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Abstract

The recycling of interconnects from solid oxide electrolyzer (SOEL) stacks is essential for closing
material loops in green hydrogen systems. Since it is mostly made of high quality stainless-steel,
remelting is the most practical recovery route, but it inevitably generates slag, where strategic ele-
ments like chromium (Cr) are retained. This study investigates the mineralogical and grain charac-
teristics of slag from SOEL interconnect remelting, with emphasis on Cr distribution and its recov-
ery potential. A correlative approach was applied using X-ray diffraction (XRD), scanning electron
microscopy-based Mineral Liberation Analysis (MLA), and X-ray computed tomography (XCT). Cr
was primarily found in magnesiochromite Mg(Al,Cr)204 (~54 wt.% Cr), which constitute only ~5
wt.% of the slag, while lower concentrations were also detected in monticellite and akermanite. XCT
revealed macroscopic heterogeneity of the slag system, with metallic inclusions and pores concen-
trated near the metal-slag interface, indicating density-driven settling. Cr-rich spinels were fine-
grained (xso2 = 55 um), irregular in shape, and partially intergrown, presenting challenges for me-
chanical liberation and physical recovery. These features, combined with their compositional selec-
tivity, suggest that Cr-rich spinels are promising candidates for future Engineered Artificial Mineral
(EnAM) strategies aimed at enhancing selective recovery from slag.

Keywords: SOEL interconnect, slag r ling, chromium, spinel, EnAM
Citation: To be added by editorial eywo ds: SO erconnect, slag recycling, chromrum, spimel,

staff during production.

Academic Editor: Firstname Last-

name 1. Introduction
Received: date Solid Oxide Cells (SOCs), including Solid Oxide Fuel Cells (SOFCs) and Solid Oxide
Revised: date Electrolyzers (SOELs), represent a crucial technology for energy conversion and hydrogen

Accepted: date
Published: date

production due to their high efficiency and versatility. As global energy systems transi-
tion towards sustainability, SOELs are emerging as key components in large-scale green
hydrogen production [1-3]. One of the crucial components in a SOEL stack is metallic in-

= terconnects, which requires excellent electrical conductivity, high oxidation resistance,
Copyright: © 2025 by the authors.  Jow cost, good and high mechanical strength in operating conditions [2-5]. These inter-
Submitted for possible open access  connects are essential to the structural and functional integrity of SOEL stacks, accounting
publication under the terms and  for 60-80 wt. % of the total stack [6]. Typical metallic interconnects used in SOC system
are Cr-based alloys, ferritic stainless steel, austenitic stainless steel, Fe-Ni-Cr based alloys
and Ni-Fe-Cr-based alloys [7].
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In a typical SOEL stack, the interconnects are assembled as layered structure com-
posing of steel substrate with protective spinel coatings, glass sealant, and current collec-
tors such as nickel meshes [2, 8, 9]. These assemblies serve to electrically connect individ-
ual electrochemical cells in the stack while providing gas tightness and mechanical sup-
port under high temperature conditions. However, these interconnect assemblies degrade
over time and require recycling at the end of their lifetime [8, 9]. Current proposed recy-
cling approaches of SOEL interconnect assemblies involve pyrometallurgical remelting [2,
9, 10] since interconnects are mostly made of stainless steels. Lastam et al. [9, 10] exten-
sively studied the feasibility of recovering metallic resources, especially the high quality
stainless steel, from end-of-life interconnect assembly remelting under various conditions
in lab-scale. In the remelting process, metal alloy and flux are added together and melted
at high temperature. As a result, metal melt and the by-product so called slag are pro-
duced. In metallurgy, slag plays an essential role in protecting the molten metal from ox-
idation and capturing impurities, and facilitating the partitioning of metallic elements
[11].

Due to thermodynamic equilibrium and transport processes resulting slags contain
chromium, which is a critical component of stainless steels; therefore, strategies for chro-
mium must be explored. Slags from ferrochromium and stainless-steel industries com-
monly contains chromium in ranges of 2-10 wt. % and 1-2 wt. %, depending on the process
design and feed [12, 13]. Under typical steelmaking conditions, chromium exists predom-
inantly as Cr(Ill), which is relatively immobile [14], but could be oxidized to hexavalent
chromium (Cr(VI)) under oxygen-rich environments. High Cr content in slags poses a sig-
nificant challenge for complete slag valorization due to concerns over Cr (VI) formation,
which is carcinogenic [15] and environmentally hazardous [16]. According to the Euro-
pean Council Decision [17], leaching limit value of total chromium (Cr) must not exceed
0.5 mg/kg (at a liquid-to-solid ratio of 10 I/kg) for a slag to be classified as inert waste and
suitable for landfill. In Germany, the total chromium content must be lower than 600
mg/kg for the use of steel slags in concrete [18]. Thus, minimizing Cr leaching and max-
imizing its recovery are essential not only for environmental protection but also for the
holistic circular economy of strategic metals.

The challenge of the Cr recovery and leachability is closely related to its distribution
in the mineral phases of slag [13, 19, 20]. Cr is generally very diluted and spread over
different mineral phases in the slag. Previous research on ferrochromium and stainless-
steel slags [9, 12, 21-29] have demonstrated that Cr is distributed mostly in various spinel
phases and several silicate phases, sometimes as chromium oxide and metallic particles
as well. From the recovery and leachability perspective, the incorporation of Cr in the
spinel crystal structure is preferred. The spinel phase can be identified as the leaching
control mechanisms since it is chemically stable and have low leachability [20, 30, 31].
However, presence of Cr within the phases is mostly qualitative, not quantified systemat-
ically.

