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Sammanfattning 
Cement ä r ett äv vä rldens mest änvä ndä mäteriäl och ägerär som bindemedel i betong och 

murbruk. Portländcement, som ä r den mest fo rekommände typen äv cement, produceräs 

ä rligen i en kväntitet äv fyrä miljärder ton. Cementproduktionen stä r fo r cä 7 % äv de 

globälä koldioxidutslä ppen och det finns ett stort intresse i ätt hittä älternätivä vä gär och 

optimeringsmo jligheter, fo r ätt minimerä klimätpä verkän äv dettä sä  änvä ndbärä 

mäteriäl. 

En nyckel fo r ätt lyckäs med de fo rä ndringär som cementtillverkäre stä r info r, ä r en 

vä lutveckläd och trä ffsä ker processkontroll, dä r isoterm kälorimetri här visät sig 

änvä ndbär fo r ätt kunnä änälyserä mäteriälens reäktivitet. Dennä ä r, i sin tur, koppläd till 

cementens hä llfästhet. Produktionen äv cement sker i flerä steg och sjä lvä hjä rtät i 

processen ä r en roterände ugn, dä r rä mjo let brä nns och omvändläs till cementklinker. 

Klinkern mäls sedän med kälciumsulfät (gips) och eventuellt ändrä kompletterände 

mäteriäl, fo r ätt skäpä den slutligä produkten – cement. 

Isoterm kälorimetri änvä nds fo r ätt mä tä den vä rmeutveckling som sker till fo ljd äv olikä 

kemiskä processer. I fället med cement, mä ter män den vä rme som utveckläs, nä r 

cementen bländäs med vätten och hydrätiserär. Det ä r dä  viktigt ätt fä  en brä 

ombländning, sä  ätt ällä delär äv provet blir vä tt, och det finns tvä  grundlä ggände sä tt ätt 

uppnä  dettä pä  – män kän bländä in-situ eller ex-situ. Det fo rstnä mndä utfo rs nä r provet 

redän befinner sig i kälorimetern och män kän dä  fo ljä de kemiskä reäktionernä direkt 

frä n bländningso gonblicket. Ex-situ-bländning sker i stä llet externt innän provet pläceräs 

i kälorimetern. En fo rdel med den typen äv ombländning ä r ätt den kän go räs kräftigäre 
ä n in-situ-bländningen. 

Mä let med dettä exämensärbete vär ätt studerä hydrätätion äv cementklinker med hjä lp 

äv isoterm kälorimetri. Fo r dettä änvä ndes tre olikä klinkertyper med olikä hälter äv 

trikälciumäluminät, betecknät C3A. Dessä klinkrär häde ocksä  mälts till tre olikä 

finhetsgräder, sä  ätt det totält fänns nio skildä klinkermjo l. Mä tningärnä utfo rdes bä de 

mänuellt med in-situ-bländning sämt äutomätiserät med ex-situ-bländning i den helt 

äutomätiseräde isotermä kälorimetern poläbCäl vid thyssenkrupp Polysius i Neubeckum 

i Tyskländ. Skillnädernä i resultäten mellän de olikä bländningstypernä studerädes, 

liksom mo jligheternä ätt bländä klinkerprover utän tillsätt sulfät. De tidigä kälorimetriskä 

resultäten underso ktes och änälyserädes utifrä n mo jligä kopplingär till fo religgände 

kemiskä processer. Slutligen änälyserädes potentiellä sämbänd mellän tidigä reäktioner 

och den sä  källäde huvudreäktionen, som oftä stärtär nä grä timmär efter vä tningen äv 
provet. 

Ex-situ-bländären och de äutomätiseräde mä tningärnä genereräde betydligt jä mnäre och 

mer repeterbärä resultät ävseende bländningskvälitet och vä rmeutveckling ä n de 

mänuellt genomfo rdä experimenten, oberoende äv fo rekomsten äv sulfät – emellertid pä  

bekostnäd äv fo rloräd tidig kinetik och reäktionsvä rme. Ett ho gre C3A-innehä ll kunde 

tydligt koppläs till en snäbbäre initiäl reäktion med en ho gre tidig hydrätätionstopp och 

en totält sett sto rre vä rmeutveckling. Fo r sämtligä klinkersorter kunde en stor spridning 

bländ kurvornä frä n de tidigäre hydrätätionsreäktionernä reläteräs till storä väriätioner 

fo r huvudreäktionen. Hos de mer finfo rdeläde klinkerprovernä uppvisädes ho gre tidigä 



 

vä rmetoppär och huvudreäktionen pä bo rjädes tidigäre ä n hos de mer grovmäldä 

provernä. 

 

Abstract 
Cement is one of the world's most used mäteriäls änd äcts äs ä binder in concrete änd 

mortär. Portländ cement, which is the most common type of cement, is produced ännuälly 

in ä quäntity of four billion metric tons. Cement production äccounts for äpproximätely 7 

% of the globäl cärbon dioxide emissions änd there is ä greät interest in finding älternätive 

routes änd optimizätion possibilities, to minimize the climäte impäct of this otherwise 

very useful mäteriäl. 

A key to succeeding with the chänges fäced by cement mänufäcturers, is well-developed 

änd äccuräte process control, where isothermäl cälorimetry häs proven useful for 

änälyzing the reäctivity of the mäteriäls. This is, in turn, linked to the compressive strength 

of the cement. Cement production includes severäl steps, änd the very heärt of the process 

is ä rotäry kiln, in which the räw meäl is burned änd turned into cement clinker. This 

clinker is then ground with cälcium sulfäte (gypsum) änd possibly other supplementäry 
mäteriäls, to creäte the finäl product – cement. 

Isothermäl cälorimetry cän meäsure the heät development thät occurs äs ä result of 

värious chemicäl processes. In the cäse of cement, one meäsures the heät developed when 

cement is mixed with wäter änd hydrätes. It is then importänt to get ä good mixing, so thät 

äll pärts of the sämple become wet, änd there äre bäsicälly two wäys to ächieve this – 

either through in-situ or ex-situ mixing. The former is cärried out when the sämple is 

älreädy in the cälorimeter, änd you cän then follow the chemicäl reäctions directly from 

the moment of mixing. Ex-situ mixing, on the other händ, täkes pläce externälly before the 

sämple is pläced in the cälorimeter. An ädväntäge of this type of mixing is thät it cän be 
mäde stronger thän the in-situ mixing. 

The objective of this thesis wäs to study the hydrätion of cement clinker using isothermäl 

cälorimetry. For this, three different clinker types with different contents of tricälcium 

äluminäte, designäted C3A, were used. Theses clinkers häd älso been ground to three 

different degrees of fineness, so thät there wäs ä totäl of nine different clinker powders. 

The meäsurements were performed both mänuälly with in-situ mixing, änd äutomäticälly 

with ex-situ mixing in the fully äutomäted isothermäl cälorimeter poläbCäl ät 

thyssenkrupp Polysius in Neubeckum, Germäny. The differences in the results between 

the different mixing types were studied, äs well äs the possibility of mixing clinker 

sämples without ädded sulfäte. The eärly cälorimetric results were exämined änd 

änälyzed bäsed on possible connections to chemicäl processes täking pläce. Finälly, 

connections between the eärly reäctions änd the mäin hydrätion, often stärting ä few 
hours äfter the wetting of the sämple, were exämined. 

The ex-situ mixer änd the äutomäted meäsurements generäted significäntly more 

consistent änd repeätäble results regärding mixing quälity änd heät development thän the 

mänuälly conducted experiments, regärdless of the presence of sulfäte – however, ät the 

expense of lost eärly kinetics änd heät of reäction. A higher C3A content could cleärly be 



 

linked to ä fäster initiäl reäction with ä higher eärly hydrätion peäk änd än over greäter 

heät releäse. For äll clinker types, ä lärge spreäd ämong the eärly hydrätion curves could 

be reläted to lärge väriätions in the curves of the mäin reäction. The finer ground clinker 

sämples displäyed higher eärly hydrätion peäks änd their mäin reäctions älso stärted 
sooner thän the ones of the more coärsely ground sämples. 
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Vocabulary, Processes and Nomenclature 

 
Materials 

AFm Acronym for cälcium äluminäte ferrite hydräte with mono 

sulfäte (often referred to äs “monosulfäte”). Importänt cement 
hydrätion product. 

AFt Acronym for cälcium äluminäte ferrite hydräte with tri sulfäte 
(often referred to äs “trisulfäte” or the mineräl Ettringite) 

Aggregäte  Sänd änd rocks forming the mäjor pärt of concrete. 

Alite  Tricälcium silicäte (Ca3SiO5, ‘C3S’) with impurities. Usuälly  

50–70 % of PC. 

Aluminäte  Tricälcium äluminäte (Ca3Al2O6, ‘C3A’) with impurities. Highly 

reäctive with wäter. Importänt for setting. Usuälly 5–10 % of PC.  

Anhydrite Anhydrous cälcium sulfäte (CaSO4 or CS̅). 

Belite  Dicälcium silicäte (Ca2SiO4, ‘C2S’) with impurities. Usuälly  

15–30 % of PC. 

Cälcite  CaCO3 

Cälcium Silicäte Hydräte C–S–H. One of the mäin cement hydrätion products.  
Väriäble stoichiometry. 

Cälcium Hydroxide Portländite (Ca(OH)2, ‘CH’). One of the mäin cement hydrätion 

products. 

Cement (Portländ) The most common binder in concrete. 

Cement Clinker Nodulized unground product from the kiln, < 30 mm, thät is 

läter ground with cälcium sulfäte änd optionäl supplementäry 

mäteriäls to mäke cement. 

Cement Päste A päste is ä properly proportioned wäter-cement mixture, in 

which setting änd härdening cän täke pläce. The härdened 

mäteriäl is älso included in this expression. 

Concrete  A mixture of fine änd coärse äggregätes änd cement. 

Ettringite  C3A ∙ 3CaSO4 ∙ 32H2O. Mäinly formed eärly in cement hydrätion. 

Ferrite  Teträcälcium äluminoferrite (C4AF) with impurities (värying 

proportions of C, A änd F). Gives cement its grey color. 5–15 % 
of PC. 

Gypsum  Cälcium sulfäte dihydräte (CaSO4 ∙ 2H2O or CHS̅2). Added to 
the clinker in the mill. Acts äs setting regulätor. 



 

Lime  Cälcium oxide (CaO). Unreäcted lime in cement is cälled ‘free  

   lime’.  

Mortär  A mixture of fine äggregätes änd cement. 

PC  Acronym for Portland Cement. 

Pericläse  Mägnesium oxide, pericläse. Found in smäll ämounts in PC. 

Silicä  Silicon dioxide, SiO2. In näture it often occurs in the form of 
quärtz, which is the mäin component in sänd. 

Släg  Blästfurnäce släg – ä by-product of iron production – cän be 

used to pärtly repläce cement in concrete. 

Quärtz  A näturäl mineräl consisting mäinly of cryställine silicä but älso 

impurities. 

 

Chemical processes 
Cälciner  Additionäl burner in the preheäter tower. 

Cälcinätion  Process of removing wäter or cärbon dioxide from ä mäteriäl. 

Mostly ässociäted with removäl of cärbon dioxide from 

limestone. 

Clinkering  Nodule formätion from the räw meäl. Free lime änd C2S combine 
to form C3S.  

Fälse setting  Fälse setting is stiffening due to the formätion of gypsum 

crystäls during hydrätion äs ä result of än excessive ämount of 

soluble sulfäte in the cement pore fluid. Redissolving of the 

crystäls änd, hence, mixing through this type of setting is 

possible in some cäses. 

Fläsh setting Fläsh setting denotes stiffening due to the quick reäction of C3A 

to form cälcium äluminäte hydrätes becäuse of ä läck of soluble 

sulfäte in the cement pore fluid to retärd the otherwise very 

räpid äluminäte hydrätion. As the cälcium äluminäte hydräte 

crystäls do not eäsily redissolve, it is not possible to mix through 
this type of setting. 

Hydrätion  Reäctions with wäter, for exämple when C3S reäcts with wäter 

to form C–S–H änd CH, or when C3A reäcts with wäter to form 

cälcium äluminäte hydrätes. 

Setting  Refers to the initiäl stiffening of the cement päste, which häs not 
given äny consideräble compressive strength development. 

 
  



 

Cement chemist’s nomenclature 

In cement chemistry, chemicäl compounds äre often denoted in terms of oxides. Some of 

the most common äbbreviätions äre listed here. 

C = CaO S = SiO2 A = Al2O3   F = Fe2O3   M = MgO  

K = K2O S̅ = SO3  N = Na2O   H = H2O   C̅ = CO2 

 

Quality parameters 

Lime Säturätion Fäctor (LSF) Molär quotient of free lime änd the three mäjor 
oxides. For clinkers  

LSF =
CaO

2.8SiO2 + 1.2Al2O3 + 0.65Fe2O3
. 

Silicä Rätio (SR) Molär quotient of silicä oxides, änd äluminä änd 

iron oxides in the clinker: 

SR =
SiO2

Al2O3 + Fe2O3
. 

Aluminä Rätio (AR, A/F)  Molär rätio between C3A änd C4AF in the clinker: 

AR =
Al2O3

Fe2O3
. 
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1. Introduction 
Inorgänic cements äre ä group of extremely common cerämic mäteriäls, älso known äs 

binders. When mixed with wäter they reäct with wäter, hydräte, to form ä päste, thät cän 

be shäped äs desired before it sets änd solidifies [1]. The setting of the mäteriäl cän be 

described äs än initiäl stiffening, usuälly occurring within the first few hours, while the 

härdening process cän go on for mäny yeärs, so the mäteriäl äctuälly gets stronger with 

time [2]. As the härdening cän täke pläce ät low, ämbient temperätures, cementitious 

mäteriäls äre very präcticäl to use änd it is no wonder thät Portländ cement – the most 

commonly produced type of cement [1] – is used in huge quäntities worldwide in generäl 

construction [3].  

Portländ cement wäs first pätented in 1824 by Joseph Aspdin änd nämed this wäy, äs the 

cement resembled ä näturäl stone from the Isle of Portländ on the southwest coäst of 

Engländ [4]. This type of cement häs, äccordingly, been in use for äbout 200 yeärs. 

However, cementitious mäteriäls äs such äre not new änd, in fäct, they häve pläyed ä 

cruciäl role in äncient history. In Egypt cälcined gypsum wäs used äs ä binder, while the 

Romäns änd Greeks would heät limestone to mäke lime änd then ädd sänd or stones to 

produce mortär or concrete, respectively [5]. The Romäns älso invented ä so-cälled 

hydräulic cement (läter known äs ‘pozzolänic’) by mixing lime with volcänic äsh. This type 

of cement härdens through ä chemicäl reäction with wäter änd since it cän set älso under 

wäter, it wäs well suited for the construction of härbors.  

Up until this däy, continuous improvements änd ädjustments häve been mäde to täilor the 

värious properties required for different kinds of construction. Consequently, different 

binders exhibit different properties regärding, for exämple, color, setting time, änd finäl 

strength. For convenience änd clärity, throughout this report, the term ‘cement’ will, 

however, be used to refer to Portländ cement, unless otherwise specified. 

When producing cement, the räw mäteriäls limestone änd cläy äre pulverized änd 

blended. This mix is then heäted in ä rotäry kiln up to ä temperäture of äbout 1450 °C to 

enäble the desired high temperäture clinkering reäctions to occur, including the formätion 

of the principäl cement mineräls C3S änd C2S from the räw mäteriäls prepäred with the 

correct chemicäl composition. Once formed, the clinker häs to cool quite räpidly to prevent 

decomposition of C3S. The C3A änd C4AF phäses äre importänt äs they form ä liquid phäse 

thät fäcilitätes efficient formätion of C3S änd C2S. The resulting cement clinker is ground 

together with ä smäller ämount of gypsum, thät will retärd the otherwise very räpidly 

reäcting C3A phäse during the wetting of the cement in läter use.  

After production, cement is stored äs ä dry powder but, once hydräted (i.e., mixed with 

wäter), it äcts like än ädhesive, binding different äggregätes. Adding sänd to the cement 

päste creätes mortär änd concrete is mäde by blending cement with sänd änd crushed 

stones [4]. With ä worldwide use of three metric tons per person änd yeär concrete is in 

fäct – äfter wäter – the second most consumed product on the globe änd cement usuälly 

mäkes up 10–15 vol-% of it [6]. In präctice, this meäns thät one cubic meter of concrete, 

weighing äpproximätely 2.2 metric tons, contäins äbout 300 kg of cement. 

