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EBW technology of combined bandage of high-speed electric machine 
rotor 

Victor K. Dragunov, Andrey P. Sliva, Egor V. Terentyev, Alexey L. Goncharov,          
Artem Yu. Marchenkov, Maxim A. Portnov 

 
Welding technology for the high-speed rotor combined bandage made of dissimilar ferromagnetic 

and paramagnetic alloys is developed. The possibility of high-quality welded joints obtaining with the 
free weld root formation using the electron beam welding with the saw-edged beam scanning is shown. 
Metallographic researches and necessary mechanical tests of explored weld joints are performed. The 
possibility of weld joint strength raise up to 98% of 36NKhTYu alloy strength on account of heat 
treatment and contact hardening is shown. 

Keywords – electron-beam welding, combined bandage, dissimilar welding, through 
penetration, mechanical properties. 

ЕЛЗ технология на комбиниран бандаж на ротора на високо-скоростна електрическа 
машина (Виктор Л. Драгунов, Андрей П. Слива, Егор В. Терентиев, Алексей Л. Гончаров, 
Артем Ю. Марченков, Максим А. Портнов) Разработена е заваръчна технология на високо-
скоростен роторен бандаж от различни феромагнитни и парамагнитни сплави.  Показана е 
възможността за получаване на заваръчен шев с високо качество, със свободно формиран 
корен, ако се използва ЕЛЗ с пилообразно сканиране на лъча. Направени са металургични 
изследвания и необходимите механични тестове на изследваните заваръчни шевове.  Показана 
е възможността за нарастване на якостта до 98% от якостта на 36NKhTYu сплав поради 
топлинната обработка и контактното затвърдяване. 

 

Introduction 

Electric machines with permanent magnets have 
always captured the attention and continue to attract 
the attention of engineers-developers of electrical 
equipment due to the simplicity of the design, the 
contactlessness of the electromagnetic part, the 
relatively high mechanical strength of the rotating 
elements, the absence of power loss for excitation. 
The use of rare-earth permanent magnets with high 
magnetic energy makes it possible to reduce 
significantly the electric machines mass and overall 
dimensions, which makes them competitive in 
comparison with electromagnetic excitation electric 
machines, and also considerably exceeding them in 
mass and energy parameters [1, 2]. However, the low 
mechanical strength of rare-earth permanent magnets 
under conditions of the rotor high rotation frequency 
forces to use of special bandages. 

Bandage for high-speed rotors is usually made in 
the form of an all-metal shell of non-magnetic 
materials. However, a solid bandage whose thickness 
in electric turbo machines can reach 7...8 mm 

significantly increases the non-magnetic gap of the 
electric machine, which, in its turn reduces the 
effective magnetic field induction in the air gap and 
requires an increase of inductor permanent magnets 
dimensions. To overcome this disadvantage, it is 
proposed to produce combined welded bandages (Fig. 
1) containing sections 1 (pole shoes) made of a 
magnetically soft material (EP517 steel) and sections 
2 (inter-pole space) made of a paramagnetic alloy 
(36NKhTYu alloy). Table 1 shows the chemical 
composition of the used materials.  

      Taking into account the tough operating 
conditions, strict requirements for mechanical 
properties are imposed on welded joints. In particular, 
under the given operating conditions for the proposed 
bandage construction, the welded joint yield strength 
must be at least 0.9 relative to the yield strength of the 
36NKhTYu alloy. Since the heated above 800 °C 
36NKhTYu alloy is intensively softened due to over-
aging, the minimum width of the heat-affected zone 
must be ensured during welding. At the same time, the 
problems of dissimilar metals combining are 
associated with significant differences in their melting 
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points, density, coefficients of linear expansion, 
thermal conductivity and thermal diffusivity, as well 
as crystallographic characteristics [3]. 

 
Fig. 1. Bandage construction of the high-speed: 1 - 

ferromagnetic segment (EP517 steel); 2 - paramagnetic 
segment (36NKhTYu alloy). 

