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a b s t r a c t
Fossil-free ironmaking is indispensable for reducing massive anthropogenic CO2 emissions in the steel
industry. Hydrogen-based direct reduction (HyDR) is among the most attractive solutions for green ironmaking, with high technology readiness. The underlying mechanisms governing this process are characterized by a complex interaction of several chemical (phase transformations), physical (transport), and
mechanical (stresses) phenomena. Their interplay leads to rich microstructures, characterized by a hierarchy of defects ranging across several orders of magnitude in length, including vacancies, dislocations,
internal interfaces, and free surfaces in the form of cracks and pores. These defects can all act as reaction,
nucleation, and diffusion sites, shaping the overall reduction kinetics. A clear understanding of the roles
and interactions of these dynamically-evolving nano-/microstructure features is missing. Gaining better
insights into these effects could enable improved access to the microstructure-based design of more efﬁcient HyDR methods, with potentially high impact on the urgently needed decarbonization in the steel
industry.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Steel is the most important engineering metallic material, used
across countless applications in transport, infrastructure, and energy conversion. Its production of >1.8 billion tons per year, with
the largest fraction reduced from iron oxides using carbon, leads
to huge anthropogenic CO2 emissions, accounting for ∼30% of all
industrial CO2 emissions (∼7% of the total CO2 emissions) [1,2].
These numbers qualify steelmaking as the largest single cause of
global warming. This scenario poses an urgent decarbonization
challenge [3]. Numerous efforts have been made to mitigate CO2
emissions, by improving eﬃciency and storing CO2 underground
[4,5]. However, drastic CO2 reduction cannot be realized by exist∗
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ing technology, but more disruptive approaches must be studied
and upscaled [2,6-8]. Along the steel production chain, the reduction of iron ore in blast furnaces using carbon (via coke and coal)
causes alone as much as ∼80–90% of the CO2 emissions [8,9]. Thus,
fossil-fuel-free ironmaking has the biggest leverage for mitigating
CO2 emissions. Hydrogen-based direct reduction (HyDR) of iron oxides is one of the most promising solutions in this context. CO2
emissions below 0.1 tons per ton of steel are estimated if hydrogen
is produced using renewable energy, in contrast to ∼1.9 tons CO2
per ton of steel emitted from the blast furnace and basic oxygen
furnace route [10]. In HyDR, pelletized solid iron ores (hematite,
magnetite) are reduced by hydrogen gas. The reduction steps from
hematite towards iron strongly depend on temperature [2,11].
When the reduction temperature is >570 °C, the reactions evolve
in the sequence hematite (Fe2 O3 ) → magnetite (Fe3 O4 ) → wüstite
(Fe(1-x) O, where x indicates Fe deﬁciency) → iron (α -Fe or γ -Fe).
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Fig. 1. Hierarchical nature of hydrogen-based direct reduction of iron oxides, exemplarily shown for the shaft furnace process. (a) At the macroscopic scale, the reduction in
a shaft furnace proceeds via a counter-current-ﬂow redox reaction and the overall reduction degree is a function of furnace height and radius. (b) At the mesoscopic scale,
the iron oxide pellet is reduced depending on its topo-chemical features, i.e., phase transformations and mass transport occur in gradients as a function of distance from the
pellet surface towards its center (along radius). At the (c) microscopic and (d) nanoscopic/electronic scales, the reduction takes place at the reacting interfaces, associated
with the multiple physical and chemical phenomena, e.g., multistep solid-gas reactions, phase transformation, solid-state diffusion, generation of microscopic defects, and
porosity, where the microstructure evolves in a spatiotemporal manner, as a function of reduction time and position in the pellet. (DRI stands for direct reduced iron.).

