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a b s t r a c t

This study investigated the use of 10 (M1), 17 (M2) and 27 wt.% (M3) electric arc furnace steel slag (EAFS)
as a raw material in the production of calcium ferroaluminate belite cement clinker, after firing at
1320 �C. The thermal behavior of the raw meals was studied by TG/DSC and XRD whereas for the analysis
of the clinkers, XRD/QXRD, SEM/EDS and EPMA were employed. The resulting clinker was co-grinded
with 5 and 20 wt.% Flue Gas Desulfurization (FGD) gypsum and the properties were determined by a
series of tests in accordance to EN standards. The evolution of hydration was investigated by SEM and
the development of compressive strength. The results revealed that the formed phases in the clinkers
were C2S, C4AF and C4A3Ŝ. The main hydration products were ettringite, AFm and hydrogarnet. The
leached CrVI was below 1 ppm in M3. Compressive strength in cements with 5 wt.% FGD gypsum was
(in MPa): 18.3 for M1, 14.3 for M2 and 7.8 for M3 at 28 days, whereas for 20 wt.% FGD gypsum, the values
were almost doubled.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction The past 30 years have seen the emergence of a number of alter-
The transition towards resource efficient, low-carbon, closed-
loop economies is an urgent necessity as our planet faces unprec-
edented environmental challenges. In the EU, in particular, the
prospect of insufficient and often critical raw materials (metals
and minerals) will hamper future economic development and
actions are taken to prevent this [1]. With regard to industrial
residues, the challenge lies in the development of integrated
zero-waste flow sheets, which recover both (critical) metals and
incorporate the various residues into building materials or other
applications.

Worldwide more than 40% of steel production takes place in
electric arc furnace (EAF) [2] and is associated with the generation
of 20 Mt electric arc furnace steel slag (EAFS). In Europe, 37% of
steel slags were used in cement production and 18.8% for road con-
struction in 2010 [3]. In Greece, cement and steel production is
about 6 Mt/y and 3.5 Mt/y respectively while EAFS production is
0.3–0.4 Mt/y; less than 1% is used in cement production and about
55% is used as coarse aggregates for road construction [4]. In gen-
eral, the heavy metal content in slags (particularly V and Cr) is an
issue of concern: CrVI content, for instance, is limited to 2 ppm in
the final product according to the EU Directive 2003 [5].
native ‘‘greener’’ types of cement. However, in contrast to Portland
cement, these new varieties have limited application in main-
stream construction. Calcium ferroaluminate (CFAB), or sulfoalu-
minate belite cements (CSAB) are called ‘‘The Third Cement
Series’’ [6,7] and find limited use in China. Ferroaluminate cements
contain mainly C4AF, C2S, C4A3Ŝ, and CŜ. As a result, they are able to
accommodate high quantities of iron and sulfur, being interground
with 16–25 wt.% gypsum [8]. Compared to Ordinary Portland Ce-
ment (OPC) which has C3S as its main compound, these cements
require lower clinkering temperatures. Moreover, their clinkers
are more friable due to their high porosity resulting also in energy
reduction during grinding.

The hydration rate of C4A3Ŝ (Eq. (1)) is very fast, leading to the
formation of trisulfoaluminate hydrate (C6AŜ3H32, AFt) [9]. In the
absence of adequate gypsum, C4A3Ŝ reacts only with water (Eq.
(2)) and forms monosulfoaluminate hydrate (C4AŜH12, AFm) [10].
In both cases crystalline Al(OH)3 is also formed.

C4A3
bS þ 2CbSH2 þ 34H! C6AbS3H32 þ 2AH3 ð1Þ

C4A3
bS þ 18H! C4AbSH12 þ 2AH3 ð2Þ

The ferrite phase, with a lack of anhydrite in the mixture, hy-
drates (Eq. (3)) to form hydrogarnet (C3(A0.75F0.25)H6), whereas if
sufficient gypsum is available, ettringite (C6AŜ3H32) and AFm are
formed (Eqs. 4 and 5) [11].
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Table 1
Chemical composition of raw materials, wt.%.

