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Passivation and dissolution behavior of Ti and Ti-6Al-4V alloy was investigated in HBr solutions over
a wide concentration range from 0.01 M to 8.0 M using open-circuit potential, electrochemical
impedance spectroscopy (EIS) and potentiodynamic polarization measurements. In the low and high
concentration domains, the open-circuit potential for the metal and its alloy was found to increase
positively with time due to oxide film thickening on the metal surface. However, there is a certain
critical HBr concentration at which the thickening rate of the oxide film on Ti metal has a maximum
value. The results were confirmed by EIS measurements at open-circuit potential where a constant
phase element model with its complex transfer function were used to analyze the obtained impedance
responses. Polarization scans showed that the corrosion current density (icor) for titanium decreases
slightly with increasing HBr concentration up to the threshold value before it starts to increase
appreciably. On the other hand, for Ti-6Al-4V alloy the value of i increases gradually with HBr
concentration over the whole range, and the alloy dissolves actively due to its poor passivating ability.
Interestingly, for the two materials both i and the critical current density of passivation (i)
decrease with raising temperature, indicating a decrease in the corrosion susceptibility of the
passivating oxide film as a result of the decrease in the extent of Br" anion adsorption at higher
temperatures. The apparent activation energy for the thickening process of the passive film was
calculated from the increase in the spontaneous growth rate (8;) of its inner layer with temperature.
The results in general confirmed that Ti metal has a stronger propensity to form passive film in HBr
solutions better than its Ti-6Al-4V alloy.
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1. INTRODUCTION

Titanium and titanium-alloys are attractive metallic materials widely used as implants for
dental, restorations and orthodontic wires, as well as orthopaedic due to their excellent corrosion
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resistance and biocompatibility [1-4]. Titanium and its alloys present a high corrosion resistance even
in very aggressive environments containing strong acidic electrolytes. This aspect is related to their
inherent nature to form spontaneously dense barrier-type titanium dioxide (TiO,), which is chemically
very stable (AG% = -889.5 kJ mol™), and increases greatly by anodic oxidation [5-8]. The good
mechanical resistance/density ratio presented by Ti and its alloys make them useful candidate materials
in the aerospace, aeronautic and naval industries.

In the majority of solutions and like other valve metals, Ti is in the passive state at open-circuit
potential, where the thickness of its naturally formed oxide film increases linearly with time before the
attainment of the steady state value [9,10]. The open circuit stability of the passive film in acidic
solutions such as sulfuric, hydrochloric, phosphoric and perchloric acids has been the subject of many
research papers [11-13] because of its obvious relevance to practical corrosion problems. The passive
behavior of Ti in HF solution has been determined by a number of workers [14-17], and the increased
film thickness was revealed to incorporate fluoride anions. Tomashov [18] reported that addition of
alloying elements such as Al, V, Mo, Nb to Ti increases the steady dissolution current in the passive
state, through change in the degree of defectness of passive film when the alloying atoms enter its
lattice. The Ti-6Al-4V alloy with (a+p) structure has been reported to present a lower corrosion
resistance than its base metal titanium in sodium azide [19] and in artificial saliva solution [20]. Most
of the studies in aggressive halogen acid media were done in HCI solutions [21-24]. On the other hand,
in spite of the importance of their information very few studies (if any) were directed to the corrosive
hydrobromic acid solutions relevant to their influences on the corrosion characteristics of titanium and
its alloys [25-27] or thin anodic oxide films on their surfaces [28]. Accordingly, it is intended in the
present study to characterize the effect of concentration and ambient temperature on the
electrochemical reactivity and passivation behaviour of Ti-6Al-4V alloy in comparison to its base Ti
metal in hydrobromic acid solutions over low and high ranges of concentration. The techniques
employed were, open-circuit potential (OCP), potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS). An equivalent electronic circuit model for the electrochemical system
was suggested and the impedance data were obtained by fitting the experimental data to an appropriate
proposed circuit model.

