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ABSTRACT

To overcome logistical barriers to
charging liquid ladle furnace (LF)
slag into an electric arc furnace
(EAF) to recycle LF slag as lime
substitute and recover energy
from the slag, an advance solidifi-
cation system, using the “sand-
wich” concept, was developed du-
ring the RFCS ECOSLAG project.
The sandwich concept is based on
tapping of LF slag/metal from mul-
tiple heats into an intermediary
vessel (tundish in the case of the
project), which can then be trans-
ported to the EAF. The LF slag/
metal sandwich  temperature
should be kept below the solidifi-
cation temperature of the outside
slag (below 1,000°C) but above
the disintegration temperature of
the LF slag (which was determined
in the project to be 200°C). The
results of laboratory LF slag tem-
perature tests and industrial trials
of the sandwich concept are pre-
sented in the article. The resulting
EAF slag leaching analysis showed
that recycling of the LF slag did
not have a negative effect on the
resulting EAF slag. However, the
energy gain in the EAF with the
sandwich addition was inconclusi-
ve due to too few trials, but additi-

onal energy consumption was also
not observed. While the advance
solidification system showed good
potential, long term trials would
need to be performed to under-
stand how much lime can be repla-
ced with LF slag and how much
energy saving can be obtained
from the liquid slag addition.

INTRODUCTION

Ladle furnace (LF) slag is an in-
dustrial by-product of secondary
metallurgy to produce and refine
high-quality steels. The crude
steel from an electric arc furnace
(EAF) is treated to achieve a spe-
cific quality by different additions,
which results in the final steel pro-
duct and LF slag. It is assumed
that for every ton of steel, 1%-8%
of LF slag is produced [1]. Since
the EU produced 152.6 Mt of crude
steel in 2021 [2], it can be estima-
ted that at least 1.5 Mt of ladle
slag was produced. The rate of LF
slag utilization depends on the
country and steelwork, but often
it is not used and therefore landfil-
led. The LF recycling rate is limited
because of the tendency of LF to
disintegrate because of dicalcium
silicate (C2S) disintegration, which
is present in LF slag.

LF slag can be recycled internally
or externally depending on its
characteristics and opportunities
around the steelwork. The oppor-
tunities will depend on the regula-
tory situation in a given area, the
need and costs for primary re-
sources, acceptance by a commu-
nity and ease with which a steel-
work can handle this material.

Some of the external LF slag utili-
zation paths include use as liming
material or in soil stabilization.

Internally, the liquid or solid LF
slag can be recycled into an EAF
as a substitute for lime with or wi-
thout heat recovery depending on
if it is done in liquid or solid form
[3, 4]. The LF solid slag can also
be charged into a blast furnace
(BF) as a slag former [5]. Another
example is for the LF slag to be
added into the EAF slag to decrea-
se V leaching; however, care has
to be taken to ensure that the re-
sulting EAF slag meets regulations
[3, 6]. LF slag recharging into an
EAF is practiced in a few steel-
works in Europe. However, most of
the steelworks do not have the lo-
gistical possibility of recharging
liquid LF slag into an EAF or the
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solidified LF slag disintegration
makes it impractical for charging
into an EAF due to dust issues.

Two previous RFCS projects inves-
tigated recycling LF slag into an
EAF [7, 8].

Kuehn M. et al. investigated recy-
cling LF slag in a liquid and solid
state in industrial trials. The liquid
LF slag was directly recycled from
the LF pot into an EAF with suc-
cessful results of reducing about
50%-80% of generated LF slag
and saving 15% of lime over a
1l-year period. A difference in
energy consumption of up to 0.4%
on average was noted, which was
assumed to be due to heat radiati-
on loss during roof opening. Kuehn
M. et al. also examined the additi-
on of solid LF slag to an EAF, as
not all steelworks can handle ad-
ding liquid LF slag for various rea-
sons (logistics, timing, etc.). De-
pending on the grain size of the LF
slag, it can be either added by
pneumatic injection or agglomera-
tion of the fines before charging
(e.g. pelletization). About 15% of
lime was able to be substituted
with the LF slag without changing
the basicity of the resulting EAF
slag and only minor effects were
seen with respect to metallurgy
and steel quality, while sulphur in
the resulting EAF slag during the
testing period was below the re-
quirement.

Colla V. et al. (RFCS ERISS pro-
ject) conducted a case study using
the Aspen simulation tool to de-
termine the environmental effects
of recycling solid LF slag into an
EAF, such as variation in input (LF
slag, lime, energy) and output
(waste and by-product generation,
metallic yield, etc.). In the case
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study, it was concluded that addi-
tional energy would be needed to
remelt the LF slag while genera-
ting a higher amount of EAF slag.
However, with respect to an en-
vironmental point of view and the
KPIs used, the addition of LF slag
to the EAF process was better
than the current process.

In order to deal with logistical is-
sues at different steelworks, whe-
re direct charging of molten LF
slag to an EAF is not possible and
where solidified LF slag also can-
not be incorporated into an EAF,
this article presents the “sandwich
concept”, which was used to char-
ge liquid LF slag into an EAF to re-
cover heat and substitute lime
from the LF slag as part of the
RFCS ECOSLAG project “Eco-fri-
endly steelmaking slag solidificati-
on with energy recovery to pro-
duce a high quality slag product
for a sustainable recycling”, from
June 2018 to May 2022. The requi-
rement was for LF slag to be kept
solidified but before disintegration
for the purpose of transportation
while giving the steelwork time to
charge the LF slag to the EAF when
convenient for the process and not
because the LF slag is ready. The
concept involved creating a sys-
tem where the LF pot can be tap-
ped into a tundish from 2-5 heats
of LF slag in an area where the LF
pot can be transported, and the
tundish shape can be used to
charge the LF slag into the EAF
while the slag is solidified but not
disintegrated, to also maximize
the heat recovery. Laboratory
tests were done to investigate the
disintegration temperature of the
LF slag and industrial trials were
conducted to test the logistics of
the sandwich concept.

METHODS

Sandwich concept

As the LF slag pot cannot always
be moved to the EAF as there are
restraints to crane movement at
some steelworks, a sandwich con-
cept was investigated. The idea is
to have a container, in this case a
tundish, into which LF slag can be
tapped, and the container can be
used as an intermediary vessel.
The LF slag might also contain dif-
ferent percentages of metal. The
amount of time between the tap-
ping and charging of the LF sand-
wich into te EAF is very important.
The slag needs to solidify enough
so that it can be taken out of the
tundish and transported to the
EAF, but not cooled enough to
start disintegrating. The idea is to
keep the slag as “hot” as possible
to recover the maximum potential
of the energy. Between each tap-
ping, the metal in the slag has
some time to separate from the
slag. The result looks like a “sand-
wich” with layers of metal and lay-
ers of slag (Figure 1). Rods need
to be inserted into the tundish du-
ring the solidification process so
that they can be used to lift the
solidified LF slag to charge it into
the EAF.

Laboratory LF slag disinte-

gration temperature tests

To understand at what tempera-
ture range the LF slag needs to be
kept before it is added to the EAF
(LF slag needs to be charged to
the EAF after it solidifies, but be-
fore it starts to disintegrate, to
avoid creating problems with
dust), laboratory trials were con-
ducted with 3 different LF slag
samples from different steelworks
(LFS1, LFS2 and LFS3) to measure
at what temperature the slag
starts to disintegrate. LF slag
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Figure 1: a) Separation of slag and metal in the tundish after 3 tappings; b) Rods
used to take out the “sandwich” from the tundish
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Figure 2: LF slag in a muffle furnace
with a thermocouple at about 600°C

Figure 3: Recording of LF slag during
cooling

(1,500 g) was placed in a carbon
crucible and heated to 1,550°C in
a Tammann furnace to ensure that
all the slag melted. Once the tem-
perature was reached, the crucib-
le was cooled to about 1,000°C
and moved to a muffle furnace
where a thermocouple was inser-
ted and the slag was cooled to
about 600°C. Once the slag was
cooled to about 600°C, it was pla-
ced on its side (Figure 2) and the
door was left open a small gap du-
ring the cooling period so that the
crucible could be recorded (Figure
3). At this temperature point, the
slag did not spill out once the cru-
cible was placed on its side. The
cooling down of the slag was re-

Figure 4: LF slag in a muffle furnace
with a thermocouple disintegrating
during cooling

corded and the temperature at
which disintegration started was
noted (Figure 4).

Industrial trials of the
sandwich concept

The tundish used as an intermedi-
ary vessel was made of metal and
was lined with refractory material
(Figure 5), which can withstand
not only layers of slag, but also
metal. The tundish was large
enough to handle up to 5 heats of
LF slag/metal. During tapping, va-
rious amounts of metal were tap-
ped together with the slag (so-
metimes if there are issues with
the quality of the metal, more me-
tal than slag is tapped).

Figure 5: Tundish after lining with
cement

Industrial trials were conducted
with production of 4 sandwiches,
which were charged to the EAF.
Each time, the tundish was filled
with 2 heats of LF slag and remai-
ning steel, thereby creating a
sandwich structure. Due to the
timing and the available equip-
ment, it was not possible to deter-
mine the exact mass of the sand-
wiches. Each time the tundish was
brought to the tilting device, whe-
re typically the remaining material
of the tundish falls out, before the
tundish was used again. During
the tests, the sandwich (LF slag
and steel) fell out from the tundish
without breaking (Figure 6).
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Figure 6: Tilting of the tundish and falling out of the sandwich

Figure 8: Charging the sandwich to the EAF

After this, the sandwich was trans-
ported by a forklift inside the
steelwork, in the line of the scrap
baskets. Steel rods were used to
hand over the tundish like a mobi-
le to the crane (Figure 7).

