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Abstract

The slag from electric arc furnace (EAF) steelmaking has potential for various applications,
but its safe use requires the assessment of heavy metals, such as chromium leaching, to meet
environmental standards. This study investigates the microstructure of EAF slag cooled in a
slag pot and its effect on Cr immobilization. Slag samples were collected at full scale using a
representative sampling method, dividing the slag pot into six zones (internal and external,
top to bottom). Microstructural analysis was performed using scanning electron microscopy
coupled with energy dispersive spectroscopy and X-ray diffraction, followed by leaching
tests on the milled samples. Thermodynamic calculations were performed using FactSage
8.4 to evaluate phase stability and composition. The results indicate that cooling conditions
inferred from slag-pot location, spinel size, and spinel zoning are correlated with variations
in Cr leaching under neutral conditions. Slower cooling is associated with the formation of
large, reverse-zoned spinel phases that may contribute to Cr stabilization, whereas rapid
cooling is associated with smaller, homogeneous spinel phases that may increase leaching
risk. These findings provide insights for the environmentally safe utilization of EAF slags
and inform strategies to minimize Cr release during slag valorization.

Keywords: steelmaking; electric arc furnace slag; chromium leaching; spinel; slag recycling;
microstructural characterization

1. Introduction

Electric arc furnace (EAF) steelmaking, mainly scrap-based and operated in mini- and
micro-mills, accounts for approximately 31% of global steel production, compared with 69%
produced via the blast furnace-basic oxygen furnace (BF-BOF) route, generating roughly
100 kg of slag per ton of liquid steel [1-3]. EAF slag has been widely investigated and
applied as a secondary material, notably as a substitute for traditional aggregates in concrete
and asphalt, where its angular form enhances mechanical interlocking and strength [4], as
well as in road construction for base and sub-base layers and rural driveways [5,6]. In the
cement industry, finely ground EAF slag can be blended with clinker to produce Portland
slag cement, offering a supplementary cementitious material with reduced environmental
impact [7]. Additional applications include landscaping [8], residential gravel alternatives,
and erosion control structures [6]. Despite these valorization pathways, approximately 14%
of EAF slag is still landfilled worldwide [9].

A major limitation for the widespread and safe utilization of EAF slag is the presence
of potentially hazardous elements, particularly chromium. EAF slags can contain up to

Metals 2026, 16, 687

https://doi.org/10.3390 /met16070687


https://crossmark.crossref.org/dialog?doi=10.3390/met16070687&domain=pdf&date_stamp=2026-06-30
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-1522-2787
https://orcid.org/0000-0001-7153-493X
https://doi.org/10.3390/met16070687

Metals 2026, 16, 687

20f27

2 wt% CryO3 [4,10], while slags from stainless steel and high-chromium steel production
may contain significantly higher levels, typically 6.5 & 3.8 wt% and occasionally 16 wt%
Crp0O3. Although chromium is primarily present as immobile and relatively non-toxic Cr3*
in fresh slag, long-term environmental exposure and oxidative conditions can promote
its oxidation to highly toxic and mobile Cr®*, posing risks to soil and groundwater sys-
tems [11-17]. Consequently, most applications require EAF slags to comply with strict
environmental regulations, including limits on heavy-metal leachability [18,19]. For exam-
ple, the U.S. Environmental Protection Agency sets a maximum contaminant level (MCL)
of 0.1 mg/L for total chromium in drinking water [20,21], while in Canada, Québec regula-
tions limit chromium leaching from solid waste to 0.5 mg/L [22] (LégisQuébec, accessed 10
September 2025).

Chromium immobilization in EAF slags has therefore been extensively studied, with
particular attention to the roles of cooling conditions and temperature [23-30], slag chem-
istry and basicity [18,28,29,31-33], MgO content [31,34], Al,O3 content [28,31,35], FeO
content [36], crystallization behavior [18,21,23-25,29-32,34,37,38], and various stabilization
strategies [33,34,37,39].

Early work by Tossavainen et al. [23] showed that rapid cooling by water granulation
does not necessarily suppress chromium leaching in EAF slags, highlighting the dominant
role of phase distribution and glass content. Garcia-Ramos et al. [31] demonstrated that
chromium stability depends strongly on MgO and Al,O3 availability and slag mineralogy,
while Samada et al. [34] showed that mineralogical phase assemblage, rather than Cr,O3
concentration, controls chromium dissolution in seawater environments. Cooling rate and
thermal history have been identified as key parameters influencing slag phase distribution
and chromium partitioning [18,21,25,27,30].

