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Abstract

The transition to hydrogen-based reduction processes within the iron and steelmaking industry will generate new types of slag
compositions that require valorization routes. Using slags as supplementary cementitious materials (SCMs) addresses the
carbon dioxide emissions of the cement industry since the SCM requires neither calcination nor clinkering. Conventionally,
ironmaking slags from the blast furnace (BF) are recycled as SCMs, i.e., ground granulated BF slag (GGBS). Ideally, future
slags from electric arc furnaces (EAFs) operating on hydrogen-based direct reduced iron should be valorized analogously.
Since the hydrogen-based process route is not yet realized in an industrial scale, the literature lacks data to support this val-
orization route, and additionally, literature on scrap-based EAF slags is scarce. Therefore, the present study aimed to offer
insights into the utilization of ore-based EAF slags as SCMs based on an industrial slag sample from an EAF operating on
hot briquetted iron. The slag was remelted, modified, and water-granulated in laboratory scale, and its performance as an
SCM was compared to water-granulated ladle slag and two commercial GGBS. The results showed promising reactivities
measured using the R? isothermal calorimeter-based testing protocol. Based on the comparison to GGBS, the study indicated
that generating reactive and appropriate SCMs from EAF slags will partly be a challenge in balancing the crystallization of
the MeO-type solid solution rich in magnesia and addressing the iron oxide content in the amorphous phase.
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Introduction

The iron and steelmaking industry accounts for approxi-
mately 7% of the anthropogenic carbon dioxide emissions
[1]. In recent years, initiatives to move away from the car-
bon-intensive blast furnace (BF) route have emerged; one
such initiative is HYBRIT [1]. An implication of this tran-
sition to hydrogen-based reduction processes is a change
in future slag streams in ore-based steelmaking plants. In
Europe, BF slag is recycled to the extent of 100%, out of
which 80% is in cement and concrete applications [2]. For
steel producers aiming to use an electric arc furnace (EAF)
to smelt the direct reduced iron [1], a slag valorization route
for the EAF slag must be considered to maintain sustainable
steel production from a material efficiency standpoint.

Currently, EAF slags have multiple external application
areas, including fertilizers, water purification, and different
construction applications where road construction is domi-
nating [2, 3]. Although external applications are in place, the
ambition to shift the ore-based ironmaking process and the
subsequent increase in the total volume of EAF slag justifies
a reassessment of the slag valorization route.

Similar to the iron and steelmaking industry, the produc-
tion of cement is a major contributor to anthropogenic car-
bon dioxide emissions. Roughly 6-8% of the total global
emissions are attributed to the cement industry [4]. In Port-
land cement, 60% of the emissions stem from the release of
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carbon dioxide during the calcination of limestone, while
40% are related to fuels and electricity used in heating and
milling [4]. By partially replacing cement with a supple-
mentary cementitious material (SCM), the carbon dioxide
emissions per ton of cementitious material are reduced since
the SCM requires neither calcination nor clinkering [5]. In
addition, the requirements for quarrying of limestone are
reduced. Therefore, transitioning the EAF slag valorization
route to an SCM is of interest.

Partially replacing cement with an SCM influences the
amount and kind of hydrates formed upon cement hydration,
which was reviewed by Lothenbach et al. [5]. In cement
pore solution conditions, SCMs show either pozzolanic
activity, hydraulic properties, or a combination of both [4].
Depending on the method used for evaluating the reactivity
of SCMs, the reactivity value can be correlated to the com-
pressive strength of mortars [6].

There are several documented factors affecting SCM
reactivity. Crystalline phases, other than traditional cement
clinker phases, are generally considered inert with few
exceptions, such as zeolites [7-9]. Thus, an amorphous
material is a prerequisite for most SCMs. The composition
of the amorphous material affects reactivity by the presence
of elements participating in the cementitious reactions and
by affecting the degree of polymerization of the glass. Ram-
anathan et al. [10] used dissolution experiments to show that
the elemental release of silicon and aluminum correlated to
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the reactivity of the SCM. In addition, calcium can provide
hydraulic properties of the SCM [4]. Furthermore, more
depolymerized amorphous phases show higher reactivities
[4, 11], which relates to the types and concentrations of net-
work forming and breaking oxides in the silicate network.
The thermal history of the SCM plays a role in the reactiv-
ity [4], which translates to, e.g., air or water granulation of
a slag. Finally, the specific surface area is a key parameter
as the dissolution in the cement pore solution is a surface
reaction, and, in addition, more particles provide a higher
number of nucleation sites for reaction products [4, 10, 12].

