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Experimental determination of the activity of chromite in multicomponent spinels
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Abstract—We determined activity—composition relationships in Pt-Cr and Pt-Fe-Cr alloys at 1300°C exper-
imentally and used the results to constrain the thermodynamic properties of chromite—picrochromite spinels.
The Pt-Cr binary is characterized by strong negative deviations from ideality throughout the investigated
composition range and the activity—composition relationship can be fit by a four-suffix asymmetric regular
solution with three binary interaction parameters. The ternary alloy was modeled as a four-suffix asymmetric
regular solution; the three ternary interaction parameters in this model were constrained by combining
interaction parameters for the three bounding binaries taken from this and previous work with results for a set
of experiments in which the activity of Cr in Pt-Fe-Cr-alloys was fixed by coexistingCat knownf, .

The free energy of formation of Feg, at 1300°C was determined using the activities of Fe and Cr in
Pt-alloys in equilibrium with oxide mixes of Fed®, and CrO,. The free energy of formation of chromite
from Fe+Cr,0;+0, is —202.7 = 0.4 kd/mol (), indistinguishable from literature values. The correspond-
ing free energy of formation of Fe@d, from the elements is-923.5+ 2.1 kJ/mol (I), and the enthalpy
of formation at 298 K is—1438 kJ/mol. The activity—composition relationship for the chromite component
in (Fe,Mg)CrO, solid solutions was determined from a set of experiments in which Pt-alloys were
equilibrated with spinel- Cr,05. (Fe,Mg)CrO, spinels are nearly ideal at 1300°C; modeling our data with
a one-site symmetric regular solution yields an interaction parametedf4 + 0.62 kd/mol (I), similar to
values based on data from the literatur€opyright © 2003 Elsevier Ltd

1. INTRODUCTION 19914a,b), and Fe and sometimes other cations occur in multiple

Although spinel is usually an accessory mineral, it occurs in Valence states. _ o _ _
a wide variety of igneous and metamorphic rocks on the Earth  Although petrologic applications of spinel thermochemistry
and other planets, making it a valuable indicator of petrologic @Most always involve compositionally complex spinels, exper-
processes. For example, changes in the Cr or Ti contents ofimental studies designed to obtain thermodynamic properties
spinels are linked to the degree of partial melting in planetary have generally been limited to binary and rarely ternary sub-
mantles and to crystallization/differentiation of basaltic mag- SyStems, and most involve magnetite as an end member [e.g.,
mas (El Goresy, 1976; Dick and Bullen, 1984; Arai, 1987), to F&0.MgFe,0,, Fe0,-FeAlO, Fe0,-MgAl,O, (Mason
variations in metamorphic grade in terrestrial serpentinites and Bowen, 1981; Nell et al., 1989; Nell and Wood, 1989);
(e.g., Evans and Frost, 1975), and to both igneous crystalliza- F&:0,-FeTiO, (Katsura et al., 1975; Woodland and Wood,
tion and subsolidus reduction processes in meteorites (Hag-1994); F@O,-FeCLO, (Katsura et al., 1975; Petric and Jacob,
gerty, 1972). Spinel is also commonly used in constructing 1982); FeALO,-FeCrO, (Petric and Jacob, 1982); Fely-
geothermometers, geobarometers, and oxygen barometers. FoMgCr,O, (Hino et al., 1994; Jacob and lyengar, 1999),
example, the coexistence of a magnetitespinel solid so- MgAI ;0,-Fe;0,-vFeys0, (Mattioli et al., 1987)]. Results from
lution with a hematite—ilmenite solid solution, a common oc- these simple subsystems form the basis of activity—composi-
currence in terrestrial igneous rocks (e.g., Carmichael, 1967), tion models for multicomponent natural spinels (e.g., Sack,
allows temperature and oxygen fugacity to be constrained 1982; Sack and Ghiorso, 1991a,b).
simultaneously (Buddington and Lindsley, 1964). Chromium is an essential constituent of many spinels in

The wide range of rock types in which spinel occurs makes terrestrial crustal and mantle rocks and in meteorites, so the
it versatile for constraining the origin and evolution of rocks activity—composition relationships for Cr-bearing spinels are
but calculation of precise and accurate pressures, temperatureskey to full utilization of spinel-bearing assemblages for ther-
and/or oxygen fugacities is possible only if the activity—com- mometry and barometry. One way to determine the activity of
position relationships are well constrained. This is problematic the chromite component, Fef,, in multicomponent spinels
for spinels, even though they are structurally simple, because is to equilibrate them with a Pt-alloy at known temperature and
natural spinels are compositionally complex (e.g., there are oxygen fugacity and then measure the Fe and Cr contents of the
often significant concentrations of six or more different cations alloy. If the activity coefficients of Fe and Cr in the alloy are
substituting into the two crystallographically distinct sites), known, the activity of the chromite component can then be
ordering of cations between sites can be a strong function of readily calculated. In this paper, we determine the activity—
composition and temperature (e.g., Sack and Ghiorso, composition relationships of ternary Pt-Fe-Cr alloys (a key
ingredient for measuring the thermodynamic properties of mul-
* Author to whom correspondence should be addressed, at Institute of ticomponent Cr-, Fg-bgarlng splnel.s based on eqUIIIbrlum with
Mineralogy and Petrography, ETH-Zentrum, CH-8092iz, Swit- Pt-alloys) by equilibrating them with @D, and simple Cr-,
zerland (kessel@erdw.ethz.ch). Fe-bearing spinels at known temperature and oxygen fugacity.
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We also show how such experiments can be used to determine
the free energy of formation of end-member FeCr,O, and
activity—composition relationships for binary chromite—picro-
chromite (MgCr,O,) spinels at 1300°C. This is necessary pre-
paratory work for applying our technique to determine exper-
imentally chromite activities in spinels with compositions that
approximate those in ordinary chondrites.

2. THEORETICAL APPROACH

Equilibrium between metal, a Pt-bearing alloy in our case,
and a chromite-bearing spinel in the presence of an oxygen-
bearing vapor can be represented by the reaction

FetFeCr + 2CrPFeSr + 20, = FeCr,OP™, (1)
In Egns. 1b and 1c,
spinel
K, = exp[—AGYRT] = i (1b)

(@) (@™’ (fo,)”
afelfo, = exp[—AGYRT] (@7 *)(ag™) (fo)”.  (10)

a refers to the activity of component i in phase j, K, is the
temperature-dependent equilibrium constant, R isthe gas constant,
T isthetemperaturein Kelvin, AG; isthe free energy of formation
of FeCr,0, from the elements, and f,, isthe oxygen fugacity. Eqn.
1c is the basis for our experimental approach to evaduating the
thermodynamic properties of multicomponent spinels; i.e., given
tempereture, fo,, and AG], Egn. 1c yields the activity of chromite
provided the activities of Fe and Cr in the metd are known. The
thermodynamic properties of ternary Pt-Fe-Cr aloys, which are
necessary to evaluate afr =" and a2 in our experiments, have
not been previoudy investigated, so we first performed a set of
experiments to constrain activity—composition relationshipsin the
relevant portion of this system.

