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ABSTRACT

Purpose: The presented research aims to determine the microstructural changes in
weldments of commercially pure titanium Grade 1 after welding by hollow cathode arc
discharge in vacuum and related changes in the corrosion behaviour of the weldments.

Design/methodology/approach: Macro and microstructure of weldments were studied
using optical microscopy. Corrosion behaviour of untreated Grade 1 and heat-affected
zone of weldments of Grade 1 was investigated using electrochemical testing, including
open circuit potential measurements and potentiodynamic polarisation. As an aggressive
environment, 1 M KBr water solution was used.

Findings: Welding by hollow cathode arc discharge in vacuum leads to the formation of a
coarse Widmanstétten structure in the heat-affected zone. This imperfect structure results
in a passive layer with worsened protective properties, thus increasing the corrosion rate of
weldments by up to two orders of magnitude compared to Grade 1 in as-received condition.
The passive layer on the welded surfaces did not allow Grade 1 to acquire a stable corrosion
potential during potenitodynamic polarization.

Research limitations/implications: Titanium and its alloys are passivating metallic
materials, and their corrosion resistance depends on the properties of a thin protective
surface layer. Changes in the underlying metal microstructure can affect the passivation
behaviour of titanium and the properties of this layer. Welding by hollow cathode arc
discharge in vacuum alters the microstructure of heat-affected zone, thereby causing
Widmanstatten microstructure to form. As the passive layer over that microstructure has
worsened protective properties, we suggest additional heat treatment after welding to be
applied. Future experimental research on this topic is needed.

Originality/value: Welding by hollow cathode arc discharge in vacuum is a welding
method allowing weldments to be done in a clean environment and even in space. In the
specialised literature, information on the structure and corrosion resistance of weldments of
commercially pure titanium Grade 1 welded by hollow cathode arc discharge in vacuum is
missing. The present research fills in a tiny part of this gap in our knowledge.

Keywords: Titanium Grade 1, Hollow cathode arc discharge welding, Electrochemical
corrosion, Cathodic loop
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1. Introduction

Since titanium-based alloys possess good mechanical
properties and a low density to strength ratio, they are the
preferred material in aerospace and spacecraft industries.
Furthermore, titanium and its alloys are used as a
biocompatible material [1,2], and as a material for reinforced
aluminium alloys matrix composite [3]. Most constructions
of titanium alloys are usually joined using welding process.
As titanium has a high affinity to oxygen and hydrogen, one
of the shortcomings of titanium alloys during welding is the
possibility for interaction with these two elements, leading
to brittleness. This can be avoided using protective
atmospheres such as inert gas or vacuum. Thus, welding by
hollow cathode arc discharge in vacuum allows producing
free of impurities weldments. Since titanium and its alloys
are used in the aerospace industry, hollow cathode arc
discharge in vacuum offers a good possibility for welding in
space as shown in [4,5].

It is a well-known fact that titanium possesses excellent
corrosion resistance. Despite being a highly reactive metal,
titanium is a passivating metal as described in [6], i.e. when
titanium is exposed to air or to an environment containing
moisture, a thin protective surface oxide film of TiO, forms
spontaneously [6-8]. The strong affinity of titanium for
oxygen leads to an instant repair of this oxide film in the
presence of even small quantities of oxygen or moisture [7].
Thus, the corrosion behaviour of titanium and its alloys
depends on the stability and properties of the protective
surface oxide film. Nevertheless, as corrosion resistance
depends not only on the material properties but on the
characteristics of the environment too, a material with
absolute corrosion resistance does not exist. All metals,
including titanium and its alloys, are prone to corrosion
damage in specific media at specific conditions. The
specialised literature reveals that titanium and its alloys
suffer pitting corrosion in bromine solutions. Beck [9,10]
has described the mechanism of pitting corrosion on
titanium surface in bromine-containing media. Experiments
in similar media were also done by other researchers [11-15].

In our previous work [16], we have shown severe pitting
corrosion of weldments of titanium Grade 5 in a bromine-
containing solution. Thus, as titanium and its alloys are
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corrosion resistant in the most used media, bromine
solutions are suitable to estimate titanium corrosion
properties and the influence of different technological
processes on those properties. Unfortunately, data on the
corrosion behaviour of weldments of titanium alloys
produced using hollow cathode arc discharge in vacuum are
missing in the specialised literature.

The present work aims to assess the influence of hollow
cathode arc discharge welding in vacuum on the structure
and corrosion properties of CP titanium alloy Grade 1.

2. Materials and methodology
2.1. Materials

The objects of the present study were weldments of
commercially pure titanium CP-Ti Grade 1 with nominal
chemical composition in weigth per cent as shown in Table 1.
Using Niton™ XL2 handheld XRF Analyser, the iron
content in the studied here CP-Ti was found to be 0.117
wt%. Welding was done by hollow cathode arc discharge in
vacuum using the welding modes shown in Table 2. The
welded sheets were with dimensions 100 x 50 x 2 mm. More
information about the welding process can be found in [17].

