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Synopsis
Plain and alloyed titanium aluminides of composition Ti-47.5 at.%
Al were prepared by melting commercial-purity titanium and
aluminium with additions of 1 at.% precious metal. The as-cast
alloys were subjected to potentiodynamic scans in 5, 15, and 25
wt% HCl aqueous solutions at room temperature and compared for
their abilities to spontaneously passivate.
Addition of precious metals resulted in a general improvement
of corrosion resistance by increasing the open circuit potential to
more noble values. Addition of 1 at.% gold or silver to titanium
aluminide did not significantly increase the corrosion potential
(Ecorr) above that of the plain titanium aluminide alloy, indicating
that gold and silver are not sufficient cathodic modifiers to improve
the corrosion resistance of titanium aluminide in all the solutions
tested. However, platinum, palladium, and iridium additions shifted
the corrosion potentials to the position of the passive region of plain
TiAl for all solution concentrations. This indicated that TiAl alloyed
with these platinum group metals would passivate spontaneously
by cathodic modification. TiAl alloyed with palladium performed the
best in 5 wt% HCl solution with the most positive corrosion
potential. In 15 wt% HCl solution, alloys with platinum exhibited
the most positive corrosion potentials, while alloying with iridium or
palladium revealed more negative corrosion potentials. Thus,
palladium alloying led to the best cathodic modification of titanium
aluminide in low-concentration HCl solution, whereas platinum and
iridium alloying additions resulted in the best cathodic modification
of titanium aluminide in high-concentration HCl solutions.
Keywords
cathodic modification, precious metals, titanium, corrosion.

room-temperature aqueous corrosion
properties of titanium aluminides. This is due
to the fact that most investigations conducted
to date on the titanium aluminide alloys were
aimed at high-temperature performance, and
therefore, high-temperature properties such as
oxidation and corrosion resistances were
investigated. Gamma titanium aluminide,
originally designed for high-temperature
applications, appears to have excellent
potential for bone repair and replacement, with
the biological response expected to be similar
to other titanium-base biomaterials6. These
observations from early tests have triggered
recent research activities on γ-TiAl as implants
for the human body7. In the process, recent
years have seen a growing interest in
assessing the corrosion properties of γ-TiAl in
aqueous media simulating human body fluids,
which justify the need to generate a database
on the corrosion properties of titanium
aluminide in aqueous solutions8.
Some catastrophic structure failures have
occurred in various alloys due to lack of roomtemperature corrosion resistance resulting in
stress corrosion cracking9–10. Investigations of
many alloy systems were triggered by
corrosion-induced failure of structures in daily
life. For instance, crevice corrosion studies of
titanium and its alloys in sodium chloride in
chemical industries where this metal and its

Introduction

The Journal of The Southern African Institute of Mining and Metallurgy

* Advanced Materials Division, Mintek and School
of Chemical and Metallurgical Engineering and
DST/NRF Centre of Excellence in Strong Materials,
University of the Witwatersrand.
† School of Chemical and Metallurgical Engineering
and DST/NRF Centre of Excellence in Strong
Materials, University of the Witwatersrand.
© The Southern African Institute of Mining and
Metallurgy, 2013. ISSN 2225-6253. This paper
was first presented at the, Ferrous and Base
Metals Development Network Conference 2012,
15–17 October 2012, Mount Grace Country House
and Spa, Magaliesburg, South Africa..
VOLUME 113

