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Abstract

The present study evaluates the effect of beam oscillation on the mechanical and electrochemical properties of electron
beam welded commercially pure aluminium. The circular beam oscillation diameters of 1 mm and 2 mm have been used
while keeping all the other welding parameters constant. The churning effect of beam oscillation led to the formation of a
broader fusion zone compared to static beam joint. The fusion zone of a static beam weld consists of equiaxed and columnar
structures, while the fusion zone of an oscillated beam weld mainly consists of equiaxed structures. The joints produced
using beam oscillation have less porosity (0.01%) than static beam joint (0.02%). Also, the pores were more evenly distrib-
uted in the oscillated beam joints. The application of circular beam oscillation of diameters 1 mm and 2 mm increased the
microhardness (56 VHN and 58 VHN) as compared to the static beam joint (52 VHN) and base metal (45 VHN). The tensile
strength of aluminium (102 MPa) decreased slightly after electron beam welding (99 to 91 MPa). Beam oscillation reduced
the tensile strength further (91 MPa and 93 MPa) as compared to the static beam joint (99 MPa), whereas the percentage
elongation increased (9 to 17%) due to beam oscillation. Beam oscillation has reduced the corrosion rate from 0.02 mm/
year (base metal) to 0.001 mm/year (oscillated beam weld). The mechanism of variation in mechanical and electrochemical

properties of electron beam welded aluminium with the application of beam oscillation has been established.
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1 Introduction

Aluminium alloys have been extensively used in different
industrial applications such as aerospace, automobiles,
pressure vessels and railways because of their high specific
strength and excellent thermal conductivity [1, 2]. Now, the
focus is to attain a high-quality weld joint. Aluminium alloy
welding has been challenging yet quite active. For years,
industries have routinely used arc welding to join aluminium
alloys. However, the low welding speed and high heat input
of conventional arc welding cause significant deformation,
leading to the formation of cracks and porosities [2, 3]. The
main difficulty of welding aluminium alloys is the formation
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of an oxide layer on the surface. Fusion welding methods
like tungsten inert gas (TIG) welding are mainly used for
aluminium welding, which often encounters defects like
porosities and microcracks [1, 4]. Aluminium welding by
solid-state welding methods generally has defects like oxide
layer formation, surface porosity and lack of penetration.
Additionally, aluminium alloys like A16061 or Al5154 con-
tain trace amounts of magnesium, which conventional arc
welding methods cannot appropriately weld. The cracks gen-
erally initiate at the interface of base metal and heat-affected
zone (HAZ), which propagates further in the fusion zone
(FZ), resulting in inferior mechanical properties [5]. These
problems can be easily solved by employing high-energy
beams like laser and electron beams for welding aluminium
and its alloys. The ability of laser beam welding to perform
deep welds has been reported to enhance weld quality and
decrease the material’s susceptibility to defect formation.
However, porosity formation in laser welded aluminium
alloy affects its tensile strength and fatigue resistance. In
addition, the high reflectivity of aluminium alloys reduces
the laser energy absorption, which potentially affects the
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weld quality [6-8]. Vinska et al. [9] showed the effect of
beam oscillation (BO) in laser welding of 5-mm-thick stain-
less-steel tubes. They used an oscillated beam to remove
the small gaps and misalignment in the welding, though
tiny pores were found afterwards. Wang et al. [10] studied
the effect of BO frequency in the suppression of porosity in
AA6082 aluminium alloy joints prepared using laser-MIG
hybrid welding. The porosity percentage was significantly
reduced by increasing the beam oscillation frequency. The
reduction in the porosity was attributed to the improved key-
hole stability at higher oscillation frequencies. Meng et al.
[11] used high-frequency laser beam oscillation and syn-
chronous wire-powder feeding to overcome the problem of
evaporation and burning loss of alloying elements in joining
AA2219 aluminium alloy. The high-frequency laser beam
oscillation coupled with synchronous wire-powder feeding
was found to reduce the porosity of the weld joint from 10.7
to 0.7% and improve the tensile strength by 12% as com-
pared to the unoscillated beam. They attributed the reduc-
tion in porosity to the stirring effect of a high-frequency
oscillating beam, which breaks and inhibits the growth of
dendrites. Wang et al. [12] studied the effect of beam oscil-
lating patterns on weld characterisation of laser welding of
AA6061-T6 aluminium alloy. They studied the three dif-
ferent oscillating patterns and showed that the circular BO
promoted the formation of equiaxed grains in the FZ. Berend
et al. [13] studied the effect of high-frequency BO for key-
hole stability in aluminium alloy laser beam welding. They
showed that the stable keyhole reduced the humping effects
of the weld zone.

