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BOFS subject to mechanical activation is compared 
against the untreated BOFS in the 20 wt.% systems. It 
is observed that in naturally weathered BOFS, a sig-
nificant portion of the free-lime is found to convert to 
portlandite, which accelerates alkali-activation kinet-
ics. In sodium silicate-activated systems, the high pH 
of the activator results in incomplete reaction of the 
portlandite present in BOFS. The sodium carbonate-
activated system shows near complete conversion of 
portlandite, causing an acceleration in the kinetics 
of reaction, setting, and hardening. These findings 
confirm the viability of sodium carbonate activated 
GGBFS-based systems with only a minor loss in 
strength properties. BOFS can be utilised as a valu-
able cement additive for the production of sustainable 
alkali-activated cements utilising sodium carbonate 
as a less carbon-intensive activator solution than the 
more commonly used sodium silicate. Mechanical 
activation of BOFS offers further optimisation poten-
tial for alkali-activation.

Keywords BOF slag · GGBFS · Alkali-activation · 
Mechanical activation · Sodium carbonate

1 Introduction

The iron and steel manufacturing sectors play a cen-
tral role in many developed and emerging economies 
worldwide. The ongoing growth of both industries is 
closely tied with persistent  CO2 emissions, utilisation 

Abstract Basic oxygen furnace slag (BOFS) is a 
high-volume waste resulting from the production of 
steel from pig iron. Due to its high free lime content, 
BOFS is difficult to recycle and/or include into con-
ventional cement systems. Alkali-activation technol-
ogy offers a pathway to transform industrial wastes 
such as BOFS into low-carbon cements. Alternative 
precursors for cement systems are needed as the reli-
ance on commonly used materials like ground granu-
lated blast furnace slag (GGBFS) is becoming unsus-
tainable due to decreasing availability. This study 
investigates alkali-activated cements incorporating 
20 and 30 wt.% of naturally weathered BOFS as a 
replacement for GGBFS, in both sodium silicate- and 
sodium carbonate-activated systems. A fraction of 
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of primary raw materials, and significant produc-
tion of solid waste [1]. Currently, crude steel is pro-
duced through two main processes: the primary route 
involves converting pig iron via the basic oxygen fur-
nace process, and the secondary route utilises scrap 
and directly reduced iron through the electric arc fur-
nace process. In 2021 global production of crude steel 
amounted to 1.96 billion tonnes resulting in over 300 
million tons of steel slags [2]. Globally about 73% 
of steel is produced through the basic oxygen fur-
nace route which generates basic oxygen furnace slag 
(BOFS) as a by-product [3].

The construction industry also contributes sig-
nificantly to global  CO2 emissions and raw resource 
consumption [4], and there exists a strong drive to 
improve the sustainable development of both steel-
making and construction sectors. Alkali-activation 
technology may provide a solution for both [5], ena-
bling the large-scale valorisation of steelmaking 
wastes [6] through their use in the production of high 
performance low-carbon binders [7] that contribute 
to the circular economy [8]. Alkali-activated cements 
are made from the reaction of solid aluminosilicate 
precursors and an alkaline solution to form a hard-
ened binder. The most commonly used precursors are 
ground granulated blast-furnace slag (GGBFS) and 
fly ash [9]. Both GGBFS and fly ash are now valu-
able resources with high demand, and are expected 
to have a reduction in availability due to technologi-
cal advances in ironmaking and in energy generation, 
respectively [5].

The main oxides within BOFS are CaO,  SiO2, 
 Fe2O3,  Al2O3, and MgO, present as mineral phases 
including calcium silicates, aluminosilicates, alu-
minoferrites, and the “RO” phase, which is a solid 
solution of CaO, FeO, MgO, and MnO commonly 
found in steel slags [10–12]. BOFS can vary substan-
tially in mineral composition between sources, and 
generally exhibits poor hydraulic properties [10, 13]. 
The high content of free lime (up to 40%) is the main 
limitation on the use of BOF in construction appli-
cations, as free lime is known to cause volumetric 
expansion of concretes upon its hydration into port-
landite which can potentially initiate structural failure 
[14].

