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ABSTRACT
The technological techniques of electron beam welding (EBW) are considered, the application of which would allow obtaining 
the required quality of joints of gas valve parts made of Mo‒Ti‒Zr (TZM) alloy, which is used in difficult conditions of the 
nuclear industry. It is known that in order to produce a welded joint with relatively high ductility indices, the oxygen content 
should not exceed thousandths of a percent. Alloys produced by vacuum arc and electron beam melting are used for welded 
structures. They have a much lower tendency to form porosity in welded joints than similar alloys made by powder metallurgy 
methods. Such alloys can be welded, but these joints cannot always be used under dynamic loads. When choosing the optimal 
welding technique for gas valve parts, technical requirements for edge preparation, quality of welded joints, availability of 
appropriate equipment and technological tooling were taken into account. The problems of assembly and subsequent welding 
of gas valve parts made of Mo‒Ti‒Zr (TZM) alloy revealed during the investigations caused the need in changing design of the 
joints. As a result, a scheme for welding gas valve parts was proposed, which uses flanging of weld butt edges. This led to op-
timizing the penetration shape. The proposed welding parameters and flange geometry made it possible to lower the degree of 
saturation of the weld metal with gases due to the reduction in the penetration depth under the conditions of rapid heat removal 
and, as a result, to produce sufficiently high-quality welded joints. In addition, with all the variety of technological techniques 
used during the investigations, the priority of the correctly selected design of the circumferential butt and the accuracy of the 
welding assembly was proven.

KEYWORDS: Mo‒Ti‒Zr (TZM) alloy, electron beam welding (EBW), microstructure, porosity, gas valve, flanging of welded 
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INTRODUCTION
Molybdenum and its alloys have many unique charac-
teristics, which makes them indispensable in such ar-
eas as aerospace, power, chemical defense, and metal-
lurgy. The use of molybdenum-based alloys in nuclear 
engineering in future thermonuclear reactors is chal-
lenging, since these alloys, along with high strength 
and fatigue resistance at high temperatures, have good 
thermophysical properties and are not activated by ir-
radiation. The use of molybdenum as the base of a 
structural alloy is constrained by its two disadvantag-
es: easy oxidation at temperatures above 500–700 °C 
and reduced ductility at room temperature [1]. Molyb-
denum alloying practically does not help to eliminate 
the first drawback, but it can significantly increase the 
recrystallization temperature, strength, and creep re-
sistance at high temperatures, and, in case of disper-
sive hardening, for example, with lanthanum oxide, 
increase heat resistance and improve the ductile prop-
erties (reduce the brittleness threshold).

It is known that the presence of impurities in the 
base metal in quantities significantly exceeding their 
solubility limit is an objective obstacle in producing 
high-quality welded joints on molybdenum alloys 
[2, 3]. The quality of welded joints, mechanical char-
acteristics of welds, and especially their low-tem-

perature ductility are very sensitive to the structural 
state of the initial material. To obtain a sufficiently 
high ductility of the welded joint, especially at low 
temperatures, it is necessary that the base metal has 
a homogeneous initial structure and sufficiently high 
resistance to ductile-to-brittle transition. This can be 
achieved by selecting the most favorable conditions 
for preliminary hot treatment of the metal to be weld-
ed (for example, rolling mode for sheet alloys), as 
well as heat treatment before welding (for example, 
for molybdenum alloys at a temperature of 1400–
1800 K, depending on their composition) [4].

