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In situ synchrotron X-ray diffraction studies of the
high-temperature hydrogen reduction of New
Zealand titanomagnetite ironsand
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To characterise the hydrogen fluidised bed reduction of New Zealand titanomagnetite ironsand, this
study reports the hydrogen reduction behaviour in situ via synchrotron X-ray diffraction at 938 °C.
Titanomagnetite is directly compared with a synthetic magnetite. The crystalline phase evolution and
changes in lattice parameter confirm that Ti significantly alters the reduction pathway at high
temperature, following a 5-stage reduction process. Stabilisation of Fez_,TixO4 (inverse spinel) by Ti
results in two distinct reduction pathways that favour reduction of low Ti content crystallites. First,
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reduction of inverse spinel via wustite results in the exsolution of an amorphous Ti rich oxide phase. This
reaction halts as FeO is metallised, causing a plateau in the net lattice parameter of Fez_,TixO4. A
transition to the accumulation of Ti during direct reduction of the remaining inverse spinel is followed
by conversion to ilmenite and pseudobrookite phases. Lower Ti content inverse spinel reduces first
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1. Introduction

Decarbonisation of steelmaking is a key requirement for redu-
cing anthropogenic CO, output, accounting for 8% of global
energy system emissions in 2022 and the largest source of
greenhouse emissions for a single industrial process.” Hydro-
gen direct reduction represents the primary alternative to tradi-
tional carbothermic ironmaking processes, with significant
potential decrease in emissions as the renewable production of
hydrogen increases.>*

Parallel to the need for low emission technology, the decreas-
ing availability of high-grade binary iron oxide ores makes the
reduction behaviour of ternary oxides crucial for long-term
sustainability.® Significant quantities of titanium-iron oxide ores
are available globally, with large exemplar deposits in China,
Indonesia, India, and New Zealand.®™® The concentration and
quality of such ore varies by location, with extensive deposits of
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throughout the entire reduction process, emphasising the significant stabilising effect of Ti content.

very high grade mineral sands occurring on the coast of North
Island Aotearoa, New Zealand (NZ).'"'* The combination of high
grade ore, abundant local renewable energy sources, and the
global need to decarbonise steelmaking, make the hydrogen
reduction of NZ ironsands of particular interest.™

These ores consist primarily of two solid solution series. First,
the titanomagnetite inverse spinel Fe;_Ti O, solid solution,
ranging from magnetite (x = 0) to ulvospinel (x = 1). Second, the
Fe(,_Ti,O; series, between hematite (x = 0) and ilmenite (x = 1).
Alongside acting as a significant source of metallic iron,
reduction of titanomagnetite is a necessary first step in the
co-production of high value companion metals such as Ti and
V."* For Fe production, a high Fe content titanomagnetite is
preferable, with ilmenite primarily exploited for Ti production.

Unlike the sequential reduction of iron oxides as described
by the Bauer-Glaessner diagram, the hydrogen reduction of
titanomagnetite ores follows a complex multi-phase pathway
that is highly temperature and composition dependent. Pre-
vious studies have established the importance of Ti content in
determining this behaviour. High Ti ores (Ti/(Ti + Fe) > 20%)
progress directly from inverse spinel to ilmenite formation
across a wide temperature range.'” At lower Ti content, how-
ever, varying reduction pathways have been observed in the
700-1000 °C range."® Understanding the order in which phases
form and the distribution of Ti is crucial for optimisation of the
reduction process. This is particularly the case when reducing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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particulate ores in a fluidised bed, in which the migration of Ti
plays a major role in regulating sticking."”

Alongside Ti and Fe, titanomagnetite ores often contain
other contaminant elements such as Al, Mg, and lower concen-
tration substituents such as V. and Mn. Both Mg and Al are able
to substitute for Fe throughout the matrices of magnetite and
hematite, forming equivalent solid solutions to the Fe;,_TiO;
and Fe(3_,Ti,0, phases."®?' Microstructural studies of iron-
sand reduction indicate that Al is strongly co-located with Ti
throughout the reduction process, whilst Mg is more evenly
dispersed within Fe bearing phases.'®*>*?

Temperature dependent miscibility gaps and phase instabil-
ities within the Fe-Ti-O ternary further complicates predicting
the reduction pathway at elevated temperature. The ferropseu-
dobrookite solid solution (Fe,Ti;_Os, 1 < x < 2) is stabilised
at high temperature, but has unstable regions in the tempera-
ture range of 600-1150 °C.>* Further, miscibility gaps in the
inverse spinel Fe_,Ti,O4 and hematite-ilmenite Fe;,_TiO;
series occur below 550 °C and 800 °C respectively.>>>®

Quantitative in situ monitoring of crystallographic phases is
required to understand reaction pathways. Here we report
in situ powder diffraction measurements of the high tempera-
ture hydrogen reduction of both mineral titanomagnetite and
synthetic magnetite using high-resolution synchrotron X-rays.
This technique allows us to not only track the major phases
which evolve during the reaction, but also offers additional
insight into materials parameters such as crystallite size, strain,
and other structural variations. Coupled with sampling of
partially reduced material from a fluidised bed reactor under
equivalent conditions, microstructural changes can be corre-
lated with the in-depth in situ crystallographic data.

Results show that the presence of Ti within the magnetite
lattice has a significant effect on the reduction pathway,
increasing the number of intermediate phases to achieve
complete metallisation. As the titanium content of inverse
spinel increases, production of wiistite becomes unfavourable.
This results in a switch in the reduction pathway to direct
metallisation of the inverse spinel, and the exsolution of Ti.

