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aluminum electrolysis
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Abstract: 17(Cu-10Ni)-(NiFe,0,4-10NiO) cermets were prepared by cold pressing and sintering in nitrogen atmosphere, and tested as
inert anode for aluminum electrolysis at 960 °C for 10 and 40 h, respectively. Microstructures and phase compositions of the
as-sintered and post-electrolyzed samples were investigated. The impurity contents in the electrolyte and the cathode metal were
detected in order to investigate the corrosion characteristic of the elements of Fe, Ni and Cu in the anode. A dense NiFe,0, layer was
observed on the surface of anode and thickened with prolonging the electrolysis time. In the newly formed dense ceramic layer, NiO
phase disappeared as a result of being swallowed by NiFe,O4 phase, and the metal phase was oxidized during the electrolysis in
which Cu element showed a higher dissolution rate than Fe and Ni elements. The formation process of the dense ceramic layer during
the electrolysis was presented and explained by using the corrosion mode of the metal phase and the transformation mechanism from

NiO phase to NiFe,O,4 phase.
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1 Introduction

It has become an urgent goal to replace the
conventional consumable carbon anode with an inert or
non-consumable anode in Hall-Heroult electrolysis cells
for the production of aluminum since the middle of
1980s, in views of technical, commercial and
environmental perspectives[1—4]. Nickel ferrite (NiFe,Oy)
based cermets have received a lot of attention as a
candidate of inert anode material. Metallic Cu and/or Ni
were often utilized as the metal phase to enhance the
electrical conductivity and thermal shock resistance,
while an appropriate amount of NiO was added to
improve the corrosion resistance[l1—2]. However, the
corrosion process of the cermets became much
complicated with the appearance of metal and bunsenite
(NiO) phases in NiFe,O4 matrix. In general, the
corrosion of cermet anode during the electrolysis is
mainly due to the leaching of the metal phase and the
chemical dissolution of the ceramic phase, and the
corrosion products then enter the cathode metal through
the reduction process[5]. The leaching mechanism of the

metallic Ni phase was generally attributed to the anodic
dissolution during the electrolysis[1]. However,
arguments existed for Cu and Cu-riched Cu-Ni alloy.
TARCYTJ1] explained that the metal phase was oxidized
first and then dissolved, while OLSEN et al[6—8]
concluded that the metal phase was dissolved directly.
Similarly, there were disputes about the effects of
NiO content on the corrosion resistance. DUAN[9]
reported that the increase of NiO content in ceramic
phase reduced the Fe concentration in electrolytem, yet
had little effect on the Ni concentration in the
Na;AlF6-10%Al1F3-5%CaF,-5% AlLO; melts at 960 °C.
ALCOA (Aluminum Company of America) reported that
NiFe,04-18NiO-17Cu cermet had the best electrical
conductivity and corrosion risistance among a series of
NiFe,0,4-based cermets with different contents of Cu and
NiO[1-2]. Based on the optimal composition of
ALCOA’s, OLSEN and THONSTAD[6—7] analyzed the
corrosion behavior of NiFe,O4-based cermet through 4 h
and 50 h electrolysis tests, respecively. In their
experiments, the amounts of excess NiO were varied by
0, 17%, and 23% in the composition, and the amount of
metal phase was adjusted to 20% by introducing
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additional 3% Ni. The contents of NiO showed little
benefit to the corrosion resistance, and even resulted in a
detrimental effect in the 4 h electrolysis test[6]. However,
LI et al[10—11] later reported that a moderate content of
NiO would contribute to the increase of the sintering
density and the corrosion resistance of NiFe,O4-based
cermets with nickel as the metal phase, particularly for
the composition of NiFe,04-10NiO. However, the
mechanisms are still not clear about the origin of the
discrepancy in the effects of NiO phase on the corrosion
performance of NiFe,O4-based cermets under similar
electrolytic conditions.

In order to clarify the situation and find a suitable
inert anode material, 17(Cu-10Ni)-(NiFe,O4-10NiO)
cermets were prepared in the present work and employed
in laboratory-scale electrolysis tests under a similar
electrolytic condition in Refs.[10—11] for 10 h and 40 h,
respectively. The transformations in the microstructure
and the composition of the metal and NiO phases during
the electrolysis were presented in details.

