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Abstract

The influence of alkaline fluorides on the clinker burning temperature and its properties is described. Three different raw meals
were used and were burned with 1% of these fluorides. The resulting clinker was analyzed for the content of free lime and X-ray
diffraction analysis was done. Some of the clinker material was crushed and polished, and quantitative point counting was per-
formed to provide the content of the different clinker phases. X-ray fluorescence spectroscopy was used to determine the clinker’s
chemical composition. These samples were also analyzed by means of a scanning electron microscope connected with an energy-
dispersive X-ray-spectrometer to detect the composition of the clinker phase. Physical and mechanical properties of some samples
were determined. The results show that the addition of 1% of these fluorides to the clinker raw meal induced a decrease in the
burning temperature, while improving the clinker phase formation and its hydraulic properties. 7o cite this article: L. Kacimi
et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

L’influence des fluorures alcalins sur la température de cuisson et les propriétés du clinker a été étudiée. Trois mélanges crus
sont cuits avec 1% de ces fluorures. Les clinkers résultants sont analysés pour déterminer la teneur de la chaux libre. Certains
¢échantillons du clinker sont broyés et polis, et la méthode de compte quantitatif des points est utilisée pour connaitre la teneur des
différentes phases du clinker. La fluorescence et la diffraction des rayons X sont employées pour étudier la composition chimique
et la structure de ces clinkers. Ces échantillons sont également analysés par microscopie €lectronique a balayage combinée a un
spectroméetre EDAX pour déterminer la composition élémentaire des phases du clinker. Les propriétés physiques et mécaniques de
quelques échantillons sont étudiées. Les résultats montrent que 1’addition de 1% de fluorures alcalins au mélange cru du clinker
abaisse sa température de cuisson et améliore la formation de ses phases et ses propriétés hydrauliques. Pour citer cet article :
L. Kacimi et al.,, C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Mineralizers are inorganic substances which acceler-
ate the reaction process in the solid phase, liquid phase
and in the solid-liquid interface [1]. They have a major
impact on the determination of the burning zone and the
rate of clinker compound formation. Mineralizers facil-
itate the clinkerization process, decrease the liquid
phase temperature and mineral fusible eutectic, save
the clinker production energy and improve the cement
compound reactivity [2,3].

Several works, carried out in different laboratories
[4-8], were about the influence of mineralizers on the
decrease in the clinker burning temperature. It was
noted that a minimization of the energy expenditure is
possible by using small quantities of these inorganic
substances. Mineralizers can, in some cases, improve
the hydraulic properties of Portland clinker [7,9]. More-
over, the effect of mineralizers on the clinker minerals
formation and the phase transformation during the clin-
kerization was the subject of much research [10-13].

The aim of this work was to examine the influence
of some mineralizers (calcium, potassium and sodium
fluorides) on the decreasing of burning temperature of
industrial raw mixtures, and to study their effects on
chemical, mineralogical, physical, structural, morpholo-
gical and mechanical properties of the clinker cement.

These mineralizers were added separately to three
categories of industrial raw mixtures of three Algerian
cement factories (units of Zahana, Beni-Saf and Chlef).
The mixtures were burned at different temperatures:
1200, 1250, 1300 and 1350 °C.

2. Experimentation

The development of clinker formation was followed
mainly on the basis of the free lime contained in the
burned samples. It is the most used procedure so far
because calcium oxide, initially formed by dissociation
of CaCOs;, is gradually consumed by giving clinker
phases. The formation of the latter will be complete
when the free lime content tends to zero.

In order to prepare 3 g of mixture, 1% of mineralizer
(KF, NaF or CaF,) was added to the industrial raw mix-
ture (Table 1). After homogenization in a mixer for
20 min, the mixture was put in a platinum crucible

and introduced into a muffle furnace with a heating rate
of 30 °C/min. The sample was maintained at the desired
burning temperature for 30 min, then cooled quickly
under air and crushed. The burned mixture was ana-
lyzed by the traditional method at the laboratory of Za-
hana factory, according to the European standard (NE-
2-1-015-1984), in order to determine the residual free
lime content.

