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Effect of heat treatment and chemical composition on the corrosion
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bstract

The corrosion performance of various Fe–Al alloys in 62 mol. %Li2CO3-38 mol.%K2CO3 at 650 ◦C has been studied using the weight loss
echnique. Alloys included FeAl with additions of 1, 3 and 5 at.% of either Ni or Li with or without a heat treatment at 400 ◦C during 144 h. For
omparison, 316L type stainless steel was also studied. The tests were complemented by X-ray diffraction (XRD), scanning electronic microscopy
nd microchemical studies. Results showed that FeAl base alloy without heat treatment had the highest corrosion rate but by either heat treating
t or by adding either Ni or Li the mass gain was decreased. When the FeAl base alloy was heat treated and alloyed with either 5Ni or 1Li the

egradation rate reached as low values as those found for 316L stainless steel which had the lowest degradation rate. Both Ni and Li improved the
dhesion of external protective layer either by avoiding the formation of voids or by lowering the number of precipitates and making them more
omogenously distributed.

2007 Elsevier B.V. All rights reserved.

c
i
i
c
i
e
c
t
t
T
i
a

eywords: Molten carbonate corrosion; FeAl intermetallic; Heat treatment

. Introduction

Conventional molten carbonate fuel cells (MCFC) operate
t 650 ◦C and consist of several cells made of a porous, lithi-
ted NiO cathode, a molten (Li,K)2CO3 electrolyte in a LiAlO2
eramic matrix and a porous Ni anode [1,2]. Austenitic stain-
ess steels such as 310S, 316 or 316L are typically used for
athode current collectors and bipolar separator plates [3–6].
orrosion of these components still represents a serious techno-

ogical item that may adversely affect the useful lifetime of the
uel cell [7–10]. The corrosion resistance of stainless steels and
i-based alloys in these environments is, thus, limited. Several

fforts have been undertaken recently to overcome this prob-

em. Perez et al. [11] for instance, protected 310S type stainless
teels and TA6V titanium alloy by slurry aluminides and used
lectrochemical impedance spectroscopy to characterize their
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orrosion resistance. They found that a slurry aluminide coat-
ng was able to improve the stainless steel corrosion behaviour
n molten carbonate. Aguero et al. [12] used the thermal spray
oating technique to deposit NiAl, AlCoFeCr and FeCrAl coat-
ngs onto 310 type stainless steel. Results showed that FeCrAl
xhibits a higher molten salt corrosion resistance than aluminide
oatings whereas NiAl was attacked at the beginning of the
est. Frangini and Masci [13] used the electrospark technique
o deposit FeAl based coatings onto 316L type stainless steel.
hey found that the corrosion resistance of electrospark coat-

ngs is comparable to that of ion deposition technique coating
nd higher than uncoated stainless steel.

FeAl type intermetallics are widely used for their high tem-
erature oxidation resistance due to their ability to develop an
l2O3 protective layer, which also provides corrosion resistance

n molten salts [14,15]. However, one of the main drawbacks for

hese aluminides is their poor ductility. Salazar et al. [16] found
hat by alloying with either Li or Ni results in the improvement
f their ductility as measured in their compressive ductility, and
his improvement was increased if the specimens were annealed
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t 400 ◦C during 120 h. The aim of this work is, thus, to eval-
ate the effect of small additions of Li and Ni together with
heat treatment on the corrosion resistance of FeAl in molten

Li,K)2CO3 at 650 ◦C and compare them with that for 316L
ype stainless steel, a commonly used material in bipolar plates
n MCFC.

