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A B S T R A C T   

This study proposes novel basic oxygen furnace (BOF) slag mortars formulated with tri-potassium citrate (TPC) 
activated BOF slag as binder and treated BOF slag (carbonated (CB) and autoclaved (AB)) as aggregates, aiming 
to maximize the utilization of BOF slag in the construction industry. Untreated BOF slag (UB) and natural sand 
(NS) were employed as reference aggregates. The effects of carbonation and autoclaving were investigated, 
focusing on the interfacial transition zone (ITZ) properties through SEM-BSE greyscale thresholding and con-
stituent segmentation analysis. Results indicate that both treatments reduce the free CaO, promote CaCO3 for-
mation, and modify the aggregate surface. The 28 d compressive strength of pure BOF slag-based mortars with 
UB, CB, and AB aggregates are 25.8, 29.4, and 34.8 MPa (average at varying TPC dosages), significantly higher 
than that with NS (19.6 MPa). Pure BOF slag-based mortars also show narrower ITZ thicknesses and the absence 
of bond cracks. Mortars with CB and AB aggregates exhibit fewer unreacted particles and more hydration 
products within the integral binder region compared to those with UB. Overall, pure BOF slag-based mortars 
present a more robust aggregate/binder interface that is further enhanced by the aggregate treatments. Leaching 
values of all mortars are well below the Dutch legal limits. The findings suggest promising application prospects 
for pure BOF slag-based mortars in substituting cement mortars and valorizing BOF slag.   

1. Introduction 

Basic oxygen furnace (BOF) slag, also known as converter steel slag, 
is the waste material generated during the Linz-Donawitz steel-making 
process in the basic oxygen furnace [1]. It is mainly composed of CaO 
(30–50 %), SiO2 (10–20 %), Fe2O3 (20–40 %), Al2O3 (1–7%), MgO 
(4–10 %), MnO (0–4%), P2O5 (1–3%) and TiO2 (0–2%) [1–3]. The main 
mineral phases typically include belite (C2S) and a small amount of alite 
(C3S) (for some BOF slag), brownmillerite (C2(A,F)), magnetite, RO 
phase (FeO-MgO-MnO solid solution, in wuestite structure), and free 
lime (CaO) [2,4,5]. The world crude steel production in 2022 is nearly 
1.9 billion tons, and 71.5 % comes from the basic oxygen furnace 
steelmaking process [6]. Although calcium silicates (mainly C2S) and 
C2(A,F) in BOF slag provide potential cementitious ability, their hy-
dration reactivity is relatively low, which impedes BOF slag utilization 
as a binder material [2,7]. For utilization as aggregate, due to the 
presence of free lime (f-CaO), volume instability can be a fatal problem 
[8–12]. The delayed hydration of f-CaO after cement hardening may 
cause mortar or concrete cracks or directly destroy the material [1,13]. 

It needs to be noted that even though free MgO could be a potential 
hazard for volume soundness, due to the high basicity in molten BOF 
slag and the close radii of Mg2+, Fe2+, and Mn2+ (0.78, 0.83, and 0.91 
Å), MgO primarily forms an RO solid solution with FeO and MnO in 
wuestite structure, free MgO (periclase) rarely forms [14], especially not 
in the BOF slag that we used in this investigation from Tata Steel, as 
characterized in detail before [15–17]. The presence of heavy metals 
(mainly vanadium and chromium) and their potential leaching also 
hinder the use of BOF slag [1,18]. Most are landfilled or utilized in 
low-end applications, leading to massive yearly accumulation. It may 
cause severe problems such as land waste and pollution of soil and 
water. 

Investigations have been conducted to improve or activate the hy-
dration reactivity of BOF slag. Hu et al. found a BOF slag-Metakaolin 
binder system (80 % MK and 20 % BOF slag) activated by sodium sili-
cate solution presented higher early and late age strength than MK and 
plain cement samples [19]. Wang and Yan accelerated the early-age 
hydration of BOF slag by increasing the fineness of particles and 
curing temperatures, as well as the alkalinity (by adding NaOH). 
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However, increasing the pH value of the solution had little effect on the 
later hydration of the slag, and raising the curing temperature even 
negatively influenced its later hydration [20]. Belhadj et al. indicated 
that CaCl2 can accelerate the hydration of BOF slag with doubled 
compressive strength compared to the pure BOF slag sample [21]. 
However, these results are not convincing enough to utilize BOF slag as a 
cementitious material at a large scale [19–26]. Kaja et al. made a 
high-strength BOF slag binder (75 MPa of compressive strength after 28 
days of hydration) with tri-potassium citrate (TPC) as the activator, 
indicating the great potential of utilizing BOF slag as a sustainable 
binder [2]. Likewise, some methods have been proposed to eliminate or 
mitigate the (potential) volume unsoundness when BOF slag is used as 
aggregate, such as natural aging, carbonation, and autoclaving [11,13, 
27,28]. Natural aging is easy to accomplish and does not require special 
equipment and processes. However, it is time-consuming, and the 
extended stacking of BOF slag may cause the leaching of heavy metals 
into the environment [13]. Carbonation and autoclaving show satisfying 
effects on ensuring the volume soundness of mortar or concrete incor-
porating BOF slag aggregates [11,27–29]. Besides, these two treatments 
are easy to process and consume little time. 

