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Abstract

The anodic oxidation behaviour of Al-Ti alloys in several acidic solutions was investigated. The influence of
conditions such as alloy composition, electrolytic solution, electrolyte temperature and formation current density on
the formation rate of oxides on Al-Ti alloys and the dielectric properties of the anodic films were analysed. It was
shown that the oxide formation rate for the Al-Ti alloy containing 54 at % aluminium was the highest and the
dielectric property of its anodic oxide was also the best. In addition, by means of several surface analytical
techniques, the chemical composition of the films were determined as (TiO,),(Al,03),,. AES (Auger electron
spectroscopy) profiling analysis data showed that Al-Ti alloys had preferential oxidation behaviour, that is, the

aluminium was oxidized preferentially.

1. Introduction

It is well known that solid tantalum electrolytic capac-
itors occupy an important position in circuit appli-
cations due to their unsurpassed volumetric efficiency of
capacitance and long life. These capacitors, however,
have high cost per unit of capacitance because of their
use of noble metal materials. In 1983, the NEC
Corporation reported that an Al-Ti alloy solid elec-
trolytic capacitor had been developed successfully [1].
It was claimed that this type of capacitor had compa-
rable properties with tantalum electrolytic capacitors
but that its cost was similar to that of aluminium
capacitors. Anodic oxide films on a porous Al-Ti alloy
body were used as a dielectric in this type of capacitor
with large capacitance being provided due to extremely
thin oxide layers and the high surface areas of porous
Al-Ti alloys. Al-Ti alloy electrolytic capacitors have
attracted considerable attention as a new type of solid
capacitor. Although considerable effort has focused
on fabricating methods of the capacitors [2, 3], there
have been almost no reports of fundamental inves-
tigations of AI-Ti alloys employed as capacitor mate-
rials [4], though papers on anodic oxidation of pure
valve metals such as aluminium abound [5-7]. To
improve the properties of Al-Ti alloy capacitors, it is
essential to obtain a clear understanding of the nature of
anodic oxide films. In this paper we report the anodic
oxidation behaviour of Al-Ti alloys in some acidic
solutions.

2. Experimental details

Titanium samples were 99.992% purity foils, about
60 um thick. The samples were cleaned in NaOH
solutions, followed by an ultrasonic cleaning for
about 10 min with acetone and ethanol respectively.
Chemical polishing for about 5-8 s in solutions com-
posed of HNO; (70%), H,SO4 (97%), HF (48%)
and H,O in a volume ratio of 2:1:1:1 was then car-
ried out followed by a thorough rinse in deionized
water.

Aluminium foils used were also 99.992% purity and
about 100 um thick. The processing of aluminium
samples was the same as that of titanium but with a
shorter time of chemical polishing (~3—4 s).

Al-Ti alloys used were made by smelting high purity
aluminium powder (99.992%) and titanium powder
(99.994%) at high temperature under vacuum environ-
ment. The alloys were provided in rod form with three
compositions containing 36, 54 and 68 at % of alumin-
ium (marked A, B and C, respectively). These rods were
abraded with suspensions of diamond paste to a mirror
finish. Prior to experiment, the polished samples were
immersed in NaOH solutions (10 wt %) for about
2 min to remove natural surface oxide films, followed
by ultrasonic cleaning for about 10 min with acetone
and ethanol, respectively, and then a thorough rinse in
deionized water. The samples were then mounted in
resin to expose a square face, 1 cm X 1 cm in area, to the
electrolytic solutions.
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Fig. 1. Schematic representation of the measurement system for
anodic oxidation.

The formation curves were recorded by obtaining the
dependence of cell voltage, between anode and cathode,
on time under galvanostatic anodizing conditions.
Anodic oxidations of all samples were carried out at a
constant applied current density of 1.5 mA cm™, except
when otherwise stated. The forming electrolytes were
mainly acidic solutions including phosphoric acid, boric
acid, citric acid and sulfuric acid. To obtain automatic
measurement of the formation curves, a system was
established as shown in Figure 1. The space between the
two electrodes was 5 cm. A power supply was used to
provide a constant current. R; and R, are two resistors
to sample cell voltage. An IBM PC computer with a PC-
1216C A/D board was used to record the voltage while
anodizing. The A/D converter board was 12 bit and had
16 channels, the sampling time was 100 us. The mea-
surement system recorded the voltage at a rate of one
point per second.

