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ABSTRACT

The prediction of the likely future state of cementitious materials has been the focus of research
for many decades and has expanded to match the availability of computational power and of
codes and data. The field has traditionally been divided into two activities and even
communities; high and low temperature methods. By tradition, each community has favoured
its own models, codes and data but recent developments are leaving this boundary less distinct
than in the past. To compound this, is the wider adoption of methods complementary to
thermodynamics, which makes modelling high temperature cement chemistry an exciting area
in which to conduct research. What follows, is a very personal view of the major advances in
modelling cement chemistry at high temperatures, the needs and drivers to model development
and an equally personal speculation about areas of fruitful research and development in the
foreseeable future.
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INTRODUCTION

Why model the chemistry of cements? It is a reasonable question, especially if the questioner
is unfamiliar with these materials. We are concerned with mankind’s most abundantly
produced material; of huge strategic importance to human development and wellbeing. For the
provision of that basic human need of safe, affordable and secure accommodation, no other
material approaches concrete as a satisfying our needs. In terms of global development, the use
of this material continues to grow as the global population becomes increasingly more urban
and our infrastructure of roads, bridges, airports and harbours expands to match our growing
cities.
Our need to understand cement through modelling is fourfold:

e To predict the future evolution of cementitious materials long into the future

e To understand the mechanisms which control concrete durability

e To optimize the formulation of cements (especially for new formulations)
e To minimize the environmental impact of cement manufacture
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The last comment above, alludes to the enormous scale of cement manufacture. Globally,
demand has increased steadily over many years, approximately doubling between 2004 and
2014 to around 4,200 million metric tonnes per anum. Although cement manufacture is one of
the most clean and efficient manufacturing processes on earth, it operates on a larger scale than
all other manufactured materials combined. Taking Portland cement as an example, the
efficiency of Portland cement production has increased markedly over the last 30 years, such
that a modern cement kiln operates at only a little above the thermodynamic (theoretical)
minimum of ~2.8 GJ/ tonne of cement. Globally, the energy efficiency has continued to
increase as dry-process kilns (including staged preheaters and precalciners) replace wet-
process kilns and as more efficient grinding equipment is employed. Overall, the energy
‘intensity’ of clinker production was estimated at 3.4 GJ/t on average in 2017. This is a
remarkable manufacturing success and greatly exceeds that of steel, glass, pharmaceuticals, or
plastics and generates almost no solid or liquid waste. It does however, liberate carbon dioxide
both from fossil fuel use and decarbonating limestone in the kiln. Cement is made of a vast
scale (4.1 Gt in 2018 - USGS) so its production contributes over 5% of anthropogenic CO-.
Indirect emissions from burning fossil fuels to heat the kiln can be reduced by burning
alternative fuels, including natural gas, biomass and waste-derived fuels such as tyres, sewage
sludge and municipal solid wastes. These less carbon-intensive fuels might reduce overall
carbon emissions by 18-24 percent from 2006 levels by 2050 but efficiency gains in cement
production are incremental and yield diminishing returns.

Practically, the greatest saving is to be made through reducing the amount of cement clinker
used in concrete production. Numerous supplementary cementitious materials (SCMs) exist
and some have been in use for many years, whilst new materials are developed regularly
(Scrivener 2017) Through the use of blended cements we have a range of Portland-SCM
binders, some of which offer strength or durability advantages over Portland cement concrete.
Focus in recent years has turned to non-Portland cement binders, such as Magnesia Cements,
Celitement, Alinite Cement, Calcium sulphoaluminate systems, and Alkali Activated Systems
/ Geopolymers and each has a role to play in the future of construction. The practicality of such
alternatives must be assessed at many levels; the fiscal and environmental impact must be
balanced against the long-term security of supply and performance of the materials in service.
The environmental case is summarized in a recent Chatham House report . A detailed
understanding of the materials chemistry of these systems allows informed decision making
throughout the expected service life. In addition to modelling the energetics and chemistry of
cement and concrete production, modelling their behaviour in service, allows an increased
understanding of the chemical constraints on durability and the maximizing of practical service
life.

Modelling

The preceding text outlines the drivers for model development and it is important next, to
consider developments in the fundamental discipline. Prior to widespread computer use,
modelling was a relatively modest activity, applying equations which relate compositional data
and perhaps the most widely known example is the Bogue equation of 1929. Bogue related the
major oxides of Portland cement (CaO, SiO, Al.O3, Fe>03, SO3 K20 and Na20) through a



direct, mass-balance calculation to the four dominant clinker minerals in the system (C.S, CsS,
C3A and C4AF — where C = Ca0, S = SiO, etc.). Whilst the approach has obvious appeal, it
disregards solid solutions and consequently underestimates C3S. Over the subsequent 90 years,
this simple model has been widely adopted, despite its limitations (Gutteridge 1984, Stutzman,
2008) has been modified and enhanced (Taylor 1989) and remains in use today.

