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1  |   INTRODUCTION

Converter slag is produced during the conversion of pig 
iron into steel in a basic oxygen furnace. For this reason, it 
is also called BOF-Slag or LD-slag after the Linz-Donawitz 

process.1,2 On average 126  kg converter slag is produced 
per ton of steel,3 with worldwide steel production of 1.8 Mt 
in 2019.4 The oxide composition is variable, but converter 
slag tends to be very rich in CaO and Fe2O3 (30-50  wt%), 
with lower amounts of SiO2 and MgO (10 to 20  wt%).2,5 
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Abstract
Converter slag, also known as Basic Oxygen Furnace slag, is a by-product of steel-
making that is produced in large quantities worldwide. It currently has few applica-
tions, because the presence of free lime often prevents the use as aggregate, while 
the low reactivity makes it undesirable as a cement replacement. Air granulation is 
a promising way to increase the reactivity of converter slag and enable recycling as 
a cement replacement and this is the first in-depth characterization of air granulated 
steel slag. In this study converter slag was separated into different fractions (0.25-
0.5 mm, 0.5-1 mm, 1-2 mm, 2-4 mm) after air granulation to study the influence of 
size and therefore cooling speed on its mineralogy. The air granulated slag fractions 
were characterized using X-ray fluorescence, quantitative X-Ray diffraction, large 
area phase mapping based on scanning electron microscopy and energy-dispersive 
X-ray spectroscopy as well as leaching behavior. The results show that the main 
minerals in air granulated converter slag are the same as in industrially cooled slag, 
but that additional perovskite was formed, which has not been reported before. All 
fractions contained large phenocrysts of Ca2SiO4 and Mg-wuestite surrounded by 
a dense matrix containing the other minerals. The three largest fractions are very 
similar to each other in chemical composition and microstructure, while the small-
est fraction (0.25-0.5 mm) contains a higher content of Mg-wuestite even though 
the starting composition was the same. Free lime is only present at the detection 
limit (0.1 ± 0.1 wt%) in all size fractions. The leaching of chromium and vanadium 
is greatly increased compared to standard cooled converter slag indicating that air 
granulation results in the greater dissolution of phases containing these elements, 
which also indicates a greater hydraulic reactivity of granulated slag despite very 
little amorphous content.
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Components such as MnO, Al2O3, P2O5, TiO2 are present as 
minor oxides (2-5 wt%). Depending on the iron ore used, the 
slag can contain V2O5 and Cr2O3.

6,7 The main mineral phases 
in cement chemistry notation are α’H-C2S (α’H-Ca2SiO4), 
β-C2S (β-Ca2SiO4), (Fe,Mg)O and C2(A,F) (Ca2(Al,Fe)2O5).

8 
Additionally, magnetite (Fe3O4), C3S (Ca3SiO5), free lime 
(CaO), and magnesia (MgO) can be present. Merwinite 
(Ca3Mg(SiO4)2) has also been reported.9,10

The reuse of converter steel slag as a secondary raw ma-
terial has been a challenge, and no economically successful 
applications have been developed so far. European statistical 
data from 201611 shows that more than 20% of the annual con-
verter steel slag production has no use (intermediate storage 
or landfilled), while 46% has a low-added value application 
as road base material. Because it is available in large quan-
tities and contains mineral phases also present in Portland 
cement, converter slag has been tested as a building mate-
rial12,13,14 However, the presence of free lime (CaO) and the 
volume expansion associated with its delayed hydration often 
prevent this type of application.15 Milling converter slag to 
cement fineness, thereby exposing the free lime for hydration 
could solve the expansion problem. This may open up the use 
as a supplementary cementitious material and some promis-
ing results regarding the development of long-term strength 
in mortars have been reported.16 However, the overall low 
reactivity of converter slag compared with Portland cement 
has hindered its widespread use as supplementary cemen-
titious material.17 Because of steel slags high strength and 
abrasion resistance, it has found some use as aggregate in 
asphalt.18,19,20 Other suggested uses include the production of 
fertilizer,21 the production of building materials via carbon-
ation,22 or the recovery of vanadium via leaching.23 However, 
the first two applications are only suitable for converter slag 
that contains no or very little vanadium and chromium due to 
concerns about leaching,24 while vanadium recovery is only 
feasible for slags containing sufficient vanadium.

However, the goals set by the Netherlands to reduce the 
use of raw materials 50% by 2030 and to have a completely 
waste-free, circular economy by 2050 means that applica-
tions have to be found.25 Similar goals exist in the European 
Union as a whole.26

One strategy to make converter slag more reactive and 
realize an application in cement is fast cooling through gran-
ulation to prevent crystallization.27 This technique is already 
used to produce amorphous blast furnace slag that has excel-
lent properties as a pozzolanic material in Portland cement.28 
Air granulation specifically is also a promising way to re-
cover heat from converter slag that has a temperature between 
1,250 and 1,700°C when it is removed from the converter.29 It 
could also help to stabilize C3S, which is more reactive than 
C2S.30 The current industrial practice is to pour the liquid 
slag into pits and cool it using water. But the bulk of the slag 

still cools very slowly using this method (up to 24  hours), 
and the resulting slag is reported to be almost completely 
crystalline.6,31

