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Basic Oxygen Furnace slag (BOF slag) is a by-product of steelmaking, which is mainly composed of CyS and
Brownmillerite (C4 (A, F), which give it cementitious properties. Previous work reveals that citrate salts can
activate Brownmillerite to obtain a performant binder based on BOF slag without including any Portland cement.
Nevertheless, the C5S is still not activated in this system, and its early reactivity remains very low. The effect of
limestone on the mechanical properties of the binder and its phase assemblage are investigated and compared to
the effect of quartz. The results show that the use of fillers improves the performances of the BOF slag pastes with

more hydration products being formed. They highlight the superior effect of fine limestone incorporation,
compared to quartz, with a minimum dosage of 9 vol%. The resulting BOF slag binder exhibits an increase in
compressive strength of 55 % compared to the reference and a decreased total porosity.

1. Introduction

Cement is the world’s most widely produced building material but
comes at a significant environmental cost, contributing to 5-10 % of
global CO, emissions [1-3]. Addressing this ecological challenge ne-
cessitates innovative approaches, and one highly effective strategy in-
volves the development of new low-carbon binders and concretes that
incorporate waste or industrial by-products [4-8].

Among such by-products, Basic Oxygen Furnace (BOF) slag, a ma-
terial produced during the refinement of iron ore into steel [9], exhibits
hydraulic properties. It is abundant (approximately 100 kg per ton of
steel) [10-13] and largely landfilled or used for low-end applications,
leading to landfills and contamination of the waters and soils with heavy
metals. Moreover, volume instability is frequently reported as a major
challenge when using BOF slag in applications as aggregate. The reac-
tion of free lime (f-CaO) with water to form portlandite (Ca(OH)2) leads
to a substantial volume increase due to the difference in specific density
between the two phases. Similarly, free periclase (f-MgO) may also
contribute to expansion. However, f-MgO is generally absent in BOF
slag, as magnesium is mainly incorporated into the wuestite (Fe,Mg)O
solid solution. While a high content of free lime may indeed cause
expansion even in fine powders, some BOF slags that contain extremely
low or undetectable amounts of f-CaO [12,14], generate growing in-
terest in their use as cementitious binders [13,15-19].

BOF slag is typically composed of CaO (30-50 %), Fe2O3 (20-40 %),
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Si0, (10-20 %), MgO (4-10 %), Al,O3 (1-7 %), P20s (1-3 %), MnO
(0-4 %), and TiO2 (0-2 %). It should be noted that BOF slag contains
both divalent and trivalent iron at a variable ratio. BOF slag contains the
minerals: B-CaS, o’-CsS, C4(A, F), CoF, and RO phase (CaO-FeO-MgO-
MnO solid solutions), [20,21]. It can also contain small amounts of free
lime and Cs3S. Although BOF slag initially shows very low hydraulic
activity [12] especially due to the poor early reactivity of C,S [22,23], it
demonstrates great performance while adequately activated [17-19]. A
prior study demonstrated that adding tri-potassium citrate to BOF slag
paste leads to a highly performant binder without including any cement,
achieving up to 75 MPa after 28 days of hydration. This activator
significantly reduces the water demand of the paste, enabling the use of
very low water-to-binder (w/b) ratios while maintaining good flow-
ability without the need for superplasticizers. In addition, it promotes
the dissolution of brownmillerite, leading to an increase in the early
compressive strength [18].

Nevertheless, in this system, the degree of hydration of C,S remains
relatively low [12,19]. C,S is the primary component of BOF slag, and it
is known to incorporate phosphate as well as vanadium, stabilizing the
different polymorphs of CyS present in the material, -C3S, o’-C2S, [24,
25] and reducing its reactivity. Its delayed reactivity limits the forma-
tion of calcium silicate hydrates (C-S-H), which are fundamental to the
development of mechanical strength, durability, and overall perfor-
mance of the binder. Therefore, this study focuses on improving the
reactivity of C2S by adding mineral fillers to BOF slag pastes. And, more
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generally, on investigating the unknown impact of fillers on the hy-
dration of potassium citrate-activated BOF slag binder.

The use of fillers is known to improve the reactivity of clinker phases
in Ordinary Portland Cement (OPC) [26,27]. Incorporating fillers will
modify several parameters in the system. Firstly, fillers may help fill the
voids between particles, effectively reducing the inter-particle distance.
This packing optimization intensifies the shearing of the particles, pro-
moting the dissolution of ions into the pore solution. The filler can also
act as nucleation sites, supporting the formation of C-S-H during the CyS
hydration, acting on the number of nuclei and their growth [28].

However, it is important to note that the choice of the filler is critical
and can significantly change the impact and the final properties of the
binder. Parameters such as particle size distribution (PSD), specific
surface area (SSA), dosage, and the chemical nature of the filler should
be considered. Limestone powder, for instance, has shown a favourable
effect in Ordinary Portland Cement (OPC) based systems, enhancing the
formation of C-S-H gel more than other fillers like quartz, as it directly
acts on the C3S dissolution [29]. Overall, the smaller the PSD and the
higher the SSA, the better the effect of fillers. In the case of limestone
filler addition, notable effects are observed with up to 5 wt% replace-
ment [30,31], with apparent adverse effects when this amount exceeds
10-15 % per cement mass while maintaining a constant
water-to-powder ratio [31].

In this study, limestone or quartz fillers are incorporated into a BOF
slag activated with 1 wt% tri-potassium citrate, whilst varying the size
and the SSA (coarse and fine fillers) and the volume substitution (3, 6,
and 9 vol%). The influence of these fillers on the hydration kinetic, the
mechanical properties, and the microstructure of the binder after 7, 28,
and 56 days of curing, is investigated by combining calorimetry and
strength tests with thermogravimetry (TG), quantitative XRD, and
Mercury Intrusion Porosimetry (MIP).

