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Abstract: Tungsten/molybdenum alloys are widely utilized in the nuclear industry, aerospace and various other fields due to their

high melting points and strength characteristics. However, poor sinterability and processability make it difficult to manufacture large-

size or complex-shaped parts. Hence, an in-depth study on the welding technology of tungsten/molybdenum alloys is urgent. An

introduction of tungsten/molybdenum alloy welding defects and joining process was provided, along with recent advancements in

brazing, spark plasma sintering diffusion bonding, electron beam welding and laser beam welding. The latest progress in alloy doping

treatment applied to tungsten/molybdenum alloy dissimilar welding was also discussed, and existing welding problems were pointed

out. The development prospects of weldability of tungsten/molybdenum alloy by various joining technologies were forecasted,

thereby furnishing a theoretical and practical found.
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Molybdenum alloys possess unique properties, such as high
melting point, high strength, high corrosion resistance, good
thermal and electrical conductivity, which have been widely
used in nuclear energy, shipbuilding, aerospace and
petrochemicals (e. g., rocket nozzle throats and nuclear fuel
rod sets) !, Tungsten alloys are characterized by high mo-
dulus of elasticity, low coefficient of thermal expansion,
excellent high-temperature strength and thermal stability,
applied industry,
metallurgy, etc In harsh working environment, tungsten
alloys and molybdenum alloys have unique advantages so
they are difficult to replace. There are vigorous related
research on improvement of the applicability and breadth of
their field applications™. Refractory metal components are

which can be in chemical

[3-5]

mining,

usually manufactured by powder metallurgy. However, such
technology is unable to meet the manufacturing requirements
for large and complex-shaped tungsten/molybdenum alloy
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structural components. Consequently, new welding techniques
need to be developed to produce necessary components’”*.
Tungsten alloy and molybdenum alloy are characterized by
high brittleness, low ductile-brittle transition temperature and
poor weld ability™. Simultaneously, tungsten alloy and
molybdenum alloy matrices are usually produced by powder
metallurgy techniques, which are more prone to impurities
and gases compared with melting metallurgy. Notably, oxygen
reacts with molybdenum to form molybdenum oxide, causing
crack and brittle fracture for tungsten/molybdenum welded
joints, which in turn increases the failure risk in critical
applications"”. To avoid such scenario, advanced welding
techniques, such as brazing, spark plasma sintering (SPS)
diffusion welding, electron beam welding (EBW), and laser
beam welding (LBW) are widely employed for joining
tungsten/molybdenum alloys, in order to achieve high-quality
joints with excellent microstructure and mechanical properties.

Foundation item: National Natural Science Foundation of China (52071165, 52475347); National Program of Foreign Experts of China (G2023026003L); China
Postdoctoral Fund (2023M740475); Program for Science & Technology Innovation Talents in Universities of Henan Province, China (22HASTIT026); Program for
the Top Young Talents of Henan Province, China; Frontier Exploration Projects of Longmen Laboratory, China (LMQYTSKTO016); Key Scientific Research Projects
of Colleges and Universities in Henan Province, China (24A460008); Key Science and Technology Project of Henan Province, China (242102220064, 222102230111)
Corresponding author: Wang Xingxing, Ph. D., Professor, Henan International Joint Laboratory of High-efficiency Special Green Welding, North China University of
Water Resources and Electric Power, Zhengzhou 450045, P. R. China, E-mail: wangxingxing@ncwu.edu.cn

Copyright © 2025, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



Wang Xingxing et al. / Rare Metal Materials and Engineering, 2025, 54(1):94-108 95

Brazing is a method in which low-melting-point filler metal
is melted and used to fill the gaps between solid workpieces.
Part of defects during weld processes can be avoided by
choosing appropriate brazing material. Additionally, the
formation of brittle phase can be suppressed by adjusting the
brazing material and soldering temperature!",
brazing takes too long time to meet the demand of mass

production and tungsten/molybdenum alloys exhibit low

However,

coefficients of thermal expansion. The joints after welding
may have stress concentrations due to uneven thermal
expansion, which results in brittle welds. EBW and LBW
produce a large amount of heat energy through the focusing of
the electron beam or light beam to melt the surface of the
workpiece and to form a weld. Due to the advantages of fast
welding speed, small heat-affected zone (HAZ) and small
welding stress and deformation, they can be used for thicker
tungsten/molybdenum alloys and have a significant advantage
for welding brittle alloys of the tungsten/molybdenum class
with high thermal conductivity!"* ",
welding parameters and intermediate layer metals can

effectively refine grain size and reduce porosity defects and
[14-15]

The adjustment of

intermetallic compounds"* . However, the fusion welding
joints, including EBW and LBW, are rougher and easier to
form coarse grain size due to high heat input, which increases
brittleness of the joint. SPS diffusion welding is an advanced
method with extremely rapid development. Fine-crystalline
tungsten alloys and molybdenum alloys can achieve rapid
densification at lower sintering temperatures and shorten

1617 How-

sintering time, obtaining ultra-high-quality joints'
ever, it cannot satisfy the welding needs of large, complex-
shaped structural parts. The common challenges in tungsten/
molybdenum alloy welding is follows: the suppression of
brittle compounds and oxides, the refinement of grain
structure, and the reduction of residual stresses. Additionally,
achieving a more flexible, efficient and user-friendly welding
process is also contained.

This study started from the welding defects of tungsten
alloy and molybdenum alloy, summarized the research status
of brazing, SPS diffusion welding, EBW, and LBW in the
field of tungsten alloy and molybdenum alloy welding, and
looked forward to the development trend. The definitive
purpose is to provide a theoretical basis and technical support
for the research and application of tungsten/molybdenum
alloy welded joints in related fields.