Raw materials EAFS Limestone Bauxite Gypsum

CaO 32.50 48.90 3.62 31.80
FeOtotal 26.30 1.00 23.00 0.04
SiO2 18.10 9.00 14.30 1.76
Al2O3 13.30 1.36 49.20 0.18
MnO 3.94 n.d. n.d. n.d.
MgO 2.53 0.65 n.d. 1.85
Cr2O3 1.38 n.d. n.d. n.d.
P2O5 0.48 n.d. n.d. n.d.
TiO2 0.47 n.d. 2.00 n.d.
SO3 0.44 n.d. 0.23 41.54
BaO 0.14 n.d. n.d. n.d.
Na2O 0.13 0.10 n.d. n.d.
K2O n.d. 0.15 n.d. n.d.
V2O5 0.06 n.d. n.d. n.d.
LOI <0.50 38.00 10.00 23.14
Total 99.77 99.16 102.35 100.31

LOI: loss on ignition, n.d.: not determined.
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C4AFþ 10H! ð4=3ÞC3ðA0:75F0:25ÞH6 þ ð2=3ÞFH3 ð3Þ

C4AFþ 3CbSH2 þ 30H! C6AbS3H32 þ FH3 þ CH ð4Þ

C4AFþ CbSH2 þ ðnþ 2ÞH! C4AbSHn þ FH3 þ CH ð5Þ

During the hydration of the ferrite phase, the formation of other
calcium aluminate phases is also possible, however these are meta-
stable and the formation of hydrogarnet is favored [12]. Due to
their low pH, low porosity and the ability of ettringite and AFm
phases to bind heavy metals, CSAB–CFAB cements are of interest
in hazardous waste encapsulation fields [13–15]. It has been sug-
gested that hydrogarnet can host high quantities of CrVI [16]. Still,
concerns do exist as well: the main hydrating phase, ettringite, is
said to be prone to carbonation [17], thus posing a durability ques-
tion, and they are sometimes expansive.

Recent studies conducted by various researchers show well
developed results concerning the incorporation of different wastes
as raw materials in CFAB–CSAB cement production. Wu et al. [18]
have studied the use of municipal solid waste incineration (MSWI)
fly ash in CSAB cements up to 30 wt.% and obtained a cement with
high early compressive strength but lower strength gain in later
ages. The results also showed that expansive properties are
strongly dependent on gypsum content and that all the elements
investigated for leaching in the hydrated paste are either well
bounded in the clinker minerals or immobilized in the hydration
products. Berger et al. [19] studied the potential of CSAB cements
with 0 and 20 wt.% gypsum addition for ZnCl2 stabilization/solidi-
fication. The use of 20 wt.% gypsum was beneficial in different
ways, including improved compressive strength results. Arjunan
et al. [20] have successfully prepared CSAB cements with satisfac-
tory compressive strength, using bag house dust, low calcium fly
ash and scrubber sludge. By using up to 30 wt.% phosphogypsum
in the production of CSAB cements, Peysson et al. [21] concluded
that the delayed ettringite precipitation led to a cement paste
being damaged by high porosity and consequent cracking. Pelle-
tier-Chaignat et al. [22] observed that at high CSAB/gypsum ratios,
gypsum is consumed after 7 days. Luz et al. [23] produced blended
cements by mixing 75 wt.% CSAB with 25 wt.% galvanic sludge that
delivered acceptable compressive strength and good Cr retention.
To the best of our knowledge, only Adolfsson et al. [24] used up
to 25 wt.% EAFS as raw material in the production of CFAB type ce-
ments, but in combination with other steelmaking slags. This re-
sulted in a cement with low mechanical strength in the later
days of hydration.

