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ABSTRACT

A recent thermodynamic model of mixing in spinel binaries, based on changes in cation

disordering (x) between tetrahedral and octahedral sites (Ref. 1), is investigated for applicability

to the Fe304-FeCr,0, system under conditions where incomplete mixing occurs. Poor agreement

with measured consolute solution temperature and solvus (Ref, 2) is attributed to neglect of: (D)
ordering of magnetic moments of cations in the tetrahedral sublattice antiparallel to the moments
of those in the octahedral sublattice and (2) pair-wise electron hopping between octahedral site

Fe’* and Fe?* ions. Disordering free energies (AG, ), from which free energies of mixing are

calculated, are modeled by

AGy, =ax+ fx* -T (Sc + X0, + yxa”“‘g)

where the previously-neglected effects are accommodated by: (1) adding a non-confi gurational

entropy term to provide coupling between cation disordering and magnetic ordering and (2)
revising the configurational entropy (S.) analysis. Applying the constraint ¢ = -(2/3) B and
regressing the existing database for Fe?* iop disorder in Fe;Q, gives: £ =-31,020+ 1050 J
mol”, o, /R = -0.730 + 0.081 and y, the coupling parameter between cation disordering and
magnetic ordering, = -0.664 + 0.075. The revised mixing model predicts a consolute solution
temperature (Tcs) = 600°C and a solvus at 500°C ofn = O’.OS and 0.70 for the Fe (Fe1.1Cry),04

spinel binary.
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Immiscibility in the Fe304-FeCr,0,

Spinel Binary

INTRODUCTION

Spinels are double metal oxides (AB,0,) which contain interstitial metal cations in lattice sites
having two distinct types of symmetry with respect to the oxygen anions: tetrahedral and
octahedral. Because the ratio of occupied bctahedral-to-teu'ahedral sites is 2/1, spinels with their
B cations in octahedral sites (and A cations in tetrahedral sites) are classified as normal spinels.
Those with their A cations only in octahedral sites are classified as inverse spinels. This
distinction becomes important when solid solutions, formed by mixing two spinels that share a
common A or B cation, are analyzed. Spinel binaries containing F €, N1 and Cr are of practical
importance because of their unique electric and magnetic properties and as their presence as

corrosion oxides formed on alloys exposed to hydrothermal environments in electric power

plants.

Spinel binaries formed by mixing two normal spinels (or two inverse spinels) are nearly ideal,
and their analysis is straightforward. The mixing of a normal and an inverse spinel, however,
results in non-ideal behavior and in certain instances, may result in immiscibﬂity. For example,
mixing studies of two inverse-normal spinel binaries, Fe(F €1-nCry);04 and Ni(Fe;.nCr,),0., have
demonstrated the existence of a consolute solution temperature (Tes) at 880 and 750°C,
respectively.v The solvus at 500°C was found to occur atn=0.1,0.7 in fhe iron system (Ref, 2)

and atn=0.2, 0.7 in the nickel system (Ref. 3). These results are supported by the corrosion
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oxide layer(s) found on stainless steel exposed to high temperature water, i.e., n = 0.05, 0.7 (Ref.

4),

Recently, O’Neill and Navrotsky (Ref. 1) developed a thermodynamic model to calculate free
energies of mixing in spinel binaries. The model was formulated by minimizing the free energy
of disorder, in which disordering enthalpy is proportional to the square of the degree of
disordering (x) and disordering entropy is related to confi gurational entropy (Sc) as determined
by application of the Temkin eéuation (Ref. 5). The model successfully predicts AGpy in the
Fe(Fe,.nCry,)204 spinel binary throughout the high temperature range where complete mixing
oceurs, i.e., 1000-1400°C. Application of the model at lower temperatures, as réported in Ref. | 1,
produced Ts = 510°C (n.s = 0.40) and a solvus at 300°C at n = 0.3, 0.8. These predictions
deviate significantly from the measured values. Most of the deviation appears to be caused by
neglect of a second type of ordering common in transition metal oxides, namely magnetic
ordering between sublattices. By applying an alfernate modeling approach (referred to as the
compound energy model), which includes both types of ordering as well as contributions from
sub-stoichiometry, lattice vacancy and interstitial ion effects, Taylor and Dinsdale (Ref. 6)
predicted Tes= 665°C (nes = 0.40) for the Fe;04-FeCr,O4 binary. More importantly, the solvus at

500°C was predicted to occur at n = 0.04, 0.76, in excellent agreement with the experimental

measurerments.

