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ABSTRACT

Molten ferrite systems are used in the smelting and refining processes in steelmaking, to reduce the loss of metals in slags and to accelerate
reaction rates. Here, high-energy x-ray diffraction experiments have been performed on aerodynamically levitated molten spheres of
43BaO–57FeOX and 43SrO–57FeOX at 1873 K using laser beam heating. The composition was varied within the range of x = 1–1.5 by changing
the oxygen partial pressure of the levitation gas. The corresponding x-ray pair distribution functions have been interpreted using empirical
potential structure refinement (EPSR) modeling. In oxygen-rich melts (x = 1.5), our EPSR models indicate very similar structures for the differ-
ent alkaline-earth liquids, with both the Ba–O and Sr–O coordination numbers to be ∼8.4 and the total Fe–O coordination numbers ∼5.7.
However, our models show that in reducing environments, the Fe3+ and Fe2+ ions exhibit very different behaviors in the Ba- and Sr-ferrite
liquids. In the Ba-ferrite melt, the Fe3+–O coordination number decreases from 5.7 (at x = 1.5) to 5.2 (at x = 1.07), whereas Fe2+–O remains
constant at ∼5.0 across the same compositional range. In the Sr melts, both the Fe2+–O and Fe3+–O coordination numbers rise from ∼5.7
(at x = 1.5) to 6.3 (at x = 1.07). All models show the structures to be heterogeneous with intertwined nanometer sized clusters or channels of
Ba/Sr–O and Fe–O polyhedra that grow as oxygen content is reduced. Changes in the viscosity and electrical properties are interpreted in
terms of the number of bridging and non-bridging oxygens associated with FeO4 tetrahedra and concentration of charge carriers, respectively.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial
4.0 International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0242452

I. INTRODUCTION

Molten alkaline-earth ferrites are used in smelting iron ores as
part of the steelmaking process, to minimize the loss of iron in slag,
reduce the amount of slag produced, and increase reaction rates
compared to non-fluxed silica-rich slags.1 These reduction reactions
are limited by the liquid and gas mass transfers,2 which are, in turn,
highly correlated to the kinematic viscosity of the slag. For example,
adding calcium oxide to liquid iron oxides increases the reduction
rate of iron using CO gas by an order of magnitude.2 This chemical
reaction relates to the final step of the smelting process, in which the

high temperature melt is exposed to a reducing gas environment to
remove oxygen atoms from the liquid metal. The main motivation
of this paper is to search for connections between the physical prop-
erties of these binary ferrite liquids, e.g., density, viscosity, and
conductivity, and the local atomic bonding, in particular the Fe–O
coordination number. A clearer understanding of structure–property
relations during the iron-making process could provide insights into
cheaper, decarbonized manufacturing routes that occur at lower tem-
peratures. However, liquid ferrite structures can be complex because
iron is known to occur in both ferric (Fe3+) and ferrous (Fe2+)
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oxidation states, and both have been shown to exist in multiple coor-
dination environments with oxygen, including fivefold coordination
in the corresponding crystalline BaO- and SrO-ferrites.3–6 However,
previous studies have used incorrect assumptions on the distribution
of either four or six coordinate oxygen by Fe3+, based on iron silicate
crystal structures,7,8 which requires revision. The situation is com-
pounded because iron redox and coordination environments are
known to depend on temperature, composition, and oxygen partial
pressure.9–11

Probing the Fe–O coordination in the liquid state at tempera-
tures ≥1600 K is experimentally challenging, but necessary, because
these compositions do not easily form glasses.11 This paper builds
on our previous work using laser-heating combined with aerody-
namic levitation and high-energy x-ray diffraction to perform
in situ studies of the structure of liquids.9,12 Our methodology enables
the study of reactive materials at high temperatures and under con-
trolled oxygen partial pressures, where no suitable containers exist.
Shi et al. used empirical potential structure refinement (EPSR) to
extract average Fe–O coordination numbers from high-energy x-ray
diffraction data of liquid FeO–Fe2O3

