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An important step in secondary metallurgy of stainless steel is ladle metallurgy. Ladle slag is a by-product of ladle refining,
typically specific for each steelmaking plant. Industrial secondary materials can be used for different applications, including
construction and civil engineering. The use of industrial by-products requires the knowledge of the characteristics of the
materials. Using metallurgical by-products that fulfil the relevant requirements can save natural resources, as well as helping to
avoid impairment of the landscape through their excavation and, thus, minimizing the adverse landfilling of such materials. This
paper provides an overview of possible uses of ladle slag (the slag from a ladle furnace and vacuum-oxygen-decarburization
processes). As a preliminary research, ladle slag has been investigated using SEM/EDS. The commonly known hydraulic
minerals, such as tricalcium aluminate, mayenite, tricalcium silicate and dicalcium silicate, were detected in this analysis. Since
a large proportion of the mineral phases of ladle slag exhibit hydraulic properties, ladle slag could also have a potential use in
the bonded composites in construction.

Keywords: ladle (ladle furnace, vacuum oxygen decarburization) slag, reuse, recycling, building sector, civil engineering

Ponov~na tehnologija je pomemben proces sekundarne metalurgije pri produkciji nerjavnih jekel. Stranski produkt rafinacije
jekla v ponovci je ponov~na `lindra, ki je bolj ali manj specifi~na za posamezno jeklarno. Industrijski stranski produkti se lahko
uporabijo v razli~nih panogah, vklju~no z gradbenim sektorjem. Klju~ni pogoj za uporabo tehnolo{kih odpadkov je poznanje
njihovih lastnosti. Ponovna uporaba stranskih produktov iz proizvodnje jekla z ustreznimi lastnostmi je pomemben element
zmanj{evanja obremenjenosti okolja, saj se s tem ohranjajo neobnovljivi naravni mineralni viri, ki se pridobivajo iz naravnih
kopov ter hkrati razbremenjujejo deponije. V ~lanku je podan pregled mogo~e uporabe ponov~ne `lindre (`lindre iz ponov~ne
pe~i in `lindre iz procesa vakuumskega razoglji~enja (VOD)). Preliminarna raziskava ponov~ne `lindre je bila izvedena s
SEM/EDS. Dolo~ene so bile mineralne faze, ki izkazujejo hidravli~nost, kot so trikalcijev aluminat, mayenit, trikalcijev silikat
ter dikalcijev silikat. Ker ima velik del mineralnih faz v preiskovani ponov~ni `lindri hidravli~ne lastnosti, je `lindra zato
dodatno potencialno zanimiva za vezne kompozite v gradbeni{tvu.

Klju~ne besede: ponov~na (ponov~na pe~, proces vakuumskega razoglji~enja) `lindra, ponovna uporaba, recikliranje, gradbeni
sektor, nizke gradnje

1 INTRODUCTION

In 2010, the EU steelmaking industries generated
about 21.8 million tonnes of different types of slag.1

About 13 % of this amount was generated as secondary
metallurgical slag1, arising from various secondary-
metallurgy processes. One of the secondary processes in
the production of high-alloyed steel is known as ladle
refining or ladle metallurgy. Ladle refining consists,
generally, of a ladle furnace (LF) and vacuum oxygen
decarburization (VOD).2 The slag resulting from this
process is called ladle slag (LS) and is also known as
basic, refining, reducing, or falling slag, and also as
white slag.1,3–9

Land disposal restrictions are becoming increasingly
stringent (due to the environmental harm, the use of
valuable landfill space, resources and costs). The current
EU policy encourages and promotes the reuse and
recycling of waste. The EU Waste Framework Directive
(2008/98/ES)10 earmarks land disposal as the least
acceptable alternative. Implementation of this concept

means that a material originating as waste can either be
characterized as waste, or declared as a by-product.

