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ABSTRACT

Metal oxide and carbide strengthening molybdenum (Mo) alloys have been designed as promising ad-
vanced materials in refractory metals to solve some of the core engineering problems in superalloy ap-
plications. Hence, there is a need to summarize the results obtained and evaluate the opportunities for
preparing high-performance Mo alloys by strengthening metal oxides and carbides to improve the per-
formance characteristics of Mo metal materials. This paper reviews the results of the reported work con-
cerning the structure and properties of Mo alloys with different metal oxide and carbide strengthening
methods added to Mo matrix. The influence of the doping of La;O3 and Y,03; particles, ceramic Al;03
and ZrO, particles, and refractory TiC and ZrC carbides particles of Mo alloys are discussed. The impacts
of particle morphology, size, distribution and volume fractions of oxide and carbide are analyzed, as well
as the specific features of different doping techniques for obtaining high-performance Mo alloys mate-
rials. This work will guide future research on the design of high-performance refractory Mo alloys by
adding oxides and carbide particles, helping to solve the core issues in the field of superalloy application

research.

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Molybdenum (Mo) and Mo alloys have a series of excellent
physical and chemical properties, including a high melting point of
2620 °C, good high-temperature strength, corrosion resistance, and
thermal conductivity [1-3]. They have been widely used as high-
temperature resistant structural materials in aerospace engineering
[4-6], electronics [7,8], nuclear fusion reactors [9], metal process-
ing [10-12], medical equipment, and other fields [13-15]. However,
the recrystallization temperature, strength and hardness at high
temperatures of Mo alloys cannot be met the increasing require-
ments of scientific and technological development [16,17]. There-
fore, the design of high-temperature-resistant Mo alloys with high
strength and toughness has become a research hotspot [18-20].
Since Mo has the intrinsic characteristics of electronic structure in
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body-centered cubic (bcc) metals [21], especially the non-extrinsic
brittleness is caused by the segregation of interstitial atoms such
as oxygen and nitrogen at grain boundaries (GBs) [22,23]. It not
only causes issues of low-temperature brittleness and insufficient
high-temperature oxidation resistance but also leads to difficul-
ties in deep processing of Mo [24,25], limiting its wide applica-
tion as high-temperature structural materials [26,27]. To improve
the strength and reduce the brittleness of Mo alloys, their com-
prehensive properties can be controlled by adding Re and W al-
loying elements [28], along with doping Al, K, and Si [29], and ox-
ide/carbides strengthening.

An effective way to improve the high temperature strength,
low temperature plasticity, and oxidation resistance of Mo is al-
loying design [30-32]. The binary or multi-system Mo alloys with
good all-round properties have been prepared by solid solution
strengthening and dispersion strengthening with alloying design
using trace or massive elements [33-35]. Dispersion strengthen-
ing is one of the alloying design methods to promote the perfor-
mance of Mo matrices [36]. If the compound is in the form of dis-
persed particles or granules in the grains of the solid solution, the
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strength and hardness of the alloy can be improved significantly
with only a slight decrease in plasticity and toughness. The finer
evenly distributed particles result in a better strengthening effect
[37]. Adding stable metal oxides and carbides to molybdenum can
form a new type of strengthened Mo alloy. Alloys produced by
powder metallurgy (PM) are considered dispersion-strengthened
alloys [38]. For dispersion-strengthened particles, dislocations can
only bypass these large particles by a bypass mechanism due to
the direct incorporation of stable, high melting point particles by
mechanical alloying or other advanced mixing techniques, where
particle sizes may reach around 1 pm. According to the Orovan’s
description of dislocation-particle interactions, the moving disloca-
tion will be subjected to great resistance, forcing the stress to in-
crease in the process of continuous deformation to overcome the
reverse stress. The larger number of particles results in smaller
spacing between them with a more obvious strengthening effect
according to the dislocation theory. The uniformly dispersed parti-
cles can pin dislocations and GBs, refine grains, and strengthen the
Mo alloy matrix. The Mo alloy strength can be improved by re-
fining particles, reducing their size, or increasing volume fraction.
Currently, oxides and carbides are the main strengthening phases.
These oxides are rare earth oxides (La,03 [39], Y,03 [40] and CeO,
[41]), metal ceramic oxides (Al,03 [42-44] and ZrO, [45]) and car-
bides mainly include TiC [46], ZrC [47] and HfC [48].

Metal oxides and carbides strengthening Mo alloys have broad
development prospects [49]. Oxides reinforcements are favored
[50] because of high-temperature stability and low prices, such as
rare earth lanthanum and yttrium oxides for Mo doping. Dispersed
ultrafine La,03 particles can effectively refine Mo microstructure
and improve the mechanical properties of Mo alloys [51,52]. Oxide-
dispersed particles can also accelerate the sintering process of Mo
alloys. Carbides have excellent mechanical properties, high hard-
ness, melting point, and good thermal stability, and have important
applications in composite materials. Mo alloys reinforced with TiC
and ZrC particles have refined grains and excellent thermal stabil-
ity.

The present paper aims to summarize the effects of oxide and
carbide addition on the microstructure and mechanical properties
of Mo alloys. The relationships between the microstructure and
properties of Mo alloys for each metal oxide/carbide are discussed.
First, we introduce the oxide strengthening design and carbide
strengthening design, Next, some recent examples involving dif-
ferent oxide and carbide powder addition, the impacts of particle
morphology, size, distribution, and volume fractions of oxide and
carbide are analyzed, as well as the specific features of different
doping techniques for obtaining high-performance Mo alloys ma-
terials. Finally, we discuss the current challenges and opportunities
of high-performance Mo alloys, which have great potential as ma-
terials for industrial applications and production based on metal
oxides and carbides strengthening. It is hoped that this work can
act as a guide for future researchers on topics that contribute to
the development of superalloy application.

2. Oxide dispersion-strengthened design

Metal oxides are often used as reinforcements to improve the
strength and toughness of Mo alloys. Adding oxide dispersion
strengthening is a method in which oxide particles are dispersed
in the alloy matrix as hard particles. It refers to the strengthening
of ultrafine high-melting point oxides insoluble in the metal ma-
trix as the secondary phase. Metal oxide reinforced Mo metals are
typically prepared by PM to promote uniform distribution of the
particles in the base metal. The addition of metal oxides not only
increases the recrystallization temperature of the Mo alloys and
improves their sag resistance, but also improves high-temperature
creep properties. La, Ce, Al, and Zr are commonly used for the
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dispersion strengthening of Mo alloys with oxides formed by rare
earth elements. Depending on the doped metal oxides, they are
broadly classified as rare earth element oxides doped with La;03
and Y03, and ceramic Al,03 and ZrO,. The techniques for prepar-
ing high-strength and tough Mo-doped alloys include mechanical
alloying, pressurelesps sintering, hot isostatic pressing, and plasma
sintering, etc. The research focus is mainly on the synthesis of ul-
trafine oxide powders with high sintering activity [53], along with
the strengthening and toughening mechanisms of Mo alloys doped
with oxides.

2.1. Doped with La,03 particles

The development of rare earth La,03 oxide-dispersed Mo al-
loys have been ongoing, as high melting point La;03; can effec-
tively improve the recrystallization temperature and microstruc-
ture stability of Mo alloys [39,54]. The La,03 particle doping has a
significant influence on the alloy microstructure, morphology, me-
chanical properties, high-temperature mechanical properties, and
chemical properties of Mo alloys [39,55,56]. The diffuse distribu-
tion of fine La,03 particles in the Mo matrix improves the strength
and toughness of Mo alloy. Many studies have reported in [57-60]
that different doping methods will also change the effect of La;03
particles, improving the properties of Mo alloys. This section ex-
plores the La,03 particles addition on the particle morphology of
Mo powder and the effect on the grain size of Mo alloys. The ef-
fective doping methods of La,05 particles and the influence of par-
ticle dispersion on the mechanical properties of the Mo matrix at
room temperature and high temperature are obtained.

Due to the high surface activity of rare earth elements [61],
the particle morphology of Mo powder is affected by La,O3 parti-
cles. Sun et al. [62] used a facile hydrothermal synthesis of oxide-
doped Mo powders and found that doping La, 05 particles could af-
fect the crystallinity and particle size of MoO3 powders. For La;03
particles, La3* and Mo** have a strong interaction (Fig. 1), which
changed the coordination of Mo and O, forming MoO, in a polygo-
nal state. These three oxides had similar effects of inhibiting grain
growth and promoting grain refinement, while La,03 changed the
growth morphology of Mo particles.

Except for the hydrothermal synthesis, the solid-liquid doping
and liquid-liquid doping methods can effectively control the grain
size and comprehensive properties of Mo alloys [63]. The La;03
solid-state doping method and hot-pressing sintering technology
cause grain refinement with an average grain size of 2.7 mm,
resulting in the highest yield strength of the Mo-La,03 alloy
[51]. Freeze drying has been proposed as a promising tech-
nology for nanocrystals, nano oxide particles, and high-density
oxide dispersion-strengthened (ODS) Mo alloys. It provides an
excellent solution for the ultrafine size and high sintering ac-
tivity of Mo-La,03 composite powder. Hu et al. [64] fabricated
Mo-La, 03 composite nano-powders with high sintering activity by
the
freeze-drying method. The Mo-La;03; alloy had a high 98.1%
relative density after sintering at 1500 °C. The results indicate that
the Mo alloy sintered at low temperature has fine oxide particles
(< 5 nm), high hardness (495 HVy,), and strength (1201 MPa) at
30% strain compared with the related ODS-Mo alloy. The grain size
of Mo-LayMoyO; alloy is 440 nm, which is much smaller than the
traditional ODS Mo (3-60 um) reported in tRefs. [65-67]. It has
been demonstrated in Ref. [68] that a hierarchical microstructure
in Lay03 nanoparticles-doped Mo alloy is successfully designed
and manufactured by the liquid-liquid mixing process, which
can control the uniform distribution of grain size and nano-sized
particles in the nanostructure region.

