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Abstract

Steel production plays an important role in the world’s global transition toward sustainable
practices, since it is one of the largest contributor to CO2 emissions in the manufacturing sector,
accounting for 8~10% of global CO emissions. Hydrogen-based direct reduction (HyDR) of iron
ores has attracted immense attention as a pioneering solution for sustainable ironmaking owing to
its high technology readiness level (TRL: 6-8). HyDR is a multistep solid-gas reaction that
involves the reduction of hematite to magnetite, followed by wiistite, and finally metallic iron.
Adjusting the reduction parameters, such as temperature, reducing gas composition, hydrogen gas
pressure, as well as the pellet's chemical composition and microstructural characteristics (e.g.,
porosity fraction and pore connectivity), are crucial in determining reduction kinetics and have
been the focus of extensive research for decades. While prior studies have investigated the impact
of hydrogen gas pressure on the reaction kinetics, the underlying reaction mechanisms governing
individual reaction steps and microstructural evolution remain poorly understood. In addition, the
chemistry of the final product is of great importance since even a small amount of diffusible
hydrogen (e.g., in ppm level) retention in the final product (e.g., high-strength steel) can result in
catastrophic failure, known as hydrogen embrittlement. Therefore, the influence of the reduction
parameters (e.g., hydrogen pressure) on the reaction mechanisms and quality of the final product
needs to be better understood to optimize the process efficiency and downstream processes

following HyDR of iron ore.

The question of “How hydrogen gas pressure affects the reduction kinetics and microstructural
evolution of hematite pellets” was addressed. We investigated the reduction kinetics of hematite
pellets with pure hydrogen at 700 °C at various pressures, i.e., 1, 10, and 100 bar under static gas
exposure, and 1.3 and 50 bar under dynamic gas exposure. The microstructure of the reduced
pellets was characterized by combining X-ray diffraction and scanning electron microscopy
equipped with electron backscatter diffraction. The findings revealed that higher hydrogen gas
pressure significantly enhances reduction kinetics. The microstructure of the metallic iron
transformed from a dense metallic iron layer formed over the oxide surface at 1 bar to porous
metallic iron at 100 bar under static conditions. Simultaneously, the pore morphology transitioned
from large, elongated shapes at 1 bar to fine, random shapes at 100 bar under dynamic conditions.

In addition, questions of “How does hydrogen gas pressure affect the individual reactions of HyDR
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iron ore?” and “Does the solid-gas reaction mechanism change with hydrogen gas pressure?” were
explored using in-situ synchrotron high-energy X-ray diffraction during HyDR to monitor real-

time phase transformations of iron ore under hydrogen gas pressures of 1, 10, 50, and 100 bar.

Last but not least, deploying hydrogen in ironmaking raises critical questions about its impact on
material properties: How much hydrogen remains in green steel, and will it cause hydrogen
embrittlement? To address this, hydrogen content was quantified in iron produced via hydrogen-
HyDR and hydrogen plasma smelting reduction (HPSR) using thermal desorption spectroscopy
(TDS) and hot extraction. HyDR iron contained 39.90+£9.00 wppm hydrogen, which dropped to
1.46+0.50 wppm after melting in an arc furnace, while HPSR iron contained 0.98+0.50 wppm.
Hydrogen trapping sites and energies in direct reduced iron were identified using TDS and
microstructure analysis. Comparing hydrogen levels in green steel with conventional processes

suggests that hydrogen-based methods do not promote hydrogen embrittlement.

The results of this dissertation demonstrate that using hydrogen as a reducing agent to reduce iron
ore does not lead to hydrogen embrittlement in the final product. Furthermore, these findings offer
valuable insights into the critical influence of hydrogen pressure on the reduction kinetics and
microstructural evolution of iron ore during the HyDR process. An increasing H, pressure
increases the partial pressure of H», which promotes faster reduction kinetics. This fact should be
considered for the design of industrial reactors. These insights shed light on advancements in

furnace design, e.g., hydrogen gas pressure, and process optimization.
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Zusammenfassung

Zusammenfassung

Die Stahlproduktion ist verantwortlich fiir eine weltweiten COz-Emissionen von 8-10%. Die
wasserstoffbasierte Direktreduktion (HyDR) von Eisenerzen erregt eine groBBe Aufmerksamkeit
als alternative Losung fiir eine nachhaltige Eisenproduktion. HyDR ist eine mehrstufige Feststoft-
Gas-Reaktion, bei der Eisenerz in Form von Hématit (Fe2O3) in Magnetit (Fe3O4) umgewandelt
und schlieBlich tiber Wiistit (FeO) zu metallischem Eisen (Fe) reduziert wird. Dabei spielen die
Reduktionsparameter  wie = Temperatur, = Zusammensetzung des  Reduktionsgases,
Wasserstoffgasdruck, chemische Zusammensetzung der Pellets und die mikrostrukturellen
Eigenschaften eine entscheidende Rolle fiir die Bestimmung der Reduktionskinetik und stehen seit
Jahrzehnten im Mittelpunkt umfangreicher Forschungsarbeiten. Die zugrunde liegenden
Reaktionsmechanismen, die die einzelnen Reaktionsschritte und die Entwicklung der
Mikrostruktur steuern, sind jedoch noch unzureichend verstanden. Einer der entscheidenden
Faktoren ist die Zusammensetzung des Endproduktes, da bereits geringe Verunreinigungen durch
z.B. Wasserstoff im ppm-Bereich zu katastrophalem Versagen von hochfesten Stdhlen fiihren
konnen, bekannt als Wasserstoffversprodung. Daher ist es notwendig den Einfluss der
verschiedenen Reduktionsparameter wie z. B. Wasserstoffgasdruck, Temperatur etc. auf die
Reaktionsmechanismen und schlussendlich auf die Qualitdt des Endprodukts besser zu verstehen,
um die Effizienz des HyDR Prozesses und nachfolgenden Prozessen nach der Direktreduktion

besser optimieren zu konnen.

In dieser Dissertation wurde zundchst untersucht, wie sich der Wasserstoffgasdruck auf die
Reduktionskinetik und die damit verbundene mikrostrukturelle Entwicklung von Hématitpellets
auswirkt. Dazu wurde die Reduktionskinetik von Hamatitpellets mit reinem Wasserstoff bei 700
°C bei 1, 10 und 100 bar unter statischen Bedingungen und 1, 3 und 50 bar unter dynamischen
Bedingungen untersucht. Die Mikrostruktur der reduzierten Pellets wurde durch eine Kombination
von Rontgendiffraktometrie, Rasterelektronenmikroskopie und Elektronenriickstreubeugung
charakterisiert. Die Ergebnisse zeigen, dass ein hoherer Wasserstoffgasdruck die
Reduktionskinetik unter beiden Bedingungen signifikant beschleunigt. Die Mikrostruktur dnderte
sich von einer dichten metallischen Eisenschicht, die sich bei 1 bar iiber der Oxidoberfliache

bildete, zu einem pordsen metallischen Eisen bei 100 bar. Gleichzeitig dnderte sich die
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Porenmorphologie von gro3en, linglichen Porenform zu feinen, zufilligen Porenform von 1 zu
100 bar. Zusitzlich, wie sich der Wasserstoffgasdruck auf die verschiedenen Reaktionen der
Eisenerzumwandlung durch HyDR auswirkt und ob sich die Fest-Gas-Reaktionsmechanismen bei
hoherem Wasserstoffgasdruck verédndern. Dazu wurden in-situ HyDR-Experimente mit
Hochenergie-Rontgendiffraktometrie durchgefiihrt, um die Phasenumwandlungen des Eisenerzes

bei verschiedenen Wasserstoffgasdriicken von 1, 10, 50 und 100 bar in Echtzeit zu untersuchen.

Nicht zuletzt wirft der Einsatz von Wasserstoff in der Eisenherstellung kritische Fragen
hinsichtlich seiner Auswirkungen auf die Materialeigenschaften auf: Wie viel Wasserstoff
verbleibt in griinem Stahl und fiihrt dies zu Wasserstoffversprodung? Um dies zu untersuchen,
wurde der Wasserstoffgehalt in Eisen, das durch HyDR und Wasserstoffplasma-Schmelzreduktion
hergestellt wurde, mittels thermischer Desorptionsspektroskopie und HeiBBextraktion quantifiziert.
HyDR-Eisen enthielt 39,90 + 9,00 wppm Wasserstoff, der nach dem Schmelzen im
Elektrolichtbogenofen auf 1,46 = 0,50 wppm sank, wahrend HPSR-Eisen 0,98 + 0,50 wppm
enthielt. Der Vergleich des Wasserstoffgehalts in griinem Stahl mit konventionellen Methoden
deutet darauf hin, dass H»-basierte Methoden die Wasserstoffversprodung nicht fordern und somit

eine nachhaltige Losung flir die grofStechnische Stahlproduktion weltweit darstellen.

Die Ergebnisse dieser Dissertation zeigen, dass die Verwendung von Wasserstoff als
Reduktionsmittel zur Reduktion von Eisenerz nicht zu Wasserstoffversprodung im Endprodukt
fiihrt. Dariiber hinaus liefern diese Ergebnisse wertvolle Einblicke iiber den entscheidenden
Einfluss des Wasserstoffdrucks auf die Reduktionskinetik und die mikrostrukturelle Entwicklung
des Eisenerzes wihrend des HyDR-Prozesses. Ein steigender Wasserstoffdruck erhoht den
Partialdruck von Wasserstoff, was schnellere Reduktionskinetik fordert. Diese Tatsache sollte bei
der Gestaltung von industriellen Reaktoren beriicksichtigt werden. Diese Erkenntnisse
ermoglichen es in Zukunft den Prozess zu optimieren z.B. hinsichtlich der Ofenkonstruktion, des

Wasserstoffgasdrucks, und der Prozessparameter.
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Thesis Outline

Thesis Outline

This thesis is composed of seven chapters, structured as follows:

Chapter 1 introduces the decarbonization challenge in the steel industry and explains the urgent
need for sustainable steel production methods. It highlights the significant CO> emissions
associated with traditional blast furnace-basic oxygen furnace steelmaking routes. The chapter
delves into hydrogen-based direct reduction (HyDR) as a promising pathway for green steel
production. The process of HyDR is briefly explained, including its integration into the iron and
steel industry and its potential to eliminate CO> emissions. The chapter also highlights critical
knowledge gaps, including the impact of hydrogen gas pressure on reduction behavior and
microstructural evolution of hematite pellet during HyDR, as well as the risk of hydrogen
embrittlement in green steel arising from the use of hydrogen as a reducing agent. These challenges
are outlined as critical points for further research to implementation of hydrogen-based ironmaking

on an industrial scale.

Chapter 2 provides an overview of the conventional and hydrogen-based steelmaking processes.
It delves into the conventional steel production processes, explaining the source of CO2 emission
from iron and steel industry. It provides an explanation of the working principle of blast furnace ,
basic oxygen furnace, and electric arc furnace, as well as direct reduction technologies such as
MIDREX and HYL/Energiron. The chapter then transitions into the HyDR process, providing in-
depth information about thermodynamics, reduction kinetics, and microstructural evolution during

the reduction of hematite pellets.

Chapter 3 is based on publication “Ozgiin, O., Dirba, 1., Gutfleisch, O., Ma, Y., & Raabe, D.
(2024). Green ironmaking at Higher H2 pressure: reduction kinetics and microstructure formation
during hydrogen-based direct reduction of hematite pellets. Journal of Sustainable
Metallurgy, 10(3), 1127-1140.” Here, the influence of H> gas pressure on the overall reduction
kinetics and microstructural evolution or hematite pellets were investigated using
thermogravimetric analysis, X-ray diffraction, and scanning electron microscopy equipped with

electron backscattering diffraction.
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Fundamental questions explored are: How does H> gas pressure influence the reduction
kinetics of hematite pellets at 700 °C? What is the reaction behavior of hematite pellets under
highly reactive conditions, such as 100 bar H> gas pressure? How does H> gas pressure impact

the microstructural evolution of iron during reduction?

Chapter 4 is based on the submitted work: “Ozge Ozgiin, Gékhan Gizer, David Melching, Kartik
Umate, Eric Woods, Laurine Choisez, Guillermo Requena, Claudio Pistidda, Dierk Raabe, Yan
Ma (2025). Green ironmaking under high H» pressure: resolving individual reaction steps via in-
situ synchrotron high-energy diffraction. Submitted to Acta Materialia.”. Here an in-situ
synchrotron high-energy X-ray diffraction study is conducted to examine the impact of Hz gas
pressure on the individual reaction steps of hematite reduction. Additionally, Nano-computed X-
ray tomography is utilized to analyze the effect of hydrogen gas pressure on the 3D pore

morphology of direct reduced iron.

Fundamental questions explored are: How does hydrogen gas pressure influence the kinetics
of individual reduction steps in hematite pellets at 700 °C? What is the impact of hydrogen gas
pressure on the rate-limiting step in hydrogen-based direct reduction? How does hydrogen gas

pressure affect the 3D pore evolution of the final product?

Chapter 5 is based on publication “Ozgiin, O., Lu, X., Ma, Y., & Raabe, D. (2023). How much
hydrogen is in green steel?. npj Materials Degradation, 7(1), 78.” Here, the hydrogen content in
direct reduced iron, melted direct reduced iron, and hydrogen-plasma-reduced iron is analyzed

using thermal desorption spectroscopy.

Fundamental questions explored are: How much hydrogen is retained in green iron? Will green
steel face significant risks of hydrogen embrittlement? Where is hydrogen trapped within direct

reduced iron? What methods can effectively remove hydrogen trapped in direct reduced iron?

Chapter 6 provides a summary of the thesis and discusses the key results.

XIX



Thesis Outline

Chapter 7 provides an outlook on hydrogen-based direct reduction and explores potential future
approaches, with a particular focus on the effects of impurities and defective structure of wiistite
phase. Preliminary results on ALO3z impacts in hydrogen-based direct reduction are reported,
highlighting their influence on solid-gas reaction kinetics and microstructural evolution. The
chapter underscores the importance of understanding the chemical composition of the starting
pellet to optimize processing before reduction. In the future, my efforts will aim to integrate these
findings with atomic-scale characterization techniques for a more comprehensive understanding

of the impurity effects during hydrogen-based direct reduction of iron ore.

Chapter 8 provides supplementary information to chapter 4 and chapter 5
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1. INTRODUCTION

1.1. Decarbonization challenge in the steel industry and a new pathway to green steel

Steel is by far the most important structural metallic material in terms of its production quantity
and versatile applications in numerous sectors, such as construction, civil and industrial
infrastructures, transportation, etc. [1] . Since 2010, annually more than 1500 million tons of crude
steel is produced [2] Fig. 1a. Steel is either produced through the primary steel synthesis, i.e., blast
furnace-basic oxygen furnace (BF-BOF) route, or secondary steel synthesis, i.e., recycling of steel
scrap in an electric arc furnace (EAF). Currently, primary steel synthesis supplies 2/3™ of global
steel production [1], and only 1/3™ of global steel production is met by secondary synthesis [3].
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Fig. 1. a) The global crude steel production quantity from 1950 to 2023. The data is obtained from the World Steel Association
[2]. b) Projected increase in steel production and COz emissions from steelmaking until 2050. The green-shaded area represents
the required reduction in CO2 emissions to meet the 2°C climate target set under the Paris Agreement, which aims to limit global
temperature rise to below 2°C above pre-industrial levels. Reproduced from ref. [4].

The BF route deploys fossil resources (coal and coke) in the reduction of iron ores and thus emits
on average ~2.3 tons of CO; per ton of steel [5]. Compared with the BF route, EAF steelmaking
is more eco-friendly with less energy consumption and CO> emissions, i.e., 0.3-0.6 tons of CO»
emissions per ton of recycled steel [6]. Overall, the steelmaking process contributes significantly
to global CO; emissions (>2800 MT CO; per year [4]), accounting for approximately 10% when
indirect emissions from electricity use are included [7]. Due to the increasing demand for steel in
developing countries and the global reliance on primary steelmaking is expected to grow in the
following decades, Fig. 1b. The Paris Agreement is a global accord adopted in 2015 to combat

climate change by limiting global temperature rise to below 2°C above pre-industrial levels, with
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limiting it at 1.5°C [8]. To align with this target, alternative methods for primary steelmaking with
net-zero emissions must be quickly developed and implemented to reduce the massive CO>
emissions in the steel industry.

Several strategies have been proposed to achieve reduced or zero CO; emissions in steelmaking,
including increased scrap recycling, the adoption of electrolysis of iron ore [9], carbon capture and
storage (CCS) [4, 10], and using hydrogen as a reductant instead of carbon. However, many of
these strategies face limitations due to the absence of appropriate materials, economic constraints,
or insufficient capacity to meet global steel demand with the available input materials. For
instance, the electrolysis of the iron ore faces limitations due to the absence of suitable anode and
cathode materials capable of withstanding the extreme conditions of the process, including high
temperatures (~1600 °C) and substantial electrical energy requirements (~3700 kWh/tre) [11].
Another strategy for reducing CO> emissions is carbon capture and storage (CCS), with its market
entry dependent on political decisions due to its high cost, energy intensity, and technical
complexity, making the process adoption financially and logistically challenging [4]. Regarding
steel recycling, the current steel demand cannot be met with recycling when annual steel demand
growth and longevity of steel products (e.g., over 50 years in construction and more than 25 years
in machinery [12, 13], in average ~35 years [12]) are considered. Among these strategies, the
hydrogen-based reduction (HyDR) of iron ore is the most promising and clean production method
for steelmaking given that hydrogen is produced from renewable sources [3]. Water electrolysis is
the most promising candidate to produce sufficient H, for green steelmaking processes (70,000

km3 STP/h Mtsteel/year)[ 14] .

Hydrogen offers a sustainable alternative to carbon-based reductants in steelmaking, given that
hydrogen is produced via renewable energy. Unlike traditional methods, the reaction between Ha
and iron oxide produces only water as a by-product, making it significantly more environmentally
friendly. Hydrogen-based reduction process can be performed in both its solid and liquid states,
known as hydrogen-based direct reduction (HyDR) and hydrogen-based plasma smelting
reduction (HPSR), respectively [6, 15]. HPSR is defined as the removal of chemically-bounded
hydrogen from the liquid iron oxide with hydrogen in its atomic and plasma states. HyDR, on the
other hand, occurs in the solid state and involves the removal of oxygen from the iron oxide lattice

through a chemical reaction with Ha.
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With a high technology readiness level (TRL 6-8) [3], HyDR is well-suited for industrial

implementation and it paves an alternative way for cleaner and more sustainable steel production.

Lump iron ore Iron ore pellets

HYDROGEN-BASED ROUTE TO STEEL

7 J%WW |
’h -: i ﬁ
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Fig. 2. Hydrogen-based Steelmaking Route: Green hydrogen (H>) is produced via water electrolysis using renewable electricity.
Produced H:is used as a reductant in a shaft furnace to reduce lump iron ore or iron ore pellets into direct reduced iron (DRI). The
DRI is then fed into an electric arc furnace, where it is melted and refined into liquid steel. The liquid steel undergoes continuous
casting to form slabs, which are subsequently processed through the hot-rolling stage to produce a hot-rolled coil. Adapted from
ref [16].

Fig. 2. illustrates a sustainable, HyDR steelmaking process designed to reduce CO> emissions.
This approach integrates green hydrogen production, direct reduction of iron ore, and electric arc
furnace (EAF) steelmaking, offering a carbon-free alternative to traditional steelmaking methods.
Renewable electricity is utilized in the water electrolysis process to split water into hydrogen and
oxygen. Hydrogen produced without CO» emission is referred to as "green hydrogen" and it is a
critical component of sustainable hydrogen-based steelmaking route. In this process, green
hydrogen is used as a reducing agent in a shaft furnace, where it reacts with solid feedstock (e.g.,
lump iron ore or iron ore pellets) at high temperatures. During this process, hydrogen removes
oxygen from the iron oxide in the ore at the temperature range 600-1100 °C, producing direct
reduced iron (DRI), a.k.a. sponge iron due to its highly porous nature, in a carbon-free form. Unlike
traditional methods that rely on carbon-based reducing agents (i.e., coal and coke), this process
eliminates CO2 emissions by producing water vapor H>O as a by-product. After reduction, DRI is
charged into an EAF (powered by renewable electricity), where it is melted and refined into liquid
steel. The liquid steel is processed in a continuous casting system, where it is solidified into slabs.
The cast slabs or billets are then sent to the hot-rolling mill, which is rolled at high temperatures

to produce hot-rolled coils.
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1.2. Motivation

Direct reduction is a well-established technology that converts iron ore iron ore pellets (10-16 mm
in diameter) into DRI in the solid-state, using steam-reformed natural gas (H> and CO from CHa)
or gasified coal as reducing agents. Commercial reduction technologies typically operate at
elevated pressures; for instance, the MIDREX process (utilizing 55-80% Ho in the reducing gas)
operates at 2 bar, while the HyL/Energiron process operates at 6—8 bar total pressure. Therefore,
understanding the effect of total hydrogen gas pressure on the reduction behavior of iron ore during

HyDR is crucial.

However, while previous studies have explored the influence of hydrogen gas pressure on
reduction kinetics, systematic investigations into its effect on HyDR remain limited in the
literature. For instance, the effect of hydrogen gas pressure on the rate-limiting reaction and driving
mechanisms of the rate limiting reaction need to be better understood and effectively integrated
into furnace design for the HyDR of iron ore. Furthermore, effect of hydrogen gas pressures on
the microstructural evolution of iron ore has not been systematically studied. Particularly, the
effect of product morphology on the reaction behavior at the microscopic scale has remained
unclear so far. These facts make it challenging to conduct pellet, gas, and process optimization for
higher efficiency and faster metallization. These gaps should be addressed by investigating the
fundamental solid-state reaction mechanism of HyDR associated with hydrogen gas pressure and
the microstructural evolution of iron ore at different hydrogen gas pressures. The aim is to
transition the process design from an empirical approach to a knowledge-based approach,
providing deeper insight into the higher efficiency of solid-state hydrogen-based ironmaking

process.

