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Abstract: The 12 mm-thick Ti—6A1-4V (TC4) titanium alloy plates were welded using keyhole tungsten inert gas
(K-TIG) welding at various heat inputs. The microstructure, grain boundary (GB) characteristics and mechanical
properties of the weld metal zone (WMZ) were analyzed. The test results show that the K-TIG welds are well formed,
and no obvious defects are observed when the heat input is 2.30—2.62 kJ/mm. When the heat input gradually increases,
o laths increase in length, and o' phase and residual S phase are reduced. The electron backscatter diffraction (EBSD)
test results indicate that the high-angle GB proportion in the WMZ increases with the increase of heat input. The tensile
strength of the WMZ gradually decreases and the elongation of the WMZ increases when the heat input increases from

2.30 to 2.62 kJ/mm. The impact toughness of the WMZ increases as the heat input increases.
Key words: K-TIG welding; heat input; o’ phase; high-angle grain boundary; Charpy impact fracture surface

1 Introduction

The Ti—6A1-4V (TC4) titanium alloy is a very
important structural material and is currently widely
used in the field of marine engineering [1-3]. For
example, it is widely used in the hull construction
of condensate tankers. CUI et al [4] reported that
the TC4 titanium alloy was a two-phase titanium
alloy comprising the a+f phases and had the
advantages of low density, high strength and high
corrosion resistance. Welding is an indispensable
process technology in the processing and
manufacturing of titanium alloys. Titanium alloys
had a strong activity in the molten state, and they
reacted readily with various substances during
welding, which deteriorated the performance of the

welded joints, as reported by DING and GUO [5].
Keyhole tungsten inert gas (K-TIG) welding is a
TIG welding method with keyhole mode. In
contrast to TIG welding, it can weld titanium alloy
plates that are less than 16 mm in thickness in a
single-pass welding without filling the welding
metal or opening the groove [6]. The heat-affected
zone (HAZ) of the K-TIG welded joint is relatively
narrow, and the welding deformation is relatively
small [7,8]. Therefore, K-TIG welding enables
double-sided forming of single-sided welding. For a
certain thickness of TC4 titanium alloy, K-TIG
welding can save welding metal, improve welding
efficiency and reduce cost. CUI et al [4] also
pointed out that K-TIG welding was a very
economical method for welding medium-thick
TC4 titanium alloys. However, during the welding
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thermal cycle, the microstructure of the titanium
alloy welded joint has undergone significant
changes, which has a certain impact on the
mechanical properties of the welded joint.
Therefore, it is very important to study the
microstructure of titanium alloy welded joints.

At present, researchers have studied the
microstructure of titanium alloy welded joints with
different welding methods. WANG et al [9]
discussed the microstructure and mechanical
properties of TC4 titanium alloy electron beam
welded  joints. They reported that the
inhomogeneity of microstructure in the welded joint
was formed due to different microstructures of base
metal (BM). LATHABAI et al [10] welded
commercially pure titanium with K-TIG welding.
They proved that 4 mm/s was the best choice
for the welding speed of commercially pure
titanium workpieces with a thickness of 12.7 mm.
ROSELLINI and JARVIS [11] also used the K-TIG
welding method to weld titanium alloy tubes. They
showed that the mechanical properties of the K-TIG
weld metal zone (WMZ), such as the tensile
properties, impact properties and microhardness
values, were almost the same as those of
conventional TIG WMZ. CUI et al [4] welded
12 mm-thick TC4 plates by using K-TIG welding.
They studied the microstructure and texture of the
BM, HAZ and WMZ of TC4 K-TIG welded joints.
SQUILLACE et al [12] indicated that during the
welding thermal cycle, the microstructure of TC4
titanium alloy welded joints changed significantly.
Microstructural changes are needed to improve the
tensile properties and impact properties of K-TIG
welded joints. However, during the K-TIG welding
process, heat input has a certain influence on the
mechanical properties and microstructure of the
TC4 titanium alloy K-TIG WMZ, and research on
this topic is limited. In this work, TC4 titanium
alloy plates were welded with various heat inputs
by the K-TIG welding system. During the K-TIG
welding process, filling metals or preparing groove
before welding can be avoided. The evolution law
of the microstructure and GB characteristics of the
K-TIG WMZ under different welding heat inputs
were studied. The influencing mechanism of the
microstructure and GB characteristics on the
mechanical properties of the titanium alloy K-TIG
WMZ were analyzed.

