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Abstract: The effects of microstructure inhomogeneity on the mechanical properties of different zones in TA15 
electron beam welded joints were investigated using a micromechanics-based finite element method. Considering the 
indentation size effect, the mechanical properties for constituent phases of the base metal (BM) and heat affected zone 
(HAZ) were determined by the instrumented nano-indentation test. The macroscopic mechanical properties of BM and 
HAZ obtained from the tensile test agree well with the numerical results. The incompatible deformation between the 
constituent phases tends to localize along the softer primary phase α where failure usually initiates in form of localized 
plastic strain. Compared with the BM, the mechanical properties of constituent phases in the HAZ differ substantially, 
leading to more serious strain localization behavior. 
Key words: microstructure inhomogeneity; strain localization; electron beam welding; titanium alloy; finite element 
analysis 
                                                                                                             

 

 

1 Introduction 
 

As a kind of key structural material, titanium 
alloys are widely used in aviation and aerospace 
industries due to their excellent mechanical and 
physical properties [1−3]. Electron beam welding 
(EBW) is a promising method to join the titanium 
alloy because of high energy density, relatively low 
heat input and small distortion [4−8]. However, 
welding is a non-equilibrium process of rapid 
heating and solidification, which makes the micro- 
structure of the welded joints inhomogeneous [9]. It 
is of great importance to study the microstructure 
inhomogeneity of different zones in welded joints 
from the microscopic perspective, whereas the topic 
has still not been well understood up to the present 
date. 

It is well known that the microstructure of the 

base metal (BM) mainly consists of the primary 
phase α (αp) as well as transformed β matrix (βt) as 
the case in all Ti−Al alloys [10,11], and the heat 
affected zone (HAZ) is mainly made up of αp and 
acicular martensitic phase α′ (α′ ) in the TA15 
titanium alloy welded joints [12]. To evaluate the 
effects of microstructure inhomogeneity on the 
macroscopic mechanical properties of multi-phase 
materials, several experimental techniques and 
numerical simulation methods have been integrated 
to predict evolution of deformation behavior and 
failure modes of multi-phase materials from   
their microstructures [13−17]. LEE et al [18] 
investigated the relationship between the residual 
indentation profiles and the strain hardening 
exponents of the indented materials by a reverse 
analysis, which minimized the sensitivity of the 
data and experimental errors and improved   
the accuracy in the nano-indentation. SHI et al [19] 
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studied the elastic−plastic deformation process of 
different constituent phases in TC6 titanium alloy 
during the tensile process using micromechanics- 
based finite element simulation, revealing that the 
inhomogeneity of the microstructure could cause 
the uncoordinated deformation of the multi-phase 
alloy. MOEINI et al [20] used a two-dimensional 
representative volume element (RVE) to calculate 
the mechanical properties of different zones in the 
welded joints by finite element method. The results 
accurately predicted the weak area of the joints. JI 
et al [21] adopted a micromechanics-based finite 
element model to investigate the effect of phase 
content and phase properties on strain localization 
of two-phase titanium alloy and predicted the 
macroscopic stress−strain responses. From the 
analysis above, micromechanics-based finite 
element methods are appropriate for predicting the 
macroscopic mechanical response and micro- 
structural deformation of the multi-phase materials. 

In this work, microstructure inhomogeneity of 
different zones in TA15 titanium alloy welded joints 
was studied using the finite element analysis. The 
tensile test was performed to validate the numerical 
prediction, and the strain localization behavior 
between BM and HAZ was compared by the 
simulated results. 
 
2 Experimental 
 
2.1 Welding process 

The experimental material in the current study 
is a TA15 titanium alloy, and the chemical 
composition is given in Table 1. The butt joints 
were prepared by the electron beam welding 
process. Welding parameters such as accelerating 
voltage, focusing current, welding speed, electron 
beam current, and heat input were 140 kV, 340 mA, 
400 mm/min, 36 mA, and 460 J/mm, respectively. 
 