In many EU states slag has already been declared as a
by-product, a non-waste material, or a product.1,11 Diffe-
rent types of slag have different capabilities for recycling
and reuse; ladle slag has the lowest such capability.6 Due
to its fine grain size and adverse properties with regard to
leaching (the presence of harmful elements such as Cr),
ladle slag has a low potential for recycling.12–15 For this
reason about 80 % of it is currently landfilled, taking into
account the whole of the EU.11

The recycling of industrial by-products has two im-
portant goals: a reduction in the amount of waste mate-
rial and the minimization of the exploitation of natural
resources. In order to minimize consumption in a pro-
duction process, it is necessary for every country to
exploit, to the maximum, every available industrial
by-product.16,17 In the case of the concrete industry, an
industrial by-product of fine gradation can be used as a
filler or as a fine aggregate. Of course, there is a higher
benefit, when it can be used as a binding agent, replacing
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a percentage of the cement.17 Following this concept, an
extensive research is in progress in order to create new
opportunities for the reuse of LS.

Environmental challenges have become a key issue
for the steelmaking industry, too. In recent years,
methods for the recycling of slags have been improved,
as the recycling approach is not only an opportunity but
also a necessity for the survival of steel production,7,18

since, among other factors, it is not possible to return
slag, or at least not all of it, into the primary steelmaking
process. The ideal sector for the consumption of the
excess slag is the building industry. In the construction
sector two synergetic effects are achievable: large
amounts of material can be consumed and, at the same
time, in the case of bonded composites (e.g., concrete)
the harmful elements such as Cr can be permanently
immobilized through the solidification/stabilization (S/S)
technology.14,15 An additional benefit lies in the fact that
LS has (latent) hydraulic components and may be consi-
dered as a cementitious material. This attribute can be
positive in the binder mixtures used in bonded compo-
sites.3,5,19–25 Steelmaking slags could be either low-cost
materials in the applications where low demands are
expected, or products with a high-added value that could
improve the properties of the final products.17 At present,
LS is still an innovative option, being less extensively
used in the building sector than the other steelmaking
slags.6 The applications of LS are diverse and can be
extended to any realm where their use is allowed,
advised or even recommended by imagination, common
sense and/or good practice.8

Each type of steel slag has its own characteristics.
Not all steel heats are similar, nor do all steel manufac-
turers share the same working practices, giving rise to
variations in the composition of LS at different steel
works, and even at the same works, due to different
heats.8 Furthermore, local conditions, batch syntheses
and scrap-metal variations also affect the composition of
the produced slag.17,21,22 The exposure of slag stockpiles
to the atmosphere must also be taken into account.8 Ano-
ther aspect is the physical or practical procedure of deal-
ing with the logistics of slag. Slags from different pro-
cesses are sometimes mixed together in the liquid phase
before being transported to the slag yard. Last but not
least is the question of the handling of the slag at the slag
yard. Water is often used to lower the temperature of the
slag and/or to avoid the formation of dust.2,23 This means
that every different LS must be considered as a case
study.

Accurate knowledge about the chemical, mineralo-
gical and morphological properties of steel slags is
essential because their cementitious and mechanical
characteristics, which play a key role in their possible
reuse, are closely linked to these properties.19,20

This paper provides a literature review of possible
fields of application, as well as reviewing the chemical
and mineralogical composition of ladle slag (LF and

VOD slag). The most common mineral composition of
the LS studied by means of SEM/EDS is presented. The
purpose of this work is to explore the potential (latent)
hydraulic properties of LS.

2 FIELDS OF APPLICATION

The number of publications per year on the topic of
ladle slag (Figure 1) indicates that LS has been intensely
studied in recent years, from the point of view of both
fundamental and applied research.

Figure 1: The number of publications per year and the publishing
trend regarding the dynamics of the development in the field of ladle
slag is presented using a value-added processing method. The relation-
ship between the number of published articles and the number of
patents indicates the proportion of fundamental and applied research.
The data were collected from the databases: Engineering Village
(Compendex) and Espacenet, for the period of 1980–2012.
Slika 1: Za sledenje usmeritev raziskav, tako temeljnih kot aplikativ-
nih, ter za spremljanje dinamike razvoja s podro~ja ponov~ne `lindre,
smo uporabili metodo procesiranja z dodano vrednostjo. Razmerje
med ~lanki in patenti nakazuje dele` temeljnih in aplikativnih
raziskav. Podatki so bili zbrani iz podatkovne baze Engineering
Village ter Espacenet za obdobje 1980–2012.

