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Abstract
The present study is directed towards the use of steelmaking slags as raw material
for sulphoaluminate belite cement (SAB). Another important objective was to
characterise the cementitious properties of phases in ladle furnace slag (LFS)
specifically the calcium aluminates. Mayenite (C12A7) is considered one of the most
important calcium aluminate in LFS, and since comparatively limited data on the
kinetic properties of this phase are available, it was decided to study C12A7 more
closely with regard to both particle size and temperature sensitivity.
The behaviour of high-temperature reactions of tested SAB mixtures was
investigated using thermogravimetric analysis coupled with a quadrupole mass
spectrometer. Mineralogical observations were carried out with x-ray powder
diffraction (XRD) and scanning electron microscopy (SEM). The results proved
that steelmaking slags have the potential to work as raw material, since
sulphoaluminate (C4A3 S ) along with polymorphs of dicalcium silicate (C2S) and
ferrite phase (C4AF) were detected after firing at 1200ºC in an air atmosphere. The
hydration properties of the specimens were analysed through conduction
calorimetry, and compressive strength of specimens hydrated for 2 and 28 days. The
compressive strength was in accordance with that suggested in the literature for slow
hardening SAB cement. Both mixtures tested behaved the same with regard to heat
development as well as the amount of ettringite (AFt) formed during the first 24
hours of the hydration. The formation of AFt was characterised with both
differential scanning calorimeter (DSC) and XRD.
The crystallographic distribution in LFS samples was quantified using Rietveldanalysis. Calorimetric studies were performed at 20, 25 and 30°C in order to
calculate the activation energy of hydration and thereby to suggest a kinetic model
for tested compositions within this temperature interval. In addition to heat of
hydration, compressive strength tests were completed on mortar prisms of LFS, and
LFS in a blend with ground granulated blast furnace slag (GGBFS) which hydrated
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for 2, 7 and 28 days. Both compositions reached acceptable early strengths, whereas,
after 28 days hydration, the blend was superior to neat LFS. Related activation
energy was according to the Avrami-Erofeev model determined to 58 kJ/mol for the
LFS and 63 kJ/mol for the blend. Corresponding calorimetric studies at the same
temperatures were performed on a fine and coarse size fraction (Fraction A and
Fraction B) of a synthesised C12A7. The purity was confirmed by XRD, and the
hydraulic behaviour was investigated in excess water with respect to the dissolution.
The apparent activation energy was calculated to 33 and 79 kJ/mol, respectively, for
Fractions A-B using the Avrami-Erofeev model. From the model, it was also
concluded that the acceleration period can be ascribed to a phase-boundary
controlled mechanism. The principal calcium aluminate hydrates obtained were
C2AH8 and C2AH7.5, and it was further observed that C12A7 is accompanied by an
anomalous setting behaviour much like monocalcium aluminate (CA), and that the
decomposition of C2AH8 to C2AH7.5 develops more slowly with higher surface area,
specifically at 20 and 30°C.
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Calcium aluminate cement
Ordinary Portland cement
Sulphoaluminate belite cement

= CAC
= OPC
= SAB

Blast furnace slag
Ground granulated blast furnace slag
Ladle furnace slag

= BFS
= GGBFS
= LFS

Steelmaking process
Argon oxygen decarburisation
Electric arc furnace
Basic oxygen furnace

= AOD
= EAF
= BOF

Chemical nomenclature
C
A
S
F
f
M
H
S
C
T

= CaO
= Al2O3
= SiO2
= Fe2O3
= FeO
= MgO
= H2O
= SO3
= CO2
= TiO2

Anhydrous phases
lime
monocalcium aluminate
tricalcium aluminate
mayenite
ferrite
gehlenite
calcite
dicalcium ferrite
dolomite

=C
= CA
= C3A
= C12A7
= C4AF
= C2AS
= CC
= C2F
= CMC 
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åkermanite
merwinite
pleochroite / (Q-phase)
sulphoaluminate
gypsum
dicalcium silicate
tricalcium silicate
wuestite
periclase

= C2MS2
= C3MS2
= C20A13M3S3
= C4A3 S
= CS
= C2 S
= C3S
=f
=M

Hydrated phases
ettringite
mono-sulphoaluminate
gibbsite
calcium hydroxide
monocalcium aluminate hydrate
dicalcium aluminate hydrate (α-form)
dicalcium aluminate hydrate (β-form)
tricalcium aluminate hydrate
tetracalcium aluminate hydrate
tetracalcium aluminate hydrate
stratlingite
calcium silicate hydrates

= AFt
= AFm
= AH3
= CH
= CAH10
= α-C2AH8
= β-C2AH8 or C2AH7.5
= C3AH6
= C4AH13
= C4AH19
= C2ASH8
= C-S-H
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1. Introduction
1.1 Background
There are good reasons for trying to implement the use of metallurgical by-products
in the manufacturing of cement or, alternatively, as filler in the cement/concrete.
One good reason is the reduction of a significant amount of slag being sent to
landfill each year. Other reasons are the potential for reducing energy consumption
and carbon dioxide emissions within the cement industry, and to conserve natural
resources.
So far, steel slag has not been used very extensively in cement production.
According to Figure 1, only 1% of the European steel slag was used for cement
production in the year 2004 [1]. This might be partly explained in terms of
classification as to whether it is considered as a product or as waste. From a practical
point of view, it is important to avoid fluctuations in the composition, but the
replacement of existing materials is also a subject of availability of volumes that can
be provided.
Although the presence of free lime (CaO) could be an advantage, acting as an
activator in a blend with ordinary Portland cement (OPC), it might still cause severe
problems in terms of expansion. Apart from free CaO, free periclase (MgO) might
also be the cause of volumetric expansion, as it also reacts with water to form
magnesium hydroxide, which thereby limits the practical use of cement within civil
engineering. The volumetric factor is at least one limitation to be mentioned in
relation to construction. Fluctuations, though, can be compensated for if the material
is blended with, for instance, ground granulated blast furnace slag (GGBFS) [2].
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Fig. 1. The use of steelmaking slags in Europe 2004 [1].

Calcium aluminates are important minerals in hydraulic binders, which is why LFS
may have the potential to be used at least internally as a supplement or substitute in
various binder applications, of which cold-bonded briquettes so far seem most
attractive. It is, however, not uncommon that water is used to lower the temperature
of the slag, which is detrimental to the hydraulic properties of the slag. Another
objective of watering the slag in some cases is the avoidance of dust formation
which may be due to, for example, substantial amounts of dicalcium silicate (C2S).
In such cases, the material would most likely be more useful if, for instance, it was
rapidly cooled. This would not only prevent dust formation, but it would also
improve the hydraulic properties of the material considerably, as the γ-C2S is
avoided through the formation of metastable β-C2S. There are apparently many
factors to be dealt with in the effort to improve slag handling, but it is believed that
changes in slag handling may be a means of saving on both environmental and other
costs.

1.2 Ordinary Portland cement
OPC is well known and traditionally used within the field of civil engineering.
Additionally, the raw materials are rather cheap. However, since the raw meal is
based on limestone and clay, the manufacturing is accompanied by a significant
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amount of carbon dioxide and high energy demands during firing of the raw meal
and grinding of the final clinker. OPC consists of four major crystalline phases, see
Table 1.
Table 1.
The main crystalline phases in OPC.
Compound
Tricalcium silicate
Dicalcium silicate
Tricalcium aluminate
Tetracalcium aluminoferrite

Oxide composition
3CaO·SiO2
2CaO·SiO2
3CaO·Al2O3
4CaO·Al2O3·Fe2O3

Abbreviation
C3S
C2S
C3A
C4AF

Normally, the content of C3S is in the range of 50-65%, C2S 15-25%, C3A 8-14%
and C4AF 8-12% [3]. Silicates strengthen the cement as it reacts with water. The
short-term strength of the material refers to the hydration of C3S, while C2S is
important for the long-term strength, i.e. after 28 days.

1.3 Sulphoaluminate belite cement
Sulphoaluminate belite cement (SAB) cement refers to the phase assemblage

C - S - A - S [4], and the major phases present within the system are given in Table 2.
The amount of principal phases present may vary accordingly; C4A3 S 10-55%, C2S
10-60%, C S 0-25%, C4AF 0-40%, and C 0-25% [4]. Since the belite phase (C2S)
reacts relatively slowly, it does not provide any high early strength to the cement,
and therefore, activation of the hydration mechanism is needed [5]. Basically, this is
the role of C4A3 S , as its properties substitute for those of C3S. Depending on what
properties are required for a specific application, the quantity of each phase present
can be adjusted accordingly. High amounts of C4A3 S give high early strength to the
cement, but also contribute to good corrosion resistance and controllable expansion
[6]. Generally, raw materials used for this type of cement are limestone, bauxite and
gypsum (C S ), which are calcined at 1300-1350ºC [7]. Another possible alumina
source, according to Glasser and Zhang [7], could be red mud, a by-product from the
Bayer process.
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Table 2.
The main crystalline phases in the SAB system.
Compound
Oxide composition
Yeeliminite
4CaO·3Al2O3·SO3
Dicalcium silicate
2CaO·SiO2
Calcium sulphate
CaO·SO3
Tetracalcium aluminoferrite
4CaO·Al2O3·Fe2O3
Free lime
CaO

Abbreviation
C4A3 S
C2S
CS
C4AF
C

1.3.1 Hydration of dicalcium silicate (C2S)
C2S contributes to the late strength of the cement, as in OPC, and the hydration
product is very similar to the calcium silicate hydrate gels (C-S-H) formed through
C3S [8], according to the following overall reactions (1) and (2) [9],
2C2S + (1.5+n)H → C1.5+mSH1+m+n + (0.5-m)CH,

(1)

analogous to,
C3S + (2.5+n)H → C1.5+mSH1+m+n + (1.5-m)CH

(2)

Since calcium sulphate is present, the C-S-H might be slightly modified in terms of
having some sulphate incorporated in the structure [9].

