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bstract

orous alloys are proposed as supports for the next generation solid oxide fuel cells. Their application lowers the price of the fuel cells, which will
esult in faster commercialization. However, they are prone to high temperature corrosion. So far, there is lack of methods, which can improve high
emperature properties of porous alloys for SOFC applications. A method for improving corrosion resistance of porous alloys has been proposed
nd investigated here. In this work protective coatings are prepared by the infiltration of precursor solutions that contain Y cations. High temperature

xidation properties of the modified alloys are compared with non-modified samples by cyclic thermogravimetry, electron microscopy and X-ray
iffractometry measurements. The infiltration of Y precursor into the porous alloy decreases the high temperature corrosion rate. This method can
e used to improve long term properties of porous alloys applied for fuel cells supports.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Porous alloys are materials of choice for the next genera-
ion of solid oxide fuel cells (SOFCs).1,2 For that application
hey must withstand thousands of hours at ∼800 ◦C without
evere degradation. Other possible applications of the porous
lloys include medical implants, air filters, flow restrictors,
ound attenuators and other. In the case of the high temper-
ture exposure (>500 ◦C), which takes place in both anode
nd cathode SOFC compartments, an oxide scale forms. This
an cause changes in porosity and in mechanical properties,
hich might result in restricted gas flow and in a mechanical

ailure.
In SOFCs the porous steel is used as a substrate for the

eposition of ceramic components. In this case the alloy needs
o provide appropriate mechanical strength of the fuel cell
nd easy access of gas to the electrodes. Typical porosity
f the supports is approximately ∼30 %. The high porosity

esults in a high specific surface area subjected to an oxida-
ion and a growth of oxide scale. The formation of the oxides
esults in a decrease of porosity and an increase of interfa-
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ial electrical resistance. For example, it was shown that a
reakaway oxidation of Fe22Cr stainless steel occurs at operat-
ng conditions of SOFCs, which results in rapid degradation
f cell performance caused by blocked gas conducts in the
upport.3

The corrosion rate of porous alloys is very high, resulting
n significant mass gain in a relatively short time.4–7 The num-
er of alloy materials available in powder form is limited. Main
equirement for alloy is to be a chromia scale former, since chro-
ia provides good electrical conductivity level and acts as a

rotective scale. Unfortunately, the chromium content in alloy
omposition, that is sufficient for dense steels, seems insuffi-
ient for porous alloys. Large area available for chromium scale
ormation causes problems with breakaway oxidation. For long
erm stability of metal supported fuel cell, the corrosion resis-
ance plays a vital role and must be enhanced.

The degradation issues of dense stainless metallic plates are
ften solved by applying protective coatings on the surface.8,9 It
iminishes the rate of the oxide scale formation and lowers inter-
acial electrical resistance. Numerous properties of coatings on
ense steels were investigated and reported in the literature.9–12
owever, to the best of our knowledge, the improvement of
orrosion resistance of the porous alloys for SOFC applica-
ions by the introduction of coatings has not been reported
efore.

dx.doi.org/10.1016/j.jeurceramsoc.2011.02.007
mailto:molin@biomed.eti.pg.gda.pl
dx.doi.org/10.1016/j.jeurceramsoc.2011.02.007
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much slower and after 1050 h the total mass change of about
13% was observed. Such an initial mass change has also been
shown before by Molin et al.7 It is connected with the rapid
708 S. Molin et al. / Journal of the Europe

. Experimental

The porous supports were prepared using PI600 alloy pow-
er (Ametek, USA), which is designed to work at elevated
emperatures.7 It is an austenitic Ni based alloy (∼74 wt.%)
ich in Cr (∼16 wt.%) and Fe (9 wt.%). Powders were weighted
∼1.2 g) and uniaxially pressed (200 MPa) in a steel die (16 mm
iameter). Afterwards samples were sintered at 1200 ◦C for
0 min in dry hydrogen atmosphere. Before switching on hydro-
en flow, tube was flushed with Ar. The initial porosity of the
orous supports was around 25%. Solution for the infiltration
as prepared by dissolving yttrium chloride (Aldrich, USA) in