A few studies have investigated the influence of cool-
ing speed on converter slag mineralogy using different ap-
proaches. For example, Choi and Jung31 re-melted converter 
slag under an argon atmosphere and then cooled it at speeds 
between 10-50°C/min starting from temperatures between 
1,600 and 1,110°C. They concluded that these conditions 
did not generate significant amounts of amorphous phase be-
cause the slag crystallizes very rapidly. Gautier et al.9 com-
pared water granulated, industrially cooled, and intentionally 
slow cooled converter slag with each other. Their X-ray dif-
fractograms were not quantified but do not show a signifi-
cant decrease of the crystalline phase in the water granulated 
slag. They found, however, that slow cooling promoted the 
formation of C2S and MgO, while fast cooling resulted in the 
formation of C3S that later converted to free lime and C2S. 
The cooling speed also significantly influenced the crystal-
lite size of the phases. The connection between cooling speed 
and leaching properties was investigated by Tossavainen 
et al.32, who compared water granulated and air-cooled with 
industrially produced converter slag. The results show a clear 
decrease in Ca, Fe, and Si leaching with increasing cooling 
speed. The reason for this is unclear and may be caused by 
mineralogical changes upon rapid cooling or surface area 
differences, as granulated slag tends to have a much lower 
surface area than irregularly broken, industrially cooled slag. 
Overall, the literature is limited and to the best of the authors’ 
knowledge there is no information available about air gran-
ulated converter slag and a quantitative investigation of the 
influence of fast cooling on converter slag mineralogy is still 
missing.

This study investigates air granulated converter slag sieved 
into different size fractions (2-4  mm, 1-2  mm, 0.5-1  mm, 
0.25-0.5 mm) to gain information about the influence of the 
cooling speed. The chemical bulk composition was mea-
sured with XRF, while the mineralogical composition was 
determined using quantitative XRD. SEM/EDX-based large 
area phase mapping using PARC (PhAse Recognition and 
Characterization) software was employed to determine mi-
crostructure, phase amounts, and average compositions. 
Leaching tests were carried out to determine the environmen-
tal impact and reactivity of the granulated slag. The results 
for the different slag sizes were compared with each other 
to gain insight into the state of converter slag before granu-
lation, its crystallization behavior, and the influence of the 
cooling speed, which forms the basis for understanding con-
verter slag reactivity. In turn, this could enable the recycling 
of large amounts of converter slag as a cement replacement 
material and reduce the CO2 emissions of the building mate-
rials industry.
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      |  23SCHOLLBACH et al.

2  |   MATERIALS AND METHODS

2.1  |  Material

Converter slag taken from regular production at Tata Steel 
Europe in IJmuiden was granulated at Harsco Metals Holland 
B.V. in a make-shift experimental facility by pouring it in front 
of a strong air fan. The tap-temperature of the slag at the con-
verter was 1592°C and the batch size 40 tons. A temperature 
drop of approximately 40°C is known to occur at tapping. 
Negligible further cooling of the slag takes place during trans-
portation to the slag yard since it develops a self-insulating 
freeze lining against the slag pot (Tata proprietary reports). The 
slag temperature at granulation can, therefore, be expected to 
have been around 1,550°C, and 36 tons of slag were granulated 
while 4 tons of freeze-on slag remained in the slag pot. The 
exact cooling rate during granulation is unknown but depends 
on granule size. Larger slag granules cool slower than smaller 
ones. For this reason, the granulated slag was sieved in the lab-
oratory and divided into the following size fractions: >4 mm 
(3.8 wt%), 2-4 mm (47.2 wt%), 1-2 mm (39 wt%), 0.5-1 mm 
(6.5 wt%), 0.25-5 mm (0.7 wt%) and < 0.25 mm (2.8 wt%). 
The fraction > 4 mm consisted of welded smaller granules and 
was not investigated further. The fraction < 0.25 mm was also 
excluded from further analysis, due to XRD measurements 
showing very high amounts of contamination that were likely 
introduced while collecting the granules from the slag yard. 
Fraction 0.25-5 mm also contained some contaminants such as 
blast furnace slag. Their influence on the analysis is discussed 
in the results. The complete mineralogical composition of all 
fractions is given in Table A1 in Appendix 1.

2.2  |  Methods

Prior to analysis, the sieved granulated converter slag was 
dried at 100°C in a drying oven to remove any moisture 
that could react with the sample during grinding. No phase 
changes are expected at this temperature. Before XRF analy-
sis the samples were heated to 1,000°C for 2 hours and the 
weight change recorded. The residue was then mixed with 
borate flux to make fused beads. To prepare the samples for 
XRD measurements, the granulated slag fractions were first 
ground in a disk mill, mixed with 10 wt% Si as an internal 
standard,33 and then ground again in a Retsch McCrone XRD 
mill to a size of around 15  µm. The diffractograms were 
measured using a Bruker D8 with a Cu anode (Kα1 1.5406 Å, 
Kα2 1.5445 Å, energy filtering and a LynxEye detector. A 
0.5° fixed divergence slit was used with a primary and sec-
ondary collimator of 2.5°. The phases in the diffractograms 
were identified using HighScore Plus 4.6a (PANalytical) and 
the PDF 2 database. Rietveld quantification was done with 
Topas 5 (Bruker).34

