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Abstract: In the present study, resistance upset butt welding was used as a solid-
state process for joining Ti-6Al-4V alloy. Results showed that melting and
subsequent solidification of the alloy at the joint interface promoted the development
of a cast microstructure along with some pores. However, by applying the constant
upset pressure of 1.62 MPa, the pore volume fraction decreased considerably with
decreasing the welding current from 110 A/mm? to 55 A/mm?. Hardness test results
showed that the weld interface and the base material had the highest (352 HV) and
the lowest (318 HV) values, respectively. The microstructure of the interface
consisted of & martensite and Widmanstétten laths. The tensile strength of the joints
varied between 550 and 883 MPa depending on the welding parameters used. In the
optimum condition, the maximum strength of the joint was about 94% of the base
metal strength. Fractography of samples confirmed that the formation of pores
deteriorated the strength of the joints.
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1 INTRODUCTION

As one of the most common titanium alloys, Ti-6Al-4V
is widely used in medical, aerospace, chemical and
marine industries due to the high strength to weight ratio,
good corrosion, and oxidation resistance and
biocompatibility [1-2]. Welding of this alloy with
common fusion welding processes accompanies with
some problems because molten titanium rigorously
reacts with oxygen, hydrogen and nitrogen during
welding which in turn decreases the ductility of the
alloy, severely [2]. Moreover, the formation of brittle
cast structure and non-equilibrium phases, grain growth
in the heat-affected zone (HAZ) and the development of
pores are other related welding difficulties [1-3]. Many
of these problems can be overcome using solid-state
welding processes like friction welding [4], friction stir
welding [5], explosive welding [6], and resistance upset
welding (RUW).

RUW is a solid-state welding process in which the
joining surfaces are kept in contact with each other using
a constant pressure (heating pressure). Then, the
electrical current is passed through the contact area.
Passage of electrical current produces high heat in this
region. Simultaneous application of pressure and current
will cause the components to join to each other [7-13].
The general configuration of parts and equipment used
in RUW is shown in “Fig. 1” [9], [13]. Welding time
which is the passing time of electrical current through
the parts, welding current and upset pressure are the
main parameters which can influence the quality of the
joints.
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Fig.1  Schematic illustration of resistance upset butt

welding process [9].
Up to now, RUW has been used for welding of various
alloys such as carbon steel, aluminum, superalloys,
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stainless steels and zirconium alloy [7], [10-13]. Min et
al. [14] used the RUW process for joining a special kind
of steel sheet (SPCC) that is used in the automobile
industry. Then, they evaluated the quality of the joints
by tensile and Erichsen cup tests. Their results showed
that the tensile strength of the joint was similar to the
base material. Moreover, cracks did not occur in the
weld metal after the Erichsen test. Kerstens and
Richardson [15] simulated the heat distribution in
resistance upset welding by applying different welding
parameters. Their results confirmed uneven distribution
of welding current along the faying surfaces which led
to the formation of hot spots with cast microstructure.
Hamedi et al. [9] simulated the effects of welding current
and time on the tensile strength of RUW joints.
Moreover, they compared the simulated results with the
experimental data. It was shown that variation in the
welding current had a stronger effect on strength than the
welding time. Moreover, the strength of the joint
increased with increasing the welding current and time;
reached a maximum value and then decreased.

In a similar study Le Gloannec et al. [16] simulated
RUW in the rod to tube geometry and found a good
agreement between the simulated results with the
experimental observations. The effects of RUW
parameters on the microstructure and mechanical
properties of various engineering alloys were considered
by many researchers. Sharifitabar et al. [13] investigated
the effect of welding parameters on microstructure and
mechanical properties of 304 stainless steel welds. They
showed the microstructure of the joints varied with the
welding parameter. Moreover, hot spots were formed at
high welding currents which deteriorated the tensile
strength and fatigue properties of the joints. In another
study, Sharifitabar et al. [12] considered microstructure
and mechanical properties of a dissimilar joint between
304 austenitic and 420 martensitic stainless steels. They
showed that a ferritic-martensitic region was developed
at the interface of the joints.