2. Experimental method

2.1. Materials

Titanomagnetite ironsand was sourced as an unmilled mineral
concentrate (Waikato North Head, New Zealand), with a syn-
thetic magnetite (H6ganis) used as a comparator. These sam-
ples are referred to as ‘TTM’ and ‘MAG’ respectively. Elemental
analysis was performed by X-ray fluorescence (XRF) (Shimadzu
EDX-7200), with results given in Table 1.

2.2. Fluidised bed experiments

The hydrogen reduction behaviour of TTM was investigated
using isothermal fluidised bed experiments. A simplified sche-
matic of the fluidised bed reactor and sampling system is
shown in Fig. 1. Further details of the experimental apparatus
can be found in previously published literature.'®”*’

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 XRF analysis of titanomagnetite ironsand (TTM) and synthetic
magnetite (MAG)

Mass % Cation ratio

TT™M MAG TT™M MAG
Total iron (Fer) 60.5 69 Fe 80 98.6
TiO, 8.1 0.3 Ti 7.5 0.3
Al,O4 3.5 0.2 Al 5.1 0.3
MgO 2.6 0.2 Mg 4.8 0.4
V,05 0.6 0.2 v 0.5 0.2
MnO 0.6 0.05 Mn 0.6 0.1
CaOo 0.2 0.03 Ca 0.3 0.04
P,05 0.1 0.02 P 0.1 0.02
SiO, 1 0.1 Si 1.2 0.1

Unmilled TTM was sieved to a 90-150 pum size fraction. A bed
mass of 100 g was used for each experiment. The reactor was
purged with nitrogen gas at an input flow rate of 50 cm® s~ (3
standard litres per minute) during heating to a bed temperature of
938 °C. Gas flow was then switched to hydrogen at an input flow
rate of 83 cm® s~ * (5 standard litres per min) for the duration of the
experiment. Samples of approximately 2 g were drawn into a water
quenched sample pot at predetermined timepoints during the
reduction. In order to acquire samples at timepoints of 1 min and
3 min, the entire bed was quenched with nitrogen.

2.2.1. Sample characterisation. The crystalline phases pre-
sent in fluidised bed samples were analysed by X-ray diffraction
under ambient conditions (Rigaku Smartlab 3 kW). Scans were
performed using a Co-Ka (1.79 A) source, with step size of 0.02°
and collection time of 0.4 s per step.

Additional samples were mounted and polished to cross-
section particles for scanning electron microscopy. Backscattered

Sample
injection
system

Quartz reactor ------

(9 = 30 mm)
Furnace------ J
Fluidised bed=-=---- s

Sampling
system

Fig. 1 Schematic of the experimental setup used for fluidised bed
reduction. HI: humidity sensor; PI: pressure sensor; TC: thermocouple.
Photographs of the reactor assembly are available in Supplementary A.
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electron (BSE) images were taken (Hitachi SU7000) of representa-
tive particles. Electron dispersive X-ray spectroscopy (EDS) map-
ping of selected regions was performed (Oxford EDS Ultimax 100,
AZtec Version 6.1) to assess the distribution of key elements. Maps
are presented as apparent concentration.

2.3. Synchrotron experiments

Samples of MAG and TTM were ground to a particle size of
5-10 pm for synchrotron measurements. The ground samples
were packed in 0.7 mm diameter quartz capillaries (Charles
Supper) and mounted in a gas flow cell on the Powder Diffrac-
tion beamline at the Australian Synchrotron, shown in sche-
matic form in Fig. 2. A Cyberstar hot air blower was mounted
beneath the capillary and heated to its maximum setpoint
temperature of 1000 °C, with a target experimental temperature
of approximately 950 °C. The actual temperature at the sample
position was measured as 938 °C using a thermocouple and
calibrated using the lattice parameter of an in situ platinum
wire. The hot zone was approximately 2 mm wide; the X-ray
beam size at the sample was 1 mm and centred in the middle of
the hot zone. The X-ray wavelength was calibrated using a LaBg
standard (NIST 660b), and established as 0.5889 A (21.00 keV).
Data were collected in a continuous fashion using a Mythen
detector spanning 80° of arc in 20. To cover gaps between the
detector modules, the detector was rotated back and forth by
0.5° in 20 from one measurement to the next. The exposure
time for each measurement was 30 s. Data were normalised to
the incident beam intensity, merged in time and averaged to a
step size of 0.005° in 260 according to the method described in
Materié et al.,*® which results in no loss of time resolution.

Mythen detector------ N

80°

0°
------ Sample
§ ey R Capillary

beam line

Hot air blower

Fig. 2 Schematic of the experimental setup used at ANSTO for synchro-
tron diffraction measurements of hydrogen reduction at elevated tem-
perature. Photographs of the experimental apparatus are available in
Supplementary A.
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Experiments were performed under isothermal conditions,
with an input gas flow rate of 2.08 cm® s~ (125 standard cubic
centimetres per min), equivalent to approximately 8.3 cm?® s~ *
at 938 °C. The hot air blower was heated to temperature and
moved into place beneath the sample with nitrogen gas flowing
through the capillary. Continuous diffraction measurements
were begun, and after 10 measurements the gas was remotely
switched to hydrogen. The experiment was stopped after 90
minutes or once the sample had fully reacted and reached a
steady state, whichever came first. At the conclusion of each
experiment, the gas flow was switched back to nitrogen, mea-
surements were stopped, the hot air blower was moved out of
position, the inlet and outlet gas valves were closed, and the
capillary was removed from the flow cell.

