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The paper deals with a formation of solid solutions inside the equilibrium phase assemblage C-C,S-C,4;S -C,AF-CS of the
oxide system CaO-Si0,-Al,0;-Fe,03-SO;. The content of minor oxides incorporated in individual phases was generally lower
in comparison with data given in the literature. C,S and CS phases form more homogeneous crystals with regard to their
chemical composition than C,A;S and the ferrite phase. From practical consideration the stoichiometry of the ferrite phase
in the given phase assemblage can be appropriately represented by a composition corresponding to C4AF,.

INTRODUCTION

Sulphoaluminate belite cement (SAB) is low-
energy cement, being synthesised at 1200-1250 °C [1].
Its mineralogical composition in a prevalence of cases
includes C,S, C,A;S, C,AF, CS phases and some
amount of free lime C. These phases create, however,
one of the equilibrium phase assemblages inside the C-
S-A-F-S oxide system. The content of free lime at usual
conditions is very low (up to 1-2 %), but also the
clinkers with a content of free lime up to 10 % showed
good properties after hydration [2, 3]. Commercial
clinkers are predominantly so designed as to contain
only three principal clinker phases C,S, C4A;S and
C,AF [4-6]. Nevertheless, the clinkers usually contain
some amount of free lime and free calcium sulphate, so
essentially they are found in the mentioned five-phase
assemblage.

Up to now relatively few papers deal explicitly
with the chemical composition and microstructure of
SAB clinker minerals. Several authors [7-12]
investigated solid solutions for only individual clinker
minerals, without their relationship to the other clinker
phases. Authors [4, 6, 13-16] have already studied the
chemical composition of C,S, C,A;S and C,AF, but
their investigation was concerned with multicomponent
oxide system including Na,O, K,0, MgO, TiO,, etc.
The investigated clinker minerals fired at temperatures
1200 - 1300 °C were of small size (ca 1-5 um), poorly
crystallised and sometimes intergrown with
neighbouring phases.

The data on chemical composition of coexisting
clinker minerals C,S, C,A-S, C,AF and CS are absent in

the literature and we have attempted, therefore, in this
work to make them available.

Solid solutions and morphology of C,S

C,S, important clinker mineral in Portland as well
as SAB cement has been studied extensively. The
authors [17] have considered that univalent and divalent
ions replace Ca?" and multivalent ions AIP*, Fe3*, S6*
replace Si*". For C,S present in calcium sulfoaluminate
cement it has been suggested that the principal
substitution taking place may be the replacement of
3(SiO,)* by (2(A10,)> + (SO4)%) [6]. The amount of a‘-
C,S increases with increasing SO;, and Al,O; in
contrary to Fe,0;, which promotes B-C,S formation
[13].

The boundary composition of o’-C,S at 1200 °C,
saturated with Ca?* and (SO,)?* ions, can be represented
by a formula Ca, 49Si99S0 010400 (1.1 mol % CS) [18].
Belites, containing a significant amount of SO; (3-4 %),
possess a strongly distorted structure [13] and
consequently manifest an improved hydration
properties.

Generally, the extent of substitutions in C,S of
SAB cement is greater in comparison to C,S of Portland
cement (PC) [6]. The boundary solid solution at a
temperature of the PC clinker burning is approximately
6 wt.% expressed as a sum of all impurity oxides [19].
Compositions of C,S of the low energy cements have
been given in [4, 6, 13-15]. The content of oxides varies

D C=Ca0, S = Si0,, A = AL,Os, F = Fe,0,, S = SO,
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in following limits, CaO: 59.96-66.70, SiO,: 28.60-
35.52, AL,O;5: 0.10-2.49, Fe,05: 0.10-2.00, SO5: 0.10-
4.10 [4, 13-15].

The crystallochemical formula of C,S solid
solution given in [6] is then as follows:

Ca; 96:0.06A10.1120.07F€0.0120.00910.7720.05S0.08:0.0204 [6]

The structure of the SAB clinkers is porous; it
shows the lace-like open textured structure [6]. The
minerals formed at low temperature (ca 1200-1300 °C)
are ill crystallised and contain large amounts of
admixtures [4]. Their size is usually very small, less
than 5 pm, since the clinker crystals are primarily
formed by a solid state reaction [5]. C,S present in SAB
clinkers takes roughly a spherical shape [8]. It usually
twins with C4A;S crystals. The backscattered electron
images of sulphoaluminate clinkers showed that C,S
crystals form the light gray relatively coarse clusters

[6].
Solid solutions and morphology of C,A;S

The C,A;S belongs to the sodalite type structure
[20], which has considerable tolerance for substituents.
It can be considered as a structure near to the limit of the
sodalite structure type stability and therefore it is
sensitive to the introduced admixtures [9].