The AES profiling analyses of the anodic oxide films
were performed with a PHI600 Auger electron spectros-
copy (AES) combined with a sample sectioning tech-
nique of 3keV Ar" ion sputter. The chemical
compositions of the anodic oxide were determined by
X-ray photoelectron spectroscopy (XPS) wusing a
PHI5400 spectrograph. The intermetallic phases of the
alloys were investigated by X-ray diffraction (XRD)
using a D/Max-IIIA automatic diffractometer with
CuKk, radiation.

3. Results and discussion
3.1. Alloy composition

It is well known that the formation voltage of valve
metals rises approximately linearly with time from the
commencement of anodizing until dielectric breakdown
under galvanostatic anodizing conditions [8]. Figure 2
shows formation curves for three alloy compositions
(sample A, B, C) and pure titanium as well as pure
aluminium in 0.01 vol % phosphoric acid at 298 K. The
oxide formation property of pure titanium is very poor.
During anodizing, its cell voltage maintained a rather
low constant value or increased slowly with time
accompanied by copious gas evolution. In the case of
pure aluminium and Al-Ti alloy samples A, B, C, their
formation voltages increased almost proportionally with
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Fig. 2. The formation curves of Al-Ti alloy (sample A, B and C), pure
aluminium and pure titanium in phosphoric solutions.

time up to about 150 V, while gas evolution on the
anode samples was very slight. As shown in Figure 2,
the slope, dV/dt, of the V/t curves is the greatest for
alloy B, which indicates that the oxide formation rate on
alloy B in phosphoric solutions is the fastest. In fact, the
oxide formation rate is close related to alloy composi-
tion. Generally, the oxide formation rate of pure
titanium is very low. For Al-Ti alloys, the rate increases
initially with increasing aluminium content, and then
reaches a maximum value with aluminium contents of
about 54 at %, followed by a drop in rate with further
increase in aluminium content. Anodizing parameters
and the dielectric properties of the oxide films in
phosphoric solutions are shown in Table 1. The final
leakage current in Table 1 refers to the residual current
through the cell after the samples had been anodised
galvanostatically to 150 V and then kept at this voltage
for 2 h.

Table 1 indicates that the formation behaviour chang-
es with alloy composition and that sample B has the
highest formation rate and the best insulating properties
for its oxide films. Similar trends were observed in other
acid-containing solutions as shown by the data present-
ed in Figure 3.

In reality, the dependence of the oxide formation rate
on alloy composition is directly related to various
component phases. XRD results of samples A, B and
C implied that the main component phases of the three
alloys were different, namely, Ti,Al, TiAl, TiAl; phase
for samples A, B and C, respectively (Table 2). It is
understood that these different intermetallic compounds
should have different oxide formation rates during
galvanostatic anodization. Generally, the anodic oxide

Table 1. Anodizing parameters for different alloy compositions and
insulating properties of the resulting oxide films

Samples Average formation Final leakage current/uA

1

rate/V min~ (150 V for 2 h potentiostatic)
A(36 at % Al)  12.2 320
B(54 at % Al)  20.2 25
C(68 at % Al)  10.8 390
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Fig. 3. Formation curves of Al-Ti alloy (sample A, B and C) in 0.2 M
boric acid solutions at 298 K.

Table 2. Examination results of XRD

Samples Main component phases  Other phases

A Ti>Al TizAl

B TiAl

C TiAly TiAl, Al (trace quantity)

films grow at the metal-oxide (M/O) interface by
migration of O*~ ions inward and metal ions outward.
Cabrera and Mott [9] suggested that the transmission of
an ion from the metal into the oxide film at the M/O
interface to form a cation interstitial could be the rate-
determining step during film growth. Since the electronic
energy states in these intermetallic phases are different, it
is reasonable to suggest that the required energy to
transmit a metal ion from the metal lattice into the oxide
film at the M/O interface is different. When the required
energy is lower, the metal ions can more promptly
combine with O®~ ions to form oxides, that is, the oxide
formation rate is higher. Otherwise, O>~ ions from the
electrolytes will be surplus, which leads to oxygen
evolution and then decreases the oxide formation rate.
Therefore, samples A, B, and C with their different
component phases, show different oxide formation rates
(Figures 2 and 3).
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Fig. 4. Formation curves of sample B in different acidic solutions: (1)
boric, (2) phosphoric, (3), citric and (4) sulfuric.

