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ELECTRON BEAM WELDING 
 

Technology of electron beam welding of pressure vessels made of steel 
30KHGSA 

Andrei P. Sliva, Aleksei L. Goncharov, Viktor K. Dragunov, Egor V. Terentyev 

 
Technology of manufacturing of welded structures from 30KhGSA steel for high-pressure vessels is 

developed. This technology provides qualitative formation of welded joints, including electron beam 
welding, heat treatment and ultrasonic quality control with using phased array and TOFD methods. 
Electron-beam welding conditions for imitators of welds with using of electron beam scanning along a 
circular trajectory are selected. They allow to obtain high-quality welded locking butt joints without 
formation of such defect as formation of peaks in the root of welded joint. Welded joints were put to 
tensile tests; also metallographic studies of weld metal structure, heat-affected zone and base metal were 
done. Characteristics of metal’s strength and plasticity in local zones of welded joint (metal of welded 
joint, heat-affected zone) are determined with the help of ball’s indentation. There was established that 
heat treatment of welds leads to more uniform distribution of mechanical properties. Metallographic 
studies and mechanical tests have shown that in the area of welded joint’s closure structure and 
mechanical properties are identical to metal of welded joint. 

Key words – electron-beam welding, microstructure, macrostructure, welded joints, non-
destructive testing methods, tensile tests, static tension. 

Технология на електроннолъчево заваряване на съдове за високо налягане, направени 
от стомана 30KHGSA (Андрей П. Слива, Алексей Л. Гончаров, Виктор Л. Драгунов, Егор В. 
Терентиев) Разработена е технологията на производство на заварени структури от 
стомана 30KhGSA за съдове под високо налягане. Тази технология обезпечава качествено 
формиране  на заваръчно съединение, използвайки ЕЛЗ, термообработка и качествен контрол 
на шева с ултразвук. Подбрани са параметрите на ЕЛЗ на имитатори на шева със сканиране 
на лъча по кръгова траектория. Те позволяват да се получи висококачествен край на шева, при 
заваряване на две плочи  с допрени краища, без да се формира дефект - пик в корена на шева.  
Шевовете бяха подложени на тестове на разтягане, металографски тестове на метала на 
шева, на термично-повлияната зона и на основния метал. Характеристики на якостта и 
пластичността на метала в локалната зона на шева (шева и термично-повлияната зона) са 
определени с помощта на топче. Установено бе, че термообработка на шева води до по-
равномерно разпределение на механичните свойства. Металургичните изследвания и 
механичните тестове показаха, че в края на шева микроструктурата и механичните 
параметри са идентични с тези на самия шев. 

 

Introduction 

High-strength steel 30KhGSA (С = 0.28 – 0.34%, 
Si = 0.9 – 1.2%, Mn = 0.8 – 1.1%, Ni < 0.3%,  

Cr = 0.8 – 1.1%, Cu < 0.3%, Fe ≈ 96%,                 
S < 0.025%, P < 0.025%), developed in All-Russian 
Institute of Aviation Materials for manufacturing of 
power welded structures in aircraft construction, is 

now actively used in other industries for 
manufacturing of critical welded structures working at 
oscillatory loads at low temperatures [1]. For example, 
in the oil and gas industry this steel is used in the 
manufacture of welded pressure vessels, and it should 
be noted that typical form of limiting state of such 
vessels is destruction or damage as a result of crack’s 
development. Usually these cracks originate in welded 
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joints or in heat-affected zone [2-4]. Therefore, 
improvement of quality and reliability of welds, made 
of 30KhGSA steel, is still an actual problem for today. 

The main problem of obtaining high-quality welds 
from steel 30KhGSA is increased tendency to 
cracking as a result of appearance of nonequilibrium 
quenching structures in welded joint and heat-affected 
zone (martensite, bainite) with high hardness and low 
plasticity, as well as high welding stresses. In the case 
of arc welding of rigid connections, as well as large-
thickness joints, it is recommended to use pre-heating 
or concurrent heating up to 250 – 350 °C temperatures 
[5] and intermediate heat treatment operations [6] to 
prevent the formation of cold cracks [6], but these 
operations  are also not always ensure high 
productivity and quality of welded joints. Using of 
electron beam welding (EBW) makes it possible to 
obtain welded joint of large thickness for one pass 
with a small heat-affected zone and minimal welding 
deformations. So we can reduce the probability of 
crack formation and weld without pre-heating or 
concurrent heating. In addition, vacuum protection of 
weld pool contributes to increased reliability of 
welded joints, because it eliminates the appearance of 
such defects as pores and slag inclusions. Also, it 
should be noted that for electron-beam welding no 
special cutting of the edges is required, and weld 
metal has a chemical composition identical to base 
metal, since the process of welding is performed 
without participation of filler metal [5, 7]. 