2.3.1. Data analysis. Rietveld refinement was performed on
the processed synchrotron XRD data using Topas 4.2 (Bruker).
The instrument parameters were refined using the LaB4 stan-
dard, and then fixed for all analyses. Structural models were
included for the predominant crystalline Fe and Ti containing
phases. Variable parameters included the wt%, lattice para-
meters, crystallite size (Lorentzian and/or Gaussian), and strain
(Lorentzian and/or Gaussian). Temperature factors were con-
strained to be the same for the same element across all phases,
and for oxygen this was fixed to the average value obtained at the
start of each experiment. For the experiments on TTM, multiple
phases were required to fit the inverse spinel magnetite phase for
part of the time. In these cases, each phase was constrained to
have the same crystallite size and strain parameters; only the
lattice parameters were fitted independently. Details of the
structural models used are given in Supplementary B.

The estimated reduction degree (RD) was calculated on a
per-cation site basis, calculating the molar ratio of phases
present assuming ideal stoichiometry and the resulting
weighted average oxidation state of iron. Note that this neglects
any compositional changes within phases, and is provided as
an indicator of reaction progress and not as a precise instanta-
neous measure of the degree of reduction.

3. Results

3.1. Fluidised bed reduction behaviour

3.1.1. Crystalline phase composition. In the unreduced
state, TTM is predominantly inverse spinel (Fe(;_,TiO,) with
approximately 10% titanohematite (Fe_xTi,O;) present.
Hematite is rapidly reduced (prior to ¢ = 1 min), with the
reduction of the inverse spinel and formation of wiistite
(Fe(1—x)0) also observed prior to this first timepoint (Fig. 3).
The formation of metallised Fe becomes apparent after 3 min-
utes of reduction, at the peak of observed wiistite content of 23%.

Both inverse spinel and wiistite reduce during the remaining
reaction, with formation of pseudobrookite observed in the
final timepoint (¢; = 40 min). A metallisation degree of ~90%
and calculated reduction degree of 96% is achieved.

3.1.2. Microstructural analysis. The microstructural evolu-
tion of TTM during fluidised bed hydrogen reduction is shown

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Crystalline phase composition against time (left) and against estimated degree of reduction (right) for TTM. Samples taken from fluidised bed

reduction at 938 °C and measured at room temperature are shown.

in Fig. 4. The homogeneous inverse spinel structure rapidly
converts to a latticework of 0.5 pm wide wiistite channels
embedded in the spinel matrix. An oxide shell develops and
stabilises at 3.5 um thick over the first 15 minutes. During the
reduction of wiistite (¢ > 3 min), metallic Fe and voids form,
correlating with the anticipated ~28% volume reduction as
wistite metallises. This transformation front progresses from
the particle surface to the core as the reduction continues. In
the final stages of reduction, iron precipitates at the outer
surface of particles (Supplementary C).

Wiistite is shown to have a lower solubility for Ti than the
surrounding inverse spinel matrix with similar behaviour
observed for Al (Fig. 5a). As wistite reduces, the formation of
voids and metallised Fe follows the microstructure of prior
wiistite channels.

The outer shell consists of a 0.5 pm thick outermost oxide
layer enriched in Mg, and an Fe denuded oxide region enriched
in Ti and Al (Fig. 5b). A visible correlation of Ti, Al, and O
distribution is present within the particle as reduction pro-
gresses (Supplementary C). An increase in the volume fraction
of Fe within regions where wiistite has already been reduced
indicates continued reduction of the remaining inverse spinel.
This behaviour correlates with the observed crystalline phase
behaviour in synchrotron and XRD analyses. No other segre-
gated Ti enriched phase can be directly observed in these
images, excluding the Fe-denuded outer shell.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.2. Synchrotron reduction behaviour

3.2.1. Crystalline phase composition. At 938 °C, both TTM
and MAG samples are composed predominantly of inverse
spinel (Fig. 6). A small amount (approx. 10%) of rhombohedral
titanohematite is present in both cases. Note in the experi-
ments using MAG that these phases will approximate the end
member compositions of magnetite (Fe;0,) and hematite
(Fe,O3) respectively, whilst in TTM that titanium may also be
incorporated.

The rapid onset of hematite reduction to inverse spinel
indicates the start of reaction of hydrogen gas with the sample
at the measurement position (¢, = 0). The MAG sample follows a
well-defined stepwise reduction with each reaction reaching the
endpoint concurrent with the start of the next reaction:

Stage I: 3Fe,O3 + H, — 2Fe;0, + H,O (1)
Stage II: Fe;04 + H, — 3FeO + H,0 2)
Stage III: FeO + H, — Fe + H,0O (3)

This three-stage hydrogen reduction pathway is consistent
with existing literature.>®*° The small 5-10 pm particle size will
encourage completion of sequential reactions compared to
coarser material.

The reduction process observed in TTM is significantly more
complex than MAG, with five distinct reduction stages. The

Mater. Adv,, 2026, 7, 3722-3735 | 3725
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m SU7000 20.00kV x600 PDBSE1(COMP) =
15 min ki
60%

'SU7000 20.00kV x600 PDBSE (COMP)

Fig. 4 Backscattered electron micrographs of representative TTM parti-
cles sampled from fluidised bed reduction. The time of sampling and
estimated degree of reduction is labelled for each image. Microstructural
evolution progresses from a homogeneous microstructure through a
latticework of wustite channels, and subsequent conversion of channels
to metallic Fe and voids.
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approximate boundaries of these stages are demarcated in
Fig. 6b. Theoretical reduction equations are as follows, with
the x representing varying degrees of Ti enrichment and 4
representing arbitrary hydrogen quantities for a given reaction:

Stage I: 3Fe(2_x)Tix03 + HZ g ZFe(g,l_Sx)TiLSxoLl + Hzo (4)

