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Abstract: Tantalum (Ta)/Molybdenum (Mo) dissimilar joint was successfully joined by laser welding process with pure Pt filler wire. 

The weld surface morphology, microstructure, interface element distribution, fracture morphology, phase structure, electrical 

performance and environment adaptability were studied by metallography microscope, scanning electron microscopy, hardness and 

electronic universal test machine, X-ray diffraction, electron micro-hardness and tensile test, vibration table and ultra-high high vacuum 

system. Laser parameters have profound effects on microstructures of the laser-welded joints. Pores were generated in the weld zone 

caused by the preferential vaporization of pure Pt filler metal. The weld zone mainly contained TaPt

2

, TaPt

3

 and MoPt phase, resulting  

in higher hardness in the weld zone than that of base metal. The joint fracture surface exhibited typical brittle fracture morphology. The 

electrical property and environment test examined the joints welding quality for electron guns. Meanwhile, the reliability of laser 

welding process in the development, production, and application of microwave tubes was verified. 
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Microwave tubes have been in development around the 

world for many years because of their important applica-

tions in radar, communication, television broadcast, elec-

tronic countermeasure, particle accelerator, plasma heating 

device, ITER (international thermonuclear experimental 

reactor) and other fields. Until today, microwave tubes still 

remain to be a hot spot in the field of vacuum electronic 

devices. Electron gun is the heart of microwave tubes, 

which plays a decisive role in the mechanical and electrical 

property of vacuum electron tubes

[1]

. Many refractory met-

als are widely used in the electron gun due to special 

working environment, such as Ta and Mo with high melting 

points, small thermal expansion coefficient and good ther-

mal conductivity. It is difficult to firmly connect these re-

fractory metals by traditional resistance welding methods. 

Therefore, the fabrication technology is a great important 

process for electron guns. It is well known that joining 

technology is one of the most important methods in materi-

als processing. The successful joining of dissimilar metals 

are favorable for the broadening of their application fields. 

The jointing technology of electron gun mainly includes re-

sistance welding, argon-arc welding, brazing, electron beam 

welding, and laser welding, and so on. With the rapid de-

velopment of laser technology, laser welding is widely used 

for microwave tubes, which belongs to special welding and 

thus plays an irreplaceable role. Nd:YAG pulsed laser 

welding is widely used to interconnect small refractory 

metals because of its advantages such as short welding cy-

cle, and high accuracy of energy input.  

There have been some research activities on the joining 

refractory metals

[2-6]

. However, it is a great challenge to 

achieve the joining of Ta to Mo for their limited weldability. 
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Several studies were performed to understand and improve 

the weldability of refractory metals. Mo and its alloys ex-

hibit poor mechanical properties of fusion welding, due to 

impurities and grain coarsening

[3,4]

. On the other hand, 

Ta/Ta or other alloys joints is easier to be welded. Success-

ful joining of titanium with tantalum by resistance weld-

ing

[7]

, diffusion bonding

[8,9] 

and laser welding

[10]

 was re-

ported. 

To our knowledge, few studies have focused on the 

welding method and processing technology of the Ta/Mo 

joint. According to Zhou et al. 

[2]

, the cracking mechanism 

in Ta/Mo joint was that low ductility feature in fusion zone 

most certainly played a role in the transgranular propaga-

tion of cracking in the Ta/Mo joint. However, the weld joint 

was not effective connection for engineering application. In 

this work, laser welding of Ta/Mo dissimilar metal was 

comprehensively studied with pure Platinum (Pt) filler 

metal. The characteristic and regularity of welding were 

researched from the welding process and method. The laser 

welding reliability of joints were also verified by the appli-

cation in electron guns and microwave tubes. 

1  Experiment 

The base metal used in this study was Ta and Mo with 

specimen dimensions of φ26 mm×0.5 mm×2.7 mm and 

φ26.3 mm×0.15 mm×2.5 mm, respectively. The chemical 

composition and the physical properties of the material 

used in pulsed laser welding process are shown in Table 1 

and Table 2, respectively. Fig.1 shows the schematic illus-

tration of laser welding process. Ta and Mo are refractory 

metals, with obvious distinctions, such as melting point, 

density, heat conductivity and specific heat capacity. The 

melting point of Mo is lower than that of Ta, while the 

thermal conductivity of Mo is three times higher than that 

of Ta. Ta is on the top and heat can be transmitted to Mo 

directly. Ta and Mo are heated and melted at the same time; 

therefore, lap joint is designed in this work. The filler wire 

is platinum (pure Pt) with diameter of 0.3 mm, used as a 

transition metal.   

