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Diffusion processes in the system Ni—Fe30s were studied between
900 and 1300 °C in controlled atmosphere using electron probe X-ray
microanalysis. The values of diffusion coefficients of nickel in magnetite
were determined in the temperature range from 900 to 1100 °C. The
activation energy of the diffusion was found 2.6 x 102 kJ mol-1.
Formation of a three-phase reaction product consisting of spinel
[NizFe;-204], witstite [(Ni, Fe) 0] and metal [(Ni, Fe)] was observed
wn the temperature range from 1150 to 1300 °C.

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—Fes04; have not yet been studied. For the purposes
of comparison use can only be made of the results obtained in the study
of self-diffusion of Fe in Fe;O4 [1]—[3] or that of Ni in NijFes_;04 for
various Fe[Ni ratios (2.1, 2.5, 3.5, 7) [4].

The present study had the aim to investigate the interaction of nickel
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 Ni?*+ in magnetite.

EXPERIMENTAL PROCEDURE

The diffusion processes were studied by the sandwich arrangement of the
samples using nickel-coated magnetite mineral plates 12X 8X 3 mm in size.
Polycrystaline natural magnetite was used as the Fe;O4. The hickness of the
nickel plate was 2 mm.

The diffusion couples were tempered in controlled atmosphere of hydrogen
and water vapour (1.3 9% H., 98.7 %, H,0) in the temperature range from
900 to 1300 °C 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 pma/pmz0 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
controlled 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 mixing 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 FErlenmeyer flask placed in a vessel
containing boiling water.
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Fig. 1. Equslibrium hydrogen content in water vapour (vol. %) under total pressure of
1.013 x 105 Pa for the reactions
Fe;04 + H, = 3 FeO + H20 (curve w),
NiO + H: = Ni + H,0 (curve b).

Following the heat treatment, 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 pm diamond abrasive. The whole
procedure 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 profiles by simultaneous counting of NiK, and
FeK, 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 pm)
in the direction perpendicular to the original diffusion boundaly The
measuring of the concentration distribution was achieved step by step using
the electric typewriter IBM and logical directing unit as well. This unit,
as shown in Fig. 3, permitted automatic registration of the pulses’ count
in a closed cycle.
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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

L 2 cm

Fig. 2. Procedure for the preparation of diffusion couples; a — original sample of the
Fe3;04 mineral, b — nickel-coated plate of magnetite before heating, ¢ — 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 sample
by one step
(5,10, 20 um)

Fig. 3. Block diagram of the directing wunit 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 €' — x relationships, required for the calculation of the diffusion
coefficients by the Matano-Boltzmann method, were thus obtained. The
diffusion coefficients were calculated according to the following relationship

Cy

—i = zd
2t de J ¢

0

De=c, =
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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 °C according to Dalvi and
Smeltzer [7];

Wi Nio,01Feo,s,0 (witstite)
S1  Nio,o0sFe2,0604 (spinel)
A, 79,6 at. % Ni + 20,4 at. % Fe (alloy)
F NiFe.0, (ferrite)

N1 Feo,1aNio,s’0O (nickel oxide)
A, 99,5at. % Ni + 0,5 at. % Fe (alloy)

N: FezNii-xO (x = 0,0005) (nickel oxide)
W NixFel— (x4+%) 0 (wﬁ‘latite)

M Fe;04 (magnetite)

H Fe.0; (hematite)

N FexNii-xO (nickel oxide).

DISCUSSION OF RESULTS

The qualitative character of the diffusion concentration profile of nickel
at the boundary in the system Ni—Fe;0, at temperatures from 900 to
1100°C 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. Concentration profiles Cni = £(x) in the temperature range from 900 to 1100 °C, 3 k.

which represents the most recent knowledge of the system, is shown in
Fig. 5. The concentration profiles Cxi = f(x) determined for the individual
temperatures are plotted in Tig. 6. The respective concentrations of nickel
at the phase boundary, which represent the apparent solubility limits
of Ni in FesO, in the given experimental arrangement, as well as the
determined values of diffusion coefficients including standard deviations of
the measurements are listed in Table I. The diffusion coefficients DN,o, have
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been found to be concentration independent in the investigated range. The
diffusion coefficients ¥,,, characterizing interdiffusion in the system
Ni—Fe3;0,4 are, within one order of magnitude, in a satisfactory agreement
with the self-diffusion coefficients of Fe in Fe;O, [1]—[3].