2. Methodology

The water demand of each filler individually was characterized by
performing the Punkte test [32]. The testing procedure consists of
weighing the amount of water added to a powder until the first signs of
bleeding appear. At this saturation point, the following equation is used
to determine the water demand ®. It is assumed that the system is then
free of air, and all voids are filled with water.

- VW N my,
Vo+Vw m,+m, *pp/pw

(€Y

Where V, m and p are the volume, the mass and the density of the water
(w) or the powder (p).

The density of each raw material was determined with a Helium
pycnometer (AccuPyc II 1340) on material dried in an oven for 24 h at
40°C.

The hydration kinetics of the pastes were investigated by isothermal
calorimetry (I-cal ultra, Calmetrix), at 20 °C. Tri-potassium citrate was
first dissolved in water to obtain a solution of 0.19 M. The powder
material, including BOF slag and the chosen amount of filler (0, 3, 6,
9 vol%) were inserted in plastic ampoules and mixed for 1 min. Then,
the tri-potassium solution was added, with a chosen solution to powder
ratio (w/p) of 0.18. The resulting paste was mixed for 2 min. After
45 min needed to have a completely stable voltage in the calorimeter,
each sample was loaded into the machine. The heat flow and the cu-
mulative heat were measured for 3 days.

Cubic paste samples (4x4x4 cm3) were mixed, cast and cured
accordingly to standard procedure EN 196-1:2005. Each sample was
prepared in 3 replicates and cured for 7, 28, and 56 days in a sealed box
containing water to create a humid environment and placed at ambient
temperature. The samples were placed on a grid to avoid direct contact
with the water in the box. After testing the compressive strength of the
samples, the cubes were crushed with a hammer and sieved to obtain 2
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different-size fractions, one finer than 200 um and one between 2 and
4 mm. The fine powder was used to perform TG and XRD, while the
coarse fraction was used for MIP measurements. The hydration of each
fraction was stopped separately by removing the remaining free water
using the double solvent exchange method [33]. The samples were, first,
immersed in isopropanol for 10 min to remove all the free water and
then vacuum filtered and dried with diethyl ether. Each sample was
carefully stored, in sealed containers, avoiding air contact to prevent
carbonation.

The porosity and the pore structure of the samples, after 28 and 56
days of hydration, were characterized by performing Mercury Intrusion
Porosimetry (MIP) using the 2-4 mm fraction samples. The measure-
ments are conducted with an Autopore IV 9500 with a pressure varying
from O to 228 MPa, a contact angle of 130, and a mercury surface ten-
sion of 485 dynes/cm.

Thermogravimetry analysis (TGA) is performed to assess the differ-
ences in the hydrate assemblage. Around 100 mg of powder is used. The
results are recorded by a Netzsch simultaneous analyser (STA 449 C)
with a heating rate of 20 ‘C/min, from a temperature of 40C to 1000 C
under a nitrogen atmosphere.

The chemical composition of the raw materials is measured with X-
ray fluorescence spectroscopy with an XRF spectrometer from PAN-
alytical (Epsilon 3 range, standardless OMIAN method), on fused beads
samples. Additionally, free lime (f-CaO) amount in the raw slag was
determined by hot ethylene-glycol extraction (1 g sample, heated at
80°C, under reflux for 30 min) followed by titration with hydrochloric
acid (0.1 N) to a phenolphthalein endpoint [34-37]. The content was
calculated as:

Vi X Nuct X Mcao

% _ aet ~ 77Ca0
ofCa0 = s % 1000

@

Where Vi is the titrant volume (mL), Ny its normality, Mcqo the molar
mass of CaO, and mgor the sample mass (g).

Periclase (f-MgO) content was measured by ammonium nitrate
extraction (1 g sample, heated at 85°C under reflux, for 2 h) and sub-
sequent complexometric titration with EDTA. The titrated solution was
buffered at pH 10 and the titration was monitored using a pH meter [35,
38]. The content was calculated as:

Vepra X Cepra X Muygo
%fMgO = 3
sVE Mgor % 1000 @

Where Vgpra is the titrant volume (mL), Cgpra its molar concentration,
Mo the molar mass of MgO, and mpor the sample mass (g).

The mineralogical composition of the raw materials and the hydrated
pastes is determined with Q-XRD. The samples are prepared by inter-
mixing powders and around 10 wt% silica internal standards in an
XRD-Mill McCrone (RETSCH) and backloading them into sample
holders. The diffraction patterns were determined with a D4
ENDEAVOR X-ray Diffractometer with Co radiation (A=1.79 A), a
voltage of 40 kV, and a current of 40 mA. Samples were measured using
a step size of 0.0140 260 and a time per step of 1 s for a 20 range of 12-800
20. The hydrate and remaining phase amounts were quantified with
TOPAS Academic software v5.0, using the Rietveld method [39]. The
refined parameters used for the quantification were the crystallite size,
the lattice parameters, the zero error, and the background. The struc-
tural data of the phases used for the quantification can be found in
Table Al, in Appendix.

Two-way Analysis of Variance (ANOVA) performed with Origin
software, was used to evaluate the influence of the different parameters
and their interaction on the measured properties of the slag pastes. The
analysis was performed considering four independent parameters: (A)
age of the samples (7, 28, or 56 days); (B) filler nature (quartz or
limestone); (C) filler size (coarse or fine); (D) filler dosage (0, 3, 6 or
9 vol%). Combinations of two parameters were tested to determine their
individual and interactive effects on four chosen variable responses: (1)
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Compressive strength; (2) Total porosity; (3) Hydration product amount Table 1
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(XRD); (4) Mass loss (TGA). The statistical significance was assessed at a Physical properties of the raw materials.
95 % confidence level (p < 0.05). Material Skeleton density dso SSA Water
(g/em®)” (um) (m?/g) demand”
3. Materials BOFs  BOF slag 3.85 1226  1.06 ;
FL Fine 2.54 4.42 2.09 0.368
The BOF slag used in this study was provided by Tata Steel IJmuiden limestone
(The Netherlands) and milled for 20 min in a vibratory disc mill (RS 300, CL Coarse 2.54 10.02 0.66 0.316
. . . . limestone
Retsch) .resultmg ina rr%aterlal dsol o.f 12.3 pm.. Two dlfferent- batcbes of FO Fine quartz .55 434 513 0.374
quartz filler were obtained by milling sand in the same disc mill for cQ Coarse quartz  2.56 10.51 3.21 0.358

