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Abstract—The microstructure and phase composition of electron beam welded Ti-6Al-4V titanium alloy
were studied by optical and scanning electron microscopy, backscattered electron diffraction, and X-ray dif-
fraction analysis. Deep-penetration electron beam welds were made in a single pass on rectangular Ti-6Al-
4V samples obtained by rolling and wire-feed electron beam additive manufacturing. It was found that the
weld width in the 3D printed Ti-6Al-4V samples is greater than in the rolled material. The influence of the
vapor capillary on the size, shape and structure of primary B grains formed in the fusion zone was shown.
The variation of the penetration coefficient, volume fraction of the residual B phase, and residual stresses
along the weld length was studied for Ti-6Al-4V samples obtained by both rolling and 3D printing.
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1. INTRODUCTION

The major advantages of additive technologies are
a short production cycle and the ability to form com-
plex structural elements while reducing production
costs [1, 2]. The latter is primarily due to a signifi-
cant reduction in material consumption and producti-
on waste. At the same time, there are certain difficul-
ties in the manufacture of large parts and products,
which are associated with the limited dimensions of
the build platform and volume of the printer chamber
[3, 4]. For example, enlarging the printer chamber for
powder bed fusion, which consists in applying a thin
powder layer onto the platform and its subsequent se-
lective melting with an electron or laser beam, in-
creases considerably the amount of consumables [5].
For this reason, the method of direct energy deposi-
tion, when the gas-powder jet of metal particles or
wire is fed into the electron or laser beam, is more
suitable for the manufacture of large products. This
method provides a higher 3D printing speed and is
characterized by high efficiency of consumables.
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However, it is inapplicable to the manufacture of
products with complex geometry and internal struc-
ture [6, 7]. Thus, additive manufacturing of large and
complex products cannot do without permanent jo-
ints. This explains the urgency of the study of the
microstructure and mechanical properties of welds of
additively manufactured structural elements.
Currently, permanent joints of 3D printed samples
of titanium alloy Ti-6Al-4V, which accounts for
more than 50% of the world production of all tita-
nium alloys, are most commonly produced by laser
welding [4, 8]. It is shown that Ti-6Al-4V samples
have a similar microstructure in the weld and base
metal (due to the close cooling rates of the melt pool
during welding and 3D printing), predominantly con-
sisting of columnar primary f grains with the acicular
o' phase [3, 4, 8]. The size of primary B grains as
well as the presence of residual porosity in 3D print-
ed samples has a significant influence on the basic
geometric parameters of the weld, such as width,
thickness, convexity, and penetration depth. Thus,
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the comparison of the Ti-6Al-4V samples produced
by rolling and direct laser deposition showed that the
3D printed samples had larger grains and conse-
quently a wider weld [9]. In contrast, highly porous
Ti-6Al1-4V samples produced by selective laser melt-
ing were characterized by a smaller weld width and
depth compared to the rolled samples [10]. As a con-
sequence, welding of the 3D printed porous products
requires a greater amount of input thermal energy per
unit weld length than welding of their cast analogues
[10].

Laser welds usually have higher hardness com-
pared to the base metal of the 3D printed Ti-6Al-4V
sample. Welding has no influence on the tensile
strength of Ti-6Al1-4V alloy samples [3], but it signi-
ficantly reduces their ductility and fatigue strength
[4].

Despite the high cost of equipment and the need
for a vacuum chamber, which limits the size of parts
being welded, electron beam welding is the method
of choice for permanent joining titanium alloys. This
welding method provides the maximum power den-
sity (up to 10° W/ecm?) and consequently the maxi-
mum penetration depth (from 6 to 75 mm) with the
minimum width of the weld and heat-affected zone
as compared to other welding methods (laser, electric
arc and argon arc welding, friction stir welding, etc.)
[11, 12]. Though electron beam welding of forged
and cast titanium alloys finds wide industrial applica-
tions [13, 14], it is extremely poorly studied for 3D
printed products. However, it was found that, during
electron beam welding of Ti-6.5Al-3.5Mo-1.5Zr-
0.3Si samples produced by selective laser melting,
columnar primary [ grains grew in the fusion zone
along a temperature gradient [15]. An acicular mar-
tensitic o’ phase was observed inside the grains, and
the size of the martensite needles in the weld de-
creased as its depth increased. Due to the higher
hardness of the weld metal, these samples fracture in
the base metal under uniaxial tension.

