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Abstract: The microstructure evolution and high-temperature mechanical properties of laser beam welded TC4/TA15 
dissimilar titanium alloy joints under different welding parameters were studied. The results show that the weld fusion 
zone of TC4/TA15 dissimilar welded joints consists of coarsened β columnar crystals that contain mainly acicular α' 
martensite. The heat affected zone is composed of the initial α phase and the transformed β structure, and the width of 
heat affected zone on the TA15 side is narrower than that on the TC4 side. With increasing temperature, the yield 
strength and ultimate tensile strength of the TC4/TA15 dissimilar welded joints decrease and the highest plastic 
deformation is obtained at 800 °C. The tensile strength of the dissimilar joints with different welding parameters and 
base material satisfies the following relation (from high to low): TA15 base material > dissimilar joints > TC4 base 
material. The microhardness of a cross-section of the TC4/TA15 dissimilar joints reaches a maximum at the centre of 
the weld and is reduced globally after heat treatment, but the microhardness distribution is not changed. An elevated 
temperature tensile fracture of the dissimilar joints is located on the side of the TC4 base material. Necking occurs 
during the tensile tests and the fracture characteristics are typical when ductility is present in the material. 
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1 Introduction 
 

Lightweight titanium alloy has broad 
application potential in the aviation field where the 
service environment is usually harsh, due to its 
excellent properties such as corrosion resistance 
and heat resistance [1−3]. TC4 titanium alloy is a 
typical martensite α+β titanium alloy that has 
excellent heat resistance, formability, weldability 
and corrosion resistance [4]. TA15 titanium alloy 
belongs to near α titanium alloys with a high- 
aluminum equivalent, and its strength exceeds  

930 MPa [5]. Its long-term working temperature 
can reach 500 °C, and its instantaneous working 
temperature can reach 800 °C. To meet the unusual 
mechanical properties required for different service 
conditions, structural parts made from dissimilar 
materials have been cost-effective and affordable 
choices. Laser beam welding owning to the 
characteristics of high welding efficiency, excellent 
welding quality and high production efficiency, has 
become the preferred welding method for 
manufacturing structural parts from dissimilar 
titanium alloys [6−8]. 

At present, many scholars have conducted 
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researches on laser beam welded dissimilar material 
joints. Due to different physical and chemical 
properties of base materials, dissimilar titanium 
alloy laser beam welded joints have significant 
asymmetry and unevenness between the heat 
affected zone (HAZ) and the fusion zone [9,10]. 
LEI et al [11] reported that the microstructure and 
mechanical properties of laser beam welded 
Ti−22Al−27Nb and TC4 dissimilar joints showed 
significant differences on both sides. HSIEH     
et al [12] found that the hardness of the fusion  
zone in Ti−15V−3Cr−3Al−3Sn and Ti−6Al−4V 
dissimilar joints is susceptible to a post-weld heat 
treatment. Previous research [13] showed that 
tensile specimens of laser beam welded TC4/TA15 
dissimilar joints all fracture on the side of the TA15 
base material (BM) at room temperature. However, 
it is unknown whether the dissimilar titanium alloy 
joints have different connection areas that are the 
weakest at room temperature and elevated 
temperature [14]. Few studies on this subject can 
currently be found, thus studying the high- 
temperature mechanical properties of TC4/TA15 
dissimilar joints is important to obtain high quality 
welded joints and promote the application of laser 
beam welding in the joining of dissimilar titanium 
alloys. This study was proposed to evaluate the 
fracture behaviour and mechanism of TC4/TA15 
dissimilar joints at elevated temperatures. 

 
2 Experimental  
 

The butt welds investigated in this work were 
made with TC4 and TA15 with dimensions of    
100 mm × 200 mm × 2.5 mm. The TC4 sheet was 
annealed and TA15 was in a rolled state. The 
nominal compositions of the two titanium alloys are 
given in Table 1. Before welding, the surfaces to be 
welded were milled, and the oil was removed by 
wiping with acetone. The laser processing 
equipment used in this test was a YLS−4000 fibre 
laser equipped with a rotating parabolic reflector 
that had a focal length of 250 mm and a focused 
spot of 0.33 mm. During the welding process, high 
purity argon gas with a purity of 99.999% was used 
to protect the welded joints from oxygen and 
nitrogen. The flow rates of protective gas on the 
front, back and positive side are 15, 10 and      
25 L/min, respectively. To obtain high-quality joints 
with a good surface finish, different laser powers 

and welding speeds (Table 2) were adopted in this 
experiment. 

