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The hydration kinetics, phase assemblage, microstructure and mechanical properties of belite-ye’elimite—ferrite (BYF)
cement containing different secondary raw materials (red mud and waste concrete) and cured at 5, 20 or 60°C were
examined. Different secondary raw materials were found to lead to changes in cement hydration. The influence of
these materials on the hydration processes of belite and ferrite became more noticeable at a curing temperature of 5°C,
but diminished with an increase in curing temperature. The BYF cement made with red mud exhibited accelerated
hydration, particularly at 5°C, due to higher contents of mayenite and alkali sulfate compared with cement with natural
materials and waste concrete. Red mud inhibited early ettringite formation due to the presence of aphthitalite but pro-
moted monosulfate through accelerated ye’elimite hydration. Ferrite hydration was delayed by red mud, as alkali sul-
fates promote belite reactivity and calcium silicate hydrate (C-S-H) formation over stratlingite. Periclase increased
siliceous hydrogarnet formation at higher temperatures, supporting delayed yet stable strength development. The cur-
ing temperature impacted the morphology of the C-S-H (transitioning from a fine fibrillar-like structure to a foil-like
structure) and affected the chemical composition of hydrates, resulting in a lower incorporation of iron in hydrogarnet
and C-S-H at higher temperatures. Increased curing temperatures promoted aluminium uptake in calcium aluminium sil-

icate hydrate.
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Introduction

Currently, the general direction in the cement industry is to
employ alternative raw materials in the manufacture of cement
clinker. With this in mind, various materials, particularly waste
and by-products generated from different industrial processes,
have been suggested as potential substitutes (Galbenis and
Tsimas, 2006).

In recent years, researchers have shown significant interest in con-
struction and demolition waste (CDW), which is generated in
large quantities worldwide (Gastaldi et al., 2015). The construc-
tion sector alone produces over 3 billion tonnes of CDW annually,
representing a significant material source for cement production
(Akhtar and Sarmah, 2018). The predominant use of concrete
from CDW is as recycled aggregates in the production of mortar
and concrete. However, these aggregates are of lower quality due
to residual hydrated cement, which negatively affects the con-
crete’s properties and strength (Gastaldi et al., 2015), (Kou et al.,
2011). The fine fraction of concrete waste, comprising residual
cement and aggregates, is also used as a clinker substitute, permis-
sible under cement standards such as EN 197-6 (Oliveira et al.,
2020). The recycling of these materials into cement production
provides a sustainable solution by reducing landfill waste and pro-
vides an alternative to natural aggregates or clinker substitutes.

Another industrial residue is red mud, which is derived from the
Bayer alumina production process using bauxite ore (Zhang
et al., 2011). With an annual global production of approximately
70 Mt, its highly alkaline nature poses environmental risks,
including soil and groundwater contamination. (Vangelatos
et al., 2009). Recycling red mud in cement production offers an
eco-friendly solution by reducing landfill waste and utilising it
as a clinker substitute (Jun et al., 2019; Manfroi et al., 2014;
Zhang et al., 2011).

Belite—ye’elimite—ferrite (BYF) cements provide an opportunity
to integrate industrial residues into clinker production, reducing
their environmental footprints (Alvarez-Pinazo et al., 2016;
Gartner, 2017; Telesca et al., 2019). However, the incorporation
of such materials introduces minor elements (e.g. iron, alkalis,
phosphorus and heavy metals) into the clinker (Bullerjahn ef al.,
2015). These elements can form secondary phases such as mayen-
ite, gehlenite, periclase and various alkali sulfates, which influ-
ence the hydration kinetics, pore structure and early-age
properties of the cement paste (Baltakys et al., 2021; Bullerjahn
et al., 2015). In addition, the effect of these minor phases varies
significantly at different curing temperatures.

Mayenite (C;,A) has gained attention for its ability to accelerate
cement hydration due to its rapid dissolution, which alters the
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calcium/aluminium ratio, promoting ettringite formation and sul-
fate depletion (Bullerjahn et al., 2019a; He and Li, 2018).
Research indicates that mayenite accelerates hydration at low tem-
peratures, typical of slow reactions, while the effect is less pro-
nounced or slightly delayed at high temperatures (Koehler et al.,
2022). These changes influence the microstructure and compres-
sive strength of hydrated products (Bullerjahn et al., 2019a,
2019b). Numerous investigations by various authors have focused
on the hydration of pure mayenite (Edmonds and Majumdar,
1988; Koplik et al., 2014) and the results have shown that higher
temperatures enhance phase reactivity and reduce their initial
hydration period. Gehlenite (C,AS), although considered weakly
hydraulic, can react to form strétlingite over time (Dolenec et al.,
2020; Winnefeld et al., 2017). Its reactivity increases with a finer
particle size or as glass with gehlenite composition (Snellings,
2013). In calcium aluminate cements, gehlenite partially reacts at
elevated temperatures due to its higher aluminium oxide content
(Scrivener and Capmas, 1998). Periclase (MgO), often added to
raw meal, enhances reactivity and clinker formation (Liu et al.,
2017; Wang et al., 2011), thus enhancing performance and reduc-
ing the energy required for grinding (De Souza et al., 2008).
Controlled amounts of periclase dissolve into clinker phases,
while excess crystallises as periclase (Kurdowski, 2014). The
presence of various alkali sulfates can be observed in cement
clinker, including arcanite (K,SO,), thenardite (Na,SO,), aphthi-
talite (K3NS 4) and calcium langbeinite (KC5S 3) (Ma and Qian,
2018; Taylor, 1999). According to Kumar and Kameswara Rao
(1994), the introduction of arcanite and thenardite leads to a delay
in setting time. Alkali ions accelerate setting, while sulfate ions
delay it (Samet and Sarkar, 1997). These compounds promote
early strength development but may reduce long-term compres-
sive strength (Sun ef al., 2018; Taylor, 1997). Aphthitalite, in par-
ticular, slows early hydration but shortens the induction period,
enhancing the acceleration phase (Huang et al., 2018).

