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Titanomagnetites offer a rich system to explore the role of fine microstructure on magnetic properties. They are important minerals
in basalts, and are commonly found on the moon and Mars. Here magnetic measurements were used to monitor decomposition and
phase evolution in the pseudo-binary Fe; TiO.-Fe3; O, solid solution system. The phases appearing in the decomposition are a strongly
magnetic magnetite and a weakly magnetic Ti-rich spinel. For the 40, 50, and 60 at% Fe.TiO. compounds (balance Fe;0.) explored
here, a metastable solid solution is nonmagnetic at temperatures where decomposition Kinetics can be monitored in reasonable experi-
mental times. The magnetization of magnetite formed by the decomposition offers a direct measure of the volume fraction transformed.
Time-dependent magnetization measurements were used to monitor the kinetics of decomposition and compared to models for spinodal
decomposition and nucleation and growth Kkinetics for compositions outside the spinodes. The fine microstructure resulting from spin-
odal decomposition and exchange bias mechanisms for coupling, may be important in understanding the remnant state of these minerals

on Mars.

Index Terms—Magnetic materials, magnetometry, Mars, phase separation, spinels.

I. INTRODUCTION

ITANOMAGNETITES are a rich system to explore the
T role of fine microstructure on magnetic properties. They
are important minerals in basalts and a commonly occurr on the
earth [1], the moon [2] and Mars [3]. The remanent state of these
minerals is hypothesized to contribute to planetary field anoma-
lies and provides clues for the geomagnetic evolution of planets
[4]. The important contribution of these minerals to local re-
manent magnetizations argues for their importance in magnetic
surveying efforts [5]. The minerals give information to the ex-
istence of water coupled to the origin of life on planets. For ex-
ample, magnetic particles detected in the Martian atmosphere
are hypothesized as originating from titanomagnetite occurring
in palagonite inherited from a basaltic precursor [6].

This work uses magnetic measurements to probe the phase
evolution in the decomposition of solutions in the pseudo-binary
Fe,TiO4-Fe3; 04 system with the goal of providing information
useful for understanding the origin of terrestrial and extrater-
restrial magnetic field anomalies. This pseudo-binary system
has a miscibility gap with spinodal decomposition [7], [8].
Solid solutions decompose into magnetite and a more weakly
magnetic Ti-rich spinel. At many compositions, a homogeneous
metastable solid solution is nonmagnetic at temperatures where
decomposition kinetics can be monitored in reasonable times.
Temperature dependent magnetization measurements identify
the phases evolving. The magnetization of magnetite formed
by decomposition is a measure of volume fraction transformed.
Time-dependent magnetization measurements monitor kinetics
of spinodal decomposition for compositions in the spinodes and
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nucleation and growth kinetics for compositions outside of the
spinodes to more accurately define the asymmetric miscibility
gap.

A fine microstructure resulting from spinodal decomposition
and exchange related coupling may explain a large remanent
state for these minerals on Mars. Certain compounds are of fur-
ther interest as they have magnetic transitions in the day to night
temperature swing on Mars (and the moon) and can be detected
with miniaturized magnetic sensors [9] and identified on the
basis of their transition temperatures. The mineral magnetiza-
tion is important to current Mars exploration efforts [10].

II. EXPERIMENTAL PROCEDURE

We have developed synthesis routes for compounds in the
pseudo-binary Fe,TiO4-FesO4 system that allow us to more
accurately define its asymmetric miscibility gap. The mixtures
used to synthesize the Fe;0,4-Fe;TiO, pseudobinary alloys
used in this study were made by mixing the two endpoint
materials. Fe3O4 was purchased commercially, with 99.9%
purity. FeoTiO4 was synthesized by combining stoichiometric
amounts of TiO9, Fe2Oj3, and Fe sponge. According to Wech-
sler [11] et al., Fe;TiO4 synthesized in this way tended to
be Fe-deficient, so 3 at% extra Fe sponge was added to this
mixture. The mixture was ball-milled for 15 minutes per batch
using steel spheres in a 10:1 mass ratio with the powder to
reduce the particle sizes and thoroughly homogenize the pow-
ders. Once ball milling was complete, the mixture was pressed
into pellets. The pressed pellets were loaded into Fe crucibles
and heated in a tube furnace for 60 h at 1050°C under an Ar
atmosphere to prevent oxidation. The composition of the pellets
was verified via XRD as being Fe,TiO4 with small amounts of
residual ilmenite.