Table 1.
Chemical composition of CP-Ti Grade 1

The maximum content of elements in CP-Ti Grade 1, wt%

Fe o N C H
0.20 0.18 0.03 0.1 0.015
Table 2.
Welding modes
Welding Welding  Cathode Plasma-
Current, forming
mode speed, shape and
A 1 . gas flow
No mm s size 1
rate, 1 h
1 115 4y Round @554
4 mm
Elliptycal,
4 130 6.5 5.6x2 2.3-4
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The electrochemically tested specimens were made after
tensile testing of the weldments, done previously on Instron
3384 machine [17]. Figure 1 represents the fractured
weldments; parts of them at the fracture spot were cut and
used for corrosion assessment of the weldments. It is visible
from Figure 1 that the fracture occurred at the heat-affected
zone, i.e., electrochemical testing was performed on the
heat-affected zone. The tested specimens were designated as
follows: Delivery for the untreated CP-Ti Grade 1, S1 for the
specimen welded according to mode 1, and S4 for the
specimen welded according to mode 4.

2.2. Testing methods

The macrostructure of the weldments was revealed after
grinding, using a reagent containing 15 ml of HNO3, 10 ml
of HF and 75 ml of dH,O, and was observed using
microscope inspection tool. The microstructure was studied
by optical microscopy after grinding, polishing and etching
with a mixture of 30 ml of C3HgOs, 10 ml of HF, and 10 ml
of HNOs. The grain size was determined using Image]
software [18].

a)

b)

Fig. 1. Weldments after tensile testing: a) specimen S1;
b) specimen S4

Before electrochemical tests, grinding and polishing
were applied to the specimens; then the specimens were
washed and degreased. Electrochemical testing was carried
out at room temperature in a 1 M KBr water solution open
to air. Two tests were performed: 1) measurement of open
circuit potential for 60 minutes; 2) potentiodynamic
polarisation in the range of -450 mV (NHE) to +1400 mV
(NHE) using a RADELKIS OH-405 potentiostat connected
to a USB digital controller NI-USB 6008 and a computer. A
standard three-electrode cell, consisting of a saturated
calomel electrode as reference electrode, a Pt counter
electrode and the studied specimen as a working electrode,
was used. The working electrode area was 0.19 cm?. All
presented here potentials were calculated against the normal
hydrogen electrode. To determine the electrochemical
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characteristics of the specimens by Tafel analysis eL-Chem
viewer software was used [19].

Corrosion rates were calculated from the determined
from Tafel analysis corrosion current densities according to
ASTM G 102-89 [20,21], using the following equation:

CR = KliffEW (1)

where:

e CRis the corrosion rate in mm y';

e K;=327.103% mmguAlcm!y';

e . is the corrosion current density in pA cm?;

e pisdensity in g cm?;

e EW is the equivalent weight, dimensionless (EW was
calculated assuming the 4" valence of Ti and ignoring
the small quantities of alloying elements).

3. Results and discussion
3.1. Weldments structure

Figure 2 represents the macrostructure of one of the
weldments. An abrupt boundary between the base metal
(BM - 1) and the heat-affected zone (HAZ - 3) is observed
in Figure 2, while the transition from HAZ to fusion zone
(FZ - 4) is smooth. FZ is characterized by large, up to 3 mm
grains.

An interesting phenomenon is the enlarged and
elongated morphology of grains in HAZ observed at low
magnification and the absence of the typical HAZ with
refined (because of the thermal impact) grains. Such a
morphology was reported by Fomin et al. [22] in a T-joint of
CP-Ti and Ti-6Al-4V, and they concluded that melting
occurred till the base metal and no heat-affected zone
formed. As the weldments we have made are butt weldments
and as it is visible in Figure 2 the HAZ length is around
5 mm, we cannot assume melting occurred so far from the
thermal impact in our experiment.

Fig. 2. Macrostructure of a CP-Ti Grade 1 weldment: 1 —
base metal (BM); 2 — base metal/heat affected zone boundary;
3 — heat-affected zone (HAZ); 4 — fusion zone (FZ)
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Motyka et al. [23] give reasons for this behaviour of
titanium and its alloys after thermal impact. In contrast to
most polycrystalline metallic materials, titanium does
respond differently to grain size changes after heating and
cooling. Independently on the cooling conditions, grain
growth is observed after heating over the temperature of
o—f transformation and next cooling in titanium and
titanium alloys. This is connected to some specific Ti
properties: 1) its high self-diffusion rates, 2) low modulus of
elasticity, and low elastic energy related to the polymorphic
transformation, 3) low volume change, 4) low stresses
during the polymorphic transformation, and 5) high heat of
transformation. These are factors impeding new phase nuclei
formation but favouring grain growth. As the weldment
macrostructure demonstrates in Figure 2, the grain growth
occurred preferentially in the direction of the heat flow, i. e
parallel to the welded sheet surface. Thus, the observed here
morphology of the weldment’s HAZ is attributed to the
specific titanium nature and the direction of the heat flow
during welding.

