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Abstract: The low-cycle fatigue properties of 30 mm Ti6Al4V titanium alloy joints welded by vacuum electron beam
welding and laser wobble welding with filler wire were compared. The test results show that the low-cycle fatigue
performance of the electron beam welding joint is close to that of the base meal, while the low-cycle fatigue
performance of the laser wobble welding with a filler wire joint is clearly inferior to that of the electron beam welding
joint and base meal. An examination of the microhardness of the base metal, heat-affected zones and weld area of the
two joints found that the microhardness of the weld area of the electron beam welding joint is close to that of the base
meal, but is lower than that of the heat-affected zones on both sides. The weld area of the laser wobble welding with the

filler wire joint is significantly weakened.
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1 Introduction

Due to advantages, such as high energy density,
low heat input, a large depth-to-width of the weld
metal (WM), small welding deformation, and good
stability, vacuum electron beam welding (EBW)
technology has been widely used in the aerospace
industry [1,2]. This technology is beneficial to the
integrated manufacturing of large aerospace structural
parts. Titanium (Ti) and its alloy are highly suitable
for the lightweight aviation manufacturing because
of their advantages such as low density, high
specific strength, good corrosion resistance, high
toughness, and fatigue resistance [3,4]. Furthermore,
many parts of advanced aircrafts and engines are
manufactured using Ti alloy, and the proportion of
Ti alloy in aircraft has even become an important
indicator for measuring the level of aircraft

advancement and developments. However, Ti alloys
are relatively chemically active and easily react
with impurity gases, such as oxygen, hydrogen and
water vapor during welding, resulting in the
weakened performance of the workpieces. High-
energy beams used in welding include plasma arcs,
electron beams, and laser beams, with different
advantages and disadvantages for each technology.
The advantage of laser wobble welding with filler
wire (LWFW) is that welding can be performed in
an atmospheric environment; however, defects in
sidewalls and interlayers can easily appear. EBW is
advantageous in that the welding quality is
outstanding in a vacuum chamber due to the unique
advantages of the high-vacuum environment for
EBW for the welding of Ti alloys [5,6]. However,
EBW has limitation, most importantly that the size
of the welding plate is limited. When the size of
a component to be welded is larger than that of a
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vacuum chamber for EBW, EBW can no longer
used. Similar to EBW, laser welding, as well as
high-energy beam welding, has advantages, such as
high energy density, a small heat-affected zone
(HAZ), high welding speed and good welding
quality, furthermore, it can be used in the
atmospheric environment [7—9]. Therefore, compared
to EBW, laser welding has better adaptability.
Through single-pass and multi-layer LWFW, large
and thick plates can be welded using a low-power
laser; this method, not only retains the advantages
of laser welding, but also is not limited by the
dimensions of the components. Therefore, LWFW
is expected to be a key welding technology in the
future [10,11]. In recent years, many researchers
have conducted studies on LWFW technology.
SHI et al [12] revealed the relationship between
single-pass welding parameters and geometrical
shapes of the WM using a statistical modeling
and established a mathematical model for the
relationship between the input processing variables
and the geometrical shapes of weld beads. The test
results demonstrate that the optimized formula can
be used to plan welding paths and realize the
welding of high-strength steel with a thickness of
20 mm used for ships, showing well-fused sidewall
and high-quality WM. By utilizing a 4 kW fiber
laser, YU et al [13] welded Q235 low-carbon steel
plates with a thickness of 17 mm using narrow-gap
LWFW and studied the influence of the groove size
on welding quality. The use of a relatively small
root size of the groove was found not only to
decrease the consumption of the filler wire, but also
to reduce the left-right asymmetric deposition of the
filler wire in the weld bead, thus improving the

Table 1 Chemical composition of TC4 alloy (wt.%)
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fusion between the filler metal and the sidewall.

In conclusion, research on LWFW technology
conducted around the world has mainly examined
the welding process, welding deformation and
defect control, while the fatigue performance of
LWFW joints has not been explored. Some studies
have shown that fatigue is a major problem
affecting the safety and durability of modern
aviation equipment. Fatigue can also lead to a
substantial increase in maintenance cost; therefore,
it has become a key problem that needs to be solved
in the design of the structural integrity of aviation
equipment [14]. This study compared the difference
in the microstructures and low-cycle fatigue (LCF)
performance of EBW and LWFW joints with the
same thickness (30 mm), providing data supporting
the application of these two welding technologies in
aviation manufacturing.

