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Abstract

Platinum-iron (Pt-Fe) alloys have long served as oxygen fugacity sensors in high-temperature experiments investigating Earth
and planetary interiors, relying on the equilibrium between Fe within the alloy and FeO in coexisting oxides or silicates.
Despite their significance, studies on intermediate compositions remain limited. This investigation focuses on compressibility
of Fe gPtg, up to ~ 40 GPa at ambient temperature and explores the pressure-dependent characteristics of the oxygen fugac-
ity relationship. In-situ X-ray diffraction measurements confirm the stability of the fcc phase in Fe 4Pts, across the pressure
range. The fit to the compression data by the third-order Birch-Murnaghan equation of state results in V, = 59.14 + 0.08A%,
K, =266 + 13 GPa, and K(’) = 4.7 + 0.7. The differences between this fit and the Vinet and Kunc equations of state fall within
the range of uncertainty. Comparing results with reported data for other Pt-Fe alloys reveals a nearly linear trend between
volume and the Fe content in Pt-Fe alloys at ambient pressure. Unlike more iron-rich alloys, the excess volume of mixing of
Fe 4Ptg, (~0.21 cm?/mol) remains nearly constant across the examined pressure range. Estimates of the excess Gibbs free
energy suggest diminishing non-ideal contributions to thermodynamic activities as pressure increases.

Keywords Oxygen fugacity - Pt-Fe alloy - Excess volume - Gibbs free energy

Introduction

The platinum-iron (Pt-Fe) system offers a captivating plat-
form for exploring the influence of pressure on alloy behav-
ior—an area of research with significant implications (Kes-
sel et al. 2001; van der Laan and Koster van Groos 1991).
Among their useful properties, precious metal-iron alloys
(i.e., Pt-Fe, Ir-Fe) equilibrated with Fe-bearing oxides or
silicates are potentially sensitive monitors of oxygen fugac-
ity (fo,), a key parameter in various chemical processes and
of particular interest to the chemical and physical properties
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of deep planetary interiors (Gu et al. 2019; Gudmundsson
and Wood 1995; Keefner et al. 2011; Kessel et al. 2001;
Stagno et al. 2015, 2013). A fundamental reaction in the
precious metal-Fe system involves Fe and O, interactions
between alloy and silicate or oxide environments (Grove
1982; Hirschmann and Zhang 2023; Kessel et al. 2001; Tay-
lor et al. 1992; Woodland and O’Neill 1997).

Fe 1 FeO

alloy + 502 - @)

silicate

The partial pressure of oxygen in this reaction is a criti-
cal parameter that influences its equilibrium, which can be
characterized by the equilibrium constant (K) and the activ-
ity coefficient of Fe in the alloys (a?fe[”y ) and in the silicate

silicatey.
(aFEO )
- 2
aszllcate
_ FeO
foz - <K . alloy ' (2)
aFe

The equilibrium may be expressed in terms of the Gibbs
free energy change (AG):

K = ¢ DG/RT, 3)
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where R is the gas constant, and T is temperature. Pressure
(P) can influence AG through the volume change (AV) dur-
ing the reaction:

P

AVdP,
Py

AG(P) = AG(P,) + / )
where P, is a reference pressure. The equation calculates
the variation in AG as a function of P due to changes in
V. The thermal effects remain constant across isothermal
conditions, at the specific T described in Eq. 3, and are inte-
grated within the ambient-pressure AG(P,)). Parameteriza-
tion of AV requires a function with predictable behavior
over a range of pressures (Michelsen and Heidemann 1996;
Narayanan and Ananth 1993; Orbey and Sandler 1996). The
behavior of Pt-Fe alloys may be predicted via its Equation
of State (EoS). At 300 K, the third-order Birch—-Murnaghan
EoS (BM3) is expressed as:

P(V,300K) = %KO l(%) - <%>

j ll + %(K6—4)<<

overall volume of the alloy (Matysina 1976). When pres-
sure is applied to the alloy, the atomic spacing is further
reduced, causing an additional volume decrease. In alloys
with higher Fe content, more Fe atoms are present in the
lattice, and thus the overall lattice compression is more
significant. Materials with a lower K|, which describes
how resistant a material is to changes in volume under
the application of pressure, are more compressible and
exhibit higher volume change under applied pressure.
The bulk modulus of Pt-Fe alloys is thus expected to be
lower for a higher Fe content. Following Vegard’s Law, the
excess volume of mixing (V**) is defined as the difference
between the volume of the alloy and the volume expected
from the individual components (Bancroft and Davis 1929;
Guggenheim 1937). In the Pt-Fe alloy, this translates to:

V= Vg * Xpi—re = Vi * Xpr = Vi * Xpe ®)

&)

where K is the isothermal bulk modulus, K, is the pressure
derivative of the bulk modulus, V is volume, and V) is the
zero-pressure volume (Birch 1952). Other EoS’s commonly
used to fit compression data at ambient temperature include
the Vinet (Eq. 6) and Kunc (Eq. 7) EoS (Kunc et al. 2003;
Vinet et al. 1989), the latter considers the second derivative
of the bulk modulus K{'.

where the subscripts refer to the elements, and X refers to
the atomic mole fractions. The corresponding excess Gibbs
free energy of mixing (G*) arises from deviations from the
ideal behavior due to interactions between the components.
The relationship between the partial derivative of G** with
respect to pressure at constant temperature and V*° follows
Eq. 4 such that:

1 - 1

Vo3 Vi3
P(V,300K) = 3K, (7(’) -1 exp<—(K(')—1)<1— <7°> )> ©)

VAN Vo\: vo\F)
0 3 3 0 3 3 0 3
P(V,300K) = 3K, <7> —1]exp E(1((’)—1)<1— <7> >+§K(’)’<1— <7> ) @)
These equations offer greater flexibility in capturing the s XS P s
complex compression behavior of materials under extreme G = GPU + / » V=2, ©)
0

conditions. When Fe is added to Pt and if Fe substitutes
Pt atoms in the lattice (forming a substitutional alloy),
the volume change might be more predictable compared
to an interstitial alloy, where Fe atoms occupy interstitial
spaces between Pt atoms (Matysina 1976). In general, the
change in volume with increasing pressure is expected to
be greater for alloys rich in Fe. This behavior is often
observed in many metal alloys and is attributed to the
differences in atomic size and bonding characteristics
between the elements in the alloy. The substitutional sce-
nario leads to lattice compression and a decrease in the

@ Springer

This relationship highlights how changes in pressure can
influence the excess Gibbs free energy and, consequently,
the behavior of a non-ideal mixture (Michelsen and Hei-
demann 1996; Narayanan and Ananth 1993; Orbey and
Sandler 1996). This study delves into the intricate interplay
between pressure, volume changes, and alloy composition
in the Pt-Fe system. By exploring how these factors impact
the Gibbs free energy and alloy behavior, the discussion
addresses the thermodynamic underpinnings of this system's
response to pressure.
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Fig. 1 a Backscattered image of the sample with annotated probed

points. The insets show the homogeneity of the sample. b Ratio of
wt.% Pt to Total wt.%

Methods

The starting material was synthesized by first mixing pure
Fe (99.5% purity, GoodFellow Inc.) and Pt black powder
(99.95% purity, Sigma Aldrich) of the desired amounts,
then sintering the powder at 1673 K for 10 min to create an
alloy as described in previous work (Berrada et al. 2020). A
backscattered electron image of the sample is illustrated in
Fig. 1. Wavelength dispersive spectrometry analysis using
the Cameca SX100 Electron Microprobe instrument, with
an accelerating voltage of 15 kV and focused beam of 50
nA, is reported in Table 1. Pure Pt and Fe metals were used
as references for calibration. The average sample composi-
tion is found to be 94.0+0.7 wt.% Pt and 6.03 +0.03 wt.%
Fe, which corresponds to approximately Pt-18 + 1 at.% Fe
(Fe,sPtg,). The sample was then loaded into a BX-90 dia-
mond-anvil cell (DAC) equipped with 150 pm culet dia-
monds. The Re gasket was pre-indented to ~ 30 pm and laser
drilled to create a sample chamber of 75 pm. A grain of
Fe ¢Ptg, and a piece of gold were loaded into the sample
chamber, then neon gas was loaded into the sample chamber
using the gas loading system at GSECARS of the Advanced
Photon Source (APS) at Argonne National Laboratory.
In situ synchrotron X-ray diffraction (XRD) measurements
were conducted at 300 K up to ~ 40 GPa at the 13-IDD
beamline of the APS. The incident monochromatic beam
had an energy of 37 keV (A=0.335 A) and was focused on
a spot of 3.5%2.4 um% A compression membrane around
the DAC provided precise P control. The sample P and cor-
responding uncertainties were determined using the thermal
EoS of gold (Fei et al. 2007). Raw data were processed using
Dioptas (Prescher and Prakapenka 2015), and PDIndexer
was employed to index the integrated diffraction pattern for

Table 1 Electron microprobe

. Point Pt (wt.%) Error (wt.%) Fe (wt.%) Error (wt.%) Total (wt.%)
analysis of the Pt-Fe sample

