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A B S T R A C T   

Basic oxygen furnace (BOF) slag negatively impacts ordinary Portland cement performance when replacement 
levels exceed 5%. This necessitates the exploration of alternative applications for the slag. Simultaneously, a 
high-volume slag utilization is desired to benefit slag recycling as supplementary cementitious materials. 
Therefore, this study aims to optimize the air granulated BOF slag substitution potential in belite calcium sul-
foaluminate cement by investigating the hydration products in standard mortar. The reactivity of the novel 
binder is correlated with workability, and mechanical performance by thermal, mineralogical, and microstruc-
ture analysis. Consequently, the 10–30% replacement delays the final setting time by inhibiting the ettringite 
formation leading to a decrease in mechanical performance till 28 days. At later ages (28–180 days), the 30–50% 
substitution exhibited the synergy in mechanical performance, which is attributed to the hydrogarnet, calcium 
silicate hydrate, and strätlingite formation. Moreover, all the mortar samples exhibited heavy metals’ leaching 
and drying shrinkage below the permissible limit.   

1. Introduction 

Environmental challenges, such as climate change and resource 
depletion have put a spotlight on the need for a low-carbon (Benhelal 
et al., 2013), resource-efficient (Shen and Forssberg, 2003), and 
closed-loop economy for sustainable development (Shen et al., 2015). 
The main challenge lies in the utilization of industrial residues to get 
zero-waste flow sheets (Link et al., 2015). The cement industry is facing 
the same challenges of sustainable solutions due to increasing global 
demand and is expected to reach 12–23% by 2050 (Favier et al., 2018). 
The efficient use of alternative materials for fuels and clinkers is the 
main strategy to reduce CO2 emissions (Schneider et al., 2011). One of 
the solutions is belite calcium sulfoaluminate types of cement (BCSA) 
due to a reduction in CO2 emission by 30% than conventional Portland 
cement. BCSA requires a lower kiln firing temperature of ~1250 ◦C 
leading to a lesser amount of NOx emissions and better grindability as 
compared to Portland cement clinker. However, the limited availability 
of raw materials as well as low demand for these types of cement makes 
the product expensive and can only be utilized for special applications. 

Moreover, efforts are required to control appropriate mix design, for 
instance, 1) early hydration kinetics and volume stability due to the 
amount of calcium sulfate (Chen et al., 2022), 2) the early setting needs 
to be controlled with admixtures (Hargis et al., 2017), 3) the effect of 
altering these parameters on the later age concrete performance and 
durability (Ludwig and Zhang, 2015; Telesca et al., 2020). Therefore, a 
significant amount of industrial side streams such as blast furnace slag, 
silica fumes, waste glass, fly ash, etc. have been added alongside calcium 
sulfoaluminate cement in concrete to study the more efficient use of the 
building materials (Chi et al., 2021; Iacobescu et al., 2013). 

Basic oxygen furnace (BOF) slag is the tremendously available 
byproduct of steel-making process generating 90–150 kg of the slag for 
every tonne of crude steel (Guo et al., 2018). In Europe, approximately 
10 Mt/year of BOF slag is produced, and approximately 23% directly 
stacked piles occupy the land resources (Horii et al., 2013). The recy-
cling of BOF slag gained much attention in terms of supplementary 
cementitious materials (SCMs) in building materials. Because the first 
choice of SCMs such as granulated blast furnace slag (GBFS) and fly 
ashes (FA) sources of adequate quality are limited in Europe and 
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unlikely to increase (Scrivener et al., 2018). Applying BOF slag as 
cementitious material will not only diminish the landfilled/land occu-
pation but also reduce the need for natural resources. The recycling and 
reuse of slag have many challenges such as low hydraulic activity, 
leaching of heavy metals (Cr and V) (De Windt et al., 2011), inhibition of 
cementitious reaction (Jiang et al., 2018), and poor grindability, etc. 
seriously restricts its application as supplementary cementitious mate-
rial (SCM) in OPC (Zhuang and Wang, 2021). 

Several Strategies have been reported to address the recycling 
challenges of the slag through activation such as chemical activation 
(Kaja et al., 2021), mineral modification (Tsakiridis et al., 2008), 
weathering (Li and Dai, 2018), carbonation, and high-temperature 
curing (Eloneva, 2010). But no profound economic application has 
been reported yet. One way to improve slag reactivity is to enhance the 
cooling speed by air granulation (Schollbach et al., 2021). Air granula-
tion is reported to be more sustainable in terms of heat recovery when 
the slag tapping temperature lies between 1250 and 1700 ◦C (Engström 
et al., 2010). Our study showed (Jawad Ahmed et al., 2023) that the air 
granulation of BOF slag did not improve the reactivity significantly 
except for the grindability. Moreover, a low percentage merely up to 5% 
by volume can be replaced as a binder in OPC (Jawad Ahmed et al., 
2023; Wulfert et al., 2017) which demands alternative building prod-
ucts. An efficient building product is desired in which slag can be 
recycled in a high volume as SCM. 

