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Abstract

The disintegration of stainless steel slags, due to the beta to gamma dicalcium silicate
transformation, hinders the valorisation and increases the landfilling cost
considerably. In this work, two industrial wastes, namely boron residues from the
dressing of boron minerals and fly ash from lignite’s combustion, have been used as
additives in order to produce physically stable stainless steel slags. Results indicate
that 1 wt% of boron residue is sufficient, however, 22 wt% of fly ash is required for a
synthetic slag of basicity (Ca0O/SiO;) = 2. The practical implications in terms of
valorisation of the produced slags are also discussed.

Introduction

Large volumes of slags are produced annually, leading to important economical and
ecological issues regarding their afterlife. To maximise the recycling potential, slag
processing has become an integral part of the valorisation chain.! Stainless steel slags
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are currently used for a number of applications and some alternative routes have
been suggested in literature:? aggregates, additives or raw materials for cement
making, carbon sink, as well as fertilisers and additives for soil treatment are only a
few of the potentialities. Nonetheless, disintegration of stainless steel slags hinders
the valorisation and increases the landfilling cost considerably.

It is well established that this kind of disintegration is driven by the presence of
dicalcium silicate (2Ca0-SiO, or C,S) in the slag.3 This mineral undergoes several
phase transformations from one polymorph to another when the slag is cooled. As
the athermal, martensitic-like transformation of the monoclinic B-polymorph to the
orthorhombic y-polymorph* is accompanied by a volume expansion of about 12%,
high internal stresses finally cause the disintegration of the slag. The potential routes
to avoid the formation of y-C,S are: a) chemical stabilisation by additions, b) change
in slag chemistry and c) fast cooling.

In metallurgy, the option of inhibiting the 8 to y transformation of C,S was first
elaborated in 1986 by Seki and co-workers,” who developed a borate based stabiliser
for stainless steel decarburisation slag. Because of its effectiveness and simplicity,
borate stabilisation of air-cooled slags is widely implemented in industrial practice.
Typical minerals used are disodium tetraborate (brand name Dehybor or anhydrous
Borax, Na,B;0;) and/or colemanite (Ca[B304(OH)3]-H,0). Results regarding the
distribution of boron in the slag matrix have been reported in previous work.®

Borate additions are not the only possibility to avoid the expansive transformation of
C,S and the associated disintegration of the slag7'10 The crystallographic coordination
number, the ionic radius and the ionic valence of the doping ion all affect the
deformation of the C,S crystal and, as a consequence, the stabilisation. In practice,
different oxides have been reported to stabilise the different polymorphs of
dicalcium silicate. The a and a’ polymorphs have been reported to be stabilised by
oxides such as MgO, Al,03, Fe,03, BaO, K,0, P,0s and Cr,03. The B polymorph can be
stabilised by the addition of Na,O, K,0, BaO, MnQ,, Cr,03 or their combinations.’
This is exemplified in cement production: the C,S, referred to as belite, constitutes
the second highest in content ingredient in ordinary Portland cement (OPC) clinker
that, nonetheless, does not disintegrate during cooling. This is attributed to the fact
that belite in OPC is a solid solution with an average formula (normalised to 40):
(:511.97“/'80.02'\130.01Ko.03Feo.ozAlo.mSio.glPo.0104.oo-11 Typically, Al,0; and Fe,0; are the
main impurity oxides, the total content being in the range 4-6 wt%. In principle, the
above rationale could be extended to slag chemistry and stabilise C,S by forming a
solid solution with other oxides.
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This work presents two cases where industrial residues were used to stabilize C,S
containing stainless steel slag. The underlying principle is that the use of a waste
renders the industrial implementation more likely due to the low associated cost.
Indeed, the notion of waste synergy has been fundamental in the establishment of
industrial symbiosis parks and clearly contributes to sustainable development.

