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Abstract: SNt xNiO-NiFe,O4 cermets with different NiO contents were prepared and the corrosion behaviour in NazAlF¢ ALOs

melts was investigated in laboratory electrolysis tests. The results indicate that adding NiO is wr favorable to the densification of

NiFe;O xNiO ceramics, while small Ni doping can greatly improve the sintering property. The electrolysis tests show that excess

NiO is beneficial to the reduction of Fe while has little effects on that of Ni in the bath; the steady state concentrations of Ni, Fe

are below the corresponding solubilities of NiFe;O4 xNiO, implying that corrosion mechanism changes while electrifying. Post-

electrolysis examination of anodes shows that Ni metal leaches at the anode surface, yet the substrate ceramic prevents the penetra

tion of bath and the further loss of metal phase.
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1 INTRODUCTION

It is well known that the current aluminum reduction
cell with carbon consumable anode has many disadvan-
tages. So the concept of inert anode was introduced, with
which the cell reaction will be

ALO; —2Al+ 3/20; (1)
and the disadvantages can be avoided completely. Howev-
er, the inert anode must meet some basic requirements:
to exhibit a low corrosion rate in the high-temperature
melts and environment of high oxidizability; not to con
taminate the produced metal Al; to be economically feasi-
ble; to be a good electric conductor, etc. A lot of re
search work has been carried out, which can be divided

into three classes, namely, metals' " %!,

[4.

ceramic Ox-
ides'®!, and cermets!® 7', but no material has been found
One of the most
formidable challenges is the contradiction between the

electronic conductivity and the corrosion property. Comr

to satisfy all these requirements.

pared with metals and oxides, which can only meet one of
these two and miss the other, the cermets seem, in this
sense, more promising to become the bulk material for the
inert anode.

Since 1980, Aluminum Company of America (Al
c0a) conducted, with the support by US Department of
Energy, a considerable work about the ferrites. One of

the major successes was, as summarized in the final re-
port'® 1o determine the 17Cu(CurNi)- 18NiO-NiFey04
cermets to be researched further, because of its high elec-
tronic conductivity and good corrosion resistance during
electrolysis. Thereafter, an intensive and extensive work
was done, concentrating on such a material. However,
both the report and the following work failed to exhibit the
substantial proof to explain why the excess amount of NiO
in the cermet was 18% .

In 1986, Young!”' pointed out that the solubility of
Fe and Ni from NiFe;O4 are inversely related to each other
as follows (for stoichiometric NiFe;Oy) :

k= 1/] (x(Fex03) *x(Ni0))/

( Y(Fe03) * ¥(NiO))] (2)
x (Fe03), x(NiO), Y(Fe03) and Y¥(NiO)
are, respectively, the mole fraction and the activity coef-
ficient of Fe;O3 and NiO in the melt which is saturated
with NiFe;O4; % is a constant determined by tempera-
ture. The solubility of Fe;O3 is far greater than that of
NiO, so a NiFe;O4 based anode should be composed of
NiO-rich NiFe;O4. In 1996, Olsen et al'® studied the

corrosion behavior of different NiF'e;O4based cermets, in

where

which the amounts of excess NiO were 0%, 17%, and
23% , respectively. However the results did not differen-
tiate their corrosion properties effectively.

In the present work, the SNrxNiO-NiFe;O4 cermets
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with varying bulk concentrations of NiO were synthesized,
and tested in the NazAlFsA1,O3 melts with the respect of
the corrosion behavior under conventional electrolysis con-
dition. By analyzing the bath withdrawn during electroly-
sis, we expected to see how the NiO content affected the

corrosion property and determined which composition be-

haved best.
2 EXPERIMENTAL

2.1 Preparation of cermets

The raw materials, nickel powder, NiO and Fe;O3
were all reagent grade.