However, the reason for the effective grain size refinement of
Mo alloys by rare earth La,03 is that the particles can effectively
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Fig. 1. Schematic illustration of the nucleation step involved in the interaction of La3* and Mo**. Adapted with permission from Ref. [62]. Reprinted from International
Journal of Refractory Metals and Hard Materials, 5396390978725, Copyright (2022), with permission from Elsevier.

hinder the movement of GBs, thereby improving the properties of
Mo alloys [69-71]. Jiang et al. [72] doped La,O3 and CeO, par-
ticles in the Mo-Y,03 alloy by wet chemical method and low-
temperature sintering. They explored the reasons for the grain re-
finement mechanism by La,03 doping. For the Mo alloys, the two
key steps that ultimately determine the microstructure were the
reduction and sintering processes. The effects of uniformly dis-
tributed oxides on GB inhibit grain growth during sintering. The
oxide particles on GBs migration were analyzed using theoretical
calculations and calculated two pinning forces, including the Zener
force and interfacial resistance caused by changes in interfacial free
energy. The quantitative calculation of the Zener force is as follows
[69]:

Zp =3ygF,/(2r) (1)

Here, ygg is the GBs energy of the secondary phase, F, is
the volume fraction of oxide particles, and r represents the av-
erage radius of oxide particles. According to Eq. (1), the Zener
forces of Mo-Y, Mo-Y-La, and Mo-Y-Ce alloys are calculated to be
4.68 x 1072 MPa, 7.76 x 10~2 MPa, and 4.33 x 10~2 MPa, respec-
tively, indicating that La,03 doping has a strong effect of pinning
Mo-Y alloys. On the other hand, the effects of different dopants on
the interfacial resistance of Mo alloys are calculated. The interfacial
energy change is given as [73]:

AC=4r1*(y: — y1) (2)
Then the interface resistance is
F=8nr(y, — ) (3)

Here, r is the radius of spherical particles; y; and y; is the in-
terfacial free energy of particles in growing and vanishing grains,
respectively. Different interfacial resistance is analyzed through the
process of different dopants affecting the diffusion in Mo alloy. It
can be speculated that compared with other oxide particles, Mo
atoms can significantly diffuse into the oxide particles of the Mo-
Y-La alloy, which further indicates that the La element can attract
or bind Mo atoms, reduce the interface free energy, and increase
the interface resistance. Consequently, the rhenium oxide particles
at the GBs can effectively improve the Zener force and interfacial
resistance, which eventually leads to the migration of GBs and in-
hibits the grain growth of the Mo alloy, resulting in the Mo-Y,03
alloy having excellent strength and hardness. This also provides
theoretical guidance for the selection of suitable oxide dopants for
the preparation of ODS alloys with excellent mechanical properties.
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The La,;03 particles can be successfully dispersed in the Mo
alloy [74], improving its room temperature mechanical proper-
ties [75-85]. Lin et al. [86] studied the effects of La,O3 on the
room temperature mechanical properties of Mo-12Si-8.5B alloy by
adding La,03 particles with different contents (0-0.9 wt.%). It is
indicated that the different La,O5 can improve the room compres-
sion strength and fracture toughness of Mo-12Si-8.5B alloy. When
the content of La,03 is 0.9 wt.%, Mo-12Si-8.5B alloy has better
room temperature compressive strength and yield strength (2806
and 2721 MPa, respectively). But the addition of excessive La;03
(>0.9 wt.%) particle reduces the bending strength and fracture
toughness of Mo-12Si-8.5B alloy. Thus, different La;03 contents are
very sensitive to the strengthen and toughness of Mo-Si-B alloy
[87]. According to the Griffith theory, critical stress (o¢) formula
for crack instability propagation is written as follows [88]:

2Eys
To

Here, E is the elastic modulus, ys is the surface energy and o
is the half the length of the internal crack. We found that the dop-
ing of La,03 particles can control the grain size and obtain smaller
internal cracks. On the other hand, the dislocation movement is
pinned by La,03 particles to alleviate the dislocation accumula-
tion and stress/strain concentration at the GBs, making it more
difficult to generate and expand microcracks at the GBs [89], thus
greatly improving the toughness of Mo-12Si-8.5B alloy. For fine-
grained Mo-12Si-8.5B alloy with bimodal w-Mo grains, the nano
La, 03 content on «-Mo grains has a strong toughening effect [90].
And the microcracks toughening induce by La,;03 particles played
a more effective role in coarse-grained (CG) a-Mo regions. Specifi-
cally, the critical fracture toughness value (Kic) commonly used in
engineering is given as follows [91,92]:

Ke=\1=p2

where E is Young’s modulus, ¢ is Poisson’s ratio, and Gjc = W/A
is the work W during fracture divided by the crack swept area A.
For Mo-12Si-8.5B alloy, the fracture toughness value (Kic) can be
represented as follows [93]:

1+a ﬁ_l 1/2
ANE

where the Kic is the fracture toughness of the “Mo-Si-B compos-
ite”, K4 is the relative toughness of the ductile «-Mo phase region

c=

(4)

(5)
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Fracture toughness prediction based on crack trapping. Adapted with permission from Refs. [90,96]. Reprinted from Materials Science & Engineering A, 5500780344268,
Copyright (2020), with permission from Elsevier. Reprinted from International Journal of Refractory Metals and Hard Materials, 5500781372581, Copyright (2021), with

permission from Elsevier.

[ (pm)

Calculated toughness, Experimental toughness,

1/2 1/2
Samples Minimum, Iy, Maximum, Imax Average, lave r(um) - Ke (MPa m'?) Kq (MPa m'/%)
HEBMed 4.2 17.7 11.21 1.2 7.43 9.20
HEBMed+ unmilled 10 wt.% Mo-La;03 3.1 109 7.18 1.54 10.08 11.25
HEBMed+ unmilled 15 wt.% Mo-La;03 3.0 10.0 6.30 1.79 11.48 12.50
HEBMed+ unmilled 20 wt.% Mo-La, 05 3.0 10.4 6.55 1.81 11.33 11.53
HEBMed+ unmilled 20 wt.% Mo-La;03-1700 2.7 8.5 5.23 1.83 12.66 13.03
HEBMed+ unmilled 20 wt.% Mo-La;03-1800 2.5 8.0 5.15 1.90 12.98 13.41

taken as 15 MPa m'/2[94], K? is relative toughness of the brit-
tle intermetallic (Mo3Si/MosSiB,) phases region as ~3 MPa m'/2
[95]. The r and | are characteristic size of «-Mo phases area and
its average spacing, respectively. The calculated fracture toughness
(Kic) of Mo-12Si-8.5B alloy is shown in Table 1, and the toughen-
ing and strengthening mechanism of bimodal structure is quanti-
tatively analyzed [90,96]. The results show that the fracture tough-
ness of CG-Mo (36.19 vol%) with La,03 powders is significantly im-
proved (increased by about 36%). To further optimize the fracture
toughness of bimodal Mo-Si-B alloy, the alloy with 20 wt% La,;03
powder is annealed at 1700 °C and 1800 °C. Due to the additional
toughening from the formation of microcracks induced by La;03
powders, the fracture toughness (Kq) reaches 13.41 MPa m'!/2.

The room-temperature fatigue properties of Mo alloys doped
with La,03 particles were also developed in Ref. [97]. The low-
cycle fatigue (LCF) test showed that the alloy containing La,03 par-
ticles obtained by the solid-liquid mixing method and pressure-
less sintering technology had cyclic softening behavior, high fatigue
ductility, and the longest cyclic fatigue life. To better evaluate the
LCF behavior of PM and Mo-La,05 alloys, they used the Basquin-
Manson-Coffin (BMC) relationship to analyze the elasticity, plastic-
ity, and total strain amplitudes and failure inversion time (2Ns). The
BMC model [98] is:

!

£a = T (2N + &/ (2N)¢ %)
where o’; is the fatigue strength coefficient, E is the elastic mod-
ulus, b is the fatigue strength index, and &’; and c are the fatigue
ductility coefficient and the fatigue ductility index, respectively. It
is calculated using Eq. (7) that pure Mo has the lowest fatigue duc-
tility coefficient (¢’¢), and ¢’; for the Mo alloy containing La,03
particles increases significantly, indicating that Mo-La,03 has good
fatigue resistance.

