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CONCLUSIONS

1- Altering the main welding parameters makes it possible to produce heat affected
zones and fusion zones of different dimensions.

2- Using an elliptical cathode instead of a cylindrical one allows to reduce the
geometric dimensions of fusion zone and heating affected zone

3- Produced weldments have lower mechanical properties viz. strength and
ductility. Enhancement of these properties could be expected after welding
modes that provide greater cooling rates.

4- Ageing after vacuum arc welding with hollow cathode leads to hardness
increase.
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The structure of Ti-6Al-4V alloy and Ti-6Al-4V weldments was examined. The welds were
produced by hollow cathode arc discharge in vacuum using tantalum cathodes and different
welding parameters. The corrosion behaviour of Ti-6Al-4V alloy and Ti-6Al-4V welds in solution
containing Br- was evaluated quantitatively using potentiodynamic polarization tests. The
corrosion behaviour of the base metal and welds was compared. Open circuit potential, pitting
potential, corrosion current densities and corrosion rates were determined. The influence of the
structure and its change during welding on corrosion behaviour is discussed in the present paper.
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INTRODUCTION

Titanium and titanium alloys are recognized as one of materials with extremely high
corrosion resistance but in some specific conditions pitting corrosion of titanium can
occur (Petit et al., 1980; Heakal and Awad, 2011; Huo and Meng, 1990). In most
environments the welds of titanium and titanium alloys possess the same corrosion
resistance as the base metal. Nevertheless, when titanium welds are exposed to marginal
or active conditions they can be subjected to accelerated corrosion attacks compared to
base metal (Davis, 2006).

Welding of Ti and titanium alloys changes their structure. It is well known that
titanium is a highly reactive metal with a standard electrode potential of -1,63 V, and its
corrosion resistance is only due to the formation of TiO2 passive film. The integrity of
this passive film is governed by its structure that depends on the underlying metal
structure. For instance, coarse metal structure is a condition for formation of less dense
oxide layer and thus for facilitation of corrosion processes (Song et al., 2009). The
passive film can be destroyed by halide ions as they cause its electrochemical
dissolution and open path for aggressive environments through it towards the bare metal
surface. Electrochemical dissolution of the oxide layer is not observed only in presence
of F-. Br-, Cl- and I- lead to breakdown of the passive film and Br- are the most effective
in this action (Basame and White, 2000). A number of researchers have reported that Ti
and its alloys undergo pitting corrosion after polarization in environments containing
bromine ions (Garfias-Mesias, 1998; Basame and White, 2000; Dugdale and Cotton,
1964; Beck, 1967; Beck, 1973; Shibata and Zhu, 1995).

The aim of the present work is to examine the corrosion behaviour of Ti-6Al-4V and
its welds in an aggressive medium containing bromine ions and to find out relationship
between the provoked by welding structural changes and corrosion resistance of the
welds.

EXPERIMENTAL PROCEDURE

The material used in this study was 2 mm thick sheet of Ti6Al4V alloy. The
specimens were prepared of as-delivered Ti-6Al-4V and of Ti-6Al-4V welded by
vacuum arc welding with hollow cathode without filler material and without groove.
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The chemical composition of the alloy was obtained by XRF and was as follows: 4.27%
V, 6.1% Al, 89.57% Ti. Table 1 shows the welding parameters. The welding was
carried out in a device for vacuum arc welding (Gospodinov et al., 2018). After
welding, specimens were cut from weldments (Figure 1a) in order to establish their
mechanical properties at tensile test.

Table 1. Welding modes

No Specimen Current Welding
speed

Tantalum foil cathode shape and
dimensions,

Gas
quantity

I, А V, m/s mm Q, l/h
1 W1 100 4.2  cylindrical ∅4 2.3-2.4
2 W2 115 4.2 cylindrical  ∅4 2.3-2.4
3 W3 130 5.5 cylindrical  ∅4 2.3-2.4
4 W4 115 5.5 elliptical 5.6 x 2 2.3-2.4
5 W5 130 6.5 elliptical 5.6 x 2 2.3-2.4

After tensile testing (results not presented here) specimens from near the fractured
surfaces were cut parallel to welding direction (along the line 1 - Figure 1b) in order to
examine welds microstructure and corrosion behaviour. A cross sections normal to
welding direction were cut for macrostructure and microstructure examination of
weldments. For macrostructural and microstructural analyses specimens were cold-
mounted in epoxy resin and prepared by grinding and mechanical polishing, followed
by final polishing with Al2O3 suspension. Then specimens were etched with a mixture
of 15 ml HNO3, 15 ml HF and 75 ml H2O for observation of macrostructure and with a
mixture of 30 ml C3H6O3, 10 ml HF and 10 ml HNO3 for microstructural analysis.