BOFS has been used in asphalt [15, 16], road 
pavements [17, 18], as an aggregate for traditional 
concrete [19], and alkali-activated metakaolin [20, 
21] with minimal treatment. It also has use as a 

liming material in agriculture to improve the quality 
of soil [22]. Despite these various uses, most BOFS 
is discarded as landfill [1]. The reported utilisation 
of BOFS as a supplementary cementitious material 
(SCM), a mineral admixture, or as a precursor in 
alkali-activation technology is relatively limited. An 
investigation into the hydration properties of BOFS 
by Wang et al. [23] reported very slow reaction kinet-
ics, that could be accelerated by increasing the fine-
ness of BOFS particles, increasing the curing temper-
ature, and utilising an alkaline solution. Fine BOFS 
has been successfully blended as an SCM in Portland 
cement based materials without a significant reduc-
tion in performance [24]. Kourounis et al. [25] found 
BOFS inclusion in conventional cement systems to 
improve workability, while generally lowering final 
compressive strength. Alternative processing tech-
niques such as iron recovery [26], mechanical treat-
ment [27], and air-granulation instead of conventional 
cooling have demonstrated an improve in BOFS reac-
tivity when used as an SCM [28].

Research into the utilisation of BOFS in alkali-
activated cements, blended with GGBFS and fly 
ash, has been explored in a few cases, necessitating 
the use of strong activator solutions of NaOH [12] 
and high curing temperatures [29]. Various strate-
gies have been undertaken to tailor the properties of 
BOFS. These include techniques such as granulation 
to modify particle sizes and mineralogy [30], as well 
as the incorporation of alumina and silica at elevated 
temperatures to favour amorphous formation [31], 
aiming to enhance the production of alkali-activated 
materials.

The performance and final application of alkali-
activated materials is significantly impacted by char-
acteristics of the solid precursors, including mor-
phology, particle size, mineral composition, and 
amorphous fraction. Another critical factor is the 
nature and concentration of the activator solution 
[32–35]. Conventional activators such as sodium/
potassium silicates and hydroxides have been iden-
tified as significant contributor to the overall  CO2 
emissions from the alkali-activation process [36]. 
Sodium carbonate could offer a more accessible, 
sustainable, and cost-effective alternative to sodium 
silicate, reducing both costs and total  CO2 emitted by 
two-thirds.

Sodium carbonate activated slag cements tend 
to suffer from delayed hardening, requiring up to 



Materials and Structures          (2024) 57:153  Page 3 of 14   153 

Vol.: (0123456789)

5 days, and low early strength development [37, 38]. 
The delay in hardening and strength development is 
strictly related to the lower alkalinity of the system, 
which is required for the complete dissolution of slag 
particles. For systems with pH < 12, only the disso-
lution of calcium from GGBFS is favoured, which 
is consumed by  CO3

2− to form carbonate salts such 
as calcite and gaylussite. As the pH slowly increases 
when the  CO3

2− concentration is reduced, the reac-
tion proceeds analogous to that in NaOH-activated 
slag, forming primarily a calcium aluminosilicate 
hydrate gel (C–A–S–H) gel [39]. Additives such as 
MgO [40], CaO [41], and calcined layered double 
hydroxides [42] can be utilised to enhance early age 
properties, or the sodium carbonate can be blended 
with sodium silicates to improve early strength devel-
opment [43].

In this study, seven binders were produced using 20 
and 30 wt.% of BOFS as a replacement for GGBFS, 
and activated with either sodium silicate or sodium 
carbonate solutions. The reaction kinetics during 
formation of these binders are analysed via isother-
mal calorimetry, and the setting time and workabil-
ity assessed. The resulting phase assemblages in the 
hardened binders are determined via X-ray diffrac-
tion (XRD) and Fourier transform infra-red spectros-
copy (FTIR), and the compressive strength evaluated, 
benchmarked against conventional systems. Optimi-
sation of this system using a controlled mechanically 
activated BOFS fraction is also proposed to increase 
the strength of sodium carbonate-BOFS/GGBFS 
cements.

2  Materials and methods

2.1  Materials characterisation and mixing procedure

Two types of precursor materials were used: GGBFS 
supplied by Ecocem (Belgium) and naturally weath-
ered BOFS supplied by ArcelorMittal (Belgium). 
The BOFS was used as received, with particle sizes 
ranging up to 250 μm, and a fine faction (BOF*) was 
obtained by mechanical activation of BOFS using a 
ball mill to both reduce the particle size and increase 
the reactivity. This fraction was also sieved to achieve 
a similar particle size distribution to GGBFS. Particle 
size and density values are presented in Table 1, and 
the particle size analysis illustrated in Fig. 1

The oxide composition is shown in Table  2. The 
loss of ignition (LOI) value of 8.1 wt.% for BOFS is 
relatively high due to the conditions of weathering 
and carbonation to which the sample was exposed.