In this research, novel cement-free mortars composed entirely of BOF 
slag serving as both binder and aggregate were proposed and investi-
gated to achieve the maximum consumption of BOF slag and efficient 
use in the construction industry. The high specific density and hardness 
of such a building material can make it suitable for numerous particular 
constructions, such as road pavement, railway track beds, and coastal 
protection [22,30–32]. The mortar is based on the TPC-activated BOF 
slag binder [2] and carbonated and autoclaved BOF slag aggregate (CB 
and AB). For this purpose, the unreacted BOF slag was initially 
pre-treated with carbonation and autoclaving processes, respectively. 
Natural sand (NS) and untreated BOF slag (UB) were utilized as the 
reference. Carbonation and autoclaving effects on the BOF slag aggre-
gate were characterized, and the impacts on the integral properties of 
pure BOF slag-based mortars, such as compressive strength and leaching 
properties, were studied. Most importantly, in this paper, the interfacial 
transition zone (ITZ) properties of the TPC-activated BOF slag binder 
system were investigated for the first time, especially within pure BOF 
slag-based systems where aggregates were also BOF slag. This is vital 
since the ITZ between aggregate and binder matrix is typically consid-
ered a critical weak region where cracks initiate and propagate for 
cementitious composites like mortar or concrete [33–42]. Multiple 
techniques were used, such as XRD and quantitative Rietveld refine-
ment, thermalgravimetric (TG/DTG) analysis, titration based on the 
ethylene glycol method, nitrogen (N2) adsorption/desorption tests 
(NAT), and scanning electron microscopy (SEM). The leaching of heavy 
metals was measured through a one-stage leaching operation combined 
with inductively coupled plasma atomic emission spectroscopy 
(ICP-AES). The ITZ research was conducted mainly based on 
SEM-backscattered electron (BSE) image analysis (with the application 
of an in-house MATLAB code) and energy dispersive x-ray spectrometer 
(EDS) analysis. The aggregate/binder edge was identified first in BSE 
images shot around the aggregate/binder boundary. Then, successive 
strips along this edge (within the area of the binder) were delimitated. 
Finally, constituents (pores, hydration products, unreacted particles) of 
these strips were quantified based on grayscale thresholding. In sum-
mary, this research proposed and investigated a pure BOF slag-based 
mortar system based on TPC-activated BOF slag binder and carbon-
ated or autoclaved BOF slag aggregates for the first time. The effects of 
BOF slag aggregate carbonation and autoclaving on various significant 
properties, especially the ITZ properties, were studied. The study shows 
that the large-scale application and valorization of BOF slag (typically 
regarded as a solid waste) as building materials may be possible and 
reduce the reliance on traditional high-carbon-emitting building mate-
rials such as cement and crushed rock aggregate. 

2. Materials and methods 

2.1. Raw materials and activator 

The BOF slag used in this research was collected from the standard 
steel production of Tata Steel (Netherlands). For binder application, it 
was milled by a vibratory disc mill (RS 300 XL, Retsch) at 1 kg/15 min. 
Fig. 1 shows the particle size distribution of BOF slag powder after 
milling (D50 = 18 μm), measured by laser diffraction spectroscopy 
(Mastersizer 2000, Malvern). It is similar to the typical particle size 
distribution of traditional Portland cement, varying from less than 1 
μm–100 μm [43,44]. 

The quantitative chemical and mineralogical compositions of BOF 
slag were characterized by XRF (Axios, PANalytical) and XRD analysis 
(D8 Endeavor, Bruker) with the Co Kα as the radiation source to avoid 
fluorescence and Si as internal standard and quantified by Rietveld 
refinement (TOPAS, Bruker), as presented in Table 1. C2S, wuestite, 
brownmillerite, and magnetite are the main minerals. Tri-potassium 
citrate monohydrate (K3C6H5O7⋅H2O, GPR RECTAPUR®, purity >99 
%) used as the activator was purchased from VWR Chemicals. 

The natural sand (NS) used in the experiment was sieved from pre- 
bagged CEN standard sand (1350 g per bag), conforming to EN 196-1 
[45]. It is worth mentioning that aggregate size or size distribution 
obviously affects ITZ properties [35,39,46–48]. Thus, to eliminate the 
influence aggregate size on the final ITZ properties, NS and UB were 
sieved and the grains with particle size (1–2 mm) were utilized as ag-
gregates. The difference between aggregates and binder is significant 
sufficient to identify ITZ clearly. 

2.2. Carbonation and autoclaving of BOF slag aggregate 

Carbonation and autoclaving were conducted separately on parts of 
sieved-out 1–2 mm UB grains. Based on preliminary tests and existing 
studies, the carbonation process was conducted in a CO2 climate 
chamber (ICH260C, Memmert) with 20 % CO2 concentration, 80 % 
relative humidity, and 50 ◦C for 3 days [49–52]. Also, according to 
existing research and pre-tests, the autoclaving was conducted in a 400 
Liter Scholz saturated steam autoclave for 8 h, with the temperature and 
pressure peaking at 187 ◦C and 11 bar [12,27,53]. Four types of ag-
gregates (NS, UB, CB, and AB) were placed into the vacuum oven at 
40 ◦C for two days before usage for drying. The relatively low drying 
temperature was chosen to avoid damaging any potential reaction 
products after treatments. 

To characterize the effects of BOF slag aggregate carbonation and 

Fig. 1. Particle size distribution of milled BOF slag.  
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autoclaving treatments, the dried UB, CB, and AB 1–2 mm grains were 
observed using a vacuum SEM (Phenom ProX, Thermo Fisher Scientific). 
Part of the dried grains was put into the "SmartPrep" degassing system 
(TriStar II 3020, Micromeritics) and degassed by Helium for 4 h. Then 
the N2 adsorption/desorption tests of the three types of BOF slag ag-
gregates were conducted based on the surface area and pore distribution 
analyzer (TriStar II 3020, Micromeritics) at 77.3 K. Some dried grains 
were milled into powder by a planetary ball mill (Pulverisette 5, Fritsch) 
and then analyzed by the XRD (D8 Endeavor X-ray Diffractometer, 
Bruker) and TG (STA 449 F1 Jupiter, NETZSCH). Part of the powder was 
sieved below 100 μm and then placed in the ethylene glycol (60 ◦C bath 
for 30 min) and titrated by the N/10 HCl standard solution (with the 
brome-cresol green solution as the indicator) to quantify the free CaO 
precisely [54,55]. 

2.3. Specimens 

2.3.1. Mix design 
Four series of mortars were formulated with four types of aggregate 

at three TPC dosages, respectively. Based on the preliminary test results, 
all water/binder (BOF slag powder) mass ratios were set at 0.18 to 
achieve suitable workability and mechanical strength. Meanwhile, to 
minimize the overlapping of ITZ caused by the adjacent aggregate [48, 
56], thus showing a clear and distinct ITZ, the volume fractions of 
aggregate and binder within all mortars were set constant to 20 % and 
80 %, respectively. The detailed mix design is shown in Table 2. All 
mortars were tested and characterized after 28 days of hydration. 

2.3.2. Specimen preparation 
First, TPC was mixed with deionized water for each specimen. After 

that, the TPC solution was added to BOF slag powder, and the paste was 

mixed for 2 min at high speed in a mixer conforming to EN196-1 [57]. 
Then, the aggregates were added to the paste for another 2 min 
high-speed mixing. The fresh mortar was then cast into 40 mm × 40 mm 
× 160 mm prism molds and vibrated 30 times in the jolting apparatus, 
conforming to EN196-1 [57]. Thereafter, it was covered with plastic 
films to prevent evaporation and placed in the curing room (20 ◦C ±
1 ◦C and 95 % RH) for 1 day before demoulding [57]. Finally, the 
specimens were demoulded, sealed with plastic films, and cured until 
testing age. Each specimen had 4 replicates: 3 for compressive strength 
and subsequent leaching tests and 1 for ITZ analysis. At the end of the 
curing period, replicates for compressive strength tests were tested 
directly after the removal of films, according to EN 196-1 [57]. Residual 
fragments were crushed and sieved below 4 mm for the leaching test. 
Deionized water was mixed with the sieved fragments at a liquid-to-solid 
ratio of 10 l/kg following EN12457-1 [58]. The mixture was shaken in 
the shaker (ES SM-30, Edmund Buhler) for 24 h and centrifuged to 
separate the solid and leachate. The leachate was filtered by syringe 
filters and acidified, and finally, analyzed by an inductively coupled 
plasma atomic emission spectrometer (ICP-AES, SPECTROBLUE). 