a) b)

Figure 1: a) specimens for tensile testing; b) fractured specimen

The samples for corrosion testing were cold-mounted in epoxy resin, grinded and
mechanically polished, cleaned with deionized water and acetone. The analysed surface
areas varied between 0.18 cm2 and 0.21 cm2 as the thicknesses of different welds were
different. Potentiodynamic polarisation tests were carried out at room temperature in
1 M KBr aqueous solution open to air. A standard three-electrode cell was used with a
saturated calomel electrode (SCE), a Pt counter electrode and the studied sample as a
working electrode. All potentials were calculated versus standard hydrogen electrode
(SHE). Before polarisation, all specimens were allowed to stabilise for a period of 120
minutes. The scan rate was 1 mV/s. The polarisation potentials changed from -450
mV/SHE to +2200 mV/SHE. Potentiostat RADELKIS OH-405 was used. Using Tafel
extrapolation corrosion current densities icor and corrosion potentials Ecor were
determined. Pitting potentials Epit were determined from polarisation curves as the
points at which a sharp increase in anodic current density was observed. Corrosion rates
CR were calculated according to ASTM G102 – 89 (2015). As the fracture of all
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specimens was brittle (Figure 1b) it was assumed the tensile testing did not influence
the structure and corrosion behaviour of tested specimens.

RESULTS AND DISCUSSION

Structure of Tested Specimens

Figure 2 represents a cross section of one of the Ti–6Al–4V weldments. The
remaining specimens had the same macrostructure and are not shown here. The fusion
zone (FZ) was composed of coarse (2÷3 mm) grains, elongated towards fusion line. The
transition from FZ to heat-affected zone (HAZ) was characterised by inhomogeneous in
shape and dimensions grains. Within HAZ grain size decreased towards base metal
(BM). The boundary between HAZ and BM was abruptly outlined.

Figure 2. Macrosection of a weldment: 1 – Base metal (BM); 2 – Boundary “Base
metal/Heat-affected zone” (BM/HAZ); 3 – Heat-affected zone (HAZ); 4 – Boundary

“Heat-affected zone/Fusion zone” (HAZ/FZ); 5 – Fusion zone (FZ)

Figure 3a shows the microstructure of the base metal. The structure of as-received
Ti-6Al-4V consisted of two phases: α phase appeared white and intergranular β phase -
black. The α-grains were elongated along the rolling direction of the metal sheet that
was normal to welding direction. The same microstructure was reported by (Romero et
al., 2015). At lower magnification this fine two-phase structure appeared dark –
Figure 3b. Figure 3b represents the microstructure at the boundary between the BM and
the HAZ. The transition from BM to HAZ showed abrupt changes in microstructural
features: grain shape changed from elongated to equiaxed and grain size increased. This
fact indicated occurrence of recrystallization and phase transformations in the heat-
affected zone implying that the temperature at HAZ was above β transus temperature of
the alloy. Within HAZ a gradual increase in grain size was observed: larger grains were
formed towards FZ. Near the boundary BM/HAZ the structure of HAZ consisted of
comparatively fine, equiaxed recrystallized primary α grains (white) and acicular α+ β
colonies (dark). In the direction of FZ the temperature of HAZ increased gradually
during welding and thus phase transformation processes coarsened the microstructure in
the same manner - Figure 3c. Meanwhile, the increased temperatures in HAZ towards
FZ changed the phase composition: the amount of primary α grains decreased but that
of acicular α+β colonies increased and colonies of acicular α’+β were formed
(Figure 3c). A similar microstructure was observed by (Akman et al., 2009; Romero et
al., 2015) and it is characteristic for quenching form temperatures below the β transus
temperature.