It should also be taken into account that any alloys 
of refractory metals of the VIa subgroup of the period-
ic table (including molybdenum alloys) produced by 
vacuum arc or electron beam remelting have a much 
lower tendency to form porosity in welded joints than 
similar alloys produced by powder metallurgy. This is 
usually predetermined by the fact that powdered met-
als have a higher content of gas impurities. However, 
welded joints made with powdered alloys, even with 
lower impurity content than those made with con-
ventionally produced alloys, tend to reveal porosity. 
During the welding process, gases can expand rapidly 
in the molten pool, which seriously degrades the qual-
ity of welded joints of molybdenum and molybdenum 
alloys [5–7].
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The use of powdered Mo‒Ti‒Zr (TZM) molyb-
denum alloy is constrained by its low processability 
and especially weldability. The weld and heat-affect-
ed zone (HAZ) are relatively wide, and the grains are 
highly coarsened after welding, so penetration impu-
rities such as C, N and O are fully diffused and con-
centrated at the grain boundaries, resulting in a sig-
nificant weakening of the bond strength at the grain 
boundaries. At the combined effect of intrinsic brit-
tleness of materials and segregation of impurities at 
grain boundaries, the sensitivity to welding cracks is 
high, and the strength and ductility of joints of mo-
lybdenum and its alloys are low [8, 9]. At even the 
lowest level of impurities-gases in the weld, it is im-
possible to ensure sufficient ductility of welded joints 
with their typical coarse-crystal structure and elimi-
nate the tendency to cold crack formation. Producing 
high-quality welded joints requires the use of alloys 
doped with expensive elements that reduce the harm-
ful effect of impurities on welds (e.g., deoxidizers 
such as titanium, zirconium, etc.) and improve their 
structure (e.g., with rhenium) [10]. Therefore, parts 
or structures made of molybdenum and molybdenum 
alloys often have to be manufactured by powder met-
allurgy rather than by welding from parts.

 Since the most perfect shielding of the weld from 
atmospheric gases is achieved in EBW, this method is 
most effective for joining chemically active refractory 
metals, since it is performed in a vacuum and provides 
relatively low heat input. For refractory and chemical-
ly active metals, the possibility of their preliminary 
cleaning by degassing in a vacuum is of great impor-
tance. To reduce contamination of the weld metal, 
welding is usually performed without filler metal.

The relatively small width of the HAZ becomes 
a great advantage in welding refractory metals such 
as molybdenum. The weld and the near-weld zone 
(recrystallization zone) are much less strong and 
have a much higher ductile-brittle transition tempera-
ture than the base material itself. This difference in 
strength leads to a concentration of strain in the weld 
zone, and the triaxial stress created by the confine-
ment of the base metal can initiate fracture. It should 
be noted that although vacuum electron beam welding 
facilitates the removal of impurities and gases, it in-
creases the evaporation of alloying elements.

Experimental works are mainly devoted to clarify-
ing the role of welding conditions and parameters, or 
more precisely, their role in improving weld quality 
(tempering brittleness, limitation of continuous grain 
growth). The information provided in the literature on 
the effect of heating and cooling rates on the low-tem-
perature ductility of molybdenum alloys is contradic-
tory. Morito et al. [11] compared the ductility of HAZ 

in welding molybdenum alloys (Mo > 99.9 wt.%) 
under two heat treatment conditions, i.e., at cooling 
in a furnace and rapid cooling by quenching. It was 
found that rapid cooling after welding can significant-
ly reduce the ductility of the HAZ of a welded joint of 
molybdenum alloys, mainly because grain boundary 
segregation in the HAZ is greater at rapid cooling by 
quenching. Stutz et al. [12] systematically studied the 
influence of EBW process parameters on the sizes of 
the melting zone and HAZ, pore and crack sensitivity 
in a butt welded joint made of TZM alloy with a thick-
ness of 2 mm.

The results show that pore formation is serious-
ly affected by excessive heat input during welding. A 
small (insignificant in terms of the degree of manifes-
tation) heat input can not only suppress pores, but also 
obviously reduce the grain size in the melting zone.

It was found in [5] that although it is not possible 
to completely avoid pore formation in welding pow-
dered metals, the porosity in the melting zone at a lim-
ited heat input is significantly reduced. By increasing 
the welding speed and reducing the heat input, the 
ductility of the welded joint of molybdenum can be 
significantly improved by refining the weld structure. 
This results in a significant reduction in the thickness 
of the MoO2 oxide film located at the grain boundar-
ies. Reducing the thickness of the oxide film along the 
grain boundaries increases the intercrystalline bonds 
and, consequently, the ductility [13].

THE AIM
of the research is to develop a technique for electron 
beam welding of circumferential welds while joining 
gas valve parts made of Mo–Ti–Zr molybdenum alloy.