9 and CaO–FeO–Fe2O3 close to
the eutectic composition.12 In these studies, the Fe–O coordination
numbers varied from 4.5 to 5 over the region FeO to Fe2O3. Here, we
compare new structural melt data on the BaO–FeO–Fe2O3 and
SrO–FeO–Fe2O3 systems (at the composition 43MO–57FeOX,
where M = Ca, Sr, Ba) to the density and viscosity as a function of
oxygen partial pressure. For an eightfold alkaline earth-oxygen coor-
dination environment in the crystalline forms, the effective M–O
bond lengths correspond to 2.82 Å (Ba2+) > 2.66 Å (Sr2+) > 2.52 Å
(Ca2+) assuming sixfold O2−.13 Investigating the effect of metal ion
size and relative field strengths in the high temperature melts as a
function of fugacity, we find increasing nano-segregation of the
Fe–O network structure under more reducing conditions. Using
concepts typically associated with silicate melts, we analyze the
oxygen connectivity of these model structures.

II. METHODS

Our aerodynamic levitation and high-energy x-ray diffraction
experiments have been described in detail previously.9,14 Here, high
purity Fe2O3 (99.995%, Sigma-Aldrich), SrCO3 (99.995%,
Sigma-Aldrich), and BaCO3 (99.999%, Sigma-Aldrich) powders were
weighed and ball milled to create well-mixed batches. The resulting
material was calcined and fused by laser heating in a water-cooled
copper hearth that both melted and homogenized the components.
Beads of ca. 3 mm diameter were levitated in a gas stream using a
conical nozzle aerodynamic levitator. Heating was achieved using a
400W CO2 laser (Synrad Firestar i401) and the temperature of the
droplet surface was measured using a 0.9 μm wavelength optical
pyrometer (Chino IR-CAS). The oxygen partial pressure, p(O2), was
controlled using five different redox gas mixtures: 5%(99CO:
CO2):95%Ar, 5%(CO:CO2):95%Ar, 5%CO2:95%Ar, 0.1%O2:99.9%Ar,
and O2. The p(O2) values for the high temperature melts were
calculated using the procedure described by Fegley,15 based on the
surface temperature of the droplets. In our previous studies on 43CaO–
57FeOX, the compositions of the liquids, given by the Fe3+/ΣFe ratio,
were calculated using Eq. (12) from Jayasuriya et al.16 For 43BaO–
57FeOX, the Fe3+/Fe2+ ratio was determined from Eq. (1) and the

measurements of Hara et al.17 However, no such data exist for SrO–
FeOX. To determine the Fe3+/ΣFe ratio for our 43SrO–57FeOX melt,
an activity scaling method was used based on the electrochemical mea-
surements of Iwase et al.18 (see Sec. II A for details). The validity of the
activity scaling method was verified by comparing the known Fe–O
activities in CaO and BaO melts, and the method was estimated to be
accurate to within ±10% (supplementary material). As an addi-
tional check, the Fe3+/ΣFe ratio for 43SrO–57FeOX melt was also cal-
culated in FactSage,19 based on a CALPHAD assessment of the
entire system using the thermodynamic data reported by Jantzen
et al.20 The results are shown in Fig. 1(a). For the sake of brevity,
those samples measured in an oxygen environment will be referred
to as MO–Fe2O3 (since Fe3+/ΣFe > 85%) and those in the most
reducing gas denoted MO–FeO (where Fe3+/ΣFe < 15%).

High-energy x-ray diffraction experiments were carried out on
beamline 6-ID-D at the Advanced Photon Source (Argonne, IL, USA)
using an incident x-ray beam energy of 100.4 keV.21 The scattered
intensity was measured using a Perkin Elmer XRD1621 area detector
over a Q range of 0.5–25.0 Å−1. The x-ray beam was aligned to the top
200 μm of the ∼50mg levitated droplet in conjunction with the laser
beam and pyrometer. X-ray diffraction patterns were collected in short
40 s bursts, in ∼100K steps decreasing from 1973 K, to avoid mass
losses of more than a few percent due to evaporation.9,12 The software
Fit2D22 was used to reduce the two-dimensional scattered x-ray data
arising just from the top half of the Debye–Scherrer cone, in order to
avoid self-attenuation corrections through the bottom of the sample.
The x-ray total structure factor S(Q) and corresponding differential
pair-distribution function D(r) were obtained using the software
PDFgetX2.23 From the measured x-ray pair distribution function, the
atomic number densities for both the Ba and Sr melts were found to
be constant with pO2, based on the consistent slope between datasets
in the low-r region (below the shortest bond distance distribution) of
the x-ray D(r) (See Ref. 24, also see the supplementary material). The
consequence of this is a slight rise in the mass density under more
reducing conditions as shown in Fig. 1(b).

