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List of samples supplied by Blue Circle. 

For the samples marked with an asterisk , results of quality 

tests performed to BS 4550 were supplied by Blue Circle. 

All the results supplied were analysed in the Trend Analysis. 

The residence time of the clinker in the kiln and the detailed 

thermal history of the clinker was not known. 

Works A. 

Ordinary Portland cement clinker.* 

works B. 

sulphate resisting cement clinker made with clay and chalk. 

Sulphate resisting cement clinker made with pulverised fuel ash 

and chalk. 

11 hourly samples from kiln 1 1930h-0530h 

11 hourly samples from kiln 3 1930h-0530h 

3 samples of raw kiln feed used during the production run. 

Bulk sample of all the clinkers produced during this time.* 

Trial sulphate resisting cement clinker with additional PFA • 

7 samples collected at intervals throughout trial at 0730, 1130*, 

1330, 1530*, 1730, 1930, 2030*. 

Trial Low heat cement clinker 

6 samples collected at intervals throughout the trial. 0900*, 

1200*, 1300*, 1400, 1500*, 1600 

1 sample of raw kiln feed used during the trial run. 

works c 

Ordinary Portland Cement clinker.* 

works D 

Ordinary Portland Cement clinker.* 

Works E 

Ordinary Portland Cement clinker.* 

Works F 

White Portland Cement clinker.* 

Works G 

Ordinary Portland cement clinker.* 



ABSTRACT. 

The relationships between the mineralogical, chemical and 

petrological characteristics of cement clinker minerals and the 

quality of the resultant Portland cement, is of great interest to 

producers and users of cement and concrete. 

To examine these relationships, different types of cement 

clinkers from wet,semi-dry and dry process production kilns were 

analysed and then tested for quality using British Standard 

tests. The mineralogical and petrological properties of the 

calcium silicates, aluminates, ferrites and alkali sulphates were 

studied. From several thousand mineral analyses performed with 

an electron microprobe analysis unit, the substitution systems 

for the different minerals and polymorphs have been determined. 

The mineral analyses of the various cement clinkers have been 

plotted on ternary phase diagrams. The different mineral 

assemblages of the clinkers have been used to assess the effects 

of composition and production process on the cement clinkers. 

All the analyses of the characteristics of the minerals and 

the quality of the cement have been compared using a trend 

analysis, developed by the author. This analysis establishes 

which characteristics have a significant effect on the strength 

of the Portland cement. 

The role of potassium in the cement clinker and particularly 

its substitution into the belite phase, is crucial. The reasons 

for this influence and a relationship between the potassium 

substitution in the belite and the 28 day compressive strength of 

the cement is presented. 
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History of Portland cement. 
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Chapter one 

PORTLAND CEMENT. 

INTRODUCTION. 

The manufacture of Portland cement was patented by J.Aspdin in 1824. 

The components for Portland cement were an argillaceous material 

typically clay or shale and a calcareous material usually limestone or 

chalk. Initially the raw materials were burnt in a vertical kiln with 

layers of coal. This was a slow process with intermittant production. To 

increase production and reduce labour costs, a rotary kiln was developed 

and patented by Ransome of England. This process used raw materials which 

had usually been ground wet. Since energy was becoming more expensive , 

energy efficient processes were developed. Notably semi-dry and dry process 

kilns with preheating systems to warm the incoming feed with the outgoing 

exhaust gases. 

Manufacture of Portland cement. 

The raw materials used are usually sedimentary rocks and they generally 

have some variation in their mineralogy and chemical composition. The 

kiln feed material is rapidly heated in the kiln and partial fusion of the 

mix occurs. This material is known as cement clinker. The clinker is a 

mixture of several mineral species. The four principal mineral phases 

are Tricalcium silicate (Alite), Dicalcium silicate (Belite), Tricalcium 

aluminate and a solid solution series of minerals between ( Ca 2 Fe2 Os ) 

and ( Ca6 Al2 Fe2 o15 ) , termed Ferr 1 te. · 

The proportion of each of the minerals varies according to what 



composition of raw mix was put into the kiln. The clinker phases are not 

in ~quilibrium and the individual phases do not have stoichiometric 

compositions. They all have some substitution for the major components in 

the mineral structure. 

Utilisation of cement. 

In 1981 the world cement industry produced over 7.5 million tonnes of 

cement. Over 50~ of the output is used in the manufacture of concrete. 

The other major users are masonry and cement products. For these purposes 

one of the most important properties of the cement is its compressive 

strength. Differences in cement type ,composition and behaviour 'or the 

cement clinker minerals causes variation in the strength of the cement. 

The substituting elements in the individual clinker phases can affect the 

behaviour of the mineral in its formation, stability and hydration. This 

in turn influences the properties of the cement when it is hydrated to 

produce mortar or concrete. 

Reasons for the research. 

There has been extensive research carried out on the properties of 

Portland cement clinker minerals and the variation in their composition, 

polymorphs and structural defects. Often this r~ search has been carried 
,.,:,..,.,..\ 

out on one type of mineral. This}phase may have been derived from a 

production cement clinker or more commonly from a laboratory scale furnace. 

This research is useful but it does not relate the clinker properties to 

the the performance of the cement. With the development of accurate 

mineral analysis techniques it has been possible to directly investigate 

the compositional and textural features of the minerals within the cement 

clinker. In some instances these properties have been related to the 

performance of the cement , such as hydration rate or strength 

development. However these experiments have frequently been made on 

cement clinker carefully prepared from mixes of pure reagents, with 
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different minor elements added one at a time to investigate their effects. 

In production cement clinker the minor elements are simultaneously present 

in the cement clinker. They have interrelated effects on a specific phase 

and between phases. The effects of these elements on the cement are 

complex. They control the stabilisation of different polymorphs , the 

formation of solid solutions, the presence or absence of lattice defects 

and the variation in the stoichiometric composition of the clinker 

minerals. These events do not take place individually but in combination. 

Thus to correlate the effects of the mineralogical and petrological changes 

on the quality of production cement clinker it is necessary to characterise 

all the mineralogical, chemical and textural features of different cement 

clinkers. From this it is then feasible to assess the scale of their 

effects on the quality of the cement, primarily the strength development. 

Thus the aims of this research are -

1. To determine the mineral chemistry of the phases in different types of 

Portland cement. 

2. To determine the petrological characteristics of the cement clinker 

minerals. 

3. To determine the physical properties of the different cement clinkers. 

With the objective of defining-

The mineralogical, petrological and chemical properties of the cement 

clinker which influence the quality and strength of Portland cement. 



Chapter two 

TECHNOLOGY OF CEHENT HANUFACTURE. 

Introduction 

The clinker specimens studied in this project were samples of 

production material from several works in the United Kingdom operated by 

Blue Circle Industries Limited. 

Raw materials 

The industrial works generally use suitable local raw material for 

preparation of the kiln feed • The feed stock consists of a calcareous 

rock, either chalk or limestone and argillaceous rock frequently clay or 

shale. The stratigraphic horizons worked by the individual cement works 

ranged from Devonian to Eocene in age These raw materials provide the 

silica , lime , alumina and iron oxides which form the clinker minerals • 

Frequently the correct blending of the raw mix to give the desired 

chemistry requires the addition of a small amount of high grade 

material,such as silica sand or iron oxide fines. In the production of 

some types of cement special raw materials are used • In white Portland 

cement a very low iron content is required ; to achieve this the iron 
I 

bearing clay is replaced by kaolin • In some localities, waste materials 

can be used in the production of cement • At Horks B, the clay component 

was replaced with pulverised fly ash ( P.F.A.) from a coal burning power 

station. 
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High grade raw materials. 

Silica sand. 

The silica sand used has a chemical composition of greater than 99~ 

Si02, pure quartz. The sand is used as an additive to raise the silica 

content of the kiln feed to the required silica modulus, or re~o. 

Iron oxide fines. 

The iron oxide fines have a chemical composition of about 70 ~ Fe2o3 , 

The mineralogy is predominantly 

magnetite, haematite, ilmenite and a glass phase. The fines are 

usually termed "pyrites". The iron oxide is used to raise the iron 

content in the kiln feed to the required alumina-iron modulus, or ~otiv 
·~ 

Pulverised fuel ash ( P.F.A.). 

The ash is produced by the burning of crushed coal in the steam 

generation furnaces at power stations. The chemical composition of PFA 

varies slightly depending on individual collieries supplying the power 

stations • However in general the composition of P. F. A. from a single 

major power station does not vary widely.The mineralogy is glass, 

magnetite, haematite, quartz, mullite and traces of unburnt fuel.( A 

description of P.F.A.is given in Appendix 2). 

The use of P.F.A. as a replacement for clay in cement has generally 

been restricted to the production of sulphate resisting Portland cement • 

This is because the iron content of the P.F.A. is too high to produce a 

kiln feed of suitable silica ratio and alumina ratio for ordinary portland 

cement. 

A possible technique for upgrading P.F.A. for use in the manufacture of OPC. 

An investigation by the author of the properties of P.F.A., provided a 

possible means of reducing the iron content to a suitable level for use in 

the production of Ordinary Portland Cement. 

Using a very low power electromagnet, the magnetic particles were 

easily separated from the ash. These particles were dominantly magnetite 
' 



and haematite and were the principle iron bearing phase in the ash. The 

P.F.A. which had been magnetically separated was chemically analysed by 

X-ray fluoresence. The original total iron content of 10,07 % had been 

reduced to 6.8 % • 

The magnetically treated P.F .A. has a sui tablJ · low iron content for 

use in Ordinary Portland Cement manufacture as a replacment for the clay or 

shale. ("'"f"~~;c.c..\\~ O~c. ~,..,..,.~, ..,. '2.:'/ 0
( 0 ~c.'2-o 1 ) 

Principal uses of PFA in the United kingdom. 

There are very large quantities of P.F.A. produced by coal burning 

power stations • The production far exceeds the utilisation of the ash • 

Gutt ( 1974 ) noted that of the 9.9 million tonnes of P.F.A. produced in 

1970-71, only 64 ~was used, Of the 64% utilisation , 73.4 ~was used as 

landfill, .16.9 ~ in concrete blocks and 4.5 % as lightweight aggregate. 

Potential benefits in the use of PFA in cement manufacture. 

If the P.F.A. was upgraded and used as a clay replacement in Ordinary 

Portland Cement it would save some quarrying costs , reduce land loss, 

lower production costs of the cement and economise on the large areas of 

land which are used for P.F.A. storage by the tentral Electricty Generating 

Board. The magnetite extracted from the P.F.A could be used as a source 

of iron, Alternatively it could be used in mineral preparation processes 

which require magnetite , for example the 'washing' of coal. 

/ 



PRODUCTION METHODS. 

Cement clinker production processes. 

There are several different types of cement making processes and the 

preparation of the kiln feed varies • The main methods can be split into 

four types , known as dry ,semi-dry , semi-wet and wet. 

For the dry and semi-dry processes the individual raw material is 

crushed and mixed to an approximate kiln feed • The mixture is fine 

ground and homogenized in ball mills , final blending to the correct 

chemical composititon taking place in silos • In the semi-dry process the 

prepared material is mixed with a small amount of water in a rotating dish 

to form nodules • These are dried and partly calcined by moving along a 

grate , heated by the hot exhaust gases from the kiln • In the dry 

process the raw meal is preheated in ducts by the hot exhaust gases and fed 

into the kiln, after separation from the gases by a suspension preheater • 

In the wet and semi-wet processes the raw materials are slurried • 

For soft materials such as clay, soaking in water is sufficient • For 

harder materials such as chalk , shale and limestone, grinding is 

required. The slurries are blended to the correct chemical composition , 

with sufficlent moisture to remain pumpable and fed to the kiln • For the 

semi-wet process the slurry is partially dewatered and the resulting filter 

cake is formed to nodules • These may be dried and partially calcined by 

a preheater before entry into the kiln • 

The production techniques for the specific cement works. 

The cement clinker samples examined in this thesis were normal 

production materials from the works listed. 

Works A , uses limestone and shale as raw materials in a semi-dry process 

with a grate preheater • 
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Works B , produced sulphate resisting portland cement using chalk and 

pulverised fuel ash as raw materials in a wet process. 

Works C, uses limestone and shales for raw materials in a dry process with 

a suspension preheater • 

' Works D , uses chalk and clay as raw materials in a wet process. 

Works E works, uses limestone and phyllite as raw materials in a dry 

process with a suspension preheater • 

Works F, produces white Portland cement ("Snowcrete ") and uses chalk , 

kaolin and sand as raw materials in a wet process • The kiln is oil fired 

with a reducing atmosphere and the clinker output is water quenched. 

Works G works, uses limestone and shale as raw materials in a semi-dry 

process with a grate preheater • 

All works except F use coal for firing the kilns • 

Manufacture of cement. 

Introduction. 

Most modern cement works use a rotary kiln to burn the cement raw 

feed. The rotary kiln is a steel cylinder lined with refractory bricks • 

The kiln rotates slowly at about one or two revolutions per minute • The 

long axis of the kiln is inclined away from the input end • As the kiln 

rotates the raw material slowly travels down the kiln from the cooler end, 

dehydrating and decarbonating • Finally as the material nears the flame 

in the sintering zone , partial melting takes place with reaction between 

the liquid flux and the unmelted fraction , producing the calcium 

silicates, aluminates and ferrites • 

There are two major calcium silicate minerals. One is an impure_form 

of tricalcium silicate termed alite and the other is a impure form of 

dicalcium silicate called belite. In cement mineralogy and chemistry the 

chemical formulae of the minerals are abbreviated. Thus tricalcium 
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silicate (3Ca0 Si02 ) is termed c3s. The dicalcium silicate phase (2Ca0 

Si02) is termed c2s • The principle iron bearing phase is ferrite and 

this is often assumed to be tetra calcium alumino-ferrite 

The actual composition of the ferrite can differ 

substantially from c4AF i it is dependent on the alumina/iron ratio of the 

cement. The major alumina bearing phase in portland cement is an impure 

form of tricalcium aluminate (3Ca0 Al203 ) or c3A. 

The alite phase usually occurs in the cement clinker as angular 

pseudohexagonal crystals (Plate 2a. ). The belite phase is generally 

smaller and rounded (Plate 2b.). The ferrite and aluminate are the 

matrix material and are formed from the liquid fraction of the clinker in 

the kiln. The ferrite frequently has a regular platey or dendritic form. 

(Plate 2b.). The aluminate phase is very small and irregular and it is 

not easily identified in between the ferrite crystals. The minor phases 

such as periclase (HgO) , alkali sulphates (Na,K,Casq) and freelime (CaO) 

(Plate 2c.) occur in the matrix phases and the silicates. 

The resulting clinker is discharged from the kiln and rapidly cooled 

in clinker coolers • The cement clinker is usually discharged from the 

kiln as distinct nodules • The size varies from fractions of a millimetre 

( dust ) to large pieces up to 200 mm. The dominant size range is from 10 

mm to 60 mm • The shape and surface texture vary depending on the type of 

cement being produced and to some extent the production methods used • 

The clinker is then ground with gypsum to produce cement • The gypsum is 

required to inhibit the rapid false setting of the cement after mixing with 

water. 

TYPES OF CEMENT STUDIED. 

Ordinary Portland Cement. (OPC) 

This is manufactured to comply with British Standard ( BS ) 12. 

Ninety percent of cement used is OPC~ This has a medium rate of hydration 

and is grey in colour. 
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PLATE.2 
Morphology of the cement clinker minerals by scanning 

· .electron microscopy. 

Plate 2a. S81 of cement clinker. The large angular crystal 

( right hand side above figure number )is a typical alite 

grain. The rounded grain in the centre right is belite. 

Plate 2b. SE11 of cement clinker. The matrix material 

between the alite and belite is aluminate and ferrite. The 

ferrite grains frequently have a dendritic form.{centre). 

Plate 2c. SEM of cement clinker. The rosette form is a 

partially hydrated freelime fragment. The. freelime is 

extremely reactive with water. 





Sulphate resisting portland cement.{SRC) 

The susceptibility of Portland cement to sulphate attack is due to the 

reaction of the hydrated c3A compounds with sulphate • To increase the 

resistance of the cement to sulphate attack , the c3A level in the cement 

is reduced • This level must be lower than 3.5 ~ to comply with BS 4027 • 

The rate of hydration is less than OPC • 

Low heat Portland cement {LHC) 

This cement has less c3s and more c2s than OPC • The c2s hydrates 

more slowly than c3s and evolves heat less rapidly • This cement must 

comply with BS 1370 • The major use is in massive concrete construction 

projects or underground workings where a high rate of heat evolution would 

cause the build up of thermally induced stress in the hardening concrete • 

This would cause cracking and weakness in the structure. 

White portland cement (WPC ) • 

This cement is used where a white or coloured concrete is required for 

architectural reasons • The normal grey colour of OPC is due to the 

presence of the ferrite phase • To prevent the formation of ferrite , raw 

materials low in iron oxide are used The strength of WPC is usually 

slightly lower than OPC • The cement meets BS 12 requirements and may be 

used instead of OPC • However it is more expensive because of the raw 

materials and the production process. 

The operation of cement kilns. • 

Energy Consumption. 

When the cement raw material is burnt , the type of process used , the 

fuel and the kiln conditions influence the final clinker product • 

The cement production process has a very high ratio of energy cost to 



total material cost , therefore modern kilns are designed to be energy 

efficient. To achieve this, preheater systems are installed which use 

the kiln exhaust gases to heat the incoming kiln feed. This has the 

effect of starting the calcining reaction in the feed before it reaches the 

kiln • This means that the kiln can be shorter and less heat is lost • 

The fuel consumption during clinker production is largely determined 

by the moisture level of the kiln feed • The moisture content can vary 

from about 40 ~ for a wet process to nil for a dry process • The wet 

process , depending on the moisture content, consumes between 1400 to 1750 

Kcal/kg , whilst the dry process with a suspension preheater may use about 

850 Kcal/kg ( Jefferson 1978 ). 

The heat exchanger system in a wet process kiln may consist of 

"curtains" of metal chains for about a quarter of the kiln length at the 

input end • 

There are two main types of energy saving devices which are fitted to 

dry process kilns, the suspension preheater and the travelling grate 

preheater • The former consists of vertical cascades of cyclone 

separaters, through which the kiln exit gases flow • The raw feed enters 

at the top and descends counter current to the hot gases and enters the 

kiln at approximately 760° c. The travelling grate preheater is sometines 

termed a semi-dry process~ The ground raw meal is mixed with water to 

form pellets , which are partially calcined on a slow moving grate using 

the hot exhaust gases • 

The energy saving systems frequently cause an increased level of 

volatile elements such as K, P, Na and S, to be retained in the clinker • 

This is because the preheating of the raw feed by the exhaust gas allows 

the volatile elements in the gases to condense on the cooler incoming raw 

feed and be carried back into the kiln • This disadvantage can be 

overcome by using raw feed with a lower volatile content. 



Kiln atmosphere and conditions. 

The majority of cement kilns are designed to operate with an oxidising 

atmosphere , except kilns producing white cement. These operate with a 

reducing atmosphere • This preserves any iron content as Fe2+ rather than 

Fe~ and prevents any discolouration to the white clinker due to oxidised 

iron • For heat economy in a normal kiln as little excess air as 

possible is used • Thus in certain parts of the kiln especially the 

burning zone , reducing conditions may occur which influence the quality of 

the clinker produced • 

The influence of reducing conditions on the compressive strength of cement. 

Sylla ( 1978 ) investigated the effect of a reducing atmosphere and 

rates of cooling on laboratory produced cement • He found that cement 

burned under slightly reducing conditions was characterised by a brown 

colour • It had lower compressive strengths than that produced under 

oxidising conditions which was a dark grey-green colour • This decrease 

in strength was thought to be due to the lowering of the alite content in 

clinkers burnt in reducing conditions ( \~ermann 1960 ). The effects of 

different cooling rates were also found to be important • Brown clinker 

was produced if the nodules were burnt in reducing conditions and the 

clinker was cooled to below 1200° c. still under reducing conditions • 

·This clinker produced a cement with low compressive strength due to the 

decrease in alite content • If the clinker was burnt in a reducing 

environment and was discharged at between 1350° c. to 1200° c. the clinker 

colour was grey-green. This was normally associated with clinker 

produced in oxidising conditions • The clinker however had a lower 

compressive strength than expected • If the clinker was discharged from 

0 the kiln at temperatures greater than 1350 c. the cement strength was not 

reduced, despite being burnt in reducing conditions • 

Production of cement. 

Fluxes and Mineralizers • 

The action of fluxes is to reduce the temperature at which sintering 



takes place • t1ineralisers accelerate the reaction , Some compounds act 

as fluxes and mineralizers • The sintering of the cement raw mix takes 

place at about 1400° C. If the sintering temperature can be lowered, a 

significant reduction in energy consumption is possible • To achieve this 

reduction in sintering temperature different fluxes are used • The rate 

at which the sintering takes place is partially governed by the 

temperature. To increase the rate of reaction a suitable mineralizer can 

be used • There is no restriction to the use of flux and mineralizers as 

long as they do not unduly affect the setting time, strength and expansion 

of the cement. 

The main fluxing materials already in use in Portland cement raw meal 

Other fluxes 

which may occur in some cement raw meals are CaF2 (fluorspar), P20S, ZnO, 

zns and T1 Oz • 

Alternative materials which act as fluxes and, or mineralizers are ;-

Sodium fluoride NaF 
f·1agnesium fluoride MgF2 
t1agnesium fluosilicate MgSi F6 
Calcium fluosilicate CaSiF6 .Gn2o 
Boric Oxide B203 
Calcium chloride cac12 
Cryolite Na3AlF6 
Sodium fluosilicate Na 3SiF6 
Chromium oxide Crz03 
Calcium sulphate CaS04 

( Gouda, 1980 ) 
The preceeding list of compounds would generally be purposely added to the 

raw mix if desired • 

The action and effects of fluxes and mineralizers. 

The rate of clinker formation is a function of the amount and 

viscosity of the liquid formed • A decrease in viscosity lowers the 

sintering temperature required. The viscosity is lowered by the 

following compounds in reducing order of power ; 1·1n02 > Fe 203 > MgO > CaO > 

This is the approximate order of the electronegativity of 



the compound. Fluxes with small ions carrying high electrical charges 

are the most active ( Gouda , 1980 ). The viscosity is increased by Si02 

and to a lesser extent by Al 2o3• 

The Fe2o3 and Al2o3 in the kiln feed act as fluxes, they reduce 

the sintering temperature at which they combine with the CaO and Si02 • 

They also increase the amount of liquid phase formed and assist in the 

formation of a high alite content without producing excess freelime (CaO). 

The fluorspar ( CaF2 ) has a dual role as both flux and mineralizer. 

\-/hen CaF2 is used as a flux, rapid cooling of the clinker is necessary to 

prevent decomposition of the cement compounds • The amount is critical 

because the compressive strength of the cement is reduced. Sodium 

fluoride has a similar effect • 

Phosphorus pentoxide ( P2o5 ) is often naturally present in cement raw 

materials and up to 2.8 ~ P2o5 will produce a sound cement ( Gutt and 

Smith, 1974 ) • However the proportioning of the raw mix· and the burning 

conditions have to be changed , because in the presence of P205, the alite 

phase decomposes to belite and freelime. 

Hagnesium fluosilicate ( MgSiF5 ) is a by-product from the manufacture 

of phosphoric acid and super phosphate fertilizer • It is extremely 

reactive at a level of only 1 %, where it reduces the freelime whilst 

increasing p belite and alite levels (Flint , 1939 ). Generally 

fluoride or fluosilicate compounds, lower the eutectic temperature, 

accelerate the reaction to form alite and lower the freelime content. 

However they do cause a decrease in cement strengths if excess amounts are 

added. 

The presence of boric oxide inj3 belite prevents the inversion to r 

belite, but B20J also inhibits the combination of CaO, Si02 and Al20J• 

Calcium sulphate ( CaS04 ) frequently occurs naturally in cement raw 

feed , but it may be added to assist the burning. Gutt and Smith ( 1968 

-2 have studied the effect of S03 on the cement phases .They found that so, . 
' 

and Al3+ ions hindered the formation of alite , thus belite was formed 



preferentially. They also reported that the presence of Mg2+ counteracted 

the effect of so4 -2 • Sarkar (1977) , however could find no evidence to 

indicate that MgO in the presence of Al2o3 and so3 , significantly 

controlled the proportions of alite and belite in cement clinker. Knofel 

( 1978 ) has shown that a small percentage of ZnS reduces the sintering 

temperature • The zinc was incorporated in the alite as a substitute for 

calcium. This caused the clinker to become darker. The compressive 

strength of the cement was increased but the setting time was retarded. 

The presence of alkali oxides ( Lto2, Na 2o and K2o ) , of which Li02 is 
w~ 

the most active , lowers the temperature at which the liquid phase~and 

causes higher reactivity in the liquid phase. The alite content 

decreased and the amount of belite was increased • Frequently high 

alkali-content cement has been the cause of deleterious reactions with some 

types of aggregate used in concretes. Therefore the alkali-content is 

usually kept as low as possible. 

Knofel ( 1977 ) found that 1 ~ Ti02 reduced the sintering temperature 

by 100° c • Larger silicate crystals were formed especially of alite , 

but the belite content was increased and the alite level was decreased. An 

addition of 1~ Ti02 lowered the alite level by 10 ~. However the 

compressive strength of the cement increased by 10 ~ , despite the lower 

alite content. This was attributed to the enhanced strength development 

of the alite with Ti substitution • Unfortunantely the increased Ti02 

level retarded the initial set of the cement. 

The best flux materials are Fe20J and Al 2o3 since they reduce 

sintering temperature and increase the liquid phase without adverse effects 

on cement quality • The effects of small amount of the other fluxes and 

mineralizers frequently have as many adverse effects as beneficial ones • 

Thus the presence of various minor elements in cement must be considered as 

important factors in the investigation of cement clinker quality • 
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Additions to the kiln • 

During the burning process , materials other than the cement raw feed 

may be introduced into the kiln • This material may be purposely added or 

it may be a feature of the type of fuel used • 

Alkali rich dusts. 

Most cement kilns produce a dust during the burning process • This 

dust is carried from the kiln by the exhaust gases • To prevent the 

discharge of the dust into the atmosphere , many kiln systems have gas 

cleansing precipitators • In some processes the collected dust is 

returned to a cement kiln • The dust is usually rich in alkalis , but it 

can be incorporated into the cement raw mix to produce a sound cement • 

However allowances have to be made in calculating the desired chemistry of 

the raw feed • 

Coal ash. 

The majority of cement manufactuers in the U. K. use powdered coal to 

fire the cement kilns • Huch of the ash produced is precipitated on the 

clinker nodules • The melting range of coal ash is between 1050° C to 

1250a· C thus at the sintering temperature of cement ( 1400° C ) the ash is 

molten • The ash precipitated on the nodules reacts with the clinker 

minerals • 

The quantity and composition of the ash produced will vary depending 

on the coal used • On average the ash content of coal used is between 10 

and 20 ~ ( Eeaupre , 1981 ). The composition of the ash also varies 

depending on the source of the supply • The usual limits of variation are 

Si02, 38 to 50 ~ , Al203, 20 to 40 ~ , Fe20J• 6 to 16 ~ , CaO, 2 to 10% , 

plus MgO , S03, Na20 and K20 • The composition of the ash is almost 

identical to pulverised fuel ash ( P.F.A. ) which is produced by coal 

burning power stations • 

The additions to the clinker of Si02 , Al203 and F~OJ from the ash 

causes a change in the calculated lime saturation factor (L.S.F.) • For a 



high ash coal the L.S.F. can be lowered by 10 ~ , which has to be 

considered in proportioning the initial kiln feed • The feed must have a 

surplus of CaO ( L.S.F. > 100 ) to produce a clinker with the L.S.F. in the 

desired range ( 90 to 98 ~ ) • (L.S. F. defirribon p . .28 J 

The molten ash has a very low viscosity and can penetrate very quickly 

from the outer surface, via cracks and pores into the clinker nodules • 

The ash is extremely lime deficient. In the contact areas the lime is 

transferred from the clinker to the ash layer. This causes the formation 

of large areas of belite in the ash layer and decomposition of the alite to 

belite in the contact zone of the clinker • Heilman ( 1960 ) found that 

most of the transport of CaO took place by diffusion through the ~olid 

phase • He found some evidence for minor transport of CaO by liquid 

diffusion • In some high lime cltnker , freelime from deeper in the 

nodules could diffuse to the zones of belite which were lime deficient and 

would re-establish alite crystals • Such crystals were very large and 

contained inclusions of the original belite crystals • Heilman concluded 

that the main problem of using high ash coal lies in the greater tendency 

to ring formation in the kiln. There would also be a change in cement 

properties, notably strength and expansion due to the increase in the 

belite content • 

Ash rings form in the kiln because the molten ash frequently cause 

the clinker nodules to stick together and to the lining of the kiln. 

Thus at the cooler end of the burning zone, the ash and clinker nodules 

could stick together and form a ring around the kiln which hampered the 

movement of the cement clinker along the kiln • This often meant that the 

kiln had to be shut down to clear the blockage. The lower the ash-content 

of the coal, the lower the probability of ring formation • The quicker 

the molten ash could penetrate the clinker, the less chance there was for 

the clinker surfaces to stick together because of the presence of the 

layer of molten ash • To overcome the problem or ring formation and 

the increase in belite content due to high ash coals, the following 



procedures may be used. A higher kiln temperature increases the rate of 

ash assimilation and lessens the sticking action, but it requires more 

fuel. A higher silica ratio or a higher L.S.F. will counteract the 

tendency for ring formation because the burning temperature must be 

increased to sinter the kiln feed. Furthermore a high silica ratio 

increases the porosity of the clinker and permits the ash to penetrate 

rapidly into the clinker nodules • The higher silica ratio also 

increases the amount of belite formation. A higher LSF will counteract 

this • To produce a good clinker from a high ash coal the LSF should be 

increased slightly and the burning time lengthened. 

• 
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. Chapter three 

THE CHEMICAL AND PHYSICAL PROPERTIES OF CE!1ENT CLINKER. 

THE CHnHSTRY OF CEMENT. 

Chemical analysis. 

The major and minor elements of the cement clinker : Si02 , Al2o3 , 

CaO , Fe2CJ:3 , Ti02 , MnO , l·1g0 , K2 0 , P2o5 , so3 and Na20 were chemically 
~pedro5copy 

analysed using X -ray fluoresence (XRF)~ The advantage of the XRF 

technique is that it is rapid compared to wet chemical methods and is 

accurate providinB that certain factors are taken into consideration. 

Factors affecting X-ray Fluoresence. 

In X-ray fluoresence analysis the intensity of the characteristic 

radiation , emitted by the sample in response to excitation by high energy 

X-rays , is a measure of the concentration of the particular element • 

However.the intensity of the emitted X-rays is also affected by the 

physical and chemical conditions of the sample • 

Absorption. 

The most significant is the absorption of the X-rays in the sample • 

The greater this absorption , which increases with the increased atomic 

weight of the elements combined in the sample , the more the 

characteristic X-rays are weakened • This is because the irradiating 

X-rays penetrate less into sample containing elements with high atomic 

weights • Certain characteristic radiation emitted from some elements 

will in turn excite other elements to emission • These two influencing 

factors are known collectively as the inter-element effect. 
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Grain size in powder samples. 

For powder samples, the particle size distribution and packing density 

influence the emission of the X-rays • This is the grain size effect • 

For analysis of the major elements except Na , the grain size effect may be 

overcome by melting the ground cement with a flux, followed by rapid 

quenching of the sample to a glass. 

Use of flux to manufacture glass discs. 

Ludwig and Richard~ ( 1978 ) compared twelve commercially obtained 

fluxes for suitability to produce melts of low viscosity. These fluxes 

should soildify as a glassy tablet after a short fusion time. After slow 

annealing they are then serviceable. The use of some fluxes led to the 

crystallisation and cracking of the glass discs. In X-ray analysis the 

glass discs should absorb X-rays as little as possible and reduce 

inter-element effects to such an extent that they do not influence the 

analysis. 

A major advantage of glass discs is that it is possible to analyse 

different types of cement and cement raw materials using the same 

calibration factors. Thus it is possible to achieve accurate results, 

despite significant variations in the mineralogical composition of the 

samples. 

The flux used in the preparation of the discs in this research was 

Johnson Matthey Spectroflux 105. 

Sample preparation • 

The samples recieved were visually inspected and non-cement fragments such 

as refactory brick and metal were removed • Each sample was crushed and 

then ground in a disc mill ( "Tema " ) for 2 X 30 sec. • The ground 

cement was suitable for glass disc preparation ( Appendix 3. ). For 

pressed pellet preparation, ( see Appendix 3.) the powder was hand ground 



in a pestle and mortar until the " grittiness " was undetectable between 

pestle and mortar. 

Accuracy of X-ray fluoresence analysis. 

The accuracy of the cement clinker analyses from our XRF spectrometer 

were verified by analysing a Portland cement standard from British Chemical 

Standards (No.372) The same prep~ration method and instrumental 

conditions were used. 

BCS HULL 

SiO 21.3 21.1 
Al2b3 5.35 5.43 
Ti~ 0.33 0.31 
Fe2 03 2.49 2.32 
i~nO 0.06 0.06 
:-!gO 1.30 1. 8 '* CaO 65.8 65.2 
Na0o 0.21 0.19 
K2 0.62 0.63 
P20 o. 19 0.20 
so3 • 35 2.30 
LOI .54 

Total 100.0 100.04 

('* The MgO was determined using Atomic Absorption spectroscopy because of 

the interference of the calcium background with the magnesium peak 

I Appendix 3 ). 



Results of X-ray analysis of cement clinkers and kiln feed material from 

works A, B, C, D, E, F and G. 

The analyses of the cement clinker and kiln feed shown in Tables (3.1, 

3.2 and 3.3 ) are the average of two duplicate discs or powder pellets. 

Jhe error factors for the oxides were. 
(Ml!ximu.m ..ar.is.:ltion be~we~n ft>oAI' de~errnin~!hOn.5) 

Si~ +1- 0.2 ~ 
Al203 +1- 0.1 ~ 
no2 +I- o. oa 
Fe203 +1- 0.1 ~ 
l·lnO +1- 0. 01% 
MgO +/- 0.01~ by AAS. 
CaO +1- 0.4 ~ 
Na20 +/- 0.1 ~ 
K20 +1- 0.04~ 
P2o5 +1- o.oa 
S03 +1- 0.05~ 



.... 
. ... 

KEY 
t 
l ·SRC = Production sulphate resisting cement made from chalk and PFA. 

' PFB =Trial SRC cement clinker with extra PFA, collected at 1030h. 

PFC = Trial SRC cement clinker with extra PFA, collected at 1530h. 

PFD = Trial SRC cement ciinker with extra PFA, collected at 2030h. 

LHA = Trial Low Heat cement clinker collected at 0900h. 

LHB Trial Low Heat cement clinker collected at 1200h. 

LHC = Trial Low Heat cement clinker collected at 1300h. 

LHD Trial Low Heat cement clinker collected at 1500h. 

OPC = Production Ordinary Portland cement clinker. 

WPC = Production White Portland cement clinker. 
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(Table 3.1 ). X-ray fluoresence analyses of cement clinker 

from works A,B,C,D,E,F,G. 

WORKS WR'KS.B WR'KS. B WR'KS.B WR'KS.B WRKS.B WRKS.B WRKS.B 

CEMENT SRC PFB PFC PFD LHA LHB LHC 

Si02 20.85 20.93 21. 15 19.87 20.36 21.08 20.81 
Al203 4.05 4.81 4. 72 4.18 4.54 4.33 4.56 

Ti02 0.17 0.20 0.19 0. 18 0.19 0.18 0.19 
Fe203 4.87 4.81 4.66 4. 72 5.21 5.60 6. 16 
M nO 0.06 0.06 0.05 o.o8 0.07 0.06 0.08 
M gO 0.55 0.53 0.55 0.55 0.54 0.52 0.52 
CaO 66.58 63.51 . 64.64 65.15 65.64 64.99 64.79 
Na20 0.35 0.78 o. 72 0.63 0.45 0.42 0.38 
1<20 0.65 1.20 1.09 1. 28 0.60 0.57 0.46 
P205 0.17 0.15 0.15 0.14 0.18 0. 19 0. 19 
S03 0.71 2.92 1. 46 2.29 0.64 0.33 0.24 
F n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

ID! 0.50 0.71 0.86 o.s8 0.13 o.8a 0.67 

TOTAL 99.51 100.61 100.24 99.65 98.55 99.15 99.05 

WORKS WR'KS.B WRKS.A WRKS.E WRKS.C WR'KS .F WRKS.O WRKS.G 
CEMENT LHD OPC OPC OPC WPC OPC OPC 

Si02 20.73 20.23 20.63 21. 11 23.09 22.06 20.70 
Al203 4.49 6.37 6.25 6.43 4.60 5.82 6.40 
Ti02 0.19 0.26 0.26 0.29 0.01 0.33 0.31 
Fe203 6.59 3.64 2.48 2.49 0.30 2.97 2.47 
M nO 0.07 0.10 0.13 0.06 0.06 0.05 0.07 
M gO 0.52 2.80 2.30 1. 20 0,30 1.40 2.70 
CaO 64.94 65.22 64.17 66.28 68.46 65.48 65.16 
Na20 0.46 o. 19 0.38 0.48 0.28 0.35 0.42 
K20 0.62 0.41 1. 48 0.51 0.19 0.47 0.52 
P205 0.18 0. 14 0.07 0.21 0.17 0.22 0.22 
S03 0.69 0.66 1. 24 1. 40 0.45 0.27 0.82 
F n.d, 0.07 0.05 0.27 0.03 0.10 0.04 

LOI 0.20 0.62 1. 50 0.28 2.03 0.16 0.59 

TOTAL 99.68 100.71 100.94 101.01 99.97 99.68 100.42 



,· ,-
KEY 

. ' 
.~ 

K3 = Production Sulphate resisting cement ( SRC ) from kiln 3 

PF = Trial SRC with PFA addition. 

LH = Trial Low Heat cement clinker. 

KF = Kiln feed for SRC clinker production. 

LH.KFD = Kiln feed for Low Heat clinker. 

). The four digits after each sample indentifier is the time of collection of the 

. clinker. 
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( Tab 1 e 3 · 2 ') • X-ray fluoresence an2lyses of cement clinker 

and kiln feeds from works B. SRC. clinker ( K3), SRC with 

PFA kiln additions (PF) and LHC trial mix (LH) .. (KF) is kiln feed. 

Sample K30530 KF2000 KF2300 KF0200 PF0730 PF 1130 PF1330 

Si02 20.14 13.96 13.50 13.75 19.68 20.93 21.28 
Al203 3.91 2.55 2.42 2.45 4. 12 4.81 4.94 
Ti02 0.17 0.10 0.10 0.10 o. 1'7 0.20 0.21 
Fe203 4.70 3.12 3. 11 3.12 4.72 4.81 4.95 
MnO 0.06 0.03 0.02 o.o1 0.06 0.06 0.07 
M gO 0.54 0.25 0.24 0.26 0.55 0.53 0.54 
CaO 66.92 44.50 43.60 43.41 64.97 63.51 64.53 
Na20 0.45 0. 15 0.17 0. 16 0.87 0.78 0.72 
K20 0.78 0.42 0.41 0.40 1. 18 1.20 1. 10 
P205 0.18 0. 11 0. 10 0.10 0.14 o.15 0.16 
S03 o.80 0.20 0.20 0.20 2.48 2.92 1.26 

LOI 0.50 34.95 35.50 35.00 0.34 0.71 0.60 

TOTAL 99.15 100.34 99.37 98.96 99.28 100.61 100.36 

Sample PF1530 PF1730 PF1930 PF2030 LH0900 L,H 1200 LH1300 

Si02 21.12 21.19 20.92 19.87 20.36 21.08 20.81 
Al203 4.74 4.70 4.60 4.18 4.54 4.33 4.56 
Ti02 0.19 0.20 0.20 0.18 o. 19 0.18 0.19 
Fe203 4.75 4.58 4.50 4.72 5.21 5.60 6.16 
M nO 0.05 0.05 0.06 o.o8 0.07 0.06 o.oa 
M gO 0.55 0.54 0.54 0.55 0.54 0.52 0.52 
CaO 64.44 64.84 65.19 65.15 65.64 64.99 64.79 
Na20 0.73 0.71 0.71 0.63 0.45 0.42 0.38 
K20 1.18 0.99 1. 10 1. 28 0.60 0.57 0.46 
P205 0.15 0.15 0. 15 0.14 0.18 0.19 0.19 
S03 1.76 1.16 1.51 2.29 0.64 0.33 0.24 

LOI 0.62 1.08 0.52 o.s8 0.13 0.88 0.67 

TOTAL 100.28 100.19 100.00 99.65 98.55 99.15 99.05 

Sample LH1400 LH1500 LH1600 LHoKFO 

Si02 20.32 20.73 20. 11 13.48 
Al203 4.32 4.49 4.60 2.47 
Ti02 o. 19 o. 19 0.19 0. 11 
Fe203 

1 

6.26 6.59 6.20 3.01 
M nO o.o9 0.07 0.09 0.03 
M gO o.51 0.52 0.54 0.25 
CaO 63.50 64.94 65.33 43.51 
Na20 0.06 0.46 0.47 0.31 
K20 1.06 0.62 0.52 0.42 
P205 0.17 0.18 0.17 o.1o 
S03 1. 79 0.69 0.59 o.18 

LOI 0.83 0.20 0.45 35.91 

TOTAL 99.10 99.68 99.26 99.78 



I •. 

l 'KEY 

' K1 = Production Sulphate Resisting cement from Kiln 1. 

K3 = Production Sulphate Resisti~g cement from Kiln 3. 

:... The four digits indicate the time of collection of the clinker. 

........... ----- ---
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(Table 3·3 ) • X-ray fluoresence anslyses of cement ~link er 

and kiln feeds from works 8. SRC. clinker (\11 ,\13) 

Sample K11930 1<12030 1<12130 1<12230 K12330 1<10030 K10130 

Si02 21.26 21. 10 21.43 21.57 21.60 22.05 21.55 
,Al203 4.07 4.30 4.29 4.34 4.30 3.88 4.01 
Ti02 0.17 0.17 0. 17 0.13 0.18 0.17 0. 17 
Fe203 5.06 5.04 5.22 4.47 5.23 4.73 5.04 
MnO 0.04 0.06 0.05 0.03 o.o7 0.09 o.o8 
M gO 0.53 0.53 0.50 o.58 0.54 0.55 0.56 
cao 66.19 66.10 66.44 65.89 65.81 66.15 66.04 
Na20 0.21 0.24 0.24 0.23 0.20 0.21 0.18 
K20 0.30 0.39 0.40 0.30 0.27 0.34 0.28 
P205 0.17 0.15 0.17 0.14 0.14 0.14 0.14 
S03 0. 10 0.03 0.10 0.02 0.04 0.06 0.04 

LOI 0.60 o.85 0.53 0.32 1.10 0.79 0.86 

TOTAL 98.70 98.96 99.54 98.02 99.48 99.16 98.95 

Sample 1<10230 K10330 K10430 K10530 K31930 K32030 K32130 

Si02 22.00 21.61 21.71 21.62 19.96 19.83 20.04 
Al203 3.97 4.01 4. 18 4.19 4.14 4.01 4. 18. 
Ti02 0.17 0.17 0. 18 0.17 0.18 0.17 o. 17 
Fe203 4.90 4.95 5.15 5.16 4.84 4.65 4.97 
M nO 0.07 o.o8 0.07 0.06 0.05 0.04 0.06 
M gO 0.56 0.55 o.ss o.ss 0.55 0.52 0.52 
cao 66.93 66.51 66.92 66.21 67.09 65.82 66.03 
Na20 o. 18 0.17 0.23 0.22 0.37 0.73 0.56 
1<20 0.27 0.34 0.32 0.31 0.87 1.77 1. 27 
P205 0.14 0.14 0. 14 0.14 0.20 0.19 0.17 
S03 0.04 0. 11 0.06 0.09 1.40 1. 50 1. 90 

LOI 0.67 1.37 1. 14 1.28 0.40 0.60 0.20 

TOTAL 99.90 100.01 100.65 100.00 100.05 99.83 100.07 

Sample 1<32230 K32330 K30030 K30130 1<30230 K30330 K30430 

Si02 20.07 20.09 20. 18 20.15 20.06 20.11 20.49 
Al203 4.00 3.98 3.85 3.95 3.94 3.78 3.84 
Ti02 0.17 0.17 0.17 0.17 0.17 0.17 o. 17 
Fe203 4.74 4.88 4.71 4.79 4. 72 . 4.67 4.52 
MnO 0.03 0.07 0.07 0.05 0.06 0.07 o.o9 
M gO 0.55 0.56 0.57 o.ss 0.54 0.55 0.53 
CaO 67.12 67.09 66.73 67.30 66.73 67.90 67.01 
Na20 0.46 0.41 0.52 0.47 0.53 0.57 Oo41 
K20 1.04 0.64 0.93 0.71 1.06 1.02 0.70 
P205 o. 19 0. 19 0. 18 0.19 0.19 0.36 0.19 
S03 1. 70 0.90 1. so 0.90 1. 40 1. 80 0.70 

LOI 0.32 0.51 0.55 0.60 0.40 0.05 0.60 

TOTAL 100.39 99.49 99.96 99.93 99.80 101.05 99.23 
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The chemical and physical tests used to determine the quality of a cement. 