6

The crane transported the sand-
wich to the EAF. After opening the
furnace roof, the tundish sandwich
was lowered to the melt. Due to
the heat of the melt, the steel rods
fused, and the sandwich went into

the melt (Figure 8). This process
was repeated four times, resulting
in the construction of four sand-
wich forms which were charged
into the EAF four times in different
heats. During the tests, standard
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The chemical composition of the
AlLO, wt.-% 4.82 6.64 17.19 LF slag samples was determined
BaO wt.-% < 0.020 0.026 < 0.020 according to DIN EN ISO 12677.
Ca0 wt.-% 50.6 38.8 38.67 Samples were fused and measu-
Co, wt.-% 1.8 3.2 0.72 red subsequently by XRF.
cr,0, Wt.-% 0.36 1.03 0.12
Cuo Wt.-% < 0.020 0.065 < 0.01 Mineral composition
FeO wt.-% 5.09 11.7 2.36 For the mineralogical analysis,
K0 wt.-% < 0.020 0.023 0.12 samples were dried in a vacuum,
MgO wt.-% 7.1 10.8 13.28 milled, and sieved at 63 ym. X-ray
MnO wt.-% 1.24 1.78 0.44 diffraction was performed on the
Na,O wt.-% < 0.020 < 0.020 0.04 < 63 ym fraction with Cu k-alphal
P,0; wt.-% 0.053 0.073 0.03 radiation in the range 5 to
SO, wt.-% 2.24 111 1.86 75 °2-theta (PANalytical, type
Sio, wt.-% 19.1 19.5 19.21 X'Pert pro). Qualitative analysis
Tio, wt.-% 0.32 0.25 0.25 was done using pdf-2; quantificati-
V,0, Wt.-% 0.027 0.036 0.02 on by Reference-Intensity-Ratios.
ZnO wt.-% 0.033 0.038 0.05 The analytical error is estimated
C/S* 2.65 1.99 2.01 at 5%-10%.

C+M/S+A** 2.41 1.90 1.43

* Basicity: CaO %/SiO, %, ** Basicity: (CaO %+MgO %)/(SiO, %+Al,0; %)
Table 1: Chemical composition of LF slag used for disintegration experiments

Table 2: Mineral composition of LF slag used for disintegration experiments

Leaching analysis

The leaching test described in this
report is based on EN 12457-4 for
a 1:10 slag to water ratio as well
as DIN 19529 for a 1:2 slag to wa-

Calcio-Olivine Ca,Si0, ter ratio. The grain size of slag
Larnite Ca,Sio, 35 1 used was 8-11 mm. The resulting
Merwinite Ca,Mgsi.0, 35 49 leachate was analysed with ICP-
Cuspidine Ca4Si207F2 20 OES (Varian Vista MPX and Spec-
Jasmundite Ca,, Mg, ,(Si0,),0.S, 5 tro Ciros, with an analytical error

Gehlenite Ca,Mg, Al Si,,.0, 5 35 of 3%).

Tri-Calcium-

Aluminate Ca,AlLQ, <5 LABORATORY EXPERIMENTS
Mayenite Ca,,Al,O,, Results of laboratory LF slag
Bredigite Ca, ,Mg, ,SiO, 15 disintegration temperature
Fluorite CaF, <5 tests
Wuestite FeO, <5 <5 The chemical and mineral proper-
Free lime Cao ties of the slag samples LFS1,

Portlandite Ca(OH), <5 LFS2 and LF3 used in disintegrati-
Calcite CaCo, 5 on temperature tests are presen-
Periclase MgO 5 10 15 ted in Table 1 and Table 2, respec-
Brucite Mg(OH), <5 5 tively.

Sjogrenite g,Fe,(OH),,CO, x 4,5H,0 <5

The LFS1 slag started to disinteg-
rate at about 195°C (Figure 9), the
LFS2 slag started to disintegrate

procedures were followed for the sandwich structure was added in
EAF without any changes to the addition to the lime/dolomite addi-
additions. This means that the tion.

at about 135°C (Figure 10), and
the LFS3 slag started to disinteg-
rate at about 170°C (Figure 11).

7



I Report of the FEhS-Institute 2022

) ) e e e e e

LF
Ca
Cr
Mo
\Y
F

puS/cm
mg/I
mg/I
mg/I
mg/I
mg/I

11.3
600
43.43
< 0.002
0.083
0.174
1.5

1.4

1.4

2.0

1.6

2.1

11.5 11.5 12.0 11.7
1.104 910 2.390 910
110 72.4 191 125

Table 3: Concentrations of the leachates of 4 reference samples and the 4 ECOSLAG trials
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Figure 9: Temperature reading of the LFS1 slag sample during cooling (blue before
signs of disintegration and orange after the slag started to disintegrate)

Figure 10: Temperature reading of the LFS2 slag sample during cooling (blue before
signs of disintegration and orange after the slag started to disintegrate)
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With respect to this information,
the LF slag in sandwich tests
would be charged to the EAF befo-
re it cools down to about 200°C
but keeping in mind that the exte-
rior of the slag will cool down fas-
ter than the inside.

Industrial trials of the
sandwich concept

The 4 sandwich slag/metal struc-
tures were charged into the EAF
without major issues. However,
further trials would have to take
factors into consideration. In the
ECOSLAG project, only 4 industri-
al trials were conducted as the
sandwich concept was investiga-
ted. No changes were made to the
standard EAF process while the
sandwich was charged. This me-
ans that the LF slag was added in
addition to the regular amount of
lime/dolomite that was added.
Four sandwich additions into the
EAF are not enough to understand
the exact effect of adding LF slag
to the EAF. For example, conti-
nuous tests over a few months
would allow the steelwork to cal-
culate by how much it can reduce
lime addition because this would
be substituted with LF slag to
achieve their required steel grade.
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Figure 11: Temperature reading of the LFS3 slag sample during cooling (blue before
signs of disintegration and orange after the slag started to disintegrate)

Temperature
LF slag
473 K 82.1 kWh/t
1273 K 374.1 kWh/t
1823 K 587.8 kWh/t

Heat capacity

steel
57.8 kWh/t
206.7 kWh/t
414.1 kWh/t

Table 4: Heat capacity of LF slag and steel

EAF slag quality

The EAF slag of each heat, where
a LF slag sandwich was charged to
the EAF, was analysed in terms of
leaching to assess the impact on
environmental compatibility. The
lime addition of the heat was not
reduced due to the risk of a too
low CaO content in the slag and
therefore was not usable crude
steel. Four reference samples
were also taken with the same
scrap input, to have a valid com-
parison (Table 3).

This resulted in an increase in the
lime content, which can be seen in
the increase in Ca concentration
in the leachate. A higher Ca con-
centration often leads to decrea-
sed V leaching, which was also ob-
served during these tests. There
was no negative impact from

charging the sandwich of LF slag
and steel to the EAF. The higher
lime content leads to a slightly im-
proved slag quality, and additio-
nally by implementing this
technique in operational practice,
the addition of virgin lime would
be decreased to save natural re-
sources, such as CO, and energy
for melting of the lime.

Potential energy recovery
from hot LF slag sandwich
charging into an EAF

Recycling of LF slag into an EAF to
recover the energy can take place
in a temperature range from
1,550°C to 200°C. The best case
is when the slag is liquid at
1,550°C, because this is the typi-
cal tapping temperature of the
slag. The worst case is around
200°C (473 K), because below this
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temperature the slag starts to di-
sintegrate, making transportation
and charging to the EAF without
high dust emissions impossible. A
temperature of 1,000°C (1273 K)
is the realistic case and was de-
fined as the aim of the project,
where the slag is definitely solidi-
fied and good to handle but still at
a high temperature.

Based on this temperature and
the average LF slag composition,
the following heat capacities of
slag and steel, simplified by using
the heat capacity of iron, were
calculated (Table 4).

Assuming production of around
30,000 t of LF slag per year and
additionally around 15,000 t of re-
maining steel in the LF slag (actual
ratio of 2:1), the heat potentials at
these different temperatures are:

473 K: 3,330 MWh/a
1273 K: 14,324 MWh/a
1823 K: 23,846 MWh/a

By recharging all the material into
the EAF with the sandwich con-
cept developed in the ECOSLAG
project, there is a potential of re-
covering 14,324 MWh per vyear.
Recharging of liquid LF slag would
nearly double the energy recover-
ed, but this is not possible in most
of the steelworks due to the logi-
stics of transporting LF slag.

Energy consumption

of EAF during trials

Due to the small number of trials
and the large variation in electrici-
ty consumption of the EAF, it was
not possible to see any real elec-
tricity changes due to the char-
ging of the hot LF slag sandwiches
(see Figure 12 and Figure 13). To
detect possible electricity savings,

9
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Figure 12: Energy input/ for liquid steel yield (how much material comes out compared with input); the red line designates the

period during test trials
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Figure 13: Energy input/ for liquid steel yield (black line/orange arrow = test charge)

continuous charging of LF slag
would have to take place over a
long period of time (e.g. a month
of continuous trials), so that the
variations could be clearly attribu-
ted to the heat from the LF slag.
However, Figure 12 and Figure 13
show that no extra energy was
used in order to melt the LF slag
sandwiches.

Environmental outlook

The recycling of LF slag into an
EAF will result in environmental
benefits with respect to a decrea-
se or substitution of natural lime
as slag former in the EAF, a
decrease in landfilled LF slag, a
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decrease in dust emission during
handling of LF slag and a decrease
in water consumption and polluti-
on for LF slag handling. If the tests
were to be carried out over a lon-
ger period of time (1-6 months), it
would be possible to see how
much  electricity consumption
would be saved due to the input of
the hot LF slag and steel. Even a
small decrease in electricity
consumption would result in ener-
gy savings that the steelwork
needs to run the EAF.