15 min and 30 min, respectively to obtain one coarse quartz (CQ)
fraction with a dsg of 10.5 um and a finer quartz (FQ) with a dsg of
4.3 ym. In the same way, two limestone fillers of different fineness,
produced by Omya (France), were used, one coarse (CL) and one fine

@ Measured by helium pycnometry
b Values determined by Punkte Test (described in the method section)

Quartz

(FL) with respective dsg of 10.0 and 4.4 pm. The particle size distribu- Table 2

tion (PSD) of each raw material was measured by laser diffraction Oxide composition of the raw materials as determined with XRF.
spectroscopy (Mastersizer 2000, Malvern) in isopropanol as shown in BOF slag Fine Coarse

Fig. 1. The Specific Surface Area (SSA) and the water demand of the limestone Limestone

fillers were respectively determined by performing BET analysis and the

. ) . . Oxide Content (wt Content (wt Content (wt%) Content (wt
Punkte test (described in Section 2.3.1) and are reported in Table 1. %) %) %)
The individual material chemical and mineralogical compositions CaO 41.3 69.1 69.2 -
were characterized with X-ray fluorescence and quantitative X-ray FeO/ 31.0 0.1 0.0 3.4
diffraction spectroscopy. The results are shown in Table 2 and Table 3, Sigﬁogl 100 03 0.2 041
respectively. The free lime (f-CaO) content was determined by chemical M gé 5.3 N 01 o
extraction and acid titration and found to be 0.28 %, corresponding to MnO 5.3 0.1 B 0.0
1 mL of HCI (0.1 N) required for the phenolphthalein endpoint. Free Al,O3 1.5 0.2 21
MgO (periclase) was below the detection limit of the ammonium chlo- TiO, 1.4
ride extraction, EDTA titration method, as no inflection was observed in :285 1(1)
the potentiometric titration curve. Cizgs 0.3 . ;)_0 ;)'4
Sr0 - 0.0 0.0 -
4. Mix design Lor’ —0.9¢ 30.3 30.5 0
f-CaO 0.28 - -
The effect of limestone addition in tri-potassium citrate activated fMg0 0
BOF slag pastes is studied and compared to quartz filler, which is known @ BOF slag contains iron with different oxidation states. The Fe3 + /Fe total
to be less effective in OPC systems. Two different sizes and four dosages raﬁ? T:g]vary for different batches but was estimated at around 0.25 by Zepper
etal.

are tested, based on preliminary experiments and the literature [29,42]
to investigate the effect of the amount, and the PSD/SSA of the fillers on
the binder properties. The fine limestone, coarse limestone, fine quartz,
and the coarse quartz are named FL, CL, FQ and CQ, respectively. The
filler amounts chosen for this study are 0, 3, 6, and 9 vol%. For instance,
FL6 contains 6 vol% of fine limestone. A citrate solution to powder ratio
(w/p) of 0.18 was chosen to obtain good and comparable workability
with the addition of filler and avoid bleeding of the paste. The addition
of tri-potassium citrate enables to reach a very good workability without
the addition of superplasticizers. The citrate solution of 0.19 M was
prepared to make the amount of tri-potassium citrate correspond to 1 wt
% of the mass of solid materials based on the recommendations of [18,

——FL- - - CL——FQ- - - CQ—— BOF slag

204 1004 ®)
—_ 80_
& 151 B
=t £
S 5 60
° o
>
8 10 A
g £ 404
5 3
2 5 E
S 20
01 0
0.01 0.1 1 10 100 0.01

Sizes (um)

Sizes (um)

T
100

b Loss on ignition corresponds to the weight of volatile compounds

¢ Negative LOI corresponds to a gain on ignition representing an increase in
mass rather than a decrease after heating the sample at 1000°C. For BOF Slag
this increase might be attributed to an increase in the overall mass due to the
oxidation of iron contained in large quantities [18,40,41]

Fig. 1. PSD of the raw materials measured by laser diffraction spectroscopy in isopropanol, (a) Volume percentages; b) Cumulative volume percentages).



S. Yvars et al.

Table 3
Quantitative phase composition (wt%) of the raw materials.
Phase (wt%) BOF slag Quartz Limestone
Brownmillerite Cay(ALFe),0s5 16.7 - -
C.S CaySi0y 40.0 - -
Wuestite (Mg, (Fe)O) 18.4 - -
Magnetite Fe304 6.3 - -
Lime f-CaO 0.4 - -
Calcite CaCOs3 0.7 - 84.9
Quartz SiO4y - 71.3 2.5
Iron Fe - 1.3
Amorphous - 18.6 27.5 12.6
Table 4
Mix design.
Volume Mass Filler BOFs Solid w/p' w/
replacement replacement 8 (€3] (€3] ratio ratiob
0% 0% 0 250 250 0.18 0.180
3% 2.01 % 5.03 24497 250 0.18 0.184
6 % 4.06 % 10.15 239.85 250 0.18 0.188
9 % 6.15% 15.38 234.62 250 0.18 0.192

@ w/p ratio refers to the mass of citrate solution (0.19 M) per mass of powder

material including fillers and BOF slag.

b w/b ratio excludes the presence of filler and is only based on the amount of
citrate solution per weight of BOF slag — the w/b increases with the filler amount
as the BOF slag percentage is lower.
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19]. The composition of all the mixes is summarized in Table 4.
5. Results and discussions
5.1. Hydration kinetics

