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SUMMARY: Cement hydrates and their chemically bound water content
are sensitive against changes in relative humidity and temperature. This may
cause specific solid volume changes affecting dimensional properties of
hydrated cement paste such as shrinkage, swelling and expansion, and
therefore impact the performance and also the transport properties of
cementitious materials. In the present paper we present preliminary results
on the study of hydration states of the main crystalline cement hydrates
found in hydrated Calcium Aluminate Cements (CAC) – CaSO4 – CaCO3
systems when exposed to different drying conditions. The techniques used
to measure water content and volume of crystalline cement hydrates as well
as thermodynamic properties associated to these changes are described. A
first attempt to thermodynamically model volume changes of a cementitious
system during drying is shown.
Keywords: AFm and AFt phases, hydration states, thermodynamic
modelling, volume stability

INTRODUCTION
One important application of calcium aluminate cements nowadays is its use as a
component in mixed binder systems containing different amounts of Portland cement
and calcium sulphate. These blended systems are used for special applications such as
self-levelling compounds floors, tile adhesives or fixing mortars [1]. These mixtures can
be fluid for a few hours and then harden quickly mainly due to the formation of
ettringite [2] according to the reaction [1]:
3CA + 3CŜHx + (38-x)H → C3A∙(CŜ)3∙32H + 2AH3
ettringite

(1)

gibbsite

This reaction consumes considerable amounts of water and decreases rapidly the
Relative Humidity (RH) during drying, which make these mixtures very good as floorlevelling compounds[1]. But an often neglected phenomenon which can influence
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shrinkage, swelling and expansion in cementitious materials is the sensitivity of
individual cement hydrates, e.g. ettringite, and their water content against changes in
relative humidity and temperature, which may cause specific solid volume changes and
impact the porosity, performance and transport properties of cementitious systems.
Varying hydration states of cement hydrates may have a direct impact on the specific
density/volume of cement paste, e.g. the volume of some hydrates can change as much
as 20% during drying [3]. Crystalline cement hydrates such as Alumina Ferrite -mono
and –triphases (AFm and AFt) commonly found in the system mentioned in this study
show different hydration states depending on the external temperature and relative
humidity (RH) [4-16]. Water molecules are incorporated in the interlayer in AFm phases or in
the interchannel in AFt phases. In the case of AFm phases different types of interlayer water can
be identified: water molecules which are strongly bound to the calcium cations of the main
layer, and space filling water molecules which are easily removable upon increase of
temperature or decrease of RH [17].

The aim of this paper is to show that a decrease in the water chemical potential of
a cementitious system (decrease of RH) can lead to changes of the hydration states of
crystalline cement hydrates (AFm and AFt phases) commonly found in CAC blended
with CaSO4 and CaCO3. For these systems thermodynamic properties of the different
hydration states of monosulfoaluminate (Ms), monocarboaluminate (Mc) and ettringite
(Ett) have been derived (the used abbreviation is shown in parenthesis). The
characterization techniques used in this work will be more extensively described in an
upcoming paper by Baquerizo et al.[18].

MATERIALS AND CONDITIONING
All chemicals used were analytical grade reagents. The precursor used in the synthesis
of AFm and AFt phases was tricalcium aluminate C 3A, which was prepared from a 3:1
molar ratio of CaCO3 and Al2O3 at 1400°C. Anhydrite CaSO4 was prepared by
dehydration of gypsum in a muffle furnace at 550°C overnight. CaO was obtained by
decarbonation of CaCO3 at 1000°C overnight. Double distilled CO2 free water was used
in the synthesis of the hydrates. Details about the preparation of the hydrated cement
phases can be found in [19]. Once purity has been confirmed by XRD, the initially wet
hydrates were vacuum filtered under N2 atmosphere in a glove box and aged at 25°C
(20 months) inside hermetic glass bottles equilibrated at different RH with the aid of
salt solutions[20]. RH was continuously monitored with embedded RH sensors.

METHODOLOGY
A complete description of the methodology and characterization techniques used to
derive the stability range and thermodynamic properties of the different hydration states
will be described in[18]. Nevertheless a short description of the methods follows:
X-Ray Diffraction (XRD) and thermogravimetric analysis (TGA)
XRD and TGA were carried out on hydrated phases dried at different RH in order to
determine the volume of the crystal and the water content of the samples to finally
calculate their density, which was then introduced in the thermodynamic database.
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Humidity buffer technique
This Method is used to determine the relative humidity (RH) value at invariant points,
i.e. at which a spontaneous desorption/adsorption process occurs on a hydrated phase at
a specific temperature. The approach of the method is to make a mixture of two
different hydration states of a single cement hydrate, e.g. Ms12 and Ms10.5, inside a
small container (HDPE small bottles) and record the RH at which the system reaches
equilibrium. Since the system is closed and there is no exchange of water with the
exterior the RH inside must be the one at which the two phases are in equilibrium. With
this value of RH one can calculate the Gibbs free energy of reaction for a specific
change of hydration state:
∆Gr° = -RT ln (K)
We can also calculate the enthalpy of reaction using the van’t Hoff’s equation:
∂(ln K)/ ∂(1/T) = - ∆Hr°/R

