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In this study, the chemical equilibrium experiments were systematically conducted at 1 673 K under an
oxygen partial pressure of 10~ ' atm to investigate the precipitation of MnAl,O4 spinel in the CaO-SiO—
MgO-FeO-MnO-Al,03 slags. The results showed that with increasing Al,O3 content, Mn gradually trans-
ferred from the silicate liquid phase into the spinel phase. At 33.64 mol% Al,O3, the precipitation ratio of
MnAl,O4 was approximately 80.32%, at which point the slag reached its solubility limit with respect to
Al,O3. Therefore, 80.32% represented the maximum precipitation ratio attainable through Al,O3; control
under the present experimental conditions. At this composition, comparison between water-quenching
and slow cooling at 4 K/min revealed negligible differences in the crystal structure and composition of the
spinel phase, indicating that MnAl,O4 precipitation predominately occurred during the high-temperature
equilibration stage and remained stable upon cooling. In addition, with increasing Al,O3 content, the activ-
ity of MnO decreased, indicating its progressive consumption from the silicate melt and incorporation into
the spinel phase.

KEY WORDS: thermodynamic analysis; MnAl,O4 spinel; CaO-SiO,-MgO-FeO-MnO-Al,O3 slag; precipita-

tion behavior; activity measurement.

1. Introduction

Manganese (Mn) steel is widely used in automotive,
railway, and structural applications due to its excellent
mechanical properties.'” With the increasing demand for
high-performance steel, the production and application of
Mn steel have continued to grow. According to the USGS
Mineral Commodity Summaries 2024, global Mn mine
production in 2023 was approximately 20 million tons, of
which about 90% was consumed by the steelmaking indus-
try.”) However, because of the strong affinity of Mn with
oxygen, a substantial portion of Mn is inevitably lost to the
slag during steelmaking. Material flow studies in Japan have
shown that the amount of Mn used as an alloying element
is nearly equivalent to the amount ultimately contained in
the steelmaking slag.*® Statistics indicate that basic oxygen
furnace (BOF) slag typically contains 2—6 mass% Mn, while
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electric arc furnace (EAF) slag may contain 5-10 mass%
Mn.” In Japan, 98.4% of steelmaking slag is reused, mainly
as road base and civil engineering materials.® Nevertheless,
the reutilized slags still contain considerable amounts of
Mn. Previous studies have shown that the phase assemblage
in which major elements ultimately occur largely determines
the reusability of slag,” as it governs its long-term stabil-
ity and mechanical properties. Therefore, it is necessary to
systematically investigate the Mn-bearing phases in steel
slags and their crystallization behavior.

Among the possible Mn-bearing phases, MnAl,O4 spinel
not only forms readily in the slag but is also regarded as
the most stable Mn-containing phase. Thus, clarifying the
thermodynamic precipitation conditions of MnAlLOs is
particularly important, as it enables compositional control
over its formation and enhances both the functionality and
resource efficiency of slag reuse.

Nevertheless, studies on MnAl,O, in the steelmaking
process have so far mainly focused on MnAl,O, inclusion
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in steel,'*! while systematic studies on MnAL Oy, in steel
slags remain very limited. By contrast, Cr and V-bearing
spinels in slags have been extensively investigated, pro-
viding valuable insights. For Cr, the FeO content'>'® and
basicity'” of the slag were found to strongly promote its
incorporation into spinel, while Al,Os additions could sta-
bilize Cr in spinel.'® In addition, cooling treatment has also
been reported to further enhance Cr spinel formation.'*")
For V, longer holding times and lower temperatures were
shown to enhance the formation of V spinel in slags,?"
while higher FeO/SiO; ratios and MgO contents were found
to promote MgV,0y crystallization.”” Despite these studies
on spinel formation in slags, no systematic investigation
has yet addressed MnAl, O, in steel slags. In light of these
gaps, clarifying the thermodynamic precipitation conditions
of MnAL,Oy, in steel slags could enable composition-based
control over its generation, thereby enhancing the function-
ality and resource efficiency of slag reuse.

Therefore, this study focuses on the CaO-SiO,~MgO-
FeO-MnO-Al,0O; slags and aims to clarify the effects of
varying Al,O; content on the precipitation behavior of
MnAlLO, spinel through equilibrium experiments. On the
basis of this, the influence of cooling conditions on the effect
of Al,O; addition was also investigated to comprehensively
understand the precipitation behavior of MnAl,O,. In addi-
tion, the activities of MnO were also measured as part of
the effort to better understand spinel precipitation behavior.