The hydration reaction of BOF slag pastes containing different types
and amounts of filler was investigated by isothermal calorimetry. The
results are normalized by the weight of BOF slag and plotted in Fig. 2. A
distinct peak attributed to brownmillerite hydration and hydrogarnet
formation, promoted by tri-potassium citrate [43,44] is observed for all
the samples. In the case of limestone addition, the maximum hydration
peak occurs almost at the same time as for the reference. No significant
differences are observed regarding the fineness or the amount of lime-
stone filler. On the other hand, the incorporation of quartz filler appears
to extend the induction period and therefore delay the appearance of the
main hydration peak. Interestingly this effect is also not in correlation
with the filler size or amount. The total heat released for all samples is
between 65 J/g and 70 J/g after 60 h. However, an accelerating effect of
limestone filler would have been expected, as commonly observed in
OPC systems [28,45-47]. The delay observed for the quartz samples
could be attributed to an increase in the effective water-to-binder (w/b)
ratio with increasing filler dosage, given that the water-to-powder (w/p)
ratio remained constant at 0.18 for all the samples (Table 4). This can
extend the time before the pore solution reaches saturation and hydra-
tion products start to precipitate, resulting in a prolonged induction
period and a delay of the main hydration peak. In this case, it is
conceivable that limestone accelerates hydration, therefore compen-
sating for the dilution effect.

b) Ref —— FQ3% —— FQ6% —— FQ9%

1.0 1

@©
o

u
~
=)

T
(2]
o

50

L 40

30

Cumulative heat (J/g)

T
N
o

T
-
o

o

60

Time (h)

Fig. 2. Heat flow and cumulative heat released for the first 60 h of hydration of BOF slag pastes containing quartz and limestone fillers (a) Fine limestone samples; b)

Fine quartz samples; c¢) Coarse limestone samples; d) Coarse quartz samples).
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Fig. 3. Compressive strength of hardened BOF slag pastes containing fillers at 2, 7,

limestone samples; d) Coarse quartz samples).
5.2. Mechanical performances

The compressive strength of the mixes was measured at 2, 7, 28, and
56 days and is reported in Fig. 3. At a very early age, no effect of the filler
addition is observed, and the compressive strength of all the samples is
around 15 MPa. However, from 7 days up to 56 days, the addition of
filler leads to an increase in compressive strength compared to the
reference, which gives at each age the lowest values of 14.9, 31.25, and
31.3 MPa. The general trend indicates a more favourable impact of
coarse fillers before 28 days of curing, while the highest strength values
at 56 days are achieved with the inclusion of fine fillers. Specifically,
pastes containing CL filler demonstrate higher compressive strength at 7
days (for instance 28.7 MPa for CL6, against 24.7 MPa for FL9), whereas
the incorporation of FL leads to greater improvement at 28 and 56 days
(43.4 and 48.5 MPa against 34.7 and 44.6 MPa, for FL9 and CL6
respectively). In the case of quartz, the addition of CQ, compared to FQ
leads to better performance from 2 days to 28 days (CQ6 values ranging,
up to 28 days, from 17.8 to 40.3 MPa against 13.3-34.2 for FQ6).
However, at 56 days, the incorporation of FQ surpasses these results due
to a greater increase of the compressive strength between 28 and 56 days
compared to CQ (45.1 for CQ6 and 47.1 MPa for FQ6). Overall, the
highest values are obtained with FL addition and a maximum of
48.5 MPa at 56 days was reached for FL9. An optimal volume percentage
of 6 is found for the other fillers tested. The absence of improvement in
compressive strength for all filler-containing samples compared to the
reference at 2 days is in accordance with the calorimetry results.
Furthermore, the positive effect of fillers, observed at a later age instead,
could be due to the lower reaction rate of C,S [48]. The better impact of
FL compared to FQ, on the performance of the binder starting at 28 days,
is in accordance with the literature about OPC systems [28].
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w
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o
o
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N
o
1

w
o
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Compressive strength (MPa)

Ref CQ3%

CQ6% CQ9%

28, and 56 days, (a) Fine limestone samples; b) Fine quartz samples; c¢) Coarse

5.2.1. Phase quantification

The phases are identified by performing XRD. CyS, brownmillerite,
and wuestite are detected. Magnetite, considered inert is also still pre-
sent [12,18]. Examples of the patterns obtained for the reference sam-
ple, FL6, and FQ6 at different ages can be found in the Appendix A, in
Figures Al, A2, and A3, respectively. Quartz is detected in the F/CQ
samples and calcite is identified in the F/CL samples, even though due to
slight carbonation of the samples small amounts of calcite are detected
in F/CQ samples as well.

The phase amounts in all the samples at 7, 28, and 56 days are
quantified and the results normalized, by removing the filler content and
the chemically bound water amount, as:

_Xix10000 1
Y TT100 - X 100 — Xop

@

With Xi, the initial fraction, X¢ the percentage of filler in the mix, and
Xcbw, the water loss in the range of temperature 40-540C.

This approach ensures a direct comparison with the unreacted BOF
slag phase quantification. The evolution of the reactive slag phases and
the hydration products, in the samples containing fine fillers, are pre-
sented in Figs. 4 and 5, respectively. The normalized and the original
quantification values of all the samples are given in the Appendix A, in
Tables [A2; A9]. A relative error of 6.8 % can be determined for
magnetite based on the variations in the QXRD results. Magnetite
(Fe304) can be considered inert based on previous literature about BOF
slag hydration [12,14,18,19]. The same error was also applied to the
other phases.

