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Abstract

The electrochemical polarization behaviour of a titanium alloy (IMI 834) was studied in different concentrations of
aqueous and ethylene glycolic solutions of hydrochloric and phosphoric acid at 30 �C. The influence of furnace
cooled (FC), air cooled (AC) and water quenched (WQ) heat treatments and microstructure on polarization
behaviour was also studied. An active passive transition and a large range of passivity potential were observed in
aqueous and glycolic solutions of the acids. The magnitudes of the critical current density (ic) and passive current
density (ip) were higher for hydrochloric acid in comparison to phosphoric acid. Values of ic and ip were lower in
ethylene glycol–hydrochloric acid up to 7 M and were higher above 7 M hydrochloric acid–ethylene glycol solutions
as compared to the corresponding hydrochloric acid concentrations. However, these values were always lower in
ethylene glycol–phosphoric acid than in phosphoric acid solutions. The microstructure of the alloy after solution
treatment (1080 �C, 30 min; FC, AC and WQ) showed single phase transformed b structure. The increase in the
cooling rate enhances the fineness of the b laths. The working electrode surface was examined by scanning electron
microscopy (SEM) and scanning tunnelling microscopy (STM).

1. Introduction

Titanium and its alloys, owing to their biocompatibility,
high corrosion resistance, light weight and various
mechanical properties, are used extensively as artificial
joints, bone plates and dental implants. Concentrated
efforts over the last three decades has led to the
development of excellent conventional titanium alloys
[1] to enhance the lower limits of superalloy to 873 K.

Alloy IMI 834, employed in the present investigation,
is a relatively new medium strength alloy developed for
improved temperature and tensile/fatigue situations
and has the highest maximum service temperature
(600 �C � 1200 �C) among conventional commercial
titanium alloys. Its major applications include compres-
sor discs and blades for the aerospace gas turbine engine
industry.

Substantial work related on the corrosion behaviour
of titanium and its alloys in different aqueous and
reducing acid solutions has been reported [2–7]. Passi-
vated Ti exhibits poor corrosion resistance in concen-
trated reducing acids, such as HCl or H2SO4. Therefore,
alloying additions that can promote the stability of the
protective oxide film in a reducing acidic environment
are desirable. Alloying elements, such as Nb and Zr, are
strong oxide formers [8] and resist chemical dissolution
in reducing acids [9–11]. The alloy under the present
investigation also contains these elements. We have,

therefore, chosen to undertake a study of its electro-
chemical corrosion behaviour in reducing acids (HCl,
H3PO4) since these acids are in common commercial
use. The corrosion behaviour of IMI 834 alloy in
different concentrations of aqueous and ethylene gly-
colic solutions of hydrochloric and phosphoric acids has
been investigated. The influence of various heat treat-
ments on its corrosion behaviour has also been inves-
tigated.

2. Experimental details

The titanium alloy (IMI 834) was procured from M/S
Imperial Metal Industries (UK). The alloy (IMI 834)
with near a composition, contained 5.8 Al, 4 Sn, 3.5 Zr,
0.7 Nb, 0.5 Mo, 0.35 Si, 0.06 C (by wt %). The ex-
perimental setup, working procedure and specimen
preparation are the same as described elsewhere [3–5,
12]. Polarization studies were performed potentiostati-
cally (Wenking. POS73) in aerated solution under
unstirred conditions. Prior to polarization measure-
ments, the working electrode of 2 cm2 exposed surface
area was immersed in the experimental solution for
about 30 min to attain a stable value of open circuit
potential (OCP). Polarization was done by starting at a
negative potential and moving in the positive direction,
in different acid concentrations unless otherwise stated.
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Acid solutions of different concentrations were prepared
by diluting a stock solution of concentrated hydrochlo-
ric acid or phosphoric acid (AR grade) with double
distilled water and ethylene glycol. All experiments were
performed at 30 ± 1 �C unless otherwise mentioned. A
saturated calomel electrode (SCE) was used as reference.