The sieved slag granules were embedded in resin (Struers 
EpoFix), cut, polished using alcohol-based diamond suspen-
sions, and then coated with carbon before acquiring spectral 
imaging (SI) data sets for large area phase mapping. A JEOL 
JSM-7001F SEM equipped with two 30 mm2 SDD detectors 
(Thermo Fisher Scientific) and NORAN-System7 hardware 
with NSS.3.3 software was used, with an accelerating voltage 
of 15 kV and a beam current of 6.2 nA. One SI field consisted 
of a data set of 512x384 data points, with a data point size 
of 1  μm. In order to get representative data set, several SI 
fields were measured and their total area was 30.2 (2-4 mm), 
16.7 (1-2 mm), 17.8 (0.5-1mm), and 9.7 mm2 (0.25-0.5 mm). 
The SI image sets were analyzed and stitched together using 
PhAse Recognition and Characterization (PARC) software 
developed by Tata steel.6,35 PARC groups SI data points ac-
cording to their composition determined with EDX and gen-
erates a phase map, phase amounts in area%, as well as the 
average composition of these phases. The chemical compo-
sition given here is the average of all SI fields analyzed, the 
error is the standard deviation between fields. To determine 
the size of the phenocrysts (C2S and Mg-wuestite) in the air 
granulated converter slag phase maps, ImageJ36 was used. 
Areas smaller than 10 µm2 were removed from further evalu-
ation to avoid artifacts that can occur because the resolution 
of the EDX is only about 1 µm2 and does not return accurate 
values for very small grains. The grains were then sorted into 
size bins, normalized by the total area of the converter slag 
granules measured for each size fraction and recalculated to 
an equivalent diameter assuming a spherical shape for each 
grain. No stereological correction was applied to the data.

To eliminate some of the contamination of the granulated 
slag surface, dust was removed by washing with anhydrous 
isopropanol followed by diethyl ether. To eliminate all or-
ganic solvent, the sample was then dried in an oven at 40°C 
under vacuum. These samples were used to carry out a one 
batch leaching test according to NEN-EN 1245737 using de-
ionized water with a liquid to solid ratio of 10. The mixture 
was placed in plastic bottles and shaken continuously for 24 h 
at 21 ± 2ºC. After the experiment, the liquids were filtered 
through a 0.2  µm polyether sulfone membrane and stored 
at 5°C after acidifying with nitric acid (65% suprapure) to 
prevent precipitation. Before acidification, the pH was mea-
sured. An ICP-OES spectrometer (Spectroblue FMX36) was 
used for the quantitative analysis of the leachate.

3  |   RESULTS

3.1  |  Bulk chemical and mineralogical 
composition

The mineralogical composition of the air granulated con-
verter slag size fractions is given in Table 1. The standard 
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converter slag phases C2S, (Fe,Mg)O, and srebrodolskite 
(Ca2(Fe,Al)2O5)

2,6 were detected. C2S is present as the αH’ and 
β polymorph in all granulated slag fractions, which is com-
monly the case in industrially cooled converter slag.6 In addi-
tion, several new phases were identified: perovskite CaTiO3, 
pseudobrookite Fe2TiO5, rutile TiO2, titanite CaTiSiO5, pro-
toenstatite (Mg,Fe)SiO3, and naquite FeSi. There were also 
phases present, especially in the smallest fraction, that are 
not converter slag minerals, for example quartz SiO2, calcite 
CaCO3, or corundum Al2O3. The presence of corundum is an 
artifact of the sample preparation with the McCrone XRD 
mill (Retsch), using corundum grinding elements. The other 
phases likely became mixed with the granulated slag while 
collecting the granules in the slag yard. Calcite and vater-
ite are also weathering products of converter slag. To com-
pare the fractions with each other, the contamination phases 
were removed, and the rest recalculated to 100 wt%. Table 1 
and Figure 2 show the results, the original quantification in-
cluding contaminants is given in Table A1 in Appendix 1. It 
should be noted that the slag contains almost no free lime.

The three largest granulated slag fractions are very simi-
lar. The overall C2S content is the same (41 to 44 wt%), but 
the β-C2S content in the granulated converter slag increases 
with increasing granulated slag size fraction, while the αH’-
C2S decreases (from 28 to 22 wt%). This is likely an effect of 
the slower cooling of the larger slag fractions, which allows 
for the transformation of more αH’-C2S, which is stable at 
higher temperatures, into β-C2S. Only γ-C2S is stable at room 
temperature, but the other high-temperature polymorphs 
can be stabilized by rapid cooling and the incorporation of 
minor ions.38,39 The srebrodolskite (Ca2(Fe,Al)2O5) content 
increases with increasing fraction size, while the perovskite 

(CaTiO3) content decreases. The Srebrodolskite (A2B2O5) 
structure can be regarded as an anion-deficient analog of per-
ovskite (ABO3) and a solid solution between both minerals 
exists40 that can be described by the exchange mechanism 
Fe3+(B)+0.5□(O) ↔ Ti4+(B)+0.5O2-(O) in conjunction with 
the simplified endmember components Ca(A)Fe(B)O2.5 and 
Ca(A)Ti(B)O3. The larger slag fractions cool slower, which 
gives srebrodolskite more time to form. This also fits with 
the observation that the sum of srebrodolskite and perovskite 
stays roughly the same in the three largest fractions (32 to 35 
wt%). The amorphous content of the three largest granulated 
slag fractions is low overall and follows no clear trend.

