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Abstract: The quasi-static and dynamic tensile behaviors in electron beam welded (EBW) Ti-6Al-4V alloy were investigated at
strain rates of 10 and 10 s™', respectively, by materials test system (MTS) and reconstructive Hopkinson bars apparatus. The
microstructures of the base metal (BM) and the welded metal (WM) were observed with optical microscope. The fracture
characteristics of the BM and WM were characterized with scanning electronic microscope. In Ti-6Al-4V alloy joint, the flow stress
of WM is higher than that of BM, while the fracture strain of WM is less than that of BM at strain rates of 10* and 10357,
respectively. The fracture strain of WM has apparent improvement when the strain rate rises from 10 to 10* s™', while the fracture
strain of BM almost has no change. At the same time, the fracture mode of WM alters from brittle to ductile fracture, which causes

improvement of the fracture strain of WM.
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1 Introduction

Titanium and its alloys are widely used in
aeronautical industry, marine industry and petrochemical
industry, etc[1—3], due to their intrinsic properties such
as super high specific strength, good oxidation resistance,
excellent corrosion resistance and good fatigue
properties. Ti-6Al-4V alloy which is a a-f titanium alloy
is one of the most popularly utilized titanium alloys[4—7].
In practice, applications frequently require the welding
of various components to reduce the cost and difficulty
of the machining process. However, rapid heating and
cooling and filler material fusion into the weld metal
(WM) often lead to inhomogeneous metallurgical and
mechanical conditions in the welded joints, even if the
filler metal is the same as the base metal (BM) [8]. The
thermal effects associated with the welding process
usually cause the failure of a structure at its welded joints
[9]. Consequently, the welding characteristics of
Ti-6Al-4V alloy play a very important role in the
material selection for a specific application where
welding is needed.

Furthermore, in automotive, aerospace, energy and

defense applications, the structures with weldment are
often subjected to dynamic loading in service, such as
explosion and impact of foreign objects. Hence, the
understanding of dynamic characteristics on the behavior
of the welded joints is also very important for the design
of structures. In previous studies, there were reports
available on mechanical properties (impact toughness,
quasi-tensile properties and fatigue life, etc), fracture
characterization of titanium alloys and their welds. MA
et al[10] reported the microstructures, impact toughness
and fracture characteristics of linear friction welded
Ti-6Al-4V alloy joint. KISHORE et al[11] studied the
room temperature hardness, quasi-static tensile
properties and fatigue life of the Ti-6Al1-4V weldment in
the as-welded and post-weld heat treatment at two
different temperatures. However, in these previous
researches, most mechanical properties of the welded
joints were tested under quasi-static loading conditions;
little work concerned the dynamic mechanical behaviors,
especially the dynamic tensile behavior of welded
Ti-6Al-4V alloy.

In this study, material test system (MTS) and a
reconstructive split Hopkinson tensile bars apparatus
were used to evaluate and compare the mechanical
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properties of the BM and WM of Ti-6Al-4V welded
joints under quasi-static and dynamic loading conditions.
The characterization of fracture surface was also
considered.

2 Experimental

The material used in this experiment is conventional
Ti-6Al-4V  alloy sheet with nominal chemical
composition  Ti-6.09A1-4.02V-0.011C-0.14Fe-0.008N-
0.140-0.002 3H (mass fraction, %). Coupons with size
of 65 mmx48 mmx5 mm cut from the sheet were
mechanically wire brushed, acid pickled in an HF
solution and subsequently cleaned with acetone prior to
welding. Autogenously full penetration bead-on-plate
electron beam weldments were made on coupons by
electron beam welding (EBW), which would provide
high quality weld joint because of high vacuum
environment. The welding test was performed with
midsize electron beam welding machine (MEDARD43
type produced by TECHMETA Company), and the
parameters are listed in Table 1.

Table 1 Welding parameters for electron beam welding of
Ti-6A1-4V alloy

Beam  Beam Heat Work
. Speed/  Vacuum/
voltage/ current/  input/ . S distance/
_,, (mm'min ) 10 “Pa
kv mA (Jmm )
50 20 50 1200 9.33 250

The BM and WM specimens of Ti-6Al-4V joint
were prepared by mounting, grinding and polishing,
etched in a solution of 88%H,0+2%HF+10%HNO;
(volume fraction) and the microstructures were
characterized with optical microscope.

