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1  Introduction

Titanium alloys possess an outstanding combination of 
properties like high specific strength, good fatigue life, 
and excellent corrosion resistance. As a result, they have 
wide-ranging applications in the aerospace and marine 
sector. CP titanium has lower strength than other alloys, 
but it is the alloy of choice for applications requiring cor-
rosion resistance, and it has better elevated temperature 
creep resistance and is less expensive than the other tita-
nium alloys [1]. Conventionally, tungsten inert gas welding 
(TIG) and metal inert gas welding (MIG) are employed 
for welding titanium and its alloys [2]. GTAW of Ti and 
its alloys has been studied in detail [3–5] but its use is 
limited due to higher heat input, whereas GMAW is not 
used extensively. Friction stir welding (FSW) of titanium 
and its alloys causes excessive tool wear [6]. Laser and 
electron beam welding (EBW) is a high energy density 
beam welding technique which is having higher energy 
efficiency and several advantages like faster processing 
speed and negligible heat-affected zone. However, due to 
a lack of extensive work and reported literature they are 
not commercially used for welding titanium. Furthermore, 
electron beam welding is having the additional advan-
tage of the development of a contaminant-free weld zone 
without the requirement of additional shielding gas. The 
problem of beam reflection from the molten pool encoun-
tered in LBW is not so severe in EBW [7]. Compared to 
LBW, EBW has better energy absorption independent of 
material and surface conditions and the capability of per-
forming deeper penetration weld with a higher aspect ratio 
and relatively less heat-affected zone. Yunlian et al. [8] 
attempted to weld Ti by TIG, LBW, and EBW. A serrate 
and regular plate-like structure appeared in FZ for EBW, 
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while a fine acicular structure was observed for LBW. 
Relatively larger α-phase structures in EBW FZ were 
due to lower cooling rates in EBW with respect to LBW. 
Micro-hardness was found to be lowest in the weld zone in 
the case of EBW. The parameters usually applied in EBW 
include accelerating voltage, beam current, scan speed, 
and beam oscillation [9, 10]. In the past, several studies 
have been undertaken to understand the influence of beam 
acceleration voltage and scan speed on the characteristics 
and properties of electron beam-welded titanium [11–13]. 
However, there is a limited report in the literature showing 
the effect of beam oscillation on the characteristics and 
properties of CP titanium. Gupta et al. [14] studied the 
mechanical properties at room temperature as well as at a 
cryogenic temperature of as-received CP titanium as well 
as electron beam-welded joints. The strength of the weld-
ment as well as parent metal increased with a decrease in 
temperature. Weld efficiency > 95% at all the temperatures 
(ambient, 77 K, 20 K) was observed. Optical microscopy 
revealed the presence of single phase α in parent metal, 
which transformed to Widmanstatten martensitic struc-
ture with feathery morphology in the weld. An increase 
in dislocation density near the failure tip of the tensile 
test specimen and the presence of dimples were observed 
indicating ductile failure/ sufficient amount of ductility 
even at 20 K. Wang and Wu [15] investigated the effect 
of linear beam oscillation on microstructural refinement 
in the fusion zone and β-stabilizing elements segregation 
in Ti-6Al-4 V joints. Fu et al. [16] investigated the BOP 
joining of 50-mm-thick TC4-DT alloy with an oscillated 
beam using the EBW process. They reported that the appli-
cation of beam oscillation improved the weld morphology 
and increased the width of the weld. They also concluded 
that the beam oscillation produced a more homogeneous 
microstructure due to improved fluidity and solidification 
of molten metal. It was found that the joints prepared with 
beam oscillation have better fatigue properties as com-
pared to the static beam counterparts. Dinda et al. [17] 
studied the effect of beam oscillation on electron beam 
welding of DP600 steel to Al 5754 alloy and reported an 
optimum value of beam oscillation which reduced the 
defect content in the weld zone. They also concluded that 
beam oscillation diameter higher or lower than the opti-
mum value may increase the porosity in the weld zone. 
Kar et al. [18] studied the effect of beam oscillation on 
electron beam welding of Ti6Al4V alloy. They studied the 
effect of circular beam oscillation on microstructure evolu-
tion and its influence on the mechanical properties of EBW 
of Ti6Al4V. Kar et al. [18] reported joints prepared with 
beam oscillation to show better notch toughness and higher 
%elongation due to the evolution of refined homogeneous 
microstructure in the weld zone. They also reported an 

increase in residual stress due to beam oscillation but it 
was still less than TIG and laser welding. From the above 
discussion, it is clear that the effect of beam oscillation 
has been studied mainly in Ti6Al4V whereas we did not 
find any literature on the effect of beam oscillation on the 
EBW of CP titanium.