1 Tungsten/Molybdenum Alloy Welded Joint

Defects

Tungsten/molybdenum alloy joints suffer from two major
defects: brittleness and porosity. There are two main reasons
for brittleness. Firstly, tungsten and molybdenum alloys are
inherently brittle; secondly, the heat input of different welding
methods affects the grain size, leading to varying degrees of
brittleness in the joint. Micropores generated during powder
metallurgy preparation absorbed impurities and inadequate
weld preparation can introduce gas into the molten pool.

Incomplete gas drainage from the joint during solidification
leads to porosity.
1.1 Brittleness

1.1.1 Room temperature brittleness

Due to high ductile-to-brittle transition temperature of tung-
sten alloys and molybdenum alloys, they exhibit brittleness at
room temperature. The primary intrinsic reason is the half-
filled electron distribution characteristics of the outermost and

8 The ductile-brittle transition

penultimate atomic layers
temperature of tungsten is generally around 600 °C, and that
of molybdenum is in the range of 140 °C to 150 °C, which
restricts their applications in low-temperature environment.

1.1.2  Effect of impurities on brittleness

Manufactured by powder metallurgy, tungsten alloy and
molybdenum alloy contain interstitial impurities (C, N, O, P,
etc). During the welding process, some impurities entering the
molten pool are diffused and enriched sufficiently along the
grain boundaries, which will weaken the interfacial bonding.
Oxygen has the most significant effect in this regard. At a
microscopic level, the enrichment of trace interstitial
impurities along the grain boundaries prompts the generation
of the second phase (MoO, and WO,). As depicted in Fig. 1",
during LBW processes, microstructures at the fracture contain
a large number of MoO,, significantly weakening the grain
boundary bonding force, which is detrimental to the overall
performance of the welded joints™. Impurity segregation at
the grain boundaries of the material increases the
susceptibility to weld cracking and severely reduces the
performance of tungsten and molybdenum alloy joints in
terms of strength, malleability and ductility™ .

1.1.3  Effect of welding method on brittleness

Weld embrittlement is mainly caused by the difference in

strength between the weld metal and base metal (BM). The
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Fig.1 TEM images of fusion zone of laser welded Mo alloy joints
with different heat inputs: (a) 250 J/cm and (b) 3600 J/cm!"”
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variance in heat input among different welding methods
significantly affects the microstructure of BM and HAZ,
thereby resulting in different mechanical properties. The main
causes of brittleness at the interface are coarse grain and the
formation of brittle intermetallics and oxides. Brazing has
relatively low heat input, and the joints experience less
thermal stress during the welding process, resulting in
relatively fewer problems of coarse grain. However, localized
embrittlement still occurs if compatibility between the brazing
material and BM is poor or if a large number of impurities are
presented™ . Tungsten and molybdenum, as refractory
metals, are difficult to melt and to bond effectively with other
metals. Therefore, Ni-based, Ti-based and other active solders
are commonly used. However, brittle Ni-Ti compounds
obviously form at the welded interface after welding. SPS
diffusion welding is characterized by fast heating speed,
relatively concentrated heat input, and more uniform overall
heating process, which reduces the temperature gradient in the
welding area, thereby effectively reducing the brittleness of
welded joint. As depicted in Fig.2®", due to high energy input
and localized heating, EBW and LBW are prone to rapid
cooling and large temperature gradients in the weld zone
(WZ), which can lead to excessive grain growth and abnormal
grain boundary structure, thereby increasing the formation of
brittleness microstructures. Laser welding in a non-vacuum
environment often leads to the formation of MoO,, which
adversely affects the mechanical properties of the joint. To
inhibit MoO,, Ti, Zr and other elements are added to the
intermediate layer. Since TiO, and ZrO, have lower Gibbs free
energy, they can form preferentially and provide stronger
bonding at the grain boundaries.

1.2 Stomata

Tungsten/molybdenum alloys usually suffer from porosity

:\ o Weding ¢
S pores -

Fig.2 Microstructures of EBWed TZM alloy joints: (a) weld cross
section, (b) WZ, (c) FZ, (d) HAZ, and (e) BM (regions b—e in
Fig.2a correspond to Fig.2b—2e, respectively)*”

defects during welding processes, which seriously deteriorates
the weld quality of the joints. As shown in Fig.2a, weld pores
are gathered at the grain boundaries in the WZ. Moisture and
gases in the BM, doped oxides, shielding gas and impurities
(e.g., rust, oil) in the joint can generate gas and enter into the
molten pool”. At high temperatures, the solubility of gas is
high, and as the solidification process progresses, the viscosity
of the liquid metal gradually increases, reducing the escaping
rate of gas. When the liquid metal is cooled, the gas is still
difficult to expel, resulting in the formation of pores at the
grain boundaries in the WZ, which severely deteriorates the

quality of weld joints™”.

2 Advancement in Welding Research of Tungsten
and Molybdenum Alloys

At present, tungsten/molybdenum alloy welding methods
mainly include brazing, SPS diffusion welding, EBW, and
LBW. The advantages and disadvantages of different welding
methods, as well as their improvements and developments, are
shown in Fig.3**?%. An overview of the mechanical properties
is presented in Table 1%,

2.1 Brazing

Brazing is one of the most commonly used methods for
joining tungsten/molybdenum alloy dissimilar materials as it
has the advantages of low operating temperature, small
thermal effects, flat and smooth joints, and small residual
stress deformation in the BM™ . The difficulty of brazing
tungsten/molybdenum alloy dissimilar joints lay in controlling
the intergranular infiltration behavior and suppressing the
precipitation of brittle phases, for which it is necessary to
select suitable brazing materials and process, including weld
temperature and hold time. The brazing materials used in
tungsten/molybdenum alloy are mainly Ag-based, Au-based,
Ti-based and Ni-based materials. Compared with Ag-based
and Au-based materials, Ti-based and Ni-based materials are
widely used because of good high temperature performances
and economy®’ ",

