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Abstract: In order to estimate the residual stresses in Ti2AlNb alloy jointed by electron beam welding (EBW), a computational 
approach based on finite element method was developed. Meanwhile, experiments were carried out to verify the numerical results. 
The comparison between the simulation results and measurements suggests that the developed computational approach has sufficient 
accuracy to predict the welding residual stress distributions. The results show that the central area of the fusion zone suffers tensile 
stresses in three directions. When the other parameters remain unchanged, the focus current has great impact on the weld shape and 
size, and then affects the residual stress level significantly. Moreover, the thick plate full-penetrated EBW weld suffers near     
1000 MPa tensile stress of Z-direction in the center of the fusion zone. The wider weld has lower tensile stress in Z-direction, 
resulting in lower risk for cracking. 
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1 Introduction 
 

Over the past decades, Ti2AlNb-based alloys have 
attracted wide attention. The alloys contain a large 
amount of ordered orthorhombic O phase, which was 
firstly identified in 1988. In addition to the ordered 
orthorhombic O (Ti2AlNb) phase, the alloys include α2 

(hexagonal, Ti3Al), and ordered B2 (body-centered cubic) 
phase as well. Generally, the contents of Al and Nb in the 
alloys are 22−25 at.% and 20−27 at.%, respectively. 
Ti−22Al−23Nb (at.%), Ti−22Al−25Nb (at.%) and 
Ti−22Al−27Nb (at.%) [1,2] are the typical Ti2AlNb 
alloys. Due to the high specific strength, attractive creep 
and corrosion resistance, and superior processability, the 
Ti2AlNb alloys show great potential as structural 
materials in aerospace and elevated temperature     
fields [3,4]. 

To fabricate high-quality joined structures, various 

welding or joining processes are being developed. The 
processes to be developed will extend the applications of 
the Ti2AlNb alloys. Up to now, several welding methods 
have been studied to investigate the weldabilities of the 
Ti2AlNb alloys, including diffusion bonding [5,6], linear 
friction welding [7,8], laser beam welding(LBW) [9−12] 
and electron beam welding (EBW) [13−15]. ZOU et al [5] 
have studied the microstructure and strength of the joints 
during transient liquid phase diffusion bonding of 
Ti−22Al−25Nb alloy. CHEN et al [7,9] have investigated 
the microstructure evolution and mechanical properties 
of linear friction welded Ti2AlNb alloy under as-weld 
and post-weld heat treatment conditions. LEI et al [11,12] 
have investigated the microstructure evolution and 
tensile properties of laser welded Ti−22Al−27Nb and 
Ti−22Al−27Nb/TC4 joints, and CHEN et al [9] have 
studied the laser weldability of dissimilar Ti−22Al− 
27Nb/TA15 alloys. The laser welded joints of this   
type of alloys show low ductility at ambient and high  
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temperatures due to the solidification columnar structure 
and the O phase precipitated at the B2 grain boundaries 
in the welds. EBW is preferable to joining titanium alloy, 
because it is in much clean vacuum chamber and has 
high energy density and relatively low heat input [16,17] 
that produces a weld with narrow-deep penetration, small 
heat affected zone, low distortion and residual stresses. 
Therefore, EBW has become a preferred method of the 
Ti2AlNb alloys welding. TAN et al [13−15] has 
conducted dissimilar welding of Ti−22Al−25Nb and 
TC11 alloys using EBW. In their studies, hot work, such 
as isothermal deformation accompanied with heat 
treatment, has been employed to improve the 
microstructures and the mechanical properties of the 
welded joints. 

It should be noted that previous studies have mainly 
focused on the microstructure and mechanical properties 
of the welded joint of the Ti2AlNb alloy, but little work 
has been done concerning welding-induced residual 
stress. In our preliminary study, the severity of crack was 
found to change with the weld shape in Ti2AlNb alloy 
thick plate EBW joints, while the microstructure 
distributions of these different joints were similar. The 
weld residual stresses were considered to be the main 
factor that affected the cracking. Hence, it is very 
important to study welding residual stress distribution in 
a Ti2AlNb welded joint for promoting its application in 
aerospace field. 
 