The present work explores the production of calcium ferroalu-
minate belite cement clinker with 10 wt.%, 17 wt.% and 27 wt.%
EAFS. The central aim was to understand the influence of EAFS
on the clinkering process, on the microstructure of clinker and
hydration products and on the main properties of the final cement
mortars. The role of FGD gypsum co-grinded with the clinker in
5 wt.% and 20 wt.%, in order to control the hydrogarnet formation,
was also briefly addressed through compressive strength measure-
ments of hardened mortars.

2. Materials and methods

The raw materials used in the preparation of the raw meals
were EAFS, limestone, bauxite and gypsum. EAFS was used as re-
ceived from SOVEL S.A. industry, Greece. The chemical analysis
(Table 1) was performed by XRF (Philips PW 2400). The crystalline
phases (Fig. 1) were identified by XRD (SiemensD5000) using DIF-
FRACplus EVA� software (Bruker-AXS) based on the ICDD Powder
Diffraction File. The parameters used were 2h range of 10–70�,
Cu Ka radiation under 40 kV and 30 mA, 0.01� step size and step
time of 1�/min. Quantitative determination was performed using
the TOPAS� software (Bruker-AXS) based on the Rietveld method,
normalized (Table 2). For the estimation of the mineralogical
phases of the clinkers, modified Bogue equations were adapted to
the thermodynamic system CaO–SiO2–Al2O3–Fe2O3–SO3 (CSAFŜ)
[25–27]. The phases expected to form were C4AF, C2S, C4A3Ŝ and
CŜ. Equations from 6 to 10 were used for the calculations (results
are presented in Table 3).

%C4AF ¼ 3:043ð%Fe2O3Þ; ð6Þ

%C4A3
bS ¼ 1:995ð%Al2O3Þ � 1:273ð%Fe2O3Þ; ð7Þ

%C2S ¼ 2:867ð%SiO2Þ; ð8Þ

%CbS ¼ 1:700ð%SO3Þ � 0:445ð%Al2O3Þ þ 0:284ð%Fe2O3Þ; ð9Þ

%C ¼ 1:000ð%CaOÞ � 1:867ð%SiO2Þ � 1:054ð%Fe2O3Þ
� 0:550ð%Al2O3Þ � 0:700ð%SO3Þ; ð10Þ

The mineralogical phases of the clinkers were calculated also by
the Rietveld method (QXRD) using the ‘‘Topas� Academic’’ soft-
ware, besides the estimations derived from the Bogue equations
(Table 3). The quality indexes, lime saturation factor (LSF), silica
modulus (SM) and alumina modulus (AM) have been calculated
based on established equations [7,28]. The results are presented
in Table 3.

The synthesis of the raw meals was calculated by means of an
MS Excel� worksheet, by regulating the content of limestone,
bauxite and gypsum and by setting the desirable range of variation
in the quality indexes LSF, AM and SM. Three types of clinker were
prepared with 10 wt.% (M1), 17 wt.% (M2) and 27 wt.% (M3) EAFS
content respectively. The content of the raw meals in limestone/
bauxite/gypsum/EAFS (in wt.%) was: 62.0/20.0/8.0/10.0 for M1,
61.0/16.0/6.0/17.0 for M2 and 59.5/10.5/3.0/27.0 for M3. A small
fluctuation in LSF, AM and SM is present.

For clinker production, all raw materials were individually
milled in a Siebtechnik� planetary mill at a particle size <90 lm.
After mixing and homogenization with a minimum water addition,
pellets of 15–20 mm diameter were created. Dehydration took
place in a muffle furnace at 110 �C for 24 h. For clinkering, the pel-
lets were loaded in a magnesia–chrome refractory crucible covered
with a lid in order to minimize gas emissions during firing. A Super
Kanthal resistance furnace (Nabertherm�) was used. To stabilize
the a0- and b-C2S polymorphic forms, the clinker was cooled fast
by the simultaneous application of blown air and crushing by
means of a hammer.



