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Abstract 19 

Steel production causes a third of all industrial CO2 emissions due to the use of carbon-based 20 

substances as reductants for iron ores, making it a key driver of global warming. Therefore, 21 

research efforts aim at replacing these reductants by sustainably produced hydrogen. Hydrogen-22 

based direct reduction (HyDR) is an attractive processing technology, as DR furnaces are 23 

routinely operated in the steel industry, yet with CH4 or CO as reductants. Hydrogen diffuses 24 

much faster through shaft furnace pellet agglomerates than carbon-based reductants, but the net 25 

reduction kinetics in the HyDR is still too sluggish for high-quantity steel production and the 26 

hydrogen consumption exceeds the stoichiometrically required amount substantially. Thus, the 27 

present study focuses on a better understanding of the influence of spatial gradients, 28 

morphology, and internal microstructures of ore pellets on reduction efficiency and 29 

metallization during HyDR. For this purpose, commercial DR pellets were investigated using 30 

synchrotron high-energy X-ray diffraction and electron microscopy in conjunction with 31 

electron backscatter diffraction as well as chemical probing. Revealing the interplay of the 32 

different phases with internal interfaces, free surfaces, and associated nucleation and growth 33 

mechanisms provides the basis for developing tailored ore pellets that are better suited for fast 34 

and efficient HyDR. 35 

Keywords: hydrogen-based direct reduction, iron oxide, microstructure, phase transformation, 36 

porosity 37 

1 Introduction 38 

Steel is the dominant metallic alloy system, both in terms of quantity and breadth of 39 

applications, serving in transportation, civil and industrial infrastructures, construction, and 40 

safety. Steel also enables many clean energy and transport solutions, such as soft magnets in 41 

transformers as well as structures and gears in huge wind power plants. Steel can be recycled 42 

practically infinitely, by collecting and re-melting its scrap. With an average global recycling 43 
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rate approaching 70%, it is the most recycled of all materials, more than all other recycled 44 

materials combined [1–3]. However, due to steel’s role as a backbone material for economic 45 

development and its staggering market growth (Fig. 1 [4,5]), synthesis from steel scrap alone 46 

cannot satisfy the global demand [6]. 47 

 48 

 49 

Fig. 1. Development of the global market demand for steel (data taken from Worldsteel 50 

Association and from forecast models) [4,5,7]and the carbon-fueled redox reaction that drives the 51 

CO2 emissions from the steel industry. 52 

 53 

Also, due to steel’s longevity, for instance, in buildings, machines, and vehicles, there is not 54 

enough scrap available to meet the current market demands [8]. More than 75% of all steel ever 55 

produced is still in use so that globally only about 1/3 of the total steel production can be 56 

retrieved from sorting and melting scrap, although the recycled fraction in steelmaking is 57 

envisaged to grow, Fig. 2 [5,6]. An important challenge in using steel scrap also lies in the 58 

gradual accumulation of undesired tramp elements such as copper [9–11], which enters 59 
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particularly through improperly sorted post-consumer scrap and the increasing use of copper in 60 

vehicles. 61 

 62 

 63 

Fig. 2. Development of the global steel scrap market (data taken from Worldsteel Association and 64 

from [5,6]). 65 

 66 

Consequently, primary iron synthesis from ore reduction has continued being required in 67 

addition to recycling steel scrap for several decades. For these reasons, huge quantities of iron 68 

are produced each year by conventional primary production. More than 70% of that global raw 69 

iron production stems from blast furnaces, where CO is the major reductant [12]. The current 70 

annual consumption of iron ores for this process amounts to the gigantic quantity of about 2.6 71 

billion tons, producing about 1.28 billion tons of pig iron, the historical name for the near 72 

eutectic iron-carbon alloy tapped from blast furnaces [4]. Each ton of steel produced through 73 

the blast furnace (BF) and the subsequent basic oxygen furnace (BOF) route creates about 1.9 74 

tons of CO2 [13]. These numbers qualify iron- and steelmaking as the most staggering single 75 

source of greenhouse gas on earth, accounting for about 7-8% of all CO2 emissions. This 76 



5 
 

number represents 35% of all CO2 produced in the manufacturing sector [12]. The growth rate 77 

projections suggest a massive further increase in these emissions at least up to 2030, if no 78 

sustainable and disruptive technology changes are implemented, Fig. 3 [14–16]. 79 

 80 

 81 

Fig. 3. Partially estimated development of the global CO2 emissions from primary steel production 82 

