
JOURNAL OF MATERIALS SCIENCE 28 (1993) 52-56 

Coupled substitution of NiO and TiO2 in 
haematite 
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The partitionings of NiO and of NiO and TiO2 between haematite and Na20.2B203 melts were 
studied by the flux growth method as a function of solute concentration. The substitution 
mechanisms of NiO and/or TiO2 in c~-Fe203 lattice are discussed based on the results of 
concentration dependence of the distribution coefficients. The substitution of the Ni 2+ ion on 
Fe 3 + sites was accompanied by the charge compensating oxygen ion vacancies, while the 
coupled substitution of Ni 2+ and Ti 4+ ions on Fe 3+ sites was accompanied by the formation of 
Fe 2+ ions, confirmed by chemical analysis. 

1. Introduction 
It is well known that the impurities and size distribu- 
tion of ~-Fe203, which is the main raw material for 
the ferrite products, have a significant effect on its 
magnetic properties. Therefore, thermodynamic stud- 
ies on trace (or minor) elements in ~-Fe203 are indis- 
pensable in clarifying the impurity behaviour. A series 
of experiments on the distribution coefficients between 
~-FezO3 crystals and NazO-B203 flux was carried 
out; the manganese, A1203, and TiO2 partitions have 
been reported elsewhere [1-3]. 

The purpose of this investigation was to elucidate 
the mechanism of the coupled substitution of NiO and 
TiO2 in an ~-Fe203 lattice. For the measurement of 
the distribution coefficients of NiO and/or TiO2 be- 
tween ~-Fe203 crystal and Na20"2B203 flux, the 
method of crystal growth by Ostwald ripening was 
used in the present work. 

2. Experimental procedure 
2.1. Methods  
The materials used in the present work were ~-Fe203 
(Rare Metallic, Fe203 > 99.99wt%), and reagent 
grades of Na2B4OT, NiO, and TiO2. The average size 
of ~-FezO3 crystals determined by scanning electron 
microscope (SEM) observation was 0.1 lam. An excess 
amount of r powder, which was about 1.5 
times greater than the solubility [1], was mixed with 
the Na20 '  2B203 flux. Samples (20-30 g) in a plati- 
num crucible were placed in the constant-temperature 
zone of a vertical SiC resistance furnace and stirred 
with a platinum stirrer (10 tad s- z ) to make the liquid 
composition homogeneous. The experiments were 
conducted under a dry air atmosphere at temperatures 
ranging from 800 1100 ~ in the experiments of NiO 
partitioning and at 1000~ in those of the coupled 
substitution of NiO and TiO2. In most experiments, 
the solute in ~-Fe203 crystals was taken up from the 
solution side. 

After holding a sample at temperature for 6-12 h, 
the sample was quenched into water. No ~-Fe203 
crystal was precipitated during quenching. The con- 
tent of each element in the solid and liquid phases of 
the sample was measured by wet chemical analysis. 
More detailed descriptions are given in previous pa- 
pers [1, 2]. 

2.2. Analysis 
The sample was washed in boiling HC1 (2 + 50) solu- 
tion with a volume of 100ml per 1 g sample, for 
30 min, to dissolve the flux. Thereafter, the aqueous 
solution was separated from the crystals by pressur- 
ized filtration, using a 0.1 ~tm membrane filter. H2SO4 
(1 + 35) was used with samples containing TiO2. The 
flux compositions were determined by analysing the 
filtrate. ~-Fe20 3 crystals were dissolved in 10 ml hot 
HC1 (1 + 1) per 0.2 g crystals. 

The Fe 2§ ion content in ~-Fe203 crystals was de- 
termined by potassium dichromate titration, dissolv- 
ing crystals with HC1 (1 + 1) under a dry CO2 atmo- 
sphere. Atomic absorption spectrometry was used for 
the analysis of sodium, and induced coupled plasma 
(ICP) emission spectrometry (SEIKO SPS-1200A) for 
the analysis of the other elements. 

The content of each element in the ~-FezO 3 crystal 
as well as in the flux was analysed by electron probe 
micro-analysis (EPMA, Hidachi X650S) at an acceler- 
ating voltage of 15 kV for all elements. The results 
were in good agreement with those obtained by chem- 
ical analysis. The homogeneity of nickel and titanium 
in crystal grains was confirmed by line analysis of 
EPMA. 

3. Results and discussion 
3.1. Crystal growth by Ostwald ripening 
The initial ~-FezO3 crystals with an average size of 
0.1 I-tm in saturated solution were found to grow to 
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a size of 10-20gm over a period of 6-12h.  The 
observed coarsening of the crystals was confirmed to 
be due to the Ostwald ripening mechanism in which 
the driving force is the reduction of total interfacial 
energy of the larger crystals. The details of this mech- 
anism are discussed elsewhere [1, 2]. 