Figure 3a represents the microstructure of the base metal
in as-recieved condition. The iron content in CP-Ti Grade 1
exceeds the maximal solubility of Fe in a-Ti, and according
to the equilibrium Ti-Fe phase diagram [24] CP-Ti Grade 1
is an alloy with an equilibrium structure consisting of a(Ti),
FeTi precipitates and [a(Ti) + FeTi] eutectoid.

Nevertheless, the microstructure in Figure 3a does not
show any eutectoid. As stated in the specialized literature
[25,26], the eutectoid reaction in the Ti-Fe system goes at so
low rate that in practice it does not occur even when furnace
cooling is applied for hundreds of hours, and some B(Ti)-
phase remains at room temperature. Therefore, a-titanium
alloys, such as CP-Ti Grade 1, can be regarded as alloyed
with B-isomorphous (not B-eutectoid) alloying elements
[26]. It was reported [22,25, 27-31] that the microstructure
of CP-Ti in as-received condition consisted of a(Ti) and
intergranular B(Ti). Optical microscopy of the studied here
CP-Ti Grade 1 in as-received condition, as it is visible in
Figure 3a, reveals that the BM consists of equiaxed
o(Ti)-grains with dimensions between 7 and 80 pm and
hardly any highly dispersed B(Ti)-grains. Such an equiaxed
grains microstructure of CP-Ti is characteristic for the alloys
after recrystallization annealing.

In Figure 3b, the microstructure of the BM/HAZ
boundary is represented. A distinct and abrupt change in the
grains morphology is observed at this boundary — a sudden
change from small, equiaxed grains to large, elongated
grains is visible. As small grains are still observed in
HAZ, we can conclude the temperature at BM/HAZ
boundary was below B-transus and these small grains are
untransformed a.
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Fig. 3. Microstructure of: a) base metal; b) base metal/heat-
affected zone boundary; d) heat-affected zone; ¢) fusion zone

In Figure 3c, the microstructure of the HAZ can be seen,

and in Figure 3d — the microstructure of the fusion zone is
visible. Both microphotographs reveal that the visible at the
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macrosection in Figure 2 large grains are prior B(Ti)-grains.
As it can be seen in Figures 3¢ and 3d, inside the prior B(Ti)-
grains, colonies of long acicular a(Ti)-grains formed; these
colonies have different orientations and were differently
revealed by the etchant. The grain size of the prior B(Ti)-
grains increases from 40-95 um at HAZ to more than
200 pm at FZ (in Figure 3d only parts of prior B(Ti)-grains
are visible).

Fig. 4. Microstructure of the electrochemically tested
surfaces: a) specimen S1, welded at mode 1; b) specimen 4,
welded at mode 4

The microstructure of the electrochemically tested
surfaces is presented in Figure 4. These surfaces were
obtained after tensile testing of the weldments and represent
the position where the fracture occurred, namely, HAZ.
The higher magnification allows us to see that the observed
at lower magnification acicular a(Ti)-grains represent
Widmanstéitten microstructure. Some allotriomorphic
o(Ti)-phase is observed along the prior PB(Ti)-grains
boundaries. Similar Widmanstitten microstructure was
observed in [32].
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3.2. Corrosion behaviour of welded Grade 1

The change in the open circuit potential (OCP) of the
studied specimens is shown in Figure 5. Different behaviour
of the CP-Ti in as-received condition and after welding is
clearly visible. While the open circuit potential of the
untreated CP-Ti shows an increase with time, the welded
specimens demonstrate a decrease in the OCP. This is
indicative of the properties of the passive layers formed on
CP-Ti in as-received condition and on the welded
specimens. The decrease in OCP for the welded specimens
suggests unstable passive layers. The values of the steady-
state potential Egs of the samples can be viewed in Table 3 —
the difference between Eg of the untreated CP-Ti and HAZ
of the welded CP-Ti is more than 120 mV.

After reaching Eg the specimens were polarised starting
from -450 mV (NHE) and ending at +1400 mV (NHE).
Figure 6 shows the resulting potentiodynamic curves,
and Table 3 summarises the electrochemical characteristics
of the specimens found from the potentiodynamic curves.