High-temperature tensile specimens were 
processed using a wire cutter perpendicularly to the 
welding direction. The cutting surfaces were ground 
and polished to a smooth finish with 600# sandpaper 
to avoid surface stress concentration during the 
tensile test. The high-temperature tensile tests   
were carried out on an RDL−50 high-temperature 
electronic creep tester with a strain rate of   
1×10−3 s−1 and the tensile test temperatures were 
500, 600, 700 and 800 °C, at a heating rate of 
10 °C/min. Heat treatment of the tensile test 
specimens was employed to study the effect of 
temperature on the microstructures of joints and 
BMs. The sample dimensions are illustrated in  
Fig. 1. 
 
Table 1 Chemical compositions of TC4 and TA15 

(wt.%) 

Material Al V Fe C Mo 

TC4 6.06 3.92 0.30 0.013 − 

TA15 6.72 2.32 0.08 0.0053 1.77

Material Zr Si N H O Ti 

TC4 − − 0.014 0.0014 0.15 Bal.

TA15 2.19 0.14 − − − Bal.
 
Table 2 Welding parameters of titanium alloys 

Test 
No.

Laser 
power/kW

Welding speed/ 
(mꞏmin−1) 

Type of joint 

1 4.1 5 Dissimilar joint 

2 4.1 4 Dissimilar joint 

3 4.1 3 Dissimilar joint 

4 4.1 2 Dissimilar joint 

5 4.1 1 Dissimilar joint 

6 3.3 2 Dissimilar joint 

7 2.5 2 Dissimilar joint 

8 4.1 4 Similar joint of TC4

9 4.1 4 Similar joint of TA15

 

 

Fig. 1 Schematic diagram and sizes of tensile specimen 

(unit: mm) 
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To characterize the microstructure evolution of 
the joints and BMs at different welding parameters, 
an OLYMPUS optical microscope (OM) was used 
to observe the morphology of the cross-section of 
welds that were ground, polished and then etched 
by a Keller reagent. The microstructures of the 
TC4/TA15 joints and BMs and the fracture surfaces 
of the tensile samples were observed on a TESCAN 
VEGA3 tungsten filament scanning electron 
microscope (SEM) equipped with a backscatter 
electron probe. The microhardness of the joints was 
measured by a Vickers hardness tester with a test 
pressure of 4.9 N and a duration of 20 s. A 
distribution of the Vickers microhardness test 
points was made from the middle of thickness 
direction in the joints. 
 
3 Results and discussion 
 
3.1 Macrostructure and microstructure 

The macrostructures of TC4/TA15 dissimilar 
joints after heat treatment at 500 °C with laser 
powers of 2.5, 3.3 and 4.1 kW and a welding speed 
of 2 m/min are shown in Fig. 2. A full penetration 
of the joints obtained at different powers is all 
X-shaped. From Fig. 2(a) to Fig. 2(c), the widths of 
the upper and lower surfaces increase with 
increasing laser power, leading to a more 
pronounced X-shape. The formation of the 
X-shaped weld can be explained by an open 
keyhole mode [15]. The laser beam is reflected 
multiple times within the keyhole, which creates a 
temperature difference between the top and bottom 
surfaces of the molten pools. Due to the 
temperature difference, the surface tension between 
the surfaces of the two molten pools also changes; 
this creates a recoil pressure along the keyhole, 
resulting in an increase in the size of the lower 
molten pool. Since the reflected laser beam 
continuously escapes from the upper and lower 
halves of the weld pool, the top and bottom molten 
pool areas are enlarged [16,17]. 

