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This contribution reviews current best practices for thermodynamic model fitting in oxide systems and applies it
to the most important binary-oxide system for cement clinker, CaO-SiOy. The thermodynamic properties of all
solid phases are regressed simultaneously to maximize accuracy and a new Akaike-Information-Criterion led
approach is used to model the liquid phase which results in a simpler model than previously published without

sacrificing accuracy. Simplicity is vital as many higher-order systems will be built on this system to cover the full
cement system. New heat capacity measurements for C3S; and the C3S polymorphs as well as DFT calculations
are presented and included in the new assessment. The assessment also distinguishes between the polymorphs of
alite (C3S) even though data is limited, as this will also be important to capture in higher-order systems. The
oxide melt is modelled using an associate model and the full phase diagram is computed which compares
favourably with all available experimental data.

1. Introduction

Each year, 0.5 tons of cement is produced per person [1] worldwide,
accounting for roughly 8 % of humanity’s annual CO, emissions [1]. If
we intend to limit our CO; production as a species, it is vital that the
high-temperature chemistry of cement production is optimised, as
roughly half of the emissions arises from the raw material chemistry
itself with the remainder arising from fuel usage. Producers are hesitant
to explore changes to their production processes due to the enormous
scales of production and tight safety, performance, and profit margins;
however, change must come in order to reduce CO, emissions and to
adapt to impurities in raw materials as available pure sources deplete.
Thus, precise process models are desperately needed to accelerate these
changes.

In ordinary Portland cement (OPC) clinker, the major cementitious
constituents are alite and belite, which have the approximate formula
Ca3SiOs and CasSiO4 (or C3S and C,S in cement notation where C—CaO
and S=Si0y). The criticality of these phases in delivering the strength of
cement implies that the CaO-SiO; binary system is also the most critical
thermodynamic systems to assess for a process model of clinkerization.
This is the first system in our work towards a full model for clinker
thermodynamics which will include other major oxides such as AlOs3,
FeyO, Fe;0O3 and minor element oxides such as MgO. The solid com-
pounds contained within this system include the four polymorphs of C2S
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(B, v, « and «), three polymorphs of CsS (triclinic, monoclinic, and
rhombohedral), the two polymorphs of CS (wollastonite and pseudo-
wollastonite) and C3Sy (rankinite) which is important for Solidia [2]
type cements (inorganic binders hardening by reaction with CO3). The
large number of phases and their polymorphs means there is a sub-
stantial modelling challenge to overcome, as there are many reactions
and transitions that link the properties of these phases.

The metals industry is another high-temperature, large-scale, and
diverse production process which faces the same challenges as the
cement industry. Thermodynamic researchers in this field have made
enormous strides by coalescing their efforts around the so-called CAL-
PHAD approach (CALculation of PHAse Diagrams for the modelling of
thermodynamic properties in multicomponent systems). Key to this
approach is a progressive increase in complexity, first focusing on unary
phase models, such as those of a single metal, before modelling binary,
ternary, and higher-order systems containing combinations of these el-
ements. This is a critical concept, as the non-ideal interaction parame-
ters are challenging to determine, and the lower-order models can often
be directly carried over into the interaction models for the higher-order
systems. Each stage carries out a thermodynamic assessment, which is a
collation and critical review of all available experimental data for a
particular thermodynamic system along with a careful estimate for the
key thermodynamic properties (i.e., phase diagrams, enthalpic infor-
mation, etc.).
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Table 1
Structural information, polymorphism & transition data for the solid phases in
the Ca0-SiO, binary system as found in the literature.

Compound Designation Space group Reference
CasSiOs T1 P-1 [22,24]
T2 - [20,21]
T3 - [20,21]
M1 Pc [27]
M2 - [20,21]
M3 Cm (Am) [25,26]
R R3m [22,23]
CaySiO4 y olivine Pnma [29]
f larnite P2,/c [29]
oy Pna2; [29]
o Pnma [29]
o P63/mmc [29]
Ca3Si, 07 Kilchoanite Ima2 [34]
Rankinite P2;/c [33]
CaSiO3 Wollastonite P2,/c [35]
Pseudo-wollastonite C2;/c [36]
C-1 [37]
Table 2

Properties of the polymorphic transitions for all solids in the CaO-SiO, system
found in the literature.

Compound  Transition Transition Transition heat ~ Experimental
reaction temperature [kJ mol~1] technique
[°Cl
Ca3SiOs T = Ty 620 0.57 DTA [28]
Ty — T 920 0.96 DTA [28]
T — M; 980 0.48 DTA [28]
M; — My 990 0.05 DTA [28]
My - R 1050 0.048 DTA [8,28]
CaySiOy Yy — oL 847 7.757-15.460 DTA [30]
14.393 Drop
calorimetry
[41]
711 13.020 DTA, at
0.34GPa [32]
B — oy 680 1.439 DTA [29]
1.841 drop
calorimetry
[41]
711 1.780 DTA, at
0.34GPa [32]
y—B 4.678 DTA [30]
4.48 Sol.
calorimetry
20 °C [31]
711 11.250 DTA, at 0.34
GPa [32]
oL = oy 1160 0.720 DTA [30]
oy — o 1425 13.305 DTA [30]
14.184 Drop
calorimetry
[41]
CazSiz07 Kilch — 954-1090 [32]
rank
CaSiO3 Woll - p- 1125 [38]
woll

The CALPHAD approach has been applied to the in CaO-SiO5 system
previously, with the first comprehensive assessment and modelling
carried out by Haas et al. in 1981 [3] and it was used as the basis of all
modern assessments for the CaO-SiO3 system. While seminal and largely
correct, the study by Haas et al. has typographical errors in the equations
[4] which become obvious when comparing against the tabulated data.
Commercial databases such as FACTSAGE [5] and SGTE also contain
extensive information for the calcium silicates; however, recent updates
to the CaO [6] and SiO; [7] end-members have not yet been incorpo-
rated and there has been a dramatic change to the assessed melting point
of CaO. There is also a shortage of experimental data in the literature for
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the calcium silicates. For example, often the literature only includes the
high temperature stable polymorph of C3S but other meta-stable low
temperature polymorphs do exist and are very important for Portland
cements [8]. Additionally, the C3S; solid lacks thermodynamic data at
higher temperatures, with data previously only available up to 300 K
[9]. Likewise, the high temperature polymorphs of C,S: o and o/, lack
data at low temperature which we found was essential in fitting the
parameters to the new CALPHAD models and to correctly calculate the
full phase diagram. This work attempts to address all these issues by
assimilating all available published data in its update to the Ca0-SiO4
system.

Another aspect to improve upon previous assessments is in the choice
of models used to capture the liquid phase. Previous assessments have
used the two-sublattice ionic model [10,11], the modified quasi-
chemical model [12,13], the associates model [14,15], and the
cellular model [16]. The main challenge in modelling the Ca0O-SiO4
system is in capturing the miscibility gap in the silica-rich oxide melt.
Many previous assessments over-estimate the temperature at the onset
of immiscibility due to limitations in the model chosen. Regarding ex-
tensions to higher order systems, Pelton and Blander [12] (modified
quasi-chemical model) and Hillert et al. [10] (two-sublattice) were able
to extend their binary models to the CaO-FeO-SiO2 and Ca0-SiO2-Al,03
systems respectively, making their models promising choices for this
system; however, the associates model is employed here as described in
Barry et al. [15] as it is more readily transferable between thermody-
namic software. The associates model also provides similar approxi-
mations for the melt phase when compared to the popular two-sublattice
ionic model [17] but it is simpler due to the inclusion of oxide species on
the sublattice (i.e., oxygen does not need to be considered as a separate
species on a separate sublattice). This work will demonstrate the utility
of the associate model.

One final improvement that can be made over the existing assess-
ments of the CaO-SiO; system lies in the models for the solid phases.
Previous attempts have all used polynomial models to fit the experi-
mental data, such as the popular Shomate [18] polynomials. This
approach is unreliable when extrapolating or interpolating far from
experimental measurements. This makes connecting low and high
temperature data difficult; however, this is vital for cements which are
produced at high temperature but utilized/reacted closer to room tem-
perature, as well as when capturing the broad range of melting tem-
peratures in the system. The latest development in CALPHAD modelling
[19] attempts to overcome these issues through the use of a so-called 3rd
generation approach which makes use of Einstein terms for the low
temperature data and one or more polynomial corrections to take into
account the anharmonic contributions at high temperature (see Eq. (1)).
This combination yields a single function which can be used to model
data over the full temperature range from 0 K to the melting point with
no junction points, thanks to the Einstein model terms capturing the
underlying vibrational nature of the internal energy. In this work, all
reviewed and novel experimental measurements for the solid phases in
the Ca0-SiO; system are modelled using the 3rd generation CALPHAD
function, resulting in a more reliable description for the thermodynamic
properties from 0 K using a single function.

