution, and crystal defects, evolve with the ther
modynamic state and processing history. Such evolution directly affects 
macroscopic properties. Understanding these changes is therefore 
essential for property optimization. Pure W is difficult to process 
because of its high melting point and poor room-temperature ductility 
[29]. Low-melting-point elements such as Ni, Fe, and Cu are therefore 
added to produce WHAs with a typical two-phase composite micro
structure [125,126]. WHAs undergo complex microstructural evolution 
during processing, hot working, and service and are therefore widely 
studied as representative W-based systems. WHA evolution is commonly 
described by dissolution-reprecipitation [127] and Ostwald ripening 
[128,129]. Dihedral angle and W-W contiguity are key indicators of this 
evolution [126] (Supplementary Equations S1–S2). By contrast, many 
Mo alloys retain a continuous BCC matrix and undergo more extensive 
thermomechanical deformation; solute redistribution, precipitate sta
bility, dislocation substructures, recovery, and recrystallization are 
therefore more frequently used to interpret their evolution. Funda
mentally, microstructural evolution reflects the interplay between 
thermodynamic driving forces and kinetic constraints [130,131]. Ther
modynamic driving forces determine whether microstructural evolution 
is energetically feasible, whereas kinetic factors control its pathway, 
rate, and ultimate attainable extent. Accordingly, this section first ex
amines common modes of microstructural evolution driven by 
deformation-induced stored energy and reductions in chemical free 
energy, and then discusses how deformation and thermal kinetics 
govern the resulting microstructures.

By introducing abundant crystal defects, plastic deformation stores 
strain energy that provides a major thermodynamic driving force for 
subsequent microstructural evolution. Under thermal activation, this 
energy is dissipated through dynamic recovery (DRV) and dynamic 
recrystallization (DRX) [132]. Re addition can modify dislocation 
behavior and recrystallization. Huang et al. [133] observed deformation 
twin bands in Mo-47.5Re during room-temperature compression, which 
they attributed to limited thermal activation. At elevated temperatures, 
DRV became the primary energy dissipation mechanism. By compari
son, Ma et al. [134] found that, during room-temperature tension of 
Mo-14Re, strain energy accumulated mainly in slip-induced dislocation 
cells and networks, increasing lattice distortion. The stored strain energy 
provided an additional driving force for DRX at elevated temperatures. 
The differences between these studies likely reflect both Re content and 
loading mode. A high Re content can reduce stacking fault energy and 
raise the recrystallization temperature, promoting twinning at room 
temperature. Lower-Re alloys exhibit weaker solid-solution strength
ening and solute pinning, which can facilitate DRX nucleation and 
growth. Together with loading mode effects, weaker solute pinning may 

Fig. 4. (Reprinted from Ref. [111]) (a) Schematic diagram of the heterogeneous WTaTiVN + Taμm manufacturing process; (b) Rearrangement of powders and 
generation of three-phase heterostructures in WTaTiVN + Taμm.(c) backscattered electron (BSE) image of WTaTiVN + Taμm and (d–f) elemental color maps of Ta, W, 
Ti, V, and N in light-colored islands, and matrix and dark-colored islands.
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make lower-Re alloys more susceptible to DRX, although temperature, 
strain rate, and accumulated strain must also be considered.

In addition to deformation-induced stored energy, reductions in 
chemical free energy constitute another major thermodynamic driving 
force for microstructural evolution. Reactive alloying and tailored heat 
treatments can lower system free energy through chemical reactions 
[135] or thermally activated solute redistribution. Yang et al. [136] 
added Ti3AlC2 (a MAX phase) to Mo alloys; sintering at 1960 ◦C induced 
a topochemical reaction that formed stable AlTi3 and Ti-O Magnéli 
phases. This reaction dissipated stored energy and thereby suppressed 
recrystallization. Calculations by Yang et al. [137] indicated that B 
could form a stable solid solution in the Mo matrix, with Ω > 1 sug
gesting entropy-favored mixing. B atoms also exerted a strong solute 
drag effect that impeded grain boundary migration. Li et al. [138] re
ported that reactive Zr scavenged O from pre-existing titanium oxides in 
low-oxygen titanium-zirconium-molybdenum (TZM) alloys at high 
temperatures. Ti remained dissolved in the Mo matrix, forming a 
high-energy metastable supersaturated solid solution. Subsequent water 
quenching created substantial undercooling, while rolling introduced a 
high vacancy density. Together, these factors promoted the uniform 
precipitation of Ti-rich nanophases. These examples also show that 
thermodynamic favorability alone does not determine the final micro
structure; the extent of reaction, solute redistribution, and precipitation 
depends on the available time for atomic diffusion and grain-boundary 
migration.

The role of kinetic control is particularly evident in the strong tem
perature dependence of plastic deformation and the associated accu
mulation and dissipation of stored energy. At low temperatures, plastic 
flow in BCC W and Mo is constrained by the limited mobility of 1/2〈111〉 
screw dislocations, whose nonplanar cores and high lattice friction make 
their glide reliant on thermally activated kink-pair nucleation [84,139,
140]. Insufficient thermal activation therefore increases the flow stress 
and may promote cleavage or intergranular fracture before extensive 
plastic deformation can develop. This constraint is generally more pro
nounced in W because of its higher DBTT, whereas Mo usually retains a 
comparatively broader low-temperature deformation window. Alloying 

and particle/interface design can partly alleviate this limitation by 
promoting dislocation nucleation and slip or improving grain-boundary 
cohesion. As temperature increases, enhanced screw-dislocation 
mobility and the activation of cross-slip and climb facilitate more ho
mogeneous plastic flow and DRV; under sufficiently large strains, the 
accumulated energy may also drive DRX [132,134]. However, improved 
thermally activated plasticity may be offset by particle coarsening, grain 
growth, or recrystallization-induced grain-boundary weakening [100,
141]. Comparisons between W- and Mo-based materials should there
fore consider homologous rather than absolute temperature and account 
for strain rate, loading mode, grain size, texture, impurity content, and 
recrystallization state.

Under extreme processing conditions, materials can be driven far 
from thermodynamic equilibrium, making kinetic constraints central to 
microstructural evolution. Under large strains at elevated temperatures, 
rotational dynamic recrystallization (RDRX) can become an important 
softening mechanism in W- and Mo-based alloys. RDRX involves sub
grain rotation and the progressive conversion of low-angle grain 
boundaries (LAGBs) into high-angle grain boundaries (HAGBs). Its 
characteristic timescale can be estimated using the subgrain rotation 
time equation. Thermally activated deformation kinetics are commonly 
described using the Arrhenius-type constitutive equation and the Zener- 
Hollomon parameter [125,132,136]. The corresponding equations and 
parameters are provided in Supplementary Equations S3–S5.

Under high-strain-rate impact or severe shear, dislocation density 
increases rapidly, and much of the plastic work is converted into heat 
over a short timescale. This thermomechanical coupling can produce 
ultrafine-grained or NC structures. Zhang et al. [125] investigated the 
microstructural evolution of a 90W-Ni-Fe alloy under high-strain-rate 
deformation using a split Hopkinson pressure bar (SHPB). As shown in 
Fig. 5(a), dislocation tangles, cells, and subgrains formed sequentially 
below 4779 s− 1, whereas a 50-μm-wide adiabatic shear band developed 
at 6146 s− 1 (Fig. 5(b–i)). The authors attributed the fine equiaxed grains 
within the shear band to RDRX: increasing strain and temperature 
transformed dislocation structures into elongated subgrains, which 
rotated and ultimately formed randomly oriented equiaxed grains. Zhou 

Fig. 5. (Reprinted from Ref. [125]) (a) Schematic diagram of microstructural evolution of 90W-Ni-Fe alloy under high-strain-rate deformation; SEM images of the 
microstructure inside the adiabatic shear band (ASB): (b) Severely elongated tungsten particles; (c) Rotation of tungsten particles. Transmission electron microscopy 
(TEM) images of 90W-Ni-Fe alloy at a strain rate of 6146 s− 1: outside the shear band: (d) Numerous lath-shaped subgrains in the tungsten phase; (e) Elongated 
subgrains in the γ-(Ni, Fe) solid solution phase; inside the shear band: (f) and (h) Fine equiaxed grains in tungsten phase and γ-(Ni, Fe) phase, respectively; (g) and (i) 
Selected-area electron diffraction (SAED) patterns corresponding to panels (f) and (h), respectively.
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et al. [142] examined adiabatic shear failure in a 93W-4.9Ni-2.1Fe alloy 
at 6000 s− 1. Thermoplastic instability first caused shear localization, 
followed by DRX as the adiabatic temperature reached 1565 K; at 70% 
strain, stress concentrations at recrystallized grain boundaries promoted 
microvoid nucleation, coalescence, and cracking along W/γ-(Ni,Fe) in
terfaces. Wang et al. [143] applied high-pressure torsion (HPT) at 400 ◦C 
and 1.5 GPa to Ta-modified WHAs, imposing severe shear and inducing 
continuous dynamic recrystallization. In the 18 wt% Ta alloy, W grains 
refined to approximately 2.20 μm after 15 revolutions, Ta grain sizes 
remained at 2.07–2.63 μm, and DRX produced ultrafine γ grains with an 
HAGB fraction of 90.2%. Together, these studies show that increasing 
strain rate accelerates defect storage and reduces the time available for 
recovery, whereas adiabatic heating can locally restore atomic mobility 
and promote RDRX. The competition between these processes de
termines whether grain refinement or shear localization and failure 
dominate.