thanol. The substrates were then placed in a petri-dish and a
ew drops of solutions were added, which penetrated the pel-
ets due to capillary forces. The pellets remained in a dish for
0 min followed by drying at 50 ◦C for 15 min. Then the pel-
ets were heated up to 400 ◦C to decompose organics. This
oaking/calcinations procedure was repeated several times to
chieve the desired mass change (up to 2 wt.%). Modified and
on-modified samples were then subjected to cyclic oxidation
ests at 800 ◦C. Each cycle lasted 150 h at dwell temperature
ith 3 h heating and cooling times. Before and after each cycle

he samples were weighted. Between the cycles also porosity
as checked by Archimedes method using dedicated balance

etup (Radwag, Poland) and vacuum assisted kerosene soaking
f samples to ensure filling of pores. The measurement proce-
ure included recording of weight of dry sample, sample soaked
ith kerosene and sample immersed in kerosene, what allows

alculation of total, open and close porosity. Total number of
ycles was 7, what resulted in the total oxidation time of 1050 h.
nalysis of sample properties was then performed by scanning

lectron microscopy (Philips XL30 ESEM) and X-ray diffrac-
ometry (Philips X’Pert Pro) of the surface. X-ray diffractometry
XRD) measurements were collected with CuK� radiation at
oom temperature at a standard 2θ configuration.

. Results and discussion

.1. Infiltration of the protective phase

Yttrium was chosen as an infiltration material due to its abil-
ty to improve high temperature properties of steels by the so
alled rare-earth effect. In the past, this precursor was success-
ully used to prepare coatings on dense steels also for SOFC
pplications.10,13,14 In this study corrosion tests were carried
ut in air atmosphere, which resembles cathode compartment
onditions of the fuel cells.

Mass gain of samples as a function of infiltrations number
s presented in Fig. 1. After 20 infiltrations the mass gain was
pproximately 2% with a linear correlation between the mass
ain and the infiltration number. Each infiltration resulted in
bout 0.1% mass change. The mass change of 2 wt.% corre-
ponds to approximately 2.5 vol.% change. Using the proposed

rocedure a desired amount of protective phase can be intro-
uced into the alloy support. Namely, the alloys with 1 and
wt.% of protective phase were prepared and investigated. The

esults were similar for both Y loadings and, therefore, only
Fig. 1. Mass gain as a function of infiltration number for porous steels.

esults on ∼1 wt.% infiltrated alloys (10 infiltrations) were pre-
ented here. The porosity difference between these samples was
ithin the order of measurement accuracy (approximately 2%).

.2. High temperature oxidation results

Kinetics of high temperature corrosion is usually expressed
y mass gain per unit area of samples.10 This corresponds to
n oxide scale growth and resulting mass change of samples.
owever in case of the porous samples the situation is more

omplicated. The surface area is not known and is relatively hard
o determine by experimental methods.15 Therefore different
pproaches should be used. One possible way is to use percent-
ge mass change with respect to the initial mass.5,6 Sample mass
fter infiltration and after heat treatment at 500 ◦C is defined as
nitial mass. This parameter takes into account porosity level
higher porosity will cause higher mass gain). This approach
s used in this study. The results of cyclic thermogravitometry
f the studied samples are shown in Fig. 2. For non-modified
ample after first 150 h a rapid mass increase is observed. The
nitial mass increases about 10%. Afterwards, the mass changes
Fig. 2. Mass gain of samples subjected to cyclic oxidation at 800 ◦C.
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Fig. 4. SEM surface images of (a) not-modified and (b) Y-modified steels after
total oxidation time of 1050 h at 800 ◦C.
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Fig. 3. Open porosity changes caused by oxidation at 800 ◦C.

ormation of an oxide layer, followed by the slow oxide scale
rowth. Y-modified samples show much lower mass gain. After
50 h the mass change of less than 2% is measured and after
050 h it increases up to 2.5 %. The first cycle is also responsi-
le for the most of the mass gain, but in this case the total mass
ain is much lower. It can be concluded here that only 1 wt.%
f Y-infiltration significantly suppress the oxide scale growth.