Similar Cr distribution behavior is expected in slags derived from remelting SOEL
interconnects. A scrap-based steelmaking route was experimentally investigated as an in-
terconnect recycling strategy [10]. This pathway generates slags under controlled pyro-
metallurgical conditions with low oxygen partial pressures, pre-designed flux chemistry,
and controlled cooling conditions. By deliberately optimizing these conditions, it is possi-
ble to enrich Cr into a single phase within the slag and stabilize Cr with good processing
properties for an efficient recovery. This concept was introduced as ‘Engineered Artificial
Minerals - EnNAM’ and applied on different slag systems where the target metal is concen-
trated in a specific mineral phase by changing slag composition and cooling conditions
[32-34]. In addition, the EnAM approach helps to enhance mechanical and chemical re-
covery by forming Cr-containing phase that is suitable for selective extraction.

For these reasons, this study focuses on understanding the occurrence, distribution,
and morphology of Cr-containing phases in slags derived specifically from the recycling
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of SOEL interconnects being an exemplary material of highly alloyed stainless steels. Us- 98
ing several advanced analytical methods such as XCT, XRD, and SEM-based MLA anal- 99
yses, we characterize bulk and microstructural properties of the slag considering each 100
method in a correlative and complementary way. The findings provide insights into how 101
Cr behaves during remelting, and how this behavior can be taken into account to design 102
more effective metallurgical and mechanical recovery processes and support the sustain- 103

able valorization of SOEL interconnect slags as well as other industrial slags. 104
2. Materials and Methods 105
2.1. Slag production 106

The slag was generated by remelting an interconnect with spot-welded nickel 107
meshes. The interconnect consisted of a Crofer 22 APU steel substrate coated on the air- 108
side with MnCo1.9Fe0.104 (MCF) and LaMno45Co035Cu0203 (LCC10) oxide layers. The thick- 109
ness of MCF layer and LCC10 layer were around 100 um and 130 pm accordingly. This 110
component was part of the repeating layers of an EoL Jiilich F10 SOC stack (F1004-94). 111
The stack had an operating lifetime of 2700 hours at 800 °C in co-electrolysis mode. Prior 112
to remelting, the component was cut to fit inside a crucible made of yttrium-stabilized 113
zirconia (YSZ), and a basic flux was added at 20 wt.% relative to the total feed. The flux 114
was composed of dolomite and silica that were mixed to reach a slag basicity of 1.5. Com- 115
mercially available dolomite (Rheinkalk, Wiilfrath, Germany, 57CaO-34MgO-4AL0s- 116
35i02 in wt.%) and silica powders (Sibelco, Dessel, Belgium, 99 wt.% SiO2) were utilized. 117
To ensure homogeneity, the flux was pre-melted at 1550 °C under argon. Table 1 shows 118
the composition of the pre-molten flux, its liquidus temperature (Tiq) and basicity (B). Slag 119
basicity was calculated as 120

CaO+MgO
~ 7 sio @)
2
following the approach of Xiao and Holappa [35], where a target basicity of 1.5 was re- 121
ported to promote optimum spinel formation. Al,O; was excluded from the calculation 122

because it was considered an amphoteric component and its omission ensures consistency 123
with the reference basicity values. Tiq was determined using FactSage 8.3 with FactPSand 124

FToxid thermodynamic databases [36]. 125
Table 1. Composition of utilized flux, liquidus temperature (Tiq) and slag basicity (B). 126
Composition (wt. %) .
Thiq (°C) B = (CaO+Mg0)/SiO2 (w/w)
CaO SiO:2 Al20:s MgO
35.0 37.6 6.2 21.2 1453 1.5

127

The crucible was placed inside a high-temperature furnace, heated to 1550 °C at 128

10 °C/min under argon, held at the peak temperature for 2 hours, and then furnace-cooled 129
to achieve near equilibrium cooling conditions. Once the target holding time was reached, 130
the furnace was switched off, and the material was left off in the closed furnace to cool 131
naturally to room temperature. This produced a relatively slow cooling rate, favoring the 132
crystallization of primary phases within the slag. The weight of the feed and product ma- 133
terials, as well as the calculated metal yield are summarized in Table 2. The unrecovered 134
material weighing around 69 g was likely slag lost due to fusion with the crucible. 135

Table 2. Feed and product weights, and the calculated metal yield during the remelting of an EoL. 136
Juilich F10 SOC stack — interconnect 137

Feed (g) Product (g)
Sample  Flux Metal  Slag  Unrecovered

Metal yield = metal/sample (g/g)
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406.00 105.89 386.80 56.10 68.99 0.953

The product metal was composed of 73 wt. % Fe, 18.5 wt. % Cr, 7.7 wt. % Ni, 0.47 wt. 138
% Co and 0.24 wt. % Mn. For more details on Jiilich SOC stack interconnects, product 139
metals, and their potential recycling strategies, the reader is referred to the studies of 140
Lastam et al. [9, 10]. 141

