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Pure clinker phases are often used to test cement hydration behavior in simplified experimental conditions.
These phases are in general structurally identical to, but chemically much simpler than their heavily
substituted counterparts found in technical clinkers. The synthesis of the pure phases is covered in this paper,
starting with a description of phase relations and possible polymorphs of the four main phases in Portland
cement, i.e. tricalcium silicate, dicalcium silicate, tricalcium aluminate and tetracalcium alumino ferrite.
Details of the process of solid state synthesis are described including practical advice on equipment and
techniques. In addition, mix compositions that have been successfully used are given.
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1. Introduction

Portland cement contains five main components. In their pure form,
these so-called phases are tricalcium silicate (Ca3SiO5 or in cement
notation shorthand [1] p.3–4: C3S), dicalcium silicate (Ca2SiO4 or C2S),
tricalcium aluminate (Ca3Al2O6 or C3A), a tetracalcium alumino ferrite
(often givenasCa4Al2Fe2O10 or C4AF) anda sulfate phase (often gypsum,
CaSO4·2H2O or C$H2).

The study of cement hydration is complicated by the complex
composition of this material. In order to simplify experiments or to
evaluate the specific contribution of a cement component, pure and
separated cement components may be used. As commercially
available Portland cements are a homogenous mix of all components,
it is practically impossible to separate specific components. Therefore
a need exists to produce these phases in a pure state in a lab
environment.

Theoretical background on the relevant phases is compiled in this
paper from published sources with special focus on parts useful in
relation to solid state synthesis. Where applicable, some references to
other preparation techniques beside the solid state approach are
given. This theoretical section is combinedwith suggestions on how to
perform a solid state synthesis as well as suggestions for sample mix
compositions.
ll rights reserved.
2. Chemical background

2.1. C3S

The phase relations in the system CaO–SiO2 were described in an
early paper by Day, Shepherd andWright in 1906 [2] and later revised
by other authors [3–6].

The diagram (Fig. 1) shows the possibility of C3S formation at
temperatures in the range 1250–2150 °C. Typically it will form by
combination of C2S and CaO when the temperature rises above
1250 °C. In a pure system at room temperature, C3S is metastable and
has a triclinic structure. At rising temperature polymorphs show first a
monoclinic and later rhombohedral structure. Accurate determination
of the transition temperatures is difficult, with different methods like
X-ray diffraction and optical microscopy yielding slightly different
results ([7] p. 111). Commonly agreed data on transition temperatures
are given in Table 1.

The phases dealt with in this paper are the triclinic and the
monoclinic polymorphs. The latter is normally encountered in
technical clinkers due to the stabilizing effect of both foreign ions
and quenching, although small quantities of triclinic C3S may also be
present in some cases. The suggested sintering temperature for pure
C3S phases, is 1600 °C. This temperature is considerably higher than
the 1450 °C reached in an industrial kiln [1] p. 55. This is to
compensate for the absence of melt in the pure system, since in the
technical process the melt facilitates the sintering at the lower
temperatures. At 1600 °C, the stable phase is the rhombohedral
polymorph.

When a pure, stoichiometric C3S sample is quenched from the
sintering temperature, it undergoes all the transformations shown
in Table 1, and finally yields the triclinic form T1 ([1] p. 29). The
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Fig. 1. Phase diagram of the binary system CaO–SiO2 after [1] p. 30. This diagram shows the composition, possible secondary phases and transition andmelting temperatures for both
C2S and C3S.

Table 2
XRD identification patterns for commonly used phases and their modifications.

Phase Crystal system PDF2 database
reference code

ICSD collection
code

Reference
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quenching itself is necessary to make sure the C3S does not dissociate
back into C2S and CaO, since C3S is only metastable at temperatures
below 1250 °C, cf. Fig. 1. C3S dissociation, however, is a very slow
process and can be avoided by rapid cooling.

