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A B S T R A C T

The co-reduction of metal oxide mixtures using hydrogen as a reductant in conjunction with compaction and 
sintering of the evolving metallic blends offers a promising alternative toward sustainable alloy production 
through a single, integrated, and synergistic process. Herein, we provide fundamental insights into hydrogen- 
based direct reduction (HyDR) of distinct oxide precursors that differ by phase composition and morphology. 
Specifically, we investigate the co-reduction of multicomponent metal oxides targeting a 25Co-25Fe-25Mn-25Ni 
(at.%) alloy, by using either a compacted powder (mechanically mixed oxides) comprising Co3O4-Fe2O3-Mn2O3- 
NiO or a pre-sintered compound (chemically mixed oxides) comprising Co,Ni-rich halite and Fe,Mn-rich spinel 
phases. Thermogravimetric analysis (TGA) at a heating rate of 10 ◦C/min reveals that the reduction onset 
temperature for the compacted powder was ~175 ◦C, whereas it was significantly delayed to ~525 ◦C for the 
pre-sintered sample. Nevertheless, both sample types attained a similar reduction degree (~80 %) after 
isothermal holding for 1 h at 700 ◦C. Phase analysis and microstructural characterization of reduced samples 
confirmed the presence of metallic Co, Fe, and Ni alongside MnO. A minor fraction of Fe remains unreduced, 
stabilized in the (Fe,Mn)O halite phase, in accordance with thermodynamic calculations. Furthermore, ~1 wt.% 
of BCC phase was found only in the reduced pre-sintered sample, owing to the different reduction pathways. The 
kinetics and thermodynamics effects were decoupled by performing HyDR experiments on pulverized pre- 
sintered samples. These findings demonstrate that initial precursor states influence both the reduction 
behavior and the microstructural evolution, providing critical insights for the sustainable production of multi
component alloys.

1. Introduction

The production of metals and alloys accounts for approximately 40 % 
of all industrial greenhouse gas emissions, mainly due to the reliance on 
fossil-based reductants [1,2]. Therefore, decarbonization of the metal
lurgical sector offers a huge leverage for pursuing global carbon 
neutrality targets [3]. Hydrogen-based direct reduction (HyDR) of metal 
oxides has emerged as a promising pathway for sustainable metal pro
duction, as it uses green hydrogen as reductant and produces water as 
the redox product [4–10].

The co-reduction of metal oxide mixtures using hydrogen offers an 
innovative route for sustainable alloy design with targeted microstruc
tures in a single process [11–17]. However, the initial structural and 
chemical state of the oxide precursors, such as, (i) mechanically mixed 
oxides, (ii) chemically mixed oxides (pre-sintered), or (iii) natural ores, 

significantly influences the driving forces and kinetic solid-state reduc
tion pathways [11,18,19]. With the former term we are referring here to 
a state where the individual oxides (here for example: Co3O4, Fe2O3, 
Mn2O3, and NiO) are only mechanically mixed, remaining chemically 
distinct and unmixed prior to the ensuing co-reduction. With the second 
term we are referring to a state where the oxides are chemically mixed at 
the atomic-scale, due to sintering in the inert atmosphere. The third term 
is important to distinguish from the other two (well-defined) oxide 
states, as natural ores are typically complex, chemically mixed mineral 
compounds (with the exception of most iron ores, which are concen
trated with an Fe content up to ~67 wt.%). In many cases, such as 
lateritic Ni and Co weathering ores, the actual metal content of natural 
mineral feedstock is low, often not exceeding 1–1.5 wt.% in the targeted 
metals [20–22]. These differences in the initial oxide states not only 
influence the diffusion pathways but also the corresponding chemical 
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driving forces under co-reduction conditions. This distinction is there
fore critical when conducting reduction studies aimed at understanding 
the thermodynamics and kinetics of one-step alloy production, where 
reduction and alloying are integrated into a single process [17].

Mechanically mixed oxide powders are typically highly porous 
(20–30 %), a state which promotes faster reduction kinetics due to better 
access to free surfaces for MO(s)+H2(g) → M(s)+H2O(g) gaseous exchange 
[23]. In contrast, pre-sintered compounds and natural ores are denser 
and considerably less porous (5–15 %), resulting in slower overall ki
netics during HyDR processes [24]. As known from earlier 
hydrogen-based solid-state reduction studies, the progressive loss of 
oxygen during reduction leads to the formation of a relatively fine pore 
(and crack) network [25,26]. With continued reduction, this network 
evolves into a percolating internal free-surface structure, which in turn 
facilitates and accelerates the reduction process [26]. Depending on the 
duration of the high temperature treatment, the pore structure in the 
final compacted metallic alloy can be gradually healed out, due to 
capillary-driven sintering processes [27].

