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Abstract: Corrosion resistance of untreated (B265TiN),
quenched (B265TiQ), and annealed (B265TiA) B265 tita-
nium alloy was studied in 2-10 M H,SO, + 10% NaCl
solution at 30, 70, and 95°C by potentiodynamic polar-
ization, potentiostatic measurement, open circuit poten-
tial measurement, and optical microscopy. B265TiN was
the most resistant of the alloys to general corrosion at
30°C with values between 0.094 and 3.782mm/year.
B265TiQ exhibited the highest corrosion rate values
(0.210-23.399 mm/year). Its plots show significant increase
in cathodic slope. At 70 and 95°C, B265TiN exhibited the
lowest corrosion rate in 2 and 6 M H,SO,, + 10% NaCl solu-
tion, while B265TiQ exhibited the corresponding highest
values. Optical characterization shows B265TiN, B265TiQ,
and B265TiA alloys are highly resistant to corrosion in 2M
H,SO, + 10% NaCl at 30°C compared to 10 M H,SO, + 10%
NaCl, where marginal deterioration occurred on B265TiN,
significant degradation on B265TiQ, and localized degrada-
tion on B265TiA. The extent of degradation increased at
70 and 95°C. B265TiN exhibited the highest resistance to
metastable pits formation compared to B265TiQ and
B265TiA. Potentiostatic values at 70°C shows high tem-
perature exposure of Ti alloy to accelerated corrosion.
Metastable pit initiation values at 70°C are significantly
greater. Open circuit potential measurement at 30°C
shows B265TiN demonstrated least vulnerability to cor-
rosion with stable oxide formation at 2M and 6 M H,SO,, +
10% NaCl, and B265TiQ was least vulnerable at 10 M
H,S0, + 10% NacCl. At 70°C, B265TiQ was least vulner-
able to corrosion with unstable oxide formation at 2M
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and 6 M H,SO, + 10% NaCl compared to B265TiN at 10 M
H,SO, + 10% NaCl.
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1 Introduction

Titanium is a nonmagnetic low-density (60% of stainless
steel density) alloy with excellent heat conduction prop-
erties. Its coefficient of thermal expansion is below that of
steel and aluminum. The mechanical properties of tita-
nium can be significantly modified through alloying and
other manufacturing processes [1]. Their melting points
are higher than those of steels, but the optimal relevant
temperature range for structural applications is as low
as 400°C to about 600°C with respect to composition.
Mechanical properties are the primary performance char-
acteristic for titanium applications. Biocompatibility is the
most important factor in medicine. However, in industry,
corrosion resistance is the most important requirement.
Though the economic consequence for use of titanium
alloys is (a) higher than ferrous and non-ferrous alloys
in the short term, (b) the long-term operational cost is
lower, and (c) the productive lifespan and service reli-
ability are longer coupled with marginal maintenance cost.
Increased metallic production capacity and efficiency,
more efficient processing technologies, extensive market
base, and unlimited demand have significantly lowered
the cost of titanium alloys [2]. Titanium alloys are exten-
sively utilized in aviation, chemical manufacturing [3-5],
pharmaceutical [6-12], petrochemical [13,14], desalina-
tion, nuclear and energy generation, heat exchangers,
geothermal [15], mining, and biomedical industries [16-18].
Titanium exhibits higher corrosion resistance than stainless
steels in neutral chloride and oxidizing acid conditions. The
corrosion resistance of titanium is on account of a stable
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and protective resistant oxide film whose nature strongly
depends on environmental factors. The protective oxide
evolves instantaneously on titanium surface when exposed
to aqueous conditions [19-33]. The oxide remains resistive
to general and localized corrosion in most oxidizing and
neutral conditions without the need for corrosion inhibitors
like ferrous and aluminum alloys though they are vulner-
able in reducing media [34,35]. This can be mitigated
through coating of the titanium alloy. Research on the cor-
rosion study of laser cladded Ti-6Al-4V alloy in dilute
NaCl, H,SO, and HCl solutions showed that the coating
displayed a more noble corrosion behavior compared to
the untreated alloy [36]. They have weak corrosion resis-
tance in acidified fluids [37-41]. Generally, the oxide is
in the form of TiO,, though it consists of other precipi-
tates of titanium oxides at the metal interface (TiO,,
Ti,03, and TiO) [42,43].

High-temperature application of titanium alloys
tends to advance the evolution of a chemically stable,
resistant, and crystalline covering of TiO. Titanium
alloys are utilized as the liner and interior components
of steam sterilizers during the high-pressure and tem-
perature acid filtration of nickel laterite ores where they
are prone to astringent conditions of acidity, temperature,
and pressure [44]. Ti-6Al-2Sn-4Zr-2Mo alloy proves to be
more corrosion resistant than Ti—-6Al-4V [45]. Yang et al.
[46] studied the effect of solution and aging treatments on
the microstructure and the corrosion resistance of laser
solid formed Ti-6Al-4V titanium alloy and found that
aging treated Ti-6Al-4V showed corrosion resistance
in 3.5wt% NaCl solution showed corrosion resistance
which was slightly better than the as-deposited Ti—6A1-4V.
Rotating parts in jet-engine blades and gas turbine are
currently made of titanium alloys which combine high
strength and stable metallurgical structure for high tem-
perature performance. Titanium alloys exhibit good poten-
tial for high temperature utilization in turbine parts owing
to their good oxidation properties [47-51]. The corrosion
behaviors of titanium alloy in high temperature applica-
tions vary with environments. In extractive metallurgy,
titanium alloys are subjected to the deprecating action of
reducing acids. According to Yue et al. [52], B265 titanium
alloy reacted poorly in high Cl™ solution concentration and
acidic environments containing Cl~ ions. Blanco-Pinzon
et al. [53] stated that B265 titanium alloy was vulnerable