High Temperature Thermodynamics

Extending this approach to consider the evolution of the bulk composition of the raw meal to
the phase assemblage of the final clinker, requires more a sophisticated approach than that
above and numerous authors have reported work with a range of codes and data used to predict
high temperature reactions of cements. Space precludes discussion of the earliest work, yet
certain landmark papers illustrate recent developments and key limitations. Damidot et at.
(2014) present a comprehensive review of the field and document important early works.

The phase assemblage of Portland cement clinker was examined by Barry and Glasser who
used MTDATA and the NPL/MIRO Oxide data ‘MTOX’ to simulate reactions in the CaO-
SiO2-Alx03-Fe203 system, cooling from 1450°C to solidification. This work predicted the
phase relationships in the clinker at specific temperatures and followed the reaction path
during solidification, considering the effect of latent heat on reaction kinetics. They initially
simulated each reaction step at thermodynamic equilibrium and compared this with Sheil
cooling. This is a disequilibrium approach which applies equilibrium calculations with some
constraints, such that once a component has partitioned from the liquid to the solid phase, it is
prevented from undergoing further reaction. This is an important method in studies of
solidification and applies the Scheil-Gulliver equation (Gulliver 1942, Scheil 1913) and four
key assumptions: (i) No diffusion occurs in solid phases once they are formed (ii) Infinitely
fast diffusion occurs in the liquid at all temperatures by virtue of a high diffusion coefficient,
thermal convection, Marangoni convection, etc. (iii) Equilibrium exists at the solid-liquid
interface, and so (iv) Compositions from the phase diagram are valid. The study made direct
comparison between the two models and the Bogue calculation and the authors concluded
that the Scheil approach is the most realistic.

Table 1. The fractional amounts of phases calculated to form as a result of Scheil cooling of a
clinker (CaO 69, Fe203 3-6, Al.035.4, SiO2 22) from 1450°C to 1280°C compared with those
calculated for equilibration at 1327°C and with the Bogue calculation. After Barry and Glasser

(2000).
Phase CsS CoS CsA Ferrite CA C2A7
Equilibrium cooled 0.7206 0.0871 0.0867 0.1056 0.003  0.0087
Scheil cooled 0.7558 0.0606 0.0482 0.1266 0.003  0.0087
Bogue calculation 0.7105 0.0945 0.0854 0.1096 0.003  0.0087

A similar approach was used by Ghanbari Ahari et al. (2004) who extended the system to
include MgO, K20 and Na2O over a wider temperatuire range: 700 to 1700°C. They compared
two codes: MTDATA and FactSage which employed different thermodynamic databases.
Although the findings are very similar between the two codes (i.e. the numerical model) and to



the work of Barry and Glasser, this paper illustrates the importance of on the choice of
stoichiometric or solution compounds (the conceptual model) and of critically assessed and
internally consistent data.

Recent work by Hokfors et al. (2015) follows a similar approach using FactSage but on a more
complex system chemistry. The major elements considered were Ca, Si, Al, Fe and Mg, along
with minor components K, Na, S, P, Cl, Zn and Ti, and gas-phase reactions were considered
including O, C, Hand N present both in the solid oxides and kiln atmosphere. These researchers
gave particular attention to the subsolidus reactions in the ternary sub-system silicon dioxide—
calcium oxide—phosphorus pentoxide (SiO2 —CaO-P20s). The calculations explain clearly the
role of phosphorus in stabilizing belite in the clinker. Figure 1 compares the equilibrium-cooled
predictions with those invoking Sheil cooling:
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Figure 1. Left: Mass of each major phase in chemical equilibrium as a function of temperature
Right: Scheil cooling of cement clinker (only major phases are included); cooling rate was
10°C per calculation step. After Hokfors et al. (2015)

The interactions between the solid, liquid and gas phases at high temperature are illustrated
well in a suite of related papers exploring ternesite and ye’elemite stability. Hanein et al. (2017)
report the synthesis of ternesite Cas(Si04)2S0;s its characterisation and their derivation of the
thermodynamic properties used in the simulations.

