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Effect of Electron Beam Oscillation Welding of

Molybdenum and Titanium

The microstructure, element distribution, chemical composition,
microhardness, and tensile strength of the welded joints were analyzed
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Abstract

Electron beam welding of pure molybdenum (Mo)
and titanium alloy (Ti-6Al-4V) was performed with
beam oscillation. The effects of beam oscillation
with offset on the welded joints were analyzed
in terms of microstructure, element distribution,
chemical composition, microhardness, and tensile
strength. The results showed that the fusion zone
expanded with beam oscillation. Reaction layers
were generated in both joints welded with and
without beam oscillation. The thickness of the
reaction layers decreased along the perpendicular
direction. The reaction layers were (Mo, Ti) solid
solutions. Both welded joints consisted of single-
phase Mo, the B-Ti phase, and Mo-Ti solid solutions.
The microhardness distribution of the joint welded
with beam oscillation was more consistent than that
of the joint welded without beam oscillation, and
the maximum hardness was reduced from 340 HV
to 270 HV. The tensile strength increased from 124
MPa to 204 MPa.
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Introduction

Titanium (Ti) alloys are widely used in the nuclear and aero-
space fields due to their low density, low heat conductivity,
and excellent mechanical qualities (Ref. 1). Molybdenum
(Mo) and its alloys are commonly applied in facilities such
as nuclear power plants because of their extraordinarily
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high thermal conductivity and melting points (Refs. 2, 3).
In the low-temperature packaging field, extreme thermal
conductivity is required to reduce the detector to a lower
temperature with limited cooling resources to achieve higher
detection. Mo is widely used as a cold platform (Ref. 4) for
inserting detector chips due to its exceptional low-tempera-
ture thermal conductivity and excellent coefficient of thermal
expansion, which is similar to that of the chips. Ti alloy is
used as a support (Ref. 5) to connect the cold platform to
the cooler. Moreover, the extremely low thermal conductivity
of Ti minimizes heat loss. As aresult, realizing the welding of
these two dissimilar metals and increasing their joint per-
formance are worth investigating.

Many researchers have studied the welding of pure Mo and
Mo alloys. Chen et al. (Ref. 6) found many holes and crystal
cracks in the weld zone of Mo joints produced by electron
beam welding. The research results showed that the pores
were caused by oxygen not escaping in time. Ambroziak (Ref.
7) investigated friction welding of Mo and dissimilar metals
such as vanadium (V), tantalum (Ta), nickel (Ni), Mo, and
copper (Cu). The research results showed that refractory
metals could be successfully welded through friction welding
with no intermetallic phases in the welded joints. Zhang, L.-J.
et al. (Ref. 8) successfully connected pure Mo to pure Ti by
laser welding with beam offset. The highest tensile strength
was 346 MPa when the beam offset was 0.5 mm (0.019 in.)
from the splice site. Zhou et al. (Ref. 9) used Ti-6Al-4V and Ni
asinterlayers to achieve laser welding of Mo and Ta. The result
showed that a reaction layer composed of the B-Ti phase
was formed at the interface. Although there has been much
research on dissimilar metal connections for molybdenum
and researchers performed laser welding of molybdenum
on titanium alloy, Ti alloy welding is extremely sensitive to
welding atmosphere. Thus, electron beam welding with a
vacuum environment has obvious advantages.

In the process of improving the appearance and prop-
erties of welded joints, welding with beam oscillation was
introduced. Zhou et al.(Ref. 9) proved that increasing laser
beam oscillation during welding accelerated the formation
of equiaxed dendritic grains and reduced the risk of hot
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Fig. 1 — Microstructures of base metals: A — Mo; B — Ti-6A[-4V.