Table 1 
Chemical composition of the used materials 

 

EP517 steel 
(according to 

Russian standard 
TU 14–1 –2902–80) 

36NKhTYu alloy 
(according to Russian state 
standard GOST 10994–74) 

C 0.13 – 0.18 < 0.05 

Si ≤ 0.5 0.3 – 0.7 

Mn ≤ 0.5 0.8 – 1.2 

Cr 11.0 – 12.5 11.5 – 13 

Mo 1.35 – 1.65 - 

Ni 1.7 – 2.1 35 – 37 

V 0.18 – 0.3 - 

P ≤ 0.03 ≤ 0.02 

S ≤ 0.015 ≤ 0.02 

W 0.65 – 1.0 - 

N 0.02 – 0.08 - 

Nb 0.2 – 0.35 - 

Ti - 2.7 – 3.2 

Al - 0.9 – 1.2 

 
Various methods are used to produce combined 

products from dissimilar materials, but the most 
common are arc welding, surfacing and soldering. The 
main disadvantages of these methods consist in low 
strength of joints, large sizes of high graded 
composition zones, limited number of materials which 

are suitable for joining. In most cases, these 
disadvantages can be eliminated by using electron-
beam welding technologies, which usually provide for 
a minimal volume of remelted metal, low 
deformations of the products and sufficient weld joint 
strength (close to the strength of the welded 
materials). 

Thus, the goal of this work is the development of 
the combined bandage electron-beam welding 
technology, which provides a proper level of strength 
of the welded joint. Use Times New Roman Font. Try 
to follow the font sizes specified in Table 2, as best 
you can. 

Table 2 

The main technical characteristics of the electron beam 
installation AELTK-12-244 

№ Parameter Unit Value 

1 
Accelerating 

voltage 
kV 60 

2 
Electron beam 
current range 

mA 1…650 

3 
Electron beam 

maximum power 
kW 40 

4 
Bombardment 
current range 

mA 10…50 

5 

Instability of 
accelerating 

voltage, not more 
than 

- +0.1% 

6 
Welding current 

instability, not more 
than 

- +0.5% 

7 
Beam focusing 
current range 

mA 400…999 

8 
Working distance 
between gun and 
welded surface 

mm 100…500 

9 
Vacuum chamber 

volume 
m3 12 

10 
Operational 

pressure 
mm Hg 10-4 

 
To obtain the specified bandage sizes, the 

dimensions of the segments blanks were increased by 
1 mm per radius for machining after the EBW 
operation. Thus, the thickness of the welded joint was 
6 mm. To improve the technological efficiency, save 
expensive materials, and also taking into account the 
small penetration depth, the application of a free root 
formation welding was proposed. Based on the data 
described in [4], the welding speed, which ensures 
free formation of the seam root, was chosen equal to 
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60 meters per hour (m/h). 
To obtain the specified bandage sizes, the 

dimensions of the segments blanks were increased by 
1 mm per radius for machining after the EBW 
operation. Thus, the thickness of the welded joint was 
6 mm. To improve the technological efficiency, save 
expensive materials, and also taking into account the 
small penetration depth, the application of a free root 
formation welding was proposed. Based on the data 
described in [4], the welding speed, which ensures 
free formation of the seam root, was chosen equal to 
60 meters per hour (m/h). 

Preliminary selection of welding modes was 
carried out on 6 mm thick EP517 steel plates. The 
beam current value, sufficient to full plate penetration 
at the defined welding speed was found by calculation 
methods. After that, the focusing lens current was 
selected experimentally and the electron beam current 
value was corrected. 

To increase the stability of the welded joints 
formation, namely, to reduce the recess depth at the 
seam top, an electron beam scanning was used. 

The scanning frequency and amplitude were 
experimentally selected. Thus, it was established, that 
beam scanning with a frequency of 170 Hz and 
amplitude of 1.5 mm made it possible to stabilize the 
formation of the seam root and provide the minimal 
recess depth at the seam top. The EBW mode with 
beam scanning is presented in Table 3. 

Table 3 
EBW mode of plate made of EP517 steel at a speed of 60 
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After that, the EBW of 6 mm thick plates made of 

EP517 steel and 36NkhTYu alloy in the selected 
mode was performed. The obtained welded joints 
were used for metallographic researches and 
mechanical tests. Herewith, some of the plates were 
examined immediately after welding, and the rest – 
after the heat treatment. The heat treatment was 
carried out in a Nabertherm P330 muffle furnace in a 
tempering mode of 650 °C with a 3-hour exposure and 
air cooling. The regime was chosen based on the 
literature data, describing the features of the structural 
transformations in welded alloys. 

The preparation of microsections was carried out 

according to a standard procedure. The cutting of 
blanks for microsections was made on a cutting 
machine Buehler AbrasiMatic 300. The cut pieces 
were then pressed into the EpoMet compound on the 
Buehler SimpliMet 1000 hot pressing machine. The 
pressed samples were grinded on a Buehler EcoMet 
250 machine and then polished using diamond paste 
and polishing suspensions. 

Electrochemical etching was carried out in a 10% 
solution of oxalic acid in water. To investigate the 
microstructure of the welded joint an optical 
microscope Zeiss Observer Z1m was used. 