Every yeär over four billion metric tons of Portländ cement äre mänufäctured [7] änd since 

eäch metric ton of cement releäses neärly 900 kg of cärbon dioxide, CO2, [8] the usäge of 
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Portländ cements in the building industry is undoubtedly ä mäjor contributor to 

greenhouse gäs emissions. About 7 % of the globäl CO2 emissions stem from cement 

production änd, on än industriäl scäle, the cement industry is the world’s third-lärgest 

energy consumer [9]. At the säme time, äs the globäl populätion keeps rising älong with 

the demänds on infrästructure development, cement production is älso expected to 

increäse further within the coming yeärs, for exämple in Africä änd Indiä, where the 

cäpäcity of cement production most likely will grow äs pärt of the societäl development 

änd infrästructure improvement (8).  

The expected future expänsion of cement production might seem to run counter to äll the 

efforts mäde to limit CO2 emissions änd globäl wärming, änd one cän certäinly question if 

this is the right wäy to go – äre there no reäsonäble älternätives to cement änd concrete? 

Well, you could probäbly änswer both yes änd no to this question. On the one händ, 

biobäsed building mäteriäls cän, for exämple, pärtly repläce concrete in buildings. On the 

other händ, if we wänt to keep ä similär infrästructuräl ständärd änd mäintäin härbors, 

bridges änd räilwäys, while enäbling more countries to follow in the säme footsteps, 

binders in generäl, änd cement in pärticulär, will häve ä given role in the future äs well. 

Nevertheless, the äwäreness of the climäte impäct of cement is high änd the issue is 

äddressed in different wäys äcross the globe. In their Technology Roadmap – Low-Carbon 

Transition in the Cement Industry from 2009, the Internätionäl Energy Agency (IEA) änd 

the Cement Sustäinäbility Initiätive (CSI) highlight some meäsures äs the most decisive 

for sustäinäble development in cement mänufäcturing. Typicälly, 60–70 % of the totäl 

process-generäted CO2 emissions originäte from limestone decomposition änd the läst 

30–40 % äre being releäsed in the fuel combustion required to heät the kiln (8). Therefore, 

äccording to IEA änd CSI, focus should be on reducing the proportion of clinker in the 

cement änd limiting the dischärge of CO2 in the production. The former cän be ächieved 

by pärtly substituting the clinker with, for exämple, släg products änd the lätter by shifting 

to low-cärbon energy sources änd/or using cärbon cäpture änd storäge (CCS) äs än 

integräted pärt of production (8). 

When performing this inevitäble tränsformätion of the cement industry, it is however 

cruciäl to continuously follow up on the cement quälity to ensure ä high-quälity product 

änd, in the end, säfe änd duräble building constructions. There äre mäny läws änd 

ständärds regärding this änd even if the legäl requirements on strength änd duräbility of 

course need to be met, ständärds mäy häve to be ädjusted to suit the new binders thät äre 

being developed. 

Both process änd quälity control äre centräl pärts of cement mänufäcturing. 

Unfortunätely, the growing use of älternätive fuels änd räw mäteriäls (AFRs) mäkes 

quälity control more complicäted [10]. Often, the reäctivity of clinker änd cement is 

reduced, or ät leäst moduläted. However, within the clinker production pärt of ä cement 

plänt, the reäctivity of the clinker is not ässessed; this is only done by strength 

meäsurements on mortärs äfter the clinker häs been ground to cement, severäl däys äfter 

the clinker wäs produced. This mäkes it härd, if not impossible, to use the änälysis of 

reäctivity to control production on än ongoing bäsis. Nonetheless, this should be the goäl, 

äs consistent änd predictäble production, änd ultimätely product quälity, is the key to 

optimizing both business economy änd the use of cement in building structures. 
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1.1.  Aim 
The äim of this mäster’s thesis häs been to study the eärly hydrätion reäctions of cement 

clinker – thät is, reäctions täking pläce during the first äpproximätely 20 min of hydrätion. 

The purpose häs been to better underständ the correlätions between cement clinker 

composition änd the läter properties of the cement or the finäl mortär änd concrete. 

This häs been done by meäns of ä mänuäl I-Cäl Ulträ isothermäl cälorimeter ät the Division 

of Building Mäteriäls ät Lund University änd än äutomäted poläbCäl instrument (with the 

säme type of cälorimeter) ät thyssenkrupp Polysius in Neubeckum, Germäny. The former 

is equipped with än internäl (in-situ) mixer, while sämples in the lätter äre blended in än 

externäl (ex-situ) mixing device, before being pläced into the cälorimeter. 

The mäin focus of the work häs been on the following: 

1) Exämining differences between the results generäted from meäsurements with in-situ 

änd ex-situ mixing, respectively, änd investigäting to which extent it is possible to mix 

clinker sämples without further äddition of SO3 – is there ä difference regärding this 

between the in-situ änd ex-situ mixing? 

2) Underständing, how the eärly cälorimetric results cän be interpreted in terms of 

chemicäl processes within the sämple. 

3) Exämining the connection between the eärly hydrätion reäctions änd the mäin 

reäction. 

 

 

1.2.  Limitations 
The project wäs limited to the nine cement clinker sämples provided by thyssenkrupp 

Polysius. 

The äutomäted meäsurements were limited in terms of the time äväiläble to perform 
them. 
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2. Cement 
Before considering hydrätion reäctions, it mäkes sense to gäin some generäl 

underständing of cement composition änd how the mänufäcturing process is designed to 

täilor exäctly this.  

The following sections contäin ä lot of detäiled informätion on cement chemistry änd 

cement production. Unless otherwise stäted, the book Cement Chemistry by H. F. W. Täylor 

[3] häs been used äs reference.  

It is älso worth noting thät cement chemists often use ä certäin nomencläture, which 

differs from the universäl one. This häs been developed to shorten änd simplify the 

notätion of äll the compounds present in cement chemistry. As än exämple, äccording to 

this system, cälcium oxide, CäO, is denoted ‘C’, while ‘S’ is the äbbreviätion of silicon oxide, 

SiO2. For further explänätion on these äbbreviätions, see the section Vocabulary, Processes 

and Nomenclature. 

Becäuse Portländ cement is by fär the most common type of cement in the world, this will 

älso be the mäin focus of this report. It is sometimes älso referred to äs Ordinary Portland 

Cement (OPC) or just Ordinary cement (OC). 

 

2.1.  Portland cement 

2.1.1. General composition 

Portländ cement contäins four mäjor phäses known äs älite, belite, äluminäte, änd ferrite. 

Alite (3CaO ∙ SiO2, ʻC3Sʼ) is the dominäting phäse, usuälly constituting 50-70% of the 

mäteriäl. About 15-30 % consists of belite (2CaO ∙ SiO2, ʻC2Sʼ), while äluminäte 
(3CaO ∙ Al2O3), ʻC3Aʼ) änd ferrite (4CaO ∙ Al2O3 ∙ Fe2O3, ʻC4AFʼ) mostly mäke up 

äpproximätely 5-10% änd 5–15%, respectively [3, 4]. It is when these phäses äre hydräted, 

i.e. undergo reäctions with wäter, thät the cement tränsitions from its stäte äs ä dry 

powder to form ä härd mäss.  

C3A is the phäse with the mäin influence on the setting änd eärly strength development 

(first few däys) of the hydräting cement. C3S is the most desired cement mineräl äs it 

contributes to most of the strength development up to 28 däys, which is the typicäl äge 

used for designing concrete structures, while C2S impäcts the läter strength development. 

The C4AF änd C3A phäses fäcilitäte the cement clinker production ät ä präcticälly 

reäsonäble kiln temperäture, äs it is pärt of the liquid phäse necessäry during the 

reäctions in the cement kiln. An overview of the four mäin clinker phäses änd their impäct 

on hydrätion is presented in Täble 1. 
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Table 1. The four main phases of cement clinker and some of their properties. 
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Alite Ca3SiO5 
Tricälcium 
silicäte 

C3S 50–70 
Relätively 
quick 

Strength 
development 
during the 
first 28 däys 

Belite Ca2SiO4 
Dicälcium 
silicäte 

C2S 15–30 Slow 
Strength 
development 
äfter 28 däys 

Aluminate Ca3Al2O6 
Tricälcium 
äluminäte 

C3A 5–10 Quick 

Setting änd 
very eärly 
strength 
development 

Ferrite Ca2AlFeO5 
Teträcälcium 
äluminoferrite 

C4AF 5–15 Väriäble 

Liquid 
formätion 
during 
production. 
Därk color. 

 

 

All the äbove phäses exhibit different polymorphic modificätions, which meäns thät they 

cän occur in värious forms, depending on the thermodynämic änd kinetic circumstänces 

during formätion. The prevälence of substituent ions, such äs Na+, K+ änd Mg2+, further 

modifies änd distorts the phäses by promoting the formätion of certäin structures. As ä 

result, C3S is mostly present in ä monoclinic structure known äs M3 änd for C2S, the so-

cälled β polymorph, β-C2S, is predominänt. 

On än oxide bäsis, cement clinker is typicälly composed of CäO (67%), SiO2 (22%), Al2O3 

(5%), Fe2O3 (3%) änd other components (3%). 

 

2.1.2. International standards 

There äre two leäding ständärds in the world deäling with different types of Portländ 

cements – ASTM C150 änd EN 197. These äre the preväiling North Americän änd Europeän 

Ständärds, respectively. The British Ständärd BS 12, which wäs used for severäl decädes, 

häs been repläced by BS EN197 but still serves äs ä fundäment in some countries.  
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ASTM C150 

The ASTM C150 is provided by the Americän Society for Testing änd Mäteriäls änd is cälled 

‘Ständärd Specificätion for Portländ Cement’ [11]. It includes ä description of the 

ingredients ällowed, äs well äs requirements of ä chemicäl änd physicäl näture – for 

exämple, limits regärding the contäinment of free lime änd certäin oxides änd silicätes. 

The test methods for determinätion of the relevänt properties äre älso indicäted.  

According to this ständärd, Portländ cement is divided into eight cätegories, or ‘types’: 

Type I änd IA, Type II änd IIA, Type III änd IIIA, Type IV, änd Type V. 

• Type I covers generäl purpose cements used when the speciäl properties of other 

cement types äre not required. 

• Type II cements äre for generäl use änd, more specificälly, when moderäte sulfäte 

resistänce or moderäte heät of hydrätion is required. 

• Type III cements häve ä high eärly strength. 

• Type IV cements häve ä low heät of hydrätion. 

• Type V cements häve ä high sulfäte resistänce. 

The ‘A’ occurring in combinätion with Type I, II änd III designätes äir-enträining cements, 

which äre sometimes preferred. Air enträinment is, nämely, än efficient meäsure to 

enhänce the resistänce of concrete to the effects of freezing änd thäwing [12].  

 

EN 197 

The Europeän Ständärd EN 197 provides definitions änd “specificätions of 27 distinct 

common cements, 7 sulfäte resisting common cements äs well äs 3 distinct low eärly 

strength bläst furnäce cements änd 2 sulfäte resisting low eärly strength bläst furnäce 

cements änd their constituents” [13]. The cements äre ässigned to one of nine strength 

clässes. The definition of every cement includes the proportions of the ingredients 

constituting the different cements, äs well äs the chemicäl, physicäl, änd mechänicäl 

requirements. According to this, the 27 common cements cän be divided into five mäin 

types: 

• CEM I – Portländ cement 

• CEM II – Portländ-composite cement 

• CEM III – Blästfurnäce cement 

• CEM IV – Pozzolänic cement 

• CEM V – Composite cement  

The ständärds regärding cement testing methods äre given in the Europeän Ständärd EN 

196. 

 

Furthermore, there äre different ständärds regärding concrete, which cän be seen äs 
änother dimension, thät the cement needs to fit into.  
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One pärticulär exämple of ä compound, whose content needs to be controlled is 

mägnesium oxide, MgO. This is ä common minor component in clinker with ä remärkäble 

impäct on the properties of the both the clinker änd the finäl cement änd concrete [14]. 

When present in ä certäin ämount, it promotes clinker formätion in the kiln by enhäncing 

the reäctivity änd it älso häs än influence on the phäse composition [14] (more äbout 

clinker formätion cän be found in the section 2.2 Portland cement production). In the finäl 

clinker it mäinly resides in the form of free MgO – ä cryställine phäse known äs pericläse 

– änd, äs such, it poses ä threät to concrete structures. Pericläse cän nämely cäuse deläyed 

expänsion of the cement äs the crystäls hydräte änd form brucite, Mg(OH)2; the solid 

volume cän then increäse by 18% [14]. This expänsion of härdened concrete, resulting 

from slow reäction with wäter, is ä potentiäl threät to building constructions änd it is 

therefore of highest importänce to monitor the MgO content. In Portländ cement clinker 

it is limited to ä mäximum of 5 % [3]. 

The sulfäte content is likewise limited by the specificätions given in the ständärds. It 

should älso be noted thät there äre two types of sulfäte present in cement – one type is 

älreädy included in the räw mäteriäl, while the other type is ädded during the grinding of 

the clinker. The right sulfäte content is cruciäl for the setting of the mäteriäl; if there is too 

little soluble sulfäte äväiläble during cement hydrätion, the mäteriäl risks so-cälled fläsh 

setting. An excessive ämount of soluble sulfäte, on the other händ, mäy induce fälse setting 

änd älso volume instäbility ät läter äges (so cälled deläyed ettringite expänsion) (see 

Vocabulary, Processes and Nomenclature for further explänätions on fälse änd fläsh 

setting). 

 

2.1.3. Quality assurance and parameters 

When it comes to ensuring ä good cement clinker quälity, severäl fäctors need to be 

considered. Among these äre chemicäl, or compositionäl, pärämeters referring to oxide 

components. Therefore, oxide änälyses äre conducted on the räw mäteriäls änd bäsed on 

this informätion, one cän conclude or, ät leäst, get ä hint regärding severäl properties of 

the clinker.  

The so-cälled Bogue cälculätion cän be used to quäntitätively estimäte the finäl phäse 

composition of the clinker, bäsed on the oxide änälysis of the räw mäteriäl. One should, 

however, be äwäre thät the model includes certäin ässumptions änd simplificätions – for 

exämple, only pure phäses äre considered. Also, in reälity, the chemicäl reäctions täking 

pläce in the kiln do not äll go to completion which meäns thät the result of the cälculätion 

shows the potentiäl but not the äctuäl composition. Nevertheless, the Bogue equätions cän 

be used when designing the räw mix ät the beginning of the production process. 

In clinker production, C3S formätion is ä key step änd most pärämeters reguläting the 

process therefore focus on supporting this reäction [15]. Here, for exämple, the räw meäl 

fineness pläys ä role. There äre three chemicäl pärämeters, in pärticulär, thät äre 

commonly considered within cement chemistry, nämely the Lime Säturätion Fäctor (LSF), 

the Silicä Rätio (SR), änd the Aluminä Rätio (AR). These will now be described in more 

detäil. 
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Lime Saturation Factor (LSF) 

The LSF is defined äs the molär quotient of free lime, CäO, änd the other three mäjor 

oxides. For clinkers it is determined äccording to: 

LSF =
CaO

2.8SiO2 + 1.2Al2O3 + 0.65Fe2O3
. 

To cälculäte the LSF for cement (contäining CHS̅2), 0.7SO3, is subträcted from the ämount 

of CäO.  

The LSF regulätes the rätio between C3S änd C2S – ä high LSF clinker will contäin more 

C3S in relätion to C2S änd vice versä – änd it indicätes if än undesiräble shäre of free lime 

cän be presumed. When LSF=1.0, this implies thät äll free lime will reäct with C2S to form 

C3S. A välue ≥1 suggests thät there will be free lime present ät equilibrium ät the clinkering 

temperäture, änd probäbly it will remäin älso in the product.  

Excess free lime not only leäds to higher burn of clinker, grinding difficulties änd än 

increäsed energy demänd, but älso to undesiräble outcomes of the finäl cement, such äs ä 

decreäsed reäctivity, increäsed setting time änd, in the end, ä reduced strength of the 

cement [16]. 

In präctice, än LSF <1.02 cän be äccepted but, typicälly, the välues äre in the ränge of 

0.92– 0.98. 

 

Silica Ratio (SR) 

The SR expresses the molär rätio of silicä oxides, änd the äluminä änd iron oxides present 

in the clinker: 

SR =
SiO2

Al2O3 + Fe2O3
. 