Beyond these profound differences in initial microstructures and the 
associated kinetics, recent experimental insights into HyDR of binary 
oxide mixtures have also highlighted the thermodynamic effects of the 
respective oxide precursor states on the overall reduction behavior. As 
an example, the hydrogen reduction of NiO+Cr2O3 showed major mass 
loss already below 300 ◦C [28], while the reduction onset of a 
NiO+NiCr2O4 solid solution occurred only above 300 ◦C. This change 
indicates that chemically mixed oxides exhibit higher thermodynamic 
stability compared with mechanically mixed systems. Furthermore, the 
reduction sequence and mechanisms also differ depending on the pre
cursor state [18]. In the mechanically mixed Cr2O3+Fe2O3 oxide mix
tures, reduction follows the thermodynamic stability of the individual 
oxides, as predicted by the Ellingham diagram [29]: Fe2O3 being less 
stable, reduces first to Fe, while Cr2O3 remains unreduced. Upon further 
heating to 1100 ◦C, Cr2O3 is reduced, yielding a Fe-Cr alloy. In contrast, 
chemically mixed Fe-Cr-O solid solution undergoes an initial reduction 
to FeCr2O4 and precipitates Fe3O4 (which ultimately reduces to metallic 
Fe). The remaining FeCr2O4 oxide is reduced to Fe and precipitates 
Cr2O3 to Cr, forming a Fe-Cr alloy. These observations underscore the 
critical role of the precursor state in governing both the kinetics, ther
modynamics, reduction mechanisms as well as the transient and 
resulting microstructures. Despite the growing interest in HyDR, the 
decoupling of thermodynamics and kinetics during hydrogen reduction 
of oxide mixtures and the leverage of such studies on sustainable 
one-step alloy production remains a completely underexplored field to 
date. This gap is particularly significant for two reasons: first, to better 
understand the reduction behavior of naturally mixed mineral oxides 
commonly used in industry with the aim to explore if there are ener
getically (i.e. thermodynamically) favorable pathways for the direct 
production of multicomponent alloys by co-reduction. Second, we try 
with such insights to discover, design and advance one-step metallur
gical production pathways, in which stoichiometrically mixed and 
adequately pre-blended oxide precursors can be directly transformed 
into final alloys through a single integrated step of reduction, compac
tion, and alloying, the so-called one step metallurgy [30].

In this work, we investigate the HyDR behavior (100 % H2 at 700 ◦C) 
of (a) mechanically mixed, compacted powder samples and of (b) pre- 
sintered, chemically mixed variants of multicomponent oxides mix
tures. More specifically, we target a 25Co-25Fe-25Mn-25Ni (at.%) 
multicomponent alloy system, comprising three easy-to-reduce metal 
oxides and the hard-to-reduce Mn2O3. The thermodynamics and kinetics 
effects influencing the HyDR process were decoupled by a multifaceted 
approach combining thermogravimetric analysis, phase analysis, 
microstructure characterization, and thermodynamic modeling. We find 
that the pre-sintered sample exhibits a delayed onset of reduction. This is 
attributed to both thermodynamic and kinetic effects resulting from 
preceding sintering process. Thermodynamically, formation of stable 
spinel and halite phases makes the reduction more difficult and 

kinetically, the absence of initial porosity hinders gas transport and 
slows down the reduction process.

2. Materials and experimental methods

2.1. Powder preparation

Four different metal oxides, namely, Co3O4, Fe2O3, Mn2O3, and NiO 
with ≥ 99 % purity were weighed with a targeted equiatomic metallic 
concentration of 25 at.%. A powder mixture batch of approximately 14 g 
was weighed for mixing, as shown in Table 1. The powders were 
weighed using an analytical balance with an accuracy of ±0.0001 g. The 
measured oxide powders were mixed and homogenized using a plane
tary ball mill (Fritsch 7) using hardened stainless-steel balls and cruci
bles. The ball milling was performed at 250 rpm for 15 cycles, with each 
cycle lasting for 20 min with a 5 min pause in-between cycles (5 h). 
Thereafter, the powder mixture was thoroughly removed from the cru
cible using ethanol solution and subsequently dried in an oven at 105 ◦C 
for 1 h.

2.2. Cold compaction

To make individual samples, a powder mixture of ~1.5 g was poured 
into a pressing die (hardened steel with tungsten carbide core) with an 
inner diameter of 13 mm and compacted using a hydraulic press at a 
force of 30 kN (~225 MPa). After pressing, a disc-shaped compacted 
powder sample was obtained.

2.3. Sintering

A batch of compacted powder samples was then pre-sintered to 
produce a solid solution of chemically (atomic-scale) blended metal 
oxide mixtures. Sintering was performed under protective atmosphere in 
a sealed furnace with tungsten heating elements. The furnace was 
purged with Ar by pumping and flushing for three continuous cycles. 
Thereafter, the furnace was evacuated to 10–5 torr using diffusion pump. 
The sample was heated with a heating rate of 5 ◦C/min up to 1100 ◦C. 
Once a temperature of 600 ◦C was reached, Ar was introduced into the 
chamber. The samples were subjected to a dwell time of 5 h, followed by 
gradual cooling to room temperature in the furnace. After sintering the 
diameter of the pellet shrank by 11.35 %. Moreover, to enable decou
pling of thermodynamic and kinetic effects during HyDR, some pre- 
sintered reference samples were crushed with a hammer and subse
quently ball-milled for 15 and 30 cycles, referred to as 5 h and 10 h 
pulverized pre-sintered samples.

2.4. Thermogravimetric analysis

Non-isothermal reduction tests were carried out for the compacted 
powder, pre-sintered samples, and pulverized pre-sintered samples. 
Fig. 1 presents a schematic overview that summarizes the experimental 
procedure carried out in this study. The experiments were conducted 
using an in-house thermogravimetric analysis (TGA) configuration with 
an accuracy of 0.1 μg [31]. The mass of each sample was also measured 

Table 1 
Composition of metal oxides in the prepared powder mixture.