Despite the significant research that has been conducted into the
effects of various minor phases on cement hydration, particularly
with respect to Portland cement, notable major gaps remain in
understanding how these minor phases influence cement hydration
at different temperatures, especially below or above ambient tem-
perature. Knowledge regarding the effects of minor phases due to
the introduction of different secondary raw materials in cement
clinker on the hydration and strength of BYF cements remains
quite limited, with no reported studies examining their effects
across different temperatures. A previous study by the authors on
the hydration of BYF cement with bottom ash (Mrak et al., 2024,
2021) highlighted the influence of calcium sulfate, clinker compo-
sition and temperature on hydration kinetics, hydrate assemblage
and mechanical properties. However, the role of other minor
phases was not considered. This study addresses this gap by inves-
tigating the effects of red mud and waste concrete, which were
selected for their availability, adverse environmental affects and
performance benefits. Incorporating these industrial residues into
BYF cements offers the dual benefit of addressing waste
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management challenges while reducing the environmental foot-
print of cement production. This work bridges a critical gap in
understanding the role of minor phases introduced by industrial
residues in BYF cement hydration, particularly under varying tem-
peratures, which has not been studied in detail previously. From a
sustainability perspective, this research highlights the potential to
repurpose hazardous and voluminous industrial residues into valu-
able construction materials, reducing environmental impact while
supporting the circular economy concept.

In this study, the physico-mechanical properties and hydration
evolution of BYF cement containing different secondary raw
materials were investigated under curing temperatures of 5, 20
and 60°C. The composition of the hydration products was studied
using X-ray powder diffraction (XRD) and thermogravimetric
analysis (TGA). Compressive strength and porosity were deter-
mined and hydration kinetics was studied. Furthermore, selected
samples were studied by nuclear magnetic resonance (NMR). The
microstructure of hydrated samples and chemical composition of
hydrates was assessed by transmission electron microscopy
(TEM).

Materials and methods

Materials

BYF cement clinkers with a targeted phase composition of 65 wt%
belite (C,S), 20 wt% ye’elimite (C4A5S) and 10 wt% ferrite (C4AF)
were synthesised. Three clinkers were prepared.

= CNAT was prepared using natural raw materials (limestone
(Salonit Anhovo quarry), flysch (Salonit Anhovo quarry),
bottom ash (Monfalcone power plant), white titanogypsum
(Cinkarna Celje), calcined bauxite (Calucem) and mill scale
(S1J Acroni).

= CCON was prepared with waste concrete (provided by
Salonit Anhovo cement plant).

= CRMD incorporated red mud from Hungary.

The chemical composition of the waste concrete and red mud was
determined using X-ray fluorescence (XRF) analyses (see Table S1
in the online supplementary material (OSM)). The chemical compo-
sitions of natural raw materials are provided elsewhere (BorStnar
et al., 2020). The materials were proportioned using the modi-
fied Bogue method (Chen and Juenger, 2011) (see Table S2 in
the OSM).

The synthesis of the cement clinkers is detailed by Borstnar et al.
(2020). XRF analyses of the clinkers were performed according to
BS EN 196-2:2013 (BSI, 2013) (Table 1), while their mineralogi-
cal compositions were derived from XRD (Table 2). Used CDW
contains a lot of magnesium oxide (MgO), leading to a high
amount of periclase in the cement clinker. Red mud contains sig-
nificant amounts of ferric oxide (Fe,O3), aluminium oxide
(Al,03) and other oxides, leading to the formation of greater
amounts of minor phases such as mayenite and alkali sulfates.
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Table 1. Results of chemical analysis of cement clinkers

CNAT CCON CRMD
Calcium oxide (Ca0): wt% 54.50 54.19 54.20
Silicon dioxide (Si05): wt% 22.60 22.36 22.33
Aluminium oxide (Al;03): wt% 11.59 11.68 11.31
Ferric oxide (Fe,03): wt% 3.34 3.53 3.80
Magnesium oxide (MgO): wt% 1.65 3.95 1.54
Potassium oxide (K,0): wt% 0.77 0.73 0.72
Sodium oxide (Na,0): wt% 0.31 0.30 0.47
Titanium dioxide (TiO;): wt% 0.67 0.67 0.76
Phosphorus pentoxide (P,0s): wt% 0.07 0.07 0.07
Chromium(lll) oxide (Cr,03): wt% 0.07 0.07 0.08
Manganese oxide (MnO): wt% 0.07 0.09 0.07
Sulfur trioxide (SO3): wt% 2.54 2.42 2.14
Loss on ignition: wt% 0.20 0.50 2.30
Total 98.38 100.56 99.79

Table 2. Phase compositions of the cement clinkers, determined by
XRD and Rietveld refinement

