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INTRODUCTION

Current steel production in Germany is divided into
71% via the blast furnace/BOF converter route (in-
tegrated route) and 29% via the electric arc furnace
route. In Europe (EU-27) these shares amount to
56% and 44%, respectively [1]. In today’s European
electric arc furnaces, scrap is used almost exclusively
as input material for crude steel production, meaning
that primary raw materials such as iron ore and coal
or coke are not required. Depending on the electric-
ity mix provided, this route can already operate with
significantly lower CO, emissions compared to the in-
tegrated route, approximately 410 kg CO, per tonne
of crude steel instead of 1,921 kg per tonne [2].

Technological progress has brought the blast fur-
nace process close to its thermodynamic optimum.
Even theoretically, significant advances toward cli-
mate-neutral production by 2050 are not feasible. At
the same time, increasing steel production in electric
arc furnaces is constrained by limited scrap availa-
bility and necessary quality requirements. For these
reasons, the steel industry is focusing on the intro-
duction of new technologies that fundamentally avoid

CO, emissions, referred to as Carbon Direct Avoid-
ance (CDA).

The industrial production of cement with reduced
clinker content in Europe relied for decades on the
use of granulated blast furnace slag (GBFS) as a la-
tent hydraulic main constituent. This material cycle
links the steel and cement industries. Slag from the
conventional blast furnace route is water granulat-
ed, ground and used as a main cement constituent,
thereby significantly reducing the CO, emissions of
the binder. With the accelerated decarbonisation of
steel production through substitution of the blast
furnace by hydrogen-based direct reduction (DR)
and downstream electric melting processes such as
smelters or electric arc furnaces, new slag types are
generated. These differ in chemistry, mineralogy and
process logic from established blast furnace slag.
Without appropriate utilisation pathways, the raw
material stream for clinker-efficient cements would
decline, and the CO, balance of the cement industry
would deteriorate.



I Report of the FEhS-Institute 2025

SAVE CO2 PROJECT
The two-stage process for integrating a direct reduc-
tion plant into steel production consists of a smelter

followed by a converter. When using a smelter direct-

ly downstream of the direct reduction plant, as shown
schematically in Figure 1, electric hot metal and a
slag are produced. Depending on the slag-forming 2

agents used, this slag may exhibit similarities to con-
ventional blast furnace slag.
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Figure 1: Schematic representation of a DR plant with smelter [4]
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Investigations on this slag were the subject of the re-
search project funded by the German Federal Ministry
of Research, Technology and Space (BMFTR), “SAVE
CO2”, whichaimedatcreatinganalternativeapplication
for electric hot metal slag (EHMS) produced on a DRI
basis for use in the cement industry in order to reduce
CO, emissions [3]. While blast furnace slags have
been utilised as high-quality secondary raw materi-
als in the cement industry for decades and are com-
prehensively standardised, no empirical data or in-
dustrial applications previously existed for slags from
DRI-based processes. Consequently, fundamental
knowledge regarding the chemical and mineralogical
characteristics, glass formation behaviour, environ-
mental compatibility and hydraulic activity of these
new slag types was lacking.

The project objective was to accompany the new
process route consisting of a direct reduction plant
and an electric smelter, to model the slags expect-
ed to be generated in the future, to produce them
experimentally, to characterise them systematically
and to demonstrate their suitability as a CO,-reduced
alternative to blast furnace slag.

The consortium consists of the steel producer thys-
senkrupp Steel Europe, the cement producer Heidel-
berg Materials and the scientific partners Institute
of Technologies of Metals (ITM) at the University of
Duisburg-Essen and Fraunhofer Institute UMSICHT,
with FEhS-Institut fur Baustoff-Forschung e.V. as
project coordinator.

The focus was placed on investigating the depend-
ence of slag properties on variable input materials
and process parameters, as well as on assessing the
technical and economic requirements for complete
material utilisation in the cement industry. The aim
was to ensure that the advantages of decarbonisa-
tion in steel production would not be offset by in-
creased emissions or disposal in the construction
materials sector.

The work comprised laboratory, pilot-scale and large-
scale trials, determination of chemical, mineralogical
and latent hydraulic properties of the slags, as well
as cement and concrete testing. In addition, envi-
ronmental analyses, life cycle assessments and eco-
nomic evaluations were conducted.
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The research demand included both process met-
allurgical analysis and adjustment of suitable slag
compositions and cement-technical evaluation of the
resulting materials. Only through such an interdis-
ciplinary approach could it be ensured that the de-
carbonisation of steel production would not lead to
the loss of established material cycles between the
steel and cement industries. The SAVE CO2 project
addressed precisely this interface between metallur-
gical process development, including viscosity and
electrical conductivity, and building materials re-
search, in order to close the scientific gap between
future DRI-smelter technology and sustainable
by-product utilisation.

RAW MATERIALS AND RESULTING SLAGS

Within the project, a selection of directly reduced
raw materials from different regions was procured
and investigated. This reflects the boundary condi-
tions of the planned large-scale industrial plant, in
which ores of varying qualities and origins are ex-
pected to be reduced.

At the beginning of the investigations, the input ma-
terials were comprehensively characterised in order
to establish a reliable basis for the subsequent melt-
ing trials. Four different DRI and HBI qualities were
analysed:

M Hot Briquetted Iron from Russia (HBI, Figure 2a)

M Direct Reduced Iron from Iran (DRI-I, Figure 2b)

M Direct Reduced Iron from Egypt (DRI-E, Figure 2c)

M Hydrogen-reduced Direct Reduced Iron (DRI-H,,
Figure 2d)

The samples originated from different deposits and
were supplied in the form of briquettes or pellets.
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Figure 2: Initial condition of DRI and HBI qualities

Table 1: Carbon and sulphur contents of the DRI and HBI qualities investigated

d) DRI-H,

C (range) 1.10-3.13 1.17-2.64 2.3-2.97 =
C (average) 1.88 1.99 2.54 0.026
S (average) 0.0020 0.0042 0.0053 0.0042

The gangue in the DRI and HBI material consist-
ing of oxides that do not transfer into the metallic
phase typically amounts to approximately 10 wt.%
and forms the basis of the later slag. Of particular
importance are the main oxides SiO,, Al,O,, CaO and
MgO, as well as deposit- and process-dependent mi-
nor and trace elements such as TiO,, V,0, and al-
kalis. In addition, the carbon content in DRI varies
depending on the respective reduction process, as

shown in Table 1.

Based on the characterisation of the input materials,
systematic melting trials were conducted at the In-
stitute of Technologies of Metals (ITM) on a labora-
tory scale. The objective was to gain a fundamental
understanding of the melting and foaming behaviour
of the investigated input materials HBI, DRI-I, DRI-E
and DRI-H,.

Furthermore, the trials served to select suitable cru-
cible materials for subsequent investigations in the
electric furnace. For this purpose, induction furnaces
of different capacities, 2 to 80 kg, as well as a vac-
uum induction furnace with batch sizes up to 5 kg,
were used.

6

Slag chemistry and metal phase

Neutral remelting of DRI and HBI leads to the forma-
tion of slags whose chemical and mineralogical prop-
erties differ significantly from those of convention-
al blast furnace slags. For utilisation of these slags
in the cement industry, targeted adjustment of the
composition, for example through the addition of
lime, is therefore required.

To determine suitable addition rates, the various DRI
qualities and the HBI were first remelted under in-
ert conditions in an induction furnace and in a vacu-
um induction furnace. Complementary experiments
were carried out in the specially developed electric
arc furnace at ITM, in which the samples were like-
wise remelted under neutral conditions and subse-
quently analysed, see Figure 3.

The slag and metal samples obtained were subjected
to detailed analytical investigation. Based on these
results, a calculation model was developed that con-
siders both mass balances and typical reduction
and oxidation reactions between the slag and metal
phase.
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Figure 3: Comparison of slag analysis (left) and metal analysis (right) of the neutrally remelted input materials

In the ITM electric arc furnace, several conditioning
trials with melt masses of up to approximately 100 kg
were successfully performed. It was demonstrated
that the results from laboratory-scale melting trials,
approximately 1 kg, are transferable to larger melt
quantities. In all cases investigated, the targeted ad-
justment of the slag composition could be achieved,
and a slag was produced whose mineralogical phases
were comparable to those of granulated blast furnace
slag.

PRODUCTION OF SLAGS IN LAB SCALE

The investigation of the input materials showed that
the gangue remaining in the reduced material gener-
ally exhibits a CaO-to-SiO2 ratio (simple basicity B,)
significantly below unity, in some cases reaching
values of only approximately 0.2. In this state, the
material is unsuitable both from a binder-technical
perspective for use in the cement industry and from
a process-metallurgical perspective for steel produc-
tion, particularly due to the high slag viscosity.

For this reason, an increase in basicity through the
addition of lime, CaO, is required in order to achieve
B2 values typical of current granulated blast furnace
slags.

In addition to the CaO-to-SiO2 ratio, the ALLO, and
MgO contents also influence the suitability of the
material. Targeted adjustment of these components
may therefore have positive effects on product prop-
erties. However, each addition of slag-forming agents

in the melting process is associated with additional
raw material costs, increased energy demand and
thus additional CO, emissions, as well as an exten-
sion of the tap-to-tap time, the time interval between
two furnace tappings.

Slag treating as a by-product thus operates with-
in a field of tension between optimisation of mate-
rial properties, costs for additives and energy, and
environmental impacts resulting from additional
CO, emissions. In contrast to this is the potential
CO, saving achieved by clinker substitution in cement
production.

Melting programme

In order to provide a basis for decision-making with-
in this field of tension, the system boundaries were
defined together with the industrial partners. The ob-
jective was to cover a realistic range of both metal-
lurgical and process-related boundary conditions as
well as the subsequent application of the slags in the
cement industry.

On this basis, a design of experiment (DoE) was es-
tablished that covers a broad parameter space, see
Table 2, which future EHMS from the smelter may
occupy depending on operating conditions, input
materials and the targeted cement-technical perfor-
mance, equivalent to granulated blast furnace slag.
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Table 2: System boundaries of the design of experiment for the base

composition of the new EHMS

Parameter ‘ Unit ‘ Range/

System boundary
Slag temperature o 1,450 (1,550) 1,650
B, basicity = 0.70 1.40
Aluminium oxide content wt.% 6.0 (10.5) 15.0
Magnesium oxide content wt. % 2.0 10.0

In order to investigate the vari-
ation range of the four main pa-
rameters with a sufficient yet lim-
ited number of experiments, a full
factorial DoE was selected. This
comprised two groups with eight
experiments each as well as a
connecting centre point.

In addition to the DoE, numer-
ous further laboratory slags were
produced to verify the results or,
based on a second DoE, to specif-
ically investigate the influence of
TiO,, V,0, and alkali oxides. This
second DoOE served in particular
to analyse the influence of select-
ed minor constituents on the ce-
ment-technical properties of the
electric hot metal slags.

The raw material base for direct
reduction plants is expected to
exhibit greater variability than in
blast furnace operation, since not
all iron ores are equally suitable
for use in DR plants. Moreover,
reduction conditions in the blast
furnace are considerably more
intensive, meaning that elements
such as vanadium are largely re-
duced and transferred into the
metal phase. In the DR process,
however, these elements remain
in the gangue and may therefore
gain increased relevance in the
resulting slag.

8

Based on the results of the first
experimental series, which sys-
tematically investigated the influ-
ence of the main components, the
subsequent work focused on these
minor constituents, in particular
titanium, vanadium and the alkalis
sodium and potassium. The objec-
tive was to clarify to what extent
these trace elements may nega-
tively affect glass formation, melt
homogeneity or the cement-tech-
nical suitability of the granulated
material.

Within the DoE, combinations of
different concentrations of TiO,,
V,0,, K,0 and Na,O were specifi-
cally adjusted in order to capture
both individual and interaction
effects of the oxides. The main
components were largely kept
constant, with a B, basicity of ap-
proximately 1.05, an ALO, content
of 10.5 wt.% and an MgO content
of 6 wt.%. Target contents for
TiO, ranged from 0 to 3.5 wt.%,
reflecting the maximum concen-
trations expected from industrial
processes. V,0, was added up to
1 wt.%. Na,O varied between 0.15
and 2 wt.%, while K,O was adjust-
ed between 0.15 and 3.5 wt.%.

This approach enabled a scientifi-
cally substantiated assessment of
the extent to which natural fluc-

tuations of minor constituents in
electric hot metal slags may in-
fluence the formation of a glassy
structure and cement-technical
usability.

Experimental setup: Tammann
furnace and water granulation
The melting experiments were
carried out using the Tammann
furnace in the melting laboratory
of the FEhS-Institute. This furnace
is specifically designed for investi-
gations on liquid slags and enables
neutral melting of synthetic pure
substances that served as starting
materials for the experiments, see
Figure 4.
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Figure 4: Tammann furnace

For each melting experiment, 2,000g of a synthet-
ic slag were prepared, and the respective crucible
was completely filled. The target compositions were
derived from the DoE. After reaching the target tem-
perature and ensuring sufficient homogenisation of
material and temperature, the molten sample was
quenched in the FEhS water granulation device, see
Figure 5.

Results of the melting experiments

Table 3 presents the chemical compositions and glass
contents of the laboratory slags produced within the
framework of the first DoE. Chemical analysis was
performed in the FEhS chemical laboratory by XRF
analysis on fused beads. The glass content was de-
termined in accordance with the specifications of the
metallurgical laboratory manual.

The chemical compositions determined showed a high
level of agreement with the specified target values,
indicating high reproducibility and stability of the ex-
perimental procedure.