NiFe0s based cermet samples were prepared by a
conventional cold pressing-sintering pro- cess!” . A prop-
er amount of NiO and Fe;O3(the excess contents of NiO,
compared with that of the stoichiometric NiFe;O4, in the
ceramic phase are 0%, 10%, 20%, 30%, 40%, re
spectively ) were mixed by ball milling and then calcined
to form the NiFe;O4xNiO powder. The NiFe;OsxNiO
powder was mixed with 5% Ni by ball milling in the
medium containing dispersant and adhesive. Finally, the
mixed powders were cold pressed into cylindrical blocks
(d20 mm % 40 mm) at the pressure of (1.073.0) x 10°
Pa and sintered at 1 350 C for 2 h in an atmosphere of
efficaciously controlled oxygen partial pressure to get the
desired cermet samples.

The relative density and porosity of the samples were

tested according to ASTM C914-95(1999) .

2.2 Electrolysis tests

The electrolyte was made up of reagent grade
cryolite( NazAlFg) and CakF,, technical grade Al,O3 and
AlF3; the CR (NaF/ AlF3 molar ratio) was kept to be 2.
3, the concentrations of CaF, and Al,03 were both kept to
be 5% (mass fraction). And the temperature was main-
tained at 965 C, i.e. kept a superheat of 10 C, moni-
tored by a P-Pt10% Rh thermocouple.

The sketch of the experimental cells is presented in
Fig. 1. About 600 g electrolyte was contained in the
graphite crucible, which served as the counter electrode.
The crucible was placed in a vertical laboratory furnace
heated to the required temperature and kept for 1 h before
immersing the anode and electrifying 15 min later. During
electrolysis Al,03 was added frequently based on the elec-
trolytic consumption rate at 85% cathodic current effi-
ciency. Bath samples were taken out and analyzed to de-
termine the level of anode constituents in the melt during
the tests. The anode-bath contacting area was controlled
by the anode immerse depth, which was 1 em. The cur
rent and the cell voltage were supplied and monitored with

a MultrPurpose Potentiostat/ Galvanostat ( model 273A/
10, PerkimrElmer Instruments). The current was kept
constant throughout the experiments, which normally last-

ed 8 h.
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Fig. 1 Electrochemical cell
1 —Alumina tube for withdrawing bath;
2 —Stainless steel anode rod; 3 —Alumina feed tube;
4 —Alumina sleeve; 5 —Graphite crucible;
6 —Inert anode; 7 —Electrolyte;

8 —Graphite mechanical support;
9 —Stainless steel cathode rod

Some of the electrolyte samples taken during elec
trolysis were dissolved by HCIO4 solution, and analyzed
by atomic absorption spectrum ( WFX-120, BRAIC),
with the error of 5% ; others from different places of the
frozen bath were analyzed by X-ray fluorescence ( Philips
PW2424) . Some of the anodes were sectioned, mounted,
polished, and analyzed by XRMA ( JSM-5600LV) using a
quantitative energy dispersive spectrometer ( EDS) con-
nected to the SEM; others were washed in 30% AICl5°
6H,0 solution at 80 C to remove the adhering bath, the
volume losses ( by immersion) of the anodes were deter-

mined' ' 1,

3 RESULTS AND DISCUSSION

3.1 Effect of NiO content on cermet density

The bulk density is of great importance to desirable
inert anode material. Given low density, on one hand,
there exist a lot of pores, which will lead to poor electric
conductivity. The poor electric conductivity will further
result in great anode ohmic voltage drop, high cell volt-
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age, and high energy consumption. On the other hand,
the low bulk density is detrimental to the corrosion resis-
tance and antioxidation property. During electrolysis, the
surface metal phase was corroded either due to electro-
chemical dissolution, or due to oxidation by the liberated
oxygen and the following preferential chemical dissolu-
tion, leaving a lot of pores. If much electrolyte penetrated
these pores, the decomposition and detachment of anode
will be accelerated, thus resulting in “ catastrophic” cor-
rosion.

From Table 1, it can be found that in the range of O
~40% , the higher the NiO content was in the ceramic
phase of NiFe;O4xNiO, the lower the relative density
and the higher the porosity. Obviously, NiO was unfavor-
able to improve the powder s sintering property.

To eliminate the effect caused by different densities
and highlight that brought by varying NiO contents, the
present work, based on the previous research! ', doped
5% metal Ni and manufactured cermet anodes with differ-
ent NiO contents to do electrolysis tests.

