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A B S T R A C T   

Fe-rich alkali-activated materials have been studied for their suitability for high-temperature application up to 
1000 ◦C. The evolution of compressive strength, mineral composition and microstructure was monitored using 
FT-IR, XRD, TGA and SEM-WDS for the pastes and mortars obtained by alkali activation of fayalite and wüstite 
non-ferrous slags. For both binders, the changes in compressive strength revealed moderate fluctuations below 
400 ◦C due to water evaporation, a sharp drop in strength to 25 MPa at 600 ◦C due to collapse of the original gel 
structure, and reinforcement of the strength above 600 ◦C due to sintering densification and formation of geh-
lenite-åkermanite or diopside-albite ceramic. An extensive reaction of the quartz aggregate with a sodium-rich 
binder resulted in the formation of an iron silicate phase that contributed to a further increase in the strength 
up to 70 MPa by increasing both temperature and time of heating.   

1. Introduction 

Following the EU Directive [1], recycling industrial waste and by- 
products is strongly recommended to eliminate or prevent environ-
mental pollution, protect human health and preserve natural resources. 
From the perspective of the cement industry, the topic of alternative 
binders has emerged to reduce CO2 emissions caused by the production 
of ordinary Portland cement (OPC). In this regard, much attention is 
paid to alkali-activated materials (AAMs) that are formed by the reac-
tion of aluminosilicate or ferrosilicate wastes with an alkali source. 
Compared to OPC production, the use of alkali-activated binders or 
geopolymers provides CO2 savings of up to 80–90 %, as well as the 
production of concrete with similar or improved characteristics [2,3]. 
Due to this attractive combination of technical and environmental per-
formance, alkali-activated binders are increasingly the subject of 
research around the world. 

The use of AAM for passive fire protection in the aviation industry, 
wall cladding, glass production and high-temperature geothermal wells 
is an attractive issue [4–7]. It is generally believed that AAM works 
better than conventional concrete in a fire due to its ceramic properties 
and because OPC requires water retention in the gel structure to main-
tain structural integrity [8]. Various AAM precursors have been studied 
for their suitability as a refractory material, including granulated blast 
furnace slag [7,9], fly ash [7,10], metakaolin [11], etc. They showed 

quite different mechanical characteristics at high temperatures (see 
Appendix A). Recently developed Fe-rich AAMs based on non-ferrous 
metallurgical slag or red mud [12–14] have been scarcely studied in 
the scientific literature for their suitability as cementitious materials at 
high temperatures. 

AAM with a relatively high content of Fe (13.22 wt% Fe2O3) was 
studied using volcanic ash as a binder [15]. The obtained material after 
calcination at 750 ◦C showed good thermal stability with a minimum 
compressive strength of about 30 MPa. The high-temperature resistance 
of alkali-activated iron-silicate glass exposed to different heating rates (1 
and 10 ◦C/min) was studied up to 1100 ◦C [16]. At both heating rates, a 
sharp drop in compressive strength was observed at 750 ◦C. But only at 
low heating rates, the strength was subjected to a recovery up to 184 
MPa at 1100 ◦C, while the decrease in strength was observed up to 
1100 ◦C for a higher heating rate. Mineralogically, the thermal treat-
ment at 1100 ◦C resulted in the formation of calcium aluminium silicate 
phases under both heating rates. However, the sample heated at 1 ◦C/ 
min exhibited limited precipitation of anorthite, while the sample 
heated at 10 ◦C/min featured both anorthite and gehlenite. 

Inorganic polymers for passive fire protection were studied using 
industrial Fe-rich copper and ferronickel slags as binders [17–19]. Mil-
tiadis et al. [17] used copper slag with additions of Al powder as a 
foaming agent and vermiculite as lightweight aggregates, respectively, 
for the production of geopolymers. The thermal behaviour of the 
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produced material was studied using fire testing under the ISO-834 
temperature-time curve. Sakkas et al. [4] used ferronickel slag (34.74 
wt% of FeO) to produce inorganic polymers that showed a good thermal 
insulating capacity. 

Bakharev [20] studied the thermal stability of AAM based on class F 
fly ash with 12 wt% of Fe2O3 using Na and K alkaline activators. The 
lowest value of compressive strength was about 10 MPa with an increase 
to 30 MPa after high-temperature firing. Compared to geopolymers 
based on metakaolin, the authors explain the lower strength of ash- 
based materials by their high Fe content. When powdered AAM based 
on iron-silicate glass is heated [21], the Mössbauer spectra remain stable 
up to 400–500 ◦C. At 400 ◦C Fe2+ in the slag begins to oxidize, showing 
the formation of a new Fe3+ component. The formation of magnetic iron 
oxides is observed above 600 ◦C. Thus, Fe-based AAMs are complex 
systems due to the possible high-temperature oxidation of Fe2+ to Fe3+, 
both in the gel structure and in the crystalline phases. 