According to Manso et al.26 two main groups can be
identified among the possibilities for the reuse of LS:
those involving its industrial transformation with a
significant economic cost (mainly recycling in the
electric-arc furnace), and those aimed at finding an
inexpensive use of LS as a construction material.

2.1 Reuse of LS

The steel-making industry can recycle LS by using it
as a flux in the steel production instead of lime.27–30 This
kind of reuse of LS is performed by injecting it into
EAF, representing the so-called "hot recycling" of LS.7,29

Such recycling of LS can sometimes achieve interesting
and advantageous results: besides decreasing the amount
of dumped material and the cost of fluxes (by about 35
%), it can improve the foaminess of the EAF slag, and
also increase electricity-consumption efficiency. Addi-
tionally, there is no more need for lime or this need is
reduced to at least 70 %.16,18,29 The LS recycling using
the BOF process and a LD-converter has also been
shown to be a viable procedure.30
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2.2 Recycling of LS

In the second group, research has been performed
into the use of LS in cement and the concrete industry, as
well as in the slag-soil mixes in civil engineering.

2.2.1 Bricks, granulated slag: Some researchers have
investigated the technology for recycling different
steelmaking wastes including LS, by mixing them in
furnaces to produce bricks.31 The manufacturing techno-
logy of granulated slag particles was introduced by
Kojimori et al.32

2.2.2 Cement: LS can be used as a raw material for
the production of Portland cement (PC).3,8,26 LS has also
been assessed as a raw material for the production of
sulphoaluminate belite cement.33

2.2.3 Mortar, concrete: There has also been research
into the use of LS in other sectors of the construction
industry, e.g., in the manufacturing of mortars with
lime17, the application of LS as a screed material in
internal premises, where there is a need for a quick
repair of floors or walls23, and for other similar products
that can facilitate masonry work.3,26 LS could also be
used, in the case of manufacturing hydraulic concrete
without additives, for individual precast urban elements
that have no load-bearing capacity, e.g., barriers,
bannisters and curbs for pedestrianized areas6, and for
developing concrete blocks that are used in aquiculture.34

Studies on the hydraulic concrete matrixes made using
LS, other residual materials and PC have also been
performed.5 Shi and Hu9 investigated the hydraulic
reactivity of LS fines in combination with siliceous
materials (silica flour, FA, PC and hydrated lime). LS
can also be used as a filler in the self-compacting con-
crete exposed to elevated temperatures.35 The behaviour

of masonry mortars containing LS in aggressive
environments was evaluated by Manso et al.4 A study of
the physical, mechanical and durability properties of the
concrete made of a combination of EAFS and LS
without chemical activators against the external agents
has been carried out by Polanco et al.6 LS can also be
used as a supplementary cementing material in briquet-
tes, containing iron and steelmaking residues33, and as an
alternative binder for low-strength applications.3,21,26 In
order to increase the final strength of the cement
composites containing LS, researchers have suggested
several ways of processing LS such as re-melting21, the
use of activators17,36 and screening or grinding.21,36

2.2.4 Civil engineering: Surveys have proposed alter-
native uses of LS in landfill applications21, as a landfill
covering structure24,37,38, as filtering beds26 and in other
civil-engineering works, e.g., for the stabilization of soft
clayey soils39 in the construction of embankments.40

Studies of the paving mixes for rural roads with low
levels of traffic26 have also been performed. Branca et
al.41 investigated an addition of glazing powder to LS for
the potential use of slag in the road construction. A
survey performed by Bignozzi et al.42 revealed that LS is
also suitable for geopolymerization.

2.2.5 Environmental engineering: There is also a
further line of study, which proposes the use of LS in
environmental engineering, for the fixation of ions in
water depuration3,8, as a neutralizing agent in bioleaching
with the aim of replacing commercial-grade slaked lime
in agriculture43 and for acidity corrections of soil.3,6,8 A
study published by Sun et al.44 indicated a possibility of
using LS as an industrial waste material for treating
another kind of industrial waste in order to produce a
high-value-added product.
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Table 1: Chemical compositions of ladle slags according to the literature in mass fractions, w/%
Tabela 1: Kemijska sestava ponov~ne `lindre iz literature v masnih dele`ih, w/%