Tensions tests to determine the mechanical 
properties of welded materials and welded joints were 
carried out on the universal testing machine Instron 
5982 with a strain rate Vdef = 2 mm/min in accordance 
with Russian state standard GOST 1497-84 "Metals. 
Methods of tensile testing". Tests to determine the 
mechanical properties of the 36NkhTYu alloy and 
EP517 steel were carried out on flat samples with a 
nominal thickness h = 5 mm. To determine the 
ultimate strength of the welded joints they were also 
tested by static tension in accordance with Russian 
state standard GOST 6996-66 (ISO 4139-89) "Welded 
joints. Methods for determination of mechanical 
properties”. 

In such tests, the ultimate strength of the weld joint 
weakest part as well as the rupture location of the 
welded joint are determined. The tensile samples were 
cut in a transverse direction and contained all weld 
joint zones, which are the weld metal, the heat 
affected zone and the base metal. In this paper, tests of 
dissimilar welded joints of 36NkhTYu alloy to EP517 
steel were carried out on flat samples with a nominal 
thickness h = 5 mm, as for the base metal tests. 

The Vickers hardness HV10 distribution over the 
cross-section of the welded joint was determined on 
an automated Instron Tukon 2500 in accordance with 
Russian state standard GOST 2999-75 "Metals and 
alloys. Method for measuring hardness by Vickers”. 

Results 

Metallographic researches and mechanical tests of 
welded joints of 36NkhTYu alloy to EP517 steel 
showed no internal defects such as pores or cracks. 
The most dangerous defects in this case are lack of 
fusion caused by errors in the beam adjustment or by 
beam deflection under the thermoelectric currents 
magnetic field impact. 

EP517 steel is known as martensitic steel with 
carbide hardening. It was established during the 
metallographic researches that in the heat affected 
zone the martensitic transformation occurs. On the 
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other hand, in the heat affected of 36NKhTYu alloy 
supersaturated γ-phase is formed. The weld metal has 
a structure of supersaturated austenite with inclusions 
of carbides and intermetallic compounds, located 
mainly along the grain boundaries (Fig. 2a). It was 
also founded, that while the weld joint heat treatment 
both in the weld metal and in the heat affected of 
36NKhTYu alloy a hardening γ'-phase formation 
occurs (Fig. 2b). 

The results of tension tests of the samples cut from 
welded materials, as well as from weld joints before 
and after heat treatment are shown in Table 4, which 
shows the average values of the main strength and 
ductility characteristics. The destruction of all welded 
samples, both in the state after welding and after the 
heat treatment, passed along the weld metal. 

 a) 

 b) 

Fig. 2. Microstructure of weld metal before (a) and after 
heat treatment at 650°C for 3 hours (b), x1000. 

Tension tests of welded specimens showed that the 
welded joint strength is determined by the strength of 
the weld metal. This suggestion was confirmed during 
the indentation testing of welded joints. Fig. 3 shows 

the distributions of the Vickers hardness values in the 
cross sections of welded joints. 

Table 4 
Mechanical properties of welded materials and their 
welded joints (WM - welded material with the least 

strength; HT – heat treatment) 

Sample 
group 

Ultimate 
tension 

stress RU, 
MPa 

(% of WM) 

Yield stress 
R0.2, MPa 

(% of WM) 

Ultimate 
uniform 

elongatio
n δU, % 

Elongatio
n before 
rupture 
δF, % 

36NKhTYu 
alloy 

1237 990 10 13 

EP517 steel 987 797 7 15 

Weld joint 
(without 

HT) 
742 (75%) 677 (85%) - - 

Weld joint 
(after HT) 

869 (88%) 780 (98%) - - 

 
Tension tests of welded specimens showed that the 

welded joint strength is determined by the strength of 
the weld metal. This suggestion was confirmed during 
the indentation testing of welded joints. Fig. 3 shows 
the distributions of the Vickers hardness values in the 
cross sections of welded joints. 

It should also be noted that the yield point of the 
welded joint was sufficiently increased after the heat 
treatment and reached the level of 98% relative to the 
yield strength of the 36NKhTYu alloy that meets the 
stated requirements. 

After the metallographic researches and 
mechanical tests the EBW of bandages was 
conducted. The assembly of the bandages was carried 
out from the segments using the tooling shown in Fig. 
4. After assembly, spot tack welds were made using 
argon arc welding, and then bandages were 
demagnetized and installed in a rotator. Since the 
construction of the band was quite rigid, the additional 
tack welds with an EBW were performed at a beam 
current of 20 mA in 3 points with a length of 10 mm 
for each point. Due to the possibilities of the electron 
gun moving and installing the assembly in the rotator, 
the EBW of all 4 joints was carried out in one 
installation. The appearance of the bandage after 
welding is shown in Fig. 5. 
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 a) 

b) 

c) 

Fig. 3.  Scheme of welded sections indentation (a) and the 
distribution of Vickers hardness HV10 in cross sections of 
welded joints after welding (b) and after the heat treatment 

(c); СШ - weld seam; ЗТВ – heat affected zone. 

