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Abstract: In this paper, the effects of laser heat input on the microstructures, tensile strength, and
fatigue properties of Ti60 laser welded joints were investigated. The results show that with the
increase in laser heat input, the macro morphology of the weld zone (WZ) changes from the Y-type
to X-type. In the Y-type WZ, the porosity defects are almost eliminated. In contrast, there are a
lot of porosity defects in the lower part of the X-type WZ. The microstructure of the base metal
(BM) comprises equiaxed α phases, and β phases are mainly distributed at the boundaries of α
phases. The heat-affected zone (HAZ) is comprised of α phases and acicular α′ phases, while the WZ
mainly contains acicular α′ phases. With the increase in laser heat input, the quantity of the α phase
gradually decreases and the acicular α′ phase gradually increases in the HAZ, and the size of the
acicular α′ phase in the WZ gradually decreases. Due to the different microstructures, the hardness
of BM is lower than the HAZ and WZ under different laser heat input conditions. In the tensile tests
and low-cycle fatigue tests, the welded joints are fractured in BM. The porosity defects do not have
decisive effects on the tensile and low-cycle fatigue properties of Ti60 laser welded joints.

Keywords: Ti60 titanium alloy; laser welding; porosity defect; microstructure; low-cycle fatigue
property

1. Introduction

Titanium alloys are important structural materials in the aerospace field due to their
low density, high specific strength, and superior corrosion resistance [1–4]. In order to
achieve the light weight of titanium alloy components, welding has become a necessary
processing method [5,6].

Compared with other titanium alloys, Ti60 alloy has excellent comprehensive mechan-
ical properties and fatigue strength [7,8]. At present, the research on the welding of Ti60
mainly focuses on electron beam welding, friction welding and brazing. Li et al. [9] carried
out electron beam welding on TA15/Ti60 alloy and found that there were no welding
defects such as undercut and unwelded areas in the WZ. The microstructure of the WZ was
mainly columnar grains. Song et al. [10,11] studied the tensile property of an electron beam
welding joint of a Ti60/GH3128 alloy. It was revealed that the tensile fracture mode of the
joint was brittle fracture. Guo et al. [12,13] analyzed the linear friction welding behavior of
Ti60. They found that an element diffusion layer with a width of about 1 µm was formed at
the interface of the welded joint, and the grains on both sides of the interface connected in
a eutectic way. The tensile strength of the welded joint was higher than that of the BM. Liu
et al. [14] studied the inertial radial friction welding behavior of Ti60/TC18. They found
that the joint was tensile fractured at BM, and the fracture analysis consistently revealed a
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quasi-cleavage fracture mode. Zhao et al. [15] analyzed the microstructure and mechanical
properties of a C/C-SiC/Ti60 brazed joint. It was revealed with an increase in the brazing
temperature, the joint strength increased and then decreased. Both the block Ti2(Ni,Cu) at
low brazing temperature and the overreaction of SiC at a high brazing temperature deterio-
rated the joints. Wang et al. [16] studied the microstructure and mechanical properties of a
Ti2AlNb/Ti60 brazed joint and found that the fracture mode of the original brazed joints
predominantly exhibited cleavage fracture. However, after homogenization treatment at
600 ◦C for 1 h, the fracture mode shifted primarily to intergranular brittle fracture.