For reduction <570 °C, wüstite is thermodynamically unstable and
the reduction proceeds via hematite → magnetite → α -iron [2]. As
such, HyDR is a multistep solid-gas reaction where the solid undergoes several phase transformations.
Many studies addressed the inﬂuence of processing parameters (e.g., temperature [12,13], gas composition [14,15], and pressure [16,17]) on the kinetics of the gaseous reduction of iron oxide with CO, H2 , CH4 , and their mixtures. In general, HyDR proceeds two to three times faster than CO-based direct reduction.
This is attributed to the physical properties of hydrogen, i.e., its
small molecule size, low viscosity, and high mobility, when diffusing as molecule through pores or as dissociated atom through
solids [2]. The HyDR process is characterized by a hierarchy of
phenomena that can inﬂuence the reaction at different length and
time scales. They range from transport and reaction kinetics in a
shaft reactor at macroscopic scale down to chemical reactions at
interfaces at atomic scale and catalysis, dissociation, and charge
transfer at electronic scale. Reaction kinetics is also affected by
micro-to-atomic-scale features of the different oxides and the adjacent iron layers, including crystal defects, porosity, mechanics,
and local composition [2,6,18]. Although these dynamically evolving nano-/microstructure features can alter the kinetics by orders
of magnitude, a complete picture of their roles and interactions is
still missing.
This viewpoint paper presents an overview of the hierarchical
nature of HyDR, revealing its complexity in terms of the multiple chemical reactions and physical phenomena at different length
and time scales. Particularly, the important role of the nano/microstructures in HyDR is highlighted, aiming to identify research tasks at the nexus between physical metallurgy and process metallurgy. We also discuss approaches for multiscale and inoperando characterization, integrated computational materials engineering approaches, and machine learning in this ﬁeld.

friction, sticking, and ore porosity, creates a system with many degrees of freedom. Quantitative prediction of the kinetics and metallization is so far not possible, because of this complexity. This is
shown for the shaft furnace process in Fig. 1. Lack of understanding of the hierarchy of the individual processes, transport, and reaction steps hinders modeling HyDR with regards to eﬃciency, kinetics, and metallic yield.
2.1. Macroscopic reduction behavior
Shaft furnaces for HyDR are operated as counter-current ﬂow
reactors (Fig. 1a). The ores, i.e., burden, in the form of pellets or
lump, are charged at the top and move downwards, while the reducing gas percolates upward through the burden [8]. The processing parameters (e.g., temperature, gas composition, and burden topology) and the reduction kinetics and yield are therefore
functions of furnace height and radius. Several mean-ﬁeld simulations [8] and experiments [19] have been conducted to investigate the effect of these parameters on the reduction kinetics at
shaft furnace scale. The predictive capabilities of such macroscopic
descriptions remain, however, limited due to the complex hierarchical nature of the underlying reaction steps. This includes such
important questions as optimal pellet size, friction, abrasion, and
sticking.
2.2. Mesoscopic reduction behavior
At the mesoscopic scale, the reduction is determined by the local thermo-chemical boundary conditions and redox kinetics of a
single oxide piece or pellet. A pellet is an agglomerate of dense
particles of iron oxides, which are surrounded by pores and other
oxides from the gangue and pellet binder. A single particle comprises irregularly shaped crystallites of iron oxides. The solid-gas
reaction proceeds in a topo-chemical fashion at the pellet scale,
i.e., phase transformations and mass transport occur in gradients
as a function of the distance from the pellet surface towards its
center (Fig. 1b) [20].

2. Hierarchy levels in hydrogen-based direct reduction (HyDR)
The high number of process variables in HyDR, including temperature, gas composition and pressure, chemistry and size of ores,
2
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Fig. 2. Schematic illustration of hydrogen-based direct reduction mechanisms at the atomic scale: (a) reduction of trigonal hematite to cubic magnetite [25] and (b) reduction
of cubic wüstite to cubic α -iron [6].

of iron ions (F e2+ ) is built up across magnetite. Iron ions and electrons migrate to the internal reaction interfaces, where they react
with hematite to produce magnetite based on the following reaction [24,25]:

2.3. Micro-to-atomic-scale reduction behavior
The mesoscopic reduction is determined by microscopic and
atomistic mechanisms, with multiple interacting chemical, physical, and mechanical phenomena. These include multistep solid-gas
reactions, mass and electron transport through heterogeneous media, multiple phase transformations, and intense mechanical interaction among the phases. This leads to the evolution of a complex defect cosmos, including vacancies, dislocations, interfaces,
and free surfaces (cracks, pores), all with different transport features. These defects act as reaction, nucleation, and diffusion sites,
shaping the overall reduction kinetics. Understanding these mechanisms is thus necessary for modeling and designing eﬃcient reactors, that can operated with variable feedstock. Also, the roles of
gangue chemistry and catalytic effects are unexplored.

