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ELECTROCHEMICAL BEHAVIOUR OF TEXTURED BETA C TITANIUM ALLOY IN 3.5% NaCl SOLUTION

The corrosion behaviour of a thermo-mechanically treated Beta C titanium alloy in a 3.5 wt% NaCl solution was investigated
in this study. Thermomechanical processing prejudges titanium alloys to improve corrosion properties. Scanning electron micros-
copy and electron-backscattered diffractions were used to investigate the microstructural evolution and grain orientation after
thermo-mechanical processing. The electrochemical characteristics of Beta C titanium alloy were examined using electrochemical
impedance spectroscopy (EIS), corrosion potential, and corrosion current density measurements. The 45 percent deformed speci-
men experiences significant plastic deformation with increased dislocation density, resulting in strong ND //<111> orientation.
However, the annealing after deformation exhibits a strong g-fiber texture with the lowest in-grain misorientation, which contributes

to improving the corrosion resistance of the titanium alloy.
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1. Introduction

Beta titanium and its alloys are growing ever more crucial
from both an ecological and economic standpoint [1,2]. They
have a high strength-to-weight ratio, formability, and high cor-
rosion resistance and have been widely used in a broad range of
applications ranging from the maritime to the chemical sector, all
of which have benefited from titanium’s exceptional mechanical
as well as electrochemical properties [3-6]. Amongst all beta
titanium alloy, Ti-3Al-8V-6Cr-4Mo-4Zr (Beta C) titanium alloy
have been proposed for use in drill pipe, casing, tubing, pipe-
line, offshore vessels, and fasteners [7,8]. Each material must
go through thermomechanical processing to be developed into
a product. This alloy can obtain a wide range of mechanical
and microstructural properties by altering the processing plan
and subsequent thermal treatment. The titanium alloy Beta C
is a well-known forgeable material [9,10]. Understanding crys-
tallographic grain orientation following deformation and subse-
quent annealing is a critical characteristic to orient the various
material properties. Beta C titanium alloy bears both (111) and
(100) oriented grains, where, the former one holds higher surface
energy than the latter one [11,12]. In the marine environment,
titanium has the potential to swiftly produce a compact, stable,
inert protective oxide coating, TiO, [8,12]. Given the long-term

exposure of ships to seawater (sodium chloride), including their
lengthy voyage, several alterations occur quickly and sponta-
neously on the metal surface. Previously, the oxide layers on
titanium surfaces were described using a variety of approaches,
each of which related to different external responses [4,6].
Numerous investigations have been carried out to understand the
behaviour of Ti6Al4V alloy and pure titanium in NaCl solution
[13-20]. The phase stability, microstructural evolution, corro-
sion process, and mechanical properties are well elucidated for
these alloys. Efforts to employ beta-titanium alloys for marine
applications have increased in recent years. The oxide film of
beta-titanium alloys has primarily been studied empirically [21].
These include examinations into alloy chemical sciences, the
utilization of multiple electrolytes, the atmosphere, temperature,
and type of alloy. As part of practical application, thermome-
chanically driven corrosion studies have an effect on the mate-
rial’s durability in a certain niche. Electrochemical impedance
spectroscopy (EIS), corrosion potential, and corrosion current
density measurements are used to investigate the electrochemi-
cal properties of Beta C titanium alloy exposed to salt water.
Furthermore, the efforts to comprehend the relationship between
the corrosion behaviour of Beta C titanium alloys and micro-
structural evolutions such as grain orientations and grain size
are unprecedented.
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2. Materials and method

A extrudate and annealed solid bar of beta titanium alloy
(Beta C™) was used in the present investigation. The chemical
compositions of Beta C titanium alloy are 72.94 wt.% Ti, 3.60
wt.% Al 7.61 wt.% V, 5.90 wt.% Cr, 5.25 wt.% Zr, 4.60 wt.% Mo
[22]. The cylindrical specimens were wire-cut in size measuring
10 mm x 15 mm. In this study, three distinct specimens were
used such as as-received, deformed, and annealed specimens.
Metallographic polishing was done after wire-cut using emery
paper including 400, 800, 1000, 1500, and 2000 grit followed
by a mirror finish with alumina suspension. The deformed speci-
men was prepared by the uniaxial compression test (5980 series,
Instron, UK) with a thickness reduction of up to 45%. Further, the
45% deformed specimen was annealed using a tubular furnace
at 800°C for 2 hours in an argon atmosphere followed by water
quenching, which is referred to as annealed specimen.