Due to these encouraging results, an effort is undertaken herein to ‘repair’ the Ref. 1 spinel
mixing model. We note that Ref. 1 recognized that an additional term, namely non-

configurational entropy, needed to be included when the spinels contained transition metal
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cations. An electronic entropy term, arising from differences in crystal field stabilization entropy

for a transition metal cation in an octahedral vs. a tetrahedral site, was recommended:

Ou = Ocg(0ct) — O ppg (tet)

However, the existing model does not account for two additional effects that occur in spinels

| containing iron ions: (1) magnetic ordering effects and (2) pair-wise electron hopping between
octahedral site Fe** and Fe* jons. The first phenomenon is expected to impact non-
configurational entropy; while the second alters the configurational entropy calculation. Recent
advances in the formalism developed for quantlfymg magnetic contributions to the

thermodynamic propertles of trans1t10n metal oxides (Refs. 7-9) facilitate estimation of the

former term.

MAGNETIC ORDERING CON TRIBUTION TO ENTROPY, g™

Magnetic ordering in Fe;0, is known to cause the moments of the tetrahedral Fe** ions to align
antiparallel to the moments of the octahedral Fe** and Fe’* jons (Ref. 10). This type of
magnetism is referred to as ferrimagnetism and occurs in magnetite at all temperatures <850 K-
(Ref. 11). The phenomenon is composition-dependent m the Fe(Fe1.nCr;,);04 system: Curie
temperatures decrease as n increases, so that solid solutions ktaving n> O 6 become ferrimagnetic
only below ambient temperature (Ref. 12). Since magnetic ordering exists in low n solutions and
not in h1gh n solutions in the temperature range of interest (573-850 K), it represents an
asymmetnc 1nﬂuence which may cause the solvus to depart asymmetrically from its point of

initiation at T, -
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Loss of magnetic ordering is accompanied by a decrease in heat capacity (Cp) at the
transformation temperature. The effect on thermodynamic properties is quantified by resolving
the temperature functionality of C, into magnetic and non-magnetic contributions and
performing the proper integrations with respect to temperature to obtain AH™®, o ™8 and AG™e,
Inden (Ref. 13) first noted that the magnetic contribution to heat capacity, C,"™E, followed a
nearly universal behavior when scaled using dimensionless fempcrature, T=T/T.. Here T, is the
critical temperature of magnetic ordering, i. é., Curie or Néel. For T <1 C,™® was described bya
logarithmic expression in 1° terms; for v >1 the logarithmic expression involved 1°terms. Since
the derived expression for the magnetic contribution to entropy is very complicated, Hillert and
Jarl (Ref. 14) developed a simplified approach to calculate g™ by expanding Iﬁden’s model into

a series which was truncated after three terms:

for r £1

‘O'mag/R=hl(ﬂ +1)_ 111(,8,,, +1) (474) _1——1 iz_3+_1_0_2_9 +_£TIS
" A 497 )\ p 6 135 600

and for 7 > 1

_O_mag/R=hl(ﬂm +1) —4-1‘_5+£T'15+ 24 77
A 10 315 1500

where 4 = 518/1125 + (11692/15975) (1/ p) ~1)

Model formalism provides the respective low and high temperature limits for -c"™ /R
as In (8, + 1) and zero, and a different slope for do™ / 4T at T, when approached from below

or above T¢; the two slopes differing by a factor of (474/497) (1/p —1); i.e., 2.452. The latter
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behavior is a characteristic of the Inden model, which recognizes short-range magnetic ordering

effects above the Curie temperature.

Application of the model requires the use of a common structural factor, p = 0.28 for fec phases,

and end member values for 3, and T. For Fe;04, f,=44.54 and T, = 848 K (Refs. 15, 16);
those for FeCr,04 are g, = 0.9 and T, = 100 K (Ref. 6). Recent low temperature heat capacity

measurements reported for FeCr,O4 (Ref. 17), however, reveal that its magnetic ordering is more
complex than modeled above. First, a C, anomaly at 120 K results from a crystallographic
transition (tetragonal-to-cubic) land is a non-magnetic effect. Second, two magnetic transitions
are observed at lower temperatures: ~70 K (Néel temperature) and ~35 K. Below 35K, a cone-
spiral magnetic structure exists, while the spins are collinear between 35 and 70 K (Ref. 18).
Although we resolved these inconsistencies by adjusting T, for FeCr,0Oy to 71 K in the Ref. 6

correlation, a refit of the C, data which includes the latest Ref. 17 measurements, and states how

the non-magnetic C, anomaly is treated, is warranted.