Additionally, as hydrogen is deployed in metallurgical practices, understanding its consequences
becomes critical, particularly due to the potential retention of mono-atomic hydrogen in the final
product. Hydrogen atoms, inherited from the reduction process, may became trapped in steel
products. Even a small amount of diffusible and weakly trapped hydrogen, particularly in high-
strength steel, degrades its mechanical performance and even leads to premature failure. Such
detrimental effect induced by hydrogen is known as hydrogen embrittlement. Therefore, hydrogen-
based iron making poses critical questions: How much hydrogen is in green steel? Will it pose

severe hydrogen embrittlement risk? Addressing these concerns is crucial before scaling hydrogen-



INTRODUCTION

based iron making to industrial levels and introducing green steel into the market. The potential of
hydrogen embrittlement in green steel has to be discussed based on the comparison of the hydrogen
contents in iron and steel produced by conventional and hydrogen-based iron making approaches.
This knowledge is essential for designing a process route that accounts for the effective removal

of hydrogen in downstream operations.
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2. STATE OF THE ART

2.1. Overview of Iron and Steel Production

The blast furnace (BF), Fig. 3., is a high-temperature reactor used since the 15th century for iron

production. In the BF, iron ore (Fe»Os or Fe3;04), coke (carbon), and limestone (CaCO3) are loaded
through a bell system. The furnace is operated based on a counter-current redox principle, where
descending iron ore reacts with ascending hot gases, primarily carbon monoxide (CO). The solid-
gas reaction takes place between CO and iron ore, leading to the formation of metallic iron with a
residual fraction of wiistite. Subsequently, a complete reduction of the pellet and its melting occurs
in the lower part of the BF. The molten metal is called pig iron, which contains 3 to 5 wt.% of
carbon depending on the S, P, and Si content in the hot metal [17].

The reactions in the BF start with the combustion of coke with hot air burden (preheated to 800-
1200 °C) (1.1), containing ~23 wt% of Oz and 77 wt% of No.

Coy 02— CO0a(g), AH=-394.13 kJ/mol of C (1.1)

The highly exothermic nature of this reaction led to the release of a large amount of heat, ~1650
°C. At this temperature, CO> is thermodynamically unstable, thus reacting with C to produce CO,

areducing agent. This reaction is known as Boudouard reaction or gasification reaction (1.2) [18].
Cs7CO2(gy—2CO(y), AH’=170.7 kJ/mol of C (1.2)

The reaction of iron ore with CO gas starts at temperatures between 500 and 600 °C. The reaction

order above 570 °C is summarized below.

3Fe2053(5y+COg—2Fe304(s+COx(g), AH%295=-52.43 kJ/mol of CO (1.3)
xFe304(sy+xCOg)—3Fe O s+CO0x(), AH%95=40.46 kJ/mol of CO (1.4)
3Fe,O(s+CO(ey—xFe(s+COx(), AH%95=-18.54 kJ/mol of CO (1.5)

Above 570 °C, Fe,O is thermodynamically unstable, hence the reaction proceeds from Fe3O4 to Fe

directly, (1.6).

Fe304(s+4CO(g—3Fe(s+4COx(g), AH%05=-3.79 kJ/mol of CO (1.6)
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Fig. 3. Illustration of a blast furnace presenting the chemical reactions and their temperature zones during the production of molten
(pig) iron. Adopted from Ref [1].

The basic oxygen furnace (BOF) is the second step in conventional steelmaking, which converts

pig iron into steel. In this process, pig iron is refined into steel by removing impurities (e.g., C, Si,
Mn, P, and S) through the injection of oxygen into the molten pig iron. Oxygen is blown into the
molten metal at high speed (i.e., 330 m/s in dry air), creating a turbulent recirculation zone. This
turbulence allows oxygen to penetrate the molten metal and form a calci-ferrite slag (CaO-SiO»-
MnO-FeO). High speed of oxygen creates turbulence zone. The formation of the turbulence zone
leads to the development of a slag-metal emulsion. The majority of the reaction between carbon
and oxygen occurs within this slag-metal emulsion. Oxygen reacts with carbon in the molten metal
suspended within the emulsion. As the carbon content in the metal droplets decreases, the density
of the droplets increases. When the density of the droplets becomes higher than that of the metal-
slag emulsion, the droplets return to the metal bath. The carbon content in the molten iron can be

reduced as low as 0.04% in BOF.

The electric arc furnace (EAF) steelmaking process is a highly efficient method for recycling scrap

metal into steel. In this process, an electric arc is generated between graphite electrodes and metal
scrap, creating the heat necessary to melt the charged materials. The electrical current passes

through the charging materials and rapidly melts them. The charging materials of EAF can be
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categorized into three classes; metallic materials, slag-forming materials, and oxidizing and

carburizing materials.

e The metallic materials used in the electric arc furnace process include steel scrap, direct
reduced iron (DRI), pig iron, and ferroalloys. Steel scrap is categorized based on the type
and quantity of alloying elements it contains. Direct reduced iron serves as a high-purity
iron-rich input, while pig iron is added to tune the carbon content of the steel melt.
Ferroalloys play a dual role, acting as deoxidizers and providing essential alloying elements
to achieve the desired chemical composition and steel properties.

e The slag-forming materials are used to form slag in the EAF. Metallurgical lime (a CaO
carrier) is the basic slag-forming material in the EAF process, where it serves as a flux to
remove impurities (i.e., Si, P, and S). The metallurgical lime is typically added in quantities
ranging from 1 to 3 wt.% of charge in EAF. In addition, dolomitic lime (i.e., a type of lime
containing calcium carbonate and magnesium carbonate with a trace amount of silica and
alumina) is added to increase MgO content to protect the refractory lining of EAF walls by
increasing the basicity of the slag.

e The oxidizing material in EAF is supplied by injecting the oxygen gas into the metal bath
to produce slag. For carburization, pig iron, coal, coke, and scrap graphite electrodes are
used as charging material in EAF. Carbon has various functions in EAF such as acting as
an alloying element, a source of thermal energy generated from its oxidation reaction, and

a slag foaming agent.

EAF works based on the arc melting principle. After charging, graphite electrodes are lowered
until they contact the charging materials, creating an electric arc that generates intense heat to melt
the charging materials. The melting period of charge changes from 30 to 100 minutes depending
on the power of the supply transformer. During this process, oxidation of the metal bath and slag
formation occur simultaneously. The slag is formed as a result of the oxidation reaction of charging
materials with oxygen injected through the lances and the dissolution of slag-forming materials.
Reactions occur at the surface of the slag and the interface between the liquid metal bath and the
slag. The primary oxides that are commonly found in EAF steelmaking slag CaO, SiO2, MgO,
MnO, FeO, Fe;03, ALO3, Cr203, and P>Os. At the end of melting, the chemical composition of
slag typically consists of the following proportions: CaO (25-35 wt.%), SiO2 (20-30 wt.%), FeO
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(25-40 wt.%) and MgO (5-10 wt.%). Minor components, including MnO, Fe>O3, Al,Os3, and P>Os
are present at concentrations less than 2 wt.%.

Once the melting, refining, and alloying processes are complete, and the desired temperature and

chemical composition are achieved, the steel is poured into a preheated ladle by tilting the furnace.

Direct reduction of iron ore is another a mature technology and ~135 million tons of steel were

produced in 2023 via steam-reformed natural-gas-based and gasified-coal-based direct reduction
[19]. During direct reduction, iron ores are converted into metallic iron, commonly referred to as
direct reduced iron (DRI) or sponge iron, through a solid-state process that does not involve
melting. This reduction occurs using hydrogen (H2) and carbon monoxide (CO) gas mixtures,
following the overall reaction: Fe>O; + 3H, (CO) — 2Fe + 3H>O (COz»). The primary industrial
technologies for direct reduction include MIDREX, HYL/Energiron, and Rotary Kilns. In 2023,
the MIDREX process led the market, producing ~56% of global direct reduced iron (DRI),
followed by Rotary Kilns (~30%) and the HYL/Energiron process (~12%) [20].

In the MIDREX process, Fig. 4., natural gas (CH4) undergoes a gas reforming process, where it
reacts with water steam (H>O) and carbon dioxide (CO>) to produce hydrogen (H>) and carbon

monoxide (CO) as reducing gases. The key reactions are:

CH4 + H0 — 3H, + CO (1.7)
CH4 + CO; — 2H, + CO (1.8)

H>0O and CO; required for these reactions are collected from the off-gas of the shaft furnace. The
reformed gas, containing 55-80% hydrogen [21], is then injected into a shaft furnace to reduce

iron ore (10-16 mm in diameter) at temperatures of 800—900°C [22].
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Fig. 4. Schematic illustration of MIDREX direct reduction process for iron ore pellets using natural gas in a shaft furnace. The
reformer generates reducing gases (H. and CO) from natural gas (CH4), which are injected into the shaft furnace to reduce iron
oxide. The top gas is cleaned in a scrubber and reformed for reuse in the reduction process, while the flue gas is discharged through
the stack. Adopted from ref [14].

In contrast, the HYL/Energiron process bypasses the separate gas reformer process. Instead, the
reducing gases are generated directly in the shaft furnace through the in-situ reformation of CHa.
In this process, the surface of iron oxide and iron act as a catalyst, facilitating the dissociation of
CH4, and the production of reducing gas[23]. The dissociation of CHs4 is facilitated by high
pressure, 6-8 bar [24-27]. The use of elevated pressure conditions facilitates the dissociation of

methane over the iron ore pellets in the shaft furnace.

2.2. Hydrogen-based Direct Reduction

HyDR is a solid-gas reaction involving the interaction of oxygen atoms within the iron oxide lattice
with monoatomic hydrogen. The HyDR of iron ore is governed by the thermodynamics and
kinetics of solid-gas reactions. Thermodynamics and kinetics are two distinct fundamental
frameworks that help us understand solid-gas reactions. Thermodynamics tells us whether a
reaction is feasible or not under given conditions, e.g., temperature, gas atmosphere, and
composition and pressure of reducing gas. Thermodynamics does not give straight information

about the rate of the solid-gas reactions. In contrast, reaction kinetics provides information about

10
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how fast the reaction occurs and helps identify the rate-limiting step that controls the overall

reaction rate.

2.2.1. Thermodynamics of hydrogen-based direct reduction of iron ores

The feasibility of a chemical reaction is determined by the Gibbs free energy (AG) of the reaction
under given conditions, which depends on the temperature, enthalpy (AH) and entropy (AS)
changes. A reaction can be enthalpy- or entropy-driven. The Gibbs free energy change of a reaction
allows us to predict whether the reaction is spontaneous in the forward (AG < 0, called exergonic
i.e., work-producing) or reverse (AG > 0, called endergonic, i.e., work-consuming) direction.
Spontaneous reactions refer to chemical reactions that can occur without external energy input.
The sign of AG depends on the enthalpy (AH) and entropy (AS) changes and the temperature (K),
as described by the Eq. 2.1;

AG = AH —TAS 2.1

When AG < 0; the reaction is endothermic with no need for external energy (e.g., heat) to the
system for reaction to occur in the forward direction. When AG > 0; the reaction is endothermic
where external energy needs to be supplied for the reaction to occur. When AG = 0, the reaction is

in equilibrium.

In a solid-gas reaction, under isothermal conditions, the thermodynamic driving force of the
reaction, AG,eqction, 18 controlled by the composition of the gas phase. For HyDR, it can be

expressed along Eq. 2.2;

AG,eqction = AG® + RTINQ 2.2

wherein AG? represents the standard Gibbs free energy of the reaction, while @ is the reaction

quotient at any given moment. For the reaction Fe.O3 + 3H, — 2Fe + 3HO, the reaction quotient

PH,0

is expressed as Q = ( ) , where Py, and Py, denote the partial pressures of H, and H»O,

Py,
respectively. The value of Q ranges from zero (representing conditions of pure H») to infinity
(representing conditions of pure H>O). An increase in the value of Py, thus lowers @, and hence
the overall thermodynamic driving force of the chemical reaction increases (i.e., decreasing 4G to

more negative value) [28].

11
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Fig. 5. Fe-O binary phase diagram at 1 atm pressure calculated with Thermo-Calc 2021b (Database: TCOX10: Metal Oxide
Solutions v10.1 [29])

The solubility of oxygen is discarded in the iron-oxygen phase diagram, Fig. 5., since it is
extremely small in a-Fe (4.65 x 10° wt.% at 700 °C [30]) and y-Fe (<1.00 x 107 wt.% [31]). Iron
forms three stable oxides with oxygen; hematite (Fe2Os3), magnetite (Fe3O4), and wiistite (Fe1-x0O).
The crystal structures of these iron oxide phases are composed of closely packed layers of oxygen
anions with iron cations occupying the octahedral and tetrahedral interstitials. Hematite is
isostructural with corundum. It has a hexagonal unit cell with a=5.034 A and c=13.775 A,
containing six formula units per unit cell, Fig. 6a. Hematite can also be indexed in a rhombohedral
system with a=5.034 A and a=55.3° and there are two formula units in the unit cell [32]. Magnetite
has an inverse spinel (cubic) structure containing closely packed 32 oxygen anions (a=8.396 A)
with 24 iron cations (16Fe** and 8Fe*") distributed in the octahedral and tetrahedral interstitial
sites, Fig. 6b [33]. Wiistite has a defective halite (rock salt) structure where oxygen anions form a
close-packed cubic structure, Fig. 6¢c. Most of the octahedral sites are occupied by Fe*" cations
with a small portion of Fe** to maintain charge neutrality. Because wiistite exhibits a cation-
deficient phase (non-stoichiometry), represented as Fe—x)O where 1—x varies between 0.83 and
0.95. The lattice constant of wiistite is determined by its stoichiometry (e.g., 4.280 A at 1-x=0.89;
4.310 A at 1-x=0.95) [32, 34].

12
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Fig. 6. The illustration of crystal structure of (a) hematite, (b) magnetite, (c) wiistite. The black arrows indicate the lattice parameters
of respective directions. The grey spheres represent oxygen anions (O%) and the red spheres represent iron cations ( Fe?* and Fe**).
Produced with VESTA (Visualization for Electronic and Structural Analysis) Ver. 3.5.7.

The stability of the iron-oxygen binary phases can be evaluated based on the temperature and gas
composition (e.g., CO-CO; and H>-H,0). Baur—Gléissner diagram illustrates the stability region of
different phases as a function of temperature and gas oxidation degree (GOD), Fig. 7. The gas
oxidation degree can be defined as the ratio of oxidized gas components (i.e., H2O or CO») to the
sum of both oxidized and oxidizable gas components, such as H> and CO, in the gas environment.
The lower GOD indicates a higher driving force of the reaction, driven by the increased partial

pressure of the oxidizable gas.
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Fig. 7. Baur—Gléssner diagram for the Fe—O—H system, marked with a dashed line, and for the Fe—O—C system marked with a
solid line. The dotted line represents the equilibrium line for the Boudouard reaction. The diagram was plotted for 1 bar and a
carbon activity of 1. It represents the stability ranges of different phases as a function of temperature and oxidizing power of the
gas (GOD). Adopted from ref [35].

At temperatures below ~850 °C, iron has a broader stability range in CO/CO; atmosphere than in
H>/H>O atmosphere. This means that, at low temperatures, the thermodynamic driving force of
reduction with CO is higher than that of at high temperatures, the opposite being true for H>. To

ensure complete reduction with H», iron oxide should be reduced at the highest possible

PHZ

temperature in a controlled gas atmosphere (e.g., >().7 at 700 °C for complete reduction).

Pua,+ PH,0
As the stability range of iron narrows at lower temperatures, the driving force for reduction

decreases, which can lead to reoxidation of DRI. For this reason, cooling should be conducted in

PHZ

a gas atmosphere with a high H, concentration (e.g., >(0.95 ) to prevent reoxidation [35].

Pha,+ PH,0

The Ellingham diagram visually shows how AG changes for the redox reaction of metal oxides
with temperature as well as the corresponding oxygen pressures in equilibrium, Fig. 8. The
stability of metal oxides decreases from the lower (e.g., Ca and Mg) to the upper portion (e.g., Cu
and Fe) of the Ellingham diagram. This means that the reducibility of the metal oxides in the upper
part of the diagram is larger than that of metal oxides in the lower portion. The slope of the reaction
lines is proportional to the AS which is constant with temperature. The AG for CO> remains

relatively stable across different temperatures. In contrast, the AG of CO shows a negative slope
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on the Ellingham diagram. At ~700 °C, the AG lines for CO; and CO intersect. This intersect point
is significant because it indicates a shift in the stability of carbon oxides: above this temperature,
CO becomes the more stable oxide compared to CO;. According to the Boudouard reaction
(CstCO2—2CO0(y)), higher temperatures favor the formation of CO over CO». Consequently, at
temperatures above 700 °C, CO acts as a stronger reducing agent, making it more capable of
reducing metal oxides, such as iron oxides. The Ellingham diagram is commonly employed in
extractive metallurgy to identify suitable reducing agents, determine the necessary reaction

temperatures, and assess the required gas composition for the reduction of metal oxides.
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Fig. 8. The Ellingham diagram for various metals shows the free energy of the formation of metal oxides and the corresponding
equilibrium oxygen partial pressure. Adopted from REF [36].
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2.2.2. The kinetics of hydrogen-based direct reduction

The reduction of hematite is a multistep solid-gas reaction in which hematite is first reduced to
magnetite (2.3), followed by wiistite (2.4), and finally to metallic iron (2.5) above 570 °C. Below
this temperature wiistite is not thermodynamically stable, see Fig. 5, thus Fe is transformed from

magnetite without the formation of the wiistite phase (2.6).

3Fe;03+ Hy — 2Fe304+ H2O (2.3)
FesO4 + Hy — 3FeO + H,O T>570 °C (2.4)
FeO + H, — Fe + H,0O (2.5)

Fe;04 + 4H, — 3Fe + 4H>O T<570 °C (2.6)

During HyDR, the reaction proceeds as follows; (1) transfer of H> molecules to the reaction
surface, (2) dissociation of H> molecules into mono-atomic hydrogen form (H), and subsequent
adsorption of H atoms into vacant interstitial sites at the iron oxide surfaces [37, 38], (3) chemical
reaction between hydrogen atoms and oxygen, e.g., formation of H>O molecules, iron cations, and
vacancies (4) desorption of HoO from the reaction surface, and (5) mass transfer of H>O back to
the gas stream. The reaction sequences of step (2) and step (3) are represented as follows; Hy +
2Va* — 2H* H*+ 0> — OH +e¢ and OH + H* — H,O + ¢". Va* donates a vacant interstitial

site where H> molecules dissociate into mono-atomic hydrogen.

The reduction of iron oxide with H» starts at the particle surface. As the reaction proceeds, a
product layer (e.g., magnetite, wiistite, or iron) forms on the surface, resulting in the development
of the oxide-oxide (e.g., hematite-magnetite and magnetite-wiistite) and metal-oxide (e.g., wiistite-
iron) phase boundaries. Reactions occur on the solid-gas and solid-solid interfaces. Fig. 9.
illustrates the mechanism of the iron oxide reduction with H, at the atomic scale. At the initial
stage of the reduction (e.g., from hematite to magnetite), dissociated hydrogen atoms (H*) remove
oxygen anions from the surface, resulting in an increased concentration gradient of Fe** cations in
the magnetite layer. Fe?* cations and electrons diffuse to the internal reaction interface and
transform hematite into magnetite (FeO3; + Fe?" + 2e — 3Fe;04), Fig. 9a. The reduction in the

magnetite/wiistite proceeds similarly (Fe3Os + Fe** + 2e — 4FeO).
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Fig. 9. lllustration of the atomic-scale mechanism of hydrogen-based direct reduction: a) reduction of hematite to magnetite, and
b) reduction of wiistite to iron. Adopted from ref [30].

During the initial (hematite to magnetite) and intermediate (magnetite to wiistite) reduction steps,
phase transformations are driven by the activity gradient of iron cations and their subsequent ionic
diffusion to the internal reaction interfaces. However, at the final stage of reduction (from wiistite
to ron), a dense iron layer forms on the oxide surface. The phase transformation from wiistite to
iron (FeO — Fe + O) is governed by the oxygen activity gradient, extending from the metal-oxide
interface to the external metal-gas interface, Fig. 9b. This step is considered the most sluggish step
of reduction since the solubility (in a—Fe, 4.65x107> wt.% at 700 °C) and diffusivity (at 700 °C in
o—Fe, 2.160x107"" m?/s) of oxygen in iron is very small. Therefore, the outbound diffusion of

oxygen is mostly governed by the pore surface, cracks, and other defects (e.g., grain boundary) [6,

30].
2.2.2.1. The effect of the reduction parameters on the reduction kinetics

The reduction of iron oxide with H» is influenced by reaction parameters such as temperature, gas
flow rate, gas pressure, and gas composition [35]. These parameters play a critical role in
determining the kinetics and overall efficiency of the reduction process. In the following sections,
the individual effects of temperature, gas flow, gas pressure, and gas composition on the reduction

of iron oxide will be discussed.

The overall reaction in HyDR is endothermic, making temperature the most critical parameter
influencing reaction kinetics. The reduction rate of iron oxides with pure H> increase significantly
with rising temperature [39-45]. Because, according to the Arrhenius equation, the reaction rate

constant, k, depends exponentially on —Ea/RT, where Ea is the activation energy (to be overcome

17



STATE OF THE ART

initiate reaction), R is the gas constant, and T is the absolute temperature. Additionally, higher
temperatures enhance the diffusion rates of reactive species and increase the velocity of the
reaction interface [28, 46]. Thus, maintaining a high-temperature range (to be determined based

on Py, in the reducing gas, Fig. 7) throughout the HyDR process is crucial for optimizing the

reduction rate.

The composition of the reducing gas is another key factor influencing the reduction kinetics of
iron oxides. In the reducing gas mixtures, containing H», H,O, CO, CO,, and CHa4, the ratio of H»
plays a critical role in determining the reaction rate. Reduction with H is faster than CO because
H; diffuses and percolates faster than CO [47-49]. When the rate-limiting step is the mass transport
of the reducing gas to the reaction front, an increase in Hz in the reducing gas mixture enhances
the reduction kinetics while an increase in the CO in the reducing gas mixture slows down the
reduction kinetics [48]. In industrial applications, adjusting the partial pressure of H> and CO is
not only critical for reaction kinetics but also for the post-steelmaking process and energy
consumption. Because using 100% H can result in high energy consumption due to the
endothermic nature of the reaction, exothermic reactions with CO help save energy and facilitate
the carbon deposition (i.e., carbon deposition on the iron surface through the Boudouard reaction)
on iron which is needed for steel production [50]. Therefore, incorporating CO into gas mixtures
is essential, but process parameters must be carefully optimized. For example, lowering the
reduction temperature significantly increases carbon deposition on the surface. At 786 °C with a
50% CO-H; gas mixture, the carbon content reaches ~0.52 wt.% as Fe;C and ~0.12 wt.% as
elemental carbon. At 700 °C, these values rise to ~0.55 wt.% as Fe;C and ~0.20 wt.% as elemental
carbon [49]. Excessive carbon deposition can hinder the mass transport of reducing gas to the

reaction surface by forming a dense Fes;C layer on the iron surface and preventing further reaction.