2 Experimental

2.1 Materials and welding parameters

Ti6Al4V (TC4) alloy was used in this study
and its chemical composition is listed in Table 1.
Tables 2 and 3 present the welding parameters used
for the EBW and LWFW joints, respectively. In this
experiment, inert gas protection was used in the
laser welding process. The welding shielding gas
was argon (Ar), the gas flow rate was 10 L/min, and
the gas purity was 99.99%. In the laser welding
with filler wire experiment, the wire diameter was
1.0 mm, and its chemical composition was the same
as that of the base metal (BM). The welding wire
was placed at the center of the laser spot, and the
laser-wire distance was 0 mm.

Al v Fe C N H o Si Ti
5.90 4.20 <0.25 0.028 0.0042 0.0011 0.0395 <0.026 Bal.
Table 2 EBW parameters
Voltage, Focus current, Speed, Beam Scanning Scanning
U/kV Iy/mA v/(mm-s™) current, I/mA frequency/Hz shape
60 2108 6 350 200 Circle
Table 3 LWFW parameters
Defocus, Laser power, Welding speed, Feeding speed, Wobbling Wobbling
f/mm P/kW V/(cm'min ") Ve/(m min ) amplitude, @/mm  frequency, T/Hz
58 3.8 30 3.12 3 100
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2.2 Microstructure observation

The microstructures of the two joints were
observed in three zones, namely the BM, HAZ and
WM, using an FEI Verios460 field-emission
scanning electron miroscope (SEM). Keller’s
reagent (HF:HNOs;:H,0=3:6:91) was used as a
corrodent, and the corrosion lasted for
approximately 15 s.

The electron backscatter diffraction (EBSD)
tests were performed at an accelerating voltage of
15 kV, a working distance of approximately 20 mm,
and a step size of 0.3 pum.

The microstructural morphologies of the BM
and WM were observed using a JEM—2100 F high-
resolution transmission electron microscope (TEM).
Methanol sulfate solution with a concentration of
8% was used as the electrolyte.

2.3 Microhardness tests

The micro-Vickers hardness curve spans from
the BM on the left side to the BM on the right side,
with a dot interval of 0.5 mm. An HXD—-1000TMC/
LCD microhardness tester containing an automatic
turret that can perform image analysis was used.
The test force was 1.961 N and the load was
maintained for 15 s.

2.4 LCF test

Figure 1 shows a schematic of the sampling of
the joint fatigue specimens. It was obtained from
the joint perpendicular to the weld axis, and the
sample was located at the center of the joint
thickness direction.

\
D BM

Fatigue
specimen

30

200 Unit: mm

Fig.1 Schematic diagram of sampling of fatigue
specimens

The LCF test was conducted according to
the test method for axial loading constant-
amplitude low-cycle fatigue of metallic materials
(GB/T 15248 —2008) using an INSTRON-1341

instrument at room temperature in an atmospheric
environment. Axial strain was controlled in the
range from +0.5% to £1.2% and the strain ratio was
—1. The waveforms were symmetrical triangular
waves with a strain rate of 0.4%/s. The gauge
length of the extensometer used in this study was
12.5 mm. A 25% reduction of the maximum load
was considered as the criterion for determining
failure. The dimensions of the fatigue sample of
BM are shown in Fig.2. Figure3 shows the
schematic diagram of the dimensions of the fatigue
samples of the EBW and LWFW joints. The
working section consisted of the BM, HAZ, and
WM. The length of the test bar was 140 mm and the
diameter of the clamped end was 12 mm. The
working section had a diameter of 6 mm and a
length of 30 mm. The WM was located at the center
of the sample.

R20 Unit
o 7 %‘ 0.1 nit: mm
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A
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]
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Fig. 3 Dimensions of fatigue sample of joint

2.5 Fracture surfaces

The fatigue fracture sample under the strain
amplitude of +0.6% was observed. Before
observation, the fracture was ultrasonically cleaned
in 99.7% ethanol solution for 30 min, and dried
quickly thereafter. The fracture of the fatigue
sample was observed with a SU3500 tungsten
filament scanning electron microscope (SEM).