Compared with electron beam welding, friction welding and brazing, laser welding
has the advantages of a flexible processing capacity, fast welding speed, small HAZ, and
easy automation, thereby, it is widely used in aerospace, petrochemical, nuclear energy,
biomedicine, and other fields [17–19]. Li et al. [20] studied the influence of laser welding
parameters on a TC4 alloy. The results indicated that the defocused position had the largest
effect, followed by the laser power and welding speed. The optimal welding parameters
were a laser power of 2.3 kW, welding speed of 0.04 m/s and defocused position of 0 mm.
Zhu et al. [21] analyzed the influence of laser welding parameters on a Ti-4Al-2V alloy.
They found that negative defocusing helped to increase the depth of penetration, but it
was more prone to undercut defects. Porosity defects were prone to forming in the middle
and bottom parts of the fusion zone due to rapid cooling. The mechanical properties of
the joints were significantly affected by the laser power [22]. Wang et al. [23] studied the
influences of laser power and welding speed on low-alloy high-strength steel. The results
indicated that the laser power was a decisive factor in the weld formation: excessive laser
power lead to an unstable behavior of the molten pool and key hole, while insufficient laser
power resulted in a lack of penetration. Cai et al. [24] studied the influence of parameters
on the porosity defects, weld formation, and properties of the joints. Results showed that
increasing the laser power and decreasing the welding speed were conducive to improve
the formation of welds and reduce porosity.

Clearly, the previous studies mainly focused on the effects of the laser power and
scanning rate on the microstructure and properties of welding joints, but the essence is
the interaction of these two parameters, that is, the influence of heat input. Particularly,
the design of heat input is crucial once it lies in the range that the shape of weld zone
changes significantly. However, the relevant work on Ti60 alloys is still insufficient, and
further clarifications on the relationships between heat input, microstructure, and fatigue
performance are indispensable. Therefore, in this paper, laser welding is performed on Ti60,
and the effects of laser heat input on the microstructures and low-cycle fatigue properties
of the welded joint are studied. The research results can provide a meaningful reference for
the regulation and optimization of the microstructure and mechanical properties of Ti60
welded joints.

2. Materials and Methods

The experimental BM is forged Ti60 titanium alloy comprising α + β phases, and the
chemical composition and mechanical properties are shown in Tables 1 and 2, respectively.
First, the forged Ti60 was cut into plates with a thickness of 5 mm. Then, the plates were
etched for 2 min using 90 mL of pure water + 6 mL of HNO3 + 4 mL of HF to remove the
surface stains. Afterward, the surfaces of the plates were wiped with dehydrated ethanol
and dried naturally. These treated specimens were welded using a YLS-4000 fiber laser with
a YASKAWA welding robot. The welding process and parameters are shown in Figure 1a
and Table 3.

Table 1. Chemical composition of the Ti60 base metal (wt%).

Al Sn Zr Mo Si Nd C Ta Ti

5.3 4.0 2.0 0.8 0.3 1.0 0.09 0.30 Bal.
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Table 2. Mechanical properties of the Ti60 base metal at room temperature.

Temperature Density
(kg/m3) E (MPa) Poisson’s

Ratio σb (MPa) σ0.2 (MPa)

25 ◦C 4.53 114 0.31 1050 960
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Table 3. Laser welding parameters.

Specimen
Number

Laser Power
(kw)

Welding
Speed

(mm/min)

Laser Heat
Input (J/mm)

Laser
Defocusing

(mm)

Shielding
Gas

1# 3 90 2000

0 Ar (99.99%)
2# 3.5 90 2333
3# 3.5 80 2625
4# 4 80 3000

After welding, the welded plates were machined into metallographic, tensile, and
fatigue specimens using electrical discharge wire cutting equipment and a grinding ma-
chine. The metallographic specimen of the welded joint was polished with sandpaper
and a silica suspension, etched with 80 mL of pure water + 15 mL of HNO3 + 5 mL of
HF etching solution for 3 min, and then the surface was wiped with anhydrous ethanol
and finally dried with a hair dryer. The tensile specimens were prepared according to
ISO 4136:2022, and the low-cycle fatigue specimens were prepared in accordance with ISO
12106:2017. After processing, the final thicknesses of the tensile and fatigue specimens were
about 3 mm, and their dimensions are illustrated in Figure 1b,c. The low-cycle fatigue test
equipment was a PLS-100 electro-hydraulic servo static and dynamic testing machine, the
control mode was stress control, the waveform was a triangular wave, the stress ratio was
R = −1, the frequency was 0.125 Hz, and the stress amplitude was 900 MPa. The tensile
test equipment was a UTM5305 electronic universal testing machine, and the tensile rate
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was 5 mm/min. The microhardness test equipment was a TMVS-1 Vickers hardness tester,
the load was 200 g, and the load holding time was 15 s. In order to eliminate test errors, all
the mechanical property tests were repeated three times, and their average values were
taken as the experimental results.

