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Laminated and sandwich joints composed of copper and 304 stainless steel with different stacking se-
quences were prepared by electron beam welding. The analysis of microstructures, element distribution and
mechanical properties of the joints were carried out. Joints under all parameters were well formed without
defects such as pores and cracks. The microstructures of the welds were mainly composed of (Cu, Fe) solid
solution [(Cu, Fe)ss]. It was also found that the shear strength of the joint and the content of a-phase at the
interface had a linear relationship. For laminated joints, the shear strength of steel/copper joint was
increased by 12.7% compared with copper/steel joint, and the shear strength value reached 420 MPa. The
scanning electron beam could refine microstructures and increase the weld width and improve the
mechanical properties of the joints significantly. The tensile strength of the sandwich joint with steel as the
intermediate layer was increased by 17.4% compared with the joint with copper as the intermediate layer.

Keywords 304 stainless steel, copper, electron beam welding,
laminated and sandwich joints, microstructure, shear
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1. Introduction

Copper alloys have been widely used in aerospace, food
machinery and metallurgy due to their excellent thermal
conductivity, electrical conductivity and good ductility (Ref
1). Stainless steel has been widely used because of its high
strength and lower cost (Ref 2), which can effectively improve
mechanical strength (Ref 3). Therefore, copper—steel laminated
and sandwich structures [such as cooling staves (Ref 4) and
corrosion-resistant structural parts (Ref 5)] can meet various
performance requirements under the condition of saving
precious metals and reducing costs (Ref 6, 7).

However, due to the large difference in melting point,
coefficient of linear expansion, thermal conductivity, and
mechanical properties between copper and stainless steel,
welding two materials becomes difficult (Ref 8-10). Sahin et al.
(Ref 11) successfully used friction welding to obtain a joint
with a strength of 75 MPa. Satpathy et al. (Ref 12) studied the
effect of welding parameters on ultrasonic spot welded copper—
steel joints. It was found that under different welding param-
eters, Cu on the sonotrode side had a higher bonding strength
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than AISI 304 stainless steel. At present, copper/steel compos-
ite plates are mainly prepared by explosive welding (Ref 13-
15). However, the thickness of the plates has a great influence
on the performance of the composite plates made by explosion
welding (Ref 16). It is difficult to connect the plates with large
thickness by explosive welding. Electron beam welding (EBW)
has the advantages of high processing accuracy, high efficiency,
and high depth-to-width ratio (Ref 17-19). It has obvious
advantages when welding copper/stainless steel dissimilar
materials (Ref 20). However, there has been no report on the
preparation of copper/steel composite plates by EBW so far.

The purpose of this study is to analyze the microstructure
and mechanical properties of EBW joints of laminated and
sandwich structures with different overlapping sequences. The
effect of the scanning electron beam on the joints was also
discussed.

2. Experimental Procedure

2.1 Materials and Experimental Methods

In this experiment, copper (T2) and 304 stainless steel plates
with a size of 100 mm x 50 mm x 2 mm were selected as
base metals (BM). The samples were polished with sandpaper
to remove the surface oxide film before welding and then wiped
the sample with acetone to remove surface grease.

The BMs cleaned before welding were clamped on the
welding fixture in a certain order, and the joints were in the
form of overlap (Fig. 1). During the welding process, the
acceleration voltage of the electron gun (70 kV) and the
focusing current (585 mA) remained unchanged, and the beam
was focused on the sample surface. For laminated joints,
welding was performed from the steel side or the copper side,
and two sets of parameters were selected for each direction. The
sandwich joints used copper as the middle sandwich or steel as
the middle sandwich. Table 1 shows the welding parameters.
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2.2 Characterization of the Joints

After welding, wire-cut electric discharge machining was
used to intercept the metallographic samples along the vertical
welding direction in the stable area of joints. Afterward, the
inlaid samples were polished by sandpaper from 80# to S000#
step by step and then mechanically polished by diamond polish.
The observation surface was chemically etched in the corrosive
agent [FeCls (3 g) + HCI (2 mL) + ethanol (96 mL)] for about
5's. The microstructure of the joints was observed by
OLYMPUS optical microscope (OM) and MERLIN Compact
scanning electron microscopy (SEM). Distributions of chemical
elements in the fusion zone were analyzed by the energy-
dispersive spectroscopy (EDS) in the spot and line modes.