In addition to deformation kinetics, heating and cooling rates regu
late diffusion kinetics. Rapid thermal cycling and steep temperature 
gradients limit the time available for long-range atomic diffusion, pre
serving nonequilibrium microstructures at room temperature [144,
145]. Hao et al. [146] prepared a WHA by laser-directed energy depo
sition (L-DED), in which steep melt pool temperature gradients and drag 
forces from liquid flow drove W particle migration, producing alter
nating W-particle-rich, W-dendritic, and W-particle-poor layers. Zhou 
et al. [147] prepared a ZrO2-reinforced WHA by SPS. The heating rate of 
100 ◦C/min limited atomic diffusion and grain growth, while ZrO2 
particles further suppressed W grain coarsening. After sintering at 
1250 ◦C for 10 min, the W grain size remained 1.51 μm. Dai et al. [148] 
investigated a W-5Ni-2Cu alloy quenched from 1000 to 1200 ◦C. As W 
solubility in the γ phase increases with temperature, rapid cooling 
suppresses long-range diffusion, retains the high-temperature W solid 
solution at room temperature, and inhibits intermetallic formation and 
impurity segregation at grain boundaries. Overall, thermodynamic 
driving forces define the energetically favorable direction of micro
structural evolution, whereas kinetic conditions determine its pathway, 
rate, and attainable extent. Their coupling explains why W- and 
Mo-based materials with similar compositions may develop different 
grain structures, phase distributions, and defect populations under 
distinct deformation and thermal histories.

3.2. Interfacial bonding mechanisms

Interfaces govern load transfer, crack arrest, and stress redistribu
tion. Weak interfaces may debond before effective load transfer, 
whereas excessively strong interfaces may direct cracks into brittle 
constituents and suppress energy-dissipating pull-out or deflection. 
Therefore, understanding interfacial bonding mechanisms is essential 
[149]. Nevertheless, W- and Mo-based materials still face interfacial 
challenges. In second-phase-reinforced systems, externally introduced 
phases may exhibit substantial lattice mismatch with the matrix [150]. 
In dissimilar systems such as W-Cu, immiscibility limits metallurgical 
bonding, while thermal expansion mismatch promotes interfacial stress 
and cracking [59,151]. Current studies classify interfacial bonding in W- 
and Mo-based alloys and composites as diffusion bonding, 
reaction-induced bonding, or lattice-matching-induced coherent or 
semi-coherent bonding.

At high temperatures, interdiffusion between W/Mo and adjoining 
constituents forms a compositionally graded transition layer and 
metallurgical bonds. However, atomic diffusion also contributes to most 
interfacial bonding processes. Both W and Ta have BCC structures and 
similar atomic radii and electronic configurations. Their interfacial 
bonding is therefore governed mainly by interdiffusion and substitu
tional solid solution formation. Xu et al. [152] prepared W/Ta laminated 
composites by SPS. Extensive W-Ta interdiffusion formed a 3-μm-thick 
diffusion zone and a continuous substitutional solid solution region, 
which helped relieve interfacial stress during thermal shock. Because W 

and Cu exhibit negligible interdiffusion under conventional conditions, 
Xu et al. [151] introduced a CrCoNi medium-entropy alloy (MEA) 
interlayer to improve bonding in oxide dispersion strengthened W 
(ODS-W)/Cu joints. At the ODS-W/MEA interface, interdiffusion among 
W, Cr, Co, and Ni formed a supersaturated solid solution and an amor
phous diffusion layer (Fig. 6(a–d)). Cu-MEA interdiffusion also produced 
a supersaturated solid solution at the Cu/MEA interface (Fig. 6(e–h)). 
Nanoscale Cu-rich and Cr-rich phases precipitated during cooling, 
contributing to solid solution and precipitation strengthening. After SPS 
at 1000 ◦C, the joint tensile strength increased by 171% relative to that 
of the directly diffusion-bonded joint.

In composites, lattice continuity across the reinforcement-matrix 
interface is critical for interfacial stability and load transfer. Interfaces 
are classified as coherent, semi-coherent, or incoherent according to the 
lattice mismatch (δ). When δ < 5%, an interface is generally considered 
coherent, with continuous and closely matched lattices across the 
interface. Such interfaces usually have low interfacial energy but can 
retain elastic coherency strain. When 5% < δ < 25%, a semi-coherent 
interface commonly forms, and periodically distributed misfit disloca
tions partly relax the mismatch while preserving regions of lattice con
tinuity. When δ > 25%, the interface is generally considered incoherent 
and exhibits discontinuous atomic matching and higher interfacial en
ergy. Owing to favorable lattice matching, coherent and semi-coherent 
interfaces generally exhibit low interfacial energy and high work of 
separation, thereby resisting interfacial debonding and cracking under 
loading [153,154]. Hu et al. [155] identified several low-mismatch 

Fig. 6. (Reprinted from Ref. [151]) (a) TEM images of ODS-W/MEA interface 
prepared at 1000 ◦C; (b) Elemental distributions of W, Cr, Co, and Ni at the 
interface; (c, c1, c2) high-resolution transmission electron microscopy 
(HRTEM) image of the W/diffusion layer interface and the fast Fourier trans
form (FFT) images; (d, d1, d2) HRTEM image of the MEA/diffusion layer 
interface and the FFT images. MEA/Cu interface prepared at 1000 ◦C: (e) TEM 
image, (f) Elemental distributions of Cu, Cr, Co, and Ni, (g) HRTEM image, (h, i) 
electron energy-loss spectroscopy (EELS) analysis at the MEA/Cu interface.
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coherent interfaces in TiC-doped Mo alloys: (1 2 1) TiO2//(110) Mo(δ =
2.6%), (1 211) Ti8O15//(110) Mo(δ = 1.4%). These interfaces promoted 
a transition from intergranular to transgranular quasi-cleavage fracture. 
Semi-coherent interfaces can also facilitate stress and plastic strain 
transfer. Li et al. [156] fabricated a TZM alloy containing crown-like 
composite second phases composed of TiO2 cores partially coated with 
ZrO2. TiO2 formed a semi-coherent interface with the Mo matrix at 
8.70% mismatch, whereas ZrO2 formed an incoherent interface. The 
attachment of ZrO2 to TiO2 improved interfacial bonding and reduced 
susceptibility to microcrack initiation. Fan et al. [157] prepared a 
W-Al2O3 alloy containing coherent and semi-coherent interfaces. These 
interfaces promoted crack penetration through Al2O3 particles along W 
grain boundaries, increasing energy dissipation during crack propaga
tion. Their low interfacial energy may also limit the agglomeration and 
coarsening of second-phase particles. Xie et al. [158] found that the 
semi-coherent TiC/W interface in a W-0.5 wt% TiC alloy had an inter
facial energy of 1.23 J/m2 and a work of separation of 8.56 J/m2. The 
TiC particles thus retained an average size of 29 nm and a uniform 
distribution after high-temperature sintering and forging. Notably, the 
resulting coherent or semi-coherent interface depends on alloying con
tent, which therefore requires careful optimization [159]. These in
terfaces may also improve the irradiation resistance of W- and Mo-based 
alloys and composites in fusion environments [150,160], as discussed in 
Section 5.