The decrease in the input of natu-
ral lime into the EAF, which is used
as a slag former, would be possib-

4 ___iﬁlé...ru(q'ﬂl. ‘FM"'M-\.I“WM. L ,\,“-""'\Jr :!*l'l/ l{quﬁm"\Iﬁ#ﬁ

le with the substitution of LF slag,
which would save natural resour-
ces. In these trials, the steelwork
did not decrease the amount of
lime that was added into the EAF
when the hot LF slag was added.
In the future, continuous addition
of LF slag will enable calculation
and the gaining of experience in
practice.

In addition, even partial reutiliza-
tion of LF slag directly in an EAF to
substitute lime (natural resource)
will decrease the amount of slag
that needs to be landfilled, which
will make steelworks more sus-
tainable. Today, handling of disin-



tegrated LF slag means dust emis-
sions and water consumption
resulting in pollution that could be
completely avoided.

SUMMARY

An advanced solidification system
for LF slag was designed to keep
the temperature of the solidified
LF slag above the starting tempe-
rature of dicalcium silicate (C2S)
disintegration. This way, C2S di-
sintegration, which results in high
dust emissions, was prevented
and the maximum practical poten-
tial of thermal energy is available
for heat recovery. After solidifica-
tion of the outer surface, the hot
LF slag sandwich was charged/
recycled to the EAF. In operational
practice, the addition of LF slag
can substitute conventional lime
in the process. The charging of

LITERATURE

the hot LF slag as a lime substitute
plus hot steel is the most efficient
way to recover heat from the slag.
Thermal energy is directly fed
back into the steelmaking process
without energy losses at, e.g., the
heat exchanger.

The ECOSLAG project showed that
recycling of LF slag into an EAF is
possible by using the sandwich
concept, even with the restrictive
logistical situation faced by some
steelworks, but further research
would be needed in order to un-
derstand how much lime can be
substituted by LF slag without ch-
anging current steel production.
Based on the economic evaluati-
on, implementing this technique in
operational practice would be be-
neficial. However, the security ris-
ks from a brake of the sandwich
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must be minimised. The plan is to
identify possible devices to mini-
mise this risk with a plan to bring

this technique in operational
practice.
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INTRODUCTION

Phosphorus in the form of
phosphate is an indispensable

nutrient for plants, animals and
humans. Animals and humans
absorb the phosphate they need
through feed and food. In agricul-
tural ecosystems, the availability
of this nutritive element is very
limited and it must be added th-
rough fertilisation regularly. Whi-
le phosphate excreted by farm
animals is reused for fertilisation
in the form of manure or slurry,
phosphate from human nutrition
is lost to agricultural use. After it
has been excreted, phosphate is
precipitated in sewage treatment
plants and incinerated together
with sewage sludge.

In agricultural fertilisation, it is
common practice to replace nutri-
ent losses with mineral fertilisers.
Mineral phosphate fertilisers are
extracted from natural deposits.
However, these deposits are finite
and are also mainly located in non-
EU countries. In order to conser-
ve these deposits and reduce the
dependence on imports, the legis-
lator has obliged the operators of
wastewater treatment plants to
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recover phosphate from wastewa-
ter treatment in the future.

The aim of the R-Rhenania project
is to process the poorly plant-avai-
lable phosphate contained in se-
wage sludge ashes into a better
plant-available modified Rhenania
phosphate (Ca-Na-silicophospha-
te). Another goal of the treatment
process is the reduction of heavy
metals contained in sewage slud-
ge ashes. For these purposes, the
sewage sludge ash is heated to
over 900°C in a rotary kiln (Ash-
Dec process) with the addition of
Na-containing additives [1]. The
experimental fertilisers (AshDec)
required for the plant trials were
produced in a laboratory plant. In
the second phase of the project, a
pilot plant will be built and the fer-
tilisers produced in it will then be
compared again with the products
from the laboratory plant.

MATERIALS AND METHODS

In order to test the effectiveness
of the fertilisers produced, both
field trials by the Bavarian State
Research Center for Agriculture
(LfL) at three sites in Bavaria and
container trials at Bonn University

with soil material from the field tri-
al sites and a lawn substrate were
carried out as part of the project.
The analysis of the soil and plant
material from the container trials
was carried out at the FEhS Insti-
tute. The first results of the cont-
ainer trial with the lawn substrate
are presented below.

The containers were sown with
wheat and fertilised with the ex-
perimental fertilisers at two P fer-
tilisation levels (0.2 g fertiliser-P
per container and 0.4 g fertiliser-P
per container, labelled 1 and 2 re-
spectively in the following figures)
based on the total P content of the
respective fertiliser (Table 1). The
fertiliser produced from sewage
sludge ash in the project (AshDec)
was tested against a control wi-
thout P fertilisation (zero P), un-
treated sewage sludge ash (SSA),
rock phosphate (RP), triple super-
phosphate (TSP) and a combina-
tion of triple superphosphate and
water-soluble sodium metasilicate
(Si). The experimental elements
with TSP and sodium metasilicate
(Si-1 and Si-2) were designhed to
compare the uptake of silica from
the AshDec and sewage sludge



sewage AshDec Rock Triple super-
sludge ash phosphate phosphate

P,O,-total content 21.8%
P,0O,—citric acid soluble 10.9%
P,0,-neutral

ammoncit. sol. 9.7%
P,O,—water soluble 0.01%

20.1% 27.4% 49.3%
17.4% ND ND

18.5% 6.1% 46.8%
0.53% 0.1% 43.6%

Table 1: Phosphate contents and solubilities of the experimental fertilisers
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Figure 1: Grain dry matter yield per container on lawn substrate. Experimental
results of the project partner Bonn University. Error bars represent the standard

deviation
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Figure 2: Straw dry matter yield per container on lawn substrate. Experimental
results of the project partner Bonn University. Error bars represent the standard

deviation

ash material and to test the ef-
fect on nutrient status [2, 3, 4].
In addition, the effect of water-so-
luble silica on heavy metal uptake

into the plant will also be tested,
as there are various indications in
the literature that it suppresses
arsenic or cadmium, for examp-
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le [5, 6]. All other nutrients were
fertilised at the levels required for
plant growth, including in the zero
P control. The container trial was
set up in five replicates. After the
end of the trial, the wheat was
harvested, i.e., the yield of grain
and straw was determined, and
analysed for plant nutrient cont-
ent and heavy metal content. The
analysis of the soil samples and
the evaluation of the data are still
ongoing.

FIRST RESULTS OF THE POT
TRIAL WITH LAWN SUBSTRATE
AND DISCUSSION

Thermal treatment of the sewage
sludge ash in a rotary kiln signi-
ficantly improved the phosphate
solubility in the experimental fer-
tiliser AshDec (Table 1). The citric
acid soluble phosphate content in-
creased from 10.9% in the sewage
sludge ash to 17.4% P,0, in Ash-
Dec. The neutral ammonium citra-
te solubility improved even more
markedly from 9.7% to 18.5%
P,O,. With this solubility impro-
vement, plant availability also im-
proved significantly.

As expected, grain and straw
yield reacted positively to the P
fertilisation (cf. Figure 1 and 2),
although the difference between
the two fertilisation levels was not
particularly large and probably
cannot be statistically confirmed.
The yield of the sewage sludge ash
treatments was below the yield
level of the AshDec and triple su-
perphosphate treatments, i.e., the
plant availability of the phospha-
te contained therein is lower than
that of the AshDec material. In
contrast, the two rock phosphate
treatments showed no yield effect.
Rock phosphates that are not pro-
cessed before application initially
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have no fertilisation effect and at

P-content of grains [ppm in DM] most have a long-term effect, so
4500 that they also did not differ from
4000 1 the zero P trial member. From the
800 5 = yield data, it can be concluded
3000 - = " that the AshDec fertiliser is appro-
g ximately comparable with the tri-
2000 .
s ple superphosphate trial members
;u-:u in terms of plant availability.
500
g The P content in grain and straw
th‘* Qﬂ;- qf $1 qﬁcﬁ Q,;N @-"L & o ,‘Ls'“ 53” did not show a particularly clear
& picture. While the P content in the
grains showed almost no differen-
Figure 3: Phosphorus content in grain dry matter. Error bars represent the stand- ce between the trial members,
ard deviation if one disregards the zero P trial

member (cf. Figure 3), one could
deduce from the results of the P

P-content of straw [ppm in DM] content in the straw that with in-
800 creasing biomass there is a diluti-
200 on of the P content (cf. Figure 4).
600 For example, the trial elements
&00 of the high fertilisation level have
a0 [ [ T the same or even a slightly lower
300 | P content in the straw. Only in the
200 straw of treatment Si-2 was a hig-
100 her P content measured than in all
o other trial members. However, the
Gé; gﬁ;u %__?5 ‘?,q;-. ,.v-.;*; & & & o ﬂa,?'\ ﬁ?v highest standard deviation also

W occurred here.

Figure 4: Phosphorus content in dry straw mass. Error bars represent the standard ~ By calculating the P uptake from
deviation yield and P content in the biomass,
the absolute amount of P taken up
can be compared between treat-

P-uptake into the plant [mg] ments (Figure 5). Here, it can be
140
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rock phosphate fertilisation levels

had taken up the least P into the

biomass. For sewage sludge ash,

triple superphosphate and triple

superphosphate with sodium me-

& - F P & fertilisation level. An improvement

L in P uptake through the addition

Wstraw M grains of sodium metasilicate cannot be

deduced from the results. The two

Figure 5: Absolute P uptake per container in grain and straw, calculated from dry AshDec fertilisation levels showed
mass yield and P contents in the plant material no difference in P uptake.
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CONCLUSION

The expected improvement in
plant availability of the proces-
sed sewage sludge ash to AshDec
could be shown both by laboratory
analyses on the experimental fer-
tiliser AshDec and on the results
of the vessel trial. From a plant
cultivation point of view, and also
with regard to the accumulation of
poorly soluble phosphates in soil,
the processing of sewage sludge
ash makes sense in any case in or-
der to use the resource phosphate
more efficiently.