2 Experimental

For the K-TIG welding tests, the BM was
12 mm-thick TC4 titanium alloy plate. The
dimensions of the TC4 titanium alloy plate were
300 mm x 100 mm. The chemical composition of
the TC4 titanium alloy is displayed in Table 1.
Figure 1 shows the schematic diagram of the K-TIG
welding system. A certain error occurred after the
workpieces were cut or mechanically cleaned, so
the gap between the two workpieces cannot be
guaranteed to be 0 mm. In order to ensure the
accuracy of the welding test, two workpieces were
fixed with a gap of 0.5 mm before welding.
Because TC4 titanium alloy has strong metal
activity, it is easily contaminated by oil and other
substances, and it oxidizes readily during welding.
To obtain high-quality TC4 welds, the workpieces
were cleaned with acetone, and the front and back
of the workpieces were protected by high-purity
argon (99.9%). At a welding speed of 3.5 mm/s, gas
flow rate of 20 L/min and electrode gap of 2.0 mm,
only the welding current was changed to carry
out five sets of tests, referred to as No. 1 to No. 5.
The specific welding parameters in the K-TIG
experiments are shown in Table 2.

Table 1 Chemical composition of TC4 titanium alloy
(BM) plate (wt.%)

Al A% Fe C N O H Ti
6.11 4.06 0.12 0.012 0.012 0.156 0.0015 Bal.
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Fig. 1 Schematic diagram of K-TIG welding system

After K-TIG welding, the K-TIG weld
geometry profiles were observed. The transverse
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cross-sections of TC4 K-TIG welded joints were
etched by Keller reagent (2 mL HF+10 mL HNO;+
88 mL H,0). According to the ASTM E709—08
standard, X-ray nondestructive tests (NDTs) were
carried out to analyze the defects in the K-TIG
welds [13].

Table 2 Welding parameters in K-TIG welding

experiments
Welding Welding Arc Heat
Test .
No current/ speed/ voltage/ input/
) A (mm-s ") \Y (kJ-mm ")
1 490 3.5 17.0 2.14
2 510 3.5 17.5 2.30
3 530 3.5 18.0 2.45
4 550 3.5 18.5 2.62
5 570 3.5 19.0 2.78

The electron backscatter diffraction (EBSD)
technique was applied to characterizing the
grain boundary misorientation angle distribution
(GBMAD) of the BM and WMZ under varying heat
inputs. The specimens for the tensile property test,
including the BM and WMZ, were prepared in
accordance with the ASTM E8 standard [14]. The
specimens for the Charpy impact test, including the
BM and WMZ, were prepared in accordance with
the ASTM A370 standard [15]. The specimen
dimensions for tensile test and Charpy impact test
are shown in Fig. 2. The morphologies of the
Charpy impact fracture were observed by scanning
electron microscopy (SEM).

Tensile test
specimen

l—PTD \‘/I EBSD sample

RD (WD)

Fig. 2 Specimen dimensions for tensile test and Charpy
impact test (unit: mm)

3 Results and discussion

3.1 Effect of heat input on K-TIG weld

morphology

Figure 3 shows the transverse cross-sections of
the TC4 titanium alloy K-TIG welded joints under
various heat input conditions. In Fig. 3(a), it can be
seen that the K-TIG weld is not completely
penetrated when the heat input is 2.14 kJ/mm.
When the heat inputs are 2.30, 2.45 and 2.62 kJ/mm,
the TC4 K-TIG welds are completely penetrated.
The weld seam collapses, and the reinforcement on
the back of the weld is too large when the heat input
increases to 2.78 kJ/mm, as shown in Fig. 3(e). This
is mainly because when the heat input is relatively

