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The third element effect to improve the high temperature corrosion resistance of the low-Al Fe-Cr-Al alloys
is suggested to involve a mechanism that boosts the recovering of the Al concentration to the required level in
the Al-depleted zone beneath the oxide layer. We propose that the key factor in this mechanism is the coex-
istent Cr depletion that helps to maintain a sufficient Al content in the depleted zone. Several previous
experiments related to our study support that conditions for such a mechanism to be functional prevail in real
oxidation processes of Fe-Cr-Al alloys.
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One of the best alloys regarding corrosion resistance at
high temperature is Fe-Al. To maintain good oxidation resis-
tance both the oxygen penetration through the oxide layer to
the alloy and iron diffusion to the surface should be kept
blocked. However, this blocking to be effective the Al con-
centration in bulk should be at least 10–15 at. %.1 Unfortu-
nately, this amount of Al makes the alloy very brittle conse-
quently limiting the usability of Fe-Al in applications
requiring ductile materials. However, the brittleness problem
can be solved by adding, e.g., chromium to the alloy. Cr
considerably improves the formation of the protective Al2O3
scale so that the amount of Al can be reduced to an accept-
able level ensuring reasonable mechanical properties for the
alloy.

Chromium addition to Fe-Al is an example of a more
general so-called third element effect �TEE� frequently dis-
cussed in literature.2 Adding 10 at. % Cr to Fe-Al, for in-
stance, allows to reduce the Al concentration to 3 at. %
without weakening the protecting layer at the surface.2 Sev-
eral phenomena have been proposed to be responsible for the
observed TEE in Fe-Cr-Al alloys.3 Early theories associated
this effect to a transition from internal to external oxidation.4

Later, it was argued that Cr can inhibit the external oxidation
of Fe.2 Most recently, Cr2O3 was considered as nucleation
centers for the �-Al2O3, which may improve corrosion pro-
tection in contrast to the other transient aluminas.5 At low
temperatures Cr improves the oxidation resistance of Fe-
Cr-Al due to the fast formation of Cr2O3 compared to that of
�-Al2O3.6,7 In this Brief Report, using a first-principles
quantum-mechanical approach, we shed light on another
possible mechanism responsible for the TEE in Fe-Cr-Al
system. The proposed mechanism takes place under the sur-
face through the interface between two different bulk re-
gions. The first one is the deep bulk and the other one is the
surface zone where the concentrations differ from those of
the deep bulk due to, e.g., surface oxidation. However, it is
worth to note that the proposed phenomenon is in principle
quite general expected to appear in many ternary alloys
whenever suitable conditions prevail.

Our computer modeling is based on the density-functional
theory8 in combination with the generalized gradient
approximation.9 The Kohn-Sham equations were solved us-
ing the exact muffin-tin orbitals �EMTO� method.10–13 The
EMTO method is based on the optimized overlapping
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muffin-tin approximations. Within this approximation, the
spherical muffin-tin wells and the constant potential from the
interstitial are derived self-consistently by solving the
integro-differential equations obtained from the condition
that the difference between the corresponding full-potential
and the muffin-tin model potential to be minimum. Further
details about the optimization technique can be found in Ref.
14. Since the present investigation maps large concentration
intervals, with Cr and Al concentrations approaching zero,
the conventional supercell method would require enormously
large supercells. Here, we resolved this difficulty by employ-
ing the coherent potential approximation �CPA� �Ref. 15� as
implemented within the frameworks of the EMTO
method.13,16 The EMTO-CPA approach has been applied suc-
cessfully in the theoretical study of various structural and
electronic properties of Fe-based alloys demonstrating the
accuracy and efficiency needed for the present
investigation.13 Calculations were carried out for Fe-Cr-Al
alloys containing up to 20 at. % Cr and 10 at. % Al. These
alloys were modeled as substitutional disordered ferromag-
netic body-centered-cubic �bcc� alloys. For each system the
theoretical equilibrium lattice constant was used. The effec-
tive chemical potential ��Fe−�Al�, describing the Al→Fe
exchange process, was calculated from the first-order deriva-
tive of the total energy with respect to Al content by keeping
the volume and the Cr concentration constant.17,18