Stage II: (x + 4)-Fe;3_xTiyO4 + 4-H,
— 34-FeO + .X"FG(S,X,A)Ti(x.,.A)OAl + A-H,O (5)

Stage III: FeO + H, — Fe + H,0 (6)

Stage IV: Fe;3_TiO4 + (4 — 3x)-H,
— xFeTiO;3 + (3 — 2x)-Fe + (4 — 3x)-H,O (7)

Stage V: FeTiO; + H, — Fe + TiO, + H,0 (8)

The formation of ilmenite in Stage IV (eqn (7)) has been
simplified to assume strict stoichiometry of the product phase.
Unlike in MAG, these reactions are not strictly confined to the
boundaries of each stage as shown, but are instead the predo-
minant or characteristic reaction during that stage. For example,
reduction of wiistite to metallic iron begins prior to the demar-
cated start of Stage IIL

Comparing behaviour to that observed in fluidised bed
samples, a good correlation is shown by these data and
comparison of synchrotron and ex situ XRD patterns (Supple-
mentary E). Synchrotron data is representative of the fluidised
bed reduction behaviour.

Oxide shell[IIZS

Fe denuded
: *¢ “‘-‘Yr

Tienriched Al Al enriched
—t— —t—

Sub-micron
Mg oxide ™™

Fig. 5 Backscattered electron micrograph and apparent concentration EDS maps of representative TTM particles sampled from fluidised bed reduction,
showing: (a) the interface between wustite at t = 10 min, RD 45%; and (b) the outer shell at t = 20 min, RD 77%. All scalebars are 5 um. Further EDS map

images at additional timepoints are available in Supplementary B.
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Fig. 6 Crystalline phase composition and relative change in unit cell volume during isothermal hydrogen reduction at 938 °C, for (a) MAG (left) and (b)
TTM (right) plotted against time and estimated degree of reduction, calculated assuming ideal stoichiometry. Unit cell expansion is relative to reference
data. The average measured unit cell volume of Fe;_,O in MAG was used as a reference for wustite. For improved visual clarity each second timepoint is
plotted. The approximate boundaries of reaction stages are labelled. * dashed line represents region for which accurate fitting of inverse spinel peak was

not possible.

3.2.2. Lattice parameter. Significant changes are observed
in the lattice parameters of the crystallographic phases as
reduction progresses, showing distinct changes in behaviour
between stages (Fig. 6). Relative lattice volume change is
reported to better compare cubic and non-cubic crystal struc-
tures. The relative change in unit cell volume is calculated
against reference data. A summary of current reference data for
the compositional and temperature dependency of lattice para-
meters for phases in this system is presented in Supplementary
D.'8213174 pye to the strong dependency of lattice parameter

© 2026 The Author(s). Published by the Royal Society of Chemistry

on stoichiometry and oxygen partial pressure for wiistite, the
average lattice parameter measured for the MAG sample was
used as a reference in this case.*> Changes in the inverse spinel
lattice are most prominent in the TTM sample, and are indi-
cative of partitioning of Ti and other solute atoms throughout
the reduction process (Fig. 6b).

The diffraction peaks of the inverse spinel phase in TTM
show significant asymmetry once reduction begins. Asym-
metric peaks were fitted using the sum of three separate inverse
spinel structural models (Fig. 7a), each having different lattice

Mater. Adv., 2026, 7, 3722-3735 | 3727
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Fig. 7 (a) Example of fitting three separate pseudo-Voigt peaks to an asymmetric inverse spinel peak (top), with comparison against fitting of a single

peak (bottom). Sticks representing the relative intensity and mean lattice parameter of each model are shown. (b) Weight fraction (top), lattice parameter
(mid) and ratio (bottom) of the three structural models used to fit the inverse spinel peaks in the TTM reduction experiment.

parameters but common peak shape parameters (i.e. crystallite
size and strain parameters). These peaks represent three popu-
lations of inverse spinel crystallites in the sample: (P;) raw
TTM, (P,) an intermediate Ti enriched population, and (P3) Ti
enriched crystallites at the highest Ti content.

The inclusion of three such sub-peaks was sufficient to fit
the inverse spinel peaks. The inclusion of additional phases did
not statistically improve the fit, whilst using only two phases
yielded poor agreement with the experimental data. The lattice
parameters fitted for each structural model were stable
throughout the reduction (Fig. 7b), and the peak shape para-
meters were fixed.

Fig. 7b shows that during the reduction, the three sub-peak
populations show fundamentally different behaviours. The
initially dominant phase with the lowest Ti content, sub-peak
P,, is the only population to decrease in intensity during Stages
II and III. This decrease continues until its intensity decreases
to a similar magnitude as the other inverse spinel phases.

The detailed progression of each reduction stage is pre-
sented in further detail in the following sections.

3.2.3. Stage 0: pre-reduction. Prior to H, reaching the
sample (¢t < 0), the measured wt% of crystallographic phases
remains constant for both MAG and TTM. No solute

3728 | Mater. Adv, 2026, 7, 3722-3735

partitioning between phases occurs, shown by stability of peak
position, shape and size for both hematite and inverse spinel.

3.2.4. Stage I: hematite reduction. Reduction of hematite
to inverse spinel is the first phase transformation observed.
This reaction proceeds rapidly and to effective completion for
both TTM (¢, = 1.4 min) and MAG (¢; = 2.1 min) before any
reduction of the inverse spinel occurs. This contrasts with the
simultaneous progression observed in fluidised bed sampling
of TTM (Fig. 3) in this and prior studies.'®

In MAG, the direct reduction of hematite to magnetite
occurs with no significant changes in peak shape or position
(Fig. 8a).