Table 1 Chemical composition of TA15 titanium alloy 

(wt.%) 

Al Mo Zr V Fe O C N Ti

6.83 1.51 1.97 1.60 0.11 0.074 0.008 0.003 Bal.

 

2.2 Instrumented nano-indentation test 
The nano-indentation specimens were cut from 

the BM and HAZ of the welded joints followed by 
grinding with SiC sandpaper and the electrolytic 

polishing, and corroded by hydrofluoric acid 
solution, respectively. The test was performed by a 
nano indenter G200 equipped with a Berkovich 
indenter. The indentation tester was calibrated 
initially by a fused silica standard specimen. The 
test was carried out in the maximum load control 
mode, where the load was increased from 40 to  
100 mN progressively. 
 
2.3 Tensile test and microstructural observations 

The dimensions of the miniature tensile 
specimen are shown in Fig. 1, and the thickness of 
the sample is 0.8 mm. The specimens were 
fabricated by electric discharge machining (EDM) 
from the BM and HAZ of the welded joints. The 
microstructure was observed by the SEM, as  
shown in Fig. 2. The average volume fractions of αp  
 

 

Fig. 1 Dimensions of miniature tensile specimen    

(unit: mm) 

 

 
Fig. 2 SEM images of TA15 titanium alloy welded joints: 

(a) BM; (b) HAZ 
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phase and βt phase in the BM were determined by 
the SEM micrographs from 5 locations in the 
specimen, and the average volume fraction of αp 
phase was 63.67% measured by ImageJ software. 
Similarly, the average volume fraction of αp phase 
in the HAZ was 51.99%. The tensile tests were 
carried out by an Instron 5848 instrument at room 
temperature with a loading rate of 0.05 mm/min. 
 
3 Micromechanics-based finite element 

modeling 
 
3.1 Mechanical properties of phases obtained by 

instrumented nano-indentation test 
Considering indentation size effect (ISE) [16], 

a calculation method proposed by ZHANG      
et al [22,23] was used to determine the mechanical 
properties of each phase. It is assumed that the 
elastic−plastic behavior of the tested phase satisfies 
the following description [15]: 
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              (1) 

 
where E is the elastic modulus, σy is the yield 
strength, n is the work hardening exponent, and εp is 
the nonlinear part of the total strain ε, which defines 
as 
 

p y                                  (2) 
 
where εy is the yield strain. 

Figures 3(a) and (b) show the load−depth 
curves of αp phase and βt phase of the BM in the 
TA15 titanium alloy welded joints. The indentation 
in both phases is accurately pressed into the target 
region. It is generally believed that the size of the 
plastic zone formed around the indentation is 
approximately twice that of the impression [20]. 
The indentation tests avoid the influence of the 

 

 
Fig. 3 Indentation load−depth curves recorded during nano-indentation tests with insets showing representative 
indentation impressions: (a) αp in BM; (b) βt in BM; (c) αp in HAZ; (d) α′ in HAZ (1—Applied maximum load of    
40 mN; 2—Applied maximum load of 60 mN; 3—Applied maximum load of 80 mN; 4—Applied maximum load of 
100 mN) 
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neighboring phase, which precisely reflects the 
mechanical properties of both phases in the BM. 
Similarly, the load−depth curves of the αp phase and 
the α′ phase in the HAZ are shown in Figs. 3(c) and 
(d). 

The elastic modulus E of each phase is 
obtained directly from the test data, the yield 
strength σy is determined according to the following 
calculation method [24]:  

*

0

1
H h

H h
                              (3) 

 
where H is the nominal hardness under a given 
indentation depth h, h* is a characteristic length 
depending on the shape of indenter and the  
material, and H0 is the size independent of plastic 
hardness. The function is established by fitting the 
linear relation of the nominal hardness value H2 and 
the reciprocal of the indentation 1/h. Therefore, the 
value of H0 can be estimated when 1/h approaches 
zero [25]. 

