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Abstract: Influence of the strain rate on microstructures, tensile properties and strain hardening behavior of the electron beam 

welded joint of TC18 titanium alloy under optimized welding parameters was investigated with three slices (top, middle and bottom).

The results show that the welding leads to significant microstructural changes across the joint. The microstructure of fusion zone is 

composed of coarsened β phase and secondary α-phase. Compared with the base metal, the joint slices along the thickness exhibits a 

lower strength and plasticity but a further higher hardening capacity. The strength and ductility of the bottom slices are higher than 

those of the middle and top slices. The maximum yield strength and ultimate tensile strength of the welding slices reach 83% of 

those of the base metal at the strain rate of 1�10

-2

 s

-1

 . The hardening capacity of welding slices decreases with increasing of the

strain rate. Tensile fracture occurs in the weld zone. The fracture process of the top slice is cleavage fracture. However, the middle 

and bottom slices are quasi-cleavage crack.
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TC18 is a kind of high strength near β titanium alloy

developed by Aviation Materials Institute of Soviet Union in 

1970 s. It is mainly used in the manufacture of heavy forgings

and various aircraft structures of high load-carrying capacity. 

Electron beam welding (EBW) is characterized by high heat 

concentration, large weld depth-width ratio, fast welding speed, 

good physical properties, small welding residual stress and 

deformation, and easy to realize high precision welding, which 

is one of the most common welding processes for titanium 

alloys 

[1-5]

. Common defects in electron beam welding of thick 

plates are pores. Pores easily lead to stress concentration, so 

that the plastic joints reduce the fatigue life, and even lead to 

fracture rupture thick plate. O. Jinkeun et al

[6]

 studied the 

microstructure and fatigue properties of titanium alloy electron 

beam welded and TIG welded joints. It was found that there 

were pores in the electron beam welded joints, and stress 

concentration in the pores made them a fatigue crack initiation 

source, leading to reduced high cycle fatigue strength of the 

joint. H. Q. Wu et al

[7]

 studied the fracture mechanism of 

electron beam welded joints and found that the small pores 

distributed unevenly in the weld act as the source of crack 

initiation. There are few studies on the EBW joints of TC18 

thick plate, especially inhomogeneity research of

microstructure and mechanical properties for thick plates EBW 

joints. Investigation on microstructure and mechanical 

properties of TC18 EBW joints is of scientific significance and 

practical value in manufacture. Therefore, this study aimed at 

evaluating the strain rate effects on the mechanical properties 

of EBW for TC18 titanium alloy.

1  Experiment

The materials used in the present study are forged TC18

titanium alloys of 15 mm in thickness, with the chemical 

compositions listed in Table 1. All alloys were machined 

into the plates of 100 mm×75 mm×15 mm, and then 

mechanically and chemically cleaned before welding. EBW 

Table 1 Chemical composition of TC18 (wt%)

Al Mo V Cr Fe Ti 

4.4~5.7 4.0~5.5 4.0~5.5 0.5~1.5 0.5~1.5 Bal.
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Fig.1 Microstructures of the BM and joint: (a) BM, (b) top, (c) middle, and (d) bottom

was performed using KS150-G150 machine with an 

accelerating voltage (V) of 60 kV, an electron current (I

b

) of 

23 mA, a focus current (I

f

) of 2090 mA, and a welding 

speed (v) of 8 mm/s. 

The cross-section of the welded joint was cut and ground 

with water abrasive papers, and then polished using diamond 

paste up to 1 µm. After etching with Keller’s reagent (2 mL 

hydrofluoric acid, 8 mL nitric acid and 90 mL distilled water), 

the microstructure was examined by an optical microscope in 

conjunction with an image analysis system and an

X-max20/INCA 250 scanning electron microscope (SEM) 

with three dimensional fractographic imaging capacities. 

Sub-sized tensile specimens, with a gauge length of 25 mm 

(i.e., a parallel length of 32 mm) and width of 6 mm in 

accordance with ASTM-E8 M standards, were cut 

perpendicularly to the welding directions and sliced equally 

into three pieces (top, middle and bottom) in the thickness 

direction, and then machined to the required dimensions 

using the electro-discharge wire cutting. The gauge area of 

specimens was ground with SiC papers up to a grit number of 

600 along the loading axis to get rid of the cutting marks and 

to achieve a smooth surface. Tensile tests were conducted by

a fully computerized tensile testing machine at a constant 

strain rate of 1×10

−2

, 1×10

−3

, 1×10

−4

 and 1×10

−5

 s

−1

and room 

temperature. At least three samples were tested at each strain 

rate. The fracture surfaces of the base metal (BM) and EBW 

joints were examined by SEM.