Zhao et al. [24] investigated the effect of cooling from different temperatures on phase
transformations, chromium distribution, and the stability of chromium-bearing phases
in stainless-steel slag. Their results showed that chromium could be effectively stabi-
lized in spinel during cooling. Li et al. [25] investigated the effect of heating time on the
precipitation, composition, and stability of spinel crystals in a synthetic stainless-steel
slag. They reported that longer heating promoted spinel crystal growth and increased
chromium incorporation, thereby enhancing the chromium stability in the slag. Mombelli
et al. [21] aimed to evaluate the effectiveness of two stabilization methods for EAF car-
bon steel slag to reduce chromium leaching, comparing in-pot and slag-pit treatments.
Results showed that in-pot stabilization promoted complete microstructural transforma-
tion to a homogeneous gehlenite matrix and coarsened Cr- spinel phases, improving
chromium retention. Li and Xue [40] studied the effect of cooling on phase formation and
chromium immobilization. They reported that rapid cooling promoted chromium enrich-
ment in the spinel phase, particularly in high-basicity (greater than 2.0) stainless-steel slags.
Zeng et al. [27] investigated the crystallization behavior of a synthetic stainless-steel slag.
Results showed that spinel is a high-temperature primary phase, an appropriate mineral
for the stable curing of chromium, while silicate phases such as 3-C,S, merwinite, and
melilite precipitate at lower temperatures. Strandkvist et al. [18] investigated the role of
brownmillerite in chromium leaching from low-alloy EAF slags, examining the effect of the
cooling rate. Both laboratory and full-scale production confirmed that increasing the cool-
ing rate minimizes the slag brownmillerite content and chromium leaching. Cao et al. [30]
studied a controlled cooling method to stabilize chromium in stainless-steel slag from
argon-oxygen decarburization (AOD) by promoting the formation of self-wrapped spinel
phases. They found that optimal cooling conditions (from around 1300 °C in air) favor
chromium enrichment in spinel phases, producing a stable inner—outer spinel structure
and minimizing chromium leaching.
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The above studies reveal seemingly contradictory effects of cooling. Rapid cooling
can suppress the formation of unstable phases such as brownmillerite [18], dicalcium
silicate, merwinite, and melilite [24,34], while simultaneously promoting chromium en-
richment in spinel [40], improving its immobilization. However, it may also promote the
formation of glassy matrices with limited chromium retention [23]. On the other hand,
slower cooling and longer holding times generally favor the growth of larger and more
crystalline spinel phases [24-26,40], which are often associated with improved chromium
stability [21,28,31,36], but can reduce chromium partitioning into spinel [30]. These appar-
ently contradictory observations indicate that chromium immobilization is controlled by a
complex interplay between slag chemistry, cooling conditions, and microstructural evolu-
tion. Many investigations rely on laboratory-scale or synthetic slags, whereas full-scale slag
pots experience highly heterogeneous cooling environments that may strongly influence
phase development and chromium stability. The role of spinel texture, size distribution,
and compositional zoning, particularly under industrial cooling conditions, also remains
insufficiently understood.

In this study, industrial EAF slags subjected to controlled cooling in a slag pot are inves-
tigated, with a particular focus on spinel growth, texture, and zoning, and their combined
effects on chromium immobilization. Representative full-scale sampling was conducted
across different zones of the slag pot to capture cooling heterogeneity. Phase assemblage,
phase-specific chromium distribution, and spinel characteristics were characterized using
scanning electron microscopy (SEM) coupled with energy-dispersive spectroscopy (EDS)
and XRD, followed by standardized leaching tests under neutral and acidic conditions to
evaluate total Cr release. The formation of large reverse-zoned spinel phases and their
possible role in limiting Cr mobility under industrial cooling conditions were examined to
provide practical insights for environmentally responsible slag valorization and improved
assessment of EAF slag environmental performance.

2. Methodology

2.1. Experiments
2.1.1. Sample Preparation

After each heat, the EAF slag was poured into a slag pot, which contained up to
1000 kg of sand at the bottom to protect the pot and extend its service life. Each pot could
hold the slag from up to four heats, totaling approximately 950 kg. The pot was cooled
in place, with the bottom buried for 24 h while the top surface remained exposed to air.
Once the slag had fully cooled, samples were collected from six zones within the pot:
the internal and external zones at the bottom, middle, and top. The cooling rate was
not directly measured but was inferred from the sample location within the slag pot and
the expected thermal gradients during cooling. To account for the heterogeneity of the
slag, multiple samples were collected from each zone and combined prior to grinding and
analysis. Duplicate samples from each zone were prepared for ICP analysis to assess the
reproducibility of the observed trends, resulting in a total of 12 analyzed samples. Figure 1
illustrates the sampling locations.

External part

Internal part
Middle<

Bottom

Slag pot

Figure 1. EAF slag sampling scheme from the slag pot.
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2.1.2. Microstructural Characterization

The microstructure of the slag samples was analyzed using a Hitachi TM3000 SEM-
EDS (Hitachi High-Technologies Corporation, Tokyo, Japan) to determine the composition,
phase distribution, particle size, and texture. SEM-EDS analyses were carried out using
an accelerating voltage of 15 kV for both imaging and EDS measurements. Analyses were
performed in point analysis and elemental mapping modes. For each identified phase,
on average, three-point analyses were acquired to obtain representative compositions.
The EDS results were treated as semi-quantitative and used primarily for comparative
assessment of phase compositions and elemental distributions. Instrument calibration was
performed using a pure copper (Cu) standard reference sample, used to adjust both X-ray
intensity and peak position accuracy. Representative micrographs were selected based on
recurrent and characteristic microstructural features observed across different zones of the
slag samples. Spinel particle sizes were measured using the linear intercept method in
Image] software (version JS) for three SEM micrographs. The average slag composition
and binary basicity (B2), which is defined as the mass ratio of CaO to SiO, (CaO/5iO;), are
presented in Table 1. The Cr,O3 content of the slag was on average 7 £ 4 wt% and could
reach up to 16 £ 6 wt%.