CNAT CCON CRMD
p-Dicalcium silicate (belite): wt% 65.7 63.5 64.4
y-Dicalcium silicate: wt% 3.8 3.3 4.2
Ye'elimite orthorhombic: wt% 9.1 9.2 8.2
Ye'elimite cubic: wt% 7.0 7.7 6.2
Ferrite: wt% 7.4 8.5 9.3
Mayenite: wt% 34 2.5 3.8
Gehlenite: wt% 0.5 0.5 0.7
Periclase: wt% 1.2 3.3 1.1
Arcanite: wt% 1.0 0.9 0.5
Aphthitalite: wt% 0.9 0.6 1.6

Cement mixtures were prepared by blending ground clinkers with
white titanogypsum in order to achieve a calcium sulfate to ye’eli-
mite molar ratio of 1.5. The cements were further processed in a
ball mill (Capco Test Equipment model 9VS). The Blaine fineness
of each cement mixture was determined to be 4880 + 20 cm?/g.
The particle size distributions of the cements were determined
using a laser particle analyser (SYNC Microtrac MRB) (see
Figure S1 in the OSM).

A water/cement ratio of 0.5 was used for the hydration experiments.
The cement pastes were manually mixed for 3 min using a spatula,
then cast into prismatic moulds (10 mm x 10 mm x 25 mm). After
24 h, the specimens were demoulded and cured in sealed plastic
containers at a temperature of 5, 20 or 60°C. Hydration was
stopped by solvent exchange using isopropanol and diethyl ether
(Snellings et al., 2018) at 1, 7, 28, 90 and 180 days and the sam-
ples were analysed by XRD, TGA, NMR, TEM and mercury
intrusion porosimetry (MIP).

Methods

Isothermal conduction calorimetry was conducted on samples
cured at 5, 20 and 60°C using a TAM Air device (TA instruments).
The procedure involved 3 min of manually mixing 4 g of the pre-
pared cement with 2g of deionised water. The mixture was

transferred into a glass ampoule, capped and placed directly into
the calorimeter for testing.

XRD analysis of the cement clinkers and pastes was performed
using a PANalytical Empyrean X-ray diffractometer equipped
with CuK,, radiation. The detector used was an X’Celerator, and
the instrument was operated at a voltage of 45kV and a current of
40 mA. To minimise the effects of the preferred orientation, the
samples were back loaded into a circular sample holder with a
diameter of 27 mm. The measurements were carried out in a 26
range of 5-75° with a step size of 20=0.017°. The data obtained
were subjected to Rietveld refinement using PANalytical X Pert
High Score Plus diffraction software (version 4.9). The crystal
structures proposed by Snellings (2016) were used, along with
those provided by Cuesta ef al. (2014, 2013) for the orthorhombic
and cubic ye’elimite structures. For the quantification of amor-
phous content and poorly crystalline phases, the G-factor method
(Jansen et al., 2011; O’Connor and Raven, 1988) was employed,
with corundum (Al,O3, NIST SRM 676a) serving as the external
standard. The results were normalised to 100 g of dry binder,
incorporating the amount of bound water determined by TGA.

TGA of the cement pastes was conducted using a Netzsch STA
409 instrument, under a nitrogen atmosphere, using a heating rate
of 10K/min and covering a temperature range of 30-980°C.
Alumina crucibles were used, with approximately 15 mg of sam-
ple. Chemically bound water was calculated from the weight loss
up to 550°C and normalised to 100 g of dry binder (Lothenbach
etal., 2016).

NMR spectra (*°Si magic angle spinning (MAS) and 2’ Al MAS)
were obtained for NAT (prepared using natural raw materials)
samples at 90 days of hydration at different curing temperatures.
Solid-state MAS NMR spectra were recorded on a Bruker
Avance Neo 400 MHz NMR spectrometer equipped with a 4 mm
CP-MAS probe. Larmor frequencies of >’ Al and 2°Si nuclei were
104.26 MHz and 79.48 MHz. Sample MAS frequencies were
15 kHz for the measurements. 2’ Al spectra were recorded using a
single pulse sequence of z/2 with a duration of 3.8 us, 4096 scans
and a delay between scans of 1s. 2’Si spectra were recorded
using a single pulse sequence of #/2 with a duration of 3.84 s,
982 scans and a delay between scans of 60 s. The shift axis in all
the spectra was referenced using an external reference of
adamantane.

Freshly fractured surfaces of the NAT mixture with hydration
stopped at 90 days at different temperatures were investigated by
TEM to observe the morphology of the crystalline and amor-
phous phases and to determine their chemical composition.
Samples were thinned by ion milling and then carbon-coated.
The analyses were performed on a FEG-TEM JEM 2010 F (Jeol
Ltd, Tokyo, Japan) with a 200 kV electron source and equipped
with an energy-dispersive X-ray spectrometer (EDXS; Oxford
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Instruments ISIS 300). Around 50 points were analysed per
temperature.

Prepared cement pastes with a water/cement ratio of 0.5 were cast
in 10 mm x 10 mm X% 25 mm moulds and cured at either 5, 20 or
60°C at a relative humidity of 95 £ 2%. The samples were
demoulded after 24 h. After 1, 7, 28, 90 and 180 days, the com-
pressive strengths of the samples were determined using a
ToniNorm, Toni Technic (by Zwick) testing machine. A loading
rate of 0.05 kN/s was used, and measurements were conducted on
three prisms for each curing age.