The replicate for ITZ analysis was cut perpendicular to the casting 
direction in the central part by a diamond saw with a water-lubrication 
system. The cut portion was further cut into smaller cube pieces with a 
side length of around 10 mm, as shown in Fig. 2, to fit into 1-inch 
diameter rubber molds for SEM analysis. The cut cube piece was 
immersed in isopropanol for 2 days to stop hydration and then put in the 
vacuum drying oven at 40 ◦C for 24 h. Then, it was impregnated with 
low-viscosity epoxy resin (EpoxiCure™ 2, BUEHLER) and cured in a 
drying oven at 40 ◦C for 2 days. The hardening epoxy-impregnated 
sample was polished using the polish machine (Tegramin-30, Struers) 
in a specialized program with progressively finer polish disks (down to 1 
μm) and corresponding diamond suspensions [39,40,42,59]. 

The well-polished epoxy sample was sputter-coated (Q15OTS, 
Quorum Technologies) with a gold layer on the top surface and painted 
with silver conductive paint on the side face to improve conductivity. 
The vacuum SEM (Phenom ProX, Thermo Fisher Scientific), equipped 
with BSE and SE detectors and an EDS spectrometer, was utilized. The 
BSE images were greyscale images where pixels have 256 greyscale 
levels (from 0 black to 255 white) obtained at an acceleration voltage of 
15 kV and 1000 × magnification. Thirty frames of BSE images were 
taken randomly around different aggregate edges for each mortar. Each 
image consisted of 2048 × 2176 pixels that were 0.13 by 0.13 μm each. 
Thus, the pores below 0.13 μm could not be identified. Moreover, at 
most, two images were taken around one aggregate edge to guarantee 
unbiased sampling and statistical reliability [59]. The EDS map analysis 
was conducted around the representative aggregate boundary. EDS spot 
analysis was executed after ITZ thickness was determined for each 
sample [42]. 

2.4. Image process 

Image processing and analysis were conducted to determine and 
analyze the properties of ITZ within each mortar. The steps mainly 
include edge identification, strip delimitation, and constituent 
quantification. 

Table 1 
Mineralogical and chemical composition of BOF slag.  

Mineral 
compositions 

Content (wt 
%) 

Chemical 
compositions 

Content (wt 
%) 

C2S (α’ + β) 38.3 CaO 40.54 
Wuestite 21.9 Fe2O3 26.52 
Brownmillerite 18.0 SiO2 14.50 
Magnetite 8.6 MgO 7.56 
C3S 1.7 MnO 4.52 
Calcite 1.0 Al2O3 1.77 
Dolomite 0.9 TiO2 1.64 
Free Lime 0.7 V2O5 0.93 
Portlandite 0.5 P2O5 1.61 
Othersa 0.8 Cr2O3 0.30 
Amorphous 7.6 Na2O 0.11   

GOIb 1000 1.4  

a Some minor phases like Fe-perovskite and metallic iron are categorized as 
"others". 

b mass gain of ignition (GOI) after BOF slag is heated up to 1000 ◦C in air, 
which could be due to the oxidation of metallic oxides, such as divalent iron. 

Table 2 
Mix design of BOF slag-based mortars.  

Specimen Aggregate (20 vol% of mortar) Activator content (wt% to binder) 

NS1 Natural Sand 1 
NS3 3 
NS5 5 
UB1 Untreated BOF slag 1 
UB3 3 
UB5 5 
CB1 Carbonated BOF slag 1 
CB3 3 
CB5 5 
AB1 Autoclaved BOF slag 1 
AB3 3 
AB5 5  Fig. 2. Cubic mortar pieces for SEM analysis.  
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2.4.1. Edge identification 
There are limited studies about aggregate segmentation or edge 

identification, such as greyscale thresholding combined with 
morphology operations to machine learning methods like K-means 
clustering or convolutional neural networks [60–62]. It is still chal-
lenging to identify the aggregate edge automatically due to the typically 
close grey level of binder and aggregate in BSE images combined with 
the irregular outline of aggregate [59,63]. The situation is even more 
difficult for this research, where both the binder and aggregate are BOF 
slag. Thus, an artificial method was applied to define the edge of the 
aggregate. The aggregate boundary was identified and labeled with a 
multi-point line, as shown in Fig. 3a. After that, the aggregate was 
removed from the BSE image. The aggregate-removed binder is as 
shown in Fig. 3b. 

2.4.2. Strips delimitation 
After determining the aggregate edge, successive strips were 

delimited along the aggregate boundary based on the "concentric 
expansion" method to quantitatively characterize the ITZ properties at 
specific distances from the aggregate edge [59]. Twelve successive 5 μm 
strips were delimited within one BSE image in total, as presented in 
Fig. 3c, and the operations were repeated for all 30 BSE pictures of each 
mortar specimen. Then, successive strips were clipped from the BSE 
image separately, as seen in Fig. 3d, and put in the folder where the 
aggregate-removed binder BSE image is located for further quantifica-
tion analysis. 

2.4.3. Constituent quantification 
The phases with higher average atomic numbers within BSE images 

have higher grey values (i.e., lighter in the image) [34,64–66]. Thus, the 
binder could be segmented into three constituents: pores, hydration 
products, and unreacted particles in order of grayscale from small to 
large (aggregate removed). Due to the size restriction of a single pixel, 
the ’’pores’’ here refer to voids above 0.13 μm filled by epoxy resin, 
including capillary pores and micro-cracks [42,67]. Wong et al. pro-
posed the classic ’’overflow’’ criteria to determine the upper threshold 
grayscale of pores [67]. Edwin et al. improved it [68]. However, the 
’’overflow’’ criteria (or improved version) requires a separate calcula-
tion of the inflection point and can only segment the pores. Hence, in 
this research, the grayscale thresholding and segmentation were based 
on the ’’OTSU" (named after Nobuyuki Otsu) algorithm [69], maxi-
mizing the between-class variance to threshold grayscale levels. The 
updated and extended ’’OTSU’’ algorithm was applied for faster 
computation and multilevel thresholding: pores, hydration products, 
and unreacted particles [70]. 