Scanning electron microscope (SEM) images 
representing the precursor particles are shown in 
Fig.  2. The GGBFS precursor consists of small 
(mostly < 20  µm) angular particles, while the BOFS 
precursor consists of much larger heterogeneous 
aggregated particles (many of which are > 100  µm) 
composed of smaller sub-units of differing 
morphologies.

The XRD patterns of the GGBFS, BOFS, and 
BOF* are presented in Fig.  3. The major crys-
talline phases identified in the XRD pattern of 
BOF slag include portlandite (P, Ca(OH)2, PDF# 
00-044-1481) and calcite (C,  CaCO3, PDF# 00-005-
0586), along with minor phases such as srebrodol-
skite (S,  Ca2Fe2O5, PDF#00-047-1744), wüstite 
(W, FeO PDF#00-006-0615), hydrous calcium 

Table 1  Density and particle size analysis of GGBFS, BOFS, 
and BOF*

Density Particle size analysis (μm)

(g/cm3) d10 d50 d90

GGBFS 2.95 3.8 12.7 31.0

BOFS 2.70 22.5 88.9 258.0

BOF* 2.63 2.9 11.8 36.5

Fig. 1  Particle size distribution of precursors GGBFS, BOFS, 
and BOF*
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carboaluminoferrite that evidently result from weath-
ering of the srebrodolskite contained in the BOFS 
(Fc,  C8AFcH23, PDF#00-045-0572), and a solid solu-
tion of CaO, FeO, MgO, and MnO (known as RO 
phase PDF#00-053-0926) commonly found in steel 
slags [10–12]. Srebrodolskite is a partially hydraulic 
phase with fast dissolution and hydration kinetics, 
considered the most reactive phase in BOFS [44]. The 
major crystalline phases of the fine fraction of BOF* 
comprise portlandite and calcite, however with differ-
ing phase fractions and minor srebrodolskite and Fc 
phases.

The XRD pattern of GGBFS indicates an amor-
phous structure with a broad feature due to diffuse 

scattering centred at 30° 2θ, and a distinct lack of any 
crystalline phases.

Sodium hydroxide pellets (98% purity, Sigma 
Aldrich), sodium carbonate (99.5% purity, Sigma 
Aldrich), and sodium silicate solution (PQ Corpora-
tion) with a molar  SiO2/Na2O ratio of 2.07 and solid 
content of 44.1 wt.%, were used to prepare the activa-
tor solutions.

Alkali-activated pastes were prepared by mix-
ing GGBFS with 0, 20, and 30 wt.% of BOFS. Two 
types of activator solution were prepared. Type “a” 
was made by initially mixing NaOH pellets with 
water and adding sodium silicate solution on cool-
ing of the solution, to obtain a molar ratio  SiO2/Na2O 
of 0.56, then combined with the precursors to form 
a paste with an activator dose of 4 g  Na2O per 100 g 
solid precursor and a water/binder mass ratio (w/b) 
of 0.38. Type “b” was prepared by dissolving sodium 
carbonate in water, then mixed with the precursors at 
a dose of 8 g  Na2CO3 per 100 g solid precursor and 
with w/b of 0.38. Each combination of precursors was 
activated with both activator types “a” and “b”. An 
optimised formulation was prepared with 20 wt.% of 
BOF*, activated with sodium carbonate, type b, and 
recorded as 20BOFb*. The details of all the formula-
tions are shown in Table 3.

The precursors were dry-blended for 60  s prior 
to addition of the alkaline activator solution. Pastes 
were mixed for 4  min at low speed (140 ± 5  rpm), 
then for 4  min at high speed (285 ± 5  rpm). The 

Table 2  Oxide composition (wt.%) of GGBFS and BOFS as measured with XRF. Loss of ignition (LOI) at 1000 °C

Sample CaO (%) SiO2 (%) Al2O3 (%) MgO (%) SO3 (%) TiO2 (%) Fe2O3 (%) MnO (%) P2O5 (%) V2O5 (%) L.O.I. (%)

GGBFS 43.5 36.4 10.5 7.0 1.4 0.5 0.3 0.3 - - 0.2

BOFS 43.4 9.7 1.9 3.6 0.3 0.7 27.5 2.5 1.6 0.8 8.1

Fig. 2  Backscattered elec-
tron (BSE) images of the 
raw precursors: a GGBFS, 
and b BOFS

Fig. 3  XRD patterns of GGBFS, BOFS, and BOF*
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pastes were poured into 50  mm cubic moulds and 
sealed for at least 24  h, then cured in sealed con-
ditions until reaching the specific testing age under 
laboratory conditions of 20 ± 1 °C.

