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Abstract. Reducing energy consumption and CO2 emissions has recently become a priority for
the cement industry. The most effective approach appears to be replacing Portland clinker with high
levels of supplementary cementitious materials (SCMs). The general approach is to use clinker with
a high alite content and high reactivity, especially during the initial hydration phase. TiO2 is one of the
common minor oxides in industrial clinker, typically present at about 0.3 wt. %. Previous studies have
shown that TiO2 concentrations around 1 % improve strength. This study investigates the performance
of a TiO2-doped clinker (1 wt. %) in binary and ternary blends with calcined clay and limestone,
focusing on its effect on hydration, rheology, and microstructure.

The reactivity of cement pastes over 72 hours was determined using isothermal calorimetry,
while rheological parameters and the thixotropy index were assessed during the first 45 minutes of
hydration. The phase composition development was monitored using QXRD after 2, 7 and 28 days,
and microstructure was examined using SEM-EDS (SE) after 2 and 28 days of hydration. The use
of TiO2-doped clinker in LC3 shows a promising potential for sustainable cement production, owing
to the synergistic effect of minor elements introduced into clinker minerals during firing and the high
reactivity of limestone combined with calcined clay.
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1. Introduction
TiO2 acts as a mineraliser in Portland cement clinker.
It commonly occurs in raw materials at concentrations
of 0.2–0.3 %, often originating from clay and shale.
It can also commonly enter the clinker through ash
from the combustion of alternative fuels and from
alternative raw materials in the raw meal [1, 2]. At
concentrations of up to 1 %, it promotes the recom-
bination of CaO and C2S into C3S [3]. At 2 %, Ti
slightly retards hydration during the first 2 days, but
its effect on the hydration rate tends to become negli-
gible after 28 days [4]. Adding more than 1.5 % CaF2
would promote the formation of CaTiO3 [5], which
is also observed above a concentration of 4.5 % when
CaF2 is not used [3]. Titanium preferentially incor-
porates into the interstitial matter; Ti oxides form
eutectic mixtures with silica, and it is reasonable to
assume that these elements are extensively dissolved
in the melt, and less into belite and alite, which con-
siderably affects the texture [6]. Using calorimetry
and MAS NMR, it was found that doping with TiO2
promotes the hydraulic activity of clinker in the ini-
tial period while postponing the hydration process
of C3S in the later period. However, after 28 days
of hydration, the C-S-H gel polymerisation degree

decreases but improves when the dosage of TiO2 is
below 1.5 wt. % [7]. The addition of TiO2 (2 wt. %)
in nano form was found to reduce setting times and
increase heat evolution and compressive strength [8].
Furthermore, nano-TiO2 as a cement substitute does
not interfere with the normal progression of the sys-
tem through hydration steps, but can have negative
effects when combined with ZnO [9].

The combination of clinker-based cement with in-
creased TiO2 content and SCMs has not yet been
studied. Only combinations of SCMs, some of which
contained titanium, have been investigated. The com-
bination of high titanium slag content with metakaolin
was addressed in the study [10], showing improved
mortar workability without compromising its mechan-
ical performance and improving the dispersion of the
OPC-MK system, leading to a denser matrix.

LC3 cement is currently the focus of significant
interest in cement research due to its potential to
reduce the clinker factor and CO2 emissions. The
early hydration of LC3 cement has been relatively
well studied [11–16]. Researchers are exploring ways
to increase early hydration reactivity [13, 14, 17, 18]
through the use of activators, in order to improve
workability and water demand with new-generation
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superplasticizers [14, 19–24]. They are also investi-
gating other approaches, such as the use of different
types of cement, including those with a high belite
content [24, 25].

The motivation for the research was to determine
the properties of LC3 cement, specifically clinker
doped with TiO2, with an emphasis on early hydra-
tion. To provide a basis for comparison with the
LC3, binary systems containing ground limestone and
calcined clay were also studied.