The X-ray diffraction (XRD) patterns were measured with
a PANalytical XPert Pro Basic X-ray diffractometer unit using
CuKo radiation with a wavelength of 0.15 nm at a scanning speed
of 0.15 °/s to acquaint with the phases present in the processed
titanium alloy. Hardness tests were carried out on the plane per-
pendicular to the deformation direction using a micro-hardness
tester (Make-Matsuzawa, and model MMT-X7, Japan) using
Vickers scale (HV) for 10 s dwell time and at 300 grams of load.
The microstructures of all the specimens were observed using
SIGMA, Carl Zeiss Field Emission Scanning Electron Micros-
copy (FESEM). FEI™ Quanta-3d field emission gun (FEG) SEM
equipped with a TSL-EDAX™ EBSD detector was employed
for electron backscattered diffraction (EBSD). EBSD scans for
all the specimens were taken with 20 kV voltage, 300 pm x 300
pum scan area, and 50 nm step size on a plane perpendicular to the
deformation direction with identical beam conditions. Qualitative
(Inverse pole figure (IPF), image quality (IQ) map), and quantita-
tive analysis were done using EBSD techniques and were mapped
with the confidence index (CI > 0.1) to remove measurement
uncertainty points. The corrosion resistance of the as-received
(AR), deformed, and annealed Beta C titanium alloy was inves-
tigated in 3.5% NaCl (wt.%) made up of deionized water. The
pH of the electrolyte was 7.1 using Hanna Instruments USA.
In the present study, 3.5 wt.% NaCl is used as electrolyte [23].
An electrochemical setup (CH Instrument, Austin, TX, USA)
was used to record electrochemical measurements according to
the Meyer principle [24]. The electrochemical setup consists of
a single-compartment glass cell with provided position to insert
different standard electrode configurations, i.c., (a) reference
electrode (SCE) (Hg/Hg,Cl,, 3M KCL), (b) counter electrode
(CE) as the platinum electrode, and (¢) working electrode (speci-
men) and a thermometer. The whole setup was fitted to potentio-
stat assembly. In the glass container, 250 ml of 3.5 wt.% NaCl
was taken as an electrolyte. A long copper wire was soldered to
the specimen’s back keeping only one surface with an area of
0.785 cm? exposed to the NaCl solution. The specimens were
polished using a series of SiC papers up to 2500 grits followed
by a cloth finishing. Surface impurities and dirt were removed by

ultrasonication using distilled water for 20 minutes. Open circuit
potential (OCP) was performed for 2 hours with a scanning rate
0f 0.05 mV/s. Potentiodynamic polarization measurements were
acquired in the potential range of £2000 mV. The corrosion cur-
rent density (i.,,.) was calculated using Tafel plots. AC imped-
ance spectrum for the specimens was extracted at the open-circuit
potential with a scan frequency of 0.01 Hz to 100 kHz with an
amplitude of 10 mV (rms). An optical microscope was used to
evaluate the surface morphology using DMi8, Leica, Germany.

3. Results and discussion
3.1. X-ray diffraction

Fig. 1 depicts the XRD spectrum for as-received (AR),
deformed, and annealed materials. The peaks revealed that the
Beta C alloy displayed a mostly beta phase under all process-
ing settings. The intensities (110) diffracting line were nearly
the same for each condition; however, differences are notice-
able in the (200)g and (211)g peaks. Broad peaks are visible for
(200)g and (211)g diffracting lines after deformation due to the
accumulation of dislocations and subsequently rise in micro-
strain [25]. The annealed specimen peaks appear narrower than
the other two. After thermal treatment, dislocation annihilation
produced a small peak.
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Fig. 1. XRD scans of as-received, deformed, and annealed Beta C
titanium alloy

3.2. Microhardness

The changes in hardness in different conditions are shown
in Fig. 2. Hardness of the as-received specimen is 279 HV.