3 Results

3.1 Cross-sectional morphologies and micro-
structures of two joints

Figure 4 shows cross-sectional morphologies

of the WM of the EBW and LWFW joints with a
thicknesses of 30 mm. Figure 4(a) illustrates the
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cross-sectional morphology of the WM of the EBW
joint of the test plates with a thickness of 30 mm. A
backing plate with a thickness of 16 mm was used
as the cushion. The upper part of the WM was wide
and the size at the center tends to be stable. The
widths of the WM and HAZ are 4—8 and 2—5 mm,
respectively. Figure 4(b) shows the cross-sectional
morphology of the LWFW joint with a thickness of
30 mm. A total of 15 passes were welded, in which
the first pass was backing welding and the last pass
was cosmetic welding. The WM was basically
equal in width, in the range of 7-9 mm, and the
width of the HAZ was 2—4 mm. The WM of the
30 mm-thick EBW joint was narrower than that of
the LWFW joint, while the HAZ of the former was
wider than that of the latter.

Smm §

Fig. 4 Cross-sectional morphologies of WM of two joints:

(a) EBW joint; (b) LWFW joint

3.2 Microstructure of two joints by SEM

Figure 5 shows the microstructures of each
zone of the two joints by SEM. Figures 5(a) and (d)
illustrate the microstructures of the BM of the EBW
and LWFW joints, respectively. The BM of the two
joints contains similar microstructures and belongs
to the typical duplex microstructures, mainly
including primary equiaxied o and S phases
distributed along the o grain boundary. The HAZ is
the transition zone between the BM and the WM, in
which the primary equiaxied o phases do not
completely transform, while some are transformed
into lamellar o' phases and acicular martensite o’
phases. Figures 5(b) and (e) show the micro-

structures in the HAZ of the two joints, in which
there are a large number of lamellar a’ phases
arranged in a certain direction. The microstructures
of the two joints mainly differ in the WM. The
microstructures of the WM of the EBW and LWFW
joints are shown in Figs. 5(c) and (f), respectively.
The microstructures of the WM of the EBW joint
mainly consist of lamellar o’ phases along the grain
boundary and acicular martensite o' phases. The
locally magnified images of the microstructures of
the WM show that lamellar o' phases are arranged
in a certain direction. Previous studies show that
such a microstructure is formed by slowing cooling
from the S phase region where it is not either
undeformed or slightly deformed after heating the
alloy. If the alloy contains this microstructure, its
plasticity and fatigue strength will be reduced; the
origin of this effect requires further study. The
microstructure of the WM of the LWFW joint
mainly consists of lamellar a' phases and punctate
phases. Compared to the WM of the EBW joint,
many fine § phases are present in the matrix of the
WM of the LWFW joint. In the Ti alloy, S phases
that are high-temperature phases have a body-
centered cubic structure. When the materials are
deformed under stress, f phases have more slip
systems and are more prone to deformation than
a phases with hexagonal close-packedcrystal
structures. This may be an important reason for the
weakening of the WM of the LWFW joint.

3.3 Microhardness of two joints

Figure 6 displays the comparison of micro-
hardnesses of the EBW and LWFW joints. As
shown in the figure, the EBW and LWFW joints
exhibit very similar microhardness. The main
difference is shown in the WM. The average
microhardness of the WM of the EBW joint is
HV 329, while that of the LWFW joint is only
HV 283, with a difference of HV 46. At the same
time, the WM of LWFW joint is obviously
weakened, and its average microhardness is HV 31
lower than that of BM.

3.4 Grain orientation of EBW and LWFW

Figure 7 shows the grain orientation of the two
joints of electron beam welding (EBW) and laser
welding with filler wire (LWFW). There are two
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Fig. 5 SEM images of each zone of two joints
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Fig. 6 Comparison of microhardnesses of each zone of
EBW and LWFW joints with thickness of 30 mm

types of plastic deformation mechanisms in
titanium alloys: slip and twinning, and twinning
generally occurs in single crystal titanium and a few

titanium alloys. For the TC4 dual-phase titanium
alloy, the Al element inhibits the twinning, so that
deformation is mainly dominated by the dislocation
movement of the a phase. The movement of
dislocations occurs in the form of slip. In Fig. 7, the
blue grains are the “hard orientation” grains with a
lower Schmid factor, while the red grains are the
“soft orientation” grains with a higher Schmid
factor, indicating that these grains are more likely to
slip and deform [15]. Figure 7(a) shows the grain
orientation in the weld zone of the EBW joint, with
fewer red grains. Figure 7(b) shows the grain
orientation in the weld zone of LWFW joints, with
more red grains.