The purpose of this work is to develop a 
technology of electron beam welding and quality 
control of lock welded joints of cylindrical shells with 
joint thickness of 14 mm made of 30KhGSA steel.  

Method of study 

In the absence of pre-heating, welding rate directly 
determines cooling rate of metal and thereby 
determines structure of weld and heat-affected zone 
after electron-beam welding. High-strength steels, 
which include 30KhGSA steel, with a thickness of 
welded edges up to 20 mm can be welded by means of 
an electron beam without using of pre-heating at 
speeds up to 25 meters per hour [5, 6]. 

Electron-beam welding was produced at electron-
beam plant with an EBA-40I power complex (with 
accelerating voltage of 60 kV) at a speed of 15 meters 
per hour. Selection of welding conditions (beam 
current Ip, focusing current If) was carried out on 
plates 22 mm thick for the given welding rate. 
Focusing current was selected in such a way as to 
obtain the maximum penetration depth with these 
parameters. It is established that at a beam current of 

Ip = 80 mA and at a focusing current of If = 765 mA, 
maximum penetration depth reaches 22 mm, however, 
formation of peaks in the root of welded joint could be 
observed at such welding conditions (this defect is 
typical for electron-beam welding with deep 
penetration). The reason of formation of such defect is 
small size of steam and gas channel at the root of 
welded joint and high rate of metal’s crystallization, 
(that’s why these peaks are also called «cold shutter»). 
In the presence of such defect variations in the 
penetration depth can reach considerable value [5] and 
cause periodically occurring non-melting in the root of 
welded joint during the process of locking butt joints 
welding. 

To reduce the variation in penetration depth, 
various types of beam scanning; they realized with the 
help of magnetic deflection systems [5, 8]. In this 
case, electron-beam scanning along a circular 
trajectory with a frequency much higher than proper 
frequencies of oscillations of weld pool and vapor-gas 
channel was used. Such frequency makes it possible to 
change distribution (smooth it out) of power density in 
the heating spot. Depth of penetration is reduced up to 
18 mm at scanning amplitude of 0.5 mm and reduced 
up to 16 mm at scanning amplitude of 1.0 mm. Width 
of welded joint increases up to 2.1 and 2.5 mm, 
respectively. To form a welded joint with parallel 
walls and rounded root, smooth out stresses in welded 
structure and reduce probability of appearance of root 
defects, welding mode with scan amplitude of 1.0 mm 
at a frequency of 500 Hz was selected. However, to 
increase the penetration depth up to 18 mm, beam 
current was increased up to 90 mA, which was 
necessary to ensure weld penetration of joint at a 
depth of 14 mm and to avoid the influence of possible 
deviations from the parameters of welding regime on 
the quality of welded joint. In this case root part of 
welded joint will be in the ledge of locking butt joint 
and will not affect on the strength of welded structure. 

Since the conditions of the formation of welded 
joints on the plates and on the product with 
circumferential weld are significantly different, some 
weld simulators have been welded for checking 
selected regimes and performing metallographic and 
mechanical tests. Technology of welding simulators 
and products included preparation of the joint 
(cleaning, rubbing, etc.), demagnetization, and 
assembly of welding parts with the help of a special 
device that ensures reliable fixation of welding parts 
relative to each other. After that, prepared assembly 
was installed in technological equipment, which 
ensured attaching and rotation of welded structure in 
vacuum chamber. Then after monitoring axial and 
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radial run-out, prepared assembly was loaded into 
vacuum chamber. Before the process of electron-beam 
welding beam was pointed to the joint with the help of 
video surveillance system, which allowed to control 
the joint by signals of secondary electron emission, 
and also tack welds of welded joints by means of an 
electron beam were carried out. Tack welds were 
carried out in two stages: on the first stage 4 tack 
welds, which length was 30 mm, were carried out at a 
current of 20 mA, and on the second stage tack welds 
were carried out with displacement of 45° relatively to 
the first at a current of 40 mA. Process of electron-
beam welding of welded joint included: smooth exit to 
welding mode, carrying out of the main part of welded 
joint, ring closure at the zone of exit to welding mode, 
overlapping of the joint and smooth exit from welding 
mode. Then welded structure was kept in a vacuum 
chamber for 12 hours, and after this time heat 
treatment was carried out (tempering during 2 hours at 
a temperature of 650 °C). 