Table 1: Nominal (wt%) constituent of B265 titanium alloy
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to corrosion in H,SO, solution in the absence of alloying
elements of Pd and Ni. High temperature usage of titanium
alloys in reducing environments subjects them to operating
conditions which modify the physical, mechanical, and
metallurgical properties, and strongly influences their cor-
rosion resistance. Increased use of Ti alloys in extractive
metallurgy and other high temperature applications has
prompted research into their corrosion resistance proper-
ties in sulfuric acid solutions. B265 titanium is the most
applicable titanium alloy among the off titanium alloys.
Its corrosion resistance in HCl, H,SO, and NaCl media at
room and elevated temperatures from different production
and manufacturing techniques have been researched into
by other authors [54-64]. In contribution to the study of
corrosion resistance of titanium alloys, this article studies
the effect of heat-treatment processes and high tempera-
ture variation of acid-chloride media on the corrosion resis-
tance of B265 (Ti-6Al-4V) titanium alloy.

2 Experimental methods

2.1 Materials preparation

B265 titanium alloy (B265TiN) obtained from the University
of Johannesburg, Johannesburg, South Africa was ana-
lyzed with Phenom ProX Scanning Electron Microscope
(Model No. MVE0224651193) at the Central Laboratory,
Covenant University. The nominal (wt%) content of
B265TiN alloy is shown in Table 1. B265TiN was cut by
using a hacksaw into 15 specimens with dimensions of
1cm x 1cm x 0.5cm (length x breadth x thickness). A
total of 10 B265TiN specimens underwent annealing and
quenching heat treatment process in a muffle furnace
after heating the steel to 600°C and maintained at that
temperature for 30 min. Annealed B265TiN (B265TiA)
was gradually chilled in air, while quenched B265TiN
(B265TiQ) was chilled in deionized H,O. The temperature
within the muffle furnace was sustained with a control dial
at accuracy +10°C and connected to a thermocouple
(K-Type). A Cu wire was attached to B265TiN, B265TiQ,
and B265TiA specimens with soldering iron, and the
specimens were embedded in pre-hardened acrylic resin

Element \" Al Fe 0

C N H Y Ti

% composition 4 6 0.3 0.2

0.08 0.05 0.015 0.005 89.35
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mounts. The exposed area of the embedded specimens
(I1cm x 1cm) were thereafter grinded with emery paper
with 80, 120, 220, 600, and 1,000 grit sizes according to
ASTMG59-97 [65]. B265TiN was then burnished with
6 um diamond polishing solution and later sanitized
with deionized H,0 and C3H¢O in accordance with
ASTM G1-03 [66].

2.2 Test solution

Standard grade recrystallized NaCl (obtained from Loba
Chemie Pvt. Ltd, India) was prepared into volume con-
centrations of 10% in 400 mL of 2, 4, 6, 8, and 10 M H,SO,,
solution by adding 40 g NaCl into a beaker and filling up
to 400 mL of the required dilute H,SO, solution concen-
tration. Dilute H,SO, was prepared from conventional
grade reagent of the acid (98%, purchased from Sigma-
Aldrich, USA).

2.3 Electrochemical test

Potentiodynamic polarization tests were performed at
30, 70, and 95°C with a ternary electrode configuration
(working electrode, Ag/AgCl reference electrode, and Pt
wire counter electrode) within a transparent beaker con-
taining the acid-chloride electrolyte (placed on a portable
heating device) using Digi-Ivy 2311 electrochemical work-
station (plugged to a computer). Fisherbrand accumet glass
body Ag/AgCl reference electrode was used for high tem-
perature electrochemical test. The temperature of the heating
device was thermostatically controlled. Polarization curves
were drawn at sweep rate of 0.0015 V/s from 1.4 to +0.75V
according to ASTM G102-89(2015) [67]. Corrosion cur-
rent density (Cp, A/cm?) and corrosion potential (Cp, V)
values were determined by the Tafel extrapolation
method. Corrosion rate (Cg) was computed from the
equation below:
_ 0.00327 * Cp * EQ

Cr ) , )

where Eq represents the specimen equivalent weight (g).
0.00327 represents constant for corrosion rate calculation
in mm/year [68]. Open circuit potential measurement
(OCP) was executed at 0.05V/s step potential for 3,000 s
to analyze the active-passive transition behavior and the
thermodynamic stability of B265TiN, B265TiQ, and
B265TiA alloys in 2M H,SO, + 10% NaCl, 6 M H,SO, +
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10% NacCl, and 10 M H,SO, + 10% NaCl solutions at 30
and 70°C [69].

2.4 Optical microscopy characterization

Optical representative images of B265TiN, B265TiQ, and
B265TiA alloy surfaces in 2 M H,SO, + 10% NaCl and 10 M
H,SO, + 10% NaCl solutions at 30°C, 2M H,SO, + 10%
NaCl and 6 M H,SO, + 10% NaCl solutions at 70°C, and
2M H,SO, + 10% NaCl and 6 M H,SO, + 10% NaCl solu-
tions at 95°C were studied and compared using Omax
microscope.

