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Effect of MnO, on properties of
NiFe, O, spinel based inert anode
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Abstract: Abstract: In order to improve the properties of NiFe; O, spinel based inert anode, some additive
MnQ), were added to raw materials, NiFeaf)4 spinel with Mn(), was made by solid-phase reaction at 1200°C
for 6 h. XKD were carried out and the effects of MnO; on density, conductivity and corrosion resistance were
measured. XRD shows when MnQ; was added no new phases exist and Mn(), and NiFe, O, formed solid solu-
tion; Mn'" replaced parts of Fe®™ and the sample still had the structure of NiFc, (), spinel, The crystal lattice
of NiFe; Q, spinel became aberrated when Mn(); was added, which can promote sintering, and improve densi-
ty. Because Mn'" replaces parts of Fe*' and produces conduction electron, which can improve conductivity,
The corrosion resistance of the samples was enhanced. When Mn(: is 1. 6%, the sample's corrosion rate is
1/5 of that of the sample without Mn(),. The reason is that Al; (), in the melt reacts with Mn'™ in the sample
to produce MnAl Oy, MnAl O, forms a dense protecting coat, which can prevent melt from croding further.

Because the key problem with inert anodes is anode corrosion, so we consider the optimal amount of Mn(Q; is

1,0%,
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1 Introduction

" The carbon anode has been used in aluminum production for maore than 100 years. But it has many
shortcomings, of which the most notable problems are: (1) the consumption of ancdes cause a great deal of
good-quality carbon waste, and the emission of the greenhouse gases and most of the sulfurous gases will
pollute environment seriously; (2) changing the anodes frequently affects the balance of heat, and cause
hard work practices. Inert anodes can overcome the questions mentioned above, so researchers in the alumi-
num industry and in the feld of materials give much attention to inert anodest! ¥,

NiFe, (), spinel has many merits, such as high melting point, better stability, and strong resistance to
molten cryolite, s0 it's a candidate material as inert anodes. Despite all this, it still can not fulfill the re-
quirement for corrosion resistance to molten cryolite in the process of aluminum production.

Doping is usually adopted in preparing the functional materials®~1, Additive is a trace component
that been added to raw materials designedly when the ceramics was prepared, Additive can change the
physical-chemical property and technelogical property of the materials to some extent. Then the materials

can get super performance by use of the right process. Additives can affect the microstructure also, so they
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are gttached much attention in the materials research.
In this paper, some additive MnQ), was added to raw materials—NiQ and Fe,; when the inert anodes

were manufactured, The effect of Mn0), on density, and corrosion resistance was researched.
2 Experimental

2.1 Preparation of inert anodes

When synthesizing NiFe,O,, Fe;O; and NiD powders were vsed as main raw materials, and at the
same time different amount of MnO, was added. The powders were blended, milled, granulated, and then
molded. The green bodies were sintered at 1200°C for 6h, then the incrt anodes of NiFe, (), spinel doped
with a little amount of MO, were prepared,
2.2 Performance testing

The density of samples was tested by Archimedes draining method. The electrical conductivity versus
temperature was measured with a standard de four-point technique, The sample was placed in a closed tube
furnace and heated from room temperature to 360°C in air. When the sample was heated, the voltage and
the current at different temperature were written down, and then the electrical conductivity was calculated
by ohms law. Static corrosion experiments were carried out in the Na; AlF, —5% Al, O, molten cryolite at
960°C for 10 h. In order to investigate the samples microstructure, the micro-appearance and EDX analysis

were carried out by scanning electron microscope.