The requirements of a cement to comply with the British Standards. 

The quality of a cement was determined by a series of tests • These 

tests are strictly controlled procedures and precise details are given in 

British Standard ( BS ) 4550 'Methods of testing cement '• Many of these 

tests are usually made on daily samples of the cement production as a 

method of quality control • If a cement was produced as an experimental 

run , many cement samples were collected and tested using the procedures , 

to evaluate the quality of the cement. 

Chemical tests. 

The following chemical determinations are performed on cement clinker~ 

They form part of the British Standard requirements. These determinations 

are: insoluble residue , total silica , ammonium hydroxide group , total 

calcium oxide ,total alumina oxide , total iron oxide , magnesium sulphuric 

anhydride , sulphate present as sulphide , total sulphur , loss on ignition. 

minor constituants and freelime , pozzolanicity test for pozzolanic 

cement , sodium oxide and potassium oxide by flame photometry • 

For routine quality control purposes at many cement works, the cement 

was usually analysed by XRF • The other chemical analyses usually 

performed, were for freelime ,insoluble residue and loss on ignition 

determinations. The requirements for the different cements is shown in 

Table 3.4. 

If a significant quantity of unusual elements are present in the 

cement ,for example manganese or fluorine , the elements are determined by 

suitable methods such as selective ion determination 



Cement ratios and moduli. 

After the chemical analysis of the cement, several calculations can be 

made to characterise the cement • These are-

Lime saturation factor. (LSF) • 

This was calculated by the formula 

LSF = 
2.8(Si0 2) + 1.2(Al203 ) + 0.65(Fe2o 3) 

Each symbol in brackets refers to the total weight percentage of each oxide 

in the clinker • When the calculation was carried out on the kiln feed 

the so3 content was not considered • Frequently the result was multiplied 

by 100 • The LSF of most cements was between 90 and 102 • The range for 

British cements is given in Table 3.4. 

Silica ratio (SR) , Alumina ratio (AR). 

These ratios are sometimes refered to as moduli in the literature • 

The Silica Ratio was calculated by the formula 

Si02 total wt. ~ 

SR=----------------------------
Al2o3 total wt •. % + Fe2o3 total wt. ~ 

The Silica Ratio influences the proportions of C3S and C2S present in the 

cement • A high Silica Ratio generally favours the formation of C25 , but 

it is also influenced by the Alumina Iron Ratio • 

The Alumina Ratio or ( Alumina-Iron Ratio) was calculated by the formula 

Al203 total wt.% 
AR=--------------

Fe2o3 total wt ~ 

The Alumina Ratio influences the temperature of burning and the rate of 

reaction. This is because the iron oxides and alumina oxides act as fluxes 

in the sintering process • The ratio also determines the amount of 

ferrite and aluminate formed • A low Alumina Ratio produces a clinker 

with a high ferrite and low c3A content • A high Alumina Ratio produces 

the reverse effect. / 



There are no ranges given in the British Standards for Silica Ratios 

or Alumina Ratio • However the calculation is useful for prediction of 

burning behaviour and mineralogy • For cements in the U.K , the Silica 

Ratio was usually between 1.5 to 4.0 • The Alumina Ratio. was between 1.4 
• j( -:!"c.~~&.I"~OA > 1"1'¥"1 ') 

to 3.5Jexcept for white cements in which the Alumina Ratio was about 15. 

Mineralogical Properties • 

The British Standards only require the calculation of the c3 A content 

of cement, calculated by the formula 

The c3A content is used to determine the maximum permissible S03 content in 

OPC and LHC • For SRC the maximum C3A content was specified in the 

standard to minimise the weakening effects of sulphate attack on the 

aluminate. ( Table 3.4) • 

Physical tests. 

The physical tests were carried out on a batch ground cement made by 

grinding the clinker with good quality commercial gypsum to a target S03 

content of 2.5%. 

Fineness. 

The fineness to which a cement was ground was dependant on the type of 

cement • This fineness was measured by the determination of the surfac~ 

area • ( Table 3.5). The target level varied from works to works 

dependent on the actual reactivity of the cement produced • 

Determination of surface area. 

The surface area was determined by the Lea and Nurse method • This 

method was based on the principle that the ratio of flow through a bed of 

compacted powder was governed by the void structure of the bed • The 

'structure was related to the fineness of the powder and thus the surface 

area • The rate of flow was measured by the fall in pressure between the 



primary air input and the air output from the bottom of the cell with the 

cement in • The full procedure is given in BS 4550 : Part 3 : section 3 • 

Setting times • 

For this test an instrument known as the Vicat apparatus was used • 

This instrument measures the resistance of a paste of a standard 

consistancy to the penetration of a needle under load. The inital setting 

time determined the length of time which the cement remained plastic and 

workable after mixing with about 25 ~ water content • This length of time 

varied due to the properties of the cement , principally fineness • The 

minimum time given in most standards for OPC was 45 minutes • The final 

setting time was when the paste became rigid and solid • This final 

setting time controlled the speed at which construction work could continue 

and a maximum of 8 to 10 hours was usually quoted • 

Compressive strength tests • 

The test measures the compressive strength of concrete or mortar after 

different periods of time. To minimise the effect of variables other than 

the cement itself , a standard procedure is used,( DS 4550 : part 3 : 

section 3:4 ). The procedure involves the mixing of a sample of cement 

with a suitable coarse aggregate • These materials are mixed in specified 

proportions and the test specimens are made in the shape of cubes with 10 

cm. sides. The test specimens are made by carefully filling , compacting 

and the striking off of the cube moulds • Usually batches of 12 cubes 

were made from one single batch of mixed concrete • 

After filling the moulds ,the samples were placed in a moist curing 

room for 24 hours • Then the concrete cubes were removed from the moulds 

and marked for later identification. They were then stored in a curing 

tank filled with water at 20° C • The compressional strength of the cubes 

was tested after a specific time had elasped usually 1 day , 3 days , 1 

days and 28 days • Three cubes were tested each time. 
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The compressional force required to break the cubes was recorded to 

the nearest 0.5 N/mm2 • If one of the results varied by more than +1- 5 % 

from the average of the set ,this value was discarded and the average 
\ 

recalculated. If two results varied by more than +1- 5 ~ the complete set 

of results was discarded • The compressive strength of cement could also 

be measured with 70.7 mm. cubes made of mortar ( sand and cement with no 

coarse aggregate ) • The mixture was vibrated to compact the cubes rather 

than the previous tamping method. The compressional strength test then 

proceeded as described previously. 

Soundness and heat of hydration • 

This test was not made as routine on samples , only on cement with a 

susceptibility to unsoundness • The presence of freelime ( CaO ) or 

periclase ( MgO ) could cause cracking of the hardened concrete due to 

delayed expansion of the two phases as they hydrated • The susceptiblity 

of a cement to unsoundness due to freelime could be tested by hydrating the 

cement paste under water for 24 hours. The cement sample was then boiled 

in the water for 30 minutes. The expansion produced in the cement was 

measured • A large expansion indicated an unsound cement. This is the Le 

Chatelier test • This rapid test is unsuitable for detection of 

unsoundness due to MgO. This is because the temperatures in the cement 

kilns produce 'deadburnt' periclase. Thus it will only hydrate slowly 

over a period of years at normal temperatures. A suitable test for 

unsoundness due to HgO is the Autoclave test ( ASTM C 151 ). In this test 

the cement paste sample is treated in an autoclave for 3 hours at 295 

p. s. I. The high temperature conditions in this test cause the hydration 

of MgO and CaO and gives an better indication of the potential unsoundness 

of the cement. 

Heat of hydration ( BS 4550 part 3.8 ). 

The heat of hydration of cement was measured calorimetrically and 

expressed as kilojoules per kilogram of anhydrous mass (Table 3.4) • 



There are several rapid non standard semiquantitative methods which 

produce a good assessment. These tests measure the cumulative temperature 

rise of a hydrating cement sample over a short period of time. This is 

achieved by insulating the hydrating cement paste and recording the 

temperature of the paste every 30 minutes for about 12 hours. 

results, the rate of heat output can be determined. 

TABLE(3.4)BRITISH STANDARD REQUIREMENTS FOR CEMENT. 

Standard 
OPC 

BS 12 (p2) 
( 1971) 

CHE!HCAL TESTS. 
Lime saturation factor 
Insoluble residue max wt.% 
MgO t1ax. % total 
S03 Max. % total 

with C3A content < 5 % 
with c3A content > 5 % 

Loss on ignition % 
temperate climate 
tropical climate 

MINERALOGICAL TESTS. 
C3A content l Max. 

PHYSICAL PROPERTIES • 
Compressive strength MN/m2 
(min) on 10 cm.concrete cubes 
at 3 days 
at 1 days 
at 28 days 

Fineness 
surface area, m2/Kg minimum 
Setting time, Vicat apparatus 
inital set, not less than (mins) 
final set, not more than (hours) 

Soundness, expansion in mm. max. 
Heat of hydration J/g ,max. 

1 days 
28 days 

66-102 
1. 5 
4.0 

2.5 
3.0 

3.0 
4.0 

8.0 
14.0 

225.0 

45 
10 
10 

SRC 
BS 4027 (p2) 

( 1972) 

66-102 
1. 5 
4,0 

2.5 

3.0 
4.0 

3.5 

8.0 
14.0 

250.0 

45 
10 
10 

From the 

LHC 
BS 1370 (p2) 

(1979) 

66-88 
1. 5 
4,0 

2.5 
3.0 

3.0 
4.0 

8.0 
1.0 

14.0 

320.0 

60 
10 
10 

250 
290 

The results of the chemical and physical tests made on the cement 

clinker from works A, B, C, D, E, F and G are presented in Table 3.5. 
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(Table 3·5 ). Compilation of values including British Standard 

tests used to determine quality of cement from the industrial 

works • 

Works WKS.B WKS.B WKS.B WKS.B WKS.B WKS.B WKS.B 
Cement SRC PFB PFC PFD LHA LHB LHC 

LSF"" 100 92 94 100 100 96 96 
51 Ratio 2.34 2.18 2.25 2.23 2.09 2.12 1.94 
Al Ratio 0.83 1. 00 1.01 0.89 0.87 0.77 0.74 

Initial set 110 165 135 135 170 230 175 
Final set (m ins.) 200 225 195 190 250 310 230 
Suriace area 380. 364 363 369 342 325 328 

(m /Kgl 
H20% 28 27 27 29 26 26 27 
503 % 2.3 2.5 2.5 2.5 2.5 2.5 2.5 
Na20/K20 0.54 0.65 0.66 0.49 0.75 0.73 0.83 
Equiv. K20 0.53 1.18 1. 09 0.95 0.68 0.64 o.58 
Freelime % 1.6 1. 2 2.5 5.1 2.8 2. 1 1 .. 0 

COMPRESSIVE STRENGTHS ( in N/mm2 ) 
Day 1 11.9 13.3 14.8 11.4 10.9 9.7 12.5 
Day 3 24.9 23.3 24.3 19.9 . 23.5 24.0 23.4 
Day 7 32.0 30.9 31.0 24.2 31.0 34.4 30.4 
Day 28 39.7 40.6 39.4 31.6 38.2 42.6 35.5 

Works WKS.B WKS.A WKS.E WKS.C WKS.F WKS.D WKS.G 
Cement LHD OPC OPC OPC WPC OPC OPC 

LSF 96 99 97 97 97 94 98 
Si R~tio 1. 87 2.02 2.37 2.37 4.71 . 2. 51 2.33 
Al Ratio 0.68 1. 75 2.52 2.58 15.32 1. 96 2.59 

Initial set 235 140 1 so 240 205 175 140 
Final set(mins) 365 165 175 305 250 210 175 
Surft;ce area 329 352 354 354 355 354 347 

(m 1Kg) 
H20% 27 24 28 25 29 25 25 
503 % 2.5 2.5 2.6 2.4 2.5 2.4 2.5 
Na20/K20 0.74 0.46 0.26 0.94 0.31 0.74 0.81 
Equiv. K20 0.94 0.62 0.58 0.72 0.42 0.53 0.64 
Freelime % 0.7 1. 8 1. 5 0.3 3.1 0.5 2.2 

COMPRESSIVE STRENGTHS ( in N/mm2 
Day 1 8.o 9.7 11.9 9.8 7.4 7.8 12.7 
Day 2 21.5 20. 1 23.3 28.2 18.6 21.2 24.6 
Day 7 31.1 30.7 29.2 38.6 26.0 30.1 35.0 

. Day 28 40.9 49.6 35.3 51.3 39.3 44.7 46.2 



Chapter four 

THE CRYSTALLOGRAPHY AND MINERALOGY OF CEMENT CLINKER MINERALS. 

CRYSTALLOGRAPHY OF CEMENT CLINKER MINERALS. 

Crystallography and composition of tricalcium silicate C3S 

Alite, the main constituent of cement clinker, was thought to be a 

solid solution of Ca3Si05 by Guttman and Gille (1931) • Work by Jeffery 

(1952) determined the structure of Ca 3SiOS • This consisted of Ca ions , 

isolated Si04 tetrahedra and additional oxygens, the latter being 

coordin~ted to Ca only • Jeffery proposed three modifications for c3s • 

Investigation by Bigare et al, (1967) showed that there were six polymorphs1 

three triclinic ( T1,T2,T3 ) , two monoclinic ( M1,M2 ) and a trigonal 

high temperature form, often termed rhombohedral , ( R ) • These 

polymorphs of pure C3S had the following reversible transitions upto the 

decomposition temperature of 1250° c. 

T 1- 620° C -T2- 920° C -T 3- 960° C -~11- 990° C -H2- 1050° C -R 

Maki and Chromy (1978) using optical microscopy found an unidentified 

monoclinic phase H3 between M2 and R • The role of foreign atoms and the 

limits of solubility and the stabilization of the different polymorphs has 

been extensively investigated by Hahn et al.( 1968 ).They found that pure 

ca3SiDs was unstable with respect to ca2Si04 and CaO below 1200° C • The 

effect of the substituting ions was to stabilize, to a certain extent the 

c3s polymorphs • Their investigations established that pure tricalcium 

silicate was a stoichiometric compound of 3Ca0 SiOz • This disagreed with 

Boikova and Toropov (1964) who found an excess of 0.5· to 1.0 wt.% CaO in 

pure tricalcium silicate • 



Solid solution of minor elements in alite. 

~lite and alumina. 

The alumina was incorporated in the lattice of CJS as Al203 or C~. 

Woermann et al ( 1963) distinguished two types of solid solution for Alz03. 

Initially, up to 0.45% Alz o3 , the Al3+ replaced Si4+ in tetrahedral sites 

and occupied the free octahedral sites , maintaining the electrostatic 

neutrality of the lattice. Secondly, for 0. 45 % to 1 % A~ <l.3, the 

replacement was either as linked substitutions of Al for Si in tetrahedral 

sites and Al for Si in octahederal sites ; or by continuous balanced 

replacement of Si by Al, for the most part in the octahedral sites occupied 

by Ca and to a smaller extent in the vacant octahederal sites • Above 1 ~ 

1\1203 , . tricalcium aluminate \o~as formed as a separate phase. The 

solubility level was independent of temperature • Midgley and Fletcher 

(1963 ) found the same solubility results • However they maintained that 

the substitution of Al in the lattice was not due to C3A in c3s , but to a 

solid solution of the series C3S - C4,5 A. 

Alite and magnesia. 

Jeffery ( 1952 ) proposed that alite had a definite composition with 

additional atoms in fixed lattice sites The Mg substituted for Ca and 2 

Si ions substituted for 2 Al ions plus one additional Mg ion in a vacant 

site to maintain the neutrality of the lattice • This had a compositional 

formula of ea 54 Mg Alz Si10 o90 ( MgO = 0. 96 wt.% ) • 

Woermann et al ( 1963 ) proposed that Mg ions replaced an equal 

number of ca2• ions in the c3s lattice • 

and was dependant on temperature • 

Alite and iron. 

The solubility limit was up to 2o/o 

Fletcher ( 1965 ) found that the solid solution was in the series 
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C3S-C2F. In this substitution the 3Ca2+ ions were replaced by 3 Fe2+ and 

6Si4 by 6 Fe3+. The change was compensated for by one Fe3+ ion in an 

interstitial position The limit of solubility of Fe2o3 in c3s was 

thought to be 1.1 ~by Woermann et al ( 1963) 

Since Al and Fe ions occupy similar lattice positions their 

solubilities were interdependant • 

Alite and sodium with potassium. 

Woermann et al (1979) determined that the decomposition of pure c3s to 

c2s and CaO occurred at 1180 + 1- 10° C. However this temperature increased 

greatly with ~0 substitution and slightly with Na2o substitution. The 

level of aklali that could be incorporated in c3s at 1500° C was 1.4 ~ K2o 

and 1.4 ~ Na20 • 

Solid solution of other minor elements in alite. 

Alite and Fluorine. 

Uelch and Gutt ( 1960 ) found that CaFz (fluorspar) accelerated the 

formation of alite but reduced the hydraulicity • At levels greater than 

0.74% fluorine, the alite started to decompose to produce ~'C2S and ~·CzS. 

Gutt and Osborne ( 1966 ) found two calcium silicofluorides 3(Ca3SiOs)CaF2 

and 2(Ca2Si04 )CaF2 which they thought were intermediate compounds in the 

formation of C2S and C3S when fluorine was present in the cement raw 

materials. 

Alite and Phosphorus. 

Nurse ( 1952 ) showed that for each 1~ P20s present in the cement, the 

alite content was reduced by 9.9% and the belite level was raised by 10.9~. 

Welch and Gutt ( 1960 ) found that alite could take up to 1 ~ P205 into 

solid solution involving a distortion of the lattice rather than true 

polymorphism • 
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Alite and Titanium. 

Kondo and Yoshida ( 1968 ) have shown that Ti substitutes for Si in 

alite to a limit of 0.6 ~ at 1500-1600° C • 

Manganese. Kondo and Yoshida (op. cite.) found that Mn2o3 was soluble in 

alite up to 0.7~ at 1500- 1600° C. 

Alite and Sodium. 

Yamaguchi et al { 1962 ) found that Na2o substituted for CaO in the 

alite lattice up to a li~it of 0.3 % • 

The existance of these different types of solid solutions indicate that 

alite is not a compound with a definite composition. 

Crystallography and composition of Dicalcium silicate C2S• 

Polymorphic forms of C2S 

There has been very extensive study of the polymorphism of dicalcium 

silicate using high temperature X-ray diffraction (X.R.D) and differential 

thermal analysis (D.T.A) • From these investigations five well defined 

polymorphs have been found.( Midgley, 1974 } 

( High temperature ) alpha (o() C2S -- alpha dash high {o<'H) C2S -- alpha 

dash low (~'L) C2S --beta (~} C2S -- gamma (l) C2S ( low temperature ). 

Some researchers claim the existance of other modifications , but there is 

no overall agreement • The principal C2S polymorph present in Portland 

cement is the p form with occasionally some~ and~· belite. The ¥ phase 

is non hydraulic and is generally a very minor component in cement except 

in unusual conditions. 



Polymorphic transformations in dicalcium silicate. 

The temperature stability fields of the polymorphs are variable due 

to the stabilizing effect of certain elements on individual polymorphs • 

The system of c2s transformations was shown schematically by Niesel and 

Thormann ( 1967). 

1420 :!: 5 

FiQ.4,1 

SCHEMATIC 
From 

DiAGRAM OF s_s TRANSFORMATIONS 
Niesel and Thormann (1967) 

Alpha belite to alpha dash phase change. 

At temperatures greater than 1420° C the ~ phase was stable, but 

with decreased temperature the~ phase changed to ~'H , a change reversible 

without hysteresis , The structural changes could not be precisely detined. 

Smith et al (1961) suggested that half the Si02 tetrahedra rotated so that 

their apices pointed in opposite directions at the phase change. 

Alpha dash to beta phase change, 

The oc' to J phase change occurred at approximately 650" C. This 

transformation was reversible with a hysteresis of 25° C • Smith proposed 

that the tranformation involved a rotation of Si04 tetrahedra and a change 

in theCa ion coordination • This changed from 8 fold in the~' phase to a 

variable 8 or 9 in the} form. This irregular coordination made the p form 

the most hydraulically reactive or the c2s polymorphs. 

Beta to gamma phase change. 

The p to Y phase change was a monotropic transition ,with a 

transfomation of primary coordination ( Yannaquis and Guinier, 1959 ), 



This involved a considerable increase in volume ,causing the 'dusting' of · 

the cement clinker. Smith et al (1965) thought that the transition invo~d 

a rotation of the Si04 tetrahedra • Because of the large movements of 

some of Ca.atoms it was semi reconstructive • The temperature of the p to~ 

transformation has been observed at different values by various researchers. 

Nurse (1952 ) proposed that the change occurred at 525° C • Whilst Wolf 

and ~ille (1959) said that the transformation occurred at 300° C • One of 

the major problems with defining the temperature was that the 

transformation was extremely slow and never reached completion. 

Solubility and stabilization of C2S 

The most stable phase at ambient temperature was r C2S , however for 

cement use the} form is the most important. There are several factors 

influencing the p to¥ transformation. Yannaquis and Guinier (1959) have 

reported that the crystallite size affected the stability of p c2s. 

Microscopic examination of the phase has shown that J C2S crystals 

were stable at room temperature were never larger than 5fm• 

c2s derived from ~ c2s were generally between 10pm to 100pm • 

Grains of Y 

They 

thought that this was due to the mechanism of the ~ to l transformation, 

which was by nucleation and growth • If after the ~'C2S top C2S 

transformation the crystals were large , there was a high probability that 

each crystal would contain a r nucleus • Thus as the temperature decreased 

the} crystals would change to l • If the j crystal size was small , 

many grains would not contain a r nucleus and could not transform during 

cooling. 



Aelite in cement. 

Variation in the stoichiometric composition of belite in cement. 

In the case of p c2s generally found in cement , the stabilization of 

the phase was by solid solution with foreign ions and by varience from the 

stoichiometry. Guinier and Regourd (1968) reported that a maximum of 1% 

excess CaO could be incorporated into C2S • This stabilized the.p phase 

at room temperature .They found that the effect of excess Si02 , the 

solubility of which in c2s was between 1.5~ and 2% , was to produce the r 

phase • 

In the production of cement , excess silica produces large crystals of 

belite which favour the transformation of' c2s to l c2s. 

Substitution of minor elements in belite. 

The effect of alkalis such as Na 2o and K20 was to stabilize the B 

form. Thilo and Funk (1953) noticed that the lowest effective level of 

. Na 2o was between 0.17~ and 0.27~ • 

Midgley's investigation (reported in Gutt and Nurse ,1974) of 

stabilizing elements. found tha·t any of the following elements would · 

completely stabilize the J C2S polymorph ; potassium 0.83~, sodium 1.75%, 

vanadium 2.20%, chromium 1.24%, manganese 0.88% and the following oxides; 

phosphorus pentoxide O.OBS and sulphur trioxide s.o~. Midgley also found 

that Al, Fe3+, Mg and Ti did not stabilize} c2s • 

Eramin et al ( 1970 ) found that the limit of solubility of the 

following oxides in C~ was ; Na20 o. 6~ , Fe203 1. 8% , Ti02 o. 5% and t1g0 

1.0% • However Eramin did not give details of which polymorph of C2S had 

been studied. 

Belite in cement clinker is similar top c2s but the lattice is 

slightly modified by the addition of various atoms. The XRD pattern of 



belite from cement has some broad reflections and slightly displaced lines 

when compared to synthetic J C2S• The belite differs because it is a 

product of imperfect crystallization and non-equ librium. 

Stabilization of the belite polymorphs by minor element substitutution. 

Butt and Timashev (1974) found that in the c 2s lattice, ca2~ could be 

substituted by Al3+, Mg2+, K+, Na+, sa2•, cr3-t:, Mn2+ and Fe3+. For the 

(SiC 2>4 group, Nurse ( 1 952) proposed that (P04 )~ could be 

substituted. An attempt by Forest ( 1967 ) to produce belites similar to 

those found in clinker, produced an oxygen defective structure with 

substitutions for Si The general formula was ( Ca 2 t1x ) ( Si-x 0 -x/;2!. 

The r-1 ions were Fe3+ and Al3+. Gutt ( 1968) found that a high P2o5 or 

so3 content would stabilise the ~· and polymorphs • However for the p ~S 
phase , K2so4 and Caso4 were most effective. 

The influence of the kiln conditions on the stabilization of the belite 

polymorphs. 

In an investigation of the factors affecting the stability of belite, 

Sasaki (1960) discovered that the burning conditions in the kiln were 

important • If the belite had ions substituting for Si and was burnt in 

reducing conditions, then the J CzS form was stabilized. If the belite 

had ions substituting for Ca ,for example Fe2• replacing cJ~ . Then 

burning the clinker in reducing conditions produced a solid solution of FeO 

and C2S. In these circumstances the p C2S to f c2s inversion proceeded 

rapidly. 

The influence of stabilizing ions on the hydration rates of p c2s. 

Pritts and Daugherty (1976) studied the effects of different 

stabilizing elements on the hydration characteristics of J C2S They 

found that the change in hydration rate was broadly related to the 



charge/radius ratio of the stabilizing elements. Ions with large 

charge/radius ratios (C/R ) substituted for Si4T ( C/R =9.5) ,those with a 

small C/R substituted for ca2~ (C/R = 2.0). The ions which had 

intermediate C/R ratios occupied interstitial lattice posit~ons and did not 
I 

stabilize the p c2s. The effects of the stabilizers substituting for 

silicon in p c2s were studied. 

In all cases the substituted ~ c2s 

hydrated more slowly than the pure ~ C2S· As the C/R ratio increased the 

hydration rate decreased. The effects of the stabilizers substituting 

for calcium inp C2S was also studied • There were only two stabilizers, 

Na+ or K+ which substituted for Ca2~ • The vaporization of the 

stabilizers made concentration control difficult • However the results 

indicated that as the C/R ratio of the substituting ion increased, the 

hydration rate decreased. This was similar to the effect of the 

stabilizers substituting for Si. From this evidence Pritts and Daugherty 

concluded that it was not possible to use metal oxide doped p C2S to 

replace c3s in portland cement and keep the same rate of hydration. 

The advantage of a cement with low c3s and high ~S content would have 

been that it required less energy to produce, because the sintering 

temperature would be reduced. 

Crystallography and composition of the matrix phases. 

The interstitial material between the alite and belite grains usually 

consisted of two phases , aluminate and ferrite. 

Crystallography and composition of the aluminate phases. 

The presence or absence of the different aluminate phases in the 

clinker was dependent on the type of cement examined. Robson (1968) 



presented a survey of the compounds present in the CaO- A~o3 system. 

These were C3A , C12A7 , CA ,CA2 , and CA5 • The major aluminate phase in 

ordinary portland cement was C:3A with minor amounts of ~2 A7• The other 

aluminates usually only occur in aluminous or high alumina cements. 

Composition of aluminates present in Portland Cement. 

Calcium aluminate c12 A7 

The 12Ca0.7Al2o3 phase has several unusual characteristics • Welch 

(1960) observed that the compound absorbed atmospheric moisture at high 

temperatures • Welch found that this caused variation in the cell volume, 

density and refractive index. Nurse et al (1965) found that the maximum 

uptake of moisture occurred at 950 to 1000° C and caused an increase in 

weight of 1.3% , compared to the anhydrous compound. The chemical 

compost1on was c12 A7H • The lattice was thought to be under considerable 

strain and the 6-oxygen coordination shell of the calcium ions was very 

irregular. 

Robson (1968) thought that the presence of large structural holes and 

several vacant sites in the lattice was the cause of the rapid hydration 

behaviour of the aluminate. Robson proposed that the uptake of the 

hydroxyl ions at high temperature was linked to the structural arrangement 

of the aluminate. 

Tricalcium aluminate C3A. 

The polymorphic forms of C3A. 

The occurrence of four polymorphic forms of c3A was proposed by Boikova 

et al (1972) • These were cubic, orthorhombic, monoclinic and the high 

temperature tetragonal form. These polymorhs had different limits of 

solid solution with Na20, which were as follows ; cubic up to 2~ , 

orthorhombic from 3.8% to 4.6% and monoclinic from 4.6% to 5.71.. Later 
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research by Uaki (1973) and Cervantes Lee and Glasser (1979) has shown 

that the existance of the tetragonal form is doubtful. Regourd (1978) 

reported the occurrence of a monoclinic polymorph of c3A, but it was only 

found occasionally in commercial cement clinker. Varma and Wall (1981) 

found that an· industrial clinker with high potassium and low sodium 

levels, had monoclinic C3A. An electron microprobe analysis of monoclinic 

c3A by Regourd (1978) gave values of 3.7 ~for K20 and 1.6 ~for Na2o. 

Th.e entry of K+ into this C3A lattice was related to the disordering effect 

of Si02 and MgO on the structure. 

replace the smaller ca2+ ions. 

This permitted the large K+ ions to 

Substitution of iron in tricalcium aluminate. 

The solid solution between c3A and iron has been extensively 

investigated because of the partition of alumina between the C3A and the 

ferrite phase • This is very important, since the C3A content of cement 

is critical because of the susceptibility of ~A to sulphate attack. The 

solid solution series c3 CA1_xFx> has been investigated by several 

researchers. There was some variation in the results obtained. The 

principal method used was to measure the differences in the cell paramter 

'a' • No evidence was found to indicate a change to a non cubic cell ,due to 

replacement of Al by Fe • However Majumdar (1965) and Moore (1966) found 

that parameter 'a' increased with additional iron content beyond the 

limiting composition • Thus equilibrium had not been reached. 

Tarte (1965) found that the parameter 'a' remained constant when the 

Fe/Al+Fe ratio exceeded 10%. Schault and Roy (1965) found that the limiting 

concentration of C3F in C3A decreased as the temperature decreased. This 

was based on the compostion at which a ternary phase was formed ,not on a 

change in unit cell parameters. The difference in results is probably due 
I 

to the compositions measured not having reached a state of equllibrium. 
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Substitution of silica in tricalcium aluminate. 

In the solid solution C3A- Si02 , the Si replaces the Al. Moore 

(1966) proposed that if there was a simple Si replacement for Al, the 

structure would have to accommodate an extra oxygen for every two replaced 

Al atoms • An alternative replacement would consist of four Al atoms 

substituting for three Si atoms leaving an occasional vacant Si/Al site. 

Moore found that with increasing Si content the cell parameter 'a' 

decreased ,This .occurred to a limiting Si/Al+Si ratio of 5 to 6~. Han et 

al (1981) proposed that Si substituted for Al and Fe in the aluminate by 

the following formula. 

Substitution of magnesium in tricalcium aluminate. 

In the solid solution C3A with MgO the CaO was replaced by MgO to a 

limit of 2.5 Wt.~ ( Muller and Schwiete , 1956 ) • Moore (1966) 

suggested that the MgO in the cement concentrated preferentially in the ~JA• 

Substitution of sodium in tricalcium aluminate. 

In the solid solution C3A - Na20 the Ca atom was replaced by two Na 

atoms • Brownmiller and Bogue (1932) proposed that the compound had the 

composition Na20 8Ca0.3Al203 C NCaA3 ) • Fletcher et al ( 1965 ) found 

that there was not a solid solution between c3A and NC8 A3 • The 

limiting composition for CaO replacement ~y Na2o was approximately 6.5 

wt.~. The compound NC8 A3 ha~ 7.6 wt.~ of Na2o in its composition. 

lattice parameter 'a' decreased with the addition of Na20 • At 3~ Na2o 

there was a change of symmetry from cubic to orthorhombic • This was 

necessitated by the presence of the additional Na atoms. Han et al 

The 

(1981) proposed that the substitution of Ca by Na was linked to the Al and 

Fe replacement by Si , following the f~rmula. 
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Shin and Glasser ( 1983 ) have investigated the interdependence of 

sodium and potassi~m substitution in c3A • The cubic form of C3A was 

stable if the Na2o level was below 2%. Between 2 and 4% Na2o , 

orthorhombic and cubic forms existed. Above 4.5% only the monoclinic form 

was present. The limit of potassium solubilty in C3A at 1050° C to 1200° C 

was between 0.75% and 1.0% K2o. The c3A saturated with R20 was in the 

cubic form. The solubility of K in c3A increased, if Na 2o was present 

at a level greater than about 2%. This limit of solubility for K2o was 

about 2.5 wt.%. Shin and Glasser concluded that the partition of alkali 

elements between the phases present in the clinker was partially controlled 

by the Na/K ratio. If the ratio was high, the c3A crystallized in the 

orthorhombic form and contained most of total alkali content. If the tla/K 

ratio was low , cubic C3A was formed and the alkalis were partitioned into 

the other phases in the cement, notably belite. 

The author believes that this is an over generalisation. The factors 

affecting the mobility of the alkali elements should be taken into account. 

If there is abundant sulphate available the alkali sulphate phases will 

form pre.Terentially and there will be less alkali availa~le to substitute 

into the tricalcium aluminate. Thus the use of high and low ratios of Na201 

K2o to predict the type of tricalcium aluminate that forms , may give 

inaccurate results. 

Substitution of potassium in tricalcium aluminate. 

In the solid solution C3A with K20, Suzukawa (1956) found that the 

potassium compound KCaA3 was isomorphous with NAsCJ , however a linked 

substitution with Si was necessary for the formation of the solid solution. 

Hoore (1966) found that in the absence of silica only a trace of potassium 

could be taken up by the C3A • This was because the K atom had a large 

ionic radius and the space it required could only be made available by 

replacing the large Al ions with smaller Si atoms. 



Crystallography of tricalcium aluminate in cement. 

The lattice parameter 'a' for c3A in cement was lower than for pure C3A, 

~ because of the effect of substitutions. The c3A in white cement had 

the lowest 'a' value • This was due to the aluminate containing the 

maximum amount of Si02 ,MgO and Na2o which all reduce the cell size • The 

Fe2C3 content which would caused an increase in cell size was low. 

The effect of different element substitution on ~A in cement was semi 

additive. The interaction of the elements was complex and affected the 

limiting concentrations • The replacement of large Al ions by smaller Si 

ions made extra space available to accommodate very large ions such as Fe. 

Minor aluminate compounds. 

The work of Halstead and Moore (1962) confirmed the existance of an 

aluminate compound with the formula ca4 (Al6 012 ) CS04). They sur,gested 

that it could be formed in portland cement when a high sulphur content fuel 

was used • This compound reacted readily with water to produce mainly 

calcium alumina hydrates and a calcium alumina sulphate , an expansive 

hydrate • If the clinker was interground with lime , gypsum and a low CJA 

portland cement, a shrinkage compensated cement was produced. 

Crystallography and composition of ferrite in cement. 

The orthorhombic alumino-ferrite phases occurred as solid solutions in 

the CaO - Al2o3 - Fe2o3 series • with the general formula c2 (F1_p ~ ) 

where p was between 0 and 0.7. 

In a study of the solid solutions by \loermann et al. (1965) , two 

discontinuities in the variat~on of molar fractions of Al ions were 

discovered. These were detected by variations in the lattice constants in 

the C2F to the hypothetical •c2A' series. Smith (1962) linked these 

changes which occurred at p:0.33 to a 6hange in symmetry. Initially Al 

would replace the tetrahedral Fe , when about half the the tetrahedral 



sites were filled , Al would enter tetrahedral and octahedral sites 
' 

equally. When p was about 0.33 a change in the space group occurred. This 

involved a contraction and rotation of the tetrahedra , with a displacement 

of the Ca atoms. Smith found that the limit of Al substitution was 

tfuen Tarte (1965) used infra red spectroscopy 

to investigate the c2 CF.1 A ) series, -p p he observed a steady increase in 

wave number up to c2 F0,3 A0,7 , then there was no change • The position of 

some of the lines changed due to the formation of the aluminate phases C3A 

Substitution of magnesium in ferrite. 

The MgO to ferrite solid solution was studied in detail by Woermann et 

al (1965) • The presence of MgO changed the normal red-brown colour of 

ferrite in transmitted light to a dark green. It had been previously 

thought that the Hg substituted for Ca • However Woermann detected two 

types of solid solution • The solid solution ~gO-ferrite had a higher lime 

content than ferrite • For every three atoms of HgO substituted , two 

additional atoms of CaO were combined. The limit of solid solution was the 

formation of.periclase. The formula of the hypothetical end member of the 

solid solution series was "Cai1g3Ds"· The solid solution of 1-!g in C2F was 

a substitution of f.1g2• for Fe3+. 

Investigation of ca2 Fe Al o5 (p:0.50) by Woermann gave different 

results to those described previously , because additional CaO was combined 

by inco~poration of MgO to a solubility limit of 1.5%. The substitution 

ratio of Ca to Mg changed from Ca/Mg = 2/3 to Ca/Mg = 1/3 at p = 0.45 to 

0.50 • This abrupt change was thought to be due to a discontinuity in the 

ferrite series. 

Kato (1959) studied the MgO - ferrite solid solution and found that Si02 

and HgO substituted for (Al,Fe) 2o3 in the ferrite to a level of about 10~ • 



The interelationship between aluminate and ferrite. 

The interaction between synthetic c3A and and c4 AF phases was 

investigated by Tarte (1965) • In a mixture of c3A and c4~F heated to 

1300° C , the two phases exchanged Fe and Al to produce a solid solution 

Several poorly 

crystalline phases formed with the displacement of some of the XRD 

reflections and broadening of high angle peaks • The same occurred for the 

infra-red absorption bands • Tarte deduced that the crystallization of 

the phases was incomplete • He thought that this was related to the 

formation of a glassy phase when the solid solution had a high alumina 

content • A sample of composition c2<A 0•8 F 0 •2 ) had a diffuse 

infra-red absorption spectrum and no XRD reflections. If the Al/Fe ratio 

was close to unity the crystallization was complete. 

Compositional variation in the ferrite solid solution series. 

In commercial cement, the composition of the ferrite is as dependant 

on the production methods as the Al/Fe ratio of the kiln feed , because in 

all cases equilibrium is not attained. Hansen et al (1928) proposed 

that there was complete miscibility between C2F and "C2A" to a limit of 

However later studies by Yamauchi (1937) and Newkirk and Thwaite 

(1958) established that the ferrite phase was not limited to c4 AF • The 

composition could extend to solid solutions richer in Al , the Al2o3/Fe2o3 

ratio of which was 2.2 to 2.3, an equivalent of p=0.70 in the series c2 ~F1_P• 

Midgley et al (1964) investigated the XRD traces of 

magnetically separated ferrite from cement • They found that there was a 

broadening of the 141 reflection caused by an expansion of the crystal 

lattice due to the substitution of iron • The average compositon they 

obtained from XRD analysis of several cements , was very close to C4AF • 

Midgley and Grove (1970) reported that there was a correlation between the 

molar ratio Fe2C3/CFe20J + Al203 ) of the ferrite phase and the cement ln 
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which it had crystallized. If the molar ratio was greater than 0.37 , 

the following equation was solved to give q • 

This was substituted in the formula ca2 ( Feq Al1_9 >2 o5 • 

q= 0.27 0.74 (f/(1.57a T 5)) 

where f= wt.~ Fe2o3 

a= wt.~ A12 0:3 

This equation does not take into account the influence of the different 

production methods for cement, on the compostion of the ferrite. 

Copeland et al (1959) studied the compostions of ferrite from cement 

clinker • They found that the compositions lay between c6 A1•22 r1 78 and 

Schwartz (1967) separated the ferrite phase from cement by 

chemical solution and analysed them by XRF • He found that the ferrites 

were stoichiometrically depleted in CaO up to 5%. This lime deficiency 

increased if I<20 ,Na20 and HgO were present • If Si02 was present the 

deficiency diminished • Schwartz determined that the solu~ility limits 

of minor elements in the ferritephase from cement was K20•3l ,t1gO·'I~ and 

Regourd and Guinier (1974)reported that Ti, Mn and Cr could 

also be incorporated into the C2(AF) lattice. 
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THE MINERALOGY OF CEMENT CLINKER. 

!ntroduction. 

The technique of x-ray diffraction ( XRD ) provides an accurate and 

rapid method of determining the mineralogical composition of cement or 

concrete • The use of XRD for quantitative analysis of phase composition 

is discussed in chapter 8 • 

Identification of the cement clinker mineral phases by X-ray diffraction. 

The X-ray diffraction analytical technique for cement was widely 

adopted in the late 1950's • Midgley ( 1957 ) published a compilation of 

X-ray data for cement clinker minerals and hydrated cement minerals • The 

principle p~oblem with the XRD method is that several of the phases have 

reflections which partially or fully overlap each other • For this reason 

it is often necessary to use reflections which are not the strongest for 

each phase • 

Identification of Alite in clinker 

Midgley ( 1957 ) recognised two types of tricalcium silicate , pure 

3Ca0 • Si02 and alite which has Al203 and MgO in solid solution with the c3s, 

Alite had a single reflection at 1.761 ~whilst pure c3s had doublets. 

Guinier and Regourd ( -1968 ) described six different modifications 

which could be determined by the reflections occurring between 2.885 ~ to 

2.714 ft and 1.791 ~to 1.759 ft • The first range was unusable in clinker 

investigations because of peak overlapping • Using the latter set , the 

alite modifications were distinguishabl_e • The triclinic modification only 

occurred in slowly cooled clinker • The position of the peaks varied 

slightly due to minor element substitution, especially Mg and to some 
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extent Fe and Al • 

Identification of Belite in clinker • 

Hidgley (1974) established that there were four polymorphic forms of c3s. 

These were alpha (o<.), alpha dash (o<..'), beta <p> and gamma ('g') • 

Hidgley proposed that the beta phase was the most likely phase to'occur in 

cement. However if the clinker was burnt at lower temperature than usual, 

the low temperature gamma form was frequently formed. The identification 

of the different polymorphs was complex because many of the belite 

reflections almost coincided with alite or aluminate reflections • In 

many instances only weak reflections were clear of overlapping effects • 

~,Then Midgley et al (1960) made a study of the quantitative compositions of 

cement they used a weak line at 2.87 ~ to measure the amount of p C3S 

present in the sample. 

Guinier and Regound (1974) proposed that indentification by XRD of the 

belite form was possible if the belite content was above 12 %. The 

presence of orthorhombic C3A in the cement could complicated the analysis. 

Pritts and Daugherty {1976) used the 3.008 X peak of r C2S anrt the 3.048 

R peak of p c2s to determine the presence of each phase within mixtures 

used in their studies of p C2S hydration ratios • Kristmann {1977) 

attempted to identify the belite modifications in the range 2.495 K to 

2.368 ft but was unsuccessful even after separating the silicate phases from 

the ferrite and aluminate by magnetic separation • 

Identification of Tricalcium aluminate in clinker. 

Mideley (1957) recommended that the 2.7 I reflection was used for the 

identification of C3A • However Kantro et al (1964) showed that the c3A 

peak was partially overlapped by the major ferrite peak • The position of 

the ferrite peak varied considerably because of the effects of the solid 

solution • This had to be compensated for if an estimation of phase 

content was to be made • 
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Regourd et al (1973) proposed that tricalcium aluminate'could occur in 

three different modifications, cubic, orthorhombic and tetragonal. The 

existance of the tetragonal form has not been generally accepted. The 

cubic form was characterised by a single peak at 2.70 ft , 1.907 ft and. 

1.556 R. The orthorhombic form had a double peak at 2.70 ~ and triple 

peaks at the other values • These triple peaks were only detectable on 

very high resolution XRD instruments. 

Hander et al ( 1974 ) used the small peak at 4.08 X to estimate the 

amount of c3A present in cement. If there was a high alkali content in the 

cement and NC8A3 and KC8 A3 were present, these peaks overlapped with the c3A 

peak. 

Regourd (1978) reported the occurrence of a monoclinic C3A polymorph, 

however it is only rarely found in commercial cement clinker • Varma and 

Wall (1981) studied several industrial clinkers and found that a clinker 

with a high potassium and low sodium content, contained monoclinic C3A. 

The monoclinic c3A has reflections with higher'd'spacing values than the 

other forms. This indicates an expansion in the lattice which is due to 

the presence of the large K+ ions. The stabilization of the cubic form was 

due to the substitution of the potassium. 

