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Phase Transition of Magnetite Ore Fines During
Oxidation Probed by In Situ High-Temperature
X-Ray Diffraction

HENG ZHENG, ODAY DAGHAGHELEH, YAN MA, BERND TAFERNER,
JOHANNES SCHENK, and YURY KAPELYUSHIN

The reduction of magnetite-based iron ore fines in a hydrogen-induced fluidized bed becomes an
attractive fossil-free ironmaking route. Our previous study showed that a prior oxidation
treatment of magnetite was helpful to improve its fluidization and reduction behavior. However,
the underlying oxidation mechanisms of magnetite ore fines remained unclear and required
further investigations. In this study, two magnetite ore brands were analyzed via in situ
high-temperature X-ray diffraction (HT-XRD) during oxidation, to investigate the thermal
transformation of Fe3O4 to a-Fe2O3 at crystal scale. The lattice constants and crystallite sizes of
both phases and oxidation degree were evaluated at different temperatures based on the
HT-XRD patterns. The lattice constants of Fe3O4 and a-Fe2O3 increased with an increase in
temperature due to the thermal expansion and can be successfully fitted with temperature by
second-order polynomials. With Fe3O4 being oxidized into Fe2O3, the Fe2O3 crystallite grew
and showed a certain growth habit. The Fe2O3 crystallite grew faster along the a/b axis than the
c axis. The oxidation kinetics followed the parabolic law as shown by the sigmoid-shaped
oxidation degree curve, suggesting that the solid diffusion of ions was the rate-limiting step.

https://doi.org/10.1007/s11663-023-02754-z
� The Author(s) 2023

I. INTRODUCTION

MAGNETITE ore is one of the important resources
for ironmaking plants. The global magnetite ore pro-
duction is approximately 583 million tons per year
accounting for 28 pct of the total iron ore production.[1]

In some countries, such as South Australia, the major
iron ore deposit is magnetite.[2] The current commercial
practice of magnetite ore fines usually requires pelleti-
zation to produce iron ore pellets with appropriate size
and strength.[3] However, the pelletizing process requires
additional energy and cost and generates CO2 emissions.

One possible concept for future crude steel production is
using a hydrogen-based fluidized bed to produce hydro-
gen direct reduced iron (HDRI), followed by an electric
arc furnace (EAF) process.[4,5] Therefore, the produc-
tion of HDRI using magnetite ore fines in a hydro-
gen-induced fluidized bed becomes of great interest. The
hydrogen-based fine-ore reduction (HYFOR) process
developed by Primetals Technologies is one of the
successful examples. The HYFOR process allows for the
operation of any type of iron ore fines with particle sizes
of 100 pct< 150 lm.[6] In the case of using magnetite
ore fines, prior oxidation occurs in the preheating stage.
A series of laboratory-scale experiments showed that the
prior oxidation of magnetite was helpful to improve its
fluidization and reduction behavior.[7–9] Thus, it is of
great importance to understand the oxidation mecha-
nisms of magnetite ore fines for optimizing the process
route.
The exothermic effect, structural evolution, and

kinetic analysis regarding the oxidation of magnetite
were summarized in our previous work.[10,11] In general,
the oxidation of magnetite experienced two stages,
where the magnetite was oxidized into an intermediate
phase and further oxidized to a-Fe2O3. During the
oxidation, whisker or rough pleated structures of
hematite were formed on the surface of magnetite
particles. The rate-limiting step for oxidation of
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magnetite in particle scale was generally solid-state
diffusion which can be well described by parabolic law.
The diffusion of oxygen into/within the magnetite
particles was not the rate-limiting step. There are many
kinetic studies on the oxidation of magnetite at the
particle scale using thermogravimetric analysis
(TGA).[12–16] In addition, some post-mortem X-ray
diffraction (XRD) measurements were conducted to
study crystal transformation after the oxidation of
magnetite. It was found that magnetite from different
mines showed different lattice constants due to various
types of gangue elements.[17] .The lattice constant of
oxidized magnetite also differed after oxidation at
different temperatures.[18] The strain/stress occurring in
the lattice should promote the nucleation of a-Fe2O3

and the crystallite size of magnetite governed the
formation of c-Fe2O3 and the oxidation kinetics.[19]