3 Results and analysis

3.1 XRD analysis
The XRD patterns of NiFe; (), spinel and sample with 2% MnO; are showed in Fig. 1 and Fig. 2 respec-

tively, XRD shows when MnO; is added, no new phases exist, and Mn0, and NiFe, (), form solid solution,
The cation Mn'" go into octahedroa in the structure of spinel and replace parts of Fet , which locate 16d,
Ni** still locate 8a, and OF” locate 32e. The space group of Fd3m kept the same, but the lattice constant
changed. The lattice constant of the sample without MnQO, was 8. 31, but lattice constant of the sample

with MnQ, was 8, 341. Doping causes the lattice constant aberrant, which can promote sintering,
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Fig.1 XRD pattern of sample NiFc,(); spinel Fig.2 XRD pattern of sample with 2% Mn(),
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3.2 Effect of MnO, on sintering

The.densities of the samples are listed in Table 1. The samples with Mn(, have higher density, lower
porosity and higher shrinkage than that of the sample without Mn0Q,. The sample with 1. 0% MnQ), has the
maximum value of density and shrinkage, and the minimum value of porosity. This can be explained that

trace Mn(); can promote sintering.

Table 1 Density, porssity and linear shrinkage of the samples with different content of MnO;

Amount of MnQ: /% Density/(g + cm ™) Porosity/ % Liner shinkage/ %
0 3.685 30.34 8.17
05 3. 762 28,12 9,07
.o 1. 108 20,76 11.19
1.5 4,088 20.73 11.02
2.0 4.088 21.34 10.73
2.5 4.035 23,19 i, 11

The compound with spinel structure can get new physical and chemical properties after foreign ions
take the ions which locate A or B in the spinel structure. Adding MnQ, to raw materials Fe,; and NiQ,
the high valence ion Mn*™ can replace low valence ton Fe*™, so it can cause the cation vacancy in the crystal
lattice of NiFe,Q,. The diffusion coefficient of the reactant is proportional to the concentration of lacunas in
the sclid-phase reaction™), With the diffusion coefficient increasing, the pores can be removed quickly,
which is beneficial to sintering,

Solid-phase reaction is mainly dependent on the diffusion of the corpuscles of different reactants, and
the temperature, atmosphere, adulterant, and lacuna and interface all can affect the diffusion. The motion
of ion in the solid state matter is the course of hot activation; therefore the temperature has the especially
important meaning for diffusion. Generally, the relation between diffusion coefficient and temperature can
be given as formufa (1) ;

D=D,exp{ —~Q/RT} (1

Temperature {T) and activation energy (Q) are two important factors to diffusion coefficient. Doping
can lower diffusion activation energy, and then promote sintering,

On the other hand, the effect of temperature and adulterant on diffusion is by changing the matter's
structure. Particles diffusion in solid materials is mainly by vacancy, In the crystalline material, except for
hot vacancy. [oreign ions can provide vacancy. In this paper, Mn*" can replace Fe’ , and then cation va-
cancy can be produced. Mn't, Fe’*, Ni¥' can associate with vacancy V. and the association can diffuse
quickly. But if the amount of adulterant is toe much, the results will develop in the opposite direction.
3.3 Effect of MnO, on the electrical conductivity

The curves of conductivity— temperature are showed in Fig. 3. The conductivities of the sample with
MnO, are all higher than that of the sample without MnO;, so MnO, can promote the conductivity of the
samples, Moreover, with the amount of MnQ; increasing, the conductivity increases also, When MnO, is
1.0%, the conductivity is 1. 168027" » em™*. When Mn0; is 2, 0%, the conductivity is 5 times of that of
the sample without Mn(Q,, When Mn(), is 2. 5%, the conductivity lowers a little; the reason must be the

conductivity is related to the density,
Adding MnQ); to Fe,O; and Ni(), Mn** is the donor. According to the hole-conduction theory, when
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Mn** replaces Fe'* in the NiFe,O,, the conduction electran will be produced. The product of conduction e-
lectron can be beneficial to the conductivity,

The reaction is

NiFe; O
3MnQ), ———>3Mng +3¢-+407 +0, (g) (2)
In the formula, Mnf represents Mn't replacing the lattice 14
point of Fe*™; O represents Q%" in the normal position; ¢ 121 -0 B-05%

I &4—10% <—-L5%
ko =200 A-25%

represents conduction electron. The conductivity g is pro-

portional to the concentrate of quasifree electron n, so the

conductivity can be expressed as follows,

Conductivity( 2~ cnr')
o
-

o=2nZ,eB, (3 04
In this formula, o is conductivity (7' » m™'); n; repre- 02
) .. . ) ) 0 .
sents amount of current carriers in the unit volume; Z; re 250 500 550 600 650 700 750 800 850 900 950 960
presents valence number of carriers; e is the electron Temperaute
charge; B, is the mobility of carriers. Fig.3 Conductivity of the samples with different

Conductivity is related to the amount of MnQ;, but the content of MnCl;

conductivity is not proportional ta the amount of adulterant.