Curie temperatures for the spinel binary were described by fitting a third order Redlich-Kister

polynomial to T(n) data provided in Ref. 12. The composition dependency of £ was also
modeled by a Redlich-Kister polynomial except that In. (5, + 1) was parameterized (rather than
B..), as recommended by the Calphad group (Ref. 9). Only linear terms were retained, due to

lack of data:

T (n) =7ln+ 848(1—n) —-234.7 n(l—n) - 527.8 n(l—n)(Zn—l)

and
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In (B, (n) +1) = 0.6419 n + 3.8186 (1-n)

Estimated Curie temperatures deviated from the Ref. 12 measurements by + 19 K (10).

As shown in Fig. 1, the magnetic contribution to entropy in the Fe(Fe;.,Cr,),04 binary is

negligible at room temperature for solids having n >0.6 and for all solids above 1000°C.

LATTICE PARAMETER ANALYSIS

On the basis of powder X-ray diffraction measurements provided by JCPDS (Ref. 19), unit cell

dimensions for magnetite (inygrée spinel) and chromite (normal spinel) are given as 8.396 A and(
8.376 A, respectively. Lattice parameters for the spinel binary Fe(Fe;_,Cr,),0; are available

~ from the earlier investigations of Yearian et al. (Ref. 20) and Robbins et al. (Ref. 12). Tﬁe
results of Ref. 12 are especially valuable because they provide independent determinations of the

distribution of Fe’* and Fe?* jons between octahedral and tetrahedral sites by Mossbauer

spectroscopy.

Based on known geometric relationships for a cubic, close-packed arrangement of oxygen ions,

the interatomic (M-O) distance between a tetrahedral metal ion and its nearest oxygen ion

neighbors is given by (Ref, 21):

tet bond length = a, /3 (u - 1/8)

and that between an octahedral metal ion and its nearest oxygen ion neighbors is given by
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oct bond length = a, (3u” - 2u - 3/8)

where a, is the lattice parameter and u is an oxygen positional parameter. The latter is a measure
of lattice distortion caused by size differences between metal cations, The above two
relationships allow lattice parameters to Be determined from cation sizes, since sizes of the
oxygen ions are known, see Table I. By linking the spinel geometrical relationships with the

measured lattice parameters and Mossbauer-based cation distributions, an internal consistency

check on cation sizes is -obtained.

As shown in Fig. 2, lattice parameters in the F e(Fe1.nCr,),04 binary vary linearly withn in a
zigzag manner; three distinct crystallographic regions being observed: (1) Region I (0 <n < 1/3),
2) Re_gion I(1/3<n<2/3) and (3)RegionITI (2/3 <n < 1). The analysis of the chromite-rich
region is the most straightforward since Fe** ions are present only on octahedral sites.

Therefore, Cr’* ion substitution for Fe** occurs only on octahedral sites. The cation distribution

pattern is written

Ion Tet Oct Sum

Fe** 1 0 1
Region IIT Fe** 0 2-2n 2-2n
(23<n<1) cr* 0 2n 2n
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On the basis of ion sizes recommended by Shannon (Ref. 22) for Cr**(oct) and oxygen, the
lattice parameters in Region III provide Fe**(oct) = 0.65 A and Fe*(tet) = 0.576 A. Although the
ionic radius for Fe3+(oct) agrees with the Ref. 22 value of 0.645 A, our calculated radius for

Fez+(tet) is significantly smaller than that recommended by Ref. 22 (i.e., 0.63).

On the other hand, initial Cr** ion substitution in the ferrite-rich region displaces equal amounts

of Fe’* and Fe®* ions from octahedral sites, so that Fe?" ions begin to appear on tetrahedral sites.

The cation distribution is given by

lon Tet Oct Sum

Fe?t n 1-n 1
Region I Fe** I-n I-n 2-2n
(0<n<1/3) crt 0 2n 2n

Sum 1 2 3

Itis kndwn (Refs. 23, 24) that a rapid electron exchange reaction occurs between octahedra] Fe**
and Fe** jons in magnetite (n = 0), so that the two ions become (nearly) indisfinguishable. The
electron “hopping” phenomenon continues into the ferrite-rich region such that equal amounts of
Fe’* and Fe®" ions are retained on the octahedral sites. Such behavior indicates that electron
hopping océurs in a pair-wise manner. Upon retaining the cation sizes consistent with Region

