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We report on a synchrotron radiation photoemission study of an Fe; Al-type
alloy. The influence of different annealing treatments on the surface
electronic structure has been investigated. The Al-2p photoemission
spectra show slight differences among samples with a a very small metallic
Al component. From the rc-:)p and the valence band puutOt‘:miSSiOu
spectra, a higher surface Fe-content for the sample havmg a defective
ordered B2 structure is observed. This ﬁndmg is explained in terms of the
bulk structure and the thickness of the passive layer. After determination of
the surface composition of the samples, electrochemical experiments in
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the passive layer composition on the corrosion behaviour of the samples.
The low corrosion rates observed for all specimens indicate that the passive
layer formed in air on the material surface gives high corrosion protection
to the alloy for all heat treatments. © 1997 Elsevier Science Ltd. All rights

reserved

Keywords A. surfaces and interfaces D. order—disorder effects, E.
photoelectron spectroscopies, E. synchrotron radiation.

Iron aluminides have become materials of great interest
since the discovery of their excelient resistance to oxida-
tion [1, 2]. This property as well as its good sulfidation

racictance and natantiallv law matarial coct have mada
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iron aluminides good candidates in high temperature
structural applications. One of the major limitations of
these materials is its low room-temperature ductility, a
characteristic which has restricted their fabrication and
engineering use. This property can be improved by
adding Cr up to 6at% [3-6]. Further improvements in
duciility have aiso been obiained by heavy deformation,
for example by rolling, followed by low temperature heat
treatments f7_0'l After these advances,

interest on iron alumrmdes appeared.

Although primarily intended for high-temperature
service, these intermetallic alloys may also be suitable
for applications where ambient-temperature corrosion
resistance is of great importance. Among the novel
room temperature applications of these materials can

ha concidaraed thair natential nea ac hinmatarial for
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surgical implants [10]. Only a few previous studies have
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examined the room temperature corrosion resistance of
iron aluminides and aiso their improvement with Cr and
Mo additions [11-14]. The use of these materials for room
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temperature applications requires
their corrosion behaviour.

The FeiAl alloy presents two different crystal
structures depending on the heat treatment applied: an
ordered cubic DO, structure and an imperfectly ordered
cubic B2 structure [15-17]. A transformation from the
DO; crystal structure to a defective ordered cubic B2
crystal structure occurs at temperatures above the critical
ordering temperature T,.~550°C. To evaluate the

corrosion resistance of this material it is egsential to
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study the corrosion behaviour of both crystal structures.
Since their mechanical properties have been widely
studied, the corrosion study will contribute to a complete
characterization of these materials.

The corrosion behaviour of a material in different
corrosive media strongly depends on the presence of a

nratastiva naccive film and tharafare an the comnnacitinn
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of this film. The aim of the present study is to evaluate



576

the surface composition of Fe; Al alloy showing different
crvstal structures hv using cvnrhrntrnn radiation and

Ay osal SUILNLIVINS =22ls LAY Ialaaivll all

X-ray photoemlssmn spectroscopy (XPS). To evaluate
the influence of the surface composition on the corrosion
behaviour of these materials a corrosion characterization
by means of electrochemical techniques is performed.
The chemical composition of the studied alloy was
26.6% Al, 4.95% Cr, 0.08% Zr (at%) and remainder Fe.
The material was prepared by induction melting and drop
casting, followed by hot rolling to strip. At this stage, the

matarial w aalad ot OSN°C far 2N mi A
maifriai was anncaica at youv L IO Sumin and queﬂched.

In order to completely destroy the prior order, strips were
cold rolled to a reduction of ~38%. State-A samples
(disordered state) were the specimens produced after
these conditions. Afterwards, several recrystallization
annealing processes were carried out on the heat-treated
material, covering a temperature range between 800°C
and 500°C. First, state-A samples were annealed at 800°C
for 1h and quenched, giving rise to the state-B material
(recrystallized state). The fast quenching after annealing
avoids the formation of B2 order in the state-B samples.
State-B samples were then annealed at 700°C for 1h,
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yielding the state-C samples. During this last anneahng,
the material is allowed to get an imperfectly ordered B2
structure. Since the critical temperature for DO; order in
this material is about 540°C, a last anneal below this
temperature (at 500°C) for 15 b, followed by air cooling,
was performed to obtain the ordered DO; phase. Samples
produced after this last annealing corresponded to
state-D material. Upon each annealing, and to ¢liminate
remaining particles of contamination from rolling and
heat treatments, samples were abraded, polished and
befare testing, ultrasonically cleaned in alcohol. These
different material states were selected because their
microstructure, mechanical properties and in vitro
corrosion behaviour had been previously studied
[5, 9, 14].