The quasi-static tensile test and dynamic tensile test
are carried out with MTS and reconstructive Hopkinson
tensile bar apparatus at strain rates of 10> and 107 s,
respectively. The reconstructive split Hopkinson tensile
bar apparatus mainly comprises an incident bar and a
transmitted bar made of d 14 mm maraging steel, and a
block made of duralumin. The specimen is put between
the incident bar and the transmitted bar stuck with
gluewater before being loaded by a tensile loading pulse
generated by the drop hammer impacting the block. A
full description of the apparatus and more experimental
theories can be found in Refs.[12—13].

In order to examine the effect of the microstructure
on tensile properties, the size of tensile test sample was
designed to make the testing region of tensile test
samples only contain the same microstructure. The size
of the testing region is 4 mmx5 mmx1.2 mm. The
specimen shape can be found in Ref.[13].

After quasi-static and dynamic tensile tests, the
specimens  were recovered and the fracture
characteristics of the specimens were investigated with
scanning  electron  microscope. The  fracture
characteristics of the BM and WM under different strain
rates were compared.

3 Results

3.1 Microstructures

Fig.1(a) shows the optical micrograph of the BM,
which is typical bimodal microstructure and consists of
equiaxed primary o grains and o/ff lamellar within prior S
grains. The white and dark regions represent a and S
phases in the optical micrograph. Fig.1(b) shows the
optical micrograph of the WM which exhibits clearly
acicular needle microstructure and is greatly different
from the bimodal microstructure of the BM. High heat
input in EBW technique increases the temperature
upwards the melting point of the Ti-6Al-4V alloy and
subsequently diffusional transformation is substituted by
martensite transformation at high cooling rates in the
vacuum environment after EBW process. The similar
observations were obtained by SARESH[14].

Fig.1 Optical micrographs of BM (a) and WM (b)

3.2 Quasi-static and dynamic tensile behaviors

The true stress—strain curves of the original BM
and WM of the Ti-6Al-4V weld joint at strain rates of
107 and 10°s™', respectively, are shown in Fig.2. Here,
the elastic parts of all the stress—strain curves were
expurgated to accurately compare the flow stress and
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Fig.2 True stress—strain curves of WM and BM at strain rates

0f 107 (a) and 10°s™! (b)

fracture strain between WM and BM at different strain
rates.

Fig.2(a) shows the true stress—strain curves of BM
and WM at the strain rate of 10 °s™". It is found that the
flow stress of WM is obviously higher (approximately
average value of 120 MPa) than that of BM, while the
fracture strain of WM is much lower (approximately
2.5%) than that of BM (approximately 11%). The
dynamic tensile results at strain rate of 10°s™" are shown
in Fig.2(b). The flow stress of WM is still higher than
that of BM (about 200 MPa), while the fracture strain of
WM is lower than that of BM. As can been seen from
Figs.2(a) and (b), the flow stress—strain behavior varies
largely under the quasi-static and the dynamic conditions
for both BM and WM. At a constant strain, the flow
stress increases by about 200 MPa with an increase of
strain rate. It is distinctly revealed that the WM is also
strain rate dependent material as well as BM. It should be
noted that the fracture strain of WM increases from
approximately 2.5% to 8% when the strain rate increases
from 107 to 10° s, however, the fracture strain of the
BM has almost no increase.

3.3 Fractographs

Fig.3 shows the fractographs of the tensile

specimens of BM and WM at strain rate of 10 °s'. The
SEM image of BM fracture surface exhibits a dimple-
like and flocculent structure, indicating a typical ductile
and transgranular fracture (Fig.3(a)). As known, titanium
alloys contain essentially no inclusions, thus high strain
concentration, which is expected to promote void
appears
microstructural features rather than inclusions. For the
case of Ti-6Al-4V alloy, most of the BM ductile failures
occurred during the process of void nucleation, growth
and coalescence, and voids nucleation occurred mainly at

coalescence type fracture, caused by

the primary a/f interface[15]. Hence, the images reveal
that the BM specimens ruptured with a ductile and
transgranular fracture mode. By comparison, the SEM
image of the WM fracture surface shows extensive
faceting characterized by predominantly intergranular
fractographic features at lower magnification (Fig.3(c)).
Furthermore, at higher magnification, the SEM image of
the WM fracture surface displays several cleavage planes
and a small quantity of fine and shallow dimples
(Fig.3(d)). The WM specimen shows typical brittle and
intergranular fracture, although several dimples can be
observed at higher magnification fractography.