Chemical strengthening arises from interfacial bond formation or 
new phases generated by in situ reactions. Interfacial bond formation 
redistributes valence electrons through charge transfer or sharing, 
thereby increasing cohesion. Covalent bond-forming reactions, charac
terized by high bond energy and directionality, can improve wettability 
and bonding between reinforcing phases and matrices. At Mo grain 
boundaries, segregated O draws charge from neighboring atoms, in
creases ionic character, weakens metallic bonding, and reduces cohesion 
[100]. Ji et al. [161] found that TiC nanoparticles reacted in situ with O 
impurities at Mo grain boundaries during SPS, forming Ti3O5 nano
particles. As shown in Fig. 7, first-principles calculations revealed sub
stantial charge transfer at Mo grain boundaries and Ti3O5/Mo interfaces 
because of electronegativity differences among Mo, Ti, and O. Charge 
accumulated among Mo, Ti, and O, forming Mo-Ti-O covalent bonds 
stronger than Mo-Mo bonds. The Mo-Ti3O5 composite consequently 
exhibited a compressive yield strength of 1340 MPa and a fracture strain 
above 50%. Metallic bonds are nondirectional and delocalized, allowing 
interfacial deformation compatibility while improving strength [162]. 
Wang et al. [163] formed orthorhombic Ni3Ta nanophases in situ in a 
W-Ni3Ta alloy. The nanophases shared Ni atoms with γ-(Ni,Fe), pro
ducing continuous Ta-Ni metallic bonding across the interface. This 

bonding promoted coordinated interfacial deformation, yielding a ten
sile strength of approximately 1140 MPa and an elongation of 14.8%. 
Interfacial chemical bonding is commonly introduced through in situ 
reactions [164], which form intermetallic compounds or solid solutions 
bridging the matrix and second phase [165]. These products form strong 
interfacial bonds [162,163] and may reduce interfacial energy through 
lattice matching, thereby acting as transition layers between the matrix 
and reinforcing phase. Mao et al. [165] introduced trace O2 during SPS 
to form nanosized Al2O3 and t-ZrO2 particles in situ in W alloys. Al2O3 
was partly distributed between W grains and the binder phase, forming a 
rivet-like interlocking structure, whereas t-ZrO2 formed a semi-coherent 
interface with the W matrix. Together, these in situ reactions produced a 
dense, well-bonded interfacial structure.

Advances in computational materials science, particularly first- 
principles calculations, have enabled deeper understanding of interfa
cial bonding at the atomic and electronic scales [100,161]. Computa
tional methods may therefore guide interface design and reduce 
trial-and-error costs by predicting interfacial strength and its effects 
on mechanical properties [34,166]. Nevertheless, parameters derived 
from idealized interface models do not directly determine macroscopic 
fracture resistance, because real interfaces contain various defects and 
their failure behavior also depends on interface architecture and the 
local stress state. Studies of other composite systems have shown that 
interface architecture can modify local stress triaxiality and redirect 
failure from cavitation-dominated cracking toward distributed shear 
deformation and local necking [167]. Therefore, interface design for 
W/Mo composites should integrate computational predictions with 
experimental characterization and consider interface geometry, spacing, 
stress-state regulation, and service conditions rather than pursuing 
maximum theoretical strength alone.

4. Strengthening and toughening mechanisms

Strengthening and toughening strategies for W and Mo materials aim 
to improve their room-temperature ductility and toughness, high- 
temperature creep resistance, and irradiation resistance without sacri
ficing strength or hardness [45]. Within the framework of defect engi
neering, these property improvements rely on the rational control of the 
types, densities, and distributions of crystal defects. Depending on their 
characteristic length scales, stability, and service conditions, different 
defects may produce strengthening by impeding dislocation motion or 
improve ductility and toughness by facilitating strain accommodation 
and energy dissipation; meanwhile, competing effects may also arise.

Fig. 8(a) presents a room-temperature ultimate tensile strength 
(UTS)–total elongation map compiled from relevant strengthening and 
toughening studies cited in this section. For reference, the reported 
room-temperature tensile strengths of pure W and Mo typically range 
from 400 to 700 MPa, and both exhibit room-temperature brittleness. As 
shown in the figure, some materials achieve elongations of approxi
mately 40% while maintaining UTS values close to 1.0 GPa, indicating 
that strength-ductility synergy can be achieved through appropriate 
compositional and processing designs. Nevertheless, the dataset as a 
whole still exhibits the general trend that an increase in elongation is 
accompanied by a decrease in strength. Because grain-size data are more 
abundant and straightforward for W-based systems, Fig. 8(b) focuses 
primarily on these materials. Tungsten heavy alloys generally exhibit 
relatively coarse grains, whereas carbide- or oxide-reinforced systems 
and W-Re-Ta alloys possess finer grains. These differences may result 
from the combined effects of ductile binder phases, solute additions, and 
particle pinning. To explore the mechanisms underlying these variations 
in properties and microstructures, this chapter classifies the strength
ening and toughening mechanisms according to defect type. Fig. 8(c–f) 
illustrates the four most common mechanisms: solid-solution strength
ening, grain-refinement strengthening and toughening, second-phase 
strengthening, and dislocation strengthening. It should be noted that 
Fig. 8(a and b) provides an overall view of the reported property 

Fig. 7. (Reprinted from Ref. [161]) (a) Gibbs free energy change plots 
revealing the thermodynamic feasibility of oxidation reactions; (b) schematic 
diagram of crack propagation path in pure Mo and MT2; (c) modeling of the 
Mo/TiC and Mo/Ti3O5 interfaces in different configurations; (d) the electron 
localization function of (c).

Y. Wang et al.                                                                                                                                                                                                                                   Journal of Materials Research and Technology 45 (2026) 399–421 

407 



distributions rather than a basis for direct quantitative ranking, because 
specimen dimensions, strain rates, and prior thermomechanical histories 
differ among the source studies. Detailed testing conditions for the in
dividual data points are provided in Supplementary Tables S3 and S4.

4.1. Point defect construction

Solid-solution strengthening arises from elastic interactions between 
the strain fields of solute atoms and dislocations, which impede dislo
cation motion and increase strength and hardness. For multicomponent 
W/Mo alloys, the root-mean-square superposition model is commonly 
used to estimate the overall solid-solution strengthening contribution 
[129], whereas Fleischer or Labusch models are applied to single-solute 
systems [137]. The former combines individual solute contributions, 
whereas the latter relate strengthening to solute-dislocation in
teractions. The corresponding equations and parameters are provided in 
Supplementary Equations S6–S7.

Solid-solution strengthening often reduces ductility, whereas the Re 

effect can increase strength, lower the DBTT, and improve low- 
temperature ductility. Proposed mechanisms include enhanced dislo
cation cross-slip, altered grain boundary segregation, and electronic 
structure modification upon Re dissolution [27], as detailed in Supple
mentary Note S8. The Re effect depends strongly on Re content and 
temperature [139,140]. In Mo-Re alloys, 5–17 wt% Re has been asso
ciated with peak ductility, whereas contents above 40 wt% provide 
stronger strengthening. In W-Re alloys, limiting Re to 1–26 wt% reduces 
the risk of brittle W2Re3 formation. Zhang et al. [168] investigated 
W-xRe alloys (x = 0, 3, 5, and 10 wt%) and found that Re promoted 
dislocation slip and improved toughness at 50–200 ◦C. At 150 ◦C, long, 
straight surface slip steps formed, and their density increased with Re 
content (Fig. 9(a–h)). Above 300 ◦C, Re–dislocation interactions 
generated jogs and loops that impeded dislocation motion and poten
tially increased the DBTT(Fig. 9(i–l)). Compared with pure W, W-10Re 
exhibited stronger defect interactions, with pinning intensifying as 
temperature and defect density increased. This solid solution 
softening-to-hardening transition highlights the need to optimize Re 

Fig. 8. (a) Relationship between room-temperature ultimate tensile strength (UTS) and total elongation of W- and Mo-based materials. Marker sizes are used solely 
for visualization. Owing to differences in testing conditions and material histories among the source studies, the data are intended to show overall property dis
tributions rather than enable direct quantitative ranking. (b) Average grain-size distributions of representative W-based material classes. Schematic illustrations of (c) 
solid-solution strengthening, (d) grain-refinement strengthening and toughening, (e) second-phase strengthening, and (f) dislocation strengthening. Complete data 
sources and the corresponding processing and testing conditions are provided in Supplementary Tables S3 and S4.
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content for the intended service temperature.
Ta is intrinsically ductile and may lower the activation barrier for 

dislocation motion. It also alters screw dislocation behavior, promotes 
long, straight screw dislocations and numerous loops, and provides 
solid-solution strengthening [169]. Ta-Re co-alloying has been explored 
to balance strength and toughness in W/Mo alloys, with reported grain 
sizes ranging from several micrometers to the nanoscale [170]. Ta also 
shows potential as an independent ductility-enhancing addition in 
W/Mo alloys. First-principles calculations by Zhang et al. [171] showed 
that Ta reduced the elastic constants of Mo alloys, produced a positive 
Cauchy pressure, and increased the B/G and Poisson ratios, indicating 
greater intrinsic ductility. Hu et al. [86] developed a high-accuracy 
machine learning potential (MLP) for W-Ta alloys. Large-scale molecu
lar dynamics (MD) simulations likewise showed that Ta reduced the 
yield strength, elastic modulus, and stacking fault energy while 
increasing the bulk-to-shear modulus (B/G) and Poisson ratios. Ta also 
promoted dislocation nucleation and multiplication by weakening W-Ta 
bonding, thereby facilitating dislocation slip and plastic deformation. Ta 
may reduce reliance on Re in selected compositions but cannot be 
regarded as a direct substitute.