Identification of Ferrite in clinker • 

The ferrite phase is a solid solution and the lattice spacing of the 

ferrite changes with the composition • The strongest reflection occurs at 

2.62 K for C5A2F and 2.67 ~ for C2F• The 2.60 R reflection of alite 

partially overlaps the c6~F reflection • 

Kanto et al (1964) produced a series of diffractograms showing the 

' t complete variation in d-spacing for the solid solution series c2F to C5A2F• 

To accomplish this the ferrite was magnetically separated from ground 

cement clinker. 

Mander et al ( 1974 ) used a maleic acid-methanol solution to leach the 
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silicates and freelime from cement and concentrate the aluminates and 

ferrite • They used the reflections at 2.08 R for C2F , 2.053 R for c4AF 

This was the most suitable interference free area 

for both intensity and peak shift measurements • 

Kristmann (1977) found that sometimes the ferrite peaks were broad and 

difficult to measure • He thought that this was caused by the small 

crystallite size of the ferrite. He also thought that variation in the 

composition of the ferrite within a single sample would cause peak 

broadening. 

Identification of the minor phases in clinker • 

Midgley (1957) found that freelime could be detected if there was 

about 2 % present. Periclase could be dev~ected if there was more than 

1.5% present. The 1.39 ~ reflection of freelime was best because the 

stronger reflection at 2.405 X was masked by C2S • 

detected by the strongest reflection at 2.106 X 

The periclase was best 

If a leaching solution was used to remove the silicate phases, other 

minor cement phases could be detected. One of these was calcium 

This compound expands on hydration and 

produces a shrinkage compensating cement • Mander et al (1974) used the 

3.754 X reflection to measure the amount of this compound present in cement. 

The procedure used by the author for analysis of cement clinker by X-ray 

diffraction techniques. 

Approximately 10g. of the clinker, which had been ground in a 'Tema' 

mill, was mixed with half a· gram of pure quartz powder. This mixture was 

then ground in a small agate mortar until there was no trace of roughness 

between the mortar and the pestle. The quartz was used as an internal 

standard. The fine powder was packed into a aluminium cavity mount. 
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The sample was irradiated using a cobalt tube operating at 40 Kv and 

25Ha. 

The instrumental conditions are given in Appendix 4. 

Data processing of the X-ray results of the cement from Works A,B,C,D,E,F 

and G. 

The diffractograms of the different cement clinker samples are shown in 

Figures 4.3, 4.4, 4.5 and 4.6. ' 

Ho physical phase separation was attempted for individual analysis of 
of 

the different phases. A qualitative assessmentAthe phase composition of 

the cement clinker samples is given in Table 4.1. The presence or 

absence of the different phases and polymorphs was assessed by using the 

characteristic reflections listed in Table 4.2. 

These reflections l-lere selected from the X-ray data of d spacing and 

intensity published by Midgley ( 1957). 

To select suitable reflections for each phase or polymorph,the d 

spacings and intensities, for all the cement clinker minerals was plotted 

on a graph as shown in Figure 4.2 • 

By using this technique, characteristic reflections could be selected 

for the seventeen different phases and polymorphs. If there was overlap 

from adjacent reflections, the degree of interference could be assessed 

from the intensity values of the individual reflections. Thus it was 

possible to derive a series of reflections which could be used to determine 

whether a specific phase or polymorph was present. 
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KEY for X-Ray diffractograms. 

A = Alite 

Al = Tricalcium aluminate 

B = Belite (undifferentiated) 

aB = Alpha beli te 

bB = Beta belite 

Caf = Calcium aluminate (C12 A7) 

Ch = Calcium silicate hydrate (CSH) 

F4 = Ferrite (C4 AF) solid solution 

F6 = Ferrite CG;A2F) solid solution 

Fl = Free lime 

p = Periclase 

Q = Quartz (internal standard) 

Su = Gypsum 

The absence of annotation on each of the individual diffractograms does 

not imply that the specific phase is not present. The annotated peaks are 

examples of reflections which were useful in the identification of each 

phase or polymorph. 

The instrumental conditions used during the X-ray diffraction analysis are 

given in Appendix 4. 
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KEY 

SRC = Production sulphate resisting cement made from chalk and PFA. 

PFB = Trial SRC cement clinker with extra PFA, .collected at 1030h. 

PFC Trial SRC cement clinker with extra PFA, collected at 1530h. 

PFD = Trial SRC cement clinker with extra PFA, collected at 2030h. 
11 

LHA Trial Low Heat cement clinker collected at 0900h. 

LHB = Trial Low Heat cement clinker collected at 1200h. 

LHC Trial Low Heat cement clinker collected at 1300h. 

LHD Trial Low Heat cement clinker collected at 1500h. 

OPC = Production Ordinary Portland cement clinker. 

WPC = Production White Portland cement clinker. 

---



(Table4j ). The phase composition of the cement clinkers by X-ray diffraction nnalysis • 

WORKS 
CEMENT 

WJCS. A WJCS. E 
OPC OPC 

WXS.C W'KS.F WKS.D WKS.G W'KS.B 
OPC WPC OPC OPC SRC 

WXS.B WXS.B WKS.B WXS.B 
PFB PFC PFD LHA 

WXS. B · WXS. B 

LHB LHC 
WKS.B 
LHD 

-----------------------------------------------------------------------------------------------------------------------------
PHASE 

A LITE 

ALITE 

ALITE 

ALITE 

BELITE 

BELITE 

BELITE 

BELITE 

ALUMINATE 

ALUMINATE 

ALUHINATE 

FERRITE 

FERRITE 

FREELIME 

PERICLASE 

GYPSUM 

POLYMORPH OR 
FORMULA 

Rhombohedral R n/d. n/d. major minor n/d. major trace trace trace trace trace trace trace n/d. 

Monoclinic M3 major major major major major major major major major major major major major major 

Monoclinic M1 minor minor minor minor minor minor minor minor minor minor minor minor minor minor 

Triclinic T n/d. n/d. n/d. n/d. n/d. n/d. n/d. n/d. n/d. n/d. n/d. n/d. n/d. n/d. 

Alpha hi9h a' n/d. trace trace minor trace n/d. n/d. trace trace trace trace trace trace trace 

Alpha a minor minor major major major major trace minor minor trace minor minor minor trace 

Beta p major major minor minor minor minor major major major major major major major major 

ea-a r n/d. trace n/d. n/d. trace n/d. n/d. n/d. n/d. trace n/d. n/d. n/d. n/d. 

C]A CUbic major major major major minor n/d. minor minor minor minor trace trace minor trace 

Orthorhombic n/d. n/d. n/d. n/d. major major n/d. n/d. n/d. n/d. n/d. n/d. n/d. n/d. 

C12A7 minor trace trace trace minor trace trace trace trace trace trace trace trace· trace 

c4AF minor minor minor n/d. major minor major major major major major major major major 

Cf!o2F major major major trace minor major n/d. n/d. trace trace n/d. n/d. n/d. n/d. 

CaO trace trace trace minor trace trace trace trace trace minor trace trace trace trace 

M9D minor minor trace trace trace trace trace minor trace trace trace trace trace trace 

caso4.2H20 trace trace minor trace trace trace minor trace minor trace trace trace minor minor 

CALCIUM SILICATE HYDRATE trace trace trace major n/d. minor minor trace minor major minor trace trace n/d. 

m _. 
I 



(Table4.2 ). Compilation of X-ray diffraction reflections 

used to identify the individual phases and polymorphs in 

the cement clinkers • 

PHASE POLYMORPH OR POSITION OF INTENSITY SPECIAL . 

FORMULA PEAK IN l 1 TO 10 FEATURES 

A LITE Rhombohedral R 1. 79 to 1. 76 9 Single peak 

ALITE Monoclinic MJ 1. 79 to 1. 76 9 Double peak,equal height 

A LITE Monoclinic M1 1.79 to 1.76 9 - Double peak ,unequal height 

ALITE Tl"iclinic T · 1.79 to 1.76 9 Triple peak 

BELITE Alpha high a' 2.25 8 

BELITE Alpha 2.83 10 I a m 
IV 

BELITE Beta J3 2.61 10 I 

BELITE Garrma r 4.32 4 

ALUMINATE C3A CUbic 2.71 10 Single peak 

ALUMINATE Orthorhombic 2.71 10 Double peak 

ALUMINATE c12A7 1.605 7 

FERRITE c 4AF 2.63 10 

FERRITE C6A2F 2.62 10 

FREELIME CaO 2.405 10 

PERICLASE M gO 2.106 10 

GYPSUM caso4.2H2o 2.39 4 

PORTLANDITE Ca(OH )2 4.90 7 
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Chapter five. 

THE PETROLOGY OF PORTLAND CEMENT CLINKER MINERALS. 

Introduction. 

In Portland cement clinker , eight phases may be readily determined • 

The major minerals are alite, belite, tricalcium aluminate and ferrite. 

The minor phases are freelime , periclase , alkali sulphates and 

aluminates. 

Techniques for the microscopical examination of Portland cement clinker. 

The scanning electron microscopy of the cement clinker,provides an 

excellent method of examining the morphology of the cement clinker phases. 

(Plate 2, Chapter 2). For detailed petrographic microscopy of cement 

clinker, the reflected light microscopy techniques are very useful • The 

method of preparation of polished block specimens is given in Appendix 5 • 

Some of the samples were prepared as polished thin sections • For this 

the preparation technique was more complicated • In electron microprobe 

analysis the thin sections are easier to study because they may be 

examined using transmitted light as well as reflected light • They are 

however more susceptible to damage and suffer from degradation caused by 

partial hydration. 

Similar methods with variations are given in Mids(e .y·, ( 1964 ) and in 

Insley and Frechette ( 1952 ) • The technique used is generally 

determined by the existing 'in house' section preparation system • 
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The technique developed by the author has the advantage that the 

finished sections are ideal for electron microprobe analysis • If desired 

these can be ground to make polished surface thin sections which are also 

suitable for probe analysis. 

The prepared samples were examined using a Zeiss "Ultraphot " 

microscope with Epi lenses in the reflected light mode • After the final 

polishing of each sample , many microphotographs were taken in reflected 

light for use in the location of suitable phases for electron microprobe 

analysis • Prior to probe analysis the polished surfaces were coated with 

a layer of carbon , to prevent electrical charging of the specimen by the 

microprobe beam. The carbon layer obscured all the grain boundaries. 

After probe analysis the carbon layer was removed by polishing with 

1/4 ym diamond paste • To aid the identification of some of the different 

clinker minerals ,the polished sections were treated with etching agents , 

either distilled water or alcohol with 1 S HN03 (Nitric acid ). The 

etching process was not used on the samples before probe analysis because 

of the effect of surface roughening and contamination. 

Etching techniques • 

To etch the phases for photomicrographs , a solution of distilled water 

of pH 6.5 or a solution of 1 ~ HN03 in alcohol ( Nital) was used • 

A drop of the etching solution was put on the polished specimen 

surface and allowed to stand for several seconds. For distilled water an 

etch time of 50 to 100 seconds produced the best results. For the Nital 

etch a period of 10 to 15 seconds was best • The exact time varied , 

because the longer the specific etch was left on the surface the greater 

the etching effect • The drop was then blotted off the surface ,to leave 

the specimen dry. 
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Reflected and transmitted light petrology of cement. 

Tricalcium silicate ( Ca3Si05 ) c3s ,Alite. 

The tricalcium silicate in portland cement has incorporated_in it a 

small amount of tricalcium aluminate in solid solution • Jeffery ( 1952 ) 

has shown that aluminium and magnesium may be substituted for silicon • 

Because of the substitutions and solid solutions possible in the tricalcium 

silicate , the term alite is used to denote this mineral phase in cement. 

The effect of the solid solution on the microscopic properties is 

principally to cause biaxial interference and to zone individual crystals • 

In reflected light microscopy , the alites were usually pale grey , 

euhedral to subhedral pseudo hexagonal crystals • The size varied from 5 

~m to 200 ym • Generally the crystals were between 20-50 pm The small 

alites frequently appeared to be coalescing to form larger crystals 

(Plate 3a. ) • The very large crystals were idiomorphic with irr~gular 

outlines ( Plate 3b. ) • Occasionally the alite crystals had corroded 

edges and small blebs of secondary belite formed along the boundaries. 

(Plate 3d.) This was caused by the loss of cao from the alite during 

slow cooling • The presence of fluorine in the cement clinker promotes 

the decomposition of alite to belite and CaO. The fluorine level is 

usually kept as low as possible to prevent the excessive decomposition of 

alite. In some cements , especially those with a high alkali content , 

the alite crystals had serrated outlines • This was probably due to the 

alite reacting with the liquid phase on cooling • In the majority of the 

clinker samples the the alite crystals had several straight fractures 

parallel to the long axis of the grain .( Plate 3g.) These cracks were 

associated with the rapid cooling of the clinker and were due to stress 

caused by shrinkage of the alite which was unable to transform to a lower 

temperature polymorph • Some samples were very cracked , other samples 
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PLATE 3. 

Plate 3a. Works B SRC clinker. 
The belite grains are rounded and have the characteristic 

curved fracture around the edge of the grain.( right ) 
The alite grains are very small and poorly formed because of 
low CaO levels • There is only a small amount of the pale 
coloured phase, which is ferrite. 

Plate 3b. Works B SRC clinker. 
The dark grey phase is alite. The medium sized alite 

grains are the typical pseudohexangonal shape. The largest 
alite grains have characteristic straight fractures. 

Plate 3c. Works B SRC with PFA clinker, Nital etch. 
The etch solution shows the zoning in the angular alite 

grains. The light zoned areas have been less susceptible to 
the etch solution. The rounded belite grains have a 
mottled appearence • The ferrite is unaffected by the etch. 

Plate 3d. Works C OPC clinker , Nital etch. 
Many of the angular alite grains have a thin layer of very 

small blebs of secondary belite around them. This is caused 
by the loss of CaO from the alite during cooling. 

Plate 3e. Works B SRC with PFA clinker, H20 etch. 
Only the alite and aluminate are etched by the distilled 

water. The aluminate has etched to a greater extent than the 
alite. The belite ·grains are unaffected.( bottom right ) 

Plate 3f. Works B SRC clinker. 
The angular alite grains have abrupt boundaries with the 

ferrite matrix • Many of the belite grains are comprised of 
small crystallites, ( centre bottom and right ). These 
agglomerates of belite contain several inclusions of ferrite 
and alite. The boundaries between the belite grains and the 
matrix are diffuse and show an intergrowth texture. 

Plate 3g. Works B SRC clinker. 
The alite crystals are angular and have the typical long 

straight fractures. The belite grains ( right ) are rounded 
and have curved fractures. These fractures are caused by 
the contraction of the phases, which are unable to invert to 
a lower temperature polymorph during the rapid cooling of 
the clinker. 

Plate 3h. Works B SRC clinker, H20 etch. 
The alite grains hav~ been highly etched by the water. 

The small unetched areas within the alites are blebs of 
belite. These blebs are remnants of the early formed 
belite grains which have been engulfed by the later alite. 
The alite was then partially remelted. The light-dark 
boundaries represent the solid-liquid interface. 

r 
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only had a few fractures '· In some samples the fractured alites were 

restricted to the outer area of the clinker nodules • 

The smaller alite crystals rarely showed any fracturing • This was 

probably due to the larger alite crystals fracturing and relieving the 

tensional stress in the area. Frequently the alite crystals contained many 

inclusions of belite , ferrite and occasionally freelime • These 

inclusions were 'armoured' by the alite against reaction with the other 

phases .( Plate 3h.) It was generally thought that these belite 

inclusions were remnants of belite which had undergone partial diffusion by 

calcium ions to form alite • However Skalny et al ( 1975 ) showed that 

the inclusions of belite had thin shells of ferrite surrounding them. This 

' armoured ' the belites against further reaction • 

then engulfed by the later forming alite • 

These belites were 

Effects of chemical etching on alite. 

The distilled water etch produced a layer of calcium silicate hydrate 

(CSH) on alite • The thickness of the CSH layer was indicated by the colour 

of the alite in reflected light. The colour varied from a light blue to 

dark blue to brown , the colour was dependent on duration of the etch and 

the reactivity of the alite polymorph. ( Plate 4a. colour ) The alite 

crystals often showed zones after etching due to the varying degree of etch 

anisotropy • These zones were either straight divisions of the crystal 

( Plate 3e. ) or concentric zones ( Plate 3h. ) sometimes parallel to the 

outer boundaries of the crystal. 

The degree of reactivity of the alite to water is related to the number 

of lattice defects in the the individual crystals. The number of 

defects is reduced if the cement clinker is cooled slowly. This is 

because the annealing processes can operate for a longer time. Thus 

rapid cooling produces the most reactive alite. 

The belite and ferrite inclusions within the alite were easily 

identified because they did not etch • 



PLATE ll. 

Colour plates 

Plate 4 a. Works G OPC clinker, H20 etch. 
The alite crystals are angular and have a blue to magenta colour. Some 

of the crystals have irregular boundaries because of the loss of CaO during 
cooling. The outer portion of the crystals have inverted to belite. The 
pale grey rounded grains are belite, which have not been etched by the 
distilled water. Several of the alites have small inclusions of belite • 
The lath shaped phase is tricalcium aluminate in the orthorhombic form. 
This has etched to a pale brown grey. The very pale grey phase between the 
other phases is ferrite which is not etched by the distilled water. 

Plate ~b. \.forks C OPC clinker , Ni tal etch. 
The pseudo-hexangonal alite crystals are predominantly orange with some 

blue to purple fringes. The colours are partially dependent on the 
reactivity of the alite and partially on chemical reactions that occur to 
the etch solution. If there are crystals of freelime exposed on the 
surface, the acidic etch solution is weakened or neutralised and the etched 
layer is thinner. The more reactive alite develops a thicker layer of 
etched surface. The thickness can be estimated by the etching colour. 
The blue to purple layer is thicker than the orange layer. If there are 
patches of blue on alite crystals which are mostly orange, then the 
effects are chemical. If the alite is predominantly blue to purple the 
alite is more reactive to the etch ( as in Plate ll c.) and thus has a 
thicker etched layer. 

The Nital solution strongly etches the belite grains and shows the 
twinning structures.{ left) • The rounded belite grains with only one or 
two twinning planes are Type 1 { 0(. beli te ) • The irregular beli te grains 
with multiple twinning planes are Type 2 ( ~· belite) • Around some of the 
alites there are some secondary belites. ( bottom ). 

Plate ll c. Works G OPC clinker , Nital etch. 
The alite crystals have etched a blue purple colour ( left ). Some of 

the individual crystals show zoning. There are several very small 
inclusions of ferrite and belite in the central areas of the many of the 
grains. There is extensive development of secondary belites around the 
alite. The belite grains have etched to a dark blue-black and no discrete 
lamellae can be indentified. These grains often appear mottled. This 
is type 3 belite {} belite ). Many of these belites show an intergrowth 
texture with the matrix phases • In some cases the belite 'grains' are 
agglomerates of many small crystallites. { centre ). Thus the individual 
crystal size of these belites is extremely small. The tricalcium aluminate 
phase has etched to a very pale brown. The ferrite is not etched. 

Plate ll d. Works A OPC clinker, Nital etch. 
Many of the alite crystals in this clinker are larger or smaller than 

usual. In several examples the clusters of very small alite crystals have 
coelesced to form a large irregular shaped grain.( eg. bottom right ) • 
These grains contain many small inclusions of belite and ferrite. The very 
large pseudo-hexa gonal alite ( centre left ) has a trace of the 
solid-liquid interface formed by the partial melting of the first 
generation alite • The inner zone which remained solid has inclusions of 
belite and matrix , which it engulfed during formation. The outer zone , 
which is the second generation of alite , has no inclusions. This is 
because the original inclusions were remelted. 
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The Nital solution also etched the alite crystals. The colour ranged 

from yellow to orange to purple to blue , depending on the duration of the 

etching time and the reactivity of the alite. ( Plate 4b. and 4c. colour ) 

Dicalcium silicate ,( Ca 2Si04 ) , c2s , Belite. 

The dicalcium silicate phase in portland cement contains several other 

minor oxides and is termed belite • The pale grey crystals were 

generally smaller than the alite , from S to 30 ym , although grains up to 

80 fm were occasionally found • . The belite crystals occurred in several 

forms as individual rounded crystals amongst alite and interstitial 

material. These were etched with Nital and frequently had slightly 

diffuse boundaries with the interstitial phases • The belite occurred as 

loose flocks of rounded crystals with interstitial phases between the 

crystals ( Plate Se. and Se.) or as clusters of closely packed polygonal 

crystals with only traces of the interstitial phase between them and 

usually centered around a void or a large irregular mass of belite • 

These clusters and flocks were frequently surrounded by smaller than 

average alites (Plate 5b. ). Midgley ( 1968) thought that the belite 

clusters centred around voids may have been due to the presence of high 

potassium content flue gases in the voids. 

belite phase • 

The potassium stabilized the 

In many of the clinker samples the belite crystals were characterised 

by a curved fracture around the boundary of the grain • These fractures, 

were probably due to stress which was caused by the shrinkage of the belite 

structure which was unable to transform to a lower temperature polymorph 

due to rapid cooling. Occasionally the cracking around the belite 

grains was restricted to the outer zone of the clinker nodules • 

Small blebs of belite commonly occcurred in alite crystals frequently 

concentrated in the inner regions of the alite crystals • Small belite 

crystals sometimes occurred as a thin skin around the alite crystals or as 

discrete unevenly dispersed blebs around the alite, ( Plate Sg. ). 



Plate 5 
Plate 5a. Works B LHC clinker, H20 etch. . 

The belite grains are filling many of the gaps between the subhedral 
alite crystals. This indicates that these belites were formed after the 
alite. ( Note. There are many fine scratches on the surface of the 
specimens. This was not from the original polishing process • These 
scratches were caused by the removal of the carbon coating after microprobe 
analysis, to allow etching.) 

Plate 5b. Works B SRC with PFA addition clinker, H20 etch. 
The belite cluster ( centre ) has many angular grains and extensive grain 

to grain contact. The dark irregular shaped phase within the belite 
cluster is an aluminate and it has been strongly etched. The belite 
cluster is due to the presence of a siliceous particle in the kiln feed, 
probably flint. 

Plate 5c. \'iorks B LHC clinker, H20 etch. 
The string of rounded grey bellte grains is caused by the penetration of . 

some molten coal ash into the clinker. The liquid coal ash is lime 
deficient and reacts with the alite , which is lime rich, to form belite. 

Plate 5d. Works D OPC clinker, H20 etch. 
The irregular angular dark grey phase between the alite and belite 

crystals is tricalcium aluminate. The aluminate is in the cubic 
polymorph. It is highly reactive with water and has been strongly etched. 
Many of the belite grains have a distinctive intergrowth texture with the 
matrix • This is often associated with a lower viscosity liquid phase 
whhich can be due to the presence of minor elements such as manganese. A 
high bur ning temperature could produce similar effects to a lesser extent. 

Plate Se. Works B SRC with PFA 
The pseudo-hexagoanal alite 

etched by the Nital solution. 
twinning and are classified as 

addition Clinker, Nital etch. 
and the rounded belite crystals have been 
The belites have little or no trace of 

type 1. ( ocbelite). 

Plate Sf. Works C OPC clinker, Nital etch. 
The subhedral alite crystals have less distinctive boundaries than the 

alite crystals in Plate Se. This is because the alite phase is more 
reactive and a thicker etch layer has developed. There is also extensive 
development of secondary belite around the edges of the alite. The 
primary belite phase occurs in two forms: As large rounded grains with 
intergrowths into the matrix and ; as small 2 to 3pm. micro grains within 
the aluminate ( pale grey ) and the ferrite ( white ). 

Plate Sg. Works D OPC clinker, Nital etch. 
The belite crystals have distinctive lamellae twinning in several 

orientations, these are characteristic of type 2 belites ( ~· top belite ~ 
The euhedral alites have inclusions of belite and freelime in the 

central areas of the crystals. Around many of the alites there are borders 
of small secondary belite crystals. There is an abundance of ferrite and 
aluminate. The silicate grains are almost 'floating' in the matrix 

Plate 5h. Works D OPC clinker, Nital etch. 
The different crystals are closely packed together. There are extensive 

areas of belite ( left ). These belites have a mottled appearence and are 
typical of type 3 belite ( p belite ). Many of the belites have an 
intergrowth texture with the matrix phases ( centre ). Most of the alite 
grains have many inclusions in the inner zones. The larger inclusions are 
belite. The very small dust like inclusions within the alite are 

· freelime. 





Occasionally the belite crystals were deformed round the alite 

crystal~. (Plate 5a.). 

The belite crystals frequently had small fine inclusions of freelime. 

At high magnification the belite crystals frequently had an intergrowth 

texture with the interstitial phases • ( Plate 5d. ) The texture 

sometimes developed to such an extent that the belite grains appeared to be 

formed of a series of elongated blebs • ( Plate 5f. ) The belite grains 

·were not usually etched by distilled water , but were highly etched by the 

Nital solution • { Plate 4c. colour ) The etching behaviour of the 

belites was extremely useful to identify some of the belite polymorphs by 

differential etching of the twinning structure of the various polymorphs. 

Twinning in belite crystals. 

The presence or absence of these twinning features was used in a 

classification system by Insley (1936). This consisted of three types: 

Type I. This belite type was present in clinker heated to above 1450 ° C 

and quickly quenched • The grains had complex striations and Insley 

considered the belite to be O(c 2s • 

Type II. This belite type occurred in clinker heated to 1420 °C • The 

grains had a single set of polysynthetic bands. 

T.ype III. These belites were irregularily shaped and frequently showed 

an elongated lath like structure • Insley interpreted this interfingering 

structure as a result of late crystallization during cooling • 

Chromy ( 1967 ) also devised a classification scheme for belites and 

used the following characteristics. . , 
Belite type a had polysynthetic twins of J c2s. 

Belite type b'had intersecting wide lamellae of p c2s and contained 

inclusions • . , 
Beli te type c had complex narrow lamella of oc.' c2s • 
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Later Chromy ( 1970 ) modified and revised his classification system. He 

suggested that the stabilisation of the ~· c2s phase led to the formation 

of rounded untwinned grains with smooth surfaces • Chromy also reported 

that rapid quenching caused an imperfect ~c2s to~· c2s transformation • 

This was identifiable from the lamellae of the~· form in the OlC2S matrix. 

This transformation could proceed to p C2S resulting in fine polysynthetic 

twinning • The presence of optically distinguishable lamellae in 

polysynthetic twinning was characteristic of pc2s • 

Ono et al ( 1968 ) classified the belites as two types : 

Type 1 with rounded grains and complex cross lamellae developed from the 

~to~· c2s inversion' together with minute polysynthetic twinning due to 

the~' top c2s inversion • 

T,ype 2 belites formed as irregular grains with distinct parallel 

striations ( polysynthetic twinning ) • 

The occurrence of the elongated interfingering texture has been 

studied by several researchers • Metzger ( 1953) suggested that the 

interfingering was caused by the faster growth of every second lamella • 

Investigation of several different specimens by the author does not 

support this theory because the lamellae appeared to spread in a radial 

pattern 

Sarkar ( 1977 ) suggested that the structure was caused by partial 

solution rather than crystallization • The differental solution was due 

to varying amounts of impurities in the crystals • This was unlikely as 

the detailed optical examination showed that apparent single belite 

crystals actually consisted of many smaller grains which did not show 

evidence of partial solution • ( Plate 3f. ) The distinct boundaries 

between the micrograins and the matrix were more indicative of crystal 

growth rather than solution • 

Tsuboi and Ogawa ( 1972 ) suggested that the elongate belite lamellae 

, were associated with high MgO levels in cement • They found that ZnO had 
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a similar effect • Since both MgO and ZnO act as mineralizers they 

reduced the viscosity of the melt • . Thus it was likely that the elongated 

lamellae development was due to the lowered viscosity rather than a 

particular element • This supports the theory that the interfingering 

texture was a growth structure rather than a dissolution texture • 

The previous classification systems for the belite polymorphs were not 

directly applicable to belite present in cement from production kilns. 

Therefore in this investigation , the author classified the belite grains 

as follows : 

Belite polymorph classification system. 

Type 1. 

Se. ) • 

These belite grains have an absence of twinning features. ( Plate 

This type was dominantly o<. c2s • ( If there was some 0<. to ~· C2S 

transformation present, traces of twinning were visible ) • 

Type 2. These belite grains have wide distinctive lamellae with two or 

three orientations ( Plate Sg. and 4b. colour ) • This type was 

principally 01..' c2s • ( There may be some <::.(' C2S inversion to J3 C2S ). 

Type 3. These belite grains have many fine indistinct lamellae with 

multiple orientations. The grains often appeared mottled, ( Plate 5h.and 

4c.colour). This type was dominantly J3 CzS • 

This system was similar to the classification used by Dorn (1978),who 

investigated cement from production kilns. 

Tetracalcium alumino-ferrite. ( Ca4A12Fe2o,0 ) , Ct.AF ,Ferrite. 

The major iron bearing constituant in Portland cement is termed 

Ferrite. Generally the formula of this phase is assumed to be ea4 A~ Fe2 OlO 
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which is the mineral Brownmillerite. This is in the solid solution 

series which ranges from 6Ca0 2A~ d3 F~ 03 to 2Ca0 Fe2o3 , ( c6~F - c2F). 

The actual composition of the ferrite phase within cement varies 

considerably within the solid.solution series. The term ferrite is 

generally used to describe phases in this solid solution series. 

The ferrite was readily identified by its highly reflective pale grey 

colour , distinguishing it from the duller and darker grey alites and 

belites • The ferrite usually formed the predominant interstitial 

phase • The interstitial phases represented the melt that was formed in 

the sintering process • Frequently the ferrite formed small irregular 

crystals. ( Plate 6b and 6c. ) In some cements the ferrite developed a 

dendritic structure with calcium aluminates between the ferrite crystals. 

(Plate 6a. ) The ferrite was unaffected by either etch solution • 

Tricalcium aluminate ( Ca3n 2o5 ) , C3 A • 

Tricalcium aluminate is a common component of Ordinary portland 

cement clinker • In a low alkali or slowly cooled cement the c3A 

crystals developed as square or rectangular grains. The c3A occurred 

primarily as small 2 to 5 }lm crystals. ( Plate 10a. ) In normally cooled 

cement with a high alkali content ,the tricalcium aluminate was stabilized 

by the alkalis and occurred as long prismatic crystals between the alite 

and belite • ( Plate 6e. ) The C3A etched very readily in distilled 

water producing a yellow to orange to dark brown colour • The colour of 

the etch was dependent on the duration of etch • The prismatic form was 

more reactive to the distilled water etch than the cubic form • This would 

indicate that the orthorhombic (prismatic) form of CJA had a higher 

reactivity than the other forms. 

Calcium oxide, ( CaO ) or Freelime • 

Freelime always occurred in the Portland cement clinker due to minor 

inhomogenities in the raw mix • If the percentage of freelime exceeded 3S, 



PLATE 6 
Plate 6a. Works B SRC with PFA clinker, H20 etch. 

The ferrite phase which is white and unetched has developed a dendritic 
texture with the aluminate phase, which has etched to give a dark colour. 

Plate 6b. Works B SRC clinker, unetched. 
In this cement the ferrite has formed as fine laths with irregular 

orientations. There are some small angular crystals of aluminate 
probably C12A7 • The large pale grey crystals are alite or belite. 

Plate 6c. Works B SRC with PFA clinker, H20 etch. 
Detail of matrix phases. The ferrite phase is in the dendritic form. 

The fine irregular aluminate is between the dendrites. The small 
rectangular fragments ( centre right ) are alite. 

Plate 6d. Works D OPC clinker, H20 etch. 
The dark amorphous phase between the large crystals ( centre ) is 

alkali sulphate. This phase is very reactive with water. The grey phase 
with a slight striped appeanence ( bottom left ) is tricalcium aluminate in 
the orthorhombic form. There are a few small rounded grains of belite · · 
which have not etched • The diffuse pale patch ( right ) is due to 
internal reflections. 

Plate 6e. Works G OPC clinker, H2o etch. The pale grey laths between the 
darkly etched euhedral alites, are tricalcium aluminate. This is in the 
orthorhombic form and has been stabilized by the substitution of Na. The 
ferrite content in this nodule is very low. 

Plate 6f. Works B SRC clinker, H20 etch. 
The dark grey rectangular crystals are alite. They are small and 

closely packed • This is a characteristic of clinker which has been fired 
at slightly lower temperature than normal. 

Plate 6g. Works G OPC clinker, H20 etch. 
The subhedral alite crystals have a border of secondary belite. The 

matrix is predominantly orthorhombic tricalcium aluminate. This is in the 
form of laths which are zoned longitudinally and have a striped appearence. 
There are some very small periclase grains which are bright spots ( 2 to 
4pm.) with a thin black outline. ( top right ). 

Plate 6h. Works B SRC clinker, H20 etch. 
The euhedral alite crystals have only etched lightly 

zoning which indicates that their reactivity is low. 
small inclusions of belite. The matrix is ferrite with 
aluminate • The irregular black areas are pores. 

and do not show any 
There are some very 
no trace of 

Plate 6i. Works B SRC clinker, unetched. 
This clinker was burnt at lower temperature than normal at about 1450° :c. 

· It was also cooled very slowly. The alite crystals are small and 
poorly developed. The belite grains are pale grey in colour and are 
clustered together. ( area just to left of figure number). They are small 
and contain many voids and inclusions. Due to the.slow cooling the ferrite 
has crystallized as large laths between the alite and belite grains. 
Overall the clinker is extremely porous. The extensive areas of irregular 
dark grey material are holes in the clinker nodule filled with mounting 
resin. · 
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the kiln feed may have been too high in CaO content or there was poor 

burning in the kiln • The incomplete firing in the kiln did not allow 

complete reaction of the CaO with the other components of the clinker. 

In polished sections the crystals of CaO always occurred as spheroidal 

particles in the other major cement phases The free lime always etched 

very rapidly with distilled water , to small black blebs frequently 

clustered together • 

Magnesium oxide , ( MgO ) , Periclase. 

The presence of periclase was dependent on the amount of MgO in the 

kiln feed • In the clinker the MgO often crystallised as small 

rectangular grains in the ferrite , because ferrite was one of the later 

forming minerals • In polished sections, the periclase could be 

identified by the high relief from the flat surface because of its high 

hardness value. The high thermal expansion of the periclase caused a 

narrow fracture around the edge. Thus in reflected light it appeared as 

a bright raised grain with a thin black outline • ( Plate 6g. ) 

Alkali sulphates. 

The alkali ( Na,K,) content of the clinker was distributed either , as 

substitution elements in the alites , belites and ferrites or if the 

alkalis were in excess they occurred as alkali sulphates • In polished 

sections these appeared as very irregular low reflectance minerals • 

The minerals were usually very soft and were scratched due to the 

polishing. Otherwise they appeared very similar to the mounting resin • 

The chemical composition could only be determined by electron microprobe 

analysis ( see Chapter 8 ) • After etching with distilled water the 

alkali sulphates darkened and became uneven (Plate 6d.) due to the phase 

hydrating very rapidly • 

Other alkali phases. 

In some of the cement clinker studied, there were crystals which had 

the characteristics of belite, but were etched by the distilled water • 



Brown (1948 ) thought that this type of belite had the chemical composition 

Nurse ( 1960 ) concluded that this was not a 

distinct compound but a potassium stabilized form of o<.' ~ S • Its X-ray 

pattern differed from p-e2s only in the intensity of some of the lines • 

' In the authors opinion the difference in reactivity to water of the two 

phases is due to the presence of defects in the lattice of the potassium 

rich belite. These defects are caused by the substitution of calcium 

ions ( ca2•: 0.99i ) by the larger potassium ions (K+ = 1.331 ). 

Minor matrix phases • 

The interstitial areas in the cement clinker were often thought to 

contain a "glass" phase • This 11 glass "content of the clinker was always 

very low·. Some workers , notably Insley and' Frechette ( 1952 ) studied 

the refractive index of the " glasses " and found that the refractive index 

was dependent on its composition ; principally the Al2o3 and Fe2o3 

content. The high iron " glass " had a higher refractive index than the 

alumina glass • The " glass " etched with Ni tal. Studies by Hofmanner 

(1975 ) showed that this " glass " was cryptocrystalline and became 

microcrystalline under slow cooling conditions • 

The author supports the latter view that the material refered to as 

''glass" is an aluminate phase with a low, but variable iron content. 

THE MORPHOLOGY OF THE CEMENT MINERALS. 

THE SILICATES 

The most variable features of the alite crystals was the size range and 

the crystal morphology • Several workers have investigated the causes of 

the different features. 

Tsuboi and Ogawa ( 1972 ) found 'that if the clinker had bee; well 

' burnt , the alite grains were well defined euhedral crystals larger than 20~m. 
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An increased burning time and increase in temperature resulted in a 

more uniform distribution of evenly sized alite crystals • 

The size of the raw material grains influenced the size of the alite 

crystals • Large siliceous particles caused clusters of belite crystals 

which were lime deficient areas and conversely in other regions of the 

clinker , there were areas of lime excess , resulting in free lime 

formation. Heilman ( 1952 ) found that 1 ~ of coarse quartz resulted in 

the same free lime production as 6 S excess limestone • 

Dorn (1978) reported that belite formation in the lime poor zones led 

to a lime excess at the edges of the cluster • This caused large alites 

to form in the vicinity • Dorn also found that a highly viscous liquid 

phase due to alkali or sulphate frequently caused large alites • Brown 

(1948) proposed that instant quenching produced straight angular alite and 

rounded belite • Angular belite was produced under moderate cooling 

conditions • Maki and Goto ( 1982 ) found that burning at high 

temperatures caused high supersaturation conditions over large areas of the 

clinker and many nuclei formed. This favoured the formation of small 

alite crystals • At low burning temperature the supersaturation of the 

alite remained low • 

large alite crystals • 

The low nucleation rate favoured the development of 

In the present investigation it was observed that the alite crystal 

morphology produced by different formation conditions did not match with 

the previous descriptions • The author found that around the belite 

clusters , the alite grains were frequently smaller than the belite 

crystals .( Plate 3g. and 5a.) In hard burnt cement clinker with a high 

sulphate and alkali content, The alite size was extremely variable 'from 10 

to 60 pm. , This does not agree with the observations of Dorn ( 1978). 

In clinker that was burnt at a lower temperature than usual ,there 

were extensive areas of very small, 5 to 10pm. long, subhedral alite laths 

and stubby alites up to 60pm. long;·( Plate 6f.) This conflicts with the 

supersaturation and nucleation theory of Maki and Goto ( 1982 ) • 



In well burnt clinker that was slowly cooled, the alite crystals were 

larger, up to 50 pm. and dominantly euhedral • ( Plate 6h. ) In the 

lightly burnt , slowly cooled clinker , the alites were smaller about 20~m. 

and had no fractures • The belite grains were also small about 

10pm. and irregularly shaped with a porous texture. ( Plate 6i. ) The 

ferrites had developed as long discrete laths up to 40 pm. ( Plate 61. ) 

This was not seen in normally cooled cements • In the very rapidly 

quenched cement clinker, the central area of the clinker nodules were 

bright green • This green area consisted almost entirely of irregular 

shaped belite grains with traces of matrix • ( Plate 7c.right ) The green 

colour was due to the iron in the matrix phase being in the ferrous state. 

The dark brown outer region was dominantly alite with some belite. (Plate 

7c .left) The alite grains were small and subhedral.( Plate 7a. ). This 

contrasted with the observations by Brown ( 1948 ) • The differences were 

particularly apparent in the sulphate resisting cement clinkers and the low 

heat cement clinkers • These features were also noticable in the Ordinary 

Portland cement clinkers • 

The morphology of the matrix phases. 

Ferrite. 

The ferrite phase in cement is in the solid solution series c6AF2 to 

This caused the characteristics to vary depending on the 

composition of the phase in the different types of cement • The 

reflectivity of the ferrite was determined by the iron content • High 

reflectivity was due to a high iron content • This was controlled by the 

total iron content of the clinker • The apparent reflectivity of the 

ferrite could be reduced due to the inclusion of crystals of the other 

matrix phases if the crystal size was very small • In the sulphate 

resisting cement and the low heat cement , the ferrite often crystallized 

with a distinct dendritic texture, with the aluminate phase between the 

branches. The ferrite was unetched by distilled water or Nital • 
' 



-eo-

PLATE 7 

Plate 7a. Works B SRC clinker , rapidly quenched. 
The cluster of -irregular shaped large belite grains ( left ),has only 

traces of matrix phases between the grains. The alite crystals are 
smaller than normal and are also closely packed.( right ) Rapidly quenched 
cement clinker often has large areas of matrix defficency. 
Plate 7b. Works D OPC clinker • H2o etch. 

The pale grey rounded belite grains are well dispersed. The grey alite 
grains are subhedral and contain many inclusions of belite. The aluminate 
phase has etched to a dark grey and is irregular in shape. This is typical 
of the cubic polymorph of tricalcium aluminate. 
Plate 7c. Works B SRC clinker, rapidly quenched, H20 etch. 

The massive cluster of angular belite grains { right ) has a very sharp 
boundary against the pack of alite crystals {left ) The belite grains had 
formed a central zone in the clinker nodules and were bright green in 
colour. This large zone of belite indicated that the clinker in this area 
was extremely lime deficient. The matrix in this zone was tricalcium 
aluminate with no ferrite phase detectable. Thus all the matrix etched to 
a dark grey. rhe alite crystals were anhedral and small. The matrix was 
predominantly aluminate with traces of ferrite. In the outer regions of 
the nodules the matrix was mostly ferrite e.g. Plate 7a • Generally 
throughout the nodules there was a deficiency in matrix. 
Plate 7d. Works G OPC clinker, H2o etch. 

The alite crystals are surrounded by small secondary belite grains. The 
long lath like crystals with traces of stripeing are tricalcium aluminate 
in the orthorhombic form. These aluminate crystals have developed after 
the formation of the secondary belite. 
Plate 7e. Works B LHC Trial clinker, H20 etch. 

The euhedral alite crystals contain many inclusions of belite and very 
small particles of freelime. These are concentrated in the central zones 
of the crystals. The alite was very reactive to the water and has been 
strongly etched. The alurninate phase in the matrix is probably c;2 A7 and 
has only etched slightly. 
Plate 7f.Works B SRC clinker. 

This clinker has been burnt at a lower temperature than normal. The 
alite crystals {right) are anhedral and there is a low matrix content. 
The belite crystals clustered around the pore (black) are poorly developed 
and have many very small holes in their structure. This type of belite 
was very susceptible to degradation, due to the p to 1 phase 
transformation. 
Plate 7g. Works B LHC Trial clinker, H20 etch. 

The euhedral alites and rounded belites are surrounded by abundant 
matrix. This principally consists of ferrite in the dendritic form and 
traces of the aluminate phase. 
Plate 7h. Works G OPC clinker, H20 etch. 

The subhedral alite crystals are in a matrix which consists almost 
entirely of tricalcium aluminate. The alite crystals are only slightly 
etched. The aluminate which is in the orthorhombic form has been strongly 
etched. 
Plate 7i. Works B SRC with PFA addition, Nital etch. 

The subhedral alite crystals are closely packed and show traces of 
zoning. The inclusions are principally belite and are only in the central 
areas of the alite. These are the relics of the early forming alite 
polymorph. The later overgrowth does not contain any belite inclusions. 
The belites ( top ) have multiple lamellae which are often indistinct. 
Thus most of the belite is type 3, with a few type 2 grains. Some of the 
large belite inclusions in the alite crystals have etched and show traces 
of twin lamellae. 
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Aluminate. 

The major aluminate phase in the ordinary portland cement was usually 

tricalcium aluminate,C3A • The ~A occurred intergrown with the ferrite 

in one of two forms : either as small angular , often triangular crystals. 

( Plate 7b. ) This was the cubic form • The presence of alkalies or 

MgO at a level greater than 3 wt.% , caused the CJA to form as long lath 

shaped crystals. ( Plate 7d. ) These crystals were of the orthorhombic 

form. Both forms were rapidly etched by distilled water and lightly etched 

by the Nital solution. 

In sulphate resisting cement and low heat cement the formation of ~A 

was suppressed by the addition of extra iron oxide • Under certain 

production conditions an aluminate phase occurred as a very fine indistinct 

phase amongst the ferrite • ( Plate 7e. ) If the alumina content of the 

clinker was slightly higher , a more distinct , small irregularly shaped 

aluminate phase. crystallized amongst the ferrite. ( Plate 7g. ) These 

latter two phases have been termed glass by earlier researchers • However 

the etching behaviour in distilled water was very similar to that of c3A ~ 

THE ORDER OF PHASE FORMATION. 

In the clinker samples investigated there was evidence of several 

episodes of alite formation and belite development in the production cycle. 