. Experimental procedure

Intermetallic Fe50Al50 alloy were melted in an induction
urnace using silicon carbide crucibles. Pure Li and Ni ele-
ents with 1, 3 and 5 at.%, respectively were added to the
lFe intermetallic compound. All elements were 99.9% of
urity. In order to avoid the specimens machining procedure
he ingots were obtained with ending dimensions according to
he E800b ASTM standard. Cylindrical specimens dimensions
ere 0.5 in. diameter × 2 in. length in the test section and 2.5 in.

or the final section. The ingots were homogenized to mini-
ize the thermal vacancy effects by heat treating them (HT)

t 400 ◦C during 120 h under an argon atmosphere. The corro-
ive agent used in the tests was synthetic potassium carbonate
K2CO3) and pure lithium carbonate (Li2CO3) with the com-
osition 62 mol. %Li2CO3-38 mol.%K2CO3 at 650 ◦C. All the
eagents were analytical grade. Before corrosion tests the speci-
ens (30 mm × 20 mm × 1 mm) were cleaned with acetone and

ried and then packed in the mixture of salts in porcelain cru-
ibles with 500 mg cm−2 of the synthetic salt. Coupons were
ompletely immersed in the carbonate salt. The corrosion tests
ere carried out in electric furnaces in a static air during 100 h.
fter the corrosion tests, the corrosion rate was measured as
eight loss. Three specimens of each condition test were decaled

nd chemically cleaned according to ASTM G1 81 standard. One
f each heat was mounted in bakelite in cross section and pol-
shed to analyze the subsurface corrosive attack using a scanning
lectron microscopy (SEM) aided with energy dispersive spec-
roscopy (EDX) to carry out micro chemical analysis. Finally,
he corrosion products of some specimens were analyzed in a
hillips X-ray diffractometer.

. Results and discussion

Fig. 1 shows the mass loss of the different materials after
xposure beneath a molten (Li,K)2CO3 deposit during 100 h at
50 ◦C. It can be seen that the FeAl base alloy without heat
reatment suffers the greatest mass loss, whereas 316L stainless
teel and the heat treated alloy containing 5Ni had the lowest.
y heat treating the FeAl base alloy decreased the mass gain for
ore than 50%, but it was still higher than 316L stainless steel.

f the FeAl alloy without heat treatment was alloyed with either
i or Li in any quantity, the corrosion rate was decreased, espe-

ially with 3%, where the improvement in the corrosion rate was
he highest, i.e. 10 times. Heat treated FeAl with either 1Li or
Ni had low corrosion rates too, very similar to the316L stain-

ess steel. It can be said that for unalloyed FeAl intermetallic, a
ecrease in the mass loss was obtained either by heat treating it
r by additions of less than 5% of Ni or 1Li, but additions of 5%
f this element increased the mass loss.

t
i
s
d

ig. 1. Effect of Ni and Li contents on the mass loss in a 62 mol. %Li2CO3-
8 mol.%K2CO3 mixture at 650 ◦C for (a) alloys without heat treatment and (b)
lloys with heat treatment.

An SEM micrograph of the 3Li containing alloy without heat
reatment is given in Fig. 2, showing the corrosion products layer.
n EDX spot analysis done in point (a) and shown in Fig. 3

evealed that this point consisted of C, O Fe and some Al. XRD
f the corrosion products showed the presence of the FeAl alu-
inide phase together with LiFeO2, Fe2O3 and LiAlO2 oxides,
ig. 4. LiAlO2 has been reported to give some corrosion pro-

ection in molten carbonate mixtures [12,13] It was not detected
he presence of a protective Al2O3 which maybe was consumed
y the eutectic (Li,K)2CO3 deposit, and it was transformed in to
iAlO2 and something similar occurred to the Fe2O3 deposit,
hich was converted in to LiFeO2.
An SEM of the corroded surface of the heat treated alloy

ontaining 3Li is shown in Fig. 5. A spot EDX analysis to the
nterface metal/deposit, point (c), revealed that it is rich in C, O
nd Al with some traces of Fe, Fig. 6. On the other hand, punctual
DX analysis in the middle of the deposit and in the outer part
f the deposit showed that the content of C and O is similar to

hat found at the metal/deposit interface but the content of Al
s much lower, which may indicate that at this interface there is
ome Al2O3 which has not been dissolved by the (Li,K)2CO3
eposit, although the XRD analysis did not reveal its presence,
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ig. 2. Micrograph of FeAl + 3Li corroded in 62 mol. %Li2CO3-38 mol.
K2CO3 at 650 ◦C showing in point (a) the corrosion products.

aybe because it was localized at this point only. The corrosion
roducts consisted, again, of LiFeO2, Fe2O3 and LiAlO2 oxides
nd the FeAl phase, as shown in Fig. 7.