Experimental

Materials

Boron waste and fly ash were used in order to stabilise the synthetic slag. The boron
waste originates from Turkey. Turkey possesses the largest boron deposits with a
worldwide share of 72% (851 Mtonnes) in terms of B,O3 content. The principal
borate minerals are tincalconite (Na,(B405):-5H,0), ulexite (NaCa[BsOg(OH)g]-5H,0)
and colemanite (Ca[B304(OH)3]-H,0) which are refined into pure chemical
compounds.™ During this process, approximately 400000 tonnes/year of different
types of solid boron-containing wastes (BW) are produced and disposed of in tailing
heaps next to the boron plant.13 This raises substantial environmental concerns in
fear of boron leaching and subsequent soil and groundwater pollution. In particular,
the dissolved boron compounds form several complexes with the heavy metals (Pb,
Cu, Co, Ni, Cd etc.), which are more toxic and soluble than their metals.'* The B,O3
content in these wastes usually varies from 11 to 20 wt%, which depends on the
initial minerals and the processing conditions. More information regarding the
wastes can be retrieved elsewhere.”” Already in the literature, a similar attempt was
performed by Branca et al. using boron containing glazing powders'® with promising
results. The fly ash used in this work originates from the Megalopolis plant, Public
Power Corporation, Greece. It is produced during lignite combustion and is rich in
A1,0;3 and Fe,03, besides CaO and SiO,. The total annual ash production in Greece is
estimated between 10 and 11 Mt, of which 2.4 Mt are produced in the Megalopolis
plant. The cement companies utilise typically < 15% of the produced quantity, thus a
substantial amount is accumulated every year. Fly ash seems to be a good candidate
as it contains most of the oxides needed for C,S stabilisation. The reference synthetic
slag was prepared from analytical grade oxides, with a chemistry close to industrial
practice.

Methods

Boron waste and fly ash were preheated at 700°C. Reference slag and boron waste or
fly ash, in different concentrations, were mixed in batches of 50 g and homogenised
for 12 h in a rotary mixer. The final mixture was introduced in a Pt-Rh crucible and
was heated in a resistance furnace (AGNI-ELT 160-02 Springtype). The firing profile
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involved heating and cooling rate of 10°C/min, up to 1640°C, and a 1 hour isothermal
step at 1640°C.

The thermodynamic calculations were performed by FactSage 6.2. Compound
database FACT 53 and coupled compound & solution database FToxid were used
together. Four solution datasets of FToxid were selected: FToxide-SLAGH, FToxide-
bC2S (alpha'), FToxide-aC2S (alpha), FTOxid-Mel (melilite) and FTOxid-MeO (CaO and
MgO). FACT 53 was suppressed by FToxid to exclude duplications in the data set. The
stability of cuspidine was adjusted with 20 kJ for it to be stable with respect to solid
oxides and CaF,. Ti, Sr, K, Na, and S were not considered in the calculations. The
chemical composition was determined using X-Ray Fluorescence spectrometry (XRF,
Philips PW 2400). The particle size distribution was determined with a laser
scattering technique (MasterSizer Micro Plus, Malvern). The mineralogy of the
samples was determined with X-Ray Powder Diffraction analysis (XRPD, D500
Siemens). Diffraction patterns were measured in a 206 range of 10-70° using CuKa
radiation of 40 kV and 40 mA, with a 0.01° step size and step time of 3 s. Qualitative
analysis was performed with the “X’pert HighScore Plus” PANalytical software.
Quantitative results were obtained by adding 10 wt% of analytical grade crystalline
ZnO and by refining the diffraction patterns adopting the Rietveld method.'”*® This
computer code is implemented in the “Topas® Academic” software.'® The approach
is based on a least squares refinement carried out until the best fit is obtained
between the observed powder diffraction pattern and the calculated pattern. The
calculated pattern is based on the simultaneously refined models for the crystal
structure(s), the diffraction optics effects, the instrumental factors and other
specimen characteristics (e.g. strain, crystallite size). Microstructural characterisation
of the slag was performed using scanning electron microscopy (SEM XL30, Philips).
Polished, carbon-coated samples were used, with or without Nital etching. Energy
Dispersive Spectrometry (EDS) was employed for microchemical analysis. Image
analysis was performed based on the image stacking technique and greyscale
separation for the specific minerals.?