3 Results and discussion

3.1 Potentiodynamic polarization studies

Corrosion resistance of B265TiN, B265TiQ, and B265TiA
titanium alloys were studied by potentiodynamic polariza-
tion method at 30°C. Potentiodynamic plots of B265TiN,
B265TiQ, and B265TiA corrosion in 2, 4, 6, 8, and 10 M
H,SO, solution at 10% NaCl concentration are displayed
in Figure 1(a)—(c). Table 2 shows the polarization data
retrieved from the plots for B265TiN, B265TiQ, and
B265TiA alloys. Data for B265TiN in Table 2 shows that
increase in H,SO, concentration results in proportionate
increase in B265TiN corrosion. Corrosion rate of B265TiN in
2M H,S0, + 10% NaCl concentration is 0.094 mm/year
which corresponds to corrosion current density of 8.07 x
107° A/cm? and polarization resistance of 3,184 Q. B265TiN
Corrosion rate value from 2-6 M H,SO, + 10% NaCl con-
centration are well below 1mm/year signifying strong
resistance of B265TiN to corrosion within the acid-chloride
media. The reaction of B265TiN in the electrolyte generally
proceeds according to equation (2), where B265TiN alloy is
oxidized to Ti’* and passes into the electrolyte. Simulta-
neously, electrolytic transport of H* ions from the electro-
Iyte to the metal exterior occurs leading to the formation of
atomic hydrogen and subsequently H, gas according to
equation (3) below;

Ti°® — Ti?* + 3e” (anodic reaction), )
2H" — 2 H- 2e- — H, — 2e™ (cathodic reaction). (3)

Corrosion resistance of B265TiN is primarily on account
of the evolution of TiO, on the alloy surface [70,71],
according to the equation (4). B265TiN reacts with
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Figure 1: Potentiodynamic plots of (a) B265TiN, (b) B265TiQ, and B265TiA alloys in 2-10 M H,SO, solution at 10% NaCl concentration.

Table 2: Potentiodynamic polarization output for B265TiN, B265TiQ, and B265TiA in 2-10 M H,S0, + 10% NaCl at 30°C

Specimen H,SO, B265 Corrosion Corrosion Corrosion Polarization Cathodic Anodic
Conc. Corrosion rate current (A) current potential (V) resistance, potential, B. potential, B,
M)/ (mm/year) density R, (Q)
10% NaCl (A/cm?)
B265TiN
A 2 0.094 8.07x10™°® 8.07 x10°° -0.523 3184.00 -6.92 4.327
B 4 0.350 3.02x10°  3.02x107° -0.580 851.10 -9.74 4.079
C 6 0.760 6.55x 10>  6.55 x 10" -0.640 392.30 -6.048 5.782
D 8 2.390 2.06 x10™*  2.06 x 107* -0.699 124.70 -6.941 5.237
E 10 13.782 119 x 1073 1.19 x 1073 -0.647 21.63 -7.184 4.408
B265TiQ
A 2 0.210 1.81x 10  1.81x107° -0.491 2097.00 -8.009 2.148
B 4 0.569 491x10°  4.91x107° -0.595 523.30 -9.568 4.933
d 6 4.452 3.84x107* 3.84x107* -0.524 66.94 -5.448 4.630
D 8 4.618 3.98x107* 3.98 x107* -0.677 64.54 -7.238 4.419
E 10 23.399 2.02x1073  2.02x107 -0.648 12.74 -7.848 4.150
B265TiA
A 2 0.135 116 x 10 1.16 x 10~ -0.461 2211.00 -6.905 1.140
B 4 0.443 3.82x10° 3.82x107° -0.467 695.00 -6.54 1.075
C 6 3.336 2.88x107% 2.88x107* -0.568 89.33 -11.980 1.429
D 8 4.726 4.07 x10™*  4.07 x107* -0.661 63.06 -6.951 4.063
E 10 18.735 1.62x1073  1.62x1073 -0.631 15.91 -8.141 4.091
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dissolved O, to produce the strong adherent oxide layer
on its surface.

Ti + O, — TiO,. (4)

Corrosion rate of B265TiN at 8 M H,SO, + 10% NaCl
concentration is 2.390 mm/year, while at 100 M H,SO, +
10% NaCl concentration, B265TiN underwent severe surface
deterioration with corrosion rate output of 13.782 mm/year.
This value correlates with corrosion current density of
1.19 x 1072 and polarization resistance of 21.63 Q. The
significantly low polarization resistance value at 2M
H,SO, + 10% NaCl concentration in contrast to the extre-
mely high value at 10 M H,SO, + 10% NaCl concentration
is an indication of the extent to which the TiO, formed
on B265TiN alloy has thinned out and got damaged from
the constant attack of the anionic species [72]. Observa-
tion of the cathodic portion of the polarization plots
in Figure 1(a) exhibits significant increase in cathodic
polarization slope and decrease in cathodic reaction
time due to accelerated H, evolution and O, reduction
reactions. The corrosion potential shift of the combined
anodic-cathodic polarization plots shows that the corro-
sion reaction mechanisms are dominated by cathodic
processes. This observation stems from the increase in
SO?{ anionic concentration whose reaction (equation (5))
in conjunction with the presence of Cl™ anions (equation
(6)-(13)) tends to breakdown TiO, protective film while
simultaneously hindering its formation due to the occur-
rence of complex chemical precipitates. TiO, on B265TiN
reacts with NaCl and O, (equations (6)—(8)) [73] as follows
(equation (6)—(13));

2Ti + 3H2804 - le(SO4)3 + 3H2, (5)
5TiO, + 4NaCl + O, — Na,TisO;;, + 2CL, (6)
6T102 + 4NaCl — Na4Ti5012 + T1C14. (7)

The Cl, in equation (5) transports through breakages
on TiO, and reacts with the substrate B265TiN [74,75]. C1~
anions contribute to the breakdown of the protective
oxide (equations (6) and (11)). The greater reactivity of
HCl compared to Cl, ensures accelerated deterioration of
the alloy surface, thus, more substrate metal is consumed
and released into the solution, resulting in higher corro-
sion rate.