In this regard, a few studies have reported that the steel slag addition 
in calcium sulfoaluminate cement (CSA) as SCM brings many benefits of 
improved workability and performance (Liao et al., 2020; Martins et al., 
2022; Xue et al., 2016). However, the strength loss of CSA-based cement 
is reported at later ages which is attributed to the ettringite decompo-
sition (Hargis et al., 2014). The BOF slag is a good source of belite and 
ferrite phases which can be used alongside “Belite-Ye’elimite-Ferrite” 
(BYF) clinker. BYF clinkers (e.g., “Aether” or “Ternocem”) have the 
potential to replace Portland cement clinker as well as Portland-slag 
cement in many applications. The BOF slag contains dicalcium silicate 
and brownmillerite as main hydration phases which would enrich the 
hydration matrix with calcium silicate hydrate, ettringite, hydrotalcite, 
etc. (Santos et al., 2023). Furthermore, these newly formed hydration 
products would provide later-age stability besides enhancing the 
immobilization potential of heavy metals (Peysson et al., 2005). The role 
of BOF slag as a binder is well understood in OPC but the effect of BOF 
slag on the BCSA cement hydration, workability, mechanical perfor-
mance, shrinkage as well as environmental risks requires a systematic 
understanding (Zhuang and Wang, 2021). To the author’s best knowl-
edge, there is no information available for the BCSA- (air granulated) 
BOF slag-based novel binder. Therefore, this study aims to understand 
the effect of air granulated BOF slag substitution in BCSA cement. For 
this purpose, the replacement of 10, 20, 30, 40, and 50% BCSA cement 
by the slag in mortars is chosen to optimize the substitutional potential. 
The effect of the BCSA-slag cluster’s reactivity on workability, me-
chanical performance, and drying shrinkage over time is studied 
through thermal, mineralogical, and microstructural analysis to under-
stand the novel binder application. Moreover, the potential leaching of 
heavy metals especially V and Cr is evaluated by ICP-OES to assess the 
environmental risk. 

2. Materials and methods 

2.1. Materials preparation and characterization 

Air granulated BOF slag taken from regular production at Tata Steel 
Europe in Ijmuiden. The air granulation process of BOF slag has been 
studied elsewhere in detail (Schollbach et al., 2021). The 1–4 mm 
fraction that accounts for ~90% of total air granulation yield is milled 
and used for the study. Belite calcium sulfoaluminate cement (BCSA) 
cement is supplied by Vicat cement. 

A representative slag sample was chosen by using a static sample 

splitter. The air granulated BOF slag was dried in an oven at 100 ◦C to 
remove possible moisture. The slag was ground for 30 min at 912 rpm to 
get fine particles via disk mill (Retsch RS 300 XL). To ensure the con-
sistency of the feed, a 1 kg weighed amount is placed in the disk mill. 
The PSD (particle size distribution) was determined using Master-
sizer2000 from Malvern and the milled sample was dispersed in iso-
propanol as a solvent so as not to trigger the hydration reaction. To 
understand the impact of specific surface area (SSA) on the hydration 
kinetics, the nitrogen adsorption (Tristar II 3020 V1.03 series micro-
meter) at 77K was measured using BET (Brunauer-Emmett-Teller) 
methods. A minimum of 0.5 g sample is used to have representative 
measurement, and the powder sample is degassed under vacuum at high 
temperature. The specific density of the milled BOF slag was measured 
by a Helium pycnometer (AccuPys II 1340). During each test, 10 mea-
surements are recorded, and the density is an average of these values. 
The PSD and SSA are presented in Fig. 1 (a). 

Before XRF analysis, mass change was measured by heating slag 
samples at 1000 ◦C for 2h. For the preparation of fused beads, the res-
idue from the LOI was mixed with borate flux by keeping the sample to 
flux ratio (1:12) respectively, a mixture of 67% Li2BO7 and 33% LiBO2 
(Claisse). Moreover, 150 μL of 4 M LiBr was added to the mix as a non- 
wetting agent. The mixture was placed in a borate fluxer oven (classisse 
leNeo) for 24 min at 1065 ◦C. The chemical oxide composition of the raw 
material was determined with X-ray fluorescence (XRF; PANalytical 
Epsilon 3, standardless) using fused beads as shown in Table 1. The air 
granulated BOF slag exhibited negative loss of ignition (mass gain) due 
to the conversion of ferrous oxide into ferric oxide and contained a high 
amount of Fe2O3 (~27 wt%). The BCSA cement contains a higher 
amount of Al2O3 (~15.3 wt%) as compared to the slag which is 
considered to be an important elemental oxide for the mineral modifier 
to improve the reactivity of the BOF slag (Liu et al., 2019). 

