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A B S T R A C T   

A proper and detailed understanding of the thermal stability of Fe-rich fayalite slag-based alkali-activated ma-
terials (AAMs) is important due to their potential use in refractory and fire-resistant applications. Here, fayalite 
slag (FS) was used as the main precursor for AAMs. The effects of incorporating ladle slag (LS) or blast furnace 
slag (BFS) and different temperature exposures up to 1000 ◦C were investigated through visual observation, 
compressive strength, ultrasonic pulse velocity (UPV), thermal conductivity, x-ray diffraction (XRD), thermog-
ravimetry and differential scanning calorimetry (TG/DSC), Fourier transform infrared spectroscopy (FTIR) and 
scanning electron microscope coupled with electron probe microanalyzer (SEM-EPMA). The experimental results 
indicated that the incorporation of LS or BFS as additional calcium and aluminum sources positively affected the 
high-temperature behavior of blended mortars, which exhibited a reduction in voids, cracks, and thermal 
shrinkage while having higher residual strength and thermal stability than solely FS-based AAMs. This was 
mainly due to the differences in mineralogical transformation and the phases formed. Interestingly, the joint 
effect of elevated temperature exposure and the addition of LS or BFS enhanced the formation of more stable 
crystalline phases and densified the structure of blended mortars at 1000 ◦C.   

1. Introduction 

Portland cement (PC)-based materials have limited thermal resis-
tance against high temperatures, as they start to decompose in the 
temperature range of 100 to 400 ◦C due to the loss of the main hydration 
product, resulting in cracks, spalling, and loss of strength [1]. Hence, 
there is increasing demand for alternative binders that can perform 
under higher temperatures to address this problem. 

One notable alternative binder that has been reported to exhibit good 
resistance to elevated temperatures is alkali-activated materials (AAMs) 
[2,3]. In contrast to PC-based composites, which contain calcium silicate 
hydrate as the main phase, the reaction products formed in AAMs are 
mostly aluminum-substituted calcium silicate hydrate (i.e., C-A-S-H) or 
sodium aluminum silicate hydrate (N-A-S-H), depending on whether 
high- or low-calcium raw materials are being used [2]. Based on this, 
AAMs are relatively stable until 800–1300 ◦C, making them good can-
didates for high-temperature applications [4–9]. 

The thermal treatment of some AAM formulations has resulted in the 

dehydration and dehydroxylation of their reaction products, accompa-
nied by cracks, particularly above 800 ◦C [10–13]. With a further in-
crease in temperature, the decomposition of the alkali activation 
reaction products intensifies, and the crystallization of new phases is 
favored, which may vary depending on the ratio of silicon to aluminum 
in the precursor and the alkali cation. The overall performance of AAMs 
at high temperatures depends on the type of precursor used, the alkaline 
solution, and the reaction product formed [14,15]. 

Several precursors have been investigated to produce thermal and 
fire-resistant AAMs, such as blast furnace slag (BFS), fly ash (FA), met-
akaolin, copper slag, mine tailings, and ladle slag (LS) [10,12,16–18]. 
BFS-based AAMs show high resistance during exposure to elevated 
temperatures, likely due to the absence of Ca(OH)2 in their gels but 
mainly dominated by alkali-rich C-A-S-H gels, resulting in lower thermal 
degradation mechanisms [16]. As reported in the literature, BFS-based 
AAMs can experience changes in residual properties after exposure to 
temperatures up to 1200 ◦C due to partial melting and structural 
changes of the calcium-bearing binder gel [16]. However, the residual 

* Corresponding author. 
E-mail address: adeolu.adediran@oulu.fi (A. Adediran).  

Contents lists available at ScienceDirect 

Cement and Concrete Research 
journal homepage: www.elsevier.com/locate/cemconres 

https://doi.org/10.1016/j.cemconres.2023.107098 
Received 21 August 2022; Received in revised form 12 January 2023; Accepted 13 January 2023   

mailto:adeolu.adediran@oulu.fi
www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2023.107098
https://doi.org/10.1016/j.cemconres.2023.107098
https://doi.org/10.1016/j.cemconres.2023.107098
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2023.107098&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Cement and Concrete Research 166 (2023) 107098

2

properties observed at this temperature are significantly better when 
compared to PC-based systems [16]. 

Fayalite slag (FS) is an iron (Fe)-rich industrial residue or byproduct 
generated from copper and nickel smelting operations [19–22]. The 
main chemical constituents of FS are Fe2O3, SiO2, and MgO, which are 
present in amorphous and crystalline forms. The amorphous component 
of FS is the most reactive phase and can be synthesized to produce AAMs 
when milled and mixed with an alkaline solution [23–25]. However, 
information regarding the thermal stability of alkali-activated FS is still 
very limited, and their responses to high temperatures are not fully 
understood. Marangoni et al. [26] investigated the thermal behavior of 
porous geopolymer ceramics synthesized from a mixture of Fe-rich FS 
and metallic aluminum and revealed that these materials may be suit-
able for high-temperature applications. Ascensao et al. [27] investigated 
the thermal performance of alkali-activated synthetic 
CaO–FeOx–Al2O3–SiO2-rich slag under different heating rates (1 ◦C/min 
and 10 ◦C/min) and temperatures and concluded that a lower heating 
rate was beneficial for its mechanical and thermal performance. Further, 
Ponomar et al. [28] recently studied the thermal stability of alkali- 
activated fayalite and wustite non-ferrous slags and concluded that 
both binders have superior high-temperature performance compared to 
PC-based materials. Meanwhile, FS is an Fe-rich silicate mineral with 
very low calcium and aluminum content [19], and BFS and LS, an active 
calcium (Ca) and aluminum (Al) source, can supplement calcium and 
aluminum when FS is blended with LS or BFS. It is postulated that 
mixing low-Ca and Fe-rich silicate materials (FS) with Ca- and Al-rich 
materials (BFS and LS) will result in complementary advantages and 
improvements in the performance of AAMs at high temperatures. 