The microstructure and microhardness of perma-
nent joints of Ti-6Al-4V samples produced by wire-
feed electron beam additive manufacturing were stu-
died earlier [16]. It was shown that the process of
electron beam welding was accompanied by epitaxial
growth of columnar primary B grains in the fusion
zone of a double-welded joint, the transverse size of
which was close to the size of primary B grains in the
base metal. Inside the primary [ grains, o'-phase
plates were formed, the size of which was 1.5 times
smaller than the size of the a-phase plates in the base
metal. In addition, the nanocrystalline o” phase is

found in the fusion zone, which also contributed to
an increase in the microhardness of the weld.
Greatest practical interest is in the study of the
microstructure and mechanical properties of perma-
nent joints obtained by deep-penetration electron
beam welding, resulting in a narrow and deep weld.
However, for 3D printed Ti-6Al-4V titanium alloy,
such studies are unavailable in the literature. The aim
of this work is to compare the microstructure and
microhardness of deep-penetration electron beam
welds of Ti-6Al-4V samples produced by rolling and
wire-feed electron beam additive manufacturing.

2. INVESTIGATION PROCEDURE

The investigation was performed on as-rolled Ti-
6Al-4V titanium alloy sheets with a thickness of
10 mm (GOST 22178-76) and on parallelepiped Ti-
6Al-4V prints with dimensions of 25 x 25 x 70 mm’
built using the wire-feed electron beam additive ma-
nufacturing unit (ISPMS SB RAS, Russia). The 3D
printing process was carried out by melting the
1.6 mm Ti-6Al-4V wire in a vacuum with a pressure
of 1.3 x 10~ Pa using an electron gun with the plasma
cathode at an accelerating voltage of 30kV. The
beam current was varied in the range of 17-24 mA.
The distance between the electron gun and the tita-
nium build platform plate was 630 mm. The wire was
fed with the speed 2 m/min at an angle of 35° to the
substrate surface. The tool path strategy for 3D print-
ing corresponded to the pattern with mirror layer de-
position. The distance between adjacent tracks within
a layer was ~2 mm. After a layer is deposited, the bu-
ild platform was lowered by 1.5 mm. The chemical
composition of rolled Ti-6Al-4V sheets, Ti-6Al-4V
wire, and Ti-6Al-4V prints determined by energy dis-
persive analysis is presented in Table 1.

Rectangular bars 10 x 10 x 55 mm’® were cut from
the rolled sheets and prints by electrical discharge
cutting. Electron beam welding was simulated as a
single pass of the electron beam across a rectangular
bar in its central part (Fig. 1a). The focal plane of the

Table 1. Chemical composition of Ti-6Al-4V samples

Elements sl:r(r)lllﬁgs Wire 31; El r}irll;:d
Ti, wt % 89.6 88.6 90.7
Al Wt % 53 6.6 47
V, wt% 4.2 4.1 4.1
gltl};]lrities, 0.9 07 0s
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Fig. 1. Schematic of electron beam welding of Ti-6Al-4V samples (a) and melt pool dynamics (b).

electron beam was on the lower surface of the bars.
In other words, the defocus distance, i.e. the distance
from the surface to be welded to the focal point of
the electron beam, was 10 mm. During the welding
process, the bars were placed on the 10-mm-thick
platform made of stainless steel 12Cr18Nil0Ti. The
electron beam parameters were selected to form a
complete-penetration weld (Table 2).

The geometric parameters and microstructure of
welds of the rolled and 3D printed Ti-6Al-4V sam-
ples were studied using a Zeiss Axiovert 40 MAT
optical microscope and an Apreo S scanning electron
microscope equipped with the INCAx-act energy dis-
persive X-ray microanalyzer and Nordlys electron
backscatter diffraction (EBSD) camera by Oxford
Instruments. EBSD maps were plotted at the scan-
ning step 0.2 um; a grain was taken to be an area
consisting of at least 5 points. To carry out metallo-
graphic studies, the test samples were previously sub-
jected to mechanical grinding, polishing and subse-
quent Kroll etching.