4.2. Line defect engineering

Dislocations are the principal line defects in crystalline materials 
[172,173]. BCC lattices lack close-packed slip planes and therefore 

exhibit high resistance to dislocation motion, particularly that of screw 
dislocations [84]. At low temperatures or high strain rates, dislocation 
mobility becomes limited, suppressing the onset of plastic flow. 
Accordingly, key design variables include dislocation density, mobility, 
character, and spatial arrangement, all of which depend on temperature, 
strain rate, and interstitial content. Kernel average misorientation 
(KAM) is a spatial proxy for local lattice curvature and can indicate 
trends in GND density [132], but it does not directly measure total 
dislocation density. The dislocation contribution to yield strength is 
commonly estimated using the Taylor equation [137]. The corre
sponding equations and parameters are provided in Supplementary 
Equations S8–S10.

High-density dislocations strengthen materials through entangle
ment, junction formation, and pile-ups. A moderate mobile dislocation 
density supports plastic flow, whereas excessive stored dislocations may 
concentrate stress and promote cracking. Thus, balancing mobile and 
stored dislocations is critical. Rolling and rotary swaging commonly 
introduce dislocations, but conventional multipass processing may 
accumulate strain slowly when per-pass deformation is limited, con
straining strength-ductility synergy. Chen et al. [174] fabricated a Mo 
alloy containing irregular La2O3 nanoparticles. An ultrathin amorphous 
layer with a ridge-valley morphology formed between La2O3 and the Mo 
matrix (Fig. 10(c and d)). This interface absorbed vacancies and 
partially captured impinging dislocations, dividing them into segments 
and generating single-arm and Frank-Read sources (Fig. 10(a,b,f,g)). 
Dislocation multiplication persisted at − 50 ◦C, and the alloy retained an 
elongation of 37%. Wang et al. [143] introduced a high dislocation 
density into a WHA through HPT. The large HPT-induced shear strain 
promoted dislocation multiplication, with dislocation density increasing 
with the number of revolutions. Dislocation strengthening was esti
mated to contribute more than 40% of the total strength. Controlled 
annealing can annihilate or rearrange residual dislocations, reducing 
lattice distortion and grain-boundary stress while retaining beneficial 
dislocation structures. Cheng et al. [175] found that the dislocation 
density in rotary-swaged W-0.5ZrC decreased from 1.2 × 1014 to 2.1 ×
1013 m− 2 after annealing at 1300 ◦C for 2 h through static recovery, 
annihilation, and rearrangement. This treatment reduced the obstruc
tion of mobile dislocations by tangles while retaining grain refinement 
strengthening, yielding a strength of 710 MPa and a total elongation of 
25%. Similarly, Liu et al. [176] regulated the dislocation density of a 
91W-Ni-Fe-Co alloy by annealing at 500 ◦C for 3 h, reducing lattice 
distortion and grain boundary stress concentration. Enhanced disloca
tion mobility in the γ matrix promoted ductile tearing and fracture en
ergy absorption, increasing the impact toughness to 175 J/cm2.

Dislocations move by glide, climb, or cross-slip, whereas pinning 
impedes these processes [177]. The low mobility of 1/2〈111〉 screw 
dislocations motivates alloying strategies that regulate their glide and 
cross-slip behavior. Feng et al. [169] found that Re improved ductility, 
whereas Ta reduced screw dislocation mobility, increased cross-slip 
frequency, and promoted long, straight screw segments. The higher 
loop density further pinned mobile dislocations and strengthened the 
alloy. Li et al. [178] reported that Nb promoted screw dislocation 
cross-slip in Mo single crystals, facilitating stable dislocation sub
structures and more uniform plastic flow. Moderate pinning can increase 
strength while preserving sufficient mobile dislocations for plastic 
deformation; excessive pinning may instead promote brittle fracture. 
Yuan et al. [35] constructed cellular substructures in a W-Ni2.5Fe
Co0.5V0.6 alloy by DED. Nanoscale V-rich particles and vanadium oxides 
at cell boundaries impeded dislocation glide; some dislocations 
bypassed the particles and formed sessile structures reported as 
Lomer-Cottrell locks. Calculations using the Taylor hardening law esti
mated a dislocation strengthening contribution of approximately 203 
MPa. Yang et al. [137] prepared Mo alloys with different B contents and 
found that dissolved B produced a solute drag effect. B atoms also 
formed Cottrell atmospheres that pinned dislocations, increasing dislo
cation accumulation and density with B content. During annealing, B 

Fig. 9. (Reprinted from Ref. [168]) (a–h) SEM images of W/W-Re alloys after 
punching at 150 ◦C and 300 ◦C; The evolution of defect structures in W/W-Re 
alloys punched at 300 ◦C and 500 ◦C is presented, and bright-field TEM images 
show the dislocation structures of pure W (i–j) and W-10Re alloy (k–l) 
after punching.
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further inhibited recovery, enabling the alloy to retain a tensile strength 
of 532.5 MPa and an elongation of 67.4% after treatment at 1200 ◦C.

Dislocation configuration describes the spatial arrangement of dis
locations within a crystal. Disordered configurations, such as tangles, 
can concentrate stress. Ordered cells, subgrain boundaries, and dislo
cation walls impede slip and may improve strain accommodation and 
creep resistance through coordinated dislocation motion. In Mo single 
crystals, Li et al. [178] observed an Nb-dependent evolution of dislo
cation configurations. With increasing Nb content, dislocation walls in 
pure Mo evolved into dense, tangle-dominated cells in Mo-3Nb and then 
uniform cells in Mo-6Nb. These uniform cells may improve strain ac
commodation and creep resistance while retaining dislocation 

strengthening. This evolution was attributed to Nb-enhanced cross-slip 
of screw dislocations. Qian et al. [27] fabricated Mo-Re alloys with 
relative densities above 99% by L-PBF. The alloys contained dense 
dislocation walls, cellular structures, and low-angle subgrain boundaries 
that impeded dislocation slip and contributed to strengthening. Mean
while, dislocations pinned by oxide particles acted as Frank-Read 
sources, sustaining dislocation multiplication and potentially 
balancing strengthening with plastic deformation.

4.3. Planar defect optimization

Planar defects, including grain and phase boundaries, impede 

Fig. 10. (Reprinted from Ref. [174]) (a) In situ TEM tensile tests of sintered Mo-La2O3 alloy were conducted at room temperature, and second-phase particles divide 
dislocations into three segments; (b) MD simulation results; (c) Irregular morphology of La2O3 particles after rotary swaging and (d) corresponding 3D tomographic 
images; (e) Formation process of Frank-Read dislocation sources at room temperature; (f) Typical morphology of Frank-Read dislocation sources at − 50 ◦C; (g) TEM 
images showing the dislocation multiplication induced by Frank-Read (F-R) dislocation sources during the interaction between dislocation segments and particle 2 
under low temperature conditions.
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dislocation motion but may also initiate or guide cracks when their 
cohesion is insufficient. Controlling their structure, chemistry, and dis
tribution is therefore essential for tailoring the mechanical properties of 
W/Mo alloys and composites.

4.3.1. Grain refinement strengthening
Grain refinement is a well-established strengthening mechanism and 

may also contribute to toughening [96,179]. Finer grains increase grain 
boundary density and impede dislocation transmission. They may also 
redistribute strain and increase crack path tortuosity, although tough
ening requires cohesive and thermally stable grain boundaries. Within 
the conventional grain size regime, yield strength follows the Hall–Petch 
relation [129], with the grain boundary contribution expressed as σgb 
[137]. The corresponding equations and parameters are provided in 
Supplementary Equations S11–S13. Alloying and second-phase addi
tions, combined with suitable processing, can refine grains with limited 
ductility loss and, in some cases, improved ductility.

Selected alloying additions can alter sintering or solidification, 
suppress grain coarsening, and refine grains. Chen et al. [180] found 
that Mo addition reduced W solubility in the γ-(Ni,Fe) matrix of 
W-Mo-Ni-Fe alloys. Mo enrichment in the liquid phase also slowed W 
particle coarsening, producing finer W grains. Shi et al. [181] showed 
that Nb lowered the WHA liquidus temperature and enabled 
lower-temperature LPS, accelerating particle rearrangement and densi
fication while limiting W coarsening. The resulting 90W-0.5 wt% Nb 
alloy exhibited fine grains, an ultimate tensile strength of 924 MPa, and 
an elongation of 35%. Second-phase particles can also refine grains by 
pinning grain boundaries. Ji et al. [161] prepared TiC-doped Mo-based 
composites containing in situ formed Ti3O5 nanoparticles within grains 
and along grain boundaries, which suppressed grain growth. After SPS at 
1200 ◦C, the average grain size was 1.3 μm (Fig. 11). The MT2 sample 
exhibited uniform grains and increased grain boundary density. Its KAM 
value of 0.21◦ and estimated GND density of 2.685 × 1014 m− 2 exceeded 
those of pure Mo, indicating greater local lattice curvature. This trend is 
consistent with, but does not prove, grain-refinement-induced 

dislocation accumulation. The composite exhibited a compressive yield 
strength of 1340 MPa and a fracture strain above 50%. Liu et al. [28] 
refined TZM alloys through particle-stimulated nucleation (PSN). 
Micrometer-scale Zr-rich particles generated deformation zones that 
promoted recrystallization nucleation, refining the grains to approxi
mately 1.5 μm. Meanwhile, semi-coherent nanoscale TiC precipitates 
pinned dislocations. The alloy exhibited a tensile strength of 939 MPa 
and an elongation of 27.4%.