5 mm

Fig. 3 Transverse cross-sections of K-TIG TC4 titanium alloy welded joint at various heat inputs: (a) 2.14 kJ/mm;
(b) 2.30 kJ/mm; (¢) 2.45 kJ/mm; (d) 2.62 kJ/mm; (e) 2.78 kJ/mm
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small, the penetration of the arc is insufficient. The
gas in the molten pool cannot escape from the
keyhole in time, so the hole appears in the weld.
However, when the heat input is too large,
additional metal is melted, and the reinforcement on
the back of the weld is too large, so the weld shape
is poor. This proves that the K-TIG weld joints at
heat inputs of 2.14 and 2.78 kJ/mm do not meet the
welding requirements. Therefore, this study focused
on the microstructure and mechanical properties of
the WMZ when the welding heat inputs were
between 2.30 and 2.62 kJ/mm.

Figure 4 displays the profiles of the K-TIG
welds at various heat inputs (2.30—2.62 kJ/mm). All
of them were well formed, and the welds surfaces
were bright and clear. When the heat inputs were
2.30-2.62 kJ/mm, X-ray nondestructive testing
photos of the welds were taken. The welds in the
picture were uniform, had a light black broadband,
and did not have large white spots or lines, which
indicated good welds. There were no defects, such
as pores or cracks. Combining Fig. 3 and Fig. 4, it
was proved that when TC4 titanium alloy plates
were welded by using K-TIG welding, the welding
process window was relatively small. Therefore,
welding heat input is a key factor affecting the
performance and morphology of welded joints.

3.2 Microstructure of K-TIG WMZ at various

heat inputs

The EBSD technique was used to characterize
the microstructure of the BM and WMZ at various
heat inputs. Figures 5 and 6 display the phase maps
and band contrast images, respectively. The blue
phase represents o titanium, and the yellow phase
represents f titanium.

Referring to Figs. 5 and 6, the microstructure
of the BM was mainly composed of equiaxed a
grains, a laths and a few retained f grains. Through
Fig. 3, it can be seen that the grains of the WMZ
became coarser. Figures 6(b), (c) and (d) display the
microstructures of Areas 1, 2 and 3 in Fig. 3,
respectively. Compared with the microstructure of
the BM, the microstructures of the WMZ at various
heat inputs were mainly composed of « laths that
were relatively dispersed and distributed in
multiple directions. This was mainly because the
temperature of the WMZ reached the f transus
temperature (995 °C), the primary a grains in the
WMZ were completely transformed into f phase,

(2)

Fig. 4 Profiles of K-TIG welds at various heat inputs:
(a) 2.30 kJ/mm; (b) 2.45 kJ/mm,; (c) 2.62 kJ/mm

and a large number of « laths formed during the
subsequent cooling process. Although the phases in
the WMZ were the same at various heat inputs,
their morphologies were different. When the heat
input was 2.30 kJ/mm, a laths formed in the WMZ
were relatively short. When the heat input increased,
o. laths became long. AHMED and RACK [16]
reported that the cooling rate during the o—f
transformation could directly determine the
subsequent evolution of the microstructure. When
the cooling rate was relatively fast, § phase was
directly transformed into o’ phase, and residual S
phase also existed around a' phase [1]. It could be
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[ Residual f phase

Fig. 6 Band contrast images of BM (a) and WMZ at heat inputs of 2.30 kJ/mm (b), 2.45 kJ/mm (c) and 2.62 kJ/mm (d)

seen from Figs. 6(b—d) that rod-like or granular
structures were distributed between o laths.
Residual S phase also existed around these
structures. Because the K-TIG welding speed was
relatively fast and its cooling speed was also fast, it
was determined that these rod-like or granular

structures in the WMZ comprised o’ phase. When
the heat input increased, the corresponding cooling
rate decreased, and the time for the growth of «a
laths was sufficient enough. Therefore, when the
heat input increased, a laths increased in length, and
o' phase and residual f phase were also reduced.
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The microstructures of WMZ under varying heat
input conditions indicate that only « phase, a’ phase
and residual £ phase exist in the WMZ, and no
other precipitated phases exist.

