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1. Introduction

Solid Oxide Fuel Cells (SOFC) are solid state energy conversion

devices [1,2] converting a fuel such as H2 or CO directly into elec-
tricity without combustion. In their simplest form they consist
of an anode, a cathode and an electrolyte. A single cell can pro-
duce current density and voltage in the order of 1 A cm−2 and 1 V,
respectively. In order to develop greater power output, multiple
cells are grouped together. In planar SOFC they are simply stacked
together with an “interconnect” separating each cell [2,3]. This
interconnect acts as an air/fuel separator and is part of the electri-
cal circuit. Lanthanum chromate is a good choice as an interconnect
material for high temperature application (>900 ◦C), however it is
quite expensive. The core goal of the Solid State Energy Conversion
Alliance (SECA) is the development of SOFC with a factory cost of
$400 kW−1 h−1 or less [4–6]. One of the cost enabling developments
over the past few years is oxide component materials capable of
operating at lower temperatures such as 700–800 ◦C [7–12]. This
lower temperature range has provided for the consideration of
metallic materials for interconnect applications [12–18]. Metallic
interconnects have several advantages: low cost, ease in manufac-
turing, and high conductivity. Most metals and alloys will oxidize
under both the anode and cathode conditions within an SOFC, thus
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plication of a Ce-based surface treatment on the oxidation behavior (at
loys was investigated. The alloys themselves failed to form an outer TiO2
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a chief requirement is that the base metal oxide scale must be
electrically conductive since this constitutes the majority of the
electrical resistance in a metallic interconnect. Common high tem-
perature metal alloys form oxide scales that contain chrome, silicon
and aluminum oxides among others. Under SOFC operating condi-
tions chrome oxide is a semi-conductor while silicon and aluminum

oxides are insulators. Several commercial alloys have been devel-
oped for SOFC applications such as Crofer 22 APU (ThyssenKrupp
VDM), Hitachi ZMG 232 (Hitachi Metals) and Ebrite (Allegheny Lud-
lum) all of which form chromium-rich oxide scales under oxidizing
conditions.

Many SOFC designs will operate at temperatures exceed-
ing 700 ◦C. At these temperatures in the moist SOFC cathode
environment, Cr2O3 (chromia) evaporates and deposits on electro-
chemically active sites at the cathode–electrolyte interface. This
degrades the electrical performance of the SOFC [21–27]. The for-
mation of an outer Cr–Mn spinel will reduce Cr evaporation, but
will not prevent the Cr poisoning of the electrochemical reac-
tions. Consequently, there has been considerable attention given
to developing coatings which prevent Cr migration from the steel
interconnects into the cathode [27–30]. Alternatively, the devel-
opment of steels that can form conductive, protective oxide layers
other than Cr2O3 may be attractive for interconnect application.
For example, TiO2 may have electrical properties that are attrac-
tive for interconnect application [17–20]. This study was conceived
to explore steels that could form outer protective TiO2 scales dur-
ing oxidation. Further, the effect of alloy Cr content and a reactive
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Thermo-Calc showed that all of the experimental alloys are
expected to be single phase at the test conditions, similar to a
simple ferritic stainless steel containing Si rather than Ti. How-
ever, it was observed that with high Cr and at lower temperatures
(>22Cr and <800 ◦C) Sigma phase is predicted in the simple Si con-
taining ferritic alloy (typical of many commercial ferritic stainless
steels) while Laves phase is predicted in the experimental Ti con-
taining alloy (Figs. 1 and 2). The possibility of Laves phase formation
434 P.D. Jablonski, D.E. Alman / Journa

element surface treatment [31–33] on the oxidation of the experi-
mental (Fe–Cr–1Ti–0.5Mn) alloys was investigated.

2. Experimental techniques

2.1. Alloy design and manufacture

Experimental alloy formulation was first evaluated theoretically
with the use of Thermo-Calc (version r) and the TcFe5 database.
High purity starting materials were used to formulate the series
of alloys shown in Table 1. Approximately 6800 g of high purity
raw materials was induction melted under inert gas and poured
into a cylindrical mold for each alloy. These cylindrical ingots
were machined and subsequently homogenization heat treated at
1150 ◦C/12 h/FC in vacuum. The homogenized ingots were bagged
in protective stainless steel foil pouches and preheated to 900 ◦C
for 3 h prior to fabrication. Hot working consisted of forging and
rolling to fabricate the round ingot into a slab shape and ultimately
form a strip product. These strips were hot worked to a thickness
of 3 mm. Subsequently, these strips were conditioned to remove
oxidation products and any residual surface defects prior to cold
rolling. Each alloy was subsequently cold rolled to approximately
1 mm thickness.