For TTM, an increase in the titanohematite lattice parameter
is observed during Stage I (¢, to t,). The inverse spinel unit cell
simultaneously expands by 0.3% (Fig. 6b). This correlates with
an increased Ti content in the phase as titanohematite reduces,
producing the P, and P; crystallite populations (see Fig. 7b).
Significant asymmetry of the diffraction peaks for inverse
spinel in TTM occurs as a result (Fig. 8a). An increase in the
low-angle side of the diffraction peaks (i.e., larger unit cell) is
particularly prominent. In addition, the fitted strain parameter
of the inverse spinel phase shows a rapid increase by 40%
during the hematite reduction.*®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Selected inverse spinel (Fez_,TixO4), titanohematite (Fep_,TixO3), and wustite (FeO) peaks during (a) Stage | conversion of hematite to inverse
spinel reduction step and (b) Stage Il conversion of inverse spinel to wustite during synchrotron reduction experiments for samples of MAG (top) and TTM
(bottom). The time in minutes from H; switchover is indicated in the legends.

3.2.5. Stage II: wustite (Fe(;_)0) formation. The reduction
of inverse spinel to wiistite characterises Stage II. In both MAG
and TTM, increasing Fe:O ratio is shown by the increasing
lattice parameter as reduction progresses (Fig. 8b). Wiistite is
sub-stoichiometric with composition dependent on local oxy-
gen fugacity, with increasing lattice parameter associated with
an Fe: O ratio increasing towards 1.*”*® This indicates that the
first wiistite formed has a high oxygen content, with the average
iron content increasing as the samples reduce.

Production of wiistite is the only reaction pathway in MAG
during stage II (eqn (2)), reaching completion 4 minutes after
the start of Stage II (Fig. 6a), with no Fe;O, present after this
point (¢, = 6.2 min). The apparent rate of reduction slows at the
end of Stage II, correlating with the increased stability and
widening of the wiistite phase field at elevated temperature
allowing stoichiometric deviation not captured in the estimated
reduction degree.*® There is no change in inverse spinel unit
cell volume throughout this stage.

Total conversion to wiistite does not occur in TTM, with
59 wt% inverse spinel remaining at the peak wiistite concen-
tration of 34 wt% (¢, = 4.2 min). Simultaneous reduction of
wistite is indicated by the formation of face-centred cubic

© 2026 The Author(s). Published by the Royal Society of Chemistry

austenite (y-Fe), which increases in rate as the stage progresses
and the reduction of Fe;;_,Ti,O, slows.

Increasing net concentration of Ti in the inverse spinel
lattice is shown by a 0.3% expansion in the net unit cell volume
(Fig. 6b). This is caused by reduction of low-Ti content crystal-
lites, as represented by sub-peak P; (Fig. 7b), and is visible as a
decrease in the high-angle sub-peak of the inverse spinel
diffraction peaks (Fig. 8b). No reduction of P, or P; occurs
during this stage.

3.2.6. Stage III: wiistite (Fe(;_)O) reduction. The reduction
of wiistite to metallic iron occurs in both MAG and TTM in
Stage III, with both austenite and body-centred cubic ferrite
(o-Fe) present (Fig. 9a). At the end of Stage III, MAG achieves
complete metallisation and undergoes no further reduction
stages.

Wiistite in MAG is directly reduced to iron during Stage III,
forming austenite and ferrite. This reaches completion after
25 minutes. No additional phases are formed during this process.

Metallic iron product phases had stable lattice parameters
and peak shapes throughout.

The majority of wiistite present in TTM is reduced to iron
during Stage III. The wiistite unit cell size continues to increase,
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reaching a stable maximum of 4.365 A. The reduction of inverse
spinel also continues during Stage III at a decreased rate, with
the continued reduction of the P; sub-population. No accumu-
lation of Ti occurs, shown by a plateau in unit cell size and the
absence of P, or P; crystallite generation (Fig. 7b). This beha-
viour is the continued production of wiistite as channels
coarsen at the core of the reducing particles.

At a reduction degree of approximately 60%, a change in the
reduction mode of inverse spinel is observed. The reduction of
P, crystallites increases, with the generation of additional P,
crystallites. This indicates the direct reduction of inverse spi-
nel, with the accumulation of Ti increasing the lattice para-
meter of the remaining inverse spinel. No new intermediate or
Ti bearing phases are observed during this stage.

This correlates well with the intermediate regime estab-
lished in fluidised bed reduction by Prabowo et al. between
850 and 950 °C,'® above which the reduction of Fe(;_Ti,O,
halts, and below which no intermediate wiistite is formed.

3.2.7. Stage IV: ilmenite (FeTiO;) formation. Inverse spinel
is reduced to ilmenite (FeTiO;) in TTM during Stage IV. This

phase is clearly distinguished from the Ti enriched
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titanohematite observed at ¢,, with a 2.2% larger unit cell
volume. The highest Ti content crystallites, P;, reduce during
this stage, with P, becoming the primary crystallite population.

The unit cell volume of the ilmenite phase reduces by 0.3%
throughout Stage IV, indicating a change in stoichiometry as
more ilmenite is formed. Ilmenite peaks are symmetric
throughout this stage. The crystallisation of a magnesium
aluminate spinel phase, labelled as MgAl,O,, also occurs dur-
ing Stage IV (Fig. 9b).

3.2.8. Stage V: ilmenite (FeTiO;) reduction/rutile (TiO,)
formation. Ilmenite is reduced to rutile during Stage V (Fig. 9c).
No other TiO, polymorphs (e.g., anatase) are detected. The mag-
nesium aluminate spinel phase remains stable during Stage V,
with no change in concentration, lattice parameter, or peak shape.

