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Abstract: The influence of some salts containing fluorine (CaF2, NaF, and KF) on the reduction of burning tempera-
ture of Portland clinker from three Algerian cement factories (units of Zahana, Beni-Saf, Chlef) has been studied in
this paper. X-Ray fluorescence, optical microscope technique, and powder X-ray diffraction were then used to charac-
terize each clinker and its raw mixture in terms of chemical composition and clinker mineralogical composition. The
effects of these mineralizers on structural and morphological properties of clinker minerals and on the presence of alite
were investigated by scanning electron microscopy combined with microprobe analysis. Physical and mechanical prop-
erties (density, specific area, setting time, hydration heat, expansion, and mechanical strength) of some samples were
studied. The results show that the presence of the mineralizers under study induced a decrease of the burning tempera-
ture. For example, NaF improved the crystallization of clinker minerals with high alite rate. These characteristics ex-
plain the improvement of physical and strength properties of the new clinkers.
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Résumé : L’influence de certains sels fluorés (CaF2, NaF, KF) sur la diminution de la température de cuisson du clin-
ker Portland de trois cimenteries algériennes (unités de Zahana, Béni-Saf, Chlef) est étudiée dans cet article. La fluo-
rescence X, la diffraction de rayons X sur poudres et la microscopie optique sont utilisées pour caractériser chaque
clinker et cru puis pour déterminer les compositions chimiques et minéralogiques des clinkers. Les effets de ces miné-
ralisateurs sur les propriétés structurales et morphologiques des minéraux du clinker et la présence d’alite sont exami-
nés par microscopie électronique à balayage combinée à une analyse à la microsonde. Les propriétés physiques et
mécaniques (densité, surface spécifique, temps de prise, chaleur d’hydratation, expansion et résistance mécanique) de
certains échantillons sont aussi étudiées. Les résultats de cette étude montrent que la présence de ces minéralisateurs
cause une diminution de la température de clinkérisation. Par exemple, le NaF a amélioré la cristallisation des miné-
raux du clinker comportant un taux d’alite élevé. Ces caractéristiques expliquent l’amélioration des propriétés physiques
et mécaniques de ces clinkers.

Mots clés : clinker, alite, structure, activité hydraulique, température de clinkérisation, minéralisateur.
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1. Introduction

Mineralizers are defined as inorganic substances that ac-
celerate the process of reaction in solid phase, liquid phase,

and in the solid–liquid interface (Klemm and Skalny 1976).
They have a major impact on the determination of the burn-
ing zone, the composition, and the formation rate of the
clinker components. They are used to facilitate the
clinkerisation of the raw mixture, lowering the formation
temperature of the melted phase, preserving the clinker pro-
duction energy by lowering the temperature of fusible
eutectic of its minerals (Lea 1970), and improving the for-
mation reactivity of its compounds (Mehta 1979).

Several studies, carried out in different laboratories, have
been concerned with the influence of mineralizers on the low-
ering of clinker burning temperature (Kamali 1998; Odler and
Abdul-Maula 1980; Surana and Joshi 1990; Blanco-Varela
and Vazquez 1981; Kakali et al. 1996; Moir and Glasser
1992). It was noted that the minimization of the energy ex-
penditure is possible by using small quantities of these inor-
ganic substances. Mineralizers can, in some cases, improve
hydraulic properties of Portland clinker (Stephan et al. 1999b;
Blanco-Varela and Vazquez 1981). Moreover, the effect of
mineralizers on the clinker minerals formation, the structure,
and the transformation of phases during the clinkerisation was
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the subject of much research (Xiaocun et al. 2002; Stephan et
al. 1999a; Barros et al. 2004; Odigure 1996).

The aim of this work is to examine the influence of some
mineralizers (calcium, potassium, and sodium fluorides) on
the lowering of burning temperature of industrial raw mix-
tures and to study their effects on chemical, mineralogical,
physical, structural, morphological, and mechanical proper-
ties of the clinker of Portland cement.

These mineralizers were added separately to three catego-
ries of industrial raw mixtures of three Algerian cement fac-
tories (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 studied mainly
on the basis of free lime contained in the burned samples. It
is the most widely used procedure because the calcium ox-
ide, initially formed by dissociation of CaCO3, is gradually
consumed by the clinker phases. The formation of the latter
will be complete when the free lime rate (CaO) tends to
zero.