The crystallite size of the oxidized magnetite calculated
based on the Scherrer equation was comparable to that
measured by transmission electron microscopy (TEM),
which proved the accuracy of the XRD method for
obtaining the crystallite size.[20] However, little infor-
mation is available in the literature on the phase
transition at the crystal scale during oxidizing magnetite,
which limits the understanding of the oxidation mech-
anisms of magnetite. The objective of the present study
is to investigate the thermal transformation of magnetite
ore fines at the crystal scale via in situ high-temperature
XRD (HT-XRD) during oxidation. The findings pro-
vide deeper insights into the phase transformation from
magnetite to hematite under an oxidation condition.

II. EXPERIMENTAL PROCEDURES

A. Materials

Two commercial magnetite ore brands were investi-
gated in this study and their chemical compositions are
listed in Table I. The particle size distributions and
apparent densities of the ores were characterized by
CILAS 1064 particle size analyzer and Ultrapycnometer
1000 density analyzer, respectively. The results are listed
in Table II. The raw ores were dried at 110 �C for 6 h
before all the following tests.

B. In Situ High-Temperature X-Ray Diffraction
(HT-XRD)

The HT-XRD analyses were performed on a Rigaku
Ultima IV XRD diffractometer with a Cu target. The
Ka radiation was filtered as the X-ray source. The
measurement step size was 0.02 deg and the sampling
time was 0.15 s/step. In each measurement, 300 mg of
material was placed on a platinum heating strip and
heated in the HTK-16 high-temperature chamber
(Anton Paar) to 1000 �C at a heating rate of 100 �C/
min. The material was placed in a very thin layer to
avoid thermal gradients along the height. It is difficult to
determine the thickness of the layer. The layer was
composed of a stack of approximately 3 magnetite
particles and supposed to be thinner than 150 lm. The
in situ HT-XRD measurements were conducted at
temperatures of 400 �C, 600 �C, 800 �C, and 1000 �C,
as shown in Figure 1. The air could be exchanged
between the facility chamber and the outside. Due to the
small amount of magnetite, the change of oxygen partial
pressure was negligible. The oxygen partial pressure was
assumed to be the same as the ambient atmosphere.
Before and after the oxidation experiments, the XRD
measurements were conducted at room temperature
with a scanning angle between 25 and 65 deg. It should
be noted that the temperature ramping was halted and
the material was kept at a fixed temperature during the
in situ HT-XRD measurements. The oxidation reaction
continued during the HT-XRD scans. To minimize the
duration of the HT-XRD measurements and increase
the time resolution, the scanning angle was set in a
narrow range between 32 and 41 deg, where three
hematite peaks and two magnetite peaks could be
observed. In this case, each HT-XRD measurement
took around 67.5 s.

C. HT-XRD Data Treatment

The Rietveld refinement method was widely used for
phase quantification in ironmaking area.[21–24] At cur-
rent study, the Jade 6.0 software provided by Materials
data Inc. was employed to identify and fit the diffraction
peaks in this study. The overlapped peaks of magnetite
and hematite at around 35 deg were successfully

Table I. Chemical Analysis of the Raw Magnetite Samples, (Wt Pct)
[11]

Fetot FeO SiO2 Al2O3 MgO CaO TiO2 P S

Ore A 68.78 27.71 5.60 0.18 0.17 0.17 — 0.017 0.05
Ore B 65.65 27.66 3.33 1.16 1.62 1.62 0.22 0.017 0.10

Table II. Particle Size Distributions and Density of the Raw Magnetite Samples[11]

D10 (lm) D50 (lm) D90 (lm) Skeletal Density (g/cm3)

Ore A 4.81 28.35 62.66 4.94
Ore B 6.10 32.25 70.16 5.09
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separated by refinement in Jade 6.0 software, and the
location and profile of individual peaks were obtained,
as shown in Figure 2. Besides, the quantitative infor-
mation of crystal information, such as lattice con-
stants,[25] crystallite size,[26] and phase fraction,[27] can be
obtained.