In addition to the room temperature mechanical properties, the
effect of high-temperature mechanical performance of the Mo al-
loy with La,03 particle addition is also proposed [99-102]. Li et al.
[103] studied the high temperature compression behavior of FG
(unimodal) and bimodal Mo-12Si-8.5B-0.57 wt.% La,03 alloy. They
focused on the deformation and dynamic recrystallization behav-
ior of Mo-12Si-8.5B-0.57 wt% La,03 alloy. Nanoscale La,03 par-
ticles strengthened the Mo-12Si-8.5B alloy at high temperatures
(1000-1400 °C) by inhibiting dislocation slip and pinning GBs.
Compared with FG (unimodal) alloy, the compressive strength and
yield strength of the bimodal alloy at 1400 °C are increased by
55.2% and 43.6%, respectively. To reveal the effect of La,03 content
on the deformation of the Mo alloy at high temperature, Cheng
et al. [104] explored the strengthening mechanism of Mo-xLa;03
alloy with different contents (x = 0 wt%, 0.5 wt%, 1.0 wt%, 1.5 wt%
and 2.0 wt%). The results suggest that the plastic deformation and
strength of the Mo alloy with La,03 addition of 1.0 wt.%-1.5 wt.%
increase significantly. However, severe strain softening occurs in
Mo-2.5% La, 05 alloy. The critical strain ey of particles in metal ma-
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trix expresses as [105]:

<@+@%>

KEpdintra
where Gp, Ep and by are the shear modulus (180 GPa), Young's
modulus (330 GPa), and Burgers vector (0.31 nm) of La,03 par-
ticles, respectively. The K is a constant. The Weibull expression is

as follows [106]:
&€ m
(=)

_ finwa
fo

where P is the percentage of debonding intragranular particles,
the f, is the reference particle volume fraction that caused 63.2%
interfacial debonding under the equal load (¢ey). The &y is obtained
by Eq. (8) as approximately ~8% in the Mo-1.0 wt% La;03 and
Mo-1.5 wt% La,03 alloys. Therefore, up to 20% of the particles in
the grains degummed and cause damage, resulting in competition
between micropores and microcracks (Fig. A.1 in Supplementary
Materials), which leads to strain softening in the Mo alloys. It is
demonstrated that high temperature strength-elongation combina-
tion is the most favorable in Mo-La,;05 alloy with La,03 between
1.0 and 1.5 wt.%.

Compared with high temperature compression, the high tem-
perature creep properties of Mo- La,0O3 alloy have also been dis-
cussed. Cheng et al. [107] added 0.6, 0.9, and 1.5 wt.% La,03 par-
ticles by PM to explore the high-temperature creep properties of
Mo alloys. The Mo and Mo-La,05 alloys are tested under con-
stant load tensile creep at temperatures ranging from 1000 °C to
1400 °C (Fig. A.2 in Supplementary Materials). where the creep
stress index and activation energy are estimated based on the mea-
sured creep rate data. The stress index of pure Mo is about 5.6 in
Fig. 2(a). The Mo-La,03 alloy has a high stress index value, rang-
ing from 10 to 20 in Fig. 2(b-d), and its apparent activation en-
ergy is between 430 k]/mol and 760 k]/mol. Based on the creep
constitutive model of the interaction between particles and dis-
locations, when dislocations bypass La,03 particles, with the in-
crease of the volume fraction of La,03 particles and the decrease
of particle size, the climbing resistance increases, which makes the
energy relaxation efficiency of dislocation lines lower. This shows
that the doped nano-La,05; changes the creep behavior of the Mo
alloy. They propose a creep constitutive model based on particle
and dislocation interactions. The relationship between creep rate
and creep strength is [108]:

[a-00-7)]
ksT

&y =

(8)

P=1- exp[ (9)

3
. 2

Dy

—Gb*r (10)

Here, r and A are the particle radius and the average particle
spacing, respectively, p is the dislocation density. G is the shear
modulus, Dy is the diffusion coefficient, b is the Burgers vector,
kg is the Boltzmann constant, and K is the relaxation parameter
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Fig. 2. Double logarithm plots of steady creep rate vs. stress relation at different temperatures: (a) pure Mo, (b) Mo-0.6 wt.% La;0s3, (c) Mo-0.9 wt.% La,03, (d) Mo-1.5 wt.%
La,; 0. Adapted with permission from Ref. [107]. Reprinted from Journal of Materials Science & Technology, 5411790332641, Copyright (2022), with permission from Elsevier.

of the dislocation. Compared to other dispersion-strengthened al-
loys, Mo alloys with La;03 particles has a higher relaxation factor
K, so the relaxation dislocation line energy is quite low. While in-
creasing the volume fraction of La,03 or refining the nanoparticles
leads to a larger 1A — r, which enhances climbing resistance. Thus,
the Mo alloy with 1.5 wt.% La;03 has the highest creep strength.
By changing the size and distribution of La,03 particles, Mo-La,;03
alloy with improved creep strength can be designed, which is of
great reference value and guiding significance for future research.
It is known that adding rare earth elements is a potential
method to improve the corrosion resistance of Mo [109,110], but
there are only a few studies on the corrosion resistance proper-
ties with added rare earth La,O3; oxides. The La,03 affects the
chemical properties (corrosion and oxidation resistance) of Mo al-
loys. Cairang et al. [111] characterized the corrosion behavior of
pure Mo and Mo alloy doped with 0.3 wt.% La;03 in 3.5 wt.%
NaCl solution at 25 °C by potentiodynamic polarization measure-
ments, electrochemical impedance spectroscopy (EIS), and linear
polarization resistance (LPR). In Fig. 3, oxide films are formed on
the surfaces of pure Mo and doped Mo samples, and the current
density of doped Mo is much smaller than that of pure Mo, in-
dicating that the corrosion resistance of Mo doped with La,05 is
better than pure Mo. Electrochemical impedance spectroscopy re-
sults show that the resistance of the Mo surface oxide film doped
with La,03 increases, and it improves the stability of the Mo sur-
face oxide film, which make Mo-La, 03 more effective in protecting
the matrix from corrosion. Further experiments are carried out on
the linear polarization resistance (LPR) of pure Mo and Mo-La,;03
alloy in 3.5 wt.% NaCl aerated solution at 25 °C (Fig. A.3 in Supple-
mentary Materials). By measuring the polarization resistance Rp at
different times, it has been seen that the polarization resistance of
doped Mo is more pronounced than pure Mo. Thus, the addition
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of La;03 can promote the formation of a more compact and pro-
tective oxide film, which greatly improves the corrosion resistance
and provides a good design for improving the corrosion resistance
of Mo alloy. Doping with La,;03 can significantly improve oxidation
resistance.

In addition, doping with La,03 in Mo can significantly improve
the oxidation resistance. Some theoretical studies [112-114] have
demonstrated the improved oxidation resistance of Mo alloys by
adding rare earth La,03 particles. In Ref. [115] the oxidation mech-
anism formation of La,;03;-doped Mo-12Si-8.5B alloy was studied.
Isothermal oxidation tests have shown that the oxidation resis-
tance of Mo-12Si-8.5B alloy is positively affected by the doping
of lanthanum oxide, and the oxidation resistance of Mo-12Si-8.5B
alloy with 0.3 wt.% and 0.6 wt.% La,03 is significantly enhanced.
La,03 doping can promote tight bonding between the crystal and
the interlayer.

The above experiment results show that the addition of La,03
particles is an effective approach to design the high-performance
Mo alloy. The La,05 particles dispersion-strengthened could sig-
nificantly control the grain size of Mo alloys and increase the
room-temperature properties, high-temperature properties and
chemical properties in Mo alloys. Through different preparation
methods, such as mechanical alloying, freeze-drying combined
with hot-pressing sintering, or pressureless sintering, La,03 parti-
cles with high sintering activity can be obtained, so that the mini-
mum size of La,03 particles concentrates at 2-5 nm and uniformly
distributes in Mo grains interior. The crystallinity and particle size
of Mo powder are changed by high activity La,O3 particles. As a
matter of fact, the La,O5 particle volume fraction, particle size,
and distribution are the main factors affecting the microstructure
and strengthening mechanism of Mo alloy. Highly active and ul-
trafine size La,03 particles are uniformly distributed around the
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grain boundary of the Mo alloy, which can effectively enhance
the Zener force and interfacial resistance, hinder dislocation slips
and grain boundary movement, and reduce dislocation density. The
freeze-drying technology provides an excellent solution for creat-
ing the ultra-fine size and high sintering activity of nano-sized
La,05 particles and composite powders. And the Mo grains are
refined to 440 nm with high hardness (495 HVj5), and strength
(1201 MPa) at 30% strain. By mechanical alloying combined with
the hot-pressing sintering process, the addition of La,03 particles
into Mo-12Si-8.5B alloy can have better room temperature com-
pressive strength (2806 MPa) and yield strength (2721 MPa). The
addition of La,03 particles can greatly enhance the high tempera-
ture creep resistance, corrosion resistance, and oxidation resistance
of Mo alloy. In addition, there are few reports on the high tempera-
ture strength and toughness of Mo alloys with La,03 particles, and
the contribution of the particles to the strength and toughness of
Mo alloy needs to be improved. In the next work, it will be nec-
essary to investigate the mathematical modeling and prediction of
the effect of La,03 particles on the creep resistance of Mo alloys
at high temperatures.

2.2. Doped with Y503 particles

Compared with carbide particles, rare earth oxide particles can
be formed in situ in alloys [116], refining grains and effectively
improving their strength and toughness [117]. Mo alloys prepared
by the mechanical alloying method have coarse Mo grains and
large oxide particles at the GBs. To synthesize high-quality ul-
trafine ODS-Mo powders with high relative density and ultrafine
grains, many researchers focus on sol-gel [118], hydrothermal syn-
thesis [119], and freeze-drying methods [120] to precisely control
the size, morphology, and purity of oxide powders. Rare earth Y,03
particles are considered an ideal dispersant, and its can be ap-
plied to the development of oxide dispersion-strengthened alloys
to ensure mixing at the molecular level [68,121,122], and obtain
high-purity nano precursors for refining alloys [123,124], improv-
ing their grain size uniformity, comprehensive mechanical prop-
erties [125-127] and radiation resistance [128]. These guide the
preparation of high-quality molybdenum alloys in the future. The
information about the preparation of Mo-Y,03 particles is summa-
rized by utilizing the latest freeze-drying method and hydrother-
mal synthesis method, thereby obtaining the Mo alloy with excel-
lent comprehensive mechanical properties.