After complete solidification, the metal melt and bulk slag were removed from the 142
crucible. The crucible and bulk slag were scanned using EinScan Pro 2X Plus 3D scanner 143
(Shining 3D Technology GmbH, Stuttgart, Germany) to visualize the formation of the slag 144
and metal melt inside the crucible. Figure 1a illustrates the metal melt and slag formation 145
resulting from the remelting experiment. The ‘as-received’ slag sample, shown in Figure 146
1b, is an intact slag body (56.10 g) with dimensions of 6 cm x 5 cm x 2.5 cm. It originates 147
from the center of the crucible. The rest of the slag attached to the crucible was not con- 148
sidered in this study as it interacted with the crucible and stayed on the crucible wall. 149

(a) (b)
Figure 1. (a) Schematic representation of slag and melt formation in the crucible; (b) Intact slag body 150
from the center of the crucible. 151
2.2. Characterization methods 152

Slag sample was characterized using several analytical approaches to assess its chem- 153
ical composition, mineralogy, phase distribution, and elemental deportation. The overall 154
methodology is depicted in Figure 2. 155

X-ray Computed Tomography (XCT) was used as a non-destructive 3D technique to 156
analyze the internal structure, metallic inclusions, and porosity of the slag before crushing 157
and bulk analyses. XCT was used to better understand the internal slag structure through- 158
out the entire sample due to crucible-slag interaction, slag-metal interaction and thermal 159
process in general. After that, the bulk slag was comminuted to 1 mm using cutting mill 160
(pulverisette 15, Fritsch, Idar-Oberstein, Germany), followed by magnetic separation us- 161
ing a permanent magnet to remove the most metallic inclusions from the non-metallic slag 162
matrix. The remaining slag matrix was split by a rotary micro riffler; and the 10 g sub- 163
sample was prepared for MLA. The rest material was then further milled and ground 164
using a centrifugal ball mill (pulverisette 6, Fritsch, Idar-Oberstein, Germany) to <63 pum, 165
and the remaining metallic inclusions were sieved from it. The ground slag samples were 166
homogenized, split again by the rotary micro riffler (Quantachrome Instruments, 167
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Odelzhausen, Germany), and prepared for chemical and mineralogical analysis. The sub- 168
samples were prepared based on the requirements of analytical methods employed. 169

Wavelength Dispersive X-ray Fluorescence (WD-XRF) was used for determining the 170
oxide composition of the slag. X-ray Diffraction (XRD) identified the crystalline phases 171
present in the slag. Furthermore, the microstructure and morphology of the slag, identi- 172
fying elemental associations, investigation of the spatial association of elements, critical 173
for understanding potential recovery processes, and provided quantitative data on the 174
size range of Cr-bearing phases were conducted using a Mineral Liberation Analyzer 175
(MLA). The MLA is comprised of field emission SEM (FE-SEM) equipped with two en- 176
ergy-dispersive X-ray (EDX) detectors. 177

Slag body
characterization by
XCT

Size reduction -1mm

Magnetic separation —DI Metallic inclusions|—> Chemical analysis

by handheld XRF
*

Splitting & Sampling

Grinding & Milling - 63um

Metal removal (sieving)

|Meta|lic inclusions | |Non-metal|ic ground slag |

Splitting & Sampling

v v y
Cheivical aralvsis Identification of Grain size Elemental
b WD-XRIzI crystallized phases distribution by SEM- deportation by SEM-
y by XRD based MLA based MLA
178
Figure 2. Workflow for characterization of slag sample. 179
2.2.1. X-ray Computer Tomography 180

The slag body was positioned at a tilted orientation in a plastic sample cylinder (inner 181
@ 5cm) due to its high aspect ratio. This tilted positioning corresponds to a laminographic 182
geometry, which is often employed in XCT for flat or elongated samples [37]. Laminogra- 183
phy helps to reduce limited-angle reconstruction artifacts and enhances image quality 184
along the longitudinal axis. The prepared sample was scanned using Zeiss Xradia 510 185
Versa XCT (Carl Zeiss AG, Oberkochen, Germany). The scans were done with the param- 186
eters listed in Table 3 to analyze the whole slag sample (Figure 1b) in a large field of view 187
(FOV, 50.1 um voxel size). 188

Different components can be distinguished according to the differences in their gray- 189
scale in the image by the scan. Materials with distinguished densities for instance, metallic 190
inclusion, slag phase, and pores in the slag body can appear bright white, light gray and 191
dark gray/black respectively. The grayscale intensity in XCT images corresponds to the 192
local X-ray attenuation coefficient, which depends on the average atomic number of the 193
material to the power of four, the X-ray energy, the material density, and the local thick- 194
ness along the beam path [38]. Therefore, it is advantageous for distinguishing metallic 195
inclusion and slag phase in the sample by images obtained from the scans. The projection 19
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images were reconstructed using the software Scout & Scan Reconstructor (Version 197

11.1.8043, Carl Zeiss AG, Oberkochen, Germany). 198
Table 3. Scanning and Reconstruction parameters by Zeiss Xradia 510 Versa X-ray Microscopy: HE =~ 199
filter — High energy filter; FBP — Filtered back projection. 200
Parameters
Source-Sample distance in mm 140
Sample-Detector distance in mm 50
Acceleration voltage in keV 160
Electrical power in W 10
Filter in Zeiss Standard HE4
Scanning Optical magnification 0.4x
Exposure time in s 4.5
Camera binning 2
Voxel size in pm 50.1
Number of projections 1601
Scan angle in degree 360
Reconstruction algorithm FBP
Reconstruction Gauss smoothing 0.1
Beam hardening correction 0.05