The addition of water-soluble so-
dium metasilicate showed no ef-
fect on the P content for the time
being. The evaluation of the trace
element data will show whether
there were any reducing effects
and whether such effects can also
be caused by silicic acid from the
AshDec.

LITERATURE

The existing data material will be
further analysed, in particular to
examine the effect of silicon on
the uptake of heavy metals in
more detail. In the second phase
of the project, the experimental
approaches will be refined on the
basis of these results and any new
questions that arise will be ad-
dressed in a targeted manner.
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PRODUCTION AND USE OF
FERROUS SLAG IN 2021

Dr.-Ing. Th. Merkel

(FEhS — Building Materials Institute)

Ferrous slag (blast furnace slag
and steel furnace slag) has for
decades been an established pro-
duct in construction and fertilising.
The ratio of use exceeds 90% of
the production, so the use of slag
is a best practice example of con-
servation of natural resources.

GERMANY

Data concerning production and
use in Germany in 2021 are given
in Tables 1 (blast furnace slag) and
2 (steel furnace slag). For compa-
rison, the data for 2020 are shown
also.

In 2021, total crude steel produc-
tion in Germany was 40.1 million
tonnes [1]. After a decrease to
35.7 million tonnes in 2020, cau-
sed in particular by the pandemic
situation, steel production roughly
reached the level of 2019 again.
The production of by-products
also correspondingly increased:
in 2021, 12.6 million tonnes of
ferrous slag were produced after
10.9 million tonnes in 2020. Addi-
tionally, 0.1 million tonnes of slag
were recovered from interim sto-
rage.

As before, the ratio of granulation
is about 90% of blast furnace slag
(BFS) and the proportion of granu-
lated BFS (GBS) used for cement

16

Production 2021 2020

Granulated BFS 6.90 5.80
Air-cooled BFS 0.72 0.61
Sum 7.62 6.41
From interim storage 0.87 0.91
Total 8.49 7.32

Use 2021 2020
ABS for aggregates 0.29 0.27
ABS for aggregate

mixtures 0.59 0.48
GBS for cement

production 7.41 6.42
GBS for other purposes 0.10 0.08
Intra-industrial

consumption 0.10 0.07
Total 8.49 7.32

Tables 1: Production and use of blast furnace slag in Germany in 2021/2020

(in million tonnes)

Production 2021 2020

Slag from oxygen

steel making 2.82 2.53
Slag from electric

arc steel making 1.58 1.46
Others (SecMS etc.) 0.58 0.46
Sum 4.98 4.45
From interim storage 0.01
Total 4.98 4.46

Use 2021 2020
Metallurgical use 0.51 0.61
Fertiliser 0.40 0.43
Construction material 2.56 2.66
Others 0.31 0.21
Sum 3.78 3.91
Final deposit 0.44 0.55
To interim storage 0.76

Total 4.98 4.46

Tables 2: Production and use of steel furnace slag in Germany in 2021/2020

(in million tonnes)

production was 97%. This clearly
highlights how important the pro-
duction of CEM-II/S cements and
CEM-III cements is for the cement
industry. These cement types pro-
vide an important contribution to
CO, saving in cement production.

Air-cooled blast furnace slag (ABS)
was mainly processed to aggrega-
te mixtures for road construction.

But at a progressive rate, ABS is
processed to aggregates for as-
phalt mixes and concrete.

The total production of steel fur-
nace slag (SFS) in 2021 was 4.9
million tonnes, following 4.5 mil-
lion tonnes in 2020. Even if the
production increased, the utilisa-
tion decreased. Perhaps there was



a lack of big construction sites,
possibly caused by the ongoing
pandemic situation. But as befo-
re, the market for construction
products is most important for
SFS products (2.6 million tonnes,
2020 2.7 million tonnes). A volu-
me of 0.4 million tonnes was used
as fertiliser and 0.5 million tonnes
was used to provide lime and iron
for metallurgical processes.

In total, in 2020 in Germany 12.3
million tonnes of slag products
were sold, an impressive number
compared with the production of
12.6 million tonnes.

EUROPE

The European slag association,
EUROSLAG, regularly asks its
members for European slag data.
Preliminary figures for 2021 are
given in Tables 3 (blast furnace
slag) and 4 (steel furnace slag).
However, these figures must be

Production 2021 2020

Granulated BFS 15.6 14.3
Air-cooled BFS 2.3 1.9
Sum 17.9 16.2
From interim storage 2.0 1.7
Total 19.9 17.9

qualified as it has not yet been
possible to obtain a satisfactory
number of responses.

Based on the hot metal and cru-
de steel production provided by
Worldsteel [1], a respectable esti-
mation of BFS production and SFS
production can be made. This re-
sults in about 25 million tonnes of
BFS and 17 million tonnes of SFS
produced in the EU-27 countries +
UK during the year 2021. The re-
ported data provided in Tables 3
and 4 represent about 71% of the
BFS and 74% of the SFS figures.
These are roughly the percenta-
ges obtained for the year 2020, so
a comparison between the years
2021 and 2020 is generally pos-
sible, even if the reporting coun-
tries are not exactly the same.

Comparison of the production fi-
gures reveals an increase in pro-
duction especially for BFS, as

Production and use of blast furnace slag in Europe in 2021/2020

(in million tonnes)

Production 2021 2020

Slag from oxygen
steel making 6.8 6.0
Slag from electric
arc steel making 4.0 3.9
Others (SecMS etc.) 1.7 1.4
Total 12,5 11.3
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reported above for Germany. A
difference seems to exist in SFS
production, as the estimated sum
is roughly the same as in the pre-
vious year.

Comparing the percentages for
BFS with those reported from
Germany reveals the figures are
quite close together: about 90%
of the blast furnace slag is gra-
nulated and subsequently 90%
of it is used for cement produc-
tion. The second largest amount
is used as aggregate or aggrega-
te mix for construction purposes.
Only a small amount is used for
other purposes such as fertilising
and glass production.

About 80% of the SFS produced
is used for construction purposes,
for example for roads, dams or
hydraulic structures. About 15%
is used for metallurgical purpo-
ses, 5% as fertiliser and a small
percentage for other uses. 10% of
the SFS produced went to interim
storage to be utilised later, and
14% was ultimately deposited.
Altogether the (reported) use is
close to the (reported) production
not only in Germany but also th-
roughout Europe. Steel producing
companies together with proces-
sing and marketing companies do
their best to enable a circular eco-
nomy. <<<

Use 2021 2020
Cement production

and concrete additives 16.5 14.6
Road construction 3.1 2.8

Others 0.3 0.3

Final deposit 0.2

Total 19.9 17.9
Use 2021 2020
Metallurgical use 1.4 1.1

Fertiliser 0.4 0.6

Construction material 7.6 8.0

Others 0.1 0.6

Sum 9.5 10.3
Final deposit 1.7 1.0

To interim storage 1.3 <0.1
Total 12,5 11.3

Tables 4: Production and use of steel furnace slag in Europe in 2021/2020

(in million tonnes)

LITERATURE
[1] Worldsteel Association: 2022 World Steel
in Figures. Brussels, 2022
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“"ACTISLAG" - NEW ACTIVATION
ROUTES FOR EARLY STRENGTH
DEVELOPMENT OF GRANULATED
BLAST FURNACE SLAG

Dr.-Ing. Andreas Ehrenberg

(FEhS — Building Materials Institute)
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Figure 1: “ActiSlag” project partners

INTRODUCTION

From 2017 to 2021, the RFCS pro-
ject 749809 ,New activation rou-
tes for early strength development
of granulated blast furnace slag
(ActiSlag)" was implemented. The
project coordinator was Arcelor-
Mittal Maizieres Research (Metz).
Besides the FEhS Institute, the
additional partners were the Cen-
tre National de la Recherche
Scientifique (CEMHTI - Conditions
Extrémes et Matériaux: Haute
Température et Irradiation, Orle-
ans), the University Paul Sabatier
(LMDC - Laboratoire Matériaux et
Durabilité des Constructions, Tou-
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louse), the Technical University of
Clausthal (TUC), the Institute for
Non-Metallic Materials, Clausthal-
Zellerfeld, and the GGBS producer
ECOCEM Materials Ltd., Dublin (Fi-
gure 1).

This publication is focused on acti-
vities relating to chemical slag
properties, glass structure and re-
activity. A detailed discussion of
all comprehensive results provi-
ded by all project partners is im-
possible. Thus, it should be per-
mitted to refer to the different
publications already published by
the partners, [1, 2, 3, 4, 5, 6].



Moreover, the results have been
presented in shortened form at
numerous conferences and semi-
nars [7, 8,9, 10, 11, 12, 13, 14].

PROJECT TARGETS

The main objectives of the very
ambitious project were to under-
stand more precisely which che-
mical and thermal parameters in-
fluence granulated blast furnace
slag (GBS) quality and the perfor-
mance of GBS in cement and con-
crete. Accordingly, the micro and
nanostructure of the amorphous
phase, some minor chemical ele-
ments besides the major oxides
(Cao, sio,, ALO,, MgO), and the
mechanism of early age hydration
have been investigated. The main
target was to improve the short-
term performance and the perfor-
mance of cements with high GBS
content. To achieve this target,
both the ,upstream activation"
measurements of the liquid blast
furnace slag (= chemical and ther-
mal modifications of the glass
structure) during the melting and
granulation processes and the
~downstream activation® measu-
rements of the solid slag, such as
combinations with chemical acti-
vators (e.g., NaCl, CaCl,, Na,SO,,
NaSCN and triethanolamine) have
been tested. With respect to the
practice, a ,second generation
GBS" should be developed. Thus,
a blast furnace cement CEM III/B
with 80 wt.-% GBS should show a
similar (early) strength perfor-
mance as a composite cement
CEM II with only 20 wt.-% GBS
(18-24 MPa after 2 days).

