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Effects of temperature and partial pressure of CO rO on corrosion2 2
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Abstract

The corrosion tests with AISI-type 316L and 310S stainless steels are carried out to understand the abnormal corrosion behaviour
observed in a molten 52 mro Li CO –48 mro Na CO salt in the temperature range of 5208C to 5808C, particularly in the presence of2 3 2 3

CO and O . Two experimental methods, namely, an out-of-cell test and an electrochemical method, were employed to analyze the2 2

corrosion behaviour with varying gas composition as well as temperature. The samples tested in the temperature range of 5208C to 5808C
suffer more corrosion attack than those tested in the temperature range of 6008C to 6508C. Optical microscope analysis of samples from
out-of-cell tests for 100 h show that the surfaces of the samples, regardless of the type of stainless-steel, were corroded severely by pitting
when the temperature is below 5808C. Samples tested above 6008C, however, do not suffer significant corrosion attack. This is also
confirmed by potentiodynamic results. The polarization curves of 316L stainless-steel samples measured above 6008C exhibit the typical
active–passive behaviour, but the passive region disappears when the temperature is below 5808C. This is attributed to the formation of a
porous LiFe O passive film. By contrast, the formation of a LiFeO passive film, dense enough to provide protection, is observed with5 8 2

increasing temperature over 6008C. It is also found that the partial pressure of CO affects markedly the corrosion rate, but the partial2

pressure of O does not. q 2000 Elsevier Science S.A. All rights reserved.2
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1. Introduction

A fuel cell is an energy-conversion device which gener-
ates electricity directly through an electrochemical reaction

w xbetween, for example, hydrogen and oxygen 1 . This
makes fuel cell free from the Carnot cycle limitation,
which, in turn, enables the fuel cell to have high efficiency
in electricity generation and less production of pollutants.

Ž .The molten carbonate fuel cell MCFC system possesses
several other advantages due to its high operation tempera-
ture of 6508C. These advantages include high quality of
waste heat, fuel flexibility and internal reforming. On the
other hand, a high operation temperature combined with
the presence of very corrosive LirK molten carbonate
requires expensive materials to withstand the harsh condi-
tions. This has delayed the commercialization of MCFC
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technology. It is generally accepted that a lifetime of at
least 40 000 h is required to be competitive in the market
w x2 . So far, no MCFC system, regardless of its size, has
been successful in achieving the lifetime target. Loss and
redistribution of electrolyte, corrosion of metallic compo-
nents, morphology changes of porous components, phase
transformation, and short-circuiting by NiO dissolution are

w xresponsible for the lifetime limitation 3 . Among many
approaches to solve the lifetime issues, replacement of
electrolyte composition from LirK carbonate to LirNa

w xcarbonate is considered to be an option 4–6 .
ŽThe LirNa electrolyte 52 mro Li CO –48 mro2 3

.Na CO for the MCFC has a few advantages over con-2 3
Ž .ventional LirK 62 mro Li CO –38 mro K CO , espe-2 3 2 3

cially in the areas of ionic conductivity, electrolyte inven-
tory management, and NiO dissolution. Nevertheless, it
has been seldom used as an electrolyte for MCFCs because
of the low oxygen solubility in LirNa carbonate mixture.
The performance of a MCFC with LirNa electrolyte is
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usually lower than that with LirK at atmospheric pressure.
The polarization of the former cell caused by low oxygen
solubility decreases and, eventually, becomes less than that
of the latter cells with increasing operation pressure. NiO
dissolution is the most crucial determinant of life. In this
respect, therefore, LirNa electrolyte is expected to re-
place, or has already begun to replace, LirK electrolyte.