The chemical composition of samples was deter-
mined by X-ray fluorescence (PW 1404X), the mor-
phology by scanning electron microscopy, using a Phi-
lips XL30 microscope. The former reported in Table 1,
is expressed as the weight percentage of oxides in the
three raw mixtures (MC): Zahana (MCZ), Beni-Saf
(MCB) and Chlef (MCC), without taking into account
the loss on ignition.

The chemical composition of alite (3Ca0.SiO, or
C5S) in these clinkers was determined by scanning elec-
tron microprobe analysis on a Castaing type (CAME-
BAX) electron microscope.

Crystallized phases in the clinker minerals were
identified by X-ray diffraction with a Philips PW
1800 diffractometer equipped with a variable slit open-
ing using the Cu Ka radiation.

Mechanical and physical tests on the clinker cements
were carried out according to French standards (NF
P15-431, 432, 442, 451, 461). The addition effects on
the setting time, expansion, specific area, mechanical
resistance and hydration heat of these products were
determined. These cements were prepared at the Zahana
factory, in accordance with the standardized method
(NF P15-301) used in the industry, by adding 5% gyp-
sum and 15% pozzolana to the synthesized clinkers.
The mineralizer effectiveness was compared to the or-
dinary clinker produced by the Zahana factory (COZ).

3. Effect of alkaline fluoride
on the clinkerization temperature

All the used fluorides (KF, NaF, CaF,) played an
interesting role in the decrease of clinkerization tem-
perature for the three types of raw mixtures, as shown
in Fig. 1. The free lime content was reduced, reaching
very low values at burning temperatures lower than
1300 °C, which implies the alite formation at this low
temperature.
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Table 1
Chemical composition (wt.%) of the raw mixture (MC) of three cement factories
Raw mixture CaO SiO, Al,O3 Fe,O5 MgO SO; K,O Na,O
Zahana (MCZ) 66.33 22.90 4.27 2.60 1.58 0.83 0.71 0.77
Beni-Saf (MCB) 65.67 21.98 5.47 3.63 0.54 1.65 0.43 0.62
Chlef (MCC) 65.40 19.15 4.70 4.49 0.30 2.84 1.38 1.73
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Fig. 1. Effect of alkaline fluorides on the burning temperature of the clinker raw materials.

The presence of the fluorinated salts accelerates the
clinker minerals formation by decreasing the lower lim-
it of phases’ stability in the mixture. This effectiveness
is due primarily to the presence of fluoride anions, char-
acterized by high electronegativity, which interact with
the ions (Ca?", Si*") on the solid surface. This surface is
maintained in a high-energy state, leading to polariza-
tion and rearrangement of atoms, which increases the
solid activity either to form new phases, or to melt [14].

The influence of the salts containing fluorine on the
burning temperature varies considerably with the nature
of the cation combined with fluorine. The NaF effec-
tiveness on the lime combination below 1280 °C is
greater, compared to the other mineralizers (Fig. 1).
This is due to the fluoride effect, which increases ap-
preciably with the decrease in atomic number of the
fluorine-combined cation [14]. The KF effect is not so
important below 1280 °C. However, above this tem-
perature it becomes very effective. This can be seen
by the fast formation of Cs3S (3 CaO-SiO,) and C,S

(2 Ca0-Si0,). CaF, presents an intermediate effect
between CaF, and NaF.

4. Action of alkaline fluorides
on clinker minerals formation

The clinkers obtained by burning (at 1300 °C) the
raw mixtures of Zahana containing 1% NaF, KF or
CaF, were retained for this study. The ordinary clinker
of Zahana (COZ), burned at 1470 °C, has been taken
for comparison.

4.1. Chemical composition of clinkers

The results of the chemical analysis by X-ray fluor-
escence of the clinkers are reported in Table 2.