A. Fe3+/Fe2+ ratio in SrO–FeOX melts from the activity
scaling model

Hara et al.17 have shown that the equilibrium reaction between
iron oxide-based melts MO–FeOX and the gas phase can be written as

FeO1:5(melt) ¼ FeO(melt)þ 1
4
O2(gas), (1)

where the equilibrium constant K1 can be defined as

K1 ¼ aFeO
aFeO1:5

pO1/4
2 ¼ γFeOXFeO

γFeO1:5XFeO1:5
pO1/4

2 , (2)

where pO2 is the oxygen partial pressure, γ is the activity coefficient, X
is the molar fraction, and a is the activity of each component, FeO or
FeO1.5. Furthermore, the activity coefficient ratio can be directly
related to the Fe3+/Fe2+ ratio through

Fe3þ

Fe2þ
¼ γFeO1:5

γFeO

aFeO
aFeO1:5

: (3)

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 137, 085903 (2025); doi: 10.1063/5.0242452 137, 085903-2

© Author(s) 2025

 17 O
ctober 2025 15:03:14

https://doi.org/10.60893/figshare.jap.c.7659155
https://doi.org/10.60893/figshare.jap.c.7659155
https://pubs.aip.org/aip/jap


For the case of BaO–FeOX melts, Hara et al.17 have measured
the relation between Fe3+/Fe2+ and pO2 at a temperature of 1773K.
Iwase et al.18 have expressed the FeyO activity coefficients for Ca,
Sr, and Ba iron oxide melts as linear functions using a solution
model, to give the following equations:

log γFeyO�
1� XFeyO

�2 ¼ �2:30XCaO þ 0:50, (4)

log γFeyO�
1� XFeyO

�2 ¼ �9:01XSrO þ 1:47, (5)

log γFeyO�
1� XFeyO

�2 ¼ �10:55XBaO þ 1:66: (6)

The activity of FeyO for Sr can be approximated by a linear
scaling factor when compared to the activity of FeyO for Ba, using
data from Tables 2 and 3 from Iwase et al.,18 such that

aFeyO(BaO) ¼ 0:92 aFeyO(SrO). By combining Eqs. (3), (5), and (6)
for our case where the mole fraction XFeyO= 0.57, we find

Fe3þ/Fe2þ(SrO) ¼ 0:89 Fe3þ/Fe2þ(BaO): (7)

Our diffraction experiments were conducted in five redox gas
mixtures: 5%(99CO:CO2):95%Ar, 5%(CO:CO2):95%Ar, 5%CO2:95%Ar,
0.1%O2:99.9%Ar, O2 (Shi et al.

9). Consequently, neglecting the tempera-
ture dependence, we find the Fe3+/Fe2+ ratios for 43SrO–57FeOX

and 43BaO–57FeOX melts as a function of gas composition
shown in Table I.

B. EPSR modeling

Atomistic empirical potential structure refinement (EPSR) is a
Monte Carlo approach to modeling liquid x-ray and neutron dif-
fraction data,25,26 whereby initial “reference” starting pair potentials
and effective Coulomb charges are perturbed in order to obtain
agreement between model and experimental structure factors. This
ensures that the starting configuration is close to the final one, and

FIG. 1. (a) The Fe3+/Fe2+ ratio in 43MO–57FeOX melts as a function of oxygen partial pressure in different gas environments as a function of temperature or FeOX. (b)
Densities of 43MO–57FeOX samples, where M = Ba (triangles), M = Sr (circles), and M = Ca (squares) as a function of oxygen partial pressure consistent with the x-ray
data, compared to the MO–Fe2O3 data of Sumita et al.