The majority of the investigated slags solidified into
fully glassy products with glass contents exceeding
95vol.%. Onlyindividualmelts, particularlyexperiments
SC2-7 and SC2-18 to SC2-20, exhibited significantly
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Figure 5: Water granulation device

reduced glass contents below 30 vol.%. These compo-
sitions were located near the merwinite region of the
Ca0-Al,0,-Si0,-MgO system and, due to their higher
basicity (B, approximately 1.5), showed a pronounced
tendency toward crystalline solidification, which
largely suppressed glass formation.

An increased aluminium oxide content generally had a
favourable effect on glass formation, since Al,O, sta-
bilises the network structure of the melt and reduces
crystallisation tendency. Thus, fully glassy samples
could be achieved even at comparatively high B, ba-
sicities up to approximately 1.4, provided the ALO,
content was in the range of 14 to 15 wt.%. At lower
B, basicities of approximately 1.1 or below, complete
vitrification was possible even without elevated alu-
minium oxide contents.

Within the investigated system boundaries, the influ-
ence of MgO remained minor and showed no clear
systematic correlation with the glass content.

In summary, the results demonstrate that glass for-
mation in DRI-based electric hot metal slags can be
specifically controlled through adjustment of basic-
ity and aluminium oxide content. Nearly complete
vitrification, and thus attainment of the amorphous

9
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Table 3: Chemical composition and glass content of the laboratory slags

Trial Temperature CaO SiO, C/S AlL,O, MgO Glass
target | actual | target | actual | target | actual | target | actual | target | actual | target | actual | actual
[°C] [°Cl | [wt.%] | [Wt.%] | [wt.%]| [wt.%] [-1 [-1 [wt.%] | [wt.%] | [wt.%] | [wt.%] |[vol.%]
SC2-1 1,650 1,650 37.88 39.40 54.12 49.70 0.70 0.79 6.00 7.16 2.00 2.31 100.0
SC2-2 1,450 1,450 30.88 31.50 44,12 43.70 0.70 0.72 15.00 14.40 10.00 9.81 100.0
SC2-3 1,450 1,550 53.67 54.60 38.33 35.90 1.40 1.52 6.00 6.67 2.00 2.37 58.7
SC2-4 1,650 1,650 48.42 49.50 34.58 32.20 1.40 1.54 15.00 15.50 2.00 2.35 9919
SC2-5 1,550 1,550 42.77 43.80 40.73 38.00 1.05 1.15 10.50 11.20 6.00 6.37 100.0
SC2-6 1,650 1,650 34.18 35.40 48.82 45.40 0.70 0.78 15.00 16.10 2.00 2.34 100.0
SC2-7 1,450 1,550 49.00 50.10 35.00 32.60 1.40 1.54 6.00 6.56 10.00 10.40 8.2
SC2-8 1,450 1,450 34.59 41.70 49.41 46.40 0.70 0.90 6.00 0.80 10.00 10.50 99.8
SC2-9 1,450 1,450 43.75 44.70 31.25 29.10 1.40 1.54 15.00 15.40 10.00 10.50 94.8
SC2-10 1,650 1,650 49.00 49.30 35.00 33.20 1.40 1.48 6.00 6.57 10.00 10.40 70.8
SC2-11 1,450 1,550 48.42 48.90 34.58 32.50 1.40 1.50 15.00 15.60 2.00 2.23 100.0
SC2-12 1,650 1,650 53.67 54.20 38.33 36.00 1.40 1.51 6.00 6.72 2.00 2.46 95.6
SC2-13 1,450 1,450 37.88 39.30 54.12 49.60 0.70 0.79 6.00 7.09 2.00 2.89 99.8
SC2-14 1,450 1,550 34.18 35.90 48.82 45.60 0.70 0.79 15.00 14.90 2.00 2.43 100.0
SC2-15 1,650 1,650 30.88 31.80 44,12 40.50 0.70 0.79 15.00 16.80 10.00 9.89 100.0
SC2-16 1,650 1,650 43.75 44,10 31.25 29.70 1.40 1.48 15.00 15.30 10.00 10.30 99.0
SC2-17 1,650 1,650 34.59 35.10 49.41 45.80 0.70 0.77 6.00 6.94 10.00 10.40 100.0
SC2-18 1,450 1,550 49.00 49.00 35.00 32.60 1.40 1.50 6.00 6.58 10.00 10.60 20.3
SC2-19 1,450 1,550 48.76 48.70 34.83 BEhS 1.40 1.47 5.97 6.68 9.95 10.80 19.5
SC2-20 1,450 1,550 48.28 48.80 34.48 32.70 1.40 1.49 591 6.70 9.85 10.80 26.8
SC2-19-2| 1,450 1,550 48.21 48.80 34.80 32.90 1.39 1.48 6.00 6.10 10.00 10.40 n.b.
SC2-20-2| 1,450 1,550 46.50 49.10 34.50 32.70 1.35 1.50 6.00 6.35 10.00 10.60 n.b.
structure required for cement applications, is fa- exactly, resulting in minor deviations between target

voured particularly at moderate basicities in combi-
nation with elevated Al,O, contents, whereas strongly
merwinitic compositions should be avoided.

Minor constituents: TiO,, V,0,, alkali oxides
Evaluation of the melting experiments concerning the
minor constituents investigated showed that TiO,,
V,0, and the alkali oxides Na,O and K,O had only a
limited influence on the melting and solidification be-
haviour of the laboratory slags produced.

The addition of sodium and potassium oxide did not
reveal any relevant effect on glass formation or on
other chemical or physical properties. However, due
to the use of carbonates as starting materials and
the associated release of CO, during melting, the tar-
geted concentrations could not always be adjusted
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and actual compositions.

Vanadium oxide likewise showed no noticeable effects
with respect to glass formation or melt viscosity and
had no significant influence on the cement-technical
properties of the solidified and granulated slags, see
Section 4.4.

In contrast, titanium oxide proved to be potentially
critical, although not in the actual melting process.
TiO, did not negatively affect the glass content or
melt viscosity, but it significantly influenced the hy-
draulic reactivity of the binders produced from these
slags. At TiO, contents of approximately 1 wt.% and
above, a noticeable decrease in mortar compres-
sive strength was observed, particularly in the early
strength range, see Section 4.4.



Overall, the results confirm that elevated TiO, con-
tents, in contrast to Na,O, K,O and V,0,, may have
an unfavourable influence on cement-technical per-
formance, whereas the other investigated trace ele-
ments can be classified as largely uncritical.

Cementitious investigations of the

laboratory slags

The laboratory slags described above were charac-
terised according to a standardised cement-technical
testing scheme of the FEhS-Institute.

Initially, the slags were ground in a closed ball mill
to a defined fineness. The objective was to achieve a
particle size distribution comparable to that of con-
ventional granulated blast furnace slag at a Blaine
value of approximately 4,200 cm2/g according to
DIN EN 196-6.

The ground slags were subsequently blended at
50 wt.% with Portland cement CEM I 42.5 R, which
fulfilled the requirements of a reference cement ac-
cording to DIN EN 15167-1. These binder combina-
tions were investigated with regard to workability,
strength development and heat of hydration in ac-
cordance with the DIN EN 196 series of standards.
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With respect to workability, no abnormalities were
observed for the combinations containing laboratory
slags.

Due to the strongly varying chemical compositions of
the laboratory slags, significant differences in mor-
tar compressive strengths were expected and were
indeed observed. Figure 6 exemplarily presents the
results for samples SC2-1 to SC2-17. The determined
strength values were in part significantly above or
below the mean values determined for the tkSE gran-
ulated blast furnace slags HS 1 to HS 4.

Irrespective of these differences, in all cases a
strength exceeding that obtained with inert quartz
filler was achieved after only two days of hydration, a
stage at which clinker hydration dominates.

The impact of slag chemical composition on strength
development follows the same fundamental relation-
ships long known for granulated blast furnace slag.
As an example, the contour diagram in Figure 7 illus-
trates, for two different MgO contents, the influence
of ALO, content and basicity on 2-day mortar com-
pressive strength.

Figure 6: Development of compressive
strength of mortars according to DIN
EN 196-1 for combinations of 50 wt.%
laboratory slag, granulated blast fur-
nace slag and quartz filler with Portland
cement CEM I 42.5 R

81d
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Figure 7: Impact of basicity and Al,O, content at two MgO levels (left: 3 wt.%, right: 10 wt.%) on 2-day compressive strength
of mortars according to DIN EN 196-1 at a melting temperature of 1,550°C for combinations of 50 wt.% laboratory slag and

CEMI42.5R

The fact that the reactivity of EHMS varies as a
function of its chemical composition analogously to
granulated blast furnace slag is further confirmed by
investigations targeting individual components. Fig-
ure 8 illustrates the well-known negative influence
of significantly elevated TiO, contents at otherwise
largely constant chemical composition. It should be
noted, however, that within the DoE a superimposed,
also negative, reduction of Bz basicity, (CaO + MgO)/
Si0,, occurred simultaneously. (SC2-ST-6: 0.41 wt.%
respectively 1.23; SC2-ST-16: 1.89 wt.% respectively
1.17; SC2-ST-9.3: 3.34 wt.% respectively 0.99; HS 1:
0.69 wt.% respectively 1.54).

Since future EHMS are expected to exhibit signifi-
cantly higher V,0, content compared to convention-
al granulated blast furnace slag due to raw material
characteristics, its potential influence on reactivity
was also investigated. As illustrated in Figure 9 by
two examples, a negative influence is suggested.
However, the superimposed effect of lower basicity
must again be considered. (SC2-ST-6: 0.01 wt.% re-
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spectively 1.23; SC2-ST-55: 3.46 wt.% respectively
0.98; HS 1: 0.01 wt.% respectively 1.54).

Despite very intensive water granulation at the
FEhS-Institute, high glass contents could not be
achieved for all slags. The reason was a high slag
viscosity at the selected melting temperature com-
bined with high basicity and pronounced crystallisa-
tion tendency. Nevertheless, as shown in Figure 10,
a high strength contribution of such slags could be
determined.

The formation of merwinite, Ca,Mg(SiO,),, is assumed
to cause enrichment of Al O, in the glass phase and
thus increased reactivity. These results once again
demonstrate that a high glass content alone is not a
sufficient prerequisite for producing a reactive and
cement-technically usable material.
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Figure 8: Influence of TiO, content

on compressive strength of mortars
according to DIN EN 196-1 for combi-
nations of 50 wt.% laboratory slag and
CEMI42.5R

Figure 9: Influence of V,0, content

on compressive strength of mortars
according to DIN EN 196-1 for combi-
nations of 50 wt.% laboratory slag and
CEMI42.5R

Figure 10: Influence of glass content
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Based on the experimental results, it is possible to
estimate for future EHMS how targeted changes in
chemical composition affect cement-technical per-
formance. In particular, boundary conditions can be
defined under which sufficiently low viscosity of the
liquid slag can be achieved while at the same time
ensuring a minimum reactivity of the granulated slag.

LARGE-SCALE TRIALS IN A SMELTER

Execution of the trials

Two large-scale experimental campaigns were car-
ried out in July 2023 and July 2024 in an open sub-
merged arc furnace (SAF). In total, approximately
66 tonnes of DRI and about 11.7 tonnes of additional
input materials were processed.

The large-scale trials enabled numerous process-rel-
evant observations that would only have been acces-
sible to a limited extent at laboratory scale. These
include, for example, the melting behaviour of the
burden cone on the surface of the melt bath. Due to
the material density and resulting pile height, corre-

sponding input quantities are required for its forma-
tion. The burden cone plays a crucial role in carburi-
sation of the iron in the melt.

The interactions relevant for carburisation between
slag, metal bath and burden cone are schematically
illustrated in Figure 11. During the large-scale trials,
a burden cone formed and was maintained through-
out the entire test period by continuous addition of
the input mixture. The burden cone remained mobile,
and no segregation phenomena occurred.

This ensured a stable process, both from an electrical
perspective, without arcing or instabilities, and from
a process-metallurgical perspective, with production
of processable hot metal of the desired carbon con-
tent and a metallurgically appropriate slag.

Based on the slag quantities generated in the indi-
vidual sub-trials, sufficient amounts of mainly glassy
material were produced by subsequent water granu-
lation, see Figure 12. The different batches were then

FeO+C=Fe+ CO

Ircr

FeO + FeC=Fe + CO

Fe ts reduce Fel

1 particle si
e hot metal and

Figure 11: Interactions between DRI and the slag and metal phases
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Figure 12: Water granulation of EHMS during the second large-scale campaign

comprehensively characterised
chemically, mineralogically, phys-
ically and with respect to cement
and concrete performance.

Electric hot metal slags from
the large-scale trials and sep-
arate blast furnace slags

From the first large-scale cam-
paign, two slag samples were
available for further investigation;
from the second campaign, six
samples were available.

All samples were examined in de-

tail with respect to:

B chemical composition;
minor and trace elements

M mineralogical composition, in
particular the glassy, potentially
latent hydraulic fraction

major,

M physical properties, true den-
sity, bulk density, particle size
distribution, grindability

M environmental properties, leach-
ing behaviour

B cement-technical performance

The results presented below focus
on the second large-scale cam-
paign, as it realistically reflect-
ed the boundary conditions of a
future industrial plant. The first
campaign resulted in slags that
were less representative of future
EHMS due to the materials used,
for example scrap additions.