Table I
Apparent solubility limits for Ni in Fe304 and the determined values of diffusion coefficients
B
t Poz CHl o, Do
°C} [atm.] [wt. %] [em2s—1]
900 2.5 x10-13 41405 (1.4 4 0.6) ¢ 10-10
950 2.0 X 10-12 4.6 4 04 (4.9 - 0.5) x 10-10
1000 1.4x10-1 5.3 + 0.4 (9.1 4 0.4) x10-10
1050 8.3 x10-1 5.7 + 0.3 (2.5 4 0.4) x10-°
1100 4.4 x10-10 6.5 + 0.3 (7.7 £ 0.3) x10-?
4100 1000 goo t[°C]
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Fig. 7. Temperature dependence of the diffussion coefficient b;’is%.

From the temperature dependence of the diffusion coefficient 131}‘;304
(Fig. 7) in the 900 to 1100 °C temperature range the following relationship
was found

Dieo, = 42,7 exp (—2.6< 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 Fe;O,4 [1] and those
of Ni in NizFe;_;04 for the ratio Fe/Ni = 3.5 [4]. The determined activation
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energy 2.6x102kJ mol-!, which in the system Ni—Ie;O, characterizes
interdiffusion of Ni and Ie cations by the mechanism of cationic vacancies,
is approximately identical with the self-diffusion activation energy of Ife
in Fe;04 [2] and with that of Ni in Ni,Ife;_,0, for the ratio IFe/Ni = 3.5 [4].

In the temperature range of 1150—1300 °C, formation of a three-phase
reaction product consisting of spinel [Nizlfe;_.04], wiistite [(Ni, I'e)O] and
metal [(Ni, Fe)] at the boundary Ni—Ies04 was observed. The phases present
in the reaction product were identified by X-ray diffraction 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 IFe—Ni—O
[8] (TFig. 5) as well as with the phase diagram suggested 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 and partial pressures of
oxygen.
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T =1 T T - | ~

108 ’—

[em?.s7]

0™ L .

65 7,0 75 go- 85
w07 (K]
Iig. 8. Comparison of the temperature dependence of Dy o (cwrve b) with that of self-

diffusion coeffictents of Fe in I'e;04 (curve @) [1] and of Ni 2n NixFe;-xOy for the Fe/Ni
retio = of 3.5 (curve) [4).

TFFormation of the reaction product and the diffusion profile of nickel across
the reaction layer at 1150 °C is illustrated by Fig. 9. The presence of spinel
[Niglfes_¢04], wiistite [(Ni, Fe)O] and precipitated metal [(Ni, Ie)] in the
form of spherical particles is well observable in the detailed picture of the
reaction layer (Iig.10). The respective concentration profile Cn; = f() is
plotted in Tig. 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. 9% (at 1150°C) up to 26 wt. 9% (at 1300°C). 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
Ni;Fes_;04 was also observed with increasing temperature. The concentrations
found of Ni in the spinel phase were: 18 wt. 9% at 1150°C and 10 wt. %
at 1300 °C.
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Fig. 11. Concentration profile Cxy = f(x) at 1150 °C, 3 h.
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Fig. 14. Schematic diagram of the characteristic situation in the system Ni — FesQ,
in the temperature range from 1150 to 1300°C 3 h;
I — region of solid solution of Fe in Ni [(Ni, Ife)*],
IT — region of solid solution of Ni in wistite [(Ni, Fe) O],
— region’of the spinel phase [NixIFe;-x0,],
— region of the metal phase [(Ni, Fe)],
IIT — region of solid solution of Ni in magnetite [(Ni, I'e)304].

The complex structure of the reaction layer at 1300 °C is illustrated by
Fig. 12, as well as by the detailed X-ray and 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 different shapes (Fig. 13, region “B¢). Besides 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—IFe3;04
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
veaction product probably comprises oxidation of Ni to NiO at the phase
boundary Ni—IFe30,.