Table 1. EAF slag chemical compositions (average values of 16 slag heats).

Slag Chemical Composition (wt% + o)

CaO FeO

Basicity (B2) AL,03/8i0, FeO/SiO,

5102 A1203 Cl’zO3 MnO MgO

36+3 25+5

12+3 8+1 714 8+£2 5+3 3.0 0.67 2.08

XRD analyses were performed using the Malvern Panalytical X'Pert PRO MPD
(Malvern Panalytical Ltd., Almelo, The Netherlands) diffractometer between angles
26 = 10° and 110° with a step size 0.016° and a scan speed of 0.014°/s, using Co-Ka.
The ICDD PDF 4+ 2022 database (manufactured by International Centre for Diffraction
Data (ICDD), which is located in Newtown Square, PA, USA) implemented in High Score
plus software, which is manufactured by Malvern Panalytical, was used for the qualitative
phase identification.

2.1.3. Leaching Tests

Leaching experiments were performed following two Canadian standards: CTEU
Method 9 [41] for leaching into water and EPA 1312 for leaching under acid rain condi-
tions [41].

CTEU Method 9:

EAF slag samples were dried at 60 °C and ground to <150 um. A 2 L round-bottom
flask of water containing a few drops of 0.1 N NaOH was prepared to maintain pH 7. Slag
samples (40 g) were mixed with 160 mL of leaching solution in HDPE bottles at an L/S
ratio of 4:1. Bottles were stirred constantly at 30 rpm for 7 days. After leaching, solutions
were filtered through a 0.45 um filter and analyzed by ICP-OES (Agilent 5110, Agilent
Technologies, Santa Clara, CA, USA), with a Cr detection limit of 0.0005 ppm.

EPA 1312:

Slag samples (<9.5 mm) were leached at an L/S ratio of 20:1 (20 g in 400 mL solution).
The leaching solution consisted of 950 mL water and 30 mL of a mixed acid solution
(14 mL HNOj3 + 16 mL HSO4) to maintain pH 4.20 & 0.05. Bottles were rotated at 30 rpm
for 18 £ 2 h, filtered, and analyzed by ICP-OES. To assess experimental repeatability,
duplicate subsamples from each representative slag batch were subjected to independent
leaching tests under identical conditions. In addition, each resulting leachate solution was
analyzed twice by ICP-OES to evaluate analytical reproducibility.
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2.2. Thermodynamic Calculations

Thermodynamic analyses were conducted using FactSage™ 8.4 [42], which is devel-
oped by two entities: Thermfact/CRCT in Montreal, Canada, and GTT-Technologies in
Herzogenrath, Germany. The effects of equilibrium and non-equilibrium (Scheil) cooling on
slag microstructure were investigated. Equilibrium cooling was simulated using the “Equi-
lib’ module, representing extremely slow cooling. Non-equilibrium cooling at higher rates
was simulated using the Scheil-Gulliver approach within the same module [43-45]. Slag
thermodynamic properties were taken from the FToxid database, and gas-phase properties
from FactPS.

3. Results

3.1. Slag Microstructure and Phase Characterization
3.1.1. Phase Assemblage and Chemical Composition (SEM-EDS)

Figures 2 and 3 present the backscattered electron (BSE) images and EDS maps of
slag samples collected from the top, middle, and the bottom zones of the internal and
external zones, respectively, of the slag pot. The chemical compositions of slag sam-
ples collected from different zones of the internal and external zones are presented in
Tables 2 and 3 in wt%, respectively. Both internal and external samples mainly contain
spinel (Spl), monoxide (MeO) and calcium silicates (Ca-Si). Calcium aluminates (Ca-Al) are
predominantly observed in the internal zones, while a Ca-Si-Al phase is identified in the
middle-external zone of the slag pot (Table 3).

Table 2. Chemical compositions of slag samples collected from different zones within the internal
zone of the slag pot (wt%).

Phase Mg Al Si Ca Cr Mn Fe @)
Internal top

Spl 5.46 49 2.08 791 30.05 4.47 9.92 bal.
std 0.9 1.14 0.33 0.83 2.1 0.67 1.72

MeO 9.65 1.77 23 7.99 1.89 10.46 344 bal.
std 0.86 0.57 0.2 0.6 1.13 0.45 1.73

Ca-Si 0.96 1.38 11.85 37.2 1.61 1.52 5.06 bal.
std 0.12 0.05 0.47 0.49 0.11 0.12 0.38

Ca-Al 0.30 19.55 1.53 32.76 1.56 1.52 6.72 bal.
std 0.04 0.65 0.87 0.79 0.23 0.06 0.69

Internal middle

Spl 5.76 5.88 1.87 6.01 29.36 4.55 9.76 bal.
std 0.46 2.15 0.18 0.71 3.98 0.24 0.40

MeO 12.13 1.66 2.30 5.93 3.12 10.46 34.56 bal.
std 0.51 0.63 0.74 0.63 0.40 0.57 1.23

Ca-Si 131 6.94 8.91 34.32 2.87 1.29 4.15 bal.
std 0.14 7.77 5.08 3.00 0.30 0.14 0.45