Lu et al® investigated the effect of Ni-44Ti and Ni-13.7Ti
brazing materials on the intergranular infiltration of TZM
brazed joints. The results show that different ratios of Ti and
Ni affect the intergranular penetration behavior, resulting in
brazed joints with varying strengths. The shear strength of
TZM/Ni-13.7Ti/TZM brazed joints is 193 MPa, while the
shear strength of TZM/Ni-44Ti/TZM brazed joints is 167
MPa. Han et al®** used Ti-28Ni eutectic material to braze
TZM alloy and ZrC-W. It is shown that different brazing
temperatures induce an increasing and then decreasing
tendency for the joint strength. The room temperature shear
strength of the specimen reached 120.5 MPa after brazing at
1040 °C for 10 min, and the highest shear strength of the
specimen reached 77.5 MPa at 800 °C in high-temperature
environment. Han et al®™ used Ti-61Ni to braze TZM alloys
and ZrC-W composites under vacuum at 1240 °C, and the
optimum shear strengths reached 124.8 MPa at room
temperature and 82.3 MPa at 800 °C, representing an incre-
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Fig.3 Characteristics of different welding methods for tungsten/molybdenum alloys"

ment of 3.6% and 6.1% in shear strength compared to those of
Ti-28Ni brazing material, respectively. Song et al®” employed
Ti-35Ni material to braze TZM alloy with ZrC -W composite.
The maximum average shear strengths were 123.8 MPa at
room temperature and 110.2 MPa at 800 °C. When the braze
condition was 1260 ° C for 10 min, the shear strength
improved by 42% at high temperatures compared with that of
the Ti-28Ni material. Han et al®™ used Ti-50Ni to braze TZM
alloys with ZrC-W composites, and the joints achieved a
maximum shear strength of 146 MPa at room temperature
when the brazing temperature was 1340 °C with a holding
time of 10 min. This represents enhancement of 21%
compared to the use of Ti-28Ni eutectic brazing material,
while the shear strength at 800 °C remained unknown.

The fracture locations of the above Ti-Ni brazed joints were
all located on the TZM side, as shown in Fig.4a and 4bP.
When the brazing temperature was 1000 ° C, cracks are
sprouted and expanded in the continuous Ti,Ni layer, leading
to joint fracture. The joints were characterized by inter-
granular fracture and transgranular fracture. With increasing
the temperature, many Ti(s, s) streaks appear in the TZM ma-
trix, as shown in Fig.4c and 4e. The fracture location moves to
the TZM matrix, and the fracture is mainly due to the
elongated grains parallel to the surface of hot-rolled TZM
alloy. The brazing process causes the fracture by the streak Ti
(s, s) solid solution formed by the intergranular infiltration,
and the joints exhibit obvious brittle fracture characteristics.
As shown in Fig.5"", the schematic of the brazed joint forma-

28-32]

tion process illustrates that when the temperature exceeds
993 °C, Ti-35Ni is melted and diffused into the substrate,
resulting in appearance of lamellar microstructure in the TZM
alloy substrate. The brazing materials penetrate the lamellar
gap and react with the substrate to form a strip Ti-Mo solid
solution. Initially, the WZ generates TiNi phase, as shown in
Fig. 5d. As the brazing temperature decreases, Ti,Ni phase
ultimately forms, as depicted in Fig.5e and 5f. The continuous
Ti,Ni and Ti-Ni stripes form due to intergranular infiltration,
which reduces the mechanical properties of the welded joint.
To reduce joint brittleness, new elements were added to the
original solders. For example, Cu can improve joint toughness
and alleviate residual stress; Zr can promote the diffusion of
elements at the joint, reducing MoO, segregation; Cr element
in the same group as W and Mo, exhibits similar chemical
properties, facilitating the bonding of elements in the joint.

In summary, future research directions include identifying
optimal Ti-Ni ratio (Zr, Cr, Cu, etc), designing composite
brazing structures, developing multilayer brazing materials,
incorporating novel elements into brazing alloys, and explor-
ing the implementation of diffusion barrier layers. There is a
lack of effective theoretical models for the wetting and
diffusion of brazing material, which requires more in-depth
theoretical studies on brazing formation, as well as simulation
of the forming process with the help of computers®™.

2.2 SPS diffusion bonding

SPS is a new method for diffusion joining of tungsten and
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Table 1 Main research status of tungsten/molybdenum alloy welding technology

[33 - 58]

Welding method Welded joint Shear strength/MPa Tensile strength/MPa Ref.
TZM/Ni-44Ti/TZM 167 [33]
TZM/Ni-13.7Ti/TZM 193 )
i . 120.5
TZM/Ti-28Ni/ZrC -W - [34-35]
P 77.5 (800 °C)
Brazing ) . 124.8
TZM/Ti-6INi/ZrC -W - [36]
P 82.3 (800 °C)
i ) 123.8
TZM/Ti-35Ni/ZrC -W - [37]
P 110.2 (800 °C)
TZM/Ti-50NV/ZrC -W 146 - [38]
TZM/WRe 498+32.5 475+19.8 [39]
o ) WRe/TZM 279.92 - [40]
SPS diffusion bonding
ODS-W/TZM - 485 [41]
TZM/WRe - 497+50 [42]
TZM/TZM (350 mm/min) 403
TZM/TZM (370 mm/min) - 364 [43]
TZM/TZM (390 mm/min) 256
Mo/Kovar (no offset) 190 (4]
Mo/Kovar (offset 0.6 mm) 262
TZM/30CrMnSiA (beam
- 191.3 [45]
EBW current=24 mA)
TZM/TZM 362
- [46]
TZM/Zr/TZM 452
TZM/TZM 362
- [47]
TZM/Re/TZM 524
TZM/30CrMnSiA 165.2 (48]
TZM/V/30CtMnSiA ' 3127
NS-Mo/NS-Mo (3600 J/cm) 250 [49]
NS-Mo/NS-Mo (250 J/cm) 570
Mo/Ti (offset 0.5 mm) - 350 [50]
Mo/301SS (offset 0.3 mm) - 290 [51]
La,0,-Mo/La,0,-Mo 617 [52]
Mo-30W/Mo-30W 108.56 (53]
Mo-30W/Ti/Mo-30W ) 409.57
Zr/Mo 76
LBW . - [54]
Zr/Ti/Mo 321
NS-Mo/NS-Mo 234 [55]
NS-Mo/Zt/NS-Mo 441
La,0,-Mo/3Ti +1Zr/
- 430 [56]
La,0,-Mo
Mo/304L 110
. - [57]
Mo/Ni/304L 280
Mo/Ni (0.1 mm)/301SS - 351 [58]

molybdenum alloys, utilizing strong pulsed direct current to
generate Joule heat and to rapidly consolidate the powder® ',

