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Abstract

Laser beam welding and electron beam welding are the most recent joining technologies that interface engineering and phys-
ics concepts. The present research work focuses on the comparison of the microstructural and mechanical performances of
Ti6Al4V, an alloy that displays sensible weldability owing to high susceptibility to oxidation process at elevated tempera-
ture, welded joints by using laser and electron beam welding. The as-welded alloy has been examined to study the effect of
similar heat input conditions and focal point positions on butt-joint Ti6Al4V specimens in response of the weld morphol-
ogy, microstructural feature, micro-hardness distribution and angular deformation. The results indicated that electron beam
welding process is more appropriate and favorable to join Ti6Al4V alloy specimens and full penetrated electron beam weld
joint is procured without any defects. However, narrow weld seam with refined grain structures is developed in the weld
zone of laser beam welded specimens. Also, defocusing the beam position by — 1 mm contributed to grain refinement in
the weld zone of laser and electron beam welded specimens. Moreover, the magnitude of micro-hardness distribution in the
weld zone of laser beam weldments is higher than electron beam weldments by 0.66 times. However, the micro-hardness
magnitude is substantially enhanced by 32% and 16% for laser and electron beam weldments, respectively, due to negative
defocusing beam position. From the results, it is determined that the magnitude of angular deflection is higher for laser beam
weldments than electron beam weldments due to higher difference in fusion zone areas across the neutral axis. Moreover,
angular deflection magnitude in electron and laser beam weldments is lowered by 15.8% and 7.4%, respectively, due to
negative defocusing beam position.
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1 Introduction

Ti6Al4V (a+ p) two-phase alloy is primarily employed in
applications where its distinctive characteristics substantiate
the selection standards. The unique integration of high stift-
ness and strength, low ductility and excellent corrosion- and
heat-resistant properties has marked titanium alloys in diverse
domains of aviation, petrochemical, nuclear and automobile
[1]. Moreover, the physical and mechanical characteristics of
Ti6Al4V alloy can be improved by controlling alloy composi-
tion and microstructural growth during thermal and mechani-
cal processing.

In the recent past, various fusion and solid-state joining
processes have been established to join Ti6Al4V alloy parts.
However, the fusion welding operations are fundamentally
carried out in an inert or vacuum condition since Ti6Al4V
alloy is highly subjected to embrittlement when exposed to
atmospheric elements at extreme temperatures. Therefore,
obtaining Ti6Al4V alloy joints of sound weld integrity by
using an appropriate welding procedure is an elemental opera-
tion. However, fabricating titanium alloy specimens using con-
ventional fusion welding methodologies has resulted in poor
mechanical characteristics due to improper shielding meas-
ures [2]. Thus, advanced and efficient welding techniques such
as laser beam welding (LBW) [3-5], electron beam welding
(EBW) [6and7], hybrid welding [8] and friction stir welding
(FSW) [9and10] have been introduced and employed to weld
Ti6Al4V alloy parts successfully.

To identify the most desirable and suitable welding
approach from existing joining techniques, several com-
parative studies are presented based on microstructural and
mechanical characteristics of Ti6Al4V alloy. Yulian et al.
[11] reported that titanium sheets welded by EBW operation
yielded finer grains and better mechanical characteristics when
compared with gas tungsten arc (TIG) weldments. Gao et al.
[12] revealed that pulsed Nd:YAG laser welding operation
is more appropriate to weld Ti6Al4V alloy plates than TIG
welding operation. Meshram and Mohandas [13] investigated
the influence of friction and EBW operations on microstruc-
tural and mechanical characteristics of near-a titanium alloy.
They observed that electron beam weld joints exhibited higher
strength, stress rupture and creep resistance property than fric-
tion stir weld joints. Also, the influence of welding methods,
viz. LBW and laser—-MIG hybrid welding (LAMIG), on joint
properties and mechanical characteristics of titanium alloy is
carried out. They concluded that LAMIG operation is more
feasible and sustainable than LBW operation. Also, LAMIG
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Fig. 1 Microstructure of as-received Ti6Al4V alloy base plate

welded joints exhibited superior mechanical properties than
laser welded joints [14]. All these experimental efforts are
focused to determine feasible welding approach for successful
Ti6Al4V alloy weld joint. However, laser beam and electron
beam welding techniques are the most flexible joining methods
to weld Ti6Al4V alloy since it offers controlled beam energy
with high precision and efficacy and eliminates the require-
ment of any filler metal.