Ozlati and Movahedi [17] investigated the effect of
RUW parameters on the microstructure and mechanical
properties of a dissimilar joint between martensitic and
duplex stainless steels. Their results also confirmed that
microstructure and mechanical properties of the joints
were strongly influenced by welding current and
optimized at a special range of parameters. All the above
findings confirmed that RUW is a promising candidate
for welding of engineering alloys. Moreover, welding
parameters have a great influence on the microstructure
and mechanical properties of the joints. Meanwhile, for
each kind of alloy system, it is necessary to find the
effects of RUW parameters on microstructure and
mechanical properties of the joints.

Heretofore, to the best knowledge of the author, no work
has been reported on the effects of RUW parameters on
the microstructure and mechanical properties of Ti-
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based alloys such as Ti-6Al-4V in the open literature.
Therefore, the present study aimed to investigate the
microstructure and mechanical properties of the Ti-6Al-
4V welds made by resistance upset butt welding process.

2 EXPERIMENTAL PROCEDURE

characterization. The metallographic samples were
etched with a solution containing 85%H,0, 10%HF and
5%HCI after metallographic preparation. Finally, the
fracture surface of the tensile test specimen was
observed by scanning electron microscopy.

Ti-6Al-4V alloy with the chemical composition of
5.8%Al, 4%V, 0.03%Fe, 0.05%Sn, 0.01%Zr, 0.02%Si
and balance Ti (all in wt%) was used as starting material.
This alloy was produced by vacuum arc remelting
(VAR) process. Then it was hot rolled at 1123 K with a
60% reduction in area. Finally, solution treatment was
performed at 1123 K for 30 minutes in order to remove
rolling effects on the microstructure and its
homogenization. Blocks with dimensions of 50x5x3
mm? were cut from the heat-treated plate. Then, their
cross sections were polished using #1000 emery papers.
Two blocks were placed in the upset welding machine at
each step of welding. The maximum power of the
welding machine was 3 KVVA. This apparatus is used for
welding of thin samples like saw blades with one-tenth
of a millimeter to a maximum of 4 mm thickness. “Table
1” represents the welding parameters used during this
research.

Table 1 Resistance upset butt welding parameters
Sample Current Jaw Upset
name | density x10%, | Displacement, pressure,
Alm? mm MPa
w1 110 1.95 1.62
W2 110 3.95 3.30
W3 55 1.95 1.62
w4 55 3.95 3.30

Higher jaw displacement is as a result of higher upset
pressure. The selected parameters were the highest and
lowest ranges of welding power and upset pressure of
the welding apparatus. First, heating pressure was
applied to the faying surfaces. Then the electrical current
was passed through the pieces. The heat produced by
Joule heating softened the material and consequently,
the upset pressure led to the joining of two contacting
parts. The tensile test was performed while the joint
interface was in the middle of the tension specimen and
the flash was machined. This test was carried out by
INSTRON 4208 tensile testing machine at a
displacement rate of 1 mm/min. Also, the hardness test
was performed by Innova Nexus series Vickers
microhardness tester by applying 200 g load for 15
seconds across the joint interface. Optical (Olympus
VX51) and Scanning Electron Microscopes (SEM Cam
Scan MV2300) were employed for microstructure

3 RESULTS AND DISCUSSION

In the upset welding process, the required heat for
joining is produced by Joule heating via passing an
electrical current through the interface of pieces that are
in contact, together. The amount of heat produced (Q)
can be calculated by the following equation [15], [18].

Q =RI% (1)

Where, | is the current density (Ampere), R is electrical
resistance (Ohms) and t is welding time. In this welding
process, there are two types of resistances which play a
role in heating. They are contact resistance and bulk
resistance. When two samples are contacted to each
other, the real contact surface area between the asperities
of the surfaces is much lower than that of the theoretical
contact surface area. So, at the initial state of welding,
the applied current passes through these asperities. Due
to their low surface area, the current density is too high
and their temperature rises up, quickly. An increase in
temperature softens them and they become deformed
under applied pressure. The deformation of surface
asperities increases the real contact surface in such a way
that it gradually approaches to the theoretical one as the
current passes through the abutting surfaces. Higher
upset pressure causes more asperities from two surfaces
to contact each other and therefore the current flow path
will be more uniform. This led to the production of
uniform heat along with the joint interface and a good
metallurgical bond. It was previously shown that at the
beginning of the joining process, more heat is produced
by contact resistance, but it gradually decreases and the
role of bulk resistance in heat production increases [11],
[13], [18].