5T102 + 4NaCl + 2H20 - Na4Ti5012 + 4HC1, (8)

TiCl, + 2H,0 — TiO; + 4HCI, )
2HC1 + Ti — TiCl, + H,, (10)

4HCI + Ti — TiCl, + 2H,, (11)
2TiCl, + Oy + 2H,0 — 2TiO, + 4HCI, (12)
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2H2 + 02 e 2H20 (13)

Quenching and annealing heat-treatment strongly
influence the microstructure and metallurgical properties
of B265TiN alloy which in effect influences the corrosion
resistance of the alloy [76—79]. Heat-treatment had marginal
influence on the general corrosion resistance of B265TiQ and
B265TiA at 2M and 4 M H,SO, + 10% NaCl concentrations.
Corrosion rate increased to 0.210 and 0.569 mm/year for
B265TiQ, and 0.135 and 0.443 mm/year for B265TiA. At 6 M
and 8 M H,SO, + 10% NaCl concentrations, the margin of
difference in corrosion rate for B265TiQ and B265TiA has
increased further, compared to the corresponding value
for B265TiN. Heat-treatment strongly influences the prop-
erties and strength of TiO, formed on B265TiQ and B265TiA
alloys which invariably influences their interaction with
anionic species from the electrolyte [80]. At 10 M H,SO,
+ 10% NaCl concentration, corrosion rate of B265TiQ and
B265TiA alloys culminated at 23.399 and 18.735 mm/year
compared to 13.782 mm/year for B265TiN. The slopes of the
cathodic reaction mechanisms for B265TiQ and B265TiA
(Figure 1b and c) are significantly higher than the corre-
sponding slopes for B265TiN (Figure 1a) due to increased
cathodic reaction mechanisms during potential scan-
ning. Corrosion potential of the heat-treated alloys is
substantially influenced by the strength of the protective
oxide [81]. The corrosion potential of the potentiody-
namic plots for B265TiA shifted to lower potential due
to dominant cathodic reaction process compared to the
corresponding values for B265TiQ. The redox reaction
mechanism counterbalanced each other for B265TiQ
with respect to variation in H,SO, concentration, while
the corrosion potentials of B265TiA were marginally
lower than the values for B265TiN.

Corrosion resistance of B265TiN, B265TiQ, and B265TiA
alloys were further subjected to analysis in hot acid-
chloride media (2 M and 6 M H,SO,, + 10% NaCl concentra-
tion) at 70 and 95°C. Figure 2a—c shows the potentiodynamic
polarization plots of the anodic-cathodic reaction mechan-
isms of B265TiN, B265TiQ, and B265TiA alloys in2 M and 6 M
H,SO, + 10% NaCl concentration at 70°C, while Figure 3a
and b shows the corresponding polarization plots at 95°C.
Tables 3 and 4 show the polarization data obtained at 70
and 95°C. Observation of Table 3 shows B265TiN exhi-
bited the lowest corrosion rate values at 70°C for all
the acid-chloride concentrations studied with values of
4.979 and 16.090 mm/year. Corrosion potential of the
polarization plots for B265TiN in Figure 2a shifted from
-0.516 V (2M H,SO, + 10% NaCl) to —0.566 V in Figure 3a
(6 M H,SO, + 10% NaCl) due to increased destruction
of TiO, on its surface and dominant cathodic processes.
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Figure 2: Potentiodynamic plots of B265TiN, B265TiQ, and B265TiA corrosion in (a) 2 M H,SO, + 10% NaCl at 70°C and (b) 6 M H,SO, + 10%

NacCl at 70°C.

1.0E-02 - , 1002 1.
\ 7 -~
\ 1.0E-03 \
< 1.0E-03 A = \
< <
£ £
< & 1.0e-04
é" 1.0E-04 - §°
1.0E-05 - _
—}——950C-B265TiN — 95°C-3265T!N
950C-B265TiQ 950C-B265TiQ
: i 950C-B265TiA
1.0E-05 _ 950C-Ba63TIA 1.0E-06 :
-0.83 -0.63 -0.43 -0.62 -0.42
E(V) vs Ag/AgCI E(V) vs Ag/AgCl
a b

Figure 3: Potentiodynamic plots of B265TiN, B265TiQ, and B265TiA corrosion in (a) 2 M H,SO, + 10% NacCl at 95°C and (b) 6 M H,SO, + 10%

NacCl at 95°C.

The polarization resistance of B265TiN (at 2M and 6 M
H,SO, + 10% NaCl) are 59.87 and 18.52Q, respectively,
which is a strong indication of the corrosion resistance
properties of the protective oxide. B265TiQ exhibited the
highest corrosion rates with corresponding values of
17.912 and 35.812 mm/year at polarization resistance of
16.64 and 8.32 Q. Change in corrosion potential of the
polarization plots (Figures 2b and 3b) with respect to
electrolyte concentration was marginal from -0.585 to
-0.589V in the cathodic direction. At 95°C, corrosion
rate of B265TiN, B265TiQ, and B265TiA in 2M H,SO, +
10% NaCl media visibly increased to 11.937, 20.824,
and 15.302 mm/year compared to their values at 70°C.
Their corresponding values in 6 M H,SO, + 10% NacCl
at 70°C exhibited corrosion rates of 14.304, 92.888 and
40.336 mm/year. These observations are due to the

increased agitation of the anionic corrosive species at
temperature above room temperature. The slopes of the
polarization plots (Figures 2 and 3) are significantly
higher than the corresponding values at 30°C ambient
temperature. Comparison of the corrosion potentials of
B265TiN, B265TiQ, and B265TiA at 70 and 95°C in 2M
H,SO, + 10% NaCl shows visible potential shift in the
anodic direction for two reasons (i) increased general
surface degeneration in the presence of agitated corro-
sive species [82], and (ii) greater evolution of oxide
complexes on the alloy surface which do not protect
the alloy but are by products of chemical reactions at
the metal-solution interface. The corresponding values
in 6 M H,SO, + 10% NaCl show significant decrease in
corrosion potential values for B265TiN, B265TiQ, and
B265TiA alloys in the cathodic direction. Nevertheless,
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Table 3: Potentiodynamic polarization data for B265TiN, B265TiQ, and B265TiA in 2 M H,SO, + 10% NaCl and 6 M H,SO, + 10% NacCl at 70
and 95°C