The unreacted BOF slag contains CyS (CagSiO4) (40 wt%), brown-
millerite (Cag(Al, Fe)20s5) (16.7 wt%), wuestite (Fe(Mg)O/Mg(Fe)O)
(18.4 wt%), a small amount of magnetite (6.3 wt%) and a very low
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Fig. 4. Evolution of the BOF slag phases over time in the samples containing fillers, (a) Brownmillerite; b) C2S; c¢) Wuestite; d) Magnetite).
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amount of free lime (CaO) of around 0.4 wt%. An amorphous part,
representing about 18 wt% of the BOF slag was also measured. As BOF
slag is known to be 100 % crystalline after production [49], it is
important to note that the initial amorphous content in the raw BOF slag
might be due to the loss of crystallinity of certain phases during milling
Santos et al. [12] reported that the amorphous content in unhydrated
BOF slag increases with milling time, accompanied by a reduction in C5S
content. The X-Ray amorphization of such phases by milling has also
been discussed in the literature [50,51], highlighting a better resistance
of C4AF during dry grinding, compared to the one of C3S and C5S. This
supports the findings of Santos et. al suggesting that X-ray amorphized
C,S might be present in milled BOF slag, leading to a reduction of the
quantified amorphous amount while reacting. [12,19].

In the reference sample, it is observed that around 60 % of the
brownmillerite reacts within the first 7 days due to the presence of tri-
potassium citrate as demonstrated in [18,19]. CyS and wuestite react
very slowly with about 12 % and 11 % being consumed at 7 days,
respectively. Lime (CaO) is quantified at around 0.5 wt% in our samples,
similarly to the raw material. The crystalline hydration products iden-
tified are mainly Fe-containing hydrogarnets (Cag(Al, Fe)2(OH)12) [39],
along with a small amount of portlandite (Ca (OH)5), and calcium car-
bonates (CaCOs3). A minor presence of pyroaurite (MggFes
CO3(0H);6.4H20) is also suggested, based on literature [12,17,18], and
supported by a peak observed at 13°26 in the XRD patterns [40],
although this signal is very close to the detection limit. Regarding the
amorphous content, an increase of about 70 % is observed, attributed to
the formation of non-crystalline hydration products, mainly C-S-H. Be-
tween 7 and 56 days the different crystalline phases, as well as the
amorphous content, stay stable. Hydrogarnet content increases after 28
days of hydration, while the pyroaurite tends to disappear. Santos et al.
reported a decrease in pyroaurite content in hydrated BOF slag pastes,
falling below the XRD detection limit over time. The reduction observed
in the citrate-activated samples is consistent with these findings, sug-
gesting that the small amount detected at early age is either unstable or
becomes X-ray amorphous over time [12].

In the samples containing fillers, quartz is detected in the F/CQ
samples and calcite is identified in the F/CL samples, even though due to
slight carbonation of the samples small amounts of calcite are detected
in F/CQ samples as well. Among the primary phases, brownmillerite and
wuestite are also reacting. Therefore, the presence of filler does not
prevent the effect of citrate on the reactivity of these two phases [18].
However, under the present conditions, the fillers do not appear to
significantly promote the hydration of these phases. This contrasts with
the behaviour observed in OPC systems, where limestone is often re-
ported to accelerate the dissolution of clinker phases. The C,S is slightly
reducing over time compared to the reference for which the C,S content
stays stable after 7 days. The same 3 types of crystalline hydration
products are found. A small amount of portlandite is quantified, which
shows a slightly increased amount in the samples containing 9 vol%
fillers. Hydrogarnets are still the main hydration product formed. The
hydrogarnet content after 7 days is between 4.1 and 11.2 wt%, with
CL3/FL3CL6, CL6/FL6, CQ6, and the reference having the lowest con-
tents between 4.1 and 7.6 wt%, while all the other samples are between
9 and 11.2 wt%. The amount remains largely unchanged at 28 days,
although some samples show a slight decrease. At 56 days the amount of
hydrogarnet increases and is between 8.6 and 12.9 wt%, with the largest
increase occurring for the samples with the lowest content at 28 days.
There is no clear difference between limestone and quartz-containing
samples. After 7 days of hydration, the portlandite content is highest
in samples CL9/FL9, CQ3/FQ3, CQ9/FQ9 with values between 0.8 and
1.4 wt%. All other samples show much lower content of 0-0.3 wt%.
Similar to hydrogarnet, this remains largely unchanged at 28 days and
begins to increase in the samples with a lower initial portlandite content
at 7 days, especially in the reference and CL3/FL3. At 56 days the values
are between 0.8 and 1.5 wt% in all the samples except CQ3 and CQ6
which contain 0 wt% of portlandite. Only minimal differences were
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observed between the fine and the coarse filler. However, when
comparing limestone and quartz in general distinct trends were
observed, particularly concerning the C;S and amorphous content.
Although the consumption of C,S at 7 and 28 days appears comparable,
at 56 days around 17 wt% of CyS is being consumed when quartz is
incorporated against only 4 wt% of the starting C»S for limestone
addition. The amorphous content, which is assumed to include mostly
C-S-H gel, is generally smaller in the samples including fillers, in contrast
with the reference. This amorphous content stays stable over time for
most of the samples except for FL9 and FQ3. Notably, FL9 exhibits a
significant reduction in amorphous content up to 7 days of hydration,
decreasing from 18.6 wt% in the unreacted material to 14.5 wt% in FL9
at 7 days (-22 %). This observation may suggest a negative impact of
these fillers on C-S-H formation, even though the C,S consumption stays
either uninfluenced or promoted in the case of quartz. However, it
should be noted that the initial amorphous content in the raw BOF slag
studied is attributed to the possible mechanical amorphization of the
crystalline CyS as previously discussed [12,18,50,51]. Based on this, it
may be hypothesised that the amorphous content in all the sample in-
cludes not only the hydration products but also X-Ray amorphized
phases such as CyS. This might explain why the amorphous content is
reducing for some samples, alongside a reduction of the crystalline
phases and no increase of the crystalline hydration products. Essentially
part of the amorphous content (the C2S) is reacting, while also forming
amorphous hydration products making the overall amorphous lower or
remain stable in some samples. However, after 7 days, the amorphous
part in FL9 increases significantly to reach 33.1 wt%, revealing the
formation of more amorphous hydration product most likely C-S-H gel.