TASKS OF THE DIFFERENT
PROJECT PARTNERS

Each partner had specific work to-
pics within the 6 working packa-
ges of the project. ArcelorMittal
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Maiziéres Research coordinated
the project and many lab-scale
GBS samples were produced in
small quantities with varying slag
chemistry and granulation condi-
tions. Moreover, a test on an in-
dustrial scale was organised (in-
crease in AlLO, content) and
ecological aspects were evalua-
ted. Based on its database, the
FEhS selected 16 different indus-
trial GBS which were characterised
in terms of chemical, physical and
cementitious properties according
to the usual standards. Moreover,
several lab-scale modified GBS
were produced in larger quanti-
ties. The TUC mainly characteri-
sed the thermal history of the gra-
nulated slags by adopting the
so-called ,hyperquenching-annea-
ling-calorimetry" approach based
on Differential Scanning Calorime-
try (DSC) analyses of glassy GBS
[15, 16, 17, 18]. In addition, simul-
taneous thermal analysis coupled
with mass spectrometry (STA-MS)
were done combining information
from thermogravimetric data, dif-
ferential thermal analysis (DTA)
data and data on volatile constitu-
ents. The CEMHTI characterised
mainly the atomic Si, Al and Na
coordination both in industrial and
lab-scale GBS glasses and in mo-
del glasses and hydration products
by means of 2°Si, ?7Al and 2Na ma-
gic angle spinning (MAS) nuclear
magnetic resonance (NMR) spec-
troscopy. For some samples, scan-
ning electron microscopy (SEM)/
energy-dispersive X-ray spectros-
copy (EDS) and transmission elec-
tron microscopy (TEM) analyses
were also conducted to evaluate
the homogeneity of GBS glass.
The LMDC optimised a fast test
procedure to evaluate the reacti-
vity of GBS based on the RILEM
R3 heat of hydration test procedu-
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Figure 2: 6 of the 16 industrial GBS (original, reflected light microscopy)

re [19]. Moreover, a lot of hydration and slag glass
dissolution tests were carried out. In addition, besi-
des SEM and TEM, complex micro-X-ray absorption
near edge structure (XANES) and synchrotron X-ray
microtomography (XMT) analyses were also conduc-
ted. In particular, the in situ observation of samples
during the early hydration time was of great interest.
ECOCEM supported the work of the LMDC, in particu-
lar regarding the development of optimised building
materials, such as by ,downstream activation®.

CHARACTERISATION OF INDUSTRIAL GBS

Based on the GBS database of the FEhS and propo-
sals by ArcelorMittal, 14 industrial GBS from Europe
(GBS 1-14) and two industrial GBS from India (GBS
15) and the USA (GBS 16) were selected. Figure 2
shows 6 of the 16 samples. The FEhS analysed che-
mical composition (main and minor constituents and
heavy metals), glass content, physical properties
(true, apparent, bulk densities, grain porosity, gra-
ding curve, Vickers hardness), grindability and ce-
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mentitious properties. The samples covered a wide
range of chemical compositions of GBS (Table 1). The
minimum glass content value was 96.6 vol.-%. The
glass contents confirm that very high values are
achieved in most of today's granulation facilities.
Figure 3 shows six examples of GBS (crushed, frac-
tions of 40-63 um) investigated by transition light
microscopy to measure the glass content [20].

It is well known that GBS reactivity depends on seve-
ral factors, such as chemical composition, glass con-
tent and thermal history [21]. Because most GBS are
more or less glassy, the stability of the glass in alka-
line solutions is an essential topic. Many glass pro-
perties can be explained with the SiO,* network the-
ory of Zachariasen and Warren [22]. SiO,* can
appear as so-called Q° to Q* units that are charge
compensated by Na* or Ca?*, for example. In a pure
SiO, glass, all O* ions are bound to two Si** ions (Q?),
forming ,bridging oxygens". The introduction of, for
example, R,O alkali ions such as Na,O forces the net-
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1 1.14 1.33 6.83 13.6 0.75 0.69 0.74 1.80
2 1.15 1.34 6.94 12.0 0.74 0.63 0.77 1.93
3} 1.09 1.26 6.40 9.6 0.61 0.58 0.62 1.98
4 1.14 1.30 6.12 9.4 0.66 0.44 0.61 2.04
5 1.04 1.23 7.32 12.9 0.77 0.71 0.92 1.73
6 1.16 1.35 6.84 11.0 1.79 1.04 0.63 1.96
7 1.14 1.31 6.35 11.5 0.70 0.93 0.65 1.91
8 1.12 1.30 6.84 11.2 1.12 1.08 0.71 1.92
9 1.06 1.23 6.64 11.0 3.02 1.37 0.70 1.78
10 1.10 1.27 6.46 10.1 0.40 1.35 0.79 1.97
11 1.19 1.36 6.30 11.8 0.43 0.97 0.57 1.96
12 1.14 1.32 6.60 11.7 0.70 0.80 0.99 1.93
13 0.86 1.13 10.4 11.2 0.57 0.66 1.44 1.82
14 1.13 1.44 8.36 13.7 1.16 0.79 0.68 1.83
15 0.84 1.17 11.6 20.1 0.78 0.58 0.56 1.30
16 1.02 1.32 11.1 6.8 0.27 0.89 0.48 2.41

Table 1: Chemical composition of the industrial GBS

Figure 3: 6 of the 16 industrial GBS (ground fraction 40-63 um, transmission light microscopy)
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NBOT

= NWF = Network former
(Si0, and TiO,)

= NWM = Network modifier
(Ca0, MgO, MnO, Fe(,
MNa,0 and K,;0)

Figure 4: Calculated NBO/T values for GBS 1-16
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dustrial GBS 13 and 14

work open, resulting in ,non-brid-
ging oxygens (NBO)":

= Si**- 0% - Si*= + Na* - 0% -
Nat — = Si** — 0> — Na* | Na* -
0* -Si =

With increasing introduction of
glass network modifications, the
coordination is shifted more and
more from Q* (three-dimensional
network) to Q° (isolated tetrahed-
ras). From a theoretical point of
view, glass forming is impossible
for the composition of 2 R,0-SiO,.
That is an explanation for the ex-
perience of lab-scale melting and
granulation tests showing that a
modified blast furnace slag very
high in basicity (Ca0O/SiO,) cannot
become glassy despite the fact a
very effective cooling procedure
might be available. For the calcu-
lation, the chemical constituents
had to be classified into network
formers (e.g., SiO, and TiO,), net-
work modifiers (e.g., CaO, MgO,
Na,0 and K,0) and intermediate
oxides (Al,0,). The TUC calculated
the NBO per Si** tetrahedron ratio
(NBO/T) for the different GBS ba-
sed on the chemical composition
(in mol.-%) according to the follo-
wing equation:

NBO/T = 2 x (CaO+MgO+MnO+
FeO+Na,0+K,0-Al0.,)/(SiO,+
TiO,+2 x ALO,)

It must be mentioned that several
NBO/T definitions exist that consi-
der more or less chemical consti-
tuents. A value of zero would
mean that the glass is fully poly-
merised whereas a value of four
would mean that all oxygen is NBO
and the structure is fully depoly-
merised. From a theoretical point
of view, a higher NBO/T ratio
should result in faster glass corro-
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sion and thus higher GBS reactivi-
ty [23, 24, 25].

Most of the NBO/T values were
very similar, between 1.82 and
1.92 (Table 1, Figure 4). Thus, all
GBS glasses are similar and more
depolymerised compared with
SiO,-predominant glass. However,

for GBS 15 and 16, significantly lo-
wer or higher NBO/T values (1.30
and 2.41, respectively) were calcu-
lated due to their very high (GBS
15: 20.1 wt.-%) and very low (GBS
16: 6.8 wt.-%) ALO, content. A
simple correlation between NBO/T
and other chemical figures, such as
(CaO0+MgO0)/Si0,, does not exist.
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The CEMHTI conducted NMR analy-
ses with ground material. Figure 5
shows the very small specimen
holders used (@ 2.5 mm for Al and
Na, @ 4.0 mm for Si; rotating speed
30 kHz and 10 kHz, respectively).
The 2°Si MAS-NMR analyses con-
firm that GBS glasses are not
highly polymerised. In most cases,
Q° - Q? groups were detected. Un-
fortunately, it was not possible to
quantify the share of the different
Q* modifications. Figure 6 shows
the 2°Si spectra for GBS 13 and 14
being very different in basicity
(GBS 13: (C+M)/S = 1.13; GBS 14:
1.44). With a higher basicity, the Si
coordination shifted more to Q°. All
in all, the NMR analyses confirmed
the NBO/T calculations discussed
above.

Moreover, for the project, it is im-
portant to stress that there is no
difference between industrial GBS
and samples re-melted on a
lab-scale (Figure 7).

The 2’Al MAS-NMR analyses show
that Al is mainly present in fourfold
coordination (Figure 8). Thus, it
acts as a glass network former. Ho-
wever, it is well known that a hig-
her Al content increases GBS reac-
tivity, in particular in the early
stage. An explanation for this could
be that more network modifiers
are introduced into the glass mat-
rix to balance the electrochemical
equilibration.