4F e2 O3 + F e2+ + 2e− → 3F e3 O4

Analogously, when the magnetite is reduced to wüstite the reaction at the magnetite/wüstite interface can be expressed as:

F e3 O4 + F e2+ + 2e− → 4F eO

3.1. Physics and chemistry fundamentals
The microscopic reaction steps during HyDR are similar to other
oxide reductions with hydrogen [21]. At high temperatures, H2 is
dissociatively absorbed into vacant interstitial sites at the oxide
surface, then OH− is formed until the second H is bonded and the
reaction is completed. Next, the water is either adsorbed to the
surface or evaporates into the gas phase. The reaction sequence can
be summarized as:

(1)

H∗ + O2− → OH− + e −

(2)

OH− + H∗ → H2 O + e−

(3)

(5)

In contrast, oxygen atoms must diffuse from the iron/wüstite
interface to the iron/gas interface once a dense iron layer forms,
Fig. 2(b) [6,18]. Then, hydrogen reacts with oxygen at the iron/gas
interface, forming water. The removal, storage, dissociation, or adsorption behavior of the water at/from the interfaces is unexplored
terrain, yet, with high relevance for reduction. The driving force for
outbound oxygen diffusion is the gradient of the oxygen activity
from the internal iron/wüstite interface through the iron layer to
the external iron/gas interface. At the internal reacting interface,
wüstite dissociation into iron and oxygen prevails according to the
following reaction [6]:

3. Hydrogen-based direct reduction of iron oxides at
microscopic and nanoscopic scales

H2 + 2Va∗ → 2H∗

(4)

F eO → F e + O

(6)

The oxygen solubility and diffusivity in iron are small, e.g., at
700 °C in α -iron, 4.65 × 10−5 wt.% and 2.16 × 10−11 m2 •s−1 , respectively (ThermoCalc, TCOX10 [26]). Therefore, the oxygen diffusion through dense iron is only possible for very thin layers. However, the reaction can proceed through alternative transport pathways inside the iron, along cracks, pores, and other defects with
high diffusion coeﬃcients such as dislocations and grain boundaries.
Some of the observed crystallographic orientation relationships
(OR) suggest plausible phase transformation mechanisms at the internal interphase boundaries [23,27]. A Shoji-Nishiyama OR, i.e.,
(0 0 01)hem //(111 )mag and [101̄0]hem //[11̄0]mag , was observed at the
hematite/magnetite interface. This OR implies a shear transformation mechanism of oxygen lattices from hematite to magnetite associated with the rearrangement of iron ions in the interstitial
sites by diffusion [27]. At the magnetite/wüstite interface, a cubeon-cube OR (i.e., (11̄0 )mag //(11̄0 )wüs and [110]mag //[110]wüs ) was
observed [23]. This OR indicates that reduced iron ions (e.g., on
the external solid/gas interface) migrate towards ferrous vacancies
on oxygen ion planes to form wüstite, while the oxygen lattice
is maintained [23]. There is still a lack of direct microscopic and
spectroscopic evidence as well as atomistic understanding of these
diffusion and reaction mechanisms across the interfaces. Here, diffusion couples with isotope labeling could provide further insights
[28].

Va∗

where
indicates a vacant interstitial site. This sequence depends on the surface, bulk, and defect diffusion of H∗ and O2− .
The most probable site for this reduction sequence is at the solid
surface. Catalysis might alter these steps, an effect that depends on
gangue-related elements in the ores.
Several studies have discussed elementary processes of diffusion and reactions at internal phase boundaries [6,22-24]. Fundamental differences exist between the oxide/oxide interfaces (e.g.,
hematite/magnetite and magnetite/wüstite) and the oxide/iron
interfaces (e.g., wüstite/iron). Fig. 2(a) shows the reduction of
hematite to magnetite. Oxygen is removed by hydrogen (which
must ﬁrst dissociate into mono-atomic form) on a free surface of
an oxide surrounded by open-pore channels. An activity gradient
3
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3.2. Inﬂuence of chemical composition of the feedstock