2. Materials and methods
2.1. Materials
A laboratory clinker doped with 1 wt. % TiO2 and
having an LSF of 98 (CT) was produced in laboratory
conditions using industrial raw materials from the
Mokrá cement plant (Heidelberg Materials CZ). Fir-
ing was performed with a heating rate of 8 °C min−1

until the target temperature of 1 450 °C was reached,
followed by a soaking time of 1.5 h (equilibrium fir-
ing). Cooling was carried out by removing the clinker
from the furnace while hot and rapidly cooling it with
compressed air for 30 seconds (estimated cooling rate
greater than 1 000 °C min−1). The crucible was placed
on a massive steel plate to enhance heat dissipation.
The gypsum content was determined to be 5 wt. %
via isothermal calorimetry. The cement was then
prepared by grinding the clinker in a Retsch RS200
vibratory mill (200 g steel capsule) at 1 200 rpm for
90 seconds. Chemically pure precipitated gypsum (G)
was homogenised with the ground clinker. The raw
meal (RM) composition and clinker parameters are
shown in Tables 1 and 2.

The mixtures were designed in line with the current
trends of replacing high levels of Portland cement (PC)
with supplementary cementitious materials (SCMs),
and to evaluate the potential of using TiO2-doped
clinker in LC3-type cements. Three mixtures were
prepared using CT (clinker doped with 1 wt. % of
TiO2), calcined clay (metakaolin Mefisto K05, de-
noted as C), and/or ground limestone (L). These in-
cluded two binary and one ternary blend, all of which
were compared to the reference mix (see Table 3).
The dry components containing 5 wt. % gypsum were
homogenised for 15 minutes.

2.2. Methods
The chemical compositions of the clinker, limestone,
and calcined clay were determined using a combi-
nation of flame atomic absorption spectroscopy (F-
AAS), electrothermal atomic absorption spectroscopy
(ETA-AAS), and inductively coupled plasma optical
emission spectroscopy (ICP-OES) Table 4. The com-
position of the raw meal was analysed by X-ray fluo-
rescence (XRF). The clinker was doped with 1 wt. % of
chemical-grade TiO2, resulting in a total TiO2 content
of 1.68 wt. %.

The particle size distribution (PSD) of the ground
clinker used for preparing the cement was determined

Clinker parameters
LSF [%] 98
HM 2.26
SM 2.7
AM 1.4
M SO3 0.27

Table 1. Clinker parameters.

Material [wt. %]
Limestone “Coral” 61.57
Limestone “Dark” 16.73
Shale 17.92
Fe correction 3.60
Gypsum 0.19
TiO2 (ch. grade) 1.00

Table 2. Raw meal composition.

Mixture CT C L G
CT 95 5
CT_LC3 50 30 15 5
CT_L 80 15 5
CT_C 65 30 5

Table 3. Mix design [wt. %].

Chemical composi- CT C L
tion (ICP-OES) [wt. %] [wt. %] [wt. %]
Loss on ignition 0.03 0.1 0.83
FeO <0.01 - -
SiO2 20.6 2.68 51.4
Na2O 0.17 0.028 0.15
K2O 0.50 0.08 2.29
Fe2O3 3.14 0.19 0.69
MgO 1.59 0.58 0.31
Al2O3 4.81 0.34 38.11
CaO 65.63 51.87 0.15
TiO2 1.68 0.02 0.75
P2O5 0.12 0.013 0.052
MnO 0.33 0.017 0.008
Cr2O3 0.047 0.002 0.011
Total SO3 0.027 0.086 0.069

Table 4. Chemical composition (ICP-OES).

using a laser particle size analyser (CILAS 920L),
operating in the range of 0.3–400 µm. Isopropyl al-
cohol was used as the dispersant, and samples were
sonicated for 60 seconds before measurement.