The reconstructed images were exported to tag image file format (.tiff) images as an 201
image stack and followed by pre-processing steps using the software Fiji (ImageJ 1.54f). 202
All images were smoothened by Non-local Means Denoising (sigma=15, smoothing fac- 203
tor=1) with preserving the grain boundaries and sharpened by Unsharp mask (sigma=1 204
px, mask weight=0.3) and applied Despeckle to remove speckles after sharpening. 205

50 slices were used for segmentation using pixel classification workflow on ilastik 206
(version 1.4.0). Software ilastik uses machine learning algorithm for identifying pixels of 207
an image that belong to a class of interest with interactive training [39]. To configure this 208
workflow, the user defined four classes such as ‘metallic inclusion’, ‘slag matrix’, ‘pores’, 209
and ‘background” and trained the algorithm. The validity of the training was evaluated 210
by processing untrained 50 slices. 211

Four phases were classified and binarized to calculate the porosity of the slag body 212
and size distribution of metallic inclusion and pores. The analysis of the final image stack 213
and its visualization were done using the software Fiji and VGStudio MAX 3.3 (Volume 214
Graphics GmbH, Heidelberg, Germany). 215

2.2.2. Chemical composition by WD-XRF 216

WD-XRF (Malvern Panalytical, Kassel, Germany) was used to determine the bulk 217
chemistry of the slag sample. The ground sample (<63 pm) was calcined at 950°C for 1 218
hour. Calcined sample was mixed with lithiumtetraborate in the ratio of 1:8 to produce 219
fused beads using TheOx advanced fusion furnace (Claisse, Malvern Panalytical, Kassel, 220
Germany). The analysis was carried out using a PANalytical Axios spectrometer, 221
equipped with a Rh-tube. Depending on the element, the voltage and current were ad- 222
justed between 25-60 kV and 66-160 mA. The data were obtained from the fully calibrated 223
WROXI program, provided by the manufacturer. All elements were in the calibration 224
ranges. 225

2.2.3. Mineralogical analysis by XRD 226

Bulk mineralogy of the slag was determined by means of XRD analysis. For the prep- 227
aration of the samples, they were wet milled down to 4 um by a McCrone mill (Retsch, 228
Haan, Germany) with zirconium oxide milling balls. After drying the samples, they were 229
deagglomerated and further prepared in a sample holder by the so-called back-fill 230
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method. Back-filling method is used to minimize preferred orientation effects in such type 231
of samples. Measurements were performed in PANalytical Empyrean diffractometer 232
(Malvern Panalytical, Kassel, Germany) equipped with a Co-tube and a PIXcel 3D medi- 233
pix 1 x 1 area detector. The tube operated at 35 kV and 35 mA, with an iron filter placed 234
on the primary beam side to reduce K-beta radiation. The irradiated area on the sample 235
was maintained at a constant 12 x 15 mm? using an automated divergence slit. The 2-theta 236
range for measurements was set from 5° to 80°, with a step size of 0.0131° 2-theta. The 237
total measurement time per sample was approximately 2 hours and 30 minutes. Phase 238
identification was carried out using the ICDD PDF-4 + database, while quantification was 239
done using the Rietveld method through the Profex/BGMN (v. 4.1) software package. 240

2.2.4. Elemental distribution and mineral composition by SEM-based MLA 241

For quantitative mineralogical analysis using SEM-based MLA, the crushed sample 242
with a particle size of <1 mm after the removal of metal inclusions was used to keep the 243
internal morphology of the mineral phases intact and to investigate the interplay and the 244
properties of the individual phases. A grain mount with a diameter of 30 mm was pre- 245
pared. The process involved mixing the sample material with graphite powder and epoxy 246
resin to create epoxy block. The epoxy block was then polished coated with carbon on the 247
sample surface. The MLA consists of an FEI Quanta 650F (Thermo Fisher Scientific, Wal- 248
than, MA, USA) FE-SEM equipped with two Bruker Quantax X-Flash 5030 (Bruker, Biller- 249
ica, MA, USA) EDX detectors. Identification of mineral grains by MLA involves back-scat- 250
tered electron (BSE) image segmentation and collection of EDX spectra of the particlesand 251
grains distinguished in grain-based X-ray mapping (GXMAP) mode. 252

2.2.5. Thermodynamic equilibrium calculations 253

The slag chemical composition, as determined in Section 2.2.2, was inputted into the 254
Equilib module of FactSage 8.3 to predict the equilibrium phases at the furnace tempera- 255
ture (1600 °C) and their subsequent evolution upon cooling to 100 °C. Elements less than 256
0.5 wt. % is excluded for the equilibrium calculation. Furthermore, the temperature-de- 257
pendent chromium partitioning among the equilibrium phases was also evaluated. Com- 258
mercially available thermodynamic databases (FToxid, SGPS) were employed in the ther- 259
modynamic calculations, with the oxygen partial pressure fixed at 10-1° bar to simulate 260

inert furnace conditions. 261
3. Results & Discussion 262
3.1. Slag body characterization by XCT 263

The results of the overview scans of XCT analysis are shown in Figure 3 in the form 264
of 2D cross sections taken from the center of the tiff stack at different locations in the slag 265
sample. Three distinct phases were distinguished based on grayscale contrast: the slag 266
matrix appears in medium gray, pores in dark gray to black, and metallic inclusions in 267
bright white. These differences arise from the variations in X-ray attenuation between the 268
phases. The cross sections revealed that the slag body contained numerous metallic inclu- 269
sions and pores of varying size and distribution. To better understand the spatial distri- 270
bution of metallic inclusions and pores in the slag, 3D structure of the slag body was con- 271
structed and visualized by VGStudio MAX 3.0 software. The rendered metallic inclusions 272
and pores are shown in Figure 4a. It can be observed that the metallic inclusions were 273
mainly concentrated at the bottom of the slag body (metal alloy-slag interface), whereas 274
the inclusion content on the top of the slag (slag-atmosphere interface) was relatively 275
small. 276
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Figure 3. 2D cross sections (taken from the center) of the slag sample at different heights within the
image stack (top (A), middle (B), bottom (C)) by XCT analysis.