1. Determination of Lattice Constants
Based on our previous TGA tests, the oxidation

started at around 200 �C then reached the first peak at
around 330 �C and the second peak started at around
400 �C.[11] The oxidation product was supposed to be
c-Fe2O3 between 200 �C and 400 �C. Above 400 �C,
c-Fe2O3 transformed into a-Fe2O3. In the present study,
the oxidation temperature was higher than 400 �C, and
thus only a-Fe2O3 was expected to be the oxidation
product (hereafter, a-Fe2O3 is referred to as Fe2O3).
Therefore, two crystal structures were considered: Fe3O4

(cubic close-packed crystal) and Fe2O3 (hexagonal
close-packed crystal). The relationship between inter-
planar spacings (d), lattice constants (a), and crystal
planes {hkl} are expressed in Eqs. [1] and [2].[28] When a
specific plane and corresponding interplanar spacing are
known, the lattice constants can be calculated. The
interplanar spacing can be obtained by Bragg’s law as
shown in Eq. [3].

Cubic close-packed crystal :
1

d2
¼ h2 þ k2 þ l2

a2
½1�

Hexagonal close-packed crystal :

1

d2
¼ 4

3

h2 þ k2 þ hk
� �

a2
þ l2

c2

½2�

Bragg0s law : d ¼ nk
2Sinh

; ½3�

where d is the interplanar spacing; a and c are the lat-
tice constants, {hkl} is the crystal plane; n is the
diffraction order, and here the value is 1.

2. Determination of Crystallite Size
Crystallite size (D) can be calculated using the

Scherrer equation, as given in Eq. [4]. It should be
noted that the crystallite size refers to the average
thickness perpendicular to the (hkl) planes. The (110)
and (104) planes of Fe2O3 crystal were chosen for
quantifying the crystallite size. Because these two peaks
exhibit relatively high intensities and have similar
instrumental broadening conditions (similar peak posi-
tion).[29] As shown in Figure 3, the (110) plane is parallel
to the c axis and (104) plane is at a small angle to the a/b
axis.[29] Therefore, the crystallite size along the c axis
and a/b axis can be calculated according to Eqs. [5], [6].

D ¼ Kk
bcosh

½4�

Da=b ¼ D110 � cosa110 ½5�

Fig. 2—Rietveld refinement peak profile of Ore A at different temperatures: (a) 600 �C and (b) 800 �C.

Fig. 1—Temperature profile for HT-XRD measurements.
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Dc ¼ D104 � cosa104; ½6�

where D is crystallite size, nm; K is 0.94 (Scherrer con-
stant); k is 0.15406 nm (the wavelength of Ka Cu
X-ray source); b is full width at half maximum
(FWHM), radians; h is peak position, radians; Da=b

and Dc represent the crystallite size calculated based
on (110) and (104) peaks; a110 is the angle between
[110] direction and x–y plane; a104 is the angle between
the [104] direction and the y–z plane. Here,
cosa110 = 1 and cosa104 = 0.6192.[29]

3. Determination of Oxidation Degree
The matrix-flushing method[30,31] was used to obtain

the content of Fe3O4 and Fe2O3. The relative mass
content of each phase is proportional to the ratio
between its peak intensity and relative intensity ratio
(RIR). The RIR value of each phase can be found in the
PDF card database. The RIRs of the Fe3O4 and Fe2O3

phases are 4.9 and 3.2, respectively. The impurities were
not considered in the calculation. The content of Fe2O3

and Fe3O4 can be calculated based on Eqs. [7], [8].[11]

xH=xM ¼ IH
kH

=
IM
kM

½7�

xH þ xM ¼ 1; ½8�

where xH and xM are the relative mass content of
Fe2O3 and Fe3O4. IH, IM, kH , and kM are the intensi-
ties and RIR values of Fe2O3 and Fe3O4, respectively.