CONCLUSION

The products of interdiffusion in the system Ni—Ife;0,4 in the temperature
range from 900 to 1300 °C under atmospheric pressure in controlled atmosphere
of hydrogen and water vapour (1.3 % H,, 98.7 9% H,0) 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 1”)%‘;304 cha-
racterizing interdiffusion in the system Ni—Fe;O0, were determined. The
following relationship was found to hold in the 900 to 1100 °C temperature
range .

Ditjo, = 42.7 exp (—2.6 102 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—Fe;04. This is in agreement with the
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 NiFe,O4 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 Niklova Huta, National
Corporation at Sered, and thank to the Department of Mineralogy and
Crystallography at the Bratislava University for the samples of natural
minerals made available for their work.
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STUDIUM VZAJOMNLEJ DIFUZIE V SUSTAVE Ni— Fe;04

Dusan Grman, Viktor Jesendk

Falkultné pracovisko rontgenovej mikroanalyzy CHTLE SVST', 880 37 Bratislava, Janska 1
Katedra chemickej technoldgie silikatov CHTF SVST, 880 37 Bratislava, Janska 1

V sustave Ni—I'e;04 sa v oblasti tepléot 900—1300 °C Studovala vzdjomnd
difazia niklu a Zeleza a interakeia kovového niklu s magnetitom z hladiska che-
mického a fédzového zloZenia produktov.

Sendvidové usporiadanie vzoriek bolo realizované galvanicky poniklovanymi dos-
ti¢kami prirodného minerdlu FezO4 (obr. 2). Vzorky sa temperovali v kontrolovanej
atmosfére vodik—vodnd para (1,3 % Ha, 98,7 % H.O) pri teplotdch 900—1300 °C
po dobu 3 h. Meranie sa vykonalo na elektréonovom mikroanalyzédtore JXA-5A (Jeol).
Difuzne koeficienty sa vypoéitali pomocou Matano—Boltzmannovej metddy.

V oblasti teplot 900—1100 °C sa pozorovala len koexistencia kovovej fdzy a magne-

titu (obr. 4). V Studovanej teplotnej oblasti sa stanovili difizne koeficienty D;’,‘aoq,

ktoré charakterizuji vzdjomnu difdziu v sustave Ni—IFe304. V meranych medziach
koncentracii niklu sa zistila koncentraénd nezdvislost difizneho koeficienta. Z teplot-
nej zévislosti D;‘;ao‘ (obr. 7) sa vypoéitala aktivadnd encrgia diftzie rovnd 2,6 . 102 kJ
mol-1.

V oblasti teplot 1150—1300 °C sa na rozhrani v sustave Ni—Ife3O,4 identifikoval
reakény produkt tvoreny fédzami spinelu [Nil'e,O,4], wiistitu [(Ni, I'e) O] a kovovou
fdzou [(Ni, I'e)] (obr. 9, 10, 12, 13). So stupajucou teplotou sa zistil rast obsahu Ni
vo fédze (Ni, I'e) O a pokles obsahu Ni vo fdze Nil'e;O4. Stanovené hodnoty rozpust-
nosti niklu vo wiistite pritom podstatne prevysuji doposial publikované rovnovédzne
hodnoty.

Obr. 1. RovnovdaZny obsalh vodika vo vednej pare (obj. %) pri cellkovom tlakw 1,013 . 103
Pa pre reakcie
Fe;0s + Hz = 3 FeO + H,0 (krivka @),
NiO + H; = Ni + H,0 (krivka b).

Oby. 2. Postup pripravy sendvic¢ového usporiadania vzoriek;
a — pbévodnd vzorka minerdlu FesOs, b — galvanicky poniklovand vzorka pred
temperovanim, ¢ — ndabrus kolmého rezu vzorky po temperovant.

Obr. 3. Blokova schéma logickej riadiacej jednotky.

Obr. 4. Vzajomnd difuzia v sustave Ni—Fe;04 pri teplotich 900 °C (a), 1000 °C (b),
1100 °C (c) a Case difuzie 3 h;
elektrénové obrdazky chemického zloZenia; rontgenové obrdazky plosnej distribiicie
niklu s &iarovym koncentraénym profilom Ni K.