Although several studies have established the fact that laser
and electron beam welding processes are suitable joining pro-
cedures to weld Ti6Al4V alloy metals, a comparative analy-
sis of laser and electron beam welding methods under same
heat input conditions is indeed a requirement to comprehend
the most preferable joining technique. Therefore, the present
work is aimed at differential examination of laser and elec-
tron beam welded Ti6Al4V alloy plates of 3 mm thickness in
butt-joint orientation. The influence of heat input conditions
and focal point positions for two different welding methods
is examined with respect to weld geometry, microstructural
and mechanical characteristics. Moreover, the weld integrity
of Ti6Al4V alloy joints is examined by micro-hardness and
residual deformation.

2 Materials and experimental procedure

In the present study, laser and electron beam welding
experiments were carried out on milled—annealed Ti6Al4V
alloy plates in butt-joint configuration having dimensions
of 50 mm X 25 mm X 3 mm. The chemical composition
of as-received Ti6Al4V alloy base plate is presented
in Table 1. The microstructure of as-received Ti6Al4V
alloy base plate is represented in Fig. 1. The crystallo-
graphic arrangement of Ti6Al4V alloy base plate reveals
a bimodal structure in which primary o grains (hexagonal

Table 1 Chemical composition
of as-received Ti6Al4V alloy

Element Al

base plate Wt(%) 54

3.8 0.08 0.3 0.25 Bal
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close-packed structure) are enclosed by g grains (body-
centered cubic structure). Average diameter of primary o
and f grains of Ti6Al4V alloy base metal is 22.4 pm and
18.2 um, respectively.

The laser welding experiments were conducted on a
2.0 kW ytterbium laser system (YLS) which is integrated
with a computerized numerically controlled (CNC) control-
ler, CNC workstation and laser processing head. The laser
processing head was mounted perpendicular to the work
station, and the focal length was adjusted to 230 mm such
that a minimum spot diameter of 0.2 mm was obtained. The
CNC workstation controlled the transverse and horizontal
movement of the base plates. Moreover, argon gas of 99.99%
purity was delivered from the side nozzle such that it made
an angle of 45° with the laser beam.

The electron beam welding experiments were conducted
on a Techmeta Lara 52 electron beam machine which com-
prises a numerically controlled welding chamber, a triode
electron gun, a CNC controller and a vacuum system. The
focus current was set at 2030 mA such that a minimal elec-
tron beam diameter of 0.3 mm was attained. The workta-
ble inside the welding chamber was controlled by a CNC
controller which can transverse across longitudinal and
horizontal motion. The welding chamber is vacuumized at
107 mbar using a vacuum pump prior to welding operation.
The actual welding system and the schematic of experimen-
tal setup corresponding to both the welding processes are
represented in Fig. 2. The experimental conditions of ytter-
bium fiber laser welding machine and electron beam welding
machine are listed in Table 2.

Prior to joining operations, Ti6Al4V alloy base plates
were wiped with ethanol, arranged in butt-joint orientation
on a traditional designed fixture such that zero-gap toler-
ance is maintained. The same fixture is utilized for both the
welding methods, and it comprises clamping plate and work
plate. The components of fixture are made of aluminum alloy
which ensures minimum angular deformation of plates [15].
The fixture is then placed longitudinally on the worktable of
welding systems and aligned vertically to the laser head and
electron beam gun. The laser beam supply and inert gas sup-
ply are controlled by on/off mode which is provided in laser
workstation. The electron beam supply and vacuum supply
are controlled by CNC controller and power supply unit.
The processing conditions of LBW and EBW operations are
listed in Tables 3 and 4, respectively. It can be identified
from Tables 3 and 4 that a constant linear energy condition
is maintained corresponding to each processing criterion of
laser and electron beam welding methods. Moreover, nega-
tive defocusing is incorporated in both the welding processes
to examine its impact on weld geometry and characteristics.
The negative defocusing is attained by changing the focusing
distance of laser and electron beam with respect to the upper
surface of the substrate.