The substitution of hetero-ions in C,A;S consists
mainly in Ca replaced by Mg and Al by Si, Fe and Ti
[8]. A solid solution of Fe,0; in C4A-S can be expressed
by the formula C,A;_ F.S [10]. The estimated maximum
value of x at 1150 °C is 0.30 (7.6 wt.% Fe,0;) and at
1300 °C it corresponds to x = 0.32 (8.1 wt.% Fe,05).
Sodium and iron solid solution expressed by the
formula NXC4_XA3_yFy§ has been studied in [9]. Results
suggest that the limits of solid solutions are at x = 0.6 -
0.7 and y = 0.30 - 0.33. The maximum solubility of
Fe,0; in C4A;S at 1300 °C was found to be ~ 9 wt.%
[16].

The existence of completely substituted form
C,F,S, present together with C;FS phase [14, 21, 22]
was not confirmed in [13, 16, 23]. The measurements
given in [13] confirmed, however, formation of solid
solution of ~ 5mol.% CS in CF. C,F phase contained
0.3 - 1.0 wt.% of SOj; in a solid solution [16]. According
to [24] sulphoferrite phases are solid solutions of C,F
and CF with CS and their composition is variable
according to the formulas C(3+H)F3§n (from n = 0.75 to
1.50) and C5.)FS,, (from m = 0.80 to 1.50).

The C,A;S phase formed at a non-equilibrium
conditions of the cement manufacture is not a
compound with fixed composition but a solid solution,
the components of which (especially CaO) can be
present in broad limits and also several hetero-ion
substitution have been found to take place [8]. The
industrial C4A;S has lower percentage of Al,O; in a
comparison to the stoichiometric phase but is higher for
CaO and SO;. The percentage of SO; depends upon a
type of the rotary kiln and a possibility of the volatilised

SO; to be absorbed back reversibly by raw mix. The
content of the oxides in industrial C,A;S varies in the
following limits, CaO: 38.56-43.33, SiO,: 2.80-3.19,
Al,0j5: 35.47-40.22, Fe,05: 0.60-1.60, SO5: 11.91-17.45
[8].

According to [6], contrary to previous findings, the
level of substitution in C4A;S is low. There is no
evidence of significant CaO variation from the ideal
stoichiometry:

Ca4. 1 1:&0.04‘6‘15.()010‘IZFGQ12:&0.058100410.02S l.O3:tOAOSOl6 [6]

The composition of C4A;S given in other sources
[4, 13-15] varies in following limits, CaO: 30.80-37.14,
Si0,: 0.10-3.89, Al,0;: 42.53-53.40, Fe,O5: 1.30-7.08,
SO;: 11.00-14.03.

The industrial sulpho-aluminate cement clinker can
be featured as small sparse, moderately adhering
particles [8]. The crystal size of C4A-S is less than 5 um
and the crystal appearance showed an incidence of
hexagonal plates and the tetragonal polycylinder
shapes. Hexagonal tabular form is typical shape for well
crystallised C,A;S [4, 5]. The backscattered electron
images of SAB clinker given in [6], showed that the
C,A;S crystals are well shaped with an equant gray
colour.

Solid solutions and morphology of C,AF

The alumino-ferrite phase is a solid solution in
series of compositions Ca,Fe,,,A,,05, where x varies
from 0 to 0.7 [11], forming thus a continuous series
from C,F to C¢A,F. The ferrite phase structure belongs
to the perovskite structure type [25, 26]. Owing to the
peculiarities of the perovskite structure, the ferrite
phase is capable to host a great amount of admixtures,
about 10-11 % at a temperature of the PC clinker
burning [19]. The occurrence of octahedral and
tetrahedral positions with Fe and Al promotes the
variety of substitutions of these atoms.

The substitution of Si*" and S ions for Fe’" or
AP* ions has been studied in [26]. It has been suggested
that this substitution takes place on the tetrahedral sites.
The Si*" ions on the tetrahedral sites play a dominant
part in a change of the ferrite cementitious properties.
Nonequivalent substitution of 3Si*" for 4Fe’ or 4A13*
produces vacancies in the crystal lattice and brings
about an introduction of the covalent bond Si-O
shortened by about 10 %, causing the oxygen tetrahedra
to shrink.

The substitution of S¢* for Fe** or AI’* ions in
oxygen tetrahedra seems to be of low probability due to
the large difference in electronic configuration and
other ionic parameters. Nonequivalent substitution of
Sé* for 2Fe3* or 2AI¥* would lead to a serious
deformation and an unsound lattice of ferrite phase [26].

The equilibrium solubility of SiO, in the ferrite
phase does not exceed 0.8 wt % at temperatures 1300-
1380 °C [12]. In the ferrites grown under non-
equilibrium conditions it reaches 1.5-2 % SiO,. Sulphur
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plays the major role in a formation of the imperfect
crystals [13]. According to cited authors the large
amount of sulphur is present in the lattice of the less
ferrous aluminoferrite phase (C,AF) with a composition
CaO: 46.7-49.8, Si0,: 3.5-5.4, Al,0;: 11.0-12.6, Fe,05:
25.9-31.6, SO;: 1.8-6.7. The high ferrous aluminoferrite
phase (CzAF,), contains only up to 0.6 % SO;, and has
the composition CaO: 42.3-44.5, SiO,: 3.1-4.3, Al,O5:
8.1-10.7, Fe,05: 41.9-44.5, SO;: 0-0.6. Higher amount
of admixtures of SiO, and SO; have been measured in
[4]. The ferrite phases contained:

CaO0 Si0, ALO, Fe,0; SO,
CA,F 36.18 691 3925 11.34 10.66
C,AF 3729 612  19.08 2679 6.82
CAF, 3581 729 873  27.96 0.70

It is seen from published data that the sulphur
content is decreased by an amount of Fe,O; in the ferrite
phase. The ferrite phase exhibits large standard
deviations in analytical totals of its chemical
composition [6].