In addition to the composition of the reducing gas, the pressure of the reducing gas plays a
significant role in the rate of reduction kinetics. The effect of hydrogen gas pressure has been
studied in the literature for pure gases (e.g., H> and CO) [51-53] and gas mixtures (e.g., H2, H20,
CO, CO», and CHy) [54, 55]. Studies have identified two major effects of reducing gas pressure:

¢ Anincrease in the absolute pressure does not have a substantial effect on reduction kinetics

[52, 55];
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e Increasing the partial pressure of the reducing gas (e.g. Pu,(orco) / (Puy(orco) T
Py, 0(or co,)) enhances the reduction kinetics by facilitating faster counter-current

diffusion of the gaseous reactants and products associated with the underlying redox

reactions [47, 52, 56, 57].

In HyDR, increasing H» pressure has been shown to enhance the net diffusion of H» through the
product layer while improving the mass transport of the reducing gas to the reaction zone. In

addition, an increase of Py, or co) decreases the Gibbs free energy of a solid-gas reaction, see Eq.

(2.2).
2.2.2.2. The effect of microstructure on the reduction kinetics

Next, the role of defects in the iron ore pellet during HyDR and influence of these defects on the
reduction process will be discussed and how microstructural changes occur due to various factors
is explained. The type of defects in the solid feedstock (hematite pellet) divided into two classes,
namely, inherited defects and acquired defects. The former addresses the starting microstructure
of the pellet which defects were inherited from the pellet preparation process. Fig. 10. represents
the overview of the microstructure of a hematite pellet. As depicted in Figs. 10a-c, the pellet
consists of Fe;O3 grains Fig. 10c, pores (inherited from the pelletizing process), and gangue oxides
such as Si02 (1.0 to 6.2 wt.%), CaO( 0.1 to 2.4 wt.%), MgO (0.2 to 2.6 wt.%), ALO3 (0.2 to 2.7
wt.%), etc. [58], Fig. 10d. The latter is acquired in the course of solid-state reaction of the hematite

pellet with Ho.
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Fig. 10. Overview of the hematite pellet's morphology and microstructure. a) Macroscopic view of the hematite pellets showing
their size and shape, consisting of 0.36 wt.% FeO, 1.06 wt.% SiO2, 0.40 wt.% Al2Os, 0.73 wt.% CaO, 0.57 wt.% MgO, 0.19 wt.%
TiOz, 0.23 wt.% V, 0.10 wt.% Mn, with traces of P, S, Na, K, and Fe203 in balance. b) Cross-sectional SEM image highlighting
the inherited pores (yellow arrow). ¢) The SE image of the microstructure, showing hematite (Fe2O3) grains (pink arrow), gangue
oxides (orange arrow), and inherited pores (yellow arrow). d) Elemental mapping of Al, Ca, and Si distributions, illustrating the
spatial presence of gangue oxides in the pellet matrix.

During HyDR, the microstructural changes occurs via gradual acquired defect evolution. The
evolution of defects modifies the local reaction conditions, such as gas composition, mass transport

mechanism of gas molecules, and diffusion of anions and cations. These defects occur due to

following reasons:

e Loss of mass and volume due to the removal of oxygen, i.e., formation of vacancies and
their subsequent coalescence to forms void and pores

e Non-volume conserving and non-commensurate nature of phase transformations, and
formation of product phases i.e., different crystal structure of iron oxide phases led to lattice
mismatch, creating internal stress and crystal defects

e Local accumulation of the reaction product (H20), and subsequent crack formation

e Hydrogen-induced weakening and separation at metal/oxide interfaces
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e Thermal stress induced with the presence of impurities (gangue oxides); formation of
delamination or crack due to the different thermal expansion properties of impurities, and

iron/iron oxide phases.

The evolution of the microstructure of a hematite pellet depends on the reaction boundary
conditions e.g., temperature, and H> gas pressure [6, 24, 30, 41, 59]. Porosity and its morphology
represent critical microstructural features that significantly influence reduction kinetics. Thus,
next, the pore formation mechanism and their potential effect on the reduction kinetics and mass

transport mechanisms will be discussed.
2.2.2.2.1. Role of pores on reduction kinetics

A reduced pellet contains two types of pores: inherited and acquired. Inherited pores originate
from the pelletizing process (i.e., form during the sintering of fine iron oxide particles into
commercial pellets, i.e., 10-16 mm in diameter, before reduction.), while acquired pore formation
is driven by mass and volume loss due to oxygen removal during the reduction process. In the

literature, the formation of acquired pores is attributed to the following reasons [60-62]:

e (oalescence of vacancies inherited from the removal of oxygen from the oxide lattice [63].

e Volume changes associated with the transformation from trigonal hematite to cubic
magnetite, and from cubic magnetite into body-centered iron [61]

e Bursting mechanism (a.k.a. breakdown mechanism) resulting from the formation and
breakdown of dense iron layers on the oxide surface [62]

e Continuous coupled growth of pore and iron (i.e., formation of elongated pore structure)
arising from a continuous coupled reaction with simultaneous iron and pore formation at a

planar growth front [64]

Vacancy coalescence mechanism: During the reduction of iron oxide, oxygen anions (O*") are
removed from the iron oxide lattice through a chemical reaction with hydrogen (H2). When an
oxygen anion leaves the lattice, it creates a vacancy. These oxygen vacancies do not remain
isolated. Instead, they migrate and coalesce to form voids at the reaction interface where reduction
occurs [63, 65]. Newly formed vacancies continue to move and contribute to the already-formed
voids, further reducing the overall energy by minimizing the surface area [66]. This process results

in the formation of acquired pores in the material as reduction progresses.
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Breakdown (bursting) mechanism: During the reduction of iron oxide to iron, the removal of
oxygen from the surface increases the local concentration of iron. This creates a chemical potential
gradient between the wiistite surface and the bulk wiistite, driving the diffusion of iron ions toward
the bulk wiistite (Fe1-xO; 0.83 < 1-x < 0.95). As the reduction progresses, the concentration of iron
ions in wiistite increases until it becomes saturated (Fe-xO; (1—x) approaches 0.95). The excess
iron accumulates, leading to the formation of iron clusters and nucleation sites. These iron nuclei
continue to grow as the reduction of wiistite progresses, Fig. 11a. A dense iron layer forms when
the metallic iron phase grows faster than the gas/oxide reaction interface advances, Fig. 11b(1). If
voids are present at the metal/oxide interface, the accumulation of H> and H>O can create gas
bubbles, Fig. 11b(ii). When the gas pressure within these bubbles exceeds the external reducing
gas pressure, the dense iron layer breaks down, leading to the formation of porous iron through a
discontinuous breakdown mechanism, Fig. 11b(ii1). However, if the dense iron layer remains in
contact with oxide, its thickness increases, and the reduction process becomes controlled by the
solid-state diffusion of oxygen through the dense iron layer. Under low chemical driving forces,

the growth rate of the metal phase would exceed that of the pores.

Continuous coupled growth: After iron nucleation on the wiistite surface, if the growth rates of
pores and iron phase are equal, a coupled growth of two phases (e.g., metallic iron and H>O vapor)
mechanism occurs, Fig. 11c¢. In this case, the boundary between the oxide (wiistite) and iron grows
in a planar geometry as the reduction progresses. However, this geometry is maintained under a
high chemical driving force for reaction to ensure that the pores and the iron phase advance
together at the same rate, keeping the reaction front stable and planar. If the rate of advance of the
gas/oxide interface is faster than the growth of the metallic phase, pores or tunnels will continue

to develop and extend deeper into the oxide [62, 67-70].
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Fig. 11. a) The process of metal (Me®) formation involves the removal of oxygen from the oxide surface by reaction with Hz gas,
forming H20, accompanied by the diffusion of metal cations (Me?*) and electron transfer at the reaction interface. (b) Breakdown
mechanism: Morphological evolution at the reaction interface under varying conditions: (i) Formation of dense metal layers due to
oxygen removal. (ii) Growth of instability at the interface, driven by local chemical gradients and gas transport. (iii) Complete
breakdown of the dense layer, leading to pore formation and exposure of the oxide surface to the reducing gas. (c) Continuous
coupled growth: Formation of pores at the metal/oxide interface during reduction, driven by the removal of oxygen ions and the
local accumulation of Me?" ions at the reaction front. Pore geometry evolves continuously with growth of metal (iron) phase.
Adopted from ref [28]

Porosity plays a crucial role in understanding the reaction mechanism. Pore surface provides fresh
surfaces for the reaction to occur. Open pores provide effective pathways for the inbound diffusion
of Ha to the reaction front and the outbound diffusion of H>O to the gas stream. In contrast, isolated
pores (i.e., no opening to the gas stream) can lead to the accumulation of H>O molecules within
the isolated pore, altering the local thermodynamic equilibrium. Changing the thermodynamic
equilibrium conditions (e.g., changing the partial pressure of H> and H>O, see Baur Glédssner
diagram, Fig. 7.) in the isolated pore can result in the reoxidation of the isolated pore surfaces,
decreasing the efficiency of the reduction process [61, 71]. Zhou et al. investigated the effect of
pore formation on redox-driven phase transformations during the hydrogen-based reduction of
wiistite to a-Fe by the combination of nanoscale microscopy and phase-field simulations. They
demonstrated that H>O trapped in isolated pores led to local reoxidation, resulting in the formation
of a thin wiistite layer on isolated pore surfaces, Fig. 12. This reoxidation effect hinders reduction

kinetics and reduces overall metallization efficiency (i.e., ~5%).
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Fig. 12. Reoxidation of isolated pore surface on the single crystal wiistite (Fe1.xO) after reduction with 100% H:z at 700 °C for 2h.
(i-iii) Bright-field images of different regions of the reduced wiistite taken with scanning transmission electron microscopy: (i)
close to the single crystal surface, (ii) middle, and (iii) deeper regions, showing the increase in pore size from surface to the deeper
regions. (iv-vi) Phase maps of a-Fe (red) and cubic wiistite (green) phases, with the surface region predominantly reduced to a-Fe,
while wiistite persists in particularly near pores. (vii-ix) Inverse pole figures of grains showing crystallographic orientations in the
cubic phase. (1-6) Corresponding diffraction patterns from numbered regions in the bright field images (i-iii), confirming the
presence of wiistite in the isolated pore surface. Adopted from ref [61].

The morphology and size of pores influence the mass transfer mechanism of H, and H>O and the
reaction kinetics of the HyDR of iron oxide. The size of pores increases with temperature [14, 30,
44, 67, 72]. For instance, Turkdogan et al. [73] reported growth of mean pore diameter from
approximately 0.09 um at 600 °C to 6 um at 1200 °C. Larger pores are advantageous for faster
reduction kinetics, as they reduce the chance of turbulent flow of gas within the pore channel and
enhance effective gas diffusion [74]. Under a highly reactive environment (i.e., high partial
pressure of H»), pores tend to be finer, uniformly distributed, and random in shape which is
associated with rapid oxygen removal [53, 60, 62]. Conversely, under less reactive conditions,
large and elongated pore structures form, often associated with slower reduction rates [75]. These
dynamic changes in pore size and structure, influenced by temperature, H> pressure, and the rate
of reduction, underscore the importance of understanding the gas dynamics with pores to optimize

reaction conditions for efficient hydrogen-based direct reduction [67, 76, 77].
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Paul et al. [77], investigated gas transport dynamics within iron oxide pellets during HyDR,
focusing on the roles of pore connectivity, particle refinement, and gas permeability. By combining
nano- and micro-computed X-ray tomography to reconstruct 3D images of the pore network, gas
permeability measurements to evaluate hydrogen and water vapor transport, and percolation theory
with slip-flow permeability modeling, they analyzed the relationship between pore structure, gas
transport properties, and reduction kinetics. A percolation threshold of 0.1 + 0.007 porosity is
determined for pore connectivity. In other words, pore connectivity is achieved when porosity
exceeds 10%. The study found that 70% of'the pores, ranging from 0.3 to 10 um in size, correspond
to Knudsen numbers (Ki: the ratio of the mean free path of gas molecules to pore diameter)
between 0.01 and 1.0, representing slip and transitional flow regimes. In the slip flow regime, gas-
wall interactions dominate hydrogen flow. At the pellet scale, where pore sizes range from 0.1 to
100 pm, the Knudsen mechanism dictates gas flow dynamics, making pore size a critical factor in
defining hydrogen transport through channels inside or between pellets. However, at the reactor
scale, macroscopic continuum flow dominates (i.e., gas behavior becomes independent of channel
size). These fluid dynamic mechanisms, combined with hydrogen concentration as the primary
chemical driving force, determine local equilibrium and gas transport efficiency in HyDR reactors.
Various types of pores have been described in the literature, with their amount, size, and shape
closely linked to the chemical reaction rate [62, 78-81]. Understanding the interplay between pore
size, fluid dynamics, and chemical equilibrium is essential for optimizing hydrogen flow and

reduction efficiency in industrial processes.
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3. GREEN IRONMAKING AT HIGHER H: PRESSURE: REDUCTION
KINETICS AND MICROSTRUCTURAL FORMATION DURING

HYDROGEN-BASED DIRECT REDUCTION

This chapter is based on the publication: Ozge Ozgiin, Imants Dirba, Oliver Gutfleisch, Yan Ma,
Dierk Raabe (2024). Green ironmaking at Higher H2 pressure: reduction kinetics and
microstructure formation during hydrogen-based direct reduction of hematite pellets. Journal of

Sustainable Metallurgy, 10(3), 1127-1140.

Hydrogen-based direct reduction (HyDR) of iron ores has attracted immense attention and is
considered a forerunner technology for sustainable ironmaking. It has a high potential to mitigate
CO> emissions in the steel industry, which accounts today for ~8-10% of all global CO, emissions.
Direct reduction produces highly porous sponge iron via natural-gas-based or gasified-coal-based
reducing agents that contain hydrogen and organic molecules. Commercial technologies usually
operate at elevated pressure, e.g., the MIDREX process at 2 bar and the HyL/Energiron process at
6-8 bar. However, the impact of H» pressure on reduction kinetics and microstructure evolution of
hematite pellets during HyDR has not been well understood. Here, we present a study about the
influence of H pressure on the reduction kinetics of hematite pellets with pure H» at 700 °C at
various pressures, i.e., 1, 10, and 100 bar under static gas exposure, and 1.3 and 50 bar under
dynamic gas exposure. The microstructure of the reduced pellets was characterized by combining
X-ray diffraction (XRD) and scanning electron microscopy (SEM) equipped with electron
backscatter diffraction (EBSD). The results provide new insights into the critical role of H»
pressure in the HyDR process and establish a direction for future furnace design and process

optimization.
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3.1. Introduction

Steel is the foundation material of modern civilization, serving in construction, infrastructure,
machinery, transportation, efc. Its massive annual production has approached 2 billion tons per
year in 2023 [19]. Currently, the established integrated route of iron- and steelmaking, providing
2/3" of the global market, proceeds in a two-step process. The first one consists of the reduction
of iron oxides to pig iron, a near-eutectic Fe-C compound, in blast furnaces. The second one is
steelmaking, which consists of the conversion of pig iron to steel (usually with a much lower C
content of 0.01-0.4 wt.%) in a basic oxygen furnace [1]. However, this integrated route is based
on the use of fossil agents (i.e., coal and coke) as energy sources and reducing agents, leading to
1.9-2.2 tons of CO2 emissions per ton of steel. Thus, the steel industry alone accounts for ~8-10%
of global CO; emissions [1]. To reduce these immense CO, emissions from the steel sector and
thus cap the biggest single contributor to global warming, hydrogen is considered a promising
alternative to carbon-based reductants, given that hydrogen can be produced in the required
amounts by electrochemical or plasma processes using renewable electrical energy [30, 82]. In this
context, hydrogen-based direct reduction (HyDR) is the most compelling technology for green
ironmaking due to its high technology readiness level, that is TRL 6-8 [3]. HyDR is a multistep
solid-state reaction, where iron ores (hematite or magnetite) are gradually reduced to iron at high
temperatures of 500-1100 °C [35]. H» reduces the iron oxides by reacting with the chemically
bound oxygen and the reaction sequence proceeds gradually from iron’s highest to its lowest
oxidation state, i.e., through hematite (Fe.O3) to magnetite (Fe3O4), wiistite (Fei1xO, where x
indicates the deficiency of Fe in the lattice), and metallic iron (Fe). At temperatures below 570 °C,

wiistite is thermodynamically unstable, and thus magnetite is directly reduced to metallic iron.

Direct reduction is a mature technology and ~125 million tons of steel were produced in 2021 via
steam-reformed natural-gas-based and gasified-coal-based direct reduction [19]. The commercial
reduction technologies used today are usually operated at elevated pressures. For example, the
MIDREX and HyL/Energiron processes, using iron ore pellets (10-16 mm in diameter), are
operated at 2 bar and 6-8 bar total pressure, respectively [24-27]. These operating pressures refer
to the total gas pressure values of the charged reductant mixtures. In the MIDREX process
hydrogen ratio in the reducing gas mixture (i.e., H2, CO, CH4, CO2, and H>0O) is typically in the
range of 55-80% [21]. In the MIDREX reduction method, methane (CH4) goes first through a gas
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reforming step wherein a mixture of H> and CO reductants is produced in a reformer via the
following reactions: CH4+H2,0—3H>+CO and CH4+CO,—2H>+2CO (H20 and CO; are obtained
by collecting the off-gas of the shaft furnace). The reformed gas is then purged into the shaft
furnace to reduce iron oxide [22]. In the HyL/Energiron process variants, there is no separate
reformer system and the reducing gases are generated by in-situ reformation of natural gas inside
the shaft furnace. The use of elevated pressure conditions facilitates the dissociation of methane
over the iron ore pellets in the shaft furnace (e.g., the HyL/Energiron Zero Reformer process). The
CIRCORED process is another solid-state reduction furnace variant. It is based on a fluidized bed
principle and is operated at 4 bar to enable the fluidization of fine iron ore particles (50-100 pm)

[24, 83-88].

In terms of the reduction kinetics, the effects of the pressure of the pure reducing gases (e.g., Ha,
and CO) [51, 52] and reducing gas mixtures (e.g., Hz, H.O, CO, CO,, and CH4) [54, 55] have been
investigated in the literature. It has been found that the pressure of reducing gas mixture has two
major effects: (1) An increase in the absolute pressure (e.g., gas mixtures with total pressure from
1 to 3 bar containing 0.55 bar Ha, 0.09 bar CO, 0.05 bar CO; and N> in balance) does not have a
substantial effect on reduction kinetics [52, 55]; (2) Increasing the partial pressure of the reducing
gas (e.g., Py, (or co) / (Puy(or coy + Pryo0(0r co,)) €nhances the reduction kinetics by facilitating
faster counter-current diffusion of the gaseous reactants and products associated with the
underlying redox reactions (e.g., increasing Py, from 0.55 to 1.65 bar doubled the reduction rate
at the initial and medium stages of reduction) [47, 52, 56]. For HyDR, it has been suggested that
an increase in Ho pressure increased the net diffusion rate of the Hz through the product layer and
enhanced the mass transport of the reducing gas to the reaction zone, thus improving overall
reduction kinetics by up to 25% for an H» pressure range of 5-35 bar [57]. The H; gas pressure
plays an important role not only in the reduction kinetics but also in the microstructure evolution
of iron ore during reduction [6, 24, 30, 41, 59]. Specifically, the reduction behavior of iron ore
pellets shifts from the classical topochemical features (at ~1 bar) to spatially more homogeneous
reaction features, revealed by the homogeneous distribution of the partially reduced iron oxides

(magnetite and wiistite) at higher pressures of H> and CO gas mixtures (~3 bar) [54].

However, the impact of H> pressure on reduction kinetics and microstructure evolution during iron

ore reduction with H has not been systematically investigated and understood in terms of the
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underlying mechanisms. Particularly, the local reaction behavior at the microscopic scale has
remained unclear so far [89-91]. These facts make it challenging to conduct pellet, gas, and process
optimization for higher efficiency and faster metallization [16, 92-95]. In the current investigation,
we studied the detailed mechanisms and microstructure effects observed upon the change in H»
pressure, to turn efforts towards further process design from an empirical to a knowledge-based
approach. We investigated the influence of pressure on the reduction kinetics of hematite pellets
with pure H; at 700 °C at various pressures, i.e., 1, 10, 50, and 100 bar, under static and dynamic
reductant gas exposure conditions. The microstructure of partially and fully reduced pellets was
characterized by combining X-ray diffraction (XRD) and scanning electron microscopy (SEM)
equipped with electron backscatter diffraction (EBSD). The local porosity evolution and grain
morphology of metallic iron were thoroughly characterized to better understand the effects of H»
pressure on the local reaction behavior. The results obtained provide new insights into the critical
role of H» (partial) pressure in the HyDR process and establish a direction on future pellet, furnace,

and process design.

3.2. Experimental Method
3.2.1. Reduction of hematite pellets with hydrogen

Commercial direct-reduction hematite pellets of 2.8+0.2 grams were used in this study, consisting
0f0.36 wt.% FeO, 1.06 wt.% Si0O2, 0.40 wt.% AL O3, 0.73 wt.% CaO, 0.57 wt.% MgO, 0.19 wt.%
TiO2, 0.23 wt.% V, 0.10 wt.% Mn, with traces of P, S, Na, and K, and Fe,O3 in balance.