3.2. Electrolytic solutions

In different electrolytic solutions, Al-Ti alloys had
different anodic behaviours at the same current density.
Figure 4 shows the formation curves of sample B in
various acidic solutions of the same concentration
(0.2 M) at 298 K. The formation curve in phosphoric
solutions has the highest slope (dV/df) and is almost
linear. In boric solutions, the initial d’/d¢ is rather high,
but soon declines while formation voltages over 50 V,
that is to say, the V/t curves appear to inflect. As for the
citric and sulfuric solutions, the slope of the formation
curves are evidently both lower than that in phosphoric
solutions. The main formation characteristics of sample
B in these formation solutions are summarized in
Table 3.

It is widely accepted that anodic oxide films are
contaminated by acid anion species. The incorporation
of anions in the formation of anodic oxide has a great
effect on the growth of anodic films and the dielectric
properties of the resulting films. In studies of aluminium
anodization, Thompson and coworkers [10] proposed
that the anodic oxide films are inhomogeneous and
composed of an inner layer of pure alumina and an
outer part contaminated by anion species. The ratio of
the thickness of the anion-containing layer to that of the
pure oxide layer is dependent on the electrolyte, which

Table 3. Formation characteristics of various acidic solutions and dielectric properties of their anodic oxide films

Electrolytic solution Time (up to 155 V)

Final formation

Leakage current’ CV of per unit areas

2

0.2 M) /min current®/uA JuA y/uF V ecm™
Boric acid 6.23 43 26 8.14
Phosphoric acid 6.65 41 23 7.61
Citric acid 9.33 62 31 8.06
Sulfuric acid 11.83 120 40 7.66

* 150 V for 2 h potentiostatic.
70.01 vol % H;PO, test solutions, 150 V for 10 min potentiostatic.
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increases in the order chromic acid < phosphoric ac-
id < oxalic acid < sulfuric acid. Further, the ionic
conductivity is rather lower in the inner layer of pure
alumina and higher in the outer layer contaminated by
anion species due to its imperfections. Thus, during
potentiostatic anodizing in the major anodizing acids,
the larger the thickness of the anion-containing outer
layer, the higher is the electric field strength at the inner
layer and the larger is the oxide formation rate.

Similarly, during the anodic oxide growth of Al-Ti
alloys, the phenomenon of anion incorporation into the
growing oxide films also exists. It can be assumed that
the films are also composed of an inner layer of relatively
pure oxides and an outer layer incorporated by anions.
The thickness ratio of the two layers varies with the
respective acids. For example, the extent of anion
incorporation into the films formed in sulfuric acid are
the highest due to the ease of sulphate ion adsorption on
the film surface, so the inner layer of the films is the
thinnest. Because the anodic current density is identical
in the case of galvanostatic anodization, the electric field
strength across the inner layer of pure oxide is also
identical in terms of Ohm’s law. Further, the formation
voltage drop occurs mainly across the inner layer owing
to its lower ionic conductivity. Thus, the thicker the
outer layer contaminated by anions, i.e. the thinner the
inner layer of pure oxides, the lower is the voltage across
the inner layer. Therefore, the lower dV/d¢ values of the
formation curves in Figure 2 and the longer time needed
to achieve 155 V for the formation voltage in Table 3,
during anodizing at a given current density in electrolytes
such as sulfuric acid, are expected due to their thinner
pure oxide regions.

In addition, the incorporation of the acid anions into
the growing oxides can also influence the structure and
morphology of the anodic oxide films on Al-Ti alloys,
and thus influence the dielectric properties of the films.
As shown in Table 3, the leakage current of the films
formed in phosphoric acid is the lowest, which is the key
performance factor for electrolytic capacitor materials.
Although the CV value per unit area is relative lower, it
can still be considered that phosphoric acid is the best
candidate electrolytic solution applied in Al-Ti alloy
capacitors.

3.3. Electrolyte temperatures

Figure 5 shows the formation curve of sample B at
different temperatures in 0.01 vol % phosphoric solu-
tions. There is a great difference between these curves.
During the experiment, it was observed that gas evolu-
tion on alloy samples intensified remarkably with in-
creasing electrolyte temperature. That is to say, the
formation efficiency of the anodic oxide declined and the
release of oxygen increased. When the electrolyte tem-
perature was increased to 80 °C, the formation voltage
even appeared to give a negative increase (shown in
Figure 5). Accordingly, the anodic oxide on AI-Ti alloy
is unable to grow in high temperature solutions. In this
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Fig. 5. Formation curves of sample B at different temperatures: (1)
25 °C, (2) 55 °C and (3) 80 °C.

case, the anodic processes are simply electrolysis of the
solutions, and the release of oxygen on the alloy anode.