Since crystalline phases are generally considered inert,
and assuming that the crystalline phases typical for slowly
cooled EAF slags lack hydraulic properties, generating a
reactive EAF slag necessitates water granulation to form an
amorphous material. This is evident when reviewing avail-
able literature on slowly cooled EAF slags [13, 14]. The two
slags included in the study by Rojas and Sanchez de Rojas
[13] showed no pozzolanic activity. The same results were
found by Hekal et al. [14], although they did not present
the cooling procedure of the slag or the crystalline phases
present. As EAF slag is traditionally cooled in slag heaps,
the literature not presenting the phase distribution can be
assumed to study predominantly crystalline slags.

Spraying water on the tapped EAF slag generated a mate-
rial with a mixture of crystalline and amorphous phases [15].
The partial replacement of cement with this slag generated
a slightly positive impact on mortar compressive strength
[15]. The same performance can be attributed to the EAF
slag tested by Alsheltat and Elfigih [16]. Furthermore, Lee
et al. [17] showed that a 15% replacement ratio of an EAF
slag did not negatively affect the compressive strength of
mortars after 28 days of curing. The two latter studies did
not include information on the slags’ phase distributions and
were assumed to be crystalline [16, 17].

Although a slight positive effect could be attributed to
the EAF slag, the reported studies neglected the use of a
filler reference sample [15—17]. Therefore, the actual effect
might be attributed to the filler effect rather than a con-
tribution from the slag as an SCM. This is evident based
on the data presented by Amin et al. [18], where scanning
electron microscopy with energy dispersive spectroscopy
(SEM-EDS) was employed on hydrated samples, including
EAF slag, to conclude that the mechanism of improvement
in strength was as a filler. Nonetheless, Roslan et al. [19]
provided data from calcium hydroxide consumption experi-
ments concluding the presence of pozzolanic activity of an
EAF slag. They suggested that the slag was partly crystal-
line and partly amorphous [19], which might explain the
pozzolanic activity.

There are three studies available on granulated EAF slag
[15, 20, 21]. However, all slags are in some way engineered,
i.e., not representing the actual slag from the furnace.

Nonetheless, these studies offer insights into the possibility
of using modified EAF slags as SCMs.

Muhmood et al. [15] remelted an EAF slag in a graphite
crucible and tapped the liquid slag into a stagnant water
bath. The resulting slag phase was significantly reduced in
iron content, but the quenching failed, generating a crys-
talline slag with no pozzolanic properties [15]. Kim et al.
[20] reduced an EAF slag, removing the majority of the
iron while dissolving alumina from the crucible used in
their experimental setup. The subsequent water quenching
generated an entirely amorphous slag with excellent pros-
pects for utilization as an SCM [20]. Finally, Bullerjahn and
Bolte [21] presented an engineered EAF slag, retained in
iron content but with a higher than usual polymerization
degree for EAF slags, with an amorphous content of 87.5%.
Their results demonstrated that it is possible to generate an
SCM based on an EAF slag [21].

Based on the above, multiple studies on EAF slags aimed
at SCM applications are performed on crystalline slags, i.e.,
not fulfilling the basic requirement for generating a reac-
tive material. Furthermore, the amorphous EAF slags are
exclusively metallurgically engineered. In addition, the
engineered slags are not compared to the performance of
the original EAF slag. Therefore, the present study aims to
present a first insight into the reactivity of a water-granulated
EAF slag and its relation to the reactivity of the engineered
counterpart. For this purpose, an industrial EAF slag from
a steelmaking process mainly based on hot briquetted iron
(HBI) was remelted and modified with silica in laboratory
scale to assess the influence of B2 (wt% CaO/wt% SiO,)
basicity on the inherent reactivity measured using the R
isothermal calorimeter protocol. By using an HBI-based slag
rather than a scrap-based slag, the study includes a more
relevant composition in terms of the elemental distribution
corresponding to future steelmaking slags.

Methods
Sample Preparation

A spot sample of solidified and screened (<25 mm) EAF
slag was collected from a steel producer operating the EAF
on HBI. In addition, a spot sample of solidified and screened
(<25 mm) ladle slag was collected and included in the study
as a comparative material. The slag handling in the industry
accounted for the entrained metallic phase and the resulting
oxidic slags were used to generate four samples included
in the study: a non-modified EAF slag, two silica-modified
EAF slags, and a non-modified ladle slag. Table 1 summa-
rizes the labeling of the samples and the modification of the
B2 basicity.
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Table 1 List of samples generated in the study

Label Modifying agent B2 basicity
EAF 2.0 None As received
EAF 1.5 Si0, (99.5%) L5
EAF 1.0 Si0, (99.5%) 1.0
Ladle slag None As received

Since the amorphous content was identified as a key
parameter in SCM applications, the slowly cooled industrial
slags were remelted and water granulated in laboratory-scale
experiments. The four samples summarized in Table 1 were
transferred to molybdenum (tzm molybdenum 364) crucibles
and remelted under an inert atmosphere in a graphite resist-
ance-heated furnace (Ruhstrat, Gottingen, Germany), Fig. 1.
Sample sizes of 200 g were used, and the inert atmosphere
was attained by injecting argon (99.999% Ar) and nitrogen
(99.996% N,) at flow rates of 3 L/min and 12 L/min ambient
temperature and pressure, respectively. The slag or silica-
mixed slag samples were heated to 1873 K at a heating rate
of 10 K/min and homogenized at 1873 K for 60 min.