Porosity measurements were performed to check the influ-
nce of scale growth on porosity and its structure. The recorded
esults of the open porosity are presented in Fig. 3. For the non-
odified samples open porosity decreases rapidly with the first

xidation cycle. This result is consistent with thermogravime-
ry data, which showed rapid initial mass gain. Porosity drops
rom 25% to only about 7%. Further oxidation causes poros-
ty decrease almost to 0%. After only 1050 h open porosity
o longer exists and for a fuel cell it would end up in a total
ailure of performance due to gas supply shortage. For the Y-
odified samples, the open porosity decreases initially by about

% to about 18% after the first 150 h of oxidation. Afterwards
pen porosity remains stable up to the end of experiment. These
esults confirmed the superior properties of Y-modified samples.
t must be added that in both cases the open porosity decrease is
ounter balanced by the closed porosity increase, while the total
orosities remain constant (results not presented here). The open
orosity decrease is caused by filling of pores and pore ducts
nside sample by the corrosion products, so that finally further
xidation is limited due to gas access.

Scanning electron microscopy images of oxidized (1050 h,
00 ◦C) samples are shown in Fig. 4a and b. The surface of
ot modified sample is fully covered with corrosion products.
lmost no porosity can be seen. This is in agreement with ther-
ogravimetry and porosity data. The corrosion products filled

ll available space. For Y-modified samples, the surface is porous
nd much less corrosion products are visible. Alloy grains are
till clearly visible. Corrosion products are visible as either some
eparated larger residues (few microns in diameter) on the sur-
ace or as a uniform corrosion scale product visible under higher

agnifications.
The phases of corrosion products were evaluated using X-ray

iffractometry analysis of oxidized alloy surfaces. XRD pattern

o
t
I

f sample Y-modified and not subjected to any additional heat
reatment is shown in Fig. 5. Only peaks corresponding to stain-
ess steel phase are present. The same is for sample heat treated
t 500 ◦C for 1 h. The impregnated Y phase is not detected by
he X-ray diffractometry due to the low volume fraction of Y-
ontaining phases and, possibly, due to their amorphous state
fter the deposition. The XRD patterns of oxidized samples are
howing peaks originating from the alloy substrate and new
eaks that can be attributed to corrosion products. The inten-
ities of additional peaks for Y-modified sample are much lower
han for non-modified, which corresponds to lower amount of
orrosion products.

The oxide phases present in the patterns of not-modified steels
re NiO > NiFe2O4 > Cr2O3 (written in accordance to relative
eak intensity which is assumed to be connected to phase con-
ent). Probably, the NiO, which is present in a large amount, is
esponsible for the high mass gain. This oxide is not considered
s a protective oxide for steel corrosion, while NiFe2O4 and
r2O3 can be regarded as protective oxide scales.9,11 In study
y Molin et al. 7 similar phase composition was reported for this
lloy oxidized in air in similar conditions. For Y-modified steels

nly Cr2O3 > NiFe2O4 phases are present. The predominance of
he protective chromium oxide results in the low corrosion rate.
n the patterns Y containing products have not been determined.
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ig. 5. XRD patterns of modified and not-modified stainless steel samples after
ifferent heat treatment procedures.

his is probably related to a very low amount of this phase that
ight be under the limit of measurement.
A lot of research must still be carried out in order to

ully describe the protection mechanism of the infiltrated phase
nd their potential applicability to different fields, but ini-
ial results presented here provide the foundation for this
urpose.

. Conclusions

A new method for the improvement of high temperature
orrosion properties of porous supports was reported. The infil-
rated porous PI600 alloy with Y containing precursor showed
educed mass gain upon oxidation in air. The Y-modified sam-
les remained porous while non-modified samples lost almost

ll of the open porosity. As revealed by SEM analysis, addition
f Y inhibits formation of non-protective NiO oxide phase in
he alloy. This initial study shows the opportunity of enhancing
ramic Society 31 (2011) 2707–2710

he lifetime of these porous materials, which can be suitable in
any applications. Future research will focus on studying dif-

erent coating materials, oxidation atmospheres and electrical
onductivity.
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