2 Experimental 
 

The base metal used in this work was hot-rolled 
Ti−22Al−25Nb sheet with the thickness of 5, 6.5 and  
20 mm. The nominal composition of the material is: Al 
22 at.%, Nb 25 at.% and balanced Ti. It was provided by 
Central Iron and Steel Research Institute, China. Ti2AlNb 
alloy plates with dimensions of 83.2 mm × 40 mm ×    
6.5 mm were butt-welded using a GENOVA 98 model 
EBW machine. The accelerating voltage, electron current 
and welding speed were 60 kV, 38 mA and 1000 mm/min, 

respectively, and the electron beam focused on the top 
surface of the specimens. During the welding process, 
the specimens were fixed with welding jigs in four 
corner regions. The residual stresses in the 6.5 mm-thick 
welded sample were measured with the blind-hole 
method. 

The work-pieces with different thicknesses were 
performed bead-on-plate welding to study the effect of 
welding parameter on the cross-sectioned weld geometry. 
The welding conditions are shown in Table 1. The 
Ti2AlNb alloy plates with the thickness of 5 mm were 
welded using a GENOVA 98 model EBW machine, 
while three other machines were used for the 20 mm- 
thick plates: MEDARD45 (Case A), THDW-15 (Case B), 
and K160-G150-86-709 (Case C and Case D). A 
schematic diagram of welding process can be seen in  
Fig. 1. The appearances of the Ti2AlNb alloy welded 
joints were smooth (Fig. 2). No cracks or pores were 
observed on the surface of the weld metal. For 
metallographic examinations of the welds, the specimens 
were transversely sectioned. After mounting, grinding 
and polishing, the specimens were etched using a special 
reagent (3 mL HF, 2 mL HNO3, 7 mL H2O2 and 20 mL 
H2O). Meanwhile, the weld geometries obtained from the 
metallographic specimens were used to verify the 
accuracy of the calculated temperature field. 
 

3 Finite element analysis 
 
3.1 Geometry configuration 

Based on ABAQUS code, a sequentially coupled 
thermo-elastic-plastic finite element computational 
approach was developed to simulate the welding 
temperature field and residual stresses in the EBW 
welded joint of Ti2AlNb alloy plate. Figure 3 shows the 
finite element models of work-pieces with different 
thicknesses used in this work. Among them, only half of 
the full model was used to simulate the welding of    
6.5 mm-thick and 20 mm-thick work-pieces, while full 
model was used to that of 5 mm-thick work-piece. The 

 
Table 1 Welding conditions for different plate thickness 

Thickness/mm Case 
Voltage, 

U/kV 

Electron current,

Ib /mA 

Focus current, 

If/mA 

Welding speed, 

v/(mm·min−1) 

Work distance, 

D/mm 

5 

1 60 25 2170 1000 200 

2 60 25 2190 1000 200 

3 60 25 2230 1000 200 

4 60 25 2270 1000 200 

20 

A 60 45 Focused on top surface 400  

B 80 40 Focused on top surface 400  

C 100 35 Focused on top surface 400  

D 120 38 Negative defocus 400  
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Fig. 1 Schematic diagram of bead-on-plate welding process 

 

 
Fig. 2 Bead appearance of Case 3 welded joint 

 

 

Fig. 3 Finite element models of work-pieces with different 

thicknesses 

dimensions of the finite element models were the same 
as those of the specimens used in the experiment. To 
balance the computing time and the calculation accuracy, 
element meshes were finer in the weld zone and its 
vicinity, while the meshes became coarser away from the 
weld zone. The element mesh details of different finite 
element models are shown in Table 2. The element types 
used in thermal and mechanical analyses were DC3D8 
and C3D8R, respectively. 
 