The reduction of hematite pellets was performed at various pressures in two setups, namely, (1) a
static gas reactor and (2) a dynamic gas reactor. In the static gas setup, hematite pellets were
reduced at 700 °C for 5, 30, and 120 minutes in a custom-made high-pressure vessel inside a tube
furnace with a chamber volume of 0.095 L [96]. The pure H> gas (99.999 % purity, Air Liquide)
was pressurized at room temperature to reach 1, 10, and 100 bar at 700 °C. The pellets were heated
up to 700 °C with a heating rate of 5 °C/min in hydrogen gas. It is worth mentioning that additional
H» was supplied against potential gas leakage to maintain a constant pressure of 100 bar. After
reduction, the samples were cooled down to room temperature in the furnace. The reduction
parameters are listed in Table 1. In the dynamic gas exposure experiments, pellets were reduced

in a high-pressure thermogravimetric analysis (HP-TGA, DynTHERM, TA Instrument) setup. The
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gas pressures were set to be 1.3 and 50 bar (the maximal pressure allowed in the HP-TGA). The
pellets were first heated to 700 °C in Ar at elevated pressures at a heating rate of 10 °C/min. When
the temperature was stabilized, the gas was changed to the pressurized H>. The gas flows were
200, and 500 mL¢/min for 1.3 and 50 bar, respectively. Real-time mass loss of hematite pellets was
recorded by a magnetic suspension balance. The reduction degree (R) of the pellets was determined

by Eq. (3.1), where My, My, and, M, are the initial mass, the instantaneous mass, and the theoretical

mass after the complete reduction of the hematite pellet, respectively [97].

R="0 =M 100% 3.1)
My — M, ’ '

Table 1. The list of samples and their reduction conditions.

Gas

Reduction Sample Temperature Reduction Gas flow
condition designation O p?i)s:;re time (min) (mLy/min)
S1bar5Smin 1 5 -
S1bar30min 1 30 -
S1bar120min 1 120 -
Static gas S10bar5min 10 5 -
(intermpted S10bar30min 700 10 30 -
tests) S10bar120min 10 120 -
S100bar5min 100 5 -
S100bar30min 100 30 -
S100bar120min 100 120 -
Dynamic gas Dlbar 1.3 120 200
(continuous D50bar 700 50 120 500
tests)

3.2.2. Microstructural characterization

The reduced pellets were sliced into disk-shaped samples from the middle of the pellets with a
thickness of ~1 mm using a diamond wire saw. Subsequently, the samples were grinded using SiC
papers from 320 to 4000 grits and followed by polishing using diamond suspension with a particle
size¢ of 3 pm and 1 pm and final polishing with colloidal silica suspension (OPS). The
microstructure of the samples was then characterized using secondary electron (SE) and

backscattered electron (BSE) imaging modes in a Zeiss Merlin scanning electron microscope
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(SEM). In addition, electron backscatter diffraction (EBSD) was employed to characterize the
local distribution of the phases. The step size of the EBSD measurement was 50 nm and the EBSD
data were analyzed using the software OIM Analysis™ V9. The porosity analysis was performed
on 12 SE images (500x magnification, corresponding to 38590 um’? imaging area) using the
software Image]. The inherited pores from the pelletizing process were identified to be >95 pm?
in the unreduced hematite pellet. To reveal the fraction and size of the acquired pores in reduced

pellet, pores with a size below 95 um?* were further analyzed.

To identify the phases in the samples, X-ray diffraction (XRD) analysis was employed using a
Rikaku SmartLab diffractometer equipped with Cu-K, radiation (A = 1.5406 A). The beam size
was set to be 0.5%0.5 mm?. To reveal also the spatial distribution of the individual phases in the
pellet samples [91], XRD measurements were performed from the pellet surface to the center with
a step size of 1 mm, as shown in Fig. 13a. The Rietveld refinement method was used to quantify
the individual phases in conjunction with the Material Analysis Using Diffraction (MAUD)
software, Fig. 13b [98].
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a) S100bar30min b) Fe Measured XRD pattemn
1 | s o —— Computed XRD pattern
g 94 wt.% Fe
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Fe 77wt% Fe
16 wt% Wiistite

Intensity "2 (a.u.)

Fe 79wt% Fe
14 wt % Wiistite

1 mm Center

28°

Fig. 13. Demonstration of the phase distribution in the sample S100bar30min. a) Secondary electron image of the sample from
surface to the center. b) X-ray diffraction profiles from a distance of 1, 3, and 5 mm below the pellet surface. All experiments were
conducted at 700°C. (M stands for magnetite, W for wiistite, and a-Fe for bec-iron.). The values of error bars in phase analysis are
smaller than 0.6 wt%.

3.3. Results
3.3.1. Influence of H> pressure on reduction kinetics under static condition

The spatial distribution of the magnetite, wiistite, and a-iron along the pellet diameter was probed
using XRD, as shown in Fig. 14. After 5 min of reduction, the hematite completely transformed
into magnetite in all the pellets reduced at different H> pressures. At the macroscopic scale, pellets
exhibited the typical topochemical characteristics of reduced pellets in the solid state, as clearly

revealed by the spatial gradient of individual phases along the pellet diameter. Here, the term
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‘topochemical characteristics’ refers to the spatial gradient of high and low oxidation states of iron,
for instance, an increasing trend in the quantity of the high oxidation state of iron from the pellet
surface to the center since the reaction starts at the pellet surface and proceed through the pellet

interior [91].

The comparison of the distribution of phases in the pellets reduced at different pressures for the
same duration indicated that an increase in the H» pressure resulted in faster reduction kinetics.
For example, the pellet reduced at 1 bar for 5 min (S1bar5min) showed ~70 wt.% magnetite and
~30 wt.% wiistite on average in the pellet (Fig. 14a), whereas an increase in H» pressure to 10 bar
resulted in 48 wt% magnetite, 51 wt% wiistite, and a subtle amount of a-iron (1 wt%) in the pellet
reduced for 5 min (Fig. 14d). When the H> pressure was further increased to 100 bar, a higher
fraction of a-iron was found in the surface region (~15 wt%) (Fig. 14g). Such differences strongly
suggested an enhancement of the reduction kinetics when increasing the H» pressure in the static
gas condition. The same trend was also observed with prolonged reduction time. After 120 min,
less than 10 wt% a-iron was found in the pellet reduced at 1 bar (Fig. 14c). In contrast, more than
98 wt% a-iron was observed at 100 bar (Fig. 141), suggesting an almost completed reduction in

the latter case.
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Fig. 14. Spatial distribution of individual phases as a function of pellet diameter from the surface to the center for the pellet reduced
under the static gas condition a-c) at 1 bar, d-f at 10 bar, and g-i) at 100 bar; a, d, g) for 5 min, b, e, h) for 30 min, and ¢, f, i for
120 min. The amount of phase was probed using X-ray diffraction (XRD) with a beam size of 0.5 mm X 0.5 mm. All experiments
were conducted at 700 °C.

3.3.2. Influence of H, pressure on microstructure formation under static gas exposure

condition

Fig. 15 reveals the evolution of the pore morphology of pellets reduced at 700°C for 5 min at 1,
10, and 100 bar H; pressures, respectively. The regions marked by dark orange and yellow arrows
are iron oxides (here a mixture of magnetite and wiistite) and pores, respectively. All pellets had a
large amount of inherited (~30%) pores distributed among dense hematite grains, see Fig. 15a, as
well as the acquired pores. The former were generated during pelletization (high-temperature
sintering of the ore fines), while the latter formed and evolved during reduction, due to the gradual
removal of oxygen and the formation of cracks [6, 99]. The formation of the pores and their
connectivity are critical for the overall reduction kinetics as they provide fresh oxide surfaces for
chemical reactions and pathways for the outbound gaseous diffusion of the redox product gases

H>0 and COa», respectively [76]. For the pellet reduced at 1 bar for 5 min (S1barSmin), elongated
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pores were observed within the iron oxide grains (here a mixture of magnetite and wiistite), as
shown in Fig. 15b. In contrast, the sample reduced at elevated pressure values of 10 bar (Fig. 15c)
and 100 bar (Fig. 15d), respectively, for 5 min revealed circular pores instead of the elongated

morphology.

e S1ibar
A S10bar

e S100bar
20

Acquired Porosity (%)

30 min
Time (min)

5min

Fig. 15. The backscattered electron image of a) unreduced pellet and pellets reduced for 5 min at b) 1 bar, ¢) 10 bar, d) 100 bar,
and e) evolution of acquired porosity as a function of reduction time at various H> pressures (Analysis based on secondary electron
images taken from the region about 2 mm below the pellet surface). All experiments were conducted at 700 °C.

The evolution of the acquired porosity of pellets reduced under static gas conditions is shown in
Fig. 15e¢. Pellets reduced at 1 bar and 100 bar exhibited a similar trend. The acquired porosity of
these two pellets increased progressively to 17% (1 bar) and 22% (100 bar) with further removal
of oxygen over time. Pellets reduced at 100 bar possessed a higher porosity since the reduction
degree was higher (e.g., 98% for 120 min) than that of pellets reduced at 1 bar (73% for 120 min).
The evolution trend of the acquired porosity in pellets reduced at 10 bar differed from those
reduced at 1 and 100 bar. It was observed that the porosity was 13% in the pellet reduced at 10 bar
for 5 min, and it slightly increased to 15% after HyDR for 30 min, followed by a decrease to 11%

in the pellet reduced for 120 min. Such a decrease might be due to the coalescence of the acquired
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pores and growth into pores with a size larger than 95 um? to minimize the total interfacial energy

[66], i.e. this would be a statistical effect in data analysis.

In addition to the change in the morphology ofthe pores, the morphology of the a-iron also evolved
differently at elevated pressure. Fig. 16 demonstrates the a-iron formed in the S1bar120min (Fig.
16a), S10bar30min (Fig. 16b), and S100bar5Smin (Fig. 16c) samples. These particular materials
were selected due to their comparable a-iron fractions close to the pellet surface (~15% at
S1bar120min, ~20% at S10bar30min, and ~18% at S100bar5min). The formation of a-iron was
primarily found in the proximity of pores. In the sample reduced at 1 bar for 120 min, dense iron
layers formed and encapsulated the unreduced iron oxides (Fig. 16a). A similar morphology and
distribution behavior of a-iron was also observed in the sample reduced at 10 bar (Fig. 16b). In

contrast, a-iron revealed a porous structure at 100 bar of H pressure (Fig. 16c).

Fig. 16. The morphology changes of metallic iron as a function of various Haz pressures in a) S1bar120min, b) S10bar30min, and
¢) S100barSmin samples. All experiments were conducted at 700 °C.

The morphology of a-iron under 100 bar H» pressure evolved with reduction time, Fig. 17. After
HyDR for 5 min, porous iron with 1.0+£0.1 um grain size formed on the iron oxide surface. The
S100bar5min sample revealed a homogeneous distribution of magnetite (52 area%) and wiistite
(43 area %), deviating from the topochemical pattern (Fig. 17b). As reduction proceeded for 30
min, the iron oxide (22 area % wiistite, 8 area % magnetite) was encapsulated by ultrafine iron
grains (0.5+0.2 pm), Fig. 17c. It is worth noting the presence of magnetite layers between wiistite
and a-iron (Fig. 17d) in the S100bar30min pellet. This phenomenon might result from the phase
decomposition of wiistite into iron and magnetite during cooling since wiistite is not
thermodynamically stable below 570 °C. As the HyDR proceeded, the ultrafine iron grains
coarsened to 2.3+0.2 um, as depicted in Fig. 17e-f.
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a-Fe: 1.00
FeO: 0.00

Fig. 17. The backscattered electron (BSE) image and phase map and phase fractions (area%) probed by electron backscatter
diffraction (EBSD) of a-b) S100bar5min, e¢-d) S100bar30min, e-f) S100bar120min pellet. All experiments were done at 700°C.
HAB stands for high-angle grain boundary.

In summary, the H partial pressure affected the microstructure of hematite pellets in two aspects
under static gas exposure conditions: (1) the acquired pores as a result of the reduction showed
elongated morphology at low H» pressure (1 bar), while circular pores were observed at elevated
H; pressure (10 bar and 100 bar); (2) Porous iron formed at high pressure (100 bar), while dense

iron layers were observed at low and moderate H» pressure (1 bar and 10 bar).
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3.3.3. Influence of H; pressure on reduction kinetics under dynamic gas exposure conditions

Fig. 18 presents the reduction kinetics of pellets reduced at 1.3 and 50 bar H» gas pressure under
dynamic gas exposure conditions. As an example, the instantaneous mass loss of the pellet reduced
at 50 bar (D50bar) is demonstrated in Fig. 18a. After purging H> for approximately 1.5 min, the
onset of mass loss was observed. The mass loss reached a steady state at ~650 mg after ~50 min
at 700°C, suggesting completion of reduction. Fig. 18b represents the reduction degree of pellets
as a function of time. At the initial stage of reduction, pellets exhibited an incubation period for 3
and 1 min at H; pressure of 1.3 and 50 bar, respectively. The apparent incubation period may stem
from the time needed for gas exchange within the reaction chamber, i.e., from Ar to H,. The
reduction degree of D1bar and D50bar pellets reached ~0.95 after 49 and 33 minutes, respectively.
In addition, the plots of reduction rate (dR/dt, Fig. 18c) revealed a higher reduction rate in the
pellet reduced at 50 bar compared with that reduced at 1 bar. In both cases, the reduction rate
decreased gradually in the stage when wiistite started to transform into a-iron. Such a decrease was
supposed to be due to the limited removal kinetics of oxygen through the dense iron layers,

encapsulating the remaining wiistite [6, 91].
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Fig. 18. The reduction kinetics of hematite pellets reduced at 700 °C in pure H: at different pressures under the dynamic gas
condition a) Instantaneous mass loss of the pellet reduced at 50 bar, measured by thermogravimetry analysis b) Reduction degree
(R) of the pellets reduced at different Hz pressure values. Yellow and purple dash lines mark the theoretically expected reduction
degree from hematite to magnetite (R = 0.11) and from magnetite to wiistite (R = 0.33), respectively. ¢) Plots of reduction rate
(dR/dt) versus reduction degree (R). All data acquired from reduction experiments at 700°C.
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3.3.4. Microstructure evolution under the dynamic gas condition

Fig. 19 shows the microstructure of the reduced pellets at 1.3 and 50 bar H, gas pressure at 700
°C for 120 min under the dynamic gas condition. The pore morphology in the reduced pellets
changed from an elongated shape at ambient pressure (Fig. 19a) to a more circular one at 50 bar
(Fig. 19b), similar to the morphology observed under static gas exposure. This finding was further
quantitatively supported by a decrease in the aspect ratios of acquired pores from 1.83 (at 1.3 bar)
to 1.64 (at 50 bar) with an increase in Hz pressure. The pellets reduced at 1.3 bar and 50 bar showed
similar porosity values, i.e., 21.0+4.0% at 1.3 bar and 19.0£5.0% at 50 bar. In addition, the grain
size of the reduced iron was significantly finer, i.e., dropping in average size from 9.0+1.0 um (at

1.3 bar) to 1.0+£0.8 um (at 50 bar) when treated under an increased H» gas pressure.

Fig. 19. Secondary electron (SE) images of the sample reduced at a) 1.3 bar, and b) 50 bar under the dynamic gas condition. Yellow
arrows indicate pores. Experiments were done at 700°C.

3.4. Discussion
3.4.1. Influence of H, pressure on reduction kinetics

Table 2 shows the average fractions of the individual phases in the spherical pellets. The spatial
distribution curves for magnetite, wiistite, and a-iron along the pellet radius (Fig. 13) were fitted
individually using polynomial functions available in the OriginPro 2022 software. Subsequently,
the polynomial equations were integrated for the spherical volume to calculate the phase fractions

in the spherical pellets.

40



GREEN IRONMAKING AT HIGHER H2 PRESSURE: REDUCTION KINETICS AND MICROSTRUCTURAL
FORMATION DURING HYDROGEN-BASED DIRECT REDUCTION

Table 2. The quantity of a-iron, wiistite, and magnetite in the pellets reduced under the static gas reduction conditions at 700°C.

Metallic iron .
Sample Wiistite (wt.%) Magnetite (wt.%)
(wt.%)

S1bar5min - 29 71
S1bar30min - 67 33
S1bar120min 6 71 23
S10bar5min 1 51 48
S10bar30min 7 64 29
S10bar120min 18 70 12
S100bar5min 1 38 61

S100bar30min 80 12 8

S100bar120min 99 -

During HyDR, the reaction occurs in several steps: (1) Transport of H> molecules to the reaction
front (e.g., pellet and surface of open pores); (2) Dissociation of H» into H atoms on the iron oxide
and metallic iron surfaces [37, 38]; (3) Adsorption of H atoms; (4) Oxygen removal via H reaction
with the oxygen in the iron oxides, i.e., formation of H>O, iron cations, and anion vacancies; (5)
Desorption of H>O from the reaction surface; (6) Diffusion of H,O and transport with the gas

stream.

Next, the influence of H» pressure on these individual steps will be discussed for reduction kinetics
under static gas exposure conditions. During the early stage of HyDR, the kinetics is controlled by
a mixture of mass transfer of gas molecules to the reaction front and the chemical reaction [47].
At high pressure, the collision frequency of H» molecules with the iron oxide surface increases
[100]. In this study, thus, the reduction kinetics at the initial stage was supposed to be most
pronounced at 100 bar. Regarding steps (2) and (3), Li et al. [101] investigated the dissociation
and adsorption behavior of H, on hematite and iron at various pressure levels (1 to 1000 bar) and
temperatures (from room temperature up to 627 °C) by applying a combination of density
functional theory calculations and statistical thermodynamics. They suggested that high pressure
facilitates the dissociation and adsorption of H> molecules. The increase in the quantity of absorbed
H> molecules on wiistite and hematite with increasing H> pressure is also supported by the work
of Cheng et al. [102], who arrived at a similar conclusion by using ReaxFF molecular dynamics

simulations. Step (4) can be assessed according to Le Chatelier’s principle [103], considering that
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the overall reaction of HyDR is Fe2O3(s)+3Hoe)—2Fe(s) +3H20(e). Le Chatelier's principle suggests
that variations in total pressure should not significantly impact the rate equilibrium of a reaction
when the number of moles of the gas molecules in both reactants and products is the same. This in
turn means that the rate of the chemical reaction should not be affected by the absolute pressure.
Steps (5) and (6) can be assessed considering the counter-current diffusion of H> (inward) and H,O
(outward) molecules through the reaction front (pore or pellet surface). Assuming that the same
amount of hematite was reduced into iron at different H> pressures, the amount of the produced
H>O should be the same. Since the amount of H> molecules in a confined volume is higher at 10
and 100 bar (i.e., 10 for 10 bar, and x100 for 100 bar) than that at 1 bar, the partial pressure of
H> (Py, / (Pu, + Pu,0)) will be highest at 100 bar, followed by 10 bar and finally 1 bar. This
condition results in a faster outward flux of H,O at 100 bar than at 10 and 1 bar due to the higher

concentration gradient of H> and H>O between the reaction surface and the gas stream.

Also, the change in partial pressure of H» has a substantial effect on the thermodynamics of the

reaction. The Gibbs energy of a solid-gas reaction can be expressed along Eq. 3.2;

AG = AG° + RTInQ (3.2)
wherein AG? is the standard Gibbs free energy of the reaction and Q is the instantaneous reaction
3
quotient. For the reaction Fe;O3s+3Hz—2Fe) +3H20), Q = %, ranging from zero (i.e.,
Hp

for pure H») to infinity (i.e., for pure H20). py,and py,, are the partial pressure of Hz and H2O,
respectively. An increase in the value of py, thus lowers Q. Hence, the overall thermodynamic

driving force of the chemical reaction increases (i.e., decreasing AG to a more negative value). In
addition, the kinetics of the removal of oxygen increases with increasing H» partial pressure [28],

as expressed by Eq. 3.3:

Ry = ¢/ Py, [1 — exp(4G / RT)] (3.3)

where, R, is the rate of oxygen removal from the iron oxide surface and ¢/ is the apparent
chemical reaction constant for the forward reaction (Fe>O3sy+3Hz—2Fe(s) +3H20(y)). Since the
value of py, in the reducing gas is highest at 100 bar, followed by 10 and 1 bar, the rate of oxygen

removal follows the same sequence for the rate of reaction at 100, 10, and 1 bar. Consequently,

42



GREEN IRONMAKING AT HIGHER H2 PRESSURE: REDUCTION KINETICS AND MICROSTRUCTURAL
FORMATION DURING HYDROGEN-BASED DIRECT REDUCTION

the enhanced reaction rate at elevated pressures of H» gas under static gas conditions is attributed

to the increase in the partial pressure of Ha.

Under dynamic gas conditions, the pellet reduced at 50 bar exhibited a higher reduction rate
compared with the pellet reduced at 1.3 bar. All the aforementioned aspects, relating pressure to
reaction rates, also apply to the dynamic reduction experiments. Similar to the static gas exposure
conditions, the partial pressure of H» in the reaction chamber is higher at 50 bar compared with 1.3
bar, resulting in an enhancement of the overall reduction kinetics. An additional contribution to
the enhanced reduction kinetics at 50 bar H> gas pressure may stem from the higher H, flow rate
at 50 bar (500 mLs/min) than at 1.3 bar (200 mLs/min) [104]. Compared with the reduction at 1
and 10 bar under static conditions, the faster reduction kinetics of the reduction conducted at 1.3
bar under dynamic reductant exposure is attributed to the continuous hydrogen supply to the

reaction chamber.

3.4.2. Influence of H> pressure on the pellets’ microstructure formation

In this study, our findings highlighted two major effects of pressure on the microstructure
formation and its temporal evolution during HyDR. First, the morphology of the acquired pores
changed from an elongated to a more circular shape, as pressure increased from ambient to elevated
pressures, as depicted in Fig. 15 and Fig. 19a. Second, the morphology of the iron altered from
dense iron layers found at H» pressures of 1 and 10 bar to porous iron at 100 bar (Fig. 16). Several
studies have investigated the correlation between the morphology of iron and the composition of
the reducing gas [62, 78-81]. In these studies, it has also been observed that the morphology of
metallic iron depends on the partial pressure of the reducing gas (i.e., H> or CO). Increasing the
partial pressure of Hj results in the formation of porous iron, while an increase in the partial
pressure of H>O causes denser iron growth, which is associated with the effect of the partial

pressure of H» on the rate of oxygen removal.