Another problem associated with using LirNa as elec-
trolyte is the unusual and excessive corrosion phenomenon
on the separator which is observed in the cathode gas
atmosphere containing air and CO at the particular tem-2

w xperature range of 5208C to 6008C 7,8 . This corrosion
does not exist at over 6008C. It is a well-known fact that
AISI 316L or 310S, high chromium-content, stainless-steel
is the most widely used material for the separator of
MCFCs as it can provide sufficient corrosion resistance
against LirK electrolyte under normal MCFC operating
conditions. These high-chromium-content stainless-steels
are able to form protective passive films which consist of
two layers, i.e., an external LiFeO layer and an internal2

chromium-rich layer. This duplex passive film can prevent
further corrosion by suppressing the outward diffusion of
cations such as Feq2 . On the other hand, the low-chro-

Ž .mium-content alloy for example, only 2 to 2.5 wt.% Cr is
corroded very severely when exposed to a LirK carbonate
melt because it lacks ability to form a protective
chromium-rich oxide layer. Non-protective porous oxide

w xfilms of Fe O and LiFe O are produced instead 9 .3 4 5 8

Although the corrosion of the separator in a LirNa car-
bonate melt behaves differently from that in a LirK
carbonate melt, there is little information on this. Taking
into consideration the decisive effect of the pretreatment
procedure on MCFC performance, in which the tempera-
ture is raised from ambient to 6508C, the gas composition
should be adjusted properly in relation with the tempera-
ture to avoid corrosion when LirNa electrolyte is used.
Otherwise, excessive corrosion will take place at the cath-
ode side between 5208C and 6008C. Thus, in this paper,
the corrosion behaviour has been investigated with empha-
sis on analysis of the corrosion product as well as on the
effect of temperature and gas composition.

2. Experimental

All the samples made with AISI 316L or 310S stain-
less-steel were homogenized prior to the corrosion test by
heat treatment at 12008C for 4 h in vacuum, followed by
quenching with ice water. After cutting into a square
Ž .20=20=1 mm , each specimen was polished to have
mirror-like surface.

The out-of-cell test was carried out to obtain an overall
view of the corrosion process in the presence of 52 mro
Li CO –48 mro Na CO by analyzing corrosion mor-2 3 2 3

phology and product with optical microscope and X-ray
Ž .diffraction XRD . To simulate the corrosion environment

of the wet-seal area of the MCFC, which is the most
susceptible region to corrosion of the separator, a specimen
was inserted between electrolytermatrix green sheets at
ambient temperature, then heated to a desired temperature
in argon atmosphere. Upon arriving at a desired tempera-
ture, the gas composition was switched to either the stan-

Ž .dard cathode condition 67% CO –33% O or Ar–2 2

O rAr–CO . The partial pressures of O or CO were2 2 2 2

varied from 0 to 0.6 atm, respectively. After staying for
100 h at a given experimental condition, the specimen was
removed from the furnace. The corrosion rate was deter-
mined by weight difference of the specimen between
before the experiment and after peeling off the corrosion
product. To dissolve off the corrosion product, the speci-
men was boiled for 12 h in 18% NaOH–3% KMnO4

Ž .solution followed by 3 h in 10% NH HC H O solu-4 2 6 5 7
w xtion 10 .

Electrochemical experiments were conducted in a so-
w xcalled pot cell 11 . The working electrode was made of

Žstainless-steel which was spot-welded to a gold wire 99.9%
. Žpure, 0.5 mm in diameter . A gold foil 25=80=0.5

.mm was used as the counter electrode. The reference
electrode consisted of a gold wire and double alumina
tubes. The external tube had a small hole of 3 mm in
diameter at the bottom to form a salt bridge. The gas
composition fed to the reference electrode was 67% CO –2

33% O . The gold wire in the tube was in contact with the2

52 mro Li CO –48 mro Na CO melt through the salt2 3 2 3

bridge. The potentiodynamic curves of the samples were
recorded from y1400 to q400 mV at a scan rate of 0.1
mV sy1. Cyclic voltammograms were obtained between
y1700 and q100 mV at a scan rate of 50 mV sy1. All
the electrochemical measurements were performed with an

Ž .EG&G potentiostatrgalvanostat Model 273A .