The smallest granulated slag fraction (0.25-0.5 mm) con-
tains a noticeably lower amount of β-C2S, while the amor-
phous content is much higher than in the other fractions (15.9 
wt%). This could indicate that the amorphous phase is gener-
ated during air granulation; however, this value is not reliable 
because the sample is contaminated with blast furnace slag, 
which is amorphous (Figure 2). The high content of magne-
tite (Fe3O4) indicates that this fraction is more oxidized than 
the larger ones due to the higher surface area that comes in 
contact with air during cooling. Iwasaki8 discusses the effect 
of oxidation on converter slag and also mentions the forma-
tion of magnetite as well as a srebrodolskite/perovskite solid 
solution. No C3S and practically no free lime (CaO) was 
detected in the samples. The absence of these phases could 
simply be a matter of an inappropriate chemical composition 
of the slag for crystallization of these phases. However, 1-2 
wt% free lime commonly forms in converter steel slags at 
near-solidus conditions,41,42 which may have been avoided 
with the rapid fractional crystallization occurring during air 
granulation.

Phase Formula 2-4 mm 1-2 mm 0.5-1 mm
0.25-
0.5 mm

Larnite, β-C2S Ca2SiO4 22 ± 0.5 19.4 ± 0.5 14.5 ± 0.5 8.1 ± 0.7

αH’-C2S Ca2SiO4 21.9 ± 0.9 22 ± 0.9 27.6 ± 1.0 25 ± 1.6

Mg-Wuestite (Fe,Mg)O 15.5 ± 1.2 15.4 ± 0.9 15.5 ± 0.8 13.5 ± 0.4

Srebrodolskite Ca2(Fe,Al)2O5 25.2 ± 0.3 22 ± 0.3 21.7 ± 0.3 16.5 ± 0.5

Perovskite CaTiO3 7.9 ± 0.2 10.3 ± 0.2 13.1 ± 0.2 11.1 ± 0.3

Magnetite Fe3O4 2.6 ± 0.1 2.1 ± 0.1 2.9 ± 0.1 8.7 ± 0.3

Pseudobrookite Fe2TiO5 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.1 ± 0.1

Lime CaO 0.1 ± 0.1 0.1 ± 0.1

Protoenstatite Mg2Si2O6 1.3 ± 0.1 0.7 ± 0.2

Naquite FeSi 0.7 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.4 ± 0.1

Titanite CaTiSiO₅ 0.6 ± 0.1

Rutile TiO2 0.4 ± 0.1 0.4 ± 0.1 0.5 ± 0.1

Amorphous 2.1 ± 1.8 7 ± 1.5 3.1 ± 1.8 15.9 ± 1.4

Ca2(Fe,Al)2O5 + CaTiO3 33.1 32.3 34.8 27.6

Note: The Rwp value for all quantifications was between 7.4 and 7.9.

T A B L E  1   Mineralogical composition 
of granulated converter slag without 
contaminants in wt%. The complete 
quantification is given in Table A1 in 
Appendix 1
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The bulk chemical composition of all air granulated con-
verter slag fractions is given in Table 2. The two largest frac-
tions show a small gain on ignition due to the oxidation of 
Fe2+ to Fe3+, while the two smallest fractions lost weight, 
mainly due to the decomposition of calcite.43 Around 2/3 of 
the total iron content in the slag is Fe2+, the rest is present 
as Fe3+. Table 1 only shows the amount of Fe2O3, because 
fused beads were made for the XRF analysis and the process 
oxidizes all Fe2+ to Fe3+. Chemically the 2-4 mm, 1-2 mm, 
and 0.5-1 mm fractions of air granulated converter slag are 
very similar and well within the range of industrially cooled 
converter slag reported in the literature.6,9,32 The 0.25-0.5 
mm fraction however shows a much higher Al2O3 and SiO2 
content, while CaO and MgO are lower. The SiO2 content is 
likely influenced by the 8.9 wt% quartz contained in the sam-
ple (Appendix 1, Table A1), while the deviating Al2O3, CaO, 
and MgO contents are caused by the presence of amorphous 
contaminants such as blast furnace slag (Figure 2).

3.2  |  Microstructure and mineralogy 
determined by large area phase mapping

In order to study the influence of rapid cooling on the micro-
structure and composition of the mineral phases, large area 
SEM/EDX phase mapping was carried out using PARC. The 
results for the 2-4 and the 0.25-0.5 mm fraction are given in 
Figures 1 and 4, respectively. The phase maps of the other 
two fractions are shown in the Appendix 1 (Figures A1 and 
A2). Granules of the same size developed strikingly similar 

crystallization microstructures and only one granule is de-
scribed here in detail to highlight the characteristic features 
of its size fraction. All granulated slag fractions contained 
large crystals of C2S and (Mg,Fe)O that are embedded in a 
fine-grained matrix that is a mix of different minerals with 
a size below the EDX resolution of 1 μm. Similar observa-
tions were made by other researchers.9,32 Based on variation 
in Ca – Si composition, the matrix was divided into 3 groups 
using a density plot (Figure  3). These groups were named 
Matrix CF (CaFe), CS (CaSi), and MF (MgFe) according to 
the major elements present. Very small amounts of CaO and 
(Ca,Mg)O phase were also detected. The area% of each phase 
is given in Figure 5a), the average chemical composition of 
the major phases in Figures 4 and 7c-e. The results are free 
from the influence of contaminants because only SI fields 
containing converter slag grains were analyzed.

