
Silikáty XXII, s. 317-328 (1978) 
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Diffusion processes in the system Ni-Fe304 were studied between 
900 and 1300 °0 in controlled atmosphere using electron probe X-ray 
microanalysis. The values oj diffusion coefficients oj nickel in magnetite 
were determined in the temperature range from 900 to 1100 °0. The 
activation energy oj the diffusion was found 2.6 x 102 kJ mol-1

• 

Formation oj a three-phase reaction product consisting oj spinel 
[Ni„Fe3-x04], wustite [(Ni, Fe) O] and metal [(Ni, Fe)] was observed 
in the temperature range from 1150 to 1300 °0. 

INTRODUCTION 

The system Fe-Ni-O belongs among the ferrite-forming systems. Nickel 
ferrite constitutes the basic component of numerous commercial magnetic 
materials. The phase equilibria and the diffusion coefficients in the given 
system should form the basis of qualified considerations of synthesis of these 
ferrites by means of ceramic processes, as well as of considerations concerning 
the production of nickel from laterite ores. In spite of the considerable 
.attention which has been paid to this field in the last two decades, the 
available data on phase equilibria in the given system are frequently 
incomplete and controversial. 

No adequate survey of results has so far been published in literature as 
-concerns the diffusion processes in technologically significant systems of
the type metal-oxide. The diffusion mechanism involved has also not been
subjected to any detailed theoretical analysis. The diffusion processes taking
place in the system Ni-Fe3O4 have not yet been studied. For the purposes
-0f comparison use can only be made of the results obtained in the study
of self-diffusion of Fe in Fe3O4 [1)-[3) or that of Ni in NixFeJ_xO4 for
various Fe/Ni ratios (2.1, 2.5, 3.5, 7) [4).

The present study had the aim to investigate the interaction of nic;kel 
metal with magnetite from the point of view of chemical and • phase compo
.sition of the respective products, and to determine the diffusion coefficients 
-of Niz+ in magnetite.

EXPERIMENTAL PROCEDURE 

The diffusion processes were• studied by the sandwich arrangement of the . 
,samples using nickel-coated magnetite mi.neral plates 12 X 8 X 3 mm in size. • 
Polycrystaline natural magnetite was used as the Fe3O4 . The hickness of the 
nickel plate was 2 mm. 

The diffusion couples were tempered in controlled atmosphere of hydrogen 
.and water vapour (1.3 % H2 , 98.7 % H2O) in the temperature range from 
'900 to 1300 °0 for 3 h. The ratio of hydrogen and the water vapour was 
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set in such a way, that the atmosphere of the heating would be in equilibrium 
to the • magnetite and nickel as well. The requested equilibrium atmosphere 
of the heating is shown in Fig. 1. The PHZ/PHZo equilibrial rations were 
calculated on the basis of thermodynamic data [5] for the respective redox 
reactions (Fig. 1). The diffusion couples were heated in a horizontal tubular · 
furnace provided with silite heating elements. The furnace temperature was 
cóntrolled by a chopper-bar regulator and measured by a Pt-PtRh 10 thermo
couple. An automatic control system maintained specimen temperature 
within ± 5 °C around the temperature set. The required heating atmosphere 
was adjusted by rnixing the respective rates of flow of hydrogen and water 
vapour. A ·constant flow rate of water vapour was accomplished by controlled 
resistance heating of water in an Erlenmeyer flask placed in a vessel 
containing boiling water. 
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Fig. 1. Equilibrium hydrogen content in wate1· vapou1· (vol. %) unde1· total pressure of
1.013 x 105 Pa for the reactions 

Fe3Q4 + H2 = 3 FeO + H2O (curve a), 

NiO + H2 = Ni + H2O (wrve b). 

Following the heat treatrnent, the diffusion couples were sectioned per
pendicularly to the interface with a diamond saw. The exposed surfaces were 
polished .to optical quality with a 0.5 µm diamond abrasive. The whole 
procedtp:e of the diffusion couples preparing (the original magnetite mineral 
plate, nickel-coated plate of the magnetite, the sample cut and polished 
after heating) is illustrated in Fig. 2. 

An electron probe X-ray microanalyser JXA-5A (JEOL) was used to, 
determine the concentration profi.les by simultaneous counting of NiK« and 
FeKc, X-rays. Each point of the concentration profile was obtained by inte
grating 10 s pulses for various step lenghts of sample shift (5, 10, 20 µm), 
in the direction perpendicular to the original diffusion boundary. The 
measuring of the concentration distribution was achieved step by step using 
the electric typewriter IBM and logical directing unit a.s well. This unit, 
as shown in Fig. 3, permitted autornatic registration of the pulses' count 
in a closed cycle. 

