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The microstructure of tungsten-inert-gas (TIG)-welded TC4 titanium alloy joints was
analyzed. The stress-corrosion behavior and hydrogen embrittlement susceptibility of the
welded joints were also studied by performing slow strain rate tensile tests (SSRTs) in 3.5%
NaCl solution. The results show that the heat-affected zone was mainly composed of a,
B, and o' phases, in which the o' phase comprised a coarse-grain region with a reticulated
morphology. During tensile tests, the stress-corrosion sensitivity of the welded joints increased
with increasing strain. The greatest stress-corrosion sensitivity occurred at a strain rate of 0.24
mm/min, where the joint fractured at the fusion line. Regarding the hydrogen embrittlement
sensitivity, the fracture strength of the joints increased and the elongation percentage decreased
with increasing polarization potential. In addition, the fracture surface was primarily composed
of dimples, showing that the joints were not sensitive to hydrogen embrittlement.

1. Introduction

In the 21st century, ocean exploitation is attracting broad attention, and thus the development
of marine science and technology is becoming more important.) Because of the highly
corrosive environment, all equipment used in ocean engineering must have specific properties
including high specific strength, good toughness, and outstanding corrosion resistance to
seawater.

Titanium and its alloys have many excellent characteristics such as good corrosion resistance,
small elastic modulus, high fatigue performance, nonmagnetic and nontoxic properties, high
weldability, wide applicability, and stable price. These mean that titanium and its alloys are
commonly used as structural materials in ocean engineering.(2’3) Among them, the TC4
titanium alloy is the most widely used.®¥ With the expanding range of applications of titanium
alloys, their weldability and corresponding welding parameters are attracting more research
interest. However, stress-corrosion cracking can easily occur inside welded components,
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owing to the strength weakening of joints, the formation of a heterogeneous microstructure,
high residual stress around the fusion zone, and weld defects inside the joints.(4’5) The welding
process of titanium alloys and their mechanical properties have been comprehensively studied,
as well as their corrosion behavior.®™ Nevertheless, the stress-corrosion cracking of welded
joints has seldom been studied.

In this work, the stress-corrosion cracking behavior and hydrogen embrittlement
susceptibility of 2-mm-thick tungsten-inert-gas (TIG)-welded TC4 joints are studied in a
3.5% NaCl solution through slow strain rate tensile tests (SSRTs) with various strain rates. In
addition, the fracture mechanism of the welded joints was analyzed by observing the fracture
surface morphology. Our findings provide a good foundation for improving the corrosion
resistance of TC4 titanium welded joints and evaluating their resistance to stress-corrosion
cracking in the marine environment.

2. Experimental Procedure

The chemical composition of the as-received TC4 titanium alloy is shown in Table 1. The
mechanical properties were also measured and shown in Table 2. As described in Table 3,
different welding parameters were used to optimize the mechanical properties of the welded
joints.

Then, the joint with the optimal mechanical properties was subjected to SSRTs. During the
tests, the samples were immersed in 3.5% NaCl solution, which was modified by 40% sulfuric
acid to ensure a pH of 7-8. Table 4 gives the strain rates in the SSRTs. For comparison, some
samples were also tested in air. All the tests were conducted at a temperature of 300 K and a
pressure of 1 x 10° Pa. After sample fracture, an electron-probe microanalyzer (EPMA) was
used to observe the fracture surface morphology.

Table 1 Table 2
TC4 titanium alloy composition (mass fraction%). Mechanical properties of TC4 titanium alloy.
Al \% Fe C H Ti op (MPa) 692 (MPa) 6 (%)
55-6.8 3.5-45 <030 <0.08 <0.015 bal Measured result 1030 975 13.04
Table 3
Parameters of TC4 TIG welding.
No. 1(A) v(mh™ Gas flow rate (L'min ')
1 100 15 8
2 100 14 8
3 100 13 8
4 90 15 8
5 90 14 8
6 90 13 8
7 80 15 8
8 80 14 8
9 80 13 8
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Table 4
Strain rates in test (unit: mm/min).

1 2 3 4 5 6
Air 0.012 0.018  0.024 0.12 0.18 0.24
3.5% NaCl 0.012 0.018  0.024 0.12 0.18 0.24
Table 5
Tensile test results for TIG-welded joints.
No. 092 (MPa) g, (MPa)  Z (%) 0 (%) Fracture position
1 950 1020 6.07 492 Fusion line
2 960 1040 24.49 11.40 Base metal
3 975 1040 22.15 12.76 Base metal
4 1010 1070 22.61 11.88 Base metal
5 965 1020 4.53 5.28 Fusion line
6 965 1030 16.50 11.22 Base metal
7 985 1030 20.90 13.04 Base metal
8 1010 1060 22.58 10.32 Base metal
9 985 1030 23.47 13.24 Base metal

To evaluate the stress-corrosion sensitivity of the welded joints in the 3.5% NaCl solution,
the parameter stress-corrosion index /s, shown as Eq. (1) was introduced. A smaller calculated
value (below 50) represents higher sensitivity to stress corrosion.