2 Experimental

2.1 Fabrication of NiFe,O,-based cermet

NiFe,04-10NiO ceramic was synthesized from
commercial NiO (77.64% Ni, mass fraction, <147 pm,
Jinchuan Group Ltd.) and Fe,O3 (99.60 %, 0.75 pm,
low-silica grade, JFE Chemical Co.) powders. NiO and
Fe,O3; powders were ball milled for 10 h in zirconia
media using ethanol as the solvent. The dried mixture
was calcined at 1 200 °C for 4 h in air, and followed by
further ball milling for 24 h. Cu-10Ni powders were
prepared by chemically coating Ni on Cu powder(99.5%,
9.86 um, Gripm Advance Materials Co.). The ceramic
and metal powders were then mixed with a mass ratio of
83:17 and ball milled for 4 h in water containing 1.2%
PVA. The dried powders were pressed at 200 MPa to
form cylindrical blocks (d20 mmxH40 mm). Sintering
was performed at 1 300 °C for 4 h in N, atmosphere with
original oxygen partial pressure of ~100 Pa using a
heating rate of 1.4 °C/min and cooling rate of
1 °C/min.

2.2 Electrolysis process

Fig.1 shows the sketch map of the electrolysis cell.
350 g reagent (CR=n(NaF)/n(AlF;)=2.3) comprising of
5% CaF, and 7.43% A1,0; was employed as the
electrolyte. 68 g pure Al was placed in the bottom of the
cell as the cathode. The anode samples were lapped first
to remove the surface of ~0.5 mm in thickness and then
glued to a guide rod (316 stainless-steel) by a
high-temperature conductive adhesive. The assembled
electrolysis cell was put into a vertical furnace and
heated to 960 °C for electrolysis. A distance of 3 cm was

used between anode and cathode, and a current density
of 1.0 A/em® was adjusted based on the bottom area of
anode. A1,0; powders were added to the cell every 30
min using the amount based on the electrolytic
consumption rate at 80% cathode current efficiency.
After the electrolysis, the anode was sectioned along
axial direction and polished for further analysis.
Electrolyte and cathode metal were collected for
impurities analysis. The mass increments of Fe, Ni and
Cu elements were calculated from their contents in the
pre- and post-test electrolyte and cathode metal

respectively.
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Fig.1 Schematic structure of electrolysis cell

2.3 Characterization

The bulk densities of sintered samples were tested
using the Archimedes’ method. The microstructures were
examined by scanning electron microscope (SEM)
(JSM-6360LV, JEOL), and the element contents and
distributions were analyzed by energy dispersive
spectroscope (EDS) using the mean results at five
different points. The impurity amount in the cathode and
the electrolyte were detected by inductive coupled
plasma (ICP) (IRIS Advantage 1000) and X-ray
diffraction fluorescence analyzer (XRF) (Philips
PW2424), respectively.

3 Results and discussion

3.1 Microstructural evolution

Fig.2 shows the SEM photograph of a sintered
sample with the relative density of 98.2%. NiFe,O4
spinel phase exhibited grain sizes of 30—40 pm. NiO and
metal phases distributed along the grain boundary of
NiFe,0, phase as irregularly shaped particles. Some
holes existed along the grain boundaries and phase
boundaries. The compositions of the three phases,
NiFe,04, NiO and metal, in the as-sintered sample are
listed in Tables 1 and 2. The metal phase contained
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Fig.2 SEM photograph of as-sintered 17(Cu-10Ni)-(NiFe,0,-
10NiO) cermet

4.29% (molar fraction) Fe and 25.10% (molar fraction)
Ni. The content of Ni in this metal phase was much
higher than that in the original Cu-Ni metal powder,
which was 10% (mass fraction). NiO phase contained
8.29% Fe. The molar ratio of Fe to Ni in NiFe,O,4 phase
was 2.91, much higher than the theoretical value of 2.
Similar phenomena of the increase of Ni content in the
metal phase and the existence of Fe element in NiO
phase were also reported by ALCOA[2] and OLSEN and
THONSTADI[6]. These were attributed to either the
exchange reaction among Cu, NiO and NiFe,042], or
the thermal reduction by residual carbon and the
decomposition products of the organic solvent and
additives[6]. Another possible explanation for a high Fe
content in NiO phase can be the solution of NiFe,O, in
NiO phase during the sintering process. The solubility of
Fe element in NiO phase increases with lowering the
oxygen partial pressure and raising the temperature in
Fe,0;-NiO pseudo-binary system. The molar ratio of Fe
to (Ni+Fe) in NiO phase can rise up to 0.2 at 1 300 °C in

air[12]. As a great quantity of iron oxides dissolve in
NiO phase at high temperature, the precipitation of
NiFe,0y spinel phase may become incomplete if cooling
quickly. An elongated heating treatment and a slow
cooling rate could encourage the growth of the spinel
precipitate in NiO phase[13].