A certain amount of the energy remains trapped as defects (dis-
locations) during deformation and the proportion of dislocation
density increases amid higher deformation. [26,27]. The hard-
ness value improved to 353 HV due to work hardening after
45% deformation. Annealing is essential for reducing internal
stresses. As a result, as the temperature rises, the internal stresses
decreases, and the overall number of dislocations decreases. The
hardness decreases and reaches 300 HV after annealing.
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Fig. 2. Hardness values of as-received, deformed, and annealed Beta
C titanium alloy

3.3. Microstructural analysis

Fig. 3(a-c) depicts representative FESEM micrographs
obtained for several specimens. The initial microstructure of the
as-received specimen suggests that equiaxed beta grains have
a diameter of about 15 m. After 45% deformation, significant
shear localizations with micro bands within a few grains were
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noticeable microbands. Both qualitative and quantitative meas-
urements were taken using EBSD measurement instruments for
detailed microstructural examination. Inverse pole figure (IPF)
maps of as-received, deformed, and annealed specimens are
shown in Fig. 4 to understand the orientation of grains. The IPF
maps were scanned with CI> 0.1 indexing for Kikuchi patterns.
In Fig. 4(a), the microstructure shows random orientation with
ND//< 110>, and ND//< 100 > oriented grains in the as-received
specimen. The micrograph indicates the equiaxed beta grains
with majority of ND// < 110 > oriented grains.

After 45% deformation, most of the grains appear distorted
and fragmented which can be confirmed from Fig. 3(b). After
deformation, a strong g-fiber was observed in Fig. 4(b). Strong
ND// <111 > grains developed in significant numbers, and the
proportion of ND// <100 > orientated grains increased in com-
pared to the as-received specimen. Recrystallized grains are
seen in Fig. 4(c), although they are coarser than the previous
ones. And the orientation characteristics of the annealed speci-
men looked to be similar to the orientation characteristics of the
deformed specimen (ND// <111 > or ND// <100 > grains). The
darker portions in the microstructure are distorted zones with
significant dislocation density, resulting in less indexed regions.
For quantitative analysis, the misorientation angle in the beta
titanium specimens is characterized by grain boundary length that
is (a) low angle grain boundaries range 0-15°, and (b) high angle
grain boundaries range 15-65°. The AR specimen has noticeable
boundary length in both low and high-angle boundaries, as listed
in TABLE 1. However, the deformed specimen exhibits the
maximum length of the high angle grain boundary, demonstrates
grain deforms significantly during the deformation.

TABLE 1

High angle and low angle boundary length of as-received, deformed,
and annealed Beta C titanium alloy
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Fig. 3. FESEM image of (a) as-received, (b) deformed, and (c) annealed Beta C titanium alloy
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Fig. 4. Inverse pole figures of (a) as-received, (b) deformed, and (c) annealed titanium alloy

The severe deformation distorts the coarser grains into finer
one, and sometimes grains elongated or flatten led to large grain
boundary length. In compared to the other two specimens, the
annealed specimen has a much shorter boundary length for both
low and high-angle boundaries.

3.4. Corrosion study

The open-circuit potential (OCP) of as-received, deformed,
and annealed specimens in 3.5 wt.% NaCl has been shown with
time in Fig. 5(a). The initial potential (£,,) of the as-received
specimen was +11 mV (SCE). Later, the potential (E,,) of
the drop-down to —3 mV (SCE) at 1003 s and became stable
at that potential. A sharp state transition was observed for the
deformed specimen with the initial potential of -633 mV (SCE)
at 0 s, then the curve moved upward and straighten at 3205 s
with a potential of <42 mV (SCE). A hyperbolic curve pointing
downward implies that corrosion attack has accelerated near the
distorted region.

The mobile region allows the electrolyte to enter the sur-
face and change the oxide layer. The annealed specimens have
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superior corrosion resistance than the other two because the
profile reaches stability at +43 mV (SCE). The displacement
of curves in a positive direction leads to passive film formation
[29]. Despite the corrosive nature of the NaCl solution, the an-
nealed specimens’ curves stepped up higher (towards the positive
direction), demonstrating film stability. The potentiodynamic
polarisation curves of the as-received, deformed, and annealed
specimens are shown in Fig. 5(b). The corrosion potential
(E ), corrosion current density (i.,,,-), and corrosion rate were
calculated and tabulated in TABLE 2. The average corrosion
potentials (E,,,,) estimated from the linear polarization curve
were =507 mV (SCE), —-889 mV (SCE), and —474 mV (SCE)
for as-received, deformed, and annealed specimens. The curve
of'the as-received specimen position at corrosion current density
(i,0rr) Of 8.9 A/cm? and a corrosion potential of ~507 mV (SCE).
The curve of the deformed specimen shift towards negative po-
tential with higher 7,,,, values (13.1 pA/cm?) in comparison to
the as-received specimen. Curves altered in a positive direction
promote the growth of the passive film, whereas curves shifted
in a negative direction indicate oxide film disintegration or no
oxide production of the film [29,30]. Even a minor deformation
allows the NaCl electrolyte to enter the metal surface and cause