CONSTITUENTS w/% REFERENCE
A B C A B C A B C

CaO CaOfree CaOtotal 26 –66 max 20 max 51
3, 4, 6, 8, 9, 17, 20–
23, 25, 26, 33, 35,
36, 40, 42, 45–52

4, 6, 8, 25, 45,
49, 52

26, 41

SiO2 Sireactive Al2O3 2–50 max 20.4 1–37
3, 4, 6, 8, 9, 17, 20,
23, 25, 26, 33, 35,
36, 40–42, 45–52

25 3, 4, 6, 8, 9, 17, 20–
23, 25, 26, 33, 35,
36, 40–42, 45–52

MgO MgOfree MgOtotal 1–13.2 max 10 max 11

3, 4, 6, 8, 9, 17, 20–
23, 25, 26, 33, 35,
36, 40, 41, 42,
45–52

4, 6, 8, 45 26

Fe2O3 FeO Fetotal max 4 max 15 max 4
4, 8, 9, 21, 22, 36,
41, 42, 47, 52

17, 20, 25, 33,
35, 46, 47,
50–52

23, 49, 52

Mn2O3 MnO TiO2 max 8.1 max 10 max 2.5
33 8, 9, 20, 22, 23,

36, 42, 46, 47,
50- 52

8, 9, 20, 22,23, 33,
36, 41, 42,50

Cr2O3 Cr F max 8.1 max 0.27 max 4.4 8, 19, 35, 49, 50 46, 47 9, 36, 48

SO3 S Na2O max 2.4 max 1.5 max 0.9 6, 9, 20, 22, 25, 26,
41, 42, 45

8, 36, 40, 46, 51,
52

8, 17, 20–22, 25, 33,
35, 41

P2O5 P Ka2O max 0.87 max 0.4 max 0.42 8, 20, 35, 42, 52 46 8, 17, 20–22, 33, 35,
40–42



Works concerning LS that characterize the product as
a material, have also been published.5

3 CHEMICAL COMPOSITION

The chemical compositions of ladle slags (ladle-
furnace slag (LFS) and vacuum-oxygen-decarburization
slag (VOD)) from various studies3,4,6,8,9,17,20,21–23,25,26,33,35,

36,40–42,45–52 are presented in Table 1. The contents of the
major oxides (SiO2, Al2O3, CaO and MgO) point to a
diverse composition of LS.

Typically, LS is mostly constituted of calcium oxides,
as well as silica, aluminium and magnesium oxides.
Beside the major components, minor amounts of Fe, Ti,
Mn, Cr and S oxides, as well as P, Na and K oxides can
be present in LS.

Some other elements, such as Mo, Zn, Ni, Cu,
P20,46,47, soluble salts (Cl–, NO3

–, SO4
–)17,21,42, CO2

22, C8,40,
ZrO2

9,36 and V2O3
42 have also been detected, all in the

quantities of less than 2 %.
The bulk chemical composition for the oxide

chemical analysis was, in most cases, determined with
X-ray fluorescence (XRF).8,20,22,40,42,47 Chemical compo-
sition was also determined by means of the inductively
coupled plasma-atomic emission spectroscopy (ICP-
AES).47,50 Papayianni and Anastasiou17 presented the
chemical composition of the acid-soluble phases.
Tossavainen et al.47 used titration for an analysis of Fe
and FeO and infrared adsorption spectroscopy (IR) for
carbon and sulphur. Carbon and sulphur contents were
also determined with a combustion analysis.25,33,40 Hot
ethylene glycol titration for determining CaO was
performed by Monkman et al.22 Manso et al.26 performed
specific determinations of free lime on LS according to
the ASTM C 114 standard. For a quantification of the
CO2 content, an automated carbon analyzer with an
induction furnace and an infrared detector has been
used.22 Papayianni and Anastasiou21 determined the
reactive silica according to the European standard EN
197-1: 2000. Chloride and sulfate contents and loss on
ignition (LOI) were determined following the specific
procedures for the cement chemical analysis reported in
the EU standard EN 196-2 by Bignozzi et al.42 Böhmer et
al.49 noted the Czech standard CSN 72 2041-1.