Solution treatments were given to the specimen in the
b phase field at 1080 �C for 30 min under vacuum
(10�3 torr) and the specimens were cooled in a furnace
(FC), air (AC) and water (WQ). For solution treatments
the polished samples were sealed in a silica tube along
with titanium getter at 10�3 torr vacuum.

The working electrode surface was examined using
scanning electron microscopy (Philips XL-20) and
scanning tunnelling microscopy (Metris-2000 Burleigh).

3. Results and discussion

3.1. Hydrochloric acid and ethylene glycolic–hydrochloric
acid solutions

The open circuit potential (o.c.p.) of the alloy in
different concentrations of aqueous and ethylene gly-
colic solutions of hydrochloric and phosphoric acids
ranged between �440 and �650 mV vs SCE and showed
a tendency to move in the less noble direction with an
increase in acid (HCl or H3PO4) concentration in
aqueous or ethylene glycol solution.

Figure 1 represents the cathodic and anodic polariza-
tion curves of titanium alloy in different concentrations

(3, 5, 7, 9 and 11 M) of aqueous hydrochloric acid, at
30 �C. The nature of the cathodic polarization curves
for the alloy in different acid concentrations is similar
and the current density increased as the potential moved
negatively. The linear nature of the cathodic polariza-
tion curves indicated an activation controlled cathodic
reaction. The cathodic reaction was hydrogen evolution
and the Tafel slope values ranged between 55–
125 mV decade�1.

The alloy showed a distinct active–passive behaviour
in the above concentration range (Figure 1). The critical
current density (ic) for passivity and the passive current
density (ip) increased substantially (from 84 to 2400
lA cm�2 and 8 to 96 lA cm�2, respectively) with
increase in hydrochloric acid concentration. The poten-
tial at which passivity started was the same for all
concentrations. A wide and stable passive potential
range was invariably observed. The Ti–6A1–4V alloy
also showed similar anodic polarization curves in
different hydrochloric acid concentrations [5]. However,
ic and ip were always higher for Ti–6A1–4V than for IMI
834 alloy at different hydrochloric acid concentrations.
Thus, IMI 834 alloy appears more corrosion resistant
than Ti–6A1–4V. The dissolution of anodic Ti oxides,
upon exposure to a reducing acid has been correlated
with the conversion of TiO2 to hydrated TiOOH or by
direct chemical dissolution to TiO2þ or Ti(OH)3þ

[16, 17]. It is understood that the alloying additions
Nb and Zr, which are strong candidates for formation of
complex homogeneous oxyhydroxides, resist chemical
dissolution in reducing acids [9–11] and likely form

Fig. 1. Polarization curves of titanium alloy (IMI 834) in different concentrations of aqueous hydrochloric acid, at 30 �C: (–·–) 3 M, (–d–) 7 M,

(–D–) 9 M and (–m–) 11 M HCl.
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M—O bonds of high strength [8]. Such resistance to
oxide dissolution can be attributed to the formation of a
mixed Ti–Zr oxide in the form of a double oxyhydroxide
that is thermodynamically stable at low pH and poten-
tial [18, 19]. Similar anodic polarization curves have also
been observed by others [5, 13–15] for titanium in diff-
erent hydrochloric acid concentrations.

Hydrogen evolution was seen during the cathodic
polarization; there is likelihood of formation of hydride
on the surface [20, 21]. Several authors [22] have noted
that a hydride layer forms and that its thickness
diminishes as the anodic potential [23] increases. The
presence of hydride was inferred here and this com-
pound may intervene in the formation of tetravalent
species in the solution [24]. Above a certain critical
concentration, Ti(IV) ions in solution passivate [24] an
active surface or inhibit the anodic dissolution of
titanium [25]. That the intervened Ti (IV) formation is
not effectively inhibiting may be due to a certain critical
concentration requirement and resulting in higher pas-
sivity current (ip) particularly in concentrated solution
(P7 M) (Figure 1). The acidity may also be responsible
for such behaviour. Titanium dissolves producing Ti(III)
ions in the active potential region and Ti(IV) ions in the
passive potential region [26, 27]. The passivation was
considered mainly to be due to the slightly soluble
tetravalent adsorbed species and the passivity finally
observed can be ascribed to the formation of a very
slightly soluble oxide layer (TiO2) in hydrochloric acid.
Oxide destabilization can occur by chemical dissolution
of the oxide in a reducing acid and spatially localized