318 Silikáty č. 4, 1978, 



Interdiffusion Stitdy in the System Ni-Fe,04 

Pure components of the system were used as standards in quantitative
point analysis. On the basis of the determined intensity values of cha
racteristic X-ray radiation, that of the background and that of the standards
it was possible to calculate the concentrations by weight of Ni and Fe on 
the CDC 3300 computer using the SONDA 03 program [6] which includes 

2cm 

Fig. 2. Proce,dure for the preparatio'IJ, oj difjusion couples; a - original sample oj the 
Fe,04 mineral, b - nickel-coated plate oj magnetite bejore heatingt c - diffusion couple 

cut and polished after heating. 

the count of the 
pulses in the 

given time 
and point 

recorded pulses 
on IBM 

typewriter 

the shift of 
the sam ple· 
by one step 
(5, 10, 20 µm) 

Fig. 3. Black diagram oj the directing imit logic for automatic stepwise analysis, 

corrections for absorption of X-radiation in the material of the specimen
and in that of the standard, corrections for the effect of the atomic number
and secondary fluorescence excitation respectively. for various temperatures,
series of O - x relationships, required for the calculation of the diffusion
coefficients by the Matano-Boltzmann method, were thus obtained. The
diffusion coefficients were calculatecl. according to the following relationship
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using the CDC 3300 computer and program [7]. The experimental arrangement 
was chosen so (Fig. 2) as to meet the initial and the limiting conditions 
required by the Matano-Boltzmann method. 
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.Fig. 5. Phase equilibria in the system Fe-Ni - O at 1000 °0 according to Dalvi and 
Smeltzer [ 7] ; 

W1 Nio,01Feo,a70 
S1 Nio,04Fe2,0604 
A1 79,6 at. % Ni + 20,4 at. % Fe 
F NiFe204 

N 1 Feo,1JNio,a70 
A2 99,5 at. % Ni + 0,5 at. % Fe 
N2 Fe.,,Nii-xO (x = 0,0005) 
W NixFe1- (x+x) O 
M Fe304 
H Fe203 
N FexNi1-xO 

(wit8tite) 
(spinel) 
(alloy) 
(ferrite) 
(nickel oxide) 
(alloy) 
(nickel oxide) 
(wit8tite) 
(magnetite) 
(hematite) 
(nickel oxide). 

DISCUSSION OF RESULTS 

The qualitative character of the diffusion concentration profile of nickel 
.at the boundary in the system Ni-Fe304 at temperatures from 900 to 
llOO 00 is illustrated in Fig. 4. The presence of a wiistite phase, which 
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should have been formed at least in small amounts according to the phase 
diagram of the system Fe-Ni-O [8], [9], has not been observed. The 
phase diagram of the system Fe-Ni-O according to Dalvi and Smeltzer [8], 
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Fig. 6. Ooncentration proflles ON! = f(x) in the temperature rangefrom 900 to 1100 °0, 3 h. 

which represents the most recent knowledge of the system, is sho�vn in 
Fig. 5. The concentration profi.les ONi = j(x) determined for the individua! 
temperatures are plotted in Fig. 6. The respective concentrations of nickel 
at the phase boundary, which represent the apparent solubility limits 
of Ni in Fe3O4 in the given experimental arrangement, as well as the 
determined values of diffusion coefficients including standard deviations of 
the measurements are listecl in Tahle I. The diffusion coefficients :bf�.o. have 
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been found to be concentration independent in the investigated range. The 
diffusion coeffi.cients :5i!,o, characterizing interdiffusion in the system 
Ni-Fe3Ů4 are, within one order of magnitucle, in a satisfactory agreement 
with the self-diffusion coefficients of Fe in Fe304 [l]-[3). 

Table I 

Apparent solubility limits for Ni in Fe304 and the determined values of diffusion coefficients 

t 

[OC] 

900 
950 

1000 
1050 
1100 

I 

Po2 

I [atm.) 