The microstructure of the weld is mainly a 
columnar crystal whose orientation is consistent 
with the direction of heat dissipation. A similar 
phenomenon was found in the study of the 
microstructure of TC4 titanium alloy laser beam 
welded joints after a high-temperature heat 
treatment [18]. High heat input promotes the 
growth of columnar crystals under high laser power, 

as shown in Fig. 2. The morphologies of HAZ on 
both sides of the TC4/TA15 dissimilar joints are 
significantly different, which are different from 
those of the homogenous titanium alloy joints. The 
boundaries between the HAZ and the BM on both 
sides of the welds are sharp, and the TC4 side is 
lighter in colour since the corrosion resistance of 
the TC4 material is higher than that of the    
TA15 material. The microstructure evolution of 
dissimilar joints has been studied in detail in 
previous research [13], and it will not be discussed 
again here. 
 

 
Fig. 2 Macrostructures of TC4/TA15 laser beam welded 

joints under different laser powers after heat treatment at 

500 °C: (a) 2.5 kW; (b) 3.3 kW; (c) 4.1 kW 

 
Figure 3 shows the microstructure observed 

with OM for the TC4 BM at room temperature and 
after heat treatment at 500 and 800 °C. The 
microstructure of TC4 BM is mainly composed of 
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an equiaxed α phase with a β phase distributed at 
the boundary. At room temperature, the size of the 
isometric α phase is small, and the β phase 
distribution is relatively dense. After heat treatment, 
the TC4 BM has the exact same tissue type, 
consisting of the equiaxed primary α phase and 
transformed β structure. Compared with those of 
the TC4 BM structure at room temperature, the size 
of the equiaxed α phase increases and that of the β 
phase is significantly reduced due to the 
precipitation of the secondary α phase. The content 
of the primary α phase decreases with increasing 
the heat treatment temperature, especially at 
temperatures close to the phase transition point [19]. 
After the heat treatment, there is sufficient 
recrystallization that occurs in the TC4 BM and the 
microstructure recovers (Fig. 3(c)). 
 

 
Fig. 3 Microstructures of TC4 BM at room temperature 

(a) and after heat treatment at 500 °C (b) and 800 °C (c) 

The morphology of α phase in the TA15 BM at 
room temperature includes coarsed equiaxed grains 
and strip-like grains of different lengths and 
thicknesses. The β phase is mainly lamellar    
(Fig. 4(a)). After heat treatment, the microstructure 
of the TA15 BM includes the primary α phase and 
transformed β structure (Fig. 4(b)). However, the 
elongated deformation structure after rolling is 
retained, which indicates that a full recrystallization 
of the TA15 BM does not occur during heat 
treatment (Fig. 4(c)). 
 

 
Fig. 4 Microstructures of TA15 BM at room temperature 

(a) and after heat treatment at 500 °C (b) and 800 °C (c) 

 
3.2 Microhardness 

The microhardness measured at the middle of 
the cross-section in the thickness direction of the 
weld is shown in Fig. 5. Figure 5(a) shows the 
microhardness of the TC4/TA15 laser beam welded 
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joints under a welding speed of 2 m/min and a  
heat treatment temperature of 500 °C. Similar 
characteristics are observed at different laser 
powers. The microhardness reaches the maximum 
at the centre of the weld. The maximum values of 
hardness are HV 415, HV 397 and HV 385 at laser 
powers of 2.5, 3.3 and 4.1 kW, respectively. During 
the welding process, the greater heat input 
aggravates the metal evaporation and plasma spray 
of the molten pool, enhancing the agitation of the 
molten pool; this causes a uniform distribution of 
the weld composition and an increasing in the size 
of the columnar crystal in the weld (Fig. 2) [20]. 
Therefore, the hardness of the weld center of the 
TC4/TA15 joint is low under a high laser power. 
 

 
Fig. 5 Microhardness of TC4/TA15 dissimilar joints at 

different laser powers (a) and different temperatures (b) 

 
Figure 5(b) shows the microhardness of the 

TC4/TA15 laser beam welded joints at different 
heat temperatures under a laser power of 4.1 kW 
and a welding speed of 2 m/min. The micro- 
hardness distribution of the joints without heat 
treatment and with heat treatment at 500 and 800 °C 
shows similar regularity. The highest microhardness 
was obtained at the center of the weld and the 