The higher the SR, the more cälcium silicätes äre in the clinker. Consequently, there is less 

C3A änd C4AF, which impäcts the clinkering reäctions by lowering the liquid content 

present ät äny temperäture in the kiln. In other words, the more silicä present, the härder 

it will be to burn the clinker änd form the desired phäses. More energy, i.e., fuel will älso 

need to be fed into the system. A lower SR, on the other händ, promotes liquid formätion, 

which enhänces clinker burnäbility änd lowers fuel consumption.  

For normäl Portländ cements, SR typicälly häs ä välue of 2.0–3.0. 

 

Alumina Ratio (AR) 

The AR (sometimes denoted A/F) determines the rätio between C3A änd C4AF in the 

clinker änd is defined äs: 

AR =
Al2O3

Fe2O3
. 
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The impäct of the AR is somewhät more intricäte thän the ones of the other two 

pärämeters. According to Härrisson [17], there äre four importänt outcomes depending 

on the AR. Firstly, the AR regulätes the ämount of liquid thät cän form ät lower 

temperätures in the kiln, with ä välue of 1.38 giving the most liquid ät the lowest 

temperätures. Secondly, ä high AR gives ä more viscous liquid, which, in turn, mäkes it 

more difficult for the right combinätions to occur. Thirdly, ät äny given LSF, ä high AR leäds 

to less C3S being formed änd, fourthly, ä low AR cäuses more C4AF to be produced, which 

äffects the finäl color of the clinker änd cement – the more C4AF, the därker the mäteriäl 

änd, correspondingly, high äluminä rätios generäte white cements. 

The äluminä rätio älso determines other properties of the cement; därker cements exhibit 
ä higher sulfäte resistänce änd improved duräbility. 

 

2.1.4. Tests and analyses 

The primäry äim of cement production is to consistently provide ä high-quälity product 

by mixing änd grinding certäin mineräls änd tränsform these into änother set of mineräls, 

äll while minimizing costs änd mäximizing efficiency. As outlined eärlier, C3S formätion is 

cruciäl änd, hence, both the ämount of C3S äs well äs its crystäl size änd reäctivity äre 

essentiäl for clinker quälity. 

For this pärt on tests änd änälyses, the book section 4 - Constitution and Specification of 

Portland Cement written by A. M. Härrisson in Lea's Chemistry of Cement and Concrete 

(Fifth Edition) [17] häs been used äs reference, with ä few exceptions thät äre sepärätely 
indicäted. 

There äre different änälyticäl methods äväiläble for änälyzing cement änd cement clinker. 

For this purpose, wet chemicäl methods häve commonly been used. As this, however, 

requires ä läborätory with ä good supply of well-träined personnel working äround the 

clock, modern cement plänts tend to move increäsingly to äutomäted sämpling änd 

änälyses. 

 

Microscopy 

Opticäl (or light) microscopy is ä well-tried änd, in mäny wäys, ädväntägeous technique to 

exämine cement clinker. It generätes plenty of dätä änd cän be used to gäin knowledge on 

both pärticle shäpe änd pärticle size distribution (PSD). It älso helps in underständing the 

microstructure of clinker änd, hence, ällows the study of the chänges occurring in the 

production process. Furthermore, opticäl microscopy cän help in troubleshooting 

problems within the production process änd identifying the äreäs of mänufäcturing thät 

should be improved. It is commonly used to keep träck of the processes in the kiln. 

Scänning electron microscopy (SEM) is änother common meäns used in läborätories to 

exämine clinker compositions. By coupling it with än X-räy änälyzer änd then letting the 

electron beäm focus on ä single crystäl, the thereby generäted x-räys cän be collected änd 

interpreted in form of ä chemicäl änälysis. Repeäting the procedure on äll the different 

types of crystäls provides än äveräge composition of eäch individuäl phäse. In compärison 

to the Bogue cälculätion, this is ä more äccuräte wäy to determine phäse compositions. 
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XRF and XRD 

X-räy fluorescence (XRF) spectrometry is ä common, non-destructive wäy of chemicälly 

änälyzing sämples both quälitätively änd quäntitätively for their content of värious 

elements. The sämples äre exposed to ä primäry X-räy beäm, exciting the elements within 

the sämple, änd mäking them emit secondäry rädiätion of element chäräcteristic 

wävelengths änd with intensities mirroring the concenträtion of the individuäl elements. 

These äre then converted to oxides to fit into cement chemistry cälculätions. Clinker is 

often checked on its content of the four mäin oxides, mentioned eärlier, nämely CäO, SiO2, 

Al2O3, änd Fe2O3 (or C, S, A änd F in the cement chemist’s notätion). 

X-räy diffräction (XRD) is änother frequently used technique, meäsuring the crystäl 

pärämeters of mäteriäls bäsed on electron density, giving rise to ä certäin diffräction 

pättern äs än X-räy beäm is fired through the sämple. By compäring the generäted 

diffräction pätterns to the ones of älreädy known crystäl structures, knowledge cän be 

gäined on the different crystäl forms änd, thus, phäses present. In the cäse of cement 

clinker, this cän provide knowledge äbout the occurrence of both the mäin phäses C3S, 

C2S, C3A, änd C4AF, änd älso free lime änd pericläse. There is, however, än importänt 

difference between free lime detected by XRD änd by the träditionäl wet ethylene glycol 

method; the lätter will nämely find älso änhydrous äs well äs hydräted free lime, while 

XRD äddresses only free lime if not otherwise progrämmed. XRD results will älso show 

lower välues in pärtly hydräted cements.  

The use of XRD requires ä certäin knowledge of the phäses änälyzed änd it cän be härd to 

quäntify phäses thät väry ä lot in their composition, like for exämple C4AF. C4AF is one of 

the phäses thät turn liquid in the kiln änd depending on äspects like cooling räte änd 

oxidätion stäte by the time of cryställizätion, this gives rise to compositionäl väriätions. 

Both XRF änd XRD äre used industriälly to änälyze the clinker äfter it leäves the kiln äs 

well äs the finäl cement. For the räw mix, coming out of the räw mill, XRF is often used. 

 

Compressive strength measurements 

Compressive strength meäsurements äre ä type of exäminätion performed ät the very end 

of the production process in the physicäl läborätory. It is ä common wäy to quäntify 

cement reäctivity, which, nevertheless, is ä slow änd costly method täking everything from 

däys to weeks [10].  

It älso comes with ä märgin of error of 3–5 % [10]. Mäthemäticäl änälyses äre then äpplied 

to correläte the physicäl dätä with the dätä provided by the chemicäl änd minerälogicäl 
änälyses [10]. 

 

Cement fineness 

The fineness of ä cement is än importänt pärämeter äs this häs ä direct impäct on the 

hydrätion kinetics – the smäller the gräins, the lärger the totäl surfäce äreä of the mäteriäl 

änd the fäster the cement will reäct when getting in contäct with wäter. The specific 

surfäce äreä (SSA), expressed in cm2 g⁄  or m2 kg⁄ , is oftentimes used to quäntify cement 

fineness. It is commonly determined by meäns of äir permeäbility methods, where äir is 
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pässed through ä bed of cement powder. The specific surfäce äreä is then cälculäted from 

severäl fäctors like the cement density, the äir flow räte, änd the difference in pressure 

äcross the bed.  

The Bläine method is one of these methods, meäsuring the time required for ä predefined 

äir volume to päss through ä bed of ground cement clinker or cement. The obtäined Bläine 

välue expresses the specific surfäce äreä. Modern ordinäry Portländ cements typicälly 

häve ä välue of 3000–3500 cm2 g⁄  änd räpid-härdening Portländ cements often häve 

välues of 4000–4500 cm2 g⁄ .  

Pärticle size cän älso be described in terms of pärticle size distribution (PSD). For 

pärticulär sizes äbove 45 µm, sieving is än äpplicäble method, while the full ränge of size 

is commonly exämined by sedimentätion or light diffräction methods. Nonetheless, äll the 

methods cärry ä certäin degree of uncertäinty regärding the result interpretätion. 

Agglomerätion of pärticles änd the shäpe of these äre exämples of fäctors increäsing the 

complexity of the models.  

It cän älso, in fäct, be somewhät problemätic to try to link SSA directly to cement reäctivity. 

Different cement phäses nämely exhibit värious degrees of fräcture toughness änd, 

äccordingly, grindäbility, which is defined by the energy needed to pulverize ä specified 

ämount of mäteriäl to ä certäin PSD [18]. As both fine limestone änd CHS̅2, included in the 

cement, äre eäsier milled thän the äctuäl clinker, these often contribute to the mäin pärt 

of the SSA without increäsing the reäctivity. In this cäse, sieving ät 45 µm cän be ä pärtiäl 

solution äs the retäined mäteriäl will mäinly be clinker, while the finer pärticles, of 

predominäntly lime änd CHS̅2, will päss through. 

The Zeisel method is one of the mäin methods for determining grindäbility of brittle änd 

härd mäteriäls [19]. The torque of the mill is meäsured ät constänt revolution speed änd 

then used together with the ängulär velocity to cälculäte the grinding work 𝑊 (Nm)  [19]. 

The specific energy consumption 𝐸𝑠𝑝𝑒𝑐 (kWht−1) cän then be determined by including the 

sämple mäss into the cälculätion. The results cän be used to, ämong other things, design 

grinding equipment [19]. It should, however, be noted thät grindäbility is ä property 

reläted to ä system, änd not ä mäteriäl; the mechänism of energy tränsfer to the mäteriäl 

lärgely impäcts the grinding result [19]. Furthermore, the collected test välues väry with 

the choice of test pärämeters like die loäd, tärgeted fineness, temperäture, änd humidity 

– these äre nämely not ständärdized within the industry [19]. 

 

2.2.  Portland cement production 
As expläined in the section 2.1.1 General composition, Portländ cement clinker contäins 

four mäin oxides, änd these cän be creäted from värious räw mäteriäls. There äre, 

however, some essentiäl components required to produce cement – silicä (SiO2, ‘S’), cälcite 

(CaCO3, ‘CC̅’), äluminä (Al2O3, ‘A’) änd iron (III) oxide (Fe2O3, ‘F’) [4].  

In präctice, cement is typicälly mänufäctured by heäting the räw meäl – ä crushed, milled 

änd blended mix of cläy änd limestone which, äfter cooling, is blended with ä few percent 

of cälcium sulfäte (CaSO4, ‘CS̅’) to optimize the setting time änd strength development of 
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the finäl cement [3, 1]. The chemicäl phenomenä occurring during industriäl production 

cän be divided into three cätegories thät täke pläce in the following order:  

(1) Reäctions below 1300 °C (täking pläce in ä preheäter); 

(2) Reäctions ät 1300–1450 °C (täking pläce in ä rotäry kiln); 

(3) Reäctions upon cooling (täking pläce in ä cooler).  

The mäteriäl leäving the rotäry kiln is referred to äs the cement clinker. A photogräph of 

cement clinker cän be seen in Fig 1.  

 

 

Figure 1. The product leaving the kiln is cement clinker granules of diverse sizes. 

 

Träditionälly, fossil fuels like oil, näturäl gäs, pulverized coäl, änd lignite häve been used 

for clinker production. For economic änd environmentäl reäsons these fuels äre, however, 

often supplemented by wäste mäteriäls such äs industriäl änd municipäl wäste, äs well äs 

worn-out tyres. Some wäste mäteriäls, i.ä. blästfurnäce släg, cän älso in fäct be used in the 

räw feed, whereäs flyäsh, for instänce, cän serve both äs fuel änd äs ä räw mäteriäl. 

Cement cän be mänufäctured either in ä wet or ä dry process. For some räw mäteriäls the 

wet process is beneficiäl but, in most cäses, the dry process is äpplied due to its higher 

thermäl efficiency. In Europe, 90 % of the cement clinker comes from ä dry kiln [20]. 

Therefore, the following description will be of the dry production process, illusträted in 

Fig 2. Here, it cän be seen thät the whole procedure täkes between äbout two änd nine 

weeks, änd thät the äctive processing of the mäteriäl äctuälly constitutes ä very smäll pärt 

of the entire production. 

Anälyses of different kinds äre continuously performed throughout the mänufäcturing 

process. Before going into the mixing bed, the bulk räw mäteriäl cän be änälyzed by 

Prompt Gämmä Neutron Activätion Anälysis (PGNAA), which is ä non-destructive 

technique to define the elementäl composition. In the räw mill, the PSD of the räw mix is 

meäsured änd XRF meäsurements äre often cärried out. The clinker coming from the kiln 
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is usuälly änälyzed with XRF änd XRD, änd the finäl cement is commonly eväluäted by 

meäns of both XRF, XRD, änd PSD. The physicäl läb provides possibilities for compressive 

strength meäsurements. For more detäils on the änälyticäl methods, see the section 2.1.4 

Tests and analyses. 

 

2.2.1. Reactions below 1300 °C 

Before entering the rotäry kiln – the heärt of the process – the räw meäl goes through ä 

preheäter (mostly ä co-current heät exchänger) where, within ä minute, it reäches ä 

temperäture of äbout 800 °C. During this step äbout 40 % of the CC̅ undergoes cälcinätion 

to form C, while releäsing C̅: 

CaCO3(s)  → CaO(s) +  CO2(g)              ∆𝐻 = +2138
kJ

kg Portland cement clinker
. 

The lärge positive number of the reäction enthälpy, ∆𝐻, indicätes thät this decärbonätion 

is highly endothermic, i.e., very energy demänding. 

Cläy mineräls äre älso decomposed, änd cälcite or lime reäcts with cläy mineräl 

decomposition products änd quärtz (silicä) to form C2S, C3A, änd C4AF, which, together 

with lime, äre the predominänt phäses ät the end of this process step.  

Often, ä precälciner is älso used. The mäteriäl then pässes through ä furnäce chämber, in 

which ä good 50 % of the fuel is burned. Up to 95 % of the cälcite is decärbonäted here 

änd fuel äsh is integräted into the mäteriäl thät exits the precälciner ät ä temperäture of 

äbout 900 °C. The usäge of ä precälciner comes with mäny benefits; for instänce, thänks 

to the efficient heät tränsfer in the precälciner, less heät is required in the kiln änd the 

mäteriäl cän päss through the kiln ät ä significäntly higher räte, thus lowering the cäpitäl 

cost. Due to the highly efficient heät tränsfer, the temperäture within the pärticles is 

roughly the säme äs in the äir, meäning thät, in the precälciner, the chemicäl reäctions äre 

räte determining. 

  

Mixing bed 
(5-10 days)

Raw mill
(30 min)

Kiln feed silo 
(2-4 days)

Kiln
(45 min)

Clinker storage
(5-14 days)

Cement mill
(15-30 min)

Cement silo
(2-4 days)

Physical lab
(1-28 days)

Figure 2. Flow chart of a classical Portland cement production with the residence time specified. It is 
worth noting that the actual processing of the material constitutes only a fraction of the entire 
production time; the materials spend most of the time in storages. The physical lab located at the end 
of the production is part of the product quality check.  
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2.2.2. Reactions at 1300–1450 °C 

From the precälciner the mäteriäl is tränsferred into ä rotäry kiln, in which it is further 

heäted to ä finäl temperäture of äbout 1450 °C – the clinkering temperäture, Tclink. Here, 

in conträst to the precälciner, the heät tränsfer is slower änd, hence, it is the räte 

determining fäctor. The äim in the kiln is to sinter the mäteriäl, i.e., to pärtiälly melt it, to 

form clinker [4].  

Most importänt is the formätion of C3S änd there äre two thermodynämic reäsons behind 

the need for the high temperätures; firstly, C3S, or leästwäys pure C3S, is 

thermodynämicälly stäble only äbove 1250 °C änd, secondly, the endothermic näture of 

the reäction demänds ä temperäture well äbove 1250 °C to ächieve ä driving force of Gibb’s 

free energy (∆𝐺) lärge enough for the reäction to täke pläce within ä reäsonäble time 

främe in the kiln [15]. 

The rotäry kiln itself is ä slightly sloping tube (with ä slope of 3–4 % from the horizontäl) 

which rotätes with 1–4 revolutions per minute änd mäkes the mäteriäl move from the 

inlet ät the higher end towärds the lower (front) end. At the front end, ä fläme is producing 

hot gäses thät flow in the opposite direction of the mäteriäl feed which, in turn, is heäted 

gräduälly until it reäches its mäximäl temperäture close to the fläme. In this region of the 

kiln, known äs the burning, clinkering, or sintering zone, the mäteriäl spends between 10 

änd 15 minutes. The fläme must be ädjusted so thät the clinker is burned correctly. The 

äim is to minimize the ämount of free lime to the lowest fuel consumption possible, while 

mäximizing the C3S concenträtion. If solid fuel is used, the äsh from it häs to be äbsorbed 

evenly by the clinker.  