X-ray powder diffractograms (XRD) were acquired using a Bruker D4 
diffractometer with X-ray Co radiation X-ray source (Detector: Lyn-
xEye). The instrument has a fixed/variable divergence slit with an 
opening of 0.5◦ and 0.04 rad Soller slits. Reflections were measured 
between 5◦ and 90◦ 2 Theta (θ) with a step size of 0.02◦. The 1–90 days 
cured sample at room temperature was crushed, and hydration was 
stopped via solvent (Isopropanol, Diethyl ether) exchange method. All 
samples for qualitative analysis were prepared via back-loading. The 
synthesized phases were identified with X’Pert Highscore Plus 2.2 
employing the ICDD PDF-2 database. The diffractogram of the raw 
material is shown in Fig. 1 (b). The BCSA contains mineral phases 
ye’elimite, larnite/belite, α′-dicalcium silicate (C2S), anhydrite, trical-
cium aluminate, brownmillerite, calcite with traces of Mg and Fe-wüs-
tite phases. The air granulated BOF slag exhibited a high amount of 
α′-C2S (high-temperature modification) alongside larnite, brownmiller-
ite, perovskite, and Mg, Fe-wüstite with traces of calcite. The BCSA 
cement contains a significant amount of ye’elimite alongside anhydrite 
and tricalcium aluminate which is responsible for early-age reactivity 
leading to high early strength. While the air granulated BOF slag con-
tains a high amount of the C2S (α′-modification, larnite) and brown-
millerite that would contribute to the later age strength of the BSCA-slag 
clusters (Chen et al., 2022; Schollbach et al., 2021). 

2.2. Mortar study 

2.2.1. Mix design 
The mortar mix design was adopted according to EN 196-1 standard 

with an effective water-to-binder ratio (w/b) of 0.5. The density of BCSA 
and air granulated BOF slag are 2.8 and 3.5 g/cm3 respectively. 

The mortar sample is composed of 25% binder and 75% standard 
sand by volume as shown in Table 2. The 100% BCSA sample was chosen 
as a reference and replacements by volume of 10, 20, 30, 40, and 50% 
BOF slag were made to optimize the effective substitution in BCSA. The 
fresh sample was cast in plastic molds of 160 × 40 × 40 mm covered 
with a thin plastic film for 24 h, then de-molded and cured at room 
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temperature until their testing age. 

2.2.2. Fresh properties 
The flow table was performed to measure the flowability of fresh 

paste according to EN 1015–3:2004. The w/b ratio was kept constant, 

and flow was adjusted with a superplasticizer (Sika ViscoFlow®-37 con. 
32% SP-Polycarboxylate ether). This test consists of filling a truncated 
cone with our paste, then removing the mold in 3 s, and subjecting the 
cone to 15 shocks. Finally, we measured the average of 3 diameters. The 
setting time is measured according to NF EN 196-3 with a Vicat needle. 

Fig. 1. a) The PSD (particle size distribution) of the raw material. In the inset, specific surface area (SSA) is obtained via the BET method. b) X-ray diffraction pattern 
of BCSA and air granulated BOF slag with labeled peaks. 
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The test consists of measuring the time that a Vicat needle (S = 1 mm2, 
mass = 300 g) does not sink to the bottom of a pellet of pure cement of 
standardized consistency. 

2.2.3. Drying shrinkage and mass loss 
The drying shrinkage and the drying mass loss were measured ac-

cording to DIN 52,450 to determine the long-term stability. For this 
purpose, the specimens were cured in an acclimatized room at 21 ± 2 ◦C 
and relative humidity of 60 ± 5% RH, where the measurement was 
carried out for 72 days till a further change in values became constant. 

2.2.4. Mechanical properties 
The compressive and flexural strength of the mortar specimens were 

evaluated after 1, 3, 7, 28, 90, and 180 days. After casting, the specimen 
surface was covered with a thin film to prevent water evaporation be-
sides carbonation and placed for curing under standard conditions (21 
± 3 ◦C, 95 ± 3% relative humidity). The compressive, as well as flexural 
strength, were measured at a speed of 2400 and 50 N/s respectively. The 
average of three specimens was calculated to evaluate the reproduc-
ibility of results. 

2.2.5. Thermal analysis 
Early age hydration of raw materials, as well as BCSA-slag paste 

having 0.5 w/b ratios, was analyzed with a TAM Air isothermal in-
strument at 20 ◦C for 7 days. 

Thermal gravimetric (TG) analysis was performed on the cured 
sample via Jupiter STA 449 F1 (Netzsch) with heating of 15 ◦C/min 
under an N2 environment up to 1000 ◦C. 