5.3. Thermogravimetry analysis

Thermogravimetric analyses were performed on all pastes hydrated
for 7, 28, and 56 days. The TG and DTG curves of the reference are
presented in Fig. 6. The differential mass loss in the reference samples is
attributed to the decomposition of C-S-H, hydrogarnets, portlandite, and
carbonates. The portlandite and the carbonates decompositions are re-
ported to occur around 450C and from 600 to 800C, respectively. For
pyroaurite, C-S-H, and hydrogarnets, the decomposition is reported to
take place within a wide range of 40-400 C due to their variable
composition. Nevertheless, according to the literature, the distinguish-
able peaks observed between 100 and 200 C and between 200 and 400°C
can be attributed to C-S-H and pyroaurite dehydration and hydrogarnets
decomposition, respectively [52-54]. The mass loss increases over time
with more water bound in C-S-H, slightly more hydrogarnets and por-
tlandite are formed and more carbonates are present as well. This is in
accordance with what was previously reported about citrate-activated
BOF slag [18,19].

Figs. 7 and 8 report the results of the samples incorporating fine
fillers and coarse fillers, respectively. The mass loss values per temper-
ature range, reported in the Appendix B in Table B1, B2, B3, and B4, are
normalized by the weight of BOF slag with the following equation,

Xi* 100

~100-_x, 3)

N

With, Xy is the normalized mass loss, X;, the initial mass loss, and X
the percentage of filler.

The samples containing the fillers all show a similar trend with
increasing age. No clear trend in relation to the filler size and amount
can be found, however, differences between quartz and limestone are
observed. For the samples hydrated for 7 days, the effect of the filler is
minimal. For the reference sample, the water loss in the range 40-200C
equals 3.37 wt% and 2.39 wt% in the range 200400 C. For all the other
samples at this age, the water loss in the range 40-200 C varies between
2.86 and 4.31 wt% and between 2.12 and 3.12 wt% in the range
200-400 C. The portlandite formation is slightly influenced by the
incorporation of fillers but the overall amount is very low, the measured
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water loss varies from 0.07 to 0.3 wt%. This is in accordance with the
literature about portlandite formation from C,S hydration [48]. At all
ages, the amount of carbonates is not influenced by the presence of
fillers. The increased mass losses in the range 600-800C for the
limestone-containing samples are due to the decarbonation of the
limestone itself. That is why it is proportionally increasing with the
percentage of limestone added.

Starting at 28 days, the differences between limestone and quartz-
containing samples are clearer. In the case of limestone, more water
was bound in the C-S-H region of the samples containing 9 vol% of
limestone, compared to the reference, FL3, and FL6 samples. In the case
of quartz addition, both C-S-H and hydrogarnets formation are

Table 5
Total porosity of samples hydrated for 28 and 56 days, assessed with MIP.

Total porosity at 28 days Total porosity at 56 days

% %

Ref 17.5 16.9
FL3 17.4 17.0
FL6 14.6 13.3
FL9 14.1 3.7

CL3 17.1 15.2
CL6 12.3 13.9
CL9 16.1 14.7
FQ3 15.6 18.0
FQ6 17.6 17.1
FQ9 14.1 17.1
CQ3 14.7 15.4
CQ6 14.1 17.9
CQ9 16.4 8.7

positively influenced by 3 and 9 vol% of quartz. However, for a dosage
of 6 vol%, no difference with the reference mix curve is observed.
Moreover, within the C-S-H dehydration range, the FL9/CL9 DTG curve
exhibits a prominent peak at 180 C, similar to the other limestone-
containing samples, along with a small bump around 120 C.
Conversely, the FQ9/CQ9 DTG curve shows two distinct peaks: one at
120C and another at 190C. This suggests a shift of the primary peak due
to the decomposition of certain hydration products at 120C.

5.4. Porosity and pore structure

The total porosity of the different samples is reported in Table 5. At
28 days the total porosity of the refis 17.5 %. The incorporation of fillers
slightly reduces the porosity at 28 days, but the size and the nature of the
fillers do not lead to great differences with values ranging from 17.6 %
to 12.3 %. At 56 days of hydration, the porosity varies from 18 % to
3.7 %. The highest porosity is observed in the quartz samples, especially
the FQ samples (17.1-18 %). Limestone samples have reduced porosity.
For CL addition there is little influence on the dosage. The porosity only
slightly varies from 13.9 % to 15.2 % depending on the dosage. How-
ever, for FL there is a clear decrease in total porosity with the increased
dosage, ranging from 17 % to 3.7 %. For all the other samples no trend
regarding the dosage is found.

The pore size distribution of the BOF slag pastes hydrated at 28 and
56 days are reported in Figs. 9 and 10, respectively. Three categories of
pores are distinguished in the literature [55-57]. Gel pores are attrib-
uted to the internal porosity of the gel and range from 5 nm up to 10 nm.
The small capillary pores, from 10 nm to 50 nm, refer to the voids be-
tween the hydration products. The large capillary pores from 50 to 10,
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000 nm, correspond to the voids, initially filled with water, left out of
hydration products. At 28 days, a reduction of the large capillary-pore
content in the mixes containing fillers is observed as the peak of the
reference in the range 200-1000 nm shifts towards the smaller size
pores. It can be attributed to an improvement of the particle packing
with the addition of fillers or to a higher content of hydration products.