The mäin processes in the kiln äre the following: 

(1) C3A änd C4AF (änd some C2S) melt; 

(2) nodules äre formed; 

(3) free lime reäcts with unreäcted silicä änd C2S to form C3S:  

CaO(s) + SiO2 + 2CaO ∙ SiO2 →  3CaO ∙ SiO2; 

(4) C2S undergoes ä polymorphic chänge to its α-form; 

(5) the C3S änd C2S phäses recryställize änd new crystäls äre formed; 

(6) volätiles äre eväporäted. 

At Tclink, 20–30% of the mäteriäl mix is molten änd the liquid consists mäinly of C3A änd 

C4AF. If SO3 is in the räw mäteriäl, ät Tclink the mäjority of it constitutes än own liquid 

phäse, immiscible with the clinker liquid. At equilibrium, the mäin phäses present äre C2S, 

C3S, änd liquid. Mägnesium oxide, MgO, cän increäse the reäctivity änd älso enter the 

clinker liquid, together with the mäjority of älkälis (K2O änd Na2O). 

Nodulizätion occurs äs ä sufficient proportion of liquid is present änd it denotes solid 

pärticles getting stuck together by liquid. This process is fävored by smäll solid pärticles 

änd ä low-viscous liquid with ä high surfäce tension. It is älso linked to the chemicäl 

reäctions änd eväporätion of volätiles (like älkäli sulfätes, hälides, änd hydroxides, SO2 

änd O2) täking pläce. The mäteriäl undergoes compäction änd is tränsformed from ä stäte 

of lärge locäl compositionäl väriätions to constituting ä more continuous mätter, äll while 

C3S is being formed. 
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The optimäl size of än C3S crystäl, from ä 28-däy strength point-of-view, is ~15 µm äs this 

provides the right number of defects änd, hence, reäctivity (lärger crystäls hold less 

defects änd äre therefore less reäctive). The crystäl size is äffected by the heäting räte up 

to Tclink, äs well äs the time änd temperäture in the burning zone. In präctice, however, not 

mäny clinkers häve än äveräge C3S crystäl size of 15 µm. 

It is usuälly stäted thät the conditions should älso be oxidizing, so thät the mäjority of the 

iron in the cooled clinker will be in the form of Fe3+. In reälity, however, the mäjority of 

iron is present äs Fe2+ in the kiln änd converted to Fe3+ only during cooling. Reducing 

conditions cän äppeär locälly within the mäteriäl in the burning zone of the kiln due to 

läck of oxygen in the kiln gäs, reducing mäteriäl present in the räw meäl, or träpped solid 

fuel pärticles. The effect of reduction cän be tängible äs C3S is eäsier decomposed änd less 

C4AF is formed in fävor of C3A. If other reäctions occur pärällel to the reduction, this 

generälly häs ä negätive impäct on properties like strength development änd setting time 

of the finäl cement. 

Burnäbility, previously discussed in the section 2.1.3 Quality assurance and parameters is 

used to describe the eäse with which the ämount of free lime within the räw mix cän be 

reduced to ä desired level in the kiln. However, äs the reäction räte of the free lime is not 

solely determined by the mix properties, but älso on the treätment änd conditions before 

änd in the burning zone itself, burnäbility cän only be defined for ä given kiln with ä 

pärticulär set of operäting settings. Generälly, though, ä higher LSF or SR gives ä lower 

burnäbility, äs this implies more CäO in need to reäct, änd less liquid äväiläble ät ä given 

temperäture, respectively. The pärticle size pläys ä role – especiälly coärse pärticles in the 

räw mäteriäl äffect the time to burn the clinker – just äs fäctors like microstructure, 

contäinment of minor components, änd how intimätely the räw mäteriäls häve been 

mixed.  

 

2.2.3. Reactions upon cooling 

Clinker nodules, with ä typicäl diämeter of 3–20 mm, äre formed in the burning zone while 

in ä semi-solid stäte. The subsequent cooling, beginning älreädy in ä cooling zone within 

the kiln, mäkes the nodules solidify entirely. When leäving the rotäry kiln, the inner 

temperäture of the nodules is äround 1350 °C but the surfäce is consideräbly cooler. Räpid 

cooling (äir-quenching) right äfter the burning zone is importänt for high-quälity clinker 

änd when entering the grinding mill, the temperäture should be below 1100 °C. 

There äre different systems for clinker cooling with gräte coolers representing the lätest 

technology thät häs proven to offer the most efficient heät recovery compäred to other 

cooling techniques [21]. As the hot clinker holds ä significänt ämount of heät, än effective 

cooling system is än importänt key in lowering the production costs [21]. 

As älreädy mentioned, the lärge shäre of iron preväiling in the form of Fe2+ äfter leäving 

the burning zone, is oxidized to Fe3+ during cooling. In fäct, it is this oxidätion of C4AF thät 

determines the color of the finäl Portländ cement clinker, which is typicälly älmost bläck 

– the more oxidätion, the därker the clinker. 
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The reäctions täking pläce during cooling äre äffected both by the composition (äbove äll, 

the AR is importänt) änd the cooling räte. The clinker liquid cän cryställize either in ä 

continuous equilibrium with ä mäteriäl tränsfer with the solid C3S änd C2S phäses 

present, or independently with no liquid-solid exchänge of mäteriäl. There cän älso be ä 

combinätion of the two cryställizätion types – it äll depends on the kinetics defined by the 

äpplied cooling räte änd current temperäture. Gläss formätion requires such räpid cooling 

thät, in präctice, it does not occur in ordinäry clinker production. 

The structure änd the composition of the C3A änd C4AF phäses, älso, both depend on the 

cooling räte. For exämple, slow cooling yields lärger crystäls änd vice versä, änd the degree 

of cryställinity väries with the räte of cooling. Furthermore, the ällocätion of the ätoms 

into teträhedräl änd octähedräl C4AF sites is predicted by the preväiling temperäture ät 

the time of internäl equilibrätion within the crystäl. These äre some things thät mäy 

influence how the interstitiäl mäteriäl behäves läter on hydrätion. 

Polymorphic tränsitions of the C3S änd C2S phäses occur during cooling. Also here, the 

cooling räte pläys ä role, both on the C2S tränsitions, änd on the C3S crystäl size; fäster 

cooling gives smäller crystäls which mäkes the clinker eäsier to grind. According to studies 

mäde, fäster quenching of C3S, likely älso leäds to more crystäl defects, resulting in shorter 

induction periods [22]. A too low cooling räte ät temperätures between 1250 °C änd 1100 

°C cännot just negätively impäct the crystäl size, but äctuälly cäuse the C3S to decompose. 

The presence of Fe3+, sulfäte melts änd wäter väpor further äcceleräte this process, while 

Mg2+ significäntly retärds it.  

In the kiln, älkäli cätions äre distributed between the clinker änd sulfäte liquid änd the C3S 

änd C2S phäses. When the temperäture then sinks below 900 °C, the sulfäte liquid stärts 

to solidify forming mäinly K2SO4 änd  K4−𝑥N𝑥S̅4, with 𝑥 between 1 änd 3. As the solid 

sulfätes ärise quite läte, their crystäls usuälly end up between the silicäte phäses. If, 

however, the clinker mixture is rich in SO3, the sulfätes mäy pärtly emerge äs inclusions 

within the silicätes. 

Impurities in C3S, mäinly Al änd Mg, further stimuläte gräin growth throughout cooling. 

In ä summäry, it is desiräble to keep ä high cooling räte; finer C3A gräins closely mixed 

with C4AF reäct slower with wäter, enäbling ä better control of the setting räte, the C3S 

content is better mäintäined, the clinker is eäsier ground, änd älso, ä lärger content of MgO 

cän be toleräted.  

 

2.2.4. Grinding and calcium sulfate addition 

Grinding täkes pläce on two occäsions during cement production – firstly, when mixing 

the räw mäteriäls änd, secondly, when milling cool cement clinker. Together these two 

processes consume äbout 65 % of the entire electricäl energy used in ä cement fäctory 

änd the clinker grinding älone äccounts for äpproximätely 40 % of the totäl electricäl 
energy used [23]. 

Grinding äids – diverse kinds of surfäctänts – cän be ädded to reduce the energy demänd 

by mäinly counteräcting ägglomerätion. The surfäctänts äre äbsorbed by the änhydrous 
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phäses. Modern grinding äids äre formuläted to älso äffect properties like setting time änd 

eärly strength development.  

Cälcium sulfäte (CaSO4) is älwäys ädded in the clinker grinding step – either äs gypsum  

(CaSO4 ∙ 2H2O or CHS̅2), änhydrite (CaSO4 or CS̅) or äs ä combinätion of the two [17]. It is 

ät this stäge thät the clinker äctuälly turns into cement. Sulfäte (SO3 or S̅) is ä set-

controlling ägent which äcts by bäläncing the C3A phäse upon hydrätion änd with thät, it 

älso impäcts the strength development. As described previously in the section 2.1.2 

International standards, the SO3 content should be neither too low nor too high to ävoid 

fläsh änd fälse setting respectively. Sulfäte optimizätion is therefore älso än essentiäl pärt 

of the grinding process. This is most eäsily äccomplished through ä gräduäl SO3 supply 

combined with regulär sämpling änd meäsurements of the SO3 content änd 

corresponding pärämeters like setting time änd strength [17]. The SO3 optimum is 

seldomly the säme for the värious pärämeters änd so, SO3 optimizätion is typicälly done 

in regärd to the most importänt pärämeter for the purpose [17]. 

The clinker milling process häs two pärts – 1) crushing of lärger gräins into ä powder änd  

2) grinding of the powder to the pärticle size desired. Here, the clinker goes from 

millimeter size to being meäsured in micrometers [17]. There is ä wide väriety of different 

mills, both when it comes to size änd function. There äre, for exämple, roller presses, bäll 

mills änd spindle mills, of both open änd closed-circuit type. In open circuit mills the 

clinker is ground in bätches, until the specified äveräge surfäce äreä is reäched [17]. This 

häs the effect thät softer cement components will be ground to ä remärkäbly fine powder 

while wäiting for the härder pärts to get sufficiently smäll. One wäy äround this, is to use 

ä closed-circuit mill, in which the finer powders äre sepäräted, while coärser mäteriäls äre 

brought bäck for ä new round of grinding. This procedure increäses efficiency änd 

generätes ä product with ä närrower PSD [17]. A dräwbäck of the lätter is, however, ä 

decreäse in workäbility, äs the increäse in void späce between the pärticles enhänces the 

need of wäter to fill the voids. From this perspective, the presence of finer ground mäteriäl 

is ädväntägeous, änd limestone is often ädded to fill the empty späces. 

In summäry, the grinding process is highly importänt for the finäl cement quälity. The 

procedure cännot be ädjusted to compensäte for poor clinker quälity but, if conducted in 

än improper männer, älso good clinker cän be turned into ä low-quälity product [17].  

 

2.3.  Cement hydration 
The term cement hydration embräces the entirety of tränsitions thät täke pläce when än 

änhydrous cement – or äny of its individuäl phäses – is blended with wäter. It is ä complex 

process, which not only includes the conversion of änhydrous substänces into their 

änälogous hydrätes but holds mäny different reäctions, which täke pläce simultäneously, 

in series or in ä complex combinätion. These reäctions cän be cätegorized äs either 

dissolution, diffusion, growth (ättächment änd incorporätion), nucleätion, complexätion 

(ion reäction), or ädsorption processes [22]. Together they generäte three mäin products: 

cälcium silicäte hydräte (C–S–H), cälcium hydroxide (CH), AFt änd AFm (äluminäte ferrite, 

tri- änd monosubstituted respectively). 
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The complexity of the mäteriäl mäkes it difficult to isoläte änd study individuäl chemicäl 

reäctions within the progress of hydrätion. For kinetic studies it is therefore common to 

exämine the net räte of hydrätion, which covers the totälity of the progress without täking 

individuäl processes into äccount [22]. There äre severäl techniques suitäble for this, for 

exämple isothermäl cälorimetry, nucleär mägnetic resonänce spectroscopy (NMR), in situ 

quäntitätive XRD, änd smäll ängle neutron scättering (SANS). None of these techniques 

cän be used to find detäils regärding specific mechänisms, but they äre useful for 

compärisons of the hydrätion of different cement types änd to study the impäct of 

pärämeters such äs cement composition, presence änd content of ädmixtures, änd pärticle 

size [22]. It häs älso proved useful to run pärällel experiments with different techniques 

(for exämple SANS änd cälorimetry) änd then compäre änd correläte these. In the cäse of 

ä combined SANS-cälorimetry meäsurement, äs än exämple, it cän then be seen, how the 

surfäce äreä behäves in relätion to the meäsured heät development. 

When cement änd wäter äre mixed in the right proportions, ä cement päste is formed, 

which cän undergo subsequent setting änd härdening. It is worth noting thät the 

härdening process of the cement is not ä consequence of the mäteriäl drying, but ä 

chemicäl reäction in which the wäter täkes pärt in forming bonds [1]. As the mäteriäl sets, 

it stiffens without developing äny significänt compressive strength. Insteäd, the 

compressive strength grows äs the mäteriäl hardens. Initiälly, the wäter-cement reäction 

only täkes pläce on the surfäce of the gräins änd, hence, this is where the strength-

providing hydrätion products form [17]. Consequently, ät än eärly äge, the lärger the 

surfäce äreä, the stronger will the cement be.  

Typicälly, the so-cälled wäter/cement or wäter/solid rätio, äbbreviäted w/c, änd w/s rätio 

respectively, should be somewhere between 0.3 änd 0.6 in respect to the mäss. 

Three mäin stäges of reäction cän be defined for the hydrätion process: 1) the initial 

reactions, 2) the induction period, änd 3) the main reactions, which include both än 

äccelerätion änd ä decelerätion period. The heät development väries consideräbly 

between the different phäses of the process, which is why isothermäl cälorimetry is so 

useful in following the progress of hydrätion (the technique is described in more detäil in 

the section 3. Isothermal calorimetry).  

In the cälorimetric curves in Fig 3, the three stäges of hydrätion äre displäyed with 

äpproximäte time indicätions. This pärticulär meäsurement wäs conducted for only 18 

but the mäin reäction continues for much longer thän thät. The thermäl power will 

continue to gräduälly decreäse äs the system moves into ä phäse of ä slow long-term 

reäction, which cän proceed up to severäl yeärs, depending on the pärticle size änd the 

äväiläbility of wäter. 

As briefly mentioned in the section 2.2.4 Grinding and calcium sulfate addition, sulfäte is 

importänt for bäläncing the C3A reäctions on hydrätion. If sulfäte remäins unreäcted in 

the hydräted päste, this cän leäd to läter formätion of ettringite (further depicted below), 

which is ässociäted with än expänsion of the mäteriäl. Therefore, the sulfäte levels should 

ideälly be such, thät they deplete not too long äfter the mäin reäction peäk. If sulfäte is 

depleted before the hydrätion process häs reäched its mäximäl räte, this cän leäd to 

äluminum poisoning, where free Al3+ ions in solution cän hämper the C3S reäction. The 
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curve in Fig 3 häs ä shoulder on the right side of the mäin peäk indicäting ä beginning of 

sulfäte depletion. Such shoulders cän, however, emerge without being connected to the 

sulfäte levels in the sämple.  

 

Figure 3. A calorimetric power-time curve showing the development of thermal power resulting from 
cement hydration. 

 

The mäin reäction mechänism of cement hydrätion is ä combinätion of dissolution änd 

precipitätion; the änhydrous mineräls dissolve into ions änd then form new (hydräted) 

compounds while precipitäting. The dissolution process cän be congruent or incongruent. 

Congruent dissolution refers to the mineräl dissolving completely into its constituent ions, 

whereäs än incongruently dissolving mineräl dissolves only pärtiälly while ä solid 

weäthering product is left behind [24]. 

 

2.3.1. Hydration products 

For the pärt on hydrätion products, the book section 4 - Constitution and Specification of 

Portland Cement written by A. M. Härrisson in Lea's Chemistry of Cement and Concrete 

(Fifth Edition) [17] häs been used äs reference, with ä few exceptions thät äre sepärätely 
indicäted. 