Fig. 1. XRD patterns of the raw materials: (a) limestone: 1 – calcite and 2 – quartz, (b) EAFS: 1 – larnite, 2 – gehlenite, 3 – wüstite, 4 – magnetite, 5 – mayenite, 6 –merwinite,
7 – brownmillerite, 8 - spinel, (c) bauxite: 1 – diaspore, 2 – hematite, 3 – boehmite, 4 – calcite, 5 – quartz, 6 – anatase and 7 – kaolinite and (d) gypsum: 1 – gypsum, 2 – quartz
and 3 – dolomite.

Table 2
Mineralogical phase composition of the raw materials, wt.%, according to normalized
Rietveld analysis.

EAFS Limestone Bauxite Gypsum

Larnite 41.0 Calcite 91.1 Diaspore 34.1 Gypsum 91.5
Gehlenite 14.7 Quartz 8.9 Hematite 22.8 Quartz 1.2
Wüstite 12.0 Boehmite 16.5 Dolomite 7.3
Magnetite 10.0 Kaolinite 18.1
Brownmillerite 9.4 Calcite 5.2
Mayenite 7.2 Anatase 2.1
Merwinite 3.7 Quartz 1.2
Spinel 2.0

Total 100 100 100 100

Table 3
Estimated (Bogue) and measured (Rietveld-normalized) mineralogical composition,
wt.%, of the prepared clinkers and quality indexes results, %.

Clinker type M1 M2 M3

Bogue Rietveld Bogue Rietveld Bogue Rietveld

Mineralogical phases, wt.%
C2S 42.3 44.6 44.2 43.4 47.0 40.3
C4AF 33.8 33.0 37.5 38.9 42.6 45.6
C4A3Ŝ 19.7 21.5 15 15.6 8.6 11.7
CŜ 3.9 0.0 2.9 0.0 1.4 0.0
C 0.3 0.7 0.4 1.6 0.4 1.2
MgO 0.0 0.2 0.0 0.5 0.0 1.2
Total 100 100 100 100 100 100

Quality indexes, %
LSF 76.12 76.70 77.03
AM 1.53 1.25 0.95
SM 0.52 0.56 0.60

Fig. 2. TG–DSC profiles of the raw meals: M1, M2 and M3.
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Preliminary investigations on the raw meals were performed by
TG–DSC (Netzsch STA 409C) thermal analysis with a 10 �C/min
heating rate up to 1350 �C in static air [29] and XRD (2h range of
10–65�) characterization of M1 pellets after firings at 800 �C,
1000 �C, 1100 �C, 1200 �C, 1270 �C and 1320 �C, with 40 min soak-
ing time. Fast cooling was applied as described above. This ap-
proach was followed in order to understand the thermal
transformations between 800 �C and 1350 �C, aiming also to select
the proper clinkering temperature. The data revealed that at
1270 �C the clinker phases were poorly developed whereas sub-
stantial liquid phase formed at 1340 �C (TG–DSC, Fig. 2). At
1320 �C the XRD analysis indicated well crystallized clinker phases,
thus firing took place at this temperature. The free lime content
after final firing was measured according to ASTM C114-03 and
was found consistently below 1 wt.% in all samples.

The final clinkers were analyzed by XRD/QXRD (2h range of
10–65�) and SEM/EDS (Jeol JSM 6300 and LINK PentaFET 6699, Ox-
ford Instruments, sectioned polished surface, carbon coated). In the
case of M1, an electron probe micro-analyzer (EPMA Jeol, JXA-
8530F) was employed for the generation of the elemental maps.
In order to produce cement, the clinkers were milled in a planetary
mill. Flue Gas Desulfurization (FGD) gypsum (CŜH2), provided by
TITAN Cement Company S.A., Greece, was added in 5 wt.% and
20 wt.% in order to control the hydrogarnet formation. As reported
elsewhere [30,31], C4AF reacts with gypsum after 3 days of



