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Abstract: With the development of lightweight aerospace structures, the use of the high-quality and
efficient laser welding of near-« titanium alloys has received widespread attention and favor thanks to
its superior comprehensive performance. The welding experiment of 3 mm thick TA15 titanium alloy
was carried out by YAG laser welding, and the material weldability, microstructure, microhardness,
and mechanical properties of welded joints were systematically studied. The results indicated that
laser welding of TA15 titanium alloy can produce well-formed welded joints without defects such as
cracks and porosity. The welded metal used was a typical basket-weave microstructure composed of
a large number of o martensitic phases and a small number of high-temperature residual  phases,
and the heat-affected zone was a staggered arrangement of undissolved « phase and needle-like o
martensite. The microhardness of the welded joint showed a hump distribution, and the hardness
of WM fluctuated between 410 and 450 HV since the martensitic transformation occurred during
the solidification of the weld under thermal cycling, and the B phase changed to the needle-like o
phase. The tensile test indicated that the fracture position was located in the base metal area, and the
fracture morphology showed the equiaxial dimple morphology of different sizes in a ductile fracture
mode. The welded metal had the lowest impact performance (average value of 5.3 J) because the
weld area was predominantly coarse o’ martensite. This experiment conducted systematic, in-depth,
and extensive research on welding processes, hardness, tensile, impact, and fracture mechanisms.
Based on the special product applications in the aerospace field, it was more targeted and conducive
to promoting the application of the welding process in this material.

Keywords: laser welding; TA15 titanium alloy; weldability; mechanical properties

1. Introduction

With the development of aerospace technology, titanium alloy [1,2], known as a
modern metal and space metal, has gained increasing attention and favor in aerospace
manufacturing due to its low density, high specific strength, strong damping performance,
high impact toughness, and strong fatigue resistance [1]. As a form of near-« titanium al-
loy [3,4], TA15 titanium alloy combines the « phase, which has the weldability and thermal
strength of titanium alloys, and the 3 phase, which possesses the plasticity of dual-phase
titanium alloys and has been widely used in aircraft frame structural components [5-7]. In
the manufacturing process of titanium alloy components for aviation, welding technology
has become indispensable because welding structures are simple, material-saving, and have
high reliability, which can achieve high-quality, efficient, and low-cost manufacturing [8,9].
However, because of the metallurgical properties of titanium alloys, welding defects such
as pores and cracks are prone to occur during the welding process, which could cause stress
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concentration, weaken the strength of the welded joints, reduce fatigue performance, and
damage structural sealing performance [10].

Many advanced welding technologies such as friction stir welding, hybrid laser-
arc welding (HLAW) [11], electron beam welding (EBW) [12], and laser beam welding
(LBW) [13,14] have attracted attention to join titanium alloy. LBW, as one of these tech-
niques, can provide favorable results for welding titanium alloy due to its rapid processing
capability and precision [15-17]. Zhang et al. [18] investigated whether the residual stress
distribution zone of laser beam-welded titanium alloy joints was lower compared to the
traditional fusion welded joints. In addition, it has other advantages, such as high efficiency,
low heat input, and small deformation. Xie [19] found out that weld quality underwent a
significant improvement as plasma fluctuation was controlled in the laser welding process.
Deng et al. [20] reported that the heat-affected zone (HAZ) of welded joints mainly consisted
of « phase and acicular martensitic phase o in TA15 titanium alloy. Zhan et al. [21] used ex-
perimental and simulation methods to research TA15 titanium alloy joints welded by LBW,
and the simulation results were consistent with the experimental results. Zhang et al. [18]
also used laser-TIG hybrid welded Ti22Al-27Nb and TA15 dissimilar joints, and the results
showed that the base metal near the TA15 alloy retained the lamellar structure, and the
microstructure of the HAZ in TA15 alloy mainly consisted of acicular «’ martensite near
the fusion line. Xu et al. [22] found that lamellar microstructures were composed of « laths
(200-300 nm) and the retained f phases, increasing the elongation by 11.4%; this indicated
that transformed « phases to a + 3 lamellar phases increased mechanical properties [22,23].

In order to enlarge the application of LBW in the connection of TA15 titanium alloy
based on the high-quality and efficiency advantages of LBW, in this text, the weldability
of 3 mm TA15 titanium alloy was investigated. The link between weld parameters and
joint geometry was measured. To evaluate the weld quality, the microstructure, mechanical
properties, and fracture mechanism are analyzed and discussed in detail.