RESEARCH METHODOLOGY
EBW opens up the possibility to clean the metal from 
gases before welding by heating the butt edges with a 
defocused electron beam. Hydrogen is removed most 
successfully, oxygen and nitrogen are removed least 
successfully, and only from the surface layers of the 
metal. It is assumed in [14] that preheating of the butt 
reduces pores and helps to remove surface contam-
inants of adsorbed gases that cause porosity, calmer 
formation of the substructure in the weld, and prevents 
the formation of cold cracks in the studied alloy due 
to the overall expansion of the future welding zone. It 
is noted that heating at temperatures above 900 °C is 
inappropriate due to possible deformation of parts and 
the beginning of the recrystallization process.

A necessary condition for producing high-quality 
welded joints is the accuracy of the assembly (and 
fixation) of the butt for welding. For example, when 
welding circumferential joints made of molybdenum 
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alloys, it is recommended that the edge displacement 
should not exceed ±50 µm. Assembly of parts for 
welding should be carried out in particularly precise 
devices. These devices must ensure that the edges to 
be welded are pressed tightly together, as effective 
heat removal is required to reduce welding deforma-
tions [15]. The Mo‒Ti‒Zr alloy, which is produced 
by powder or pellet metallurgy, guarantees chemi-
cal compliance of the basic alloying elements and 
mechanical strength in the delivery state, i.e. it can 
be used for technical tasks that do not require metal 
remelting. However, this material is problematic for 
structures joined by electron beam welding.

In our work, the technological methods of elec-
tron beam welding are considered, the application of 
which makes it possible to obtain the required qual-
ity of welded joints of gas valve parts made of Mo‒
Ti‒Zr alloy, including the conditions for assembling 
parts for welding. We studied the effect of the joint 
type of parts with circumferential welds produced by 
electron beam welding on the strength and ductility of 
such a joint. Such joints are the most critical in terms 
of crack formation and are problematic at an attempt 
to produce a serviceable welded joint. The work also 
touched the issue of the influence of gases, primarily 
oxygen (O2) on weldability at different types of gas 
valve part joints produced by electron beam welding.

The design of the nipple joint to the gas valve 
body is fixed in the assembly fixture on a welding 
rotary positioner (rotator). The rotator being a part 
of the installation kit allows mounting in two spa-
tial positions: with a horizontal or vertical axis of 
rotation (Figure 1). Using an indicator post and a 
clock-type indicator, the nipple was aligned with 
the positioner’s axis of rotation. The deviation was 
within 0.1 mm.

Welding was carried out in an electron beam in-
stallation of the KL-211 type with a pressure in the 
working volume of the chamber not higher than 
5∙10‒4 mm∙Hg. The accelerating voltage is set at a lev-
el of 60 kV. Electronic optics was used, designed for 
500 mA of electron beam current. It included a metal 
cathode with an emitting surface with a diameter of 
3 mm. The experiments were carried out at a working 
distance of 250 mm from the end of the welding gun 
to the facial surface of a product.

The influence of the input energy was studied, name-
ly three fixed values of the welding speed: 5, 10 and 
15 mm/s, in the range of heat input q = 320‒540 J/mm.

Metallographic examinations of the weld penetra-
tions were carried out in the Neophot-32 optical mi-
croscope at different magnifications. The grain size 
was calculated by the linear method. The hardness 
of the phase components was measured in the M-400 
microhardness tester from LECO, the load was 1 N, 
the holding time was 10 s.

The composition of the alloy was checked using 
an X-Ray Spectrometer X’Unique II — Rh 80 kV 
LiF220 Ge111 TIAP. The obtained data of chemical 
and gas analysis of the alloy are presented in Table 1.

The first EBW test specimens showed elevated 
brittleness of the weld metal and the base metal it-
self. In order to prevent the formation of unacceptable 
pores and cold cracks in the studied alloy, the tech-
niques were used, which are discussed below.