2. EXPERIMENTAL

The working electrodes were made from spectroscopically pure titanium and Ti-6Al-4V alloy
with composition in wt.% of: 5.70 Al, 3.85 V 0.18 Fe, 0.038 C, 0.106 O, 0.035 N. The two electrodes
were supplied in the form of massive cylindrical rods from Johnson and Malthey (England). Each
metallic rod was welded to an electrical wire and fixed with epoxy resin in a glass jacket, leaving a
fixed exposed surface area of 0.196 and 0.384 cm? for titanium and titanium alloy, respectively
throughout the whole measurements. The electrode surfaces were mechanically abraded using finer
grades of emery papers (600-1200 grit) followed by 0.2 um diamond past polishing to give a mirror-
like finish. All potentials were measured and reported with reference to a saturated Ag/AgCIl/KCI
electrode. Test solutions ranging from 0.01 M up to 8.0 M were prepared from AnalaR grade
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concentrated hydrobromic acid solution (BDH) by appropriate dilution using ultra pure water (~47
wt.% being the azeotropic composition of HBr solution). Open-circuit potential (OCP), polarization
and electrochemical impedance spectroscopy (EIS) measurements were performed using the
electrochemical workstation IM6e impedance analyzer (Zahner-electrik GmbH, Metechnik, Kronach,
Germany) provided with Thales software. The excitation signal was a 10 mV sinusoidal potential
through a frequency domain from 100 kHz down to 100 mHz [19]. The impedance diagrams were
recorded at the steady OCP, while polarization scans were traced at a rate of 1 mV s starting from -
0.5 to 1.0 V vs. Ag/AgCI. The experiments were always carried out inside an air thermostate, which
was kept at 25°C, unless otherwise stated. Each experiment was repeated at least three replicates using
freshly prepared solution in every time and the average of the most reliable data was taken.

3. RESULTS AND DISCUSSION
3.1 Effect of hydrobromic acid concentration

3.1.1 Open circuit behavior
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Figure 1. The steady-state OCP (Es;) as a function of HBr molar concentration for: (a) titanium and (b)
Ti-6Al-4V alloy at 298 K.
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Over a wide concentration range (0.01 - 8.0 M) from HBr solutions, all OCP transients for both
Ti and Ti-6Al-4V alloy are found quite similar in nature, where the potential of each sample drifts in
the noble direction immediately after immersion and gradually approaches a quasi-steady state value
(Ess) within 20 min. In the tested naturally oxygenated HBr electrolyte, the positive shift of potential
indicates spontaneous passivation by healing and further thickening of the pre-existing native oxide
film on the metal surface [19,29,30]. Fig. 1a, b shows the dependence of the steady potential for Ti and
its alloy on HBr concentration. As can be seen, for each metallic material Eg reveals an abrupt increase
in the positive direction of potential with increasing HBr concentration up to ~1.0 M, whereby it
becomes concentration independent for Ti-6Al-4V alloy.
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Figure 2. E-logt plots for: (a) titanium and (b) Ti-6Al-4V alloy in HBr solutions of different
concentrations at 298 K.
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While for titanium Eg resumes a small decrease before attaining a quasi-steady value. Such
behavior is likely attributed to competitive adsorption of aggressive Br~ ion with oxygen on the oxide
surface. Thus, in aerated dilute HBr solutions (<1.0 M), oxygen has higher affinity than Br~ ion for
adsorption on the surface, the adsorbed oxygen causes thickening of the oxide film as inferred from the
sharp positive increase of Eg from -0.3 to more than +0.4 V vs. Ag/AgCl. However, in concentrated
HBr solutions (>1.0 M), the adsorbed Br~ ions on the oxide surface succeed to destroy surface
passivity by displacing adsorbed oxygen and partially dissolving the oxide film. Thereby, Eg decreases
to some extent until it reaches a limiting value at which the two rates for oxide formation and
dissolution processes become equal.

Under open circuit conditions, it was suggested that the driving force for surface oxide film
formation on the metal is the free energy change of the reaction between the metal and the test
solution. This process is assumed to proceed via solid state mechanism by the influence of a
sufficiently high electric field to cause ionic migration and hence sustain self-diffusion of metal ions
through semiconducting oxide films [31]. Based on this notion a relationship between E and log t has
been theorized [9] as given by the following equation:

E = constant + 2.303 (6/B) log t @

where ¢'is the rate of oxide film thickening per decade of time and B is a constant [9,19]. Fig.
2a, b shows the applicability of this equation to the present results for Ti and its alloy. Each plot in the
figure consists of two straight line segments corroborating that the formed passive film is of a duplex
nature in accordance with the point defect model (PDM) by Macdonald [32].