During the reduction of the wilstite to iron, the local concentration of iron increases on the wiistite
surface as a result of the removal of oxygen. The increase in local concentration of iron in the
surface regions causes a chemical potential gradient between the outer surface and the bulk wiistite
inside of the pellet that drives the diffusion of iron towards the bulk wiistite (Fei.xO; 0.83<I-

x<0.95). As reduction proceeds, the concentration of iron ions in the wiistite increases, and
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eventually wiistite becomes saturated with iron ions (FeixO; (1-x) approaches 0.95). The
accumulation of excess iron results in iron clusters and iron nucleation events. Iron nuclei grow

with the incoming flux of reduced iron at the iron-wiistite interfaces [62].

The morphology of a-iron (i.e., dense layer or porous iron) is controlled by the competition
between the rate of oxygen removal from the surface and the rate of iron diffusion from the wiistite
towards the metallic iron phase [60, 105]. Fig. 20. schematically shows the formation of the dense
iron layer and the porous iron during HyDR. When the diffusion rate of iron is higher than the rate
of oxygen removal, excess iron readily diffuses in a direction perpendicular to the wiistite surface.
The concentration of excess iron exhibits a homogeneous distribution throughout the wiistite
surface. In this case, a planar wiistite surface is maintained. When the iron ions are saturated inside
the wiistite, excess iron nucleates homogeneously on the surface and a dense iron layer forms, Fig.
20a. When the removal rate of oxygen is faster than the diffusion rate of iron from wiistite to the
metallic iron phase, the morphology of the iron alters. The presence of a perturbation (i.e.,
distortion on the surface at the atomic/molecular level) induces an instability in the form of an
alternating sequence of concave and convex features that can protrude into the wiistite, Fig. 20b.
This instability results in the rejection of iron in the direction parallel to the wiistite surface.
Consequently, the concentration of iron on the tip of the perturbation becomes less than that of the
planar surface. Due to the lower concentration of iron, the rate of chemical reaction on the tip of
such a perturbation feature becomes faster than that of a planar surface. This process continues
until the planar surface becomes unstable, resulting in the formation of porous iron [68], Fig. 20b.
The removal rate of oxygen is determined by the combination of temperature and reducing gas
composition, while the diffusion rate of iron is determined only by temperature and by the local
chemical potential gradient. As indicated in Eq. 3.3, the removal rate of oxygen at 100 bar is faster
compared with 1 and 10 bar, yet the diffusion rate of the iron remains the same. Therefore, the
formation of the porous iron at 100 bar H» pressure can be attributed to the faster removal of
oxygen from the iron oxide compared with the unchanged diffusion rate of the iron, while the
formation of the dense iron layer at 1 and 10 bar is attributed to the slower removal rate of oxygen

compared with iron diffusion.
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Fig. 20. Schematic illustration of the formation of a) dense and b) porous a-iron depending on the respective rates of pressure-

dependent oxygen removal and iron diffusion [68].

Furthermore, changes in the H» pressure causes also a change in pore morphology, from elongated
pores at ambient pressure to pores with circular shapes at elevated pressures. The literature
suggests two mechanisms that could initiate the formation of porous iron on the wiistite surface:
the breakdown (or bursting) of a dense iron layer and the formation of an instability on the oxide
surface [62]. The former results from the water production and accumulation at the iron/wiistite
interface when hydrogen diffuses through the dense iron layer and reacts with oxygen at the
interface. If a void exists at the interface, HO or H> gas bubbles form and gradually expand the
void. Once the gas pressure at the interface becomes larger than the pressure of the reducing gas,
the breakdown of the dense iron layer occurs and forms a pore [69]. The latter case is the same as
the formation of porous iron due to the faster removal rate of oxygen from the iron surface [68].
The formation of elongated pores at D1bar and S1barSmin samples may stem from the instability
formation and its growth during the transition from wiistite to the a-iron phase. At the Ha pressure
of 1 bar, the rate of the reduction at the initial stage (for 5Smin) can be much faster due to the high
initial hydrogen partial pressure and the removal rate of oxygen can suppress the diffusion rate of

iron [60].
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The grain size of a-iron in fully reduced pellets, namely S100bar120min and D50bar samples, is
2.34+0.2 and 1.0£0.8 pm, respectively. Moreover, the grain size of a-iron decreased from 1.0+0.1
pm (S100bar5Smin) to 0.5+£0.1 pum (S100bar30min) at 100 bar H» pressure under the static gas
conditions. Such ultrafine grain size of a-iron indicates a high density of iron nucleation events on
the wiistite surface during HyDR when exposed to high H» pressure conditions. In this case, a-iron
is likely to grow by transporting iron from the saturated wiistite adjacent to these nuclei. This
scenario suggests that the morphology of the pores is dominated by the nucleation of iron.

Consequently, small radii and a large number of pores form around the fine iron grains.

3.5. Conclusion

In this study, we studied the hydrogen-based direct reduction of commercial polycrystalline
hematite pellets at elevated H» pressure under both static (1, 10, and 100 bar) and dynamic (1.3
and 50 bar) gas exposure conditions at 700 °C, to understand the effects of H, pressure on the

reduction kinetics and microstructure formation. The main conclusions are summarized as follows:

(1) The hematite pellets exhibited increasing reduction kinetics with an increase in H»
pressure under both static gas exposure conditions (1, 10, and 100 bar) and dynamic gas
exposure conditions (1.3 and 50 bar).

(2) Under both static and dynamic reduction conditions, the morphology of the pores in the
reduced pellets changed from an elongated structure at ambient pressure to a circular
structure at an elevated H» pressure. The elongated pores form due to an instability
formation and its growth during the reduction of wiistite to a-iron when the diffusion rate
of iron is slower than the removal rate of oxygen. At elevated pressure, a high number
density of iron nucleation results in the formation of a large number of pores with small
radii.

(3) The reduction of iron ore at a hydrogen gas pressure of 100 bar represents an extreme
scenario regarding the current direct reduction furnace operations at the industrial scale.
Nonetheless, our observations have unveiled reduction kinetics and microstructure
formation (i.e., ultra-fine grains) in the direct reduced iron under such extreme

conditions. This study could also inspire applications related to the hydrogen-based redox
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reactions of iron oxides at high pressure, such as for catalytical applications, as well as
the fabrication of ultrafine microstructure via hydrogen-based direct reduction.

(4) Pellets reduced at an H, pressure of 1 and 10 bar, respectively, exhibited dense iron
formation on wiistite as a consequence of the low partial pressure of H» and the slow
reduction kinetics. The slower oxygen removal compared with the diffusion rate of iron
resulted in the formation of a dense iron layer. In contrast, elevated H» pressure resulted
in fast oxygen removal compared to the unchanged iron diffusion from the reaction
interface towards the iron nuclei favors the formation of porous iron structures.

(5) The H» pressure plays an important role in the reduction kinetics and microstructure
formation during hydrogen-based direct reduction of iron oxides. An increasing H»
pressure increases the partial pressure of Hz, which promotes faster reduction kinetics.

This fact should be considered for the design of industrial reactors.
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4. GREEN IRONMAKING UNDER HIGH H2 PRESSURE: RESOLVING
INDIVIDUAL REACTION STEPS VIA IN-SITU SYNCHROTRON
HIGH-ENERGY DIFFRACTION

This chapter is based on the publication: Ozge Ozgiin, Gékhan Gizer, David Melching, Kartik
Umate, Eric Woods, Laurine Choisez, Guillermo Requena, Claudio Pistidda, Dierk Raabe, Yan
Ma (2025). Green ironmaking under high H, pressure: resolving individual reaction steps via in-

situ synchrotron high-energy diffraction. Submitted to Acta Materialia.

Hydrogen-based direct reduction (HyDR) of iron ore presents a promising route for green
ironmaking without CO; emission, offering a sustainable solution to decarburizing steel
production. HyDR proceeds via a solid-gas reaction involving multiple reduction steps from
hematite to magnetite, wiistite, and metallic iron. While the overall reduction kinetics and
microstructural evolution are known to be influenced by H» gas pressure, its effect on the
individual reaction steps remains unclear. Here, we employed in-situ synchrotron high-energy X-
ray diffraction to monitor real-time phase transformations during the HyDR of hematite at
700 °C under varying H» pressures ranging from 1 bar to 100 bar. Microstructure of the reduced
samples was characterized using scanning electron microscopy equipped with electron
backscatter diffraction, and the three-dimensional pore morphology was analyzed using X-ray
nano-computed tomography. Our results show that elevated H» pressures accelerated reduction
kinetics across all steps and lowered the onset temperatures of phase transformations. The
reduction of wiistite to iron remained the rate-limiting step, governed by a localized phase-
boundary-controlled mechanism. Increasing H» pressure enhanced the thermodynamic driving
force and kinetics of this step by accelerating the interface movement. Moreover, pore
morphology transitioned from elongated to equiaxed shapes with increasing pressure, indicating
a shift in the balance between vacancy diffusion and interface mobility. The results offer
valuable insights into the pivotal role of H> gas pressures in HyDR, paving the way for

improving the reduction efficiency of corresponding reactor operations.
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4.1. Introduction

Global steel production has averaged approximately 1800 million tons annually over the past
decade. Around 70% of steel is produced via the integrated blast furnace-basic oxygen furnace
(BF-BOF) route [106], using carbon as both a reducing agent and an energy source. Consequently,
the iron and steel industry is highly carbon-intensive, accounting for 8-10% of global CO»
emissions [1]. Growing pressure to reduce these emissions has driven the shift toward fossil-
carbon-free ironmaking processes. In this context, hydrogen-based metallurgical processes offer a
potentially sustainable route to decarbonize this industrial sector, as the reaction of hydrogen with
iron oxides yields only water as a by-product [1, 3, 82, 107], provided that H> is generated using
renewable energy sources. Among emerging green steel production technologies, hydrogen-based
direct reduction (HyDR) is currently the most advanced and scalable one, with a technology
readiness level of 6-8 [3].

HyDR involves a solid-gas reaction, in which hydrogen atoms interact with chemically bonded
oxygen in the iron oxide lattice and reduce it to metallic iron at temperatures between 500-1100 °C
[6, 30, 35]. The reaction proceeds in multiple steps, in which hematite (Fe>O3) is gradually reduced
to magnetite (Fe3O4), wiistite (Fe1-xO; 0.05 <x <0.17), and metallic iron (Fe) above 570 °C. Below
this temperature, the reduction proceeds directly from magnetite to metallic iron, as wistite is
thermodynamically unstable under these conditions. The kinetics of HyDR can be governed by
several processes, including (1) the inward diffusion of H, molecules to the reaction front and the
outward diffusion of H>O molecules to the gas stream [47], (2) the rate of the chemical reaction at
the reaction interface, (3) the nucleation and growth of the product phases [108, 109], and (4) the
mobility of advancing phase boundaries within the solid (e.g., oxide/oxide or metal/oxide
interfaces) [110, 111]. Among these steps, the slowest one determines the overall kinetics and is
referred to as the rate-controlling mechanism.

Key parameters, such as temperature, gas flow rate [104], gas pressure [112], and microstructure
evolution of iron oxide [30, 62, 78], play a crucial role in determining the rate-controlling
mechanisms of HyDR [46]. For instance, at elevated temperatures, the chemical reaction rate
increases to the point where it no longer limits the overall reduction. Instead, mass transport,
namely, the inward diffusion of H> and the outward diffusion of H>O, can become the rate-

controlling factor. Moreover, insufficient H> flow rate and low gas pressure may restrict the supply

49



GREEN IRONMAKING UNDER HIGH H2 PRESSURE: RESOLVING INDIVIDUAL REACTION STEPS VIA
IN-SITU SYNCHROTRON HIGH-ENERGY DIFFRACTION

of reducing gas to the reaction front, making mass transport the rate-controlling mechanism [53,
104]. In contrast, high flow rates and elevated H; pressure facilitate mass transport and increase
the local concentration of H, shifting the rate control to the chemical reaction at the reaction front
(e.g., gas/oxide or metal/oxide interface) [38, 101, 102, 113]. Thus, variations in H> gas pressure
can significantly affect the rate-controlling step in HyDR.

The effect of reducing gas pressure on reduction kinetics has been investigated for both pure gas
atmospheres (e.g., H> and CO) [51-53, 112] and mixed gas systems (e.g., mixing of H», H>O, CO,
CO», or CHy4) [54, 55]. A consistent trend reported in the literature indicates that increasing H»
pressure enhances the overall reduction kinetics. This is primarily attributed to the increase in H»
partial pressure (Py,), which promotes faster oxygen removal from the iron oxide lattice [28, 53].
Among the sequential reaction steps in HyDR, the reduction of wiistite to metallic iron is identified
as the most kinetically limiting one. Despite its significance, the effect of H> pressure on the
kinetics and underlying mechanism of this final transformation step remains poorly understood
due to the overlap of several reactions in the overall kinetic measurements usually via
thermogravimetry analysis. Thus, real-time monitoring of the evolution of individual phases
during reduction under varying H» pressures is essential to gain deeper insights into the governing
mechanisms and close this critical knowledge gap.

In this study, we performed in-situ high-energy X-ray diffraction (HEXRD) measurements during
the HyDR of hematite to investigate the effect of H» gas pressure on the kinetics of individual
reaction steps. Experiments were conducted at pressures of 1, 10, 50, and 100 bar. In addition, the
influence of H> gas pressure on pore morphology of the reduced iron was analyzed for the samples
reduced at 1 bar and 100 bar using X-ray nano-computed tomography (Nano-CT) to highlight the
impact of H gas pressure on the microstructure of the final product. Through real-time monitoring
of phase transformations, our findings provide critical insights into how H» gas pressure influences

the reduction kinetics and underlying reaction mechanisms of HyDR.

4.2. Materials and methods

4.2.1. Materials

A commercial direct-reduction hematite pellet was used in this study, which contains 0.36 wt.%

FeO, 1.06 wt.% Si0, 0.40 wt.% ALOs, 0.73 wt.% CaO, 0.57 wt.% MgO, 0.19 wt.% TiO, 0.23
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wt.% V, 0.10 wt.% Mn, with traces of P, S, Na, and K, and Fe»Os in balance. Rectangular cuboid
samples with dimensions of ~0.5 mm % 0.5 mm x5 mm were cut from the hematite pellet using a

diamond wire saw.

4.2.2. In-situ synchrotron high-energy X-ray diffraction

In-situ synchrotron HEXRD was employed to monitor the real-time reduction kinetics and to
resolve the phase transformation behavior of individual reduction steps during HyDR of hematite
at various H» gas pressures of 1, 10, 50, and 100 bar. The HEXRD experiments were performed in
transmission mode at the Powder Diffraction and Total Scattering Beamline P02.1 of PETRA III
at DESY [114]. The beamline operated at a fixed beam energy of 60 keV, corresponding to a
wavelength of ~0.207 A. The spot size of the X-ray beam was set to 0.5 mm x 0.5 mm. A
rectangular cuboid hematite sample was placed in an in-situ reaction cell with a single-crystal
sapphire capillary (inner diameter: 0.6 mm; length: 80 mm) [115], Fig. 21a. The reaction cell was
filled with high-purity H> gas (99.999%) at a designated pressure. The sample was heated from
room temperature to 700 °C using a hot air blower (Fig. 21a), at an average heating rate of
1.44+0.3 °C/s, Table 3., The holding time at 700 °C in all the experiments was limited to ~1800 s,
due to the beamtime constraints. Then, the experiments were stopped and the samples were cooled
to room temperature by switching off the hot air blower. Temperature at the sample position was
calibrated using a type K thermocouple. The heating profile for each experiment was fitted with a
linear model using OriginPro 2022 to determine the average heating rate. It is worth noting that all
experiments were conducted under static gas conditions. The HyDR parameters are summarized

in Table 3 for each sample.
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Fig. 21 In-situ synchrotron high-energy X-ray diffraction during reduction of hematite samples: a) Schematic illustration of the
experimental setup with the reaction cell. b) An example of an integrated diffraction profile (open dots) over an azimuth angle of
90° and the corresponding calculated profile (solid curve) of the sample reduced at 1 bar Hz for 580 seconds (at the temperature of
700 °C). ¢) Contour map of the integrated intensity of hematite sample at 1 bar Hz gas pressure as a function of reduction time, H

stands for hematite, M for magnetite, W for wiistite, and a-Fe for bce-iron.

Table 3 Sample designation and reduction parameters for in-situ synchrotron high-energy X-ray diffraction experiments

Reduction degree at
Holding time at

Sample H: pressure Average heating rate 700 °C the end of the
designation (bar) (°C/s) experiments
©®) o
P1 1 1.7 1420 0.96
P10 10 1.1 1770 0.95
P50 50 1.3 1460 1.00
P100 100 1.1 320 1.00

During the HEXRD experiments, diffraction patterns were recorded every two seconds using a
fast area detector Varex XRpad 4343CT (2880 pixels x 2880 pixels with a pixel size of 150 pm %

150 pm) with a quarter-ring configuration. The sample-to-detector distance was set to ~1700 mm,
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which was calibrated using the NIST standard LaBs powder. The two-dimensional diffraction
patterns were integrated over an azimuth angle of 90° (from 90° to 180°, as shown in Fig. 21a)
into diffraction profiles using the software General Structure Analysis System (GSAS 1) [116], as
exemplarily shown in Fig. 21b (open dots). The two-dimensional contour plot as a function of time
illustrates the progression of hematite reduction to iron, highlighting the phase evolution during
HyDR at the H; pressure of 1 bar, Fig. 21c. The Rietveld refinement method was used to quantify
the fraction of individual phases with the aid of the Material Analysis Using Diffraction (MAUD)
software package [98], Fig. 21b (solid curve). The goodness of the refinement was indicated by
the weighted profile R-factor, which was below 8% for all the analyses.

The conversion degree of wiistite reduction into a-iron reaction is calculated by accounting the
weight fractions of relevant phases, derived from in-situ HEXRD measurements. The conversion

degree of wiistite into metallic iron, a-Fe, (X, ) was determined by the ratio of transformed

s = a—iron

phase (i.e., a-iron) to the total amount of the initial phase (i.e., wiistite), using Eq. (4.1);

v - . WFe
From wiistite to a-iron : Xy o givon = ————— 4.1
Wiis —» a—iron Wre+WFe0 ( . )

where, Wr.o and wg, represent the amount of wiistite, and o-iron measured by HEXRD,
respectively.

To provide a quantitative measure of the reduction progress, the overall reduction degree of each
sample was calculated using the phase compositions of hematite, magnetite, wiistite, and a-iron
(in wt.%) obtained from in-situ HEXRD measurements. These weight fractions were converted to
moles of each phase, and the corresponding moles of iron were determined based on the known
stoichiometry of each phase. Assuming no iron loss during reduction, the total moles of iron
initially present (calculated from the initial mass of pure hematite) were equated to the sum of iron
moles in all reduced phases. Using this iron balance, the overall reduction degree was calculated
as the ratio of the actual mass loss (due to oxygen removal) to the theoretical maximum mass loss

expected if complete reduction to a-iron had occurred (See Appendix 8.2.1).

4.2.3. Microstructure characterization

The reduced samples were embedded in a PolyFast resin to enable surface preparation for
metallographic investigations. Embedded samples were ground using SiC papers from 1000 grits
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to 4000 grits, followed by polishing with 3-pm and 1-um diamond suspensions. The sample
preparation was completed with a polishing step using colloidal particle suspension (OPS). The
microstructure of samples was characterized using a Zeiss Merlin scanning electron microscope
(SEM) in backscattered electron (BSE) and secondary electron (SE) modes at an acceleration
voltage of 15 keV. In addition, electron backscatter diffraction (EBSD) was performed with a step
size of 50 nm to characterize the local phase distribution. The EBSD data were analyzed with the
OIM Analysis™ V9 software package. Kikuchi patterns were indexed using the spherical indexing

method [117].
4.2.4. Synchrotron X-ray nano-computed tomography

Three-dimensional porosity of the samples reduced at 1 bar and 100 bar was investigated using
synchrotron X-ray nano-computed tomography (nano-CT) in holotomography mode. The nano-
CT experiments were conducted at the Nano-analysis Beamline ID16B of the European
Synchrotron Radiation Facility (ESRF) [118]. The samples for the nano-CT measurements were
prepared using focused ion beam cutting in an FEI Helios dual-beam system with a Xe plasma
source. A cuboid lamellar with dimensions 0f 40 pm x 40 pm x 40 um was lifted out and mounted
on a copper rod with a sharp tip of ~60 um in diameter. The cuboid lamellar was milled into a cone
shape with a tip diameter of ~20 um using focused ion beam (see Appendix Fig.A 1). In nano-CT
experiments, samples were exposed to a monochromatic X-ray beam with an energy of 29.6 keV
in a transmission mode. The two-dimensional projections were recorded by a PCO camera. The
corresponding voxel size was 25 nm x 25 nm % 25 nm. The samples were rotated 360° during the
NanoCT scans. For the sample reduced at 1 bar, a rotation speed of 3.98°/s was used with an
exposure time of 30 ms per projection, yielding 3013 projections with a step size of approximately
0.12°. For the sample reduced at 100 bar, the rotation speed was increased to 5.95°/s with an
exposure time of 30 ms per projection, yielding 2016 projections with a step size of approximately
0.18°. The phase retrieval process was performed using a custom in-house octave script based on
a Paganin-like approach [119], with a delta/beta ratio of 78. The tomographic reconstruction was
then performed using the standard filtered back-projection algorithm PyHST2 implemented at
ESRF [120]. The semantic segmentation of pores was performed on stacks of 2D tomographic
slices using deep learning [121]. For this, a U-Net architecture [122] with four encoding and

likewise four decoding blocks was used. Each block consisted of two convolutional layers with
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batch normalization and leaky ReLU activation. Down-sampling was performed via max pooling
and up-sampling was performed using transposed convolutions. Skip connections, a main feature
of the U-Net architecture, were employed between corresponding encoder and decoder blocks.
Representative tomographic slices were manually labeled for training. For samples reduced at 1
bar, 6, 2, and 1 slice(s) were used for training, validation, and testing, respectively. For the more
challenging 100-bar case (with finer pores and a higher porosity), 10, 2, and 2 slices were used.
Models were trained for 200 epochs using the Adam optimizer with a batch size of 8 and a learning
rate of 10*. Dice loss was used as the loss function. To increase data diversity and reduce
overfitting, data augmentation was applied, including random horizontal and vertical flips, random
rotations between -20° and 20°, and random cropping to 512 % 512 pixels. For inference, the
models with the lowest validation Dice loss were used. Larger tomographic slices were segmented
using a sliding-window approach with overlapping tiles in a checkerboard pattern. Overlapping
predictions were averaged to obtain the final segmentation. The 3D rendering, and analysis of
volume and connectivity of the pores were conducted using the software Dragonfly Version
2024.1. Furthermore, pore size distribution was analyzed using the granulometry algorithm in the

software ImageJ [123].