Grain refinement generally strengthens W/Mo materials, whereas its 
toughening effect depends on grain boundary chemistry and thermal 
stability. Greater grain boundary area can redistribute strain but also 
increases susceptibility to impurity segregation, intergranular fracture, 
and high-temperature creep. Grain refinement often accompanies par
ticle pinning and matrix purification. Its independent contribution must 
therefore be separated from these concurrent effects.

4.3.2. Grain boundary purification
Grain boundary purification reduces detrimental impurities or pha

ses at grain boundaries, thereby improving intergranular cohesion 
[135]. In W/Mo alloys and composites, purification is commonly ach
ieved by adding reactive elements or second-phase particles. These ad
ditions react with or trap impurities, reducing grain boundary 
segregation and suppressing the formation of brittle oxide films [31,
182]. This may improve both strength and ductility, provided that the 
reaction products do not themselves embrittle the grain boundaries.

Rare-earth elements have a strong affinity for detrimental impurities 
such as O and N in W/Mo materials. They react with grain boundary 
impurities, forming stable rare-earth oxides that suppress brittle phases 
and impede dislocation motion. However, these oxides may exhibit 
substantial lattice mismatch with the W/Mo matrix, resulting in weak 
interfacial bonding. Consequently, current efforts emphasize both uni
form dispersion and interface control. Carbides such as TiC, ZrC, and 
TaC are promising for oxygen-related grain boundary purification 
because of their high melting points, thermal stability, and oxygen- 
scavenging ability [85,160]. Under suitable orientation relationships, 

Fig. 11. (Reprinted from Ref. [161]) electron backscatter diffraction (EBSD) characterization maps of pure molybdenum (a) and MT2 sample (b), including inverse 
pole figure (IPF), grain boundary distribution map, KAM map, grain size distribution map, grain boundary misorientation distribution map and pole figure (PF).
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these carbides may also form coherent or semi-coherent interfaces with 
W and Mo matrices. Hu et al. [155] added a small amount of TiC to a Mo 
alloy. During sintering, Ti8C5 adsorbed O impurities and formed TiOx in 
situ, purifying the Mo matrix and grain boundaries. The resulting 
TiC/TiOx particles formed coherent interfaces with Mo and contributed 
to matrix strengthening. The alloy achieved a high compressive strength 
of 1287.3 MPa and good ductility of 18.1%. Liu et al. [183] added TaC 
and Re to a W alloy and found that TaC captured O and was partially 
oxidized to Ta2O5. The composite containing 2.5 wt% TaC and 25 wt% 
Re exhibited a yield strength of 1.23 GPa and a strain capacity of 42%, 
supported by Re solid-solution strengthening. However, in oxygen-rich 
environments or when O content is poorly controlled, carbides may 
form brittle oxides or undergo decarburization, producing low-hardness 
phases.

Reactive elements can also scavenge impurities from grain bound
aries. Yin et al. [141] prepared W-Hf alloys by PM followed by hot 
rolling. Hf reacted with O segregated at grain boundaries, forming 
dispersed HfO2 particles. The HfO2 particles scavenged O and refined the 
grains by boundary pinning. W-0.3 wt% Hf exhibited an ultimate tensile 
strength of 1048 ± 17 MPa at 100 ◦C, an elongation of 43.8 ± 1.5% at 
500 ◦C, and a recrystallization temperature 200 ◦C above that of pure W. 
Chen et al. [184] added AlN particles to W-based composites produced 
by Fe-activated sintering. Fe segregated from the W(Fe) matrix to the 
AlN/matrix interface, where it reacted with AlN and O to form an 
approximately 2-nm-thick (Fe,Al)2O3 layer. This oxide layer scavenged 
O and stabilized the AlN particles. Combined with grain refinement and 
residual stress strengthening, these interfacial effects increased the 
microhardness, flexural strength, and fracture toughness by 101.4%, 
66.3%, and 64.6%, respectively, relative to W(Fe).

4.3.3. Phase interface strengthening
Building on the bonding mechanisms discussed in Section 3.2, this 

subsection examines interfaces as mechanically active planar defects. 
Their contribution depends on coherency, effective load transfer 
without preferential interfacial cracking, and structural stability during 
processing and service. Coherent interfaces generally favor load transfer 
and particle stability, whereas semi-coherent or locally amorphous in
terfaces may better accommodate strain. The preferred interface state 
therefore depends on the material system and loading conditions; co
herency alone does not define a universal hierarchy [30,152,157].

Interface orientation control and interfacial amorphization have 
emerged as strategies for improving interfacial compatibility and me
chanical response. Dai et al. [185] found that Mn induced a 
Kurdjumov-Sachs orientation relationship between W and the γ phase in 
W-NiFeCoMn alloys, improving interfacial compatibility. During 
low-temperature tensile testing, Mn also promoted the formation of an 
8.7-nm-thick amorphous layer at the W/γ interface. This buffer layer 
helped accommodate lattice mismatch and reduce interfacial stress 
concentration. Relative to W-NiFeCo, the elongation increased by 
174.3% at room temperature and by 72.9% at − 43 ◦C. Zhang et al. [186] 
prepared Mo-HfC alloys by PM followed by hot rolling, producing 
abundant LAGBs and a high fraction of grains with 〈110〉 parallel to the 
rolling direction (RD). These features promoted ordered dislocation 
networks and reduced susceptibility to intergranular brittle fracture. 
LAGBs also facilitated plastic deformation by offering less resistance to 
dislocation transmission than HAGBs. The Mo-0.5HfC alloy exhibited a 
room-temperature ultimate tensile strength of 950 MPa and a total 
elongation of 42.0%. Zhao et al. [187] prepared a W-0.2 wt% Al2O3 
alloy by a wet-chemical method. Al2O3 particles reduced the average W 
grain size from 1 to 0.73 μm and increased the LAGB fraction. The 
increased LAGB fraction facilitated dislocation transfer and reduced 
pile-ups and strain mismatch, contributing to toughening. The alloy 
exhibited bending strengths of 1379 MPa at room temperature and 5090 
MPa at 300 ◦C, together with a DBTT 100 ◦C below that of pure W.

4.4. Volume defect optimization

Although solid solution and dislocation strengthening increase 
strength, excessive strengthening can reduce ductility and toughness. 
Engineering beneficial three-dimensional features, particularly second 
phases, may mitigate this trade-off by controlling their size, distribution, 
and interfaces. When stable under service conditions, these features may 
balance strength and toughness while improving the high-temperature 
and irradiation resistance of W/Mo materials.

4.4.1. Second-phase strengthening
Second-phase engineering in W- and Mo-based materials includes 

particle dispersion strengthening [25,187], controlled precipitation, and 
fiber-mediated toughening in tungsten fiber-reinforced tungsten-matrix 
(Wf/W) composites.

Dispersion strengthening introduces stable oxide or carbide particles 
into a matrix [188]. Oxides are widely used in W/Mo materials and can 
be grouped into rare-earth oxides, such as Y2O3 and La2O3, and other 
oxides, such as Al2O3 and ZrO2. Rare-earth oxides generally offer high 
thermal stability and coarsening resistance but are relatively costly. 
Other oxides are often cheaper and harder but may coarsen at high 
temperatures. In recent years, liquid-liquid doping and in situ precipi
tation have improved the dispersion of nanoscale oxide particles. Cui 
et al. [10] combined liquid–liquid doping with hydrothermal synthesis 
to mix Zr-containing precursors with Mo at the molecular level, yielding 
dispersed ZrO2 nanoparticles. The ZrO2 particles improved the me
chanical response through Orowan strengthening, grain boundary 
pinning, and crack blunting. Yao et al. [189] prepared Mo-Y2O3 alloys 
by hydrothermal synthesis and SPS. The approximately 99-nm Y2O3 
particles were uniformly dispersed and reportedly formed semi-coherent 
interfaces with Mo despite a lattice mismatch of approximately 15%, 
supporting load transfer. Their Orowan contribution to yield strength 
was estimated at 230–355 MPa. Compared with Y2O3, La2O3 is less 
chemically stable because of its greater hygroscopicity but is also less 
costly. Shakunt et al. [126] fabricated La2O3-reinforced W-Ni-Cu alloys. 
Dispersed La2O3 particles suppressed W particle coarsening through 
Zener pinning and increased W-W contiguity, thereby altering inter
particle load transfer. However, contents above 1.0 wt% increased 
porosity and agglomeration, reducing densification and mechanical 
properties and highlighting the need for content control. Carbides are 
also promising reinforcements for improving the room-temperature 
mechanical properties of W alloys. Direct mixing with W powders can 
hinder sintering and produce nonuniform carbide distributions; in situ 
reactions [85] and dissolution-reprecipitation [190] can mitigate these 
problems. The grain boundary purification role of carbides is discussed 
separately in Section 4.3.2.