Fig4 shows the fractographies of the tensile
specimens of BM and WM at a strain rate of 10°s ", In
the case of BM specimen, the characterization of the
fracture surface is similar to that of the specimen at a

strain rate of 107> s

, as shown in Fig.4(a). Many fine
dimples and tear ridges distributing over the fracture
surface can be observed at higher magnification. In the
case of WM specimen, the fractography at lower
magnifications exhibits a brittle-like and relatively flat
fracture surface. Here, analysis of titanium alloy fracture
surfaces should be done cautiously, because at low
magnifications, the relatively less ductile samples exhibit
faceted appearance, indicating a cleavage type fracture.
However, the fracture surface exhibits small and shallow
dimples which are generally indicative of a ductile
fracture because of the void coalescence observed at
higher magnifications. In the present research, a large
number of fine equiaxed dimples with diameter of 5—10
pum, appear obviously on the fracture surface at a strain
rate of 10> s™', which implies a representative ductile
fracture.

4 Discussion

In general, change of fracture modes is correlated
with temperature and strain rate. Metals exhibit more
brittle with decreasing temperature or increasing strain
rate[16]. However, metals will show more ductile if
the increasing strain rate exceeds a certain high value.
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Fig.4 Fractographs of BM (a, b) and WM (c, d) at strain rate of 10°s "

Possible explanations for this phenomenon are: 1) Heat
is generated in the material during plastic deformation
and more deformation generates more heat; 2) At higher
strain rate, the heat generated in the material has less
time to dissipate to the surroundings. Therefore,

temperature is generally the main factor which affects
the change of fracture modes during plastic deformation.
It is widely known that under dynamic loading
conditions, the adiabatic temperature rise during plastic
deformation is also considered, which can be calculated
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from

at =" [ e (1)
Py

where p is the mass density (4.4g/cm’); ¢, is the heat
capacity (611 J/(kg:°C)); 5 is the fraction of plastic work
converted into heat (7 is 0.9). According to experimental
data, the temperature rise in specimens of WM and BM
at strain rate of 10°s™! is calculated to be 50 and 58 °C,
respectively. It is found that the temperature rise in BM
is slightly higher than that in the WM. Observed from
Figs.1(a) and (b), Fig.3(b) and Fig.4(b), the fracture
strain of BM is almost not altered, which shows that the
adiabatic temperature rise scarcely affects the fracture
strain of BM at a strain rate of 10°s . In contrast, for
WM, both the improvement of fracture strain and change
of fracture mode are noted, as described in section 3.
However, no noticeable thermal softening is exhibited in
dynamic tensile curves as seen from Fig.2, which implies
that the temperature rise of 50 °C barely affects the
fracture strain of WM. Hence, the temperature rise is not
a main factor which affects the increase of fracture strain
and the alternation of fracture mode in the present
dynamic tensile results of WM. It is supposed that strain
rate is another main factor affects the fracture strain and
the change of fracture modes in quasi-static and dynamic
tensile tests.

Analysis of WM fractographs under quasi-static and
dynamic tensile conditions indicate that the fracture
strain of WM is closely correlated to the fracture modes.
Under the quasi-static tensile condition, the main factor
determines that the fracture mode of WM specimens is
grain-boundary strength which is low stress strength of
the microstructure; while under dynamic tensile
condition, it is intracrystalline strength which is high
stress strength. It is presumed that the strength of
grain-boundaries is enhanced with the elevated strain rate,
which induces that the strength of grain-boundaries is
above or equal to the intragranular strength.
Consequently, deformation is no longer localized at the
grain boundary and the fracture takes place through
ductile and transgranular mode. Owing to the difference
of the fracture modes under different tensile conditions,
the quasi-static mechanical properties of WM after EBW
process should not be simply utilized to evaluate the
dynamic mechanical properties.

5 Conclusions

1) In Ti-6Al-4V alloy joint, the flow strength of the
WM is higher than that of the BM, while fracture strain
of the WM is lower than that of the BM at both strain
rates of 10° and 10 s, The fracture strain of WM has

apparent improvement when the strain rate increases
from 107 to 10°s !, while the fracture strain of the BM
has almost no change.

2) The fracture mode of WM alters from brittle to
ductile fracture with increasing strain rate from 10 to
10%s™", which causes improvement of fracture strain of
WM from quasi-static and dynamic tensile condition.
Hence, the quasi-static mechanical properties of WM
after EBW process should not be simply utilized to
evaluate the dynamic mechanical properties, owing to
the change of the fracture modes when loading condition
changes from quasi-static condition to dynamic
condition.
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