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Abstract: The microstructure, phase composition and cold shut defect of thick titanium alloy electron beam welded joint were
studied. The results showed that the microstructure of weld zone was composed of a’ phase; the heat affected zone was divided into
fine-grained zone and coarse-grained zone, the microstructure of fine-grained zone was primary a phase + f phase + equiaxed a
phase, and the microstructure of coarse-grained zone was primary o, phase + acicular o’ phase; the microstructure of base metal zone
basically consisted of primary o phase, and a small amount of residual § phase sprinkled. The forming reason of cold shut was

analyzed, and the precaution of cold shut was proposed.
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1 Introduction

Titanium alloys had been widely applied in
aerospace field with high specific strength, strong
resistance, good thermostability and
weldability [1], and the large thick titanium alloys were
already used as important bearing components in large
aircraft manufacturing [2].

The electron beam welding has such advantages as
small welding deformation, high efficiency, good
procedure repeatability and reproducibility, thus it has
already become the preferred welding method of
titanium alloys [3—5]. Currently, the electron beam
welding of large thick titanium alloys has prominent
problems in engineering applications, which mainly
manifested on the control of penetration and appearance
of weld, welding residual stress and deformation,
uniformity of weld composition and property [6—9].
Recently, HU et al [10] have studied the temperature
field and stress field of 12 mm-thick TC4 titanium alloy
electron beam welded joint. Further recently, the effect
of heat treatment on the mechanical property of thick
TC4 titanium alloy electron beam welded joint has been
reported [11—-13]. However, research reports on thick

corrosion

TA1S5 titanium alloy electron beam welding are rare
[14—16]. Therefore, the research on thick TA15 titanium
alloy electron beam welding has important theoretical
and engineering application value.

In this study, electron beam welding experiment
was carried out on the 20 mm-thick titanium plate, the
microstructure, phase composition and cold shut defect
of welded joints were analyzed, and the precaution of
cold shut was proposed.

2 Experimental

The material used in the experiments was near
a-type TAL1S titanium alloy, of which chemical
compositions are listed in Table 1.

Table 1 Chemical compositions of TA1S5 titanium alloy (mass
fraction, %)
Al Zr Mo \ Impurity Ti
55-7.0 1.5-2.5 0.5-2.0 0825 <0.7

Margin

The base metal specimens were rectangular, with
100 mm in length, 50 mm in width and 20 mm in
thickness. The base metal specimens were burnished
using SiC sand paper before welding, and then were
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cleaned with acetone and alcohol. The experimental
equipment was MEDARD45 vacuum electron beam
welding machine which was produced by TECHMET
company of French, with a maximum accelerating
voltage of 60 kV, and a maximum power of 6 kW. The
cathode diameter used in the experiment was 2.0 mm.
The plate of TA1S titanium alloy was mounted by a
self-made clamp, and then the welding process was
implemented  under  vacuum  condition.  The
microstructure and cold shut were observed by a PMG3
OLYMPUS optical microscope after welding. The phase
composition was analyzed by a D/max-rb rotating anode
X-ray diffractometer combined with a metallographic
observation. The formation mechanism of cold shut was
studied, and the precaution of cold shut was proposed.
The welding parameters were as follows, welding rate of
6 mm/s, accelerating voltage of 55 kV, and working
distance of 175 mm, and beam current values were 20,
30, 40, 50, 55, 60 and 65 mA respectively.

3 Results and discussion

3.1 Macromorphology of welded joint

The macromorphology of the welded joint is shown
in Fig. 1. The welded joint can be divided into the weld
zone (WZ), heat affected zone (HAZ) and base metal
zone (BMZ). The weld zone is narrow and slender, the
fusion lines that lie both sides of the weld are almost
parallel, and the heat affected zone is very narrow. The
welded joint shows the typical characteristic of high
aspect ratio, which embodied the feature of high energy
density of electron beam welding.

Fig. 1 Macromorphology of welded joint

3.2 Microstructure of welded joint
3.2.1 Microstructure of base metal zone

The microstructure of the base metal zone was
studied by optical metallographic observation, as shown

in Fig. 2. It can be seen from Fig. 2 that the
microstructure of base metal zone consists of two phases.
The A4 phase is long strip and block primary o phase, and
a small amount of S phase dispersed. The surface of base
metal zone was analyzed by XRD. The result is shown in
Fig. 3. It can be seen from Fig. 3 that the microstructure
of base metal zone consists of o phase and f phase, the
amount of f phase is very small, and the a phase is major.
The combination of diffraction result and metallographic
observation shows that 4 phase is a phase, and B phase is
f phase. This is mainly because the base metal zone is
far away from heat source, so there is no phase transition
in the welding process. The original microstructure was
retained, which was long strip and block primary o phase
+ a small amount of residual f phase.
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Fig. 3 XRD pattern of base metal surface
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3.2.2 Microstructure of weld zone

The microstructure of weld zone is shown in Fig. 4.
It can be seen from Fig. 4 that the microstructure of weld
zone mainly consists of acicular C phase that is dispersed.
The surface of weld zone was analyzed by XRD. The
result is shown in Fig. 5. It can be seen from Fig. 5 that
the microstructure of weld zone consists of martensite o’
phase. The combination of diffraction result and
metallographic observation shows that C phase is o
phase. This is because the cooling rate of electron beam
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welded joint was fast, the liquid metal in the weld first
crystallized to form f phase, the ff phase was too late to
transform into o phase as the temperature of joint
sustained decreased rapidly, and only transformed into
supersaturated o’ phase. Therefore, the weld zone formed
a great deal of dispersed acicular martensite o’ phase.