2.5 X 10-13 
2.0 X 10-12 
1.4 X lO-11 

8.3 X 10-11 

4.4 X 1O-t0 

'1100 

7,0 7,5 

D�! o 
3 4 

O�! o 
3 ,1 

[wt. %] 

4.1 ± 0.5 
4.6 ± 0.4 
5.3 ± 0.4 
5.7 ± 0.3 
6.5 ± 0.3 

1000 

I 

D�� o 
3 4 

[cm2s-1) 

(1.4 ± 0.6) X 10-10 
(4.9 ± 0.5) X 10-10 
(9.1 ± 0.4) X 10-10 
(2.5 ± 0.4) X 10-9 

(7.7 ± O.3)xlo-o 

900 t [°C] 

8,0 8,5 

104/ T [ K·1] 

Fig. 7. Temperatiire clepenclence oj the cliffussion coejflcient D�� 0 
3 4 

From the temperature dependence of the diffusion coefficient ..B;�,o. 
(Fig. 7) in the 900 to 1100 °C temperature range the following relationship 
was found 

""'N' 

DF�,0.
1 

= 42,7 exp (-2.6 X 102 kJ mol-1 /RT). 

For the purpose of comparison the diagram in Fig. 8 includes .the tempera
ture dependence of self-diffusion coefficients of Fe in Fe304 [l] and those 
of Ni in Ni:.Fe3_z04 for the ratio Fe/Ni = 3.5 [4). The determined activation 

322 Silikáty č. 4, 1978 



Interdiffiision Stucly in the System Ni---Fe304 

energy 2.6 X 102 kJ mol-1, which in the system Ni-Fe3O4 characterizes 
interdiffusion of Ni ancl Fe cations by the mechanism of cationic vacancies, 
is approximately iclentical with the self-cliffusion activation energy of Fe 
in Fe3O4 [2] ancl with that of Ni in NixFe3-:tO4 for the ratio Fe/Ni= 3.5 [4]. 

In the temperature range of 1150-1300 °C, formation of a three-phase 
reaction product consisting of spinel [NixFe3_xO4], wiistite [(Ni, Fe)O] ancl 
metal [(Ni, Fe)] at the boundary Ni-Fe3O4 was observecl. The phases present 
in the reaction procluct were identifiecl by X-ray cliffraction analysis as well 
as by electron probe X-ray microanalysis. The existence of the phases found 
is in qualitative agreement with the phase diagram of the system Fe-Ni-O 
[8] (Fig. 5) as well as with the phase diagram suggestecl by Tretyakov [9]
on the basis of the data given in literature [10], [11]. The coexistence of
three phases is also reported by Paladino [12] in his study of equilibria of
the system Fe-Ni-O at various temperatures ancl partial pressures of
oxygen.
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r 

80" 8,5 v 
I 104/T [K-1] 

Fig. 8. Oompai·ison oj the temperature clependence oj JJ�� 
0 

(wrve b) with that oj selj-
• •I 

diffusion coejficients oj Fe in Fe30• (wrve a) [1] ancl oj Ni in NixFe3-x0• for the Fe/Ni
ratio = oj 3.5 (wrve) ť4]. 

Formation of the reaction product and the cliffusion profile of nickel across 
the reaction layer at 1150 °0 is illustrated by Fig. 9. The presence of spinel 
[NixFe3_xO4], wiistite [(Ni, Fe)O] and precipitated metal [(Ni, Fe)] in the 
fonn of spherical particles is well observable in the detailed picture of the 
reaction layer (Fig. 10). The respective concentration profile CN i = f(x) is 
plotted in Fig. 11. Quantitative analysis of the composition of each phase 
present carried out by electron probe X-ray microanalysis showed that 
with increasing temperature the nickel content of wiistite increases from 
14 wt. % (at 1150 °0) up to 26 wt. % (at 1300 °0). These values. are in 
a disagreement with those reported by Benard [13] according to whom 
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the maximum solubility of NiO in wiistite does not exceed 10.4 wt. % and 
also differs markedly from the equilibrium content of Ni in wiistite (0.53 wt. %) 
as reported in the recent study [8]. The high values of Ni-concentration 
in the wiistite phase are evidently due to the fact that equilibrium conditions 
have not been reached. A decreasing nickel content in the spinel phase 
NixFe3_xO4 was also observed with increasing temperature. The concentrations 
found of Ni in the spinel phase were: 18 wt. % at 1150 °C and 10 wt. % 
at 1300 °C. 
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Fig. 11. Ooncentration profile ON1 = j(x) at 1150 °0, 3 h.

Ni 

( Ni1Fe) O 

I NixFe3-x 04

I ( Ni,Fe) 

li 

Fig. 14. Schematic diagram oj the characteristic situation in the system Ni - Fe3Q4 
in the temperature range jrom 1150 to 1300 °0 3 h; 

I - region oj solid soliition oj Fe in Ni [(Ni, Fe)+], 
II - region oj solid solution oj Ni in wii,stite [(Ni, Fe) OJ, 

- region·oj the spinel phase [NixFe3-x04], 
- region oj the metal phase [(Ni, Fe)],

III - region oj solid solution oj Ni in magnetite [(Ni, Fe)J04J. 