Rheological tests were conducted using a DHR-1
rotational rheometer (TA Instruments) on cement
pastes. The w

c for CT and CT-L was 0.4, while the w
c

for CT_C and CT_LC3 was 0.5. Flow curves at
0.5-150-0.5 s−1 were monitored at 20 °C using concen-
tric cylinders (DIN 104075), with an operating gap
of 6 mm, sample volume of 50 g, and preshear set to
150 s−1 for 150 s. The samples were measured after
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10, 20, and 30 minutes after adding water; each mea-
surement lasted 8 minutes. Pastes were prepared by
hand in a laboratory dish. Rheological parameters
were determined by the Herchel-Bulkley model. The
thixotropy of the pastes was determined using coaxial
cylinders after 10, 30, and 45 minutes of hydration.
Pastes were prepared by mixing the samples with
water at the given w

c ratio (at time 0), stirring for
5 minutes, portioning the mixture with a spoon into
a syringe with the top and bottom cut off to ensure
a consistent volume across samples, and transferring
the contents from the syringe into the measuring con-
tainer. Pastes were tested in 3 steps: the first step was
0.01 s−1 for 90 s, the second step was 100 s−1 for 50 s,
and the third step was 0.01 s−1 for 250 s. The slope
of structural recovery in the third step was calculated
according to DIN 91143-2 (Modern rheological test
methods – Part 2: Thixotropy – Determination of
the time-dependent structural change) “Thixotropy
index” (TI) method:

TI = ∆η

∆t
= η3 − η2

60 , [Pa] (1)

where η2 is the shear viscosity at the end of the high
shear rate step and η3 is the shear viscosity regained
after 60 s from the start of the step 3. The time is
converted to seconds because the viscosity unit is in
seconds. The viscosity reached at the end of step 1 is
denoted as η1.

Phase compositions of the clinker and cement were
examined by quantitative X-ray diffraction (QXRD)
with Rietveld refinement, using a Bruker D8 Ad-
vance diffractometer equipped with a cobalt anode
(λKα = 1.78897 Å) and operating at 40 kV and 30 mA.
Scans were conducted over a 2θ range of 5–100°, with
a step size of 0.02°, using variable divergence slits
and a Θ-Θ reflection Bragg-Brentano parafocusing
geometry. Quantitative phase analysis was performed
using calcium fluoride (CaF2) as an internal standard
added at a concentration of 20 wt. %.

Heat flow and cumulative heat release of cement
pastes ( w

c = 0.4, 20 °C) were monitored over 72 hours
of hydration by isothermal calorimetry (TAM Air, TA
Instruments), using an ex-situ preparation method.
The paste was stirred ex-situ at 2 revolutions per
second for 2 minutes, then placed into the calorimeter
alongside a reference sample. Measurements began
three minutes after the addition of water. Deionised
water, in an amount matched to the heat capacity of
the paste, was used as the reference.

3. Results and discussion
3.1. PSD
Compared to CT, C and L have a wider spread of
particle sizes, with calcined clay having finer particles
(Figure 1). The data provided (Figure 2) shows the
cumulative particle size distribution for cementitious
mixtures. The particle distribution of CT_LC3 and

Figure 1. Particle size distribution of CT, C, and L.

Figure 2. Cumulative particle size distribution of CT,
binary CT_L, CT_C, and ternary CT_LC3 mixes.

CT_C is finer, and that of CT_L similar, compared
to CT. CT_LC3 and CT_C are finer than CT and
CT_L, due to the presence of calcined clay, which is
known for its fine particle size and reactivity. The
ternary blend (CT_LC3) has the finest distribution,
benefiting from both calcined clay and limestone. It is
important to consider the use of wet laser diffraction
to characterise the spherical shape, which may be
misleading for calcined clay agglomerates [26].