As shown in Fig. 62>

, columnar TZM and WRe alloy or
powder were placed into a graphite mold, and specific upper
and lower pressures were applied to the tungsten/molybdenum

alloy. A temperature monitoring hole was set on the side to

monitor the temperature. Diffusion welding is achieved
through discharge activation, atomic diffusion and cool-
ing'® ), Traditional sintering techniques such as hot pressing
or hot isostatic pressing can obtain higher density, but the
insulation time is too long and grain coarsening easily occurs,

resulting in reduced mechanical properties. The characteristics
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Fig.4 Cross-sectional BSE images of TZM/ZrC -W joints (a, ¢, ¢) and SEM images of corresponding fracture surfaces (b, d, f) at different brazing

temperatures: (a~b) 1000 °C, (c—d) 1040 °C, and (e—f) 1080 °C1*¥

Fig.5 Melting of Ti-35Ni brazing material (a); diffusion of liquid TiNi alloy (b); formation of Ti-Mo solid solution and TiC (c); generation of

TiNi (d); generation of Ti,Ni (¢)%”

of rapid temperature rise sintering, high-pressure action, and
low voltage and high current of SPS technique inhibit grain
growth, thus accelerating densification, further controlling
microstructure, and improving mechanical properties'® .
However, the main challenges of SPS diffusion welding lay in
the precise control of temperature and holding time. Elevated
temperatures can reduce porosity generation, but excessively
high temperatures can induce coarse grains, and excessively
long holding time can also result in grain coarsening and
potential crack™ . In the structure of the SPS sintering
furnace, the accuracy of temperature measurement is

questionable because the thermometer in the side temperature

measurement hole is unable to penetrate deep into the furnace.
Currently, SPS diffusion welding has gained applications in
welding oxide dispersion strengthened tungsten-based
materials (ODS-W) with TZM alloys and WRe/TZM alloys.
Liu et al®" investigated the effective bonding of ODS-W
alloy and TZM powder at different temperatures using SPS
technique. Within the sintering temperature range of 1300 —
1600 ° C, the metallurgical bonding at the interface was
excellent, without defects such as intermetallic compounds,
microcracks, or pores (Fig.7)™". The highest tensile strength
of 485 MPa was achieved at 1500 °C. The presence of Y,0,
particles at the interface increased the mutual diffusion
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Fig.6 Schematic diagrams of traditional (a) and improved (b) gra-
phite die-punch assembly during SPS-assisted diffusion

welding™® "

distance between Mo and W, suggesting that Y,0, particles
could promote the diffusion between Mo and W and enhance
joint strength. However, the mechanism of yttrium oxide
particles enhancing joint strength is still unclear, and the
causes of joint fracture remain uncertain. In particular, the
impact of oxygen infiltration on the joints is not well
understood. Further research can utilize transition state
calculation methods in first-principles studies at the atomic
level.

w 51.8 1.0
Mo 417 1.0
6.6 0.6

ODS-W

Y 52.4
36.4
1.2

a Element wt% o

¢ Element wt%

WRe/TZM alloy welded joints are often used as CT scanner
X-ray targets, where the tungsten alloy serves as the anode
target surface material, bombarded by an electron beam to
produce X-rays, and TZM alloy serves as the dielectric disk
between the target surface and heat dissipating portion®.
TZM alloy not only exhibits excellent thermal conductivity
and high-temperature performance, but its density is also only
half of that of WRe alloy, and its specific heat capacity is
more than twice that of WRe alloy. Therefore, by welding and
combining the WRe alloy and TZM alloy, the mass of the
target plate can be significantly reduced, and rapid heat
dissipation of the target plate can be achieved, thereby
extending the service life of the target plate!®”.

Yang et al™ employed the SPS technique to achieve solid-
state diffusion bonding between TZM alloy and WRe alloy in
the sintering temperature range of 1300—1600 °C for 30 min.
The results reveal that the joints are bonded within the range
of 1300—1600 °C, incomplete bonding is observed at 1300 °C
and plastic deformation occurs at 1600 ° C. The WRe/TZM
alloy joints exhibit the highest quality, which are free of
cracks and porosity, and after holding at 1500 °C for 30 min,
it possesses shear strength of 498+32.5 MPa and tensile
strength of 475+£19.8 MPa. Fracture morphology exhibits a
mixed pattern of through-crystal disintegration and along-
crystal fracture. Similar conclusions are drawn by Hu et al*?.
In the thermal shock performance evaluation test, TZM/WRe
joints (1500 °C/30 min) did not crack and maintained high
strength after 1500 times repetitive thermal shocks. Harimon
et al”™ demonstrated that the fatigue strength of laminated
WRe/TZM specimens surpasses that of bulk WRe alloy
specimens. Therefore, in practical application of CT scanner

X-ray targets, the structure can be enhanced by laminated
WRe/TZM.

b Element wt% o

Mo 132 1.3

o 125 09

Y 9.7 19

B Ti 1.7 04
ODS-W

e .