111, the Region I lattice parameters provide an ionic radius for indistinguishable Fe**/Fe?" jon

pairs in octahedral sites that exhibit electron exchange as 0.666 A.
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Finally, in Region IT it is no longer possible to retain equal amounts of Fe** and Fe** ions on
octahedral sites. This change is accounted for by retaining the pair-hopping concept but

allowing the excess Fe** ions on octahedral sites to appear as distin ishable entities. The cation
g pp gu

distribution pattern is summarized as

Ion  Tet Octy Oct,  Sum

Fe**  2n-173 4/3-2n - 1
Region II Fe*  4/3-2n  4/3-2n 2n-2/3 2-2n
1/3<n<2/3 crt 0 2n - 2n

Sum 1 2 3

By retaining all of the iron ion radii determined from the lattice parameter analyses of Regions [
and III, except for the indistinguishable Fe’*/Fe** jon octahedral pairs, a lattice parameter
analysis of Region II provides an additional estimate as 0.666 A. This value is identical to that

determined previously and demonstrates the desired internal consistency.

In summary, the observed lattice parameter dependency of the F e(Fe;4Cr,)204 binary on
composition (n) is shown to be consistent with the lon sizes summarized in Table I and the
quantified cation distribution patterns for three distinct crystallographic regions' given in this
section. Results of the various bond length calculations are summarized in Fj g. 2. Thus.,
independent of a thermodynamic model to predict cation disordering, the fraction of divalent,
te&ahe&al cations displaced to octahedral sites (at room temperature) is given by l-n, 4/3 — 2p

and 0 for the respective Regions I, IT and III.
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FREE ENERGIES OF MIXING

Consistent with the analysis of O’Neill and Navrotsky (Ref. 1), a spinel disordering parameter x

is defined to represent the fraction of divalent, tetrahedral cations displaced to octahedral sites.

The change in free energy due to cation disordering is given by
AG, =ax + fx* - T[S, + ox]

where Sc is the configurational entropy of the equilibrium arrangement, o is a non-

configurational entropy term and x is determined from the @ and £ parameters associated with
the change in non-configurational enthalpy which satisfies the equilibrium cation arrangement

formulated by setting

OAG), -0
Ox

Configurational entropy is calculable for spinels, which have multiple cation sites, by application

of the Temkin equation (Ref, 5):
~S,/R=2%b, (m In m,.)s

where m; is the mole fraction of component i on site s. Each spinel has three lattice sites per

formula unit: by =1 for tetrahedral and bs =2 for octahedral. For example, substitution of the
cation distribution for a normal spinel, FeCr,O4 (n = 1), into the Temkin equation gives

=S, /R = 0, while the inverted configuration of Fe;04 (n = 0) provides —S, /R = -2 In 2.
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The O’Neill-Navrotsky methodolo 8y is applied in two stages: (1) determine x for both pure
component, end-member spinels Fe;0, (n=0) and FeCr,04 (n = 1), followed by (2)
determination of x for the solid solution. Free energies of mixing follow from differences in AGp

between the solid solution and mol fraction-weighted contributions of the end-member solids

using a regular solution model:

AG,. =W n (l-n) + AG,™
where AG;™ = AG,(n) - [n AG,(n = 1) + (I1-1) AG,(n = 0)] and W is the (temperature-
invariant) regular solution parameter for the F ¢(F €1.nCrn)20,4 binary. The effect of unpaired
electrons has been incorporated into the AG* calculation to avoid writin g a separate AGS"

term, i.e., 0= 0,. O, is non-zero for spinels that contain transition metal ions.

Presently, two additional model corrections are necessary to account for: (1) octahedral site
electron hopping which modifies the S analysis and (2) magnetic ordering between the

octahedral and tetrahedral sublattices which causes a coupling between cation disordering and

magnetic ordering. With regard to the first, it is noted that the modeling parameters that describe
the enthalpy of disordering in magnetite (a, B)are presently based on the Ref. | analysis that

does not consider electron hopping. When pair-wise hopping is recognized, the revised cation

distribution for Fe;0, is written:
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Ion  Tet Octy Oct; © Sum
Fe** 1-x X - 1
Fe** X X 2-2x 2
Sum 1 2 3

The disordering analysis gives
~S./R=3xInx+3(l-x)In (1-x) ~2xIn 2

while the equiﬁbrium analysis »allows X to be determined from

3

=)

~RT In

3=a+2,Bx—<‘J'T—21‘€Tan-

In this manner, it is seen that electron hopping introduces the equivalent of an excess entropy

term (2R In 2) into the disordering equilibrium and changés the form of its logarithmic term.

