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Abstract. We present new models for the activity of iron (yge) in solid face-centered cubic (fcc) and liquid
FePt alloy at high temperature and pressure to facilitate their use as sliding buffer redox sensors under ex-
treme conditions. Numerous experimental studies of yf. in FePt alloy at 100 kPa have produced a wide spread
of values. By favoring high-temperature studies that are more likely to have produced equilibrium measure-
ment and excluding experiments for compositions and temperatures that probably encountered ordered or un-
mixed low-temperature phases, we regress an asymmetric Margules activity—composition model with parameters
Wlﬁg%,[ = —121.54+2.1kJmol~! and ngfge = —93.3+4.3kImol~!. These values are close to the widely used
model of Kessel et al. (2001), but for Pt-rich compositions they predict larger Fe activities and correspond-
ingly more reduced oxygen fugacities. Activity—composition relations in liquid FePt are calibrated from direct
measurements of activities and, most sensitively, from the trace of the Fe—Pt liquidus. Together, these yield asym-
metric Margules parameters of W}l:fpt = —124.5kImol~! and Wll;t%e = —94.0kJmol~!. The effects of pressure
on both fcc and liquid FePt alloy are considered from excess-volume relations. Both solid and liquid alloy dis-
play significant positive excess volumes of mixing. Extraction of the excess volume of mixing for fcc FePt alloy
requires filtering data for ordered low-temperature phases and corrections for the effects of magnetostriction on
Fe-rich compositions which exhibit “Invar” behavior. Applied at high temperatures and pressures, both solid
and liquid FePt alloys have strongly negative deviations from ideality at low pressure, which become closer to
ideal at high pressure. These models provide a provisional basis for the calculation of ap. in high-temperature,
high-pressure experiments that, when combined with estimates of areo, allow characterization of fo, under con-
ditions relevant to magma oceans, core formation, and differentiation processes in the lower mantle of Earth or
on other terrestrial planets. Improvements in these models require new constraints on the equation of state of
FePt fcc alloy and documentation of the high-pressure melting relations in the system Fe—Pt.
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Figure 1. Comparison of the melting interval of FePt alloy to con-
ditions relevant in magma oceans, core formation, and other pro-
cesses potentially applicable to hot, deep planetary interiors. Ap-
proximate bounds of the FePt melting interval are from the melting
curve of Fe (Komabayashi and Fei, 2010) up to the fusion tem-
perature of Pt (Anzellini et al., 2019). Also shown are example
magma ocean geotherms (Stixrude et al., 2009), proposed mean
conditions of core formation for Earth and Mars from the compi-
lation of Hirschmann (2022) and for the Moon (Righter and Drake,
1996; Steenstra et al., 2017), and intervals of peridotite partial melt-
ing at below 30 GPa (Herzberg and Zhang, 1996) and above 40 GPa
(Fiquet et al., 2010). Many of these conditions exceed the melting
temperature of FePt alloy, particularly for Fe-rich alloys that are
stable under comparatively reduced conditions, making solid FePt
alloy unsuitable as an experimental oxygen fugacity sensor.

1 Introduction

Precious metal-iron alloys such as FePt are widely used as
sliding redox sensors in experimental petrology and geo-
chemistry (Grove, 1981; Taylor et al., 1992; Woodland and
O’Neill, 1997; Kessel et al., 2001). Given high interest in
redox in deeper planetary interiors and in magma oceans
(Frost and McCammon, 2008; Hirschmann, 2012; Licht-
enberg, 2021), application of redox sensors in the higher-
pressure experimental environments provided by multi-anvil
and diamond anvil devices is of interest. This requires atten-
tion to the effects of pressure on the properties of such alloys.
Also, experimental conditions relevant to magma oceans and
core formation on Earth and other planets can exceed the
melting temperature of precious metal-Fe alloy compositions
(Fig. 1). Under these conditions, liquid alloys may also be
used as redox sensors (Zhang et al., 2019), but experimental
constraints and models for the calculation of Fe activities in
liquid Fe—Pt alloy remain scarce. Here we describe a prelimi-
nary high-pressure, high-temperature thermodynamic model
for solid and liquid FePt alloy, which allows prediction of Fe
activities and oxygen fugacities, fo,, that are of use to large-
volume and diamond anvil experimental conditions. We also
highlight the need for new experimental data that could im-
prove such models in the future.
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2 Fe activity in FePt alloy as an fo, sensor

Characterization of the oxygen fugacity prevailing in high-
temperature, high-pressure apparatuses can be of great im-
portance to experimental studies of phase equilibria, ele-
ment partitioning, volatile solubilities, and transport proper-
ties (Cline et al., 2018; Otsuka et al., 2013; Yoshino et al.,
2020). However, direct control of fo, in experimental assem-
blies, for example through the coexistence of well-defined
fo, buffers, is not always feasible. An alternative strategy
is to design experiments so that the fo, can be determined
afterwards, based on the compositions of “sliding buffers”
(Taylor et al., 1992) incorporating solid solutions with com-
ponents that participate in buffer reactions. These sliding
buffers include alloys between a base metal (Fe, Ni, Co),
which participates in the buffer reaction, and one or more
noble metals (Pt, Pd, Ir, Au) (Balta et al., 2011; Grove, 1981;
Taylor et al., 1992; Woodland and O’Neill, 1997). One of the
most common of these is FePt alloy, which through coexis-
tence with assemblages with known activity of FeO, afeo,
monitors fo, by the reaction

Fe +1/20,< FeO (1)

alloy oxide, silicate

for which the fo, is given by

are0  AG° )
are  RTIn10

log fo, =2 (log

(Grove, 1981; Medard et al., 2008; Gudmundsson and Hol-
loway, 1993; Kessel et al., 2001) and where AGDO is the free
energy difference between the pure reactants at the tempera-
ture and pressure of interest.

The activity of FeO in Eq. (2) may be characterized from
activity coefficients of FeO in silicate melts (Kessel et al.,
2001; Doyle, 1988; O’Neill and Eggins, 2002; Holzheid
and Grove, 2005; Hirschmann, 2022) or by coexistence of
FeO-bearing minerals such as olivine and orthopyroxene
(Jamieson et al., 1992; Stanley et al., 2014). Medard et
al. (2008) presented an empirical calibration, applicable to
modest pressure conditions, in which they combined the non-
ideal effects of FeO and the value of AGY.