The initial selection of welding modes was car-
ried out on a set of 50×240×25 mm plates with non-
through and through penetration. To obtain an accept-
able formation of a facial weld bead, the specimens 
were welded by changing the parameters of the elec-

Figure 1. KL-211 installation. Device for assembling and weld-
ing gas valve simulator in two spatial positions: with horizontal 
(a) and vertical axis of rotation (b)

Table 1. Chemical composition of molybdenum TZM alloy

Elements Mo Ti Zr Al Si Cr La C O2 N2

wt.% ≤99.23 ≤0.53 ≤0.13 ≤0.046 ≤0.041 ≤0.013 ≤0.037 ≤0.031 ≤0.0092 ≤0.001
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tron beam focusing, its current and welding speed. 
In accordance with the recommendations [14], to in-
crease the deformability of the metal, preheating of 
the joint was used. The reference surface temperature 
was 900 °C. The following mode of electron beam 
heating of the welding zone was selected: accelerat-
ing voltage 60 kV, beam current 30 mA and heating 
time 12 min.

Each joint was welded separately, followed by 
cooling in vacuum for 30 min. After welding, me-
chanical tensile tests were performed on the speci-
mens at temperatures of 20 and 1200 °C.

The influence of the welding input energy per unit 
time was studied. Different welds were produced by 
varying the beam current from 30 to 60 mA and the 
welding speed from 5 to 15 mm/s. The use of the fo-
cused electron beam is not rational, since it does not 
allow obtaining the required shape of the penetration 
zone. An acceptable level of electron beam concentra-
tion reduction of ±7 mA of the focusing current from 
its value at a sharp focusing (measured at minimum 
beam power) was experimentally determined. The 

weld geometry was optimized by using technological 
electron beam scanning.

Modes of welding the nipple with the gas valve 
body and two cylindrical plugs on opposite walls of 
the same body were tested (Figure 2).

ANALYSIS OF RESULTS AND 
TECHNOLOGICAL RECOMMENDATIONS

MICROSTRUCTURE OF WELDED JOINTS 
OF Mo‒Ti‒Zr ALLOY
Due to the effect of the thermal cycle of welding, 
grain growth in the near-weld zone, thickening of in-
tergranular interlayers and their enrichment with im-
purities and a sharp increase in the brittleness of the 
metal in this zone occurs. The alloy is sensitive to the 
thermal cycles of welding and, above all, to the cool-
ing rate, which is associated with the precipitation of 
the second phase. Therefore, the orientation of the 
weld metal crystals, the shape of the grain boundaries 
and the level of residual stresses mainly depend on the 
welding speed.

It was found that low heat input (q = 320 J/mm) 
due to increased welding speed leads to significant 
grain refinement in the melting zone.

Reduction in the speed to lower than 5 mm/s 
(q = 540 J/mm) increased the formation of pores. In 
addition, more pores are fixed in the fusion zone than 
in the volume of the weld. Also, welds with a high 
“wedge-like” penetration and a large total width of 
the penetration zone are formed. With an increase in 
the welding speed, both the average size of pores and 
their number decrease. On the other hand, the welding 
speed was limited, because welding at a speed exceed-
ing 15 mm/s led to a decrease in the stability of the 
welded joint formation and the appearance of defects 
in the form of oscillations of the facial bead surface 
(Figure 3, c). At the same time, without scanning of 
the electron beam or at a small scanning width, a very 
sharp weld root with a high probability of root defects 
is naturally formed. By increasing the scanning width 
to 0.8 mm, a compromise was achieved between the 

Figure 2. Assembled parts of Mo‒Ti‒Zr alloy gas valve simulator

Figure 3. Penetration zone (×30): a — Vw = 5 mm/s, As = 0.8 mm, Iw = 45 mA, q = 540 J/mm; b — Vw = 10 mm/s, As = 0.8 mm, Iw = 
= 55 mA, q = 330 J/mm; c — Vw = 15 mm/s, As = 1.6 mm, Iw = 80 mA, q = 320 J/mm; d — with repeated penetration at Vw = 5 mm/s, 
As — 0.8 mm, Iw = 40 and 45 mA, respectively
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total width, the “wedge-like” shape of the penetration 
zone and the shape of the weld root (Figure 3, a, b).

