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The results of metallographic studies of dissimilar materials welds joint's structure are 

presented. Welds were obtained from steel (12Х21Н5Т in Russian) and bronze (БрХ-06 in Russian), 
using EBW with the oscillation of beam (with transverse, and x-shaped trajectory, and beam's splitting 
into three). It is shown, that the use of beam's oscillations leads to mixing of metals in the weld pool, 
and formation of welds with strongly expressed inhomogeneous structure by the width. X-shaped 
oscillations, compared with transverse oscillations, cause more intensive mixing of welded materials. 
It is leads to the formation of the central part of the weld with more homogeneous mixing of phases 
during crystallization. Formation of such structures leads to considerable unevenness of weld's 
hardness by width and depth. Application of techniques of beam's splitting (into three), with 
concomitant heating of bronze, allows to obtain a homogeneous structure of the weld's metal. That is 
finely dispersed mechanical mixture of the two systems: 1) eutectic copper-based; 2) mixture of solid 
solutions based on α-Fe and γ-Fe. Formation of similar structure leads to the equalization of hardness 
in the weld by width and depth. 

Влияние на осцилациите на електронния сноп върху формирането на структурата 
на шева на различни материали на примера на съединението стомана-бронз (Т. В. 
Олшанска, Г. Л. Пермяков, В. Я. Беленкий, Д. Н. Трушников). Резултатите от 
металургическите изследвания на структурата на заваръчни шевове са представени. 
Съединявани бяха стомана 12Х21Н5Т и бронз БрХ-06 с помощта на ЕЛЗ с осцилации на снопа 
(с напречни и Х-образни траектории и лъч разделен на три). Показано е, че осцилациите на 
снопа водят до смесване на метала в заваръчната вана и формиране на шев със силни 
нехомогенности по ширина на шева. Колебанията на лъча по Х-образна траектория, по 
сравнение с напречните осцилации причиняват по-интензивно смесване на заваряваните 
материали. Това води към образуване на централна част на лъча с по-хомогенно смесване на 
фази по време на кристализация. Формирането на такава структура води до значителна 
неравномерност на твърдостта на шева по ширина и по дълбочина. Прилагането на 
техниката на разделянето на снопа на три, със едновременно нагряване на бронза позволява 
да се наблюдава хомогенна структура на метала в заварявания шев. Това е фино разпределена 
механична смес на две системи: 1) евтектична базирана на мед; 2) смес на твърди разтвори 
основаващи се на α-Fe и γ-Fe. Формирането на тази структура води до изравняването на 
твърдостта на шева по ширина и дълбочина. 

 

Introduction 
At manufacturing of responsible parts in 

mechanical engineering, shipbuilding, aerospace and 
other industries it is often arises necessity of obtaining 
welded joints made of high corrosion resistant steel 
with copper and its alloys. Such products can work in 
corrosive environments, as at raised or at lowered 

temperatures. Depending on the requirements imposed 
on the properties and conditions of use of products, 
the most commonly used steel austenitic, austenitic-
ferritic and martensitic grades. 

Fusion welding of steels with copper alloys is 
complicated by several factors: significant difference 
of thermophysical properties; high fluidity copper in 
the liquid state; low mutual solubility of copper and 
iron in the solid state; propensity of copper to the 
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porosity; a high affinity of copper to oxygen that 
causing the formation of eutectic (Cu + Cu2O) and 
embrittling metal. A typical defect arising in welding 
of steel with copper is the intergranular penetration of 
copper in steel. The presence of this defect 
significantly reduces the mechanical properties of the 
steel, particularly its plasticity [1]. 

Application of electron beam welding (EBW) for 
welded joints of steels with copper alloys can solve 
many problems due to of high capacity of input heat 
and the possibility of exact positioning of the electron 
beam. However, in EBW of steel with bronze remain 
number of challenges. These problems associated with 
the formation of structure of the weld, appearance of 
defects in the fusion zone and the root zone of the 
weld. Studies carried out in research [2, 3] showed 
that in EBW steel with bronze with introduction of 
electron beam in joint of welded parts in the weld 
formed a complex heterogeneous structure, by the 
depth and by the width of the weld. This leads to a 
deterioration in of weld's operational characteristics as 
a result heterogeneity of its mechanical properties and 
reduce resistance when working in aggressive 
environments. For full penetration, preventing 
processes of mixing steel with bronze and reduce the 
width of the zones of diffusion processes EBW carried 
with displacement of the electron beam from the joint 
in the side of steel or bronze [3, 4, 6]. But this 
technological method requires precise positioning of 
an electron beam because slight deviations may lead 
to incomplete fusion, or to the mixing of steel and 

bronze and appearance of defects in the weld [3, 4, 5]. 