Fe,TiO, pellets were reball-milled for 2 min. per batch with a
10:1 mass ratio of steel spheres to pellets to break up the pellets
and produce powder suitable for mixing with the commercial
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Fig. 1. XRD powder pattern taken from the 50% Fe2TiO4-Fe304 solid solu-
tion sample after synthesis but before annealing. The peaks with the ‘—I1” post-
script are ilmenite peaks, and the peak with the ‘—Al” postscript is an aluminum
peak caused by the sample holder.

Fe3;O4 powder. Powers with 40, 50, and 60 at% Fe,TiO,4 and the
balance Fe; O, were mixed to prepare single-phase pseudobina-
ries. The precursors were ball-milled for 15 minutes using a 10:1
mass ratio of steel bass to powder and placed in Fe crucibles
before being placed in a tube furnace at 950°C for 60 h under
an Ar atmosphere. Powders furnace cooled under an Ar atmos-
phere until 400°C, then removed to air-cool to room tempera-
ture. Powders were verified to be single-phase using a Panalyt-
ical X’Pert XRD equipped with a PIXCel detector and a Cu ra-
diation source. Fig. 1 shows results for the 50% Fe»TiO4-Fe304
alloy, as well as the peaks for residual ilmenite. The aluminum
peak labeled is due to the sample holder.

Fe304-Fe,TiO, solid solutions were powdered for magnetic
examination. Measurements were performed on a Lake Shore
7404 VSM system. M vs. H loops were taken with a range of
5000 Oe and M vs. T scans were also recorded under a 5000 Oe
field from room temperature to 600°C using a furnace attach-
ment with the sample chamber under flowing Ar.

Powder microstructures were determined by TEM. Samples
were first heat-treated at 400°C for 24 h while encapsulated
in silica glass. The samples were then shattered. Sharp shards
resulting from the shattering were mounted to copper sample
holders and placed in an FEI Novalab 600 Focused Ion Beam
(FIB) system for thinning. The sharp edge of the shard was
mounted facing out so that the FIB was able to thin the sharp
edge to electron transparency. FIB thinned samples were char-
acterized on an FEI Tecnai F20 microscope equipped with an
Orius SC600 CCD for image capture. The microscope was op-
erated in STEM mode for analytical work, and had an EDAX
Energy Dispersive X-ray (EDX) system for compositional anal-
ysis. High angle annular dark field (HAADF), also referred to
as Z-contrast images, were used to image grain structure. EDX
line scans and maps were taken to extract composition data.

III. RESULTS AND DISCUSSION

Saturation  magnetizations in  the  pseudo-binary
Fe,;TiO4-Fes3O4 system depend on the composition and cation
site occupancies. Titanomagnetites can deviate from ideal
stoichiometries due to: 1) exsolution as discussed here; 2)
nonstoichiometry at high and low temperatures, and 3) cation
impurities [12]. The last of these are not considered here as
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Fig.2. Calculated phase diagram of magnetite-ulvospinel alloy. The solid lines
show predicted miscibility gaps from regular solution theory and the dashed
curve is an experimentally determined miscibility gap. The dotted line is the
magnetic (TN) transition. The red area in (a) represents the day-to-night tem-
perature swing on Mars and the green area in (b) on the lunar surface. (c) Lattice
constant variation with composition for magnetite-ulvospinel solid solutions.

the materials were synthesized from relatively pure species. A
general cation distribution in homogeneous and stoichiometric
titanomagnetites is given by the formula

(Fe?;—Zx)aFe%t(2—2x)a>
‘ I:Fe?;——2x)(1—(y)Fe)2(i(2—2x)(yTii+:| 0y M

where x denotes the molecular fraction of ulvospinel, ( ) denotes
A-site cations and [] B-site cations and « is the degree of in-
version [12]. Magnetization data has been interpreted in terms
of a thermally activated degree of inversion, a(T) [12]. How-
ever, the activation energy barrier for this inversion is remark-
ably similar to the activation energy for Fe tracer diffusion (~0.5
eV/atom) [13], [14]. Magnetite cation diffusion energy barriers
are largely determined by the formation energies for Frenkel
defects on the Fe cation sublattices (Fepe — Vi, + Fey) as
expressed in the standard Kroger-Vink notation [15]. The ther-
mally activated growth in the magnetization of titanomagnetite
solid solutions has been used to monitor the diffusion kinetics
[13]. These diffusive mechanisms for and consequent changes
in magnetization strongly suggest that the inversion rate kinetics
actually are probing exsolution kinetics. It is important to dis-
tinguish between exsolution by nucleation and growth kinetics
and that occurring by spinodal decomposition. The former re-
quires overcoming an additional barrier to nucleation and long
range diffusion. The latter begins spontaneously and requires
only short-range diffusion to proceed.