Many binary systems of interest to metallurgists and geo-
chemists are adequately described by expressing the excessfree
energy of mixing (AG®) asaTaylor expansion in composition,
truncated after a suitable number of terms (e.g., Wohl, 1946,
1953). For many systems, a second or third order polynomial is
adequate (e.g., Saxena, 1973; Grover, 1977), but where the two
components are characterized by highly differing atomic or
molecular size and/or shape, afourth-order polynomial in terms
of composition (sometimes referred to as a four-suffix asym-
metric subregular solution) may be required leading to:

AG™ = X¢ X¢ ¢ ¢ b yo
ﬁ—ji(XWnLXW X? X? Dy). 2

In Egn. 2, W; and D;; are subregular interaction parameters
(temperature- and composition-independent constants referred
to as Margules parameters; Hildebrand, 1929), and X? is the
mole fraction of component i in the solid solution ¢. The
activity of a particular component i, a, is derived by differ-
entiating the sum

znj AG*

j
overal j with respect to the number of moles of component i,
n,. For a binary aloy, the activity coefficient, v (obtained
through the identity y* = aP/X?) can be expressed as a func-
tion of composition according to

RTIny} = [Wii + 2(W; — W; — Dy) X+ 3Dji(xi¢)2](xj¢)2'

©)

Polynomial functions can also be constructed to represent the
excess free energy of mixing in ternary and higher solutions.
For example, Wohl (1953) expressed AG® as a power series

truncated after the fourth degree and obtained a formulation in
which the binaries have a four-suffix subregular behavior:

A Ge)(
RT

= > XX (X W, + X W, — X X Dy)

I#]

+ X XP X (%Ew -> x;ﬁci>. (49)
i#] i#]

Most of the terms in this equation refer to binaries (cf. Eqgn. 2);
the effects of ternary interactions are incorporated via the ternary
interaction parameters, C;'s. Letting components 1 = Pt, 2 = Cr,
and 3 = Fe and differentiating Eqn. 4a for AG®™ in the ternary
system with respect to the number of moles of Cr results in the
following expression (confirmed using Mathematica; Wolfram,
1999) for the activity coefficient of Cr (Wohl, 1953):

RTInyg " = [Waer + 2 X (Werpr — Werer — Dprer)

X thFeCr

+3 DPICr (XP‘FGQ 2] (XgFeCr)z + [WCrFe +2
X (WFeCr - WCrFe DCrFe) X xPlFeCr

+ 3 Do (XGT)?] (XRE*)?

+ KB XA [3 (War + Werpy + Weegy

+ WCrFe - WPlFe WFePt) + XC o (WCrPt
- WPtCr + WFeCr - WCrFe) + (XPtFeCr
PlFeCI' (WFePt WP[Fe) + 3XplFeCr xPlFeCr DP[Fe

_ XC PtFeCr CCr (1 SXCFeCr) (XPIFeCr CCr
+ XEFC Cpy + XBFC Crp)]. (4b)

Expressions for the other components can be obtained by
advancing the subscript of the parameters and variables of the
equation in the order Pt—Cr, Cr—Fe, Fe—Pt. For Fe, this
leads to

RTIN yE = [Werre + 2 X (Wieer = Werre — Dirre)
XPIFeCr +3 DCrFe (XPtFeCr 2] (XPtFeCr)z + [WFePt
+2X (WPIFe = Weept — DFePI) X XPtFeCr

+ 3 DFePt (XPlFeCr 2] (XgFeCr)Z

1
+ XEFeCr XglrFeCr [E (WCrFe + WFeCr + WPlFe

+ WFePI - WCrPI WPlCr) + XP[FeCr (WFeCr

— Werre + Wipe — Weeey) + (XEFE

= Xet ™) (Werer — Worp) + 3XRTXET™ Derm
Xee™ Cre — (1 — BXETY) (X Ce

+ X Cor + X5 Co . (40)
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Eqgn. 3, 4b, and 4c are the tools with which we develop a
ternary composition model for Pt-Fe-Cr alloys and evaluate
activities of components in coexisting phases. The ternary is
developed stepwise by first characterizing the three binaries,
Pt-Fe, Pt-Cr, and Fe-Cr using Egn. 3, and then evaluating the
ternary interaction parameters via Eqn. 4b.

3. EXPERIMENTAL PROCEDURES AND ANALYTICAL
TECHNIQUES

3.1. Analytical Procedures

Platinum alloys were analyzed for Pt, Fe, Cr, and Mg using a
JEOL 733 Superprobe with an accelerating voltage of 20 keV. Pure
metals were used as standards for Pt, Fe, and Cr, and MgAl,O, was
used for Mg. With a beam current of 25 nA, counts were collected for
30 son peak and 15 s at each background position on the standards. For
the metals from the run products, Pt (L,) and Fe (K,) were analyzed
first using the same analytical conditions as for the standards (i.e., 25
nA); Cr (K,) and Mg (K,) were then analyzed with beam currents as
high as 400 nA and counting times of 10—30 min as needed to achieve
detection limits =40 ppm for both Cr and Mg. Magnesium was found
to be below detection limit in all alloys. Note that count rates on
standards for Cr and Mg were much lower than on samples. This was
necessary to prevent dead time corrections (which become nonlinear at
very high count rates; J. Goldstein, personal communication, 1998)
from introducing spurious counts. A ZAF correction procedure (Arm-
strong, 1988) was applied to the results.

Oxides (the various spinels and Cr,0O;) were analyzed using an
accelerating voltage of 15 keV and a beam current of 10 nA. X-ray
counts were collected for 30 s on peak and 15 s on each background
using Fe,0O5, Cr,05, and MgAlLO, as standards.

3.2. Starting Materials

Chromite was prepared following the procedure of Petric and Jacob
(1982): reagent grade powders of Fe (Alfa Products), Fe,O; (IMC
Puratronic), and Cr,O5 (JMC Puratronic) were ground in a molar ratio
of 1:1:3 in an automated alumina mortar under ethanol for ~7 h. The
mixture was pressed into 7 mm diameter pellets, placed inside loosely
capped alumina ceramic cylinders, and sealed inside an evacuated
quartz tube. The quartz tube was then heated at 1100°C for 4 d.
Picrochromite was prepared following the procedure of O'Neill and
Dollase (1994): reagent MgO (IJMC Puratronic) was sintered in Al,O5
crucibles at 1000°C for 40 h and then ground together with reagent
grade Cr,O4 in the required molar ratio in an automated al umina mortar
under ethanol for ~6 h. The mixture was pressed into 13 mm diameter
pellets, placed inside a Pt crucible, suspended from a sample holder at
the hot spot of a vertical furnace, and held in a flowing H,-CO, gas at
1100°C and log,ofo, = —11.5 for 20 h. The above procedure was
repeated twice to achieve complete conversion of the oxides to picro-
chromite. Chromite and picrochromite were mixed in three different
ratios corresponding to nominal mole fractions of chromite,
XEMCro1 of 0.13, 0.46, and 0.83. The three spinel binary mixes and
a pure chromite powder were each further mechanically mixed with 40
mol% Cr,O4 using an automated alumina mortar under ethanol for 2 h
to produce starting materials for the experiments.

Homogeneity and the degree to which oxides were converted to
chromite and picrochromite were determined using a Scintag Pad-V
X-ray diffractometer and electron microprobe analyses. The average
|attice parameter of five chromite synthesesis a, = 8.3665 + 0.0201A
(10), consistent with a stoichiometric chromite standard, 8.3790A
(NBS 25,19,50). The average lattice parameter of two picrochromite
syntheses was a, = 8.3240 = 0.0088A [reference standard taken as
8.3330A (NBS 539,9,34)]. Some alumina was probably incorporated
into the spinels and Cr,O; during grinding in the alumina mortar. We
can only place upper limits on this effect due to our use of aumina
polishing compound but analyses of all run products [Cr,0O5 (0.45 =
0.16 wt% Al,Oz), FeCr,0, (0.32 *= 0.07 wt% Al,0;) and
(FeMg)Cr,0, (0.68 = 0.16 wt% Al,O5 excluding one sample with up
to 2 wt% Al,O5 that we attribute to alumina grit)] show that the
amounts of aluminain solid solution are small. Assuming that Raoult’s

law holds for the Cr-bearing oxides, these concentration levels intro-
duce errors of 0.01-0.02% into Cr activity coefficients in alloys and
0.02-0.05% into calculated activity coefficients of FeCr,O, spinels.
These errors are small compared to other sources of error and we
observed no correlation between apparent alumina content and the
thermodynamic properties; consequently, we ignore the effects of alu-
mina contamination on our results.

3.3. Experimental Conditions

Kessel et a. (2001) present a detailed description of our furnace
setup and calibration procedures. All of the experiments were con-
ducted at 1 atm in a Deltech DT-31 furnace or a home-built MoSi,
furnace with gas-mixing capability. The oxygen fugacity was set by
mixing CO, and H, gases and measured using an yttria-doped-zirconia
solid electrolyte oxygen sensor (SIRO,, Ceramic Oxide Fabricators,
Ltd., Australia) with an uncertainty of +0.05 log units. Temperatures
were measured using a Pt-PtgoRh,o (type S) thermocouple and are
estimated to be accurate to within =3°C. All experiments were con-
ducted at 1300°C.