To prepare 3 g of mixture, with a grinding fineness of
100–200 µm, 1% of mineralizer (KF, NaF, or CaF2) is added
to the industrial raw mixture (Table 1). After homogeniza-
tion in a mixer for 20 min, the mixture (powder) was put in
a platinum crucible and introduced into a muffle furnace
with a heating rate of 30 °C/min. The sample is maintained
at the desired burning temperature for 30 min, then cooled
quickly under air, and crushed to 100–200 µm. The burned
mixture is analyzed by the traditional method at the labora-
tory at the Zahana factory, according to the European stan-
dard (NE-2-1-015-1984), to determine the residual free lime
rate.

The chemical composition of samples was determined by
X-ray fluorescence (PW 1404X), using the morphology by
scanning electron microscopy with a Philips XL30 micro-
scope. The former, reported in Table 1, is expressed as
weight percentage of oxides in the three raw mixtures (MC)
studied (Zahana (MCZ), Beni-Saf (MCB), and Chlef
(MCC)) without taking into account the loss on ignition.

The chemical composition of alite (C3S) in these clinkers
was determined by scanning electron microprobe analysis
with a Castaing type (CAMEBAX) electron microscope.

Crystallized phases in the clinker minerals have been iden-
tified by X-ray diffraction with a Philips PW 1800 diffract-
ometer equipped with a variable slit opening using Cu Kα
radiation.

Mechanical and physical tests on the clinker cements un-
der study have been carried out according to French stan-
dards (NF P15-431, 432, 442, 451, 461). The addition
effects on the setting time, expansion, specific area, mechan-
ical resistance, and hydration heat of these products have
been determined. These cements were prepared at the
Zahana factory, in accordance with the standardized method
(NF P15-301) used in industry, by adding 5% of gypsum
and 15% of pozzolana to the synthesized clinkers. The
mineralizers’ effectiveness has been compared with the ordi-
nary clinker produced by the Zahana factory (COZ).

3. Effect of salts containing fluorine on the
clinkerisation

All the salts containing fluorine that have been used (KF,
NaF, CaF2) played an interesting role in the lowering of
clinkerisation temperature for the three types of raw mix-
tures, as shown in Fig. 1. The free lime rate is reduced and
reached very low values at burning temperatures lower than
1300 °C, which means the alite formation takes place at this
low temperature.

The presence of the fluorinated salts accelerates the for-
mation of clinker minerals by decreasing the lower limit of
the phase’s stability in the mixture. This effectiveness is due
primarily to the presence of fluoride anions, characterized by
high electronegativity, which interact with the ions (Ca2+,
Si4+) on the solid surface. This surface, maintained in a high
energy state, leads to polarization, deformation,and rear-
rangement of atoms, which increases the solid activity either
to form new phases or to melt (Ruilum et al. 1985).

The influence of the salts containing fluorine on the burn-
ing temperature varies considerably with the nature of the
cation combined with fluorine. NaF has more effect on the
lime combination at temperatures lower than 1280 °C, com-
pared with the other mineralizers (Fig. 1). This is due to the
fluoride effect, which increases appreciably with the de-
crease of atomic number of the fluorine-combined cation
(Ruilum et al. 1985). The KF effect is not so important at
temperatures lower that 1280 °C. For higher temperatures,
the KF effect would be considerable, as reflected by the
rapid formation of C3S (3CaO·SiO2) and C2S (2CaO·SiO2).
CaF2 presents an effect intermediate between that of KF and
that of NaF.

4. Action of salts containing fluorine on
formation of clinker minerals

The clinkers obtained by burning (at 1300 °C) the raw
mixtures of Zahana containing 1% of NaF, KF, or CaF2 have
been retained for this study. The ordinary clinker of Zahana
has been used for comparison.

4.1. Chemical composition of clinkers
Results of the chemical analysis by X-ray fluorescence of

clinkers under study are reported in Table 2.
The weight percentages of each oxide in these clinkers are

very similar. However, the presence of salts containing fluo-
rine increases the wt.% of Fe2O3 and decreases the wt.% of
MgO in the synthesized clinkers. This suggests that salts
containing fluorine act mainly on Fe and Mg reactivity. Re-
sults reported in Table 2, however, suggest that CaF2 acts on
the reactivity of sulphur by significantly increasing the wt.%
of S.

4.2. Mineralogical composition of clinkers
The mineralogical composition of these clinkers has been

determined with the optical microscope by using the pol-
ished section method. The results are reported in Table 3.