Electron beam (EB) welding is another high-energy den-
sity welding process. EB welding produces the fusion by
concentrated electron beams impinging upon the workpiece.
During the irradiation with an electron beam, the electron’s
kinetic energy is transferred to atoms, generating intense
heat leading to the melting and welding of materials. The EB
welding may be conducted in two modes: conduction and
keyhole. The keyhole welding mode is preferred for joining
thicker sections [8, 14]. EB welding uses focused electron
beams, which reduces the size of the HAZ as compared to
conventional welding processes. Other advantages of EB
welding, such as low heat input, deep penetration, repeat-
ability and minor distortion, make it superior to traditional
welding methods [15]. EB welding has successfully been
applied for the welding of materials like aluminium (Al),
stainless steel (SS), titanium (Ti) and its alloys, zirconium
(Zr) and niobium (Ni) [16, 17]. The main process parameters
for EB welding are acceleration voltage, beam current, weld
speed and beam oscillation. Among these parameters, BO
is an important parameter that has been reported to stabi-
lise the keyhole and reduce porosity. In addition, BO has
also been reported to make the weld smoother without any
spatter [16]. Gabreili et al. [17] used EB welding to join
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AA6061 T651 alloys to develop distortion-free welding with
increased penetration depth and controlled residual stress.
Zuhair et al. [18] studied the effect of EB welding param-
eters on the tensile strength of AA1350 alloys and reported
a reduction in the impact toughness of the joint because of
the recrystallisation processes due to the localised heating
produced by the electron beam. Moschinger et al. [19] stud-
ied the influence of beam current on the porosity forma-
tion of the EB welded aluminium alloy (AW6082). They
showed that the beam current influences the porosity but
could not establish a direct relationship between them. Zhan
et al. [20] conducted a comparative study of the laser beam
and EB welding of 5A06 aluminium alloy. They showed
that the weld bead cross-section area of laser beam welding
is 4.34 mm?, while that for EB welding is 2.6 mm?. They
also showed that the grain size of laser beam welds was
more significant than the EB welded grains size. Finally,
they concluded that the weld quality of EB welded joints
was superior to that of laser welded joints and that laser
could not replace EB welding. Kar et al. [21] studied the
effect of process parameters on the formation and distribu-
tion of porosities in EB welded dissimilar joints of AA6061
and AA2024 aluminium alloys. They showed that the BO
and higher scan speed produce smooth welds with less spat-
ter. Jeetendra et al. [22] showed that the yield strength (YS)
and ultimate tensile strength (UTS) of the EB welded com-
mercially pure titanium (Cp-Ti) joint remained unchanged
while the microhardness was increased as compared to the
base metal.

Though the influence of EB welding parameters such
as beam current, welding speed and oscillation frequency
on the similar joining of aluminium and its alloys has been
studied in detail, however, the effect of variation in oscilla-
tion diameter on the microstructure, porosity distribution
and mechanical and electrochemical properties has yet to be
studied in detail. In the present work, EB welding of com-
mercially pure aluminium (Cp-Al) similar joints has been
performed at an optimum acceleration voltage, beam current
(corresponding to the formation of defect-free weld zone)
and varied BO diameter. A thorough microstructural exami-
nation was performed to understand the effect of circular BO
on the microstructures and its effect on the mechanical and
electrochemical properties of the joints.

2 Experimental procedures

In the present study, Cp-Al was used as base metal. The
chemical composition of as-received Cp-Al obtained from
X-ray fluorescence spectroscopy (XRF) and its mechani-
cal properties (obtained from mechanical testing) are given
in Table 1. The plates with dimensions of 70X 60X 3 mm?
(length X breadth x height) were taken from cold rolled
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Table 1 Che.mical comp osition Chemical compositions Elements Si Fe Ti Mn Zn Al
and mechanical properties of

Content (wt%)  0.15 025 0.05 0.05 0.05  99.45

as-received Cp-Al

Mechanical properties

Ultimate Tensile Strength—102 MPa

Ductility—23%

Yield strength—65 MPa

Fig. 1 a Schematic diagram of
EB welding of Cp-Al, b Cp-Al (@

. . Focusing
plates fitted in the fixture in butt Coil
welding configuration Elmr‘:‘D