After the initial formation of the liquid phase , dominantly Ca , Fe and Al 

, belite crystals started to nucleate • These were usually very irregular 

in shape and contained small voids • ( Plate 7f. ) Then at about 1200°C 

the alite crystals started to form by solid state reaction between cao and 

the belite. These alite crystals frequently engulfed the smaller remnant 

belite crystals and matrix material.- ( Plate 7e. ) With continued heating 

the early alite crystals, which were probably the M1 polymorph , partially 



dissolved in the molten phase • Then after cooling from the sintering 

temperature, a higher temperature polymorph, possibly M2,M3 or R formed as 

an overgrowth on the earlier formed alite. ( Plate 7i. ) This formation 

and remelting process provides an explanation for the frequent occurrence 

of large alite crystals with inclusions of belite and matrix only in the 

inner regions of the crystal. ( Plate 7i. ) Etching clearly shows a 

boundary between the alite with inclusions and the inclusion free alite • 

(Plate 4d. colour ) The zone boundary is probably the solid-liquid 

interface on the remelting of the first formed alite • This process of 

crystallization and remelting provides an explanation of the textures in 

the different phases The later and higher temperature polymorph forms 

were euhedral crystals • They did not have extensive competition for 

space from the belite grains • As cooling continued the belite crystals 

formed quickly and did not have enough time to fully equilibrate • They 

frequently contained very small inclusions of matrix and freelime • These 

belites filled the voids between the existing alites. Often the belite 

grains formed around the alite crystals .( Plate 7g. ) 

Occasionally if there was a lack of. ea or excess of Si, very small blebs 

of belite formed around the edges of the alite crystals .( Plate 4c. 

colour). This was due to the loss of CaO from the alite as the clinker 

cooled. As the cooling continued, the interstitial phases 

differentiated • The concentration of iron in the melt finally resulted 

in the formation of a ferrite phase • The ferrite crystallized as 

irregular shaped laths or as dendritic crystals in between the alite and 

the belite .( Plate 7g.) If there was a sufficiently high alumina 

content in the melt ,discrete angular or prismatic crystals of c3A formed 

amongst the ferrite. ( Plate 7h. ) If the alumina content was low , a 

fine indistinct aluminate phase crystallized between the dendritic ferrite 

crystals. (Plate 7e. ). 

The microscopical properties of the cement clinker minerals are 

summarised in Table 5.1. 



(TABLE5·1) PROPERTIES OF CEMENT MINERALS IN REFLECTED AND TRANSMITTED LIGHT. 

TRICALCIUM 
SILICATE 

CHEMICAL FORMULA ca3SiOs 

ABBREVIATION c 3s 

Hexagonal 
A lite 
Angular 

Colourlesa 

Firat order 
grey 

a c2s 

Hexagonal 
a Belite 
llounded 

Pale yellow 
Slight 

First order 
yellow-red 

CRYSTAL SYSTEM 
CEMENT PHASE 
FORM 
TRI\NS.LtGH'I' 
COLOUR 
PLEOCHROISM 
X-POLAR.LIGHT 
IIITERFEIIENCE 
COLOUR 

REFLECT. LIGHT 
FORM Angular-pseudo llounded 

hexagonal 
COLOUR 
BIREFLEC'!'ANCE 
REFLEC'!'ANCE 

Pale grey Pale grey 

Medi-
USUAL SIZE RANGE Sua to 120ua 
CHEMICAL ETCH 
COLOURS ( Tiae ) 

Medi\1111 
2UIIl to BOwa 

DISTILLED WATER Blue to aaqenta Nil 
( 20 to 30 sec.) to brown 
ALCOHOL (5 •ino) Nil Pale pink 
NITAL Yellow-orange Blue 
( 10 to 15 sec.) purple to blue 
Ol'HER FEATURES Lonqitudinal Absence of 

fractures. May twins after 
show etch zones Nital etch 

DICALCIUM 
SILICATE 

Ca2Si04 

a' c2s 

Orthorhaabic 
a' Belite 
Rounded 

Pale yellow 
Slight 

First order 
yello-red 

Irreqular 
polygonal 
Pale qrey 

Medium 
2wa to BOwa 

Nil 

Pale pink 
Dark blue 

Distinct tvins 
tvo or three 
orientations. 

J1 C2S 

Monoclinic 
B Belite 
Rounded 

Yellow-orange 
Slight 

Second order 
yellow 

Rounded 

Pale grey 
Slight 
Mediwa 
2ua to BOua 

Nil 

Pale pink 
Dark blue 

C:O.plex twins 
are indistinct 
and •ott.led 

TETRA CALCIUM 
ALUM INO-FERRITE 

ca4Al2Fe 2o1o 

C4AF 

TRICALCIUM 
AUJMINATE 

Ca3Al~6 

C3A 

CALCIUM 
OXIDE 
eao 

Orthorhaabic 
Ferrite 
Platey 

Cubic 
Aluminate 
Irregular 

Orthorhombic Cubic 
Aluminate Freelt.e 
Irreqular Rounded 

Red-brown 
Yellow-brown 

Third order 

Irregular or 
dendritic 
White to grey 
Slight 
High 
Variable 

None 

Isotropic 

Irregular 
triangular 
Pale grey 
Pale brown 
Mediua-hiqh 
S~n to 10ua 

Irregular 
oblong 
Pale grey 

Medilllll-high 
s- to lOua 

Nil Green-yellow Yellow-blue 
to blue to brown 

Nil Nil Nil 
Nil slight slight 

None 

Isotropic 

Rounded 

Dark grey 

Lov 
2UIIl to Bua 

Black 

Nil 
Black 

MAGNESIA 
OXIDE 
M gO 

CUbic 
Periclase 
Rounded 

None 

Isotropic 

ALJCALI­
SULPHATES 

(Jt, Na,CaS04) 

Alk.sulphate 
Irregular 

Opaque 

Sub-angular Irreqular 

White 

Very high 
2un to Sua 

Nil 

Nil 
Nil 

Dark grey 

Very low 
Sua to SOum 

Hydrates 
rapidly 
Nil 
Nil 

Part of solid 

solution c2F 
-c6A2F• The low 
iron phase etchs 
slightly in H~ 

Reacts fast Very hard Very soft 
in vater High relief Scratches 

I 
Q) 
w 

I 
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Chapter six. 

DESCRIPTIVE PETROLOGY OF CEMENT CLINKER 

FROM PRODUCTION KILNS AT WORKS A,B,C,D,E,F AND G 

Descriptive petrology of the Sulphate Resisting Cement clinker from Works B 

kiln No.1. 

Source of the raw materials. 

The raw materials used for cement manufacture at Works B were chalk and 

pulverised fuel ash (PFA). The PFA was from coal burning power stations. 

Some high grade materials were used such as silica sand and iron oxide to 

adjust the feed chemistry to the desired alumina and silica ratios. 

Clinker morphology. 

Samples of Sulphate Resisting Cement clinker were collected from number 

one kiln at hourly intervals from 1930 to 0530 • 

The clinker was usually ' hard burnt ' and the irregula~ ly shaped 

nodules had a fine grained smooth outer rim • The central region was 

granular with a high porosity (15 to 20 ~ ). Many of the nodules had 

small 1 islands 1 of brown clinker surrounded by grey green material • 

This indicated that the clinker had been burnt in a reducing atmosphere in 

a section of the kiln • At a later stage , reoxidation occurred in most 

of each nodule • The brown areas were remnants of the reduced clinker. 

Clinker petrology. 

The alite crystals were generally euhedral to subhedral • The size 

ranged from 20 pm. to 140 pm • The dominant size was 60 pm. by 20 pm. 

Most of the alite grains were extensively fractured parallel to the long 
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side of the crystals due to the contraction of the alite on cooling.(Plate 

Sa.) 

The belite crystals were rounded and smaller than the alite crystals • 

In the SR clinker they frequently occurred as large clusters up to 2 mm. 

across • This was caused by the characteristics of the raw materials 

used • The chalk contained flint nodules which had different crushing 

and grinding behaviour compared to the chalk • The flint fragments from 

the crushing plant were larger than the crushed chalk • These flint 

particles were regions of very high silica content in the kiln feed • 

During the firing process , belite was preferentially formed in these 

regions • Occasionally the region was so rich in silica , that the belite 

formed as large irregular shaped grains • Tsuboi and Ogawa ( 1972 ) , 

found similar characteristics in clinker produced from kiln feed with other 

siliceous components. The size of the belite crystals in the clusters 

varied from 5 pm. to 60 pm. , the dominant size was about 30 pm • There 

was extensive fracturing around the boundaries of the belite grains due to 

contraction of the crystals on cooling • (Plate 8g.) There were 

occasional belite grains as inclusions in the large alite crystals • 

Frequently very small blebs of secondary belite were surrounded by alite • 

The primary belites were principally type 3 with some type 2 • 

The matrix between the alite and belite consisted almost entirely of 

high reflectivity ferrite • At the edges of the nodules in the fine 

grained rim , an irregular shaped phase was intergrown with the ferrite. 

(Plate 8b. ) 

aluminate 

This phase was thought by the author to be a calcium 

because it was rapidly etched by distilled water •. 

Several of the clinker samples ,notably K1 2030 to K1 2230 had different 

features • The clinker nodules were small and dusty • The alite 

crystals were euhedral to anhedral and very small , the dominant grain size 

was about 10pm • Frequently groups of these small crystals appeared to 

be coalescing to form larger alite crystals (Plate 8d. ) A few large 
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PLATE 8 
Plate 8a ~forks B SRC clinker, K1 0430,1 unetched. 

The alite crystals were very variable in size. The 
usually had fractures parallel to the longest sides. 
alite grains did not have fractures. 

Plate 8b. Works B SRC clinker, K1 2330, H20 etch. 

larger crystals 
Many of the smaller 

After etching the clinker with H20, the aluminate phase etchs strongly 
and appears as irregular angular crystals. This aluminate frequently only 
occurred in the outer parts of the clinker nodules. 

Plate Be. Works B SRC clinker, K1 0130, H20 etch. 
This clinker was 'hard burnt' , it was fired at a higher temperature 

than required. This allowed a longer crystallization period for the phases. 
The alite crystals are euhedral and the aluminate grains are larger than 
the aluminate in Plate 8b. There is greater definition between the ferrite 
and the aluminate phase. 

Plate 8d. Works B SRC clinker, K1 2230, unetched. 
This clinker was 'under burnt' , the temperature was slightly lower than 

usual. The alite crystals were extremely variable , from very large 90~m 
(bottom centre ) to small poorly formed alites in a cluster. (centre left) 

Plate Be. Works B SRC clinker, K3 0130 , unetched. 
The belite grains are clustered around a void ( centre ). They are very 

angular and irregular in shape. These clusters of belite are often caused 
by a fragment of siliceous material in the kiln feed. This produces an 
area of lime deficiency in whi~h the belite forms. Adjacent to the belite 
cluster there are clusters of very small anhedral alite crystals. 

Plate 8f. Works B SRC clinker with PFA kiln addition, H20 etch. 
The shape of the clusters of belite ( pale grey ) frequently indicate 

the origin of the siliceous fragment. The elongate clusters ( this Platel 
with distinct corners are often derived from flint or chert fragments 

which occur in the calcareous feedstock. The rounded clusters ( Plate 8el 
can be relicts from quartz sand grains. These may be from the 

lithologies worked for the feed or from silica sand added in the blending 
process to achieve the correct Silica Ratio. If the belite grains occur 
as a long thin streamer in the clinker ( Plate 5c ) , the probable source 
is the coal ash from the kiln. If PFA is added to the kiln it has an 
effect similar to a high ash coal. 

Plate 8g. Works B SRC clinker, Kl 0230, unetched. 
The belite grains are bounded by circular fractures, which are due to 

the contraction of the grains during the cooling process. 

Plate 8h. Works B SRC clinker with PFA kiln addition, Nital etch. 
The alite crystals are euhedral and in several areas they are 

coalescing to form large subhedral grains. The belite grains are variable 
in size and generally rounded in shape. These belite grains are dominantly 
type 3 with some type 2 grains. The aluminate portion of the matrix has 
etched very slightly and is distinguishable from the unetched white 
ferrite. 





alite crystals were about 150 pm, showed extensive fracturing • The 

belite grains were similar to the belite in the previous samples • The 

matrix however was different; there was more of the dendritic aluminate 

phase throughout the nodules • 

These latter samples of clinker were the products of either , a low 

burning temperature in the kiln , a short residence time in the burning 

zone , or a combination of both • The alite , belite and ferrite phases 

were further from the state of equilibrium than the phases in the correctly 

burnt clinker • Many of these samples deteriorated , desp~te storage in a 

dessicator • This was probably due to the inversion of p belite to I. 

belite which involved a volume increase of about 12 J • 

Influence of kiln conditions on the clinker, 

The Sulphate Resisting Cement from number 3 kiln had different 

production conditions to the clinker from kiln number1. 

The fine dust produced by all the kilns at WOrks B was collected from 

the exhaust gases by cyclones and mixed with water to form a slurry • 

This was fed through a spray drier and injected into kiln 3 with the 

normal slurry The dust from the kilns was high in alkalis and produced 

a cement with high alkali and sulphur content • The input of the exhaust 

dust was not constant • The return dust system was usually switched in or 

out every two or three hours • Thus the alkali and sulphur content of the 

clinker varied • The normal slurry feed system was · also a cause of 

variation to the feed for kiln 3 • The slurry was pumped from the stirred 

storage ponds to the kilns • Since kiln 3 was the furthest from the 

storage tank , slight separation occurred with the larger and heavier 

particles • Thus the sand and flint particles and the 'pyrites' dust 

tended to separate from the kiln feed • Therefore the reed to the kiln 3 

was lower in SiC2 and Fe20J than the slurry to kiln 1 • 
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Clinker morphology. 

The clinker nodules from kiln 3 were more variable than kiln 1 • The 
I 

size of the clinker nodules was smaller and the clinker was more dusty • 

The outer surface of the nodules had a rough texture • 

Clinker petrology. 

The alite crystals were on average smaller than those from kiln 1 • 

\ They were very ac {cular and the dominant size was about 20 pm. by 7 pm. 

There were only a few large stubby crystals 70 Jlm. by 50 pm. These large 

crystals usually contained some belite inclusions , but the small alites 

did not • The boundaries were sharp and there was very little fracturing. 

Some of the clinker samples K3 2030 to K3 2230 were characterised by 

large areas of small anhedral poorly formed alite. ( These clinker samples 

suffered the same deterioration after a few months as those from kiln 

number 1 ) • 

The belite crystals were rounded and had a variable size range from 5fm 

to 60 pm • The dominant size was 25 pm • These belites generally 

occurred as very large clusters due to the coarse silica feed • There was 

some slight fracturing along the edges of the grains • The boundary 

between the belite crystals and the matrix was frequently irregular , 

possibily due to corrosion of the belite phase by the matrix • After 

etching with Nital the belite grains were mostly type 3 ( y ) with some 

type 2 (o<'to J transformation ) • 

The matrix was principally ferrite • The matrix of the larger nodule 

clinker samples was usually highly reflective with only a few traces of 

dendritic aluminate phase at the edges of the nodules • In the smaller 

nodule clinker , the dendritic aluminate was much more prevalent , 

especially in the outer zone of the nodules .(Plate 8c. ) This was because 

the entire nodule could be quenched very rapidly. This denditic phase 

closely resembled the phase which Insley and Frechette ( 1952 ) referred to 

as a dark interstitial glass • 



-89'-

The presence of the high sulphate and alkalis levels in the kiln led 

to the formation of alkali sulphate phases. These were small irregular 

shaped grains with low reflectivity • 

Descripive petrology of Sulphate Resisting Cement with pulverised fuel ash 

addition from Works B. 

In June 1980 a short trial was carried out to reduce the Lime 

Saturation factor ( L S F ) on kiln 3 at Works B by adding Pulverised fuel 

ash ( P FA ). The P F A was fed into number 3 kiln via the dust return 

system. The kiln dust return had an L S F varying from 130 to 180 • 

This high L S F caused a high freelime content in the clinker from the 

kiln. The P F A was lime det .'icient and the addition of the ash to the 

du~t return would tend to counteract the high L S F of the recycled dust • 

The P F A was introduced into the return dust feed at half a tonne per 

hour. Samples of clinker output were taken at hourly intervals • 

Clinker morphology, PF 0730 sample. 

This was the first clinker sample taken with the PFA addition • 

The nodules varied from about 30 mm. to dust , the dominant size was about 

10 mm. The nodules were rounded with a rough surface. 

Clinker petrology. 

The subhedral alite grains were usually long and thin , 60 pm by 15~m. 

The larger alites contained many belite inclusions in the inner 

zone • Some of the nodules had a few patches of very small euhedral 

ali tes , 10 pm to 15 pm The belite grains were rounded and occurred 

either as small groups of 5 to 10 grains , or as very large clusters , the 

relics of siliceous fragments (Plate Be.) • The dominant grain size was 

between 20 and 30 ym . The belite was principally type 3 with some type 2 

grains present 
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The ferrite was highly reflective with only traces of the fine 

aluminate phase in the outer zone of the nodules • 

Clinker morphology, PF 1130 sample. 

As the trial proceeded the PFA addition significantly reduced the 

clinker LSF from 101 to 95 • The clinker sample at 1130 was extremely 

hard burnt and consisted of very large rounded nodules and some dust. 

Clinker petrology. 

Many of the alite grains were very large , 150 ym . Generally however 

the size was between 50 to 60 pm • The distilled water etch showed a 

zonation in many of the alite grains • The inner zone was etched to a 

darker colour • The author noticed that the amount of etching was 

partially dependant on the calcium content of the alite • the low calcium 

content alites had a paler etching colour • Since the PFA was lime 

deficient, the clinker LSF was reduced and this favoured the formation of 

belite • Thus the later forming alite had less CaO available. 

The individual belite crystals were between. 25 to 35 pm. and occurred 

in very large clusters up to 1 mm. across , or as long streamers upto 0.5 

mm. long (Plate 8f.) • The strings of belite were probably caused by the 

molten PFA penetrating the clinker along cracks in the nodules • The 

molten PFA reacted with the alite phase and formed bel1te • After etching 

with Nital the belite grains were identified as type 1 (o<too<') belite , 

the high temperature polymorph of belite. Most of the belites were type 2 

belite, with some type 3 • (Plate 8h.) 

There was extensive matrix crystallisation and the aluminate phase 

appeared very distinctively against the ferrite, after etching with 

distilled water. ( Plate 9a. ). The crystallisation of the aluminate 

phase was due to the extreme hard burning of the clinker • This increased 

the duration of time in which the matrix phases could equilibrate and 

crystallize • 



Clinker morphology PF 1530 to 1830 sample. 

The clinker samples collected were not as hard burnt as the 1130 

sample. The nodules were variable , the size ranged from 100 mm. to dust. 

The predominant size was 20 to 30 mm. The nodules were rounded with 

a very rough surface, The porosity of the nodule was about 10 % which was 

lower than previous samples • The clinker nodules broke easily and the 

dusting increased after a short period of dry storage , probably due to the 
' 

p to l inversion of the belite • 

Clinker petrology. 

The alite crystals were smaller, 20 to 60 ym., than the previous 

samples • Some nodules had areas of small , 10 to 15 pm., long euhedral 

alite crystals with v.ery few longtitudinal cracks. 

The belite crystals 15 to 40 pm. , generally occurred as very large 

clusters up to 0.5 mm. across and in thin strings • The belite was mostly 

type 3 with some type 2 • There were frequent belite inclusions in the 

larger alite grains • Occasionally in some nodules , the action of the 

molten P F A on alite crystals partially changed the alite grains to 

belite. 

The matrix in the inner zone of the nodule was highly reflective 

ferrite with no aluminate phase • In the outer zone of the nodule a few 

traces of the irregular dendritic aluminate phase were visible • There 

were several small clusters of freelime , which etched black with distilled 

water • 

Clinker morphlogy PF 2030 to 2130 sample. 

The final sample was collected after PFA addition had ceased o The 

clinker was under burnt and was a pale grey colour • The nodules were 

very friable o The clinker nodules were small from about 30mm to dust and 

the surface was extremely rough • 



-g~ 

Clinker petrology. 

The alite crystals were variable in size from 5 pm. to 50 pm. and most 

of the grains were either 5 or 50 ym • The small crystals were euhedral 

and tended to occur in clusters (Plate 9b.) • 

fractures and a few small belite inclusions • 

The larger alites had a few 

The belite crystals frequently occurred as large clusters up to 0.5 mm. 

across. The individual grain sizes varied from 4 to 30 ym. They were 

usually rounded , but some had a more angular outline • 

dominantly type 3 , with a small amount of type 2. 

The belite was 

The matrix was high reflectivity ferrite in the centre of nodules with 

only a trace of the irregular shaped aluminate phase in the outer zone • 

The porosity was high 15$ to 20$. The nodules deteriorated very quickly 

and disintergrated into dust • 
\ 

The effect of PFA addition on the Sulphate Resisting Cement clinker. 

The duration of the trial was limited and did not allow the kiln 

conditions to stabilize The PFA did reduce the high LSF in kiln 3, but 

it caused a significant increase in belite content • In the hard burnt 

clinker, the matrix crystallisation led to the formation of aluminate which 

would be unacceptable in Sulphate Resisting Cement. 

The addition of PFA was similar to using a high ash coal • However 

the benefits were that the unburnt coal in the PFA reduced the quantity of 

fuel that was normally required and the clinker was easier to burn • 

The PFA addition increased the tonnage of clinker produced by about 80 

tonnes per week, ( providing the PFA was added at 0.5 tonnes per hour , 

excluding water content , and assuming a 4 % loss on ignition for the PFA). 

The compressive strength of the cement produced during the actual PFA 

addition was very similar to the normal production SRC • The exceptions 

were that the initial and final sets were later and the slump was greater • 



The crystallisation of the aluminate phases could have been lessened by 

rapid quenching and burning at a lower temperature • 

Recommendations for the utilisation of PFA to control clinker chemistry. 

To reduce the high belite content of the clinker and the large belite 

crystals, the quantity of PFA addition should be restricted to 0.25 

tonnes/hour • This would produce a cement of consistant quality , with 

the requisite lower LSF • 

Descriptive petrology of the Low Heat cement clinker production trial at 

Works B. 

In August 1980 a test run was made ; 

to produce low heat cement • This used the Sulphate Resisting Cement kiln 

feed with P F A and iron oxide additions. The test was run from 0930 to 

1400 , the P F A was added at 0.30 tonne per hour and the iron oxide at 

0.36 tonne per hour , ( the moisture loss on the iron oxide was 16.7 S , 

thus the actual rate of iron oxide addition was 0.3 tonne per hour ) • 

Clinker morpholgy. LH 0900 sample. 

The sample was collected before the PFA and iron oxide addition • 

The nodules were extremely variable in size from very coarse 80 mm to the 

smaller sizes from 20 mm to 1 mm • The nodules were rounded with a 

slightly uneven surface texture. The nodules were frequently very porous 

about 15S void volume. 

Clinker petrology 

The alite crystals were very variable with large subhedral crystals 

100 rm and very small euhedral crystals 5 pm • The dominant size was 

small about 30 pm • There was only a few fractures in the large alites. 



The rounded belite crystals were between 5 ym and 30 ym , they often 

occurred in clusters about 100 to 200 pm across , due to the presence of 

large siliceous particles in the kiln feed. The belite crystals were 

mostly type 3. 

The matrix was extremely variable in some nodules The ferrite 

was relatively bright with only traces of any aluminate phases except in 

the very outer zone of the nodules (Plate 9d.) • 

patches of free lime. 

Clinker morphology LH 1200 sample. 

There were often 

The clinker sample at taken at 1200 hours was col+ected during the 

addition of the trial kiln feed • The clinker was hard burnt and the 

surface of the nodule was glassy • The nodules were about 20 mm with some 

fine dust • The core of the nodule was a brown-orange colour rather than 

the usual dark green-grey • This was indicative of reducing conditions 

having prevailed in the burning zone of the kiln • 

Clinker petrology. 

The alite crystals had a very wide size range from small euhedral 

crystals of 10 ~m to the anhedral crystals of 100 pm • The dominant size 

was between 20 to 25 ym • The boundaries of the crystals were sharp with 

no interaction visible between the alite and the matrix phases. 

The belite grains ranged in size from 5 to 35 ~m • These were either 

in loosely packed flocks of rounded grains or tightly packed clusters of 

angular crystals. (Plate 9e.) Generally the nodules were very 

heterogeneous. Some of the belite grains had an intergrowth texture with 

the matrix phases • The belite crystals were dominantly type 3 • 

The matrix in the brown-orange areas of the nodules was a bright 

ferrite • However the matrix in dark green-grey areas was ferrite with 

abundant aluminate development .(Plate 9c ). 

and no significant freelime was visible • 

The porosity was about 13 % 
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PLATE 9 
Plate 9a. Works B SRC clinker with PFA addition, H20 etch • 

Many of the pale grey belite inclusions in the alite crystals show 
evidence of partial dissolution and replacement by alite. ( top right ) 
The belite grain in the centre is a later generation than the inclusions • 
This grain is deformed around a euhedral alite • There is extensive 
development of aluminate phase within the matrix • This was due to hard 
burning of the clinker. 

Plate 9b. Works B SRC clinker with PFA ,unetched. 
The alite crystals in the centre are smaller than usual and there is 

extensive grain to grain contact. In this clinker the small crystals have· 
remained discrete and have not coalesced. There are normal sized alites on 
the left. 

Plate 9c. Works B LHC Trial clinker, H20 etch • 
The ferrite phase is in the form of distinct 

aluminate phase fills the interstitial areas. 
~lite are caused by internal reflections. 

Plate 9d. Works B LHC Trial clinker, unetched. 

laths • The pale grey 
The bright patches in the 

The crystallization of the aluminate phase in this clinker was very 
localized. ( left ) It usually only occurred in the outer areas of the 
nodules • There is little or no alurninate detectable in the matrix on the 
right. 

Plate 9e. Works B LHC Trial clinker, H20 etch. 
The overall grain size of all clinker minerals is small. The belite 

clusters are closely packed with rounded or subangular grains. The 
adjacent alite crystals have extensive grain to grain contact. The matrix 
content in this clinker is low • 

Plate 9f. Works B LHC Trial clinker, H20 etch. 
This clinker has been 'hard burned' and because of this has a higher 

matrix content. The elite crystals are substantially larger and 
euhedral. One of the large alites crystals ( middle left ) has an 
embayment of matrix. This was caused by several smaller alites coalescing 
to form a large crystal. 

Plate 9g. Works A OPC clinker, Nital etch. 
There is a very wide size range between the large ameoba-like alite 

grains and the small euhedral alites. The large grains have been formed 
by the coalescing of many of the small grains. These large alite grains 
contain several inclusions of ferrite or belite. Only the small alite 
crystals show any trace of zoning. 

Plate 9h. Works A OPC clinker, Nital etch. 
The large ameoba-like alites ( left ) with inclusions and embayments of 

matrix are accompanied by the more common subhedral alite crystals. 
(centre ) The cluster of belite grains ( right ) show extensive 
intergrowth texture and are mostly type 3 • Many of the irregular shaped 
crystals appear to be made up of micro grains. This preponderence of small 
grains of belite and alite is indicative of a high nucleation rate in the 
clinker. This produces a reactive clinker which usually has good 
compressive strengths. 
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Clinker morphlogy LH 1330 sample. 

The clinker sample was hard burnt • These.nodules were rounded and 

rough textured • The size varied from 100 mm to 1 mm and the dominant 

size was about 40 mm. Most of the nodules were grey-green and the outer 

surface was glassy. The inner zone was coarser and frequently 

orange-brown in colour because of reducing conditions in the burning zone. 

The porosity was low 1 about 8 % • 

Clinker petrology. 

The alite crystals varied from 10 pm to 90 pm . The dominant size was 

30 to 40 ~m • The larger crystals were always cracked and contained 

small belite blebs • 

The belite crystals occurred in large tightly packed clusters or 

loosely arranged flocks • The size of the crystals ranged from 5 to 30 ym., 
the dominant size was about 25 pm . After etching with Nital 

solution most of the belites had a mottled appearance 1 typical of type 3 

belite. However some had the distinctive lamellae of type 2 • 

The matrix had similar characteristics to the 1200 sample • The 

brown-orange clinker had bright ferrite whilst the grey-green clinker had 

ferrite with a very fine 'feathery' formed aluminate phase 

intercrystallised • There were only a few traces of freelime visible • 

Clinker morphlogy LH 1600 sample. 

This was the last clinker sample was collected from the trial. 

Overall it was hard burnt • The nodule size varied from 150 mm to 1 mm, 

.the dominant size was about 40 mm. Most of the nodules were grey-green 

with only very small areas of brown-orange material. The porosity was 

about 10 J. 
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Clinker petrology. 

The alite crystals ranged from 10 pm to 100 pm The dominant size 

was about 50 pm and the crystals were euhedral • (Plate 9f. ) There was 

more alite in this sample than in the previous samples • 

The belite grains commonly occurred in small clusters frequently 

centered around voids • The size of these individual belite crytals 

varied from 10 to 60 pm , the dominant size was about 40 pm . The belite 

grains were mostly type 3 • The size of the clusters was between 50 to 

120 pm. , smaller.than in the previous samples • 

The matrix was dominantly ferrite with only traces of the aluminate 

phases • 

The PFA and oxide addition had ceased two hours before the last sample 

was collected • Thus the·effects of the addition had diminished and the 

clinker was very similar to the , sulphate resisting clinker • The alite 

content had increased and the belite content had decreased. The very large 

belite clusters were very rare • Generally the belite occurred in small 

clusters of 20 to 30 grains • The amount of reduction which had occurred 

to this clinker was low when compared with the preceeding samples • There 

was less fine alum1nate phase than in the normal SRC clinker • 
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Descriptive petrology of the Ordinary Portland Cement clinker from Works A. 

Source of raw materials. 

The raw materials of limestone and shale , for the Works A are quarried 

from Carboniferous sedimentary rocks • The occurrence of dolomitic zones 

within the limestone caused variations in the MgO content of the kiln 

feed. To overcome this problem the limestone was analysed regularily to 

prevent the incorporation of any high MgO content limestone into the semi 

dry process kiln. 

Clinker morphology Works A, OPC. 

The size of the clinker nodules supplied varied from about 50 mm to 20~. 

The dominant size was about 35 mm. The nodules were dark 

green-~rey with a brown-orange core • 

very rough surface • 

The nodules were rounded and had a 

Clinker petrology. 

The smaller , 10 to 30 fm• alite grains were subhedral • There were 

occasional clusters of very small , 5 to 10 ym. euhedral alites which 

often appeared to be coelessing to form larger alite crystals • The large 

100 pm. alite crystals were frequently irregular in shape , with inclusions 

of matrix phases and belite. (Plate 9g.). These large alite crystals 

generally occurred in the brown-orange clinker • The small subhedral and 

euhedral crystals were typical of the normal grey-green clinker • The 

alite in the brown zone produced a paler etch colour with distilled water , 

than the alite in the dark green clinker zone • The author found that the 

overall difference in etch colour was frequently indicative of the 
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reactivity of the mineral phase • The darker the etch colour of a 

distilled water etch , over a fixed duration of time , the greater the 

reactivity of the mineral with water • This indicated that the alite in . 
' the dark green clinker produced in oxidising conditions , was more 

reactive than the alite in the brown-orange clinker produced in reducing 

conditions • Many of the large alite crystals were. fractured • 

In the green-black clinker , the belite crystals were between 5 and 40~m. 

These occurred as individual grains or small flocks of ten to twenty 

grains • The flocks of belite were caused by siliceous fragments possibly 

from sandstone horizons which occurred in the limestone. There were two 

types of belite distinguishable after etching with Nital • The type 2 

belite grains had sharp outlines and two or three sets of·lamellae. The 

type 3 belite grains frequently had an irregular boundary with an elongated 

intergrowth texture with the matrix. (Plate 9h. ) These belite grains had 

a mottled appearance with no visible lamallae. In the brown-orange 

clinker there was only a few rounded primary belite crystals type 3 • 

However there was extensive secondary belite phase development around most 

alite grains in the form of small blebs • At high magnification the alite 

crystal boundaries appeared to be corroded by the secondary belite 

development. 

The matrix was pale grey rather than the highly reflective ferrite 

found in Sulphate Resisting cement clinker • This was due to the lower 

iron content in the ferrite and the presence of tricalcium aluminate • 

The cubic tricalcium aluminate occurred as very small 5 to 15 ym. angular 

crystals • After etching with distilled water the tricalcium aluminate 

developed a green-yellow etch layer. 

Descriptive petrology of the Ordinary Portland Cement clinker from Works c. 

Source of raw materials. 

Works C produces cement by the dry process • The raw materials were 
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Carbonifereous limestone and shale. The limestone quarry is transected 

by many mineral veins containing fluorite , calcite , galena and 

sphalerite. The presence of fluorspar ( CaF2 ) or sphalerite ( ZnS ) in 

small quantities generally acts as a mineraliser and facilitates clinker 

production at a lower temperature • Welch and Gutt ( 1960 ) have shown 

that a fluorine level above 0.74~ , reduces the compressive strength. 

Thus the fluorine not only acts as a mineraliser but it induces changes in 

the alite which reduces its hydraulicity • Therefore the fluorine level 

in the limestone had to be monitered and if a high fluorine level was 

detected, the limestone was rejected. Variation in the silica content 

of the shale was balanced by working two shales alternatively and 

blending the material to produce a suitable shale feed • 
I 

Clinker morphology Works C OPC. 

The cement clinker was rounded and had a rough surface texture • The 

nodules were almost totally dark grey-green clinker with only slight 

traces of brown-orange clinker • The overall porosity of the clinker was 

about 10 I • 

Clinker petrology. 

The alite crystals were generally small , 5 to 30 pm and were 

euhedral to subhedral • The subhedral grains often had many inclusions of 

belite and matrix phases • In the brown orange clinker many of the 

alite crystals had been corroded by belite , (Plate 10b.) which had formed 

around the pre-existing alite • Generally the alite grains had only 

slight fracturing because they were small • 

The belite crystals were between 5 to 30 ym , rounded and occurred in 

small flocks • The individual grain size was small • In the grey-green 

clinker the belites were dominantly type 2 • Some of the large belites 

had ~n untwinned zone in the centre of the crystal , possibly type 1 

belite, the high temperature a belite polymorph. (Plate 10f.) In the 

brown-orange clinker the belite crystals often had an intergrowth texture 



PLATE 10 

Plate 10a. Works A OPC reduced clinker nodule, H20 etch. 
The alite crystals are subhedral and often have irregular boundaries. 

The alite grains are only slightly etched. This indicates that these 
alite crystals have a low reactivity with water. The belite crystals 
(centre ) are extremely irregular. The tricalcium aluminate phase has 
crystallized as large, very irregular crystals , typical of the cubic form. 
These crystals have etched to a dark grey. 

Plate 10b. Works C OPC clinker , H20 etch. 
The alite crystals have etched normally. Many of the crystals contain 

small inclusions of belite. The primary belites are unetched ( centre ). 
In several areas the alite crystals have a corroded contact with belite. 
This is caused by the removal of CaO from the alite. 

Plate 10c. Works C OPC clinker H20 etch. 
The alite crystals are euhedral and have sharp boundaries with the 

matrix phase. The contacts with the belite grains are extremely 
irregular. The tricalcium aluminate crystals are in the cubic form and are 
well distributed throughout the interstitial areas. 

Plate 10d. Works D OPC clinker H20 etch. The pale grey belite crystals 
(left and centre) show an intergrowth texture with the ferrite and 
especially with the alite. Several of the alite crystals are surrounded 
by small secondary belite grains. The tricalcium aluminate phase has 
etched to a dark grey and is very irregular. 

Plate 10e. Works D OPC clinker from reduced zone, Nital etch. 
The large alite crystals are very irregular with inclusions of belite and 

ferrite. The fine dark speckling in the alite is very small inclusions of 
freelime. The belite grains are very irregular. Many of the apparent 
grains are clusters of very small grains of belite. The very pale faint 
grey phase in the interstitial areas is tricalcium aluminate in the cubic 
form. 

Plate 10f. Works C OPC clinker, Nital etch, 
The belite crystals ( centre ) have distinct lamellae , typical of type 

2 belite • Some of the belites have no lamellae in the central zones of the 
grain. These are type 1 belite , the high temperature A form , with a 
border of type 2. Many of the euhedral alite crystals are surrounded by 
very small secondary belite grains. 

Plate 10h. Works D OPC clinker from the oxidising zone, Nital etch. 
This clinker contrasts with the cement in Plate 10e. which was from a 

reduced clinker. The alite crystals are euhedral and have distinct zones 
of inclusions. There are small secondary belite grains surrounding most 
of the alite crystals, which do not show corrosion. The belite grains 
have distinct lamellae and are type 2 belite. Only a few of the belite 
grains show any intergrowth textures • This contrasts sharply with the 
clinker from the reduced nodule. There is a high matrix content and the 
calcium silicate grains are 'floating' in the ferrite. 

Plate lOg. Works E OPC clinker, H20 etch. 
The matrix is comprised mostly of small irregular aluminate crystals in 

the cubic form. The ferrite content is low. The alite crystals are 
subhedral and closely packed • Many of the crystals have contacts with 
extensive corrosion. Some of the alite has been replaced by belite. The 
principal belite grains are in a tight cluster • This is indicative of 
large siliceous particles in the kiln feed. 
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with the interstitial ph~ses. The belites were dominantly type 3 • 

Frequently there were small secondary belite'blebs forming around the 

alite grains • 

The matrix phases were more easily identified after etching with 

distilled water • The ferrite was unaltered , but the tricalcium 

aluminate crystals etched a yellow-green colour • The crystals were small 

and angular.· (Plate 10c.) 

was in the cubic form. 

This indicated that the tricalcium aluminate 

Descriptive petrology of Ordinary Portland Cement clinker from Works D. 

Source of the raw materials. 

Cement Works D produced cement by the wet process • The raw materials 

used were chalk and clay • The wet process was used because of the ease of 

transporting the clay by pipeline and the relative ease of removing the 

flint from the chalk by screens after wet milling • If the flints were 

not removed the fragments caused high silica concentrations in the clinker. 

Clinker morphology, Works D OPC. 

The cement clinker was rounded and had a coarse textured surface • 

About 15 J of each nodule was brown-orange clinker in the central area • 

The remainder of each nodule was grey-green. 

clinker was about 12 ~ • 

Clinker petrology. 

The overall porosity of the 

The alite crystals varied in size from 5 pm to 50 pm • The crystals 

were euhedral to subhedral • The larger alites contained many small 

inclusions of belite and matrix phases • In the brown-orange clinker many 

of the alite crystals were larger and had been corroded at the ends. (Plate ' 

10d.). 
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The rounded belite crystals , 10 to 40 pm. , were well distributed 

with only a few large clusters • In the brown-orange clinker , the 

belite grains were dominantly type 3 and had intergrown with the matrix 

phases. (Plate 10e.) In the grey-green clinker the belite grains were 

principally type 2 with some type 3 grains. (Plate 10h.) •. 

The matrix phases in the grey-green clinker were very abundant and the 

calcium silicates were 'floating' in the matrix. The tricalcium 

aluminate crystals were lath shaped , characteristic of the orthorhombic 

form • The ferrite was unaffected by the etch solution • In the 

brown-orange clinker there was less matrix phase and the tricalcium 

aluminate was more angular and irregular, typical of the cubic form. 

Descriptive petrology of the Ordinary Portland Cement clinker from Works E. 

Source of the raw materials. 

Cement Works E used limestone and phyllite to produce cement by the 

dry process. There is a high potassium level in the phyllite and the 

limestone feed has a high magnesia content. Therefore the feed has to be 

monitored to prevent excessively high levels of MgO and K20 from being 

included in the kiln feed because these elements cause substantial loss in 

the compressive strength and durabilty of cement. 

Clinker morphology, Works E. 

The cement clinker was generally rounded and had an uneven surface 

texture • There were several fragments of refractory brick included with 

the clinker • The nodules were usually about 60 S grey-black clinker , 

the remainder was orange or brown-orange • 

Clinker petrology. 

The alite crystals were generally small , 5 to 40 pm , euhedral to r 

subhedral • The alite grains in the brown-orange clinker had belite 

..... 
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inclusions and often a well developed fringe of secondary belite grains 

around the edges • These alite crystals usually had corroded boundaries. 

(Plate 10g.) 

The beli te crystals occurred as rounded grains ranging from 5 rm to 30fm .. 

The belite was frequently present as small flocks • In the 

grey-green clinker large closely packed clusters were common • After 

etching with Nital solution, the primary belites were identified as type 3. 

The large belite inclusions in the alite crystals had widely spaced 

lamallae and were typical of type 2 belite. 

The matrix phases were very indistinct until the sample had been 

etched with distilled water • In the brown-orange and pale orange 

clinker, the tricalcium aluminate etched to a green-yellow colour and 

appeared lath shaped ( orthorhombic ) • There was also another calcium 

aluminate phase which was very angular and etched to a dark blue • There · 

was only a few small areas of ferrite detectable in the matrix • In the 

dark green clinker the angular crystals of tricalcium aluminate etched to 

a yellow-green • The ferrite was unaffected by either etch solution. 

Descriptive petrology of White Portland Cement clinker from Works F • 

Source of the raw materials. 

Works F produced a white cement for decorative purposes • The raw 

materials were chalk and china clay • The cement was produced by a wet 

process with a reducing atmosphere in an oilfired kiln • 

Clinker morphology, Works F. 

The cement clinker was white and rounded with a smooth fine grained 

surface texture • The porosity of the clinker nodule was very high at 20s.· 

Clinker petrology. 

The phases were extremely difficult to identify until the clinker had 

___ ---"''Il 
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been etched with distilled water • The alite crystals were small, 5 pm to 

30 pm and generally subhedral • The alite grains etched very slowly , 

after about 30 minutes only a pale etch colour was developed • This 

indicated that the reactivity to water of this alite polymorph in the white 

Portland Cement was very low • This was because the alite had formed in a 

reducing atmosphere. 

The belite crystals were small, well rounded and had distinct 

boundaries • The size varied from 5pm to 25 pm . The belite grains were 

frequently in very large clusters up to 1mm. After etching with Nital, 

most of the belites appeared to be type 1 or type 2 • 

There was a low matrix content and extensive grain to grain contact , 

many grains had an interlocking texture. The matrix etched with 

distilled water to a dark green • The major interstitial phase was 

tricalcium aluminate in the cubic modification. 

Descriptive petrology of the Ordinary Portland Cement clinker from Works G. 

Source of the raw materials, 

Cement Works G produced cement by the semi-dry process • The raw 

materials were limestone and shale from Carboniferous rocks. The 

quarrying operations had to be carefully controlled to ensure that a 

balanced raw feed was sent to the cement works • The MgO content of the 

raw feed had to be monitered to prevent the occurrence of excessive amounts 

of periclase in the clinker • 

Clinker morphology, Works G. 

The clinker nodules varied from 1mm to 150 mm and were generally 

rounded with a rough surface • The central zone of the nodules was 

usually brown-orange. The outer zone had been reoxidized and was green 

grey in colour. The nodules were very hard and had been 'hard burnt'. 
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Clinker petrology. 

The alite crystals varied from 10 to 70 ym , the larger grains were 

subhedral • After etching with distilled water the alites in the 

brown-orange areas were shades of blue. The alite grains in the grey 

green clinker were blue to brown • All of the larger alite crystals 

contained many small inclusions of belite and ferrite • 

The belite crystals varied in size from 5 to 30 pm. They were well 

dispersed and clusters were rare • The belites frequently were deformed 

around existing ali te grains and seemed to have " squeezed " into the 

available space. (Plate 11a.) In the brown-orange clinker many of the 

alite crystals had a fringe of secondary belite grains around them • 

The lath shaped tricalcium aluminate in the interstitial areas etched 

with distilled water to a green-yellow. (Plate 11b.) The ferrite remained 

unetched and was light grey • There were several very small crystals of 

periclase , identifiable by their reflectivity and hardness indicated by 

the surface relief caused by polishing. 

In the dark grey-green areas there was more primary belites and less 

secondary belite fringes around the alite crystals • The definition 

between the alite , belite and ferrite grains was better than the 

brown-orange areas • After etching with distilled water the tricalcium 

aluminate crystals appeared as blue-brown laths as opposed to the 

green-yellow colour of the reduced clinker • When the sample was etched 

with Nital , about 80 ~ of the primary belites had distinct lamallae in 

several orientations which was characteristic of type 2. (Plate 11c.) 

The other belites had a mottled appearance and were type 3 grains. On 

examining the sample with crossed polarised light after the Nital etch , 

many of the alite crystals and some of the belite crystals had a bright 

zone around them • At high magnification the outer edge of the bright 

zone appeared to be the original outline of the crystal • The alite or 

belite crystal had been altered for 1 to 2 pm and replaced by a specular 



-107-

PLATE 11 

Plate 11 a. \·lorks G OPC clinker, H2o etch. 

The aluminate has etched dark grey between the grey 

angular alite and the pale grey rounded irregular belite. 