Figure 3d represents the microstructure at the HAZ/FZ boundary and Figure 3e – at
the FZ normal to welding direction. The transition from HAZ to FZ was characterised
by a mixture of equiaxed and elongated colonies of acicular α’+β; this microstructure
was caused by partial melting. At the FZ acicular α’+ β colonies of different shape and
dimensions were observed together with allotriomorphic α at prior β-grains boundaries.
This microstructure implied that the cooling rate at the fusion zone was insufficient for
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quenching. The same microstructure at FZ was observed at the tested for corrosion
resistance surfaces - Figure 3f, i.e. grain size and shape along the weld and normal to it
were identical.

a) b) c)

d) e) f)

Figure 3. Microstructures of a weldment: a) as-delivered Ti-6Al-4V (position 1 in
Figure 2); b) boundary BM/HAZ (position 2 in Figure 2); c) HAZ (position 3 in Figure

2); d) boundary HAZ/FZ (position 4 in Figure 2); e) FZ (position 5 in Figure 2);
f) FZ along the weld

Polarisation Behaviour of Ti-6Al-4V and Welds in 1M KBr Aqueous Solution

The voltammetric behaviour of as-delivered Ti-6Al-4V and tested welds is presented
in Figure 4. Before anodic polarization all specimens were held in the solution for
120 min. in order to stabilise to OCP. Table 2 summarises the OCPs and the corrosion
parameters obtained from polarization curves. OCPs of the welds were lower than that
of the BM and this suggested the welds were more prone to corrosion than the BM.

Potentiodynamic polarization curves of Ti-6Al-4V and all welds were similar in
shape. The similarity between curves at their cathodic parts indicated that the cathodic
reactions on all tested surfaces were alike. As the used medium was neutral, the
cathodic reaction was oxygen reduction leading to OH- formation.

A cathodic current can result in a reduction of the protective oxide layer, thus
activating the metal surface (Riskin, 2008). As the corrosion stability of titanium and its
alloys is totally dictated by the protective properties of the passive layer, highly
reducing potentials can have deteriorating influence on layer’s integrity and corrosion
resistance. This phenomenon was observed in our experiments and was demonstrated
by the differences in OCPs and Ecor (Table 2); similar results were reported by (Heakal
and Awad, 2011). Moreover, the deteriorating influence of initial cathodic potential in
combination with that of Br- on protective properties of the passive layer led to absence
of passive regions at the anodic parts of polarization curves; at anodic parts of all
polarization curves, at potentials below 700-800 mV, slow anodic dissolution was
observed. The measured anodic current densities of welds were higher than that of the
BM and this fact indicated that less stable passive film was formed on welds’ surfaces.
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Figure 4. Potentiodynamic polarization curves of Ti-6Al-4V and welds in 1M KBr

Table 2. Electrochemical corrosion parameters of Ti-6Al-4V and weldments

Specimen OCP, mV Ecor, mV Epit, mV icor, μA cm-2 CR, mm/y
As-deliverd 115 -44 800 3.6 0.031

W1 25 -58 730 12.6 0.110
W2 75 3 900 9.6 0.083
W3 65 -19 800 4.5 0.039
W4 55 -22 930 23.4 0.203
W5 55 -18 900 9.8 0.085

As the potential increased in positive direction, current densities increased sharply at
Epit. Deep wide pits were observed on tested surfaces after polarization - Figure 5.
During polarization above Epit a yellow-orange solution was observed directly above the
tested surfaces. That colour is characteristic for TiBr4 and TiOBr2. After polarization
white precipitates, consistent with TiO2 and TiO2+, were observed in solution. A
similarly coloured solutions and precipitates were observed by (Beck, 1973). These
corrosion products and the pitted surfaces of specimens clearly indicated that the sharp
rise in current densities was due to pitting corrosion and not only to oxygen evolution.
They also indicated that the pitting corrosion mechanism of Ti-6Al-4V and its welds
was the proposed by Beck model (Beck, 1973) of salt film formation and its hydrolysis
near the metal surface.

Figure 5. Tested in 1M KBr surface of specimen W2 after polarization

The lowest icor and CR were calculated for as-delivered Ti-6Al-4V (Table 2). This
information combined with the highest OCP and lowest anodic current densities bellow
Epit of BM led to conclusion that the welds were with lower corrosion resistance than
the BM. The worsen corrosion behaviour of welds was attributed to their coarsened and
transformed structure. The oxide film on self-passivating metals generates at grain
boundaries. The BM was with finer structure than welded metal thus allowing a denser
passive layer to be formed on its surface and to be kept relatively stable.

CONCLUSIONS

The presented experimental results allow the following conclusions to be made:
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1) Vacuum arc welding with hollow cathode without filler material and without
groove leads to formation of classical welded structures of Ti-6Al-4V.

2) The coarsened structure at the fusion zone of Ti-6Al-4V welds after vacuum arc
welding with hollow cathode without filler material and without groove can increase the
corrosion rate up to one order.

3) Titanium alloy Ti-6Al-4V and its welds undergo severe pitting corrosion in
1M KBr aqueous solution. The pitting corrosion mechanism is that, described by Beck.
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