2. Experimental

2.1. Experimental Apparatus

The experimental apparatus is schematically shown in
Fig. 1. An electric resistance furnace was equipped with
MoSi, heating elements and an alumina tube reaction cham-
ber. The isothermal zone was determined by the Pt/Pt-13Rh
thermocouple with an accuracy of =+ 1 K.

The chemical equilibrium process was conducted with
an iron crucible which was placed on the refractory bricks
in the alumina tube. The gas flow, consisting of argon (Ar)
as the carrier gas and CO-CO, as reactive gases, together
with the oxygen partial pressure, was regulated by the gas
control system. Moreover, the Ar gas was further deoxidized
using titanium in a deoxidizing furnace. The mixed gases
were introduced from the top of the alumina tube and vented
from the bottom.
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Fig. 1. Schematic diagram of the experimental apparatus.
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2.2. Slag Preparation

The slag compositions in this study were designed based
on a typical electric arc furnace (EAF) slag provided by
a domestic Japanese steelmaking plant, with the initial
chemical compositions summarized in Table 1, where
Slag 2 represents the original slag. The AlL,Os content was
varied while correspondingly adjusting the amounts of CaO
and SiO; to maintain a constant basicity (CaO/SiO, molar
ratio = 0.82).

To prepare CaO, CaCO; powder was calcined in an alu-
mina crucible at 1 473 K (1 200°C) for 12 hours under an Ar
atmosphere with a flow rate of 150 mL/min. Similarly, FeO
was prepared by heating FeC,04:2H,0 at 1 273 K (1 000°C)
for 6 hours under an Ar atmosphere with a flow rate of
300 mL/min.>*?* The phase purity of both CaO and FeO
was confirmed by XRD (Bruker D2 Phaser, 2nd generation).

The other raw materials, including MgO, MnO, SiO,, and
Al O3, were mixed with the prepared CaO and FeO powders
in predetermined ratios and ground uniformly using a plan-
etary mono mill (Fritsch P-6S classic line, agate grinding
ball). This homogenized powder mixture was used as the
material for the thermodynamic equilibrium experiments.

2.3. Experimental Procedure

Thermodynamic equilibrium experiments were carried
out to determine the activity of MnO in slags by equilibrat-
ing the slag with an Ag—Mn alloy. According to preliminary
experiments, 28 hours of the holding time was long enough
to reach equilibrium state. Each experiment was conducted
at 1 673 K (1 400°C), using 8 g of pre-melted slag and 4 g
of electrolytic silver (Ag, 99.99% purity), placed in an iron
crucible. After equilibration, the samples were retrieved
from the furnace and water-quenched immediately to obtain
the Ag—Mn alloy and slag for analysis.

The oxygen partial pressure was precisely controlled at
10" atm by introducing a mixture of CO and CO; into the
furnace chamber (at 1673 K, Pco/Peo, = 151:1).25) This
control method is based on the redox equilibrium between
CO and CO,,*® represented by the following equations.

2C0(g)+0, (g) = 2C0; (g) -vvrrrovrre (1)
AG(y ==561911+170.46T (J/mol) ++-sss--- @
AG(cl) Feo, ’

Py, =exp| — W |.[ £co
(o)} CXP( RT ] [PCO ) .................... (3)

In Eq. (2), AG(:) is the standard Gibbs energy change of
reaction (1) at absolute temperature T. In Eq. (3), Po,, Pco
and Peo, are the partial pressures of O,, CO and CO, respec-
tively, and R is the gas constant (8.314 J/mol-K).

Table 1. Initial slag compositions (mol%). (All values in the fol-

lowing tables are given with four significant figures.)

No. CaO SiO, Al,O4 MgO FeO MnO
1 18.97 23.06 13.64 7.420 28.24 8.670
2 14.46 17.58 23.64 7.420 28.24 8.670
3 12.21 14.84 28.64 7.420 28.24 8.670
4 9.940 12.09 33.64 7.420 28.24 8.670
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Table 2. Partial pressure ratios of CO, to CO required to maintain
10" atm oxygen partial pressure at different tempera-
ture intervals.