To produce a monoclinic form of C3S stable at room temperature,
foreign ions have to be incorporated. Awide range of substituting ions
has been identified in industrial clinkers, such as Al3+, Mg2+ and Fe3+

([1] p. 7), and also Mn3+ and P5+[8]. The amount of foreign ion
encountered in these clinkers is typically 3–4 wt.% ([1] p. 7). These
ions are readily incorporated into the C3S structure [9,10]. The
stabilizing agent will influence the properties of the clinker phases
including their reactivity [11]. A composition resembling the sub-
stituted C3S found in industrial clinker has been published in [12]. Also
the stabilizer may influence subsequent analysis as is the case for Fe3+

in relation to NMR [13].
The different polymorphs of C3S can be identified conveniently and

accurately with X-ray powder diffraction techniques. A database with
patterns used for identification of phases in an X-ray powder
diffraction scan is available from [14]. As a starting point for analysis,
Table 2 gives a selection of reference codes from this PDF2 database for
the phases described in this paper. The patterns were selected for
Table 1
Transition temperatures for C3S ([7] p.111, [1] p. 5). T= triclinic,M=monoclinic and R=
rhombohedral.

Transition step T1 ⇆ T2 T2 ⇆ T3 T3⇆ M1a M1a⇆M2a M2a ⇆ M2b M2b ⇆ R

Temperature
[°C]

620 920 980 990 1060 1070
good matching with the observed features and their quality assess-
ment in the database. Only patterns that were either rated high quality
or ones calculated from existing structures were included. Patterns
with a connection to a known structure described in the “Inorganic
Crystal Structure Database” ICSD [15] were preferred. This is a starting
point for subsequent quantitative analysis with the Rietveld method
[16,17].

C3S can be produced easily with the solid state sintering process
described further on in this paper. Alternative ways of production
include microwave sintering [28] and a sol-gel process [29].

2.2. C2S

C2S is a stable phase from room temperature up to its melting point
at 2130 °C, see Fig. 1. It undergoes several polymorphic phase
C3S stoichiometric Triclinic 00-031-0301 Not available [18]
C3S — “alite” Monoclinic 01-085-1378 064759 [19]

01-086-0402 081100 [20]
γ-C2S Orthorhombic 01-080-0941 068753 [21]
β-C2S — “belite” Monoclinic 01-070-0388 000963 [22]
α'-C2S Orthorhombic a'H: 00-031-0298 Not available [23]

a'L: 00-031-0299 [24]
a'L: 00-049-1672

C3A stoichiometric Cubic 00-038-1429 Not available [25]
C3A stabilized Orthorhombic 00-032-0150 Not available [26]
C4AF Orthorhombic 01-070-1498 002841 [27]



Fig. 3. Binary system CaO–Al2O3 after [1] p. 31. Possible secondary phases for C3A can be
found in this diagram as well as its (incongruent) melting temperature.
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transitions in this temperature range. Fig. 2 gives information about
the reversibility and the temperatures at which these changes occur.

The modification encountered in industrial clinkers is typically β-
C2S. The modification present during sintering is either α or α', but
these high temperature polymorphs normally transform into the β
phase upon cooling and are not seen in the final product. A most
unwanted transformation is β-C2S into γ-C2S, since γ-C2S is almost
non-reactive with water. In addition the β–γ transformation destroys
the clinker nodule integrity by volume expansion due to the low
density of the γ-phase. The phases discussed in this paper are the
common β-modification as well asα'-C2S, which is more reactive than
β-C2S and still reasonably easy to stabilize [30]. Althoughα'-C2S is not
normally present in Portland cements, its increased reactivitymakes it
interesting especially for manufacturers of so-called “Belite cement”
[31]. Being the high temperature polymorph, in the technical process
α-C2S is never stable enough to be found in the clinker after cooling
down to room temperature. It is therefore not considered further on in
this paper.

In an industrial clinker C2S can incorporate up to 4–6 wt.% foreign
ions. Themain substituents are Al3+ and Fe3+, with S6+, Mg2+ and K+

also being common ([1] p. 18). There is also good miscibility with both
P2O5 and B2O3, and both systems have been studied extensively (e.g.
[32,2] for P2O5 and [33–35] for B2O3). Especially boron has proven a
very successful stabilizer [36].

The identification of β-C2S by XRDwith the pattern given in Table 2
poses no problems. To find a good match for the α'-C2S is much more
difficult, as there is no single pattern that covers all encountered
peaks. It is therefore necessary to exclude all other possible phases
and modifications by trying to match with their corresponding
patterns: β-C2S, C3S and CaO, and potentially also γ- and α-C2S.