I :%XIOO% )

scc
c

Here, J, stands for percentage reduction of area in the 3.5% NaCl solution and J,. stands for
percentage reduction of area in air.

3. Results and Discussion
3.1 Mechanical properties of TIG-welded joints

After TIG welding, tensile tests were performed on the welded joints for all the welding
conditions. The measured mechanical properties are shown in Table 5. As shown in Table 5,
the welded joints exhibited similar mechanical properties compared with the base metal once
proper welding parameters were selected. In particular, joint No. 9 was chosen for further
analysis because it showed the smallest difference from the base metal in terms of mechanical
properties. Figure 1 shows the fracture surface of joint No. 9 after tensile tests. Pimples
dominated the fracture surface of this ruptured joint, indicating the ductile fracture mode.

3.2 Microstructure analysis of TIG-welded joints

The metallographic structure of the TIG-welded joint is shown in Fig. 2, in which Fig. 2(b)
gives a magnified view of the coarse-grain region observed in Fig. 2(a). As shown in Fig. 2,
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Fig. 1. Tensile fracture morphology of TC4 alloy Fig. 2. Microstructure of TC4 alloy TIG-welded

TIG-welded joint. joint.

Table 6

Result of SSRTs in air and 3.5% NaCl solution.

Strain (mm'min ) 0.012 0.018 0.024 0.12 0.18 0.24

3.5% NaCl 1445 1351 1441 1263 1231 1317

oy (MPa) Air 1529 1498 1464 1328 1407 1438

7 (%) 3.5% NaCl 259 29.0 29.3 17.0 15.3 14.7
Air 29.5 29.5 30.1 21.4 23.8 23.6

5 (%) 3.5% NaCl 16.37 16.02 14.83 14.66 14.20 13.32
Air 17.74 16.38 16.02 15.49 15.89 20.38

Lice / 87.46 98.30 97.34 79.44 64.28 62.28

Fracture position 3.5% NaCl Base metal Base metal Base metal Base metal Base metal Fusion line
Air Base metal Base metal Base metal Base metal Base metal Base metal

grains easily grew during welding in this region. Among them, the a phase became lamellar
and coarse. Grain boundaries between the o phase and the  phase became indistinct. As a
result, these phases intermixed with each other and generated a complex reticulated morphology.
The formation of these large grains can potentially deteriorate both the mechanical properties
and corrosion resistance in this part.

3.3 SSRT analysis of TIG-welded joints

Table 6 shows the mechanical characteristics measured in the SSRTs of welded joints in air
and 3.5% NaCl solution.

As shown in Table 6, the fracture strength, percentage reduction of area, and percentage
elongation of the welded joints decreased with increasing strain rate in both media. Moreover,
the fracture strength, percentage reduction of area, and percentage elongation in the 3.5%
NaCl solution were smaller than that under the condition of air, given the same strain rates.
Interestingly, the welded joint was insensitive to the stress corrosion and fracture occurring
on the base metal side when the strain rate was smaller than 0.024 mm/min. Once the value
reached 0.12 mm/min, the joint demonstrated high sensitivity to stress corrosion. Subsequently,
the sensitivity monotonically increased with increasing strain rate. At the highest strain rate
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of 0.24 mm/min, the elongation was 20.383% in the 3.5% NaCl solution and 13.324% in air.
Meanwhile, the /.. value decreased to 62.28% and the joint ruptured at the fusion line (as
shown in Fig. 3).

The stress—strain curves obtained for samples in air and 3.5% NaCl solution at different
strain rates are shown in Fig. 4. In Fig. 4, both the elastic and plastic regions can be clearly
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Fig. 3.  Relationship between stress corrosion index and strain rate.
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Fig.4.  (Color online) Results of SSRTs for TC4-welded joints with different strain rates in air and 3.5% NaCl

solution. (a) 0.012, (b) 0.018, (c) 0.024, (d) 0.12, (¢) 0.18, and (f) 0.24 mm/min.
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distinguished, but material yield is indistinct. The decrease in the joint fracture strength in
the 3.5% NaCl solution indicated that the dislocations were able to easily move around under
the condition of seawater. A driving force was required for dislocation motion owing to the
decreased kinetic resistance. Under the condition of the 3.5% NaCl solution, the fracture
strength decreased with increasing strain rate, reaching 1317 MPa at the highest strain rate of 0.24
mm/min.

The fracture surface morphology of the welded joints at strain rates of 0.018, 0.18, and 0.24
mm/min is shown in Fig. 5. At the strain rate of 0.018 mm/min, a large number of dimples were
distributed uniformly on the fractured surface, as is typical of the ductile fracture mode. At the
strain rate of 0.18 mm/min, numerous dimples again were present on the fractured surface, with
the dimples having a larger diameter than those observed at the strain rate of 0.018 mm/min.
When the strain rate increased to 0.24 mm/min, the cleavage surface was observed on the
fracture surface along with fewer dimples.