Interval (K) Pco/ Peo,
1 6731 633 121.0
1633-1593 7774
15931 553 49.51
15531 513 31.34
1513-1 473 19.62
14731433 11.90
1433-1393 6.940
13931 353 3.863
1353-1313 2.062
13131273 0.4219

Additionally, to further clarify the precipitation behavior
of MnAl,O4, additional experiments were conducted under
controlled cooling conditions. Slag 4 was selected and
subjected to slow cooling at a rate of 4 K/min after isother-
mal equilibration at 1 673 K for 28 hours. To maintain the
oxygen partial pressure at 10> atm throughout the cooling
process, the partial pressure ratio of CO, to CO was adjusted
every 40 K (down to 1273 K, since the slag had already
solidified and further gas adjustment was unnecessary).
This adjustment was determined by numerically integrat-
ing Eq. (4) to maintain the average oxygen partial pressure
at 10~ ' atm over the specified temperature range, and the
corresponding partial pressure ratios of CO, to CO are sum-
marized in Table 2.

1 Tena

AG
Po, = —I exp[R—;)]-(PCO2 / Po )2 dr - (@)

Tena — Titart 7 Ton

2.4. Analysis

The morphology of the slag after the equilibrium
experiment was examined by scanning electron microscopy
equipped with energy-dispersive X-ray spectroscopy (SEM-
EDS, JEOL JCM-7000). The chemical compositions of the
individual phases in the slag were determined by SEM-EDS,
and the overall phase identification was conducted by X-ray
diffraction (XRD). The Mn concentration in the Ag—Mn
alloy was measured by inductively coupled plasma optical
emission spectroscopy (ICP-OES, HITACHI PS7800) after
dissolution in nitric acid.

3. Results and Discussion

3.1. Thermodynamic Equilibrium Calculation of the
MnAlL Oy Precipitation in the Slag
The precipitation reaction of MnAlO4 spinel in slag
and the corresponding Gibbs free energy change can be
described as the following equations.

MnO + ALO; = MNALO, -eovvvverrrreeneen (5)
AG(s) = AG(s) + RT In—2020 .. (6)
AaMnoO * AAL0;

Table 3. Calculated activities of Al,0Os in slags.

No. Al,0Os content (mol%) AALO,

1 13.64 0.3691
2 23.64 0.7203
3 28.64 0.8020
4 33.64 0.9374
5 36.56 1.000
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Fig. 2. Effect of Al,O5 content on Mn distribution in slags: (a)
calculated results; (b) experimental results. (Online ver-
sion in color.)

Since the activity of the precipitated spinel phase can
be approximated as unity, the equilibrium driving force is
mainly governed by the activities of MnO and Al,Os in the
slag. As what is shown in Eq. (6), increasing Al,O; activ-
ity lowers AGs), shifting the equilibrium toward MnAl,O4
formation. This provides the thermodynamic basis for inves-
tigating the effect of Al,Os content on spinel precipitation.

To evaluate this effect, equilibrium calculations were
performed using FactSage 8.3 (FToxid 8.3 and FactPS 8.3
databases) under the same conditions as the experiments
(1673 K and an oxygen partial pressure of 10~ "> atm). In
the calculations, the molar fractions of MgO, FeO, and MnO
were kept constant (7.420, 28.24, 8.670 mol% respectively),
while the basicity was fixed at 0.82 to match the designed
slags in Table 1. The calculated activities of Al,O3 are sum-
marized in Table 3. With increasing bulk Al,Os, its activity
increased progressively and reached unity at 36.56 mol%,
indicating that the solubility limit had been reached.

The calculated Mn precipitation ratios are presented in
Fig. 2(a). The precipitation ratio of MnAl,O4 was defined
as the fraction of Mn incorporated into the spinel phase,
relative to the total Mn content in the bulk slag. The addi-
tion of Al,O; increased its activity in the slag. As a result,
the fraction of Mn incorporated into the spinel phase was
significantly enhanced. Accordingly, Al,O; content was
selected as the key compositional variable for the subse-
quent experiments.