2. Experimental Materials and Method

The material used was a TA15 titanium alloy (nominal composition Ti-6.5A1-2Zr-1Mo-
1V) plate with dimensions of 200 mm x 100 mm x 3.0 mm. Its chemical composition is
shown in Table 1. Before welding, ultrasonic cleaning and acetone wiping of the parts were
performed to remove oil stains, and then the welding experiments were conducted.

Table 1. Chemical composition of TA15 alloy (wt%).

Al

Zr Fe o Si Mo N H Ti

6.7

24

0.01

2.1 0.2 0.1 0.02 1.9 0.02 0.002 Bal.

The experiment system selected a fiber laser system from the German IPG company,
with a Rayleigh length of 10.3 mm and a wavelength of 1.07 um. Fiber diameter was
300 um. The Precitec laser welding head (Germany) was jointly loaded on the KUKA
robot (Germany), as shown in Figure 1a. In order to protect the laser system, it was tilted
10 degrees, and the defocus amount used was +20 mm to reduce the undercut tendency.
The other welding parameters are shown in Table 2.

After the experiment, TA15 titanium alloy test plates were cut to obtain metallographic
samples, microhardness samples, and tensile and impact samples. The experimental trials
were as follows in Figure 1b. The tensile sample sizes of the base material and welded joints
are shown in Figure 2a. The metallographic and SEM microstructures were etched using
Keller reagents (HF: HNOj3: HyO = 1:5:44). SEM and EBSD were tested by Apreo C Thermo
Fisher Scientific America. Phase analysis of the welded joint was accurately analyzed quali-
tatively and quantitatively using an X-ray diffractometer (XRD), with a testing parameter
of angle range 20:20-100° with a scanning step size of 0.02°. Microhardness was tested at
intervals of 0.15 mm along the cross-section of the weld seam and a 300 g force for 15 s. The
room temperature tensile test was conducted on a CMT 5205GL test machine with a loading
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tensile rate of 0.5 mm/min. An optical extensometer was used to measure the elongation
of materials in this experiment. Ultimate tensile strength (UTS), yield strength (YS), and
elongation (A%) were measured. The fracture morphology was observed using SEM to
analyze its fracture mechanism. According to GB/T 2650-2008 “Impact Test Methods for
Welded Joints”, small-sized 10 x 2.5 x 55 Charpy impact specimens were performed at
different positions of the welded joint (weld metal, heat-affected zone, and base material),
as shown in Figure 2b. Three specimens were used for both tensile and impact tests to
verify the reliability of the data. And all tensile and impact specimens were milled flat
to maintain thickness consistency. Impact tests at room temperature were conducted to
analyze the plasticity and toughness of the welded joint.

(a) KUKA robot

Laser head

(b)

Metallographic, XRD
Impact specimen SEM, EBSD specimen

Figure 1. Schematic of welding machines and experimental trials. (a) welding machines; (b) experi-
mental trials.

Table 2. Welding process parameters.

Laser Power Welding Speed Defocus Amount
Ne- PIkW o/(m/min) F/mm
1 2.2 12 +20
2 25 12 +20
3 2.8 1.2 +20
4 3.0 12 +20
5 3.2 1.2 +20
6 3.0 1.8 +20
7 3.0 1.5 +20
8 3.0 0.9 +20
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Figure 2. Schematic of tensile and impact specimen: (a) tensile specimen; (b) impact specimen.

3. Results and Discussion
3.1. Weldability Analysis

The effects of laser power on the welded seam formation (front and back surface) are
shown in Figure 3, and the depth penetration and weld width of welded joints are shown
in Figure 4, respectively. When the welding speed remained constant (v = 1.2 m/min), as
the laser power (P < 2.8 kW) increased, the penetration depths progressed from incomplete
penetration to burning through, resulting in undercut [24], as shown in Figure 3. The
increase in welded width of the weld seam followed an approximately linear pattern, as
shown in Figure 4. The photoinduced plasma impacted the keyhole, which caused the
reaction and the spreading of the metal liquid around the keyhole towards the width of the
molten pool [14]. As the laser power was 3.0 kW, the welded seam was vivid and lustrous,
and there were no defects, such as spatters on the surface. As the laser power continued to
increase, severe spatters occurred on the front, and collapse appeared on the back [25].
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Figure 3. The influence of laser power on the welded seam formation.
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Figure 4. Effects of laser power on the depth penetration and weld width of the welded joints.