Different samples from simulators were prepared 
for tensile tests, carrying out of metallographic 
studying of weld metal, heat-affected zone and base 
metal structures, and also studying of mechanical 
properties of various zones of welded joint with using 
of non-destructive testing methods. 

Microstructure was studied with using of an optical 
microscope, called ZeissObserverZ1m. Prepared 
micro-section was etched in a 5% solution of nitric 
acid in ethyl alcohol during 5 – 10 seconds for 
detection of its microstructure. 

Evaluation of mechanical properties of welded 
joints was carried out by means of tensile tests of 
welded joint and by measuring of hardness. Tests of 
standard cylindrical five-fold samples with nominal 
diameter of its working part d0 = 6 mm were carried 
out by means of stretching in accordance with State 
Standard № 6996-66 “Welded joints. Methods for 
determining of mechanical properties” (Russia).  

Samples were cut out from base metal in the state 
as it was received and after heat treatment, as well as 
from welded joint in transverse direction relatively to 
welded joint, in the state after welding and after heat 
treatment. Welded joints on samples, which were cut 
out from welds, were placed in the middle of working 
length of these samples. 

Tensile tests of welded joint make it possible to 
determine strength characteristics only at the weakest 
point of welded joint and give an indirect evaluation 
of plasticity characteristics of welded joint as a whole. 
Therefore, for more detailed study of mechanical 
characteristics in local zones of welded joints, non-
destructive testing method was used, based on ball’s 

indentation into metal surface.  
During these tests, special hardness characteristics 

were determined, such as hardness at the yield 
strength HB0.2 and hardness at the yield stress HBB, 
according to which offset yield stress σ0.2 and ultimate 
tensile stress σВ [9, 10] meanings were calculated 
accordingly. These tests were carried out on certified 
device MPEI-T7. 

For determination of plasticity characteristics, such 
as relative ultimate uniform elongation δp and relative 
final narrowing δ5, were used following correlations: 
δр = f(HB2.5/187.5/5) and δ5 = f(HB2.5/187.5/5) (they 
were obtained in Moscow Power Engineering Institute 
(MPEI). Mechanical characteristics were determined 
at 7 – 9 points, located in different zones of weld on 
each of three samples. 

 
Fig. 1.  Weld’s macrostructure after heat treatment. 

Welding mode: Ip = 90 mA, If = 765 mA, welding rate        
V =15 meters per hour, frequency of scanning  
f = 500 Hz, amplitude of scanning A = 1.0 mm. 

All studies were carried out on three samples-
micro-sections, which were cut out from the weld in 
transverse direction relatively to welded joint. Sample 
No. 1 was cut out from the weld of steel in the state as 
it was received, and samples № 2 and № 3 were cut 
out from the weld after its heat treatment (sample № 3 
was cut out from re-melting zone). 
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Fig. 2. Structure of various zones of the weld, 100х.

Besides that, Vickers hardness HV5 distribution 
was examined in each of samples (step of this 
examination was equal 0.5 mm) in three different 
cross-sections of welds: at the top of welded joint, in 
the middle and at its root. 

For control the quality of welds were used such 
ultrasonic non-destructive testing methods, as control 
with using phased arrays and control by means of 
Time of Flight Diffraction (TOFD) method. 

Method of control with using phased arrays was 
chosen due to limited area of ultrasonic transducer 
location on the surface of monitoring objects. This 
method allows to carry out control at the angle of 
entry from 35° to 75° without moving transducer 
relatively to the center of weld. The echo-pulse mode 
of phased arrays is based on reflection of sound wave 
from defect, so weld cracks, which are located at some 
angle to wave’s front, can’t be detected by this 
method. 

TOFD-method has a higher sensitivity, it allows to 
determine different geometric parameters of defects 
more accurately and to reveal vertically oriented weld 
cracks, located both along and across welded joint. 
This is achieved due to the fact that TOFD-method is 
based on the principle of diffraction, and defect’s 
orientation does not affect on the amount of energy 
entering the receiving channel [11]. However, TOFD-
method can’t be used as the main and only method 
due to methodical limitations and presence of dead 
zones near control surface and bottom surface. 

