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Abstract：Hot press—sintering WaS adopted to fabricate inert eermets anodes based on the nickel alu—

minate and nickel ferrite for Dse in aluminum electrolysis lesearch The density of sampleu，fabrica—

ted by hot pressing，is close to the theoretic density．At 900"C，the electrical conductivity of the

nickel aluminate spinel—based inert anode is Inore than 80 S·am一1 and that of nickel ferrite ranged

from 40 S·cm’to 80 S·cnl一‘．Reasons fof anode corrosion wercanalyzed a[rer electroIys㈣ex
periments．Effect of anode current OD nickel fcrrite—based and the reason ior it were studied A tim—

ory is that a illorc uniforna metal distribution by improving the hot pressigg ploeess gives increased

corrosion resist眦e of tlle anode．
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1 Introduction

Since the Hall—Heroult process was applied in aluminium production，an inert anode was always the

target that the aluminium industry is seeking for in the new technology field．The greenhouse gases C02

and the fluoride CF。emitted from the present carbon anodes，give a huge pressure on the environment．The

application of inert anodes will help US go through this trouble：a cell with inert anodes emits oxygen in—

stead of C02 and other nOCUOUS gases；the FleW lype of cell with inert anodes and other new technologies

would save energyLl
8一

There are three types of inert anode materials：alloy materials，oxide ceramic materials and cermet ma

terials口叫『．The choice of cermet materials is apt tO the compound materials of spinel and metals．and then
the inert anode reaches the optimum point of corrosion resistance performance of the ceramic and the elec—

trical conduction performance of the metal．At present nickel ferrite(NiFe2 Od)is widely studied as matrix

by researches，It has the advantage of a low solubility of Fe2 03 and NiO in the molten salt electrolytec⋯，

and then the corrosion resistance of the spinel ceramic can be enhanced．Nickel aluminate(NiAl，O』)iS an

other important kind of material as inert anode matrix．Compared with NiFea(L，the solubility of A120j is

much higher than that of Fe2 03，but the A12 03 has no effect Oil the purity of aluminium．
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The experiments also examined the technical conditions，which can get better performance of the anode

and tested the performance of the cermet to review the application prospect of the kinds of inert anodes

based on NiAl204 and NiFe204．

2 FabrlcatiOn of anodes

2．1 The hot pressing process

The NiO powder：high purity NiO 99％，<10 t*m；The Cu powder：high purity Cu>99．8％，200

mesh；The Ni powder：high purity Ni>99．5％，100一200 mesh；the A1203 powder：high purity Alz03>

99％；Fe20^powder：high purity Fe203>99％．

The NiAl2 Od and NiFe2 04 spinel were prefabricated in the laboratory．The mixture composed of NiO

and A12 03 ot NiO and Fe2 03 powders was blended in a nylon vessel for 50 h using alcohol as the dispersant．

An organic dispersant was used rather than water，because water may cause oxidation of the metal parti

cles．And then the mixture was calcined at 1200℃in air for 2 h to form niekel aluminate or nickel ferrite．

The metal powders(Cu+Ni)and the Ni0 additive were added to the calcined powder，and the mixture was

again transferred to a ball mill and milled in a similar dispersant for an additional 50 h before drying and

screening through a 320 mesh screen．

Hot pressing was used to prepare the cermet inert anodes based on the NiAla 04 and NiFe2 04 spinel．

2．2 The characteristics of the anode samples

Tables 1 and 2 show the density of nickel aluminate-based and nickeI ferritc-based cermet samples un—

der different conditions，respectively．

Table 1 Density of the sintered nickel aluminate-based cermet samples under different conditions

Table 2 Density of the sintered nickel ferrite-based cermet samples under different conditions

According to Table 1．the nickel aluminate—based cermet anode samples have low pore ratio，which is

helpful to enhance the cermet performance．The density of the sample No．2 is higher than No．1 and close

to the theoretical value．According to the plastic fluxion theory of compact processin91“，increasing tem

perature will result in higher product density at the same operating pressure．The creep theory of compact

processing says that increasing temperature will encourage grain growth，in contrast to the compact process

which is controlled by diffusion[“．But when preparing sample No．3，the temperature was higher and but a

lower density was obtained．The reason for this anomaly is that the melting point of Cu is relatively low

and the wetting characteristic of Cu toward ferrous nickel is poor．so that metallic Cu was 10st from the
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sample at high temperature．