oxide film breakdown due to the ingress of anionic
species such as chlorides (Cl�) and bromides (Br�),
particularly at Al or Si-rich inclusions [28].

The cathodic and anodic polarization behaviours of
IMI 834 alloy in different concentrations of hydrochloric
acid in ethylene glycol (Figure 2, at 30 �C) showed that,
on increasing the hydrochloric acid concentration in
ethylene glycol, the cathodic polarization curves shifted
towards a higher current density region and closely
resembled those observed in different concentrations of
aqueous hydrochloric acid (Figure 1); thus the cathodic
reaction was hydrogen evolution. The cathodic Tafel
slope values ranged between 68–135 mV (decade)�1.

Active–passive behaviour was observed for the alloy
in different concentrations of hydrochloric acid in
ethylene glycol (Figure 2). The alloy became passive in
the negative potential region. On comparing the anodic
polarization behaviour of the alloy in different concen-
trations of aqueous and glycolic solutions of HCl
(Figures 1 and 2) it was observed that the curves
followed a similar trend with increase in hydrochloric
acid concentration either in aqueous or ethylene glycol
solutions. However, the values of ic and ip were
considerably lower in glycolic solution in comparison
to aqueous solutions (3–7 M HCl). But at higher acid
concentration (8–10 M) the values of ic and ip were
higher in the glycolic solutions (Figure 2) corresponding
to those in aqueous solution. The acidic glycolic
solutions may thus be classified into two groups ethylene
glycol rich solution (3–7 M HCl) and hydrochloric acid
rich solution (>7 M HCl). The low values of ic and ip in

Fig. 2. Polarization curves of titanium alloy (IMI 834) in different concentrations of hydrochloric acid in ethylene glycol solution, at 30 �C: (–·–)

5, (–�–) 7, (–m–) 8, (–D–) 9 and (–d–) 10 M HCl.
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glycolic solution at the corresponding aqueous hydro-
chloric acid concentration may be due to the relatively
lower dielectric constant of ethylene glycol. However, in
acid rich solution the higher value of ic and ip can be
ascribed to a high dielectric constant of the resulting
solution, and since ethylene glycol behaves as an acid
compared to water, the corrosiveness of the solution
towards the alloy increased at higher hydrochloric acid
concentration (>7 M HCl) in ethylene glycol.

3.2. Phosphoric acid and ethylene glycolic phosphoric acid
solutions

The cathodic and anodic polarization behaviour of the
titanium alloy in different phosphoric acid concentra-
tions (3.24, 7.28, 10.92 and 13 M) are illustrated in
Figure 3, at 30 �C. Hydrogen evolution took place
during the cathodic polarization at all acid concentra-
tions and the Tafel values ranged between 77 and
135 mV (decade)�1.

Active–passive behaviour was exhibited at all phos-
phoric acid concentrations (Figure 3). The critical cur-
rent density (ic) increased (from 5.4 to 69 lA cm�2) with
increase in concentration. An increase in ip was found
up to 7.28 M and thereafter it decreased to the lowest
value of 1.86 lA cm�2 at the highest concentration. In
dilute solution the increase in ic was greater than that at
the higher concentration. Such a change in the corro-
siveness of the acid towards the alloy may be due to
changes in the structure of the acid solution with
dilution. In highly concentrated phosphoric acid the

phosphate ions are interconnected by hydrogen bonds,
but in dilute solution, these ions are hydrogen bonded to
the water liquid lattice rather than to other phosphate
ions [29]. Therefore, it is expected that a dilute solution
of phosphoric acid has a lower solvation effect as
compared to a concentrated one.