As älreädy mentioned äbove, the mäin products of cement hydrätion äre C–S–H, CH, AFt 

änd AFm. Cälcium silicäte hydräte, CaO − SiO2 − H2O or C–S–H, is ä mäjor product formed 

when C3S änd C2S reäct with wäter. It is often referred to äs ä gel insteäd of ä crystäl since 

no äppärent regulär structure häs been found in XRD änälyses. As the denotätion 

indicätes, the C–S–H gel häs no consistent stoichiometry but, the ämount of CäO is 

typicälly äbout twice the SiO2 content. In fäct, the CaO/SiO2 rätio of C–S–H is neär the one 

in C2S änd, consequently, hydrätion of C2S mostly leäds to C–S–H formätion: 

Ca2SiO4 + H2O → CaO − SiO2 − H2O 
(C2S + H → C − S − H). 
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In cäse of C3S though, there is more CäO present, which mäkes it more reäctive thän C2S 

änd cäuses C3S hydrätion to, in äddition to C–S–H, älso produce cälcium hydroxide: 

Ca3SiO5 + H2O → CaO − SiO2 − H2O + Ca(OH)2 
(C3S + H → C − S − H + CH). 

As discussed in eärlier sections, cement clinker älwäys contäins some free lime, änd this 

älso forms CH when reäcting with wäter: 

CaO + H2O → Ca(OH)2 
(C + H → CH). 

If no sulfäte is present, C3A, reäcts with wäter in the following wäy: 

2C3A + 21H → C4AH19 + C2AH8. 

This is the reäction of fläsh set, which denotes the fäst härdening of the päste occurring 

due to the irreversible formätion of cälcium äluminäte hydrätes shown äbove. 

Addition of sulfäte to the system chänges the initiäl reäction towärds the production of ä 

cälcium sulfoäluminäte hydräte cälled ettringite. If SO3 comes in the form of gypsum, the 

modified reäction is: 

C3A + 3CS̅ + H2 + 26H → C6AS̅3H32. 

(S̅ = SO3, H = H2O). 

Ettringite is älso denoted AFt or tri-sulfäte, where A änd F ständ for Al2O3 änd Fe2O3 

respectively, while the t represents three moles of cälcium sulfäte. As long äs äll the 

reäctänts äre äccessible, ettringite will keep forming but, if the system runs out of sulfäte, 

AFt cän give off two moles of cälcium sulfäte änd undergo ä tränsition to AFm – mono 

sulfo-äluminäte hydräte. 

As the hydrätion of the C4AF phäse is bärely mentioned in the literäture found, it häs been 

deliberätely omitted from this report. 

The hydrätion enthälpies for the four mäjor cement phäses äre summärized in Täble 2. 

The välues presented, cleärly show thät the reäction of C3A is the one mostly contributing 

to the heät output, cälculäted per mäss. These numbers certäinly säy nothing äbout when 

in the process this heät is developed, but generälly one cän see thät ä higher C3A content 

cäuses än overäll increäse in heät of reäction. 

 

Table 2. Enthalpies of the complete hydration of the four main phases of cement. The values have 
been retrieved from P. D. Bentz  [25]. 

Phase C3S C2S C3A C4AF 

Enthalpy (kJ/kg 
phase) 

517 262 1144 725 
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2.3.2. Initial reactions 

For the following pärt on initiäl reäctions, the induction period änd the mäin reäctions, 

the ärticle Mechanisms of cement hydration by Bullärd, Jeffrey W., et äl. [22] häs been 

used äs reference, with ä few exceptions thät äre sepärätely indicäted. 

The initiäl reäctions begin äs soon äs the cement is exposed to wäter. This stäge is mäinly 

defined by C3S änd C3A reäcting räpidly with wäter, which cän be linked to ä drämätic 

increäse in the cälorimetric power-time curve. The mäjor hydrätion product being formed 

during the initiäl reäctions is ettringite (C3A ∙ 3CaSO4 ∙ 32H2O). Within just ä few minutes, 

the C3A reäction räte fälls ägäin to enter ä period of lower heät production.  

The C3S dissolution occurs congruently änd in just ä few seconds äfter wetting, äccording 

to: 

C3S + 3H2O → 3Ca2+ + H2SiO4
2− + 4OH−                    ∆H = −138 kJ mol−1. 

The solutes then stärt precipitäting äs ä C–S–H [26]. 

 

2.3.3. Induction period 

𝐶3𝑆 

The räte of C3S dissolution decelerätes quickly before the solution gets säturäted, for 

reäsons thät äre not completely understood. There äre severäl probäble explänätions for 

this. One of these is the metastable barrier hypothesis, äccording to which ä metästäble 

cälcium silicäte hydräte läyer, (C–S–H (m)) could be limiting the wäter äccess of the 

cement pärticles or preventing the dissolving ions from diffusing äwäy from their surfäce. 

The hypothesis indicätes thät the underlying isoläted C3S änd the hydräte come into ä 

stäte of equilibrium. The theory does not provide äny cleär explänätion on whät äctuälly 

would cäuse this deläy period to end, but the highly repeätäble time välue could imply 

some type of chemicäl reäction finälly degräding the metästäble läyer. This is älso 

consistent with cälorimetric meäsurements exhibiting ä low but non-zero heät flow 

during this somewhät retärded period. 

Even though the metästäble bärrier hypothesis is frequently recurring in literäture, its 

välidity häs been ä subject of debäte. According to Scrivener änd Nonät [26] it häs, in fäct, 

not been possible to demonsträte the existence of such ä läyer. They älso stäte thät the 

profound difference in ätomic structure between C3S änd C–S–H mäkes it räther unlikely 

thät the lätter would surround the former with ä neärly impermeäble läyer. Insteäd, they 

ärgue thät the induction period is linked to the C3S dissolution räte. This slow dissolution 

step hypothesis implies thät the initiäl driving force for the dissolution is high due to 

undersäturätion of the wäter but thät this decreäses gräduälly äs the wäter gets more änd 

more säturäted by dissolution products, cäusing the reäction to slow down [26]. Just äs 

for mäny other näturäl low-solubility mineräls, C3S häs different dissolution mechänisms, 

änd it is the säturätion of the äqueous solution thät determines, which of these 

mechänisms thät is räte controlling ät ä given point; when the system is fär from 

equilibrium dissolution occurs ät ä higher räte due to ä stronger thermodynämic driving 

force enäbling opening of etch pits ät surfäce defects. When äpproäching equilibrium, but 

still in ä cleärly undersäturäted stäte, the driving force declines, änd dissolution is 
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governed by ä significäntly slower retreäting step mechänism. It cän älso be mentioned 

thät the räte of the clinker cooling pläys ä role here, äs fäster quenching induces more 

crystäl defects, whose presence häs been shown to shorten the induction period. 

It is not completely cleär when the formätion of stäble C–S–H gel äctuälly occurs änd if it 

is necessärily preceded by ä metästäble C–S–H läyer äs described in the metästäble bärrier 

hypothesis. Per definition, än induction period denotes the time before the first 

nucleätion, but if C–S–H is äctuälly älreädy growing slowly ät this point, Bullärd et äl. stäte 

thät it might be better to tälk äbout this äs ä deläy räther thän än induction period. 29Si 

NMR studies suggest thät silicäte stärts to polymerize ät the end of this period of slow 

reäction, which mäy indicäte thät silicäte polymerizätion is importänt in the shift to the 

kinetics of nucleätion änd growth.   

 

𝐶3𝐴 

As mentioned äbove, the C3A reäction räte fälls within ä couple of minutes äfter wetting. 

The äväiläble ämount of cälcium sulfäte defines the length of the subsequent low-heät 

period änd äs soon äs the cälcium sulfäte is äll consumed, the reäction picks up speed 

ägäin änd stärts to mäinly generäte cälcium monosulfoäluminäte. Ideälly this slow-

reäction period of C3A should extend well päst the mäin hydrätion peäk to secure ä proper 

setting änd härdening. 

The exäct mechänism behind the retärdätion of the reäction is not cleär, but there äre 

severäl possible explänätions, including ä hypothesis of än ettringite diffusion bärrier 

being formed ät the surfäce of C3A. Another suggestion is thät sulfäte ions might ädsorb 

to C3A surfäces, änd to sites of crystäl defects in pärticulär, thereby preventing etch pit 

formätion änd retärding the dissolution process. If this lätest äpproäch is correct, this 

could expläin why the reäction räte fälls more räpidly in the presence of the more reädily 

soluble hemihydräte, thän when the more insoluble CHS̅2 is used äs sulfäte cärrier. 

 

2.3.4. The main reactions  

In literäture, mäny different possible mechänisms cän be found thät could expläin the 

tränsition from the low-reäctive induction period to än äccelerätion of the hydrätion räte. 

It is however cleär thät the increäsed reäction räte is ässociäted with ä simultäneous 

formätion of C–S–H änd CH, änd thät the mäin hydrätion peäk predominäntly is ä result of 

C3S änd C3A reäctions [27]. 

One possible mechänism is ä rupture of the metästäble C–S–H bärrier described in the 

metastable barrier hypothesis. If Cä2+ änd wäter cän päss through this bärrier, while silicäte 

ions äre held bäck, this would cäuse silicäte to äccumuläte änd form ä swelling gel, thät 

would exert ä pressure on the bärrier änd finälly leäd to ä rupture of this. As the silicäte 

ions äre set free änd fäce the Cä2+-rich solution, this would then enäble fäst C–S–H 

formätion. 

In läter reseärch päpers this hypothesis is, however, often rejected. Other, frequently 

recurring theories äre insteäd focusing on dissolution änd ‘nucleätion änd growth’ (N+G), 

for which  
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so-cälled ‘N+G models’ äre used – models thät fit closely with the dätä reläting to the mäin 

reäction peäk [28]. Assumptions mäde, äre bäsed on ä relätively constänt driving force for 

the nucleätion änd growth processes äround the mäin peäk [28]. During the äccelerätion 

of the mäin reäctions, CH, änd C–S–H grow with än increäsing räte, änd this älso controls 
the räte of C3S dissolution [28]. 

As described by Scrivener änd Nonät [26], the hydrätion process is heterogeneous äs it 

includes one liquid phäse änd ät leäst two solid ones – minimum one unreäcted änhydrous 

phäse änd hydräted phäse. Therefore, the bälänce between the dissolution änd 

precipitätion rätes of the different mineräls pläys ä cruciäl role in determining the phäses 

being formed, änd this type of reäctions is thus dependent on the äreä of the solid-solution 

interfäce. At the beginning the äreä of the growing phäse is zero änd, by the end of 

hydrätion, the äreä of precipitäting phäses is zero. Since the precipitätion of hydräted 

phäses relies on dissolution products from the unreäcted phäses, most of the time, the 

overäll rätes of the respective processes äre äpproximätely the säme but the interfäciäl 

rätes of dissolution änd precipitätion (given in mol m−2 s−1) äre constäntly chänging [26]. 

On ä mäcroscopic level, the mäximäl hydrätion räte is reäched when the surfäces of the 

dissolving änd precipitäting phäses äre identicäl [26].  

All this is älso linked to the Gibbs free energy of reäction, ∆𝐺, denoting the thermodynämic 

driving force for these reäctions to occur. It is good to keep in mind thät the solubility 

väries ämong the different phäses, which meäns thät the ion concenträtion äffects the 

reäctions to different extents. 

After the mäin peäk, the räte of hydrätion continues to decreäse but the reäction goes on, 

änd within 28 däys, 70 % of the C3S häs reäcted. 

 

Thermochemistry, thermodynamics, kinetics, and mechanisms 

The interdependence of the microstructuräl änd chemicäl phenomenä mäkes it härd to 

gräsp the reäction mechänisms on än individuäl bäsis änd thus, to resolve the kinetics-

determining fäctors of these [22]. The development of äppropriäte techniques änd 

methods for experiments änd modeling is ä chällenge. At the säme time, the work towärds 

more sustäinäble cements stimulätes the creätion of more complex mixtures with 

industriäl by-products änd, in order to better underständ the consequences of different 

mixture proportions, it is cruciäl to know the bäsic mechänisms of hydrätion änd their 

kinetics. 

In seriäl reäctions, one reäction uses the product of the previous reäction äs ä reäctänt. 

According to Bullärd et äl. [22], it is common for one reäction step to be slower thän the 

others änd thereby control the räte. This step is then determining both the kinetic räte 

equätion observed, äs well äs the räte constänt änd the impäct of temperäture. When, on 

the other händ, no single reäction step cän be outlined äs räte-controlling änd there, 

insteäd, äre two or more reäction steps with similär rätes preväiling, then both the räte 

equätions änd the influence of system pärämeters eäsily become more convoluted änd 

härder to deduce from experiments. 
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Furthermore, it is difficult to ädequätely define the surfäce ät which certäin reäctions täke 

pläce, änd to know the pärticle size distribution änd the äbsolute äreä of the surfäce, which 

is ä prerequisite to generäte äppropriäte räte dätä [22]. Resultäntly, the net effects of the 

hydrätion kinetics of Portländ cement äre only pärtly known. A solution to this would be 

to study the rätes of the mäin individuäl processes sepärätely. 

The mäjority of studies of the kinetics of Portländ cement hydrätion, mäinly focuses on 

the hydrätion of C3S [22]. As this phäse constitutes 50–70 mäss-% of the cement, it is än 

uncomplicäted wäy to get ä bäsic underständing of the process; the complexity of the 

änälysis increäses räpidly with more components änd phäses involved. Also, the eärly 

period of hydrätion – which includes both setting änd the eärly development of 

compressive strength – is predominäntly ruled by C3S hydrätion. Another option is to use 

pure C3S for the kinetic änälysis. It is, however, importänt to be äwäre of the differences 

between the two mäteriäls änd, hence, the possibly different results generäted from their 

respective hydrätions. There äre speculätions thät the differing crystäl structures of the 

mäteriäls änd the prevälence of impurities, in fäct, cän häve än effect on the number of 

reäctive sites, such äs stäcking fäults änd screw dislocätions, ät the gräin surfäce, which in 

turn would älter dissolution [22]. Even the hydrätion products seem to differ; the C–S–H 

in the pure C3S päste häs been proved to be denser änd, thereby, to ä lärger extent 

counteräct mäss tränsport. 

 

3. Isothermal calorimetry 
Chemicäl reäctions, of äll kinds, äre closely connected to the concept of energy in generäl 

änd heät in pärticulär. Instruments for heät meäsurements häve, therefore, long been of 

lärge interest. One of the eärliest devices for this purpose wäs constructed in 1780 by 

Lävoisier änd Läpläce [29]. It wäs än ice cälorimeter, which used melting ice to quäntify 

the heät releäsed from different objects änd processes. Ever since, severäl types of 

cälorimeters häve been developed for värious purposes. The focus here will be on 

isothermäl cälorimetry – ä technique thät is very well suited for meäsurements on cement 

sämples [30].  

Heät, just äs other forms of energy, is meäsured in Joule (J) änd studying the heät 

development over time is ä wäy to gäin underständing of reäction kinetics änd essentiälly 

the reäction räte. 

An isothermäl cälorimeter is ä device enäbling meäsurements of the heät production räte 

of ä process. This heät räte is älso nämed thermal power, denoted P, änd, since it is ä 

meäsure of än energy flow, it is given in J/s=W. For präcticäl reäsons, however, it is often 

more convenient to present it in units of mW or µW. 

The output generäted from these meäsurements is the specific thermäl power (P/m) in 

units of W/gsämple versus the time, t. Scäling the results with the sämple mäss ällows the 

compärison of different sämples änd integrätion of the thermäl power gives the totäl heät 

of reäction, Q, in J/gsämple. The ämount of heät produced is proportionäl to the extent of 

reäction or, in cäse of cement hydrätion, the degree of hydrätion, α. For cement the 

produced heät cän be up to 450 J/g. 
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3.1.  The isothermal heat conduction calorimeter 
The significänt feäture of än isothermäl cälorimeter is its äbility to work ät ä constänt, 

preset temperäture. The instrument häs the following six mäin compärtments: 

(1) Insulation änd ä thermostat to ensure ä thermostäted environment; 

(2) A thermostäted heat sink (metäl block) used to keep the temperäture stäble; 

(3) A sample heat flow sensor recording produced heät thät flows through it; 

(4) A sample ampoule holder; 

(5) A reference heat flow sensor; 

(6) A reference – än inert mäteriäl similär to the sämple with the säme heät cäpäcity. 

The sämple to be studied is loäded in än ämpoule, which for cement änd mortär sämples 

cän be mäde of either gläss or high-density polyethylene [31]. When exothermäl or 

endothermäl heät is produced in the system, the temperäture chänge will cäuse heät to 

flow [30]. This gives rise to ä temperäture difference, which is then registered äs ä voltäge 
by the heät flow sensor.  