Finally, a HIROX-200 optical microscope (OM), a JSM-6510A scanning electron micro-
scope (SEM), and a JEM-2100 transmission electron microscope (TEM) were used to charac-
terize the macro morphology, microstructure, and fracture morphology of the welded joints.

3. Results and Discussion

The microstructure of Ti60 BM is shown in Figure 2. As can be seen in Figure 2a, its
microstructure is an α + β dual-phase structure; β phases are mainly distributed at the
boundaries of α phases, and the average size of α phases is about 13 µm. In the magnified
image, the β phases present lamellar structure features, as shown in Figure 2b. According
to the TEM images of BM in Figure 2c,d, it can be seen that the width of the β phase is
about 200 nm, and α phases are distributed between β phases.
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The macroscopic morphologies of Ti60 laser welded joints are shown in Figure 3. It
can be seen that with the increase in the laser heat input, the macro morphology of the WZ
changes from the Y-type to X-type. There are basically no porosity defects in the Y-type
WZ, while lots of welding pores emerge in the middle and lower parts of the X-type WZ.

The macro morphology types of the WZs are mainly caused by the keyhole effect of
laser deep penetration welding. Due to the high laser energy density, the liquid metal in the
molten pool is vaporized, and a keyhole is formed under the impact of metal vapor. When
the depth of the keyhole is smaller than the thickness of the specimen, the metal vapor can
only eject outwards from the upper surface of the specimen. Under this circumstance, the
metal vapor drives the liquid metal to move upward along the inner wall of the keyhole,
forming Marangoni vortices, as shown in Figure 4a. Under the action of Marangoni vortices,
the width of the upper part of the weld is larger than those of the middle and lower parts,
forming the Y-type WZ. In contrast, when the depth of the keyhole exceeds the thickness
of the specimen, the bottom of the molten pool is penetrated by the laser, and the metal
vapor in the keyhole simultaneously ejects outward from the upper and lower surfaces of
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the specimen, forming Marangoni vortices in the upper and lower parts of the molten pool,
respectively, as shown in Figure 4b. As a consequence, the widths of the upper and lower
parts of the weld are larger than that the middle part, forming the X-type WZ.
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Figure 4. Schematic diagram of the influence of the laser heat input on the macroscopic morphology
of the joint: (a) Y-type and (b) X-type.

The difference in the number of welding pores is due to the different ejection directions
of metal vapor between the Y-type and X-type WZs. During the cooling process of the
molten pool, the liquid metal of the Y-type WZ flows along the keyhole wall to the bottom
of the keyhole, and the metal vapor escapes along the center of the keyhole, rendering the
formation of a pore-free weld after solidification.

For the X-type WZ, the escape mode of the metal vapor in the keyhole becomes
complicated. As shown in Figure 5, the liquid metal at the upper part of the molten pool
flows down along the keyhole wall under the action of gravity during the post-welding
cooling process, blocking the narrow zone in the middle of the X-type WZ. In this context,
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the keyhole is divided into two independent zones, as shown in Figure 5b. In the upper
part of the keyhole, the metal vapor ejects upward along the keyhole, so that after cooling,
there is almost no porosity defect in the upper part of the WZ, as shown in Figure 3b–d.
However, in the lower part of the keyhole, the upward escape channel of metal vapor is
blocked, and so the metal vapor has to eject through the opening on the lower surface
of the specimen. Meanwhile, the liquid metal in the lower part of the molten pool flows
downward under the action of gravity, resulting in the narrowing of the porosity escape
channel on the lower surface, as shown in Figure 5c. Due to the rapid cooling rate of the
weld pool in laser welding, the metal vapor that has not escaped in time is trapped in the
liquid molten pool and dispersed into several bubbles. After the solidification of the molten
pool, pore defects form at the lower part of the X-type WZ, as shown in Figure 5d.
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of X-type WZ; (b) the keyhole divided into two independent zones; (c) the lower part of the molten
pool flows downward under the action of gravity; (d) pore defects form at the lower part of the
X-type WZ.