The porosity of the cement samples (NAT (natural raw materials),
CON (concrete waste) and RMD (red mud), cured at different
temperatures, was examined after 90 days of hydration using MIP.
The porosity depending on the hydration time was examined on
the NAT cement mixture at 20°C. After hydration stoppage, small
representative pieces of each sample were analysed within the
range of 0—414 MPa using penetrometers for solid substrates using
a Micromeritics Autopore IV 9500 equipment (Micromeritics,
Norcross, GA, USA). Two measurements were performed for
each sample.

Results and discussion

Isothermal calorimetry results

The heat of hydration of NAT, CON and RMD at different curing
temperatures is shown in Figure 1. The presence of mayenite signif-
icantly affected the kinetics, and also strongly depended on the cur-
ing temperature. At a curing temperature of 5°C, RMD (with the
highest mayenite content) exhibited the fastest hydration and the
shortest induction period, with a main peak at 18 h (Figure 1(a)). In
contrast, CON (with the lowest mayenite content) reacted the slow-
est, showing its main peak at 24 h. This suggests that mayenite
accelerates hydration, particularly at low temperatures (Bullerjahn
et al.,2019a; He and Li, 2018; Koplik ez al., 2014). At curing tem-
peratures of 20°C and 60°C, the impact of mayenite was less

Heat flow: mW/g

pronounced (Koehler et al., 2022), although CON consistently
reacted more slowly, with main peaks delayed compared with NAT
and RMD. At 20°C, all the mixtures displayed a shoulder before the
first peak, which was the smallest for RMD (Figure 1(b)). This cor-
responds to lower ettringite formation in RMD at 1 day, as indicated
by the XRD analysis, as this peak is usually attributed to the hydra-
tion of ye’elimite and consequently the precipitation of ettringite.
The maximum peak, which represents the precipitation of monosul-
fate (and/or ettringite) was greatest in RMD. At 60°C, two maxi-
mum peaks were observed (Figure 1(c)), with the second peak
being higher, as more monosulfate forms than ettringite due to the
higher solubility of ettringite at elevated temperatures (Lothenbach
et al., 2008; Wang et al., 2017). Hydration kinetics are also influ-
enced by alkali sulfates (arcanite, aphthitalite), which enhance the
acceleration period (Ma and Qian, 2018; Sun et al., 2018) across all
temperatures. Although the mayenite content was identified as a
key contributor to hydration acceleration in RMD, other factors
such as alkali sulfate content and overall clinker phase assemblage
may also influence hydration behaviour.

The results therefore indicate that adding red mud accelerated the
hydration process at low temperatures due to its higher mayenite
content (Koehler ez al., 2022) (due to the distinct chemical compo-
sition of red mud), which is beneficial for construction in cold
environments. The addition of waste concrete slowed the hydra-
tion kinetics, which may be advantageous for applications requir-
ing extended working times. At higher temperatures, RMD and
CON exhibited smaller differences in hydration behaviour, with
RMD maintaining slightly faster reactions. Red mud promotes
greater monosulfate formation and reduces early ettringite precipi-
tation (Lothenbach et al., 2008; Wang et al., 2017), potentially
influencing the durability and strength evolution of cement.

The cumulative heat at 7 days was comparable across mixtures at
all curing temperatures but slightly lower in CON at 5°C and
60°C, and in RMD at 20°C (Table 3). As the curing temperature
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Figure 1. Hydration heat flows (normalised to the weight of cement) of NAT, CON and RMD cements after curing at: (a) 5°C; (b) 20°C; (c) 60°C
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Table 3. Cumulative heat after 7 days of hydration, normalised to
the weight of the cement, in the NAT, CON and RMD cements
cured at 5, 20 and 60°C

Cumulative heat: J/g

Curing temperature: °C NAT CON RMD
5 194 186 195
20 222 221 212
60 188 182 184

was increased from 5°C to 20°C, the cumulative heat in all the
mixtures increased. However, at 60°C, it decreased, consistent
with observations of Mrak et al. (2024). As reported elsewhere,
after a long time, hydration decelerates more quickly at elevated
temperatures (Chitvoranund, 2021) and lower degrees of hydra-
tion are often obtained (Lothenbach et al., 2007).

XRD and TGA results

The XRD patterns of the NAT at 5, 20 and 60°C are shown in
Figure 2. The XRD patterns on CON and RMD are available in
the OSM (Figures S2 and S3). The TGA results for 20°C curing
are shown in Figure 3, while those at the other curing tempera-
tures are shown in S4 and S5 of the OSM. Other phase
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quantifications at various hydration times are presented in
Figures 4-6 and Figure S6 of the OSM.

The use of secondary raw materials affected the phase assem-
blage, formation kinetics and composition of the resulting
hydrates. They influenced belite and ferrite hydration signifi-
cantly for 5°C curing, but their effects diminished at higher tem-
peratures. This is evident in the variations of strétlingite and the
amorphous calcium silicate hydrate (C-S-H) phase, which form
during belite hydration. In contrast, ye’elimite hydration was
less affected across the different temperatures, as changes in the
quantities of ettringite and monosulfate were less pronounced.
While the enhanced early hydration and phase development can
be largely attributed to higher mayenite content, other minor
phases such as alkali sulfates and periclase may have also con-
tributed to the observed differences.