Table 2 Mesh details of different models 

Model
Element size (length× 

width×thickness) 
in weld/mm 

Total number 
of nodes 

Total number
of elements

6.5 mm-
thick

0.325×0.325×0.65 38170 32960 

5 mm-
thick

0.25×0.1×0.5 88319 79500 

20 mm-
thick

0.5×0.15×1.0 112035 103500 

 
3.2 Heat source and thermal analysis 

Under given welding conditions, analysis of heat 
flow in transient of welding was performed using the 3D 
finite element models with a moving heat source. 
Temperature-dependent thermo-physical properties of 
Ti2AlNb alloy is shown in Fig. 4. The thermal properties 
below 900 °C were provided by Central Iron and Steel 
Research Institute, China, while those above 900 °C 
were extrapolated. During welding, the transient 
temperature field is determined by solving the following 
non-linear heat equation: 
 

( , , , ) ( , , , ) ( , , , )
T

c x y z t q x y z t Q x y z t
t

 
   


     (1) 

 
where ρ is the density of the materials (kg/m3), c is the 
specific heat capacity (J/(kg·°C)), T is the current 
temperature (°C), q is the heat flux vector (W/m2),   is 
the spatial gradient operator, and Q is the internal heat 
generation rate (W/m3). The non-linear isotropic 
constitutive equation of Fourier’s heat conduction was 
employed: 
 
q k T                                     (2) 
 
where k is the thermal conductivity (W/(m·°C)). 

Accurate thermal analysis is a necessary 
precondition for the simulation of welding residual stress 
field. For the thermal analysis, the experimentally 
determined data were used to calibrate the heat source of 
the simulation. The cross-section geometry of the 
simulated weld pool was correlated with both the size 
and shape of the experimental macro-section of the weld 
seam for each case. In detail, a combination of two 
moving heat sources [18], i.e., 2D Gaussian heat source 
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Fig. 4 Temperature-dependent thermo-physical properties of 

Ti2AlNb alloy 

 
and 3D conical heat source with Gaussian distribution, 
was used to simulate the welding processes of all the 
weld cases. Subsequently, the validated temperature 
fields were applied to 3D simulation of the welding 
residual stresses. 

Besides, heat losses were also taken into account 
depending on the realistic boundary condition in the 
finite element model. As for the 6.5 mm-thick work-  
piece, radiation and heat conduction from the workpiece 
to fixtures were responsible for the heat loss during 
welding process. Meanwhile, only radiation was 
considered in the simulation cases of 5 mm-thick and  
20 mm-thick plates, because the joints were performed 
without external restraint. Heat loss (qr) due to radiation 
was modeled using the Stefan−Boltzman law: 
 
qr=−εσ[(Ts+273)4−(T0+273)4]                    (3) 
 
where ε is the emissivity and ε=0.6 for Ti2AlNb alloy, 
σ=5.67×10−8 W/(m2·°C), Ts is the surface temperature of 
the plate and T0 is the ambient temperature. It is difficult 
to accurately determine the heat loss (qb) through the 
heat conduction, because the thermal contact resistance 
between the workpiece and fixture is unsteady. To 
simplify the analysis, in the present work, the heat loss 
was approximately modeled using the heat flux loss by 
convection, and calculated using the following equations: 
 
qb=βb(Ts−T0)                                 (4) 
 
βb=αkSF/d                                    (5) 
 
kSF=2kskf/(ks+kf)                              (6) 
 
where βb is an equivalent convection coefficient, kSF is 
the ideal heat conduction coefficient from the workpiece 
to fixture, α is the contact factor with an estimated value 
of 5% based on some inverse analysis, ks is the thermal 
conductivity of the workpiece, kf is the thermal 
conductivity of the fixture, d is the element size in 

thickness direction which is 0.65 mm in the present 
model. The thermal conductivity of stainless steel 
(welding fixture) was considered as constant with the 
value of 14.3 W/(m·°C) at ambient temperature, because 
the total heat input during welding was relatively low 
and did not substantially increase the temperature of the 
fixture. 
 