FEBRUARY 2013

97

L

Titanium aluminides are alloys with high
potential for elevated temperature applications
in turbine components due to their strength at
high temperatures, light weight, and good
oxidation properties1–5. Much work has been
dedicated to the investigation of the hightemperature oxidation properties of titanium
aluminides, resulting in much available data.
Although much work was done on the
corrosion behaviour of pure titanium and
titanium-based alloys, very limited information
is available on the room-temperature or near
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alloys are extensively used. In most aqueous environments,
titanium and titanium alloys show good corrosion resistance,
due to the stable oxide films that form spontaneously on the
surface. However, in chloride and/or fluoride solutions,
titanium alloys are susceptible to attack, showing pitting and
crevice corrosion11. Alloying elements, including nickel and
molybdenum, have been added to titanium and titanium
alloys to improve the corrosion resistance to pitting12–13.
Precious metals were added to titanium to increase the
corrosion resistance in non-oxidizing acids14-15.
Addition of precious metals as alloying elements to
improve corrosion resistance was not limited to titanium and
its alloys. Precious metals were also used to increase the
corrosion resistance of other alloys, such as stainless
steel16–17. Their use for corrosion resistance improvement
originated in 1911, when Monnartz reported that the rapid
corrosion of iron-chromium alloys in certain acids could be
suppressed by winding a platinum wire around the corrosion
test specimen or by adding platinum as an alloying element
to steel18. Stainless steel and nickel-based alloys were alloyed
with other elements in order to improve their corrosion
resistance19–21.
Several methods for controlling or improving corrosion
resistance of metals and alloys have been reported22.
Corrosion resistance can be controlled and/or improved by
cathodic modification23-24. For some metals and their alloys,
such as aluminium, modification of anodic layers has been
also used to improve corrosion resistance25-27. Beneficial
alloying elements mostly used in cathodic modification
include platinum group metals, and nickel and/or
molybdenum13,28. When present in stainless steel,
molybdenum led to better corrosion resistance by cathodic
modification than molybdenum-free stainless steel20.
Platinum group metal (PGM), nickel, or molybdenum
additions facilitate cathodic depolarization by providing sites
of low hydrogen overvoltage, which shifts alloy potential in
the positive direction where oxide film passivation is
possible24,29. A comprehensive description of the cathodic
modification mechanism was given by Potgieter15,23.
Relatively small concentrations of certain precious metals, of
the order of 0.1 wt%, are sufficient to expand significantly
the corrosion resistance of titanium in reducing acid media.
For alloys used in critical engine components, such as
turbine blades and turbocharger casings, fuel combustion
results in the formation of by-products, which form corrosive
solutions once in contact with a moisturizing environment,
leading to pitting and crevice corrosion30–31 in addition to the
hot corrosion usually observed in gas turbine
components32–33. Alloying plays an important role in the
corrosion resistance of materials in such environments, as
the microstructural components of the alloy have different
responses if subjected individually to the same environment.
It is also difficult to predict the response of the alloy to the
corrosive medium, as the presence of new phases,
compounds, and structures can lead to pitting and/or galvanic
corrosion. In this work, titanium aluminide alloys of α2+γ and
γ compositions with 1 at.% precious metal additions were
prepared and assessed for pitting corrosion resistance. The
precious metals were assessed for their ability to cathodically
modify the titanium aluminide alloys.
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Experimental procedure
Production of samples
TiAl alloys were prepared by melting Grade 2 titanium and CP
aluminium in a button arc furnace under an argon
atmosphere. The target composition was Ti-47.5 at.% Al (α2
+ γ) for the plain TiAl alloys. Plain TiAl and TiAl alloyed with
precious metals (PMs), e.g. silver, gold, platinum, palladium,
and iridium, were prepared containing 1 at.% PM substituting
for titanium, with the aluminium content remaining at 47.5
at.%. Hereafter, precious metal(s) are referred to as PM(s). A
plain γ-TiAl alloy made with 52.5 at.% Al was included in the
study for comparison.

Electrochemical tests
Potentiodynamic scans were conducted with an ACM
AutoTafel potentiostat/galvanostat system using a conventional three-electrode system with a saturated calomel
electrode (SCE). For each alloy system, tests were done in 5,
15, and 25 wt% HCl at room temperature to assess the effect
of solution concentration on the corrosion rate. Scans were
conducted with Grade 2 titanium, CP aluminium, plain
aluminides (α2 + γ-TiAl), and aluminides with addition of
precious metals.
The surfaces of the samples were ground to a 1200 grit
SiC paper finish, degreased with methanol, rinsed with
distilled water, and dried. The surface was prepared just prior
to starting the polarization experiment to limit long-term
oxidation. Before conducting the scan, each sample was
immersed in the solution for approximately 60 minutes to
obtain a stable corrosion potential. Potentiodynamic scans
were done by scanning from -350 mV to +1000 mV versus
the corrosion potential at a scanning rate of 10 mV.min-1.