In all the investigated weld penetrations, in addi-
tion to the macropores mentioned above, micropores 
were found in the weld metal. Defects are mainly 
globular in shape, but there are also single defects of 
irregular shape (Figure 4, a, b). The size of defects 
varies within 38‒375 μm.

In the HAZ and in the base metal of the studied 
specimens, single micropores were also found, as well 
as inclusions of various sizes and in large amount. The 
bulk of these inclusions has a size of 2.5‒5.0 μm, quite 
a lot of inclusions of 18‒20 μm and a small number of 
large inclusions of 37.5‒50 μm. The hardness (HV1) 
of the inclusions is in the range of 10180‒12500 MPa.

To confirm the influence of an increased content 
of gas impurities in the base metal on the weld poros-
ity, experiments on double metal remelting were con-
ducted. We performed experiments on double metal 
remelting: both welding passes at similar parameters, 
but the first pass at 0.8‒0.9 of the beam power at the 
second pass. I.e., at the second pass we completely re-
melted the weld metal from the first pass and touched 
a small interlayer of previously unremelted base met-
al. As was expected, in the center of the weld metal 
after remelting the number of pores decreased notice-
ably, but near the fusion zone there are still many of 
them as before (Figure 3, d).

Apparently, despite some «refining» of the weld met-
al as a result of the first pass, the high concentration of 
gases in the boundary interlayer and partial diffusion of 
gases from the base metal, as before, initiate the propa-
gation of pores, and increased gaps — cracks.

The structure of the weld in all the studied cases 
represents coarse grains, elongated from the center of 
the weld in the direction of heat removal (Figure 3). 
The size of grains in the weld at a welding speed of 
5 mm/s is 185‒250 μm, and at a speed of 10 mm/s — 
100‒180 μm. The weld microstructure is everywhere 
two-phase, consisting of a light α-phase matrix (solid 
solution based on molybdenum) and an excess phase 
in the form of small inclusions of irregular shape (Fig-
ure 5, a).

The hardness (HV1) of the weld metal at a weld-
ing speed of 5 mm/s is 2280‒2360 MPa, and near the 
fusion line it decreases to 2060 MPa. The hardness 
of the weld metal at a welding speed of 10 mm/s is 
somewhat higher — 2360‒2660 MPa, and near the 
fusion line — 2280 MPa, respectively. The fusion line 
is not pronounced.

The HAZ microstructure is two-phase with em-
beddiments of inclusions described above (Fig-
ure 4, b). The grain size at a welding speed of 5 mm/s 
is 90‒125 μm, the hardness (HV1) is 2210‒2270 MPa, 
and at 10 mm/s — 60‒100 μm and 2180‒2430 MPa, 
respectively. The structure of the base metal is fibrous, 
retains the deformation texture, consists of two phases 
and precipitations (inclusions), the grains are not pro-
nounced (Figure 4, c), the hardness (HV1) of the met-
al is in the range of 2790‒3220 MPa (Figure 6).

All welded joints of a gas valve require a relatively 
small depth of partial penetration, namely 3‒4 mm. 
With an increase in the thickness of the welded met-
als, serious difficulties arise due to overheating of the 
weld metal, an increase in HAZ and, as a result, the 

Figure 4. Defects in weld metal (a), defects in HAZ metal (b) (×200)

Figure 5. Typical structure of weld metal (a), HAZ metal (b), base metal (c) (×200)
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formation of pores and cracks. The use of the elec-
tron beam scanning technology made it possible to 
obtain the required shape of the penetration zone with 
a much lower tendency to porosity formation.

Taking into account the results of the choice of 
modes on plane specimens, a number of welding 
experiments were carried out to select and work out 
the welding modes of gas valve parts, namely three 
joints: a nipple with a valve body and two plugs on 
the opposite walls of this body. Two 16-mm diameter 
plug holes and one nipple connection were welded to 
a casing hole of 20 mm diameter. To exclude possible 
crystallization cracks, the shortest possible sections 
of the electron beam current input and output were 
selected. The actual valve parts were assembled in a 
device that allows welding of all parts of the assembly 
simultaneously.