 
Fig. 4. Equipment for the combined bimetallic bandage 

assembly for the EBW; 1 - clamping nut; 2 - shim; 3 - lock 
ring; 4 - shaft, 5 – 36NKhTYu alloy segment; 6 – EP517 

steel segment. 

 a) 

b) 

Fig. 5. Bimetallic bandage after the EBW; a – main view; b 
- side view. 

a) 

 b) 

Fig. 6.  Macrosection of the bimetallic bandage welded 
joint (a) and a macrostructure photo, x50 (b). 
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To control of the welded joint structure, the 
bandage edges were grinded, polished and etched. The 
macrosection of the welded joint is shown in Fig. 6. 
The width of the weld in its middle part was about 1.4 
mm. 

The results discussion 

The use of a high welding speed at EBW in 
combination with the use of saw-edged beam scanning 
allowed obtaining of high-quality welded joints with 
free root formation. The high welding speed leads to a 
seam width reduction and a crystallization rate 
increase, so that suitable conditions for the free seam 
formation were created. The use of a saw-edged beam 
scanning leads to oscillatory processes stabilization in 
the steam channel and in the weld pool and increases 
the quality of the welded joints. 

While heat treatment, the strength of the weld metal 
and the HAZ rises due to γ'-phase formation, whereas 
in the HAZ of the EP517 steel the quenching 
structures dissolution occurs, as a result of which the 
mechanical properties are smoothed over the weld 
joint generally. 

The weld metal has the lowest strength In the 
construction of the bandage. Quenching from the 
liquid state makes it possible to increase the strength 
properties due to the subsequent aging by a 
considerable amount. Despite the possibility of weld 
metal strength increase due to optimization of the heat 
treatment parameters and regulation of weld chemical 
composition the increase to the base metal strength 
level is not possible due to various mechanisms of 
welded materials hardening. 

However, it is important to note that while tensile 
testing of welded joints with narrow and soft seams, 
the strength characteristics of the weld joint are 
determined, not of the weld seam metal. The point is 
that in the case of transverse deformation of a welded 
joint with a soft interlayer (seam), the seam first is 
involved into a plastic deformation, the development 
of which will immediately be impeded by the adjacent 
sections of the stronger metal zone, since they continue 
to work in the elastic deformations region. 
Containment of plastic deformation of the soft 
interlayer is due to the fact that the transverse 
deformation coefficient during material plastic strain is 
certainly greater than the value of the transverse 
deformation coefficient during elastic strain. This leads 
to the complex stress state, which acquires a volume 
character and, ultimately, significantly affects the 
strength and plasticity. Especially strong restraint of 
plastic deformation will be manifested in the 
concentrated deformation area of the sample, which 

appears in the soft zone of welded joint. This restraint 
is associated with a rapid increase in transverse 
deformations. But as a result of this restraint, the local 
thinning in the soft metal formation will occur with a 
delay in time and with a greater level of average 
tensile stresses, which will mean an increase in the 
strength of the soft interlayer [5, 6]. 

Considering that the weld seams on real rotor will 
work under conditions of contact hardening, the actual 
structural strength of the bandage will be determined 
by the values of the characteristics obtained during the 
tensile tests. It should also be noted that the intensity 
of contact hardening depends significantly on the 
thickness of the soft interlayer [5, 6], i.e. in this case - 
the width of the weld. Thus, it can be assumed that 
further increase in the strength of the welded joint is 
possible due to a reduction in the width of the weld. 

Conclusions 

The use of EBW with free root formation makes it 
possible to obtain high-quality weld joints of EP517 
steel with the 36NKhTYu alloy, and the saw-edged 
beam scanning allows stabilizing the formation of the 
weld and reducing the amount of undercut at the top 
of the seam. 

Heat treatment at a temperature of 650 °C for 3 
hours makes it possible to increase the yield point of 
the welded joint to a level of 98% relative to the yield 
strength of the 36NKhTYu alloy. The increase in 
strength occurs due to the release of the γ'-phase. 

Investigated welded joints obtained by EBW are 
characterized by a small seam width and high values 
of seam shape ratio, which creates favorable 
conditions for intensive contact hardening of the seam 
during deformation of the metal by tension. 
Apparently, further increase in the strength of the 
welded joint is possible due to a reduction of the weld 
width. 
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