4.3. Results

4.3.1. Reduction kinetics of hematite at different H» gas pressures

The real-time phase evolution during HyDR at different H, pressures was followed by in-situ
HEXRD and the amounts of individual phases was plotted in Fig. 22. For all the samples, reduction
started during the heating stage to 700 °C (at an average heating rate of 1.4+0.3 °C/s, see Table
3). In samples P1, P10, and P50, the reduction proceeded in a sequential manner, Fig. 22a-c.
Hematite was first completely reduced to magnetite; subsequently, magnetite was reduced to
wiistite, followed by the formation of a-iron. Notably, a-iron only appeared once a significant
portion of magnetite had transformed into wiistite (e.g., >83% of wiistite before a-iron appeared
at 1 bar). In contrast, the P100 sample revealed a non-sequential reduction pathway, Fig. 22d.
Particularly, a-iron and wiistite formed at a temperature of 450 °C and 495 °C, respectively, before
hematite was fully consumed. Such non-sequential reduction behavior is attributed to the highly

reactive atmosphere at 100 bar. Moreover, an increase in the H> pressure lowered both the onset
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and completion temperatures of individual reduction steps (Table 4) as determined by the first
appearance and complete disappearance of the XRD peaks associated with each phase. For
instance, the onset temperature of the magnetite formation was 540 °C in the sample P1, while it
sharply decreased by more than 100 °C to 430 °C in the sample P100. Such strong decreases of
the onset temperatures suggest that HyDR is favored at lower temperatures as the H» pressure

increases.
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Fig. 22 Real-time phase evolution of hematite samples reduced at different H> gas pressures: a) 1 bar (P1), b) 10 bar (P10), ¢)
50 bar (P50), and d) 100 bar (P100). The amount of phase was measured by in-situ synchrotron high-energy X-ray diffraction.
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Table 4 Onset and final (completion) temperatures (in °C) for each phase formed during the hydrogen-based hematite reduction
for samples P1, P10, P50, and P100. (Deviations in temperatures were determined based on the difference between the reaction

cell temperature and the fitted temperature, and quantified using standard deviation analysis.)

P1 (+7.4 °C) P10 (+14.1°C) P50 (+25.6°C)  P100 (£7.8 °C)

Phase
Onset Final  Onset Final  Onset Final Onset Final
Magnetite 540 684 485 674 475 580 430 544
Wiistite 666 700 595 700 580 700 495 700
a-iron 700 700 700 700 700 700 450 700

The evolution of the amount of a-iron revealed a sigmoid shape. Also, among all phase
transformations in the P1, P10, and P50 samples, the reduction of wiistite to a-iron was the most
sluggish reaction and thus kinetically most limiting step. For example, hematite reduction to
magnetite and magnetite to wiistite required on average of 10010 s and 170470 s, respectively,
for ~95% completion. In contrast, the reduction of wiistite to a-iron required a significantly longer
duration, with ~90% transformation taking place over an average of 1200+400 s, Fig. 22a-c.

The acceleration of HyDR by the enhanced H» pressure was also evidenced by higher reduction
rates of individual reaction steps and a higher overall reduction degree (Fig. 23). An increase in
H> pressure elevated the consumption rate of hematite systematically. For instance, it was ~6.8
times higher in sample P100 compared with that in sample P1, as shown in Fig. 23a. Moreover,
the formation rate of a-iron was also promoted by H» pressure. At the local maxima (at ~50 wt.%
of a-iron), the formation rates of a-iron were enhanced by a factor of 1.3, 2.7, and 6.5 for the
samples P10, P50, and P100, respectively, as compared with that of the sample P1, Fig. 23b. For
the overall reduction kinetics (as calculated based on the method described in Appendix 8.1.1.), as
shown in Fig. 23c, the sample P1 reached 0.14 (corresponding to 13 wt.% wiistite and 87 wt.%
magnetite in the sample) when it was heated to 700 °C; while an increase in H> pressure to 50 bar
accelerated the reduction to an overall reduction degree of 0.33 (the sample consisting of 98 wt.%
wiistite and 2 wt.% magnetite). The sample P100 was completely reduced to a-iron during heating,
achieving an overall reduction degree of 1.00 at the time when temperature reached 700 °C. During
HyDR at 700 °C, iron oxides (here, mainly wiistite and magnetite) were gradually reduced into a-
iron in the samples P1, P10, and P50, Fig. 22a-c. Within the elapsed time during the HEXRD
experiments, the amount of a-iron reached 93 wt.%, 90 wt.%, and ~100 wt.% in the samples P1,

P10, and P50, respectively, Fig. 22a-c. These corresponded to overall reduction degrees of 0.96,
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0.95, and 1.00, respectively, Fig. 23c. Due to the sluggish reduction kinetics in the last step, there

was a small amount of oxides unreduced in the sample P1 (3 wt.% magnetite and 4 wt.% wiistite)

and P10 (3 wt.% magnetite and 7 wt.% wiistite).
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Fig. 23 Kinetics of HyDR at different H> pressures. a) Consumption rate of hematite as a function of the amount of remaining
hematite in wt.%. The consumption rate was calculated from the derivative of the amount of hematite against temperature (df/d T)
during heating to 700 °C. b) Formation rate of a-iron as a function the amount of the produced o-iron in wt.%. The formation rate
was calculated from the derivative of the amount of a-iron against time (df/dt), since a-iron formation was under an isothermal
condition for the samples P1, P10, and P50 during holding at 700 °C, and under a non-isothermal condition for the sample P100
during heating to 700 °C. ¢) Overall reduction degree as a function of temperature during heating stage and as a function of relative
time during holding at 700 °C . The dotted lines refer to the reduction degrees of the completed reduction from hematite to magnetite
(0.11) and from hematite to wiistite (0.33)
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4.3.2. Microstructure evolution during HyDR at different H> gas pressures

Microstructures of the partially reduced samples at the H» pressure of 1 bar for 900 s (P1-900s, the
corresponding reduction degree was 0.56) and 100 bar for 180 s (P100-180s, the corresponding
reduction degree was 0.27) are shown in Fig. 24. The samples revealed distinct spatial distribution
behavior of a-iron. The micrograph (Fig. 24a) suggested the formation of a-iron in sample P1 was
primarily on the surfaces of oxide particles in the regions accessing inherited pores, as confirmed
by the EBSD phase map, Fig. 24b. In contrast, ultrafine-grained o-iron (~100 nm) was observed
within the oxide particles in the sample P100 during the early stage of the a-iron formation, Fig.
24c and 24d. Considering the three-dimensionality of the sample, this feature can be attributed to
a progressing metal-oxide phase boundary initiated by a-iron nucleation at an internal pore surface

or the outer surface of sample during reduction.

24 P1-900s

’ :
%Zﬁ( Inher

Fig. 24 Microstructures of the partially reduced samples: Secondary-electron images of the specimen a) P1 reduced for 900 s (P1-
900s) and ¢) P100 for 180 s (P100-180s), where a-iron is highlighted by black arrows; b) and d) Phase maps of P1-900s and P100-
180s probed by electron backscatter diffraction.

Fig. 25 shows the microstructure of the specimens after the HEXRD experiments. The hematite
specimen containing inherited pores and dense hematite particles (Fig. 25), transformed into
porous a-iron (Fig. 25b-e). Some remaining oxide islands were observed in specimens P1 (Fig.
25b) and P10 (Fig. 25¢), surrounded by metallic iron. The average grain size of a-iron was reduced

by an increase in H> pressure, Fig. 25f. For instance, the average grain diameter of the specimen
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P1 was 0.50+0.40 um, and it was reduced to 0.30+£0.20 pm in the specimen P100. Such notable
grain refinement is mainly due to the high density of iron nucleation events occurring on the oxide
surface during HyDR under high thermodynamic driving force of reaction at elevated H» pressure

conditions, as discussed in Ref. [53].

v st B
\“‘i:w.

=

10 100
H, pressure (bar)

Fig. 25 Effect of Hz gas pressure on the microstructure of the reduced specimens: The microstructures of reduced specimens a)
unreduced hematite sample b) P1, ¢) P10, d) P50, and e) P100; The yellow and white arrows mark inherited and acquired pores,

respectively. The orange arrow marks remaining oxide layers. f) The grain diameter of a-iron as a function of H> gas pressure
measured by electron backscatter diffraction.

The pore structure is a crucial microstructural characteristic of direct reduced specimens.
Connected pores enable the diffusion of H, gas molecules to the interior surfaces of the sample
and facilitate the efficient outward diffusion of H2O molecules to the gas stream. They also serve
as fresh surfaces for the reduction reactions to occur. Thus, the connectivity of pores has a
significant impact on the reduction kinetics of HyDR [61, 77]. To investigate H> gas pressure effect
on the structure and connectivity of pores, 3D pore analysis of P1 and P100 specimens was
conducted using synchrotron X-ray nanoCT (Fig. 26). As shown in Fig. 26a, the pore morphology
of reduced a-Fe evolved with the increase in H» pressure. Consistent with our previous findings
[53], the P1 sample possessed large, elongated pores (Fig. 26a (i)), which changed into finer and
more random-shaped pore morphology with an increase in H» pressure to 100 bar (Fig. 26a (ii)),
(see also Fig. 25b-¢). 3D analysis of pores revealed that the P100 sample exhibited lower overall
porosity (37.6%) compared with the P1 sample (49.1%), which aligns well with 2D pore analysis
results, 46.845.0% for P1 and 40.0+4.0% for P100, Fig. 26c. The fraction of isolated pores in the

61



GREEN IRONMAKING UNDER HIGH H2 PRESSURE: RESOLVING INDIVIDUAL REACTION STEPS VIA
IN-SITU SYNCHROTRON HIGH-ENERGY DIFFRACTION

P100 specimen (1.38%) was nearly eight times higher than that of P1 specimen (0.18%), indicating
a substantial increase in pore isolation with increasing H» gas pressure, Fig. 26b and 26¢. However,
it is worth noting that some pore interconnections may still be present in the P100 sample but fall
below the spatial resolution limit of the nanoCT technique (in this study, it is ~100 nm). Features
smaller than 100 nm are considered artifacts resulting from data processing. Consequently, pore
connectivity (calculated as the volume fraction of connected pores divided by the total pore volume
fraction) decreased slightly, declining from 99.6% in P1 to 96.3% in P100. In addition, the average
pore diameter of the P1 sample (0.73 um) was three times larger than that of the P100 sample (0.23
um), Fig. 26d.

NanoCT 2D projection Segmented images (b) Isolated pores Connected pores

B Total porosity in 2D (d)0'15 m—
otal porosity in
Il Total zorosity in 3D| ~0 ’ P1
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-lsolatezlponis 3 0.12 1
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Fig. 26 X-ray nanoCT analysis of porosity in samples P1 and P100. a) 2D projection images from nanoCT scans, with black and
white arrows indicating pore regions and solid phases and corresponding segmented binary images where white represents pores
and black represents the solid phase of (i) P1 and (ii) P100 specimens. b) 3D visualization of isolated and connected pores in (iii)
P1 and (iv) P100 specimens. ¢) Evolution of 3D porosity at varying H2 gas pressures: total, connected, and isolated porosity
(Analysis based on nanoCT) and 2D porosity (Analysis using secondary electron images of the entire cross-section of specimens

62



GREEN IRONMAKING UNDER HIGH H2 PRESSURE: RESOLVING INDIVIDUAL REACTION STEPS VIA
IN-SITU SYNCHROTRON HIGH-ENERGY DIFFRACTION

magnified 500 after reduction). d) Pore size distribution of P1 and P100 specimens analyzed using granulometry algorithm using
the software ImagelJ [123].

4.4. Discussion

4.4.1. Kinetics of overall reaction

The results reveal that the rate of overall reduction is dependent on H» gas pressure and gets
enhanced with increasing H» pressure (Fig. 22 and Fig. 23c). Under static pressure conditions, the

partial pressure of Ha (Py, ) in the system increases with the applied H» gas pressure (P50 > P >
P},S > P},z). Thus, the enhanced reduction rate at elevated H> pressures and the decrease in the

reaction onset temperature can be attributed to the following reasons [47, 124]; (i) Enhanced
thermodynamic driving force: Increasing Py, in the reducing gas atmosphere decreases the Gibbs
free energy of the reduction reaction (see Appendix Fig.A 3) [28, 53] and increases the chemical
potential gradient of oxygen between the solid and gas phases [124]. This fact strengthens the
thermodynamic driving force for iron formation and promotes larger oxygen flux from the oxide
to the gas phase to reduce the chemical potential of oxygen in the solid [28, 125]. (i1)) Enhanced
solid-gas interaction in a closed system: Higher H» pressure raises the molecular collision
frequency (e.g., as H» gas pressure increases, the collision frequency of H> molecules rises by two
orders of magnitude, i.e., from ~8.85 x 107 s at 1 bar to ~8.83 x 10° s at 100 bar at 700 °C) and
reduces the mean free path (i.e., from 362,1 nm at 1 bar to 3,621 nm at 100 bar) [125], thereby
increasing the quantity of impinging H> molecules on the solid surface, thus significantly raising
the probability of chemical reaction occurrence on the surface (see Appendix Fig.A 2). (iii)
Enhanced surface coverage of monoatomic hydrogen: Higher H, pressures increase the adsorption
and dissociation of H> molecules a-iron, wiistite, and magnetite on the surfaces. This leads to
higher surface concentrations of reactive atomic hydrogen, thereby accelerating reduction
reactions taking place on the surface [101, 102]. (iv) Enhanced H> and H,O diffusion flux:
Increased chemical potential gradients of H> and H>O (within interconnected pores and at the
reaction interface) under high-pressure conditions promote greater molecular flux. This results in

more efficient transport of H,O away from the reaction front compared to low-pressure systems.
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4.4.2. Mechanism of rate-limiting reaction step

During HyDR, the reduction of hematite occurred stepwise (Chapter 4.3.1.). Based on the HEXRD
results, the most sluggish reaction among individual reactions was transformation of wiistite into
a-iron in all specimens (Fig. 22a-c), acting as rate-limiting reaction. Here, the effect of H» gas
pressure on the kinetics of this rate-limiting reaction (i.e., from wiistite to a-iron) will be discussed
based on the kinetic model fitting method of the experimentally measured kinetics. Note that the
kinetic models were applied exclusively to the specimens P1, P10, and P50, as the reduction from
wiistite into a-iron in these samples occurred under isothermal conditions.

The rate of a solid-gas reaction (here, wiistite reduction with H») can be formulated by Eq. (4.2):

dX
2r = KIOF) (42)

where, X is the conversion degree of wiistite to a-iron (X = 0 corresponds to wiistite, X = 1 to a-
iron), f(X) is kinetic model of the solid-gas reaction to be fitted and k(T) is the rate constant,

given by the Arrhénius equation:

Eq
k(T) = Ae‘(ﬁ) (4.3)
where, A is the pre-exponential factor, E, is the activation energy in kJ/mol, T is temperature in
Kelvin, and R is the gas constant.

Integrating Eq. 4.2, the reaction rate can be expressed as g(X):

1
gX)=J ]TX)dX = kt (4.4)

To identify the rate-controlling mechanism of this reaction step, four kinetic models, i.e., gas-film
(GF) model, phase-boundary (PB) model, nucleation and growth (NG) model, and solid diffusion
(SD) model, were employed, as listed in Table 5. Each model reflects distinct physical
mechanisms governing a solid-gas reaction. The GF model, also known as the gas diffusion model,
assumes that the reaction rate is limited by diffusion rate of H> molecules to the sample surface
through the gas boundary layer surrounding the reacting solid [126]. The PB model, also known
as the core-shell or geometrical contraction model, proposes that the reaction initiates at the outer
surface of the solid, forming a solid-solid interface (e.g., oxide-oxide or oxide-a-iron) that moves

inward toward the core [126, 127]. The advancement rate of this reaction interface limits the rate
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of the reaction. According to the NG model, which is also known as Avrami-Erofeev model,
reaction is limited by the nucleation and subsequent growth of the product phase[127]. The SD
model assumes that the reaction is controlled by the diffusion of reactants and products through

the product layer of the reaction [126].

Table 5 Mathematical description of the kinetic models for solid-gas reactions. In NG model, n donates the dimensionality of
nuclei growth (ranging from 2 to 4).

Kinetic model Abbreviation Integral form g(X) = kt Ref.
Gas film GF X [126]
Phase boundary PB 1-(1-X)13 [126, 127]
Nucleation and growth NG (=In(1 = X))/ [128]
Solid diffusion SD 1-3(1-X)*3+2(1-X) [126, 127]

The quality of fitting for each reaction model was assessed using the coefficient of determination
(R?), as summarized in Table 6. In all cases, the R?>-values for the PB and NG models were higher
than those of the GF and SD models. However, these models do not account for the effect of
porosity. This fact may lead to inaccurate interpretation of the kinetic behavior, as the rate of a
reaction can additionally be controlled by the diffusion of gas molecules through the connected
pores in a porous solid. To verify this, the Thiele modulus (®?) was used to distinguish among
controlling regimes of (i) reactant gas diffusion control through pores (®%> 10%), (ii) a mixed-
control regime (1 < ®?< 10%), and (iii) a surface reaction controlled regime (®2< 1) [129]. The

Thiele modulus (®?) was estimated based on Eq. (4.5) (see Appendix 8.1.2.):

k.7
P2 = # (4.5)
eff
where, k;, is the rate constant for the reduction (i.e., here from wiistite to a-iron), 7;, is the half-
length of the specimen (i.e., ~3 mm), which has a rectangular prism shape, and D, is effective

diffusivity [95]. The calculated ®? values for reduction at 1 bar and 100 bar are 6.5x107 and
8.6x107, respectively, indicating that all reactions are limited by chemical reactions under the
boundary conditions in this study, rather by the diffusion of gas molecules through the connected
pores. Therefore, it is appropriate to treat the sample as a collection of particles rather than as a

continuous pellet.
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Table 6 The goodness of model fitting, as quantified by R?-values. The best fit of the kinetic models is highlighted in bold. GF,
PB, NG, and SD stand for gas film, phase boundary, nucleation and growth and solid state diffusion, respectively.

Specimen Reaction designation = Reaction condition GF PB NG SD
Pl XWiis - a—iron Isothermal 0.674 0.998 0.991 0.941
P10 Xiithis - a—iron Isothermal 0.477 0.995 0.994 0.905
P50 Xa9 Isothermal 0.634 0.996 0.998 0.976

Wiis - a—iron

Fig. 27 compares the fitted NG and PB models for conversion degrees of wiistite to a-iron in
specimens P1, P10, and P50. Both PB and NG models yielded similarly quality of fits for the
wilstite to a-iron conversion in all specimens, as indicated by the very close R2-values, Table 6,
which can lead to ambiguity between the PB and NG models. To resolve this uncertainty,
microstructural investigations of partially reduced specimens was conducted. For P1 specimen, a-
iron initially forms near the pores and progressively covers the wiistite as a core-shell structure, as
shown in Fig. 24b, which indicates that the PB model is the controlling mechanism for wiistite
particles. The EBSD phase maps of partially reduced P10 (for 600 s, Fig. 28a), and P50 (for 450 s,
Fig. 28b) specimens show that a-iron nucleation starts from the surface of wiistite (on the vicinity
of pores) and grows toward the center of the particle with a local core-shell structure, similar to P1
specimen (Fig. 24b). These findings suggest that conversion of wiistite into a-iron is more likely

controlled by PB model in all P1, P10, and P50 specimens at the individual particle level.
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Fig. 27 Fitting curves of the nucleation and growth (NG) and phase-boundary (PB) models to the conversion degrees of wiistite to
a-iron at different H> gas pressures of a) 1 bar, b) 10 bar, and ¢)50 bar, respectively.
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Fig. 28 Electron backscatter diffraction (EBSD) maps of specimens partially reduced with H2at 700 °C: a) Specimen P10 reduced
for 600 s; b) Specimen P50 reduced for 450 s. The yellow line donates boundaries between magnetite, wiistite, and a-iron phases.
White regions within the image frame represent pores in the reduced specimen.

The advancement rate of this wiistite-iron interface is governed by oxygen removal kinetics from
wiistite to a free surface through a-iron [6, 91]. As reported by Hayes, the interface velocity, V},,
depends on Py, the rate of reaction in the forward direction, ¢}, and the Gibbs free energy of the
reaction, AGreqction- Vi increases with higher Py, and lower AGreqcrion, resulting in faster

advancement of wiistite-iron interface as shown in Eq. (4.6) [28].

_ bm 1 AGreaction)] -1
V= (thm> ¢bm Py, X [1 exp( RT (ms™) (4.6)

where, b,,, h,,, and p,, are the length of the interface, the thickness of the metal layer, and the
density of the metal, respectively. An increase in Py, enhances the oxygen removal rate [28, 80],

thereby accelerating advancing interface. In addition, the increase in the rate of the advancing
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interface can be attributed to the exponential decrease in the reaction Gibbs free energy

(AGyeqction) With increasing Py, according to Eq. (4.7):

(PH,0)?

BGreaction = AG° + RT In"21255-

(4.7)

where, AG° is the standard Gibbs free energy of the reaction and Py, is the partial pressure of

H»O.