After joining operations, angular deformation pattern
of laser and electron beam welded Ti6Al4V alloy samples
is examined using a height Vernier gauge. The measuring
accuracy is 0.01 mm. An average value of angular deforma-
tion is determined across the weldment of Ti6Al4V alloy at
three distinct longitudinal positions. Henceforth, the butt-
joint Ti6Al4V alloy samples are sectioned perpendicular
to the weld joint and polished with emery papers of grit
size 120 grade to 2000 grade. Thereafter, weld samples are
polished on Velvet cloth and swabbed with Kroll’s reagent
solution for metallographic examination. The weld geom-
etry and weld microstructures of laser and electron beam
welded Ti6Al4V alloy samples are obtained using an optical
microscopy. Also, average grain size of Ti6Al4V alloy weld
samples corresponding to laser and electron beam welding
methods is determined using ImageJ software.

Vicker’s micro-hardness test is conducted for Ti6Al4V
alloy weld samples using an indentation load of 500 g for
a dwell time of 20 s. The micro-hardness distribution is
examined from the weld zone interface to the base metal
at an interval of 0.5 mm and below 0.25 mm from the weld
surface. The micro-hardness value is obtained directly from
the test indicator of Vicker’s hardness machine.

3 Results and discussion

The differential influence of laser and electron beam welding
conditions is examined for 3-mm-thick butt-joint Ti6Al4V
alloy plates relative to macro- and microstructural analysis,
micro-hardness distribution and angular deformation state.
The present analysis is carried out for a wide range of heat
input conditions such that weld penetration is varied from
partial penetration to full penetration and focusing state of
laser and electron beam is adjusted at 0 mm and — 1 mm.

3.1 Metallographic analysis

The differential influence of fiber laser and electron beam
welding methods under same heat input condition and FPP
is examined with respect to macro—microstructural charac-
teristics, thermally induced distortion and micro-hardness
distribution. Figure 3 shows the top surface appearance of
Ti6Al4V alloy weld joint processed by laser and electron
beam welding methods at 112.5 J mm™"'. It can be recog-
nized that the weld surfaces are regular and smooth corre-
sponding to both the joining processes. However, the surface
width of electron beam weldment is higher relative to laser
beam weldment. Moreover, weld groove is also identified
along the edges of electron beam welded Ti6Al4V alloy
sample (Fig. 3b).

The cross-sectional macrograph of Ti6Al4V alloy
specimens corresponding to both the welding processes is
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Fig.2 a2 kW Ytterbium fiber
laser welding system; b sche-
matic of laser beam welding
setup; ¢ TECHMETA LARA
52 electron beam welding
system; and d schematic of
electron beam welding process
in vacuum chamber

Table 2 Experimental
conditions of ytterbium fiber
laser welding and electron beam
welding machine
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Table 3 Processing conditions

. Weld sample Power (W) Scan speed (m Focal point position ~ Heat input per
of LBW operation min~!) (mm) unit length (J
mm™})
L1 and L2 1500 0.8 Oand — 1 112.5
L3 and L4 1350 0.7 Oand — 1 115.71
L5 and L6 1200 0.6 Oand —1 120
L7 and L8 1700 0.7 Oand —1 145.71
Table 4 Proces,smg conditions Weld sample Accelerating Beam current Scan speed (m Focal point posi- Heat input per
of EBW operation voltage (kV) (mA) min~1) tion (mm) unit length (J
mm™)
El and E2 60 25 0.8 0 and -1 112.5
E3 and E4 50 27 0.7 0 and -1 115.71
ES and E6 50 24 0.6 0and -1 120
E7 and E8 60 28.33 0.7 0 and -1 145.71

Fig.3 Top surface appearance
of Ti6Al4V alloy joint welded
by a LBW process and b EBW
process at 112.5J mm™!

