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High Temperature Corrosion of Fe Coated with a (Lig 2K 38)2CO3 Melt

Baek-un KiM, Hideaki YOSHITAKE, Harumi YOKOKAWA," Nobuyuki KAMIYA, and Ken-ichiro OTA*
Department of Energy Engineering, Yokohama National University, 156 Tokiwadai, Hodogaya-ku, Yokohama 240
t National Chemical Laboratory for Industry, Tsukuba Research Center, Ibaraki 305

(Received November 30, 1992)

The corrosion of Fe in the presence of (Lip.62K0.38)2CO3 has been studied under an O2/CO2 atmosphere at
823—1073 K by TGA. The corrosion of Fe coated with a (Lig.62Ko.38)2CO3 melt obeyed the parabolic rate law,
and LiFeOz and LiFesOg were formed. Under these conditions severe corrosion did not occur because of the low
solubility of iron oxide in the melt. When Fe was immersed in (Lip.62Ko.38)2CO3, the reaction obeyed the linear
rate law and LisFeOy4, LiFeO2, and LiFe;0g were formed. This was in accordance with the thermochemical
phase study. LisFeO4 was mostly formed during the intitial period of the corrosion reaction and caused a weight
decrease of the reaction cell (specimen+melt) by the liberation of CO,. LiFe;Og was formed in the later period

of the reaction.

The molten carbonate fuel cell (MCFC) is favored
for the fact that a wide variety of fuels, such as hydro-
gen, hydrocarbons, carbon monoxide, and their mix-
tures (coal gas), can be used. The exhaust heat of the
MCEFC is more valuable than that of the phosphoric acid
fuel cell (PAFC), since the operating temperature of the
MCEFC is higher. The MCFC can be used in cogener-
ation systems. The MCFC power generation system is
expected to be one of the most promising power genera-
tion systems for the coming century due to its excellent
environmental characteristics.

In this system, the durability of the components of
the MCFC is quite important for commercialization.
Many metallic materials are used in the MCFC. Cur-
rent collectors and separators are presently made of
stainless steel.

The corrosion of metals coated with molten carbon-
ate has been reported in several papers.!—® Shores
studied the corrosion behavior of selected alloys with
molten carbonate under fuel cell operating conditions.”
He presented phase diagrams of the Li-Fe-C-O sys-
tem and the Li-Cr-C-O system, and reported that
the corrosion of stainless steels with 1x1072 kgm™2 of
(Lio.62Ko0.38)2CO3 coating occurred at a high reaction
rate in a reducing gas atmosphere, but in an oxidizing
environment the corrosion rate was relatively moder-
ate. He also mentioned the difficulty in understanding
the corrosion mechanism due to the complexity of fuel
cell environments.

In order to understand the corrosion mechanism of
alloys, the corrosion characteristics of each component
should be known. Iron is most widely used for metallic
materials and is a main component of stainless steels.
Thus the study of the corrosion of iron in the pres-
ence of molten carbonate is very important in order to
understand the corrosion behavior of stainless steels.
Azzi reported that the corrosion products of Fe in a
(Nag.58Ko0.42)2CO3 melt under a CO3/02 atmosphere
are FeO, Fe304, and Fe;03.2 Hsu presented phase di-
agrams for the Fe-Li-K—C-O systems derived by ther-
mochemical calculations at 923 K.® The phase rela-

tionships were also checked experimentally by TGA
and DTA. The corrosion of iron with 2x1072 kg m—2
of (Lio_ngo,gg)gCOg coating under a 20%02—(0.001—
50)%COy-Ar atmosphere at 923 K obeyed the parabolic
rate law.

Several corrosion products have been reported for
the corrosion of Fe with molten carbonate. They were
mostly Fe oxides (FeO, Fe3Oy4, Fe203) and sometimes
contained Li or K. Under Pp, <1072 atm, the cor-
rosion obeyed the linear rate law and the corrosion
products were LigFe3O5 or LiFe3Os+LiFesOg.*) We re-
ported the corrosion of iron in the presence of LisCOs3
under 33%0,-67%CO0, at 1073 K and measured the
weight decrease of the cell (specimen+melt), when Fe
was immersed in the melt. The weight decrease was
caused by the formation of lithium iron oxide with high
lithium content such as LisFeOy.%

Further study is necessary to understand the corro-
sion of Fe in the presence of a carbonate melt, especially
in relation to temperature dependence and the effect of
the atmosphere. In this study, (Lip.e2Ko.38)2CO3 was
selected as a melt since this is the standard melt com-
position for the MCFC and the corrosion of Fe coated
with the melt was studied in a CO3/0O2 atmosphere at
823—1073 K.