It is observed that compared to the weld area
of the EBW joint, the “soft-oriented” grains in the
weld area of the LWFW joint are larger, and
when the material is subjected to external loads and
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Fig. 7 Grain orientation of weld zone of EBW and LWFW joints: (a) EBW-WM; (b) LWFW-WM

deformed, the resistance to dislocation movement is
lower, which is an important reason for the lower
microhardness of the weld area of the LWFW joint
compared to that of the EBW joint.

3.5 LCF performance of two joints

Table 4 lists the LCF test data for the BM and
EBW and LWFW joints under different strain
amplitudes. Based on the Zheng-Hirt formula, the
LCF test data of the BM and the two joints are fitted
to obtain the formula for the fatigue limit [16], as
follows:

N, =94.577(Ag,~0.49)~ (1)
N, =119.21(Ag, —0.47)" @)
N;=32.71(Ag,—0.41) 3)

where Nr and Ag; represent the number of cycles
and strain amplitude, respectively. Formulas (1)—(3)
give the relationship between the strain amplitude
and the number of cycles of the BM, EBW and
LWFW joints of TC4 alloy. Under the test
conditions, the fatigue limit of the BM in the LCF

Table 4 Number of cycles for LCF test of BM and EBW
and LWFW joints under different strains

N,
Joint !
12% 1.0% 08% 0.6% 0.5%
M 186 417 1721 6108 18927
153 670 1775 5282 18526
255 581 1250 6354 15457
EBW
168 518 1573 7190 17703
61 156 306 3023 10236
LWFW
- 101 402 4032 8596

1.6

—_
\]

<o
)

Strain amplitude/%

* BM
o Electron beam welding  **
¢ Laser welding with filler wire

0.4

10? 103 10*
Ny

Fig. 8 e—Nr curves of BM and EBW and LWFW joints of

TC4 alloy in LCF test

test was 0.49%, while those of the EBW and
LWFW joints were 0.47% and only 0.41%,
respectively. Figure 8 shows the e—Nr curves of the
BM, EBW and LWFW joints of the TC4 alloy in
the LCF test. According to Fig.8, the LCF
performance of the EBW joint is close to that of the
BM, whereas the LCF performance of the LWFW
joint is inferior to those of the EBW joint and BM.

4 Discussion

4.1 Fracture analysis of two joints in LCF test
Figure 9 shows the fracture morphologies of
BM and the EBW and LWFW joints of the TC4
alloy in the LCF test. Figures 9(a)—(c) show the
macro-morphologies of the fractures of the BM and
the EBW and LWFW joints under LCF, respectively.
Two main characteristic regions are observed,
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among which a relatively flat fatigue region is
shown on the right of the figure, and the rest are
ultimate tensile fracture regions. Figures 9(d)—(f)
show the crack initiation sources of the BM and the
EBW and LWFW joints in the LCF test,
respectively, and it is observed that fatigue cracks in
the three samples initiate on the surfaces of the
samples, showing a characteristic of multi-source
initiation. Figures 9(g)—(i) show the fatigue crack
growth regions in the BM and the EBW and LWFW
joints, respectively. In these regions, clear fatigue
striations are found, which are marks left by each
cyclic loading on the samples [17,18]. Under cyclic
tensile stress, the cracks begin to open, while the
compressive stress loaded in the opposite direction
makes the cracks unstable and form a groove at the

Crack
growthiregic

BML I

tip. Finally, under the maximum cyclic compressive
stress, new cracks are formed and their lengths
increase. Under such cycling, cracks continuously
propagate forward. Unlike the BM and the EBW
joint, secondary cracks appear in fatigue crack
growth regions in the LWFW joint. Figures 9()—(1)
display the ultimate tension fracture regions in the
BM and the EBW and LWFW joints, respectively,
where many dimples are found, showing good
plasticity.