(data taken from Worldsteel Association) [4,5,16]. 83 

 84 

Underground CO2 storage alone, as currently pursued by many steel companies as a transition 85 

technology, might cause new environmental burdens for virtually thousands of years. Thus, this 86 

cannot be regarded as a responsible long-term solution as gradual CO2 leakage might harm soil 87 

and water [17]. The emission of ~1.9 t CO2/t steel by the BF-BOF route can be reduced by 88 

increasing the amount of scrap. However, it should also be kept in mind that even a 100% scrap-89 

based production through melting in electric arc or induction furnaces still leads to an amount 90 

of about 0.3 t CO2/t steel. This carbon footprint is caused by oxidation and fracture of graphite 91 

electrodes as well as by the additional use of fossil fuels in such furnaces. This fossil origin of 92 

most electricity is used to heat the furnace and sustain the electric arc. Conventional methane-93 

based direct reduction in conjunction with the subsequent melting of the produced sponge iron 94 

in an electric arc furnace results in approximately 0.97 t CO2/t steel [14]. Fully hydrogen-based 95 
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direct reduction (HyDR) followed by the melting of the sponge iron in a conventional electric 96 

arc furnace (operated with graphite electrodes) results in an average <0.1 t CO2/t steel [18], 97 

when renewable energy is used to produce green hydrogen. It must also be considered that the 98 

production of one ton of steel from 100% scrap or sponge iron by an electric arc furnace process 99 

requires about 9.0 GJ of energy on average. These numbers and facts challenge current 100 

technology standards and operations, against the goals to achieve carbon-lean steel production 101 

and to drastically reduce CO2 emissions by 80% by 2050, Fig. 4 [19–24]. In other words, iron- 102 

and steelmaking must be turned from one of the main culprits of global warming to a key 103 

element of a future sustainable and circular economy. 104 

 105 

 106 

Fig. 4. Analysis of the intensity of the global CO2 emissions from different industrial sectors versus 107 

cost intensity of its reduction. The metal industry is placed in the most challenging upper right 108 

corner (data taken from by Roland Berger and Federation of German Industry, BDI) [25]. 109 
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 110 

Thus, alternative reduction methods potentially with net-zero emissions for extracting iron from 111 

its ores have to be urgently studied, identified, matured, and implemented, based on a thorough 112 

understanding of the underlying physical and chemical mechanisms. Several strategies are 113 

conceivable, including a variety of solid, molecular, ionic, proton, or electron-based reductants 114 

and the associated synthesis and reduction methods, in part also combined, Fig. 5. 115 

 116 

 117 

Fig. 5. A number of pathways and combinations for melting scrap and reducing iron oxide lump 118 

ores, pellets, or fines are conceivable, using a wide range of reductants and aggregate states. 119 

 120 

An alternative approach for large-scale and more sustainable iron oxide reduction is the use of 121 

hydrogen gas, its carriers [26], and their plasma variants [27], as reducing agents (instead of 122 

carbon), provided they come from sustainable or low-carbon sources [28]. The current study 123 
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addresses, particularly, the HyDR with molecular hydrogen, Fig. 6. Such solid-state HyDR 124 

schemes need to consider three thermodynamic constraints in the design of reactors:  125 

(1) The net energy balance for the complete reduction of iron oxide to iron with molecular 126 

hydrogen is endothermic, i.e., it requires external energy to proceed [28], whereas it is 127 

exothermic with carbon monoxide. 128 

(2) In the coming transient scenarios for iron ore reduction, green hydrogen is likely not the 129 

only reductant (as it is a very expensive feedstock currently), but will likely be mixed with 130 

several carbon carriers (e.g., CH4 and CO) [29,30]. This fact means that the catalytic splitting 131 

of the injected molecular dihydrogen into reactive atomic hydrogen (H2↔2H) and its reaction 132 

with the oxide compete with other reduction reactions [28]. Also, the reaction product, i.e., 133 

water, must be removed from the reaction zone as it can re-oxidize or block the reduction front 134 

[21]. This negative effect is because water desorbs and diffuses only slowly compared with the 135 

atomic reductants. The high partial pressure of water can be detrimental to the nucleation and 136 

growth of iron on wüstite (FeO) surfaces [32,33].  137 

(3) The availability of green hydrogen is currently by far too limited to mitigate the steel 138 

industry’s greenhouse gas output. This discrepancy means that the reduction via grey hydrogen, 139 

ammonia, or related hydrogen-carrier substances has to serve as transition technology with a 140 

reduced mitigation effect [24,34]. Grey hydrogen, which makes currently more than 95% of the 141 

global hydrogen market, comes from steam reforming and partial oxidation of methane, coal 142 

gasification, and wet coke gas production. Hydrogen obtained from reforming contains CO as 143 

a contaminant, an effect that must be considered in the carbon balance of downstream reactions. 144 