The weight percentages of clinker minerals (alite (C3S),
belite (C2S), 3CaO·Al2O3 (C3A), and 4CaO·Al2O3·Fe2O3
(C4AF)) are calculated compared with the crystallized mass,
while the percentage of the amorphous phase (PA) is given
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compared with the total mass of the sample, by using the
following Bogue method:
• If the aluminic module MA = % Al2O3/% Fe2O3 > 1.38;

% PA = 6.1(% Fe2O3) + % MgO + % SO3 + % K2O
• If MA ≤ 1.38; % PA = 8.2(% Al2 O3) � 5.22(% Fe2O3) +

% MgO +% SO3 + % K2O + % Na2O
The alite rate in the clinkers burned at low temperature

(1300 °C), by using the fluorides (NaF and CaF2) as
mineralizers, is higher than that of the ordinary clinker of
Zahana (COZ). This result is explained by the great effect of
fluorides on the clinker phases formation even in the solid
state (Odler and Abdul-Maula 1980).

The presence of F– in the mixture accelerates the lime
combination by forming C2S at low temperature. This latter
phase reaches significant values with the appearance of the
amorphous phase, which intensifies the alite formation.

The amounts of tricalcium aluminate (C3A) and alumino-
ferrite tetracalcic (C4AF) in these clinkers are very similar.

4.3. Chemical composition of alite in the clinkers
The chemical composition of alite, obtained from EDAX

analyses, in the four clinkers (clinker of Zahana, clinkers
with CaF2, NaF, and KF) is reported in Table 4.

The CaO/SiO2 ratio in alite of clinkers containing fluo-
rides is smaller than in the ordinary clinker. This is due to
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Raw mixture CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O

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

Table 1. Chemical composition (wt.%) of the raw mixture (MC) of three cement factories.

Fig. 1. Effect of salts containing fluorine on burning temperature of three raw materials.

Clinker with
Burning
temperature (°C) % alite % belite % C3A % C4AF % PA

NaF 1300 55 25 8 9 24.06
CaF2 1300 53 28 6 11 22.98
KF 1300 48 32 6 11 23.01
COZ 1470 52 29 6 11 20.20

Note: C3A, tricalcium aluminate; C4AF, aluminoferrite tetracalcic.

Table 3. Mineralogical composition of synthesized clinkers.

Clinker with
Burning
temperature (°C) % CaO % SiO2 % Fe2O3 % Al2O3 % MgO % SO3

NaF 1300 66.22 19.80 3.89 5.06 1.81 1.07
CaF2 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 1.02
COZ 1470 67.37 20.46 2.74 4.42 2.45 1.04

Note: COZ, ordinary clinker produced by the Zahana factory.

Table 2. Chemical composition (wt.%) of the synthesized clinkers.
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the reduction in CaO amount in this phase, because these
mineralizers promote Ca substitution by Mg, Na, and K
(Klemm and Jawed 1980), which is confirmed by the high
amount of these agents in alite (Table 4). Alumina, iron ox-
ide, and sulphur oxide are present in alite of these clinkers,
with contents higher than those in the ordinary clinker. The
smallest ratio (lime/silica) is observed in the case of clinker
containing NaF.

5. Effect of salts containing fluorine on
clinker minerals structure

To study the effect of fluorides on the structure of clinker
minerals, the morphological and structural properties of the
ordinary clinker of Zahana (COZ) that burned at 1470 °C

without mineralizers have been characterized. The scanning
electron micrograph (Fig. 2) shows that this clinker presents
crystals with hexagonal and circular shapes for alite and
belite, respectively. The presence of these phases is con-
firmed by X-ray diffraction analyses (Fig. 3).

5.1. Clinker with CaF2
As is noticed on the scanning electron micrograph

(Fig. 4), the crystallized phases form aggregates of alite
(C3S) and belite (C2S), which could reduce appreciably their
hydraulic activity. The X-ray diffraction pattern (Fig. 5)
shows that the crystallinity of these solid solutions (alite and
belite) is slightly different from the one reported in Fig. 3.
From the relative intensity of the peaks, it seems that there is
more alite in this CaF2 clinker than in the Zahana ordinary
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Clinker CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 CaO/SiO2

Ordinary 72.35 24.69 1.11 0.30 1.16 0.13 — 0.25 2.93
With CaF2 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

Table 4. Chemical composition (wt.%) of alite in the clinkers under study.

Fig. 2. Scanning electron micrograph of Zahana ordinary clinker
burned at 1470 °C.

Fig. 3. X-ray pattern of Zahana ordinary clinker burned at 1470 °C.

Fig. 4. Scanning electron micrograph of CaF2 clinker burned at
1300 °C.