A model SL-1GX-600 pulsed laser with maximum aver-

age power of 600 W was used for laser welding. The pulsed 

Nd:YAG laser used has 1064 nm wavelength with Xenon 

lamp. The focal length (distance) of 120 mm and laser spot 

size of 0.5 mm can be obtained on the surface. Pulsed laser 

was able to produce pulses with 0.1~20 ms duration and 

frequency range of 1~300 Hz. Pure argon gas with a coaxial 

nozzle at 10 L/min flow rate was used for gas shielding. 

Surface preparation and high temperature vacuum 

annealing prior to welding is mandatory for Ta and Mo; 

therefore, in these experiments the samples were brushed 

mechanically with a stainless-steel brush and were cleaned 

by acetone and alcohol just prior to welding. Laser welding 

process was performed in bead on plate condition with no 

restraints on plates.   

Samples were ground and polished according to standard 

metallographic methods and then etched with HF and HNO

3

. 

An  op t i ca l  m ic roscopy  (Le i ca  DM4000-5000B, 

Ernst-Leitz-Straße, D-35578 Wetzlar, Germany) was used 

to observe the micromorphology of the joint. The interface 

elemental diffusion analysis was performed using a scan-

ning electron microscope (ZEISS EVO18, Carl Zeiss Co., 

Ltd, Germany). The amounts of metal elements were meas-

ured using energy dispersive spectroscopy (EDS) analysis. 

A Rigaku SmartLab Micro X-ray diffract meter (mi-

cro-XRD) was used to as a means of identifying the phases 

in the joint with a beam size of 0.4 mm. The micro hardness 

distribution was analyzed by microhardness tester 

(VMH-002VD, Walter Uhl techn. Mikroskopie GmbH & 

Co.KG, Asslar, Germany) and under 100 g load. The tensile 

strength of joints was tested by an electronic universal 

 

Table 1 Chemical composition of the base metal Ta and Mo (wt%) 

Fe Si Ni W Mo Ti Nb O C H N Ta 

Ta 

0.005 0.005 0.002 0.01 0.01 0.002 0.05 0.01 0.01 0.0015 0.0005 Bal. 

O N C Fe Al Si Ni W Ca Mg - Mo 

Mo 

0.02 0.003 0.01 0.0015 0.005 0.006 0.005 0.3 0.002 0.003 - Bal. 

 

testing machine (HY-1080, Shanghai Heng Wing Precision 

Instrument Co. Ltd, Shanghai, China) at room temperature, 

and the loading speed is 1 mm/min. Random vibration and 

shock (DC-600-6, Suzhou Sushi Testing Group Co., Ltd, 

Suzhou, China) experiments were used to test the firmness 

of the welding joint. Electrical properties 

(DZQ200*500-01-A0, Beijing Naura Vacuum Technology 

Co., Ltd, Beijing, China) were measured by the high vac-

uum system.  

Table 2  Thermophysical properties of materials used in this 

study 

Property Ta Mo Pt 

Melting point/°C 2996 2620 1772 

Density/g·cm

-3

 16.6 10.2 21.5 

Thermal conductivity/W⋅m

-1

⋅K

-1

 54.5 138 74.1 

Specific heat/J⋅kg

-1

⋅K

-1

 156.5 265.2 135 

Coefficient of thermal expan-

sion/×10

-6

 K

-1

 

6.5 4.9 9.1 

Absorption coefficient/% 0.18 0.4 0.11 
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Fig.1  Schematic illustration of laser welding process 

 

2  Results 

2.1  Microstructures of laser-welded joints 

The welding parameters have important influence on la-

ser welding. The parameter optimization for pulsed 

Nd:YAG laser welding of Mo and Ta was comprehensively 

studied. The relation among the laser welding parameters, 

the cracking and blowholes was appropriately evaluated. 

The weld appearance is one of the most important factors 

when evaluating welding quality. Fig.2 show the weld sur-

face morphologies of Ta/Mo joint with Pt filler metal. The 

molten pools of lap joints were of typical ladder shape 

characteristic. No cracks, pores and splash were found in 

the weld part. The experimental result indicated that the la-

ser-welded joints consist of weld zone (WZ), heat affected 

zone (HAZ) and base metal (BM). 

The parameter optimization for laser welding of Mo and 

Ta was comprehensively studied to obtain good quality of  

joints. Fig.3 show the cross-sectional morphologies of Mo/Ta 

joint with Pt filler metal. With a 1100 W laser power, 4 ms 

pulse duration, +1 mm defocus distance, 3 Hz frequency and 

10 L/min Argon shielding gas, crack/pore-free weld cross 

sections were achieved (as shown in Fig.3a). As the laser 

power decreases, pores appear (as shown in Fig.3b). 