A more sustainable transient technology alternative to producing large amounts of hydrogen 145 

could be methane pyrolysis, with less harmful solid carbon as a by-product [25]. 146 

 147 
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 148 

Fig. 6. Two-step process for more sustainable steelmaking: hydrogen-based direct reduction of 149 

iron oxide pellets into sponge iron and subsequent melting in an electric arc furnace. The CO2 150 

balance of hydrogen-based direct reduction depends on electrode materials, heating fuels, 151 

methods of hydrogen production, and the (fossil or non-fossil) origin of the electrical power that 152 

is being used. 153 

 154 

It was observed that hydrogen diffuses faster through the shaft furnace pellet agglomerates than 155 

conventional reductant cases, such as CH4 or CO, which are much larger in molecular size and 156 

have thus lower mobilities [35]. Irrespective of this kinetic advantage, the overall reduction 157 

kinetics and metallization achieved during the HyDR are not fast enough for the large-volume 158 

steel production, which is required to satisfy market demands approaching two billion tons of 159 

steel per year, Fig. 1. Also, hydrogen supply in these processes exceeds the stoichiometrically 160 

required amounts. In this case, additional recycling efforts are currently needed to improve the 161 

efficiency of hydrogen usage. Therefore, it is of vital interest to improve the process efficiency, 162 

with the pellet macro- and microstructure being of most critical relevance, especially as the 163 

pellets available today have been optimized for conventional reduction technology (i.e., blast 164 

furnace) or at least for the carbon-based reductants. 165 
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 166 

The present investigation aims at better understanding the influence of pellet morphology and 167 

its internal microstructure on the overall reduction efficiency and metallization[14,26,36,37]. 168 

For this purpose, commercial DR pellets have been investigated using synchrotron high-energy 169 

X-ray diffraction and electron microscopy in conjunction with electron backscatter diffraction 170 

as well as energy-dispersive X-ray spectroscopy. This approach allows revealing the 171 

microstructural morphology and spatial gradients of the phase transformations during the 172 

HyDR and the interplay of the different phases with the internal interfaces. The obtained results 173 

can guide the development of next-generation reactors and pellet feedstock that are better suited 174 

for fast and efficient HyDR, to make ironmaking affordably carbon-free. 175 

 176 

2 State of the knowledge of direct reduction of solid iron oxide pellets with hydrogen 177 

and hydrogen-containing gas mixtures 178 

The direct reduction of solid iron oxide pellets with hydrogen or hydrogen-containing gas 179 

mixtures involves multiple phase transformations [28,38–44]. Above 570 °C, it proceeds along 180 

the sequence Fe2O3 (hematite) → Fe3O4 (magnetite) → Fe(1-X)O (wüstite)→ α-Fe (BCC iron) 181 

or γ-Fe (FCC iron) [24,35,45]. Below 570 °C, wüstite is no longer thermodynamically stable 182 

and the reduction reaction proceeds from Fe2O3 → Fe3O4 → α-Fe. The overall reaction is 183 

endothermic when using H2 as reductant. Several investigations addressed the use of CO and 184 

some also H2 as a reductants [40,46–48]. These studies focused on the global reduction 185 

thermodynamics, kinetics, and the effect of process parameters (e.g., gas flow rate, temperature, 186 

and pressure) rather than on the microscopic nucleation and growth mechanisms or on gradients 187 

of these features through the feedstock dimensions [40,49–57]. For example, Zieliński et al.[49] 188 

analyzed the reduction kinetics by exposing hematite to gas mixtures of H2O and H2 during 189 

temperature-programmed reduction (non-isothermal process). They found that for an H2O/H2-190 
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ratio above a value of 0.35 the reduction of hematite proceeded in three distinct steps, namely, 191 

Fe2O3 →Fe3O4 → FeO → Fe. For H2O/H2-ratios below a value of 0.35 two steps were observed: 192 

Fe2O3 → Fe3O4 → Fe. Pineau et al. studied the reduction of both, hematite and magnetite 193 