Thus, the present study aimed to develop highly thermally stable 
alkali-activated FS-based materials by adding other refractory pre-
cursors, such as BFS and LS. To the best of the authors' knowledge, there 
is a lack of information on the physical, mechanical, microstructural, 
and thermal behavior of alkali-activated FS composites containing LS or 
BFS exposed to elevated temperatures. Accordingly, the effects of LS or 
BFS addition on the behavior of alkali-activated FS mortar composite 
exposed to high temperature were investigated. The macro and micro 
effects of elevated temperatures up to 1000 ◦C on the alkali-activated 
mortars were studied based on visual observation, residual compres-
sive strength, ultrasonic pulse velocity (UPV), x-ray diffraction (XRD), 
thermogravimetry and differential scanning calorimetry (TG/DSC), 
thermal conductivity, Fourier transform infrared spectroscopy (FTIR), 
and scanning electron microscopy coupled with an electron probe 
microanalyzer (SEM-EPMA). 

2. Experimental work 

2.1. Materials 

FS, BFS, and LS were used as precursors to prepare alkali-activated 
mortars. The FS was moist when supplied by Boliden Harjalvalta 
(Finland) and was dried in the oven at a temperature of 60 ◦C for 24 h 
prior to use. The BFS used for this study was supplied in a milled form by 
Finnsementti (Finland), and LS material was supplied by SSAB Oy 
(Finland). To enable the use of FS and LS as binder precursors, they were 
milled for 3 h and 2 h, respectively, in a tumbling ball mill (10 L, TPR-D- 
950-V-FU-EH, 85 rpm, Germatec, Germany) using 150 stainless steel 
balls of optimized sizes (45 balls of 40 mm Ø, 45 balls of 30 mm Ø, and 
60 balls of 25 mm Ø). The 10 L jar was loaded with 2 kg of FS or LS for 
each milling batch. The particle size distributions of FS, LS, and BFS 
were determined with a laser diffraction particle size analyzer (Beckman 
Coulter LS 13320, USA) using the Fraunhofer model. During the particle 
size measurement, isopropanol was used as a dispersion medium for BFS 
and LS to prevent reactions with water, while water was used as a 
dispersion medium for FS since it does not react with water. The particle 
size distributions of FS, LS, and BFS are presented in Fig. 1. 

The chemical composition of FS, LS, and BFS was determined by X- 

ray fluorescence spectroscopy (XRF, Axios mAX; Malvern PANalytical, 
UK) using a melt-fused tablet. The density of the materials was measured 
using a helium pycnometer (Micrometrics, USA), and the average of five 
consecutive density measurements was taken as the density value. The 
chemical composition, loss on ignition (LOI), and density of the mate-
rials are presented in Table 1. 

The mineral constituents of FS, BFS, and LS were determined by 
QXRD analysis using rutile as the internal standard, and the details are 
presented in Section 2.4. As shown in Fig. 2, BFS mainly consisted of 
amorphous phases, as reflected by the broad hump at around 30–40◦

(2θ). The quantification and identification of the crystalline phases and 
amorphous content were performed using the Rietveld refinement 
method [29]. The amorphous contents of FS and LS estimated using the 
Rietveld refinement method were 55.3 % and 11 %, respectively. The 
main crystalline phases of LS were mayenite [(C12A7) pdf. 04–015-5594] 
(30.9 %), calcio-olivine [(γ - C2S) pdf. 04–006-8894] (21.3 %), trical-
cium aluminate [(C3A) pdf. 04–007-4797] (12.9 %), calcium aluminum 
magnesium silicate [(Ca20Al26Mg3Si3O68) pdf. 04–009-3800] (14.4 %), 
periclase [(MgO) pdf. 04–002-2876] (8.2 %), and perovskite [(CaTiO3) 
pdf. 04–005-5587] (1.3 %). In FS, fayalite [(Fe2SiO4) pdf. 04–007-9022] 
(43.1 %) and magnetite [(Fe3O4) pdf. 04–008-8145] (1.6 %) were the 
main crystalline phases. 

2.2. Specimen preparation 

The alkali-activated mortars were prepared according to the 
following procedure. The alkali activator used for the synthesis was a 

Fig. 1. Particle size distributions of FS, BFS, and LS.  

Table 1 
Chemical composition (wt%), LOI, and density of FS, BFS, and LS.   

FS BFS LS 

SiO2  34.4 32.3  9.3 
Al2O3  2.4 9.58  29.6 
Fe2O3  52.5 1.23  1.8 
CaO  1.9 38.5  48.6 
MgO  6.8 10.2  6.6 
Na2O  0.5 0.5  0.2 
K2O  0.6 0.5  0.03 
TiO2  0.2 2.2  1.5 
P2O5  0.04 0.0  0.03 
MnO  0.08 0.0  0.9 
SO3  0.5 4.0  0.4 
LOI at 950 ◦C  − 0.2 0.5  1.3 
LOI at 525 ◦C – –  – 
Density (g/cm3)  3.8 2.9  3.0  
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mixture of 10 M sodium hydroxide (NaOH) and analytical grade sodium 
silicate solution (Na2O = 7.5–8.5 wt%, SiO2 = 25.5–28.5 wt%, Merck 
USA). The NaOH solution was prepared by mixing the required amount 
of NaOH pellets (>98 % purity; VWR Chemicals) in deionized water and 
allowing it to cool down. After cooling, the NaOH solution was mixed 
with sodium silicate solution and then stored in a sealed plastic bottle at 
room temperature for 24 h before use. The mass ratio of NaOH to sodium 
silicate solution was 1:1, and the final molar ratios of the activating 
solution were (SiO2/Na2O = 1.0) and (H2O/Na2O = 15.7). The details of 
the mix design are presented in Table 2. In the sample ID of Table 2, the 
reference sample is designated as AAFS, while the mixtures containing 
20 % replacement of FS with LS or BFS are designated as AAFS-LS and 
AAFS-BFS, respectively. The optimum amount of FS replacement with 
LS or BFS was fixed at 20 % based on the results of preliminary exper-
iments. Considering that one of our objectives was to avoid the use of 
conventional resources (e.g., PC and natural aggregates), secondary raw 
materials were used as the aggregate and binder for mortar preparation. 
The aggregate used for the mortar preparation was granular FS (named 
“FSA”), with a similar particle size distribution to that of standard sand, 
as suggested in [19], with an aggregate-to-binder ratio of 2:1. The 
mixing of all the mortar samples was performed through a mechanical 
process according to the EN 196–1 standard [30]. After mixing, the fresh 
mortar samples were cast into oiled 50 mm × 50 mm × 50 mm3, 100 
mm × 100 mm3, and 40 mm × 40 mm × 160 mm3 molds, compacted 
using a jolting machine (60 shocks, 1/s), sealed in a plastic bag, and 

cured at ambient temperature for 24 h. Afterwards, the mortar samples 
were demolded, sealed, and further cured in ambient conditions prior to 
testing and thermal exposure. 

