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Such a wide range of structural materials: highly alloyed steels, iron alloys alloyed with nickel,
chromium, manganese, aluminum, silicon with high corrosion and heat resistance, heat resistance,
refractory materials and alloys based on them, silicide — graphite, corundum, etc. is due to the need to
ensure operational conditions armature work. They should include physical-mechanical, thermal-physical,
metallurgical, chemical, radiation, electrical, metrological, and resource indicators.

This, at the very beginning, should be understood as ensuring the specified operational resource of
the product under conditions of shock thermal, mechanical, and other physical loads of the measured
environment by the mechanical strength of the armature material in a wide temperature range, its high
resistance to structural and phase transformations in heating and cooling cycles, the minimal influence of
its own thermophysical parameters on the metrological reliability and inertia of temperature measurements,
minimal chemical and radiation reactivity to the environment, insensitivity to the chemical composition of
the thermoelectric insulation, a given level of electrical conductivity if the armature is used as one of the
thermoelectrodes, and, conversely, high insulating electrical resistance to them branches, tightness.

Molybdenum and alloys based on it serve as an acceptable structural material for TC fittings for the
temperature range higher than 1000 °C. Technically pure molybdenum for the manufacture of welded
tubular fittings with a typical wall thickness of 1-20-10* m is not used due to its high reactivity to the
controlled environment at elevated temperatures, which is accompanied by its saturation with products of
interaction with gases (perceptible starting from the range of 371-538 °C and above) [ 3, 7].

Technological processing of such materials, especially with the involvement of thermal welding
processes, which to a certain extent reproduce the thermo-deformation load cycle during real measuring
work of the TC, is critical for the final results of the product manufacturing. The latter requires strict
consideration of both the choice of the welding method and the technological methods of its
implementation.

An indicator of the optimality of the welding technology for such materials is the mechanical
characteristics of the joint zone at a given temperature of the transition to plastic-brittle failure of the
structure.

Object and subject of research

The purpose of the work is to optimize the technological solution for the production of welded
molybdenum tubular fittings of heat exchangers (TC) by electron beam welding (EBW) and those that
work at high temperatures and internal pressure, ensuring the necessary level of density of the material of
the welding zone and its mechanical characteristics.

The main tasks of the work should include:

— the effect of the initial state of the material on the defectiveness of the welded joint;

— the influence of the setting parameters of the EBW mode on the mechanical properties of the
welding zone;

— calculation justification for the selection of the area of acceptable welding modes with the
determination of the most influential on the connection indicators;

— substantiation and selection of test methods of welded joints of fittings for crack resistance and
tightness;

— the effect of simulated temperature loads on the degree of cold fracture (fragility) of welded joints
of fittings on their mechanical indicators.

Purpose and objectives of the study

The object of research is the welded joints of tubular elements of fittings made of molybdenum MY
microstructures obtained by electron beam welding (EBW) technology.

The subject of work research is the compliance of welded joints with certain requirements for
resource operation of tubular fittings in terms of mechanical and hermetic parameters.
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The practical significance of the obtained results

As a result of the work, data were obtained on the sensitivity of the EBW results, with strict
maintenance of its parameters, to the structural purity of the input material in terms of the formation of hot
and cold cracks and negative changes in the mechanical characteristics of the metal of the welding zone.

Calculation approaches to establishing the region of optimal values of the setting parameters of the
welding mode are demonstrated.

Proposed methods of testing the mechanical properties of welded tubular fittings with simultaneous
simulation, relative to the operating cycle, temperature load, and its effect on the crack resistance of the
product.

Analysis of literary sources

The assessment of the suitability of the use of the material in the structure according to certain
indicators of its performance, provided that such material is subjected to welding technologies in the
process of manufacturing the product, is weldability. The latter represents a comprehensive indicator of
ensuring a given level of functionality of the TP, as well as the degree of technological damage to the
material of the armature during its manufacture.