Results and discussion

The chemical composition of the reference slag, boron waste and fly ash (after
heating) is presented in Table 1. In terms of mineralogy, the major crystalline phases
of boron waste are tincalconite Na,B;0,:5H,0 and dolomite CaMg(COs),. Sanidine
KAISi3Os, calcite CaCO;3 Chlorite (Mg, Fe?*)10Al[(SigAl»)O20](OH)16, montmorillonite
(0.5Ca,Na)o 7(Al,Mg,Fe)4[(Si,Al)s020](OH)4-nH,O and most probably searlesite
NaBSi,Os(OH),, are also present as minor phases. Fly ash is composed of quartz
(Si0,), anorthite (CaAl,Si,Og), magnetite (Fes0,4), anhydrite (CaSO,4) and gehlenite
(Ca,Al,Si0y).
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Table 1: Chemical composition of boron waste and fly ash, in wt%. n.d. : not
determined; - : not present

S|02 A|203 Fe203 CaO MgO SrO Kzo NaZO Bzo_o, 503 TlOZ Can other

Synthetic

284 | 1.3 - 56.7 | 6.5 - - - - - 1.1 | 6.0 -
slag
Boron

219 | 3.6 1.0 (182|141 |28 |24 | 9.2 |258|n.d.|nd. | n.d. 1.0
waste

Flyash |50.2| 195 | 9.2 |11.7| 25 |nd.| 22| 03 | nd. |30 0.8 | n.d. 0.6

Reference slag

After cooling at room temperature, the slag was totally disintegrated into a light-
yellow, fine powder. The di, dso and dgp are 7.7 um, 37.8 um and 150.4 pm,
respectively. SEM analysis reveals that the particles have an extensive network of
cracks, as a result of the accumulation of high internal stresses during cooling. The
results from the thermodynamic calculations at 20°C and 1650°C and from the
Rietveld analysis on the solidified slag are reported in Table 2. At 1650°C, the
thermodynamic calculations predict that the liquid slag amounts to 71 wt%
approximately, with a-C,S and a small amount of MgO and CaO still existing in the
system. On the condition of equilibrium cooling, Fig. 1, a-C,S transforms to a’y-C,S at
1425°C, approximately. The liquid phase totally disappears at around 1200°C.

Table 2: Crystalline phases predicted by FactSage thermodynamic calculations and
determined by XRD and Rietveld quantitative phase analysis, for the reference slag

Thermodynamic calculation (wt%) )
. ; ) ) XRD analysis
Phase Equilibrium cooling, Scheil-Gulliver .
. 1650°C 20°C (wt%)
20°C cooling, 20°C
Cao 6.3 9.1 1.0
a-C,S 49.1 25.1
a'-C,S 14.5
B-C,S 0.8
v-C,S 55.4 42.7
MgO 7.0 3.1 3.3 7.4
CagMg(SiO4)2 20.6
CaF, 1.9 0.5
Ca,Si04F; 28.6 19.6 28.1
CasMgAl,04 2.6 2.6
Liquid slag 70.6
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Figure 1: FactSage thermodynamic calculations based on equilibrium cooling for the
reference slag

For the temperature interval 1200 to 1100°C, CasAl,O¢ precipitates, whereas from
850 to 800°C, CasMgSi,0g (merwinite) appears. The phase CasSi,F,0; (cuspidine)
precipitates at 1200°C and at 1050°C, CasMgAl;04 forms. Eventually, at room
temperature the major phases predicted are y-C,S and cuspidine, with a small
amount of CaO, MgO and CazMgAl4040. On the condition of Scheil-Gulliver cooling
(i.e. no diffusion in the solids, rapid diffusion in the liquids, and equilibrium at
solid/liquid interfaces), Fig. 2, the amount of a’y-C,S, CaO and MgO increase as the
liquid slag progressively cools. At 1000°C, the slag solidifies and fluorite, cuspidine
and CazMgAl;0,0 form. This fact is indicative of the F enrichment in the slag phase. At
room temperature, the major phases are a-C,S, a’y-C,S and cuspidine, with smaller
amounts of CaO, MgO, CasMgAl;0,9 and fluorite. Due to the Scheil-Gulliver
assumption, the results do not predict the formation of y-C,S, however, the total
amount of C,S is comparable in both equilibrium and Sheil-Gulliver cooling. Results
from Rietveld analysis reveal that the main phase is y-C,S, with substantial amounts
of merwinite, cuspidine, as well as periclase, and traces of fluorite and B-C,S.