The rest of this contribution is organized as follows: First, Sections 2
and 3 describe the published data for the calcium silicates used in this
study. Section 4 details the model used to describe all phases in the
system and the fitting procedure for thermodynamic properties of the
solid calcium silicates and the associates model, including our novel
information criterion approach. The heat content measurements and
DFT procedures for CasSiO4 and CasSizO7 is detailed in Section 5.
Finally, the error estimates from the resultant fit to the data points are
assessed. This results in a much-needed update to the full cementitious
Ca0-SiO, assessment including a complete phase diagram. The model
for this fundamental binary system will be used to extend to the CaO-
Aly03-5i0,-Fex0y-MgO as part of the development of a thermodynamic
database for Portland cement clinkers.
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2. Literature review of the solid phases

This section details the structural properties of the individual solid
compounds found within the CaO-SiO; system. The structural informa-
tion is used to help distinguish polymorphs of individual compounds
which are modelled in this work separately. Finally, the existing ther-
modynamic data for each structure that was used in the current study to
model the solid phases is reviewed.

2.1. Structural properties

All solid compounds in this work are considered stochiometric;
however, many of these phases have multiple polymorphs. For example,
CaS has 5 polymorphs: -C2S (which is a meta-stable, pressure stabilized
compound which but appears in higher-order systems and in real ce-
ments), y-CaS, «L-C3S, o H-C5S and a-CsS. All known polymorphs of the
individual compounds are discussed here with their structural infor-
mation summarised in Table 1 and the available data on the phase
transitions including their respective temperatures and enthalpies pre-
sented in Table 2.

The structural properties of Ca3SiOs are complex [8]. The available
literature was reviewed by Regourd [20] and more recently by Dun-
stetter et al. [21]. CasSiOs exists in 6 polymorphic modifications but
only the high temperature rhombohedral structure is stable [22,23]. The
low temperature triclinic modifications (designated TI, TII and TIII in
the literature [22,24]) and the intermediate monoclinic ones (desig-
nated MI and MII in the literature [25-27]) are all meta-stable but are
observed in cement clinkers. All observed phase transformations are of
the displacive type in which small shift of atoms lead to orientation
disorder between SiO4 tetrahedral units and distorted CaOg polyhedra.
Therefore, the observed heat of transitions, as measured by quantitative
thermal analysis, is small [28] (see Table 2).

Calcium orthosilicate (CasSiO4) exists in five modifications. The
space groups, lattice parameters, and atomic positions of all modifica-
tions are known with precision thanks to a careful study by Mumme
et al. [29] using high temperature neutron diffraction combined with
Rietveld analysis. The stable modification at room temperature,
y-Ca,Si04 sometimes also called calcio-olivine, transforms to -
CapSiO4 at 880 °C [30]. This transformation is of the reconstructive type
and accompanied by a considerable contraction of the cell volume [30].
The kinetics of this transformation are very sluggish and in addition
affected by a small solubility range of +0.4 wt% CaO on the lime rich
side and +0.2 wt% SiO> on the silica rich side with respect to ideal 2:1
stoichiometry [30]. o'(-CaSiO4 transforms into o'y-CaSiO4 with
increasing temperature. This transition is second order and of the dis-
placive type [29]. Following this, a'g-Ca»SiO4 transforms into the high
temperature a-CapSiO4 modification above 1425 °C [30] through a
semi-reconstructive transition [29]. The fifth and last modification,
B-CaySiO4 (larnite), is meta-stable at atmospheric pressure, but can be
fully stabilized by addition of small amounts of minor elements (e.g. 0.4
% of BaO3 [31]) or by quenching bulk sample from high temperature
with a minimum particle size [30]. The o', — p transformation is of the
displacive type which is kinetically favoured over the stable o -y tran-
sition. The metastable transition temperature was determined by dila-
tometry [30] and derived from an experimental p-T phase diagram [32].

The third compound considered here, Ca3Si»O7, exists in two modi-
fications: high temperature rankinite [33] and low temperature kil-
choanite [34] (sometimes called Z-Phase in the literature). The
transition is irreversible and takes place in the temperature interval
954-1090 °C [33]. Wollastonite CaSiOg exists in two general modifi-
cations with a series of derived superstructures due to modified stacking
sequences. The low temperature wollastonite compound [35] trans-
forms into the pseudo-wollastonite modification [36-38] (sometimes
also called cyclo-wollastonite in the literature).

In this work, the 4 polymorphs of C3S and 2 polymorphs of CS are

Cement and Concrete Research 173 (2023) 107309

treated as individual compounds and modelled. In addition, only ran-
kinite-C3Sg is considered for modelling in the present work due to a lack
of kilchoainite date. Finally, in this assessment the polymorphs of C3S
have been simplified to monoclinic, triclinic, and rhombohedral, as this
captures the fundamental structural changes where sufficient data exists
to distinguish them in this system, the modelling of the C3S structures is
novel in this study.

2.2. Thermodynamic data

Heat capacity data for the CapSiO4 p and y polymorphs has been
measured by Todd [39], King [9], and Grevel et al. [40] with these
experiments being at low temperature allowing for the entropy at 298 K
to be derived; however, no low temperature data exists for the high
temperature polymorphs; a and «. The relative enthalpy for the 4
polymorphs of CaySiO4 measured by Coughlin [41] is used to aid fitting
of the Cp for the high temperature polymorphs. Similarly, heats of for-
mations at 298 K only exists for the low temperature polymorphs
[42,43].

For the C3S solid, the heat capacity was also measured by Todd [39]
and the relative enthalpy was measured by Gronow and Schweite [44].
The heat of formation is often taken from the heat of decomposition as
measured by Brunauer [45]. To overcome the lack of data surrounding
the monoclinic and rhombohedral CasSiOs polymorphs, each were
given identical heat capacities derived from the triclinic form but are
then individually corrected using their respective inversion tempera-
tures and enthalpies as measured by Bigare et al. [8].

For rankinite-C3Sy only the low temperature heat capacity was
measured by King [2]. A heat of formation measurement by Weeks [46]
and EMF measurements by Benz and Wagner [47] can also be used to
calculate the heat of formation and fix the absolute enthalpy; however,
there is significant disagreement previous models around the Benz
measurements [11], so these measurements were excluded.

The heat capacity of both polymorphs of CaSiO3 were measured by
Wagner [48] and the relative enthalpy for wollastonite was measured by
Gronow [44], Courtial [49], and Pascal and Richet [50] for cyclo-
wollastonite. The heat of formation for both polymorphs was also
measured by Charlu et al. [51]. For the end-members CaO and SiO, the
latest assessments by Defferenes et al. [6] and Bajenova et al. [7]
respectively, were used as they proved to be fully compatible with our
present work. In the SiO, assessment by Bajenova et al., the tridymite
polymorph was excluded as it was found not to be present in pure silica
systems, this results in the use of 4 polymorphs of SiOz in the current
work: o, f-quartz and a, -cristobalite. Furthermore, small corrections
were made for the solid CaO function due to normalisation errors in the
original publication (this can be seen in the supplemental TDB file). All
the reviewed experimental data used in the solid phase modelled is
summarised alongside their respective uncertainties in Table A.2.

3. Literature review of the liquid and melt phases

The thermodynamic properties of the liquid end-members CaO and
SiO, were recently assessed by Deffrennes et al. [6] and Bajenova et al.
[7] respectively with a 3rd generation CALPHAD model, thus a reas-
sessment of these is not required and instead their expressions, which
incorporate a two-state model for the liquid phase, are adopted here.

The Phase Diagram for Ceramists [52] contains a complete study of
the phase diagram of the CaO-SiO; system and lists the majority of the
experimental liquidus points to be found for this system in the literature.
Rankin and Wright [53] are the primary source and determined the
melting points of C2S and CS as well as the CS and C3Sy eutectic;
However, corrections for the CaO side are required due to the dramatic
change in the melting point of CaO in the recent reassessment [10].
Modelling of the immiscible region of the phase diagram was most
recently investigated by Tehwey and Hess [54] with similar results from
Greig [55]. The activities of SiO2 and CaO in the liquid phase of the CaO-
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Heat Capacity for Ca,SiO,
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Fig. 1. An example diagnostic plot displaying the error (see Eq. (2)) of all experimental heat capacity measurements [9,39,40] considered while fitting C»S poly-
morphs. Outer horizontal lines indicate the 2c deviation limit that should contain 95 % of the data set, while the dashed horizontal lines indicate the 1¢ deviation
which should contain 2/3 of data outside of 1. These guidelines are held true by adjusting the error estimates reported here.