3. Results and discussion

3.1. Effect of temperature in standard cathode gas atmo-
( )sphere 67% CO2–33% O2

The effect of temperature on the weight loss of a 316L
or a 310S sample during a 100-h out-of-cell test in the
temperature range of 5208C to 6508C under cathode gas
atmosphere is shown in Fig. 1. Severe corrosion attack on
both stainless-steels is observed at temperatures below
5808C. After reaching a maximum value at near 5808C, the
weight loss decreases rapidly as the temperature ap-
proaches 6208C. The weight loss then increases again due
to a faster corrosion reaction with increasing temperature.
Although 316L stainless-steel shows higher susceptibility
to corrosion in general, the shapes and trends of weight
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ŽFig. 1. Effect of temperature on corrosion. electrolyte: 52 mro Li CO –2 3
.48 mro Na CO , cathode atmosphere .2 3

loss vs. temperature for both stainless-steels are similar.
This result indicates that the corrosion on both samples in
the LirNa carbonate melt may proceed via the same
mechanism.

From the difference between corrosion products formed
below 5808C and above 6208C, however, it can be deduced
that there is a change in the corrosion mechanism around
6008C. A porous red-brown scale was observed on the
surface of the stainless-steels below 5808C, whereas a
dense black scale was observed above 6008C. The XRD
analyses of corrosion products of 316L at 5808C and
6508C are given in Fig. 2. Large differences are found in
the major component of corrosion product, i.e., LiFe O at5 8

5808C vs. LiFeO at 6508C, and in the degree of crystal-2

lization of the corrosion product. Minute but continuous
pertubation of the of base line of the XRD pattern in Fig.
Ž .2 b imply a less crystalline or porous nature of corrosion

product formed at 5808C. The change of corrosion product
from LiFeO to LiFe O with decreasing temperature2 5 8

observed in this study is in good agreement with the
w xthermodynamic calculations of Matsumoto et al. 12 . Ac-

cording to their findings, LiFeO , which is the more stable2

phase at 6508C, will be transformed into LiFe O as5 8

temperature decreases to 5508C in the standard cathode gas
atmosphere of the MCFC. Considering the fact that the
composition of corrosion product in the LirNa carbonate
melt is almost identical with that in the LirK carbonate
melt, the morphology of the corrosion product on the
surface of the stainless-steel appears to be an important
determinant of the corrosion rate. The metal oxide layer
formed on the surface of austenitic stainless steels in a
LirK carbonate melt is generally assumed to be insoluble
and dense so that the oxide layer could retard further

w xcorrosion attack 13 . As explained above, the metal oxide
layer formed on the surface of stainless steels in a LirNa
carbonate melt below 5808C is porous LiFe O , which is5 8

not able to provide the protection against further corrosion
attack. This eventually causes abnormal and excessive
corrosion which does not exist in a LirK carbonate melt
under the same conditions. This unique corrosion phe-

nomenon will disappear due to the formation of dense
double-layered corrosion scale consisting of an external
LiFeO layer and an internal LiCrO layer when the2 2

temperature rises above 6008C. It still requires more inves-
tigation, however, to determine what makes the corrosion
in a LirNa carbonate melt behave differently from that in
a LirK carbonate melt.

The surface morphology of de-scaled 316L stainless-
steel after an out-of-cell test for 100 h in the temperature
range of 5208C to 6508C was examined by means of an
optical microscope. Results are shown in Fig. 3. Up to
5808C, successive corrosion did take place at the surface of
stainless-steel just beneath the corrosion scale. Severe

Ž .pitting corrosion as well as intergranular corrosion IGC
caused by sensitization can be easily identified. Pitting
corrosion is often observed when the passive film fails to
act as a barrier to the diffusion of ions involved in the

w xcorrosion 14 . In this case, pitting corrosion is attributed
to the local environment developed by the concentration
profile of the gaseous species through porous passive film.
By constrast, as temperature increases above 6008C, only
traces from IGC attack are visible. These observations are
comparable with the findings in Figs. 1 and 2.