3. Results and discussion 

3.1. Effects of carbonation and autoclaving on BOF slag aggregate 

Table 3 gives the quantitative XRD analysis results of untreated, 
carbonated, and autoclaved BOF slag aggregates (UB, CB, and AB) by 
XRD spectra analysis and Rietveld refinement. The main components of 
the three types of BOF slag aggregate are the same: C2S, brownmillerite, 
wuestite, and magnetite. Both treatments promote the formation of 
CaCO3, especially carbonation. CaCO3 within CB and AB increases by 
264 % and 200 % compared to UB, respectively. The amorphous appears 
to be the principal reacting phase during the two treatments, with a 47 % 
and 49 % reduction for CB and AB compared to UB, respectively. 
Notably, due to the slow cooling rate and chemical composition, BOF 
slag is typically highly crystalline after solidification [16,71]. The 
presence of the amorphous phase is primarily attributed to the milling 
process applied to the raw materials. As indicated by the large-area 
phase mapping analysis based on PhAse Recognition and Characteriza-
tion (PARC) software and XRD Rietveld refinement in Ref. [2], the main 
decreasing phase after milling is C2S. It could be inferred that some 
crystalline C2S becomes amorphous during milling here. It is likely more 
reactive during carbonation and autoclaving treatments. Therefore, the 
increase in calcium carbonates should be primarily due to the carbon-
ation of amorphous C2S. The reduction in free lime content seems to be 
limited. Considering the limitations of Rietveld refinement in accurately 
determining the minor phase, the ethylene glycol method was con-
ducted [54,55], and the values are presented in Table 3. It is clear that 
after both carbonation and autoclaving treatments, the free lime was 
reduced significantly. The content of portlandite also decreases slightly 
due to the treatments. 

TG and DTG experiments were also conducted from 40 ◦C to 1000 ◦C 
at the heating rate of 20 ◦C/min, as shown in Fig. 4. The weight of UB, 
CB, and AB aggregate decreases only 1.2 wt%, 1.7 wt%, and 1.5 wt%, 

Fig. 3. The schematic diagram for the processing of a typical BSE image.  

Table 3 
Mineralogical composition of BOF slag aggregates.  

Phases UB CB AB 

Wuestite 21.6 22.1 22.3 
Magnetite 8.9 9.4 9.4 
Brownmillerite 18.6 18.9 18.9 
C2S (α’ + β) 37.2 37.0 37.4 
C3S 3.2 3.0 3.5 
Free Lime 0.9 [0.7] 1.0 [0.2] 0.9 [0.1] 
Portlandite 0.6 (0.8) 0.4 (0.5) 0.3 (0.6) 
CaCO3 1.1 (0.8) 4.0 (2.5) 3.3 (1.6) 
Amorphous 7.9 4.2 4.0 

[] The content of free CaO calculated by the total CaO (calculated by the 
ethylene glycol method) subtracted the portlandite content (from TG/DTG 
analysis); () amount of portlandite and calcium carbonates determined by TGA 
(tangential method). 
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respectively, after the whole process. Treatments slightly increase 
overall weight loss. The weight loss between 400 ◦C and 415 ◦C can be 
attributed to portlandite dehydration, and treated aggregates show 
slight portlandite depletion after carbonation and autoclaving. The 
portlandite content could be determined as 0.8 wt%, 0.5 wt%, and 0.6 
wt% for UB, CB, and AB, respectively, according to the weight loss. The 
weight loss ranging from 680 ◦C to 710◦ is attributed to the carbonate 
decomposition, indicating that both carbonation and autoclaving 
treatments increase carbonate formation. The carbonate content is 2.5 
wt% and 1.6 wt% within CB and AB, respectively, compared with only 
0.8 wt% for UB. Mass loss observed during temperatures ranging from 
40 ◦C to around 150 ◦C is relatively low (about 0.2 wt%) and can be 
assigned to the residual physically or chemically bound water. TG and 
DTG analysis confirm the increase of carbonates and the minor drop of 
portlandite due to carbonation and autoclaving, exhibiting the same 
trend as the QXRD results. 

Fig. 5 presents the N2 adsorption/desorption isotherms of the three 
kinds of BOF slag aggregates: UB, CB, and AB. According to the IUPAC 
classification, all isotherms are the ’’II’’ type of isotherm and have the 
H3 hysteresis [72]. Thus, the Brunauer-Emmett-Teller (BET) method 
and Barrett-Joyner-Halenda (BJH) method (based on the adsorption 
branch) were utilized to characterize the specific surface area (SBET) and 
pore properties, respectively [73,74]. When the size of pores increases 
from 100 nm to above, the accuracy cannot be guaranteed, as a tiny 
difference in relative pressure is needed in this situation to differentiate 
the pore size [75,76]. For example, P/P0 increases by 0.005 as pore size 

rises from 100 to 200 nm [75]. Therefore, 1.7–120 nm data were utilized 
in the research, according to Ref. [77]. Table 4 shows the SBET and pore 
characteristics of three types of BOF slag aggregates. The SBET of CB and 
AB is lower compared with that of UB but very similar to each other. The 
cumulative pore volume of CB and AB is lower by 52 % and 32 %, 
compared to UB, respectively. The average pore width of CB is also 37 % 
smaller than that of UB. In contrast, the average pore width of AB is just 
slightly lower than that of UB. 

Fig. 6 presents the differential pore width distribution curves (up to 
120 nm) of the three BOF slag aggregates. As shown in Fig. 6, CB and AB 
have much lower pore distribution for any pore width range above 10 
nm than UB, and CB presents obviously lower values than AB. Based on 
the above N2 adsorption/desorption analysis, it can be inferred that the 
pores of BOF slag aggregate are filled and refined after carbonation and 
autoclaving, which leads to the drop of SBET simultaneously. Combining 
the QXRD and TG analysis, the main filling phase of pores is most likely 
to be calcium carbonate. 

Fig. 7 shows the typical SEM-SE images (at 10000 × magnification) 
of the surface of three BOF slag aggregates (UB, CB, and AB), exhibiting 
the evident surface morphology alteration caused by carbonation and 
autoclaving. After carbonation or autoclaving, both CB and AB present 
an uneven products-enriched out-layer in Fig. 7b and c. Table 5 presents 
the chemical compositions of reaction products on the surface of CB and 
AB aggregates (labeled in Fig. 7) acquired by EDS spot analysis. It can be 
inferred from Table 5 that calcium carbonates are the main reaction 
products, either after carbonation or autoclaving, which is consistent 
with the QXRD and TG/DTG analysis. Based on the morphology of the 
treatment products in Fig. 7, the polymorphs of calcium carbonates 
within CB and AB could be mainly needle-like or columnar aragonite 
(with a little bit of spherical vaterite), and rhombohedral or scaleno-
hedral calcite, respectively, as similar morphologies reported in Refs. 
[78–80]. 