B265 Temp. (°C) B265 Corrosion Corrosion Corrosion Polarization Cathodic Anodic
Specimen Corrosion current (A) current potential (V) resistance, potential, B. potential, B,
rate density R, (Q)
(mm/year) (A/cm?)
2 M H,SO0, + 10% NaCl
N 70 4.979 429 x10™*  4.29 x107* -0.516 59.87 -8.343 7.768
Q 70 17.912 154 x 107 154 %107 -0.585 16.64 -7.010 2.624
A 70 13.608 117 x107° 117 x 1073 -0.547 21.91 -6.903 3.622
N 95 11.937 1.03x10>  1.03x107° -0.549 26.22 -9.351 2.136
Q 95 20.824 1.80 x 10> 1.80x 1073 -0.633 14.31 -8.219 2.497
A 95 15.302 132x107  1.32x1073 -0.591 19.48 -5.001 6.012
6 M H,S0, + 10% NaCl
N 70 16.090 139 x1072  1.39 x 1073 -0.566 18.52 -3.378 5.904
Q 70 35.812 3.09x103  3.09 x 107> -0.589 8.32 -4.703 5.162
A 70 26.485 2.28x1072  2.28x1073 -0.604 11.25 -5.693 4.821
N 95 14.304 1.23x107  1.23x1073 -0.465 20.84 -6.363 8.683
Q 95 92.888 8.01x10> 8.01x 1073 -0.577 3.21 -1.647 8.233
A 95 40.336 3.48 x 107> 3.48 x 107 -0.475 7.39 -0.642 4.273

Table 4: Potentiostatic data for B265TiN, B265TiQ, and B265TiA metastable pitting activity and passivation behaviorin 2-10 M H,SO, + 10%
NacCl at 30°C

H,SO, Corrosion Metastable Metastable Passivation Passivation Metastable Metastable Metastable
Conc./  potential pitting pitting current (A) potential (V) pitting pitting pitting
10% V) initiation initiation -passivation -passivation tendency (V)
NaCl potential (V) current (A) potential current

range (V) range (A)
B265TiN
0M -0.523 -0.430 420x107>  472x107°  -0.010 0.420 4.15 x 1073 0.093
8M -0.580 -0.450 1.20 x 1073 2.08 x10”  -0.070 0.380 1.18 x 1073 0.130
6M -0.640 -0.410 570 x107%  4.46 x107°  —0.130 0.280 5.25 x 107* 0.230
4M -0.699 -0.460 1.00 x 1074 2.01x10  -0.190 0.270 7.99 x 107 0.239
2M -0.647 -0.370 2.88 x 107> 1.79 x 107° -0.190 0.180 1.09 x 10~ 0.277
B265TiQ
0M -0.491 -0.470 6.40 x 107> 479 x107° 0.010 0.480 6.35 x 1073 0.021
8M -0.595 -0.480 1.50 x 1073 2.08x10”°  -0.010 0.470 1.48 x 1073 0.115
6M -0.524 -0.430 3.80x10™%  3.25x107°  -0.160 0.270 3.48 x 107* 0.094
4M -0.677 -0.460 1.60 x 107* 218 x10°°  -0.170 0.290 1.58 x 107% 0.217
2M -0.648 -0.390 2.89x10  1.08x10°  -0.170 0.220 1.81x107° 0.258
B265TiA
10M -0.461 -0.490 590x10  5.43x10°  -0.010 0.480 5.85 x 107> 0.029
8M -0.467 -0.510 1.30 x 1073 279 x10°  -0.080 0.430 1.27 x 1073 0.043
6M -0.568 -0.480 530 x10™*  4.03x10°  -0.160 0.320 4.90 x 107* 0.088
4M -0.661 -0.380 2.31x107° 4.47 x10™®  -0.170 0.210 1.86 x 10° 0.281
2M -0.631 -0.300 1.37 x 107> 3.63x10°®  -0.170 0.130 1.01x107° 0.331

results show heat treatments, increase in SO2” concen- 3.2 Potentiostatic studies

tration, and temperature significantly influence and

decrease the corrosion resistance of B265TiN alloy in Potentiostatic data for B265TiN, B265TiQ, and B265TiA
aqueous acid-chloride media. alloys at 30°C in 2-10 M H,SO,4 + 10% NacCl are displayed
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in Table 4, while Table 5 depicts the potentiostatic data -

for B265TiN, B265TiQ, and B265TiA alloys at 70°C in 2M %_ _

H,S0, + 10% NaCl solution. The potentiodynamic plots in 2 E

Figures 1a—c and 2a displayed significant metastable pit- -2 g o oo

ting activity and passivation behavior after anodic polar- ® g 5285

ization. The metastable pitting activity is on account of == °eee°

the nucleation and growth of transient corrosion pits -

during potential scanning. The pits result from the partial Z §

breakdown of TiO, on the alloy surface under high elec- £ E

tric potential especially at sites of flaws and non-metallic 22 _|TLY

inclusions. The metastable pits which grow due to dis- ¢ g2 f,’ X% %

. . . . cls N S8 | aoe

charge of the dissolving metallic cations from within » Zgg|ean

the pit for a very short time interval eventually collapse g

after formation of resistant TiO, on the alloy surface at i ‘Tg

the passive region [83,84]. The potentiodynamic plot S 23

configuration shows that metastable pits nucleate at ¥ % 2

regions with high potentiostatic current values, while % < é .