Many of the belite grains are distorted around and between 

the alite crystals. 

Plate 11 b. Works G OPC clinker , ~0 etch. 

Many of the alite crystals have irregular boundaries 

because there has been replacement of the alite by secondary 

belite • The long laths are aluminate in the orthorhombic 

form and show longitudinal zoning. 

Plate 11 c. Works G OPC clinker, Nital etch. 

The belite grains have etched to a very dark grey. They 

are extremely angular and do not show any intergrowth 

texture. There are two or three different lamellae 

orientations and this is typical of Type 2 belite • The 

alite crystals are euhedral and have inclusions of ferrite 

and belite in the central areas. Some of the alites have a 

speckled appearence of dark spots, which are freelime. 

(bottom left ) • Several of the alite crystals have 

irregular boundaries because of the development of secondary 

belite. 
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phase. This was because the etch solution had penetrated along the grain 

boundaries and reacted with the silicate to form a thin etched layer • 

The petrological characteristics used in the Trend analysis ( Chapter 10) 

for all the cement clinkers from the different works are summarised in 

Table6.1. 
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SRC = Production sulphate resisting cement made from chalk and PFA. 

PFB = Trial SRC cement clinker with extra PFA, collected at 1030h. 

PFC = Trial SRC cement clinker with extra PFA, collected at 1530h. 

PFD = Trial SRC cement clinker with extra PFA, collected at 2030h. 

LHA = Trial Low Heat cement clinker collected at 0900h. 

LHB = Trial Low Heat cement clinker collected at 1200h. 

LHC =Trial Low Heat cement clinker collected at 1300h. 

LHD = Trial Low Heat cement clinker collected at 1500h. 

OPC = Production Ordinary Portland cement clinker. 

WPC = Production White Portland cement clinker. 



( Table 6·1) Petroloqical characteristics of the cement ciinker samples. 

Sample Wks.B Wks.B Wks.B Wks.B Wks.B Wks.B Wks.B Wks.B Wks.A Wks.E Wks.c Wks.F Wks.o Wks.G 
Cement SRC PFB PFC PFD LHA lJIB LHC LHD OPC OPC OPC WPC OPC OPC 

Phase composition of the clinker by point countinq. 
Alite \ 67 58 57 51 67 68 69 67 65 63 61 67 60 67 
Belite \ 12 21 27 24 11 12 7 10 8 13 16 15 14 9 
Ferrite \ 11 11 7 12 13 13 16 17 9 8 8 0 10 6 
Aluminate \ (cubic) 4 3 3 5 3 2 3 2 13 9 10 11 2 0 
Aluminate \ (ortho) 0 0 0 0 0 0 0 0 0 0 0 0 8 12 
Sulphate ' 1 4 2 3 1 1 1 2 1 2 2 2 1 1 
C12A7 \ 3 1 2 2 3 2 3 2 4 3 3 3 4 3 
Freelime \ 2 1 1 4 1 1 1 1 1 1 1 2 1 1 

I 
..... 

'l'OTAL 100 99 99 101 99 99 100 101 101 99 101 100 100 99 0 
10 

Size range of the individual phases. ( in microns ) I 

Alite upper size 140 150 60 50 100 100 90 100 100 40 30 30 50 70 
Ali te lower size 20 10 15 5 5 10 10 10 5 5 5 5 5 10 
Alite general size 60 60 45 20 30 25 35 50 30 30 20 20 30 40 
Belite upper size 60 35 40 30 30 35 30 so 40 30 30 25 40 30 
Belite lower size 5 10 5 5 5 5 5 10 5 5 5 5 5 5 
Belite qeneral size 30 25 25 20 20 20 25 40 30 20 15 15 25 15 

Polymorph of belite in clinker ( in \ of total belite ) 
Belite Type 1 0 20 0 0 0 0 0 0 0 0 10 30 0 0 
Be 1 i te Type 2 20 30 20 5 10 10 20 5 40 20 70 60 80 80 
Bel i te Type 3 80 50 80 95 90 90 80 95 60 80 20 10 20 20 

Characteristics of the clinker 
Porosity (volume \) 15 10 15 20 10 13 8 10 15 15 10 20 12 10 
Reduction (volume \) 15 5 20 5 so - 60 50 15 20 40 3 95 5 20 
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Chapter seven. 

I 

THE CALCULATION OF THE PHASE COMPOSTION OF CEMENT CLINKER. 

Computational methods, 

The Bogue method. 

The accurate analysis of the phase composition of cement has been 

attempted by many methods • One of the oldest methods , but still the 

most widely used , is the Bogue estimation • This is a computational 

method of determining the phase composition and was developed by Bogue 

(19~9) • This method relies on the assumption that the phases are in 

equilibrium and there is no minor element substitution • The Bogue 

calculation is shown in Appendix ( 7 ) • The main disadvantage with 

the Bogue calculation is that the composition of the ferrite is assumed to 

be c4AF, which it is not. The alite and belite values obtained by the 

caculation ~re extremely sensitive to variations in the CaO/SiO ratio. 

Thus accurate determination of the freelime content of the cement is 

essential. The effects of minor element substitution also cause 

variation in the calculated alite and belite contents • In an attempt to 

correct these variations , Hansen ( 1968 ) assumed that equilibrium had 

been established and crystallisation was complete • He proposed that the 

ferrite composition was ~A2F and that the aluminate was c.3 ( Ao.g Fo.1 ) • 

The A~ 0:3 total was also corrected for Ti02 and P20s by adding them to Al203. 
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When the Hansen calculations were carried out on some cements , the c3A 

value obtained was zero , however XRD analysis showed that c3A was present. 

Hansen attributed this error to equilibrium not being attained. 

The simultaneous equation method. 

Midgley ( 1970 ) analysed several cement clinkers and then determined 

the compositon of the individual phases by electron microprobe • The 

major mineral phases in the cement were expressed in the terms of their 

oxide components • Midgley calculated equations to indi6ate the oxide 

percentages in a specific phase from the bulk composition of the cement • 

From these values Midgley prepared a series of equations for alite , belite 

, ferrite and aluminate which could be solved simultaneously • Midgley 

concluded that the simultaneous equation method was only marginally better 

that the Bogue method and only as accurate as a modified Bogue method which 

used a ferrite composition calculated from the bulk analysis of the 

cement. 

In a review of the phase composition of cement , Gutt and Nurse (1974) 

concluded that there was no method available at the time that was 

statistically superior to the Bogue calculation • 

The matrix recalculation method. 

The matrix recalculation method requires the accurate analysis of the ' 

chemical compositions of the cement clinker. The calculation uses a 

series of simultaneous equations to calculate the potential phase 

com'position of individual cement clinkers. The composition of the mineral 

phases was determined by electron microprobe analysis. The chemical 

analysis of the clinker was determined by X-ray Fluoresence. The MgO 

content of the clinker was analysed by Atomic Absorption Spectroscopy to 

overcome element interference problems. To compensate for the presence 

of freelime in the clinker , the freelime level was determined by the 

titrimetrio method, 
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The process for the matrix calculation method is shown in Appendix 7b. 

Evaluation of the accuracy and errors of methods for the determinative 

analysis of the phase composition of cement. 

Chemical determination. 

Aldridge and Eardley ( 1973 ) reported that variations within the 

standard deviation of a chemical analysis on cement could cause substantial 

errors in the Bogue calculation • They recommended more specific 

procedures for the determination of aluminia and a wider use of standard 

samples • 

Microscopy determination. 

An alternative method of quantitatively analysing the phase content of 

cement is by microscopy • In this technique the clinker samples are 

impregnated with resin and a polished surface of the sample is prepared • 

Insley et al. { 1938 ) and Brown ( 1948 ) proposed several methods of 

identifying and measuring the different phases • This involved the 

recognition of the mineralogical properties and the use of various 

chemicals to etch the phases. Chayes and Fairburn ( 1951 ) introduced 

the point counting technique which was then used by many microscopists • 

There were several problems associated with this technique • The 

resolution of the microscope sometimes prevented the accurate 

identification of very small phases especially in the matrix • . The 

results were also subject to a high statistical error if too few 

determinations were made • So as a consequence to achieve accurate 

results, this method of phase estimation was slow and laborious • Brown , 

(1948 ) concluded that " the accuracy of the analysis depended on the nature 

and preparation of the specimens as well as the perception and skill of 

the operator " • 
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X-ray diffaction determination. 

The X-ray diffraction method for analysis of cement was adopted in the 

1950's • This technique was developed to overcome the problems of 

computational and microscopical methods for the determination of the phase 

composition • 

The principle problem with the XRD method was caused by variation in 

the ferrite composition from the assumed c4AF • The second problem was 

that substitution of minor elements into the cement phases. This changed 

the crystal lattice parameters and altered the XRD patterns. Midgley 

(1954 ) suggested that the composition of the ferrite phase in Portland 

cement could be determined by comparing the X-ray diffraction data of 

ferrites from different cements with ferrites made from synthetic mixes • 

However due to the resolution of the X-ray instrument available at the time 

measurements could only be made on magnetically concentrated samples • 

Later with improved XRD instruments , Midgley ( 1958 ) attempted to find a 

correlation between the ferrite composition and the Al2o3 :Fe2o3 ratio in 

the clinker • This was unsuccessful as no good correlation was found. 

Midgley et. al. ( 1964 ) proposed a method for the determination of the 

phase composition of cement by XRD • The cem~nt samples were ground in 

isopropy~alcohol to a particle size of less than 5 pm. To measure the 

variation in the intensities of the cement minerals , an internal standard 

of KBr was used • This standard had X-ray diffraction reflections which 

did not interfere with the cement mineral reflections • The samples were 

loosdy packed in a cavity mount to avoid prefened orientation • Mechanical 

mixtures of alite , belite , tricalcium aluminate and ferrite were made. 

From these mixtures, standard diffraction traces were plotted • the 

calibration graphs obtained used the intergrated areas of the peaks • 

There were problems with overlapping peaks and varations in the XRD 

patterns • 

Kantro et. al. ( 1964 ) proposed a method for the quantitative 
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determination of the major phases in the cement. This method measured the 

of height of the peaks from the cement minerals against an internal 

standard of silica • 

The position of the ferrite peaks varied depending on the composition 

of the ferrite and they frequently overlapped to some extent with the 

aluminate peaks • Similar problems occurred with partial overlap of 

belite and alite peaks • To overcome this problem , calibration equations 

were produced with compounds of known composition • The constants in the 

equations were evaluated by the method of least squares • The accuracy 

of the values obtained for the composition of the cements were erratic • 

Combined chemical, X-ray and computational determination. 

Yamaguchi and Takagi ( 1968 ) investigated many different cements • 

The clinker was chemically analysed and part was separated by heavy liquid 

techniques to give an alite and belite fraction • These were then 

analysed individually by chemical and X-ray analysis • Then the 

composition of the alites and belites was calculated • The interstitial 

fraction was also separated from part of the original sample • The 

ferrite and aluminate compositions were determined • From these standard 

formulae the average composition of alite , belite , ferrite and aluminate 

were obtained in wt.J oxide. Thus-

Si02 Ali03 Fe2o
3 

CaO MgO Na'ZO K
2
o 

Alite 24.83 1.24 0.49 72.23 0.98 0.09 0.14 

Belite 32.50 2.36 1.03 62.83 0.52 0.20 0.30 

Ferrite 3.61 24.51 22.08 44.50 4.36 0.37 0.57 

Aluminate 3.88 27.43 7.81 53.48 1. 97 2.27 1.15 

These values , ignoring the alkalis , were then used in a series of 

equations which were solved by the least squares method • 

Yamaguchi and Takagi then attempted to determine the phase composition 

of the cement by other methods , notably point counting , Bogue calculation 
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and X-ray diffraction • 

The estimates for alite and belite by the various methods were 

similar. The greatest variation was in the ferrite and aluminate values • 

The simultaneous equation method gave low values for the aluminate content. 

High resolution X-ray diffration to determine the composition of ferrite. 

Midgley and Moore ( 1970 ) used high resolution X-ray diffraction 

equipment to find a correlation between the Al203:Fe203 ratio in the cement 

and the ferrite composition • They established that assuming there was 

a solid solution between c2F and the hypothetical "~A" , the composition 

of the ferrite could be calculated by reference to the unit cell dimensions. 

In cement with an Fe2o3 I Al2o3 + Fe2o3 molar ratio greater than 0.37 , 

an estimation of the ferrite composition could be calculated from tne 

chemical analysis by the formula -

q:0.27+0.74(f/(1.57a+f)) 

where f = I by wt. of Fe203 

a = ~ by wt. of Al2o3 

in the formula ca 2 (Fe q A~-q >2 Os 

Phase extraction and calibration method to determine aluminate and minor 

element content. 

Mander et. al. ( 1974 ) presented a quantitative method to determine 

some of the phases in Portland cement clinker • The procedure used a 

maleic acid-methanol solution to remove the silicate phases • This 

eliminated the interference from the silicates • The calibration curves 

plotted were tricalcium aluminate ( ~A ) , alkali modified 0:3 A ( either 

NCs~ or KC.OA-:3 ) , periclase ( MgO ) , calcium sulpho-aluminate ( 4Ca033Al2 

03 S04 ) , freelime ( CaO ) and the ferrite solid solution found in cement 



The individual calibration curves of peak height 

against percentage of phase present were prepared by addition of known 

amounts of each phase to cements that were free of those phases • To 

evaluate the accuracy of the method , two specially prepared samples with 

known percentages of the various phases added were analysed and the results 

compared with the percentages added • The comparison was good except for 

This was because the calibration curve had a shallow slope and 

small variations in peak height gave large differences in calculated phase 

content • 

The method was restricted in usage because the calibration curves 

were specific to the actual instrument used • The errors caused by the 

shallow slope for the c3A curve would have to be minimised because the 

accurate determination of ~A is crucial in some cements • The method 

also does not indicate the percentage of alite and belite present in the 

cement • 

The accuracy of the XRD method in determining the phase composition. 

Aldridge ( 1982 a) investigated the accuracy and precision of the XRD 

method for determining the phase composition of cement • The study 

analysed 150 cements that were produced in New Zealand • Aldridge found 

that there was no significant differences between the accuracy of the 

compositions determined by the Bogue calculation or good X-ray diffraction 

methods • He concluded that with the X-ray diffraction methods available 

the analysis was probably not absolutely accurate but it could be used to 

give relatively accurate compositions within a series of cements • 

Comparison of computational, chemical, XRD and XRF determinative 

techniques. 

From an interlaboratory study of the same cements by microscopy , 

X-ray diffraction and Bogue calculation , Aldridge ( 1982 b) investigated 
.. 

the level of accuracy and precision of the techniques attai.ned by different 

laboratories • The original samples were carefully subdivided and sent to 
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' several laboratories throughout the world • The Bogue calculation , X-ray 

diffraction and wet chemical analysis were made on the cement • The 

microscopical determination was made on the clinker Some of the 

laboravries used X-ray fluoresence analysis ( XRF ) to determine the bulk 

chemistry of the cement in addition to using wet chemical methods • The 

XRF technique is used by many cement works as part of the quality control 

process • The precision of the XRF technique was only slightly less than 

the wet chemical method. However XRF analysis was quicker with 15 to 20 

samples per day compared with 5 to 10 for wet chemfstry. The accuracy of 

the wet chemical analysis was very dependant on the experience of the 

analyst and the laboratory. The accuracy of the microscopical analysis of 

the clinker was influenced by the resolution of the microscope , sampling 

error , identification of phases and the experience of the microscopist • 

Aldridge calculated that with the exception of aluminate phases the 

sampling error was more significant than the identification error • The 

main error in the aluminate phase analysis was because aluminate, periclase 

and freelime were not always correctly identified • 

Aldridge reported that the errors in the X-ray diffraction analysis of 

cement could be caused by three factors • 

I. The variation in the intensity of X-rays. This could be due to the 

wrong alignment of the diffractometers , the packing of the sample in the 

holder , insufficient grinding of sample or the use of an unsuitable 

internal standard • 

II. The difficulty in separating the many X-ray reflections of the cement 

minerals that overlap and cause interference with each other. 
'' 

III. The standardisation error caused by the substitution of minor elements 

.in many of the cement minerals. This varied the X-ray diffraction 

patterns of the cement minerals from the published data. 

Only one laboratory in the study had a satisfactory method of X-ray 

analysis for the phase composition • In this laboratory the cement samples 

were ground with silicon which was the internal standard • The sample was 
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scanned and the peak positions were closely matched to the range of 

standards • Those standards with the correct polymorphic forms were 

selected • In the final analysis certain peaks were chosen and the peak 

areas were determined. A quartz monochromator, temperature controlled to 

+1- 1 °C was used to filter the X-rays for anafsis • 

After a comparison of the methods for analysing cement composition , 

Aldridge concluded that optical analysis by an experienced cement 

microscopist gave the most accurate composition and correlated with the 

Bogue composition • However great care had to be taken to minimise the 

possible errors • 

The current methods or X-ray diffraction analysis are in general 

unsatisfactory for analysing the phase composition or cement • It is 

however the only analytical method for directly determining the amount of 

compound present in a cement clinker. With further development and the 

establishment or suitable standards, the XRD technique could become an 

effective method of determining the phase composition or cement clinker. 

Conclusions and evaluation or the techniques for determination of the phase 

composition of cement clinker. 

The results of the phase composition .determinations for the cement 

clinker from the works studied is given in Table 7.1. A qualitative 

determination of the phases composition of the clinkers by X-ray 

diffraction is given in Table 4.1 (Chapter four. ) 

The different methods for determining the cement compound compositions 

have different errors for the various phases. In the point counting 

method there is a'tendency to under-estimate the amount of belite and 

over-estimate the alite level. This occurs especially if the belites are 
.. 

small and well dispersed throughout the clinker, · because they are 

diffficult to identify. If the belite is large and clustered, the error is 
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less. The freelime is consistantly under-estimated because of its very 

small size. ( The titrimetric method for determining freelime is most 

accurate and relatively quick.) The Bogue calculation is reasonably 

accurate for alite and belite proportions. The aluminate and ferrite 

values are less accurate because of the effects of solid solution on the 

compositions of these phases. The matrix calculation relies on obtaining 

accurate analyses of all the phases , both major and minor, in the clinker. 

This is extremely difficult because of the small size of some of the 

phases. If accurate analyses can be obtained, the calculation of the 

potential phase composition should be better overall than the Bogue or 

microscopical methods. 

Summary.~the best techniques for different phases. 

The X-ray technique is best for determining the tricalcium aluminate, 

ferrite and magnesia phase contents. The alite and belite phases are 

most accurately determined by point counting with a high resolution 

microscope. 

The matrix recalculation method requires the aquisition of the chemical 

compositions of all of the mineral phase in the clinker for an accurate 

calculation. The Bogue calculation is much more rapid but less accurate. 

However for production control at an individual cement plant the Bogue 

method is relatively useful. The effects of production changes can be 

rapidly determined by the variation in the Bogue composition of the cement. 

This usually reflects the changes in the actual phase composition of the 
\ 

cement. 



KEY 

SRC = Production sulphate resisting cement made from chalk and PFA. 

PFB = Trial SRC cement clinker. with extra PFA, collected 
.. '~ ·.,' 

PFC = Trial SRC cement clinker with extra PFA, collected 

PFD = Trial SRC cement clinker with extra PFA, collected 

LHA = Trial Low Heat cement clinker collected at 0900h. 

LHB =Trial Low Heat cement clinker collected at 1200h. 

LHC = Trial Low Heat cement clinker collected at 1300h. 

LHD = Trial Low Heat cement clinker collected at 1500h. 

OPC = Production Ordinary Portland cement clinker. 

WPC = Production White Portland cement clinker. 

ATE PC = Alite % in sample by Point counting 

BTEPC Belite % in sample by Point counting 

FERPC = Ferrite % in sample by Point counting 

ALUPC = C3A % in sample by Point counting 

GYPPC = Gypsum % in sample by Point counting 

FLPC = Freelime % in sample by Point counting 

C12A7 = C12A7 % in sample by Point counting. 

ATEB = Alite % in sample by Bogue 

BTEB = Belite % in sample by Bogue 

FERB = Ferrite % in sample by Bogue 

ALUB = C3A % in sample by Bogue 

GYPB = Gypsum % in sample by Bogue 

LOI = Loss on ignition 

ATEM = Alite % in sample by Matrix recalculation 

BTEM = Belite % in sample by Matrix recalculation 

· ·. FERM = Ferrite % in sample by Matrix recalculation 

ALUM = C3A % in sample by Matrix recalculation 

MGM = Periclase % in sample by Matrix recalculation 

FLC = Freelime % in sample by Titration. 

· GYPM = Gypsum % irr sample by Matrix recalculation 
'. 

at 1030h. 

at 1530h. 

at 2030h. 
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(Table 7.1 ) Phase composition determinations or the cement 
clinker from works A,B,C,D,E,F and G. 

Sample WKS.B WKS.A WKS.E WKS.C WKS.F WKS.D WKS.G 
Cement LHD OPC OPC OPC WPC OPC OPC 

Phase composition of the cement clinker by point counting 
ATE PC 67 65 63 61 67 60 67 
BTEPC 10 8 . 1 3 16 15 14 9 
FER PC 17 9 8 8 0 10 6 
ALUPC 2 13 9 10 13 10 12 
GYP PC 2.0 1. 0 2.0 2.0 o.s . 1. 0 1. 0 
FLPC 1. 0 1. 0 1. 0 o.s 2.0 1. 0 1. 0 
C12A7 2 4 3 3 3 4 3 
TOTAL 101.0 101.0 99.0 100.5 100.5 100.0 99.0 

Phase 
ATEB 
BTEB 

composition of 
63 

the cement clinker by the Bogue 
58 

calculation 

FERB 
ALUB 
GYPB 
FLC 
LOI 
TOTAL 

12 
20 

1 
2 

0.7 
0.2 

98.9 

56 
17 
1 1 
1 1 

1 

51 
22 

8 
12 
3 

1.5 
0.2 

97.7 

57 
17 
8 

13 
3 

0.3 
0.3 

98.6 

22 
0 

13 
1 

3. 1 

53 51 
24 22 

9 8 
11 13 

1 2 
o.s 2.2 
0.2 0.6 

Phase composit-ion 
54 

1. 8 
0.6 

98.4 
of the 

61 
cement 

55 
18 
16 

clinker 
58 
19 
17 

2.3 
99.4 

by the 
57 
29 

98.7 98.8 
matrix method 

ATEH 
BTEH 
FERH 
ALUM 
MGM 
FLC 
GYPH 
TOTAL 

·Sample 
Cement 

ATE PC 
BTEPC 
FER PC 
ALUPC 
GYP PC 
FLPC 
C12A7 
TOTAL 

23 
17 

4 
0 

0.7 
1 

99.9 

WKS.B 
SRC 

12 
19 

4 
1 

1.8 
1 

99.8 

WKS.B 
PFB 

6 
1 

1.5 
3 

100.4 

WKS.B 
PFC 

Phase composition 
67 

of the 
58 

cement 
57 

12 
11 

4 
1. 0 

(freelime) 1.5 
3 

99.5 

21 
1 1 

3 
4.0 
1.0 

1 
99.0 

27 
7 
3 

2.0 
1. 0 

2 
99.0 

4 
1 

0.3 
2 

100.9 

WKS.B 
PFD 

clinker 
5.1 
24 
12 

5 
3.0 
4.0 

2 
101.0 

1 
9 
0 

3. 1 
0 

99.0 

WKS,B 
LHA 

51 49 
28 23 
12 10 

8 12 
1 2 

0.5 2.2 
0 2 

100.4 100.2 

WKS.B 
LHB 

WKS.B 
LHC 

by point counting 
67 68 69 
11 12 7 
13 13 16 

2 2 3 
1.0 1.0 1.0 
1.0 1.0 1.5 

5 2 3 
100.0 99.0 100.5 

Phase composition of the cement clinker by the Bogue calculation 
ATEB 70 
BTEB 7 
FERB 15 
ALUB 3 
GYPB 2 
F LC 1. 6 
LOI • 1.2 
TOTAL 99.8 

ATEM 
BTEM 
FERM 
ALUM 
HGM 
FLC 
GYPH 
TOTAL 

Phase composition 
69 

9 
15 
3 
0 

1. 6 
1 

98.7 

47 
25 
15 

5 
6 

1.2 
0.7 

99.9 
of the 

50 
24 
14 

5 
0 

1. 2 
6 

100.2 

51 
23 
14 

5 
3 

2.5 
0.9 

99.4 
cement 

117 
28 
16 

4 
0 

2.5 
3 

100.6 
(FLC is 

54 
16 
15 

4 
5 

5. 1 
o.'6 

99.7 

62 59 62 
13 17 13 
17 17 19 

3 2 2 
1 1 1 

2.1 2.1 1.0 
0.1 0.9 0.7 

98.2 99.0 98.7 
clinker 

53 
15 

by the matrix method 

19 
3 
0 

5. 1 
5 

100.1 
free lime 

57 52 55 
20 24 21 
16 17 18 

4 4 3 
0 0 0 

2.1 2.1 1.0 
1 1 1 

99.7 99.8 99.1 
by titration ) 

. ' 
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Chapter eight. 

THE MINERAL CHEMISTRY OF CEMENT CLINKER PHASES. 

Introduction. 

One of the best techniques for investigating the mineral chemistry of 

the cement clinker phases is electron microprobe analysis (EMPA). The 

advantages of this technique over chemical analysis are immense, especially 

in mineral chemistry studies. The small size of the electron beam 

enables a series of analyses to be made across a specific crystal in a 

clinker nodule. This scale of analysis is especially useful because it 

can provide information on substitution of elements into the mineral 

structure. The detailed analysis of the cement clinker minerals can 

indicate how a minor element is partitioned between the main phases of the 

clinker • These minor elements often act as stabilizers to polymorphs of 

the clinker minerals which are out of equilibrium conditions when 

discharged from the kiln. This can include the stabilisation of high 

temperature polymorphs which vary considerably in their reactivity towards 

water , from the usual polymorphic forms produced. Thus accurate analyses 

of the clinker minerals provides data on the potential performance of the 

cement. 

Electron microprobe analysis of cement clinker. 

The use of EMPA for investigating cement clinker developed in the 

early 1960's • The electron microprobe chemically analyses material by 

bombarding the specimen with a beam of electrons • The X-ray spectrum 

produced was analysed by crystal spectrometers. Later development in 

microprobe analysis techniques produced an energy dispersive system • In 
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this process the full spectrum from the specimen is analysed by a solid 

state lithium 'doped' silicon solid state detector • 

The electron beam used to generate the X-ray spectra from the specimen 

can be focused to a spot approximately 1 pm in diameter. The small size 

of the electron beam enables a quantitative analysis to be made on selected 

phases in the specimen • For a quantitative analysis the specimens must 

have been carefully prepared. ( See Appendix ~ ) The surface should be 

level and have a good P9lish • To prevent charging of the specimen by 

the ~lectron beam , the surface is coated with a very thin conducting 

layer. Elements with a low atomic number are not usually detected by the 

analysis system , thus carbon is usually chosen ( Atomic No. 6 .). 

For accurate analysis of the chemistry of a specific phase , it is 

best if the phase selected is large enough to avoid the unintentional 

analysis of another phase below or adjacent to the crystal under 

investigation • This is because the electron beam penetrates the specimen 

to a variable depth and produces an electro-solid interaction zone which 

is larger than the beam • The size of this zone is dependent on the power 

of the beam • It is usually about 10 pm in diameter at normal operating 

conditions ( Appendix 8) • It is possible to gain useful information 

from phases which are smaller than the diameter of the beam • This was 

achieved by plotting the EMPA analyses on ternary phase diagrams. 

then possible to deduce compositional trends from the phase diagrams. 

Electron microprobe analysis of cement clinker provides a means of 

It was 

. investigating the stoichiometry of the clinker phases and the partitioning 

of the minor elements in the indivdual phases. 

The rate of hydration of the clinker minerals is dependent on the 

nature and proportion of the minor elements present in the individual 

minerals • The incorporation of these elements in solid solutions can be 

either by replacement of the major elements, by occupation of vacant sites 

in the lattice , or a combination of the two • 



Early microprobe analyses were presented as electron intensity maps of 

individual elements in the different cement minerals ( Midgley , 1964 ) • 

A pilot study with the electron probe on the aluminate phase by Moore 

(1965 ) • used the output of a detector which was senstitive to back 

scattered electrons to produce images of the element distribution by atomic 

number. Moore attempted to obtain some quantitative measurements of the 

magnesium content in some of the cement phases • This was achieved by 

holding the electron beam stationary and recording the X-ray count for a 

fixed time period. A sample of olivine with known MgO content was used as 

a standard • However the high value of 13 % noted for C3A was due to the 

unintentional analysis of some periclase within the aluminate • Peter son 

( 1967 ) gave values for Al203 , K20 , Na2C3and SOJ in alite and belite 

grains , but the results were variable and had uncertain correction 

procedures • 

Yamaguchi and Takagi ( 1968 ) made a very comprehensive study of 

Japanese portland cement clinker • They used EMPA to measure the Al20J , 

Fe2o3 , MgO , Na20 , and K20 in alite and belite using standard samples 

made from lithium borate glasses with 50% by weight of the constituant 

added to the specific phase to calibrate the analyser • The values of the 

analyses were very variable. To give reproduclble results, the standards 

and samples had to be analysed at the same time with the same sample 

holder. 

In the late 1960's it became feasible , due to improvements in 

detectors and correction procedures , to achieve detailed quantitative 

chemical analyses of the major and minor phases in cement. 

Mineral chemistry of alite in cement clinker. 

Midgley (1968) used an electron microprobe to determine the chemical 

composition of an alite in a commercial portland cement • The average 
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analyses of the alites is given in Table 12.1 in Appendix 8. The standards 

used were synthetic preparations of the cement minerals with specific 

additions of minor elements • To calculate the molar ratios , Midgley 

used the unit cell of Jeffery ( 1952 ) for the alite • This had 180 

oxygens per unit cell with the formula C~oa Si36 o100 • To calculate the 

structural cell from the molar ratios , silicon and titanium (34.59 ) 

were assigned to the tetrahedral positions ( 36.00 required ) • The 

balance was made up from the alumina , leaving a balance.of aluminia ( 0.51). 

The remainder of the cations ( Fe , Mg , Na , K , Mn ) were used to 

fill the calcium sites , the total was 107.72 which was 0.28 short of the 

total 108.00 ~ This was filled by the available aluminium leaving 0.23 to 

occupy the interstitial sites • This formula differs from the one 

proposed by Jeffery because he assigned magnesium to the interstitial 

positions. Midgley believed that there was no reason to suppose that the 

aluminium occupied the interstitial position rather than magnesium • 

However it did support the idea that interstitial sites were not filled by 

specific ions • The charge balance was thus maintained by cation 

substitution in the interstitial sites. The substituting elements were 

partially dependent on the environment prevailing at the time of formation • 

Midgley ( 1968 b. ) made a more extensive study of alite and belite • 

Four different clinker specimens were used of varying bulk chemical 

compositions • Midgley calculated the coefficients of variation from the 

alite compositions. He found that the differences in composition between 

the individual alite grains was real , since the coefficients of variation 

were higher than would have been expected from analytical variation. 

The mineral compositions of the alite in the cement clinkers from the 

works A, B, c, D, E, F and G, that were investigated by the author are 

shown in Tables 8.2, 8.3 and 8.4. ( All oxide values are in weight percent 

oxide, unless otherwise stated.) 



XRF analyses from pages 24,25,26 

EMP analyses for Alite from pages 128,129,130 

EMP analyses for Belite from pages 139,140,141 
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(Fig.8·1) CEMENT CUNKER ANALYSIS (XRF} V AUTE AND BEUTE ANALYSIS 
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( Fig.8·1 continued) ALITE AND BELITE 
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( Table 8·1 ) The variation in the levels of element substitution in Alite 
determined by electron probe analysis. ( in wt.\ oxide) 

Cement Alite OP alite SR alite Alite Rhom.alite Mono.alite Alite 
type 

Author Midgley Midgley Midgley Hornain Kristmann Kristmann Ghose & 

Barnes 
Year 1968 1968b 1968b 1971 1977 1977 1980 

Al2o3 1. 2 1.26 1.19 1. 0 1. 0 

Ti02 0.11 0.12 0.11 0.6 

Fe 2o3 1.39 0.43 1.39 1. 0 1. 0 

MnO 0.02 0.02 

M gO 0.86 0.09 0.86 o.s 2.1 

Na 2o 0.30 0.2 0.3 0.1 

K20 o. 10 0.06 0.10 0.1 0.1 

so3 0.25 

CuO 0.74 

VfJs o. 70 

ZnO 0.68 

NiO 0.63 

cr2o3 0.57 

CoO 0.31 



KEY 

SRC = Production sulphate resisting cement made from chalk and PFA. 

PFB = Trial SRC cement clinker with extra PFA, collected at 1030h. 

PFC Trial SRC cement clinker with extra PFA, collected at 1530h. 

PFD = Trial SRC cement clinker with extra PFA, collected at 2030h. 

LHA = Trial Low Heat cement clinker collected at 0900h. 

LHB = Trial Low Heat cement clinker collected at 1200h. 

LHC = Trial Low Heat cement clinker collected at 1300h. 

LHD = Trial Low Heat cement clinker collected at 1500h. 

OPC = Production Ordinary Portland cement clinker. 

' . WPC = Production White Portland cement clinker. 
':J" 

..... -
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{Table 8·2 ). Electron microprobe analyses (mean values) 

of Alite from works A,B,C,D,E,F, and G • 

Works WKS.B WKS.B WKS.B WKS.B WKS.B WKS.B WKS.B 
Cement SRC PFB PFC PFD LHA LHB LHC 

Si02 24.8 24.7 24.4 24.6 24.1 24.5 24.7 
Al203 0.9 0.9 1. 1 1. 0 1. 1 0.9 0.7 
Ti02 o.o o.o o.o o.o o.o o.o o.o 
Fe203 1. 0 o.e 1. 0 1. 0 1. 2 1. 0 0.9 
M nO o.o o.o o.o o.o o.o 0.3 o.o 
M gO 0.4 0.4 0.4 o.s 0.4 0.3 0.3 
CaO 72.2 72.3 72.4 72.2 72.3 72.6 72.7 
Na20 0.1 0.1 o.o 0.1 o. 1 0.1 o.o 
K20 0. 1 0.1 0.2 0.1 o.o o.o o.o 
P205 o.o o.o o.o o.o o.o o.o o.o 
SOl 0.1 0.2 0 0 1 o. 1 o.o o.o o.o 

TOTAL 99.6 99.5 99.6 99.6 99.2 99.7 99.3 

Works WKS.B WKS.A WKSoE WKS.C WKS.F WKS.D WKS.G 
Cement LHD OPC OPC OPC WPC OPC OPC 

Si02 24.2 24.9 25.0 24.3 24.6 24.7 24.6 
Al203 0.9 1 • 1 1. 0 1. 5 1. 6 1.0 1. 2 
Ti02 o.o 0.1 o.o o. 1 o.o 0.1 0.1 
Fe203 1. 1 o.s 0.4 0.4 0.1 0.6 o.s 
M nO o.o o.o o.o o.o o.o o.o o.o 
M gO 0.3 1. 3 1. 1 0.4 0.3 o.a 0.6 
CaO 72.5 71.4 71.9 72.3 72.6 72.0 72. 1 
Na20 o.o o.o o.o 0.1 o.o 0.1 0.1 
1<20 o. 1 o.o 0.1 o.o o.o o. 1 o. 1 
P205 o.o o.o o.o o.o o.o o.o 0.1 
S03 0~0 o.o o.o o. 1 o. 1 o.o o.o 

TOTAL 99.1 99.6 99.5 99.1 99.3 99.3 99.4 



;',' 

I, 
KEY 

K1 = Production Sulphate Resisting cement from Kiln 1. 

1 K3 = Production Sulphate Resisting cement from Kiln 3. . 
t. The four digits indicate the time of collection of the clinker. 
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(TableS•3 ). Electron microprobe analyses (mean value) of 

Alite from SRC clinker (K1,K3) 

Sample K11930 K12030 K12130 K12230 K12330 K10030 K10130 

Si02 25.4 24.4 24.6 24.7 25.0 24.6 25.3 
Al203 0.7 1. 2 1. 0 0.8 Oo6 ooe Oo7 
Ti02 n.d n.d n.d nod n.d nod n.d 
Fe203 Oo8 1. 1 1. 1 0.9 0.8 1o0 Oo8 
Mno: n,d n.d n,d n.d n.d 0.1 n.d 
M gO Oo4 0.4 0.4 0.4 0.4 0.4 0.4 
CaO 72.6 72.0 72o3 72o 5 72.6 72.2 72.7 
Na20 n.d n.d n.d n.d 0.1 0.1 n.d 
K20 n,d 0.1 0,1 0.1 n.d 0.1 n.d 
P205 n,d n.d nod n.d n.d nod n.d 
503 n.d n.d n.d n.d n.d n.d nod 

TOTAL 99,9 99.2 99o5 99o4 99.5 99o3 99,9 

Sample K10230 K10330 K10430 K 10530 K31930 K32030 K32130 

Si02 25.2 25.2 24o8 24o8 24o3 24o3 25o1 
Al203 0,6 Oo9 Oo8 Oo8 Oo9 1 0 1 Oo8 
Ti02 n.d n,d n,d n.d n.d n.d n.d 
Fe203 0,7 1o0 0.9 1. 0 Oo9 1 • 1 0.9 
MnO nod n.d n.d n.d n.d nod nod 
M gO 0,3 0.4 Oo4 0.4 Oo4 0.4 0.4 
CaO 72.3 72.3 72o6 72o1 72.5 72.6 72o1 
Na20 n.d 0.1 0.1 0. 1 n.d nod nod 
K20 0. 1 n.d n.d n.d n.d n.d nod 
P205 nod n.d n.d nod n.d n,d n.d 
S03 n.d · n.d n.d n.d n.d Oo2 n,d 

·TOTAL 99,2 99o9 99,6 99.2 99o0 99.7 99o3 

Sample K32230 K32330 K30030 K30130 K30230 K30330 K30430 

Si02 23o7 24.4 24.7 24.5 24. 1 24.4 24o1 
Al203 1. 6 1.0 0.9 0.9 1. 2 0.9 0,9 
Ti02 n.d n.d n.d n.d n.d n.d n.d 
Fe203 1.6 0.8 0.9 0.9 1. 4 0.9 1.0 
M nO n,d nod n.d n.d n.d n.d n.d 
M gO 0.4 0.4 0,3 0.4 0.4 0.4 0,4 
CaO 71. 1 72.4 72.5 72.6 71.9 72.5 72,3 
Na20 0,2 Oo1 0.1 0.1 0.1 0.1 n.d 
K20 0.2 n.d n,d n,d 0 I 1 Oo1 n.d 
P205 n.d n.d n.d nod n.d nod n.d 
S03 0.7 0.2 n.d nod 0.1 0. 1 nod 

TOTAL 99,5 99.3 99.4 99o4 99.3 99.4 98,7 



K3 = Production Sulphate resisting cement 

PF = Trial SRC with PFA addition. 

LH Trial Low Heat cement clinker • 

• 

KEY 

SRC ) from kiln 3 
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(Table 8·4 ) • Electron microprobe analyses (mean value) of · 

Alite from SRC clinker (K1,K3), SRC with PFA kiln addition 

clinker (PF) and L H trial mix (LH) • 

Sample K30530 PF0730 PF 1130 PF1330 PF1530 PF1730 PF1930 

Si02 25.2 24,3 24.7 24,8 24.4 24.4 24,6 
Al203·. 0.9 1. 1 0,9 0.9 1 • 1 1. 1 1. 2 
Ti02· n.d n.d n.d n.d n.d n.d n.d 
Fe203. 0.9 1 • 1 0,8 0.9 1. 0 1. 0 1. 0 
MnO n.d n.d n.d n,d n.d n.d n.d 
M gO 0,4 0,4 0.4 0.4 0,4 0.4 o.s 
CaO 72.9 72.0 72.3 72.3 72.4 72.4 72.2 
Na20 o. 1 0.1 0.1 n.d n.d n.d 0.1 
K20 0. 1 0.1 0.1 n,d 0,1 n.d 0. 1 
P205 n.d n.d n.d n,d n.d n.d nod 
SOJ n.d 0.3 0.2 0.2 0. 1 0.1 0.1 

TOTAL 100.5 99.4 99.5 99.5 99,5 99.4 99,8 

Sample PF2030 LH0900 LH1200 LH1300 LH1400 LH1500 LH1600 

Si02 24.6 24.1 24.5 24.7 24.3 24.2 24.2 
Al203 1. 2 1. 1 0,9 0.7 1 • 1 0.9 1. 0 
Ti02. n.d n.d n.d n.d n.d n.d n.d 
Fe203 1. 0 1. 1 0.9 o.8 1 • 1 1. 0 1. 3 
MnO nod n.d n.d n.d n.d n.d n.d 
M gO 0.5 0,4 0.3 0,3 0.4 0.3 0.3 
cao. 72.2 72.3 72.6 72.6 71.9 72.5 72.3 
Na20 0.1 0.1 0,1 n,d n.d n.d n.d 
K20 o. 1 n.d n.d n.d 0.1 0.1 n.d 
P205 n.d n.d n.d n.d 0.1 n.d n.d 
SOl 0,1 n.d n.d n.d 0.2 n.d n.d 

TOTAL 99.8 99.1 99.3 99.1 99.2 99,0 99,1 
I 



Variation in the stoichiometric ratios of Si02 and CaO in alite. 

The Si02 content of the alite showed a slight increase as the Si02 

level in the cement increased (Figure 8.1,a) • Most of the variation was 

due to the different substitutions of the minor elements in the cements. 

The same reason applied for the CaO content of the alite against the CaO 

content of the cement (Figure 8.1,f). 

Substitution of MgO in alite. 

Regourd and Guinier (1974) used EMPA to investigate the partitioning 

of elements in the clinker phases. (Table 8.1) • The alites had a 

distinct partitioning of MgO • The rhombohedral (trigonal) alites had a 

low MgO level (0.5%) and the monoclinic alites had a high MgO content 

(2.0%). Kristmann (1977) investigated a wide range of clinkers from many 

different production methods and burning processes. (Table 8.1) • His 

results for MgO concurred with those of Regourd and Guinier (1974) • 

Kristmann also found alite crystals with MgO contents between the high and 

low levels. He concluded that these crystals were either monoclinic 

alites with low MgO or a mixture of trigonal and monoclinic alite. The 

distribution of the minor elements in coexisting alites and belites agreed 

with Midgley ( 1968 b ). Kristrnann proposed that Mg was preferentially 

incorporated into the alite. 

Ghose and Barnes (1980) studied the distribution of the minor elements 

in the clinker phases and their relationship to the bulk chemistry of the 

clinker. (Table 8.1). They found that the MgO content of alite increased 

linearily with an increase in the MgO level in the clinker. They did not 

investigate the distribution of MgO between the different alite polymorphs. 



Figure {8.1,d) shows the MgO content of the cement clinker against the 

substitution of MgO in the alite and belite phases of the clinker 

investigated by the author. This indicates that the MgO was 

preferentially incorporated in the alite. The overall trend indicated 

for the monoclinic alite, was a linear increase with increased clinker MgO. 

The two values that did not lie on the general trend, indicated that the 

alite in that specific clinker was in a different polymorphic form. The 

alites in these clinkers, one from a semi dry process kiln (Works G) and 

one from a dry process kiln {Works C ) were in the rhombohedral {trigonal) 

form. The Mg ions replaced the Ca ions.{Figure 8.2 Ca v Mg). The limit 

of substitution depended on which polymorphs of alite were in the cement 

clinker. 

Substitution of Al2o3 and Fe2 o3 in alite. 

Kristmann {1977) found that alites contained appreciable amounts of 

Fe and Al. He proposed that the partition of Al was related to the 

production process • In the wet process the Al was partitioned into the 

alite phase, whilst for the dry process, the Al was incorporated into the 

belite phase. 

The level of A12o3 in the alite and belite against the Al203 in the 

clinker from the different works showed an overlap. {Figure 8.1,c) • The 

partition of Al between alite and belite from wet process kiln3 had a 

substantial overlap. The alites and belites fr~n the dry and semi-dry 

process kilns did not show any distinct partitioning. There was an 

overall genera~increase with increasing levels of Al203 in the clinker. 

The Al ions substituted for the Si ions. The proposal by Jeffery (1952) 

that the Mg substitution for the Ca ions was linked to the Al substitution 

for Si, is not supported by the author. This is because in Figure (8.3) 

the Si v Al plot would have to show a greater level of Al substitution when 

there was a increased amount of Mg substitution. { Figure 8.2, Ca v Mg). 

; 



(Figure 8·2 ) • Number of ions substituted versus number of ions substituted in elite calculated on 5 oxvgens • 
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( F'igure 8•3). Number of ions substituted versus number of ions substituted in alite calculated on 5 oxygens • 
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this is not shown in the substitution system. 