The complex structure of the reaction layer at 1300 °C is illustrated by 
Fig. 12, as well as by the detailed X-ray ancl electron images respectively 
{Fig. 13), where the respective phases of the reaction product have been 
marked. The particles of the alloy phase are in the product layer present 
in two clifferent shapes (Fig. 13, region "B"). Besicles the primary precipitation 
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product of the alloy [(Ni, Fe)] (spherical particles), there occurs during the 
cooling of the samples a secondary precipitation of needle-like crystals of the 
metal phase. The X-ray image of Ni K„ shows, that the concentration of 
nickel decreases in the surroundings of the alloy precipitates as a con
sequence of decomposition of the reaction product. 

A schematic diagram of the characteristic situation in the system Ni-Fe3O4 

after heat treatment of the diffusion couples in the temperature range from 
1150 to 1300 °C is shown in Fig. 14. The first step in the formation of the 
reaction product probably comprises oxidation of Ni to NiO at the phase 
boundary Ni-Fe3O4 . 

CONCLUSION 

The products of interdiffusion in the system Ni-Fe3O4 in the temperature 
range from 900 to 1300 °C under atmospheric pressure in controlled atmosphere 
of hydrogen and water vapour (1.3 % H2 , 98.7 % H2O) have been investi
,gated. 

1. Coexistence of the metal phase and magnetite only was found in the
temperature range from 900 to 1100 °C. Diffusion coefficients jji!.o. cha
racterizing interdiffusion in the system Ni-Fe3O4 were determined. The 
following relationship was found to hold in the 900 to 1100 °C tempera ture 
range 

..5�!.o. = 42.7 exp (-2.6 X 102 kJ mol-1/RT). 

2. A reaction product consisting of the spinel, wiistite and a metal phase
respectively was identified in the temperature range from 1150 to 1300 °C 
at the boundary in the system Ni-Fe3O4 . This is in agreement with tbe 
phase equilibrium in the system Fe-Ni-O. The nickel content was found 
to increase with increasing temperature in the (Ni, Fe) O phase and to 
decrease in the NiFe2O4 phase. The determined solubility values of nickel 
in nickelwiistite are considerably higher than the equilibrium values published 
so far. 

The authors appreciate the support of this study by Niklová Huta, National 
Corporation at Sereď, and thank to the Department of Mineralogy and 
Crystallography at the Bratislava University for the samples of natural 
minerals made available for their work. 

References  

[l) Klotsman S. M., Tirnofeyev A. N., Trachtenberg I. S.: Fiz. Met. Metallov. 10, 
732 (1960). 

[2] Lindner R.: Ark. Kemi 4, 381 (1952).
[3] Himmel L., Mehl R. F., Birchenall C. E.: Trans. AIME, J. Metals 6, 827 (1953).
[4] Eveno P., Paulus M.: Phys. stat. sol., a 22, 569 (1974).
[5) Barin I., Knacke O.: Thermochemical Properties oj Inorganic Substances. Springer

Verlag, Berlin 1973. 
[6] Škvára F., Hulinský V.: Silikáty 16, 13 (1972).
[7] Lubyová ž., Fellner P., Matiašovský K.: Zeitschrift fiir Metallkunde 66, 179 (1975).
[8] Dalvi A. D., Smeltzer W. W.: J. Electrochem. Soc. 117, 1431 (1970).
[9] Tretyakov J. D.: The Thermodynamics oj Fe1·rites (in Russian), p. 166. Izd.

Chimia, Leningrad 1967.

Silikáty č. 4, 1978 325 



Grman D., Jesenák V.: 

[10] Shafer M. W.: J. Phys. Chem. 65, 2055 (1961).
[11] Blum S. O., Zlotnick H., Zneimer J. E.: J. An1. Cerarn. Soc., 40, 149 (1957).
[12] Paladino A. J.: J. Am. Ceram. Soc. 42, 169 (1959).
[13] Benard J.: Ann. Chim. 12, 5 (1939).