3.2. Effect of Al O; Content on MnAl,O4 Precipitation
The SEM micrographs of Slag 1 to Slag 4 are shown
in Fig. 3. Based on EDS compositional analysis, it was
preliminarily identified that Slag 1-Slag 3 (ALOs; = 13.64
to 28.64 mol%) consisted of three phases: a silicate/glassy
matrix, metallic iron (Fe), and spinel. In Slag 4 (ALO; =
33.64 mol%), an Al,O3 phase was also observed. The XRD
patterns shown in Fig. 4 confirmed the above phase iden-
tification. For Slag 1 to Slag 3, the main crystalline phases

© 2025 ISIJ
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Fig. 3. SEM micrograghs for representive slag samples.

00 Spinel X 200 * Spinel X
- Fe(bee) @ 2000 Fe(bee) @
6o . 1800
50 * 1600
501 > .
2 ‘ " 21400 * b4
5 400 | “ * £ 1200 g *
£ | 2 1000
300 w * | 800 |
Ol
200 Yo * . 600 ‘ | %
100} 0 ! L1 e *
200 fama ™ N et weny ) X
o . . . S X ; " .
20 40 60 80 100 20 40 60 80 100
2/ 20
Slag 1 Slag 2
2800 3000
2600 2800 -
Spinel % pincl %
o = M.
vt - 2200 A0, ©
1800 * 2000 *
21600 * * 2 1800 .
2 % 1600
£ 1400 . & 1400 * *
20 * 2 * %
1000 1000
800 “ ‘ ‘ * ‘ 800 1
b I *T o *ox o o | T\ ‘ % *
300 [t et bt o S 200 WMM\M.JW.I‘ i tu X
0 [
E) ) 60 £ 00 E) 0 50 £ 100
200 200
Slag 3 Slag 4

Fig. 4. XRD patterns of slags. (Online version in color.)

were spinel and metallic Fe, whereas Slag 4 exhibited not
only spinel and metallic Fe but also minor diffraction peaks
of AlOs, suggesting that the content of ALOs; exceeded
the solubility limit of Al,Os under the present condition.
Moreover, from Slag 1 to Slag 4, with the gradual increase
of AlLO; content, the broad amorphous hump between
25° and 37° (26), corresponding to the diffraction of the
glassy matrix phase, gradually diminished and eventually
disappeared, while the spinel peaks intensified, suggesting
a relative decrease of the glassy matrix and enrichment of
the spinel phase. Furthermore, the chemical compositions
of the spinel and matrix phase, determined by EDS, are
summarized in Table 4. For spinel phase, the cation ratio
(Mg+Fe+Mn):Al was approximately 1:2, consistent with
the stoichiometry of spinel-type oxides (AB,Os), confirm-
ing that the spinel phase is a solid solution of MnAL,Oy,
FeAl,O4, and MgAl,O4. Moreover, silicon (Si) was detected
only in the matrix phase, whereas Mn was found exclusively
in the spinel and matrix phases (despite the presence of Mn
in the Ag—Mn alloy, with a concentration of no more than
0.153 mol%, it was considered negligible and not included
in the analysis). Accordingly, the relative amounts of matrix
and spinel, as well as the precipitation ratio of MnAl,Ou,
were calculated based on elemental balances using the fol-
lowing equations.

© 2025 ISIJ

Table 4. Chemical composition of spinel and matrix phases deter-
mined by EDS (mol%).

No. Phase (0] Ca Si Al Mg Fe Mn

1 Spinel 49.25 - - 3423 1028  2.131 4.110
Matrix 5193 12.00 14.84 12.02 2.544 1.686 4.989
2 Spinel 4842 - - 3430 6473 5420 5.390

Matrix 51.58 12.06 1444 1429 08600 2.846 3.996
3 Spinel 50.55 - - 3345 5360 5935 4.700
Matrix 53.66 11.83 1436 14.48 0.3770 2.681 2.610
4 Spinel 48.89 - - 3460 4.670 6.410 5.430
Matrix 53.08 11.68 13.96 18.06 0.07800 1.170 1.970

bulk
NS )

matrix
Xsi

N, matrix —

bulk matrix
NMn - Nmatrix : XMn

Napinel = T e ®)
XMn
. yspinel
R _ Nspmel XMn (9)
MnALO, =~ e
N Mn

Ntk and N&™ denote the total moles of Mn and Si in
the bulk slag, while Xy, x@»aix and X" represent
the average molar fractions of elements in the respective
phases determined by EDS. Npayix and Npinel are the relative
amounts of the matrix and spinel phase, and Rwnaio0, is the
precipitation ratio of MnAl,O4, defined as the fraction of Mn
incorporated into the spinel phase relative to the total Mn
content in the bulk slag. In this study, since the dissolution
of spinel-rich slags was incomplete in ICP-OES analysis,
the total moles of Mn and Si in the bulk slag used in the bal-
ance calculations were taken directly from the initial charge.