2.2  Testing programme

2.2.1  Isothermal calorimetry

The reaction kinetics of blended binders were deter-
mined via isothermal calorimetry using a TAM Air 
Conduction Calorimeter (TA Instruments, USA). 
20  g of fresh paste were transferred into a glass 
vial after mixing for ~ 90 s. The vial was sealed and 
promptly loaded into the calorimeter along with 
a reference vial filled with water as described by 
Wadsö [45]. The thermal behaviour was recorded 
for ~ 250 h. The results are presented as heat release 
per gram of solid binder, i.e. precursor and solid 
activators combined.

2.2.2  Mini‑slump

A mini-slump test was conducted on fresh mixtures 
after 30 min to determine the workability. A slump 
cone with a height of 57 mm, and internal top and 
bottom diameters of 19 and 38  mm respectively 
was used. For each slump test, the slump cone was 
placed on a flat sheet and gradually filled with the 
fresh mixture. The cone was then lifted as slowly 
as possible (< 1  cm/s) [46] and the mean value of 
the flow diameters measured in two perpendicular 
directions recorded as the spread.

2.2.3  Setting time

The Vicat technique was used to evaluate initial and 
final setting times of fresh alkali-activated pastes, 
with experiments performed in an automatic Matest 
VICATRONIC apparatus (Impact Test Equipment, 
UK) equipped with a 1.13  mm needle, following 
the standard testing procedure EN 196-3 [47]. Fresh 
pastes were poured into a conical frustum mould 
with a height of 40  mm, top internal diameter of 
60 mm, and bottom internal diameter of 70 mm. The 
initial setting time was determined as the moment 
in which the separation between the needle and the 
base plate reached 6 ± 3 mm. The final setting time 
was recorded once a maximum penetration depth of 
0.5 mm into the specimen was achieved.

2.2.4  X‑ray diffraction

Before XRD analysis, hydration was stopped via 
solvent exchange at each curing time interval. Small 
hardened paste fragments were immersed in iso-
propanol for 48 h, then dried at 35 °C, and subse-
quently crushed and sieved to obtain powder frac-
tions < 67 µm. XRD patterns were obtained using 
a PANalytical X’Pert3 (PANalytical, USA) diffrac-
tometer operating in Bragg–Brentano geometry 
with a Cu Kα radiation source at 45 kV and 40 mA, 
fitted with a PIXcel-Medipix3 detector. Samples 
were analysed over the 2θ range of 5–70°, using a 
step size of 0.02°. Phase identification was carried 
out using ICDD PDF + 4 (ICDD, USA) and High-
Score plus (Malvern Panalytical, UK).

Table 3  Mix proportions 
of the pastes based on 
BOFS and GGBFS

a represented as g 
 Na2CO3/100 g precursor

Mixture Precursors (wt. %) Activator solution w/b mass ratio

GGBFS BOFS BOF* MR  (SiO2/
Na2O)

%Na2O Na2CO3
a

0BOFa 100 – – 0.56 4.0 – 0.38

20BOFa 80 20 – 0.56 4.0 – 0.38

30BOFa 70 30 – 0.56 4.0 – 0.38

0BOFb 100 – – – 5.0 8.0 0.38

20BOFb 80 20 – – 5.0 8.0 0.38

30BOFb 70 30 – – 5.0 8.0 0.38

20BOFb* 80 – 20 – 5.0 8.0 0.38
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2.2.5  Fourier‑transform Infrared spectroscopy

FTIR analysis was performed using a PerkinElmer 
Frontier FTIR spectrometer (PerkinElmer, USA) cou-
pled with a triglycine sulfate detector. 2  mg of pre-
cursor material were mixed and ground together with 
200  mg of KBr. The mixed powder was transferred 
to a 13 mm pellet die and pressed with 10 tonnes of 
force to a form a transparent pellet which was subse-
quently tested in the spectrometer. FTIR spectra were 
collected between 4000 and 400  cm−1, with a resolu-
tion of 2  cm−1.