SiO4 system have been extensively studied in the range of 1773-1873 K
through a variety of different techniques [56-59]. In this work, all
available experimental invariant and liquidus data was used to model
the phase diagram, the resultant parameters were then used to compute
the activities and these values were compared against the experimental
values to achieve a satisfactory re-calculation of the phase diagram.

4. Thermodynamic modelling
4.1. 3rd generation CALPHAD function

The 3rd generation CALPHAD equation used in this work, is made
using a combination of Einstein terms with a small polynomial correc-
tion to allow modelling from absolute zero up to the melting point of the
solid with a single function. Including zero kelvin in the fit is vital, as it is
the primary method of connecting to the third law of thermodynamics
and thus establishing the entropy which cannot be directly measured.
Using only one expression for all temperatures also ensures thermody-
namic consistency, as piece-wise expressions have discontinuities in
their derivatives which may lead to unphysical discontinuities in their
thermodynamic and derived properties.

The 3rd generation CALPHAD function has the following general
form [19],

j Nea Opia
Gasoiia(T) = Hoo + ZQ.«TJ + 3RZ,-:L1 Diq { E2
J

+Tin(1— e %ia/TY |

(€Y

G soiida(T) is the Gibbs free-energy of the solid compound o, Hy, is a
constant setting the absolute enthalpy of the compound at 0 K, R is the
universal gas constant, and T is the temperature. There are Ng, Einstein
terms with the ith term having an Einstein temperature 6g;, and pre-
factor D;,. These terms have some constraints; for example, the sum of
the Einstein prefactors, Z?’Di_a, should sum to the number of atoms in
the chemical formula so that the Dulong-Petit law is approximated (i.e.,

TlimCV ~ 3NR). The Einstein terms model lattice vibrations, thus the

number of these terms should be correlated to the modes in the lattice;
however, modern assessments such as that of CaO [6] tend to stan-
dardise around using triple-Einstein functions. The more realistic Debye
model can be substituted for the Einstein model; however, it results in a
non-analytic expression for the Gibbs free energy and therefore it is not a
popular choice [60]. Polynomial correction terms are also added with
prefactors Cj, to consider the anharmonic effects at high temperature.
Initially, only two non-zero prefactors exponents j = {2,3} were rec-
ommended [19]; however, further modelling by Chen and Sundman
[60] recommended using exponents j = {2, 5} to fit a wider spectrum of
phases. When modelling CaO, it was found that pure oxides typically
exhibit an increase in heat capacity just before melting [6] therefore, it is
better to use a pair of j = {2,13} terms or the tripletj = {2,7,8}. In this
assessment, j = {2} is found sufficient to describe the data for all
compounds.

Our modelling of the C-S system is unique as it is the first to use these
3rd generation CALPHAD functions for multicomponent oxides and a
reassessment of all data from the experimental results.

4.2. Fitting methodology for the 3rd generation function

Faced with a broad spectrum of experimental data with unknown
confidence intervals, a holistic approach is taken here to optimize all
model parameters simultaneously. First, the stochiometric solid models
are fit, then their parameters are fixed while the liquid model is fit. The
liquid model fitting is carried out separately due to the relatively slow
and complex calculations required, which include solving for multi-
phase equilibrium.

For the stochiometric phases, a custom code has been written which
takes as its input experimental data in its original reported units to
minimize transcription errors. This is then transformed into standard-
ized units and constraints to carry out a non-linear least-squares
regression. All experimental conditions and observations/measurements
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have uncertainties attached to them, and these uncertainties are prop-
agated through to the final uncertainty estimate for that measurement
which is then used to scale its contribution to the error term. To illustrate
this, consider a single experimental observation/measurement
enumerated by a for a thermodynamic property (e.g., a measured
enthalpy of reaction, or heat capacity), y.ps, with estimated measure-
ment uncertainty oy,. This is observed at experimental conditions (i.e.,
temperature and pressure), 7obs,a, which may also have associated un-
certainties ¢y,. The corresponding value predicted by the model is

given by y (?,?obs_a) where ¢ are the fit coefficients. The reduced

error, e,, is then given by the following expression,

- — 2

eu(?) = Gaz(yw\',a - y(?vxobs‘ﬂ) ) ) 2
where the total uncertainty, 64, assuming no correlations between var-
iables and Gaussian distributed noise, can be estimated using the stan-
dard expression for uncertainty propagation,

The uncertainty estimates on the observed value o, typically account
for all sources of uncertainty in the experimental conditions, G ; how-
ever, transition temperatures are entered as reactions with an
“observed” Gibbs free energy change of zero as this is mathematically
exact at a transition. To capture the uncertainty of the measurement in
terms of free energy, uncertainty is assigned to the transition tempera-
ture, which is much more natural and easily propagated to the free-
energy by this approach.

To reduce human bias, the estimation of the uncertainties of each
dataset is optimised deterministically. In the first instance the author’s
stated uncertainties for the experimental measurement are entered.
After an initial fit, the deviation between the model predictions and the
experimental measurements are used to scale the uncertainty estimates.
The error limits suggested by Haas et al. [3] are employed, where the
uncertainties are adjusted with the goal to keep 95 % of the data within
20 (standard deviations) of the final fit and no more than a 1/3 of data
outside of 1o, to prevent over and under weighting of datasets. This
method is a deterministic way of estimating uncertainty where there is
conflicting data.

The approach for determining the uncertainties has been discussed in
the literature [61]; however, there is no solid consensus on the best
approach as of yet. The simple approach used here still requires that data
which is clearly unphysical or seriously conflicting is excluded entirely
as it can result in non-convergence. But even with this limitation, the
approach applied here is a powerful method that allows corroboration of
results from separate authors and techniques. Fig. 1 gives an example
error plot of the heat capacity data for the C3S polymorphs used within
this assessment, error plots like this are produced for each compound in
this system to compare and validate the uncertainties placed on the
differing experimental results. A table of all experimental data alongside
their initial and final uncertainties used in our fit to achieve acceptable
results (reduced error ~1) can be seen in Table A.2. To provide an initial
estimate of the coefficients for the global optimisation, individual phases
are added to the optimisation sequentially as determined by the required
data dependencies before a global optimization is carried out. The un-
derlying minimiser used is the COIN-OR IPOpt solver [62] and all de-
rivatives required for the minimisation, uncertainty propagation, and
thermodynamic functions are generated using a custom Computer
Algebra System (CAS). This allows arbitrary thermodynamic functions
to be fit with little work and facilitated early comparisons with Debye
functions, as well as transformations into other thermodynamic calcu-
lation software.
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4.3. Thermodynamic model for the phase diagram

The melt model used here approximates the melt as a mixture of
neutral species, called the “associates”. This model is popular in systems
where the melt phase exhibits short range order [63] which is the case in
metal-oxygen system such as C-S and is readily implemented in popular
thermodynamic software. The fictitious associates are formed from the
liquid end-members but may be normalised in different ways; for
example, in previous studies of the C-S system, authors have normalised
associates to have 2 non-oxygen atoms per mole of species [14]. In this
assessment a simple direct linear mixing of the end members with cor-
rections for the enthalpy and entropy were used. This was chosen as it
produced satisfactory results and it is similar to the normalisation found
in MTDATA thermodynamic database [64]. The Gibbs free energy of the
associates is given by the following expression,

Ge,s, = XGceaojiiq + YGsio, iig + AHc,s,0 — TASc,s, 0, “4)
where AHcs,o and TAScs o are constant enthalpy and entropy
correction terms respectively for the intermediate associates and are
zero for the pure end-member associates.

The set of possible associates, and thus potential values of x and y in
Eq. (4), is determined by considering the four-way bonding of silicon to
other atoms via an oxygen species. A bridging oxygen links two Si atoms,
while and non-bridging oxygens link Si to a metal atom. This leads to the
concept of Q" species, where n is the number of non-bridging oxygens
atoms: Q* = Si0,, Q® = Si,0%7, Q* = Si03~, Q' = Si,0%~, Q° = Si0d~.
The Q2 and Q0 species combined with the metal atom (Ca®*") to form
neutral species gives the CyS and CS associates which are used here.
These associates appear to be justified by experimental spectroscopic
evidence for their stable existence in significant quantities in the melt
[65,66]. In addition, the congruent melting points at these compositions
is more easily captured by using associates at these compositions.