The Fe2o3 level in the alite (Figure 8.1,b) had a similar distribution 

to Al 2o3• The overall control on the Al2o3 and Fe2o3 content of the alite 

was the Al203/Fe2o3 ratio of the clinker. (Figure 8.1,i). The Fe3+ ions 

appeared to substiute for ea (Figure 8.3, ea v Fe) in·some of the 

clinkers, or for Si in other clinkers ( Figure 8.3, Si v Fe). This·was 

probably due to the presence of zones of reduction in some cement clinkers. 

Fletcher (1965) has proposed that Fe2+ ions substituted for ea2+ on a 

one for one basis. The Si4+ ions were replaced by Fe3 • ions • From the 

microprobe·analyses obtained it was not possible to differentiate between 

iron in the ferrous or ferric state. All the iron values were calculated 

in the ferric. state , because it was the state of oxidation in normal 

clinker. This caused the apparent dual substitution of F~+ for Si and 

ea. 

Substitution of the minor elements, Na20, K20, S03 and Ti02• 

Kristmann's (1977) microprobe analyses of alites had only small 

quantities of Na2o and K20 in them. (Table 8.1). Ghose and Barnes (1980) 

found that the.average KzO content for alite was low (0.1%). This was 

because the K20 in alite disrupts the crystal lattice. The maximum level 

of K2o present (Figure 8.1,j ) supports this theory. 

The Na20 content of alite was similar to the K2o level at about 0.1%. 

(Figure 8.1,h). The Na and K ions both substitute for ea • (Figure 8.2, 

ea v Na and Ca v K) 

Hornain ( 1971) studied the distribution of some transition elemen.ts in 

cement clinker. (Table 8.1) 2+ 2+ 2+ He proposed that Ni ,eu and Zn replaced 
.. 

ca2+ directly. The Ti4+ ions substituted for s14+ at the tetrahedral 

sites • The other elements which had variable valencies , V ,er , Hn and 



Co , had combined substitutions for Ca or Si and in the vacant interstitial 

sites. In the case of the elements with higher atomic numbers , Co ,Ni~ 

Cu and Zn , the A1 203 content of the alite was reduced • This was due 

to the partial replacement of the Al· ions in the octahedral sites. 

The only transition element that normally occuned in alite in a 

detectable quantity was titanium. The Ti02 content of the alites 

analysed by the author, was between 0 and 0.1%. (Figure 8.1,e). There was 

a 1 g~neral'increase with increased Ti02 levels in the cement. However the 

Ti02 content of the alite was also controlled by the amount of ferrite 

present in the clinker. Thus clin~er with a high ferrite content such 

as sulphate resisting or low heat cement, contains alite with a low Ti02 

content. Those cements which have a lower ferrite content have alites 

with a higher Ti02 content. 

(Figure 8.2, Si v Ti ) 

The Ti ions substituted for the Si ions • 

The S03 co~tent of the alite grains was very low (0.1~) • Any values 

above this level caused the alite to dis·-,sociate to CaO and C2S • The S03 

content of the alites from the works studied was consistantly low. ( Figure 

8.1,g) The S ions substituted for the Si ions • (Figure 8.2, Si v Til. 
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The mineral chemistry of belite in cement clinker. 

Fletcher (1968) investigated the composition of belite crystals from 

ordinary portland cement and sulphate resisting cement. (Table 12.1). 

Fletcher found that the ratio of Al2o3 to Fe 2o3 in the belite grains 

corresponded closely to the Al2o3 I Fe2o3 ratio in the cement • He 

proposed that the belite formed from a liquid in which the Al/Fe ratio was 

the same as that of the clinker. The c2s lattice had no apparent 

selectivity for Al3+ or Fe~+. In portland cement the amount of Fe2+ was 

usually very low unless extensive reduction had occurred in the burning 

process • If Fe3+ ,was present it replaced ca2+ • If there was extensive 

replacement of ea2• by Fe 2• , dusting of the clinker occurred • This was 

caused by the inversion of p C2S to l C2S because the p C2S with Fe2+ 

replacementf~nstable • He calculated the molar ratios of the analyses on 

the unit :cell of p C2S with 16 oxygens ( Ca a Si1. 0 16) • The probable 

substitutions for Ca were K , Na and Mg in the octahedral sites • The 

replacements for Si were Fe , Ti , Mn and Al in the tetrahedral sites • 

, To maintain th~ electroneutrality a proportion of the minor elements had to 

occupy interstitial sites. The composition of belite crystals from 

different types of cement clinker were investigated by Midgley (1968). 

(Table 12.1). 

higher in belite than alite and the MgO content was lower. Midgley also 

investigated the distribution of minor elements between coexisting alite 

and belite • T~ere was a considerable lack of homogeneity in the samples 

with some of the values for minor elements differing by a factor of four 

between similar phases in the same sample. This was probably due to 

inho,nogeneity in the kiln feed and to solid state reactions which had not 

reached equilibrium. 



( 'l'able 8·51 The variation in the levels of eleaent substitution in Belite· deterained by electron probe analysia. 
I in wt. •" oxide ) ' 

c-ent OP belite SR belite OP belite sa belite Be lite p belite 
type 

<A' belite p belite <14' belite Belite au: Be lite Belite ain, Belite aax, Belite Jt def,Belite 

AuthOr Fletcher Fletcher • Midqley Midqley Hornain Hjorth Hjorth Reqourd ' Reqourd • Sarkar Jtrieteann Barnee • Barnes 6 GhOH 6 Ghosa' 

Guiniar Guinier Jeffery Jeftery Barnea Barnes 
Year 1968 1968 1968 1968 1971 1971 1971 1974 1974 1977 1977 1978 1978 1980 1981 

Al203 1. 7 1. 1 1,19 2.04 2.6 1.9 2,0 0,18 7,82 

'1'102 0,3 0.2 0.18 0,12 1.20 1. 5 

Fa~3 0,8 1. 5 2.16 0.69 0,16 8.62 
I 

M nO o.o1 0.06 0,06 0.03 0.41 0.01 _. 
w 

~ 0.4 0.2 0,56 o.so 3.45 0.5 0 3.45 0,3l CD 
I 

' 
Ne~ 0.3 0.3 0.9 1. 0 2.28 0.7 

Kfl 0.3 0,5 0,75 o.so 3.1 4.3 0,78 1.42 1.92 1.9 0 1.92 1. 0 40.0 

·~5 o.15 0.15 2.0 0 2.17 

sol 0,10 0.1 3.55 0 3.5 1. 7 

euo 0.2 

v.p5 2.H 

ZnO 0,09 

NiO 0.25 

cr2o 1 1. 1 . 0.01 

CoO 0,)9 



l KEY 
,, 

SRC = Production sulphate resisting cement made from chalk and PFA. 
j 
I 

f 
PFB = Trial SRC cement clinker with extra PFA, collected at 1030h. 

1530h. l PFC = Trial SRC cement clinker with extra PFA, collected at 

! PFD = Trial SRC cement clinker with extra PFA, collected at 2030h. 

LHA = Trial Low Heat cement clinker collected at 0900h. 

LHB = Trial Low Heat cement clinker collected at 1200h. 

LHC Trial Low Heat cement clinker collected at 1300h. 

LHD = Trial Low Heat cement clinker collected at 1500h. 

OPC = Production Ordinary Portland cement clinker. 

WPC = Production White Portland cement clinker. 
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(Table8·6 ). Electron microprobe analyses (mean values) 

of Belite from works A,B,C,D,E,F and G • 

Works WRKS.B WRKS.B WRKS.B WRKS.B WRKS.B WRI<S.B WRI<S.B 
Cement SRC PFB PFC PFD LHA LHB LHC 

Si02 31.7 30.6 30.5 32.4 30.9 30.5 30.9 
Al203 1. 2 1. 6 1.6 1. 0 1. 0 1. 2 1. 4 
Ti02 o.o 0.2 o.o 0.1 o.o o.o o.o 
Fe203 1. 5 1. 8 1. 5 1. 0 1. 4 1. 3 1. 7 
MnO o.o o.o o.o o.o o.o o.o o.o 
M gO o. 1 0.3 0.2 0.2 0.1 o.o 0.1 
CaO 64.5 63.4 64.2 64.5 64.4 65.6 63.7 
Na20 0.2 0.7 0.2 0.2 0.1 o.o 0.5 
1<20 0.6 o.s 0.3 0.4 0.4 0.5 o.8 
P205 o.o o.o o.o 0. 1 o.o o.o 0.1 
S03 0.6 1. 0 0.9 1.4 0.6 o.8 0.3 

TOTAL 100.4 100. 1 99.4 101.3 98.9 99.9 99.5 

Works WRKS.B WRKS.A WRI<S.E WRKS.C WRKS.F WRI<S.D WRI<S .G 
Cement LHD OPC OPC OPC WPC OPC OPC 

Si02 30.5 31.5 31.7 29.9 30.8 31.0 31.2 
Al203 1.2 1. 5 1.6 2.2 2.4 1. 8 1.8 
Ti02 o.o o. 1 o.o o.o o.o 0.3 0.2 
Fe203 1. 5 o.s 0.7 o.s o.o 1. 0 0.9. 
MnO 0. 1 o.o o.o o.o o.o o.o o.o 
M gO o.o o.s 0.5 0.2 o.o 0.4 0.4 
CaO 63.7 63.8 64.2 64.3 64.9 63.8 63.5 
Na20 0.4 0.2 0.1 0.1 0.3 0.2 0.3 
1<20 0.6 o.s 1. 0 0.3 0.3 0.6 o.s 
P205 o.o o.o o.o o.o o.o 0.1 0.3 
S03 o.8 0.5. 0.1 1. 6 0.9 0.3 o.o 

TOTAL 98.8 99.4 99.9 99.4 99.6 99.5 99.4 



~y 

K1 = Production Sulphate Resisting cement. from Kiln 1. 

K3 = Production Sulphate Resisting cement from Kiln 3. 

The four digits indicate the time of collection of the clinker. 
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(Table 8·7 ) • Electron' microprobe analyses (mean values) of 

Belite from SRC clinker (K1 ,K3) 

Sample K11930 K12030 K12130 K12230 K12330 K10030 K10130 

Si02.' 31.0 30.8 31.6 32.1 31.7 31.2 32.3 
Al203:· 1.3 1. 4 1. 1 0.9 1. 0 1. 3 1. 1 
TiOZ· o. 1. 0.1 0.1 · n.d n.!i 0.1 n.d 
Fe2o3· 1.5 1. 9 1.6 1. 3 1.4 1. 9 1. 3 
M nO: n.d n.d n.d n.d n.d 0.1 n.d 
Mgo·· 0.1 0.2 0.2 0.1 0.1 0.3 0.1 
CaO .. 65.1 64.0 64.2 64.0 64.4 63.8 64.3 
K20: 0.6 0.9 o.8 1. 0 0.7 0.9 0.7 
P20S: n.d n.d n.d n.d n.d n.d n.d 
S03. o. 1 0. 1 n.d n.d 0. 1 n.d n.d 

TOTAL 99.8 99.4 99.6 99.4 99.4 99.6 99.8 

Sample K10230 K10330 K10430 K10530 1<31930 K32030 K32130 

Si02. 32.0 32.3 31.9 32.0 29.8 30.8 32.0 
Al20J 1. 1 1. 1 0.9 0.9 1. 8 1.5 1. 2 
Ti02 n.d 0. 1 n.d n.d n.d n.d n.d 
Fe203. 1. 5 1. 4 1. 2 1.5 1. 2 1. 6 1. 5 
MnO n.d n.d n.d n.d 0.3 n.d n.d 
MgO. 0.1 0.1 n.d 0.1 0.1 0.1 0.2 
CaO. 63.9 64.1 64.0 64.2 64.2 64.3 63.9 
K20. 0.6 o.s 0.7 n.d o.s 0.4 o.a 
P205 n.d n.d n.d n.d n.d n.d 0.1 
S03 n.d n.d n.d n.d 1 ~ 4 1. 2 0.1 

TOTAL 99.2 99.6 98.7 98.7 99.3 99.9 99.8 

Sample K32230 K32330 K30030 K30130 K30230 K30330 K30430 

SiOZ. 30.5 30.6 30.2 31.2 31.1 30.3 32.2 
Al203: 1. 7 1. 2 1.6. 1. 2 1. 2 1. 4 1. 0 
Ti02. n.d n.d n.d n.d n.d n.d n.d 
Fe203 2. 1 1. 6 1. 7 1. 6 1.6 1.7 1. 4 
MnO n.d n.d n.d n.d n.d n.d n.d 
M gO 0.1 0.4 0.2 o. 1 0.1 0.2 0. 1 
CaO 63.7 64.1 64.8 64.9 64.1 64.8 64.3 
K20. 0.4 0.4 0.4 0.3 0.6 0.3 0.5 
P2o5· o. 1 n.d n.d n.d n.d n.d n.d 
S03 .. 0.9 0.9 0.6 0.3 o.8 0.7 0.1 

TOTAL 99.5 99.2 99.5 99.6 99.5 99.4 99.6 



F 
I 
I 

KEY 

'' 

K3 = Production Sulphate resisting cement ( SRC ) from kiln 3 

PF = Trial SRC with PFA addition. 

LH • Trial Low Heat cement clinker. 
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I 

(Table B·B ) • Electron microprobe analyses (mean values ) df , 

Belite from SRC clinker (K1,K3), SRC with PFA kiln addition 

clinker (PF) and LHC trial mix (LH) •. 

Sample K30530 PF0730 PF 1130 PF1330 PF1530 PF1730 PF1930 

Si02: 32.4 30.5 30.6 31.1 30.5 29.1 32.3 
Al203 1. 1 1. 5 1.6 1. 6 1. 6 1. 9 1. 0 
Ti02 n.d n.d 0.2 0.2 n.d n.d 0.1 
Fe203 1. 5 1. 8 1. 8 1. 5 1. 6 1.5 1. 0 
MnO n.d n.d o.o n.d n.d n.d n.d 
M gO o. 1 n.d 0.3 0.3 0.2 0.4 0.2 
CaO' 64. 1 63.8 63.4 63.8 64.2 64.4 64.6 
K20' 0.4 0.4 0.5 0.5 0.3 0.5 0.4 
P205 n.d n.d n.d n.d n.d n.d 0.1 
S03 0.2 1. 1 1. 0 0.6 0.9 1 • 1 0.4 

TOTAL 99.8 99.1 99.4 99.6 99.3 98.9 100.1 

Sample PF2030 LH0900 LH1200 LH1300 LH1400 LH1500 LH1600 

Si02 32.4 30.9 30.5 31.0 30.2 30.6 30.7 
Al203 1. 0 1. 0 1. 1 1. 4 1. 4 1. 2 1. 1 
Ti02. 0.1 n.d n.d n.d n.d n.d n.d 
Fe203. 1. 0 1. 2 1. 4 1. 7 1. 7 1.5 1. 5 
MnO n.d· n.d n.d n.d n.d n.d n.d 
MgO · 0.1 0.1 n.d 0.1 0.1 0.1 0.3 
cao: 64.5 64.5 65.6 63.8 64.3 63.8 64.1 
K20 0.4 0.4 0.5 0.8 0.4 0.6 0.4 
P205 n.d n.d n.d 1.0 n.d n.d n.d 
S03 1.4 0.7 0.8 0.3 1. 2 0.8 1. 4 

TOTAL 100.9 98.8 99.9 100.1 99.3 98.6 99.5 

• 

/ 



(Figure 8•4). Number of ions substituted versus number of ions substituted in belite calculated on 4 oxygens • 
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(Figure s-s ) • Number of ions substituted versus numher of ions substituted in belite calculated on 4 oxvgens • 
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The mineral compositions of the belite in the cement clinkers from 

works A, B, C, 0, E, F and G that were investigated by the author are shown 
1 

in Tables 8.6,8.7 and 8.8. 

Substitution of MgO in belite. 

' Sarker (1977) found that the range of MgO in belites he analysed was 

between 0 and 3.5 wt.~ • (Table 8.5). Barnes et al (1978) found similar 

values • (Table 8.5). When Ghose and Barnes (1980) made analyses of MgO 

levels in belite (Table 8.5), they proposed that there was a linear 

increase ln the MgO content of the belite with increased MgO in the 

clinker. When Kristmann (1977) investigated the mineralogical properties 

of production clinker, he found that the variation of MgO in belite was 

between 0 and 0.5S. (Table 8.5). 

The MgO content of belites from production cement clinker studied by 

the author, varied from 0 to 0.5~. (Figure 8.1,d) The increase was not 

linear, because when the r~o level in the clinker was above 2S there was 

no increase in the MgO content of the belite. This was because the 

periclas~ phase usually formed preferentially. The overall levet of MgO 

in cement clinker was usually kept to less than 3l , to prevent 

'unsoundness' in cement. The Mg ions substituted for Ca.(Figure 8.4 ea v Mg~. 

Npne of these values approached the level of substitutio~ of MgO in 

the bredigite (~'L C2S ) studied by Midgley and Bennett (1971). They 

used EMPA to analyse larnite and bredigite from Soawt Hill in Larne, 

Northern Ireland. These minerals are natural c2s pol~norphs • The 

analyses showed that the principle difference between larnite and 

' bredigite was in the amount of calcium replaced by magnesium. In larnlte 

there was no replacement, whilst in bredigite tha amount of MgO 

substitution was about 13S • They concluded that larnite ( } c2s ) could 

be stabilised for geological tt~e by a very small quantity of minor 

elements • The bredigite phase could coexist with larnite , if it had the 

major substitution of magnesium for calcium • 
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Substitution of Al2o3 and F~o3 in belite. 

An extensive investigation of the mineral chemistry of belite from 

different manufacturing processes was carried out by Barnes et al (1978) 

using EMPA .( Table 8.5) The maximum values given for some of the 

elements especially Fe and Al was probably due to the unintentional 

sampling of phases surrounding the belite crystals. 

Substitution of Al 20J in belite. 

The author has found that the level of Al2o3 in belite against the 

total Al203 in cement showed an overall incre~se with increased Al2o3 in 

the cement. ( Figure 8.1,c ) • 

The proposal by Kristmann (1977) that Al was partitioned into the 

alite in a wet process kiln and into belite in a dry kiln, is not 

supported. If clinker D (wet) and clinker E (dry) are compared, belite 

D should have a lower Al203 level than belite E , which it does not. 

Tile Al ions appear to substitute for Si ( Figure 8.5, Si v Al ) rather 

than for Ca (Figure 8.5, CavAl ), which Butt and Tismashev (1974) 

proposed. 

Substitution of Fe203 in belite. 

For iron oxide there was an apparent overlap between the Fe 2~ in the 

cement and the Fe 2CJ:3 in the belit·~ and alite (Figure 8.1,b). However if 

each cement was considered individually there was a preference for the Fe20J 

to substitute in the belite phase. There was a general,increase in the Fe20:3 

content of thd belite with increased Fe203 in the cement. The amount ot 

:311bstitution of Fe was controlled by the Al20J/Fe20J ratio of each of the 

individual cement clinkers.(Figure 8.1,i). The Fe ions substituted for 

the Si ions. ( Figure 8.5, Si v Fe3 ). If the clinker was burnt in 

reducing conditions , the Fe2 + substituted for ca2+ in the belite. 
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SUbstitution of Na2o and K2o in belite. 

Ghose and Barnes (1980) studied the relationship between the 

distribution of minor elements and the bulk composition of the cement • 

They found that S, K and Fe appeared to increase linearily with increased 

levels in the cement. ( Table 8.5). The type of process influ~nced the K 

content of the belite • Those produced by a wet process had higher K2o 

values than those from a dry or semi dry process • The Na 2o was generally 

more abundant in the matrix phases than in the alite or belite crystals • 

Several researchers have tried to establish a correlation between the 

different polymorphs of belite and the amount of minor element 

substitution. Hjorth (1971) used EMPA to determine the composition of 

belites from cement. ( Table 8.5). Hjorth discovered that p c2s contained 

less K2o than~· C2S • Regourd and Guinier (197q) found that ~·c2s 

had a higher K2o content than p C2S and a lower Al203 level. ( Table 8.5). 

They used these differences to classify the belite polymorphs. 

Sarkar (1977) thought that Regourd and Guinier's (1974) 

classification was over simplified. He investigated the mineralogical 

characteristics of belites from cement with XRD , microscopy and EMPA. 

Sarkar found that belite crystals, classifed as J c2s by Regourd and 

Guinier's system, were determined as ~·c2 s by XRD and microscopy. 

Substitution of K2o in belite. 

The level of K20 in the belite from different works varied 

considerably. (Figure 8.1,j). A possible explanation is that the 

variation was caused by the unintentional sampling of small inclusions of 

alkali sulphate within the belite grains. This was unlikely because the 

belite in clinker from Works E, which had a substantial amount of alkali 

sulphate phases, had low Na2o and so3 contents.(Figure 8.1,h and g). 

The cause of the variation in K2o ~as that the partitioning of the K20 in 

the clinker was partially controlled by which polymorph of c3A was in the 
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clinker. If the aluminate was present in the cubic form the K2o 

substituted preferentially into the tricalcium aluminate. ( e.g. Figure 

8.6,j Works A and Figure 8.t,j Works A) If the aluminate was in the 

orthorhombic form more K2o was available for substitution in the belite. 

(e.g. Figure 8.6,j Works G and Figure 8.1,j Works G). The K+ ions 

substituted for Ca , ( Figure 8.4,Ca v K). 

This is the principal reason why Regourd and Gunier's (1974) 

classification of belite by K2o and Al2o3 content is unreliable. 

An unusual phase was found by Ghose and Barnes (1981) • This was a 

form of belite with a very high potassium level. The atomic composition 

of the K-rich belite was :-

Ca0·54 • Naa.ot. • Mg 0·2 5 • Kt·O 6 • Fea.as • Alo·29 

5~·03 • A1o·20 

Ghose and Barnes found that only if the K was included as replacement 

for Ca was an acceptable calcium to silica ratio produced. They concluded 

that the K rich belite was a very defective c2s structure with the 

potassium solubility level much higher at K = 1.06 than the previously 

accepted level of K = 0.17. 

Substitution of Na 2o in belite. 

The Na2o content of belite was also controlled by the tricalcium 

aluminate polymorph present in the clinker. Thus the level of 

substitution of Na 2o into the belite w~~ not directly related to the Na 2o 

in the clinker, except when there was little or no tricalcium aluminate 

present. The cements produced by Works B (Figure 8.1,k ,solid circles) 

had a very low aluminate content. In these belites the Na20 level in the 

belites incre~sed linearily with increased Na 2o content in the clinker. 

The Na ions substituted directly for Ca. ( Figure 8.4, Ca v Na ). 

Compositional variation in belite due to zoning, 

The chemical composition of belites within a single clinker could vary 



because of the d 1 rrerent generations of crystal formation. 

Skalny et al (1975) used a scanning electron microscope (SEM} with an 

energy dispersive x-ray analysis spectrometer (EDS) to study partially and 

selectively dissolved cement clinkers. The belite grains were ~dentified 

by their Ca/Si ratio • Some of the belite gr~ins were embedded in large 

alite crystals • These belites had a thin shell surrounding them. When 

this shell was analysed, the main elements were Ca , Al and Fe. Skalny 

proposed that they were early forming belites which had been engulfed by 

later alite formation • The alumina-ferrite shell had prevented reaction 

between the early belite and the surrounding later alite crystals. 

A mineralogical study of clinker by Kristmann (1977) using EMPA 

showed that belite could incorporate higher levels of Na20 and K20 than the 

atite , ferrite or aluminate • Kristmann suggested that this indicated 

that the belite system closed after that of the aluminates and ferrite, 

because of the high ionic mobility of the alkalis. However Lehmann et al 

(1964) thought that the aluminate and ferrite systems were the last to 

crystallize. 

From the features observed from microscopy and detailed mineralogical 

analysis the author supports the latter view that the ferrite and the 

aluminate phases were the last to crystallize. 

These results show that the behaviour of sodium and potassium was 

complex. Predictions based on ionic mobility models could be misleading. 

SUbstitution of transition elements in belite. 

Hornain (1971) investigated the substitution of some transition 

elements in belite. ( Table 8.5 ) • He found that V and Cr were 

preferentially partitioned into the belite phase • The Ti ,V and Cr ions 

replaced Si. The elements w1 th a higher atomic number such as Ni, CU and 

Zn replaced ea, the Mn and Co ions substituted for ea or Si • 

The only transition element that occurred in detectable quantities in 

belite, from the clinkers analysed by the author was titanium. The Ti02 
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was preferentially partitioned into the belite rather than the 

alite.(Figure 8.1,e). However the level of substitution'was controlled 

by the production process. The belite in clinker from dry process kilns 

had very low Ti02 levels. The belite in clinker from the semi-dry and wet 

process kilns had higher Ti02 levels. 

Substitution of 503 in belite, 

The 503 content of the belite varied considerably. (Figure 8.1,g), 

Overall there was an increase in the 503 in the belite with an increased 

level of sulphate in the clinker. The principal cause of the variation was 

the availability of the alkalis necessary for the formation of alkali 

sulphate phases • If these phases formed there was less 503 to subsitute 

into the belite. This was shown by the low level of sulphate 

substitution in belite from Works E which had a substantial quantity of 

alkali sulphate phases present. The s6+ions substituted directly for the 

Si ions. (Figure 8.4, Si v 56~). 

The mineral chemistry of ferrite and aluminate in cement. 

The ferrite solid solution series , 

The early investigations int<l tht! composition of ferrite with EMPA in 

the mid 1960's produced very variable results • The best conclusion drawn 

was that the composition of the ferrite in cement was between C4AF and CsA2 F. 

Hornain ( 1973 ) made a systematic study of ferrite composition from 

twenty-three different cement clinkers • Nine of the clinkers were 

synthetic mixes with additions of MgO , Ti02 and Mn304 • Four of the 

clinkers were laboratory prepared with measured amounts of Ti02 addition. 

The final ten samples were industrial cement clinkers • Hornain found 
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(Fig.B·6 J CLINKER ANALYSIS (XRF} V ALUMINATE AND FERRITE ANALYSIS 
(9) . (b) (EMP) 
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(Table 8·9 ). Electron microprobe analyses (mean value) of 

Ferrite from SRC clinker (K1,K3), SRC with PFA kiln addition 

clinker (PF) and L H trial mix (LH) • 

Sample K30530 PF0730 PF1130 PF1330 PF1530 PF1730 PF 1930 

Si02 3.3 10.2 4.1 3. 9 6.7 6.2 9.5 
Al203 15.7 13.2 17.2 17.2 16.5 17.3 13.7 
Ti02. · 0.8 0.2 0.7 0.8 0.6 0.5 0.5 
Fe203 · 30.5 20.0 27.6 27. 1 23.9 24.0 21.0 
MnO. 0.5 0.1 0.3 0.3 0.1 ·o.1 0.2 
M gO 1. 4 1. 1 1. 5 1. 5 1. 3 1. 4 1. 3 
cao 46.9 53.8 48.5 48.4 50.1 50.1 50.1 
Na20· o. 1 0.2 0.1 0.1 n.d n.d 0.2 
K20. n.d o.s o. 1 0. 1 n.d 0.2 0.1 
P205 n.d n.d n.d n.d n.d n.d n.d 
S03 n.d 1. 0 n.d n.d 0.3 0.1 0.3 

TOTAL 99.2 100.3 100.1 99.4 99.5 99.9 96.9 

Sample PF2030 LH0900 LH1200 LH1300 LH1400 LH1500 LH1600 

Si02 9.5 a.o 7.6 3.9 3.1 3.7 6.1 
Al203 13.7 15.9 14.0 15.5 .14. 0 13.8 11.9 
Ti02 o.s 0.7 0.6 0.6 0.6 0.7 0.7 
Fe203· 20.9 25.6 27.8 29.0 32.0 32.1 29.0 
MnO o. 1 0.4 n.d 0.2 0.3 0.6 0.6 
M gO 1. 2 1. 1 1. 1 1. 2 1. 1 1. 1 1. 1 
cao 53.7 49.7 49.7 48.0 47.8 47.3 50.2 
Na20 0.2 0.1 0.3 0.4 n.d n.d n.d 
K20 0.2 0.1 0.4 0.4 0.1 n.d 0.1 
P205 n.d n.d n.d n.d n.d n.d n.d 
S03 · 0.3 n.d n.d n.d 0.2 n.d n.d 

TOTAL 100.3 101.6 101.5 99.2 99.2 99.3 99.7 

~e last four digits after each sample indentifier is the time of collection of 

the clinker .• 
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(Table 8·10). Electron microprobe analyses (mean value) of 

Ferrite from SRC clinker (K1,K3) 

Sample K11930 K 12030 K12130 K12230 K12330 K10030 K10130 

5102' 4.8 4.2 5.2 3.0 6.2 4.2 6.5 
Al203 16.8 17.3 16.1 15.6 14.5 16.2 14.1 
Ti02 0.7 0.1 o.s o.8 0.7 o.s 0.6 
Fe203 27.0 26.3 26.3 31.3 26.4 27.3 25.8 
MnOF 0.2 0.2 0.3 0.2 0.4 0.2 0.2 
M gO 1. 4 1. 2 1. 4 1. 3 1. 3 1. 0 1. 3 
CaO 48.5 49.1 49.3 47.7 49.7 49.5 51.2 
Na2o 0.3 o.s 0.4 n.d 0.2 0.2 0.1 
K20 0.2 o.s 0.6 0.3 0.3 0. 1 0.1 
P205 n.d n.d n.d n.d n.d n.d n.d 
503 n.d n.d n.d n.d n.d n.d n.d 

TOTAL 99.9 99.7 100.1 100.2 99.7 99.2 99.9 

Sample K10230 K10330 K10430 K10530 K31930 K32030 K32130 

Si02 6.3 4.5 7.2 4.5 4.5 4. 1 4.8 
Al203 16. 1 17.3 14.9 15.8 13. 1 15.9 17.8 
Ti02 0.6 0.6 0.5 0.6 0.9 o.s 0.5 
Fe203 25.5 26.6 23.7 27.8 31.6 28.5 26.8 
MnO o. 1 0.2 n.d 0.3 0.7 0.2 0.2 
M go· 1. 1 1. 4 1. 1 1. 4 1. 0 1. 3 1. 4 
CaQ 49.5 49.1 51.9 48.2 47.5 47.2 49.4 
Na20 0. 1 0.4 0.4 0.3 n.d 0.3 n.d 
K20 0.3 0.5 0.6 n.d o. 1 1. 0 0.6 
P205 n.d n.d n.d n.d n.d n.d n.d 
S03 n.d n.d n.d n.d 0.2 1. 5 • n.d 

TOTAL 99.6 100.6 100.3 98.9 99.6 100.5 101.5 

Sample K32230 K32330 K30030 K30130 K30230 K30330 K30430 

Si02 6. 1 4.6 6.6 7.7 4.3 8.9 4.0 
Al203. 17.7 15.6 16.8 13.0 16.0 12.2 17 0 1 
Ti02 o. 1 o.s 0.4 o.s 0.4 n.d 0.6 
Fe203 21.2 25.7 25.7 24.2 28.3 25.5 28.8 
M nO n.d 0.2 0.2 0.4 0.3 0.4 0.3 
M gO 1. 1 1. 2 0.9 1. 3 1. 3 1. 3 1. 4 
CaO 52.3 49.5 50.3 52.3 49.2 49.8 48.7 
Na20 n.d 0.2 0.1 0.2 n.d n.d 0.2 
K20. 0.2 0.4 n.d 0.1 n.d 0.2 o. 1' 
P205 nod n.d n.d n.d n.d n.d n.d 
503 0.4 1. 0 n.d n.d n.d 0.3 n.d 

TOTAL 99.1 98.9 101.0 99.7 99.8 98.6 101.2 
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(Table 8·11 ) • Electron microprobe analyses (mean values) 

of Ferrite from works-A,B,C,D,E,F and G • 
Works WKS.B WKS.B WKS.B WKS.B WKS.B WKS.B WKS.B 
Cement SRC PFB PFC PFD LHA LHB LHC 

Si02 5.1 4.1 6.7 9.5 4.9 7.6 3.9 
Al203 15.8 17.0 16.5 13.7 15.8 14. 1 15.5 
Ti02 0.6 0.7 0.5 0.5 0.7 0.6 0.6 
Fe203 26.7 27.6 24.0 20.9 26.8 27.8 29.3 
MnO 0.3 0.3 0.1 0.2 0.4 0.2 0.3 
M gO 1. 3 1. 5 1.4 1. 3 1. 1 1. 1 1. 2 
CaO 49.7 48.5 50.5 53.7 49.7 49.7 48.0 
Na20 0.2 0.1 o.o 0.2 0.1 0. 1 0.4 
K20 0.3 o. 1 0.1 0.1 0.1 0.4 0.4 
P205 o.o o.o o.o o.o o.o o.o o.o 
503 0.2 o.o 0.2 0.3 o.o o.o o.o 

TOTAL 100.2 99.9 1 oo.o 100.4 99.6 101.6 99.6 

Works WKS.B WKS.A WKSoE WKSoC WKS.D WKS.G 
Cement LHD OPC OPC OPC OPC OPC. 

Si02 3.7 5.5 5.8 5.9 4.6 5.5 
Al203 13.8 22.0 23.1 23.4 20.2 17.0 
Ti02 0.7 o.a 0.7 1. 0 1. 6 1. 8 
Fe203 32.1 15.6 13.3 12. 1 19.2 17.9 
M nO 0.5 0.2 0.5 0.1 0.2 0.4 
M gO 1. 1 4.6 4.3 1. 9 2.8 3.8 
CaO 47.3 50.4 50.6 53.9 49.8 50.7 
Na20 o. 1 0.1 0.3 0.3 0.1 0.2 
K20 0.1 0.2 0.8 0.2 0.2 0.2 
P205 o.o o.o o.o o.o o.o o.o 
503 o.o 0.2 0.1 0.6 0.1 o.o 

TOTAL 99.4 99.6 99.5 99.4 98.8 97.5 

(Table 8·12 ). Electron microprobe analyses (mean values) 

of Aluminate from works A,C,D,E,F and G • 
Wo.rks WKS.A WKSoE WKSoC WKS.F WKSoD WKS.G 
Cement OPC OPC OPC WPC OPC OPC 

Si02 4.9 4.1 3.9 4.3 3.4 4.7 
Al203 26.7 28.9 29.8 31.5 30.6 29.3 
Ti02 0.2 o.o 0.5 o.o 0.3 o.o 
Fe203 9.0 4.2 5.6 1. 2 4.6 4.3 
M nO o.o o.o o.o o.o o.o o.o 
M gO 3. 5 2.5 1. 2 0.3 0.6 1.4 
CaO 53.2 57.5 57.6 60.9 58.9 56.2 
Na20 0.4 0.5 0.4 0.6 0.9 1. 1 
K20 1. 4 0.5 0.2 0.4 o.s 0.9 
P205 o.o o.o o.o o.o o.o o.o 
S03 1. 2 o.o 0.4 0.3 o.o o.o 

TOTAL 100.5 98.2 99.6 99.5 99.8 97.9 
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( Table8·13) The variation in the levels of element substitution 
in Tricalcium aluminate and Ferrite , determined by 
electron microprobe analysis. ( in wt.\ oxide ) 

Phase Tricalcium Tricalcium Ferrite Ferrite Ferrite 
aluminate aluminate min. max. 

Author Fletcher Hornain Hornain Kristmann Kristmann 

Year 1969 1971 1971 1977 1977 

Si02 4.0 1. 8 3.1 

Ti02 o.s 0.48 

Fe 2o3 6.0 

MnO 0.04 5.8 

M gO o.s 1. 9 3.2 

Na 2o 1. 0 0.1 0.3 

K20 1. 0 0.1 0.2 

cuo 0.38 1. 45 

V205 o.os 0.1 

ZnO 0.39 1. s 

NiO 0.33 3.6 

cr2o 3 0.06 3.6 

CoO o.s8 s.o 



(Figure8·7). Number of ions substituted versus number of ions substituted in ferrite calculated on 10 oxygens. 
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(Figure 8-8). Number of ions substituted versus number of ions substituted in ferrite calculated on 10 oxygens • 
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that the ferrite phase had different crystalline forms , from fibrous 

structures to large plate like forms • The ferrite crystals were always 

closely associated with aluminate crystals • 

Hornain found that the Al20J/Fe203 molecular ratio of the ferrite 

increased linearily with the increase of the Al2C3/Fe20J molecular ratios 

of the clinker until the clinker Al20)/Fe2o3 ratio was about 3 • 

Fe 2o3 ratio in the ferrite was about 1.5 and remained at this level 

despite increases in the Al2 0:3/Fe203 clinker ratio • 

In the samples studied by the author, the range of A120J!Fe2o3 ratios 

of the ferrite (Figure 8.6,k) was greater than the range proposed by 

Hornain. 

The mineral compositions of the ferrite phases in the cement clinkers 

from works A, B, C, 0, E and G , investigated by the author are shown in 

Tables 8.9, 8.10 and 8.11. 

SUbstitution of Si~ and MgO in ferrite. 

The Si02 content of the ce~ent did not directly influence the level of 

Si02 substitution in the ferrite. (Figure 8.6,a). This was because the Si 

ions had a linked substitution with the Mg ions in the Al and Fe sites. 

Hornain (1973) noted that the Si~ content the ferrite was dependent 

on the HgO content • This was because there was a linked replacement • 

t.+ " 3+ The small Si · ions ( 0.39a ionic radius. ) replaced the large Al ions 

(0.57A ).and the large Fe3~ ions ( 0.68i ). This created a vacant site and 

allo~ed the Mg ions ( 0.78i) to enter the lattice. The maximum MgO 

content of the ferrite was about 3~. The Mg ion replaced Ca and to a 

certain extent Fe by the following system. 

An Mg2• ion replaced a ca 2• ion 

Three r~ 2• ions replaced two Fe 3
+ ions 

Plus one Mg2
+ ion in an interstitial site. 
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Hornain found that the variation between the MgO content of the ferrite 

and the MgO content of the clinker , was caused the different thermal 

histories of the clinkers. If the clinker had been rapidly cooled , the 

MgO in the ferrite was approximately twice the MgO content of the clinker. 

If the clinker was cooled slowly , a greater proportion of the clinker MgO 

could crystatlise as periclase. In industrial cement clinker this 

characteristic is important. This is because in normally cooled clinker, 

less periclase would form. This reduced the susceptibility to 

'unsoundness' in the cement caused by the inversion of periclase to 

brucite. 

In the production cement clinkers investigated by the author, the MgO 

in the ferrite increased generally with increased r~o in the clinker. 

(Figure 8.6,d). The linked substitutions of Si for Fe and Al, with Mg for 

ea and Fe are shown in Figure 8.7 and figure 8.8. When the level of Mg 

substitution was low, the Mg ions replaced the ea ions and the Si ions 

replaced Al and Fe, as shown in Figures 8.7 and 8.8 for Works B. When 

the level of Mg substitution increased, the Mg ions also replaced the Fe 

ions. This caused the variation between the ea v Mg and the Fe v Mg 

substitution systems {Figure 8.8) for works Band works e ferrite with low 

MgO and the Fe v Mg (Figure 8.8) substitution for Works E ferrite with 

high MgO levels. 

The ferrite with the highest MgO level of 4.5% {Figure 8.6,d) exceeded 

the 3% limit of substitution proposed by Hornain. 

SUbstitution of Na20 in ferrite. 

The Na2o level in ferrite was usually low, less than 0.5%, (Figure 

8.6,k) and the Na substituted for Ca. ( Figure 8.8, ea v Na ). The Na2o 

substitution in the ferrite was controlled by the tricalcium aluminate 

polymorph present in each of the individual clinkers. If the Na 2o 

stabilised the orthorhornbic for;n, there was less Na2o to substitute in the 
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other phases. If the cubic polymorph of aluminate was stabilised, less Na 

was substituted in the aluminate and the balance would substitute.into the 

other phases. 

Substitution of K2o in ferrite. 

The K2o content in the ferrite was not directly controlled by the K2o in 

the clinker. (Figure 8.6,j) The K2o substitution was influenced by the 

aluminate polymorph in a similar manner to that of Na. The K ions 

substituted for theCa ions, ( Figure 8.8, Ca v K). 

Substitution of transition elements in ferrite. 

Hornain (1971) used EMPA to investigate the proportioning of the 

transition elements between the different cement phases • The elements 

were added seperately to individual samples of the cement. The results are 

shown in Table 8.13. Hornain found that the Mn , Co , Ni , Cu , Ti 

and Zn were preferentially concentrated in the ferrite • The majority of 

the elements Ho , Co and Ni replaced Fe • The Ti ion replaced Fe 

primarily, but it also replaced Al to a limited extent • With Ni 

substitution there was an overall increase in the Al content of the ferrite 

at the expense of Fe • When the analyses were recalculated to 15 oxygens 

from the general formula ea6 C Al ,Fe2) o15 there was a constant excess of 

calcium as well as a deficiency of alumina and iron • This was caused by 

the unavoidable analysis of many small inclusions of aluminate and calcium 

silicates within the ferrite. Hornain found that the Ti02 content of 

the ferrite was always about six times greater than the Ti02 level in the 

clinker. 

The only transition elements that occurred at detectable levels in the 

production cements investigated by the author were Ti and Mn. There was a 

linear increase in the T102 in the ferrite , as the T102 in the clinker 

increased (Figure 8.6,e). However the level of substitution was 

substantially less than six times the level of TiOQ in the clinker 



proposed by Hornain. For the cement clinkers with a low titanium content 

(Works Band E), the Ti substituted for Al, (Figure 8.7, Al v Ti). In 
' 

clinker with a higher Ti02 content, (Works C), the Ti substituted for Al 

and Fe. ( Figure 8.7 Al v Ti and Fe v T1 ). 

Substitution of MnO in ferrite. 

Hornain found that the MnO content of normal clinker was generally 

low, about 0.11. The Mn was preferentially substituted in the ferrite 

phase and replaced the Fe ions. The MnO level in the ferrite was about 

twelve times more than the MnO level in the clinker. 

The MnO content in the ferrite from the works investigated by the author 

was considerably higher than the 0.11 found by Hornain. The level of MnO 

. in the ferrite was directly related to the MnO in the clinker. The 

presence or absence of MnO and the level of Ti~ in analyses of the 

matrix, were good indicators to whether the phase was low iron ferrite or 

high iron aluminate. The tricalcium aluminate had no MnO and very low T102• 

usually less than 0.5S. The ferrite had some MnO and a Ti~ level 

greater than 0.5S. This criteria provides a better method for seperating 

the ferrite and aluminate analyses, than the method proposed by Kristmann 

(1977). He found that by utilising the diffarences in Al and Fe count 

ratios it was possible to distinguish between aluminate and ferrite 

electron microprobe analyses. 

Kristmann found that the compositions of the ferr1tes varied, ( Table 

12.1) • His analyses were plotted on a ternary phase diagram of CaO, n 203 
The composition of the ferrite from the OPC clinker was 

between CSA1F and C4AF. This contradicted the compositions which had 

been calculated from X-ray diffraction data. This indicated that the 

composition WI'!S bet·l'leen c4AF and CsAFi. 

Woermann et al (1968) proposed that th~ ferrites were in the solid 

solution series ca2CFe1-P · Alp)2 Os • - The value of p could be any value 

between 0 and 0.1. In the majority of industrial cement clinkers the 



values were between 0.4 and 0.6. 

The mineral chemistry of tricalcium aluminate. 

The major aluminate phase in Portland cement is tricalcium aluminate cc3A). 

The presence or absence of it in cement is of major significance 

because of its rapid hydration characteristics and susceptibilty to 

sulphate attack. The c3A level in portland cement ranges frorn nil to 

about 151. The size of the crystals varied fr~n Sfm• to 3~m. The 

small crystals were difficult to analyse using EMPA without inadvertantly 

sampling the adjacent phases, usually ferrite. The behaviour of C3A in 

solid solutions ·was complex and was related to the crystal form , either 

cubic , orthorhombic or monoclinic. Muller-Hesse and Schwiete (1956) 

established that a level of 3S Na 2o substitution would stabilize the 

orthorhombic form • Fletcher (1969) used EMPA to analyse C3A from an 

industrial cement clinker (Table 12.1) • Fletcher found that alkalis 

substituted for Ca, the other minor elements substituted for Al. 

The mineral compositions of the tricalcium aluminate phases in the 

cement clinkers from works A, C, D, E, F and G investigated by the author 

are shown in Table 8.12. 

Substitution of Si02 in tr1calc1um aluminate. 