3.1 Basicity

Chemical composition is one of the important
parameters determining the hydraulic properties of slags.
It is generally agreed that the reactivity and the cemen-
titious properties of steel slag increase with its basicity/
alkalinity.46,53 Different authors have defined basicity in
slightly different ways. According to Shi46 the mass
concentration V = w(CaO)/wSiO2 is often used to charac-
terize basicity. Posch et al.54, Setien et al.8 and Manso et
al.5, however, interpret basicity as B = w(CaO)/w(Al2O3 +
SiO2), whereas Wang et al.55 and Xu and Li56 have stated
that the commonly used parameter for evaluating the
activity of steel slag is alkalinity: M = w(CaO)/[w(SiO2)
+ w(P2O5)]. Yet another way of defining basicity is Mb=
w(CaO + MgO)/w(SiO2 + Al2O3).47, 57

The mineralogical composition of steel slag changes
with its chemical composition. The relationship between
basicity, the main mineral phases and the reactivity of
steel slag are summarized in Table 2.46,55,58,59

Basicity, defined as B, also defines the main mineral
phases in each basicity range (B < 0.8 spinels; B > 0.8
periclase, (Mg, Fe)-wüstite; 0.6 < B < 2.1: C3A, C12A7,
C2S, C3S; B > 2.1 CaOfree occurs).54 If the M alkalinity of
the slag is higher than 1.8, it should be considered as a
cementitious material.59,60 If Mb exceeds the value of 1,
the slag is basic, which, according to Tossavainen et al.47,
results in a mainly crystalline slag. The value of Mb for
LS is 1.5.47 LS has the V basicity of around 236, the B
basicity in the range of 1.6–2.4 according to Setien et
al.8, and in the range of 0.45–2.1 according to Posch et
al.51

4 MINERAL COMPOSITION

As the chemical composition of LS is variable, the
mineral composition of LS also varies. LS is most
frequently characterised by high calcium and alumina
contents, which suggests a likely formation of calcium
aluminates as the main phases, along with dicalcium
silicate and some other phases.23,33

According to the available literature reviews of the
mineral compositions of ladle slags5,6,8,20–23,26,33,36,38,40,42,

47,51, the most common minerals are C2S (� and �), maye-
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Table 2: Relationship between basicity, the main mineral phases and the reactivity of steel slag
Tabela 2: Razmerje med bazi~nostjo, glavnimi mineralnimi fazami in reaktivnostjo jeklarske `lindre

Reactivity Types of steel slag
Basicity [Reference] Main mineral phases

V = w(CaO)/w(SiO2) M = w(CaO)/w(SiO2+P2O5)
46, 58, 59 46, 58, 59 55

LOW
olivine 0.9–1.5 0.9–1.4 < 1.8 olivine, RO phase,

merwinite
merwinite 1.5–2.7 1.4–1.6 RO phase, merwinite, C2S

MEDIUM dicalcium silicate 1.6–2.4 1.8–2.5 C2S, RO phase

HIGH tricalcium silicate >2.7 >2.4 > 2.5 C3S, C2S, C4AF, C2F, RO
phase

*The following abbreviated formulae are used in the text: C= CaO; A= Al2O3; S= SiO2; F= Fe2O3; M= MgO; H= H2O



nite, tricalcium aluminate, portlandite and periclase
(Table 3).

In order to investigate the self-cementing capacity of
LFS, a slag paste was produced by mixing water with
LFS, and the compressive strength of the hardened paste
was measured. The SEM/EDX, DTA/TG analyses and
X-ray diffraction analysis were used to determine the
latent hydraulic character of LS.21 The results showed the
presence of ettringite and the C-S-H compounds in small
amounts and a decrease in the content of portlandite.21

A quantification of the LS mineral compounds was
calculated directly from the chemical-composition data
and X-ray diffraction data8,26, and also determined by
means of the semi-quantitative SEM-EDS analyses50 and
the Rietveld analysis.33 The amorphous-phase content
was determined separately, using pure quartz as an
internal standard.33 Free lime was determined by
deducting the amount of Ca(OH)2 determined with the
DTA-TG analysis from the amount of CaOf determined
by using the relevant European standard EN 451-1.21

DTA-TG was also applied for the quantifications of CaO,
Ca(OH)2, CaCO3, MgO and Mg (OH)2.22,23,41 Monkman
et al.22 applied a TGA analysis for the quantifications
both before and after the accelerated carbonation.