In reality, during anodic oxidation of alloy, the
probable reactions are: metal dissolving into solution,
oxide-forming, oxygen-evolving. In these reactions,
which is predominant depends on the nature of the alloy
and the anodizing conditions. It is well known that some
valve metals, such as tantalum and aluminium, are
anodized in high temperature solutions to form anodic
oxide films which are used as dielectrics in electrolytic
capacitors. This experiment has shown that the forma-
tion of anodic oxide at elevated temperature on pure
titanium 1is difficult and its anodic oxide appears loose
compared to that of tantalum or aluminium. So the
anodic oxide films of titanium are unable to insulate the
metal from the electrolytic solutions entirely. The elec-
trons in titanium atoms, in fact, can take part in
electrochemical reactions at the oxide—electrolyte (O/E)
interface directly. On the contrary, the anodic oxide films
of tantalum and aluminium are so dense that their
electrical insulating property is very good. Transport of
the electron can only occur through the oxide by a Poole-
Frenkel or a tunnel mechanism [11]. Thus at the O/E
interface, the generation of oxygen is difficult. Therefore,
in higher temperature solutions, oxygen generation for
the former is more intense, which inhibits the reaction of
oxide formation. For the latter, due to the existence of
dense barrier-type oxide films, the release of oxygen is
inhibited but the rate of the oxide formation reaction
increases with temperature. As for Al-Ti alloys, their
oxide formation characteristics at elevated temperature
appear similar to that of titanium because of the addition
of titanium, that is, during Al-Ti alloy anodization in
high temperature solutions, the oxygen release is so
predominant that it inhibits oxide growth.

3.4. Anodic current density

It is obvious that an increase in anodic current density
can increase the film growth rate, thereby increasing
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Fig. 6. Formation curves of sample B at different current densities: (1)
6, (2) 12 and (3) 24 mA/cm™2.

dV/dt. Figure 6 also confirm this. Figure 6 shows the
formation curves of sample B in 0.02 vol % phosphoric
solutions at 298 K at different current densities. It was
found during anodic tests that the rate of oxygen
evolution was higher with the increasing current density.
This phenomenon can be readily understood. According
to the Butler—Volmer equation [12], it can be shown that
the anodic oxidation current of oxygen evolution is as
follows:

Fy.
iy ~ i° exp <ﬂ ’7‘1)

RT

where i° is exchange current density for oxygen gener-
ation, 7, is the anodic overpotential and f is the transfer
coefficient.

As shown in Figure 6, the higher the anodic current
density, the higher the formation voltage: in reality, the
higher the overpotential of the anode. So the anodic
oxygen current is higher; that is, the rate of oxygen
evolution is higher.

3.5. XPS

Figure 7 and Figure 8(al, a2) show the 2p XPS of
titanium and aluminium before and after anodic oxida-
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tion of sample B alloy, respectively. The peaks of 2p
electron binding energy of titanium and aluminium can
be found from Figure 7. The Ti 2p peak of TiO, and Al
2p peak of Al,Os are also present, resulting from the
natural oxide films on the Al-Ti alloy surface. In
addition, there is a difference between the peak position
of the Al 2p electron binding energy for the alloys
(71.50 eV, Figure 7(b)) and standard value (72.80 eV)
for pure aluminium. The difference shows that the two
elements in Al-Ti alloys do not simply blend with each
other but form new alloy phases. This result is also in
agreement with the above XRD experiments. After
anodic oxidation, the peaks of aluminium and titanium
disappear leaving the peaks of TiO, and Al,Os only
(compared with Figure 7 and Figure 8(al, a2)). More-
over, compared with natural oxides, the peak position of
TiO, and Al,Oj3 are not shifted and agree with standard
spectra for TiO, and Al,O; (within the scope of
experimental error). This illustrates that anodic oxide
films on sample B alloy are composed of TiO, and
Al,O3. For sample A and C alloys, their XPS of the
anodic oxide also have the same results (seen in Figure 8
(bl, b2, cl and c2)). Therefore, the chemical composi-
tion of anodic oxide films on AI-Ti alloys can be
expressed as (TiO,),(Al,03),,, where n and m are
parameters correlating with alloy composition. Accord-
ing to the following AES profiling analysis, results, the
ratios of n:m for samples A, B, C can be calculated to be
0.88:1, 1.52:1 and 2.68:1, respectively.