reﬁnement mechanisms (see Section 3.1). Furthermore, geometrically necessary dislocations were observed at the wüstite/iron interfaces [6]. These can possibly act as fast diffusion channels for
hydrogen (inbound) and oxygen (outbound).
Porosity is a critical factor when gaseous diffusion and local
storage/transport of water are rate-limiting steps in HyDR [44,45].
The porosity and its tortuosity affect gas percolation in and out
of the internal free surface regions (i.e., inbound hydrogen and
outbound water transport). Internal free surfaces are also likely
to promote nucleation of the phases, affecting reduction kinetics.
The formation of open pores and cracks during the last reduction
stage from wüstite to iron enhances solid-state diffusion of oxygen
[20] and gaseous diffusion of hydrogen and water. Water trapped
inside isolated pores lowers the hydrogen partial pressure locally,
retarding iron nucleation [6] or even causing local re-oxidation.
This means that defects alter the local boundary conditions (e.g.,
oxygen and hydrogen chemical potentials, topology, transport, and
temperature), affecting local thermodynamics and kinetics of the
reduction.
The quantitative correlation between the defects and the reaction kinetics remains unclear, owing to the complexity of the microstructure and its evolution, Yet, this information is critical to
assess the contribution of individual defects to kinetics. Therefore,
the microstructure evolution during reduction should be studied
and correlated to kinetic changes, with a focus on cracks and pores,
possibly at near-atomic dimensions and in real time. Quantiﬁcation
of pore size, distribution, morphology, and connectivity is needed
to relate these features to transport, local reaction conditions, and
kinetics.

As HyDR is a solid-state reaction, the gangue elements in the
burden remain inside the reduced iron, in part as unreduced oxides. To produce not only green but also clean steel, the gangue
elements and their oxides must be removed during subsequent
steelmaking, requiring energy and costs. Thus, high-quality ores
with high iron (>67 wt.%) and low tramp element content are
desirable as feedstock for HyDR [29]. However, gangue elements
such as silicon, calcium, magnesium, and aluminum exist in most
ores and can have effects on the reduction. Silicon and manganese
combine with iron oxides and form stable compounds. An example is iron-manganese silicates that are hard to reduce, lowering metallic yield [30]. Difference in thermal expansion between
iron oxides and gangue oxides (e.g., MnO, MgO, and CaO) results
in swelling and cracking [31–33]. Small controlled quantities of
gangue elements could thus even be beneﬁcial, creating new percolation paths for mass transport of reactants and products, accelerating reduction kinetics, provided that the pellet strength is not
too low. Very high gangue element and inert oxide content can
reduce pellet strength, resulting in ﬁne debris that reduces permeability and causes sticking. Segregation of gangue elements at the
reaction front was found to affect the local reaction kinetics [6,34].
The gangue elements in solid solution inside the wüstite can affect
the activity of iron ions and their diffusivity. For example, segregation of Mn2+ (and Mg2+ ) ions at the progressing reaction interface
can decrease the activity of Fe2+ to a value low enough to suppress
formation of metallic iron [34]. In contrast, Ca segregation was
found to facilitate the formation of porous iron and enhance the
reduction kinetics [32,33]. The mechanisms behind these effects of
gangue elements on HyDR remain elusive. This is due to their variety and different concentrations in ores and a lack of highly resolving and in-operando measurements. This opens up opportunities
for research about gangue elements, particularly when targeting
low-grade iron ores, regarding their role on microstructure, chemical partitioning, phase formation, interface energies, and catalysis.

