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Abstract

The methods used in this thesis work were a combination of computational and
modeling based laboratory experiments.

Thermodynamic process modeling of the cement clinker process offers a tool
for evaluating how changes in raw materials and process parameters affect the
clinker quality. Work with finding suitable replacement raw materials involves
investigating the chemical compatibility of potential alternative materials. Such
replacement materials may be metallurgical slags, although there are some
unsolved issues with the quantities of certain metals and particularly Mg in
these materials.

For predicting the formation of clinker mineral phases, cooling calculations are
used in order to reproduce the temperature history in the full scale process. A
chemistry model including a solid solution phase based on C,S and phosphate
was developed along with the recommendation for continued work on clinker
phases with solid solutions to include MgO. A thermodynamic database for
phase chemistry calculations of clinkering reactions was created and evaluated.
Suitable compounds and solution species were selected from the
thermochemical database included in FactSage software. The extent and quality
of the required thermodynamic data via available databases is generally
satisfactory, except for certain properties of some of the main clinker phases.
One example is the lack of a thermodynamic model for the alite solid solution.
That is, the composition of the phase available in the database representing alite
does not contain the minor elements Al, Fe and Mg. Therefore, it is difficult to
predict the quantity and distribution of Mg in the clinker, with varying total
content of MgO. Thus, one of the goals/objectives was to improve the
thermodynamic model of alite as a solid solution of 3CaO-SiO,-xAl,O3-yFe;0s-
zMgO. To achieve this, it was assumed that a mix of compounds with adjusted
Henrian coefficients representing the solid solution clinker phase alite was in
equilibrium with the clinker melt.

The distribution of MgO was studied in synthetic clinker compositions with
guantities ranging from 0.5 to 10 wt-%. Synthetic clinker mixes were heated to
1450°C and studied with Rietveld refinements of X-ray diffraction data and
SEM-EDS analysis. In addition, the mechanisms of how slag and lime particles
react facilitating the diffusion of MgO into the developing clinker melt and the
formation of incipient belite were studied.

The calculated results provide a good prediction of the quantities and
composition of the clinker phases formed during heating and non-equilibrium



cooling. The solubility of MgO in the clinker and the quantity of periclase
formed is in fair agreement with published data. Thus, this thesis work shows
that using a mix of compounds with adjusted activities in alite together with
available standard thermodynamic data and the Scheil cooling method had good
potential for evaluating alternative raw materials.

Also, the work has identified weak points in the process modeling and suggest
improvements to be made in future research work.



Abbreviations and mineral names

Abbreviation

AR Alumina ratio
CFD Computational Fluid Dynamics
DFT Density-functional theory
DTA Differential Thermal Analysis
DRTG Dynamic rate thermogravimetric method
LSF Lime saturation factor
OPC Ordinary Portland Cement
RQXRD Rietveld Quantitative X-ray diffraction method
SEM and EDS Scanning electron microscopy combined with energy-dispersive X-ray spectroscopy
SR Silica ratio
TGA Thermogravimetric Analysis
Mineral Name Mineral Name
CsS Alite Ci2A7 Mayenite
C3S(ss) Alite solid solution (Ca,Na)2(Mg,Al)(Si,07) Melilite
CsA Aluminate CazMg(SiOs), Merwinite
C3A(ss) Aluminate solid CaMgSiO4 Monticellite
solution
CaSO0, Anhydrite KAI,(AISiz010)(F,OH);  Muscovite
K3Na(SO,), Aphthitalite MgO Periclase
K>SO, Arcanite MgO(ss) Periclase solid solution
B-C,S(ss) B-Belite solid Ca(TiOs) Perovskite
solution
C,S Belite CazoMgsAl6SizOgs Pleochrite
C,S(ss) Belite solid solution
CaCOs Calcite Ca(OH), Portlandite
CaAl,04 Calcium aluminate SiO; Quartz
CoF(ss) Calcium ferrite solid CasSiOy Rankinite
solution
K2Ca,(SO04)3 Calcium langbeinite CsMA; Spinel
CaMg(COs), Dolomite CasAl,0q Synthetic composition
C.AF Ferrite CagFe,0q Synthetic composition
Ca,Al(AISIO;)  Gehlenite MgsSiOs Synthetic composition
CaO Lime CaSiOs Wollastonite
CaO(ss) Lime solid solution FeO Wistite
Fes04 Magnetite (Spinel) Ca;Mg(Si,0v) Akermanite
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Sammanfattning pa svenska

Metoderna som anvéndes i detta arbete var en kombination av berdknings- och
laboratorie-experimentell modellering.

Termodynamisk modellering av klinkerprocessen ger ett verktyg for utvardering
av hur ramaterial och processparametrar forandringar paverkar klinkerkvalité.
Arbete med att hitta lampliga alternativa ravaror som ersattare for kalksten
innebdr att undersdka den kemiska kompatibiliteten hos tilltdnkta material.
Lampliga material kan vara metallurgisk slagg, a&ven om det férekommer
varierande mangder av MgO och vissa metalloxider i materialen.

For att modellera klinkermineral bildningen har kylningsberdkningar gjorts for
att simulera tid- och temperatur-historiken i fullskaleprocessen. En kemisk
modell, med en fast l6sningsfas baserad pa fosfat i C,S utvecklades med en
rekommendation for fortsatt arbete med klinkerfaser som fasta I6sningar for att
inkludera MgO. En termodynamisk databas for berékningar av
klinkerreaktioner skapades och utvarderades. Lampliga oxidfaser och fasta
I6sningsfaser valdes fran den termokemiska databasen som ingar i FactSage
programvaran. Omfattningen och kvaliteten pa de termodynamiska data som
kravs i befintliga databaser ar acceptabel, med undantag for huvudfaserna i
klinker. Ett exempel &r en termodynamisk modell for alit som en fast 1dsning
saknas. Sammanséttningen av hatrurite fasen som finns tillganglig i databasen
som representerar alit innehaller inte elementen Al, Fe och Mg. Déarfor ar det
svart att modellera mangden och fordelningen av Mg i klinker med varierande
innehall av total MgO. Foljaktligen var ett av malen att forbattra den
termodynamiska modellen av alit som en fast 16sning av 3Ca0O-SiOz-xAl,Os-
yFe,03-zMgO. For att astadkomma detta togs en blandning av féreningar med
justerade Henrian-koefficienter fram som en modell av klinkerfasen alit i
jamvikt med klinkersmaltan.

Fordelningen av MgO mangder fran 0.5 till 10 vikt-% i syntetiska klinkerprover
undersoktes. De syntetiska blandningarna hettades upp till 1450°C och
undersoktes med Rietveld forfining av rontgendiffraktionsdata och SEM-EDS
analys. Dessutom studerades reaktionerna mellan kalkpartiklar och slagg som
underléattar diffusionen av MgO i klinkersmaltan och initial bildning av belit.

De berédknade resultaten ger en bra uppskattning av kvantiteterna och
sammanséttningen av klinkerfaserna som bildas under uppvarmning och icke-
jamviktskylning. Losligheten av MgO i klinkern och mangden periklas som
bildas visar god dverensstimmelse med publicerade data.
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Detta arbete visar att anvandning av modellen for klinkerfasen alit tillsammans
med tillgdngliga termodynamiska data i Scheilkylningsmetoden har god
potential for att utvardera anvandningen av alternativa ramaterial.

Arbetet har ocksa identifierat svaga punkter i processmodelleringen och foreslar
forbattringar for framtida forskning.
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Thesis structure

This work is presented in six chapters. Chapter 1 introduces the work and
covers the background and objectives. Chapter 2 outlines the current published
trends and development toward sustainability, a general literature review of Mg
and periclase in raw materials, clinker formation, process modeling and a focus
on the properties of the alite phase in clinker. The materials and methods used
in the study are described in chapter 3.

In chapter 4 the results of the work on predictive chemistry, process modeling,
and raw material reactions are presented. Improvements in modeling the
formation of clinker solid solution phases using thermodynamic calculations

are described. A proposed model of alite as a dilute solution of Mg, Al and Fe in
CasSiO:s is presented and its impact on phase prediction results is studied.
Experiments with slag and lime particles focused on the diffusion of Mg and the
effect of 10 wt-% MgO on the clinker microstructure are described. This
chapter also includes industrial experiences on replacing limestone with slag as
a raw material. The abilities and possibilities with thermodynamic modeling of
MgO distribution are discussed in chapter 5 with regard to further development
of the model. Lastly in chapter 6, conclusions and suggestions for further work
are given. The process and workflow during the course of the thesis is shown in
Figure i.

In publications | — Il a thorough study of equilibrium modeling of several full
scale processes was done. The results served as a basis for the succeeding
experimental and theoretical work in this thesis.

In publication I a tool was developed that enables prediction of the chemistry in
cement production with thermodynamic phase equilibrium calculations.
Reactions in gas, solid and liquid phases were calculated. The chemistry model
demonstrated good agreement especially on material chemistry at various places
in the process and on composition of the clinker. A new reliable way to define
fuels was used. It was recommended in future work the model be improved with
added elements to the thermodynamic database. In publication Il a
thermodynamic process model was used to evaluate full oxy-fuel combustion
circulation of 20 — 80 % of flue gases to the burn zone of a rotary kiln. Some
benefits of oxy-fuel combustion were clearly demonstrated.

The published work on predictive chemistry models described in publications |

and Il are useful tools for predicting the chemistry of gas and clinker phase
formation in the cement process. The phase compositions of clinker
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demonstrated relatively good agreement with alite, aluminate and ferrite
compositions.

In publication 111 the chemistry model includes a solid solution phase based on
C,S and phosphate with the recommendation for continued work on clinker
phases with solid solutions to include MgO. A tool was developed for
predicting the chemistry of the product as well as the chemistry during heating
when producing Portland cement clinker. Results from the Scheil method
provided a good prediction of the alite, belite and aluminoferrite phase
guantities formed during heating and non-equilibrium cooling. It was
recommended that the thermodynamic data for a solution phase of alite with
substituting ions of primarily magnesium oxide and phosphorus pentoxide
would improve predictability.

In publication IV the replacement of natural limestones with slags from the steel
industry as raw material for OPC clinker manufacturing was studied. This
study established the chemical and mineralogical aspects of replacing a portion
of the limestone with slags. Of interest was how the materials reacted during the
formation of the melt phase and the formation of solution phases containing
MgO. The results showed that the formation of clinker minerals was strongly
influenced by the type and quantity of slag. A recommendation was given for
careful selection of both composition and quantity of metallurgical slags for
natural limestone replacement in order to maintain clinker quality.

In publication V it was demonstrated that lime, sand, and clay particles react
below 1050°C before slag particle reactions occur prior to completed
calcination of the raw meal. The effect of replacing limestone with 10 % slag on
the formation of belite and precursors of the clinker liquid was quantified using
thermogravimetry, X-ray diffraction and equilibrium calculations. The results
showed that slags were favored over sand in the raw mix, resulting in lower
quantities of quartz and C.S in the clinker samples. The effect of using slags to
reduce the carbonate content in a raw mix on the quantities of incipient C.S was
negative. The multi-component equilibrium calculation results supported
established phase formation sequences and the potential solids solutions offered
with the database was a valuable asset. More detailed knowledge was
recommended regarding how slags contribute to the formation of intermediary
compounds in the solid phase at temperatures over 1050°C and how CsS
formation is affected.

In publication VI the work to develop a stable solid solution phase C3S for alite

using thermodynamic databases is described. This C3S phase is utilized in the
Scheil cooling calculations for modeling clinker cooling from 1450°C. It

Xii



involves the melt in equilibrium with alite, belite, excess lime, excess periclase
and salt melt.

The results showed that using thermochemical software and database solutions
to simulate Portland clinker compositions with Scheil calculation starting at
1450°C can be in agreement with analyses of corresponding industrial and
experimental compositions with Rietveld QXRD (RQXRD) methods. The
combination of database solution models affected phase stability and the ability
to predict clinker compositions. It was demonstrated with equilibrium
calculations at 2000°C that the activity of the CaO(ss) phase suppresses the
stability of the stoichiometric C3S phase when using the FToxid database. In
contrast, using the Gtox database CsS is stable in the temperature range 2000°C
—1285°C, i.e., 75°C below the solidus temperature.

R e bblcatlon ¥ ] :
Bublicaticns LIl and 11 Gt on b, Chapter 4.12 Chapter 4.15 Chapter 4.1.6
DONe omparison of £ IoxiCand Lol hejite solid solution  |——]  Predicting distribution of |——| Predicting clinker phase
models Gt thermodypamly, hase C;S(ss) Mg in MeO phases compositions
databases Fise & i MeO phs "
) Thesis
Research idea Modeling the influence of
Thermodynamic modeling magnesium from
of Mg in OPC clinker alternative raw materials
replacing limestone with on the chemistry of
slags as raw material Portland Cement
Publication V. Chapter 4.2.2 Chapter 4.2.4
Early formation of belite ——{ ~ Slag and limestone Mg~ ——>| Synthetic clinkers 0-10 wi-
in cement clinker transport reactions % MgO

Figure i. A diagram illustrating the context and thesis workflow from research
idea, results and final thesis.
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1 Introduction

The work can be seen as a collection of results from studies of selected parts of
the cement clinker manufacturing process, and a story of how some raw
material sustainability challenges are addressed. Cement manufacturing is a
national industry vital for infrastructure. In order for continued improvements
and decreased use of natural limestone changes in raw materials needed to be
implemented.

For this, new knowledge and tools are needed regarding replacing non-
renewable limestones with slags as raw materials. The tool is utilizing
thermochemical software along with thermodynamic chemical data to calculate
useful information. The proposed chemical model is not a black-box. Instead, it
is transparent, flexible and can be adapted.

The improved chemical model describes the formation of clinker phases in the
burning and cooling zones of the kiln. A complete chemical description of an
entire cement plant can be found elsewhere.

1.1 Background

Concrete is used for building the infrastructure in society and Ordinary Portland
Cement (OPC) is a crucial ingredient in concrete. It acts as a binder and consists
of cement clinker, gypsum, and mineral additives. Clinker raw materials consist
of limestones, clays and sands that are heated to 1450°C in a rotary kiln during
cement manufacture. The main sources of CO, emissions from cement
manufacturing are fuels and limestone. The industry is running out of natural
limestone sources due to limited availability of land and permits for new
quarries.

As a consequence, other calcium rich materials need to be tested as
replacements in the efforts towards minimizing CO; emissions. These are
dolomitic limestones high in magnesium carbonate or metallurgical slags, both
available as suitable replacement materials. In fact, the calcium in metallurgical
slags originates from natural quarries. A reuse of it in clinker production would
significantly contribute to reduce limestone quarrying and another step forward
towards a circular use of materials for the development of sustainable clinker
production.

Producing OPC clinker with mixtures of materials to replace limestones with
metallurgical slags rich in Mg has not been fully investigated. There is a lack of



knowledge about Mg in slags and the factors affecting its occurrence in OPC
clinker. From a chemical perspective the use of metallurgical slags is possible
as the oxide content is compatible with clinker compositions.

OPC clinker consists of the four major phases tricalcium silicate (alite),
dicalcium silicate (belite), tricalcium aluminate (aluminate), and tetracalcium
aluminoferrite (ferrite). Clinker may consist of 70 — 80 wt-% alite. The phase is
important in providing concrete strengths. In addition, alkali sulphates, chloride
and uncombined CaO compounds can be found in minor quantities. The Mg in
OPC clinker can be found as periclase and in solid solutions with the major
phases. Both forms of Mg affect the properties of OPC and the resulting cement
hydration products. The solid solutions exhibit no or insignificant volume
expansion while Mg as periclase has an expansion of 120 % as the periclase
crystal hydrates very slowly as brucite. It may take 20 years or more before the
hydration is near completion. Such large expansion induces fatal concrete
damage which is why the content of periclase in OPC clinker is strictly
controlled. According to specifications in standards, the quantity of total MgO
acceptable in OPC clinker is 5 wt-%. It is then assumed that ca 2 wt-% is
incorporated in the clinker minerals and ca 3 wt-% potentially forms periclase.
The expansion risks in concrete from the hydration of ca 3 wt-% periclase is
considered tolerable.

More detailed work is needed in order to better understand how to utilize the
Mg-rich slags to replace natural limestones. One aspect is to model the
influence of Mg on the phase compositions using chemical thermodynamics. It
is assumed that Mg forms substitutional solid solutions with OPC clinker
phases. What is the solid solubility of Mg? Is it possible to increase the
solubility when more MgO enters the clinker or are there other possible
chemical phases which could absorb a part of the magnesium?

The answers to these fundamental questions are essential to better utilize Mg-
rich slags as raw materials. Costly time-consuming full-scale testing can be
done to verify changes when optimizing cooling and slag content. To minimize
time and costs a calculation tool is needed to simulate clinker composition and
to predict the allocation of Mg in solid solutions as well as the quantity of
excess periclase that can form.