Table 1. Thickening rates 65 and d, (in nm / decade) for the inner and the outer layers of the
spontaneous passive films on Ti and Ti- 6Al-4Valloy surfaces as a function of HBr
concentrations.

Electrode [HBr] /M 5/ nm decade™ 5,/ nm decade™
Ti 0.01 0.60 1.37
0.05 1.36 4,76
0.10 2.22 5.01
0.50 5.92 5.23
1.0 3.33 1.44
2.0 2.84 1.38
3.0 2.44 1.05
4.0 2.35 0.95
8.0 2.20 0.90
Ti-6Al-4V 0.01 3.30 3.63
0.05 3.44 4.27
0.10 3.56 4.41
0.50 3.84 4.45
1.0 2.49 1.17
4.0 2.10 0.91
8.0 2.00 0.40
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The first segment is attributed to the formation of a very thin barrier type oxide layer, whereas
the second is related to longer immersion times, indicating formation of a thicker outer film. The rates
of thickening for both forms of oxide, d; (for the inner) and ¢, (for the outer) were computed from the
slopes of these plots as given in Tablel.

The results show that at high HBr concentrations (>0.5 M) the rate of oxide growth for each
sample decreases gradually with concentration. However, at low range of concentration both 4, and d,
for Ti showed a sudden increase in their values up to 0.5 M, while for Ti-6Al-4V alloy the increase is
not appreciable.
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Figure 3. Bode plots for: (a) titanium and (b) Ti-6Al-4V alloy in HBr solutions of different
concentrations at 298 K.

This behavior suggests that hydrobromic acid medium favors self-passivation of titanium and
Ti-6Al-4V alloy, where the highest efficacy towards passive film formation was observed in 0.5 M
solution. This is explicable in terms of an enhancement in the rate of oxide dissolution than the rate of
its formation as the acid concentration is increased more than 0.5 M. On the other hand, the results
clearly indicate that although addition of aluminum and vanadium as alloying elements to titanium
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improves its mechanical traits, it increases the susceptibility of passive layers on the metallic surface to
chemical dissolution in HBr medium, The dissolution may be due to the presence of additional oxides
[2,33], which enter the lattice of the passive film rendering it more defective, and hence the film
becomes less stable. This can be readily seen from the lower 8; and &, values for the alloy in
comparison to those for pure titanium metal at higher HBr concentrations (>0.1 M).

Results of EIS seem to offer further confirmation for the extent of surface reactivity of Ti and
Ti-6Al-4V alloy under open circuit conditions in HBr media. The low frequency capability has led EIS
to probe and readily detect relaxation phenomena involving surface intermediates and thus studying
electrochemical corrosion and passivation mechanisms. Prior to the impedance scan each specimen
was left immersed in the test solution until a steady state OCP was reached. All measurements were
carried out in the frequency domain 100 kHz -100 mHz, and the data are presented as Bode plots for
both electrodes in Fig. 3(a, b) as a function of HBr concentration over the range 0.01 M - 8.0 M. Bode
plot is recommended as a standard impedance plot, since all impedance data are equally represented
and the phase angle is a sensitive index to the surface phenomena occurring at the electrode/electrolyte
interface [34-36]. As can be seen, the spectra in Fig. 3 reveal highly capacitive response typical of
passive materials, as indicated by the phase angle remaining close to 90° over a wide range from
medium to low frequencies. This behavior is more accentuated for titanium and suggesting the
formation of more stable film on the pure metal as compared to its Ti-6Al-4V alloy. For both samples
it can be noted that, although the electrochemical impedance was measured down to a low frequency
of 100 mHz, no horizontal impedance plateau can be discerned in the spectra over this frequency
range, while in the high frequency region log |z|-log f relation tends to become constant with a phase
angle drops towards zero degree [4,19]. This is a typical resistive behavior corresponding to the
solution resistance between the working and reference electrodes.