Within the SAVE CO2 project,
operational adjustments of slag
composition were additionally in-
vestigated at tkSE blast furnace

Report of the FEhS-Institute 2025 N

No. 9. The background of these
trials was the expectation of sig-
nificantly lower basicities in future
EHMS, which are generally associ-
ated with reduced reactivity. This
was counteracted by targeted in-
crease of Al,O, content. Three of
these industrially produced gran-
ulated blast furnace slags were
made available for investigation.
In addition, a corresponding lab-
oratory granulated blast furnace
slag was produced at the FEhS-In-
stitute.

15
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Chemical composition and glass content of
EHMS from the second large-scale campaign
The chemical compositions and glass contents of the
slag variants produced during the second large-scale
campaign are summarised in Table 4.

Variant 1 was produced by remelting a conventional
tkSE granulated blast furnace slag and served as a
reference. In variants 1 to 4, compositions were ad-
justed through different combinations of granulated
blast furnace slag, pig iron ingots, slag formers and
other input materials, corresponding to varying DRI
shares:

M Variant 1: 20%
M Variant 2: 50%
W Variant 3: 70%
M Variant 4: 30%

Variant 5 was primarily used for metallurgical inves-
tigations.

For comparison, both data from a granulated blast
furnace slag from tkSE blast furnace No. 1 and re-
sults from FEhS monitoring of granulated blast fur-
nace slags from member plants between 2008 and
2020 were used.

The granulated blast furnace slag from blast fur-
nace No. 1 exhibited high reactivity and therefore
represents a demanding reference. On long-term
average, however, this slag shows a lower basicity
(Ca0 + MgO)/SiO, of approximately 1.35 instead
of 1.54, a lower F-value of 1.59 instead of 1.79, an
MgO content of 5.8 wt.% instead of 6.6 wt.%,
and a higher TiO, content of 1.14 wt.% instead of
0.69 wt.%. Consequently, its mean reactivity is lower.

The contents of major and minor constituents of the
granulated electric hot metal slags largely corre-
sponded to those of typical granulated blast furnace
slags.

Table 4: Chemical composition and glass content of the EHMS produced in the second large-scale trial

‘ Trial 0 ‘ Trial 1 ‘ Trial 2 ‘ Trial 3 ‘ Trial 4 ‘ Trial 5

GBFS BF1 GBFS
Median
2008-2020

Sio, 35.6 36.7 34.7 33.1 35.7 35.6 32.7 36.9
Al,O, 14.9 15.5 16.7 19.3 16.3 17.1 11.4 11.6
FeO 1.14 0.20 0.82 0.83 0.19 0.53 0.55 0.34
Tio, 0.70 0.76 0.71 1.07 0.98 1.13 0.69 0.75
MnO 0.16 0.08 0.03 0.06 0.06 0.07 0.22 0.34
Ca0 39.6 39.2 40.4 39.4 39.3 38.3 43.8 41.0
MgO 5.86 5.96 5.16 4.65 5.85 5.75 6.60 7.32
Na,O 0.19 0.33 0.20 0.30 0.41 0.45 0.22 0.28
K,O M.% 0.44 0.24 0.06 0.09 0.24 0.19 0.74 0.54
S ota 0.46 0.23 0.19 0.12 0.22 0.82 1.45 1.06
s 0.43 0.21 0.17 0.13 0.21 0.75 1.24 0.99
so, 0.20 0.14 0.12 0.12 0.11 0.11 0.20 0.10
P,Os 0.02 < 0.01 < 0.01 < 0.01 < 0.01 0.02 < 0.01 <0.01
Cr,0, 0.13 0.02 0.07 < 0.01 <0.01 0.04 0.07 <0.10
cr 0.006 0.007 0.010 0.003 0.003 0.006 0.008 0.007
co, 0.06 0.04 0.07 0.04 0.02 0.02 0.15 0.10
H,0 0.03 0.18 < 0.01 0.04 <0.01 <0.01 0.04 0.09
c/s 1.11 1.07 1.17 1.19 1.10 1.08 1.34 1.12
(C+M)/s 1.27 1.23 1.31 1.33 1.27 1.24 1.54 1.31
F-value* 1.61 1.57 1.72 1.84 1.64 1.64 1.79 1.53
Glass vol.% 99.9 100.0 99.8 100.0 99.9 99.9 99.9 99.9

*F-value = [(CaO + 0.5*MgO + 0.5*S* + AL0,)/(SiO, + MnO)]
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Compared to the granulated blast furnace slag from
tkSE blast furnace No. 1, the EHMS exhibited, at
significantly lower CaO/SiO, and (CaO + MgO)/SiO,
basicities, higher Al,O, contents and lower TiO, con-
tents. In addition, the EHMS were lower in sulphur,
and MnO contents were below the already low values
of conventional granulated blast furnace slags.

While lower basicity generally suggests reduced re-
activity in cementitious systems, elevated Al,O, con-
tents and lower TiO, and MnO contents are to be
evaluated positively in this respect.

Figure 13 provides a graphical classification of the
chemical compositions of the granulated EHMS com-
pared to blast furnace slags or granulated blast fur-
nace slags registered under REACH. It can be seen
that the compositions of the EHMS, normalised to the
four main components Ca0O, MgO, SiO, and ALO, , are
located in the central region of typical blast furnace
slags. The slag from trial 5 occupies a special posi-
tion but also lies within the characteristic composi-
tion field of blast furnace slags.

—-0

Report of the FEhS-Institute 2025 N

Figure 13: Classification of electric hot
metal slags relative to blast furnace
slags or granulated blast furnace slags
registered under REACH [5]

The heavy metal contents of the EHMS were almost
exclusively orders of magnitude below the limit val-
ues defined in ABuG [6], which are also used for the
evaluation of new cement constituents. Only the
slag from trial O slightly exceeded the limit value of
600 mg/kg for total chromium, with a value of
775 mg/kg. This is attributable to the quality of the
pig iron ingots used. Chromium(VI) was not detected
in any of the samples.

For all six granulated electric hot metal slags, the
glass contents determined both by gXRD (quantita-
tive X-ray diffraction) and by transmitted light mi-
croscopy on the ground fraction 40/63 um were close
to 100 vol.%. In comparison, the minimum require-
ment specified in DIN EN 197-x and DIN EN 15167-1
is only two-thirds.
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Cementitious investigations of EHMS from

the large-scale trials

The cement-technical investigations were carried
out according to the same testing scheme described
for the laboratory slags. The development of mortar
compressive strength according to DIN EN 196-1 is
shown in Figure 14.

For the 50/50 binder combinations, strength devel-
opment largely corresponds to the median of the
granulated blast furnace slag monitoring from 2008
to 2020. At 7 and 28 days, however, the strengths are
significantly below those of the highly reactive refer-
ence slag HO 1, which can be attributed to the signif-
icantly lower basicity of the electric hot metal slags.

The 2-day strengths are predominantly determined
by the clinker content; therefore, only minor differ-
entiation is visible at this early age. Nevertheless,
even after two days, the EHMS contribute actively to
strength development compared to inert quartz filler.

After 91 days, the strengths of the cements contain-
ing EHMS and those containing the reference slag HO
1 largely converge and are generally slightly above
the strength of pure Portland cement.

For the 75/25 combinations, the specific influence
of the slag becomes more pronounced. The positive
effect of elevated Al,O, contents on early strength af-
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ter two days is clearly visible. However, even after 91
days, the strength development remains below that
of the cement containing the reference granulated
blast furnace slag and only reaches the lower range
of the monitoring values. In this case, the significant-
ly lower basicity of the EHMS has a particularly neg-
ative effect.

Evaluation of cement-technical and
environmental aspects

The workability properties of the cements consisting
of granulated EHMS ground to conventional fineness
combined with Portland cement, 50 wt.%, or clinker,
25 wt.%, with addition of sulphate carrier, showed no
abnormalities.

The heat of hydration development corresponded to
that of cements containing granulated blast furnace
slags of comparable chemical composition and was
generally at a low level.

Mortar investigations demonstrated the pronounced
latent hydraulic potential of the granulated EHMS.
In combinations with 50 wt.% Portland cement, the
strengths after 91 days of hydration reached the lev-
el of Portland cement or of cement containing the
highly reactive reference slag from tkSE blast fur-
nace No. 1.
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Figure 14: Development of compressive strength of mortars according to DIN EN 196-1 for combinations of 50 wt.% (left) and
75 wt.% (right) electric hot metal slag, granulated blast furnace slag and quartz filler with 50 wt.% and 25 wt.% Portland

cement CEM I 42.5 R respectively
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In combinations with 75 wt.% clinker, however, the
strength level of the cements containing EHMS re-
mained significantly lower even after 91 days. Over-
all, the influence of chemical composition on reactiv-
ity corresponds to the relationships long known for
granulated blast furnace slag cements.

This also implies optimisation potential for future op-
erational slags, which requires balancing increased
raw material and energy input on the hot side of steel
production against enhanced hydraulic reactivity.

Environmental aspects

The environmental compatibility of construction ma-
terials containing industrial by-products is evaluated
in Germany based on solid material and eluate testing.

The chemical composition of the EHMS corresponded
largely to that of the reference granulated blast fur-
nace slag from tkSE blast furnace No. 1 as well as to
typical granulated blast furnace slags.

The results were clearly within all solid material limit
values defined in MVV TB and ABuUG [6] for steel-
works slags. Although these regulations formally
apply to industrial aggregates in water-contact con-
crete according to DIN 1045-2, the defined limit val-
ues are regularly used in professional discussions of
the German Institute for Building Technology (DIBt)
for evaluation of new cement constituents and con-
crete additions.

Eluate testing of the granulated EHMS according to
DIN EN 12457-4, water-to-solid ratio 10:1, showed
that all measured concentrations were well below the
defined limit values for steelworks slags.

Elution according to DIN 19529, water-to-solid ratio
2:1, as specified in the German Substitute Building
Materials Ordinance (EBV) for road construction, also
confirmed compliance with the limit values for mate-
rial classes SWS 1, HS and HOS 1.

Concrete investigations

The objective of the concrete investigations was to
evaluate the technical performance and potential ap-
plication fields of the novel electric hot metal slags
in comparison with established reference materials
such as granulated blast furnace slag and hard coal
fly ash.
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For this purpose, compressive strength development
and selected durability properties were determined
in accordance with DIN EN 12350 and DIN EN 12390.
Certain durability tests were carried out according
to selected European national testing procedures for
reasons of efficiency.

Three slags were selected for the concrete investi-
gations:

M a slag from the first large-scale campaign, SAFS-1,
whose chemical composition was specifically ad-
justed to resemble high-quality granulated blast
furnace slag

M a slag from the second large-scale campaign, SAFS-2

M a modified granulated blast furnace slag from tkSE
with low basicity and elevated Al,O, content, GBFS-M

All three slags were comprehensively characterised
with respect to physical, chemical and mineralogical
properties.

The industrial reference materials used for compari-
son were conventional granulated blast furnace slag
(GBFS) and hard coal fly ash.

Two Portland cements were used in the tests: CEM I
42.5 R and CEM I 52.5 R. All reference materials and
cements were sourced from the operational business
of Heidelberg Materials.

The novel slags and reference materials were test-
ed in three commercially relevant cement for-
mulations in both standard mortar and concrete:

W 66% CEM I 42.5 R + 22% SCM + 10% limestone
filler + 2% anhydrite

MW 51% CEM I 52.5 R + 38% SCM + 8% limestone
filler + 3% anhydrite

W 28% CEM I 52.5 R + 65% SCM + 3% limestone
filler + 4% anhydrite

The investigated slags were used as supplementary
cementitious materials (SCM), replacing part of the
base cement. The reference materials were hard coal
fly ash in formulations 1 and 2 and granulated blast
furnace slag in all three formulations. Limestone filler
and anhydrite as the sulphate carrier originated from
Heidelberg Materials plants.
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Table 5: Standard requirement profile for granulated blast furnace slag according to EN 197-1 and EN 15167-1

Requirements according to
EN 197-1 and EN 15167-1

I Report of the FEhS-Institute 2025

Target value

Blaine (cm?/g) >2,750 5,370 4,470 4,170 3,800
Glass content (wt.%) >66.6 94.6 93.8 99.8 99.9
(Ca0+MgO0)/SiO, >1 1.27 1.52 1.27 1.16
LOI (wt.%) <3 0.55 +0.61 +0.59 +1.25
MgO+Ca0+Si0, (wt.%) >66.6 81.8 83.8 77.4 80.6
MgO (wt.%) <18 6.02 7.22 4.61 6.95
Sulphide S (wt.%) <2 1.18 0.47 0.15 1.06
Sulphate SO, (wt.%) <2.5 2.81 0.94 0.30 2.57
Chloride CI- (wt.%) <0.1 = 0.00 0.00 <0.01
Additional quality criteria:

Basicity Ca0/SiO, >1 1.10 1.31 1.14 0.98
F-value* = 1.51 1.83 1.75 1.45

*F-value = [(CaO + 0.5*MgO + 0.5*S2- + Al,0,)/(SiO, + MnO)]

Testing was performed in standard mortar accord-
ing to DIN EN 196-1 and in concrete according to
DIN EN 12350 and DIN EN 12390.

Compressive strength

Concrete compressive strengths were determined up
to an age of 182 days according to DIN EN 12390-3
and are summarised in Figure 15.

The results show that the novel slags achieved higher
late strengths than the reference fly ash, while early
strength development was approximately at the level
of fly ash.

The slag SAFS-1, adjusted to resemble granulated
blast furnace slag, exhibited comparable strength
development to the reference granulated blast fur-
nace slag at low cement substitution rates and even
higher late strengths at higher substitution rates.