Experimental

Fe specimens (6x107% m)x (12x107% m) were cut from a
sheet of 99.99% Fe (10~2 m thickness, impurities are shown
in Table 1) and polished successively with #600—+#1500 SiC
abrasive papers, followed by degreasing with a neutral de-
tergent, washing with ethanol, drying, and weighing before
testing.

For the thin film coating, 0—40x1072 kgm™2 of

Table 1. Chemical Composition of Fe Specimen (wt.
ppm)

C Si Mn P S8 Cu Ni Ct O N

99']?3% 10 <20 2 <20 10 6 2 3 360 40
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(Lig.62Ko.38)2CO3 was coated on the surface of the Fe spec-
imen by dipping into the carbonate—ethanol mixture and
drying. The amount of carbonate on the metal was deter-
mined by the weight difference of the Fe specimen before
and after the coating process. The Fe specimen with car-
bonate was placed in a gold cell as shown in Fig. 1 (A). For
the immersion test, the metal specimen and carbonate were
put in a gold cell as shown in Fig. 1 (B).

Before the corrosion test, the specimen was held at 463 K
for 20 min in order to remove the remaining moisture. The
weight gain of the specimen was measured and monitored
continuously by TGA (Shimadzu DT-40). The atmosphere
was mainly a 67%C02-33%0 gas mixture with a flow rate
of 75x107% m®*min~!. To examine the effect of the gas
composition, CO5 and O pressures were varied from 1075 to
0.85 atm and from 0.1 to 0.9 atm, respectively. The reaction
temperature was varied from 823 to 1073 K. The reaction
time was normally 30—100 h. After the corrosion test, the
corrosion products were analyzed by X-ray diffraction. The
metal consumption during the corrosion was also determined
by weighing, after etching the oxide scale.)

Results and Discussion

Figure 2 shows the weight gain curves for the cor-
rosion of Fe in the presence of (Ligg2Ko.33)2CO3 un-
der 33%02—67%CO2 at 923 K. With 35x1072 kg
m~2 of (Lig.¢2Ko.38)2CO3 coating, the weight gain was
14.7x1072 kg m~2 after 30 h and was 15% larger than
that without melt. The difference was relatively small
and accelerated corrosion did not occur. Namely, the
effect of a thin film of the carbonate melt on Fe cor-
rosion was smaller than that on Ni corrosion.” This
might be caused by the low solubility of iron oxide
in (Lig,¢2Ko.38)2C03.8) The solubility of Fe oxide un-
der these conditions is 3x10~® (mole fraction). This
value is 1/10 of that of NiO (36x10~® mole frac-
tion). On the other hand, when Fe was immersed in
(Lig.62K0.38)2CO3, the weight decreased during an ini-
tial period and then increased. This weight decrease
will be discussed later.

Figure 3 shows the influence of the amount of coating
on the corrosion of Fe coated with (Lig 62Ko.38)2COs3
under 33%05-67%C0O, at 923 K. All the reactions
obeyed the parabolic rate law. The parabolic rate con-
stant increased with increasing amounts of coating up

<+—— Pt wire —»,

«— Au —>

— Melt ~

[~
—— Metal __ |

B —
(A) (B8)

Fig. 1. Schematic drawings of the reaction cells for
TGA. (A): coated with melt, (B): immersed in melt.
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Fig. 2. Weight gain curves for the corrosion of Fe at

923 K under 67%C02-33%05. A: 35x1072 kg m™2,
B: without melt, C: immersed in (Lig.62Ko.38)2CO3
(Fe/melt=1/1.5).
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Fig. 3. Parabolic rate constant (kp) for the corrosion

of Fe coated with (Lio.62Ko.38)2COs3 at 923 K under
67%C02-33%0x.

to 23x1072 kgm™2 of (Lig.62Ko.33)2CO3 and then be-
came constant above 23x1072 kgm™2. The typical
effect of the carbonate melt on the corrosion of met-
als in which a maximum corrosion rate is observed for
about 1x1072 kgm™2 coating was not observed in this
study. The corrosion rate was independent of the coat-
ing amount above 23x1072 kgm™2. This was because
the excess melt flowed down to the bottom of the cell
and the thickness of the film remained constant owing to
the surface tension. In other words, the metal surface
could not support more than 23x1072 kgm™2 of the
carbonate melt. For this reason, the coated amount was
mostly fixed at 32x1072 kgm™2 in order to study the
influence of temperature and atmosphere where good
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reproducibility of the reaction was obtained.