The weight percentage of each oxide in these
clinkers is very close. However, the presence of salts
containing fluorine increases the wt.% of Fe,Os, and

Table 2

Chemical composition (wt.%) of the synthesized clinkers

Clinker with Burning 7' (°C) %CaO %810, %Fe 05 %A1L,05 %MgO %S0;
NaF 1300 66.22 19.80 3.89 5.06 1.81 1.07
CaF, 1300 66.86 20.20 3.89 4.78 1.80 2.29
KF 1300 66.36 20.41 3.31 5.15 1.80 2.02
coz 1470 67.37 20.46 2.74 4.42 2.45 1.04
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Table 3
Mineralogical composition of synthesized clinkers
Clinker with Burning temperature (°C) % Alite % Belite % C; A % C4 AF % P.A.
NaF 1300 55 25 8 9 24.06
CaF, 1300 53 28 6 11 22.98
KF 1300 48 32 6 11 23.01
coz 1470 52 29 6 11 20.20

decreases the wt.% of MgO in the synthesized clinkers.
This suggests that salts containing fluorine mainly act
on Fe and Mg reactivity. On the other hand, results
reported in Table 2 suggest that CaF, acts on the reac-
tivity of sulfur by increasing significantly the wt.% of
S.

4.2. Mineralogical composition of clinkers

The mineralogical composition of these clinkers was
determined from the optical microscope observations
by using the polished section method. The results are
reported in Table 3.

The weight percentages of clinker minerals [alite
(C3S), belite (Czs), 3C30A1203 (C3A) and
4 Ca0O-Al,05Fe,03 (C4AF)] were calculated compared
to the crystallized mass, while the percentage of the
amorphous phase (P.A.) is given compared to the total
mass of the sample, by using the following Bogue
method:

e if the aluminic module, % PA. =
(%Fe,03) + %MgO + %S0; + %K,0.

o if MA<138, % PA.=82 (%Al,03) — 522
(%Fe,03) + % MgO + % SO3 + %K,0 + %Na,O.

6.1 ALO;

The alite content in the clinkers burned at low tem-
perature (1300 °C), by using the fluorides (NaF and
CaF,) as mineralizers, is higher than that of the ordin-
ary clinker of Zahana (COZ). This result is explained
by the great effect of fluorides on the clinker phases’
formation even in the solid state [5].

The presence of F~ in the mixture accelerates the
lime combination by forming C,S at low temperature.
This latter phase reaches significant values with the ap-

pearance of the amorphous phase, which intensifies the
alite formation.

The contents of tricalcium aluminate (C3A) and
tetracalcium aluminoferrite (C4AF) in these clinkers
are very close. Nevertheless, the percentage of
C4AF (4 CaO-Al,03°Fe;03) is higher than CsA
(3 CaO-ALLO3).

4.3. Chemical composition of alite in the clinkers

The chemical compositions of alite, obtained from
EDAX analyses, in the four clinkers (ordinary clinker
of Zahana, clinker with CaF,, NaF and KF) are reported
in Table 4.

The CaO/SiO, ratio in alite of clinkers containing
fluorides is smaller than in the ordinary clinker. This
is due to the reduction of CaO content in this phase,
because these mineralizers promote Ca substitution by
Mg, Na and K [15], which is confirmed by the high
amount of these agents in alite (Table 4). Alumina, iron
oxide and sulfur oxide are present in the alite of these
clinkers, with contents higher than those in the ordinary
clinker. The smallest ratio (lime/silica) is observed in
the case of the clinker containing NaF.

5. Effect of alkaline fluorides
on clinker minerals structure

In order to show the fluorides, effect on the clinker
mineral structure, the morphological and structural
properties of the ordinary clinker of Zahana (COZ),
burned at 1470 °C without mineralizers, were character-
ized. The scanning electron micrograph (Fig. 2) shows
that this clinker presents crystals with hexagonal and
circular shapes for alite and belite, respectively. The

Table 4

Chemical composition (wt.%) of alite in synthesized clinkers

Clinker CaO Si0, Al O; Fe,0; MgO Na,O K,0 SO; Ca0/Si0O,
coz 72.35 24.69 1.11 0.30 1.16 0.13 - 0.25 2.93
With CaF, 64.90 25.15 2.70 0.41 1.63 1.19 - 3.96 2.58
With NaF 62.44 25.56 2.29 0.52 2.03 3.99 - 3.15 2.44
With KF 64.01 25.40 2.52 0.86 1.93 1.44 0.98 2.76 2.52
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Fig. 2. Scanning electron micrograph of Zahana ordinary clinker
burned at 1470 °C (COZ).

presence of these phases is confirmed by X-ray diffrac-
tion analyses (Fig. 3).