Besides glass structural aspects,
an important topic of the GBS cha-
racterisation was the retroactive
measurement of the unknown
thermal history in the blast furna-
ce and granulation process. Many
years ago, it was already assumed
that the thermal history has a re-
levant impact on GBS reactivity

23
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_--_-

- /g
1 820 800 735 38.6 29.8
2 839 822 737 43.9 35.5
3 837 826 742 41.5 37.3
4 838 812 742 43.7 31.4
5 827 809 732 42.1 33.4
6 828 808 737 42.4 32.6
7 820 821 741 35.7 35.8
8 822 805 738 39.7 32.3
9 823 790 731 44.2 29.0
10 830 821 736 41.7 37.9
11 821 795 743 34.0 21.8
12 826 787 737 41.5 24.1
13 809 784 722 28.7 25.9
14 838 788 733 53.4 24.5
15 828 774 729 46.3 20.9
16 774 768 722 26.7 23.2

AT/At Reactivity

ranklng
K

4386 540 6
45905 9276 4
31140 12120 7
30705 1983 5
20607 3258 9
14167 1773 13
5890 6555 8
12681 1902 15
26626 684 16
18554 7606 11
5142 235 1
12635 144 2
15163 1188 14
100000 407 3
15814 44 12
298 133 17

Table 2: Results of DSC analyses for industrial GBS (fictive temperature T, glass transition temperature T, excess enthalpy

waz

AH,

ex’/

ture-viscosity-correlation according to the MYEGA model [36]

[26]. The general adoption of the
so-called ,hyperquenching-annea-
ling-calorimetry® approach and
the ,area-matching method" [15,
16] to GBS was done by the TUC in
cooperation with the FEhS. Both
the testing and calculating proce-
dures and the problem regarding
the selection of representative
sub-samples are described in se-
veral publications [17, 18, 27, 28,
29]. Table 2 summarises the data
for GBS 1-16. It was shown that
the thermal history of the industri-
al GBS differs, as is expected due
to different tapping temperatures,
heat loss after the tapping hole
and granulation facilities. The dif-
ferent cooling histories cannot be
reflected by the glass transition
temperature T, due to the test
method, which eliminates the ori-
ginal thermal history. Indeed, all
Tg values fell within a small range.
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But the so-called fictive tempera-
ture T, mirrors the real thermal
history. The excess enthalpy AH_,
is an indicator for the thermal dri-
ver enabling glassy blast furnace
slag to be a latent hydraulic mate-
rial. It is higher for smaller par-
ticles. Thus, granulation facilities
should aim to produce glassy par-
ticles as small as possible. The
calculated cooling rates are extre-
mely high. On the other hand, it is
logical that smaller particles ,s"
have higher cooling rates compa-
red with larger particles ,I", and it
is known that in larger particles a
decline of the cooling rate occurs
from the outside to the particle
core.

GBS reactivity was tested accor-
ding to the standard procedure of
the FEhS. Most samples were
ground in a 10 kg laboratory ball

small particles "s” 0.355-0.500 mm, large particles "I” 2-4 mm, crushed for DSC analysis); calculation of the tempera-

mill to a comparable fineness of
about 4,200 cmZ2/g (Blaine), as
shown by the similar RRSB para-
meters (DIN 66145) d* and n of the
particle size distribution, measu-
red by laser granulometry. Thus,
any influence of a different fine-
ness on GBS reactivity was avoi-
ded. However, for the evaluation
of GBS 16, it is important to stress
that the average Blaine value of
4,170 cm2/g was influenced by
pre-hydration of the slag during
storing. The pre-hydration pro-
ducts on the grain surfaces, which
are indicated by an increased con-
tent of chemical bound H,O of
0.94 wt.-%, impaired the Blaine
test. The d,,- and d',,-values
clearly indicate that the ground
GBS 16 was coarser compared
with other samples. For the 50/50
mixtures, GBS 15 and GBS 16
were not ground in the lab ball mill
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Figure 10: Strength development of blast furnace cements (GBS/CEM I 42.5R =

50/50) according to EN 196-1

but in a semi-industrial vertical
roller mill. Therefore, the slope n
of the particle size distribution is
higher, which is mainly relevant
for the water demand of the ce-
ment. Concerning GBS 16, the
high Blaine value of 5,490 cm2/g
does not correspond to a high fi-
neness (see above). The d'. .,
value shows that only a standard

fineness was achieved. Thus, the
resulting strength is not overesti-
mated.

Blast furnace cements CEM III/B
incorporating 75 wt.-% GBS and
25 wt.-% Portland cement clinker
were mixed. A total SO, content of
4.5 wt.-% was adjusted by ad-
ding a natural ground anhydrite/
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gypsum mixture. CEM III/B is not
the most relevant cement type on
the market; however, specific slag
properties can be illustrated very
well. In addition, mixtures of
50 wt.-% GBS and 50 wt.-%
CEM I 42.5 R were mixed accor-
ding to EN 15167-1. The cementiti-
ous properties were tested accor-
ding to EN 196-1 (mortar strength)
and EN 196-9 (heat of hydration)
at water/cement ratios of 0.50.
Resulting from the wide range of
chemical compositions and ther-
mal histories, a wide range of the
mortar compressive strengths
between 1 and 180 days were
measured (Figure 9, Figure 10).
Based on these results, 7 GBS
were selected to be characterised
more in detail by the project part-
ners. Relevant criteria were, for
example, a very high (GBS 14) or
low (GBS 13) reactivity, similar
chemistries, but different granula-
tion facilities (GBS 11, GBS 12) or
a very high TiO, content (GBS 9).

In general, lower polymerisation
(= higher NBO/T) and higher ent-
halpy (= higher fictive tempera-
ture T, or excess enthalpy AH_ ) of
the GBS glass indicate higher re-
activity. However, there is no sim-
ple correlation of the glass struc-
ture and thermal data with GBS
reactivity. The parameters are
overlapping. For example, GBS 14
was more reactive compared with
GBS 15 with a similar T, but had a
significantly lower NBO/T value.
On the other hand, GBS 14 was
more reactive compared with GBS
16 with a much higher NBO/T
value, but with a significantly lo-
wer T..

RAPID TEST DEVELOPMENT
ArcelorMittal Maiziéres Research
was able to carry out a lot of
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Figure 11: Correlation of heat of hydration after 24 hours according to optimised
RILEM R3 test and 2 days mortar compressive strength of slag cements (GBS/

Clinker = 75/25) according to EN 196-1 [1]
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Figure 12: Correlation of heat of hydration after 48 hours according to EN 196-9
and 2 days mortar compressive strength of slag cements (GBS/Clinker = 75/25 and
GBS/CEM I 42.5 R = 50/50) according to EN 196-1

lab-scale granulation tests of
Lupstream activation® by mo-
difying the slag chemistry or the
granulation conditions. However,
the sample volume was limited,
which prevents cement mortar
tests according to EN 196-1. Heat
of hydration tests according to EN
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196-9 with cement lime need only
a few grams of material and they
normally show a good correlation
with mortar strength develop-
ment, provided that the material
system and the physical frame
conditions (slag/clinker ratio, fine-
ness, etc.) are kept constant. But

this test also normally takes 7
days. To foster the evaluation of
the numerous modified slag
samples, the LMDC optimised a
rapid test based on the RILEM R3
(,rapid, reproducible and rele-
vant") test developed as a
screening test for any potential
supplementary cementitious ma-
terials [19]. The test conditions
and the results are described in
[1]. Table 3 summarises the test
conditions. Figure 11 shows that
there is a sufficient correlation
between the 24 hours heat of hyd-

Duration

Temperature

Activator solution:
- KOH (0.071 mol/I)
- K,S0O, (0.115 mol/l)

Table 3: Tests conditions of the
optimised RILEM R3 test [1]

ration of activated GBS measured
by the LMDC and the 2 days mort-
ar strength of slag cements with
75 wt.-% GBS measured by the
FEhS (Figure 9). This is comparab-
le to the correlation by using the
standard test method according to
EN 196-9 (Figure 12). It must be
stressed that a linear correlation
exists only for a limited hydration
time. Examination over a longer
period (such as from 1 to 7 days)
reveals an exponential relation-
ship.

EFFECT OF SMALL ADDITIONS
TO THE LIQUID BLAST FURNACE
SLAG

To realise ,upstream activation"
by modifying the slag chemistry
(main and minor constituents and



Figure 13: Lab-scale granulation facility of ArcelorMittal Maizieres Research

glass modifiers) or the cooling
procedure (water volume and
pressure), ArcelorMittal Maiziéres
Research produced a lot of
lab-scale GBS based on the indus-
trial GBS 3. For that purpose, a
lab-scale granulation facility was
developed (Figure 13) similar to
the installation used at the FEhS
for many years. Each test pro-
duced a sample of about 200 g.
Thus, beside the chemical and mi-
neralogical analyses, only heat of
hydration tests were possible.

One test program was carried out
to produce 16 slags according to a
statistical design of experiments.
The chemical composition of the

lab-scale GBS covered a wide ran-
ge (CaO: 37-45 wt.-%, MgO: 6-12
wt.-%, ALO,: 8-17 wt.-%, TiO,:
0.6-2.5 wt.-%). Both the LMDC
heat of hydration tests and the
strength tests with 2 cm cubes
confirm the well-known relation-
ship between the main and minor
constituents and slag reactivity.
However, the typical high glass
content of GBS was not achieved
in all lab-scale granulation tests.
The main reason for this could be
the high crystallisation velocity of
blast furnace slags being very high
in basicity.