According tO Table 2，nickel ferrite based cermet anode samples have higtier pore ratio than the nickel

alumifiate—based ones．The theory that increasing temperature will results in higher product density at the

same operating pressure was showed more obviously．Metal bleed out at high temperature was also ob—

served．Thus，controlling the temperature and choosing an appropriate pressure are the keys to obtaining

good samples in hot pressing．

The electrical conductivity versus temperature was measured with a four—point techniquef⋯．The Ar

gas protected the samples from oxidation at high temperature．The temperature at which the measurements

were carried out ranged from 400℃tO 1000℃．To conduct the measurements at any given temperature．the

sample Was held for 5 rain at the temperature of measurement，and the measurements were condueted start—

ing with the lowest temperature．Figs．1 and 2 show the elcctrical conductivity of nickel aluminate-based

and nickel ferrite—based cermet samples versus temperature，respectively．

Ternperatute／E12

Fig．1 Electrical conductivity versus temperature

for the nickel aluminate-bascd samples

TemperatureJV

Fig．2 Electrical conductivity versus temperature

for the nickel ferrite-based samples

According tO Fig．1，in the low temperature range，below 600"C，the conductivity of the nickel alumi—

nate—based samples was significantly higher．The electrical conductivity of all samples was higher than 80 S

。cm_1 at about 900℃．The electrical conductivity of the best sample is higher than 1 40 S·cnl
1
at about

900℃．No remarkable change took place with rising temperature．From Fig．1 a high sintering temperature

is advantageous tO get a better electrical conductivity．It can be concluded from Fig．1 that the density of the

sample has a great effect on the electrical conductivity，and the sample has the characteristics of metallic re

sistance．The electrical conductivity of the samples decreased with declining metal content in the anodic in—

ner，so the metal is the main conductor of the cermet anode．To get a better electrical conductivitv．the key

iS whether the metal network iS continuous or not．

Fig．2 shows that thb electrical conductivity of the nickeJ ferrite—based samples increases with increasing

temperature，At 900十1000_G the electrical conductivitieswere all 40—80 S·cm～．It can also be seenthat

the electrical conductivity changed remarkably at 720—750"C．This highlights the varying conductivity of

ferrous nickel spinel。⋯．From Fig．2，it can be seen that Sample No．6．the sample with the highest density

has the best conductivity values．This highlights the need to achieve high density in cermet materials．
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3 Electrolysis testing and discussions

3．1 Testing in electrolytic cells

The optimum technique was adopted to manufacture the two kinds of cermet anode．

The electrolytic cells for niekel aluminate—based and nickel fcrrite-based cermet samples are shown

schematically in Figs．3 and 4，respectively，These designs ensure uniform distribution of the anode current

density and sufficient cathode current density C>O。33 A／cm2)01“．Electrolysis was run in a tubular type of

resistance furnace．The electrolysis temperature was(900--+5)℃，which was monitored during the experi—

ment using a Pt／Pt一10％Rh thermocouple．The electrolyte was prepared from technical grade cryolite。add—

ed technical grade aluminium fluoride to achieve CR一1．8，technical grade CaF2，technical grade LiF and

technical grade A1203 andthe compositionis：3％CaF2，5％IAF，5％A1203(mass fraction)，withthe bal—

ance being cryolite(CR一1．8)．

During electrolysis，alumina was added every 30 min and the amount added was based on the electro—

lyric consumption rate at 60％cathodic current efficiency．Aluminium was not added to the crucible prior to

commencement of experiments．

+
一

Stainless
steel

crucible

electrol"e

ll】sulave

panel

Anode

黜

Fig．3 E[ectrolysis cell for NiAl2 O}based anode Fig．4 Electrolysis cell for NiFe2 O‘一based anode