The difference in the macroscopic color contrast between the BM, HAZ, and WZ is
caused by their distinct microstructures. In Figure 6, we compare the microstructures of
the welded joint (2000 J/mm) with that of the BM. It should be noted that, considering
the similarity of the microstructures in the grain and phase features aspect, here, we only
present the microstructures of the welded joint with a laser heat input of 2000 J/mm.

Figure 6a shows the microstructure of the BM. As described in Figure 2, it comprises
equiaxed α-phase grains, β phases are mainly distributed in the grain boundaries, and the
average grain size is about 13 µm. Figure 6b shows the boundary line between the BM and
HAZ, where the left side is the BM and the right side is the HAZ. The closer to the WZ,
the more heat input and higher temperature during the welding process. The temperature
on the left side of the line is lower than the α→β phase transition temperature, and the
microstructure is basically unchanged. The temperature on the right side of the line is
higher than the phase transition temperature of α→β, but the laser welding speed is so
fast that only a small amount of α phase transformed into β phase, and then the β phase
transformed into a needle-like α′ phase due to the rapid cooling process.
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Figure 6c,d shows the microstructures of the far-HAZ (far away from the WZ) and near-
HAZ (near to the WZ) regions. With the decrease in the distance to WZ, the temperature
gradually surpasses the α→β phase transition temperature, and more and more α phases
are transformed into β phases. During the rapid cooling process after welding, more and
more acicular α′ phases are formed. Additionally, the average grain size of the HAZ is the
same as that of the BM, due to the pinning effect of β phases at the boundary of α grains.
Figure 6e shows the boundary between the HAZ and WZ. The microstructures on both
sides of the fusion line are comprised of acicular α′ phases. However, the microstructure of
the HAZ (on the left side of the fusion line) still clearly retains the grain boundary outline of
the original α phase. In contrast, the grain boundaries of WZ (on the right side of the fusion
line) are virtually invisible. At the same time, the numbers and sizes of the acicular α′

phases of the HAZ and WZ are nearly identical. As shown in Figure 6f, the microstructure
in the center of the WZ comprises acicular α′ phases, but the size and quantity of α′ phases
are larger than those of the HAZ.

The microhardness curve of the Ti60 laser welded joint (2000 J/mm) is shown in
Figure 7. It can be seen that the hardness of the BM is about 350 HV. The microhardness of
the HAZ is higher than the BM, and the average value is 379 HV. The microhardness of the
WZ is the highest, with an average value of 412 HV. The different hardnesses of the three
zones are attributed to their distinct microstructures, as displayed in Figures 2, 3 and 6,
where the BM is an equiaxed α grain + grain boundary β phase, the HAZ comprises an
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equiaxed α grain + grain boundary β phase + acicular α′ phase, and the closer to the WZ,
the more acicular α′ phase in the HAZ. The microstructure of the WZ is acicular α′ phase.
As is well known, the crystal structure of α phase is close-packed hexagonal (HCP) and the
β phase is body-centered cubic (BCC). Since that BCC has 12 slip systems and HCP only
has 3 slip systems, the β phase is more prone to deform, thereby the hardness of β phase is
lower than the α phase. In addition, the acicular α′ phase contains more dislocations than
does the equiaxed α phase, and thus the hardness of acicular α′ is higher than the equiaxed
α phase owing to dislocation strengthening. In summary, from the BM to WZ, the content
of the β phase gradually decreases and the content of acicular α′ phase gradually increases;
so, the microhardness is gradually enhanced.
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In order to explore the influence of the laser heat input on the microstructure and
mechanical properties of Ti60 welded joint, the microstructures of the HAZ and WZ and
the tensile properties and fatigue properties of the welded joints under different laser heat
inputs are compared, and the results are shown in Figures 8–12.