Theoretical aspects of crystallization of the 
welded joint "steel - bronze" at EBW 

Formation of dissimilar complex structure of the 
weld's metal associated with periodicity of formation 
of metal's liquid phase and complicated character of 
hydrodynamic processes in the weld pool [7]. At high 
cooling rates and low time of existence of weld pool 
occurs only partial mixing of the melt, resulting in it 
has a high degree of heterogeneity. The presence of 
melt layers and droplets of liquid metal, different sizes 
and chemical compositions will greatly depend on the 
characteristics of hydrodynamic processes in the area 
of EBW. Affect these processes, by changing 
parameters of EBW such as the electron beam current 
and welding speed, is virtually impossible. This 
allows you to get a change in the degree of mixing and 
dispersity structures. While crystallization process in 
all cases accompanied by formation of the irregular 
structure of the weld metal's layers with typical 
hydrodynamic mixing on the basis of steel or bronze. 
To reduce the degree of heterogeneity of the structure 
of the weld metal is necessary that the liquid weld 
pool had a uniform homogeneous composition. 
Conditions for obtaining a homogeneous weld pool: 
intensive mixing and increasing its residence time in a 
liquid state.  

Table 1. 
Chemical composition of welded materials, % 

Material 
Content of elements % (wt.) 

C Cr Ni Ti Si Mn S P Cu Al Fe Zn 
12Х21Н5Т 0,09…0,14 20,0…22,0 4,8…5,8 0,25…0,5 – ≤0,8 ≤0,025 ≤0,035 – ≤ 0,8 – – 
БрХ-08 – 0,4…1 – – – – – – 98,5…99,6 – ≤0,08 ≤0,3 

 

 
a     b 

Fig.1. Scheme splitting of electron beam at welding: a – longitudinal section, b – top view 
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At the same time need to reduce the temperature 
gradient between the steel and bronze to ensure an 
equal rate of heat removal in both metals. Such effects 
on the weld pool possibly by using different 
technological method: oscillation of the electron 
beam, concomitant heating of bronze, using split of 
the electron beam by several heat sources. 

Objective 
Objective of this study was to investigate the 

influence of different types of oscillations of the 
electron beam on the structure and properties of 
welded joints at EBW corrosion-resistant high-alloy 
steel with bronze. 

Materials and Technique 
Experimental research was conducted using 

corrosion-resistant high-alloy steel austenitic-ferritic 

class (12Х21Н5Т in Russian) and chromic bronze 
(БрХ-06 in Russian). Chemical compositions of 
welded materials are presented in Tables 1. Welding 
was performed on electron-beam facility (ELA-
60/6VCH) with the energy unit manufactured by 
company SELMI (Ukraine). 

In conducting the experimental work were 
performed weld passes on annular junction of 
diameter of 120 mm with joint "into the lock". 
Thickness of the steel parts was 7.5 mm, bronze - 5.5 
mm. During the research was carried EBW using 
different technological methods: oscillations of the 
electron beam across the joint, X-shaped trajectory of 
its movement and beam splitting into several heat 
sources providing molten metal and the concomitant 
heating of bronze (fig. 1). EBW modes in the 
experiments were chosen from the condition of full 
penetration and are presented in Тable 2. 

 

Table 2. 
Modes of EBW steel with bronze 

Type of sweep 
Beam parameters Oscillation parameters Distribution of beam's power % 

U,kV I, mA Vw, mm / s 
Amplitude  
(а), mm 

Frequency  
(f), Hz 

1 beam 2 beam 3 beam 4 beam 

Transverse 60 32…34 5 0,8 600 − − − − 
X-shaped 60 32…34 5 0,8 600 − − − − 

Beam splitting 60 85 6 − − 21,1 29,6 18,3 31 
 

   
a   b   c 

Fig. 2. Macrostructure of welds (Increase x 5): 

a − transverse oscillations, b − X-shaped oscillations, c – beam splitting 

 
Fig. 3. Microstructure of upper part of weld obtained at transverse oscillations of the beam(Increase x 100) 
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Metallographic studies cross-section of welds were 
performed on a microscope MIM-10 by using the 
software package Video Test Metal. For etching was 
used reagent of Vasiliev. Evaluation of mechanical 
properties of the weld was carried by measuring of 
microhardness on appliance PMT-3. 