Inclusion of an excess, or non-confi gurational, entrop}./ term in the defining equation for AGp
was originally recommended by O’Neill and Navrotsky for applications involving transition
metal ions where electronic entropy effects are important. This contribution anses from crystal
field stablhzatlon effects experienced by catlons in octahedral vs. tetrahedral sites having
unpaired 3d electrons, and is readily calculated, i.e., 0, = ~RIn 2 forF €304 (see Ref. 1,
Appendix). Since magnetic ordering entropy interacts with the disordering equilibrium in a

manner similar to electronic entropy, we believe that inclusion of 6™ in o wil allow the

effects of configurational disordering and magnetic ordering to be coupled.
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Therefore, to complete revision of the AGp model, while allowing for coupling between

configurational and magnetic ordering, o is replaced in the above by o, + yo"*% to give

AG, =ax+ px* - T (SC + X0, + yxa”"'g)

The coupling parameter, v, is expected to be a constant, similar to & and g.

It is noted that a similar correction has been obtained by applying the Landau theory of phase

transitions to cation ordering (Q) and magnetic ordering (Qm) in spinels (Ref. 25). The ordering

and disordering parameters are related by x =2/3 (1-Q). The lowest order coupling between the

two processes is linear in Q («x) and quadratic in Qn (= ™ ); the coupling term being
expressed as AQQy” (i.e., yxo™e )- The analysis of Harrison and Putnis (Ref. 25) is especially A I
significant because it provides an estimate of X(T) for Fe304 at temperatures below T.. It also

demonstrates that coupling does not appreciably affect magnetic ordering.

Results of a non-linear regression analysis of the x(T) database for magnetite, as represented by :
the measurements of Wu and Mason (Ref. 26), Nell, Wood and Mason (Ref. 27) and the low f
temperature estimates of Harrison and Putnis (Ref. 25), are shown in Fig. 3. The fitted

parameters are provided in Table II. To facilitate comparisons with previous work, results of

regression analyses are provided for cases where electron hopping is neglected. In this manner,

it is seen that inclusion of o, (and o™ coupling) creates the inequality @ < f and allows the

X-value approached in the high temperature limit to become <2/3. Because the X(T) database is
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mathematically inconsistent with an x = 2/3 high temperature asymptote, it is important to

include the entire x(T) database when fitting «, § and y. The assumption that disordering of
Fe;04 (o, # 0) and MgFe;04 (o, = 0) is identical, as applied by Harrison and Putnis, is
inappropriate at high temperatures and explains why Ref. 25 had to truncate their non-convergent

ordering analysis below 1050°C when fitting parameters to the Landau model.

Sensitivity of AH, to the o, constraint was investigated by performing three additional fits of
o, B and y: (1) constrain o, to —0.405R per Table 1], (2) o, = Oand (3) constrain AH, to
zero at x = 2/3 (the random configuration) and fit o,,. The third option is suggested to eliminate

the constraint on o, and replace it with a generic link between stability of an inverse

_configuration and exothermicity of the disordering reaction. All four regression analyses provide

equally good (and statistically significant) fits to the database.

Figure 4 compares the fitted disordering enthalpies for magnetite and confirms a high degree of

correlation between AH,, and o,. It is noted that a previous, less rigorous disordering model
proposed by Navrotsky and Kleppa (Ref. 28) (incorrectly) assumed that AH,, varied linearly

with x and neglected o,,. AH, (@ x =1) was determined by differences in octahedral site

preference energies (OSPE) for the two cations in the spinel:

AH, (@x =1) = OSPE (4™ ) - OSPE (B*)
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To the same degree of approximation, Table ITI compares OSPEs derived from crystal field

theory (Ref. 29) with changes in electronic entropy for the same cations in going from octahedral
to tetrahedral coordination (Ref. 1, Table 4). For magnetite, the value AH p = —16.6 kI mol" is

seen to be consistent with o, = —0.405R. Since the constraints o, =~RIn 2 or g =

—(2/ 3) P result in exothermic AH p Values for Fe;Oy that are closest to the Table I predictions,

they represent the preferred options.