1.2 Aim, goals and objectives

The aim of this study is to understand the chemistry of clinker formation when
replacing limestones with Mg-rich slags as raw materials.



The goal is to explore possibilities to extend the MgO content to 10 wt-% in
clinker compositions and the solid solubility of Mg when utilizing equilibrium
calculations and laboratory material studies.

The objectives are:

e Build a thermodynamic process model based on equilibrium
calculations by minimization of the total Gibbs energy.

e Develop a thermodynamic model of alite as a solid solution in the
system CaO-SiO,-Al,0s-Fe;03-MgO.

e Utilize Scheil cooling calculations using FactSage 7.3 software and
databases FToxid and Gtox.

e Utilize cooling calculations to investigate the effect on clinker mineral
phase formation, transformation, and the distribution of Mg and P in
solid solutions.

e Investigate if excess Mg forms minerals other than periclase in clinker.

e Study burnability and periclase formation with slag as a raw meal
component.

e Study the formation of incipient belite with slag as a raw meal
component.

e Study the diffusion of Mg when slag and calcined limestone interact at
melting temperatures.

e Study the distribution of Mg in clinker phases from full-scale trials with
slag as a raw meal component.



2 Literature and theory

This section describes the process forming clinker phase minerals from heated
raw materials. With the chemical and physical processes as the background,
melt and alite phase formation at 1450°C and the influence of cooling on the
microstructure are described. This is done in order to highlight issues associated
with thermodynamic modeling to predict the resulting clinker phase
compositions as solid solutions. The most recent and relevant literature sources
are used.

2.1 Mineral names and oxide content

Portland cement clinker consists of the four main compounds alite, belite,
aluminate and ferrite. The minor compounds periclase, lime and various
combinations of sodium, potassium and calcium with sulfate and chloride may
be a part of clinker. The chemical content is usually expressed in the oxide
form, the major oxides being CaO, SiO,, Al,Os, Fe;Oz and MgO. Minor oxides
are K20, Na;0O, SOz and in addition some metals in trace quantities. The
minerals formed after cooling are customarily referred to by abbreviated
notation and mineral names. See Table 1.

Defined in SS-EN 197-1:2011 [1], at least two-thirds of the clinker must by
weight consist of the calcium silicates CasSiOs and Ca,SiOs. Compounds
containing Al and Fe, Mg and others make up the rest. The weight ratio
Ca0/SiO; cannot be less than 2. The quantities of Mg as total MgO cannot
exceed 5 wt-% and quantities of K,O, Na;O and SOs are defined by market
demands.

An important quality parameter of clinker is the mineral phase composition. A
potential composition can be assessed by applying the Bogue calculation
method based on chemical analysis [2]. This method assumes that the final
phase compositions correspond to the oxide combinations CsS, C.S, C;A and
C4AF. In reality all phases are solid solutions with varying content. Thus, the
Bogue calculations provide only an approximate prediction. To assess phase
compositions SEM-EDS microscopy is utilized. For determining clinker phase
distributions, the RQXRD* method is used. The properties of main and minor
clinker phases are summarized in this section [3-6].

L A common powder X-ray diffraction (XRD) refinement technique used today based on the method proposed
in the 1960s by Hugo Rietveld.



Table 1. Clinker mineral names and notation. Formulas used are idealized
stoichiometric forms. In reality the phases are solid solutions with variable
composition.

Clinker mineral name Oxide Formula
Alite 3Ca0-SiO; CasSiOs
Belite 2Ca0-Sio; CaySi0Oy
Aluminate 3Ca0-Al;0s CazAl,06
Ferrite 4Ca0-Al,03-Fe;,0; CasAlFe;0q0
Lime Ca0o CaOo
Periclase MgO MgO

Quartz SiO; SiO;

2.1.1 Tricalcium silicate - alite

Tricalcium silicate (C3S) is an orthosilicate consisting of Ca?*, SiO‘Z" tetrahedra
and O% ions. Three triclinic phase modifications exist T1 < 620°C, T2 620°C —
920°C, T3 920°C —980°C; three monoclinic forms M1 980°C — 990°C,

M2 990°C - 1060°C, M3 1060°C — 1070°C and one rhombohedral R > 1070°C

[71.

Pure CsS is stable in the CaO-SiO; system between 1250°C and 1800°C with
respect to dicalcium silicate (C2S) and CaO. In production, high temperature
forms known as alite are stabilized by ions forming solid solutions. These ions
are Mg?*, APF* and Fe** along with small quantities of alkalis and sulphate.
Forming solid solutions generally increase the quantity of alite at the cost of
C.S (belite). Alite in clinker is usually present as the monoclinic phases M1 and
M3. The influence of alite polymorphism on the mortar strength of cements
with laboratory-prepared clinkers with varying M1 and M3 phase content was
demonstrated by Stanek [8]. It was shown that the mortar strength of cements
with the M1 modification were 10 % higher. It has been pointed out by
Kurdowski [4] that this effect on hydraulic activity is mostly due to the crystal
structure defects in industrial clinkers. Alite is also named hatrurite after a
tricalcium silicate mineral found in nature.



2.1.2 Dicalcium silicate — belite

Dicalcium silicate (C>S) is also an orthosilicate. The pure form has four
monoclinic high temperature polymorphs a > 1425°C, a; 1160°C — 1425°C,
a1160°C — 680°C and B 680°C. A fifth, the low temperature y form is stable
below 500°C. The B-belite polymorph is predominant in production clinkers
forming solid solutions stabilized after cooling. In general, the ions that form
belite solid solutions are Mg?*, AI** and Fe®** and anions SO3~ and PO3". See
Figure 1.

2.1.3 Tricalcium aluminate — aluminate

The pure form of tricalcium aluminate (CsA) is cubic. In clinker it is called
aluminate with one known orthorhombic polymorph with Na* in solid solution.
Other ions reported in solution are Fe**, Mg, K* and Si** ions. See Figure 1.

2.1.4 Calcium aluminoferrite — ferrite

Ferrite is the collective name for a solid solution of CazFe;Os and CaAl0s in
the CaO-Al,0s-Fe,03 system with an orthorhombic structure. In clinker the
ferrite is mixed with aluminate and crystal intergrowth may occur due to similar
cell parameters. The MgO and Fe,O3 contents are related to clinker composition
and the content of SiO; is associated with MgO. The Al,Os/Fe;Os3 ratio depends
on the clinker composition [5, 9]. See Figure 1.

2.1.5 Minor compounds

In addition to the four major mineral phases, a clinker can contain several minor
phases. MgO can be held in solid solution and with MgO levels over 1.5 — 2
wt-% it can form periclase [10]. The major quantities of Na, K and S circulate
in the counter-current Kiln system. The oxidation of sulfur occurs between
300°C and 600°C in the preheater tower and the reaction mechanisms has been
reviewed by Cortada Mut [11]. In an atmosphere containing oxygen, pyrite
decomposes by oxidation or the thermal decomposition of pyrite to pyrrhotite
and sulfur, followed by oxidation to SO,. Minor quantities of iron sulfates may
also form during the oxidation of pyrite in SO gases at temperatures lower than
600°C — 650°C. They volatilize in the burning zone and condense in the cooler
regions of the kiln. The K and Na can have a significant preference for
combining with sulfur and a weak preference for forming solid solutions with
clinker phases. Depending on the relative proportions of alkali and sulphur in
the clinker combinations of arcanite (K2SQ.), aphthitalite (KsNa(SO.),),
calcium langbeinite (K2Ca2(SQOa)s) and anhydrite (CaSO.) can form after
cooling.



Figure 1. Optical reflected light microscopy of polished and etched cross-
sections of production clinker. Image 1 shows the blue alite crystals (A)
surrounded by dark grey aluminate (E) and light-grey ferrite (F) crystals
formed from the melt after cooling. Examples of minor phases exsolved during
cooling are indicated by the arrow. Image 2 shows the brown, blue alites (A)
highlighted with yellow dash lines and the grey belites (B) surrounded by ferrite
(F). The grey belite inclusions in alite are the result of rapid alite formation.
Photo plate 2: José Castillo Aguirre.

2.2 The clinker process

Portland cement clinker is manufactured in a modern rotary kiln usually
equipped with suspension preheating and a flash calciner. In the preheater stage,
the raw material is mixed and dried, and the calcining reactions are initiated.
After the preheater stage, the material enters a flash calciner. In the flash
calciner, the calcite decomposes, and carbon dioxide (COy) is driven off. After
the calciner the material enters the rotary kiln where clinkering i.e., the
formation of clinker involving high temperature chemical and physical
processes is initiated. Clinkering continuously progresses as the raw material
particles react during the heating and agitation. Clinker formation is completed
with rapid cooling from the maximum temperature in the cooler. See Figure 2.
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Figure 2. A schematic view of the clinker burning process. The raw materials
enter the top of the cyclone tower and passes through the flash calciner. The
calcined material enters the kiln and is heated to 1450°C in the burning zone
and exits after the cooler as clinker.

2.3 Clinkering and mineral phase formation

One focus of this work is to model the distribution of Mg in solid solutions
formed during cooling from 1450°C until the melt has solidified. In this
temperature range ca 25 wt-% melt is formed. The key role of the melt is to
facilitate alite formation and clinker quality. The concept of burnability is
illustrated below in section 2.4.5 where the physical model and the properties of
the melt and material diffusion are reviewed in terms of alite formation. These
simultaneous reactions as well as the physical changes taking place have been
extensively described in the literature and are briefly outlined in this section [3,
12, 13].



The key chemical reactions and physical changes leading to the formation of
melt and the main clinker phase alite during clinkering occur mainly in three
temperature intervals. The first covers changes occurring during heating up to
1300°C, the second with clinkering during heating from 1300°C to 1450°C, and
the third consists of reactions and phase changes during cooling from 1450°C to
ambient temperature.

2.4 Chemical reactions

2.4.1 Reactions below 1300°C.

The general reaction sequences in temperatures below 1300°C are dependent on
starting materials. They involve calcination of calcite and dolomite forming
lime, periclase, decomposition of clays and the release of CO; gas. Lime reacts
to some extent with decomposition products to form aluminates, ferrites and
with quartz to form incipient belite. A minor quantity of melt may be present at
this stage and can have a positive influence on the reactions.

2.4.2 Reactions at 1300° — 1450°C

In this temperature range, clinkering occurs as the material is heated. An oxide
melt is rapidly formed from the dissolution of aluminate, ferrite, periclase and
lime. Lime and quartz continue with increasing temperatures to react forming
additional belite. Sintering is initiated as the melt coats the particles that
coalesce to form nodules. The material is now a mix of lime-rich and silica-rich
particles separated by the melt. Alite is formed by diffusing Ca?* ions reacting
with belite as the material reaches the maximum temperature of 1450°C. The
Mg?* and other metal ions diffuse into the melt contributing to solid solutions
with alite and belite [27]. Alite formation is discussed in more detail in section
2.4.7. The minor oxides K,0, Na,O and SOs form a salt melt immiscible with
the oxide melt [14].

2.4.3 Reactions cooling from 1450°C

At 1450°C the alite, belite and melt are at near equilibrium in the clinker
nodules formed in the burning zone. The pre-cooling of the clinker is initiated
when the nodules pass under the burner pipe. At the end of the kiln, the material
passes into the cooler and the final clinker microstructure is defined. As the
clinker is rapidly cooled the alite is stabilized and transitions of belite
polymorphs take place. The oxide melt crystallizes forming the final forms of
aluminate, ferrite and periclase. Finally, alkali salts and sulfates crystallize from
the salt melt [12].



2.4.4 Free Lime

Free lime is defined as the CaO in clinker that has not reacted with the SiO,,
Al>O3 or Fe;O3 during the heating in the kiln. The reason free lime to be present
can be due to coarse raw material in the kiln feed or other factors in the process.
A small quantity of free lime in clinker is desirable and can be used as an
indicator of burning conditions in the kiln [15].

The burnability of a kiln raw feed is the ease at which the feed can be converted
into clinker in the kiln. It depends on many factors, physical as well as
chemical. Kiln feed mixes can be tested for burnability in the laboratory. The
simplest treatment is in a laboratory furnace capable of ramping temperatures
up to 1500°C. The feed sample is heated to three different temperatures. The
free lime content is determined, and the values are plotted to show improved
burnability as a function of temperature [16]. Usually, the burnability is
expressed by the content of free lime in the clinker after heating the raw kiln
feed sample at 1400°C for 30 minutes. The test indicates the required clinkering
temperature and resulting heat requirement of a given raw mix[17].

The reactivity of the raw mix depends on the solid particles, quantity and
composition of melt, the overall chemical composition and particle size
distribution of the mix. Expressions for relating burnability to physical and
chemical compositions by laboratory testing and correlating the uncombined
CaO with raw mix homogeneity and total chemistry, are described in the
literature [12, 13, 18, 19].

2.4.5 Coarse raw mix model

One description of the effect of coarser raw mix particles on clinker phase
inhomogeneity was described by Johansen in terms of phase equilibria [20].
Consider the CaO corner of the CaO-SiO,-Al,O3 system at 1500°C where the
phases Ca0O, CsS, C.S and C3A respectively, are in equilibrium with melt L.
See Figure 3.

In the two-phase field CaO+L, solid CaO is in equilibrium with the melt
between points C and D, in the field C3S+L CsS is in equilibrium with the melt
between B and C and in C,S+L C;S is in equilibrium with the melt between A
and B. In the 3-phase field C,S+C3S+L the equilibrium composition of the melt
is at point B, and in CaO+C3S+L the melt is at C. The clinker composition
considered could be represented by the point X in the C3S+C,S+L phase area.

The global system has an oxide composition with a lime saturation factor (LSF,
see section 3.2) of 100 along the line from CasSiOs to point C. Assuming an
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LSF over 100, the solid phases CaO and CsS are each in global equilibrium with
the melt at C.

If instead, the LSF of the composition is below 100, the solid phases CsS, C,S
and the melt at B are each in global equilibrium with no CaO present. Raw mix
particle inhomogeneity may form local areas of varying LSF. To clarify the
effects of this inhomogeneity on industrial clinker the dimensions of time,
temperature and particle reactions will be included in the following description
given by Johansen.

In a typical industrial raw meal with a composition at point X the quartz and
lime particles react initially forming belite at lower temperatures and finally, in
the presence of the melt, alite at higher temperatures. The raw mix may contain
inhomogeneities caused by coarse quartz and lime particles. When these
particles are larger, the reactions to form belite and alite may not have time to
go to completion in the kiln before cooling. They may instead form areas of
local equilibrium deviating from the global equilibrium.

Two examples of the effects of coarse quartz and lime particles were described
by Johansen:

o If the particles are quartz grains in the raw mix, regions of compositions
C,S+L are formed, C,S will be in equilibrium with a melt of
composition A-B. If the composition X outside this region is in
C,S+C3S+L, diffusion will occur through the liquid phase such that the
composition of the melt will change toward B. When the melt in the
C.S region reaches this composition, diffusion stops; during the process
only the liquid is altered, and the solid phase remains C,S. Therefore,
local large clusters of C,S results from the diffusion process, and a
uniform distribution of the clinker minerals cannot be obtained by
prolonged heat treatment. In fact, the C.S local clusters will increase in
size during the process.

e If the particles are CaO grains and if the composition X outside is
C,S+C3S+L, the diffusion of the components between the regions will
result in a reaction layer of a composition corresponding to regions
CaO+C3S+L and C3;S+L. Because of the concentration gradient in the
melt, only areas of composition in C3S+L will grow to a finite size.

The effects of coarse raw mix particle size distribution on clinker phase
homogeneity described by Johansen offers an understanding of burnability. This
knowledge is applicable when validating industrial clinker process modeling.
The thermodynamic process calculation does not contain the effects of time and
particle reactions kinetics and the results are expected to be in global
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equilibrium. A comparison of analyzed clinker phase results with model phase
results may give more insight into the extent of reactions when optimizing the
raw meal composition.

Sio,
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Figure 3. Isothermal section at 1500°C of the CaO corner in the CaO-Al,Os-
SiO; phase system. The clinker composition considered is in the C3S+C,S+L
area at point X. The two-phase composition area C,S+L is in equilibrium with
the melt between points A and B, composition area CsS+L is in equilibrium with
the melt between B and C and the CaO+L composition area is in equilibrium
with the melt between C and D. The 3-phase composition area C,S+C3S+L is in
equilibrium with the melt at point B and the composition CaO+C3S+L at point
C.