Table 1 — The Physical Properties of the Base Metals

Aloy Densiy  melingPoint ity (ST swengh (350
(W/m:-K) (MPa)
Mo 10.2 2620 142.35 5.3 742
TC4 4.55 1725 7.5 7. 978
Table 2 — Welding Parameters Used in This Experiment
sample oceeratng Ui st amueny Tt Heatinpw
(mA) (mm/s) (Hz2)
1 55) 14 Not used +0.2 154
2 55 14 50 +0.2 12.27
Table 3 — Chemical Composition of the Base Metals (wt-%)
Alloy Mn Si (o Fe Co Ni Ti Al Vv N H (0] Mo
Mo — 0.01 0.02 0.005 — 0.002 — 0.002 — — — — bal.
TC4 - 0.15 041 0.3 - - bal. 6 4 0.05 0.015 0.2 -

cracks. Yan et al. (Ref. 10) studied the effect of laser beam
oscillation welding on the joint of copper and stainless steel.
It was found that a vortex flow was formed in the molten
pool with beam oscillation, which enhanced heat and mass
transferin the weld pool and increased the tensile strength
by 110% compared to that without oscillations. Jiang et al.
(Ref. 11) compared the effect of laser oscillation welding
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on Ni-Cr-Mo and Cu-Cr-Zr joints. The tensile strength of
the joints welded with beam oscillation increased by 20%
because of the impact of solid solution strengthening. The
effect of electron beam oscillation on joints of dual-phase
steel and 5754 aluminum alloy was studied by Dinda (Ref.
12). The oscillating beam joint demonstrated 70% higher
elongation than the nonoscillating beam counterpart.
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Fig. 2 — Schematic diagram illustrating electron
beam welding Mo/TC4 with offset.

Despite extensive studies, electron beam welding of pure
Mo and Tialloys and the effect of oscillation welding on welded
joints have not yet been reported. Electron beam welding has
amore focused energy than laser welding, giving it an advan-
tage for welding refractory metals. As aresult, electron beam
welding is employed in this study. Electron beam oscillation
welding is used to increase the performance of the welded
joints. The influence of electron beam oscillation welding on
the morphology, microstructure, and mechanical properties
is also investigated.

Experimental

Materials and Preparation

The base metalsin this paper were pure Mo and TC4 alloys,
which were machined in 50 mm (1.968 in.) x 30 mm (1.181
in.) x 2mm (0.079 in.) plates. The physical parameters of Mo
and TC4 are shown in Table 1. The chemical composition of the
base metals are shown in Table 2. The microstructures of the
two materials are displayed in Fig.1. Asillustrated in Fig. 2, the
electron beam was applied to the TC4 base material witha 0.2
mm (0.008 in.) offset from the joint line. The parameters are
listed in Table 3. The oscillation patterns used were circular.
The heatinput of the parameters without and with oscillation
were 154 J/mmand12.27 J/mm, respectively. Sample 1 cor-
responded to non-oscillation welding parameters, whereas
Sample 2 corresponded to electron beam oscillation welding
parameters with a circular oscillation waveform.

Analytical Methods

Pure Mo and Ti alloys were degreased and cleaned with
alcohol before welding. The Mo part was etched by an acid
mixture (nitric acid: hydrofluoric acid: water = 5:2:3 by
volume), and the TC4 alloy part was etched by another acid
mixture (nitricacid: hydrofluoric acid: water =1:1:4 by volume).
The cross-sections and microstructures of the welded joints
were observed by optical microscopy and scanning electron
microscopy (SEM) using the ZEISS Sigma 300. Moreover,
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Fig. 3 — Cross-section morphology of the joint
without heam oscillation: A — Mo side; B — TC4 side;
C — total morphology; D — lower Mo side; E — lower
weld zone.

the element composition was analyzed through SEM-ener-
gy-dispersive x-ray spectroscopy (EDS) in spot mode. The
phase composition of the welded joints was identified by
x-ray diffraction (XRD) using the Panalytical-Empyrean dif-
fractometer. The acceleration voltage of the XRD equipment
was 40kV, the operating current was 40mA, and the scan-
ning range was 20 deg-90 deg (26) at the scanning speed
of 2 deg/min. The microhardness of the welded joints was
tested by an HXD-100TM/LCD microhardness tester under
100 g (0.220 Ib) continuous compression for15 s, and three
tensile strength samples were prepared for each parameter.
The tensile strength of the joints was measured by a WDW-
310 material testing machine at a constant rate of 0.5 mm/
min. The fracture morphology was observed through SEM.