The overall expression for the free energy of the associate model for
the melt phase is then given by the following expression,

et = 3 X+ RTY xuln(xa) + > xa xp (5 — 23) L )
o o

o,pAA

where x, is the mole fraction of the associate, . The final term of Eq. (5)
is a Redlich-Kister (RK) correction for non-ideal melt interactions
(excess Gibbs energy) between the associates and L« is the coefficient
for the kth-order correction term between associate o and 4, where and
k > 0. The interaction terms may be composed of several corrections,

Lopx = hapx + SupxT + ¢popx TInT, (6)

where hy g is an enthalpy shift term, s, 5, T is an entropy shift term, and
Cp.opx TInT is a heat-capacity shift term. In this work, the final term was
not necessary to fit melt interactions parameters. The fitting and choice
of the associates and RK parameters are discussed in the following sec-
tion, where a novel melt fitting approach is also presented.

4.4. Akaike information criterion approach to modelling phase diagram

When modelling the melt phase, there are an enormous number of
choices that can be made. Fixing on the associates model, the choice
remains on which Q-species associates to include, in addition to the
arbitrarily large number of possible RK terms between the associates.
The choice of which RK terms and associates to include follows some
basic rules. The minimum number of terms required to gain a good fit is
used, and lower-order interaction terms, i.e., small k, are preferred over
higher-order terms as they are less likely to induce spurious features.
Finally, the values of the coefficients are also bounded by experience.
For example, the term s, directly affects the entropy of the phase at
absolute zero, thus it’s use can introduce a thermodynamic inconsis-
tency and odd behaviour at low temperatures. While liquid phases in our
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application are rarely extrapolated to very low temperatures this may
happen numerically during the solution to equilibrium leading to
spurious re-entrant liquid phases. In addition, the s,k term becomes
more important in the free-energy at high temperatures, thus positive
values may lead to fictitious miscibility gaps appearing. The C-S system
has a real miscibility gap between CS and S (see Fig. 8), so positive Lqgk
terms are required between pairs of associates spanning this region (i.e.,
Les sk Le,s sk, and/or Le s ); however, care must be taken that this is the
only location where they appear. Even with this guidance, assessments
typically proceed by trial and error, with researchers adding terms to
address deficiencies in the calculated diagram after successive calcula-
tions. While experts can produce high quality diagrams this way in short
order, it is not deterministic, and it is difficult to know if the optimal
choice has been made. Furthermore, for higher-order fitting to ternary
systems such as Ca0O-Al,03-SiO5 or CaO-MgO-SiO5 the problem of term
selection and optimisation becomes factorially harder.

Here a novel automated mathematical optimization approach is used
to select the RK and associate terms in the liquid to find the best com-
bination of terms. To prevent overfitting, the objective function that is
optimised is the corrected Akaike information criteria [67],

20 + 2k

~ %)
n—k—1"

AiCc = 2k — 2In(Z) +

where AiCc the corrected Akaike information criteria, k is the number of
parameters (in this case the number of hygy and sepx terms), n is the
number of experimental data points, and " is the maximum of the
likelihood function when the h, g x and sy g terms are optimised to fit the
experimental data. The log likelihood is the sum of the error terms in Eq.
(2). The corrected equation is used to avoid overfitting in cases where
the number of samples is sparse. Using the AICc, the model with the
lowest score is the model that fits the data the best when traded off
against the complexity of the model. This approach is entirely inspired
by ESPEI [68] where it is currently used for thermochemical data fitting
(i.e. stochiometric solids).

The method proceeds from an initial parameterisation (i.e., an ideal
system) in a stage-by-stage manner. At each stage, all zero interaction
terms are individually enabled and optimised with the current set of
enabled terms. All RK terms up to an order of k = 3 are tested as higher-
order terms are avoided where possible. At the end of each stage, the
interaction term that is enabled permanently is the term that decreases
the AiCc parameter the most. These stages continue until enabling any
additional parameter no longer decreases the AICc. The optimisation of
all interaction parameters against the experimental data is carried out
using ESPEL ESPEI uses a Bayesian approach that finds the maximum
likelihood at each stage (more details on this technique can be found in
[68]). Unfortunately, this approach currently struggles to optimize
miscibility gaps when the initial guess does not capture the experimental
data points well. Thus, for this assessment the optimisation for the C-S
system is begun by including hCS,S.O, hCS,S,l’ h(;s_’s.z, $¢$.5,0 S¢s.8,1 and $¢s.s.2
with an initial hand-fit. Anecdotally, the automatic approach appears to
function well in systems where there is no miscibility gap, and the issue
appears to only be one of local/global convergence, thus we expect it to
work with further improvements to ESPEIL From this initial point, the
algorithm outlined here adds a h¢,s1 then adds a s¢,sso term. At this
point, any additional terms do not lower the AiCc score (the full
parameter set can be seen in Table 8).

5. Experimental and computational methods

The data that is available for this system is discussed in Section 2.
There are several key measurements which should be repeated, or
missing data that must be ascertained to complete a thermodynamic
assessment targeted at modelling cement clinker formulation. This sec-
tion details the preparation and synthesis methods used to obtain heat
content measurements for CyS and C3S;. To supplement the
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experimental datasets, DFT calculations were also performed to
generate additional theoretical data. This is important especially for
high temperature phases like o-C,S, for which low temperature data
does not exist (these low temperature data is important in the fitting of
the 3rd generation function).

5.1. Synthesis of C3S2 and y-C2S

The starting materials are CaCO3 (Alpha Aesar, 99.5 %) and SiO»
(Sibelco, 99 %) which are dried in a muffle furnace at 500 °C in air for
24 h. Rankinite (CagSi2O7) is prepared from a dry powder mixture of
CaCO3 (6.25 + 0.01 g) and SiO; (2.50 + 0.01 g). The mixture is ho-
mogenized in a mechanical mixer for 24 h and pelletized using a hy-
draulic workshop press (4.5 tons on 3 g of powder). The first thermal
treatment is carried out at 1000 °C/1H to calcine the limestone (CaCO3)
and is followed by a high temperature isothermal annealing step at
1380 °C for 12 h. The annealing process is repeated four times at
1420 °C/12 h with intermediate grinding steps between each thermal
treatment. The compositional analysis reveals a loss on ignition of
31.9444 %. For CaySiO4, a powder mixture of CaCOs3 (6.97 + 0.01 g) and
SiO5 (2.09 + 0.01 g) is calcined at 1000 °C for 1 h and annealed at
1550 °C for 8 h followed by slow cooling to room temperature. A loss on
ignition of 34.0844 % is recorded. The mineralogical composition of the
samples was carried out using X-ray diffraction (X’Pert Pro MPD,
PANalytical), with CuKa radiation of A = 1.5419 A.

5.2. Heat content measurements

A MHTC96 (Setaram) high temperature calorimeter with a drop
measuring head (Type S, 1300 °C max) was used for the heat content
measurements. The measurements are carried out using an alumina
crucible with a platinum inlay (diameter 13 mm and height 46 mm). The
measurements were performed under flowing Ar atmosphere. The
calorimeter is calibrated using pure alumina (Aly03, 99.95 %) pieces
which are dried and calcined at 1400 °C for 12 h. The pellets have a mass
ranging from 15 to 150 mg (uncertainty +0.02 mg). Three series of 6 or
7 alumina samples are dropped for each temperature at 600 °C, 700 °C,
800 °C, 900 °C, 1000 °C, 1100 °C, and 1200 °C and the associated heat
effect recorded and integrated using the Calypso software package
(Setaram). The resulting calibration constant at a given temperature is
calculated using heat content values for AlyO3 from the FTOxid database
[5]. The measured heat flux area (in pV-s) for each sample is plotted as a
function of heat content of Al,Os. The calibration constant (in puV-s/J)
was calculated by performing a linear regression passing through origin
for each series at a given temperature. The uncertainty of the calibration
constant corresponds to twice the standard variation of the slope. The
temperature of introduction was measured with a thermocouple (un-
certainty +0.1 K). The variation of the high temperature calorimeter is
+0.4 K and a return to the baseline is observed within 25 min.