The density data for SNrxNiO-NiFe;O4 cermets are
shown in Table 2, from which it is obvious that the doped
metal increased dramatically the sample densities. The
relative density of the SN 10NiO-NiFe;O4 cermet, in par-
ticular, increased from 92. 96% to 98. 11% , close to its

theoretical density. Furthermore, though there still exist-
ed certain differences among these samples, the relative
densities were all above 92% , thereby reducing the effect
caused by density to some extent.

3.2 Effect of NiO content on the corrosion resis-

tance

Young'”! pointed out that it took approximately 8 h
for stoichiometric NiFe;O4 in cryolite melts to reach
steady-state concentrations, which were taken to be the
solubilities. The work by LAT et al' ! showed that such a
process would cost 4 ~ 6 h. Therefore in present work all
electrolysis experiments lasted 8 h. Furthermore, because
the alumina concentration was under saturation, the whole
graphite crucible served as cathode, and the cathode area
was far larger than the anode-bath contacting area. The
produced Al at cathode probably either reacted with cath-
ode carbon to form Al4C3 and dissolved into the bath again
or dissolved into it directly, and the electrolysis duration
was short, so after tests were finished we did not get any
metal Al. Hence, only by analyzing the bath samples tak-
en during electrolysis could we study the anode corrosion
behavior. The analysis results are summarized in Tables 3

and 4.

Table 1 Densities and porosities of NiFe;O4xNiO ceramics

Sample Excess NiO content in Bulk density/ Relative density/ Porosity/ Average value of

No. ceramic phase(mass fraction) / % (g*em ) % % RD/ %
021015 I-1 0 4.995 93.03 6.97
021015 1-2 0 5. 000 93. 11 6. 89 93. 04
021015 1-3 0 4.992 92.97 7.03
02101521 10 5. 089 92.76 7.24
02101522 10 5. 101 93. 00 7.00 92.96
02101523 10 5.108 93. 12 6. 88
02101531 20 5. 106 91. 08 8.92
02101533 20 5.128 91. 46 8. 54 o2
02101541 30 5.110 89. 13 10. 87
021015 42 30 5. 045 88. 01 11.99 88.33
02101543 30 5. 037 87. 86 12. 14
02101551 40 4.974 84. 80 15.20
02101552 40 4.973 84.79 15.21 84.96
02101553 40 5. 002 85.29 14.71
02101561 100 5. 368 78. 86 21. 14
02101562 100 5. 461 80.23 19.77 79.19
02101563 100 5.343 78. 49 21.51

The ceramics were sintered at 1 400 C for 4 h, and cooled with the furnace.
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Table 2 Densities and porosities of SNrxNiO-NiFe;O4 cermets

Sample Excess NiO content in Bulk density/ Relative density/ Porosity/ Average value of

No. ceramic phase(mass fraction) / % (g*em ?) % % RD/ %
031211 -1 0 5.37 96. 87 3.17
031211 -2 0 5.30 95. 54 4.46 96. 15
031211- -3 0 5.32 96. 03 3.97
031211-21 10 5.57 98. 08 1.92
031211-2-2 10 5.58 98.27 .73 98. 11
031211-2-3 10 5.57 97.99 2.01
03121131 20 5.45 93. 65 6.35
031211-3-2 20 5.44 93.39 6. 61 93.35
031211-3-3 20 5.41 93.01 6.99
031211-41 30 5.64 94. 66 5.34
031211-42 30 5.66 95. 08 4.92 94.96
031211-43 30 5.67 95. 15 4.85
03121151 40 5.65 92.77 7.23
031211-52 40 5.69 93.30 6.70 92.79
031211-53 40 5.62 92.31 7.69

Table 3 Ni concentrations in bath during electrolysis ( mass fraction, %)

£ - A i A T e
031211-1-2 0.005 0 0.008 1 0. 009 2 0.008 5 0.011 0.009 3
031211-22 0.005 0 0.009 1 0. 010 0.008 5 0.006 5 0.008 5
031211-32 0.005 1 0.007 3 0.011 0.011 0.008 0 0.009 4
031211-41 0.005 0 0.009 9 0.012 0.008 4 0.009 2 0.009 9
031211-51 0.005 1 0.007 1 0.007 6 0.007 9 0.009 2 0.008 0