The anodic polarization curve generated potentiodynam-
ically for 316L stainless-steel in a LirNa carbonate melt in
the cathode gas atmosphere is shown in Fig. 4. When
measured at 5508C and 5808C, the passive regions totally
vanish. The passive region begins to appear at 6208C and
fully develops at 6508C with the typical active–passive
corrosion behaviour. Further evidence is given in Fig. 4 for
the transition of the nature of passive film on the surface
of the stainless-steels in a LirNa carbonate melt from
non-protective below 5808C to protective above 6008C.
The result of the experiment with a LirK carbonate in the
same condition always shows the active–passive transition

w xbehaviour regardless of the temperature range 15 .
In order to identify the reactions associated with the

formation of the passive film on the stainless-steel in a
LirNa carbonate melt, cyclic voltammetric tests of the
316L stainless-steel were performed in the temperature

Fig. 2. XRD pattern of 316L stainless-steel corroded in LirNa carbonate
Ž . Ž .melt for 100 h under cathode gas atmosphere at a 6508C and b 5808C.
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Ž . Ž . Ž .Fig. 3. Surface morphology of descaled-316L stainless-steels corroded in LirNa carbonate melt under cathode gas atmosphere at a 5208C, b 5508C, c
Ž . Ž . Ž . Ž .5808C, d 6008C, e 6208C, and f 6508C =500 .

range of 5808C to 6508C. The results obtained at 5808C
and 6508C, are illustrated in Fig. 5. In the range y1.4 to
y0.5 V, two oxidation peaks and the corresponding reduc-
tion peaks are observed for both temperatures. According

w xto Vossen et al. 16 , the first peak and the second peak
can be ascribed to the oxidation of iron to FeO or LiFeO2

and to a-LiFeO or a-LiFe O , respectively. Even if these2 5 8

peak assignments cannot be guaranteed for our data since
they were acquired under the anodic gas condition in LirK
carbonate at 6508C, they provide several key insights into
the film formation on the 316L stainless-steel surface. The
first peak at 6508C is shifted to a more positive potential
than that at 5808C, which explains slow kinetics via dense
film formation at 6508C. Surprisingly, what should be
noticed in this graph is the increase of current density of

the second peak at 5808C compared with that at 6508C.
This result means that the corrosion at 5808C, which
produces a-LiFe O , is much larger than that at 6508C. A5 8

further interesting observation is the appearance of the
third peak at 5808C, although not clearly visible due to the

Ž .maximum current limitation 1A of the potentiostat used
in the experiment, with increasing the potential beyond
y0.5 V. The oxidation of Cr at the scalerstainless-steel
interface due to insufficient passivity of a-LiFe O is5 8

thought to be responsible for the third peak. By contrast,
there is no additional peak at 6508C. The small current
density of the second peak combined with the absence of
the third peak verifies that the passivity of a-LiFeO film2

formed at 6508C is sufficient to suppress the diffusion of
carbonate ions and metal cations.
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Fig. 4. Anodic polarization behaviour of 316L stainless-steel in LirNa
carbonate melt at various temperatures.

3.2. Effect of partial pressure of CO2 and O2

Because the abnormal corrosion phenomenon took place
only when CO and O were present, the effect of partial2 2

pressures of CO and O was examined. The partial2 2

pressure of each gas was varied from 0 to 0.6 atm and the
balance was argon. The corrosion rates measured as the
weight loss of 316L and 310S stainless-steel samples after
out-of-cell tests for 100 h at 5808C are presented in Fig. 6.
There is no large difference in the corrosion behaviour of
the two stainless-steels in either Ar–CO or Ar–O atmo-2 2

sphere, but 310S stainless-steel shows higher resistance
against corrosion than 316L stainless steel throughout the
whole experimental conditions. As clearly seen in Fig. 6,
the corrosion rate depends mainly on the partial pressure
of CO but little on the partial pressure of O . It is also2 2

observed that the corrosion rate increases very rapidly with
the increase of the partial pressure of CO until it reaches2

plateau at a partial pressure of 0.2 atm or above where
saturation of dissolved CO in LirNa electrolyte is ex-2

pected. This implies participation of the dissolved CO in2

Fig. 5. Cyclic voltammograms of 316L stainless-steels in LirNa carbon-
ate melt under cathode gas atmosphere at 5808C and 6508C.