Moreover, the large broad phase angle peak indicates an interaction of two time constants,
reflecting the bi-layer nature of the passive film on Ti and its alloys comprising a porous outer layer
and a barrier inner layer [19,37]. Based on these facts the obtained EIS data were analyzed in terms of
the equivalent circuit (EC) shown in Fig. 3c, which was proposed to simulate the metal/oxide/solution
interface for Ti and its alloy [19]. The EC model consists from a simple Randles circuit representing
the charge transfer resistance and double layer capacitance (R and Cg) branched in parallel
arrangement with the resistance and capacitance of the passivating oxide film (Rox and Co), and the
whole are series connected with the solution resistance(Rs) [19]. A non-ideal capacitive response of the
oxide film was taken into account by using a constant phase element (CPE) instead of a pure
capacitance in the fitting procedure. This CPE can be related to a distribution of relaxation times as a
result of different degrees of surface in-homogeneity, roughness effects and variations in properties or
compositions of surface layers [38]. The impedance associated with the capacitance of the oxide layer
is described by the complex frequency dependent impedance (Zcpe) defined as [19,35, 38- 40]:

Zcpe = 1/Qq(jow)" )
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Figure 3c. Electrical equivalent circuit used to analyze the present experimental EIS data.

Table 2. Equivalent circuit parameters for the spontaneously formed passive film on (a) titanium and
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(b) Ti-6Al-4V alloy as a function of HBr concentration at 298 K.

[HBI]/ M Rox / Cocl X Rt/ Cal R/
kQcm® | uFem™ Qrlcm® | uFem™ Q
(a) Titanium

0.01 220.7 20.99 0.89 9.90 8.72 367.3
0.10 235.4 10.01 0.86 13.85 7.98 34.0
0.50 309.2 4.26 0.87 7.29 6.65 11.39
1.0 292.7 4.39 0.89 18.57 6.54 8.95
2.0 267.2 4.45 0.85 10.24 8.75 3.94
3.0 2394 4.60 0.95 15.63 9.01 3.47
4.0 180.7 4.84 0.89 0.23 9.43 2.93
5.0 180.1 5.61 0.94 17.20 9.92 3.13
6.0 140.1 6.13 0.95 18.72 11.03 3.37
8.0 110.9 6.86 0.99 1.74 13.22 3.59

(b) Ti-6AI-4V
0.01 165.1 2.20 0.90 24.12 2.87 365.60
0.10 146.2 2.31 0.85 22.10 8.85 11.98
0.50 123.3 2.68 0.84 19.29 12.13 2.83
1.0 97.4 3.29 0.85 15.13 13.48 1.83
4.0 86.2 3.32 0.75 12.20 14.32 1.65
8.0 77.5 3.46 0.81 9.83 15.13 1.39

where Q, is the magnitude (Q™* cm? s ™) of the CPE which is identical to the idealized capacitance
(Cox) at @ =1, w being the angular frequency (w = 2xf rad s7), and j = (-1)Y2. The value of x can vary
between 1 for a perfect capacitor and -1 for a perfect inductor. Fitting procedures using the following
(Eq. 3) transfer function [41] for the proposed EC model (Fig. 3c) adequately described the measured
data to an error of 5% or less, and the calculated EC parameters are listed in Table 2.
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ox 3)

The results indicate that although the parameters are all concentration dependent, the values of
Rox are greater than those for Ry, by more than 1.5x10 times, which assumes the presence of a
protective oxide film providing a high corrosion resistance to the sample. Therefore, the influence of
the double layer on the total impedance of the interface seems to be comparatively negligible, and
accordingly the EIS data become dominated by the passive film properties.
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Figure 4. Dependence of: (a) the relative oxide film thickness (1/Cox) and (b) its resistance (Rqx) On
HBr molar concentration at 298 K.

Variation of the values of (1/Co), which is directly proportional to the relative thickness of the
oxide film [19,28,39,40], as well as its resistive component (Rox) with HBr molar concentration are
depicted in Fig. 4(a, b) for titanium and Ti-6Al-4V alloy, respectively. For each sample, it is observed
that the behavior of the two parameters follows an almost similar pattern. Thus, for titanium metal
there is an initial linear fast increase in the values of the relative film thickness and its resistance with
increase in HBr concentration up to 0.5 M followed by a gradual decrease in their values at higher
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concentrations (>0.5 M HBr). However, in the case of Ti-6Al-4V alloy the general trend for the
variation of those two parameters is an exponential decrease over the whole concentration range (0.01
M - 8.0 M) with no sign for a critical concentration. Thereby, for both samples the EIS behavior is
commensurate with that for OCP results and suggesting that HBr can promote spontaneous growth of
passivity oxide films on Ti and Ti-6Al-4V surfaces. Those passive films inhibit active dissolution of
the underlying metal and protect it from corrosion. Nevertheless, the issue of the resistance to active
anodic dissolution and propensity for passivation appears to be a function of the forming HBr
concentration and the metallic substrate composition. Various factors may be involved to bring about
such results.