The main features of using such tandem control 
(echo-pulsed method of control with using phased 
arrays and TOFD-method) are: ability to achieve high 
accuracy in measurement of geometric parameters of 
defects; independence of defect detection from its 
angular position; rejection of defective zones both by 
amplitude criterion and by size of discontinuity flaws; 
high control rate; digital recording, documentation and 
storage of monitoring results. 

For echo-pulsed method of control with using 
phased arrays 16-element converter X2-PE-
5.0M16E0.6P with frequency of 5 MHz and 
piezoelectric element pitch of 0.6 mm was used. Prism 

tilt angle was 31°. To determine the parameters of 
TOFD-method, recommendations [12], as well as 
results of computer simulation of control process in 
the ESBeamTool program, were taken as a basis. 

Sensors with frequency of 5 MHz, diameter of 6 
mm and angle of beam’s entry 60° were used for 
control by means of TOFD-method. 

Control of welded joints was carried out by means 
of HarfangVEO system. Adjustment of search and 
rejection levels for echo-pulsed method of control 
with using phased arrays was carried out with using of 
a specially made calibration sample with two lateral 
cylindrical apertures (their size was 1.5 mm in 
diameter). 

Results of the study 

Studying welded joint has a dagger shape of weld 
penetration zone, which is typical for electron-beam 
welding (see Fig. 1). Its penetration depth reaches 21 
mm and width of welded joint is 2.4 mm in its middle 
part. Length of heat-affected zone is approximately 
equal 1.6 mm in the middle part and about 1.0 mm 
near the root of welded joint. 

Investigation of microstructure was carried out for 
various zones of welded joint: in base metal, in heat-
affected zone and in metal of welded joint. Fig. 2 
shows a panoramic photo of these zones (center of 
welded joint is on the left in it). 

 
a  b  c 

Fig. 3.  Structure of base metal (а), heat-affected zone (b), 
metal of welded joint (c) after electron-beam welding, 500х. 
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Structure of base metal is represented by grains of 
ferrite and quasi-eutectoid mechanical mixture (see 
Fig. 3), which is typical for this steel grade. It should 
be noted that in the structure of base metal there are 
nonmetallic inclusions, which size is 10 – 30 μm. 
They are stretched along the direction of deformation 
(see Figs. 2, 3a, 3b). 

In heat-affected zone and in welded joint under the 
influence of welding thermal cycle, phase 
transformations occur, leading to appearance of 
quenching structure (see Fig. 3b, c). In the zone, 
which was heated above Ac3 line, a complete 
hardening takes place, and as the distance from the 
fusion line increases due to heating up to temperature 
interval between Ac1 and Ac3 lines, incomplete 
quenching occurs. It leads to a smooth decrease in 
hardness to the level of base metal. It is useful to note 
that in the metal of welded joint there are no 
nonmetallic inclusions, which were found in base 
metal (apparently this is due to the effect of vacuum 
re-melting during the process of electron-beam 
welding). 

Heat treatment of welds after welding leads to 
decrease in the hardness of weld metal and heat-
affected zone and to disintegration of quenching 
structures in the weld and heat-affected zone, 
furthermore, unlike the structure after welding, zones 
in the weld become difficult to distinguish. This fact is 
associated with formation of homogeneous metal 
structure. Microstructure of base metal remains 
virtually unchanged after heat treatment. 

Microstructure of heat-affected zone and weld 
metal consists of the decomposition products of 
quenching structures presented by dispersed quasi-
eutectoid mixture and inclusions of carbides. 

Figure 4 shows distribution of hardness in cross-
section of the joints. It can be seen from the graphs 
that in the weld without heat treatment metal of 
welded joint has a higher hardness compared to base 
metal: 550…580 HV5 and 290...310 HV5, 
respectively. Samples № 2 and № 3, which were cut 
out from the weld after heat treatment, are 
characterized by more uniform hardness distributions. 
For both welds hardness of base metal and metal of 
heat-affected zone is 225...250 HV5 and hardness of 
welded joint’s metal is 270...290 HV5. 

Results of tensile tests of welded joint are 
presented in Table 1. From the results presented, it 
follows that metal in the state as it was received has 
higher strength characteristics than thermally treated 
metal, but lower values of plasticity characteristics. 

It turned out, that all samples, which were cut out 
from welds, were destroyed in base metal after tests. 

Table 1 
Mechanical characteristics of welds, made of 30KhGSA 

steel, obtained by elongation (average values are 
presented). 

