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Self-ordering effects in anodic oxides on refractory metals
are observed in two distinct morphologies: (i) highly ordered
parallely aligned porous oxide structures and (ii) ordered
arrays of oxide nanotubes. The most prominent example
showing a self-ordered nanoporous oxide morphology is
aluminum. Since Masuda et al.1 reported the formation of
highly ordered porous aluminum oxide layers in 1995, anodic
self-ordering of aluminum oxide has become a topic of
intense activity in several fields of research and technology.1–14

Routes for fabrication are in most cases based on a simple
but highly optimized anodization process of a pure Al metal
sheet in a suitable acidic electrolyte1–7 or using electrolytes
with a small amount of fluoride additions15,16 (see also
Supporting Information S1). Fluoride containing electrolytes
were also used to grow ordered porous oxides on W,17 Ta,18

and Nb.19 In contrast to these metals, various other refractory
metals such as Ti,20,21 Zr,22 and Hf23 grow in fluoride

containing electrolytes a tubular morphology that can be
arranged in a highly ordered array pattern. The most
prominent example for this morphology is titanium. This
system is currently extensively investigated due to numerous
potential fields of application. Ordered TiO2 nanotube arrays
have for example been explored in catalyst systems,24–26 in
solar energy conversion,27,28 in sensors29 in wettability tuning
of surfaces,30,31 in electrochromic devices,32–34 and in
biomedicine.35,36 Due to the fundamentally different oxide
morphologies that grow on Al and Ti it is highly interesting
to study the behavior of various composition TiAl alloys
anodized in a fluoride containing electrolyte and to evaluate
the critical conditions for a transition from one morphology
to the another. A second point of interest is the length scale
of the self-organization process as the ordered oxide struc-
tures on Al and Ti are anodization voltage controlled37,38

but the absolute self-ordering length is strongly different for
the two substrates.

In the present work we investigate self-ordered oxide
growth on Al, TiAl3, TiAl, Ti3Al, and Ti. This specific set
of intermetallic compounds offers the possibility of a detailed
investigation of the influence of the increasing titanium
content on the key features of anodic oxide nanostructures.
Except for scientific reasons, the ability to form highly self-
ordered nanostructured oxide coatings on these intermetallic
phases bears significant technological impact as in many
cases these intermetallic compounds are used as a basis for
numerous high performance titanium alloys. (TiAl alloys
feature a high strength to density ratio and a high toughness
which makes them suitable as a lightweight material in
aircraft engineering or for medical applications39). In order
to achieve self-ordered oxide features we use a fluoride based

* Corresponding author. E-mail: schmuki@ww.uni-erlangen.de. Tel.: +49-
9131-852-7575.
(1) Masuda, H.; Fukuda, K. Science 1995, 268, 1466.
(2) Masuda, H.; Hasegwa, K.; Ono, S. J. Electrochem. Soc. 1997, 144,

L127.
(3) Masuda, H.; Yada, K.; Osaka, A. Jpn. J. Appl. Phys. 1998, 37, L1340.
(4) Martin, C. R. Science 1994, 266, 1961.
(5) Li, A.-P.; Müller, F.; Birner, A.; Nielsch, K.; Gösele, U. AdV. Mater.
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electrolyte that has successfully been applied previously to
create self-ordered nanoporous oxide structures on Al2,37 and
nanotubular oxide structures on Ti.18 Details on the experi-
mental procedure are given in the Supporting Information.

Figure 1 shows an overview of the morphologies formed
on the different alloys at different anodization voltages. It is
clear that self-organized oxide layers can be formed over a
wide potential range. As a measure for the length scale of
ordering one may use the interpore distance. On aluminum
very regular porous structure can be observed, consisting of
hexagonal nanopores with the average interpore distance
increasing from 30 nm at 10 V to 55 nm at 40 V. While at
lower potentials the pores are partially covered by bundles
of oxide needles due to slow inhomogeneous chemical
etching of the pore walls during extended anodization in
fluoride containing electrolytes15 this surface decoration is
dissolved at higher voltages, allowing one to see the regular
porous geometry underneath.

With increasing Ti content in the intermetallic compound,
clearly the interpore distance in the formed porous oxide
structures increases and under certain conditions (alloy
composition and applied voltage) the porous features separate
into an organized tubular structure. The higher the Ti content
in the base material the more the transition is shifted to lower
voltages. Figure 2a gives the critical voltage for tube
separation as a function of the alloy composition.