ŠTÚDIUM VZÁJOMNEJ DIFÚZIE V SÚSTAVE Ni-Fe3O4 

Dušan Grman, Viktor J esenák 

F'akultné pracovisko rontgenovej mikroanalýzy CHTF' SVST, 880 37 Bratislava, Jánska 1 

Katedra chemickej technológie sililcátov CH'l.'F' SVŠT, 880 37 Bratislava, Jánslca 1 

V sústave Ni-Fe3Q4 sa v oblasti teplot 900-1300 °0 študovala vzájomná 
difúzia niklu a železa a inter_akcia kovového niklu s magnetitom z hTadiska che
mického a fázového zloženia produktov. 

Sendvičové usporiadanie vzoriek bolo realizované galvanicky poniklovanými doš
tičkami prírodného minerálu Fe3Q4 (obr. 2). Vzorky sa temperovali v kontrolovanej 
atmosfére vodík-vodná para (1,3 % H2, 98,7 % H2O) pri teplotách 900-1300 °0 
po dobu 3 h. Meranie sa vykonalo na elektrónovom mikroanalyzátore JXA-5A (Jeol). 
Difúzne koeficienty sa vypočítali pomocou Matano-Boltzmannovej metódy. 

V oblasti teplot 900-1100 °0 sa pozorovala len koexistencia kovovej fázy a magne
titu ( �br. 4). V študovanej teplotnej oblasti sa stanovili difúzne koeficienty Di;/.' 0 

3 •' 

ktoré charakterizujú vzájomnú difúziu v sústave Ni-Fe3Q4. V meraných medziach 
koncentrácií niklu sa zistila koncentračná nezávislosť difúzneho koeficienta. Z teplot
nej závislosti .D�� 0 (obr. 7) sa vypočítala aktivačná energia difúzie rovná 2,6 . 102 kJ 

3 4 

mol-1. 
V oblasti teplot 1150-1300 °0 sa na rozhraní v sústave Ni-Fe3Q4 identifikoval 

reakčný produkt tvorený fázami spinelu [NiFe2O4], wiistitu [(Ni, Fe) O] a kovovou 
fázou [(Ni, Fe)] (obr. 9, 10, 12, 13). So stúpajúcou teplotou sa zistil rast obsahu Ni 
vo fáze (Ni, Fe) O a pokles obsahu Ni vo fáze NiFe2O4. Stanovené hodnoty rozpust
nosti niklu vo wiistite pritom podstatne prevyšujú doposiaT publikované rovnovážne 
hodnoty. 

Obr. 1. 

Obr. 2. 

Obr. 3. 
Obr. 4. 

Obr. 5. 
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Rovnovážny obsah voclílca vo vqdnej pare (obj. %) pri cellcovom tlalcu 1,013 .105 

Pa pre realccie 
Fe3Q4 + H2 = 3 FeO + H2O 

NiO + H2 = Ni + H2O 
(lcrivlca a), 
(lcrivlca b). 

Post·up prípravy sendvičového iisporiaclanic6 vzorielc; 
a - póvoclná vzorlca minerálu FeJO4, b - galvanicky poniklovaná vzorlca pred 
temperovaním, c - nábrus lcolmého rezu vzorky po temperovaní. 
Blolcová schéma logickej riacliacej jednotky. 
Vzájomná dijúzia v sústave Ni-Fe3O4 pri teplotách 900 °G (a), 1000 °G (b), 
1100 °G (c) a čase clifúzie 3 h; 
elektrónové obrázky chemického zloženia; rontgenové obrázlcy plošnej clistribúcie 
nilclu s čiarovým lconcentračným profllom Ni K«, 
Fázové rovnováhy v sústave Fe-Ni-O pri teplote 1000 °G podla Dalviho 
a Smeltzera [7]; 

W1 
S1 
A, 
F 

N1 
A2 

N2 
Ví' 

Nio,01Feo,s7O 
Nio,04Fe2,06O4 
79,6 at. % Ni + 20,4 at. % Fe 
NiFe2O4 
Feo,, JNio,s6O 
99,5 at. % Ni + 0,5 at. % Fe 
FcxNi1-xO (X = 0,0005) 
NixFe1- (x+Y) O 

(wust-it) 
(spinel) 
(zliatina) 
(ferit) 
( nikeloxicl) 
(zliatina) 
(nikeloxicl) 
(wustit) 
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M Fe,O• 
H Fe20, 
N FexNi,-xO 

(magnetit) 
(hematit) 
( nilceloxúl) 

Obr.6. Priebeh závislosti ONi = j(x) v oblasti teplťit 900-1100 °0 a čase cli,júz·ie 3h. 
Obr. 7. TeJJlotná závislost', clifúzneho lcoejicienta D�! o . 