)

d _Element wt% o

w 639 1.0
o 159 08
Ti 104 05

Mo 98 10

Fig.7 SEM images and EDS point-scan results of ODS-W/TZM alloy joints at different temperatures: (a) 1300 °C, (b) 1400 °C, (c¢) 1500 °C, and

(d) 1600 °C*!
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Han et al®” investigated a novel mold with a stepped
structure for sintering WRe and TZM alloy powders, and used
two temperature monitoring holes to measure the temperatures
of WRe and TZM alloys. As shown in Fig. 6b, the structure
has different temperatures at locations of two alloys, with a
maximum temperature difference of approximately 190 °C.
The gradient mold, which establishes different sintering
temperatures, allows simultaneous densification and bonding
of WRe and TZM alloy powders, resulting in superior
microstructure and mechanical properties. The highest shear
strength of the joint was 279.92 MPa (7=1600 °C, =8 min, P=
30 MPa). The high mechanical properties are fundamentally
determined by microstructural characteristics such as relative
density, grain size and morphology. The primary factor
influencing these characteristics is temperature; excessively
high temperatures and prolonging holding time can lead to
grain growth, reduce densification, and promote formation of
new defects such as microcracks. The gradient structure
enables the production of joints with excellent relative density,
grain size, and morphology through one-step sintering of the
powders, offering a new approach for producing X-ray targets
for CT scanners.

2.3 EBW

EBW of tungsten/molybdenum alloys, as a high-end
welding technique, has the advantages of high energy density,
fast welding speed, and small HAZ"". Molybdenum alloys are
sensitive to oxygen content and heat source energy density in
welding, and EBW is one of the most suitable fusion welding
methods used to join molybdenum alloys, considering vacuum
atmosphere protection and high energy density®™. However,
high heat input of EBW makes the joints susceptible to grain
coarsening, and coarse grains will lead to increase in
brittleness of the welded joints and decrease in mechanical
properties, as well as cracks and porosity”* . In view of the
above problems, adjusting welding
parameters and adding suitable intermediate layer metals may

measures such as
be adopted to improve the quality of welded joints in order to
ensure the reliability and stability of welding.

2.3.1 Welding parameters

The main welding parameters that affect the quality of
tungsten/molybdenum alloy EBW joints include welding
speed, beam offset position and beam current size. Different
welding parameters can affect the welding efficiency and the
distribution of precipitates, alter the morphology of the
reaction layer, and lead to different mechanical properties” 7.

Wang et al™”

investigated the effect of welding speed on
microstructure and mechanical properties of vacuum EBWed
TZM alloy joints. It is observed that an increase in welding
speed reduces the size of the grains but exacerbate the
segregation of MoO, particles on the grain boundaries,
resulting in stress concentration and reduction in the tensile
strength of the weld, and leading to severe intergranular
fracture. The tensile strength of the welded joint was 403 MPa
when the welding speed was 350 mm/min, whereas it

decreased to only 256 MPa when the welding speed was 390

mm/min. Chen et al® studied the effect of electron beam
offset on the microstructure and mechanical properties of
welded molybdenum and Kovar alloy joints. When the beam
was not offset, WZ consisted of columnar crystals, and the
tensile strength was only 190 MPa. However, when the beam
was offset to the Kovar alloy by 0.6 mm, the weld mainly
comprised equiaxial crystals, and tensile strength of welded
joint increased to 262 MPa, improved by 37.9% compared to
that of the no-beam offset condition. Beam deflection prevents
the formation of voids and gaps on the Mo-side fusion line,
yet the issue of joint embrittlement remains unresolved, so the
next work should focus on finding an intermediate layer with
better compatibility with the substrate to prevent the
emergence of brittle phases. Wang et al™®’ conducted EBW
tests on TZM alloy and 30CrMnSiA steel using different
electron beam currents. As the beam current increased, the
thickness of the Fe,Mo reaction layer decreased. At a beam
current of 24 mA, the joint strength peaked at 191.3 MPa, and
fractures occurred along the Fe,Mo layer near the TZM alloy
side, exhibiting a brittle fracture mode. However, the
formation mechanism of the reaction phase in the center of the
weld remained unclear, and the reasons for the formation of
porosity in the joint were not extensively explained.

2.3.2 Different intermediate layer metals

Controlling the energy distribution by adjusting the electron
beam current and the electron beam offset distance can opti-
mize the mechanical properties of the joints. However, the im-
provement is not significant, primarily because the embrittle-
ment of the joints is not fundamentally resolved. The reliabi-
lity of the joints can be enhanced by employing lowmelting-
point filler materials. The addition of a suitable intermediate
layer can prevent the formation of MoO,, furthering im-
proving the grain structure, increasing the strength and
toughness of the welded joints, and altering the fracture mode.
The intermediate layer used to regulate the EBWed joints of
TZM alloys is typically based on Zr, Re and V.

Wang et al®” used Zr as interlayer to analyze the structure
of EBWed joints of TZM alloy. As depicted in Fig.8", joints
lacking pure zirconium foil as an interlayer exhibit MoO, and
TiO, precipitation at the grain boundaries. Upon the addition
of zirconium as interlayer, MoO, and TiO, precipitation at the
grain boundaries are ceased in the welded joints, and a
multitude of second-phase particles, mainly ZrO,, are
precipitated within the grain, which leads to increase in the
tensile strength of the joints to 452 MPa. Although the tensile
strength of the joint is improved, fracture still occurs in the
WZ, demonstrating a fully transgranular cleavage fracture
mode. To further enhance the joint strength, Zhang et al”
conducted EBW tests on TZM alloys with varying thicknesses
of Re as the intermediate layer. The weld area of different
joints was measured using Image Pro Plus. When the Re
content in the WZ was 48.7%, the tensile strength of the joint
reached 524 MPa, and the fracture location shifted from the
WZ to the HAZ.