The ratio of spinel to the glassy matrix phase (Ngpinel/
Nmawix) shows an increasing trend with ALOs content,
which is consistent with the XRD results. Mn distribution
in slags at different Al,O; contents is shown in Fig. 2(b).
The results show that the precipitation ratio of MnALO4
increased with increasing AlLOs; content and reached a
maximum of 80.32% at 33.64 mol% AlL,Os, at which point
the slag became saturated with Al,O3;. Owing to this satura-
tion effect, further additions of Al,Os did not lead to any
increase in the precipitation ratio. Therefore, under the
present experimental conditions, 33.64 mol% AlLO; can
be regarded as the optimum composition for achieving the
maximum precipitation ratio of MnAl,O4 spinel (80.32%).
This behavior is consistent with the evaluation in Section
3.1: as AlL,O; content increases, its activity rises, shifting
the equilibrium of reaction (5) toward spinel formation and
thereby increasing the precipitation ratio of MnAlL,O4 spi-
nel. Although the activity of AlOs is difficult to measure
directly due to its strong stability, the experimental obser-
vation of Al,Oj; saturation (Al,Oj; activity—1) substantiates
this interpretation. It should be noted that quantitative dis-
crepancies remain between experiment and calculation. At
the same bulk Al,O; contents, the experimental precipitation
ratios were generally higher than the calculated values, and
the onset of Al,Os saturation occurred earlier than predicted.
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These deviations are mainly due to the lack of prior studies,
which has limited the completeness of the FactSage ther-
modynamic database for the present system. Nevertheless,
the calculations reproduced the overall experimental trend,
indicating their reliability. The present results can provide a
thermodynamic supplement and extend the applicability of
thermodynamic predictions to Mn-bearing spinel precipita-
tion in this system.

3.3. Effect of Cooling Rate on MnAl,O4 Precipitation

In industrial practice, steel slag is commonly subjected
to various cooling methods, including slow cooling, water
cooling, and air cooling.””*® As noted in the introduction,
previous studies have demonstrated that cooling conditions
are known to affect spinel precipitation, such as crystal
growth, crystallization sequence, and the precipitation ratio
of specific element-bearing spinels.'>'*'® To examine
whether such effects occur under the present conditions,
the slag with 33.64 mol% AlLO; was first equilibrated
at 1673 K for 28 h under an oxygen partial pressure of
10~" atm. The sample was then subjected to slow cool-
ing at 4 K/min, and the results were compared with those
obtained from the sample quenched immediately after
equilibration. SEM, XRD, and EDS analyses revealed that
the spinel phase obtained under both conditions exhibited
nearly identical compositions (Table 5). Furthermore, the
principal diffraction peaks of spinel in the XRD patterns
showed almost no shift in 26 positions (Fig. 5), confirming
that the crystal structure was essentially unchanged with the
cooling method.

This phenomenon can be explained from both thermody-
namic and kinetic perspectives. For the reaction given in Eq.
(5), the Gibbs free energy change of MnA1,0O4 formation,*”
expressed in Eq. (10), decreases with decreasing tempera-
ture, indicating that the spinel phase remains thermodynami-
cally stable during cooling. Meanwhile, since most Mn in
the liquid phase had already been consumed during the high-
temperature equilibration stage and diffusion rates decreased
significantly upon cooling, further nucleation of spinel was
kinetically unfavorable.

In summary, the cooling method (quenching vs. slow
cooling) had no significant effect on the MnAl,O4 precipi-
tated during the high-temperature equilibrium stage, which
indicates that MnAl,O, maintains its stability under different
cooling conditions once equilibrium precipitation has been
achieved.

AG(5) = 45116 +11.81T (1/mol) ... (10)

3.4. Effect of AL,O3; Content on the Activity of MnO in
Slag

The activity of MnO is defined as its thermodynamically
effective concentration in the slag melt. Unlike the simple
concentration, activity reflects the actual chemical potential
of MnO in the system and therefore determines its ability
to participate in reactions. When the activity of MnO in
the slag system decreases, it indicates that the free MnO
in the melt is being progressively consumed, for example,
through incorporation into the spinel phase. Therefore, mea-
suring the activity of MnO under different Al,O; contents
can directly reveal the thermodynamic driving force for

Table 5. Comparison of spinel compositions after slow cooling
and quenching determined by EDS (mol%).