For the heat content measurement of Ca3SioO7 and CaySiOg, pellets
are produced with sample weights ranging from 15 to 80 mg (uncer-
tainty £0.02 mg). Again, two series of 6/7 pellet are dropped at each
temperature of calibration. The observed integrated heat effects (surface
area of peak in pV-s) are plotted as a function of the phase amount
introduced into the calorimeter. A linear regression forced passing
through the origin is performed to determine the slope. The uncertainty
of the measurement corresponds to twice the uncertainty on the slope
(95 % confidence interval). The measured heat content corresponds to
the slope divided by the calibration constant. Again, the introduction
temperature was measured by thermocouple (0.1 K) and corrected to
298.15 K using the low temperature heat capacity data from King [9] for
Ca3SizOy and CazSiO4.

Additionally, the melting point of CagSioO; was measured by dif-
ferential scanning calorimetry in a Labsys™ Evo apparatus designed by
SETARAM. Calibration of the DSC equipment was carried out using the
melting point of pure NaCl (99.9 % Alfa Aesar) as well as the a-f
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Table 3
Rankinite (Ca3Si»O-) heat content measurement. The uncertainty corresponds to
a 95 % confidence interval.

Heat contents Ca3Si;O; (mol. wt. 288.42)

T T Hr-Hpogx Uncertainty

°C K Jmol ' K™? Jmol ' K! %
25 298.15 - - -
599.3 872.45 147,433.0 3570.3 2.4
699.8 972.95 180,036.6 4109.9 2.3
799.2 1072.35 206,085.9 5517.3 2.7
899.0 1172.15 233,439.6 6032.1 2.6
998.8 1271.95 264,146.9 6983.6 2.6
1097.7 1370.85 293,304.5 7690.3 2.6
1198.5 1471.65 322,841.2 6913.1 2.2

transition and the melting point of K;SO4 (99.5 % Alfa Aesar) as refer-
ence samples with 5 K and 10 K heating and cooling rates.

5.3. DFT calculations

The ground state properties of all experimentally stable calcium
silicates were calculated using density functional theory (DFT) [69,70].
The Vienna ab-initio software package (VASP v. 5.4.4) was used for the
theoretical ground state calculations [71,72]. The semi-local SCAN ex-
change functional [73] was used for the many-body exchange-correla-
tion interaction. The GW PAW potentials (Ca_sv_gw, Si_gw and
O_gw_new in VASP notation) were used for the calculations as they give
the most accurate description of the lattice volume of SiO in its a-quartz
structure at low temperature. For Ca, the 3s, 3p and 4s orbitals, for Si,
the 3s and 3p orbitals and for O the 2s and 2p orbitals were considered as
valence states in the calculations. The cut-off energy was set to 800 eV.

A gamma centred grid of k-points in the irreducible part of the
Brillouin zone is automatically generated following the Monkhorst-Pack
scheme [74]. The k-grids are 2 x 1 x 1 for CagSiOs, 4 x 7 x 9 for
v-CagSiOy4, 5 x 4 x 2 for f-CasSiO4, 1 x 2 x 4 for o-CanSiOy4, 3 x 3 x 2
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approximated using lattice dynamics theory [76]. The phonon spectrum
of selected compounds is determined using the frozen phonon (super-
cell) method. The vibrational modes are calculated using the phonopy
code [77] coupled to VASP. The convergence criteria for the Hell-
man-Feynman forces is set to 10~® eV/A to avoid residual strain in the
lattice. To treat the long-range interaction of the macroscopic electrical
field induced by polarization of collective motions near the I'-point, the
Born effective charges Z for the independent atoms in the primitive cell
are calculated and used to calculate the non-analytical term corrections
to the dynamical matrix.

6. Results and discussion

The following sections discuss the results of the experiments, fitting,
and overall phase diagram in comparison to the literature.

6.1. Calorimetric measurements

The results of the heat content measurements for Rankinite are
summarised in Table 3. No experimental data exists in the literature on
the heat capacity or heat content of Rankinite at these high tempera-
tures, thus this data is compared to the estimated data of Haas et al. [3]
and the commercial FTPs database [5]. The estimated heat content
together with the experimental values from 298.15 K to 1471.65 K are
presented in Fig. 2. There is some agreement with the estimation of Haas
but the calculated values using FTPs clearly overestimate the heat
content compared with the experimental results.

The DSC results for C3S; were only interpretable on heating due to
the peritectic nature of its melting reaction. On cooling, the sample

Table 4
(y, @) CaySiO,4 heat contents measurements from 972.86 to 1471.05 K. Transi-
tion from y to ' occurs at 1170 K.

Heat contents (y, o) - CaSiO4 (mol. wt. 172.24)

for Ca3Si»07, 3 x 3 x 3 for CaSiO3 wollastonite and 2 x 3 x 2 for CaSiO3 T T HrHagex Uncertainty
pseudo-wollastonite. The lattice parameters as well as the internal °C K J mol ™! J mol ™! %
atomic coordinates of all investigated compounds are fully relaxed. The 25 298.15 _ _ _
linear tetrahedron method with Blochl corrections [75] is used to 699.7 972.86 108,430.8 3617.9 3.3
calculate the electronic density of states (DOS). The relaxations are ;3:-2 ig;?-g: ﬁz’gg?-; iggéz z-g
. . . _8 Q . . 3 . . .
performed with a convergence criterion of 10™° eV/A for the total 098.5 197167 171.305.2 11855 24
energy. 1097.9 1371.05 187,889.9 4479.1 2.4
Finite temperature properties such as the Helmholtz free energy F 1197.9 1471.05 212,360.1 6444.6 3.0
and heat capacities at constant volume/pressure Cy/Cp are
400000
__ 350000 -
=
© 300000 A
g
=
= 250000 A
~
mn
— 200000 A
x Haas et al
N, 150000 -
T ® This work
£ 100000 -
F
E FTPs
50000 A
0 T - T T T T T T
0 200 400 600 800 1000 1200 1400 1600
T[°K]

Fig. 2. Rankinite (Ca3Si»O7) heat content measurements compared to estimated values calculated using FTPs [5] and Haas and al [3]. Haas et al.’s data arise from

the Neumann-Kopp rule using heat capacity data for CaO and SiO..



W. Abdul et al.

Cement and Concrete Research 173 (2023) 107309

300000
A Coughlin 1957 (y)
250000 - B Coughlin 1957 (a') /..
® This work (y) .
= ®  This work (a")
g 200000 4
~ FTP
- s (v)
=
5 - = =FTPs (')
; 150000 A
N — - =Haas 1981 (y)
Q
i Haas 1981 (')
& 100000 -
T This work_Fit (y)
= -+ This work_Fit (')
50000 A
0 T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
T (K)

Fig. 3. y, «/-Ca,SiO, Heat contents measurement. Lines were calculated using data from FactSage FTPs data [5] and Haas [3]: y-Ca,SiO4 300 K to 1072.0 K,
o’-CazSi0,4 1171.39 K to 1471.05 K. Coughlin [43] values for o/-CaySiO4 have been corrected with enthalpy of transition y — f from Forest [34] to have the same

reference state.

Table 5
Calculated ground state energies at 0 K in eV per formula unit.

Compound E°(0 K) [eV/fu] dE(0 K) [eV/f.u.]

CaO —27.36219 Ground state

Alpha quartz-SiO, —31.66647 Ground state
Monoclinic-CasSiOs —114.97448 Ground state
v-CaySiO4 —87.74651 Ground state
B-CaySiO4 —87.65976 0.08675
o/-CanSiOy4 —87.63451 0.11200
Ca3Siz07 —147.61658 Ground state
CaSiOs-wollastonite —59.91709 Ground state
CaSiOs-cyclowollatonite —59.83180 0.085

Table 6

Calculated heat of formation at 0 K in kJ mol~? relative to the oxides CaO and
a-SiO; (low quartz) and calculated heat of transitions for the different Ca,SiO4
and CaSiO3; modifications.

Compound Efor(0 K) [kJ mol 1] Etrans(0 K) [kJ mol ']
Monoclinic-Ca3SiOs -117.9 -

y-CaxSi0y —131.2 -

B-CazSiOy —124.8 6.2

of-CaySi0y —-122.4 8.8

Ca3Si07 —212.0 -
CaSiO3-wollastonite —85.7 -
CaSiOs-cyclowollastonite —77.5 8.2

contained y-CaySiO4 and CS which did not completely convert to C3Ss.
However, the melting temperature obtained is 1737 + 5 K, which is
identical to the value reported by Levin [52].

The results of the heat content measurements for belite are summed
up in Table 4. The heat content measurements of y — o Ca»SiO4 have not
been available previously. Coughlin & O’Brien [41] measured the f,

Table 7
Hagg and Sagg of the compounds in the C-S system as calculated by the model
presented here and compared to values from Haas et al. [3].