2.4.6 Clinker burning model

In the rotary kiln the formation of clinker involving high temperature chemical
and physical processes is initiated. As the clinkering continuously progresses
the raw material particles pass through a non-linear heating gradient reacting
during the heating and agitation. A laboratory study simulating the influence of
the heating gradients on clinker formation was described by Telschow [21]. The
samples were heated for 45 min from ca 900°C to 1540°C in a temperature
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profile divided into two parts. The first part of the sample heating was from ca
900°C to a specified switch temperature, and the second part from the switch
temperature to 1540°C. In the test series different heating profiles were
investigated by reducing the residence time of the sample in the first part and
increasing the residence time at the second part resulting in a non-linear
temperature profile.

In general, samples burned with prolonged residence times in the second part
resulted in higher CsS , lower C.S and CaO concentrations than samples burned
with the linear profile. In the case of switching at 1300°C, an increase in CsS
concentration was observed related to the longer residence time at temperatures
above 1300°C. The residence times above 1400°C resulted in further increase in
CsS and decrease of the C,S and unreacted CaO concentrations. A further
increase of the residence time above 1400°C from 25 min to 40 min resulted in
a significant reduction of the unreacted CaO concentration. Similar tendencies
were observed with 1450°C as the switch temperature.

The first beneficial effect of the non-linear temperature and time profiles
Telschow observed indicated that the material bed moves through an industrial
rotary kiln with a slower rate in the area of melt formation. With the switch
temperature of 1300°C the beneficial effects on clinker mineral formation were
limited indicating melt formation melt may be important for C3S formation at
temperatures over 1300°C. Telschow points out that the results show C3S
formation is initiated when the bed velocity slows down in the temperature
range of melt formation. As clinker formation reactions are controlled by CaO
diffusion through the melt clinker formation is accelerated at melt formation
temperatures.

A second beneficial effect Telschow observed was related to crystal growth.
Linear slow heating to temperatures below 1300°C — 1400°C, resulted in the
growth of C,S crystals. The reaction occurring at the interface between C,S and
diffusing CaO forms a CsS product layer. Further C3S formation follows by
diffusion of CaO through the new product layer towards C.S. As the formation
of C3S is completed parts of C,S remain as solid cores surrounded by CsS
layers. The size of the cores depend on the sizes of the C,S crystals prior to the
start of CsS formation. Full conversion of the C,S core to CsS occurs faster in
the case of smaller particles. In non-linear heating the C,S crystals grow less in
size compared to linear heating profiles, since higher temperatures are reached
earlier triggering the CsS formation.
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2.4.7 Melt formation, slags and Ca?* diffusion

As described above, melt formation starts in the sintering zone at approximately
1300°C. In the short time period of 10 minutes the melt forms as the aluminate,
ferrite and periclase dissolve. The material reaches 1450°C or more as it flows
further down in the kiln. At these temperatures clinkering reactions are
approaching equilibrium as the diffusing Ca*" ions from lime react with belite
forming alite [13].

Replacing limestones with slags has shown to provide the conditions for alite
formation [22-24]. At 1300°C the conditions provide for the rapid formation of
clinker melt [13] and the slag particles may start to react with the melt. Slag
melting behavior is complex. The ability for slag to react has been described in
terms of four characteristic temperatures. These are the initial deformation
temperature representing the surface stickiness, the softening temperature
symbolizing the plastic distortion, the hemispherical temperature indicating
sluggish flow and the flow temperature denoting liquid mobility. A total of
fourteen different slag compositions were studied [25]. The sluggish flow
temperatures were between 1266°C and 1363°C and the flow temperatures were
between 1330°C and 1423°C.

Depending on the iron and steel production process, various slag types can be
created, generally known as blast furnace (BF) slag and steel slag. Blast furnace
slag is made during the melting and reduction of iron ore in a blast furnace,
while steel slag is produced during the conversion of hot metal to crude steel or
during the melting of scrap in various kinds of furnaces [26]. Basic Oxygen
Furnace (BOF) slag is a major waste product generated during the steelmaking
process [27]. The addition of BOF slag has been shown to improve the melting
state and decrease the characteristic temperatures of belite sulphoaluminate
cement (CSA) clinkers at experimental temperature from the influence of Fe;Os,
MnO and MgO [28]. Ladle slags was shown to be a suitable raw materials for
producing belite-rich cement activated with sulphoaluminate [29].

These results suggest that with temperatures over 1200°C and constant agitation
in the burning zone slag and lime can react contributing to the rapid formation
of the melt. The high temperature melting behaviors of these materials in the
raw mix at clinkering temperatures may also contribute to the diffusion of Ca,
Mg, Al and Fe ions in the melt and forming solid solutions with alite and belite.
This allows for these alternative materials to be compatible with natural raw
materials.
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2.4.8 Alite crystal formation

As mentioned above, for the growth of alite crystals in the oxide melt to occur,
part of the lime and belite is initially dissolved in the melt between ca 1300°C
and 1450°C [30].

The continuous influx of Ca®* from the dissolution of lime into the melt creates
oversaturated conditions for alite crystallization. The diffusing Ca?* ions
determine the rate of alite formation by initiating alite nucleation on belite
crystal surfaces. With industrial clinker this is not a straightforward process as
the Mg?, AP** and Fe** ions contribute to lower melt viscosity. This enables
coating of raw meal particles with the melt and aiding the diffusion of Ca* in
the melt [31, 32].

The effects of oversaturation and SOz and MgO on the polymorphism of alite
was investigated by several authors. During clinkering rapid heating rate to
1600°C forms more melt and higher oversaturation that favors the rapid
formation and precipitation of smaller alite crystals. Clinkering at normal lower
temperatures forms melt with lower oversaturation that favors the slower
formation and precipitation of larger alite crystals [8].

Experimental studies demonstrated that the quantities of CsS and C,S were
linearly related to the SO3/MgO ratio. Adding SO delayed the formation of CsS
by raising the temperature of formation by approximately 100°C. MgO
enhanced the formation of CsS. In the clinker microstructure, MgO led to the
formation of small M3 alite crystals, while SO; favored the larger M1 crystals
[32, 33].

During normal production conditions the M1 alite phase starts forming at ca
1300°C, the temperature of melt formation. As the temperature increases to
1450°C the smaller alite crystals dissolve but recrystallize by way of Ostwald
ripening [27]. As Ca®" is depleted in the melt, alite growth ends and alites of a
given crystal size are in equilibrium with the melt and alite solid solution
compositions dominate [31]. On cooling, the re-crystallization forms M1
crystals overgrown with M3 crystals. The alite growth creates crystal lattice
imperfections, or zoning due to the varying supersaturation of Mg, Al, Fe where
the high-temperature M3 form contains less minor and trace elements [32, 34-
39].

Alite is thermally stable from clinkering temperatures down to 1250°C. In the
kiln under the flame, the clinker is at 1450°C. Passing under the burner pipe the
clinker is at ca 1350°C before entering the cooler. The cooling after that is
rapidly minimizing the time at 1250°C to avoid the decomposition of alite. The
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decomposition results in the nucleation of belite and lime on the surface of the
alite [40]. The decomposition is accelerated by Fe ions but is retarded by Al and
Mg in the alite solid solution [41].

2.5 MgO and minerals

2.5.1 Mg in raw materials

The distribution of Mg in the clinker depends to a certain extent on how it is
bound in the raw materials. For example, limestone consists mainly of calcite
with intermixed dolomite. Clays contain Mg bound in various minerals. On
heating limestone and clays, they decompose forming periclase. The periclase
can dissociate and contribute to melt formation at 1300°C [10, 42, 43].

The formation of periclase is dependent on the decomposition temperature. A
lower decomposition temperature gives a longer residence time at the higher
kiln temperatures. This was described as hard-burning rendering periclase
crystal surfaces less reactive to form the melt and other transitional compounds
[44]. See Table 2 for the decomposition temperatures of common Mg-minerals.

Table 2. Decomposition temperatures of Mg-minerals found in limestones [44].

Mineral Composition Temperature °C
Dolomite CaMg(COs)., 700 - 750
Ankerite Ca(Mg,Fe)2(COs), 700

Magnesite MgCOs; 660

Magnesia siderite (Fe,Mg)COs3 580

Brucite Mg(OH). 375-490

The Mg present in BOF and blast furnace slags is bound in the slag minerals
periclase, melilite, gehlenite, akermanite, monticellite, merwinite, bredigite,
anorthite, brownmillerite and spinel [45]. The release of MgO from these types
of materials depends essentially on the melting properties of slags.

2.5.2 MgO distribution in production clinker compositions

The composition of clinker minerals has been reviewed [4, 10, 46-48] and the
proportions of MgO present in other clinker phases than periclase as
substitutional solid solutions after cooling depends on several factors. To
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understand how MgO in the raw materials influence clinker composition, and
clinker mineral formation a description of the process and mineral formations is
needed.

According to Dreizler and Kndfel primary periclase may be present in the raw
material prior to heating or form on heating as minerals decompose. Periclase is
initially present at temperatures above 700°C when the dolomitic limestone raw
material dissociates. The MgO from dolomite and other minerals form the
primary periclase and the transient compounds monticellite, merwinite,
akermanite and magnesia spinel. As the temperature rises most of the primary
periclase and transients can dissolve in the melt at 1300°C — 1450°C. Slags can
start to gradually soften and melt in this temperature range, adding additional
primary periclase and MgO from slag minerals when reacting with the melt
[10].

On cooling, the dissolved MgO crystallizes from the melt as secondary
periclase. With slow cooling larger periclase crystals form completely from the
melt and with rapid cooling, smaller and dendritic periclase crystals form. In the
cooled clinker the periclase present is the sum of unreacted excess primary
periclase and the secondary periclase. Studies of the CaO — SiO, — Al,O3; —
Fe,03; — MgO system with 5 wt-% MgO show that periclase can form in clinker
after heating to equilibrium temperature and then cooled. Prior to cooling, the
MgO content in the melt increases with temperature as the solubility of MgO in
the melt is temperature dependent. With the melt formed at clinkering
temperature, MgO is incorporated in the clinker minerals as substitutional solid
solutions. At the clinkering temperature of 1450°C, the maximum uptake of
MgO by the minerals from the melt is 1.5 — 2.0 wt-% the remaining MgO
forming periclase after cooling. The periclase crystal sizes reported were 15 to
20 um [10].

The MgO content of the major clinker phases and the interstitial material
determined with EDS analysis (see section 3.1.1) display a wide range. The
oxide compositions shown in Appendix Table 32 are published data on
analyzed Portland cement clinkers sampled from various regions of the world.
The compositions may also include NazO, K20, SO; and trace quantities of
metals. The interstitial material is the sum of the phases formed from the melt
after cooling. This means any excess primary periclase and secondary periclase
present will influence the MgO content of the interstitial material.

In high-MgO Portland cements, the MgO content in the clinker is increased
above the SS-EN 197-1 concentration of 5 wt-%. Such cements are produced to
allow starting materials with high MgO contents, such as dolomitic limestone,
to be used. To obtain a cement with an acceptable performance even at these
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elevated MgO levels, one or a combination of several measures must be taken in
the production process [49].

In the burning of clinker high in MgO, the rate of cooling in the process must be
controlled as the number of periclase crystals increases. Faster cooling rates
reduce the average sizes of periclase crystals forming from the melt. In the
hydration of this cement the stresses from brucite are distributed and the
cracking due to large MgO crystals may be reduced. Some reduction of the size
of the formed periclase crystals may also be achieved by the finer grinding of
the raw meal.

Excessive expansion and crack formation of high-MgO cement may also be
reduced by grinding the high-MgO clinker together with fly ash as well as
gypsum. Less effective are some natural pozzolanic materials, limestone or
granulated blast furnace slag. The quantity of MgQO in clinker that may be
tolerated if the above measures are effectively applied may reach 12 wt%. This
makes it possible to utilize raw materials high in MgO that are not suitable for
conventional cement production [50].

2.5.3 Effect of temperature on Mg distribution in clinker

Controlling the calcination and burning conditions so that MgO forms transient
compounds or increasing the solubility of MgO clinker mineral phases reduces
the risk of periclase expansion in concrete. In publication V it was shown that
lime, sand, and clay particles react when the raw meal is calcined at 1050°C —
1350°C. Solid incipient CS and the intermediary CsA, C2F and C.AF form
along with transient compounds that bind Mg preventing periclase to form.

At approximately 1450°C — 1550°C the intermediary solids C3A, C.F and C,AF
along with transient compounds melt and the MgO content in alite increases
from 1.6 wt-% to 2.0 wt-% with increasing burning temperature. Nevertheless,
the upper limit of MgO solubility in clinker is maintained at about 2% [10, 47].
This low solubility is attributed to the bond order and length differences
between Mg—O and Si—O as well as between Mg—O and Al—O0. With
increasing total MgO quantities the large structural distortions and sharp
increments in C3S and C,S formation energies are responsible for the low
solubility [51]. Transient Mg compounds may form at lower temperatures
<1350°C and 5 wt-% MgO may essentially reduce the quantity of clinker
minerals and negatively affecting cement quality [47].

2.5.4 Simulated Mg substitutions

The preferences of Mg ions for substituting specific sites in the pure crystal
lattices can be explored by DFT simulations. In a C3S solid solution the
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substitutions modify the calculated lattice, crystallographic, mechanical and
electronic properties. Published data suggest that the impurities Al, Fe, and Mg
in the silicate lattice modifies charge localization and changing phase reactivity
[52-56].

A correlation between measured and calculated quantities of Ca replaced by Mg
was demonstrated by Zhao et al [51]. The Ca ion sites in the C3S lattice are
preferred by Mg ions over sites in C,S lattice. The Ca and Fe ion sites in the
C4AF and CsA crystals lattices are replaced by Mg as well.

2.6 Process modeling

Modeling the clinker process is done to ex-situ evaluate the physical process,
raw materials and product quality. The physical process parts of the kiln system
inlet, preheating with calcining, sintering, and cooling are included. These have
their own chemical, mechanical and thermal constraints and conditions that
require utilizing thermal, geometric and thermodynamic models [57].

Modeling the energy demands of a clinker plant has been done using different
computerized methods. Among them are CFD and modular codes integrated
with thermodynamic calculations. The objective of these models was to
simulate energy and material demands [58-63].

An important aspect of process modeling is predicting the oxide and solution
phase formations in the process from preheating, sintering and cooling in a
modern Kiln system. The decisive step for predicting clinker composition is the
phase formation and transitions occurring during cooling from 1450°C down to
the final cooling step.

Predicting clinker phase formation in this step is evaluated with available
commercial software using Gibbs energy minimization. A review of
applications to calculate Portland clinker shows that the sub-lattice model [64,
65], and the quasi-chemical model [66] both work for calculating solid clinker
phases and the melt in multiphase systems. The review also concluded that
thermodynamic databases for oxide and solution phases are under constant
development and any observed differences in results depends on the choice of
experimental data [67]. Two studies compared predicted clinker phase
guantities with the phase content determined with XRD data and Rietveld
calculations and found that Thermo-Calc and FactSage results were reasonably
in agreement with the Rietveld values [68, 69].
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Several commercial databases available for thermodynamic modeling were
reviewed and found not to be precise enough to simulate all relevant features of
the cement clinkering reactions [70]. It was determined that Gibbs energy data
for the relevant compounds and phases were often optimized in the SiO; rich
areas but simplified in the CaO areas of the phase diagrams and therefore they
reviewed the existing data to create a more realistic Gibbs energy dataset for the
simulations. The initial focus was on the commercial FToxid and FactPS
databases, and it appeared that the data for CasSiOs and Ca,SiO. did not
reproduce known equilibria and the Gibbs energies were modified to match
available experimental data. The descriptions of the clinker phases were
converted from pure stoichiometric to solution phases by adding the appropriate
minor elements into the phase descriptions. They were modeled as regular
solutions of CasSiOs with MgsSiOs, CasAl.Og and CasFe;Oy. Model parameters
were adjusted by trial and error to match the experimental information. The
solution phase model was applied with software to an industrial clinkering case.
Results were in good agreement with observed experimental data and provided
correct steady state simulation of Gibbs energies, enthalpies and heat capacities.

The method of constrained Gibbs energy minimization for calculating chemical
equilibria in arbitrary multiphase systems was derived using basic
thermodynamic concepts [71]. Simulation models for a calcination kiln process
were presented applying knowledge of the calcination process used in titanium
dioxide production. The relationship between the crystal size and crystal form is
important and the information was applied in algorithms used for kiln
temperature simulations [72].

Thermodynamic calculations at clinkering temperatures to understand
equilibrium reactions forming clinker phases were done showing that the Bogue
calculation did not provide a complete basis for estimating clinker phases [73].
The authors applied the Scheil calculations (see section 3.2.2) using pure
stochiometric and solution phases and demonstrated that thermodynamic
calculations results came a step further to a realistic model of the clinker
cooling process. The typical phase transformations, occurring during the clinker
process, was modeled as stochiometric phases, solid solutions and in the case of
the melt, a non-ideal solution. Comparing Scheil calculations with Bogue results
showed the estimation of C3S quantities modeled by use of Scheil was higher
than the quantities estimated with Bogue.