5 VOLUME STABILITY

The presence of C2S as a mineral phase in the slag
microstructure drives the disintegration of slag into a
very fine powder.61 Free C2S can be present in LS in
different phases, such as �, �H’, �’, � and �. C2S under-
goes several polymorphic transformations up until the
cooling process. During the cooling down of slag, �-C2S
undergoes a polymorphic solid-phase transition to � type
larnite, at a temperature of about 630 °C. At the tempe-
ratures within the range of 450–500 °C larnite is partially
or fully converted into the low-temperature stable form
of � C2S.8,12,31,41,61 The high internal stress of LS, caused

by the conversion of the � into the � polymorph, arising
from a different crystal structure and density, results in
the shattering of the matrix, accompanied by a 10–12 %
volume increase. This phenomenon is responsible for the
initial cracking of the LS monolithic mass and the
following disintegration/self-pulverising process during
the further cooling. This is the reason why LSs are also
known by the name of "self-dusting" or "falling"
slags.8,20,46,57,61

It should be emphasized that this disintegration
occurs during the cooling, making it clearly distinct from
the swelling of the slag after the cooling due to lime
and/or periclase, which is further discussed below.

The hydration and carbonization reactions of lime
and periclase, present in LS, are, in fact, also liable to
expansion. The oxides can cause long-term volume
instability of the slag. Free lime, or periclase, present in
the slag microstructure after the cooling, tends to react
with water and CO2 in a humid environment. The volume
of the hydrates and carbonates is almost double the
volume of the oxides, so that a 100 % increase in the
volume can occur. Both of these ageing reactions cause a
volume expansion or šswelling’, which can lead to severe
valorisation issues for the reuse of this slag.8,31,61 The fact
that lime hydrates quickly suggests that the majority of
the free lime in LS will hydrate within a few days if it
has access to water. The residual free lime and/or free
periclase can be embedded in small pockets or inside the
pits in the slag particles. Delayed volume instability
(weeks to months) will occur if hydration takes place. In
comparison with lime, periclase hydrates at a much
slower rate.4,5 The spontaneous hydration of periclase
requires several years.5 However, the vast majority of the
slags generated in modern steelmaking plants have a low
periclase content. If the fluxing agent used is dolomite,
the periclase content in the slag increases, so that a
long-term volumetric expansion is possible.20,46,61 Poten-
tial spontaneous changes at a later stage, such as the
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Table 3: Mineral compositions of ladle slags according to the literature
Tabela 3: Mineralna sestava ponov~ne `lindre

PHASE METHOD REFERENCE

BEFORE
WEATHERING

most
common

calcium silicates (C2S, CS, C3S),
calcium aluminates (C12A7, C3A, CA), periclase,
portlandite

XRD,
DTA/TGA,

FTIR,
SEM/EDS

5, 6, 8, 20- 23, 26,
33, 36, 38, 40, 42,

47, 51

common
calcium magnesium silicates (C3MS2, CMS2, C2MS2),
RO and R3O4 phase, fluorite, calcite, jasmundite,
spinel

5, 6, 8, 20–23, 26,
33, 36, 38, 40, 51

minor

C2AS, dolomite, C20A13MS3, brucite, CaO, C2F,
amorphous phase, C3AH6, garnet, anhydrite,
uvarovite, oldhamite, quartz, iron magnesium
(calcium) silicate, calcium fluoroaluminate, iron, Al
metallic, C54MAS16

5, 8, 20–23, 26,33,
36, 38, 40, 42, 47,

51

AFTER
WEATHERING

primary
calcium silicates (C2S), calcium magnesium silicates,
calcium aluminates (C12A7, C3A), spinel, jasmundite,
fluorite, iron oxides, portlandite, periclase

XRD,
DTA/TGA,

FTIR,
ISOTHERMAL

CALORIMETRY

6, 8

secondary
CAH phases (CAH10, C2AH7.5, C2AH8, C4AH19,
C3AH6, C4AH13), AH3, C2ASH8, amakinite,
portlandite, periclase, vaterite, calcite, spurrite

6, 8, 22, 23, 33



hydration of calcium aluminates, do not, however,
produce any further changes in the morphology (grain
size) of LFS.8

The potential treatments of the slags containing lime
and/or periclase and C2S can be divided into two main
groups: firstly, a group where the aim is to prevent the
expansive transformation of the mineral, and secondly, a
group where there is an outright avoidance of the
presence of the mineral in the first place.