Fig.3(a) shows a distinct layer of ~30 pm in
thickness formed on the surface of anode after 10 h
electrolysis, indicating no trace of any metal phase. This
metal-free surface layer was termed as “metal-lost layer”
in this work. Similar to the previous report[7], the
formation of the metal-lost layer was not just the result
of the dissolution of the metal grains exposed to the
electrolyte leaving the ceramics matrix behind. Inside
this layer, NiO grains became more irregular, and
boundaries between NiO and NiFe,O, phases became
closer than those in Fig.2. The NiO phase exhibited a
trace of fragment and the spinel precipitates appeared
clearly inside NiO grains, as shown in Figs.3(b) and (c).
It was found out that NiO phase was swallowed by
NiFe,O, phase. A gray substance with the brightness
similar to NiO phase formed on the periphery of the
metal phase. On the outer surface, both NiO and metal
phases were not exposed directly to the electrolyte and
instead covered by NiFe,0, phase.

Fig.4 shows the microstructures of the polished
cross-sections near the surface and the core part of an
anode sample after electrolysis for 40 h. Compared with
the anode sample after electrolysis for 10 h, the thickness
of the metal-lost layer increased to ~150 um, and became
denser than the anode material itself. Inside the
metal-lost layer, NiO phase disappeared as well. This is
the first time of such an observation on the disappearance
of NiO phase inside the metal-lost layer. OLSEN and
THONSTAD|7] reported NiO phase still existed in a 50
um-thick metal-lost layer after electrolysis for 50 h, and

Table 1 Element contents and Ni to Cu molar ratio in metal phase and gray substance in as-sintered and 10 h-electrolyzed samples

Sample Element X(Cw)/% Xx(N1)/% x(Fe)/% x(0)/% N(Ni):n(Cu)
As-sintered Metal phase 66.68 25.10 4.29 3.93 0.376
. Gray substance 68.18 10.41 6.00 15.41 0.147
Electrolysis for 10 h
Metal phase 61.61 29.14 5.54 3.71 0.473

Table 2 Element contents and Fe to Ni molar ratio in NiO and NiFe,O,4 phases in as-sintered and 10 h-electrolyzed samples

Phase Position x(0)/% x(Fe)/% X(Ni)/% X(Cu)/% n(Fe):n(Ni)

As-sintered 44.32 8.29 46.86 0.53 0.177

NiO In core 44.89 8.94 45.51 0.66 0.196
10 h electrolysis

Near surface 42.79 7.26 49.36 0.59 0.147

As-sintered 51.96 35.77 12.28 - 2.910

NiFe,04 In core 51.96 35.24 12.45 0.25 2.830
10 h electrolysis

Near surface 49.88 35.31 14.33 0.48 2.460

Selected phases in core area were about 500 pm far from the outer surface, and those near surface were in the metal-lost layer.
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Fig.3 SEM photographs of anode sample after electrolysis at

960 °C for 10 h: (a) Cross-sectional view of outer layer;
(b) Microstructure near surface; (c) Magnified microstructure
of upper left corner in (a)

suggested the densification of the metal-lost layer
resulted mainly from the formation of aluminates such as
FeAl,O,.