1.3.2 Hydration of sulphoaluminate (C4A3 S )
The function of C4A3 S is the same as for C3S in OPC, but instead forms ettringite
( C 6 A S3 H 32 ), also abbreviated AFt, after reaction with calcium sulphate and water.
Both of the following reactions (3) and (4) give the overall hydration mechanism for
C4A3 S however, reaction (4) is considered in case of expansion [10].
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C4A3 S + 2C S H2 + 36H → C 6 A S3 H 32 + 2AH3

(3)

C4A3 S + 8C S H2 + 6CH + 74H → 3 C 6 A S3 H 32

(4)

1.3.3 Hydration of the ferrite phase (C4AF)
In OPC, C3A reacts very quickly with water and C S to form AFt. Further on, AFt
continues to react with C3A to form mono-sulphoaluminate (AFm). The C4AF
follows similar sequence as C3A, but more slowly. The overall reaction can be
written according to reaction (5) (unbalanced),

C4AF + 3C S H2 + 26H → C 6 (A, F) S3 H 32

(5)

Although reaction (5) progresses more slowly than that of C3A, the reaction is
relatively rapid and occurs at the very early stage of the hydration. Like C3A, C4AF
forms AFt and contributes both to the early and late strength of the cement in the
SAB system [4]. Since no C3A is present in the SAB system, there will be no
competition between the two phases regarding the reactivity with calcium sulphate
[8] and, thus, the C4AF phase will be more reactive in the SAB cement in
comparison to the OPC system. In addition, the absence of C3A also avoids a
reaction between the latter and AFt to form AFm.

1.3.4 Hydration periods
Considering OPC, different periods are usually discussed in the following order: the
initial period, the dormant period, the acceleration phase, the deceleration phase and
an ever-slowing reaction phase [11]. In the first period, hydrolysis and release of
ions into the solution take place, and the reactions are characterised as very rapid
and exothermic [8]. Within the first couple of minutes, the heat evolved is due to the
hydration of sulphate, the formation of AFt, as well as the wetting [12]. Then, after
the dormant period, which might last between 30 minutes and 2 hours, the next heat
liberated is attributed to the hydration of C3S, and after approximately 12-15 hours
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of hydration, AFt will react with aluminates to form AFm [12]. An important
difference between the OPC and the SAB system is the final products. The SAB
paste generally is constituted by AFt, AFm, alumina, and ferrite gel [6]. The AFt
phase, however, is not a final product of the OPC paste (which mainly consists of CS-H as a final product). The hydration periods previously discussed are believed to
be somewhat applicable to the SAB system as assumed in the further discussion.

1.4 Calcium aluminate cement
Cements based on calcium aluminates (CAC) are common within the production of
ceramics as well as the iron and steelmaking industry. The reason is that an
important application relates to castable refractory concretes. Another common area
regarding the usage of such cement is liquid filler and concrete screed. It is not as
common in civil engineering due to the long-term stability or strength that tends to
decline because of the instability of metastable hydrates. There are basically two
categories of CAC. The most common and often used is the one referred to as dark
grey or black, e.g. Ciment Fondu. The other type of CAC is known as white CAC as
well as HAC (high alumina cement). An important difference is the raw materials
used for the production of each type of CAC. The production of CAC requires a
lower silica content, since the presence of this oxide may lead to the formation of
higher gehlenite (C2AS) content in the final product, which adversely affects the
hydraulic properties. This is further the reason why calcined alumina and high-purity
limestone are used in the production of white CAC [13-14]. The dark grey CAC is
based on limestone and an iron-rich bauxite. The materials are fired at 1450-1600°C,
which enables a complete fusion and further homogenisation [13]. Table 3 below
depicts commonly occurring minerals found in different amounts in commercial
CAC compositions depending the oxide composition of the raw mixture [13-15].
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Table 3.
Common minerals that are likely to occur in calcium aluminate
cements depending on the raw mix.
Compound

grey CAC

white CAC

monocalcium aluminate

CA

CA

calcium dialuminate

CA2

calcium hexaaluminate

CA6

corundum

α-A

mayenite

C12A7

ferrite

C4AF

dicalcium silicate

β-C2S

pleochroite

(C12A7)

C6A4(M,f)S

wuestite

f

perovskite

CT

gehlenite

C2AS

CA is the overall most important phase in commercial CAC products [13], but there
may be a few percentages of other phases like C12A7, C2S, C2AS and C4AF as well
[15].

1.4.1 Hydration of monocalcium aluminate (CA)
CA, which is the most important mineral in commercial CAC products with respect
to strength development, reacts very quickly with water. Studies have revealed
formation of hydrates such as monocalcium aluminate hydrate (CAH10), dicalcium
aluminate hydrate (C2AH8 and C2AH7.5) [16]. The overall reactions for CA with
water have been summarised by Lea [17], according to reactions (6-7). In reaction
(7) C3AH6 represents the stable tricalcium aluminate hexahydrate.
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CA→ CAH10

(6)

CA → C2AH8 +A(aq)→ C3AH6 +A(aq)

(7)

1.4.2 Hydration of dodeca-calcium heptaaluminate (C12A7)
C12A7 reacts very quickly with water and forms the same hydrates as CA [18], but
primarily C2AH8 as an intermediate phase prior to the conversion to C3AH6. The
overall reaction may be written according to reaction 8 below [15],

C12A7 + 51H → 6(C2AH8) + AH3

(8)

1.4.3 Hydration of tricalcium aluminate (C3A)
C3A is the third most important mineral in OPC, in which it contributes to the
formation of AFt, due to the presence of C S. C3A is not present in CAC. The
overall reaction is given below according to reaction 9 [15], in which C4AH19
represents a tetracalcium aluminate hydrate.
2C3A + 27H → C4AH19 + C2AH8

(9)

1.5 Steelmaking slags
Slag from the steelmaking industry can be generated either from integrated steel
plants or scrap-based steel production.

The different types of slag within the

integrated plants are blast furnace (BF), basic oxygen furnace (BOF) and LFS. In
scrap-based production, slags would be categorised as: electric arc furnace (EAF),
argon oxygen decarburisation (AOD), as well as LFS. There are a number of
reasons for using slag in the steelmaking process. One purpose is to extract metal
oxides and impurities from the metal bath into the slag. Additionally, it acts as a
thermal insulator.
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1.5.1 Generation of BOF slag
In the BOF converter, the melted iron is mixed with steel scrap. Thereafter, oxygen
with reasonably high pressure is blown towards the surface of the melt in order to
reduce the carbon content. There are, however, techniques where oxygen can also be
injected from the bottom. At this stage of the process, slag formers are added as
well, i.e. burned lime and/or dolomite lime. The most important reactions taking
place are [20],
SiFe+ O2 → SiO2 (slag)

(10)

MnFe+ 1/2O2 → MnO (slag)

(11)

Fe+1/2O2 → FeO (slag)

(12)

CFe+ 1/2O2 → CO (g)

(13)

Other elements such as vanadium and phosphor are converted into oxides in the slag
as well. In order to dissolve the lime more quickly it is possible to add CaF2. The
latter enables the reduction of the melting point of the lime. At the time the steel is
being tapped from the converter, some alloying elements are added. BOF slag is
normally air-cooled and consists basically of C3S, C2S, (Fe, Mg, Mn)O, C2F and free
CaO. Most of the iron occurs mainly as wuestite (FeO) but can also be present as
hematite [21]. The BOF slag most often does not disintegrate, i.e. no phase
transformation of β-C2S→ γ-C2S, since the phosphor has a stabilising effect on the
β-C2S [21]. In those cases where the slag consists of a high amount of C3S, the C3S
usually decomposes to the non-hydraulic and disintegrating γ-C2S due to slow
cooling conditions. However, free lime and periclase hydrate when in contact with
water. As a result, the use in the field of civil engineering is limited due to
volumetric expansion. Possible variation in the composition is usually dependent on
the raw materials used, as well as the practice in both process and slag handling. The
typical level of BOF slag produced within a Swedish steel plant reaches about 100120 kg per tonne of steel.
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1.5.2 Generation of EAF slag
The formation of slag in the EAF is essentially based on additions of burned lime,
  ) and possibly also fluorspar and sand [22]. In Sweden, the slag is
dolomite (CMC
produced in the ratio of approximately 90 kg per tonne of steel, on average. It is
generally accepted that the hydraulic properties of these slags increase with higher
  is used during the process, the
basicity, i.e. higher content of CaO. If CMC
presence of MgO will increase as well [23]. The main difference between BOF slag
and EAF slag is probably the presence of free lime, which in EAF slags is of a lower
magnitude. However, the amount of free MgO that remains in the slag causes
problems with regard to volumetric expansion. Primary minerals to be found in the
final slag are merwinite (C3MS2), (Fe,Mg)2SiO4, C3S, C2S, C4AF, C2F and solid
solutions of (Ca, Fe, Mn, Mg)O [24].

1.5.3 Generation of AOD slag
The principal difference between the AOD process of stainless steel production
compared to the BOF at integrated steel plants is the use of Ar-gas in addition to
oxygen. The reaction between an oxygen-argon mixture and the steel bath lowers
the carbon content in the steel bath, while at the same time, the oxidation of
chromium to the slag can be kept at a low level. In the beginning of the operation,
silica and manganese originating from the scrap is oxidised. After the blowing
operation, the slag will consist of these elements along with the addition of lime and
usually also fluorspar, made during the process. The top-slag (after the
decarburisation period) usually reaches a level of 70 kg per tonne of steel [25]. AOD
slag commonly consists of dicalcium silicate, C3MS2, melilite (C2AS-C2MS2),
fluorite spinel phases as well as free lime and periclase.

1.5.4 Generation of secondary metallurgical slags
There are different kinds of secondary metallurgical slags, i.e. slags from the
refining of the steel in ladle metallurgy. The composition might vary somewhat
depending on the steel grade, but the final mineralogical composition can be
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summarised as follows: dicalcium silicate, calcium aluminates, dicalcium ferrite
(C2F), free lime, free periclase, as well as phases falling within the CaO-Al2O3MgO-SiO2 assemblage, e.g. åkermanite (C2MS2), and solid solutions like pleochroite
and melilite.

1.6 Activation energy of reactions
The rate of chemical reactions is generally known to increase with an increase in
temperature. The rate constant can be described by the Arrhenius equation according
to equation (I).






(I)



The rate constant, k, in equation (I) is given in [W], if heat evolution is considered.
The parameter, A, is a proportionality constant or pre-exponential factor for the
considered reaction. Ea [J/mol] refers to the activation energy and R [J/mol/K] is the
natural gas constant. Finally, T [K] is the temperature at which the reaction is
occurring. The Arrhenius equation is the most commonly used relationship in
assessing the temperature sensitivity of Portland cement hydration [26]. Portland
cement is a multi-component system therefore, the result of the calculation of Ea
equals the effect of the overall heat of hydration of the composition and not
individual reactions. Ea of a system can be calculated by plotting the values of 
against (1/T) at the respective temperature. The slope of equation (I),





should

follow a linear trend, i.e. y=kx+m, and thereby allow for the determination of Ea.
The pre-exponential factor 

is then recognised as the y-axis intercept.

Friedman analysis can be used to assess the change in apparent activation energy
during the progress of a reaction, and is also based on the Arrhenius equation,
according to equation (II). Friedman analysis can be used either as model-free, i.e.
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when 





 is considered as a constant, or model-based when combined with a

specific function for  .