In the present study, electron beam welding of similar 
titanium joints has been carried out using a constant accel-
eration voltage, beam current, scan speed, and its effect on 
the microstructure and tensile strength has been carried 
out. Furthermore, attempts have been made to understand 
the effect of beam oscillation diameter on the microstruc-
ture, microhardness, and tensile properties of the CP tita-
nium joints.

2 � Experimental

2.1 � Materials and Methods

In the present study, commercially pure (CP) titanium 
sheets of dimensions 60 mm × 50 mm × 3 mm in the cold-
rolled and annealed state were used as a workpiece for 
welding. The composition (in weight %) of the as-received 
titanium as obtained from X-ray fluorescence spectroscopy 
(XRF) is Al—0.2%, Fe—0.06%, Si—0.04%, Ni—0.01%, 
Mn—0.01%, Cr—0.01%, and the rest is Ti. Before the 
electron beam welding (EBW), the samples were mechani-
cally polished up to a roughness of 5 μm. Electron beam 
welding was carried out using an electron beam welding 
machine with a capacity of 80 kV voltage, and 12 kW 
power (make BARC, India) using an optimum process 
parameter of 60 kV acceleration voltage, 40 mA current, 
900 mm/min welding speed, and work chamber vacuum 
level of 5*10–5 mbar. The optimum parameters used were 
derived through an extensive study of the effect of pro-
cess parameters on the microstructure and defect density 
of weld zone and heat-affected zone and the parameters 
reported were the same corresponding to the formation of 
a defect-free weld zone with full penetration (c.f. Table 1). 
Edge preparation for the butt joint was performed to make 
the mating faces of the two-samples parallel to each other 
by a milling operation. Before welding, the workpieces 
were cleaned properly with acetone to remove any dirt or 
grease. From Table 1, it may further be noted that the only 
variable for electron beam welding was the beam oscil-
lation diameter which varied from 0 to 1.5 mm. Figure 1 
shows the schematic of beam oscillation using an applied 
magnetic field and different types of oscillation patterns 
commonly used in EBW [11]. Circular beam oscillation 
with a frequency of 300 Hz was selected in the present 
study.
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2.2 � Microhardness Measurement

The microhardness of as-received and electron beam (EB)-
welded CP titanium was measured using Vickers microhard-
ness tester (UHL-VMHT 001, Germany) at an applied load 
of 100 gf and dwell time of 10 s following ASTM E384-17 
standard and an average of five measurements at each point 
has been reported. The microhardness was measured starting 
from the base metal to HAZ to the fusion zone till the base 
material was reached. The distance between two consecu-
tive indents was kept as 0.5 mm. The Vickers hardness was 
calculated using the following Eq. (1):

where P is the applied normal load in kgf and 
davg = (d1 + d2)∕2 , where d1 and d2 are the lengths in mm 
of the two diagonals of indentation.

2.3 � Phase Analysis and Residual Stress Measurement

Phase analysis was performed by X-ray diffraction tech-
nique using an X-ray diffractometer (Model No.: D8 
Advance, Make: Bruker, Germany), operating at a volt-
age of 40 kV and current of 25 mA using Cu Kα radiation. 
Spectra were analyzed using X’pert High Score software. 

(1)H
V
=

1.854P

davg
2

Residual stress was measured using a stress goniometer 
attached to an X-ray diffraction unit. Residual stress in 
the joints was measured in the center of the fusion zone, 
and an average of three measurements in each sample was 
reported. The obtained results were analyzed in X’pert 
stress software following the sin2ψ method. For Ti joints, 
2θ = 70.263 degrees having h k l of (3 1 0) were chosen for 
the calculation of residual stress. Here, the peak selection 
is based on the higher diffraction angle as it increases the 
precision of the method selected.