1 (diamonds) and BaO–FeO–Fe2O3 data of Hara et al.
17 (Table II, stars).

TABLE I. The Fe3+/Fe2+ ratio and %Fe3+ in 43BaO–57FeOX (measured) and 43SrO–57FeOX melts at 1873 K as a function of gas composition.

Gas composition Log10(pO2) (atm)

43BaO–57FeXO 43SrO–57FeXO

Fe3+/Fe2+ %Fe3+ Fe3+/Fe2+ %Fe3+

5%(99CO:CO2):95%Ar −12.0 0.114 10.2 0.170 14.5
5%(CO:CO2):95%Ar −8.0 0.560 35.9 0.836 45.5
5%CO2:95%Ar −4.0 2.75 73.4 4.11 80.4
0.1%O2:99.9%Ar −3.0 4.17 80.6 6.23 86.2
O2 0.0 13.8 93.2 20.6 95.4
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only slight changes to the inter-atomic potential need to be made
during the empirical potential adjustment process to improve the fit
with the data. EPSR models of 43BaO–57FeOX and 43SrO–57FeOX

melts were fitted against the high-energy x-ray diffraction data.
EPSR models of 6000 atoms in a cubic box were constructed using
the compositions determined from the Fe3+/ΣFe ratio. The refer-
ence potentials for Fe2+, Fe3+, and O2− were based on previous
studies,9 and those for Ba and Sr were scaled relative to their effective
ionic radii,13 see Table II. Interactions between like atoms (Ba–Ba,
Sr–Sr, Fe–Fe, O–O) are determined using the standard Lorentz–
Berthelot mixing rules. Examples of the EPSR results with and
without the empirical potential are shown in Fig. S1 in the
supplementary material. The atomic number densities were fixed to
those reported by Sumita et al.1 and Hara et al.27 (leading to cubic
box edge lengths of ∼5 nm see discussion section for further details).
Monte Carlo ensembles were collected for 2000 configurations. The
EPSR fits to the measured x-ray data are shown in Figs. S2 and S3 in
the supplementary material, with example D(r) shown in Fig. 2.

The EPSR approach does suffer from the “uniqueness” problem,
such that different 3D atomic configurations could equally well repro-
duce the measured S(Q) and G(r).28 However, it has the benefit of

accurately reproducing the experimental data, which is not currently
possible using classical molecular dynamics potentials. In our previous
paper on liquid FeOX, we surveyed seven different molecular dynamics
interatomic Fe2+ potentials and compared the results to our PDF for
liquid FeO.9 The results showed significant inadequacies for all existing
MD potentials.

It is important to note that the EPSR simulations required
additional minimum distance constraints to prevent unreasonably
short M–O bonds appearing. The minimum distance constraints
for M–M/Fe correlations were set to rmin = 2.3 Å, Ba–O correlations
to rmin = 2.20 Å, and Sr–O correlations to rmin = 2.15 Å. Models
with larger σ also led to similar results as reported here.

III. RESULTS

The total x-ray pair distribution functions of MO–Fe2O3 melts
are shown in Fig. 2, where the first peak is mostly due to overlap-
ping Fe3+–O and Fe2+–O bonds. In the measured x-ray D(r), the
first peak position increases from 1.92(1) to 1.95(1) Å in more
reducing atmospheres, consistent with the average Fe2+–O bond
lengths being slightly longer than Fe3+–O.9 Overall, D(r) are com-
posed of 10 x-ray weighted partial pair distribution functions:
Fe2+–Fe2+, Fe2+–Fe3+, Fe3+–Fe3+, Fe2+–O, Fe3+–O, Fe2+–M, Fe3+–M,
M–O, M–M, and O–O correlations. Representative partial pair
distribution functions are shown in Fig. 3 for the intermediate
(in terms of redox) 43MO–57FeO1.33 melt systems. The Sr–O and
Ba–O first coordination shells are highly distorted with typical

FIG. 2. X-ray differential distribution functions D(r) = 4πρr[G(r)−1] (symbols)
and EPSR fits (lines) of samples measured in oxygen at 1873 K.