Beam
Melt Pool

Weld Bead /\“
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Fig.2 Electron beam welding setup at IIT Kharagpur

sheets. The length side (70 mm) was used for the butt weld-
ing of Cp-Al, which is transverse to the rolling direction. The
cross-sections of the prepared coupons were mechanically
polished to a roughness of 5 um (average surface roughness)
using emery paper before welding. Figure 1a shows the sche-
matic diagram of EB welding of Cp-Al. The clamps tightly
fitted the two adjoining plates to ensure a negligible air gap
between them, as shown in Fig. 1b.

2.1 Selection of process parameters

Welding was performed using an 80-kV and 12-kW EB
welding machine at IIT Kharagpur (Make: Bhabha Atomic
Research Centre (BARC); Department of Atomic Energy
(DAE)) (as shown in Fig. 2). The EB welding parameters
were set at an accelerating voltage of 55 kV, beam current of

36 mA, weld speed of 750 mm/min and oscillation frequency
of 500 Hz. The circular beam oscillation of two oscillation
diameters, 1 mm and 2 mm, were used. In the study, circular
beam oscillation was used as the EB welding machine at IIT
Kharagpur only has a circular beam oscillation configura-
tion. The optimum parameters for the study were selected
after a series of bead-on-plate welding experiments on the
same Cp-Al coupons. The parameters resulting in full-depth
penetration with no visual defects have been chosen for the
EB welding. Selected parameters are listed in Table 2.

A 3D non-contact optical surface profilometer (Model:
Contour GT, make: Bruker) was utilised to calculate the
average surface roughness of as-received and FZ of EB
welded Cp-Al samples. For three-dimensional (3D) analy-
sis of porosities, the X-ray computed tomography (XCT)
technique was employed using a GE Phoenix® model: V/
TOME/XS. For microstructural observation, samples were
cut perpendicular to the weld direction using an abrasive cut-
ter. Subsequently, specimens were polished using different
grades of SiC emery papers ranging from 240 to 2000 grit
size. Keller’s reagent (1.5 ml of hydrochloric acid, 2.5 ml
of nitric acid, 1 ml of hydrofluoric acid and 95 ml of dis-
tilled water) was used as an etchant to reveal the microstruc-
ture. The weld joints were then observed under an optical
microscope (Model: DM6000 M, Make: Laica®). A scan-
ning electron microscope (Model: Merlin SEM, GEMINI
2, Make: ZEISS®) was used for the higher magnification
images. ImageJ software was used to measure the average
dendritic lengths. The phases present in the microstructure
were analysed using an X-ray diffractometer (Model: D8
Advance diffractometer, Make: Bruker, Germany), at an
operating voltage of 40 kV and current of 40 mA with Cu
Ka radiation. The phase identification was performed using
TOPAS software. Microhardness measurements of both the
weld zone and the as-received Cp-Al were obtained with the

@ Springer



2782

Welding in the World (2024) 68:2779-2792

Table 2 EB welding parameters used in the present study

Butt joints Accelerating voltage (kV) Beam current (mA) Scan speed (mm/min) Oscillation fre- Oscillation

quency (Hz) diameter
(mm)

Joint 1 55 36 750 0 0

Joint 2 500 1

Joint 3 500 2

Oscillation type—Circular oscillation Work chamber pressure—5 x 107> mbar

Working distance—432 mm Number of pass—O01

Gun chamber pressure—5 x 10% mbar

help of a Vickers microhardness testing machine (Model:
VMHT-001, Make: UHL®) at 10 gf applied load and an
indentation time of 10 s. The gap in the two adjacent indenta-
tion points was 0.25 mm, and the microhardness values were
measured across the cross-section, which was 1 mm below
the top surface of the joined samples. The tensile testing
was performed using an Instron machine (Model: INSTRON
3365) at a cross-head speed (displacement rate) of 0.5 mm/
min with a maximum load of 5 kN and a gripping distance
of 25 mm. The fractography of the fractured samples of ten-
sile testing was observed under a scanning electron micro-
scope (SEM). Finally, corrosion analysis of as-received and
EB welded Cp-Al samples was done by potentiodynamic
polarisation testing using a three-electrode system (Model:
Metrohm Autolab, Netherlands). An Ag/AgCl electrode was
used as the working electrode, while platinum was used as
the counter electrode. The exposed area was kept constant
(1 cm®) for all the tested samples. Polarisation test was per-
formed at a scanning rate of 0.2 mV/s, from—0.5 V (Ag/
AgCl) to+1.0 V (Ag/AgCl).