X-ray diffraction analysis of base metal and weld
metal of the rolled and 3D printed Ti-6Al-4V samp-
les was carried out on a Shimadzu XRD-7000 dif-
fractometer with Bragg—Brentano geometry. Diffrac-
tion patterns were obtained using CukK,, radiation (the
wavelength 0.1540598 nm). The residual stresses o; +
o, [17] were estimated from the shift of the a-Ti 103
diffraction peak. The rolled Ti-6Al-4V samples an-

Table 2. Electron beam parameters

nealed to relieve internal stresses were taken as a
standard. The volume fraction of the o and § phases
was determined by summing the intensities of the
phase lines.

Vickers microhardness was measured in the upper
part of the welds using a PMT-3 hardness tester with
the indentation load 50 g. Metallographic and X-ray
diffraction investigations as well as microhardness
measurements were carried out in cross sections at
the beginning and end of the weld (Fig. 1). The front
and rear surfaces of the rectangular bars were previ-
ously ground to a depth of 1 mm.

3. RESULTS OF INVESTIGATION

3.1. Weld Microstructure of Rolled
Ti-6A1-4V Samples

After chemically etching, the lateral surface of
welds of the rolled Ti-6Al-4V samples reveals three
distinct zones: weld metal (WM), the heat-affected
zone (HAZ), and unaffected base metal (BM)
(Fig.2). The weld width is significantly different at
its beginning and end. Thus, the initial weld width
measured near the weld face is 4.5 mm and decreases
to 2.8 mm towards its end. The width of the heat-af-
fected zone has similar values at the beginning and
end of the weld and amounts to 1.0 and 1.1 mm, re-
spectively. In addition, the weld penetration depth
continuously increases towards the end. The depth of

Current. mA Accelerating Welding speed, Oscillation Hot spot Swee
’ voltage, kV mm/s frequency, Hz diameter, mm p
60 40 15 1000 3 Spiral
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(®)

Fig. 2. Images taken at the beginning (a) and end (b) of the weld of the rolled Ti-6Al-4V samples. BM—base metal, HAZ—heat-

affected zone, WM—weld metal.

penetration at the beginning of the weld does not ex-
ceed 0.9 of the thickness of the Ti-6Al-4V sample,
while there is a keyhole at the end of the weld. The
heat-affected zone visible at the weld root in Fig. 2b
is explained by preliminary grinding of the outer
layer.

The microstructure of the weld metal at the begin-
ning of the weld consists of equiaxed and columnar
primary  grains with the average transverse size
150 pm. Equiaxed grains are formed predominantly
near the weld face (Fig.3a), while columnar grains
perpendicular to the weld axis are located closer to
the weld root (Fig. 3b). The grains contain crystals of
lath martensite ~1 pm in thickness and ~5—15 pm in
length (Fig. 4a).

At the end of the weld of the rolled Ti-6Al-4V
samples, there are also equiaxed and columnar pri-
mary B grains with the o'-Ti martensitic phase. Both
primary B grains and martensitic o' plates have the

same size at the beginning and end of the weld. At
the end of the weld, a narrow extended region,
~500 um wide, is formed around the weld axis
(Fig. 2b). The microstructure of this region consists
of misoriented quasi-equiaxed B-Ti grains with an
average size of 10 um (Fig. 5a). As can be seen from
Table 3, along with titanium, aluminum, and vanadi-
um, B-Ti grains are rich in iron and carbon. Electron
microscopic images taken with the backscattered
electron detector clearly demonstrate iron-rich den-
dritic crystals inside the B-Ti grains (Figs. 5b—5d).
There are also numerous pores and cracks around the
weld axis, propagating along grain boundaries
(Figs. 5b, 5¢). The pore size varies from 0.5 to 3 pm.
The microstructure of the heat-affected zone both
at the beginning and at the end of the weld of the rol-
led Ti-6Al-4V samples is represented by equiaxed
primary B grains. Their size reaches 30 pm near the
weld metal and gradually decreases as the base metal