Apart from the solid state sintering process, successful synthesis
can be done by a sol-gel method, using calcium nitrate and silicon
oxide as starting materials. It is based on chelation in a solution of
suitable oxides or salts with the aid of an alpha-hydroxycarboxylic
acid, the so-called liquid mix or Pechini process [37].

2.3. C3A

The binary system CaO–Al2O3 in Fig. 3 shows C3A melting
incongruently at 1542 °C. In industrial clinkers C3A can incorporate
up to 2% of SiO2 and 3–4% of Fe2O3 [38]. However, the most critical
substituent is Na+, since it induces changes in the crystal structure as
detailed in Table 3.

The cubic C3A can be easily sintered without any need for
stabilization. The orthorhombic form can be stabilized by Na2O as
seen from Table 3. K2O has been tested as alternative stabilization
agent, but without success [39,40]. The cubic form is normally
encountered in technical clinkers, but if sodium concentrations in the
clinker are high enough, it is not uncommon to have part of the C3A in
the orthorhombic modification.

XRD identification of C3A is generally easy, as the observed peaks
are normally well defined and clearly match the reference pattern.
Because the pattern of the cubic and orthorhombic form overlap
completely but for a few extra peaks for the orthorhombic form, it is,
however, difficult by the XRD technique to rule out the existence of a
Fig. 2. Transition temperatures of C2S polymorphs after [1] p. 14. All phase transitions
are reversible except the one of β to γ. When heated, the γ polymorph does not
transform into the β-form but instead converts directly into the α'L-form upon reaching
a temperature between 780 and 860 °C.
few percent of cubic C3A in a sample made up from the supposedly
orthorhombic form.

2.4. C4AF

The ferrite phase is found in the ternary system CaO–Al2O3–Fe2O3.
There exists a broad range of possible compositions due to the extended
solid solution series between the endmembers C2FandCa2(Al0.7Fe0.3)2O5,
see Fig. 4. In equilibriumwith iron substituted C3A, the C4AF composition
can be in the range x=0.48 to 0.7 for Ca2(AlxFe1–x)2O5. The idealized
composition C4AF lies at the lower end of this range (x=0.5). Possible
foreign ions in the structure include Mg2+ and Si4+ [42], Mn3+ [43], Ti4+

[44] and small amounts of SO3 [45,46].
A small amount of Fe3+ may be reduced to Fe2+ when sintering

phases in the range 0.48bxb0.7 in air [47]. This leads to the formation
of additional phases, impeding the goal of a pure phase synthesis.

The ferrite phase found in technical clinkers is muchmore complex
due to a great degree of substitution of Fe3+ (and in some cases
also Al3+) with foreign ions like Mg2+, Si4+ and Ti4+ or Mn3+. The
composition can vary significantly in the same clinker batch or even
on the micro level for a single clinker grain. Taylor gives as an
approximated composition Ca2AlFe0.6 Mg0.2Si0.15Ti0.05O5 ([1] p. 26).

XRD identification is complicated by the chemical variability of the
phase, so there is seldom a reference pattern exactly reflecting the
chemical composition. But the match is normally close enough to
allow for an identification based on several reference patterns of
different composition and by observing general trends of peak shifts
between these. The sample should also be checked for the presence
of monocalcium aluminate CA and calcium aluminate sulfate phases
like Yeelimite Ca4Al6O12(SO4). The latter might form if there is sulfur
introduced into the system by impurities in the iron oxide raw
material.

3. Compositions and synthesis conditions

The following procedures and mixtures are based on the
experiences of the authors. They are not the only possible route to a
Table 3
Influence of Na2O content on C3A crystal structure from [1] p.20 after [41].

Weight-% Na2O
(approx.)

Compositional range (x) for
Na2xCa3– xAl2O6

Designation Crystal system

0.0–1.0 0.00–0.04 CI Cubic
1.0–2.4 0.04–0.10 CII Cubic
2.4–3.7 0.10–0.16 CII +O –

3.7–4.6 0.16–0.20 O Orthorhombic
4.6–5.7 0.20–0.25 M Monoclinic



Fig. 4. Part of the larger system CaO–Al2O3–Fe2O3. This ternary phase diagram shows
the sub-solidus phase relations in the CaO–C2F–CA sub-system. Hatched lines denote
solid solution series. [1] p. 37.