Despite the attractive potential of using Fe-rich residues in AAMs, the 
resistance of their mechanical properties to high-temperature load, as 
well as the corresponding changes in mineralogical composition, has 
been scarcely studied. Thus, the article aims to study the compressive 
strength of Fe-AAM based on non-ferrous slags at high temperatures and 
to determine the structural and mineralogical changes associated with 
changes in the strength. In particular, the distribution and evolution of 
Fe as a function of temperature were monitored using WDS and XRD 
methods. The stability of iron-rich silicate hydrated phases was evalu-
ated based on the combined results of compressive strength, micro-
structure, FT-IR spectroscopy and TGA. Using slag precursors of 
different chemical and mineralogical compositions, the features of the 
high-temperature behaviour of iron-rich AAMs, including various ce-
ramics formed in the pastes and mortars, were determined. This showed 
how the alkali-induced high reactivity of quartz aggregates dramatically 
improved the compressive strength of the mortars at elevated 
temperatures. 

2. Materials and methods 

2.1. Initial materials 

Two industrial water-cooled slags from non-ferrous metallurgical 
production were used as precursors. The samples are labelled wüstite 
slag (WS) and fayalite slag (FS) according to their main mineral com-
ponents. The slags were dried in an oven at 60 ◦C to remove moisture. 
Both samples were ground for 3 h to obtain particles with a size below 
100 μm, which showed a good reactivity in the previous works [22]. As 
an aggregate, standard sand was used, corresponding to the European 
standard EN 196-1 (EN 196-1, 2016) with a particle size distribution 
(PSD) from 0.08 to 2 mm and a maximum moisture content of 0.2 wt%. 
The sodium silicate solution used (Merck, USA) consisted of 65.5 % H2O 
(Na2O: 7.5–8.5 %, SiO2: 25.5–28.5 %, density: 1.296–1.396 g/mL). So-
dium hydroxide solution (6 M) was prepared using analytical grade 
sodium hydroxide pellets (>98 % purity; VWR Chemicals) dissolved in 
deionized water. 

The chemical and mineralogical compositions of the original slag 
samples were analysed by X-ray fluorescence analysis (PANalytical 
Omnian Axiosmax) and X-ray diffraction (Smartlab diffractometer with 
Cu K-beta radiation) (Table 1). PSD was analysed using a Beckman 
Coulter LS 13320 laser diffraction particle size analyser using water as 
the dispersion medium during measurement (Fig. 1). 

2.2. Mortars and pastes preparation 

Alkali-activated mortars, labelled as WS-AAM and FS-AAM, were 
prepared by mixing the precursors with a mixture of sodium silicate and 
sodium hydroxide solutions with the following parameters: SiO2/Na2O 
= 1.7, H2O/SiO2 = 3.3, water to binder = 0.22. The solution to binder 
ratio was 0.33. The components were mixed mechanically in accordance 

with EN 196-1 (SFS-EN 196-1, 2011). The mix design was optimized 
according to the study [23]. Standard sand was added as an aggregate 
with the sand to binder ratio of 2. It should be noted that the standard 
sand, in addition to the main quartz, contained some admixtures of 
albite. The mixture was then cast into an oiled 20 × 20 × 80 mm3 

rectangular prismatic mould and subjected to a jolting machine (60 
shocks) used for compacting. All samples were sealed in a plastic bag 
and kept at room temperature for 1 day before demoulding. After 
demoulding, the samples were further stored at room temperature in the 
plastic bags. 

The paste samples (without using sand as an aggregate) for micro-
structural and mineralogical analysis were prepared using a similar 
procedure as for the mortars. The slag powder was mixed for 3 min with 
a sodium silicate solution using the same solution to binder ratio. The 
mixtures were then cast into smaller, round, plastic moulds with a 
diameter of 2.5 cm and a height of 2 cm. Also, these samples were sealed 
in plastic bags and stored at room temperature for one day before 
demoulding and testing after at least 28 days of further storage at room 
temperature. 

The reaction products were characterised using SEM, XRD, FTIR, and 
TGA [23]. In short, SEM-WDS analysis revealed that the reaction 
product was uniformly rich in Fe in addition to Ca, Al, and Si, giving an 
approximate cement formula as C4.5M0.5AF8Si8H for WS-AAM and 
C0.6N0.5M1.5A0.4F11Si9H for FS-AAM, where C is CaO, M – MgO, A – 
Al2O3, F – Fe2O3, Si – SiO2, H – H2O. WS-AAM initially showed an 
elevated content of Na on the surface of polished pastes, but this was 
attributed to the efflorescence in the form of sodium carbonates. Thus, 
Na has little relevance to the reaction product chemistry in WS-AAM. 
Also, XRD of the WS-AAM pastes showed new diffraction peaks at low 
angles that may be attributed to the formation of the C-S-H phase with a 
structure of tobermorite type [23]. To summarize, the alkali activation 
of both slags did not change the structure and content of crystalline 
minerals, while the amorphous fraction underwent partial trans-
formations from Fe-silicate glass to Fe-silicate gel, which was previously 
reported [13,24,25]. 

2.3. Test procedures 

After curing at room temperature for 28 days, the mortars and pastes 
were then exposed to thermal loads of 200, 400, 600, 800, and 1000 ◦C 
at a heating rate of 6 ◦C/min. A dwell time of 3 h at each temperature 
was used before the samples were removed from the furnace to cool. The 
unconfined compressive strength (UCS) of the mortars was determined 

Table 1 
Bulk chemical and mineralogical compositions of WS and FS precursors.  