Results and Discussion

Weld Appearance
Figure 3 shows the cross-sectional morphology of the Mo

and TC4 joints welded without beam oscillation. The non-
symmetrical weld zone is shown in Fig. 3C. The fusion line
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Fig. 4 — Cross-section morphology of the joint with
beam oscillation: A — Mo side; B — TC4 side; C —
total morphology; D — lower Mo side; E — lower weld
zone.

on the Mo side is straight, whereas the fusion line on the
TC4 side is nearly conically shaped. Weld metal overlays are
observed on the top and bottom surfaces of the Mo base
metal, which is related to the excellent wettability of liquid
TC4 on Mo. The heat-affected zone (HAZ) becomes narrower
on the Mo side, which is consistent with the characteristics
of the input heat source, and recrystallization occurs in this
area. A lattice can be observed in the weld zone in Fig. 3D.
Asshown in Figs. 3B and E, there are pores in the weld zone
caused by the untimely escape of gases during welding. The
weld zone exhibits columnar dendritic grains along the fusion
lineonthe TC4 side, and these grains extend into the interior
of the weld zone. The weld root size (0.68 mm [0.026 in.])
is two-fifths of the weld zone’s top size (1.6 mm[0.063 in.]).

Figure 4 shows the cross-sectional morphology of the joint
welded with beam oscillation. Fig. 4C shows that the fusion
line on the Mo side is obliquely shaped, and the fusion line
onthe TC4side is nearly conically shaped. Due to the deeper
melting of the Mo base metal, the fusion line on the Mo side
changed from straight to oblique. The microstructure of the
weld zone was different from that produced without beam
oscillation. Molten Mo increased due to beam oscillation.
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Table 4 — Main Chemical Constituents (at-%) in
Different Points

Point Mo Ti ' Al
A 97.00 1.76 0.70 0.54
B 39.82 56.59 2.84 0.39
C 24.59 72.51 2.59 0.31
D 13.89 83.80 2.08 0.24
E 9.05 88.82 1,97 0.15
F 74.37 23.55 1.60 0.48
G 20.73 77.01 2.04 0.22
H 14.24 83.76 1.97 0.04
! 11.25 87 1.70 0.05

Some molten Mo entered the weld zone, while significant
continuous white phases gathered on the upper part of the
fusion line on the Mo side (Refs. 13-15). A minor quantity
of white phases is generated on the fusion line, as seen in
Figs. 4C and D. These white phases consisted of a Mo-Ti solid
solution with high molybdenum element content. They have a
high melting point, so the white phase formed firstin the weld
zone. There was a small amount of equiaxed dendritic grains
in the center of the weld zone. Beam oscillation is inferred
to exert a substantial effect on the weld zone. Therefore,
columnar dendritic grains were broken and transformed into
equiaxed dendritic grains. The weld zone expanded because
of the oscillation, and the weld root size was 0.68 mm (0.027),
while the weld zone top size was 1.8 mm (0.071in.).

Microstructures of the Joints

Microstructures of the Mo-side Interface
Produced without Beam Oscillation

Figure 5A shows the microstructure of Zone | located at
the upper fusion line in Fig. 3C. There was a neat and flat
reaction layer between the Mo base metal and weld zone.
Figs. 5B and C show the element distribution in Zone I. Mo
and Ti were dispersed with the fusion line as the boundary.
Furthermore, the line scanning result of the selected area
is shown in Fig. 5D. Mo precipitously declined at the inter-
face and diffused into the weld zone. However, Ti was nearly
nonexistent in the Mo base metal after passing through the
reaction layer. The average thickness of the reaction layer
was approximately 2 pm.

Figure 6 shows the analysis result of Zone Il located at the
lower fusion line in Fig. 3C. A similar element distribution to
that in Fig. 5 can be seen in Fig. 6, but the most significant
difference was that the Ti element diffused into the Mo base



cps

100
0 I*'-"i“."-'\"u-!i‘WW" Lt m e ".“'.*‘.‘?'\i‘rﬁ p l".
0 1 2 3 4

All Elements

' f
] !‘ A"HM
ey A e N S MW Y,
8

~ TiKal

~~ Mo Lal

~~ Al Kal
V Kal

(bl

6 7

btk
9 10

um

Fig. 5 — Microstructures of the upper interface without beam oscillation: A — SEM micrograph; B — map
scanning result of element Mo; C — map scanning result of element Ti; D — line scanning results.

metal. Meanwhile, the thickness of the reaction layer was
thinner than that in Zone I.