Fig. 5. Crucible cleaning setup with HCl in a heated sand bed. Petri dishes covering the
glass beakers reduce the evaporation rate of the acid, but the apparatus still needs to be
placed under a fume hood.
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successful synthesis. For most steps of the sintering process there are
several alternatives which will be mentioned, but the focus will be on
the method preferred by the authors. Differences in available
equipment or raw materials may make it necessary to choose a
different route of synthesis or modify the one described in the paper.
The procedures detailed below may thus be considered a starting
point for solid state synthesis.

3.1. Sample synthesis

3.1.1. Equipment
Necessary lab equipment includes a mixing device, platinum

crucibles, a high temperature furnace and a grinder.
Different types of mixing device can be used. For dry mixing a

tumble mixer with a sealed receptacle or a vibratory disc grinder may
workwell. Wet mixing can be done using a standard 5-l epicyclical lab
mixer (often referred to as “Hobart mixer”) or even a kitchen blender.

The material of the crucibles should preferably be a platinum alloy
containing 10% rhodium, since pure platinum will not withstand well
the high temperatures used especially for C3S and C2S synthesis. As
the incorporation of iron atoms into the material makes platinum
brittle, it would be prudent to use, if available, some older crucibles
when doing the synthesis of C4AF phase. Cleaning of the crucibles can
be done by soaking for several hours in hot 1:1 diluted hydrochloric
acid (a possible setup is shown in Fig. 5) or hot 1:10 diluted nitric acid.
Afterwards, the crucibles may be gently rubbed with beach sand to
remove all residues. Finally, they should be rinsed thoroughly with
deionized water to remove any trace of the acid. In cases of severe
contamination with silicate material, hydrofluoric acid can be used
instead of hydrochloric acid. For removing persistent aluminate
material residue, concentrated hydrochloric acid may be useful. Note
that in order to handle in particular hot hydrofluoric acid, special
laboratory precautions are needed.

The furnace should be electrically heated, able to hold a
temperature of 1600 °C for several hours and allow for rapid
unloading of the crucibles to facilitate quenching. For the synthesis
discussed in this paper there is no need for maintaining controlled
atmosphere conditions — all experiments are performed at ambient
pressure in atmospheric air. Muffle furnaces are common lab
equipment and fulfill all requirements. The only drawback is the
high thermal stress exerted on the refractory lining when the furnace
is opened repeatedly at high temperatures for quenching purposes.
Therefore the sample unloading should be done as quickly as possible.
Vertical tube furnaces sometimes allow dropping the sample from
inside the heating tube without thermal shock to the furnace, but the
size of these samples is often quite limited. Another advantage of
vertical tube furnaces is the superior temperature accuracy and
stability compared to muffle furnaces. The latter often have an
accuracy of only ±50 °C with a significant temperature gradient
throughout the sample cavity. This is due to their bigger size and the
different position of heating elements and the thermal sensor.
Especially when handling samples close to the melting point, this
uncertainty should be observed in order to avoid accidental melting.

The grinder should have an agate or tungsten carbide liner, since
steel, for example, may potentially contaminate the samples. Most
types of grinder available for lab use will produce acceptable results,
but a vibratory disc mill may be preferred, because it is easy to clean
and produce good results even from coarsely crushed hard materials.

In addition to the above mentioned equipment it may be helpful to
use a molding press to compact the powdered precursor. To assure the
purity of the produced substances, an X-ray powder diffraction device
is recommended. Other methods to follow the progress of synthesis
include the wet chemical determination of free lime content by
glycerol–ethanol [48] or ethylene glycol extraction [49,50] or a DTA/
TG analysis [51].

3.1.2. Raw materials
The starting point of each synthesis is commercially available lab

chemicals in powder form. The purity should exceed 99% whenever
possible. Typically encountered impurities below 1% will not severely
influence the phase synthesis. On the other hand, attention should be
paid to the fact that even small amounts of impurities might lead to
an, possibly unwanted, stabilization of certain phases through
substitution, cf. Section 3 above. For example, most iron oxide Fe2O3

commercially available in bigger batch sizes will have a purity in the
97–98% range, containing a notable amount of sulfur. This impurity
will lead to the formation of a calcium aluminate sulfate phase, e.g.
Yeelimite Ca4Al6O12(SO4), when trying to synthesize pure C4AF.