3.3 GBMAD of WMZ at various heat inputs

In polycrystalline materials, the GBMAD has
certain influence on the mechanical properties of
materials, which was proven by PARK et al [17].
The GBMAD can be categorized as low-angle
GB (2°<6<10°) and high-angle GB (6>15°) in
accordance with the orientation angles of the
GB [18]. Figure 7 displays the GBMAD maps of a
phase in the BM and WMZ at various heat inputs.
The blue lines indicate high-angle GB, and the
black lines indicate low-angle GB. Figure 8 shows
the high-angle GB proportion of a phase in the BM
and WMZ. In the BM, the proportion of high-angle
GB was 48.1%. In the WMZ, the proportion of
high-angle GB increased as the heat input
increased; it was 78.9%, 81.4% and 87.2% when
the heat input was 2.30, 2.45 and 2.62 kJ/mm,
respectively. This was mainly caused by changes in
o phase morphology. In the BM, a phase was
mainly equiaxed. In the WMZ, o phase existed
mainly in the form of laths. When the heat input

increased, a laths became fine and long. Therefore,
the proportion of high-angle GB in the WMZ
increased as the heat input increased.

In previous study [4], it was found that large-
angle GB had certain effect on the impact toughness
of welded joints. Under certain conditions, as the
proportion of high-angle GB increased, the impact
toughness of the material gradually increased. It
was proved that the proportion of high-angle GB
was the main basis for judging the impact
toughness of WMZ. Therefore, it could be inferred
that when the heat input increased from 2.30 to
2.62 kJ/mm, the impact toughness of the WMZ
gradually increased.

3.4 Mechanical properties
3.4.1 Tensile properties

The tensile properties of the BM and WMZ at
various heat inputs are shown in Fig. 9. Figure 9(a)
shows the tensile curves of the BM and WMZ at
various heat inputs, and Fig. 9(b) displays the yield
strength and elongation of the BM and WMZ
at various heat inputs. The yield strength and
elongation of the BM were 1054.5 MPa and 18.3%,
respectively. When the heat inputs were 2.30, 2.45
and 2.62 kJ/mm, the tensile strengths of the K-TIG
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Fig. 7 GBMAD maps of a phase in BM (a) and WMZ at heat inputs of 2.30 kJ/mm (b), 2.45 kJ/mm (c) and

2.62 kJ/mm (d)
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WMZ were 1089.8, 1072.1 and 1013.5 MPa,
respectively; the elongations of the K-TIG WMZ
were 3.5%, 8.3% and 11.8%, respectively. The
experimental results showed that when the heat

inputs increased from 2.30 to 2.62 kJ/mm, the
tensile strengths of the TC4 titanium alloy K-TIG
WMZ gradually decreased. When the heat input
was 2.62 kJ/mm, the tensile strength of the WMZ
was lower than that of the BM, but the tensile
strength requirement (greater than 895 MPa) of the
TC4 titanium alloy plate in the ASTM B256—05
standard was reached [19]. The elongation of the
TC4 titanium alloy K-TIG WMZ at various heat
inputs was lower than that of the BM. When the
heat input increased, the elongation of the WMZ
gradually increased. This was mainly because o’
phase could increase the strength of the material.
When the heat input increased, the corresponding
cooling rate decreased, and the growth time for
the o laths was sufficient enough. The a' phase
decreased with increasing heat input, so the tensile
strength of WMZ decreased and the elongation of
the WMZ increased. By comparing the tensile
strength and elongation of the K-TIG WMZ at
various heat inputs, it was indicated that the
microstructure of the WMZ had a certain effect on
its tensile properties. Under certain conditions, the
tensile properties of the TC4 titanium alloy K-TIG
WMZ could be improved by changing the heat
input.
3.4.2 Charpy impact properties

The energies absorbed by the BM and WMZ
during the Charpy impact tests are shown in
Table 3. When the heat inputs were 2.30, 2.45 and
2.62 kJ/mm, the average values of the energy
absorbed in the WMZ were 20.4, 32.1 and 33.6 J,
respectively. The average value of the energy
absorbed in the BM was 24.3 J. The Charpy impact
test results showed that with increasing heat input,
the energy absorbed in the WMZ gradually
increased. When the heat inputs were 2.45 and
2.62 kJ/mm, the average value of the energy
absorbed by the WMZ was larger than that of
the BM. When the heat input was 2.30 kJ/mm, the