Overall, carbonation and autoclaving of BOF slag aggregate reduce 
the free CaO, promote the formation of calcium carbonates, and 
decrease the amorphous phase that is most likely formed by unstable C2S 
during milling. Meanwhile, aggregate pores are filled and refined most 
likely by calcium carbonate formation with an apparent decline of 

Fig. 4. TG/DTG analysis of three types of BOF slag aggregate.  

Fig. 5. N2 adsorption/desorption isotherm of UB, CB, and AB.  

Table 4 
Surface and pore characteristics obtained from N2 adsorption tests.  

Aggregate SBET (m2/ 
g) 

Cumulative pore volume 
(cm3/g) 

Average pore width 
(nm) 

UB 0.59 0.0031 24.2 
CB 0.41 0.0015 15.3 
AB 0.40 0.0021 22.5  
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specific surface area. Besides, CB and AB show significantly different 
surface morphology compared to UB, presenting a loose out-layer 
enriched with calcium carbonates. These changes dramatically influ-
ence the marco-mechanical strength and ITZ properties, as elaborated in 
the following sections. 

3.2. Compressive strength of BOF slag mortars 

Fig. 8 illustrates the compressive strength of all mortars after 28 days 
of curing. The compressive strength of UB, CB, and AB specimens are 
31.6 %, 50.0 %, and 77.6 % (on average of values at varying TPC dos-
ages), higher than NS references, respectively. All pure BOF slag-based 
mortars exhibit higher compressive strength than NS reference speci-
mens. This is to be expected, as in pure BOF slag-based mortars, since 
both the binder and the aggregate are BOF slag that can be activated by 
TPC, the BOF slag aggregate (boundary) may also react to a certain 
extent, contributing to a stronger binding of binder/aggregate. It is also 
possible that not only can high-stiffness BOF slag aggregate help 
distribute stress more evenly, but the close stiffness of the BOF slag 
aggregate and binder also makes the pure BOF slag-based mortar more 
homogeneous overall [81]. Furthermore, mortars with treated BOF slag 
aggregates, especially AB, present more satisfying results than the UB 
reference. This result indicates that the interface BOF slag binder/BOF 
slag aggregate gets reinforced further after BOF slag aggregate treat-
ments (especially autoclaving). It could be verified by the character-
ization results of BOF slag aggregate treatments: carbonation and 
autoclaving modify the relatively blank surface into a product-rich 
surface, thus generating a more robust aggregate/binder interlocking. 
Additionally, the compressive strength of all specimens increases with 
TPC dosages, which differs from the results of TPC-activated pure BOF 
slag-based pastes, where pastes activated by the lower dosage of TPC 
perform better [2]. The difference in compressive strength performance 
at varying TPC dosages between pure paste and mortar may be attrib-
uted to the enhancement of the ITZ microstructure within the mortar at 
higher TPC dosage, which offsets or even compensates for the disad-
vantages of higher TPC dosage, such as higher cracking rates or lower 
C2S hydration degree [2]. 

3.3. Leaching properties of BOF slag mortars 

Heavy metal ions such as vanadium (V) and chromium (Cr) are 
typically embedded in the hydraulically active phases (C2S and 
brownmillerite) in BOF slag [16,82,83]. They may be released during 
the hydration process of BOF slag and the actual service of BOF 

slag-based building materials, a potential risk to the environment [2,84, 
85]. Meanwhile, the effect of the introduced BOF slag aggregates on the 
leaching behavior should be clarified. For this reason, leaching values 
for all mortars were determined after 28 days of hydration through the 
one-stage leaching test, as shown in Table 6 [58]. Legal limits from the 
Dutch Soil Quality Decree (DSQD) are also given [86]. 

The leaching of V and Cr from all samples is below the legal limit, 
according to the Dutch Soil Quality Decree (DSQD) [86]. Hence, the risk 

Fig. 6. Differential pore width distribution curves of UB, CB, and AB.  

Fig. 7. SEM-SE images of BOF slag aggregates surface.  

Table 5 
Chemical compositions (at.%) of reaction products on CB and AB aggregates.  

Position Ca Si O Fe 

1 22.5 2.7 72.9 1.8 
2 20.1 2.0 76.2 1.8 
3 23.0 1.6 74.1 1.3 
4 22.6 1.1 75.0 1.2  
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of leaching is limited for TPC-activated BOF slag mortars, regardless of 
the aggregate types incorporated. Specifically, comparing the leaching 
values of UB and NS references, it can be concluded that usage of BOF 
slag aggregate does not increase the leaching values. Regarding the 

treatment influences, BOF slag aggregate carbonation increases the V 
leaching values of BOF slag mortars. Since V is mainly incorporated into 
C2S, it can be inferred that after carbonation, the C2S within BOF slag 
aggregate dissolves obviously and increases the V leaching [85]. 

The effects of TPC concentrations are apparent. Higher TPC dosages 
facilitate the leaching of V and Cr within all mortars, although the effect 
is limited for Cr and much more pronounced for V. The citrate ions act as 
ligands (complexing agents) for V and Cr, forming soluble V-citrate or 
Cr-citrate complexes [15,87]. This phenomenon could reduce the pos-
sibility of V and Cr immobilizing within stable hydration products at 
higher TPC concentrations, such as siliceous hydrogarnet and C-S-H gel 
[88,89]. 

3.4. ITZ properties 

ITZ originates from the "wall" effect, the physical packing of unhy-
drated binder particles around aggregate grains that are several orders 
of magnitude larger in size [37]. As shown in Fig. 9, the much larger 
solid aggregate works like a "wall" and cuts through randomly distrib-
uted binder grains if it is put into the cluster of binder particles, which 
will not actually happen when aggregate is mixed with binder particles. 
Thus, the random distribution of binder grains in different sizes is dis-
rupted by the aggregate. Binder grains rearrange, and a zone lacking 
large particles and dominated by small particles near the aggregate 
boundary generates [36,37,41,42,63]. As discussed in the introduction, 
ITZ is generally a critical weak region where cracks initiate and propa-
gate. Hence, the ITZ of pure BOF slag-based mortars was characterized 
and then analyzed in detail to investigate the effects of carbonation and 
autoclaving of BOF slag aggregate. 