There is a clear correlation between slag size fraction and 
phase content in area%. The largest fraction (2-4 mm) con-
tained the highest amount of C2S and the lowest total amount 
of matrix phase, while the opposite was true for the smallest 
fraction (0.25-0.5 mm). The 0.25-0.5 mm fraction also con-
tained the largest amount of the calcium and silica-rich Matrix 
CS, which reduced with increasing size fraction (Figure 5a). 
This is a clear indication that lower cooling speeds allow 
for the growth of C2S out of this matrix part. This is also 
corroborated by the microstructure itself (Figure  6). In the 
0.25-0.5 mm fraction, the C2S is present as large, round phe-
nocrysts. They form in the liquid slag before granulation at 
temperatures of around 1,550°C9 and can be regarded as equi-
librium crystallization. In the larger slag fractions, the C2S 

T A B L E  2   Chemical bulk composition of air granulated converter slag size fractions measured with XRF

Fraction MgO Al2O3 SiO2 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 LOI GOI

2-4 mm 8.97 2.01 15.5 1.53 45.6 1.49 0.64 0.18 4.22 20.5 0.78

1-2 mm 8.78 2.10 15.4 1.53 45.3 1.48 0.63 0.18 4.19 20.6 0.46

0.5-1 mm 8.51 2.97 15.3 1.49 44.0 1.48 0.62 0.17 4.08 21.1 0.18

0.25-0.5 mm 5.82 7.90 19.9 1.00 30.4 1.16 0.43 0.15 2.74 24.9 5.60

Note: All results are in wt%.

F I G U R E  1   Air granulated converter 
slag 2-4 mm (A) SEM grayscale image (B) 
Phase map
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shows leaf-like shapes that are formed during granulation and 
can be regarded as quench crystallization because they form 
after the equilibrium C2S during cooling. These shapes are 
likely connected, three-dimensional structures in the slag. It 

should be noted that PARC cannot differentiate between C2S 
polymorphs, because their chemistry is the same.

The composition of C2S (Figure 4) changes with increas-
ing slag size fraction and becomes more iron-rich. The V2O5 

F I G U R E  2   Air granulated converter 
slag 0.25-0.5 mm surrounded by other 
grains (A) SEM grayscale image 1- blast 
furnace slag 2- quartz (B) Phase map

F I G U R E  3   A, PARC density plot for all data points belonging to the matrix phase and their division into 3 matrix parts. The intensity of the 
Ca Kα peak is plotted against the intensity of Si Kα, and the color indicates the density of overlapping data points. B, Corresponding areas in a SI 
data field of air granulated converter slag

F I G U R E  4   Average composition of (A) C2S and (B) (Mg,Fe)O phenocrysts related to the grain size of the air granulated converter slag. Note 
the difference in scale for major and minor oxides
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      |  27SCHOLLBACH et al.

F I G U R E  5   Results of PARC analysis (A) Phases in air granulated converter slag in area% and wt% including the densities used for conversion 
from area% into wt% (B) Composition of the CS matrix part (C) Composition of the MF matrix part (D) Composition of the CF matrix part. Note 
the difference in scale for major and minor oxides

F I G U R E  6   Formation of C2S out of the CS rich matrix with increasing air granulated converter slag size fraction/decreasing cooling speed. 
The C2S present in the 0.25-0.5 mm fraction is the equilibrium C2S formed before granulation. The quench C2S forming during cooling shows a 
leaf-like structure
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and TiO2 contents also increase slightly, because the quench 
C2S incorporates more minor ions as the composition of the 
liquid slag changes during cooling.44 We are aware that the 
Cr2O3 content in the C2S is higher than the true value by 
about an order of magnitude due to the Si + Ca sum peak in 
the C2S spectrum overlapping with the Cr Kα emission line.

No C3S was formed based on the microstructure of the 
granulated slag. C3S forms at higher temperatures than C2S as 
well-defined euhedral crystals but requires a more calcic slag 
composition. These C3S crystal shapes are preserved during 
cooling even if the C3S itself converts to C2S and CaO.6,45

Most equilibrium C2S phenocrysts in the smallest 
granulated slag fraction have a diameter of around 9  µm 
(see Chapter 2.2) (Figure 7a). It can be assumed that this 
is very close to the average size the phenocrysts had in 
the liquid slag before cooling, because the smallest frac-
tion cools so quickly that there is little time for further 
(quench) C2S to form. With increasing fraction size many 
small grains (around 2 µm in diameter) appear due to the 
formation of quench C2S in leaf-like shapes. At the same 
time, the number of very large (15-30 µm) C2S phenocrysts 
increases slightly. This shows that C2S continues crystal-
lizing and growing during cooling. The bigger granulated 
slag fractions cool slower and allow more time for the 
leaf-like patterns to form. This quench C2S also grows on 
the equilibrium phenocrysts increasing their average size. 
According to the XRD results, the α’-C2S content changes 
very little in the different granulated slag sizes. However, 
the β-C2S content increases with increasing droplet size, 
which indicates that the quench C2S in the leaf-like pat-
terns is largely β-C2S. The exact cooling rate of the granu-
lated slag fractions is unknown, but the amount of quench 
C2S is similar to that observed by Gautier et al.9, who used 
water quenching and estimated a cooling time of 3-5 s. It is 

likely that water quenching is less effective for rapid cool-
ing of converter slag than for blast furnace slag due to its 
self-insulating properties. The cooling speeds of air and 
water granulation could therefore be in a similar range.