In the present study, for welding current, two values
were selected to obtain joints with different heat input.
In addition, by selecting two values for upset pressure,
four joints were produced to investigate the effects of
both upset pressure and welding current on the
microstructure and mechanical properties of the welded
samples. Figure 2 shows optical macrographs of the joint
interface in W3 samples. Other samples had the same
appearance, and therefore they were omitted. The heat
affected zone can be distinguished from the base metal
by colored lines on both sides of the interface. This
discoloration around the interface shows atmospheric
contamination and subsequent oxidation of this region
during welding [19].
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In solid-state welding processes like resistance upset
welding, flash butt welding and friction welding,
application of upset pressure causes repulsion of melt
and mushy metal from the joint interface during
coalescence [9]. This leads to the formation of an upset
around the contact surfaces. The formation of upset is
necessary for this welding technique because it removes
some un-wanted phases like surface oxides and melted
metal from the interface and guarantees the weld
soundness. However, the development of extra upset
may have detrimental effects on the weld quality.
Therefore, controlling the upset height may be
considered as an indirect measure of the weld quality.
The height of the upset is dependent on the contacting
surface roughness, welding heat input and upset
pressure, considerably and usually increases with
increasing the two last parameters. On the other hand,
the width of the Heat-Affected Zone (HAZ) is also
related to the welding heat input and upset pressure.
Figure 3 shows the measured width of HAZ and upset
height in different welded samples.
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Fig.3  Measured HAZ width and upset height in different
welded samples.
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It can be seen that higher welding current and upset
pressure led to the formation of a more upset and
narrower heat-affected zone for sample W2 in
comparison to the W1 joint. A similar trend was almost
observed for the W4 sample in comparison to the W3
joint. This is due to the fact that higher welding current
generated more heat at the joint interface according to
“Eq. 1”. This increased the amount of melt and mushy
metals formed in this region. On the other hand, higher
upset pressure repelled this melt and mushy metal and
led to the formation of higher upset and narrower heat-
affected zone. Figure 4 shows the results of the tensile
test performed on the base metal and welded samples
produced by different welding conditions.
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Fig. 4  Tensile test result of base material and welded
samples.

In all samples, fracture occurred at the joint interface. It
is observed that W1 joint welded with the highest
welding current and the lowest upset pressure had the
minimum tensile strength. An increase in the upset
pressure improved tensile strength in the W2 joint but a
decrease in the welding current had more effect on
tensile strength of the joints in the case of W3 sample in
such a way that it had the best tensile strength amongst
all welds. In this condition, the tensile strength of the
joint was about 94% of the base material. For the W4
sample, the strength of the joint decreased slightly with
increasing the upset pressure.

In order to have a better understanding of the effects of
upset welding parameters on the joint strength,
microstructures of those welds which had the highest
and the lowest tensile strengths were observed by optical
and scanning electron microscopes. Figures 5(a) and (b)
show low magnification SEM micrographs of the joint
interface for W1 and W3 samples, respectively. For both
of them, pores were formed during joining. However, by
comparing these two macrographs, it is observed that the
number and size of pores are considerably lower in the
case of the W3 joint.
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Fig.5 SEM microstructres of the joint interface in:
(a): W1 and (b): W3 samples. Higher magnification SEM
micrographs of (c): pore and (d): joint interface

As stated by Kerstens and Richardson and Song [15],
[18], the heat generated at the faying surfaces during
welding was higher than that was produced by bulk
resistance. As a consequence, the higher amount of heat
developed more liquid metal at the interface. During
upsetting, the liquid metal near the edges of the contact
surfaces was rejected as flash and replaced with mushy
metal, but the liquid metal at the center of the interface
was trapped and solidified. Since the welding process
was performed in ambient air and the cooling rate was
too high, a large number of pores were formed in the
molten metal as a result of trapping air gases including
oxygen, hydrogen and nitrogen in the melt. However, by
exerting higher upset pressure, more liquid metal was
rejected from the interface which in turn decreased the
pore volume fraction, considerably.

Similar results were reported by Sharifitabar et al. [13]
during resistance upset welding of 304 austenitic
stainless steel. Higher magnification SEM micrographs
of pore and the joint interface are shown in “Figs. 5(c)
and (d)”, respectively. It is evident that due to the high
cooling rate of the joint interface after the welding
process, non-equilibrium microstructure including &
martensite laths and Widmanstétten structure was
formed at the joint interface [20].