3．2 Results and discussions

3．2．1 Nickel aluminate—based anode sample

The anode before and after electrolysis is shown in the Fig．5．It can be seen that some parts swelled

from the anode substrate and there are cracks in the anodic surface．Samples of the electrolyte were taken

with a graphite rod every 1 h during the electrolysis．The graphite rod has no effect on the electrolyte corn—

position．The main contaminants fCu and Ni)were measured by chemical analysis(ICP)．The results are

shown in Fig．6．A metal sample was also measured by the same means，and the result was：0．251％Ni

(mass fraction)and 0．483％Cu(mass fraction)．

From Fig．6，it can be seen that in the beginning the amounts of contamination(Ni and Cu)are higher

than those in the following stage．But the amount did not reach saturation in the electrolyte．The amount of

the metal elements(Ni and Cu)was low in the electrolyte from the anode due t0 the oxidation by the oxy—

gen originating from the electrochemical reaction．In the process of electrolysis，the amounts also changed

and reached the highest point at the 6th hour．From then Oil the amount of contamination was declining

steadily．The reason can be concluded from the following：the metal amount in the anodic outer part is par—

ticulafly high for hot pressing，the metals dissolved into the electrolyte as metal oxides．Then the contami—
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nation in the electrolyte leveled off by the lOSS of the outer metals．Then the contamination decreased again

for the reduction of the metal oxides on tim cathode and reached a steady value in the following period．But

in the following stage the cell voltage was steady，and the electrolysis was in a steady period．From Fig．7

the cell voltage was lower in the beginning and then reached a steady value after passing the highest point．

The reason can be concluded from the following：in the beginning the anodic resistance is low because of the

high metal content in the outer section．Because the metal oxide reacted at the anodie surface，the cell volt—

age was increasing with the rising anodic resistance due to metal oxidation．When the metal oxide dissolved

into the electrolyte，the matrix look part in the electrochemical reaction at the interface between the anode

and the electrolyte．The conductivity of the matrix was better than that of the metal oxide，and then the

cell voltage began tO decrease and reached a steady value．

Fig．5 Nickel aluminale—hased anode sample before and after electrolysis

(a)一Before electrolysis{(b)After clectrolysis

Fig．6 The contaminations in the electrolyte vet—

sus the electrolysis time for Nickel alumi—

nate-based anode sample

>
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Fig．7 The cell voltage versus the electrolysis

time for nickel alurainate—based anode

sample

Delamination took place in the oute-'part of the anode during electrolysis，which showed the corrosion

behavior resulted from the electrolyte．The relation described above between the electrical conductivity and

the density of the samples，the metals played an important role in the electrical conductivity．On the anodic
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surface the active oxygen atom that was generated by oxidation of Al：O。F12”一“’ions，oxidized the metal

on tbe Surface(Ni in particular)．The new phase NiO generated in the anode．which can be indicated by the

metallic peaks declining and the NiO peaks enhancing in Fig．8．The new phase made the anodic surface

loose．And in tbe electrolyte the contamination increased by the dissolution of lnose part of the anode．The

electrolytic reaction took place from the surface to the interior．And when it reached a certain depth，the

corrosion got the balance for the metal loss．Delaminati，on took place resulting from the difference thermal

expansion coefficient of different phases between the outer anode and the inner anode．The anode based on

the NiAl2 04 spinel can he run steadily and the contamination is low，so the anode delamination is the key to

stand against the electrolyte．The performance of corrosion resistance can be enhanced and the anodic life

can be prolonged．In order to get the target，a nloTe uniform metal distribution is needed by improving the

hot pressing technique(the pressure，the temperature and the holding time)，to give increased corrosion

resistance of the anode．

Fig．8 XRD of the Nickcl aluminate。based anode sample after electrolysis

3．2．2 Nickel ferrite-based anode sample

The anode before and after electrolysis iS shown in the Fig．9．Cracks was also found on the anode sur—

face andsome parts swelled from the anode substrate．XRD of nickel anode sample before and after electrol—

ysis is showed in Fig．10．

From Fig．10，the intensity of diffraction peaks of Cu：Ni，decreased sharply；the content of metals de—

creased gradually from inner to outer part and CuFe204 appeared on anode surface．A1F3 was found on the

surface of anode．NiF2 that formed on the surface dissolved in the electrolyte，*so there was no diffraction

peak of NiF2 on anode surface，and FeF3 is gaseous so there was no diffraction peak of FeF3 as well．