Ca; 57:0.17A10.99:0.60F €0.63:0.21510.22:0.100.18:0.12010 [6]

The presence of so much sulphur is surprising
since sulphur is not normally a substituent in the
perovskite structure. The ferrite phase had been
concentrated by its selective dissolution and after which
the sulphur content fell to nearly zero, thereby
confirming suspicion that sulphur was not its integral
constituent.

Ca4A30:tO. 1 SAl 1 .23:tOA31F60A8210.24SIO.4010. 1 3SO.03:EOA01010 [6]

According to [26] the composition of ferrite phase
in SAB cements is more ferrous than that in Portland
cement.

The ferrite phase in SAB cement consists of
smaller and poorer grains than in Portland cement
[1, 4, 6] and the size of ferrite grains (1-2 wm) has been
close to the limit of analytical detection. Backscattered
electron images of SAB clinkers [6] showed that the
ferrite is a bright phase and has been intergrown with
other phases. The ferrite phase in the expansive cement
clinker burned at temperatures below 1200 °C had the
appearance of aggregates of minute crystals, but in the
fused clinker it was dispersed chiefly to irregular shapes
[27].

Solid solutions and morphology of CS

According to [16] CS contained up to 1 wt %
Fe,0;. In the system C-S-S, anhydrite was found in a
pure form, not forming solid solution [7].

The grain structure examination of anhydrite
in expansive cement clinker has been performed in [27].
CS was recognised as irregular-shaped grains, without
any distinct outline of crystals.

EXPERIMENTAL PART

The six SAB clinkers having the nominal phase
composition: SABI; 20 % C,S, 20 % C,A;S, 40 %
C4AF, 20 % CS, SAB2-4; 30 % C,S, 20 % C,A-S, 30 %
C4AF, 20 % CS, SABS; 30 % C,S, 20 % C,A5S, 30 %
CoA,F, 20 % CS, SAB6; 30 % C,S, 20 % C,4ASS, 30 %
(C,F + “C,A”), 20 % CS (the mixture C,F + “C,A” was
prepared using C,F crystals, which had been obtained
from K,SO, flux at 1200 °C and water leached
afterwards; “C,A” was mixture of CaCO; + Al,0,),
were selected for an experimentation.

The clinkers were prepared using analytical
reagent grade CaCO;, Al,O;, Fe,0;, CaS0,2H,0 and
silica gel in appropriate weight ratios. The mixtures
were homogenised in an agate mortar and calcined in an
electric furnace at 1000 °C for 1 hour. The calcined
products were again homogenised, pelleted into short
cylinders and calcined again to 1000 °C for 0.5 hour.
The obtained pellets were encapsulated into Pt-tubes
(diameter 5.25 mm, wall thickness 0.2 mm) by welding
the ends of tubes.

The encapsulated samples were heated up to
1450 °C and hold at this temperature for 15 min. Then
they were continuously cooled to 1200 °C at a cooling
rate of approx. 0.6 °C/min. The samples were tempered
at 1200 °C with a different soak (SABI1 without soak,
SAB2, SABS5, SAB6 for 4 hours and SAB3, SAB4 for
48 hours) and next unhamperedly cooled to room
temperature (sample SAB4 was air quenched from
1200 °C).

The phase composition of the products was
examined by XRD using Philips powder diffractometer
PW 1710 (CuKa radiation). The chemical composition
of solid solutions was determined by electron probe
microanalysis (EPMA) Jeol JXA 840 A.
(wavedispersive analysis, accelerating potential 20 kV,
electron flow 10 nA, beam focused to 1 mm). The
ceramic standards have been used with known content
of analysed oxides. The computation has been
performed using ZAF program. The results are mean
values from 15 experiments. For the EPMA study the
samples were impregnated with epoxy resin, polished,
coated with carbon. SEM micrographs and
corresponding X-ray WDS dot maps for elements Si,
Al, Fe, S were carried out by backscattered electrons.

RESULTS AND DISCUSSION

The reason of sealing the samples in platinum
tubes was to prevent the loss of sulphates at high tempe-
ratures. The temperature of 1450 °C at which the sam-
ples were preliminary heated resulted in a melt quantity
since whole ferrite phase was expected to be melted.