time dependent decrease and collapse of the pits occur ; Z % % o o o

with the decrease in the potentiostatic current value ¢ g § %’ R RK

[85,86]. The decrease in the potentiostatic current value % I

is synonymous with the growth of TiO, on the alloy sur- _;E

face until stable passivation is attained. Metastable pit = | g &

initiation current and potential in Table 4 represents § § s

the current (A) and potential (V) value of the estimated g g .§ § § i

region at which transient corrosion pits nucleate [87,88]. 8 |& = b

Passivation current and potential represents the current 'r%

(A) and potential value (V) at which TiO, repassivateson > e PR

the Ti alloy surface and sufficiently prevents anodic % % f_,vt 29 S

polarization. Generally, the higher the SO~ anion con- g'o § § § g 3

centration, the higher the metastable pit initiation value £ £ 3 © 3o

due to the electro-reactive nature of the electrolyte at ; w <

higher concentration. This is also an indication of the § - £

extent of vulnerability of the alloy to transient pit forma- £ g § T

tion, resilience of its protective oxide, and capacity to E ',‘j 5 SRSt

quickly repassivate. At higher SO~ concentration (8 M g é § § é §

and 10M H,SO, + 10% NaCl concentration), B265TiN & = E N mom

exhibited highest resistance to the formation of metastable = w0

pits with values of 4.20 x 10°A and 1.20 x 10°A & | £

(-0.430V and -0.450V) compared to B265TiQ and E = s

B265TiA at 6.40 x 10 A and 1.50 x 10°A (-0470 and & | & ¢ 3

~0.480V), and 5.90 x 10°A and 130 x 10°A (0490 £ |25 5|28 3

and -0.510V), while at lower SO%‘ anion concentrations ﬁ s E §. ‘T" CI> ‘?

the values vary among the alloys. B265TiN exhibited the 5

lowest passivation current values in a similar trend to the % i §

metastable pit initiation value, signifying a higher tendency '; 2.8 © 0~

to passivate and resist corrosion compared to B265TiQ and § g é 5 § E

B265TiA though the passivation potential values for the 2 v e b

alloys at 10 M H,SO,, + 10% NaCl concentration are similar. .§

At lower SO?“ concentrations, the earlier observation did i E E zo«

not occur; nevertheless the current and potential at which 2 = R
. . . > ® £ 2 288

passivation occurs decreases with decrease in SO,”". & = oo m
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Observation of the metastable pitting current (A) and
potential (V) range shows that SO2~ anion concentration
significantly influences the time dependent action of the
metastable pitting activity of the alloys. The higher the
SOZ‘ anion concentration, the higher the metastable pit-
ting range for all the alloys studied. The metastable
pitting tendency is the difference in corrosion potential
of the alloys and the potential at which metastable pit-
ting initiates. It depicts the extent of anodic polarization
on the steel surface before onset of transient localized
deterioration of the alloy. The higher the value, the
lower the risk to metastable pitting. Generally, the higher
the SO%,‘ anion concentration, the greater the risk to meta-
stable pitting.

The potentiostatic values for B265TiN, B265TiQ, and
B265TiA alloys at 70°C from 2M H,SO, + 10% NaCl solu-
tion show increased temperature of aqueous environ-
ments exposes Ti alloy to accelerated corrosion and
localized deterioration compared to corrosion at ambient
room temperature (30°C). The metastable pit initiation
values (current and potential) for the alloys at 70°C
are significantly greater than their counterpart values at
30°C in 2M H,SO, + 10% NaCl solution. At 70°C, the
metastable pitting initiation current values for B265TiN,
B265TiQ, and B265TiA alloys are 2.9 x 10> A, 3.3 x 10 2 A,
and 3.5 x 107> A compared to 2.88 x 10> A, 2.89 x 10° A
and 1.37 x 107 A at 30°C. The corresponding potential
values show similar trend. High temperature exposes
the alloys to the onset of pit formation due to temporary
breakdown and passivation of the TiO, on the alloy sur-
face. Similarly, passivation occurred at higher current
and lower potentials which signifies weaker or thinner
protective oxide at 70°C compared to 30°C. The meta-
stable pitting-passivation potential range values con-
firm this assertion as they tend to be significantly larger
than the corresponding values at 30°C. This shows
extended waiting time before collapse of the transient
pits or invariable formation of more stable transient
pits. The metastable pitting tendency for the alloys at

x40 100um
a
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70°C agrees with the assertion earlier mention for the
parameter at 30°C.

3.3 Optical microscopic studies

Optical representative images for B265TiN, B265TiQ, and
B265TiA alloys (mag. x40 and x100) prior to and subse-
quently after corrosion test are displayed in Figures 4-11.
Figure 4 displays the representative images for B265TiN,
B265TiQ, and B265TiA prior to corrosion. Figures 5-7 dis-
play the images of B265TiN, B265TiQ, and B265TiA alloys
after corrosion test in 2M H,SO, + 10% NaCl and 10 M
H,S0, + 10% NaCl at 30°C, respectively. Figures 8 and 9
show the images for B265TiN, B265TiQ, and B265TiA
alloys after corrosion test in 2M H,SO, + 10% NaCl and
6 M H,SO, + 10% NaCl at 70°C, while Figures 10 and 11
show the images for B265TiN, B265TiQ, and B265TiA
alloys after corrosion test in 2M H,SO, + 10% NaCl and
6 M H,SO, + 10% NaCl at 95°C, respectively. Observation
of Figures 5a and 6a and and 7a shows B265TiN, B265TiQ,
and B265TiA alloys are highly resistant to corrosion in 2 M
H,SO, + 10% NaCl due to the resistant TiO, oxide on the
alloy surface [89]. The SO2~ and Cl™ anions from the elec-
trolyte were unable to displace the adsorbed O, atoms
responsible for the evolution of the protective oxide.

x40 100pm

Figure 4: Optical representative images for B265TiN, B265TiQ, and
B265TiA alloy before corrosion test.

x100 100pm

x40 100um

b

Figure 5: Optical images of B265TiN after corrosion test in (a) 2M H,SO, + 10% NaCl and (b) 10 M H,S0, + 10% NacCl at 30°C.
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x40 100um x100 100um

b

Figure 6: Optical images of B265TiQ after corrosion test in (a) 2M H,SO, + 10% NacCl and (b) 10 M H,S0, + 10% NaCl at 30°C.

x100 100pm,

x40 100um
a

x40 100pm

b

Figure 7: Optical images of B265TiA after corrosion test in (a) 2 M H,SO, + 10% NaCl and (b) 10 M H,SO, + 10% NaCl at 30°C.

x40 100pm x100 100um|

x40 100pum

x40 100pm

x100 100pm|

Figure 8: Optical images of (a) B265TiN, (b) B265TiQ, and (c) B265TiA after corrosion test in 2M H,S0, + 10% NacCl at 70°C.