Using the Scheil cooling calculations with evaluated stoichiometric and solution
species databases provided by MTDATA were reported to have given
satisfactory results [73]. The oxide melt was modelled to include MgO, the alite
phase was modelled as a single stoichiometric phase not considering any solid
solution compositions. The other phases belite, aluminate and ferrite were
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modelled as solid solutions. The lime phase was modelled as an ionic solution
including Al and Fe.

Modeling the process of heating the raw meal from sub-solidus temperatures
using FactSage data was found to be lacking phase data. The studies
recommended further development and critical review of additional components
[75, 76].
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3 Materials and methods

The methods utilized in this work include EDS analysis with SEM, X-ray
diffraction RQXRD, X-ray fluorescence and Bogue calculations. In addition,
process modeling with FactSage thermodynamic software combined with
advanced multicomponent equilibrium calculations is used to describe the
overall clinker chemistry.

The materials used were limestone, slag, clinker from industrial trails and
synthetic clinkers prepared in the laboratory.

3.1 Analytic instrumentation

3.1.1 Scanning electron microscope (SEM and EDS)

A Zeiss EVO LS 15 was used with EDS detector X-max 80 mm? and 20 kV
accelerating voltage. The software AZtec from Oxford Instruments [74] were
used to quantify the elemental compositions in polished cross sections of fired
materials fixed in hardened epoxy sampled from the studies. The analysis was
performed at a low vacuum mode, 40 — 50 Pa. The imaging was made with the
backscattered electron detector. Images from back-scattered electrons showing
atomic number contrasts enabled the ocular identification of discreet phases and
defining an area for collecting a spectrum. An example of area spectrum with
white borders analyzed with EDS software is shown in Figure 4.
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Figure 4. An example of area within the white squares for acquiring phase EDS
spectra.

3.1.2 X-ray diffraction and RQXRD

The X-ray powder diffraction patterns of the BOF slag and limestone samples
were collected with Panalytical X Pert Pro MPD system scanning from 5 to 70
20° , step size 0.017 20° and a measurement time of 9 s/step. Panalytical High
Score Plus 4.6 software was used for qualitative analysis. See Table 33 in
Chapter 9 Appendix for a listing of the structure files used in HighScore Plus
RQXRD evaluations.

The synthetic and production clinker samples were quantified with Bruker D8
Endeavor in the range 8 — 65 26° with steps 0.02 6° and measurement time of
20 s/step. Bruker TOPAS v6 software and for quantifying phases using the
Rietveld method. See Table 34 in Chapter 9 Appendix for a listing of the
structure files used in Bruker TOPAS RQXRD evaluations.

3.1.3 X-ray fluorescence (XRF)

Chemical content of BOF slag, limestone, synthetic and production raw meals
and clinkers samples were characterized by using Panalytical Axios Minerals

23



sequential WD-XRF X-ray fluorescence (XRF). The samples are pulverized and
prepared through fused beads techniques.

3.1.4 Simultaneous DTA and TGA (SDT-TG)

The SDT-TG method was used extensively in publication V. Itis a
simultaneous method providing Differential Thermal Analysis (DTA) and
Thermogravimetric Analysis (TGA) in a single experiment. The TA Instruments
Q600 dual beam horizontal furnace apparatus was used for the SDT-TG
analysis. Experiments were performed with 10 — 15 mg sample, Al>O3
crucibles, heating rate 10 °C/min and atmosphere 143 ml CO/min.

3.1.5 Dynamic rate thermogravimetry (DRTG)

The dynamic rate thermogravimetric method (DRTG) resembles the TG method
as to recording the weight signal as a function of time. The method was used in
publication V. In DRTG the temperature program is dynamic in relation to the
sample. The method detects changes in the weight signal and adapts the
temperature program according to predefined resolution and sensitivity settings.
The TA Instruments Q5000 IR was used for the DRTG analysis. To investigate
the effect of the atmosphere the following experimental setup was used; N at
90 ml/min and CO- gas at 104 ml/min, sample mass 9 -12 mg, Pt crucibles,
heating rate 20°C/min, DRTG sensitivity = 3 and resolution = 5.

3.2 Predictive chemistry

The methods utilized for predicting the phase composition of clinker are the
Bogue method and equilibrium calculations with the FactSage 7.3 software.

3.2.1 Bogue calculation

The Bogue calculation [2] is traditionally used to estimate clinker phase
composition after cooling. Input data are the quantities of the four oxides CaO
(corrected for excess Ca0), SiO,, Al,O; and Fe,Os, rendering the stochiometric
phases corresponding to alite, belite, aluminate and ferrite. The total MgO
content is assumed to be periclase. The distribution of the four oxides between
the phases follows the simple sequence (i) all Fe;O3 as C4AF, (ii) rest Al,Os as
CsA, and (iii) remaining CaO distributed between CsS and C,S.

Raw meal compositions are designed by applying three target relationships
factors; the lime saturation factor (LSF), silica ratio (SR) and alumina ratio
(AR) (Equations 1 - 3) calculated with the total quantities of the four oxides
Ca0, SiO;, Al,0; and Fe;03 [3]. Based on the wt-% of the oxides the following
relations can be used:
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100Ca0

LSF= (2.85i0,+1.18A1,03+0.65Fe;03) Equation 1
_ Si0; _
SR= (Al,03+Fe;03) Equation 2
__AlO3 ]
~ Fey03 Equation 3

The LSF controls the ratio of alite to belite in the clinker and typical values are
92 — 98 %. The SR governs the quantity of calcium silicates in relation to
aluminates and ferrites and typical values are between 2 and 3. A high SR
indicates more calcium silicates and less aluminates and ferrites. The AR
defines the possible proportions of aluminate and ferrite. Typical AR values are
between 1 to 4.

3.2.2 Equilibrium calculations

The process model calculations in the studies used all the stoichiometric and
solution phases included in the Gtox and FToxid databases [66, 75]. Both are
independently developed thermodynamic oxide databases for slags, glasses,
minerals, ceramics and refractories applications.

The Gtox uses a different thermochemical model compared to FToxid, and
phases are evaluated with partly different sets of literature sources. In this work
the solid solution phases are utilized to describe the distribution of MgO. The
Equilib module in FactSage was used to calculate the multiphase,
multicomponent equilibria through Gibbs energy minimization based on the
ChemApp algorithm.

To explore the use of solid solutions in the Scheil calculation a comparison of
FToxid and Gtox databases was made. Modeling the formation of clinker solid
solution phases using thermodynamic calculation tools require accurate data on
solid solution models and data in commercial databases may vary [66, 67, 76-
79].

3.2.3 Scheil cooling calculations

In the calculation method, the cooling of a mixture containing a melt is done
stepwise and after each calculation all precipitated solid phases are removed
from the next calculation step. The quantity of melt is decreasing in the course
of the calculation. The accumulated solid phases constitute a mixture of crystals
with a composition different from the one obtained in a normal cooling
calculation [66]. The advantage of this method is that the C3S phase, which is
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thermodynamically unstable below 1300°C, is held to lower temperatures which
resembles the real clinker process.

In this work, the calculations are by choice started at 1450°C, a typical
clinkering temperature, when the clinker phases are in equilibrium with the
oxide and salt melts and continues down in 2°C steps, to the temperature where
the melt disappears. Fractionated crystallization gives additional solid phases,
and a new melt composition is formed for the next step.

An example of the sequence of phase formation as a function of decreasing
temperature is illustrated in Figure 5, showing the accumulated quantity of each
solid phase. A clinker composition with LSF 85, SR 3.7, AR 0.7 and 0.59 wt-%
MgO was used to simulate the formation of 4 phases in the CaO — SiO; — Al;Os
— Fe,03 — MgO system using the Scheil cooling calculation. The phases
predicted to form were the melt, CsS, C,S(ss), C2F(ss) and MgO(ss). The CsS
phase is a stoichiometric oxide compound in the Gtox database while the other
4 phases are solutions phases.

60

50
S 40
=3
g — C5S(s)
= 30 C,S(ss)
;8:‘ Melt
S 20 C,F(ss)

— MgO(ss)
10
0 .
1500 1450 1400 1350 1300 1250

Temperature °C

Figure 5. The Scheil cooling calculation proceeds by lowering the temperature
from 1450°C down to 1275°C. The quantity of melt decreases as the quantities
of the clinker phases C3S, C,S(ss) and C2F(ss) are formed. The depletion of the
melt proceeds down to 1275°C. The LSF of the composition is 85, SR 3.7, AR
0.7 and the MgO content is 0.6 wt%. Calculation was done with Gtox-data.
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The outcome of the method is dependent on the temperature step size and the
starting temperature and will affect phase assembly at the solidus. A larger step
size can potentially exclude some desired phases or transitions.

In the clinker process, two melts of different compositions are often
simultaneously present in clinkers with alkali sulfates. One is the common
slag(oxidef/silicate) melt, and the other is a salt melt, where Al, Fe and Si oxides
are not soluble. The ions of Ca, K and Na are soluble in both melts, but the
sulfur as sulfate, is almost insoluble in the oxide melt. Experiments with clinker
compositions with alkali sulfates done predicted that at ca 1350°C the two melts
are separate and not intermixed [14]. The Scheil calculation involves the oxide
melt with all the oxide compounds composed of S, K or Na excluded. To
account for the excluded alkali and sulfates a salt solution phase is included as
the second melt.

3.2.4 The alite solid solution phase

An alite solid solution of C3S with Mg, Al and Fe was built to investigate if it
would have an impact on the results of the Scheil cooling calculation. In the
alite phase crystal lattice Ca is mainly replaced by Mg while Fe and Al can
replace both Ca and Si. The molar compounds MgsSiOs, CasAl.Og and
CasFe;0q [70] were combined with CasSiOs as components of a dilute solution.

Utilizing the Mixer tool in FactSage 7.3 Compound module and the Gtox
database a dilute solution was constructed. The Mixer tool facilitates designing
a compound by combining the needed species and carries over the
thermodynamic properties when the new compound is saved in the database. In
this manner, three custom compounds together with Ca3SiOs formed the solid
solution C3S(ss) phase available for calculations. See Equations 4 to 6. The
MgsSiOs phase was constructed with MgO and the low temperature phase o-
guartz, CasAl.Qg consisted of CaO and the a-Al,Os solid and the CasFe2Oq
consisted of CaO and the solid hematite.

3MgO + SiO; = M@sSiOs Equation 4
6Ca0 + Al;0; = CasAlo0q Equation 5
6Ca0 + Fe;03 = CasFe,0q Equation 6

The content of the C3S(ss) solid solution was determined by a trial-and-error
method to find suitable combinations of Henrian gamma coefficients A and B
for each component compound in the ideal solution by utilizing equation 7. See
Table 3.
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log10(y) = A/T (K) + B Equation 7

The target C3S(ss) composition was the typical alite composition proposed by
Taylor [7].

Table 3. Henrian activity coefficient B for each compound in the ideal solution
CsS(ss). The temperature coefficient A was held at 0.

Compounds in C3S(ss) Henrian activity coefficient B
MgsSiOs ~-31
CasAl20q -1.0
CasSiOs 0
CagFe,0Oq -0.7

3.2.5 The MeO solution phase

The MeO solution phase in the Gtox database was utilized for predicting the
formation of excess MgO as MgO(ss) and excess CaO as CaO(ss). The MeO
phase comprises the pure compound endmembers CaO and MgO. It is also
evaluated for the Al, Fe, Si and Na oxides. The system consists of a melt and a
monoxide solution with a rock salt structure. There exists a miscibility gap
region resulting in a split of the monoxide into two phases with the same
structure, a CaO-rich phase representing free lime and a MgO-rich phase
representing periclase. The maximum solubilities are at solidus 2374°C where
the CaO(ss) contains 17.7 wt-% MgO and the MgO(ss) contains 8.5 wt-% CaO.
At the temperature of 1450°C where the Scheil calculation starts it can be seen
in Figure 6 that the solubility of MgO in CaO(ss) is ca 1.3 wt-% and for CaO in
MgO(ss) it is less, ca 0.5 wt-%.
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Figure 6. The CaO-MgO binary system illustrating the solubility at 1450°C of
1.3 wt-% MgO in CaO(ss) monoxide phase. The solubility of CaO in MgO(ss) is
less, ca 0.5 wt-% as indicated by the horizontal line.

With compositions in the miscibility gap region, two phases, each with variable
compositions form. In our case the software names the compositions MeO#1
and MeO#2. The first composition of a larger quantity to form in a calculation
is named MeO#1. When several sequential calculations are made, for example
with varying composition or in a Scheil calculation with decreasing
temperature, the two phase names are interchangeable. As long as the other
composition is of a smaller quantity in the calculation it is named MeO#2, but if
the second composition quantity becomes larger due to reactions the software
will switch the names.

For Scheil fractional crystallization calculations, this switch may give
misleading results because two different compositions can accumulate under the
same name. To solve this name dichotomy the calculation protocols provided
the composition of the MeO phase at each step and the individual compositions
were manually compiled. With excess MgO it was expected that the MeO phase
would predominantly form the MgO(ss) solid solution since the solubility of
CaO in the MeO phase is lower. Conversely, with any excess CaO it was
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expected that the MeO phase would predominantly form the CaO(ss) solid
solution.

This alternative required a proactive naming of the Mg-rich and Ca-rich MeO
phases. It follows that the predicted MgO(ss) represent periclase and the
predicted CaO(ss) represent lime in the Scheil cooling model.

A total of 12 clinker samples were calculated using the Scheil calculation to
investigate the effect of MgO content. The solid solution phase C3S(ss) was
included together with all the available solution phases in the Gtox database.
The clinker compositions varied with two LSF values 97 and 104 and six total
MgO contents as shown in Table 4.

Table 4. Compositions with two LSF values 97 and 104 and six total MgO
contents used in Scheil calculations to predict clinker phase quantities and the
MgO content of the phases. All compositions contain Na,O 0.96 wt-%, K,O 1.05
% and SOs 2.14 %. All compositions wt-%.

Sample CaO SiO, AlLO; Fe;Os MgO LSF SR AR
97-0 659 214 496  3.59 0 97 250 1.38
97-1 653 211 4.9 3.55 97 250 1.38
97-2 646 209 484 351 97 250 1.38
97-3 639 207 478 347 97 250 1.38
97-5 625 203 467 3.38 97 250 1.38
97-10 59.1 191 443 322 10 97 250 1.38
104-0 657 186 6.70 4.85 0 104 1.60 1.38
104-1 65.1 183 6.65 4.80 1 104 1.60 1.38
104-2 644 181 6.58  4.77 2 104 1.60 1.38

3

5

g W N -

104-3 636 180 652 4.73 104 1.60 1.38
104-5 623 176 6.36 4.59 104 1.60 1.38
104-10 588 16.6 6.05 4.40 10 104 1.60 1.38

3.3 Mg diffusion

The theory of diffusion couples is well understood and is mainly reported in
metallurgical literature. Diffusion in homogenous systems involves the analysis
of atom mobility as affected by temperature and chemical potential differences
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across an interface. The diffusion process described by Fick’s Second Law can

be applied.

Multiphase structures typical for calcined lime and slags can form
heterogeneous and discontinuous oxide diffusion systems. Local equilibria are
potentially maintained at the boundaries between these phases with varying
compositions. In this case, Fick’s Second Law is not applicable due to the
multiphase crystalline structure of the slag and lime materials. With this method
it is assumed that the potential flux of Ca, Mg, Si, Al, and Fe atoms can occur
both ways across the slag and lime interface and is schematically shown in

Figure 7.
t =
Lime
Mg
At%
Slag
-1 0 +1
Distance ym

Mg
At%
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Mg atoms
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Figure 7. The assumed distribution profile of Ca, Mg, Si, Al and Fe atoms
transported from the slag to the lime at t > 0 during heating.
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3.3.1 BOF slag

The BOF slag consisted mainly of the phases -C.S, C.F, wistite and periclase.
See Table 5 for the complete oxide and mineral phase contents.

Table 5. Oxide composition and mineral content of BOF slag characterized by
standard procedures using X-ray fluorescence (XRF) and RQXRD calculated
with High Score Plus. All results wt-%.

Oxide XRF Mineral QXRD
Cao 41.2 Vanadium 2.6
SiO; 9.16 B-C.S 28.0
Al,O; 1.42 CoF 16.6
Fe,O3 24.7 Lime 3.60
MgO 10.8 Gehlenite 2.20
K20 0.04 Magnetite 3.30
Na.O 0.04 Melilite 2.30
SOs 0.25 Merwinite 4.80
Mn;O3 3.84 Periclase 10.5
TiO; 1.52 Perovskite 2.30
P20s 0.54 Portlandite 11.4
V205 4.13 Wiistite 12.4
CO2 2.36

Total 100 Total 100
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3.3.2 Limestone

The limestone consisted mainly of the minerals calcite, dolomite and quartz.
Table 6 for the complete oxide and mineral content.