In reducing bromide acid medium the presence of a native TiO, film on the sample surface is a
formidable barrier to localized corrosion. However, the present results indicate that TiO, can fail and
leads to localized corrosion, including pitting attack, in the presence of aggressive Br~ anion [40, 42].
A possible mechanism for TiO, failure may be through pit nucleation [27]. In bromide media over the
low concentration range (0.01 M - 0.5 M), it can be assumed that a surface defect in the metal favors
an increase in localized growth of the passive film. This defect appears as an area for a pit nucleus at
which a selective halide ion mass transfer may occur and favoring the formation of titanium tetrahalide
(or oxyhalide) [43] via the reaction

Ti + 4Br = TiBr, + 4e (4)

to take place that can be serve as a substitution for the reaction

Ti + 2H,0 = TiO, + 4H" + 4e )

which accounts for the passivity of titanium surfaces.

As passivity and pitting are dynamic processes, water molecule diffusion leads to hydrolyse the
salt at the boundary between the TiBr, clusters and the solution and regenerate Br~ ion via the
reactions

TiBr, + 2H,0 =  TiO, + 4Br + 4H" (6)
and/or
TiBr, + H,O =  TiO™ + 4Br + 2H" ()

The oxide (TiO,) and/or the titanyl ion (TiO™™) repassivate the surface and should decrease or
even stop the dissolution at the micro-pits, as long as Br~ ion concentration is low (< 0.5 M) and the
electric field is not high enough to secure, by ionic conduction, the mass transport across the phase
boundary. However, at higher Br~ ion concentrations (> 0.5 M), local aggressive conditions are
established and an increase in the mass transfer occurs with a subsequent breakdown in the dynamic
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equilibrium between passivation and dissolution within the pits, leading to a decrease in the passive
film resistance (Rox) and a concomitant diminution in the film thickness (1/C,) value.

3.1.2 Potentiodynamic polarization behavior
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Figure 5. Potentiodynamic cathodic and anodic polarization scans for: (a,b) titanium, and (c) Ti-6Al-
4V alloy as a function of HBr molar concentration at 298 K.
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Cathodic and anodic linear sweep curves for Ti and Ti-6Al-4V recorded at a scan rate of 1 mV
s™ are presented in Fig. 5(a-c) in relation to HBr concentration in the domain of 0.01 M to 8.0 M. As
the results reveal, the polarization scans exhibit Tafel behavior.

At all acid concentrations the cathodic curves are quite similar for the metal and its alloy,
indicating similar cathodic reaction takes place on both materials. When the anodic polarization starts,
the current in the active region increases rapidly due to metal ion dissolution. As the potential increases
in the positive direction the rate of variation of the anodic current decreases and the curve merges into
a more or less plateau very dependent on the electrolyte concentration before possible evolution of O,
and /or Br; takes place on the passive electrode surface, characterized by a re-increase in the polarizing

current.

Table 3. Electrochemical corrosion parameters of Ti and Ti-6Al-4V alloy as a function of
concentration at 298 K.

HBr

[H BI’] / Ecorr/ icorr / He / Ha / icrit / Eecrit /
M MVagagel | pAcm™ | mV/decade | mV/decade | pAcm™ mvV
(a) Titanium
0.01 -335 0.10 -11 190 5.15 28.88
0.1 -180 0.05 -111 125 442 121.0
0.5 480 0.03 -185 141 4.81 672.0
1.0 320 0.36 -413 211 5.70 448.7
2.0 290 0.90 -283 276 3.64 483.0
3.0 230 1.51 -266 239 5.02 353.0
4.0 310 1.82 -251 260 5.15 450.0
5.0 300 2.96 -206 294 7.83 451.5
6.0 260 3.91 -304 405 10.50 449.1
8.0 250 4.70 -256 318 11.20 450.0
(b) Ti-6Al-4V
0.01 -360 0.19 -72.0 145.0 0.65 -270
0.1 -250 0.22 -121 361.0 0.56 -117
0.5 210 1.10 -206 119.0 2.04 -267
1.0 260 1.38 -97.5 91.90 9.70 275
8.0 350 8.28 -41.3 24.30 24.01 514