At a later age, it is first observed that the overall size of the large
capillary pores is reduced, with a peak observed at 28 days in the range
200 - 1000 that is at 56 days observed in the range 100-400 nm for the
reference sample. In the case of limestone filler, the amount of large
capillary pores does not change with the dosage; however, some dif-
ferences are observed with the mixes containing quartz. 3 and 9 vol% of
FQ addition increases the number of large capillary pores, while 6 %
increases the number of small capillary pores. This could be due to a
higher amount of crystalline hydration products and, subsequently, their
internal porosity. This also results in an increased total porosity of some
samples. This Over time, the amount of gel pores measured with MIP
decreases, probably due to a reduction of their size that makes them
undetectable with MIP [56,58]. Nevertheless, the total porosity reduc-
tion in FL9 and CQ9 cannot be completely attributed to a possible shift
toward the smaller size. It is also clear that the capillary pores are
significantly reduced in those samples. Although differences in pore size
distribution and total porosity were observed across the samples, all
values remain relatively low. The narrow range of porosity, combined
with the limitations of MIP (ink-bottle effect and detection thresholds)
[52], likely contributes to the weak or inconsistent correlation with
compressive strength. As shown in the correlation section (Figs. 13-15),
strength evolution does not consistently follow changes in porosity or
type of pores. This suggests that other factors, such as the amount and
type of hydration products, play a more dominant role in strength
development than porosity alone.

6. Correlation and discussion
The use of filler in binders is reported as enhancing the clinker phases

dissolution, the formation of binding hydration products, and therefore
the performances of the binder. This is due to three mechanisms: (1) the
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increased shearing between the reactive grain surface and the fillers, and
a reduced porosity due to better particle packing; (2) the dilution of the
material; (3) the presence of extra nucleation sites. In OPC binders the
beneficial effect of a small amount of filler was demonstrated to be due
to an enhanced dissolution of C3S and the rapid formation of C-S-H
nuclei on the surface of the filler grains preferentially to the cement
grains. Therefore, by decreasing the PSD and increasing the specific
surface area the fillers become more effective.

In the present study, filler addition was investigated for the first time
on BOF slag and showed good improvement in the binder strength. The
positive effect of filler addition becomes evident at 56 days of curing,
with both quartz and limestone contributing to a 12-55 % increase in
the compressive strength of the BOF slag binder, respectively. An
optimal 6 % volume replacement was found for all fillers except for fine
limestone, which shows better influence with a dosage of 9 %. These
improvements might be explained by the accelerated dissolution of CsS,
the reduction of the total porosity of the samples, or an enhanced for-
mation of hydration products, contributing to the strength development.
However, there is a limited correlation between the properties and the
filler type and quantities.

Therefore, an impact factor statistical model (two-way ANOVA) was
performed to assess the impact of the parameters age of the sample, filler
nature, filler size, and filler dosage on the compressive strength, the
mass loss (TGA), the hydration product content (XRD) and the porosity,
(gel porosity, small capillary porosity and total porosity). Six different
combinations of factors were applied. The p-values (level of signifi-
cance) obtained are summarized in the Appendix C. This analysis
revealed a significant influence of all parameters on the compressive
strength, with p- 0.01, p- 0.01, and p- 4.94E-4 for the filler nature, filler
size, and dosage, respectively. However, the p-values for age were al-
ways the lowest (around 1E-10). These results are in accordance with
the Fig. 11, which shows the influence of the hydration product amount
on the compressive strength.

The amount of bound water as determined with TG is only signifi-
cantly influenced by age and to a lesser extent by dosage of the filler (p
<1E-4 and p 1E-3), while the amount of hydration products (crystalline +
amorphous content) detected with XRD only has a limited correlation
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with age (p0.05). This limited correlation is illustrated in Fig. 11, where
no clear trend is observed between the hydration product content and
the compressive strength over time. One hypothesis might be the
complexity of the amorphous phase which likely includes both amor-
phous hydration products (mostly C-S-H gel) and X-Ray amorphized
reactive phase, likely C,S [12,50,51]. Consequently, a lower amorphous
content will not necessarily lead to a lower strength in the samples, as it
might indicate the consumption of the amorphous part in the unreacted

slag after milling and not necessarily a low amount of C-S-H. TGA
therefore gives clearer insights into the formation of hydration products,
without being influenced by the potential presence of X-Ray amorphized
C,S. As shown in Fig. 12, the mass loss in the temperature range 40 —
540C correlates more significantly with the compressive strength over
time, supporting the statistical analysis findings. The increase in
chemically bound water follows a progressive strength gain over time.
This might be attributed to the formation of more hydration products or
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Fig. 13. Compressive strength vs total porosity of the samples containing fine limestone filler measured with MIP at 28 and 56 days.
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Fig. 15. Compressive strength vs gel porosity of the samples containing fine limestone and fine quartz at 28 and 56 days.

phase transformations in the (amorphous) hydration products. A higher
amount, or a reorganization or densification, of the hydration products —
particularly C-S-H - leads to a better compressive strength of the binder.

The increase in strength, and subsequently a possible higher amount
of amorphous hydration products might be reflected in the porosity of
the samples. The total porosity is known to have a high impact on the
compressive strength of OPC binders [59-61]. Figs. 13-15 show the

13

evolution of the compressive strength with the total porosity, the
capillary porosity, and the gel porosity, respectively. Considering the
entire set of samples no trend is observed between the strength and the
total and the capillary porosity, oppositely to what was expected based
on the literature. The statistical model showed, indeed no direct influ-
ence of the different parameters on the total porosity and the capillary
porosity while it was influencing the strength. These observations might
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be explained by (1) very similar porosity values among the different
samples; (2) similar amount of crystalline hydration products; and (3)
the lack of influence of the filler on the particle packing due to their PSD
comparable with the one of BOF slag.

Nevertheless, the gel porosity shows a different behaviour. Fig. 15
clearly reveals a reduction of the gel porosity in the samples, between 28
and 56 days. The two-way ANOVA gives indeed p-values around 1E-4
for the influence of the factor age on the gel porosity. The reduced gel
porosity between 28 and 56 days might be due to a reduction of their
size, making them undetectable with MIP. A size reduction may be
attributed to a refinement of the porosity in the hydration products.
Regarding the influence of the filler on the gel porosity, the combination
of the parameters filler nature/filler dosage and the combination filler
nature/filler size result in p-values very close to the statistical limit of
0.05, (0.11, 0.10, and 0.07). This may also indicate an influence of the
type of filler on the hydration product amount and structure.