1 89.90 0.40 6.01 0.03 95.91
2 93.20 0.39 6.05 0.02 99.25
3 91.70 0.40 5.87 0.03 97.57
4 92.20 0.40 5.61 0.02 97.81
5 90.50 0.40 5.85 0.03 96.35
6 93.00 0.39 6.17 0.03 99.17
7 93.40 0.39 6.07 0.03 99.47
8 90.40 0.39 5.99 0.03 96.39
9 92.70 0.40 6.02 0.03 98.72
10 89.90 0.39 5.99 0.03 95.89
11 94.10 0.40 5.44 0.02 99.54
12 92.20 0.41 5.91 0.03 98.11
Average (Wt.%) 92.1 0.6 5.91 0.03 96.83
Normalized (wt.%) 94.0 0.7 6.03 0.03 100.0

Normalized (at.%) 81.7 0.6 18.3 0.1 100.0

The error on the average is propagated with the variance formula
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unit-cell parameter determination. The EoS parameters of
Fe 4Ptg, were derived using PythEOS (Shim 2017).

Results

The XRD peaks attributable to the Pt-Fe alloy up to ~ 40
GPa can be fitted by a structure similar to face-centered
cubic (fcc) structure of Pt (also known as the y phase)
throughout this pressure range (Fig. 2). No evidence of
ordered lower-symmetry phases (e.g., PtFe with P4/mmm,
or Pt;Fe with Pm3m), known for more Fe rich Pt-Fe alloys
at low pressure was observed (Cabri et al. 2022). Figure 3a
illustrates the measured unit-cell volume fit to the BM3 EoS,
with corresponding uncertainty in the fitted pressure in
Fig. 3b. The positive slope observed in the effective strain

o, f=%[<%)5—1], and normalized stress (F),

F=K, [1 + %(K(’) - 4)f], shown in Fig. 3¢, suggests that K,
is slightly greater than 4 up to ~ 40 GPa. Accordingly, the
compressive behavior of Fe,gPtg, should be well-described
by a BM3 EoS. The BM3 equation of state of FegPtg, is best
fit with V, = 59.14 + 0.08A3, K, =266+ 13 GPa, and

Ké = 4.7 +0.7. As illustrated in Fig. 3d, differences between
the BM3 with the Vinet and Kunc EoS suggest greater diver-
gence from the BM3 EoS at high pressures, although within
uncertainty of the BM3 EoS. The fitted parameters are

39.3 GPa

Relative Intensity (a.u.)

Fig.2 Selected XRD patterns at 300K with increasing pressure,
along with the cake view of 2D XRD pattern of the samples at 39.3
GPa. The sample peaks were identified from their similarities with
pure Pt (y phase)
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Fig.3 a Unit-cell volume of Fe ¢Pts, as function of pressure (filled
star symbols) and the fit to the data by BM3 EoS (red curve). b Dis-
crepancies between the pressure of Au (P,,) and that of the sample
(Pg). ¢ F-f plot with a linear fit of F'=186(x+14)GPaXf+266(x1)
GPa. d Discrepancies between the EoS pressure as calculated from
the Vinet and Kunc EoS models

summarized in Table 2. Note that the similarity in V;) across
the various EoS models is merely a coincidence.

Based on the BM3 model, the effect of Fe content on the
unit-cell volume per formula of the Pt-Fe alloy is plotted in
Fig. 4a, where the formula-unit volume is displayed rather
than the unit-cell volume. As expected, the formula-unit
volume of FesPtg, is intermediate between pure Pt (Zha
et al. 2008) and y-Fe (Campbell et al. 2009; Dorogokupets
etal. 2017). In combination with FesyPts, (for the tetragonal
structure) (Ko et al. 2009) and Fe,,Pt,q (Matsushita et al.
2010), there is a near-linear relationship between the for-
mula-unit volume and the Fe content (Fig. 4b). The linear
fits of the formula-unit volumes at 100 kPa and 5 GPa are
similar. Figures 4c illustrates the relation between K, and K{.
While K|, is expected to decrease with higher Fe content, the

Table 2 Equation of state parameters for the BM3, Vinet and Kunc
EoS models

BM3 Vinet Kunc
VO(IOA3) 59.14 + 0.08 59.14 £ 0.08 59.14 +0.08
K,(GPa) 266 + 13 262 + 13 263 + 13
K(’) 47+0.7 49+0.7 4.8+0.7
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Fig.4 a Survey of the EoS of Pt-Fe alloys from this study and previ-
ous work (Campbell et al. 2009; Dorogokupets et al. 2017; Ko et al.
2009; Matsushita et al. 2010; Zha et al. 2008). The Z value is dis-
played for references that did not report the formula-unit volumes. *
Note that Ko et al. (2009) studied the ordered tetragonal phase, rather
than the y phase. “magn. trans” indicates the pressure above which
this Fe-rich alloy becomes paramagnetic. b The formula-unit volume

general trend is not evident. Analysis of intermediate com-
positions would possibly elucidate the discrepancy between
the reported Fe values (Campbell et al. 2009; Dorogokupets
et al. 2017).