Figures 5 and 6 show the effect of welding speed on the welded seam formation
(front and back surface) and the depth and width of weld penetration in welded joints,
respectively. The nominal heat input (HI) of laser welding is expressed as follows [26]:

where P is laser power (kW), and v is welding speed.

HI = 60P/v

)
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Figure 6. Effects of welding speed on the depth penetration and weld width of the welded joints.

From the above Equation (1), it can be seen that welding speed and laser power had a
reverse effect on the welded seam formations [27]. When the welding speed was too high,
the weld seam was not fully penetrated, and there were undercut defects on the surface of
the weld seam. As the welding speed decreased, the depth and width of the weld seam
gradually increased. After welding process optimization, when the laser power (P) was 3.0
kW, the welding speed (v) was 1.2 m/min, and the defocus (F) was +20 mm, the welded
joint could be obtained with good macroscopic morphology and beautiful forming. The
weld seam was smooth and flat, and there were no defects, such as spatters and cracks on
the weld surface, as shown in Figure 7a,b. X-ray inspection results for laser-welded TA15
joints showed that the weld seam was well formed and there were no internal defects such
as pores, cracks, or incomplete penetration, as shown in Figure 7c.
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Figure 7. Macro-morphology and X-ray inspection image of welded joints: (a,b) front surface and
back surface morphology and (c) X-ray film. (Experimental parameters: P = 3.0 kW, v = 1.2 m/min,
F =420 mm).

3.2. Microstructure of the Welded Joint

Figure 8 shows the macro-morphology of the welded joint and SEM images of different
regions under optimal process parameters. Figure 8a shows the microstructure of the
welded joint divided into the following three regions: the welding metal zone (WZ), the
heat-affected zone (HAZ), and the base metal (BM) [8,20]. The regions were symmetrical
left and right, with the weld seam as the center.

By zooming in on different regions of the welded joint through SEM photos, the
microstructure of the welded metal underwent rapid melting and cooling under the high-
speed and high-temperature action of laser welding, forming coarse columnar grains [15],
as shown in Figure 8b, and forming single « plate bodies; the size of the crystal cluster o
phase was small because there was not enough time for the 3 phase to transform into the
equilibrium & phase through diffusion [28]. Instead, it was through the regular short-range
migration of atoms that shear transformation was achieved, forming interlaced needle-like
martensitic phases. The crystal clusters that nucleated at the grain boundaries could not
fill the entire interior of the grain and instead nucleated at the interfaces of other crystal
clusters. To minimize the total nuclear energy, the new o plate bodies were in contact with
existing plate « in a dotted manner, and nucleation and growth were in progress on the
phase surface. This microstructure was a typical basket-weave microstructure [29]. Due
to the fast-cooling rate of laser welding, long needle-shaped martensite was generated.
The martensite phase « inside had a large aspect ratio and a width of the submicron
level, and the plates consisted of deformed bodies with different Bulger’s orientation
relationships [30]. For the heat-affected zone in Figure 8e, the microstructure affected by
heat underwent element diffusion under the action of a welding thermal cycle, where the
parallel layer o phase in the transformed group 3 dissolved [30], as shown in Figure 8f. The
internal equiaxed « phase transferred towards a short rod shape, and element diffusion
occurred between equiaxed o and (3 transformed textures [31,32], as shown in Figure &f.
Figure 8h demonstrates how BM was a typical « + 3 bimodal structure, accounting for
about 14.7%. The thickness of the parallel layer « phase in the 3 transformed structure was
about 1-2 um, as shown in Figure 8i,j.



Metals 2024, 14, 690

8 of 16

Figure 8. Macro-morphology of the welded joint and SEM images of different regions: (a) Macro-
morphology of welded joint; (b-d) SEM images of welded metal (WM); (e-g) SEM images of the
heat-affected zone (HAZ); and (h—j) SEM images of base metal (BM). (Experimental parameters:
P=3.0kW,v=12m/min, F = +20 mm).

There was a significant difference in crystal orientation in the IPF of welded metal,
resulting in a strong texture, as shown in Figure 9a. The pole figure shows that the
maximum intensity of the welded metal was 27.757 in Figure 9d, which far exceeded 12.232
of HAZ in Figure 9e and 9.358 of BM in Figure 9f. This indicates that the microstructure of
the welded metal occurred with the 3 — « phase transition during the solidification process,
which followed the Bulger’s orientation relationship [33], namely <110> 3 // (0001) «,
<111> 3 // <2-1-1> «; therefore « inherited {3 orientation from phases. The SEM results in
Figure 8b—d indicate that the 3 phase grains were large in the WM region; therefore, there
was a strong phase transition texture at the WM region, as shown in Figure 8 [34,35]. There
was no significant solidification process in HAZ. However, under the action of thermal
cycling, the microstructure underwent a partial transformation, so the IPF of HAZ in
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Figure 9b shows that the characteristics of the microstructure were between the WM and
BM regions, so there was little change in the microstructure of HAZ and BM. From the IPF in
Figure 9b,c, it can be seen that the colors were relatively uniform; no significant preference
orientation existed, indicating that the texture intensity of HAZ and BM was equivalent.