FIG. 3. Example partial pair distribution functions for 43MO–57Fe2O3 at
1873 K, where the M = Ba melt is shown as solid lines and the M = Sr melt is
shown as dashed lines when exposed to the intermediate 5%(CO:CO2):95%Ar
gas environment.

TABLE II. Starting EPSR Lennard-Jones reference potentials.

Atom Effective charge (e) ε (kJ/mole) σ (Å)

Ba2+ +1.0 0.3000 3.00
Sr2+ +1.0 0.3500 2.60
Fe3+ +1.5 0.1500 1.70
Fe2+ +1.0 0.1500 1.65
O2− −1.0 0.1625 3.60
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bond distances of 3.1 and 3.2 Å, respectively. These values are both
slightly longer than those observed in the low temperature ferrite
crystals rSr−O∼ 2.8 Å5 and rBa−O= 2.9–3.0 Å,29,30 and much longer
than predicted by the effective ionic radii rSr−O∼ 2.66 and rBa
−O∼ 2.82 Å for eightfold polyhedra.13

The local Fe2+–O and Fe3+–O environments are shown in
Fig. 4 for the most reducing and the most oxidizing conditions. In
both cases, the first Fe–O shell is sharpest for the Ba system,
becoming progressively broader and extending to longer distances
as the metal ion size is decreased to Sr and Ca. The corresponding
running coordination numbers are shown in Fig. S5 in the
supplementary material.

IV. DISCUSSION

In the iron and steelmaking process, the ferrite liquid proper-
ties, chemical reaction rates, and reaction spontaneity are strongly
influenced by the FeyO activity, which depends on the relative Fe–O
bond strengths and coordination environments.12 In the solid state
(before melting), many of the BaFeOX and SrFeOX crystal structures
are isostructural. Monoferrite BaFe2O4 contains only FeO4,

29 while
BaFe4O7 contains both FeO4 tetrahedra and FeO6 octahedra.30

Crystalline SrFe12O19 contains FeO4, FeO6 and bypyramidal FeO5

arising from fast diffusional motion between two pseudo-tetrahedral
sites.3 Crystal structures in the perovskite series SrFeO2.5−3 contain
Fe3+ ions in FeO4 and FeO6 sites, as well as tetravalent (Fe

4+) in five-
fold pyramidal units.4–6 The individual coordination numbers in this
study were determined by the average of integrating out to the first
minima in gFeO(r) and the first minima in rgFeO(r) beyond the first
peak. The total Fe–O (Fe2+–O+ Fe3+–O) coordination number for
both 43MO–57Fe2O3 (M= Ba, Sr) systems shown in Fig. 5 are very
similar at nFe−O∼ 5.7 [see Fig. 5(a)]. However, nFe−O decreases line-
arly with decreasing Fe3+/ΣFe to 4.9 for the Ba system, but increases
linearly to 6.3 for Sr over the same range.

Given that the field strength of an ion is the charge divided
by its ionic radius, the ion-oxygen parameter can be defined that
describes the Coulombic force between the cation and oxygen
anion, where I ¼ 2z/(rC þ rO)

2 and z is the valency of the cation
and 2 is the valency of oxygen. For the ions in this study, the
Coulombic force (and field strength) increases with ion size31

such that

I¼ 1:5(Fe3þ). 0:87(Fe2þ). 0:7(Ca2þ). 0:56(Sr2þ). 0:50(Ba2þ):

Large values of I indicate a relatively strong interaction
between the metal cation and oxygen, and smaller values corre-
spond to weaker interactions. This ranking is consistent with the
heights of the cation–oxygen peaks in Fig. 3, where Fe3+–O
partial pair distribution function has the sharpest nearest neigh-
bor peak, followed by Fe2+–O. It is also reflected in the ionicity
of bonding, which can be estimated by the difference in electro-
negativity χ of the elements,31 i ¼ 1� exp[�(χα � χβ)