Increasing the pulse duration has caused a reduction in weld 

width as can be seen in Fig.3c. According to Fig.3d, 

increasing the power to 1250 W has caused a reduction in the 

welding quality along with pores and cracks. When the 

power is 1100 W and pulse duration is 5 ms, Ta/Mo joint 

without filler matal is not formed successfully joined by laser 

conduction welding process with many small cracks. Zhou et 

al.

[2]

 showed similar phenomenon in the laser-welded joint of 

Ta and Mo. There is a severe cracking separated from the 

fuse zone mostly along weld centerline, and most of these 

cracks are transgranular with few cracks intergranular.  

2.2  Cross section morphologies and phase structure 

The optimized welding parameters are as follows: the 

output power is 1100 W, the pulse width is 4 ms, the pulse 

frequency is 3 Hz, the defocus distance is +1 mm and the 

Argon shielding gas is 10 L/min. With these welding tech-

nological parameters, cross-sectional morphologies and EDS 

analysis of the welding joint are shown in Fig.4 to obtain the 

concentration profiles of the alloying elements across the in-

terface between the Pt weld zone and BM. Fig.4a and Fig.4b 

are cross-section of the Ta/Pt side in the joint and EDS line 

scanning analysis. It can be seen that few small hole defects 

exist in the WZ. Ta/Pt weld pool zone is between 8.5 and 

12.5 µm with uniform width. Pt element enrichment occurred 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Weld surface morphologies of Mo/Ta joint with Pt: (a) P=1018 W, τ=4 ms; (b) P=1100 W, τ=4 ms; (c) P=1100 W, τ=5 ms;  

(d) P=1250 W, τ=4 ms 
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Fig.3  Microstructures of Mo/Ta joint with Pt: (a) P=1100 W, τ=4 ms; (b) P=1018 W, τ=4 ms; (c) P=1100 W, τ=5 ms; (d) P=1250 W, τ=4 ms 

 

at the interface, indicating an occurrence of atomic diffusion 

or dissolution of the Pt element, which thereafter induced in-

terfacial reaction. It caused formation of Ta–Pt reaction lay-

ers at the weld zone/Ta interface. Meanwhile, the Mo/Pt 

weld zone is narrow and thus, only few Mo and Pt elements 

have mutual diffusion (see Fig.4c and Fig.4d). Hence, metal-

lurgical bonding was achieved at the Ta/Pt interface. It was 

similar to the observation reported by Zang et al. 

[11]

 

To confirm the observation in Fig.4, micro-XRD analysis of 

the Ta /Mo joint is shown in Fig.5. It was found that Ta, Mo and 

Pt were the main phases, which were detected from the BM or 

filler metal. TaPt

2

, TaPt

3

, and MoPt phase formed at the interface, 

corresponding to reaction product of laser weld Ta and Mo using 

pure Pt filler metal. It indicated that TaPt

2

 and TaPt

3 

phase would 

form in the case of joining solid Pt and a small amount of mol-

ten Ta, in accordance with the EDS analysis.  

2.3  Mechanical property and fracture morphology 

The shear strength of the Ta/Mo lap joints were measured 

for three samples in the same parameters. The average tensile 

strength was 50.2 MPa. The fracture location was in the weld 

zone of Mo/Pt interface. The fracture surface of the Ta/Mo 

joint (shown in Fig.6) clearly confirmed the cracking was 

transgranular, quasi-cleavage morphology with periodic steps, 

due to the overlapping individual spot welds of pulsed heat 

source. The grains coarsened in the weld zone were the main 

reason of the brittle fracture of the welded joints

[12]

.  

Microhardness distribution of Ta and Mo side in the joint 

are shown in Fig. 7. The micro-hardness value of WZ is 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  Cross-sectional morphologies and the main element distribution of Ta/Mo joint: (a) Ta/Pt interface, (b) EDS linear scanning  

results of Fig.4a, (c) Mo/Pt interface, and (d) EDS linear scanning results of Fig.4c 
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Fig.5  XRD pattern of the welding joint 

 

much higher than that of BM. In the case of Ta side joint, a 

significant increase from the BM (1240 MPa) to WZ (1950 

MPa) progressively. For the Mo side joint, a slight increase 

in micro-hardness of about 2100 MPa in BM to about 2400 

MPa in the WZ and HAZ can be observed. The fluctuation of 

micro-hardness in the WZ is caused by the chemical inho-

mogeneity and uneven microstructures of welded joints. The 

higher hardness values were attributed to the formation of 

TaPt

2

, TaPt

3

 and MoPt phase. Similar extreme solid solution 

strengthening was observed in Mo/Mo

[12]

, Ta/Mo 

[2]

 and dis-

similar joints

[13]

.  