In each experiment, up to five crucibles, made from 0.625 cm
diameter, 1 cm long Al,O; rods (Vesuvius McDanel), were suspended
using Pt wire from a sample holder in the vicinity of the furnace hot
spot. Each crucible contained up to three horizontally stacked pellets (7
mm diameter, 1-2 mm thick) of identical oxide/s pressed around three
pieces of Pt or Pt-Fe wire of known composition (see preparation
procedures and compositions in Kessel et a., 2001). One crucible
contained a pellet of Cr,O; pressed around pure Pt wires [3-5 mm long,
75 pum diameter wires (99.9999%, Alfa ZA£SAR)]. A second crucible
contained one or more pellets of FeCr,O, + Cr,O5, each pellet con-
taining two wires of Pt-Fe aloy of known composition, above and
below the expected equilibrium Fe concentration at the conditions of
the experiment. Each of the remaining three crucibles contained pellets
of one of the three spinel binary mixes [(FeMg)Cr,0O, + Cr,0O4]
pressed around two Pt-Fe aloys.

Experiments were conducted for 8—14 d to achieve a close approach
to equilibrium of the Pt-alloys with the surrounding oxides. These run
durations were at |east twice the characteristic time required to homog-
enize Fein Pt wire based on the diffusion data of Berger and Schwartz
(1978). We are not aware of any diffusion data on Cr in Pt, but
concentrations of both Fe and Cr across the wires were homogeneous
within analytica error. Also, the Pt-Fe wires of initialy different
compositions and in pellets at different positions in a stack converged
in each crucible to compositions that were indistinguishable. Run
durations were aso found to be sufficient for complete conversion of
the binary spinel mixtures to a homogeneous solid-solution phase as
shown by EPMA analyses.

Experiments were terminated by raising the crucibles into the cold
region of the furnace under the flowing gas mixture. Once cooled,
samples were removed from the furnace. A small piece of each pellet
containing a Pt-alloy surrounded by oxides was mounted in epoxy
within a brass cylinder for examination of the textures around the wire
and analyses of the oxides. The second wire from each pellet was
physically separated from the adjacent oxides, mounted using epoxy to
a piece of SIO, glass, and then mounted in epoxy within a brass
cylinder such that a circular cross section of the wire was exposed. This
sample was used to determine the alloy composition and to check for
homogeneity across the wire. Alumina impregnated papers were used
to expose the wires and oxides, and diamond powder (<0.25 wm) was
used to prepare the final polished surfaces.

4. EXPERIMENTAL RESULTS

The experimental conditions and results for each set of
experiments are listed in Tables 1 to 3. The experiments were
conducted at 1300°C, with oxygen fugacities ranging from
10g,ofo, = —11.63 to —7.90, corresponding to —0.86 log units
below the iron—wistite (IW) buffer to +2.83 log units above.
Values of XEFC" and X2Fe" were calculated from the mea-
sured wt% Fe and Cr by averaging all analyses (3—10) made on
each wire. The averages and their uncertainties (the standard
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Table 1. Experimental conditions and results for Pt/Cr + Cr,O4 at
1300°C.

l0g;cfo, Time ) .
Run (atm) (hr) N2 XRxer InyRer
RK281  —1163 402 10 0238 (29 —6.06(9)
RK191  -11.36 2125 3  02130(23) —6.41(9)
RK150  —11.07 284 7 01943(10) —6.82(9)
RK135  -1083 214 6  01639(12) —7.06(9)
RK291  —1068 236 3 01570(20) —7.29(9)
RK255  —1061 313 5 01610(16) —7.42(9)
RK212  -1017 211 5  01309(28) —7.98(9)
RK 286 -983 256 5 01040(14) —834(9)
RK 248 —967 216 10 00936(35) —850(10)
RK137 —950 191 3 00799(6) —864(9
RK 156 ~—925 1895 3  00689(9)  —894(9)
RK267 —922 3095 5 00679(8) —897(9)
RK218 -873 330 10 00433(22) —9.36(10)
RK296 -869 2215 3 00396(3) -9.34(9
RK 180 ~-7.90 188 4 00131(3  —9.60(9)

2N = number of analyses.

bXJ = mole fraction of i inj.

! = activity coefficient of i inj.

9 Numbers enclosed in parentheses indicate one standard deviation
of the distribution calculated by error propagation.

deviation of the distribution of measured aloy compositions
from each wire) are listed in the tables. Results for Pt-aloys
equilibrated with Cr,O5 (Table 1) were used to constrain an
activity—composition model for the Pt-Cr binary system. Com-
positions of Pt-aloys equilibrated with FeCr,0, + Cr,0O,
(Table 2) and (Fe,MQ)Cr,0, + Cr,05 (Table 3) were used to
construct a ternary Pt-Fe-Cr model by taking advantage of the
presence of Cr,O5 in the mixes, which together with the fo,
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fixed the activity of Cr in the aloy. Platinum-aloys equili-
brated with FeCr,O, + Cr,O, were also used to evaluate the
free energy of formation of end-member chromite and those
equilibrated with (Fe,Mg)Cr,O, + Cr,O, to evauate the ther-
modynamic properties of binary (Fe,Mg)Cr,O, spinels.

4.1. Pt-Fe and Fe-Cr Binaries

Activity—composition relationships of alloys in the Pt-Fe
system at various temperatures were evaluated in Kessel et al.
(2001) and only a brief summary is presented here. At 1300°C,
the system is characterized by strong negative deviations from
ideality that can be described by a three-suffix asymmetric
subregular solution with two binary interaction parameters (i.e.,
Egn. 3with D;; = 0), values of which arelisted in Table 4. The
thermodynamic properties of alloys in the Fe-Cr system have
little influence on our model for Pt-Fe-Cr alloys because this
binary is much more ideal than either the Pt-Fe or Pt-Cr joins,
leading to a small contribution to the activity coefficient, at
least for compositions of interest for this study (i.e., very low in
Cr and relatively rich in Pt). For the Fe-Cr binary, we used
activity—composition relationships for Fe-Cr austenite (vy, fcc)
alloys (X=°"=< 0.06 at 1300°C) from Andersson and Sundman
(1987). For consistency with Eqns. 3 and 4, we refit their model
activities at 1300°C to a three-suffix asymmetric subregular
solution with least-squares best-fit interaction parameters as
given in Table 4. These alloys are characterized by a moderate
positive deviation from ideality.

4.2. Pt-Cr Binary

Activity—composition relationships in the Pt-Cr system were
determined following the approach used by Kessel et a. (2001)

Table 2. Experimental conditions and results for Pt/Fe + FeCr,O, + Cr,O5 at 1300°C.

l0ogiofo, Time . PtReCr X pHReCr InyRtFecr® | nyecr [nyptecr AGY AG‘l’f
Run® @m) () X PrFecr (nitid)  (final)  (observed)  (model)  (model) (kJ/mol) (kJ/mol)
RK280-43 —11.63 402  000462(5° 0539 0527(3) -212(9) —208(3) -147(2) —2026(8)  —922.8(35)
RK190-38 —11.36 2125 000427 (14) 0477 0499(3) —250(10) -241(3) -170(3) —2024(9)  —921.3(3.6)
RK274-43 —1120 431  000388(8) 0447 0483(4) —268(9) —260(5 —185(4) —2024(9  —921.8(37)
RK205-28 —11.07 190  000347(3) 0524 0467(3) -279(9 —281(4 -200(3) —2028(9)  —924.4(3.5)
RK134-10 —10.83 214  000299(12) 0472 0445(3) —3.05(10) -309(4) -222(2) —2028(9)  —924.9(3.7)
RK134-21 —10.83 214  000298(6) 0539 0.444(9) —305(9) —311(12) —224(6) —2031(L1) —925.8(4.5)
RK199-338 —10.73 1895 000285(11) 0400 0435(4) —-319(10) -322(5 -233(6) —2029(L1) —924.9(3.8)
RK290-28 —10.68 236  000244(4) 0524 0431(1) -312(9) -327(2) -237(3) —2028(9)  —9280(34)
RK254-44 —1061 313  000274(4) 0371 0428(6) —335(9) —331(7) -240(5) —2023(L0) —922.4(3.9)
RK211-30 —1017 211  000209(8) 0400 0.389(2) —385(10) —385(3) —-287(4) —2030(L0) —924.4(3.6)
RK237-33 —1000 6425 000213(21) 0359 0376(2) -416(13) -403(4) -302(5) —2028(L0) —920.6(4.3)
RK285-33 —9.83 256  000150(4) 0359 0369(2) -410(9) —414(3) -312(4) —2019(1.0) —924.2(3.6)
RK247-30  —9.67 216  000143(3) 0400 0352(2) -432(9) —-437(3) -334(5) —2030(L1) —925.7(3.6)
RK136-9 —950 191  000127(5) 0361 0343(4) —449(10) -451(5 —347(7) —2025(13) —924.3(3.9)
RK136-10 —950 191  000135(7) 0472 0342(2) -456(11) —452(4) —-348(3) —2027(9  —923.1(3.8)
RK136-11 —950 191  000133(8) 0275 0343(2) -454(11) —451(3) -347(3) —2025(9)  —923.0(3.8)
RK266-33  —922 3095 000107(7) 0359 0321(1) -48(11) -483(2) -378(2) —2031(9)  —924.7(38)
RK232-39  —901 644  000111(3) 0352 0309(2) -521(10) -501(3) —396(3) —2029(9)  —918.9(3.6)
RK29511  —869 2215 000070(3) 0275 0203(3) -531(10) -525(4) —-420(10) -2019(1.6) —9215(3.9)