The volume ratio expressed as a function of sample thickness was obtained in each
slice as depicted in Figure 4b. The volume ratio was calculated as ration between inclusion
volume and slag volume in a single slice. From the graph (Figure 4b), there is an enrich-
ment of metallic inclusions at height of 6 mm from the metal alloy. In contrast, pores were
primarily concentrated in the upper region of the slag at around 18 mm from slag-metal
interface with increasing volume ratio toward the slag—atmosphere interface. This phe-
nomenon can be explained by slow solidification of the slag. Slow cooling allowed the
denser phase settle down while the lighter phase to rise up to the top. From the inclusion
and porosity analysis, metallic inclusions and pores in the slag accounted for 4.34 vol. %
and 4.46 vol. % of the sample volume respectively. It should be noted that the inclusions
and pores smaller than 50 pm are not illustrated here due to the resolution limit by voxel
size.
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Figure 4. (a) 3D visualization of metallic inclusions (blue) and pores (red) in the slag body; (b) Vol-
ume fractions of metallic inclusions and pores as a function of the distance to slag-metal interface

The data from the 3D XCT analysis are illustrated by volume-based kernel density
estimation (KDE) plot using phyton script [40] and shown as two-dimensional particle
property distribution in Figure 5. It is a good visualization of occurrence of two particle
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properties such as particle size and shape descriptor, in this case, sphericity [40]. The plot
also includes the marginal distributions (along top, right axes) providing 1D projection of
the data, i.e., particle size distribution and particle shape distribution. Figure 5a shows the
metallic inclusion particles showing bimodal distribution. The first dense area, centered
around 1000 pm in diameter and sphericity values near 0.75, corresponds to small, well-
rounded droplets that likely solidified individually with minimal interaction. In contrast,
a second peak is observed around 3400 pum with sphericity near 0.45, indicating the pres-
ence of larger, less spherical droplets. This second dense area is interpreted as a result of
coalescence —driven by gravitational settling and increased droplet mobility in the melt—
particularly near the metal-slag interface. The lower sphericity of these larger inclusions
reflects incomplete re-shaping before solidification. This bimodal distribution highlights
the complex dynamics of droplet formation and merging, governed by density difference,
interfacial tension, and local flow fields during cooling. This interpretation is supported
by previous studies [41-43].

In contrast, the KDE plot for pores (Figure 5b) reveals the majority of pores range
between 500 and 2500 pum in diameter, with the highest density occurring around 2500
um. The sphericity value lies at 0.62 with a notable concentration. However, a fraction of
pores with low sphericity (<0.4) may indicate irregular or interconnected pore structures,
likely formed due to trapped gas bubbles or incomplete fusion of material during cooling.
Unlike metallic droplets, pores exhibit limited mobility due to low density difference with
the melt, reducing their likelihood of coalescence and resulting in a more heterogeneous
distribution.
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Figure 5. Volume-based probability density distribution with continuous representation through
kernel density estimation of (a) metallic inclusions and (b) pores in the slag, visualized as a function
of equivalent spherical diameter (xv) in um and sphericity (y).

The comparison between inclusions and pores highlights that metallic inclusions
tend to be more spherical and uniformly distributed, whereas pores exhibit greater mor-
phological variability. This distinction is important for understanding the phase separa-
tion behavior during slag solidification and optimizing recovery strategies for metallic
phases. Furthermore, pore size and its distribution influence the density and breakage
behavior of slag particles, which can in turn affect comminution efficiency and liberation
characteristics of the slag.

3.2. Chemical composition
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The bulk chemical composition of the slag was analyzed by WD-XRF. Table 4 sum- 330
marizes the results of the overall chemical analysis. The main components of the slag are 331
dominated by SiO:2 (29.1 wt. %), and CaO (26.2 wt. %), followed by significant amounts of ~ 332
MgO (16.7 wt. %), and Al:0s (5.2 wt. %). These oxides mostly come from the flux added 333
which is common in metallurgical slags. The relatively high CaO content suggests amod- 334
erately basic slag, which could influence its physicochemical properties such as melting 335
behavior, slag viscosity, and stability. 336

Table 4. Bulk chemical composition expressed in oxide forms determined by WD-XRF (in wt. %) 337
including Loss-On-Ignition (LOI) value for information. The values are corrected using LOI value. 338