XPS measurements were carried out at the TGMS
monochromator of the Berliner Elektronenspeicherring
fiir Synchrotronsirahiung (BESSY) using undulator light,
employing a VSW-ARIES electron spectrometer. The

bage pressure in the UHV.chamber durinc measurements
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was better than 2 x 107" mbar. Samples were cleaned by
1 min Ar* bombardment at an ion energy of 3keV.
The corrosion behaviour of the samples was
evaluated at room temperature using as electrolyte the
Hank’s solution, whose composition is given elsewhere
[18]. This solution is commonly used for electrochemical
studies on biomaterials because its composﬁxorx is similar
to the physiological fluids. For the electrochemical tests,
working electrode areas of about 0.78 cm? were isolated.
A saturated calomel electrode was used as reference, and
a platinum wire as counter electrode. The evaluation of

the corrosion resistance for each material condition was
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performed by using the polarization resistance method.

The nolarization resistance, R . is deduced from the
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expression R, = AE/AI, where AE is the potential
applied (20mV) and Al is the resulting current for a
testing time of about 60s. After determining the
polarization resistance, the corrosion intensities, iy,
can be calculated by applying the well-known Stern-
Geary equation (ico; = B/R,), where B is a constant [19].
The pitting corrosion susceptibility was evaiuated by
means of anodic cyclic polarization curves at a scan

-1
rate of 0.16 mV's

Figure 1 shows Al-2p photoemission (PE) spectra at a
photon energy of 160eV for the four Fe;Al states
studied. The spectra were analyzed by a least-squares
fitting procedure in order to obtain more information on
the chemical state. The experimental data can be
approximated by Lorentz curves, representing the
different emission lines, convoluted by a Gaussian
function, that takes into account the experimental resolu-
tion. One Lorentz line was used to describe the Al-2p
doublet, corresponding to non-oxidized Al, located at
=72.25eV. In order to fit the broad cnertral feature

located at around 75eV several Lorentz lines were
necessary. These lines correspond to Al with different
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Fig. 1. Al-2p photoemission spectra of the different heat-
treated Fe—27%Al-5%Cr alloys. The solid lines through
the data points represent the result of the least-square fits.
The subspectra show different chemical states of
aluminium (see text)
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oxidation states. Three different components are needed
to well describe the experimental data, which can be
assigned to Al'*, AI** and AI**. It is not possible to fit
the whole peak with a single Lorentz line and three is the
minimum to get a satisfactory approximation to the
experimental curve. A similar approach, using also
three lines, has been made in a very recent work on
oxidized Al [20]. The same nomenclature was used in the
four spectra of Fig. 1. The dashed subspectra represent
the Al'* component located at ~73.75¢V. The dash—
dotted curves represent the Al** component located at
~745¢V. The dotted subspectra show the AI**
component at ~75.3¢V. For the state-D it was necessary
to use an additional Lorentz line at ~76.10eV in order to
be able to describe the spectrum. The curve is
represented by a dash-double-dotted subspectrum and
will be commented below. The position and width of the
Lorentz lines used in the present analysis are similar to
those of [20]. The existence of Al'* and Al** oxidation
states is probably related to the amorphous character of
the surface layer which involves a wide distribution of
bond lengths and coordination numbers at atomic scale,
making possible the existence of Al atoms with low
oxidation states. In some previous works [21-24] it has
been shown that the Al-2p PE oxidized peak changes its
binding energy depending on the temperature and
oxygen partial pressure. These energy shifts could
actually be changes in the intensity ratios between the
different oxidation states in amorphous oxidized Al. In
particular, in [21] and [22], Venezia et al. observed that
the position of the oxidized component shifts toward
higher binding energies with increasing oxidation
temperature. This effect would correspond to an
enhancement of the APt component produced when
the oxidation temperature increases.