Component WS FS 

Chemical composition in wt% of oxides by XRF 
Na2O 4.755 0.492 
MgO 1.538 6.915 
Al2O3 6.761 2.86 
SiO2 20.594 34.39 
K2O 0.397 0.64 
CaO 12.152 2.127 
TiO2 0.206 0.17 
Cr2O3 0.105 0.237 
MnO 0.624 0.08 
Fe2O3 49.252 51.341 
Co3O4 0.071 0.287 
NiO 0.123 0.503 
CuO 0.279 0.153 
ZnO 0.064 0.034  

Mineralogical composition in wt% by XRD 
wüstite 22.4 n/a 
fayalite n/a 58.9 
amorphous phases 77.6 41.1  
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using a Zwick testing machine (Zwick Roell Group, Ulm, Germany) with 
a maximum load of 100 kN and a loading force of 2.4 kN/s. For each mix 
proportion, at least four replicate specimens were tested, and the 
average was regarded as the representative value of the strength mea-
surement. The error bar in the strength measurement graph indicates the 
double standard deviation between the specimens. The microstructure 
and elemental composition of the mortars were studied using SEM-WDS 
analysis. After the thermal load, the prepared samples were cut into 
smaller pieces and cast in epoxy resin for polishing using ethanol as a 
lubricant to prevent further hydration and dissolution. The samples 
were then coated with carbon and analysed using a field emission 
electron probe microanalyzer (JEOL JXA-8530FPlus). A Rigaku Smar-
tlab diffractometer, with a Cu K-beta radiation and a scanning rate of 
0.02 θ/step from 5 to 130◦, operated at 135 mA and 40 kV was used to 
determine the changes in mineralogy after thermal load. The quantifi-
cation was done with 10 wt% zincite (ZnO) as an internal standard. The 
Rietveld refinement method was used for the qualitative and quantita-
tive analysis of the crystalline phases. FT-IR was used to analyse the 
structural transformation of the initial and calcinated pastes. The spectra 
were collected using a Bruker VERTEX 80v spectrometer (Bruker, Bill-
erica, MA, USA) in the 500–4000 cm− 1 range and 40 scans at a resolu-
tion of 2 cm− 1 for each sample. 

3. Results and discussion 

3.1. High-temperature evolution of mineral composition and 
microstructure 

3.1.1. X-ray diffraction of the pastes 
X-ray diffraction patterns of the pastes of WS-AAM and FS-AAM 

calcinated at 200, 600, and 1000 ◦C and comparison with the initial 
composition after 28 days of curing are shown in Fig. 2. The results of 
quantitative analysis using Rietveld refinement are displayed in Fig. 3. 

The original FS-AAM sample mainly consisted of fayalite (41 wt%) 
and an amorphous fraction (59 wt%). After 3 h of heating at 200 ◦C, no 
other phases were found to be crystallized. When heated to 600 ◦C, the 
ratio of the amorphous and crystalline phases changed slightly, and the 
content of crystalline fayalite increased up to 57 wt%. This may be 
attributed to the formation of fayalite from the amorphous fraction. At 
600 ◦C, the formation of magnetite (MgFe2

3+O4 to Fe2+Fe2
3+O4 series) 

and hematite occurred due to the onset of high-temperature oxidation of 
Fe2+ ions in fayalite. 

After heating at 1000 ◦C, the fayalite was further decomposed into 
hematite (Fe2O3) and spinel phase (MgFe2

3+O4 to Fe2+Fe2
3+O4 series) 

with the amounts of 23 and 11 wt%, respectively. This is consistent with 
the previous observations on the fayalite oxidation [26,27]. In addition, 
it can be assumed from the literature that SiO2 component from the 
fayalite precipitated in the form of amorphous silica, which was not 
detected by X-ray diffraction analysis. Compared to the treatment at 
600 ◦C, annealing at higher temperatures resulted in an increase in the 
ratio of hematite to magnetite, thus indicating the progressive oxidation 
of Fe2+ in magnetite phase. 

After treatment at 1000 ◦C, the crystallization of the amorphous gel 
occurred with the formation of ferrian aluminian diopside (CaMg-
Si2O6–CaFe3+AlSiO6) with a content of about 21 wt%. It can also be 
assumed that Mg is replaced by Fe2+, but its contribution to the diopside 
structure can be considered low compared to Fe3+ due to oxidizing 
conditions upon alkali activation [21] and heating in an air atmosphere 
[28]. 

The weak and broad diffraction peaks between 20 and 30 Å can be 
attributed to the amorphous phase that is structurally related to albite. 
However, it was very difficult to quantitatively distinguish between 
crystalline and amorphous albite by XRD; therefore, Fig. 3 reflects their 
total content in the amount of 40 wt%.The replacement of amorphous 
fractions with crystalline minerals in AAM usually occurs at high tem-
peratures [20,29,30]. The formation of the diopside (CaO⋅MgO⋅2SiO2) – 
albite (Na2O⋅Al2O3⋅6SiO2) system is common during the sintering of 
waste-glass [31–33]. The formation of a small amount of sodium 
aluminium tectosilicates can also be assumed from the diffraction peaks 
around 15 Å. Most likely, this phase is structurally related to minerals of 
the sodalite group, but its exact anionic-cationic composition is unclear. 