2.3. Thermal treatment 

To investigate the effect of high temperature, mortar samples (28d 
age) were exposed to elevated temperatures of 200, 400, 600, 800, and 
1000 ◦C in an electric furnace (ENTECH, Sweden) at a constant heating 
rate of 10 ◦C/min, in accordance with RILEM recommendations [31]. 
Once the highest temperature had been achieved, it was maintained 
constant for 2 h to allow for thermal homogenization in the sample 
cross-section. The samples were allowed to cool down freely in the 
furnace to avoid thermal shock. The visual appearance (color change 
and macro cracks), residual compressive strength, UPV, and micro-
structural changes were determined after exposure to thermal loads and 
compared with unexposed samples. 

2.4. Test methods 

The compressive strength of the mortar samples before and after 
exposure to thermal loads was measured using Zwick testing equipment 
(Zwick Roell Group, Ulm, Germany) with a maximum load of 100 kN 
and a loading force of 2.4 kN/s [30]. The average of four replicate 
measurements was taken as the compressive strength value. The error 
bars in the strength measurement indicate the standard deviations be-
tween the measured values. The compressive strength was calculated 
using the following equation: 

σ = F/A  

where σ is the compressive strength in N/mm2, F is the load or force in N, 
and A is the cross-sectional area in mm2. 

Ultrasonic pulse velocity testing was done on the mortar samples 
before and after thermal exposure using a Matest C369N tester to 
ascertain the extent of damage. The UPV, denoted by V(m/s), was 

Fig. 2. XRD patterns of FS, LS, and BFS.  

Table 2 
Mix design. Sample ID abbreviation: FS refers to fayalite slag, BFS to blast 
furnace slag, LS to ladle slag, and FSA to fayalite slag aggregates.   

FS (g) BFS (g) LS (g) FSA (g) SHa (g) SSb (g) 

AAFS  100  0  0  200  22.5  22.5 
AAFS-BFS  80  20  0  200  22.5  22.5 
AAFS-LS  80  0  20  200  22.5  22.5  

a Sodium hydroxide solution. 
b Sodium silicate solution. 
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calculated using the distance (d) between the two transducers and the 
time taken (t) for the pulse to reach the receiver, as shown in equation: 

V = d/t 

The XRD of the precursors and the prepared alkali-activated mortar 
samples before and after thermal exposure were powdered, mixed with 
rutile (internal standard), and investigated using a Rigaku Smartlab 
diffractometer with Cu K-beta radiation, a step width of 0.02◦, a scan 
speed of 4.0628◦/min, and a 2θ range of 5–80◦, operating at 135 mA and 
40 kV. 

The thermogravimetry analysis was performed with a simultaneous 
TG/DSC measurement, using a NETZSCH STA 449F3 TG/DSC instru-
ment at a constant heating rate of 10 ◦C/min to determine the phase 
change due to thermal exposure. The samples were heated from room 
temperature to 1000 ◦C. 

The thermal conductivity of the specimens (3 × 100 mm cubes) was 
measured with an ISOMET 2114 device, which directly measures the 
thermal conductivity coefficient through surface probes. The results 
were obtained by evaluating the thermal response of the analyzed ma-
terial to the heat flux impulses. These flows were generated by the 
electrical energy dissipated through a probe in direct contact with the 
material. 

An FTIR spectroscopy analysis was performed on the powdered 
samples using a Bruker Vertex v80 spectrometer equipped with an N2- 
cooled MCT detector. DRIFT FTIR spectra in the range of 400–4000 
cm− 1 were collected with a resolution of 4 cm − 1 and an accumulation 
of 32 scans. 

SEM-EPMA analysis of the mortar samples before and after exposure 
to thermal loads was carried out using a field emission electron probe 
microanalyzer (JEOL JXA-8530FPlus, Japan). The mortar samples were 
carefully cut into small pieces, carbon coated, and polished using 
ethanol, and the analyses were performed using a secondary electron 
detector with 15 kV acceleration voltage and a working distance of 8.2 
mm. 

3. Results and discussion 

3.1. Visual observation of samples 

Visual observation of alkali-activated samples of AAFS, AAFS-BFS, 
and AAFS-LS was performed to monitor changes in color, cracks, and 
spalling behavior (Fig. 3). The physical appearance of all the mortar 
samples showed visible discoloration of the outer surface with 

increasing temperatures from 23 ◦C to 1000 ◦C. Compared to the un-
exposed samples (23 ◦C), no significant change in color was observed in 
any of the samples after exposure to 200 ◦C and 400 ◦C. However, there 
was a significant color change from dark gray to red starting at 600 ◦C, 
likely due to the loss of water, phase transformation, and oxidation of 
mineral constituents, possibly iron compounds [13]. The details of the 
phase transformations at elevated temperatures are discussed in Section 
3.5. AAFS showed visible microcracks with the appearance of pores from 
400 ◦C to 1000 ◦C, which were attributed to shrinkage resulting from 
water departure and decomposition of the binder gel at high tempera-
ture. Conversely, AAFS-BFS and AAFS-LS specimens showed higher 
resistance to thermal loads with no noticeable cracks or spalling, indi-
cating that incorporating LS or BFS could improve the thermal stability 
of blended mortars at high temperatures. The visual observation of all 
the samples was consistent with the findings of the SEM-EPMA and UPV 
investigations (discussed in Sections 3.3 and 3.8). 