Another test program investigated
the influence of very small addi-
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tions of potential glass modifiers
to the liquid slag. Based on expe-
riences with other glasses [30],
the effect of, for example, BaO,
Cr,0, or ZrO, was analysed [3].
The basic idea was to weaken the
glass structure to enable faster
dissolution. However, Table 4
shows that in nearly all cases no
or a negative impact was obser-
ved. Compared with the re-melted
industrial GBS 3, the 24 hours
heat of hydration (modified R3
test) was mostly decreased. Ac-
cording to the LMDC results, the
strongest negative impact came
from ZrO, (-51 %), followed by
Cr,0, (-21 %). The latter consti-
tuent is of particularly high inte-
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"
S

Sio, 37.0 36.3 36.3 36.4 34.8
ALO, 10.4 9.83 9.53 9.50 9.61
TiO, 0.66 0.65 0.77 0.71 2.01
CaOo 42.1 45.7 44.4 44.1 45.4
MgO 6.12 6.51 6.32 6.28 6.45 W%
Na,O 0.40 0.09 0.17 0.17 0.16
K,O 0.32 0.09 1.36 2.09 0.15
Na,O
equivalent 0.61 0.15 1.07 1.54 0.26
S 0.65 0.72 0.70 0.71 0.67
S 0.44 0.69 0.56 0.62 0.59
C+M+S 85 89 87 87 87 wt.-%
C/S 1.14 1.26 1.22 1.21 1.30 -
(C+M)/sS 1.30 1.44 1.40 1.38 1.49
Glass 96.6 - - - 99.7 vol.-%

Sio, 34.1 33.7 31.9 26.2 27.2
AlLO, 9.40 14.0 18.7 20.5 19.7
TiO, 0.69 0.69 0.65 0.50 0.58
CaOo 44.5 43.5 41.4 44.3 46.2
MgO 9.37 6.19 5.90 4.62 5.14 WE-%
Na,O 0.12 0.18 0.18 0.19 0.13
K,O 0.11 0.18 0.18 2.20 0.10
Na,O
equivalent 0.19 0.30 0.30 1.63 0.19
S 0.65 0.64 0.59 0.46 0.44
Sz 0.56 0.61 0.59 0.45 0.92
C+M+S 88 83 79 75 79 wt.-%
C/S 1.30 1.29 1.30 1.69 1.70 -
(C+M)/sS 1.58 1.47 1.48 1.87 1.89
Glass 99.5 100.0 99.8 99.3 98.8 vol.-%
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Industrial GBS 3

(re-melted) - - 212

ZrO, 5.1 ZrO, 104

Cr,0, 1.3 Cr,0, 168

CeO, 1.9 CeO, 178

MnO 2.9 MnO 195

Ca,(PO,), 1.1 P,O, 202

Sno, 1.2 Sno, 214

SrO 1.8 SrO 215

Cs,CO, 0.2 Cs,0 218

BaO 2.0 BaO 220 Table 4: Heat of hydration of modified
lab-scale GBS after 24 hours accordin

KCO, 1.2 K0 233 to the optimised RILEM R3 test ’

Table 5: Chemical composition of lab-
scale GBS based on industrial GBS 4
(red: intended modifications)



Acti 10 with 20.5 wt.-% ALQ,,
2.20 wt.-% K,O, C/S = 1.69

rest. The strategy of the steel in-
dustry to substitute the CO,
intensive blast furnace process
with a combination of direct reduc-
tion and electrical melting may re-
sult in slags with higher contents
of heavy metals, such as chromi-
um [35], so far scrap has been
melted together with DRI. Thus, a
negative impact on slag reactivity
must be considered if both the new
slags and the common fully
scrap-based EAF slags should be
used for cementitious purposes in
the future. A limited promising re-
sult has come from the K,CO, addi-
tion (+10 %). Thus, the increase of
K,O is one of the tasks for the FEhS
described in the next chapter.

~UPSTREAM MODIFICATION" BY

ADJUSTING THE SLAG CHEMISTRY
In the melting laboratory of the
FEhS, the industrial GBS 4, which
is very similar to GBS 3, was mi-

Acti 12 with 19.7 wt.-% Al O,,
C/S =1.70

xed with correction materials and
the mixtures were re-melted in a
Tammann furnace in carbon cru-
cibles at 1,550°C (furnace tempe-
rature). The liquid slags were wa-
ter granulated with a water flow of
70 I/min. Two melts (each about
2 kg) were produced for every
mixture. The general melting and
granulation procedure is described
in, for example, [31]. All melts had
a low viscosity. Furthermore, Acti
10, with its high basicity, was still a
thin fluid due to the increased Al,O,
content. Besides the chemical and
mineralogical analyses (FEhS) and
the heat of hydration tests (FEhS,
LMDC), the higher sample volume
enabled the project partners to
also test mortar strength (FEhS),
thermal history (TUC) and glass
structure (CEMHTI).

Table 5 summarises the chemical
composition of some modified
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Figure 14: Some lab-scale granulated
GBS based on industrial GBS 4

GBS. Acti 1 is the re-melted GBS 4
without any modification in order
to eliminate potential lab-scale
re-melting and granulation ef-
fects. Based on the results descri-
bed above, Acti 2 and 3 had higher
K,O contents. To avoid foaming,
instead of K,CO,, a K,0-SiO, po-
tassium-metasilicate glass provi-
ded by the TUC (61.2 wt.-% K,O)
was used. The K,O content chan-
ged from 0.32 wt.-% in the origi-
nal GBS, only 0.09 wt.-% in the
re-melted slag (evaporation effect),
to 1.36 wt.-% and 2.09 wt.-%, res-
pectively. Acti 6 had a higher TiO,
content (2.01 wt.-% instead of
0.65 wt.-%) in order to verify the
well-known negative impact on
GBS reactivity. In Acti 7, the basi-
city (CaO+MgO)/SiO, was increa-
sed by adding only MgO (1.58 ins-
tead of 1.44). Acti 8 and 9 had
significantly higher Al,O, contents
(14.0 wt.-% and 18.7 wt.-%, res-
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Figure 15: Al MAS-NMR spectra recorded at 19.9 T with a spinning rate of 30 kHz
for different modified lab-scale GBS (Acti 1 is the re-melted industrial GBS 4)
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pectively, instead of 9.8 wt.-%).
For Acti 10 and 12, different che-
mical optimisations were com-
bined. Figure 14 shows some ex-
amples of the lab-scale GBS. Acti
6 had the typical dark colour of
GBS enriched in TiO,.
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The DSC analyses of the TUC show
that the chemical modification of
the slags resulted both in different
glass transition temperatures T,
and fictive temperatures T, (Table
6). For example, the Al,O, addition
in Acti 9, 10 and 12 increased T,

GBS 4 838 742 43.7
Acti 1 842 754 -

Acti 2 839 744 -

Acti3 | (862)% | 744 -

Acti 6 841 749 39.7
Acti 7 842 748 40.9
Acti 8 852 756 42.0
Acti 9 876 763 47.7
Acti 10 | 886 768 45.4
Acti12 | 872 773 38.5

* over-estimated due to problems with cp1
measurement

Table 6: Results of DSC analyses for
lab-scale GBS based on industrial GBS 4
(only fraction “"s” 0.355-0.500 mm)

Figure 16: Strength development of blast
furnace cements (GBS/Clinker = 75/25)
made with different modified lab-scale
GBS

from 742°C for the industrial GBS
4 to 763-773°C. That is a clear in-
dication that the glass network
stabilizing (') impact of ALQ, is in
line with the Al MAS-NMR spec-
troscopy results of the CEMHTI
confirming that in GBS mainly



Density 2.944 2.946 2.935 2.934 2.964 g/cms3
Blaine 4240 4150 4290 4220 4230 cm2/g
d'es 15 17 17 18 pm
n 0.92 1.01 1.07 1.09 0.97 -
Density 2.951 2.931 2.919 2.916 2.952 g/cms3
Blaine 4190 4240 4420 4340 4180 cmz2/g
d'ree 16 16 16 17 pum
n 1.06 0.97 0.94 1.04 1.08 -

Table 7: True density and fineness parameters of ground lab-scale GBS based on

industrial GBS 4

fourfold coordinated Al (AIO,*)
exists (from 90 mol.-% in Acti 1 to
97 mol.-% in Acti 12), acting as a
network former (Figure 15). On
the other hand, the difference of
about 2 wt.-% K,O in Acti 10 and
Acti 12, respectively, corresponds
to a AT, of 5°C. Furthermore, the
lack of K,O in Acti 1 (= re-melted
GBS 4) due to the evaporation ef-
fect during the re-melting process
decreased T, by about 10°C com-
pared with GBS 4 and Acti 2 and 3.

In general, the NBO/T ratio was
increased. As discussed earlier,
higher NBO/T ratios correspond to
a more depolymerised glass net-
work. The 2°Si MAS-NMR analyses
of the CEMHTI showed that the Si
environment was not changed by
introducing TiO, (Acti 6) or ALO,
(Acti 8 and 9). Changes were, ho-
wever, seen in Acti 7 (higher MgO
content), Acti 10 (higher basicity
and K,O content) and Acti 12 (hig-
her basicity). The latter shifted to
a more depolymerised structure.

For the cement tests, the re-mel-
ted GBS was ground to the FEhS

standard fineness. The relevant
parameters are given in Table 7.
Due to the limited sample volume,
in some cases the lab-scale GBS
was a little less fine compared
with the industrial GBS 4. This
must be considered if the strength
development of the slag cements
is compared.

Figure 16 shows the strength de-
velopment of the slag cements
made with 75 wt.-% GBS. The in-
fluence of the significantly increa-
sed K,O content is low (Acti 2 and
3). The significantly negative TiO,
impact was confirmed (Acti 6).
MgO does not have the same posi-
tive effect as CaO, also if it is
evaluated equitably in the basicity
definition used for GBS as a ce-
ment constituent (EN 197-1) or
concrete addition (EN 15167-1).
Higher Al,O, contents significantly
foster early strength, despite Al,O,
being mainly coordinated fourfold
(see above). All in all, it can be
concluded that the ambitious early
strength target of the project was
achieved by using classical chemi-
cal ,upstream activation®. The
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strengths after 28 days were com-
parable and on the same level.
Through limited increasing of the
slag fineness, the 28 days strength
might be increased to a sufficient
degree.