Following the homogenization, the crucible was removed
manually from the furnace, and the slag was tapped into
water jets operating with cold tap water with a flow rate of
1.1 L/s. The granulation equipment is illustrated in Fig. 2

3
21 zﬁ 1.N, 2 L/min
N\ e 2. Ar3 L/min
N ]
q 3. S-type thermocouple
4. Lid, not gas tight
5. Graphite working tube
5 6. AL O, crucible
Outer diameter 85 mm
Inner diameter 80 mm
Outer height 105 mm
Inner height 100 mm
1 |6 7. Mo crucible
Outer diameter 60 mm
Inner diameter 50 mm
Outer height 100 mm
Inner height 90 mm
8. Graphite gas distributor
9. Bottom plate
10. N, 10 L/min
& 10

Fig. 1 Experimental setup used for remelting the samples
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1. Granulation box, 2. Tank cover, 3. Viewing window,
4. Water inlet, 5. Distributor for nozzles, 6. Tapping
tube, 7. Water outlet to sieve

Fig. 2 Illustration of water granulation equipment

and an additional illustration of the granulation box is pro-
vided elsewhere [22]. The viewing window was utilized to
ensure that all slag hit the water jets. In the experiments, the
time between removing the crucible from the furnace and
the first contact with the water jets was kept within 15 s.

Characterization

The original slag samples, i.e., prior to remelting and granu-
lation, were subjected to X-ray fluorescence spectroscopy
analyses (Thermo ARL 9900, Thermo Fisher Scientific,
Waltham, MA, USA). Furthermore, the chemical composi-
tions of the water-granulated samples were analyzed using
the same equipment.

Rietveld powder X-ray diffraction (XRD) with an internal
standard was used to estimate the amorphous content of the
slags. Based on possible present phases, corundum (99.9%)
was determined to be a suitable internal standard to avoid
overlapping peaks. In accordance with the published litera-
ture [10, 23, 24], the chosen internal standard was mixed
to obtain 10 wt% in the samples. Mixing was performed
using a ring mill, and the subsequent scans were performed
with a Malvern Panalytical Empyrean X-ray diffractometer
(Malvern Panalytical, Malvern, UK) operating on copper K,
generated at 45 kV and 40 mA. The scans were performed
between 10 and 90°26 with a step size of 0.0130°26 and a
scan time per step of 698 s. The refinement was performed
using HighScore +and the FIZ Karlsruhe inorganic crystal
structure database.

The mineralogical characterization was complemented by
studying the non-milled slag granules using SEM—EDS. Each
sample of water-granulated slag was mounted in epoxy, pol-
ished using standard metallographic procedures, and carbon
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coated. The analyses were performed with a Gemini Zeiss
Merlin field emission SEM (Carl Zeiss AG, Oberkochen,
Germany) equipped with a silicon drift EDS detector (Oxford
Instruments, Abingdon, UK).

Reactivity Experiments

The samples were milled iteratively to a similar specific sur-
face area using a FRITSCH Pulverisette 7 planetary ball mill
(FRITSCH GmbH, Idar-Oberstein, Germany) equipped with
45 mL tungsten carbide grinding bowls. The samples were
milled using 18 tungsten carbide balls of 10 mm in diameter
at 600 RPM. The Brunauer, Emmet, and Teller (BET) spe-
cific surface area was measured using a Micromeritics Gemini
2390a after degassing at 573 K for 60 min using a Micromer-
itics FlowPrep 060 (Micromeritics Instruments Corporation,
Norcross, GA, USA).

The milled samples were subjected to the isothermal calo-
rimetry-based rapid screening test for SCMs outlined by Snel-
lings and Scrivener [25], further developed and referred to as
the rapid, relevant, and reliable (R?) test by Avet et al. [26].
This method was chosen based on the study presented by Li
et al. [6], which demonstrated that the R> test results correlated
strongly with the strength of mortars, independent of the type
of SCM and with great repeatability between laboratories.
Furthermore, this calorimetry-based testing method tests the
inherent reactivity of the SCM without the influence of cement
hydration [27, 28].