Metal 
oxide

Targeted 
metal content 
in alloy (at.%)

Metal in 
each 
oxide (wt. 
%)

Targeted 
metal content 
in alloy (wt.%)

Weight of 
oxide (g)

Wt.% 
of 
oxide

Fe2O3 25 70.00 24.45 3.49 25.45
NiO 25 78.59 25.70 3.26 23.81
Co3O4 25 73.43 25.80 3.51 25.58
Mn2O3 25 69.61 24.05 3.45 25.16
Total 100 – – 13.71 –
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by a weighing balance (±0.0001 g) before and after the reduction ex
periments. The samples were placed in a quartz crucible with a 
dimension of 16 mm inner diameter and 10 mm height. The reduction 
was carried out inside a 40-mm quartz tube with a gas inlet at bottom 
and outlet on top. The crucible containing the sample was suspended 
from one arm of the balance by quartz suspension rod, long enough to 
reach the center of the heating zone of the infrared-light furnace sur
rounding the tube. The temperature profile was measured by a type-K 
thermocouple inserted into the center of a reference iron pellet placed 
directly below the crucible. Before heating the furnace, the reaction 
chamber was flushed with Ar gas at a flow rate of 10 L/h for 10 min. The 
Ar inlet was then closed, and hydrogen gas (with a purity of 99.999 %) 
was introduced at a flow rate of 10 L/h. The experiment was initiated 
only after the balance stabilized. The samples were heated from 20 to 
700 ◦C with a heating rate of 10 ◦C/min, and then held isothermally for 1 
h at 700 ◦C. The mass change was continuously recorded at 1 s intervals. 
After the completion of the reduction reaction, the furnace was switched 
off and the sample rapidly cooled to room temperature. The hydrogen 
flow was maintained until the end of the cooling period to avoid any 
reoxidation of the reduced sample.

2.5. Materials characterization

The phase analysis of the initial and reduced samples was carried out 
by synchrotron high-energy X-ray diffraction (HEXRD). The measure
ments were performed at the beamline P02.1 Powder Diffraction and 
Total Scattering Beamline of PETRA III in Deutsches Elektronen- 
Synchrotron (DESY). The beamline was operated at an energy of 60 
keV (λ=0.207381 Å). The sample was placed between the incident beam 
and the fast area detector Varex XRpad 4343CT (2880 pixels × 2880 
pixels). The powder sample was glued onto a transparent tape and was 
positioned on a specimen stage, while the pre-sintered sample was 
placed directly on the specimen stage. The sample-to-detector distance 
and probing beam size was ~ 970 mm and 1 × 1 mm2, respectively. A 
quarter of Debye–Scherrer diffraction rings (azimuthal angle: 180–270◦) 
was recorded by a fast area detector. The total exposure time of each 
measurement was 5 s. The resulting diffraction ring patterns were in
tegrated into 2D profiles using GSAS-II software [32], with a 2θ range of 
1–18◦ Moreover, the phase analysis of pulverized pre-sintered samples 
was carried out by X-ray diffraction using a Rigaku Smartlab 9 kW 
diffractometer, equipped with a Cu Kα radiation (λ = 1.5405 Å), oper
ated at 45 kV and 200 mA. The 2θ scanning range was from 10◦ to 120◦

with a scanning step of 0.01◦ The data post-processing and plotting were 
performed using Origin Pro 2022 software. The phases were determined 
according to the PDF-4+ database [33]. A quantitative phase analysis 
was performed by Rietveld refinement using a pseudo-Voigt function in 
the MDI JADE 10 software package.

The microstructures of all samples, before and after reduction, were 
characterized by secondary electron (SE), backscattered electron (BSE), 

energy dispersive X-ray spectroscopy (EDS), and electron backscatter 
diffraction (EBSD) techniques using a ZEISS Sigma 500 scanning elec
tron microscope (SEM). The samples were cut along the cross section of 
the pellets, embedded, and mechanically ground using silicon carbide 
papers from 400 to 2500 grits. The samples were then polished using 
diamond suspension (particle size 3 μm). Final polishing was done using 
30 vol.% H2O2-contained colloidal silica suspension solution (particle 
size 50 nm). The acceleration voltage, and step size for EBSD measure
ments were 15 kV and 0.05 μm, respectively. The data were analyzed 
using OIM Analysis™ V9.0 software including spherical indexing [34].

2.6. Thermodynamic modeling

Thermodynamic calculations based on the CALPHAD approach were 
performed using Thermo-Calc software (version 2025a) to predict the 
thermodynamic stability in terms of the Gibbs free energy of metal oxide 
mixtures [35]. The thermodynamic modelling of the Co-Fe-Mn-Ni-O 
(multicomponent oxide) was performed using the TCOX10 metal 
oxide solutions database. The Gibbs free energy of the metal oxide 
mixture was calculated using equilibrium oxygen partial pressure be
tween the metal oxide mixtures and the metallic phase [36]. The molar 
ratios of metals and oxygen were introduced in the equilibrium at a fixed 
temperature and gas pressure of 700 ◦C and 1 bar, respectively.

Fig. 1. Schematic overview depicting the experimental procedure; compacted powder (mechanically mixed) and pre-sintered (chemically mixed) precursors sub
jected to hydrogen-based direction reduction (HyDR).

Fig. 2. Synchrotron high-energy X-ray diffractograms (λ=0.207381 Å) of initial 
compacted powder and pre-sintered samples.
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3. Results and discussion

3.1. Microstructure characterization of initial samples

The HEXRD patterns of the compacted powder and pre-sintered 
samples are shown in Fig. 2. The diffraction peaks of the compacted 
powder sample correspond to individual metal oxides, namely Co3O4, 
Fe2O3, Mn2O3, and NiO. The quantified HEXRD phase fractions (Table 2) 
agree well with the targeted amount of the metal oxides in the initial 
oxide mixtures (Table 1). This observation shows that no phase trans
formation and mechanical alloying took place during the preceding ball 

milling operation. In other words, the initial precursor was in the form of 
a compacted oxide agglomerate, devoid of any atomic-scale pre-mixing.