The level of substitution of Si into the aluminate was not directly 

controlled by the Si02 content of the clinker. (Figure 8.6,a ). This was 

because of th& variable substitution of Fe ions for Al. These were in the 

same sites as th~ substituting Si ions occup~ed. The level of Fe 

substitution was dependant on the A1 2o31Fe20J ratio of the clinker.(Figure 

8.6,k) 



(FigureB·9). Number of ions substituted versus number of ions sustituted in aluminate calculated on 6 oxygens . 
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Substitution of Fe 2o3 in tricalcium alumtnate. 

The Fe3"' substitution into the aluminate increased linearily as the Fej)3 

content in the clinker increased. (Ftgureg.6,b ) • The Fe3• ions 

replaced the Al ions. ( Figure 8.9 Al v Fe3 ) • There was not a solid 

solution between c3A and the ferrite solid solution series. 

The stoichiometry of A12 03 in tricalcium aluminate. 

The variation of A1203 in the c3A of the different clinkers ( Figure 

8.6,c), was primarily due to the substitution of Al by the other elements. 

This was controlled by the Fe20:31 ~ o3 ratio of the clinker and the araount 

of alkalis in the clinker. The Al203/Fe203 ratio of the tricalcium 

aluminate was substantially higher than the Al2 0:3/Fe2 ~ ratio of the 

clinker (Figure 8.6,k ). This was because the liquid fraction which was 

produced in the burning process and from which the CaA crystallized, had 

been depleted in iron. This was because the ferrite phases crystallized 

before the formation of the aluminate phase. 

Substitution of MgO in tricalcium aluminate. 

The level of Mg replacement in the C3A increased genera:}Y with 

increased MgO in the clinker. (Figure 8.6,d) However if there was a 

substantial amount of periclase formed in the clinker , for example in the 
. 

clinker from Works G , the amount of·Mg substituted was lower than 

expected. The formation of the periclase was usually controlled by the 

cooling of the clinker as described previously for MgO substitution in the 

ferrite. The Mg appears to substitute for the Ca ions (Figure 8.9, 

Ca v Mg ) and not for the Al ions, which was proposed by Hornian ( 1971 ). 

The stoichiometry of CaO in tricalcium al~ninate. 

The CaO content of the trioalcium aluminate was not directly controlled 
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by the CaO levels in the clinker. (Figure 8.6,f). This was because the 

alkali elements substituted for the Ca ions • The level of alkali 

substitution into the aluminate determined which polymorphic form of 

aluminate was stabilized. 

Substitution of Na20·.and K20 in. tricalcium aluminate. 

The alkalis substituted for ea, (Figure 8.9, ea v K and Ca v Na ). 

If there was a high level of potassium and a low level of sodium available 

for substitution, the cubic polymorph was stabilized. If the potassium was 

low and the sodium was high the orthorhombic polymorph was stabilized. The 

availablilty of the alkalis for substitution was dependent, on the actual 

levels of alkali in the cement clinker and wether or not there was 

extensive development of alkali sulphate phases. 

Substitution of so3 in tricalcium aluminate. 

The levels of SOJ in the aluminate and ferrite were extremely variable 

(Figure 8.6,g ) • This was thought by the author, to be due to the 

presence of sm'all crystals of calcium sulphate in the matrix. These were 

unintentionally analysed because the electron micro probe beam interaction 

zone was often larger , 10 pm , than the size of the crystals or the matrix 

phases, 5 to 15 pm • 

Substitution of transition elements in tricalcium aluminate. 

Hornain (1971) used EMPA to investigate the substitution of transition 

elements in C3A ( Table 8.13). None of the transition elements were 

preferentially partitioned into the CJA. The proportions of V,Cr and Mn 

substituted were extremely small. The other elements Co,Ni,CU and Zn all 

substituted for the Fe or Si ions, which were themselves substituted 

elements, in the aluminate. 

The overall level of T102 substitution in the C3A was low , generally 

less than O.SS (Figure 8.6, e). This level was not usually exceeded 
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even if the Ti02 content of the clinker was high. The Ti substituted for 

the Al (Figure 8.9, Al v Ti ) This feature of low values, was useful to 

distinguish between analyses of tricalcium aluminates with a high level of 

Fe substituion and ferrites with a low iron content. 

Compositional formula of tricalcium aluminate in cement. 

Terrier and Hornian (1977) investigated the composition of aluminate 

from twenty-six cement clinkers • (Table 12.1) Some were from production 

kilns , the majority wer~ laboratory prepared samples. Terrier and 

Hornain proposed that Si and Fe substituted for Al , atom for atom. On a 

basis of 6 oxygens the compositional formula of c3A in cement was :-

Ca2·92 Al1•7 Si0·16 Fe0·14 °6 

They proposed that Mg and Ti substituted for Al and that Na and K 

substituted for Ca. This partly disagreed with Fletcher (1969), who had 

proposed that Mg substituted for ea. 

The author supports the latter proposal that Mg substituted for Ca • 

(Figure 8.9, ea V Mg). 

Kristmann (1977) used EMPA to study the composition of C3A from many 

industrial cement clinkers. (Tables 8.13 and 12.1). He proposed that 

since in all the tricalcium aluminates some of the Al was replaced by Fe, 

the mineral formula was (Ca3 (Fe1-pAlp >2 o6 • The values for p were 

between 0.80 and 0.90. 

Preferred substitutions. 

The preferential partitioning of the major and minor elements into the 

principal cement clinker phases is summarised in Table 8.14. 



TABLE { 8·14 } Preferences of cement clinker minerals for major and minor oxides. 

Si02 Al203 Ti02 Fe203 MnO MgO CaO Na20 K20 503 

Alite (rhomb) 3 1 1 1 2 1 4 1 1 1 

Alite (mono 3) 3 1 1 1 2 2 4 1 1 1 

Alite (mono 1) 3 1 1 1 2 2 4 1 1 1 

Belite (alpha') 4 2 3 2 3 1 3 2 3 4 

Belite (alpha) 4 2 3 2 3 1 3 2 3 4 

Belite (beta) 4 2 3 2 3 1 3 2 2 4 I 
~ 

m 
~ 

Alu C3A (cubic) 1 4 2 3 1 3 2 3 4 3 I 

Alu C3A (ortho) 1 4 2 3 1 3 2 4 3 3 

Ferrite 2 3 4 4 4 4 1 3 2 2 

Highest preference is 4 , lowest-preference is 1 



Mineral chemistry of the alkali sulphate phases. 

Introduction 

The presence of alkali sulphates in cement clinker is of more 

significance than the actual percentage content would indicate. The 

occurrence of alkali sulphates can effect the workablilty, setting and 

compressive strength of the cement. Cements with high alkali levels can 

also suffer from low durability due to alkali-aggregate reactions. 

The akali sulphate phases are soluble in water and some of the minerals 

will dissolve rapidly on contact with water. Others·react with water and 
. 

form a hydrated compound. These are the alkalis that have most direct 

effect on the quality of the cement in the early stages, the workability 

and the setting. The effects on the compressive strength is related to 

the alkali elements substituted in the calcium silicates and matrix phases. 

Indirectly the presence of alkali sulphates influences the strength of the 

cement because the composition of the alkali sulphate determines the 

availability of the alkali elements, which substitute in the major cement 

clinker phases. 

The alkali sulphates in cement clinker. 

Composition of alkali sulphate phases. 

The alkali elements in clinker originate from two sources ~ the raw 

materials and the fuel. Pollitt and Brown (1968) found that if there was 

sufficent S03 available , the alkalis K20 and Na2o occurred as sulphates. 

The quantity of alkali sulphate was determined by the ratio of total 

clinker sulphate to total alkali content. Pollitt and Brown proposed that 

potassium was likely to occur as potassium sulphate or by preference as one 

of two other sulphate forms depending on the amount of available sodium 



(Table8·15). Electron probe micro analysis of alkali sulphates present in cement clinker · 

Phase CKS CKS KS ASO ASO NKS 
Analysis 32 33 86 22 4 12 

Si02 1. 0 2.7 0.4 2.6 2.2 0.9 
Al203 n.d n.d n.d 0.3 0.4 0.9 
Ti02 1. 4 0.5 0.3 0.4 n.d n.d 
Fe203 n.d n.d n.d 0.4 0.6 0.3 
M gO n.d n.d n.d n.d n.d n.d 
cao 35.0 32.6 2.2 12.9 14.5 4.2 
Na20 0.3 2.7 3.0 6.6 4.1 7.8 
K20 10.9 12.2 48.9 33.0 32.6 40.9 
P205 n.d n.d n.d n.d n.d n.d 

503 50.6 45.3 44.2 42.1 42.7 37.6 

TOTAL 99.2 96.1 98.9 98.4 97.3 92.5 
I 
~ 

Ol 
ID 

I 

Phase ASO NKS KS"" NK"" CK= 

Analysis 13 14 1 1 1 Sibichio~etric compositions 

of alkali sulphates. 
Si02 2.4 1.4 n.d n.d n.d 

Al203 5.7 n.d n.d n.d n.d ~5= is potassium sulphate 

Ti02 n.d n.d n.d n.d n.d K2so4 
Fe203 2.6 n.d n.d n.d n.d 

M gO n.d n.d n.d n.d n.d NK= is sodium potassium 
cao 16.7 1.9 n.d n.d 25.2 
Na20 5.6 7.5 n.d 9.3 n.d sulphate Na2so4.3K2so4 
K20 29.8 44.0 54.0 42.5 21.1 
P205 n.d n.d n.d n.d n.d CK= is calcium po~assium 

503 30.0 43.2 46.0 48.2 53.7 sulphate 2Caso4.K2so4 

TOTAL 92.7 98.0 100.0 100.0 100.0 NOTE. 
ASO is a mixture of two or 

more alkali sulphates. 
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sulphate and calcium sulphate • The sodium sulphate might occur alone , 

but more likely it would combine with potassium and form a double alkali 

sulphate. The calcium could form calcium sulphate or as a calcium 

potassium sulphate , subject to the potassium sodium sulphate having formed 

previously. Overall the potassium sulphate was more likely to occur than 

the sodium sulphate. 

Jawed and Skalny (1977) proposed that the compositions of the alkali 

sulphates which could occur in cement clinkers were; 

Potassium sulphate (Arcanite) K2so4 • 

Sodium potassium sulphate (Aphtitalite) Na2SC}. .3~so4 or similar solid 

solution 

·Calcium potassium sulphate ( Calcium langbeinite ) 2CaS04 • K2 sq or similar 

solid solution. 

Mander (1977) reported that the burning zone atmosphere influenced the 

alkali sulphate phase formation • The calcium potassium sulphate was 

produced in an oxidising environment • The sodium potassium sulph'ate was 

formed in reducing conditions. 

Mineral chemistry of the alkali sulphates. 

The chemical composition of the alkali sulphates found in the cement 

clinkers from the diffrerent cement works is shown in Table 8.15. The 

minerals are in solid solution series so the composition varies 

considerably. When the mineral analyses of the alkali sulphates was 

plotted on the ternary phase diagram CaO - K2o - Na2o and K2o - Na2o -So3• 

the variation is clearly shown. (Figure 8.10). Some of the 

compositions appear to be between two different phases. These analyses 

are probably the result of analysing fragments of several different 

crystals together. 

The alkali sulphates from works C were the calcium potassium sulphate, 

The sulphates from works E were the potassium sulphate. The alkali 
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( Fig.8·1 0 ) 
TERNARY PHASE DIAGRAMS 

OF E.M.P. ANALYSES FROM 
ALKALIS SULPHATES IN 

CEMENT CLINKER. 
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sulphates from works B were the sodium potassium sulphates. There was 

sodium available because it had not been prefer entially substituted into 

the tricalcium aluminate phase. The level of tricalcium aluminate in the 

clinker from works B was very low since the types of cement manufactured 

were sulphate resisting or low heat cemnt. 

The occunence of the alkali sulphates is extremely important because 

of their influence on the formation and stabilisation of the belite and 
' 

tricalcium aluminate phases. The potassium based sulphates were the most 

likely alkali sulphate phases to form. This reduced the availability of 

the potassium to substitute in the tricaloium aluminate and stabilize the 

cubic form. 



The mineral assemblages in cement clinker from the quaternary system CaO -

Introduction. 

The mineral compositions of the calcium silicates, ferrites and 

aluminate phases from the cement clinkers studied by the author,have been 

plotted onto ternary phase diagrams, CaO - Sio2 - Al2o3 and CaO - Al2o3 -

Fe20J. ( The figures 8.11 to 8.22 show subsystems of the main system. 

This is to enlarge the relevant section or the system to aid 

interpretation.) The phase boundaries, mineral compositions, temperatures 

of phase boundary intersections and compositional triangles are shown on 

Figure 8.11. 

The compositions of the mineral phases in weight percent element, from 

each cement clinker of a different works or process has been plotted on an 

individual diagram. For several clinkers the analyses have been subdivided 

by symbols to show differences between compositions in the reduced and 

normal clinker. The analyses of the PFA addition clinker and the trial 

Low Heat Cement clinker from works B have been subdivided into timed 

samples. These were collected at different stages throughout the 

production trials. 

Comparison of the mineral assemblages of ordinary portland cement clinker 

from dry process cement kilns. 

Works C and E (Figures 8.12 and 8.13). 

The calcium silicate phases in the clinkers from works C and E had 

slight variations in composition. There was a higher calcium to silica 

ratio in the alite from works C. The calcium to silica ratio in the 

belite from works C was lower than works E. This was due to the different 

polymorphic form or the alite in the two clinkers. The alite from Works C 
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clinker was predominantly rhombohedral, whilst the alite from works E was 

mostly in the monoclinic form. The aluminate and ferrite phases showed 

more variation in their compositions. The difference between the alumina 

iron ratio of the two clinkers was small (works C = 2.58 , works E :2.52). 

However the differences between the compostition of the aluminate 

phases present in the clinker was significant. The mineral assemblage of 

the aluminate phases from Works E showed two distinct trends. This 

indicated that there was two aluminate phases present. The trend of the 

analyses leading towards the stoichiometric composition of c3A indicated 

that tricalcium aluminate was one of the aluminate phases. The other trend 

of the aluminate analyses indicates that there was an alumina rich phase. 

This mineral was calcium aluminate, CaO.Al2o3• 

The calcium aluminate phase was not detected in the clinker from works C. 

The ferrite from works C was predominantly of composition C6A2F • 

The ferrite from works E contained more iron, the composition was between 

CfjAzF and C4AF. The higher iron level in the ferrite from works E was due 

to the enrichment of iron in the liquid fraction of the clinker. This 

was caused by the early crystallization of the calcium aluminate. 

Comparison of the mineral assemblages in ordinary portland cement clinker 

from semi-dry process kilns. 

Works A and G (Figures 8.14 and 8.15). 

The alite from works A and works G had very similar compositions. The 

compositions of the belite phases in the two different clinkers were also 

similar. The compositions of the ferrites and aluminates . between the 

two clinkers showed significant variation. The composition of the ferrite 

from works A was close to the CsA2F composition except for a shift towards 

the CaO and Al20J end positions. This is a combination of two factors , 

one is a feature of the graphical representation of a three phase 
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assemblage in a quaternary system. The ternary diagram is a single side 

of a three dimensional structure. If the actual compositions of the 

minerals is inside the structure i.e. it has a composition which contains 

the four component elememts, then the translation of this data to a three 

component diagram will cause a shift in the apparent composition of the 

phase. This factor is the same for all the analyses plotted on all of the 

diagrams. Figure 8.16 shows a three dimensional representation of the 

quaternary subsystem CaO - C12 A7 - C2S - C2F. 

The second factor is due to mineralogical and instrumental features. 

The shift towards the CaO and Al20J apices is caused by the unintentional 

sampling of the calcium silicate and the aluminate phases during the 

analysis of the ferrite crystals. This is due to the size of the 

electron microprobe beam interaction zone , about 10 pm,and the size of the 

ferrite crystals from 5 to 15 rm· 
This sampling effect was also shown by the apparent composition of the 

aluminate phase in the clinker from works A. The tricalcium aluminate 

crystals were in the cubic modification and were. small , about 5pm in size. 

Thus small areas of ferrite and the calcium silicate phases were 

unintentionally included in the zone of analysis. 

The aluminate and ferrite phases from works G had a more distinct 

separation • This was because the tricalcium aluminate had crystallised in 

the orthorhombic form as lath shaped crystals. These were larger than the 

cubic form • Since they were larger than the beam interaction zone , 

there was less sampling of the adjacent phases. The ferrite phase was 

richer in iron and had a composition between CG~F and c4AF. In the 

reduced clinker, the ferrite content was less than in the normal clinker. 

The tricalcium silicate contained less iron in solid solution • Thus the 

occunence of reducing conditions in the kiln has most effect on the 

distribution of iron in the cement clinker phases. 
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CoO C2F 

(figure 8·16) THE· QUATERNARY SUB SYSTEM 
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CEMENT CLINKER MINERALS. 

( c,s volume after Lea and Parker ,1934) 



The mineral assemblages in ordinary portland cement clinker from wet 

process kilns. , 

Works D (Figure 8.17). 

The alite and belite phases from works D have a similar calcium to 

silica ratio as the calcium silicate phases from the other types of 

process. The aluminate phase was predominantly in the orthorhombic form. 

Therefore the interference effects from the adjacent phases was lessened. 

The composition of the ferrite phase was between G5A2F and C4AF. The 

reduced clinker had a greater seperation between the ferrite phase 

and the tricalcium aluminate. This was due to the better crystallisation 

of the tricalcium aluminate in the reduced clinker. 

The mineral assemblage in white portland cement clinker from a wet process 

kiln. 

Works F ( Figure 8.18). 

The clinker from this works was produced in reducing conditions by an 

oilfired kiln. 

The alite and belite phases had a slightly higher level of A1203 when 

compared with the OPC calcium silicate phases. The level of iron in all 

the phases was very low because the iron content of the kiln feed was low 

and the burning in reducing conditions kept the iron in a reduced state. 

The aluminate analyses show two distinct groups. The cluster between the 

CaO point and the C3A point was from analyses of tricalcium aluminate. The 

cluster of analyses between the C3A point and the ~2 A7 point was from 

another aluminate phase of composition c12 A-,. 

because of the absence of iron in the system. 

This phase had formed 

.. 
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The mineral assemblage in low heat cement clinker from a wet process kiln, 
Works B ( Figure 8.19). · · - · · 

In the manufacture of this cement, a high iron content feed is used to 

prevent the formation of tricalcium aluminate. The early clinker samples 

that were collected before the iron was added, had alite with a higher 

alumina content than the later samples. The belites had a less 

distinctive division. In the early samples of the production trial , the 

composition of the ferrite was near c4 AF. As the trial proceeded and the 

kiln conditions settled, the ferrite composition moved towards the iron 

rich end of the ferrite series, to CeAF2 • 

The mineral assemblage in sulphate resisting cement clinker from wet 

process kilns. 

Works B (Figure 8.20),Production SRC clinker. 

The cement clinker was collected individually from the two kilns. The 

calcium silicates had no overall differences between the two kilns. The 

ranges of composition of the belite from the kilns is wider than the 

compositions of the belites from the OPC clinkers. This was due to the 

higher levels of minor element substitution, especially sodium and 

potassium, in the belite. This was caused by the absence of any 

substantial amount of tricalcium aluminate , in which these elements might 

preferentially substitute. The analyses between the cluster of ferrite 

symbols and the cluster of alite analyses, were c~used by the microprobe 

beam striking sections of the two phases simultaneously. 

The ferrite analyses show no difference between the two kilns. 

The overall composition of the ferrite was between C4AF and C6AF2• A 

higher iron content than the ferrite in the OPC clinker. 

The mineral assemblage in sulphate resisting cement clinker made from chalk 

and clay. 

-
Works B (Figure 8.21) 

Prior to the use of PFA in the manufacture of SRC clinker , works B 
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used clay. The overall mineral assemblage was similar to the SRC 

clinker from PFA. There were some minor variations in the compositions 

of the phases. The belite and ferrite had a higher level of CaO • This 

was due to the higher level of freelime in the clinker. In the SRC 

clinker from PFA, the ash was lime def..i. cient and reduced the overall 

freelime by reacting with it to produce belite. The amount of iron in 

the ferrite from the clinker with clay was slightly lower, with the 

composition near to C4AF. This was because the iron in the PFA was 

predominantly in the form of magnetite and hematite. Thus it was more 

readily available for the formation of ferrite from the liquid fraction. 

Rather than being bound in some of the clay minerals which are usually more 

refractory in nature. 

The mineral assemblage in the sulphate resisting cement clinker with PFA 

addition. 

Works B, (Figure 8.22). 

In the production cycle at works B the dust from the exhaust gases from 

all the kilns was recycled back into kiln 3. This caused the clinker 

from this kiln to have a high freelime level. To reduce this excess 

freelime , PFA was added to the feed to combine with freelime and form 

belite. The analyses from the first clinker show an overall decrease in 

the CaO content of the all the phases , when compared with the normal SRC 

clinker (Figure 8.20). During the middle period of the test the freelime 

level remained low. The last sample was collected when the PFA addition 

had ceased. The freelime level in the clinker increased dramatically. 

The ferrite phase showed the greatest variation in the content of CaO 

throughout the trial. However the iron content of the ferrite was 

relatively static. The composition of the ferrite was close to c4AF. 
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Ternary phase diagram plots of published analyses of cement clinker phases. 

For comparison purposes the analyses of cement clinker minerals which 

have been given in publications are plotted on identical phase diagrams. 

(Figure 8.23). The analyses are not all from one type of cement or 

process and do not represent a mineral assemblage from a cement clinker. 

Future development. 

The use precise mineral analyses for production control of cement 

would be complex and expensive. However in the analysis of potential 

cement quality and performance, the mineral analyses provide very useful 

data, for the future developments of cement, which may be to improve the 

performance, or to utilise waste and byproducts in the manufacture of the 

cement clinker. The use of mineral analyses will be crucial in the 

development process. 
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Chapter nine 

The compressive strength and quality of portland cement and concrete. 

Introduction. 

The major use of a cement is as a binder material in concrete • The 

relationship between the chemical , mineralogical and petrological 

characteristics of the clinker, and the physical propertie3 of the cement 

is of great interest to the producers and users • One of the most 

important physical properties of cement and hence concrete is the strength. 

Factors influencing the strength of cement. 

Chatterjee (1979) proposed that the effects of composition, mineral 

structure and petrological characteristics on the quality of cement clinker 

were related phenomenologically. Individually the effects due to the 

various characteristics were difficult to assess. If they were considered 

in combination the interrelationships were extremely complex. 

Thus the correlations between clinker characteristics and cement 

quality are best examined individually before attempting to assess 

composite models. 

The strength of the concrete must be related to the phase content of 

the cement • The compressive strength of the different cement minerals 

is shown in Figure 9.1. These minerals react with the water at different 

rates and form the hydrated minerals which bind the aggregate together • 
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The rate or hydration or each specific mineral is dependant on the precise 

mineral composition , especially the minor elements which substitute into 

the mineral structure. 

By comparing Figure 9.1 and Figure 9.2, it is apparent that the rate 

of hydration does not directly relate to the 28 days compressive strength 

of the phases • The actual strength development in concrete is influenced 

by the interaction of the different phases as they hydrate. The rate of 
0 hydration of the compunds in the cement, in the early stages is similar to 

the rate of hydration of the individual phases. The percentage of 

hydration against time for the major cement phases is shown in Figure 9.2. 

During this stage the hydration is selective. The degree of hydration in 

the cement and thus its early strength, is determined by the hydration rate 

of the individual phases. The hydration proceeds and a layer of calcium 

silicate hydrate gel ( CSH ) forms around each cement grain. As this layer 

thickens the rate of hydration becomes more dependent on the rate of water 

diffusion through the layer • 

Birchall et al (1980) have proposed an osmotic membrane model • In 

this process the water is prefer~ntially drawn in through the gel coating 

which eventually ruptures under the osmotic pressure. This allows renewed 

hydration and the growth of secondary hydration products. This occurs 

after the dormant period in the cement following the early hydration 

reactions. Thus they conclude that the later and final strengths are 

more dependent on the characteristics of the CSH layer, than the reactivity 

of each of the cement minerals. 

Phase composition. 

There have been many attempts to find relationships between the 

strength of cement and the chemical phase content of the clinker • Butt 

and Timashev ( 1962 ) investigated a large number of samples of clinker 

from production kilns • Their conclusions were that, the optimum c3A 

content for cement was between 8 to 12 ~. Above this level the strength 
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was reduced • The optimum c4 AF content was between 12 to 13 %. Excess 

c4AF caused a reduction in strength • The optimum content of c3s was 50 

to 55%. An increase above this figure did not cause any significant 

increase in strength and occasionally caused a reduction • 

A method proposed by Alexander ( 1972 ) related the compressive 

strength of a cement to the specific surface area and the Bogue proportion 

of alite and aluminate • This equation gave a good correlation for 3 and 

7 day c~mpressive strengths but was very inaccurate for 28 day strengths. 

The use of the Bogue calculation for the estimation of alite and 

aluminate contents introduced errors due to the inaccuracy of the Bogue 

calculation especially for aluminate • 
' I 

Phase composition and physical properties. 

Popovics (1967) proposed an exponential equation to model the 

strength developing capacity of Portland Cement. Following extensive 

research , Popovics introduced a modified version of of the 1967 equation. 

This later version included the influence of the cement fineness on the 

compressive strength development • The results were also expressed in 

2 
conventional units of lb./in. .• Three assumptions were used in the 

modified equation. 

1. After 90 days the strength of the pastes, mort~rs and concrete made 

with Portland Cement were independent of the compound composition of ~he 

cements. 

2. The rate of hardening parameters were proportional to the specific 

surface of the cement. 

3. The compressive strengths of the standard Portland Cement mortars at the 

age of 90 days was proportional to the specific surface of the cement. 
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The modified equation had the following form.-

F = F90 

F = estimated mortar strength at age of t days. 

F90 = strength parameters representing mortar at age of 90 days 

For .compressive strength 

Cement cured in water F 90 = 5500 Ss/So ( in pounds per square inch ) 

Cement cured in moist air F 90 = 5900 Ss/So ( in pounds per square 

inch ) 

Ss = specific surface of cement under consideration ( in cm2/g ) 

So = specific surface of typical OP cement. 

t = age of specimen at testing ( in days ) 

c3 = computed C3S content of the cement ( in ~ ) 

b1 and b2 = rate hardening parameters independent of C3S content, 

strength and age but may be a function of C3A content, fineness, 

curing temperature and other factors which influence hydration, for 

example gypsum content, minor constituants, admixtures and the water 

cement ratio •. 

Popovics has calculated several values for b1 and b2 which may be 

substituted into the modified equation. 

For compressive strengths of mortar. 

b1 = 0.20 (Ss/So) 

b2 = 0.005 c3A (Ss/So) 

(The conversion factor for lb./in2 to N/mm2 is 0.0069). 

When Popovics compared the results of the compressive strengths of 

three cements studied by Klieger (1957), with values that were calculated 
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from his modified equation there was a reasonable correlation. 

Egorov et al ( 1975 ) prepared a series of pilot plant cement clinkers 

with varying phase compositions and moduli values • The clinker was 

ground to produce cement with identical fineness and so3 contents ,and it 

was then tested ~nder standard conditions • From these tests a strength/ 

. mineral correlation model was made • However the model did not take 

into account th~ effect of compositional modifications , size ,morphology 

of grain and structural differences • The variation in these factors 

reduced the accuracy of this model • 

Popovics ( 1976 ) investigated the role of c3A on the hardening of 

cement. He found that ~.A influenced the strength development 

proportionally more than the quantity present • The C3A acted partialy as 

a catalyst • The effect of the C3A on the strength development depended 

on the quantity of C3S present • A very high c3s content had a 

detrimental effect on the ultimate compressive strength of Portland ,.'concrete. 

Knofel ( 1979 ) made a series of Portland cements, from chemically 

pure materials, using a laboratory kiln • The LSF , Silica Ratio and 

Alumina Ratio were varied for different samples • The actual phase' 

content of the clinker was measured by a microscopical point counting 

technique • The clinker was ground with 6 % gypsum to produce cement and 

used to make test specimens for compressive strength measurements • From 

this study Knofel established an empirical relationship between the phase 

content and the 28 day compressive strength • This was represented by the 

following equation • 

28 day compress.strength = (3 X Alite)+(2 X Belite)+(Aluminate - Ferrite) 

vlhen Knofel investigated cement from production kilns, he found that 

the incorporation of minor elements and the differences in burning , 

cooling and grinding greatly reduced the accuracy of the relationship • 

A further investigation of cement from a specific works showed that a 

/ 
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similar equation could be used to predict the strength for cement from a 

single works but this was only accurate if the production conditions 

remained the same. 

Phase composition and chemical properties. 

In an attempt to study the influence of phase composition and 

hydration rates on cement. Abdul-Maula and Odler ( 1982 ) used pure 

chemical reagents to make cement in a laboratory .- The phase content of 

each clinker was controlled by adjusting the composition of the raw meal • 

The compressive strength of these cements was tested using small specimens 

in a micro compression test. The replacement of C3S by C2S and the 

replacement of C3S by '3A produced an overall decrease in 28 day strength 

in each case • The replacement of C3S by c4AF produced an overall 

increase in 28 day strength • 

produced an increase in the early strengths, then a decrease in compressive 

strength at 28 days. 

From this investigation the significance of CaS for high final 

strengths was apparent • The effect of the CJA and C4AF phases was 

variable and influenced the cement to a greater degree than their 
I 

percentage presence would signify • 

To study the influence of minor oxides , measured amounts were added 

to the raw cement feed before firing • The addition of these oxides 

caused a significant variation in the phase composition • The free lime 

content was higher following the addition of MgO, Na20 or K2J additions. 

This was due to the substitution of calcium by these elements. The 

addition of MgO to a level of 5 ~ produced a moderate decline in 28 day 

strength • Abdul and Odler found that the percentage of hydrated CJS was 

also reduced and the reduction in strength was probably related to the 

slower hydration rate of the high MgO cement • The addition of Na20 or 

K20 up to a level of 1~ produced a slight decrease in the later 

compressive strengths. The addition of 1% Na20 reduced the fraction of 

C3S that was hydrated after 28 days from 85% to 78~. Abdul and Oder 
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concluded that the incorporation of the minor oxides into the lattice of 

the four major cement phases was only of minor significance. 

The second part of Abdul and Odler's investigation only studied the 

effect of one minor oxide in cement at a time • Scant consideration was 

given to the interdependent effects of the multiple minor oxides 

substitutions in the cement phases. Due to this, the author believes 

that Abdul and Odler's conclusions are oversimplfied. 

Odler and Wonnemann (1983) investigated the effects of alkalis on the 

hydration of portland cement. They prepared mixes of cement and added· 

small amounts of potassium and sodium. They found that the K20 and Na2o 

were preferentially incorporated in the C3A phase. The rate of C3A 

hydration was slowed in cements with Na2o and accelerated in cements with 

K2o added. They noted that the c3s hydration rate was not altered 

significantly. Overall they concluded that the development of strength was 

not unduly altered by the presence of the alkalis 'in the clinker. 

Odler and Wonnemann used pure chemicals to make their trial cements and 

added either potassium or sodium. This simulation of alkalis in cement 

clinker is not an .accurate representation of the actual multiple 

interdependent substitutionns that occur in production cement clinker 

manufactured from natural raw materials. Thus their overall conclusions 

can only be valid for the experimental cements they produced. 

None of the methods proposed for estimating compressive strength were 

accurate or realistic when using phase contents. Therefore other factors 

must influence the cement strength • 

Microstructure of cement clinker. 

Several researchers have investigated the effect of clinker 

microstructure on the cement quality. 
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Grzymek (1959) found that increased 1 day and 28 day compressive 

strengths were almost proportional to decreased alite grain size. Butt 

and Timashev (1962) found that the size of alite did influence the strength 

of cement but its role depended on other factors. They observed that 

clinker with alite grains between 35~m and 40 pm. had a greater strength 

than clinker with extremely fine or very coarse crystals of alite. 

Okorokov and Volkonskii (1975) cate gorised clinker into five groups based 

on the dimensions of the alite crystals. From this they found that the 

strength was increased with a higher content of alite. The strength was 

also related to the size of the alite. If the size exceeded 100pm. the 

compressive strength of the cement was reduced. 

The combined effects of size and shape of both alite and belite have 

been investigated by Sudukas et al (1975). They established a 

classification system for the differences in clinker microstructure. They 

found that for cement with the same silica ratio, alumina ratio and phase 

composition, the 28 day strength could vary by 25~. Examples of the 

clinker microstructure are shown in Figure 9.3 The clinker 

microstructure that produced the highest 28 day strength with all moduli 

and phase compostions being equal , was that shown as TYPE 1 in Figure 

9.1. 

The differences in microstructure and the variations in phase 

composition influence the strength and quality of the cement • However 

none of the models work consistantly for all cements. This is because the 

composition and reactivity of the cement minerals must be considered when 

developing a model for cement quality. 

Multistatistical methods. 

A major statistical study was carried out on 199 commercial cements 

by Blaine et al. (1965). the properties of cement were correlated with 

compositional parameters of the clinker • These results indicated that 



TYPE-1 TYPE-2 
Bel ite cluster 

TYPE -3 TYPE-4 

(Fig.9·3) 

ILLUSTRATIVE SKETCHES OF THE DIFFERENT TYPES OF 

CLINKER MICRO STRUCTURE. (After Sudakas et al. 1975 ) 
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an increased c3s content led to an increase in compressive strength at all 
. . 

ages, but especially 28 day. The presence of c3A had a positive influence 

on early strength values, but a negative effect on the later strengths. 

The KiO level in the clinker had similar correlations • Blaine found 

that the percentage gain in strength from early to late strengths decreased 

in step with increased alkalis level. 

Influences of minor phases in cement clinker on the compressive strength 

development. 

The alkali sulphate phases, 

The alkalis in cement originate from the raw material used to make the 

kiln feed • Most of the alkali elements are in the clay or shale 

fraction • The use of coal in burning the feed introduces more alkalis and 

sulphur. Approximately 50~ of the alkalis in the raw feed are 

volatilised in the kiln between 80~C and 1000°C, These gases condense on 

cooler sections of the kiln , some are discharged from the kiln via the 

exhaust gases. Frequently to reduce pollution , these gases and high 

alkali dusts are recycled back into the kiln. The use of energy 

efficient dry process kilns with the incoming feed being preheated by the 

alkali rich exhaust gases increases the overall alkali content of the 

cement. 

Jawed and Skalny (1977) reviewed research that had been made on 

alkalis in cement and the effects on clinker formation, hydration and 

quality of cement. A detailed investigation on the influence of alkalis 

was carried out by Osbaeck (1979). He used the Bogue formula to calculate 

phase compostions from his chemical analyses. With this data, Osbaeck 

studied the effects of Na2~ and K20 on the strength of mortars, He found 

the best correlation was between 28 day compressive strength and the 

soluble alkali- content. The total alkali content had a poorer negative 

correlation. As an experiment, Osbaeck prepared mortar test pieces with 

mixing water which contained varying amounts of potassium sulphate ( K2.S04), 
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The 1 day and 3 day compressive strengths showed an overall increase~ 

There was no effect on the 7 day sample , but the 28 day strength was 

reduced by 18 %. 

In the authors opinion the additon of K2so4 to.the mixing water was 

not an accurate model of the influence of alkalis on the quality of cement. 

A substantial proportion of the alkali elements in cement clinker are as 

substituted ions in the major clinker phases. More alkalis are in the form 

of alkali sulphates. This is not simulated by the addition of alkali 

sulphates to the mixing water. When cement is hydrated the alkalis are 

released from the clinker minerals at different rates and stages in the 

hydration process. Differences in the composition of the individual 
' 

clinker phases are responsible for altering the reactivity and hydraulicity 

of the minerals in the cement clinker. 

Gebauer .and Kristmann (1979) investigated on cement clinker from both 

wet and dry production kilns • They studied the clinker with conventional 

chemical and mineralogical techniques. The chemical analysis indicated 

that the average quantities of alkalis and sulphates in dry process kilns 

was only fractionally higher than the level for wet process kilns. This 

contradicted a commonly held belief that the low 28 day compressive 

stren~th of cement from energy saving dry process kilns, was due to the 

increased alkali and sulphate levels in the kiln and the clinker. They 

found that the alkali sulphate occurred in two forms : potassium sulphate 

with some replacement of K2o by Na2o or CaO and calcium potassium sulphate 

with some Na20• 

After analysis the clinkers were then ground in the laboratory to 

produce cement and tested for compressive strength. The properties of 

the clinker and cement were correlated against each other. The factor 

that was predominantly highly correlated with strength in cement mortar 

samples was potassium oxide, especially the water soluble potassium 

sulphate. The potassium increased the early strength and decreased the 28 

day and 275 day compressive strength of the mortar. However no 
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correlation was found between potasssium oxide in commercial cement and 

concrete strength. Gebauer and Kristmann thought that factors such as 

the fineness of the cement, quality of the gypsum, and interactions between 

the cement and the aggregate of the commercial cement masked the effects of 

the potassium oxide. 

They found that the presence of alkalis sulphate increased the 

reactivity of the cement minerals in the commercial cement. This 

influenced the storage stability of the cement. The reactive cement with a 

high potassium content was covered in crystals of ettringite and syngenite 

after a few hours exposure to humid air. The cement had poor flow 

characteristics and tended to form lumps in bags or silos. A similar 

effect was observed when the cements were hydrated • The reactive cement 

was covered with large needle-like crystals of syngenite and ettringite 

after a few minutes. The low reactivity cement with a low potassium 

content, had only a few small hydrate crystals. After 24 hours the large 

crystals from the reactive cement had recrystallised to small crystals, 

similar to the crystals on the cement with low reactivity. Johansen 

(1977) investigated the effect on compressive strengths of adding K2S04 to 

commercial OP cement and SR cement. He thought that this was similar to the 

change from a wet process kiln to a·dry kiln with a suspension preheater~ 

The compressive strengths increased for the early strengths and decreased 

for the 28 day test. ~fuen he tried a correlation between the quantity of 

chemically combined water in the mortar after 3 minutes and the 28 day 

compressive strength. A negative correlation value was obtained. 

Johansen concluded that the reactions taking place immediately after 

addition of the water were crucial in the development of strength. 

The effects of the increased alkalis level on the ultimate strength of 

cement from production dry process kilns was minimal. The dry kilns 

usually produced a clinker with a higher CJ3 level than wet process kilns. 

This caused an increased 28 day strength and offset the reduction in 

~trength caused by the presence of K2S~.. If the alkalis level was very 
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high , the effects could be reduced further by the addition of gypsum into 

the raw kiln feed. Butt et al (1971) proposed that the addition of extra 

gypsum also lowered the amount of alkali substutition into the clinker 

minerals. The alkali substitutions produced minerals with slower hydration 

rates and lower strengths. 

Effects of gypsum on the 28 day compressive strength of cement. 

From these different investigations it is apparent that the optimum 

amount of gypsum required to give the best performance from cement varies 

considerably. Sprung and Rechenberg (1977) found that in high alkali 

cements, the alkalis suppressed the solubility of Ca(OH)2 and promoted the 

dissolution of C3A. If the quantity of gypsum added was too small, quick 

setting of the cement occurred. This was due to the formation of aluminate 

hydrate. If the gypsum addition was too much, quick setting occurred 

because of the formation of ettringite. 

Jawed and Skalny (1977) in their review of alkalis in cement , 

reported that the optimum S03 content was dependent on the level of alkalis 

and CJA as follows.-

Alkali C3A Optimum SOJ 

Low <0.5~ Low < 6~ 2% 

Mid =1.0% Low < 6% 3% to 4~ 

High >2.0% 

Low <0.5% 

High >10~ 

High >10% 

3.5~ to 4% 

2.5~ to 4~ 

The optimum S03 content is achieved by adding S03 in the form of 

gypsum (S03 content = gypsum % x .476 ) to the existing S03 in the clinker 

before grinding the mixture to produce the cement. 

The small changes required to produce a good quality cement from a dry 

process kiln are substantially less expensive than the high energy costs of 

operating a wet process kiln. 
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The influence of alite polymorph on the compressive strength of cement. 

The major component of portland cement is alite , it may occur in 

several polymorphic forms. The triclinic form is the lowest temperature 

phase • It is followed by the monoclinic form and finally the highest 

temperature phase, the rhombohedral or trigonal form. The presence of 

impurities in alite can stabilize the monoclinic and rhombohedral forms at 

room temperature. In most cements the monoclinic form is stabilized, 

however in some cements the rhombohedral form can occur. Gourdin et al. 

(1980) found that there was a strong correlation between the presence of 

rhombohedral alite in commercial cements and high compressive strengths. 

Several researchers have prepared rhombohedral a~ite ( Ono et al., 1965 , 

Nurse et al., 1966 ) , but they used large amounts of additives such as 

Hn2o3 to stabilize the alite •. 

These elements do not occur in commercial cement raw feed at the 

required level. In many cases the stabilizing element used would 

preferentially partition into the other phases in the clinker. The 

manganese would preferentially substitute in the ferrite. This would 

change the hydraulicity of the other phases and require large amounts of 

the additive to reach the level required to stabilize the alite. Aldous 

(1983) tried variable amounts of Al20J• Fe203, F, Ti0:2, Mn2·DJ• and MgO in 

different combinations to stab~lise rhombohedral alite. The presence of 

HgO, Fe2o3 and Ali03 st.abilized the monoclinic form. The addition of the 

following elements stabilised the rhombhedral form.-

Al;cDJ Fe203 F Mn;c03 Ti02 
1.6% 0.4~ = R 
0.6% 0.5~ 0.5~ = R 
0.7'J, 1.0~ 0.9~ = R 
1. a 1.U 2.4~ = R 

To test the compressive strengths of the rhombohedral and triclinic 

alites, the samples were ground and mixed with sand and grit to make 

micro-concrete cubes (25mm) of each polymorph. These cubes were tested for 
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compressive strength at 1,7 and 28 day intervals. Cubes made with Ordinary 

portland cement were used as a reference. The rhombohedral alites with 

fluorine and alumina had the highest 28 day strengths of 56 N/mm2. The 

cubes with fluorine, iron and alumina addtion had very low strengths at 1 

day but were only slight lower after 28 days, about 55 N/mm2. Both 

samples were above the 28 day strength of the reference OPC, which was 40 

N/mm2. 

As an experiment to simulate the hydration conditions of a cement, 

Aldous mixed c3A and hemihydrate with the rhombohedral alite. This 

mixture produced a cement with a 28 day strength of 64 N/mm2. A similar 

mixture with triclinic alite had a 28 day strength of 45 N/mm2. Aldous 

concluded that after an extended dormant period , the rhombohedral alite 

reacted faster than the monoclinc or triclinic alites. This produced the 

enhanced later compressive strengths. Harada et al. (1978) noticed that 

hydrated rhombohedral alite had a different morphology to those formed 

from monoclinic of triclinic alite pastes. The pastes had a different 

pore size distribution. Harada did not make any strength determinations • 

. The author has found that production Ordinary portland cement from 

Works C, had a substantial quantity of rhombohedral alite. This cement 

contained 0.27 wt.$ fluorine and had a high alumina content. The fluorine 

was preferentially substituted in the belite phase, about 1.1 wt~ element. 

The alite phase in the clinker contained between 0.4 and 0.6 wt.% fluorine. 

This cement had a relatively high 28 day compressive strength of 51 N/mm2, 

when compared with other OP ce~ents which do not have rhombohedral alite • 

. The author proposes that the composition and morphology of the four 

major cement phases and the quantities at which they are present, can be 

beneficel or detrimental to the ultimate compressive strength of the 

cement. . The mechanisms of minor element substitution are closely 

interrelated , therefore the effects of the substitutions on the strength 
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of the cement are interdependent. The investigation of the effect of one 

or two of the minor elements in isolation will produce results of limited 

application. The contribution of an individual cement phase to the 

actual cement strength is not directly related to the amount of the mineral 

present. Thus the use of linear regression analysis, or other statistical 

methods that operate on the basis of a linear relationships , to establish 

the contribution of different parameters, can lead to erroneous results. 

Any technique used to relate the mineralogical , chemical and physical 
• 

properties of cement clinker to the quality of the cement must overcome 

these limitations, to produce accurate correlations. 
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Chapter ten 

ANALYSIS OF THE MINERALOGICAL, CHEMICAL AND PETROLOGICAL CHARACTERISTICS 

INFLUENCING THE QUALITY OF CEMENT CLINKER. 

The factors influeneing the quality of cement clinker. 

Introduction. 

The numerical results of the analyses and tests made on the cement 

clinkers were stored in a database system on an Apple II micro computer. 

The results from each cement clinker were divided into the following 

groups. 

1. Chemical analyses of cement clinkers and kiln feeds, determined by 

X-ray fluoresence, Atomic Absorption Spectrometer, or titrimetric methods. 