3.2. Residual mechanical properties 

The effects of elevated temperatures on the mechanical performance 
of the mortar samples are presented in Fig. 4. Before thermal exposure, 
AAFS-LS displayed the highest compressive strength (48 MPa) followed 
by AAFS-BFS (40 MPa), while AAFS had the lowest strength (19 MPa). 
The initial high strength exhibited by AAFS-LS and AAFS-BFS was due to 
the incorporation of LS or BFS as co-binders. LS or BFS are highly 
reactive precursors, as demonstrated in many studies [2], and when 
used as a replacement in FS-based AAMs, it speeds up the reaction 
mechanisms and positively influences the compressive strength of 
blended mortars. The results obtained are in agreement with other 
studies showing an improvement in compressive strength when BFS was 
blended with Fe-rich copper slag and volcanic ash [32,33]. As shown in 
Fig. 4, the changes in the compressive strength of AAFS mortar with an 
increase in temperature differed significantly from the trend curve 
observed for AAFS-BFS and AAFS-LS. At 200 ◦C, the compressive 
strength of AAFS increased by 23 %, while that of AAFS-LS and AAFS- 
BFS decreased by 17 % and 16 %, respectively, when compared to the 
unexposed samples. Presumably, thermal treatment at 200 ◦C favored 
the continuation of the alkali activation process in AAFS, resulting in a 
strength increase, consistent with those reported for Fe-rich copper slag 
[34]. In that previous study, the enhancement of the compressive 
strength of alkali-activated Fe-rich copper slag after thermal treatment 
at 200 ◦C was attributed to the strengthening effect of the formed Fe 
(OH)2/Fe(OH)3 phases, which are amorphous in nature and could not be 

Fig. 3. The physical appearance of AAFS, AAFS-BFS, and AAFS-LS mortars before and after exposure to high temperatures.  
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detected by the XRD [34]. At 400 ◦C, the compressive strength of AAFS 
further increased and remained stable up to 600 ◦C, likely due to the 
oxidation of fayalite and the formation of new phases, such as laihunite 
[Fe2+Fe3+(SiO4)2] pdf. 04–012-8913], as shown in the XRD analysis (see 
Section 3.5). It is possible that the appearance of laihunite helps to 
stabilize the structure and maintain the mechanical properties at this 
temperature. The results obtained in this study are in agreement with 
previous findings, where AAM produced using FS showed an increase in 
compressive strength after firing up to 500 ◦C, which was attributed to 
the formation of laihunite and other phases, such as sodium aluminum 
silicate (NaAlSiO4), hematite, magnetite, and spinel hercynite (FeAl2O4) 
[35]. The reduction in the strength of AAFS-LS and AAFS-BFS after 
exposure to temperatures up to 400 ◦C can be attributed to the dehy-
dration of the calcium aluminate silicate hydrate phase in the blended 
samples. As reported in the literature, BFS-based and LS-based AAMs 
could experience strength degradation when exposed to higher tem-
peratures up to 400 ◦C, mainly due to dehydration of the AAMs and 
decomposition of calcium silicate hydrate [16,18]. This phenomenon is 
presumed to have influenced the strength reduction in AAFS-BFS and 
AAFS-LS at this temperature. A similar reduction in strength was 
observed at this temperature when low calcium FA was blended with 
BFS or LS [12,36]. After 600 ◦C, the compressive strength of all the 
samples began to decrease up to 800 ◦C. This may be related to the 
crystallization of some phases and modification of iron and alumino-
silicate networks prior to sintering reactions [27]. From 800 to 1000 ◦C, 
AAFS displayed a gradual loss in strength, while both AAFS-BFS and 
AAFS-LS exhibited increased strength. The gradual loss of strength in 
AAFS may be attributed to the thermal shrinkage of the binders. In 
addition, the cumulative effect of the pore pressure due to extremely 
heated crystal water and hydroxyls may contribute to the strength 
deterioration [3]. However, this effect was less significant in blended 
mortars, as they exhibited an increase in strength at this temperature. 
The increase in strength observed in AAFS-LS and AAFS-BFS could likely 
be attributed to the crystallization of additional phases, such as iron- 
doped wollastonite [(Ca2.87Fe0.13Si3O9) pdf. 04–083-2198)] and diop-
side [(CaMgSi2O6) pdf. 04–012-9764], as observed in the XRD analysis 
(see Section 3.5), as well as to densification of the AAM matrix during 
viscous heating (see Section 3.8). Comparatively, it is important to state 
that the residual strengths of AAFS-LS and AAFS-BFS were lower, 
whereas that of AAFS was higher than its initial strength. AAFS-LS and 
AAFS-BFS exhibited higher residual strength than AAFS throughout the 
thermal exposure period, indicating that the incorporation of 20 % LS or 

BFS enhances the thermal stability of the mortars. The higher residual 
strength observed for blended mortars in this study is consistent with a 
previous study in which 20 % BFS was incorporated into FA geopolymer 
and exposed to high temperatures [37]. Overall, the residual compres-
sive strength of all the compositions was above 20 MPa, comparable to 
that of many materials that are considered suitable for building appli-
cations and meeting the minimum requirement specified by the ASTM 
C62–99 standard for building bricks [38]. 

In addition to compressive strength, the high temperature shrinkage 
of all the samples was also notable. High-temperature shrinkage was 
determined by measuring the length before and after exposure at 
1000 ◦C, and it was about 6 % for AAFS, 3 % for AAFS-BFS, and 2 % for 
AAFS-LS. The shrinkage of all the samples remained in the range often 
observed for AAMs sintered at high temperatures [39,40]. 

3.3. Ultrasonic pulse velocity 

The effects of elevated temperatures on the uniformity of the mortar 
samples measured through UPV are presented in Fig. 5. UPV measure-
ments can be a valuable indicator of damage to the material induced by 
thermal load. The higher the UPV, the smaller the number of internal 
pores and defects, and vice versa. Before thermal exposure, AAFS-LS 
displayed the highest UPV value (3903 m/s), followed by AAFS-BFS 
(3762 m/s), with the lowest UPV values occurring in AAFS (3128 m/ 
s). This means that the incorporation of LS or BFS chemo-physically 
influences the air voids and pore structure of the blended mixtures 
(AAFS-LS and AAFS-BFS), resulting in enhanced particle packing and gel 
formation. After thermal exposure, the UPV values of AAFS increased 
while that of AAFS-BFS and AAFS-LS decreased as the temperature 
increased up to 400 ◦C. Furthermore, the UPV values of all the samples 
remained stable from 400 ◦C to 600 ◦C and then decreased up to 800 ◦C. 
From 800 ◦C to 1000 ◦C, the UPV values of AAFS decreased while those 
of AAFS-BFS and AAFS-LS increased. The UPV values of all the samples 
correlate well with the strength development results shown in Fig. 4. It is 
worth stating that the UPV values of AAFS-LS (3600 m/s) and AAFS-BFS 
(3390 m/s) were higher than that of AAFS (3180 m/s) at 1000 ◦C, 
indicating that the blended mixes are denser and have less cracks and 
voids even after exposure to elevated temperatures. The UPV values of 
all the samples are consistent with the findings of SEM-EPMA in-
vestigations (discussed in Section 3.8). 