4.2 Fracture positions of two joints in LCF test
Figure 10 shows the fracture position of the
EBW joint of the TC4 Ti alloy in the LCF test.
According to the figure, the joint is fractured in the
WM and the fatigue cracks initiate in the center of

—
SgrowtheregionE
L f o

Fig. 9 Fracture morphologies of BM and EBW and LWFW joints of TC4 alloy in LCF test



Jian LONG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3376—3386 3383

Fig. 10 Fracture position of EBW joint of TC4 Ti alloy in
LCEF test

the WM. The growth tips of the fatigue cracks tend
to extend along the direction of the acicular
martensite a’ phases. This is because lower energy
is required for the cracks to propagate along the
acicular martensite o’ phases than that for the cracks
to pass through these phases. As shown in Fig. 6,
the HAZs on both sides of the WM exhibit high
microhardness: the average microhardness of the
WM is HV 327, whereas those of the HAZs on the
left and right sides of the WM are HV 346 and
HV 347, respectively. During the fatigue test, stress
may concentrate in the WM, which is an important
factor contributing to the fracture of the LCF
sample of the EBW joint in the WM.

Figure 11 shows the fracture position of the
LWFW joint of the TC4 Ti alloy in the LCF test. It
is observed from the figure that the joint is fractured
in the WM and the position of crack initiation is
close to the center of the WM. As shown in Fig. 6,
the average micro-Vickers hardness of the BM and
HAZ of the LWFW joint separately is HV 314 and
HV 321, respectively, while that of the WM of the
joint is only HV283. There is a large
microhardness gradient in the LWFW joint, and
during the LCF test, stress concentration appears in
the WM. The stress concentration exerts a
particularly significant effect on the fatigue life of

materials, so that the LWFW joint is finally
fractured in the WM during the LCF test. This is
also an important reason for the inferior LCF
performance of the LWFW joint compared to those
of the EBW joint and BM.

Fig. 11 Fracture position of LWFW joint in LCF test

4.3 Microstructure of each zone of two joints by
TEM

Figure 12 shows the microstructures of BM,
WM of EBW, and LWFW of the TC4 alloy by TEM.
Figures 12(a) and (d) show the micro- structure of
the BM, which is mainly composed of a slate-like
primary o phase and f phase distributed between
the slats.

Figures 12(b) and (e) show the microstructure
of the WM of EBW. A large amount of acicular
martensite o’ phases precipitated in the WM of the
EBW. As the strengthening phase of titanium alloys,
the acicular martensite a’ phase requires more
energy when the material is deformed under an
external load, and the dislocation cuts through or
bypasses the structure, increasing the movement
resistance of the dislocation, which is conducive to
improving the strength and hardness of the material.
This is an important reason for the higher hardness
of the WM of EBW compared to that of the BM.
Meanwhile, numerous dislocation lines appeared in
the o strip in the WM of the EBW joint. When the
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material is deformed under an external load, these
dislocation structures interact with the dislocation
lines generated by deformation, increasing the
movement resistance of the dislocation, which is
also conducive to improving the strength and
hardness of the material [19]. This is another
important reason for the increased hardness of the
weld zone of electron beam welding relative to that
of the base metal.

Figure 12(f) shows the microstructure of the
WM of LWFW. Compared to the BM, the « strip in
the WM of the LWFW joint becomes wider.
Simultaneously, the f phase at the grain boundary
grew. The selected electron diffraction of this
structure is shown in the right corner of Fig. 12(c),
indicating a body-centered cubic structure. The /S
phase in titanium alloys is a high-temperature phase
and has a body-centered cubic structure. When the
material is subjected to external loads, more slip
systems are present, and the resistance to
dislocation movement is low [20]. This is an
important reason for the decreased WM hardness of
LWFW to that of the BM. Dislocation lines also
appear in the WM of LWFW, but the dislocation
density is clearly lower than that of EBW, which is
also an important reason for the lower WM
hardness of LWFW relative to that of EBW.

5 Conclusions

(1) Compared to the EBW joint, the LWFW
joint shows worse LCF performance. The fatigue

L

AW N
N
o d‘

Dislocali‘ou‘f ﬁ :

Dislocation

10_1/nm

limits of the LWFW and EBW joints in the LCF test
are 0.41% and 0.47%, respectively.

(2) Compared to the EBW joint, a larger
microhardness gradient is found in the LWFW joint.
The average microhardness of the WM of the
LWFW joint is HV 31 lower than that of the BM,
whereas the microhardness of the WM of the EBW
joint is close to that of the BM.

(3) In the LCF test, the EBW and LWFW
joints are both fractured at the center of the WM.

(4) The microstructures of the WM of the
EBW and LWFW joints are significantly different.
SEM observations show that many punctate f
phases appear in the WM of the LWFW joint, while
there are few punctate f phases in the WM of the
EBW joint.
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