Compound Haog (kJ mol™1) Saog (J mol 1 K1)
Calc. Haas. Calc. Haas.
Monoclinic-Ca3SiOs —2932 - 166.4 -
Triclinic-Ca3SiOs —2933 —2933 166.5 168.6
Rhombohedral-Ca3SiOs —2932 - 166.4 -
Rankinite-CazSi»O; —3951 —-3973 207.6 210.6
Wollastonite-CaSiO3 —1634 —1634 79.6 81.0
Cyclowollastonite-CaSiO3 —1627 —-1627 87.6 87.2
a-CapSiOy —2293 —2548" 132.7 84.91°
o/-CanSiOy —2304 —2198 130.4 116.0
B-CazSiOy —2307 —2306 126.1 126.7
¥-CaySiOy —2316 —2316 119.0 120.5

 This value is extrapolated beyond the temperature limits of the curve.

o-Ca,SiO4 heat contents by an inversed drop calorimetric technique.
The temperature of transition y — « is situated near 1120 K. Therefore,
in this present work the measured heat contents values include the
y-CasSi04 to o-CanSiO4 in the temperature range 972.86-1471.65 K.
The obtained results compared to calculated values using the FTPs
database are plotted in Fig. 3.

Above 1072 K, y- and o-Ca»SiO4 measurements do not agree with
calculated values using FTPs. For o/-CasSiO4, our measured values are 24
to 32 kJ lower. However, there is good agreement with Haas’ [3] data
and Coughlin’s [43] values. The measured values for y-CasSiO4 in the
temperature range 972-1072 K are in agreement with the calculated
ones from FTPs [5] but also those of Haas [3] and Coughlin [43].

6.2. DFT calculations

The ground state energies of all considered compounds are
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Fig. 4. Graph of enthalpy of formations at 298 K of the stable phases at room temperature (C3S is metastable at room temperature), relative to the single oxides
compared against the experimental data from Ref [42, 43, 46, 79]. DFT data is the calculated enthalpy of formation at O K in the present work.

Table 8
Table showing the functions found for the melt phase used for the C-S phase
diagram.

Thermodynamic Properties of the C-S melt phase

Guiquid (G, C2S, CS, S):
Ge = Geqo Liguid 6]
Gs = Gsio, 1iquid [7]
Ge,s = 2Gcao Liquid + Gsio2 Liquid — 185132.188472035 — 1.6*T
Ges = Geao Liquid + Gsio, Liguid — 131793.447600044 + 12.6747313767583*T
Lesso = 206415.921620474 — 107.044648799784*T
Lessi1 = — 10306.431303854 — 2.24993113828298*T
Lesso = 174447.554314851 — 64.2938830701164*T
Lec,s1 = 5490.98163817185
Leysso = — 3T

summarised in Table 5 together with the calculated transition energies
at 0 K for the various CasSiO4 and CaSiO3 modifications. All data are
given in eV per formula unit. For Ca3SiOs, only the monoclinic modifi-
cation is calculated as it is the only modification with completely
occupied lattice sites. For CanSiOy, the y, p and o modifications are
calculated. The high temperature a-modification has a more compli-
cated crystal structure with partially occupied lattice sites and could
therefore not be calculated with sufficient precision. The calculated heat
of formation at 0 K is presented in Table 6. The data for Ca;SiO4 have an
additional contribution from the Zero Point energy calculations (—0.4
kJ mol ™! for y-CasSiO4 and —2.5kJ mol~! for B-CaSiO4 and of-CasSi0y).

6.3. Thermodynamic modelling

The resultant coefficients for the solid phases in the C-S system are
given in the Table A.1. Additionally, a TDB file for this system has also
been provided and has been tested for use in Pandat [78] and ESPEI [68]
A table showing the full set of experimental data along with their re-
ported and calculated uncertainties is given in Table A.2. These fits
allow for an evaluation of the new data for CsS, and aand a CyS. A
comparison of the Hygg and Sagg values between the new fit and the

Table 9

Summary of transitions and invariant reactions in the C-S system from the
calculated phase diagram compared to experimental data in parentheses. The
composition values correspond to the liquid phase.

Transition T (K) Hransition (kJmol ")
y-Ca,Si04 — o-CaySiOy 1120 (1120) 14.3 (14.3)
[81] [41]
B-CasSi04 — o-CanSiOy4 970 (970) [81] 2.17 (1.84)
[41]
o(-Ca,Si04 — a-CarSiO, 1710  (1710) 16.2 (14.1)
[81] [41]
Wollastonite — cyclo-CaSiO3 1397 (1398) 8.68 (5.85)
[38] [51]
Triclinic — monoclinic-Ca3SiOsg 1254 (1253) [8] 0.477 (0.477)
Monoclinic - rhombohedral- 1317 (1323) [8] 0.047  (0.047)
CazSiOs
Invariant T (K) X(SiOy) in liquid
Liquid + CaO — Ca3SiOs 2430 (2423) [52] 0.27 (0.27)
Liquid — Ca3SiOs + a-CaySiOy 2300 (2323) [52] 0.30 (0.29)
Liquid + a-CapSiO4 — CazSi07 1741 (1737) [52] 0.41 (0.43)
Liquid — Ca3Si»0; + CaSiO3 1734 (1733) [52] 0.42 (0.44)
Liquid — SiO, + CaSiO3 1700 (1709) [52] 0.63 (0.61)
Compound Tmelting (K) Htusion (kJmol 1)
®-CapSiO4 2371 (2403) [53] 59.3 (61.0) [82]
cyclo-CaSiO3 1840 (1817) 56.8 (57.3) [83]

values of Haas et al. [3] is given in Table 7. Most of the values are within
the expected error of each other; however, disagreement exists for the
Hygg of rankinite-Ca3SizO5. This is expected and was previously reported
by Hillert et al. [11]. The Hagg and Sagg of o-CanSiO4 also disagree with
the Haas values, this is explained with the use of new data for both the
enthalpy and heat capacity determined in this study. Fig. 4 shows the
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Activity of SiO,

x(Ca0)

Calculated Kay and Taylor ~® Reinand Chipman A Baird and Taylor

Fig. 5. Activity of SiO, (at 1823 K, reference: cristobalite) calculated from the
model compared with experimental data [56,58,59].

calculated enthalpy of formation relative to the oxides for the com-
pounds within this system (for which experimental data exists) and
compares them against the experimental data. There is generally a good
agreement between these values with the only discrepancy being the
CsS-triclinic phase (x = 0.25). This is due to the incorporation of the
value of Brunauer et al. [45] who They measured the enthalpy of for-
mation of C3S from the C + CsS reaction and provides some conflict to
the value of King [42].

The resulting optimised liquid phase model including the Gibbs en-
ergy terms of the associates is presented in Table 8 and the calculated
phase diagram is shown in Fig. 8. The calculated liquidus shows good
agreement with the available experimental data. The miscibility gap is
hard to reproduce as was noted by previous assessments [10,16], but is
well produced in this assessment with only a slight disagreement on the
SiO4 rich side. To facilitate precise reading of key points of the phase
diagram a summary of the invariant points is given in Table 9. While
activity data was not fit in this assessment, the calculated model activ-
ities of SiO5 and CaO alongside experimental comparisons can be seen in
Figs. 5 and 6 respectively. The calculated values of SiO; activity is in
agreement with the experimental values of Baird and Taylor [58], with
excellent agreement at high CaO concentrations across all experimental
values [56,58,59]. Additionally, the calculated CaO activities are in line
with the results of previous models of the CaO-SiO3 system [10,13], with
good agreement against the values of Carter and Macfarlane [80].
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Direct comparisons of the model reported here can be made with the
assessment conducted by Besmann and Spear [14] who also made use of
an associates model. They used an additional C3S associate, which is
unfavourable as it is not evidenced to exist via spectroscopic measure-
ments [65,66]. Furthermore, adding an associate adds additional
complexity from the resulting corrections as well possible complications
in the higher order system which is why it was avoided in this assess-
ment. Our agreement with the experimental data demonstrates this
associate is not needed from a pure fitting perspective. Not enough in-
formation is given to compare the parameterisation further; however,
we estimate they use a total of 10 parameters to capture the liquid,
which can be compared to our 12-parameter fit. Our assessment uses
two more parameters to capture the miscibility gap, thus this may be the
only difference. Hillert et al. carried out two assessments for the CaO-
SiO, system using two variations on an ionic two-sublattice model
[10,11], which due to the species they chose to represent the melt phase
is a comparable model to our associates model (i.e. (Ca2+), (SiOg4 4,
SiO§2, O’z, Si03)). In one model they included SiO§2 while in the other
it was removed. Their models use 6 interaction terms between their
sublattice species and SiO5 to capture the liquid, whereas our approach
shows not all the species require interaction parameters between them
to fit the phase diagram, additionally they use higher-order ideal in-
teractions (i.e., k = 3 RK terms) in the previously preferred model.
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Fig. 7. Abundance (Mole Frac) of C,S and CS species in the melt compared
against spectroscopic data from Mysen et al. (including experimental un-
certainties) [66].