[51,52]. The latter is an interesting option as magnetite ores can become a commercially 194 

attractive alternative feedstock, when new furnace types and reduction methods enter the 195 

market. In addition, their findings indicated that the reaction rate was controlled by the growth 196 

of nuclei and phase boundary reactions. Piotrowski et al. [58,59] studied the reduction kinetics 197 

of hematite to magnetite and to wüstite using thermogravimetry and they described the kinetics 198 

by a classical Avrami nucleation and growth model. Patisson et al. [14,60] developed more 199 

detailed models of the mesoscale structure of the feedstock material, accounting particularly for 200 

the role of the granularity of the pellets. Bonalde et al. [35] studied the reduction of Fe2O3 201 

pellets with high inherited porosity exposed to gas mixtures of H2 and CO. They concluded that 202 

the interface reactions and oxygen diffusion acted as competing processes during the first 203 

reduction stage, and the internal gas diffusion as a rate-controlling step during the last stage. 204 

One assumption of their model was that the phase boundary was moving towards the center of 205 

the pellets and that the oxide feedstock material had no porosity or delamination cracks 206 

[26,53,61]. However, this assumption does not fully agree with the findings reported in the 207 

recent literature [26]. Hence, considering more details about the oxide pellets’ defect structures 208 

such as interfaces, cracks, pores, and dislocations, etc., prior to reduction (inherited 209 

microstructure) and during the reduction (acquired microstructure) and also the dependence of 210 

these features on the pellets’ mesoscopic heterogeneity and through-pellet spatial gradients is 211 

important for understanding the reduction kinetics and metal yield [14,62]. 212 

 213 

In the literature, the critical last reduction steps, namely, from wüstite to iron, are discussed in 214 

terms of three distinct stages. These are (1) the oxygen-depletion of the oxide, (2) nucleation of 215 
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iron domains inside of the oxygen-depleted wüstite, and (3) growth of iron crystals [63,64]. The 216 

kinetics of the first step [65,66] was reported to depend on the solid-state diffusion of oxygen 217 

to the next surface. This depends on the pore and defect structure [14,60]. It was reported that 218 

the initially dense wüstite has longer required diffusion lengths for oxygen than a material that 219 

contains a high density of pores [26]. Bahgat et al. [67–69] studied the role of microstructure 220 

in that context. They reported Fe nucleation to occur, particularly, in wüstite and found a high 221 

number of iron nuclei particularly near grain boundaries. They interpreted this in terms of faster 222 

transport of vacancies and divalent iron cations via interface diffusion [70]. These results clearly 223 

showed the role of the microstructure of the pellets in mass transport, nucleation, and growth.  224 

 225 

Also, other groups had revealed the role of the pellet morphology in the reduction kinetics: 226 

Hayes [65,71,72], Turkdogan [40,73,74] and Gleitzer [48,75,76] had grouped the 227 

morphological changes observed during reduction into the three classes of (a) porous iron, (b) 228 

porous wüstite covered by dense iron layers, and (c) dense wüstite covered with dense iron 229 

layers. After the nucleation of iron in wüstite, the last reduction stage was often reported to 230 

consist of the growth of the iron layers around the wüstite islands [65,72,77]. It was, however, 231 

recently found that the freshly formed Fe rarely encloses the inner wüstite completely but 232 

undergoes instead frequent Fe/FeO interfacial delamination and cracking phenomena [26]. This 233 

observation means that the actual microstructural defect state of the iron layers and the Fe/FeO 234 

interfaces forming around the shrinking wüstite regions should be of great importance for the 235 

reduction kinetics during this last stage of the reduction [66,73]. In the case that the fresh iron 236 

layers form closed core-shell morphologies and are devoid of defects such as interfaces, pores, 237 

and cracks, etc., the outbound oxygen diffusion is determined by solid-state diffusion. Hence it 238 

is very slow and should be the rate-limiting step of the reaction [78–80].  239 

 240 
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However, in case that the iron layer and the Fe/FeO interface undergo fracture and porosity 241 

occurs, faster surface-, pipe-, and grain boundary diffusion of oxygen are likely to occur, 242 

allowing for much faster transport of oxygen to the nearest internal or external surfaces 243 

[35,45,68,81], where it can recombine with adsorbed atomic hydrogen to form water [71]. This 244 

fact means that wüstite reduction into iron can be a nucleation-controlled process, particularly 245 

during the initial stages, or a more oxygen diffusion-controlled process, particularly during the 246 

later stages, depending on the microstructure of the iron that surrounds the wüstite. This kinetic 247 

interpretation is plausible as the Fe2O3 to Fe3O4 reduction as well as the Fe3O4 to FeO reduction 248 

only stand for modest stoichiometric oxygen losses of 1/9 and 1/4 units of oxygen, respectively, 249 

whereas in the final step from FeO to Fe, FeO loses a full unit of oxygen [82–84]. 250 