The contents of the gray substance showed a clear
discrepancy in the three types of samples, i.e. the outer
layer of a 10 h-electrolyzed sample, the core area of a 40
h-electrolyzed sample and the as-sintered sample, with
an order of contents from the high to the low, as shown
in Fig.3(b), Fig.4(b) and Fig.2, respectively. In the outer
layer of a 10 h-electrolyzed sample, EDS analysis was
performed on the gray substance and the metal phase in
the areas of 30—50 um away from the surface. Table 1
presents the EDS analysis results. In the gray substance,
the oxygen content increased and the molar ratio of Ni to
Cu decreased compared with the metal matrix. But the
oxygen content in the metal phase decreased only
slightly compared with that in the as-sintered sample.
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Fig.4 SEM photographs of anode sample after electrolysis at
960 °C for 40 h: (a) Cross-sectional view of dense ceramic
layer formed on outer surface; (b) Microstructure of core area

Since the gray substance with high oxygen content
decreased in the core area of the 40 h-electrolyzed
sample. It is clear that the gray substance was mainly
derived from the oxidation of the metal phase, especially
for the copper element. The gray substance on the
periphery of the metal phase was also found after the
oxidation of a cermet of a similar composition at high
temperature, but was characterized as nickel oxides[13].

NiO grains exhibit a similar morphology in the core
part of the 40 h-electrolyzed sample and in the
as-sintered sample, as shown in Fig.4(b) and Fig.2,
respectively. Spinel precipitates in the NiO phase were
indistinct, less evident than those in the outer layer of the
10 h-electrolyzed sample, as shown in Fig.3(b). This
indicates the protective functions of both the dense
sintered part and the pore-free metal-lost layer to block
the matter exchanges between the NiO phase and the
environmental media such as air and the electrolyte
during the electrolysis. On the contrary, the matter
exchanges became inevitable for areas close to the
surface of anode during the electrolysis via three possible
mechanisms: 1) the diffusion of the atomic oxygen
generated by the anodic reaction; 2) the infiltration of the
molten electrolyte; and 3) the dissolution of the
compositional elements of the anode. These finally
induced the growth of spinel precipitates in the NiO
grains which located near the surface of anode and the
densification of the metal-lost layer.
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3.2 Compositions of ceramics phases in metal-lost
layer

Table 2 presents the compositions of NiFe,O, and
NiO phases in the metal-lost layer and the core part after
electrolysis for 10 h. The contents of oxygen and Fe
elements in the NiO phase became less in the metal-lost
layer than those in the core region, and the same
tendency existed for the oxygen content and Fe to Ni
molar ratio in NiFe,O4 phase. Since the peaks of Al, F
and other elements from the electrolyte were unobvious
in the EDS spectra, the compositional changes in NiO
and NiFe,0, phases were not induced by the reactions
between the ceramic phases and the electrolyte, but
mainly attributed to the diffusion reaction between NiO
and NiFe,O, phases in the formation of the dense
ceramics layer, which could be confirmed by the fact that
NiO phase was swallowed by NiFe,O, phase, as shown
in Fig.3(c).

Table 3 shows the compositions of the metal-lost
layer formed in the 40 h-electrolyzed sample and the
NiFe,O,4 phase in the core area. In comparison with the
results of 10 h-electrolyzed sample, the Fe to Ni molar
ratio of NiFe,O4 phase in the metal-lost layer became
further reduced. Besides the compositional elements in
the as-sintered sample, Al clement appeared in the
metal-lost layer of 40 h-electrolyzed sample. Al content
was rather high in the surface area but became low in the
inner part. Since the characteristic peaks of F, Na and
other electrolyte elements were unobvious in EDS
analysis, the appearance of Al element in the dense
metal-lost layer resulted from the reaction of the ceramic
phases in the cermet with Al,O; dissolved in the
electrolyte[8, 14], not from the infiltration of the molten
electrolyte. Followed by the dissolutions of the NiO and
NiFe,0O, phases in the electrolysis, some aluminates such
as NiAL,O, and FeAl,O4 [8, 14] would be generated and
deposited on the outer surface of the anode. The
aluminates and NiFe,O; phase can form solid-state
solution due to the same crystallographic structure. Al

element showed a concentration gradient in the dense
metal-lost layer from the outer part to the inner part,
indicating a  concentration-controlled  diffusion
mechanism for Al element.

As presented in Table 3, Cu content increased in the
dense ceramic layer, which was still much lower than
that of the as-sintered sample, i.e. 0.18 calculated from
n(Cu):n(Fe+Ni+Cu). Although the Fe to Ni molar ratio in
the dense ceramic layer after electrolysis for 40 h was
slightly lower than that in the NiFe,O, phase near the
surface of 10 h-electrolyzed sample, as shown in Tables
3 and 2 respectively, the former was still higher than the
nominal value of 1.39 based on its composition of
17(Cu-10N1i)-(NiFe,04-10NiO). The results suggest that
Cu and Ni among the metal elements in the outer surface
can diffuse into the electrolyte at a higher rate, resulting
in the changed ratios among the metal elements in the
dense ceramic layer.