Kapelyushin et al.[32] calculated the reduction degree
of Fe3O4 in the CO-CO2 atmosphere based on HT-XRD
analysis. The oxidation degree of Fe3O4 can be obtained
by a similar method. The initial mass content of Fe3O4

was calculated via the mass balance of iron. Hence, the
theoretical weight gain can be obtained as given in
Eqs. [9], [10]. The actual weight gain was calculated
based on the Fe2O3 mass content via Eq. [11]. There-
after, the oxidation degree (w) can be obtained by
Eq. [12].[33,34]

mM ¼ xM þ xH
WH

� 2

3
�WM ½9�

Dmtheory ¼ mM

WM
�WO

4
½10�

Dm ¼ xH
WH

� 2

3
�WO

4
½11�

w ¼ Dm
Dmtheory

� 100 pct; ½12�

where WH; WM, and WO are mole masses of Fe2O3,
Fe3O4, and O2, respectively. mM, Dmtheory, Dm, and w
are the initial mass content of Fe3O4, theoretical
weight gain, actual weight gain, and oxidation degree.

III. RESULTS AND DISCUSSION

A. Oxidation of Magnetite

Figure 4 shows the oxidation behavior of two ores at
different temperatures probed by HT-XRD. Two ores
revealed similar oxidation behavior, as suggested by the
diffraction patterns. All the peaks shifted to a lower
diffraction angle with an increase in temperature due to
thermal expansion.[35–37] The (104) peak of Fe2O3 firstly
appeared at 400 �C, as shown in Figures 4(a) and (c).
With an increase in temperature, the intensity of the
(104) peak increased, indicating a higher fraction of
Fe2O3. The (311) peak of Fe3O4 vanished at 1000 �C,
representing deep oxidation of Fe3O4. The width of
(104) peak became narrower with increasing tempera-
ture, which suggested the growth of Fe2O3 crystallite.

B. Oxidation Degree

The oxidation degrees of both ores at different
temperatures are shown in Figure 5. Ore A was easier
to be oxidized than Ore B, as indicated by its faster
kinetics. The oxidation degree was lower than 10 pct at
400 �C in both cases. When the temperature increased
to 600 �C, the oxidation degree increased significantly.
Above 800 �C, the oxidation rate slowed down. The
sigmoid-shaped oxidation degree curve indicated that
the kinetics followed the parabolic law, where the solid
diffusion of ions was the rate-limiting step. The
oxidation mechanism was explained in our previous
study.[11] Each magnetite crystal unit contains eight
Fe3O4 molecules, i.e., 32 oxygen anions and 24 iron
cations (16 Fe3+ and 8 Fe2+). The oxygen anions
present a cubic close-packed structure, where 96
interstices exist. Only 8 out of 64 tetrahedral interstices
are occupied by Fe3+ cations. 16 out of 32 octahedral
interstices are occupied by 8 Fe3+ cations and 8 Fe2+

cations.[11] Due to so many interstices, the iron cations
can move easily within the crystal lattice. The

Fig. 3—Schematic of Fe2O3 crystal: (a) (110) plane and (b) (104)
plane.
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O2� anion can hardly move due to its bigger size.
From the crystal scale, when an oxygen atom is
trapped by Fe3O4 for phase transformation, two
electrons are taken from the crystal by the oxygen
atom. In the meanwhile, two positively charged holes
2 h + are generated in the place of the previous
electrons for a neutral local charge in the crystal. Then
Fe2+ cation may capture the charged hole h+ and
becomes Fe3+ cation. In later oxidation stage, due to
the high amount of Fe3+ cations, the charged hole
h+ has less opportunity to meet Fe2+ cations.
In the contrast, the charged hole h+ decreases the
mobility of the iron cations and expand the crystal
unit.

C. Evolution of Lattice Constants

Table III summarizes the lattice constants of Fe3O4 in
the ores at different temperatures. The results are
comparable to those in the literature. The change in
lattice constant with increasing temperature is supposed
to be caused by thermal expansion and lattice modifi-
cation during oxidation.[18] As shown in Table III, the
lattice constant at a specific temperature measured in
this study was slightly larger than that in the literature.
Such a difference might be due to a much higher oxygen
partial pressure in the present study, as the magnetite
was oxidized under an air atmosphere. This condition
could result in a larger lattice constant of magnetite due