Microstructure of the compacted powder and pre-sintered samples 
are shown in Fig. 3. The compacted powder consisted of loose particles 
and roughly ~26 % porosity, Fig. 3a. This porosity fraction was esti
mated using the ratio of experimentally measured density of the pellet to 
the theoretical density of the material. The corresponding EDS maps 
(Fig. 3b-f) indicate a homogeneous distribution of Fe-, Co-, and Ni-oxide 
particles, while Mn oxide is distributed non-uniformly with relatively 
larger particles. The particle size for Fe, Co, and Ni oxide was in a range 
of ~ 0.05–1 µm, whereas the majority of Mn oxide particles were ~ 
0.2–6 µm.

Sintering of the mixed compacted powder sample resulted in the 
formation of a dual-phase microstructure comprising approximately 55 
wt.% spinel and 45 wt.% halite phases (Table 2), as determined by 
HEXRD (Fig. 2). The pre-sintered sample microstructure, consisting of 
halite and spinel phases, is presented in Fig. 3g. The sample was 
measured to be ~98 % dense with a small fraction of isolated pores 
found at triple points (see Fig. 3g inset), the larger faceted holes are grain 
pullouts that occur during metallographic preparation. Both phases 

Table 2 
Phase fractions (wt. %) of initial samples, measured by HEXRD with quantitative 
phase analysis using the Rietveld refinement.

Sample Co3O4 Fe2O3 Mn2O3 NiO Spinel Halite

Compacted 
powder

20.3 ±
1.7

26.0 ±
1.7

28.2 ±
2.3

25.5 ±
1.6

– –

Pre-sintered – – – – 55.0 ±
1.5

45.0 ±
1.3

Fig. 3. (a) SEM-SE micrograph of the compacted powder after the ball milling process and corresponding EDS elemental maps of (b) O, (c) Mn, (d) Fe, (e) Co, and (f) 
Ni. (g) SEM-BSE micrograph of the pre-sintered samples (1100 ◦C in Ar atmosphere), the inset illustrates halite/spinel phases and isolated pores at higher magni
fication. Corresponding EDS mapping of (h) O, (i) Mn, (j) Fe, (k) Co, and (l) Ni, indicating the elements distribution in Fe-Mn-rich spinel and Co-Ni-rich halite phases.
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(spinel and halite) had a similar grain size of about ~2 µm. The corre
sponding oxygen EDS map (Fig. 3h) shows that the pre-sintered sample 
consists of oxygen-rich and oxygen-lean phases, confirming the ho
mogenous mixture of spinel (M3O4; 57.14 at.% O) and halite phases 
(MO; 50.00 at.% O). Further, EDS mapping revealed that Mn-Fe-rich 
regions correspond to the spinel phase (Fig. 3i and j), while Co-Ni-rich 
regions (Fig. 3k and l) to the halite phase.

3.2. Hydrogen-based direct reduction of compacted powder and pre- 
sintered samples

Prior to reduction, the compacted powder sample was subjected to a 
baking treatment by heating in an Ar atmosphere to a temperature of 
300 ◦C, with a heating rate of 10 ◦C/min, and held isothermally at 300 
◦C for 30 min (Fig. S1). The baking was performed to release moisture 
adsorbed on the powder surface, ensuring that the TGA mass loss 
recorded during the HyDR process only reflects oxygen removal.

Fig. 4a shows the reduction degree of the compacted powder and 
pre-sintered samples as a function of time-temperature profile measured 
by TGA. The reduction onset temperatures of the two sample types were 
remarkably different, i.e., ~175 ◦C and ~525 ◦C for the compacted 
powder and the pre-sintered samples, respectively. In both cases there 
was a continuous mass loss during heating and essentially most of the 
reduction occurred before the isothermal holding stage. The compacted 
powder sample was nearly at its final reduction degree (76 %) at 620 ◦C, 
while the pre-sintered sample reached a much lower reduction degree 
(27 %) for the same temperature. The total reduction degrees of the 

compacted powder and pre-sintered samples were ~80 % and ~78 %, 
respectively. These values concur with the theoretical reduction per
centages, wherein Co3O4, Fe2O3, and NiO were expected to be fully 
reduced to metallic Co, Fe, Ni while Mn2O3 is partially reduced to MnO. 
The slightly lower reduction percentage of the pre-sintered sample could 
be attributed to the slower reduction kinetics due to microstructural 
factors. As the sample is initially dense, the percolating interconnected 
pore network facilitating the reduction is more limited and not as 
effective [26,37]. The HEXRD profiles of the reduced compacted powder 
and the pre-sintered samples are presented in Fig. 4b. In both cases the 
reduced samples consisted of FCC metallic phase and MnO, both with 
Fm-3m space group (Table 3). Mn2O3 was only reduced to MnO for both 
sample types during HyDR, due to the relatively high thermodynamic 
stability of MnO [38]. Notably, a small but distinct fraction of BCC phase 
(~1 wt.%) was detected in the reduced pre-sintered sample, despite the 
prevalence of the strongly FCC phase stabilizing elements such as Co and 
Ni. The existence of BCC phase can be attributed to a depletion of Co and 
Ni locally near the vicinity of Fe/MnO interfaces. In regions with such 
local chemical heterogeneity the BCC structure becomes 

Fig. 4. (a) Thermogravimetric analysis (TGA) of compacted powder and pre-sintered samples during hydrogen-based direct reduction (HyDR) with a heating rate of 
10 ◦C/min and 1 h isothermal holding time at 700 ◦C. (b) High-energy synchrotron X-ray diffractograms of the compacted powder and pre-sintered samples reduced 
at 700 ◦C. Reduction rate during HyDR of the compacted powder and pre-sintered samples as a function of (c) time and (d) temperature.

Table 3 
Phase fractions (wt.%) in reduced samples, measured by HEXRD with quanti
tative phase analysis using Rietveld refinement.