The activity of Fe in FePt alloy, are, is given by

aFe = YFe XFe, 3)

where Xpe and yF. are the mole fraction and the activity co-

efficient of Fe. As the thermodynamic mixing properties of

FePt alloy are highly non-ideal, yre can be < 1, particularly

for Pt-rich alloy compositions (Larson and Chipman, 1954;

Gudmundsson and Holloway, 1993; Kessel et al., 2001).
The activity coefficient, yr., is given by

8GXS
RTInype = GX5 4 (1 — Xpe) : 4)
0 XFe
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where GXS is the excess free energy of the solution, describ-
ing mixing effects in addition to ideal contributions from the
configurational entropy:

G = XpeG, + XpiGp + RT (Xge In X
+ XpIn Xpy) + GX5. &)

Previous treatments of solid and liquid FePt alloys have
found GXS to be well-described by a power expansion to
third order, in either Redlich—Kister (Fredriksson and Sund-
man, 2001; Heald, 1967; Gudmundsson and Holloway, 1993)
or Margules (Kessel et al., 2001) formulations. Here we
adopt the Margules approach:

G™S = (Wrep Xpt + Wpike Xre) Xpt X e (6)
RT Inyge = (Weept + 2(Wpire — Wrept) Xre) X oy @)
Calculations of yp. at high pressure may require incorpora-
tion of the effects of pressure on non-ideal mixing. The pres-

sure effect is given by the excess volume of mixing, VXS,
as

BGXS
=V, ®)
oP Jr
and so

P
GXS =G5+ / vXSdp. ©)

Py
Values of VXS are non-zero if the volume of the FePt alloy,

VEept, 1 not a linear combination of the volumes of the pure
endmembers, Vg and Vp, i.e., if

VXS = Veepr — Xre Ve — Xpt Vpr # 0. (10)

Similarly to GXS, VXS can be modeled with a Margules-
like function:

VXS = (WFVePt_‘_WlXFe) XpeXpy. (11)

If VXS is not a function of pressure, then

G*® =G5, + VXS (P - Py). (12)
We will examine this assumption in the Discussion. Com-
bining Eqgs. (6), (11), and (12), the coefficients for the calcu-
lation of activity coefficients at the pressure of interest then
become

Was.p = Was.p, + Wig (P — Po). (13)

As described below, numerous studies have characterized ype
in solid FePt alloy at 100kPa, and these have been used
to characterize fp, at modest pressure in piston cylinder
or multi-anvil devices. With a few exceptions (Rubie et al.,
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1993; Stagno et al., 2015; Davis and Cottrell, 2021), such
pressure corrections are seldom applied. Neglecting pressure
effects for experiments at modest pressure, for example those
in piston cylinder devices at 1-3 GPa, may be justified. Gud-
mundsson and Holloway (1993) determined activities of Fe
in FePt alloy at 2 GPa and found general agreement with re-
sults from their 100 kPa experiments. On the other hand, the
actual differences from 100 kPa values at this modest pres-
sure may have been too small to overcome potential inaccu-
racies in fo, arising from comparison between buffering in
gas mixing and solid media experiments. Similarly, based on
excess-volume estimates, Kessel et al. (2001) recommended
that the effects of pressure may not be consequential be-
low 4 GPa. However, the magnitude of effects at moderate
pressure should be better quantified, and for application to
higher-pressure conditions, non-ideal volume effects on ac-
tivities of Fe in FePt alloys are likely to be important and
need evaluation.

In experiments at high temperature, FePt alloy may be
molten, requiring adjustment for differences in properties be-
tween solid and liquid alloy. The minimum melting temper-
ature of FePt alloy is approximated by the fusion tempera-
ture of pure Fe, and at high temperature, the bound is fusion
of pure Pt (Fig. 1). Experiments at more reduced conditions
produce more Fe-rich alloys, and therefore the transition to
molten alloys occurs at higher temperature, closer to the fu-
sion temperature of pure Pt, for more oxidized conditions.

Constraints on the thermodynamic properties of molten
FePt alloys include Knudsen cell measurements of Fe ac-
tivities (Alcock and Kubik, 1968) and those that can be in-
ferred from the properties of solid FePt alloy by match-
ing Fe—Pt melting relations (Buckley and Hume-Rothery,
1959; Fredriksson, 2004; Isaac and Tammann, 1907). We are
aware of two previous thermodynamic models for the ther-
modynamic mixing properties of molten FePt alloy, those of
Fredriksson and Sundman (2001) and Odusote (2008), but
each has some unsatisfactory features. The Odusote (2008)
model is, unfortunately, calibrated only from data on FePt
solid at 1123 K and therefore is not necessarily applicable
to liquid solutions. Fredriksson and Sundman (2001) cal-
ibrated a Redlich—Kister model based on both the Knud-
sen cell and melting-loop data. However, their model, cali-
brated from data over a relatively modest temperature inter-
val (1775-1950 K), adopts a strong temperature dependence
on the mixing properties. As a consequence, extrapolation
to high temperature predicts increasing values for the activ-
ity coefficient of Fe that are not based on experimental con-
straints and are unexpected based on usual thermodynamic
theory. For example, for alloy with Xg. = 0.1, Fredriksson
and Sundman (2001) predict yg. values at 2000, 3000, and
4000 K of 0.004, 0.28, and 2.23, respectively.

Eur. J. Mineral., 35, 789-803, 2023
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3 Constraints on FePt alloy thermodynamics

3.1 Activity—composition relations in FePt alloy at
100 kPa

Activities of Fe in solid FePt alloy have been investigated at
100 kPa by EMF, Knudsen cell mass spectrometry, and equi-
libration with an Fe oxide at known oxygen fugacity (Ta-
ble 1). We also consider experiments at 2 GPa in which alloy
was equilibrated with pairs of coexisting Fe oxides, which
thereby fixed the activity of Fe (Gudmundsson and Holloway,
1993). For these experiments, we adjusted observed values of
RT Iny down to 100 kPa equivalents using the volume inter-
action parameters described in the next section.