aRKx-y: experiment #x with initial Pt-Fe alloy #y, y refers to the run in Kessel et al. (2001) in which the initial alloy was produced.

b X = mole fraction of i in j based on three analyses for Cr and five for Fe.

@yl = activity coefficient of i in j, model values calculated based on f,, final X", and AG; o, from Holzheid and O’ Neill (1995).
9 Numbers enclosed in parentheses indicate one standard deviation of the distribution calculated by error propagation.

©AG free energy of formation of chromite for reaction i.
f Calculated directly from Egn. 1.
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Table 3. Experimental conditions and results for Pt/Fe + (Fe,Mg)Cr,O, + Cr,0O5 at 1300°C.
| Oglofoz Time , xE;FeCr X'F:’leFeCr In,yztrFeCr"' In,yEKrFeCr In,y'F:’teFeCr ai(:i%xg)frgof a'(:Fee&lr\gg)ACrQOA,
Run? (@m) (hr) XEMGCros X PtFeCr (initial) ~ (final)  (observed) (model)  (model) (6a) (1a)
RK147-9 —11.07 284 0.13 0.02395(25)¢ 0361 0.312(3) —4.72(9) —460(4) -358(2) 0.14(1) 0.17 (3)
RK147-11 -11.07 284 0.13 0.02571(70) 0.275 0.307(2) —-4.80(9) —464(3) —3.62(2 0.13 (1) 0.17 (3)
RK148-9 —11.07 284 0.46 0.00772(3) 0361 0.398(1) —359(9) —365(2) —269(2) 043(3) 0.37 (5)
RK148-11 -11.07 284 0.46 0.00748(12) 0.275 0403(1) —356(9) —358(2) —2.63(2) 0.46 (3) 0.43 (6)
RK148-13 —11.07 284 0.46 0.00720(4) 0220 0.405(2) —352(9) —356(3) —2.61(1) 047(3) 0.42 (6)
RK149-9 —11.07 284 0.83 0.00423 (5) 0361 0455(4) —299(9) —294(5 -211(3) 0.87 (6) 0.92 (16)
RK149-11 —11.07 284 0.83 0.00424 (1) 0275 0451(3) —299(9) —300(3) -215(2) 0.82(5) 0.79 (12)
RK149-13 —-11.07 284 0.83 0.00432 (4) 0220 0452(6) —3.01(9) —298(7) —-214(4) 0.83 (6) 0.85(17)
RK282-13 —9.83 256 0.13 0.00292(1) 0220 0.321(1) -541(9) -555(2) —453(3) 0.19(1) 0.14 (2)
RK282-44 —9.83 256 0.13 0.00252 (7) 0371 0329(2) —-541(9) —557(2) —-456(2 0.18 (1) 0.13(2)
RK283-13 —9.83 256 0.46 0.00180(4) 0220 0.356(2) —4.77(9) —480(2) —375(2) 0.49(3) 0.45 (6)
RK283-44 —9.83 256 0.46 0.00179 (4) 0371 0357(2) —462(9 —469(4 -3.65(3) 0.56 (4) 0.47 (8)
RK284-13 —9.83 256 0.83 0.00345(10) 0.220 0.215(2) —4.28(9) —431(3) —328(3) 0.88(6) 0.81(13)
RK284-44 —9.83 256 0.83 0.00407 (6) 0371 0206(1) —-427(9 —-429(2 -327(3 0.89 (6) 0.83(13)
RK292-11 —869 2215 0.13 0.00310(3) 0275 0.197(2) —679(9) -6.69(3) -584(3) 0.14(1) 0.17 (3)
RK292-36 —869 2215 0.13 0.00309(10) 0.211 0.194(2) -6.79(10) —6.72(3) —5.89(4) 0.13 (1) 0.15(2)
RK293-11 —869 2215 0.46 0.00123(3) 0275 0.255(1) —587(9) —582(2) —482(3) 050(3) 0.53(8)
RK293-36 —869 2215 0.46 0.00122 (6) 0.352 0.253(1) —586(10) —584(2) —4.84(4) 049 (3) 0.49 (9)
RK294-11 -869 2215 0.83 0.00077(2) 0275 0.283(2) —541(9) —539(3) —4.36(4) 0.88(6) 0.88 (14)
2RKx-y: experiment #x with initial Pt-Fe alloy #y; y refers to the run in Kessel et al. (2001) in which the initial alloy was produced.
bx = mole fraction of i in j based on three analyses for Cr and five for Fe.
¢yl = activity coefficient of i in j, model values calculated based on fg,, final XFE*", and AG; 0, from Holzheid and O’ Neill (1995).
9 Numbers enclosed in parentheses indicate one standard deviation of the distribution calculated by error propagation.
© aff 2, G204 = ativity of chromite as calculated from reaction 6a or la
for Pt-Fe aloys. Initially pure Pt wire was equilibrated with 20 4 g 0, = Cr,0, (53)

Cr,0; at afixed temperature and fo,. Under these conditions, if
the reaction

Table 4. Recommended values of thermodynamic parameters.

Interaction Value
parameter® (kJmal) 1o Source®
Alloys

Werre —138.0 33 1

eept -90.8 239 1
Dpre 0.0 1
Wier —-129.1 12 2
Werpt —80.9 4.4 2
Dpicr +94.4 25 2
Werre +5.3 3
Weeer +15.0 3
Drecr 0.0 3
Cor 0.0 2
Cq +115.7 2
Cre —68.6 2

. Oxides

AGY —9235 21 2
AH%5g —1438 2+5
AGE —-202.7 0.4 2
Wikemgycro +2.14 0.62 2

W, W;, and D;; are binary interaction parameters for the system i-j
(cf. Egn. 2) and C, are ternary interaction parameters for the system
Pt-Fe-Cr.

PAG’ = free energy of formation of chromite from reaction i
calculated directly via Egn. 1.

€ AH3gs = enthalpy of formation of chromite at 298 K (see text).

_d W(F_e,Mg)C_,zoA = interaction parameter for the chromite—picrochro-
mite spinel binary.

€1 = Kessd et a. (2001), 2 = this work, 3 = Andersson and
Sundman (1987), 4 = Holzheid and O’ Neill (1995), 5 = Klemmeet al.
(2000).

reaches equilibrium, the corresponding expression for the equi-

librium constant can be solved for

acr

PICr _

oxide
< aCr203

Ks(fo,)**

ac

Cr.

]

(5b)

The equilibrium constant, Kg, can be obtained from the free
energy of formation of Cr,O, from the elements, AG;, viaAG;,

—RTInK,. We used AG; from Holzheid and O’ Neill (1995).