Fig. 3. XRD patterns of M1 at different firing temperatures: 1 – calcite,
2 – anhydrite, 3 – lime, 4 – mayenite, 5 – dicalcium silicate, 6 – tetracalcium
alumino ferrite, 7 – calcium silicate sulfate, and 8 – yeelimite.
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hydration forming ettringite instead of hydrogarnet, which also
improves compressive strength. The low gypsum addition was
chosen to obtain a lower weight ratio of CŜH2/C4A3Ŝ than the one
required by stoichiometry of Eq. (1), whereas the higher one for
an excess. This approach was followed in order to understand
the role of FGD gypsum on the compressive strength results and
hydration products. FGD gypsum was chosen over ordinary one
as it proved to be more reactive, in line with results reported else-
where [32]. Specific surface (Blaine method) was determined
according to EN 196-6 [33]. Density was measured by the pycnom-
eter method. Initial setting time, soundness and compressive
strength were tested according to EN 196-3 [34] and EN 196-1
[35] respectively. EN 196-10 [36] was used to determine CrVI.

For the hydration studies, the cements produced were mixed
with water at a ratio of 0.5 w/s (water/solid) and the paste was
placed in plastic containers. After 1 day, 3 days, 7 days and 28 days
of hydration, the process was halted by immersing the pastes in an
acetone bath for 2 h followed by drying at 70 �C for 24 h [29]. The
hydrated products were analyzed by SEM (gold coated samples).
3. Results and discussion

3.1. Characterization of raw materials

The chemical composition of the raw materials is presented in
Table 1, the XRD patterns in Fig. 1 and the quantification by Riet-
veld method in Table 2. EAFS contains high amounts of CaO,
FeOtotal, SiO2 and Al2O3. The Cr2O3 content is 1.38 wt.%; the levels
of P2O5, TiO2 and SO3 are comparable, 0.4–0.5 wt.%. EAFS also con-
tains a small amount of BaO (0.14 wt.%) which may act as a dopant
if introduced into the crystal lattice of belite stabilizing the a0- and
b-polymorphic forms of C2S (the a0-form typically being more reac-
tive than the b-form) [37].

The identified phases by X-ray diffraction for limestone are cal-
cite (CaCO3) and quartz (SiO2), for gypsum are gypsum (Ca2SO4-

�2H2O), quartz (SiO2) and dolomite (CaMg(CO3)2) and for bauxite
are diaspore (a- or b-AlO(OH)), hematite (Fe2O3), boehmite (c-
AlO(OH)), calcite (CaCO3), quartz (SiO2), anatase (TiO2) and kaolin-
ite (Al2Si2O5(OH)4). EAFS is composed of 41 wt.% larnite (b-Ca2-

SiO4) and 15 wt.% gehlenite (Ca2Al(AlSi)O7) along with wüstite
(FeO), magnetite (Fe3O4), brownmillerite (Ca2(AlFe3)2O5), mayenite
(Ca12Al14O33), merwinite ((Ca3Mg(SiO4)2) and spinel (MgAl2O4).
Larnite is stabilized probably due to the combined action of minor
additions in the lattice and the fast cooling practice in the slag
yard, where water is sprayed over in order toincrease the anti-skid
properties when the slag is used as road aggregate.

3.2. Synthesis of raw meals

The estimated (Bogue) phases and quality indexes are pre-
sented in Table 3. Increasing the slag causes an increase in LSF to
76.12% for M1, 76.70% for M2 and 77.03% for M3. Due to the low
SiO2 content, SM has values less than 1% which is typical of this
type of clinker. AM varies from 1.53% (M1) to 0.95% (M3), due to
the low Al2O3 content.

3.3. Thermal analysis of raw meals

The TG–DSC results are presented in Fig. 2 whereas Fig. 3 pre-
sents the diffraction patterns of M1. The total weight loss is
23.9 wt.%, for M1, 23.2 wt.% for M2 and 22.7 wt.% for M3. Up to
600 �C, the weight loss accompanied by endothermic peaks is
due to dehydration (at about 100 �C) and dehydroxylation (at
about 450 �C). The decarbonation of calcite and dolomite, indicated
by the higher weight loss and the strong endothermic peak, take
place in the range of 600–900 �C [7]. A small weight loss above
1200 �C can be attributed to gas emissions of the contained sulfur
[31]. At approximately 1200 �C, a small endothermic peak is also
present. This peak can be attributed to the dissociation of calcium
silicate sulfate compound [6]. Finally, the endothermic peak at
about 1340 �C corresponds to melting. The total weight loss de-
creases as the EAFS content in the raw meal increases, attributed
to lower CO2 emissions in view of the absence of carbonates in
EAFS.