With curing at 5°C, after 1 day of hydration, all the mixtures con-
sumed nearly all ye’elimite and gypsum, resulting in substantial
ettringite and, after the depletion of gypsum, the formation of
monosulfate. A greater amount of monosulfate was observed in
RMD, suggesting that the early reactions were faster in this mix-
ture due to the higher mayenite content (Bullerjahn et al., 2019a;
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Figure 2. XRD patterns of NAT at different curing times and temperatures: (a) 5°C; (b) 20°C; (c) 60°C (B =belite, E = ettringite, F =ferrite,
G =gehlenite, Gy =gypsum, Ms=monosulfate, S =stratlingite, Si-Hg = siliceous hydrogarnet, Y = ye’elimite)
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Figure 3. TGA of cement pastes cured at 20°C at different curing times: (a) NAT; (b) CON; (c) RMD (AH3 = aluminium hydroxide, E = ettringite,
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Figure 6. Comparison of the amount of hydration products formed in the NAT, CON and RMD cement mixtures at 60°C, as determined by

quantitative XRD

Koehler et al., 2022), while CON displayed the smallest amount
of monosulfate. The hydration of ettringite and gypsum also pro-
duced aluminium hydroxide, as confirmed by TGA through the
weight loss near 250-280°C (Scrivener et al., 2016). This was
later consumed during belite hydration to form stritlingite.
Verifying C-S-H through XRD is difficult because it is amor-
phous, while TGA is also complicated as its primary water loss
peak coincides with that of ettringite (Zajac et al., 2019).
However, RMD consistently showed higher belite reaction
degrees and amorphous content than NAT and CON at 5°C, likely
due to its higher alkali sulfate content (Ma and Qian, 2018). These
results suggest they contribute to a higher ionic strength and alka-
linity in the pore solution, which promotes the dissolution of belite
and enhances the precipitation of amorphous C-S-H gels. Also,
alkali sulfates are known to shorten the induction period and
enhance the acceleration phase of hydration, as also observed in
the calorimetric data. This leads to faster nucleation and growth of
hydration products, particularly C-S-H, at early ages. Moreover,
aphthitalite has been reported to inhibit early ettringite formation
but promote the transition to the acceleration phase more rapidly,
potentially increasing the early precipitation of amorphous
hydrates like C-S-H. This also suggests favoured C-S-H formation
over strétlingite, as RMD contained less strétlingite and more
amorphous material. The ferrite content decreased slowly, with
nearly complete consumption after 90 days. In RMD, the reaction
of ferrite was, at the beginning slower, than in NAT and CON,
likely due to the higher content of alkali sulfates in RMD, which
delay the hydration of ferrite (Morin et al., 2017). No siliceous
hydrogarnet was observed in the cements cured at 5°C, as its for-
mation is promoted by elevated temperatures (Dilnesa et al.,
2014; Wang et al., 2017).

At 20°C, ye’elimite was depleted within 1day, and gypsum
remained only in traces. From 7 to 90 days, the amount of ettrin-
gite decreased while the amount of monosulfate continued to rise

over time, attributed to the continuous hydration of the ferrite
and the release of additional aluminium ions (Odler and
Wonnemann, 1983; Taylor, 1997). These findings align with the
TGA results, with weight loss near 120°C attributed to ettringite
and that around 280°C to monosulfate (Andersen et al., 2004;
Saez del Bosque ef al., 2014). At 1day, RMD contained less
ettringite, possibly due to aphthitalite inhibiting early ettringite
formation (Sun et al., 2018), but had higher monosulfate levels
due to accelerated reactions from increased mayenite content. A
higher curing temperature reduced the amount of ettringite and
increased the monosulfate content, consistent with the higher
solubility of ettringite at elevated temperatures (Lothenbach
et al., 2008; Wang et al., 2017). Stritlingite appeared at 1 day
after curing at 20°C. RMD showed higher belite reaction degrees
and amorphous content, again attributed to alkali sulfates. By
90 days, the ferrite was fully consumed. Ferrite hydration in
RMD was slower in the early stages, consistent with the observa-
tions at 5°C, likely due to the alkali sulfates. Furthermore, the
hydration of ferrite and belite led to the formation of siliceous
hydrogarnet, which was higher in RMD cured at 20°C, where
also the degree of belite hydration was higher.

At 60°C, ye’elimite and gypsum were depleted by 1day. The
trends in ettringite and monosulfate mirrored those at lower tem-
peratures but were more pronounced; ettringite levels declined
significantly between 7 and 90 days, while monosulfate levels
steadily increased. Stritlingite appeared at 1day, although its
quantity decreased with temperature, as also noted by Mrak et al.
(2024). RMD showed the highest belite reaction degrees and
amorphous content at 60°C across all hydration times. Ferrite was
fully consumed by 90 days. The ferrite content changed minimally
up to 28days, then dropped sharply to nearly zero. Siliceous
hydrogarnet was present after 7 days of hydration; at late ages, it
was highest in the CON mixture, where a higher degree of belite
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hydration was also noted. Compared with curing at 20°C, more
siliceous hydrogarnet precipitated at 60°C.