Sample FCC MnO BCC

Compacted powder 70±1.0 30±0.7 –
Pre-sintered 69±1.1 30±0.8 1 ± 0.2
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thermodynamically favorable.
The variation of the reduction rate (the first derivative of the 

reduction degree) with time and temperature for both the compacted 
powder and pre-sintered samples is presented in Fig. 4c and d, respec
tively. The reduction rate of the compacted powder sample exhibits 
three distinct peaks, whereas the pre-sintered sample shows only a 
single dominant peak. Having several peaks in the derivative curves 
corresponds to reduction rates peaking at different temperatures, 
depicting different dominant reactions: either a preceding sub-reduction 
steps, such as Fe2O3 to Fe3O4 or a metallization steps, e.g., NiO to Ni. The 
latter distinction is generally quite relevant in the field of hydrogen- 
driven reduction. This is because gradual oxygen depletion is, from ki
netic, mechanical, and thermodynamic perspectives, profoundly 
different from discontinuous phase transformation phenomena, that 
typically occur under the chemically-driven boundary conditions during 
HyDR.

Interestingly, it can be seen that although two distinct phases (halite 
and spinel) exist in the pre-sintered sample, there is only one major peak 
with a minor shoulder towards the final stages of the reduction process 
(Fig. 4c). This indicates a concurrent reduction of spinel and halite 
phases. As a result, the peak reduction rate of the pre-sintered sample 
(0.12 s-1) is ~70 % higher than that of the compacted powder (0.07 s-1), 
likely due to the diffusion-dependent reduction reactions taking place at 
higher temperatures.

The microstructure of the reduced compacted powder and pre- 
sintered samples is presented in Fig. 5. Despite notable differences in 
the initial porosity between the compacted powder (~26 %) and pre- 
sintered samples (~2 %), both exhibited similar porosity (~15 %) 
after HyDR at 700 ◦C for 1 h, as estimated by image analysis. These 
porous microstructures reflect an interplay between pore formation, 

growth, and coalescence associated with hydrogen reduction and oxy
gen removal [39]. Additionally, pore shrinkage occurs due to the 
solid-state sintering that takes place during the reduction process (not to 
be confused with the sintering prior to reduction which was meant to 
create a chemically mixed oxide state) [30]. In both samples, a 
dual-phase microstructure consisting of metallic FCC and MnO phases 
was observed, agreeing well with the HEXRD results. Annealing twins 
were observed in the FCC metallic phase, as shown in Fig. 5b. The EDS 
maps presented in Fig. 5d-h and Fig. 5l-p for the reduced compacted 
powder and pre-sintered samples, respectively, show that Fe, Co, and Ni 
constitute the solid-solution FCC metallic major phase while the rest is 
an unreduced MnO secondary phase.

A major difference between the two samples lies in the distribution 
and morphology of MnO phase. The microstructure of the compacted 
powder sample after reduction is more heterogeneous, as there are many 
large and roughly equiaxed MnO agglomerates (up to several microns in 
size). In contrast, the MnO particles are more uniformly spread 
throughout the FCC matrix of the pre-sintered sample. This difference 
stems from the microstructure of the initial oxide state (Fig. 3). The large 
MnO agglomerates resemble relatively large Mn2O3 particles (~1 µm) in 
the initial compacted powder. Moreover, the sequential reduction of 
individual oxides and ensuing sintering may have led to more hetero
geneous porosity. In contrast, the simultaneous reduction of halite and 
spinel phases in the pre-sintered sample results in a more uniform 
porosity (Fig. 5i and j). Furthermore, by observing the reduced pre- 
sintered sample microstructure at a low magnification, it is possible to 
discern its morphological similarities to the initial dual-phase micro
structure of oxides, in term of the size and distribution of metallic 
(brighter) and oxide (darker) regions. This pattern is attributable to the 
fact that only spinel contained Mn-oxide that could only be partially 

Fig. 5. Microstructural analysis of samples after hydrogen-based direct reduction (HyDR) at 700 ◦C with a heating rate of 10 ◦C/min. Reduced compacted powder 
samples: SEM micrographs at (a) low and (b) high magnifications. (c) SEM micrograph and corresponding EDS elemental maps of (d) O, (e) Mn, (f) Fe, (g) Co, and (h) 
Ni. Reduced pre-sintered samples: SEM micrographs at (i) low and (j) high magnifications. (k) SEM micrograph and corresponding EDS elemental maps of (l) O, (m) 
Mn, (n) Fe, (o) Co, and (p) Ni.
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reduced and remains as MnO in the final microstructure. Additionally, 
the presence of a small fraction of BCC phase – only in the reduced pre- 
sintered sample – provides further evidence to variations in micro
structural evolution between the compacted powder and pre-sintered 
samples subjected to the same HyDR process.

To resolve the small amount of BCC phase observed in the HEXRD 
analysis, EBSD analysis was performed on the reduced pre-sintered 
sample, as presented in Fig. 6. The phase map (Fig. 6a and b) 
confirmed the presence of three distinct phases, namely FCC, BCC, and 
MnO. It is evident that the fine Fe (BCC) grains are found adjacent to, 
and typically surrounded by MnO, as illustrated by the circled region in 
Fig. 6b. The MnO grains are irregularly shaped, and the BCC Fe grains 
are submicron in size and equiaxed. In addition, the relatively large and 
irregular-shaped MnO grains contain many subgrains, as can be seen in 
the IPF map (Fig. 6c). These features can be explained based on the 
phase evolution during the sequential reduction process. The spinel 
phase, consisting of (Fe,Mn)3O4, undergoes phase separation and 
partially reduces to metallic Fe and MnO at 700 ◦C. A fraction of the Fe 
partitions from the spinel phase ends up being surrounded by MnO and 
is thus precluded from mixing with sufficient austenite-stabilizing Ni or 
Co elements, and consequently remains as fine BCC α-Fe grains (Fig. 6b- 
d). Furthermore, the partitioning of Fe from the spinel phase generates 
lattice defects and induces local deformation, which promotes intra
granular dislocation rearrangement and the formation of misoriented 
regions seperated by low-angle grain boundaries (subgrains) within 
MnO. These observations provide clear evidence for the formation of the 
BCC phase despite the presence of Co and Ni in the FCC metallic matrix.