Fig. 4. Residual compressive strength of AAFS, AAFS-BFS, and AAFS-LS at 
different temperatures. 

Fig. 5. Ultrasonic pulse velocity measurements of AAFS, AAFS-BFS, and AAFS- 
LS at different temperatures. 
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3.4. Thermal conductivity 

The thermal conductivity results of AAFS, AAFS-BFS, and AAFS-LS 
are presented in Table 3. Thermal conductivity increased slightly with 
the incorporation of LS or BFS. Although the increase in the thermal 
conductivity of AAFS-LS and AAFS-BFS was not significant when 
compared to AAFS, it shows that the thermal conductivity depends not 
only on the properties of the AAMs but also on the properties of the 
added LS and BFS. LS or BFS can fill the voids and pores in the structure 
during exposure to heating [41]. This agrees with the UPV results 
(Fig. 5), which showed that pores and defects were reduced with the 
inclusion of LS or BFS. The smaller number of pores present in blended 
mortars is presumed to have increased the concentration of thermal 
conduction pathways, resulting in a lower proportion of air in the 
structure of AAFS-LS and AAFS-BFS. It has been reported that as the 
proportion of air in the matrix increases, the thermal insulation prop-
erties of the materials improve since air is a better insulator than solids, 
and this could be the reason why AAFS has slightly lower thermal 
conductivity and higher thermal insulating properties [42]. It is worth 
stating that the thermal conductivity of materials is an important 
parameter used to assess the performance of fire-resistant materials. 
Specifically, it provides information on the suitability of materials to act 
as efficient heat flux barriers. The thermal transport response of all the 
samples was similar, and they fell within the common conductivity 
range often reported for fire-resistant building materials, such as light-
weight concrete (0.2–1.9 W/mK), regular weight concrete (0.6–3.3 W/ 
mK), as well as lower than cement mortar (1.4 W/mK) [43,44]. Based on 
the thermal conductivity values, it can be deduced that the optimum 
composition studied here could be of interest for the production of fire- 
resistant materials, given that the reaction products formed (see XRD 
analysis) indicate that it could be more thermally resistive. The findings 
could thus be considered as a baseline for further investigation of this 
application. 

3.5. XRD analysis 

The XRD patterns and phase compositions of alkali-activated sam-
ples of AAFS, AAFS-BFS, and AAFS-LS before and after firing up to 
1000 ◦C are presented in Figs. 6 and 7. AAFS showed similar mineral-
ogical composition as the raw FS; fayalite and magnetite were the main 
identified crystalline phases (Figs. 2, 6a, and 7a). This indicates that only 
the amorphous phases of FS participated in the alkaline activation re-
action. In addition, no newly formed crystalline phase was identified, 
which indicates the formation of mainly the amorphous phase with the 
absence of secondary reaction products. However, as the samples were 
heated from room temperature to 400 ◦C, the fayalite content slightly 
decreased while the amorphous content increased, and this is likely one 
of the primary reasons for the improved strength observed in Fig. 4. One 
possible explanation for this could be that the thermal exposure 
enhanced the activation of AAFS, resulting in the formation of new 
strength-giving phases. However, since no crystallization of other phases 
was observed in the XRD in this temperature range, it is likely that these 
strength-giving phases are amorphous. This observation is consistent 
with a previous study in which the formation of amorphous Fe(OH)2/Fe 
(OH)3 was reported when alkali-activated copper slag was subjected to 
thermal treatment, although an NaOH solution was used as the activator 
[34]. At 600 ◦C, the crystallization of the amorphous binder phase began 
to occur, resulting in the formation of new phases. As the fayalite 

content decreased, laihunite and hematite [Fe2O3) pdf. 04–002-5211] 
began to appear as new crystalline phases, mainly derived from the high- 
temperature oxidation of fayalite. As the temperature increased to 
800 ◦C, the decomposition and oxidation of fayalite toward the forma-
tion of hematite intensified. At 1000 ◦C, laihunite disappeared, leaving 
only hematite and magnetite as the main crystalline phases. These re-
sults agree with previous studies on copper and other Fe-rich slags 

Table 3 
Thermal conductivity values of AAFS, AAFS-BFS, and AAFS-LS.  

Sample name Mean thermal conductivity (W/mK) 

AAFS 1.13 ± 0.06 
AAFS-BFS 1.20 ± 0.02 
AAFS-LS 1.21 ± 0.05  

Fig. 6. XRD patterns of (a) AAFS, (b) AAFS-BFS, and (c) AAFS-LS at different 
temperatures. Key: f = fayalite, l = laihunite, h = hematite, CA = calcium 
aluminum magnesium silicate, ma = magnetite, w = wollastonite, n = neph-
eline, z = calcite, A = andradite, pe = periclase, p = perovskite, m = mayenite, 
t = tricalcium aluminate, c = calcio olivine, d = diopside. 
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Fig. 7. Phase composition of (a) AAFS, (b) AAFS-BFS, and (c) AAFS-LS at different temperatures.  
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[26,34]. Indeed, it has been reported that due to the instability of 
fayalite in an oxidative atmosphere, it can undergo oxygenolysis ac-
cording to the following reaction, forming hematite and silica [26]: 

Fe2SiO4 (fayalite)+½ O2→Fe2O3 (hematite)+ SiO2 (amorphous silica)

The silica formed does not appear in the XRD results of AAFS, sug-
gesting its amorphous character. Aside from that, magnetite oxidizes 
and transforms to hematite, according to equation:   