Table 6. Oxide composition and mineral content of the limestone were used in
the diffusion studies. The material is characterized by standard procedures
using X-ray fluorescence (XRF) and RQXRD calculated with High Score Plus.
All results wt-%.

Oxide XRF Mineral RQXRD
Cao 51.0 Quartz 2.09
SiOy 4.45 Pyrite 0.94
Al;,O3 1.46 Dolomite 3.24
Fe>O3 0.80 Calcite 91.6
MgO 0.92 Akermanite  0.27
K20 0.40 Muscovite 1.46
Na,O 0.06 Amesite 0.38
SOs 0.73 Total 100
Mn;O3 0.03

TiO; 0.07

P20s 0.02

LOI1950°C  40.1

Total 100

3.3.3 Experimental setup

The experimental setup for determining the diffusion of Mg from slag into lime
entailed preparing wafers of 0.35 g limestone calcined in 950°C for 30 minutes
and 0.35 g of BOF slag were pressed with a pressure of 5 ton/m? with a
reference thread of platinum placed at the interface. Every sample was heated
separately in a tube furnace. The center of the tube furnace was marked to
ensure that the sample was placed in the isothermal hot zone. The sample boat
was covered with platinum foil and filled with calcinated limestone. The tablet
was placed on top of the bed of limestone with the blast furnace slag placed
upwards, see Figure 8. The furnace was heated to 1250°C, 1350°C and 1450°C
and the samples were placed in the heated furnace for 15 and 30 minutes in air
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atmosphere. The samples were quickly removed from the furnace for rapid
cooling afterwards.

Figure 8. The sample boat displays the position of the wafer prior to insertion
in tube furnace used in the project. Note: The sample boat is ca 70 mm long.

3.3.4 SEM analysis

Every sample was embedded in epoxy and dry polished with SiC-papers, size
80-1200 fineness. The samples were then stored in desiccator lockers before and
after embedding in epoxy. For each interface, six measurements with length 100
pm were carried out with a dwell time of 175 us to optimize the signal to noise
ratio. The distance between the lines was approximately 80 um. Each line
consists of a row of spot analyses with the distance of 0.2 um between each
spot, resulting in 500 spots/100 pum, see Figure 9 for an example of the line
analysis.
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Figure 9. A polished section of the BOF slag and lime interface after heating at
1450°C for 30 min. The upper micrograph shows the interface and the position
of the 6 analysis lines for the spot analysis. In the lower micrograph the black
line connects the white dots of the platinum thread marking the position of the
initial interface. The lime is placed above the line and BOF slag below the line
prior to heating.
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The elemental contents, expressed as at-%, at distances from the interface were
calculated as the median of the values at each spot position on each of the
measurements. The Ca, Al, Fe, Si and Mg values were reported on C and O free
basis. The median values are then averaged into groups representing distances
of 10 um from the interface for further comparisons and analysis. To illustrate
the method the median values of the Reference sample prior to heating are
shown in Figure 10, plotted as a function of the distance from the interface.
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Figure 10. The median quantities of Mg, Ca, and the sum of Si+Fe+Al values
from the line analysis plotted as a function of the distance from the interface.
The negative positions represent the lime side and the positive the slag side.

3.4 Synthetic clinkers

3.4.1 Sample description and preparation

To investigate the inclusion of Mg in synthetic clinker minerals four mixtures
with varying MgO contents were prepared in the laboratory. The mixtures had a
composition with LSF 100, AR 1.38 and SR 1.25 composed of limestone, sea
sand (acid washed and fired at 950°C), pure Fe,Os3, pure Al,O3z and pure MgO.
The components and proportions are listed in Table 7.

The four clinker compositions A, B, C and D are shown in Table 8. The total

MgO content varied from 0.46 wt-% to 10.4 wt-%. Increasing the MgO content
did not affect LSF, SR and AR values.
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The synthetic clinkers were prepared with the equipment shown in Figure 11. In
the laboratory furnace the samples were heated at 1450°C for 30 minutes and
cooled either by immediately quenching in liquid nitrogen or for 20 minutes in
ambient air on a steel plate. The reaction products after cooling were analyzed
using the Bruker D8 Endeavor and quantified with Bruker TOPAS v6 software
with the Rietveld method.

Figure 11. Sample preparation equipment. A rod mill for grinding sea sand and
limestone with the chemicals is shown to the left. In the center, the granulating
drum and at the right the holder with the granulated pellets placed in a sample
holder prior to heating.

Table 7. Proportions of components used for the synthetic clinker raw meals.
All compositions wt-%.

Components Composition Composition Composition Composition

A B C D

1Si0, Sea 14.12 13.89 13.66 13.18
sand

2Al,03 purum 3.28 3.22 3.17 3.06
*Fe,03 purum 2.37 2.33 2.30 2.21
*MgO purum 0.00 1.63 3.29 6.71
*CaCOs 80.23 78.92 77.59 74.85
Limestone

Merck KGaA, Germany, 2Honeywell Specialty Chemicals Seelze GmbH,
Germany, *VWR International, Belgium, *“Miljgkalk A/S, Norway
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Table 8. The complete chemical contents and calculated LSF, SR and AR of the
synthetic clinkers fired at 1450°C. All compositions wt-%.

Oxide Composition A Composition B Composition C Composition D

Ca0 69.1 67.4 65.7 62.2
SiO2 21.7 21.2 20.6 19.6
Al20s3 5.05 491 4.79 4.54
Fe203 3.65 3.56 3.48 3.28
MgO 0.46 2.94 5.42 10.4
LSF 100 100 100 100
SR 2.50 2.50 2.50 2.50
AR 1.38 1.38 1.38 1.38

3.5 Industrial clinkers

Industrial trails were done where the natural limestones in the raw meal were
replaced with slag. The raw materials consisted of high-grade limestone, low-
grade limestone, sand and corrective material. The slag was introduced into the
process as a side stream at the kiln inlet. The objective of the trials was to
optimize the quantity of limestone replacement. A limiting parameter during the
trials was the maximum MgO 5 wt-% content of the resulting clinker.

Sampling was done as a part of process control routines. A total of 169 samples
were included in this work taken during the reference and test periods. The
samples were analyzed with Bruker D8 Endeavor and Bruker TOPAS v6
software for quantifying phases using the Rietveld method. The analytical
results were stored with recorded process parameters.

The typical clinker composition was LSF 92, SR 3.0 and AR 0.82. Data from
the trial and a reference period with comparable production conditions was
chosen. Special attention was paid to ensuring sample data used was collected
during stable conditions. The linear relationship between the quantity of
periclase and the total MgO content in the clinker was of interest. The data was
evaluated with statistical routines to explore the quantity of the total MgO
incorporated in the clinker minerals. Two clinker samples were collected and
prepared for further SEM EDS analysis of the Ca, Si, Al, Fe and Mg content.
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4 Results

The results section is composed of two parts. The first part is a summary
describing work the author has contributed to the development of predictive
chemistry modeling with the Scheil cooling calculations. Improving the process
model was done in steps:

e A pre-study to evaluate databases.

e Formulating the alite solid solution (C3S(ss)) phase.

e Investigating the effect on clinker phase distribution when utilizing the
C3S(ss) phase.

Utilizing 12 clinker compositions to predict:

e clinker phase distributions,
e compositions of the monoxide MeO phase, and
e clinker phase compositions.

The second part describes the results of laboratory work with:

e CaCOs and SiO; particle reactions,

e slag and lime particles reactions investigating material transport, and

o clinker phase distribution and compositions in production and synthetic
clinkers in terms of describing the distribution of MgO.

4.1 Predictive chemistry

4.1.1 Pre-study to evaluate databases

An isothermal section at 1450°C was calculated with data from both FToxid
and Gtox. The corners of the pseudo-ternary diagram were CaO, Ca,SiO, and
CasAlzFe;010. In addition, a constant concentration of MgO was considered.
See Figure 12. The gray area in both diagrams define the composition region
where CasSiOs is in equilibrium with melt. It can be seen that the black dot,
which is a typical composition in the cement kiln, is outside the gray area for
FToxid and inside it for Gtox. Thus, Scheil calculations with a start temperature
of 1450°C would result in no formation of CasSiOs using FToxid-data as shown
in Table 9.
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Figure 12. Comparing pseudo-ternary phase diagrams of the Ca,SiO, —
CasAlFe;010 - Ca0 - O, - MgO system calculated with FToxid (A) and Gtox
(B) data at 1450°C displaying the presence of CsS+Melt equilibria, in grey. The
position of the clinker composition is indicated by the black symbol. (p(O2) =0.1
bar, MgO/(Ca,SiOs+CasAl;Fe;010+Ca0) = 0.021 mol/mol, 1450°C, 1 bar).
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Using the oxide composition of a production clinker sample shown in Table 9,
Scheil cooling calculations were done with the Gtox and FToxid datasets. The
predicted phase quantities were compared with the Rietveld RQXRD clinker
phase quantities. With the Gtox-data, the predicted quantities of C3S(s), C.S(ss)
and MgO(ss) were similar to the Rietveld values while the FToxid-data results
mostly differed. Consequently, the Gtox database was used in all subsequent
calculations.

Table 9. The oxide composition and clinker phase composition of a production
clinker sample. The oxide composition was used in the pre-study Scheil
calculations to compare the Gtox- and FToxid-data predicted phase quantities
with the RQXRD phase quantities. The predicted Gtox-data phase quantities
were in agreement with the RQXRD quantities (LSF=85, SR=3.7 and AR=0.7).
All compositions wt-%. The RQXRD calculated with High Score Plus.

Oxide XRF Phase RQXRD Phase Gtox FToxid
Ca0 65.8 CsS M3 47.7 CsS(s) 50.7 0.0
SiO; 25.6 B-C.S 37.2 C2S(ss) 350 732
Al203 2.79 CsA 0.55 CaO(ss) 0.0 126
Fe20s 4.04 C.AF 12.3 MgO(ss) 0.44 0.18
MgO 0.59 Periclase 0.51 CaF(ss) 10.9 9.73
K20 0.48 Lime 0.31 CA 0.07 232
Na20 0.09 Aphthitalite 0.26 CsMA; 1.36 0.16
SOs 0.59 Arcanite 0.53 Salt-liquid 1.17 119
LSF 85 Langbeinite 0.50

SR 3.7 Portlandite 0.06

AR 0.7 Quartz 0.02

4.1.2 The alite solid solution phase C3S(ss)

Calculations were done with the Gtox-data to find the composition of the alite
solid solution phase (C3S(ss)) at 1450°C using the proposed Henrian
coefficients (See Table 3 in Section 3.2.4). The mass fractions of the
components and their individual contributions to the CsS(ss) composition are
shown in Table 10. The oxide composition was compared with a typical alite
composition. The molar composition normalized in terms of Si of the proposed
C3S(ss) solution phase was Cas 14SiAlo.0sF€0.02MJ0.090s 3.
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Table 10. Composition of the solid solution phase C3S(ss) at 1450°C. All values

wt-%.
Constituent Mass CaO SiO; Al;,Os Fe O3 MgO
fraction

CasSiOs 90.8 66.9 23.9 0.00 0.00 0.00
MgsSiOs 2.23 0.00 0.74 0.00 0.00 1.48
CagAl,Og 5.43 4.16 0.00 1.26 0.00 0.00
CagFe 0 1.54 0.99 0.00 0.00 0.55 0.00
Total 100 72.1 24.6 1.3 0.6 15
Typical alite [83] 71.6 25.2 1.0 0.7 1.1

4.1.3 Results of using the C3S(ss) on phase distribution

Scheil calculations with the Gtox-data starting at 1450°C were done to predict
clinker phases when CsS(s) and B'-C,S(s) were replaced by C3S(ss) and '
C,S(ss) solution phases. The MeO phase was not included. The clinker
composition used is shown in Table 12.

Table 12. The clinker composition with 5 wt-% MgO. The 4 wt-% of other
oxides in the composition were not included in the calculations and were
assumed to be the sum of alkalis, sulphates and trace element quantities.

Oxides Content wt-%
CaO 62.3
SiO; 18.2
Al;O3 5.0
Fe;03 55
MgO 5.0
Other 4.0
Total 100
LSF 103
SR 1.7
AR 0.9
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The results showed when replacing the CsS(s) phase with the CsS(ss) phase the
quantity of predicted CsS(ss) in increased from 65.8 wt-% to 71.4 wt-% and of
the other phase quantities decreased. See Table 13.

Table 13. Resulting phase content after Scheil cooling calculations utilizing
combinations of C3S(s), CsS(ss) and S’-C.S(ss) using the oxide composition
shown in Table 4 3. All values wt-%.

Phases Calculation 1 Phases Calculation 2
CsS(s) 65.8 C3S(ss) 714
B'-C2S(s) 14 B'-C2S(ss) 0.83
CsA(s) 5.21 CsA(s) 3.94
C2F(s) 9.36 CoF(s) 8.66
CaOo(s) 3.24 Ca0(s) 2.05
MgO(s) 4.73 MgO(s) 3.73
CA(s) 0.06 CA(s) 0.05
Pleochrite 6.07 Pleochrite 5.19
C1oAr 0.13 C1A7 0.11

4.1.4 Phase distributions with 0 to 10 wt-% MgO

The results from Scheil calculations with the C3S(ss), MeO solution phase, all
available solids solutions and oxide phases done on the 12 sample compositions
in Table 4 are shown in Figure 13.

Changes in the predicted phase quantities are the results of increasing total MgO
content, from 0 to 10 wt-% in the samples. Special attention is given in section
4.1.5 to the MgO(ss) and CaO(ss) results when using the MeO solid solution
phase and in section 4.1.6 to the composition of the predicted phases.

The quantity of C3S(ss) increased at the expense of C,S(ss) in the LSF 97
samples with 0, 1 and 2 wt-% total MgO. From 3 to 10 wt-% total MgO the
guantities of C3S(ss), C2S(ss), CsA(ss) and CoF(ss) decreased as the MgO(ss)
phase increased. See Figure 13 diagram A.

In the LSF 104 samples the C3S(ss), C2S(ss), CsA(ss) and CoF(ss) quantities

decreased with increasing total MgO content. Between 0 to 2 wt-% total MgO
they were decreased by the increasing quantities of CaO(ss) and from 3 to 10
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wt-% they were decreased by the increasing quantities of MgO(ss). See Figure
13 diagram B.
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Figure 13. The results of Scheil cooling calculations with the 12 sample
compositions shown in Table 4. Note that the vertical axes start at 60 wt-% in
order to enhance the clarity of the changes in phase composition when varying
the total MgO content of the compositions. Note that C,S(ss) is the sum of S
C2S(ss) and S-C,S(ss).
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4.1.5 Composition of CaO(ss) and MgO(ss)

The detailed compositions of predicted monoxide MeO solution phases CaO(ss)
and MgO(ss) are shown in Table 14. A comprehensive listing of the

compositions of the other predicted phases is given in the next section 4.1.6.
The CaO(ss) correspond to free lime and the MgO(ss) corresponds to periclase

in the clinker composition.

In the LSF 97 samples, excess CaO(ss) was not expected to be present due to
the lower LSF. In the samples with 1 wt-% or more total MgO, the predicted
MeO solution phase consisted only of MgO(ss). In the LSF 104 samples,
varying quantities of excess CaO(ss) formed due to the higher LSF. The
guantities varied depending on the sample MgO content.

It is of interest to note the MgO(ss) predicted composition consisted of ca 95 %
MgO and ca 4 % Fe,Os. The CaO(ss) composition consisted of ca 98 % CaO
and 1.4 % MgO.

Table 14. The quantities and compositions of the MeO solution phases CaO(ss)
and MgO(ss) in the LSF 97 and LSF 104 samples from Scheil cooling
calculations. All values wt-%.

Sample MgO(ss) CaO(ss)

wt-% CaO AlLO; Fe,03 MgO  Na,0 wt-% CaO AlLO; Fe,0O3 MgO  NaO
97-0 0.00
97-1 039 013 013 2.86 96.9 0.00
97-2 0.60 018 0.14 3.34 96.3 0.00
97-3 230 033 019 4,01 954 0.06
97-5 442 035 0.21 4.10 95.3 0.07
97-10 970 037 021 4.07 95.3 0.06
104-0 0.00 0.05 993 0.0003 0.69 0.00 0.00
104-1 053 014 0.13 2.84 96.9 0.00 208 981 0.0003 0.77 1.07 0.04
104-2 096 024 0.14 3.40 96.2 0.01 245 97.7 0.0003 0.80 1.44 0.04
104-3 255 035 018 3.75 95.7 0.06 037 978 0.0004 0.77 141 0.03
104-5 466 039 0.19 3.85 95.5 0.07 041 978 0.0004 0.77 142 0.03
104-10 992 041 0.19 3.86 95.5 0.06 048 978 0.0004 0.75 142 0.02

4.1.6 Predicted clinker phases oxide compositions
In Table 15 the oxide contents of the predicted solid solutions C3S(ss) and

C,S(ss) phases are listed. The C3S(ss) phase showed a maximum MgO content
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with 2 wt-% total MgO. The predicted Fe;O3 and MgO content of the C2S(ss)
phases displayed minor variations. The CaO content was 65.0 wt-%, SiO>
content 34.9 wt-% and Al,Os content 0 wt-% for all samples. See Table 16. The
C3A(ss) and CoF(ss) clinker phases in the samples showed minor variations in
Al,O3 and Fe,O; content. These phases did not contain MgO.