3 Results and discussion
3.1 Fusion zone geometry

Figure 3 shows the optical macrographs of the weld zone
of EB welded Cp-Al joints prepared using (a) static beam
and oscillated beam having oscillation diameter of (b)
1 mm and (c) 2 mm. From Fig. 3a, it may be noted that
welding without BO has the formation of an undercut. The
introduction of BO reduces the undercut and the undercut
is negligible for the joint prepared with oscillation diam-
eter of 2 mm. The undercut for joint 1 is 0.41 mm; for joint
2 is 0.30 mm; for joint 3, it is negligible. This reduction
in the undercut of the joint developed by beam oscillation
may be attributed to the lower heat input per unit length
and rapid quenching of the weld zone. Figure 4a and b
shows no spatter was present in EB welded Cp-Al joints
using a static or oscillated beam. In this regard, it should
be mentioned that a similar observation of the formation

Fig.3 Optical macrographs of
the cross-section of EB welded
Cp-Al joints prepared using a
static beam and oscillated beam
having oscillation diameter of b
1 mm and ¢ 2 mm
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Fig.4 Top surface images
of EB welded Cp-Al joints
prepared using a static beam
and b oscillated beam (1 mm
diameter)

Face width FW
Root width RW FW

Width of Fusion zone (mm)

Fig.5 Fusion zone width on the face and root side of the EB welded
Cp-Al joints

of smooth surfaces without any spatter was earlier reported
by several authors [12, 23, 24]. Figure 5 shows the FZ
width, measured at the face and root side of the weld.
The FZ shape is triangular, with the face having the high-
est width and the root having the lowest width. The face
width and root width are higher for oscillated beam welds
than static beam welds, and the difference between face
and root is highest when the oscillation diameter is 2 mm.

3.2 Surface roughness

Figure 6 shows the 3-dimensional surface topography of (a)
as-received Cp-Al, and EB welded Cp-Al joints prepared
using (b) static beam, and oscillated beam having oscillation
diameter of (c¢) 1 mm and (d) 2 mm. Figure 7 summarises
the average surface roughness measured on the top surface
of the as-received and EB welded Cp-Al joints. The surface
roughness of the welded samples was measured in the FZ (as
marked in Fig. 6). From Fig. 6 and Fig. 7, it may be noted

that due to EB welding, there is an increase in the average
surface roughness from 1.05 pm of as-received Cp-Al to
17-21 um for EB welded Cp-Al under the present set of
parameters. This increase in the average surface roughness
due to EB welding may be attributed to the surface tension-
driven flow of material on the surface. Increased surface
roughness was observed in oscillated beam welds, which
may be attributed to the intense churning of the circular
oscillated beam.

3.3 X-ray tomography

Figure 8a and b shows the 3D X-ray tomography images
of the pores present in EB welded Cp-Al joints prepared
using (a) static beam (joint 1) and (b) oscillated beam of
oscillation diameter 2 mm (joint 3). From Fig. 8a, it may
be observed that the distribution of porosities in joint 1 pre-
pared using a static beam is very uneven and mostly con-
centrated at the interface of base metal and FZ. In joint 3,
prepared using an oscillated beam, the pores are more evenly
distributed across the weld zone, which may be attributed to
better mixing produced due to the intense churning action
of the oscillated beam. The weld joint prepared using static
beam shows an increased porosity percentage in the weld
zone (0.02%) as compared to the joint prepared with BO
(0.01%). From Fig. 8a and b, it may be observed that all
the joints have the presence of porosities. By observing the
weld bead, joint 3 has a well-defined shape without under-
cutting or crack formation. Hence, it may be concluded that
minimising porosities requires optimum oscillation diameter.