3  Discussion 

3.1  Porosity defects 

A small amount of porosities were observed in the WZ of 

welds in Fig.3 and Fig.4. The pores appeared when the most 

important laser parameter such as peak power of 1100 W or 

pulse duration of 4 ms was changed.  

The origin of porosities most likely contain a mixture of 

entrapped air, Ar shielding gas, condensed metal vapor and 

changes in solubility of hydrogen during solidification

[2, 14-18]

. 

Girard et al.

[19]

 studied the susceptibility of Ta to the for-

mation of porosities in single spot welds during the 

solidification stage in the case of Ta joining. When the mol-

ten depth is less than 1.98 mm, the solidification time is less 

than 10 ms and the rise time is smaller than the minimum 

solidification time, the porosities can reach the melt surface 

and may be eliminated. This is a so called “no trapping re-

gion”. While no cracking or any other defects were found in 

the Ta/Ta joint with thickness of 0.2 mm, intergranular 

cracking occurred mainly along the centerline in the fuse 

zone of Mo/Mo joint (thickness 0.2 mm), as was reported by  

Zhou et al.

[2]

 For Huang et al. and Khan et al.

[17, 20] 

no 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Fracture surface of Ta/Pt/Mo joint: (a) morphology of Ta side shear, (b) partial enlargement of Fig.6a,   

(c) morphology of Mo side shear, (d) partial enlargement of Fig.6c 
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Fig.7  Microhardness distribution of Ta/Mo weld joint: (a) Ta side and (b) Mo side 

  

porosity was observed when jointing Pt-10 pct Ir wires to 

themselves. However, in this study, it was found that porosity 

occurs when joining the dissimilar materials together in the 

WZ of the joints. As the molten braze mixed with the molten 

Pt weld pool to create the WZ, the Pt element is preferen-

tially vaporized due to relatively higher vapor pressures, pro-

moting porosity. The alloying element vaporization during la-

ser spot welding of stainless steel reported by He et al.

[21]

 and 

the low vaporization point element (Mg, Zn) content that 

tend to entrap occluded gases during welding by Haboudou 

et al. 

[22] 

are examples of high vapor pressure metal elements. 

Furthermore, according to Collur et al., the mechanism of 

alloying element vaporization during laser welding was ob-

tained by conducting isothermal experiments and the corre-

sponding theoretically calculated values 

[23]

. The rate of va-

porization of alloying elements during laser welding of 

stainless steels was controlled by plasma influenced intrinsic 

vaporization at the weld pool surface.  

The primary driving force of vaporization is the total 

pressure gradient at the elevated temperatures experienced in 

the weld pool; therefore the likelihood for vaporization of 

elements in the WZ can be obtained using thermodynamic 

principles. The equilibrium vapour pressures (p

0

i

) of the 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Calculated equilibrium vapour pressure of metal elements  

at different temperatures  

various vaporizing elements, viz., Pt, Ta and Mo, over pure 

liquid were calculated using the following equations

[23-25]

.  

log

10

p

0

i

=A+B/T+Clog

10

(T)+DT+ET

2

                (1) 

where p

0

i

 is the equilibrium vapour pressures of element i 

over its pure liquid, T is temperature, A, B, C, D and E are the 

computing coefficients of element i.  

The equilibrium vapor pressures of the elements in the WZ 

are plotted in Fig.8 with respect to temperature. Pt vapor 

pressure increases much faster with temperature compared to 

those of Ta and Mo. It indicates that Pt will preferentially 

vaporize in the pure liquid. A similar analysis was carried out 

by Huang et al.,

[18]

 on the porosity in Pt-Ir alloys. Further-

more, the Pt wire has a thermal diffusivity of 1.36 times that 

of Ta

[18,20]

, leading to higher freezing rates and less time for 

entrapped gasses to escape via buoyancy forces.  

3.2  Electrical performance of electron guns 

The support substrate of Mo and heat shield II of Ta are 

applied in the structure of electron gun, as shown in Fig.9. 

Mo is used to connect the cathode, while Ta is to prevent the 

thermal diffusion of heater assembly and support substrate of 

Mo. The function of each part plays an important role for the 

electron emission of electron gun.  