2 Results and Discussion

2.1  Microstructure

The microstructures of the TC18 titanium alloy BM and 

EBW joint along the plate thickness by SEM are shown in 

Fig.1. It is seen that the BM consists of α+β phases. TC18 

alloy is rich in β phase and is composed of basket-weave 

microstructure, and α phase precipitates uniformly within 

grains

[ 8 ]

.  After EBW, a remarkable change in the 

microstructure occurs in fusion zone (FZ) as shown in 

Fig.1b~1d which illustrate typical microscopic structures of 

EBW TC18 titanium alloy through thickness from the top to 

the bottom. The microstructure of FZ is composed of 

coarsened β phase and secondary α phase. The weld is 

coarse columnar β crystal, and the grain near the seam is 

also seriously roughened. The base material is fine in α+β

grain basket weaving, grain boundary α coarse and 

intermittent varying degrees. The microstructure of the 

weld is metastable β, because the thermal cycle of electron 

beam welding is very fast, and there is no crystal 

precipitation in the welding state. Part of solid solution of 

the heat-affected zone (HAZ) occurs at high welding 

temperature, and the original chip profile becomes coarse. 

The coarse metastable β grain leads to a severe decrease in 

impact toughness, strength and plasticity of the weld 

compared with the base metal. TEM observations show that 

the content of primary α phase decreases and the content of 

β phase increases from the BM to the weld in Fig.2. As the 

volume fraction of primary α phase decreases, the number 

of un-transformed β structure and the secondary α phase 
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200 µm
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Fig.2  TEM images of BM (a) and FZ (b) (bottom slice of

samples)

diffusely distributed on it increase. The number of 

secondary α phases distributed increase, and the interface 

between the two phases increases, resulting in the 

enhancement of the strengthening effect of the second 

phase and the increase of the strength of FZ. The grain size 

of columnar β decreases gradually, causing a tortuous path 

when the crack passes it quickly, and the deformation of the 

alloy increases, so the elongation increases and the 

plasticity increases. The same pattern appears from the top 

to the bottom of the weld.

2.2  Tensile properties

Fig.3 shows the tensile stress-strain curves of the TC18 

BM and different (top, middle, and bottom) slices of EBW 

samples tested at different strain rates. It is seen that the 

strength and ductility of the welded joint are less than that 

of the base material. The bottom slices exhibit the higher 

strength and ductility than the middle and top slices. This is 

directly associated with the microstructure and grain 

morphology�Fig.1�. Fig.4 shows the effect of strain rate on 

yield strength, Ultimate tensile strength and ductility of BM, 

top, middle and bottom slices of samples. It has the same 

result with Fig.3. The strength and the ductility basically 

increase for different (top, middle, and bottom) slices with 

increasing strain rate.