Experimentally determined activity coefficients of Fe
show a significant spread of values (Fig. 2). The studies fall
into two groups, as indicated in Table 1 and Fig. 2. Group 1
studies were conducted mostly at high temperature (1200—
1550°C), except that of Alcock and Kubik (1969) (850-
1000 °C); yield activity coefficients that are comparatively
small at a given FePt composition; and are broadly consis-
tent with one another. Group 2 studies are mostly from lower
temperature, 700-1298 °C, except data from Vrestal (1973)
(1427 °C), and scatter to larger values of yr at a given com-
position. The distinctions between these two groups are not
obviously traceable to differences in the experimental tech-
nique. Lower-temperature experiments in Group 2 with inter-
mediate compositions (0.2 < Xf. < 0.6) may have been con-
ducted within the region of stability of ordered FePt phases,
Pt3Fe (isoferroplatinum) or FePt (tetraferroplatinum) (Cabri
et al., 2022), yielding either different chemical potentials of
Fe or unmixing of alloy to produce disordered face-centered
cubic (fcc) alloy with a composition distinct from the bulk
material (e.g., Fredriksson and Sundman, 2001). Alterna-
tively, the lower-temperature phases may have failed to reach
equilibrium, which can be slow even at relatively high tem-
perature (Taylor and Muan, 1962). We therefore focus only
on Group 1 experiments.

We first fit the data from Group 1 to an asymmetric
regular solution model, (Eq. 7), with regressed parame-
ters Wi, = —121.9+£2.1kImol~! and WSS, = —91.0+
3.8kJmol~! (Fig. 2). However, some of the compositions
in these experiments may also have undergone unmixing or
formation of ordered phases, as the stability of isoferroplat-
inum and tetraferroplatinum extends to 1350 and 1275 °C,
respectively (Cabri et al., 2022). Of the 117 observations in
the group, 20 plot within the temperature—composition fields
of unmixed or ordered phases according to the phase dia-
gram of Cabri et al. (2022). Therefore, we regressed indepen-
dently the 97 observations that plot in the fcc field, yielding
interaction parameters (W5, = —121.542.1kJ mol~! and
Wik, = —93.3 £4.3kImol~!). The two sets of parameters
are similar, indicating that the effect of phase diagram com-
plexities on measured activities at high temperature is min-
imal. We adopt the set of parameters from the observations
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Figure 2. Experimental determinations of the non-ideality of Fe,
expressed as RT Inype, in fcc FePt alloy. For sources of data and
a key to the references, see Table 1. All data are from 100 kPa ex-
cept for the seven experiments at 2 GPa from Gudmundsson and
Holloway (1993) that are marked with “4-” and which have been ad-
justed for pressure as described in the text. The data are divided into
two groups, Group 1 studies, shown in filled symbols, were used to
regress the thermodynamic model for FePt mixing. Group 2 studies,
shown in unfilled symbols, were not used in calibration. Also data
from Group 1 which plot inside the temperature—composition space
of ordered FePt phases or in two-phase fields according to the phase
diagram of Cabri et al. (2022) are not used in the final regression of
interaction parameters and are plotted with smaller symbols (see
text for explanation). The best fit to the remaining Group 1 data,
regressed using Eq. (7), is shown with the black curve. Also shown
is the fit given by Kessel et al. (2001) (dashed green curve).

outside of miscibility gaps as the best approximation of yp.
from Group 1 data (Table 2).

The regressed parameters are broadly similar to those
from the widely used thermodynamic model of Kessel et
al. (2001) (WS, = —138 £3.3kI mol !5 Wi, = —90.8 +
24.0kJ mol~") (Table 2), and the two different curves predict
similar ype values for much of the compositional range, but
they diverge at Fe mole fractions below 0.2, with the model
of Kessel et al. (2001) predicting larger deviations from ide-
ality (Fig. 2). These lower values of yp. are near the lower
bound of a spread of experimental values in the Group 1
experiments at low Xpge (Fig. 2). The reasons for these dis-
agreements are not clear, as both high and low values within
this population include modern studies that employed simi-
lar experimental and analytical techniques. Consequently, in
subsequent calculations here we employ both the new fit and
the model of Kessel et al. (2001), and in the Discussion we
consider further the quantitative differences between the two.

https://doi.org/10.5194/ejm-35-789-2023
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Table 1. Summary of experimental determinations of Fe activities in FePt alloy compiled from the literature.

Source Symbol  Method T (°C) nt(mr)* Notes

Group 1: used for regression

Larson and Chipman LC54 Oxide—gas 1550 16(16)  100kPa ype as corrected by Kessel et
(1954) equilibration al. (2001)
Taylor and Muan (1962) T™M62 Oxide—gas 1300 13(12)  Only the reduced half brackets are used; yFe
equilibration as corrected by Kessel et al. (2001)
Alcock and Kubik (1969) AK69 EMF 850-1000 14(4)
Gudmundsson and GH93 Oxide—gas 1300-1400 29(27) Includes seven experiments at 2 GPa;
Holloway (1993) equilibration 100kPa ype as corrected by Kessel et al.
(2001)
Petric and Jacob (1982), PJ8182  Oxide-gas 1300-1400 8(6)
Petric et al. (1981) equilibration
Kessel et al. (2001) KO1 Oxide—gas 1200-1400 23(19)
equilibration
Henao and Itagaki (2007) HIO07 Oxide—gas 1300-1400 7(6)
equilibration
Nikolic et al. (2008) NO8 Oxide—gas 1300 2(2)
equilibration
Katahira and Hayashi KH16 Oxide—gas 1300 5(5)
(2016) equilibration

Group 2: not used for regression

Sundaresen et al. (1963) S63 EMF 700-850 23

Heald (1967) H67 Oxide—gas 1141-1298 15  yre as corrected by Kessel et al. (2001)
equilibration

Vrestal (1973) V73 Knudsen cell 1427 4

Fredriksson and FSO1 EMF 850-1000 23

Seetharaman (2001)

* nr denotes the total number of measurements. For Group 1, ng denotes the number of measurements likely to be homogeneous fcc FePt and used for calibration.