Weldability can be considered both physical and technological. Taking into account the crystalline
structure and the level of interatomic bonding, molybdenum fully meets all the criteria for good physical
weldability.

However, ensuring acceptable technological weldability — the density of the material of the welding zone
with a certain level of transition to the elastic-plastic state (low-temperature plasticity) is quite a difficult task.
The difficulty lies in the need to take into account the initial state of the material (structural and metallurgical
features, the presence of impurities, previous processing technologies, etc.), the relationship between the grain
structure, the crystallographic structure and mechanical properties, the change (degradation) of the above
parameters under the influence of the thermo-deformation cycle of welding [10, 11].

Due to the special physical propertics of molybdenum (high melting point, high thermal
conductivity, and volumetric heat content, etc.), the latter is an acceptable structural material for TC
fittings. However, when welding technologies are applied to it, it requires locally concentrated welding
heating sources and maximum protection of the welding zone from the surrounding metal-active
environment [8, 9, 11-14].

The main problem of ensuring the given resource performance of products is insufficient plasticity of
the material of the welding zone, which is caused by the delamination of the base metal in the fusion zone,
fragility due to saturation of the liquid metal of the welding bath with impurities above their solubility
limit, high sensitivity to grain growth, gas saturation even at temperatures lower than the melting
temperature (the rate of oxidation of molybdenum increases sharply at temperatures higher than 816 °C),
the formation of hot and cold cracks.

An increase in the content of rooting impuritics contributes to a continuous increase in the
temperature of the plastic-brittle transition (cold brittleness) |2, 3, 8-10].

An increase in the oxygen content in molybdenum alloys can cause welding defects such as seam
leakage (pores and hot cracks at an oxygen content of more than 0.009 % by mass), as well as a sharp
increase in the temperature threshold of brittle failure. The latter is explained by the increased
concentration of oxygen in the fusion zone with the release of molybdenum oxides along the grain
boundaries [6, 10].

Molybdenum does not create stable hydrides, that is, welded joints are not prone to hydrogen
embrittlement, but excessive saturation of the liquid metal of the weld leads to the development of the
process of pore formation [1].

An increase in the nitrogen content in the metal from 0.002 to 0.055 % by mass increases the
threshold of the plastic-brittle transition from 310 K to 350 K. Like oxygen, nitrogen segregates along
grain boundaries [6].
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This mechanism of the negative influence of oxygen and nitrogen is explained by their high
adsorption capacity and significant energy of connection with grain boundary surfaces. The maximum
allowable values of oxygen and nitrogen content are 0.002 % by mass and 0.005 % by mass, respectively.

The effect of carbon on low-temperature plasticity (plastic-brittle transition) is estimated in different
ways: molybdenum carbides are located in the form of a continuous intercrystalline layer or film along the
grain boundaries and sharply crumble the weld metal, even more intensively than oxygen; the expected
reduction of the cold fracture threshold is ensured only with a maximum carbon content of no more than
0.01 % by mass [10].

On the other hand, with a carbon content of up to 0.06 % by mass, such carbides are formed in the
form of a fine intergranular phase and in the grains themselves in the form of localized small clusters
without breaking the bond between the grains themselves. Positive carbon content is also noted for
inhibiting the beginning of the metal recrystallization process at high temperatures [2].

The structural state of the source metal significantly affects the properties of welded joints due to the
crystallographic heredity of the texture of the heat-affected zone and the base metal and their reactivity to
temperature changes: when working in high-temperature zones, recrystallization processes are observed in
fittings made of molybdenum alloy MYBIT.

The latter, due to the thermal inertia of the material, has a directed direction from the surface to the
depth of the wall thickness. In this way, an uneven grain-size structure is formed, which causes a
significant mechanical deformation state of the tubular shell, which also contributes to the redistribution of
impurities along the cross-section of the pipe wall and brittle failure [2].