  

 










(II)



The rate of advancement,   of, for instance, hydrate precipitation can be


expressed as fractional degree of precipitation, α, which is defined by the ratio of
heat liberated during a specific period of time, t. In equation (III) for α, Q represents
the heat evolved at a given time, where Qi and Qf are the initial and final values,
respectively.
 



(III)

 

In order to be able to describe the kind of reaction that occurs, it is necessary to
determine a relationship for  that satisfies equation (II), and thereby fits the
experimental data. In this study, 

represents the Avrami-Erofeev model,

equation (IV), which has been commonly used within the science of cement
hydration to predict the hydration progress of a cement composition.


1



1

 !"# /"

(IV)

In equation (IV) [27], α is the degree of hydration. The parameter m, specified in
equation (V), is a constant depending on the morphology of formed crystals where
the rate-controlling step of crystal growth is represented by the constant s and the
dimensionality of growth by constant p [28]. p refers to the morphology of hydrates,
i.e. p=1, if needles are formed, and p=2, if plates or sheets are formed [27]. The
constant s describes the type of reaction mechanism that is occurring, i.e. s=1 if the
mechanism is phase-boundary controlled, and s=2, when diffusion controls the
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growth [27]. The nucleation rate constant, q, has limits at q=0 if nucleation is
instantaneous, and q=1 when the nucleation rate is constant [28].

m =[(p/s) + q]

(V)

1.7 Aim and scope of this study
Steel slags produced from the BOF and EAF process, have mainly been used as
aggregates in road and concrete construction [23]. AOD slag has also been reported
to be suitable as a road-base material in combination with other slags [29]. The use
of LFS seems to be quite limited, but it has recently been assessed as potential
construction material as well [30]. The use of steel slag in cement applications has
been the topic of several studies, but not as extensively as the usage of slags as
aggregates. For cement applications there are generally two routes. The first
possibility is to use steel slag as a raw material for clinker production, which has
been discussed in a number of articles, e.g. [2], [31-32], whereas the second option
has been directed towards blended cements [33]. The performance and potential of
blended cements has, for instance, been discussed by Duda [34], Wang et al. [21], as
well as Murphy et al. [35]. Ionescu et al. [36] reported the need to increase the glass
content in BOF slag in order to improve the hydraulic properties when used as an
additive in a blended type of composition. SAB is an important alternative to OPC.
The advantage of producing SAB compared to OPC is the reduction of the lime
saturation factor (LSF), which enables the reduction of CO2 emissions, [5], but also
the firing temperature, which can be lowered by about 100-150ºC [37]. The use and
development of sulpho- and ferroaluminate cements in China is very well reviewed
by Zhang et al. [6], but some studies report the use of raw materials other than virgin
materials. Arjunan et al. [38] obtained similar properties as those obtained with OPC
when using bag house dust, low-calcium fly ash (Class F fly ash) and scrubber
sludge fired at different temperatures between 1100ºC and 1300ºC. Fly ash and
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pyrite ash combined with limestone and C S was used by Zivica [39]. This mixture
was heated at 1250ºC with a further aim of making SAB blends with 5, 15, and 30%
granulated BF slag, 5, 15, and 30% fly ash, and 5, 15, and 30% silica fume. Instead
of using ashes, Paper I describes an attempt to produce SAB clinker in laboratory
scale with a major part consisting of steelmaking slags, and Paper II intends to
follow up the hydraulic properties of two of these SAB clinker compositions. An
important objective of including a major fraction of slag from both integrated
steelmill production, and scrap-based steel production in each raw mix was to
increase the availability of slag along with the ambition to reduce CO2-emissions
and save natural resources.
LFS, a material that does not seem to have been particularly well investigated as a
binder substitute, is most often characterised as being high in calcium and alumina,
which is why this material exhibits good recycling potential, at least internally as a
supplement in binder applications, such as cold-bonded briquettes. A partial
substitution of OPC is expected to save both costs for binders as well as costs for
landfill, which requires reconsideration in relation to the slag handling methodology.
Paper III highlights the need to reconsider the slag handling methodology, and
characterises cementitious phases in an LFS produced within SSAB EMEA. Phases
that should be avoided in the solidified slag in order to improve the reactivity are
also reflected. Paper IV primarily covers the properties of C12A7 and C3A in the
same LFS, and details the sensitivity to temperature as well as the potential of LFS
as an activator in a blend with GGBFS. Improvements discussed in Papers III-IV are
believed to be applicable at any steelmill in the world independently of the present
LFS composition.
C12A7 is one of the principal hydraulic phases in LFS, and known to be one of the
most reactive calcium aluminates with water. C12A7 is present in the order of about
2-5 wt-% in commercial CAC, which is why it has not been as extensively studied
as CA. Paper V therefore investigates the hydration properties of C12A7 and
discusses the influence of both particle size distribution and temperature
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dependence, as the sensitivity to temperature with a change in particle size is
considered to provide new knowledge in this area.

2. Material and experimental procedure
2.1 Material SAB Cement
Steelmaking slags and additives were combined according to Table 4, as predicted
by using modified Bogue calculations. The calculation is based on a chemical
analysis from which a mass balance can be performed. Since there are five initial
phases to be considered, i.e. C2S, C4A3 S , C4AF, C S and C, the mass balance
contained five linear equations, one for each phase according to the given system of
equations below,

a11

a21

Ax=b ⇔ a31
 M



a12 L   x1  b1 
    
a22 L   x2  b2 
 ⋅  x3  = b3 
M
    
  x4  b4 
  x  b 
  5  5

.

If x1 is defined as x1= C2S, then a11 refers to the weight fraction of CaO in C2S, i.e.
a11= (MCaO/MC2S). b1 equals the total weight % of CaO in the composition, given by
the chemical analysis. The molar fraction of CaO is further determined in each
mineral that is being predicted, which is followed by a summation that equals b1, i.e.
in this case, a11x1 + a12x2 + a13x3 + a14x4 + a15x5= b1. The molar fraction of SiO2,
Al2O3, Fe2O3 and SO3 in each mineral is then calculated in the same way as for CaO,
thus providing five linear equations. From this system of equations, the potential
phase composition can be assessed by determining the inverse matrix, A-1, when
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det(A) ≠0. Since this is only a mass balance, there are no thermodynamic or kinetic
considerations within the calculations.
Four mixtures were prepared, i.e. MixA, MixB, MixC, and MixD (see Table 4).
The fractions of each slag given within each mixture exemplify possible
combinations giving the desirable phase composition, i.e. the fractions given are not
a unique solution, and thus other combinations are possible as well. The aim of this
work was to combine different steelmaking slags in such a way that the potential
could be highlighted for all kinds of steelmaking slags. MixA consisted of 55%
AOD slag, 15% LFS along with additions of limestone, C S and an alumina-rich
material. MixB contained 14% AOD slag, 25% LFS and 25% EAF slag, which
resulted in a higher total amount of other additives, i.e. 25% limestone, 6% alumina
and 5% C S. MixC was in principle the same as MixB. The only difference being the
substitution of 14% AOD slag by BOF slag. MixD consisted of neat LFS.

Table 4.
Mixtures prepared in wt-%.
Material
Mix A
AOD slag
55
EAF
BOF
LFS
15
Gypsum
10
Alumina*
10
Limestone
10

Mix B
14
25
25
5
6
25

Mix C
25
14
25
5
6
25

Mix D
100
-

Total
100
100
100
100
* The alumina source consists approximately of 5 wt-% CaO, 74 wt-% Al2O3 and 21
% SiO2
In Table 5, the analysed chemical composition of each mixture is presented, along
with the calculated phase composition. It is important to point out that, in the
chemical analyses, iron is given as Fetot and sulphur as elemental, S0. In the mass
balance, however, these elements have been recalculated as Fe2O3 and SO3.
Furthermore, since the formation of five phases has been considered, the total phase
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composition of the desired phase assemblage does not amount to 100 %. The
assessment of LSF, which is also presented in Table 5, was in this study based on
the oxide relationship given by equation (VI).

()*

%&'

(VI)

.,-.*/ 0#.1/ *2 03.4567/ *2

Table 5.
Analysed chemical composition of each mixture in wt-%.
Mixture
CaO
SiO2
Al2O3
Fetot
MgO

SLeco

CLeco

Mix A

46.5

20.2

15.5

2.7

4.3

2.0

1.4

Mix B

40.7

12.7

14.1

8.9

6.3

0.9

3.0

Mix C

39.2

9.7

13.6

11.0

7.4

0.9

2.9

Mix D

45.5

18.8

20.3

1.1

9.7

1.3

1.0

CS

C

Total

LSF

Calculated potential phase composition in wt-%
Mixture
C4 A3 S
C2 S
C 4 AF
Mix A

58

26

12

3

-

99

0.60

Mix B

36

12

39

1

-

88

0.67

Mix C

28

7

48

2

-

85

0.73

Mix D

54

38

5

-

-

97

0.58

The result of the mass balance suggests that C2S is expected to be one of the
dominating minerals in each mixture. The main difference is the amount of C4A3 S
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and C4AF. Both MixB and MixC give a considerably higher amount of C4AF, i.e. 39
wt-% and 48 wt-%, respectively, while C4A3 S is estimated to be 26 wt-% in MixA
and 38 wt-% in MixD.

2.1.1 Particle size distribution
Surface area (Blaine) and particle size distribution (Malvern 2000) was measured
before firing of mixtures. The measurements were performed by Cementa Research
AB, Sweden. Figures 5a-d in Paper I show the particle size distribution before firing.
The surface area in (m2/kg) was determined accordingly; MixA=683, MixB=609,
MixC=591 and MixD=501.

2.2 Experimental procedure SAB cement
2.2.1 Thermal analysis
The measurements of the thermal analysis coupled with quadrupole mass
spectrometer, QMG 420, were carried out simultaneously using the Netzsch STA
409 equipment shown in Figure 2. 100-mg test materials were contained in an
alumina crucible and subjected to a programmed heating of 10 K/min in an air
atmosphere, in the temperature range of 25 to 1400°C. A TG/DTA
(thermogravimetric and differential thermal analyses) sample holder with an
alumina crucible was positioned on a radiation shield in order to protect the balance.
In order to correct for the Buyoncy effect, an empty crucible was run (correction
data) before analysing the sample, i.e. the investigated samples were tested in the
mode TG/DTA sample + correction. The gases formed during the reaction were
identified using quadrupole mass spectrometer (QMS) measurements connected to
the STA equipment. In a high-frequency, quadrupole electric field, it is possible to
separate ions according to their mass/charge ratio.
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Fig. 2. Schematic of Netzsch STA 409.