It is well known that freeze-drying (FD) is a promising method,
which can achieve a remarkable balance between ultrafine par-
ticles and the relative density of alloy [124,129]. Hu et al. [130]
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prepared Mo-Y,03 particles with a 54 nm size and Mo-Y,05 al-
loy with the smallest grain size of 620 nm and high density
(99.6%) by this method and compared them with the ball milling
method (BM). Most of the oxide particles of FD-Mo are dispersed
inside the Mo grains. They further explored the reason for the
uniform distribution of Y,05 particles and found that Y,03 pow-
ders could be formed in situ in GBs during the powder prepa-
ration process. The existence of the mixed phases of YsMo,01;
and Y,03 are observed by transmission electron microscopy (TEM),
which indicates that Y,05 could diffuse into Mo grains to form the
YsMo,04, phase during high-temperature sintering. The formation
of YsMo,04, particles is explained in Fig. 4. It was the formation of
YsMo,01, particles that can adsorb more oxygen impurities near
the Y,05 particles, which can purify the Mo matrix, thereby im-
proving the mechanical properties of the alloy, including the al-
loy with a high hardness of 487428 HV(,, high yield strength of
902 MPa and high compressive strength of 1110 MPa.

The preparation of high-quality composite precursor powders
by hydrothermal synthesis plays an important role in ODS-Mo al-
loys [68] because this method can greatly facilitate the distribu-
tion of Y505 particles into the grains, thereby achieving a balance
of strength and ductility. Recently, the chemical reaction, phase for-
mation refinement mechanism, and morphological evolution of Mo
powder for the hydrothermal synthesis of Y,03 and Mo powder
precursors have received much more attention. In Ref. [131], the
Mo-Y,03 composite precursor powder was prepared by hydrother-
mal synthesis and two-step hydrogen reduction. The particle size
in Mo-Y,03 mixed powder and the reason for Mo grain refinement
are analyzed. From the measurement of particle size of two-stage
reduction powder, both the particle size and grain size of powders
decrease significantly after adding 1 wt.% Y,0s3, as seen in Fig. 5.
The particle size Dsy decreases to 4.97 pum in the first stage and
3.9 um in the second stage. To elucidate the refinement mecha-
nism of Y505 on the reduced powder, they also calculated the two-
dimensional lattice mismatch at the interface between Y,03 and
Mo. From the calculation of the lattice mismatch degree [132] be-
tween the low-index (1 0 0), (1 1 0), and (1 1 1) crystal planes
in the Mo/Y,03 interface, it is clear from Table 2 that the lattice
mismatch degree at the Mo/Y,03 interface is less than 15%. This
indicates that Y,03 particles can act as heterogeneous nucleation
sites for Mo, further ensuring the refinement and homogenization
of mixed powders, and becoming heterogeneous nucleation sites
in the Mo matrix (Fig. A.4 in Supplementary Materials). The high
density of Mo-Y,05 alloy and the prevention of grain growth are
achieved by using the spark plasma sintering (SPS) technique with
the advantages of short time and low sintering temperature [133-
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Table 2

The two-dimensional lattice mismatch between Y,03; and Mo. Adapted with permission from Ref.
[131]. Reprinted from International Journal of Refractory Metals and Hard Materials, 5,411,810,715,536,

Copyright (2021), with permission from Elsevier.

Matching interface [uvw]s  [uvw]n  dluvw]s  dluvwln 6 § S(hkl)n(hkl)s
(100)Y,05//(100)Mo [010] [010] 10.601 3.147 0 1094 10.94%
[011] [011] 14.992 4.451 0 1093
[001] [001] 10.601 3.147 0 1094
(110)Y,05//(110)Mo [110] [110] 14.992 4.451 0 1093 10.94%
[111] [111] 9.181 2.725 0 10.96
[001] [001] 10.601 3.147 0 1094
(111)Y,03//(111)Mo [110] [110] 14.992 4.451 0 1093 10.93%
[211] [211] 25.967 7.709 0 1093
[i01] [101] 14.992 4.451 0 1093

135]. Therefore, Y,05 particles can be used as heterogeneous nu-
cleation sites of Mo alloys to ensure nucleation during the reduc-
tion of mixed powders, reduction of agglomerated grains, and uni-
formity of the size of composite precursor powders. The results of
this study provide a valuable reference for the preparation of Y,03-
doped Mo alloys by optimizing the hydrothermal parameters and
SPS sintering method in the future.

The adding Y,03 particles of the Mo alloy also can obtain bet-
ter mechanical properties of Mo alloys [136,137]. For example, Xu
et al. [138] paid more attention to the effects of Y,05 particles
and CeO, co-doping on the mechanical properties. They synthe-
sized composite powders with different contents of Y,03 and CeO,
by hydrothermal method and obtained rolled Mo alloy with almost
no recrystallized grains by pressureless sintering. The tensile prop-
erties, strength-ductility balance, and tensile fracture morphology
of the Mo alloy plate are analyzed in Fig. 6. With the increase
of Y,03 content, the tensile strength of the Mo alloy sheet in-
creases, while the elongation increases first and then decreases in
Fig. 6(a). The tensile strength and elongation reach the maximum
values of 917 MPa and 18% when the Y,03; contents are 0.8 wt.%
and 0.3 wt.%, respectively. For the Mo-0.8% Y,03-0.12% CeO, alloy
anneals at 850 °C, the tensile strength can reach 853 MPa, and the

elongation decreases to 15%. When the annealing temperature in-
creases to 1200 °C, the tensile strength decreases sharply, but the
elongation after fracture will increase. Through the comprehensive
analysis, it can be indicated that the Mo alloy with 0.5% Y,03 and
0.12% CeO, have excellent comprehensive mechanical performance.
Comparing the strength, ductility, and strength-elongation prod-
uct (P = 0y,6) of different rolled Mo alloys, as shown in Fig. 7,
the strength-elongation of the newly developed Mo alloy can reach
15,000 MPa.%, in which the Y,03 nanoparticles are the main rea-
son for improving strength and plasticity (Orowan and fine-grain
strengthening [139]). Similarly, Y503 is added to Mo-Ni alloy by
mechanical alloying and pressureless sintering (1500 °C for 2 h)
[140]. The Mo-Ni-Y,03 alloy has a good effect on oxide disper-
sion and grain refinement. The average hardness of Y,0;-doped
Mo-Ni alloy is 8.73 GPa, which is higher than that of pure Mo
(~2.82 GPa). For Mo-3Si-1B alloys, which are expected to replace
nickel-based high temperature alloys [141], the addition of Y,03
has a significant effect on the fracture toughness and oxidation re-
sistance of the alloy. The fracture toughness of the Mo-3Si-1B-1Zr-
1 Y,05 alloy with a continuous «-Mo matrix can reach an average
value of 13.5 MPa m!/2, Adding 8.2 wt.% and 5.0 wt.% ZrO, (Y,03)
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Fig. 5. SEM micrographs of the powders: (a) #0 and (b) #1 after the first stage of reduction, (c) #0 and (d) #1 after the second stage of reduction, (e) TEM images showing
the morphology of the reduced powders #1, and (f) selected diffraction spots of the surrounded particles with a mean diameter in 18.6 nm. Adapted with permission from
Ref. [131]. Reprinted from International Journal of Refractory Metals and Hard Materials, 5411810715536, Copyright (2021), with permission from Elsevier.

(©)

16000
140004
120004
10000

8000
o000 2
4000

= Asrolled
—e— Anncaling at 850 "C
A Annealing at 1200 ‘C

20004

1000 :
(a) —%— As rolled (b) 35 —%— Asrolled
s @ ancaling at 8507 C o ) —®- Annealing at 830 °C
E 90044 anelingal 200°C_____g === 307 —A- Amealingat 1200°C 4
k- ) P
s * (] e °\= . .
B 800 « w 20
£ e g
2 ] & 2 o0l
g 700 £ 20
5 g
=600 = 151
-é a
g sof , A-——A— 4 4 101
A
400 +—— . . . " 9+ T
0.0 02 0.4 0.6 08 0.0 0.2

Y,0, content, %

0.4
Y,0, content, %

0

Strength-clongation product, MPa*%

T T
0.6 0.8

Y,0, content, %

0.6 0.8 0.0 0.2 04

Fig. 6. Effects of Y,03; content on (a) tensile strength, (b) elongation, and (c) strength-elongation product of the Mo alloy plates under different states. Adapted with
permission from Ref. [138]. Reprinted from Journal of Alloys and Compounds, 5411811271999, Copyright (2022), with permission from Elsevier.

powder into Mo-12Si-8.5B alloy, the fracture toughness increases
to 12.82 MPa m'/2 and 12.38 MPa m'/2, respectively [142].