Since Cr,0O; is essentidly a stoichiometric oxide throughout
the range of experimental conditions explored in this study (as
expected from Kofstad, 1983, and confirmed by EPMA anal-
yses), its activity, aZcs, istaken as equal to 1, and a2~ can be
readily calculated from Egn. 5b. Iron was detected in the Pt-Cr
wires (presumably due to contamination by vapor transport
from adjacent crucibles), but was always less than 0.4 wt% Fe.
Such low Fe concentrations would introduce only a small error
in the calculation of y2" (less than 0.3% based on the ternary
model developed below).

Experimental run conditions are listed in Table 1. Uncertain-
tiesin Iny2“" were found by propagating errors on temperature,
10, 6fo, and X~ (<5%) to be less than 1.5%. Alloys in the
Pt-Cr system are characterized by strong negative deviations
from ideality (i.e., y2°" << 1) over the range of compositions
explored in this study. Figure 1 shows our data for RTIny2<"
plotted against X2°" compared to the best fits assuming three-
suffix and four-suffix subregular solution behavior. Our data
are poorly fit by a three-suffix asymmetric subregular solution
a the Cr-poor end of the binary but are well-described by a
four-suffix solution. Uncertainties in the Margules parameters

were calculated using a Monte Carlo simulation. Two sets of
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Fig. 1. Vaues of RTInNy2S vs. X&' in the Pt-Cr system. The best fits
to our data assuming four-suffix (solid curve, dashed where extended
beyond our data) and three-suffix (dotted curve) asymmetric subregular
solution behavior are shown. Literature data are from Schwerdtfeger
and Muan (1965)—SM65; Pretorius and Muan (1992)—PM92; and
Garbers-Craig and Dippenaar (1997)—GD97. Uncertainties (1o) for
both Pretorius and Muan (1992) and Garbers-Craig and Dippenaar
(1997) were calculated by propagating reported uncertainties on alloy
compositions given by Garbers-Craig and Dippenaar (1997). The inset
shows deviations of the calculated Iny2“" for each experiment from the
best fits Iny2°" calculated assuming three-suffix and four-suffix sub-
regular solution models as a function of alloy composition. Uncertain-

ties were calculated by propagating the uncertainties on the calculated

In,yPtCr.

10000 independent Excel-generated random numbers were
used to recalculate the individual aloy composition and Cr
activity for each experiment according to the uncertainties
givenin Table 1. For each recalculation of the composition and
the activity of Cr in the alloy we used an iterative least-squares
technique to find the binary interaction parameters best fitting
al the experiments simultaneously. The average of the 10000
evaluated binary parameters and the standard deviations were
determined and are given in Table 4. The required large Dpy,
value and the small uncertainty associated with it also indicate
the necessity of using a four-suffix solution.

The deviations of our data from best fits to both models are
shown as an inset in Figure 1 as a function of composition.
Deviations from a four-suffix subregular solution model are
independent of XZ°" and most data plot within 1o of the
predicted curve. In contrast, deviations from the best fit to a
three-suffix subregular solution model increase systematically
with decreasing X2, Since X2<" < 0.005 for the ternary
aloys in this study, we adopt the four-suffix subregular solu-
tion.

Results from previous studies at 1225 and 1500°C are also
shown in Figure 1. For the sake of consistency, all of these data
were recalculated using AGZ from Holzheid and O’ Neill (1995)
based on the reported fo,, temperature, and alloy compositions.
Schwerdtfeger and Muan (1965) equilibrated mixtures of Pt
and Cr,0; powders at 1225°C and known f5,'s and measured
the Cr concentration in Pt by X-ray dlffractlon Their resultsare
scattered but generally consistent with our results at 1300°C.
Pretorius and Muan (1992) and Garbers-Craig and Dippenaar
(1997) equilibrated Pt wires with Cr,O5 at 1500°C and known
fo, s and measured the Cr concentration of the Pt alloys using

SEM-EDS and EPMA, respectively. These two studies com-
plement each other in aloy compositions and result in a well-
defined trend displaced from our data. The results of these
studies at 1500°C are not directly comparable to our 1300°C
experiments, but all of their experiments yielded dlightly Cr-
poor alloys at any given fo, compared to predictions based on
the subregular solution fit to our data (i.e., RTINy2°" is inde-
pendent of temperature for a given alloy composition for such
a solution). Such deviations would be consistent with incom-
pletely equilibrated alloys, but both Pretorius and Muan (1992)
and Garbers-Craig and Dippenaar (1997) demonstrated equi-
librium through time series and reversal experiments. We have
calculated uncertainties on RTINy2S" values for the results of
Garbers-Craig and Dippenaar (1997) using their published un-
certainties on alloy compositions (2%) and assuming that un-
certainties in temperature and l0g,ofo, Were comparable to
those for our experiments (i.e., £3°C and =0.05). We used the
same error estimates for data of Pretorius and Muan (1992)
athough analytical uncertainties are likely to be larger by
severa percent because they used SEM-EDSto determine aloy
composition. Based on these calculated uncertainties, most of
the data points from Garbers-Craig and Dippenaar (1997) and
Pretorius and Muan (1992) are consistent at the 20 level with
an extrapolation of our model to 1500°C. Although most of
these literature data cannot be distinguished from our data, if
the systematic offset of the 1500°C data from our results is
confirmed, it would suggest a more complex solution model
(i.e., with temperature-dependent Margules parameters) than
the subregular solution model we have utilized.

4.3. Pt-Fe-Cr Ternary Model

If Cr,O5 and an Fe-bearing oxide are equilibrated with P,
the equilibrium Pt-bearing aloy will contain Fe and Cr, and
although the activity of Cr in the alloy at agiven f, isfixed by
the presence of Cr,O5 (as in the Pt-Cr,O5 experiments de-
scribed in the preceding section), the Cr concentration will in
general be different due to the presence of Fe. Table 2 presents
results of a set of experiments in which Pt-alloys were equili-
brated with mixtures of FeCr,0, + Cr,0O5. The equilibrium
oxides were essentially end-member FeCr,O, and Cr,O5, as
confirmed by microprobe analyses of oxide grainsin the vicin-
ity of the Pt-alloys extracted from run products (i.e., the solu-
bility of FeCr,0,, FeO, or Fe,03 in Cr,O4 and vice versa are
negligible over the range of conditions explored in this study).
Moreover, Fe/(Cr + Fe) ratios of 0.326—0.335 in the FeCr,O,
correspond to mole fractions of Cr;O, less than 0.023 and
suggest essentially stoichiometric spinelswith little or no Cr*
Table 3 presents results for a set of experiments in which
Pt-alloys were equilibrated with mixtures of (Fe,Mg)Cr,O, +
Cr,0,. The addition of picrochromite to the spinel reduced the
activity of FeO in the oxides relative to the FeCr,O, + Cr,0O4
assemblage, so the activity of Fein the alloy at any given fo, is
also reduced. Values of XEF*©" in our ternary experiments were
in the range 0.19-0.53.

Alloy compositions (XEF=C" and X27°") are shown in Figure
2 asafunction of fo, for aloysin equilibrium with FeCr,O, +
Cr,0O5. To test the approach to equilibrium, up to three pellets
were placed in a crucible, each composed of the mixed oxides
but pressed around Pt-Fe wires of different initial Fe content.
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Fig. 2. XEFeSr (plotted along the lower x-axis) and X2FeC" (plotted
aong the upper x-axis) vs. log,ofo, in the Pt-Fe-Cr system for data
obtained in this study. Small open diamonds are initial values of XEFecr
(Cr-free) of Pt-aloys in each pellet in a given experiment, and large
circles represent the equilibrium aloy composition. Individual error
bars (1o) are plotted where larger than the symbol size. Also shown are
predicted trends of log,fo, as a function of XE5**" and XZF*" using
the curve fit of our experimentally derived activities to a four-suffix
Margules expansion (see text).

Starting with Pt-Fe alloys initially higher and lower in Fe than
the equilibrium alloy composition enabled us to “reverse’ our
experimental results. The initial and final XE% " values of the
aloys in each experiment are shown in Figure 2 and demon-
strate that all Pt-alloys at a given o, converged to the same Fe
content within analytical errors. This convergence gives us
considerable confidence that equilibrium was achieved in these
experiments.