3.2. Phase composition QXRD
The phase composition (QXRD) of the CT, L and C
materials is given in Table 5. L contains approxi-
mately 2.6 wt. % quartz, with the remainder being
calcite. C consists of 71.4 wt. % amorphous phase,
8.6 wt. % orthoclase, 5.1 wt. % muscovite/illite, and
8.8 wt. % kaolinite as calcination residue. CT is a high-
alite and low-belite clinker with both orthorhombic
and cubic C3A, a relatively low content of C4AF,
2.2 wt. % of perovskite (CaTiO3), and approximately
20.9 wt. % of amorphous phase. The presence of per-
ovskite indicates that the solution limit of TiO2 has
been reached [5].
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Sample CT C L
C3S 54.10 - -
C2S beta 7.60 - -
C3A ortho 6.30 - -
C3A cub 4.90 - -
C4AF 4.00 - -
Perovskite 2.20 - -
Amorph. phase 20.90 71.40 -
Kaolinite - 8.80 -
Quartz - 6.10 2.60
Muscovite/Illite - 5.10 -
Ortoclase - 8.60 -
Calcite - - 97.40

Table 5. Phase composition of CT, C, and L
(QXRD) [wt. %].

The phase composition during the 28 days of hydra-
tion is given in Figure 3. The initial phase composition
of mixtures was recalculated using data from Tables 3
and 5. CT_LC3 and CT_C start with a lower C3S
content and show slower or more gradual reductions,
indicating a lower clinker content and slower hydration
rate compared to CT. CT_L exhibits intermediate
C3S consumption between CT and LC3_C.

The Portlandite content increases over time in all
mixes except for CT_LC3, which shows a drop at
28 days, likely due to a pozzolanic reaction with
metakaolin. Carboaluminate (hemicarboaluminate)
is present in CT_LC3 due to the carbonation of AFm
(monocarbonate) phases, as previously reported by
several authors [10, 27, 28].

The amorphous content rises in all mixes, most
significantly in CT_LC3 and CT_C, reaching ∼76 %
and ∼72.5 %, respectively, at 28 days, which is con-
sistent with pozzolanic reaction products. Gypsum
depletes quickly in all systems, especially in CT_LC3

and CT_C, indicating that it is consumed in early hy-
dration and ettringite formation. The calcite content
is initially high in CT_LC3 and CT_L and remains
relatively stable, which is consistent with a filler effect
and limited dissolution. No calcite is initially found in
CT_C, but small amounts appear over time, possibly
as a product of carbonation.

3.3. Rheological parameters and
thixotropy index

The rheological parameters at 10, 20, and 30 min-
utes of hydration were determined using the Herschel-
Bulkley model (Figure 4). Calcined clay in cement
mixtures increases the static yield stress throughout
the entire observed time period of 30 minutes by anal-
ogous mechanisms previously reported in [19, 29, 30].

Calcined clay increases the dynamic yield stress
primarily at the beginning of hydration, after 10 min-
utes. These findings contradict those of a previous
study of LC3 based on OPC [19]. Ground limestone
has a similar effect on yield stress, but to a lesser

extent. Calcined clay increases the viscosity due to
its high specific surface area and lamellar structure,
which promotes particle structuring in the resting
state. Calcined clay also increases the plastic viscosity
of the fresh paste, with an even greater effect when
combined with limestone in ternary mix CT_LC3.
This again contradicts the findings of the previous
study [19]. Limestone alone does not increase the
viscosity in a binary system with clinker (CT_L). All
mixtures exhibit shear-thinning behaviour. The rhe-
ological behaviour of CT is very similar to that of
ordinary Portland cement (CEM I) (Figure 4).