Obr. 5. Idazové rovnovihy v sustave Fe—Ni—O pri teplote 1000 °C podla Dalvilo
a Smeltzera [71;

Wi Nio,01l'eo,5,0 (witstat)
31 Nio,osl'e2,9604 (spinel)
A, 796 at. %Ni + 20,4 at. % Fe (zliatina)
' NiFe,04 (ferit)
N: Teo,13Nio,s60 (nikeloxid)
A, 99,5 at. % Ni + 0,6 at. % Ye (zliatina)
N, TIfexNi;-xO (2 = 0,0005) ntkeloxid)
W NigFei- (x29) O (witstit)
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M IFe;04 (magnetit)
H TFe20; (hematit)
N TFexNi;-xO (nzkeloxid).

Obr.6.  Priebeh zavislosti Cxi = f(x) v oblasti teplst 900—1100 °C' a Case difizie 3h.

Obr. 7. Teplotnd zavislost, difiizneho lcoefcienta ])E,'_,Koi.

Obr. 8. Porovnanie teplotnej zdvislosti DFL o (krivka b) s teplotnymi zdvislostami
samodifiznych koeficientov Fe v Ve;O, (krivka a) (1) @ Ni v NizFe;-,04 pre
pomer I'e|Ni = 3,5 (krivka c) [4].

Obr. 9. Vzdjomnd difuzia v sustave Ni—IFe;04 pri teplote 1150 °C a Case difuzie 3h,
elektronovy obrazok chemického zloZenia, rintgenovy obrazok plosnej distribiicie
atomov niklu s Eiarovym koncentraénym profilom Nilq. -

Obr. 10. Detailny obrazok reakénej vrstvy pri teplote 1150 °C';
elektronovy obrdzok chemického zloZenia, rontgenovy obrdzok plosnej distribucie
atomov niklw.

Obr.11. Priebeh zdvisloti Cx;i = f(x) pri teplot, 1150 °C a case difiuzie 3 h.

Obr. 12. Cast reakénej vrstvy pri teplote 1300 °C'; elektronovy obrdazok chemického zloZenia.
Obr. 13. Detailny obrdazok casti reakinej wvrstvy pre teplote 1300 °C'; elektronové obrazky
chemického zloZenia, rontgenové obrdzky plosnej distribiicie atémov niklu.
Obr.14. Schéma celkovej situdcie v sustave Ni—F0304 v oblasti teplot 1160—1300 °C;

I — oblast tuhého roztokw Fe v Ni [(Ni, IFe)t],
II — oblast tuhého roztokw Ni vo wiistite [ N], Ire) O],
— oblast spinelovej fazy [Nil'e20,],
— oblast kovovej fdzy [Ni, Ie)],
111 — oblast tuhého roztokw Ni v magnetite [(Ni, I'e)304].

HCCIHEJIOBAHUE B3AHMOJM@OOY3ITH B CHCTEME Ni—Fe;04

Hywman 'paan, Bukrop liceman®

Omadeaerue PECHIN2EHOECEO20 MUKEPOUHAAUIA T UMUEO~IMECTHOA02UNECHO020 gﬁa;.:y.rwmema CﬂOGal{"
K020 NOAUMETHUNECKO20 UHCUIMmyma, B])(unuwuwa

Ragedpa zusunecrkoii MerHoOL02UN CUANKAMOE TUSLUKO-INETHOA02UNECEO20 (il kYabINEING
Crosayrozo noaumexnunecrkoezo uncnuonyma, B pamucaasa

B ciereme Ni—TFe;04 B oGuactn remnepatyp 900—1300 °C mccuepobaint s3aMoaundy-
310 INIKEJSL 1T 7KeJie3a 1 B3alMOJICHCTBIE MEeTaJUIMYeCKOro HIIKEIsI ¢ MArIETIITOM ¢ TOYKII
3PEHIIfl XIIMI[UCCKOTO 11 ()a30BOI'0 COCTABa IIPOJIYKTOB.