~
3 ' 

Obr. 8. Porovnanie teplotnej závislosti D�!,o, (lcrivka b) s teplotnými zcívislosťa,mi
samoclifúznych lcoejicientov Fe v Fe,O. (lcrivlca, a) [1] a Ni v NixFe,-xO• pre 
pome1· Fe/Ni = 3,5 (lcrivlca c) [4]. 

Obr, 9. Vzájornná difúzia v sústave Ni-Fe304 pri teplote 1150 °0 a čase difúzie 3h, 
elelctrónový obrázolc cherniclcého zloženia, rontgenový obrázolc plošnej distribúcie 
atómov nilclu s čiarovým lconcentračným projilom NiKo: , 
Obr. 10. Detailný obrázolc realcčnej vrstvy pri teplote 1150 °0; 
elelctrónový obrázolc chemiclcého zloženia, rontgenový obrázolc plošnej clistribúcie 
atómov nilclii. 

Obr.11. Priebeh závisloti ONi = j(x) JJťÍ teploto 1150 °0 a čase difúzie 3 h. 
Obr.12. Čast realcčnej vrstvy pri teplote 1300 °0; elelctrónový obrázolc chemiclcého zloženia, 
Obr.13. Detailný obrázolc časti 1·ealcčnej vrstvy pi·i teplote 1300 °0; elelctrónové obrázlcy 

chemiclcého zloženia, rontgenové obrázky plošnej clist1'ibúcie atómov niklu. 
Obr. 14. Schéma cellcovej situácie v sústave Ni-Fe304 v oblasti teplot 1150-1300 °0; 

I - oblast tuhého roztolm Fe v Ni [(Ni, Fe)+], 
li - oblast tuhého roztolcii Ni vo wustite [(Ni, Fe) OJ, 

- oblast spinelovej fázy [NiFe204], 
- oblast' lcovovej Jázy [Ni, Fe)],

Ill - oblast' tuhého roztolci, Ni v magnetite [(Ni, Fe)J04]. 

HCCJIEJJ;OBAHHE B3AJ.tliVIO)J;lt!(DcDY3HH B CI1CTEME Ni-Fc,o. 

JJ;yrnan fpMaH, B�mTop Ece1-rnH* 

Om8e.n,eHue peHmae1-ioec1.oao .Mui.poaHa.n,uaa xu,1tuiio-mexHo.11,oau•teci.oao gjah:y.11,bmema C.11,oea1f-
1;oao no.11,u11iex1-,wiec1;:oao uncmiunyma, B pamuc.n,aaa 

Hag3e8pa xu;1iu·•iec1,01'í niexHo.n,oauu cu.n,w.:amoa xu,1tun:o-mexno.11,oau'l.ec1;oao gja1.y.11,bmema 
C.11,oaa41,:oao n0Jiumex11,u1<ec1.oao uncmzunyma, B pamuc.ria aa 

B encTeMe Ni-Fe,o. D o6JJaC1'H 'l'CMIJCpaTyp 900-1300 °C HeeJICA0BaJIH B3aHMOA1HpqJy-
3llIO IUl!(eJIH li meJie3a li B3aJIMOJWBeTDFie MCTaJIJm'!ee1wro HHI{eJilI e MarneTnT0M C T0'IHH 
spemrn XHMfllJeeHoro li <pa30BOJ'O coeTaBa rrp0AYHT0B. 

l10ABCpraeMblC HCt.:JIC/�0BaUJII0 o6pa3I(bl eoeT0HJH[ H3 raJibB8llll'!CCHll mmem1p0Bal11Jb!X 
rrnaeTHH0I( rrpnp0J:lH0J"O �rnncpana Fe,o. (pne. 2). O6pa3I\bl TCMnepupoBaJIH B H0HT)l0JHI)ly
CMOH epeAe B0A0)l0A - BOAfUIOfr nap (1,3 % H2, 98, 7 % l-1,O) npH 'fCMIIepaTypax 900-1300 °C 
B0 npcwr 3 'Iaeon. H3Mepemrc np0B0}:\JIJlll e U0M0II\6!0 SJICI{'f)l0llH0ro M11I{p030HA8 JXA-5A 
( J eol). H:os<prp11uIIeHTbI Amii<pysun pae'H!Tb!BaJin MeT0A0M Marnno-Bomi:�rnnna. .,

B o6naeTH 'fCMIIepeTyp 900-1'100 °C saMCTilJIH T0JibI(O cocyn(CCTB0Banne MCTaJIJiff'!CeH0H
<pasbl e MarHCTH'f0M (puc. 4). B 11ecJIC[(yeMOH TCMrrepaTypnoii 06naen1 ycTaH0BHJHl IW,Hp<pr:1-
l.(IICHTbI AHq)(pysmr .D�� o ' xapaHTCpll3)'IOII\He nsa1-H�OAmpqiysmo D eueTeMe Ni-Fe,O4. 