Slow cooling of the samples from 1450 °C was
applied to ensure the melt assisted growth of crystals
which was expected to result in their increased size and
the morphology convenient for the EPMA investigation.
The yielded size of clinker crystals, about 10 um, was
satisfactory for this purpose.
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2631 28KV 4430 18Mm D39

Figure 1. Backscattered SEM micrographs in the sample SAB3.

XRD analysis of the samples showed the presence
of small amount of free lime besides B-C,S, C,A;S,
C,AF and CS respectively. The o’-C,S was not
identified. Free lime C was not expected to produce a
solid solution, therefore its crystals were not analysed in
detail. An equilibration of the clinker phases has been
improved by prolonged tempering of samples at
1200 °C, which was well reflected by an increased

height of their relevant XRD-peaks.
Microstructural examination

The microstructural examinations of phase
distribution of the clinkers are shown in figure 1 for
SAB3, in figure 2 for SAB4, in figure 3 for SABS and
in figure 4 for SAB6 respectively; for samples SABI
and SAB2 have been published in [28] (SAB1 in figures
1 and 2, and SAB2 in figure 3 of the work [28]).

C,S, C4ASS, C4AF and CS in SEM micrographs are
well identified. C,S forms grey regions, irregularly
shaped, with clean margins. C,A,S is found in angular
hexagonal dark grey crystals. The ferrite phase appears
as large bright crystals with irregular shapes and clear
margins too. CS appears as dark grey regions with not
quite well developed morphology, fuzzy margins and
the crystals exhibit parallel cracks. It was difficult to

W0O39
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Figure 4. Backscattered SEM micrographs in the sample SAB6.

find suitable large CS crystals in the clinkers such as it
was shown in figure 3 of the work [28] (at the right side,
bottom of the figure 3., No. 2501 [28]). The
corresponding X-ray WDS dot maps for elements Si,
Al, Fe and S are enclosed in [29].
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The inhomogeneities were sometimes found out in
C4ASS crystals as it is shown in figure 1. (there are at the
top in the middle of the picture No. 2699).

More open textured structure was observed in the
clinker SAB5 probably caused by lower amount of
Fe,0; given in the raw mix in comparison with the other
clinkers.

C,F crystals were admixed into the raw mix for
clinker SAB6 as a template for the ferrite phase growth.
In this case, the ferrite phase was shaped in needle like
crystals figure 4.

Chemical composition of clinker minerals

The chemical composition of clinker minerals from
microprobe analysis is summarised in tables 1-4 for
samples SAB3-6; for SAB1-2 has been already
published in [28]. The tables contain arithmetic means
of about fifteen analyses with maximum deviations of
measurements. Table 5 contains mean composition of
the phases from all samples SAB1-6.

In general, the phases contain, in a comparison to
the stoichiometric composition, a slightly increased
amount of CaO needed to compensate foreign
admixtures. The highest deviations of microprobe
measurements are observed for C4A;S and C,AF
phases. The presence of inhomogeneities was observed
also in some crystals of C4A;S, which is seen in
figure 1.

On the other hand C,S and CS have been the most
homogeneous phases with respect to the deviations in
chemical composition. The deviations have decreased
by longer tempering at 1200 °C; the samples SAB2 and
3. The content of admixtures presently determined is
generally lower than shown by data published in
literature [4, 6-10, 12-16], in spite of the high starting
temperature 1450 °C used at the preparation of samples.
The amounts of admixtures in the C,S, C4A;S, C,AF
and CS have been approximately the same for all
samples SAB1-6 and their averages are given in table 5.

The composition of C,S in the SAB1-6 samples
varies in the following ranges CaO: 64.90-66.44, SiO,:
28.93-31.04, Al,0;: 1.32-2.19, Fe,0;: 0.65-1.07, SOj:
1.80-2.52. The average of admixtures in C,S structure is
about 1.5 % for Al,Os, up to 1 % for Fe,O; and about
2 % for SO;. The amounts of admixtures increase in a
sequence SO;>Al,0;>Fe,0;. The formula of C,S
composition (The data from Table 5 have been used as
a source for the formula calculation) can be represented
as follows (oxide form recalculated to 2 CaO; atomic
form recalculated to 4 oxygens):

C2SO.86A0.03F0.01§0A04 (oxide form)
Ca, 351 g7Aly 0sF€0.02S0.0504 (atomic form)

The composition of C,A,S in the samples SAB1-6
varies in the intervals CaO: 37.51-38.68, SiO,:
0.08-0.25, Al,05: 47.35-50.68, Fe,05: 1.62-2.23, SO;:
8.41-13.23. The amounts of SO; an Al,O; vary on a
relatively large scale, however, the prolonged tempering

at 1200 °C (sample SAB3) has decreased this
variability. The SO; contents are lower than the contents
published in [4, 8, 13-15]. The average of admixtures in
C4ASS is generally low, about 0.15 % for SiO, and about
2 % for Fe,0; in comparison with values given in [4, 8,
10, 13-16]. Especially Fe,O; content is very low in
comparison with its max. Solubility ~ 9 wt % reported
in [10, 16]. The presence of sulphoferrite phase such as
C4F;S was not confirmed in spite of an use of the
precursor C,F crystals in the sample SAB6. The formula
of C,4A;S composition can be expressed as follows
(oxide form recalculated to 4 CaO; atomic form
recalculated to 16 oxygens):