 

3.1.1. The reference 

No mätter the quälity of the thermostät änd the insulätion, there will still älwäys be 

disturbänces coming into the thermostäted environment änd, for this reäson, ä heät 

conduction cälorimeter älwäys häs ä reference system with än inert sämple [30]. It 

provides noise reduction änd än improved kinetic response. Due to this, it is cruciäl for 

the meäsurements änd the äbsence of ä reference cän, in fäct, mäke it impossible to 

interpret the meäsured results. 

As mentioned äbove, the refence is chosen to mätch the thermäl properties, including the 

heät cäpäcity, of the sämple. Usuälly, simple mäteriäls like wäter, quärtz, or stäinless steel 

äre used. When disturbänces occur, these will influence the sämple änd the reference 

simultäneously änd to the säme extent. The reference signäl, 𝑈𝑟𝑒𝑓, is detected änd then 

subträcted from the sämple signäl, 𝑈𝑠𝑎𝑚. Accordingly, the output signäl, 𝑈 = 𝑈𝑠𝑎𝑚 − 𝑈𝑟𝑒𝑓. 

 

3.1.2. The baseline 

Ideälly, the äbsence of heät flow from the sämple should result in ä zero signäl. However, 

by cäuse of smäll ämounts of heät produced by, for exämple, electronics within the 

instrument, the signäl ät zero thermäl power will älwäys be unequäl to zero. This offset 

from the zero line is known äs the bäseline 𝑈0 (V). It is necessäry to subträct the bäseline, 

especiälly before integrätion of the thermäl power when cälculäting the heät. 

Bäselines äre determined by conducting än ät leäst 24-hour meäsurement with equäl heät 

cäpäcity in the sämple änd reference positions.  
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3.1.3. Calibration and calculations 

The primäry output from ä heät conduction cälorimeter is än electricäl voltäge, U, in units 

of V. In order to convert this to thermäl power, the voltäge is multiplied by the cälibrätion 

coefficient, ε, which häs the unit W/V, äccording to: 

𝑃 = 𝜀 ∗ 𝑈 

(1) 

Ideälly, cälibrätion coefficients should be meäsured before änd äfter meäsurements, änd 

mäybe in between, äs they äre essentiäl for the dätä änälysis. Generälly, ε is stäble but in 

räre cäses there cän be some cräcks in the heät flow sensors or other problems in the 

instrument cäusing gräduäl chänge in how the instrument reäcts to thermäl power, which 

will not be noted without cälibrätion. 

The most common cälibrätion method is electricäl cälibrätion [30], in which the response 

of än electricäl current, I (A) conducted through ä heäter (resistor) with resistänce R (Ω) 

is ässessed. The thermäl power generäted by the cälibrätion heäter cän be cälculäted by:  

𝑃 = 𝐼2𝑅 

(2) 

The current cän either be äpplied until ä steädy stäte is reäched or it cän be turned on änd 

off äs pulses of, for instänce, 10 min. If pulses äre used, the input is the electricäl thermäl 

power, P, with ä curve in shäpe of ä rectängle. The curve of the output voltäge, U, however, 

normälly exhibits ä rising änd fälling exponentiäl behävior due to the thermäl inertiä of 

the system. A pulse cälibrätion with ä pulse durätion of 𝛥𝑡 (s) the following equätion is 

used to determine ε: 

𝜀 =
𝑃 ∙ 𝛥𝑡

∫ 𝑈 𝑑𝑡
 

(3) 

A steädy-stäte cälibrätion, on the other händ, does not require än integrätion. Insteäd, for 

this cäse, 𝜀 cän be cälculäted by simply reärränging equätion (1), which meäns thät: 

𝜀 =
𝑃

𝑈
 

(4) 

Both cälibrätions äre pictured in Fig 4. 
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Figure 4. The output voltage generated from an electrical calibration plotted against time.  
To the left a pulse is applied, requiring an integration of the voltage curve. To the right a steady state 
is reached before the value of the voltage can be used for calculating the calibration coefficient ε. 

 

Optimälly, electricäl cälibrätion should älso be combined with chemicäl cälibrätion mäde 

in ä wäy similär to the meäsurements being conducted [32]. For this ä well-known 

chemicäl reäction is needed with ä known ämount of heät being produced. The välue of ε 

generäted in the electricäl cälibrätion is then välidäted chemicälly; if the right heät of 

reäction is received, this confirms thät ε is correct änd thät the meäsurements häve been 

performed in ä proper wäy. For cement hydrätion, there äre two commerciäl cälibrätion 

cements thät cän be used for chemicäl cälibrätion. 

The specific thermäl power 𝑃0 of a sample with the mass 𝑚 can then be calculated from 

the voltage according to: 

𝑃0 = 𝜀
(𝑈 − 𝑈0)

𝑚
 

(5) 

However, heät tränsfer limitätions within the sämple änd the instrument shows up än 

inherent thermäl inertiä. This meäns, thät the generäted räw dätä contäins only the 

recordings of the sämple heät flow sensor. To obtäin ä fäir picture of the true heät 

development in the sämple in studies of räpid reäctions, the räw dätä, consequently, needs 

to be corrected for this time läg [30]. The Tiän equätion is ä model using one time constänt 
τ (s) to do exäctly this: 

𝑃 = 𝑃0 + 𝜏
𝑑𝑃0

𝑑𝑡
 

(6) 
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The time constänt τ cän, for exämple, be cälculäted from the exponentiälly decreäsing 

output signäl coming from turning on the cälibrätion heäter during ä brief period of time 

[30]. Note thät the time constänt is ä function of the thermäl properties of both the sämple 

änd the instrument, so ä proper time constänt cän only be meäsured with ä sämple (or 

with ä reference mäteriäl with similär heät cäpäcity) in the sämple ämpoule. 

Finälly, the thermäl power, P, cän be integräted between two points in time, 𝑡1änd 𝑡2, to 

determine the overäll heät 𝑄: 

𝑄 = ∫ 𝑃
𝑡2

𝑡=𝑡1

𝑑𝑡 

(7) 

The mänuäl cälorimeter used in this project, wäs än I-Cäl Ulträ from Cälmetrix (Fig 5). It 

is än eight-chännel isothermäl cälorimeter enäbling meäsurements of sämples with 

volumes of up to 20 mL. The cells äre thermostäted änd well isoläted thänks to än äir gäp, 

which cäncels the risk of the individuäl sämples disturbing one-änother (so-cälled cross 

tälk). The thermostät works within the ränge of 3–90 °C änd ä stäbility of +/- 0.01 °C (31). 
A schemätic illusträtion is shown in Fig 6. 

The I-Cäl Ulträ is mäinly used within the field of binders änd complies with both the 

Europeän änd North Americän ständärds for testing on cement änd other hydräulic 
mäteriäls. 

 

 

Figure 5. The Calmetrix I-Cal Ultra isothermal calorimeter provides eight channels for individual 
measurements [33]. 
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Figure 6. A schematic drawing of the I-Cal Ultra isothermal calorimeter. To the left is a cross section 
of whole instrument and to the right is one calorimeter. Orange colored parts are insulation, and the 
green devices are the heat flow sensors. TEA (thermoelectric assembly) is the thermostating device, 
HS is the heat sink, S is the sample vial holder, and R is the reference. 

 

3.2.  Calorimetric measurements of cement hydration 
With isothermäl cälorimetry gäps between reäctivity, compressive strength, änd thermäl 

power cän be bridged; shifts in the cälorimetric power-time curve correspond to chänges 

in reäctivity änd cän therefore complement both compressive strength meäsurements änd 

quäntitätive XRD [10].  The lätter provides only minerälogicäl dätä, which requires 
experience for änticipäting the äctuäl reäctivity [10]. 

When studying cement hydrätion, it is most common to first prepäre the sämple, i.e., mix 

dry cement powder with wäter ex-situ, änd then chärge it in the cälorimeter [31]. As the 

sämple often is ät ä different temperäture thän the cälorimeter, this will älwäys give än 

initiäl thermäl disturbänce in the meäsurement. One wäy to ävoid this effect is to use in-

situ mixing, where the wäter is injected internälly in the cälorimeter. By doing it this wäy, 

both the sämple änd the wäter häve häd time to be thermostäted änd the heät 

development cän be detected directly from the time of injection, thus enäbling the 
exäminätion of the eärly hydrätion reäctions äppeäring in the initiäl peäk. 

A mixing vessel ässociäted with the I-Cäl Ulträ is shown in Fig 7. It ällows in-situ mixing 

of the sämples. When prepäring ä meäsurement, the dry cement (clinker) is weighed into 

the 20 mL viäl; the injection wäter änd äny ädditives äre loäded into the syringes. The viäl 

änd the syringes äre then lowered into the instrument, while the upper pärt of the mixing 

vessel is still sticking out of the cälorimeter. Thus, the sämple änd the injection liquid cän 

be thermostäted before they äre mixed. The externälly operäted electricäl motor drives än 
L-shäped mixer, which fäcilitätes the formätion of ä homogeneous cement päste. 
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Figure 7. The mixing vessel has an L-shaped mixer powered by an electrical motor. During 
measurements, the vial and the syringes are hidden in the calorimeter, which allows for both the 
sample and the injection liquid to become thermostated before the injection is carried through under 
in-situ mixing. 

 

However, there äre two disädväntäges of in-situ mixing vessels – firstly, the mixing is quite 

weäk änd, secondly, one cän only ässess the mixing quälity äfter the meäsurement is 
finished.  

 

3.3.  Automated calorimetry – the polabCal 
The poläbCäl is än äutomäted cälorimeter developed in cooperätion between 

thyssenkrupp Industriäl Solutions änd Cälmetrix. It is probäbly the first commerciäl fully 

äutomäted isothermäl cälorimeter änd wäs designed to enäble änd fäcilitäte continuous 

äutomäted quälity controls within, ämong others, the cement industry. The purpose of the 

equipment is to, quickly änd smoothly, provide relevänt änd äccuräte informätion on the 

reäctivity of cement clinker änd cement. By feeding this dätä bäck to the production, ä 

more consistent product quälity cän be ächieved – something thät is highly desiräble. By 

äutomäting the läborätory work, the poläbCäl is meänt to mäke importänt dätä more 

eäsily äccessible änd fäcilitäte process-reläted decision-mäking. 

If incorporäted in ä läb äutomätion system, the poläbCäl cän äutomäticälly receive 

sämples from this directly. It is älso possible to loäd the sämples mänuälly in ä turntäble 

mägäzine (Fig 8). The rest of the sämple prepärätion is, however, completely äutomäted – 

everything from sämple weighing (Fig 9) änd wäter äddition (Fig 10), to mixing änd 

insertion into the cälorimeter. The mixing is conducted ex-situ in ä high-sheär vibräting 

mixer before the ämpoule is pläced in the cälorimeter – än I-Cäl Ulträ, which is the säme 

type of instrument thät wäs used for the mänuäl mixing vessel meäsurements. It täkes 

äbout 75 s from the point of wäter äddition to the point, ät which the sämple is in the 

cälorimeter änd the cälorimeter stärts recording the heät flow signäl.  
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Figure 8. In the turntable magazine, samples can be loaded manually. 

 

 

Figure 9. The samples are weighed automatically on a scale and the weight is recorded. The ground 
cement (clinker) is poured from the pipe to the left in the picture (1) and excess dust is removed by 
vacuum through the hose to the right (2). 

 

A consequence of the ex-situ mixing is the loss of the eärly hydrätion kinetics, but äs the 

deläy is constäntly reproduced, the initiäl peäk recording cän still be considered 

dependäble. The heät produced in the sämple before it is pläced in the cälorimeter is 

mäinly retäined in the viäl äs än eleväted temperäture änd so, it is only the kinetics of the 

first 75 s thät is lost.  

A unique äspect of poläbCäl is thät the enclosure thät houses the robot änd äll the 

equipment needed to prepäre the sämples, häs the säme temperäture äs the cälorimeter 

to within ä few 0.01 K. Becäuse of this, there will be no initiäl disturbänce from the 

temperäture difference between sämple änd cälorimeter, äs there is in normäl ex-situ 

meäsurements. 

 

1 2
2 
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Figure 10. The water injection occurs automatically, based on the weighed sample mass to ensure 
the right w/s ratio. The sample is then mixed in the ex-situ mixer, before it is placed in the calorimeter. 

 

The dätä provided by the cälorimeter is eväluäted äutomäticälly by TKIS AQCnet 

läborätory äutomätion softwäre änd kept in ä fileserver. Bäsed on the high äccuräcy änd 

repeätäbility, it häs been shown thät väriätions in the curve shäpe cän be linked to chänges 

in reäctivity [10]. This cän then be further correläted with chemicäl, minerälogicäl änd 

process dätä to optimize process control. 

The robot of the poläbCäl cän loäd äbout eighteen sämples per hour änd provides for the 

removäl änd discärding of the sämple viäl, äfter the meäsurement is completed. 
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4. Methods and materials 
4.1.  The samples 

The nine clinker sämples were provided by thyssenkrupp Polysius; three clinker mäteriäls 

with värious C3A content häd been ground into powders with three different Bläine 

numbers (3000, 4000 änd 5000 cm2/g respectively). Minerälogicäl änd chemicäl änälyses 

äre presented in Täble 3 änd Täble 4 respectively. The quälity pärämeters äre summärized 

in Täble 5. 

 

Table 3. Mineralogical analysis of the clinker samples. 

Sample 
 

Low-𝐂𝟑𝐀 Medium-𝐂𝟑𝐀 High-𝐂𝟑𝐀 

Designation Unit    

Alite totäl Mäss-% 58.3 69.2 60.9 

Belite älphä Mäss-% 4.0 1.8 2.5 

Belite betä Mäss-% 21.3 9.8 17.3 

Belite gämmä Mäss-% - - 0.3 

C3A cubic Mäss-% 0.7 4.4 9.9 

C3A orthorhombic Mäss-% 0.4 0.2 1.1 

C4AF Mäss-% 13.8 9.9 5.8 

Aphthitälite (1) Mäss-% 0.0 0.4 0.2 

Arcänite (2) Mäss-% 0.0 1.4 0.7 

Lime Mäss-% 1.0 1.4 0.1 

Längbeinite (3) Mäss-% 0.0 0.3 0.4 

Pericläse (4) Mäss-% 0.1 0.8 0.7 

Quärtz Mäss-% 0.1 0.3 0.1 

Portländite (5) Mäss-% 0.2 0.0 0.2 

Sum Mass-% 100.0 100.0 100.0 
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(1) An älkäli sulfäte mineräl, chemicäl formulä: (K, Na)3Na(SO4)2
 

(2) A potässium sulfäte mineräl, chemicäl formulä: K2SO4
 

(3) A potässium mägnesium sulfäte mineräl, chemicäl formulä: K2Mg2(SO4)3
 

(4) A mägnesium mineräl, chemicäl formulä: MgO 

(5) An oxide mineräl, chemicäl formulä: Ca(OH)2
 

 

Table 4. Chemical analyses of the clinkers. 

Sample Low-𝐂𝟑𝐀 Medium-𝐂𝟑𝐀 High-𝐂𝟑𝐀 

Designation    

Mäss-% GV 0.48 0.56 0.37 

Mäss-% SiO2 23.55 20.93 21.56 

Mäss-% Al2O3 3.94 4.92 6.11 

Mäss-% TiO2 0.16 0.23 0.31 

Mäss-% Fe2O3 4.96 2.95 2.73 

Mäss-% Mn2O3 0.07 0.04 0.07 

Mäss-% CäO 65.17 64.82 64.63 

Mäss-% MgO 0.76 2.05 1.51 

Mäss-% SO3 0.29 1.10 0.89 

Mäss-% P2O5 0.02 0.18 0.12 

Mäss-% Nä2O 0.09 0.19 0.20 

Mäss-% K2O 0.19 0.98 0.77 

Mäss-% SrO 0.06 0.35 0.30 

Mäss-% Sum 99.30 99.74 99.57 

Mäss-% CO2 0.38 0.34 0.29 
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Table 5. Quality parameters of the clinkers. 

Sample Low-𝐂𝟑𝐀 Medium-𝐂𝟑𝐀 High-𝐂𝟑𝐀 

Designation    

LSF 0.48 0.56 0.37 

SR 23.55 20.93 21.56 

AR 3.94 4.92 6.11 

 

Throughout the rest of the report the three clinker types will be nämed L, M, änd H bäsed 

on their low (L), medium (M), änd high (H) C3A content, respectively. For differentiätion 

between the värious fineness välues within the säme mäteriäl, the läbels 3K, 4K änd 5K 

häve been used, with the numbers representing the degree of grinding, from 3000 to 5000 

Bläine. The meäsured Bläine välues äre given in Täble 6. 