The thermodynamic stability of ternesite was calculated as a function of temperature and SO
partial pressures as shown in Figure 2 where the oxygen partial pressures are fixed at 21% v/v
(similar to air) and 2% v/v (similar to that in a conventional cement kiln) respectively. These
calculations were established by assuming that the volume of gases is much larger than that of
the solids (i.e., SOz and O are available in excess.

Amount of Ca;Si04(s): g
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Figure 2. Ternesite stability as a function of temperature and SO- partial pressures at constant
oxygen partial pressure of 21% v/v (atmospheric conditions, above) and 2% v/v (kiln
conditions, below) Ternesite is stable in the clear area. Triangles indicate where ternesite was
formed in the experiments, whilst crosses mark where it did not. After Hanein et al. (2017).

The authors note “It is uncommon in cement chemistry to find phases whose stability is
influenced by the fugacity of gaseous species within the normal temperature range of the
clinkering process but calcite, ye'elimite, anhydrite, spurrite, and ternesite are notable
exceptions along with the well-known alkali sulfate vapour/gas/solid cycle. In our
thermodynamic calculations, ternesite is found to have an upper limit stability temperature of
~1290 °C above which, ternesite will decompose at 1 atm pressure regardless of the
atmospheric conditions; this is in agreement with the literature. However, this temperature is
not fixed: it is a conditional upper limit dependent on the gas fugacity”.

This is an elegant use of thermodynamic modelling to delineate the pressure-temperate-
chemistry conditions under which a cement mineral is likely to be stable.



Limitations and Future Trends

In concluding this discussion, it may be useful to consider the current limitations on high
temperature modelling and to speculate where the next developments will lie. Certainly, one
limitation is in the lack of a widely accepted, critically assessed and internally consistent
database for high temperature phases in cements. Many researchers working in the field
maintain (and often share) their in-house data, refining it as new determinations are made and
reporting it through publication. In parallel there are several commercial databases available
for use with specific codes, a number of which are of extremely high quality, yet are not
publically available. The reason for this is quite simple: some are the product of many years
work and have been sponsored by a large number of investors who naturally, wish to maintain
their technical lead over commercial competitors. Although the data are published and
referenced, the database as a product is only available to its subscribers. The quality control of
such products is generally very high, their producers adhering to strict CALPHAD methods
and contributing to the international group on thermochemistry, SGTE. The history of one
long-running project in oxide data (including cements) is reported by Gisby et al. (2017). In
the field of low temperature thermodynamics, there have been numerous international projects
intended to harmonise and assess thermochemical data for use in environmental protection,
especially in geochemistry for nuclear waste studies. The EU CHEMVAL programme is one
example, which united national regulatory agencies with nuclear operators and the obvious
driver of public safety gave momentum to such widespread collaboration. One consequence of
this was the need to examine the near field chemistry of waste repositories and this gave the
initial impetus to cement chemistry modelling and database development. As yet, there is not
the same drive to provide a similar vehicle for collaboration in high temperature modelling,
although the climate change agenda may add some force in the future.

Looking forward, there is a very pleasing trend in materials modelling, where co-operation and
exchange of ideas between disciplines is increasingly common. Only a decade ago, there was
little interaction between thermodynamic modellers and workers in quantum mechanical
methods, yet latterly, the two are developing synergistically. The prediction of thermodynamic
properties from atomistic simulation though not widespread, is gaining momentum. A recent
example by Pisch and Pasturel (2019) uses density functional theory to predict the heat of
formation of ye’elemite. Atomistic simulation using DFT methods is more widely applied in
structural chemistry and Tao et.al (2019) have used the approach successfully to examine zinc
partitioning between clinker minerals in the cement kiln.

Phase field methods bridge the world of structural modelling and chemical kinetics and the
approach is attracting the attention of the cements research community. In essence, the method
concerns the prediction of boundary evolution between spatial domains and an example
relevant to cement science would be melillite-merwinite dendrite formation in slag glasses.
Work by Heuens et al.(2011) is tantalisingly close to the system chemistry of cements and it
seems inevitable that the methods will be applied to cementitious materials in the very near
future. For an introduction to the field, Provatas and Elder have made their book available on
the McGill server and Moelans et al (2008) gives a thorough overview.



Finally, it probably does not need to be said, that the future of high temperature
thermodynamics is likely to evolve quickly, with contributions from related fields in structural
modelling, chemical kinetics and from coupled methods, such as chemical-transport and heat-
flow models. It is almost inevitable that the research community will adopt a common
thermodynamic database, probably through the offices of an existing consortium (SGTE?
NIST? MIST?) or some consortium thereof. The interest of the cement producers is strong and
the drivers are well-defined. High temperature thermodynamics has a bright future.
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