ITouBepraemMsie 1HCCIE/(0BANINI0 00pA3ILI COCTOSIGL 13 IAJILBAHMUCCKIL HIIKEMIPOBATIILIX
ITACTITHOK NIPIIPOJUIOIo MuHepada Fe;@4 (pic. 2). O0pasinl TeMIIePIPOBAMI B KOHTPOIMPY-
eMoit cpejie Bojiopoji — BojsiHoIT map (1,3 9% Ha, 98,7 9 H,0) npu remueparypax 900—1300 °C
BO BpEMA 3 uacoB. [I3MepeHie 1POBOJUILII € IHOMOIIHIO 3IIEKTPOHHOI0 Mitkpo3onua JXA-5A
(Teol). HOB(I)(I)IIIIIIOIITLI Jurysiin pacunTeIBaim MerojoM MaraHo—bBormMaHHA,

B otnactir reaeperyp 900—1100 °C 3aMeTiun ToIb10 COCYITICCTBOBANIIC METaIININECKOIT
Qaser ¢ MarmernTon (puc. 4). B uceie;ryemoli TeMuepaTypHoii 061acTit yCTaHOBHN KO-
WICHTHL JUI(yainr Dno, xapaxrepusyroniiie B3aumolddysno B cucrese Ni—IFesOs.
B u3MepsieMuIX npejeiaX KOMNEeHTPAL HIKeT yCTAHOBIUI KOMMEHTPAIUIONHYIO 1e3a-
BiciMOcTs RodpiIprenta Jurdysir. Ha ocHOBaHIIT 3aBICIIMOCTII Dy ,0, (puc. 7) pacui-

TaJUI JHEpruIo artuBaiunt anddysinr, cocrasismontyio 2,6 . 102wl son1,!
B oGmacti teaneparyp 1150—1300 °C ma pasjiezre B crcrenme Ni—Fe;O4 mpenTudupipo-
BAJII IPOJY KT PeaKILL, oopasonamunu(ﬂ(])a.sa\m namtnednt [Nigles_z0,], Brocrnra [(Ni, Fe)O]
11 MetaJuruccroii gasoii [(Ni, Fe)] (prc. 9, 10, 12, 13). C pactynieit reMnepaTypoil ycTaHOBIIIHI
pocT cojepamis Hukeas Bo (ade (Ni, I'e)O II IIOHIDKEHNE COJepKaHIA HIKeJdsl Bo (hase
NizIe;_z04. YcTanonienmsie DG‘III‘HII!LI PACTBOPIMOCTIl HIKeJsI B BIOCTHTC CYN(CCTBCHHO
BBIIIE 110 CPABHEHHIO C JIO CIX 110D ONMyOAMKOBAHHLIMIL BEJIfUIIIAMI PABHOBECHA.
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Grman D., Jesendk V.:

1. Pasnosecroe codepacarue 6odopoda 6 eodarom nape (% no ob6vermy) npu obuwpess
dasaenuu 1,013 . 105 Pa Oas peaxyuil

FesO4 + Hy =3 FeO + H20  (xpusas a),
NiO + H, = Ni 4 H,0 (kpusaa 6).

2. Cnoco6 npuzomosaenus o6pasya muna cendeur;

a — uczodnwli obpasey mumepasa Fe;04, b — zanvearuuecku Huneaupocarmbiii
obpasey 0o memnepuposarua, ¢ — arwaug nepnenOUEYLAPHOZ0 CeueHus 06pasiyor
nocae memnepupoearua.

3. Buaok-cxema aozuneckoli ynpasasioueii eQuruysl.

4. Baaumodugfysun ¢ cucmeme Ni—TFe;04 npu mesnepamypaz 900 °C (a), 1000 °C (b),
1100 °C (c) u epemenu Ouffysuu 3 waca; saexmpormbie HOMOCHLEMEU TUMULECKOO
cOCMasa, peHmaeno6cKue Pomocvemr, pacnpedeseHia amomo8 HUKEAL C AUHETIHBLM
npoghuness Konyenmpayuu NiK,.