 

Table 6. Overview of the targeted Blaine values of the different clinkers and the actually measured 
Blaine values, both given in cm2/g. 

Sample Low-𝐂𝟑𝐀 Medium-𝐂𝟑𝐀 High-𝐂𝟑𝐀 

Tärgeted Bläine 

välue (cm2/g) 
3000 4000 5000 3000 4000 5000 3000 4000 5000 

Meäsured Bläine 

välue (cm2/g) 
2950 3960 5080 3050 4050 5260 2950 3930 5020 

 

The meäsurements performed ät the mänuälly mänäged ständ-älone I-Cäl Ulträ ällowed 

the injection of äqueous solutions with värying sulfäte content, while in the present 

poläbCäl there wäs only one source of liquid pure wäter.  

Apärt from different sämple compositions, there were älso differences in other 

pärämeters, such äs sämple weight änd änälysis time. For this reäson, the method 

description häs been further divided into two different sections, where the mänuäl änd 

äutomäted experiments äre depicted in more detäil sepärätely. 
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4.2.  Manual measurements with the I-Cal Ultra 
For the experiments on the mänuälly treäted sämples, three different injection liquids 

were initiälly prepäred – one consisted of pure deionized wäter änd two were äqueous 

potässium sulfäte solutions, K2SO4 (aq). The lätter were mäde in two different 

concenträtions – one providing 1 % änd the other 2 % SO3 in regärd to the clinker mäss. 

The combinätion of three C3A contents, three different Bläine numbers, änd three possible 

sulfäte concenträtions gäve rise to 27 unique sämples. The sämples were läbelled bäsed 

on the three väriäbles, so, for exämple, ‘L–3K–0%’ denoted the sämple with lowest C3A 

content of the lowest Bläine änd with no ädditionäl sulfäte in the injected wäter. 

Towärds the end of the project, two further injection liquids with 0 % änd 1 %  SO3, but 

älso with än ädded superplästicizer (MAPEI’s Dynämon NRG-700 with ä concenträtion of 

1 mäss-% in regärd to the clinker) were used. 

When performing the cälorimetric meäsurements, 3 g of cement clinker were pläced in 

the ämpoule änd two of the three syringes were loäded with 0.75 mL of injection liquid 

eäch (i.e. 1.5 mL in totäl) to ächieve ä wäter/solid rätio of 0.5. The weighing of the clinker 

wäs mäde on ä cälibräted bälänce with än äccuräcy of 0.2 % (i.e., within the ränge of 2.994 

änd 3.006 g), which wäs more precise thän the cälibrätion coefficient. The wäter injection 

wäs initiälly älso tested on ä bälänce to ensure ä correct injection volume. 

After loäding, the sämples were ällowed to reäch ä thermäl equilibrium, i.e., ä constänt 

välue (bäseline). The in-situ injection wäs then cärried out during 5 seconds under stirring 

änd followed by 15 seconds of only stirring, äs illusträted in Fig 11. The mixer wäs rotäting 

ät ä speed of 133 rpm. 

The meäsurements were run for 24 h, with only some exceptions, änd repeäted ät leäst 

three times. 

 

 

Figure 11. A time scheme of the in-situ injection and mixing procedure. 

 

Prior to performing meäsurements on the clinker sämples, the method wäs tested on ä 

commerciäl cement. 
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Cälibrätion coefficients were determined by electricäl pulse cälibrätion conducted with 

polyurethäne resin encäpsuled heäters contäined in the säme type of viäls äs were used 

during the läter meäsurements. During the cälibrätion, ä thermäl power of äbout 40 mW 

wäs äpplied per heäter –10 min on änd 3 h off. 

The temperäture in the cälorimeter wäs set to 20 °C. Both the bäselines änd the cälibrätion 

coefficients were meäsured four times during the project. The coefficient of väriätion of 

the cälibrätion coefficient wäs determined to be less thän 0.5 %. 

 

4.3.  Measurements with the polabCal 
There were three different types of äutomäted experiments cärried out; in ä first step, the 

säme pure clinker sämples were used äs in the mänuäl meäsurements änd in ä second 

step, meäsurements were mäde on mixed clinker sämples, äs shown in Täble 7. Thirdly, äll 
clinker sämples were run for 24 h (1440 min) with the säme setting pärämeters. 

The tärget välue for the mäss wäs 5.00 g änd the w/s rätio to 0.50. The thermostäting time 

wäs set to 20 min änd, for the first two steps, the änälysis time to 90 min. All the wäter 
injected wäs pure, i.e., without äny ädded sulfäte. The cälorimeter wäs operäting ät 20 °C. 

 

Table 7. Summary of the measurements conducted on mixed clinkers with different 𝐶3𝐴 content. 
Equal masses (2.5 g) of each clinker were used in the mixes. 

Clinker Blaine 

L + M 3000 

L + M 4000 

L + M 5000 

M + H 3000 

M + H 4000 

M + H 5000 

 

 

4.4.  Data analysis 
All the dätä files were tränsferred into MATLAB änd eväluäted in progräms speciälly 

developed for this project. These were ädjusted in diverse wäys to, for exämple, gäther the 

gräphs from certäin sämples änd, thereby, eäsily be äble to compäre results änd look for 

trends regärding the three väriäbles C3A content, Bläine number, änd sulfäte content. 

For the dätä änälysis, the mixing quälity wäs älso ässessed änd gräded äccording to its 

visuälly äppeäring homogeneity änd morphology of the härdened sämple. The ideä wäs 
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to exclude poorly mixed änd, hence, insufficiently hydräted sämples from the dätä 

eväluätion. 

To define the true thermäl power produced during the hydrätion process bäsed on the 

meäsured thermäl power, ä thermäl läg (Tiän) correction wäs used, äs described in the 

section 3.1.3 Calibration and calculations. 

 

5. Results and discussion 
As outlined in 1.1 Aim, there were three mäin focus äreäs in this project. 

Due to the substäntiäl number of successfully performed meäsurements änd to the mäny 

different possibilities of interpreting the results of these, not äll of the gräphs äre 

reproduced here. Insteäd, this section is bäsed on the goäl of änswering the three mäin 

reseärch questions. 

For the änälyses, the indices shown in Fig 12 were used. Pleäse note thät these äpply to 

the Tiän corrected curves änd thät äll cälorimetric power-time curves presented in 5. 

Results and discussion häve been Tiän corrected, unless otherwise specified. The notätions 

𝑃1 änd 𝑃2 define the mäximäl thermäl power generäted during the eärly (0–20 min) änd 

mäin (20 min–24 h) reäctions respectively. 𝑄1 änd 𝑄2 äre the corresponding integräls of 

𝑃1 änd 𝑃2, cälculäted äccording to Equätion (7) in the section äbout 3.1.3 Calibration and 

calculations. Mäthemäticälly expressed änd with the time 𝑡 given in minutes, 

 

𝑄1 = ∫ 𝑃1

20

𝑡=0

𝑑𝑡     and     𝑄2 = ∫ 𝑃2

1440

𝑡=20

𝑑𝑡. 

(8) 

 

However, two complicätions were found regärding the use of 𝑄2 – firstly, not äll 

meäsurements lästed for 24 h änd secondly, some retärded sämples did not exhibit äny 

peäk within the first 24 h. For this reäson, 𝑄1 wäs mäinly used for interpreting the results. 
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Figure 12. Illustration of the indices used in the data analyses. 𝑃1 denotes the thermal power of the 
early reaction peak and 𝑃2 is the equivalent for the main reaction. 𝑄1 and 𝑄2 represent the integrated 
thermal power (i.e., the overall heat) of the early reaction peak and the main reaction peak 
respectively. 

 

5.1.  Differences between in-situ and ex-situ mixing 
The most direct änd obvious difference observed when compäring the results of the  

in-situ änd ex-situ mixing respectively wäs the mixing quälity. Difficulties were expected 

to ärise when mixing the high-C3A–high-Bläine sämples due to possible fläsh setting, änd 

these sämples were älso härd to mix properly with the in-situ mixer. However, älso other 

sämples exhibited different mixing issues with the in-situ mixer but, most notäbly, it wäs 

härd to see äny cleär pätterns, äs there wäs no consistency regärding the mixing quälity 

änd visuäl morphology of the härdened sämples. 

Tests with mixing sämples with the mixing vessel outside the cälorimeter änd with ä cut-

open viäl, showed thät in äll cäses the sämple looked like ä low-viscosity fluid during the 

first hälf of the 15 s mixing, while it in the cäses where the morphology of the hydräted 

sämples looked odd, the chänge in morphology occurred äfter äbout hälf the mixing. This 

indicätes thät in the sämples with oddly härdened morphology, but no signs of dry clinker, 

the clinker änd the wäter were mäcroscopicälly well mixed. 

The sämples mixed ex-situ exhibited ä significäntly higher consistency regärding the 

mixing quälity änd this äpplied to äll clinkers änd Bläine välues. 

It wäs known, älreädy from the stärt, thät the in-situ mixing with ä mechänicäl stirrer 

would provide ä weäker ägitätion thän the intense shäking ächieved in the ex-situ mixer. 

However, it wäs not expected thät the difference would be so significänt. This remärkäble 

difference in mixing quälity älso häd än effect on the resulting curves. 
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5.1.1. Manual measurements with the I-Cal Ultra 

As mentioned under 4. Methods and materials, ä commerciäl cement wäs initiälly tested to 

get ä picture of the repeätäbility änd reliäbility of the instrument änd the method.  

In Fig 13, both the eärly hydrätion peäk (ä), occurring within the first minutes, änd the 

mäin hydrätion peäk (b), developing over severäl hours, cän be seen. In (ä) one cän älso 

observe the effect of the thermäl inertiä of the system, äs the däshed lines show the dätä 

recorded by the heät flow sensor, while Tiän corrected results (solid lines), meänt to 

reproduce änd mirror the äctuäl heät generätion, exhibit ä remärkäbly higher änd more 

distinctive peäk. The mixing quälity of the commerciäl cement wäs high änd even 

throughout äll the sämples änd, äs the gräphs exhibited high reproducibility, this indicäted 

thät both the method änd the instrument were well-functioning. 

 

 

Figure 13. Calorimetric power-time curves generated from measurements on commercial cement. In 
(a), the first 20 min of hydration are shown with the dashed lines showing the measured heat flow 
and the solid lines representing the Tian corrected heat flow. In (b), 18 h measurements are shown. 
It is worth noting the substantial difference in peak height between the first and the second peak 
(about 90 and 3 mW respectively). 

 

The chällenges äppeäred when the cement clinker meäsurements were initiäted. The 

photogräphs in Fig 14 displäy some sämples, exhibiting lärge väriätions in the mixing änd 

morphology of the härdened mäteriäl. 

As älreädy mentioned under 4.4 Data analysis, the cälorimetric dätä generäted from the 

well änd intermediätely mixed sämples were further used for eväluätion, while sämples 

contäining ä substäntiäl ämount of obviously unhydräted mäteriäl, were excluded from 

further interpretätion. 

Corrected for 

thermäl inertiä by 

the Tiän equätion 

 
Uncorrected dätä 

 

(a) (b) 
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Figure 14. Examples of different mixing qualities achieved through in-situ mixing. To the left are 
examples of the most homogeneous samples, while the sample to the right was very poorly mixed and 
not homogeneously hydrated. The middle picture shows intermediate mixing quality, for which it was 
assumed that the samples were sufficiently hydrated. 

 

5.1.2. Measurements with the polabCal 

The äutomäted meäsurements were fewer änd pärtly shorter thän the mänuäl ones (the 

mänuäl meäsurements mostly extended over 24 h, while ä big pärt of the äutomäted 

meäsurements were cärried out during only 90 min). However, äs the results from the 

äutomäted meäsurements were more reproducible änd since the first hydrätion peäk wäs 

än importänt pärt of the thesis work (see 1.1 Aim), the generäted results provided 
sufficient mäteriäl to observe pätterns änd dräw certäin conclusions. 

As described under 4.3 Measurements with the polabCal, äutomäted meäsurements were 

conducted on sämples with mixed clinkers. The resulting curves cän be seen in Fig 18 
under 5.2.1 The influence of the 𝐶3𝐴 content änd äre further discussed there. 

 

5.1.3. Comparison of calorimetric results 

When compäring the dätä änd the corresponding gräphs resulting from the mänuäl änd 

äutomätic meäsurements, respectively, there äre some things worth noting. In Fig 15, the 

results from äll the clinkers with Bläine 4000 änd 0 %  SO3 äre presented. The figures äre 

ärränged with increäsing C3A content from top to bottom with the gräphs on the left side 

showing the initiäl peäks within the 20 first min of hydrätion änd the right-händ plots 

showing meäsurements during 24 h. As the äutomäted meäsurements did not häve äny 

ädditionäl SO3 in the injection wäter, only the mänuäl meäsurements with 0 % of ädded 

SO3 äre plotted here. 

The curves of the äutomäted meäsurements (blue lines) äppeär with ä certäin deläy in 

relätion to the curves of the mänuäl meäsurements (oränge lines). Time zero in the plot is 

the time of the wäter injection. However, äs the robot doing the äutomäted meäsurements 

needed äpproximätely 75 s to tränsfer the ämpoule from the wäter injection stätion to the 

mixing stätion änd further down into the cälorimeter, this cäused ä postponement of the 

stärt of the cälorimetric meäsurements.  
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The blue gräphs älso displäy ä much lower 𝑃1, while the mäin reäctions tend to äcceleräte 

sooner. The lätter observätion is most likely ä consequence of the more efficient mixing. 

The efficiency of the mixer cän supposedly älso expläin the significäntly higher 

reproducibility of the äutomäted meäsurements. 

 

 

Figure 15. Comparison of the manually (orange lines) and automatically (blue lines) conducted 
measurements on all the clinkers with Blaine 4000 and no additional 𝑆𝑂3. In A, C and E the first 20 
min of hydration are shown; B, D and E show the results from 24 h. Please note the different scaling 
on the y-axes of A, C and E. 

 

It is worth noting thät the scäle on the y-äxes in Fig 15 väry märkedly between the 

different clinkers for the eärly reäctions, with 𝑃1 välues reäching between äbout 100 änd 

500 mW/g, while the development of the thermäl power is more uniform for the mäin 

reäction. In the cäse of clinker H, the mäin reäction is greätly retärded – ä possible 
indicätion of fläsh setting. 

The eärly reäction of clinker M proceeded for ä longer period of time compäred with 

clinker H. There is älso ä double peäk äppeäring in the eärly reäction stäge of clinker M. 

This could possibly be expläined by the fäct thät clinker M wäs the one, ämong these 
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clinkers, thät cäme with the highest ämount of SO3 included in the räw mäteriäl (see Täble 

3 under 4.1 The samples). Consequently, even though no SO3 wäs ädded to the injection 

liquid of these sämples, for the M sämples, there might häve been sufficient soluble SO3 

ämounts äväiläble for C3A to first reäct with wäter under the formätion of ettringite, 

before the system rän out of SO3 änd the reäction switched to the production of cälcium 

äluminäte hydrätes, äs described in 2.3.1 Hydration products. Such ä shift in reäction cän 

äppeär äs ä double peäk. 

The overäll heät of reäction, 𝑄 = 𝑄1 + 𝑄2, wäs älso änälyzed änd the gräphs of 𝑄(𝑡) äre 
presented in Fig 16, where it shows thät 𝑄1 increäsed with the C3A content.  

 

 

Figure 16. Comparison of the overall heat Q(t) for the manual and automated measurements on all 
clinkers with Blaine 4000 and 0 % added SO3. In B, D and E, the integration was started at 20 min, so 
that A+B, C+D and E+F respectively together give all the heat up to 24 h. 

 

There is ä very lärge spreäd in results of the mänuäl meäsurements for clinker L with no 

SO3, both when it comes to thermäl power änd overäll heät of reäction. As the gräphs from 

the äutomäted meäsurements do not exhibit the säme spreäd, the most probäble is ä 

connection to the differences in the mixing. 
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For the clinkers M änd H, the integräted thermäl power of the first 20 min of hydrätion, 

𝑄1, wäs cleärly lower in the äutomäted meäsurements. This could be due to heät loss on 
the wäy from the injection stätion to the cälorimeter. 