The disordering analysis for the other end-member, FeCr,04, remains unchanged from Ref. 1.
Due to high octahedra_ll site preference energies (OSPE) exhibited by the Cr** ion, its disordering
parameter remains negligibly small, regardless of temperature. This result allows disordering of
FeCr,04 to be neglected, so only one disordering parameter is required to express the cation

distribution in the Fe;Q4-F eCr,04 spinel binary:

Ion Tet Oct) Octy Sum

Fe* 1-x X - 1
Region IH Fe** X X 2-2n-2x  2-2n
0<n<ul cr 0 2n - 2n

Sum 1 2 3

The disordering analysis yields

—S./R=3xInx+(l-x)In (1-x)+2n In » +2(1-n-x)In (1-n~x) - 2x In 2
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with X to be determined from
3
~RT In u =@ +2fx~0,T - yo™ (n)T - 2RT In 2

(1—x)(1—n—x)2

It is noted that the above equations reduce to those for magnetite in the n = 0 11m1t Solving the

above equations for x provides the x (n, T) curves presented in Fig. 5. Above the Curie

temperature for Fe;0,, all x (n) curves are seen to intersect at a common point (x;, n;) given by

the solution to

a +2fx, =0 => x, = 0.333

and

3

% 7 =1.928 = » =0.497
(1-x)(1-n - %)

For the option ¢ = —(2/3)p. The alternate constraint, o,, = ~R In 2, provides a less favorable

(i, y) = (0.360, 0.449). In the high temperature limit, x (n) varies nearly lineaﬂy between its
two end-points for Fe;0, (x = 2/3) and FeCr,0, (x=0). Itis noted. that the calculated

x (n, 1000) curve is virtually coincident with that calculated by Taylor and Dunsdale (Ref. 6)
using the compound energy model. As temperatures approach the Curie temperature for F €30y,
magnetic coupling becomes important and the x () curves develop a spinodal shape. The
inverse spinel region expands at lower temperatures, and in the room temperature limit, Fe?* ion
disordering is described by x = I-n. Likewise, the normal spinel region expands at lower

temperatures, with x - 0 in the room temperature limit.
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Plotted for comparison in Fig. 5 are the x-values derived from the (room temperature) lattice
parameter analysis. It is seen that the predicted and inferred x-values at room temperature are in
Xact agreement atn = 0.55 and n < 1/3 but deviate by <0.05 for n > 2/3. The predicted x-values
In proximity to n = 0.5, however, undergo a nearly stepwise change over a very small n-interval
(i, 0.01). It is not known whether the discrepancy is due to a modeling deficiency or a non-
equilibrium condition in the room temperature data. Nevertheless, a portion of the deviation
occurs in a region where the disordering analysis may lose its validity, i.e., when n exceeds an
upper limit (ul) where Cr** jons dominate octahedral sites and octahedral Fe?* ion concentrations

approach zero. This limit was previously defined at room temperature as ul = 2/3 (Region III).

Recent electrical conductivity measurements of the Fe(F €1.nCr;y)204 binary at elevated
temperatures (Ref. 30) have demonstrated consistency with pair-wise electron hopping. For
compositions n > 2/3, however, a nearly stepwise increase in activation energy for electron
hopping was found to occur. Since the nearest neighbors of most octahedral Fe** jons are now
Cr’*ions (and no effect is observed when Cr** is replaced by A13+), Nell and Wood (Ref. 30)
concluded that the increased activation energy may represent hopping between Fe2* and Fe** via
Cr’*. Given this new hopping vision, it is not obvious whether electron hopping will continue to
involve pairs of octahedral Fe** and Fe? "ions, or whether al] octahedral Fe’* will now become
involved in hopping. To simplify our analysis we chose not to attempt further model revisions

and took ul = 1.

Plots of AGyyy, obtained by substituting AG}” calculated using x (n) from F ig. 5 into the

O’NEeill-Navrotsky model, are shown in F igs. 6a/b. Figure 6a compares predicted free energies
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of mixing for the F e(Fer.nCr, ),04 spinel binary at temperatures above 1000°C with the
measurements of Snethlage and Schrécke (Ref. 31) and Petric and Jacob (Ref. 32). Excellent
agreement is observed, provided that the regular solution parameter (W) is selected as 6500 J
mol™. At lower temperatures, the AG, curves develop composition-dependent inflections,
indicative of immiscibility. As shown in Fi g. 6b the inflections are present only below 880 K.
Further decreases in temperature lead to development of two localized minima, and AGy, first

becomes positive at 820 K (nearn = 0.1),

Fig. 7 summarizes the solvus determined by constructing a common tangent to each AGnp, curve.
It is seen that the ferrite-rich solvus calculation has improved significantly compared to the Ref,