The partitioning of minor elements occurs under 
equilibrium conditions during Ostwald ripening, due 
to the low degree of supersaturation with respect to 
crystal growth. This was confirmed by examining the 
homogeneity and time dependence of the solute con- 
tent in the crystal grain; that is, in the present work, 
the concentration of solute within a crystal was homo- 
geneous and constant with time. Furthermore, in pre- 
vious work [1, 2] the equilibrium partitioning was 
confirmed by examining the effect of initial grain size 
on the distribution coefficient, and the reversal experi- 
ment in which solute element was dissolved from 
crystal into flux, was carried out. These previous ex- 
perimental findings lead to the conclusion that the 
equilibrium distribution coefficients can be obtained 
using the flux growth method. The contents of Na20 
and B203 in ~-Fe203 were analysed to be 10-25 and 
10-30 wt p.p.m., respectively. 

3.2. Subs t i t u t i on  of NiO by de fec t  fo rmat ion  
The distribution coefficient of NiO between solid and 
liquid phases is defined as 

kNio s 1 = XNio/XNio (1) 

where X~io and xlio represent the mole per cent of 
NiO in solid and liquid phases, respectively. 

The relationships between the distribution coef- 
ficient of NiO and the content of NiO in the 
Na20"2B/O3 flux expressed in mole per cent, are 
plotted as a function of temperature in Fig. 1. It can be 
seen that the values for the distribution coefficient of 
NiO decrease with increasing content of NiO in the 
flux. 

When an ion having a different valence enters the 
substitutional site at compositions of greater than 
thermal defect concentration, lattice defects are pro- 
duced for charge neutrality reasons. This results in 
a decreased distribution coefficient [3 5]. Although 
the distribution coefficient also depends on a solution 
interaction factor, it is likely in the present experi- 
mental conditions that it will be much more sensitive 
to changes in solid phase. 

Incorporation of NiO into ~ - F e 2 0 3  by the substitu- 
tion of the Ni 2+ ion on Fe 3+ sites leads to charge 
compensating oxygen ion vacancies according to the 
following equation using the Kr6ger and Vink nota- 
tion [7] 

NiO(1) = Ni~  + O~ + 1/2V'0 (2) 

The equilibrium constant, K2,  for the reaction given 
by Equation 2 can be expressed by 

K2 = [Ni{~ ] [Vo ] 1/2f (,/)/Xlio (3) 

where [i] and x~ denote the molar concentration of 
component i and f (7) is the respective activity coeffic- 
ient term. The activity of O~ remains essentially con- 
stant and can be taken as unity. 

Salmon [8] has reported that FeeO3 is oxygen 
deficient and for Fe203 in equilibrium with Fe304, 
the value of x in Fe203-x ranges from 0.0015 at 
1000 ~ to 0.011 at 1450 ~ Thus, provided that the 
concentration of thermal oxygen vacancy is negligible, 
we can write 

[Vo] = 1/2[Ni~] (4) 

By substituting Equation 4 into Equation 3 and ex- 
pressing [Ni~e] by X~io, we have 

XNiO ~--- C1 {Kzf(7)}2/3(X~io)2/3 (5) 

where C1 is the constant under the present experi- 
mental conditions. If a dilute solution behaviour 
(Henry's law) is valid with respect to NiO in both 
phases, it can be expected that X~io is proportional to 
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Figure 1 Distribution coefficient of NiO plotted against the NiO 
content in the flux as a function of temperature. 
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Figure 2 NiO content in the crystal plotted against the two-thirds 
power of NiO content in the flux. 

53 



X~io to the power of 2/3. This relationship is shown in 
Fig. 2, demonstrating a good linearity at respective 
temperatures. 

The importance of thermal defects in the very low 
concentration region has been confirmed experi- 

�9 mentally by Harrison and Wood [9] who studied the 
partitioning of samarium and thulium between gar- 
nets and melts. They found that the distribution coef- 
ficient becomes constant at very low concentrations of 
rare-earth metals. Wagner [10] also discussed the 
decisive role of lattice defects on the distribution of 
SrC12 between solid and liquid KC1. 

3.3. Coupled substitution of NiO and Ti02 
The charge-compensating substitutions are termed 
coupled diadochy [11] or compensatory solid solu- 
tion [12]. "Coupled substitution" is designated by 
Nassau [5] who studied the distribution of various 
rare-earths in the Czochralski growth of calcium tung- 
state crystals from the melt. In this paper, the designa- 
tion "coupled substitution" is used. 

The coupled substitution of NiO and TiOz in 
~-Fe203 is discussed in this section based on results 
obtained in the NiO and TiO2 partitioning experi- 
ments. 

The values for kTio2 are plotted against the NiO 
content in flux, as a function of TiO2 content in flux in 

~l,x 0 correspond to Fig. 3, in which the results at XNio = 
those obtained at 1000 ~ in the previous experiment 
[3] of TiO2 partitioning. It can be seen that the values 
for kxio~ increase with an increase of NiO content in 
the flux at constant TiO2 content in the flux. 