80 um

———
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Figure 9. EBSD analysis of different areas of welded joints. (a) IPF of WM; (b) IPF of HAZ; (c) IPF
of BM; (d) PF of WM; (e) PF of HAZ; and (f) PF of BM. (Experimental parameters: P = 3.0 kW,
v =12m/min, F = +20 mm).

3.3. XRD Phase Analysis

Figure 10 shows the XRD phase composition results of the welded metal zone and
base metal under the optimal process parameters. The spectrum of the base metal mainly
included the diffraction peak of & phase and 3 phase. While the welded metal zone mainly
included o' phase diffraction peaks of different crystal planes in the martensitic phase and
the diffraction peak of the weak 3 phase, the harmful phase did not occur, indicating that
the rapid cooling of the high-temperature melt inside the weld pool during the welding
solidification stage was caused by the shear transformation «’ phase [36]. There was still a
small amount of high-temperature retention for martensitic phase (3 at the boundary [37].
A large number of «’ martensite phases increased the microhardness and tensile strength
of the welded joints.
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Figure 10. XRD pattern of welded metal and base metal. (Experimental parameters: P = 3.0 kW,
v=12m/min, F = +20 mm).

3.4. Microhardness

Figure 11 shows the microhardness distribution of laser-welded joints under optimal
process parameters. To some extent, it reflects the deformation and failure ability of welded
joints under external forces. The microhardness values of the base material were the lowest,
and the average value was about 340 HV. The microhardness near the edge of the heat-
affected zone was the highest, and the value was 454 HV. The hardness of the welded metal
fluctuated between 410 and 450 HV. Because under the thermal cycling effect of high-speed
laser welding, there were fluctuations in composition and energy leading to martensitic
transformation during the solidification of the welded zone, the (3 phase was transformed
to the needle-shaped « phase, which caused differences in microhardness [36]. Combining
the microstructure and XRD analysis, it can be confirmed that a large number of needle-like
structures with high dislocation density and twinning were o-phase-formed in the welded
metal zone.

3.5. Mechanical Properties

The tensile properties of welded joints and the base metal under the optimal process
parameters are shown in Table 3. The ultimate tensile strength (UTS) of the welded joint was
1006 £ 8.5 MPa, the yield strength (YS) was 935 MPa, and the elongation was 13% =+ 1.2%.
The tensile strength of the base metal was 994 MPa, the yield strength was 931 MPa, and
the elongation was 14% = 0.8%. The fracture positions were all located in the base metal
area. The comparative tensile results show that the tensile strength of welded joints was
greater than that of the base metal.
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Figure 11. Microhardness distribution of welded joints. (Experimental parameters: P = 3.0 kW,
v =1.2 m/min, F = +20 mm).

Table 3. Tensile properties of welded joints and base metal.

UTS YS Elongation Fracture
Material Location
MPa MPa %
Base metal 994 £ 5.6 931 +£4.7 14 £0.8 Base metal
Welded joint 1006 + 8.5 935 £5.6 13+12 Base metal

Both the base metal and the welded joint specimens underwent surface necking due
to the nucleation and growth of micropores under tensile stress [38], followed by the
aggregation and growth of micropores, and finally, fracture, with a fracture angle of about
45°, as shown in Figure 12. The tensile specimens are generally fractured in the base
material, and this indicates that equal-strength-matched welded joints were obtained.

Figure 13 shows the morphologies of the tensile fracture surface, which exhibited
typical ductile fracture characteristics, such as tearing ridges and dimples of varying sizes,
as shown in Figure 13a,b. Further explanation indicates that the fracture process belonged
to the mechanism of microporous aggregation fracture [38], as shown in Figure 13c,d.
This indicates that laser welding can produce welding joints with superior mechanical
properties and obtain fracture morphology with ductile dimple characteristics.
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Figure 12. Macro-morphologies of tensile specimens after fracture. (a) base metal tensile specimens;
(b) welded metal tensile specimens. Red circles indicated necking and the location of fracture.
(Experimental parameters: P = 3.0 kW, v = 1.2 m/min, F = +20 mm).