The activity of Cr in the Pt-alloys in equilibrium with either
FeCr,0, + Cr,0O; or (FeMg)Cr,0, + Cr,0O5 was calculated
using Egn. 5b assuming that the Cr,O; in equilibrium with the
aloys was pure (i.e, aZi& = 1); corresponding values of
Iny2FeCr were obtained from the measured X2 ", For each of
our 25 experiments, interaction parameters for the three bound-
ing binaries (Table 4) and values of Iny2 " were inserted into
Eqn. 4b to produce one eguation in the three unknown ternary
parameters C,, Cr,, and C,. We then used an iterative least-
sguares technique to find best-fit values of the three parameters.
However, this resulted in alarge value for C, (on the order of
11000 kJmol) that led to inconsistencies in the binary spinel
activity—composition relationships. The source of the problem
isthat C, ismultiplied by X2Fe" in Egn. 4b, which has avery
small value in our experiments, and therefore the value of C,
is poorly constrained. We found that fixing the value of C,
anywhere in the range of —500 to +500 kJ'mol and solving for
the other two parameters (Cr, and Cr,) had little effect on the
sum of the squares of the residuas of the model in the com-
position range covered by our experiments. We therefore chose
arbitrarily to set C, to 0 and determined best-fit values for the
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Fig. 3. Deviations between model values of Iny2Fe" calculated
using Eqgn. 4b and experimentally observed values calculated via Eqn.
5b as afunction of log,fo,. Filled symbols refer to values that include
ternary interactions while open symbolsrefer to valuesin which ternary
interactions are ignored. Error bars (1) are shown.

other two ternary interaction parametersin the Pt-Fe-Cr system.
This procedure yielded Cp, = +115.7 kdmol, and Cr, =
—68.6 kImol (Table 4). Values of Iny2 " calculated using
Eqgn. 4b and the best-fit interaction parameters are given in
Tables 2 to 4. Uncertainties in the model Iny2Fe<" values
caculated by propagating errors on temperature and alloy
composition [XZFeC" (1-3%) and XEFe" (0.1-3%)] are less
then 2.5% (10). Deviations of model log,qfo, values calculated
using Eqgn. 5b from observed are shown in Figure 3 to be less
than 0.2 log units. Deviations of model Iny2™°" that include
ternary interactions are all within 20 of observed values and are
independent of log, ofo, (Fig. 3). In contrast, as shown in Figure
3, model Iny2Fe" values in which ternary interactions are
ignored yield much larger deviations and show a systematic
increase with log,fo,, indicating that the ternary interaction
effect is significant and can not be ignored.

The effect of Fe on Cr activity coefficientsis significant and
our model quantifies this. Figure 4a shows model values of
Iny2FeCr calculated using Eqn. 4b with the parameters from
Table 4 as afunction of XZFe=", At constant XZFeCr, [nyRiFecr
increases with increasing Fe by 6 In units for XE¥°°" ranging
from zero (i.e., Pt-Cr aloys) to 0.4. Also shown in Figure 4aare
the model Iny27=°" values cal culated for our experiments from
the measured XZ7°<" and ternary model parameters. The cor-
responding XE¥*<" value for each Pt-alloy is shown next to the
symbol. Model InyEFeS" values calculated from Eqgn. 4c, es-
sentially identical to values calculated using the Pt-Fe activity—
composition model developed by Kessel et al. (2001), are given
in Tables 2 and 3 together with calculated uncertainties. Un-
certainties in model InyE¥=C" calculated by propagating errors
on temperature and alloy composition are less than 2.5% (10).
The values of InyEFe“" are insensitive to whether or not ternary
interactions are incorporated because XEFCr > XZFeC" and
using either the best-fit C;’s or setting them equal to zero yields
essentially the same results. This is demonstrated in Figure 4b
showing mode! values of InyEF="" calculated using Eqn. 4c as
afunction of XEFC" for a range of X2Fe", The model values

PUeCr calculated for our experiments are also shown and

of Inyre
the corresponding X2Fe<" value is given.
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Fig. 4. (a) Model values of Iny2FC" as a function of X2Fe" calcu-
lated for various values of XEFeC", Solid circles represent the model
Iny2FeCr val ues obtained in our experiments from the measured X27eC",
Numbers adjacent to the symbols represent the corresponding XEtecr
values. (b) Model values of InyE¥e°" as a function of XEFeS" calculated
for various values of X2FeC", Solid circles represent the mode! InyEec”
values obtained in our experiments from the measured XEC". Num-
bers adjacent to the symbols represent the corresponding X2 values.

We conclude based on Figures 3 and 4 that the activities of
Cr and Fe in Pt-alloys can be calculated for a given aloy
composition using the model developed above. In the remain-
der of this paper, we use values of a2 and a2¥*°" cal cul ated
in this way to constrain the thermodynamic properties of chro-
mite and chromite—picrochromite using Pt-alloy equilibration.
The same approach could be used more generally to obtain
activities of Cr- and Fe-bearing oxides and silicates and our
original motivation for this study was to apply this model to the
evaluation of chromite activities

4.4. Free Energy of Formation of Chromite

In the set of experiments in which Pt-alloys were equili-
brated with mixtures of end-member FeCr,O, and Cr,O,, equi-
librium 1a holds, but the presence of Cr,O; aso alows an
evaluation of the free energy of formation of chromite, AGg,
from Cr,0,, Fe, and O, based on the equilibrium
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Fig. 5. Free energy of formation of FeCr,O, at 1300°C as a function
of log,cfo,. Error bars (1o) are shown. (&) Formation of FeCr,O, from
Cr,0; and Fe and O, (Eqgn. 6a) calculated using the model values of
agl%v_(b) Formation of FeCr,O, from the elements (Eqgn. 1a) calculated
using the model values of a2l®¥ and a2l®. Averages and 1o values for
Boericke and Bangert (1945), Katsura et al. (1975), Jacob and Alcock
(1975), and Hino et a. (1994) are also shown (open symbols at right
end of x-axis).

1

FE™" + Cr,0; + 5

02 = FeCI’Zininel. (6a)

This yields and expression for AGg:

spinel
AFeCr,04 ]

A - = _RTIn T oxide
Gs Al (a2 (f, )12

(6b)

Using our measured values of XE5=°" for each experiment,
calculating aZ¥*=" from our activity—composition model for
ternary alloys, and setting both a2, and aZes equal to 1
alows AG; to be determined from Eqgn. 6b. Calculated values
of AG; are given in Table 2 and shown in Figure 5a as a
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function of log,fo,. The uncertainties obtained by propagating
errors on temperature, f,, and as °" are less than 1.5% (10).
The average AGZ and standard deviation of the mean at 1300°C
is —202.7 £ 0.4 kJmol (Table 4), with no observed depen-
dence on 10g4fo,-

Our results (Fig. 5a) differ from the values of —204.1 = 0.4
kJmol and —198.1 kJmol obtained by Katsura and Muan
(1964) and Boericke and Bangert (1945), respectively (Fig. 5a).
In both studies, chromite was equilibrated with Fe metal and
Cr,O4 using a gas-equilibrium method. However, as pointed
out by Klemme et al. (2000), the equilibrium fo, for the
assemblage chromite + Cr,O; + Feis so reducing that signif-
icant amounts of Cr®* can be stabilized in the spingl. If this
effect isignored, substantial errors can be introduced in calcu-
lated free energies of reaction. For example, a 1600°C,
XE&eo, in equilibrium with liquid iron and Cr,Oj is only 0.67
with a2, = 0.69 (Toker et al., 1991). Thisleads to an error
of 4.7 k¥molein AG; if Cr** isignored and an activity of unity
for a®Rro, assumed in Eqn. 6b. The effect is likely to be
smaller at lower temperatures unless the solid solution becomes
strongly nonideal because the solubility of Cr®* in metal-
saturated chromite decreases with decreasing temperature (To-
ker et ., 1991). Katsuraet al. (1975) found XR2&o, = 0.91 at
1300°C for chromite in equilibrium with Fe metal and Cr,O,.
If a®lo, ~ X2lro, asisthe case at 1600°C, then an error of
1.2 k¥mole would be introduced into the inferred value of AGg
due to the nonstoichiometry. Thus, much of the ~2 kJmole
discrepancy between our inferred value for AGg at 1300°C and
that obtained by Katsura and Muan (1964) may be due to the
presence of divalent Cr in their chromites. However, deviations
due Cr?* are in the wrong direction to account for the differ-
ence between our result and AG obtained by Boericke and
Bangert (1945). We have no specific explanation for this dis-
crepancy. We do note, however, that 10g,(Py,,o/Py,), where P,
is the partial pressure of gaseous species i, is a quadratic
function of /T for their data. A linear relationship would be
expected given the 120°C range of their experiments and we
therefore suspect that the study of Boericke and Bangert (1945)
suffers from some unknown experimental problem. Regardless
of the full explanations of the discrepancies between these
older results from the literature and our data, the stabilization of
Cr?* in chromite under highly reducing conditions adds con-
siderable complexity to the calculation of AGg based on the
results of experiments conducted under highly reducing condi-
tions. In this respect, the Pt-alloy equilibration technique uti-
lized in this paper is preferable because the spinel is essentially
stoichiometric FeCr,O, (see section 4.3) under the relatively
oxidizing conditions of our experiments.