100
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=g [ cadsizr2o7
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Figure 2: FactSage thermodynamic calculations based on Scheil-Gulliver cooling for
the reference slag.
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Stabilisation with boron

In order to stabilise the synthetic slag, boron waste was added at 0.6 wt%, 0.8 wt%
and 1.0 wt%. The first two trials were partially successful as only a part of the slag
was stabilised; the last trial at 1.0 wt% resulted to a dense, light-brown slag. This
amount corresponds to 0.26 wt% of B,0O; that is close to reported values for a
comparable slag composition.” The results from the Rietveld analysis on the solidified
slag, Table 3, reveal that the main phase is B-C,S, with a'-C,S, cuspidine, fluorite,
periclase and merwinite constituting the rest of the matrix. Comparison of these
results with the ones for the reference slag, demonstrates that the difference is not
limited to C,S. Indeed, the addition of only 1 wt% of boron waste is resulting to a
substantially different mineralogical assemblage at room temperature. Besides the
stabilisation of B-C,S, the main changes relate to the formation of merwinite and
cuspidine. A plausible hypothesis is that the different mineralogical forms of C,S
react differently with the matrix during solidification. FactSage calculations have not
been performed for this system. The effect of 1 wt% is too small to be reflected in
the calculation and, moreover, B is not fully modelled yet in the software.

Table 3: Crystalline phases determined by XRD and Rietveld quantitative phase
analysis, for the 1 wt% boron waste-stabilised slag

Mineral XRD analysis,

20°C (wt %)
a’-C,S 8.9
B-C,S 66.2
MgO 9.1
CazMg(SiOq), 3.2
CaF, 4.0
Ca,Si,05F, 8.6

The microstructure of boron stabilised slag consists predominantly of large, well
developed crystals of B-C,S, Fig. 3. Dimensions of the grains vary greatly; however,
length can be higher than 2.00 um. Most C,S crystals present parallel striations, i.e.
twinning, as seen in Fig. 4. Two different twinning modes of B-C,S have been
reported: (i) both {100} and {001}-type®* and (ii) only {100}-type twinning.?? Twinning
has been associated with grain size and results reported by Nettleship et al. by TEM
studies suggest that twins exist in the range of 0.04 um to 0.2 um for grain sizes in
the range 1 to 5 pm.”® This morphology is also found in cement clinkers, although not
commonly.24 They are typically found in clinkers produced at a very low temperature
or cooled very sIowa,25 the latter being the case also in the present work. According
to Insley’s classification of belite in cement clinkers, this is type Il belite.
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Figure 3: Backscattered electron image on the 1 wt% boron waste-stabilised slag
after chemical etching.

At the grain boundaries a number of phases are located, such as periclase, bredigite,
titanates, cuspidine, fluorite and alumina. Periclase exists as an inclusion also in
belite. The above are visualised in Fig. 5. On the left, the backscattered electron
image (BEl) on boron-waste stabilised slag is presented, whereas on the right, the
distribution of phases is shown. The latter image has been constructed based on the
elemental maps for O, Ca, Si, Mg, F, Al and Ti. It appears that B-C,S is the major
phase. Periclase grains are also evident. Bredigite has formed between B-C,S and
periclase, whereas Ti is associated also with Al and Ca. Cuspidine exists in the grain
boundaries of B-C,S and most probably Al dissolves also in the lattice forming a solid
solution. Small grains of Al,O3 and Fluorite are also present.