Ca-Al 1.30 19.52 212 28.51 3.34 1.90 6.79 bal.
std 0.41 0.60 1.25 3.51 0.46 0.09 1.33

Internal bottom

Spl 6.82 3.87 2.31 6.72 25.90 4.54 11.64 bal.
std 241 0.84 0.38 0.29 5.32 0.55 3.25

MeO 11.42 1.27 2.02 5.98 221 9.04 34.00 bal.
std 0.17 0.23 0.54 0.15 0.27 0.50 0.00

Ca-Si 1.07 1.33 12.43 36.68 2.37 1.19 4.05 bal.
std 0.04 0.25 1.04 1.94 0.49 0.26 0.68

Ca-Al 0.54 19.24 2.75 32.19 2.17 1.30 5.39 bal.
std 0.26 1.57 0.18 4.33 0.16 0.31 1.47
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(b) Internal middle

Figure 2. Cont.
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(c) internal bottom

Figure 2. BSE images and EDS compositional maps of slag samples from different zones of the
internal zone of the slag pot: (a) top, (b) middle, (c) bottom.
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(a) External top

Figure 3. Cont.
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Al,O4 Spl
SEM .n;\c:}m HW 15 KV m;a mm Px L pm

(c) External bottom

Figure 3. SEM images and BSE compositional maps of slag samples from different zones of external
zone of the slag pot: (a) top, (b) middle, (c) bottom.

Across all analyzed zones, the spinel phase is dominated by Cr, with variable con-
tributions of Fe, Mg, Mn and Ca, and Al. The MeO phase is mainly enriched in Fe, Mn
and Mg, with variable contents of Ca and Cr. The Ca-Si phases are characterized by high
Ca and Si contents and occasionally contain minor amounts of Cr, Al or Fe. The detailed
chemical compositions are presented in the Tables 2 and 3, with each reported composition
corresponding to the average of three-point analysis. Titanium was detected locally, partic-
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ularly in some Ca-titanate phases observed in the elemental maps; however, it could not be
consistently quantified across all phase-specific EDS analyses.

Table 3. Chemical compositions of slag samples collected from different zones within the external
zone of the slag pot (wt%).

Phase Mg Al Si Ca Cr Mn Fe o
External top

Spl 427 3.01 1.77 477 33.09 6.70 8.43 bal.
std 0.31 0.80 0.11 0.29 2.87 0.49 0.38

MeO 3.90 1.64 2.62 5.78 244 15.12 38.06 bal.
std 0.35 0.67 0.09 0.36 0.73 0.56 117

Ca-Si 2.16 4.35 10.50 29.50 1.64 493 8.24 bal.
std 0.32 6.00 3.71 10.70 0.18 2.21 5.12

External middle

Spl 5.45 1.96 1.57 5.80 34.22 4.36 15.53 bal.
std 0.53 0.63 0.11 0.35 1.60 0.22 0.38

MeO 7.73 0.89 1.87 7.30 6.64 7.04 40.65 bal.
std 1.06 0.10 0.29 0.90 1.03 0.28 1.44

Ca-Si 0.70 5.01 8.11 33.54 1.70 2.51 14.91 bal.
std 0.16 0.62 0.98 2.78 0.12 0.59 2.83

Ca-Si-Al 0.63 10.16 4.80 29.54 251 2.70 15.85 bal.
std 0.11 0.82 0.99 2.71 0.90 0.28 2.41

External bottom

Spl 6.55 7.65 2.89 6.34 24.52 4.40 6.99 bal.
std 0.07 0.52 0.01 0.14 0.71 0.26 0.53

Ca-Si 444 2.82 1341 31.83 0.99 2.09 3.15 bal.
std 1.07 0.52 0.20 1.61 0.25 0.39 1.14

Moreover, compositional variations are observed along the vertical direction of the
slag pot, which could be related to variations in the slag composition from different heats.
In the external zone, the top and bottom zones (Figure 3a,c) contain a Ca-Al phase with a
very small grain size, which could not be analyzed accurately. In addition, the MeO phase
is not clearly detected in the bottom zone of the external sample (Figure 3c).

3.1.2. Spinel Particle Size and Textural Characteristics

The spinel particle size was measured in slag samples by analyzing approximately
40 particles from different zones. The size of each particle was determined from SEM
images by measuring its major and minor axes. The reported particle size corresponds
to the average of these two measurements. Figure 4 illustrates the boxplot diagram of
spinel crystal size in different slag-pot zones. Overall, the particles are larger in the internal
zone than in the external zone. In the internal zone, the spinel sizes are 34 + 11, 51 & 17,
and 38 £ 16 pm in the top, middle, and bottom zones, respectively. In contrast, in the
external zone, the sizes are 22 + 11,17 £ 7, and 15 & 8 pm in the top, middle, and bottom
zones, respectively. This difference may be associated with slower cooling conditions in the
internal zones, which are thermally insulated by the surrounding slag bed, compared to
the external zones, which are more exposed to air. It should be noted that the interpretation
of cooling effects is based on inferred thermal conditions rather than direct cooling-rate
measurements. On average, spinel particles in the internal part (~40.83 pm) are more than
twice as large as those in the external zone (~18.28 um).