3.6. The depth profile of anodic oxide on alloys

In fact, inert ion sputter profiling methods probably
cause some artifacts such as preferential sputtering [13]
of some elements in multicomponent oxides. Fortunate-
ly, sputtering yields of TiO, and Al,O5 are roughly equal
[14]. So, AES (Auger electron spectroscopy) profiling
analysis employing ion sputter methods can achieve
accurate results for the chemical composition of these
oxides.

As shown in Table 4, the proportion of aluminium
and titanium are apparently different between the
anodic oxide films on three sample alloys and in their
matrix alloys. It is showed that the anodic oxidation
probabilities of aluminium and titanium in the alloys are
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Fig. 7. The 2p XPS of titanium and aluminium before anodic oxidation of sample B: (a) titanium, (b) aluminium.
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Fig. 8. The 2p XPS of titanium and aluminium after anodic oxidation of Al-Ti alloys. (al), (bl) and (cl) are the 2p XPS of titanium of sample B,
A and C, respectively; (a2), (b2) and (c2) are the 2p XPS of aluminium of sample B, A and C, respectively.

Table 4. AES profiling analysis results of anodic oxide films on Al-Ti alloys

Sputter time/min 1 1.5 2 2.5 3 3.5 Average
Sample A* 63 65 60 60 71 63 63.7
Sample B* 74 75 75 78 73 77 75.3
Sample C* 83 84 87 87 85 80 84.3

* The data are aluminium atom content (at %) in sum of aluminium and titanium atoms of anodic films.

not equal. If aluminium and titanium had the same
anodic oxidation probability, the ratio of aluminium to
titanium would be identical whether in anodic oxide
films or in the alloy matrix. Since the ratios of
aluminium in the oxide films for the three samples are
all evidently higher than that in their matrix alloys, this
indicates that the aluminium in alloys is preferentially
oxidized. The reasons for this preferential oxidation may
be as follows: (i) the activity of aluminium is higher than
that of titanium. While the electrode is in the same
polarized conditions, an aluminium atom loses its
electrons more easily than a titanium atom. (ii) the
radius and mass of AI** ions are both lower than that of

Ti*" ions [15], and thus the migration of AI’* ions
across the oxide films is more rapidly than that of Ti*"
ions in a high electric field. Consequently, the mobility
of A" jons should be higher than that of Ti*' ions in
oxide films. Actually, the transport number of AI** ions
for pure aluminium during anodizing is also larger than
that of Ti*" ions for pure titanium [13].

In addition, Habazaki et al. have discussed the
enrichment of alloying elements in studying the anodic
oxidation of relatively dilute, metastable binary alumin-
ium alloys [16]. They proposed that the enrichment of
alloying eclements in alloy layers could be correlated
with the Gibbs free energy per equivalent for formation



of the alloying element oxides relative to that of
alumina. The enrichment increases progressively for
alloying elements associated with oxides of increasingly
higher Gibbs free energy per equivalent, with no
enrichment for alloying elements associated with oxides
of lower Gibbs free energy per equivalent. Based on the
above criteria, the titanium enrichment is expected since
the Gibbs free energy per equivalent for formation of
TiO, is higher than that of Al,O5. In other words, the
aluminium is preferentially oxidized during anodizing of
Al-Ti alloys.

4. Conclusion

The alloy composition had a significant influence on the
anodic oxidation behaviour of Al-Ti alloys in acidic
solutions. Under galvanostatic anodizing, the oxide
formation rate for the Al-Ti alloy containing 54 at %
aluminium was the highest and dielectric properties of
its anodic oxide was also the best. In different electro-
lytic solutions, Al-Ti alloys had different anodic oxida-
tion rates at the same current density. In this work, the
formation rate of anodic oxide films on alloy in
phosphoric solutions was the highest in the four acidic
solutions. And the insulating property of its oxide films
was also the best.

It was found that raising the solution temperature
was disadvantageous to the growth of anodic films on
AL-Ti alloys. In electrolytic solutions of high tempera-
ture (e.g., over 80 °C), the growth of the anodic oxide
was inhibited. To obtain anodic oxide films having
excellent dielectric properties, lower electrolyte temper-
atures should be chosen. In addition, by means of
several surface analysis methods the chemical composi-
tion of films on AI-Ti alloys were determined as
composites of TiO, and Al,O3, which can be expressed
as (TiO,),(Al, O3),,, n and m are correlative with alloy
composition. Furthermore, AES profiling analysis data
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for the Al-Ti alloys showed the preferential oxidation of
aluminium.
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