A cross section of the corroded surface for heat treated alloy
ontaining 3Ni is shown in Fig. 8. This figure shows the presence

f some pits, whereas a punctual EDX analysis done in points
and 2 revealed that they consisted of C, O and some Al, as

hown in Fig. 9. The XRD analysis of the corrosion products
onsisted of the same phases found in the other specimens, i.e.

Fig. 3. EDX analysis for point (a) on Fig. 2.
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Fig. 4. XRD pattern for corrosion products found on FeAl + 3Li.

iFeO2, Fe2O3 and LiAlO2 oxides and the FeAl phase, as can
e seen in Fig. 10.

Finally, a cross section of corroded 5Ni containing FeA alloy
ith X-ray mappings of C, Al, K, and O is shown in Fig. 11. It

an be seen that the presence of aluminum together with oxygen
utside the alloy suggests the formation of the protective alu-
ina, Al2O3 layer. Also, we can see that elements of the molten

alt, such as C and K, are not only outside the alloy, but they have
enetrated and dissolved the Al2O3 layer, being present inside
he alloy, which is evidence of the dissolution of the underly-
ng alloy once the protective oxide, e.g. Al2O3 layer has been
issolved by the melt.

Nishima et al. [17] have shown that the first stage of the

eduction of O2 in the melt resulted in a CO2 production with
he reaction:

CO3
2− → 2O2− + 2CO2 (1)

ig. 5. Micrograph of heat treated FeAl + 3Li corroded in 62 mol. %Li2CO3-
8 mol.%K2CO3 at 650 ◦C showing in point (a) the molten salt, in point (b) the
orrosion products and in point (c) the alloy-corrosion products interface.



802 J.G. Gonzalez-Rodriguez et al. / Journal of Power Sources 172 (2007) 799–804

Fig. 6. EDX analysis of points (a), (b), and (c) on Fig. 5.
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ig. 7. XRD pattern for corrosion products found on heat treated FeAl + 3Li.

2 + 2CO3
2− → 2O2

2− + 2CO2 (2)
These reactions are governed by the acidity of the melt and,
n the less acidic melts which correspond to our conditions, the
eaction in Eq. (2) prevails, including a more important CO2

ig. 8. Micrograph of heat treated FeAl + 3Ni corroded in 62 mol. %Li2CO3-
8 mol.%K2CO3 at 650 ◦C.
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Fig. 9. EDX analysis of points 1 on Fig. 8.

ormation in the melt. In the case of immersion of Al-rich alloys

n molten carbonate, the following electrochemical reactions
ould take place:

l → Al3+ + 3e− to form Al2O3 and LiAlO2 (3)

ig. 10. XRD pattern for corrosion products found on heat treated FeAl + 3Ni.
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Fig. 11. Micrograph of FeAl + 5Ni corroded in 62 mol. %Li2CO3-38

e → Fe3+ + 3e− to form Fe2O3 and LiFeO2 (4)

2
2− + 2e− → 2O2− to form reactions (2)–(4) (5)

i → Ni2+ + 2e− to form NiO(Fe, Ni)Al2O4 (6)

ut, since the amount of Ni present in the alloy is little, lower
han 5 at.%, corrosion products given by reaction (6) were not
etected neither by EDX nor by XRD analysis. The corrosion
rotection of an alloy against salt melt attack depends on the
hemical stability of both the kind of metal and their compounds
uch as oxides, carbonates, etc . . .. In fact, a breakdown of the
rotective oxide readily occurs by dissolution into the melt, and
he degradation rate can be specially fast if the oxide has a high
olubility. With the establishment of the Al2O3 layer, the corro-
ion rate decreases. The predominant surface product that forms
etween 600 and 800 ◦C has been reported to be �-Al2O3 [18]
ut it is quite possible for �-Al2O3 or �-Al2O3 to exist in this tem-
erature range [19]. These forms of alumina are faster growing,

ore voluminous, more porous and less protective than �-Al2O3

20]. The temperature at which there is a transition from other
ypes of alumina to the slower growing �-Al2O3 appears to be
00 ◦C [20]. In the FeAl base alloy, the alumina whisker cannot

t
a

t

K2CO3 at 650 ◦C together with X-ray mappings of O, C, Al and K.