Table 15. The oxide content of the C3S(ss) phases in the LSF 97 and LSF 104
samples. All values wt-%.

Tot

MgO LSF 97 LSF 104

CaO Si0, ALO; Fe0; MgO CaO SiO, AlLO; Fe0; MgO
0 73.8 248 121 0.23 0.00 739 239 182 0.38 0.00
1 729 251 1.02 0.23 0.82 731 243 154 0.38 0.64
2 717 253 0.90 0.21 1.83 722 246 141 0.37 1.45
3 72.5 247 1.03 0.69 111 728 236 162 1.18 0.75
5 72.5 247 104 0.68 111 729 236 163 1.16 0.75
10 72.5 247  1.06 0.64 111 729 236 166 112 0.75

Table 16. The oxide content of the C,S(ss) phases in the LSF 97 and LSF 104
samples. All values wt-%.

Total MgO LSF 97 LSF 104

Fe O3 MgO Fe 03 MgO

0 0.0002 0.00 0.0005 0.00

1 0.0003 0.08 0.0005 0.07

2 0.0005 0.09 0.0005 0.07

3 0.0002 0.10 0.0004 0.07

5 0.0002 0.10 0.0004 0.07

10 0.0002 0.10 0.0004 0.07

4.1.7 Modeling alkali sulphate salts

The clinker burning process is a counter-current process. Sulphur in the raw
meal is mainly present as sulfate in the cooler part of the kiln. As the
temperature of the solid material increases, they volatilize as gaseous K, Na and
S0O,. As they are transported with the gas towards the cooler end of the kiln they
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condense as solid alkali sulfates. Part of this material follows the gas as
submicron particles and part is condensed on the clinkering material. This
process causes the recognized alkali enrichment in the kiln. Two immiscible
melts can exist simultaneously, the clinker melt and the salt melt [12].

The issue at hand is that Scheil cooling calculations can only handle a single
melt. In the Gtox database the melt solution phase is evaluated for oxides
present in both melts. The oxides with K, Na and S were excluded from the
composition. The melt solution phase included in the Scheil calculations
initiated at 1450°C does not include alkali sulphates. Instead, the oxides K, Na
and S are presented as solid salts in the results. A second Scheil calculation
starting at ca 1306°C was possible but was not performed in this study because
Mg was not included in the salt melt.

4.2 Raw material, clinker and slag

This part of the results chapter describes laboratory work, investigating
reactions between slag and raw material particles as well as formation of clinker
minerals in synthetic and production clinkers, in terms of the distribution of
MgO.

4.2.1 CaCO0s3-SiO; reactions

The reaction between pure CaCOs and SiO; during heating was studied in a
mixture of 90 % CaCOs (calcite) and 10 % SiO; (quartz).

Table 17. Results from in-situ HT RQXRD analysis of a 90 % CaCO3; + 10 %
SiO, mixture calculated with High Score Plus. All compositions wt-%.

Temperature Calcite Quartz CaO CS G2 B-C,S GCsS

°C M3
300 91.1 8.9
550 89.3 8.3 2.4
750 41.4 12.4 43.3 2.1 0.8
850 26.9 13.9 57.0 0.5 0.6 11
900 22.0 17.8 56.0 0.5 2.2 15
1300 14.0 78.4 4.3 3.3
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The results of in-situ HT RQXRD analysis are shown in Table 17. At 550°C
wollastonite (CS) had formed, from the developing CaO by reacting with the
quartz and in the temperature range 850°C — 900°C CS, rankinite (CsS;) and
C.S were present simultaneously. As the temperature had reached 1300°C the
CS and CsS; were replaced by C,S and CsS.

In Figure 14, a graph of the evolving phases predicted with FactSage as a

function of temperature is shown.
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Figure 14. The phase evolution in the 90 % CaCOs; + 10 % SiO; mix as a
function of temperature predicted by FactSage equilibrium calculations.

4.2.2 Mg transport

The diffusion of Ca, Mg, Si, Al and Fe between LD slag and limestone after
heating for 15 and 30 minutes in elevated temperatures was investigated. The
micrographs seen in Figure 15 shows sample microstructures in backscatter
SEM images before and after heating. The formation of Mg-rich colorized
phases at the lime/slag interface after heating at 1450°C can readily be
identified.
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Signal A = HDBSD

Figure 15. SEM backscatter (left) and the colored EDS distribution (right) of
Mg where the upper part of the sample areas in the micrographs is the lime and
the lower slag. The unheated sample is pictured in the top set of micrographs
and the sample heated at 1450°C for 30 min is in the bottom set. The
predominance of Mg at the interface after heating at 1450°C is represented by
the darker Mg-rich phases in the lower left micrograph. In the lower right
micrograph, it is illustrated by the mapping of the Mg.

The dark gap seen on the slag side near the interface is most likely due the
relaxed material after the compression during sample preparations. In the
reference sample a slightly higher 10 at-% of Mg on the slag side from 0 to +20
pum from the interface was found. On the lime side the Mg quantity was 5 at-%
and may be material residues left after the compression. See Figure 16.
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Figure 16. A micrograph of the unheated reference sample. The lime is seen in
upper part of the sample, the interface is readily seen above the darker gap seen
in the slag. The grouped Mg and sum of Si + Fe+ Al at% values before heating
show a slightly higher Mg content at the interface on the slag side.

After heating for 15 minutes, the Mg quantities were higher than the reference
on both sides of the interface. The elevated Mg quantities at 0 to +20 pum from
the interface were higher than the reference, up to 28 at%. See Figure 17.
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Figure 17. A micrograph of the sample heated at 1450°C for 15 minutes. The
lime is seen in the upper part of the sample, the interface is readily identified.
The dark round phases are Mg-rich in the microstructure of the slag. The

grouped Mg and sum of Si + Fe+ Al at% values are higher than the reference

between 0 and 20 um positions.
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Figure 18. A micrograph of the sample heated at 1450°C for 30 minutes. The
lime is seen in the upper part of the sample, the interface is readily identified.
The dark round phases are Mg-rich in the microstructure of the slag. The Mg
and sum of Si + Fe+ Al at-% values are higher than the reference between -10
and 30 pm positions. The Mg and sum of Si + Fe+ Al values are present to the
+50 pum position.
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After heating for 30 minutes, the Mg quantities were higher on both sides of the
interface compared to the reference. Elevated quantities of Mg were now
present at -10 to +20 um from the interface. They were higher than the
reference, up to 26 at-%. The higher Mg values were found to continue to the
+50 pm position. See Figure 18.

The Mg-rich phases were identified corresponding to their location on the slag
side and their diameters of were measured. The means of each group after 15
minutes were in the range 6 to 7 um regardless of distance from the interface.
After 30 minutes the mean diameters of each group were similar as well but
larger, 10 to 11 um. See Table 18.

Table 18. The Mg-rich phase average sizes in each group found in the slag side
of the interface after 15 and 30 minutes. (mean=average, o= standard
deviation and n=number of data points). All sizes um.

Slag side 15 minutes 30 minutes
Distance from the interface mean c n mean c n
0-10 um 6.9 21 17 10.3 39 19
10 - 20 yum 7.6 41 13 9.8 5.9 9
20 - 30 pm 6.8 0.9 5 9.4 3.7 10
30 - 40 pm 6.4 2.7 7 10.9 7.6 3

40 - 50 pm 5.6 20 11 9.9 2.5 6

4.2.3 Industrial clinkers

Full-scale trials to partly replace limestone in the raw meal with slag were done
and process control samples were studied. Data on periclase and total MgO
guantities were studied to assess MgO bound in the clinker minerals. Special
attention was paid to the total MgO values quantified with XRF and periclase
values determined with RQXRD.

During the trails, 78 samples of test clinker and 91 samples of reference clinker
were analyzed. The average total MgO quantity in the test period was 3.89 wt-
% and in the reference period 1.76 wt-%. The average periclase quantity in the
test period was 2.19 wt-% and 0.51 wt-% in the reference period. The LSF
values in the test period showed a higher standard deviation indicating
variations in the process. See Table 19.
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Table 19. Average compositions of clinker sampled during the reference and
test periods (mean=average, o=standard deviation and n=number of data
points).

Reference Test
Component n=91 n=78
mean c mean o

Total MgO wt-% 1.76 0.25 3.89 0.44
Periclase wt-% 0.51 0.22 2.19 0.37
Free lime wt-% 0.77 0.82 1.89 1.98
LSF 92 1.14 92 3.38
SR 2.9 0.23 2.3 0.11
AR 0.76 0.08 1.03 0.12

A linear relationship between the quantity of periclase and total MgO in the
Reference and Test samples was established. See Figure 25.

Table 20. The RQXRD compositions of the reference and test clinker samples
calculated with High Score Plus. All compositions wt-%.

Phase Reference Test
CsS M3 64.6 52.6

B-C.S 19.9 27.2

C:A 1.90 0.19
C.AF 12.4 16.5

Periclase 0.00 2.41
Lime 0.70 0.10
Aphthitalite 0.30 0.30
Arcanite 0.10 0.10
Anhydrite 0.10 0.30
Portlandite 0 0.30

54



Two clinker samples, Reference and Test, were studied using backscatter EDS
images of the phases. This was done to identify clinker phases and to study how
the Mg was distributed among them. The clinker phase contents determined
with RQXRD are shown in Table 20. The Test sample contained 2.43 wt-%
periclase and in the Reference sample no periclase was detected.

The colorized EDS images of the Test and Reference sample microstructures
are shown in Figure 19 and Figure 20. Crystals of alite with Ca/Si content
greater than 3 and belite with Ca/Si content less than 3 were identified in both
samples. The interstitial material rich in Al, Fe and Mg was identified in both
samples. The microstructure of the Reference sample illustrates clinker phase
inhomogeneity described by Johansen (see section 2.4.5) [20]. The Ca, Si, Al
Fe and Mg at-% content determined with EDS in the sample are shown in Table
21.

In the Reference sample, no periclase was observed in the interstitial areas. In
the Test sample 33 periclase regions were identified. It was observed that the
Mg was unevenly distributed and formed regions of varying Mg content in the
interstitial material. It was possible to categorize them into three groups based
on the Mg content. In the first, the Mg concentrations were less than 40 at-%. In
the second, the Mg concentrations were between 40 and 83 at-%. In the third,
the regions were identified as periclase as the Mg contents was between 83 and
98 at-%.

The diameter of the periclase regions found in the Test sample ranged from 1.6
to 13.1 um. The larger periclase regions displayed a morphology lacking the
characteristic angular forms. Instead, they tended to fill the space between the
silicate crystals and the interstitial material. The smaller individual periclase
regions displayed angular morphology.
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Table 21. The Ca, Si, Al, Fe and Mg at-% content of the clinker phases in the

Reference and Test clinker determined with EDS (mean=average, o=standard

deviation and n=number of data points).

Mg-rich
Alite Belite Interstitial  interstitial  Periclase
Reference mean o mean < mean 6 mMean o© Mmean o
Ca 725 1.07 66.0 0.69 505 129 35 9.07
Si 239 074 302 086 507 162 118 5.67
Ca/Si 3.04 0.11 219 0.05
Al 115 0.66 1.62 0.69 199 223 843 441
Fe 0.79 039 121 044 195 262 324 20
Mg 166 033 1.01 051 509 122 415 121
n 34 30 35 18 0
Test mean o mean o mean o mean o mean o
Ca 717 0.86 66.2 1.07 51 1.07 233 9.78 223 174
Si 244 051 305 11 513 161 578 401 032 0.36
Ca/Si 294 0.08 2.18 0.12
Al 1.07 029 124 033 178 177 6.96 388 1.02 0.8
Fe 093 0.29 131 025 219 22 589 3.75 1.06 0.44
Mg 189 052 0.67 0.18 422 1.01 581 172 954 3.1
n 53 54 54 16 33
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Figure 19. The backscatter view of the Reference clinker sample. The grey
phases are identified as calcium silicates. They are surrounded by the light grey
interstitial calcium aluminoferrites. The latter are most clearly visible in the Fe
and Al images. The Si image shows a very observable distinction between alite
and belite. The sparsely distributed Mg-rich phases can be seen in the Mg
image (1000x magnification).
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Figure 20. The backscatter view of the Test clinker sample microstructure. The
grey phases are identified as alite and belite. The phases are noticeable in the
red Si image. They are surrounded by the light grey interstitial calcium
aluminoferrites, most clearly visible in the Al and Fe images. The bright Mg-
rich phases can be seen in the Mg image (1000x magnification).

4.2.4 Synthetic clinkers

The full-scale clinker trials demonstrated that levels at ca 4.5 wt-% total MgO
can form ca 2.4 wt-% periclase in the clinker. To further explore the inclusion
of Mg in clinker minerals a laboratory study was initiated. Total MgO quantities
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exceeding the SS:EN 197-1 limit of 5 wt-% were studied to assess periclase
formation and the quantities of total MgO bound in the clinker minerals.

Four mixes with varying MgO contents up to 10 wt-% were prepared. The
synthetic clinkers were heated at 1450°C for 30 minutes, quenched in liquid N
or cooled for 20 minutes in ambient air on a steel plate. The compositions of the
clinkers are shown in Table 8 in Chapter 3 and the total MgO content is shown
in Table 22.

Table 22.The total MgO content of the synthetic clinker samples determined
with XRF.

Sample Total MgO wt-%
A 0.46
B 2.94
C 5.42
D 10.4

Scheil cooling calculations were done between 1450°C and 1300°C with
synthetic clinker sample compositions utilizing CsS(ss), MeO, available solids
solutions and oxide phases. The results are shown in Table 23.

Table 23. Results from Scheil calculations on the synthetic clinker compositions
A, B, C and D.

Phase wt-%  Sample A Sample B Sample C Sample D

C1S(ss) 80.4 82.7 80.7 76.8
B'-C2S(ss) 2.13 1.76 1.65 1.42
C3A(SS) 1.97 0.89 0.92 0.99
CoF(ss) 12.2 10.8 10.2 9.03
CaO(ss) 0.48 0 0 0
MgO(ss) 0.27 1.72 4.36 9.64
CA 0.05 0.04 0.04 0.04
CioA; 0.51 0.43 0.42 0.41
CsMA, 2.00 1.70 1.67 1.63
Sum 100 100 100 100
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The phase quantities of the clinker samples A to D determined with RQXRD
are shown in Table 24. After air cooling the formation of C3sS was promoted in
samples A and B, whereas in samples C and D, with higher quantities of total
MgO the formation of C3S was lower. With quenching, the formation of C3S
was also lower in sample D. Periclase formed in samples B, C and D. The free
lime values decreased with increasing quantities of total MgO.

Table 24. The CsS, C.S, CsA, C4AF, periclase and lime content of the synthetic
clinkers determined with RQXRD Bruker TOPAS after heating at 1450°C
guenched or cooled in ambient air.

Phase wt-% Quenched Air

A B C D A B C D
CsSM1+M3 55 60 60 43 53 58 46 39
B-C.S 21 19 18 27 24 19 24 27
7-C2S 1 1 1 1 1 1 9 9
CsA 10 5 4 9 8 6 4 4
C.AF 8 10 11 10 9 12 12 11
Periclase 0 1 3 8 0 1 3 8
Lime 5 4 3 2 5 3 2 2
Sum 100 100 100 100 100 100 100 100

The four clinker samples were studied using backscatter EDS images of the
phases to identify the clinker phases and distribution in the microstructure.
Examples of the colorized EDS images are shown in Figure 21. See section
3.1.1 for method description. Crystals of alite with Ca/Si content greater than 3
and belite with Ca/Si content less than 3 were identified in all samples. The
interstitial material consisted clearly of Mg, Al and Fe. Due to rapid sample
cooling and low aluminate content microcrystalline aluminate and ferrite was
formed, it was difficult to identify edges of the individual crystals.