Figure 8 shows the microstructure of the HAZ under different laser heat inputs. It
can be seen that with the increase in the laser heat input, the β phases distributed at the
boundaries of α grains gradually disappear, and the number and size of the acicular α′

phases in the α grains gradually increase. This is because with the increase in the laser heat
input, the holding time of the α→β phase transition temperature of the HAZ is increased,
and more α phases transform into β phases. In the following post-welding process, due
to the fast cooling, the β phases transform into acicular α′ phases. It is understandable
that the greater the laser heat input, the slower the cooling rate, and so the size of the
needle-shaped α′ phase increases.

Figure 9 shows the microstructure of the WZ under different laser heat inputs. It can
be seen that the WZs are all comprised of α phases + acicular α′ phases. With the increase
in the laser heat input, the α phase content gradually decreases, and the content and the
size of acicular α′ phases gradually increase. This is because with the increasing laser heat
input, the cooling rate after welding decreases, and the acicular α′ phase has more sufficient
time to grow; so, the size increases while the quantity decreases.

Figure 10 shows the effect of the laser heat input on the microhardness of WZ and
HAZ. It can be seen that with the increase in the laser heat input, the hardness of the HAZ
increases, but the hardness of the WZ increases first and then decreases. The main reason
for this phenomenon is that, as is depicted in Figure 8, with the increase in the laser heat
input, the fraction of α phases in the HAZ gradually decreases, and the content of acicular
α′ phases gradually increases. The acicular α′ phases can increase the strength of the
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material, and so the microhardness of the HAZ increases continuously. In contrast, for the
WZ shown in Figure 9, with the increase in the laser heat input, the content and size of the
acicular α′ phases are gradually elevated. This will have two opposite effects: the higher
content of the acicular α′ phases enhances the microhardness, but the coarser acicular α′

phases reduce the microhardness. Under the mutual interactions of these two effects, the
increasing laser heat input causes the microhardness of the WZ to peak at 2600 J/mm.
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Figure 10. Effect of the laser heat input on the microhardness of the HAZ and WZ.

As shown in Table 4, the tensile and low-cycle fatigue fracture locations of the Ti60
laser welded joint are located at the BM under different laser heat inputs. Additionally,
with the increase in the laser heat input, the tensile strength and low-cycle fatigue life both
increase first and then decrease. According to the microhardness test results in Figure 7,
the hardness values of the WZ with different heat inputs are higher than those of the BM.
Clearly, the harder WZ can withstand a higher strength, and the softer BM can withstand a
lower strength during tensile and low-cycle fatigue tests, leading to the prior fracture of
the BM.

Table 4. Fracture location and strength of the welded joints after tensile and fatigue tests.

Specimen
Number

Laser Heat Input
(J/mm)

Tensile Strength
(MPa)

Tensile Fracture
Location

Low-Cycle Fatigue
Life (cycle)