The yield strength is calculated according to 
the following formulas [23]: 
 

0 y4.15H                               (4) 
 

A specific stress σ0.033 at εp=0.033 can be 
calculated from the following equation [15]: 
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where C is the loading curvature of the load−depth 
curve, and Er is the reduced modulus, which is 
calculated using the following relation [26]: 
 

22
i

r i

11 1

E E E

 
                         (6) 

 
where υ is Poisson ratio of specimen, Ei=1140 GPa 
and υi=0.07 are the elastic modulus and Poisson 
ratio for diamond indenter. The Poisson ratio for 
different zones of the welded joints is 0.33. The 
specific stress σ0.033 can be obtained according to  
Eq. (5). Therefore, work hardening exponent n for 
each phase can be calculated by the following 
equation: 

0.033 y
y

1 0.033

n
E 


 
   

 
                  (7) 

 
Finally, the mechanical properties of αp phase 

and βt phase in the BM, and those of αp phase and α′ 
phase in the HAZ are obtained, and the stress−strain 
curves are plotted in Fig. 4. In the BM, the 
microstructure consists of αp phase and βt phase: the 
elastic modulus E of αp phase is higher than that of 
βt phase; the yield strength σy and the work 
hardening exponent n of αp phase are lower than 
those of βt phase. Therefore, the mechanical 
properties of the microstructure are inhomogeneous. 
Similarly, the HAZ has an inhomogeneous 
microstructure. By the comparison, it is found that 
the more significant difference exists between the 
two phases of the HAZ. 
 

 

Fig. 4 Stress−strain curves of constituent phases: (a) BM; 

(b) HAZ 

 
3.2 Finite element modeling 

The commercial finite element code ABAQUS 
is used in the analyses. The micromechanics-based 
finite element models are established by 
representative volume elements (RVEs) which are 
generated from the SEM images (Fig. 2). The 
procedure includes geometry modeling, constitutive 
modeling, meshing, applying boundary condition, 
and finite element calculation, which is shown in 
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Fig. 5. The image processing software is used to 
distinguish two kinds of phases and convert them 
into a binary diagram according to the gray value. 
The finite element models are established by 
matching one pixel to one finite element. The finite 
element model (80 μm × 80 μm) contains 640000 
4-node bilinear plane stress quadrilateral (CPS4) 
elements. Figure 6 shows finite element models for 
the RVEs. The volume fractions of αp are 64.15% in 
the BM and 52.41% in the HAZ by image 
processing software, approximately equal to the 
experimental data (Fig. 2). The models accurately 
reflect the microstructure distribution of different 
zones in the welded joints [27]. 

In order to reflect the deformation behavior of 
the material in the tensile process, the periodic 
boundary condition (PBC) is applied to the RVE as 
follows: 
 

( )p q q p
i i ij j ju u x x                         (8) 

 
where u represents the translation displacement of 
counterpart nodes, i, j(=1, 2) are the degrees of 

freedom in the two-dimension problem, p and q 
refer to the nodes on opposite sides of the unit cell, 
εij is the average macroscopic strain, and x is the 
coordinate of the node. It is assumed that the 
mechanical properties of the material are isotropic, 
which are obtained by the instrumented indentation 
test in the previous sections. Finally, the calculation 
process is performed by finite element software. 
 
4 Results and discussion 
 
4.1 Verification of simulated results 

The mechanical properties of each phase 
obtained from nano-indentation experiments were 
imported into the finite element model for 
calculation. Five regions randomly selected from 
the BM and HAZ were applied to the model. The 
parameters and boundary conditions of these 
models were identical. With the established 
micromechanics-based finite element models, the 
predicted mechanical responses of the RVEs during 
the tensile process are shown in Fig. 7. It is found 

 

 

Fig. 5 Procedure of micromechanics-based finite element modeling 
 

 
Fig. 6 Finite element models for RVEs: (a) BM; (b) HAZ 
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that there are no noticeable variations among the 
simulated stress−strain curves. Therefore, the 
selected RVE used in the simulation is an eligible 
model. Figure 8 shows the comparison of the 
stress−strain curves between the simulation and the 
tensile test, reaching a good agreement. 
Accordingly, the simulated results can reflect the 
stress−strain behavior in the actual tensile process. 
 