As can be observed in Fig. 1, the ratio of the different
Al oxidation components is different for each state. The
existence of Al'* and Al>* components observed for all
samples indicates a partial amorphous character of the
Al-rich passive layer, but this amorphous character is
different for each sample. Whereas the ratio between the
Al'* and AIP* components is approximately constant in
all cases, the intensity of the APt component as
compared to the other oxidation components changes
for each state. The intensity of this AI** component with
respect to AI** can serve as a measure of the amorphous
character of the film: the higher the ratio between AI**
and AI** components, the less amorphous the passive
layer. Excluding state-C sample, which has a defect of Al
atoms at the surface induced by the structure of the bulk,
as will be discussed below, there seems to be a correla-
tion between the amorphous character of the passive film
and the structure of the bulk. State-A sample, which has a
bulk disordered structure, has the lowest ratio between
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APY and AI** components, ie. it has the highest
amorphous character. State-B sample, which corre-
sponds to a recrystallized state, presents an intermediate
behaviour. Finally, state-D sample with an ordered DO,
bulk structure has the highest AP component as
compared to Al**. These results suggest that the order
of the passive layer is directly related to the order of the
bulk material. However, state-C sample does not follow
this correlation because the defect of Al atoms in the bulk
crystal structure induces a thinner passive layer.

An important observation in the spectrum of state-D
is the feature found at ~76.2eV (dash—double-dotted
subspectrum), that can not be identified with any other
finding in the literature. Its binding energy is too high to
be assigned to the previously observed AIT. Of all
possible Al compounds, only in the case of AlF; an
AP* 2p PE component located at so high binding energy
(~76.3¢V) can be found. Fluorine is a very electro-
negative element and has a tendency to take all electrons
from the Al atoms, forming a very ionic compound. Due
to the absence of fluorine in the present samples, a
possible explanation of this feature could be the
existence of atomic dislocations related with positive
charges inside the layer that could ionise Al atoms in the
same way as fluorine atoms do in the AlF; case. The DO,
crystal structure of the bulk could play an important role,
since this feature is only observed for this sample.
Nevertheless, we can not find any other explanation to
the existence of this new feature.

In the XPS experiments performed at the synchrotron,
the Cr-3p PE signal could not be observed. This indicates
that no significative Cr-diffusion to the surface occurs,
i.e., in the formation of the passive layer formation the
diffusion of Al towards the surface is the dominating
process. In the XPS experiments the Fe-3p PE spectral
shape observed for all states was quite similar, with a
high metallic component at ~53eV and a smaller
oxidized component at ~55¢eV. As an example, in the
inset of Fig. 2, the Fe-3p signal of the state-C sample at a
photon energy of 160eV is represented. The high
intensity of the metallic component may indicate that
the observed Fe signal does not come from the outermost
atomic surface layer, because in that case the oxidized
component would be higher than in the present case. This
high metallic iron emission probably originates from a
metallic bond with Al, which would explain the non-
oxidized component observed in the Al-2p spectra,
located at ~72.25eV. Since the photon energy used for
this experiment was 160eV, the excited electrons
corresponding to the Fe-3p emission have kinetic
energies of about 107 eV, which corresponds to electrons
coming from near the surface [25]. This indicates that the
passive layer is very thin, of the order of 2-3 atomic
monolayers. Figure 2 shows the intensity of the iron 3p
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Fig. 2. Fe-3p relative intensity obtained for the four
different Fe-27%Al-5%Cr alloys. The maximum is
given by the state-C material. The inset shows the
Fe-3p photoemission spectrum for the state-C sample
emission line reiated to Ai-Zp emission for the four

different states. As it can be seen, state-C is the material
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with the highest Fe-content near the

difference between state C and D can be due to the
influence of the crystal structure on the surface
composition. As we mentioned above, the material in
state-C has a defective ordered cubic B2 crystal structure
that corresponds to FeAl, whereas state-D has the
ordered DO; crystal structure that corresponds to
Fe;Al. Since in boih cases we have the same maierial
ratio (26.6 Al at%), the tendency to form FeAl in the bulk
B2 structure gives rise to structural vacancies at the Al
sites, which can originate a lower diffusion rate of Al
atoms. This leads to a thinner passive layer formation and
consequently to a relatively higher Fe-content near the
surface. The low thickness of the passive layer suggests
that the Al oxide in this case (state-C) has not completely
evolved towards an equilibrium oxidation state. This

and A12+
ana Ai

Py |

explairxs the high Al conteiits as compaica
to AI** in Fig. 1.