Fig. 3. Microstructure of the weld metal (a, b) and heat-affected zone (c) of the rolled Ti-6Al-4V samples. The images are taken
at the beginning of the weld near its face (a, ¢) and root (b).
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mo-Ti #p-Ti

Fig. 4. EBSD orientation maps of the microstructure (a—c) and phase distribution (d) in the weld metal (a), heat-affected zone (b),
and base metal (c, d) of the rolled Ti-6Al-4V samples. The images are taken at the beginning of the weld (color online).

Fig. 5. EBSD orientation map (a) and electron microscopic images of the microstructure (b, c) as well as Fe distribution map (d)
along the weld axis of the rolled Ti-6Al-4V samples. Images are taken at the end of the weld (color online).
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Table 3. Elemental composition of the weld metal of Ti-6A1-4V samples

Elements | Point 7, Fig. Sc, wt % Point 2, Fig. 5¢, wt % Point 3, Fig. 9b, wt % Point 4, Fig. 9b, wt %
Ti 61.1 51.8 57.9 52.6
Al 44 2.8 5.3 1.7
v 3.8 2.4 39 2.6
Fe 23.6 38.2 21.8 40.6
C 7.1 4.8 11.1 2.5

is approached (Fig. 3c). Primary B grains in the heat-
affected zone contain predominantly lamellar marten-
site consisting of thin plates (needles) of the o' phase
(Fig.4b). The martensitic o' plates in the heat-af-
fected zone are much larger than those in the weld
metal.

The microstructure of the base metal of the rolled
Ti-6Al-4V samples consists of differently orientated
equiaxed a-Ti grains, the average size of which is
S5um (Fig.4c). Figure 4d shows that the globular
B phase with the volume fraction 5% precipitates at
the triple junctions of the a grains. This is in good
agreement with the results of the previous electron
microscopic studies [18].

3.2. Weld Microstructure of 3D Printed
Ti-6A1-4V Samples

As with the rolled Ti-6Al-4V samples, the geo-
metric dimensions of the weld of the 3D printed Ti-
6Al-4V samples change continuously along the weld.
As can be seen from Fig. 6, the weld width reaches
5.8 mm at the beginning of the weld and decreases to

5.1 mm at its end. The depth of penetration of the 3D
printed samples, on the contrary, increases along the
weld, being comparable with that of the rolled Ti-
6Al-4V samples. However, the width of the heat-af-
fected zone hardly changes along the weld of the 3D
printed samples and amounts to ~0.6 mm.

In the weld metal of the 3D printed Ti-6Al-4V
samples, coarse equiaxed primary B grains and co-
lumnar primary B grains perpendicular to the weld
axis are also formed (Figs.6 and 7a). The average
transverse size of the primary  grains at the begin-
ning and end of the weld is 2 mm. Primary B grains
have a lamellar morphology due to the formation of a
martensitic  structure (Fig.8a). Comparison of
Figs. 4a and 8a shows that the martensitic laths of the
o' phase in the weld metal of the 3D printed samples
are larger than those in the weld metal of the rolled
samples.

In the 3D printed Ti-6Al-4V samples, a narrow
(600-um-wide) region is also formed around the
weld axis, which consists of equiaxed grains 30—
50 um in size (Fig.7b) with significantly different
crystal structure at the beginning and at the end of the

(®)

Fig. 6. Images taken at the beginning (a) and end (b) of the weld of the 3D printed Ti-6A1-4V samples.

PHYSICAL MESOMECHANICS Vol.26 No.6 2023
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Fig. 7. Microstructure of the weld metal (a, b), heat-affected zone (c), and base metal (d) of the 3D printed Ti-6Al-4V samples.

Images are taken at the beginning of the weld.

weld. The grains at the beginning of the weld consist
of a'-phase plates, while the grains at the end of the
weld contain the B phase and dendritic crystals with
the iron concentration 40% (Fig. 9, Table 3). Similar
to the welds of the rolled Ti-6Al-4V specimens, po-
res and cracks are observed at the end of the weld of
the 3D printed Ti-6Al-4V samples. The average pore
size is 2 pm.