Hence, the images in Figures 5a and 6a and and 7a are
similar to the image in Figure 4 (image before corrosion
test) without any sign of significant difference. These
statements contrast the observations in Figures 5b, 6b,
and 7b, where significant surface deterioration occurred
in 10 M H,SO, + 10% NaCl electrolyte. While the surface
deterioration on Figure 5b appears marginal, Figure 6b

exhibited significant morphological degradation over the
entire surface as resistance due to the kinetic barrier of
the passive film is unsustainable in the presence of exces-
sive corrosive species and displacement of adsorbed O,
[90]. The deterioration in Figure 7b appears along the
grain/phase boundaries on the alloy. The observed sur-
face deterioration in Figures 6b and 7b is due to the
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x100 100pum

x40 100um

X100 100pum

x40 100um
C

Figure 9: Optical images of (a) B265TiN, (b) B265TiQ, and (c) B265TiA after corrosion test in 6 M H,SO, + 10% NaCl at 70°C.

x40 100um x40 100um x100 100um

x40 100pm
C

x100 100

Figure 10: Optical images of (a) B265TiN, (b) B265TiQ, and (c) B265TiA after corrosion test in 2 M H,SO, + 10% NaCl at 95°C.

partial breakage of the protective oxide on the alloy sur-
face which exposes the substrate metal to the debilitating
effect of the corrosive anions.

Figures (8a and b) and (9a and b) (from 2M H,SO, +
10% NaCl and 6 M H,SO, + 10% NaCl at 70°C) exhibited
severe morphological deterioration at significantly higher
degree compared to the images studied earlier at 30°C. This
is due to the entropy of the electrolyte, increased agitation
of the corrosive species, and their electrochemical

interaction with the alloy surface resulting in the thin-
ning out and eventual breakage of the protective TiO,.
However, the extent of degradation in Figures 8c and
9c contrasts the observation in Figures (8a and b) and
(9a and b). B265TiA (Figures 8c and 9c) appears more
resistant to corrosion at 70°C compared to B265TiN and
B265TiQ (Figures (8a) and (b) and (9a) and (b)). Annealing
heat treatment results in metallurgical features where
morphological degradation is minimal. This is more
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Figure 11: Optical images of (a) B265TiN, (b) B265TiQ, and (c) B265TiA after corrosion test in 6 M H,SO, + 10% NacCl at 95°C.

evident in Figure 9c where the metallurgical phases
are visible. Similar observation occurred for the alloy
in Figures 10a—c and 11a-c.

3.4 Open circuit potential measurement
analysis

The active-passive transition behavior and the therm-
odynamic properties of B265TiN, B265TiQ, and B265TiA
alloys in the acid-chloride media were further studied
by OCP measurement and presented in Figures 12-14.
Figure 12a and b shows the OCP plots of B265TiN,
B265TiQ, and B265TiA alloys in 2M H,SO, + 10% NaCl

solution at 30 and 70°C, while Figures 13(a) and (b) and
14(a) and (b) show the OCP plots of B265TiN, B265TiQ,
and B265TiA alloys in 6M H,SO, + 10% NaCl and 6M
H,SO, + 10% NaCl solutions, respectively, at 30 and
70°C. Generally, the configuration of the OCP plots in
Figures 12a and 13a and and 14a substantially contrast
the plots in Figures 12b and 13b and and 14b due to the
agitated reaction of the SO~ and Cl~ anions with the
protective TiO, on the Ti alloy surface at the higher tem-
perature. The plots shown in Figures 12a and 13a and
and 14a are more thermodynamically stable with limited
relative active-passive transition behavior and potential
transients due to the stability of the protective oxide on
the alloys in the presence of less spontaneous corrosive
species. Significant shift to electronegative values at the
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Figure 12: OCP plots of B265TiN, B265TiQ, and B265TiA alloy corrosion in 2 M H,SO, + 10% NacCl solution at (a) 30°C and (b) 70°C.
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Figure 13: OCP plots of B265TiN, B265TiQ, and B265TiA alloy corrosion in 6 M H,SO, + 10% NacCl solution at (a) 30°C and (b) 70°C.
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Figure 14: OCP plots of B265TiN, B265TiQ, and B265TiA alloy corrosion in 10 M H,SO, + 10% NacCl solution at (a) 30°C and (b) 70°C.

onset of potential measurement occurred due to the for-
mation of complexes that increases the vulnerability of
the alloys to corrosion and prevents the growth of the
protective oxide. Observation of these plots show that
B265TiN plots (Figures 12a and 13a) were relatively more
electropositive throughout in 2 M H,SO, + 10% NaCl and
6M H,SO, + 10% NaCl up to 3,000s. In Figure 12a,
the plot configuration shows that B265TiN surface is
unstable due to its active-passive transition behavior
despite having the most resistant protective oxide as
evident in its electropositive values. The transition beha-
vior is on account of the growth and breakdown of the
protective oxide on the alloy [91-98]. It is also observed
(Figure 12a) that the plot configuration of B265TiA gen-
erally remained stable with respect to exposure time
from 965.61s (—0.624 V) due to the stability of its oxide.