Fig. 4—in situ HT-XRD patterns at different temperatures: (a), (b) Ore A; (c), (d) Ore B.
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to partial oxidation[38] (i.e., a higher oxygen occupancy
in the lattice). The temperature dependence of the lattice
constant can be represented by polynomials up to the
fifth order.[39] Here, the relation between lattice constant
and temperature was successfully fitted with the sec-
ond-order polynomials (Figure 6), within a temperature
range of 25 �C to 800 �C. The temperature-dependent
lattice constant of Fe3O4 can be described as follows:

a ¼ 2:53� 10�8 � T2 þ 8:64� 10�5 � Tþ 8:4132. At
the higher temperature (e.g., 1000 �C), the (222) peak
of Fe3O4 disappeared, which reduced the accuracy in the
assessment of the lattice constant. Thus, the lattice
constant at 1000 �C was not considered.

Table IV lists the lattice constants of Fe2O3 at
different temperatures. Based on Eq. [2], at least two
peaks of Fe2O3 are required to obtain the lattice
constant a and c for a trigonal crystal structure.
Therefore, only one set of a and c can be calculated at
each temperature in the current study. The lattice
parameters of Fe2O3 measured in this study were
slightly larger than those in the literature, where a was
5.01 to 5.04 Å and c was 13.68 to 13.73 Å in the
temperature range of 300 �C to 800 �C.[41] Stefano
et al.[37] studied the phase transformation from goethite
(a-FeOOH) to hematite (a-Fe2O3) in the temperature
range of 200 �C to 1000 �C by synchrotron powder
diffraction. Hematite was formed by the release of the
OH� groups of goethite phase. The hexagonally
close-packed arrays of oxygen anions present in the
parent goethite still remained in the newly formed
hematite. Tatsuo et al.[42] studied the thermal expansion
of hematite at high temperatures, where no chemical
reaction occurred. In current study, the hematite was
formed by the oxidation of magnetite. The oxygen
anions are transferred from cubic close-packed arrays to
the hexagonally close-packed arrays. The aforemen-
tioned three hematite phases were generated through
distinct pathways. Figure 7 shows the relative increase
in a and c of the three hematite phases. The correlation
between lattice constants and temperature can be also
fitted with second-order polynomials (Figure 8). The
temperature-dependent lattice constant of Fe2O3 can be

described as follows: a ¼ �2:81� 10�8 � T2 þ 8:76�
10�5 � Tþ 5:0368; c ¼ 3:01� 10�8 � T2 þ 1:09�
10�4� Tþ 13:7621.
The SiO2 was the dominant impurity in both ores.

At current study, the maximum temperature was
1000 �C, the SiO2 was considered as inert phase. The
size of Mg2+ (72 pm) is similar to Fe2+ (74 pm).
Therefore, the influence of SiO2 and MgO on the
lattice constant was ignored. The ore B contains more
gangue minerals than the ore A. The impurities such as
Al2O3 and CaO should have influence on the crystal
cell of Fe3O4 and Fe2O3. Due to the smaller size of
Al3+ (54 pm) than Fe3+ (65 pm), the substitution of
Fe3+ by Al3+ in Fe3O4 or Fe2O3 crystal cell would
result in a contraction of the cell volume. The Ca2+

cations either displace Fe2+ or occupy vacancies in
Fe3O4 cell, both of which may result in an expansion
of the crystal cell duo to the larger size of Ca2+

(100 pm). In other words, the Al3+ and Ca2+ show the
opposite effect on the crystal size of Fe3O4 cell.
Figure 9(a) illustrates the expansion of Fe3O4 crystal
cell at different temperatures. The difference between
the Ore A and Ore B was not significant. The Fe3O4

crystal cell expansion rate of Ore B was slightly smaller
than that of Ore A, which can be explained by the
substitution of Fe3+ by Al3+. However, the expansion
rate at 800 �C was an exception. The Al3+ cations had
better mobility within the Fe3O4 crystal cell than that
of Ca2+ cations. Only at high temperature, i.e., 800 �C,
the effect of Ca2+ cations became more dominant than
Al3+ cations and promoted the expansion of the Fe3O4

crystal cell. Figure 9(b) shows the expansion of Fe2O3

crystal cell at different temperatures. The Fe2O3 crystal
cell expansion rate of Ore B was slightly larger than
that of Ore A at 600 �C and became more obvious at
800 �C. While at 1000 �C, the expansion rate of Ore B
was smaller than that of Ore A. This phenomenon
could be also explained by the combined effect of Al3+

and Ca2+ cations in the Ore B. Based on the stability
diagram of Fe3O4-FeAl2O4 and Fe2O3-FeAlO3, Al3+

cations prefer to combine with Fe3O4 to form mag-
netite-based solid solution.[43] At 1000 �C, the