2.4 � Tensile Test

Tensile testing was carried out in such a fashion that the 
weld zone is in the middle of the gauge length of the test 
specimen and the welding direction is perpendicular to the 
test specimen. Tensile test was carried out using a univer-
sal testing machine with a maximum capacity of 100 kN 
make Instron® (model: 8862) at room temperature fol-
lowing ASTM E8/E8m-15a (2015). Total length of the 
specimen is 100 mm whereas the gauge length is 25 mm. 
Testing was conducted by displacement-controlled method 
with 0.5 mm/min crosshead velocity. Four specimens were 
tested under each set of parameters and an average of four 
readings were reported. Tensile test results were recorded 
in terms of 0.2% offset yield strength, ultimate tensile 
strength, and % elongation to rupture.

Table 1   Summary of electron beam welding parameters used in the present study

S. No Sample Id EB welding parameter (Kept constant for all 
samples)

Beam oscillation diam-
eter (mm)

Other oscillation parameters

1 Joint 1 Voltage = 60 kV 0 Frequency—300 Hz
Pattern—Circular
Beam focus—On the surface

2 Joint 2 Beam current = 40 mA 0.5

3 Joint 3 Welding speed = 900 mm/min
Work Chamber vacuum = 5 × 10−5 mbar

1.0
4 Joint 4 1.5

Fig. 1   a Beam oscillation in 
electromagnetic fields and b 
different oscillation patterns of 
electron beam [11]
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3 � Results and Discussion

3.1 � Microstructural Evolution

Figure 2 (a-e) shows the optical micrographs of the (a) base 
metal, and fusion zone of EB-welded CP titanium joints (b) 
joint 1 (c) joint 2 (d) joint 3 (e) joint 4 processed with param-
eters given in Table 1. From Fig. 2(a), it may be noted that 
the microstructure of the base metal consists of fine equi-
axed alpha grains. The fusion zone microstructure (Fig. 2 
(b-e)) shows the formation of a Widmanstatten-type mar-
tensitic structure due to the higher cooling rate associated 
with EBW. The alpha phase present in the weld zone shows 
a feathery type of morphology as compared to fine equi-
axed in as-received CP titanium [13, 14]. The application 
of beam oscillation tends to make the microstructure more 
uniform. The feathery α-phase is found to reduce with the 
increase in the beam oscillation diameter, and it is absent in 
the sample welded with a maximum oscillation diameter of 
1.5 mm (Fig. 2e). Gupta et al. [13] also reported the increase 
in microhardness of the weld zone due to the presence of 
feathery morphology of α-titanium in the weld zone. The 
introduction of beam oscillation also causes the refinement 
of the microstructure, and the degree of refinement increases 
with the increase in beam oscillation diameter. Kar et al. 
[18] also reported a similar effect of beam oscillation on 
microstructure.

3.2 � Phase Analysis

The X-ray diffraction technique was used to identify the phases 
formed in the weld zone of CP titanium samples. Figure 3 
shows the X-ray diffraction spectra obtained from the samples 
welded using different beam oscillations. The spectra confirm 
the presence of only the α-Ti phase in the weld zone. No new 
phase or presence of contaminants is noticed after electron 
beam welding. The lattice strain developed in EB-welded 
titanium was calculated from the analysis of peak broaden-
ing using the Scherrer formula [19]. The lattice strain in EB-
welded samples (c.f. Table 2) has been found to vary from 
0.2% to 0.25% as compared to 0.3% for as-received titanium 
and does not follow any specific trend.

Texture coefficients along all the planes are calculated from 
XRD data using the following formula (Fig. 4).

(2)T
C(hkl) =

I(hkl)∕I0(hkl)

(1∕N)
[

I(hkl)∕I0(hkl)
]

Fig. 2   Optical micrographs of the a base metal, and weld zone with 
b no beam oscillation (Joint 1) and with beam oscillation using the 
oscillation diameter of c 0.5  mm (Joint 2) d1.0  mm (joint 3) and e 
1.5 mm (Joint 4)

Fig. 3   X-ray diffraction profiles of the as-received CP titanium (plot 
1) and EB-welded without beam oscillation (plot 2), and using oscil-
lation diameters of 0.5  mm (plot 3), 1.0  mm (plot 4), and 1.5  mm 
(plot 5)

Table 2   Variation of lattice strain and residual stress developed in 
as-received and EB-welded CP titanium as a function of beam oscil-
lation diameter

S. No Beam oscillation 
dia. (mm)

Lattice strain 
(%)

Residual stress (MPa)

1 As-received 0.3 621 ± 22
2 0 0.23 877 ± 18
3 0.5 0.2 1069 ± 12
4 1 0.25 1116 ± 14
5 1.5 0.2 1366 ± 17
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where Tc (h k l) is the texture coefficient along (h k l) 
plane, I is the measured intensity, I0 is standard intensity 
from JCPDS file, and N is the number of diffraction peaks.