The XRD pattern reveals that anhydrite (CaSO4) and calcite
(CaCO3) are still present at 800 �C. Calcite decomposes in excess
of this temperature and free lime (CaO) is detected. The peak
height of anhydrite is reduced over 1100 �C and disappears above
1270 �C. Above 1000 �C, calcium silicate sulfate (C5S2Ŝ) is formed.
At 1100 �C, yeelimite formation starts and calcium silicate sulfate
is still present. At 1180 �C calcium silicate sulfate decomposes to
form dicalcium silicate (C2S) [6] and is no longer present at
1200 �C. Yeelimite was also formed in appreciable amounts as indi-
cated by the increase of its peak intensity [38]. In the temperature
range of 800–1100 �C, mayenite (C12A7) is present, presumably
originating in part from the slag, while the remainder is formed
from the reaction of the other raw materials as expected for clink-
ers with LSF in the range of 75% [6]. Above 1100 �C mayenite reacts
presumably with the other constituents in the matrix towards tetr-
acalcium alumino ferrite (C4AF) and yeelimite (C4A3Ŝ). Indeed, the
three major phases in the clinkers, namely C2S, C4AF and C4A3Ŝ are
well crystallized above 1270 �C as indicated by the comparatively
higher peak intensities. The aforementioned sequence of reactions
concurs with those reported by Lawrence [6].
3.4. Mineralogy of the clinkers

The XRD patterns of M1, M2 and M3 clinkers are presented in
Fig. 4, whereas the quantification by Rietveld method, in Table 3.
In all clinkers the characteristic peaks of tetracalcium alumino fer-
rite (C4AF), larnite (b-C2S) and yeelimite (C4A3Ŝ) are identified. The
peak intensity of yeelimite decreases as the slag content in the raw
meal increases. The CŜ was not detected, probably due its very low
content as it either reacts or was emitted as sulfur.

A slight difference between measured Rietveld and estimated
Bogue method is observed, especially in the case of M1 and M2.
The findings are in agreement with other works [31], indicating
that adapted Bogue equations can be used to predict the
mineralogical phases in this type of clinker. Concerning Rietveld
calculations, increasing the slag content is decreasing the content
of C2S phase, varying from 44.6 wt.% (M1) to 40.3 wt.% (M3),
whereas for the C4AF and C4A3Ŝ phases holds the opposite. Values
varied from 33 wt.% (M1) to 45.6 wt.% (M3) for C4AF and 21.5 wt.%



Fig. 4. XRD patterns of M1, M2 and M3 clinkers. The main minerals are: 1 –
tetracalcium alumino ferrite, 2 – larnite and 3 – yeelimite.
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(M1) to 11.7 wt.% (M3) for C4A3Ŝ. CŜ was not found in any of the
mixtures, indicating that probably a part dissociated or reacted to-
wards the formation of C4A3Ŝ phase. This could explain the differ-
ence between Rietveld and Bogue results of these two phases. A
small increment of free lime (C) above 1 wt.% was found in the case
of M2 and M3, whereas of MgO only in M3. These type of cement
systems (CSAFŜ) were found to be able to accommodate up to
10 wt.% MgO [6] without an expansive behavior.

3.5. Microstructure and microchemistry of the clinkers

Backscattered electron images (BEI) on an EDS spectrum from
the microanalysis of the different phases are presented in Fig. 5
whereas a WDS elemental mapping of M1 in Fig. 6. The BEI reveal
the formation of the yeelimite (C4A3Ŝ), tetracalcium alumino ferrite
(C4AF) and dicalcium silicate (C2S) phases in differing intensities of
grey. In all cases porosity is observed, which is typical for CFAB ce-
ments [31]. Rounded belite grains are also visible in the pores.