3.4. Advances in characterization and simulation techniques for direct
reduction
The next level of insights into HyDR requires multiscale experiments and simulations (Fig. 4) that consider the phenomena
discussed above and their interactions. Characterization with high
spatial and time resolution is needed to capture the ﬁne chemical
and structural features down to atomic scale and real time. Highresolution electron microscopy is needed for probing the structure, chemistry, and bonding states. Environmental microscopy can
be used for in-operando characterization of microstructure formation. These methods could provide insights into nucleation and
growth of new phases, types and positions of reactants and intermediate products, as well as the evolution of defect patterns
[11]. Synchrotron facilities provide hard X-ray based techniques,
such as diffraction, tomography, microscopy, and spectroscopy, to
study crystal structures, connectivity of pores, defect density, and
elemental distribution [46,47]. They allow probing bulk samples
with good statistics and under in-operando conditions [48]. Atom
probe tomography (APT) allows for three-dimensional compositional mapping with sub-nanometer spatial resolution [49] and
high elemental sensitivity (atomic-parts-per-million range) across
all atomic masses, including hydrogen and oxygen, albeit with certain precautions [50,51]. The development of dedicated reactors
opens up opportunities for quasi-in-situ analysis at near-atomic
scale [52,53]. This approach allows capturing the compositional
and certain crystallographic aspects of the transient states, advancing the understanding of reaction mechanisms, segregation to interfaces, and elemental partitioning. In order to reveal mechanisms
that matter for large reactors, boundary conditions should be chosen in appropriate parameter ranges, to match scenarios encountered in real operation.
Physics-based modeling can provide fundamental reaction details, help to interpret experimental ﬁndings, inform mean-ﬁeld
models, and guide the design of key experiments for HyDR. For
example, HyDR of oxide to iron induces a volume change of about

3.3. Inﬂuence of crystal defects, porosity, and micromechanics
Defects in the solid feedstock can accelerate reactant transport
[11,35-39], Fig. 3. The acquired defects evolving during HyDR differ from those inherited from pelletizing. The latter determine the
starting conditions, while the acquired defects gradually evolve and
alter the local reduction conditions. The microstructure changes
are due to (1) the mass/volume loss when oxygen is removed; (2)
the non-volume conserving and non-commensurate nature of the
phase transformations; (3) the local accumulation of gas (e.g., water) and associated volume expansion and crack opening; (4) the
cavitation and delamination at hydrogen-weakened metal/oxide interfaces; and (5) thermal spalling caused by impurities [6,20,40,41].
These features depend on the boundary conditions during reduction. It was observed that porosity increases during the reduction
of magnetite and wüstite with hydrogen at higher temperature
and hydrogen partial pressure. The pore size increases with higher
temperature and lower hydrogen partial pressure.
Crystal defects affect the transport of iron ions from the external solid/gas interface to the advancing solid/solid interface and of
oxygen from the wüstite/iron interface to the iron/gas interface in
the ﬁnal reduction stage [22,42]. The grain reﬁnement during reduction of hematite to magnetite increases the reaction rate owing
to the larger interface density [22,42]. They are formed because of
the non-plane-matching nucleation and growth of the magnetite
and the high multiplicity of the plane-matching ORs between the
phases. Besides the Shoji-Nishiyama OR [42,43], however, many
other ORs are not understood. Hence, crystallographic interface
studies would help to understand the nucleation, growth, and grain
4
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Fig. 3. Examples of defects formed during the gaseous reduction of iron ores: (a) Reaction zones after partial reduction of hematite with pure H2 at 387 °C. The black band
is magnetite (blue arrow) which separates the inner structure (red arrow) composed of a mixture of porous magnetite and iron from unreacted hematite (orange arrow).
The reaction interface between magnetite and hematite seems to contain dislocations [11]. (b) Wüstite partially reduced at 900 °C using a gas mixture of 70% H2 and 30%
H2 O. A large array of pits on the surface of wüstite is observed before iron nucleation [35]. (c) Partially reduced wüstite at 10 0 0 °C using a gas mixture of 80% H2 and 20%
H2 O. The interface between iron and wüstite grows irregularly and is accompanied by pores with different sizes (green arrows) [36]. (d) Details of the surface of iron nuclei
formed during reduction of magnetite at 750 °C using a hydrogen partial pressure of 26.7 kPa. Iron nucleation is accompanied by cracks that form concentrically around
nucleation sites and pores (yellow arrow) [37]. (e) Details of the surface of iron nuclei formed during reduction of magnetite at 500 °C using a hydrogen partial pressure of
13.3 kPa. Iron nucleation is accompanied by micro-sized ﬁssures with a star-like morphology and micropores (gray arrow) [37]. (f) Hematite sample fully reduced with H2
up to 10 0 0 °C at a heating rate of 20 °C/min. Iron grows in the form of whiskers (pink arrow) and pores are formed [38]. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 4. Multiscale characterization and simulation approaches towards better understanding of hydrogen-based direct reduction of iron oxides.