Each individual sample was mixed on a dry basis with port-
landite (98% Ca(OH),) and calcite (99.5% CaCOs) according
to the ratios presented by Li et al. [6]. Subsequently, the solid
blends were mixed with a solution of potassium hydroxide
containing potassium sulfate prepared according to Li et al.
[6]. Pastes with 1.2:1 mass-based ratios of the liquid:solid
blends were mixed for 2 min at 1600 RPM using an overhead
stirrer. About 15 g of the paste was transferred to calorimeter
glass ampoules and subsequently placed in a TAM Air iso-
thermal calorimeter (TA Instruments, New Castle, DE, USA).
The sealed ampoules were placed in the calorimeter within
5 min after adding the potassium hydroxide solution to the
solid blend. The heat flow was recorded for 7 days at a tem-
perature of 313.15 K.

The same R? protocol was employed for two commercial
ground granulated blast furnace slag (GGBS) samples, labeled
GGBS1 and GGBS2, and an inert reference of quartz. The
chemical compositions of the GGBS, reported by the manu-
facturers, are shown in Table 2.

Table 2 Chemical composition

Sample GGBS1  GGBS2
[wt%] of the two GGBS
samples CaO 429 36.3
Sio, 37.0 37.0
MgO 8.2 10.9
ALO;, 105 13.8
FeO 0.7 0.3
S 0.7 1.7

Results and Discussion
Chemical Composition After Water Granulation

The chemical compositions of the EAF and ladle slags prior
to remelting and granulation are included in Fig. 3 and
labeled original. In addition to the constituents included in
Fig. 3, the original EAF slag contained 3.8, 1.1, 0.8, and 0.1
wt% MnO, Ti0O,, Cr,0;, and V,0s, respectively.

Remelting and granulating the EAF slag without silica
modification had less effect on the stable oxides of CaO,
Si0,, MgO, and Al,O; (Fig. 3); the calculated B2 basicity
shifted from 2.0 to 2.1, which could constitute the error mar-
gin of the analysis. However, the FeO content was signifi-
cantly reduced upon remelting in the molybdenum crucible.
Since the approach of using molybdenum crucibles is less
common, the latter phenomenon was addressed.

Considering the binary Fe-Mo phase diagram in Fig. 4,
iron is readily soluble in molybdenum at 1873 K. The infor-
mation in the diagram suggests that close to 15 wt% of iron
can dissolve into the molybdenum solid solution (ss) before
forming intermediates. Forming intermediates would gener-
ate a diffusion barrier in the crucible and lower the interac-
tion rate with the slag phase.

A simplified reaction can be proposed for the interaction
between the ferrous oxide in the slag phase and the molyb-
denum crucible, and this reaction is presented in Eq. 1. The
molybdenum crucible reduces the ferrous oxide, and iron
forms the solid solution with molybdenum. To maintain the
oxygen balance, every third of reduced ferrous iron must
translate to MoO; entering the slag.

(FeO)s; + Mo(s) «» Mo(ss) + (MoOs) 1)

Considering the oxygen potential diagram in Fig. 5,
the oxides CaO, Al,O5, MgO, and SiO, are significantly
more stable than MoOj;, whereafter they are unaffected by
the crucible. However, although FeO is more stable than
MoO;, these two oxides are closer to each other in the dia-
gram. Furthermore, isolating the experimental temperature
and including other oxidation states of iron and molybde-
num revealed that, at 1873 K, the oxides are most stable in
descending order according to FeO, Fe;0,, MoO,, Fe,0;,

@ Springer
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Fig.3 Analyzed concentration of a CaO, SiO,, b MgO, ALO;, ¢
FeO, and MoOj in each slag determined by XRF. The legend applies
to all three figures

and MoO;. Thus, the presence of ferric iron might induce
oxidation of the crucible. However, the molten slag phase
is a concentrated solution phase, i.e., not pure substances
as shown in the oxygen potential diagram. Figure 3c unam-
biguously shows that the phase equilibria allow for the
reduction of the ferrous iron in the slag by the molybde-
num crucible at the present conditions. Consequently, the
oxidation state of iron in the slag was more likely buffered
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Fig.4 Fe-Mo binary phase diagram. Calculated using the phase dia-
gram module of FactSage 8.2 with the FSstel database [29]
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Fig.5 Oxygen potential diagram where the dashed line represents
the experimental temperature during remelting. Calculated using
FactSage 8.2 and the FactPS database [29]

between metallic and ferrous iron rather than ferrous and
ferric iron.

By adding silica in increasing amounts, the concentra-
tions of CaO and Al,O; were consistently diluted, Fig. 3. In
contrast, the MgO content seemingly increased, which, natu-
rally, should be disregarded as an actual phenomenon. The
silica modification generated slags with B2 basicities of 1.47
and 0.97, which satisfies the desired outcome. The interac-
tion with the molybdenum was observed for both modified
slags, although in decreasing extents with decreasing basici-
ties. Adding silica lowers the overall concentration—and
possibly activity—of MeO-type network breakers, which
can be assumed to lower the driving force of Eq. 1 in the
right direction.
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The remelted ladle slag was analyzed for similar CaO
and SiO, concentrations, Fig. 3. However, both the MgO
and Al,O5 contents were somewhat different, which, again,
should not be seen as an actual phenomenon of remelting
and granulating from molybdenum crucibles. The FeO con-
tent of the ladle slag was lower than that of the original
EAF slag, which might contribute to the lesser extent of
interaction with the crucible even though the basicity of the
slag was high.