2.2.6  Compressive strength

The compressive strength of alkali-activated mix-
tures was determined after 7 and 28 days on 50 mm 
cubes according to the relevant sections of ASTM 
C109 [48] considering the difference in the nature of 
the materials. Fresh pastes were poured into moulds 
and sealed. After 24 h (or as soon as possible there-
after) the cube specimens were demoulded, resealed, 
and stored in a curing chamber with relative humid-
ity of 45 ± 1% at 20 ± 1  °C until testing age. The 
strength values for the mixtures at each testing age are 
reported as the mean value of three tests.

3  Results and discussion

3.1  Reaction kinetics

Figure  4a and b show the heat evolution rates of 
BOFS-GGBFS blends activated with sodium sili-
cate and with sodium carbonate, respectively. Five 
stages can be identified in the heat evolution profile 
of AAMs: pre-induction, induction, acceleration, 
deceleration, and diffusion period. The pre-induction 
period during the initial hour of reaction is associ-
ated with the dissolution and wetting of particles. 
This pre-induction signal is not clearly distinguish-
able within the data in Fig. 4a due to its rapid early 
onset and the delay in recording the early data points 
using isothermal calorimetry with external mixing. 
The induction period follows, characterised by very 
low heat release, in which dissolution of the precur-
sors proceeds and the initial formation reaction prod-
ucts through precipitation polycondensation occurs. 
The induction period terminates after a considerable 

amount of heat is released, signalling the initial accel-
eration stage. The 0BOFa sample exhibits an accel-
eration period after ~ 17 h. This behaviour is consist-
ent with previous studies of similar systems [43]. 
Inclusion of BOFS resulted in a progressive shorten-
ing of the induction stage, which became ~ 12.5 h for 
20BOFa, and ~ 8 h for 30BOFa. The acceleration peak 
in these two systems is also reduced in intensity com-
pared to the pure GGBFS mixture. The acceleration-
deceleration process is complete within 48  h for all 
three samples.

Figure 4c illustrates the heat evolution for the mix-
tures activated with sodium carbonate. 0BOFb shows 
an initial pre-induction peak during the first hour, fol-
lowed by a second signal centred around 3  h which 
can be associated with initial formation of carbon-
ate species [40]. This is followed by a long induc-
tion period, interrupted at ~ 35  h by the appearance 
of low intensity convoluted signals associated with 
the conversion of formed carbonates, e.g. gaylus-
site, to stable calcite [43]. The acceleration period 
occurs around ~ 80  h, forming a wide peak between 
80 and 125  h corresponding to the delayed conden-
sation and precipitation of C–A–S–H gels. Extended 
induction periods in sodium carbonate activated slag 
binders have been observed in several previous stud-
ies [37, 38, 49]. The profiles of 20BOFb and 30BOFb 
in Fig. 4c similarly include minor peaks after 2–3 h, 
associated with initial carbonate formation. The 
subsequent induction period is reduced in dura-
tion, ~ 12 h for 20BOFb and ~ 5 h for 30BOFb, com-
pared to 0BOFb. The high intensity and convoluted 
shape of the initial peak in the 20BOFb* profile dif-
fers from that seen in 20BOFb due to the higher reac-
tivity obtained from mechanical processing of BOFS 
precursor [27].

The cumulative heat is shown in Fig.  4b for all 
mixtures activated with sodium silicate, and Fig. 4d 
for those with sodium carbonate. The 0BOFa mix-
ture exhibits the greatest overall heat release after 
250  h, with increasing additions of BOF reduc-
ing the total heat evolution by 10% and 15% for 
20BOFa and 30BOFa respectively. Interestingly, 
the converse trend is seen using sodium carbonate 
as the activator. 20BOFa and 20BOFb show simi-
lar profiles after the initial 100 h, and release simi-
lar amounts of heat (188.8  J/g and 188.9  J/g after 
250 h). The combination of highly reactive GGBFS 
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and the limited reactivity of portlandite in the 
high alkalinity systems, compared with the com-
plete reaction of portlandite and reduced reactivity 
of GGBFS in the sodium carbonate environment, 
result in a similar cumulative contribution to the 
reaction kinetics and evolved heat. The cumulative 
heat of 20BOFb* reaches ~ 211 J/g, very close to the 
217  J/g of 0BOFa, however the slope of the curve 
appears reduced at this point. After 250 h, 30BOFb 
has released more heat than 30BOFa, which may 
mean that the reactivity of portlandite gives a 
greater contribution to the exothermic profile.