3.4.1. ITZ determination 
In this research, the BOF slag aggregate size is 1–2 mm, while 90 % of 

BOF slag binder grains are below 27 μm (as shown in Fig. 1), which is the 
origin of the ITZ within pure BOF slag-based mortars. The ITZ in actual 
pure BOF slag-based mortars is shown in Fig. 10: only small BOF slag 
binder grains are present in the area close to the edge of the BOF slag 
aggregate, and large BOF slag binder particles are only found farther 
away. 

The ITZ range was determined by quantitative calculation based on 
the method described in Section 2.4 and the internal MATLAB batch 
process code. Mean volume fractions of three constituents: pores, hy-
dration products (HP), and unreacted particles (UP), were calculated 
based on clipped strips from BSE images. These values are anchored at 
the farther edge of each strip from the aggregate, as shown in Fig. 11. For 
most mortars, noticeable constituent content gradients between the vi-
cinity of the aggregate edge and further away areas can be observed at 
each TPC dosage. Even though the effects of BOF slag aggregate 

Fig. 8. Compressive strength of mortars after 28 days of hydration.  

Table 6 
Leachinga of TPC-activated BOF slag mortars and legal values from the DSQD.  

Sample Cr V 

mg/Kg mg/Kg 

Unshaped material (DSQD) 0.63 1.80 
NS1 0.06 0.04 
NS3 0.06 0.12 
NS5 0.09 0.23 
UB1 0.04 0.07 
UB3 0.06 0.10 
UB5 0.07 0.18 
AB1 0.02 0.06 
AB3 0.04 0.08 
AB5 0.08 0.17 
CB1 0.04 0.12 
CB3 0.07 0.23 
CB5 0.09 0.37  

a Elements under detection threshold: As, Cd, Co, Cu, Ni, Pb, Sb, Se, Zn, Ba, 
Mo. 

Fig. 9. A schematic diagram of the "wall" effect and the origin of ITZ.  
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treatments are not evident at all TPC dosages, it could be easily observed 
that at 5 wt% of TPC, CB and AB mortars display a more refined 
microstructure (less unreacted particles, lower porosity, and more hy-
dration products) than the UB and NS references in the general binder 
region (including both ITZ and matrix). The effects of TPC dosages are 
not easily discernible, although the microstructures of the general 
binder region around the binder/aggregate interface seem to improve at 
higher TPC dosages. 

Fig. 11 gives the mean volume fractions of three constituents (pores, 
hydration products, and unreacted particles) from 30 BSE graphs (con-
sisting of 12 clipped strips each) for each sample. To verify the statistical 
significance of these data, the coefficients of variation (COV, a ratio of 
the standard deviation to the mean, and multiplied by 100) of constit-
uent compositions from 30 BSE graphs of each sample were calculated 
[42,90]. COV values for all samples are illustrated in Fig. 12 as a func-
tion of distance from the aggregate edge. It is easily observed that COVs 
of porosity show dramatically high values, up to 175 %, and fluctuate 
significantly, indicating statistical variation of porosities within BSE 
images taken in different locations within the same sample. The high 
variation could be attributed to the complex components categorized 
and calculated as ’’pores’’: capillary pores, microcracks, and trapped air 
voids. This complexity results in evident variation and unpredictability 
of calculated porosity from different locations (BSE images) in a mortar. 
Besides, the relatively low w/b ratio and percentage of pores also 
exacerbate the situation. Such variation is intrinsic to cementitious 
binding materials and inevitable [90]. In comparison, COVs for hydra-
tion products and unreacted particles only vary from around 3 %–37 % 
within all samples, which exhibits low variability of volume fractions for 
unreacted particles and hydration products calculated from different 
regions. Due to this, the mean volume fractions of unreacted particles 
and hydration products can describe the interface features at a certain 
distance from the aggregate boundary with statistical significance. Also, 
the gradients of unreacted particles and hydration products fit well with 
the origin of ITZ, the "wall" effect. Hence, it is reasonable to utilize the 
gradient of mean volume fractions of unreacted particles and hydration 
products to determine the ITZ boundary. 

A quantitative difference analysis was conducted to more intuitively 

and clearly identify the changes of constituent volume fractions along 
outward successive strips from the aggregate surface [42]. The differ-
ence values for both unreacted particles (DUP) and hydration products 
(DHP) are expressed below: 

DUP =
|UPi − UP1|

UP1
× 100% (1)  

DHP =

⃒
⃒HPj − HP1

⃒
⃒

HP1
× 100% (2) 

Here, UP1 refers to the volume percent of unreacted particles in the 
strip closest to the aggregate surface, and UPi denotes the volume frac-
tion of unreacted particles within the ith strip; HP1 means the volume 
fraction of hydration products in the strip nearest to the aggregate sur-
face, and HPj is the volume fraction of hydration products within the jth 
strip. 

Difference curves for all specimens are presented in Fig. 13. For the 
NS1 mortar, the DUP has a steep rise from 0 % to 52 %, and the DHP has a 
gentle ascent from 0 % to 12 % as the distance increases to 40 μm. Then, 
they remain relatively steady in the region beyond 40 μm. This phe-
nomenon illustrates a noticeable difference in the binder microstructure 
between the periphery of the aggregate surface and the farther areas. 
The region around the aggregate with a high gradient of microstructural 
constituents could be defined as the ITZ, and the more outlying areas 
(with relatively stable microstructural constituents) could be considered 
as the matrix [35–37,39,42]. A different pattern is observed for the NS3 
mortar, as shown in Fig. 13b. The DUP increases to 35 % at 15 μm and 
then reduces to 22 % at 20 μm. Then, it rises to 47 % at 35 μm and starts 
fluctuating around the value. The DHP exhibits a slight upward trend 
from the closest to the farthest strip in general. The ITZ boundary is 
determined at 35 μm here. NS5 shows a similar trend as NS1. Its ITZ 
boundary is defined as 45 μm. 