The Mg was readily observed in two distinct regions of varying Mg content.
They were identified as interstitial and Mg-rich interstitial regions. In the first
region the Mg was evenly distributed in all samples and the Mg contents
showed a strong correlation coefficient value of r>= 0.92 with the total MgO
contents of the samples. The second Mg-richer interstitial regions were found in
samples B, C, and D. Here the Mg content varied between 53.3 and 66.9 at-%
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for regions between 5 and 9 pum in diameter. The regions had the typical
characteristic angular forms suggesting periclase.

Figure 21. Clinker sample D composition with 10.4 % total MgO. Colorized
element maps of Mg, Al, Si, Ca and Fe from EDS in backscatter images. The
Mg-rich crystals are seen highlighted in the Mg picture, as well as darker round
shapes located close to the lighter Ca-rich phases in the red Ca picture
(Magnification 1000).

The average at-% quantities of Ca, Si, Al, Fe and Mg in the alite, belite and the
two interstitial regions in the samples are shown in Table 25. The Mg content of
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the alite and belite phases in sample A was 0.52 at-% and 0.30 at%, respectively
and of the interstitial phase 1.22 at-%. The Mg content of the alite and belite
phases in samples B, C and D ranged between 3.0 and 6.51 at-%. The interstitial
phase in sample B and C had 4.86 to 5.53 at-% Mg and sample D held 11.87 at-
% Mg. No significant difference in the content was found when comparing
cooling methods.

Table 25. The average elemental content at-% of the alite, belite, free lime,
periclase phases and the interstitial material in samples A, B, C and D
measured with EDS. (mean=average, o=standard deviation and n=number of
data points).

Mg-rich
Alite Belite Interstitial Interstitial
Sample A mean e} mean e} mean e} mean c
Ca 72.2 0.79 67.9 1.22 61.2 1.47
Si 21.6 0.88 26.6 1.26 12.3 1.05
Ca/Si 3.35 0.15 256  0.15
Al 3.84 0.80 339 078 17.2 1.22
Fe 1.90 0.28 1.74 042 805 0.86
Mg 0.52 0.10 030 017 122 0.27
n 85 39 74
Sample B mean c mean c mean c mean c
Ca 67.5 164 654 2.48 56.9 1.79 24.2 1.50
Si 21.1 0.72 2338 156 12.0 099 9.07 059
Ca/Si 320 010 276 0.25
Al 476 204 285 053 175 151 466 0.98
Fe 193 045 135 020 802 063 173 0.27
Mg 331 055 651 105 553 078 60.3 2.17
n 42 14 85 65
SampleC  mean o mean o mean o mean c
Ca 70.0 0.72 617 1.45 58.0 1.44 257 1.59
Si 21.8 0.59 26.8 0.86 122 072 894 0.61
Ca/Si 322 007 230 0.06
Al 342 055 335 048 16.9 124 558 0.98
Fe 176 035 169 022 803 044 197 031
Mg 3.04 037 6.02 200 48 056 579 2.18
n 9 8 15 20
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Mg-rich

Alite Belite Interstitial Interstitial
SampleD mean o mean o mean o mean c
Ca 68.9 143 63.7 2.32 52.0 151 26.3 1.44
Si 21.3 1.03 26.7 1.86 11.1 0.85 937 050
Ca/Si 325 012 240 0.18
Al 415 126 3.02 049 17.0 131 503 0.53
Fe 199 059 133 033 794 055 174 025
Mg 368 080 337 055 11.9 1.60 57.5 2.03

n 67 13 18 39
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5 Discussion

The Mg from alternative raw materials is described in publications IV and V to
have an impact on clinker mineral formation at temperatures above 1050°C.
Belite and transition phases form from the natural raw materials during the
continuous heating. As the temperature reaches ca 1300°C the slag and
transition phases simultaneously begin to melt. The Mg, Al and Fe bound in the
transition phases and slag are continuously absorbed in the melt as the
developing clinker reaches the maximum temperature of 1450°C. Alite
formation is driven by the diffusion of Ca into the melt reacting with belite.

The work in this thesis on Mg diffusion has shown that slag and lime particle
reactions are temperature dependent. This is important in order to understand
how Mg from the slag may enter the melt and influence the clinker chemistry.
With temperatures from ca 1300°C to 1450°C, the periclase and slag Mg-rich
compounds form a melt adjacent to the lime. The diffusion of Mg by way of the
slag melt into the lime particle may be initiated by capillary forces. As the lime
is dissolved with increasing temperatures the melt viscosity is reduced. An
increase in temperature has previously shown to have a double effect on surface
tension of molten slags and will reduce surface tension [80]. At 1450°C the
clinker and slag melt may have similar compositions, thermodynamic properties
and are progressively intermixed forming clinker melt. The diffusion of Mg, Al
and Fe may replace Ca and Si in the crystal structure forming the alite solid
solution.

During cooling the aluminate and ferrite phases crystallize as solid solutions
with Mg, Al and Fe. The primary periclase remaining after cooling may be
oversize particles of dissociated dolomitic limestone or partially molten slag.
The secondary periclase crystallizing from the melt and any primary periclase
constitute the total quantity of periclase in the cooled clinker.

5.1 Mg distribution in clinker models

Modeling the influence of Mg from alternative materials on clinker phase
formation was started at 1450°C. At the initial temperature C,S(ss), CsS(ss),
Ca0(ss) and MgO(ss) are in equilibrium with a melt formed from molten slag
and the lower melting clinker constituents as aluminate and ferrite. The
improvements of the model done in this thesis are based on results of initial
thermodynamic modeling work described in publications | - Ill. The calculation
utilizes the Scheil fractional crystallization cooling calculation in a chemistry
model as described in publication Il1.
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In publication 111 it was found that a solid solution of phosphate in belite and a
melt solution phase were important components for the Scheil fractional
crystallization calculations. However, in order to improve the predictability of
the model a CsS solid solution phase with substituting ions of primarily MgO
and P,Os was recommended.

A previous study using a similar C3S(ss) hatrurite phase in a modified FToxid
database was described by Meyer et al [70]. The resulting phase was utilized in
the KilnSimu model simulating energy efficiency in Oz-enriched kiln burners.
The model agreed with verified kiln energy audit and a detailed description of
the resulting clinker phase content was reported but no description of the
individual phase MgO content was given.

In the present work it was initially found that with the FToxid-data the C3sS(s)
hatrurite phase did not coexist with the melt at 1450°C. In contrast, the C3S(s)
phase did form with the Gtox-data. It was found that the Gibbs energy values
for the reaction CaO+a'C,S—C;S in the temperature region between 1000°C
and 1500°C was more driven by the lower Gibbs energy associated with the
Gtox-data. At 1450°C, the Gibbs energies were for FToxid -452 J/mol and for
Gtox -1334 J/mol. See Figure 22.
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Figure 22. The standard Gibbs energy 4G° (J/mol) value of the reaction
CaO+a'C,8—C3S in the temperature range of 1000°C — 1500°C calculated
using the FToxid and Gtox databases.
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Thus, it was concluded that the Gtox-data was suitable for modeling and there
was a need for a CsS(ss) model. The C3S(ss) oxide wt-% composition of CaO
72.1, SiO; 24.6, Al;03 1.3, Fe;0O3 0.6 and MgO 1.5 at 1450°C is in agreement
with published data, see Table 26. The 1.5 wt-% of MgO in the C3S(ss) phase is
in agreement with the 1.3+ 0.2 wt-% of MgO in alite reported by Dreizler and
Konig [10]. The inclusion of the oxides Al;O3, Fe>O3 and MgO in the C3S(ss)
composition is a significant step towards modeling the influence of MgO on
clinker chemistry and of significant value considering that Portland cement
clinker may consist of up to 80 % alite.

The predicted C3S(ss) oxide compositions in the samples display variations in
MgO content. In LSF 97 samples with total MgO between 0 and 2 wt-% the
content increased and between 3 and 10 wt-% it remained unchanged at 1.1 wt-
% suggesting saturation. The MgO content in C3S(ss) agrees with the value for
MgO in alite as reported by Taylor. See Table 26. The LSF 104 samples with
total MgO between 3 and 10 wt-% had consistently lower values suggesting
saturation at 0.75 wt-% in the phase.

Table 26. The phase oxide compositions in a clinker with 1.56 wt-% total MgO
reported by Taylor [81]. The Other column is the sum of the oxides K-O, Na,O,
P,0s, SOz and TiO; in each phase. All values wt-%.

Phase CaO SiO; AlLO; Fe,03 MgO Other Sum
Alite 716 252 1.0 0.7 1.1 0.4 100
Belite 63.5 315 2.1 0.9 0.5 1.5 100
Aluminate 56.6 3.7 313 5.1 1.4 1.9 100

Ferrite (low Al)  47.8 50 16.2 25.4 3.7 1.9 100

In the LSF 97 samples with total MgO between 0 and 2 wt-% the quantities of
CsS(ss) increased and C,S(ss) decreased respectively due to increasing MgO,
Al;O3 and Fe,O; concentrations in the C3S(ss) phase compositions. This is in
agreement with previous studies [9]. In the samples with total MgO gquantities
between 3 and 10 wt-% the compositions of these phases remained unchanged.
The quantities of both phases decreased as the total sample MgO increased
suggesting that the CaO, MgO, Al,O3 and Fe;O; quantities stabilizing C3S(ss)
and C,S(ss) are included in the MgO(ss) phase.

In the LSF 104 samples the MgO, Al,O; and Fe,Os in the C3S(ss) compositions

varied in a similar manner as the quantities of both C3S(ss) and C,S(ss) phases
decreased with increased MgO(ss).
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In the LSF 97 samples the formation MgO(ss) is shown to be temperature
dependent. The temperatures with 1 wt-% total MgO the MgO(ss) forms at
1367°C and with 2 wt-% at 1430°C. With the successively larger quantities of
3, 5 and 10 wt-% the C3S(ss) and excess MgO(ss) are simultaneously present at
1450°C.

In the LSF 104 samples the formation of CaO(ss) and MgO(ss) is shown to be
dependent on the total MgO. Both phases form with the CsS(ss) at 1450°C and
the quantities of CaO(ss) are higher and MgO(ss) lower with sample MgO
between 0 and 2 wt-%. With the successively larger quantities of total MgO the
MgO(ss) quantities are higher, increasing as the CaO(ss) content lower.

The MgO content of C3S(ss) phase is in agreement with published data for alite
MgO content. In contrast, the oxide compositions of the CzA(ss) and C,F(ss)
phases do not reflect the published aluminate and ferrite MgO content because
they are not included in the calculations. This can be seen when comparing
published MgO contents of these phases with solution phases formed with non-
equilibrium cooling calculations. This lack of MgO content may have had an
influence on the calculated MgO solubility results. See Table 27.

Table 27. The span of predicted clinker solution phase compositions compared
to published clinker phase oxide compositions. All values wt-%.

Phase CaO SiO2 Al,O3 Fe:03 MgO

Alite 69.3-71.6 178-26.6 0.60-5.03 0.10-5.32 0.13-2.05

Belite 59.7 - 66.9 278-352 1.10-287 0.06 -3.34 0.20-1.23
Published

Aluminate 48.1-61.2 210-6.60 21.7-34.2 0.70-8.30 0.40 - 1.50

Ferrite 46.0-51.8 1.20-455 13.7-24.4 18.7 -30.6 0.40 - 3.90

C3S(ss) 71.7-73.9 236-253 0.90-1.82 0.21-1.18 0.64-1.83

C,S(ss) 65.0 34.9 0 0.0002 - 0.0005 0.07-0.10
Predicted

C3A(sS) 62.2 0 374 0.38-0.43 0

CoF(ss) 46.7-47.3 0 23.5-255 27.2-29.9 0

Clinker phases are solid solutions and have a collective contribution to MgO
solubility. The solubility of MgO in the solid solution phases in clinker is of
interest when evaluating the effect of Mg on clinker chemistry. The relationship
has been shown to follow a polynomial trend [4, 47, 48]. See Figure 23.
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Figure 23. The relationship between periclase and the total MgO content. With
MgO values less than 2 wt-% the periclase quantities similar while for MgO
values above 2 wt-% the quantity of periclase is increasing. Adapted from [4,
47, 48].

It can be seen in Figure 23 that with MgO values less than 2 wt-% the periclase
guantities are similar whereas for MgO values above 2 wt-% the quantity of
periclase is increasing. Taking this into consideration, a linear relationship
between periclase and total MgO values higher than 2 wt-% may be used to
calculate quantity of MgO that is soluble in clinker minerals by utilizing the
slope and the x-axis intercept.

Calculation of the MgO solubility in the cooling model for LSF 97 samples is
0.7 wt-% and the LSF 104 samples 1.0 wt-%. The results from the synthetic
clinker experiments shows a MgO solubility of 2.1 wt-%. Please note that for all
three the regression line slopes are 1.1. See Figure 24.

The results from the cooling model are in agreement with [51] that determined
the MgO solubility to be 1.3 wt-% by experiments and theoretical simulations
from density functional theory. The synthetic clinker MgO solubility of 2.1 wt-
% results are in agreement with previous laboratory clinker experiments [10].
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It is of interest to note the quantities of soluble MgO in the phases determined
with the cooling model and density functional theory is only half of the quantity
soluble in the laboratory clinkers. The simulations have not incorporated a
similar quantity of MgO. This may be due to the MgO contents of the C,S(ss),
C3A(ss) and CF(ss) phases.
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Figure 24. The solubility of MgO was calculated with the cooling model and
determined with laboratory experiments. The LSF 97 samples showed 0.7 wt-%
and LSF 104 samples 1.0 wt-%. Experimental results showed a solubility of 2.1
wt-% in the synthetic clinker.

5.2 Mg distribution in clinkers from alternative raw
materials

The work on slag and raw meal particle interactions during heating gives an
improved understanding of the mechanisms how Mg enters the melt. An
important aspect is the slag and lime particles reaction. The high temperature
properties of slags previously reported [23] and the transport of slag materials
into the lime particle observed in this study suggest that slag and lime particles
react, and the melt incorporates Mg from all the raw materials as the
temperature reaches 1450°C.
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The quantity of melt, its composition and viscosity can be calculated with
thermodynamic software and the FToxid database [66]. Initially, the slag and
lime particles are separate in the raw mix prior to heating in the kiln. As the
temperature reaches 1300°C during heating in the melting zone they interact
and react facilitated by the continuous agitation of the rotating kiln. To illustrate
the suitability of replacing limestone with slags the viscosity of lime, BOF and
BF slag melts is calculated. It can be seen that viscosities for the 1:1 mixtures of
slags with lime are similar to calculated clinker viscosities at the same
temperatures. See Table 28.

Table 28. The calculated viscosities of clinker and 1:1 slag lime mixes at
1350°C and 1450°C are similar illustrating the compatibility of slags and lime.

BFslag BOFslag BFLime BOFLime Clinker
1:1 mix 1:1 mix

Viscosity cP

1250°C 1525 135 340 129 299
1350°C 708 51 281 68 170
1450°C 397 34 159 48 102
Melt wt-%

1250°C 74 17 9 16 18
1350°C 95 49 21 30 20
1450°C 95 63 33 44 23

The calculated viscosity of a melt from a 1:1 combinations of lime with BOF
and BF at 1450°C is below 300 cP at the interface and may thus be physically
able to coat the particle surfaces. The decreasing viscosity and surface tension
facilitates further reactions. The quantity of melt in these slag and lime
combinations are similar to clinker and illustrates how burnability may be
improved by the incorporation of Mg into the melt. An example of this effect
with BOF slag in CSA clinker raw material showed that raw mixes gradually
melted after 1350°C while mixes with BOF slag melted rapidly after 1350°C
[28].

In the Reference and Test clinker samples the oxide composition of the Mg-rich
interstitial phases can illustrate the effect of additional Mg from slag in the raw
meal. The total sum of the oxides Al.Os;, Fe;O3 and MgO in the Test sample is
17 wt-% higher than in the Reference. In both samples the interstitial phase
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composition shows significant quantities of CaO and SiO. suggesting alite and
belite edges may be included in the EDS analysis. See Table 29.

Table 29. The oxide compositions of clinker phases in clinker samples
Reference and Test calculated from Table 21. All values wt-%.

Sample  Phase CaO SiO; A0z Fe:0s MgO  Sum

Reference Alite 639 322 141 075 174 100
Belite 565 395 187 107 106 100
Interstitial 454 697 242 180 543 100
mf’e‘rgg?ial 299 154 973 287 421 100
Test Alite 631 328 127 085 198 100
Belite 568 399 144 116 070 100
Interstitial 46.3 710 217 20.4 450 100
mge'rgg?ial 200 759 809 522 591 100

Periclase 1.88 0.42 1.17 093 95.6 100

In the four synthetic clinker samples with varying total MgO contents up to 10
wt-% the alite and belite compositions have lower CaO and higher SiO;
contents compared to the compositions reported by Taylor, see Table 26 [81]. In
sample A the Mg-rich interstitial material was not identified and the MgO
content of alite, belite and the interstitial material is lower than the phases in
samples B, C and D. In these three samples the Mg-rich interstitial material was
identified and all phase compositions the MgO values are similar regardless of
total MgO. See Table 30.