For AAFS-BFS, the mineralogical composition is slightly different 
from that observed for AAFS. As shown in Figs. 6b and 7b, fayalite, 
magnetite, andradite [(Ca3Fe2(SiO4)3 pdf. 04–013-6178], and calcite 
[(CaCO3) pdf. 04–006-6528] were the crystalline phases identified in 
the XRD patterns of AAFS-BFS. Besides the original crystalline phases of 
FS (fayalite and magnetite), calcite was identified in the AAFS-BFS, 
which is attributed to the carbonation of the samples during curing. 
Simultaneously, the formation of andradite was mainly due to the 
interaction between dissolved Fe and Si in the FS and calcium silicate 
phases in BFS [45]. When the samples were heated from room temper-
ature to 400 ◦C, the crystalline contents slightly increased while the 
amorphous content decreased. At 600 ◦C, the crystallization of the 
binder phase began to occur, resulting in the formation of new phases. 
Similar to AAFS, laihunite and hematite were present as the newly 
formed crystalline phases. In addition, traces of other Na-silicate min-
erals, represented by nepheline [(NaAlSiO4) pdf. 04–016-1451], were 
crystallized from the Na-rich clusters present in the binder gel of the 
AAFS-BFS. Nepheline formation usually occurred at high temperatures 
around 600 ◦C during the thermal disintegration of amorphous alumi-
nosilicates and zeolitic phases, such as sodalite [36]. Further, at 800 ◦C 
thermal exposure, diopside was formed, and the crystalline content 
corresponding to andradite, nepheline, hematite, and magnetite 
increased while the amorphous content decreased, indicating that the 
amorphous alkali activation reaction products were crystallized. The 
formation of diopside at high temperatures was likely due to the high 
content of Fe and Mg in the system. Fe2+ and Mg2+ can replace each 
other in the crystal lattice, likely due to the similarities of Mg2+ and Fe2+

with respect to their ionic radius and metal–oxygen bond lengths [46]. 
At 1000 ◦C, the decomposition and further oxidation of the amorphous 
gel increased. Indeed, it has been reported that iron oxides, with 
increasing thermal exposure, may transform from phases with ferric ions 
into phases with ferrous ions [47]. As a result, most of the fayalite and 
magnetite were transformed into hematite, which became the predom-
inant crystalline phase at this temperature. Also, laihunite disappeared, 
and the diopside, andradite, nepheline, and magnetite contents were 
increased, while the amorphous fraction and calcite contents were 
reduced significantly. In addition, traces of other Ca–Fe silicate min-
erals appeared, specifically iron-doped wollastonite. Wollastonite usu-
ally forms during the crystallization of Ca-rich glass systems around 
980 ◦C, and this has been observed in several AAMs treated at high 
temperatures [16,36]. Meanwhile, the formation of iron-doped wollas-
tonite occurs in a similar temperature range and is dependent on the 
calcium and iron contents of the sample. The detection of iron-doped 
wollastonite reflects the high-temperature synergy between calcium 
and iron contents originating from BFS and FS, respectively. 

In the case of AAFS-LS, most of the initial crystalline reflections 
present in FS and LS remained after alkali activation, including fayalite, 
magnetite, mayenite, periclase, perovskite, tricalcium aluminate, 

calcium aluminum magnesium silicate, and calcio-olivine (Figs. 6c and 
7c). However, there was a significant reduction in some crystalline 
phases, suggesting their partial participation in the alkaline activation 
reaction. In addition, traces of calcite and andradite were the new 
crystalline phases identified in the XRD patterns of AAFS-LS, and their 
formation was similar to that observed in AAFS-BFS. As the samples 
were heated from room temperature to 400 ◦C, mayenite, perovskite, 
tricalcium aluminate, calcium aluminum magnesium silicate, and calcio 

olivine completely disappeared. Additionally, the crystalline content of 
fayalite, magnetite, periclase, calcite, and andradite slightly increased, 
while the content of the amorphous fraction decreased. At 600 ◦C, the 
decomposition and crystallization of the binder phase began to occur, 
resulting in the formation of new phases, such as laihunite, hematite, 
and nepheline. While laihunite and hematite are derived from the 
oxidation of fayalite, nepheline is a result of the phase transformation of 
alumina-rich gel. The XRD study indicated that nepheline began to form 
at 600 ◦C and became stable around 1000 ◦C, similar to what was 
observed in AAFS-BFS. The occurrence of nepheline was also found in 
this temperature range in LS/MK-based geopolymers [36]. The phase 
composition of the specimen subjected to 800 ◦C showed a decrease in 
the crystalline content of fayalite, periclase, calcite and laihunite, and 
the amorphous fraction, while magnetite, andradite, nepheline, and 
hematite increased. In addition, the crystallization of the amorphous gel 
resulted in the formation of diopside similar to what was observed in 
AAFS-BFS. At 1000 ◦C, laihunite disappeared, and hematite was the 
main detected phase. The appearance of other Ca–Fe silicate minerals 
was observed, including iron-doped wollastonite, and their formation 
was similar to those in AAFS-BFS. Further, a significant reduction in the 
calcite content was observed, which was attributed to the decomposition 
of calcite to CaO and CO2 at high temperatures. 

Based on the XRD analysis, it can be deduced that the difference in 
the phase transformation occurring in samples at elevated temperatures 
influenced their mechanical and microstructural properties. The joint 
effect of elevated temperature and the incorporation of LS or BFS 
increased the decomposition and crystallization of the gel into new 
phases in AAFS-LS and AAFS-BFS, resulting in fewer cracks and voids, 
higher thermal stability, and thus higher residual strength than AAFS. 

3.6. TG/DSC analysis 

The change in the mass and heat flow of all the samples with the 
increase in temperature are presented in Fig. 8. The mass loss of all the 
samples increased as the temperature increased up to 1000 ◦C, with a 
significant mass loss occurring below 250 ◦C. As reported in the litera-
ture, the mass loss below 250 ◦C corresponds to the evaporation of free 
and physically bound water within the formed binder gel [13]. A further 
increase in temperature from 250 to 800 ◦C increased the mass loss, 
likely related to structural reorganization due to dehydroxylation of the 
hydroxyl groups and elimination of structural water from the gel [27]. 
After 800 ◦C, no major mass loss was observed, and above this tem-
perature, sintering reactions occurred, resulting in ceramic formation 
[10]. At 1000 ◦C, the mass loss of blended matrix (AAFS-BFS and AAFS- 
LS) was higher than that of the reference sample (AAFS). For example, 
AAFS-BFS and AAFS-LS lost about 8 %, while AAFS lost about 6 %. The 
higher mass loss rates observed in blended samples can be attributed to 
the incorporation of LS and BFS, which resulted in more binder forma-
tion and thus more bounded water in the matrix. This indicates that the 
incorporation of LS or BFS has a significant influence on free and 