Fig. 2 shows a calculated phase diagram for the pseudobinary
titanomagnetite system, generated by following Price’s method
[16]. This calculation assumes a regular solution. The diagram
is overlaid with a Vegard’s Rule estimation of the Néel tem-
perature of the pseudo-binary system, ranging from 575°C for
Fe3O4 to O K for antiferromagnetic FeoTiO4. Asymmetry in the
miscibility gap in the titanomagnetites is an open question. The
T-dependence of the magnetic transition for the solid solution
series between magnetite and ulvospinel shows the magnetite
phase is magnetic at all temperatures in the day-to-night tem-
perature swing on Mars (a) and the moon (b) for a symmetric
as well as an asymmetric miscibility gap. On the other hand the
Ti-rich phases developed in exsolution may go through mag-
netic transformations in these day-to-night temperature swings
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Fig. 3. Magnetic behavior of 50% ulvospinel (balance magnetite). (a) Four
regimes are distinguished and used to track phase evolution: i) solution below its
Néel temperature, ii) solution above its TN, iii) phase separation with magnetite
below its TN, and iv) two phases above magnetite’s T'x. (b) Isotherm at 300°C
and 5000 Oe for the same composition. The suggested absence of an incubation
period may signal spinodal decomposition is operative.

depending on their state of decomposition. Both magnetite and
ulvospinel are cubic inverse spinels and the lattice constant of
solid solutions varies linearly with composition in the pseudobi-
nary system.

Reference to Fig. 2 is useful in explaining the behavior of
the system seen in Fig. 3(a). In Fig. 3(a), the M vs. T curve
(during heating) for the 50% Fe,TiO4 sample is shown. The
sample starts as a single phase solution as confirmed by XRD
results. The phase evolution of the samples on heating is broken
into four regions, as illustrated in Fig. 3(a). In the first region,
marked ‘i’ on the diagram, the sample is below the Néel tem-
perature (~100°C) of the solid solution estimated from the Ve-
gard’s Rule interpretation of Fig. 2. The moment drops mono-
tonically as the sample is heated to 100°C. Above this tempera-
ture, the region marked ‘ii” on the diagram, a very small residual
magnetization is seen, possibly associated with a small amount
of unreacted Fe in the sample undetectable by XRD.

In region iii of the M vs. T curve, the sample moment
increases as phase separation in the sample begins. With
increasing temperature the kinetics of phase separation are
enhanced, resulting in a two-phase mixture, ultimately with
compositions at either edge of the miscibility gap. The mate-
rial forming with a composition close to Fe3Oy4 is below its
Néel temperature; thus, the magnetic moment increases as the
volume fraction of the magnetic magnetite phase increases.
Finally, in region iv of the M vs. T curve, the sample passes
through the Néel temperature of pure Fe;O4 (~575°C), and the
magnetic response falls again. This M(T) response suggests the
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kinetics of phase separation can be monitored by monitoring
the magnetic response of the sample on heating.

Fig. 3(b) shows the isothermal magnetization of the 50%
Fe,TiO4 sample as a function of time at 300°C in an Ar
atmosphere with an applied field of 5000 Oe. This temperature
was chosen, since Fig. 3(a) suggests it would have a fairly slow
reaction rate, limited by kinetics. The M(t) measurement in
Fig. 3(b) was begun by a fast ramp to 300°C, at 20°C/min. It
follows the reaction as it proceeds; the signal from the sample
increases exponentially with time.