5.1. Silicates phases (alite and belite)

As it is noticed on the scanning electron micrographs
(Figs. 4,6 and 8), the crystallized phases (alite and be-
lite) present different morphologies and crystal sizes.
They form coarse aggregates in the clinker with CaF,,
which could reduce their hydraulic activity appreciably.
These phases are characterized by small crystals in clin-
ker with NaF (Fig. 6) and irregular morphologies in
clinker with KF, the crystal sizes of which are variable
(Fig. 8).

The XRD pattern of clinker with CaF, or NaF
(Figs. 5 and 7) shows that the crystallinity of these solid
solutions (alite and belite) is slightly different from the

#

Alite (C;S) ™ Belite (C,S)

Fig. 4. Scanning electron micrograph of CaF,-clinker burned at
1300 °C.

one reported in Fig. 3 (Zahana clinker). From the rela-
tive intensity of the peaks, it seems that there is more
alite in both clinkers than in the Zahana ordinary clin-
ker. Such results are in agreement with the analyses
reported in Fig. 1 (Zahana) and Table 3. The DRX pat-
tern of clinker with KF (Fig. 9) presents peaks less in-
tense than those of COZ, which indicates the incom-
plete crystallization of the calcium silicates.

On the other hand, the inter-reticular distances in the
alite crystal lattice of clinkers with CaF, or KF are lar-
ger than those of COZ (Table 5). This could explain the
presence of inserted elements in these solid solutions.
Such results are in agreement with the chemical com-
position (Table 4) which seems to indicate that CaF,
and KF support the incorporation of MgO, SOs;,
NayO, K,0, Al,O3 and Fe,O3, as it was observed by
Kleem and Jawed [15]. The increase of inter-reticular

b — ) » do L do

75 ? %% doo/2theta

Fig. 3. X-ray pattern of Zahana ordinary clinker burned at 1470 °C (COZ).
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Fig. 5. X-ray pattern of CaF,-clinker burned at 1300 °C.

distances is responsible for the large crystal size of alite
and belite in these clinkers (Figs. 4 and 8).

The short inter-reticular distances of clinkers with
NaF (Table 5) are explained by the decrease in the
CaO0/Si0, ratio in C3S with the substitution of Ca by
Mg and Na (Table 4). This substitution allows the re-
duction in the crystal lattice parameters of alite, because
of the calcium atomic diameter, which is larger than
that of magnesium and sodium. Consequently, crystals
characterized by reduced sizes are formed [16]. This is
confirmed by scanning electron micrograph (Fig. 6).

The morphology and crystal structure of these
phases in the clinker with NaF, particularly the alite,
contribute to the improvement of hydraulic activity of
its minerals [17].

- -
/ “

Alite (G;S) [l Belite (C,S)

Mg;v —— mu

2500x asm340

Fig. 6. Scanning electron micrograph of NaF-clinker burned at 1300 °C.

5.2. Aluminates and aluminoferrites phases (C3A
and C4AF)

C4AF seems to be better crystallized in clinker with
CaF, than in the COZ one (Fig. 3 peak at 33.9°/26 and
Fig. 5 peak at 33.8°/26). On the other hand, these peaks
are shifted from their usual positions. This could be
explained by the presence of CaF,, which supports the
aluminate crystallization in the form of C;;A,CaF,, at
temperatures varying between 1250 and 1300 °C [18],
and the aluminoferrite in the phase CgA,F or CgAsF
[16]. The CaF, addition inhibits C3;A formation and
supports C4AF crystallization [7].