3.3 Mechanical analysis 

The mechanical analysis was conducted using the 
computed temperatures of thermal analysis. The finite 
element models employed in mechanical analysis were 
the same as those used in thermal analysis, except for the 
element type and boundary conditions. As for the 
simulation case of 6.5 mm-thick plate welded with 
fixtures, the nodes in the clamped region on the surface 
of the work piece were restricted in Z-direction and 
regained freedom after the work piece was cooled down 
to room temperature. The nodes in the central plane 
(symmetrical plane) were restricted in Y-direction as the 
symmetric boundary condition. Besides, points A and B 
were restricted in X, Y, Z directions and Z direction, 
respectively, for preventing rigid body motion. As for the 
simulation cases of 5mm-thick plate welded without 
clamping, only the mechanical boundary conditions to 
prevent rigid body motion of the work pieces were 
applied: point A was restricted in X, Y, Z directions, point 
B in Z direction, and point C in X, Z directions. In 
addition to those boundary conditions to prevent rigid 
body motion, symmetric boundary condition was also 
applied in the simulation cases of 20 mm-thick plates. 

The alloy was presumed isotropic and Hooke’s law 
was applied to the elastic region, while Von Mises 
criterion to the plastic region using the temperature- 
dependent mechanical properties [17]. Figure 5 shows 
the temperature-dependent mechanical properties of the 
Ti2AlNb alloy. The mechanical properties below 900 °C 
were  provided  by  Central  Iron  and  Steel  Research 

 

 
Fig. 5 Temperature-dependent mechanical properties of 

Ti2AlNb alloy 
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Institute, China, while those above 900 °C were 
extrapolated. Besides, the microstructure of the weld 
metal in Ti2AlNb welded joint is almost composed of 
single B2 phase, due to the fast cooling rate in electron 
beam welding process and the high content of   
niobium [19]. Thus, during the cooling process, there is 
hardly any solid phase transition happening. Therefore, 
the solid-phase transformation was neglected in the 
current mechanical model. 
 
4 Results and discussion 
 
4.1 Comparison between computed stress results and 

measurements 
Figure 6 shows the weld cross-sections (peak 

temperature above 1750 °C) computed by FEM and 
experimentally measured from the 6.5 mm-thick plate 
welded joint. The numerical simulation result agrees well 
with the experiment result. This suggests that through 
reasonably selecting the parameters for the developed 
heat source, the weld geometry computed by the current 
computational approach could precisely represent 
realistic situation. Theoretically, the thermo-elastic− 
plastic behavior at the elevated temperature above the 
melting point has very limited contribution to the final 
residual stress [20] because both the elastic modulus and 
the yield strength are close to zero. It can be inferred that 
the calculation accuracy of welding residual stress will 
not be significantly sacrificed if the size and shape of 
computed fusion zone are similar to those of the actual 
fusion zone. 
 

 
Fig. 6 Weld profile of 6.5 mm-thick plate welded joint 

computed and measured 

 
To verify the prediction accuracy of the developed 

computational approach, the residual stress distributions 
on the middle cross-section measured by experiment and 
simulated by FEM were compared, as shown in Fig. 7. 
For the longitudinal and transverse residual stress 

distributions on the top surface of the middle 
cross-section, even though there were some 
discrepancies between the simulated and measured 
results in local regions, the simulated results agreed well 
with the experiment results in both distribution and 
magnitude on the whole. This indicated that the current 
computational approach had sufficient computing 
accuracy for prediction of residual stresses in Ti2AlNb 
EBW welded joints. 
 

 

Fig. 7 Comparison of simulation and experimental residual 

stress distributions: (a) Longitudinal residual stress;         

(b) Transverse residual stress 

 
4.2 Effects of welding parameters on weld shape 

The fusion zones on the transverse sections of the 
EBW joints both computed by FEM and tested by 
experiments are shown in Figs. 8 and 9. There is a good 
agreement between them. This means that the thermal 
simulation models are reasonable and various welding 
parameters would produce different weld shapes. For the 
5 mm-thick plate, the electron beam was focused on the 
top surface when the focus current equaled 2250 mA and 
the plate was full-penetrated. It can be seen from the 
results (Fig. 8) that the penetrated depth increases with 
the focus current till the plate is full-penetrated. The 
penetrated depths of Cases 1−4 are 2.98, 3.82, 4.48 and 
5.0 mm, respectively. When the plate is thick enough, the 
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Fig. 8 Weld profiles of 5 mm-thick plate welded joints computed and measured 