2.2.6. Microstructure analysis 
Scanning Electron Microscopy (SEM) was performed on a powder 

sample Phenom Pro-X and Thermo Fisher Scientific Quanta 200 3DFEG 
scanning electron microscope. The powder sample was spread on a 
carbon conductive adhesive tap followed by gold sputtering. Micro-
graphs were recorded using a backscattered electron detector (BSE) at 
15 kV with a spot of four. 

2.2.7. Leaching analysis 
One batch leaching test was performed on the raw material and 28 

days cured mortar sample according to EN-12457 using deionized water 
with a liquid-to-solid ratio of 10. The mixture was placed in plastic 
bottles and shaken continuously for 24 h at 21 ± 2 ◦C. After the 
experiment, the liquids were filtered through a 0.2 μm Polyether sulfone 
membrane and stored at 5 ◦C after acidifying with nitric acid (65% supra 
pure) to prevent precipitation. Before acidification, the pH was 
measured. An ICP-OES spectrometer (Spectroblue FMX36) was used for 
quantitative analysis of the leachate. 

3. Results and discussion 

3.1. Workability and its correlation with early age hydration 

The spread flow of fresh mortar with different BCSA-slag composi-
tions was adjusted in a way to attain approximate consistent flowability 
as presented in Fig. 2. For this purpose, the mixture with 50% slag was 
opted for since it presents the highest flowability due to the low water 
demand of the BOF slag (Kourounis et al., 2007; Liu and Li, 2014). The 
remaining BCSA-slag (0–40%) composition was adjusted by the addition 
of a superplasticizer to achieve a consistent ~20 ± 0.5 cm slump flow 
(Fig. 2 (a)). The substitution of slag in BCSA improves not only the 
flowability but also delays the final setting time from 45 to 85 min for 
the 0–30% BOF slag replacement as shown in Fig. 2 (b). The 30% slag 
addition in BCSA exhibited the highest delay in the setting time, and the 
further substitution (40 and 50%) did not further improve the setting 
time of the mixture. The improvement in the setting time of BCSA by 
substitution of the slag could help in diversifying its application (Quillin, 
2001; Telesca et al., 2020). 

To understand the mechanism of the slag contribution toward 
improving the workability of the BCSA-slag composite, a detailed ther-
mal analysis was performed on the BCSA-slag paste with the same 
composition as used for mortar alongside the same water-to-binder (0.5) 
ratio. The 7 day heat of hydration is determined by isothermal calo-
rimetry as shown in Fig. 2 (b, c). The first main exothermic heat of hy-
dration maxima appears around 3 h in BCSA as well as 0–50% 
substitution of the slag sample. Peak 1 is attributed to the precipitation 
of tricalcium sulfoaluminate hydrate (C6A3 S H32, ettringite, AFt) due to 
a rapid reaction of ye’elimite (C4A3 S) with water in the adequate 
amount of gypsum (C SH2) (1) (Liao et al., 2020): 

C4A3S+CSH2 + 34H → C6AS3H32 + 2AH3 (1) 

As the amount of sulfate decreases in the solution, the peak 2 maxima 
appear around 6 h due to calcium monosulfoaluminate hydrate (C4A 
SH12, AFm) precipitation upon depletion of gypsum (2) (Hargis et al., 
2017): 

C4A3S+ 18H → C4ASH12 + 2AH3 (2) 

After the ~14 h activity, BCSA cement, and the slag replacement 
clusters undergo a dormant period apparently, and no further 
exothermic hydration activity was observed. The 10% slag substitution 
in BCSA decreases the formation of AFt while promoting the formation 
of AFm phases as compared to BCSA due to the depletion of gypsum in 
the solution (Fig. 2 (c)). The further increase from 10 to 50% slag sub-
stitution decreases the formation of AFt as well as AFm phases. The 
cumulative heat release exhibited a significant downward trend upon 

Table 1 
Oxide composition of air granulated BOF slag and BCSA cement.  

Material MgO Al2O3 SiO2 SO3 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 LOI 

BCSA Cement (wt.%) 0.7 15.3 8.0 13.5 – 50.6 1.1 – 0.1 0.1 10.6 4.04 
Air-granulated BOF slag (wt.%) 7.3 1.3 12.5 – 1.2 44.6 1.3 0.7 0.3 3.9 26.8 − 0.02 

LOI = loss on ignition. 

Table 2 
Mix design proportions of the BCSA-slag mortars (vol. %).  