In recent years, high-entropy alloy design, as an extension of multi
component solid-solution strengthening, has shown considerable po
tential for mitigating the intrinsic brittleness of refractory metals. Li 
et al. [191] proposed a strengthening and toughening strategy based on 
stepwise controllable coherent nanoprecipitations (SCCPs). Through 
stepwise thermomechanical processing, coherent δ nanolamellae and γ″ 
nanoparticles were sequentially formed within the FCC constituent of a 
dual-phase BCC/FCC W-based refractory high-entropy alloy. The 
coherent precipitate/matrix interfaces facilitated dislocation trans
mission and accommodation while alleviating local stress concentra
tions, enabling the alloy to achieve an ultimate tensile strength of 2.15 
GPa and a uniform elongation of approximately 15% at room temper
ature. Similar design concepts have also been validated in other re
fractory high-entropy systems, where controlled precipitation has been 
shown to enhance strain-hardening capability and tensile ductility 
[192]. These studies demonstrate that integrating 
multi-principal-element compositional design with nanoscale precipi
tation control and interfacial optimization provides an important tech
nological pathway for mitigating brittleness and improving the service 
reliability of refractory metals, including W and Mo.
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Fiber toughening introduces continuous W fibers into a W matrix. 
Extrinsic mechanisms, including fiber bridging, pull-out, plastic defor
mation, and crack deflection, dissipate fracture energy and can improve 
fracture toughness [23,193]. Interfacial bonding and fiber microstruc
tural stability are therefore central to Wf/W composite design. Under the 
tested conditions, Gietl et al. [194] ranked the energy contributions as 
fiber plastic deformation > fiber bridging > interfacial debonding >
crack deflection. Y2O3-based interface modification has been widely 
explored in Wf/W composites. Chen et al. [195] showed that Y2O3 
coatings formed weakly bonded interfaces, suppressed abnormal surface 
grain growth during low-temperature sintering, and limited fiber 
embrittlement. Shu et al. [193] prepared continuous fiber-reinforced 
Wf/Y2O3/W composites by PM and linked their toughening behavior 
to the interfacial debonding length. Sufficient debonding permits fiber 
plastic deformation, whereas insufficient debonding promotes prema
ture brittle fracture. To avoid nonuniform coating thickness, damage, 
and peeling, Chen et al. [23] directly added Y2O3 particles to the matrix. 
During sintering, Y2O3 particles migrated to fiber–matrix interfaces and 
reduced interfacial bonding strength. Matrix addition is simpler and less 
costly than coating but provides less uniform fiber protection and 
interface control. Chen et al. [196] introduced Re into Wf/W composites, 
increasing their relative density (Fig. 12(a–f)). However, Re also accel
erated abnormal recrystallization of the W fibers. At 1100 ◦C, weak in
terfaces promoted debonding and fiber pull-out. As the sintering 
temperature increased, cleavage fracture became more prevalent. Above 
1400 ◦C, stronger fiber–matrix bonding and recrystallization-induced 
embrittlement produced mixed intergranular and cleavage fracture 
(Fig. 12(g–n)). These results show that Re-induced densification must be 
balanced against interface strengthening and fiber recrystallization.

4.4.2. Void and microcrack tailoring
Pores concentrate stress, whereas unstable microcrack propagation 

can trigger brittle fracture. Recent work, particularly on W-based ma
terials, has expanded from defect elimination to controlled pore utili
zation and in situ microcrack repair.

In Wf/W composites, a dense matrix provides strength, whereas 
excessive interfacial bonding suppresses fiber pull-out. Mao et al. [197] 
introduced controlled matrix porosity to redirect cracks toward fiber
–matrix interfaces and increase crack path tortuosity. The W fibers then 
dissipated fracture energy through bridging and pull-out. However, a 
fiber fraction of 60% degraded performance because the powder could 

not fully fill the inter-fiber spaces, leaving residual pores. Hu et al. [198] 
investigated the effect of post-sintering temperature on AM-fabricated 
93W-4.6Ni-2.4Fe. At 1480 ◦C, the liquid γ phase filled interparticle 
pores through capillary-driven flow, increasing the relative density 
above 99.5%. A continuous γ phase network also formed at 1480 ◦C. 
Dense, uniformly distributed dimples indicated plastic energy absorp
tion, while the γ phase bridged microcracks. The alloy exhibited a tensile 
strength of 1040 ± 6 MPa and an elongation of 20.7 ± 0.4%. Microcrack 
initiation and propagation also govern brittle fracture in W-based ma
terials. Alam et al. [199] found that annealing hot-rolled 90W7Ni3Fe at 
1300 ◦C for 24 h increased its fracture toughness to 125 ± 12 MPa m1/2 

and elongation to 15%. This improvement was attributed to microcrack 
shielding. In the annealed alloy, dispersed microcracks formed near the 
main crack tip during loading, creating a dilatational shielding zone. 
These microcracks redistributed stress, reduced the stress intensity fac
tor at the main crack tip, and consumed energy during formation and 
propagation. Unlike microcrack shielding, Gao et al. [26] reported a 
liquid-phase crack-filling mechanism. Because ZrO2 melts at 2715 ◦C, 
below W at 3422 ◦C, it can flow into thermally induced cracks and pores 
while the W matrix remains solid. Small cracks could be filled, whereas 
larger cracks became discontinuous, reducing crack connectivity and 
propagation. The resulting W ZrO2 composite exhibited a relative den
sity of 98.82% and a compressive strength of 1694 MPa.

4.4.3. Phase transformation strengthening
Phase transformation strengthening and toughening exploit 

transformation-induced strain, energy dissipation, and pinning by 
transformation products to reduce crack-tip stresses and impede dislo
cation and crack motion, potentially improving the strength-toughness 
balance.

Conventional W and Mo lack a transformation-induced plasticity 
(TRIP) mechanism analogous to the austenite-to-martensite trans
formation in steels. The stress-induced martensitic transformation of 
ZrO2 from its tetragonal to monoclinic phase (t-ZrO2 → m-ZrO2) pro
duces volume expansion and is widely used to toughen ceramics. 
However, introducing this mechanism into W or Mo matrices presents 
two challenges. The matrix must constrain metastable t-ZrO2 against 
spontaneous transformation at room temperature, while crack-tip 
stresses must trigger transformation before brittle fracture occurs. Mao 
et al. [165] added Zr to a W-Ni3Al alloy, where it reacted with O during 
sintering to form metastable t-ZrO2. This phase was retained at room 

Fig. 12. (Reprinted from Ref. [196]) Optical micrographs of Wf/W-Re composites sintered at (a) 1100 ◦C, (b) 1200 ◦C, (c) 1300 ◦C, (d) 1400 ◦C, and (e) 1500 ◦C; (f) 
relationship between relative density and sintering temperature for the W-Re matrix and composites. Fracture surfaces of Wf/W-Re composites sintered at (g) 
1100 ◦C, (h) 1200 ◦C, (i) 1300 ◦C, (j) 1400 ◦C, and (k) 1500 ◦C. Schematic fracture modes at (l) low, (m) intermediate, and (n) high sintering temperatures.
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temperature by rapid SPS cooling and the stabilizing effect of Al2O3. 
Under loading, crack-tip stress concentration triggered the t-ZrO2 → 
m-ZrO2 transformation. The transformation-induced expansion gener
ated compressive stresses that reduced local tension and promoted crack 
deflection and closure. The alloy exhibited a bending strength of 
approximately 1473 MPa. Du et al. [200] prepared ceria-partially sta
bilized zirconia (Ce-PSZ)-reinforced Mo alloys by hydrogen sintering at 
1900 ◦C. Ce4+ stabilized t-ZrO2 in the Mo matrix against spontaneous 
transformation. During loading, dislocations accumulated at phase 
boundaries and generated local stresses that triggered the t-ZrO2 → 
m-ZrO2 transformation. At 1.5 wt% Ce-PSZ, the alloy exhibited the re
ported optimal property combination: an ultimate tensile strength of 
528.5 MPa, an elongation of 29.3%, and a fracture toughness of 38.5 
MPa m1/2. Beyond zirconia toughening, precipitation and matrix phase 
transformations provide additional strengthening and toughening 
routes. Lin et al. [201] aged as-forged Mo-47.5Re at 1600 ◦C and 
observed Re diffusion and enrichment along grain boundaries. Once the 
local Re content reached a critical level, coherent MoRe2 σ phase pre
cipitates formed and produced precipitation hardening. The alloy 
exhibited a yield strength of 600 MPa and a uniform strain of 21.5%. Mo 
normally adopts a stable BCC structure. First-principles calculations 
indicate that increased d-electron occupancy through Re alloying or 
applied strain may stabilize face-centered cubic (FCC) Mo. A metastable 
FCC phase may improve compressive ductility through 
transformation-induced plasticity. Yu et al. [202] reported a BCC-to-FCC 
transformation in a Mo matrix. Severe deformation during high-energy 
ball milling, followed by rapid SPS heating and cooling, retained 1.9 vol 
% metastable FCC Mo in a Mo-14Re-1Y2O3 alloy. Two martensitic 
orientation relationships were identified between the BCC matrix and 
FCC phase: Kurdjumov-Sachs (K-S) and Nishiyama-Wassermann (N-W). 
The metastable FCC phase, together with Zener pinning by Y2O3 parti
cles, contributed to a yield strength of 1218 MPa and a compressive 
strain of 37.6%.