 

 

Fig. 9 Weld profiles of 20 mm-thick plate welded joints computed and measured 

 
penetration will reach the maximum when the electron 
beam is focused on the top surface [21]. As shown in  
Fig. 8, the width of the fusion zone on the top surface 
decreases till the focus on the top surface and then 
increases. The widths of the fusion zone on the top 
surface of Cases 1 to 4 are 2.58, 2.44, 2.06 and 2.60 mm, 
respectively. The weld shapes change from wedge-shape, 
bell-shape, to nail-shape and funnel-shape as the focus 
current increases. The weld with focus on the top surface 
would produce a nail-shape profile. The fusion cross- 
sectional areas of Cases 1 to 4 are 4.02, 4.35, 3.73 and 
3.17 mm2, respectively. 

For the 20 mm-thick plates, with sufficient heat 
input and focus on the top surface, full penetrated welds 
are obtained, as shown in Fig. 9. The rank of weld 
conditions in order of heat input from the highest the to 
lowest is: Case D>Case C>Case B>Case A, as shown in 
Tabe1. As measured from the actual weld shapes, the 
fusion areas of Cases A to D are 16.16, 24.40, 22.73 and 

46.37 mm2, respectively, and the weld widths at the 
middle position in thickness direction are 0.85, 1.25, 1.16 
and 2.40 mm2, respectively. It is found that the weld 
width and fusion area increased with heat input in 
general, except that the relationship between Case B and 
Case C is a little abnormal. The difference in effective 
power of different welding machines might be the reason 
why the weld width and fusion area of Case B are a little 
larger than those of Case C while the heat input of Case 
B is less than that of Case C. In a word, the weld width 
and fusion area generally increase with heat input. 
 
4.3 Effects of welding parameters on residual stresses 

Figure 10 shows the residual stress distributions in 
the three directions on the transverse sections of 5 mm- 
thick welded plates. As shown in Fig. 10, the residual 
stress distributions under different welding parameters 
are similar on the whole. The fusion zone and 
its adjacent zone suffered more than 1000 MPa of tensile  
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Fig. 10 Residual stress distribution on middle cross-sections of 5 mm-thick welded plates (S11, S22 and S33 represent logitudinal stress, 

transverse stress and thickness direction stress, respectively) 

 
longitudinal stress, other areas were subjected to 
compressive stress. The transverse stress has complicated 
distributions. The central area of the fusion zone suffered 
tensile stress, while on the top and bottom weld surfaces 
the stresses generally were compressive. However, the 
transverse stress on the bottom weld surface could be 
tensile due to the small fusion depth of the welded joint, 
such as Case 1. For the thickness direction, the fusion 
area and its adjacent zone were subjected to tensile  
stress, while the small area surrounding this tensile zone 
got compressive stress. Consequently, the central area of 
the fusion zone suffered tensile stresses in three 
directions and the funnel-shape weld had relative small 
values. The results indicate that the weld shape has very 
limited effect on the residual stress distribution on the 
whole. 

However, the weld shape has some influence on the 
magnitude of the residual stress. The maximum 
longitudinal tensile stresses of Cases 1 to 4 are 1319, 
1379, 1333 and 1271 MPa, respectively. By comparing 
the longitudinal stresses with the corresponding fusion 
areas, it is easy to find that the longitudinal tensile stress 
basically increases with the fusion cross-sectional area. 
However, the maximum longitudinal tensile stresses of 
Case 1 is smaller than that of Case 3, while the fusion 
zone of Case 1 is greater. The eccentricity of the fusion 
zone of Case 1 is larger, which causes a greater 
longitudinal defection deformation [18]. The increase in 
deformation can release more residual stresses and 
therefore the longitudinal stress of Case 1 is lower than 
that of Case 3. For the transverse stresses, it can be found 

that the maximum tensile stress generally increases with 
the weld width. In addition, while the weld has more 
uniform width in the thickness direction as well as 
deeper penetration, it endures larger thickness direction 
stress. 