The microstructure of the heat-affected zone at
the beginning and end of the weld of the 3D printed
Ti-6Al-4V samples consists of columnar primary [3
grains with o'-phase plates. The transverse size of co-
lumnar grains in the heat-affected zone is ~3 mm
(Fig. 7¢), which coincides with the grain size in the
base metal (Fig. 7d). The transverse size of the mar-

tensite plates inside the primary  grains in the heat-
affected zone (Fig. 8b) is larger than that in the weld
metal (Fig. 8a) and base metal (Fig. 8c).

3.3. X-Ray Diffraction Analysis

The analysis of the diffraction patterns of the rol-
led Ti-6Al-4V samples shows that welding has an in-
significant effect on the o-Ti peak intensity but leads
to a decrease in the 110 peak intensity of the f phase
(Fig. 10a). As can be seen from Table 4, the volume
fraction of the B phase is 7.5% in the base metal and
decreases to 3.7 and 2.3% at the beginning and end
of the weld, respectively.

Crystallites of the o phase formed in the 3D print-
ed Ti-6Al-4V samples during electron beam welding

Fig. 8. EBSD orientation maps of the microstructure of the weld metal (a), heat-affected zone (b), and base metal (c) of the 3D
printed Ti-6Al-4V samples. Images are taken at the beginning of the weld (color online).

PHYSICAL MESOMECHANICS Vol.26 No.6 2023
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Fig. 9. EBSD orientation map (a) and electron microscopic image of the microstructure (b) as well as Fe distribution map (c) in
the vapor capillary at the end of the weld of the 3D printed Ti-6Al-4V samples (color online).

have predominantly the [100] orientation (Fig. 10b).
In addition, there is a diffraction peak at 20 =42.4° at
the end of the weld, which corresponds to the TiFe
intermetallic compound with the volume fraction
2.4% (Fig. 10b, curve 3, Table 4). In this case, on
both sides of the weld of the 3D printed Ti-6Al-4V
samples, the volume fraction of the residual § phase
is significantly reduced compared to the base metal.

As can be seen from Table 4, the base metal of the
rolled and 3D printed Ti-6Al-4V samples is under
compressive stresses. At the beginning of the welds
of both samples, the stresses are still compressive,
but they become tensile at the end of the welds.

3.4. Hardness Measurements

The microhardness of the rolled Ti-6Al-4V sam-
ples does not exceed 4100 MPa. As can be seen from
Fig. 11a, at the beginning of the weld, the microhard-
ness in the weld metal and heat-affected zone is 5200
and 4800 MPa, respectively. At the end of the weld,
the microhardness in the weld metal is no more than
4500 MPa but reaches 11 600 MPa in the narrow re-
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8§n' 8 2 8%(\1
Tl TF TEE§
:_S__L_UL A S N S
£
k=
LLM S W N
F g _
l i g
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gion around the weld axis. The microhardness of the
heat-affected zone is 4100 MPa.

In the weld of the 3D printed Ti-6Al-4V samples,
the microhardness is similarly distributed. The dia-
gram of cross-sectional microhardness distribution
also reveals regions corresponding to weld metal, in-
cluding its central part enriched in iron and other al-
loying elements, the heat-affected zone, and base me-
tal (Fig. 11b). The size of these zones agrees well
with the results of metallographic studies. In this
case, the microhardness in the weld of the 3D printed
samples is comparable with that in the weld of the
rolled Ti-6Al1-4V samples.

4. DISCUSSION OF RESULTS

Electron beam melting of the surface of a welded
sample is accompanied by the formation of a tempe-
rature gradient and consequently a surface tension
gradient in the melt pool surface [19]. As a result, the
melt flows (thermocapillary effect) in the direction
opposite to the temperature gradient, i.e. from the
edge of the melt pool to the center. Near the bottom

§ o§ e o-Ti of-Ti TiFe (b)
SR -

|« . o g 8

. = &

EN L_L L_ B PSS

Intensity, r.u.