To sum up, the Mo-Y,03 alloy plays a very dominant role in
the excellent hardness, yield strength, compressive strength, and
fracture toughness. By Y,05 particles doped by different prepara-
tion methods, such as freeze-drying, hydrothermal synthesis, and
powder ball milling alloying, high-quality ultrafine composite pow-
ders with high sintering activity can be synthesized. The size (20-
50 nm) and purity of Y,05 particles are precisely controlled. These
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are the most important factors of Y,03 particles affecting the mi-
crostructure of Mo alloys. When Y,03 has a small aspect ratio,
the interaction between particles and dislocations is similar to that
of spherical Y,03. The dislocation ring in Mo alloy either exists
around the particles or bypasses the nano-Y,03 particles by chang-
ing the propagation direction to reduce the stress concentration
and microcracks, resulting in a better strengthening effect [143].
Recent research has found that the powder particles prepared by
the freeze-drying method not only control the size and uniform
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distribution of the powder, but also YsMo,0, particles generates
by ultrafine Y,03 particles (about < 50 nm), which absorbs O im-
purities and purify the Mo matrix. Then the Mo alloy has the finest
grain size (620 nm), high density (99.6%), high hardness 487 + 28
HVq 5, high yield strength 902 MPa, and high compressive strength
1110 MPa. The Mo-Y,05 alloy is produced by the combination of
the hydrothermal synthesis method and SPS sintering ensures the
fineness and uniformity of the mixed powder. Particularly, Y,03
particles can act as heterogeneous nucleation sites for the Mo ma-
trix, further ensuring the reduction of agglomerated grains and fi-
nally obtaining high quality composite precursor powders with fine
grains and best homogeneity. And it obtains high quality composite
precursor powders with fine particles and optimal homogeneity.
The addition of Y503 to Mo alloy through mechanical alloying and
pressureless sintering has a high hardness of 8.73 GPa, which is
expected to replace nickel-based superalloys. Compared with tra-
ditional PM preparation methods, these two preparation methods
can better control the size, purity, and uniformity of doped Y,03
powder. More attention has been paid to Y503 particle-doped dis-
persion strengthened Mo alloys. However, through different prepa-
ration methods, the strengthening potential of Y,03-doped Mo al-
loy at high temperatures is under investigation.

2.3. Doped with Al,03 ceramic particles

Al,03 ceramic particles have high hardness and wear resis-
tance, strong corrosion resistance, and good heat resistance. It is
an oxide with the most stable chemical properties and the high-
est mechanical strength of refractory oxides. It is usually used as
reinforcing particles to enhance the properties of metallic materi-
als [144-148]. Adding Al,03 ceramic particles to Mo alloys results
in excellent high-temperature wear resistance, high strength, and
hardness. Xu's team successfully prepares Mo alloys doped with
different volume fractions of Al,03 particles by sol-gel [149-151]
and hydrothermal methods [152]. The Al,03 particles can be uni-
formly distributed along the grain boundary and well bonded with
the Mo matrix. They also reported that the preparation of Mo al-
loys reinforced with in-situ «-Al,03 particles proved that «-Al,05
can improve the wear resistance of Mo alloys [153]. The synthe-
sized Al,03 ceramic particles are mostly prepared by pressing and
pressureless sintering. In this paper, the volume fraction and par-
ticle size of Al,05 particles have been studied, mainly considering
the effects of grain size, room-temperature, and high-temperature
mechanical properties of Al,03 particle doped dispersion strength-
ened Mo alloy.
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The Al,05 ceramic particles may effectively control the grain
size [154], which is very important for the properties of the Mo
alloy [151]. The grain size and hardness are greatly affected by dif-
ferent Al,03 content. Mo-Al,03 alloy was prepared in Ref. [155] by
adding Al,03 powder using mechanical ball milling and pressure-
less sintering. In the ball milling process, Al,03 nanoparticles can
be uniformly dispersed with Mo particles, and the particle size of
Mo decreased with the Al,05 content. When the content of Al,03
particles is less than 20 wt.%, it has a pinning effect on the Mo
matrix, which reduces the relative density. The content of Al,03
greater than 20 wt.% is beneficial to eliminating the pores of the
Mo matrix and increases the relative density, thereby accelerating
the densification behavior. When Al,05 content is increased from
0 to 30 wt.%, it is obvious that the grain size decreases sharply, as
seen in Fig. 8(a-f). The grain size of pure Mo changes from 17.9 pm
to 1.65 pm for the Mo-30 wt.% Al,04, and the grain size decreases
by nearly 11 times. As the content of Al,03 particles increases, the
diffusion of Mo atoms is hindered, and the growth of Mo grains
becomes difficult. They also demonstrated that the hardness of the
Mo-Al,03 cermet increased from 164.2 HV to 464.3 HV due to the
higher hardness of Al,05 than the Mo matrix. Nanostructured Mo-
Al,03 alloys with high hardness (385 HV) were obtained in Ref.
[156]. The prepared doped nano-Al,03 powder has high sintering
activity, and the relative density of Mo alloy reaches more than
95.4% under pressureless sintering (sintering at 1300 °C for 3 h).
It turned out that Al,0O3 can significantly affect the microstructure
and hardness of Mo alloys. This synthesis method and preparation
sintering technology also have great potential in the industrial ap-
plication of nanostructured Mo alloys.

Notably, the Al,05 ceramic particles can improve the mechani-
cal properties of Mo alloys [157]. The quantitative effects of Al,03
nanoparticles on the mechanical properties, including microhard-
ness, elastic modulus, and yield strength of Mo alloy were ana-
lyzed in Ref. [158]. They fabricated Al,0s particles with different
volume fractions by hydrothermal method, and carried out iso-
statically cold pressing and pressureless sintering at 1900 °C for
3 h. It obtains that the highest yield strength of Mo-1.28 vol.%
Al,03 alloy is 859 MPa. The quantitative yield strength model re-
lated to Al,03 particles and annealing temperature was established
[159,160]. First, the yield strength (oy) of the Mo alloy plate doped
with Al,03 particles can be expressed as:
Oy =0m +«/DV% + 0, (11)

Here, k is a constant of the Hall-Petch slope and D is the grain
size of Mo. Then according to the Orowan-Ashby equation [139],
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Orowan strength is expressed as:

= myb In 4
(18 x2m-d-(JE-1) \2b

Here, m is the Taylor factor, m = 2.5, pu is the shear modulus,
u = 140 GPa [161], b is Burgers vector, b = 2.72 x 10710 m, d is
Al, 05 particle size and f is Al;03 volume fraction. The functions of
om and k are obtained by linear fitting:

Op =

O0R (12)

Om = 1223.68 — 0.68 x T (13)

k=1606.71-12xT (14)

The yield strength of Mo alloy plate doping different content of
Al,03 particles at different annealing temperatures is:
1606.71 —1.2xT

oy = 1223.68 —0.68 x T + /D
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N 12.85 n d (15)
dx(\/6Tf—1) 5.44 x 1071

The yield strength model shows that the combined effects
of grain and Orowan strengthening are the main reason for the
strengthening mechanism, and the effect of nano-sized Al,03 on
the mechanical properties of the Mo alloy is expounded. The com-
pressive properties of Mo alloys containing Al,03 particles had also
been investigated [162]. The uniaxial compression tests are carried
out at room temperature for Mo alloys doped with 0-2 vol.% Al,03,
the yield strength of these samples is 11.5%, 12.1%, and 56% higher
than pure Mo under the same conditions, indicating that Al,03
doping significantly improves the yield strength of the Mo alloy
because of dislocation strengthening and good crystallization rela-
tionship.

To be suitable for the manufacturing of the Mo alloy parts
used at high temperatures, the high-temperature mechanical be-
havior of the Mo alloy doped with Al,03 particles is studied. Zhou
et al. [163] reported the high temperature (up to 1300 °C) ten-
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sile properties and fracture morphology of Mo alloy sheets doped
with 1.0 wt.% Al,03 particles. They mainly observed the tensile
strength and elongation of Mo samples tested at different tem-
peratures. The fact that the tensile strength of Mo-Al,05 alloy is
23%-62% higher than pure Mo sheet at 25-1300 °C, where the Mo
alloy doped with 1 wt.% Al,03 can obtain the maximum elonga-
tion at about 1200 °C. Since the size of Al,03 particles remains
unchanged at high temperatures, it maintains the enhancement
effect at high temperatures for a long time, because the bond-
ing between Al,03 particles and Mo matrix is very good, there-
fore, doping with submicron and nanometer Al,03 particles can
hinder the recrystallization process by preventing grain bound-
ary migration and dislocation movement [164]. In terms of high-
temperature deformation, there are a lot of studies on the high-
temperature mechanics of pure Mo and Mo alloys [165,166], while
there are few studies on the high-temperature deformation behav-
ior of Mo-Al,03 doped with ceramic particles. Yao et al. [167] fo-
cused on the study of 3 vol.% Al,03 particles’ effects on the high-
temperature thermal compression behavior of Mo alloys. They an-
alyzed stress-strain curves for work-hardening, steady-state, and
softening behavior at different strain rates (0.005 s~!, 0.1 s~1, and
1 s71) and high-temperatures (1000, 1100, 1200, and 1300 °C), and
compared several constitutive models. First, three different types of
flow curves can be obtained from Mo-3 vol.% Al,05 alloys at three
different strain rates: (i) the stress increases to the peak stress
and then decreases with the strain in Fig. 9(a); (ii) the stress in-
creases with the strain until stable stress is reached in Fig. 9(b);
(iii) the phenomenon of continuous increases of stress with strain
in Fig. 9(c). Second, in the process of plastic deformation, when
the local stress of the Mo matrix exceeded the yield strength, dis-
locations would be generated and the stress can be converted into
Al, 03 particles. The presence of a large number of dislocations in-
creases further with the deformation, ultimately driving the plastic
deformation of the compatibility between the Mo matrix and the
Al,03 particles in Fig. 9. Finally, the accurate prediction of its flow
stress by the modified Arrhenius model is considered. In addition,
by quantifying the work hardening rate, the work hardening rate
of Mo-3 vol.%-Al,03 alloy can be predicted more accurately (Fig.
A.5 in Supplementary Materials). The Al,05 particles distributed in
the Mo matrix greatly enhance the compressive stress and have a
higher elastic modulus, so it can strengthen the Mo alloy more ef-
fectively.