GENERAL SEQUENCE OF WELDING-ON 
FITTINGS TO THE VALVE BODY
Welding algorithm: increment in the welding current 
to the specified value, holding this current constant 
during a 360° angular welding movement, then over-
lapping the initial section and, finally, gradual reduc-
tion in the welding current. The overlap length was 
chosen to prevent lack of penetration in the initial 
section of the joint and to prevent the formation of an 
end crater.

Parameters of local tacks (sections 10 mm each): 
beam current — 25 mA; beam focusing current — 
560 mA; movement speed — 5 mm/s; circular beam 
scanning diameter — 1.0 mm.

The operation for preparing preheating of the butt 
remained relevant. To provide a uniform heating of 
the body and nipple, the electron beam was shifted 
from the butt towards the body by 8 mm. Heating pa-
rameters: beam current — 25‒30 mA; beam focusing 
current — 500‒510 mA. Movement speed — 5 mm/s; 
circular beam scanning diameter — 8 mm; number of 
passes — 15; reference temperature on the surface — 
900 °C.

After heating, the subprograms for continuous 
tack welding and full penetration were run sequential-
ly. Parameters of continuous tack: welding current — 
25 mA, focusing current — 510 mA. Welding speed: 
5 mm/s. Beam scanning — diameter circle of 1.0 mm.

Welding mode parameters were changed within 
the following limits: welding current — 30–48 mA, 
welding was performed with a defocused electron 
beam, focusing current — 560 mA. The welding (ro-
tation) speed was 7‒10 mm/s. Beam scanning — a 
circle with a diameter of 0.5‒1.0 mm (Table 2).

Figure 6. Average hardness of different welded joint zones at 
EBW and in the base metal

Table 2. Parameters of preheating and EBW modes for gas valve parts

Parameters of preheating on the surface

Nipple (bushing) Plugs

Temperature — 900 °C; 
Number of passes — 15; 

Rotation speed — 5 mm/s; 
Current — 25‒30 mA; 

Beam scanning — 8.0 mm circle, 
the beam is shifted at 8 mm towards the body from the joint; 

Focusing current — 500‒510 mA

Temperature — 900 °C; 
Number of passes — 15 first, 10 second; 

Heating time — 10 min; 
Rotation speed — 7 mm/s; 

Current — 5‒8 mA; 
Beam scanning — 2.0 mm circle; 

Focusing current — 500 mA

EBW stages

EBW stage parameters

Nipple (bushing) Plugs

Vw, m/s Iw, mA If, mA Beam scanning, 
appearance, size, mm Vw, m/s Iw, mA If, mA Beam scanning, 

appearance, size, mm

Short tacks (10 mm) 5 25 560 Circle, 1.0 5 25 510 Circle, 1.0
Solid tacks 5 25 570 Circle, 0.5 5 25 560 Circle, 0.5
Main weld 7‒10 45‒48 560 Circle, 0.5 10 40 560 Circle, 0.5

Smoothing pass 12 30 700 10 12 30 700 10
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During the assembly, it was found that the gap val-
ue between the gas valve parts to be welded reached 
0.1 mm, which does not meet the requirements spec-
ified for assembling units for EBW made of molyb-
denum alloys. The initial condition of providing the 
accuracy of the butt assembly was not met. Due to 
an increased gap in the butt during assembly, the risk 
of arising shrinkage cracks and root defects in the 
area with a crater increased. Nevertheless, the valve 
fittings were welded. Repeated penetration allowed 
forming the upper bead, but to correct the root de-
fects, it was necessary to drill out the plug and insert 
a new part with a subsequent rewelding. Such a long 
and labour-intensive process was recognised as poor-
ly manufacturable and was not considered further.

The research results showed that low heat input 
helps to delay pore growth and reduce grain size in 
the melting zone. The heat input was decreased by re-
ducing the welding current, increasing the speed to a 
certain limit and optimizing the shape and sizes of the 
electron beam scanning.