According to GB/T 2650-2008 “Impact Test Method for Welded Joints” [39], tests
were conducted on different positions of the welded joint (base metal, heat-affected zone,
and welded metal), with three specimens for each position. The test results of the impact
properties are shown under optimal process parameters in Figure 14. The average impact
property of the base metal was 8.6 ], which was higher than that of the heat-affected
zone and welded metal. The average value of the weld metal that had the lowest impact
performance was 5.3 J. This was because the impact properties were closely related to the
corresponding microstructure, and the base metal area was mainly composed of small « + 3
bimodal microstructures [40,41], where the thickness of parallel layers o was approximately
1-2 um. And the welding metal zone was mainly coarse &’ martensite, while the average
impact performance of the heat-affected zone was 7.2 ] due to partial microstructure
evolution in the heat-affected zone, resulting in higher performance.

In order to explore the reasons for the lowest impact performance of the weld metal
zone, the surface morphology of the impact fracture of the weld metal zone was mainly
analyzed under optimal process parameters. Among them, Figure 15a,b shows that the
macroscopic fracture surface appeared dark gray. It consisted of three parts (source region,
radiation region, and shear lip region). The crack source region was near the notch, as
shown in Figure 15a. Microscopic fracture analysis showed that all three regions were char-
acterized by ductile dimples. The source and radiation regions were mainly intergranular
fractures characterized by tearing. The ductile dimples in the radiation region were smaller
and shallower, as shown in Figure 15c. There were clear serpentine slip patterns in the
dimples of the shear lip region, as shown in Figure 15d.



Metals 2024, 14, 690 13 of 16

Figure 13. Morphologies of the tensile fracture surface. (a) typical ductile fracture characteristics;
(b) tearing ridges characteristics; (c) typical dimples characteristics; (d) enlarged view of dimples
characteristics. (Experimental parameters: P = 3.0 kW, v = 1.2 m/min, F = +20 mm).
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Impact absorption energy (J)
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Figure 14. Impact properties of welded joints at different notch positions. (Experimental parameters:
P=3.0kW,v=12m/min, F =+20 mm).
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Figure 15. Impact fracture morphology of the weld metal. (a) notch region and radiation zone of the

macroscopic fracture surface; (b) shear lip region of the macroscopic fracture surface; (c) enlarged

view of the radiation region; (d) enlarged view of the shear lip region (Experimental parameters:
P=3.0kW,v=12m/min, F = +20 mm).

4. Conclusions

@

@)

®G)

4)

The laser welding of TA15 titanium alloy achieved good weld formation, with suc-
cessful and flat weld formation, and there were no internal pores, cracks, incomplete
penetration, or other defects.

The base material was a typical o + f bimodal structure, with the « phase accounting
for approximately 14.7%. HAZ was composed of parallel layer « phases in the
transformation where the 3 group dissolved, and the interior of the equiaxed o
was transformed towards a short rod shape. WM presented a typical basket-weave
microstructure consisting of a large number of «’ martensitic phases and a small
number of high-temperature residual  phases. The internal «’ martensitic phase had
a high aspect ratio, and the layer o phases were deformable bodies with different
Bulger orientation relationships.

The microhardness of the welded joint was distributed in a hump distribution, gradu-
ally increasing from BM to HAZ. The microhardness of the fusion line was the highest
at 454 HV. The hardness of the welded metal zone fluctuated between 410 and 450 HV,
which was higher than that in the base metal area. The microhardness value of BM
was the lowest at about 340 HV because a large number of needle-like o martensites,
with high dislocation density and twinning, were formed in the welded metal zone.

The ultimate tensile strength of the welded joint was 1006 & 8.5 MPa (yield strength
935 MPa, the elongation 13% =+ 1.2%), and the tensile strength of BM was 994 MPa
(yield strength 931 MPa, the elongation 14% =+ 0.8%). The fracture location was
located in the base metal area, and the fracture morphology showed equiaxed dimples
of varying sizes in a ductile fracture mode. The impact absorption energy of BM
was higher than that of HAZ and WM. The weld metal zone had the lowest impact
performance (5.3 J) since the weld metal was mainly composed of a large number of
o martensitic phases.
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(5) This shows that laser welding TA15 titanium alloy can produce good weldability
and mechanical properties in lightweight aerospace components. The fatigue and
durability performance of laser-welded TA15 titanium alloy joints are the main aspects
that should be focused on in future investigations.
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