The spinel texture in the slag samples was also analyzed from the internal and external
zones, as shown in Figure 5. Compositional gradients are clearly observed from slags
sampled from the internal and external-bottom zones of the slag pot. The rims of these
spinel phases are enriched in Mg and Al, forming MgAl,O4-rich margins with Cr,Os-
depleted compositions relative to their CroOs-rich cores. Spinel phases from the external-
top and -middle zones exhibit more homogeneous compositions, with only minor Al
enrichment at the rims of some particles. Additional spinel phases such as Mg(Al Fe)O,
are detected in the middle and bottom zones.
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Figure 4. Boxplot diagram of spinel crystal size in different slag-pot zones. Cross symbol represents
the mean value.
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Figure 5. Spinel texture and compositional gradients in slags sampled from different zones of the
slag pot: (a) internal zone and (b) external zone.

3.1.3. Chromium Distribution Among Slag Phases

Chromium concentrations in individual phases (spinel, MeO, and Ca-5i) were quanti-
fied for samples from the internal and external zones of the slag pot. Figure 6 shows the
distribution of Cr among these phases.

In the external zone, spinel phases show higher Cr contents overall in comparison
to the internal zone, with values of ~33-34 wt% in the top and middle zones and a sharp
decrease to ~25 wt% at the bottom. The standard deviations in the external zone are within
£1-3 wt%. In the internal zone, spinel Cr content decreases from the top (~30 wt%) to the
bottom (~26 wt%), with relatively large standard deviations (+2-5 wt%). This indicates a
notable variability in Cr distribution within spinel phases across different depths, mostly
due to variations in the slag composition from different heats.

In the external zone, MeO phases exhibit relatively higher Cr contents, particularly in
the middle zone (~6.6 wt%), while lower values are observed in the top zone (~2.4 wt%).
No measurable Cr content was obtained for the external-bottom zone. In the internal zone,
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MeO phases contain low Cr concentrations, ranging from 1.9 to 3.1 wt%, with comparatively
moderate standard deviations (+0.3-1.1 wt%).
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Figure 6. Cr content in different phases of the slag sampled from the internal and external zones,
determined using SEM-EDS.

In the external zone, calcium silicates show a relatively great variability, with higher
Cr contents in the top zone (~4.9 wt% = 2.2), no reported values for the middle zone, and
lower contents at the bottom (~1.0 wt% = 0.25). Calcium silicates in the internal zone
consistently contain low Cr contents (1.6-2.9 wt%) with very small standard deviations
(£0.1-0.5 wt%), indicating limited variability.

3.1.4. Phase Identification by XRD

XRD analyses were conducted on the slag samples to qualitatively identify the major
crystalline phases present, complementing the phase compositional and microstructural
information obtained from SEM-EDS. The results are presented in Figure 7.

Both internal and external layers consistently contain spinel phases such as FeCr,Oy,
MgCr;04, and MnCrp Oy across all zones. Top zones generally have fewer complex spinel
phases compared to bottom zones. For example, Mg(Al Fe)O4 and (Fe,Mg)Al,O4 spinel
phases are mainly found in the bottom zones.

Internal layers often have FeO and MgO as primary MeO phases, whereas external
layers lack some MeO phases in the top zone. Calcium silicates (Ca;SiO4 or CaSiO3) appear
in nearly all layers, indicating that basic silicate formation is consistent throughout. SiO; is
notable in the lower samples due to the addition of SiO, at the bottom of the slag pot to
ensure its longevity. Internal layers predominantly contain CazAl,Og, whereas external
layers may contain CaAl,O4 or mixed alumino-silicates like CagAl;SipOq.

CaTiOj3 (perovskite) is present in all layers and zones, showing it is stable regardless of
position. In addition, no pronounced amorphous hump was observed in the XRD patterns,
suggesting that the slags are predominantly crystalline, although the presence of limited
amorphous content cannot be excluded.
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3.2. Chromium Leaching Behavior

The leaching tests indicate that Cr release varied significantly across zones at neutral
pH (7). The internal zone showed very low leaching values (in mg/L), with 0.006 in the
top, 0.0025 in the middle, and 0.0225 in the bottom. In contrast, the external zone exhibited
much higher leaching values (in mg/L), with 0.0525 in the top, 0.0675 in the middle, and
0.0425 in the bottom, with a standard deviation of 0.0025 ppm. These results demonstrate
that leaching was consistently greater in the external zones compared to the internal ones.
At acidic conditions (pH = 4.2), the leaching was minimal (below the detection limit of the
ICP-OES, i.e., 0.0005 ppm), with only a single measurable value of 0.0025 mg/L for the
external bottom zone.

3.3. Calculated Crystallization Path of Slag

The crystallization path of the EAF slag was calculated under both equilibrium and
Scheil cooling conditions using FactSage 8.4 databases [42]. Equilibrium cooling assumes
complete diffusion in both the liquid and solid phases, corresponding to extremely slow
cooling rates, whereas Scheil cooling assumes complete diffusion in the liquid phase only,
with no diffusion in the solid. Scheil cooling therefore represents a limiting non-equilibrium
condition, intermediate between equilibrium solidification and full quenching, where dif-
fusion is suppressed in both phases. These two approaches were used as bounding cases
to qualitatively assess possible phase evolution and Cr partitioning trends during cooling.
However, it should be emphasized that these models do not fully reproduce industrial cool-
ing conditions, and the results are constrained by thermodynamic equilibrium assumptions
and database limitations, particularly regarding Cr distribution in certain phases. Figure 6
shows the predicted phase distribution, spinel composition, and Cr partitioning among the
different phases.