0.5 0.6

x(Ca0)

Sharma and Richardson

Fig. 6. Activity of CaO (1773 K, reference: solid CaO) calculated from the model compared with experimental data [57,80].
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Fig. 8. Ca0-SiO, phase diagram calculated in this assessment plotted with experimental points obtained from Ref. [52, 54].

The liquid model can also be compared against the spectroscopic
data of Mysen et al. [66]. Point equilibrium calculations to obtain the
abundance of the associate species in our melt phase and the results are
as follows are presented in Fig. 7. In the first instance, the large abun-
dances of the CyS and CS species experimentally determined in the melt
phase, justify the use of both associates in the final model. Furthermore,
considering the large uncertainties reported by Mysen et al. [66] for
these measurements, the calculated C,S values agree with measurement
values. The calculated CS values are seen not to match the experimental
values, which may be due to the large interaction parameter sets be-
tween the CS and SiO, associates which is required to produce the
miscibility gap. Finally, Mysen et al. reported the presence of C3Sz and
CS; species but they were found in such low quantities (>10 %), they
were removed from the modelling, though this difference could account
for some of the disagreement with the experimental data.

7. Conclusion

The CaO-SiO; is the most important system for Portland cement
clinkers but modelling this system is challenging due to the miscibility
gap, the large number of phases, and the polymorphs requiring revalu-
ation, as well as the diversity of thermodynamic data. Novel results for
the relative enthalpy of rankinite CagSi;O7 at high temperatures, the
relative enthalpy of y-CasSiO4 including the transition to the o modifi-
cations, and phonon calculations to determine the low temperature heat
capacity of o Ca,SiO4 are presented here. This has led to a full re-
evaluation of the solid compounds in this system, as well as the inclu-
sion of updates to the CaO and SiO, end-members [6,7] and the inclu-
sion of the Ca3SiOs polymorphs within the model, an important feature
when extending the system. The produced model appears to accurately
reproduce all known experimental data, including all solid and liquid
phases. Further work will focus on extending this assessment to carry out
equilibrium calculations like those done by Hanein et al. [4,84] for
Portland cement clinkers. The key improvement being the inclusion of
precipitation of phases from the melt which is a key dynamic in that
application.

A modern fitting approach has been developed and tested in this

11

paper with the use of the 3rd generation CALPHAD functions and the
associate’s model. The use of information criterion to select parameters
appears to have been successful, although this is only a preliminary
result in the development of these techniques. Further assessments to
complete the cement clinker system will provide ample opportunity for
testing. These techniques will allow extensions with relative ease and
work is already underway to complete the CaO-Al203-SiO2-FeoO3 which
is a system that contains all of the major clinker phases found in Portland
cement, with the iron-oxide being a key component in correctly
capturing the bulk melting point. Completion of this modelling will
allow us to carry prediction calculations for the composition of the
clinker, which is the ultimate goal of our work.

Funding

This work was supported by Nanocem as part of the CP17 project.
CRediT authorship contribution statement

Wahab Abdul: Writing, Methodology, Software, Visualization
Chancel Mawalala: Writing, Experimental Investigation, Methodology.
Alexander Pisch: Writing, Conceptualization, Investigation, Supervi-
sion. Marcus Bannerman: Writing, Conceptualization, Supervision,
Software.
Declaration of competing interest

Wahab Abdul reports financial support was provided by Nanocem.
Data availability

Data will be made available on request.

Acknowledgements

The authors would like to acknowledge Dr. Frank Bellmann for their
correspondence regarding the experimental data.



W. Abdul et al. Cement and Concrete Research 173 (2023) 107309

Appendix A

Table A.1
Table of the optimised coefficients for the solid phases in the C-S system, for use in the 3rd generation CALPHAD function given in Eq. (1).

o (Compound) Diq 014 Dsa 02,0 D3 O34 Gy Ho
cyclowollastonite-CaSiO3 3.20933 398.726519 0.448513 113.639538 1.337919 1779.149444 —0.004177 —1,686,958.147895
monoclinic-Ca3SiOs 2.721575 216.554568 4.322571 502.02771 1.955837 1253.079747 —0.013441 —3,026,014.386963
rankinite-CagSizO7 3.262669 201.048711 5.228277 471.758995 3.509145 1114.209222 0.001345 —4,081,064.820333
rhombohedral-Ca3SiOs 2.728885 216.897351 4.322171 502.823393 1.948978 1257.541676 —0.013504 —3,026,101.460607
triclinic-Ca3SiOs 2.770329 217.322399 4.397009 511.911036 1.832799 1306.969635 —0.013446 —3,026,703.415132
wollastonite-CaSiO3 0.021926 39.983404 1.364237 180.16112 3.611497 777.592204 —0.00094 —1,685,783.296919
a-CagSiOg 3.310467 427.508038 1.659827 174.273816 2.029525 1235.840109 —0.008061 —2,368,644.112281
o-CaySiOy 0.626679 122.320053 3.608269 315.618264 2.756109 1092.028025 —0.005737 —2,377,633.243328
B-CasSiO4 0.452659 2585.222081 3.03791 835.357211 3.509071 259.231418 —0.008614 —2,385,856.23658
v-CaxSiO4 0.151692 88.647382 2.689799 257.3199 4.158219 759.369678 —0.001096 —2,384,448.968068
Table A.2

Table of all experimental measurements from literature including the uncertainty used in the fitting. The reported uncertainties are the uncertainties reported by the
respective authors for that measurement and the fitted uncertainties are uncertainties used in the simultaneous fit. In the case where the uncertainties were not stated
or incorrect by the author, standard error estimates of 5 % were used depending on the experiment type. Additionally, where no conflicting data exists, we have not
presented a “fitted uncertainty” (see discussion in Section 3). All values are in SI units.