According to Fig. 13d, for the UB1, the DUP grows from 0 % to 51 % 
between 5 μm and 35 μm. Then, it stays relatively stable with a slight 
upward trend from 35 μm to the farthest measured zone. The DHP profile 
demonstrates a similar trend. The boundary between ITZ and matrix is 
determined at 35 μm here. For the UB3 specimen, according to Fig. 13e, 
the DUP and DHP increase from 0 % to 25 % and from 0 % to 7 %, 
respectively, with distances from 5 μm to 15 μm and then they fluctuate 
around these two values with increasing distance from the grain. The 
boundary is defined at 15 μm. For UB5, the DUP increases significantly 
from 0 to 29 % between 0 and 25 μm, then shows a gentle increase. DHP 
presents a similar trend, peaking around 12 % at 15 μm, then slightly 
rising. The ITZ border is determined at 25 μm. In the same way, the ITZ 
width for CB1, CB3, CB5, AB1, AB3, and AB5 are defined as 40 μm, 30 
μm, 25 μm, 30 μm, 15 μm, and 20 μm respectively. NS mortars have ITZ 
thicknesses ranging from 35 to 45 μm. In comparison, pure BOF slag- 
based mortars generally show thinner ITZ, especially AB specimens 
with a much lower ITZ thickness ranging from 15 to 30 μm. It needs to be 
noted that, according to Fig. 13, the boundary between ITZ and binder 
matrix within some mortars is relatively vague and depends on the 
constituent focused on (unreacted particles or hydration products). The 
boundary between ITZ and matrix is not a clear edge but a gradual 
transition, similar to Portland cement and alkaline-activated binder 
systems [37,42]. 

Another critical feature that occurs within the ITZ region is micro-
cracking. The more porous or weaker microstructures facilitate or even 
promote the initiation and propagation of microcracks, thus providing a 
fast channel for the penetration of water and destructive ions [41,91, 
92]. Representative BSE images (at 1000 × magnification) of the 
aggregate interfacial regions within all mortars are presented in Fig. 14, 
demonstrating microcracks around the aggregate boundary. The 
microcracks could be easily identified as bond or matrix cracks [42,93]. 
Bond cracks mean cracks that appear along the edge of the aggregate, as 
shown in Fig. 14a, and matrix cracks refer to the microcracks existing 
within the binder matrix, as shown in Fig. 14c. As can be seen from 

Fig. 10. Distribution of BOF slag binder particles within the periphery of BOF 
slag aggregate surface. 
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Fig. 14a–c, NS1 only shows bond cracks, while matrix cracks also initiate 
and develop in NS3 and NS5. In comparison, only matrix cracks are 
present within pure BOF slag-based mortars at all TPC dosages, which 
indicates a more robust aggregate/binder interface. Similar to the 
analysis of compressive strength, the possible edge hydration of BOF 
slag aggregate may partially contribute to the enhanced aggregate/-
binder interface (i.e., without bond cracks). More frequent and broader 
matrix cracks develop within mortars at high TPC contents, regardless of 
the aggregate types. Such a phenomenon is possibly due to the incor-
poration of K (from activator, TPC). As K is highly soluble, it is most 
likely embedded in the gels, which may cause the incompatibility be-
tween K-rich and K-depleted gels, causing internal stresses and strains in 
the matrix, thus leading to more matrix cracks in the K-enriched area [2, 
94,95]. 

Overall, by quantitative constituent analysis of 30 BSE images for 
each mortar sample, it can be concluded that pure BOF slag-based 
mortars, especially specimens with AB aggregate, present a narrower 

ITZ than NS references. Moreover, no bond cracks appear within pure 
BOF slag-based mortars at any TPC dosages, indicating a more robust 
aggregate/binder interface. These could be the reason for the better 
compressive strength of pure BOF slag mortars, especially AB specimens 
with autoclaved BOF slag aggregate. 

3.4.2. Comparative analysis of ITZ/matrix 
The deficit of large binder grains within the ITZ also means a rela-

tively lower binder content compared with the binder matrix. This 
characteristic initially induces a higher local water/binder ratio and a 
higher local activator/binder ratio, which causes the difference in 
properties between ITZ and the binder matrix during hydration. Ac-
cording to the determined ITZ widths (as shown in Fig. 13) and an in- 
house MATLAB batch process code (based on the extended ’’OTSU’’ 
algorithm described in Section 2.4.3), the content of unreacted particles, 
hydration products, and pores was calculated within ITZ and matrix, 
respectively, to analyze the influence of BOF slag aggregate carbonation 

Fig. 11. Constituent compositions of the binder around the aggregate edge.  
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and autoclaving. 
Fig. 15 shows unreacted particle contents within the ITZ and the bulk 

matrix for all samples. It is clear that even after 28 days of hydration, 
there are fewer unreacted particles in the ITZ region than in the binder 
matrix for all specimens. Volume fractions of unreacted particles within 
UB references are higher than those in NS references, both in the ITZ and 
matrix regions. The difference (average at three TPC dosages) is 11 % 
and 12 % in the ITZ and the matrix, respectively. This situation could be 

due to the higher water/binder and activator/binder ratios in the gen-
eral binder region of NS references, which induce faster consumption of 
unreacted particles. Because in the NS references, the aggregate itself 
does not react. CB and AB mortars have obviously lower contents of 
unreacted particles in general, both in the ITZ and matrix areas, 
compared with those in the UB references. For example, AB specimens 
have 26 and 32 vol% (on average of different TPC dosages) unreacted 
particles in the ITZ and matrix, respectively. In contrast, UB references 

Fig. 12. Coefficients of variation of constituent compositions against distance from the aggregate edge.  
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have 36 and 42 vol% (average at different TPC dosages) of unreacted 
particles in the ITZ and matrix, respectively. Carbonation and auto-
claving of BOF slag aggregate appear to benefit the hydration of 
unreacted particles in the integral binder region. One possible expla-
nation is that, for CB and AB, the reactive mineral phases on the surface 
of the aggregate have already reacted, or at least partially. Therefore, 
the carbonated or autoclaved BOF slag aggregate, CB and AB, do not 
consume as much activator and water as UB. Thus, in the whole binder 
area, the unreacted particles are consumed more fully, similar to the 
situation of NS references. However, CB and AB aggregate (boundary) 
may still react to a certain extent when in contact with water and the 
activator. Thus, they still have more unreacted particles in the general 
binder region than NS references. For example, CB specimens have 12 % 
and 17 % more unreacted particles in the ITZ and matrix, respectively, 
compared with those of NS references. The treatments have no apparent 
effects on the ITZ/matrix difference. Also, no clear trends could be 
observed within each specimen at varying TPC dosages. 