Yu et al™® opted pure vanadium as filler metal for EBW of
TZM/30CrMnSiA. The tensile strength of the joints was only
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Fig.8 TEM micrographs of welded joints: (a) without adding zirconium; (b) purification of GBs region in joints after addition of zirconium;

(c) ZrO, particles distributed within the grains'*!

165.2 MPa without V-foil filler and 312.7 MPa with V-foil,
indicating that the metallurgical modulation of the alloy by
pure V-foil is significant. The joints fractured in the HAZ on
the TZM side. First-principle calculations show that for the
Mo (111)/Fe,Mo (100) interface, there are more charge vacan-
cies at the interface, whereas for the Mo (111)/V(Fe)ss(111)
interface, the charge density is high, resulting in the formation
of strong chemical bond, and the interfacial work of adhesion
is higher, thus providing better mechanical properties, as
illustrated in Fig.9™".

2.4 LBW

LBW technique for tungsten/molybdenum alloys is highly
regarded for high energy density, precise control of heating
position and heat input, narrow fusion zone and low residual

s However, it faces issues related to undesirable

stress
microstructure and degraded mechanical properties, such as
high porosity and brittle compounds. To address these
problems, welding parameters are adjusted, and suitable
intermediate layer metals are added to achieve high-quality
joints with improved mechanical properties.

2.4.1 Welding parameters

Similar to EBW, adjusting LBW parameters, including heat
input, beam offset and interface gap, can regulate the
microstructure of the tungsten/molybdenum alloy laser
welded interface. This control enables grain refinement,
reduces porosity, suppresses segregation and defect formation,

_ Charge density/

x10° e-nm=
0.83

Fig.9 Charge density at Mo (111)/Fe,Mo (100) interface (a) and
Mo (111)/V(Fe)ss (111) interface (b)**

and ultimately improves the mechanical properties and quality
of the joints.

Xie et al®”

investigated the low heat input laser welding of
nanostructured high-performance molybdenum alloy (NS-Mo)
joints. They found that when the welding heat input was
reduced from 3600 J/cm to 250 J/cm, the low heat input and
high welding speed significantly refined the grains in the FZ
of the joints, decreased the degree of MoO, segregation, and
markedly reduced the number of porosity defects (Fig.10)™.
The porosity decreased from 10.7% to 2.1%, and the tensile
strength of the welded joints increased from 250 MPa to 570
MPa. Low heat input welding improved the strength of the
welded joints by refining the grains and increasing the total
grain boundary area, thereby reducing the degree of MoO,
segregation at the grain boundaries. Porosity decreased from
10.7% to 2.1%, and the tensile strength of welded joints
increased from about 250 MPa to 570 MPa. Low heat input
welding improved the strength of welded joints by reducing
the degree of MoO, segregation at grain boundaries through
grain refinement and increasing the total area of grain
boundaries. Zhang et al® studied the effect of beam offset on
the laser welding of molybdenum and titanium. They found
that porosity at the joint decreases with increasing the beam
offset. When the laser was offset by 0.5 mm towards the
titanium, the maximum tensile strength was approximately
350 MPa, which was about 70% of that of the titanium
substrate. The HAZ of molybdenum and the interface between
the molybdenum plate and the HAZ are identified as the
weakest regions of the Mo/Ti joint, suggesting that
strengthening HAZ can be a direction for future research. Gao
et al® investigated the effect of laser offset on the
microstructure and mechanical properties of LBW of pure
molybdenum and stainless steel. They observed that when the
laser beam was shifted from the molybdenum side to the
stainless-steel side by 0.2—0.3 mm, the reduced amount of
molten molybdenum effectively suppressed weld defects and
the formation of Fe-Mo intermetallic compounds. However,
when the laser offset exceeded 0.4 mm, incomplete fusion
occurred at the Mo/Fe interface due to poor wetting and
diffusion of Mo by the 301SS melt. The maximum tensile
strength of the joint was 290 MPa with 0.3 mm offset.
Regardless of the laser beam offset position, all welded joints
fractured in the FZ layer, exhibiting a brittle fracture mode.
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Fig.10 CT test (a—b) and statistical results (c —d) of porosity distribution of laser welded NS-Mo alloy joints at different heat inputs:
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Ning et al”” investigated the effect of interfacial gap on
joint porosity and embrittlement in laser lap welding of TZM
alloy. Porosity and embrittlement were identified as the
primary factors reducing the strength and ductility of welded
joints. They found that a 0.09 mm interfacial gap can reduce
porosity to 3%, and the tensile strength of the welded joints
can reach approximately 60% of that of the BM. An et al®”
conducted a series of experiments on La,O, dispersion-
strengthened molybdenum alloy by laser lap welding and
analyzed the effects of laser power, defocus distance and
welding speed on the tensile strength of the laser-welded
joints. The tensile strength of the joints reached 617 MPa
under optimal conditions (P=2500 W, =1 mm and v=6
m/min), which was 82.3% of that of the BM. During tensile
testing, the joints exhibited almost no plastic deformation and
underwent brittle fracture, likely due to oxygen-induced
embrittlement. Future research should focus on adding a
suitable intermediate layer to reduce oxygen content.

2.4.2 Different intermediate layer metals

The addition of Ti, Zr and Ni interlayers plays an important
role in modulating the tungsten/molybdenum alloy weld
interface in LBW. This includes inhibiting phase transfor-
mations, reducing brittle phase formation, counteracting the
weakening of joint strength by oxygen, modulating grain
boundary structure, enhancing tensile strength, and influen-
cing fracture mode.