Figure 4 shows the weight gain curves for the
corrosion of Fe coated with 32x1072 kgm~2 of
(Lig.62Ko.38)2CO3 at 823—1073 K. The reaction obeyed
the parabolic rate law and the rate increased with tem-
perature. This tendency is normal and different from
that of Ni corrosion. The corrosion rate of Ni with
a (Lig.62Ko.38)2CO3 coating decreased at higher tem-
peratures owing to the solubility decrease of NiO.?
Figure 5 shows the Arrhenius plots of the parabolic
rate constant (k,) for the corrosion of Fe with and
without (Lig ¢2Ko.38)2CO3. The corrosion rate with
a (Lig¢2Ko.38)2CO3 coating was not much different
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Fig. 4. Weight gain curves for the corrosion of Fe

coated with 32x1072 kg m™2 of (Lio_ezKo.gg)QCOa
under 67%C0-2-33%02. A: 1073 K, B: 1023 K, C:
973 K, D: 923 K, E: 873 K, F: 823 K.
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Fig. 5. Arrhenius plots of the parabolic rate constants
(ko) for the corrosion of Fe under 67%C02-33%O0-.
O: without melt, B: coated with 35x1072 kg m™2
of (Lig.62Ko.38)2COs3.
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from that without the melt and the slopes of the lines
(activation energy) were almost the same. This ten-
dency may be mainly caused by the low solubility of Fe
oxide in the carbonate melt.®) X-Ray diffraction of the
oxide scale of corroded Fe with the (Lip¢2K0.38)2COs3
coating at 923—1073 K showed that the corrosion
products were FeO, Fe3Oy4, and lithiated iron oxides
(LiFe50g and LiFeO3). The oxide scale of Fe without
the melt consisted mainly of FeO and FezO4. In spite
of the difference in the corrosion products, the reaction
rates were almost same. This means that the rate de-
termining step for both corrosion reactions is the same.
Namely, the step might be the diffusion of oxide ions
through an Fe3O4 layer.!®

Figure 6 shows the relationship between the parabolic
rate constant (k,) of the corrosion of Fe coated with
32x1072 kg m~2 of (Lig.62Ko.38)2CO3 and Pco, under
Po,=0.3 atm at 923 K. The parabolic rate constants
were independent of P,,. This means that CO; gas
does not affect the corrosion reaction significantly.

Figure 7 shows the dependence of the parabolic rate
constant for the corrosion of Fe coated with 32x 1072 kg
m~2 of (Lig.2Ko.38)2CO3 on Po, under Pco,=0.1 atm
at 923 K. The reaction obeyed the parabolic rate law
and the parabolic rate constant decreased with increas-
ing Oy pressure. According to Wagner’s theory,'”) the
parabolic rate constant should increase or stay constant
if the oxidant potential increases. The morphology or
the composition of the oxide scale might be changed
with an increase in the concentration of oxygen in the
melt and the diffusion of the reaction species through
the scale becomes more difficult at higher oxygen pres-
sures.

Figure 8 shows the weight gain curves for the corro-
sion of Fe immersed in (Lig.62Kg.38)2CO3 under 33%05—
67%CO, at 823—1073 K (the weight ratio of Fe/melt=
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Fig. 6. Parabolic rate constant (k) for the corrosion of
Fe coated with 32x1072 kg m~2 of (Lig.62Ko.38)2COs
vs. Pco, under Po,=0.3 atm at 923 K.
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Fig. 7. Parabolic rate constant (k) for the corrosion of

Fe coated with 32x 1072 kg m~? of (Lio.62Ko.38)2COs3
vs. Po, under Pco,=0.1 atm at 923 K.
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Fig. 8. Weight gain curves for the corrosion of Fe im- -
mersed in (Lio,eQKo,gg)zCOg, under 67%CO2—33%02.
Fe/melt=1/1.5. A: 823 K, B: 873 K, C: 923 K, D:
923 K, D: 973 K, E: 1023 K, F: 1073 K.

1/1.5). The weight increased from the initial period at
823 and 873 K. But the weight decreased during the ini-
tial period at 923—1073 K and then started to increase.
The amount of weight decrease during the initial period
increased with increasing temperature. If lithiated Fe
oxide is formed, CO5 gas is liberated from Li»CO3. This
means the weight of a cell (specimen+melt) decreases,
although the weight change depends on the Li content
in the oxide scale.