3 ,, 

B ll3MC))HCMbIX rrpeAeJiaX rwm:(enTpa!�HÚ HHHeJilI yeTaH0BHJIH H0Hl�CHTP8I\H0I-IHYIO nesa-
DJieHM0CTb IW,)(JHpHI\HCHTa All<J)(IJYSHH. Ha oenonanHH sanHenMoeTH .D�� 0 (pne. 7) pae'!H-

• 3 4 

TaJIH snepťllI0 aI{TJIBaI(HH AH<JHiiysnu, e0C'1'8BJIJH0I[(YIO 2,6 . '102 rd Mon-1. 
B o6naenc TeMrrepaTyp 'l 150-1300 °C na pasAeJJe n eIIeTeMe Ni-Fe,o. HACHTmpnI\npo

naJirr rrpoAyin peai,I(11n, o6pa3onan1II11HC1I <paaaM11 IIImrneJm [NixFe3_xO<], nroernw [ (Ni, Fe)O] 
H MeTamPrne1wfr <I>asofr [(Ni, Fe)] (pne. 9, '10, 12, 13). C paeTyrr\eiil TCMnepaTypoiil yernII0BHJIH 
poeT e0ACp)l(8HJ!lI mmemr B0 q>ase (Ni, Fe)O ll II0HHmCHllC eoAepmamrn mmeJilI B0 <pase 
NixFe,_xO4, YeTaHOBJI8Illlb!0 BeJIII'JHilbl paeTnopm10en1 mrne.1Il1 D BIOeTIITC cyai:eeTBeHH0 
BbIIIIe no epamreHIIIO e A0 eHx nop orry6.mmonam1uM11 nemI'IHHaMn pannoneerrn. 
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1. Paa1-1,oaec1-1,oe coéJep,1ca1-1,ue aoéJopoéJa o 00811,1-1,0,M nape
oaMmuu 1,013. 105 Pa oaf! pea1.1fuu

Fe3Q4 + H2 = 3 FeO + H20 
NiO + H2 = Ni + H20 

(% no o6'be,Aty) npu o6Ufe.At 

(1.puaa11, a), 
(i.puaM 6). 

Puc. 2. Cnoco6 npu2omoaae1-1,u11, o6paa1fa muna ce1-1,8au,1; 
a - ucxooHbHt o6paae1f ,,w,u1-1,epaaa Fe3Ů4, b - 2aaboa1-1,u,1eci.u 1-1,irneaupoaa1-1,1-1,biit 
o6paaelf 80 me,Mnepupoaam111,, c - amuauifi nepne1-1,8ui.ya11,p1-1,020 ce•1e1-1,u11, o6pa8lfO.At 
nocae me,1inepupooa1-1,u11,. 

Puc. 3. Baor.-cxe,,iia aoeu•ieci.oi'í, ynpaaamou1eu eéJw-tUlfbi. 
Puc. 4. Baau.1w8uifiifiyau11, a cucme.1iie Ni-Fe3Q4 npu me.1iinepamypax 900 °G (a), 1000 °G (b), 

1100 °G (c) u ape.1iiemt 8uifiifiyauu 3 •taca; aaei.mpo1-1,1-1,bie ifiomoc'be.1iii.u xu.1irn•1ec1>00 
cocmaaa, pe1-1,mee1-1,oac1.ue ifiomoc'be.111.u, pacnpeoeae1-1,u11, amo.1wa Hu1;ea11, c auneitHblM 
npogiuae.1ii i.OHlfeHmpa!fuu NiKa . 