According to the calculations, at the process temperature of 1650 °C, the stable phases
are liquid slag (Slg) and tetragonal spinel (TSpl). Approximately 75% of the Cr is predicted
to partition into the spinel phase, while the remainder is associated with the liquid slag.
Spinel is primarily enriched in Cr, Mn, Al, Fe, and Mg, in decreasing order of concentration.
Under very high cooling rates approaching quenching conditions, the calculations suggest
that a portion of Cr may remain associated with the residual glassy phase.

Under Scheil cooling conditions (Figure 8a—c), MeO#1 crystallizes first from the slag
upon cooling and consists primarily of FeO-MgO with minor MnO. With further cooling,
Cr, Mn, and Al contents in the spinel phase increase until saturation at approximately
1119 °C. The MeO phase dissolves only a small fraction of Cr (~1.0 wt%), leading to
progressive depletion of Cr in the remaining liquid slag. After complete solidification, the
model predicts that most Cr is associated with the spinel phase, while only a minor fraction
remains in the MeO phase. Other predicted crystalline phases include bC,SA (o’-CaySiOy4
solid solution), aC;SA (x-CaySiOy solid solution), and C, AF. The Ca-silicate phases include
Cay5i0y, FeSipO4, and MnjyS5iO4, while C,AF comprises Cay Al,Os and CayFeyOs. 1t should
be noted that, within the FactSage FToxid database, Cr partitioning is restricted to slag,
spinel, and MeO, and is not explicitly considered in Ca-silicate or Ca-aluminate phases,
which introduces additional uncertainty into the predicted distribution.

Under equilibrium cooling (Figure 8d—f), spinel remains highly stable, with its Cr
content increasing steadily as temperature decreases, while Fe and Mg decline as they
partition into other phases. Below approximately 625 °C, all Cr partitions to spinel, with
none remaining in MeO. These results indicate that Cr is strongly stabilized in spinel,
and its stability increases during cooling. Once incorporated into the spinel structure, Cr
becomes effectively fixed and does not redistribute to other phases.
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Figure 8. Scheil cooling (a—c) and equilibrium cooling (d—f) of EAF slag calculated using FactSage 8.4
databases, showing phase distribution, spinel composition, and Cr phase distribution.
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4. Discussion
4.1. Spinel Crystal Size

The leaching results, illustrated in Figure 9, show noticeable differences between
the internal and external zones of the slag pot. The internal zones, which are inferred to
have experienced slower cooling, developed relatively larger spinel crystals and gener-
ally exhibited lower Cr leaching at a neutral pH, whereas the external zones, inferred to
have cooled more rapidly, formed finer spinel phases and showed higher leaching levels.
This observed trend suggests that the spinel crystal size, which is influenced by cooling
conditions, may contribute to differences in Cr release behavior. Within the internal zone,
some variation in spinel size is evident, whereas in the external zone, spinel sizes remain
relatively similar across zones. It should be noted that since several variables co-vary with
slag-pot position, including cooling history and microstructural evolution, this relationship
should be interpreted cautiously and does not by itself demonstrate that spinel size is an
independent controlling factor for Cr leaching.
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Figure 9. Cr leaching (left axis) and spinel crystal size (right axis) from slags sampled from different
zones in the slag pot.

The thermal gradient within the slag pot is likely at the origin of these differences.
External zones in contact with the slag-pot wall are inferred to act as primary heat sinks
and therefore likely experience more rapid cooling, while internal zones are thermally
insulated by the solidified outer shell and are inferred to cool more gradually. These cooling
conditions may allow longer diffusion times during solidification in the internal zones,
thereby promoting spinel coarsening and microstructural evolution.

These findings are consistent with previous studies reporting that larger spinel phases
formed under slower cooling or prolonged heat treatment more effectively immobilize
Cr [25,26,28,45]. Conversely, finer spinel particles and smaller fractions are more suscepti-
ble to dissolution, increasing Cr release [38]. Kinetic studies indicating surface-reaction-
controlled leaching of Fe and Cr are also consistent, further supporting this interpreta-
tion [46].

In acidic conditions (pH = 4.2), Cr leaching was nearly negligible regardless of spinel
size or cooling history, with only a single measurable value (0.0025 mg/L) detected for
the external bottom zone. This shows that, under the specific conditions of the EPA
1312 test, the observed Cr release is very low. Given that multiple experimental parameters
differ in this protocol, the combined effects of pH, particle size, liquid-to-solid ratio, and
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extraction time likely all contribute to the measured behavior. Nevertheless, within the
range of conditions tested, microstructural differences associated with spinel size and
cooling history did not appear to significantly influence Cr leaching.