70° 80° 20

Fig. 10. X-ray diffraction patterns of the Ti-6Al-4V samples produced by rolling (a) and 3D printing (b): /—base metal; 2—be-

ginning of the weld; 3—end of the weld (color online).
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Table 4. Volume fraction of the phases and internal stresses in the studied Ti-6A1-4V samples

Initial state Volume fraction, wt % 6, +06,, MPa
a-Ti B-Ti TiFe
Base metal 92.5 7.5 - —650
Rolling At the beginning of the weld 96.3 3.7 - -380
At the end of the weld 97.7 2.3 - 140
Base metal 96.1 3.9 - -790
3D printing | At the beginning of the weld 99.2 0.8 - -110
At the end of the weld 96.9 0.7 2.4 100

of the melt pool, there appears a flow from the melt
pool center to the edge. At a relatively low power
density of the electron beam (up to 10> W/cm?), the
melt pool takes on a spherical shape, which makes
this mode of electron beam welding (incomplete-pe-
netration welding) applicable to thin-walled products.

The studied 10-mm-thick Ti-6Al-4V samples are
welded in the deep-penetration mode with the forma-
tion of a vapor capillary. In this mode, use is made of
the electron beam of the critical power density (10°—
10" W/ecm® [20]), at which the metal is heated much
faster than the rate of heat transfer to the base metal
due to thermal conductivity. Under these conditions,
a local zone with the temperature exceeding the boil-
ing point of the melt is formed on the surface of the
welded part. The recoil force of the expanding vapor
acting on the surrounding molten metal causes an in-
tense downward flow, which can effectively transfer
the molten metal to the pool bottom, forming com-
plete-penetration welds. After reaching the bottom of

H MP T T T T T
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the melt pool, the flow is forced to the melt pool tail,
from where the swirling flow moves upward
(Fig. 1b).

Welds of the rolled and 3D printed Ti-6Al-4V
samples have different geometric dimensions since
the thermal conductivity of metals significantly de-
pends on their microstructure. Grain boundaries can
be generally considered as obstacles to heat transfer,
so the thermal conductivity of polycrystalline materi-
als, as a rule, decreases with grain refinement [21].
The 3D printed Ti-6Al-4V samples have larger pri-
mary  grains than the rolled samples, and therefore
they are characterized by higher thermal conducti-
vity. Thus, the 3D printed Ti-6Al-4V samples have
wider welds, as determined by the rate of heat trans-
fer in the direction perpendicular to the electron
beam. On the other hand, the higher thermal conduc-
tivity of the 3D printed Ti-6Al-4V samples allows for
a faster cooling rate of the welds. According to [22],
a high cooling rate of the molten metal limits the

H]J,? MPa T T T T T (b)
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I
!
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Fig. 11. Cross-sectional microhardness distribution in the welds of the Ti-6A1-4V samples produced by rolling (a) and 3D print-
ing (b): /—beginning of the weld, 2—end of the weld (color online).
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growth of crystallites in the weld metal and reduces
the size of the heat-affected zone. In our experiments,
the heat-affected zone in the 3D printed Ti-6Al-4V
samples proves to be half as wide as that in the rolled
samples. The higher cooling rate of the melt pool in
the 3D printed Ti-6Al-4V samples is also confirmed
by the lower volume fraction of the residual B phase
in the weld metal as compared to the rolled samples.

A gradual increase in the thermal conductivity of
the welded Ti-6Al-4V samples due to heating [23]
causes a deeper penetration at the end of the weld as
compared to the beginning. Thus, the weld penetra-
tion coefficient (depth-to-width ratio) for the rolled
Ti-6Al-4V samples is K=1.7 and increases to K=2.0
at the end of the weld. The penetration coefficient for
the 3D printed Ti-6Al-4V samples is K=1.5 at the
beginning of the weld and 1.7 at the end.