Results and discussion
Electrochemical behaviour
The results of the different tests are shown in Table I, and the
scans at different solution concentrations are shown in
Figures 1 to 10. Table II shows the potential increase jump
observed with increasing solution concentration (5, 15, 25
wt% HCl) after 60 minutes’ exposure with reference to plain
TiAl, and was established with the following calculations:
[1]
[2]
[3]
where:
ΔE = Potential increase difference
E5 = Corrosion potential in 5 wt% HCl solution
E15 = Corrosion potential in 15 wt% HCl solution
E25 = Corrosion potential in 25 wt% HCl solution
ETiAl = Corrosion potential of plain TiAl alloy

Effect of alloying addition on corrosion potential
Corrosion of Grade 2 titanium and CP aluminium
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Table I

Test parameters and resulting corrosion potentials, current densities and corrosion rates
Samples
Ti grade 2
Ti grade 2
Ti grade 2
Aluminium
Aluminium
Aluminium
Alpha-gamma TiAl
Alpha-gamma TiAl
Alpha-gamma TiAl
Gamma TiAl
Gamma TiAl
Gamma TiAl
TiAl-1%Au
TiAl-1%Au
TiAl-1%Au
TiAl-1%Ag
TiAl-1%Ag
TiAl-1%Ag
TiAl-1%Pt
TiAl-1%Pt
TiAl-1%Pt
TiAl-1%Pd
TiAl-1%Pd
TiAl-1%Pd
TiAl-1%Ru
TiAl-1%Ru
TiAl-1%Ru
TiAl-1%Ir
TiAl-1%Ir
TiAl-1%Ir

HCl (wt %)

Icorr (mA/cm²)

Corr rate (mm/y)

Ecorr (mV SCE)

5
15
25
5
15
25
5
15
25
5
15
25
5
15
25
5
15
25
5
15
25
5
15
25
5
15
25
5
15
25

0.001
0.096
0.300
5.700
52.000
`0.061
0.130
0.200
1.400
1.200
1.000
1.400
1.900
2.200
0.062
0.073
0.370
0.003
0.011
0.240
0.001
0.013
0.013
0.160
0.930
1.500
0.026
0.036
0.040

0.010
0.864
2.700
62.700
573.100
0.549
1.161
1.764
12.00
10.530
9.360
12.600
17.10
19.80
0.558
0.657
3.330
0.030
0.099
2.160
0.009
0.117
0.117
1.440
8.370
13.500
0.234
0.324
0.342

-361
-611
-611
-809.000
-892.00
-605
-566
-462
-677
-668
-625
-508
-493
-353
-636
-578
-515
-260
-234
-254
-226
-268
-268
-270
-238
-223
-282
-275
-232

Table II

Corrosion potential variation with precious metal addition

Ti
Al
(α2 +γ) TiAl
TiAl (γ)
TiAl-Au
TiAl-Ag
TiAl-Pd
TiAl-Pt
TiAl-Ru
TiAl-Ir

Corrosion potential (mV)

Potential increase (mV)

E5

E15

E25

ΔE5

ΔE15

ΔE25

-361
-809
-605
-677
-508
-636
-226
-260
-270
-282

-611
-892
-556
-668
-493
-578
-268
-234
-238
-275

-611
-462
-625
-353
-515
-268
-254
-223
-232

244
-204
0
-72
97
-31
379
345
335
323

-55
-336
0
-112
63
-22
288
322
318
281

-149
0
-163
109
-53
194
208
239
230

Results for Grade 2 Titanium are shown in Table II and
Figures 1. Aluminium (Figure 2) was less noble than
titanium, suggesting that aluminium was more susceptible to
corrosion than titanium. In 25 wt % HCl solution, the sample
was completely destroyed. Such a response was expected,
because aluminium and its alloys are known to be
susceptible to higher corrosion rates than steel and titanium
in chloride solutions. Aluminium shows a pitting potential
lower than the H+/H2 equilibrium in neutral electrolytes at
1M concentration34.

Corrosion of plain TiAl
TiAl with α2 + γ phases in the microstructure
In the 5 wt% HCl solution, duplex titanium aluminide (Table I
The Journal of The Southern African Institute of Mining and Metallurgy

and Figure 3) had a lower corrosion potential than Grade 2
titanium and higher than CP aluminium, indicating that
titanium aluminide was nobler than aluminium and less
noble than Grade 2 titanium. Titanium aluminide gave the
most positive Ecorr values in 15 wt% and 25 wt% HCl
solutions. It appeared that in high-concentration solutions,
duplex TiAl had a better resistance to corrosion. The high
corrosion potential observed with titanium aluminide in the
25 wt% HCl solution was due to the combined contribution of
titanium and aluminium, a result of passivation of the alloy
surface, as was demonstrated in previous work on
aluminides35. There is no data available for aluminium in 25
wt% HCl solution, because it could not stand the aggressiveness of the solution and was completely destroyed. The
primary passivation zone range decreased with increasing
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concentration of HCl in solution. At all solution concentrations, the potentiodynamic scans indicated that there was
pitting at potentials that decreased with increasing acid
concentration. Alloy pitting was followed by a transpassive
region that ended with a secondary passivation at current
densities that were very close, irrespective of solution
concentrations.
The increase of corrosion potential with increasing
solution concentrations is believed to be the result of a strong
and fast passivation reaction of the TiAl alloy in a more and
more aggressive solution.