Discussion

The EoS for Fe 4Ptg, alloy determined in this study per-
mits refinement of the thermodynamic mixing properties of
Pt-Fe alloy at high pressure. To obtain V** from the EoS of
Fe 4Ptg,, Eq. 8 is used with volumes of pure Fe from Doro-
gokupets et al. (2017), and pure Pt from Zha et al. (2008).
At 100 kPa, V™ of Fe,4Ptg, is 0.36 A¥/unit cell, or 0.21 cm®/
mol. This is slightly greater than the value of 0.18 cm*/mol
for V* of Fe 4Pty alloy calculated from the thermodynamic
mixing model of Hirschmann and Zhang (2023). Note how-
ever, that Hirschmann and Zhang (2023) calculated excess
volumes relative to the EoS of Fe by Komabayashi (2014),
rather than Dorogokupets et al. (2017). Calculated relative
to the Fe values of Komabayashi (2014), application of

as a function of at.% Fe. D17 refers to Dorogokupets et al. (2017) and
C09 refers to Campbell et al. (2009). The solid line shows a fit to the
100 kPa data (V=15.268—0.0354 X Xi,). The dashed line shows a
fit to the 5 GPa data (V=15.014 — 0.0367 X Xg,). ¢ Comparison of
the bulk modulus and its first derivative of various Fe-Pt alloys. The
BM3 model was used by all studies cited to obtain the EoS at 300 K

Eq. 8 to the new experimentally-calibrated EoS for Fe 4Ptg,
would result in V¥ of 0.23 cm?/mol, slightly greater than
the 0.21 cm?/mol volume calculated here. Positive values
are expected for similar systems, as demonstrated in stud-
ies on Fe-Pt (Hirschmann and Zhang 2023), Fe-Pd (Matsui
et al. 1983), and Fe-Ir (Woodland and O’Neill 1997) systems
(Watanabe et al. 2020). On the other hand, calculating V**
using a larger volume for the end members may result in a
negative value. Because y-Fe is not stable at ambient condi-
tions, the V|, of austenite stainless steel is sometimes used
to help identify y-Fe in powder XRD. Compared to the V
(298 K) of y-Fe back-extrapolated from high-temperature
measurements (Komabayashi 2014; Dorogokupets et al.
2017), austenite stainless steel (Fegq 3sCr 3Cy 1) has a larger
cell volume (V,;= 7.076 cc/mol, a=3.609 A3, JCPDS card
98-000-0257; Goldschmidt 1949).

The ratio of the excess volume of mixing from that at a
reference pressure of 100 kPa (V**/V{®) remains close to
unity, with no significant pressure dependence (Fig. 5a).
This observation suggests that the pressure contribution to

@ Springer
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G*, which follows Eq. 9, may be well approximated by a
constant value for V**, as illustrated in Fig. 5b:
G =G>+ V¥ (P-P) (10)

The constant value for V* is visualized in relation to the
volumes of the end members and the calculated volume of
Fe 4Ptg,, see Fig. Sc. The calculated volume Fe 4Ptg, cor-
responds to the sum of second and third terms of Eq. 8.
Equation 10 is a common approximation that has been
employed to quantify the effects of pressure on non-ideal
mixing of solid solutions of geological interest, including Fe
alloys used as oxygen fugacity monitors (e.g., Davis and
Cottrell 2021; Rubie et al. 1993; Stagno et al. 2015; Wood-
land and O’Neill 1997). This simplification contrasts with
previous results for more Fe-rich (70-72 at.% Fe) composi-
tions (Matsushita et al. 2004, 2010; Odin et al. 1999; Oomi
and Mori 1981), for which V** /V* has been observed to both