In Figure 14a, the high concentration of the SO2-
anions (10 M concentration) coupled with the Cl™ anions
present results in significant active-passive transition

behavior of the alloys. B265TiQ plot significantly pro-
gressed in the electropositive direction in the presence
of the corrosive anions. Due to the strong affinity of the
alloy for 0., its protective oxide continues to grow until a
peak threshold value of 3,000s (-0.617 V). Within the
same diagram (Figure 14a), B265TiN after undergoing
active-passive transition behavior before attaining rela-
tive stability at 1,422.01s (—0.670 V) till 3,000 s. It must
be noted that OCP plots in Figure 12a for B265TiN, B265TiQ,
and B265TiA generally attained pseudo stability at around
-0.600V (90.8s), —0.639V (1488.81s), and -0.623V
(942.015s), while the corresponding plots in Figure 13a
attained pseudo stability at —0.676 V (278.2s) and —0.691V
(59.4 s), and peaked at —-0.651V, —0.650 V, and -0.640 V
(3,0005), respectively. This shows that the titanium
alloys are more prone to electrochemical reaction respon-
sible for corrosion induced by higher concentrations of
SO2™ anions in the electrolyte. This observation contrasts
the plot configuration in Figure 14a where they attained
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pseudo stable states after extended active-passive tran-
sition behavior. After an initial but brief sharp decrease
to more electronegative potentials, the plots generally
progressed thereafter to electropositive values beginning
at —0.655V (645.41s), —0.658V (544.4s), and -0.637V
(853.81s) for B265TiN, B265TiQ, and B265TiA, respectively.
While the OCP plots for B265TiN and B265TiA attained mar-
ginal thermodynamic stability till 3,000s, the plots for
B265TiQ continues to progress to higher electropositive
potentials due to growth of its protective oxide.

The plots in Figures 12b and 13b and and 14b signifi-
cantly vary from their counterparts in Figures 12a, 13a,
and 14a as earlier mentioned. While B265TiN and B265TiA
in Figure 12b were generally thermodynamically stable
with respect to exposure time, their OCP plots were
more electronegative than their counterparts in Figure 12a
due to reasons mentioned earlier. High temperature
exposes the alloy to accelerated deterioration of the alloy
surface. However, the behavior of B265TiQ (Figure 12b)
contrast the behavior of the other alloys despite significant
potential transients and active-passive transition beha-
viors. The plot of the alloy visibly progressed to elec-
tropositive values signifying the evolution of a resistant
protective oxide on the alloy exterior. The potential tran-
sients show that the protective oxide is highly reactive in
the presence of the corrosive species and not thermodyna-
mically stable despite being sufficient and thick enough to
reduce the reaction processes causing corrosion [99,100].
In Figure 13b, the protective oxide on B265TiQ alloys
proves to be the most resistant being the most electropo-
sitive. Its potential initiated at 0.646 V (0s) and attained
an approximate peak electropositive potential at 1251.21s
(-0.579 V) before marginally decreasing to —0.609V at
3,000 s. This behavior occurred at 6 M SO?,’ anion con-
centration compared to 2 M SO7~ anion concentration in
Figure 12b.

It is observed that the potential transient for B265TiQ
in Figure 13b is much widely spaced compared to Figure 12b
due to significant failure and repassivation of the protective
oxide [101]. At 6 M SO?{ concentration, the OCP plot
of B265TiQ is more electronegative compared to its
counterpart in Figure 12b. B265TiN and B265TiA alloys
in Figure 13b are more electronegative than their coun-
terparts in Figure 12b. B265TiN proves to be the most
reactive and vulnerable to corrosion in Figure 13b with
final potential of —0.704 V at 3,000 s. Its counterpart in
Figure 12b has a final potential value of -0.647V. In
Figure 14b, B265TiQ and B265TiA exhibited a higher ten-
dency to corrode. Their corrosion potential initiated at
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—-0.670 Vand -0.697 V (0 s) and progressively decreased
to electronegative values associated with higher vulner-
ability to corrosion. While the electronegative shift was
instantaneous for B265TiQ, prolonged decline occurred
for B265TiA at 277.4 s (—0.695 V). B265TiA plot achieved
relative stability at 1,267 s (-0.728 V) till 3,000s. At
1,200 s (-0.733 V), the protective oxide on B265TiQ sta-
bilized and begins to grow as evident on its plot con-
figuration in Figure 14b. However, the active-passive
transition behavior of the plot shows that the oxide is
not stable due to the reactive complexes it forms with
the corrosive anions. In contrast to it performance in
Figures 12b and 13b, B265TiN exhibited strong resistance
to the corrosive attack of SO2~ and Cl™ in Figure 14h. The
OCP plot for B265TiN initiated at —0.686 V and signi-
ficantly progressed to —-0.597V at 1,880.42s where it
achieved relative stability due to growth and thickening
of its protective oxide till —-0.598 V (2603.82s). Beyond
this point there was a marginal decrease till 3,000 s.

4 Conclusion

Untreated B265 titanium alloy exhibited strong resistance
to general corrosion at room and elevated temperatures
when compared with the quenched and annealed alloy.
The quenched alloy was the most vulnerable to corrosion.
The potentiodynamic polarization behavior of the alloy
shows cathodic reaction mechanisms dominated the redox
electrochemical process. The surface morphology of the
untreated and heat-treated titanium alloys displayed
strong resistance to corrosive degradation in low elec-
trolyte concentration at room temperature. However,
from the highest electrolyte concentration, significant
general surface degradation was visible for quenched
titanium alloy and degradation along grain boundaries
for annealed titanium alloy. The extent of degradation
was significantly higher in electrolyte at high tempera-
ture. The alloys displayed significant metastable pitting
activity and passivation behavior with the untreated
steel being the most resistant to metastable pits forma-
tion. Plots from open circuit potential measurement
depict untreated titanium alloy was generally the least
vulnerable to corrosion with stable oxide formation at
room temperature and comparative low concentration of
the electrolyte. Quenched titanium alloy exhibited the
least vulnerability to corrosion with highly unstable
oxide at higher temperature of the electrolyte.
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