C4AF and C;A crystallization in clinkers with NaF
or KF (Figs. 7 and 9) is more significant than that in
COZ. But contrarily to NaF-clinker and COZ, C4AF is
crystallized better than C3;A in KF-clinker, as it is
shown by their peaks’ intensities (Fig. 9). This is ex-
plained by the strong presence of SO; in the mixture
(Table 2), which improves the crystallization of C4AF
[19].

6. Effect of alkaline fluorides
on cement hydraulic properties

To determine the physical and mechanical properties
of selected cements, containing low contents of free
lime at low temperature (1300 °C), great quantities of
clinker are synthesized to carry out the hydration and
hardening tests.

The mixture made up of 80% synthesized clinker,
5% gypsum and 15% pozzolana, was crushed and
mixed, in accordance with the used factory method,
for obtaining Portland cement (CPJ or CEM II), accord-
ing to standard (NF P15-301). Then 450 g of this ce-
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Fig. 7. X-ray pattern of NaF-clinker burned at 1300 °C.
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ment were mixed with 1350 g of standardized sand and
225 g of water, to obtain mortars for the physical and
mechanical analyses.

6.1. Density and specific area of Blaine (SSB)

Table 6 reports the results of the density and specific
area of the synthesized clinkers, by using a densit-
ometer and permeameter of Blaine, according to the
method recognized by French standardization (NF
P15-442).

All clinkers have an identical density, which shows
that the addition of small quantities of mineralizer does
not affect this property (Table 6).

The specific area (SSB) of clinkers containing fluor-
ides (Table 6) is smaller than that of ordinary clinker
(COZ). This is due to the presence of great quantities of
amorphous phase (glass) in these products (Table 3),

f 10 L do T Ef
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go °/2thléta

Fig. 9. X-ray pattern of KF-clinker burned at 1300 °C.
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Table 5

Main inter-reticular distances of alite crystal lattice in different clinkers

161

Clinker with Main inter-reticular distances of alite (C;S)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
coz 3.0386 2.7777 2.7507 2.6112 2.1871
NaF 3.0336 2.7717 2.7421 2.6082 2.1827
CaF, 3.0476 2.7879 2.7599 2.6217 2.1957
KF 3.0471 2.7888 2.7583 2.6187 2.1945
Table 6 forming the ettringite (3Ca0O-Al,03-:3CaS0,4-32H,0).

Density and specific area of Blaine (SSB) of the synthesized clinkers

Clinker with Burning Density SSB (cm*/g)
temperature (°C) (g/ml)

NaF 1300 1.19 2724.73

CaF2 1300 1.23 2887.43

KF 1300 126 2774.74

coz 1470 1.23 3180.28

which decrease the porosity and improve the hardness
of the clinker grains.

6.2. Mechanical strength

The results of compressive and bending strengths of
prepared cements, determined by mechanical tests ac-
cording to the French standard (NF P15-451), are given
in Table 7.

The compressive and bending strengths of clinker
cement are not affected by CaF, addition at short times
(2 days). Whereas this mineralizer reduces the evolu-
tion rate of these resistances, of which their values at
28 days are lower than those of COZ (Table 7). This is
due on one hand to the texture of alite and belite, char-
acterized by coarse crystals (Fig. 4 and Table 5), and on
the other, to the strong presence of SO; in this clinker
(Table 2). This later reduces the cement hardening by

Table 7
Mechanical resistance of prepared cements

This ettringite, formed during the clinker hydration,
precipitate on the mineral surface and slow down the
hydration reactions [20,21].

Contrary to CaF,, the cement of KF-clinker has a
mechanical strength at 2 days lower than that of Zahana
cement. This resistance evolves slowly up to 7 days,
after which it evolves quickly, to reach compressive
strength values higher than those developed by the in-
dustrial cement at 28 days (Table 7). The bending
strength remains relatively weak at 28 days compared
to Zahana cement.

The mechanical resistance of clinker cement with
NaF appears to be relatively weak in the short time,
but it evolves quickly to reach strength compressive
values higher than those developed by industrial cement
(Table 7). The bending strength is also considerable in
this cement. These characteristics are due to the high
alite rate (Table 3) and its disturbed crystal lattice, both
of which improve the clinker hydraulic reactivity [22].