Optical micrographs of the Ti-6Al-4V base plate in
different magnifications are shown in “Figs. 6(a) and
(b)”. The microstructure is bi-modal and contains a-3
islands and equiaxed o grains. On the other hand, the
weld zone microstructure in “Fig. 6(c) and (d)” contains
6 martensite, a-fp Widmanstétten laths and grain
boundary a-phase which was formed at the primary
grain boundaries.

AR

Fig.6  Optical micrographs of Ti-6Al-4V alloy:

(a), (b): parent metal, (c) and (d): weld zone.
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It was previously stated that in Ti-6Al-4V alloy,
martensite phase is formed under rapid solidification and
cooling rate through a shear-type diffusionless
transformation [19]. Furthermore, it is worth noting that
both martensite and Widmanstétten microstructural
features have detrimental effects on the elongation of the
alloy [21].

In order to assess the effect of welding parameters on
fracture mechanism, fracture surfaces of tensile test
specimens were observed by SEM. Figures 7(a) and (b)
show fracture surfaces of W1 and W3 specimens,
respectively.

Fig. 7 SEM fracture surface features of :(a): W1 and
(b): W3 samples, (c) and (d): are higher magnification
of S region, respectively, (e) and (f): are higher magnification
of D region.

Two different regions can be distinguished in these
figures which are named by S (Retrieved from sound)
and D (Retrieved from defective) letters on them. Also,
these two regions are separated by a black line. The S/D
area fraction is much higher in the W3 sample. Higher
magnifications of the S region in W1 and W3 samples
are shown in “Figs. 7(c) and (d)”, respectively. The
presence of dimples confirms the ductile fracture mode
of the alloy in this region.

There are three long dendrite-like features in the fracture
surface of the W1 sample which were formed as a result
of melt solidification after the welding process.
Furthermore, some lath-like features are detected which
show the origination of cracks from the plate-like
martensite phase. On the other hand, the D region has
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some voids with inter-granular fracture features as
represented in “Fig. 7(e)”. The fracture surface near a
void is shown in “Fig. 7(f)”. It is observed that the
fracture mode is completely ductile with fine dimples.
Moreover, the inner surface of the void is covered with
a smooth thin adhesive layer which may be titanium
oxide film.

It was previously stated that an increase in the welding
current increased the amount of liquid metal formed at
the joint interface in the W1 sample compared to the W3
joint. On the other hand, low welding pressure in sample
W1 did not repel all the liquid metal from the interface.
So, the dissolution of gases in the molten metal led to the
formation of lots of pores during solidification. These
pores had a detrimental effect on strength and therefore
this sample had low tensile strength. The D region with
a considerable surface area in “Fig. 7(a)” is
representative of the solidified region containing
porosity.

The application of higher welding pressure rejected
more liquid metal from the interface. As a result, the S/D
area fraction increased which improved the strength of
the joint in the W3 sample.

The results of the micro-hardness test across half of the
joint length for the W1 and W3 samples are presented in
“Fig. 8”.
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Fig. 8  Microhardness distribution graph across the weld
interface in W1 and W3 joints.

The hardness variation trends in the two samples are
almost the same. The joint interface has the highest
hardness and it gradually decreased toward the base
metal. Higher hardness in the joint interface most
probably is due to the formation of martensite and
Widmanstatten laths in this region, as well as the
dissolution of atmospheric gases in the weld metal. It is
generally accepted that in titanium alloys, the dissolution
of oxygen in the weld metal increases hardness and
deteriorates their ductility [2].
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4 CONCLUSION

In the present study, microstructure and mechanical
properties of resistance upset welded Ti-6Al-4V alloy
were investigated. The obtained results can be
summarized as follows.

1- Pores were formed at the joint interface in all samples
and welding parameters including welding current and
upset pressure had considerable influence on the volume
fraction of pores. It was shown that melting and
solidification was the main reason for the formation of
pores.

2- Microstructural observations indicated the presence
of martensite phase along with the Widmanstatten
structure at the joint interface. As a consequence, the
joint interface hardness had the highest value and it
gradually decreased toward the base metal.

3- In the optimum condition, the tensile strength of the
joint was up to 94% of the base metal. Fractography of
the samples indicated that the presence of pores was the
main reason for decreasing the joint strength.
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