MIX ID BCSA Cement Air granulated BOF slag Standard Sand water/binder BCSA Replacement (%) Superplasticizer (% of total binder) 

REF 0.25 0 0.75 0.5 0 0.24 
10% BOF 0.22 0.03 0.75 0.5 10 0.19 
20% BOF 0.2 0.06 0.74 0.5 20 0.17 
30% BOF 0.17 0.09 0.74 0.5 30 0.14 
40% BOF 0.15 0.12 0.73 0.5 40 0.10 
50% BOF 0.12 0.15 0.73 0.5 50 0.00  
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Fig. 2. Workability of BCSA-slag mortar (a) consistency of flowability of fresh mortar determined by flow table (diameter) and amount of superplasticizer (b) final 
setting of fresh mortar determined by Vicat needle test. Thermal analysis BCSA-slag pastes sample with 0–50% BOF slag substitution in BCSA cement (c) heat of 
hydration (d) cumulative heat of hydration (e) DTG analysis of 7 days cured sample (in the inset, the zoomed version of important mass loss events). 
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20–50% slag substitution in BCSA from 200 to ~130 J/g until 7 days 
(Fig. 2 (d)). The type of hydration products in 7 days of cured BCSA-slag 
pastes is further confirmed by derivative thermogravimetry (DTG) as 
shown in Fig. 2 (e) (see Fig. S1 (a) for percentage mass loss). The 
overlapping peaks <215 ◦C can be attributed largely to the dehydration 
of ettringite (AFt), monosulfoaluminate hydrate (AFm) alongside a small 
amount of C–S–H type phase. The mass loss event ~220–300 ◦C is 
attributed to the decomposition of amorphous aluminum hydroxide 
(AH3). The mass loss event around ~700–800 ◦C attributed decarbon-
ation of calcium carbonate as well as the decomposition of sulfoalumi-
nates (Chi et al., 2021; Feng and Sun, 2020; Zhang et al., 2021). The 
mass loss maxima shift toward low corresponding Tmax <160 ◦C and 
peaks become sharper upon 30–40% replacement (Fig. 2 (e)) indicates 
that the presence of less variability of hydration products among Aft, 
Afm, and C–S–H type phases. The mass loss events confirmed that the 
10–50% slag substitution in BCSA is contributing significantly to 
decreasing the amount of chemical-bound water leading to a negative 
effect on early hydration reaction. 

It is clear from the thermal analysis that the 10–50% substitution of 
slag delays the setting time by inhibiting the early reactivity of BCSA 
(Fig. 2). It is important to mention here that the addition of slag does not 
delay the hydration reaction of BCSA but decreases the degree of hy-
dration. Moreover, the early-stage (7 days) BCSA-slag composite reac-
tivity is dominated by the BCSA reactivity, and the BOF slag contributes 
as a dilution effect (Chi et al., 2021). This shows that it is necessary to 
investigate the long-term BCSA-slag cured sample to observe the 
possible improved mechanical performance. 

3.2. Mechanical performance and correlation with BCSA-slag hydration 

Mechanical performance of the mortar specimens tested at ages 1,3, 
7, 28, 90, and 180 days has been shown in Fig. 3 (see Figs. S2(a and b) 
for percentage flexural and compressive strength results respectively). 
The BCSA replacement with BOF slag exhibited a decrease in flexural 
strength till 28 days except for the 50% BOF sample. At 90 days, 20–50% 
BOF slag samples exhibited an improvement in flexural strength. Upon 
curing for 180 days, all BOF slag replacement samples attained higher 
flexural strength than 100% BCSA (REF) cement. So, the 30% slag 
replacement in BCSA cement provides the best flexural resistance after 6 
months of curing (Fig. 3 (a)). 

As the 10% of BCSA cement was replaced by the BOF slag in 10% 
BOF, a slight decrease up to ~11% in the compressive strength was 

observed till 28 days as compared to REF specimens (Fig. 3 (b)). The 
decrease in the compressive strength becomes more pronounced ~18% 
at 90 and 180 days of curing of the mortar sample. A clear decrease from 
~25 to 46% in the compressive strength of 20–50% BOF samples as 
compared to the BCSA specimen was observed at 28 days. At 90 days, 
the 30–50% BOF slag sample exhibited a clear increase in compression 
resistance, and the 40% BOF sample reached ~33 MPa similar to the 
REF (~32 MPa) sample. At 180 days, the compressive strength of 
30–50% BOF samples reaches ~60, 55, and 46 MPa, respectively, as 
compared to REF ~43 MPa (Fig. 3(b)). The flexural strength of the 30% 
BOF sample reaches 9.1 MPa with the highest compressive strength of 
60.3 MPa at 180 days Fig. 3(a and b). A decrease in the mechanical 
performance at later stages is reported upon the addition of steel slag in 
calcium sulfoaluminate cement (Liao et al., 2020). However, the present 
study exhibited a promise for 30–50% BOF slag substitution. 