5 (b)
-6
Py
< -
k)
=
-8
—a— As-received
9 —e— Deformed
—+— Annealed
T T T T T
-2 -1 0 1 2
Potential/V

Fig. 5. (a) Open circuit potential, and (b) Tafel plot of as-received, deformed, and annealed Beta C titanium alloy
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Fig. 6. (a) Corrosion rate vs grain size, and (b) corrosion rate vs high-angle grain boundaries of titanium alloys

changes in the oxide film. As a result, the annealed specimen’s
curve trends to the extreme right, indicating the presence of the
protective oxide layer.

TABLE 2
Electrochemical parameters of titanium specimens Tafel
extrapolation
Specimen E.. Leom Corrosion rate
pectmens (mV) (nA/cm?) (mm/yr)

As-received —507 £5.8 10.3+0.7 0.055
Deformed —-889 + 11 16.6+1.9 0.089
Annealed —474+6.2 923+13 0.049

Fig. 6 depicts the change of corrosion characteristics
in relation to thermomechanical processing and microstructural
evolution. Fig. 6(a) depicts the relationship of corrosion rate with
respect to grain size for each specimen in NaCl solution. As ex-
pected, rising temperatures reduce the confined free energy or
strained zone, causing larger grains to form [31]. Good corrosion
resistance is observed for larger grain size and lower i, values.
Fig. 6(b) displays the plot of corrosion rate versus high-angle
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Fig. 7. Nyquist plot of as-received, deformed, and annealed specimen

grain boundary length. This implies that the annealed specimen
with the lowest grain boundary length (388 mm) had the lowest
corrosion rate. It has been demonstrated that decreasing grain
boundary length and increasing grain size lower corrosion rate.
The metal-oxide layer-electrolyte interface response was studied
using electrochemical impedance spectroscopy. The Nyquist
diagrams of as-received, deformed, and annealed specimens
are shown in Fig. 7.

The as-received specimen shows a characteristic single
capacitive loop. An oxide layer provides a lower resistance to
electrolytes affecting the surface, indicating the curve of the
deformed specimen shrinks significantly.

As a result, with aggressive electrolytes, the specimen’s
impedance will be significantly lowered. However, the an-
nealed specimen had a larger capacitive loop than the other two.
Although there is no discernible difference at the lowest fre-
quency, the impedance curve varies dramatically at higher
frequencies. Fig. 8 depicts the surface morphology of a post-
electrochemical test specimen as received, distorted, and an-
nealed. The as-received and annealed microstructures show no
traces or flaws. However, the deformed specimen micrograph
appears a little darker in shade. For the development of products,
the materials typically endure thermo-mechanical processing
which comprises deformation and annealing. During deforma-
tion, the product acquires a desired shape that is accompanied by
internal and surface stresses. Therefore, based on the findings,
the use of annealed specimens with better surface properties is
more appropriate in marine applications.

4. Conclusion

The present study was carried out to understand the elec-
trochemical response of Beta C titanium alloy (under different
conditions) upon exposure to 3.5 wt.% NaCl solution. The fol-
lowing are the main findings:

1. The annealed specimen’s grain boundary length was found
to be noticeably different (by roughly two times) from the



Fig. 8. Optical micrographs of as-received, deformed, and annealed Beta C titanium alloy

as-received specimen, which is thought to be an important
factor in improving corrosion resistance.

Following heat treatment, the surface property improved,
with the corrosion rate being lowest for annealed specimens
and highest for deformed specimens.

In contrast to the other two, the annealed specimen bears
a protective passive layer. The corrosion potential of de-
formed specimens was observed to be lowest with higher
corrosion current density, suggesting a weak oxide film
compared to the annealed specimen. Annealed Beta C
titanium alloy holds suitable performing capabilities for
marine applications.
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