Low-Cycle Fatigue
Fracture Location

1# 2000 987 BM 5702 BM
2# 2333 1045 BM 6614 BM
3# 2625 964 BM 6380 BM
4# 3000 917 BM 4438 BM

The tensile fracture morphology of the Ti60 laser welded joint (2000 J/mm) is shown
in Figure 11. As previously known, the WZ has the highest hardness, followed by the
HAZ, and the hardness of BM is the lowest. In the process of the tensile test, due to the
low hardness, the BM is easier to deform and fracture. It can be seen from Figure 11b that
the fracture surface is smooth, which is caused by tangential stress that is perpendicular
to the tensile direction. Inside the tensile fracture, the surface exhibits mainly the dimple
feature, but there are also some characteristic morphologies similar to the grain boundaries
of equiaxed grains and some lamellar features similar to shutters, as shown in Figure 11c,e.
Compared with the microstructure of the BM (Figure 2), it is confirmed that these features
are consistent with the equiaxed α grains and the lamellar β phases in the BM, as shown in
Figure 11d,e. As mentioned above, the β phase is BCC crystal with more slip systems than
the HCP α phase. Therefore, in the process of the tensile test, the plastic deformation is
mainly concentrated at the β phases. As a consequence, the β phases distributed around
the equiaxial α grains form a topography similar to the grain boundaries on the fracture
surface, and the lamellar β phases form a topography similar to shutters.
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phases in the BM.

The low-cycle fatigue fracture morphology of the Ti60 laser welded joint (3000 J/mm)
is shown in Figure 12. As can be seen in Figure 12a, the fracture surface is relatively
flat, indicating that the low-cycle fatigue property of the material is relatively uniform.
As can be seen in the morphology of the fatigue crack initiation zone in Figure 12b, the
surface of the crack initiation zone is relatively flat, and no metallurgical defects such as
welding pores, inclusions and processing defects can be found on the fracture surface. As
is mentioned in Figure 3, many porosity defects exist in the WZ. The fact that the specimen
is fractured at the BM suggests that the pore defects in the WZ do not induce low-cycle
fatigue fracture in the present case. Under the actions of tensile and compressive stresses
caused by the low-cycle fatigue test, slip bands are produced and extrude the surface of the
fatigue specimen; then, micro-cracks form on the surface. Figure 12c shows the fracture
morphology of the fatigue crack expansion zone. It can be seen that a large number of
fatigue striations appear in the expansion zone, indicating that the plasticity of the material
is good. In the process of fatigue crack propagation, tensile stress induces the expansion
of the crack tip, while the compressive stress compresses the crack tip in the manner of
work hardening, and then fatigue striations form on the fracture surface. Every fatigue
striation represents one fatigue cycle. At the same time, there are also some tearing edges
around the fatigue striations. Compared with the microstructure of the BM (Figure 6a), it
can be found that the outlines of tearing edges are similar to the boundaries of equiaxial
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α phase grains, and the outlines of fatigue striations are similar to the equiaxial α phase
grains. Figure 12d shows the morphology of the final fracture zone of the low-cycle fatigue
specimen. With the continuous expansion of the fatigue crack, the bearing capacity of the
fatigue specimen decreases continuously. When the crack length reaches a critical value,
the tensile stress loaded on the fatigue specimen (900 MPa) exceeds its bearing limit, then
the specimen undergoes tensile fracture, and dimples form on the final fracture zone of the
low-cycle fatigue specimen.
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4. Conclusions

In this study, the microstructures and tensile and low-cycle fatigue properties of Ti60
welded joints with different laser heat inputs are investigated. The main conclusions are
as follows:

(1) With the increase in the laser heat input, the macro morphology of the WZ changes
from Y-type to X-type. Welding pores are mainly formed at the lower part of the X-type WZ.

(2) From the BM to the WZ, the microhardness increases gradually. With the increase
in the laser heat input, the microhardness of the WZ increases first and then decreases,
which is mainly due to the changes in the size and number of the acicular α′ phase.

(3) Although there are lots of pore defects at the bottom of the X-type WZ, the tensile
and low-cycle fatigue specimens all fracture at the BM.

(4) Although the porosity defect in the WZ does not cause the tensile and low-cycle
fatigue fracture of the welded joint at the WZ, it may damage the joint’s high-cycle fatigue
and persistent creep properties. Therefore, the welding parameters should be carefully
controlled during the welding process to obtain a Y-type WZ to avoid porosity defects in
the WZ, thereby improving the long-term service performance of the welded joints.
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