Figure 3 shows valence-band emission for the four
Fe;Al-type alloy states, for Fe metal and for oxidized Al.
The iron aluminides as well as the oxidized Al spectra
were taken at a photon energy of 160 eV whereas the Fe
metal spectrum was obtained at a photon energy of
100 eV. In the spectra corresponding to the four Fe;Al-
type alloy states, there are three main features, at =1 €V,
~7eV and ~10eV. The first structure is similar to that
found in the valence band PE of Fe metal. For oxidized
Fe (not shown in Fig. 3) the spectrum obtained is quite
similar to that of clean Fe with the same peak at =1eV
but also with a small structure at 6 eV [26]. The second
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Fig. 3. Valence band photoemission spectra of the
different heat-treated Fe—27%Al-5% alloys as well as
of a Fe metal sample and an oxidized Al sample

and third peaks are related to the oxidized Al valence
band. Figure 3 confirms the higher Fe-content as related
to the Al-content at the surface of state-C samples. The
XPS results show that all samples have a surface passive
layer, rich in aluminium oxide, with some contribution of

J A, S

i0 aetermine

l.llC 100111

iron. In order temperatuic
corrosion behaviour electrochemical experiments were
performed after the composition of the passive film
formed in air was determined. Among the possible
room temperature applications of these materials, we
have considered their potential application as surgical
implants. Consequently, we performed the electro-
chemical measurements in Hank’s solution. Figure 4(a)
shows the corrosion current densities, i, versus testing
time deduced from the polarization resistance method for
all the Fe;Al-type alloy states. As it can be seen, the i,
values are quite low (around 107 Acm™?) and constant
with time for all states, which indicates that the material
is in a passive state. These values are of the same order of
magnitude than those found for other conventional bio-
materials [27]. The passive layer formed on the surface
by air contact, that according to the XPS results is rich in
aluminium oxide, gives the material a high protection
aomnqt this aoore%qwe environment.

It is also important to evaluate the possibility of
passive layer breakdown, that would lead to the forma-
tion of pits. The susceptibility to pitting corrosion was

evaluated by determining the anodic cyclic polarization
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Fig. 4. (a) Corrosion current density, iz (Acm™2) vs
testing time of immersion in Hank’s solution for the
different studied alloys: state-A ([J), state-B (O), state-C
(W) and state-D (®). (B) Anodic cyclic polarization
curve for the state-D of the material after 15 days of
immersion in Hank’s solution

curves. Figure 4(b) represents the anodic cyclic polariza-
tion curve of the state-D after 15 days of immersion in
Hank’s solution because the material in this state is the
most important for technological applications. The main
parameters that can be obtained from the anodic polar-
ization curves are [28] the corrosion potential, E,,, and
the breakdown potential, E,, as well as the passivation
current density, i,, that are shown in Fig. 4(b). As can be
seen, the material shows a passive state with low current
density until the breakdown potential is reached. At this
point, the current density drastically increases, which is
attributed to the activation of a local corrosion process.
The high polarization that the material in this state can
tolerate, i.e., the difference between E, and E_,,
indicates that the probability of pitting formation is
rather low. The susceptibilities to pitting corrosion
showed by the other states are widely studied elsewhere
[14].

The high corrosion resistance observed for these
Fe;Al-type alloy states is determined mainly by the
passive layer formed on the surface. An important fact
observed in corrosion studies is that the presence of a
mixture of oxides in the passive layer leads to a less
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corrosion resistant material. Since from the XPS
experiments we did not observe Cr at the surface of the
studied samples and the Fe oxide content was very low,
the high corrosion resistance values observed are
determined by the presence of aluminium oxides at the
surface.

In summary, we have performed synchrotron radia-
tion PE experiments on four heat-treated Fe;-Al-type
alloy states. The results show a slightly different
composition of the passive layer formed in air on the
surfaces of all samples. The Al-2p PE spectra indicate
that the samples have different aluminium oxidation
states. The sample in state-D exhibited the highest ratio
of AI’* oxidation state to AI** and Al'*. From the Fe-3p
and valence band PE experiments it is deduced that the
sample with higher Fe-content relative to Al at the
surface is the state-C. Electrochemical experiments
have shown low corrosion current density values that
indicate a very protective passive layer for the four heat-
treated samples. The anodic cyclic polarization curve for
the D-state alloy shows the high polarization resistance
of this sample indicating that the probability of pitting
corrosion is quite low. The good corrosion behaviour
obtained in Hank’s solution permits us to consider this
material for room temperature applications, in particular
its potential use as biomaterial.
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