orm a protective layer, which cannot provide an effective barrier
o stop the diffusion of Fe and the diffusion to the interface of
he oxygen, and this can see on the results obtained by the FeAl
lloy which is higher than those obtained by the rest of the alloys
Fig. 1). On the other hand, the formation of Al2O3 consumes
ertain quantity of Al, reducing its activity and partial pressure
f the oxygen. This causes a relative increase in the activities of
he Fe driving it to react with the molten mixture and to obtain
ompound such as LiFeO2.

Frangini and Masci [13] have shown that additions of some
ernary elements to FeAl intermetallics such as Cr or Ti improve
he Al2O3 protectiveness by suppressing spalling of these scales.
dditionally, they showed that, if Ni is added, there will be some
iffusion of Ni outwards rather than diffusion inwards of Al,
hus, preventing the formation of voids on the surface that could
ead to a scale spalling. Normally, additions of Ni have been
eported to increase the corrosion resistance of iron-base alloys
n molten salts [15]. This corrosion resistance has been reported

o be due to the establishment a more stable passive layer in
ddition to the formation of voids as explained above.

It was shown elsewhere [16] that by adding Li, the precipi-
ates present in the FeAl-base alloy was drastically lowered. In
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nalloyed FeAl intermetallic there were elongated Fe3AlC par-
icles inside the grain boundaries together with Al2O3 particles
long the grain boundaries. When Li was added, the amount
f the precipitates was decreased, and they were spherical and
omogenously distributed. This more homogenous distribution
f these particles could serve for a better anchoring of the pro-
ective external Al2O3 layer. In the same work, it was shown that
y annealing the specimens, the formation of thermal vacancies
as minimized, thus, if there were now less vacancies on the sur-

ace, the adhesion or anchoring of the protective alumina layer
s now improved.

The scale cracking, spaling or dissolution in a melt, gives
s a result that the film becomes less protective and, thus, the
orrosion rate is increased. Additionally to the dissolution of the
rotective scales, the dissociation of the (Li,K)CO3 allowed the
iffusion of Li and K, and an increase of these elements in the
etal/scale interface. This caused the detachment and cracking

f the protective scale, allowing the corrosion of the material.
ncorporation of ions such as Ni2+ and Li+ into the scale could
mprove the resistance of the oxide layer to the dissolution by
he melt, and, thus, decrease the corrosion rate, as evidenced by
ig. 1 This explains the values of the corrosion rates that were
bserved in Fig. 1 for the FeAl + Li and FeAl + Ni alloys.

. Conclusions

A study on the effect of heat treatment and additions of 1,
or 5 at.% of either Ni or Li on the corrosion performance

f FeAl intermetallic alloy in molten 62 mol. %Li2CO3-
8 mol.%K2CO3 at 650 ◦C has been carried out using the weight
oss technique. Results showed that the FeAl base alloy showed
he highest degradation rate whereas 316L type stainless steel
ad the lowest one. When the FeAl intermetallic alloy was heat
reated at 400 ◦C during 144 h the corrosion rate was decreased
y more than 50% but it was still much higher than the corro-
ion rate exhibited by the stainless steel. If the base alloy without

eat treatment was alloyed with either Li or Ni the weight loss
as decreased up to 10 times, reaching values close to those for
16L type stainless steel, especially with 3%. Finally, when the
ase alloy was heat treated and alloyed either with 5Ni or 1Li,

[

[
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he degradation rate reached the lowest values, similar to those
or 316L type stainless steel. This was because by adding Ni, the
dhesion of external protective layer was improved by avoiding
he formation of voids on the surface. Addition of Li, on the other
and, decreased the corrosion rate because it reduced the amount
f particles precipitated and they were more homogenously dis-
ributed, thus, a better anchoring of the external protective layer
as promoted. Thermal annealing helped to reduce the corrosion

ate by minimizing thermal vacancies and reducing the number
f voids.
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