2.2. Alloy testing and evaluation

Oxidation test coupons were cut from each of the alloys with the
dimensions of approximately 12 mm × 24 mm × thickness and pol-
ished through 600 grit prior to testing. Some samples were drilled
with a 3 mm diameter hole near one end to provide for hanging
from a quartz rack while others were stood upright inside alumina

crucibles. Further, some duplicate samples were surface treated
with cerium oxide [31–33] before testing. Prior to oxidation testing
the starting weights and physical dimensions of the coupons were
measured and recorded. Oxidation tests were conducted at 800 ◦C
in moist air. The moist air was generated by bubbling commercial
purity dry air through two glass columns (2.54 cm in diameter by
120 cm in height) filled with distilled water just ahead of the fur-
nace entrance. This was intended to generate air saturated with 3%
H2O, the maximum amount of moisture dissolvable in air at ambi-
ent conditions. After a predetermined time interval, the coupons
were removed from the heated furnace, cooled and the weight of
each coupon was measured and recorded. The samples were then
reinserted into the heated furnace for the next cycle. Oxide scale
surfaces were examined by standard X-ray diffraction (XRD) and
scanning electron microscopy (SEM) techniques. Chemistries of the
oxidized surfaces were determined by energy dispersive X-ray anal-
ysis (EDX). Oxidized coupons were also sectioned and polished via
standard metallographic procedures to view the scales in cross sec-
tion. These were analyzed by SEM with WDX analysis using in situ
standards for metal and oxide scale chemistry.

Table 1
The design chemistries (weight percent) for the experimental series of alloys are
found in the table below

F7 F8 F9 F10 F11

Fe Bal. Bal. Bal. Bal. Bal.
Cr 6 9 12 18 22
Ti 1 1 1 1 1
Al 0 0 0 0 0
Si 0 0 0 0 0
Mn 0.5 0.5 0.5 0.5 0.5
C 0 0 0 0 0
Fig. 1. Phases calculated to be present in an Fe–1Si–0.5Mn × Cr alloy (Thermo-Calc
Classic version r used along with TcFe5 database).

3. Results

3.1. Alloy phases and chemistry
was not considered to be undesirable in these alloys. In fact, some
researchers [34–36] are considering Laves phase as a way to tie up
residual Si for a cost effective way of dealing with undesirable SiO2
formation in ferritic alloy interconnects. However, is not a consider-
ation in the present experimental alloys since they contain Ti but no
Si. Furthermore, the experimental alloys were single phase under
the test conditions.

The measured chemistry of the experimental alloys is found
in Table 2. Good correlation was observed between the actual
alloy composition and target composition. Furthermore, the alloys
contained very low levels of “tramp” or undesirable elements. A

Fig. 2. Phases calculated to be present in an Fe–1Ti–0.5Mn × Cr alloy (Thermo-Calc
Classic version r used along with TcFe5 database).
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Table 2
The measured chemistries (weight percent) for the experimental series of alloys are

Fe Mn Cr Si Al

F7 Bal. 0.52 6.10 <0.010 0.03
F8 Bal. 0.53 9.12 <0.010 0.04
F9 Bal. 0.49 12.11 <0.010 0.04
F10 Bal. 0.50 18.04 <0.010 0.03
F11 Bal. 0.49 22.01 <0.010 0.02

Metals were determined by XRF with a Rigaku ZSX Primus II, carbon and sulfur wer
CT436 all using certified standards.

Table 3
The phases identified by X-ray diffraction on the oxide scales formed on the specim

Alloy Cr content (wt.%) w/o Treatm

F7 6 FeFe2O4 (m
F8 9 Fe2O3

F9 12 Fe2O3

F10 18 CrMn1.5O4;
F11 22 TiO2; Cr1.3F

low level of Si and Al is important for SOFC interconnect appli-
cation as these elements form internal non-conductive Al2O3
and SiO2 during oxidation, which will significantly degrade the
electrical performance of an SOFC [33]. All of the alloys fabri-

cated with ease by both hot and cold working into 1 mm thick
sheet.