From WDS elemental mapping the presence of yeelimite, tetra-
calcium alumino ferrite and dicalcium silicate phases are con-
firmed. The dark grey areas consist of Al in high levels, and Ca
and S in lower levels. Low amounts of Fe have been found also.
These areas derive from yeelimite phase formation, being reported
[31,38] as able to intake distinct amounts of Fe in its crystalline lat-
tice. The lighter grey areas contain high levels of Ca and low levels
of Si. In these areas referred here as dicalcium silicate phases,
(b)

(a)

Fig. 5. BEI on polished section of the produced clinkers: (a) M1, (b) M2 and (c) M3. M
alumino ferrite (C4AF).
traces or no Al, Fe and S are found. The light grey areas consist of
the interstitial phase and tetracalcium alumino ferrite is dominant
with Ca from moderate to high level, Al from low to medium level
and Fe from moderate to high level. Low or no S and Si content are
found in these areas.

3.6. Density and grindability of the cement

The density values presented increase with increasing EAFS
content: 2.9 g/cm3 for M1, 3.1 g/cm3 for M2 and 3.3 g/cm3 for
M3. In order to obtain Blaine finenesses of 4100 ± 20 cm2/g, the re-
quired milling time was 73 s for M1, 85 s for M2 and 89 s for M3.
The above results indicate that increasing slag content leads to a
less grindable clinker, most probably due to the increment of
C4AF [39].

3.7. Physical properties of the cement paste and CrVI content

Table 4 presents the results of water demand, initial setting
time and soundness. Increasing the slag addition increases the set-
ting time as a result of lower ettringite formation. In all three cases
the initial setting time values were below EN 197-1 standard
requirements. Soundness did not exceed 1 mm, indicating that
the ettringite expansion was not extended despite theobserved
speed of setting (fast).

CrVI was measured only in M3 and was below 1 ppm. For M1
and M2, the faster setting time did not allow obtaining the
minimum amount of filtrate required for analysis and therefore
CrVI determination was not feasible. However it is expected that
CrVI would be lower than the value for M3 (<1 ppm) due to the
lower slag content in these cements (as slag is the main carrier
for Cr).

3.8. SEM analysis of the hydration products

Secondary electron images (SEI) of M1, M2 and M3 hydrated
pastes for 1 day, 3 days, 7 days and 28 days are presented in
Fig. 7. Yeelimite reacted very fast with water and FGD gypsum,
presenting ettringite-like needles after only 1 day in all cement
pastes. From 3 days and beyond, AFm flakes and round, smooth,
small crystals of hydrogarnet [40] are formed. In all three mixtures
(c)

inerals identified are: yeelimite (C4A3Ŝ), dicalcium silicate (C2S) and tetracalcium



Fig. 6. WDS elemental mapping of M1. Left to right, top row: CP (Backscattered electron image of analyzed area), Ca and Si; second row: Fe, Al and S.

Table 4
Results of water demand, initial setting time and soundness of the cement pastes.

Cement
type

Water demand
(wt.%)

Initial setting time
(min.)

Soundness
(mm)

M1 45.0 7 0.9
M2 37.5 12 0.7
M3 35.0 15 0.7
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due to the lower weight ratio of CŜH2/C4A3Ŝ than the one required
by stoichiometry of Eq. (1), taking into consideration Rietveld re-
sults, the remaining C4A3Ŝ reacted to form AFm flakes in lack of
gypsum. Hydrogarnet is also visible from the reaction of C4AF with
water in lack of gypsum. In M3 the formation of hydrogarnet was
relatively extended as a result of the increased slag content.
3.9. Compressive strength