An oxide type film formation is most likely on the alloy
surface with a small difference in their protective
properties [30]. The oxide is typically TiO2 but may
consist of mixtures of other titanium oxides including
TiO2, Ti2O3 and TiO. The current densities in different
regions were always higher in aqueous hydrochloric acid
than phosphoric acid solutions (Figures 1 and 3), which
can be attributed to the greater aggressiveness of
hydrochloric acid than that of phosphoric acid. This is
partly because of the many fold higher dielectric constant
of hydrochloric acid compared to phosphoric acid.

Figure 4 represents the cathodic and anodic polariza-
tion behaviours of the alloy in phosphoric acid–ethylene
glycol solutions. The cathodic reaction in each case was
hydrogen evolution and the Tafel slope values ranged
between 80 and 150 mV (decade)�1. The anodic polar-
ization curves revealed active–passive behaviour and, on
increasing the phosphoric acid concentration (3.24 to
10.9 M) in ethylene glycol, the curves shifted towards the
higher current density region.

The anodic polarization curves always shifted towards
lower current density at each concentration in the
glycolic solution in comparison to aqueous phosphoric
acid (Figures 3 and 4). The ic and ip values were lower in
acidic glycolic solution than in aqueous phosphoric acid.

Fig. 3. Polarization curves of titanium alloy (IMI 834) in different concentrations of aqueous phosphoric acid, at 30 �C: (–m–) 3.24,

(–d–) 7.28, (–D–) 10.92 and (–�–) 13.0 M H3PO4.
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As water is replaced by ethylene glycol in solution there
is an increase in viscosity with increasing ethylene glycol
concentration in the solution mixture. Consequently a
decrease in ic showed that in glycolic solution viscosity
plays a predominant role in the dissolution process.

3.3. Influence of heat treatment

Figure 5 represents the cathodic and anodic polarization
behaviours of FC, AC, WQ and as received specimen of
titanium alloy in aqueous 7 M hydrochloric acid and
10 M hydrochloric acid in ethylene glycol solution. The
cathodic polarization curves for the FC, AC and WQ
specimens shifted towards the higher current density
region as compared to that of the as received specimen in
aqueous 7 M hydrochloric acid. However, in 10 M HCl–
ethylene glycol solution the cathodic curves shifted
towards the higher current density region for AC and
WQ specimens compared to those for the as received
specimen. In both the media, the nature of the curves was
similar in all cases, except for variation of current density.

The anodic polarization curves for FC, AC and WQ
specimens showed active–passive behaviour in 7 M

hydrochloric acid and these curves shifted towards
higher current density in comparison to the as received
specimen. The maximum value of ic was observed for
the AC specimen followed by the WQ and FC speci-
mens. A slightly lower corrosion resistance observed for
the alloy as compared to the various heat treated
specimens may be attributed to the multiphase micro-

structure of the specimen after heat treatment. It is
probable that the alloying elements produce a significant
potential difference between the a and b phases causing
a relatively high dissolution current, which increases as
the ratio of the amounts of a and b phases increases [31].
The dissolution may be accelerated by the galvanic
effects and the unfavourable area ratio (large a cathodic
area and small b anodic area).

Active–passive behaviour was also observed for the
FC, AC and WQ specimens in 10 M hydrochloric acid in
ethylene glycol, where the curves shifted towards the
lower current density region for the FC, AC and WQ
specimens as compared to those of as received specimen.

The cathodic and anodic polarization behaviours of
the FC, AC, WQ and as received specimens in 13 M

phosphoric acid are illustrated in Figure 6. The cathodic
polarization curves resembled that of the as received
specimen and the cathodic reaction was hydrogen
evolution.