The impurity contents in the cathode and the
electrolyte after electrolysis for 40 h were detected in
order to further investigate the dissolution discrepancy of
metal elements from the anode. Table 4 presents the net
increase of the amount of the metal elements in the
electrolyte and the cathode. The mass ratio of Cu to the
total metal elements corroded from the anode was 0.34,
higher than the nominal value of 0.197 in the as-sintered
sample calculated based on the powder mixtures. The
mass ratio of Fe to Ni was equal to the nominal value of
1.32. This suggested Cu element was prior to corrosion
in the electrolysis, which was confirmed by the results of
the element contents in the dense ceramics layer, as
listed in Table 3. Ni and Fe elements showed little
corrosion difference in the electrolysis, which did not
hold with the composition analysis results of the dense
metal-lost layer. However, the discrepancy existed for
the analysis of Fe to Ni molar ratio in the electrolyte and
the cathode. The increase of Fe content and the decrease
of Ni content were due to two possible sources. On one
side, the additional Fe impurity can originate from the

Table 3 Element contents, Fe to Ni and Cu to Fe+Ni+Cu molar ratios in NiFe,O,4 phase in different areas of 40 h-electrolyzed

sample

Distance from outer

X(0)/%  X(Fe)%  x(Ni)/%  x(Cu)/%  X(Al)/%  n(Fe):n(Ni) n(Cu):[n(Fe)+n(Ni)+n(Cu)]
surface/um
>500 52.87 34.89 12.24 0.26 - 2.85 0.005 5
40—-60 50.64 32.92 14.84 0.67 0.92 222 0.013 8
10—20 50.00 32.21 14.18 0.67 2.67 2.27 0.014 2

Table 4 Net increments and mass ratio of impurities in electrolyte and cathode after electrolysis for 40 h

Sample m(Fe)/g m(Ni)/g m(Cu)/g m(Fe):m(Ni) m(Cu):[m(Fe)+m(Ni)+m(Cu)]
In electrolyte 0.038 0.049 0.054 0.78 0.38
In cathode 0.091 0.046 0.063 1.98 0.32
Total 0.129 0.095 0.117 1.36 0.34

Net increment means the content after test minus the initial content.
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crucible and the alumina feed during the electrolysis[7].
On the other side, the evaporation of the electrolyte may
lead to a quicker loss of Ni element than Fe element after
the dissolution in the electrolyte, as pointed out in
previous reports that the contents of Ni and Cu were
higher in the upper electrolyte bath and Fe content was
higher in the bottom part[15—16].

3.3 Densification of metal-lost layer

The Cu-Ni metal phase may be corroded
successively through two mechanisms, i.e., anodic
dissolution[7] and the oxidation followed by
dissolution[1]. In the electrolysis process, the dissolution
or oxidation of the metal phase in cermets may be
determined by whether the metal phase has direct contact
with the electrolyte melt. Before the formation of the
dense creamics layer on the surface of anode, especially
in the initial stage, the metal grains in contact with the
electrolyte were subjected to the anodic dissolution due
to their electrochemically unstable nature under anodic
polarization. This corrosion mode was supported by the
fact that no trace of the metal grain was observed at the
interface of the anode and the electrolyte, as shown in
this work and other reports[7]. The formation of the
dense ceramic layer hindered the anodic dissolution of
the metal phase as it functioned as the blocking layer
between the metal phase and the electrolyte.

The other corrosion mode considered the diffusion
of the atomic oxygen generated by anodic reaction into
the interior through the ceramic layer, resulting in the
oxidization of the metal phase as being described by
TARCY[1]. The corrosion rate of the metal phase
reduced consequently alongside the electrolysis, while
the metal elements in the oxidized products need to
diffuse across the dense ceramics layer. As reported by
OLSEN and THONSTAD]|7], the dissolution rate of Cu
element became very low after a dense layer has formed
through pre-electrolysis. Its chemical mass transfer
coefficient reduced by nearly three orders of magnitude,
and was 1-2 orders of magnitude lower than that of Fe,
Ni elements[7].