The microstructural changes observed in the Ti-
6Al1-4V samples during electron beam welding are
associated with the influence of the vapor capillary
on the melt pool formation. As the electron beam
moves, the metal melts on the front wall of the vapor
capillary and crystallizes on the rear wall. Primary 3
grains are formed on the base metal grains surround-
ing the melt pool, growing in the direction opposite
to the heat removal direction, i.e. towards each other
along the weld axis. The columnar grains inherit the
size of the base metal grains, which points to their
epitaxial growth.

On the weld face, the melt cools much slower
than near the weld root, which is due to upward
flows of the molten metal that long retain heat. In ad-
dition, the heat removal rate near the sample surface
is significantly lower than within the sample. There-
fore, primary B grains at the weld face of the rolled
Ti-6Al-4V samples take on an equiaxed shape during
melt crystallization (Fig.2a). The transverse size of
columnar primary 3 grains at the weld face of the 3D
printed Ti-6Al1-4V samples turns out to be larger than
at the weld root (Fig. 6a).

With further cooling, an acicular o’ phase is form-
ed inside the primary B grains located in the weld
metal and in the heat-affected zone of the studied Ti-
6Al-4V samples. According to [24], the high-tempe-
rature B phase undergoes a diffusion-free (martensi-
tic) B — o' transformation at the cooling rate of titani-
um alloy Ti-6Al-4V above 410°C/s. The acicular/
lamellar o’ phase is, in fact, a supersaturated o-Ti-
based solid solution with the crystal lattice distorted
by vanadium atoms. The low volume fraction of the
residual  phase in the weld metal is an indirect con-
firmation of the presence of vanadium in the o

phase. Note that the acicular o phase is usually form-
ed during electron beam or laser welding of Ti-6Al-
4V samples, while the microstructure of argon arc
welds is presented by a mixture of the o and o’
phases [25]. The latter is due to the fact that argon
arc welding is characterized by a larger heating area
and higher power density compared to electron beam
welding [26] and consequently a slower cooling rate
of the melt pool.

A high temperature gradient present in electron
beam welds leads to the formation of different mar-
tensitic structures in the weld metal and heat-affected
zone of the studied samples. High-temperature lath
martensite is formed in the weld metal that has the
maximum temperature, and low-temperature lamellar
martensite is found in the heat-affected zone.

In the 3D printed Ti-6Al-4V samples, fine equiax-
ed primary [} grains are seen near the weld axis. The
reasons for the formation of fine globular grains are a
small temperature gradient in the center of the melt
pool associated with the release of latent heat of weld
solidification and with concentration undercooling
caused by the segregation of alloying elements in
front of the crystallization front. The effect of con-
centration undercooling is most pronounced at the
end of the weld where a thin layer enriched in iron
and carbon is formed in front of the crystallization
front. The increased content of iron, which is a f sta-
bilizer, determines the nucleation and growth of glo-
bular primary P grains in the center of the melt pool,
in which the intermetallic TiFe phase precipitates. In
addition, iron preserves the bcc lattice in the  grains
during subsequent cooling of the welds to room tem-
perature.

In this work, the parameters of electron beam
welding are chosen to form a deep-penetration weld
without visible defects. However, the welding para-
meters are not optimum since they were chosen wi-
thout taking into account the increase in the penetra-
tion depth during heating. At the end of the weld, the
vapor capillary not only passes through the thickness
of the studied Ti-6Al1-4V samples, but also penetrates
into the underlying plate made of stainless steel
12Cr18Nil0Ti. This defect can be eliminated by in-
creasing the welding speed, which will reduce the pe-
netration depth at the end of the weld, or by gradual-
ly shifting the focal plane of the electron beam to-
wards the upper surface of the Ti-6Al-4V samples
during the welding process. Nevertheless, the results
obtained are illustrative of the behavior of the molten
metal inside the vapor capillary.
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During electron beam welding, the liquid metal
moves from top to bottom along the front wall of the
vapor capillary. After reaching the bottom, the metal
is forced to the rear wall, where it swirls and rises to
the upper part of the capillary. At the end of the
weld, where the Ti-6Al-4V samples are completely
penetrated, an electron beam arrives at the steel sub-
strate, causing its heating and melting. As a result,
the metal around the weld axis becomes enriched in
chemical elements of the 12Cr18Nil0Ti substrate.
The high content of Fe, which is the eutectoid B sta-
bilizer, leads to the formation of dendritic equiaxed
B-Ti grains along the weld axis of the Ti-6Al-4V
samples, in which the TiFe intermetallic phase preci-
pitates. The low volume fraction of the TiFe phase
(~2vol %) determined by X-ray diffraction may be
due to the fact that this phase is nanocrystalline. In-
termetallic compounds formed in the titanium-iron
system are known to significantly increase the
strength of the weld but strongly reduce its ductility
[27]. The precipitation of the intermetallic phase in-
side the vapor capillary causes centerline cracking in
the welds under tensile stresses induced by fully or
partially coherent boundaries between phases with
different lattices.