  251 

This discussion suggests that in a mean-field view, the wüstite reduction kinetics has upper and 252 

lower bounds, namely, (I) before and (II) after the formation of a dense iron layer on wüstite:  253 

Case (I): When H2 is in direct contact with the oxide, the assumed steps are [85]: (1) H2 254 

molecules diffuse to the surface and (2) react with the oxygen ions from the external surface of 255 

the iron oxide, forming water and electrons, part of which reduce Fe3+ to Fe2+ via the equation 256 

Fe3++ e- → Fe2+. (3) H2O moves away from the surface. (4) Fe2+ and electrons migrate through 257 

the Fe3O4 (or FeO) layer to the Fe2O3 (or Fe3O4) core where they form Fe3O4 (or FeO). Combing 258 

this picture with the argument of diffusion as the rate-limiting step in the first reduction stages, 259 

one hypothesis might be that steps (1) or (3) diffusion of H2 or H2O (the latter process should 260 

be slower due to the larger molecular size of H2O) or step (4) (due to inbound migration of Fe2+) 261 

are the slowest processes.  262 

Case (II): After the formation of compact iron, the removal of oxygen from the reaction 263 

interface has to take place through that layer. Several rate-determining mechanisms for this 264 

have been discussed [49,57,71,83,86–88]. These studies suggest that FeO reduction proceeds 265 
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in several steps: (i) H2 gas molecules diffuse to the surface and (ii) react with oxygen at the 266 

surface of the iron layer, forming H2O; (iii) H2O moves away from the surface; (iv) Due to a 267 

gradient in oxygen activity, oxygen diffuses through the iron, leading to (v) iron nucleation and 268 

the steady release of oxygen at the reaction front. The net kinetic curves in the literature often 269 

do not allow to distinguish whether the rate-determining step is the diffusion corresponding to 270 

steps (i) or (iii), or the outbound solid-state diffusion of oxygen taking place in step (iv). 271 

 272 

3 Experimental set-up and methodology 273 

We investigated the role of the pellet morphology and microstructure in reduction kinetics in 274 

the last and most important stage, i.e., from wüstite to iron. Special emphasis was placed on 275 

mapping the heterogeneity of the reduction and the radial gradients in reduction kinetics in a 276 

partially reduced pellet. For this purpose, we used the same commercial direct-reduction 277 

hematite pellets as in a preceding study [26]. The pellet had a diameter of about 11 mm and a 278 

chemical composition of 0.36 wt.% FeO, 1.06 wt.% SiO2, 0.40 wt.% Al2O3, 0.73 wt.% CaO, 279 

0.57 wt.% MgO, 0.19 wt.% TiO2, 0.23 wt.% V, 0.10 wt.% Mn, and Fe2O3 in balance. The pellet 280 

also contained traces of P, S, Na, K, V, and Ti. Details about the pellet’s chemistry are provided 281 

in [26]. The pellet was isothermally exposed to pure hydrogen with a constant flow rate of 282 

30 L/h at 700 °C in a thermogravimetric configuration [89]. The mass loss of the pellet was 283 

continuously monitored by the thermal balance during the reduction experiment. The reduction 284 

degree was determined from the experimental mass loss divided by the theoretical mass loss, 285 

considering hematite being fully reduced into iron. 286 

 287 

The phase distribution along the radius of the partially reduced pellet was characterized by 288 

synchrotron high-energy X-ray diffraction (HEXRD). For this purpose, a disk sample with a 289 

thickness of ~2 mm was sliced from the center of the spherical pellet using a diamond wire saw. 290 
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The HEXRD measurements were conducted in transmission mode at the beamline P07 High 291 

Energy Materials Science (HEMS) of PETRA III in Deutsches Elektronen-Synchrotron 292 

(DESY). The beamline was operated with a fixed beam energy of ~100 keV and the 293 

corresponding wavelength of the X-ray beam was 0.124 Å. The probing beam size was 0.5 mm 294 

× 0.5 mm. The Debye-Scherrer diffraction rings were recorded by an area detector PerkinElmer 295 

XRD1621 and integrated by the Fit2D software [90]. The phase fraction was calculated based 296 

on the Rietveld refinement using the MAUD software [91]. The local microstructure was further 297 

analyzed using secondary electron (SE) imaging, electron backscatter diffraction (EBSD), and 298 

correlative energy-dispersive X-ray spectroscopy (EDX) in scanning electron microscopy 299 