42% [54], leading to residual stresses, inelastic deformation, cracks,
and delamination. These features affect the reactions and kinetics. When aiming to consider such multi-physics conditions, a possible modeling approach could be ﬁnite deformation phase-ﬁeld
chemo-mechanics (PFCM) [55]. For simulating HyDR, the method
could be extended to include chemical reactions and catalysis effects [56]. Thermodynamic data obtained from density functional
theory (DFT) and quantum kinetic Monte Carlo (kMC) simulations
and Gibbs energy data from CALPHAD databases could serve to
calibrate PFCM models for HyDR. These models would capture
microscopic reduction processes and phase transformations under different boundary conditions, facilitating fast phase space and
mechanism screening, for understanding the interplay of chemistry, phase transformations, transport, and mechanics. These ﬁnd-

ings could be used for improved reactor design and identiﬁcation
of optimal reduction conditions.
For understanding reaction mechanisms as proposed in Fig. 2,
atomic-scale simulations are required where experiments have insuﬃcient resolution. DFT simulations can help to investigate the
surface reduction mechanisms, transition states, catalytic effects,
molecular dissociation and recombination, activation energies, and
charge transport [57]. Ab initio molecular dynamics (AIMD) can
help to study the atomic structures during reduction at various
temperatures and the mechanisms of oxygen removal [58]. DFT
and AIMD simulations are computationally expensive and limited
to system sizes of a few hundreds of atoms. Reactive force ﬁeld
molecular dynamics (ReaxFF-MD) [59] allows for continuous bond
formation/breaking. It is suited to model chemical reactions with a
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few million atoms [60]. With carefully ﬁtted potentials, ReaxFF-MD
could provide insights into the nano-chemistry of HyDR, including
the evolution of defects and species diffusion. Combinations of DFT,
MD, and machine learning (ML) might be promising to reach the
accuracy of quantum mechanical computations at reduced computational costs [61].
ML might also help to accelerate or replace standard solvers
for the partial differential equations of such models [62]. It could
also automize the identiﬁcation of constitutive parameters for such
complex systems, from the analysis of kinetic experimental data
and microscopy images [63]. This might enhance multiscale and
multiphysics simulations by orders of magnitude and help to solve
such complex optimization and inverse problems as in HyDR.

•

•

4. Summary, outlook and research opportunities
•

Hydrogen-based direct reduction is a promising approach for
green ironmaking, mitigating CO2 emissions in this sector. The underlying processes are characterized by the nonlinear interplay of
several chemical, physical, and mechanical phenomena that extend
across several length and time scales, establishing a hierarchical
nature of this redox process. Advanced characterization and simulation tools allow mapping and understanding these phenomena
at relevant scales and in real time. This helps to tune ore and pellet
properties, choose appropriate feedstock, design reactors, and optimize process conditions. These points are important to overcome
the kinetic limits of this process, enabling more eﬃcient carbonfree reduction, closer to the thermodynamic and kinetic limits.
Main research opportunities can be grouped into advanced
characterization; theory, simulation, and machine learning; roles
of oxides and their chemical composition; use of pellets vs. ﬁne
or lump oxides with respect to different reactors; reduction gasses
and their mixtures; microstructure; inﬂuence of microstructure
gradients and feedstock size effects; as well as phase transformation under non-equilibrium conditions.