The evolution of the mineral composition of WS-AAM upon calci-
nation differs from that observed for FS-AAM since the initial sample of 
WS-AAM consisted of wüstite and Ca-rich, glassy, amorphous fraction. 
At 200 ◦С, the difference in the mineral composition was insignificant, 
except for the partial oxidation of wüstite into magnetite due to the low 
stability of the former oxide. 

At 600 ◦C, the ratio between crystalline and amorphous fractions was 
still close to the original one, but the mineralogical composition of the 
crystalline part changed. The first change is associated with the oxida-
tion of Fe2+ ions, which leads to the complete transformation of wüstite 
into magnetite. In addition, another silicate mineral, carnegieite 
(NaAlSiO4), crystallized from sodium-rich clusters that were present in 
the original material. The formation of carnegieite was observed during 

Fig. 1. Particle size distribution of WS (a) and FS (b) precursors after 3 h of ball milling.  
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the thermal disintegration of 4A-type zeolite [34,35]. 
At 1000 ◦C, the oxidation of Fe proceeded further since most of the 

magnetite transformed into hematite. The content of the amorphous 
fraction was also sharply reduced. This is due to the formation of 
åkermanite, which is usually represented by a solid solution with geh-
lenite: Ca2MgSi2O7 - Ca2Al(AlSiO7). This phase is usually associated 
with the crystallization of Ca-rich glass systems and was also observed in 
several works for Ca-rich AAMs treated at high temperatures [29,36]. 
Taking into account the SEM results, the gehlenite obtained in this work 
apparently has an increased content of Fe replacing Al, which indicates 
that the composition is close to Ca2(Mg,Al,Fe3+)(Si,Al)2O7. Another 
possibility is that the Fe associated with the amorphous fraction forms 
some amorphous oxides which cannot be identified by XRD and/or 
contribute in part to the high hematite content in the calcined WS-AAM. 

In addition, sodium silicate minerals, such as nepheline (NaAlSiO4) 
and sodalite-like phase, were observed in small amounts. These phases 

probably formed as a result of the carnegieite transformation. The for-
mation of nepheline was observed when sodium-based AAMs were 
exposed to 1000 ◦C [30,37]. The formation of carnegieite before neph-
eline contradicts the data obtained in [38] for the crystallization of 
nepheline glass doped with Fe (Na2O⋅Al2O3⋅2SiO2), where the formation 
of nepheline was promoted over carnegieite with increasing Fe content. 
However, other authors [37] observed the formation of carnegieite at 
800 ◦C before the formation of nepheline at 1000 ◦C. The same effect of 
carnegieite formation at 800–900 ◦C with subsequent transformation 
into nepheline above 900 ◦C was observed in [34]. 

3.1.2. X-ray diffraction of mortars 
The presence of quartz aggregate in the mix design of WS-AAM had a 

noticeable effect on the development of mineralogical composition 
(Figs. 4 and 5), compressive strength (see Fig. 11) and microstructure 
(see Fig. 10) with temperature. Calcination at 1000 ◦C led to a decrease 

Fig. 2. X-ray diffraction patterns of the pastes of WS-AAM (a) and FS-AAM (b) calcinated at 200, 600, and 1000 ◦C compared to the initial composition of the pastes 
after 28 days of curing. The phases are designated as follows: Fa – fayalite, Znc – zincite as an internal standard, Mag – magnetite, Hem – hematite, Alb – albite, Di – 
diopside or ferroan diopside, Sdl – sodalite-like phase, Wus – wüstite, Car – carnegieite, Npl – nepheline, Gh – gehlenite. 
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in the quartz content which is also evident from the analysis of the 
microstructure. The reactivity of quartz may be related to the higher 
content of Na2O (4.755 wt%) in WS-AAM, since no similar effect was 
observed for FS-AAM (0.492 wt% of Na2O). 

The formation of diopside, albite and andradite under calcination of 
the mortars at 1000 ◦C was observed in contrast to åkermanite-gehlenite 
ceramic formed in the pastes. This is connected with the addition of 
silicon in the form of quartz aggregate, thus lowering the Ca/Si ratio in 
the system [39]. Albite was also present in the original composition of 
the mortar due to contamination in the standard sand. Thus, ferrian 
aluminian diopside (CaMgSi2O6–CaFe3+AlSiO6), andradite 
Ca3Fe3+

2 (SiO4)3 and iron silicate phase (see Section 3.1.5) are the main 
iron-bearing phases after high-temperature treatment of the mortar of 
WS-AAM. 

3.1.3. FT-IR spectroscopy 
FT-IR spectra of the hardened pastes of WS-AAM and FS-AAM after 

28 days of curing and the pastes treated at 200, 600, and 1000 ◦C are 
shown in Fig. 6. The initial pastes before treatment showed the 

development of bending vibration of molecular H2O at 1650–1670 cm− 1 

and around 3500 cm− 1, which indicates the presence of hydrated phases 
[40–42]. In addition, C–O stretching vibrations at 1400–1450 cm− 1 

indicate the presence of CO3
2− groups [40–43] due to atmospheric 

carbonation of the pastes as a result of sample preparation and drying 
[41]. 