Sample LOI CaO SiO: MgO AlOs; Fe:0s ZrO: BaO Cr:0s MnO NiO CuO TiO: SrO

name in wt. %

IC 059 262 29.1 16.7 5.2 1.7 6.2 1.6 6.9 1.3 0.58 0.06 0.3 0.03
339

Cr20s is present at 6.9 wt. %, indicating that significant amount of the Cr from the 340
remelted interconnect material remained in the slag. Fe is present as Fe2Os (1.7 wt. %) 341
suggesting that Fe was partially retained in the slag phase, potentially as residual oxide 342
inclusions. Additionally, a minor amount of Ni was found, likely originating from the Ni- 343
mesh of the interconnect assembly. 344

The presence of ZrO: (6.2 wt.%) is notable, as it likely originates from crucible inter- 345
action with the slag during the remelting process. Under the high temperature, slag com- 346
position used, and prolonged holding time, partial dissolution of the crucible into slag is 347
possible. Previous studies have reported similar observations — for instance, grain struc- 348
ture degradation and dissolution of ZrO: in slag environment [44, 45]. Such contamination 349
is a well-known issue in high-temperature processes [46], particularly in lab-scale trials 350
due to high surface area-to-volume ratio of the crucible-to-ingot system. In contrast, in- 351
dustrial-scale steelmaking processes use basic refractory bricks (MgO- or Al:Os-based) 352
which are less prone to slag corrosion [47]. Thus, it is expected to show significantly re- 353
duced levels of crucible-derived contamination. Nevertheless, this finding shows that cru- 354
cible contamination should be considered when assessing slag quality. 355

This suggests potential contamination, which could influence slag crystallization be- 356
havior and phase formation. Other minor elements, such as BaO (1.6 wt.%), TiO2 (0.3 357
wt.%), CuO (0.06 wt.%), and SrO (0.03 wt.%), indicate trace impurities that may have orig- 358
inated from alloying elements in the interconnects or flux additions. 359

3.3. Mineralogy 360

The equilibrium solid and solid solution phases were determined as a function of 361
temperature using Factsage 8.3, based on the slag chemical composition presented in Ta- 362
ble 4. For simplicity, only slag components with concentrations greater than 1 wt.% were 363
considered in the calculations. The relative amounts of resulting phases are shown in Fig- 364
ure 6a. The major phases are slag, spinel, olivine, melilite, garnet and CaCrOa across the 365
temperature range. Furthermore, several minor phases with relative amounts <10 g are 366
also present, including ZrO:, clinopyroxene, Ca:BaMgSi2Os, feldspar, BaAl:SiOs and 367
BaCrO.. 368

The distribution of Cr among the equilibrium phases was also evaluated. According 369
to calculations, the maximum Cr amount in the system is approximately 4.7 g. At 1600 °C, 370
Cr is initially dissolved in the slag phase but begins to partition into the spinel phase upon 371
cooling to 1400 °C. Cr predominantly remains in the spinel phase over a broad tempera- 372
ture range (1400 —700 °C). Below 700 °C, a part of Cr partitions into the garnet phase until 373
400 °C. At lower temperatures, the spinel phase becomes less stable, and Cr redistributes 374
into newly forming stoichiometric solid phases, specifically CaCrOsand BaCrOs. Overall, 375
the results confirm the role of the spinel phase as the primary Cr-hosting phase under the 376
given slag composition and inert equilibrium conditions. 377
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Figure 6. (a) Relative amounts (g) of the equilibrium solid and solid solution phases during the
cooling process. Major phases are represented by solid lines while minor phases (<10 g) are denoted
by broken lines; (b) relative distribution of chromium into equilibrium phases as a function of tem-
perature.

The slag was then characterized using XRD and SEM-based MLA for its mineralogy,
which goes beyond the simple chemical analysis done with XRF. Given the complex min-
eralogical nature of the slag, both techniques were applied in a complementary manner to
improve phase identification and better quantification. The phase contents determined by
XRD (See Table A1) and MLA are shown in Figure 7. The comparison shows good quali-
tative agreement between the methods in terms of identifying the major phases in general.
However, quantitative differences also showed significance due to the methodological
differences between bulk diffraction and spatially resolved imaging.
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Figure 7. Phase composition of slag by quantitative XRD (Rietveld method) and by modal mineral-
ogy, shown with empirical stoichiometric formulas including minor impurities calculated from
MLA results.

XRD results revealed that the dominant crystalline phase in the slag is monticellite,
which is a silicate mineral of the olivine group and accounts for the majority of the de-
tected phases. Other identified phases include magnesiochromite, akermanite (melilite
mineral), zirconia (ZrO2), and quartz (SiOz). While XRD is well suited for identifying ma-
jor crystalline phases, it has inherent limitations in detecting fine-grained or solid solution
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phases and in resolving overlapping or broadened diffraction peaks [21, 48]. Magnesio- 399
chromite was identified as the primary Cr-bearing phase (12.5 wt.%), but its precise com- 400
position and possible cation substitutions, such as Al, Fe, Mn, could not be resolved due 401
to peak overlap and crystallographic similarity within the spinel group. The presence of 402
Fe-oxide phases was also not detected in the XRD data, likely due to their low abundance 403
and sub-micrometer grain size. The abovementioned limitations were resolved using 404
SEM-based MLA for slag mineralogy. It enabled spatially resolved phase mapping and 405
revealed a more compositionally diverse spinel groups with different compositions also 406
listed in Figure 7. It also includes the solid solution series of high Cr-containing spinel 407
(Spinel I ss). This indicates a broader range of Cr incorporation than suggested by XRD. 408