Table 3 Charpy impact absorbed energy in different
zones of specimen

Heat input/ Absorbed energy/J
Zone _1
(kJ'mm ) No.1 No.2 No.3 Average value
BM - 235 242 251 24.3
WMZ 230 199 198 214 20.4
WMZ 245 30.1 33.5 327 32.1
WMZ  2.62 337 337 334 33.6
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average value of the energy absorbed by the WMZ
was slightly lower than that of the BM. However, it
reached 84% of the BM.

The fracture micrograph of the BM is
displayed in Fig. 10(a). The fracture micrographs of
the WMZ at various heat inputs are shown in
Figs. 10(b—d). It can be seen that there were tear
edges and dimples in the BM and WMZ. Therefore,
it can be determined that the BM and WMZ
plastically deformed before fracture occurred, and
the fracture mode of the WMZ was ductile fracture.
It can be seen in Figs. 10(b—d) that when the heat
input gradually increased, the dimple size in the
impact fracture of the WMZ gradually increased.
When the welding heat input increased from 2.30 to
2.62 kJ/mm, the energy absorbed by the WMZ
increased during the impact fracture process, which
was consistent with the Charpy impact test results.
The impact absorbed energy of materials is an
important index used to evaluate the anti-
destructive ability of metal materials. When other
parameters were constant, the greater the value of
the impact absorbed energy of the material was, the

stronger the impact resistance was and the better the
impact toughness was. According to the Charpy
impact test results, as the heat input increased, the
impact toughness of the K-TIG WMZ also
increased.

WRONSKI et al [20] pointed out that high-
angle GB could effectively prevent the propagation
of brittle crack. Therefore, the higher the proportion
of high-angle GB was, the greater the energy
absorbed during the fracture process was, and the
better the impact toughness was. In Fig. 8, it could
be seen that when the heat input was 2.30 kJ/mm,
the high-angle GB proportion in the WMZ was
greater than that in the BM, while the impact
toughness of the WMZ is lower than that of the BM.
Therefore, it could be seen that the proportion of
high-angle GB was not the only factor affecting the
impact toughness. THOMAS et al [21] reported that
o' phase had a certain impact on the impact
toughness of WMZ. When a’ phase appeared in the
WMZ, the impact toughness of the WMZ was less
than that of the BM. When o' phase was eliminated,
the impact toughness of the WMZ was improved. In

2.45 kJ/mm (c) and 2.62 kJ/mm (d)
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Fig. 6, it could be seen that when the heat inputs
were 2.30, 2.45 and 2.62 kJ/mm, a' phase appeared
in the WMZ. When the heat input was 2.30 kJ/mm,
the impact toughness of the WMZ was lower than
that of the BM. When the heat inputs were 2.62 and
2.45 kJ/mm, the impact toughness of the WMZ was
higher than that of the BM. Therefore, o’ phase was
not the only factor affecting the impact toughness of
the WMZ. According to the above analysis, it could
be seen that the impact toughness of the WMZ
could be affected by the proportion of high-angle
GB and presence of a' phase.

4 Conclusions

(1) During the K-TIG welding process,
12 mm-thick TC4 titanium alloy plates were welded
with varying heat inputs (2.30—2.62 kJ/mm).

(2) When the heat input gradually increased, a
laths in the WMZ became fine and long, and a'
phase and residual f phase were also reduced. The
proportion of high-angle GBs in the WMZ also
increased as the heat input increased.

(3) When the heat input was in the range of
2.30-2.62 kJ/mm, the K-TIG TC4 titanium alloy
welds were well formed. The tensile strength and
impact energy absorbed by the WMZ were in
accordance with the welding requirements.

(4) The o' phase decreased with increasing
heat input, so the tensile strength of WMZ
decreased and the -elongation of the WMZ
increased. The impact toughness of the WMZ can
be affected by the proportion of high-angle GB and
the presence of a’ phase.
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