3.2. Oxidation testing results

Fig. 3 shows the influence of Cr content on the oxidation behav-
ior of the experimental Fe–Cr–1Ti–0.5Mn alloys. The mass gain for
the 6 and 9 wt.% Cr alloys was extremely rapid and could not be
presented on the scale associated with Fig. 3. Testing of the low
Cr alloys was discontinued after only 96 h of exposure, while the
12–22Cr alloys were tested out to 2000 h. The specific mass gain
after 2000 h of oxidation was 55, 8 and 3 mg cm−2 for the 12, 18
and 22Cr alloys, respectively. These results indicate the benefit of
increasing Cr content on oxidation resistance, but showed no ben-
eficial impact of adding Ti to the base alloy. However, in the cerium
surface treated condition the 12, 18 and 22 wt.% Cr experimental
alloys (F9, F10, and F11) all had essentially equivalent mass gains,
which were about half the mass gain of the untreated 22 wt.% Cr
alloy (1.5 mg cm−2). This is more clearly illustrated in Fig. 4, where
the specific mass change is plotted for the experimental alloys

Fig. 3. Specific mass change as a function of exposure time is shown in the plot
above. The bold symbols are the base materials while the grey symbols have been
surface treated with cerium (see text for details).
d in the table below

Ti O N C S

1.00 0.002 0.0002 0.0053 0.0036
1.00 0.001 0.0001 0.0048 0.0039
1.03 0.001 0.0001 0.0090 0.0027
1.01 0.002 0.0001 0.0037 0.0085
1.01 0.003 0.0002 0.0095 0.0082

rmined with a LECO CS244 and oxygen and nitrogen were determined with a LECO

rfaces after 2000 h exposure at 800 ◦C in moist air

With Ce-surface treatment

ite) FeTiO3 Fe2O3

Fe2O3; CeO2; TiO2; Spinel (MnFeTi)xOy

TiO2; Cr1.3Fe0.7O3; MnFe2O4; CeO2

e0.7O3; TiO2; Fe2O3 TiO2; Cr1.3Fe0.7O3; MnFe2O4; CeO2;
; CrMn1.5O4; Fe2O3 TiO2; Cr1.3Fe0.7O3; CrMn1.5O4; CeO2

as a function of Cr content, with and without the cerium surface
treatment. In the untreated condition, the oxidation rate decreased
significantly with increasing Cr content. However, no such strong
dependence on Cr level was observed in the cerium surface treated

condition.

The X-ray diffraction analysis of the scales is presented in Table 3.
In the untreated condition, predominantly iron-rich oxides such
as Fe2O3 formed on alloys with less than 12 wt.% Cr. Mixed oxides
containing Cr and Mn or Fe formed on the alloys with 18 and 22 wt.%
Cr. In both alloys, TiO2 was also observed in the XRD scans. With
the Ce-surface treatment, the mixed oxides and TiO2 were found
to form on alloys with lower Cr contents. Indeed, the Ce-surface
treated 12, 18 and 22 wt.% Cr alloys have essentially identical oxide
scales by XRD analysis, consistent with their similar mass gains
during oxidation (Figs. 3 and 4). The remainder of this section will
concentrate on further analysis comparing the experimental alloys
with titanium and 12, 18 and 22 wt.% Cr.

The oxidized surface of the untreated experimental alloy con-
taining 12 wt.% Cr is shown in Fig. 5. The scale was cracked and
protruding whiskers were observed on the outer surface. The sur-
face scale chemistry was determined to be iron rich by EDX which
agrees well with the XRD determined structure of Fe2O3. The oxi-
dized surface of the cerium treated experimental alloy containing
12 wt.% Cr is shown in Fig. 6. A uniform fine grained crystalline
structure was observed. The chemistry of the scale at the surface

Fig. 4. Specific mass change as a function of chrome content is shown in the plot
above for both the as-produced alloys (w/o Ce) and those in the surface treated
condition (+Ce).
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Fig. 5. An SEM micrograph of the oxide surface that formed on the F9 alloy (12Cr)
after 2000 h exposure at 800 ◦C in moist air. Note that the scale is cracked and has
oxide whiskers growing from the surface.

was determined to be titanium rich, which agrees with the XRD
determined structure of TiO2.

Figs. 7 and 8 contain SEM micrographs of cross sections of the

oxide scales that formed on the experimental alloy with 12 wt.%
Cr in the untreated and Ce treated conditions, respectively. Note
the drastically different magnifications of the images and scale
thicknesses. In the case of the untreated specimen (Fig. 7), a very
complex multi-layered scale was observed that is predominantly Fe
rich in the outer layers and predominantly Cr rich in the inner lay-
ers. Substantial titanium was found only in the oxide layers closest
to the base alloy. In the case of the Ce treated specimen, an over-
growth of Ti-rich oxide was observed above the residual Ce–Ox
particles. The WDX chemistry of this layer was Ti40O58, suggest-
ing that it is likely non-stoichiometric TiO2 that is forming as the
outer layer. Chrome–manganese-rich oxides containing titanium
were observed both under the Ti-rich layer and under the resid-
ual cerium oxide particles. A Cr-rich scale was observed at the
oxide/metal interface. Some discrete internal oxidation (titanium
rich) was also observed.