C4SO.02A2.81F0.07§0.8 (oxide form)
Cay 55810 00 Als 96F€0.1650.85016 (atomic form)

The composition of ferrite phase in samples SAB1-
6 varies inside the specified levels of oxides, CaO:
44.22-47.75, SiO,: 0.59-1.38, Al,O;: 13.75-17.24,
Fe,05: 34.23-39.32, SO;: 0.09-1.04. It is seen that the
ferrite phase contains an increased amount of Fe,O; in
comparison to C,AF, which brings it essentially close to
the C4AF, stoichiometry. The amounts of Al,O; and
Fe,0; vary on a relatively large scale namely in samples
SABI, 2 and 6. The prolonged tempering at 1200 °C
(samples SAB3 and 4) has decreased this variability as
in previous cases.

Since the high-ferrous ferrite phase was formed in
samples, the chemical composition of raw mix for
clinker SABS was calculated to give less ferrous phase
C¢ALF. In spite of this the high-ferrous phase has
formed in this clinker too.

In a preparation of clinker SAB6, the ferrite phase
has been introduced in the powder mixture as crystals
C,F. It was interesting to see, whether the formation of
sulphoferrite phases as a C,F + CSsolid solution would
be observed. In spite of this arrangement the high-
ferrous ferrite phase has been formed. The levels of
Fe,0; introduced in the phases C,S and C,A;S, when
starting from C,F crystals, are approximately the same
as in the other samples SAB1-5. It supports the idea that
the ferrite phase at 1450 °C was completely melted.

All ferrite phases of studied clinkers SABI1-6
contained small quantities of SiO, and SO;. The average
of admixtures in ferrite phase is generally low, about
1 % for SiO, and about 0.5 % for SO;, in comparison
with values given in [4, 6, 13]. The value 1 % of SiO,
slightly exceeds the equilibrium solubility of SiO, in
ferrite phase (0.8 %) as given in [12]. About 0.5 % of
SO; is approximately the same value as found in [6]
after a selective dissolution of the ferrite phase.

The formula of ferrite phase can be represented as
follows (oxide form recalculated to 4 CaO and 6 CaO;
atomic forms recalculated to 10 and 15 oxygens):

C4SO.08A0.76F1.13§0.03 (oxide form)

Cay 0351 0Al; 53F€2 275003010 (atomic form)
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Table 1. Chemical analysis of clinker minerals in sample SAB 3.