The influence of temperature on the hydration of cements was
evident and the results confirm the findings in a previous study
Mrak et al. (2024). Higher temperatures accelerated the hydra-
tion of anhydrous phases, as observed in NAT, CON and RMD.
With an increase in curing temperature, ettringite solubility is
higher, leading to a lower amount of ettringite, as also observed
by Borstnar et al. (2020), favouring the formation of monosul-
fate (Kaufmann er al., 2016; Lothenbach er al., 2007). The
stratlingite content decreased with increased temperatures after
28 days of hydration, regardless of the secondary raw material,
coinciding with the formation of siliceous hydrogarnet, particu-
larly at 60°C (Alvarez-Pinazo et al., 2016). At higher tempera-
tures, increased amounts of siliceous hydrogarnet formed due to
both the significantly higher degree of belite hydration (accom-
panied by greater amounts of C-S-H) and kinetic factors that fur-
ther promote its development (Dilnesa et al., 2014; Wang et al.,
2017).

NMR results

To confirm the presence of the amorphous phases (e.g. C-S-H or
calcium aluminium silicate hydrate (C-(A)-S-H)) that could not be
unambiguously determined by XRD and TGA, NMR was
employed for NAT at 90 days of hydration. The results are shown
in Figure 7.

As shown in Figure 7(a), >’Al NMR confirmed the presence of
ettringite and monosulfate, with chemical shifts at 14.5 ppm and
11.5 ppm, respectively (Le Saott et al., 2013; Paul et al., 2015).
Ettringite decreased with increasing curing temperature, while
monosulfate increased, aligning with the XRD and TGA results.
A narrow resonance for strétlingite at 62.5 ppm was observed at
all temperatures, decreasing with temperature (Paul et al., 2015).

E
5°C

——20°C S Ms
60°C
C-A-S-H 1
I S ,
,A,.——"A—.

The presence of C-S-H was confirmed at all temperatures by >
Si NMR (Figure 7(b)), with chemical shifts at —79 ppm and
—84 ppm (Andersen et al., 2004; Le Saolt et al., 2013). These
resonances decreased at a lower temperature, whereas the resonan-
ces of belite at around 71ppm (Le Saolt et al., 2013) were
increased, due to a lower degree of hydration. A signal at around
73.5 ppm is associated with non-reacted y-C,S (Saez del Bosque
et al., 2014). No C-S-H with incorporated aluminium was
observed at 5°C using 2’Al NMR. At 60°C, a signal in the *’
Al NMR spectrum at around 75 ppm (associated with C-A-S-H)
was detected, due to the partial substitution of silicon with alumin-
fum in the bridging sites linking dimers of silicate tetrahedra (Avet
et al., 2019; Thomas et al., 2003). At elevated temperatures, C-S-H
exhibits a longer average chain length, a higher uptake of alu-
minium from the solution to bridging sites of C-A-S-H phase
and a higher aluminium/silicon ratio (Bach et al., 2012; Thomas
et al., 2003). When the aluminium/silicon ratio is 0.05 or less,
most of the aluminium is incorporated into C-S-H. However,
with a higher aluminium/silicon, the formation of strétlingite
and/or katoite restricts the aluminium/silicon ratio in C-S-H to
approximately 0.15, irrespective of the calcium/silicon ratio
(L’Hopital et al., 2016). The increase in the chain length of
C-S-H at higher temperatures may result in a denser microstruc-
ture, which could lead to higher compressive strength (Séez del
Bosque ef al., 2014). This is especially significant for mixtures
where higher aluminium incorporation occurs, as C-A-S-H
phases are typically associated with improved mechanical prop-
erties (Avet et al., 2019; Thomas et al., 2003). Temperature con-
trol during hydration allows tailoring specific phases to optimise
durability and mechanical properties.

TEM results

TEM was used to investigate the morphology and chemical com-
position of hydrate assemblage in NAT after 90 days of hydration
at temperatures of 5, 20 and 60°C (Figure 8, Table 4).
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Figure 7. (a) 2’ AINMR and (b) 2°Si NMR analysis of NAT cement after 90 days of curing at different temperatures (B = belite, Bg = belite

gamma, E =ettringite, Ms =monosulfate, S =stratlingite)
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Figure 8. TEM micrographs of NAT after 90 days of hydration at different temperatures. (a) 5°C — a large grain of belite, surrounded by
C-S-H. (b) 5°C — ettringite showing elongated morphology and fibrillar C-S-H. (c) 20°C — round grains of siliceous hydrogarnet, long rods
of stratlingite and large plates of ettringite. (d) 20°C — C-S-H surrounding other hydration products. (e) 60°C — large grains of ettringite
and monosulfate. (f) 60°C —C-S-H and siliceous hydrogarnet intermixed

At 5°C, the cement microstructure was more homogenous, which
is related to slower hydration (De Weerdt er al., 2012; Myers
etal.,2015). At 5°C and 20°C, remaining unhydrated belite grains
were common, but scarce at 60°C, as the degree of hydration is
higher at elevated temperatures. EDXS analysis confirmed pres-
ence of ettringite, monosulfate, stritlingite and C-S-H at all tem-
peratures. Siliceous hydrogarnet appeared at 20°C and 60°C,
consistent with the XRD and TGA results.