microhardness of HAZ on the TC4 side was higher 
than that on the TA15 side. The microhardness of 
the TC4/TA15 joint decreased after heat treatment. 
When the heat treatment temperature was 
approximately 500 °C, the microhardness of the 
joints decreased by HV 10, and at 800 °C, it 
decreased by HV 30. This is because the 
microstructure of the TC4/TA15 joints was 
homogenized during the heat treatment and heat 
preservation. In addition, when the annealing 
temperature increases but is kept below the 
transformation point, the recrystallization proceeds 
sufficiently (Fig. 4). At the same heat treatment 
temperature, both the fusion zone and HAZ of the 
TC4/TA15 joints have higher microhardness 
compared with those of the BMs, which is mainly 
related to the distribution of the microstructure in 
the TC4/TA15 joint. There is a large amount of α' 
martensite phase, which has higher hardness in the 
weld [21], so the weld has the highest 
microhardness. As the distance from the center of 
the weld increases, the amount of martensite α' 
decreases continuously and the initial α phase 
gradually increases, resulting in a decrease in 
microhardness. 
 
3.3 High-temperature mechanical properties 

The tensile flow stress of the TC4 and TA15 
BMs and the dissimilar joints quickly reached peaks 
with increasing strain (see Fig. 6). This is because 
deformation strengthening is higher than softening, 
which is caused by a dynamic recovery at the initial 
stage of the high-temperature tensile test. The 
dislocation density decreases with the progress of 
dynamic recrystallization, causing the titanium 
alloy to soften; thus, the tensile flow stress slowly 
decreases until dynamic equilibrium. A high- 
temperature can cause more complete 
recrystallization, which leads to a small peak value 
for the flow stress. 

When the tensile test temperature is constant, 
the peak value of the flow stress satisfies the 
following relation (from high to low): TA15 BM > 
dissimilar joint > TC4 BM. This is mainly due to 
the presence of a larger amount of martensite α' in 
the TA15 BM compared with the TC4 BM. During 
the high-temperature tensile process, the dislocation 
motion is constrained by the harder martensite α' in 
TA15, and a dislocation tangle occurs around it; this 
improves the ability of the alloy to resist plastic 
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deformation. At the same time, a process of 
dislocation cancellation and recombination caused 
by a dislocation slip becomes slower, resulting in 
the high flow stress peak value of TA15 BM. 

The tensile flow stress−strain curves of 
TC4/TA15 dissimilar joints with different laser 
powers at 700 and 800 °C essentially coincide  
(Fig. 6(a)). However, at 600 °C, the stress peak of 
the flow stress−strain curve with a laser power of 
4.1 kW (472 MPa) is higher than that at a laser 
power of 2.5 kW (425 MPa). The increase of heat 
input widens the HAZ, which reduces the 
deformation energy stored in the unit deformation 
zone along with reducing the amount of uniform 
deformation, resulting in an increase in the 
recrystallization threshold. 
 

 

Fig. 6 Flow stress−strain curves of TC4, TA15 BMs, and 

TC4/TA15 dissimilar joints during high temperature tests 

under different welding conditions: (a) Different laser 

powers; (b) Different welding speeds 

 
Figure 6(b) shows the high-temperature tensile 

stress−strain curves of the TC4 and TA15 BMs and 
dissimilar joints with different welding speeds at 
different tensile test temperatures (500, 600, 700 

and 800 °C). It is evident from Fig. 6(b) that the 
flow stress−strain curves of the TC4/TA15 
dissimilar joints with different welding speeds at 
the same tensile test temperatures (600, 700 and 
800 °C, respectively) essentially coincide. At the 
initial stage of plastic deformation, the two curves 
for both welding speeds (1 and 5 m/min) also have 
the same trend at 500 °C. The flow stress curve at a 
low welding speed (1 m/min) first reaches the 
dynamic equilibrium between softening and 
deformation strengthening, and the elevated 
temperature tensile deformation enters the steady 
flow phase earlier. Therefore, welding speed has no 
obvious effect on the elevated temperature tensile 
flow stress of the TC4/TA15 joints. 

The yield strength (YS) and ultimate tensile 
strength (UTS) of the TC4 and TA15 BMs and their 
dissimilar joints decrease with increasing 
temperature, as shown in Fig. 7. Moreover, as the 
temperature increases, the recrystallization rate 
increases, which makes the structures of the 
TC4/TA15 dissimilar joints more uniform and 
stable, and the deformation resistance gradually 
decreases. This is consistent with previous research 
in which the UTS of Ti40 alloy showed a 
significant decrease with increasing temperature 
when the Ti40 alloy was subjected to high 
temperature tensile tests at different temperatures 
(400, 500, 700 and 800 °C) [22]. 