CaO Si0, Al 04 Fe,0, SO,
C,S (wt.%) 65.30 + 0.06 3093 £ 0.30 1.33 £ 0.14 0.65+ 0.14 1.80 + 0.25
(mol.%) 67.75 = 0.11 29.95 + 0.27 0.76 + 0.08 0.24 + 0.05 1.31 + 0.18
C4A5S (wt.%) 37.51 + 1.24 0.08 = 0.16 47.57 £ 1.13 1.62 + 0.19 13.23 £ 1.13
(mol.%) 50.97 £ 1.33 0.10 = 0.20 35.56 £ 1.10 0.77 £ 0.09 12.59 = 1.12
C,AF (Wt.%) 46.18 + 0.82 0.89 £ 0.61 15.46 £ 1.52 37.39 + 1.06 0.09 = 0.14
(mol.%) 67.21 + 0.68 1.20 + 0.82 12.38 £ 1.26 19.11 £ 0.62 0.10 £ 0.14
CS (wt.%) 45.95 + 0.30 0.10 = 0.07 0.00 £ 0.00 0.26 £ 0.01 53.69 + 0.35
(mol.%) 54.88 + 0.28 0.11 = 0.08 0.00 + 0.00 0.11 = 0.02 4491 + 0.36
Table 2. Chemical analysis of clinker minerals in sample SAB 4.
CaO SiO, Al O; Fe,0; SO,
C,S (Wt.%) 64.90 = 0.35 31.04 £ 1.22 1.32 £ 0.19 0.79 + 0.11 1.94 £ 1.16
(mol.%) 67.43 £ 0.32 30.11 + 1.08 0.76 + 0.11 0.29 + 0.04 1.41 + 0.86
C4ASS (wt.%) 38.03 + 1.69 0.16 + 0.14 50.65 + 4.50 223+ 035 8.93 £ 5.99
(mol.%) 52.05 + 2.40 0.20 = 0.17 38.13 + 345 1.07 £ 0.16 8.55 + 5.73
C,AF (Wt.%) 45.06 + 0.18 0.59 + 0.52 17.24 £ 0.33 36.43 + 1.01 0.67 = 0.82
(mol.%) 65.92 = 0.62 0.81 = 0.71 13.87 £ 0.27 18.72 + 0.61 0.69 £ 0.83
cS (Wt.%) 43.12 £ 0.96 1.45 £ 0.06 0.13 + 0.02 0.45+ 0.11 54.85 + 1.26
(mol.%) 51.87 £ 0.78 1.63 £ 0.03 0.09 + 0.04 0.19 + 0.08 46.22 + 0.85
Table 3. Chemical analysis of clinker minerals in sample SAB 5.
CaO Si0, Al 04 Fe,0, SO,
C,S (wt.%) 66.44 + 0.86 28.93 + 2.02 1.91 + 1.04 0.71 = 0.07 2.02 + 1.12
(mol.%) 69.10 + 0.93 28.08 + 1.87 1.10 = 0.61 0.26 £ 0.02 1.47 + 0.82
C4A5S (wt.%) 38.68 + 1.02 0.13 £ 0.22 47.72 £ 3.58 2.12 + 0.62 11.36 = 4.49
(mol.%) 52.45 £ 1.51 0.16 = 0.28 35.59 £ 2.76 1.01 + 0.29 10.79 + 4.25
C,AF (Wt.%) 47.75 + 0.31 0.95 + 0.64 16.60 + 2.04 3423+ 1.22 0.46 = 0.36
(mol.%) 68.10 + 0.61 1.27 £ 0.86 13.02 £ 1.60 17.14 £ 0.62 0.46 = 0.36
CS (wt.%) 4439 + 0.77 0.02 + 0.02 0.19 + 0.10 0.38 + 0.03 55.03 + 0.66
(mol.%) 53.36 + 0.76 0.02 = 0.02 0.13 £ 0.07 0.16 £ 0.01 46.34 + 0.70
Table 4. Chemical analysis of clinker minerals in sample SAB 6.
CaO SiO, Al O; Fe,0; SO,
C,S (Wt.%) 65.34+ 1.08 29.92 + 0.64 1.37+0.18 0.84 +0.03 2.52+0.97
_ (mol.%) 68.00+ 0.96 29.07 + 0.66 0.79+0.11 0.31 +£0.01 1.84 +0.71
C,AS (wt.%) 38.39+2.37 0.25 +0.09 47.35+3.71 1.77 £ 0.47 12.25 + 6.45
(mol.%) 51.97+3.22 031+0.11 3526 +2.78 0.84 £0.23 11.62 +£6.12
C,AF (Wt.%) 46.81+ 1.23 1.06 + 1.12 16.41 £4.94 34.68 + 2.87 1.04 + 1.67
_ (mol.%) 67.12+ 1.37 1.42+1.49 12.95 £ 3.94 17.47 £ 1.36 1.04 +1.68
CcS (Wt.%) 42.85+ 0.68 0.21 +£0.01 1.35+0.27 2.53 +£0.87 53.09 + 1.81
(mol.%) 52.35+0.92 0.24 +0.01 0.91+0.18 1.09 +0.38 4543 £ 1.47
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Table 5. Arithmetic means of the values from tables 1-4 and tables 1 and 2 of [28].

CaO Si0, ALO, Fe,0, SO,

C,S wt % 65.52 30.02 1.59 0.81 2.07
mol % 68.15 29.15 0.91 0.30 1.51

CAS  wt% 38.21 0.15 48.77 1.99 10.89
mol % 51.99 0.19 36.50 0.95 10.37

CAF  wt% 45.87 1.00 15.80 36.79 0.54
mol % 66.66 1.35 12.64 18.81 0.55

cS wt % 44.76 0.33 0.32 0.71 53.89
mol % 53.76 0.37 0.22 0.30 45.36

Table 6. Chemical composition of the “C-S-S” phases - inhomogeneities identified in the samples SABI, 2, 3 and 5.

Ca0 Sio, ALO, Fe,0, S0,
SABl  wt% 52.62 6.66 0.57 0.60 39.57
mol % 60.43 7.14 0.36 0.24 31.83
SAB2  wt% 59.45 24.35 4.61 6.59 5.02
mol % 65.66 25.10 2.80 2.56 3.88
SAB3  wt% 62.09 29.67 1.30 0.95 6.00
mol % 65.33 29.14 0.75 0.35 4.42
SAB5S  wt% 61.19 26.11 5.19 0.99 6.52
mol % 65.56 26.11 3.06 0.37 4.89

C6SO412A1414F1469§0405 (oxide form)
Cag 05Sig 12Aly n0F €5 418 05045 (atomic form)

The composition of CS phase in the samples
SABI1-6 varies inside the following levels of oxides,
CaO: 42.85-48.05, SiO,: 0.02-1.45, Al,05: 0.00-1.35,
Fe,05: 0.26-2.53, SO;: 51.28-55.40. CaO and SO;, its
main constituents vary on a relatively large scale. The
amount of CaO is continuously higher, amount of SO,
continuously lower in comparison to the stoichiometric
composition.

From geometrical reasons one would expect that
relatively large ions (Fe**, AI** and Si*") will not enter
the structure of CS at all. However the experimental
results show positive contents of the mentioned ions in
the structure.