Puc. 5. <JJaaoabie paanoaecu11, a cucme,,ie Fe-Ni-O npu me,1inepamype 1000 °G c0Mac1-1,o 
!{ aabatt u ll1.Aieai1epy [7]

M1 Nio,01Feo,870 
81 Nio,04Fe2,9o04 
A1 79,6 am. % Ni + 20,4 am. % Fe 
F NiFe204 
NI Feo,13Nio,870 
A2 99,5 am. % Ni+ 0,5 am. % Fe 
N2 Fe„NiJ_,,O (x = 0,0005) 
W Ni„Fe1-<x+yJŮ 
11'1" FeJ04 
H Fe203 

N Fe„NiJ_,,O 

(a,ocmum) 
(iu1iu1-1,eab) 
(cn,11,aa) 
(ifiepum) 
(1-1,u1,eao1.cu8) 
(cnaaa) 
(1-1,ui.eaoi.cuéJ) 
(a,ocmum) 
(.1iia21-1,emum) 
(2e.1tamum) 
(1-1,ui.eaoi.cuéJ) 

Puc. 6. Xo8 aaaucu.1iwcmu CNi = f(x) a o6aacmu me.1mepamyp 900-1100 °G u ope.1te1-1,u 
3 'liaca. 

Puc. 7. Te,1mepamyp1-1,a11, aaaucu.Mocmb 1waifif/iu1fue1-1,ma 8uifiifiyauu .f5r;;:304. 
Puc. 8. ConocmaMemte me,,mepamyp1-1,ou aaeucU.Awcmu J5r;;:304• 

(1.puaa11, b) c me,1inepamyp1-1,bi.1tu aaaucuMocm11,,1rn i.oaifiifiulfueHmoa ca.1io8uifiifiyauu Fe 
a Fe3Q4 (1.puaa11, a) [1] u Ni o Ni„Fe3_,,Q4 oa11, onmouimu11, Fe/Ni= 3,5 (1.puaa11, c) [4]. 

Puc. 9. Baau.1toouifiifiyau11, a cucme.1ie Ni-Fe3Q4 npu me.1inepamype 1150 °G u ope.1iie1-1,u ouffi-
giyauu 3 •taca; aaei.mpo1-1,1-1,a11, ifiomoc'be.111.a xu,,iu•teci.oeo cocmaaa, 
pe1-1,m2e1-1,oac1;a11, ifiomoc'be.1ii.a pacnpeéJeaeHuR amo.,iwa 1-1,ui.ean c _au1-1,ei'í,1-1,b1-.1it npoffiuae.11 
J.OHlfe1-tmpa1fuu NiKa , 

Puc. 10. !{emaab pea1,lfUOHH020 MOR npu me.,iinepamype 1150 °G; aae1,mpo1-1,1-1,a11, ifiomoc'be.AťJ.a 
XU.AlU'iťCIWllO cocmaaa; 

pe1-1,ni2e1-1,oaci.a11, ffiomoc'be.,,ma, 
pacnpeoeaem111, amo.1-ioa HuneJ/,11,. 

Puc. 11. Xo8 aaaucu.1wcmu ONi = J(x) npu me,,mepamype 1150 °G u ape.1ie1-1,u ouifiifiyauu 
3 'lillCll. 

Puc. 12. T/acmb pea1.1fuo1-1,1-1,020 c.1io11, npu me,,inepamype 1300 °G; a.11ei.mpoH1-1,a11, ifiontoc'be.1iu;a 
xu.1iiu•tec1w20 cocmaaa. 

Puc. 13. !{emaab •tacmu pean1fuo1-1,1w20 cao11, npu me,,inepamype 1300 °G; aae1.mpow1,bie ffiomo
c'be.Aii.u xu,w.u1tec1w20 cocmaaa, 
pe1-1,m2e1-1,oacnue ifiomoc'be,,ii.u pacnpeéJeaurn11 amo.1wa HUJ.eJl-R. 

Puc. 14. Cxe.1w 06Ufe20 noao,1ce1-1,u11, a cucme.,iie Ni-Fe304 a o6aacmu me.1inepamyp 1150-
-

1300 °G; 
I - o6aacmb maep8020 pacmoopa I•'e a Ni [(Ni, Fe)+], 

II - o6aacmb maepoo20 pacmaopa Ni a a,ocmwne [(Ni, Fe)O], o6aacmb uinuHMb-
1-1,oi'í, ifiaabi [Ni„Fe3_,,Q4], o6aacmb .Atemaaau'lieci.oů giaabi [(Ni, Fe)], 

III - o6aacmb maepoo20 pacmaopa Ni a .Atamemume [(Ni, Fe)304]. 
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Fig. 9. Intercliffiision in the system Ni - Fe3O• at 1150 °0 ajte1· 3 h oj cliffiision; 
electron image oj chemical composition, X-my imctge oj NiK"' with line scctn profile oj Ni. 

50µm 
.J 

F'ig. JO. A typical cletailecl cross-sectional view oj the reaction procl-nct layer at 1150 °0, 3 h; 
electron image oj chemical comJJosition, X-ray image oj NiK"' 