A common approach to minimize slag-crucible interac-
tions in pyrometallurgical experiments is to use a ceramic
system and saturate the slag with the component represent-
ing the crucible. This approach is suitable for studying steel-
making slags already saturated in magnesia for minimizing
refractory wear, as demonstrated by, e.g., Lee and Fruehan
[30]. Employing magnesia crucibles in the present study
would allow for less significant interactions at higher basici-
ties. However, the granulation aspect would prove challeng-
ing as the crucibles were handled manually. Nonetheless, the
compositions achieved after water granulation using molyb-
denum crucibles were considered satisfactory to address the
aim of the present study.

Phase Distributions

The phase distribution generated by solidification under the
assumption of infinitely fast solute redistribution in the lig-
uid phase and no diffusion in the solid state was calculated
using a Scheil-Gulliver-type thermodynamic calculation.
The results in Fig. 6 show that modification of the EAF slag
lowers the liquidus temperature and changes the primary
crystallization field from the MeO-type solid solution to
spinel. Furthermore, from a thermodynamic standpoint, the
non-modified EAF slag has MeO (ss) present at the remelt-
ing temperature of 1873 K, which is consistent with the
industrial operation aiming at minimizing refractory wear.
The same can be stated for the ladle slag, although this slag
has an even higher portion of solid MeO (ss) at the experi-
mental temperature.

The diffractograms of the milled water-granulated slags
with 10 wt% corundum as an internal standard are presented
in Fig. 7. Compared to the thermodynamic calculations pre-
sented in Fig. 6, the overall results are consistent between
thermodynamics and experiments. More specifically, MeO
(ss), represented by magnesiowiistite, is the first phase to
crystallize, and dicalcium silicate co-precipitates upon
further cooling. However, there is a discrepancy between
the calculations and observations for EAF 1.0 as spinel is
the primary phase to crystallize from a thermodynamic
standpoint.

In terms of the phase distribution, the Rietveld refine-
ment indicated that EAF 2.0 contained 7, 17, and 76 wt%
MeO (ss), a'-dicalcium silicate, and amorphous material,
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Fig.6 Results from Scheil-Gulliver cooling calculations for a EAF
2.0, b EAF 1.5, and ¢ EAF 1.0. Calculated using the Equilib module
of FactSage 8.2 using the databases FactPS and FToxid [29]
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Fig. 7 Diffractograms of the water granulated samples with 10 wt%
corundum as internal standard

respectively. Furthermore, the ladle slag was comprised of
14, 17, and 69% MeO (ss), o’-dicalcium silicate, and amor-
phous material, respectively. Thus, the distribution between
the crystalline phases, i.e., the ratio between MeO (ss) and
dicalcium silicate, is consistent with the continuous cooling
calculations presented in Fig. 6. In line with Deng et al. [31],
increased polymerization of slags demotes ion migration
and increases the energy barrier for crystallization, which
is apparent for the lower basicity slags EAF 1.5 and EAF
1.0. The amorphous contents of these slags were estimated
to be 93 and 96 wt% for EAF 1.5 and EAF 1.0, respectively;
the remaining percentages were constituted by MeO (ss). In
addition to the structural aspect, the temperature window
constituted by the difference in the liquidus and experimen-
tal temperature is correlated to the estimated amorphous
contents of the slags.

The SEM-EDS analyses were used to estimate the
chemical composition of the amorphous phase and verify
the observations from the XRD. The latter was achieved
qualitatively by the microstructure and EDS analyses. Fig-
ure 8 illustrates the micrographs of the water-granulated
EAF slags and ladle slag. The global microstructure of the
granules of each EAF slag was similar to that of EAF 2.0,
which is depicted in Fig. 8a; the low magnification micro-
graphs of the remaining EAF slags were thus omitted to
avoid repetition. The ladle slag differed from the EAF slag
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by its presence of the MeO (ss) phase that, judging from
the microstructure, was present already prior to the granula-
tion, see entrained darker phase in Fig. 8b. Apart from the
MeO (ss) in the ladle slag, no crystalline microstructure was
observed at lower magnifications, i.e., the EAF slags and
ladle slag appeared amorphous.

The microstructures at higher magnification of larger
granules with severe crystallization are included in Fig. 8c—f.
Combining the XRD data with the SEM-EDS analyses, a
portion of the granules of the EAF slags can be stated to
consist of a glassy matrix with microcrystalline phases.
Thus, the rapid quenching did not allow significant growth
of the crystals.