Ettringite formed large elongated particles, with grain size
decreasing as the curing temperature increased due to acceler-
ated hydration of ye’elimite (Borstnar ez al., 2020; Lothenbach

et al.,2007). The largest amounts of ettringite were for the sam-
ples cured at 5°C and 20°C, aligning with the XRD data. The
ettringite composition was stable across temperatures, contain-
ing small amounts of iron, silicon and potassium. In ettringite,
aluminium can be substituted by iron, calcium, sulfate and sili-
con, while sulfate can be replaced with selenium or chromium
(Lukas, 1976; Mdschner ef al., 2009). Iron-rich ettringite forms
more slowly than aluminium-ettringite, but higher temperatures
reduce this disparity (Mdschner ef al., 2009). Small amounts of
iron were detected in the ettringite at all temperatures. BorStnar
et al. (2020) reported that ettringite shows the ability for higher
ion uptake at elevated temperatures.
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Table 4. Chemical composition of hydration phases determined by
TEM/EDXS. Compositions were calculated to all elements and only
cations were considered in the calculations. Hydrogarnet was not
detected at 5°C

Composition: at.%

Phase AlK SiK SK KK CaK FeK
90 days, 5°C
Ettringite 16.1 3.7 261 1.5 50.5 0.9
Stratlingite 34.1 17.5 1.1 1.9 41.3 3.6
Hydrogarnet ~ ND? ND ND ND ND ND
C-S-H 6.3 302 46 26 50.7 5.4
90 days, 20°C
Ettringite 17.8 1.5 26.5 1.4 52.3 0.4
Stratlingite 327 177 2.2 1.5 423 34
Hydrogarnet 1.3  23.1 2.0 0.9 52.8 8.8
C-S-H 6.8 31.2 2.8 1.7 55.4 1.3
90 days, 60°C
Ettringite 17.3 23 258 1.0 53.4 0.4
Monosulfate 229 37 129 BD® 588 11
Hydrogarnet 152 217 33 BD 54.8 3.2
C-S-H 32 209 2.9 1.3 60.7 0.4
“Not detected

®Below detection limit

Monosulfate was observed by TEM only at 60°C, forming
plate-like grains with irregular morphology, incorporating
small amounts of silicon and iron (Dilnesa et al., 2012;
Mathur, 2007; Richardson ez al., 2010). In monosulfate, the
substitution of different anions such as OH™, SO,2~, CO32_
and Cl has been reported, and the replacement of aluminium
by iron, resulting in iron-monosulfate formation (Dilnesa
etal.,2012).

Stratlingite was found as elongated grains with a laminar struc-
ture, precipitating more abundantly at 5°C and 20°C. It contained
up to 3.4 at.% iron, with minor changes in composition across
temperatures. Iron-rich stritlingite forms due to partial alumin-
ium replacement by iron (Alvarez-Pinazo et al., 2013; Wang,
2011).

Siliceous hydrogarnet occurs in the form of spherical grains with a
diameter of around 100 nm. The grains are usually found in cubic
form, but were rapidly amorphised during the TEM observation, indi-
cating that it is sensitive to high-energy electrons. While siliceous
hydrogarnet grains were not observed at 5°C (Dilnesa et al., 2014),
they increased with an increase in curing temperature (Mrak et al.,
2024). Tt contains up to 10 at.% of iron. The amount of iron is much
higher at 20°C compared with 60°C, while the amount of aluminium
is slightly lower. In Portland cements, iron and aluminium intermixed
with siliceous hydrogarnet are usually observed (Taylor and Newbury,
1984). The hydrogarnet structure can be changed by the replacement
of all or part of the silicon atoms and a solid solution between C3AHg,
C3FHg, C5AS and C3FS; exists (Dilnesa et al., 2014; Taylor, 1990).
Thermodynamic modelling of BYF cement (Mrak et al., 2024) indi-
cates that iron is incorporated in siliceous hydrogarnet, which is a
result of partial replacement of aluminium ions by iron, forming iron-
rich siliceous hydrogarnet (Alvarez-Pinazo et al., 2013).

The C-S-H showed a fibrillar morphology at 5°C, transitioning to
foil-like structures at elevated temperatures, where it intermixed
with siliceous hydrogarnet. A recent investigation on iron incorpo-
ration in C-S-H showed that C-S-H with less iron shows foil-like
morphology (Siramanont et al., 2021). While NMR revealed the
incorporation of aluminium in the C-S-H structure at 60°C, the
amount of aluminium was not high according to the TEM results,
probably due to intermixing with other phases. Previous studies on
C-S-H in ordinary Portland cement at different temperatures also
showed a slight increase in sulfur and aluminium at elevated tem-
peratures (Gallucci ef al., 2013; Saez del Bosque et al., 2014). The
observed differences in phase assemblage and microstructure
among the mixtures emphasise the importance of controlling the
secondary raw material composition to optimise cement properties.

Compressive strength

Figure 9 shows the effects of the different secondary raw materials
on the development of compressive strength for curing tempera-
tures of 5, 20 and 60°C. The early strength development was simi-
lar across all mixtures but diverged after 28 days. Fast early
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Figure 9. Development of compressive strength in NAT, CON and RMD at different curing temperatures: (a) 5°C; (b) 20°C; (c) 60°C
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strength development was displayed at all curing temperatures due
to the quick reaction of ye’elimite and gypsum with water, result-
ing in the formation of ettringite, which plays a substantial role in
contributing to the early strength of cements (Jeong et al., 2018;
Lothenbach et al., 2015). At 1day, the lowest strength was
observed for 5°C curing, attributed to residual gypsum.

At 20°C and 60°C, RMD exhibited lower compressive strength
than NAT and CON (up to 90 days of hydration), consistent with
earlier studies (Ma and Qian, 2018; Sun ef a/., 2018). This may be
linked to the presence of mayenite, which, as reported by He and
Li (2018), reduces strength after 14-28 days by forming AFm
phases and lowering the AFt/AFm ratio.