The main silica-related band of the pastes before the thermal load 
was located at 1120–1165 cm− 1. This is associated with asymmetrical 
stretching vibrations of Si–O bonds of SiO4 tetrahedra [41] that occur 
between 1000 cm− 1 and 1300 cm− 1 [43]. The position of this band at 
high wavelengths is typical neither for C-S-H gels, nor for alkali- 
activated silicate glasses and iron-rich slags. For example, the Si–O 
peak usually appears at ~1050 cm− 1 for tobermorite [41,42], about 950 
cm− 1 for C-S-H gels [44] and 870–970 cm− 1 for alkali-activated slags 
[45] and glasses [46]. The nature of the bias is unclear and requires 
further study. First, this may be explained by the distinct reaction 
product obtained in the present work compared to those observed 
earlier for various alkali-activated materials. Considering the structural 
relationship of calcium iron silicate hydrate with iron-rich tobermorite, 

Fig. 2. (continued). 
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the shift of Si–O stretching vibrations towards higher wavelengths can 
be explained by the large contribution of the increased cross-linkage of 
Q3 blocks with increasing substitution of Si for Fe [41,47]. An increase in 
the number of bridging oxygen atoms is expected with an increase in the 
content of the network-forming Fe3+ ions, which favours the formation 
of corner-connected tetrahedra [47]. 

A shoulder to the main silica peak or a separate peak at 930–940 
cm− 1 is usually attributed to Si-OH bending vibration modes centred at 
950 cm− 1 [48] and 910 cm− 1 [49]. For WS-AAM, the band centred at 
776 cm− 1 was attributed to the Si-O-T (T––Al, Fe) bending vibration 
mode. The peaks at 555 cm− 1 for WS-AAM and 563 cm− 1 for FS-AAM 
can be attributed to Fe–O bending vibrations in the structure of iron 
oxides, such as wüstite or magnetite, and fayalite, respectively [50–52]. 

Thermal treatment of the pastes resulted in a noticeable change in 

their FT-IR spectra. First, the intensity of the peaks associated with CO2 
and H2O decreased for both samples after heat treatment at 200 and 
600 ◦C, indicating the decomposition of carbonates at 600 ◦C and 
evaporation of water at 200 ◦C. Above 600 ◦C, traces of water and 
carbonate groups are still present, but this is likely due to the absorption 
of CO2 and H2O from the air during sample preparation. 

A significant modification of the position and intensity of the silicate 
bands with temperature was observed, thus indicating structural 
changes in the silicate network. In particular, heat treatment of both 
samples led to a change in the position of the main silica bands (Table 2). 
The position of asymmetric stretching vibrations of Si–O in SiO4 
tetrahedra shifts from 1165 cm− 1 for the untreated FS-AAM to 1219 
cm− 1 for the sample calcinated at 600 ◦C. For WS-AAM, this peak shifted 
from 1120 cm− 1 to 1157 cm− 1 after heating to 600 ◦C. A similar shift to 

Fig. 3. Results of quantitative X-ray diffraction analysis of the pastes of WS-AAM and FS-AAM calcinated at 200, 600, and 1000 ◦C after 28 days of curing.  

Fig. 4. X-ray diffraction patterns of the mortar of WS-AAM after 28 days of curing and the mortar calcinated at 1000 ◦C. The phases are designated as follows: Qz – 
quartz, Ab – albite, Znc – zincite as an internal standard, Wus – wüstite, Di – diopside, Hem – hematite, Adr – andradite. 
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lower wavelength numbers was observed for other vibration modes in 
the silicate network, such as bending vibrations of Si–O (δ) from 625 to 
679 cm− 1. This displacement can be associated with the collapse of the 
initial silicate network in both gel binders. Since there was no formation 
of crystalline phases at this temperature evidenced from XRD, it can be 
suggested that transformation of gel to glass occurs. The similar trans-
formations of the gel structure were also described by powder XRD, 29Si 
NMR, and PDF for the pure C–S–H phase [53]. 

After annealing at 1000 ◦C, a moderate increase in the wavelength of 
asymmetric stretching vibrations of the Si–O bonds up to 1234 cm− 1 for 
FS-AAM and 1142 cm− 1 for WS-AAM was observed. This is due to the 
crystallization of the amorphous silicate network into crystalline sili-
cates, such as åkermanite, diopside, and albite [54]. 

3.1.4. Thermogravimetry data 
Mass losses as a function of temperature measured for the pastes 

obtained by alkali activation of non-ferrous metallurgy slags mainly 
occurred at temperatures below 200 ◦C (Fig. 7). In this temperature 
range, both samples lost about 4.5 wt% of their mass. This is due to the 
evaporation of physically adsorbed water from the reaction products, 
which usually occurs at temperatures below 170 ◦C [55,56]. In the 
temperature range of 200–400◦С, the mass losses for both samples were 
<1 wt%. Usually, mass loss at these temperatures is associated with 
thermal dehydration of silicate gels in the range of 170–400 ◦C [55,56]. 
The percentage of mass loss associated with water is in good agreement 
with AAM based on other types of precursors, including fly ash [20], 
porous AAM [37] and sodium-based foams [30]. However, the loss of 
water by Fe-rich AAMs studied in this work mainly occurred below 
200 ◦C, which suggests a minor role of structural water in the original 
gel structures. 

Subsequent heating to 600 ◦C and above led to a moderate increase 
in mass, which is probably due to the oxidation of iron phases with at-
mospheric oxygen. 