5. Irradiation resistance mechanism

The ultimate purpose of the strengthening and toughening strategies 
discussed above is to ensure the reliable performance of W/Mo materials 
under demanding service conditions. However, in nuclear and fusion 
environments, the effectiveness of these strategies cannot be evaluated 
solely on the basis of mechanical properties.

Owing to its ultrahigh melting point, low sputtering yield, high- 
temperature stability, and low hydrogen isotope retention, W is a 
leading candidate for plasma-facing components (PFCs) in the Interna
tional Thermonuclear Experimental Reactor (ITER) [2,3]. Similarly, Mo 
and its alloys are candidates for core structures and cladding in space 
nuclear reactors because of their elevated-temperature strength, weld
ability, and compatibility with nuclear fuels [7,31]. However, both W- 
and Mo-based materials are susceptible to damage under intense irra
diation. Irradiation damage begins when energetic particles, such as 
neutrons or ions, collide with lattice atoms and generate primary 
knock-on atoms (PKAs) [3]. PKAs initiate displacement cascades that 
generate Frenkel pairs comprising vacancies and self-interstitial atoms 
[14,203]. After cascade relaxation, surviving vacancies and 
self-interstitial atoms migrate, recombine, or aggregate. Small defect 
clusters commonly appear as black-dot defect clusters in TEM, whereas 
larger interstitial clusters can form dislocation loops and vacancy clus
ters can evolve into nanovoids. In He-containing irradiation environ
ments, He-vacancy complexes nucleate nanobubbles; their growth and 
coalescence near the surface can cause blistering, whereas sustained 
low-energy, high-flux He exposure at elevated temperatures may 
generate a porous fuzz layer. The accumulation of these defects con
tributes to irradiation hardening and embrittlement, swelling, surface 
degradation, and DBTT elevation [204]. Fig. 13 presents representative 
irradiation-induced defects and morphologies. Mitigating these defects 
and improving the irradiation resistance of W/Mo materials are 

therefore of considerable importance. Existing studies have employed 
distinct irradiation modes. Low-energy, high-flux He plasma exposure is 
mainly used to investigate near-surface gas retention and surface 
morphology, whereas He-ion and He/H dual-beam irradiation introduce 
implanted gases together with displacement damage over finite pro
jected ranges. High-energy Kr-ion irradiation enables the accelerated 
generation of shallow displacement damage, with a distinct cascade 
spectrum and implanted-ion profile, whereas neutron irradiation pro
duces bulk damage and neutron-spectrum-dependent transmutation ef
fects. Consequently, bubble sizes and damage levels reported under 
these different irradiation conditions are not directly compared in this 
review. In this section, irradiation-resistance strategies for W/Mo ma
terials are broadly categorized into three groups: defect trap engineer
ing, conventional alloying-element modulation, and high-entropy alloy 
design.

5.1. Defect trap engineering

Defect trap engineering introduces a high density of microstructural 
features that can act as defect traps or sinks, including grain boundaries, 
phase boundaries, dislocations, and precipitates. These features can trap 
He/H atoms and defect clusters, whereas extended sinks absorb mobile 
vacancies and SIAs and promote vacancy-interstitial recombination.

As two-dimensional defects, grain and phase boundaries can act as 
sinks for mobile vacancies and SIAs and as traps for He atoms because of 
their excess free volume and high interfacial energy. Li et al. [160] 
prepared nanostructured TiC dispersion-strengthened W-based com
posites containing semi-coherent W/TiC interfaces with approximately 
25-nm-thick interdiffusion layers. First-principles calculations showed 
that the He migration barrier was 1.15 eV at the W/TiC interface, 
compared with 0.43 eV in W. Among the sites considered, the phase 
boundary was the most stable He trap, with a trapping energy of 4.07 eV. 
After irradiation, the W-TiC composite exhibited a damage depth of 
9.53 μm, approximately half that of pure W, and smaller He bubbles 
with an average size of 16 nm. Similarly, Lv et al. [150] prepared a 
fine-grained W-0.3 wt% Y2O3 composite containing semi-coherent 
Y2O3/W interfaces. Grain and phase boundaries acted as transient He 
traps and preferential transport pathways, capturing He from the lattice 

Fig. 13. Representative irradiation-induced defects and surface damage in W- 
and Mo-based materials. (a) Black-dot defect clusters and a defect-depleted 
zone associated with a dislocation array in Mo-14Re observed by bright-field 
TEM (reprinted from Ref. [205]); (b) dislocation loops in Mo-5Re observed 
by bright-field TEM (reprinted from Ref. [32]); (c) vacancy-type voids in W-3Re 
revealed by under- and over-focused TEM (reprinted from Ref. [206]); (d) He 
bubbles in pure W revealed by under- and over-focused TEM (reprinted from 
Ref. [207]); (e) He-induced surface blistering in pure W observed by in situ 
helium ion microscopy (left) and SEM (right) (reprinted from Ref. [208]); and 
(f) He-plasma-induced fuzz and its corresponding nanopatterned surface 
morphology in pure W observed by SEM (reprinted from Ref. [150]).
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and facilitating its migration to the surface. After He plasma irradiation 
at 60–80 eV to a fluence of 2.3 × 1026 m− 2, no discernible nanofuzz or 
He bubbles were observed in the composite. The fluence required to 
produce surface damage comparable to that of pure W was two to three 
orders of magnitude higher.

As one-dimensional defects, dislocations interact elastically with 
point defects, promoting their segregation and recombination near 
dislocation cores. Dislocation morphology therefore strongly influences 
irradiation defect evolution. Huang et al. [209] investigated the effects 
of pre-existing dislocation on bubble evolution in W-0.5ZrC under 
dual-beam He+ and H2

+ irradiation at 900 ◦C. Pre-existing dislocations 
acted as strong defect sinks, absorbing mobile point defects and reducing 
matrix bubble nucleation, thereby changing the bubble distribution 
from homogeneous to heterogeneous. Straight dislocations promoted 
bubble growth but suppressed nucleation; curved dislocations mainly 
suppressed nucleation; interlaced networks suppressed both processes. 
At 0.726 displacements per atom (dpa), swelling in 
high-dislocation-density regions was 54% of that in dislocation-free re
gions, supporting the bubble suppression effect. Li et al. [205] con
ducted in situ irradiation of a Mo-14Re model alloy using 800 keV Kr2+

ions. The observed microstructure contained three interwoven sets of 
1/2〈111〉 dislocation arrays that constituted low-angle subgrain 
boundaries. Under irradiation, dislocation reactions produced stable 
binary 〈100〉 and ternary 1/2〈111〉 sessile junctions, forming a topo
logically locked network. Junction anchoring prevented long-range 
network motion, whereas segments between junctions bowed direc
tionally under irradiation-induced displacement cascades. This network 
provided abundant sinks for irradiation-induced point defects while 
limiting large-scale dislocation rearrangement and microstructural 
instability.

5.2. Alloying element modulation

Alloying elements can interact with irradiation-induced defects and 
alter their migration and aggregation, thereby mitigating damage 
accumulation. A mixed dumbbell is an interstitial configuration in 
which a matrix atom and a solute atom form a paired structure around a 
lattice site. Mixed dumbbells can alter self-interstitial atom (SIA) 
migration, trap He, and suppress defect clustering and bubble growth. 
Wang et al. [210] found that stable W-Re mixed dumbbells underwent 
rapid, short-range three-dimensional motion, promoting vacancy
–interstitial recombination. This behavior has motivated extensive 
research on Re alloying for irradiation resistance. However, at high 
doses and temperatures, Re can undergo irradiation-induced segrega
tion and precipitation, causing hardening [211].