3.2  Mini-slump and setting times

Table  4 shows the mini-slump results of the fresh 
mixtures. Inclusions of BOFS are seen to increase 
the workability of the systems activated with sodium 
silicate via the inclusion of larger particles and a con-
sequent reduction in surface area. The lower reactiv-
ity of BOFS, with respect to GGBFS, and the limited 
solubility of portlandite in high alkalinity systems 
may also act to increase workability. The same trend 
is seen in mixtures activated with sodium carbon-
ate, where the lower flow diameter of these samples 
than the silicate-activated mixes is consistent with the 

Fig. 4  Rate of heat evolution (a) and total heat release (b) of BOFS-GGBFS mixtures activated with sodium silicate; rate of heat 
evolution (c) and total heat release (d) of BOFS-GGBFS mixtures activated with sodium carbonate, measured at 20 °C
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added silicates having a plasticising effect by dispers-
ing the precursor particles [50].

Inclusion of BOFS results in an increasing trend in 
both initial and final setting times (Table 4) for sys-
tems activated with sodium silicate, underpinned by 
the lower reactivity of BOFS compared to GGBFS. 
Mix 0BOFb has a setting time of over 3  days, as 
indicated in the heat evolution profile (Fig. 4b), cor-
roborating that the strength bearing phases do not 
form during the initial days of reaction [49, 51]. The 
presence of BOFS is thus noted to be responsible 
for achieving setting times within a reasonable time-
frame. Increasing the BOFS content from 20 to 30 
wt.% results in a slight increase in setting time, sug-
gesting that in a sodium carbonate activated system 
containing some BOFS, the formation of hydration 
products of GGBFS is not inhibited by the forma-
tion of carbonate salts. The shorter setting times of 
20BOFb* can be attributed to increased reactivity 
achieved through mechanical activation of BOFS, 
which reduces the particle size, allowing portlandite 
contained within BOFS to react more promptly.

3.3  X-ray diffraction

Figure 5 illustrates the XRD patterns of samples acti-
vated with sodium silicate and sodium carbonate after 
2 and 28 days of curing. In the 2-day 0BOFa pattern 
seen in Fig.  5a, the crystalline phases identified are 
calcium aluminosilicate hydrates (C–A–S–H), calcite 
(C,  CaCO3 PDF #01-086-0174) due to atmospheric 
carbonation [52], and a hydrotalcite-group phase 

(HT,  Mg4Al2(CO3)(OH)12∙3H2O PDF #01-089-
0460). The 28-day 0BOFa pattern shows an increase 
in C–A–S–H peak intensity and a reduction in the 
full width at half maximum (FWHM), indicating 
increased short range ordering and a higher degree 
of polymerisation, as expected with increasing curing 
time. C–A–S–H, calcite, and the hydrotalcite-group 
phase are identified in the 2-day patterns of 20BOFa 
and 30BOFa, along with AFm-like phases including 
calcium hemi- (Hc,  C4Ac0.5H12, PDF #00-041-0221) 
and mono-carboaluminate (Mc,  C4AcH11 PDF#00-
041-0219). The presence of carbonates helps the sta-
bilisation of these AFm phases; the formation of Hc 
and Mc phases is promoted by available  CO3

2− pre-
sent in the BOFS as calcite, and may also be influ-
enced by the presence of an analogous AFm-like 
phase, Fc, in the naturally weathered BOFS (Fig. 3). 
Remnant precursor peaks identified as portlandite 
(P, Ca(OH)2 PDF#00-044-1481) show that there is 
incomplete reaction of the BOFS in high alkalinity 
environments, with potentially lower reaction kinetics 
due to its coarse particle size.

In contrast, the two main crystalline phases iden-
tified in the 2-day 0BOFb pattern shown in Fig. 5c 
are gaylussite (Ga,  Na2Ca(CO3)2

∙5H2O, PDF #00-
021-0343) and calcite, which are reported in sodium 
carbonate activated systems [39, 40, 43]. There is 
minimal formation of C–A–S–H gel and HT present 
after 2  days. C–A–S–H and HT phases do appear 
after curing for 28 days, with minor Hc/Mc phases 
accompanied by a reduction in gaylussite phase 
fraction. This follows the mechanism proposed by 
Bernal et  al. [39], whereby (i)  CO3

2− released by 
the activator reacts with the  Ca2+ from the disso-
lution of GGBFS to initially form gaylussite and 
calcite; (ii) as the reaction proceeds, gaylussite 
releases  Na+ and converts to calcite; (iii) the reduc-
tion of  CO3

2− concentration promotes precipitation 
of C–A–S–H instead of  CaCO3 whilst increasing 
 OH− concentration gives a highly alkaline pore 
solution, (iv) the reaction proceeds similarly to 
that of NaOH activated slag after 4  days. Identifi-
cation of secondary carbonate phases in the 2-day 
0BOFb XRD pattern supports the interpretation of 
the 0BOFb calorimetric peaks seen in Fig. 4a at 3 h 
and 35 h as the formation of these carbonate phases, 
with the subsequent peak after ~ 4  days due to the 
polycondensation and precipitation of C–A–S–H 
and HT phases [39, 43].