Table 2. Interaction parameters for the thermodynamic models for fcc and liquid FePt alloy. The activity coefficient is given by RT In ype =
(Wpept+2(Wpire — Wrept) XFe) X 12>t (Eq. 7). Pressure dependencies of interaction parameters are givenby Wag p = W XB P +Ww XB (P — Py)
(Eq.13), where Py = 100 kPa.

fcc FePt Liquid FePt
consistent with fcc
properties from the following
This study Kessel et This study Kessel et
al. (2001) al. (2001)
Wrept (kJmol 1) —121.5+2.1 —138+3.3 —1245+2 —140.8+3
Wpre (kJmol~1) —933+43 —-90.8£24.0 —94.0+4 —93.2+24
Vv —1 -1
WFVePt,Po (kJ mol 1 GPa l) 1.07+£0.20 1.75
WPtFe,PO (kJmol™" GPa™") 1.66+£0.22 1.75

https://doi.org/10.5194/ejm-35-789-2023 Eur. J. Mineral., 35, 789-803, 2023
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Figure 3. Experimental determinations of the activity coefficient
of Fe in FePt liquid by Knudsen cell mass spectrometry at 1818—
1898 K (Alcock and Kubik, 1968) as a function of composition. The
best fit to these data, applying Eq. (7), gives W#gpt and Wll,lt%e val-
ues of —200 4 140 and —90 + 40 kI mol—L. The large uncertainties
in these parameters are partly owing to the lack of data for Pt-rich
compositions. Alternative parameters, derived from matching the
FePt liquidus (Fig. 4), also provide reasonable fits to the Knudsen
cell data. Also shown for reference are the liquid mixing models
of Fredriksson and Sundman (2001) (FSO1) and Odusote (2008)
(008), calculated at 1875 K.

3.2 Properties of liquid FePt alloy

Knudsen cell determinations of Fe activity in molten FePt al-
loy at 1819-1898 K from Alcock and Kubik (1968) indicate
significant negative deviations from ideality which resemble
those found for fcc alloy (Fig. 3). Unfortunately, the mea-
surements include only compositions with Xg. > 0.4, and
therefore they do not constrain well the properties of Pt-
richer alloys. However, a more complete picture of the mix-
ing properties of molten FePt alloy can be gleaned from the
topology of FePt melting relations.

Activity—composition relations for liquid FePt alloy can
be described with the same asymmetric regular solution for-
malism as applied to fcc alloy (Eq. 7). A least-squares fit
to the Knudsen cell data gives values of Wéleqpt and Wll;t%e of
—200+ 140 and —90 +40kJ mol~!, respectively. As indi-
cated by the magnitude of the uncertainties, these data do not
yield statistically well-defined parameters and taken in iso-
lation would be better described by a simpler one-parameter
mixing model. However, when constraints from FePt solid—
melt equilibrium are considered via the phase diagram, it is
apparent that a two-parameter fit is needed.

The principal observations of the melting behavior of FePt
alloy across its compositional range remain the pioneering
experiments of Isaac and Tammann (1907), who defined dis-
tinct liquidus and solidus curves separated by up to 100 °C
(Fig. 4). Subsequent studies include melting experiments by
Buckley and Hume-Rothery (1959), which are limited to

Eur. J. Mineral., 35, 789-803, 2023
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Figure 4. Experiments and calculations of the FePt melting
relations at 100kPa. Experimental data from Isaac and Tam-
mann (1907) (IT07), Buckley and Hume-Rothery (1959) (BH59),
and Fredriksson (2004) (F04). The calculations, with the fcc ther-
modynamic model regressed in this work (Fig. 2) and liquid param-
eters of Wll;eqpt =—124.5kJmol~! and Wfl,ltcllse = —94.0kJm0171,
show the trace of the liquidus curve (black curve) and also the
solidus curve (dashed red curve, barely visible below the liquidus).
Envelopes around the calculated liquidus curve show displacement
from varying the liquid mixing parameters (Wllglgpt and Wllalt%e)
by +2kImol~!. The large displacements of the envelope illus-
trate how sensitive the melting-loop topology is to the melt mix-
ing parameters. Also shown are the melting relations calculated by
Fredriksson and Sundman (2001), which approximate the solidus
locations reported by Isaac and Tammann (1907) but do not repro-
duce the experimental liquidus temperatures. The inset shows an
alternative fit to the melting data using the fcc mixing model of
Kessel et al. (2001). The match to the experimental data is sim-

ilar but with liquid parameters of W}]?igPt = —140.8kI mol~! and
lig _ -1
Wpipe = —93.2kJmol ™.

compositions 0.925 < Xg. < 1, in the region where both fcc
and body-centered cubic (bcc) alloy are liquidus phases, and
differential thermal analysis (DTA) for three compositions by
Fredriksson (2004). The latter results are in excellent agree-
ment with the liquidus defined by the original Isaac and Tam-
mann (1907) experiments but provide no confirmation of
their solidus. Unfortunately, Isaac and Tammann (1907) pro-
vided little detail about their solidus detection method and
appear to have relied principally on metallographic textures
of quenched experimental products.

For analysis of the binary FePt melting loop, we con-
sider the thermodynamics of solid (fcc) and molten Fe from
the SGTE database of Dinsdale (1991). Unfortunately, the
SGTE database has a G function for fcc Pt that possesses a
pronounced discontinuity near the fusion temperature, mak-
ing calculations near the melting point unreliable. Instead,

https://doi.org/10.5194/ejm-35-789-2023
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we employ the properties of fcc and molten Pt from Ar-
blaster (2005). Our analysis neglects the stabilization of the
bce phase, as this is stable only for very Fe-rich compositions
and for a narrow span of pressures and temperatures (Buck-
ley and Hume-Rothery, 1959; Komabayashi and Fei, 2010).

Owing to the small values of the enthalpy of fusion for
Fe and Pt, the width of the calculated two-phase melting
loop is expected to be extremely narrow. For example, Al-
cock and Kubik (1968) calculated that the region of solid and
liquid coexistence should span less than 10 °C. Fredriksson
and Sundman (2001) also predicted a narrow melting loop <
5°C wide except for very Pt-rich compositions (Xge < 0.1),
where their predicted melting loop becomes steep (Fig. 4).
Given that the enthalpies of fusion of pure Fe and Pt are well-
constrained, no combination of liquid activity coefficients
could produce a topology with a substantially larger melt-
ing interval (Pelton, 2001). A narrow melting loop is consis-
tent with the experimental study on Fe-rich compositions by
Buckley and Hume-Rothery (1959) for Fe-rich compositions
but inconsistent with the wider two-phase region inferred by
Isaac and Tammann (1907). Because the DTA observations
of Fredriksson (2004) affirm the liquidus trend of Isaac and
Tammann (1907) and because the latter’s solidus detection
method is not known, we focused our fitting procedure on
this feature and have not attempted to reproduce the solidus
reported by the latter.