On pure titanium, separated, self-organized nanotubes are
already grown at 1 V.38 At potentials higher than ∼25 V no
tubular layers can be grown anymore due to dielectric
breakdown events. The latter determines the upper end of
the potential window where self-ordered tube formation is
possible. Obviously this window is smaller for Ti than for
the investigated alloys. The results clearly demonstrate how
the morphology of anodized layers is affected by the
electrochemical conditions, in terms of anodization voltage
and the alloy composition. Also the thickness of the oxide
layers grown on the different materials drops by a factor of
40 from the pure aluminum (40 µm) to the TiAl3 (960 nm),
and for Ti3Al only a thickness of approximately 290 nm is

reached (see Supporting Information, Figure S2) due to the
lower current densities that are obtained with increasing Ti

Figure 1. Top view SEM images of oxide-layers on Al, TiAl3, TiAl, Ti3Al, and Ti grown in 1 M H2SO4 containing 0.15 wt % HF at potentials of 10, 20,
and 40 V. Transition from porous to tubular structure is highlighted.

Figure 2. a. Dependence of the alloy composition on the morphology
transition potential (pores to tubes). b. Dependence of the interpore distance
(dint) and the outer tube diameter (dtube) on the anodizing potential. In the
inset picture dint and dtube of the layers are plotted against the titanium content
for different voltages.
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content (see Supporting Information, Figure S3). Interest-
ingly, tubes grown on Ti3Al were smooth-walled while the
tubes grown on pure titanium showed the typical ripple
structure on their side walls. This may possibly be explained
in terms of current burning40 or a pH fluctuation model.41

In order to evaluate the influence of the alloying element
content on the length scale of self-ordering, the interpore
distance (dint), or the tube diameter (dtube) is plotted versus
the different anodization potentials (Figure 2b) and versus
the alloy composition (inset of Figure 2b), as shown.

The data show that the interpore distance or tube diameter
depends linearly on the Ti content and the anodization
potential. A model to explain the length scale of the self-
organization which was recently postulated by Yasuda et al.42

was applied to the data obtained in this work. The original
data of Yasuda were found to hold for pure Ti and pure Al
but has showed strong deviations for other metals. The results
for the alloys used here are given in Figure 3, and a
remarkably good agreement is found holding over the entire
composition range and independent of the morphology
(tubular or porous). The model essentially implies that the
tube diameter (dtube) of ordered nanotubular layers on various
valve metals essentially depends on the oxide growth factor
fgrowth

42 (fgrowth represents the proportionality between thick-
ness t and anodization voltage U for the growth of compact
valve metal oxide layers [t ) fgrowthU]). The concept assumes
that anodic oxide growth starts from a point source on the
metal surface, for example, at a local oxide breakdown site.
From this point source immediately oxide growth would take
place in all directions leading to a hemispherical oxide
structure with a radius r ) fgrowthU, and this is schematically

depicted in the inset of Figure 3. Repeated breakdown at
the bottom of the pores would then lead to an oxide tube
diameter dtube of d ) 2r ) 2fgrowthU. The fact that not only
the dimensions of the self-ordered structures but also their
nature (tubular or porous) are affected by the anodizing
potential as well as by the chemical compositions of the
alloys may be inherent to the oxide growth factor. The oxide
growth factor is to a certain degree dependent on the volume
expansion during oxide growth, the Pillings-Bedworth
ratio,43–46 and may be related to stress generated during oxide
formation. Therefore the dependence of the transition
potential Utrans on the alloy composition indicates a connec-
tion not only to the oxide growth factor but also to the
Pillings-Bedworth ratios of the elements and alloys.

Additionally fluoride species (due to their smaller ionic
radius) usually show a faster migration rate than oxygen
anions, and therefore accumulation at the metal oxide
interface may be observed.47 This fluoride layer than can
remain present between cell boundaries and thus can act as
a weak spot for stress and chemical dissolution induced
separation. Such sensitized cell boundaries were observed
in the case of pure Al.6

In summary, the present work investigates the self-ordering
and morphological thresholds (porous/tubular) for the interme-
tallic compounds TiAl3, TiAl, Ti3Al, and Ti in HF-containing
H2SO4 electrolytes. For the investigated Ti-Al alloys the
formation of self-organized oxide layers can be observed over
a wide range of anodizing potentials (in particular, a range of
potentials that is wider than for pure Ti). A morphological
change in the self-organized structures depending on anodization
voltage and on alloy composition is observedsthe occurrence
of these tube separation effects are ascribed to increased stress
that occurs within the growing oxides due to increasing volume
expansion when altering the composition from Al toward Ti.
This separation may be supported by sensitization of the cell
boundaries by fluoride species. The correlation length of self-
organization is found to be very well consistent with a
semispherical oxidation model of Yasuda,42 independent of
whether tubular or porous morphology is formed.
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Figure 3. Correlation between literature data for the growth rates of compact
oxide layer (growth factor) and the observed interpore distance (dint) or the
outer tube diameter (dtube) within this work. The dashed line marks the
relationship expected from the model depicted in the inset.
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