3.3. Decoupling thermodynamics and kinetics of reduction of oxide 
mixtures

To elucidate the thermodynamics of the reduction reactions (i.e., the 
stability of the oxides), it is essential to fully decouple it from reduction 
kinetics effects. As the overall reduction behavior is strongly influenced 
by sample morphology, particularly the availability of free surfaces for 
the gas–solid reaction and gas percolation [26,40]. To mitigate the 
morphological differences between the compacted powder (Fig. 7a) and 
the pre-sintered samples (Fig. 3g), the latter was pulverized by 
ball-milling for 5 h and 10 h (Fig. 7b and c). Extensive ball-milling for 10 
h was required to achieve a particle size distribution (~0.05–5 µm) 
comparable to that of the original compacted powder sample. XRD 
analysis of the pulverized pre-sintered samples confirmed that no phase 
transformations occurred during the milling process (Fig. 7d). Notably, 
the pronounced peak broadening observed in the pulverized samples 
relative to the pre-sintered sample suggests formation of nanoparticles 
and possible accumulation of lattice strains due to milling-induced 
crystal defects [41].

The TGA results comparing the pulverized pre-sintered samples with 
the original compacted powder and pre-sintered samples are presented 
in Fig. 8a. Pulverizing the pre-sintered sample had a pronounced effect 
on the HyDR behavior, notably on lowering the reduction onset tem
peratures. Specifically, the onset temperatures decreased from ~525 ◦C 
for the pre-sintered sample to ~270 ◦C and ~175 ◦C for the pulverized 
pre-sintered samples after 5 and 10 h of ball-milling, respectively. 
Despite this shift, the pulverized pre-sintered samples still exhibited a 
single major kinetic peak that was delayed by almost 100 ◦C compared 

Fig. 6. EBSD analysis of the pre-sintered sample reduced at 700 ◦C for 1 h: (a) Phase map showing the FCC, BCC, and MnO phases, (b) higher magnification phase 
map and (c) corresponding IPF map. The circled region in (b) and (c) exemplify how the BCC Fe grains are surrounded by MnO. The black lines in the maps represent 
large angle grain boundaries (misorientation >15◦). (d) SEM micrograph (70◦ tilted view) depicting the morphology of fine BCC Fe grains (examples indicated with 
arrows) surrounded by MnO and metallic FCC phase.
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to the compacted powder (Fig. 8b). This suggests higher thermodynamic 
stability of the solid solution oxide phases, as the reduction still proceeds 
through a single dominant mass loss event, similar to the behavior 
observed for the original pre-sintered sample (Fig. 4c and d).

Furthermore, both the peak reduction rate and the temperature at 
which reduction was completed also decreased following ball-milling: 
from 630 ◦C for the original pre-sintered sample to 562 ◦C and 480 ◦C 
after 5 h and 10 h of ball-milling, respectively. These results highlight 
the significant influence of sample morphology and the initial precursor 
state on the kinetics and overall reduction behavior of multicomponent 

oxide mixtures.

3.4. Correlation between reduction experiments and thermodynamic 
calculations

Upon sintering the compacted powder, (Co,Ni)O halite and (Fe, 
Mn)3O4 spinel phases were formed (Fig. 3g). Thermodynamic calcula
tions reveal that the Gibbs free energies of these mixed halite and spinel 
phases are notably lower than those of the corresponding Co3O4/NiO 
and Fe2O3/Mn2O3 oxide precursors, indicating higher thermodynamic 

Fig. 7. SEM micrographs of (a) compacted powder, pulverized pre-sintered sample milled for (b) 5 h, and (c) 10 h. (d) X-ray diffractogram (λ=0.1.5405 Å) of 
compacted powder, pre-sintered, and pulverized pre-sintered samples.

Fig. 8. TGA reduction tests conducted at 700 ◦C with a heating rate of 10 ◦C/min, comparing the compacted powder, pre-sintered, and pulverized pre-sintered 
samples after ball milled for 5 h and 10 h: (a) reduction degree (%) as a function of time and (b) reduction rate as a function of temperature.
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stability (Fig. 9a). The formation of these solid solutions introduces an 
additional energetic barrier, requiring higher temperatures for their 
reduction compared to the individual oxides [42]. This thermodynamic 
insight is consistent with the TGA analysis, where the pre-sintered 
samples exhibit a delayed reduction onset compared with compacted 
powder sample (Fig. 8b).

Furthermore, our previous study demonstrated that the oxygen 
partial pressure (pO2 ) serves as an effective predictive metric for 
assessing the reducibility of the metal oxide mixtures [36]. The phase 
evolution of the multicomponent oxide mixture as a function of pO2 is 
depicted in Fig. 9b. Under relatively oxidizing conditions (pO2 ≈ 10− 14), 
spinel II (Mn-rich) and halite coexist as stable equilibrium phases. As pO2 

decreases, the spinel II becomes thermodynamically unstable since Mn 
oxide transforms into halite. With further decrease in pO2 , the halite 
phase decomposes into a mixture of spinel I (Fe-rich inverse spinel) and 
FCC phase. Eventually, at very low oxygen partial pressure (pO2 ≈

10− 32), the multicomponent oxide could undergo complete metalliza
tion, where the halite phase is fully reduced to an FCC metallic solid 
solution. This reduction sequence reflects the complex thermodynamic 
interplay of the phases stability that govern the hydrogen reduction in 
multicomponent oxide systems.