2/4]. Here,
lower field strength Ba2+–O bonds tend to be much more ionic
than Sr2+–O bonds, which have a similar character to the Fe
ions, such that

Ionicity of bonding, i(%):82(Ba2þ) . 79(Ca2þ) . 51(Fe2þ)
. 49(Sr2þ) . 47(Fe3þ):

The Ba–O coordination environment in crystal structures of
the BaFeOX system can take on a range of values between 7 and 12.
Monoferrite has two environments BaO7 and BaO11,

29 hexaferrite
contains BaO12 with both long and short bonds,3 and BaFe4O7

has BaO9 polyhedra with two distinct Ba–O distances.30 Our
EPSR models yield average metal–oxygen coordination numbers
of nMO = 8.4 in 43MO–57Fe2O3 compared to nCaO = 5.4 in
43CaO–57Fe2O3.

12 The Sr–O coordination remains relatively

FIG. 4. Iron oxygen EPSR partial pair distribution functions: (a) Fe2+–O in 5%(CO:CO2):95%Ar gas for BaO, SrO, and CaO, compared to (b) Fe
3+–O in O2 gas.
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constant with decreasing Fe3+, but the Ba–O coordination
decreases slightly, by up to ∼0.6, at lower Fe3+.

We have previously found the total Fe–O coordination
numbers (nFeO) for CaO–FeOX melts increase with increasing
Fe3+/ΣFe ratio,12 see Fig. 5. A similar behavior is found for the total
Fe–O coordination in BaO–FeOX melts, but the opposite trend
found for SrO–FeOX melts. To investigate further, we show the
trends for Fe3+-O and Fe2+–O coordination numbers with Fe3+/ΣFe
ratio in Fig. 6. Here, we find the ferric coordination number to be

nFe3 + O∼ 5.7 for both 43MO–57Fe2O3 (M = Ba,Sr) liquids, but the
behavior diverges under reducing conditions toward 5.2 for Ba and
to 6.3 for Sr. More stark differences appear in the ferrous coordina-
tion number between the two alkaline earth liquids, with nFe3+O
essentially constant at ∼5.0 across Fe3+/ΣFe for Ba, while for Sr, the
numbers are offset to nFe3+O= 5.6 at 43SrO–57Fe2O3 and rising to
6.3 at 43SrO–57FeO.

These results are also reflected in the distributions of n-fold
Fe2+–O and Fe3+–O coordination species in Fig. 7. Our EPSR

FIG. 5. Average (a) iron-oxygen and (b) metal oxygen coordination numbers from our EPSR models for BaO–FeOX (green diamonds), SrO–FeOX (blue circles) compared
to CaO–FeOX (red squares) and pure FeOX (stars).

FIG. 6. Average iron oxygen coordination numbers from our EPSR models for (a) Fe2+O and (b) Fe3+O. BaO–FeOX (green diamonds), SrO–FeOX (blue circles) compared
to CaO–FeOX (red squares) and pure molten FeOX (stars).
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models show that Fe3+ ions are predominantly five and sixfold
coordinated by oxygen atoms under oxidizing conditions for both
Ba and Sr liquids. Under reducing conditions, Fe2+ ions are
mainly four, five, and sixfold for Ba, but six and sevenfold for Sr
melts. In general, low Fe–O coordination numbers, i.e., nFeO < 6,
have been found experimentally in many iron oxide melts using
scattering and spectroscopy methods. For example, Alderman
et al. found nFeO = 4.4 in Fayalite,32 Shi et al. obtained nFeO = 4–5
in FeOX

9 and 43CaO–57FeOX,
12 and Drewitt et al. measured

nFe2 + O = 3.3 in FeAl2O4.
33 Similarly, first principles molecular

dynamics (MD) have predicted nFe2 + O = 4.5 in liquid FeMg3O4
34

and nFe−O = 3.7 in pyrolitic silicate melts.35 In addition, the ab
initio MD calculations of Ghosh and Karki36 have predicted
undercoordinated nFe2 + O = 3.8 and nFe3 + O = 4.1 for high-spin
and nFe2 + O = 3.3 and nFe3 + O = 3.7 for low-spin in MgSiO3 melt
at 3000 K.