Cheng et al®investigated the effect of Ti interlayer on the
microstructure and properties of Mo-30W alloy laser welded
joints. After the addition of Ti element, the impurity element
O could react with Ti to mainly form the TiO, phase, which
had almost no effect on Mo grain boundary strength relative to
Mo. Comparing the Gibbs free energy of the second phases

TiO,, MoO, and WO,, TiO, with lower energy was more likely
to be generated, thus reducing the formation of MoO, and
WO, that were not conducive to the strength of the grain
boundary™. The tensile strength of the joints increased from
108.56 MPa to 409.57 MPa, showing a 270% increment.
Zhang et al® added 1 mm pure Ti as an intermediate layer in
Zr/Mo LBW, which effectively prevented the brittle Mo,Zr
phase from being generated in the transition layer at the Mo-
FZ interface. The tensile strength of the joints increased from
76 MPa to 321 MPa compared to the joints without adding Ti
as an intermediate layer. Additionally, Zhang et al® chose
zirconium as filler material for LBW of molybdenum alloys
and found that ZrO, preferentially formed inside the grains,
mitigating the segregation of MoO,. The tensile strength of the
welded joints increased from 234 MPa (without Zr) to 441
MPa (with 0.05 mm of Zr as the intermediate layer), and the
fracture mechanism changed from intergranular fracture to
deconvoluted fracture. Further study may focus on the effect
of Ti and Zr content on laser welded molybdenum alloy joints.
Zhang et al®” investigated the laser welding of La,0,-Mo
using different combinations of Ti foil (0.04 mm) and Zr foil
(0.03 mm) as intermediate layers. Zr provides second-phase
strengthening, and Ti contributes to solid solution streng-
thening””. By incorporating different mass ratios of Ti and Zr,
the relative content of Mo,Zr phase and solid solution atoms
in the fusion zone can be controlled. The joint with 3Ti+1Zr
intermediate layer achieved a tensile strength of 430 MPa and
a hardness of 3676.96 MPa, balancing strength and ductility.
Zhang et al® studied the effect of adding Ni to laser-
welded Mo/304L joints, and found that at the optimal offset,
the tensile strength of the joint increased from 110 MPa to 280
MPa, as shown by electron probe X-ray microanalysis
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(EPMA) in Fig. 11”7, Ni improved the diffusion ability of Mo,
increasing the diffusion distance of the Mo element at the Mo/
FZ interface from 7.4 pm to 9.7 pum. Fractures mainly
occurred near the Mo/FZ interface, exhibiting intergranular
fracture. The reaction mechanism of the elements at the center
of the joint remained unclear, and the addition of Ni
complicated the joint mechanism. Notably, the FZ/304L
interface is not a weak part of the joint, warranting further in-
depth analysis. To determine the most suitable Ni interlayer
thickness for Mo and steel joints, Gao et al®¥ investigated
three thicknesses of the Ni interlayer (0.05, 0.10 and 0.20
mm) and found that the tensile strength was maximized at 351
MPa with a thickness of 0.10 mm. However, further increa-
sing the thickness to 0.20 mm resulted in incomplete fusion,
voids and cracks, leading to gradual deterioration in the
mechanical properties of the welds.

3 Effect of Tungsten/Molybdenum Alloy Doping
Treatment on Welding

Doping and alloying design not only improves the high-
temperature strength, low-temperature plasticity and oxidation
resistance of molybdenum and tungsten, but also plays an
important role in enhancing the quality of tungsten/
molybdenum alloy welded joints™*'". Rare earth oxides such
as La,0,, AL,O, and Y,0, particles were added™ ™, along with
simultaneous doping of titanium, zirconium, silicon and metal
carbide TiC and ZrC particles™ ™, to achieve a uniform grain
structure, inhibit grain coarsening at high temperatures, and
reduce porosity®™”. The doped elements in the weld not only
have solid-solution strengthening and diffuse strengthening
effects but also promote element diffusion, thereby improving
the plasticity and tensile strength of welded joints™ *”.

3.1 Doped oxides

In the previous sections, SPS diffusion welding of ODS-W/

Ni-free

Ni-bearing

TZM, doped with Y,0, particles, can promote the diffusion of
elements at the joint, thereby enhancing the mechanical
properties of the joint. La,0,-Mo alloy laser lap welding under
different welding parameters yielded good mechanical
properties of the joints®”, but the mechanism of tungsten/
molybdenum alloy joints strengthened by the dispersion of
rare-earth oxides was not explained in detail. The key to
improving the performance of tungsten/molybdenum alloy
welded joints lay in suppressing grain coarsening and porosity
defects at high temperatures, and doping dispersed fine-
crystalline rare-earth oxides can refine the grains, fill the
pores, and improve the strength and toughness of tungsten/
molybdenum alloys™.

Wang et al® investigated the microstructural properties of
La,0,-doped tungsten-based materials and found that the
densification mechanism was mainly the filling of pores by
La,O, particles. Min et al® compared Y,0,-doped tungsten
with pure tungsten, revealing that a large number of pores
existed at grain boundaries and grain triple junctions of pure
W (Fig.12a and 12¢)®, whereas the W-Y fracture exhibited
almost pores. Tens of nanometer-sized second-phase particles
were observed at the grain triple junctions of W-Y (Fig. 12b
and 12d), aiding in fixing the grain boundaries and thus
refining the grains of W-Y. Lan et al® investigated the effects
of rare earth oxides Y,O,, CeO, and La,0, on the sintering
performance, microstructure and mechanical properties of Mo-
W solid solution alloys. These three oxides exhibited similar
capabilities in inhibiting grain growth and promoting grain
refinement, and La,0, doping was the most beneficial for
achieving a dense and fine-grained Mo-W solid solution
alloy®™. Future research directions can focus on exploring the
effects of other rare earth oxides and carbides (such as NbC
and HfC) on the strengthening mechanisms and mechanical

properties of welded joints™.

|
Intensity of Mo/a.u.

Fig.11 EPMA results for molybdenum/SUS304L laser welded Ni-free (a—b) and Ni-bearing (c—d) joints*”
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Fig.12 Fracture surface images of pure W (a, c) and W-Y alloys (b, d) after SPS sintering and disruption'”!