 
Fig. 7 Simulated stress−strain curves for five random 
fields: (a) BM; (b) HAZ 
 

 

Fig. 8 Comparison between experimental stress−strain 
curves and simulated results 

4.2 Inhomogeneous stress−strain distribution 
The mechanical response of the multi-phase 

materials is governed by the microscopic stress and 
strain partitioning behavior among the constituent 
phases. The whole deformation process can be 
divided into three stages from Fig. 8: (I) the elastic 
deformation stage; (II) the elastic−plastic 
deformation stage; (III) the plastic deformation 
stage. It is supposed that the difference of 
constituent phase of the BM or HAZ in elastic− 
plastic properties gives rise to inhomogeneous 
strain distributions, and the strain localization at 
larger deformation may dominate the plastic 
deformation until crack initiation and total   
failure [22]. Six points (A, B, C in the BM, and D, E, 
F in the HAZ) are selected to show the distributions 
of equivalent plastic strain (PEEQ) and von Mises 
stress at different macroscopic strain levels (εm) of 
the BM and HAZ in Figs. 9 and 10, respectively. In 
stage I, the deformation in the two phases is 
relatively uniform in the BM. Besides, at this stage, 
the βt phase tends to dominate the stress partition, 
as shown in Figs. 9(a) and (d). However, there are 
larger strain and stress localization zones and higher 
stress and strain values in the HAZ (Figs. 10(a) and 
(d)), which may be due to the larger difference of 
elastic modulus between the constituent phases in 
the HAZ. As the macroscopic strain increases,  
stage II starts when the specific stress of the αp 
phase reaches yield stress. Then, the αp phase 
occurs plastic deformation in this stage; however, 
the harder βt phase undergoes only elastic 
deformation due to higher yield strength, as shown 
in Figs. 9(b) and (e). Therefore, the yielding 
initiation of BM is controlled by the αp phase [28]. 
On the other hand, due to larger difference of yield 
strength between the constituent phases, the HAZ 
has larger deformation incompatibility (Fig. 10(b)). 
In the last stage, the βt phase reaches yield stress as 
well and starts to deform plastically. Due to the fact 
that the flow stress of the βt phase is higher than 
that of the αp phase (Fig. 4), the αp phase bears the 
higher strain, and the βt phase undergoes the higher 
stress, as shown in Figs. 9(c) and (f), respectively. 
Besides, because of the constraint by the adjacent αp 

phase, the plastic strain tends to spread into the βt 
phase and leads to higher stress along the interface 
between αp phase and βt phase. Compared with the 
BM, the areas of strain localization in the softer  
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Fig. 9 Distributions of equivalent plastic strain (PEEQ) and von Mises stress at different macroscopic strains (εm) in BM 

(Grain boundaries are traced by black pen) 
 

 

Fig. 10 Distributions of equivalent plastic strain (PEEQ) and von Mises stress at different macroscopic strains (εm) in 

HAZ (Grain boundaries are traced by black pen) 
 
phase and stress localization in the harder phase are 
larger in the HAZ (Figs. 10(c) and (f)). Therefore, 
the stress and strain distributions in the HAZ are 
more inhomogeneous. 

4.3 Comparison of strain localization behavior 
between BM and HAZ 
To quantify the extent of strain inhomogeneity 

of different phases in the welded joints, the average 
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equivalent plastic strain is calculated at different 
macroscopic strains by the following formula: 
 

p, p
1

di i
i

V
V

                             (9) 

 
where i refers to the kind of phase, εp,i is the average 
phase plastic strain, and Vi is the volume of phase i. 
Figure 11 shows that the distribution of the average 
plastic strain of constituent phases in two zones of 
the welded joints at different macroscopic strains. It 
is found the growing rate of the average plastic 
strain in each phase is almost a constant. In the BM, 
as the macroscopic strain increases, the average 
plastic strain of αp phase increases significantly, in 
contrast, it increases slightly in βt phase (blue line). 
Similar results occur in the HAZ (red line). 
However, the extent of the strain partitioning in the 
HAZ is more serious: at the macroscopic strain of 
0.1, in the BM, the average plastic strain in αp phase 
is 0.07 higher than that in βt phase; in the HAZ, the 
average plastic strain in αp phase is 0.11 higher than 
that in the α′ phase. 
 