5. Dazoswie pasrosecua ¢ cucmenme Fe—Ni—O npu memnepamype 1000 °C coenacro
Hanveuw u Illseayepy (7]

Mi  Nio,01Feo,g;,0 (erocmum)

S1 Nios0aFe2.9604 (wenuneaw)
A1 79,6 am. Y% Ni -+ 20,4 am. Y, Fe (cnaaes)

I NiTFe;0,4 (pepum)

N1 Feo,13Nio,g,0 (rureaorcud)
Az 99,5 am. Y Ni + 0,5 am. Y Te (cnaas)

N2 FezNi_zO (z = 0,0005) (rHureaorcud)
W NizFer_x+y»O (6rocmum)

M  Te;0,4 (#aernemum)
H Te,0s (eemamum)

N  TFeNii_z0 (rurenorcud)

6. X090 sasucusmocrnu Cxi = f(x) ¢ obaacmu memnepamyp 900—1100 °C u epemenu
3 uaca.

7. Temnepamyprasa aasucusocmy roafpuyuenma ougdysuu DElzo,.

8. Conocmasaerue memnepamyproti sasucusocmu Dlyo,.
(rpusas b) ¢ mesnepamyprbimu sagucusmocmasm kosduyuernmos camodugppysuu Fe
6 I'e3s04 (pusas a) [1] u Ni ¢ NizFes_z04 0an omiuowernua Fe/Ni = 3,5 (kpusaa c) [4].
9. Baaumodugppysus ¢ cucmeme Ni—FesOq npu mesnepamype 1150 °C u ¢pesenu dugp-
Pyauu 3 waca; sneEMPOHHAR HOMOCLEMER TUMUUECKO20 COCINABA,
PEHIMEeH06CKaR Homocbesra pacnpedesenus amoito8 HUEeAR ¢ AUHElHBIAM Npoduaes
ronyenmpayuu NiKg.

Puc. 10. J[emaav pearyuornozo caon npu memnepamype 1150 °C; saexmpornas gomocvemra

TuMUYCCKEOBO cocmaesa,
PEHMEEHOBGCEAR gﬁomoc*be.uh‘a,
pacnpe(')e./zemm amoato8 HUrEeas.

Puc. 11. X0d sasucusocmu Cni = f(x) npu mesnepamype 1150 °C u spemenu dugfysuu

3 uaca.

Puc. 12. Yacmv pearyuonrozo caos npu mesnepamype 1300 °C; aaexmponnan omocvesra

TuMuUnecr020 cocmaesa.

Puc. 13. [Jemaav wacmu peakyuonnozo caos npu mexnepamype 1300 °C; aaexmponuwie gorno-

CHEMEU TUMUYECKO020 cocmasa,
peHmeeHoscrue ¢omoc7>e¢1mu pacnpeaeﬂenuﬂ anmoatos Hukeas.

Puc. 14. Cxema obujeco noaoscenusn ¢ cucrmese Ni—IFes304 6 o6aacmu mesmnepamyp 1150—

1300 °C; "
I — o6aacmuv meepdozo pacmeopa ¥e ¢ Ni [(Ni, Fe)t],
II — obaacmv meepdozo pacmeopa Ni ¢ srocmume [(Ni, Fe)O], obracme wnunean-
Holi fasvt [NigFes_z04], 06aacme semanauuecrkoi Pasw [(Ni, Fe)],
III — obaacime meepdozo pacmeopa Ni ¢ saenemume [(Ni, Fe)3O4).
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Interdiffusion :S;tudy in the System Ni—Ie304

200 um

Irig. 4. Interdiffusion in the system Ni— Fe;O04 at 900 °C (a), 1000 °C (b), 1100 °C (c),
after 3 h of diffusion;
electron images of chemical composition, X -ray images of Nillq with line scan profile of Ni.



Grman B., Jesendak V.:

N/XFG3~XO4
(Ni,Fe) O
(Ni,Fe)

200 ym

I'ig. 9. Interdiffusion in the system Ni— FesOs4 at 1150°C after 3 h of diffusion;
electron image of chemical composition, X -rey image of NiKy with line scan profile of Ni.

50 ym

Iig. 10. A typical detailed cross-sectional view of the reaction product layer at 1150 °C, 3 h;
electron image of chemical composition, X-ray image of Nilq



Interdiffusion ».S’tudy in the System Ni—1IFe;0,

200 um

Iig. 12. A typical cross-sectional view of the reaction product layer at 1300 °C, 3 h;
electron image of chemical composition.



50 um

Fig. 13. Detailed picture of the reaction product layer at 1300 °C, 3 Iy
electron 1mages of chemical composition, X-ray images of NiK.