2.2.2 Sample preparation and firing of briquettes
Each slag was crushed using a jaw crusher, divided into representative samples
using a rotary splitter and ground in a rod mill for approximately 25 minutes. The
slags were further combined to produce the mixtures given in Table 4. In order to
achieve good homogenisation and obtain a fairly fine powder-like material, the
mixtures were once again introduced to a rod mill and run for approximately 60
minutes. The ground mixtures were prepared as briquettes with the approximate
dimension of ØxH, i.e. 2x4 cm, before firing in order to get good contact between
particles, and then dried in an oven for 24 hours at 100ºC. The briquettes were fired
in a furnace with an air atmosphere at 1200ºC for approximately 30 minutes
followed by water cooling. The cooled briquettes were dried in an oven for 24 hours
at 100ºC and then examined by x-ray diffraction (XRD), and scanning electron
microscopy (SEM).
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2.2.3 X-ray diffraction (XRD) and scanning electron microscopy
(SEM)
A Siemens D5000 X-ray powder diffractometer with CuKα radiation at 40 kV and
40 mA was used in order to identify crystalline clinker phases before and after firing
of briquettes. The analyses were run with step scan, i.e. 4 seconds per step in the 2θrange 10-90°.
Observations of C4A3 S and AFt in the investigated samples were performed with
SEM using a Phillips XL 30 equipped with energy dispersive spectra, EDS in the 20
keV range. The material was first dispersed (10 - 20 mg) in a few millilitres of
ethanol, and then, while sonicating, a sample of the pulp was taken out with a
pipette. One drop was placed on a double-sided carbon tape. Thereafter, the samples
were sputter coated with gold.

2.2.4 Conduction calorimetry
Isothermal calorimetry was performed on a TAM air (Thermal Activity Monitor)
instrument from Thermometric using glass ampoules.

The instrument is an 8-

channel heat flow calorimeter for heat flow measurements in the milliwatt range and
the measurement was performed on mixtures and an OPC. Duplicate samples were
performed using 100 ml /sample with a w/c-ratio =0.5 for 24 hours at 20ºC. The
tests were performed by Cementa Research AB, Sweden. The result of hydration is
given in Figure 2, Paper II.

2.2.5 Preparation of mortars
The fired briquettes were ground with a rod mill for 25 minutes and then by a
vibration mill for 25 minutes. Next, the material was run through a magnetic
separator and then divided into three representative samples using a Jones riffle. In
one of the dividers, 5 % C S was added, and in a second one, 10 % C S was added,
while the third sample was left untreated with regard to the addition of C S. The
three dividers were then once again ground separately with a vibration mill in order
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to get a close particle size distribution and good homogenisation of those to which
additions of sulphate were made. Finally, material from all three of the samples was
taken out using a Jones Riffle for further determination of the particle size
distribution of each sample.

2.2.6 Compressive strength
Mortar prisms measuring 25x25x285 mm were prepared and tested by Cementa
Research AB, Sweden. The material was blended with sand and water in the ratio
3:1:0.5 and hydrated for 2 and 28 days. In the first 24 hours, the mortars cured in a
moisture chamber with 95% relative humidity at 20°C. Thereafter, the moulds were
cured in water at 20°C until the mechanical strength was tested.

2.2.7 X-ray powder diffraction (XRD) - observation of AFt
Confirmation of AFt was carried out on a Phillips X'pert Pro diffractometer with
CuKα radiation and an “X’celerator” detector. The scanning was made after 24
hours between 7-50° in the 2θ-range, and performed by Cementa Research AB,
Sweden. The result is given in Figure 3, Paper II.

2.2.8 Differential scanning calorimetry (DSC)
The DSC experiment was run on a DSC 7 Perkins Elmer Differential Scanning
Calorimeter to analyse the formation of AFt. This was performed by mixing a
sample with water, but in order to stop the hydration, acetone was added. Thereafter,
the sample was filtered and the moisture mass which was left was ground and heated
with the DSC instrument (20°C/min) as well as analyzed by XRD in order to
confirm the presence of AFt. The

tests

were

performed

AB, Sweden, and the result is found in Figure 4, Paper II.
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by Cementa Research

2.3 Material LFS and mayenite
2.3.1 LFS
The chemical composition of the LFS and GGBFS used in the experiments
conducted in this study are presented in Table 6. The GGBFS is an amorphous
material, i.e. 98% glass content.
Table 6.
Chemical composition of LFS and GGBFS.
Element
LFS
GGBFS

FeO
4.8
0.4

CaO
40.0
30.2

SiO2
5.0
34.2

Mn2O3
8.1
0.8

Al2O3
32.5
12.9

MgO
5.9
17.3

Na2O
0
0.5

K 2O
0.1
0.5

TiO2
0.6
2.2

2.3.2 Sample preparation mayenite
 and Al2O3 were stoichiometrically blended in order to
Chemical reagents of CC
synthesize C12A7. The chemical blend was then mixed with water in order to get
good contact between particle surfaces. The material was then dried in an oven for a
couple of hours before being introduced to the furnace, where the raw mix was fired
at 1400°C for 24 hours. After firing, the material was slowly cooled to room
temperature in the furnace. Further processing of C12A7 involved fractioning into a
fine and coarser fraction namely; Fraction A and Fraction B, respectively. The sizing
was carried out by sieving the material in ethanol. The corresponding BET-surface
was determined to 1.1 and 0.22 m2/g. The particle size distribution was also
determined with Malvern and the result is given in Figure 2, Paper V.
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Total
96.1
98.8

2.4 Experimental procedure LFS and mayenite
2.4.1 Sample preparation LFS
A slowly cooled LFS sample of approximately 19 kg was collected for further
processing. The material was initially crushed to - 5 mm using a Jaw crusher and
thereafter separated into two fractions, + 0.5 mm and - 0.5 mm. The + 0.5 mm
fraction was run through a magnetic separator in order to remove metal droplets,
roughly 6 wt% of the total coarse fraction. The non-magnetic fraction was again
combined with the - 0.5 mm size fraction, which was not run through the magnetic
separator. The objective was to remove coarse metal droplets, which were not
observed in the fine fraction. The grinding proceeded in two steps, of which the first
was carried out with a rod mill for 20 min + 20 min, followed by a second step
carried out in a ball mill for 20 min + 120 min. The particle size distribution was
measured in between each sequence in both steps. The grindability of the material
was 68 kWh/ton at a level of d80≈ 50µm. The density and specific surface were 3.17
g/cm3 and 3500 cm2/g, respectively.

2.4.2 X-ray powder diffraction (XRD)
Rietveld analysis was used for the quantification of phases in the LFS. The
examination was performed with a STOE θ/θ - diffractometer as well as CuKα
radiation (λ=1.5418Å), U=40 kV, I=40 mA, in the angle region 2θ=5-90°. The step
size was set to ∆2θ =0.04°, and time/step=6s. Rietveld program SiroQuant®, Version
3.0 was used for the quantitative phase analysis. The analyses were performed by
Röntgenlabor Dr. Ermrich, Germany, and the XRD pattern of the unhydrated LFS is
given in Figure 1, Paper IV. Hydrated samples of LFS from the calorimetric study
were examined on a Phillips X’pert Pro diffractometer with CuKα radiation
(λ=1.5406Å), U=45 kV, I=40 mA, and a X’celerator detector. The scanning was
performed in the angle region 2θ=5-70°, at Cementa Research AB, Sweden. The
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calorimetric analyses were completed after 24 hours, after which acetone was added
to the samples prior to XRD analyses in order to stop the hydration.

2.4.3 Calorimetry
Isothermal calorimetry was performed using a thermal activity monitor (TAM)
instrument from Thermometric using Admix ampoules. The instrument is an eightchannel heat flow calorimeter for heat flow measurements in the milliwatt range.
The water for hydration of the sample was introduced and mixed in-situ in order to
obtain the complete hydration curve. The vct-ratio was set to 0.6 at 20, 25 and 30°C
for 24 h. This measurement was performed by Cementa Research AB, Sweden.

2.4.4 Compressive strength
Mortars with a dimension of 4x4x16 cm were hydrated for 2, 7 and 28 days before
testing according to EN 196-1. The material was blended with sand and water in the
ratio 3:1:0.5. During the first 24 hours, the mortars were cured in a moisture
chamber with 95% relative humidity at 20°C. Thereafter, the moulds were left to
cure in water at 20°C up to the time for compression testing.

2.4.5 X-ray powder diffraction (XRD)
The purity of C12A7 as well as hydrated samples was confirmed by powder x-ray
diffraction using a Phillips X’pert Pro diffractometer with CuKα radiation and an
X’celerator detector. The scanning of hydrated samples was carried out in the 2θ range 5-70°. XRD was performed immediately after the calorimetric analyses were
completed after 24 hours. Before analysis, some acetone was added in order to
prevent further hydration. XRD-analysis and related sample preparation were carried
out by Cementa Research AB, Sweden.The diffractogram is shown in Figure 1,
Paper V.
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3. Results and Discussion
3.1 SAB cement
3.1.1 Simultaneous Thermal Analysis (STA)
TG/DTA measurements were carried out in an air atmosphere for all mixtures. The
results show that the highest weight loss is obtained in the temperature range of 700800°C, see Table 7.
Table 7.
Weight loss in wt-% and gas release in ion current observed by
TG/DTA/QMS-analyses at specific temperature ranges.
Mixture
Temperature range

MixA
MixB
MixC
MixD

MixA
MixB
MixC
MixD

100-150°C
-3.56
-1.35
-1.57
-1.02

H 2O
3.5
1.4
1.5
0.43

700-800°C
-4.23
-9.35
-9.05
-2.49

CO2
2.8
5.6
5.6
0.98

900-1400°C
-3.61
-2.15
-1.80
-0.05

Total weight loss
-11.4
-12.9
-12.4
-3.6

Gases in ion current 10·10-10/A
SO2
0.4
0.2
-

This weight loss is especially pronounced for MixB and MixC with about 9 wt-%
each, since more calcite exists from the start in MixB and MixC. It also implies that
much less CO2 is released compared to OPC, where the CO2 emissions generally
reach about 40%. In general, the calcination starts at 700ºC, according to reaction
(14), and the maximum is reached between 750-800ºC, independently of which
mixture is being considered.
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The Differential Thermogravimetry results, DTG, (given in Figure 3, Paper I), show
agreement with the corresponding gas emissions i.e., the released moisture and
carbon dioxide emissions at the aforementioned temperatures. The affect of weight
loss at 1300ºC is in the case of MixA and MixC influenced by the evaporation of
sulphur dioxide due to the decomposition of C S. Although MixB and MixC are
very similar in composition and behave principally the same, no sulphur dioxide
could be detected from MixB. The sulphur present is presumably consumed in the
clinker formation.
The various reactions taking place are partly related to the formation of C4A3 S. The
reactions start at approximately 1000ºC, according to the overall given reaction (15),
[4], somewhat depending on which mixture is being considered. The formation of
C4A3 S may also follow reaction (16), [4], in a solid state reaction with C S. Finally,
it is also possible that C3A reacts with sulphur dioxide and oxygen at temperatures
up to 1250ºC in a solid-gas reaction according to reaction (17), [4], thus forming
C4A3 S as well. In slags, where C2S already is present, the polymorphic
transformation of γ → α’L usually takes place at 900ºC and, furthermore, α’L→ α’H
at 1180ºC, [40], which overlaps with other reactions taking place. Complete data
with figures of the TG/DTA/QMS results are provided in Figure 3, Paper I.