Our results are indistinguishable from the values of AGg =
—202.5 + 6.8 and —202.5 * 0.6 kI'mol obtained by Hino et al.
(1994) and Jacob and Alcock (1975), respectively. Hino et al.
(1994) equilibrated liquid silver with crucibles made of
FeCr,0, saturated with Cr,O5 at temperatures of 1150-1450°C
and log,cfo, between —9.68 and —6.07 (3.0-4.5 log units
above IW). The free energy of chromite was determined using
their activity—composition model for Fe-Ag liquids. Jacob and
Alcock (1975) determined the free energy of formation of
chromite at temperatures between 750 and 1600°C and log,ofo,
corresponding to the equilibrium of FeCr,O, + Cr,O; + Fe
using thoria-bearing bielectrolyte solid-state galvanic cells

based on Eqn. 6a. As noted by Klemme et al. (2000), earlier
determinations of AG} using unprotected yttria- or calcia-sta-
bililized-zirconia electrolytes (e.g., Tretjakov and Schmalzried,
1965) are not reliable due to electronic conductivity. The use of
the more appropriate yttria-doped thoria bielectrolyte and the
internally consistent results obtained by Jacob and Alcock
(1975) suggest that equilibrium was reached during their ex-
periments. The excellent agreement between our vaue and
those of Hino et al. (1994) and Jacob and Alcock (1975)
determined using entirely independent techniques provides
strong validation of the activity—composition relationship for
binary Pt-Fe alloys we have devel oped (Kessel et al., 2001) and
of our conclusion that at low Cr concentrationsin the alloys, the
effects of Cr on Fe activity coefficients can be neglected.

The free energy of formation of FeCr,O, from the elements,
AG;, a 1300°C and 1 bar can be calculated from our aloy
compositions. The measured values of XE5*C" and X2F=" can
be used given our activity—composition relationship for the
ternary alloys to compute values of af%=°" and aZ™=", which
can then be substituted into Egn. 1b to calculate AG;, directly.
The observed values (Table 2) are independent of log, ofo, (Fig.
5b); the average and standard deviation of the mean at 1300°C
is —923.5 + 2.1 kd/mol (Table 4). Alternatively, our values of
AG; (Fig. 5a), can be corrected to AG; via AGZ from Holzheid
and O’'Neill (1995), yielding —924.0 + 0.4 kJmol. The same
procedure, applied to AG} values of Hino et al. (1994) and
Jacob and Alcock (1975), gives —923.8 + 6.8 and —923.8 =
0.6 kJ/mol, respectively. These four values of AGg at 1300°C
arein excellent agreement at the 1o level. Note that in contrast
to AGg, our error on adirect determination of AG; is larger than
that of Jacob and Alcock (1975) or our own value obtained via
AGg and AG; because the direct determination of AG; requires
an explicit evaluation of aZ¥==", which contributes uncertainty
to the value of AG;. However, the fact that the determination of
AG,; based on our measured values of X" and XEFe<" s
indistinguishable from values based on independent measure-
ments and/or calculations from the literature provides support
of the activity—composition relationship for ternary Fe-Pt-Cr
aloys we have devel oped.

Our value of the free energy of formation of FeCr,O, from
the elements, AG;, at 1300°C and 1 bar allows us to calculate
the enthal py of formation at 298 K, AH5gg, given temperature-
dependent heat capacity equations and a value for AS,gg, the
entropy of formation of FeCr,O, from the elements at 298K.
Combining our value of AG; = —923.5 = 2.1 kJ/mol with heat
capacities and third law entropies from Klemme et al. (2000)
yields AH g = —1438 kJ/mol. A similar calculation using the
compilation of Robie et al. (1978) leads to AH)os = —1452
kJmol, reflecting a significantly lower AS,,s which they
adopted from Shomate (1944). Since Klemme et a. (2000)
have shown that the measurements of Shomate (1944) do not
include significant low temperature contributions to the heat
capacity and hence AS,.g, the value of AHge derived using
datafrom Klemme et a. (2000) is to be preferred. Our value of
AHSeg = —1438 kJmol is somewhat more negative than the
—1433 kJmol calculated by Klemme et a. (2000) and more
positive than the —1445 kJmol used by Sack and Ghiorso
(19914). In the absence of high temperature heat of solution
data, which is generaly used to derive accurate values of
AH5og, We suggest that AH5g = —1438 kJ/mol together with



3042 R. Kessel, J. R. Beckett, and E. M. Stolper

thermochemical data in Klemme et al. (2000) be used to cal-
culate the thermodynamic properties of stoichiometric FeCr,0O,
as a function of temperature.

5. ACTIVITY OF CHROMITE IN (FeMg)Cr,0, SPINELS

In section 4, we presented a ternary model for Pt-Fe-Cr
alloys using experiments in which (Fe Mg)Cr,O, + Cr,0O4
were equilibrated with Pt-Fe-Cr aloys. We used the binary
spinels primarily as a vehicle to extend the range of aloy
compositions explored in this study by decreasing the activity
of FeCr,O, in the spinels (and that of Fe in the metal relative
to coexistence with FeCr,O, + Cr,O; at agivenfs, ). However,
these experiments also constrain the thermodynamic properties
of binary (FeMg)Cr,O, spinels, and we examine these con-
straints in this section. As described above, three different
mixes of FeCr,0, + MgCr,O, were studied experimentally
(nominal mixes, expressed as mole fractions of FeCr,O, in
FexMg,_»Cr,0, were X2 9*> = 0.13, 0.46, and 0.83),
each mixed together with 40 mole% of Cr,O5. Up to three
pellets of a given binary spinel mix were pressed around Pt-Fe
wires, each with a different initial Fe content so that the
equilibrium aloy composition could be approached from both
Fe-poor and Fe-rich compositions. Homogeneous spinel and
Cr,O5 were present in al run products as confirmed, with
particular attention to the vicinity of the Pt-Fe alloys, by elec-
tron probe analyses. Analyzed values of X824 in Cr,05-
saturated run products (calculated on an Al ,O5-free basis) were
0.12 = 0.01 (n = 12), 0.44 + 0.05 (n = 18), and 0.81 = 0.02
(n = 18), in agreement within uncertainties with the nominal
values. The standard deviations refer to the distribution of
measured spinel compositions and arise primarily from con-
tamination via overlap of the beam on adjacent Cr,O; grains
during the analyses of individual spinel grains. The fraction of
Fe3* in the spinel run products, calculated assuming mass and
charge balance, was found to be less than 0.001, and the
coexisting Cr,O5; was found to be stoichiometric, indicating
that the solubilities of Fe;0, in FexMg,_«Cr,O, and of FeO or
Fe,O5 in Cr,0O5 are negligible under the experimental condi-
tions used in this study. (Fe + Mg)/(Cr + Fe + Mg) ratios of
0.324-0.340 were determined in the (FeMg)Cr,O,, corre-
sponding to less than 0.029 mole fraction of Cr;0,, suggesting
avirtually stoichiometric spinel with little or no Cr?*.