The phases alite, belite, free lime, periclase, aluminate and ferrite have formed
in the synthetic clinker samples and may be microcrystalline due to choice of
raw materials and laboratory procedures. One possible explanation for this may
be the Al, Fe and Mg was obtained from pure chemicals that may faster form
the melt as the limestone and sand may have been slower to react before sample
cooling. Another explanation may be that the relatively fast cooling has
hindered the alite and belite crystals from growing in size, circumstances that
facilitated the formation of aluminate, ferrite and periclase crystals during
cooling.
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Table 30. Oxide compositions of clinker phases in synthetic samples A, B, C and
D calculated from atomic ratios. All values wt-%.

Sample Phase CaO SiO; AlbO; Fe,03 MgO  Sum

A Alite 63.9 29.2 4.59 1.75 0.56 100
Belite 58.9 35.3 3.97 1.55 0.28 100
Interstitial 54.1 16.7 20.6 7.33 1.27 100

Mg-rich
Interstitial

B Alite 59.4 28.4 5.61 1.71 4.88 100
Belite 57.0 31.8 3.31 1.18 6.71 100
Interstitial 50.1 16.1 20.8 7.23 5.77 100

Mgrich 06 118 531 149 608 100
Interstitial
C Alite 61.8 294 402 160 318 100

Belite 53.1 35.3 3.91 1.54 6.15 100
Interstitial 51.1 16.4 20.2 7.25 5.05 100

Mgrich 518 116 644 176 584 100
Interstitial
D Alite 60.7 287 495 180 385 100

Belite 55.9 35.8 3.59 1.20 3.51 100
Interstitial 45.6 14.9 20.1 7.10 12.3 100

Mg-rich

. 224 12.2 5.79 1.51 58.1 100
Interstitial

Of special interest is the industrial clinker process data collected during the tests
replacing limestone in the raw meal with slags. See Table 19. The relationship
between total MgO and periclase in the combined Test and Reference data sets
plot follow a linear correlation with a slope of 0.8 and is lower than the
synthetic clinker samples slope of 1.1. The lower slope suggests that the total
MgO content in the Reference data nears ca 2.5 wt-% and the periclase content
approaches 1.5 wt-% and in the Test data the total MgO content approaches 5
wt-% and the periclase content approaches 2 wt-%.
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A similar trend was observed by Dreizler and Knofel they attributed to cooling
rates. It was seen that slower cooling rates formed higher quantities of periclase
and lower MgO solubility in the clinker. For example, with 2 wt-% total MgO
in a slowly cooled clinker 1 wt-% periclase was formed and 1 wt-% MgO was
soluble. In contrast, in a quickly cooled clinker all of the MgO was soluble as
no periclase formed.

MgO solubility can be represented by the calculated difference (total MgO —
periclase). The average MgO solubility in the Reference data was 1.3 wt-% and
in the Test data 1.7 wt-% suggests a difference in solubility and may depend on
the quantity of clinker melt calculated according to Lea? [3] . In the Mg-rich
interstitial phases the total sum of the oxides Al,O3, Fe,O3 and MgO may give
an indication of lowering the viscosity of the melt at temperatures over 1300°C.
The Reference sample Mg-rich interstitial phase contains a total sum of 54.7 wt-
% of the oxides and in the Test sample 72.4 wt-%. The additional 17 wt-% of
the oxides may have lowered the viscosity of the melt and facilitated the
solubility of MgO prior to cooling. See Table 29.

The mean quantity of calculated melt at 1450°C for the Reference data is 22.9
wt-% and for the Test 29.5 wt-%. This increase is due to additional quantities of
Al,O3, Fe,O3 and MgO from the slag. The slope suggests that when replacing
limestone with slag these additional oxides shift towards a higher MgO
solubility and decreased periclase formation. The positive effects of slag on the
melt viscosity have been shown in publication IV to improve burnability and
this effect may have facilitated the solubility of MgO in the Test data. Assuming
cooling rates were similar, more slag in the raw meal gives a positive effect on
MgO solubility. The Test and Reference periclase data are plotted in Figure 25
as a function of total MgO. The maximum 2 % MgO solubility is shown with
the solid line. The Test data with improved solubility is shown in closer
proximity to the line describing maximum MgO solubility.

2 Calculation according to Lea at 1450°C 3+Al,03+2.25+Fe,03+MgO+K,0+Na,0
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Figure 25. The MgO solubility in Reference and Test data from the limestone
replacement trials. More slag adds MgO in the raw meal and lowers melt
viscosity and improving MgO solubility. The slope (dashed line) indicates
improved burnability with slag in the raw meal when the data approaches the
maximum quantity of 2 wt-% MgO possible to bind in the clinker (solid line).

The Test data had an average free lime of 1.89 wt-% with a standard deviation
of 1.98, see Table 19. This may not indicate poor burnability despite the
additional quantity of melt as the free lime values were within an acceptable
range during the test with slag in the raw meal. Poor burnability may instead be
illustrated with the results from in-situ HT RQXRD analysis of a 90 % CaCOs; +
10 % SiO, mixture. The reaction CaO+a'C,S—C5S was not completed in the
time frame used leaving some intermediate compounds. This reaction is fairly
slow due to the lack of melt formation, and the solid particle reactions are
incomplete when the temperature is ramped up at a constant rate. Thus, the
complete formation of CsS is not achieved leaving ca 78 wt-% CaO unreacted.

The decisive parameters that influence free lime content are the mineralogy and
fineness of the raw materials and the homogeneity of the raw mix. The positive
effects of additional slag MgO reacting with limestone may contribute to
reducing the effects of coarse particles, improving burnability and clinker phase
formation.
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5.3 Verification of Scheil cooling model calculations

The Scheil cooling model results are compared with the results from RQXRD
analysis of single Reference and Test kiln samples. The Rietveld and Scheil
results both consider solid solutions, and it is of interest to compare the results.

The calculated C3S(ss) values are higher than the measured CsS values and the
calculated C,S(ss) values are lower than the measured C,S values. The free lime
values indicated that the reactions forming CsS did not go to completion in the
kiln. Periclase was determined only in the Test sample but in the Scheil
calculation both Ref and Test formed MgO(ss).

Table 31. Results from RQXRD with High Score Plus and Scheil calculations of
the Reference and Test samples. All compositions wt-%.

Oxide Ref Test RQXRD Ref Test Scheil Ref Test
CaO 652 638 C:S M3 64.6 52.6 C3S(ss) 68.2 60.7
Si0, 232 230 B-C.S 19.9 272 C2S(ss) 175 218
Al,O3 345 357 C:A 1.90 0.19 C3A(sS) 0.39 0.13
Fe,0s 4.10 514 C.AF 12.4 16.5 C,F(ss) 116 13.8
MgO 171 2.79 Periclase 0 243 MgO(ss) 0.40 1.56
Na,O 019 0.6 Lime 0.70 0.10 CaO(ss) 0.00 0.00
K>0 048 055 Aphtitalite 0.30 0.30 Salt 1.05 1.33
SOs 053 0.65 Arcanite 0.10 0.10 CA; 0.56 0.61
Anhydrite 0.10 0.30 K2MgSiO4 0.30 0.07
Portlandite 0.00 0.30
Total 100 100 Total 100 100
C3S+C,S 845 79.8 CsS(ss)+CoS(ss) 854  82.2
C5S/C,S 3.2 1.9 CsS(ss)/C,S(ss) 4.4 2.7

The alite phase is formed by free lime reacting with belite. This reaction is
completed within the Scheil calculations and in this case, not in the kiln. The
sample LSF indicate that the sums C3S+C,S and C3S(ss)+C,S(ss) for both
methods are similar. Thus, the ratio C3S/C,S may be used to assess the degree
of completion by comparing ratios with the Scheil data.

The model for the solubility of MgO is mainly limited by the accuracy of the

thermodynamic data. The quantities of periclase in the RQXRD analysis may
not be accurate due to inhomogeneities and preparation difficulties of the
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individual samples. The determined MgO solubility in the Reference and Test
sample groups suggest that the quantity of periclase in the Reference sample
may be 0.5 wt-% and in the Test 1.4 wt-%. These values are in agreement with
the MgO(ss) values 0.4 wt-% and 1.56 wt-% from the Scheil cooling results.

This comparison may provide information on burnability of raw meals in testing

applications. The samples used in the Rietveld analysis are often affected by
uncontrollable factors, such as kiln conditions and incomplete particle reaction.
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6 Conclusions and recommendations

The work has gained knowledge about how Mg is introduced into the clinker as
solid solutions with mathematical thermodynamic modeling, literature reviews,
laboratory experiment and full-scale trials. Particularly, the results have added
knowledge about lime and slag particle reactions, distribution of Mg in the
clinker melt, and the effect of increased use of metallurgical slags. In addition,
contributions to the thermodynamic description of a solid solubility of Al, Fe
and Mg in C3S(ss) are an integral part of this study.

6.1 Literature review

Permits for new and continued quarrying of limestone are limited in
Sweden and worldwide.

To reduce CO; emissions low carbonate LD slags rich in Mg are used
as a replacement for limestone leading to higher MgO contents in
clinker.

Mg is found in limestone as dolomite and in clays. On heating, in the
temperature range below 1300°C free reactive MgO is formed. The free
MgO is incorporated in the melt at 1450°C.

On heating, periclase is initially present at temperatures above 700°C.
The MgO from dolomite and other minerals form primary periclase and
transient compounds. As the temperature rises most of the primary
periclase and transients dissolve in the melt at 1300°C — 1450°C. Slags
can melt in this temperature range, adding additional MgO when
intermixing with the clinker melt.

On cooling, the dissolved MgO crystallizes from the melt as secondary
periclase. In the cooled clinker the periclase crystal sizes are 15 to 20

pm.

Present DFT calculations correlate with measured Mg replacement of
Ca in the C3S crystal.
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6.2 Thermodynamic modeling

The results suggest that the Gtox database is suitable for Scheil cooling
calculations. At a starting temperature of 1450°C, alite is formed with
this database, which is necessary for a realistic cooling description.

An improved ideal dilute thermodynamic model CsS(ss) of the major
alite clinker phase as a solid solution of Caz 14SiAlo.0sF€0.02Mg0.090s 3 at
1450°C is based on alite phase composition reported in the literature.

An oxide solid solution phase evaluated for MgO and CaO with a
miscibility gap can be utilized in the Scheil fractional crystallization to
predict the minor phases MgO(ss) and CaO(ss).

Utilizing the C3S(ss) model together with phases and solutions in the
Gtox database for Scheil cooling calculations reflects alite formation
fairly well in clinkers with more than 2 wt-% total MgO.

The predicted distribution of Mg in other clinker phases than alite and
oxide predicted with Scheil model did not fully agree with clinker data
published in the literature.

6.3 Laboratory experiments and full-scale trails

The laboratory experiments show that 2 wt-% total MgO goes into solid
solution with the clinker minerals and the remaining MgO forms
periclase. At 10 % total MgO, 8 % periclase forms and thereby
significantly lowers the proportions of desired alite and belite in the
clinker.

The experimentally determined relationship between MgO bound in
clinker phases and periclase formed were in fair agreement with
published data.

The results show that other major phases than periclase are not formed.

It is shown that during heating the partial melting of slag increased the
diffusion of Ca, Mg, Si, Al and Fe from the slag into the clinker melt.
The agglomeration and concentration of phases at higher temperatures
indicate that the Mg-rich material and lime can form a melt which
shows the importance of slag in clinker formation.
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Reactions between slag and calcined limestone are initiated when the
slag starts to melt in the temperature region 1250°C — 1450°C. The
diffusion of Mg from the slag particle is initiated at 1250°C, proceeding
at 1350°C and completed at 1450°C. The melt facilitates material
transport and the lower viscosity from MgO is essential for this
transport to proceed at a reasonable rate.

A comparison between quenched and quickly cooled synthetic samples
and production clinker samples was difficult due to differences in
crystal size.

6.4 Recommendations for continued work

Improve the database by modifying the thermodynamic description of
C25(ss), CsA(ss) and CoF(ss) solid solution phases to include Mg, Al
and Fe.

Extending the thermodynamic database with K, Na, S and P in the solid
solution clinker phases.

Develop a model for Scheil cooling calculations for immiscible melts
viscosities and surface tensions in a counter-current systems.

Explore possibilities to develop a clinker cooling model that reflects the
influence of chemistry and cooling rate on metastable polymorphic alite
phases.

Develop methods to assess raw meal burnability utilizing RQXRD and
Scheil calculation methods.
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9 Appendix

Table 32. The range of MgO, Al,QOs, SiO,, CaO, Fe;Os in clinker phase
compositions measured with EDS in different cement clinker types [47-50]. The
elemental composition values reported by Ghose & Barnes are converted to
oxides. ( mean=average, o = standard deviation and n=number of data points).
All compositions wt-%.

Oxide Alite Belite Aluminate Ferrite
Kristmann [49] n=39 n=39 n=39 n=39
Cao mean 70.6 63.8 54.6 49.1
o 0.9 0.9 2.9 1.2
SiO; mean  25.3 31.3 3.9 2.5
o 0.5 0.6 0.6 0.5
Al;,O3 mean  1.33 2.23 30.8 22.5
o 0.2 0.3 1.4 1.8
Fe,O3 mean 0.79 1.18 6.9 23.7
o 0.3 0.3 1.4 2.7
MgO mean 1.11 0.5 1.13 2.63
o 0.5 0.2 0.3 0.5
Harrison, et al n=32 n=21 n=14 n=17
[6]
Cao mean 72.6 63.2 56 47.4
c 0.5 0.8 1.2 0.8
Si0O; mean 25.8 31.8 4.2 3.8
c 0.3 1.3 0.8 0.9
Al,O3 mean 1 2.1 31.3 22.1
c 0.3 0.7 1.2 1.8
Fe.Os mean 0.4 0.8 5 19.6
c 0.2 0.2 0.9 15
MgO mean 0.6 0.3 14 3.9

c 0.1 0.4 0.5 0.5




Table 32. The range of MgO, Al203, SiO2, CaO, Fe203 in clinker phase
compositions measured with EDS in different cement clinker types [47-50]. The
elemental composition values reported by Ghose & Barnes are converted to
oxides. ( mean=average, s = standard deviation and n=number of data points).
All compositions wt-%.

Oxide Alite Belite Aluminate  Ferrite
Boikova [47]
Cao min 69.3 59.7 48.1 46
max 73.3 64.2 61.2 51.8
SiO; min 24.2 30.9 3.67 25
max 26.6 35.2 6.6 4,55
Al;O3 min 0.6 0.96 21.7 13.7
max 1.14 1.92 34.2 23.2
Fe,03 min 0.63 0.93 4.3 18.7
max 1.52 1.74 6.6 30.6
MgO min 0.46 0.23 0.55 1.6
max 2.05 1.1 1.15 3.3
Oxide Alite Belite Interstitial
Ghose & Barnes [50]
Cao min 64.9 60.1 40.1
max 74.1 66.9 60.4
SiO; min 17.8 27.8 1.3
max 25.9 35 16.5
Al,O; min 0.64 0.53 11.7
max 5.59 3.19 31.1
Fe,Os min 0.03 0.03 0.43
max 2.66 1.67 30.3
MgO min 0.13 0.07 0.4
max 1.62 1.23 24.3
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Table 33. Structure files used in HighScore Plus RQXRD evaluations.

Mineral ICSD Ref ICDD Ref
Amesite 96-900-1312 [82]
Anhydrite 16382 [83]
Aphthitalite 26081 [84]
Arcanite 2827 [85]
B-C.S 963 [86]
CsA 1841 [87]
CsS M3 64759 [88]
CsS2 2282 [89]
C.AF 9197 [90]
Calcite 20179 [91]
CS 201537 [92]
Dolomite 31209 [93]
Gehlenite 31235 [94]
Langbeinite 40988 [95]
Lime 75785 [96]
Magnetite 26410 [97]
Melilite 14243 [98]
Merwinite 26002 [99]
Muscovite 96-110-0016 [82]
Periclase 9863 [100]
Perovskite 62149 [101]
Portlandite 15471 [102]
Pyrite 316 [103]
Quartz 89276 [104]
Vanadium 96-901-2781 [82]
Wistite 31081 [105]
Akermanite 39924 [106]




Table 34. Structure files used in Bruker TOPAS RQXRD evaluations.

Phase ICSD Ref
B-C2S 81096 [107]
v-C2S 200707 [108]
C:SM1 Provided by Bruker
(Bruker AXS GmbH,
DE)
CsS M3 94742 [109]
C.AF 9197 [90]
CsA 1841 [87]
Lime 75785 [96]

Periclase 9863 [100]
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