Fe3O4 (Magnetite) ̅̅̅̅̅ →
600− 700◦C γ − Fe2O3 (Maghemite) ̅̅̅̅̅̅→

900− 1000◦C σ − Fe2O3 (Hematite)
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bounded water. Meanwhile, an endothermic peak was visible in the heat 
flow curve of all the samples at around 130 ◦C, corresponding to the 
temperature range where significant mass loss occurred in the TG curve. 
Furthermore, crystallization peaks can be observed in the heat flow 
curve of all the samples at 600 ◦C, likely due to the decomposition and 
oxidation of mineral constituents, such as fayalite, which agrees with the 
XRD results (see Section 3.5). An additional peak occurred in the heat 
flow curve of AAFS-LS at around 750 ◦C, likely related to the decom-
position of the alumina gel. In all the samples, the decomposition of gel 
increased the crystalline content and significantly reduced the amor-
phous content after thermal exposure at 1000 ◦C. Comparatively, the 
mass loss of AAMs observed in this study was significantly lower than in 
other studies. Mast et al. [48] reported a mass loss of 11–16 % in syn-
thetic Fe-rich plasma slag-based AAMs when heated up to 1000 ◦C, 
while the Fe-rich AAMs produced by Peys et al. [49] experienced a mass 
loss of 15 % when exposed to 800 ◦C. Additionally, Zhang et al. [50] 
reported a 20 % mass loss in fly ash/metakaolin blended AAMs when 
exposed to a temperature of 800 ◦C. The differences in the mass loss 
percentage are mostly due to the nature of the source material, solid 
precursor contents, alkali activator concentration, and dosage. 

3.7. FTIR 

The DRIFT-FTIR spectrums of the samples are presented in Fig. 9. 
The non-exposed AAMs show the characteristic peaks of FS corre-
sponding to the asymmetric stretching vibration of SiO4 at 945 cm− 1 and 
the symmetric stretch at 832 cm− 1 [23,51]. The glassy phase of FS 
generally shows a broad band in the range of 1100–850 cm − 1, the po-
sition of which depends on the structure of the glass, in particular the 
amount of non-bridging oxygen per Si [52]. The presence of Fe 2+ as a 
network modifier in the glassy phase of FS can induce a shift of this peak 
toward lower wavenumbers compared to silicate glass [23]. The alkali 
activation of Fe-rich precursors induces a shift of Si–O, stretching vi-
bration bands toward higher wavenumbers due to the presence of a 
smaller amount of non-bridging oxygen [53]. The band appearing at 
1129 cm− 1 for AAFS (Fig. 9-a) could be attributed to the asymmetric 
stretching of the Si-O-T bond with T = Si/Al/Fe, suggesting the inclusion 
of Fe in the geopolymeric network, as stated in literature [54]. The 
addition of BFS (Fig. 9-b) or LS (Fig. 9-c) to the AAFS induced a shifting 
of the main band (Si-O-T) toward lower wavenumbers, suggesting 
structural changes associated with the inclusion of more Ca in the gel 
structure [55,56]. 

The band around 3400 cm− 1 was associated with the symmetric 
stretching vibration of O–H binding of water molecules and O–H 
groups [57,58]. The peak at 1650 cm− 1 was ascribed to the H-O-H 
bending vibration of water molecules [59]. In addition, the band at 

approximately 1400 cm− 1 was characteristic of the O-C-O asymmetric 
stretching of carbonates formed from the interactions with atmospheric 
CO2 [60]. Further, the bending vibrations of Si-O-Si and O-Si-O bonds 
were located at approximately 450 cm− 1 and 620 cm− 1, respectively. 
The appearance of these bands confirms the presence of the alkali 
activation reaction product [61]. The different alkali-activated blends 
(AAFS-BFS and AAFS-LS) showed similar bands as the AAFS, with the 
characteristic peaks of the alkali activation reaction products shifting 
toward lower wavenumbers. 

The exposure of the samples to high temperature induced the gradual 
decrease of the bands corresponding to the stretching and bending of the 
water molecule and hydroxyl groups until they disappeared at 800 ◦C. 
Below 400 ◦C, the free and physically bounded water evaporated, while 
from 400 to 800 ◦C dehydroxylation occurred, resulting in the decrease 
of O–H and O-H-O characteristic bands, which is in agreement with the 
TGA results (Fig. 8). Starting at 800 ◦C, the characteristic band of car-
bonates (around 1400 cm− 1) disappeared, indicating decarbonization of 
the samples. Moreover, the exposure of AAFS to 400 ◦C resulted in an 
increase in the intensity of the band at around 1120 cm− 1. However, a 
further increase of the exposure temperature led to the decrease of this 
band. This is consistent with the XRD results indicating an increase of 
amorphous reaction products at 400 ◦C followed by decomposition at 
higher temperatures. The AAFS-BFS and AAFS-LS blends showed a 
continuous gradual decrease of the Si-O-T band as the temperature 
increased, confirming the gradual decomposition of the amorphous re-
action products in the XRD results. It is worth noting that the exposure of 
the samples to high temperatures induced a shift of the Si-O-T bands 
toward higher wavenumbers, which can be explained by the oxidation 
of Fe2+ present in the amorphous reaction products. 

3.8. SEM-EPMA 

The SEM micrographs of the representative sections of alkali- 
activated mortar samples of AAFS, AAFS-BFS, and AAFS-LS before and 
after exposure to thermal loads are presented in Fig. 10. Before expo-
sure, AAFS exhibited poorly distributed binder gel formation, charac-
terized by the presence of pores and pronounced crack formation 
(Fig. 10). Similar crack formation has also been reported for Fe-rich 
AAMs in the literature, mainly associated with specimen preparation, 
exposure to vacuum conditions during SEM analysis, or drying-related 
shrinkage processes [19,62]. Furthermore, a large number of partially 
reacted FS were left in the matrix and embedded as aggregates and 
fillers, indicating that the dissolution of FS was not complete and that 
only the amorphous phase participated in the binder gel formation, 
consistent with the XRD analysis (see Section 3.5). In comparison to 
AAFS, AAFS-LS and AAFS-BFS displayed denser and more homogenous 

Fig. 8. TG/DSC of AAFS, AAFS-BFS, and AAFS-LS at different temperatures.  
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microstructures due to the greater reaction of the precursors as well as 
accelerated binder gel formation, as observed earlier in Section 3.2. The 
rims surrounding the partially reacted BFS and LS indicated continuous 
reaction and binder gel formation and could be a primary reason for the 
enhancement of the initial compressive strength of AAFS-BFS and AAFS- 
LS (see Fig. 4). The remaining partially reacted BFS and LS were tightly 
embedded in the matrix and resulted in densification of the 
microstructure. 