3.1.5. SEM-WDS/EDS 
Microstructure and microchemistry of the mortars before and after 

heating at 200, 600, and 1000 ◦C were examined using SEM with EDS/ 
WDS spectrometers. The evolution of the microstructure as a function of 
temperature is shown in Fig. 8 at ×2000 magnification. The micro-
structure of both AAMs was dense with low porosity, but some cracking 
could be observed. It contains irregularly shaped undissolved slag par-
ticles of different sizes (light grey) surrounded by a gel-like, amorphous, 
inorganic binder (dark grey) [57]. Small, light grey to white inclusions 

are represented by wüstite that was originally present in WS-AAM. 
After annealing at 600 ◦C, changes in the gel microstructure occurred 

in both samples, associated with a prominent development of micro-
cracks. These cracks up to 2 μm wide and up to 10 μm long formed inside 
the binding gel in the form of a network pattern. The microcracks are 
usually terminated with unreacted slag particles or iron oxide particles 
dispersed throughout the gel. For WS-AAM, the snowflake pattern of 
iron oxides was preserved after calcination at 600 ◦C, but the crystal 
structure of the phase changed from wüstite to magnetite. In addition, 
the whiskers and rims of iron oxides formed around the unreacted slag 
particles. For FS-AAM, the formation of iron-rich rims around fayalite 
particles was observed due to the Fe oxidation in the fayalite (Fig. 8d). 

After annealing at 1000 ◦C, the nature of the cracks in both samples 
changed, which indicates the processes of sintering densification and 
recrystallization. Thus, the microcracks were partially filled with binder 
phases and transformed into isometric residual voids. In general, the 
structure became more homogeneous, and the boundaries between the 
unreacted slag and the binder gel became less noticeable. The high- 
temperature sintering effect can be also seen for AAM based on other 
precursors [36,37,58]. In addition, one can expect a more developed 
sintering effect for AAM based on the slag with a higher content of Na2O 
acting as a flux [36,37]. For WS-AAM treated at 1000 ◦C, the snowflake- 
shaped iron oxide particles were transformed into more irregular and 
isometric particles that are represented by major hematite and minor 
spinel phase (see Figs. 3 and 4). The grey binder gel partially crystallized 
into light grey isometric, hexagonal and acicular crystals associated with 
andradite up to 3 μm in diameter. For FS-AAM, the oxidation of iron in 
the fayalite phases continued up to 1000 ◦C, thus the formation of iron- 
rich zones (about 5 μm in diameter), rims around the former fayalite 
particles, and needles within the particles was found. According to XRD 
data, these iron-rich phases are mainly represented by hematite in 
addition to a phase with a spinel structure. 

Fig. 9 shows EDS element mapping for the original WS-AAM mortar 
and the mortar treated at 1000 ◦C. The original binder showed a uniform 
distribution of high concentrations of Ca and Si with small areas of low 
concentrations, in which iron oxides are localized. After annealing at 
1000 ◦C, the same distribution was retained only for Si, while Ca was 
separated into isometric andradite that is also enriched in Fe. Al was 
inversely correlated with Fe content and positively correlated with Si in 
both treated and untreated AAMs. The areas with elevated concentra-
tions of Na, Al and Si in the heated mortars can be associated with the 
original gel crystallized or partly crystallized into albite. 

Conversely, Mg and Na tend to form local aggregations in the 

Fig. 5. Results of quantitative X-ray diffraction analysis of the mortar of WS-AAM after 28 days of curing and the mortar calcinated at 1000 ◦C.  
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Fig. 6. FT-IR spectra of the pastes of WS-AAM (a) and FS-AAM (b) after 28 days of curing and the samples calcinated at 200, 600, and 1000 ◦C.  
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original binder, implying a little involvement in the binder structure. 
After heat treatment, Mg forms prismatic crystals enriched in Si, Ca and 
Fe, which can be attributed to ferroan diopside. The high content of Na 
in the initial mortar compared to the mortar heated to 1000 ◦C can be 
explained by the phenomenon of efflorescence. Thus, the areas rich in 
sodium in the original slag are mainly associated with the migration of 
sodium carbonates onto the polished surface of the mortars. On the 
contrary, the treatment of solutions at 1000 ◦C led to the decomposition 
of carbonates. Thus, Na involved in the formation of ceramic products 
was less mobile during the polished sample preparation. 

Fig. 10 depicts the formation of reaction rims 10–50 μm thick around 
quartz grains for WS-AAM treated at 1000 ◦C. The rims have a higher 
content of Si, Fe and Na and a lower content of Ca compared to the 
original gel. Considering the newly formed phases in the mortars ac-
cording to XRD, such as albite, diopside and andradite (Figs. 6 and 7), 
WDS analysis of the reaction rims showed that an average composition 
of this phase (high Si content and low Ca content) is comparable to that 
for plagioclase minerals, such as albite. However, the phase obtained in 
this work has a significantly higher Fe content and lower Al content. To 
the best of our knowledge, no synthetic or natural plagioclase with this 
Fe content was described. Therefore, the resulting chemical formula of 
this new phase can be described as follows: 
19SiO2⋅3FeO⋅0.9Na2O⋅0.8CaO⋅0.2MgO. In addition, the residual Ca 
precipitated as small prismatic particles, which can be attributed to 
relatively pure wollastonite (CaO⋅SiO2). However, this phase was not 
detected by XRD due to sensitivity limitations. 