Areas of the amorphous phase, i.e., areas free from crys-
talline phases at the polished surface, were analyzed by
EDS to estimate the composition of the glassy portion of
the four samples. Table 3 presents the average concentration
recalculated to oxides based on 20 EDS spectrums for each
sample. Compared to Fig. 3, the overall compositions are
consistently represented, and the silica modification gener-
ated logical trends for the dilution of other components. Fur-
thermore, the lower MgO contents of the amorphous phase
of EAF 2.0, EAF 1.5, and ladle slag correspond to the MeO
(ss) crystallization.

Regarding the crystalline phases, the MeO (ss) of the
ladle slag was estimated to represent (Mg, o, Fe, ;)O. On
the other hand, the EAF slags’ microcrystalline phases were
too small to maintain the electron beam’s interaction volume
within a single phase. Therefore, the EDS analyses of these
phases were used in combination with the underlying glass
composition to estimate what elements could be attributed
to the crystallized material. The analyzed crystals in EAF
2.0 and EAF 1.5 were attributed to MeO (ss) as the EDS
spectrums were enriched in MgO and FeO as compared to
the amorphous phase. The lighter phases of Fig. 8e were rich
in chromium, which suggests a spinel phase. These observa-
tions are consistent with the thermodynamic calculations
presented in Fig. 6. However, no distinction of the dicalcium
silicate phase could be determined based on the EDS, pos-
sibly due to the similarity in calcium to silicon ratio in the
amorphous phase. In addition, MeO (ss) was not found in
EAF 1.0, which is consistent with the thermodynamic calcu-
lations but deviates from the XRD. Possibly, the qualitative
nature of the SEM-EDS failed to include MeO (ss), while
the detection limit of the XRD was below the concentration
of the spinel.

Based on the chemical composition of the slags, the
degree of polymerization was estimated by calculating the
quotient of non-bridging oxygen to tetragonally coordinated
oxygen (NBO/T) according to [32]. These calculations were
performed for the original EAF slag, the theoretical compo-
sitions of the modified EAF slags, the original ladle slag,
and the amorphous phases determined by the EDS analyses.
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Fig. 8 Angle selective backscattered images representing a EAF 2.0, b ladle slag, ¢ EAF 2.0, d EAF 1.5, e EAF 1.0, and f ladle slag

Table 3 Average glass

Sampl Ca0  SiO MgO  ALO FeO MnO TiO Cr,0 MoO
composition [wt%] of 20 EDS ample 2 e g 273 ¢ ™ 23 3
analyses per sample presented EAF 2.0 417 184 50 8.6 114 39 1.3 0.6 9.1
in wt%. P,05 was excluded EAF 1.5 369 229 74 75 134 38 1.1 0.7 5.9
from the table
EAF 1.0 31,5 302 8.0 6.5 164 34 1.0 0.8 2.0
Ladleslag ~ 47.4 153 6.9 15.6 104 12 0.7 0.3 2.3

@ Springer
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The results show that despite the crystallization of network-
breaking oxides, the higher basicity samples still have more
depolymerized amorphous phases, see Table 4, which is
positive for reactivity in SCM applications [4, 11].

Based on the characterization of the slags, implications
related to employing future steelmaking slags as SCMs can
be highlighted. Although the granulation of the non-modi-
fied EAF slag generated significantly higher glass contents
than previously achieved [33], the crystallization of phases
highlights that granulating such a depolymerized slag to a
glassy material is not straightforward. Mind that the present
granulation setup has been shown to achieve the same amor-
phous content as an industrial setup for iron silicate slags
[34]. Naturally, the implications are partly positive if phases
with hydraulic properties crystallize. However, when MgO
dominant MeO (ss) forms, the SCM will be less attractive,
especially if the hydration of the MgO is delayed in relation
to the setting of the concrete. The hydration to Mg(OH), is
associated with an expansion of the solid volume, which
damages the concrete if the stress generated by the expan-
sion exceeds the tensile strength of the concrete [35]. The
effect might be mitigated by fine milling [35] or if the MeO
(ss) is stabilized by higher FeO contents in the solid solu-
tion [36].

Performance as Supplementary Cementitious
Material

The iterative milling of the granulated samples generated
specific surface areas close to 1.2 m%/g as presented in
Table 5. The similar areas propose that differences in reac-
tivities should be attributed to characteristics other than
granulometric properties. However, for the comparison with
the two commercial GGBS samples, attention should be paid
to the differences in specific surface areas. In addition, the
inert material quartz had the lowest specific surface area.
In the isothermal calorimetry-based testing, the tempera-
tures of the samples were allowed to stabilize for 45 min
before considering the signals to be correct. Clearly, the
peaks of the heat flow for EAF 2.0 and the ladle slag were
reached within these first 45 min as the derivates of the
curves are negative from =0 h, see Fig. 9. Nonetheless,
even though the maximum was missed, the absolute values

Table4 NBO/T calculated for the whole slag (whole) and the ana-
lyzed amorphous phase (glass)

Sample NBO/T (whole) NBO/T (glass)
EAF 2.0 471 4.04
EAF 1.5 3.86 3.70
EAF 1.0 2.84 3.02
Ladle slag 4.79 3.61

@ Springer

of the heat flow were highest for these two samples in the
tested series. Based on the XRD, these two samples con-
tained a'-dicalcium silicate, which is a high-temperature
orthorhombic polymorph of dicalcium silicate, or Belite, an
important clinker phase in Portland cement [37]. Therefore,
the results suggest that the presence of this hydraulic phase
contributed to the high heat flows.