•

• Advanced in-situ and in-operando characterization of the reduction at typical reactor operation temperatures between 500 and
10 0 0 °C and with different hydrogen partial pressures from the
atomic to mesoscopic scales forms the backbone approach in
this ﬁeld, to reveal the elementary mechanisms in a quantitative fashion. Suited methods and approaches range from quasiin-situ atom probe tomography, environmental microscopy, to
synchrotron- and neutron-based probing methods.
• Simulation, theory, and machine learning assume a parallel
role in interrogating the experimental in-situ observations and
putting theoretical questions forward. Particularly, multiscale
simulations will play an essential role in bridging the length
scales from the atomic scale where the elementary redox reaction occurs up to the reactor level where macroscopic gas
transport and gradients in the local boundary conditions become relevant. The atomistic simulations seem particularly
challenging, as some of the elementary chemical reaction and
transport steps, inﬂuence of impurities, catalysis effects, and
the nucleation during the multiple associated phase transformations are rare event phenomena when measured by atomic
relaxation scales, rendering the atomistic simulation scale in itself a massive multiscale challenge, particularly regarding time.
A beneﬁt of such efforts is that these elementary steps of this
redox reaction play a huge role in several science ﬁelds beyond
ironmaking, such as geophysics, catalysis, electrochemistry, or
corrosion, making them a worthwhile goal for basic research.
Machine learning methods can greatly enhance and support all
of these simulation challenges, for the development of better
interatomic potentials or as faster and more eﬃcient solvers
when it comes to the integration of the underlying partial dif-

•

•
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ferential equations that serve to formulate coupled mean-ﬁeld
constitutive transport, reaction, phase transformation, and mechanical models.
An essential task is the study of the metallization and reduction
rates achievable for different oxide and pellet types under consideration of their chemical composition, magnetic properties,
and gangue elements, with respect to the resulting slag formation when the sponge iron is charged into electric arc furnaces
and regarding possible contamination effects on the ﬁnal steel.
A related task is the investigation of the metallic yield when
using pellets versus ﬁne or lump oxides, under consideration of
the different possible reactor design types from static directreduction to ﬂuidized-bed reactors. This includes also the effects of the size distribution, friction, abrasion, and sticking behavior of the pellets or respectively ores for the individual reactor concepts.
Along with these solid feedstock variants, the investigation of
different types of hydrogen-carrying reduction gasses and their
mixtures is an important task, including the eﬃciency in the
use of hydrogen. In this context, two topics seem to be of particular relevance. The ﬁrst one is the use of alternative hydrogen carriers, such as ammonia or liquid organic hydrogen carriers. These carriers can not only release the required hydrogen but also offer more eﬃcient means for global storage and
transport of intermittent renewable energy. This is an important aspect in light of the huge annual steel production, which
requires likewise huge quantities of energy and reductants, as
well as their transcontinental transport. The second aspect is
the eﬃciency in the exploitation of the hydrogen in a realworld reduction process, as this reductant is an economical key
factor. Thus, any reactor and process should be designed in a
way to exploit it as near-stoichiometric as possible.
The microstructure plays a particularly important role in this
ﬁeld for three main reasons. First, phase transformations during
reduction lead to a very complex evolution of the associated
microstructures. Second, the different microstructure ingredients, particularly the interfaces and the dislocations, are important pathways for accelerated transport of the reaction species.
Third, one important kinetic barrier is the nucleation during the
phase transformation sequence, where particularly the iron formation is a sluggish process. In this context, the lattice defects
assume a critical role as they offer sites for heterogeneous nucleation, lowering the required nucleation barriers.
Inﬂuence of microstructure gradients and oxide feedstock size
effects play also an eminent role. Recent work has shown that
size effects and gradients in the evolving microstructure of the
feedstock material are important for metallization and reduction kinetics. Originally, this effect was assumed to be of minor relevance owing to the fast diffusion of hydrogen. However, the transport of oxygen and the removal of the water from
the reaction front were found to be highly microstructure- and
size-dependent, thus causing kinetic bottlenecks. Consequently,
a detailed investigation of the ideal pellet and/or oxide sizes,
the underlying microstructures, and their gradients through the
bulk feedstock are important research topics for optimizing direct reduction kinetics and metallization.
New insights can also be expected from the investigation of the
atomistic mechanisms behind the phase transformations that
proceed under chemical non-equilibrium conditions. Through
the gradual removal of oxygen, the system undergoes an unusually large number of sequential phase transformations. The
underlying nucleation and growth processes under such chemically graded conditions are not yet well understood. Like some
of the other phenomena mentioned, these investigations can
also shed light on related research ﬁelds, including geology, corrosion, electrochemistry, and catalysis.
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