Based on the Mo alloys used under high-temperature condi-
tions, it is necessary to evaluate their thermal fatigue resistance
for reference in the design and material selection [101,168]. Cor-
responding research work has also been done on the thermal fa-
tigue properties of Mo alloys doped with Al,03 ceramic particles.
Zhou et al. [169] conducted an in-depth study on the thermal fa-
tigue properties of the Mo alloy sheets doped with Al,03 particles
at 900 °C and 1200 °C. After 900 cycles the total crack length of
the two materials is very close and shows a proportional increase.
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This shows that the thermal fatigue resistance of Mo-Al,03 and Mo
at 900 °C is about the same. The thermal fatigue crack morphol-
ogy of the rolled Mo alloy at 1200 °C for different times is shown
in Fig. 10. The Mo alloy plate after 200 cycles has a longer crack.
The crack growth rate of the pure Mo plate increases significantly
when the number of cycles reaches 400, and the crack begins to
branch in Fig. 10(c). With a further increase in the number of cy-
cles, the cracks in the pure Mo plate will continue to grow. When
the number of cycles reaches 800, the length of the main crack will
be close to the underwater depth of the sample, and the branched
crack can be the main factor for subsequent crack propagation.
Overall, when the number of cycles reaches 400, the crack growth
rate of the pure Mo plate increases significantly, while the Mo al-
loy doped with Al,03 has a smaller overall crack length. Compared
with the total crack length after different number cycles, the total
crack length of the Al,03 composite Mo plate at 1200 °C is lower
than that of the pure Mo plate. Therefore, the reduced in the de-
sign process of the crack initiation resistance is attributed to the
ceramic particles Al,03 enhancing the crack initiation resistance of
the Mo alloy plates.

As described above, the ceramic particles Al,03 can not only
effectively control the grain size and distribution of Mo alloys, but
also increase the yield strength of Mo alloys to 859 MPa. The quan-
titative yield strength model of Al,03 particles related to annealing
temperature is proved. The high temperature mechanical proper-
ties can be controlled by adding Al,03 particles. Doped Al,03 par-
ticles improve the hardness and strength of the Mo alloy by hy-
drothermal synthesis and pressureless sintering technology. This is
because the fine Al,05 particle size can play a joint role in grain
strengthening and Orowan strengthening of Mo alloy. And the Mo
alloy obtains from Al,03 particles in PM process combined with
pressureless sintering technology has excellent high-temperature
compression properties and fatigue resistance. However, the cur-
rent problems such as the lack of good ductility and high temper-
ature strength of Mo-Al,05 alloy have not been completely solved,
which still limited the high temperature performance of Al,03 par-
ticle reinforced Mo alloy materials [170].

2.4. Doped with ZrO, ceramic particles

For traditional ODS alloys, although oxides have the advantage
of greatly inhibiting the growth of metal powders [171], they will
hinder the densification process of the metal matrix. To explore
oxides that can be used as both grain growth inhibitors and
metal matrix sintering accelerators, there have been studies using
HfO, as a sintering aid for W [172,173] and through theoretical
calculations and experimental observations in Ref. [174], low-
temperature accelerated sintering in the W-HfO, system has been
explored to prepare high-density nanocrystalline alloys with ex-
cellent properties. However, there are few studies on accelerating
powder sintering by doping oxide particles in Mo metal systems.
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Fig. 10. Thermal fatigue crack morphology of rolled Mo plate after different numbers of cycles at 1200 °C: (a) Pure Mo, 200 cycles, (b) Mo-Al,03, 200 cycles, (c) Pure Mo,
400 cycles, (d) Mo-Al,03, 400 cycles, (e) Pure Mo, 600 cycles, (f) Mo- Al,03, 600 cycles, (g) Pure Mo, 800 cycles, (h) Mo- Al,03, 800 cycles, (i) Pure Mo, 1000 cycles, (j)
Mo- Al,03, 1000 cycles. Adapted with permission from Ref. [169]. Reprinted from Journal of Alloys and Compounds, 5411831257946, Copyright (2020), with permission from

Elsevier.

In recent years, ZrO, particles have attracted more attention as
ideal reinforcing particles for refractory the Mo alloys due to their
stable chemical properties, high-temperature resistance, good high
temperature and thermal conductivity [175-179]. In this section,
we report the contribution of ZrO, particles as a sintering aid for
Mo matrix and discussed the effects on the high-temperature and
fatigue properties.

ZrO, ceramic particles can promote the sintering and densi-
fication process of the Mo matrix based on refining alloy pow-
der. Dong et al. [180] noticed low-temperature accelerated sin-
tering in Mo-ZrO, system and the effects of ZrO, ceramic parti-
cles on the properties of Mo alloys. First of all, they used a co-
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deposition wet chemical method to ensure that ZrO, was doped in
the form of nanoparticles, and it was more favorable for the oxide
to enter between the Mo particles, thereby forming nanocrystalline
grains. Then the isothermal densification evolution was analyzed
for pure Mo powder and Mo-ZrO, powder at sintering tempera-
tures of 1100 °C, 1300 °C, and 1480 °C, as seen in Fig. 11(a) and
(b). The relative density of pure Mo powder sintered at 1300 °C
increases to 0.88, its grain size increases from 0.45 pm to 0.92 um,
and the relative density of Mo-ZrO, increases to 0.85, which shows
that ZrO, particles promote the densification behavior of the Mo
matrix to a certain extent. The isothermal densification behavior
of the two powders is analyzed in depth, and the idealized shrink-
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age equation is used to simulate the isothermal sintering of the
two powders. Since the compact shows isotropic shrinkage behav-
ior after sintering, the corresponding equation can be written as:

(2)-33-3(59) -

Here, L is the shrinkage length of the sample at time t, Ly is
the length of the sample at ty, dy, d, and V are the initial and
final density and volume of the sintered sample, respctively. k is
the Boltzmann constant, t is the absolute temperature, and n is an
exponent to determine the main diffusion mechanism of densifi-
cation. The calculated value of n can be used to predict the main
diffusion mechanism during sintering. Eq. (16) can be expressed in
the logarithmic form as

In (d—do

do

Fig. 11(c) and (d>) show the logarithmic plots and slope n val-
ues for pure Mo and Mo-ZrO, powders. The main mechanism of
the sintering process of pure Mo is bulk diffusion [1], and the n
of the Mo-ZrO, system varies from 0.46 to 0.37, indicating that
grain boundary diffusion has a greater effect on densification than
bulk diffusion. The ZrO, particles can enhance Mo matrix grain
boundary diffusion and contribute to densification in PM sinter-
ing. Coupled with the high thermal stability of the ZrO, particles,
the forged Mo-ZrO, alloy has stable high strength at high temper-
atures.

The ZrO, ceramic oxide addition also can increase the high-
temperature mechanical properties of Mo alloys [181]. Xu et al.
[182] paid special attention to the effects of ZrO, on the compres-
sion properties and thermal deformation behavior of Mo alloys.
They prepared Mo-ZrO, composite powder by hydrothermal syn-
thesis, coprecipitation, and co-decomposition methods [62], and
then through cold isostatic pressing (280 MPa, 15 min) and pres-
sureless sintering (1920 °C, 3 h), they obtained Mo alloy rods
with different nanoscale ZrO, content (0-2 vol.%). The compression
properties and hot deformation behavior are tested at different
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temperatures and strain rates. According to the true stress—strain
curve of the Mo alloy with different ZrO, contents during compres-
sion, as well as room temperature and high temperature ranging
from 1000 °C to 1400 °C, it can be concluded that CYS is affected
by ZrO, content and processing state. Compared with pure Mo,
the CYS is increased by 18.9% and 65.6% at 1200 °C, respectively.
When the temperature increases to 1400 °C and the ZrO, content
increases to 2 vol.%, the CYS is significantly improved, indicating
that a higher test temperature can significantly improve the high-
temperature mechanical properties of the Mo alloy. By comparing
the peak flow stress under high-temperature compression [183], it
is found that the higher peak flow stress at the same strain rate
is obtained for the Mo-2 vol.% ZrO, alloy. Thus, such good high-
temperature compression properties are derived from the forma-
tion of ultrafine ZrO, particles in Mo alloy. The high-temperature
strengthening effect of ultrafine ZrO, particles is also analyzed in
Ref. [184]:

m=(51-52)/5 (18)

Here, p is the strengthening effect of ZrO,, S; and S, are the
maximum stress values of the alloy and pure Mo, respectively.
The strengthening effect increases significantly with temperature.
Doping ZrO, particles can effectively prevent dislocation and crack
propagation, refined grains, and reduced the possibility of cracks.
This pinning effect delays its recrystallization behavior [185-187],
thereby enhancing the high-temperature deformation resistance of
Mo alloys [188]. Therefore, the excellent high-temperature me-
chanical properties of Mo-ZrO, alloy will guide future research of
superalloys.