The activity of FeCr,0, in FexMg, _»Cr,0,, afgii@="%,
can be calculated based on Egn. 6b given the Fe content of the
coexisting aloy at a given fo,. For each experiment, we sub-
stituted AGg, from Table 4 and a2*“" calculated using Eqn. 4c
into Eqn. 6b to obtain ad 2@ "2, The calculated activities are
given in Table 3 and shown in Figure 6 as a function of
composition. Errors (10) on a2 8> calculated using Egn.
6a are 6—7% based on propagating the errors on temperature,
fo, and aloy composition. (Fe;Mg)Cr,0O, spinels are essen-
tialy ideal at 1300°C (Fig. 6). Our activities can be reasonably
fit to a one-site symmetric regular solution of the form:

Fe,Mg)Cro04 __ Fe,Mg)Cr204\ 2
RTINYEMIC = Wi mgono, (XGemdoro2, (7)

and a best fit of our data yields Wige mgycr,o, = 214 = 0.62
kdJmol (lo) taking into account the uncertainties on
RTINyE@ 2% The activities derived at log,f,, = —9.83
are systematically higher than the activities derived at either
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Fig. 6. agigﬁgg{f'ﬁ* at 1300°C as a function of X‘FFe%';gglezo“. Activ-
ities of chromite were calculated from reaction 6a based on the model
agl%Y. Also shown are results from Hino et al. (1994) and Jacob and
lyengar (1999). Ideal solution behavior is indicated by the solid line.

l0g,0fo, = —11.07 or —8.69 for reasons that are unclear, but all
results agree within 20 and a best fit excluding data obtained at
10900, —9.83 yiedds essentiadly ideal behavior
(Wikemgycro, = 10-29 = 0.75 kI/mol). Also shown in Figure
6 areresults at 1300°C from previous studies (Hino et al., 1994;
Jacob and lyengar, 1999). For consistency, previous results
were recalculated based on the reported foz, temperature, and
spinel  composition, using our AG;. Previous results for
(FeM@)Cr,0, range from nearly ideal (Jacob and lyengar,
1999) to systematic negative deviations from ideality (Hino et
a., 1994). Hino et a. (1994) equilibrated liquid silver with
crucibles made of (Fe,Mg)Cr,0, saturated with Cr,O, at tem-
peratures between 1150 and 1450°C and log,fo, between
—7.73 and —6.20. Values of a8 "2 were then calculated
using Eqgn. 6b based on their experimentally determined activi-
ty—composition relationships for Fe-Ag liquids and their de-
rived free energy of formation of FeCr,O, from Fe and Cr,O5.
Jacob and lyengar (1999) determined a9 at temperar
tures between 777 and 1077°C and log,ofo, corresponding to
the equilibrium of FeCr,O, + Cr,O5 + Feusing abielectrolyte
solid-state galvanic cell based on Eqgn. 6a. Since both Fe and
Cr,0, exist as end-member phases in the cell, the activity of
chromite is a function of the oxygen fugacity and the equilib-
rium constant at each temperature. They found no temperature
dependence for the mixing properties of spinel and the activity
of FeCr,O, from their study presented in Figure 6 is an extrap-
olation of their data to 1300°C. Both data sets imply small
negative deviations from ideality with the data of Hino et al.
(1994) displaying greater deviations (recalculated using our
AG; 10 Wiremgycro, = —5.14 = 2.22 kJ/mol) than those of
Jacob and lyengar (1999) (recalculated Wige mgycr,0, = —1.96
+ 0.09 kJymoal). Despite the small and at present unexplained
differences between the three studies compared in Figure 6, we
conclude based on our own data and those from the literature
that the absolute value of Wige mgcr,0, iS NOt more than a few
kilojoules and that spinels in the (FeMg)Cr,O, system are
approximately ideal at 1300°C.

Chromite and picrochromite are end-member spinels with a
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common trivalent cation, Cr®*. Both spinels are overwhelm-
ingly “normal” even at high temperature due to a large octa-
hedral site preference energy for Cr3* (—158 kJ, Dunitz and
Orgel, 1957) compared to those of Mg®" and Fe** (~—17 kJ),
leading to essentially exclusive occupation of the octahedral
sites by Cr®* (O'Neill and Dollase, 1994). Given this, in the
absence of redox reactions, a large size mismatch between
cations on the same site, or substitution of cations on multiple
crystallographically distinct sites, the thermodynamic behavior
of (FeMQ)Cr,0, is influenced primarily by simple mixing of
divalent cations on the tetrahedral site. The free energy of
mixing in such simple spinel systems has been shown previ-
ously to approximate closely statistically ideal mixing (O’ Neill
and Navrotsky, 1984). Essentially ideal behavior or dightly
positive deviations from ideality such as we have observed for
FeCr,0,-MgCr,0, solid solutions is also typical of other sys-
tems such as FeSiO,-MgSiO; (e.g., Nafziger, 1973) where
changesin composition involve only mixing of Fe** and Mg?*
on one site.

An alternative approach to calculating the activity of
FeCr,0, in Fe,Mg,.xCr,O, solutions is based on the equilib-
rium between the spinel of interest and the Pt aloy (Egn. 18):
That is, ag™" is not assumed to be fixed by f, and the
presence of Cr,O; in the equilibrium assemblage; it is instead
calculated from the measured X2F°“" and our activity—compo-
sition model (Eqn. 4b and the parameters listed in Table 4) for
ternary dloys. The activity of FeCr,O, in the three binary
spinels in each experiment can then be calculated according to
Eqn. 1c using the above determined AG;. Activities of chromite
in (FeMg)Cr,0O, calculated in this way and associated uncer-
tainties (14—20%) obtained through propagation of errors on
temperature, fo,, and aloy composition, are given in Table 3.
Uncertainties in a2} @ values calculated using this ap-
proach are much larger than activities calculated via Egn. 6a
due to relatively large uncertainties in a2 <", Differences in
aF 2920 determined with these two methods are as much as
30%, but the approach of using Eqn. la is, nevertheless, po-
tentially valuable in that it does not require the presence of
Cr,05, and thus extends the range of conditions under which
spinel activities can be determined using our techniques. We
conclude that Egn. 1a provides a viable method for obtaining
chromite activities where end-member Cr,O; is not stable
(although it is less precise than the method based on Cr,O4-
saturated experiments).

6. CONCLUSIONS

The experimental technique developed in this study provides
a method for obtaining chromite activities in multicomponent
spinels by equilibrating the spinel of interest with Pt-alloy at a
known temperature and oxygen fugacity. In particular, given
the temperature and f,,, of the experiment and the free energy
of formation of chromite from the elements, the activity of
chromite in any spinel can be determined if the activities of Fe
and Cr in the Pt-aloy are known.

The activity—composition relationships in the ternary Pt-
Fe-Cr system, modeled as a four-suffix asymmetric regular
solution, were constrained by combining interaction parameters
for the three bounding binaries with three ternary interaction
parameters. The Pt-Cr binary is characterized by an asymmetric

regular solution with three binary interaction parameters of
Woer = —129.1 = 1.2 kJ/mol, W, = —80.9 £ 4.4 kImol,
and Dp, = +94.4 = 2.5 kdJmol (1o). Combining the ther-
modynamic properties of the Pt-Cr system with those of Pt-Fe
(Kessel et al., 2001) and Fe-Cr (Andersson and Sundman,
1987), the ternary interaction parameters were found to be C,
= +115.7 kImol and C, = —68.6 kJ/mal if C, is assumed
to be negligible.

The activities of Fe and Cr in a set of Pt-aloys equilibrated
with FeCr,0, and Cr,0; were caculated using the ternary
Pt-Fe-Cr model and used to compute a value of the free energy
of formation of chromite from the elements of —923.5 = 2.1
kJmol (1o). The vaue of the free energy of formation of
chromite from Fe + Cr,O, + O, based on the same experi-
ments is —202.7 = 0.4 kJmol (1o). These vaues are in
excellent agreement with data in the literature, providing a
measure of the internal consistency of our ternary alloy model.
The activities of chromitein (Fe,Mg)Cr,O, are compatible with
a one-site symmetric regular solution, yielding an interaction
parameter of +2.14 = 0.62 kJ/mol (1o) similar within errorsto
literature evaluations.
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