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Abstract

In this work, we present results on the investigation of the structure and mechanical properties of electron beam
welded specimens of copper and stainless steel, copper and aluminum alloy, and titanium and titanium Ti6AI4V alloy.
The structure of the fusion zone of all samples was studied by scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) analysis, and its phase composition — by X-ray diffraction (XRD) analysis. The
mechanical properties were investigated by tensile tests and microhardness measurements. The results for the
mechanical properties were discussed concerning the applied technological conditions and the structure of the welded

Jjoints.

Keywords: electron beam welding, dissimilar materials, stainless steel, copper, aluminum alloy, titanium, titanium
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INTRODUCTION

Different technologies are used to join
dissimilar materials. An overview article [1]
describes the most commonly used techniques
and technologies for joining dissimilar materials:
mechanical joining processes, chemical joining
processes, thermal fusion joining processes,
including electric arc welding, laser beam
welding and electron beam welding, and hybrid
joining processes.

The electron beam welding (EBW) method
has been intensively used in modern industrial
production, mainly in the automotive industry,
aircraft construction, shipbuilding, etc. due to
its significant advantages compared to other
welding methods. Among the main advantages
of electron beam welding over other methods
are: high power density, high welding speed,
which allows the formation of very narrow and
deep welds, the presence of a protective
vacuum environment, etc. In EBW, the kinetic
energy of a beam of accelerated electrons with
a very high energy density (over 10° W/cm?) is
converted into heat, accompanied by sharp

heating, melting and vaporization of the
processed metals. A vapor-gas channel called a
“keyhole” is formed, consisting of superheated
vapor in the medium surrounded by liquid
metal [2, 3]. Complex physical and physical-
chemical processes take place in the molten
pool under the action of various forces [4].
The heating and cooling processes of the
molten metal in the region of the weld seam,
as well as the metal in the heat-affected zone,
is carried out at very high speeds. As a result,
phase transformations occur, which, together
with large temperature gradients, lead to the
appearance of residual stresses and deformations.
Due to the different materials that fuse
together, in many cases intermetallic
compounds are formed in the weld zone,
which are often brittle and make the joint
unsustainable. In [5], an overview of the
weldabilities of dissimilar materials using the
EBW method was made.

There are a number of studies that describe
the welding of materials with different
thermophysical properties by the electron
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beam welding method [6-11]. The main goal
of the research is based on the need to obtain
composite structures in the weld seam by
combining two different materials, preserving
the advantages of the properties possessed by
each material separately. Good weld quality is
largely determined by the crystallographic
structure and the presence of intermetallic
phases.

The aim of the present work is to
characterize the structure and mechanical
properties of specific pairs of dissimilar
materials concerning the applied technological
conditions during the EBW. We have focused
our attention on light metals (copper, titanium,
aluminum) due to their importance for a
variety of practical applications [12-18]. In
this work, we present results on the
investigation of the structure and mechanical
properties of electron beam welded specimens
of copper and stainless steel, copper and
aluminum alloy, and titanium and Ti6Al4V
alloy.

METHODS AND MATERIALS

The subjects of our investigation were the
following three types of electron beam welded
samples: copper and 304L stainless steel;
copper and Al 6082 T6 aluminum alloy;
titanium and Ti6Al4V titanium alloy (Ti64).
The chemical composition of listed alloys is
shown in Table 1.

Table 1. The chemical composition of studied
alloys.

304L Al 6082 T6 Ti6Al4V

ElL wt, % | EL wt, % | EL wt, %

C 0.03 Si 1.3 Al 5.5

Mn | 1.52 Mg 1.0 \Y 4.5

Si 0.10 Mn |0.8 Fe 0.3

P 0.03 Fe 0.2 Ti Bal.

S 0.03 Cr 0.1

Cr 17.70 | Al Bal.

N1 8.30
N 0.10
Fe Bal.