Fatigue failure is a common failure mode of the Mo alloy [189],
which is the most harmful to Mo alloy [190]. There are few stud-
ies on the fatigue properties of ODS Mo alloys, and some litera-
ture reports have studied the fatigue properties of La;03 and Al,03
particle dispersion-strengthened Mo alloys [97,169]. The low cy-
cle fatigue (LCF) and fatigue absorption energy of ZrO, dispersion
strengthened Mo alloy has been reported in [191]. Comparing the
variations of peak tensile stress versus the number of cycles for
Mo in Fig. 12, it is shown that the stress peak value of Mo-0.5%
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Zr0, is higher than pure Mo under the same strain amplitude.
Similarly, the energy absorption capacity of the Mo alloy is im-
proved by adding ZrO,, which makes the fatigue life of Mo-0.5%
ZrO, higher than pure Mo in Fig. A.6 in Supplementary Materials.
In fact, the cyclic deformation is strongly related to the magnitude
of the strain and the microstructure. For pure Mo and Mo-0.5%
Zr0O, recrystallized after annealing at 1050 °C, the intragranular
Zr0, would strongly hinder dislocations and inhibit grain bound-
ary movement, which causes Mo-1.5% ZrO, to had a higher ini-
tial dislocation density. When the initial dislocation density is rel-
atively high, the dislocation rearrangement or annihilation rate can
be accelerated by cyclic plastic deformation, resulting in the occur-
rence of cyclic softening of the Mo-0.5% ZrO, alloy. The addition
of ZrO, particles not only kept the yield stage longer but cyclic
softening only occurred in higher strain amplitudes. Then Xu et al.
[192] further prepared Mo alloys containing 1.2% and 2.0% ZrO, by
using the liquid-liquid doping method of ZrO, doped Mo alloys.
It is proved that 1.2% ZrO, has the strongest fatigue performance,
and the peak stress increased with the increase of strain ampli-
tude. The Mo-1.2% ZrO, alloy has good fatigue life. In summary,
ZrO, particles can increase the total fatigue absorption energy of
Mo alloys under the same strain amplitude and improve the fa-
tigue properties of Mo alloys.

So the ZrO, ceramic particles can prepare by wet chemical
method, hydrothermal synthesis technology and pressureless sin-
tering technology not only promotes the grain boundary diffusion
and grain refinement of the Mo matrix, but contributes to sinter-
ing densification and hindering the movement of dislocations to
the GBs. Doped ZrO, particles make cyclic softening not easy to
occur, prolongs fatigue life, significantly improves the plastic de-
formation ability and high-temperature strengthening effect of Mo
alloy. The ZrO, particles with controllable composition, nanome-
ter size, uniform distribution and appropriate content are the key
to strengthening Mo alloy. As a sintering aid, ZrO, particles have
strong dispersion strengthening and dislocation pinning effect on
the alloy, which will be used to prepare other ultra-fine dense al-
loy systems.

3. Carbide precipitation-strengthened design

As compared with the oxide dispersion-strengthened phases,
some carbides with ultra-high melting point are also widely used
as strengthening materials for Mo alloys. Carbides are widely used
in Mo alloys because of their good mechanical properties, high
melting point, hardness, and good thermal stability. Carbide parti-
cles can also effectively inhibit the grain growth and grain bound-
ary migration of the Mo matrix. These alloys mainly rely on the

addition of TiC, ZrC, NbC, HfC [193] particles, and other carbide
particles to achieve a uniform grain structure and excellent high-
temperature strength and toughness. The addition of refractory TiC
and ZrC particles can significantly strengthen the properties of Mo
alloys, which are promising candidates for ultra-high-temperature
materials other than nickel-based high temperature alloys.

3.1. Refractory TiC particles addition

Unlike oxide-dispersed Mo alloys, the uneven distribution of
carbides results in large particles during sintering [194,195]. The
developed freeze-drying method already offers the possibility to
improve the grain refinement and sintering densification of Mo-TiC
alloys [196]. Hu et al. [197] fabricated a new freeze-drying technol-
ogy with polyvinylpyrrolidone (PVP) and polyethyleneglycol (PEG)
polymer dispersant to mix TiC particles with Mo powder, and ob-
tained Mo powder with a grain size of 95 nm and one-third of
the original pure Mo sizes. The Mo grain is refined from 8.9 pm
to 2.4 pm in the corresponding low-temperature sintering process.
HR-TEM analysis shows that the TiC particles are able to main-
tain their particle size and did not grow into larges particles. The
most carbide particles are mainly TiC phase in Fig. 13(a-d), and
a few were TigCs or TiO, phases in Fig. 13(e) and (f). According
to the crystal spacing of TiC (0.216 nm (2 0 0), 0.153 nm (2 2
0), 0.125 nm (2 2 2)), TigCs (0.216 nm (0 2 4), 0.153 nm (2 2
0), 0152 nm (2 0 8)) and TiO, (0.218 nm (1 1 1), 0.162 nm (2 2
0)), the crystal spacing of Mo matches well, so it is easier to form
stable coherent Mo/carbide interface. The growth of Mo and car-
bide is effectively hindered so that Mo and carbide are ultrafine
in size, and the ultrafine grain structure has high hardness and
strength. Therefore, adding TiC particles can effectively refine and
obtain high-density Mo alloys [198]. Similarly, Tuzemen et al. [199]
produced TZM-TiC and TZM-ZrC composites by SPS. Not only TiC
and ZrC can be uniformly distributed in the Mo matrix, but also
the carbide content can refine the grain size, increasing the hard-
ness value of TZM-TiC composites. The TZM-TiC composites have
higher hardness than TZM-ZrC composites, and the highest hard-
ness value increases to 4.1 GPa. TiC/Mo-based composites are syn-
thesized for the first time by in-situ laser powder bed fusion (PBF)
of carbon nanotubes (CNTs) [200]. In this way, TiC reinforcements
can also be uniformly dispersed to obtain fine equiaxed grains. The
average grain size decreases from 14.2 ym to 3.3 pm, and the Vick-
ers hardness is significantly improved after adding TiC. Therefore,
the addition of TiC provides a valuable reference for designing the
PBF process to fabricate advanced Mo-based composites.

Recently, the mechanical properties and high-temperature me-
chanical properties of Mo alloys with TiC particles have been dis-
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cussed and explored [201-205]. Browning et al. [206] analyzed
the sintered density, hardness, and flexural strength of Mo-TiC al-
loys. The hardness of Mo-10 wt.% TiC alloy obtained by the field-
assisted sintering technique (FAST) is higher than pure TZM al-
loy. The TZM-5 vol.% TiC alloy has the highest bending strength of
1144+181 MPa and higher flexural elongation at failure in Fig. 14.
The flexural strength of the TZM-10 vol% TiC sample slightly de-
creases to 925+109 MPa, which is still higher than the strength of
pure TZM material of 617.2+£50.9 MPa. Zhao et al. [207] debated
the TiC addition effects on the bonding properties and fracture
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toughness of Mo through first-principles calculations. It is demon-
strated that the interfacial orientation led to the different effects of
TiC particles on Mo toughness and ductility. TiC particles improve
the toughness of the Mo (1 1 0) surface but at the same time de-
crease the cohesive strength of Mo (1 0 0) and (1 1 0) surfaces. The
electronic structure of Mo became nonlocal, which intrinsically in-
creases the fracture toughness/ductility of the Mo (1 1 0) surface.
Thus, the fracture toughness of Mo (1 0 0)-TiC (1 0 0) interface
(2.740 MPa m'/2) is much smaller than that of Mo (1 0 0) surface
(3.318 MPa m'/2), and the K[! (2.099 MPa m'/2) value of Mo (1 1
0)-TiC (1 0 0) interface is also lower than that of pure Mo (1 1 0)
interface (2.581 MPa m!/2). In a word, the interface orientation of
TiC has different contributions to the fracture toughness of Mo (1
0 0) or Mo (1 1 0) surface. The influence of different temperatures
on the interface strength, fracture toughness and high-temperature
strength of Mo-TiC can be further studied.

Freeze-drying technology provides the possibility to prepare ul-
trafine and uniformly dispersed TiC particles. In contrast to freeze-
drying method (Mo alloy grain refinement to 2.4 um), laser powder
bed fusion method has fine Mo equiaxial grains (3.3 pum), supe-
rior hardness and strength. From the mechanical alloying method
combined with SPS sintering technology, TiC particles as rein-
forcement reduce the grain growth of Mo alloy and have the
highest hardness value (4.1 GPa) and excellent bending strength
(1144 + 181 MPa).

3.2. Refractory ZrC particles addition

Nano-sized ZrC particles show obvious advantages in Mo
strengthening [208,209]. Jing et al. [210] designed the Mo alloy
with high strength, good ductility, and thermal stability through
nanoscale ZrC particles precipitation and interface control. ZrC
precipitation-strengthened Mo alloy rods with an average grain
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size of only 0.67 pm are prepared by powder ball milling, cold iso-
static pressing, high-temperature sintering, rotary forging, and an-
nealing. Comparing the tensile engineering stress-strain curves of
Mo and Mo-ZrC alloys at room temperature in Fig. 15, the yield
strength (YS) and ultimate tensile strength (UTS) of Mo-ZrC al-
loy are doubled compared with pure Mo. The yield strength, to-
tal elongation, and ultimate tensile strength of Mo-ZrC alloy are
compared with Mo metal reported in the literature in Fig. 16. It is
found that the YS of Mo-ZrC alloy at room temperature (920 MPa)
is about 26% higher than the TZM alloy (730 MPa), and the elon-
gation of Mo-ZrC (34.4%) is twice higher than TZM [130]. The
UTS of Mo-ZrC alloy is significantly higher than pure Mo, and it
still maintained good ductility, indicating that the addition of ZrC
particles shows outstanding mechanical properties at high tem-
peratures. The thermal stability of Mo-ZrC alloy is also evaluated
up to 1400 °C, which was much higher than 0.4Ty. The recrys-
tallization starting temperature of pure Mo metal is about 0.4Tp,
(Tm = 2896 K), indicating that it has excellent high temperature
stability [211], which is the main reason for maintaining good me-

176

chanical properties at high temperature. The uniformly distributed
ZrC nanoparticles causes an ultra-fine grain structure of the Mo al-
loys. First-principles calculations has shown in Ref. [212] that the
doped ZrC particles are able to obtain stronger Mo-C bonds and
weaker Mo-O bonds in the Mo alloy, thereby controlling their in-
terface. Moreover, the fracture toughness of ZrC particles in Mo
alloy at room temperature had also been reported [213]. It was
proved in Ref. [214] that ZrC particles played an effective role in
the toughening of Mo alloy. They systematically analyzed the im-
pact of adding ZrC on the fracture toughness of Mo-Si-B alloy at
room temperature, and obtained that the average fracture tough-
ness of Mo-Si-B alloy with different compositions was between
12.4 and 20.3 MPa m!/2, proving the synergistic toughening effect
of ZrC particles.