(Mg,Fe)O is the other phenocryst phase present in the air 
granulated converter slag. Calculations with FactSage (a soft-
ware suite for thermodynamic calculations) show that it starts 
crystallizing at around 1,840°C for this slag composition. 
Some C2S phenocrysts in the samples contained (Mg,Fe)O 
inclusions showing that it forms at higher temperatures than 
the C2S (Figure 6, 0.5-1 mm). This order of crystallization 
was also found by other researchers.9 The (Mg,Fe)O con-
tent in the 3 largest granulated converter slag fractions was 
between 6.2 and 6.7 area%, while the 0.25-0.5 mm fraction 
contained 10.3 area% (Figure 5a). The equivalent values in 
wt% are also given in Figure 5a. There is a clear correlation 
between the size fraction and phenocryst size distribution 
(Figure  7b). The smallest granulated slag fraction (0.25-
0.5 mm) shows a bimodal distribution with maxima at around 
3 and 25 µm. This may be due to the fact that some of the 
(Mg,Fe)O is present as small inclusions in the C2S, which 
are prevented from further growth during cooling of the slag. 
With increasing droplet size, the first maximum increases in 
intensity showing that new, small (Mg,Fe)O is formed with 
decreasing cooling speed. The size of the largest (Mg,Fe)O 
phenocrysts remains largely unchanged, however.

The amount of matrix decreases with increasing droplet 
size and decreasing cooling speed from around 68 area% 
(0.25-0.5  mm) to 49 area% (2-4  mm). As discussed previ-
ously, the Matrix CS part forms C2S but does not change 
its average composition with changing cooling speed 
(Figure 5b). There is also a clear increase in the amount of 
Matrix CF with slower cooling. This matrix part is rich in 
CaO and Fe2O3 (Figure  5d) and contains the majority of 

F I G U R E  7   Size distribution of (A) C2S and (B) (Mg,Fe)O crystals in air granulated converter slag. The diameter is calculated from the grain 
area assuming perfect circular shape. The amount of grains is normalized by the total grain area measured
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Al2O3 and TiO2 present in the slag. Based on the composition, 
this PARC phase contains the srebrodolskite (Ca2(Fe,Al)O5) 
detected in XRD together with the other TiO2 bearing phases 
(Table 1, Figure 2). Srebrodolskite (Ca2(Fe,Al)O5) is the last 
phase to form during standard cooling of converter slag, as 
can be seen from the texture of industrially cooled slag. More 
Matrix CF is generated the slower the granulated slag cools, 
while its average composition changes only slightly. With in-
creasing size, it becomes richer in Al2O3 and TiO2, while the 
MgO, SiO2, and MnO content decreases.

The amount of MF matrix (6.5-11.5 area%) shows no 
clear correlation with the slag fraction size but has the great-
est variation in composition. The iron and manganese con-
tent decreases with decreasing slag size, while the CaO, SiO2, 
and MgO contents increase. Based on this trend, it can be 
assumed that (Mg,Fe)O grows out of this matrix phase during 
cooling. The formation of new (Mg,Fe)O can also be seen in 
the phenocryst size distribution (Figure 7b).

Converter steel slag is generated in batches and can be 
quite variable in composition, depending on the quality of 
steel produced. However, the general crystallization behav-
iors described here are expected to apply to other slag com-
positions as well, especially those that contain little free lime, 
even if the phase proportions may be different.

3.3  |  Influence of granulation on phase 
distribution and chemical bulk composition

It is possible to calculate the chemical bulk composition of 
each granulated converter slag fraction out of the PARC 
data if the phases are converted from area% into wt% using 
their densities (Figure 5a). For C2S and (Mg,Fe)O the ap-
propriate density can be taken directly from the Rietveld 
refinement results. They are 3.3 and 4.3  g/cm3, respec-
tively. Assigning a density to the three matrix phases is less 
straightforward because they are a mix of different miner-
als. However, it is clear that the Matrix CS phase reacts to 
C2S during cooling, the Matrix MF phase contains mostly 
(Mg,Fe)O and that the Matrix CF phase is very rich in sre-
brodsolskite (Ca2(Fe,Al)O5). For this reason, they can be 
assigned the densities of C2S, (Mg,Fe)O and srebrodolskite 
(3.8 g/cm3 based on Rietveld refinement), respectively. The 

phase composition in wt% can be seen in Figure  5a) and 
the calculated bulk composition in Table 3. For the three 
biggest fractions, the measured XRF bulk composition 
(Table  2) matches the calculated bulk composition very 
well, but there is a big difference for the 0.25-0.5 mm frac-
tion due to the contamination with other minerals. It is also 
clear that the Cr2O3 content is overestimated by an order 
of magnitude in the calculated composition for reasons ex-
plained before. But this does not influence the other oxide 
amounts in any significant way.

This calculated chemical bulk composition has the advan-
tage of being free from contaminant influence because nonslag 
phases can be excluded from phase mapping with PARC, even 
if they are amorphous. It also shows that the deviating bulk 
composition of the 0.25-0.5 mm granulated slag fraction is not 
just an effect of contamination. This is unexpected because all 
slag fractions were derived from the same converter slag batch. 
The likely explanation is an uneven distribution of the C2S and 
(Mg,Fe)O phenocrysts in the different droplets, which affects 
their bulk composition. To visualize if accumulation/depletion 
of phenocrysts is the cause of the compositional differences, 
variation diagrams have been constructed in which the ele-
ment-oxide components are plotted against CaO (Figure 8). 
In these diagrams, the bulk composition of each converter 
slag fraction is represented as well as the compositions of the 
(Mg,Fe)O and C2S phenocrysts (Figure  4). Element oxides 
that lie on a straight line indicate a compositional relationship 
derived by the addition or subtraction of C2S and (Mg,Fe)O 
phenocrysts respectively. Relative proportions of each phase 
can be calculated with a lever-rule approach. Oxide(Mg,Fe)O/
OxideC2S is the oxide concentrations in the (Mg,Fe)O and C2S 
phenocrysts as determined with PARC (Figure 4).