(2)

(3)

Sorption balance [21]
This tool can continuously measure the mass of a small sample (5-100mg) while it is
exposed to a pre-selected RH program. This method was used to determine changes in
hydration states and cross check the results obtained with the humidity buffer technique.
Sorption microcalorimeter [22]
This technique provides the possibility to continuously scan the water activity over the
sample and extract both the sorption isotherm and the sorption enthalpy from the same
measurement during water adsorption. The measured enthalpy of reaction of a change
of hydration state, e.g. Ms10.5+1.5H2O→Ms12, can be compared to the value obtained
with the humidity buffer technique and this data is then introduced in the
thermodynamic model.

RESULTS
Table 1 summarizes the observed hydration states of cement hydrates introduced into
the thermodynamic database [23]. The related invariant points at which a desorption/
absorption process happens will be published in an upcoming paper. It has to be noticed
that some of the used data in this paper are preliminary and need further validation.
More detailed results on other AFm and AFt phases will be published elsewhere.
Table 1. Different hydration states of crystalline cement hydrates introduced in the database [23]
Hydrates

Hydration states

Monosulfo aluminate

Ms14 - Ms12 - Ms10.5 - Ms9

Monocarbo aluminate

Mc11 - Mc9

Ettringite *

Ett32 - Met9

*Preliminary results
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Fig. 1 and 2 show experimental results on the interaction of monosulfoaluminate
(Ms) and air buffered by salts at different relative humidities. Initially the sample was
vacuum filtered and then exposed to dry conditions (desorption), while during
adsorption monosulfate was preconditioned at 8% RH for 20 months and later exposed
to increasing RH during 2 months. As a consequence of the sample treatment several
hydration states of monosulfoaluminate can be observed in XRD patterns (in Fig. 1)
upon drying and rewetting as function of RH at 25°C. The water content of the
individual samples was measured by TGA and sorption balance (not shown here). Fig. 2
summarises the volume changes of monosulfoaluminate versus RH with the
corresponding enthalpies measured by sorption microcalorimeter. The hysteretic
behaviour observed in Fig. 1 is represented by dashed-line in Fig. 2. The Gibbs free
energy of the changes of hydration states were calculated according to Eq. (1) using
results obtained during adsorption.
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Fig. 2: Phase diagram volume changes of
monosulfoaluminate vs RH at 25°C and
Some results on the volume stability of ettringite
shown in Fig. 3. At 25°C the
enthalpiesare
of reaction.

Fig. 1: XRD patterns of monosulfoaluminate
dried at different RH at 25°C

The ettringite structure remains unchanged during drying until 8%RH (see XRD patterns
in Fig. 3a, however our sorption balance and sorption calorimetry results (not shown here)

indicate that during desorption this hydrate starts to decompose approximately at 2%
RH at 25°C until it reaches an estimated water content of 9 H2O moles close to zero %
RH, which here is called Met9 (for metaettringite, a decomposition product of ettringite
[14]
) but during adsorption Met9 slowly rehydrates first to Met12 (from 0% to 60% RH
approximately) then to Ett32 at >60% RH. As the true reason for this non-ideal sorption
behaviour is not yet clarified in the current (dehydration) model we have therefore only
introduced two hydration states, Ett32 and Met9 [23]. This hysteretic behaviour was also
observed in ettringite samples aged during 30 days at 80°C and different RH as shown
in Fig. 3b; once the sample is decomposed at 4.5% RH in order to recrystallize ettringite
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Fig. 3: XRD patterns of ettringite dried at different RH at a) 25°C and b) 80°C