Both the YS and UTS satisfy the following 
relation (from high to low): TA15 BM > dissimilar 
joints > TC4 BM. When the laser power is 4.1 kW 
and the tensile test temperature is 500 °C, the YS 
and UTS of the dissimilar joints are 568 and    
663 MPa, respectively, which are lower than those 
of the TA15 BM (622 and 711 MPa) and higher 
than those of the TC4 BM (514 and 607 MPa). The 
fracture at elevated temperature preferentially 
occurs on the side of the TC4 BM. There is no 
obvious rule of joint efficiency with the change in 
laser power (Fig. 7(c)). 

Compared with that of the TC4 BM, the joint 
efficiency of the TC4/TA15 dissimilar joints is 
more than 100% (Fig. 8), and it shows an upward 
trend with an increasing tensile test temperature, 
reaching 125% at 800 °C (black arrow in Fig. 8(c)). 
Compared with that of the TA15 BM, the joint 
efficiency is higher than 63% and decreases with an 
increasing tensile test temperature. The joint 
efficiencies of the TC4/TA15 dissimilar joints at 
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Fig. 7 Effect of tensile test temperature on TC4 and 
TA15 BMs and their laser beam welded dissimilar joints 
under different laser powers: (a) YS; (b) UTS; (c) Joint 
efficiency 
 
different welding speeds are shown in Fig. 8(c). The 
joint efficiency (the ratio of joint to TA15 BM) of 
the dissimilar joint with a welding speed of 1 m/min 
is 77% which is higher than that of 5 m/min (66%). 
This is related to the enhanced agitation of      
the molten pool at low welding speed resulting    
in a more uniform weld microstructure and 
composition. 

 

 
Fig. 8 Effect of tensile test temperature on TC4 and 
TA15 BMs and their laser beam welded dissimilar joints 
at different welding speeds: (a) YS; (b) UTS; (c) Joint 
efficiency 
 
3.4 Fracture morphology 

All specimens of the dissimilar joints in the 
high-temperature tensile test fracture on the TC4 
BM side away from the center of the weld 
(Fig. 9(a)). Significant macroscopic plastic 
deformation and necking can be noted at higher 
tensile test temperatures, showing typical ductile 
fracture characteristics. The TC4/TC4 joint has an 
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obvious upward and downward bulging 
phenomenon at 800 °C, which is elliptical due to 
the macroscopic plastic deformation and necking of 
the BM on both sides (Fig. 9(b)). This is mainly 
because the martensite α' in the fusion zone has the 
characteristics of high strength, high creep 
resistance and high-temperature endurance strength, 
and the hardness of the fusion zone is higher than 
that of the BM. The martensite α' is difficult to 
plastically deform in the fusion zone compared with 
that in the BM during the elevated temperature 
tensile process, which causes the fusion zone to 
bulge upwards and downwards. 

Compared with that of the TC4/TA15 
dissimilar joint, the necking phenomenon of the 
TC4/TC4 homogenous joint is more discernible in 

the BM region, indicating that its strength is lower 
and that ductile fracture occurs at the initial stage of 
plastic deformation. During the tensile test of the 
TC4/TA15 joints at 800 °C, the TC4 BM is prone to 
obvious plastic deformation, while the weld and the 
TA15 BM show no obvious macroscopic plastic 
deformation. Compared with that of the TA15   
BM with higher elevated temperature strength, 
deformation mainly occurs on the side of the TC4 
BM, resulting in the final fracture position being on 
the side of the TC4 BM. 