Preparation of end surface of edges to be welded 
to reduce the porosity is necessary but not sufficient. 
In addition, preheating and remelting of this joint 
turned to be ineffective as a method of combating 
metallurgical pores. These operations do not solve the 

problem of increasing the ductility of a welded joint, 
but they were not cancelled due to the possible pros-
pect of having a positive impact on the rate of phase 
and structural transformations without deteriorating 
the weld structure. It was necessary to search other 
ways to improve the weld quality. Difficulties that ap-
peared during forming welds on gas valve parts made 
it necessary to change the design of the welded joint 
body-nipple and body-plugs.

It is known that one of the widely used techno-
logical methods aimed at increasing the resistance of 
the weld metal to pore formation and crystallization 
cracks is the change in the penetration shape (ratio 
of weld width to penetration depth). The carried out 
studies have shown challenge in terms of joining with 
flanging of welded edges, where primary crystallites 
are joined by side faces rather than apexes in the pro-
cess of melt solidification. Such welds are more resis-
tant to cracking.

STAGES OF WELDED 
ASSEMBLY MODERNIZATION
In the process of step-by-step changing in the assem-
bly scheme and the design of the welded assembly, a 
solution was found to improve the manufacturability 
of the welding process. Figure 7, a‒c shows the se-

Figure 7. Three stages of modernization of the assembly welded joint design: fish-mouth welding of the nipple with the body is re-
placed by a scheme with a “collar” fused to the nipple wall, the body with plugs is fish-mouth welded (a), the nipple is modified for 
welding with an inclined electron beam (b), modernization of fitting joints in the form of flanging the joint edges (c)
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quence of step-by-step transformation of joint vari-
ants, which was carried out as a result of the carried 
out studies.

Variant “b”. The deflection angle and focus loca-
tion of the electron beam have been clarified. It became 
possible to weld three butts within one evacuation of 
the welding chamber. However, the subsequent weld-
ing of gas valve parts, fittings and plugs, due to inac-
ceptable gaps in the butt, did not provide the required 
tightness, as was shown by hydraulic tests. Therefore, 
it was proposed to fit the H7/p6 joint, which provides 
a small guaranteed tension in the joint. The operations 
to eliminate the gap in the butt joints before welding 
by high-precision grinding of gas valve parts provid-
ed the highest guaranteed tightness of the joint by ob-
taining the required fit.

Variant “c” was accepted as the basic one, and the 
drawings of gas valve parts were made in accordance 
with Figure 7, c. This variant simplifies the position-
ing of a part before welding. There is no need to weld 
with an inclined beam, as was assumed in one of the 
previous schemes.

All welds made with a “tight” joint (without a gap 
in a butt) had a fairly stable formation of the outer 
bead (Figure 8).

The advantages of this joint design include, first of 
all, the fact that it allows radically reducing the heat 

input during welding. The use of edge flanging makes 
it possible to achieve the most favourable ratio of the 
pool depth to its width. I.e., welding can be performed 
with a fairly wide and shallow weld at a moderate 
electron beam concentration. The presence of root 
defects in this case is not significant. Due to the ther-
mophysical properties of the molybdenum alloy, the 
penetration shape of such welds in the cross-section 
remained rather wedge-shaped, but with a rounded 
root part. Figure 9 shows penetration shapes on the 
selected welding modes.

 Selected modes for producing circumferential 
welds of joining fittings to the valve body:

● for plugs — Vw = 10 mm/s, focusing cur-
rent 560 mA, beam scanning As = 0.5‒0.8 mm, Iw = 
= 45‒55 mA;

● for nipple — Vw = 7 mm/s, focusing current 
570  mA, beam scanning As = 0.8‒1.0 mm, Iw  = 
= 30‒45 mA.

Molybdenum is very sensitive to undercuts and 
therefore, they should be avoided as well as craters. 
The use of an additional smoothing pass reduces pos-
sible stress concentrators (including undercuts) and 
porosity in the most dangerous near-surface area. A 
smooth transition from the weld to the base metal is 
provided. The weld width is uniform, the surface is 
smooth and mirror-like on the facial side, and craters 
are absent.