Table 4 Fe concentrations in bath during electrolysis ( mass fraction, %)

£ i i i A T e
031211-1-2 0.015 0.023 6 0.017 0.015 0.018 0.018
031211-22 0.016 0.007 5 0. 008 7 0.007 7 0.007 0 0.007 7
031211-32 0.016 0.009 9 0.011 0.009 6 0.008 0 0.009 6
031211-41 0.016 0.006 8 0.006 8 0.006 1 0.007 6 0.006 8
031211-51 0.016 0. 006 2 0.007 0 0.007 6 0.009 9 0.007 7

From Tables 3 and 4, it can be seen that the corro- ‘C) were 0.058% and 0. 009% . The values of Fe and
sion of cermets reaches the steady-state after about 4 h, Ni from NiFe;O4-x NiO by LAIS (bath ratio 1. 15, melt
and such a steady-state value differs a lot from that of so with 5% ALOs;, 960 C) varied in 0.054% ~0. 072%
called static corrosion, i. e. unpolarized corrosion. The and 0. 007 9% ~ 0. 008 5% . While in the current work,
solubility values of Fe and Ni from NiFe>O4 measured by the steady-state value for Fe was in the range of 0. 006
Young' " (bath ratio 1. 1, melt with 6. 5% ALOs, 1000 8%~ 0.018% , far below the above mentioned solubility;
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the value for Ni varied in 0. 008 0% ~ 0. 009 9%, close
to its solubility.

As shown in these two Tables, the mass ratios Fe/ Ni
neither ranged from 3 to 8, as Young'’' mentioned, nor
were near 9, as LAI'™' reported, but were close to 1.
This might be due to several reasons. First, the addition
of Ni and NiO restrained the dissolution of Fe from an-
odes, and decreased the mass ratio. Second, the polar
ized corrosion mechanism of ceramic phase in the cer
mets, affected by chemical dissolution, electrochemical
corrosion and so on, was probably different from the static
corrosion mechanism (unpolarized corrosion mechanism) ,
which was only controlled by chemical dissolution. How-
ever, the exact mechanism requires further studies.

Again from Tables 3 and 4, it could be found that
the increasing excess amount of NiO in the ceramic phase
reduced the content of Fe in the electrolyte from 0. 018%
to 0. 006 8% ~ 0. 009 6%, while had little influence on
that of Ni. And for Fe particularly, when the content of
NiO varied in 10% ~ 40% , its steady-state concentrations
differed little. This is interesting because it implies that
the excess addition of NiO is favorable to improving the
material corrosion resistance, however, the amount of ad-
dition has a limited effect on such an improvement. Olsen
and Thonstad'®, in their work about CirNiO-NiFexO4
cermets containing 0%, 17%, and 23% excess NiO,
found as well that the steady-state values were quite simi-
lar for all the anode compositions with respect to concen-
trations of Ni, Fe, and Cu.

So, considering the previous work about electric
conductivity of the NiFe;04-NiO ceramics' ', and the ef-
fect of NiO content on corrosion resistance in the current
work, we safely concluded that the cermet with 10% ex-
cess NiO behaved best and was worthy of further studies.

3.3 Preliminary study of corrosion mechanism

To obtain more information about the corrosion
mechanism of the cermets, anode 031211-5-1, after elec-
trolysis experiment, was sectioned, mounted and pol-
ished. The backscattered electron picture and correspond-
ing X-ray images for Al, Ca, Fe, and Ni were shown in
Fig. 2.

From Fig. 2 (a), it was obvious that the metal
phase leached preferentially, on the right there was a lot
of holes and pores left. The X-ray mapping images near
the surface (b) and (c¢) show that all the aim elements
were not distributed evenly; there was a clear gradient
across the surface. Al and Ca scattered much more in the
adhering electrolyte than in the bulk anode material and
pores, which implied that though metal phase exhibited a

preferential corrosion, the remained ceramic phase could

effectively hold back the bath penetration and the loss of
the metal phase in the underlying cermet because of high
relative density. Fe and Ni were fairly rare in electrolyte,
indicating the reaction between bath and anode material
was limited.