In W alloys, the effect of Re on irradiation resistance is strongly dose- 
dependent. Li et al. [212] used object kinetic Monte Carlo (OKMC) 
simulations to construct an irradiation response transition map for 
W-2Re. At low doses and temperatures above 773 K, Re formed stable 
Re-SIA complexes. These complexes recombined with thermally mobile 
vacancies, promoting vacancy-interstitial annihilation. At higher doses, 
however, this beneficial effect diminished as Re aggregated and 
precipitated into Re-rich phases. Molecular dynamics simulations by 
Yang et al. [213] further showed that Re segregated to dislocation loops 
and formed Re-loop complexes. Above a local Re concentration of 15 at. 
%, these complexes changed from weak to strong obstacles, pinning 
edge dislocation glide and promoting irradiation hardening. Neutron 
irradiation experiments by Gietl et al. [214] showed that pure W and 
W-3% Re underwent irradiation-enhanced recrystallization at 850 ◦C, 
whereas thermal annealing at the same temperature caused no grain 
growth. This behavior was attributed to irradiation-enhanced diffusion 
mediated by neutron-induced Frenkel defects. Under irradiation at 
850 ◦C, the W self-diffusion coefficient approached that during thermal 
annealing at 1200 ◦C, becoming sufficient for recrystallization. 
Transmutation-generated Re and Os also formed highly mobile mixed 
dumbbells with W, further increasing self-diffusion. This enhanced 

diffusion counteracted Re-induced inhibition of grain boundary migra
tion, promoting grain growth in W-3% Re. The study also showed that 
La-derived La2O3 particles remained stable during high-temperature 
irradiation and suppressed grain growth through boundary pinning. K 
doping also formed nanobubbles that pinned grain boundaries and 
limited W-SIA migration and vacancy accumulation [215]. However, K 
bubble pinning became ineffective under high-temperature irradiation. 
In Mo-Re alloys, irradiation can induce defect accumulation and Re-rich 
precipitation. First-principles and molecular statics calculations by Sun 
et al. [33] predicted that Re could reduce the intrinsic room-temperature 
brittleness of Mo. Under irradiation, Re strongly interacted with va
cancies to form V-Re pairs, suppressing vacancy clustering. At higher 
vacancy concentrations, these pairs evolved into V2-Re1 complexes that 
nucleated Re-rich clusters. These clusters were predicted to become the 
dominant defect structures in Mo-Re alloys under high-temperature 
irradiation. Ti, Zr, and Nb have been explored as auxiliary solutes to 
complement Re in improving the irradiation resistance of Mo alloys. Cui 
et al. [32] found that all three solutes increased relevant defect forma
tion energies and migration barriers in Mo-5Re. These effects suppressed 
loop climb and coalescence, maintaining fine, dispersed loops. Among 
the three solutes, Nb bound interstitial He most strongly, producing the 
smallest loops and He bubbles in Mo-5Re-0.5Nb. By contrast, Zr most 
effectively suppressed overall swelling under the simulated conditions.

5.3. High entropy alloy effect

Some conventional W-based binary alloys, such as W-Re and W-Ti, 
can undergo embrittlement and irradiation-induced precipitation. By 
contrast, HEAs are multicomponent systems containing several principal 
elements, often in near-equiatomic proportions. High configurational 
entropy may favor simple solid solution phases, while HEAs are often 
associated with lattice distortion, sluggish diffusion, and cocktail effects. 
These effects may hinder defect migration and phase separation, making 
selected HEAs promising irradiation-resistant materials.

The irradiation resistance of HEAs is commonly associated with three 
mechanisms [216,217]. First, chemical complexity and lattice distortion 
broaden defect formation and migration energy distributions, altering 
vacancy and interstitial transport and potentially promoting recombi
nation. Second, reduced effective defect mobility may suppress dislo
cation loop and He bubble growth, although this effect depends on 
composition and temperature. Third, Cr- or V-rich precipitates and their 
interfaces can provide additional sinks for point defects [218]. Wang 
et al. [207] designed a W15Ta15Cr35V35 multicomponent alloy with high 
irradiation tolerance. After 3 h of 400-keV He+ irradiation at room 
temperature or 450 ◦C, the alloy showed less irradiation hardening and 
smaller matrix He bubbles than pure W. This behavior was attributed to 
two mechanisms. First, lattice distortion in the disordered solid solution 
restricted long-range vacancy and He migration, promoting localized 
motion and dispersed bubble nucleation. Second, interstitial C intro
duced during rapid hot-press sintering combined with alloying elements 
to form coherent, C-rich ordered nanoprecipitates. The associated 
C-containing complexes had higher migration barriers than isolated 
vacancies, enabling vacancy trapping and suppressing He nucleation 
and aggregation. Supakul et al. [219] prepared low-activation 
W-Ti-Cr-V refractory alloys by arc melting and DED. Under He and Kr 
ion irradiation at 900 ◦C to doses of at least 10 dpa, alloys produced by 
both routes showed limited damage accumulation. The complex chem
ical environment and energy landscape promoted point defect recom
bination and limited the formation of vacancy clusters and dislocation 
loops. The homogeneous arc-melted microstructure was associated with 
more uniform defect distributions and recombination. Although the 
DED samples showed region-dependent responses because of composi
tional heterogeneity, severe defect accumulation remained limited. 
These mechanisms vary with HEA composition and irradiation tem
perature. Most supporting data derive from a limited range of ion irra
diation conditions. Before direct comparison with conventional W/Mo 
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alloys, phase stability, thermal conductivity, activation behavior, and 
post-irradiation toughness require further validation.

6. Conclusions and prospects

This review establishes a preparation–microstructure–property 
framework for W- and Mo-based refractory alloys and composites 
intended for extreme service environments. Based on recent advances in 
this field, three main conclusions can be drawn. (1) Processing routes: 
PM, particularly SPS, remains advantageous for material densification 
and grain refinement. AM offers flexibility for the near-net-shape 
fabrication of complex components but still faces challenges related to 
cracking, porosity, and impurity control. Therefore, processing route 
selection should account for component geometry and service re
quirements. (2) Homogeneous microstructures favor the uniform 
dispersion of second phases and enhanced thermal stability, whereas 
heterogeneous microstructures can improve mechanical properties 
through strain partitioning and HDI strengthening. However, simulta
neous improvements in strength and toughness should be evaluated 
using comparable data obtained under consistent testing and service 
conditions. (3) Mechanistic understanding: Thermodynamic driving 
forces and kinetic constraints jointly govern microstructural evolution. 
Coherent or semi-coherent interfaces can facilitate load transfer, 
whereas stable defect traps can capture irradiation-induced defects and 
suppress their migration and aggregation. Both effects depend on 
interface chemistry, trap capacity, temperature, irradiation dose, and 
microstructural stability. In addition, multidimensional defect engi
neering can integrate solid-solution strengthening, dislocation 
strengthening, grain refinement, grain boundary purification, second- 
phase strengthening, and phase transformation strengthening, 
providing a potential route toward an improved strength-toughness 
balance.

Current research nevertheless has several limitations. First, high- 
performance alloy compositions and microstructural architectures may 
rely on costly elements or complex processing routes, while reproducible 
component-scale control over density, defects, interfaces, and micro
structural heterogeneity has not yet been sufficiently demonstrated. 
Second, although AM has become an increasingly prominent near-net- 
shape manufacturing technology in recent years, challenges associated 
with processing defects, dimensional accuracy, and large-scale produc
tion remain to be overcome. Finally, the evidence base for assessing 
long-term service reliability remains fragmented. Existing studies have 
largely focused on the mechanical properties and irradiation resistance 
of W- and Mo-based materials, and these topics therefore constitute the 
principal focus of the present review. However, the fundamental un
derstanding of coupled oxidation-volatilization mechanisms in W and 
Mo under extreme service conditions remains insufficient, while the 
available studies on fatigue performance are also limited and 
heterogeneous.

Future research should prioritize the following directions: (1) 
developing in situ and multimodal characterization techniques under 
coupled multiphysics conditions to reveal defect evolution and crack 
initiation; (2) establishing standardized multi-property evaluation sys
tems that jointly report strength, ductility, fracture toughness, thermo
physical properties, oxidation resistance, and irradiation stability under 
clearly specified testing conditions; (3) constructing a closed loop link
ing multiscale simulation, material processing, and service behavior. 
First-principles calculations [220,221], molecular dynamics simulations 
[222–224], and Monte Carlo simulations [225] should be integrated 
with experiments to connect electronic- and atomic-scale mechanisms 
with microstructural evolution and service-scale radiation responses. 
Interpretable machine learning [226,227] can also assist in screening 
alloy compositions and processing parameters, provided that the un
derlying data are traceable and comparable. (4) Systematically investi
gating high-temperature oxidation, mechanical fatigue, 
thermomechanical fatigue, and their coupled effects under 

representative service conditions to enhance the long-term service reli
ability of W- and Mo-based materials. (5) concurrently developing 
cost-effective alloying strategies, robust and reliable PM and AM pro
cesses, and component-scale validation methods to facilitate the tran
sition of high-performance W- and Mo-based materials from laboratory 
research to engineering applications.
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