After curing at 20°C and 60°C for 180 days, RMD demonstrated
slightly higher strength, while CON showed the lowest strength.
This strength reduction could be due to the higher periclase con-
tent in the CON mixture. Mo et al. (2015) found that mortars
incorporating magnesium oxide exhibit reduced compressive
strength due to the higher water consumption caused by the mag-
nesium oxide reaction and the formation of magnesium hydroxide,
which lead to expansion, the creation of cracks and increased
porosity (Ali and Mullick, 1998; Wang et al., 2022).

Figure 9 also shows that all the compressive strengths at late ages (i.e.
6 months) increased with an increase in curing temperature. This is
because belite hydration is enhanced, leading to the precipitation of
stratlingite, C-S-H and siliceous hydrogarnet, which fill more space, as
shown by Mrak et al. (2024) and others (Shirani et al., 2021; Sui
et al., 2015). However, the high mayenite content from the red mud
reduced the strength at higher temperatures, and the waste concrete’s
higher periclase content led to lower strength at elevated temperatures.

MIP
The effect of secondary raw materials on the porosity of the
cements at 90 days (measured by MIP) is shown in Figure 10.

0504 0.50+

After curing at 5°C and 60°C, the pore sizes exhibited a unimodal
distribution, with main peaks around 0.07 pm. At 20°C, the intru-
sion peak shifted to around 0.02 pm. At 5°C, another intrusion
peak was observed in RMD at around 0.25 um, leading to a
bimodal distribution and suggesting larger pores due to the forma-
tion of less monosulfate and stritlingite and more C-S-H that fill
smaller pores in RMD compared with NAT and CON. A higher
degree of hydration leads to more hydration products, which
makes the microstructure more heterogeneous (Li et al., 2019;
Wang et al., 2017).

The median and average pore diameters were higher for the 5°C
samples than the 20°C and 60°C samples, corresponding to fewer
hydration products forming at lower hydration degrees. No signifi-
cant correlation was observed between the incorporation of sec-
ondary raw materials and the pore size distribution.

Table 5 shows higher porosity in RMD compared with NAT and
CON at 5°C and 60°C, likely due to the higher degree of reaction
in RMD. Porosity increased in the samples cured at 60°C com-
pared with 5°C and 20°C, consistent with findings that lower tem-
peratures promote a denser, more uniform matrix due to slower
hydration (Li et al., 2019; Wang et al., 2017; Xu et al., 2018). The
negative correlation between compressive strength and porosity is
evident. For curing at 20°C, the lowest porosity coincided with the
highest compressive strength. These findings show that secondary
raw materials significantly influence porosity and strength devel-
opment through their impact on the distribution and microstruc-
ture of the hydration assemblage.

Conclusions

The introduction of different raw materials that lead to changes
in the amounts of minor phases in BYF cement clinker was stud-
ied. The incorporation of red mud accelerated the early hydration at
low temperatures, as this cement had higher contents of mayenite
and alkali sulfate. Waste concrete slowed hydration due to its lower
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Figure 10. Plots of log differential intrusion against pore diameter of the NAT, CON and RMD cement samples after 90 days of hydration

at: (a) 5°C; (b) 20°C; (c) 60°C
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Table 5. Porosity and pore size distribution after 90 days of hydration (measured by MIP)

Temperature 5°C

NAT CON RMD
Porosity: % 31.82 31.79 35.50
Median pore diameter: um 0.078 0.077 0.087
Average pore diameter: um 0.041 0.041 0.039
Bulk density: g/ml 1.57 1.56 1.51
Apparent density: g/ml 2.31 2.29 2.34

mayenite content and slower reaction kinetics. These effects were
more pronounced for curing at 5°C, particularly during belite
hydration, influencing stritlingite levels and C-S-H formation.
Ye’elimite hydration was less affected, with minor changes in
ettringite and monosulfate levels. The early formation of ettrin-
gite was slightly inhibited in the cement with red mud because of
the increased presence of aphthitalite, while a higher amount of
monosulfate formed as a result of the greater mayenite content,
which accelerated the hydration of ye’elimite. Red mud delayed
ferrite hydration, due to the greater presence of alkali sulfate in
the cement clinker, which enhanced belite reactivity, reduced
stratlingite and increased C-S-H. This indicates that — in the pres-
ence of a higher alkali sulfate content — a predominant transfor-
mation of belite into C-S-H rather than stritlingite occurs. Waste
concrete increased the formation of siliceous hydrogarnet at
higher temperatures, contributing to delayed but stable strength
development due to higher periclase content in the cement
clinker and altering the overall phase assemblage, including a
higher degree of belite hydration. NMR analysis showed greater
aluminium incorporation into C-A-S-H at elevated temperatures,
enhancing strength and durability by forming stable phases like
C-A-S-H and monosulfate.

These findings contribute to broader understanding of how indus-
trial residues influence cement hydration mechanisms and mate-
rial properties at different curing temperatures. Importantly, the
research highlights the potential of BYF cements to address criti-
cal environmental challenges by providing a sustainable alterna-
tive to ordinary Portland cement. Future work should explore the
scalability of these findings and investigate long-term durability in
real-world applications to further promote the adoption of these
eco-friendly materials.
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