(SEM). The step size for EBSD measurement was 50 nm. The acquired EBSD and EDX data 300 

were analyzed using the OIM AnalysisTM V8.6 software package. 301 

 302 

4 Kinetics of direct reduction of hematite pellet at 700 °C under hydrogen atmosphere 303 

Fig. 7 presents the experimentally observed reduction kinetics, in terms of the reduction degree 304 

for the HyDR of commercial hematite pellets. The data are comparable to those shown in our 305 

preceding work [26] and also to the results of other groups [40,49–57]. The reduction rates of 306 

the first two reduction steps, i.e., from hematite (Fe2O3) to magnetite (Fe3O4) and from 307 

magnetite further to wüstite (Fe(1-x)O), were high, about 0.5-1.8×10-3 s-1 (Fig. 7b). The wüstite 308 

reduction to α-iron (α-Fe) started much slower, at about 0.6×10-3 s-1 and slowed down rapidly 309 

towards the end of the redox reaction. The reduction degree reached 95% after the reduction 310 

for about 37 min and 98% after 52 min, indicating that the reduction in this stage was extremely 311 

sluggish and complete metallization was not fully obtained. The analysis and discussion of the 312 

individual kinetic steps and the roles of some of the underlying microstructure, nucleation, 313 

transport, and growth mechanisms have been recently studied by using electron microscopy 314 

and atom probe tomography [26] and will thus not be repeated in detail here. 315 
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 317 

Fig. 7. (a) Reduction degree in terms of mass change as a function of time and (b) reduction rate 318 

(that is the first derivative of the reduction degree) as a function of reduction degree for a 319 

commercial direct-reduction hematite pellet. Reduction in a static bed was conducted under pure 320 

hydrogen gas at a flow rate of 30 L/h at 700 °C. The dotted marker line at a reduction degree of 321 

0.111 indicates the theoretically expected completed reduction from hematite to magnetite and the 322 

line 0.333 the one from magnetite to wüstite. The wüstite reduction proceeds with half an order of 323 

magnitude slower than the preceding reduction steps with a decelerating kinetic trend. The 324 

specimen studied here for radial-gradient effects was taken after an exposure duration of 30 325 

minutes. 326 

 327 

The most characteristic and common feature of all these sequential phase transformation steps 328 

during this redox reaction is the gradual deceleration of the transformation rate during the 329 

transformation within the same phase regime. An important reason for this was found in the 330 

pellet microstructure. During the early stages of the individual phase transformations, the 331 

material showed a very rich density of lattice defects, particularly high porosity (due to the 332 

gradual mass loss), delamination at the hetero-interfaces, and cracking (due to the high-volume 333 

mismatch between the adjacent phases and the resulting mechanical stresses). Another 334 

important aspect was that the pellets contain a high-volume fraction of inherited pores. This 335 

feature facilitated rapid outbound mass transport (of oxygen) and the removal of water from 336 

these surface reaction fronts. Thus, rapid nucleation and growth were always enabled close to 337 
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these internal free surfaces, particularly at the beginning of the reduction. However, with further 338 

progress of the reaction, the remaining oxide regions got increasingly surrounded by the 339 

reduction products. As the remaining volume became smaller and highly dispersed, fewer and 340 

fewer lattice defects were directly connected to them as pathways for rapid diffusion. In other 341 

words, towards the end of these reduction steps, the small remaining oxide regions were less 342 

frequently in contact with delamination and cracking features. The remaining oxide regions 343 

were surrounded by more and more dense reaction products that impede the removal of oxygen.  344 

 345 

5 Through-pellet heterogeneity of microstructures during hydrogen-based direct 346 

reduction at 700 °C  347 

Fig. 8 presents an overview of the main differences in microstructure, phase composition, and 348 

porosity probed by SEM and HEXRD along the radius of a hematite pellet that was reduced 349 

with hydrogen at 700 °C after an exposure period of 30 minutes. The results reveal a gradient 350 

in microstructure, porosity, and phases between the near-surface and interior regions of the 351 

pellet. 352 

 353 
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 354 

Fig. 8. Overview of the microstructure, phase fractions, and porosity along the radius of a hematite 355 

pellet reduced at 700 °C for 30 minutes with pure hydrogen, probed by scanning electron 356 

microscopy (SEM) and synchrotron high-energy X-ray diffraction (HEXRD). (a) SEM overview 357 

of the pellet structure between the surface and center regions. Magnified SEM images of the 358 

microstructures in (b) the near-surface region, (c) the region ~3 mm below the surface, and (d) 359 

the center region of the pellet. (e) – (f) Bulk HEXRD analysis of the spatial distribution of phase 360 

constituents along the pellet radius (probing volume of 0.5 mm × 0.5 mm × 2 mm). 361 