Increasing the temperature up to 400 ◦C in AAFS favored the ongoing 
polymerization reactions and the initial densification of the geopolymer 
network, thereby increasing its compressive strength (Fig. 4). An 
incompact microstructure was more obvious from 600 ◦C to 1000 ◦C, 
resulting in a decrease in compressive strength. At 1000 ◦C, AAFS had a 
loose microstructure with numerous pores, mainly due to the phase 

transformation and binder gel decomposition. In contrast, AAFS-LS and 
AAFS-BFS had fewer pores, consisting of interconnected remnants of FS 
and LS or BFS, and their matrix was denser. The sintering effect 
accompanied by partial melting at high temperature resulted in solidi-
fying melt (Fig. 10). The solidifying melt contributed to viscous flow, 
filling the existing pores or voids, and densified the microstructure, 
resulting in higher compressive strength (see Fig. 4). 

The EPMA analysis of the alkali-activated mortar samples of AAFS, 
AAFS-BFS, and AAFS-LS at different temperature exposures are sum-
marized in Tables 4, 5, and 6 and supported by Figs. S1, S2, and S3 (see 
supplementary information). The EPMA analysis revealed that AAFS, 
AAFS-BFS, and AAFS-LS consisted mainly of Fe, Si, Al, Ca, Mg, Na, and 
K. Meanwhile, AAFS-LS and AAFS-BFS contained high Ca content at 
ambient temperature and after high temperature exposure due to the 

Fig. 9. FTIR of AAFS, AAFS-BFS, and AAFS-LS at different temperatures.  
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incorporation of LS and BFS. This proved that Ca participated in binder 
gel formation (see Tables 5 and 6), which could be the reason for the 
strength at both ambient and high temperatures. This agrees with the 
FTIR results shown in Fig. 9, where a shift in the main band (Si-O-T) 
toward lower wavenumbers was observed due to Ca inclusion into the 
structure of AAFS-LS and AAFS-BFS originating from the added LS and 
BFS. 

The differences in the morphology and elemental composition of the 
mortars revealed that added LS or BFS and elevated temperature play a 
vital role in the sintering process. Elevated temperature and the incor-
poration of LS or BFS influenced mortar morphology, element distri-
bution, and also enhanced the propensity toward the formation of stable 
crystalline phases, which in turn affected the dimensional stability of the 

mortars at high temperatures and their properties. The decomposition of 
the gel and crystallization of new phases was particularly relevant at 
temperatures above 600 ◦C, but strength only increased with the 
incorporation of LS or BFS. This further proves that the incorporation of 
BFS or LS into AAFS promoted the formation of AAM gel and hence 
increased the thermal stability of the blended mortars. Interestingly, all 
the mortars samples were able to exceed the PC-based materials' 
threshold temperature of 400 ◦C without any visible signs of degradation 
or spalling. The results indicate that the mortar samples developed in 
this study had superior thermal performance in comparison to PC-based 
materials. 

4. Conclusions 

The recycling and utilization of industrial residue in the development 
of value-added material is of interest for environmental preservation 
and efficient waste management. The present study demonstrated that 
highly thermally stable alkali-activated FS materials could be developed 
by adding other refractory precursors, such as BFS and LS. FS has very 
low reactivity at ambient temperature, and so the effects of LS or BFS 
addition on the behavior of alkali-activated FS mortar composite 
exposed to high temperatures were investigated. Based on the findings, 
all of the developed mortar samples were relatively stable up to 1000 ◦C, 
achieving the acceptable compressive strength (above 20 MPa) required 
for building materials in accordance with ASTM C62. However, blended 

Fig. 10. Backscattered electron imaging micrographs of AAFS, AAFS-BFS, and AAFS-LS at different temperatures.  

Table 4 
Representative EPMA results describing the average elemental composition of 
AAFS at different temperature exposures.  

Temp (◦C) Ca/Si Al/Si Fe/Si Na/Si  

23  0.12  0.09  1.38  0.03  
200  0.06  0.09  1.28  0.10  
400  0.05  0.08  1.09  0.11  
600  0.06  0.08  1.28  0.09  
800  0.07  0.09  1.53  0.08  
1000  0.06  0.09  1.50  0.08  

Table 5 
Representative EPMA results describing the average elemental composition of 
AAFS-BFS at different temperature exposures.  

Temp (◦C) Ca/Si Al/Si Fe/Si Na/Si  

23  0.57  0.14  0.62  0.02  
200  0.42  0.12  0.78  0.05  
400  0.33  0.11  1.23  0.08  
600  0.22  0.10  1.11  0.07  
800  0.13  0.09  1.53  0.13  
1000  0.32  0.10  0.97  0.06  

Table 6 
Representative EPMA results describing the average elemental composition of 
AAFS-LS at different temperature exposures.  

Temp(◦C) Ca/Si Al/Si Fe/Si Na/Si  

23  0.62  0.40  1.03  0.36  
200  0.27  0.12  1.36  0.06  
400  0.46  0.30  0.92  0.11  
600  0.40  0.25  1.18  0.13  
800  0.05  0.09  1.33  0.09  
1000  0.18  0.16  1.60  0.09  
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AAMs (AAFS-LS and AAFS-BFS) exhibited superior thermal stability, 
higher residual mechanical properties, fewer voids and cracks, and a 
denser microstructure than solely FS-based AAMs. The incorporation of 
LS and BFS is believed to have refined the pore structure, resulting in 
lower thermal shrinkage and increased thermal conductivity of blended 
AAMs. The addition of LS or BFS with different chemical compositions 
modified the mineralogical and phase composition and increased the 
crystallinity of blended AAMs. As the temperature increased, the 
amorphous content of all the samples was reduced, and new crystalline 
phases were formed in all the mortar samples. Beyond 800 ◦C, the 
propensity toward stable crystalline phases formation increased, and 
several new crystalline phases were formed in blended mortars, such as 
diopside, nepheline, and Fe-rich wollastonite, which are presumed to 
have reinforced the structure of the AAMs. Furthermore, the joint effect 
of elevated temperature exposure and the incorporation of LS or BFS 
improved the residual mechanical properties and densified the structure 
of blended mortars at 1000 ◦C. 

To avoid the risks associated with handling and use of high alkaline 
solutions, the use of lower alkalinities or one-part mix design would be 
explored in our future research. Overall, the findings of this work sug-
gest that FS can be blended with BFS or LS and other suitable high Ca- 
and Al-rich materials to produce high-temperature refractory materials 
with interesting properties for potential construction applications, with 
societal and environmental benefits. 
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