Table 4  Mini-slump test results after 30 min, and setting time 
results for BOFS and GGBFS activated with sodium silicate 
and with sodium carbonate

[Asterisk] across th text and in the table is the designation of a 
sample (denoted as BOF*)

Sample Mini slump Setting time (min)

(mm) Initial Final

0BOFa 92 200 280

20BOFa 99 265 345

30BOFa 116 270 320

0BOFb 79 ~ 3 days ~ 4 days

20BOFb 88 280 355

30BOFb 91 310 415

20BOFb* 90 260 305
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The 2-day 20BOFb, 30BOFb, and 20BOFb* XRD 
patterns in Fig.  5c show the appearance of several 
reaction products, identified as C–A–S–H, HT, Hc, 
Mc, calcite, and minor traces of gaylussite. The port-
landite phase fraction is diminished compared to 
that seen in Fig.  5a and b, confirming the favoured 
reactivity of portlandite in systems of lower alkalin-
ity. Portlandite provides an increase in pH via the 
release of  OH−, which then promotes the dissolu-
tion of GGBFS and formation of C–A–S–H gel from 
dissolved Si and Al species. The formation of AFm 
phases, Mc and Hc, is beneficial in promoting gaylus-
site dissolution by driving demand for carbonate, also 
resulting in precipitation of both amorphous and crys-
talline  CaCO3 polymorphs [41, 42]. The phase evolu-
tion from 2 to 28-day in XRD patterns of 20BOFb, 
20BOFb*, and 30BOFb seen from Fig.  5c, d shows 

an increase in peak intensity of C–A–S–H and AFm, 
especially for Mc, which is expected to be more sta-
ble that Hc overtime [53]. The peak intensity of port-
landite shows no significant decrease, which may be 
due to the cessation of further reaction.

3.4  Fourier-transform infrared spectroscopy

FTIR spectra of samples activated with sodium sili-
cate and with sodium carbonate are shown in Fig. 6a 
and b respectively. Similar bands are found for all 
samples, indicating that reaction products with com-
parable nature have formed. The H-OH bending band 
is seen at 1660  cm−1, associated with partially bonded 
water after hydration [54]. Bands located in the range 
1489–1419  cm−1 and at ~ 870  cm−1 indicate the pres-
ence of carbonates, specifically the C-O asymmetrical 

Fig. 5  XRD patterns of BOFS and GGBFS activated with sodium silicate after a 2 days, and b 28 days of curing, and activated with 
sodium carbonate after c 2 days, and d 28 days
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stretching and asymmetrical bending vibrations. The 
existence of these bands is consistent with the pre-
sent of incompletely-crystalline calcium carbonate 
in different polymorphs, and gaylussite, with specific 
peaks located at 1450, 874, 855, 713, and 668   cm−1 
[49, 55–57]. Carbonated hydrotalcite and AFm-like 
phases (Mc, and Hc) may also contribute to these 
bands [57]. The band shift observed for 0BOFb at 
1489–1419   cm−1 in Fig.  6b with increasing curing 
time supports the mechanism by which a high ini-
tial concentration of gaylussite is formed, which over 
time is converted to calcite and other polymorphs of 
 CaCO3 [42].

The band associated with formation of silicate 
binding phases appears at 970–950   cm−1, assigned 
to the asymmetric stretching vibration mode of the 
Si–O–T (T = Si or Al in tetrahedral coordination) 
bonds. This band location is in agreement with the 
C–(A)–S–H structure formed by the activation of 
slag in alkaline media [58, 59], appearing narrower 
and sharpened for all samples with increasing curing 
time as a result of increased structural order of the gel 
phase as the reaction evolves [60]. The 2-day cured 
0BOFb has a broad and rounded peak due to the delay 
in C–A–S–H gel formation which is identified in the 
XRD analysis above. A shift of this band towards 

lower wavenumbers is also recorded in all samples as 
the crosslinking and the degree of polymerisation of 
the structure increase due to the incorporation of Al, 
from 2 to 28 days [49, 61]. The features at ~ 700  cm−1 
and 500–400   cm−1 are bands associated with sym-
metric stretching vibration of Si–O bands, and defor-
mation of  SiO4 tetrahedra, respectively. These last 
bands also become narrower as the reaction proceeds.