For the two samples with amorphous contents in a similar
range and without a'-dicalcium silicate, viz. EAF 1.5 and
EAF 1.0, the lower degree of polymerization calculated for
EAF 1.5 indicate a higher reactivity during the first 24 h,
compare Table 4 and Fig. 9. This is consistent with reported
literature on other systems showing increasing reactivities
for more depolymerized glass [4, 11].

The juxtaposition of the GGBS, EAF, and ladle slags sug-
gests that the GGBS have a different reaction behavior. The
GGBS samples have two peaks in the recorded heat flow,
which could constitute the phase assemblage of calcium sili-
cate hydrate and calcium aluminum silicate hydrate gels, as

Table 5 BET‘ specific surface Sample BET [m%g]
area of the milled samples
EAF 2.0 1.19
EAF 1.5 1.20
EAF 1.0 1.21
Ladle slag 1.20
GGBS1 1.44
GGBS2 1.63
Quartz 0.45
EAF 2.0 EAF 1.5 EAF 1.0
Ladle slag =+e+eeeee GGBS1 - - = GGBS2
......... Quartz

—
()
1

W
A

Hydration time [h]

Fig.9 Heat flow during the first 24 h of the isothermal calorimeter
experiment
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well as the formation of alumina ferric oxide tri-substituted
and mono-substituted [27, 28]. In tricalcium silicate sys-
tems, the influence of alumina was shown by Zhang et al.
[38] to depend on the availability of SO~ and AZ** in solu-
tion. This was translated to, i.a., the concentration of alumina
in the sample [38]. In the present study, the GGBS samples
had higher alumina contents as compared to the EAF slags,
which might constitute the difference. Furthermore, for the
ladle slag, the effect of alumina might be invisible based on
the heat flow due to the heat generated from the hydration
of the a'-dicalcium silicate phase.

The cumulative heat over 7 days is presented in Fig. 10,
and the results show that the materials are most reactive
in the following order GGBS1, ladle slag, GGBS2, EAF
1.5, EAF 2.0, EAF 1.0, and quartz. A noteworthy observa-
tion is the slopes of EAF 1.5 and EAF 1.0 towards the final
part of the experiment. These slopes indicate that EAF 1.5
and EAF 1.0 are continuously contributing to a higher heat
flow as compared to the other samples. Consequently, these
compositions might perform better in a longer time frame.

The cumulative heat of EAF 2.0 and ladle slag presented
in Fig. 10 reflect the phase distribution and composition
of the glass phases. Both samples show a high initial heat
flow from the a'-dicalcium silicate. Subsequently, the ladle
slag progresses to a higher cumulative heat due to its higher
alumina content, despite having a more polymerized glass
phase. Compared to EAF 1.5 and EAF 1.0, the initially lower
progressions of the cumulative heat stem from the absence
of a’-dicalcium silicate. However, the high amorphous con-
tent of EAF 1.5 allowed this slag to surpass the cumulative

EAF 2.0
Ladle slag
......... Quartz

EAF 1.0
- = GGBS2

S 500

W
[l
S

Cumulative heat [J/g SC
[\
[
S

—
[l
(]

0 24 48 72 96 120 144 168
Hydration time [h]

Fig. 10 Cumulative heat recorded in the isothermal calorimeter
experiment

heat of EAF 2.0. In contrast, EAF 1.0 did not have a higher
reactivity than EAF 2.0 within 7 days despite its higher
amorphous content. This discrepancy can be attributed to
the difference in degree of polymerization, Table 4.

Figure 10 shows that the reactivity of the inert refer-
ence, i.e., quartz, is distinguished from all other samples;
therefore, this measurement will not be addressed further.
GGBS was included as a reference material representing
a recognized SCM from the iron and steelmaking indus-
try. Ideally, an established SCM with lower reactivity than
GGBS should have been included in the study to offer a basis
for comparing the lower spectrum of reactivity. However,
since the R? test has been shown to have high repeatability
between laboratories [6], previously published values for
fly ash were included as a comparison. Siliceous fly ashes
from coal combustion have been shown to have reactivities
within the range of 163 and 214 J/g SCM [6], which is less
than EAF 1.0. Therefore, all four slag samples in the present
study are of interest for the SCM application from a reactiv-
ity standpoint.