High oxygen affinity of Al �Ref. 19� assists the Al deple-
tion of the surface zone �Fig. 1� of an Fe-Al alloy during the
surface oxidation.2,20 The formation of the depleted zone is
considered to be one of the main causes for the breakdown of
the oxidation resistance of Fe-Al alloys.1 The most straight-
forward way to prevent this destructive Al-depleted surface
zone from growing up is to increase the Al content in the
bulk. However, considering ��Fe−�Al� with different compo-
sitions �Fig. 2� suggests an alternative mechanism to pre-
serve the necessary Al level in the surface zone. The key
factor in this mechanism turns out to be the coexistent Cr
depletion. To elucidate this we expand on the atomic pro-
cesses between the deep bulk and the surface zone that can
possibly affect the oxide formation on the alloy surface.
First, we propose a mechanism for Al enrichment in the sur-
face zone and then discuss some possible effects of this

mechanism with comparison to experimental observations.
According to Fig. 2, in the surface zone the depletion of

both Al and Cr increases the Fe chemical potential with re-
spect to that of Al. The induced imbalance of the chemical
potentials in the alloy may lead to the Al↔Fe exchange
processes between the deep bulk and the surface zone. This
apparently has important consequences on the chemical com-
position in the surface zone �Fig. 1�. Namely, a Cr depletion
in the surface zone will increase the probability of Al to
diffuse from bulk to the depletion zone and thus tending to
restore the relative Al concentration beneath the oxide layer.
To make the suggested mechanism more clear, we sketch in
Fig. 3 one possible sequence of atomic processes beginning
at a stage when the surface zone has not yet depleted; i.e., the
considered alloy is homogeneous from bulk to the surface.
The initial state of the surface zone �and bulk� is represented
as a circle of orange color. If Al depletion is accompanied
with Cr depletion �red arrow upward� the chemical potential
of Fe relative to that of Al in the surface zone is further
increased compared to the case when there would be only the
depletion of Al. In Fig. 3, the depleted state of the surface
zone is represented by the head of the arrow pointing up and

FIG. 1. �Color online� Schematic figure of the surface of an
Fe-Cr-Al alloy. The surface zone tends to deplete from Al and Cr
due to oxidation. �O and �X are the fluxes of oxygen and metal
atoms, respectively. The superscripts b and z refer to the flux from
deep bulk to the surface zone and from surface zone to the oxide
scale, respectively.
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FIG. 2. �Color online� The calculated chemical potential differ-
ence �Fe−�Al for Fe-Cr-Al as a function of Cr and Al content. The
curves are polynomial fits to the calculated data points shown in the
figure. The zero level corresponds to –2059.919 Ry.

FIG. 3. �Color online� Schematic plot of �Fe−�Al as a function
of Cr content with Al content as a parameter. The Al content in-
creases from curve to curve downward. By the sequence of the
arrows we illustrate both the changes in the concentrations and
�Fe−�Al within the surface zone during the Al and Cr depletion and
the subsequent Al recovering of the surface zone �SZ�. �Fe−�Al in
three different stages are: 1� initially in the SZ: orange circle; 2� Al-
and Cr-depleted SZ: head of the red arrow �upward�; 3� Al recov-
ered SZ: head of the green arrow �downward�. Second process in
cascade: the dashed arrows.
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leftward. Since the integrated interdiffusion constant of Cr is
much lower than that of Al and Fe,21 it is expected that Cr
diffusion plays a minor role in the subsequent recovering
process and therefore the arrow representing the healing of
the depleted zone is pointing downward. The combined pro-
cess is not reversible tending to bring the surface zone en-
riched with Al compared to the bulk alloy. Besides the
chemical potentials viewpoint �Fig. 3� the atomic perspective
�Fig. 4� on the above processes is also helpful in taking the
general view of the combined process. When the surface is in
a state that the protective scale has not fully formed, or it has
been broken, Cr-rich oxide formation occurs leading to the
formation of Cr-depleted regions. Depending on the external
conditions, temperature, state of the oxidation, etc., a certain
steady-state situation of the surface zone will be reached
�end point of the sequence of the arrows in Fig. 3�. However,
as long as the Cr concentration in the surface zone is less
than its average bulk value the replacement of the depleted
Al in the surface zone is more efficient than in Fe-Al alloys.
We note that one straightforward consequence of the above
Cr-driven Al-pump phenomenon is that in Fe-Cr-Al alloys
the Cr and Al concentrations as well as their gradients should
show a clear anticorrelation.