Though the rolled Ti-6Al-4V samples are comple-
tely penetrated, the heat-affected zone seen at the end
of the weld indicates that the electron beam does not
reach the substrate material (Fig.2b). This situation
can be explained by the fact that the outer 1-mm-
thick layer was ground from the metallographic sam-
ples. It is this outermost ground layer (at the very end
of the weld) where the beam arrives at the steel sub-
strate. However, since the melt pool has an elongated
shape (Fig. 1b), only its tail part, which is rich in
iron, is observed at a distance of 1 mm from the end
of the weld.

The main reason for the development of tensile
residual stresses in welds is shrinkage of the metal
during the liquid-solid transition. In this case, the va-
lue and sign of residual stresses are governed by dif-
ferent cooling rates of the metal at the weld face and
root, as well as by martensitic transformations in the
weld metal and heat-affected zone [28]. According to
[29], martensitic p— o transformations in the weld
of the Ti-6Al-4V samples can not only relieve tensile
stresses but also induce compressive residual stres-
ses. In our experiments, equiaxed primary [ grains
containing the martensitic o’ phase are formed at the
beginning of the weld of the studied Ti-6AI-4V sam-
ples, and B-Ti grains with the intermetallic TiFe
phase are found at the end of the weld. As a result,
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the residual stresses are compressive at the beginning
of the weld and tensile at the end.

5. CONCLUSIONS

The paper studied the microstructure and phase
composition of electron beam welded Ti-6Al-4V tita-
nium alloy produced by rolling and wire-feed elec-
tron beam additive manufacturing. It was shown that
deep-penetration electron beam welding was accom-
panied by the formation of columnar primary B gra-
ins near the weld root and equiaxed primary B grains
near the weld face and around the weld axis. Fast
cooling caused the martensitic o' phase to crystallize
in the primary B grains in the form of thin laths
grouped into packets. In the heat-affected zone, the
formed primary B grains contained lamellar marten-
site. Both the weld metal and the heat-affected zone
were characterized by a low volume fraction of the
residual B phase.

Welded joints of the 3D printed Ti-6Al-4V sam-
ples were found to be wider than those of the rolled
Ti-6A1-4V samples. This widening was associated
solely with an increase in the weld width. The heat-
affected zone in the 3D printed Ti-6Al-4V samples
was two times narrower than in the rolled samples. In
addition, welds of the 3D printed Ti-6Al-4V samples
had a lower volume fraction of the residual § phase
compared to the rolled samples.

During electron beam welding of Ti-6Al-4V sam-
ples, the penetration depth continuously increased
along the weld. Nonoptimum welding parameters
(primarily positioning of the focal plane of the elec-
tron beam relative to the welded surface) lead to
melting of the 12Cr18Nil0Ti substrate at the end of
the weld. As a result, a narrow (~500 um) extended
region with equiaxed grains 30-50 um in size was
formed along the weld axis. The grains contained a [
phase and dendritic TiFe crystals.

Deep-penetration electron beam welding caused
the same increase in the microhardness of the rolled
and 3D printed Ti-6Al-4V samples. It was shown
that the microhardness both in the weld metal and
heat-affected zone of the studied samples was 5200
and 4800 MPa, respectively. The microhardness in
the weld region containing the intermetallic TiFe
phase reached 11 600 MPa.
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