After the immersion test at 923 and 1073 K, the
corrosion products were analyzed by the X-ray diffrac-
tion method. Figure 9 shows the results. LiFesOg and
LiFeO, were detected after 100 h for both temperatures
(Fig. 9 (A) and (B)). However, the corrosion products
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Fig. 9. X-Ray diffraction of the oxide scale of Fe cor-

roded in (Lio,62K0.38)2003 under 67%002—33%02.
(A): at 923 K after 100 h, (B): at 1073 K after 100 h,
(C): at 1073 K after 15 h. B: LisFeOy, [: LiFeOs.,
O: LiFes0sg, A: LioCOg3, A: K2COs.

after 15 h at 1073 K were LisFeO4 and LiFeOs (Fig. 9
(€)).

In order to measure the metal consumption during
the corrosion reaction, the oxide scale was removed after
the immersion test and the remaining Fe was weighed.
Figure 10 shows the results of the metal consumption at
1073 K. The metal consumption linearly increased with
time from the initial period of the reaction, although the
weight of the cell (specimen+melt) decreased in the ini-
tial period. This means that the corrosion reaction of
Fe in the carbonate melt obeys the linear rate law. Fig-
ure 11 shows the temperature dependence of the linear
rate constant (k) calculated from the metal consump-
tion at 100 h at each temperature. A linear correlation
was seen with log k and 1/ 7. This means that the cor-
rosion reaction proceeded faster at higher temperatures,
although the TGA of the cell (specimen+melt) showed
a smaller weight gain at higher temperatures (Fig. 8).

Considering the reaction products, the corrosion re-
action of Fe in the carbonate melt can be expressed as
follows.

Fe + 1/2Li»COs + 3/40; = LiFeOy + 1/2C0; (1)
Fe + 1/10Li2COs + 3/40; = 1/5LiFesOg + 1/10C02 (2)
Fe + 5/2Li2COs + 3/40; = LisFeO4 + 5/2C05  (3)

From these equations the weight changes of the cell
(specimen+melt) can be calculated. When 1 mole of Fe



Baek-un KiM, Hideaki YOSHITAKE, Harumi YOKOKAWA,
Nobuyuki KAMIYA, and Ken-ichiro OTA

1370

Metal Consumption / 10-2kgm-2

OL 1 L 1 N A .
0 20 40 60 80 100 120
Time/h
Fig. 10. Relation between metal consumption and

reaction time in the corrosion of Fe immersed in
(Lig.62Ko.38)2CO3 under 67%C02-33%02 at 1073 K.
Fe/melt=1/1.5.
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Fig. 11.  Arrhenius plots for the linear rate con-

stant (k;) of the corrosion of Fe immersed in
(Li0,62K0.38)2003 under 67%002—33%02.

is consumed by the corrosion reaction, the total weight
change of the cell is 2, 19.6 and —86 g for Egs. 1, 2,
and 3, respectively. LisFeQy is the only compound that
causes a weight decrease of the cell. Since the weight
decrease of the cell was typically observed at higher
temperatures, LisFeO4 might be formed more easily at
higher temperatures.

In order to estimate the corrosion product of Fe in the
presence of (Lige2Ko.38)2CO3, phase diagrams of the
Li-K-Fe-C-0O system were constructed.'® Figures 12
and 13 show the phase diagrams of the Li-K-Fe-C-
O system at 923 and 1073 K, where the activities of
Li2CO3 and KQCO3 of the (Li0.62K0.38)2003 melt were
0.2976 and 0.0946, respectively, which were obtained by
Lessing.'¥ From these phase diagrams, the possible cor-
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Fig. 12. Phase diagram of Fe in the Li-K-C-O system

under CO2-0- at 923 K. Activity of LioC0O3=0.2976,
activity of KoCO3=0.0946.
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Fig. 13. Phase diagram of Fe in the Li-K—C-O system
under CO2-02 at 1073 K. Activity of Li2CO3=
0.2976, acitivity of KoCO3=0.0946.

rosion products of Fe with the carbonate in this study
are estimated to be LiFesOg, LiFeO,, and LisFeOy4. Al-
though Fig. 13 is not so much different from Fig. 12,
the stable region of LiFeO; in Fig. 13 moves to a higher
CO; pressure. This means that LiFesOg is stable at 923
K in atmospheric pressure CO5 and O, and LisFeOy
is more likely to be formed at a higher temperature
since the stable pressure region of CO2 becomes higher.
These considerations are consistent with the results of
X-ray diffraction.