As shown in Fig. 11, for the 20 mm-thick welded 
plate, the distributions of the three direction residual 
stresses are similar to those of 5 mm-thick welded plate. 
The welds endure high longitudinal tensile stresses 
(above 1000 MPa) but low transverse tensile stresses 
(lower than 400 MPa). As the weld width and fusion area 
increase, the longitudinal and transverse tensile stresses 
go up. The rank of weld conditions in order of the 
maximum longitudinal or transverse stress from the 
highest to the lowest is: Case D > Case B > Case C >   
Case A . 

Compared with the 5 mm-thick welded joints, the 
20 mm-thick welded joints endure much higher thickness 
direction stresses. As shown in Fig. 11, the tensile 
stresses in thickness direction could exceed 1000 MPa, 
which are almost close to the longitudinal tensile stresses. 
The maximum tensile stresses in thickness direction of 
Case A to Case D are 1087, 1046, 1037, and 837 MPa, 
respectively. With a much wider weld, Case D generates 
lower thickness direction stress, which is probably 
because its inner weld metal endures less restraint in 
thickness direction than the other three cases during 
welding process. 

It is noted that, welding cracks are observed in the 
20 mm-thick welded plates, as illustrated in Fig. 12,  
but not in the 5 mm-thick welded plates. Moreover, the  
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Fig. 11 Residual stress distribution on middle cross-sections of 20 mm-thick welded plates (S11, S22 and S33 represent logitudinal 

stress, transverse stress and thickness direction stress, respectively) 

 

 
Fig. 12 Welding cracks in 20 mm-thick welded joints: (a) Case A; (b) Case B; (c) Case C; (d) Case D 
 
cracks only occur in the fusion zone and the heat affected 
zone where endure high residual stresses. On the other 
hand, while Ti2AlNb alloy is welded by high-energy 
beam welding, the microstructures of the welded joints 

are basically similar. The fusion zone is composed of 
single B2 phase, and the heat affected zone can be 
divided into three regions (single B2 phase region, α2+B2 
dual-phase region and α2+B2+O three-phase region) due 
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to the temperature gradient during welding [19,22].  
Thus, we can infer that the high thickness direction 
tensile stresses are responsible for the high     
cracking sensitivity of the thick plate EBW. In addition, 
the welds of Case A to Case C crack while the Case D 
does not, indicating that welding cracks happen only 
when the thickness direction tensile stress is  
sufficiently high. The results show that the weld with 
higher heat input and wide fusion zone have lower risk 
for cracking, due to the lower tensile stress in thickness 
direction. 
 
5 Conclusions 
 

(1) With the same acceleration voltage, beam 
current, travel speed and work distance, the focus current 
has great impact on the weld shape and size. 

(2) EBW of Ti2AlNb produces more than 1000 MPa 
tensile residual stress of longitudinal direction in the 
fusion zone and its adjacent area. The central area of the 
fusion zone suffers tensile stresses in three directions. 

(3) The thick plate full-penetrated EBW weld 
suffers near 1000 MPa tensile stress of Z-direction in the 
center of the fusion zone. The wider weld has relatively 
low tensile stress in Z-direction, resulting in low risk for 
cracking. 
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焊接参数对 Ti2AlNb 合金电子束焊接接头 
焊缝形状和残余应力的影响 
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摘  要：采用有限元数值模拟方法预测 Ti2AlNb 合金电子束焊接接头的残余应力，并通过实验加以验证。对比模

拟与实验结果，本文的数值计算方法具有良好的精度。结果表明，焊缝中心区域呈现三向拉应力状态；其他焊接

参数相同条件下，聚焦电流对焊缝形状及尺寸具有显著影响，从而影响焊接残余应力水平；对于 Ti2AlNb 合金厚

板电子束熔透焊接头，焊缝中心具有 1000 MPa 左右的厚度方向应力；增大熔宽可降低厚度方向应力，进而降低

接头裂纹倾向。 

关键词：Ti2AlNb 合金；残余应力；数值模拟；电子束焊 
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