The anodic polarization curves (Figure 6) showed
active–passive behaviour for the specimen with various
microstructures in 13 M phosphoric acid. The value of ic
was slightly higher for as received than for various heat
treated specimens. The variation in the values of ic and
ip for various heat treated specimens are due to their
different microstructures and the difference in the
electrochemical behaviour may be due, in part, to the
difference in their crystal structure [32].

Figure 7 represents the cathodic and anodic polariza-
tion behaviours of the FC, AC, WQ and as received

Fig. 4. Polarization curves of titanium alloy (IMI 834) in different concentrations of phosphoric acid in ethylene glycol solution, at 30� C: (–D–)

3.64, (–h–) 5.0, (–d–) 7.28, (–m–) 9.0, (–�–) 10.9 and (——��) 13.0 M H3PO4.
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Fig. 5. Polarization curves of titanium alloy (IMI 834) in aqueous 7 M HCl and 10 M hydrochloric acid in ethylene glycol solution, at 30 �C (after

heat treatment). 7 M HCl: (–�–) FC, (–d–) AC, (–m–) WQ and (–·–) as received. 10 M HCl + EG: (–h–) FC, (–j–) AC, (–n–) WQ and (–�–)

as received.

Fig. 6. Polarization curves of titanium alloy (IMI 834) in 13 M phosphoric acid, at 30 �C (after heat treatment): Key: (–�–) FC,

(–d–) AC, (–n–) WQ and (–·–) as received.
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Fig. 7. Polarization curves of titanium alloy (IMI 834) in 10.92 M phosphoric acid in ethylene glycol, at 30 �C (after heat treatment). Key: (–�–)

FC, (–d–) AC, (–n–) WQ and (–·–) as received.

Fig. 8. SEM photomicrographs of titanium alloy (IMI 834). (a) As received (top, left), (b) FC (top, right), (c) AC (bottom, left) and (d) WQ

(bottom, right).
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specimens in 10.92 M phosphoric acid in ethylene glycol.
The anodic polarization curves revealed active–passive
behaviour for all specimens. The curves for the FC, AC
and WQ specimens shifted slightly towards the lower
current density region compared to those for the as
received specimen. Similar anodic polarization curves
for all the specimens indicated the similar anodic
reactions on these surfaces.

3.4. Structural studies: SEM and STM

Figure 8(a) (top, left) shows the microstructure of the
IMI 834 alloy (by SEM) in solution treated (1020 �C,
2 h, AC) and stabilized (700 �C, 2 h, AC) conditions.
The Figure showed a duplex structure consisting of
primary a (dark) and transformed b. The primary a was
found to be grown at prior b grain boundaries. The
microstructure after solution treatment (1080 �C, 30
min, FC, AC and WQ) are shown in Figure 8(b)–(d).
The figures revealed single phase structure showing
transformed b. The furnace cooled (FC) specimen

(Figure 8(b), top, right) showed the retained b at the
interplatelets boundaries. With increase in the cooling
rate (from FC to WQ) the transformed b laths increased.
The water quenched (WQ) specimen (Figure 8(d), bot-
tom, right) showed the martensite structure.

For FC, AC and WQ specimens, after polarization
studies in 7 M HCl, the a phase was preferentially
attacked in the FC and AC specimens. However, in the
case of the WQ specimen pitting was greater at the
interplatelet boundary.

The morphology of the heat treated specimens after
polarization (7 M HCl) was critically examined by STM.
In general, the surface film was found to be very uniform
and smooth. However, the structure of the film seemed
to depend on the base structure of the heat treated alloy.
The FC specimen showed rough morphology and
preferential attack in the a phase and the film had a
layer over layer structure (three dimensional analysis,
Figure 9(a), top). The microstructural features of the
film in general, are comparable and showed regular
ridges and furrows appearance in the case of AC and

Fig. 9. STM image of titanium alloy (IMI 834) after polarization in 7 M hydrochloric acid. (a) FC and (b) AC.
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WQ specimens (Figure 9(b), bottom). The furrows seem
to be the result of a preferential attack on a phase by
acid. The ridges are closer in the case of WQ than in AC
specimen.
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