The elemental partitioning into the FCC metallic phase and metal 
conversion degree as a function of pO2 are presented in Fig. 9c and 

Fig. S2, respectively, respectively. The plots reveal that Ni and Co oxides 
are reduced first to form the FCC metallic phase, which is consistent with 
their lower thermodynamic stability compared with Fe- and Mn-oxides 
[29]. As pO2 continues to decrease, Fe-oxide is reduced to its metallic 
state. However, complete metallization of Fe is significantly delayed 
with the onset of Mn oxide reduction (pO2 ≈ 10− 23). Such a delay sug
gests a strong interaction between Mn and Fe within the oxide matrix, 
forming an (Fe,Mn)O halite-type solid solution, which increases the 
thermodynamic barrier for complete Fe-oxide reduction.

To validate this thermodynamic interpretation, point EDS analysis 
was conducted on the oxide-rich regions of the reduced compacted 
powder sample, as shown in Fig. 9d. The EDS analysis reveals localized 
Fe enrichment within Mn-rich oxide areas, indicating the presence of a 
residual FeO phase embedded in a MnO matrix. This finding supports 
the hypothesis that Fe is partially retained in the oxide phase due to solid 
solution stabilization by Mn oxide, thereby inhibiting its complete 
reduction to the FCC metallic phase under the given experimental 
conditions.

4. Conclusions

We investigated the direct reduction behavior of two different types 
of precursor oxide mixtures, namely mechanically mixed compacted 

Fig. 9. (a) Multicomponent-Ellingham diagram for Co3O4, Fe2O3, Mn2O3, NiO, Fe3O4, Mn3O4, (Co,Ni)O and (Fe,Mn)3O4 obtained by thermodynamic calculations 
using Thermo-Calc. (b) Phase evolution, where Spinel I and Spinel II refers to Fe- and Mn-rich spinel, respectively and (c) elemental composition in FCC phase with 
oxygen partial pressure for a 25Co-25Fe-25Mn-25Ni (at.%) oxide mixture at 700 ◦C. (d) EDS point analysis of an MnO agglomerate in the reduced compacted powder 
sample, confirming the presence of residual Fe oxide within the MnO halite phase.
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powder blends and atomically mixed pre-sintered multicomponent 
metal oxides. Both types of oxide precursors were derived from Co3O4, 
Fe2O3, Mn2O3, and NiO, targeting an equiatomic concentration (25 at. 
%) of the final multicomponent alloy. Despite achieving a similar 
reduction degree of ~80 % after hydrogen-based direct reduction at 700 
◦C for 1 h, the two samples exhibited distinctly different reduction 
pathways and microstructures.

The compacted powder precursor underwent sequential reduction of 
the individual oxides, reflecting the stepwise transformation of these 
individual constituents. In contrast, the pre-sintered sample, consisting 
of halite and spinel solid solution oxide phases, exhibited a single-step 
reduction with a high onset temperature (~525 ◦C). In both cases, the 
reduction resulted in a two-phase microstructure comprising an FCC 
metallic phase (70 wt.%) and an unreduced oxide phase (30 wt.%). The 
FCC metallic phase was a solid solution of Fe, Co, and Ni, while the 
unreduced oxide was identified as MnO, in accordance with thermo
dynamic calculations. Moreover, the pre-sintered sample contained a 
minor yet notable fraction (1 wt.%) of residual BCC metallic phase, a 
result of the Fe partitioning out of MnO and remaining sequestered from 
sufficient Ni and Co FCC stabilizers. Furthermore, pulverizing pre- 
sintered sample significantly lowered the onset reduction tempera
tures to ~175 ◦C, attributed to the increased surface area and the 
disruption of dense, non-porous pre-sintered morphology. Although the 
major reduction event was still delayed by almost 100 ◦C compared to 
the compact powder, reflecting the higher thermodynamic stability of 
the solid solution oxides.

This study showcases a transformative approach to sustainable alloy 
synthesis, enabling direct reduction of multicomponent oxides into 
compositionally complex materials. By tuning the oxide precursor 
design and thermodynamic landscape of the oxides, it is possible to 
simultaneously control reduction pathways, elemental partitioning, and 
microstructure evolution all within a single process. This work marks a 
step towards developing solid-state metallurgical processes that can 
produce compositionally complex materials in a single step, opening 
new possibilities for tailorable alloy manufacturing.
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of cobalt ores: a review, Miner. Eng. 160 (2021) 106656, https://doi.org/10.1016/ 
j.mineng.2020.106656.

[21] J.J. Wijenayake, S.-Y. Lee, S.-H. Park, H.-S. Sohn, Production of ferronickel from 
limonitic laterite ore using hydrogen reduction and cementation, Hydrometallurgy 
203 (2021) 105622, https://doi.org/10.1016/j.hydromet.2021.105622.

[22] Y. Zhang, J. Qie, X.F. Wang, K. Cui, T. Fu, J. Wang, Y. Qi, Mineralogical 
Characteristics of the Nickel Laterite, Southeast Ophiolite Belt, Sulawesi Island, 
Indonesia, Min., Metall. Explor. 37 (2020) 79–91, https://doi.org/10.1007/ 
s42461-019-00147-y.