To get insight into the mechanical performance, the hydration 
products BCSA-mortar specimens were analyzed by XRD as well as 
thermal gravimetric analysis. The diffraction pattern of the BSCA-slag 
specimens has been shown in Fig. 4 (a, b). At 28 days, the crystalline 
hydration products were dominated by ettringite, quartz, and calcite 
alongside the gibbsite. At 90 days, more crystalline hydration products 
such as strätlingite and Fe-katoite alongside the main hydration prod-
ucts of BCSA cement were observed. The labeled peak of strätlingite and 
Fe-katoite can also be assigned to the layered double-hydroxides (LDH) 
like compounds containing CO3

2− , OH− , and Cl− ions (Borštnar et al., 
2021). Moreover, the diffraction analysis was performed on the mortar 
sample that requires mechanical grinding and relatively high-intensity 
quartz peaks leading to the inherent problem of undermining the pres-
ence of semi-crystalline or nanocrystalline hydration products. There-
fore, the hydration products are further confirmed through DTG as 
shown in Fig. 4 (see Fig. S1 (b, c, d, e, f) for percentage mass loss). The 1, 
3, and 7 days cured mortar samples exhibited the mass loss event around 
~60–220 ◦C corresponding to the thermal dehydration of the AFt, AFm 
as well as C–S–H partially. While the mass loss event ~230–300 ◦C 
attributed to the dehydration of gibbsite (AH3) (Fig. 4 (c, d, e)). At 28 
days, a new mass loss event centered at ~175 ◦C which corresponds to 
the dehydration of strätlingite (C2ASH8) as evident in the 40 and 50% 
BOF samples (Fig. 4 (f)) (Jeong et al., 2018). Upon further curing till 90 
days, a new mass loss event ~300–420 ◦C associated with the dehy-
dration of katoite (hydrogarnet) alongside strätlingite (C2ASH8) was 
observable in 20, 30, 40, and 50% BOF samples (Fig. 4 (g)) (Kaja et al., 
2021). The presence of katoite and strätlingite was not observed in REF, 

Fig. 3. Mechanical performance of BSCA-slag mortar specimens containing 0–50% substitution of air granulated BOF slag (a) flexural and (b) compressive strength.  
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Fig. 4. The labeled peak diffractogram of BCSA-slag mortar specimens containing 0–50% substitution of air granulated BOF slag (a) 28 days cured mortar sample (b) 
90 days cured mortar sample. Derivative thermogravimetry (DTG) of BSCA-slag mortar specimens containing 0–50% substitution of air granulated BOF slag (c) 1 (d) 
3 (e) 7 (f) 28 and (g) 90 days cured mortar samples. 
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10% BOF samples. The C2S tends to form strätlingite under an 
alumina-rich environment (3) (Chi et al., 2021): 

C2S+AH3 + 5H→C2ASH8 (3) 

Moreover, the katoite hydrogarnet is the product of the brownmil-
lerite reaction. It is clear from the hydration product of BCSA-slag 
mortar clusters that the brownmillerite alongside C2S also contributes 
toward reactivity in 30–50% BOF samples leading to improved 
compressive and flexural strength at 90 days (Fig. 3 (a, b)). While these 
phases did not show significant reactivity in BCSA cement, 10 and 20% 
BOF samples till 90 days of curing. Among all these samples, the 30% 
slag replacement cluster is recommended for the best performance at a 
later age (28–180 days). 

3.3. Microstructure analysis 

The SEM-BS (backscattered images) of 7 and 28 days cured BSCA- 
slag specimens have been presented in Fig. 5. The rod-like crystals of 
AFt covered with colloidal and spherical AH3 gel structures to form a 
skeleton during the hydration of BCSA leading to the high strength of the 
BCSA sample (Fig. 5(a)). Upon 28 days of curing of REF mortar spec-
imen, the hydration products such as AFt and amorphous intergrown 

colloidal AH3 structure seem well distributed all over the mortar matrix, 
thereby providing high strength from an early age (1–28 days) hydration 
(Fig. 5(b)). The morphology of AH3 precipitated particles depends on the 
gypsum (C SH2) concentration in the hydration media (Song et al., 
2015). Upon 10% BOF slag replacement in BCSA, the irregular lamellar 
morphology AFm (less distinctive) intercalated with distinctive AFt 
observed with dominant colloidal AH3 morphology (Fig. 5(c)). As the 
hydration progressed to 28 days, the 10% BOF mortar matrix contained 
a uniform distribution of AFt phases (Fig. 5(d)). A further 20–50% BOF 
slag in BCSA, a clear decrease in the AFt formation alongside a 
distinctive decrease in the formation of amorphous AH3 formation 
(Fig. 5(e, f, g, h, i, j, k, l)). The decrease in the formation of AFt and 
amorphous AH3 colloidal network reduces the binding between hydra-
tion products and the BCSA-slag matrix. Thereby, a decrease in me-
chanical performance slag substituted mortar is observed upon curing 
till 28 days (Fig. 3). 