For an assumed set of mixing parameters for the solid
fcc phase, together with endmember properties of Fe and
Pt solid and liquid, the position and shape of the calcu-
lated liquidus are highly sensitive to the liquid mixing prop-
erties, and so fitting the liquidus allows refinement of the
liquid parameters with small uncertainties. Using the mix-
ing properties of fcc alloy regressed in this work, Wégf,t =
—121.5kImol~! and ngﬁe = —93.3, liquid parameters are
Wpd, = —122.2kI mol~! and Wy, = —94.5kJ mol~! (Ta-
ble 2). The solidus calculated with these same parameters,
also shown in Fig. 4, tracks the liquidus curve quite closely
and is displaced downward by ~ 5 °C.

Figure 4 also shows the #2kJmol~! uncertainty en-
velopes about the fitted liquidus curve. As can be seen, the
calculated liquidi at the extrema of these envelopes are dis-
placed significantly from the experimentally determined lig-
uidus locations such that varying one of the mixing parame-
ters by 2kJ corresponds to a displacement of the liquidus of
approximately 50 °C across much of the composition range.
Therefore, though more plentiful modern determinations of
the Fe—Pt melting loop would be welcome, they would not
change the inferred mixing properties of FePt liquid by large
amounts unless the revised melting temperatures were found
to be quite different from those illustrated in Fig. 4. How-
ever, we note that these liquid parameter uncertainties cannot
be smaller than the uncertainties in fcc interaction parame-
ters, as variation in the latter maps nearly linearly to that of
the former. Therefore, if the fcc parameters regressed in this
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work are considered to be the most accurate, the uncertain-
ties in FePt liquid interaction parameters are, conservatively,
+4kJ mol !

An alternative fit to the liquid interaction parameters can
also be derived by adopting the fcc solid mixing param-
eters of Kessel et al. (2001). These reproduce the experi-
mental melting relations with similar fidelity to the fit for
the newly regressed parameters (inset, Fig. 4) but with lig-
uid interaction parameters of Wll:fpt = —140.8kJmol~! and

Wpk, = —93.2kJ mol~! (Table 2).

Both liquid parameter fits to the phase equilibria data
(Fig. 4) predict activity coefficients in liquid FePt alloy that
are reasonable matches to those determined from the Knud-
sen cell measurements (Fig. 3). In detail, both predict activ-
ity coefficients that are a little lower than most of the Fe-rich
molten alloy Knudsen cell data, but the mismatches are close
to analytical uncertainties. We therefore adopt the liquid al-
loy parameters derived from the position of the melting loop
(Fig. 4) (Table 2), as the latter have great sensitivity to the
experimental data.

3.3 The effect of pressure — excess volumes of mixing

Both synthetic and natural FePt alloys exhibit significant pos-
itive excess volumes (Fig. 5), though the latter offer less
accurate measures owing to variable substitutions of addi-
tional base and platinum-group metals. Therefore we con-
sider only synthetic alloys for parameterizing excess volumes
of mixing. But first it is necessary to correct Fe-rich compo-
sitions for the effects of magnetostriction on ferromagnetic
“Invar’-type alloys.

Ferromagnetic FePt alloys display the Invar effect, in
which magnetostriction produces anomalous volumes rel-
ative to the paramagnetic disordered state (Wassermann,
1991). At 100kPa, FePt alloys have Curie temperatures
greater than room temperature for compositions approxi-
mately between Fey5Ptys and FesgPt;g (Vlaic and Burzo,
2010; Ponomaryova et al., 2014), although above ~ 4 GPa
they become paramagnetic at room temperature across their
compositional range (Odin et al., 1999; Matsushita et al.,
2004; Oomi and Mori, 1981a). Density functional theory
(DFT) calculations demonstrate that the anomalous volumes
caused by the Invar effect are maximal near the peak of
magnetization, which occurs at Fe;5Ptys (Hayn and Drchal,
1998), and diminish significantly for more Fe- or Pt-rich so-
lutions, such that they are negligible for compositions that
are Pt-richer than FesoPtsg (Khmelevskyi et al., 2003) and
more Fe-rich than Fe;5Ptys (Hayn and Drchal, 1998). Fig-
ure 6 illustrates the effects of magnetostriction on FePt alloy
volumes from both experiments (Franse and Gersdorf, 1986;
Oomi and Mori, 1981a; Odin et al., 1999) and molecular dy-
namics calculations (Khmelevskyi et al., 2005, 2003; Vlaic
and Burzo, 2010). As noted by Khmelevskyi et al. (2005),
theoretical calculations overpredict experimentally observed
magnetostriction effects. Therefore, we correct experimen-
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Figure 5. Excess volumes of mixing, VXS, of synthetic and nat-

ural fcc structure FePt alloys at 298 K and of molten FePt alloy
at 2000K, both at 100kPa. Synthetic fcc alloy data from Gud-
mundsson and Holloway (1993) (GH93), Gang et al. (2005) (GO0S5),
Cabri and Feather (1975) (CF75), Matsushita et al. (2004) (M04);
QOdin et al. (1999) (099), Oomi and Mori (1981a) (OMS81), and Se-
dov (1987) (S87). Natural alloy data from Cabri and Feather (1975)
and Malitch and Thalhammer (2002) (MT02). Vertical dashed lines
join observed volumes of (open symbols) ferromagnetic fcc al-
loys with (solid symbols) volumes of paramagnetic phases of the
same composition from the same study (Oomi and Mori, 1981a),
or extrapolated from high-pressure paramagnetic data (Matsushita
et al., 2004; Odin et al., 1999), or volumes corrected for the ef-
fects of magnetostriction using Eq. (14) (Sedov, 1987; Gang et
al., 2005). The solid curve gives the VXS function (Eq. 11), fit
only to synthetic data for paramagnetic alloys and corrected fer-
romagnetic alloys (all shown as solid symbols). Natural crystals
and uncorrected ferromagnetic crystals (all open symbols) were
not used for the fit. Also shown are volumes of liquid FePt al-
loy at 2000 K (Watanabe et al., 2020) and the fit to those data
(dashed curve) (Eq. 11). Values of VXS are calculated according
to Eq. (10), where volumes of pure Fe and Pt were taken from
the same study in which the FePt alloy volume was reported or, if
not reported, was 6.835 cm? mol~! for Fe (Komabayashi and Fei,
2010) and 9.091 cm® mol ! for Pt (Arblaster, 1997) at 100 kPa. We
do not consider data from ordered low-temperature alloys such as
isoferroplatinum and tetraferroplatinum, as their volumes are af-
fected by the phase change and the thermodynamic mixing model
of interest applies only to the fcc high-temperature phase. Con-
sidering only synthetic fcc phases, corrected where necessary for
the effects of magnetostriction, we regress an excess-volume mix-