4.4.3. Influence of H, gas pressure on the formation of pores

Next, we discuss the change in the pore’s morphology from an elongated shape to an equiaxial
shape as the H> pressure increased from 1 to 100 bar (Fig. 24 and Fig. 26a). Pore formation
predominantly occurs during the last reduction step due to the highest relative volume loss by
~41% 1in the transformation step from wiistite to a-iron. As shown in Fig. 29a and 29b, the oxide
region remains mostly dense whereas iron regions are more porous. During wiistite reduction,
pores form due to the removal of oxygen atoms from the wiistite lattices. The oxygen atoms diffuse
through the a-iron lattice to an open surface to produce H>O with H,. At the wiistite-iron interface,
wiistite dissociates into iron and oxygen atoms, resulting in the formation of a vacant oxygen ion
site, a neutral iron atom, and an interstitial neutral oxygen atom within the a-iron lattice [30], as
demonstrated in the reaction below:
Fef, + 03 > Felor + Vi + OF

where, Fej, and O} represents an iron cation and an oxygen anion occupying their regular lattice
sites in wiistite, respectively. Fe,,.tq; donates a neutral iron atom participating to the metallic iron
phase. V¥ is an oxygen vacancy at the metal wiistite-iron interface and O represents a neutral
oxygen atom occupying an interstitial site in a-iron lattice. The removal of oxygen at the wiistite-
iron interface and formation of vacant oxygen sites lead to interfacial rearrangement due to the
volume mismatch between wiistite (82.45 A3 at 700 °C) and o-iron (24.42 A®at 700 °C) lattices
and results in formation of voids at the interface [63, 65]. Newly formed vacant oxygen sites
participate in voids to further reduce the interfacial energy by decreasing the total surface area
produced with void formation [66]. This phenomenon is assumed to be one of the dominant

mechanisms resulting in development of acquired pores.
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During reduction the morphology of pores is governed by the velocity of the advancing interface
[64]. According to Eq. (4.6), the velocity of the wiistite-iron interface is proportional to Py, and is
inversely proportional to AG,eqction- This causes an exponential increase in the rate of the
advancing interface as H» gas pressure increases, as shown in Fig. 29c (see Appendix 8.1.3. for
plot details). In contrast, the mobility of a vacancy is only temperature-dependent and unaffected
by Py, (Fig. 29c, indicated by grey blue dotted line).

At lower Py, (e.g., <10 bar), the lower mobility of interface allows vacancies to migrate and
coalesce into larger voids at the interface (Fig. 29¢ (1)-(i1)). This facilitates directional pore growth
perpendicular to the advancing interface, resulting in formation of elongated pores (Fig. 29e¢ (iii),
bottom) within the reduced a-iron layers. Thus, at 700 °C and low pressure regime (1 to 10 bar),
the pore morphology is interface velocity controlled (green region in Fig. 29c) [65, 130]. In
contrast, at higher Py, (e.g., =50 bar), the interface advancement is accelerated. The diffusion of
vacancies is not able to catch up with the interface movement. Consequently, any voids that form
at the interface will be left behind as the interface advances. This results in a fine, equiaxed, and
uniformly distributed pores (Fig. 29e (iii), top), as observed in P50 (Fig. 25d) and P100 (Fig. 25¢)
specimens, which formed via vacancy mobility controlled mechanism (Fig. 29c, light orange
region). This fact also leads to a decrease in the connectivity of pore in the reduced specimen.
Moreover, the porosity was observed to be lower in P100 specimen (37.6%) than P1 specimen
(49.1%). This difference might stem from the pressure-assisted densification of iron grains at 700

°C [131].
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Fig. 29 Effect of H2 gas pressure on the morphology of acquired pores. SE images showing the cross-sectional area of the a) P1
and b) P100 specimens after partial reduction at 700 °C. ¢) Schematic plot illustrating the interface velocity and mobility of a
vacancy as a function of H2 gas pressure. At low pressure (green region), the pore morphology is controlled by the advancing
interface. At high pressure (orange region), the pore morphology is controlled by the local coalescence of vacant oxygen sites. d)
The amount of a-iron forming as a function of time. Dash lines indicate the change in the amount of a-iron in P100 specimen,
whereas the solid line shows the change in the amount of a-iron changes as a function of time at P1 specimen. e) Conceptual model
sketch describing the effect of the rate of advancing wiistite-iron interface on morphology of pores at different H> gas pressures:
(i) the onset of wiistite reduction, (ii) formation of a-iron layer on wiistite surface and void formation at the wiistite-iron interface
(iii) growth of voids into elongated, and equiaxed pores at low, and high H> gas pressures, respectively.
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4.5. Conclusion

In this study, we employed in-situ synchrotron high-energy X-ray diffraction to study the

hydrogen-based direct reduction of hematite at different H> gas pressures (from 1 bar to 100 bar)

at 700 °C. This approach enabled resolve the individual reduction steps in real time, allowing us

to identify the rate-limiting reaction mechanism and its dependency on H; pressure. In addition,

we used X-ray nano computed tomography to assess the effect of H, gas pressure on the three-

dimensional pore structures. The main conclusions are summarized as follows:

(1)

2

3)

4)

Elevated H: pressure lowered the onset temperatures of reduction steps, providing a more
favorable thermodynamic condition for the reactions to initiate at lower temperatures.
Overall reduction kinetics improved with increasing H» gas pressure, as the reaction rates
of all individual steps (i.e., hematite to magnetite, magnetite to wiistite, and wiistite to a-
iron) were accelerated (i.e., the rate of a-iron formation was 6.5 times faster at P100 sample
then P1 sample). The pressure effect became particularly pronounced at 50 and 100 bar,
where enhancement of reaction rates was substantial (e.g., when temperature reached at
700 °C, the reduction degree was 0.14 at 1 bar, 0.33 at 50 bar, and 1.00 at 100 bar)

The reduction of wiistite to a-iron was identified as the rate-limiting step at all studied H»
pressures. Analysis of reaction kinetics and microstructure confirmed that this step follows
a phase-boundary-controlled mechanism at 1, 10, and 50 bar H» gas pressures. Increasing
the H, pressure significantly enhanced the thermodynamic driving force and kinetics of
this transformation step by accelerating the rate of the advancing wiistite-iron interface.
Pore morphology evolved with H> pressure, transitioning from elongated structure at
ambient pressure to an equiaxed structure at elevated H» pressures. This transition is
attributed to a shift in the balance between vacancy diffusion and interface mobility: at low
pressure, faster vacancy diffusion to advancing interface led to elongated pore, whereas at
high pressure, accelerated interface advancement outpaced vacancy mobility leaving

behind equiaxed pores.

Overall, H» pressure plays a critical role in both the reduction kinetics and microstructural

evolution during hydrogen-based direct reduction of iron oxides. This underscores the

importance of carefully controlling gas pressure in the design and optimization of industrial-

scale hydrogen-based direct reduction reactors.
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5. HOW MUCH HYDROGEN IS IN GREEN STEEL?

This chapter is based on the publication: Ozge Ozgiin, Xu Lu, Yan Ma, Dierk Raabe (2023). How
much hydrogen is in green steel?. npj Materials Degradation, 7(1), 78.

Hydrogen-based reduction of iron ores is the key technology for sustainable ironmaking, to
mitigate the CO> burden from the steel industry, accounting for ~7-8% of global emissions.
However, hydrogen can lead to catastrophic failure of metallic parts, a phenomenon called
hydrogen embrittlement. This raises the question of how much hydrogen remains from green
ironmaking in the metal produced. Here we answer this question by quantifying the amount of
hydrogen in iron produced via hydrogen-based direct reduction and hydrogen-based plasma
smelting reduction. We show that using hydrogen in green steel production is not creating a threat

of hydrogen embrittlement.
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5.1. Introduction

Steel is the most important metallic material in terms of versatility (>3500 grades) and production
quantity (1.95 billion tons in 2021[132]), serving in construction, energy conversion,
infrastructure, transport, safety, and appliances, efc. However, the steel industry stands for about
7-8% of the global CO, emissions, making it the largest cause of global warming[3]. Particularly,
the primary steel synthesis, responsible for about two thirds of today’s global steel market, is
highly CO»-intensive owing to the use of fossil reductants (such as coal, coke, or natural gas) to
reduce iron oxides[133]. It emits on average ~2 tons of CO; per ton of crude steel [134]. Because
of the growing global steel demand and its longevity (often >50 years in construction and >25
years in machines[12]), the volume made via primary synthesis will remain on a similar level as
today during the next decades. Thus, alternative synthesis methods with drastically reduced CO»

emissions must be urgently developed to overcome the decarbonization challenge for steel[135].

Hydrogen-based reduction processes have qualified in recent years as possible alternatives,
provided that a sufficient amount of green hydrogen is available and economically viable[136-
138]. In this case, the by-product of the redox reaction is water. Hydrogen-based reduction works
with solid and liquid oxides, where the former is referred to as hydrogen-based direct reduction
(HyDR)[139] and the latter as hydrogen plasma smelting reduction (HPSR)[140]. In both
processes, hydrogen not only reduces iron oxides but can also get trapped inside the produced
metal. The latter effect has fueled concerns about the amount of hydrogen remaining in green steel,
as even a few ppm of diffusible and weakly trapped hydrogen can have an enormously embrittling
effect, particularly on advanced high-strength steels, leading to catastrophic failure[141, 142]. This
detrimental phenomenon, known as hydrogen embrittlement, has been studied for nearly 150
years[143]. Different mechanisms have been explored as possible causes for this effect[144],
including  hydrogen-enhanced  localized  plasticity[145, 146],  hydrogen-enhanced
decohesion[147], hydrogen adsorption-induced dislocation emission[148], hydrogen-enhanced
strain-induced vacancy formation[149]. For all these potential internal damaging mechanisms, the
types of hydrogen traps inside the material are of high relevance[150]. Here, hydrogen traps refer

to microstructural features, which absorb and capture hydrogen atoms[151].

Thus, the use of hydrogen creates a nexus between sustainable steel production and hydrogen

embrittlement. This concern must be taken seriously because steel serves as the backbone material
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in safety-critical components and green steel that is not safe would be useless. Motivated by this
conflict, we study here two key questions that need to be answered before implementing hydrogen
as a reductant at the industrial scale for green steel production: (1) How much hydrogen is in green
steel? (2) Will green steel suffer from severe hydrogen embrittlement? To answer these questions,
we investigate the concentration of residual hydrogen in iron produced by hydrogen-based

ironmaking processes using thermal desorption spectroscopy

5.2. Methods
5.2.1. Materials and process

Commercial hematite pellets were used in this study. HyDR was conducted in a laboratory
thermogravimetry analysis set-up [152]. The pellets were exposed to pure hydrogen gas (purity of
99.999%) at 900 °C for 1 hour. The heating rate was 5 °C/s. The flow rate of hydrogen gas was
30 L/h. The details of hematite pellets and the HyDR procedures were described elsewhere[6].
Subsequently, ~6 grams of HyDR product were melted in an arc furnace (inner volume of 18 L)
with a tungsten electrode under the pure Ar atmosphere for three times. Each melting cycle lasted
for 65 seconds. Moreover, hematite pellets (~12 grams) were processed by HPSR in the same arc
furnace with a gas mixture of Ar-10%H> at a total pressure of 900 mbar, which was operated in 15
cycles. In each cycle, the sample was exposed to an electric arc with hydrogen plasma for one
minute. The pellets were simultaneously melted and reduced. After individual cycles, the furnace

chamber was replenished with the fresh gas mixture[15].

5.2.2. Microstructural characterization

Disc-shaped specimens with a thickness of 1.0-1.5 mm were sliced from the middle of the
produced iron using a diamond wire saw. The surfaces were ground with SiC papers down to 4000
grit. Subsequently, the surfaces were polished using diamond suspensions with a particle size of 3
pm and 1 pm, followed by final polishing using colloidal silica suspension (OPS). The
microstructure of samples was characterized using a Zeiss Merlin scanning electron microscope
(SEM). The 2D porosity analysis of the HyDR sample was performed on 15 SE images using
ImagelJ software for statistics. The elemental distribution was probed by energy-dispersive X-ray

spectroscopy (EDX). In addition, electron backscatter diffraction (EBSD) was conducted to
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characterize the crystallographic information (e.g., grain size and types of grain boundaries). The
step size of the EBSD measurement was 100 nm and the EBSD data were analyzed using the
software OIM Analysis™ V8.6. Further, X-ray diffraction (XRD) analysis was employed to
identify the phases using Seifert Theta/Theta diffractometer equipped with cobalt K, radiation.
The phase fractions were quantified by the Rietveld refinement method using the Material Analysis

Using Diffraction (MAUD) software[98].

5.2.3. Thermal desorption spectroscopy (TDS)

To quantify hydrogen content and to investigate hydrogen trapping behavior in different samples,
TDS measurements were conducted using G4 Pheonix DH equipment (Bruker Co.). The samples
were heated up to 800 °C using an infrared furnace with either three constant heating rates (i.e.,
800, 1000, and 1200 °C/h) or a rapid heating procedure (within 1 min). A mass spectrometer
precisely recorded the current flow of desorbed hydrogen, and the integration of this current flow
yielded the total hydrogen content. The gap between the sample preparation and the measurement
of hydrogen content was about two to four weeks. This period concurs with the shipment or storage

durations of the semi-products (here, sponge iron) usually for downstream processing.

5.3. Results
5.3.1. Microstructure of sponge iron produced by hydrogen-based direct reduction

The HyDR on commercial direct-reduction hematite pellets was conducted at 900 °C under a pure
hydrogen atmosphere using a thermogravimetry setup. After isothermal holding at this temperature
for approximately 690 seconds, the reduction degree reached ~99%, suggesting completion of
reduction, Fig. 30a. The XRD result confirmed that the HyDR product consisted of mainly a-Fe
and a minor trace of magnetite (~1.5 wt.%), Fig. 30b. The typical microstructure of the HyDR
product is shown in Fig. 30c. It revealed a porous structure, with a porosity of 45.0+4.0%. The
average size of the micro-pores was 2.97+1.94 pm, and some nano-pores were also observed with
an average size of 269+167 nm (Fig. 30h). These acquired pores evolved during reduction due to
the net volume loss caused by the removal of oxygen. Thus, the HyDR product is also called
sponge iron. The elemental maps probed by energy-dispersive X-ray spectroscopy (e.g., Si, Al,
Ca, and Mg in Fig. 30d-g, respectively) revealed the inherited gangue inclusions and their

75



HOW MUCH HYDROGEN IS IN GREEN STEEL?

heterogeneous distribution in the HyDR product. Due to the thermodynamic constraints, i.e., their
higher affinity to oxygen (compared with hydrogen and iron)[153], these elements were hardly
reduced and remained as complex oxide compounds|154]. The grain size of the reduced sponge
iron was in a wide range of 0.02-30.50 um?, as quantified using electron backscatter diffraction
(see Appendix Fig.A 4a, 4b). Low-angle grain boundaries (rotation angle <15°, composed of
dislocation arrays) constituted the major type of planar defects with an area density of
0.61 um/um?, while the density of high-angle grain boundaries (rotation angle >15°) was
0.19 um/um? (see Appendix Fig.A 4c). Several high-angle grain boundaries are exemplarily
shown in Fig. 30i. No dislocations were observed within the grain interior (Fig. 301). All these
observed microstructure defects, e.g., pores[155], residual magnetite[156], gangue oxides[157,
158], high-angle grain boundaries[159-161], dislocations in low-angle grain boundaries[161], efc.,
could potentially trap hydrogen in the HyDR iron. After melting the sponge iron in an arc furnace,
the solidified iron became compact (Appendix Fig.A 5a). Some gangue inclusions (mainly SiO>)
with spherical morphology remained after melting, homogeneously distributed in the solidified
iron. The HPSR product revealed a similar microstructure to the melted sponge iron (Appendix

Fig.A 5b).
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Fig. 30. a) Reduction degree of hydrogen-based direct reduction (HyDR) of a hematite pellet at 900 °C. b) Phase identification
from X-ray diffraction of the HyDR product (M stands for magnetite). ¢) Secondary electron (SE) image of characteristic
microstructure of reduced sponge iron. d-g) Corresponding elemental maps of Si, Al, Ca, and Mg of (¢) probed by energy-dispersive
X-ray spectroscopy (EDX). h) SE image highlighting a nano-pore. i) Electron channeling contrast imaging (ECCI) showing high-
angle grain boundaries.

5.3.2. Hydrogen trapping sites in reduced iron

Fig. 31a shows the hydrogen desorption spectra of the samples during continuous heating at a
ramping rate of 800 °C/h. The HyDR product in its as-reduced solid state possessed the highest
amount of hydrogen compared with the same sample after melting (HyDR+melt) and the HPSR
product, as shown by the largest area below its desorption spectrum. By integrating the spectrum,
the average hydrogen content in the HyDR product was evaluated to be 39.90+9.00 wppm (Fig.
31b). The measurement results from both ramping (solid square) and rapid heating (open circle)
tests were in good agreement. To identify the hydrogen trapping sites, the hydrogen desorption
spectra were deconvoluted into four peaks, as shown in Fig. 31d for the ramping rate of 1000 °C/h.
The activation energies of the individual peaks were determined to be 4.32+0.31, 15.15+4.10,
59.14+20.13, and 126.07+7.04 kJ/mol using the Kissinger method[162] (Fig. 31e, details in
Appendix 8.2.1.). These values correspond to the theoretically determined activation energies for:

(1) hydrogen desorbed from the body-centered cubic iron lattice[163, 164] and hydrogen release
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from surface iron hydroxides; (2) high-angle grain boundaries and dislocations (constituting the
low-angle grain boundaries)[165, 166]; (3) nano-pore and iron oxide (Fe304)[158, 167]; and (4)
remaining gangue inclusions (e.g. Si02, AL O3, etc.)[158], respectively (see Appendix Table A 1).
Fig. 31f shows the amount of hydrogen at these individual trapping sites. The results confirm that
the complex defect substructures of the sponge iron offer multiple types of hydrogen trapping sites,
capable of storing high amounts of hydrogen in the as-reduced HyDR solid-state material, namely,

about 40 wppm.

When additionally melting the as-reduced HyDR product, its high hydrogen content drastically
dropped to 1.46+0.50 wppm (Fig. 31b), 96% below its value after the preceding solid-state
reduction process. This additional melting step of the iron sponge is meant to mimic the subsequent
steelmaking process where the sponge is transformed into a liquid, in an electric arc furnace or in
a basic oxygen converter. Such a strong hydrogen removal effect can be attributed to: (1)
outgassing of hydrogen from the liquid iron to the argon-filled furnace chamber, where the driving
force comes from the difference in hydrogen concentration between liquid iron and the gas
phase[168]; (2) removal of the relevant trapping sites of hydrogen during the melting process, such
as pores (via liquefaction) and gangue oxides (via slag formation). The same principles also apply

to the liquid-state HPSR process, explaining its very low hydrogen content of 0.98+0.50 wppm.
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Fig. 31. a) Hydrogen desorption spectra of the HyDR, HyDR+melt, and HPSR samples measured by hot extraction tests with a
constant ramping rate of 1000 °C/h. b) Average hydrogen content (solid square) from measurements obtained for three constant
ramping rates of 800, 1000, and 1200 °C/h. These values are denoted as ‘Ramping’. The corresponding error bars represent the
standard deviation from the three measurements. The figure shows for reference also the hydrogen content measured by rapid
heating to 800 °C at a heating rate of ~800 °C/min (open circle), followed by isothermal holding for 15 mins. This value is denoted
as ‘Rapid’. ¢) Comparison of the hydrogen contents along the conventional metallurgical (BF stands for blast furnace, BOF for
basic oxygen furnace, EAF for electric arc furnace, VAD for vacuum arc degassing) and hydrogen-based metallurgical processes.
d) Deconvolution of hydrogen desorption spectrum of the HyDR product. e) Kissinger plots for the four deconvoluted peaks at
ramping rates of 800, 1000, and 1200 °C/h, where T, stands for the peak temperature of the deconvoluted peaks and @ for the
ramping rate. Details for the Kissinger method are in the Appendix 8.2.1. f) Hydrogen contents corresponding to the four
deconvoluted peaks.

5.4. Discussion

During conventional metallurgical processes, hydrogen uptake from slag formers, air humidity,
steel scrap, etc. can occur[168, 169]. Its average content in hot metal ranges from 5-8 wppm
processed through the blast furnace (BF), basic oxygen furnace (BOF), and electric arc furnace
routes[170, 171], which are the standard processes today. When deploying a subsequent vacuum
degassing step, the hydrogen content can be reduced even further to 1-2 wppm[168]. As
demonstrated in this study, green steel produced via hydrogen-based metallurgical reduction
processes contains only 1-2 wppm hydrogen in its final liquid form, prior to its delivery to
customers. This is a similar (low) level as steels processed via the currently most advanced (and

expensive) vacuum degassing technology. Thus, the results suggest that using hydrogen in green
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steel production is not creating any threat of hydrogen embrittlement. However, hydrogen uptake
in green steel can also occur in certain downstream processing and/or in application environments,
much like for any steel produced via the conventional BF-BOF route. This can happen for instance
during pickling and galvanizing[172], storage and transport, when steel products are exposed to
hydrogen-rich corrosive environments[172-175]. Yet, such downstream hydrogen uptake, which
may in certain cases lead to hydrogen embrittlement in high-strength steels, is independent of the
origin of the production of the raw material (conventional fossil fuel or green hydrogen as
reductants). In either case, protective coatings and adequate microstructure design can be effective
measures to improve the steels’ resistance to hydrogen embrittlement [142, 176].

In summary, we applied thermal desorption spectroscopy to evaluate the hydrogen content in
virgin iron produced via two hydrogen-based ironmaking processes, namely, HyDR (solid-state
reduction) and HPSR (liquid-state reduction). The complex defect structures in the HyDR sponge
iron product trapped high amounts of hydrogen (~40 wppm). This high hydrogen content was
drastically reduced by subsequent melting in an arc furnace, mainly through a degassing
mechanism, to a level of 1-2 wppm. The HPSR product contained a very low hydrogen content of
0.98+0.50 wppm immediately after the plasma smelting reduction. Compared with the steel
produced via conventional processes followed by vacuum treatment (with a hydrogen content of
1-2 wppm), green steel produced via hydrogen-based ironmaking processes can reach a similar
level of hydrogen. Thus, using hydrogen as a reductant for future sustainable steel production is

not expected to be a cause of hydrogen embrittlement.
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6. CONCLUSION

This dissertation highlights the critical role of H> gas pressure on the reduction kinetics and

microstructural evolution of porous polycrystalline hematite during hydrogen-based direct

reduction of hematite. In addition, we analyzed the retained hydrogen content in virgin iron

produced through two distinct H>-based ironmaking methods: Hydrogen-based direct reduction

(HyDR) and hydrogen-based plasma smelting reduction (HyPSR), as well as the possible hydrogen

trapping sites in direct reduced iron. The main conclusions are summarized as follows:

Influence of H> gas pressure on reduction kinetics of hematite pellet under static and dynamic

conditions:

The hematite pellets exhibited increasing reduction kinetics with an increase in H» pressure
under both static gas exposure conditions (1, 10, and 100 bar) and dynamic gas exposure
conditions (1.3 and 50 bar). The enhanced reaction rate with higher H> gas pressure is
attributed to the increase of H» partial pressure in the reducing gas (mixture of H, and H»>O).
Higher H; partial pressure increases the thermodynamic driving force and accelerates the

rate of oxygen removal, resulting in enhanced reaction rates on the reaction.