According to modern standards, such as DIN spec
91143-2 and ISO/WD 3219-1, thixotropy is charac-
terised by decreasing viscosity over time when a shear
rate is applied, and full structural regeneration after
the shear rate is set to a very low value. For cement
pastes, the term structural recovery can be used as
an alternative to thixotropy. It is necessary to take
into account the ongoing chemical reaction occurring
in the cement paste. Thixotropy index (TI) and total
heat after 10, 30, and 45 min are given in Table 6.
The structure of CT is relatively weak and tends to
break down over time. This reflects the typical slow
buildup in plain clinker pastes. The structure regener-
ation of CT_LC3, especially after 45 minutes, is likely
due to its high reactivity, which promotes a rapid
structure build-up. It was previously reported that
the origin of the thixotropic buildup of LC3 paste
is not primarily due to hydration, but flocculation,
which stems from the effect of the platelet structure,
specific surface area, and negative surface charge of
calcined clay [31]. Limestone in CT_L alone does not
contribute significantly to structure build-up during
the tested period, reflecting modest filler effects or
weak interactions. The TI in CT_C is consistently
high, indicating a significant impact of calcined clay
on early structuration.

3.4. Isothermal calorimetry
The development of heat flow and total heat was mon-
itored by isothermal calorimetry over 72 hours. The
samples were prepared ex-situ, so the first 3 minutes
of hydration were not recorded.

During the first hour of hydration, a dilution effect
caused by limestone is observed for CT_L (see Fig-
ure 5). For the other mixtures, CT_LC3 and CT_C,
the development is very similar to that of the reference
CT mixture. A more pronounced influence of SCMs is
observed during the main hydration peak. The onset
and offset of the main hydration peak correspond to
the beginning and end of the setting.

CT exhibits a high early heat release, attributed
to the reactivity of TiO2-doped clinker. However,
CT_LC3 ultimately surpasses CT in total heat re-
lease, suggesting that the combination of calcined clay
and limestone enhances long-term hydration reactions
– a hallmark of LC3 cements. CT_L and CT_LC3

exhibit lower cumulative heat compared to CT_LC3.

120



vol. 66 no. 2/2026 Low-CO2 cements based on LC3 cement doped with titania; . . .

Figure 3. Phase composition during 28 days of hydration.

Figure 4. Rheological parameters of cement pastes.
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Thixotropy index (TI) Total heat [J g−1]
Sample 10 min 30 min 45 min 10 min 30 min 45 min
CT 11.16 7.68 6.65 3.23 5.68 6.45
CT_LC3 41.41 31.60 37.28 3.26 6.10 6.91
CT_L 10.58 8.43 8.15 2.68 4.84 5.55
CT_C 30.26 35.25 34.11 3.42 6.35 7.11

Table 6. Thixotropy index (rotational rheometer) vs total heat (isothermal calorimetry).

Figure 5. Isothermal calorimetry of cement pastes.

This indicates that the synergy between calcined clay
and limestone in CT-LC3 is more effective for sus-
taining hydration than using SCM alone in binary
blends with the clinker [11, 27, 32]. This supports the
potential of TiO2-doped clinker in LC3 systems, as it
maintains reactivity while benefiting from SCMs for
long-term performance.

3.5. Microstructure SEM-SE
A microstructural study was conducted by using SEM-
SE on hardened mortar samples (see Figure 6). After
2 days, the CT sample shows a significant amount
of unreacted amorphous material alongside the devel-
opment of C-S-H. Needle-like ettringite crystals are
observed. The SEM image shows a relatively porous
structure. At 28 days, the microstructure is denser
and more cohesive, with increased C-S-H and fewer
large unreacted grains.

After 2 days, the microstructure CT-LC3 is char-
acterised by a high calcite and metakaolin content,
and a significant content of amorphous C-S-H and
C-A-S-H [33]. The microstructure is further charac-
terised by needles of ettringite embedded in a dense
matrix. After 28 days, there is a substantial increase
in amorphous content, indicating a significant forma-
tion of C-S-H and C-A-S-H as a result of the further
hydration of the clinker phases, calcined clay, and
partly limestone. The microstructure at 28 days is
much denser and more refined due to the continued
formation of binding phases resulting from both the
cement hydration and pozzolanic activity. The role of
C-A-S-H and carboaluminates formation in the den-
sification of the microstructure has been previously
reported in [34].