To find out whether in real systems the prerequisites for
the suggested Al enrichment process in the surface zone are
realized we consider the data obtained in surface oxidation
experiments of Fe-Cr-Al with bulk composition of
�20 at. % Cr and �5 at. % Al.22 The measured atomic
fractions suggest that the native oxide layer formed at ambi-
ent atmosphere �xAl�0.10, xCr�0.12, xFe�0.31, and xO
�0.47, i.e., relative to the total number of metal atoms Cr
has increased to �23 at. % and Al to �19 at. %� is en-
riched in Al and Cr implying Al- and Cr-depleted alloy
phases below the oxide scale. The integrated relative concen-
tration of the alloy component i in the oxide layer at oxida-
tion time t is

xi�t� =

�
0

t

�id�

�
0

t

�d�

,

where �i and � are the flux of the component i and the total
flux from the alloy phase to the oxide phase. From the above

expression we obtain sgn�dxi /dt�=sgn��i /�−xi�t��, i.e., in-
creasing concentration corresponds to increasing relative flux
��i /�� compared to the average flux ���i	 / ��	� and vice
versa. During the first minute oxidation at 670 °C, the ex-
perimental slopes of the relative concentrations show the fol-
lowing trends:22

dxAl

dt
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� 0,

dxFe
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dxCr
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 � 
dxFe

dt

 .

Therefore, the trends of the initial relative fluxes of Al, Cr,
and Fe have approximately constant, slightly increasing and
decreasing behaviors, respectively. At about 1 min oxidation
time the experimental slopes of the relative atomic concen-
trations change to22
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implying reducing relative fluxes for Cr and Fe and increas-
ing relative flux for Al.

Interpreting the above experimental data in terms of rela-
tive fluxes describing the transformation from the base metal
to the metal oxide the following scenario can be constructed.
The observed relative Al enrichment �about four times com-
pared to the average bulk alloy value� in the measurement of
the oxide scale formed during the initial ambient oxidation
can be attributed to the high oxygen affinity of Al and the Al
enriched surfaces of the base alloy at equilibrium as a result
of the lower surface energy of Al compared to that of Cr and
Fe.24,25 During the first minute oxidation, the Cr concentra-
tion reaches its maximum in the oxide layer which means
that the Cr depletion in the alloy phase also reaches its peak.
After 1 min oxidation, the relative flux of Al takes over the
relative fluxes of Cr and Fe. The increasing Al flux can be
associated with the increased Al concentration in the Cr-
depleted surface zone just below the oxide layer.

A large number of experiments support the suggested Cr-
driven Al pump to be operative in the enhancement of the
oxidation resistance of Fe-Cr-Al alloys. There exists also di-
rect observations of the depletion of Al and Cr in Fe-Cr-Al.23

The phase separation investigations for Fe-Cr-based alloys
show that Al preferentially partitions in the Fe-rich � phase
rather than in the Cr-rich �� phase.26–29 The anticorrelation
between the Cr and Al concentrations is observed also within
the oxide layer formed on the surface of an Fe-Cr-Al alloy.5

The oxide scale grows both outward and inward compared to
the position of the initial unoxidized surface. The measured
inward gradient of the Cr concentration is negative whereas
that of Al is positive suggesting the Cr depletion and Al
accumulation in the vicinity of the oxide layer.

There are both direct and indirect experimental evidence
of Cr depletion in Fe-Cr-Al. Here we list a few of them.
Corrosion resistance experiments for Fe-Cr-Al alloys show
Cr depletion in the Fe-10Al-5Cr alloy.30 In the oxidation ex-
periments of Fe3Al-�0,2 ,4 ,6%�Cr alloys a Cr-free region
was observed.31 In low Al or Si iron-chromium alloys the
inward growth of Cr2O3 was deduced to be initiated due to

FIG. 4. �Color online� If SZ is depleted with Al and Cr, process
1 �upward arrow in Fig. 3�, the driving force for Fe↔Al exchange
between deep bulk and SZ increases, process 2 �downward arrow in
Fig. 3�.
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the Cr-depleted zone.32 The depletion of Cr is observed also
in ferritic steels.33 Oxidizing experiments on aluminized
Fe0.7Cr0.3 at various temperatures34 also show traces of Al
pump. The changes in Cr and Al concentrations and gradi-
ents are always found to have opposite trends. We conclude
that the key parameter for the observed anticorrelation be-
tween the Cr and Al concentrations in oxidized Fe-Cr-Al
alloys is the Cr concentration since the Cr depletion under
the oxide layer is also observed in Fe-Cr binary alloys.35 The
proposed TEE mechanism has its origin in the effect of the
third element on the mixing enthalpy ��H� of bcc Fe-Al and
Fe-Cr alloys.36 The decreasing ��Fe−�Al� with Al and Cr
addition is simply the consequence of ��H /�cAl being an

increasing function with respect to both Al and Cr concen-
trations.
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