Overall, the comparison between equilibrium modeling and experimental results 409
shows strong correspondence in identifying major phases and Cr partitioning behavior. 410
Theoretical predictions provided a reliable framework for interpreting phase stability, 411
while experimental techniques confirmed the dominant role of spinel as a Cr host and 412
revealed additional complexities not predicted by equilibrium models. 413

3.3. Cr distribution & Cr-bearing phases morphology 414

To understand the partitioning of Cr in the slag, the phase composition was analyzed, 415
focusing on Cr concentration and the mass fraction of each phase in the slag. Figure 8 416
illustrates the Cr distribution in each phase and mass fractions of each phase in the slag. 417
The result shows that Cr is primarily concentrated in spinel phases, particularly Spinel I 418
(MgossAlos)(CrizsAlo12)Os (54.2 wt.% Cr), despite its relatively low abundance (5.4 wt.% 419
of the slag). This highlights a distinctive enrichment of Cr relative to the bulk slag and 420
significantly exceeds Cr contents typically found in natural chromite ores. Spinel II 421
(Mgo91Cao.01)(AlL4sCro62)Os and Spinel III (Mgo.91Mno.o4)(Al19sCro05)Os contain only minor 422

amounts of Cr (0.5-0.6 wt.%), making them less significant for extraction. 423
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Figure 8. Chromium distribution in different phases and distribution of phases in the slag. 425

In contrast, silicate phases, including monticellite (24.7 wt.% Cr, 62.8 wt.% of the slag) 426
and akermanite (~18.5 wt.% Cr, 3.0 wt.%), constitute most of the slag but are less suitable 427



Minerals 2025, 15, x FOR PEER REVIEW 13 of 19

for Cr recovery due to their incorporation into the slag matrix. Nevertheless, the consid-
erable quantity of Cr remaining in the silicate matrix implies the necessity of further opti-
mization of pyrometallurgical conditions.

Figure 9 illustrates the morphological characteristics, phase distribution of the slag
particles and their intergrowth. In the BSE images originating from the MLA measure-
ments (Figure 9a), distinct contrast variations highlight differences in composition and
density among the mineral phases. It could be seen that the microstructure of the slag
matrix, was rather heterogeneous. Inclusions in these silicate phases are too fine (smaller
than the EDX measurement resolution), thus leading to difference in phase composition.
This limitation of MLA especially in slag materials was addressed in the study of Schulz
et al. [49]. The corresponding false-color MLA images (Figure 9b) provide a phase-specific
mapping of the identified minerals. Spinel I phase color-coded in brown. Its grain mor-
phology was found predominantly irregular and angular. It suggests that spinel crystals
may have precipitated first, forming distinct grains that are now embedded in the sur-
rounding silicate matrix. Notably, in some regions (See Figure 9b (F)), spinels follow a
linear pattern, which may indicate preferential precipitation along grain boundaries of
earlier-formed silicate phases. Such a pattern suggests that spinel nucleation was influ-
enced by the evolving microstructure of the slag melt during solidification.
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Figure 9. Example of the slag particles analyzed by MLA (a) Back-scattered electron images (A, C,
E); (b) MLA false color images (B, D, F) showing complexity of the slag, intergrown phases and
associations of various phases in the sample.

Spinel I phase was also bound with metals and solid solutions with more impurities.
This suggests the following two points: (i) metals from the alloy melt became depleted
with Cr and (ii) conditions during slag cooling resulted heterogeneous crystal growth. The
overview of the different metallic inclusions found in the slag particles after the metal
removal is summarized in Table A2 under Appendix A. Although the composition of in-
dividual inclusions varied significantly, they predominantly consisted of Fe and Cr and
some alloying elements such as Ni, Co, and Mn. In addition to their association with me-
tallic inclusions, spinel phases were frequently embedded within the silicate matrices such
as monticellite and dkermanite due to their early formation. The silicates were likely to be
crystallized later.

Another aspect of interest concerning a potential recycling process for this is the grain
size of the Spinel 1. Here, Spinel I and Spinel I ss were reclassified as one phase (now high
Cr-containing spinel) since they were intergrown and had a relatively similar composi-
tion. The area-based spinel size distribution is illustrated in Figure 10. The size distribu-
tion indicated that 50% of spinel particles (xs0) had a size below approximately 55 um,
while 80% (xso) are below 106 um. The distribution shows a gradual increase in cumulative
passing below 50 pm with the finer fraction (<10 um) comprising only a small portion.
Larger spinel particles (>200 pm) were relatively less frequent and were highly likely to
be localized growth of several single spinel grains possibly due to variations in tempera-
ture gradients or phase interactions during solidification. These localized grown crystals,
also known as clusters in different EnAM slag systems, can be visualized in 3D by using
XCT [32, 50, 51].
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Figure 10. Area-based particle size distribution Q2(x) of high Cr-containing spinel in the slags deter-
mined by MLA.