It is worth noticing that the formation of amorphous phases such as 
gibbsite (AH3) contributes significantly to the mechanical stability of 
BCSA-slag binder. The 90 days cured mortar sample of 40 and 50% BOF 
sample showed a laminar particle of strätlingite alongside katoite well 
intergrown with the AFt, C–S–H, and gibbsite phases (Fig. 5 (m, n, o, p) 
(Santacruz et al., 2016). That’s why, the 30–50% BOF replacement 

Fig. 4. (continued). 
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Fig. 5. SEM analysis of BSCA-slag specimens (a) 7 days cured BCSA paste sample (b) 28 days cured REF sample (c) 7 days cured 10% BOF paste sample (d) 28 days 
cured 10% BOF mortar sample (e) 7 days cured 20% BOF paste sample (f) 28 days cured 20% BOF mortar sample (g) 7 days cured 30% BOF paste sample (h) 28 days 
cured 30% BOF mortar sample (i) 7 days cured 40% BOF paste sample (j) 28 days cured 40% BOF mortar sample (k) 7 days cured 50% BOF paste sample (l) 28 days 
cured 50% BOF mortar sample (m, n) 90 days cured 50% BOF mortar sample (o, p) 90 days cured 40% BOF mortar sample. 
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exhibited better mechanical performance at 90 days due to equilibrium 
gibbsite and CSH-C2ASH8 formation which enhances the binding ca-
pacity of BCSA-slag composite (Figs. 2–4). So, the presence of an 
adequate amount of amorphous matrix is a prerequisite for the good 
mechanical resistance of BCSA-slag mortars. 

3.4. Drying shrinkage and drying mass loss 

The drying shrinkage tests were carried out to confirm the volu-
metric stability of BCSA due to the addition of air granulated BOF slag 
over 72 days as shown in Fig. 6 (a). The permissible limit for shrinkage 
on BCSA mortar should not exceed 750 μm at 28 days according to BCSA 
cement technical data sheet. In this regard, the highest length variation 
value found was ~675 μm at 28 days which is below the technical 
requirement of the cement. The absence of shrinkage is one of the assets 
of the BCSA against OPC (Sirtoli et al., 2020). The drying mass stability 
of the BCSA-slag mortar was measured as shown in Fig. 6 (b). The slag 
replacement in BCSA cement consistently increases the variation of mass 
loss till 28 days. Because the addition of slag acts as a dilution effect as 
explained in Section 3.2. After 28 days, the dicalcium silicate and 
brownmillerite phases also contribute toward the hydration reaction 
leading to the stabilization of water loss from the BCSA-slag mortar 
specimens. A high drying mass loss of ~3% in 50% BOF slag replace-
ment is observed. Upon lowering the water-to-solid ratio, good me-
chanical performance can be achieved due to improved particle packing. 
In this way, the 50% slag can be substituted in BCSA cement (Chaurand 
et al., 2007). 

3.5. Environmental impact 

The leaching of BOF slag and BCSA cement (raw materials) as well as 
28 days cured mortar sample has been presented in Table 3. The BCSA 
cement exhibited significantly higher Cr (2.3 ppm) leaching than the 
permissible limit (0.63 ppm). The air granulated BOF slag also releases 
slightly higher Cr (0.64 ppm) than the permissible limit. On the other 
hand, V leaching of the slag is below the permissible limit of the Dutch 
soil quality decree (Ahmed et al., 2023). Upon 28 days of curing, the REF 
mortar specimen Cr leaching reduced to 0.59 ppm which gradually 
decreased with every 10% BOF slag replacement (Table 3). In the case of 
V leaching, the slag replacement increased the leaching up to 1 ppm 
except for 50% BOF replacement. The variation of heavy metals leaching 
can be explained in terms of pH, mineral source, immobilization 

potential of hydration products, and kinetic equilibrium between vary-
ing oxides of chromate and vanadate. 

As explained above in Sections 3.1 and 3.2, the main hydration 
product of BCSA is AFt which tends to immobilize the CrO4

2− in the 
molecular structure (Peysson et al., 2005). The replacement of BCSA 
with BOF slag decreases the Cr leaching partially due to the dilution 
effect of the slag as explained above. Moreover, the dominant chromate 
ion is CrO4