The oxidized surface of the untreated experimental alloy with
22 wt.% Cr is shown in Fig. 9. The scale was found to be quite
complex, including Fe-rich nodules (Fe28Cr17O53 by EDX), lighter
(Mn25Cr19O55 by EDX) and darker (Ti28O72 by EDX) appearing areas.

Fig. 6. An SEM micrograph of the oxide surface that formed on the surface treated
F9 alloy (12Cr + CeOx) after 2000 h exposure at 800 ◦C in moist air. Note that the
oxide scale consists of fine, equiaxed crystals.
Fig. 7. An SEM micrograph of the F9 alloy (12Cr) after 2000 h exposure at 800 ◦C in
moist air is shown in cross section at the metal/oxide interface. Note that the scale
is cracked and has oxide whiskers growing from the surface.

These observations agree reasonably well with the phases iden-
tified by XRD (Table 3). The oxidized surface of the Ce treated
experimental alloy with 22 wt.% Cr is shown in Fig. 10. A uniform
fine grained crystalline structure was observed. The chemistry of

Fig. 8. An SEM micrograph of the surface treated F9 alloy (12Cr + CeOx) after 2000 h
exposure at 800 ◦C in moist air is shown in cross section at the metal/oxide interface.
Note that the scale is compact and intact.
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Fig. 9. An SEM micrograph of the oxide surface that formed on the F11 alloy (22Cr)
after 2000 h exposure at 800 ◦C in moist air. Note that the nodule was found to be

Fe rich while the remaining material appeared to consist of two distinct regions:
Mn25Cr19O55 (brighter, upper left) and Ti28O72 (darker, remaining material).

the scale was determined to be Ti32O68 and Ti30O70 which is close
to the XRD determined structure of TiO2.

Figs. 11 and 12 are SEM micrographs of cross sections of the oxide
scales that formed on the experimental alloy with 22 wt.% Cr in the
untreated and Ce treated conditions, respectively. Note the differ-
ent magnifications. In the case of the untreated specimen (Fig. 11)
a multi-layered scale was observed which consisted of Cr–Mn–Fe
rich in the outer layer, Cr–Fe rich and predominantly Cr rich in
the inner layers. Again, substantial titanium was only observed at
the scale/metal interface of the untreated alloy. In the case of the
Ce treated specimen, an overgrowth of Ti-rich oxide was observed
above the residual Ce–Ox particles. The WDX chemistry of this layer
was Ti40O58, reconfirming that it is not likely stoichiometric TiO2
that is forming as the outer layer. Chrome–manganese-rich oxides
were observed both under the Ti-rich layer and under the residual
Ce–Ox particles. A Cr-rich scale was observed at the oxide/metal
interface. Some internal oxidation (titanium) was also observed.

Fig. 10. An SEM micrograph of the oxide surface that formed on the surface treated
F11 alloy (22Cr + CeOx) after 2000 h exposure at 800 ◦C in moist air. Note that the
surface consisted of fine uniform oxide grains.
Fig. 11. An SEM micrograph of the F11 alloy (22Cr) after 2000 h exposure at 800 ◦C
in moist air is shown in cross section at the metal/oxide interface. Note that the scale
is multi-layered.

4. Discussion

The untreated experimental alloys containing 1 wt.% titanium all
had high oxidation rates under the test conditions, with the possible

Fig. 12. An SEM micrograph of the surface treated F11 alloy (22Cr + CeOx) after
2000 h exposure at 800 ◦C in moist air is shown in cross section at the metal/oxide
interface. Note that the scale is compact and intact.
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Table 4
Driving force for the formation of the various oxides is given in the table below

Oxide Driving force for formation at 800 ◦C (kJ mol−1)

CrO2 241
CrO3 204

[2] N.Q. Minh, J. Am. Ceram. Soc. 76 (3) (1993) 563–588.
Cr2O3 271
Cr5O12 231
Cr8O21 221
Cr2FeO4 252
FeO 187
Fe2O3 211
Fe3O4 208
FeTiO3 284
Fe2TiO4 256
MnO 217
MnO2 208
Mn2O3 221
Mn3O4 224
Mn2TiO4 276
MnTiO3 298
TiO2 343
Ti2O3 321
Ti3O5 329
Ti4O7 335

These driving forces in this table were calculated using Thermo-Calc using the SSOL4
and SSUB3 databases with the temperature set at 800 ◦C and the alloy chemistry set
to that of F11.