3.5  Compressive strength

The compressive strength results are shown in 
Fig.  7. 0BOFa reaches 44  MPa and 56  MPa after 7 
and 28 days respectively. After 7 days 0BOFb exhib-
its a compressive strength of 33  MPa, whereby the 
strength bearing phases (C–A–S–H gels) have formed 
after the initial 4 days of reaction. All other mixtures 
have strength values between 20 and 35  MPa after 
7 days. The respective compressive strength gains for 
mixtures including BOF between 7 and 28  days are 
greater than for 0BOFa. 20BOFa and 20BOFb obtain 
similar strength values, between 25 and 32 MPa after 
7  days and 39–44  MPa after 28  days. The strength 
values of 20BOFb* are comparable to 0BOFb,45 and 
46 MPa after 28 days respectively, indicating that the 
mechanical activation process positively influences 

Fig. 6  FTIR spectra of BOFS and GGBFS activated with a sodium silicate after 2 days and 28 days, and b activated with sodium 
carbonate after 2 days and 28 days of curing
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the reactivity of BOFS. Further replacement of 
GGBFS by BOFS (30 wt.%) results in a slightly infe-
rior compressive strength (up to 30–35 MPa). All the 
studied alkali-activated cements made with BOFS 
inclusions could potentially qualify for structural 
applications. It is demonstrated that the use of waste 
BOFS in GGBFS blends can achieve desirable fresh 
and mechanical properties when utilising sodium car-
bonate as a low cost activator.

4  Conclusions

This work has investigated the use of naturally weath-
ered BOFS as a partial replacement for GGBFS in 
alkali-activated cements produced using two differ-
ent activator solutions: sodium silicate and sodium 
carbonate.

The reaction kinetics governing the formation of 
C–A–S–H are accelerated with naturally weathered 
BOFS inclusion by exploiting the fast reactivity of 
portlandite. Sodium carbonate activated-GGBFS has 
a 4-day induction period, reduced to ~ 10  h with 20 
wt.% BOFS. The two-component system including 
20 wt.% BOFS with GGBFS, and different activator 
solutions, resulted in comparable heat evolution.

Workability is affected by the activator type and 
by BOFS inclusion. The presence of sodium silicate 
results in higher workability due to a plasticising 

effect, and BOFS inclusions also increase workability 
due to the coarser particles and lower reactivity with 
respect to GGBFS. Setting times also increase with 
BOFS inclusion when using silicate activators, but 
BOFS addition accelerates the setting of sodium car-
bonate activated GGBFS which otherwise does not 
set until 3 days.

XRD analysis showed that in sodium silicate-acti-
vated systems, which have higher relative alkalinity, 
not all of the portlandite from the naturally weathered 
BOFS reacted. In sodium carbonate-activated sys-
tems the reaction of portlandite is nearly complete, 
providing an immediate increase in the pH and allow-
ing GGBFS to react and form C–A–S–H gels in the 
initial stages of reaction. The typical delay observed 
in the sodium carbonate-activated slag system via the 
formation of carbonate salts is therefore avoided. This 
is confirmed also through the analysis of FTIR data, 
which shows that the only sodium carbonate-based 
system where C–A–S–H did not significantly form  at 
early age was the sample containing only GGBFS.

Specimens made with 20 wt.% BOFS inclu-
sion obtain compressive strength values of up to 
39–45  MPa after 28  days. The beneficial effect of 
mechanical activation of BOFS is evident in sodium 
carbonate activated systems, where final strength 
reaches 45  MPa, comparable to the pure GGBFS 
sample activated with sodium carbonate.

This work facilitates the use of less GGBFS in 
combination with sodium carbonate without compro-
mising setting times. After natural weathering, BOFS 
can be used, as a valuable additive in the acceleration 
of the reaction of GGBFS. Mechanical processing 
can further increase the reactivity of BOFS, and ulti-
mately increase the strength of a sodium carbonate-
activated BOFS-containing cement to be comparable 
with a GGBFS-sodium silicate cement. Additions of 
BOFS offer a new avenue for reduction of the activa-
tor dosage in these cements, and the usage of sodium 
carbonate as an activator for GGBFS, providing a 
useful valorisation pathway for materials with other-
wise very restricted potential applications.
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