The rutile content increases as Stage V progresses towards
completion, with 2.9 wt% present at the final reduction degree
of 91% after 75 minutes. No significant changes in lattice
parameters for TiO, are observed. The lattice cell volume of
ilmenite continues to decrease as observed in Stage IV, indicat-
ing further changes in composition, with the resulting diffrac-
tion peaks shifting to higher angle.

b) Stage IV
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Fig. 9 Selected region of diffraction patterns showing the change in shape and position of peaks during isothermal reduction. The time in minutes from
H, switchover is indicated in the legends. (a) Wustite (FeO) and iron peaks during Stage I, for isothermal experiments on MAG (top) and TTM (bottom)
samples. (b) Inverse spinel, spinel, and ilmenite peaks during Stage IV in TTM. (c) Rutile, spinel, and ilmenite peaks during Stage V in TTM.
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4. Discussion

Combining measurement in situ with faster data sampling and
increased angular resolution, the synchrotron diffraction results
reveal significant new details of Ti migration during the reduction
of TTM. Previous studies have lacked the time-resolution to
observe the reduction of Ti enriched Fe,_TiyO; during Stage
1.'%'7?7 In this work, a significant change in the lattice parameter
of inverse spinel is caused by this reduction (a). This is directly
correlated with an increased and non-uniform Ti content in the
inverse spinel matrix that forms the bulk of TTM particles. This
contrasts with the MAG reference sample, where the reduction of
hematite has no significant effect on the inverse spinel lattice
parameter. No significant changes in the inverse spinel lattice
parameter will be caused by oxygen content at this temperature, as
the phase field remains narrow and approximately stoichiometric.

The higher solubility of Ti in the hematite-ilmenite solid
solution compared to the magnetite-ulvospinel solution under
equal oxygen partial pressures results in a higher total Ti
content.’® Titanohematite is not uniformly distributed in
TTM, with approx. 8% of particles showing a lamellar micro-
structure consisting of inverse spinel and titanium enriched
titanohematite, visible in the BSE micrographs shown in Sup-
plementary C."”*" The Stage I reduction of hematite therefore
produces a locally enriched inverse spinel, represented by

View Article Online
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sub-peak P; (Fig. 7). Resulting in a larger unit cell and a
multimodal distribution of lattice parameter within the sam-
ple. A schema presenting the changes in sub-peaks and the
attributed causes is presented below (Fig. 10).

From the changing ratio of sub-peaks during reduction, we
posit that a Ti rich oxide is exsolved from the inverse spinel
phase as it reduces. During Stage II, the net lattice parameter of
the inverse spinel increases. This is caused predominantly by
reduction of low Ti crystallites, represented by sub-peak P;
(Fig. 7b and 8b). There is no concurrent increase in sub-peaks
P, or P;. The Ti contained in the reducing inverse spinel is
therefore not retained in the remaining inverse spinel as
posited in previous works.*®*”

The crystalline product phase in Stage II is wistite. Ti
exhibits poor solubility in wiistite compared to the inverse
spinel phase (Fig. 5a). Experimental reports indicate a solubility
limit around 5at% at the liquidus of 1314 °C, with more recent
thermodynamic analyses suggesting a maximum of <1 at% at
938 °C.*>"* Tetravalent titanium must therefore be partitioned
away from wiistite as reduction proceeds.

Given that no other crystalline phases are produced, this is
direct evidence for the formation of an amorphous Ti rich oxide
(a-TiO,) phase starting in Stage II. This correlates with the
Ti-rich oxide shell formation observed in fluidised bed sam-
ples, that precipitates during Stage II and thickens throughout

I Il 1 VI
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Reduced to FeO Reduced to Fe Reduced to Fe
and exsolved a-TiO,, and Ti-enriched P, and Ti-enriched P,
Increases No change Increases Decreases
P, Produced from Stabilised by Produced by Ti Reduced to
Fe . TixOs3 Ti content accumulation in P4 Fe and FeTiO;
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P Produced from Stabilised by Reduced to
Fe . TixOs3 Ti content Fe and FeTiO,
100 1 1 il IV Vv
X
- 804
e,
S 60+
=
T 404
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O
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Fig. 10 Schema summarising the changes in the inverse spinel crystallite sub-populations during each reaction stage, and the causes of each change.
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reduction (Fig. 5 and Supplementary C). The thickening of the
shell correlates with wiistite formation, with the coarsening of
wiistite channels at the core of the particle and the thickening
of the shell terminating mid Stage III (Supplementary C). This
behaviour disagrees with the theoretical reaction described in
eqn (5), and can instead be better approximated as below:

Fe;3_TiO4 + (4 — 2X)-H, — (3 — x)-Fe + xTiO, + (4 — 2x)-H,0

9)

This hypothesis is validated by considering the required
diffusion of Ti in the inverse spinel phase to form the shell.
Based on the 5 pm thick reacted layer of wiistite channels at
t = 60 s, the estimated diffusion constant in inverse spinel is
Dy & 107 m® s ", This lies well within the predicted diffusion
rate of Fe in spinel structures at 950 °C and estimated oxygen
partial pressure of pO, = 10 (py o = 0.3 atm).”® Accurate data
for the diffusion rate of Ti in inverse spinel is, however, limited
to temperatures above 1100 °C and oxygen fugacity above
10~'%.°° This comparison neglects accelerated diffusion of grain
boundaries and high vacancy content during reduction, which
would further encourage the likely shell-exsolution mechanism.