The variation diagrams show that the composition of the 
three largest granulated slag fractions is consistent with the 
composition of the smallest slag fraction (0.25-0.5 mm) con-
taining more (Mg,Fe)O (in the range of 5 to 10 wt%). If C2S 
is added to the 0.25-0.5 mm fraction instead, the Fe2O3 and 
SiO2 concentrations of the larger slag fraction are relatively 
far outside the range. This means the different composition of 
the smallest slag fraction is likely caused by an enrichment of 
(Mg,Fe)O phenocrysts and not by a lack of C2S. The reason 
for this is unclear but may be connected to the bimodal size 
distribution of the (Mg,Fe)O or the granulation process itself.

T A B L E  3   Chemical bulk composition of air granulated converter slag size fractions determined via PARC

Size MgO Al2O3 SiO2 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3

2-4 mm 8.7 1.5 15.2 1.2 43.4 1.7 0.60 1.0 4.7 21.7

1-2 mm 9.1 1.4 15.6 1.2 43.4 1.6 0.61 1.0 4.7 21.1

0.5-1 mm 10.2 1.0 15.0 0.9 43.1 1.5 0.69 0.9 5.0 21.5

0.25-0.5 mm 12.6 1.3 14.2 1.1 40.5 1.5 0.66 0.8 4.9 21.5

Note: All results are given in wt%.
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3.4  |  Vanadium and chromium leaching

The environmental properties of the converter slag were meas-
ured using the one batch leaching test, and the results are shown 
in Table 4 along with the pH of the leachate. Chromium and 
Vanadium are the only elements above the legal limit defined 
in the Dutch Soil Quality degree for all fractions and much 
higher than observed for normal industrially cooled slag. This 
is likely the result of an increased solubility of the slag due 
to air granulation, which releases Chromium and Vanadium. 
Vanadium leaching decreases with decreasing slag size, while 
chromium leaching increases. However, these leaching results 
are also influenced by the presence of contaminants such as 
quartz and calcite. These contaminant phases do not contain V 
and Cr and effectively reduce the amount of slag in the sample 
as well as the pH. The 0.25-0.5 mm fraction contains the high-
est amount of contaminants and has the lowest pH (9.6). But 
since the amount of crystalline contaminants is known from 

XRD (Appendix 1, Table A1), an attempt can be made to cor-
rect the leaching values (Table 4). In these corrected values, 
the vanadium leaching turns out very similar for all granu-
lated slag droplet fractions (11.03 to 11.83  mg/kgds), while 
the Cr leaching still increases with decreasing slag size frac-
tion (from 1.75 to 3.05 mg/kgds). Table 5 shows how much of 
the total V2O5 and Cr2O3 present in the slag this represents. It 
also shows the distribution of both oxides between C2S, MgO, 
and the matrix. The total leachable amount of V2O5 reduces 
slightly with decreasing slag size. At the same time, we also 
see a decrease of the V2O5 bound in C2S as the result of a 
lower C2S content in the smaller granules. It is likely that 
both, C2S and the matrix, leach V2O5, but that C2S contributes 
more. The high leaching of vanadium therefore indicates an 
increased solubility of C2S in water compared with industri-
ally cooled slag. If this is the case, it can be expected that 
C2S hydrates when used as a cement replacement material and 
could show similar properties to belite cement.46

F I G U R E  8   Variation diagram A) Addition of (Mg,Fe)O B) Addition of C2S to air granulated converter slag

T A B L E  4   Leaching data ICP analysis of the one batch leaching test and pH of the leachate

Elementa 

Measured values

Corrected valuespH 11 10.8 10.9 9.6

Legal 
limit 2-4 mm 1-2 mm 0.5-1 mm 0.25-0.5 mm 2-4 mm 1-2 mm 0.5-1 mm 0.25-0.5 mm

Sb 0.32 0.19 0.19 0.17 0.18 0.20 0.19 0.18 0.23

As 0.9 0.21 0.22 0.15 0.15 0.22 0.22 0.16 0.19

Ba 22 0.11 0.02 0.02 0.11 0.11 0.02 0.02 0.14

Cr 0.63 1.7 1.83 1.91 2.42 1.75 1.86 1.98 3.05

Mo 1 0.14 0.14 0.002 0.011 0.14 0.14 0.00 0.01

V 1.8 11.49 10.84 11.43 8.84 11.83 11.03 11.82 11.13

Zn 4.5 0.06 0.06 0.07 0.08 0.06 0.06 0.07 0.10

Note: The legal limit is the limit set by the Dutch Soil Quality Degree for unbound material. Left measured value, right values corrected for contaminants. All results in 
mg per kg of dry solid sample.
aCu, Co, Hg, Ni, Se, Cd, Pb and Sn were below the detection limit. 
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The leachable amount of the total Cr2O3 content in the 
slag fractions clearly increases with decreasing slag size from 
0.26% to 0.45%. As discussed before, the content of Cr2O3 
in C2S is systematically overestimated, but the trend in the 
distribution between the 3 phases shown in Table 5 is still 
useful and seems to indicate that the matrix is contributing 
the majority of leached Cr2O3.