S. Shankar et al.                                                                                                                                                                                                                                Acta Materialia 301 (2025) 121528 

10 

https://doi.org/10.1016/j.actamat.2025.121528
https://doi.org/10.1038/s41586-019-1702-5
https://doi.org/10.1038/s41586-019-1702-5
https://doi.org/10.1021/acs.chemrev.2c00799
https://doi.org/10.1016/j.xinn.2021.100127
https://doi.org/10.1002/srin.201900108
https://doi.org/10.1016/j.scriptamat.2022.114571
https://doi.org/10.1016/j.scriptamat.2022.114571
https://doi.org/10.1016/j.apcata.2007.03.021
https://doi.org/10.1016/j.apcata.2007.03.021
https://doi.org/10.1007/s12613-022-2440-5
https://doi.org/10.1007/s12613-022-2440-5
https://doi.org/10.1016/j.matchemphys.2003.12.028
https://doi.org/10.1016/j.matchemphys.2003.12.028
https://doi.org/10.1016/S0926-860X(02)00669-5
https://doi.org/10.1016/S0926-860X(02)00669-5
https://doi.org/10.1021/i260026a023
https://doi.org/10.1021/i260026a023
https://doi.org/10.1021/j100589a010
https://doi.org/10.1021/j100589a010
https://doi.org/10.2298/JMMB120208038Z
https://doi.org/10.1007/BF00796401
https://doi.org/10.1557/JMR.2003.0248
https://doi.org/10.1557/JMR.2003.0248
https://doi.org/10.1002/zaac.19372340404
https://doi.org/10.1016/j.actamat.2020.04.038
https://doi.org/10.1016/j.actamat.2020.04.038
https://doi.org/10.1038/s41467-019-08763-4
https://doi.org/10.1038/s41467-019-08763-4
https://doi.org/10.1007/BF00795974
https://doi.org/10.1007/BF00795974
https://doi.org/10.1007/s11663-022-02442-4
https://doi.org/10.1007/s11663-022-02442-4
https://doi.org/10.1016/j.mineng.2020.106656
https://doi.org/10.1016/j.mineng.2020.106656
https://doi.org/10.1016/j.hydromet.2021.105622
https://doi.org/10.1007/s42461-019-00147-y
https://doi.org/10.1007/s42461-019-00147-y


[23] K. Higuchi, R.H. Heerema, Influence of Artificially Induced Porosity on Strength 
and Reduction Behavior of Hematite Compacts, ISIJ Int. 45 (2005) 574–581, 
https://doi.org/10.2355/isijinternational.45.574.

[24] F. Xia, J. Zhao, B.E. Etschmann, J. Brugger, C.J. Garvey, C. Rehm, H. Lemmel, 
J. Ilavsky, Y.-S. Han, A. Pring, Characterization of porosity in sulfide ore minerals: 
a USANS/SANS study, Am. Mineral. 99 (2014) 2398–2404, https://doi.org/ 
10.2138/am-2014-4845.

[25] S.-H. Kim, X. Zhang, Y. Ma, I.R. Souza Filho, K. Schweinar, K. Angenendt, D. Vogel, 
L.T. Stephenson, A.A. El-Zoka, J.R. Mianroodi, M. Rohwerder, B. Gault, D. Raabe, 
Influence of microstructure and atomic-scale chemistry on the direct reduction of 
iron ore with hydrogen at 700 ◦C, Acta Mater. 212 (2021) 116933, https://doi.org/ 
10.1016/j.actamat.2021.116933.

[26] B. Ratzker, M. Ruffino, S. Shankar, D. Raabe, Y. Ma, Elucidating the microstructure 
evolution during hydrogen-based direct reduction via a case study of single crystal 
hematite, Acta Mater. 294 (2025) 121174, https://doi.org/10.1016/j. 
actamat.2025.121174.

[27] B.J. Paudel, A.C. To, A. Mostafaei, Principles of Solid-State Sintering, in: H.Z. Yu, 
N. Tuncer, Z. Feng (Eds.), Solid-State Metal Additive Manufacturing,, 1st ed, Wiley, 
2024, pp. 295–312, https://doi.org/10.1002/9783527839353.ch13.

[28] Herbell, T.P., Thermogravimetric study of the reduction of oxides of nickel and 
chromium (1973). https://ntrs.nasa.gov/citations/19730006838.

[29] Dissemination of IT for the Promotion of Materials Science (DoITPoMS), TLP 
Library, Ellingham Diagrams, https://www.doitpoms.ac.uk/tlplib/ellingham 
_diagrams/index.php (Accessed March 12th June, 2024).

[30] S. Wei, Y. Ma, D. Raabe, One step from oxides to sustainable bulk alloys, Nature 
633 (2024) 816–822, https://doi.org/10.1038/s41586-024-07932-w.

[31] M. Auinger, D. Vogel, A. Vogel, M. Spiegel, M. Rohwerder, A novel laboratory set- 
up for investigating surface and interface reactions during short term annealing 
cycles at high temperatures, Rev. Sci. Instrum. 84 (2013) 085108, https://doi.org/ 
10.1063/1.4817310.

[32] B.H. Toby, R.B. Von Dreele, GSAS-II : the genesis of a modern open-source all 
purpose crystallography software package, J. Appl. Crystallogr. 46 (2013) 
544–549, https://doi.org/10.1107/S0021889813003531.

[33] S.N. Kabekkodu, A. Dosen, T.N. Blanton, PDF-5+: a comprehensive Powder 
Diffraction File™ for materials characterization, Powder Diffr. 39 (2024) 47–59, 
https://doi.org/10.1017/S0885715624000150.

[34] W.C. Lenthe, S. Singh, M.D. Graef, A spherical harmonic transform approach to the 
indexing of electron back-scattered diffraction patterns, Ultramicroscopy 207 
(2019) 112841, https://doi.org/10.1016/j.ultramic.2019.112841.
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