In order to explain the mechanism for coupled 
substitution, the content of Fe z + ions in ~-Fe203 was 
determined by chemical analysis. The sum of the FeO 
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Figure 4 Relationship between the sum of FeO and NiO contents 
and the TiO2 content in the crystal at 1000 ~ 

and NiO contents in ~-FezO3 is plotted against the 
TiO2 content in the crystal in Fig. 4, in which a reas- 
onable linearity was obtained. This implies that 2 tool 
Fe 3+ ion substitutes for x mol Ni z+ ion, (1 - x) mol 
Fe 2 + ion, and 1 tool Ti 4 + ion. 

The values for kyio are plotted against the TiO2 
content in the flux as a function of NiO content in the 

fl,x 0 correspond to flux in Fig. 5. The results at XTIO2 = 
those obtained at 1000 ~ in NiO partitioning experi- 
ments in the previous section. This marked increase of 
kyio seems to indicate that the coupled substitution 
unaccompanied by formation of a lattice defect in 
~-Fe203 via the charge-balanced mechanism requires 
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Figure 3 Effect of NiO content in the flux on kv~o2 as a function of 
TiO2 content in the flux at 1000~ 
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Figure 5 Effect of TiOa content in the flux on kN~o as a function of 
the NiO content in the flux at 1000~ 



less energy than the substitution accompanied by oxy- 
gen ion vacancy formation. As with the result for 
kvio2 shown in Fig. 3, the values for kN~o increase with 
an increased TiO2 content in the flux at constant NiO 
content in the flux. It can be seen that the increment of 
kyi o is greater than that of kv~o2. The reason for this 
may be explained as follows: the substitution accom- 
panied by oxygen ion vacancy according to Equation 
2 occurs in the experiment of NiO partitioning in 
ct-Fe203. On the other hand, the substitution accom- 
panied by the Fe 2 + formation according to Equation 
6 occurs in the experiment of TiO2 partitioning in 
0~-Fe203 [3]. Thus, the increment of kyio was found to 
be greater than those for kT~o2, because the latter 
substitution requires less energy than the former. 

" t YiO2(1) + Fe{e = Yi/:e + Feve + 20~ (6) 

where the symbol Fei~ refers to the Fe z + ion. 
Roy and Coble [13] studied the coupled substitu- 

tion of MgO and TiO2 in A1203 and proposed the 
defect equilibrium: MgTiO3~) = Mg~a + TiA~ + 30~ 
in which the electroneutrality is maintained. In the 
present study, the coupled substitution of TiO2 and 
NiO in 0~-Fe2Oa can be written as 

NiO(1) + TiO2(1) = Nii~e + Tiw + 306 (7) 

In the Fe203-FeO-TiO2 NiO tetrahedron shown 
in Fig. 6, the substitution given by Equation 7 corres- 
ponds to the solid solution of NiTiOa in a-Fe2Oa in 
the FezO3-NiTiO3 pseudobinary system. However, as 
mentioned previously, the formation of Fe z + ions was 
experimentally confirmed as a result of coupled substi- 
tution. Therefore, it appears reasonable that the sub- 
stitution according to Equation 8 which is the combi- 
nation of Equations 6 and 7, becomes energetically 
more favourable. 

NiO(1) + 2TIO2(1) + Fe{~ = Nii~ 

+ 2Yiv~ + Fej~e + 50~ (8) 

The reaction given by Equation 8 corresponds to the 
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Figure 6 Solid solution surface of F%O3 and Ni~ _~FexTiO3 rhom- 
bohedral phases in the NiO FeO-Fe203 TiO2 tetrahedron. 
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Figure 7 FeO content in the crystal at 1000~C plotted against 
kNiok}io2 in Equation 9 on logarithmic scales. 

solid solution of FeTiO3 and NiTiO3 in ~-Fe203 in 
the Fe2Oa-FeTiO3-NiTiOa pseudoternary system 
shown in Fig. 6, which is predicted from the 
F%O3-FeTiO3-MgTiO3 pseudoternary system [14]. 

From Equation 8, we obtain 

log(x~eo) = - log(kNiok2io~) + C 2 (9) 

where C2 is the constant in the present work. The 
2 values for X~eO are plotted against the term kNiokTio2 

on logarithmic scales in Fig. 7, indicating a linearity 
having a slope of - 1. This suggests that Henry's law 
is approximately valid in each component in both 
phases. 

4. Conclusions 
Distribution experiments of NiO and/or TiO2 be- 
tween ~-Fe203 crystal and Na20'2B203 melt were 
carried out. The following conclusions with respect to 
the substitution mechanism in ~-Fe203 were derived 
from the composition dependence of the distribution 
coefficient. 

1. NiO, on dissolving in 0~-Fe203, produces oxygen 
ion vacancies. 

2. The coupled substitution of NiO and TiO2 in 
cz-Fe/Oa accompanied by the formation of Fe 2 + ions 
was explained by the solid solution of the rhombo- 
hedral NixFe~l_x)TiO3 and ~-Fe203 phases. 
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