4  |   CONCLUSION AND OUTLOOK

Air granulated converter slag was divided into four different 
size fractions (0.25-0.5 mm, 0.5-1 mm, 1-2 mm, and 1-4 mm) 
to study the influence of granule size and therefore cooling 
speed on the mineralogy of converter slag. The three largest 
fractions are very similar in chemical and mineralogical com-
position, with a total Ca2SiO4 (C2S) content of 41-44 wt% 
and very little amorphous phase.

The smallest granulated converter slag fraction (0.25-
0.5 mm) is markedly different in composition. It contains less 
Ca2SiO4 and shows the highest amorphous content (15.5 wt%), 
which may be caused in part by contamination with blast fur-
nace slag. This fraction is the most oxidized and contains large 
amounts of magnetite (Fe3O4). The chemical bulk composition 
also shows it contains more MgO and less CaO and SiO2.

All granulated slag fractions contain phenocrysts of Mg-
wuestite ((Fe,Mg)O) and C2S that are embedded in a finely 
grained matrix that formed during cooling. No individual 
mineral phases can be discerned in the matrix due to their 
small size (<1µm). The smallest slag fraction contains 5%-
10% more (Fe,Mg)O phenocrysts, which is also responsible 
for the difference in bulk composition. However, the starting 
composition was the same for all fractions. Further investiga-
tion is required to understand this phenomenon.

The fine-grained matrix of the granulated slag can 
be divided into three types based on the composition: Ca/
Si-rich, Ca/Fe-rich, and Mg/Fe-rich. The amount of Ca/Si-
rich matrix reduces with decreasing cooling speed/ increas-
ing granule size and forms quench Ca2SiO4 in the form of 
leaf-like patterns. The Ca/Fe-rich matrix type contains the 
majority of Al2O3 and TiO2 and therefore the srebrodolskite 

and perovskite. The Mg/Fe-rich matrix has a highly variable 
composition, containing less MnO and Fe2O3 with decreas-
ing slag size and is assumed to be the source of additional 
Mg-wuestite that forms during cooling.

All slag fractions leach more Cr and V than industrially 
cooled converter slag and surpass the legal limit defined by 
the Dutch Soil Quality degree. The V leaching is very similar 
for all fractions, while the Cr leaching increases with decreas-
ing slag size. The main sources of these elements are Ca2SiO4 
and the matrix phase. The increased V and Cr leaching indi-
cate that granulated converter slag is more soluble in water 
than industrially cooled slag.

The results show that it is not possible to create amorphous 
converter slag using air granulation. But even if sufficiently 
rapid cooling is applied, around 30 wt% of the slag would 
remain crystalline, due to the formation of solid Ca2SiO4 and 
Mg-wuestite before cooling. However, the air granulation 
may have suppressed the near-solidus crystallization of free 
lime. The absence of free lime would circumvent the problem 
of volume expansion caused by its hydration.

The leaching results indicate a higher solubility of 
Ca2SiO4 in water and therefore the potential for a higher hy-
draulic reactivity. Converter steel slag should therefore not 
be compared with granulated blast furnace slag, which is an 
amorphous, pozzolanic material that requires a high pH solu-
tion to contribute strength in binder systems (eg, CEMIIIb). 
Instead, it should be compared to cement that hardens in the 
presence of water alone and generates its own high pH pore 
solution. In this case, a high amount of amorphous phase is 
not a prerequisite for reactive granulated converter steel slag. 
Further research into the cementitious properties is currently 
ongoing, but it seems that an application as a partial cement 
replacement has great potential and could make it possible 
to recycle all steel slag in the future. It may also solve the 
problematic leaching of V and Cr, as the hydration products 
of cement have a high binding capacity for heavy metals.
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T A B L E  5   Total amount of V2O5 (from PARC bulk composition) and Cr2O3 (from XRF bulk composition) in granulated converter slag, the 
amount leachable from the slag, and the distribution of these oxides between the host phases C2S, matrix and (Mg,Fe)O (from PARC)

V2O5 Cr2O3

Size

Total Leachable C2S Matrix MgO

Size

Total Leachable C2S Matrix MgO

(wt%) (%) (%) (%) (%) (wt%) (%) (%) (%) (%)

2 mm 0.60 0.70 31.4 66.1 2.5 2 mm 0.18 0.26 77.6 19.5 2.9

1 mm 0.61 0.65 24.2 73.2 2.5 1 mm 0.18 0.27 71.8 25.3 3.0

0.5 mm 0.68 0.62 15.0 82.3 2.6 0.5 mm 0.17 0.29 55.1 41.3 3.6

0.25 mm 0.66 0.60 11.4 84.0 4.6 0.25 mm 0.15 0.45 46.6 46.8 6.6
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F I G U R E  A 1   Air granulated converter 
slag 1-2 mm (A) SEM grayscale image (B) 
Phase map

 25783270, 2021, 1, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1002/ces2.10074 by U
niversity O

f L
eeds T

he B
rotherton L

ibrary, W
iley O

nline L
ibrary on [08/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



36  |      SCHOLLBACH et al.

F I G U R E  A 2   Air granulated converter 
slag 0.5-1 mm, lower right corner shows 
grain of industrially cooled converter slag 
(A) SEM grayscale image (B) Phase map
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