Fig. 16 presents the hydration product volume fractions within ITZ 
and binder matrix from all specimens at different TPC dosages. It is clear 
that after 28 days, hydration products are more abundant within the ITZ 
than in the matrix for all specimens. UB mortars have 11 vol% (average 
of different TPC dosages) fewer hydration products than NS references 
in both the ITZ and the matrix, respectively, which is consistent with the 
unreacted particles trend and could again be attributed to the higher 
water/binder and activator/binder ratios in binder region within NS 
reference specimens. At the same time, the contents of hydration 
products within CB and AB samples, either in ITZ or the bulk matrix, are 

higher than those in UB references. For example, AB specimens have 69 
and 65 vol% (average of different TPC dosages) of hydration products in 
the ITZ and matrix, respectively. In comparison, UB references have only 
59 and 56 vol% (average of different TPC dosages) of hydration products 
in the ITZ and matrix, respectively. Therefore, aggregate carbonation 
and autoclaving treatments facilitate the formation of hydration prod-
ucts within the general binder area, which should also be part of the 
reason for the better compressive strength of CB and AB mortars than UB 
references. This facilitation effect can also be attributed to the same 
reason as the promoted consumption of unreacted particles. The treated 
reaction product-rich aggregate surface may also offer more nucleation 
sites, thus being beneficial for the generation of hydration products 
within the whole binder region and also a stronger biner/aggregate 
bonding. BOF slag aggregate carbonation or autoclaving treatment 
demonstrated no statistically significant effect on the volume fraction 
difference of hydration products within the ITZ/matrix, resembling the 
situation for unreacted particles. Similarly, the impact of TPC dosages on 
this difference is also not noticeable. 

The EDS spot analysis was conducted in the ITZ and the matrix to 
gain a deeper understanding of the compositional difference of hydra-
tion products within these two areas. However, it is hard to conclude 
some significant trends except the EDS results of K (mainly from the 
activator). Thus, only the EDS results of K are presented and analyzed. 
As can be seen from Fig. 17, there is no clear trend of distinction for K 
distribution between the ITZ and the matrix. Considering the treatment 
influences, AB samples have the highest K atomic percentage within all 
specimens at each TPC dosage. For example, the K atomic percentage is 

Fig. 13. Difference of unreacted particles and hydration products between the first strip and outward successive strips.  
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10 at.% in the general binder region (average of the ITZ and the matrix) 
of AB5, which is 71 % and 49 % higher compared with that of CB5 and 
UB5, respectively. As analyzed above, K is highly soluble and most likely 
embedded in gel products. The higher atomic percentage of K in AB 
samples may indicate more gel products, which may also benefit their 
strength performance. Within each kind of sample, the atomic per-
centage of K increases with the growth of TPC concentration either in 
ITZ or matrix, which is as expected. 

Porosity is another crucial microstructural characteristic that affects 
the ITZ properties. However, as presented in Fig. 12, the variation of 
porosity data from different locations within one sample is very high. 
Thus, inferring reliable and valuable conclusions from the porosity data 
within the ITZ/matrix is difficult since the data has a high deviation (see 
Fig. 18). 

4. Conclusion 

In this research, pure BOF slag-based mortars were proposed and 
investigated with tri-potassium citrate-activated BOF slag as binder and 

carbonated and autoclaved BOF slag as fine aggregates. Mortars utilizing 
natural sand and untreated BOF slag as fine aggregate were set as the 
references. Effects of carbonation and autoclaving on BOF slag aggregate 
were characterized first. The influence of aggregate carbonation and 
autoclaving on the compressive strength and leaching properties of pure 
BOF slag-based mortars was investigated. Finally, the effects of these 
two treatments on the ITZ properties were analyzed in depth. Based on 
the above investigations, conclusions are drawn as follows:  

• Both carbonation and autoclaving treatments reduce the free CaO, 
promote the formation of CaCO3, and decrease the amorphous con-
tent. Pores of BOF slag aggregate are also filled and refined, most 
likely by calcium carbonates. Besides, the two treatments alter the 
surface morphology of BOF slag aggregate from relatively smooth to 
irregular products-enriched out-layer.  

• Pure BOF slag-based mortars exhibit higher compressive strength 
than the NS references, which reflects stronger bonding and inter-
locking between binder and aggregate that is possibly attributed to 
the BOF slag aggregate (periphery) hydration and the pressure 

Fig. 14. BSE images of interfaces near aggregate boundary within all samples.  
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distribution capacity due to its high stiffness. BOF slag aggregate 
treatments, especially autoclaving, enhance the compressive 
strength of pure BOF slag-based mortars, which may benefit from the 
surface morphology change and resulting stronger aggregate/binder 
interlocking.  

• Within heavy metal cations categorized by the Dutch Soil Quality 
Decree, only V and Cr could be detected in the leaching test, and the 
leaching risk is low for all mortars, regardless of aggregate type. The 
usage of BOF slag aggregate does not increase the leaching risk. 
Moreover, only carbonation increases the V leaching values of BOF 
slag mortars, which could be attributed to the reaction of (amor-
phous) C2S that incorporates the V. Besides, higher TPC dosages 
induce the higher leaching values of V and Cr within all mortars, 
which could be ascribed to the enhanced dissolution of hydraulically 
reactive phases and resulting in the formation of soluble V-citrate or 
Cr-citrate complexes, thus lowering their immobilization within 
hydration products.  

• Pure BOF slag-based mortars, especially AB specimens, present 
narrower ITZ than the NS references. Moreover, no bond cracks 
appear within pure BOF slag-based mortars at any TPC dosages. 
These indicate a more robust aggregate/binder interface within pure 
BOF slag-based mortars, especially AB samples, and could also be a 
(partial) reason for the better compressive strength. 

• CB and AB mortars contain fewer unreacted particles and more hy-
dration products in both ITZ and matrix regions than the UB refer-
ences, which could be attributed to the varying hydration degrees of 
the aggregate itself and the different consumption of the activator 
and water related to that. The treated product-rich aggregate surface 
with more nucleation sites may also benefit the hydration product 
generation. 

Looking forward, the long-term volume stability of TPC-activated 
BOF slag binder with different initial free CaO contents is a topic 
worthy of in-depth discussion. Besides, as described in Section 2.4.1, it is 
pretty challenging to determine the boundary of aggregate/binder 
automatically, especially in this research where both aggregate and 
binder are BOF slag. Hence, we applied the artificial method to 

Fig. 15. Unreacted particle contents in ITZ vs. matrix at varying TPC dosages.  

Fig. 16. Hydration product contents in ITZ vs. matrix at varying TPC dosages.  

Fig. 17. Comparison of K atomic concentration within ITZ and matrix.  

Fig. 18. Pore contents (porosities) in ITZ vs. matrix at varying TPC dosages.  
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determine the boundary between the binder and the aggregate. How-
ever, this method is very time-intensive. Research on more objective and 
automated methods is of great significance, especially in studies like this 
where the binder and aggregate are the same material and the aggregate 
has many different internal phases (and the aggregate may also react). 
Training an algorithm (whether based on grayscale differences or some 
physical geometric features) to accurately distinguish the binder and 
aggregate would be advantageous. 
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