1 results where the effects of magnetic ordering and electron hopping were not considered. The
solvus measurements of Cremer, when extrapolated to the temperature range 300-500°C, ar;a
seen to agree with the present predictions, those of Taylor and Dinsdale and the outer layer
corrosion oxide formed on stainless steel during exposure to high temperature water. Although
the chromite-rich solvus in the same temperature range is consistent with an extrapolatlon of
Cremer’s measurements and Taylor and Dinsdale’s predictions, the chromite content is slightly
over-predicted relative to that found in naturally-occurring minerals at 450°C and the inner layer
composition of stainless steel corrosion films near 300°C. Less accurate model calculations were
expected at n > 2/3, due to a change in the electron hopping phenomenon, which was not

modeled.
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SUMMARY

The thermodynamics of mixing in a spinel binary has been investigated by applying four
concepts to address deviations from ideality: (1) a regular solution model, (2) configurational
entropy calculations to describe changes in cation disordering between tetrahedral and octahedra]
sites, (3) pairwise electron hopping between Fe** and Fe?* ions in octahedral sites and (4)
thermodynamic effects caused by magnetic ordering between cations in the tetrahedral and

octahedral sublattices. Free energies of mixing are additive:

AG,; =W n(1-n) + AG™™
where AGZ* = AG,, (n) - [7 AG, (n = )+ (1-n) AG, (n = 0)] and W is the (temperature-

invariant) regular solution parameter. In the absence of magnetic effects, O’Neill and Navrotsky
(Ref. 1) predicted that mixing would be complete in the F 304-FeCr,0, binary at hi gh
temperatures (>900°C) and showed that the predicted free energies of mixing compared
favorably with experimental measurements. Application of the mixing model at lower
temperatures predicted immiscibility, although discrepant estimates were obtained for the solvus

and consolute solution temperature.

Below the Curie temperature, magnetic ordering in Fe;O, causes the moments of the tetrahedral
Fe** jons to align antiparallel to the moments of the octahedral Fe®* and Fe?* jong (Ref. 10). This
type of magnetism is known as ferrimagnetism and exists in F €304 at temperatures below 850 K
(Ref. 11). Curie temperatures decrease in the F e(Fe1.nCr,)204 binary as n increases, so that solid
solutions having n > 0.65 are ferrimagnetic only below ambient temperature (Ref. 12). Since
magnetic ordering exists in most high n solutions and not in low n solutions in the temperature

range of interest (500-800 K), an asymmetric correction to the O’Neill-Névrdtsk‘y- reguiar
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solution model is provided which causes it to behave like a subregular solution model having a

temperature-dependent coefficient at temperatures <T..

Free energy changes due to cation disordering from tetrahedral to octahedral sites are modeled -
by:

AG, = ax + Bx* - T(Sc +x0, + }/xo"""g)

By creating a disordering model containing a coupled magnetic ordering entropy term assures

that cation disordering analyses will be compatible with cation ordering analyses based on

Landau theory. An added benefit of the proposed disordering model is that it alsb (;ontains a

built-in feature to account for short-range magnetic ordering above T,, which eliminates a
weakness exhibited by Landau ordering analyses. Although our analysis relies on the Inden
model to determine the magnetic contribution to entropy, it is noted that the Inden mode] was
originally developed for use with metals that contain only one magnetic atom per formula unit.
Therefore, applicability of the relationships to fee metal oxides remains to be verified.

Furthermore, no attempt was made to relate the resulting S, value for F €304 to magnetic
moments of its constituent ions. Thus, additional work remains to eliminate these modeling

uncertainties.

An additional modeling feature, unique to spinels containing Fe** and Fe2* ions, is imbedded in
the calculation of disordering entropy: electron hopping between Fe** and Fe?* ion pairs in
octahedral sites. Because the rapid electron exchange occurs in a pairwise manner, a second,

distinguishable type of octahedral Fe> jon (i.e., unpaired) is created. As demonstrated herein,
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the phenomenon alters the configurational entropy calculation and requires the & and
parameters to be refitted. Accounting for the thermodynamic effects of electron hopping

increases Ty in the Fe;0,-F eCr,04 binary from 510°C to 600°C.