The conductivity falls when the amount of MnQ; keeps increasing. The reasons must be too much MnQ,
exceed the solid solubility in NiFe, 0, . the electricat property will develop in the opposite direction, On the
other hand, the conductivity is related to the density of materials. Pores in the matcrials make the electric

phases discontinuous and then hinder the movement of conducting particles,
3.4 Effect of MnO; on corrosion rate

The corrosion rate of the samples was showed in Fig. 4. MnO; can improve the corrosion resistance of
the samples of NiFe;O,. The corrosion rate of the sample without Mn(); is 0. 0482 g+ h™* « cm™, When

MuoQ, is 1%, the corrosion rate is the lowest, 0,0096 g+ h '+ em™; Tt is 1/5 of that of the sample with-
out MnQ),.

The microstructure of the sample’s surface were analysed 0.06
after samples were erodes in cryolite, as shown in Fig. 5 and &
Fig. 6. There are many holes on the surface of the sample _E
without MnQ,. But there are few holes on the surface of the 8 o
sample with 1 4MnQ,; moreover the grains are {ine, so the % 0.03
sample is dense, In other words, Mn(), can make grains fi- ‘g 0.02
ner, and make the sample dense, so molten salt can 1ot e- 5 001
rode inside further. o
The surface of the sample eroded in eryalite was ana- 0 0.5 LR 2 23

Mass fraction of MO/ %
lysed by XRD, XRD patterns of sample without Mn(); and o meton T

with 1% Mn0), are showed in Fig. 7(a) and Fig. 7 (b). The Fig. 4 Corrosion rate of the samples with differ-
main phéses on the surface of sample without Mn(), are ent content of MnG;

NiFe,O, and solid sclution (Feg g7 Aly 1550 (Al s Fep 1500y,

But on the surface of the sample with 1% MnQ;, there is MnAl, (), except for solid solution (Fey g3 Aly,167)
(Al @i Feg 107 )0,. MnAlL O, must be the product of Mn*t and Al O, in the molten salt. MpAL O, forms a
dense protective layer and prevents molten salt from eroding further. According to the microstructure and

XRI[): MnAlL O, can improve the corrosion resistance.
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Fig.5 SEM of NiFe, O, sample eroded by molten Fig, 6 EDX of sample with 1% MnO, eroded by

salt cryolite molten salt cryolite

Overcoming the corrosion of inert anodes is the key problem at present. So the appropriate amount of

Mn(), is 124,
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Fig,7 XRD Pattern of samples ercded by cryolite
(a)——XRD pattern of sample without MnQ, ; (%) ——XRD pattera of sample with 1% MnQ,

4 Conclusions

(1) When Mn(), is added, no new phases exist, and Ma(Q, and NiFe, O, form solid solution. Mn** re-
places Fe'®, and the sample still has the structure of NiFe, O, spinel, but the crystal lattice of NiFe, ), spi-
nel became aberrated.

{2) MnO, can be beneficial 1o sintering and improve density.

(3) When MnO, is added, Mn*" replaces Fe'™ and produces conduction electron. The product of con-
duction electron can be beneficial to the conductivity,

{4) The cotrosion resistance of the samples was enhanced by 2dding Mn(3,. When Ma(, 1s 1. 0%, the
sample's corrosion rate is 1/5 of that of sample without Mn(,,

_ (5> The key problem on inert anodes is anode corrosion, so we consider the optimal amount of MnO, is
1.0%,
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