Tensile tests were carried out using an Instron 5967
universal testing machine at room temperature. The samples
were cut along the vertical weld line, and the size of the sample
is shown in Fig. 2(a). Tensile rate was 0.5 mm/min. Three
samples were tested for each welding and average values are
reported. In order to ensure that the direction of the tensile force
of the samples was perpendicular to the welds, pads with the
same thickness as BMs were placed on both sides of the
samples (seen in Fig. 2b and c). Microhardness of the joints
was measured by a HV-1000T standard microhardness tester.
The indentation distance was 0.05 mm, the load was 0.98 N,
and the holding time was 10 s.

Table 1 Welding parameters used in the experiments

Beam Welding
Joint Structure current, speed, mm/ Beam
(No.) form mA min scanning
1# Copper/steel 19 600 No
2# 19 600 Yes
3# Steel/copper 19 600 No
4# 19 600 Yes
S# Coppet/steel/copper 32 600 No
6# 32 600 Yes
T# Steel/copper/steel 25 600 No
8# 28 600 Yes
Electron
beam
(a)

3. Results and Discussion

3.1 Joint Microstructure Analysis

3.1.1 Microstructure Analysis. The cross-sectional mor-
phologies of the EBW joints are shown in Fig. 3. Low heat
input prevented the pores and cracks reported in Ref 21 from
forming in the welds. The fusion borders of the weld seam near
the steel side were clear. However, due to the strong heat
dissipation capacity of copper, the fusion lines near the copper
side were not obvious. The large heat dissipation capacity was
also the main factor that leaded to the decrease in the width of
the weld on the copper side. The different stacking order had
great influence on the microstructure of the weld. For laminated
joints, when welding from the steel side, the uniformly
distributed Cug, and Fey in the middle of the weld of Joint 1
were replaced by Cug and Fe alternately distributed in an arc
shape.

Microstructures of the different zones of the joints can be
seen in Fig. 4, and the characteristic regions of the weld were
analyzed by EDS (Fig. 5). According to the binary Cu-Fe
equilibrium diagram (Ref 22), as shown in Fig. 6, the welds
were mainly composed of two phases, one was a-phase which
was rich in Fe, Cr and Mn. The other was e-phase which was
rich in Cu (Ref 23, 24). Due to the high cooling rate, a large
number of isolated a-phases were found in the weld shown in
Fig. 4(a). In Fig. 4(b), the phenomenon of the steel flowing
upward along the sidewall under the action of buoyancy can be
seen on both sides of the weld at the interface. During the
solidification process of the weld, the low melting point and
solid solubility of copper in austenite were the reasons for the
dendritic distribution of copper at the grain boundaries of o-
phase in Fig. 4(c). The same conclusion was also obtained by
Guo et al. (Ref 22). Near the center of the weld, the granular o~
phases can be found in the copper matrix, as shown in
Fig. 4(e). Whether it was a laminated joint or a sandwich joint,
some vortices were formed at the interfaces between the copper
BMs and the weld due to the lack of heat inputs, and there were
still some small granular a-phases in the vortices.

3.1.2 Formation Mechanism of Joint Cross Sec-
tion. The formation mechanism of the microstructures is
shown in Fig. 7. It can be seen from Fig. 7(a) that for copper/
steel joint, the upper part of the weld seam was evenly mixed
during welding. When cooling, e-phases were crystallized from
the liquid phase. When the temperature continued to decrease,
the o-phases were precipitated from the solid phase. In the

Electron

/ beam

Weld

(b)

Fig. 1 Schematic diagrams of the welding experiments of (a) laminated and (b) sandwich structures
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Fig. 2 Schematic diagram of mechanical property tests: (a) dimensions of tensile sample (b) schematic diagram of the tensile test for laminated

joints (c) schematic diagram of the tensile test for sandwich joints

Fig. 3 Macrostructures of cross sections of (a) electron beam welded copper/steel joint, (b) electron beam welded steel/copper joint, (c) electron
beam welded copper/steel/copper joint and (d) electron beam welded steel/copper/steel joint

middle of the weld, due to the extremely short residence time at
the high-temperature stage during welding, the molten copper
and steel had no time to mix evenly, the under-mixed molten
steel flowed upward under the effect of buoyancy. The
formation mechanism of steel/copper joint is shown in
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Fig. 7(b). The content of o-phase in the weld increased
gradually with the temperature decreases, and finally, e-phase
precipitated at the grain boundaries of o-phase. At the interface
of the weld seam, the thermal conductivity of copper was much
higher than that of steel. Therefore, under-mixed copper and
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Upper interface