In closing, it is noted that the present mixing model adjustments introduce a minimum of
adjustable parameters, i.e., one. When applied with three other model parameters

(a, B and o*e,), accurate AG,,, predictions may be obtained in spinel binaries over a much
broader range of temperature than has been demonstrated using other mixing models that possess
many more adjustable parameters: up to 8 in Landau theory (Ref. 25) and up to 30 in the
compound energy model (Ref. 5). Due to the high degree of correlation between model
parameters, it is recommended that a constraint be imposed on a and S which allows AH p» <0
for stable inverse configurations and AH p > Ofor normal configurations, rather than fixing g =

-20.0 kJ mol™ as recommended by Ref. 1.
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Table I

Ionic Radii in Spinels,* A

Ion Tet. Oct.
Fe** 0.58 n.a.
Fe** 0.49) 0.6} 0.666*
cr** -- (0.615)
o* (1.38) (1.40)
* Values in parentheses are taken from Ref, 22.

**  Value for indistinguishable Fe**

reaction.
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- Fe** ion pairs linked by electron exchange




Table I1
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Thermodynamic Parameters Required to Calculate Non-configurational

Contribution to Free Energy of Disordering in Magnetite

- Reference o B Entropy Term*
kJ mol’ kJ mol™ J mol'K!
Ref. (1) fit to - 2428+£19.15 -23.00 £ 19.15 -3.27+4.47
Ref. (26) data
Ref. 1 model 16.0 -20.0 Og =-5.76
Ref. (27) 33.75+1.92 -26.36 + 1.34 0
This work 23.52+3.85 -32.66 = 2.58 (-0.625 £ 0.091) ™2 + g,
(@) o, =-0.41R 34.65+3.75 -38.11 £2.51 (-0.563 + 0.089) o™= + g,
() o, =0 50.66 £ 3.65 -45.95+2.44 (-0.474 £ 0.086) g™
) a=-(2/3)8 20.68 3102+ 105 (-0.664 £ 0.075) o™ + g,,*"

sk

Excludes configurational entropy.
o, = (—0.730 + 0.08 1) R




Table IIT

Octahedral Site Preference Energies and Disordering Entropies
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for Transition Metal Ions in Spinels Calculated from Energy Sepafation

Between t;,/e; and e/t, d-Electron Orbitals

*

¥k

No. d Crystal Field A,, OSPE o, o, Ocps [ R **
Ion  Electrons iﬁbilizatic;r;t* kI mol!  kJmol™ (tet) (oct)  Tmol' K"
cr’ 3 12 8 187.8 158.6 RlIn3 0 1.099
Fe™* 5 0 0 - 0 0 0 0
Fe?* 6 4 6 124.4 166 RI2 Rn3 -0.405 -
Co** 7 8 12 116.0 30.9 0 RIn3  -1.099
'AZ" 8 12 8 101.7 85.9 Rln3 0 | 1.099
Cu** 9 6 4 150.7 63.6 RIn3 RIn2 0405
Zn** 10 0 0 - 0 0 0 0

CFSE given in terms of A/10 where A is the energy separation between either trg and g,

or ¢ and t; electron orbitals per Ref. (29). Note that A, = (4/9) 4,,,.

- Change in electronic entropy with disorder for jons in high spin state, per Ref. (1).
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Fig. 3. Comparison of measured and fitted cation disordering parameter, x, in

Fe3O4. Magnetite melts at 187’0 K.
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Fig. 4. Effect of o, constraint on enthalpies of disordering for magnetite, AH D




Page 33

—— T(K):298.15

1 . ————— T(K): 500.00
————— T(K):600.00 .
———— T(K):700.00
0.9 ———— T(K): 800.00
| ———— T(K): 850.00
— — - T(K):860.00
0.8 — — - T(K):870.00
— — - T(K): 880.00
- w - T(K): 890.00
0.7 — — - T(K):900.00
| — — - T(K:918:00
F —-—-~ T(K):1000.00
o6 E —-— -~ T(K):1273.00
- —-— -~ T(K):1300.00
- - T(K):1368.00
E —-—-~ T(K):1473.00
X 0.5F —-—-~ T(K):1500:00.
AN\ NN N T T(K):1673.00
o4 RN\ e T(K):1700.00
0.3
0.2 results for 298 K
- from Ref. 11
0.1}
0 - s BN, | L L =
0 0.25 0.5 0.75 1
Mole Fractlon (Ferrous-chromite) 1120003

Fig. 5.

Fraction of tetrahedral site Fe®* jons disordered to octahedral sites in the
Fe(Fe).nCry),04 spinel binary, accounting for configurational entropy
changes due to electron hopping and couphng caused by alignment of
magnetlc moments of tetrahedral site Fe’" ions vs. those of octahedral site

Fe’* and Fe?* ions.
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