ing relation based on Eq. (11), leading to values of WFVef;? and
Wpie® of 1.07 +0.20 kJ mol GPa~! and 1.66+0.22 kJ mol GPa™!
(1kJ GPamol~! =1 cm3 mol™1) (Table 2).
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Figure 6. The magnetostriction effect of the ferromagnetic-to-
paramagnetic transition on molar volume for ferromagnetic fcc FePt
alloys between 0.5 < Xpe < 0.75. Magnetostriction is negligible
for compositions outside this compositional range (Hayn and Dr-
chal, 1998; Khmelevskyi et al., 2003). Ab initio calculations, shown
with dashed lines connecting individual compositions, are from
Khmelevskyi et al. (2003) (K03), Khmelevskyi et al. (2005)(K05),
and Vlaic and Burzo (2010) (VB10), and experimental determina-
tions are from Odin et al. (1999) (099), Nataf et al. (2006) (N06),
Oomi and Mori (1981a) (OMS81), and Franse and Gersdorf (1986)
(FG86). For this compositional interval, corrections for the effect of
magnetostriction on excess volumes of mixing of ferromagnetic fcc
FePt alloys are calculated with the line labeled “fm/pm” (Eq. 14).

tally observed excess volumes for ferromagnetic fcc FePt al-
loy between 0.5 < Xf. < 0.75 according to the linear approx-
imation shown in Fig. 6.

VEm 1.02

Vour 1+ 025 (Xpe —0.5) (14)
Based on density measurements for Xge = 0.5, Xpe = 0.75,
and pure Fe and Pt liquids at 1753-2354 K (Watanabe et al.,
2020), liquid FePt alloys also have positive excess volumes
of mixing (Fig. 5) which exceed those found for fcc alloys.
Owing to the small number of constraints, these are best pa-
rameterized by a single symmetric excess volume of mixing

of Wyt = Wpd = 1.75kI mol GPa™! (Fig. 5) (Table 2).

4 Results

Activity coefficients of Fe, yp in fcc FePt alloy, calculated
at 2000 K with the values of Wlﬁg%t and ngge regressed in
this work, are shown in Fig. 7a as a function of composi-
tion and pressure. Strongly negative deviations from ideality
in Pt-rich compositions at low pressure, expressed as small
values of yfe, become less pronounced with increasing pres-
sure. The pressure dependence of yp. produces a decrease
in calculated oxygen fugacity, relative to the iron—wiistite or
similar fo, buffer, for FePt alloy of a given composition co-
existing with an assemblage that imposes a particular chem-
ical potential of FeO (Fig. 7b). The latter could be olivine
coexisting with orthopyroxene (Jamieson et al., 1992) or a
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silicate melt for which the activity coefficient of FeO can be
estimated (Kessel et al., 2001; Medard et al., 2008). As previ-
ously noted by Kessel et al. (2001), the pressure effect is rel-
atively small at moderate pressures imposed by piston cylin-
der experiments. For example, the pressure correction to log
fo, at 3GPa and 1400 °C amounts to no more than 0.2 log
units. But it becomes more pronounced at higher pressure,
exceeding 2 log units for Pt-rich compositions above 40 GPa
(Fig. 7b).

Because the thermodynamic mixing properties of liquid
and solid FePt are quite similar, activity coefficients for lig-
uid are nearly indistinguishable from those of the solid at a
given composition and temperature, albeit relative to a liquid
rather than solid standard state. Activity coefficients calcu-
lated at 3000 K for FePt liquid are shown in Fig. 7c. Com-
parison to Fig. 7a shows relatively large values yg. for lig-
uid compared to solid at 0 GPa, owing to the nearly more
ideal behavior at higher temperature. As pressure increases,
increases in e for liquid are more pronounced than for solid
(i.e., the isobars are spaced further apart in Fig. 7c com-
pared to Fig. 7a), owing to larger excess volumes of mixing
(Fig. 5). Consequently, FePt liquid approaches ideal mixing
at approximately 60 GPa.

5 Discussion
5.1 Comparison to model of Kessel et al. (2001)

As previously mentioned, the new model for yf., regressed
in this work from all of the “Group 1” studies, is quite similar
to the Kessel et al. (2001) model, derived only from the ex-
periments in that investigation, but the two diverge for Pt-rich
compositions (Figs. 2, 7). At 1400 °C, the Kessel et al. (2001)
model gives values of ype that are 0.17, 0.32, and 0.49 log
units lower than the preferred model at Xp. = 0.2, 0.1, and
0.01, respectively. For the calculation of oxygen fugacities,
all other parameters being equal, this translates to values of
fo, that are 0.34, 0.64, and 0.99 log units more reducing.
These differences are large enough to be potentially testable
in experiments for which either ape or log fo, is measured
by other means.