The microstructure of CT_L after 2 days is char-
acterised by a high amorphous content, indicating
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(a). CT_2d. (b). CT_28d.

(c). CT_LC3_2d. (d). CT_LC3_28d.

(e). CT_L_2d. (f). CT_L_28d.

(g). CT_C_2d. (h). CT_C_28d.

Figure 6. SEM-SE micrographs of mortars after 2 and 28 days.
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active C-S-H formation, a substantial amount of cal-
cite as a significant component, and ongoing hydra-
tion of Portland cement clinker phases. Ettringite
is present as an early hydration product. The SEM
shows a matrix with developing gel, dispersed cal-
cite particles, and unreacted cement grains. After
28 days, an increase in the amorphous C-S-H content
leads to a denser and more cohesive matrix, but com-
pared to other samples, the microstructure is more
porous [35]. The calcite and ettringite contents have
slightly decreased. The SEM reveals a more compact
microstructure with finer, interwoven hydration prod-
ucts and fewer distinct, large particles compared to
the 2-day sample.

The microstructure of CT_C after 2 days is dom-
inated by a high content of amorphous C-S-H and
C-A-S-H, indicating rapid early hydration. Ettringite
forms as needle-like crystals. The SEM shows a ma-
trix with developing gel, fine particles (likely including
calcite), and ettringite needles. After 28 days, the
microstructure of CT_C exhibits a further increase in
amorphous C-S-H, resulting in a denser matrix. The
amount of calcite slightly decreases. The Ettringite
content increases, with clusters of needle-like crystals
visible in the SEM. The SEM shows a more com-
pact and interconnected structure with finer hydra-
tion products and distinct ettringite. Recrystallisation
of ettringite needles into leaf-like structures can be
observed at 28 days of hydration.

4. Conclusion
This study investigated the impact of calcined clay
(metakaolin) and limestone, both individually and
in combination (LC3), on the hydration, rheology,
and microstructure of a TiO2-doped Portland cement
(CT). The results highlight the complex interplay
between particle size distribution, phase evolution,
workability, and the resulting microstructure.

The finer particle-size distribution of the calcined
clay in CT_LC3 and CT_C, as well as the lime-
stone in CT_L (to a lesser extent), influenced early
hydration kinetics and rheological behaviour. The in-
creased specific surface area of calcined clay resulted
in higher static and dynamic yield stresses, viscosity,
and thixotropy, indicating enhanced early structural
development. The ternary blend CT_LC3 showed the
greatest increase in viscosity. This indicates a syner-
gistic effect between the fine particles of calcined clay
and limestone.

The QXRD analysis revealed distinct hydration pat-
terns. CT_LC3 and CT_C, with lower initial C3S
content, exhibited slower C3S consumption than the
pure clinker CT, indicating a dilution effect and the
contribution of pozzolanic reactions. The drop in Port-
landite content in CT_LC3 at 28 days, coupled with
the most significant increase in amorphous phase con-
tent in both CT_LC3 and CT_C, strongly supports
the pozzolanic reactivity of metakaolin. The rela-
tively stable calcite content in CT_LC3 and CT_L

suggests a predominantly filler effect and limited early
dissolution.

The isothermal calorimetry demonstrated that
while CT exhibited high early heat release due to the
TiO2-doped clinker, CT_LC3 ultimately surpassed
it in cumulative heat at 72 hours. This highlights
the sustained hydration capacity of the LC3 system,
driven by the synergistic reaction of calcined clay and
limestone.

At 2 days, all mixes showed the formation of C-S-H
and ettringite. However, CT_LC3 and CT_C ex-
hibited a denser early matrix, potentially influenced
by the fine SCM particles. By 28 days, CT showed
a more hydrated microstructure, though still evolving.
CT_LC3 and CT_C exhibited significantly denser
and more refined microstructures.

The combination of TiO2-doped clinker and LC3

shows a promising potential for sustainable cement
production, as it maintains the early reactivity pro-
vided by the SCMs.
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