Fig. 4 Microstructure of weld zone
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Fig. 5 XRD pattern of weld surface

3.2.3 Microstructure of heat affected zone

The microstructure of the heat affected zone was
between the microstructure of base metal zone and the
microstructure of weld zone. The microstructure of the
heat affected zone was studied by optical metallographic
observation. The microstructure is shown in Fig. 6. It
can be seen from Fig. 6 that the heat affected zone was
divided into fine-grained zone which was near the base
metal zone and coarse-grained zone which was near the
weld zone. These two zones were locally amplified as
shown in Figs. 7(a) and (b). It can be seen from Fig. 7(a)
that the microstructure of fine-grained zone consists of
two phases, which are D phase and E phase, respectively.
The D phase is primary a phase and the E phase is S
phase according to the previous analysis to the
microstructure of base metal zone. It can also be found in
the fine-grained zone that the amount of primary a phase
reduces compared with the base metal zone, the amount
of f phase increases significantly, and there is fine
equiaxed a phase to precipitate from f phase matrix. This

shows that the transformation of a phase to S phase
occurred in the zone in the welding process. This is
mainly due to the heating of heat source so that the zone
reaches the phase transition temperature. But because the
fine-grained zone was far away from the heat source, so
the temperature was low and the phase transition was not
complete. There is still a great deal of primary a phase to
retained. In the subsequent cooling process, the fine a
equiaxed grains precipitated from the f phase matrix. So
the microstructure of fine-grained zone was primary a
phase + f phase + equiaxed o phase. It can be seen from
Fig. 7(b) that the microstructure of coarse-grained zone
also consists of two phases, which are F' phase and G
phase, respectively. The F' phase is o' phase and the G
phase is primary o phase according to the previous
analysis on the microstructure of base metal zone and
weld zone. It can also be seen in the coarse-grained zone
that the amount of primary a phase significantly reduces,
and apparent coarsening happens in the grains. This
shows that in the zone the transformation of a phase to S
phase occurred in the welding process. This is mainly
due to the heating of heat source so that the zone reaches
the phase transition temperature. And because the
coarse-grained zone was near the heat source, the
temperature was high and phase transition was complete.
So there was less primary o phase to be retained. But
under the action of high temperature, the phenomenon of
grain growth is serious. However, in the subsequent
cooling process, the f phase was too late to transform
into equilibrium o phase through atomic diffusion
because of the fast cooling rate, it only transformed into
acicular martensite o' phase by the way of shear, and the
mode to achieve shear relied on the atoms in S phase
regularly  short-range  migrated. = Therefore, the
microstructure of coarse-grained zone was primary a
phase + o' phase.

Fig. 6 Microstructure of heat affected zone

3.3 Analysis of welding defect

There is cold shut defect in the incomplete
penetration weld root, as shown in Fig. 8, but in the
complete penetration weld there is no cold shut, as
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shown in Fig. 9.
The cold shut was a specific defect of electron beam
welding. Electron beam welding is a dynamic process.

Fig. 7 Microstructure of different regions in heat affected zone:
(a) Fine-grained zone; (b) Coarse-grained zone

Fig. 9 Complete penetration weld root

Under the joint action of electron beam pressure, metal
vapor reaction, molten metal surface tension and
hydrostatic pressure, collision and fusion of multi-strand
streams in the molten pool existed. On the keyhole tip of
incomplete penetration molten pool, the high temperature
metal vapor is not easy to leak because the keyhole tip
was far away from the molten pool surface, the high
temperature metal vapor generated a great impediment to
the flow and fusion of liquid metal. At the same time
because of small heat input and fast cooling rate of
electron beam welding, the streams had solidified before
they could overcome the impediment of high temperature
metal vapor, therefore in the weld root the penetrating
gap occurred, which had a smooth edge called cold shut.
However, for complete penetration welds, because the
high temperature metal vapor inside the keyhole will
leak through the weld root, which has no effect on the
fusion of streams, the weld root does not have cold shut.

The above analysis shows that the formation of cold
shut is mainly due to the fact that the high temperature
metal vapor can not leak weld smoothly, which hinders
the fusion of streams. In order to avoid cold shut, the
conditions must be created to make the high temperature
metal vapor leak the weld smoothly.

The experimental result shows that the cold shut
mainly occurred in incomplete penetration welds, yet the
complete penetration welds did not have this defect.
Therefore, if conditions are allowed, the welds of
titanium alloy electron beam welding should try to be
penetrated.

4 Conclusions

1) The microstructure of weld zone is martensite o’
phase; the heat affected zone consists of fine-grained
zone and coarse-grained zone, the microstructure of
fine-grained zone was primary o phase + f phase +
equiaxed o phase, and the microstructure of
coarse-grained zone was primary o phase + o' phase. The
microstructure of base metal zone basically consists of
long strip and block primary a phase, and a small amount
of residual £ phase sprinkled.

2) The formation reason of cold shut was mainly
due to the fact that the high temperature metal vapor
could not leak weld smoothly, which obstructed flow and
fusion of the liquid metal, the liquid metal could not be
fully integrated before solidification under the condition
of rapid cooling, therefore, in the weld root the
penetrating gap formed, which had a smooth edge called
cold shut.

3) For avoiding cold shut, the weld of titanium alloy
electron beam welding should try to be penetrated if the
conditions were permissible.
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