Klemettinen et al. (2021) measured ag. in spinel-saturated
slags over a range of oxygen fugacities using both FePt and
FePd alloy as sensors. They calculated ape from FePt com-
positions using the model of Kessel et al. (2001) and from
FePd sensors using the model of Ghosh et al. (1999). The two
sensors show excellent agreement under reducing conditions,
corresponding to Fe-rich alloys, but diverged under more
oxidizing conditions and Pt-richer alloys (Fig. 8). Recalcu-
lating ap. from the FePt alloys using the regressed model
from this work improves agreement with the FePd sensor. At
log fo, = —6, corresponding to alloy with Xg. = 0.14, the
Kessel et al. (2001) model gives an ape value 0.7 log units
lower than the FePd sensor, whereas the new regressed model
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Figure 7. (a) Calculated activity coefficient of Fe, ype, in fcc FePt
alloy as a function of composition and pressure at 2000 K. For cal-
culations at low pressure with iron-rich compositions, the calcu-
lated fcc phase is metastable relative to liquid FePt. Alloys have
strong negative deviations from ideality at low pressure, particu-
larly at low bulk Fe content, but with increasing pressure, the ex-
cess volume of Fe—Pt mixing (Fig. 5) strongly moderates this effect.
(b) The pressure effect on yge for fcc FePt manifested in calculated
log fo,- For a given assemblage with known chemical potential of
FeO (i.e., wiistite, olivine + orthopyroxene, silicate melt) coexist-
ing with fcc FePt alloy, this calculation shows how the resulting log
fo, is affected by the pressure effect on ype in comparison to the
results of the same calculation if the pressure effect is neglected.
(c) Calculated activity coefficient of Fe in liquid FePt alloy as a
function of composition and pressure at 3000 K from O to 60 GPa.
For calculations at high pressure with Pt-rich compositions, the cal-
culated liquid phase is metastable relative to fcc FePt. Also shown
are liquid activities at 0 and 3000 GPa calculated with the alter-
native liquid model calibrated against the fcc model of Kessel et
al. (2001) (KO1) and with the thermodynamic models of Fredriks-
son and Sundman (2001) (FSO1) and Odusote (2008) (O08).
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Figure 8. Comparison between activity of Fe, afe, determined with
FePt alloy and with FePd alloy equilibrated with slag + spinel in
experiments with variable fo, set by gas mixing (Klemettinen et
al., 2021). Activities of Fe in FePd alloy are calculated from the
model of Ghosh et al. (1999), and for FePt alloy they are calculated
from the model of Kessel et al. (2001) and from the parameters
regressed in this work. Numbers beside each set of values of ape
are mole fractions of Fe, X, which become smaller as conditions
become more oxidized. Calculated values of ape from FePd and
FePt agree well at low fo, but diverge under oxidizing conditions.
However, values of ape determined by the newly regressed model
show greater consistency with the FePd sensor than the Kessel et
al. (2001) parameters.

gives an ape value only 0.3 log units lower. Thus, the new
model improves consistency with activities of Fe determined
from FePd alloys.

Davis and Cottrell (2021) compared values of log fo, cal-
culated from equilibria between FePt alloy, using Kessel et
al. (2001), and the FeO component in quenched silicate melts
in experiments at 1380-1400 °C and 1.5 GPa with those de-
termined from the same experiments by both spinel-olivine—
orthopyroxene oxybarometry (Mattioli and Wood, 1988) and
silicate melt oxybarometry (Kress and Carmichael, 1991),
with the latter based on measurements of Fe’* /Fe’ in the
quenched glasses. They found close agreement between fo,
determined from alloy—melt equilibria and from spinel oxy-
barometry, with the former averaging 0.17 log units more ox-
idized than the latter (n = 5), but alloy-melt fugacities were
on average 0.65 log units more oxidized than those from
melt oxybarometry (n = 12) (Fig. 9). Recalculating with the
newly regressed alloy-melt model yields oxygen fugacities
averaging 0.43 log units more reduced than the spinel oxy-
barometry and 0.05 more oxidized than the melt oxybarom-
etry (Fig. 9). Thus, compared to the model of Kessel et
al. (2001), the regressed model is less congruent with spinel
oxybarometry but in better agreement with melt oxybarome-
try. As noted by Davis and Cottrell (2021), spinel oxybarom-
etry may be more accurate at 1.5 GPa than the melt oxy-
barometer of Kress and Carmichael (1991). However, we
note that for both alloy models, as X, in the alloy becomes
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Figure 9. Oxygen fugacities from silicate melt/mineral experiments
at 1380-1400°C and 1.5 GPa (Davis and Cottrell, 2021), showing
the differences between log fo, calculated from alloy—melt equi-
libria, combining a FePt mixing model with the parameterization of
Medard et al. (2008), and those calculated from spinel oxybarome-
try (Mattioli and Wood, 1988) and from silicate melt ferric / ferrous
ratio oxybarometry (Kress and Carmichael, 1991). Oxygen fugaci-
ties are compared with alloy/melt calculations using both Kessel et
al. (2001) and the newly regressed FePt model. The former gives
better agreement with the spinel oxybarometry (average difference
+0.17 log units) than the latter (average difference —0.43 log units)
but agrees less well with the melt oxybarometry (average difference
0.65 log units for Kessel et al., 2001, and 0.05 log units for the new
model).

smaller (which is to say, as conditions become more oXi-
dized), the oxygen fugacity calculated with the alloy-melt
oxybarometer becomes more oxidized relative to those calcu-
lated from both spinel oxybarometry and melt oxybarometry
(i.e., the trends for all four have negative slopes in Fig. 9).
This indicates that there may be an unidentified systematic
contribution to the mismatches.

Given these comparisons, it is not clear whether the newly
regressed alloy model or that of Kessel et al. (2001) is most
accurate. Additional studies allowing for further compar-
isons are needed.

5.2 Comparison to previous models for liquid FePt

Comparison of the newly derived model for liquid FePt al-
loy to those proposed by Fredriksson and Sundman (2001)
and Odusote (2008) shows that these previous studies predict
significantly larger activity coefficients at 3000 K and 0 GPa
(Fig. 7). In the case of Fredriksson and Sundman (2001), this
is owing to a strong temperature dependence on interaction
parameters, as at more modest temperatures, this model pre-
dicts non-ideality similar to those from this work (Fig. 4). On
the other hand, the Odusote (2008) model implies smaller de-
viations from ideality at all temperatures (Figs. 3 and 7).
Fredriksson and Sundman (2001) calculated melting rela-
tions for FePt alloy that are quite distinct from those mod-
eled here. Although they also found that the melting interval
is extremely narrow, their calculated liquidus is at consider-

https://doi.org/10.5194/ejm-35-789-2023



M. M. Hirschmann and H. L. Zhang: FePt thermodynamics

ably lower temperature (Fig. 4). For Fe-rich compositions it
is 25 °C lower, and for Pt-rich compositions it is more than
100 °C lower. Their melting interval is close to the solidus
reported by Isaac and Tammann (1907), and therefore it does
not reproduce the liquidus defined by the experiments of
Isaac and Tammann (1907) or Fredriksson (2004).