SAFS-2 and GBFS-M achieved strengths compara-
ble to the reference slag and SAFS-1 at 22% cement
substitution. However, with increasing substitution
rates, a growing strength reduction relative to the
reference slag was observed.

This effect is attributed to reduced calcium availabil-
ity resulting from replacement of calcium-rich Port-

20

land cement. The slags were deliberately adjusted
to lower calcium contents in order to reduce the CO,
footprint of raw material input. The associated reduc-
tion in strength could not be fully compensated by
the elevated AlLO, content.

Additionally, the static modulus of elasticity accord-
ing to DIN EN 12390-13 and porosity according to
SN EN 262 were determined. For concretes contain-
ing EHMS, comparable elastic moduli in the range of
26,000 to 34,000 N/mm2 were measured. Porosity
ranged between 13 and 17 vol.%, corresponding to
the reference concretes with granulated blast fur-
nace slag.

Durability
The three cement formulations were investigated in
mortar and concrete with respect to durability.

Based on freeze-thaw testing (CF method), the EHMS
concretes can be classified as frost-resistant. Up to a
cement substitution rate of 38%, the behaviour cor-
responded to that of reference concretes containing
granulated blast furnace slag. At higher substitution
rates, only SAFS-1 showed comparable performance.

Freeze-thaw de-icing salt resistance according to
CEN/TS 12390-9 (CDF method) was confirmed up
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Figure 15: Compressive strength according to EN 12390-3

to a substitution rate of 38%. At 65% substitution, all
specimens, including references, failed, which corre-
sponds to the known behaviour of granulated blast fur-
nace slag concretes.

Carbonation resistance, evaluated via CO, penetration
depth, was higher for EHMS concretes than for fly ash
references. SAFS-1 showed higher resistance than the
reference granulated blast furnace slag across all sub-
stitution rates, whereas SAFS-2 and GBFS-M exhibited

!‘.'} Hld @2d M7d @28d @564 O51d B182d

ok e

increased susceptibility at 65% substitution. Overall,
EHMS concrete formulations can be classified as car-
bonation-resistant.

Sulphate resistance according to the SVA method con-
firmed high sulphate resistance, particularly at substitu-
tion rates above 38%, with behaviour corresponding to
that of granulated blast furnace slag binders.
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Leaching behaviour

Leaching behaviour was evaluated using the dynamic
surface leaching test on mortar prisms according to DIN
EN 16637-2.

The focus was placed on critical elements such as chro-
mium and vanadium.

The results show that the EHMS incorporated in mortar
clearly complied with the applicable German limit values
for chromium and vanadium, see Figure 16.

Determination of Cr(VI) was not necessary, since it
occurs only in negligible concentrations in reduced
slag. Instead, total chromium was analysed.

Overall, the electric hot metal slags produced can be
classified as environmentally uncritical with regard to
chromium and vanadium leaching.

ECONOMIC AND ECOLOGICAL EVALUATION

Within the SAVE CO2 project, life cycle assessments
(LCA) were carried out in order to quantify the green-
house gas emission reductions achievable through
the processes developed.

In a simplified initial consideration, the addition-
al efforts required for slag conditioning, necessary
to enable the use of the novel slags in cement pro-
duction, were evaluated in terms of greenhouse gas
emissions.
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Figure 16: Cumulative leaching of Cr and V determined on standard mortar prisms according to EN 16637-2. In Germany,
DIBt limit values according to MVV TB 2024, ABuG, apply for steelworks slags bound in concrete.
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During the conditioning process, emissions of ap-
proximately 0.21 kg CO,-equivalent per kilogram of
slag are generated. This slag replaces ordinary Port-
land cement clinker (OPC clinker) at a ratio of 1:1.
Since the carbon footprint of OPC clinker amounts to
approximately 0.84 kg CO,-equivalent per kilogram,
a net saving of 0.63 kg CO,-equivalent per kilogram
of slag used is achieved.

Scenario description

Beyond this simplified calculation, three scenarios

were analysed:

M Status quo scenario

B Steel production via the blast furnace route. The
resulting conventional granulated blast furnace
slags are used in the cement industry as clinker
substitute.

M DR route without clinker substitution
Steel production via a hydrogen-based direct re-
duction route. The slags generated are not materi-
ally usable without further processing, so addition-
al amounts of OPC clinker must be used in cement
production.

M DR route with clinker substitution, SAVE CO2

B The SAVE CO2 processes developed within the
project condition the novel slags from the DR route
through targeted adjustment of chemical composi-
tion, enabling continued clinker substitution.

Since these scenarios involve changes in both steel
and cement production, the system boundaries of
the LCA were extended to include both industries.
Although slag conditioning is technically carried out
in the steel plant, the additional effort was allocated
to cement production.

The following were evaluated:

M the carbon footprint of 1 kg of steel, blast furnace
route versus DR route

M the carbon footprint of 1 kg of cement for scenarios
1to3

M the combined carbon footprint of 1 kg of steel and
0.34 kg of cement, comparison of scenario 1 ver-
sus scenario 3

Assumptions in the base case

In the base case, the following central assumptions
were made:

Slags from the DR route chemically adjusted with
lime to a basicity of approximately 0.7 were treat-
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ed with a zero-burden approach when entering the
SAVE CO2 processes, meaning that no environmen-
tal burdens from steel production were allocated to
them.

The entire energy supply of the system, including hy-
drogen production, was assumed to be based exclu-
sively on renewable wind power from Germany.

LCA results

The carbon footprint of steel from the current blast
furnace route amounts to 2.36 kg CO,-equivalent per
kilogram of steel, without credit for slags.

In contrast, steel produced via the hydrogen-based
DR route shows a carbon footprint of 0.68 kg
CO,-equivalent per kilogram of steel, corresponding
to an emission reduction of 71%.

For cement production, the scenario “DR route with
clinker substitution” results in a carbon footprint of
0.55 kg CO,-equivalent per kilogram of cement.

Without utilisation of the conditioned slags from the
DR route, the carbon footprint of cement amounts to
0.84 kg CO,-equivalent per kilogram.

Thus, the SAVE CO2 approach reduces the product
carbon footprint of cement by approximately 35%,
from 0.84 to 0.55 kg CO,-equivalent per kilogram.

The combined comparison of current production, sce-
nario 1, and future production according to scenario
3, assuming a ratio of 1kg steel to 0.34 kg cement,
shows a total greenhouse gas emission reduction po-
tential of approximately 66%.

Sensitivity analyses

Sensitivity analyses demonstrate that the use of re-
newable energy can reduce greenhouse gas emis-
sions of steel and cement production by up to 68%
compared to the status quo.

Furthermore, it was shown that when applying eco-
nomic allocation between steel and slag, a portion
of the emission reductions can be attributed to steel
production, allowing both industries to benefit from
greenhouse gas savings.
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Estimation of savings potential for Germany

In 2023, steel production in Germany amounted to
approximately 31 million tonnes, of which about 70%,
corresponding to 21.7 million tonnes, were produced
via the blast furnace route.

Assuming that this amount is produced in the fu-
ture via hydrogen-based direct reduction combined
with SAVE CO2 processes, approximately 21.7 million
tonnes of steel and 7.3 million tonnes of slag-contain-
ing cement could be generated.

This potential cement quantity is significantly below
the German cement production of approximately
35.5 million tonnes in 2020.

Under the stated assumptions, full transformation
of the German steel sector would result in annu-
al savings of approximately 18.7 million tonnes of
CO,-equivalent, provided sufficient renewable elec-
tricity and hydrogen are available.

SUMMARY AND OUTLOOK

Within the framework of the SAVE CO2 project, in-
vestigations were carried out at laboratory and pi-
lot scale to determine the suitability of novel electric
hot metal slags from a smelter of the decarbonised
primary steel production route for use as a latent
hydraulic binder component in cement and concrete
production.

The objective was to compensate for the expected
loss of conventional blast furnace slags associated
with the transformation of steel production and to
continue reducing greenhouse gas emissions in the
cement industry. It was taken into account that DRI
typically contains an acidic gangue, which must be
compensated by lime addition in the smelter in order
to produce a sufficiently low-viscosity slag.

Laboratory investigations demonstrated that glass
formation, and thus potential latent hydraulic re-
activity, of the synthetically produced slags can be
specifically controlled via chemical composition. Ba-
sicity and aluminium oxide content proved to be the
decisive influencing parameters. Strongly merwinitic
compositions with elevated basicity exhibited pro-
nounced crystalline solidification. In contrast, mod-
erate basicities combined with elevated ALO, con-
tents, as well as low CaO/SiO, ratios, enabled high
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glass contents, in line with established knowledge for
blast furnace slags. The influence of MgO remained
minor within the investigated system boundaries.

Minor constituents such as Na,0, K,O and V,0,, which
may be introduced in increased amounts through
DRI use, showed no relevant influence on glass for-
mation. TiO, contents above approximately 1 wt.%,
however, significantly reduced hydraulic reactivity.

Cement-technical investigations of the laborato-
ry slags confirmed that their reactivity depends on
chemical composition analogously to conventional
granulated blast furnace slags. Although strength
development varied considerably in some cases, an
active strength contribution compared to inert filler
was observed in all cases at early ages. The results
demonstrate that a high glass content alone is not
a sufficient prerequisite for high cement-technical
performance but must always be evaluated in con-
junction with the chemical composition of the glass
phase.

The two large-scale campaigns conducted in the open
submerged arc furnace confirmed the transferability
of laboratory findings to semi-industrial scale. Sta-
ble operating conditions could be established under
realistic process parameters, and sufficient quanti-
ties of largely fully glassy EHMS were produced by
downstream water granulation. The chemical com-
position of the slags was within the range of typical
blast furnace slags, characterised by lower basicities,
higher AlL,O, contents and lower TiO,, MnO and sul-
phur contents.

Cement-technical investigations of the granulat-
ed EHMS from the large-scale trials demonstrat-
ed a high latent hydraulic potential. In blends with
50 wt.% Portland cement, 91-day strengths reached
the level of Portland cement or of cements contain-
ing highly reactive reference slags. At higher clinker
substitution rates, the expected negative influence of
lower basicity became apparent, particularly at early
and intermediate hydration times. Overall, the ob-
served relationships correspond to long-established
principles for granulated blast furnace slag cements.
Concrete investigations confirmed the fundamental
suitability of the novel slags as supplementary ce-
mentitious materials. EHMS adjusted to higher cal-
cium contents exhibited performance comparable to



conventional granulated blast furnace slag even at
high substitution rates. Slags with lower C/S basicity
and elevated Al,O, content showed reduced hydraulic
reactivity but performed comparably to granulated
blast furnace slag at moderate substitution levels.
Durability testing, freeze-thaw, freeze-thaw de-icing
salt, carbonation and sulphate resistance demon-
strated behaviour comparable to that of granulated
blast furnace slag concretes. Leaching investigations
confirmed compliance with all relevant limit values.

The economic and ecological evaluation by means
of life cycle assessment showed that conditioning of
EHMS and their use as clinker substitutes can lead to
significant greenhouse gas emission reductions. De-
spite additional efforts for slag formers, a substantial
reduction in the product carbon footprint of cement
is achieved compared to a DR scenario without clink-
er substitution. In the combined assessment of steel
and cement production, total emission reductions of
approximately two-thirds compared to the current
situation were demonstrated, provided renewable
energy supply is ensured.

Overall, the results confirm that novel electric hot
metal slags from the direct reduction route have
high potential as substitutes for conventional gran-
ulated blast furnace slag, provided appropriate pro-
cess control and targeted chemical adjustment are
implemented. For industrial realisation, optimisation
is required to balance minimal raw material and en-
ergy input on the hot side of steel production against
sufficient hydraulic reactivity of the slags.

The next steps include classification and registra-
tion under REACH and the necessary standardisation
work for the use of EHMS as a cement constituent,
analogous to established granulated blast furnace
slag, prior to commissioning of the large-scale indus-
trial plant at thyssenkrupp in the coming years.
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GOOD THINGS COME TO THOSE WHO WAIT:
LONG-TERM TESTS BY THE CEMENT LABORATORY

(PART 1)

Dr.-Ing. Andreas Ehrenberg; Dr.-Ing. Volkert Feldrappe
(FEhS - Institut fir Baustoff-Forschung e. V.)

INTRODUCTION

Throughout its long history, the
FEhS-Institute has carried out nu-
merous research projects dealing
with the durability of concrete.
The focus was particularly on con-
cretes containing blast furnace
cements. The results of this work
were presented in the “Report of
the Research Institute” as well as
in journals such as “beton”, “Ce-
ment International” and “ZKG In-
ternational” and at scientific con-
ferences. Since the durability of
concrete cannot necessarily be
reliably predicted from laborato-
ry tests, but at the same time the
duration of research projects is
limited to 2-3 years, the FEhS-In-
stitute’s cement laboratory has in
some cases determined the prop-
erties of mortars and concretes
exposed to aggressive conditions
long after the end of the project
and thus self-financed this re-
search. On the one hand, this al-
lows possible damage to the con-
crete to be investigated, and, on
the other hand, it verifies whether
the assessments based on labo-
ratory tests were accurate. This
article presents the results of a

series of tests dedicated to resis-
tance to water and seawater con-
taining sulphate, which have been
conducted at the FEhS-Institute
for a very long time.