Figure 10 shows a preliminary inverse correlation between average spinel size and Cr
leaching at a neutral pH, with a Pearson correlation coefficient of -0.86 (R? = 0.74, p = 0.027).
Within the examined number of zone-averaged data points, smaller spinel phases were
generally associated with higher Cr leaching, and based on the p-value, this correlation is
statistically significant.
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Figure 10. Cr leaching versus spinel crystal size.

While spinel size may contribute to the observed variation in Cr leaching, it does not
fully explain the behavior. The remaining variance likely reflects the influence of additional
factors, including spinel texture and compositional zoning, as well as contributions from
other potentially soluble phases such as calcium silicates and calcium aluminates under
neutral conditions.

4.2. Spinel Reverse Zoning

Spinel phases from the internal zones and the external-bottom zone (Figure 5) ex-
hibit pronounced compositional zoning, whereas spinel phases from the external-top and
external-middle zones are largely compositionally homogeneous. In the zoned spinel
phases, the cores are enriched in Cr and Fe, while the rims are enriched in Mg and Al,
forming MgAl,Oy-rich margins with lower CrpO3 contents relative to the core. This reverse
zoning is predominantly observed in zones inferred to have experienced slower cooling,
likely due to the slag pot’s position within the pit and the thermal insulation provided
by the surrounding slag layers. However, these thermal conditions are inferred from the
spatial position and are not directly measured, and the observed zoning may also reflect
combined effects of multiple interacting parameters rather than a single controlling vari-
able. In contrast, external-top and external-middle zones are inferred to have experienced
comparatively faster cooling, suggesting limited diffusion and chemical re-equilibration
during solidification.
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The development of reverse zoning suggests that high-temperature spinel phases
formed during slag processing initially crystallized with relatively homogeneous com-
positions, followed by chemical segregation during comparatively slow cooling. This
interpretation is consistent with the XRD results, which show additional spinel phases such
as Mg(AlFe),O4 and (Mg,Fe)Al,Oy in the bottom zones, reflecting progressive elemental
redistribution during cooling.

Previous studies by Zeng et al. [36] and Cao et al. [30] reported normal core—shell
spinel phases, characterized by Al- or Mg-rich cores surrounded by Cr-rich rims. In contrast,
the present work reveals the formation of reverse-zoned spinel phases, in which Cr- and Fe-
rich cores are encapsulated by Mg- and Al-rich rims. Reverse zoning has been attributed to
slow cooling, fractional crystallization, reactions with non-homologous melt, or elemental
exchange between spinel phases and surrounding silicate phases [47].

This reverse-zoned structure is correlated with enhanced Cr immobilization, particu-
larly in the relatively larger spinel crystals (e.g., ~41 um) observed in the internal zone. In
these spinel phases, Cr appears to be concentrated toward the interior, while the MgAl,O4-
rich rim is hypothesized to potentially reduce direct exposure of Cr-bearing zones to the
leaching solution. This suggests a possible diffusion-limiting effect of the Al/Mg-rich rim,
which could contribute to kinetically hindered Cr release. However, this interpretation re-
mains a hypothesis based on qualitative microstructural observations, and no independent
control of spinel size or zoning was performed, preventing causal attribution.

4.3. Cr Distribution

Spinel is confirmed as the dominant Cr-bearing phase in both internal and external
slag zones, containing approximately 25-34 wt% Cr (Figure 5), consistent with the literature
identifying spinel as the primary stabilizing phase for chromium in EAF and stainless-
steel slags [24,29,31,39,48]. Although external-zone spinel phases are slightly richer in
Cr and compositionally more uniform than internal-zone spinel phases, the differences
largely overlap within experimental uncertainty, indicating that spinel Cr content alone is
not the controlling factor for leaching. This is rather consistent with the observations by
Samada et al. [34], who showed that mineralogical phase assemblage, rather than Cr,O3
concentration, controls chromium dissolution in seawater environments.

The larger variability in Cr content observed in internal-zone spinel phases likely
reflects chemical heterogeneity during slag formation and solidification. Variations in
scrap composition during EAF operation can lead to compositional fluctuations along the
slag-pot height, which may obscure systematic trends in chemical composition and phase
distribution from the top to the bottom of the slag pot. Such variations could have occurred
due to cooling gradients and solidification processes.

Previous findings indicate that Mg-wiistite (an MeO phase) can either suppress or
enhance Cr leaching depending on composition and stability [21,35]. While Cr contents in
internal MeO phases are low, localized enrichment in external-middle samples suggests
that MeO can temporarily host Cr depending on local chemistry and cooling history.

Calcium silicates consistently show low Cr contents and greater compositional vari-
ability, particularly in the external-top zone, as evidenced in Figures 2, 3 and 6. These
phases are widely reported as weak Cr hosts that can contribute to leaching under envi-
ronmental exposure [24,31,34]. The localized Cr enrichment observed in some external
Ca-silicates is heterogeneous and likely unstable, reinforcing their limited role in long-term
Cr immobilization.

The weak correlations between Cr leaching and Cr content in individual phases indi-
cate that leaching is largely independent of bulk Cr partitioning among phases. Addition-
ally, despite the high slag basicity (B2 ~ 3.0), Cr leaching remained very low, particularly
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in the internal zones. This is in contrast to Strandkvist et al. (2020) [18], who reported that
both decreasing basicity (CaO/SiO; ratio) below 2.2 and increasing the rate of cooling could
be used to decrease chromium leaching by preventing the formation of brownmillerite.
Opverall, these results reveal that cooling history and spinel stability (size and texture)
are more critical than Cr concentrations in slag and basicity alone in controlling Cr release.