Influence of H> gas pressure on microstructural evolution of hematite pellet under static and

dynamic conditions:

Under static conditions, hematite pellets reduced (industrial hematite pellets with 10-13
mm in diameter) at 1 bar and 10 bar exhibited dense iron formation on the wiistite surface
as a consequence of sluggish reaction kinetics at low partial pressure of H». The faster
diffusion rate of iron than the rate of oxygen removal results in the formation of dense iron
morphology on the wiistite surface.

In contrast, elevated Ha pressure resulted in faster oxygen removal (than at 1 bar and 10
bar) compared to the unchanged iron diffusion (at 700 °C) from the reaction interface
towards the iron nuclei favors the formation of porous iron structures.

Under both dynamic and static conditions, the pore morphology changed from long-
elongated pores at ambient H> gas pressures to fine-random-shaped pores at elevated Ha
gas pressures. The formation of elongated pore structure is attributed to the presence of

instabilities (i.e., distortions on the wiistite surface at the atomic/molecular level) and its
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growth during reduction. At elevated hydrogen pressures, a high density of iron nucleation

sites leads to the creation of numerous pores with smaller radii.

Green ironmaking under high H2 pressure: Resolving individual reaction steps via in-situ

synchrotron high-energy X-ray diffraction:

Elevated H; pressure lowered the onset temperatures of all reduction steps, indicating that
higher pressures provide more favorable thermodynamic conditions for the reactions to
initiate at lower temperature.

At 1, 10, and 50 bar H; gas pressures, the reactions proceeded in a sequential manner (i.e.,
hematite was first fully reduced to magnetite, then magnetite to wiistite transformation
started, and a-Fe appeared when all almost magnetite was consumed), while at 100 bar,
heterogeneous behavior was observed. This is attributed to the highly reactive environment
at 100 bar, whereas the elevated chemical potential of H» creates a strong thermodynamic
driving force for a-Fe formation.

Overall reduction kinetics improved markedly with increasing H> pressure. The reaction
rates of all individual steps (i.e., hematite to magnetite, magnetite to wiistite, and wiistite
to a-iron) were accelerated. For instance, the rate of a-iron formation at 100 bar was
approximately 6.5 times faster than at 1 bar. This step is the most sluggish step under
ambient pressure conditions, but, exhibited much faster kinetics at elevated H» gas
pressures. The pressure effect became particularly pronounced at 50 and 100 bar, where
reaction rate enhancement was substantial.

The wiistite to a-iron reduction was identified as the rate-limiting step under all studied H»
pressures. Kinetic analyses and microstructural observations confirmed that this step
follows a phase-boundary-controlled (PB) mechanism at 1, 10, and 50 bar H». Increasing
the H> pressure significantly enhanced both the thermodynamic driving force and the
kinetics of this transformation by accelerating the advancement rate of the wiistite—iron

interface.

Influence of H> gas pressure on microstructural evolution of cuboidal hematite samples under

static conditions, HEXRD study:
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Similar to the microstructural changes observed in hematite pellets with increasing H»
pressure, the pore morphology transitioned from elongated structures at ambient pressure
to fine, random structures at elevated pressures. This transition is attributed to a shift in the
balance between vacancy diffusion and interface mobility. At low H» pressure, faster
vacancy diffusion toward the advancing interface led to the formation of elongated pores,
whereas at high pressure, the accelerated interface advancement outpaced vacancy

mobility, resulting in equiaxed pores.

Analysis of hydrogen content in green steel:

As measured by TDS, the iron reduced via HyDR at 900 °C contained 39.90+9.00 wppm
hydrogen, and it was significantly removed by the subsequent melting in the arc furnace to
1.46+0.50 wppm, i.e., ~95% hydrogen removal. The iron produced via HyPSR possessed
a low hydrogen content of 0.98+0.50 wppm. The HET results concurred well with the TDS
measurements.

The possible hydrogen trapping sites in the iron produced via HyDR were determined
based on the associated activation energy of hydrogen desorption, including iron lattice
(E4: 4.32+0.31 kJ/mol), grain boundary and dislocations (E4: 15.1544.10 kJ/mol), nanopore
and Fe3O4 (Ea: 59.14£20.13 kJ/mol) and gangue inclusions (E.: 126.07+7.04 kJ/mol).
Among these trapping sites, grain boundary and dislocations trapped the highest amount
of hydrogen of 14.78 wppm, followed by nanopore and Fe3O4 (11.33 wppm), lattice (9.17
wppm), and gangue inclusions (4.60 wppm).

Compared with the hydrogen content in iron and steel produced via conventional processes
and followed by vacuum arc degassing (1-2 wppm), the amount of hydrogen in the iron
produced via the hydrogen-based ironmaking process is at a similar level. Thus, using
hydrogen as a reductant in green steel production is not expected to be a key cause of

hydrogen embrittlement.
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7. OUTLOOK AND FUTURE WORK

The findings of this dissertation provide valuable insights into the role of H» gas pressure on the
reduction behavior and microstructural evolution of commercial hematite pellets and final product
quality in terms of the risk of hydrogen embrittlement. However, the research scope is primarily
confined to a specific set of reduction parameters, leaving several broader questions open for

exploration. Some examples are given below.

7.1. Preliminary insights into the effects of impurities on iron oxide reduction

The increasing demand for iron in the steel industry, combined with the decrease in the availability
of high-grade iron ores, has made it essential to develop alternative methods for extracting iron
from low-grade ores. Low-grade iron ores typically contain high concentrations of alumina and
silica as gangue oxides. Commercial hematite pellets contain gangue elements and oxides,
including SiO2 (1.0 to 6.2 wt.%), CaO( 0.1 to 2.4 wt.%), MgO (0.2 to 2.6 wt.%), A1,O3 (0.2 to 2.7
wt.%), etc. The role of impurities in the iron oxide feedstock is a critical area for further
investigation, particularly in the context of HyDR, a solid-state reduction process. The reaction
kinetics in HyDR are significantly influenced by the impurities present in commercial hematite
pellets, such as MgO and Al>Os. These impurities can impact the solid-state reduction process in

several ways:

e Dissolution in Iron Oxide Phases: Impurities can dissolve into individual iron oxide phases,
including hematite, magnetite, and wiistite, altering their chemical and physical properties,
i.e., decreasing cation ion vacancy in oxide [177], and subsequently slowing down the
reaction rate [78].

e Segregation at Phase Boundaries: Due to varying solubility levels, impurities can segregate
at the boundaries between different iron oxide phases, affecting the structural integrity and
reaction pathways [33].

e Formation of Iron-Containing Phases: Impurities may combine with iron to form secondary
phases, which can reduce the degree of metallization and hinder the efficiency of the

reduction process [178].

84



OUTLOOK AND FUTURE WORK

Understanding these effects is crucial for optimizing the feedstock composition and enhancing the

efficiency of HyDR.

The presence of impurities influences the kinetics of solid-gas reactions and the microstructural
evolution of the iron ore [33, 179]. Among these, Al2Os has a particularly strong impact on the
reduction behavior and microstructural changes in hematite pellets. Fig. 32. reveals the preliminary
results of the influence of Al2O; on the reduction kinetics of magnetite. Preliminary findings
indicate that the addition of 1-3 wt.% ALOs; in magnetite decreases the incubation time required
to initiate reduction of magnetite, Fig. 32b, likely due to its catalytic effect on H; dissociation and

I3* cation with Fe** cation within the magnetite matrix. This

its facilitation of exchange of A
exchange promotes the counter-diffusion of Fe** cations from magnetite to wiistite, stabilizing the
wiistite phase due to the negligible solubility of Al>O; in wiistite compared to approximately 18
wt.% in magnetite at 700 °C [33]. However, higher concentrations of ALOs3 (e.g., 6 wWt.%)
adversely affect the reduction process. For instance, the degree of reduction is 6 wt.% AbLO3
containing sample reached only 0.33 reduction degree after 1 hour of reduction. Literature suggests
this sluggish reaction rate is due to the formation of hercynite reaching Fe3Os-FeAl,O4 solid

solution, which reduces the thermodynamic driving force for the magnetite-to-wiistite reduction

[180].

Further research into gangue elements and their combined effects on reduction behavior is crucial
for developing more robust and efficient reduction strategies. Specifically, understanding the role
of AlLO3 in reduction kinetics and the microstructural evolution of iron ore is vital for optimizing
ore preparation (separation of gangue phases with beneficiation approaches, e.g., classification,
gravity concentration, magnetic separation, and flotation). Future studies will focus on the catalytic
effects of Al,Os, its impact on the microstructural evolution of magnetite, and atomic-scale

investigations into the partitioning of aluminum within the iron oxide matrix.
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1, 3, and 3 wt% alumina doped samples after spark plasma sintering. (b) The reduction degree versus time curves of samples
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7.2. Understanding the reduction of wiistite into iron

Wiistite, often represented by its stoichiometric composition as FeO, exhibits an iron-deficient
structure under pressures below 10 GPa. It is more accurately described as Fe;xO, where 0.8 < 1-
x <0.95. This iron deficiency is accompanied by cation vacancies that balance the stoichiometry.
Under reductive atmospheres, the stoichiometry of wiistite is influenced by the partial pressures of
H> and H>O. Higher partial pressures of H> increase the stoichiometry, moving wiistite closer to

its ideal FeO composition.
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During the reduction of wiistite to a-Fe, it naturally transitions toward a more stoichiometric
structure. This shift is driven by the diffusion of iron cations within the bulk wiistite, which occurs
due to a concentration gradient formed between the wiistite surface and its bulk as oxygen is
removed. This gradient acts as a driving force, redistributing iron cations throughout the material.
The diffusion process not only promotes a more uniform and stoichiometric wiistite structure but
also facilitates the subsequent transformation into a-Fe under reducing conditions. The reduction
of wiistite to a-Fe is the most sluggish step of the HyDR of iron ore. While existing literature
indicates that the reduction behavior of wiistite is influenced by its stoichiometry [62], the specific

effects remain poorly understood. Key questions that require further investigation include:

e How does wiistite stoichiometry impact reduction kinetics?
e (Can wiistite stoichiometry be optimized through gas composition adjustments to enhance
reaction kinetics?

e What role does wiistite stoichiometry play in the evolution of pores during reduction?

8. Appendix

8.1. Green Ironmaking Under High H; Pressure Resolving Individual Reaction Steps via In-

Situ Synchrotron High-Energy Diffraction

(a) (b)

P100-Side view

Fig.A 1.SE image of P100 sample prepared using focused ion beam in an FEI Helios dual-beam system with a Xe plasma source.
a) Side view b) Top view.
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computed using Eq. (S11).
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8.1.1. Reduction degree calculations

The overall reduction degree of each sample was calculated based on the conservation of iron
moles during reduction, as no iron is lost from the system. Initially, the total number of moles of
iron was determined from the sample mass and the stoichiometry of hematite (Eq. 1). At a given
reduction stage, the sample consisted of a mixture of hematite, magnetite, wiistite, and a-iron, with
their weight fractions obtained from in situ HEXRD measurements. These weight fractions were
converted to moles of each phase, and the corresponding moles of iron were calculated based on
the stoichiometric Fe content in each phase’s chemical formula (Eq. 2). By maintaining the
conservation of total iron moles before and after reduction, the mass of the reduced sample was
determined from the phase composition. The reduction degree was then computed as the ratio of
the actual oxygen-related mass loss to the theoretical maximum mass loss if complete reduction to

metallic iron were achieved, as explained below.
Fe(wt%) in Fe, FeO, Fe304, Fe2O3 phases: known from in-situ HEXRD experiments
Molecular masses of phases:

e Fe=55.85 g/mol

e FeO=71.84 g/mol

o Fe304=231.53 g/mol
e FexO3=159.69 g/mol

The Fe content in remaining oxides must match the theoretical Fe from the initial hematite.
At initial time (t=to):

Assume the material is all hematite with initial mass of M = a g, then the mol of Fe in hematite

is given by Eq. (Al);
nH,(Fe mol in hematite) = 2 X % mol (A1)
At time t=t; (instant state):

Mass of reduced sample at t=t; is b g, given by;
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=y, X (Z— X Zpei) ™t (A2)

where; a, n;‘;, w;, M; and zg, ; are initial sample mass (hematite), total number of moles of iron
(constant from hematite), weight fraction of phase i (hematite, magnetite, wiistite and a-iron),
and number of iron atoms per formula unit of phase i (e.g., 2 for hematite).

The reduction degree of hematite was subsequently calculated using Eq. (A3);

0.3Xa

Where a, b, and 0.3a, are initial mass, mass at time t, and theoretical oxygen content in hematite,

RD% =

x 100 (A3)

respectively.

8.1.2. Thiele modulus calculations [95]

The Thiele modulus, a dimensionless number, is calculated to characterize the relationship
between the redox reaction of H> with hematite and the diffusion rate of H> gas molecules within

the porous hematite sample using Eq. (S4).

km
o2 = 2P (A4)
Dey
k5: The rate constant for the reduction from wiistite to a-iron
1, : The half-length of the specimen
D.sy : Effective diffusivity of H>
The following Eq.s (AS) to (A9) are used to calculate D¢ .
Deff Hy = =& DH (m /S) (AS)
1 1
DTIZ}Z D’Iflz
y
DZ; =(1 YHZ)(ZHziHZO D &S ) 1(m?/s) (A7)
Df, = / - (m?/s) (A8)
10777175 (-2 1/2
Dyt 1,0 = 0 (A9)

(2H20H2)3+(2H200H20)3

Desr, u,: Effective diffusivity of H in porous medium (m?/s)
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&: Sample porosity, dimensionless (obtained from nanoCT experiments)
Dy, Effective intraparticle diffusivity of H> (m?/s)

Dy, : Molecular diffusivity of H> (m?2/s)

D§, : Knudsen diffusivity of H> (m2/s)

My, 1,0 Molecular mass of H> and H>O (g/mol)

oy, Diffusion volume of Ha, 7.07 cm’/mol

01,0: Diffusion volume of H>0, 12.7 cm*/mol

Dy, n,0: Mass diffusivity of Hz through H>O (cm?/s) [181]

Yu,: Mole fraction of H»

Yu,0: Mole fraction of H>O

8.1.3. Wiistite-Iron interface velocity calculations

a-iron growth across the wiistite surface occurs at a velocity, 1}, and the Gibbs free energy
change for the reaction FeO+H2->Fe+H20, AG,¢qction, are described by Eq (A10) and (A11)
, respectively [28, 125] ;

V. =R, (pi—zm> = (pi—’gm> PL Py, X [1 — exp (Mr;;%)] (ms™1) (A10)
(Py0)°
(Pr,)?

The definitions of each symbol are provided in the main text. Here, b,,, and h,,, are assumed to be

AG,eqction = AG° + RT In

(A11)

1 um. The forward reaction rate constant, ¢},, and standard Gibbs free energy of the reaction,

AG°, determined using the FactSage 8.3, reaction module and SGPS(2023) database [182, 183].

8.2. How much hydrogen is in green steel?

This chapter provides supplementary information to Chapter 5. It presents the microstructural
features of HyDR and HPRS samples, the deconvolution analysis of TDS plots of HyDR samples,
and the methods used to analyze the trapping energy of hydrogen and their possible trapping sites.
Furthermore, the hydrogen content measured in the conventional steel production route is

presented.
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Fig.A 7. The hydrogen signal of the HyDR sample after TDS experiments (after two weeks) obtained from MS detector for rapid
heating from room temperature to 1400 °C (MS stands for mass spectrometer). The integration of the area below the signal curve
corresponds to 9.47 wppm of hydrogen.

8.2.1. Method

The trapping energies pertaining to specific trapping sites were further determined using the TDS
data. Desorption of hydrogen from its trapping sites is a thermally activated process and the rate

of its desorption is formulated by Kissinger’s reaction kinetics in Eq. (A12) [184]:

dx —E,

—=A(1 - {—} Al2

== AQl - x) exp | (A12)
where x=(Ny-N)/Ny, x is the hydrogen concentration desorbed from trapping sites, N, is the
hydrogen concentration at /=0, N is the hydrogen concentration at 0, 4 is the reaction constant,
E, is the activation energy for hydrogen desorption, R is the gas constant, and T is the absolute

temperature in Kelvin.
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A mathematical method proposed by J.Y. Lee and S.M. Lee was used to calculate activation energy
for hydrogen desorption from multiple traps based on Kissinger s reaction kinetics equation [185].
For a constant heating rate, @, the first derivative of Eq. A12 is set to zero at the temperature 7,

where the hydrogen desorption rate is maximum. The equation is then derived as:

¢)Ea _Ea
r-a _ —— Al
Rsz A exp RT, (A13)

When the logarithms of both sides of Eq A13 are taken, then differentiated with respect to /7,

the equation is derived as:

dIn{e/TZ} -E,

o{1/1,} R
Here, E, is deduced from the slope of In(®/T,?) versus (1/T,) (Figure 3 d) by measuring the 7, of
the desorption peak at various heating rates, i.e., 800 (Fig.A 6a), 1000 (Fig.A 6b) and 1200 °C

(Fig.A 6c) [155]. Based on the effect of the heating rate on the peak temperature in TDS

(A14)

measurements, the ln(qb / sz) against /000/T, was plotted and activation energies of each peak

were calculated by employing Eq. A14.

8.2.2. Discussion

8.2.2.1. Analysis of trapping energies

Hydrogen-based direct reduction HyDR is a complex multistep solid-gas reaction and includes
chemical, physical, and mechanical interactions [30, 59]. As a consequence of these complex
interactions, direct reduced iron acquires multiple defects such as vacancy, dislocation, grain
boundary, porosity, and inclusions [186], which are potential hydrogen trapping sites in the HDR
sample [187, 188]. The typical activation energies of hydrogen desorption from these

microstructural features in the literature are summarized in Table A 1.
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Table A 1Summary of the trapping sites of hydrogen in body-centered cubic iron (TDS stands for thermal desorption spectroscopy,
EAM for embedded atom model, DFT for density functional theory, IF for internal friction technique)

Trapping sites The activation energy (kJ/mol) Method
Lattice diffusion 6.90-7.60 [155, 157, 189] TDS
3.85-4.72 [163] EAM
4.05[164] DFT
Grain boundary 17.20-19.68 [155, 157, 189] TDS
Dislocation 24.12 [165], 26.80 [155] TDS
36.66-46.32 [165] IF
Nanopore 35.20[155], 48.30 [167] TDS
Iron oxide (Fe203, Fe304) 50.60-69.50 [158] TDS
47.20 [156] TDS
Gangue inclusion (Si0») 112.10 [158] TDS

The activation energy calculated for the first peak (4.32+0.31 kJ/mol) is close to the reported
activation energy of hydrogen desorption from the bce-iron lattice. However, the period between
the sample preparation and the measurement of hydrogen content was two to four weeks, so that,
most of the diffusible hydrogen was supposed to diffuse out because of the extremely low
solubility of hydrogen in the lattice (~0.002 wppm at room temperature [190]) and high mobility
of hydrogen in the bec-iron (1.0x10* cm?/s at room temperature [164]). The hydrogen might be
released from the surface iron hydroxides which can be formed during sample preparation (using
water during cutting and grinding) and or its storage during shipment (humidity). To verify this
statement, the hydrogen content of the HyDR sample after TDS measurement was measured (no
trapped hydrogen in the sample) by melting the sample with rapid heating from room temperature
to 1400 °C., and 9.47 wppm of hydrogen was detected. Fig.A 7 shows the hydrogen signal curve
detected by quadrupole mass spectrometer and internal temperature as a function of time. The
integration of the area below hydrogen signal curve represents hydrogen content in the sample,

measured as 9.47 wppm.

The second peak associated with the activation energy of 15.15+4.10 kJ/mol designates multiple
trapping sites, such as grain boundaries (17.20-19.68 kJ/mol) and dislocations (24.12-26.8
kJ/mol). This fact implies the stored dislocations in the microstructure could trap hydrogen in the
HDR sample. As the hematite pellets were exposed to HyDR at 900 °C, dislocations generated
during reduction due to lattice mismatch and local delamination could re-arrange into a special

dislocation pattern, i.e., the low-angle grain boundaries, as observed in Fig.A 4c. This type of
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boundary is comprised of a periodic dislocation arrangement. The distortion at the cores of these

dislocations could be the potential trapping sites for hydrogen.

The calculated activation energy of 59.14+20.13 kJ/mol for the third desorption peak indicates
several possible trapping sites as well, such as nanopore and iron oxide (Fe3O4). During HyDR,
the removal of oxygen atoms from the iron ore lattices results in vacancy formation, which
coalesces to form pores [76]. Such pores can act as hydrogen-trapping sites. Moreover, the direct
reduced iron is susceptible to surface oxidation due to its large surface area to volume ratio, which

can also trap hydrogen when it diffuses through the lattices.

The remaining gangue inclusions (e.g. Si02, AL O3, etc.) serve as deep trapping sites for hydrogen,
which revealed the highest activation energy of 126.07+7.04 kJ/mol during the TDS
measurements. This value agrees well with the desorption of hydrogen from SiO; (i.e., 112.10

kJ/mol).
8.2.2.2. Hydrogen content in steel produced by conventional processes

The hydrogen content of pig iron trapped in a blast furnace is measured as 8+1 wppm via the
vacuum heating method [170]. The hydrogen content of the steel produced in the basic oxygen
furnace is measured to be ~9 wppm using the HYDRIS method, which can be reduced to
6.84+2.2 wppm by decreasing the basicity of the slag, using low hydrogen petcoke (<1000 wppm),
and avoiding the use of aluminum as deoxidizer [191]. The hydrogen content can be further
reduced to 1-2 wppm using a vacuum arc degassing treatment, which is a mature technology in
the steel industry to remove excess hydrogen from the liquid steel. For the secondary synthesis
route through an electric arc furnace, including continuous casting, the hydrogen content is

measured to be approximately 5.3+0.8 wppm using the HYDRIS method [171].
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