3.2. High-temperature evolution of compressive strength and its relation to 
microstructure and mineralogy 

The mortars obtained by alkaline activation of WS and FS were 

treated at different temperatures, and the changes in compressive 
strength were monitored (Fig. 11). The high-temperature evolution of 
the compressive strength of both samples can be divided into three main 
stages, including moderate fluctuations in the strength below 400 ◦C, a 
sharp drop in compressive strength at 600 ◦C, and reinforcement of the 
strength above 600 ◦C. 

The first stage was associated with a slight increase in compressive 
strength of WS-AAM at 200 ◦C followed by a slight decrease at 400 ◦C, 
while FS-AAM showed a moderate decrease at 200 ◦C and subsequent 
increase at 400 ◦C. In general, the deviations in compressive strength 
below 400 ◦C were insignificant for both samples. The maximum 
reduction in strength by 30 % was observed after thermal treatment at 
200 ◦C for 3 h. According to structural and mineralogical analyses (see 
Section 3.1), this stage is associated with the evaporation of physically 
absorbed water, as it was indicated by FT-IR and TGA. 

The next stage led to a sharp decrease in strength from 47.1 to 26.8 
MPa for FS-AAM and from 52 to 22.5 MPa for WS-AAM after annealing 
at 600 ◦C. For both specimens, this was the lowest compressive strength 
recorded, thus reducing the original strength values by about 50 %. 
According to the FT-IR results, this decrease in strength concurred with a 
noticeable shift of the silicate bands towards higher wavelengths, which 
may indicate the collapse of the original gel structure. This was also 
accompanied by the formation of microcracks inside the binder gel. 

This stage was associated with the lowest compressive strength for 
both slag binders, but the samples retained their structural integrity. 
According to a review of the literature (see Appendix A), the compres-
sive strength of many traditional binders during high temperature 
testing decreased significantly depending on the temperature and 
composition of the binder. For example, the strength of the class F fly ash 
binder after heating to 1000 ◦C decreased to 9 MPa [36]. The minimum 
strength of alkali activated GBFS after heating to 400 ◦C was 5 MPa [59]. 
On the contrary, the iron-containing binders studied in the literature 
performed better than traditional materials, demonstrating a minimum 
compressive strength of 40–85 MPa for iron silicate glass [16] and 30 
MPa for volcanic ash [15] geopolymers after thermal loading at 750◦С. 

In the third stage, a gradual increase in compressive strength of both 
samples occurred above 600◦С. For example, treatment at 1000 ◦C led to 
an increase in the strength up to 34.4 and 48.5 MPa for FS-AAM and WS- 
AAM, respectively. The strength increase is accompanied by significant 
changes in the mineral composition and microstructure of the mortars. 
First, a decrease in the content of amorphous fraction occurred due to 
the crystallization of diopside-albite or gehlenite-åkermanite ceramics. 
In addition, the cracks were sintered and transformed into isometric 
residual voids. In general, the structure became more homogeneous, and 
the boundaries between the unreacted slag and the binder gel became 
less noticeable. The densification process during sintering is usually 
associated with an increase in compressive strength [11,58,59]. 

However, ceramic formation is not always associated with an in-
crease in compressive strength. For example, AAM based on metakaolin 
and GBFS [60] showed åkermanite and gehlenite formation at 850 ◦C, 
but this was irrelevant to the mechanical properties since only a 
decrease in compressive strength with temperature was observed in this 
work. Other authors have argued that the formation of gehlenite, which 

Table 2 
FT-IR band assignment of the pastes of WS-AAM (a) and FS-AAM (b) after 28 days of curing and the samples calcinated at 200, 600, and 1000 ◦C.  

Band/phase FS-AAM WS-AAM 

Initial 200 ◦C 600 ◦C 1000 ◦C Initial 200 ◦C 600 ◦C 1000 ◦C 

Stretching vibration (ν) O–H (H2O) ~3489 ~3518 – –  ~3533 – – – 
Bending vibration (δ) O–H (H2O) 1666 1666 – –  1662 1651 – – 
ν C–O (CO3

2− ) 1410 – – –  1414 1466 – – 
ν Si–O (C-S-H) 1165 1173 1219 1234  1120 1111 1157 1142 
δ Si–OH 945 957 – –  930 – – – 
δ Si–O 625 – 679 663  615 630 – – 
ν Si–O–Al (C2AH8) – – – –  776 741 771 710 
δ Fe–O 563 569 571 –  555 555 555 540  

Fig. 7. Mass losses of the pastes of WS-AAM and FS-AAM at heating in air.  
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Fig. 8. Microstructure evolution (at x 2000) of WS-AAM (a) calcinated at 200 (c), 600 (e) and 1000 ◦C (g) and FS-AAM (b) calcinated at 200 (d), 600 (f) and 
1000 ◦C (h). 
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is a thermally stable phase, causes densification of the material, which 
leads to an improvement in mechanical characteristics [61]. These 
fluctuations are likely related to both the amount and the microstructure 
of the ceramic formed. An increase in strength can be expected if crys-
tallization leads to the formation of a dense, wide microstructure. 
Conversely, crystallization at localized points may not result in a 
noticeable increase in compressive strength. Typically, OPC does not 
exhibit the ceramic properties associated with an increase in compres-
sive strength at high temperatures, since the OPC binder requires water 
to be retained in the gel structure to maintain structural integrity [8]. 
For example, the concrete based on OPC with an initial strength of about 
32 MPa showed a decrease to 14 MPa after heating at 700 ◦C for 1 h 
[55]. When calcium-aluminate cement was used as a binder together 
with ferronickel slag [58], the compressive strength of the mortars 
decreased from 60 MPa to 15 MPa with an increase in the treatment 
temperature to 1000 ◦C. 