presented in Fig. 4. Ti6Al4V alloy samples joined by laser
and electron beam welding techniques displayed a nail-head
profile and a conical profile. The variation in laser and elec-
tron beam welds corresponding to same heat input condition
is primarily due to difference in physical parameters such as
surface tension force, recoil pressure, vapor pressure, grav-
ity and phase transformation and volume contraction dur-
ing welding and solidification processes [16, 17]. Moreover,
the difference in penetration level and weld width is clearly
identified corresponding to laser and electron beam welds
processed under constant heat input condition and at focused
and defocused beam condition. This phenomenon is due to
higher energy conversion efficiency (~85%) of EBW pro-
cess [18]. Therefore, a full penetration is witnessed in all
the electron beam welds. However, the weld penetration in
laser welded samples is observed to increase from partial
penetration to full penetration with an increase in thermal
energy input. Also, from Fig. 4(a) and (c), it is witnessed
that a higher bead width is attained in electron beam weld-
ments when compared with laser beam weldments. This
phenomenon is primarily due to transmission of thermal

energy in transverse direction once complete weld penetra-
tion is obtained. Besides, pores are observed in laser welded
Ti6Al4V alloy samples near the interface of weld zone and
heat-affected zone. The pores are generated on account of
atmospheric gases dissolved in the melt pool during the
welding process which is not released during the solidifica-
tion process. Also, such similar observations were reported
by Li et al. [19] and Li et al. [20].

A slightly increased weld width is determined in laser
and electron beam welds processed with negative defocused
beam position (Fig. 4b and d). The negative defocusing beam
position facilitates material-beam interaction below the sub-
strate surface and an increased energy distribution over the
substrate surface. Hence, a wider weld area is obtained due
to application of negative defocusing position of laser and
electron beam. Moreover, the effect of undercut is more pro-
nounced in electron beam welds due to high thermal energy
delivered to the substrate.

The crystallographic development in the FZ and HAZ of
Ti6Al4V alloy is quite different, and it depends on melting
and solidification behavior. The FZ of electron beam welded
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Fig.4 Weld macrographs of
Ti6Al4V alloy joints at different
heat input conditions and FPPs:
a 112.5 ) mm~! and 0 mm FPP,
b 112.5J mm™! and -1 mm FPP,
¢ 120 J mm~" and 0 mm FPP
andd 120 ) mm~' and — 1 mm
FPP

LBW

Ti6Al4V alloy samples undergoes complete melting and
solidification process. Moreover, the rate of solidification
process in the FZ governs the microstructural evolution and
weld quality. However, the HAZ does not undergo melting
process and it experiences significant temperature gradient,
which results in solid-state microstructural transformation.
Hence, the integrity of weld joint is primarily governed by
the size of the grains and its distribution in FZ and HAZ.
The fusion zone microstructure of Ti6Al4V alloy weld
metal joined by electron and laser beam welding process
at 112.5 T mm™" is presented in Fig. 5. The weld metal is
characterized by martensitic o platelets and dense acicular
o! martensitic needles, which is illustrated in Fig. 5a and b.
The difference in microstructural characteristics in the FZ
at constant heat input condition corresponding to laser and
electron beam welding processes is attributed to the solidifi-
cation rate. The weld sample corresponding to E1 of Table 4
undergoes a relatively slower solidification process during
EBW process. As a result, acicular o phases of higher width
and plate-like morphology are evolved in the FZ instead
of acicular o' needles (Fig. 5a). On the contrary, the weld
sample corresponding to L1 of Table 3 encounters a faster
solidification process during LBW process (Fig. 5b). Hence,
acicular o! martensitic phases of lower width are formed
in the weld zone. However, for negative defocusing beam

@ Springer

position, the microstructural characteristics are quite distinct
at the weld zone, which is represented in Fig. 5(c) and (d).
The electron beam weld microstructure (Fig. 5c) exhibits
refined lamellar o structures of acicular morphology within
a basket-weave matrix along with retained f phases. The
presence of lamellar o' structures in the FZ reflects that the
solidification process due to negative beam defocusing is
relatively faster as compared to focused beam condition,
while the fusion zone microstructure corresponding to weld
sample number L2 of Table 3 (Fig. 5d) shows the presence
of fine equiaxed acicular a' needles in f phases of lesser
density. Therefore, based on the results it can be suggested
that the solidification process in the FZ associated with LBW
technique is higher when compared with EBW technique.
And, the solidification rate associated with negative defocus-
ing beam position is determined to be faster than focused
beam condition.