Fig. 5. X-ray pattern of CaF2 clinker burned at 1300 °C.



clinker (Fig. 3). Such results are in agreement with the anal-
yses reported in Fig. 1 (Zahana).

The intereticular distances in the alite crystal lattice of
this clinker are larger 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 chem-
ical composition (Table 4), which seems to indicate that
CaF2 supports the incorporation of MgO, SO3, and Na2O, as
observed by Klemm and Jawed (1980).

C4AF seems to be better crystallized in this clinker than in
the COZ one (cf. Fig. 3 peak at 33.9°/2θ and Fig. 5 peak at

33.8°/2θ). These peaks are also shifted from their usual posi-
tions. This could be explained by the presence of CaF2,
which supports the aluminate crystallization in the form of
C11A7CaF2, at temperatures varying between 1250 and
1300 °C (Regourd and Guinier 1975), and the aluminoferrite
in the phase C6A2F or C8A3F (Baoyuan and Jungan 1984).
The CaF2 addition inhibits C3A formation and supports
C4AF crystallization (Blanco-Varela and Vazquez 1981).

5.2. Clinker with NaF
The scanning electron micrograph (Fig. 6) shows that this

clinker is characterized by small crystals of alite and belite.
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Main intereticular distances (�) of alite (C3S)

Clinker
with 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
CaF2 3.0476 2.7879 2.7599 2.6217 2.1957
KF 3.0471 2.7888 2.7583 2.6187 2.1945

Note: COZ, ordinary clinker produced by the Zahana factory.

Table 5. Main intereticular distances of alite crystal lattice in
different studied clinkers.

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

Fig. 7. X-ray pattern of NaF clinker burned at 1300 °C.

Fig. 8. Scanning electron micrograph of KF clinker burned at
1300 °C.

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

Clinker
with

Burning
temperature (°C)

Density
(kg/L)

SSB
(cm2/g)

NaF 1300 1.38 2724.73
CaF2 1300 1.37 2887.43
KF 1300 1.38 2774.74
COZ 1470 1.39 3180.28

Note: COZ, ordinary clinker produced by the Zahana factory.

Table 6. Density and specific area of Blaine (SSB) of the syn-
thesized clinkers.



The crystallization of these phases is confirmed by X-ray
diffraction analysis (Fig. 7).

NaF slightly decreases the CaO/SiO2 ratio in C3S with the
substitution of Ca by Mg and Na (Table 4). This substitution
allows the reduction in the crystal lattice parameters of alite
because of the calcium atomic diameter, which is larger than
those of magnesium and sodium. Consequently, crystals
characterized by reduced sizes are formed (Baoyuan and
Jungan 1984). This is confirmed by the short intereticular
distances in comparison with those of COZ (Table 5).

The morphology and crystalline structure of these phases
in clinker with NaF, particularly the alite, contribute to the
improvement of the hydraulic activity of its minerals (Stan�k
and Sulovský 2002).

5.3. Clinker with KF
The alite and belite are characterized by irregular mor-

phology, of which their crystal sizes are variables (Fig. 8).
The X-ray diffraction pattern of this clinker (Fig. 9) presents
peaks less intense than those of COZ, which indicate the in-
complete crystallization of the calcium silicates.

C4AF and C3A crystallization in clinker with KF is more
significant than that in COZ. Contrary to the Zahana clinker,
C4AF is crystallized better than C3A in this clinker, as is
shown by the intensities of their peaks (Fig. 9). This is ex-
plained by the strong presence of SO3 in the mixture (Ta-
ble 4), which improves the crystallization of C4AF
(Ivashchenko 1983).

6. Effect of salts containing fluorine on
cement hydraulic properties

To study the physical and mechanical properties of se-
lected cements containing low contents of free lime at low
temperature (1300 °C), great quantities of clinker are synthe-
sized to carry out the hydration and hardening tests.

The mixture made up of 80% of synthesized clinker, 5%
of gypsum, and 15% of pozzolana is crushed and mixed, in
accordance with the normal factory method for obtaining
Portland cement (CPJ or CEM II), according to standard
(NF P15-301). Then 450 g of this cement is 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
Table 6 reports the results of the density and specific area

of the studied clinkers, by using densitometer and permea-
meter of Blaine, according to the method recognized by
French standardization (NF P15-442).

All the 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 of Blaine (SSB) of clinkers containing
fluorides (Table 6) is less than that of ordinary clinker
(COZ). This is due to the presence of a great quantity of
amorphous phase (glass) in these products (Table 3), which
decreases the porosity and improves the hardness of the
clinker grains.