Results and discussion

When choosing a welding method, the following is taken as a basis: a) locality and intensity of heat
input; b) reliability of protection of the welding zone from active gases; ¢) spatial minimization of the zone
of residual welding stresses and deformations; d) given seam geometry; ¢) indicators of mechanical
deformability (flattening), as estimates of joint plasticity and tightness of the product as a whole.

These requirements are met by electron beam, laser, and argon arc welding (EBW, LW, TIG). The
first two methods, as surface sources of heat release, provide high intensity and concentration of heat input,
which allows for an increase in the welding speed and thereby reduces the time of existence of a small
volume of the welding bath [11-14].

A positive thing is the reduction of the zone of thermal influence, the size of the crystals with a
change in the crystallization scheme of the weld metal (planar crystallization). All other things being equal,
the LZ of molybdenum alloys requires an additional technological arrangement for comprehensive
protection of the welding zone from the air. EBW is carried out in a vacuum at a residual pressure of no
more than 0.013 Pa, which removes the problem of saturation of the seam with rooting impurities. In the
process of welding in a high vacuum, the metal of the welding zone is partially refined from gas impurities,
which contributes to the quality of the welded joint.

The geometric dimensions of the seam with EBW in comparison with TIG unequivocally indicate its
positive side, despite the complexity of the technology and equipment (Table 1).

Welding was carried out on the UELS-925M unit, modernized for welding tubular fittings. Parts
before welding consist of a minimum permissible gap (no more than 5 % of the wall thickness) and an
axial eccentricity of no more than 2 % of the wall thickness; practical for wall thicknesses up to 3 mm,
gaps and eccentricities are not acceptable. The welding is continuous without filler wire, the formation of
the seam is only due to the melting of the base metal with complete penctration of the wall thickness. An
inflow of the root of the seam no more than 5 % of the wall thickness was considered acceptable.

Researched materials: rods and reinforcing tubes with a diameter of 8 mm made of molybdenum
with a wall thickness of 0.5-3 mm. The rod was threaded under the inner diameter of the tube as a dowel.

All recommendations for the selection of welding mode parameters are based on the need for
optimization experimentation specific to each case, although there are certain general methodological
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The test temperature of 1200 °C is the most indicative of the influence of the welding mode on the
flattening results — with a beam current of 10-20 mA and a speed of its movement of 5-10 m/h, the value
of h = 3.2-4 mm, that is, the samples were deformed without the appearance of cracks up to 3 mm in size.

Reducing the current of the beam with a simultancous increase in its speed, the amount of
deformation without the appearance of a crack reaches 7 mm.

High values of crumpling of the samples, the welding of which took place at a speed of 10 m/h and
higher, demonstrate destruction either by the base metal or by the fusion zone. Here, the optimal setting
parameters should be taken: acceleration voltage 20 kV, beam current 20 mA, speed 10" m/h.

In this case, at a high value of the strength limit of 580 MPa, the plasticity of the welded joint
reaches 5.4 % due to the symmetrical elongation of the base metal from the seam.

Reducing the welding speed to 5 m/h at the same current values provides a soft welding mode with a
seam width of up to 4 mm.

Leakage tests for the selected optimal EBW modes give a negative result — the welding zone has no leaks.

Conclusions

Despite the advantages of clectron beam welding (EBW), even with optimal technological
parameters of the formation of the welded joint, the metal of the latter remains extremely sensitive to the
structurally contaminated state of the input material.

The main parameters of the regime when welding tubular molybdenum fittings are the beam current
(10-15 mA) and the speed of its movement (5 m/h) with the condition of strictly maintaining the
acceleration voltage of 20 kV. The joint calculation of EBW parameters using a set of existing methods
does not give an unambiguous solution, but allows to outline the range of their acceptable values for
further experimental refinement.

The proposed methods of testing welded fittings according to mechanical parameters and resistance
to crack formation with simultancous simulated application of operating temperature load (500-1200 °C)
initiate the detection of cracks and provide information on the actual strength and plasticity of the metal of
the welding zone in real conditions of operation of the fittings.
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