At 1073 K, LisFeO4 was detected only in the initial
period of the reaction. In other words, the formation
of LisFeOy4 ceased in the later period. This can be ex-
plained by the decrease of Li in the oxide scale. As the
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reaction proceeds, the Li content in the oxide decreases
due to the formation of lithiated iron oxide. Figure 14
shows the phase diagram of the Li-K-Fe-C-O system
when the activity of Li;CO3 is 10~4. The stable region
of LisFeOy shifted to extremely low CO5 pressure which
was lower than that at 923 K. LisFeOy is less likely to
form under the conditions of Fig. 14 than Fig. 12 in a
67%C052-33%04, atmosphere.

If the metal consumption and the weight increase of
the cell are obtained, the metal consumption for each re-
action product can be roughly calculated in the follow-
ing way. At 1073 K, the reaction products were LiFeOq
and LisFeOy4 during the initial period where the weight
of the cell decreased. In Fig. 8, at 35 h the weight de-
crease reached a maximum and the metal consumption
was 68.3x1072 kgm™2 and the weight decrease of the
cell was 10.4x10~2 kgm~—2. The following equation can
thus be obtained.

Wre (LiFeO3) + Wre (LisFeO4) = 6.83 x 10 >gem ™2, (4)

where Wre(LiFeOs) and Wre(LisFeO4) denote the
metal consumption per unit area due to the formation of
LiFeO- and LisFeQy, respectively. Taking into account
Eqgs. 1 and 3, the following equation is also obtained.

2Wre (LiFeOs) /Mpe — 86Wre (LisFeOy4) /M.
=-1.04 x 10 %gcm ™2, (5)

where Mp, is the molecular weight of Fe. From these
equations, the metal consumption due to the forma-
tion of LisFeOy4 in the oxide scale was calculated to be
8.2x1072 kgm~2 and that of LiFeO, was 60.2x1072
kgm~—2.

After 35 h the weight of the cell increased. If we
can assume that the formation of LisFeQ4 ceases af-
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Fig. 14. Phase diagram of Fe in the Li-K-C-O system
under CO2-02 at 1073 K. Activity of LiaCO3=10"*,
activity of KoCO3=0.0946.
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ter 35 h and LiFeO, and LiFesOg are formed, we can
calculate the metal consumption due to the formation
of LiFeO, and LiFe;Og. Figure 15 shows the results.
The proportion of the metal consumption due to the
formation of LiFesOg increases with time after 35 h.
This tendency is consistent with that of the phase study
(Fig. 14). At 100 h, the metal consumption due to the
formation of LisFeOy is 4% of the total metal consump-
tion. This amount is so small that the formation of
LisFeO4 could not be detected by X-ray diffraction.
Figure 16 shows the metal consumption for each of
the reaction products which was calculated from the
results of Figs. 8 and 11 in the same way at 923—1073
K. The metal consumption due to the formation of
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Fig. 15. Fe metal consumption in the corrosion of

Fe immersed in (Lig.¢2Ko.38)2C03 under 67%CO2—
33%02 at 1073 K. A: LiFesOs, B: LiFeO., C:
Li5FeO4.
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Fig. 16. Fe metal consumption in the corrosion of
Fe immersed in (Lin 2Kon.22)2CO+ under 67%CO2—
33%02 .: Li5F"O4. % LiFf‘O‘_). [:l LiFe508.
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LiFes;Og decreased at the higher temperature, while,
the amount of metal consumption due to the formation
of LisFeQy increased. These results are consistent with
that of the phase diagram.

Conclusion

The corrosion of Fe in the presence of (Lig.62Ko.38)2-
CO3 was studied under a CO5/O4 atmosphere at 823—
1073 K. The corrosion of Fe obeyed the parabolic rate
law and the severe corrosion that usually takes place on
Ni did not occur. Owing to the low solubility of iron
oxide in the carbonate melt, the effect of the carbonate
on the corrosion of Fe was small. In order to develop a
stable alloy for the MCFC, iron-based alloys should be
considered.

In this study, the weight change was monitored con-
tinuously by TGA. Therefore, the weight change of
the reaction cell depended on the reaction products.
Sometimes a weight decrease was observed, although
the corrosion reaction proceeded. This point should be
encountered if lithiated iron oxide is formed.

The authors express their thanks for the financial
support of a Grant-in-Aid for Scientific Research from
the Ministry of Education, Science and Culture.
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