The optical micrographs of laser and electron beam weld
joints at FZ corresponding to 115.71 J mm™! are presented in
Fig. 6. The microstructure of electron beam welded Ti6Al4V
alloy (Fig. 6a) shows the presence of equiaxed acicular !
needles distributed along with small quantity of retained f
phases, while the micrograph (Fig. 6b) of laser beam weld at
focused state displays the existence of only acicular o' nee-
dles along unique direction in f phase. Though, the fraction
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Fig.5 FZ microstructure of
Ti6Al4V alloy weld metal
processed at 112.5 ] mm~! by
a EBW process at 0 mm FPP,
b LBW process at 0 mm FPP,
¢ EBW process at — 1 mm FPP
and d LBW process at — 1 mm
FPP

Fig.6 FZ microstructure of
Ti6Al4V alloy weld metal
processed at 115.71 J mm™' by
a EBW process at 0 mm FPP,

b LBW process at 0 mm FPP, ¢
EBW process at -1 mm FPP and
d LBW process at — 1 mm FPP

@ Springer



173 Page8of 12

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:173

content of retained f phases in the FZ of electron beam
welds (Fig. 6¢) is determined to be more pronounced due to
application of negative defocusing beam condition. Moreo-
ver, the width of martensitic o' phases in the weld zone cor-
responding to negative defocused beam state is evaluated to
be shorter as against those joined at focused state of electron
beam. The microstructure of laser beam weld joint at FZ for
negative defocusing beam position is presented in Fig. 6(d).
The evolution of acicular martensitic phases within prior
p grains is directional, and it displays shorter crystal size
when evaluated against focused beam condition (Fig. 6b).
Based on the crystallographic arrangement in electron and
laser beam welds at 115.71 J mm™", it is observed that FZ
mainly comprises martensitic ! phases. However, a signifi-
cant percentage content of retained § phase is determined in
electron beam welds due to slower solidification process in
the FZ. Hence, it is expected that the presence of f phases
in the FZ will lower the micro-hardness magnitude across
the weld joint.

The optical microstructure of electron and laser beam
welds at 115.71 J mm~" and different FPP is shown in
Fig. 7. The micrograph illustrates FZ and HAZ, and it can
be observed that the FZ of electron and laser beam welds are
distinguished by dense dark-colored region, whereas HAZ
is identified by light-colored region. The dense area in the
FZ is primarily due to the evolution of dense acicular mar-
tensitic phase within the boundary of prior # grains. Moreo-
ver, the fraction content of acicular martensitic structures
declines sharply from the FZ boundary toward HAZ and

Fig.7 Optical micrographs of
electron and laser beam welds
at 115.71 J mm~! corresponding
to FPPa —1 mm and b 0 mm

(a)

(b)§
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Electron beam

base metal. Therefore, HAZ is primarily recognized by a
lighter toned area.

The microstructure of electron and laser beam welds at
the center of HAZ corresponding to negative defocused and
focused beam condition is presented in Fig. 8. The micro-
structure of electron beam welds joined with negative defo-
cused and focused beam condition (Fig. 8a and b) shows
the presence of acicular a' needles with significant amount

Laser beam
welds

Electron beam
welds

Fig. 8 FZ microstructure of laser and electron beam welds at HAZ
center processed at 115.71 J mm™! corresponding to a —1 mm FPP
and b 0 mm FPP

Laser beam

welds welds
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of p traces. The existence of aciculate martensitic struc-
tures at the center of HAZ depicts that the peak temperature
underwent far beyond f transus temperature (995 °C). The
micrograph of laser beam weld joined at — 1 mm FPP is
represented in Fig. 8(a). It comprises blocky o along with
aciculate o! needles of lower width. The appearance of
blocky a signifies that the HAZ experienced peak tempera-
ture between f transus temperature and liquidus temperature
(1655 °C). Similarly, the microstructure of Ti6Al4V alloy
weldment joined at 0 mm FPP (Fig. 8b) exhibits martensitic
o! needles with few traces of f phase. From these results, it
can be stated that the HAZ undergoes different temperature
transitions corresponding to focused and defocused laser
and electron beam position. The HAZ experiences distinct
temperature gradient unlike FZ and undergoes solid-state
microstructural transformation. For laser beam welding
process, at focused beam condition the HAZ experienced
a slightly higher temperature gradient or higher solidifica-
tion rate than at defocused beam condition. Hence, HAZ
microstructure at focused beam condition revealed the exist-
ence of martensitic ' needles along with § grains and no
traces of blocky a. However, for electron beam weldments
the HAZ experienced almost same temperature gradient at
HAZ center. Therefore, the HAZ microstructure exhibited
almost grain characteristics.