Some authors suggested that the oxidation of amorphous Fe during 
heating causes a loss of strength and crack formation in geopolymers 

[8]. In addition, the presence of a high Fe content in [20] was associated 
with a lower strength of ash-based materials compared to geopolymers 
based on metakaolin. In this work, the oxidation of Fe2+-containing 
species had little effect on the development of compressive strength 
compared to other factors. This is because the oxidation and associated 
structural and morphological transformations proceeded gradually 
within the small crystalline phases or unreacted slag particles. But the 
influence of these factors on the compressive strength was not obvious 
since it was suppressed by other structural and compositional trans-
formations in alkali-activated mortars. Peys et al. [21] also observed the 
oxidation of Fe in the silicate network, but this was unlikely related to 
the compressive strength changes. 

The increase in compressive strength at high temperatures was 
different depending on the chemical composition of the slag precursors. 
For example, WS-AAM after annealing at 1000 ◦C showed a strength of 
about 50 MPa, while FS-AAM mortars reached a strength of 35 MPa. The 
higher compressive strength of WS-AAM mortars was mainly due to the 
alkaline reaction of the quartz aggregates with the former gel. SEM 

Fig. 9. EDS elemental mapping of the microstructure of WS-AAM (a) and the mortar calcinated at 1000 ◦C (b).  
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studies (see Section 3.1.5) revealed distinct reactive rims of the iron 
silicate phase around quartz grains. In addition, the longer heating time 
increased the compressive strength of WS-AAM. After additional heating 
at 1000 ◦C for 3 h (a total of 6 h), the compressive strength of this sample 
increased from 50 MPa to 70 MPa, indicating a progressive reaction 
between the quartz and the former gel. 

4. Conclusions 

Fe-rich alkali-activated materials obtained from wüstite- and 
fayalite-bearing non-ferrous metallurgical slags have been studied 
regarding their suitability for high-temperature application up to 
1000 ◦C. For both slag-derived binders, the evolution of compressive 
strength revealed moderate fluctuations up to 400 ◦C due to water 
evaporation that occurred mainly below 200 ◦C according to TGA and 
FTIR. Then, a sharp drop in the strength up to 25 MPa occurred after 
heating at 600 ◦C due to the collapse of the original gel structure, as it 
was shown by the shift in FT-IR peaks and the crack formations. Finally, 
a reinforcement of compressive strength up to 50 MPa was detected 

above 600 ◦C due to sintering densification and formation of gehlenite- 
åkermanite ceramic for the slag with a high Ca/Si ratio and diopside- 
albite ceramic for the slag with lower Ca/Si. 

Interestingly, an extra gain in compressive strength of wüstite- 
bearing slag precursor was attributed to an extensive formation of iron 
silicate phase due to the alkaline-induced reaction of quartz with the 
former gel. SEM pictures clearly showed the reaction rims formed 
around the quartz aggregate grains. The rims had a thickness of 10–50 
μm and were represented by an iron silicate phase with the following 
composition: 19SiO2⋅3FeO⋅0.9Na2O⋅0.8CaO⋅0.2MgO, while the rest of 
the Ca from the original gel was precipitated in the form of wollastonite. 
Moreover, the ceramic type crystallized from the rest of the gel changed 
from gehlenite-åkermanite observed for the pastes to diopside-albite- 
andradite for the mortars. Thus, increasing the heating time of the 
mortar based on sodium-rich wüstite slag to 6 h led to an additional 
increase in the strength up to 70 MPa. 

The oxidation of iron species occurred over the whole temperature 
range applied, resulting in a gradual transformation of wüstite into 
magnetite, magnetite into hematite, fayalite into both magnetite 

Fig. 9. (continued). 
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(MgFe2
3+O4 to Fe2+Fe2

3+O4) and hematite that forms rims and whiskers 
around the initial slag and fayalite particles or form separate particles up 
to 5 μm in diameter. It appears that iron, which was present in amor-
phous phases such as gels and glasses, tends to be incorporated into 
crystalline silicate minerals such as diopside and gehlenite upon high 
temperature processing. However, the Fe oxidation has little effect on 
the compressive strength deterioration compared to other factors. 

Fe-rich AAMs studied in this work showed superior high-temperature 
performance compared to OPC, as well as several other types of AAMs, 
due to a good structural integrity over the entire temperature range and 
ceramic-improved high-temperature strength. This creates very good 
prerequisites for the use of Fe-AAMs in the cases where traditional 
cement-based materials typically fail, such as passive fire protection, 
heat-resistant pavement, or geothermal wells. 
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