The electrochemical dissolution parameters for titanium and its alloy were estimated using

Thales software for i/E analysis [19,44] and listed in Table 3. The results indicate clearly that all these
parameters are strongly dependent on both solution composition and electrode material. The corrosion
current density (icorr), Which is equivalent to the corrosion rate, was determined by intersection of the
cathodic Tafel line with the corrosion potential (Ecorr) Value of zero current. It has to be noted that Ecor
determined from polarization curves are significantly lower than those obtained from the OCP
measurements. This is expected, as the polarization tests were started at a cathodic potential relative to
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the corrosion potential, so that the passive film at the surface was at least partially removed due to the
highly reducing initial potential [4,45]. Figure 6(a, b) displays the dependence of 10g icor ON log HBr
molar concentration. For titanium, the figure illustrates that icor decreases slightly with increasing
concentration up to 0.5 M before it resumes to increase appreciably. The recorded increase in icor at
higher concentrations (> 0.5 M) may be ascribed to a decrease in the efficiency of oxide building
caused by the aggressive influence of Br~ ions.
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Figure 6. Dependence of icr o0n HBr molar concentration for (a) titanium and (b) Ti-6Al-4V alloy.

So, it is possible to assume that Br~ as depassivating anions play their activating role through
preferential adsorption on the oxide surface and hence can participate in enhancing the formation of
soluble complexes, most likely clusters of TiBr, molecules [27]. These compounds initiate pits
nucleation at the active inclusion sites on the electrode surface, leading to partial inhibition in the oxide
growth process associated with an increase in the corrosion rate (i¢orr Value). However, in more diluted
solutions (< 0.5 M), the depassivating action of Br~ anions becomes less important compared to the
high efficiency of the metal to oxygen [46] and thus icr vValue decreases.

On the other hand, in case of Ti-6Al-4V alloy, the value of i increases gradually with
concentration over the whole range (0.01-8.0 M), and the alloy dissolves actively as the Br~ ion
concentration in the medium increases (cf. Fig. 6(b)). The enhanced corrosion of the alloy, especially
over the lower HBr concentrations, as compared to the corrosion behavior of the pure metal can be
attributed to the presence of more point defects in the structure of the passive layers of the alloy caused
by the strong influence of the alloying elements in Ti-6Al-4V [47]. The higher defect concentration in
the oxide film increases the penetration of the aggressive Br- anions, thereby decreases its resistance to

corrosion and leading to icor increase. It has to be noted that pitting of passivated Ti surface is limited
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to high anodic overpotential (> 5 V vs. OCP) even in aggressive halide containing solutions. For
example, in 1.0 M NaBr at 30 °C environment, Shibata and Zhu [48] have reported a value of +6.0 V
(vs SCE) for the titanium pitting potential. Inspection of Table 3 reveals also that the critical current
density (icrit) for both samples behaves in a similar manner as icor With respect to the influence of HBr
concentration, where these two parameters are always inferior for titanium than for its alloy at any
given Br~ion concentration. The results indicate that Al and V addition to titanium as alloying
elements has a detrimental effect concerning its corrosion vulnerability in HBr medium. In addition,
the data indicate that E; exhibits a comparable trend to that of E.,, for each material, which is in good
agreement with the OCP behavior.

3.2 Effect of Temperature

The influence of temperature on the stability of spontaneously formed passive films on Ti and
Ti-6Al-4V alloy was studied in HBr medium. Previously, Blackwood and Peter [49] found that high
defect densities associated with rapidly grown oxide films on Ti in H,SO,4 could be decreased by
growing or annealing the oxide films at higher temperatures. Also, Shibata and Zhu [50] reported that
the dielectric constant for the anodic film on Ti in H,SO4 solution increases with temperature.

3.2.2 Open circuit behavior

The effect of temperature on the time profile of the OCP behavior of freshly polished Ti and
Ti-6Al-4V electrodes was investigated in naturally aerated 1.0 M HBr solution over the range 280 -
318 K. The OCP of the alloy was found to be always more negative than that for the metal.
Nevertheless, in both cases the OCP became nobler with increasing immersion time until reached the
steady-state value (Ess). For each electrode, the measured Ess increases exponentially with rise in
temperature. It seems that a very stable surface layer was formed as soon as the sample was contacted
HBr solution. The results imply that moderate acid concentration (1.0 M) promotes additional
passivation for both samples at higher temperatures. Such behavior indicates that increasing
temperature of HBr solution favors oxide film formation and growth on the expense of oxide film
dissolution process. Hence in bromide medium, temperature can act as a catalyst for easier movement
of the cations and anions which would lead to evolution of oxide layers at the oxide/solution interface
and also presumably repairing the flawed regions on the sample surface [30].