Fig. 5—The oxidation degrees of Ore A and B at different temperatures: (a) Ore A; (b) Ore B.
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oxidation degree of Ore B was 88.8 pct. With the
decrease of magnetite phase, the Al3+ cations diffused
from magnetite to hematite phase, resulting in the
lower expansion rate of Ore B.

D. Evolution of Crystallite Size of Fe2O3

Figure 10 shows the Fe2O3 crystallite sizes of Ore A
and B along the c axis and the a/b axis. With an increase
in temperature, more and more Fe3O4 was oxidized into
Fe2O3, and thus the Fe2O3 crystallite in both ores grew,
as shown in Figure 10. It was also observed in both ores
that Fe2O3 grew faster along a/b axis (Da=b in Figure 10)
than c axis (Dc in Figure 10) in the crystal unit,
especially in the beginning of oxidation. Also, the
crystallite size along the a/b axis revealed a larger size
than that along the c axis. Such findings suggested a
growth habit of Fe2O3 during oxidation. It is worth
noting that Da=b and Dc were calculated based on the
(110) and (104) peaks, respectively. In our previous
study,[11] it was found that the surface energy of the
(110) crystal surface was larger than that of the (104)
crystal surface. The growth rates of the crystal faces are
proportional to their surface energies, indicating a larger
crystallite size along the a/b axis, which concurs well
with the current study. The growth habit of Fe2O3 was

also observed in TEM micrographs of Fe2O3 during the
decomposition of goethite, where the Fe2O3 phase
showed acicular morphology.[44] In general, it is believed
that the Fe2O3 phase presents acicular microcrystals due
to its crystallographic-dependent properties. Besides, the
crystallite sizes of Ore A were slightly larger than that of
Ore B at specific temperatures. It cannot be explained
with present experimental data. It may be because of the
higher contents of Al2O3 and MgO in Ore B, which
inhibit the diffusion of Fe cations.[45,46] On the other
hand, the crystallite sizes, calculated based on the peak
(311), of the parent Fe3O4 phase of the Ore A and Ore B
are 1027.7 Å and 812.6 Å, respectively. The larger
crystallite size of Fe2O3 might inherit from the larger
parent Fe3O4 phase.

IV. CONCLUSIONS

In this study, the thermal transformation of two
magnetite ore fines was investigated using in situ
high-temperature X-ray diffraction (HT-XRD) during
oxidation. The following conclusions can be obtained:

(1) The crystal information, such as lattice constant and
crystallite size, can be successfully characterized by
HT-XRD. The peaks in HT-XRD patterns shifted
to a lower diffraction angle with an increase in

Table III. The Lattice Constant and Volume of the Fe3O4 Cell Measured by High-Temperature X-Ray Diffraction During the

Oxidation of Fe3O4 in Air

Temp
Ore A Ore B **Ref. 40 **Ref. 38

a = b = c (Å) Volume (Å3) a = b = c (Å) Volume (Å3) a = b = c (Å) a = b = c (Å)

25 �C 8.4156 ± 0.0021 596.0207 8.4165 ± 0.0007 596.2214 8.3778 —
400 �C 8.4476 ± 0.0035 602.8437 8.4473 ± 0.0010 602.7819 8.4203 8.3888
600 �C 8.4796 ± 0.0010 609.7186 8.4797 ± 0.0005 609.7486 8.4547 8.4424
800 �C 8.4953 ± 0.0042 613.1268 8.4974 ± 0.0005 613.5637 8.4761 8.4698
*1000 �C — — — — 8.4969 8.4987

*The intensity of Fe3O4 peaks at 1000 �C is quite low and not suitable for the calculation of lattice constant.
**The lattice constant from Refs. 40 and 38 are the values measured at vacuum conditions.