Themain constituents used for the syntheses discussed in this paper
are SiO2 (e.g. as ground quartz), Al2O3 (corundum), CaCO3 (calcite),
Fe2O3 (hematite) and CaSO4·2H2O (gypsum). The used stabilizers are
MgO, Al2O3 (corundum), H3BO3 (orthoboric acid), Na2B4O7·10H2O
(borax) and NaNO3.



Fig. 6. Sample during quenching — the sintered material has just been poured from a
platinum crucible into a big steel receptacle to enhance cooling.
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The materials should be dry, but determination of the loss on
ignition (LOI) for each substance is necessary nonetheless. The applied
temperature is selected according to the analyzed material. For oxides
like SiO2 or Al2O3 a temperature of 1050 °C is suitable. CaCO3 will
decompose to CaO at this temperature, giving a conversion factor.
Often CaO is used as component in the calculation of mix designs, so
this factor is needed anyway for weighing in the raw materials.
Another possibility for CaCO3 is to carry out the “LOI” at 105 °C, i.e.
below its calcination temperature. In this case the theoretical loss on
ignition of 43.97 wt.% derived from the stoichiometric formula is used
to determine the mass of CaCO3 necessary to yield a certain amount of
CaO in the final product. Materials containing water or hydroxide
groups in their formula units, like CaSO4·2H2O, NaOH and especially
the boron compounds H3BO3 and Na2B4O7·10H2O, are difficult to
treat. They often decompose at temperatures below the 105 °C
normally used to assure the removal of all residual moisture. A
thermo-gravimetric analysis of thesematerials may be the best way to
determine any moisture in the material.

The particle size should preferably correspond to a fine powder, i.e.
passing a 63 µm sieve. Standard, commercially available chemicals
should already have the desired fineness. The fineness of the raw
materials determines both how well compacted the powder will be
during sintering and the reactive surface area. Especially for SiO2 it is
beneficial to use a very small particle size. Further, amorphous SiO2

should be preferred since this also increases reactivity during
sintering. As a drawback very fine powders pose problems during
weighing and homogenization, as they stick easily to tools or get
carried away by air drafts. Several manufactures offer fine amorphous
SiO2, e.g. Aerosil from Degussa.

3.1.3. Sintering procedure
The suggested basic procedure for a solid state synthesis is identical

for all phases. Using the LOI as a correction factor, the materials are
weighed and homogenized according to the desired mix design.

This homogenization is best performed in a tumble mixer or other
dedicated closed mixing device. A tightly closing small grinder might
also be appropriate. Another possibility is to add for example water or
acetone to the powdered chemicals and mix the resulting slurry in a
standard 5-l epicyclical labmixer or kitchen blender. For anymethod it
should be assured that all parts of the mix get homogenized by
manually scraping the walls and removing possible build-up on the
mixing blade itself.

The dry, homogenized powder mix can be poured directly into the
platinum crucibles. The slurry from the wet homogenization has first
to be dried completely at 80 °C–105 °C. The resulting “cake” is broken
into small pieces and placed into the crucible. At this stage, no
compaction of the material in the crucibles is necessary. The top
quarter of the crucible volume should be left empty, or, alternatively, a
loosely fitting lid that does not hinder gas exchange with the
surroundings may be placed on top of the crucibles to avoid possible
projection of material.

An initial calcination is performed to remove the carbondioxidebound
in the calcium carbonate that is predominant in all mixtures. This is
necessary to avoid the violent CO2-gas evolution that would occur if the
CaCO3 were exposed directly to e.g. 1600 °C. The calcination is normally
performed by placing the filled crucibles into the cold furnace, heating up
to 1000 °C at 16 °C/min (i.e. roughly 1 hour to reach 1000 °C). This
temperature is held for 1 h. From here two further courses are possible:
either 1) cool down the furnace and remove the sample to perform a
compaction of the calcined powder before proceeding or 2) increase the
temperature and perform a first sintering right away. Case 1 gives a better
material contact due to the compaction and should therefore initially
improve the sintering progress.

However, for the total procedure it is typically more effective to
skip the compaction step after the calcination and proceed directly
with the first sintering. In this case, a quenching will be performed at
the end of the sintering interval, i.e. the crucible is removed from the
furnace at sintering temperature and the material poured directly
from the crucible into a bigger receptacle made from refractory or
even better steel (Fig. 6). This helps to disseminate the heat quickly
and freezes the sample in the desired modification state. The cooling
may be further promoted by an air stream. When air cooling is used,
the flow of air should be low enough to not carry away particles.