In terms of the comparison to GGBS, Table 6 includes
reactivity values after 7 days of hydration normalized per
mass and specific surface area. Considering the latter value,
i.e., normalized per surface area, both EAF 2.0 and EAF
1.5 are indicated to have the potential to generate similar
reactivities as GGBS if milled further. EAF 2.0 was partially
benefited by its hydraulic crystalline phase, while EAF 1.5
has a lower degree of polymerization than the GGBS sam-
ples; compare NBO/T of 3.86 for EAF 1.5 to 2.13 and 1.77
for GGBS1 and GGBS2, respectively.

The sample of the present study with the most similar
composition to the GGBS samples is EAF 1.0, see Fig. 11.
Compared to GGBS2, the B2 basicity is similar, while the
main difference is the FeO content followed by the concen-
tration in alumina. The role of FeO in SCMs is not fully
understood [23, 28]. However, although alumina is associ-
ated with higher reactivity, the comparison of EAF 1.0 and
GGBS?2, see Table 6, indicates that FeO is detrimental to
the reactivity. The pH value in cement pore solution condi-
tions has been reported to span 12.4 to 13.5 [39]. There-
fore, considering that iron is not keen on dissolving at these
basic pH levels, Fig. 12, it is likely that FeO contents in the

Table 6 Cumulative heat after 7 days of hydration

Sample Heat,, [J/g] Heat,p, [J/m?]
EAF 2.0 393 331
EAF 1.5 435 362
EAF 1.0 316 262
Ladle slag 530 443
GGBS1 535 372
GGBS2 526 323

@ Springer
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Fig. 11 Comparison of chemical compositions of EAF 1.0, GGBS1,
and GGBS2

1: Fe3*+Ca?", 2: Fe?™+Ca?', 3: Fe(s)+Ca?",

4: Fe,04(s)+Ca?", 5: Fe;0,(s)+Ca?t,

6: Fe(OH),(s)+Ca?", 7: Fe,04(s)+Ca0,(s),

8: Fe,04(s)+Ca(OH),(s), 9: Fe;0,(s)+Ca(OH),(s),

10: Fe(OH),(s)+Ca(OH),(s), 11: Fe(s)+Ca(OH),(s)
1.5

Fig. 12 EpH diagram of the Fe-Ca—O-H system at 298.15 K and
0.001 molality for the solutes, calculated using the EpH module of
FactSage 8.2. The dashed lines represent the water stability area

slag are hampering the dissolution rate of the material. This
observation necessitates future studies for verification and
identification of mechanisms.

The observations related to FeO and the crystallization
experienced by the non-modified EAF slag imply that uti-
lizing EAF slags as highly reactive SCMs will be preceded
by choices in modification related to silica content and

@ Springer

reduction of FeO. If the industrial water granulation fails
to generate an amorphous slag free from crystallization of
MeO (ss) rich in MgO, silica modification can be performed
to move away from the primary crystallization field of MeO
(ss), as shown in Fig. 6a—c. The reduction of FeO to avoid
potential hampering of reactivity for GGBS-type composi-
tions rich in FeO can be employed after modifications in
silica. For the industrial aspect, energy balances and choice
of refractory have to be considered for such operations. In
addition, since FeO is a fluxing component at high basicities,
the order of the modifications has to be considered.

Conclusions

The present study addressed the valorization of EAF slag as
a supplementary cementitious material in the context of ore-
based EAF operation using HBI. Based on the experimental
work, the following was concluded:

e Water-granulated EAF slag with a basicity of 2.0 was
found to have 76 wt% amorphous content in addition
to crystalline a'-dicalcium silicate and MeO (ss), which
resulted in a reactive SCM, indicating the possibility of
reaching similar performance as GGBS due to a depo-
lymerized amorphous phase and hydraulic crystalline
phase.

e Water-granulated silica-modified EAF slag with a basic-
ity of 1.5 was found to have an amorphous content of 93
wt% and crystalline MeO (ss), which resulted in a high-
performing SCM, indicating the possibility of reaching
similar reactivities as GGBS due to the depolymerized
amorphous phase.

e Water-granulated silica-modified EAF slag with a basic-
ity of 1.0 was found to have an amorphous content of 96
wt% and crystalline MeO (ss), but the resulting reactiv-
ity was not indicated to be able to reach GGBS although
having a similar composition, which was indicated to be
related to the FeO content in the glass phase of the EAF
slag.

Therefore, the valorization of EAF slags in general, and
future EAF slags from hydrogen-based ironmaking in par-
ticular, as high-performing SCMs will partly be a challenge
in balancing the detrimental crystallization of MeO-type
solid solution rich in magnesia and addressing the iron oxide
content in the amorphous phase.
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