The microstructural characterization confirmed that Cr-rich spinels are the dominant
host phase for Cr in the remelted slag. The results also showed that these Cr-rich spinels
have high Cr content comparable to those found in naturally occurring chromite ores [52].
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This selective concentration of Cr into a spinel phase provides a strong basis for applying 477
the ENAM concept [53]. In this context, Cr-spinel functions as an intentionally engineered 478
mineral phase to enrich critical elements, in this case Cr, during pyrometallurgical pro- 479
cessing. This artificial mineral phase could then be a target for mineral processing. Con- 480
ventional Cr recovery methods such as reduction roasting, alkali roasting and leaching 481
are typically energy- and reagent-intensive. The possible Cr recovery processes from this 482
type of spinel are mostly mechanical separation due to its high resistance to wet chemical 483
methods [21]. However, grade and recovery by mechanical separation is dependent on 484
the degree of liberation [54, 55]. Given that the degree of mineral liberation is size-depend- 485
ent, larger initial crystal sizes enable liberation at coarser crushing and milling stages. The 486
resulting slag contained five-to-ten-time larger spinel grains compared to those in indus- 487
trial EAF slags due to uncontrolled cooling conditions [22, 50, 51], but the spinel size dis- 488
tribution was in a fine range for potential mechanical separation. For effective liberation, 489
it is generally required that the liberation size be reduced to approximately 1/10 of the 490
grain size [56]. Therefore, concentrating Cr-spinels by mechanical separation processes 491
will be challenging due to the required liberation size. This further necessitates to apply 492
EnAM approach on the future slags from remelting of SOEL interconnect. Within the 493
EnAM approach, controlling slag composition and cooling conditions can shift the spinel 494
size distribution toward coarser, more well-defined grains, thereby improving liberation 495
potential. 496

The overall results provide the good basis for potential EnAM; similar optimization 497
can be further studied in SOEL interconnect slags. Optimization of EnAM approach has 498
been successfully implemented for Li-slags with various cooling conditions and different 499
compositions [32]. After the successful optimization of slag production, breakage mecha- 500
nisms and liberation behavior of the such slag structures are necessary to studied further 501
for better recyclability. 502

4. Conclusion and Outlook 503

This study provides a comprehensive characterization of slag produced from the re- 504
melting of SOEL interconnect assemblies, with a focus on understanding the occurrence, 505
distribution, and recovery potential of chromium. Through a correlative multi-method 506
approach combining XRD, MLA, and XCT, we identified the key mineral phases, Cr-bear- 507
ing structures, and morphological features relevant for downstream processing. The re- 508
sults highlight the mineralogical complexity of the slag and provide insights into which 509
phases should be targeted for effective Cr recovery. 510

e Thermodynamic calculation results showed good agreement with experimental data 511
regarding Cr partitioning across mineral phases. Cr is only present in the spinel, gar- 512
net and slag phase from the calculation. 513
e XCT revealed strong macroscopic heterogeneity in the slag structure. Metallic inclu- 514
sions and pores were unevenly distributed, with higher densities and larger inclu- 515
sions settling near the metal-slag interface. 516
e Chromium was mainly concentrated in magnesiochromite, which has high Cr content 517
(~54 wt. %) representing only ~5 wt. % of the total slag. Monticellite and akermanite, 518
although abundant, incorporate Cr in diluted forms and are not viable for selective 519

recovery. 520
e These spinels were fine-grained (xs02 = 55 um) and irregular in shape. The resulting 521
spinel size is much greater than the spinel size in industrial slags. 522

Overall, the spinel I phase represents the dominant host phase for Cr in the slag. The 523
abundance of Cr-rich spinels with high Cr content makes those phases comparable to that 524
found in natural chromite ores, highlighting their potential as synthetic Cr concentrates. 525
From a regulatory perspective, the selective partitioning of Cr into spinel provides a fea- 526
sible pathway for meeting limits on Cr leachability in slags. When Cr remains fully incor- 527
porated in the spinel phase, it can be removed or stabilized more effectively. This aligns 528
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with the principles of the Engineered Artificial Mineral (EnAM) approach, in which valu- 529
able critical elements are intentionally concentrated into specific, separable mineral 530
phases during high-temperature processes. In this system, Cr-spinel emerges as a prom- 531
ising candidate for an EnAM. However, the current structure and morphology of the 532
spinels—marked by variable grain size, phase intergrowth, and incomplete liberation— 533
are not yet optimized for mechanical separation. Previous work in Li-bearing slag systems 534
has shown that targeted control over slag composition, and cooling rates can lead to im- 535
proved mineral purity, physical properties, and processability. Applying similar strate- 536
gies to Cr-spinels may yield phases with enhanced physical properties thereby facilitating 537
downstream separation via conventional mechanical techniques. This approach can offer 538
a promising pathway toward more selective and sustainable Cr recovery from SOEL slags 539
and related high-alloy metallurgical systems. 540
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Appendix A 563
Table A1l. Phase composition of slag by quantitative XRD (Rietveld method) with 3c values. 564
Identified crystalline phase in wt. %

Monticellite (CaMgSiOa) 76.1+0.8

Spinel (AB20s4) 125+05

Gehlenite (Ca2AI(AlSiO7)) 3.8+0.7

Zirconia (ZrO2) 6.9+0.2

Quartz (5i02) 0.6 £0.2

Sum* 100.0

*Normalized to 100% based on the expectation that amorphous phases are absent. 565

Table A2. Phase composition of metallic inclusions found in the slag after the removal of metallic 566
fraction by magnetic separation. 567

Fe Cr Ni Co Cu Mn
wt. 0/0

Droplet name

FeCr 81.6 18.4
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FeNiCr 60.1 17.0 229
FeCoCrNi 46.7 16.0 4.6 32.6
FeNiCuCo 32.7 0.0 34.7 7.5 25.1
FeCoCr 10.9 11.5 77.6
FeCo 10.0 90.0
FeNiCrMn 2.0 11.8 84.8 1.4
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