A significant transition in reduction mechanism occurs in
Stage III. As the available wiistite approaches zero, the
reduction of remaining P, crystallites accelerates. An increase
in P, crystallites indicates a transition in reaction pathway, with
Ti being accumulated rather than primarily exsolved. This
represents the direct reduction of inverse spinel to metallic
iron, described by eqn (10):

(x + A)~Fe(3,x)TixO4 + 4AH2

— 34-Fe + x-Fe(g_x_A)Ti(x+A)O4 +44-H,0 (10)
a) Ti TiO, — Boundary
== Solid solution
® |nvariant point
== Constant "ee,r,
0 Fe Fe+Ti

Feq3Ti;70s-
----- FeTiO,

Fe,TiO;

Starting - Fe.TI0,

comp?sition Fe reduction

endpoint

Fe, O,

Fe;O,

Fe

Fig. 11
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A temperature dependent transition in the reduction of
magnetite directly to Fe is well established, occurring below
570 °C.”” The stabilising effect of Ti plays a similar role,
lowering the favourability of the wiistite reduction route. The
continued reduction of the inverse spinel during Stage III is
visible as increasing metallisation within regions where wiistite
reduction is already complete (Fig. 5b and Supplementary C).

The final key transition in behaviour is the direct conversion
of inverse spinel to ilmenite in Stage IV. Each of these reduction
pathways — described here as exsolution, accumulation, and
conversion — demonstrate the preferential reduction of low-Ti
content inverse spinel Fe;_Ti,Oy, Le., the stabilisation of the
phase by Ti. It is exclusively the low Ti P, crystallites that are
reduced throughout Stages II-III (Fig. 10), with the P, crystal-
lites dominant at the end of reduction.

Whilst there is an inhomogeneous distribution of inverse
spinel across these three populations, considered as a collective
body, the crystalline system follows the anticipated phase
diagram well. An approximate ternary phase diagram for the
Fe-Fe,0,-TiO, system at 950 °C is presented in Fig. 11a.*%°%>87
Of note is the instability of pseudobrookite (FeTi,Os), with the
limit of stability for the M;0s5 solid solution lying at approximately
Fe1.3Ti1.705-24

Cross-referencing the reduction stages described for TTM
with the equilibrium phase assemblages A-J results in the
following:

(1) Stage I: conversion of titanohematite to a fully inverse
spinel sample (A).

(2) Stage II: net Ti content in inverse spinel increases as
wiistite is formed (B).

(3) Stage I1I: transition to the reduction of wiistite to metallic
Fe, with no change in the Ti content of inverse spinel during

b) Phase assemblages
M,O; (ss), M;0, (ss)
M,O, (ss), FeO

F Fe,TiO,, FeTiO,, Fe
G
Fe,sTip,O,, FeO, Fe H
I
J

FeTiO,, Fe

M;O; (ss), TiO,

Fe, 3Tiy ;0s, FeTiO3, TiO,
FeTiO;, Fe, TiO,

M,O; (ss), M305 (ss)
M,O, (ss), Fe

moow>»

C* Fe,sTig4O. FeO, Fe
E* M,O,, Fe
F* M0, Fe, FeTiO,

H* M,0; (ss), TiO,
I* FeTi,Os, FeTiOs, Fe
J* FeTi,0,, TiO,, Fe

(a) Schematic molar fraction ternary Fe—Fe,Oz—TiO, phase diagram for 950 °C, with the inclusion of established ferro-pseudobrookite stability

limit at Fey 3Tiy 705244905860 The theoretical reduction pathway for titanomagnetite with a Ti/(Ti + Fe) ratio of 8.6% is shown. (b) Summary of phase
assemblages A-J for the ternary diagram, where M represents metal cation; (ss) = solid solution. (c) Conceptual ternary phase diagram overlaid with the
phase assemblages C*—F* for lower Ti content invariant points in inverse spinel. (d) Phase fields H*-J* if pseudobrookite is stabilised.
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this period (C). At the end of Stage III, see the direct reduction of
inverse spinel, resulting in an increasing lattice parameter (E).

(4) Stage IV: remaining inverse spinel is converted to ilme-
nite and metallic Fe (F and G).

(5) Stage V: ilmenite is converted to rutile and metallic Fe (J).

Minor deviations can be considered in terms of the position
of specific vertices. Given that the net Ti content of inverse
spinel never reaches that of Pj, it is clear that the ulvospinel
point is never reached. Combined with the transition to Stage
111, a conceptual modification is shown in Fig. 11c. Instability of
the ulvospinel has previously been reported, no longer co-
occurring with metallic Fe below 680 °C.”° It is important to
note that this neglects the exsolved Ti rich amorphous oxide,
which is not observed in previous reports of the Fe-Ti-O ternary
at 950 °C and is incompatible with the thermodynamic predic-
tions of the equilibrium ternary.>®°*

This ternary phase diagram is also broadly consistent with
the reported behaviour of high Ti titanomagnetite ores. At a
Ti/(Ti + Fe) ratio of 22%, material sourced from Chaoyang is
reported to partially metallise before directly reducing to ilmenite
(transiting phase assemblages A-E-F-G), with no wiistite for-
mation reported."® This contrasting behaviour emphasises the
significance of the Ti concentration in the TTM source material in
determining the reduction pathway for titanomagnetites.

The formation of pseudobrookite or rutile during Stage V is
the only significant difference between fluidised bed and
synchrotron reduction experiments. The Ti rich end-member
of Fe,_xTi(11x)Os is typically unstable below 1150 °C, and less
stable than rutile at high oxygen fugacity.>**® Magnesium
cations are the likely cause of pseudobrookite formation as a
stabiliser of M;O5 phases.®® The observed pseudobrookite has a
high Mg content, shown by a contracted ¢ axis and elongated
b axis (@ = 9.742 A, b = 10.09 A, ¢ = 3.738 A).**** As shown
schematically in Fig. 11d, stabilisation of a pseudobrookite phase
will encourage its formation at high reduction degrees. Consider-
ing the migration of Mg to the shell (Fig. 5b and Supplementary C),
the smaller particle size and difference in gas flow behaviour
between experiments may play a role in this variation.