CaCO3→CaO+CO2

(14)

3CaCO3+3Al2O3+CaSO4→4CaO·3Al2O3·SO3+3CO2

(15)

3(12CaO·7Al2O3) + 7CaSO4 → 7(4CaO·3Al2O3·SO3) + 15CaO

(16)

3(3CaO·Al2O3) + SO2 + ½ O2 → 4CaO·3Al2O3·SO3 + 5CaO

(17)
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3.1.2 X-ray powder diffraction (XRD)
XRD analyses were carried out in order to determine the clinker forming reactions
that have occurred. The analyses of the investigated samples are summarized in
 , C3MS2,
Table 8. In the raw material of MixA, XRD revealed the presence of CC
γ–C2S, and C2MS2 as major phases. After the mixture was fired, none of these
phases appeared. Instead, C4A3 S , also referred to as yeeliminite, was detected along
with bredigite, which is an alpha’-structure of dicalcium silicate. The observation
 has reacted with alumina and sulphate to form yeeliminite as
suggests that CC
expected. It is not clear to what extent C12A7 has reacted with calcium sulphate, but
since no C12A7 or other alumina phase was detected afterwards (with the exception
of C4A3 S ), its contribution to the formation of C4A3 S presumably follows reaction
(16). The same argument seems to hold true with regard to MixD, as well. Without
any additives at all, neat LFS fired at 1200°C forms the desired clinker minerals,
along with free MgO, which existed already from the start. Since no alumina and
sulphate were added, it is suggested that C12A7, being one of the major minerals in
this material, reacts with C S in the LFS to form C4A3 S , whereas C3A, which was
also detected, may contribute to the formation via reaction (17). Silicates present in
MixA and MixD, such as C2MS2 and C3MS2, are suggested to be part of the
formation of bredigite, whereas γ–C2S contributes to the larnite formation (β–C2S).
Apart from additives the raw meal of MixB and MixC contained the same minerals,
but in different proportions, and the major phases detected were γ–C2S, C12A7, MgO
and FeO. Important differences were detected after firing. The clinker material of
MixB agreed better with the assessed phase composition than MixC. MixB showed
higher intensities of C4A3 S and C4AF than MixC which instead contained a calcium
magnesium alumina iron silicate structure. In conclusion, substituting AOD slag
with BOF slag clearly influences the final composition.
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Table 8.
The most abundant minerals detected by x-ray diffraction before
and after firing. B=before firing and A= after firing.
Mineral
Nr.

Name

Mix A MixB Mix C Mix D
Chemical formula

1

Gypsum

CaSO4·2H2O

2

Calcite

CaCO3

3

Corundum

Al2O3

4

Periclase

MgO

5

Calcium silicate

γ -Ca2SiO4

6

Mayenite

Ca12Al14O33

7

Åkermanite

Ca2MgSi2O7

8

Merwinite

Ca3Mg(SiO4)2

9

Tricalcium aluminate

Ca3AlO6

10 Wuestite

FeO

11 Yeeliminite

Ca4(Al6O12)(SO4)

12 Bredigite

Ca1.7Mg0.3SiO4

13 Larnite

β- Ca2SiO4

14 Brownmillerite

Ca4Fe2Al2O10

15 (Ca, Mg, Al, Fe) silicate Ca2Mg0.2AlFe0.6Si0.2O5
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3.1.3 Particle size distribution of mortars
From Figure 3, it can be seen that all MixB blends are closely distributed with an
acceptable particle size distribution compared to those of MixA. All MixB-samples
have a d80 ≅ 50 µm, whereas MixA 0% and MixA 10% approximately reach a
d80 ≅ 80 µm, and MixA 5% a d80 ≅ 70 µm. The difference in particle size can be
explained by a higher resistance to grinding of MixA, which is reflected by the
difference in mineralogy, e.g. bredigite, which is considered as abundant in MixA,
was absent in MixB (Table 8). It is further commonly known and accepted that the
particle size is a considerable parameter due to significant effect on the rate of
hydration, and thereby the strength of the cement/concrete. It is therefore important
to also consider the grindability of the final composition in parallel to the hydraulic
properties of the material.
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Fig. 3. Particle size distribution of MixA and MixB with and
without addition of gypsum.
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3.1.4 Compressive strength
The results of compressive strength tests are listed in Table 9. The value given for
each mixture represents the mean value of four tests and was measured after 2 and
28 days.
Table 9.
Compressive strength developed for each mixture of MixA and MixB after 2 and 28
days of hydration.
Compressive strength (MPa)
Specimen
2 days

28 days

MixA 0% Gypsum
MixA 5% Gypsum
MixA 10% Gypsum

0
4.2
4.0

7.0
8.5
8.3

MixB 0% Gypsum
MixB 5% Gypsum
MixB 10% Gypsum

3.7
7.5
7.6

12.0
13.5
12.3

All MixB samples provided higher strength values than those of MixA. One
explanation is that MixB was finer in size, but it is not considered to be the only
explanation. The other important aspect is a slow reactivity by the abundant
bredigite phase in MixA in parallel to a more reactive ferrite phase in MixB, which
was assessed to approximately 40 wt-% according to Table 5, but only about 10 wt% in MixA. The compressive strength of MixB was almost twice as high after two
days of hydration. At the level of 28 days, MixA 5% reached 8.5 MPa, whereas
MixB 5% was determined to 13.5 MPa. The results show that mortars of MixB
measured strengths in accordance to that suggested in the literature for slow
hardening cement based on the C - S - A - S system, [4]. The results obtained also
imply that there is a saturation point at about 5% with regard to the addition of C S.
Going from 0% to 5% C S , there is a considerable increase in strength which relates
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to the formation of AFt, whereas the strength remains relatively the stable, with 10%
of C S added independently of which mixture is being considered.

3.1.5 Scanning electron microscopy (SEM) - observation of AFt
In the micrographs of MixA 5% and MixB 5% (Figures 4a-b), needle-like crystals
(AFt) can be observed in the matrix using SEM. The analyses were performed after
two days of hydration.

Fig. 4a. SEM/EDS MixA 5% 2 days hydration.

Fig. 4b. SEM/EDS MixB 5% 2 days hydration.
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3.1.6 Concluding remarks
The study has considered four different mixtures based on steelmaking slag of which
the hydraulic properties were further assessed for MixA and MixB with different
additions of C S. MixD (neat LFS) was chosen based on its high content of alumina
in comparison to other slags, which is a favourable property in this context. It
would, however, not be realistic to produce a commercial clinker based on only
LFS, since sufficient volumes cannot be provided, but certainly as part of the raw
material for clinker production. The use of aluminium as a deoxidation agent
contributes to the formation of calcium aluminates like C12A7, and C3A in the
solidified slag. It is generally accepted that calcium aluminates are highly hydraulic
and react very quickly with water, especially C12A7. The hydration of different
calcium aluminates in water results in the formation of hydrates like C2AH8,
C4AH19, CAH10, and C3AH6 [15], which give strength to the material. Among these
hydrates, only C3AH6 is thermodynamically stable [13]. Consequently, all the other
hydrates eventually convert to C3AH6 as a final product and the conversion process
can adversely affect the final strength of the material. Although conversion is a
critical parameter to consider, specifically in construction applications, the relatively
high content of alumina in this slag suggests great potential not only as part of a raw
material for cement production, but also as a binder that must be considered as a
substitute for traditionally used binders like OPC in, for instance, metallurgical
briquettes. For this reason, the study also covers the influence of mineralogy on the
hydration properties of neat LFS, a blend with LFS/GGBFS, as well as the hydration
of C12A7, which is detailed in the following chapter.
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3.2. LFS and mayenite
3.2.1 X-ray powder diffraction (XRD)
The investigated LFS was characterised by powder x-ray diffraction, and the phases
detected were further quantified through Rietveld-analysis. The result of this
quantification is given in Table 10. The amount of crystalline phases was
determined to 65 wt-%, of which only 60 wt-% could be assigned, i.e. the crystalline
amount was normalised at 60 wt-%. In addition, there was an amorphous phase
which was calculated to approximately 35 wt-%.

Table 10.
Rietveld-analysis of LFS.
Mineral

Chemical Formula

Abbreviation

Quantity
in wt-%

C20A13M3S3

20.6 ± 2.0

C12A7

11.6 ± 1.8

C3A

8.9 ± 1.5

f

6.6 ± 0.8

Pleochroite/Q-phase

Ca20Al26Mg3Si3O68

Mayenite

Ca12Al14O33

Tricalcium aluminate

Ca3Al2O6

Wuestite

FeO

Dicalcium silicate

β-Ca2SiO4

β-C2S

5.9 ± 1.1

Dolomite

CaMg(CO3)2


CMC

3.5 ± 0.6

Dicalcium ferrite

Ca2Fe2O5

C2F

2.9 ± 0.4

Åkermanite

Ca2MgSi2O7

C2MS2

<1

C12A7 (~ 12 wt-%) is typically present as a minor phase in CAC, but appears
frequently as a major constituent in Swedish LFS. C3A, an important component of
the OPC system, was present at about 9 wt-%. Other favourable minerals detected
were β-C2S (~ 6 wt-%), which has been extensively studied in OPC, and the
principal phase detected in the gehlenite group [14], known as pleochroite or Qphase [41], often formed in high-alumina cements with more than 1% of MgO [42].
The Q-phase may influence the hydraulic properties of LFS by initially forming
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similar hydrates to those seen in high-alumina cements at room temperature [43].
There was no crystalline phase of manganese that could be determined, but the SEM
micrograph and accompanied EDS-analysis in Figure 2, Paper IV, shows that iron,
manganese and magnesia enter a solid solution, i.e. (Fe,Mg,Mn)O. Neither FeO nor
(Fe,Mg,Mn)O are desirable phases, but the advantage of a solid solution (including
Mg) is that the formation of free MgO can be avoided.