The resulting materials subsequently need to be ground. Depend-
ing on the amount of material and the available grinder, the material
may have to be crushed first. This can be donemanually using a mallet
or a small scale jaw crusher. A thoroughly clean device should be used
to avoid contamination. Manual crushing is more time consuming but
may be preferred due to its lower risk of contamination for small batch
sizes. The subsequent grinding should be done to a fineness that
allows the powder to become “sticky” and facilitates the compaction
of the material. Powder that passes a 63 µm sieve is usually fine
enough. In order to follow the synthesis progress, a small amount of
this powder should be analyzed, e.g. by X-ray powder diffraction.

After this, the sintering process is repeated. To facilitate the
reaction in the solid state, a good compaction of the material is an
advantage. The compaction can be done in several ways. The simplest
approach is to pour the powder into the platinum crucible and then
compact it by pressing down on it with an appropriately shaped tool.
Another way is to produce pressed pellets in a molding press, which
gives a much higher compaction. Best results are achieved when the
treatedmaterial is slightly wet. As the cement phases react withwater,
it is advisable to use an organic liquid like ethanol or isopropanol. The
preparation of pressed pellets is time consuming, so for larger
quantities of material the use of some form of nodulizer is advisable.
The compacted material should be thoroughly dried before



Fig. 7. Progress of sintering of triclinic C3S as seen by XRD. Top: After the first sintering
cycle. C3S-content of the material is estimated as in the 90% range, since there is a small
amount of CaO detectable in the XRD diagram. The arrow marks the CaO main peak, all
other visible peaks belong to triclinic C3S. Bottom: The same sample as above after a
second sintering cycle. The main peak of CaO has vanished; all visible peaks belong to
triclinic C3S. The purity can be assumed to be 98–99%.
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proceeding, especially if organic liquids have been used (dry over
night at 80–100 °C).

With the compactedmaterial in the crucible, the furnace should be
heated up to the specific sintering temperature andmaintained at this
temperature for a specific time. Quenching should be performed
straight after the sintering as described above. Sometimes the
material may stick to the crucible, especially for the phases C3A and
C4AF. In this case, the cooling of the sample can be promoted by
placing the crucible on a steel surface and blowing compressed air
onto the outside of the crucible with. Blowing air directly on the
sample should be avoided in this case, as it may result in cracking of
sintered nodules and spalling of material clinging to the crucible
surface and thereby projection of hot material out of the crucible.

After cooling to room temperature, the material is crushed and
ground as mentioned above. Should the X-ray diffraction analysis
show no other phases than those desired, the synthesis is finished. In
general, two to five sintering cycles are needed to achieve a sample
with phase purity above 99 wt.%.

3.1.4. Grinding and storage
After satisfactorily achieving purity it may be necessary to grind

the sample to a desired fineness. Special attention should be paid to
this, as it will influence the reactivity of the product.

In the cement industry, the specific surface area is usually
determined by Blaine's method [52]. This is relatively rapid, so during
grinding, intermittent samples can be taken and analyzed and the
grindingprocess can be stopped as soonas thedesiredfinenesshas been
reached. The resultingpowdersmay be cross-checked byothermethods
like BET [53], but laser granulometry [54] is preferable as it can give the
full particle size distribution rather than just an average value.

For calcium aluminate phases, the final grinding is also a possibility
for intimatemixingwith a sulfate carrier like gypsum. The co-grinding
of both phases resembles the actual industrial process [1] p.84, and
the particle size as well as the homogeneity of the resulting powder
plays an important role in the reactivity of the C3A-sulphate system.

The amount of sulfate to be added to the calcium aluminate should
be decided based on the intended use of the mix. To allow complete
conversion to monosulfate requires an addition of 63.7 wt.%. For full
conversion of the calcium aluminate to ettringite, addition of 191.2 wt.%
of gypsum to the C3A is necessary.