 362 

The pellets are granular agglomerates consisting of sintered polycrystalline substructure units 363 

that are hierarchically stacked together with large pore regions among them (e.g., the visible 364 

pores in Fig. 8a and the large pores among the sintered substructure units in Fig. 8b-d). These 365 

general aspects of the pellet morphology, its granular substructure, and their role on reduction 366 

kinetics were studied in detail in the papers of Patisson et al. [14,36,92] and Kim et al. [26]. In 367 

the near-surface regions of the pellets, oxygen can rapidly diffuse outbound either towards the 368 
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outer free surface of the pellet or towards the adjacent free volume in the form of the pores that 369 

were inherited from the pelletizing process. On these free surfaces, the oxygen can combine 370 

with hydrogen to form water. 371 

 372 

Another kinetically relevant factor is that hydrogen intrudes from the outer free pellet surfaces 373 

so that the outer regions are naturally the ones getting reduced most rapidly. This basic kinetic 374 

picture is supported by the microstructure gradient along the pellet radius measured by the 375 

HEXRD (Fig. 8). The surface area of the pellet revealed the highest metallization degree of 376 

88.3 vol.% α-iron, with remaining small fractions of wüstite 5.6 vol.% and magnetite 6.1 vol.%. 377 

Conversely, the metallization dropped down to 15.1 vol.% α-iron in the region about 3 mm 378 

below the pellet surface, with a large portion of remaining iron oxides, i.e., 78.0 vol.% wüstite 379 

and 6.9 vol.% magnetite. There was no significant difference in the phase fractions in the center 380 

region of the pellet (83.2 vol.% wüstite, 13.2 vol.% magnetite, and 3.6 vol.% α-iron) compared 381 

with the region about 3 mm below the pellet surface. This HEXRD result indicated a very 382 

drastic difference in the reduction rate between the near-surface regions of the pellet and its 383 

interiors. 384 

 385 

6 Local microstructure  386 

Fehler! Verweisquelle konnte nicht gefunden werden. shows the microstructure and phase 387 

topology in a region about 2 mm below the surface of the partially reduced pellet. The reduced 388 

iron is visible in these backscattered electron images due to its bright contrast, while the wüstite 389 

appears in a darker grey contrast. The black regions are the pores that were inherited from pellet 390 

sintering and also formed due to the mass loss during the reduction process. The important 391 

microstructure features at this last reduction stage (i.e., from wüstite to iron) will be discussed 392 

in this section.  393 
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 394 

 395 

Fig. 9. Backscatter electron (BSE) images taken at higher magnification, revealing the local 396 

distribution of pores, wüstite, and iron in the region about 2 mm below the pellet surface after 397 

reduction at 700 °C for 30 minutes with pure hydrogen. 398 

 399 

These micrographs shown in Fig. 9 reveal several fundamental features that seem to be 400 

characteristic for the entire HyDR process when using such pellets. One important feature is 401 

that all the iron has formed adjacent to the free surfaces. This feature matches the kinetic 402 

expectations regarding the fast hydrogen intrusion due to gaseous surface diffusion along these 403 

free volume regions, as well as the fast removal rate of oxygen at these internal interfaces, 404 

where water was formed and stored. At the beginning of reduction, the hydrogen ingress and 405 

the oxygen removal as well as recombination into water occurred only at the large percolating 406 

pore regions inherited from pelletizing process. However, it must be considered that some of 407 

these pores evolved during the gradual removal of the oxygen during the reduction. This 408 

phenomenon can be clearly seen in terms of the evolving nanoscale porosity inside of the 409 

wüstite region (Fig. 9b). With the ongoing gradual removal of oxygen, these pores will further 410 

grow and locally recombine into larger ones over the course of the reduction. 411 

 412 
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It is also likely that the nucleation barrier for the formation of iron is smaller at the free surface 413 

than in the interior. This is due to (a) the heterogeneous nucleation advantage where some of 414 

the required interface energy is already provided by these inner open surfaces and (b) the 415 

relaxation of the elastic stresses upon iron nucleation at the surface. Owing to the large volume 416 

difference between the iron and the wüstite of more than 40% [93], the latter aspect is assumed 417 

to have a substantial energetic influence on the nucleation barrier. When considering the 418 

associated elastic misfit stresses in the calculation of the required nucleation energies (which 419 

would be expected in the gigapascal range, if no plastic relaxation occurs), the surface 420 

nucleation barriers for forming iron are much lower than those in the interior. 421 