Unlike the results reported by OLSEN and
THONSTADI[7] that the composition of the oxide phases
and the relative amounts of Ni and Fe in each oxide were
stable and unchanged from the interior to the outer
surface during the electrolysis, the diffusion reactions
between NiO and NiFe,O, phases in the electrolysis
were observed in this study. The reactions may be related
to the existence of Fe’" in both ceramic phases. The
stoichiometric formulas of NiO and NiFe,O,4 phases in
the as-sintered samples are Ni(Il)Fe(Il);O and
Ni(Il),Fe(I ), ,Fe(Ill),04, respectively. Under the
action of nascent oxygen from the anodic reaction, Fe**
was oxidized to Fe*", as shown below:

Ni(I1)eFe( 11 ),40+0,—NiFe,0,+NiO (1)
Ni( 1),Fe( 11); yFe(Il1),04+NiO+0,—NiFe,0, )

Reaction (1) led to the growth of small NiFe,O,4
precipitates in NiO phase. Reaction (2) promoted the
movement of the interfaces between NiO and NiFe,O,
phases towards NiO phase. Both reactions resulted in the
decrease of NiO grain size.

The formation of the dense metal-lost layer was
caused mainly by the transformation of NiO phase and
the oxidation of the metal phase. At the beginning of
electrolysis, the metal phase in the outer surface was
anodically dissolved, and some NiO grains uncovered by
NiFe,04 phase were chemically dissolved. Meanwhile,
atomic oxygen was generated at the corrosion-resistant
NiFe,0, phase via the anodic reaction, and diffused
through the NiFe,O4 phase, resulting in the
transformation of NiO phase to NiFe,O4 phase and the
oxidation of the covered metal phase. The products can
fill the initial holes in as-sintered microstructure and
secondary holes generated by the selective dissolution of
Cu and Ni elements, since volume expansion can be both
induced by the transformation of higher density phase
NiO (6.81 g/cm’) to lower density phase NiFe,0, (5.37
g/em’), and the oxidation of the higher density metal
phase to the lower density oxides. In addition, the
deposition of Al,O3 and the reaction of Al,Os; with the
initial ceramic [8, 14] can also fill the holes in the outer
surface. After the formation of the corrosion-resistant
stable ceramic dense layer, the corrosion rate of anode
reduced, while the transformations of the NiO phase and
the metal phase continued. The dense ceramic layer
thickened and extended towards the inner part with the
increase of electrolysis time, although it dissolved slowly
as well. The dense ceramic layer would contribute to
hindering the quick leaching of the metal phase and
function as a corrosion-resistant stable surface in
electrolysis[7]. It is still uncertain whether the thickening
phenomenon of the dense ceramic layer will continue or
finally reach an equilibrium state in the electrolysis
process. Further work is currently under investigation
and more results will be presented later, together with the
characterizations of conductivity and dielectric properties
of the ceramic dense layer.

4 Conclusions

1) 17(Cu-10Ni)-(NiFe,O4-10NiO) cermets were
employed as the inert anode in laboratory-scale
aluminum electrolysis tests for 10 h and 40 h.
Microstructural evolution and compositional analysis of
as-sintered, 10 h-and 40 h-electrolyzed samples, together
with the impurity analysis of the electrolyte and the
cathode metal, revealed the correlation between the
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anode phases and the corrosion during the electrolysis
process.

2) A dense metal-lost ceramic layer was gradually
formed in the surface lager of 17 (Cu-10Ni) -
(NiFe,04-10NiO) cermet during the electrolysis in nearly
alumina-saturated sodium cryolite molten salt system at
960 °C. The formation of the dense ceramic layer was
mainly attributed to the transformation of NiO phase, the
oxidation of the metal phase, and the deposition of
aluminates.

3) The copper-nickel metal phase was oxidized in
the electrolysis after the formation of dense ceramic
layer on the surface. Cu element in the dense layer was
easier to dissolve into the electrolyte than Fe and Ni
elements.

4) The disappearance of NiO phase and the
transformation to the spinel phase were due to the growth
of NiFe,O, precipitates in NiO phase and the
combination reaction between NiFe,O4 and NiO under
the role of nascent oxygen from the anodic reaction.
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