ALO。F：2p’“’ions in electrolyte moved to anode in the electric field，and then oxygen atoms disengaged

from ALO，F：2”9“’ions and became oxygen ions by losing their electrons．Meantime，AlF}_3’reacted

with Fe”，Ni”in the anode．Structure of nickel ferrite was therefore destroyed．Fe3。，Ni2+reacted with

F and then formed FeF3，NiF2．Therefore，it was AI；O，F?’“。4一ions in electrolyte that corroded the

matrix of anode．

The effect of anodie current density was also studied，Table 3 gives the amount of contaminants in the

aluminium produced．It can be seen that the degree of corrosion of the anode increased with increasing cur—

rent intensity from 0．8 A／cm2 to 1．2 A／cm2．In the melt the distribution of the amount of con世minant is

close to that in the aluminium produced，with Fe being the main contaminant．The contaminant is derived

from the metal oxides originating from the anode．The anode matrix consists of the ferrous nickel spinel
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which has a low solubility in the cryolite alumina melt．The contaminants went into the melt due to the dis。

solution reaction between the metal oxides and the melts given by Equation(1)．

Me。O，+2yAlF3一zMeF2"+y／3Alz03 (1)

Fig．9 Nickel ferrite—based anode sample before and after electrolysis

(a)一Before electrolysis；(b)After electrolysis

2

岂

Fig．10 XRD of nickel ferrite-based anode before and after electrolysis

According to the Tables 3 and 4，more Fe2 03 dissolves in the melt than the other cantaminants．A—

mong these metal oxides the solubility of Fe2 03 is much higher than those of NiO and CuO in the cryolite-

aluminium melts．Fe203 exits as ferrous nickel in the anode．It it apparent that the structure of the ferrous

nickel spinel is destroyed thus causing more Fe2 03 tO dissolute in the melt．The anode electrical conductivi—

ty iS enhanced due to the addition of the metals．The metals are the main conductors，as the electrical con—

ductivity of ferrous nickel spinel is about 0．5 S·cnl
1
at 900。Cm一．The mechanism ot electrical conduction

in the ferrous nickel spinel is due to the electron transport between Fe”ions locating in the octahedral in—

terstices[1⋯．At higher current intensity，the activity of Fe”ions is enhanced．Under the condition of high

eurrent intensity the Fe”ions are better able to react with the melt，resulting in the destruction of spinel

structure and a resulting increase of the Fe contamination in the aluminium produced．The amount of Cu

contamination also increased with an increase in the anode current density．During the electrolysis the metal

Cu can transfer from the inside of the anode to the outside of the anode due to the high Cu mobilityL⋯．

Thus，there is a Cu—rich zone On the anode surface．With increasing current intensity，Cu on the anode sur—

face becomes richer．Thus，more Cu dissolves in the melt，resulting in an increase in the level of Cu con—
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tamination in the aluminium produced．

Table 3 Amount of contaminants iii the aluminium under different anode current

density for nickel ferrite-based anode

Table 4 Amomlt of contaminants in the melt under anode current density 0．8

A／cmz for nickel ferrite-lmsed anode

Contaminations Fe Ni Cu

Amount(mass fraction)／％0．070 0．013 0．039

4 C0nclusiOns

(1)By hot pressing cermet anodes based on the NiAl204 or NiFe204 spinel above 99％relative density

can be obtained；

(2)The eleCtrical conductivity of NiAl204 based anode is above 140 S·cnl and that of FeAl204一

based anode is about 75 S·cm“at 900℃；

(3)The nickel aluminate-hased cermet anode can be run steadily．The new phase NiO causes swelling

and delamination of the outer part of the anode．

(4)The degree of corrosion increase with an increase in the anode current density from 0．8 A／cm2 to

1．2A／cm2 for the nickel ferrite—based cermet anode．The activity of Fe”ions increased due to ai-1 increase in

the anode current density，resulting in the corrosion of the ferrous nickel spinel and the level of contamina—

tion in the aluminium produced．With an increase in the anode current density，Cu can be enriched in the

outer surface of the anode due to high Cu mobility．The results in an increase in the level of copper contam

ination in the aluminium produced．
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