RESISTANCE TO SULPHATE
ATTACK

The attack of sulphates on concrete
has been the subject of decades of
research. As early as 1915, 1922
and 1932, Passow, Gary and Grin,
for example, studied the behav-
iour of blast furnace slag cements
and Portland cements in seawater
and saline waters [1-23]. It has
long been known that cements
with higher granulated blast fur-
nace slag content have increased
sulphate resistance, as they re-
duce the C,A content coming from
the clinker and have a very dense
structure that hinders the access
of sulphate ions, preventing the
formation of damaging ettring-
ite in the cement paste. Accord-
ing to DIN EN 197-1, blast furnace
cements with at least 66 wt.% of
granulated blast furnace slag are
classified as “SR” (sulphate-resist-
ant) cements. However, for around
20 years, the German Institute for

Building Technology (DIBt) has
also issued corresponding build-
ing approvals for SR cements
with a lower granulated blast fur-
nace slag content. The experience
gained is based predominantly
on blast furnace slag produced
in Europe. Today, this has an av-
erage ALO, content of around
11.5 wt.%. However, blast furnace
slag produced outside Europe can
also have contents of over 20 wt.%
due to the raw materials used. In
the literature, such elevated Al,O,
contents are seen as having a
critical potential for secondary et-
tringite formation, which damag-
es the structure, if the concrete
is exposed to increased sulphate
loading [4, 5, 6].
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Slag is increasingly being import-
ed into Europe, as local production
is clearly unable to meet demand
and, in addition, the switch in steel
production from the primary blast
furnace/LD converter route to a
combination of gas-based direct
reduction in conjunction with an
electric melting process will lead
to a further decline in European
slag production [7]. This raises
the question of whether, under
otherwise constant conditions
(slag content, fineness, clinker
mineralogy), significantly higher
ALO, contents inevitably lead to
reduced sulphate resistance.

In August 2010, the FEhS-Institute’s
cement laboratory began measur-
ing the expansion of mortar prisms
measuring 10 x 40 x 160 mm3.
The test specimens are stored
in a 44% Na,S0, solution with
29,800 mg/l SO,*, predominantly
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at 20°C, and in two cases also at a
storage temperature of 8°C. Test
specimens stored in saturated
Ca(OH), solution are used for com-
parison. Measurements are usual-
ly taken twice a year. The solutions
are also renewed on this occasion.
The test conditions correspond to
the former procedure of the DIBt
Expert Committee (SVA), which is
based on the Wittekind procedure
[8]. While the latter worked with
a reference storage in water, a
main storage in a 2% Na,SO, solu-
tion (14,400 mg/l SO,*) and a w/c
ratio of 0.6 in order to achieve a
relatively open structure and thus
evaluate the chemical resistance
of the cement, not its physical
resistance, the SVA method uses
a reference storage in Ca(OH),
solution and a w/c ratio of 0.5.
This was intended to take into ac-
count practical positive conditions,
such as those found in concrete

in terms of structure compaction
and activation of any pozzolanic
components. A maximum elonga-
tion of 0.5 mm/m after 91 days of
sulphate storage was taken as a
guideline value.

The high sulphate concentration,
which far exceeds normal real-life
conditions and was introduced in
order to shorten the test dura-
tion, has always been opposed by
the argument that in “such tests,
time cannot be replaced by high-
er concentrations” [8]. In order
to avoid secondary gypsum for-
mation caused by the test pro-
cedure, which can occur even at
significantly lower concentrations
(1,200 mg/I [4] or 4,000 mg/I [5]
S0,*) and which can lead to fail-
ure, particularly of SR Portland
cements, the modified SVA test
method used today by the DIBt
specifies a significantly lower sul-
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Table 1: Chemical composition and glass content of the granulated blast furnace slags in wt.%

GBS 234 GBS 239 GBS 243 GBS 273
India China China India

XRF:
Sio, 33.6 31.7 30.9 33.9 36.9
ALO, 23.0 20.0 22.2 22.0 11.6
MnO 0.47 0.50 0.33 0.55 0.34
FeO 0.53 0.41 0.46 0.90 0.34
TiO, 0.93 0.55 0.60 1.27 0.75
CaO 29.9 30.7 36.8 31.5 41.0
MgO 9.81 14.4 7.14 9.15 7.32
Na,O equivalent 0.69 1.23 0.62 0.71 0.65
IR spectroscopy:
H,0 0.39 0.48 0.44 0.18 0.09
Co, 0.32 0.25 0.27 0.17 0.10
Titration:
Sulphide 0.63 0.72 0.91 0.55 0.99
Gravimetry:
Sulphate 0.08 0.10 0.30 0.15 0.10
Basicity:
C/S0.89 0.97 1.19 0.93 1.12
(C+M)/S 1.18 1.42 1.42 1.20 1.31
F value 1.74 1.81 2.02 1.65 1.53
Microscopy:
Glass content 99.9 98.7 99.0 99.7 99.9

Table 2: Frame conditions of the long-term tests

GBS 234 GBS 239 GBS 243 GBS 273
India China China India
GBS/CL T GBS/CL T GBS/CL T GBS/CL T
40/60 40/60 40/60 20°C 40/60
o

50/50 20°C 50/50 20°C 50/50 8+20°C 50/50 20°C
60/40 60/40 60/40 20°C 60/40

75/25 75/25 75/25 8+20°C 75/25

phate concentration of 3,000 mg/l. However, in re-
turn, the test duration had to be extended to five
years. Despite various efforts, there is still no uni-
form European test procedure for assessing sulphate
resistance [9]. For this reason, and in particular to
ensure that practical technical parameters are taken
into account in sulphate testing, the FEhS-Institute
and ibac at RWTH Aachen University have further
developed a test procedure and defined associated

acceptance criteria in a joint IGF research project.
This procedure is based on the change in the relative
flexural strength of concrete test specimens and not
on the strain curve of mortars [10].

The long-term investigations into sulphate resistance
were or are being carried out with cements with differ-
ent granulated blast furnace slag/clinker ratios (GBS/
CL) (Table 1, Table 2). The glass content of the granu-
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Figure 3: Expansions at 20°C for mortars with GBS 243
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lated blast furnace slag was almost
100 wt.%. Due to their chemical
composition (increased basicity,
high ALO, content, low TiO, con-
tent), the two Chinese blast fur-
nace slags can be described as
highly reactive, whereas in the two
Indian blast furnace slags, the low
basicity and, in the case of blast
furnace slag GBS 273, also the in-
creased TiO, content, counteract-
ed the positive effect of the high
ALO, content. The blast furnace
slag fineness was almost constant
at around 4,200 cm?2/g according
to Blaine. The clinker had also
been ground to this fineness. Its
C,A content was 8.7 wt.%. The SO,
content of the cements was set
uniformly at 4.5 wt.%.

Figures 1 to 4 show the expan-
sions at 20°C for the mortars with
the different slags at the four dif-
ferent GBS/clinker ratios. The ex-
pansions are currently measured
twice a year, most recently in Jan-
uary 2026.

First of all, it is noteworthy that,
with the exception of the mortar
with GBS 239 at a GBS/CL ratio
of only 40/60, all mortars met the
acceptance criterion of 0.5 mm/m
after 91 days of sulphate storage.
However, the expansion of the
mortars with all four granulat-
ed blast furnace slags increased
very rapidly after exceeding 91
days at this low slag content. This
highlights the problem of assess-
ing sulphate resistance after only
91 days of sulphate storage.

As expected, sulphate resistance
decreased with lower GBS con-
tent in the cement. For example,
the mortar test specimens of GBS
234 with a GBS/CL ratio of 40/60
were “already” completely de-
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stroyed after 2.5 years (Figure 5),
whereas the test specimens with
a GBS/CL ratio of 50/50 were still
intact after 3.0 years (Figure 6).
It took another 10 years for sig-
nificant cracks to become visible
(Figure 7). While the mortars with a
GBS/CL ratio of 60/40 show cracks
for the first time after 15.5 years,
their structure is still intact over-
all. The mortars with a GBS/CL ra-
tio of 75/25, which corresponds to
blast furnace cement CEM III/B,
show no damage even after this
long period of time (Figure 8).

It is noticeable that the mortars
with GBS 239 and GBS 243, which

had higher basicities and had also
shown higher strength develop-
ment, exhibited significantly fast-
er expansion than the mortars
with GBS 234 and GBS 273, which
had lower basicities.

The strain curve for mortar with
GBS 273 at a GBS/CL ratio of
60/40 is striking from a measure-
ment perspective. The curve is
atypically very similar to the curve
for mortar with a GBS/CL ratio
of 50/50 (Figure 4). Although
GBS 273 has the higher TiO, con-
tent (Table 1), meaning that the-
oretically a slower initial strength
development and lower structural
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Figure 4: Expansions at 20°C for
mortars with GBS 273

compaction could be expected,
the strengths determined in ac-
cordance with DIN EN 196-1 sug-
gest that the higher Al,O, content
had a compensating effect. Almost
16 years after the test specimens
were produced, it is of course
no longer possible to determine
whether a mistake was made dur-
ing the production of the cement,
e.g. whether the granulated blast
furnace slag content was set too
low.

Mortars with GBS/CL ratios of
50/50 and 75/25 were also stored
at 8°C using GBS 243. Figure 11
shows the corresponding strain

Figure 5: Destroyed mortar test speci-
mens with GBS 234 at a GBS/CL ratio of
40/60 after 915 days at 20°C

Figure 6: Intact mortar test specimens
with GBS 234 at a GBS/CL ratio of
50/50 after 1,095 days at 20°C

Figure 7: Cracked mortar test speci-
mens with GBS 234 at a GBS/CL ratio of
50/50 after 3,650 days at 20°C

31



I Recport of the FEhS-Institute 2025
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Figure 12: Dynamic modulus of elasticity at 20°C for mortars with GBS 234 ulus of elasticity. This increased
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in the first few months of storage
and has since remained at a more
or less constant level of around
37,000 N/mm2. The development
of the modulus of elasticity was
different for the mortars stored in
Na,SO, solution.

Initially, the modulus of elasticity
for all GBS/CL ratios rose brief-
ly over a period of approximate-
ly 8 weeks. However, as the GBS
content of the cement decreased,
the modulus of elasticity then de-
creased significantly in correla-
tion with the increasing elonga-
tion, which is consistent with the
literature [8]. In mortars with a
GBS/CL ratio of 75/25, a decrease
in the modulus of elasticity can
only be observed in the initial
phase of storage (1 year), but
this does not correlate with elon-
gation. After this initial phase, the
modulus of elasticity remains almost
constant at around 2,000 N/mm?2 in
most cases.

Figures 12 to 15 show the time
curve of the modulus of elasticity
at a storage temperature of 20°C.
The curve for the mortar with GBS
239 and a GBS/CL ratio of 75/25
(Figure 13) is particularly strik-
ing. While the expansion became
noticeable after approx. 10 years
of storage and then increased
steadily (Figure 2), the modulus
of elasticity only showed a decline
after approx. 12 years, which then
disappears again despite further
strain. Several effects are there-
fore obviously acting on the mor-
tar structure, and there does not
appear to be a simple relationship
between sulphate attack, phase
transformations, expansion and
modulus of elasticity. Overall, the
curves appear questionable. The
curve profiles make it questiona-
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Figure 16: Dynamic modulus of elasticity at 8°C and 20°C for mortars with GBS 243

ble whether the decrease in dy-
namic modulus of elasticity can be
used as a quantifiable evaluation
criterion for the sulphate resis-
tance of a cement.

Figure 16 shows the progres-
sion of the modulus of elasticity
for mortar with GBS 243 at both
20°C and 8°C storage temper-
atures. While the progression is
almost identical for both temper-
atures and both GBS/CL ratios
when stored in Ca(OH), solution,
the behaviour differs when stored
in Na,SO, solution. While the lower
temperature resulted in a signifi-
cantly higher modulus of elastici-
ty for mortar with a GBS/CL ratio
of 50/50, only a slight tempera-
ture influence is noticeable for a
GBS/CL ratio of 75/25.

In summary, it can be said that
the measurement results collect-
ed over many years confirm, as
expected, that blast furnace ce-
ments CEM III/B have high sul-
phate resistance and are there-
fore quite rightly classified as
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“SR"” cements in the standards.
The AlLO, content of the granulat-
ed blast furnace slag is irrelevant
in this context. The situation is
somewhat different for blast fur-
nace cements CEM III/A with 50%
by weight of granulated blast fur-
nace slag. On the one hand, mor-
tars containing these cements
show significant expansion after a
few years and, on the other hand,
this expansion occurs much earli-
er in mortars containing the two
types of granulated blast furnace
slag with higher basicity. From the
DIBt approval tests on blast fur-
nace cements CEM III/A-SR with
conventional European granulat-
ed blast furnace slags, it is known
that higher slag fineness and high-
er clinker reactivity have a posi-
tive effect on sulphate resistance.
It could therefore well be that the
negative influence of higher AlLO,
contents can also be compensat-
ed for by appropriate measures.
With regard to slag fineness, this
had tended to be denied in the lit-
erature for blast furnace cements
with less than 65 wt.% GBS [4],

but this can be refuted by the
aforementioned approval tests.

Further long-term tests on sul-
phate resistance are being carried
out in the cement laboratory us-
ing Slagstar® sulphate-resistant
cement [11]. In 2004, it was not
yvet possible to perform reliable
quantitative X-ray diffraction anal-
ysis according to Rietveld at the
FEhS-Institute. Microscopic de-
termination at that time revealed
a GBS content of 77 wt.%, a sul-
phate carrier content of 18 wt.%
and a clinker content of 4 wt.%.