In general, all cement phases react with moisture and should be
stored in a dry atmosphere. Normally this is achieved by storage in a
desiccator over silica gel. If gypsum is already mixed with cement
phases, thismay be an additional problem. Using thermodynamic data
from [56], the relative humidity of air in equilibrium with gypsum is
calculated [57] as being 27%. Experimental data from [58] show that
practically no hydration of pure phases will occur at levels of relative
humidity below 60%, so based on these data no hydration effects of an
addition of gypsum to pure phases is to be expected even during
storage for several months. However, gypsum mixed with clinker is
known to provide enough moisture to alter samples ([6] p.84, [55]),
probably by a small part of gypsum converting to the hemihydrate
form in presence of a strongly hygroscopic phase like C3A, thereby
releasing some water.

Sealed storage can for example be established by placing the
sample into evacuated, hot sealed, aluminized polyethylene bags. The
sealed bags should be checked periodically for repressurization. In this
case, repacking is necessary. Additionally, the storage of the sealed
bags over silica gel could minimize the effects of failing vacuum.

3.1.5. Material analysis
The method of choice to quickly follow the progress of synthesis is

X-ray powder diffraction (XRD) analysis. It directly shows impurities
and residual raw materials in the product and is therefore more
versatile in determining the progress of sintering as compared to
another popular method in cement industry, the free lime analysis.
XRDmakes it easy to check e.g. if the correct polymorph of the desired
phase is produced, if additional, non-wanted phases are being formed
or if there are unreacted rawmaterials left in the sample (Fig. 7). With
modern equipment, XRD analysis is a very fast and simple method,
able to produce results in 20–30 min.

As a drawback, the detection limit for each phase can be relatively
high compared to other methods. Depending on the sample it can
range between 1 and 2 wt.% in the case of non-overlapping peaks [59].
If the peaks of a low-quantity phase are severely overlapped by those
of a phase of higher quantity, the detection limit can rise significantly.
In order to reliably detect and quantify e.g. a small CaO impurity below
a few weight percent in a pure phase sample, the use of another
method of quantification, e.g. wet chemical ethylene glycol extraction,
should be considered.

NuclearMagnetic Resonance (NMR) is another possible technique to
characterize the final synthesis products [60].Whereas X-ray diffraction
is based on the ordered position of atoms repeated throughout the
whole material, solid state nuclear magnetic resonance (NMR) is based
on the interaction of certain nuclei (27Al, 29Si) with high frequency
electromagnetic pulses in a constant magnetic field. The interaction
allows to distinguish different chemical neighborhoods (i.e. coordina-
tion) for the nucleus under investigation and to quantify its occurrence
in the different coordination states, but due to its more complex
experimental setup it cannot be considered an ad-hoc method.
However, especially in the investigation of hydration processes, the
NMR method plays an important role [61]. A difficulty of the NMR
method is its liability to interference from iron atoms [13], which are
always present in a Portland cement. Also, only some types of atoms
(like Al and Si) aremore easilymeasurable because their predominantly
occurring isotopes can be detected by the NMR technique.

3.2. C3S

Both triclinic and monoclinic forms are sintered in the same
conditions, they only differ in the composition of the raw material
mix. In both cases the stoichiometric ratio of CaO to SiO2 is 3:1, but for
the monoclinic form, the raw material mix also contains small
amounts of MgO and Al2O3 to stabilize this crystalline structure (see
Table 4). Themagnesium atoms substitute for calcium in the structure,
whereas the aluminum replaces both calcium and silicon atoms in
equal proportions. The influence of these ions on the structure is
discussed in detail in [62].

The sintering protocol for both phases is identical: 2 h of heating
ramp to 1600 °C, then holding there for 2 h. Subsequently the sample
is quenched.



Table 4
Suggested mix composition in g for 100 g of final C3S product and the resulting atomic
ratios.

CaCO3 SiO2 Al2O3 MgO

C3S triclinic 131.506 26.316 0 0
Ca/Si=3.000

C3S monoclinic 127.614 25.843 0.701 1.177
Ca/Si=2.964 Al/Si=0.032 Mg/Si=0.068

In the case of monoclinic C3S the amounts given correspond to: 98.2 wt.% of
stoichiometric mix of CaO and SiO2, 1.1 wt.% of MgO and 0.7 wt.% of Al2O3.

Table 6
Suggested mix composition in g for 100 g of final C3A product and the resulting atomic
ratios.

CaCO3 Al2O3 NaNO3

C3A cubic 111.124 37.736 0
Ca/Al=1.500

C3A orthorhombic 98.059 34.487 14.496
Ca/Al=1.448 Na/Al=0.252

Table 7
Suggested mix composition in g for 100 g of final C4AF product and the resulting atomic
ratios.