3.2.2 Calorimetric analysis of LFS and LFS/GGBFS
The first six hours of hydration is presented in Figures 5a-b as a function of time for
each composition at the respective temperatures. The course of heat evolution is
characterised by three stages in terms of an initial, an induction and an acceleration
period. The heat evolution that followed after the acceleration period continuously
levelled off. From that point and until 24 hours no additional increase in heat
liberation could be observed.
The setting time of C12A7 occurs in a few minutes [17] and cements that contain a
substantial content of C12A7 are reported to primarily form C2AH8, even at low
temperatures [13]. Recalling that C12A7 and C3A account in total for approximately
21 wt-% of the crystalline phases according to Table 10, the first initial intense peak,
t < 1 hour, is primarily associated with the wetting of the material and the
  . The other phases that are present
dissolution of C12A7, C3A as well as CMC
according to Table 10 are not expected to influence the early hydration behaviour to
any major extent like C12A7 and C3A. For instance, C2S which reacts with water to
form calcium silicate hydrates (C-S-H), is very well known from investigations of
OPC to react slowly. Midgley et al. [44], have also found that β-C2S can react with
alumina gel to form stratlingite (C2ASH8) in the presence of about 10% Ca(OH)2.

The hydration of wuestite (which also may be present in CAC), can lead to the
formation of Fe2+ and Fe3+ hydroxide, and may become incorporated in other
hydrates[15]. Åkermanite is reported to react slowly [42], and is considered as a
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non-cementitious phase [45]. C2F is reactive with water, and is reported to form
amorphous Fe(OH)3 and C4FH13 which converts to C3FH6 within a day [8]. The
calculated content of this phase in the current study (~ 3 wt-%) suggests
comparatively limited influence on the hydration of LFS. Pleochroite glass is
reported to be weakly hydraulic [15], but there are also studies considering the MgO
analogue of pleochroite, i.e. Q-phase, to be reactive [42-43], as was mentioned early
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on in this chapter.
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Fig. 5a. Heat evolution of LFS/GGBFS at 20, 25 and 30°C.
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Fig. 5b. Heat evolution of LFS/GGBFS at 20, 25 and 30°C.

In the induction period, the heat flow reaches its minimum at the time the main
hydrate-growth starts, in parallel to decreasing dissolution of calcium and alumina.
The hydrate growth explains the next increase in heat liberation. The acceleration
period was clearly temperature dependent for both neat LFS and the blend with
GGBFS and was dominated by reactions (8) [8] and (9) [15], which was confirmed
by XRD analysis performed after the completion of calorimetric measurements,
shown in Figures 6a-b.
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Fig. 6a. XRD-patterns of hydrated LFS at 20, 25 and 30°C, and (w/c)=0.6. The
phases determined are those considered as dominating in the sample.
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The phases determined in Figures 6a and 6b are judged as dominating phases, but
there is a significant overlap at the main peaks of the hydrates, which makes the
evaluation more difficult. XRD of hydrated LFS at 20°C, Figure 6a, revealed
formation of phases C2AH8 (8.2° 2θ and 16.4° 2θ ), and C4AH19 (8.3° 2θ and 16.7°
2θ) , whereas the C2AH7.5 phase dominated at 25°C with strong reflections at 8.4°
2θ, and 17.0° 2θ. The more pronounced peak of C2AH7.5 at 25°C is explained by the
conversion of C2AH8 to C2AH7.5, which was discussed in a paper by Pöllman et al.
[46]. The conversion of α-C2AH8 to β-C2AH8 has also been reported by Bensted
[15]. At 30°C, the reflection of C2AH7.5 overlaps with C4AH19, but is still more
dominating than it was at 20°C. There were also small peaks identified as C2ASH8
(7.1° 2θ and 14.2° 2θ), which increases with temperature. The formation of C2ASH8
suggests that Q-phase has started to dissolve which would be in accordance with a
study from Kaprálik et al.[43]. The probable contribution of pleochroite to the
formation of C2ASH8 has been reported by Midgley et al. as well [44]. The Q-phase
in the present study does persist after 24 hours of hydration, but the reflections of the
main peaks are reduced in comparison to those of the unhydrated LFS sample, i.e. at
28.8°, 31.1° and 32.0° 2θ. Recalling the study by Midgley et al. [44], where it was
concluded that the formation of C2ASH8 occurred via β-C2S, alumina gel and
approximately 10-% Ca(OH)2, it cannot be disregarded that the formation of
 .
C2ASH8 in this study also occurs along the same lines due to the reaction of CMC
It is also possible that the amorphous phase contributes to the formation of C2ASH8.
From the current results, we cannot discern any dissolved quantity of either Q-phase,
β-C2S or the amorphous phase. It is, however, maintained that the properties of
C12A7 and C3A warrant more attention in any given application in the early hours of
hydration, since only traces of these phases are remaining along with resultant
strong peaks of calcium aluminate hydrates shown in Figure 6a. Finally, there were
also traces of CAH10 detected at 20°C in Figure 6a.
Figure 6b, represents XRD results of the blend, which was much more
straightforward with regard to the determination of hydrates. The two main hydrates
detected were C2AH7.5 and C2ASH8. The aforementioned conversion of C2AH8 to
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C2AH7.5 is therefore seen to progress faster in a blend with GGBFS. It is also
important to note that the main reference peaks of C4AH19 could not be matched
with any of the peaks achieved in the XRD pattern. Another considerable difference
between hydrated LFS and LFS/GGBFS is the much more pronounced peaks of
C2ASH8 in the blend, which also showed significant temperature dependence.
Strong peaks of C2ASH8 at 25 and 30°C imply that the silica network of the GGBFS
has started to react with hydrates of LFS.

3.2.3 Compressive strength tests
Mortar prisms of LFS exhibited good performance by measuring 33.1 MPa after 2
days and 34.9 MPa after 7 days, see Table 11. The strength development agrees with
the formation of C2AH8 and C4AH19, which were found after 24 hours in samples
analysed with calorimetry. From 7 days up to 28 days hydration, the compressive
strength dropped 13 MPa down to 21.9 MPa, which indicates a conversion to the
thermodynamically stable C3AH6.
Table 11.
Compressive strength of mortar prisms.
Specimen
LFS
LFS and GGBFS 50/50
OPC and GGBFS 50/50

2 days
33.1
17.9
16.5

Compressive strength in MPa
7 days
28 days
34.9
21.9
16.4
31.6
27.5
50.4

The result also indicates that Q-phase at this stage of the hydration has not started to
form C2ASH8 to any significant extent (which is reported as a hydration product of
Q-phase) nor did the amorphous phase which accounts for about 35 wt-% of the
LFS, since the formation of C2ASH8 would have prevented the decline in strength.
The blend with GGBFS reacted more slowly than neat LFS as could be expected.
The strength was determined to 17.9 MPa after 2 days and 16.4 MPa after 7 days.
The strength after 28 days however, was superior to LFS by measuring 31.6 MPa.
The increase in strength reflects the formation of C2ASH8 which is explained by an
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activation of the GGBFS that was apparent already after 24 hours at the same
temperature (20°C) according to Figure 6b.
The activation of GGBFS with LFS was also compared with typical test results of
50/50 blends with OPC. The compressive strength after 2 days is at the same level as
for the blend with LFS measuring about 16 MPa. Strength development up to 7 days
tends to advance slightly faster for the blend of GGBFS with OPC in comparison
with LFS/GGBFS as the GGBFS/OPC composition reaches levels at about 28 MPa.
Neat LFS is still (after 7 days) superior to the OPC/GGBFS-mixture. The final
strength of GGBFS /OPC, however, (at 28 days) is superior to all other test results
provided in Table 11, as could be expected. The reason is that the properties and
total amount of strength-giving phases in OPC are of a different character and
magnitude. The OPC provides C-S-H with or without GGBFS when mixed with
water at the same time, as it only contains cement-giving phases (C3S, C2S, C3A,
C4AF), which the LFS does not.