The supersulphated cements
produced from the first German
approval in 1944 [12] until the
1970s are naturally considered
to be cements with high sulphate
resistance. GBS rich in ALO,
(> 14-15wt.%)wasparticularly suit-
able for these slag-dominated ce-
ments [13]. The investigations into
Slagstar® are the result of a tem-
porarily hoped-for renaissance of
this type of cement, which was al-
ready standardised in Germany in
1953 in DIN 4210 and in Europe in
2010 in DIN EN 15743.

In addition to the investigations as
described above for cements with
different GBS/CL ratios (w/c = 0.5,
reference storage in Ca(OH), solu-
tion), the mortar flat prisms with
Slagstar® were additionally pro-
duced and stored according to
the Wittekind method (w/c = 0.6,
reference storage in water). Stor-
age in a 4.4% Na,SO, solution was
the same in both cases. The test
series began in 2004 and have
therefore been ongoing for 22
years. Measurements are taken
every six months.
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Figure 17 shows the expansion
curves for both test temperatures
during storage according to the
Wittekind and SVA methods.

Regardless of the conditions (w/c
ratio, temperature, storage medi-
um), the mortars containing sul-
phate-resistant cement easily met
the requirement of a maximum
expansion of 0.5 mm/m after 91
days. No significant expansion
has been measured to date un-
der standard storage conditions
at 20°C according to the SVA

Figure 18: Mortar test specimen with
Slagstar® (w/c = 0.6) after 20 years of
storage at 8°C

method. At 8°C, the expansion
increased significantly between 6
and 10 years, but has since de-
creased again and did not reach
a particularly high value, with a
maximum of 1.8 mm/m. As ex-
pected, the expansions are high-
er at both temperatures with a
higher w/c ratio and thus a more
porous structure in the Wittekind
method. At 20°C, a significant in-
crease in elongation can be seen
between 7 and 10 years, but this
has remained constant since then.
No damage is visible on the flat

Figure 19: Mortar test specimen with
Slagstar® (w/c = 0.5) after 20 years of
storage at 20°C
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Figure 17: Expansion at 8°C and 20°C
for mortars with Slagstar®

(Wittekind method: w/c = 0.6 and ref-
erence storage in water, SVA method:
w/c = 0.5 and reference storage in
saturated Ca(OH), solution)

prisms. At 8°C, there was a sig-
nificant increase in elongation be-
tween 2 and 7 years. Since then,
the elongation has been steadily
decreasing again. The first cracks
appeared after a storage period
of 5 years. However, the mortar
structure has remained intact to
date (Figure 18). When stored
according to the SVA method, no
change in the mortar prisms has
been observed to date (Figure 19).

X-ray diffraction analyses could
show whether the cause of the
increased expansion in individu-
al cases at 8°C storage is due to
thaumasite formation, whether
the high sulphate concentration
led to secondary gypsum forma-
tion over a long period of time, or
whether secondary ettringite was
actually formed. So far, this analy-
sis has not been carried out in or-
der to continue measurements on
three intact test specimens.

The dynamic modulus of elasticity
was also determined for the mor-
tar test specimens with Slagstar®
(Figures 20 and 21). With regard
to the initially significant and then
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only slight increase in the modu-
lus of elasticity for the reference
specimens stored in water and
Ca(OH), solution, there are hardly
any differences in terms of stor-
age temperatures. The curves
correspond to those described for
blast furnace cements (Figures
12 to 15). However, the absolute
modulus of elasticity values are
slightly lower. In the test speci-
mens stored in Na,SO, solution,
a significant drop in the modulus
of elasticity to very low values can
be observed, despite the fact that
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hardly any expansion was meas-
urable at the beginning of storage.
The data collected on the super-
sulphated cement also show how
problematic it is to evaluate sul-
phate resistance on the basis of
the dynamic modulus of elasticity.

The results once again demon-
strate the well-known high sul-
phate resistance of supersulphat-
ed cement, using Slagstar® as an
example. Even though this cement
has not experienced a renaissance
for various reasons, there is still a

Figure 20: Dynamic modulus of elas-
ticity at 8°C and 20°C for mortars with
Slagstar® (Wittekind method: w/c = 0.6)

Figure 21: Dynamic modulus of elas-
ticity at 8°C and 20°C for mortars with
Slagstar® (SVA method: w/c = 0.5)

demand for it, especially when it
comes to repairing structures that
were once built with sulphate-re-
sistant cement concrete. These
include hydraulic structures, but
also buildings such as the District
Savings Bank Saarbriicken shown
in Figure 22.

RESISTANCE AGAINST
SEA-WATER ATTACK

In 2016, the FEhS-Institute was
asked to provide concrete test
specimens for the DFG research
project “INTERCOAST"” conducted



Figure 22: Saarbriicken District Savings Bank, built with supersulphated cement

“"Halit” from the former “"Halberger Hiitte”

by the Universities of Bremen and
Waikato (New Zealand). The aim
of the project was to investigate
artificial coastal protection struc-
tures made of concrete, which is
the most important building mate-
rial for this purpose (around 70%).
The motivation for the work was
the expected rise in sea levels due
to climate change and the con-
sequent need for significant ad-
ditional coastal protection meas-

ures worldwide. The results of the
project were reported, for example,
in [14-16].

In two campaigns, A and B, con-
crete cubes measuring 150 x 150
X 150 mm3 were produced at the
FEhS-Institute in 2016 and 2017.
These were stored in seawater at
various locations (Jade-Weser Port
Wilhelmshaven, Helgoland, Motiti
Island, Tauranga Harbour) by staff

Table 3: Concrete mixtures for structures exposed to seawater

Cement| Water

Cement type
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from the University of Bremen.
The concretes varied in terms of
the cements and aggregates used
and met the requirements for ex-
posure class XF 2 (Table 3). Iron
silicate is crystalline copper slag.
MagnaDense® is an iron ore (mag-
netite) and EAF is crystalline elec-
tric furnace slag. These aggre-
gates were chosen to increase the
bulk density of the concrete and
thus its resistance to wave action.

After completing the work on plant
growth, the FEhS-Institute took
over the monitoring of the con-
crete test specimens at Jade-Wes-
er Port in 2019 (Figure 23). The
test specimens have been stored
in three steel cages under water
in the harbour basin since April
2017 (Figure 24). Since the cag-
es are attached to a floating pon-
toon, the test specimens cannot
run aground regardless of the
tidal range. This means that even
in very cold winters, there is no
risk of frost damage. The test
specimens are inspected every
1-2 years. To this end, the algae,
mussels and barnacles that usual-
ly grow heavily on the test speci-
mens are removed (Figure 25). Af-
terwards, the specimen mass and
the dynamic modulus of elasticity
are determined using ultrasonic
transmitting time measurement.

Aggregate

M1 |CEMI42.5R 667 95 2,122

M2 | CEMIII/A 42.5N Sand 0-2 mm 664 Gravel 2-8 mm 95 MagnaDense® 20s 2,112
CEM III/B 42.5 Iron silicate Iron silicate _ B

M4 1 N-LH/SR/NA 0-5 mm 1,361 5-22 mm 1,358

M5 Sand 0-2 mm 284 EAF 0-2 mm 2,193 - -
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The results are reported as relative values based on
the initial measurement in 2019.

The temporal progression of the relative dynam-
ic modulus of elasticity is shown in Figure 26 as a
function of cement type. All three concretes were
produced using MagnaDense 20s (MD 20s) as aggre-
gate. The seawater temperature in the harbour basin
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Figure 23: Tugboat harbour of the Jade-Weser Port Wilhelms-
haven

Figure 25: Flora and fauna on and around the test specimens
in 2024, left: algae, mussels and barnacles; right: starfish
and crabs

on the respective test days is also shown. The rela-
tive dynamic modulus of elasticity of the concretes
with the two blast furnace cements CEM III/A and
CEM III/B rose continuously over the last 6 years.
No spalling or cracks were found on the cubes during

38

visual inspection. This was also the case for the con-
crete with Portland cement during the first 3 years of
storage. However, the relative dynamic modulus of
elasticity decreased slightly during this period. At the
same time, initial spalling was observed, particularly
at the corners of the concrete cubes, which cannot be
attributed to storage damage (Figure 27).

Figure 24: Storage of the concrete cubes in stainless steel
cages in the water of the harbour basin

Emﬂ-
%‘Hﬂ-
— : =
E 120 D— L) &
E _.""-’E'
5 100 ¢
g & CEM | + MO 20%
i; Ll +-CEM BUA, + D 208
& CEM HUB + WD 205
A T ALY
40
g
-E 20 gt - - -
E a d -
o 1 2 3 4 B a 7

Figure 26: Relative dynamic modulus of elasticity of concretes
with different cements and MagnaDense® as aggregate

Figure 28 shows the temporal progression of the rel-
ative dynamic modulus of elasticity of the concretes
with the blast furnace cement CEM III/B and vari-
ous aggregates. This figure also shows the seawa-
ter temperature in the harbour basin as determined



Figure 27: Corner spalling on concrete with Portland cement
and MagnaDense® 20s

|
i85

Figure 29: Intact concrete test specimen with blast furnace
cement CEM I1I/B and EAF slag as an industrial aggregate

during the tests. Regardless of the aggregate used, a
continuous increase in the relative dynamic modulus
of elasticity was observed in all concretes with CEM
ITII/B. All test specimens showed only typical traces
of fouling by mussels and barnacles. No visible struc-
tural damage, spalling or cracks were found even af-
ter 8 years of exposure, as shown in Figure 29 for the
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Figure 28: Relative dynamic modulus of elasticity of concrete
with blast furnace cement CEM III/B and various industrial
aggregates

test specimens of concrete with CEM III/B and EAF
slag as an industrial aggregate.

It has been known for decades that concrete contain-
ing blast furnace cement is highly resistant to seawa-
ter attack. This has been confirmed in many outdoor
exposure tests, some of which lasted for decades
[17-22]. The results obtained during the 8 years of
outdoor exposure to date also confirm this experi-
ence. However, the choice of cement type alone is
not decisive for the high seawater resistance of con-
crete. Rather, the concrete mix (cement content,
w/c ratio), concrete processing (compaction) and the
general conditions (e.g. time of first contact with sea-
water) are also of central importance. Therefore, as
early as 1959, after inspecting numerous seawater
structures, it was determined that “it is not the type
of cement, but the quality of the concrete that de-
termines its resistance in seawater” [17]. The type
of cement is particularly important when the cement
content in the concrete is very low [20].

The results show that industrial aggregates, such as
EAF slag or copper slag, are suitable for concrete ex-
posed to seawater. The quantity and diversity of the
vegetation and fauna show no negative effects on the
environment, thus confirming the statements made in
the “INTERCOAST"” project [14, 15].
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ADDITIONAL LONG-TERM TESTS

In addition to testing the resistance of mortar and
concrete to attack by water or seawater containing
sulphate, the cement laboratory is also conducting
other long-term tests. The results of these tests will
be presented in detail in one of the next “Reports”.

The first project involves tests on 40 x 40 x 160 mm3
mortar prisms, which were produced as part of the
IGF research project 13332 pursued jointly with the
VDZ [23]. The cements contained varying amounts of
granulated blast furnace slag, limestone and clinker,
and the project was related to the introduction of the
then new Portland composite cements CEM II/B-M
(S-LL). In 2003 (!), the mortars were stored in wa-
ter with lime-dissolving carbonic acid (100 mg CO,/I)
and in ammonium chloride solution (100 mg NH4+/1).
Figures 30 to 33 show the test specimens with a
Portland limestone cement containing 35 wt.% lime-
stone and a Portland blast furnace cement containing
35 wt.% GBS after 21 years of storage in water with
lime-dissolving carbonic acid. For formulation B2, a
w/c ratio of 0.45 and a cement content of 320 kg/m3
were set. For formulation B3, a w/c ratio of 0.70 and

a cement content of 300 kg/m3 were set. The imag-
es demonstrate the increased resistance of mortars
with Portland blast furnace cement to lime-dissolving
carbonic acid, which has been known for a long time
[24].

The second project involves testing the removal of
concrete containing various industrial aggregates.
These aggregates were produced as part of the
IGF research project 21567 [25]. In particular, the
project is investigating whether the concrete’s
dimensional stability is guaranteed and whether
the results determined under real conditions since
2021 correlate with those of the rapid test proce-
dure further developed as part of the project. Figure
34 shows an example of a concrete beam measuring
100 x 100 x 500 mm3 that was produced using the
electric furnace slag EOS-2 and shows no damage
due to expansion or cracking after almost 4 years
(1,392 days) of outdoor storage under a roof.

OUTLOOK
The results presented from the long-term durability
tests on mortars and concretes with cement contain-

Figure 30: Mortar test specimen with Portland limestone
cement after 21 years of storage in water with lime-dissolving
carbonic acid (w/c = 0.45, c = 320 kg/m3)
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Figure 31: Mortar test specimen with Portland limestone
cement after 21 years of storage in water with lime-dissolving
carbonic acid (w/c = 0.70, ¢ = 300 kg/m?3)
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Figure 32: Mortar test specimen with Portland cement after
21 years of storage in water with lime-dissolving carbonic
acid (w/c = 0.45, c = 320 kg/m3)

ing granulated blast furnace slag once again confirm
the positive effect of GBS on the development of
high physical and chemical resistance of the cement
stone structure against various chemical attacks.
It is planned to continue the measurements for as
long as possible. Structure and phase investigations

Figure 34: Intact concrete test specimen with electric furnace
slag EOS-2 as an industrial aggregate after 1,392 days of
outdoor storage under a roof

Figure 33: Mortar test specimen with Portland cement after
21 years of storage in water with lime-dissolving carbonic
acid (w/c = 0.70, c = 300 kg/m3)

should provide information on the changes that have
occurred.