3.2 Micro-hardness distribution

The Vickers micro-hardness distribution plot across the weld
joint of laser and electron beam welds at 112.5 J mm~! is
presented in Fig. 9 for two different focal point positions.
The hardness property in Ti6Al4V alloy is directly propor-
tional to the fraction content of acicular martensitic phase
in different weld zones. Hence, the magnitude of micro-
hardness is determined to be highest in the FZ followed by
HAZ and base metal for electron and laser beam welds. The
maximum micro-hardness magnitude in the FZ correspond-
ing to electron and laser beam welds is 324 HV and 392
HV at 0 mm FPP and 350 HV and 387 HV at — 1 mm FPP.

Moreover, maximum micro-hardness magnitude in the HAZ

for electron and laser beam welds is evaluated as 299.3 HV
and 313.3 HV at 0 mm FPP and 334.7 HV and 355.4 HV
at — 1 mm FPP, respectively. Furthermore, from Fig. 9(a)
and (b), it is evaluated that the average micro-hardness dis-
tribution in the FZ of electron beam welds is 0.66 times the
average micro-hardness magnitude of laser beam welds. The
increased micro-hardness magnitude in laser beam welds
is on account of faster solidification process which leads
to the evolution of fine aciculate martensitic phases in the
FZ. In addition, due to negative defocused beam position of
laser and electron beam, the crystal size in the weld zone is
reduced significantly and becomes refined. Hence, the aver-
age magnitude of micro-hardness in the weld zone corre-
sponding to defocused beam condition for laser and electron
beam welds is enhanced by 32% and 16%, respectively.
Figure 10 presents the average micro-hardness magnitude
of laser and electron beam welds corresponding to differ-
ent heat input conditions and FPP as given in Tables 3 and
4. The hardness value decreases with an increase in heat
input per unit length, since FZ microstructure exhibited
coarse martensitic a' structures with increasing heat input

S\ -~ EB welds at -1 mm FPP
o 400' - EB welds at 0 mm FPP
< il O"o -O - LB welds at -1 mm FPP
5] . - @ - LB welds at 0 mm FPP
s ] By
S 350 O
i YR :
e ) oo .
.9 e S
£ 1 ‘. TTmes-
o 300 . ~oTeo
i) -- .
) ] - o)
9 RN )
< 1 T~
250 - L
. T N M T . . T . M T . N T N . T .
112 119 126 133 140 147

Heat input per unit length (J mm’")

Fig. 10 Average micro-hardness magnitude of laser and electron
beam welds at different heat input conditions and FPP

Fig.9 Vickers micro-hardness

4004 390
profile across the weld joint at (@) (b)
112.5J mm~' and FPP a 0 mm; 360
b—1mm S =
Z 300 < 3304
S S 300
2 £
S 200 S
L ] Fusion zone § 270
= | ' p= 1l
—a—EBW 2401 {11 1 Fusionzone
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100 y v X T v X A : T T T T T T T T T
4 -3 2 -1 0 2 3 4 4 3 2 -1 0 1 2 3 4

Distance from weld interface (mm)

Distance from weld interface (mm)
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condition. Strength of the weld joint depends on the strength
of martensite a' structures. The strength increases with the
refinement of a' martensitic grain structures. The primary a!
martensitic grains will exhibit thin and fine needle-like mor-
phology, while weld strength reduces as martensitic grain
structures exhibit coarser and plate-like morphology. In the
present case, it has been observed that with an increase in
heat input condition the martensitic structures exhibited
coarse a! martensitic structures of plate-like morphology.
Similar trend was reported by Wang et al. [21] and Baruah
et al. [22]. Moreover, the average micro-hardness value is
determined to be higher in laser beam welds than electron
beam welds. And, the hardness value is higher in laser and
electron beam weldments at negative defocused beam condi-
tion due to faster solidification rate.