Samples 
Mechanical characteristics 

σ0.2, kg/mm2 
σВ, 

kg/mm2 
δр, % δ5, % ΨК, % 

State 
Cut-out 
place 

Without heat 
treatment 

Base metal 82.1 98.1 7.7 13.0 46 
Weld 84.5* 99.4 5.8* 11.8* 47 

After high-
temperature 
tempering 
(650 °С, 2 
hours) 

Base metal 57.6 78.1 11.7 22.6 60 

Weld  58.5* 78.8 9.8* 18.7* 61 

* in accordance with GOST 6996 these characteristics 
are not subject of definition and have only presentation 
nature. 

 
Fig. 4. Hardness distribution (HV5) at medium cross-

sections of welded joints: a – sample № 1 (without heat 
treatment); b – sample № 2 (after heat treatment). 

As a result of determination of mechanical 
properties by means of non-destructive testing 
method, it was established that metal of welded joint 
exhibits high values of ultimate tensile stress σB and 
yield stress σ0.2, while it has low plasticity – its values 
δp are less than 5%, and δ5 values are less than 10%. 
Distribution of the characteristics of strength and 
plasticity in the weld after heat treatment is more 
uniform – strength of the metal of welded joint, and in 
a lesser extent of the base metal, has significantly 
decreased. Thus, for example, in sample № 2 in 
comparison with sample No. 1, ultimate tensile stress 
of base metal decreased by an average of 21%, and 
ultimate tensile stress of welded joint’s metal 
decreased by an average of 51%. For sample № 3 
temporary resistance decreased by an average of 23% 
and 48%, respectively. Plasticity of metal after heat 
treatment has significantly increased, as evidenced by 
high values of δp and δ5, which are higher than for 
sample № 1, and equal to 10 and 20%, respectively. In 
all samples the lowest values of plasticity are achieved 
in the metal of welded joint. Comparison of 
mechanical properties, which were obtained by 
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methods of stretching samples and ball’s indentation 
into their metal surface, is shown in Table 2. 

Table 2 shows a fairly good coincidence of the 
results obtained by compared methods. Both for metal 
in the state as it was received and for metal after heat 
treatment, values of σ0.2, δр and δ5, obtained by 
methods of stretching samples and ball’s indentation 
into base metal’s surface, are exactly the same. 
Difference between σB values, determined by 
stretching and indentation, is 3...6%. 

Table 2 

Characteristics of strength and plasticity for 30KhGSA 
steel, obtained by methods of stretching samples and ball’s 

indentation into metal surface 

State Method 
Mechanical characteristics 

σ0.2, 
kg/mm2 

σВ, 
kg/mm2 

δр, % δ5, % 

Without 
heat 
treatment 

Elongation 81.1…83.1 98.0…98.3 7.6…7.9 12.3…13.7 

Indentation 81.0…86.0 93.8…94.7 8.0…9.0 12.0…13.0 

After high-
temperature 
tempering 
(650 °С,  
2 hours) 

Elongation 57.4…57.8 77.2…79.3 11.6…11.9 20.9…24.3 

Indentation 57.0…59.0 73.8…74.0 11.0…13.0 22.0…24.0 

 
During the process of welds’ testing such defects 

as cracks, fistulas, lacks of penetration, pores were not 
found. In some areas on the TOFD defectogram there 
were single diffraction signals from the structure of 
welded joint, which was subsequently confirmed by 
metallographic studies. 

Conclusions 

Electron-beam welding technology for products 
made of 30KhGSA steel with joint thickness of 14 
mm is developed. This technology makes it possible 
to obtain high-quality welded joints for one pass 
without pre-heating and concurrent heating. 

As a result of metallographic studies and 
mechanical tests it has been established that formation 
of quenching structures with high hardness during 
welding occurs in the metal of welded joint and in the 
metal of heat-affected zone. Such heat treatment of the 
welds as high-temperature tempering (temperature is 
equal 650 °C, heating for 2 hours) leads to hardness 
leveling over cross-section and obtaining a more even 
distribution of strength and plasticity characteristics. 
This fact contributes to increase in the operability of 
welds. Welded joints, both after welding and after 
heat treatment, were destroyed in base metal during 
tensile tests. 

Coincidence of the results of determination of 
mechanical characteristics by methods of stretching 

samples and ball’s indentation suggests the possibility 
of using the latter to study distribution of main 
characteristics of hardness, strength and plasticity of 
the metal in local zones of welds. 
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