Plain TiAl with only γ phase in the microstructure

Figure 1—Potentiodynamic scans for Grade 2 titanium in HCl solution
of different concentrations

Figure 2—Potentiodynamic scans for CP aluminium in HCl solution of
different concentrations

Figure 3—Potentiodynamic scans for plain TiAl (α2 +γ) in HCl solution of
different concentrations
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The potentiodynamic scan of single-phase titanium aluminide
is shown in Figure 4. There was a high variation of corrosion
potential as the solution concentration increased from 5 wt%
HCl to 15 wt% HCl, and a small potential variation between
the 15 wt% and 25 wt% HCl solutions, indicating that at
higher solution concentrations, the corrosion potential was
not influenced by the change in concentration. Overall, the
scans gave corrosion potentials that were less noble than the
corresponding potentials observed with duplex TiAl in
solutions of the same concentration, suggesting that α2+γTiAl was more corrosion resistant than γ-TiAl. The low
potentials observed with the γ-TiAl seemed to be the contribution of aluminium content, which was higher than in the
duplex TiAl. Alloying of titanium with aluminium in a given
solution was expected to result in a corrosion potential lower
than the titanium corrosion potential and higher than the
aluminium corrosion potential in the same solution. Lowering
of corrosion potential with alloying is well documented for
aluminium when it is alloyed with less noble elements, such
as magnesium and zinc36.
The passivation region for γ-TiAl decreased with
increasing solution concentration. The pitting potential also
decreased with increasing solution concentration, and
transpassivity occurred at potentials that decreased with
increasing solution concentrations. Secondary passivation
occurred at a current density that was almost the same,

Figure 4—Potentiodynamic scans for plain γ-TiAl in HCl solution of
different concentrations
The Journal of The Southern African Institute of Mining and Metallurgy
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irrespective of the solution concentration.

Corrosion of duplex TiAl alloyed with precious metals
Overall, the addition of 1 at.% precious metals to duplex TiAl
resulted in an increase of corrosion potentials, compared to
plain duplex TiAl in solutions of same concentration. The
results are discussed further.

TiAl alloyed with silver and gold
The potentiodynamic scans for TiAl-1.0 at.% Ag and TiAl-1.0
at.% Au at different solution concentrations are given in
Figures 5 and 6. Overall, there was no improvement of the
corrosion resistance by addition of silver compared to the
plain TiAl alloy. Instead, the addition of silver shifted the
corrosion potential to less noble values (Table II), indicating
that modification of the cathodic process could not be
achieved with silver addition to TiAl alloy. There was an
increase in the corrosion potentials for TiAl alloyed with gold
(Table II). As the solution concentration increased, the
corrosion potential increased as well. The corrosion potential

higher values than for the plain TiAl in solutions of the same
concentration. The increase of corrosion potential with
increasing solution concentrations is believed to be the result
of a combined action of a strong and faster passivation
reaction of the TiAl alloy in an increasingly aggressive
solution, and an increase in gold content on the surface. The
values of Ecorr in the TiAl with gold suggested that the
change in concentration from 5 wt% HCl to 15 wt% HCl
impacted little on the corrosion potential (Table II).

TiAl alloyed with PGMs
The addition of PGMs to duplex TiAl resulted in an increase
of the corrosion potential (Table I). Typical potentiodynamic
scans are shown in Figure 7 for duplex TiAl alloyed with 1.0
at.% Pt. The addition of platinum shifted the corrosion
potential to nobler values. These results showed that TiAl-1
at.% Pt will passivate spontaneously in 5, 15, and 25 wt %
HCl solutions.
The corrosion potential in 25 wt% HCl was lower than in
15 wt% HCl owing to platinum being removed from the
exposed surface of the TiAl samples and the relative amount
of the two phases α and γ changing, resulting in a decrease of
the corrosion potentials. There was more γ-TiAl phase than
α2 (Ti3Al), resulting in a higher aluminium content, although
this explanation needs to be verified by conducting EDX and
XPS on the surface of the samples and potentiodynamic
scans on the α2-phase samples. From the data available, it is
speculated that the corrosion potential of α2 (Ti3Al) was
higher than that of γ (TiAl), because of the higher titanium
content.
However, a very large increase in corrosion potential
(Table III) could result in the cathodic process falling in the
transpassive region of the plain TiAl, and an increase in
current density, corresponding to alloy dissolution. Whether
the cathodic process of the TiAl alloyed with PGMs fell in the
active, passive, or transpassive region of the plain TiAl was
verified by comparing the corresponding addition scans
together with the plain TiAl scans.