When precipitation of a magnetic phase occurs in a nonmag-
netic host at an isothermal transition temperature, the magneti-
zation is proportional to the volume fraction transformed, X(t),
and serves as a measure of transformation kinetics [17]. For
JMAK kinetics, the isothermal X(t) response has a character-
istic sigmoidal shape as observed in the nanocrystallization of
NANOPERM materials [17]. For spinodal decomposition, the
absence of a nucleation barrier suggests that an early stage in-
cubation step does not occur and the magnetization reflects the
increase in Fe composition of the magnetic phase. The fact that
this composition should be near the middle of the miscibility gap
and that the kinetic curves do not exhibit a typical IMAK shape
suggest that spinodal decomposition may be operative, and mea-
surements reflect diffusion kinetics of the compositional evolu-
tion in the Fe-rich phase.

In Fig. 4(a), a HAADF image of the 50% Fe»TiO4 sample an-
nealed for 24 h at 400°C is shown. The HAADF mode in the mi-
croscope shows contrast variation from differences in thickness
and atomic number. In these samples, the bright regions would
indicate increased thickness or increased atomic percentage of
iron. In Fig. 4(b), an EDX map of the concentration of Ti is
shown. The brighter regions are richer in titanium. In the TEM
image from Fig. 4(a), there are two clearly distinct types of grain
present. The first type of grain is seen in the upper central portion
of the figure and has a mottled appearance, indicating a substruc-
ture which would be expected in samples that have spinodally
decomposed. The second type of grain is seen surrounding the
central grain. These grains have a very smooth appearance in
the HAADF image. The smooth surrounding grains indicates
that the structure in the central grain is not an artifact of sample
preparation, and that the contrast observed in the central grain
represents real atomic mass contrast.

In the HAADF image, regions with increased iron concen-
tration should appear lighter, and it can be seen that the grain
boundaries have the highest amount of contrast. The grain
boundary on the right of the image that appears highly inclined
to the beam shows up very brightly, while the grain boundary
on the left side of the image appears to have a much lower
angle of inclination to the beam doesn’t show nearly as much
contrast. Hence, it appears that there is an excess of iron at the
grain boundaries. This excess amount was not picked up in the
EDX measurements. However, the EDX measurements only
measure near the surface of the sample, while the HAADF
signal has passed through the entire sample.

In Fig. 4(b), a map of the titanium concentration in the sample
is shown. In the central grain, there is very little titanium, while
it’s present in the surrounding grains. From this it is suggested
that this sample has undergone phase separation by nucleation
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Fig. 4. (a) HAADF, or Z-contrast, image of a 50% ulvospinel (balance mag-
netite) sample. The lighter regions correspond to higher iron concentration and
can be observed at the grain boundaries. (b) EDX map of same sample. In this
case, the lighter regions represent higher titanium content.

and growth of new grains of different composition. The cen-
tral grain has a composition very close to pure Fe;O4. While
the approximately 22 at% Ti concentration in the surrounding
grains indicates a composition of approximately 65% Fe,TiOy4
in the pseudobinary. This composition pair indicates that the as-
sumption of a regular solution that has often been made in the
literature is incorrect, as the miscibility gap appears to have a
significant offset toward the Fe;0, side of the pseudo-binary.

Finally, it is noted that the sample used for TEM was heat-
treated at higher temperatures and for much longer than that
shown in the M(t) curve given in Fig. 3(b). This was done ini-
tially to guarantee that the phase separation reaction went to
completion in the samples observed with TEM. The microstruc-
ture observed in the TEM clearly indicates phase separation via
nucleation and growth. However, the lack of a nucleation plateau
in Fig. 3(b), as well as the substructure apparent in the central
grain in Fig. 4(a), indicate that this region undergone spinodal
decomposition. With an asymmetric miscibility gap it is con-
ceivable that the spinodal line passes through the 50 at% compo-
sition near 200-300 C and therefore some, especially heteroge-
nous, nucleation may occur.
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IV. CONCLUSION

Pseudobinary alloys in the Fe304-Fe2TiO4 system have
been analyzed and measured. These materials have been syn-
thesized as single-phase materials, and have then been shown
to phase-separate. This phase separation can be monitored via
magnetic measurements. This magnetic monitoring offers a
unique way of observing exsolution kinetics in this materials
system. Phase separation by nucleation and growth has been
confirmed via TEM. Analytical TEM work shows that the
miscibility gap of the system is offset toward the Fe3O, side
of the pseudobinary. Finally, indications are present that, while
the system (given sufficient time) decomposes through nucle-
ation and growth, the initial decomposition mechanism may be
spinodal decomposition.
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