Cooling method (6] Al Mg Fe Mn
quenching 48.89 3460 4.670 6.410 5430
slow cooling 4824 3518 4.506 6.572 5.502
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Fig. 5. Comparison of XRD patterns of spinel phases under
water-quenching (a) and slow cooling (4 K/min) (b).
(Online version in color.)

MnALO4 formation. In this study, the activities of MnO
were determined by using the chemical equilibrium method
with an Ag—Mn alloy as the reference metal at 1 673 K and
10" atm oxygen partial pressure in the CaO-SiO,-MgO—
FeO-MnO-Al,0; slags with varying Al,Os contents. These
data not only provided valuable insights into the forma-
tion mechanism of MnAl,O, but also served as important
thermodynamic supplements for this complex system,
contributing to improved accuracy in future thermodynamic
calculations. The activity of MnO, which is expressed as
anvmo can be calculated from its oxidation reactions and the
corresponding standard Gibbs energy changes,?" which are
shown as the following equations.

Mn(1)+%02 (2) = MO(s) v (11)
AG(;;) =—400 995+84.27T (1 /mol) .......... (12)
_AG(DU) %
amno = €XPp ST (YRR v (13)

2132

1027 vin in Agll) = 4 1.088 -+eeveevernans (14)

In Eq. (13), Xy is the mole fraction of Mn in the Ag—Mn

© 2025 ISIJ
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Table 6. Activities of MnO in slags.

No. AIZ(?; (flg/rol)tem X .
1 13.64 0.001530  0.04137
2 23.64 0.001170  0.03164
3 28.64 0.001052  0.02845
4 33.64 0.0007829 0.02117

alloy, and ymn denotes the activity coefficient of Mn in the
Ag-Mn alloy. Under dilute conditions, ¥mn can be regarded
as equivalent to the Raoultian activity coefficient of Mn at
infinite dilution in liquid Ag, as given by Eq. (14).*” The
activities of MnO calculated from the method described
above along with the corresponding mole fractions of Mn
in the Ag-Mn alloy were summarized in Table 6. With
increasing ALLOs content, the activity of MnO decreased,
while, as observed in Section 3.2, the precipitation ratio of
Mn spinel increased. This indicates that the free MnO dis-
solved in the silicate melt (which solidified into the glassy
matrix upon cooling) was continuously consumed to form
the spinel phase. The variation trend of MnO activity pro-
vides thermodynamic support for the formation of MnAlLOs.

4. Conclusions

In the present work, thermodynamic equilibrium experi-
ments were conducted at 1 673 K under an oxygen partial
pressure of 10~ atm to investigate the precipitation behav-
ior of MnAl,Oj spinel in the CaO-Si0,—MgO-FeO-MnO-
AlLOs slags. The main conclusions are as follows:

(1) With increasing Al,O; content from 13.64 mol%
to 33.64 mol%, Mn gradually transferred from the silicate
liquid phase into the spinel phase. At 33.64 mol% Al,Os, the
precipitation ratio of MnAl,O4 was approximately 80.32%,
at which point the slag reached its solubility limit with
respect to Al,Os;. Therefore, the maximum precipitation
ratio of MnAl,O4 was achieved under this condition.

(2) At 33.64 mol% Al,Os, comparison between quench-
ing and slow cooling at 4 K/min revealed negligible differ-
ences in the crystal structure and composition of the spinel
phase, indicating that MnAl,O,4 precipitation was mainly
completed during the high-temperature equilibration stage
and remained stable upon cooling.

(3) With increasing Al,O; content, the activity of MnO
decreased, indicating that MnO originally dissolved in the
silicate melt (later solidified as the glassy matrix) was pro-
gressively consumed and incorporated into the spinel phase.

(4) From a practical perspective, controlling the Al,O3
content effectively facilitates the precipitation of Mn in the
form of MnAl,O4 spinel. This provides a thermodynamic
basis and support for regulating the chemical state of Mn
in slag and improving the utilization of steelmaking slags.
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