Excellent high-temperature mechanical properties and high re-
crystallization temperature are essential in industrial applications.
The addition of ZrC particles can further improve the high tem-
perature mechanical properties of Mo alloys [216]. The Mo-0.8%
La,03-2% ZrC alloy is prepared by adding ZrC nanoparticles by



H. Xing, P. Hu, C. He et al.

traditional PM technology [215]. It has a high tensile strength of
988 MPa and 189 MPa at room temperature and 1400 °C, re-
spectively. They explained the important strengthening effects of
ZrC and La,03 grains dislocation strengthening, grain refinement
strengthening, and secondary-phase grain strengthening on Mo al-
loys by the Taylor relation, Hall-Petch, and Orowan-Ashby mecha-
nisms. Therefore, ZrC particles play a key role in strengthening the
alloy, effectively improving the recrystallization temperature and
high-temperature performance of the Mo alloy.

In current Mo alloys, the carbide particle size is relatively large
(even in the 20-150 nm nanometer sizes). If the carbide phase par-
ticles can be refined to 10 nm or less, the mechanical properties
and high-temperature mechanical properties might be further im-
proved by the synergistic effect of particle precipitation strength-
ening, fine grain strengthening and grain boundary strengthen-
ing. By using mechanical alloying and pressureless sintering tech-
nology, the grain size of Mo alloy is about 0.67 um, and the
yield strength and tensile strength have been increased. Therefore,
for ZrC particles, the effect of strengthening Mo alloy has been
achieved by using PM process. It is reduced the production cost
of the process, and it is conducive to further exploring and design-
ing the new development direction of high-strength and toughness
Mo alloy industry.

4. Summary and outlook

Designing Mo alloys by doping metal oxides and carbides is a
simple, convenient and effective method, which results in the high
strength, toughness, and high-temperature resistance of Mo alloys.
Many fundamental studies have confirmed that high-performance
Mo alloys have great potential as materials for industrial applica-
tions and production based on the strengthening of metal oxides
and carbides. In this paper, the influence of metal oxide/carbide
doping on the microstructure and properties of Mo alloy is re-
viewed. We attempt to shed light on the strengthening mechanism,
the recent advances and the future status of Mo alloys doped with
different metal oxides/carbides. The following points can be sum-
marized:

(1) The geometric characteristics of metal oxides/carbides, such
as particle morphology, particle size, distribution and volume frac-
tion, are the key factors affecting the microstructure and proper-
ties of Mo alloys. The design and production of Mo alloy products
doped with metal oxides and carbides have attracted more and
more research interests. To obtain metal oxides/carbides with high
sintering activity, nanometer particle size, uniform distribution
and suitable volume fraction, the research methods has changed
from mechanical alloying and conventional sintering methods with
metal oxides/carbides to improved hydrothermal synthesis, freeze-
drying and co-precipitation chemical deposition. Using different
doping technologies to doping metal oxides/carbides, the de-
signed Mo alloy has played a crucial role in excellent hardness,
yield strength, compressive strength and fracture toughness, high-
temperature mechanical properties, oxidation resistance and other
aspects. The Mo alloy designed by doping metal oxides/carbides
with different doping technologies plays a crucial role in hardness,
yield strength, compressive strength and fracture toughness, high-
temperature mechanical properties, oxidation resistance, etc. Most
importantly, this work will also attract those who want to design
better materials for other refractory metal materials. They hope to
cooperate with multi-technology optimization in the metal oxide
and carbide doping methods of the target materials to develop the
next generation of high-performance material design.

(2) Comparing the effect of different preparation technologies
on strengthening Mo alloy, it is found that doping metal ox-
ide La,03 particles, Y,05 particles and refractory TiC particles by
freeze drying technology can make Mo alloy reach a significant
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balance between ultrafine particles and relative density. Nano-
sized La,03 particles (<5 nm) are created and the Mo grains was
refined to 440 nm with high hardness (495 HVy,), and strength
(1201 MPa) at 30% strain. The 54 nm mixed powder, 620 nm finest
grain size and high density (99.6%) Mo alloy are obtained by dop-
ing Y,05 particles. At the same time, Mo alloy has high hardness of
487 4+ 28 HV( >, high yield strength of 902 MPa and high compres-
sive strength of 1110 MPa. For TiC particles, the freeze-drying tech-
nology prepared Mo powder with a particle size of 95 nm and re-
fined the grain size to 2.4 pm. It can able to deeply understand the
effect of metal oxide/carbide prepared by freeze-drying technology
on the microstructure and comprehensive properties of Mo alloy. It
is beneficial to further refine the nanoparticles and effectively im-
prove the dispersion strengthening and precipitation strengthen-
ing effect of Mo matrix, so that Mo alloy has a good development
prospect in the field of high-temperature applications.

(3) Hydrothermal synthesis technology and mechanical alloying
combined with pressureless sintering and spark plasma sintering
are of great significance in the design of Mo alloys strengthened
via doping metal oxide/carbide. Hydrothermal synthesis has been
widely used in the preparation of doped oxide particle in Mo al-
loys. It will greatly promote the uniform distribution of the par-
ticles into the Mo, making the mixed powder refined to 3.9 pm.
The tensile strength and the maximum yield strength of Mo-Y,03
alloy reaches 917 MPa and 859 MPa, respectively. The compres-
sion strength of Mo-ZrO, alloy at high temperature is 65.6% higher
than that of pure Mo, which has a prominent strengthening effect
at high temperature. Mechanical alloying combined with pressure-
less sintering technology is commonly used in metal oxide/carbide
strengthened Mo alloys. Among them, doped with refractory ZrC
particles, the grain size can be designed to be 670 nm and room
temperature yield strength is about 920 MPa in Mo alloy. It can
reduce the production process cost and promote the exploration
and design new development direction of high-performance Mo
alloy industry. In addition, the hardness (4.10 GPa) and bending
strength (11444181 MPa) of TiC particles prepared by spark plasma
sintering (SPS) and mechanical alloying are improved. Therefore,
the hydrothermal synthesis, mechanical alloying, pressureless sin-
tering and spark plasma sintering (SPS) technology can achieve
dispersed/precipitated particles with controllable doping composi-
tion, nanometer size, uniform distribution and appropriate content,
which will become the key to strengthening Mo alloy.

The following lists some limitations and some future research
directions in this field:

(1) Improving the ductility and high-temperature strength of
Mo alloys is the key to developing advanced Mo alloys. Research
on designing high-performance Mo alloys has focused on the ad-
dition of metal oxides with La,0s, Al,03, ZrO, and Y,03 particles
as well as metal carbide TiC and ZrC particles, while the mechan-
ical properties of other metal oxides such as cerium oxide (Ce0O,),
metal carbides NbC, HfC and their relationship with microstructure
characteristics and strengthening mechanisms has been rarely re-
ported. In particular, the high-temperature mechanical properties
have been inadequately studied. It is important to further study
and determine the effects of different metal oxides and carbides
on the microstructure changes and strengthening mechanisms of
Mo alloys.

(2) In order to obtain uniformly dispersed and fine-grained ox-
ide and carbide addition, which can refine the grain of the Mo
matrix and prevent dislocation slip, new methods have been pro-
posed to design high-performance Mo alloys, including freeze-
drying methods to obtain Mo-Y,03 and Mo-La,03 alloys with
compressive strengths of 1110 MPa and 1201 MPa, respectively,
the compressive yield strength of 644.5 MPa are obtained by co-
precipitation and low-temperature sintering, and the addition of
ZrO, to Mo alloys as a general new method for accelerated sin-
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tering can also be applied to other systems for preparing ultra-fine
dense Mo alloys. It has greatly improved the comprehensive per-
formance of Mo alloys. Therefore, these methods will be a key role
for the preparation of ODS-Mo alloys in the future and have a cer-
tain guiding significance for industrial production.

(3) In the current application and development of Mo alloys,
although the size of added oxides and carbides can reach the
nanoscale (even in the size of 20-150 nm), the uniformity of dis-
persed particles and high-temperature stability need to be im-
proved. Further refinement of nano particles can effectively im-
prove the dispersion and precipitation strengthening effect in Mo
matrix, which makes Mo alloys have a good development prospect
in the field of high-temperature applications.

To design and manufacture high-performance Mo alloy mate-
rials, it is necessary to consider and explore the particle types,
methods, technologies and particle size shapes of doped oxides
and carbides, as well as the application fields of high-performance
Mo alloys. Although recent great breakthroughs in performance
achieved, research related to preparation techniques and the man-
ufacture of high-performance Mo alloys is still in the beginning
stages. At the same time, it is hoped that advanced Mo alloy ma-
terials with different particles of metal oxides and carbides will
become more and more useful. Hopefully, this review can further
stimulate and guide interest in the study of Mo-based composites,
and we look forward to more robust applications on advanced ma-
terials at high temperature in issues involving doped metal oxides
and carbide strengthening alloys. Furthermore, the nanocomposites
with special properties (physical, chemical, mechanical, electrical,
magnetic and optical) may be expected to investigate, which can-
not be achieved by conventional processes and preparation meth-
ods.
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