THE NEGATIVE TIO, IMPACT

The LMDC performed a lot of hy-
dration and characterisation tests
and ,downstream activation" in-
vestigations, which are described
in detail, for example in [1, 2, 3, 6].
One additional aspect was to in-
vestigate the well-known negative
impact of increased TiO, contents
(> 1 wt.-%) on GBS reactivity [5].
To explain the negative TiO, effect
[32], several earlier studies have
referred to a stabilised glass struc-
ture. In [23], it was stated that
both the Ti*+ (instead of Si**) and
Ti3* (instead of Ca?") tighten the
glass network. In [32], it is menti-
oned that a Ti** content above
1 mol.-% increases glass polyme-
risation. A contracting effect was
also described. Indeed, the true
density of GBS increases with a
higher TiO, content (compare
Acti 1: 2.946 g/cm3 with Acti 6:
2.964 g/cm3 in Table 5). In [33], the
results of electron paramagnetic
resonance (EPR) spectroscopy and
X-ray absorption near-edge struc-
ture (XANES) spectroscopy were
discussed. EPR allows differenti-
ation of Ti3*, Ti**, etc., and XANES
allows determination of their coor-
dination numbers. According to
these investigations, the dominant
species is Ti** (67%), but Ti3* is
also present (33%). Ti** was main-
ly five- and fourfold coordinated
and acts as network former. Most
of the oxygen ions are bridging
oxygens. In addition, for charge
compensation, Ca?* is bound due
to the limited availability of Na*
ions. Hence, in the SiO,* network,
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Added Pt—l_a-yer

Intact glass

Figure 17: SEM (left) image and for area 1 the TEM image and elemental maps for a model glass grain (3.1 wt.-% TiO,) after 14
days of exposure to pH = 11 (NaOH solution) [5]

Ti

Figure 18: SEM image and elemental maps for a modified granulated slag grain (2.4 wt.-% TiO,) after 10 days of exposure to
pH 13 (NaOH solution) [5]

Ca?* is no longer available as a glass network modi- viscosity decreasing (!) effect if TiO, was increased
fier. The fivefold coordination is independent on the up to 5 wt.-% [34]. Raman spectroscopy confirmed a
TiO, content of the glass. depolymerising effect. This seems to be a contradic-

tion to the glass structure strengthening effect de-
To complete the review, it must be mentioned that scribed above. On the other hand, these tests were
rotating viscometer tests with liquid slags showed a  done with slags with 17 wt.-% ALO,, which is much
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A139 with 6 m3/h

A145 with 2 m3/h

Figure 19: Two lab-scale granulated GBS with different granulation water flows based on industrial GBS 3

higher compared with today's European blast furnace
slags (Table 1). Furthermore, it is known that ALO,
significantly influences slag viscosity, which was also
demonstrated by Acti 10.

Within ,ActiSlag®, the effect of TiO, additions up to
3.1 wt.-% in model glasses and modified GBS has
been studied by the LMDC in terms of glass structure
and glass dissolution in an alkaline environment (pH
= 11 and 13). SEM, TEM, EDS, EPR, and XANES were
used. The expensive latter test was carried out at the
SOLEIL synchrotron in Saint-Aubin, France. All me-
thods and results are described in detail in [5].

Figure 17 shows the surface of a ground (fraction 40-
80 ym) model glass grain (TiO, = 3.1 wt.-%) after 14
days at pH = 11 (NaOH solution). An amorphous sur-
face layer of about 1 um was formed (Figure 17, left).
The result of the EDS analysis for point 1 was
44.6 wt.-% TiO, instead of only 4.5 wt.-% for point 2
(crack). TEM/EDS analyses of a vertical slice of the
glass grain (area 1) attest to a significant Ti enrich-
ment (TiO, = 66 wt.-%), as shown in the centre of
Figure 17.

A similar surface layer was found after corrosion tests
at pH = 13. Figure 18 shows SEM pictures for an un-
ground modified GBS grain (TiO, = 2.4 wt.-%) after
10 days at pH = 13 (NaOH solution). It is obvious that

the surface layer was enriched in Ti and Mg, whereas
the Si, Ca and Al contents were depleted. From the
grain core (left) to the surface layer, the TiO, content
increased from 2.6 wt.-% to 18.3 wt.-% and the MgO
content from 6.3 wt.-% to 37.6 wt.-%.

The XANES analyses of the unreacted ground glass
samples identified fourfold, fivefold and sixfold coor-
dinated Ti ions. The share of the dominant fivefold
coordination was calculated to be about 70% and the
share of fourfold coordination was calculated to be
about 30%, whereas sixfold coordination was not re-
levant. Thus, the results confirmed the results de-
scribed in the literature [33]. The XANES analyses for
the surface layer of reacted glass samples were very
different compared with the unreacted glass samples
or the core of reacted glass grains. According to the-
se, about 50% fivefold coordination and 50% sixfold
coordination was found. The results for the tests car-
ried out at pH = 11 and 13 were comparable.

Based on the confirmed glass structure strengthening
effect of a higher TiO, content, it was expected that
the different dissolution tests would show big diffe-
rences. However, the dissolution rates decreased
only by 10%-28% which does not explain the signifi-
cant loss in GBS reactivity measured according to the
R3 method described above [5]. Thus, it is presumed
that in real cementitious systems, newly formed hy-

33



I Report of the FEhS-Institute 2022

vae | Mo |

< 0.5 A
mm | 48h | 9h |
7 J/g

GBS 3 - 99.9 35 837 742 41.5 0.3-10° 179 230
A139 6 100.0 51 855 747 41.8 2.7-105 176 225
A140 5 99.9 30 852 748 41.2 2.0-10° 174 222
Al141 4 99.9 23 841 748 38.7 0.8:10° 173 220
A142 3 100.0 12 837 747 36.9 0.6-10° 172 219
A145 2 99.8 9 835 747 36.3 0.5-10° 176 224

Table 8: DSC (only fraction "s” 0.355-0.500 mm) and heat of hydration data (EN 196-9; GBS/CEM I 42.5 R = 50/50) for lab-

scale GBS with varied granu/at/on conditions compared with industrial GBS 3
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Figure 20: XRD for lab-scale GBS A142 (above) and GBS A145 (below)
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dration products such as hydrotal-
cite (Mg,Al,-4 H,0) precipitate in
the porous Ti-rich surface layer
resulting in a densifying, passiva-
ting and thus glass dissoluti-
on-hindering effect. Therefore,
the negative impact of increased
TiO, content on GBS reactivity is
not explainable by only one effect.

INFLUENCE OF COOLING
CONDITIONS

Besides the chemical composition,
the granulation conditions (i.e.,
water flow rate) were also varied
in lab-scale granulation tests car-
ried out by ArcelorMittal Maiziéres
Research. A higher water flow re-
sulted in finer and less porous
particles (Figure 19). The glass
contents were similar and very
high (Figure 20). Table 8 summari-
ses the test conditions and the
thermal parameters analysed by
the TUC for the fraction ,s"
(0.355-0.500 mm). As expected,
there is no relevant change for T,
due to the unchanged chemical
composition of the lab-scale GBS.
However, a higher water flow rate
resulted in higher values for T, and
AH_ . The calculated cooling rate
increased from 05:10° K/s at
2 m3/h to 2.7:10° K/s at 6 m3/h.
Thus, from a theoretical point of
view, the lab-scale GBS produced
with higher cooling rates should
be more reactive.

To verify this assumption, the
FEhS conducted some heat of hy-
dration tests according to EN 196-
9 for a combination of 50 wt.-%
GBS and 50 wt.-% CEM I 42.5 R
with a water/cement ratio of 0.50.
Due to the very limited sample vo-
lume, the five lab-scale GBS were
ground in a vibration mill instead
the 10 kg ball mill to a comparable
fineness (3,710-3,790 cm2/g ac-
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cording to Blaine, d';;,; = 17-18
pm). Therefore, the industrial GBS
3 was also ground in the vibration
mill (4,200 cm?/g, d',;s; = 14 um).
As the heat of hydration values
show (Table 8), no significant chan-
ge was measured. There is only a
slight negative heat of hydration
tendency for the samples A139-
A142 in parallel to their decreasing
cooling speed. However, neither a
different fineness nor a different
glass content can explain the re-
sult for sample A145 with the lo-
west cooling speed. It might be
that the cooling rates and the
thermal data for all lab-scale GBS
indeed differed, but at a very high
level and in a lower range compa-
red with industrial GBS (Table 2).
Thus, the variation could be too
small for a significant reactivity in-
fluence. It seems that the impact
of the chemical composition and
the glass structure is higher com-
pared with the cooling conditions,
if an intensive cooling process and
a high glass content are assured.

OUTLOOK

~ActiSlag" was focused on classi-
cal GBS as it has been produced
and used for cementitious purpo-
ses for decades. If the steel pro-
duction transformation process is
realized, starting in Europe, step-
by-step blast furnaces will be sub-
stituted with a combination of
direct reduction and electrical
melting processes, based on green
hydrogen and green electrical po-
wer. Thus, the well-known GBS
will vanish, too. Nevertheless, the
project results also have great re-
levance for new slags. These slags
will differ compared with today's
GBS to some degree [35]. How-
ever, it is a clear target for steel
and slag producers to further en-
able these slags for utilisation in
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cement and concrete to ensure
the environmental (lower raw ma-
terial and primary energy demand,
lower CO, emission) and technical
(high durability) advantages of
slag-containing cements. Therefo-
re, the ,ActiSlag" results regar-
ding the influence of chemical or
thermal parameters on glass
structure and reactivity, the hy-
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