3.2 Doped carbons

Compared with oxide diffusion strengthening, doping TiC,
ZrC or other carbide particles can effectively inhibit grain
growth and grain boundary migration of the molybdenum
matrix, resulting in a uniform grain structure and excellent
high-temperature strength and toughness®*®". The strength-
ening mechanism of carbide-doped ZrCp/W composites
involves grain refinement of tungsten and load transfer from
the tungsten matrix to hard ZrC particles, although exces-
sively high ZrC content leads to increased porosity™. The
uniformity and fineness of doped carbides are crucial for
strengthening molybdenum alloys, as uneven carbide distri-
bution tends to cause agglomeration during sintering™ """, Hu
1 studied the refinement of Mo alloy grains by TiC
particles, and reduced the composite powder size of Mo grains

et al

from 302 nm to 95 nm. The investigation of ultra-fine grains
aims to enhance the diffuse reinforcement effect on tungsten
and molybdenum alloy matrices, facilitating the resolution of
grain coarsening issues at high temperatures in tungsten/
molybdenum alloy welding. This, in turn, improves the
mechanical properties of the joints, expanding their appli-
cation in high-temperature fields"”"'*!.

3.3 Other elements

[104]

Zhang et al
carbon and titanium combined alloying in molybdenum alloy

investigated the strengthening mechanism of

laser welded joints. They carburized the Mo alloy plate and
used Ti foil as the interlayer for LBW. The maximum tensile
strength of the joints was 406.6 MPa, whereas the tensile
strength of pure Mo joints was only 100 MPa. Ref. [105]
explored the effect of Si and Ti combined alloying on the
microstructure and properties of molybdenum laser welded
joints. It is found that the tensile strength of the joints was
231.6 MPa with Si powder and Ti powder in a mass ratio of
1:1 as the intermediate layers. Moreover, when Mo alloy plate

or sleeve was used as the BM for LBW, the tensile strength of
the joints reached 301 MPa. Combined alloying significantly
reduced the cracks caused by stress concentration at the FZ
and ensured the strength of the HAZ while improving the
strength of the FZ, providing a new idea for the strengthening
of molybdenum fusion welded joints.

4 Research Shortcomings and Prospects

Tungsten/molybdenum alloy welding is considered benefi-
cial for structural lightweighting and cost reduction, offering
broad application prospects. However, it still faces unresolved
issues, such as joint brittleness, porosity, unknown mechanism
and weak strength in the HAZ. Introducing new welding
methods or combinations of welding techniques, as well as the
utilization of modern analytical techniques, such as computer
simulation, artificial intelligence and machine learning, is
essential for conducting more in-depth and comprehensive
studies on the effects of welding process on microstructure
and mechanical properties of welded joints. This approach
aims to achieve highly efficient and high-quality welding
production.

4.1 Problems

During the brazing of TZM and ZrC,-W alloys, brittle
compounds tend to form at the welded joint, and intergranular
penetration in the molybdenum alloy matrix may lead to
cracks, thereby reducing the toughness and strength of the
welded joint. Current research primarily focuses on the Ti-Ni
filler metal ratio or evaluating the interfacial microstructure
and bonding performance of the brazed joints through a series
of conventional temperature tests and characterization me-
thods. However, microstructural control remains suboptimal,
and the impact of intergranular penetration on the joint has not
been resolved. The region near the brazing seam in the TZM
alloy matrix is identified as the weakest part of the joint.
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The main challenge in the SPS diffusion bonding of
tungsten alloy and molybdenum alloy is the precision control
of temperature and the accuracy of temperature measurement.
Increasing the temperature can reduce the generation of
porosity, but excessively high temperatures or long holding
time will result in grain coarsening and cracking, posing
difficulties in accurately controlling the microstructure.
Additionally, the shape and modeling requirements of
materials for SPS diffusion bonding are relatively high. The
sintering method (furnace size and pressurization method)
determines that large and complex structures of welded parts
are challenging to achieve.

The main challenge in EBW and LBW of tungsten alloy
and molybdenum alloy are grain coarsening caused by high
energy input, segregation of MoO, particles and stress
concentration at grain boundaries. Selecting suitable
intermediate layer materials, controlling welding parameters,
and optimizing the welding process can inhibit cracks,
porosity and the generation of intermetallic compounds. Many
existing studies lack systematic research and theoretical
guidance for the corresponding relationship between welding
parameters and intermediate layer matching.

The study of tungsten/molybdenum alloy doping mainly
focuses on the addition of La,O,, ALO,, ZrO, and Y,O,
particles, as well as metal carbide TiC and ZrC particles.
However, excessively high doping content is prone to
agglomeration, leading to increased porosity and cracks. How
to obtain uniform doping and add an appropriate amount of
doping to achieve high-temperature mechanical properties of
the joints, as well as their microstructural features and
strengthening effects, is rarely reported.

4.2 Outlooks

1) Research on brazing tungsten/molybdenum alloys should
broaden the scope of brazing materials to develop new,
excellent brazing alloys beyond the Ti-Ni base for tungsten/
molybdenum alloy brazing. Additionally, incorporating new
elements (Zr, Cr, Cu, etc) and implementing diffusion barrier
layers can further strengthen the HAZ region on the
molybdenum side, achieving joints with superior mechanical
properties.

2) In terms of SPS diffusion welding of tungsten and
molybdenum alloys, future research should focus on two main
aspects. Firstly, optimizing the welding process through more
advanced temperature control and testing systems enable more
precise control of the microstructure, thus ensuring
densification and grain refinement during the welding process.
Secondly, improving the equipment pressure application
method allows welding of complex structural components.

3) Further research on EBW and LBW of tungsten/
molybdenum alloys should focus on grain refinement and the
inhibition of brittle compound formation. A comprehensive
review of the welding process, including welding parameters
and interlayers, is necessary. Additionally, appropriate
preheating and post-heating techniques combined with doping
and composite alloying methods can enhance the strength of
the FZ region while ensuring the strength of the HAZ region.
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