Electron beam welding was carried out on
the Evobeam Cube 400 welding unit
manufactured by Evobeam. Plates with
dimensions of 100x50x8 mm of two different
materials were joined via EBW. The technological
parameters of EBW were different for

different welded couples and are shown in
Table 2.

Table 2. Technological conditions of EBW.

Sample Cu/ Cu/ . Ti/
304L Al6082T6 Ti6Al4V
Accelerating
voltage 60 60 60
U, kV
Beam current
L mA 50 50 35
Welding speed 5 15 10
v, mm/s
0.4 mm
Offset - towards -
Al 6082 T6

Beam circle
oscillation ) Fose=0.1mm )

X-ray diffractometer (XRD) “Bruker D8
Advance” was used for phase analysis. The
method was “Coupled Two Theta”, using Co
Ko radiation with wavelength 1.78897 A and
line focus orientation. The X-ray generator
current was 40 mA and the used voltage was
35 kV. The step size of the test was 0.05° and
the time for the step was 0.25 s.

ZwickRoell Vibrophore 100 combined
static and dynamic testing machine was used
for mechanical characteristics determination.
Microhardness measurement was performed
using the Vickers method. Determination of
microhardness for all experimental points was
performed with a force load of 0.49 N using a
semi-automatic microhardness tester ZWICK/
Indentec - ZHVu-S. The line along which the
microhardness was measured is located at
middle depth of the weld seam.

RESULTS AND DISCUSSION

Electron beam welding of Cu and 304L
stainless steel

The X-ray diffraction patterns of the
welded copper-stainless steel specimen, pure
copper, and 304L are shown in Fig. 1. The
presence of two phases is visible — a solid
solution of copper and y-iron (with a face
centered cubic crystal lattice fcc) and a-iron
(with a body centered cubic crystal lattice
bee). The appearance of the metastable phase
of a-iron is associated with the large
temperature gradients that occur in the electron
beam welding procedure.
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Fig. 1. X-ray patterns of the welded copper-
stainless steel specimen, pure copper and pure
304L steel.

The observed structure of the SEM image
(Fig. 2) confirms the presence of the two
phases mentioned above in the fusion zone.

SEM HV: 20.00 kV WD: 8.865 mm
Vac: Hivac Det: SE 10 pm
SEM MAG: 5.00 kx Date(m/d/y): 07/23/21
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Fig. 2. SEM image of the fusion zone of the welded
Cu/304L sample.

Table 3 shows the measured values of the
mechanical properties of the initial materials
and the welded joint. The measured values for
the tensile strength of the weld as well as the
elongation are within close range of those of
pure copper.

Table 3. Tensile test results of Cu/304L weld.
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Fig. 3. Distributions of the microhardnesses
along the weld cross-section in the middle of the
depth of the Cu/304L weld.

The microhardness distribution in the
middle of the weld along the cross-section is
shown in Fig. 3. In the fusion zone,
intermediate hardness values to those of pure
copper and pure stainless steel are observed.

Electron beam welding of Cu and
Al6082T6 alloy

Electron beam offset and electron beam
oscillation were applied to the making of a
copper/aluminum alloy sample. The beam
offset was towards the aluminum alloy side.
The electron beam oscillation was a circular.

The X-ray diffraction patterns of the
welded copper-aluminum alloy specimen, pure
copper, and Al6082T6 are shown in Fig. 4.
The main phase observed in the fusion zone is
CuAl, with a body-centered tetragonal
structure. In addition, aluminum and copper
peaks having a face-centered cubic structure
are also observed.

Yield Tensile Total
Material strength strength extension
Rpo2, MPa | Ry, MPa A%
Pure Cu 267 275 16.8
Pure
3041, 298 608 35.8
Cu/304L 93 218 14.6
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Fig. 4. X-ray patterns of the welded copper-
aluminum alloy specimen, pure copper, and pure

Al 6082 T6.
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The fusion zone of the specimen contains
three phases — an aluminum matrix, an ordered
solid solution of copper and aluminum in the
form of CuAl,, and pure copper in the region
towards the copper plate, as can also be seen
from the SEM image shown in Figure 5.