Figure 5—Potentiodynamic scans for TiAl-1.0 at.% Ag in HCl solution of
different concentrations

increase with increasing solution concentration occurred at
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Figure 7—Potentiodynamic scans for TiAl-1.0 at.% Pt in HCl solution of
different concentrations
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Figure 6—Potentiodynamic scans for TiAl-1.0 at.% Au in HCl solution of
different concentrations
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Table III

Characteristic values of potentials and current density for plain TiAl
Characteristic values of potential or current density

Ep1 (mV)
Epa (mV)
Epit (mV)
Icri (mA/cm2)
Passivation region

Solution concentration (wt% HCl)
5

15

25

-525
-296
-48
3.0E-001
From -296 to -48

-464
-251
-138
5.5E-01
From -251 to -138

-378
-378
-281
8.2E-01
~0

Cathodic process modification
The analysis of the results has shown that aluminium, with a
very negative dissolution potential, was more susceptible to
pitting corrosion than Grade 2 titanium. For other alloy
systems36, alloying titanium with aluminium was expected to
lead to a corrosion potential between the corrosion potentials
of titanium and aluminium. The value of that corrosion
potential will depend on the aluminium content in the TiAl
alloy. From the data gathered with duplex TiAl (α2 + γ) and
single-phase γ-TiAl, it appeared that the corrosion potentials
of the duplex α2 + γ-TiAl were higher than those for singlephase γ-TiAl at all solution concentrations, indicating that
γ-TiAl, with high aluminium content, would give lower
corrosion potentials. It was also observed that the passivation
region of plain duplex TiAl decreased with increasing
solution concentration.
Thus, the introduction of precious metals in TiAl alloy
resulted in a general improvement of corrosion resistance by
shifting the corrosion potentials to nobler values. However,
the cathodic modification will be achieved only:
1. When the plain duplex TiAl has a small critical current
density (icr) that will be easily exceeded by the current
of the hydrogen cathodic reaction on TiAl with precious
metal addition at the given passivation potential (Ep)
2. If the passivation potential (Ep) of plain duplex TiAl is
sufficiently negative to allow the cathodic component
that has been introduced to change the corrosion
potential (Ecorr) of the TiAl with precious metal to a
value in the passive range that is more positive than Ep
but less positive than the potential associated with the
onset of transpassive processes (Etr)
3. When the transpassive potential (Etr) of TiAl is
sufficiently electropositive to allow a wide passive
range.
Figures 8 to 10 are the potentiodynamic scans of TiAl
alloyed with precious metals superimposed on the potentiodynamic scans of plain duplex TiAl. Table III shows the
extension of the passive region in the 5 wt% HCl, indicating
that the corrosion potentials of TiAl alloyed with PGMs fell in
that range, and none of the scans intersected the scan of
plain TiAl in the transpassive region (Figure 8), suggesting
that TiAl alloyed with PGMs would spontaneously passivate
in the 5 wt% HCl solution by modification of the cathodic
process, except for Ru. A similar trend was observed in the
15 wt% HCl solution, where all the cathodic processes of TiAl
alloyed with PGMs fell within the passivation region, without
intersecting the scan of the plain TiAl scan in the active or
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transpassive regions (Figure 9). However, in the 25 wt% HCl
solution, corrosion potentials of TiAl alloyed with precious
metals all fell outside the passivation region (Figure 10). The
cathodic scan of TiAl alloyed with silver, gold, and palladium
intersected the plain TiAl scan in the active region, indicating
that alloy dissolution would occur. The cathodic process of
TiAl alloyed with platinum, and iridium intersected the plain

Figure 8—Effect of precious metal addition on the cathodic process in
5 wt% HCl solution

Figure 9—Effect of precious metal addition on the cathodic process in
15 wt% HCl solution
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