increase and decrease with pressure (Fig. 5a). It is unclear
why present observations for the Pt-Fe alloy with 18 at.% Fe
give results so distinct from the more Fe-rich compositions,
or why the Fe-rich compositions produce pressure trends
that are so different from one another. The Fe-rich alloys
may exhibit deviations from unity in V**/V* beyond 5 GPa,
coinciding with the Curie transition of Fe from ferromag-
netic to paramagnetic at comparable pressure (Wei et al.
2017). According to Odin (1999), the volume drop in
Fe,,Pt,5 results from high-spin to low-spin transition at 4
GPa, which precedes a magnetic collapse and thus a transi-
tion to non-magnetic state at higher pressures. The devia-
tions from unity may also reflect alterations in electronic
configurations, notably the transition from high-spin to
intermediate-spin states in Fe, which manifests near 15 GPa
(Zeng et al. 2008). Establishing a direct correlation between
these magnetic and electronic transformations with the devi-
ations from unity of V*'/V." ratios presents a significant

2.2 TR S S S S -4 T
| [A~ X.=0.72(Odin et al., 1999) ] o[ Jhis;tudy ]
-@— X.= 0.72 (Oomi and Mori, 1981) ~ 7 b i
2.0 k% Xz 0.72 (Matsushita et al., 2010) & 1 © g 8ndZhang(2023) _
Xge= 0.70 (Matsushita et al., 2004) g i
F |-~ Xe= 0.18 (this study) 132 '10_— .
1.8 | . 5-12_ -
i 1Y 1al * _
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Fig.5 a Calculated excess volume of mixing ratio (with a propa-
gated uncertainty of +0.08) as function of pressure (V**/V*) for this
study compared with the literature (Matsushita et al. 2004, 2010;
Odin et al. 1999; Oomi and Mori 1981). The unity line is displayed
for reference. The propagated error on V** decreases from 0.6 at low
pressures to 0.5 at high pressures. b The inset shows the calculated
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Measured Formula-unit
Volume of Fe,gPtg,

Gibbs free energy of the excess volume of mixing fit to a linear trend
[GXS =P x0.21 kJ/(molGPa)-14.9 kJ/mol], compared to that obtained
using V* of 0.18 cm*mol from Hirschmann and Zhang’s (2023)
model [GXS=Px0.18 kJ/(mol-GPa)-14.9 kJ/mol]. ¢ V* is illustrated
in relation with the volumes of Pt (Zha et al. 2008), Fe (Dorogoku-
pets et al. 2017), and the calculated volume of Fe,gPtg,
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challenge, primarily due to the scarcity of available data at
such elevated pressures. Further investigations of more Fe
rich Pt-Fe alloys could clarify whether Eq. 10 remains a
good approximation across the compositional binary. None-
theless, the V** and V(’)‘S from this study can be used to calcu-
late G** with Eq. 10, using G’I‘,Z at 100 kPa of — 14.9 kJ/mol

from the Hirschmann and Zhang (2023) model at this com-
position. The resulting excess G* is found to increase line-
arly with pressure, with a slope that is modestly steeper than
that predicted from the value of V*° adopted by Hirschmann
and Zhang (2023), see Fig. 5b. The calculated values of G*
remain negative up to ~ 40 GPa, indicating sustained but
diminishing negative deviations from ideality over this pres-
sure range.

Conclusion

In light of recent advancements in the field, particularly
the preliminary model proposed by Hirschmann and Zhang
(2023) for characterization of f, in high-pressure experi-
ments, we have provided new data to improve thermody-
namic characterization of Pt-Fe alloys at high pressure, but
our results also highlight the need of further research to
explore the EoS of Pt-Fe alloys with intermediate Fe compo-
sitions. In this study, the EoS of an intermediate composition
Pt-Fe alloy, Fe ¢Ptg,, was measured up to ~ 40 GPa at 300 K.
The XRD observations confirm the stability of the fcc phase
for this composition throughout the pressure range exam-
ined. The findings reveal a near-linear trend for V,, of Pt-Fe
alloys relative to the Fe and Pt end members. For Fe,¢Ptg,
alloy, the calculated ratio of excess volume at pressure to
that at the reference pressure,V**/V{*, remains approximately
constant and near unity up to ~ 40 GPa. This contrasts with
previous results which showed both increases and decreases
in V¥ / Vg‘ (Matsushita et al. 2004, 2010; Odin et al. 1999;
Oomi and Mori 1981), which, if accurate, imply that com-
plex treatments of the effect of pressure on non-ideal mixing
could be required. Using the new results, calculated G** for
Fe,4Ptq, remains negative throughout the investigated pres-
sure range, though its magnitude diminishes with increasing
pressure. Further measurements on intermediate composi-
tions at higher pressures and high temperatures are needed to
elucidate the Fe in Pt relationship and consequently clarify
pressure and temperature dependencies of f;, .
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