Magnesium cations also play a role in the formation of a
spinel phase during Stage IV. A shift in lattice parameter
compared to the titanomagnetite inverse spinel (8.18 A vs.
8.54 A) correlates well with a primarily magnesium aluminate
spinel, with low Ti or Fe content.®~®> This phase however is
present in low concentrations and only apparent during
Stage IV-V. The remaining Al and Mg cations must instead be
substituting for Fe or Ti in the inverse spinel or ilmenite lattices
or exsolving as amorphous oxides during Stages I-III.

This same cationic substitution prevents direct extrapola-
tion of Ti content from lattice parameters, and may explain the
anomalously low inverse spinel unit cell size in TTM compared
to MAG. Al and Mg account for 5.1 and 4.8 at% of cations
respectively (Table 1). Microstructural analyses indicate
co-location of Ti and Al during reduction (Section 3.1.2. and
Supplementary C), both of which preferentially occupy the
octahedral lattice site in the inverse spinel phase.®®"®® Titanium
in particular is well-established to occupy the octahedral

© 2026 The Author(s). Published by the Royal Society of Chemistry
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vacancy site, even at high Ti:Fe ratios approaching the ulvos-
pinel composition.®® The combination of their impact on lattice
expansion is, however, unlikely to be linear given the signifi-
cance of cation ordering in determining lattice parameters.*®”°
Local oxygen fugacity, interstitial hydrogen and the established
discontinuity in thermal expansion above the Curie tempera-
ture will further confound lattice expansion.*®*%”" This pro-
vides a likely explanation for the lower initial lattice parameter
observed in TTM than MAG at temperature, despite the antici-
pated lattice expansion caused by Ti.

Similar confounding effects may be anticipated in ilmenite.
Oxygen vacancies, interstitial hydrogen, decreasing Ti or
increasing Al content would all contribute to an observed
decrease in lattice parameter.’®*%”> This further reinforces
the challenges of accurately measuring the movement of a
single solute species in mineral systems, where the migration
of other solutes present alters lattice parameters. Further work
with high purity synthetic titanomagnetite and magnetite
would be needed to decouple these effects.

Given the established y-o transition temperature of 912 °C in
pure Fe, the presence of ferrite in both MAG and TTM at 938 °C is
unexpected, and can only be explained as a compositional effect.
First, the low illuminated volume (>0.4 mm?®) eliminates the
possibility of a large thermal gradient across the sample. Second,
the o.: y ratio increases in both MAG and TTM with time, ruling out
local endothermic cooling during the rapid early reaction, which
would favour early ferrite formation. Finally, in situ platinum wire
calibration indicates a constant temperature within the hot zone
during the experiment, ruling out a thermal drift of the whole
system. There remains considerable ferrite present at the end-
point for both MAG and TTM at 938 °C. Nitridation by nitrogen
carrier gas has been observed via synchrotron to widen the y-o
transition temperature,”® but the use of pure hydrogen in this
work excludes this factor. Both samples contain several strongly
a-stabilising elements (Ti, Al, V, Si), with approximately 0.4 at% Ti
in solution sufficient to completely eliminate austenite at 938 °C.*
None of these elements are directly reducible to a metallic state
from their oxides under the reaction conditions investigated in
this work. However, the presence of a large sink of metallic Fe will
alter the activity of these elements.

Calculation of the equilibrium phase distribution and activ-
ities of elements in each phase (FactSage v8.2, FactPS/FactOxid/
FactStel) does not indicate body-centred cubic ferrite as a stable
end-phase for either MAG or TTM (Supplementary F). Austenite
and spinel phases are indicated as the predominant stable
phases. The microstructural partitioning of solutes during the
reduction process clearly plays a key role in determining the
stable end phases present.

This work demonstrates the significant effect of Ti on direct
reduction behaviour of titanomagnetite ore. The exsolution of
amorphous oxides has an established effect on particle sticking
during fluidised bed reduction,'®'” and will influence down-
stream processing of reduced material. Further study is
required to confirm the mechanistic cause of this exsolution
behaviour, and the role of other cation substituents in the
inverse spinel matrix.
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Conclusions

In this study, in situ synchrotron X-ray diffraction was used to
analyse the hydrogen reduction of New Zealand titanomagnetite
ironsand at 938 °C, to better characterise the fluidised bed
reduction behaviour. The importance of Ti content in determin-
ing the reduction pathway was confirmed. The key findings are:

(1) The behaviour observed in situ is representative of
fluidised bed reduction behaviour, with only minor deviations
in reduction pathway at the end stage of reduction.

(2) A 5-stage reduction pathway is observed compared to the
typical 3-stage pathway of a synthetic magnetite sample.

(3) The presence of titanium enriched titanohematite leads
to a trimodal Ti content in the inverse spinel phase and
asymmetric diffraction peaks during reduction.

(4) Ti stabilises the inverse spinel phase, preventing total
reduction via wistite at this temperature, and favouring the
reduction of low Ti content crystallites first.

(5) Titanium is exsolved from the inverse spinel during
reduction towiistite, resulting in an amorphous Ti rich oxide shell.

(6) A transition to direct reduction of inverse spinel occurs
late in Stage III, resulting in the accumulation of Ti in the
remaining inverse spinel.
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