3.4 Hydrogen embrittlement susceptibility

Tests on the hydrogen embrittlement susceptibility of samples were conducted in the 3.5%
NaCl solution, which had undergone electrochemical hydrogen charging for 2 h, under a strain
rate of 0.24 mm/min. The mechanical properties obtained from SSRTs at different polarization
potentials are summarized in Table 7 and the associated stress—strain curves are shown in Fig. 6.

As shown in Table 7 and Fig. 6, the elongation of the welded joint was 16.12% at a
polarization potential of —0.484 V for the TC4 alloy, and it tended to decrease with increasingly
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Fig. 5.  Fracture morphology of TC4-welded joints in 3.5% NaCl solution. (a) 0.018, (b) 0.18, and (c) 0.24 mm/min.

Table 7

Results of SSRTs for TC4 welded joints at different polarization potentials.

U (V) —0.484 —-0.8 -1.0 -1.2 -1.4
ar(MPa) 1205 1305 1330 1332 1440

0 (%) 16.12 15.99 14.27 13.59 13.32

Fracture position Fusion line Base metal Base metal Base metal Base metal
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Fig.6.  (Color online) Stress—strain curves of TC4 welded joints subjected to SSRTs under different polarization
potentials.

negative polarization potential. The elongation reached a minimum of 13.32% at a polarization
potential of —1.4 V. Furthermore, the fracture strength of the welded joint was 1205 MPa at the
self-corrosion potential. The fracture strength of the joint increased with increasingly negative
polarization potential and reached 1440 MPa at the polarization potential of —1.4 V.

TC4 titanium alloy is composed of an a phase and f phase. Among them, the a phase is
hexagonal close packed with a 0.291 r Ti radius for the octahedral interstices, while the 3 phase
is body-centered cubic with a 0.291 r Ti radius for the tetrahedral interstices.!”) Therefore,
the hydrogen saturability in the [ phase is larger than that in the o phase. For this a + B-type
alloy, solid-solution strengthening increased its tensile strength owing to the presence of the 3
phase. Titanium reacts with hydrogen to form the hydride TiH,, which increases the hydrogen
diffusion rate inside the B phase. During the tensile tests, these hydrides may have entered
crystal defects to constrain dislocation motion.

In this study, it has been found that the increased polarization potential due to hydrogen
charging enhanced the fracture strength of the welded joint and decreased the elongation
percentage. During the weld thermal cycle, the p phase became less prevalent in the heat-
affected zone, and transformed into the o and o' phases. In particular, there was little  phase
remaining in the fusion zone. Accordingly, the effect of solid-solution strengthening due to the
presence of hydrogen was weakened in both the heat-affected and fusion zones.

Figure 7 shows the EPMA images of the fractured surface of welded joints at different
polarization potentials. As shown in Fig. 7, at the self-corrosion potential, the morphology
exhibited ductile-fracture characteristics. Even with the increase in polarization potential after
electrochemical hydrogen charging, little difference was observed in the final fracture surface
morphology, where dimples dominated. This indicates that electrochemical hydrogen charging
had a negligible effect on the hydrogen embrittlement susceptibility of the welded joints.
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Fig. 7. Microfracture morphology of welded joints under different polarization potentials. (a) —0.484, (b) —1.0, (c)
—1.2,and (d) -1.4 V.
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4. Conclusions

(1) A coarse-grain region was formed around the fusion line of the TIG-welded TC4 joints.
This region was mainly composed of a lamellar a phase of short grains, resulting in the
development of a complex reticulated structure. It was found that if the welding parameters
were inappropriate, fracture occurred at the fusion line.

(2) The fracture strength, percentage reduction of area, and percentage elongation of the welded
joint tended to decrease with increasing strain rate in both the 3.5% NaCl solution and air.
Under the same strain rate during SSRTs, the fracture strength, percentage reduction of
area, and percentage elongation of the welded joints were smaller in air. At the strain rate of
0.24 mm/min, the stress-corrosion index achieved in the 3.5% NaCl solution had the smallest
value of 62.28%, which represented stress-corrosion cracking susceptibility. Dimples were
formed on the fracture surface at smaller strain rates, while the cleavage surface appeared
after fracture at the strain rate of 0.24 mm/min.

(3) After electrochemical hydrogen charging, the fracture strength of the welded joint was
enhanced and the elongation percentage decreased with increasing polarization potential.
At the polarization potential of —1.4 V, the welded joints had the maximum fracture strength
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of 1440 MPa and the minimum elongation of 13.32%. Moreover, dimples dominated
the fractured surface, indicating that the welded TC4 joint was not sensitive to hydrogen
embrittlement.
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