Figure 8c and d illustrates the pores’ sphericity of EB
welded Cp-Al as a function of pore diameter. The pores
formed in a joint prepared using a static beam are less
spherical in shape (Fig. 8c) and their size varies from 50 to
390 pm. The introduction of BO of diameter 2 mm makes
the pores more spherical (Fig. 8d), though their size remains
almost identical (50 to 380 pm). Porosities in the EB weld-
ing are due to the entrapment of the dissolved gases caused
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Fig.6 3D constructed rough-
ness diagrams of a as-received
Cp-Al and EB welded Cp-Al
joints prepared using b static
beam and oscillated beam hav-
ing oscillation diameter of ¢

1 mm and d 2 mm
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by rapid solidification. Dinda et al. [25] studied the effect
of BO in EB welded DP600 steel to Al 5754 alloy. They
showed that BO with optimum oscillation diameter improves
the weld quality by reducing the amount and size of porosity
as compared to static beam.

3.4 Microstructural studies

Figure 9 shows the microstructure of the FZ and base
metal interface of EB welded Cp-Al joints. The transverse
cross-sectional microstructure of the weld zone consists
of columnar dendrites. The presence of dendritic struc-
ture may be due to the variable cooling rate during weld
pool solidification. Microscopic analysis revealed that
columnar dendrites usually comprised of more than 80%
of the entire weld zone, while the area fraction of equiaxed
grains was lower. The epitaxial solidification was the main
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reason for columnar dendrite’s growth near the fusion
line. Epitaxial solidification generally advances in a path
parallel to the largest thermal gradient towards the weld
centre. The growth rate reaches its highest value at the
weld centre after starting from zero at the fusion line [26].
Figure 9a has columnar dendrites of an average length of
87 um, while the average lengths of dendrites were lower
for welds prepared with oscillating beams (Fig. 9b and
Fig. 9c). The average dendritic length in the oscillating
beam weld of diameter 1 mm is 72 pm and for diameter
2 mm is 68 pm. This reduction in the dendritic length due
to beam oscillation may be attributed to the tearing effect
produced by the intense churning action of BO. A narrow
HAZ may be observed near the fusion line of all three
welds, as shown in Fig. 9a—c. The HAZ width was not
affected by the introduction of beam oscillation or change
in oscillation diameter.



Welding in the World (2024) 68:2779-2792

2785

25

Surface Roughness (1um)

Joint 1 Joint 3

Fig. 7 Bar charts showing the variation of average surface roughness
of as-received Cp-Al, and the EB welded Cp-Al joints prepared with
static beam (joint 1), and oscillated beam having the oscillation diam-
eter of 1 mm (joint 2) and 2 mm (joint 3)

Figure 10 shows the cross-section of FZ of the EB welded
Cp-Al joints. From Fig. 10, it may be observed that the
microstructure formed in the FZ is generally of equiaxed
form. The BO hinder the dendrite’s growth and promotes the
formation of equiaxed grains. The amount of equiaxed struc-
ture increases from joint 1 to joint 3 which may be attributed
to the effect of BO. Figure 11 shows the effect of circu-
lar beam oscillation on the heat flow, which promotes the
formation of equiaxed grains and reduces the formation of
columnar dendrites. From Fig. 11a, it is clear that the molten
pool without beam oscillation has a lower cooling rate than
the oscillated beam weld due to the axial flow of the static
beam weld. From Fig. 11b, it may be observed that the circu-
lar melt flow in oscillated beam welds stirs the molten pool
continuously. The stirring of the weld pool generates many
small turbulences among the dendrites, which increases the
rate of the re-melting and breaking of dendrites. The circular
melt flow drives the broken and partially melted grains into
the molten pool, providing more nuclei for equiaxed grain
growth. Therefore, the oscillated beam weld has more equi-
axed grains. Since the equiaxed grains are isotropic, with an

Fig.8 3D micro CT image of

porosity distribution of EB
welded Cp-Al joints prepared
using a static beam, b oscillated
beam (2 mm); weld sphericity
vs pore diameter using c static
beam and d oscillated beam

(2 mm)

Defect volume (mm?) (a) (b)

08
..
0.7 8
X o o
z 1. A
.- ®,
R £
- .
< l.
el 0
2]
0.4
03
T T
0 100 200

(© 1 (@)

Sphericity LB
: - , - ‘

.
=
=~
n
.
.