From Fig. 4, it is clear that all the welded samples as well 
as base metal show strong texture along the (002) and (101) 
planes. The change in texture along the different planes is 
observed after EBW and with the application of beam oscil-
lation but no specific trend is observed with the beam oscil-
lation diameter. The variation in the intensity of α-titanium 
phase in XRD spectra is due to changes in the texture along 
the different planes with the process parameters.

3.3 � Residual Stress Measurement

In the present study, the residual stress developed in the 
fusion zone is measured using a stress goniometer attached 
to an X-ray diffraction unit. Table 3 summarizes the resid-
ual stress developed in as-received and welded titanium 
processed using different beam oscillation diameters. 
The residual stress in the welded samples is measured at 
the center of the fusion zone. From Table 3, it may be 

noted that for both the as-received and welded samples 
the residual stress is tensile in nature. The residual stress 
in the as-received titanium may be attributed to the fab-
rication process employed during the development of the 
sheet. The residual stress developed in the fusion zone 
of the electron beam-welded samples is tensile in nature 
which is in agreement with earlier reported literature. The 
value of the residual stress increases after electron beam 
welding. Residual stress also increases with the increase 
in the applied beam oscillation diameter. The value of the 
residual stress is 877 MPa for no oscillation, 1069 MPa 
for 0.5 mm beam oscillation, 1116 MPa for 1.0 mm beam 
oscillation, and 1366 MPa for 1.5 mm beam oscillation 
as compared to 621 MPa of as-received titanium. This 
increase in the residual stress with the beam oscillation 
diameter may be attributed to decreased heat input per 
unit length and increased cooling rate associated with the 
increase in beam oscillation diameter [18].

3.4 � Evaluation of Microhardness

Microhardness of the weld zone and heat-affected zone 
of the EB-welded CP titanium processed using different 
beam oscillations was measured using a Vickers micro-
hardness testing machine with an applied load is 100 gf 
and an indentation time of 10 s. Figure 5 shows the vari-
ation of microhardness of the electron beam-welded CP 
titanium processed with and without beam oscillation. 
The microhardness is measured starting from the base 
metal to HAZ to the fusion zone till the base material 
is reached. Based on the change in the microhardness of 
the fusion zone, the HAZ and base metal regions can be 
clearly distinguished. The base metal has a microhardness 
of 235 VHN which increases slightly in HAZ. The average 
microhardness in the HAZ is 245 VHN, and it does not 
vary much with the application of beam oscillation. The 
microhardness in the fusion zone increases sharply, and it 
is maximum for the sample-welded without beam oscilla-
tion (265 VHN). The application of beam oscillation tends 
to reduce the microhardness in the fusion zone, and it is 
reduced further with the increase in the beam oscillation 
diameter. The sample welded with a maximum oscillation 

Fig. 4   Variation of texture coefficient along different planes for as-
received and electron beam-welded CP titanium-welded using static 
and oscillated beams

Table 3   Variation of tensile test parameter is electron beam-welded samples under varied beam oscillation

Specimen designation Beam oscillation 
diameter

0.2% YS in (MPa) UTS in (MPa) Elongation (%) Fracture location

Base alloy 465 ± 2 626 ± 3 18.2 ± 2
Joint–1 0 462 ± 3 623 ± 2 14 ± 2 Joint
Joint–2 0.5 457 ± 2 622 ± 2 15 ± 2 Joint
Joint–3 1.0 446 ± 5 611 ± 5 16 ± 1 Joint
Joint–4 1.5 452 ± 2 622 ± 3 18 ± 1 Joint
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diameter of 1.5 mm shows the minimum microhardness 
(250 VHN) in the fusion zone as compared to 265 VHN 
of un-oscillated and 235 VHN of as-received CP titanium. 
This decrease in microhardness with the increase in beam 
oscillation diameter may be attributed to the reduction in 
the feathery α- titanium phase (c.f. Figure 2) present in 
the fusion zone [13].