The average of admixtures in CS structure is very
low, 0.3 % for SiO,, 0.3 % for Al,O; and 0.7 % for
Fe,O;. The highest quantities of Al,O; and Fe,O;
admixtures have been observed in the sample SAB6
(Table 4) and of SiO, in the sample SAB4 (Table 2).
This is interesting to notice that the Fe,O; content in the
CS structure is higher than that of SiO, and Al,O; in
spite of the fact, that the difference between ion size of
S¢" and Fe*' is higher than the difference between ion
size of S and AI** and Si*' respectively. The quantity
of Fe,0; according to [16] reaches to 1 %.

The formula of CS composition can be represented
as follows (oxide form recalculated to 1 CaO; atomic
forms recalculated to 4 oxygens):

CSO.007A0.004F0.006§0484 (oxide form)
Ca 1,81 07A10,009F €0.0150.0404 (atomic form)

Besides the phases treated there were found other
phases - inhomogeneities “C-S-S” in clinkers SABI, 2,
3 and 5, containing CaO, SiO, and SO; as major oxides
(Table 6.). The referred inhomogeneity from SABI,
found as relatively small oval inclusion in the ferrite
grain, has a molar ratio CaO/SOj; equal to 1.9. This ratio
might indicate CS (stoichiometric CaO/SO; = 1). An
increased ratio is however required to compensate for
Si0,, Al,0; and Fe,0; admixtures. This phase is well
identified in SEM micrograph of clinker SAB1 given in
[28] (Figure 1 in [28]). The phase is enclosed by
ferrite phase (the ferrite phase - large bright region in
the middle of figure 1, picture No. 2291 [28]) and it
is found nearly to the middle of the ferrite phase
(small dark grey circular region; see corresponding
X-ray WDS dot maps for elements Si and S published
in [29]).

Another inhomogeneity “C-S-S” observed was
phase in SAB2, 3 and 5 samples having a molar ratio
CaO0/Si0, equal to 2.6, 2.2 and 2.5. These ratios might
indicate C,S modified with Al,O;, Fe,O; and SO,
admixtures. These phases are not considered to be
related to CsS,S, because of the too low content of SO,
(about 6 wt %) (stoichiometric content of SO in C5S,S
is 16.66 wt %) and CsS,S is not compatible with
simultaneously both C,S and CS.
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CONCLUSION

The chemical composition of coexisting solid
solutions inside the phase assemblage C-C,S-C,A;S-
-C,AF-C S was determined belonging to the oxide
system CaO-Si0,-Al,0;-Fe,05-SO;. The pertinent
samples were Pt encapsulated and cooled from 1450 °C
with equilibration periods at 1200 °C. The present
phases had well developed morphology and a size of
crystals approximately 10 um.

The content of admixtures entering the clinker
phases as determined by electron probe microanalysis is
generally lower than that corresponding to data
published in the literature. C,S and CS form more
homogenous crystals with respect to chemical
composition than C4A;S and ferrite phase. The
stoichiometry of ferrite phase present under
circumstances of experiments can be more adequately
represented by a composition corresponding to C;AF,.
The CS phase has usually contained less than 1.5 % of
admixtures. The solid solution formulae of the clinker
phases can be represented as follows:

Ca, 4351 g7Aly 05F€0.02S0.0504 (C,S)
Cay 55Sig.0Als 96F€0.1650.85016 (C4A3S)
Cay 03519 08Al1 53F€2 275003010 (C4AF)
Cag 05510 1ALy 29F €3 415005015 (C4AF,)
Cay 15Si0.007A1p.009F €0.010.0404 (CS)