The usual way to ensure the long-term volume sta-
bility of slag particles is weathering in outdoor condi-
tions for an extended period of time (over 6 months).61

Tossavainen et al.47 confirmed that LS can become stable
after a performance of rapid cooling, due to the forma-
tion of glass. The use of LS in ternary systems with
siliceous materials and cement, as well as mixing LS
with an inert material, is one of the proposed methods of
avoiding the expansion phenomena.9,21 The carbonation
treatment reduces the amounts of portlandite and
extractable CaO in slag in an energy-efficient manner.22

However, action can also be taken to actually prevent the
presence of lime/periclase in slag.61

Inhibiting the �- to �-polymorph transformation of
C2S is an option that stabilizes the high-temperature C2S
polymorphs at an ambient temperature. This is carried
out by depressing the required migrations of the Ca2+

ions and the rotations of SiO4
4– tetrahedrons, using either

physical or chemical methods. Physical stabilization
methods for free C2S particles include limiting the grain
size, rapid cooling and constraining the particles in a
matrix.12,23,47,62 Chemical-stabilization techniques are
based on an incorporation of doping elements in the

crystal structure.12,62 Alternatively, slag disintegration can
be averted by an outright avoidance of the presence of
C2S by modifying the slag composition.63

6 PRELIMINARY/CASE STUDY

6.1 Material and methods

The analysis carried out in this study was preliminary
and was based on the samples of slowly cooled (air
atmosphere), wetted and aged LS. The investigated ladle
slag consisted of a mixture of slags from two different
ladle refining operations; the majority of the slag was the
ladle-furnace slag, whereas a smaller part was the slag
from the vacuum-oxygen-decarburization process. The
LS used in this work was supplied by an Italian steel
manufacturer, ABS.

The identification and characterization of the mineral
phases and the microstructure of the samples were con-
ducted by means of a scanning electron microscope
using back-scattering electrons. The JEOL 5600 LV
microscope model of was used, with a spectrometer for
the chemical composition using energy dispersive spec-
troscopy (EDS). The excitation voltage was 20 kV and
the pressure was between 10 Pa and 20 Pa.

6.2 Results and discussion

The most common mineral phases observed in the
investigated LS (Figure 2) were C3A, C2S, C3S, the
melilite goup (gehlenite (C2AS)-åkermanite (C2MS2)),
FeO (wüstite), C4AF (brownmillerite), C12A7 (mayenite)
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Figure 2: SEM/EDS analysis of the investigated LS
Slika 2: SEM/EDS analiza preiskovane ponov~ne `lindre



and C3S2 (rankinite). Calcite, periclase and chromium
spinel (FeCr3O4) were also observed.

Solid solutions of gehlenite and åkermanite are
considered to be weakly hydraulic.23 The presence of
C3S, C2S and C4AF endorses the cementitious properties
of the steelmaking slags.59 The presence of C3A, C12A7,
C2S and C3S implies that LS may serve as a binder
supplement, or at least make a contribution to a short-
term strength development. The fact that calcium alumi-
nates react instantaneously with water implies that it is
important to reconsider the method of slag handling,
especially in terms of avoiding any exposure to weather-
ing.33 The spinel phase and iron oxide 2+, wüstite, do not
exhibit hydraulic properties.8 As regards periclase,
hydration and carbonation processes are expected in the
presence of air moisture. The expansive hydration
reaction from lime to calcite is obviously completed.

7 CONCLUDING REMARKS

According to the descriptions given in the literature,
LS can develop cementitious hydraulic properties, so that
it could have several benefits for the construction and
civil-engineering applications.

A detailed analysis of LS from its ABS properties in
terms of chemical, mineralogical and physical characte-
rization should be performed to define its (latent)
hydraulic properties. From the results of the performed
SEM/EDS analysis it can be concluded that the inve-
stigated LS has a potential as a supplementary cementing
material, but consideration should also be given to the
quantity of the hydraulic mineral phases, as well as to
the potential hydration and carbonation reactions of the
expansive components.
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