The mechanical property is closely related to the 

structure. Compared with the BM, the structure of EBW 

slices has significant changes. The FZ changes from 

basket-weave microstructure and dispersed grain α to 

columnar crystals which is shown in Fig.1. The strength and 

plasticity decrease obviously. Non-uniform distribution

structure along the plate thickness for joint determine that 

the strength and plasticity are different along the plate 

thickness. The top of the joint is wide and has coarse grains, 

Fig.3 Tensile stress-strain curves of TC18 BM (a) and the 

different slices of samples by electron beam welding at 

different strain rates: (b) top, (c) middle, and (d) bottom

0 2 4 6

0

300

600

900

1200

E
n
g
i
n
e
e
r
i
n
g
 
S
t
r
e
s
s
/
M
P
a

Top ε =10

-5

 s

-1

Top ε =10

-4

 s

-1

Top ε =10

-3

 s

-1

Top ε =10

-2

 s

-1

b

0 5 10 15 20

0

300

600

900

1200

1500

E
n
g
i
n
e
e
r
i
n
g
 
S
t
r
e
s
s
/
M
P
a

BM ε =10

-5

 s

-1

 BM ε =10

-4

 s

-1

BM  ε =10

-3

 s

-1

BM ε =10

-2

 s

-1

a

0 2 4 6

0

300

600

900

1200

E
n
g
i
n
e
e
r
i
n
g
 
S
t
r
e
s
s
/
M
P
a

Middle ε =10

-5

 s

-1

Middle ε =10

-4

 s

-1

Middle ε =10

-3

 s

-1

 Middle ε =10

-2

 s

-1

c

0 2 4 6

0

300

600

900

1200

E
n
g
i
n
e
e
r
i
n
g
 
S
t
r
e
s
s
/
M
P
a

Engineering Strain/%

Bottom  ε =10

-5

 s

-1

Bottom  ε =10

-4

 s

-1

Bottom  ε =10

-3

 s

-1

Bottom ε =10

-2

 s

-1

d

·

·

·

·

·

·

·

·

·

·

·

·

·

·

·

·

Lamellar secondary α phase

β phase

β phase

Lamellar secondary α phase

Primary α phase

0.5 µm

b

a



2008 Han Wen et al. / Rare Metal Materials and Engineering, 2018, 47(7): 2005-2010

which lead to the lowest intensity. Compared with the top 

slices, the middle and bottom slices are narrow, and the 

grain size of the middle slices are bigger than that the 

bottom. So the intensity of the bottom slices is higher than 

of the middle and the top.

The plastic deformation mechanism changes the 

Ti-6Al-4V alloy intensity by strain rate. The major 

deformation mechanisms are found to be dislocation glide 

at low strain rate. But it changes into twin at high strain

rate

[9]

. The TC18 alloy is a type of α-β titanium alloy which 

is rich in β-stablizing elements. The increase of strain rate 

results in the increase of dislocation density. It changes into 

twin at high strain rate, and then the intensity increase too.

2.3 Strain hardening behavior

The hardening capacity (H

c

) of a material was defined as

[10]

:

UTS YS UTS

c

YS YS

1H

σ σ σ

σ σ

−

= = −

(1)

Where σ

UTS

 is the UTS and σ

YS

 is the YS of the material. The 

obtained hardening capacity of the BM and the EBW slices 

through thickness are shown in Fig.5. The hardening capacity 

of EBW slices decreases with increasing strain rate. The 

hardening capacity is significantly enhanced at the middle and 

bottom slices compared with the top slice. Normally, when a 

material is strengthened, the YS increases while the hardening 

capacity decreases since the capacity of dislocation storage 

decreases during plastic deformation

[11, 12]

.

Fig.6 shows a Kocks-Mecking type plot of strain hardening 

rate (d

σ

/d

ε

) vs. net flow stress (σ-σ

y

) at a strain rate of 1×10

−2

s

−1

. It is seen that the strain hardening rate decreases linearly in 

the BM and EBW samples, exhibiting stage III strain 

hardening behavior followed by stage IV hardening, due to the 

occurrence of dynamic recovery as the stress reaches a point 

where dislocation annihilations takes place in stage III

 [13]

, 

without the presence of stage I hardening (or ‘easy glide’ 

which depended strongly on the orientation of the crystal) or

stage II linear hardening with a constant strain hardening rate. 

The EBW samples exhibit stage III strain hardening behavior 

while the BM has stage III and IV. Maybe it is because of the 

stacking fault energy. The stacking fault energy for titanium 

alloy is 0.35 J/m

2 [14]

. In the materials with higher stacking 

fault energy, the occurrence of stage III will limit the range of 

stage II or make the stage II become an independent stage 

[11].

The strain hardening rate of the base metal and the section 

decreases linearly during Stage III, and the strain hardening 

rate of the base material slightly decreases during Stage IV. 

The plasticity of the base metal is good, because the stress 

reaches the stage III of the strain hardening after dislocation 

quench dynamic response, the base material shows strain 

hardening IV stage immediately after III stage.