5.3 Excess volume of fcc FePt at high pressure

Equation (13) is appropriate for the calculation of activi-
ties of Fe and Pt at high pressure if VXS can be assumed
to be independent of pressure. Thermodynamic models of
activity—composition relationships in solids and relatively in-
compressible fluids (e.g., molten alloys, oxide, or silicate lig-
uids) typically make this assumption, whereas models for
more compressible solutions, such as C—O-H-X mixed flu-
ids, do not (e.g., Duan et al., 2008). Particularly for extrapola-
tion to the high pressures that prevail in Earth’s deep mantle,
there is no a priori justification for making the approxima-
tion in Eqgs. (12) and (13), and so it is desirable to discern
how excess volumes of mixing of FePt alloys are affected by
pressure.

Because of the interest in volumetric and magnetic be-
havior of FePt Invar alloys near the composition FesPt, sev-
eral studies have investigated the effect of pressures up to
26 GPa on volumes of fcc FePt alloys with Xpe = 0.7 or 0.72
(Matsushita et al., 2004; Odin et al., 1999; Oomi and Mori,
1981b). Ko et al. (2009) determined the equation of state
for alloy with Xge = 0.5 up to 55 GPa, but they investigated
the ordered tetragonal phase rather than fcc alloy. Observed
high-pressure volumes of fcc FePt can be converted to values
of VXS from Eq. (6), with high-pressure volumes of pure Fe
and Pt from appropriate equations of state (Zha et al., 2008;
Komabayashi and Fei, 2010). Interpretation is complicated
by the influence of magnetostriction on ferromagnetic fcc al-
loys with Xg. = 0.7 or 0.72, but above ~ 4 GPa, these effects
are absent as the alloys become paramagnetic at 300 K (Oomi
and Mori, 1981a). Therefore, the volumes of higher-pressure
paramagnetic phases can be compared to 100kPa volumes
by correction of the latter for the effects of magnetostriction,
as described by Eq. (14).

Unfortunately, these studies do not provide a coherent
picture of the effects of pressure on VXS of FePt alloys.
Whereas the data of Odin et al. (1999) indicate that VXS is
nearly constant up to 10 GPa and then increases sharply up
to 26 GPa, the highest pressure of that study, those of Oomi
and Mori (1981b) and Matsushita et al. (2004), up to 7 and
13 GPa, respectively, indicate that VXS decreases with pres-
sure (Fig. 10). Values of VXS calculated from the data of
Matsushita et al. (2004) have an apparent minimum between
approximately 6-11 GPa and hint at an increasing trend in a
single datum at 13 GPa. Thus, it seems that pressure vari-
ations in VXS are small or negative up to approximately
10 GPa and then increase significantly at greater pressures.
If this is the case, then values of ype calculated in this study
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Figure 10. Excess volume of mixing, VXS of FePt alloy as a func-

tion of pressure, normalized to the value at 100kPa, VS(S. Data
from Oomi and Mori (1981b) and Odin et al. (1999) (Xg. = 0.72)
and from Matsushita et al. (2004) (Xpe = 0.7). At each pressure,
values of VXS are calculated from Eq. (10) using the volumes of
pure Fe and Pt (Zha et al., 2008; Komabayashi and Fei, 2010).
Below ~ 4 GPa, volumes are affected by magnetostriction and, in
each case, values of VOXS are for ferromagnetic FePt extrapolated to
100 kPa from the trend of observations above 4 GPa.

(Fig. 7a) are underestimates at lower mantle pressures and
calculated values of fo, will be overestimates. However, the
data in Fig. 10, with limited compositional range and sig-
nificant interlaboratory discrepancies, are too fragmentary to
formulate a model more complex than that given by Eqs. (12)
and (13). Additional studies with a greater range of pressures
and fcc alloy compositions are needed to better refine the ef-
fects of pressure on ape in FePt alloy.

5.4 Prospects for improved model for liquid FePt

Constraints on the thermodynamic mixing properties of FePt
liquid alloy remain limited, regarding both mixing proper-
ties at 100kPa (Fig. 3) and volumetric properties required
for extrapolation to high pressure. Whilst further characteri-
zation of volumetric properties of liquid alloy, particularly at
high pressure, is desirable, it is likely more tractable that im-
proved resolution of the activity of Fe in molten FePt would
be attained from accurate characterization of the melting re-
lations in the Fe—Pt system, particularly at high pressure. As
demonstrated by the thermodynamic calculations displayed
in Fig. 4, the topology of the Fe—Pt liquidus is highly sensi-
tive to Fe—Pt mixing properties of the solid and liquid. As
the equations of state of pure Pt and Fe are well-studied
(Dorogokupets et al., 2017; Jin et al., 2011; Komabayashi,
2014; Zha et al., 2008), high-pressure studies of the melting
across the FePt phase loop would give strong constraints on
activity—composition relations in FePt liquid, provided that
they were combined with improved characterization of the
equation of state of FePt solid alloy.
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6 Conclusions

A reexamination of all the experimental data known to us for
activities of Fe in fcc FePt alloy allows reevaluation of the
mixing properties. Low-temperature studies produce larger
and more dispersed values of ype, which we attribute to either
the complexities introduced by the stabilization of ordered
Fe-Pt intermetallic alloys or experimental durations insuf-
ficient to achieve equilibrium. Considering only the high-
temperature data and filtering these for conditions potentially
affected by intermetallic stabilization yield a new thermo-
dynamic parameterization. Resulting activity coefficients are
similar to those predicted by Kessel et al. (2001) but diverge
to larger values for Pt-rich compositions. Experimental data
available to evaluate which of these two models are more ac-
curate yield, at present, equivocal conclusions.

Non-ideal mixing of liquid Fe—Pt alloy is tightly con-
strained by the position of the liquidus, provided that the
properties of the coexisting fcc alloy are known. Activity co-
efficients of Fe in liquid alloy are very similar to those in fcc
alloy for the same composition and temperature. Owing to
the small enthalpies of fusion of Fe and Pt metal, the tem-
perature interval for coexisting solid and liquid alloy is ex-
tremely narrow, amounting to ~ 5 °C.

Significant excess volumes of mixing for both fcc solid
and liquid FePt alloy produce increased activity coefficients
with increasing pressure, especially for Pt-rich compositions.
Under lower-mantle conditions, this can enhance evaluated
log fo, by several orders of magnitude. However, the pres-
sure dependence of excess volumes is not well-constrained,
and further investigation of the equation of state of FePt al-
loys is needed.
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