Fig. 6—The lattice constant of Fe3O4 as a function of temperature
measured by high-temperature X-ray diffraction during oxidation of
Fe3O4 in air.

Fig. 7—The relative increase in lattice parameters a and c of Fe2O3

at different temperatures[37,42]
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temperature due to thermal expansion. The intensity
of the (104) peak of Fe2O3 increased with the
increasing temperature, indicating an increase in the
fraction of Fe2O3. The width of the (104) peak be-
came narrower with the increasing temperature,

suggesting a growing crystallite size of Fe2O3 during
oxidation.

(2) The lattice constants of Fe3O4 and Fe2O3 both in-
creased with the temperature and followed sec-
ond-order polynomials. The correlation of lattice

Fig. 8—The lattice constants of Fe2O3 as a function of temperature: (a) lattice constant a; (b) lattice constant c.

Fig. 9—The expansion of crystal cell volume as a function of temperature: (a) Fe3O4; (b) Fe2O3.

Table IV. The Lattice Constant and Volume of the Fe2O3 Cell

Temp
Ore A Ore B

a = b (Å) c (Å) Volume (Å3) a = b (Å) c (Å) Volume (Å3)

25 �C 5.0391 13.7648 302.6958 5.0391 13.7648 302.6958
*400 �C — — — — — —
600 �C 5.0798 13.8282 309.0220 5.0769 13.8496 309.1470
800 �C 5.0884 13.8628 310.8451 5.0921 13.8717 311.4972
1000 �C 5.0972 13.9066 312.9067 5.0943 13.896 312.3125

*The intensity of Fe2O3 peaks at 400 �C is quite low and not suitable for the calculation of lattice constant.
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constant and temperature can be expressed as fol-
lows:

Fe3O4 : a

¼ 2:53� 10�8 � T2 þ 8:64� 10�5 � Tþ 8:4132;

Fe2O3 : a

¼ �2:81� 10�8 � T2 þ 8:76� 10�5 � T
þ 5:0368; c

¼ 3:01� 10�8 � T2 þ 1:09� 10�4 � T
þ 13:7621:

(3) During oxidation, Fe3O4 transformed into Fe2O3.
The growth of Fe2O3 revealed a certain growth ha-
bit. The growth rates of Fe2O3 crystallite along the
a/b axis was faster than that in the c axis, thus
showing acicular microcrystals. Such a morphology
may affect the subsequent reduction, which requires
further investigations.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the funding
support of K1-MET GmbH, metallurgical competence
center. The research program of the K1-MET compe-
tence center is supported by COMET (Competence
Center for Excellent Technologies), the Austrian pro-
gram for competence centers. COMET is funded by
the Federal Ministry for Climate Action, Environ-
ment, Energy, Mobility, Innovation and Technology,
the Federal Ministry for Digital and Economic Af-
fairs, the provinces of Upper Austria, Tyrol and Styria
and the Styrian Business Promotion Agency (SFG). In
addition, the research work is partially financed by
Montanuniversitaet Leoben. Zheng Heng greatly

acknowledges the financial support from the program
of the China Scholarship Council (No.201908420284).
Y. Ma acknowledges financial support through the
Walter Benjamin Programme of the Deutsche
Forschungsgemeinschaft (Project No. 468209039). Dr
Yury Kapelyushin acknowledges financial support
from the Russian Science Foundation Grant No.
21-79-00081, https://rscf.ru/project/21-79-00081/.

CONFLICT OF INTEREST

On behalf of all authors, the corresponding author
states that there is no conflict of interest.

FUNDING

Open access funding provided by Montanuniversität
Leoben.

OPEN ACCESS

This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appro-
priate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other
third party material in this article are included in the
article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creat
ivecommons.org/licenses/by/4.0/.

Fig. 10—The crystallite sizes of Ore A and B along the a/b axis and the c axis of a crystal cell at different temperatures: (a) Ore A; (b) Ore B.
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