3.5 � Evaluation of Tensile Property

Figure 6 shows the engineering stress–strain diagram of 
the as-received and EB-welded CP titanium processed with 
static beam and oscillated beam of different beam diam-
eters. Notable parameters out of the stress–strain diagram 
like 0.2% YS, percentage elongation to rupture, and ultimate 
tensile strength (UTS) were computed and are presented in 
Table 3. From Table 3, it may be noted that in all the EB-
welded samples, failure takes place in the weld zone. From 
Table 3, it may further be noted that the yield strength varies 
from 446 to 465 MPa and no specific trend in its variation 
with oscillation diameter is noticed. The UTS value, on the 
other hand, varies from 611 to 622 MPa and the maximum 
UTS is observed for the samples welded without beam oscil-
lation. The joined prepared with 1.5 mm beam oscillation 
shows better YS and UTS as compared to 1 mm beam oscil-
lation due to a more uniform and refined microstructure 
obtained with 1.5 mm oscillation diameter (Fig. 2). The 
variation of % elongation shows that there is a decrease in 
% elongation (18.2% to 14%) for the sample welded with-
out oscillation. The introduction of beam oscillation tends 
to increase the % elongation, and it also increases with the 
increase in beam oscillation diameter. The sample welded 
with an oscillation diameter of 1.5 mm shows 18% elon-
gation which is comparable to % elongation of as-received 

Fig. 5   Variation of microhardness across the different zones (base 
metal, HAZ, and FZ) of the as-received and EB-welded CP titanium 
processed static and oscillated beam of different beam diameters

Fig. 6   Stress–strain diagram of CP titanium (plot 1) and same after 
EB welding without beam oscillation (plot 2) and with beam oscilla-
tion 0.5 mm (plot 3), 1.0 mm (plot 4), 1.5 mm (plot 5)

Fig. 7   Fractographs of the failed surfaces under tensile loading in a 
base metal, and the same after EBW b without any beam oscillation 
(Joint 1) and with beam oscillation using oscillation diameter of c 
0.5 mm (Joint 2) d1.0 mm (joint 3) and e 1.5 mm (Joint 4)
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CP titanium (18.2%). Kar et al. [18] also reported a similar 
effect of beam oscillation on the tensile property of Ti6Al4V. 
A detailed study of the fractographs of the failed samples 
was undertaken to understand the mechanism of damage. 
Figure 7(a-e) shows the fractographs of the failed surfaces 
under tensile loading of (a) base metal, (b) Joint 1, (c) Joint 
2, (d) joint 3, and (e) joint 4. From Fig. 6, it may be noted 
that the failed surfaces show mixed-mode fracture (combina-
tion of cleavage (as shown by arrowhead 1) and dimple (as 
shown by arrowhead 2)) for all the failed samples.

4 � Conclusion

In the present study, the effect of beam oscillation diameter 
on the microstructure and tensile property of EB-welded CP 
titanium has been carried out. From the detailed investiga-
tions, the following conclusions may be drawn.

1.	 The microstructure of as-received CP titanium consists 
of fine equiaxed α-grains. Due to electron beam weld-
ing, there is the formation of Widmanstatten martensite 
and feathery α-titanium phase in the fusion zone. The 
amount of feathery α-titanium in the weld zone reduces 
with the increase in beam oscillation diameter.

2.	 The phase analysis shows the presence of only 
α-titanium in the weld zone. Lattice strain has reduced 
after electron beam welding but no trend has been 
observed with the increase in beam oscillation diameter.

3.	 Residual stress developed in the fusion zone increases 
with the increase in beam oscillation diameter which 
may be attributed to the increased cooling rate associ-
ated with beam oscillation.

4.	 The microhardness study shows an increase in the micro-
hardness of the fusion zone as compared to HAZ and 
base metal for the samples. The sample welded without 
beam oscillation has the highest microhardness, and it 
decreases with the increase in beam oscillation diameter. 
The sample welded with a maximum oscillation diam-
eter of 1.5 mm shows a minimum microhardness of 250 
VHN.

5.	 Tensile test results show that there is marginal varia-
tion in yield strength and UTS as compared to that of 
as-received CP titanium. The yield strength of the joints 
varies from 446 to 462 MPa as compared to 465 MPa 
of base titanium. UTS has also been found to vary from 
611 to 623 MPa as compared to 626 MPa of as-received 
titanium.

6.	 Percentage elongation is marginally reduced due to 
EBW and varies from 14 to 18% as compared to 18.2% 
for as-received alloy. % Elongation increases with the 
increase in the applied beam oscillation diameter.

7.	 The fractured surface shows mixed-mode fracture and 
failure always initiated in the weld zone.
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