0.3

Pore diameter (um)

{ SEEhe i o e et ) ko ik e oty s e |
0 50 100 150 200 250 300 350 400 450 500 S50

Pore diameter (um)

T T
300 400

@ Springer



2786

Welding in the World (2024) 68:2779-2792

Fig.9 Optical micrographs of
the FZ and base metal interface
of EB welded Cp-Al joints
prepared using a static beam,
oscillated beam having oscil-
lation diameter of b 1 mm and
c2mm

Bee 2 AAH] 7 T g7 S

N l?endnte |

Fig. 10 Optical micrographs
of the FZ of EB welded Cp-Al
joints prepared using a static
beam and oscillated beam hav-
ing oscillation diameter of b

1 mm and ¢ 2 mm

increase in equiaxed structure, the strain is also improved,
thus improving the ductility of the weld joints [12, 27].
Figure 12 shows the high magnification scanning electron
micrographs of the transverse cross-section of the FZ of the
EB welded Cp-Al joints prepared with (a) static beam and
oscillated beam having oscillation diameter of (b) 1 mm and
(c) 2 mm. The cross-section microstructure of FZ prepared
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without BO is a mixture of equiaxed and columnar dendritic
structures. The average grain size in the FZ of the joint pre-
pared using a static beam is the highest (15 um) as compared
to 12 um and 10 pm for the joints prepared using 1 mm
and 2 mm beam oscillation diameters, respectively. Joint 2,
prepared with an oscillation diameter of 1 mm, shows the
presence of both columnar dendrites and equiaxed grains.
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Fig. 11 Schematic drawings
showing the effect of melt flow (a) Columnar Dendrites (b) Melt |P ool Columnar Dendrites
on microstructure formation, I
a static beam and b oscillated Ko
beam * isbrbanin . **

. m Base Circular Base

Axial Melt b e el | Melt Flow Metal
Flow 7&

SR

1 <
Melt Pool Equiaxed Grains

N
Equiaxed Grains Tiny Turbulence

Fig. 12 Scanning electron
micrographs of the FZ of EB
welded Cp-Al joints prepared
using a static beam (joint 1) and
oscillated beam having oscilla-
tion diameter of b 1 mm (joint
2) and ¢ 2 mm (joint 3)

/ Columnar

4 Dendrites

The joint prepared with a 2-mm oscillation diameter shows a
maximum amount of equiaxed grains as compared to joint 1
and joint 2. From Fig. 12, it is clear that the optimum oscil-
lation diameter leads to grain refinement and also increases
the amount of equiaxed grains in the FZ.

3.5 Phase analysis

Figure 13 displays the X-ray diffraction spectra obtained
from the as-received and EB welded Cp-Al samples. The
spectra demonstrate the presence of only a-phase in the weld
zone. Lattice strain is also calculated by analysing XRD
spectra using Scherrer’s formula. From Fig. 14, it may be
observed that the magnitude of lattice strain introduced in
the joint prepared with the static beam is lower than the
as-received Cp-Al. Beam oscillation tends to increase the
lattice strain, and it is maximum for joint 3 prepared with a
2-mm oscillation diameter, though it is still lower than the
as-received Cp-Al. The increase in the lattice strain with

£ grains

¥ v = o-Aluminium (Al)
= . Y. Y
- = ~ ey ¥
) S e ~
Joint 3 8 i ] h = L S
< =2 L
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<
Z Joint 2 J
g L
e
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Joint 1 ‘ J h
=
Cp-Al BRI A L
T T T T T T
20 40 60 80
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Fig. 13 X-ray diffraction profiles of the as-received and EB welded
Cp-Al joints prepared using static beam (joint 1) and oscillated beam
having oscillation diameter of 1 mm (joint 2) and 2 mm (joint 3)
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Joint 1

Cp-Al Joint 3

Fig. 14 Bar diagram of lattice strain of Cp-Al and EB welded Cp-Al
joints prepared using static beam (joint 1) and oscillated beam having
oscillation diameters of 1 mm (joint 2) and 2 mm (Joint 3)

an increase in oscillation diameter may be attributed to the
effective lower heat input per unit length, which led to the
faster cooling rate in oscillated beam joints. A similar obser-
vation was also reported by Jeetendra et al. [28].