A significant degree of nanoscale heterogeneity is observed in
the EPSR models achieved via the edge-sharing iron polyhedra.
This increases under more reducing conditions as channels of
BaOX polyhedra become segregated from the FeOX edge-shared
network (Fig. 8). This is expected from a thermodynamic perspec-
tive, since reducing conditions at some point favor a two-phase
MO(solid) + FeO-rich melt equilibrium as a result of the free
energy minimization of the system.

Finally, we consider the relationship between the presence of
various local atomic polyhedral units and the thermodynamic and
electronic properties of liquid iron oxide slags. Hara et al.17 have
developed equations that reproduce the densities of BaO–FeOX

melts to within ±0.7% and were used to set up the oxygen-rich
EPSR models as described in Sec. II and shown in Fig. 1(b).
Sumita et al.1 have measured the densities, viscosities, and electri-
cal conductivities of melts in the MO–FeOX systems under con-
trolled partial pressures from the liquidus temperature to 1873 K.
For 43MO–57Fe2O3 liquids, the viscosities are found to range

from

η ¼ 27:1(Ba) . 19:2(Sr) . 15:8(Ca) mPa s at T ¼ 1773 K:

For the electrical conductivity at the 45MO–57Fe2O3 composition,

σ ¼ 22:9(Sr) . 18:3(Ca) . 12:8(Ba)S/m at T ¼ 1773 K:

In binary ferrite melts, it has been suggested that the atomic
fraction of Fe3+O4 is the main factor in determining the viscosity
due to the polymerization of the tetrahedral network and the abun-
dance of FeO6 units the main factor in affecting the electrical
conductivity.1

Sumita et al.1 interpreted the viscosity and electrical conductiv-
ity behavior in terms of the Fe3+ coordination model. The Fe3+(4–6)
model assumes that all Fe2+ is sixfold and (i) Fe2O3 consists of
100% sixfold Fe3+(6), which decreases linearly with increasing
FeO and are replaced by fourfold Fe3+(4) ions (ii) the main factor
controlling the viscosity of the melts is the Fe3+(4) content. (iii)
The electrical conductivity is determined by the concentration of
the charge carriers (cα) for α =M2+, Fe2+(6), and Fe3+(6), which
contribute depending on their ionic radii rα because the mobility
of the ions is assumed to be inversely proportional to the ionic
radius. Hence,

log σ /
X

α

valence
rα

cα ¼ 2
rM

cM þ 2
rFe2þ

cFe2þ(6) þ 3
rFe3þ

cFe3þ(6):

(8)

From our EPSR models, this formula yields values of 102.7 for
BaO–Fe2O3 and 110.1 for SrO–Fe2O3 melts in air, consistent with
the trend in electrical conductivity measurements.

However, given the discussion above on the substantial five-
fold coordination of Fe–O species in iron oxide melts, it is

FIG. 7. Distribution of BaOm (solid green) and SrOn (shaded blue) coordination species for (a) Fe
2+O in MO–FeO liquids and (b) Fe3+O in for MO–Fe2O3 liquids.
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unsurprising that the Fe3+(4–6) model does not fit the viscosity
relation for 43MO–57Fe2O3 liquids. Among the different types of
viscosity models used to describe silicate slags some of the more
sophisticated involve the consideration of the different types of
oxygen ions within the liquid network structure.37,38 For example,
López-Rodríguez et al.39 suggest that in binary silicate–metal oxide
systems, viscosity can be expressed as logη ¼ Aþ B/T þ C � BO for
Arrhenius liquids, where BO refers to bridging oxygens. In our
case, since no silica is present, we take a more generalized view of
the three different types of oxygen atoms present in the liquid, i.e.,
(i) bridging oxygens (BOs) between tetrahedral units (ii) non-
bridging oxygens (NBOs) associated with tetrahedral units and (iii)
free oxygens not bonded to any tetrahedra. In addition, on the
basis of first principles molecular dynamics simulations on MgSiO3