References

1. Mehta P.K.: World Cement Technol. 77, 166 (1980).

2. Kravschenko 1.V., Charlamov V.A., Kuznecova T.V.,
Astanskij, L.L.: Tsement, No. 5, 7 (1989). (in Russian)

3. Sahu S., Majling J.: Cem. and Concr. Research 24, 1065
(1994).

4. Wang Yanmou, Deng Jun’an, Su Muzhen: 8th ICCC, Sub
theme 1.3, Vol. 2, p. 300, Rio de Janeiro 1986.

5. Su Muzhen, Kurdowski W., Sorrentino F.: 9th ICCC, Vol.
1, p. 317, New Delhi 1992.

6.  Andac O., Glasser F.P.: Mat. Res. Soc. Symp. Proc., Vol.
370, p. 135, 1995.

7.  Gutt W., Smith M.A.: Trans. Br. Ceram. Soc. /I, 557
(1967).

8. Su Muzhen, Deng Junan, Wu Zongdao, Liu Xiaoxin: 9th
ICCC, Vol. 2, p. 94, New Delhi 1992.

9.  Andac O., Glasser, F.P.: Advan. in Cem. Research 6, 57
(1994).

10. Zupanci¢ N., Kolar D., Su$nik D., Samardzija Z.: Br.
Ceram. Trans 93, 219 (1994).

11. Marinho M.B., Glasser F.P.. Cem. and Concr. Research
14,360 (1984).

12. Sorrentino F.P., Glasser F.P.: Trans. and J. Br. Ceram. Soc.
74,253 (1975).

13. Boikova A.l., Fomicheva O.I.,, Grischenko L.V.: 9th
ICCC, Vol. 2, p. 413, New Delhi 1992.

14. Krivoborodov Y., Fomitcheva O., Boikova A.: 8th ICCC,
Theme. 1., Vol. 2, p. 240, Rio de Janeiro 1986.

15. Woo-Hyeong Chae, Geun-Chang Yum, Hee-Kap Oh,
Sang-Heul Choi: 10th ICCC, Vol. 1, 1i036, p. 5,
Gothenburg 1997.

16. Boikova A.J., Grischenko L.V.: Tsement, No. 11, p. 5
(1989). (in Russian)

17. Gao-chao Lai, Takuo Nojiri, Kin-ichi Nakano.: Cem. and
Concr. Research 22, 743 (1992).

18. Gutt W., Smith M.A.: Trans. Br. Ceram. Soc. 67, 487
(1968).

19. Boikova A.: 7th ICCC, Theme 1., Vol. 2, p. 6, Paris 1980.

20. Hanic F., Havlica J., Kapralik 1., Ambriuz V., Galikova L.,
Urbanova O.: Br. Ceram. Trans. J. 85, 52 (1986).

21. Samchenko S.V., Tsement, No.3, 19 (1989). (in Russian)

22. Osokin A.P., Krivoborodov Yu.R., Dyukova N.F.: 9th
ICCC, Vol. 3, p. 256, New Delhi 1992.

23. Kapralik 1., Hanic F., Havlica J., Ambraz V.: Br. Ceram.
Trans. J. 85, 107 (1986).

24. Osokin, A.P., Odler 1.: Zement-Kalk-Gips, No. 10, 536
(1992). (in German)

25. Emanuelson A., Hansen S., Henderson E., Landa-
Canovas A., Sjostedt E.: 10th ICCC, Vol. 1, 11060, p. 8,
Gothenburg 1997.

26. Zeng Yanwei, Yang Nanru: Cem. and Concr. Research 27,
31 (1991).

27. Nakamura T., Sudoh G., Akaiwa S.: 5th ICCC, Vol. 4, p.
351, Tokyo 1968.

28.  Strigac J., Kristin J., Sahu S., Palou M.T., Majling J.: 10th
ICCC, Vol. 3, 3v009, p. 7, Gothenburg 1997.

29. Strigac J.: Study of the phase compatibility in the system
CaO0-Si0,-41,05-Fe,0;-S0O;, PhD Thesis, Faculty of
Chemical Technology, Slovak Technical University,
Bratislava 1998.

Submitted in English by the author.
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Praca sa zaobera tvorbou tuhych roztokov vo vnutri
rovnovéaznej asociacie faz C - C,S - C4A;S - C,AF - CS, v ramci
oxidového systému CaO-SiO,-Al,05-Fe,0;-SO;. VySetrované
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fazy tvoria mineralogicky zaklad sulfoaluminatovych
belitovych slinkov. Vzorky boli uzatvarané do Pt kapsul,
zahrievané na 1450 °C, pomaly chladené na 1200 °C, kde boli
zrovnovaznované pri rdznych casovych vydrziach. Pritomné
slinkové mineraly mali dobre vyvinuta morfoldgiu s vel'kostou
krystalov okolo 10 wm, ¢o bolo postacujuce pre ich chemickt
charakterizaciu RTG mikroanalyzou.

Prostrednictvom odrazenych elektronov sa C,S
identifikoval ako velké Sedé krystaly, C,A;S tvoril hranaté
hexagonalne tmavosedé krystaly, feritova faza vykrystalizovala
ako velké svetlé nepravidelné krystaly, CS tvoril tmavosedé
krystaly s paralelenymi priecnymi trhlinami.

Napriek zmenam vo vychodiskovom chemickom zlozeni
skimanych slinkov a taktiez r6znym ¢asom temperovania pri

1200 °C, chemické zlozenie jednotlivych faz v réznych
slinkoch sa navzajom neliSilo a taktiez obsah primesi
v porovnani s publikovanymi bol nizsi. S ohl'adom na chemické
zlozenie homogénnejsie krystaly tvorili fazy C,S a CS, kym
u C,A;S a C,AF boli namerané vicsie vykyvy v chemickom
zlozeni. Minerdly mali zvySeny obsah CaO oproti
stechiometrickému, ktory bol potrebny na kompenzaciu
pritomnych primesi. Priemerny obsah primesi v CS bol 1,5 %,
pri C,S 4,5 %, pri C,AsS 2 % a feritovej faze 1,5 %.
Stechiometria feritovej fazy, vychadzajuc z nameranych
vysledkov by sa mohla aproximativne vyjadrit ako CzAF,.
Vysledky chemického zlozenia slinkovych minerdlov moézu byt
vyuzité pri spresiovani fazovych vypocétoch podl'a Bogua.
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