3.6 Microhardness measurement

Figure 15 displays the Vickers microhardness profiles across
the weldment region. All three joints have higher micro-
hardness in the FZ than the as-received Cp-Al, which may
be attributed to the finer grains in the FZ of the EB welded
Cp-Al. The microhardness at the interface of base metal
and FZ decreases continuously as we move away from the
FZ, which may be attributed to the coarser grains across

the HAZ. The highest average microhardness value of 58
VHN was obtained for joint 3 prepared using a 2-mm oscil-
lation diameter compared to 45 VHN for as-received Cp-Al.
The joint prepared with the static beam shows the minimum
microhardness of 52 VHN among all the EB welded joints.
The introduction of beam oscillations increased the aver-
age microhardness (56 VHN—joint 2), which continued
to increase with beam oscillation diameter. The increased
microhardness due to EB welding was attributed to micro-
structure refinement, which was even more when BO was
used. The hardening mechanism in the weld zone of EB
welded Cp-Al was grain refinement following the Hall-Petch
equation [29]. Increased microhardness with an increase in
beam oscillation diameter is because of the development
of finer microstructure. Jeetendra et al. [22] also showed
increased microhardness in the weld zone with the oscil-
lated beam.

3.7 Tensile strength and fractography

Figure 16 shows the engineering stress—strain diagram of as-
received Cp-Al and EB welded Cp-Al joints prepared using a
static beam and oscillated beam having oscillation diameters
of 1 mm and 2 mm. Table 3 summarises the parameters
derived from tensile testing regarding YS, UTS and per-
centage elongation of as-received and EB welded Cp-Al.
From Table 3, it may be noted that EB welding with a static
beam leads to a slight reduction in YS (65 to 62 MPa), UTS
(102 to 99 MPa) and percentage elongation (23 to 9%) as
compared to as-received Cp-Al. Beam oscillation leads to a
further reduction in YS and UTS, but there is a significant
improvement in percentage elongation. The increased oscil-
lation diameter does not lead to any significant improve-
ment in YS (47 MPa and 55 MPa) and UTS (91 MPa and
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Fig. 15 Variation of microhardness across the weld zone of EB
welded Cp-Al joints

@ Springer

Fig. 16 Engineering stress—strain diagram of as-received and EB
welded Cp-Al joints
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Table 3 Tensile tests result of

. Specimen designation YS (MPa) UTS (MPa) Percentage elonga-  Failure location
the as-received and EB butt tion (%)
welded Cp-Al joints
As-received Cp-Al 65+2 102+2 23
Joint-1 62+3 99+2 9 Weld
Joint-2 47+2 91+3 17 Weld
Joint-3 55+1 93+2 15 Weld

93 MPa); rather, percentage elongation (17 to 15%) is mar-
ginally reduced. Dinda et al. [25] reported the influence of
beam oscillation on EB welding of DP600 steel to A15754
alloy and concluded that the optimum diameter value needs
to be chosen for the best weld properties. Hence, from the
present investigation, it may be concluded that 1-mm beam
oscillation diameter is the optimum oscillation diameter,
which results in the maximum improvement in percentage
elongation. The improvement in percentage elongation in
case of oscillated beam joints may be corroborated with
isotropic equiaxed structure in oscillated beam joints as
compared to anisotropic columnar structure in static beam
joints. The isotropic equiaxed structure prohibits the spread
of cracks in the fusion zone, which helps in increasing the
percentage of elongation.

Figure 17a—d shows the fractrographs of the fractured
surface of (a) as-received Cp-Al, EB welded Cp-Al joints
prepared using (b) static beam, oscillated beam having oscil-
lation diameter of (¢) 1 mm and (d) 2 mm. From Fig. 17a, it
may be noted that failure in Cp-Al is predominantly ductile,
evident from dimples. On the other hand, the EB welded

Fig. 17 Fractographic images
of a as-received Cp-Al and EB
welded Cp-Al joints prepared
using b static beam and oscil-
lated beam having oscillation
diameter of ¢ 1 mm and d 2 mm

samples have porosities and microcracks. A close compari-
son of Fig. 17b—d shows that tiny pores and coalescences of
micro-voids lead to microcrack formation. The porosities
and microcracks are possible sites for crack initiation, as a
result of which joint 1 shows minimum ductility. Figure 17¢c
and Fig. 17d show that there is the presence of very small
porosities, and the size of dimples is non-uniform. The area
fraction of pores is higher in Fig. 17b—d than in Fig. 17a,
as a result of which EB welded Cp-Al shows lower ductil-
ity than the as-received one. A comparison between joints
2 and 3 further reveals that joint 2 shows relatively higher
ductility than joint 3 (cf. Table 3). This is also evident from
the fractography of Fig. 17¢, which shows the presence of a
lower area fraction of porosities compared to Fig. 17b and
Fig. 17d in addition to a reduced size.