3.3 Welding-induced distortion

The distortion in welding process is associated with genera-
tion of nonlinear thermal strains which is evolved due to
thermal cycle. In the present work, butt-joint Ti6Al4V alloy
plates underwent non-uniform transverse bending (angular
deflection) with negligible longitudinal bending. Moreover,
from the experimental observation, it is observed that the
deformation is concave—concave mode. And, this specific
deformation mode is formed only when shrinkage force is
relatively lower in longitudinal direction. Figure 11 presents
the schematic of angular deflection pattern and welding-
induced distortion samples. The angular distortion can be
estimated using the following relation

h
tanf = —
an ” (1)

where ‘h’ and ‘w’ are the distorted height and width of
the weld plate, respectively.

The major driving factors for angular deformation in
weldments are solidification shrinkage and thermal contrac-
tion in transverse direction. It also depends on difference in
fusion zone (FZ) areas above and below the neutral plane.
Fundamentally, the magnitude of angular deformation is pro-
portional to high transverse shrinkage and larger difference
in FZ areas above and below the neutral axis [22]. Moreover,
the transverse shrinkage is quite non-uniform in Ti6Al4V
alloy welds since it induces higher shrinkage at the top weld
cross section than at the lower weld cross section. Therefore,
it can be observed that the weld profile is relatively wider at
the top cross section than at the lower cross section (Fig. 4).
This also results in upward lift of the weld plate from the
weld joint location.

The non-uniform transverse shrinkage across the laser
and electron beam weld joint has resulted in angular
deflection of concave—concave mode. The average angular

@ Springer
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Fig.11 a Schematic of angular deflection pattern and b welding-
induced distortion samples

deflection of laser and electron beam welds at extreme
edge of the weld plates is shown in Fig. 12. The magnitude
of angular deflection is increased nominally with increas-
ing heat input condition for both the laser and electron
beam welds (Fig. 12a and b). However, the difference in
deflection magnitude between laser and electron beam
welds at 0 mm FPP and — 1 mm FPP is 78.3% and 77.4%,
respectively. The above data infer that the difference in
deflection magnitude corresponding to laser and electron
beam welds is due to high difference in weld zone areas
across the neutral axis.

Moreover, from Fig. 12, it can be observed that the aver-
age angular deflection magnitude corresponding to laser
beam welds at focused beam and negative defocused beam
condition is 4.67° and 3.92°, respectively. Furthermore,
the average magnitude of angular deflection for electron
beam welds at 0 mm FPP and — 1 mm FPP is 3.97° and
1.04°. This signifies that the angular deflection magnitude
in electron beam and laser beam weldments is lowered by
15.8% and 7.4%, respectively, due to negative defocusing
beam position. Figure 13 represents the difference in FZ
areas above and below the neutral axis corresponding to
welding conditions given in Tables 3 and 4. It is observed
that a higher difference in FZ area is observed in laser
beam welds as compared to electron beam welds. Hence,
the angular deflection magnitude is higher for laser beam
welds.
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Fig. 12 Angular deflection of
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é 0.5—: ] - n weld zone of Ti6Al4V alloy samples at higher heat
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Fig. 13 Difference in FZ areas above and below the neutral axis cor-
responding to welding conditions given in Tables 3 and 4

4 Conclusions

The influence of fiber laser and electron beam welding
processes under same heat input condition and focal point
position is examined with respect to physical and micro-
structural attributes, micro-hardness and angular deflec-
tion characteristics. The following conclusions are derived
from the present investigation.

(i) Weld penetration and width are significantly lower
in laser beam weldments when compared with elec-
tron beam weldments. Also, pores are identified at the
interfacial boundary of fusion and heat-affected zone
of laser beam weldments.

(ii) From microstructural analysis, it is recognized that the
electron beam weldments at focused beam condition
experience a slower solidification process when com-
pared with laser beam weldments.

(iii) At negative defocused beam condition of laser and
electron beam welding processes, refined a! crystals

defocusing the beam position by -1 mm the angular
deflection magnitude is lowered by 15.8% and 7.4% in
laser and electron beam weldments, respectively.
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