No observable pores were found with OM and 
SEM for the TC4 BM at room temperature, but 
many pores appeared on the TC4 BM after a   
heat treatment at 500 °C, while the TA15 BM did 
not show any pores (as shown in Fig. 10). This is 

 

 
Fig. 9 Macrographs of high-temperature tensile samples: (a) TC4/TA15 joint; (b) TC4/TC4 joint 
 

 
Fig. 10 SEM images of BMs after heat treatment at 500 °C: (a, b) SE image and BSE image of TC4, respectively;    
(c, d) SE image and BSE image of TA15, respectively 
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Fig. 11 SEM images of fracture surfaces of TC4/TA15 joints at laser power of 4.1 kW and welding speed of 4 m/min:  

(a, b) SE image and BSE image after tensile test at 500 °C, respectively; (c, d) SE image and BSE image after tensile 

test at 800 °C, respectively 

 

because TC4 reacts with nitrogen and oxygen etc. 
more easily in the atmosphere to form pores than 
TA15 in a high-temperature environment. When the 
dissimilar joint is subjected to an external force 
during the high-temperature tensile process, the 
stress concentration is more likely to occur around 
the pores of the TC4 BM compared with that of the 
weld. This is because the weld is more uniform with 
a finer microstructure and a higher microhardness. 
The critical breaking strength of the material 
reaches earlier and microcracks are more likely to 
form. Meanwhile, the existence of pores reduces the 
effective load-bearing area of the sample and 
decreases the crack propagation resistance. This 
leads to the fracture before complete plastic 
deformation of the TC4 BM. Therefore, the tensile 
fracture of the dissimilar joint is located on the side 
of the TC4 BM. 

Figure 11 shows the SEM images of the 
typical tensile fracture morphologies of the 
TC4/TA15 laser beam welded joints under a laser 
power of 4.1 kW and a welding speed of 4 m/min 
after different tensile test temperatures. As the 
tensile test temperature increases, the number of 
micropores decreases and those become deeper. The 

dimples with different sizes have sharp tearing 
edges at 500 °C. The fracture morphology at 800 °C 
has characteristics of a small deep dimple with 
good toughness and tensile fracture. All joints 
exhibit distinct ductile fracture characteristics. 
 
4 Conclusions 
 

(1) The failure of tensile specimens of 
TC4/TA15 laser beam welded dissimilar joints at 
different tensile test temperatures occurred on the 
side of the TC4 BM, and the microfractures showed 
typical ductile fracture characteristics. When 
temperature is raised from 500 to 800 °C, the YS of 
the dissimilar joint (4.1 kW and 2 m/min) decreases 
from 568 to 59 MPa and the UTS decreases from 
663 to 78 MPa. 

(2) For different high-temperature tests, the 
flow stress of the TC4/TA15 laser beam welded 
dissimilar joint increases rapidly with an increase of 
the strain. The flow stress gradually decreases and 
becomes stable after reaching the peak value. The 
peak stress and steady state stress decrease as the 
tensile test temperature increases. The peak value of 
the flow stress satisfies the following relation (from 
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high to low): TA15 BM > dissimilar joint > TC4 
BM. Both YS and UTS are inversely proportional to 
the tensile test temperature and the elongation after 
fracture is directly proportional with the tensile test 
temperature. 

(3) The microhardness of the TC4/TA15 joint 
cross section shows an upward trend from the BM 
to the weld fusion zone, achieving the highest at the 
center of the weld. The microhardness of the joints 
generally decreases after the same heat treatment in 
the elevated temperature tensile conditions. When 
the heat treatment temperature is the same, the 
microhardness of the dissimilar joints is in the 
following order (from high to low) at different laser 
powers: 2.5, 3.3, 4.1 kW. 
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摘  要：研究不同焊接工艺参数条件下 TC4/TA15 异种钛合金激光焊接接头的显微组织和高温力学性能。结果表

明：TC4/TA15 异种激光焊焊缝熔合区由含针状 α'马氏体的粗化 β柱状晶组成，热影响区主要由初始 α相和 β转

变相组成，TA15 侧热影响区的宽度窄于 TC4 侧热影响区的宽度。TC4/TA15 异种接头的屈服强度和抗拉强度随温

度的升高而降低，高温拉伸强度从高到低的顺序为 TA15 母材>异种接头>TC4 母材，800 °C 时塑性变形程度最高。

TC4/TA15 异种接头横截面的最高显微硬度位于焊缝中心，热处理后接头的显微硬度整体降低，但硬度分布特征

未发生改变。异种接头的高温拉伸断裂均发生在 TC4 母材侧，并在拉伸过程中发生明显颈缩，微观断口呈现韧性

断裂特征。 

关键词：激光焊；TC4/TA15 钛合金异种接头；显微组织；高温力学性能 
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