250
200
—S1
> 150 ——S4
= —Delivery
* 100 b
50
0
0 10 20 30 40 50 60 70
t, min
Fig. 5. Open circuit potentials change with time
100
10
1
o 0,1 —S1
5
g 0.01 —84
= 0,001
——Delivery
0,0001
0,00001
0,000001
-500 0 500 1000 1500

E (NHE), mV

Fig. 6. Potentiodynamic curves of the specimens
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Table 3.

Electrochemical characteristics of the specimens

No Specimen Ess (NHE), mV  Ecor (NHE), mV  Eit (NHE), mV icor, MA cm™ CR, mm y"!
1 As-recieved +207 +106 +400 0.0011 0.0093
2 S1 +65 +409 +600 0.0072 0.0625
3 S4 +85 -50 +760 0.0403 0.3496

It is visible that the initial cathodic polarisation led to
changes in the passive layers shifting the corrosion
potentials Ecorr away from the steady-state potential.

The potentiodynamic curve of the specimen in as-
received condition shows anodic dissolution with a low rate,
similar to a passive behaviour, in the potential range between
the corrosion potential and the breakdown potential (pitting
potential Eg;) of +400 mV. The potentiodynamic curves of
the welded specimens demonstrate an interesting feature,
namely, multiple cathodic loops with multiple corrosion
potentials. Corrosion potentials listed in Table 3 are the
lowest potentials where the transition from cathodic to
anodic current happened for the first time; next potentials
where cathodic and anodic reactions had the same rate are
not listed in this table. Cathodic loops are described in
[8,33,34]. These loops result from a cathodic reaction that
has a higher rate than the anodic reaction. The higher rate of
the cathodic reaction on the surface of the welded specimens
is visible already at the cathodic parts of the curves — these
parts demonstrate a cathodic current density an order of
magnitude higher for the welded specimens compared to the
untreated CP-Ti. The multiple cathodic loops indicate
unstable passivity leading to pits nucleation and next pits
passivation. Figure 7 represents a pit with a diameter of
190 pm on the surface of specimen S4 after the electro-
chemical testing. Similar pits were observed on all
electrochemically tested surfaces. Thus, the abrupt increase
in the anodic current density pictures the breakdown
(pitting) potential: +600 mV for the specimen, welded at
mode 1, and +760 mV for the specimen welded at mode 4.

From all potentials at which anodic and cathodic current
densities equal, the lowermost and the uppermost are stable,
and the metal spontaneously passes to either of them [33].
This behaviour is not desired from an engineering point as it
is unknown what state the metal will become to.

Corrosion current densities icor Were determined at the
corrosion potentials listed in Table 3, and then corrosion
rates CR were calculated, assuming titanium exchanges four
electrons during its corrosion. As it is visible in Table 3, the
corrosion rate (CR) of the heat-affected zone of specimen S1
is one order of magnitude higher than the corrosion rate of
the untreated CP-Ti, and CR of specimen S4 is even two
orders higher. Thus, we can conclude that the welding
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modes used in our experiment worsened the corrosion
resistance of CP-Ti Grade 1. According to the scale of the
corrosion resistance of metals [20], CP-Ti Grade 1 is with
lower corrosion resistance in 1 M KBr after welding with an
elliptical cathode (mode 4) and resistant after welding with
a round cathode (mode 1).

Bl

Fig. 7. A pit on the electrochemically tested surface of
specimen S4

This strange behaviour of the welded specimens is a
repercussion of the coarse Widmanstitten microstructure
formed at HAZ during welding. As the resistance of titanium
and its alloys to aggressive environments is governed by
the passive layer stability, the electrochemical behaviour of
the welded specimens suggests that less perfect passive
layers formed on the surface of HAZ. A negative impact of
Widmanstétten structure on the corrosion resistance of
CP-Ti was reported in [35] too.

It is known that the breakdown of the passive layer on
titanium occurs at areas where the layer has some defects
leading to change in its electrical properties, thus allowing
Br oxidation to occur and next chemisorption of bromine
ions leading to passive layer dissolution [36,37]. In our
experiments, these processes occurred at different potentials
than the reported in the literature [36,37].

The formation of an imperfect passive layer after
welding could be avoided using heat treatment to restore the
initial equiaxed microstructure, and our future work has to
focus on this.
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4. Conclusions

1. Welding with hollow cathode arc discharge in vacuum
of CP-Ti Grade 1| leads to the formation of a coarse
Widmanstitten microstructure at the heat-affected zone.

2. The Widmanstitten microstructure at the heat-affected
zone favours the formation of passive layers with
worsened protective properties, thus increasing
corrosion rate by up to two orders of magnitude in 1M
KBr water solution.

3. The heat-affected zones of the weldments demonstrate
unstable corrosion potential in 1M KBr water solution
during potentiodynamic polarization.

4. Future experiments including heat treatment for
improvement of the passive layers protective properties
after welding with hollow cathode arc discharge in
vacuum are needed.
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