4.4. Thermodynamic Analysis of Phase Formation

The thermodynamic calculations (Figure 8), particularly Scheil cooling, show reason-
able agreement with SEM-EDS (Figures 2 and 3) and XRD data (Figure 7). The thermody-
namic calculations (Figure 8), particularly the Scheil cooling simulations, show qualitative
consistency with the SEM-EDS observations (Figures 2 and 3) and the XRD phase iden-
tification results (Figure 7). These calculations are used here to provide a conceptual
framework for understanding possible phase evolution and Cr partitioning trends dur-
ing cooling, rather than to quantitatively validate the experimental phase assemblages or
leaching behavior.

The results suggest that quenching the slag, using methods such as atomization or
slag-pit cooling, can trap Cr in the glassy phase, increasing its leaching potential, consistent
with Zeng et al. [36] and Strandkvist et al. [18]. They reported that rapid cooling suppresses
leachable silicates but can leave Cr in more soluble phases like glass. In contrast, controlled
or slow cooling in a slag pot may allow gradual Cr enrichment in spinel, enhancing its
stability, in agreement with Mombelli et al. [37] and Cao et al. [30].

Due to the absence of Cr in some phases, such as Ca-silicates and Ca-aluminates, and
the lack of Ca in the tetragonal spinel structure, the Cr distribution could be considered
approximate. However, the general trend aligns with observations, as Cr solubility in
phases other than spinel appears to be low.

At high temperature, the spinel structure can be represented as (Mn2*, Fe?,
Mg?*)(Cr?*, Al3*),0y, with Cr progressively enriching the structure during cooling. Ther-
modynamic calculations suggest that as spinel crystallizes from the liquid slag, Fe?* and
Mg remain relatively constant, while Mn, Al and Cr increase continuously within the
spinel structure as growth proceeds. Comparison with the experimentally observed zoning
(Figure 5) suggests a possible tendency for Cr enrichment toward the spinel core, whereas Al
predominantly concentrates at the rim. This comparison indicates a qualitative agreement
between modeled trends and observed zoning patterns rather than a direct mechanistic
validation. This behavior is consistent with the reverse zoning observed in spinel phases
formed under slow cooling and fractional crystallization conditions from the slag [47],
primarily affecting Al and Cr while leaving Mg and Fe?* largely unchanged [49]. However,
these interpretations remain qualitative and should be considered within the limitations of
the thermodynamic approach used in this study.

5. Conclusions

This study investigated chromium stabilization in EAF slags under spatially variable
cooling conditions inferred from the slag-pot location through comparative analysis of
samples from different slag-pot zones, examining the correlations between cooling con-
ditions, phase assemblage, spinel microstructure, and Cr leaching. The results suggest
that cooling conditions and associated microstructural features, including spinel particle
size and texture, can be correlated with variations in Cr stabilization in high-basicity slags,
typical of refining operations.

An observed inverse correlation was identified between average spinel crystal size
and Cr leaching under neutral conditions. Larger spinel phases formed under inferred
slower cooling in the internal zones of the slag pot were generally associated with lower
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Cr leaching under neutral conditions. In contrast, smaller spinel phases observed under
inferred faster cooling in the external zones were associated with comparatively higher
leaching values, although all measured concentrations remained well below the U.S. EPA
MCL of 0.1 mg/L. However, the effects of spinel size and zoning, and cooling rate on Cr
immobilization during leaching were not independently isolated in this study; therefore,
the observed relationships should be interpreted as correlative rather than causal.

Reverse zoning, observed in larger spinel phases, features Cr- and Fe-rich cores sur-
rounded by Mg- and Al-rich rims, which may be associated with reduced accessibility
of the leaching environment to the Cr-bearing zones and thereby contribute to lower Cr
release. Under relatively rapid cooling conditions, Cr appears to be distributed more ho-
mogeneously throughout the spinel structure, which may be associated with the increased
accessibility to leaching solutions.

Under acidic conditions tested in this work (pH 4.2), Cr release remained very low
across all samples, regardless of spinel size or cooling history. However, since the acidic
leaching protocol differs from the neutral test in several experimental parameters, the
observed behavior cannot be attributed solely to solution chemistry, and the combined
effects of leaching conditions likely contributed to the measured Cr release.

Overall, the results suggest that slower cooling conditions in slag pots are associated
with the formation of different spinel microstructures; larger spinel crystals and a reverse
zoning texture, in turn, may contribute to improved Cr stabilization. The findings also
highlight the importance of representative sampling, as heterogeneous cooling within the
slag pot leads to spatial variations in spinel characteristics and corresponding differences
in Cr leaching behavior. While further work is required to decouple the effects of cooling
history, phase assemblage, and particularly spinel texture—which remains insufficiently
investigated—and the present study provides useful insight into the factors that corre-
lated with Cr immobilization under slag-pot cooling conditions. The findings may also
contribute to the development of improved practices for slag cooling and handling in
steelmaking operations.
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