In the future, it will be necessary to show whether
the positive effect of GBS-rich cements can also be
achieved by the new slags expected in the course
of the steel production transformation process.
This can be expected if these slags can be convert-
ed into a largely glassy material analogous to blast
furnace slag and react latently hydraulically, but this
still needs to be verified. The first project of this
kind, which is dedicated to the property of sulphate
resistance, was already started in 2025 at the
FEhS-Institute [26]. <<<
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PRODUCTION AND USE OF
FERROUS SLAG IN 2024

Dr.-Ing. Thomas Merkel
(FEhS - Institut flr Baustoff-Forschung e. V.)

Ferrous slag (blast furnace slag [Pt 2024 2023 Use 2024 2023

and steel furnace slag) has been  Granulated BFs 7.01 6.92  ABS for aggregates 0.15 0.18
established on the market as a Air-cooled BFS 0.08 0.08 ABS for aggregate
construction material and fertil- o, 0 o B 0.23 0.3
iser for well over 100 years and is  From interim storage 0.82 0.77 GBS for cement
an example of a circular economy  total 791 777  Production e TS

. ' ’ GBS for other purposes 0.09 0.08
that works successfully in prac-
tice. Intra-industrial

consumption 0.30 0.07

GERMANY Total 791 7.77

The data on production and use

in Germany in 2024 are given in Table 1: Production and use of blast furnace slag, 2024/2023 (in millions of tonnes;
Tables 1 (blast furnace slag, BFS) ABS, air-cooled blast furnace slag; GBS, granulated blast furnace slag)

and 2 (steel furnace slag, SFS). For
comparison purposes, the data for

the previous year is also provided -
Production 2024 2023 Use 2024 2023

in each case.
Slag from_oxygen Metallurgical use 0.52 0.46
steel making 2.76 2.68 Fertiliser 0.42 0.46
After steel production in Germa-  Slag from electric Construction material 2.13 2.03
ny reached 35.4 million tonnes in 2 Steel making 1.45 124  others 0.30 0.30
. . . Others
2023, this figure rose slightly again = (gecms, etc.) 0.46 0.49  Sum 3.37 3.25
in 2024 to 37.2 million tonnes, al- Final deposit 0.96 0.45
though production of over 40 mil- ~ Total 4.67 4.41  To interim storage b 7
lion tonnes was last achieved in Total 4.67 4.41

2021 [1]. Accordingly, the produc-
tion of slag products also remains

at a low level: In 2024, a total of Table 2: Production and use of steel furnace slag, 2024/2023 (in millions of
11.8 million tonnes of ferrous slag tonnes; SecMS, secondary metallurgical slag)
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was produced (2023: 11.4 million
tonnes). In addition, a balanced
total of 0.5 million tonnes of stock
was reduced, meaning that a total
of 11.3 million tonnes of ferrous
slag could be marketed.

A differentiated analysis of mate-
rial flows reveals that granulated
blast furnace slag continues to
account for almost 90% of total
blast furnace slag production. Al-
most 99% of the granulated blast
furnace slag was used for cement
production, and existing interim
storage facilities were depleted
due to continuously high demand.
This illustrates the importance of
CEM 1II/S and CEM III cements
containing granulated blast fur-
nace slag for the cement industry
as well as for the steel industry.
These cements therefore continue
to make a significant contribution
to CO, savings in cement produc-
tion.

Air-cooled blast furnace slag is pri-
marily processed into aggregate
mixtures for frost protection lay-
ers and gravel base courses, but
also into aggregates for asphalt
and concrete (approx. 0.2 million
tonnes in 2024).

Steel furnace slag production
amounted to 4.7 million tonnes
in 2024 (previous year: 4.4 mil-
lion tonnes), almost two-thirds
of which came from the convert-
er process. The use of products
made from steel furnace slag rose
slightly in 2024 compared with the
previous year (3.4 million tonnes
after 3.3 million tonnes in 2023),
which is certainly also attributable
to the construction industry. At 2.1
million tonnes (previous year: 2.0
million tonnes), the construction
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materials market remains by far
the most important sales segment
in terms of volume. The use for
Others (0.3 million tonnes) includes
measures without formal quality
control, e.g. use as construction
material for landfill sites. Ultimate-
ly, 0.4 million tonnes of converter
lime were used as high-quality fer-
tiliser in agriculture, and around
0.5 million tonnes of steel fur-
nace slag were used as lime and
iron carriers in a resource-saving
manner through internal recycling
within the steel sites.

In total, 11.3 million tonnes of
ferrous slag were used as con-
struction materials and fertilisers
in Germany in 2024. With a total
production of 11.8 million tonnes,
this continues to correspond to an
exemplary high utilisation rate of
96%.

EUROPE

The European slag association EU-
ROSLAG regularly asks its mem-
bers for European slag data. Fig-
ures for 2024 are given in Tables
3 (blast furnace slag) and 4 (steel
furnace slag). However, again in
2024 these figures must be quali-
fied as it has not really been pos-
sible to obtain a satisfactory num-
ber of responses.

But based on the hot metal and
crude steel production provided
by Worldsteel [2], a respectable
estimation of BFS production and
SFS production can be made. This
leads to about 19.6 million tonnes
of BFS and 16.5 million tonnes of
SFS produced in the EU-27 coun-
tries during the year 2024. The
reported data provided in Ta-
bles 3 and 4 present about 73%
of the BFS figures but only 55%

of the SFS figures. A compari-
son between the years 2024 and
2023 was made to illustrate the
development, even if this is only
of restricted validity. Comparing
the production figures, there is a
slight decline in production.

Comparing the percentages for
BFS with those reported from Ger-
many, the figures are quite close
together: about 90% of the blast
furnace slag is granulated, and
for cement production additional
slag must be taken from interim
storage. Significantly smaller is
the amount used as aggregate or
aggregate mixtures for construc-
tion purposes. Only a very small
amount is used for other purposes
such as fertilising and glass pro-
duction.

About two-thirds of the SFS pro-
duced is used for construction
purposes, e. g. for roads, dams or
hydraulic structures. About 10%
is used for metallurgical purposes,
7% as fertiliser and a small per-
centage for other uses. Rough-
ly 16% of the produced SFS was
stored for future use or deposited
finally.

In total the (reported) use is close
to the (reported) production not
only in Germany but also in most
European countries. Steel-produc-
ing companies operating together
with processing companies con-
vert slag products in an example
of the circular economy in working
practice. <<<
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Background

INTRODUCTION

Abrasives are operating materials used in blasting
technology and are employed in a wide range of ap-
plications, particularly for cleaning, de-rusting and
de-coating metallic surfaces. One key area of appli-
cation is the preparation of steel surfaces prior to
the application of coatings that protect the steel from
corrosive media such as moisture and salts [1][2][3].
Even small defects in the coating can lead to local
corrosion, which can quickly spread to larger areas
of the component during operation. Before applying
new protective coatings, the existing coating must
therefore be removed and the surface pretreated us-
ing suitable blasting methods, whereby non-metallic,
i.e. mineral-blasting, agents are often used in prac-
tice.

Blasting with natural quartz sand, which was fre-
quently used in the past, has been prohibited in
Germany since 1975 - with a few narrowly defined
exceptions - due to the high content of free crys-
talline silica and the associated risk of silicosis [4].
As a result, various mineral blasting agents became
established, among which coal furnace slag (CFS),
a by-product of coal-fired power generation, played
a dominant role for many years as a cost-effective

disposable blasting agent. CFS is characterised by a
wide range of applications and good physical proper-
ties for many blasting processes [5]. However, due to
the restructuring of the energy sector, the promotion
of renewable energies, and the resulting shutdown of
coal-fired power plants, this material is increasingly
only available in limited quantities and qualities [6].

Parallel to the declining availability of CFS, the mar-
ket for blasting media has become significantly more
differentiated [7]. In addition to metallic blasting me-
dia, a range of mineral products are used, including
both natural raw materials and industrial by-prod-
ucts [8]. In line with the objectives enshrined in the
German Closed Substance Cycle Waste Management
Act (KrWG) of conserving natural resources and pro-
moting the use of secondary raw materials, industrial
by-products in particular are coming into focus as a
potential raw material base for abrasives. These in-
clude, for example, nickel refinery slag, blast furnace
slag and copper refinery slag, which are already being
marketed to a limited extent as abrasives. However,
there are restrictions on some of these materials in
terms of availability, homogeneity or compliance with
the normative requirements of the DIN EN ISO 11126
series of standards [9], so the need for suitable alter-
natives remains high.
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The DIN EN ISO 11126 series of standards specifies
the requirements for non-metallic abrasives used
in the preparation of steel surfaces prior to the ap-
plication of coating materials. For abrasives made
from “iron and steel slags”, DIN EN ISO 11126-6 [10]
specifies requirements for glass content, particle size
distribution, apparent density, hardness, moisture
content, water-soluble chlorides and water-soluble
contaminants. The material must be predominantly
vitreous amorphous material in order to prevent wa-
ter absorption, and the content of free crystalline sil-
ica must not exceed 1% by mass. The grain sizes are
typically in the range of about 0.2 mm to 2.8 mm, the
apparent density in the range of about 2.6 x 103 kg/
m3 to 3.9 x 103 kg/m3, and the hardness must be at
least 6 on the Mohs scale. In addition, the moisture
content of the end product must be limited, the elec-
trical conductivity measured in the eluate, and the
content of water-soluble chlorides must be regulated.

The importance of water-soluble salts for the durability
of coating systems on steel is comprehensively doc-
umented in the technical literature [11][12]. Residual
salts on the steel surface can draw water through the
coating via osmotic effects, leading to local volume ex-
pansion, blistering and ultimately to the detachment of
the protective layer [13]. In addition to chlorides, other
water-soluble ions can also contribute to damage to the
corrosion protection system [14], which means that, in
addition to the specific determination of chlorides, the
total conductivity parameter of the aqueous eluate is
also used to assess the corrosion risk.

Against this backdrop, a wide variety of industrial
by-products are gaining importance as potential raw
materials for blasting media. One by-product that
has not yet been established in the abrasive sector
but is relevant in terms of quantity is cupola furnace
slag (CFS) produced in foundries. Cupola furnaces
are shaft furnaces that operate in a similar way to
blast furnaces and are used in iron, steel and mal-
leable iron foundries to melt pig iron and scrap into
cast iron. Each melting batch produces about 5-10
percent by mass of slag, which is mainly collected
in buckets, deposited in slag beds and, after slow
cooling, processed into aggregates for road and path
construction or as a substitute for landfill material,
among other things. However, a significant propor-
tion of CFS is landfilled, which is detrimental from
both an ecological and economic point of view.
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The chemical composition of CFS varies depending
on the raw materials used and the products manu-
factured. Typically, CFS has a relatively low basicity
with a CaO/SiO, ratio of between approximately 0.4
and 0.8, which in principle enables the formation of
a high glass content under the right quenching (cool-
ing) conditions. On the one hand, high glass content
promotes properties that are desirable for abrasives,
such as low water absorption and defined grain hard-
ness; on the other hand, too high a glass content can
lead to brittle, mechanically unstable products with
insufficient hardness or promote fibre or wool for-
mation, for which there is currently no technical use.

Previous research on CFS has focused primarily on
its use in the cement industry, similar to granulated
blast furnace slag, where the improvement of latent
hydraulic properties was the main focus. The key re-
quirements for abrasives - high hardness, low salt
solubility and low conductivity of the eluate - were
not the focus of attention. Preliminary investigations
indicated that, despite factory cooling with higher
glass contents, increased conductivity values may
occur in the eluate in some cases, which can be at-
tributed to an insufficient glass content or to concen-
trations of salts in the process water circulating in the
system. The salt can then be precipitated on the slag.

Experience from previous research projects with
blast furnace slag [15] and shaft furnace slag [16]
shows that, by optimally adjusting slag composition
and quenching, glassy products with sufficient hard-
ness can be produced that consistently meet the re-
quirements of DIN EN ISO 11126. One example of
this is a blasting agent developed from special blast
furnace slag, which has been successfully established
on the market. These experiences form the basis
for transferring the concept to cupola furnace slag,
whereby the greater variability of CFS properties in
foundry operations requires increased robustness of
the processes.

Against this background, the aim of this research
project was to develop a process for producing a glassy,
mineral abrasive from cupola furnace slag that meets
the technical requirements of DIN EN ISO 11126 for
“iron and steel slags”. There is currently no sepa-
rate standard for CFS abrasives. The development of
a compact, high-performance quenching technology
has resulted in a reproducibly hard abrasive with low



salt solubility, which opens up a wide range of appli-
cations in the surface preparation of steel.

METHODOLOGY

The research programme was divided into various
work packages (WP), ranging from the basic charac-
terisation of cupola furnace slag to the evaluation of
blasting media properties under practical conditions.

WP 1: Sampling and slag characterisation

To identify possible production fluctuations, sever-
al batches were sampled from three foundries and
supplemented with individual samples from other
plants. The basic chemical characterisation includ-
ed the determination of the main components using
X-ray fluorescence analysis and the trace elements
specified in the occupational safety regulations [17]
after complete digestion (HF) followed by ICP-MS
analysis. Chromium(VI) was determined in accord-
ance with DIN EN 196-10 and reported as chromate.
The mineralogical composition and the glass content
were determined by X-ray diffraction and microscop-
ic counting. The corrosive parameters for abrasives
were determined in accordance with DIN EN ISO
11127-6/-7 [18] and [19] (water-soluble chlorides
and electrical conductivity). Additional soluble anions
were also examined. The apparent density, pure den-
sity, porosity and Mohs hardness were determined as
technical parameters.