 422 

Another important microstructure feature is that some of the remaining inner wüstite regions 423 

became increasingly encapsulated by iron. Only a few delamination features and pores were 424 

observed at the hetero-interfaces (Fehler! Verweisquelle konnte nicht gefunden werden.). 425 

This behavior was also revealed by the composition and phase maps shown in Fig. 10. The 426 

consequence of this composite phase topology is that the outbound oxygen transport must 427 

proceed through the surrounding bulk iron regions. This makes the last reduction stages 428 

relatively slow and the reduction rate continuously drop, Fig. 7 [26]. Such a microscopic core-429 

shell behavior is different from the reduction behavior in the early stage of the wüstite to iron 430 

transition, where many delamination features were observed at the wüstite/iron hetero-431 

interfaces [26]. 432 
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 433 

Fig. 10. Local phase and elemental distribution in the region about 2 mm below the surface of the 434 

partially reduced pellet probed by electron backscatter diffraction (EBSD) and energy-dispersive 435 

X-ray spectroscopy (EDX). (a) EBSD phase map imposed on image quality (IQ); (b) EDX iron 436 

distribution map; and (c) EDX oxygen distribution map.  437 

 438 

7 Discussion of the role of the through-pellet heterogeneity in hydrogen-based direct 439 

reduction kinetics and metallization 440 

The results reveal a large difference in reduction rate and metallization along the pellet radius. 441 

This observation raises concerns not only regarding the overall sluggish reduction rate due to 442 

these gradient effects but also regarding the low efficiency in the use of hydrogen. The 443 

decarbonization of the global steel industry with the aid of techniques such as the HyDR makes 444 

only sense when green hydrogen is used. This aspect means that the beneficial total efficiency 445 

and life-cycle assessment regarding the carbon footprint require hydrogen produced by 446 

sustainable energy sources, which is a very expensive product. Thus, hydrogen should be used 447 

in such reduction processes as efficiently as possible. In other words, a total efficiency 448 
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assessment of the HyDR processes requires to not only consider the total energy balance but 449 

also the total efficiency in hydrogen consumption as an essential cost and sustainability factor. 450 

 451 

The large through-pellet gradient of reduction kinetics observed in this study suggests 452 

reconsidering the suitability of the current commercial pellet design for the HyDR processes. 453 

Particularly, considering the unique physical properties of molecular hydrogen, i.e., its smaller 454 

molecular size and lower viscosity compared with CO or CH4, the gas transport phenomena in 455 

the HyDR could be very different from the processes with carbon-based reductants. Thus, 456 

further studies will be placed to assess the effect of pellet size, porosity, and microstructure on 457 

the gaseous percolation both experimentally and theoretically. In this case, better 458 

characterization of the porous structures is highly needed, especially revealing the three-459 

dimensional connectivity of the pores. This information is of importance for disentangling the 460 

percolation paths. With the further help of the fluid dynamics simulation, the underlying gas 461 

transport phenomena can be better understood. The gained knowledge will allow for the 462 

knowledge-based pellet design, which enables accelerating the overall reduction kinetics in the 463 

HyDR processes.  464 

 465 

8 Conclusions  466 

In this study, we investigated the spatial gradient of the microstructure of a partially reduced 467 

commercial hematite pellet and its influence on reduction kinetics during the hydrogen-based 468 

direct reduction. The microstructure analysis along the pellet radius revealed strong 469 

heterogeneity of the reduction rate. The surface region of the pellet showed a high metallization 470 

of 88 vol.% α-iron, whereas in the center region of the pellet there was only about 4 vol.% α-471 

iron. The local microstructure analysis further suggested that the outbound diffusion of oxygen 472 

was substantially delayed not only in the center areas of the pellets but also in the sub-surface 473 
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zones as the remaining wüstite islands were encapsulated by iron. Also, it seems that even the 474 

observed abundance of defect-mediated transport pathways for fast oxygen diffusion is 475 

insufficient to warrant more homogeneous and rapid reduction kinetics. The results, therefore, 476 

suggest that the current commercial pellet design is not suited for efficient hydrogen-based 477 

direct reduction. The current findings could assist in guiding the optimization of pellets, in terms 478 

of size, strength, composition, porosity, and microstructure, to meet the demands of fast and 479 

efficient hydrogen-based direct reduction. 480 
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