Figure 4: Backscattered electron image on the 1 wt% boron waste-stabilised slag
after chemical etching.
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Figure 5: Backscattered electron image (left) and phase distribution based on image
stacking from elemental maps (right) of 1 wt% boron waste-stabilised slag

Stabilisation with fly ash

Three additions of fly ash were studied, 14, 18 and 22 wt%, the latter being
successful in terms of stabilisation. It is obvious that eventually fly ash stabilises the
system not through impurities in the C,S crystal lattice but rather by avoiding its
formation. Indeed, as stated elsewhere,27 y-C,S formation is prevented for a
Ca0/SiO, (weight ratio) value below 1.4. In the present case, the CaO/SiO, for the
stabilised sample is 1.42.

Thermodynamic calculations predict that at 1500°C no solid phase remains in the
system. On the condition of equilibrium cooling, Fig. 6, a'y-C,S and merwinite are the
first phases to precipitate at 1350°C, approximately. Almost at the same
temperature, 1300°C, melilitess (the subscript denoting solid solution, formula is
Ca,Al; 7Fep25Mgo.03Si1.0407) forms, whereas cuspidine precipitates for T < 1200°C. The
system is totally solidified at 1100°C. Between 1050°C and 1000°C, the amount of
melilites and a'y-C,S decrease and rankinite (CasSi,0;), gehlenite (Al-melilite)
CaFe,0,4 and additional merwinite form. At 600°C, cuspidine reacts towards rankinite
and fluorite. Finally for T < 300°C, merwinite, gehlenite, CaFe,04 react and produce
CaMg,Al;60,7, more y-C,S and rankinite, as well as CasFe;Siz01,. On the condition of
Scheil-Gulliver cooling, merwinite, melilites;, a'y-C,S and cuspidine are the main
phases predicted at room temperature. Rietveld analysis reveals that melilites, i.e.
gehlenite and dkermanite, constitute the main phase, 34.3 wt%. Bredigite, merwinite
and cuspidine account for the rest. Other phases, such as B-C,S, seem also probable.
However, the analysis is not conclusive due to peak overlapping. Nonetheless, SEM
analysis does verify the existence of C,S. Comparing the thermodynamic results with
Rietveld analysis, Scheil-Gulliver cooling was able to predict the formation of
melilites and cuspidine. However, the level of C,S was probably overestimated in
both cases.
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Table 4: Crystalline phases predicted by FactSage thermodynamic calculations and
determined by XRD and Rietveld quantitative phase analysis, for the 22 wt% fly ash-
stabilised slag.

Thermodynamic calculation (wt%) XRD analysis,
Mineral Equilibrium Scheil-Gulliver 1500°C 20°C (wt%)
cooling, 20°C cooling, 20°C
Ca,Al,Sio; 249 30.6
Ca,Mgsi,0; 3.7
Ca;MgSiz016 22.8
CazMgSi,04 44.3 37.1 24.9
Ca,Si,04F, 15.2 18.0
CasSi, 0, 17.5
CazFe,Siz04; 5.5
CaMg,Al150,; 5.6
o'-C,S 20.5
y-C,S 22.0
CaF, 5.0 1.8
Liquid slag 100

* : the calculated melilite is a solid solution with formula a,Al; ;Feq 25Mgg 03Si1.0407
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Figure 6: FactSage thermodynamic calculations based on equilibrium cooling for the
22 wt% fly ash-stabilised slag
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Figure 7: FactSage thermodynamic calculations based on Scheil-Gulliver cooling for
the 22 wt% fly ash-stabilised slag

SEM results are presented in Fig. 8. The BEI of the microstructure appears left and
the phase distribution appears right. At the upper left section, cuspidine is identified.
Gehlenite surrounds cuspidine formation and gradually (moving from gehlenite
lower) the composition changes to akermanite. This is probably the result of Mg
diffusion from bredigite. Due to very close atomic numbers of Al and Mg, this subtle
variation is not apparent in terms of grey intensity in the BEl. Merwinite is typically
adjacent to bredigite and is distinct also in terms of morphology. Dicalcium silicate is
found in a number of locations and typically appears as a porous formation. It seems
most probable y-C,S, however, it is not certain if it was originally gamma or if this is
the result of sample preparation. Titanium appears in distinct grains and is associated
with Fe, probably in the form of Fe-titanate.