exception of the alloy that also contained 22 wt.% Cr. These high
oxidation rates can be understood from the evaluation of the oxide
scale cross sections. All of the untreated alloys had complex, multi-
layered oxides which were high in Fe content. Iron oxides are not
considered to be protective, and are known to grow at a relatively
fast rate. Cracks in the oxide scales (see Figs. 5, 7 and 11) further
provide for fast pathways for oxygen ingress to the alloy surface.
Although the titanium was incorporated into the oxide scale near
the metal/scale interface, this Cr–Ti oxide did not appear to act as a
barrier to oxide scale growth. This may be due to cracks propagating
in from the thick iron-rich outer scales, or it may be due to the
nature of the Cr–Ti-rich scale itself. The minor amounts of internal
Ti-rich oxides were considered inconsequential to both the scale
growth and weight gain.

The cerium surface treatment produced a complete change in
alloy response to these test conditions. First, the oxidation rate of
the experimental alloy with 22 wt.% Cr has been reduced by about
a factor of nearly 3 (Fig. 3). Next, the oxidation rates of the 12,
18 and 22 wt.% Cr alloys are essentially identical (Figs. 3 and 4),

thus the oxidation rates of the lower Cr alloys have been reduced
from their untreated condition much more significantly than the
22 wt.% Cr alloy. This result suggests that the presence of CeO2
significantly changes the activities of the oxidizing species and/or
it significantly reduces their diffusivities. Comparing the treated
vs. untreated X-ray diffraction results from the oxidized coupons
(Table 3) as well as the WDX chemistries of the oxide scale cross
sections (Fig. 7 vs. Fig.8 and Fig.11 vs. Fig.12), we found that the Ce
treatment promoted both the formation of TiO2 and more protec-
tive Cr-rich oxides at the exclusion of Fe containing oxides. From
the cross sections of the experimental alloys with 12 and 22 wt.%
Cr, we first noted that they were essentially identical in thickness
and constituency. A continuous overgrowth of titanium oxide was
observed to form on top of the residual CeOx left over from the
treatment process. These CeOx particles act as diffusion markers
which indicate the outward diffusion of Ti to form a continuous
titanium oxide surface layer in the presence of CeO2. This was com-
pletely unexpected. In commercial alloys with 0.5–1 wt.% silicon, it
is common to observe a thin silica-rich layer at the metal/oxide
scale interface under these experimental conditions [37,38]. We
have observed that formation of a SiO2 layer is repressed when the

[

[

[

wer Sources 180 (2008) 433–439

Ce treatment is applied to silicon containing alloys [33]. In the case
of these experimental alloys however, we find that the minor ele-
ment titanium is promoted to the surface to oxidize at the exclusion
of the other elements. Titanium oxides have a significantly higher
(more negative) �G of formation in comparison to the other oxi-
dizing species that might form in this alloy series (Table 4). Thus,
it is not surprising that the outer layer is essentially pure titanium
oxide at the exclusion of other elements (though it remains unclear
why this is not also the case in the alloys without the surface treat-
ment). This formation of a titanium oxide layer may have several
positive effects for application as an interconnect material in SOFC
applications. First, the oxide scale is thin, which presumably would
lead to a reduced electrical resistance. Second, since the outer layer
contains no Cr, the migration of Cr to the cathode which poisons
its effectiveness [21–27] would be expected to be greatly reduced
if not eliminated [27–30]. Finally, the Ti-rich outer oxide that forms
is expected to be electrically conductive under SOFC operating con-
ditions [17–20].

5. Conclusions

The experimental Fe–6–22Cr–1Ti–0.5Mn alloys all formed
multi-layered oxide scales under the test conditions (800 ◦C in
air + 3% H2O). The 6 and 9 wt.% Cr alloys both oxidized rapidly even
with the Ce treatment. All of the untreated experimental alloys
showed a high concentration of iron in the outer scale region which
is not considered to be protective. It was observed that the Ce treat-
ment, which incorporates Ce into the alloy surface, suppressed the
formation of Fe containing oxides in the 12–22 wt.% Cr alloys. This
suppression lead to the formation of more protective oxide scales.
Cerium treating these experimental alloys, which contained essen-
tially no Al or Si, but did contain 1 wt.% Ti, promoted an overgrowth
of titanium oxide. This overgrowth layer does not appear to be sto-
ichiometric TiO2 and may prove to be an effective barrier to both
scale growth and Cr vaporization. These are critical features of a
successful metallic interconnect in SOFC application. In situ mea-
surements are currently underway to evaluate the resistivity of the
scale and thus evaluate the applicability of these alloys and the
treatment in combination.
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