Furthermore, a mathematical model of Mo diffusion as a
function of the local temperature was applied (Ref. 16). The
concentration gradient of Mo at the solid-liquid interface
was used to calculate Mo diffusion, and the formula for the
thickness of the reaction layer was determined to be as fol-
lows (Ref. 17).

tL t9C
Az = J V. dt = f D (—) dt @)
t t ay

] 0

where Dis the temperature-dependent diffusion coefficient,
Cis the Mo concentration, t, is the moment when the solid
state comes in contact with the liquid state, and ¢, is the

time to form a solid solution. Several factors contributed to
a decreasing thickness of the reaction layer. First, the local
temperature of Zone I was higher than that of Zone Il, which
was related to the decrease in the heat input in the perpen-
dicular direction as a result of the difference in the diffusion
coefficient. Second, different locations were exposed to liquid
TC4 at different times. Zone | exposure occurred earlier than
Zone Il exposure. A similar phenomenon was found for the
Mo-Ti reaction layer by Luo et al. (Ref. 18).

Microstructures of the Mo-side Interface
Produced with Beam Oscillation

To analyze the effect of beam oscillation on welded joints,
the microstructure of the weld zone was analyzed. The micro-
structures of Zones Il and IV in Fig. 4C are shown in Figs. 7A
and B, respectively. Fig. 7A shows that there was no reaction
layerinthe upperweld zone. The line scanning result revealed
that the Mo and Ti contents varied drastically at the inter-
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Fig. 6 — Microstructures of the lower interface without beam oscillation: A — SEM micrograph; B — map scanning result of
element Mo; C — map scanning result of element Ti; D — line scanning results.

face and that volatility was generated as a result of beam
oscillation. As shown in Fig. 7B, there was a smooth and flat
reaction layer in the lower weld zone, and the layer thickness
decreased. The Mo and Ti distributions were stable in this
weld zone according to the line scanning result.

Compared with the microstructure of the interface pro-
duced without beam oscillation, there was no reaction layer
in Zone Ill, while the thickness of the reaction layerin Zone IV
was greater than thatin Zones | and Il. When the oscillation
was activated, the keyhole migrated to the Mo base metal.
Theinitial boundary of the Mo base metal melted, and liquid
Mo entered the melt pool and mixed with the liquid Ti to
generate a solid solution. As shown in Fig. 7B, the lack of
mixing of molten Mo with liquid Ti caused the formation of
areaction layer in Zone IV.

To identify the chemical compositions of the phases
marked in Figs. 7A and B, the compositions were measured
by EDS, as shown in Table 4. According to the binary phase
diagram of Mo-Ti (Ref. 19), all the selected points mainly
consisted of the Mo-Ti solid solution. The difference was
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that the Mo content decreased at the points away from the
interface. Point EDS analysis of both joints was carried out,
as shown in Fig. 8. The Mo content of the points in the weld
zone produced without beam oscillation was approximately
6%, while that of the points in the weld zone produced with
beam oscillation was approximately 12%. Beam oscillation
caused enhancement of molten Mo. As a result, the Mo con-
tentin the weld zone increased. The XRD results are shown
in Fig. 9. The weld zone of both joints consisted of a single
phase Mo, the B-Ti phase, and a Mo-Ti solid solution. This
was consistent with the previous analysis.

Mechanical Properties of Welded
Joints

Microhardness Analysis of Welded Joints

The microhardness of the upper, middle, and bottom parts
of the joints welded with and without beam oscillation were



Fig. 7 — Microstructures of interface with beam oscillation: A — Upper interface; B — lower interface.

The content of molybdenum in FZ/at%
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Distance from the interface between molybdenum and FZ/mm

The content of molybdenum in FZ/at%
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Distance from the interface between molybdenum and FZ/mm

Fig. 8 — EDS result of content of molybdenum in weld zone: A — Without beam oscillation; B — with beam oscillation.

tested. The results are shown in Fig.10. The hardness values of
the Mo and TC4 alloys were 230 HV and 160 HV, respectively.
Fig.10B shows the hardness of the joint welded without beam
oscillation. Due to recrystallization, the microhardness of
the HAZ on the Mo side was lower than that of the Mo base
metal. The weld zone exhibited a higher hardness than in
the base metals.