6.3. Physical properties of cements

Physical tests used to determine the expansion, set-
ting time and hydration heat of the cements, according
to the French standard (NF P15-432), (NF P15-431)

Cement Burning Compressive strength (kg/cm?) Bending strength (kg/cm?)
with temperature (°C) 2 days 7 days 28 days 2 days 7 days 28 days
NaF 1300 124.63 285.00 580.00 25.00 45.00 65.40
CaF, 1300 165.88 263.68 322.00 36.25 39.00 43.00
KF 1300 158.38 215.88 504.00 20.00 32.50 51.40
coz 1470 169.00 332.00 431.00 35.00 62.50 70.00
Table 8
Physical properties of prepared cements
Cement with 7 (°C) of Expansion Setting time (hour:min) Hydration heat (cal/g)
burning (mm) Beginning End 3 days 7 days 28 days
NaF 1300 00 4:15 6:50 76.9 94.4 98.8
CaF, 1300 00 6:05 7:43 58.2 72.1 80.6
KF 1300 00 3:50 5:55 60.5 84.7 94.3
coz 1470 00 3:55 5:45 56.3 68.6 88.4
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and (NF P15-461) successively, led to the results pre-
sented in Table 8.

The hydration heat of clinkers containing fluorides is
stronger than that produced by the ordinary clinker of
Zahana, in particular the clinker with NaF, which pre-
sents a very high value. This heat, released during hy-
dration reactions of clinker minerals, increases with the
presence of mineralizers. This is due to the disturbed
structure of minerals, in particular alite, due to the pre-
sence of foreign elements within the crystal lattice,
which facilitates their reaction with mixing water [22].
The strong heat release, at 28 days of hydration (Ta-
ble 8), explains the fast evolution of the clinkers’ me-
chanical resistance (Table 8).

Among these cements, the one containing KF is the
only having a setting time identical to that of Zahana
cement. NaF and CaF, increase the cement setting time.

These analyses show that the use of 1% of KF, NaF
or CaF,, as mineralizers to lower clinkerization tem-
perature, improves the clinker hydraulic activity. This
is explained by the strong alite percentage in clinker
with NaF or CaF, (Table 3), and the alite disorder in
clinker containing KF (Figs. 8 and 9). Moreover, the
presence of foreign elements (Na, Mg, K, Al, Fe and
S) in the alite structure and the decrease of CaO/SiO,
ratio in this phase, as it is noticed in Table 4, allow the
improvement of cements hydraulic properties.

7. Conclusion

Chemical and mineralogical analyses, carried out on
clinkers from three Algerian cement factories (Zahana,
Beni-Saf and Chlef), showed that these products present
suitable properties, according to the international stan-
dards. Nevertheless, the cement production requires in-
tense energy consumption, owing to the high clinkeri-
zation temperature used in these units, which often
exceeds 1470 °C.

The study of the decrease of the clinkerization tem-
perature without influencing the product quality, and by
adding salts containing fluorine (mineralizers CaF,,
NaF and KF) lead to satisfactory results.

These salts have a great effectiveness particularly
with the Zahana clinker. It is obtained at 1300 °C only,
by the addition of 1% of CaF,, NaF or KF.

The presence of these fluorinated mineralizers modi-
fies the clinker properties. CaF, seems to reduce the
hydraulic activity.

NaF improves the clinker crystallization at low tem-
perature, by supporting massive formation of alite.
Thus, the hydraulic activity is increased, and the physi-

cal and mechanical properties of the clinker are im-
proved.

KF improves physical and mechanical properties of
cement. The great product resistance is ensured by alite
which, in spite of its moderated percentage in the clin-
ker, presents a significant hydraulic activity due to its
disturbed crystalline structure.

Obtaining a clinker at 1300 °C is possible by the
addition of 1% CaF,, NaF or KF. These mineralizers
improve the structural properties of clinker minerals,
which lead to the improvement of the cement hydraulic
properties, particularly NaF which increase the C;S rate
in the clinker.
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