2− at pH 11.9–12.6 which has very low solubility (Ksp = 5.1 ×
10− 6). So, the Cr can also be immobilized partially by the formation of 
the low solubility complex. However, the BOF slag also contains a sig-
nificant amount of leachable Cr (Table 3). It can be argued that the Cr 
leaching will be high at the curing age >28 days upon hydration of slag 
phases. However, the hydration products such as katoite (hydrogarnet) 
that form at later stages can also host high quantities of Cr6+ alongside 
strätlingite, AFt, and AFm which would increase the immobilization 
potential of hydration media (Peysson et al., 2005; Piekkari et al., 2020). 
Regarding the air granulated BOF slag leaching, V5+ tends to occupy the 
Si-site in C2S in BOF slag (Hobson et al., 2017). So, the dissolution of C2S 
also increases the chances of V release in the leachate. Ca3(VO4)2 
(logKsp = − 17.97) is the dominant precipitate at pH = 11.9–12.6 that is 
insoluble at room temperature (Spooren et al., 2016). The equilibrium 
formation of C–S–H phases with C2S dissolution would permit the high 
Ca2+ concentration in the leachate which limits the solubility of 
Ca3(VO4)2 (Neuhold et al., 2019). Moreover, C–S–H can also actively 
uptake some parts of V2O5 on tetrahedral Si-sites. As explained above in 
Section 3.2, C2S actively takes part in hydration reaction at curing age 
>28 days in 30–50% BOF samples. So, the BCSA-composite provides a 
way to avoid leaching in the novel binder. 

This study provides a basis for the valorization of air granulated BOF 
slag in BCSA cement where a high replacement of ~30–50% can be 
warranted. This study shows that air granulated slag provides good 
stability, and variability in setting time to belite calcium sulfoaluminate 
cement which could help diversify its application in concrete. The me-
chanical and chemical activation of the slag approaches can be 
employed successfully to improve the mechanical performance of the 
new BCSA-slag binder at an early stage which is a concern for effective 
utilization of the BOF slag. Moreover, the concern of ground/surface 
water pollution considering the Cr leaching needs to be addressed in the 
follow-up study by analyzing the long-term leaching behaviour, partic-
ularly upon carbonation as well as at demolished concrete stage. The air 
granulated BOF slag as an ideal match for the BCSA substitution was the 
main aim of this study. 

Fig. 6. BSCA-slag mortar specimens containing 0–50 % substitution of air granulated BOF slag (a) length variation (b) mass variation.  
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In Europe, research has focused on the “Belite-Yeélimite-Ferrite” 
(BYF) clinkers containing belite as major content alongside ferrite 
(C4AF), and ye’elimite content below 35% (Scrivener et al., 2018). 
Therefore, the manufacturers require much smaller amounts of the most 
expensive aluminum-rich raw materials than conventional calcium 
sulfoaluminate cement. The BOF slag is a good source of belite and 
ferrite phases which can be used alongside BYF clinker. BYF clinkers (e. 
g., “Aether” or “Ternocem”) have the potential to replace Portland 
cement clinker as well as Portland-slag cement in many applications 
with a CO2 saving of 20% per unit of clinker in the cement approxi-
mately. Using 30–50% BOF slag as a kiln feed or in mortar application 
would help mitigate the challenge of high raw material costs to the 
commercialization of BYF technology. Moreover, it would also help to 
achieve the sustainability goals set by the Netherlands. 

4. Conclusions 

In this study, the standard mortar specimens with 0, 10, 20, 30, 40, 
and 50% air granulated BOF slag as for BCSA were investigated for the 
workability, mechanical performance, drying mass, and length variation 
as well as immobilization of heavy metals in relations with the degree of 
hydration and type of hydration products.  

• The main hydration products are ettringite, monosulphoaluminate 
hydrate, and aluminum hydroxide with C–S–H phase partially 
alongside strätlingite and katoite due to dicalcium silicate and 
brownmillerite reactivity.  

• At an early age (1–28 days), the 10–50% slag acts as a dilution effect 
which decreases the degree of hydration of BCSA-slag mortar leading 
to a delay in final setting time and decreasing mechanical perfor-
mance at an early age. At 180 days, the 30–50% BOF replacement 
clusters showed better mechanical performance than 100% BCSA 
cement with the 30% BOF slag replacement cluster providing the 
highest flexural and compressive strength of ~9.1 and 60.3 MPa, 
respectively.  

• The better mechanical of 30–50% slag mortars can be attributed to 
the formation of equilibrium gibbsite and CSH-C2ASH8 semi- 
crystalline amorphous matrix together with katoite, ettringite, cal-
cium monosulfoaluminate hydrate which enhances the binding ca-
pacity between BSCA-slag specimens.  

• The drying shrinkage of all BCSA-slag specimens does not exceed the 
permissible limit of 750 μm/m at 28 days. Moreover, a high drying 
mass loss of ~3% in 50% BOF slag replacement indicates that the 
water-to-solid ratio can be lowered to get good mechanical 
performance.  

• All BCSA-slag mortar specimens exhibited the Cr and V leaching 
below the permissible limit according to the Dutch soil quality 
decree. 
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