 
Fig. 11 Average plastic strain of constituent phases at 

different macroscopic strains 

 
It is believed that the inhomogeneity of 

microstructure is a crucial factor, which induces the 
instability of local plastic deformation and results in 
the appearance of the plastic strain localization in 
the dual phases [29−31]. To realize the distribution 
of the strain localization visually, the global view of 
equivalent plastic strain contours for the αp phase 
within the RVEs at the macroscopic strain level of 
0.1 is shown in Fig. 12. It is observed that a large 
number of the strain localization bands (SLBs) are 
triggered by the plastic strain localization in αp 
phase (PEEQ larger than 0.7). The plastic strain 

localization zone mainly distributes in two regions 
according to the simulated results: the intersection 
of SLBs and the phase boundary, i.e. the places  
with red circles in Fig. 12. These zones may be  
the “dangerous zone” where failure usually  
initiates [22,23]. Besides, the maximum equivalent 
plastic strain value in the HAZ is 11.46, higher than 
that in the BM (3.257). A finding could be obtained 
by comparing Fig. 12(a) with Fig. 12(b), if 
decreasing the strength discrepancy of both phases, 
the strain and strain gradients of SLBs would be 
effectively lower, which is consistent with the 
results of JI et al [21]. 
 

 
Fig. 12 Equivalent plastic strain distribution of αp phase 

at macroscopic strain of 0.1: (a) BM; (b) HAZ 

 
At the macroscopic strain of 0.1, Fig. 13 

quantifies the frequency of equivalent plastic strain 
value for constituent phases of different zones in the 
welded joints. It is found that most of the plastic 
strains concentrate in αp phase, agreeing with the 
previous discussion. A bell-shaped curve with lower 
peak value (PEEQ=0.095) and narrower strain 
range is distributed in αp phase of the BM, 
indicating that the relatively small areas in αp phase 
bear the majority of deformation. Compared with 
the BM, the HAZ has higher frequency value 
(PEEQ>0.2), which may be a larger possibility to 
induce strain localization in αp phase. 
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Fig. 13 Frequency distribution of PEEQ at macroscopic 

strain of 0.1 

 
5 Conclusions 
 

(1) The macroscopic mechanical properties 
different zones in TA15 electron beam welded 
joints are determined by the microscope elastic− 
plastic behavior of their constituent phase. The 
simulated results of the stress−strain curves based 
on the realistic microstructure are in good 
agreement with the tensile test results. 

(2) Microstructure inhomogeneity resulted 
from the mechanical property difference between 
the two phases gives rise to the inhomogeneous 
stress−strain distribution during the tensile process. 
The incompatible deformation between the 
constituent phases usually localizes along the softer 
αp phase where failure initiates in the form of 
localized plastic strain. 

(3) The microstructure inhomogeneity exists in 
the BM and HAZ of TA15 titanium alloy welded 
joints. Compared with the BM, the mechanical 
property difference of constituent phases in the 
HAZ is larger, leading to more serious strain 
localization in αp phase. 
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摘  要：基于微观力学有限元分析方法，研究 TA15 电子束焊焊接接头不同区域组织不均匀性对力学性能的影响。

基于压痕尺寸效应，通过纳米压痕试验确定母材和热影响区组成相的力学性能。结果表明，母材和热影响区的模

拟拉伸结果和宏观拉伸试验结果具有良好的一致性。组成相变形的不协调倾向于沿着初生 α相集中，失效通常以

应变集中的形式萌生。相较于母材，热影响区组成相的力学性能差异较大，应变集中更为严重。 

关键词：组织不均匀性；应变集中；电子束焊接；钛合金；有限元分析 
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