Consistent with the hardening capacity, the strain 

hardening rate of the middle and bottom EBW joint slices 

are higher than that of the BM and top slice in both stages 

III and IV. Strain hardening of a material is sensitive to the 

dislocation strain field interaction, hence the Taylor 

dislocation contribution (σ

d

=M

α

Gbρ

1/2

) is significant

[13]

, 

where G is the shear modulus, b is the Burgers vector, M is 

the Taylor factor and α is a constant. As the number of 

dislocations increases during deformation, the spacing 

among them becomes smaller and their interactions are 

more repulsive, which ultimately increase the resistance to 

deformation. On the other hand, the higher strain hardening 

rate in the EBW joints at higher strains or later stage of 

deformation might can be attributed to the larger grain size 

in the FZ, since the larger grain size leads to the stronger 

dislocation storage capacity at later stage of higher strains.

2.4 Fractography

Fig.7 shows the fracture surfaces of the TC18 BM and 

different slices of EBW samples tested at a strain rate of 

1×10

-4  

s

- 1

.  The fracture morphology in the BM is 

characterized by the ductile fractures with a plenty of 

equiaxed and tearing dimples (Fig.7a). The fracture 

morphology of the top section shows quasi-cleavage and 

intergranular dimple fracture features with lots of cleavage

steps, river patterns and tearing ridges. From middle to 

Fig.4  Effect of strain rate on yield strength (σ

YS

) (a), ultimate tensile strength (σ

UTS

) (b), and elongation (c) of BM, top, middle and 

bottom slices of samples by electron beam welding
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Fig.5  Effect of strain rate on the hardening capacity of BM, top, 

middle and bottom slices of joints by electron beam 

welding

Fig.6  Strain hardening rate vs net flow stress (σ-σ

y

) in BM and 

joint slices by electron beam welding (top, middle and

bottom) along the thickness direction tested at a strain rate 

of 1�10

-2

 s

-1

 

Fig.7  Tensile fracture morphologies of the TC18 BM (a), top (b), middle (c), and bottom (d) of EBW samples at a strain rate of 1�10

-4 

s

-1

 

bottom the cleavage steps decrease and the dimples increase.

The reason can be explained from the microstructure and 

grain morphology of the TC18 BM and different slices of 

EBW samples. More detailed analysis has been discussed in 

Sections 2.1 and 2.2. As discussed above, the BM shows 

better ductility than FZ, and the bottom shows better 

ductility than the top of the joint.

3  Conclusions

1) The microstructure across the welded joint exhibits a 

considerable change, mainly consisting of coarsened β

phase and secondary α phase in the FZ. The grain size of 

columnar β in the bottom is finer than that in the top.

2) Compared with the BM, the joint slices along the 

thickness exhibits a lower strength and plasticity. The 

maximum YS and UTS of the weld slice is obtained to be 

893 MPa and 933 MPa, respectively at the strain rate of 

1×10

-2

 s

-1

, which reach 83% of those of the base metal. The 

bottom slices exhibit the higher strength and ductility than 

the middle and top slices. The strength and the ductility 

basically increase for different slices with increase of the

strain rate.

3) The hardening capacity is dying down at lower strain 

rates, but is significantly enhanced for EBW slices at higher 

strain rates. The hardening capacity is significantly 

0.00

0.02

0.04

0.06

0.08

0.10

0.01

0.001

0.0001

BM Top Middle  Bottom

0.00001

Strain Rate/s

-1

H
a
r
d

e
n

i
n
g

 
C

a
p
a
c
i
t
y

,
 
H

c

0 20 40 60 80 100

0

10000

20000

30000

40000

BM

 Top

 Middle

Bottom

S
t
r
a
i
n
 
H
a
r
d
i
n
g
 
R
a
t
e
,
 
d

σ

/
d

ε

/
M
P
a

Net Flow Stress, σ−σ

y

/MPa

Stage �

Stage �

100 µm

dc

a

b



2010 Han Wen et al. / Rare Metal Materials and Engineering, 2018, 47(7): 2005-2010

enhanced for the middle and bottom slices compared with 

for the top slice and decreases through thickness with 

increase of the strain rate for the base metal and the EBW 

slices.

4) The EBW samples exhibit stage III strain hardening 

behavior. Consistent with the hardening capacity and strain 

hardening exponent, the strain hardening rate of the middle 

and bottom EBW joint slices is higher than that of the top 

slice.

5) The welded joints fail in weld zone. The fracture 

process of the top slice is cleavage fracture, but the fracture 

process of the middle and bottom slices are quasi-cleavage 

crack.
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