To confirm the influence of microstructural parameters on
compressive strength, a multiple linear regression analysis was per-
formed with the R software. The resulting model (Appendix C)
confirmed that mass loss was the only statistically significant predictor
(p-value = 0.049), with a positive coefficient indicating that increase in
chemical bound water leads to an increase in strength. All other vari-
ables, including hydration product content and porosity types, did not
reach statistical significance within the combined model. The overall
efficiency of the model is moderate, with an R? of 0.42. In comparison, a
simplified model including only mass loss as a predictor yielded a higher
R? of 0.57 and a stronger coefficient (p-value < 0.001), confirming that
the mass loss alone is a better indicator of strength development than the
combination of all other variables.

Generally, literature reports a superior effect of limestone due to its
ability to act as a calcium ion sink and a favourable substrate for C-S-H
nucleation [29,42,62]. In line with this, limestone-containing samples
performed slightly better than those with quartz, although quartz also
contributed positively to strength. Despite the relatively low statistical
impact of filler type, differences in hydration behaviour and micro-
structure were observed between the two.

Fine limestone enhanced the hydration product formation and
reduced the porosity, particularly in FL9, which achieved the highest
compressive strength and the lowest porosity. These observations could
corroborate the TG and the XRD results by suggesting a higher amount
of hydration products that create a denser structure. However, no clear
influence on the C,S reactivity was observed. While XRD analysis did not
reveal a clear consumption of crystalline CyS over time, TG analysis
showed an increased amount of C-S-H gel with the addition of fillers.
This suggests again the possible involvement in the reaction, of the
amorphized phases, formed during the milling of BOF slag.

Fine quartz also improved strength, with the best result at 6 %
replacement. However, the influence of the microstructure on the
compressive strength follows the opposite direction compared to lime-
stone filler. Although FQ6 and CQ6 samples showed lower hydration
product amounts than FQ3/FQ9 and CQ3/CQ9 in TG and XRD, they
achieved the best strength among the quartz-containing samples. This
suggests that hydrate assemblage is different when quartz is added in
comparison with limestone. The higher mass loss values for FQ3/CQ3
and FQ9/CQ9 compared to FQ6/CQ6, are due to the appearance at 28
days of a second peak very pronounced in the range of 40-150 C.
Although pyroaurite may decompose in this temperature range, a
notable increase in its content appears unlikely, as it would not align
with the XRD results. Another explanation could be that the peak is due
to the water loss of a “second” C-S-H gel with a lower Ca/Si ratio. As
shown by Scrivener et al. [52,63], the temperature of C-S-H dehydration
reduces with the reduction of the Ca/Si ratio. Moreover, it has been
reported that the formation of a C-S-H gel with a lower Ca/Si ratio can
lead to lower performances [64]. Regarding the porosity and pore
structure, no good correlation with the compressive strength can be
found. A higher amount of capillary pores is found in FQ6 which also
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exhibits the highest strength, contradicting the literature [55-58].
However, it has been observed for FQ6 that the large capillary pore size
is reduced at 56 days compared to FQ3 and FQ9, for which the capillary
porosity size stays the same between 28 and 56 days. This could suggest
that the hydration products formed in FQ6 are densifying over time
while new porous hydration products are formed in FQ3 and FQ9.
Overall, the data show that neither total porosity nor pore type
shows a consistent relationship with strength in this system. Instead,
strength development appears to be more strongly influenced by the
extent and nature of hydration, particularly as captured by chemically
bound water measured via TGA. This reinforces the conclusion that, in
citrate-activated BOF slag binders, strength is governed by complex
chemical and structural factors rather than simple porosity metrics.

7. Conclusion

This study investigated the influence of small additions of limestone
and quartz fillers on the performance and microstructure of tri-
potassium citrate-activated BOF slag. The results demonstrates that
filler incorporation positively impacts the compressive strength of the
binder and modifies the hydrate assemblage and porosity of the paste.
These findings provide valuable insights into the role of fillers in BOF
slag-based systems. The key outcomes are summarized as follows:

Small additions of both limestone and quartz fillers significantly

improve compressive strength between 7 and 56 days.

The presence of fillers does not interfere with the activation effect of

tri-potassium citrate.

Fine fillers generally lead to slightly better mechanical performance

compared to coarse ones.

e An optimal dosage of 6 vol% was identified for coarse limestone,
coarse quartz, and fine quartz. Fine limestone at 9 vol% leads to the
highest strength, approximately 55 % higher than the reference.

e Both fillers promote the formation of hydration products, particu-
larly C-S-H gel, as shown by TGA.

o A slight reduction in porosity is observed in the presence of fillers,

likely due to increased hydration product formation.

However, the observed strength gains do not directly correlate with
the microstructural data, primarily due to limitations in the character-
ization techniques. In particular, it remains difficult to assess potential
improvements in CzS reactivity, given the presence of amorphized CzS at
early ages, which cannot be tracked by XRD. Similarly, the amorphous
nature of C-S-H and the potentially low crystallinity of phases such as
hydrogarnet and pyroaurite make it challenging to detect clear differ-
ences between samples. In addition, variations in the structure and
composition of the hydration products may influence the material
properties without being fully captured by TGA. Although changes in
porosity and pore structure were observed, they did not consistently
correlate with strength development. In contrast, chemically bound
water measured by TGA showed a stronger association with mechanical
performance.

To address these limitations and better understand the mechanisms
underlying the effects of limestone and quartz fillers, further investiga-
tion is recommended. Future work may focus on higher filler dosages
and more advanced characterization of the amorphous phase composi-
tion in BOF slag systems. In addition, although dimensional stability was
not a concern in this study due to the low free lime content of the BOF
slag used, expansion remains a potential issue in slags containing higher
amounts of free CaO. It is therefore recommended that future studies on
citrate-activated BOF slag systems assess volume stability, particularly
when working with slags known to exhibit significant expansion risks.
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