Basically, the OCP transients are able to yield information on the rate of spontaneous metal
passivation [19,36]. Thus, by considering the OCP variation with log t as a function of temperature for
Ti and its alloy, linear plots are obtained following Equation (1), where the slope (8) of each plot is
directly proportional to the rate of oxide growth. Indeed, each plot consists of two intersecting linear
segments, which reflects the duplex nature of the growing oxide film. Fig. 7 shows the effect of
temperature on the oxide formation efficiency (of its inner layer) in 1.0 M HBr solution under open
circuit conditions for the two tested samples. The plots of log J; versus 1/T are linear following the
familiar Arrhenius equation. Values of the apparent activation energy (E,) calculated from the slopes
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of the two plots are 6.19 and 8.10 kJ mol™ for Ti and Ti-6Al-4V alloy, respectively. These results
indicate that although Al and V addition to titanium does not, in principle, modify the protection
characteristics of its spontaneous oxides, pure Ti exhibits a stronger propensity to enhance the growth
rate of the passivating oxide layers than its alloy, with increasing ambient temperature.
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Figure 7. Thickening rate of the inner layer (1) as a function of temperature in 1.0 M HBr solution for
titanium and Ti-6Al-4V alloy.

For additional information concerning the role of temperature on the corrosion vulnerability
and passive behavior of the oxide layers on Ti and its alloy, EIS Bode plots of the two samples were
probed at the rest potential (Es) after 100 min immersion in 1.0 M HBr solution as a function of
temperature.

The fitting procedures using the same equivalent circuit model shown in Fig. 3c were found to
give better agreement between the theoretical and experimental data. Table 4 presents the derived
impedance parameters for the two samples. Fig. 8 reveals that oxide film resistance (Rox), which
determines the insulating property of the oxide layers, increases linearly for both samples as the
temperature increases with a concomitant increase in the relative thickness (1/Cox) of their passive
films. Furthermore, at any identical experimental conditions, Rox for Ti is always much higher than that
for the alloy, in spite that 1/C,x for the former is lower.
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Table 4. Equivalent circuit parameters of Ti and Ti-6Al-4V alloy in 1.0 M HBr solution at different

temperatures.
kQO cm® | pF cm™ Qcm® |puFem* | Q

Ti 280 269.1 4.62 0.86 |17.91 6.65 9.45
288 283.3 4.45 0.85 |17.80 6.61 9.52
298 292.7 4.39 0.89 | 18.57 6.54 8.95
308 307.1 4.15 0.83 | 20.65 6.14 10.10
318 316.2 4.06 8.87 | 19.21 6.32 9.72

Ti-6Al-4V 280 76.1 3.66 0.85 | 11.50 15.20 1.85
288 83.2 3.51 0.84 | 13.01 16.10 1.90
298 97.4 3.29 0.85 | 15.13 13.48 1.83
308 107.3 3.01 0.86 | 18.20 13.01 1.40
318 114.2 2.85 0.85 | 21.30 13.50 1.89

Such behavior indicates formation of a thinner, more compact and dense oxide film on pure Ti
as compared to the thicker oxide layer with a defective nature and more open structure grown on Ti-
6Al-4V alloy surface. Thereby, thin oxide films which formed on the pure metal are more protective
than the thicker ones formed on its alloy as being with lower resistance.