Moreover, the hardness of the bottom part of the welded
jointwas higher than that of the upper part. Maximum hard-
ness of 340 HV was measured, located in the bottom part of
the weld zone. This result was related to the difference in the
local cooling rate after welding. Fig. 10D shows the hardness
of the joint welded with beam oscillation. The most signifi-
cant difference was that the hardness of the weld zone was
much more uniform, and the value was approximately 260
HV. A maximum hardness of 280 HV was measured, located
in Mo-rich phases near the fusion line on the Mo side. Due
to beam oscillation, the Mo content in the weld zone was
higher as a result of an increase in molten Mo. According to
the investigation of Ho et al. (Ref. 20), the microhardness of

Mo-Ti alloys decreases with increasing Mo content. For these
reasons, the microhardness of the weld zone decreased.

Tensile Strength and Fracture of Welded
Joints

Atensile strength test was carried out. The average tensile
strength of the joint welded without beam oscillation was
124 MPa, which was only 17% of the value of Mo and 13% of
the value of TC4. The average tensile strength of the joint
welded with beam oscillation was 204 MPa, representing an
increase of 64% compared to that without beam oscillation.
The fracture surfaces of the joints welded with and without
beam oscillation are shown in Fig. 11. The fracture surface of
the joint welded without beam oscillation on the weld side
consisted of reflective faces, indicating intergranular fracture,
asshown in Fig.11A. There were grains surrounded by cavities
atthe bottom of the fracture surface, indicating a decrease
in joint strength. Fig. 11B shows the fracture surface with
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Fig. 9 — XRD analysis of the weld zone: A — Without beam oscillation; B — with beam oscillation.
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Fig. 11 — Fracture morphology of the joints: A — Without beam oscillation; B — with beam oscillation.

. . . o beam oscillation. The most significant difference was that the
Table 5 — Main Chemical Constituents (at-%) in fracture surface was much coarser and more uneven. A few

Fracture Surface river patterns caused by transgranular fracture occurred in

the fracture surface. Both fracture surfaces showed typical

Point Mo Ti v Al brittle fractures.
After the element analysis of the fracture surface, it was
A .2 A2 .04 ’

J 99 0:26 0 0.0 found that there was almost no Ti element on the fracture
K 99.72 04 043 0.05 surface Wlthout beam oscillation, while there was a small
amount of Ti element on the upper part of the fracture surface
with beam oscillation. Thisisillustrated in Fig.12 and Table 5.

L 92.00 779 041 0.1 s
It shows that the joints fractured at the HAZ of the Mo base
M 89.25 10.54 042 0.09 metal due to the recrystallization, and the same phenom-

enon also can be found in the study by Zhang et al. (Ref. 8).
However, the recrystallization of HAZ was alleviated by beam
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Fig. 12 — Fracture morphology of the joints on the TC4 side: A — Without beam oscillation; B — with beam oscillation.

oscillation, and the properties of the joint were enhanced
by the molybdenum-rich solid solution accumulated at the
upper part of the weld zone.

Conclusion

The effect of electron beam oscillation welding on the
microstructure, element composition, microhardness, and
mechanical characteristics of welded joints of pure Mo and
TC4 Tialloys was investigated in this work. The conclusions
are summarized as follows.

1. Compared with the joint offset of 0.2 mm to TC4 with-
out beam oscillation, the weld zone of the joint with beam
oscillation expanded. The microstructure of the welded joint
was altered due to beam oscillation, which refined the grains.

2. Areaction layer was identified on the Mo side in joints
welded without beam oscillation. The reaction layer thickness
decreased. Due to increased molten Mo in the joint welded
with beam oscillation, the reaction layer disappeared in the
upper part of the weld zone. The reaction layer consisted of
a (Mo, Ti) solid solution.

3. The microhardness distribution of the joint welded
with beam oscillation was more consistent, the maximum

WELDING JOURNAL

hardness reduced from 340 HV to 270 HV, and the tensile
strength increase from 124 MPa to 204 MPa.
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