The studied sample did not show
satisfactory strength in the tensile tests.

In Fig. 6, the microhardness distribution in
the cross-section of the welded Cu/Al 6082 T6
sample is shown. At both edges of the fusion
zone there is a significant increase in hardness
compared to the initial materials. The reason
for this is the above-mentioned intermetallic
phase.

By

2yVr
SEM HV: 20.00 kV WD, 5.015 mm

Vac: Hivac Det: SE 10 pm
SEM MAG: 4.95 lo Date(m/d/y): 03/23/22
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Fig. 5. SEM image of the fusion zone of the welded
Cu/Al 6082 T6 sample.
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Fig. 6. Distributions of the microhardnesses
along the weld cross-section in the middle of the
depth of the Cu/A16082T6 weld.

Electron beam welding of Ti and
Ti6Al4V alloy

The two initial materials have a similar
chemical composition, but quite different
thermophysical characteristics. The phase
composition of the welded joint, as well as of
the pure Ti and Ti6Al4V samples were studied
by XRD experiments.

Considering the pure Ti plate, its phase
composition is in the form of a single-phase of
o-titanium. In contrast, the structure of the
titanium alloys is in the form of a double-
phase of a+f. It is well known that B is the
high-temperature modification of Ti and is
stable above 1153 K. However, the appearance
of this phase can be not only due to high-
temperature reasons. It could be attributed also
due to the existence of B stabilizing elements,
such as Ta, Nb, V, etc. As mentioned
previously, 4 at. % V exists within the titanium
alloy, which is the reason for the appearance
of the beta phase at room temperature. The
structure of the welded joint is in the form of a
single-phase o’ martensite, formed due to the
very large cooling rate during the welding
procedure.

—pure Ti
— pure Ti64

Ti — Ti/Ti64 welded sample
o-Ti ‘\“,( ' W o-Ti a-Ti

L
3
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Fig. 7. X-ray patterns of the welded titanium-
titanium alloy specimen, pure titanium, and pure
Ti64.

In the SEM image of the fusion zone
(Fig.8) it is seen that there is no presence of
the B-phase of Ti. The formed martensitic
structure in the weld seam is clearly visible.
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Fig. 8. SEM image of the fusion zone of the welded
Ti/Ti64 sample.

The measured values of yield strength,
tensile strength and relative elongation of the
initial materials and the welded joint are
shown in Table 4. The achieved tensile
strength of the weld is practically equivalent to
that of pure titanium.

Table 4. Tensile test results of Ti/Ti64 weld.

. Yield Tensile Total
Material | _strength strength | extension
Rp0,2, MPa Rm, MPa At,%
Pure Ti 372 511 221
Pure
Ticalsy | 1031 1064 10.6
Ti/Ti64 125 510 17.4

The microhardness distribution along the
cross-section of the weld is shown in Fig. 9.
Increased hardness is observed in the fusion
zone, which is due to the resulting martensitic
structure. A rise in the hardness is also seen in
the surrounding heat affected zones of both
materials, again due to the phase transitions
resulting from the high temperature gradients
at EBW.
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Fig. 9. Distributions of the microhardnesses
along the weld cross-section in the middle of the
depth of the Ti/Ti6Al4V weld.

CONCLUSION

In this paper, we demonstrated the
possibilities for the fabrication of welded
joints between dissimilar metals and alloys
using electron beam technologies. Precisely
selected technological conditions during the
welding process led to obtaining strong and
unbreakable welds. On the other hand, it
contributes to the improvement of the
mechanical characteristics (hardness, yield
and, tensile strength) of the joints. These
properties are very important for the
implementation of dissimilar joints in various
branches of modern industry.
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