3.2.2 Polarization behavior

Polarization scans (not seen) as a function of temperature for the present tested samples were
collected after a holding time of 100 min. in naturally aerated 1.0 M HBr solution. A fresh solution
was used for each experiment at the required temperature within the range 280-318 K. Upon raising
solution temperature no significant differences in the polarization characteristics are observed, except a
continuous general shift of the whole Tafel plot towards more positive potential values and a decrease
in the polarizing current. This is typical of a passive behavior. The electrochemical corrosion
parameters were evaluated from the polarization curves and presented in Table 5. The results indicate
clearly that all parameters are dependent on the ambient temperature as well as on the electrode
material. The positive shift in the value of E.o for both samples with temperature rise indicates more
stable passive films on their surfaces. Fig. 9(a, b) reveals that both corrosion and critical current
densities are lowered by an increase in temperature, indicating inhibition in the rate of dissolution
process for the corroding-passivating surface oxide film. At room temperature and above, the values
of the two current densities (icorr and icrit) Seem to be constant, especially for pure Ti sample, whereas
they rise sharply as the temperature is lowered more than the room value. The enhanced passive film
formation for the two materials upon raising temperature is consistent with a decrease in the aggressive
Br~ ion concentration in the interface region as a result of a decrease in the extent of anion adsorption
at high temperature [51]. Also, raising solution temperature improves the passive properties of the
surface films by decreasing the concentration of anion vacancies present on titanium oxide film.
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Figure 9. Variation of: (a) the corrosion (icor) and (b) the critical (icit) current densities with
temperature for Ti and Ti-6Al-4V alloy in 1.0 M HBr solution.
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Table 5. Electrochemical corrosion parameters of Ti and Ti-6Al-4V alloy in 1.0 M HBr solution at
various temperatures.

E|eCtrOde T / K Ecorr/ icorr/ ﬂa/ 77(; / icrit /
MVagagel | 0 uZA mv/decade mv/decade | pAcm™
cm’

Ti 280 265 2.05 264 -434 7.6
288 295 1.53 227 -457 6.1

298 320 0.36 211 -413 5.7

308 305 0.10 252 -357 4.9

318 461 0.05 306 -419 4.4

Ti-6Al-4V | 280 -180 5.20 338 -230 22.7
288 -170 3.93 174 -347 15.4

298 260 1.38 91.9 -97.5 9.7

308 350 0.93 68 -87.1 10.0

318 480 0.50 46 -72.8 8.6

These anion vacancies are generated by the presence of lower titanium oxidation states [52].
On the other hand, the high current density obtained for Ti-6Al-4V alloy compared to Ti metal might
be due to the effect of alloying elements (Al and V) in the passive film of the former. Aluminium and
vanadium likely enter the lattice of the passive film making it less protective and so decrease the
corrosion resistance and stability of the sample more than in case for the pure base metal. The inferior
corrosion performance of Ti-6Al-V relative to Ti has been reported recently by the same author
[19,28].

As far as the results of the three used electrochemical techniques are concerned, it may be
assumed that ingress of aggressive Br~anion into the oxide film via adsorption mechanism, leads to
nucleation of corrosion pits at the active inclusion sites mainly due to formation of titanium
tetrabromide (TiBrs) or oxybromide (TiOBr;). These pit nuclei do not propagate, but simply
repassivate immediately by re-growth of the oxide film via the hydrolysis of the covalent tetrahalide to
give TiO™ or TiO, depending on the bulk pH and the ambient conditions [43]. Raising solution
temperature activates also the simultaneous hydrolysis process and consequently sustains the re-
passivation Kinetics.

4. CONCLUSIONS

1. The influence of low and highly concentrated HBr solutions (0.01 M-8.0 M) on the corrosion
and passivation behavior of titanium and Ti-6Al-4V alloy was investigated by OCP, EIS and
potentiodynamic polarization tests.
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2. Over the whole concentration domain the OCP increases positively with time, indicating
self-passivation for both samples, where there is an optimum HBr concentration at which the
thickening rate for the two layers comprising the formed oxide film is maximum.

3. For Ti metal, EIS results showed that the relative film thickness (1/Cox) and its resistance
(Rox) exhibit fast increase up to 0.5 M followed by a gradual decrease. However, in case of Ti-6Al-4V
alloy the general trend of the above two parameters is to decrease continuously as HBr concentration is
increased with no sign for a threshold value.

4. The two corrosion parameters icor and icrit derived from the polarization curves, both exhibit
a reverse trend in corroborating with the above behavior.

5. In a moderate HBr concentration (1.0 M), temperature can act as a catalyst for easier
passivation of the two tested samples, leading to decrease their corrosion rates. Over the studied
temperature range (280-318 K), the increase in the thickening rate of the spontaneously formed oxide
layers follows Arrhenius behavior and the calculated apparent activation energies for the process
confirm well that Ti has a stronger propensity to form passive film in HBr solution more than its Ti-
6Al-4V alloy.
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