ko= \‘»" \ ‘
"’ A ‘] Gehlenite
: “ ’ Akermanite
’ Bredigite
2 ~ ’
N 2 Merwnite
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Figure 8: Backscattered electrons’ image (left) and phase distribution based on image
stacking from elemental maps (right) of the 22 wt% fly ash stabilised stainless steel
slag
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Practical implications

In the case of boron waste stabilised slag, the results are promising as the final
product is both physically stable and hydrates towards C-S-H after milling (results not
reported herein). Thus, in principle, this slag exhibits the potential to be used in
applications as aggregate or as a hydraulic binder. Obviously the use as a hydraulic
binder increases the value of the slag in the market, however, (stainless) steel slags
can not constitute part of the blended cements in Europe from a regulatory point of
view (EN 197-1). Therefore, other applications such as cement blocks, screed
material, or binder for pelletising applications appear more realistic.

In other countries, different regulations are in place. For instance, according to the
Chinese YB/T022-92 standard, a steel slag cement is produced with 65% clinker and
35% ground BOF slag whereas results were published recently on the use of AOD slag
in blended cements in China.”® In its endeavour to strengthen sustainability through
regulatory policy, it is possible that future regulations in Europe may adapt to new
criteria. As mentioned elsewhere,” the new prEN 13282 (draft) includes BOF slag as
possible main component of Hydraulic Road Binders, up to 40 wt%. Thus, future
regulations in Europe may also integrate stainless steel slags, provided they hydrate
at a considerable extent and demonstrate an environmentally sound behaviour.

In the case of fly ash addition, stabilisation did not result as a consequence of
impurities in the crystal lattice of C,S, but merely by driving the system out of the C,S
stability field. This has been suggested already in 1942, where compositional limits
were defined for disintegrating slags,30 based on the stability field of C,S in the CaO-
MgO-SiO,-Al,03 system, with an adjustment for the sulphur content (S) in the slag:

Ca0 + 0.8 MgO < 1.20 SiO, + 0.39 Al,03 + 1.75 S
Ca0o < 0.93Si0, + 0.55 Al,05 +1.75 S

Thus, fly ash addition in the present work acted as SiO,, Al,O3 and S source. In the
same direction, Sakamoto,31 stabilised a stainless steel decarburisation slag with 12
wt% of waste glass, containing 70-75 wt% SiO,, Eriksson and B. Bjorkman?? stabilised
low-basicity stainless steel slag by adding MgO, whereas Kitamura et al® suggested
the addition of cold or preheated non-ferrous fayalite slag to stainless steel slag in
order to reduce the basicity. In the latter case the FeO from the non-ferrous slag is
used as an additional energy source (exothermic reaction to Fe,0s3 results in
additional heat) to dissolve the SiO,. Nonetheless, the scale up of these processes to
industrial level is not straightforward as the dissolution of the additions appears to
be the critical point. It is possible that an additional heat source or even slag
treatment process would be required. At least for the present case, addition of 22
wt% fly ash for the production of aggregates does not seem realistic.
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Conclusions

Increasing environmental awareness has created incentives for metallurgical
companies to tackle various slag issues. Regarding stainless steel slags, C,S-driven
disintegration during cooling is one of the main issues, as it not only creates dust
problems but also complicates the slag valorisation in construction applications.
Boron waste addition proves to be an effective alternative to other boron sources
currently in use. A 1 wt% addition resulted to the stabilisation of a slag with basicity
(Ca0/Si0,) = 2. Addition of fly ash stabilises the system by diverting the slag
chemistry outside the C,S stability field, effectively showing that fly ash functions as a
Si0,, Al;03 and S source. An addition of 22 wt% fly ash was required. The industrial
feasibility of the fly ash route can be questioned. The resulting slags were physically
stable and the boron stabilised one exhibits hydraulic properties (results not
reported herein). Further analysis is required to demonstrate the performance and
the environmental behaviour of such hydraulic binders.
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