Fig. 4 Microstructures of the different zones in the joints: (a) and (b) electron beam welded copper/steel joint, (c) and (d) electron beam
welded steel/copper joint, (f) and (g) electron beam welded copper/steel/copper joint, (h) and (i) electron beam welded steel/copper/steel joint

Fig. 5 EDS test areas and test results

steel would grow in the direction of faster heat dissipation.
3.1.3 Element Distribution Analysis. Figure 8 shows
the scan results of laminated joints. The copper content of the
joints welded from the copper side at the upper of the weld was
about 83.8%. At the interface of the weld, due to the upward

4254—Volume 29(7) July 2020

flow of the steel along the inside of the weld, the steel content
increased significantly. For steel/copper joints, in the middle
and lower part of the weld, an alternating strip of copper and
steel was presented, which made the composition of the weld
fluctuate greatly. The trends of chromium and nickel content in
the weld were the same as that of iron. The reason was probably
that the time was too short to mix the steel and copper melt
effectively (Ref 21).

3.2 Mechanical Properties

3.2.1 Shear Strength and Fracture Analysis. Figure 9
shows the results of the tensile tests of laminated joints. The
fractures of all joints in this article are broken along the weld
seam. The different overlapping sequences changed the com-
position of phases at the interface, which was the reason for the
difference in the tensile strength. Due to the large amount of
melting of Cu BMs, the strength of copper/steel joint was
reduced due to the increase in e-phase ratio at the interface. Kar
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Fig. 6 Binary Cu-Fe equilibrium diagram [22]

et al. (Ref 25) reported that the beam oscillation made copper
and steel better mixed. Meng et al. (Ref 26) believed that
evenly distributed o-phases in the copper matrix could
strengthen the weld. At the same time, the circular oscillating
scanning allowed copper atoms to melt into the o-phase better
and thus increased the ratio of a-phase at the interface. Yang
et al. (Ref 27) also found that the circular oscillating scanning
could achieve dendrite refinement. According to the Hall-Petch
formula (Ref 28), the refinement of grains can effectively
improve the joint strength. Therefore, the strength of the joints
had increased to varying degrees under the action of the beam
oscillation.

For sandwich joints, when a fracture occurred on one side of
the weld, the tensile test was stopped, and the tensile test results
are shown in Table 2.

As can be seen from Table 2, when steel was used as the
intermediate interlayer, the EBW joints could withstand the
tension more strongly. The fracture was produced at the lower
interface of the weld because the width of the weld at the lower
interface was narrower than the upper interface, which made it
the weakest link in the joints.

Fracture surface morphologies of the joints are shown in
Fig. 10. The fracture surfaces of steel/copper joint shown in
Fig. 10(a) and (b) were lamellar, and the beginnings of the
slices were covered with dimples of different sizes. The
existence of dimples proved that the fracture conformed to the
basic characteristics of ductile fracture. Figure 10(c) and (d) is
fracture surfaces of copper/steel joint. The fracture surfaces
were flush, and a large number of dimples were generated on
the surface. This phenomenon was attributed to the uniform
distribution of the components at the joint interfaces, so the
concentration distribution of stress was uniform during the
stretching process. The EDS results of the fracture areas have
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shown that the location of the dimple and lamellar tissue in the
fracture area may be generated in the o-phase areas or the e-
phase areas.

3.2.2 Microhardness. Figure 11 shows the Vickers
microhardness test results of EBW joints. Guo et al. (Ref 22)
believed that an increase in the proportion of steel in welding
pool would result in an increase in the value of hardness. The
variation trend of hardness and o-phase content in the
figure also proved this. Copper/steel joints had a characteristic
of a sharp decrease in the direction of the weld due to the e-
phase in the joints. Figure 11(b) shows the hardness distribu-
tion along the direction of the weld when welding from the
copper side. The hardness of joints as a whole presented a
gradually increasing trend from top to bottom as shown in
Fig. 11(a). At the lower end of the weld, the hardness gradually
tended to the BM.