3.8 Corrosion studies
The corrosion resistance properties of the as-received and

the weld zone of EB welded Cp-Al samples were evalu-
ated in a 3.56 wt% NaCl solution by potentiodynamic

@ Springer
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Fig. 18 Potentiodynamic polarisation curves for the as-received, and
EB welded Cp-Al joints in 3.5 wt% NaCl solution, showing the varia-
tion of current density with applied voltage

Table 4 Results of corrosion test derived from the potentiodynamic
polarisation plot

Sample ID E . (mV (SCE)) [, (A) Corrosion
rate (mm/
year)

As-received Cp-Al  —606.36 1.88x107°  0.020351

Joint (1) —659.11 3.51x107%  0.037954

Joint (2) —656.73 3.63x1077  0.003576

Joint (3) —649.78 1.07x1077  0.001271

polarisation test. Figure 18 shows the potentiodynamic
polarisation curves of as-received and EB welded Cp-Al in
terms of variation of log(i) as a function of applied poten-
tial. Table 4 summarises the corrosion test results derived
from the potentiodynamic polarisation plot in terms of cor-
rosion potential (E,,,,), corrosion current (/.,.) and corro-
sion rate derived from Tafel’s extrapolation. From Fig. 18
and Table 4, it may be noted that there is a marginal shift in
E values in EB welded Cp-Al towards the active direc-
tion (—649.8 mV (SCE) to—659.1 mV (SCE)) as compared
to—606.4 mV (SCE) of as-received Cp-Al. This marginal
shifting in E_ . towards an active direction is possibly attrib-
uted to the refinement of microstructure, which makes the
weld zone more reactive. Though the corrosion potential of
EB welded Cp-Al is more active than as-received Cp-Al.
However, there is a significant reduction in corrosion rate
in the weld zone compared to as-received samples. Fur-
thermore, the joint prepared with a 2-mm beam oscillation
diameter shows the minimum corrosion rate (0.001271 mm/
year). During EB welding, the fast melting and cooling of
the metal produce a fine-grained homogenised microstruc-

ture on the surface, which increases the corrosion resistance

OIT-
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of the oscillated weld joints because of the formation of the
stronger passive layer, which was also reported earlier [30,
31].

4 Summary and conclusion

In the present study, EB welding of Cp-Al was carried out
using varying beam oscillation diameters. From the detailed
study, the following conclusions may be drawn:

1. Average surface roughness increased after EB weld-
ing and was even higher when beam oscillation was
employed than the static beam. The surface roughness
increases with an increase in oscillation diameter.

2. Porosities were present predominately at the weld zone
and base metal interface. When the static beam was
used, the porosity distribution across the weld zone
was not uniform. The introduction of beam oscillation
reduced the porosity formation (0.02% for the static
beam to 0.01% for the oscillated beam) and made the
porosity distribution uniform.

3. Due to beam oscillation, an increased area fraction of
equiaxed grains is formed in contrast to columnar mor-
phology obtained using a static beam. There is signifi-
cant refining of microstructure due to EB welding, and
refinement was even greater when BO was employed.

4. The microhardness of the EB welded joints (52 VHN
to 58 VHN) was higher as compared to the as-received
Cp-Al (45 VHN). The introduction of beam oscillation
and increased oscillation diameter further increased the
microhardness. The highest microhardness of 58 VHN
was found for joint 3, prepared with a 2-mm beam oscil-
lation diameter.

5. The YS (62-47 MPa), UTS (99-91 MPa) and % elonga-
tion (17-9%) decreased after EB welding as compared
to as-received Cp-Al (65 MPa, 102 MPa, and 23%).
The joint prepared with the static beam showed the
maximum YS (62) and UTS (99 MPa) and minimum
% elongation (9%) among the EB welded samples. The
introduction of beam oscillation reduced the YS and
UTS further but increased the % elongation. The YS,
UTS and % elongation did not show any trend with the
increase in oscillation diameter. The joint prepared with
a 1-mm beam oscillation diameter showed maximum
ductility (17%).

6. The corrosion resistance of EB welded samples with
the static beam is decreased (corrosion rate, 0.037 mm/
year) compared to as-received Cp-Al (0.020 mm/year).
However, welding with beam oscillation decreases the
corrosion rate (0.003 to 0.001 mm/year) and increases
the corrosion resistance. Joint 3, prepared with a 2-mm
oscillation diameter, showed a minimum corrosion rate.
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