CaCO3 Al2O3 Fe2O3

C4AF idealized 82.380 20.982 32.861
Ca/Al=2.000 Fe/Al=1.000

C4A0.5F1.5 iron rich 77.762 9.903 46.527
Ca/Al=4.000 Fe/Al=3.000

979A. Wesselsky, O.M. Jensen / Cement and Concrete Research 39 (2009) 973–980
3.3. C2S

Both the α'- and β-modifications of C2S are sintered in the same
conditions, but their composition differ in the amount and type of
stabilizer used. Both mixtures are based on the stoichiometric mix of
2 mol CaO and 1 mol SiO2, but the β-form is stabilized with B2O3

(added in the form of H3BO3 to the stoichiometric mix).
The α'-form is stabilized by B2O3 and Na2O in the form of

Na2B4O7·10H2O added to the stoichiometric mix (see Table 5). The
resulting phase is believed to be theα'-form based on X-ray diffraction
results, because several patterns for α'-structures fit most of the
peaks. But as no available pattern produced a perfect match, some
uncertainty about the actual structure produced by this mix remains.

In order to reduce the amount of foreign ions in the final product,
H3BO3was used as stabilizer instead of themore potent Na2B4O7·10H2O
for the stabilization ofβ-C2S. The effectiveness of B3O2with noNa2O as a
stabilizer for the α'-form remains to be evaluated by further research.

The sintering protocol is 1 h 45 min heating ramp to 1450 °C, then
holding for 4 h. Subsequently the sample is quenched.

3.4. C3A

The stoichiometric mix of 3 mol CaO and 1 mol of Al2O3 yields the
cubic modification of C3A. Stabilizationwith sodium (added in the form
of sodium nitrate) is necessary to acquire the orthorhombic form. The
content of Na2O in the rawmix for orthorhombic C3A specified inTable 6
is equal to 10.57wt.%—well above the3.7–4.6wt.%Na2Ogiven inTable 3
for the stabilization of the orthorhombic form. This is due to the relative
high volatility of sodium at high temperatures and the resulting loss
during sintering. As this loss can be influenced by differences in
experimental conditions (size of crucible, size and ventilation of furnace,
etc.), it might be necessary to adjust the amount of NaNO3 in themix to
suit the different evaporation rates. If cubic C3A is detected, the amount
should be increased slightly for further experiments. The presence of
monoclinic C3A on the other hand requires a slight reduction in sodium
content.

The substitution reaction works by Na+ replacing Ca2+ and
another Na+-ion occupying an otherwise vacant site in the centre of
rings formed by Al6O18 [63]. According to [64], this gives a solid
solution with the general formula Na2xCa3– xAl2O6.

The sintering protocol is 1 h 45 min heating to reach 1450 °C, then
holding for 3 h. Subsequently the sample is quenched. For the samples
Table 5
Suggested mix composition in g for 100 g of final C2S product and the resulting atomic
ratios.

CaCO3 SiO2 H3BO3 Na2B4O7·10H2O

β-C2S 115.752 34.745 0.354 0
Ca/Si=2.000 B/Si=0.010

α'-C2S 111.851 33.574 0 7.108
Ca/Si=2.000 B/Si=0.133 Na/Si=0.067

In the final product the amounts given correspond to: 0.40 wt.% of B2O3 for β-C2S and
for α'-C2S 2.60 wt.% B2O3 and 1.16 wt.% Na2O.
containing sodium nitrate a cover should be used to reduce the
evaporation of sodium.

3.5. C4AF

The so-called ferrite phase can have a wide composition range in
real clinkers. As examples, both the stoichiometric, idealized com-
pound C4AF (Brownmillerite) is given here as well as an iron rich
variety. The idealized mix contains 4 mol of CaO, 1 mol of Al2O3 and
1 mol of Fe2O3. The iron rich mix has 4 mol of CaO, 0.5 mol of Al2O3

and 1.5 mol of Fe2O3. See Table 7.
The sintering protocol is 1 h 30 min heating to reach 1300 °C, then

holding for 2 h. If the sample shows severe melting or sticks to the
surface of the crucible, sintering at 1250 °C for 3.5 h should be tried.
Subsequently the sample is quenched.
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