6.2. Mechanical strength
The results of compressive and bending strengths, deter-

mined by mechanical tests according to the French standard
(NF P15-451), are given in Table 7.

The use of CaF2, as mineralizers does not influence the
mechanical resistance of cement in the short term. However,
its negative effect appears after 7 d of hardening (Table 7).

The mechanical resistance of clinker with NaF appears
relatively weak in the short term, but it evolves quickly to
reach compressive strength values higher than those devel-
oped by industrial cement (Table 7).

Cement of the clinker containing KF has a compressive
strength at 2 d identical to that of Zahana cement. This resis-
tance evolves slowly up to 7 d, then quickly after that, to
reach a value higher than that of Zahana at 28 d (Table 7).

The bending strength of this cement evolves in the same
way as its compressive strength, but it is relatively weak at
any age compared with the bending strength of Zahana ce-
ment (Table 7).

6.3. Setting time, hydration heat, and expansion of
cements

Physical tests used to determine the expansion, setting
time, and hydration heat of the studied cements, according
to the French standard (NF P15-432), (NF P15-431), and
(NF P15-461) successively, led to the results presented 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 presents a
very high value. This heat, released during hydration reac-
tions of clinker minerals, increases with the presence of
mineralizers. This is due to the disturbed structure of miner-
als, in particular the alite, and the presence of foreign ele-
ments within the crystal lattice, which facilitates their
reaction by mixing in water (Ballim and Graham 2004). The
strong heat release at 28 d of hydration (Table 8) explains
the fast evolution ofthe mechanical resistance of clinkers
(Table 7).
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Compressive strength (MPa) Bending strength (MPa)

Cement
with

Burning
temperature (°C) 2 d 7 d 28 d 2 d 7 d 28 d

NaF 1300 12.46 28.50 58.00 2.50 4.50 6.54
CaF2 1300 16.59 26.37 32.20 3.63 3.90 4.30
KF 1300 15.84 21.59 50.40 2.00 3.25 5.14
COZ 1470 16.90 33.20 43.10 3.50 6.25 7.00

Note: COZ, ordinary clinker produced by the Zahana factory.

Table 7. Mechanical resistance of synthesized clinkers.
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Among these cements, that containing KF is the only one
having a setting time identical to that of Zahana cement.
NaF and CaF2 prolong the cement setting time.

These analyses show that the use of 1% of KF, NaF, or
CaF2 as mineralizers to lower the clinkerisation temperature
improves the clinker hydraulic activity. This is explained by
the strong alite percentage in clinker with NaF or CaF2 (Ta-
ble 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
the CaO/SiO2 ratio in this phase, as shown in Table 4, allow
the improvement of the cement hydraulic properties.

7. Conclusions

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

The study of the decrease of the clinkerisation tempera-
ture without influencing the product quality by adding salts
containing fluorine (mineralizers CaF2, NaF, and KF) leads
to satisfactory results.

These salts have a great effect, particularly with the
Zahana clinker. It is obtained at only 1300 °C by the addi-
tion of 1% of CaF2, NaF, or KF.

The presence of these fluorinated mineralizers modifies
the clinker properties. CaF2 seems to reduce the hydraulic
activity.

NaF improves the clinker crystallization at low tempera-
ture, by supporting massive formation of alite. The hydraulic
activity increased, and the physical and mechanical proper-
ties of the clinker are also improved.

KF improves physical and mechanical properties of ce-
ment. The great product resistance is ensured by alitewhich
in spite of its moderated percentage in the clinker, presents a
significant hydraulic activity owing to its disturbed crystal-
line structure.

Obtaining a clinker at 1300 °C is possible by the addition
of 1% of CaF2, NaF, or KF. These mineralizers improve
structural properties of clinker minerals, which lead to the
improvement of the cement hydraulic properties, particularly
NaF, which increase the C3S rate in the clinker.
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Setting time (time
lapse from mixing) (h)

Hydration heat (cal/g)
(1 cal = 4.184 J)

Cement
with

Burning
temperature (°C)

Expansion
(mm) Beginning End 3 d 7 d 28 d

NaF 1300 00 4.250 6.833 76.9 94.4 98.8
CaF2 1300 00 6.083 7.717 58.2 72.1 80.6
KF 1300 00 3.833 5.917 60.5 84.7 94.3
COZ 1470 00 3.917 5.750 56.3 68.6 88.4

Note: COZ, ordinary clinker produced by the Zahana factory.

Table 8. Physical properties of cements studied.
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