As discussed by Ray!, the anode material may be
corroded via several mechanisms such as oxidation, chem-
ical dissolution ( fluorination), electrochemical dissolu-
tion, reduction by dissolved metal Al, electrolyte penetra
tion, and grain boundary attack. Under conventional elec
trolysis conditions, chemical dissolution and electrolyte
penetration serve as two major corrosion mechanisms.

For the former one, there are several possible reac

tions competing with reaction (1) during electrolysis:

2AIF5(s) + 3Fe0(s) = 3FeFa(s) +

3/20,(g) + 2Al(]) (3)
2AIF3(s) + FexOs(s)= 2FeFs(s) +

3/204(g) + 2A1(1) (4)
2AIF3(s) + 3NiO(s)= 3NiFa(s) +

3/204(g) + 2A1(1) (5)

In current melts (CR 2. 3, at 965 C), assuming
the activity of AlF5 is 1. 5 x 10" '™ the remained are
all unit activity, the decomposition voltages for reactions
(3), (4) and (5) are 2.59V, 2.25V, and 2.07 V,
respectively. While under the same condition, the de-
composition voltage of reaction (1) with unit activity of a-
lumina at 965 C is 2. 18 V. During electrolysis, the cell
reactions (3~ 5) compete with reaction (1), and will be
more favored at high aluminum fluoride activity, at lower
temperatures, and with low alumina level.

About the electrolyte penetration, it may result from
two reasons. The first one is due to pores left by the elec
trochemical dissolution of metal phase when anodes are
polarized, or the metal phase oxidation and the following
preferential chemical dissolution, bath penetrates into
these pores by capillary effects. The second one is the se-
lective dissolution of Fe, since in the ceramic phase of the
NiFe;Os based anode, Fe has a fairly high solubility in
cryolite, compared with Ni. But in present work, due to
high anode bulk density, short electrolysis period, low
metal content in cermets, and addition of excess NiO, the
above-mentioned factors are effectively restrained or elimi-

nated, so the bath penetration is not severe.
4 CONCLUSIONS

1) Increasing the contents of NiO in NiFe)O4xNiO
ceramic is detrimental to the sintering property, decreas
ing the density; but the addition of 5% Ni can obviously
improve the sintering

ty. With the same

proper-

ceramic composition, the densr
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Fig.2 SEM backscattered pictures and corresponding X-ray mapping images for

Al, Ca, Fe, and Ni from an area near anode surface of anode 031211-5-1 after electrolysis

(b1) —Al mapping at area (b); (b2) —Ca mapping at area (b);
(cl) —Fe mapping at area (¢); (¢2) —Ni mapping at area ( c)

ties of SNTxNiO-NiFe,O4 cermets are 3. 11% ~7. 83% 2) The addition of NiO in SNixNiO-NiFe;O4 cer
higher than those of corresponding NiFe;O4xNiO ceram- mets can improve the corrosion resistance, but the adding
ics. The relative density of SN 10NiO-NiFe;O4 cermet, amount affects the property to a limited extent. Consider-

particularly, reaches 98. 11%, close to its theoretical ing properties including density, electric conductivity,

density. and corrosion resistance, SN 10NiO-NiFe;O4 cermet be-
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haves best and should be further studied. During electrol-
ysis, the steady-state concentrations of Ni and Fe in the
melts are lower than their solubilities without polarization,
and their ratio is not stoichiometric, which implies the
corrosion mechanism must be different from that in unpo-
larized condition, and the exact corrosion mechanism re-
mains to be further studied.

3) From the post-examination with SEM/ EDS of the
anodes, the metal Ni is found to be corroded preferential-
ly and produce many pores, but the remained ceramic
phase can effectively hold back the electrolyte penetration
because of high density. How to reduce the preferential
dissolution of metal should be an emphasis for future re-

search work.
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