WP 2: Melting and quenching tests on

a laboratory scale

For the melting tests, based on the results from WP
1, slags with significantly different basicity were se-
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lected to cover the typical chemical range of CFS. The
samples were melted in a Tammann furnace and set
to a tapping temperature of 1,550°C. Initially, refer-
ence tests were carried out involving slow quench-
ing and crystalline solidification to check for possible
chemical changes. Various quenching methods were
then tested (including preheated sand bed, Fe mould,
steel and copper plates with and without cooling, wa-
ter and dry granulation) (Figure 1) in a way that was
designed to enable rapid quenching of the continu-
ously flowing melt. The evaluation of the laboratory
samples included basic tests based on WP 1.

WP 3: Operational tests on the

cupola furnace

The operational tests were carried out on a cupola
furnace in a foundry, whereby the cooling technology
had to be integrated into ongoing operations without
impairing casting production. For this purpose, a unit
with a slightly inclined copper plate was used, onto
which the liquid slag was fed in batches from the slag
outlet and rapidly cooled by shaking during transport
(Figure 2). The tests included slag from different op-
erating phases (start-up, main and shutdown slag)
and from two types of cast iron (GJL, GJS) in order
to reflect the range of slag composition occurring
in the plant. At the same time, samples were taken
from the plant’s own water-assisted cooling system
in order to compare the new process with the estab-
lished state of the art. The vitreous slag produced
was characterised in the same way as in WP 1, and
larger quantities were prepared for the subsequent
blasting tests.

Figure 1: Tested quenching devices (from left to right): sand bed, iron mould, steel plates (uncooled), water granulation
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WP 4: Blasting tests

The blasting tests were carried out
in a modified blasting machine,
which enabled the nozzle and
sample surface to be positioned
precisely, and the blasting agent
used to be collected in its entire-
ty (Figure 3). The glassy solidified
CFS from the operational tests was
used as the blasting material. Nor-
mal corundum, coal furnace slag
and blast furnace slag were used
for comparison. To evaluate the
abrasive consumption, the abra-
sives were used several times, and
the consumption was quantified,
among other things, by means of
sieve analysis of the undersized
particles formed. The blasting
performance was assessed using
static image analysis of the blast-
ed, painted steel surfaces, where-
by digitised and binarized images
were evaluated to determine the
proportion of the surface that had
been blasted clean. The resulting
surface roughness of the de-coat-

ed samples was evaluated using
standardised roughness compari-
son patterns in order to compare
the surface finish achieved with
that of established blasting media.

RESULTS

Results WP 1 - Sampling and
characterisation

The 19 initial samples have basici-
ties between 0.4 and 1.2, with the
majority of the slags tending to be
in the acidic range, which favours
glassy solidification. The trace el-
ement and free crystalline silica
contents are low overall, in com-
pliance with occupational safety
limits (Table 1).

The leaching tests in accordance
with ISO 11127-6/7 show that wa-
ter-soluble chlorides are general-
ly present in low concentrations
and that the limit values of the
ISO 11126 series of standards are
complied with in most cases. How-
ever, the electrical conductivity of

the eluates (water-soluble con-
taminants) sometimes exceeds
the required value, particular-
ly due to dissolved sulphates
(Table 2).

A direct, clear correlation between
glass content and salt solubility
cannot be deduced from the ini-
tial samples, as both low and high
conductivities were measured at
high glass contents (Figure 4). The
technical parameters vary signif-
icantly: depending on the plant,
the Mohs hardness is sometimes
below 6, the apparent density var-
ies between 1.8 and 2.9 kg/dms3,
and the glass content ranges from
26% to 100% by volume. Sam-
ples with high porosity in particu-
lar have lower densities and thus
unfavourable blasting properties,
which underlines the need for a
targeted quenching process to
stabilise quality.

Figure 2: Pouring a ladle sample onto the copper vibrating chute (left) and removed
and already cooled slag samples at the end of the blast chute (right)
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Figure 3: Positioning of the blasting gun
and the blasted surface in the test box
(left)
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Table 1: Minimum, maximum and average values for the solid content and mineralogy of the 19
cupola furnace slags examined (initial samples)

Parameter | Unit | Min. | Max. | Mean
ALO, 7.28 17.40 10.45
Ca0 21.3 43.4 34.41
FeO 0.18 5.32 1.18

K,0 0.67 0.46

MgO 0.81 2.79 1.52

MnO 0.79 6.15 3.26

Na,O wt.% 0.21 0.69 0.38

PO, 0.01 0.03 0.02

Sio, 36.10 55.20 46.30
S 0.07 0.87 0.25

TiO, 0.24 1.11 0.52

TC 0.02 0.80 0.11

TIC (as CO,) 0.01 0.66 0.09

As 0.34 2.10 0.75

Be 2.40 7.70 3.61

Cd < 0.01 0.40 0.08

Co 1.41 78.40 22.72
Cr VI mg/kg < 1.00 1.00 < 1.00
Ni 2.20 14.80 5.17

Pb 0.20 1.50 0.58

Sb 0.10 0.20 0.17

Sn 0.27 9.59 2.18

Basicity - 0.40 1.20 0.77

Free crystalline

silica:

Quartz <1 1.8 <1

Cristobalite Wt.% <1 <1 <1

Tridymite <1 <1 <1

Results WP 2 - Melting and quenching tests on ence cooling in the muffle furnace causes a change
a laboratory scale in salt solubility compared to the original samples,
Remelting in the Tammann furnace leads to slight meaning that the conductivity and sulphate content
shifts in the chemical composition. Even the refer- decrease for three of the four slags examined, while

Table 2: Statistical evaluation of the salt solubility of the 19 initial samples examined (grain size 1/2 mm) in
accordance with ISO 11127-6 and -7

Requirement

Parameter ‘ Unit ‘ Min. ‘ MEVE ‘ Average ‘ I1SO 11126-6
Conductivity of the aqueous eluate uS/cm 31 855 263 250
Water-soluble chlorides o 0.00007 0.0062 0.0017 0.0025

° (0.7 mg/l) (62 mg/I) (17 mg/l) (25 mg/l)
Water-soluble sulphate o 0.0001 0.0268 0.0067 _

° (0.1 mg/l) (268 ma/l) (67 ma/l)
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Figure 4: Chloride concentration (left) and sulphate (right) concentration of the 19 initial samples according to ISO 11127-6

and -7, respectively, as a function of glass content

an increase is observed in one sample. The reference
samples with slow cooling are predominantly crystal-
line and have low glass contents but serve as a basis
for comparison with the rapid quenching methods.

The quenching variants examined produced glassy or
glassy-amorphous products for all slags, with casting
into preheated iron moulds already yielding satisfac-
tory glass content. Processes with a particularly high
cooling rate (turntable, water bath, water granula-
tion) result in highly glassy but brittle products that
tend to form strands and have a high proportion of
undersized particles during processing that cannot
be used as blasting media. Although the sand bed
produces glassy slags, it is unsuitable for practical
use due to quartz sand adhesion. Overall, conductiv-
ity (Figure 5) and sulphate concentrations decrease
in many rapidly quenched samples compared to the
original and reference states. Only a few combina-
tions (turntable, water granulation) show an increase.
All samples produced on a laboratory scale meet the
requirements of the ISO 11126 series with hardness-
es = 6 according to Mohs, confirming the basic suita-
bility of rapidly cooled CFS as a blasting agent.

Results WP 3 - Operational tests on the cupola
furnace

As expected, the slag quenched to a glassy state
in the plant using the copper vibrating chute shows
only slight variations in solid content compared to the
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plant’s own cooled samples. At an average of around
0.9, the basicity remains within the favourable range
for glassy solidification. Only moderate differences
in solid content can be observed between the vari-
ous operating phases and cast-iron types (GIL, GJ]S);
therefore, a constant slag quality can be assumed.
Visually, the samples differ significantly. While the
factory-cooled slag exhibits visible multi-colouration
and thus inhomogeneity despite its high glass con-
tent, the samples quenched via the copper vibrating
chute appear uniformly black and shiny (Figure 6).
X-ray phase analyses confirm that all the slags exam-
ined - both from the plant’s own cooling system and
from the new cooling route — are amorphous and do
not contain any free silicic acid.

On the day of the operational tests, the CFS from
the plant’s own cooling system already met the re-
quirements of the ISO 11126 series for all parameters
examined. Therefore, hardly any differences could
be detected between the samples from the opera-
tional tests with regard to water-soluble salts. One
significant difference, however, is porosity. The slag
produced via the copper vibrating chute has hardly
any pores, while the factory’s own slag has slightly
higher porosity. Overall, it can be seen that the se-
lected cooling technology can achieve uniform, stand-
ard-compliant blasting media quality on an industrial
scale, although reliable statements on slag with ex-
ceptionally high salt loads are still pending.
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Results WP 4 - Blasting tests

The blasting tests prove that vitrified cupola furnace
slag is comparable to established blasting media in
terms of wear and blasting performance. The under-
sized fraction of CFS produced after three blasting
passes is around 8.3-10.4%, which is on a par with
the reference materials normal corundum (NC) and
blast furnace slag, although comparison with melt-
ing chamber granulate is only possible to a limited
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Figure 5: Electrical conduc-
g tivity after the melting tests
compared to the original
and reference tests accord-
ing to ISO 11127-6 and -7

extent due to a different initial grain size (Figure 7).
The average grain sizes determined after use are in
the range of the reference materials for CFS and indi-
cate typical wear behaviour acceptable for disposable
blasting media.

Static image analysis of the de-coated, painted steel
surfaces shows that the surfaces blasted with CFS
are in the range of the reference blasting media BFS

Figure 6: Photo of the main slag GIL from the plant’s own cooling system (left) and from the operational test (right)
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and CF, with the exception of one sample from the
factory’s own cooling system. Comparable de-coating
performance is achieved in particular with the slag
produced in the operational test. The factory-cooled
GJL sample, on the other hand, performs significant-
ly worse and achieves the smallest de-coated area
(Figure 8). The evaluation of roughness shows that all
blasting media tested have predominantly medium
roughness in the range of 50-70 um, supplemented
by edge areas with fine roughness of around 23-28
pum. This allows a blasting pattern to be produced
that can compete with the mineral blasting media es-
tablished on the market in terms of surface profile
and de-coating.

formation of glassy structures, which are essential
for meeting the normative requirements for non-me-
tallic blasting media. Restrictions arise, among other
things, for the parameters of hardness and salt sol-
ubility. It follows that cupola furnace slag has great
potential as a raw material for blasting media, but
this potential can only be exploited with controlled
process management and targeted conditioning.

The development of a special quenching unit is a key
starting point for this. Laboratory tests show that
dry metallic cooling surfaces deliver reproducible
glassy products that meet the requirements of the
standard. The transfer of this principle to an indus-

Undersize particle after 3 blasting passes
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EVALUATION/DISCUSSION

Based on the investigations, cupola furnace slag has
proven to be a fundamentally suitable raw materi-
al for mineral disposable blasting media, provided
that the chemical composition, cooling/quenching
and processing are specifically adjusted. The pre-
dominantly low basicity of the raw slag promotes the
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dersized particles <0.5 mm
and <0.2 mm (CFS) after 3
blasting passes

trial scale in the form of a copper vibrating chute has
been successfully demonstrated under real found-
ry conditions. The plant produced uniformly glassy,
dense and homogeneously solidified slag with low
porosity and salt solubility. In contrast, the plant’s
own cooling system also produces predominantly
glassy products, but with significant inhomogeneities
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and increased porosity. The results of the operation-
al tests show that the technology developed can be
used to produce homogeneous slag qualities.

The blasting evaluation of vitrified cupola furnace
slag shows that it is largely comparable to established
blasting media such as melting chamber granulate,
blast furnace slag and normal corundum in terms of
blasting pattern, removal rate and grain wear. The
blasted surfaces and the surface roughness achieved
are in the same range as those of the reference mate-
rials. Significant limitations in practical use are there-
fore not to be expected. The observed wear of the
CFS grains (under-grain formation of typically 8-10%
after several blasting passes) is slightly higher than
that of very hard reusable blasting media but is with-
in the range of conventional disposable blasting me-
dia and can be economically compensated for by the
significantly lower costs. The lower porosity of the
grains produced with the copper vibrating chute is
another advantage, as it tends to result in lower wa-
ter absorption and higher breaking strength. In a di-
rect comparison, slag from the factory’s own cooling
system performs slightly worse on average in terms

)
&

of both de-coating performance and grain stability,
which underlines the importance of controlled cooling
for ensuring consistent blasting media quality.

Figure 8: De-coated areas
after the blasting tests,
indicated as area

CONCLUSION

Glassy solidified cupola furnace slag (CFS) has proven
to be a technically suitable raw material for mineral
disposable blasting media. The contents of free crys-
talline silica and trace elements largely meet occu-
pational health and safety requirements but require
specific process control in terms of salt solubility.
Rapid cooling on a copper vibrating chute has prov-
en itself on a laboratory scale and in foundry opera-
tions, producing reproducible glassy slag with Mohs
hardness > 6, high glass content and low porosity.
Blasting tests show that CFS-based blasting media
are comparable to commercially available products
in terms of surface removal, surface roughness and
grain wear, and have advantageous water absorption
and breaking strength properties due to their low po-
rosity.

The methodology already used in previous research
projects to develop cooling processes for the pro-
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duction of abrasives from industrial by-products
was successfully refined in this research project and
could also be transferred to other raw materials in a
similar way.
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