Results and Discussion 
For experimental studies were obtained welded 

joints, macrostructure of which are shown in Fig. 2. 
Metallographic analysis of the macrostructure welds 
has showed that the stirring of the metal occurs in 
process of welding in all the cases studied, but it has a 
different character. At EBW with lateral oscillations 
of the electron beam in the macrostructure of the weld 
is observed the metal layer of different color from side 
of steel and the large drip inclusion of the same color 
in the center of the upper part of the weld (Fig. 2a). At 
welding with X-shaped oscillations of the electron 
beam is also observed a similar layer of metal from 
the side of steel, but it has wavy, sawtooth border 
(Fig. 2b). At welding with the splitting of the beam 

weld metal on macrosection looks homogeneous (Fig. 
2c). 

Research of weld's microstructure showed that the 
use of the transverse oscillations of the electron 
beam at welding leads to the formation of a 
heterogeneous structure by the depth and by the width 
of weld (Fig. 3).  

In this case weld can be separated into three areas 
by the width. First area is formed from the side of 
steel, basis of weld's metal is steel , which is a mixture 
of two phases of austenite and ferrite with drip, inter-
granular and interdendritic inclusions of bronze (Fig. 
4a). The basis of the central area of the weld is bronze, 
and steel constitute in her inclusion of large form as 
droplets and, mostly, the dendrites (Fig. 4b). Inside 
the inclusions of steel are well visible intergrain and 
interdendritic interlayers of bronze. There is a sharp 
transition line between the first and second areas of 
the weld.  

 
 

  
a      b 

 
c 

Fig. 4. The weld's microstructure obtained by transverse oscillations of the beam (magnification x 600): a, b, c – 
first, second and third characteristic areas, respectively 
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Fig. 5. Microstructure of the middle part of the weld, obtained at the splitting of the beam (Increase x 100) 

  
a      b 

Fig. 6. Weld's microstructure obtained at the beam splitting (Increase x 600) a, b - at the top and at the root part of 
the weld, respectively 

 
a     b 

 
c 

Fig. 7. Microhardness by width of the middle part of the welds: a – with transverse oscillations of the beam, b – with 
X-shaped oscillations, c – with the splitting of the beam 
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The third area is formed from the side of bronze, 
where Steel dendritic formation become larger and 
drip acquire an elongated shape (Fig. 4с). These areas 
are changing their dimensions by depth. The first 
system is dendrites based on steel, consisting of a 
mixture of solid solutions on the α-Fe and γ-Fe. 

In general, there are the same characteristic 
structures with some differences in the weld obtained 
at welding with the X-shaped oscillations of the 
electron beam. The boundary between the first and 
second areas becomes curved, sawtooth. Drip and 
dendritic formation began increasing in size in the 
second area. Steel elongated formations became 
coalesce into one large on third area. It should be 
noted, that in structure of welds carried out with the 
oscillation of the electron beam was not detected 
typical defect such as intergranular penetration of 
copper in steel.  

In the case of EBW with the splitting of the 
electron beam into three concentrated heat source and 
one raster which provides concomitant heating from 
the side of bronze, formed homogeneous structure by 
the width and by the depth of the weld (Fig. 5). The 
microstructure of the weld metal is a finely dispersed 
mechanical mixture of the two systems. The second 
system is the drip formation and interdendritic Cu-
based layers. Obtained structure is changing its 
dispersion in the depth of the welded joint (Fig. 6). 

Results of microhardness measurements by 
width of the middle part of the welds are presented in 
Fig. 7. 

Conclusions 
EBW steel with bronze with transverse or X-

shaped oscillations do not provide a uniform structure 
and properties of the weld metal. 

Obtaining of high quality welds of steel with 
bronze with high mechanical and operational 
characteristics due to the homogeneity of the weld 
metal is achieved by using splitting of electron beam 
into three concentrated heat source, and one raster 
which provides the concomitant heating of metal 
welded joint from the side of bronze. 
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