The compressive strength results for 5 wt.% and 20 wt.% FGD
gypsum addition are presented in Fig. 8. It was observed that
increasing slag content in the raw meal corresponds with a de-
crease in compressive strength due to the reduced C4A3Ŝ and the
increased C4AF. In M1, M2 and M3, where there was 5 wt.% added
gypsum, the compressive strength at 3 days is 13.1 MPa, 10.7 MPa
and 6.2 MPa respectively. At 28 days the developed strength is
18.3 MPa for M1, 14.3 MPa for M2 and 7.8 MPa for M3. The
observed rather slow increment of strength with time was also
found by Lawrence [6] and Adolfsson et al. [6,41] in their studies
and therefore these cements are described as slow hardening.
The higher early strength of M1 and M2 compared with M3 is
attributed to the higher yeelimite content which reacts with gyp-
sum and water to form ettringite and AFm [42]. Indeed, ettringite
forms rapidly and within 1 day develops 70–85% of its final values
[43]. With the addition of 5 wt.% FGD gypsum, the weight ratio of
CŜH2/C4A3Ŝ is low. A low CŜH2/C4A3Ŝ ratio results in the formation
of ettringite and AFm (from C4A3Ŝ) and hydrogarnet (from C4AF).
With a 20 wt.% FGD gypsum addition, the compressive strength re-
sults are almost doubled from 3 days of hydration and above. As
the results of 1 day are almost identical with those of 5 wt.% FGD
gypsum, attributed to the reaction of Klein compound with gyp-
sum in the same extent, the development of strength from 3 days
and above can be attributed to the reaction of C4AF with the
remaining gypsum which leads to the formation of ettringite in-
stead of hydrogarnet formation. As the CŜH2/C4A3Ŝ weight ratio
in this case is higher, these findings are in agreement with other
studies [30,31]. Further reports, now under investigation, will pro-
vide more data regarding the physical properties and hydration
products of this type of clinker with 20 wt.% FGD gypsum content.

4. Conclusions

� The production of calcium ferroaluminate belite cements is pos-
sible by combining limestone, bauxite and gypsum raw materi-
als together with 10 wt.% (M1), 17 wt.% (M2) and 27 wt.% (M3)
EAFS at a firing temperature of 1320 �C.



(a) (e) (i)

(f) (j)(b)

(c) (g) (k)

(l)(h)(d)

Fig. 7. SEI of the hydrated pastes after different curing periods: M1–1 day (a), 3 days (b), 7 days (c) and 28 days (d), M2 – 1 day (e), 3 days (f), 7 days (g) and 28 days (h), M3 –
1 day (i), 3 days (j), 7 days (k) and 28 days (l).

Fig. 8. Compressive strength results of the cement paste after different curing time
and wt.% of FGD gypsum retarder (black – 5 wt.%, light grey – 20 wt.%).
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� The microstructure of all clinkers constitutes from C4AF, C2S and
C4A3Ŝ; for an increasing slag content, C4AF and C4A3Ŝ are
increasing whereas C2S is decreasing.
� Increasing the slag addition increases the setting time as a

result of lower ettringite formation.
� Soundness did not exceed 1 mm, indicating that ettringite

expansion was not extended despite the fast setting observed.
CrVI was found below 1 ppm in M3.
� Mechanical properties are decreased by the slag increment due

to the decrease of the C4A3Ŝ/C4AF ratio and the non-adequate
reactivity of belites and ferrites.
� Increasing the quantity of FGD gypsum in cements improves the
compressive strength, provided by the high content of C4AF
which probably reacts with the available gypsum to form
ettringite instead of hydrogarnet.
� The use of EAFS provides on one hand the advantage of decreas-

ing the CO2 emissions due to the content in CaO free of CO2 and
on the other hand contributes in saving natural resources (i.e.
limestone and clays) due to the relatively high content in oxides
such as SiO2 and Al2O3. Moreover, the use of EAFS could also
reduce the energy required during clinkering due to less CaCO3

dissociating. A quantity of around 10–17 wt.% could be used,
providing acceptable mechanical properties in the presence of
gypsum.
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