3.2.4 Activation energy, Ea, of LFS and LFS/GGBFS
The temperature dependence of the acceleration period has been examined using the
Netzsch Thermokinetic software package [47], also used to propose a model that
describes the experimental data. The rate of diffusion during the acceleratory period
of precipitation is inherently connected to the nucleation and further growth of
crystals, which is why the Avrami-Erofeev model (An) was chosen for kinetic
modelling of experimental data, equation (IV). The results of the calculation are
graphically illustrated in Figures 7 a-b.
The correlation coefficients for neat LFS and the blend were determined to 0.9996
and 0.9997, respectively. The activation energies resulting from Avrami-Erofeev
modelling were in good agreement with the trends from earlier Friedman analysis,
58 kJ/mol for the LFS and about 63 kJ/mol for the blend, i.e. also indicating more
temperature dependence for the blend. The dimension m was 2.24 in case of neat
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LFS and 2.21 for the blend. In equation (V), given in section 1.6, p refers to the
morphology of hydrates, i.e. p=1, if needles, and p=2, if plates or sheets [27]. The
constant s describes the type of reaction mechanism that is occurring, i.e. s=1 if
phase-boundary controlled, and s=2, when the rate determining step is diffusion
controlled growth [27]. Finally, q has limits at q=0, if the condition of instantaneous
nucleation is valid, whereas q=1 when the nucleation rate is considered to be
constant [28]. Knowing that the value of m in this study should be correlated with
the commonly accepted hexagonal plates of C2AH8/C2AH7.5, C4AH19 and C2ASH8
formation (according to XRD results in Figure 3), the constant p should be set to,
p=2 (formation of plates/sheets). Based on the behaviour of the calorimetric curves,
it is reasonable to assume the occurrence of nucleation saturation, where q=0, with
the argument that all nuclei are assumed to be formed instantaneously, and that
growth occurs at the same rate [28]. Under the given conditions of constants; m, p,
and q the value of s should be set to, s=1, meaning the reaction is phase-boundary
controlled [8]. Therefore, the rate-determining step is defined as the diffusion
through the boundary layer of the liquid-solid interface [28]. An explanation for a
dimension slightly > 2 would be that there are phases other than calcium aluminates
reacting in the slag which may affect the ongoing hydration e.g., Q-phase and β-C2S
and thereby the result of the calculation.
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Fig. 7b. Avrami-Erofeev fit to experimental data.
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3.2.5 Calorimetric analysis of mayenite: Fraction A-B
Heat evolution curves of Fraction A (finer) and Fraction B (coarser) at each
temperature are shown in Figures 8a-b as a function of time. The two most
important differences in the investigated samples can be seen during the initial and
the first accelerating stage of the hydration. The first initial exothermic peak is due
to the wetting of the material, and ions going into solution, but nucleation and
building of hydrates may also contribute to heat released. The amount and extent of
formed hydrates, however, may differ with both temperature and size fraction. The
comparison of Fraction A and Fraction B clearly show that the initial heat liberation
significantly increases with available reaction surface. Thereby, it is also expected
that the rate of hydration is increased. From these figures alone it is not possible to
conclude anything about the distribution of amorphous and crystalline phases, but
Edmonds and Majumdar [48] stated that the hydration of C12A7 is accompanied by
significant amounts of amorphous phases due to difficult nucleation of hydrates. The
possibility of minor amounts of semi-crystalline C2AH8 has been reported in relation
to CAC [14].
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Fig. 8a. Isothermal calorimetry of Fraction A.
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Fig. 8b. Isothermal calorimetry of Fraction B.
The dormant period, which is characterised by low activity with respect to heat
released, then occurs as the driving force for dissolution of ions decreases, and the
precipitation of hydrates proceeds at fairly low rates, a common occurrence in CAC
[13-14], [49]. The accelerating period that follows can be ascribed to an increased
rate of crystal growth, according to the overall reaction (8) given in sections 1.4.2
and 3.3.2, which is why heat release again starts to increase. This stage of the
hydration is more temperature-dependent for Fraction B, as Fraction A appears to
react very similar at 25 and 30°C. Therefore, independent of the underlying reaction
mechanism, it can be concluded that Fraction B reacts more slowly during the initial
stage and is more sensitive to temperature during the acceleration period. Figures
9a-b show XRD patterns of hydrates detected in the samples. From these figures, it
is clear that the samples mainly contain intermediates C2AH8, C2AH7.5 and
unhydrated C12A7. At 20°C, there were also low intensities that revealed the
presence of CAH10. The possible appearance of some CAH10 is reported in the
literature, but it is expected to be low, due to the higher C/A ratios in the solution
[14]. Gibbsite (AH3) is mainly present in an amorphous form, as its crystalline form
could not be detected by XRD analysis. This result agrees with the findings from
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Edmonds and Majumdar [48]. An important observation is the highest intensity
between 8.1-8.4° 2θ, which indicates crystallographic changes and significant
differences between Fraction A and Fraction B. The double peak discovered in
Fraction A at 20 and 30°C refers to the conversion from C2AH8 to C2AH7.5, which
was not discussed in the work by Edmonds and Majumdar [48]. The conversion is,
however, noted in relation to studies of the hydration of CAC [50] as well as the
kinetics of CA [51]. In a study by Rashid et al. [50], two possibilities were suggested
for the conversion of C2AH8, namely; α-C2AH8→ C3AH6 or α-C2AH8→ β-C2AH8 →
C3AH6, depending on the temperature. With this in mind, a conclusion can be drawn
that the conversion to C2AH7.5 occurs faster in Fraction A at 25°C (Figure 9a), than
at 20 and 30°C. Furthermore, the conversion to C2AH7.5, through the precursory
C2AH8 according to [51], generally occurs faster in Fraction B than in Fraction A.
This is also important from the point of view that C2AH7.5 can be considered a
thermodynamically more favourable phase than C2AH8 [51]. A lower content of
C2AH7.5 in Fraction A at 20 and 30°C therefore implies that the conversion to C3AH6
in this case may be delayed. Another important observation is that more C12A7 has
dissolved in Fraction A than in Fraction B, i.e. lower relative intensities of
unhydrated C12A7, as could be expected due to the higher surface area. Noteworthy,
however, is that more C12A7 has dissolved at 25°C than at 20°C and 30°C for both
Fraction A and Fraction B. This behaviour, known as anomalous setting, has been
extensively studied in relation to the hydration of CA and CAC [52]. Due to the
complexity of this behaviour, the author chose not to speculate any further on its
possible significance in this study, but to only conclude that anomalous setting also
accompanies the hydration of C12A7. It is, however, appropriate to consider why
C2AH7.5 in samples of Fraction B clearly increases in intensity with increase in
temperature, in spite of a decrease in the amount of dissolved C12A7 at 30°C. The
increase in C2AH7.5 in Figure 9b with temperature is in accordance with the heat
evolution shown in Figure 8b. The reason for less intense reflections of C12A7 in
Fraction B at 25°C than that at 30°C coinciding with a more pronounced peak of
C2AH7.5 at 30°C is not as straightforward. An explanation for this behaviour could
be that the amount of dissolved C12A7 at 25°C is actually greater than that at 30°C,
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but this is not apparent in XRD because the majority of C12A7 precipitates as an
amorphous phase at 25°C. Furthermore, this would imply that crystallisation of
C2AH8 is more difficult at 25°C than at 30°C because of lower specific surface area,
since the same behaviour cannot be distinguished as clearly in Fraction A with a
higher surface area.

46

50000
C2AH8

45000

C2AH7.5

40000
C2AH8 C2AH7.5

35000
C2AH7.5

intensity

30000

C12A7

Fraction A 30

25000

C2AH7.5

20000
15000

Fraction A 25

C12A7

C2AH8
C2AH7.5

10000

CAH10

5000

C2AH8 C2AH7.5
C12A7

CAH10

Fraction A 20

0

5

10

15
20
Diffraction Angle °2θ

25

Fig. 9a. XRD pattern of Fraction A hydrated at 20, 25 and 30°C.
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25

3.2.6 Activation energy, Ea, of Fraction A and Fraction B
Model-free Friedman analysis, based on equation (II), has been used to see how the
activation energy varies with reaction extent, see Figures 6a-b in Paper V. The
duration of the accelerating period was defined as the time elapsed between the
before mentioned local minimum of heat development to the next maximum of heat
development according to Figures 10a-b, i.e. the resulting activation energy does
not, therefore, consider early building of hydrates that may take place during the
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Fig.10a. Acceleration periods highlighted for Fraction A
at given temperatures.
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Fig.10b. Acceleration periods highlighted for Fraction B
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Fractions A and B showed similar fits of 0.996 and 0.998, respectively.
Additionally, the dimensions of 1.81 and 1.93 seen in Table 12 are at a level that is
in agreement with the formation of sheets/plates according to Table 1, shown in
Paper V.

Table 12. Summary of data obtained from fit to Avrami-Erofeev plot.
Fraction
Ea (kJ/mol)
Correlation coefficient, R2
Dimension, m
Fraction A

33 ± 0,33

0,996

1.81 ± 4.31·10-2

Fraction B

79 ± 0,17

0,998

1.93 ± 3.71·10-2

A reason as to why the dimension in Fraction A is lower than Fraction B can be
related to the difference in average particle size between the fractions. In the finer
Fraction A, there are a greater number of particles/reactive surface per specific
volume than in Fraction B. A larger surface for reaction between particles in more
closely packed surroundings will likely cause the bulk density of hydration products
between particles to increase. This increase in density can lead to a lack of space for
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unfettered growth during the course of hydration and in turn cause more
impingement on growth of hydration products in the later part of the acceleration
stage, thereby resulting in more semi-directed growth, i.e. a slight change in the
preferential growth direction [53]. The larger confidence interval for activation
energy from Friedman analysis of Fraction A at a fractional precipitation greater
than 0.7 (Figure 6a in Paper V) points to a more variable mechanism in this range.
Recalling that the x-ray diffraction patterns were dominated by intermediates
C2AH8/C2AH7.5, it can be concluded that the preferred structures of the model
correlate with phases detected in the samples. The latter conclusion further provides
the following two kinetic alternatives using equation (V),
Alternative 1
P=2, S=1 and q=0. From this alternative, the model suggests that the reaction occurs
at the phase-boundary and that the rate-determining step then would be the diffusion
through the boundary layer of the liquid-solid interface[28], but also that the start of
the accelerated period is characterised by a nuclei site saturation, i.e. q=0.
Alternative 2
P=2, S=2 and q=1. Alternative 2 indicates that the reaction is controlled by
diffusion, which means that the bulk diffusion is a rate-determining step [28], along
with a constant nucleation rate.
As the heat evolution during the accelerating period levels off comparatively
quickly, it is reasonable to assume that nuclei basically are formed at the same time,
and then start to grow. This further allows us to assess the accelerating period as a
phase-boundary controlled progress. The fact that more C12A7 has dissolved at 25°C
than at 30 and 20°C could then be explained by the formation of more permeable
layers at 25°C, which presumably is dependent on the distribution and relationship
between crystalline intermediates and amorphous phases. The latter is, however, an
object of further research and investigations.
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4. Concluding Discussion
The world faces the challenge of reducing CO2 emissions as well as the need to
conserve natural resources. From this standpoint, it is rather an obligation than
“good will” for any industry to assess recycling possibilities and to avoid byproducts from being sent to landfill. Steel slags are very challenging materials to
work with due to the variety of oxides that are present, but still, options have been
suggested throughout the years on how to approach the usefulness, and how to
improve the properties of these materials in order to increase the recycling potential.
The critical point in the context of cement application is the final mineralogical
composition of the slag, as this significantly affects the reactivity with water, but
also the suitability as raw material in cement production. EAF, BOF and AOD slags
are all silicate-based compositions, much like OPC, but the lower amount of
specifically C3S and C2S in BOF and EAF slags, means that these compositions are
regarded as weakly hydraulic in comparison to commercial binders, like OPC and
SAB. The mineralogy typically seen in these slags, however, still reflects a
considerable potential, which is an important argument to why steel producers
worldwide should consider how to optimise the content of cementitious phases in
their slags, whereas cement manufacturers in parallel need to communicate what
type of composition and applications are realistic at present as well as in a not too
distant future in order to be able to meet the demands of a generally “conservative”
market.
One may argue that steelmaking slags differ with respect to chemical and
mineralogical composition depending on where they originate (in which country and
in which steelmill) also, that the distribution of crystalline phases depends on
whether the slag is generated from the EAF, BOF, AOD or the refining stage of the
steelmaking process. It is true that an EAF or BOF slag in Sweden may appear to
differ in composition from an EAF or BOF slag in another country in Europe or
elsewhere in the world. Still, the hot-stage processing is an object for improvement
in terms of optimising the mineralogical composition of the slag in a way that is
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believed to be applicable for any steel producer. Next to decide is which minerals
that are to be increased in the solidified slag. The most natural mineral to be
optimised during steel production with current conditions is presumably C2S in a
silicate-based slag system, whereas any C3S formed in parallel to C2S simply
improves the early reactivity, and thereby the short-term strength. The crystallisation
area of C2S and C3S is highlighted with yellow and green respectively, in Figure 12.