Fig. 6. Effect of partial pressures of CO and O on corrosion rate of2 2
Ž .316L and 310S stainless-steels LirNa carbonate melt, 5808C, 100 h .

the corrosion reaction in a LirNa carbonate melt. The
dissolved CO is considered to possibly involve two corro-2

Ž .sion mechanisms as follows: 1 As CO dissolves in the2

LirNa electrolyte, the electrolyte becomes more acidic.
And this higher acidity makes metal oxide scale more
soluble in the electrolyte, in consequence, leading to an

Ž .enhanced the corrosion rate. 2 The dissolved CO can2

play an important role, to some extent, in deciding the
composition of metal oxide scale. Taking the very low
solubility of the metal oxide scale in the LirNa electrolyte
into account, however, the second mechanism seems to be
more feasible.

One of the major corrosion reactions of stainless-steel
in a LirNa carbonate melt can be represented by:

Feq1r2Li CO q3r4O sLiFeO q1r2CO . 1Ž .2 3 2 2 2

This suggests that high O orrand low CO partial pres-2 2

sure favours the formation of LiFeO , which is known to2
w xbe a protective passive film 13 . In other words, increas-

ing the partial pressure of CO will reduce the formation2

of LiFeO by an equilibrium shift in favour of the reverse2
Ž . w xreaction of Eq. 1 . Based on thermodynamic data 17 ,

LiFe O , the more stable phase at high CO partial pres-5 8 2

Fig. 7. XRD patterns of 316L stainless-steels corroded in LirNa carbon-
Ž . Ž .ate melt at 5808C for 100 h under a Ar–40% CO and b Ar–40% O2 2

atmosphere.
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sure, is likely to be produced instead. The XRD patterns of
metal oxide scales on 316L stainless-steel in Ar–40% CO2

and Ar–40% O atmosphere are given in Fig. 7. In an2

Ar–40% CO atmosphere, LiFe O is the dominant com-2 5 8

ponent in the metal oxide scale, and LiFeO in Ar–40%2

O atmosphere. Comparison of the baseline of XRD pat-2

terns also indicates that the former compound has a more
porous structure than the latter. The formation of LiFe O5 8

scale along with its porous morphology supports the higher
susceptibility of stainless-steel to corrosion in a LirNa
carbonate melt in a CO -rich atmosphere.2

4. Conclusions

From the present investigation on the corrosion be-
haviour of 316L and 310S stainless-steels in a molten
LirNa carbonate salt, the following conclusions can be
drawn.

Ž .1 Temperature has profound effect on the corrosion
behaviour of 316L and 310S stainless-steels in a LirNa

Žcarbonate melt in a cathode gas atmosphere 67% CO –2
.33% O . Severe attack occurs mainly by pitting due to the2

formation of porous LiFe O below 5808C. On the other5 8

hand, due to the formation of dense LiFeO , little corro-2

sion attack other than IGC by a sensitization effect is
observed above 6208C. It is believed that there is a change
in corrosion mechanism around 6008C. The potentiody-
namic analysis of 316L stainless-steel shows only active
behaviour below 5808C, but typical active–passive be-
haviour at 6508C.

Ž .2 The gas atmosphere also plays an important role in
determining the corrosion behaviour of stainless-steels in a
LirNa carbonate melt. The corrosion rates of 316L and
310S stainless-steels depend significantly on the partial
pressure of CO but very little on the partial pressure2

of O . The suppression of protective LiFeO formation2 2

combined with thermodynamic encouragement of non-pro-
tective LiFe O formation in CO -rich atmosphere is con-5 8 2

sidered to be responsible for this phenomenon.
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