THERMODYNAMIC MODELLING
GEMS-PSI [24], a software package including a GEM (Gibbs free energy minimisation)
solver, a built-in thermodynamic database [25] complemented with a cement database
[26,27]
and a graphical user interface, was used for the thermodynamic simulations. Thus
for every change of hydration state of the studied phases, e.g. Ms14 → Ms12 + 2H2O,
the enthalpy of reaction and Gibbs free energy of reaction were introduced into a userdefined project database in the software. To simulate drying the system CaO-Al2O3SO3-CO2-H2O was chosen. The initial model mixture contained mono calcium
aluminate (CA), anhydrite (CŜ) (resulting SO3/Al2O3=0.546 molar bulk ratio), and
varying amounts of calcite at 25°C.
Hydration reactions
The amount of solids was kept constant (100 g) and reacted with 80 g water. A diagram
of the specific volume changes of the hydrated mixture with respect to calcite content
can be found in the Annex. The formation of solid solutions was omitted. During
hydration of CAC gibbsite or aluminium hydroxide (AH3 in cement notation) is
reported to precipitate as a poorly crystalline hydrate [1,28], however different hydration
states of gibbsite were not considered in this study due to a lack of available data.
Drying
Hydrate phase assemblages A and B in Annex, with 0% and 6.2% of calcite
respectively, were selected as initial hydrated systems for the drying modelling. Drying
in the simulation was carried out by increasing removal of water until a RH of zero was
reached. The investigated systems were:

o System A: monosulfoaluminate (Ms14), ettringite (Ett32) and Gibbsite (Gbs)
o System B: monocarboaluminate (Mc11), ettringite (Ett32) and Gibbsite (Gbs)
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During drying modelling we found that some of the hydration states observed in
our experimental results are metastable with respect to other phase assemblages. These
metastability features of the individual phases relevant to the systems studied in this
paper are summarised in Table 2. Experimentally we did not see a transformation of
metastable phases into thermodynamically more stable phase assemblages involving a
nucleation/recrystallization step. For that reason we introduced several metastability
constraints in the calculations in order to obtain the metastable AFm/AFt phases with
lower hydration states at 25°C.
Table 2. Thermodynamic stability of changes of hydration states at 25°C (Taken from [23])
Dehydration reaction

Thermod
II
stable )

I)

Metastable with respect to:

Monosulfoaluminate
Ms14→Ms12
Ms12→Ms10.5
Ms10.5→Ms9

Yes
Yes
No

C3AH6+anhydrite at < 16% RH III)

No

C3AH6 + calcite at < 32% RH III)

No

Ms12+anhydrite at < 45% RH III)

Monocarboaluminate
Mc11→Mc9
Ettringite
Ett32→Met9
I)

Index number next to the abbreviation of hydration states denotes the total water content of the phase
III)
respect to the chosen dehydration reaction not seen in practice

II)

with

Modelled volume changes upon drying on the systems A and B are shown in Fig.
4 and 5. Changes of specific solid volume as function of RH are presented in Fig. 4.
Dehydration happens stepwise at specific RH representing invariant points where the
RH is fixed due to phase rule restrictions. At this critical RH two hydration states of the
same cement hydrate coexist and buffer the humidity. It has to be noticed that the
addition of calcite and the formation of monocarboaluminate and ettringite will enhance
the dimensional stability of a hydrated cement paste and makes it less sensitive to
humidity variations as shown in the calculations for System B.
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Fig. 4: Calculated volume phase assemblages with respect to changes in RH at 25°C in the Systems A
and B.
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In Fig. 5 the volume of the system with respect to water removed from the solid
phase assemblage is shown. Specific solid volume of the hydrated paste may decrease at
constant RH due to the buffering effect mentioned before. Due to the presence of
monocarboaluminate and ettringite system B is the most stable phase assemblage, from
which we can only remove water and initiate decomposition at very low humidities
(<2%RH), whereas monosulfoaluminate loses already part of its interlayer water at
<99% RH [23] (Fig. 5 system A).
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Fig. 5: Calculated volume phase assemblages with respect to increasing removal of water from the solid
at 25°C in the Systems A and B

DISCUSSION
It was shown that the addition of limestone i.e. in form of calcite has potential to
improve the dimensional stability of CAC-CaSO4 systems when subjected to drying.
Thermodynamic calculations indicate that crystal water can only be removed at relative
humidities < 2% from blends containing limestone due to the thermodynamic stability
of ettringite and monocarboaluminate at RH > 2%. The practical implications however
have to be shown in application based test methods including also the impact of
changing microstructure and porosity constitution. Nevertheless the calculations
indicate that the addition of small amounts of limestone filler (5-8%) to CAC-CaSO4
blends does not only slightly improved the water binding capacity (as shown in earlier
publications [19]) but also enhance its dimensional stability.
During drying modelling we faced some problems with respect to the
thermodynamic stability of the different hydration states: some of the studied phases
with lower hydration states seem to be thermodynamically metastable with respect to
other phases, e.g. Mc11 should decompose to C3AH6 and calcite at < 32% RH but in our
tests we have not seen the formation of new phases. Further investigation of solid-state
dehydration reactions are therefore needed to address the metastability problems
observed in the simulations of the lower hydration states.
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ANNEX
Calculated specific volume changes of a hydrated model mixture consisting of CA,
CaSO4 (SO3/Al2O3=0.546 molar bulk ratio) in dependence of changing calcite content
at 25°C.
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