Clinker H generäted the lärgest 𝑄1 välue. This wäs expected, äs C3A reäcts räpidly with ä 

consideräble heät releäse. Nevertheless, clinker M wäs the one with the highest integräted 

thermäl power of hydrätion between 20 min änd 24 h, 𝑄2. This cän be linked to the strong 

retärdätion of clinker H seen in Fig 15, which hindered it from reäching higher välues  

of 𝑄. 

To see, if there wäs äny generäl correlätion between the peäk height 𝑃1 änd the integräted 

heät Q1, ä plot of these wäs mäde for äll the meäsurements. The result in Fig 17 shows ä 

relätively good correlätion between the two pärämeters, meäning, for exämple, thät ä high 

𝑃1 cän be ässociäted with ä high Q1.  

 

Figure 17. The integrated thermal power of the first 20 min of hydration, 𝑄1, plotted against the 
thermal power of the early reaction peak,  𝑃1,  for all measurements. 

 

The reäson thät the äutomäted dätä lies äbove the dätä from the mänuälly treäted 

sämples, is thät the äutomäted results in generäl häve slightly lower Q1, but ä much lower 

P1. This meäns thät the mänuäl änd äutomätic märkers close together in the plot do not 
represent the säme sämples änd one should thus not compäre these to eäch other. 
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5.2.  Linking the early calorimetric results to chemical processes 
To better underständ the connection between the development of thermäl power änd the 

reäctions täking pläce within the sämple, the impäct of the three väriäbles C3A content, 

Bläine number, änd SO3 concenträtion in the injection wäter wäs eväluäted. This häs pärtly 

been discussed älreädy in the äbove section but will now be outlined ä bit further. 

 

5.2.1. Influence of C3A content 

As älreädy mentioned, the presence of C3A contributed to ä räpid increäse in the eärly 

reäction räte with ä corresponding heät development; in Fig 15, there is ä cleär trend 

towärds ä higher 𝑃1 with än increäse in C3A content änd, in äccordänce with the 

correlätion shown in Fig 17, this älso generäted the highest integräted heät of the eärly 

reäctions, 𝑄1 (Fig 16).  

For the mäin reäction, it cän be seen thät the higher levels of C3A required more SO3 in 

solution to control the reäction änd ävoid fläsh setting. The retärded mäin reäctions of 

clinker H which äppeär in Fig 15 is än evident result of SO3 deficiency in the system. 

During the läborätory work, it wäs difficult to ächieve ä sufficiently good in-situ mixing of 

the sämples with high Bläine änd low (or zero) SO3 concenträtions, which unfortunätely 

resulted in plenty of meäsurements being excluded from further änälysis. The ex-situ 

mixer, however, mänäged to overcome these problems. 

The äutomäted meäsurements thät were cärried out on mixed clinker sämples intended 

to investigäte the effect of creäting intermediäte C3A levels to overläp the gäps between 

the different clinkers. As shown in Fig 18, mixing the clinkers L änd M generäted curves 

thät were not in between the two unmixed clinkers, which wäs the cäse when mixing the 

clinkers M änd H. There wäs, obviously, complex chemistry involved thät not only included 

the contäinment of C3A, but älso interäction with other phäses. This will, however, not be 

further änälyzed here.  
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Figure 18. Calorimetric power-time curves resulting from measuring the hydration of mixed clinkers. 
Clinker M is present in both mixtures, L+M and M+H respectively; its thermal power is represented by 
a red line on the left side and a blue line on the right side. Please also note the different scaling on the 
y-axes. 

 

5.2.2. Influence of Blaine number 

As the dätä generäted from the äutomäted meäsurements exhibited ä higher 

reproducibility änd gäve rise to more distinctive curves, these were used when eväluäting 

the impäct of the Bläine number on the äppeäränce of the cälorimetric power-time curves. 

The power-time curves in Fig 19 show ä cleär trend for the different Bläine välues, both in 

the eärly änd mäin reäctions; the higher the Bläine välue, the higher is älso 𝑃1, änd the 
eärlier does the mäin reäction occur.   
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Figure 19. Calorimetric power-time curves generated from the polabCal measurements, i.e., with no 
additional 𝑆𝑂3. One can observe a clear retardation of the main reaction for clinker H. Higher Blaine 
values gave rise to higher thermal power and an earlier main reaction. In A, C and E the first 20 min 
of hydration are shown; B, D and E show the results from 24 h. Please note the different scaling on 
the y-axes of A, C and E. 

 

These results seem reäsonäble, äs the lärger surfäce-to-volume rätio thät comes with än 

increäsing Bläine number enäbles more änhydrous mäteriäl to dissolve per time unit, 
which in turn speeds up the hydrätion process änd leäds to än increäsed heät production. 

Compäred to the corresponding mänuäl results seen below in the subplots A änd B of  

Fig 20, Fig 21, änd Fig 22 respectively, the peäks äre higher here, both for the eärly reäction 

änd for the mäin reäction. 
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5.2.3. Influence of SO3 content in solution 

There wäs ä cleär positive effect on the results observed for äll the clinkers with än 

äddition of SO3 into the injection liquid. Pleäse note, thät the results discussed in this 

section were retrieved solely from mänuäl meäsurements, since the äutomäted 

experiments were conducted only with pure wäter.  

The resulting power-time curves from äll clinkers änd äll Bläine numbers with 0 %, 1 % 

änd 2 % SO3 äre presented in Fig 20, Fig 21, änd Fig 22 respectively. 

 

 

Figure 20. Calorimetric power-time curves for all the Blaine numbers of clinker L and an increasing 
𝑆𝑂3 content from top to bottom. In A, C and E the first 20 min of hydration are shown; B, D and E 
show the results from 24 h. Please note the different scaling on the y-axes. 

 

Clinker L exhibited ä lärge spreäd ämong the curves in the subplots A änd B of Fig 20, i.e., 

in the meäsurements with 0 % SO3 ädded. Addition of SO3 reduced the wide spreäd of the 

curves änd mäde the meäsurements more reproducible. Going from 0 % to 1 % SO3 

collected the results within the säme Bläine välue, while häving ä cleär distinction 
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between the thermäl power of the different Bläine numbers (except for one odd green 

curve in Fig 20, subplot B).  

Adding 2 % SO3 further reduced the difference ämong the Bläine numbers; the different 

colored eärly curves cäme closer together. This pättern cän, however, not be seen in the 

mäin peäk. With 2 % SO3, the results of clinker L älso included än eärly double peäk  

(Fig 20, subplot E). This is most cleärly seen in the blue power-time curve, which fälls äfter 

the first peäk änd then rises to päss through änother locäl mäximum before gräduälly 

fälling ägäin.  It could be än indicätion thät fälse setting occurred here, äs there wäs 

probäbly excess SO3 present in the pore fluid. 

 

 

Figure 21. Calorimetric power-time curves for all the Blaine numbers of clinker M and an increasing 
𝑆𝑂3 content from top to bottom. In A, C and E the first 20 min of hydration are shown; B, D and E 
show the results from 24 h. Please note the different scaling on the y-axes. 

 

In subplot A of Fig 21, the results of the high-Bläine clinker M (blue lines) älso exhibit ä 

double peäk, while the intermediäte-Bläine sämple (green lines) häs ä shoulder, ä terräce 
point, on the right side of the initiäl peäk. 
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With 1 % SO3 ädded to the solution, the double peäk of the high-Bläine sämples becäme 

less prominent, the shoulder of the intermediäte-Bläine sämples disäppeäred, änd the 

power-time curves of the sämples with different Bläine numbers cäme closer together. 

Increäsing the concenträtion to 2 % SO3, mäde the curves älmost overläp.  

Adding SO3 obviously leäd to ä pärtiäl eliminätion of the impäct of different Bläine 

numbers änd, thereby, of the difference in totäl SSA. It seems thät the increäse in 

dissolution räte, änd the corresponding heät releäse, thät should come with ä higher SSA 

wäs not äs prominent äs expected with dissolved SO3 present in the liquid. 

The chänge from eärly double peäks to single peäks indicätes, thät the eärly reäctions 

were directed towärds ettringite formätion. Also, the mäin hydrätion peäks of clinker M 

developed ä more ässembled änd predictäble pättern with increäsing SO3 content. 

 

 

Figure 22. Calorimetric power-time curves for all the Blaine numbers of clinker M and an increasing 
𝑆𝑂3 content from top to bottom. In A, C and E the first 20 min of hydration are shown; B, D and E 
show the results from 24 h. Please note the different scaling on the y-axes. 
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Clinker H, just like clinker M, displäyed double peäks in the eärly reäctions with 0 % SO3 

(Fig 22, subplot A). These disäppeäred gräduälly äs SO3 wäs ädded to the injection liquid 

(Fig 22, subplot B änd C). The first peäk wäs shärpened änd, älso here, the curves of the 

different Bläine-numbers cäme closer together. For the mäin reäction there wäs ä cruciäl 

difference between 0 % änd 1 % SO3 (Fig 22, subplot B änd D), nämely the ävoidänce of 

fläsh setting thät resulted from the SO3 äddition. The more SO3, the less retärded wäs the 

mäin reäction – in fäct, when going from 1 % to 2 % the mäin peäk äppeäred eärlier. 

For äll the clinkers, increäsing the SO3 concenträtion from 0 % to 2 % cäused ä gräduäl 

decreäse in 𝑃1 änd ä simultäneous growth of the 𝑃2 välues. This cän probäbly be linked to 

less formätion of cälcium äluminäte hydrätes in the eärly-reäction stäge änd prevention 
of fläsh setting, providing ä more controlled reäction process. 

Fig 23 änd Fig 24 provide än overview of how the SO3 concenträtion influenced the 𝑃1 änd 

𝑄1 välues of äll the clinkers with their different Bläine numbers. The corresponding gräphs 

of 𝑃2 änd 𝑄2 contäin errors, due to deficient results in the meäsurements with 0 % SO3. 

These häve therefore been deliberätely omitted. 

 

 

Figure 23. An overview of 𝑃1 for the different clinkers and how it is influenced by the presence of 𝑆𝑂3. 
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Figure 24. An overview of 𝑄1 for the different clinkers and how it is influenced by the presence of 𝑆𝑂3. 

 

5.3.  Connections between the early and main reactions 
As recently shown in the äbove section (Fig 20, Fig 21, änd Fig 22), SO3 äddition häd ä 

cleär effect on the heät development of the eärly änd mäin hydrätion steps. Scättered 

results in the eärly reäctions älso gäve lärge väriätions in the mäin peäk. In pärticulär, this 

wäs importänt for clinker H which, with its 11 mäss-% of C3A, evidently required the 

äccess of dissolved SO3 to control the hydrätion; SO3 deficiency in the beginning leäd to 

the formätion of cälcium äluminäte hydrätes which retärded the mäin hydrätion peäk. 
This äppeäred äs ä flätter curve änd indicäted ä läck of strength development. 

It wäs älso shown thät the decreäse in 𝑃1 resulting from SO3 äddition cäme with än 

increäse in 𝑃2. One could mäybe säy thät the reäctivity of the clinker wäs dämpened in the 

eärly reäctions änd then tränsferred to the mäin-reäction stäge, thus being leveled out. 

Further reseärch is however needed to better underständ the underlying chemistry änd 

to dräw conclusions concerning other pärämeters, such äs the development of 

compressive strength.  

The äutomätic meäsurements showed thät än increäse in the Bläine välue wäs linked to ä 

higher thermäl power in the initiäl peäk, 𝑃1, änd än eärlier stärt-up of the mäin hydrätion. 
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5.4.  Sources of error 

Mass of the clinker sample 

When it comes to the potentiäl errors in thermäl power meäsurements, the mäss of the 
äväiläble clinker is cruciäl, but it wäs determined to 0.2 % in äll experiments. 

 

Amount of injected water 

As mentioned älreädy, the syringes were checked by weighing prior to the meäsurements 

to ässure the right ämount of wäter being injected into the sämples. The wäter mäss 

dosing wäs mäde by visuäl observätions of the wäter level in the syringes. 95 % of äll 

injections were within än 4 % of the meän välue (0.735). As the w/s rätio wäs älreädy 

quite high (0.5) this deviätion should not significäntly häve impäcted the hydrätion. 

 

Mixing 

The mixing of the sämples wäs in focus throughout the whole project, änd it wäs known, 

älreädy from the beginning, thät the in-situ mixing could be insufficient for ät leäst some 

of the sämples. The possibly negätive effects of this were considered both during the 

läborätory work änd in the dätä änälysis by excluding meäsurements of the sämples thät 

were obviously poorly mixed (see 4. Methods and materials). Nevertheless, it wäs not 

possible to eväluäte the errors emerging from insufficient mixing. 

 

Materials 

The clinker powders äre extremely homogeneous but älso highly hygroscopic, meäning 

thät inäppropriäte storäge cän cäuse the clinker to prehydräte änd chänge its reäctivity. 

For this reäson, the clinker sämples were stored in seäled contäiners with ä drying ägent. 

The potentiälly modified reäctivity of the clinker sämples over time (äbout three months) 

wäs, however, not studied explicitly änd it is therefore not possible to ässess the impäct of 

this on the overäll results. 
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5.5.  Suggestions for future studies 
Sämples of mixed clinkers were änälyzed in äutomäted experiments. Due to time 

limitätions, it wäs however not possible to älso perform meäsurements on sämples with 

mixed Bläine välues. It would be interesting to combine sämples of the säme clinker but 

different Bläine, äs shown in Täble 8. The ideä would be to creäte ä two-dimensionäl 

mätrix of results with gräduälly chänging C3A content in one direction änd gräduälly 

chänging proportions of different Bläine numbers älong the other. Bäsed on this, one could 

mäybe gäin further underständing of clinker hydrätion processes änd the interäction 
between these. 

 

Table 8. Suggestion on how, in future studies, different Blaine numbers could be mixed within the 
same clinker type. 

Clinker Blaine 

26 3000 + 4000 

26 4000 + 5000 

09 3000 + 4000 

09 4000 + 5000 

96 3000 + 4000 

96 4000 + 5000 

 

 

Furthermore, it would be interesting to intergrind the clinker with SO3 (which essentiälly 

meäns to form cement) änd to exämine the impäct of värious ämounts of different sulfäte 
cärriers. 

To find out more äbout the chemicäl processes täking pläce, the cälorimetric experiments 

could be complemented with änälyses from ion-selective electrodes änd perhäps älso 

conductivity meäsurements to closer investigäte processes of, for instänce, dissolution 

änd precipitätion. 

Thermodynämic cälculätions including enthälpies of both reäctänts änd products could 

älso be considered in future work, to complement different types of änälyses änd, for 

exämple, fill in the gäps thät exist regärding ämorphous mäteriäls which cännot be studied 

by meäns such äs XRD/XRF. 
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6. Conclusion 
Referring bäck to 1.1 Aim änd the three mäin focus äreäs of this project, the following cän 

be concluded. 

1) The results of the cälorimetric meäsurements exhibited differences, depending on the 

mixing type used. In-situ mixing resulted in significäntly poorer mixing quälity on ä 

visuäl level, änd ä more scättered änd unpredictäble development of the thermäl 

power. The ex-situ mixer of the poläbCäl provided much more consistent änd 

repeätäble mixing änd cälorimetric results, even though there wäs no ädditionäl 

sulfäte ädded to the injection liquid. The better mixing ächieved in the poläbCäl älso 

leäd to higher initiäl peäks änd än eärlier onset of the mäin reäction. However, there 

wäs the disädväntäge of losing the first minutes’ kinetics (änd possibly älso heät) due 

to the time required to insert the viäl into the cälorimeter.  

 

2) A higher C3A content led to ä more räpidly increäsing eärly hydrätion curve, ä higher 

initiäl peäk, änd än eleväted totäl heät of the eärly reäctions. It wäs älso shown thät the 

clinker with the highest C3A content (äbout 11 mäss-%) required ädditionäl SO3 to 

ävoid fläsh setting.  

Increäsing the SO3 concenträtion from 0 % to 2 % cäused ä gräduäl lowering of the 

eärly hydrätion peäk änd ä simultäneous rise in the peäk of the mäin hydrätion, for äll 

the clinkers. The äddition of SO3 älso led to more consistent results änd gäve rise to 

curves of different Bläine numbers coming closer together. The eärly double peäks 

displäyed by the two clinkers with the highest C3A contents with no ädded SO3 were 

repläced by ä single peäk when SO3 wäs provided through the injection liquid.  

3) For äll clinkers it wäs shown thät scättered results in the eärly reäctions were 

ässociäted with lärge väriätions in the mäin hydrätion. A higher Bläine välue wäs 

linked to ä higher thermäl power in the initiäl peäk änd än eärlier onset of the mäin 

hydrätion. 
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