Fig.12. Phase assemblage CaO-Al2O3-SiO2 with highlighted phase areas of
advantageous minerals in the solidified steel slag [54]. Reprinted with permission

of The American Ceramic Society, www.ceramics.org All rights reserved.
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An optimisation of C2S would lead to a belite cement type of composition which
needs to be cooled rapidly before solidifying in order to avoid formation of γ-C2S. A
belite-based slag composition (belite cement) reacts slowly. Recalling that C2S
mainly contributes to the long-term strength in OPC (after 28 days), there is a need
for activation in order to account for the early strength in so far as the material is
thought to be used “just as it is” internally or externally. The easiest and perhaps
best practical approach in accomplishing an activation of the material is the use of
an admixture, i.e. high-belite blended cement, instead of using dopants. An
interesting idea for an internal use would be the incorporation of LFS. Another
alternative to activation would be to introduce the belite slag as raw material in a
clinker process, e.g. OPC and SAB.
In contrast to BOF, EAF and AOD slags, LFS should be considered optimised on its
content of calcium aluminates, like CA, C3A and C12A7. The crystallisation areas of
these minerals are respectively marked with blue, red and lilac in Figure 12. LFS
can, however, be optimised towards a belite type of composition as well, like the
silicate-based slag compositions. Increased content of calcium aluminates leads to a
composition that reacts immediately with water providing high early strength, which
is perfectly suitable as binder supplement in, for instance, metallurgical briquettes.
The possibility of keeping both options available (binder substitute and raw material
for cement) means that the flexibility can be maintained from both a steel and slag
production point of view.
A common aspect independently of which slag is considered (BOF, AOD, EAF, and
LFS) is that formation of C2AS must be avoided, due to its non-hydraulic properties.
The hydraulic properties and usefulness are also significantly improved by a
minimisation of MgO, since phases falling within the CaO-Al2O3-MgO-SiO2
assemblage like C2MS2, C3MS2 and various solid solutions like pleochroite, and
wuestite analogues with magnesia and manganese crystallises prior to, e.g. calcium
aluminates, and dicalcium silicate, and are either weakly hydraulic or non-hydraulic.
Finally, it is also of significant interest to keep the contents of free CaO and MgO as

54

low as possible, which, due to the well known expansion ability, has been addressed
many times before in scientific papers dealing with construction applications.
A raw material like limestone for commercial cements like OPC, SAB and CAC
cannot be replaced by the usage of residue materials. One major concern is the
availability of volumes and importance of a uniform final product. There are still,
however, reasons to believe that traditional raw materials and/or commercial
cements can be partly replaced in applications which do not necessarily require the
high quality and standard performance of OPC, SAB and CAC. Those applications
could, for instance, be found in the area of stabilisation of soils, sorption, binder
substitute in metallurgical briquettes, and cover liner material in landfill. In the
community of Hagfors, Sweden, there is an ongoing project which aims at
combining EAF slag with LFS for the cover liner of a landfill used for household
waste [55].
In this study, it has been shown that by combining different steel slags produced
under current conditions along with some other additives, it is possible to obtain a
SAB type of composition which also could be suitable as cover liner material, or soil
stabilisation or binder in briquettes. The results from XRD revealed formation of
clinker phases such as C4A3 S , and polymorphs of dicalcium silicate, among others.
It was furthermore concluded that the strength after 2 and 28 days of MixB agrees
with that suggested in the literature for slow-hardening SAB compositions. An
explanation for MixB measuring higher strength than MixA until 28 days of
hydration is believed to be associated with a high content of bredigite in MixA, and
the more reactive C4AF in MixB. The high content of bredigite which was reflected
by strong peaks in the x-ray diffraction pattern therefore also suggests that this Mganalogue of α’-C2S is more resistant to grinding which resulted in an overall coarser
size distribution under the same grinding conditions as for MixB. Difficult grinding,
like the hydration properties, therefore reflects the importance of considering the
final mineralogy of the slag, as grinding is an energy-intensive operation.

All

mixtures tested, however, are possible slag combinations, but at this stage of the
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investigation, the different mixtures are mainly aimed at highlighting the potential of
slags as raw material. Results presented have also proven that the LFS samples
display many of the characteristics of CAC with respect to the formation of calcium
aluminate hydrates. Those properties are also within the same lines as those being
considered as part of a cover liner. The high content of calcium aluminates also
suggests that this composition is very suitable as binder supplement in metallurgical
briquettes, since the strength was determined to 17.9 MPa after 2 days and 16.4 MPa
after 7 days. The decline in strength which is accompanied by the conversion of
C2AH8 to C3AH6 was prevented by the incorporation of 50% GGBFS through the
formation of C2ASH8, i.e. the 28-day strength increased from 21.9 to 31.6 MPa. The
acceleration period of the hydration was determined to be phase-boundary controlled
according to the Avrami-Erofeev model. The type of reaction mechanism coincides
with that of pure C12A7, which was calculated to be the dominating aluminate in the
LFS composition through Rietveld analysis. C12A7 was further concluded to be
accompanied by an anomalous setting behaviour like CA according to XRD results.
It was also shown that the coarse fraction, Fraction B, provides a higher rate of
conversion to C2AH7.5 than the finer Fraction A, specifically at 20 and 30°C. A
delayed conversion to C3AH6 via particle size is of practical importance and
therefore deserves further attention in future work. Fraction B which, overall, was
clearly much more temperature-dependent than Fraction A according to both heat
evolution curves and XRD patterns, was also seen to experience a more pronounced
difficulty in crystallisation of C2AH8 at 25°C. The differences in reactivity were
compared using the Avrami-Erofeev equation, (IV), as for LSF and LSF/GGBFS,
which by the determination of activation energy and model constants for the
different fraction, Ea=33 kJ/mol, and m=1.8l for Fraction A, Ea=79 kJ/mol and
m=1.93 for Fraction B, was an attempt to explain the sensitivity to temperature and
particle size.
The results obtained in this study therefore suggest that steelmaking slags can be
used in cement applications and that it is possible to combine a significant fraction
of steel slags to produce slow-hardening SAB cement. LFS which contains high
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contents of calcium aluminates can also be used as replacement for OPC in binder
applications like metallurgical briquettes.

5. Conclusions
•

The results in this study have shown that it is possible to produce SAB
cement with a high fraction of steelmaking slags. However, a mixture
containing bredigite (Ca1.7Mg0.3SiO4) as an abundant phase hydrates more
slowly and proved to be more difficult to grind, which is important to
consider from an energy consumption point of view.

•

The study has proven that the hydration properties of LFS containing a
calcium aluminate content of approximately 20 wt-% resemble many of
those of CAC with respect to the formation of calcium aluminate hydrates.
A blend with GGBFS prevents the conversion of C2AH8 to C3AH6 via
formation of C2ASH8 and thereby a decline in strength.

•

LFS, LFS/GGBFS and C12A7 follows a phase-boundary controlled
mechanism according to the Avrami-Erofeev model. It has also been shown
that a conversion from C2AH8 to C2AH7.5 was delayed via an increase in
surface area, which is of practical importance in the context of conversion.
An increase in surface area also resulted in a less temperature-dependent
fraction of C12A7. This behaviour was supported by the calculations of
activation energy which was determined to Ea= 33kJ/mol for Fraction A
(finer distribution) and Ea= 79 kJ/mol for Fraction B (coarser distribution).
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6. Future work
The field of by-products is a continually changing arena with respect to demands
and criterias governed by authorities and legislation. Landfills are costly and may be
regarded as antiquated in a society that seeks to develop in a sustainable manner. For
these reasons, it is important to seek and to be open for as many options and
solutions as possible for any by-product that is generated in parallel to steelmaking
(and other industries). Consequently, steel producers must therefore work in a way
that allows them to remain flexible, particularly in the long term. One important
option is the use of steel slags in cement applications. It is therefore essential that the
future strategy includes the following aspects:


Close communication and established collaboration between steel
producers and the cement industry, since it is very important that both sides
are part of a discussion dealing with composition demands, future products
and how to handle the logistics of materials, which also is a major
challenge lying within this strategy.



From a slag product point of view it is recommended that steel producers
start to look at the possibility of optimising the content of C2S via
alternative distributions of slag formers in silicate-based steel slags like
BOF, EAF and AOD in so far as the considered slag can be stabilised into
the metastable β-C2S. The present study has shown that today’s slag can be
combined and used as raw material for SAB cement, which is a good start.
An optimisation of β-C2S, however, is believed to considerably increase the
potential as raw material for both SAB and OPC compositions. A belite
type of composition can furthermore be useful both internally and
externally to a much greater extent than at present, if activated.
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The work with LFS should also be directed towards the contents of calcium
aluminates via slag formers and deoxidation agents, as such a treatment
provides for an additional option in parallel to C2S optimisation.



A minimisation of MgO needs to be closely examined alongside an
optimisation of cementitious phases. In order to accomplish the abovementioned routes it is essential that the MgO content is reduced as much as
possible; otherwise, non-hydraulic minerals will be formed in the solidified
slag. The formation of a solid solution (Fe,Mn,Mg)O is an interesting
aspect to follow up, as this phase is weakly hydraulic and is not expected to
contribute to volume expansion like free MgO would do.



It is suggested that the resulting distribution of mineralogical phases based
on real slag chemical compositions can be modelled via thermodynamic
calculations, which can then be compared to analytical quantification of the
actual phase distribution from experiments using, for example, Rietveld
analyses. Different admixtures like OPC should be tested, but LFS is also
an

interesting

admixture

for

increased

short-term

strength.

A

straightforward way of investigating the early reactivity is the use of
calorimetry followed by XRD, which, combined with mechanical testing,
provides for the overall hydration properties of the mixtures. Mechanical
tests need to be performed and determined from both a short and long-term
perspective, i.e. at least up to 91 days. After compression testing it would
be interesting to follow up the leaching behaviour of the mortar prisms.
Differences in leachability could then be compared and linked to the
mineralogy, as any differences observed can be correlated to the behaviour
of individual slag minerals. For the same reason, it is recommended to
continue with further investigations directed towards pure slag minerals,
specifically those common in the slags, but which are absent in commercial
cements. Particle size was proven to influence the rate of conversion from
C2AH8 to C2AH7.5, and as conversion is of practical interest, further
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research should include analyses dealing with rate of conversion as a
function of particle size and W/C-ratio for C12A7, C3A and CA. If C S is
added to the clinker composition, with the intention of forming AFt, it is
also worthwhile to measure the needed amount of gypsum by, for instance,
determining the quantity of formed AFt.


Any produced slag product that is destined to become a cement product
must be treated accordingly. Extensive work on how to improve slag
handling methodology, specifically in terms of avoiding any exposure to
weathering and/or watering at the slag yard, cannot by any means be
disregarded, as the properties of the produced products would otherwise
become spoiled.

The suggested strategy is not trivial. A lot of work and effort is needed, but the work
is required and must begin at some point. Furthermore, it is the author’s believe that
the will to change will lead to significant improvements in this area and ultimately a
more environmentally friendly and sustainable world.
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