3.3 Effect of Microstructure on Mechanical Properties

The composition of the phases at the interface had a greater
influence on the shear strength of the joints (Ref 26). The
mechanical properties of the joints would enhance as the
proportion of copper at the interface decreases (Ref 29). In
optical images, the a-phase and e-phase can be distinguished by
different colors. Therefore, Image-pro plus (IPP) software was
used to measure the proportion of the a-phase at the interface of
joints. The measured proportion of a-phases and e-phases and
the actual shear strength are listed in Table 3. Least square
linear fitting was used to establish the relationship between the
steel content at the interface and the shear strength of the joint,
and the fit result is shown in Fig. 12(b). The linear relationship
is Y=237.36X + 195.51 (Y is the shear strength, and Z is the
steel content at the interface). Therefore, the welding param-
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Fig. 8 Element distributions of electron beam welded laminated structure joints

eters could be adjusted to increase the content of o-phase at the the sandwich joint. The anticipated values of the shear strength
interface to obtain the highest tensile strength. are listed in Table 4. It can be seen from the predicted results

The above-mentioned linear fitting formula was used to that when steel is an intermediate sandwich, the scanning
predict the shear strength of the upper and lower interfaces of electron beam will reduce the shear strength of the joint. When

4256—Volume 29(7) July 2020 Journal of Materials Engineering and Performance



copper is used as the intermediate sandwich, the shear strength
of the upper and lower interfaces will be higher than that of
steel as the intermediate sandwich. However, in the actual
tensile experiments, the bearing capacity of the tensile sample
when the steel was used as the interlayer was higher than that of
the copper as the sandwich. The analysis showed that although
steel was used as the intermediate layer, the content of the steel
at the upper and lower interfaces of the joint was lower than
that when copper was used as the intermediate layer. However,

500

400

300

200 [

Shear strength/MPa

100

EBW EBW Scanning Scanning
copper/steel steel/copper EBW EBW
joint joint copper/steel steel/copper
joint joint

Fig. 9 Tensile shearing strengths of different joints

Table 2 Tensile test results

the width of the upper and lower interfaces of the weld was
basically the same. When copper was used as the middle layers,
the weld width was significantly reduced by a large amount of
heat loss. Moreover, there was still copper flowing down from
the intermediate plates, making the lower interface of the weld
seam a weak zone of the weld seam, which severely reduced
the ability of the steel/copper/steel joint to withstand tension.

4. Conclusions

All joints were a mixture of two non-equilibrium phases,
one rich in Cu and one rich in Fe, Cr and Ni. This was mainly
due to the higher cooling rate and the lower solubility of copper
and iron in the solid state.

For laminated joints, the shear strength of steel/copper joint
was higher than that of copper/steel joint. Scanning electron
beam welding can significantly increase the strength of copper/
steel joint. The sandwich joints with steel as the middle layer
can withstand higher tensile forces.

The hardness of the steel/copper joint almost unchanged
from top to bottom, but the hardness of copper/steel joint
gradually increased from top to bottom. At the end of the weld,
the hardness was close to the BMs.

There was a linear relationship between the content of o-
phase at the weld interface and the shear strength of the joint.

Structure form Tensile load, N

Upper interface width, mm

Lower interface width, mm

Copper/steel/copper 1387
Steel/copper/steel 1181

0.62 0.50
0.60 0.31

Fel% Cul%

i

Fig. 10 Fracture surface morphologies of (a-b) copper/steel joint and (c-d) steel/copper joint
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Fig. 11 Microhardness test results of (a) steel/copper and (b) copper/steel joints

Table 3 Copper—steel ratio measurement results at the interface of laminated joints

Structure form Beam scanning Fe, % Cu, % Shear strength, MPa
Copper/steel No 52.86 47.14 316

Yes 54.80 45.20 323
Steel/copper No 63.44 36.56 356

Yes 95.56 4.44 420
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Fig. 12 (a) IPP software processing diagram and (b) Linear fitting results of steel content and shear strength at the joint interface

Table 4 Predicted values of shear strength

Structure Beam Upper interface steel Upper interface Lower interface steel Lower interface
form scanning content, % strength, MPa content, % strength, MPa
Copper/ No 86.96 401.94 71.12 364.32
steel/copper Yes 69.68 360.92 49.32 312.56
Steel/copper/ No 92.09 414.10 99.24 431.07
steel Yes 98.26 428.74 92.05 414.02
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The linear equation is Y= 237.36X + 195.51 (Y is the shear
strength, and Z is the steel content at the interface).
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