melts, it has been suggested that the difference in viscosity among
the different valence states of Fe is not significant.36 We, therefore,
also assume that the viscosity in our alkaline earth liquids under
reducing conditions will depend on the sum of at. % Fe2+(tetra)
+Fe3+(tetra) rather than just at. % Fe3+(tetra). Consequently, a high
degree of FeO4 with many bridging oxygens would lead to a highly
polymerized liquid network with a high viscosity, whereas FeO5

and FeO6 would be responsible for the depolymerization of slag
networks resulting in a decrease in slag viscosity. The oxygen
connectivity for our MO–FeOX liquid EPSR models were calcu-
lated using the Atomes software.40 The results shown in Fig. 9
indicate slightly higher percentages of BOs (7%) and NBOs (9%)

FIG. 9. Oxygen connectivity as a function of oxygen partial pressure in the Ba
(closed symbols and solid lines) and Sr (open symbols and dashed lines) melts
at 1873 K, with bridging oxygens (BOs, red squares), nonbridging oxygens
(NBOs, blue diamonds), and free oxygens (black circles) using a cut-off of
2.5 Å.

FIG. 8. Increasing nano-segregation of FeO4,5,6 and Ba/SrO7,8 polyhedra under increasingly reducing conditions. Ba atoms are shown in green, Sr atoms are shown in
blue, Fe atoms are shown in black, and O atoms are shown in red.
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in BaO–Fe2O3 melts in comparison to values of BOs (5%) and
NBOs (5%) in SrO–Fe2O3 melts in air. The number of BOs and
NBOs increases under reducing conditions for Ba-ferrite liquids
indicating that viscosity increases. Conversely, we find the majority
of oxygen atoms in these liquids are free oxygens, which remain
constant in SrO–FeO liquids under reducing conditions, but
decrease substantially in reduced oxygen BaO–FeO liquids.
Generally, since network forming (Fe3+) cations are acidic in nature
and network breakers (M) are basic,41 the high number of free
oxygens available in oxygen-rich environments indicates a higher
basicity and reactivity of the melt.42

V. FUTURE STUDIES

In Sr–Fe–O and Ba–Fe–O liquids studied in this work, it has
been determined that most oxygen ions are not bonded to FeO4

tetrahedra. The prevalence of free oxygen suggests that oxygen
exchange dynamics with gaseous surroundings may play a determi-
native role in controlling melt properties that are correlated with
molecular structure such as density, viscosity, and electrical con-
ductivity. Oxygen partial pressure was varied over 12 orders of
magnitude by use of gaseous fugacity buffers in this work; however,
further increases in oxygen partial pressure to stabilize metal
cations in high oxidation states whose field strengths may modify
the distributions of local coordination numbers so as to signifi-
cantly influence melt structure–property relationships will require
system pressurization.43,44 Toward this goal, future experiments will
utilize a hyperbaric levitator45 to conduct structure measurements
of fully trivalent iron oxide liquids at an oxygen partial pressure of
100 bar at a temperature of 1873 K. The effect in Fig. 1(a), will be
to expand the accessible range of Fe3+/ΣFe and is expected to
permit congruent melting behavior of many ferrite compositions of
technological interest, especially in Ba–Fe–O systems whose weaker
metal–oxygen bonding leads to greater sensitivity of local coordina-
tion as a function of oxygen fugacity as shown in Figs. 5(b) and 9.
Notably, as pressure increases from 1 to 100 bar, oxygen undergoes
a supercritical fluid transition that may provide additional experi-
mental benefits as discussed by Phelan et al..46 In addition to tem-
perature and composition, the effect of partial pressure of reactive
species (i.e., oxygen for the case of molten oxides) on chemical
potential is key to understanding stability of system constituents.
Thus, the importance of extended redox regimes to fully capture
structural evolution of oxide systems from the melt to the crystal-
line state cannot be understated.

SUPPLEMENTARY MATERIAL

See the supplementary material for EPSR model potential param-
eters, model fits to diffraction data, metal–oxygen coordination
numbers, and the Fe3+/Fe2+ ratio from the activity scaling model.
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