Figure 8. Formation of circumferential welds with edge flanging, 
imitating nipple-body and plug-body joints

Figure 9. Cross-sectional view of the penetration zone under selected modes of producing circumferential welds: a — for plugs: Vw = 
= 10 mm/s, As = 0.8 mm, Iw = 55 mA; b — for nipple: Vw = 7 mm/s, As = 0.8 mm, Iw = 30 mA; c — the same with a smoothing pass 
Vw = 10 mm/s, Iw = 45 mA

Figure 10. Tensile test specimen
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The prospect of using welding modes with adjust-
able distribution of the electron beam power density 
along the butt edges by rapid oscillation from one ex-
treme position to another is noted [15, 16].

Accordingly, the mode of smoothing passes along 
the facial side of the preliminary cooled weld: Vw = 
= 12 mm/s, focusing current — 700 mA, transverse 
beam scanning with adjustable distribution of its pow-
er density along the scanning trajectory As = 10 mm, 
Iw = 30 mA.

The disadvantages of the above design may include 
the difficulty of manufacturing welded assemblies and 
the inability to weld the entire assembly within a one 
evacuation.

The technological process of joining gas valve 
parts was completed by heat treatment in a furnace 
for a complete removal of residual welding stresses. 
Treatment mode: heating rate 25 °C/min = 0.42 °C/s 
to a temperature of 1150 °C, holding within 60 min, 
cooling in the furnace.

After welding and heat treatment, X-ray inspection 
of welded joints was carried out. The X-ray inspection 
showed a maximum pore diameter of 0.723 mm. The 
minimum distance between pores is 4.345 mm. Each 
valve has three welds. After the works on moderniza-
tion of the design of welded assemblies and optimiza-
tion of the welding mode, the number and size of pores 
became non-critical for the gas valve serviceability. 
X-ray inspection of the welds showed the maximum 
pore diameter in the range of 0.35‒0.43  mm. Their 
number and sizes do not exceed the requirements of 
the technical specifications.

The hydraulic tests were also carried out on the 
welded gas valves. All valves passed the tests suc-
cessfully. The pressure of 20 MPa was maintained for 
2 min without leakage, which meets the requirements 
of the technical assignment.

After testing the welding technology for the new 
design of the assembly joint, as well as mechanical 
tests on industrial specimens, this design and the pa-
rameters of EBW welding of gas valve joints of real 
valve parts were finally selected.

Conclusions
1. Porosity is a complex problem in fusion welding 
of molybdenum and its alloys because of the already 
existing inner defects, first of all related to the pow-
der metallurgy process. Preheating of the butt with a 
defocused electron beam leads to an overall volume 
expansion of the future welding zone and facilitates 
the removal of surface contaminants from adsorbed 
gases. The latter can significantly reduce the forma-
tion of pores, but does not guarantee their complete 
elimination.

2. The carried out experiments confirmed that the 
formation of metallurgical pores in EBW, in addition 
to the influence of harmful gas impurities, is closely 
related to the assembly conditions, welding speed and 
weld cross-sectional shape. Preparing end surface of 
the welded edges and the accuracy of the butt assem-
bly are essential conditions for producing a high-qual-
ity welded joint, especially with a satisfactory combi-
nation of strength and ductility.

3. The results of the analysis of the mechanical 
properties and structural state of the welded joints 
confirmed the correct choice of welding mode param-
eters with minimum values of the input energy and 
adjustable distribution of power density of the elec-
tron beam scanning trajectory. The use of this mode 
made it possible to reduce the grain size and a num-
ber of voids in the melting zone. This shortens the 
length of the heat-affected zone, reduces the size of 
crystallites, and changes the crystallization pattern of 
the weld metal, which has a favourable effect on the 
mechanical properties of welded joints, and especially 
on the low-temperature ductility.

4. To obtain the required quality of welds, chang-
es were made to the design of the gas valve welded 
joints. A series of welding experiments on the joints 
of gas valve parts made it possible to modernize the 
design of welded assemblies using flanging of welded 
edges, which allowed producing serviceable circum-
ferential welded joints.
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