Variable Chemistry T (K) Value (J mol™ 1) Reported uncertainty Fitted uncertainty Ref
Cp 0.957 B-CaySiO4 + 0.043 CaOHj 2.2107 — 0.0010 — 127.07 0.0 - 0.28 8.02 % — 0.01 — 42.49 1203.1 % — [401°
302.887 0.22 % 33.44 %
Cp 0.957 B-CazSiO4 + 0.043 CaOH 282.354 — 123.47 - 151.70 0.09 - 0.04 0.07 % 0.02 - 5.25 0.88 % [401%
463.843
Cp 0.957 p-CazSiO4 + 0.043 CaOHy 480.85 — 147.73 — 286.23 1.36 — 3.88 0.24 % — 2.56 - 5.39 1.67 % — 3.19 [401°
768.943 0.46 % %
Cp B-CanSiO4 2.19619 — 0.0012 — 127.85 0.0 —» 0.32 11.4 % — 0.01 — 29.86 1072.06 % — [401%
302.975 0.25 % 23.35%
Cp B-CaySiO4 284.136 — 125.13 - 171.60 0.08 - 1.28 0.06 % 0.02 - 1.28 0.06 % [40]
766.466
Hr- $-CazSiO4 406.0 — 14,811.36 — 740.57 — 5.0 % 740.57 — 5.0 % [41]
Haos.15 964.6 108,784.0 5439.2 5439.2
Cp B-CazSiO4 52.66 — 17.08 - 128.11 0.85 - 6.41 5.0 % 0.85 - 6.41 5.0 % [39]
296.48
AH 2 CaO + a quartz-SiOz — p-CazSiO4 298.15 —126,314.96 962.32 0.76 % 962.32 0.76 % [42]
AH B-CazSiO4 298.15 —2,308,400 4600.0 0.2 % 4600.0 0.2 % [40]
AH 2 Ca0 + a-quartz-SiOz — B-CaxSiO4 967.0 —149,200 1500.0 1.01 % 22,500.0 15.08 % [85]
Hr- triclinic-CasSiOs 573.15 - 55,354.32 — 1000.0 1.81 % — 1000.0 1.81 % — 0.51 [44]
Haos.15 1173.15 196,688.16 0.51 % %
Cp triclinic-CasSiOs 54.26 — 23.3 -»171.87 0.19 0.82 % — 1.5 6.43 % — 0.87 [39]
298.16 0.11 % %
AH 3 Ca0 + a-quartz-SiO — triclinic- 298.15 —112,884.32 920.48 0.82 % 4602.4 4.08 % [42]
Cas3SiOs
AH CaO -+ B-CaySi04 — triclinic-CasSiOs 296.15 8786.4 836.8 9.52 % 836.8 9.52 % [45]
Tiransition monoclinic-Ca3SiOs — triclinic- 1253.0 - 5.0 K - - - [8]
CazSiOs
AH triclinic-Ca3SiOs — monoclinic- 1253.0 477.6036 23.8 5% - - [8]
Ca3SiOs
Ttransition rhombohedral-Ca3SiOs — monoclinic- 1323.0 - 5.0K - - - [8]
Cas3SiOs
AH monoclinic-Ca3SiOs — rhombohedral- 1323.0 47.76036 2.38 5% - - [8]
Ca3SiOs
Cp y-CagSiO4 2.20845 — 0.003 — 128.307 0.0 - 0.25 291 % — 1.93 - 3.52 58.21 % — [401%
302.96 0.19 % 3.88 %
Cp v-CazSiOy 282.386 — 123.11 - 173.696 6.16 — 8.68 5.0 % 6.16 — 8.68 5.0 % [40]
862.307
Hr- y-CagSiOy4 405.2 — 13,807.2 > 690.36 — 5.0 % 690.36 — 5.0 % [41]
Haos.15 1112.9 133,134.88 6656.74 6656.74
Cp v-CazSiOy 54.15 — 16.05 — 126.81 0.8 > 6.34 5.0 % 0.8 - 6.34 5.0 % [9]
298.15
Hr- y-CasSiOy 972.86 — 108,430.8 — 3617.9 — 3.34 % 3617.9 — 3.34 % Present
Haos.15 1072.09 123,306.7 3251.5 3251.5 work
AH 2 CaO0 + a-quartz-SiOz — y-CazSiO4 298.15 —136,816.8 836.8 0.61 % 836.8 0.61 % [43]
AH y-CasSiOy 298.15 —2,316,000 4500.0 0.19 % 4500.0 0.19 % [40]
Cp o-CapSiOy 12.0 - 300.0 0.21 — 128.69 0.01 - 6.43 5.0 % 0.01 - 6.43 5.0 % Present
work
AH $-CazSi04 — o-CanSiOy4 974.1 - 111,796.48 — 5589 — 5.0 % 7825.75 — 7.0 % [41]
1690.6 252,755.44 12,637 17,692.88
AH y-CaySi04 — «-CanSiOy 1171.39 — 148,801.8 — 3879.2 — 2.61 % 3879.2 — 2.61 % Present
1471.05 212,360.1 6444.6 6444.6 work
Thransition o-CapSi04 — y-CanSiOy 1120.0 - 10.0K - - - [81]

(continued on next page)
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Variable Chemistry T (K) Value (J mol™ ) Reported uncertainty Fitted uncertainty Ref
Thransition o-CapSiO4 — B-CanSiOy 970.0 - 10.0K - - - [81]
AH y-CaySi04 — «-CapSiOg 1120.0 14,100.08 705 5% 2092.0 14.84 % [30]
AH $-CanSiO4 — «-CazSiOy 970.0 1422.56 71 5% 418.4 29.41 % [30]
Tiransition CaO + «-CaySi04 — triclinic-CazSiOs 1524.0 - 10.0K - - - [86]
AH B-CaySi04 — a-CagSiO4 1730.5 —» 274,763.28 - 13,735 — 5.0 % 2747.63 — 1.0 % [41]
1816.0 291,750.32 14,585 2853.49
Ttransition -CazSi0s — o-CazSiOs 1710.0 - 10.0 K - - - [81]
AH o-CasSi04 — a-CanSiOy 1710.0 16,800 815 5.0 % 1000.0 5.95 % Present
work
AH o-CapSi0y — a-CasSiOs 1710.0 13,472.48 2092.0 15.53 % 2092.0 15.53 % [30]
Cp rankinite-CasSi,O7 53.45 — 29.60 — 214.38 0.28 0.95 % — 0.14 0.47 % — 0.07 [9]
298.15 0.13 % %
Hr- rankinite-CasSi2O7 872.45 — 148,228.7 — 3574.7 — 241 % 1818.81 — 0.72 % Present
Haos.15 1471.65 411,438.02 7015.8 1344.66 work
AG B-CazSiO4 — 0.5 CaO + 0.5 rankinite- 943.0 —» 10,999.32 — 771.88 7.02 % — 2315.65 21.05 % — [471%
Cas3Siz07 963.0 11,578.24 6.9 % 20.69 %
AG «-CapSi04 — 0.5 CaO + 0.5 rankinite-  971.0 — 11,192.29 — 771.88 6.9 % — 2315.65 20.69 % — [471%
Ca3Si07 1143.0 12,736.06 6.45 % 19.35 %
AH 3 CaO0 + 2 a-quartz-SiOy — rankinite- 298.15 —229,136.76 4184.0 1.83 % 4184.0 1.83 % [46]
Ca3Siz07
AH 3 CaO + 2 a-quartz-SiOy — rankinite- 0.0 —212,000 10,000.0 4.72 % 20,000.0 9.43 % Present
Ca3Si207 work
Cp wollastonite-CaSiO3 9.81 - 303.8 0.192 —86.06 0.02 - 8.61 10.0 % 0.02 - 8.61 10.0 % [48]
Cp wollastonite-CaSiO3 373.2 > 97.4 - 123.3 1.0 1.03 % — 1.0 1.03 % — 0.81 [48]
1173.2 0.81 % %
Hr- wollastonite-CaSiO3 573.15 — 28,503.08 — 761.0 2.67 % — 761.0 2.67 % — 0.61 [44]
Hao3.15 1373.15 124,987.79 0.61 % %
AH Ca0 + a-quartz-SiO; — wollastonite- 298.15 —88,910 543.92 0.61 % 543.92 0.61 % [79]
CaSiOs
AH CaO -+ a-quartz-SiO2 — wollastonite- 970.0 —89,872.32 1506.24 1.68 % 1506.24 1.68 % [51]
CaSiO3
AH CaO0 + a-quartz-SiOy — wollastonite- 298.15 —86,520 4340.0 5.02 % 4340.0 5.02 % [87]
CaSiOs
AH wollastonite-CaSiO3 298.15 —1,634,320 2710.0 0.17 % 2710.0 0.17 % [40]
AG wollastonite-CaSiO3 — CaO + 898.15 — 88,380.57 — 771.88 0.87 % 771.88 0.87 % [47]
p-quartz-SiOy 1148.15 89,731.36
Cp cyclowollastonite-CaSiO3 10.7 - 0.22 - 127.61 0.01 - 6.38 5.0 % 0.02 - 12.76 10.0 % [48]
1573.2
Cp cyclowollastonite-CaSiO3 373.2 - 05.81 — 132.42 1.0 1.04 % — 1.0 1.04 % — 0.76 [48]
1573.2 0.76 % %
Hp- cyclowollastonite-CaSiO3 815.9 — 57,803.0 —» 2000.0 3.46 % — 2000.0 3.46 % — 1.41 [50]
Ha73.15 1488.9 141,370.0 1.41 % %
Hr- cyclowollastonite-CaSiO3 1102.3 — 92,588.0 — 2000.0 1.72% — 2000.0 1.72% — 1.13 [49]
Ha73.15 1806.5 188,830.0 1.13 % %
AH CaO + a-quartz-SiOp — 970.0 —83,345.28 1297.04 1.56 % 1297.04 1.56 % [51]
cyclowollastonite-CaSiO3
AH lime-CaO + alpha quartz-SiOy — 298.15 —81,922.72 1589.92 1.94 % 1589.92 1.94 % [43]
cyclowollastonite-CaSiO3
AG 0.5 rankinite-CagSizO7 — 0.5 CaO + 943.15 — 80,082.83 — 1157.82 1.43 % — 57,891.2 71.26 % — [471%
cyclowollastonite-CaSiO3 1003.15 81,240.65 1.44 % 71.77 %
Tiransition cyclowollastonite-CaSiO3 — 1398.0 - 10.0K - - - [38]

wollastonite-CaSiO3

4 These measurements were not fit and are only reported for comparison, their fitted uncertainty refers to the uncertainty to ensure the measurement is 1 sigma from
the fit.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cemconres.2023.107309.
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