In the development process of the microwave tubes, the 

main purpose of vacuum system for the electron gun is to 

obtain the data between current/voltage and temperature, to 

test the quick start parameter, to measure thermal expansion 

and to minimize the material evapotranspiration and out-

gassing. The performance of electron guns was tested in the 

ultra-high vacuum system, as shown in Fig.10. According to 

the structure and property of the electron gun, two operating 

station vacuum degassing system was designed and devel-

oped with the function of temperature measurement. The 

system final vacuum is better than 2×10

-7 

Pa. Mechanical 

pump is used as a backing up pump, while the molecular 

pump and the ion pump are the main pump. Each operating 

station can work independently or simultaneously to save 

time for increasing the efficiency in the production of elec-

tron guns. Indicator lights are equipped by the system to  
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Fig.9  Structure chart of the electron gun 

 

prevent the potential problems for the electron guns or the 

vacuum system that is caused by misoperation. 

Fig.11 shows the curves among temperature, vacuum de-

gree and current from three kinds of electron guns a, b and c. 

With the increase of the current, the cathode temperature in-

creases significantly and when it increases from 5 A to 7 A 

the temperature changes from 855 °C to 1150 °C (see a

1

 

curve). At the same time, the vacuum degree decreases from 

9×10

-6 

Pa to 5×10

-5 

Pa (see a

2

 curve). Keeping the working 

current 7 A unchanged for a period of time, the cathode tem-

perature tends to keep constant and the vacuum degree in-

creases gradually. The reason may be that the material 

evapotranspiration from electron guns decreases gradually 

with increasing temperature. So it is the outgassing amount. 

The b and c electron guns show similar trends in temperature 

and vacuum degree.  

According to the practical application, electron guns in the 

microwave tubes can be used at 1000 °C to 1300 °C for 

3000~5000 h in the pulsed or continuous wave mode. High 

and low temperature thermal shock resistance of the welding 

components was studied and tested, with the property of 

long-period and high reliability. A large amount of data ob-

tained from experiments verifies the working principal, 

structure design and good properties of electron guns. It is  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Ultra-high vacuum system for performance testing of 

electron guns 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Curves among temperature, vacuum degree and current 

from three kinds of electron guns a, b and c: (a

1

, b

1

, c

1

) 

current-temperature curves, (a

2
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applicable to different types of electron guns for microwave 

tubes, which is important significance in the small amount 

production of microwave tubes. 

3.3  Environment adaptability 

In order to adapt to the environment of random vibration 

and high shock, a design method of the support structure 

and welding process technology are introduced. Fig.12 

shows the random vibration and high shock curves. It can 

be seen that all the experimental data lay on theoretical 

curves and the difference between practical and theoretical 

curves is very small. The structure of electron guns (see 

Fig.9) designed by this method can adapt the environment 

of random vibration and high shock well after the random 

vibration 5�500 kHz for 1 h and 10 g shock for 3 ms. 

Therefore, the welding joint is firm welding spot to meet 

the demands of design and process engineering.  
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Fig.12  Random vibration (a) and high shock (b) curves 

 

4 Conclusions 

1) Ta/Mo dissimilar joint was successfully joined by laser 

welding process with pure Pt filler metal. The addition of Pt 

could achieve atomic diffusion or dissolution of the Pt ele-

ment. 

2) Output power and pulse duration are the most important 

parameters in defining the laser weld. The optimized laser 

parameters were: the output power is 1100 W, the pulse 

width is 4 ms, the pulse frequency is 3 Hz, the defocus 

distance is +1 mm and the Argon shielding gas is 10 L/min.   

3) Due to the formation of Ta–Pt reaction layers at the 

weld zone/Ta interface, metallurgical bonding was achieved 

between Ta and Pt. TaPt

2

 and TaPt

3

 phase formed at the in-

terface, corresponding to reaction product of laser weld. Mo 

and Pt elements have mutual diffusion and therefore, the 

MoPt phase formed at the interface between Mo and Pt weld 

zone.  

4) The joint fracture initiated in the WZ and propagated to 

the HAZ and BM the fracture surface. The fracture surface of 

Ta/Mo joint exhibited typical brittle fracture characteristics. 

Brittle TaPt

2

, TaPt

3

 and MoPt phase result in higher hardness 

in the WZ than that of the BM.  

5) Pores in the weld was attributed to the preferential va-

porization of pure Pt filler metal in the WZ, due to relatively 

higher vapor pressures than that of Ta and Mo.  

6) Electrical performance, random vibration and high 

shock tests were performed to verify the welded joint equal-

ity and the property of electron guns with character of 

long-period and high reliability.  
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