From these results the LSF ,freelime, Alumina and Silica Ratios were 

calculated. (Chapter 3) 

2. Mineral analyses of the alite, belite, ferrite, tricalcium aluminate, 

calcium aluminate and alkali sulphates , were determined by electron 

microprobe analysis. From this data the mineral forrnuta was recalculated 

to give the composition of the actual minerals. (Chapter 8) 

3. Petrological and mineralogieal characteristics, such as size and range 

or calcium silicates, polymorphs of belite and tricalcium aluminate, 

percentages of phases present, porosity and reduction in the clinker 

nodules. {Chapters 5 and 6 ) 

4. Potential phase composition of the clinker by Bogue calculation, matrix 

calculation and microscopical point counting. ( Chapter 7 ) 

5 The quality of the clinker was measured by British Standard tests. 

(Chapter3 ) 

To assess the influence of these clinker characteristics on the quality 

of cement, several techniques were tried. 
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Correlation coefficients. 

All the data values were correlated on a one to one basis to identify 

the linear relationships between the clinker characteristics. This 

produced a correlation matrix of 132 by 132 parameters. 

However after plotting the graphs of the correlation pairs, it was 

apparent that many of the relationships were not linear. For example, the 

level of element substitution in a clinker phase was controlled by the 

polymorphic form of the mineral and the type of production process, as well 

as the amount of element present in the cement. 

statistical method was not suitable. 

Thus the use of this 

To overcome problems due to the non linear relationships and skewed 

di3tributions, a type of Trend analysis was devised to cornpare the 

different properties of the cement simultaneously. 

Trend analysis of the cement clinker from works A,B,C,D,E,F and G. 

In this analysis technique the values for each of the parameters ( Eg. 

s1o2 in a11 te ) for each of the different cement clinkers was normalised 

and plotted on a set scale. The highest' value was at the top and the 

lowest value was at the base. The other values were plotted between the 

two extreme values. This normalisation process was used to overcome the 

variation in the ranges of the different parameters. The normalised plots 

are shown in Figure (10.1). 

There is no implied relationship between each of the parameters and 

its neighbour. 

The results for all the cement clinkers were compiled • In the Trend 

analysis the cement clinkers from Works A,B,C,D,E and G were assigned a 

s~nbol. The symbols were paired as follows. 
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Works c = V Dry process 
Works E = ' Dry process 

Works A = • Semi-dry process 
Works G = 6 Semi-dry process 

Works B = 0 Wet process 
Works D = • Wet process 

To aid the interpretation of the trend analysis the ce1aents with the 

highest and lowest 28 day compressive strengths have been Identified by 

joining the locations of each of the symbols representing the cements. 

After examining the trend analysis figures and recording the parameters 

where there was substantial divergence , two lists were compiled. One in 

which high values of the parameter were apparently beneficial to htgh 28 

day compressive strength. The other list was of parameters where a high 

value seemed detrimental to a high 28 day strength. 

To select the parameters in the two lists which had the most 

consistent effect on the compressive strength of all the cement clinkers, 

the sequence of the s~abols from the 28 day strength plot was compared 

along side all the other selected parameters. From this a set of 

parameters which had a similar sequence was defined. 

These parameters were -

H2o~ 

K20 XRF 

MgO alite 

~0 belite 

K• belite 

MnO ferrite 

These parameters were all from the detrimental list. Thus a high valiJ·~ of 

these parameters is associated with a low 28 day cornpressive strength. 
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Analysis of Trend results. 

The reasons why the parameters selected by the trend analysis are 

responsible for low strength cernent can be deduced from the behaviour and 

properties of the cement clinker minerals. These characteristics have been 

established from the overall investigation or the cement clinkers from the 

different works and processes. 

The water -cement ratio (H20 ~). 

The quantity of water used to mix a mortar or concrete is eritical. 

Extensive research has shown that excess mixing water produces a weak 

concrete. The water cement ratio is the amount of water per unit weight 

of the cement in the concrete • The ratios are usually •!ltpressed as a 

decimal fraction. ( le. A concrete with a water cement ratio of 0.5 would 

require 0.5 Kg. of water per 1 Kg. of cement.) Most concretes have a 

water cement ratio between 0.4 and 0.1. The ratio used depends on the 

strength requirements of the concrete. Lower ratios can be used but the 

concrete has low workabilty unless water reducing admixtures or 

superplasticizers are added. 

The level of magnesium substitution in alite ( MgO alite ). 

The amount of MgO substituted in the alite structure is important 

because it stabilises the monoclinic polymorph of alite. Aldous ( 1983 ) 

has shown that if the rhombohedral polymorph is stabilised in the clinker. 

It produces a higher strength cement than the cement wlth the monoclinic 

alite. 

The level of manganese substitution in ferrite ( MnO ferrite). 

The level of MnO substituted in ferrite is significant because it acts 

in a manner sirnilar to iron. It is preferentially substituted in ferl"i te, 
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therefore the amount of ferrite in the clinker would be higher than 

expected. The additional ferrite required more calcium, this changed the 

calcium/silica ratio in favour of the lime deficient phase, which is 

belite. The belite has a lower 28 day compressive strength than alite. 

(see Figure 9.1 chapter 9). Thus a cement which has a high level of 

manganese substitution in the ferrite will have a lower compressive 

strength. 

The influence of potassium on the compressive strength of cement. 

The parameters which have a major influence on the strength are the 

potas~ium levels in the cement ( K2o XRF ) and the potassium substitution 

in the belite. ( K~O belite and K+ belite ). The potassium in ~he cement 

clinker has a primary effect on the formation and stabilisation of the 

tricalcium aluminate, the belite, the alite phase and the alkali sulphates, 

The partitioning of the potassium between the phases is compleJC •· It 1s 

partially influenced by the production process and th~ kiln operating 

conditions. 

The influence on alkali sulphates. 

Pollit and Brown (1968) found that the quantity of alkali suphates: 

such as sodium potassium sulphate, calcium potassium sulphate and potassium 

sulphate, was determined by the ratio of the total clinker sulphate to the 

total alkali content. 

An increased level of alkali sulphates tends to form in dry process 

kilns with preheaters. T.,is is because of the recycling of the alkali 

rich exhaust gases when they condense on the incoming feed, 

The influence on trioaloium aluminate. 

If there is a high potassium level and a low sodium level, the cubic 

polymorph of tricalcium aluminate is stabllised and it can accomodate a 

substantial amount of potassium substitution. If there is a higher sodium 

level, the orthorhombic polymorph of tricalcium aluminate is stabilised 
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preferentially. This has a low limit of potassium substitution. Thus 

there is more potassium available to substitute into the other clinker 

phases, principally belite and to a very small extent, into the alite 

phase. 

The influence on alite. 

If there is an excess of potassium to substitute into the alite, it 

will accept up to 0.1 wt%.oxide. Any higher amounts will disrupt the 

crystal lattice and the alite will dissociate to CaO and Si01• This 

reduces the quantity of alite in the.cement clinker. Thus because the 

alite phase contributes the most to the strength of a cement , this 

concrete will have a low compressive strength. 

The influence on belite. 

Regourd and Guinier (1974) and Hjorth (1971) both found that the alpha 

dash (~) polymorph or belite had a higher level of potassium than the beta 

Cp> form of belite. Jawed and Skalny (1977) in their review on alkalis in 

cement noted that p belite could convert to~' belite by the substitution 

of potassium. 

The beta pol~norph has the best reactivity with water and contributes 

the greatest amount to the strength development in the cement, of any of 

the belite polymorphs. Thus if there is less beta belite present in the 

clinker, the contribution to the overall strength of the cement will be 

reduced. 

The distribution of the number or K+ ions substituted in the belite 

rr~n the cement clinkers from all the works is shown in Fiauras 10.2 and 

10.3. The distribution histogram shows the number of belite analyses with 

the amount of K+ ions substituted at each 0.005 interval. ( Calculated on 

the basis of 4 oxygens in the mineral formula.). From these distributions 

the median point has been plotted on Figure 10.4. This shows the precise· 
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(Figure 10·2). The distribution of the levels of potassium 

substitution in belite ( after recalculation on the basis of 

4 oxygens ) , from ordinary portland cement .• 
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(Figure10·3). The distribution of the levels of potassium 

substitution in belite from sulphate resisting , low heat 

and white pcrtland cement (after recalculation on the basis 

of 4 oxygena ) • 
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A = OPC clinker from Works A 

B = SRC or LHC clinker from Works B 

C = OPC clinker from Works C 

D = OPC clinker from Works D 

E = OPC clinker from Works E 

F = WPC clinker from Works F 

G = OPC clinker from Works G 



{Fig.10•4) RELATIONSHIP BETWEEN 28 DAY COMPRESSIVE STRENGTH 

AND LEVELS OF POTASSIUM SUBSTITUTION IN BELITB. 
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relationship between the level of potassium subsitution in the belite from 

the cement clinkers and the 28 day compressive strength of the cement. 

There is a difference in the positions of the curves for the various types 

of cement.This is due to the presence of tr1calc1um aluminate in the 

Ordinary Portland and White Portland Cements. The interelationship with 

the belite on the partitioning of the potassium is extremely important. 

The other cements , sulphate resisting and low heat contain little or no 

tricalcium aluminate. Therefore the partitioning of the potassium is 

influenced more by the other phases. 

Thus the role of potassium and potassium substitution in the cement 

clinker is crucial to the potential compressive strength of the portland 

cement. 

Conclusions and recommendations. 

The level of potassium in cement should be kept as low a possible. Th~ 

presence of potassium in the cement feed need not be detrimental to the 

compressive strength of the cement , if the destination of the potassium 

can be controlled. Alkali sulphates in the form of calcium potassium 

sulphate are less deliterious than potassium sulphate. 

Potassium substituted in the tricalciurn alurf'linate phase does not have 

any significant effect on the strength of the cement. However potassium 

substttutto~ in belite significantly affecis the strength of cement. 

Potential losses in strength due to the stabilisatton of an unreactive 

polymorph, can be overcome by the stabilisation of the rhombohedrdl alite 

polymorph. This contributes greater strength to the cement and offsets the 

reduced contribution from the other phases. 



Summary of the results and suggestions for further research. 

Sample Selection. 

The samples of cement clinker were supplied by Blue Circle 

and were collected from different cement works in the United Kingdom. 

A variety of types of cement clinker and methods of production were 

chosen to reflect the range of mineralogy and chemistry present in 

normal production Portland cement clinker. 

Analysis 

All the samples supplied were examined mineralogically , 

petrologically and chemically. The analyses of the compositions of 

the cement clinker were used in an attempt to determine the actual 

phase composition of the individual cement clinkers. The recalculation 

method used the features of matrix mathematics for solving several· 

simulataneous equations. However the potential accuracy of this 

method was reduced because it was not possible to obtain totally 

uncontaminated analyses of the clinker matrix phases. This was due 

to their small grain size. 

The data on mineral compositions was used to investigate the 

effects of minor elements on the stoichiometry of the cement clinker 

phases. From this study it was possible to investigate the 

partitioning of the minor elements in the different mineralogical 

assemblages. 



Physical properties. 

Tests on the quality of the cement, to BS 4550, were made 

by Blue Circle on all the different types of cement, but not on all 

of the samples. These results were combined with the data from the 

mineralogical and chemical analyses carried out by the author. This 

combination was used to identify which mineralogical , chemical and 

physical properties of the cement clinker had the most influence on 

the compressional strength of the cement when used in concrete. 

Conclusions 

The combination of the mineralogical properties and the 

quality data in the Trend analysis ( Chapter 10 ) identified sevetal 

parameters which had a significant effect on the compressive strength 

of the concrete. 

These were -

The water-cement ratio 

The level of magnesium substitution in the alite phase. 

The level of manganese substitution in the ferrite phase. 

The overall amount of potassium in the cement. 

The level of potassium substitution in the belite phase. 

The mineralogical parameter which had the most dramatic effect on 

the concrete strength was the amount of potassium substituted into 

belite , the dicalcium silicate phase in the cement clinker. A high 

level of potassium in. the belite, produced a concrete with a low 28 

day compressive strength. 

The potential level of potassium in the belite could not be 

predicted by the overall amount of potassium in the cement clinker. 

The presence or absence of other clinker mineral phases was crucial to 



the partitioning behaviour of the potassium. The phase which had the 

most influence was tricalcium aluminate ( C3A ). The aluminate 

usually forms in the cement clinker as either cubic or orthorhombic 

crystals. 

If the C3A was stabilised in the orthorhombic form, some 

potassium could substitute into the crystal lattice. However if the 

cubic form of C3A was present in the clinker , a higher level of 

potassium substitution was possible. Thus less potassium was available 

to substitute into the belite phase, which would lower the potential 

strength of the concrete. 

Further Research. 

The effect of minor element partitioning within the cement 

clinker is extremely important. Future research should concentrate on 

the preferential partitioning of these elements and controlling their 

destination. This could be achieved by investigating the 

effectiveness of various stabilizing elements on the different cement 

clinker mineral phases. 

If the belite phase could be stabilized so that little or no 

potassium could substitute into the structure, the influence the 

polymorphic form of tricalcium aluminate has on the preferential 

partitioning of the potassium would be diminished. Alternatively , 

the cubic form of C3A could be stabilized so that potassium would 

preferentially substitute into the aluminate phase. 

This investigation should be repeated on the other clinker mineral 

phases to stabilize the optimum polymorphic form and enhance the 

strength characteristics of the cement. 

The effects of each of the stabilizing elements on the all the 

clinker phases would have to be investigated to prevent the 



stabilization of undesired polymorphic forms. 

Ideally the research would commence with laboratory prepared raw 

materials. To this would be added small quantities of material 

containing possible stabilizing elements. The sintering conditions 

and the thermal history could be accurately controlled and monitored. 

When suitable additives had been selected. The experimental mixes 

should be made from raw materials which would be used in the economic 

production of cement clinker. Finally the trials could be scaled up 

to use a pilot plant kiln. This would produce results which could be 

used to predict partition preferences in a full size production cement 

kiln. 
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Appendix two. 

PULVERISED FUEL ASH. 

Introduction. 

Pulverised fuel ash ( P. F. A.). The ash is produced by the burning 
of crushed coal in the steam generation furnaces at power stations. The 
chemical composition of P. F. A. varies slightly depending on individual 
collieries supplying the power stations. 

INVESTIGATION OF P. F. A. FROM DRAX POWER STATION ( U. K.) 

OPTICAL EXAMINATION IN OIL AND SCANNING ELECTRON MICROSCOPE INVESTIGATION • 

The particles were predominantly spherical and some were hollow · 
(cenospheres ). The hollow spheres frequently contained many smaller 
spheres inside .( Plate lb. ) Other fragments were of irregular shape, 
or were pieces of larger cenospheres which had broken. The spheres were 
of three distinct types; smooth surfaced 'and transparent (Plate ld. ), 
rough surfaced and opaque .(Plate lg.) or smooth surfaced and opaque. The 
transparent spheres were glasslike , with a size range from 1 mm.(rare) to 
0.5 um (Plate lb.) The rough surfaced opaque spheres were attracted and 
repelled by magnetic fields and were thus identified as magnetite 

-+: .. 
(Fe2 Fe3 204 ) , the size varied from 0.5 mm. to 0.5 urn • The smooth 
surfaced opaque spheres were glass with inclusions of magnetite which made 
them slightly susceptible to magnetic influence. 
The irregular fragments were dominantly glass or glass with magnetite 
spheres which had broken • Occasionally there were particles with a 
honeycombed appearance , these were probably residual unburnt coal (coke) 
(Plate la.). In theSE M. investigation several long lath shaped 
crystals were observed, these had the characteristics of mullite 
(2S102.3Al203) .(Plates le. and 1e.). Occasionally there were small quartz 
( S102) grains with fused edges • (Plate 1f. ) In all of the samples 
there were many small well formed rhombohedral gypsum crystals 
(CaS04.2H20 ) .(Plate 1d.) 

X-RAY DIFFRACTION. 

An X-ray diffractometer trace of P.F.A. is shown in Figure 11.1 
The major constituent was a glass phase ( 70 s ). This was indicated by a 
hump in the diffractometer trace • The other phases detectable were:-

Magnetite ( 9 S ) 
Haematite ( 5S ) 
Quartz ( 5S ) 
Mu lli te ( 3 S ) 
Carbon ( 3~ ) 
Gypsum ( 3S ) 

· Semi quantitative 

Free lime ( CaO ) ( · 2 S ) 
and some sulphur and potassium alum. 

The percentage in brackets is the approximate amount of the phase 
present in the PFA investigated. 

RADIOACTIVITY. 
The radioactivity of the P.F.A: samples WaS tested and on average had 

a low level of activity. Approximately 40 counts per minute compared with 
a background of 20 counts per minute • 



-222-

PLATE.1 
Scanning electron microscope photo-micrographs~ 

Plate 1a. Pulverised fuel ash, PFA. 
The irregular shaped honeycombed particle in the centre, 

is a fragment of unburnt coke. 

Plate 1b. PFA 
Many of the spheres are hollow ( cenospheres ) and contain 

several smaller spheres inside. The surface of these 
spheres is very smooth, even at high magnification • 

. Plate 1c. PFA 
The long accicular crystals are Mullite (3Al203.2Si02 ), 

which is a minor constituent of PFA. They are derived from 
the non carbonaceous material in the coal. 

Plate 1d. PFA 
The rhombohedral crystal in the centre is calcium sulphate, 
a minor constituent of PFA. The spheres in the ash have 

a very large size range. This is demonstrated by the very 
small spheres in the bottom left resting on the surface of a 
very large sphere. 

Plate 1e. PFA 
The long crystals on the left are Mullite. Amongst the 

mullite laths are small glassy spheres. There is an 
irregular sphere of magnetite in the background. 

Plate 1f. PFA 
The grain in the centre is a quartz crystal with fused 

edges. It occurs as a very minor constituent in PFA. 

Plate 1g, PFA 
The agglomeration of angular crystals in the upper part of 

the Plate is one of the rough surfaced, opaque spheres which 
are a major constituent of PFA. These spheres are 
predominantly magnetite with some hematite. 

Plate 1h. Reflected light photo-micrograph of PFA. 
The grain in the centre , showing the intergrowth texture 

is magnetite with an intergrowth of hematite. The other 
spherical grains of differing sizes are either glass or 
glass with magnetite inclusions. 
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KEY for X-ray diffractogram of Pulverised fuel ash (PFA). 

C = Carbon ( residual coal ) 

Fl = Freelime 

H = Haematite 

M = Mullite 

M a = Magnetite 

Pa =·Potassium alum 

Q = Quartz 

S = Sulphur 

Su = Gypsum 

I 

~ 
w 
I 
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ELECTRON MICROPROBE ANALYSIS. 

Experimental technique. 
A sample for analysis was prepared by mixing the P.F.A. with a small 

quantity of " Araldite " adhesive to a thick paste, and curing to a set • 
The pellet of P.F.A. was then prepared for microprobe anlysis. Plate 1h. 
shows a polished surface specimen , a sphere with magnetite and haematite 
is centre right. The other constituents are glass and magnetite spheres and 
glassly spheres. 

Results of electron microprobe analysis of P.F.A. 

Number of analyses • 

Si02 
Al203 
Ti02 
Fe203 
MgO 
CaO 
Na20 
K20 

Total 

Magnetite 
spheres 

6 

3.6 
4.3 

trace 
84.64 

0.8 
0.5 
0.6 
0.2· 

99.6 

Glass Combined glass 
spheres and Magnetite 

spheres. 

10 15 

52.7 42.2 
33.0 30.7 

1. 2 1.4 
4.5 17.8 
1.5 1 .5 
0.3 1. 0 
0.7 0.9 
5.8 3.0 

99.7 98.5 

The compositions shown are averages of the number of analyses quoted. 

X-RAY FLUORESCENCE. 

The dried P.F.A. was prepared as a glass disc for X.R.F. analysis. 
A chromium x-ray tube was used .to irradiate the discs. The instrumental 
conditions are given in Appendix4 . 

CHEMICAL COMPOSITION • 

S102 
Al203 
Ti02 
Fe203 
M nO 
MgO 
CaO 
Na20 
K20 
P205 
S03 
LOI 

51.50 
26.27 

0.96 
1 o. 07 
0.64 
1. 27 
1. 77 
0.90 
3.54 
0.20 
0.25 
3.16 

Total 1 00.53 

The L.O.I. represents the percentage of unburnt fuel in the ash. 
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Appendix three, a. 

SAMPLE PREPARATION FOR MAJOR ELEMENT DETERMINATION BY X-RAY FLUORESENCE 
USING GLASS DISCS. 
A 0.270g. sample of the milled cement clinker was accurately weighed 

into a platinum crucible. 0.3730g. of Na203 and 2.00g. of 'Spectroflux 
109' ( made by John son Mattey ) was added and gentL'Y mixed together. 

The sample in the crucible was heated over a microburner until it had 
fused together. The crucible and sample was allowed to cool and weighed • 
The weight difference was the loss on ignition ( LOI ) • The sample was 
reheated and transferred to a blast burner for final heating before being 
cast as a glass disc on a pre polished graphite dish. The disc was 
transferred to a hot plate to anneal for at least 2 hours. All the samples 
were made in duplicate. 

Sample preparation for sodium determination using powder pellets. 
About 20g. of the milled cement clinker was ground in a small agate 

pestle and mortar until the sample was smooth. The powder press was 
filled with approximately 20g. of boric acid and tapped flat. The cement 
sample was poured onto the boric acid to make a thick layer. A polished 
tungsten platten was placed on top in the press. The press was evacuated 
with a vacuum pump. The entire assembly was then pressed at 15 tonnes. 
This was maintained for 5 seconds, the pressure was gradually released. 
The prepared pellets were kept in a dessicator to prevent hydration of the 
cement clinker phases. 

SAMPLE PREPARATION FOR ATOMIC ABSORPTION SPECTROSCOPY. 
To prepare a solution from the cement .500g. of the fine ground clinker 

was weighed into a conical beaker and mixed with 25ml. of distilled water. 
After a short stir, 5ml. of cone. HCl acid was added and the mixture was 
digested over a steam bath for 20 minutes until the cement had dissolved. 
The liquid was filtered through a medium textured filter paper into a 
100ml. volumetric flask. The sample was washed through with 1% (v/v) HOl 
and hot water. The flask was cooled and diluted to volume with distilled 
water. From the 100 ml. flask a 25ml. aliquot was taken and diluted to 
100 ml. From this dilution a 20 ml. sample was taken and mixed with 50 ml. 
of 5~ (w/v) lanthanum solution , this was diluted with distilled water to 
500 ml. Each of the samples was prepared in duplicate • The samples 
were analysed for magnesium using an air - acetylene flame. A set of 
standards within the correct range were used for calibration. 

Appendix three b. 

Chemical composition of SRC clinker with clay. 
Si02 20.58 
Al203 4.27 
T102 o. 1 
Fe2o3 4.8 
MgO 1. 5 
CaO 67.13 
Na20 0.20 
~0 0.21 
P20S 0.16 
S03 0.2 

LOI 0.8 
Total 99.85 
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Appendix four. 

INSTUMENTS USED AND OPERATING CONDITIONS. 
XRD 

Phil ips PW 1050 diffraction set 
operating at 40 Kv, 25 mA. 
Co.--balt target tube - co-:balt K alpha radiation.attenuation 3 
time constant 4 
scan rate 1 ° of 29 per minute. 
Samples- Dry cavity mounts ( unorientated ). 

XRF 
PhiL-:ips PW 1212 fluoresence set 
operating at selectable conditions upto 60 Kv, 32 mA 
Chromium target tube. 
Samples- Glass discs and pressed powder pellets. 

ELECTRON MICROPROBE 
Cambridge Instruments Geoscan with Link system model 290 2Kv energy 
dispersive spectrometer. 
Beam conditions-
Accelerating potential 15 Kv 
Specimen current 2.7 nA. 

Instrumental conditions 
Kelvex detector resq,lution c. 150 eV 
Take off angle - 75 
Live time - 100 live seconds. 

Standard - co-balt metal block 
Samples- carbon coated blocks and thin sections. ( PoLi,l.. .. eL.), 
Data processing for analysis. 
Data collection processing program was stored on dual floppy disc system. 
The signal was processed by a Harwell processor model 2010 and converted to 
a digital format • The digitised infomation was stored in a 16K Nova 2-10 
computer. The software was from Link and was a ZAF 4 program. 

ATOMIC ABSORPTION SPECTROSCOPY. 
SP 1950 spectrometer. 

·using magnesium lamp 
Lamp current 4mA wavelength 285.2 Nm 
Monochromater slit width 0.1mm. 
Burner 10 cm. slot 
Fuel Acetylene flow rate 1200 Ml/min. Oxidant air 
Burner height 0.6 cm. 
Intergration time 4 seconds 

flow rate's 1/min 
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Appendix five. 

PREPARATION OF POLISHED SURFACE SPECIMENS SUSCEPTIBLE TO HYDRATION FOR 
REFLECTED LIGHT INVESTIGATION AND ELECTRON MICROPROBE ANALYSIS. 

Impregnation to prevent disintergration of sample. 

1. Select samples and size for block mould. 

2. Mix suitable impregnation resin to manufacterers instructions. The 
resin used by the author was 'PETROPOXY 154' because it had low viscosity 
when hot • This was ideal for specimen impregnation. 
3. Impregnate the specimens with resin. With 'PETROPOXY' the samples were 
heated in an oven at 125oC , the resin was poured over the hot specimens 
and returned to the oven to cure. N.B. PETROPOXY is ideal for Electron 
microprobe specimens because it will not contaminate the instrument if the 
electron beam strikes the cured resin. 

Blocking of the impregnated specimen. 

1. Grease block mould with releasing agent and assemble mould. 

2. Place impregnated specimens in moulds with surface selected for 
polishing face downwards. 

3. Prepare blocking resin to the manufacturers instructions. 'ARALDITE' 
is a suitable resin. 

4. Pour mixed resin slowly into mould to avoid air bubbles. Leave to cure 
for 24 hours. 

Grinding of block. 

1. Release block from mould. 

2. Label block with indelible pen or engraver. 

3. Grind back of block flat on grinding wheel lubricated with OIL OR 
PARAFFIN .Do not use water. 

4. Grind front surface of block to just expose sample. Bevel the front 
edge of the block to prevent buildup of polishing media. 

S.Mix carborundum grit 400 to slurry with 2 to 1 mixture of paraffin and 
liquid paraffin on a glass plate. Grind front surface of block until 
reasonably smooth. 

6. Place sample face downwards in beaker containing paraffin. Place beaker 
in ultrasonic bath until all the grit has been removed from the sample. 

1. Repeat 5 and 6 using 600 grit on clean glass plate • Repeat for 800 and 
1200 grit. 

After 1200 grit the surface should have a slight polish. 

a. The block should be prepared to fit the mounting head on the polishing 
machine. This usually entails drilling a central hole in the back of the 
block •. 
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Polishing blocks. (Using Engis polisher). 

1. Place 6pm. diamond paste on pellon lap. 

2. Clean blocks with Inhibisol solvent and fit to polishing head using 5lb. 
polishing weight. 

3. Spray Engis OIL based lubricant onto lap. 

4. Run turntable at 67 revs per minute for 1 hour. 

5. Clean polished block surface with Inhibisol and soft paper. 

6. Repeat 1 to 5 using progressively finer diamond pastes and the following 
conditions. 

Paste Weight Revs. Duration 
3}.lm. 4 lbs. 75 1/2 hour 
1pm. 4 lbs. 90 1/2 hour 
1/4pm. 1 lb. 100 1/2 hour 

Examine specimen with reflecting light microscope to determine quality of 
polish and repeat cycles if necessary. 

The specimen is suitable for examination with reflected light and EMP 
analysis. 

To prepare a polished THIN section additional work is required. 

1. Carefully remove the specimen from the resin block using a fine saw or 
cutter. 

2. Mount sample polished face down on microscope slide with LAKESIDE 70 or 
similar medium. 
3. Remove back of specimen with dry or paraffin lubricated grinding wheel, 
until the specimen slice is only 2mm thick. 

4. Slowly remove layers of the specimen using 800 carborundum grit and 
paraffin liquid paraffin mixture. This process is continued·until specimen 
is wafer thin and can be seen through • Monitor the process with a 
transmitting light microscope. 

5. When the specimen is at the required thickness , mount the back of the 
sample onto a glass slide with Araldite. Press gently to remove any air 
bubbles between the slide and the sample. Put indentification mark on the 
slide with scribe. Leave to cure • 

6.Remove specimen from grinding slide by dissolving the Lakeside resin with 
alcohol. Wipe polished surface clean with soft cloth. This process should 
be carried out as rapidly as possible , because the alcohol can etch the 
belite crystals. 

The specimen is suitable for examination by reflected or transmitted light. 
A coating of carbon is required before analysis by electron microprobe. 

,The polished blocks and sections MUST be kept in a dessicator, to prevent 
hydration and disintergration of the clinker samples. 
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Petropoxy , Araldite , Inhibisol , Engis and Lakeside are all trade marks. 

Inhibisol is an industrial solvent based on trichloroethyhlene and was 
available from -
Bestobell Chemical Products, 
Bassington Industrial Estate, 
Cram ling ton, 
NE23 SAL. 

Petropoxy 154 is a plastic resin available from -
Production Techniques Ltd. 
15, Kings Road, 
Fleet, 
Hampshire. 

Araldite is a resin Manufactured by Ciba-Geigy. There are local suppliers 
throughout the country. 

Lakeside 70 is a thermoplastic resin available from­
Production Techniques Ltd, 
15. Kings Road , 
Fleet, 
Hampshire. 
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Appendix·seven. 

THE BOGUE CALCULATION. 

The Bogue method assumes that the cement consists'of C35, C25, C3A and 
C4AF. Since the actual composition varies from the stoLohiometric 
formula, the calculation deviates from the true composition of the cement. 
Therefore the Bogue composition is often termed the 'potential' 
compost tion. 
The Bogue method uses the oxide composition of the mater'ial to give the 
phase composition. The chemical composition is usually determined by X ray 
Fluoresence.The freelime content of the clinker is often determ-ined by· a 
titrimetric method The following oxides totals are used in the Bogue 
calculation.- 5i02, Al203, Fe203, CaO, 503. . 
The free lime value is subtracted from the CaO content and the corrected 
CaO content is used in the following equations with the other oxides. 

C35 = 4.071 CaO- (7.6 5i02 + 6.718 Al203 + 1.43 Fe203 + 2.852 503) 

C25 : 2.867 5i02 - 0.7544 C35 

C3A = 2.65 Al203- 1.692 Fe203 

C4AF = 3.043 Fe203 

Gypsum = 1.7 x 503 
( from Soroka 1979 ) 
These equations are applicable for most cements with an Al203/Fe203 ratio 
equal to or greater than 0.64. If the cement is very low in alumina the 
equations are not valid • The matrix phases are assumed to be C4AF and C2F 
• There is no C3A. 
In this case the following equations apply. 

C35 = 4.071 CaO- (7.6 5i02 + 4.479 Al203 + 2.859 Fe203 + 2.852 503) 

C25 = 2.867 5i02- 0.7544 C25 

C3A = 0 

C4AF + C2F = 2.1 Al203 + 1. 702 Fe203 



Matrix Recalculation ' 

The chemical analysis ( XRF ) data used in this matrix method was 

from Table 3.1 page 24. 

The mineral analyses used were from 

Table 8.2 page 128 for alite compositions 

Table 8.6 page 139 for belite compositions 

Table 8. 11 page 154 for ferrite compositions 

Table 8.12 page 154 for aluminate compositions 

The computer program uses a Gauss-Jordan discrimination method 

to calculate the unknown matrix. 

The original subroutine was derived from " Statistics and Data 

analysis in Geology " by J.C Davis 1973. Pub. Wiley. The 

original program was written in FORTRAN. 

-- i 



Matrix calculation method. 
The phase composition, mineral compos~ion and the chemical 

composition of the cement clinker can be expressed as a series of 
simultaneous equations. Thus 

(amount of oxide in phase) X (percentage of phase present)= (Total 
amount of each oxide in clinker). 
eg. 

(CaO ate)Sate + (CaO bte)Sbte + (CaO fer)$fer + (CaO alu)Salu + {CaO 
gyp)$gyp +(CaO mag)$mag = Total· CaO in clinker.This is repeated for 
each oxide. Since each oxide value is multiplied by percentage of 
phase present , the multipler may be represented by a matrix. 

r
CaO ate CaO bte CaO fer CaO alu CaO gyp CaO mag rAtd 
Si02 ate Si02 bte Si02 fer Si02 alu Si02 gyp 5102 mag Bte% 
Fe203 ate Fe203 bte Fe203 fer Fe203 alu Fe203 gyp Fe203 mag~ Fer%= 

lA1203 ate Al203 bte Al203 fer Al203 alu Al203 gyp Fe203 mag Alu~ 

S03 ate S03 bte S03 fer S03 alu 503 gyp 503 mag lG)lp% 
MgO ate MgO bte MgO fer MgO al u MgO gyp MgO mag Mag' 

The% of phase matrix is the unknown, this may be made the subject of 
the equations by multiplying the first matrix by its inverse. This 
produces the following expression. 

1 
(% of phase present)= (amount of oxide in phase)- X ( total % of 
oxide in cement) 
The expression may be evaluated by multiplying together the matrices 
on the right hand side of the equation ( rows times columns). This 
produces the values for the unknown matrix , the % of phase present. 
Since matrix multiplication is repetitive, is an ideal task for a 
microcomputer. The following program performs the phase composition 
calculation. ( This program is in Applesoft Basic and runs on a Apple 
II computer.) 
The data statements 1020 to 1070 are the mineral compositions by EMPA 
of alite, belite, ferrite, aluminate, magnesite and gypsum 
respect! vel y. 
The values are in weight percent of the following oxides Si02, Al203, 
Fe203, MgO, CaO and 503. To run the program the amount of each oxide 
in the clinker as determined by XRF is input after each prompt. The 
computer then performs the matrix calculation and displays the 
percentage of each phase present in the cement clinker. To 
compensate for freelime, the percentage of freelime should be deducted 
from the CaO value before performi~g the calculation. 
10 DIM AC6,6>,BC6),M$C6>,SfC6) 
20 60TO 300 
100 FOR I • 1 TO 6 
110 D = A<I,U 
120 FOR J • 1 TO 6 

350 NEXT J 
360 PRINT SfCI>, 

INPUT BCI> 
NEXT J 
60SUB 100 

CaO 
Si02 
Fe203 
A1203 
S03 
M gO 

130 ACI,J> = ACI,J) I D 
140 NEXT J 

370 
380 
400 
410 PRINT MMINERAL PERCENTAGES•• 

150 BCI> = BCI> I D 
160 FOR J • 1 TO 6 
170 IF I = J 60TO 230 
180 R • A C J, I> 
190 FOR K = 1 TO 6 
200 ACJ,K) • ACJ,K) - R * ACI,K) 
210 NEXT K 
220 BCJ) = BCJ> - R t BCI) 
230 NEXT J 
240 NEXT I 

PRINT 
420 FOR I • 1 TO 6 
430 PRINT M$(I),B(I) * 100 
440 NEXT I 
500 END 
1000 DATA ALITE,BELITE,FERRITE 

,ALUMINATE,MAGNESITE,GYPSUM 
1010 DATA SI02,AL203,FE203,MGO, 

CAO,S03 
1020 DATA 24.6,1.2,.5,.6,72.1,0 

250 RETURN 9 4 6~ 5 
T 1 030 DATA 31 • 2, 1 • 8, • , • , ~ • , • 300 FOR I • 1 TO 61 READ MfCI)t NEX 8 

310 ioR I = 1 TO 61 READ SfCI>1 NEXT 1035 DATA 5.5,17,18,3.8,50.7,0 
1040 DATA 4.3,31.5,1.2,.3,60.9, 

I 
320 FOR I • 1 TO 6 
330 FOR J = 1 TO 6 
340 READ A CJ, I> 

.3 
1050 DATA .5,0,0,99.5,0,0,0 
1070 DATA . 0,0,0,0,41.2,58.8 
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Appendix eight , a. 

The operation of the Electron microprobe and aquisition of the mineral 
analyses. 

Instruments. 
The electron microprobe used was a Cambridge Instruments 'GEOSCAN' with 

a Link Systems model 290 2Kv energy dispersive spectrometer attached. The­
' data derived from the detector was processed by a Harwell processor on a 

Nova computer. The software used to process the spectra was from Link 
systems ( ZAF 4 using a least squares fitting method.) 

Standards. 
The specimens used to provide the standard spectra for the different 

elements were either metals or silicates. The accuracy , precision and 
detection limits of energy dispersive electron microprobe analyses of the 
silcates has been investigated by Dunham and Wilkinson (1978). 

Analysis. 
The analyses were made on carbon coated polished blocks or polished thin 

sections. The accelerating potential used was 15 Kv for all of the 
elements • The specimen current was about 3 nA. The spectra was counted 
for 100 live seconds •. Before each days run of analyses a colbalt spectra 
was recorded to standardise the analyses. 

Suitable areas for analysis were chosen avoiding·pits, cracks, rough 
surfaces or surface contamination due to polishing grease. By using 
photomicrographs of the samples which had been made before the specimen was 
coated with carbon , it was possible to identify the different phases in 
the cement. This technique also enabled the author to avoid to some ·extent 
areas of the specimen , where two or more phases would be excited by the 
electron beam. When a suitable area was found by optical examination the 
analysis was made. The computer processed results were output to a 
printer. 

Processing of the data output. 

The analysis of the sample was expressed in weight percent element, the 
oxygen content was determined by difference. 

The analysis was also calculated in weight percent oxide. The total for 
the oxide content was checked , if the total wes unusually low the analysis 
was discarded. For many of tQe minor elements the percentage of the 
element present was close to the detection limit of the energy dispersive 
analysis system. The computer calculated detection limits are shown in Fig. 
The actual detection limits calculated by the author ( shown in Figure 11.1) 

are lower in all but one element (Na), than the computer calculated 
limits. 

The actual detection limits were calculated by plotting all the values 
obtained for an individual element. The mean and standard deviation were 
determined and the results plotted on Figure 11.1 as the mean plus two 
standard deviations. 

If the amount of element shown in the analysis was below the detection 
limit the value for the individual element was recorded as 'not detected' 
in the results. (Tables 12.2 to 12.12 ). 
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Calculation of the mean composition of the major clinker minerals. 
From the mineral analyses for each major phase in each clinker, the 

mean value of each oxide was obtained by: Individually plotting the 
distribution of the weight percentage oxide values in each phase analysed. 
(histogram distribution). Any high values ( H ) were removed before 
determining the mean value (H). 

In the distribution above the high value of Fe203 in the alite was the 
result of exciting a small portion of ferrite with the electron beam, 
whilst analysing an alite grain. 
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(Table 12 • 0 ) List of cement clinker specimens with their Electron microprobe 
analysis spot numbers. 

WORKS A. OPC WORKS B. SRC WORKS B. SRC WORJ(S B. SRC WORKS B. SRC )> 
with clay with PFA kiln 1 with PFA kiln 3 with PFA + PFA "'0 

"'0 
(i) 

A1/2 1-26 BSCM 1-30 B1930 1-35 B1930 1-25 0730PF 1-26 ::::> 
a. 

A3/4 27-51 BSCM 40-66 B2030 1-26 B2030 1-29 1 130PF 1-39 -· X 
A5/6 61-87 B2130 1-26 B2130 1-30 1330PF 1-27 
A7/8 88-112 WORKS B LHC B2230 1-24 B2230 1-24 1530PF 1-27 ...... 
A9/10 113-139 trial lowheat B2330 1-26 B2330 1-31 1730PF 1-27 ~. I 

(I) N 
w A 16/17 141-165 B0030 1-64 B0030 1-26 1930PF 1-26 - 1.11 < 

A20 170-192 LH0900 1-31 B0130 1-27 B0130 1-26 2030PF 1-26 (I) I . 
A21 200-220 LH1200 1-25 B0230 1-36 B0230 1-27 

LH1300 1-26 B0330 1-34 B0330 1-25 
N-

LH1400 1-26 B0430 1-26 B0430 1-28 w 
en 

LH1500 1-22 B0530 1-54 B0530 1-26 
LH1600 1-26 N 

U1 
<» 

WORKS C OPC WORKS 0 OPC WORJ(S E OPC WORKS F WPC WORKS G OPC 

C1/3 1-54 01/2 1-26 E1 1-25 F1/2 1-39 G1 1-29 
C9 55-88 03/4 27-52 E3/4 26-52 F3 40-68 G2R 30-67 
C10 89-114 06 91-104 E5 53-83 F4 69-100 G4 78-102 
C11 115-139 08/9 110-136 E6/7 86-107 GS 103-127 
C19 141-187 010/1 1 137-165 E9/10 108-125 G6 128-151 
CF 201-224 012/13 176-200 E11 126-152 G7R 152-175 

014 200-222 E14/15 180-196 GB 176-200 
E20 201-215 G9 201-221 
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(Table12·3continued) . Electron Microprobe analyses of cement clinker mine ral phase from Works 8 of SRC from kiln No . 1 . 
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(Table IZ~contlnued) . Electron Hi croprobe analyses of cement cl inker mineral phase from Works 8 of 3RC from kil n No . 1. 
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(Table!~~ continue d) . Electron Kicroprooe analyses of cement clinke r mineral ph ases from Uorks 3 of S~C fro~ k iln No . 3 . 

t.4• 
S,ot 

SID2 
11.20! 
1102 
FE20l 
Jll!l 
ll6n 
tAll 
U..'O 
[11 
P205 
SOl 

lBTAl 

Cad• 
~·t 

5102 
11.20! 
JID2 
F£203 
UG 
liO 
tAll 
li2D 
00 
ntl5 
m 

!Qlll 

Coct 
S;:t 

! 1117 
L ".ll 
naz 
~ 

!ill 
(IQ 

ll.'V 
llll 
rns 
Ul 

JSlil 

liE AlE atE 
7 I 

24.8 24.5 24.0 
0.7 0.9 0.1 

••• ••• • •• 
0.7 0.1 1.1 

••• ••• • •• 
O.l 0.1 O.S 
n.~ n.l n.e 
••• 0.4 1.4 

••• ••• • •• 
••• ••• • •• 
••• ••• • •• 

m m 
9 10 

24.4 24.9 
1.2 0.1 

••• • •• 
1.0 1.0 

••• • •• 
0.4 0.5 

72.1 72.1 

••• • •• 
••• 1.1 

••• • •• 
••• • •• 

m ATE AlE liE 
12 1l 11 15 

24.1 24.2 24.S 24.1 
e.7 t.9 o.a 1.2 

••• ••• ••• • •• u 1.2 e.7 o.e 
••• ••• ••• • •• 
O.l 0.5 0.1 0.4 

n.2 11.9 n. 1 72.5 

•·• e.l •·• •·• 
••• ••• ••• • •• 
••• ••• ••• • •• 
••• ••• ••• • •• 

m m m 
16 19 20 

24.S 24.7 25.2 
0.8 0.8 0.5 

••• ••• • •• 
0.9 0.6 0.7 

••• ••• • •• 
O. l U 0.4 

12.1 72.5 72.1 

••• ••• • •• 
0.1 ••• • •• 

••• ••• • •• 
••• ••• • •• 

m 
21 

21.8 
ll 
Ld 

lB 

~· ll 
~~ 

~· Ld 

~· ~ 

m 
26 

24.2 
l! 
Li 
1.1 
Ll 
ll 

nt 
Ld 
Ld 

Ld 
Ld 

m 
l 

24.4 
0.7 

••• 
1.0 

••• 
0.2 

72 .1 

••• 
G.2 

••• 
••• 

m 

21.7 
1.1 

• •• 
1.7 

• •• u 
71.4 

••• 
••• 
• •• 
• •• 

A1I 

21.7 
t.l 

• •• 
1.0 

••• 
0.1 

72.6 
e. I 
• •• 
• •• 
• •• 

m 

24.1 
1.0 

• •• 
1.1 
D.d 

0.1 
n.5 
1.1 
1.1 
l.d 
l.i 

99.1 99.6 98.1 99.1 9U 99.6 99.0 99.1 99.2 99.1 99.2 99.1 99.9 !U 98.8 91.8 100.1 99.1 

m m m m m ru m m m m m m m m m m m m 
8 I& 21 24 25 26 27 I l l 5 I 1 11 1l ll 20 ll 

21.1 21.1 
1.2 1.1 

••• • •• 
1.0 \ 1.2 

••• • •• 
a.d M 
n.• 11.1 

••• • •• 
••• • •• ••• • •• ... ... 

21.7 
0.7 

• •• 
1.1 

• •• o.s 
n.l 
• •• 
O. l 

• •• 
••• 

21.1 21.7 21.5 
l.l l.l 1.2 

••• ••• • •• u u 2.0 

••• ••• • •• 
t.i 0. 4 G. l 

n.1 u.1 11.t 
0.1 •• • • •• 
G. l e.5 t.z 

••• ••• • •• •.• u •.• 

21.1 ll. I 
u u 
••• • •• 
1.7 1.9 

••• • •• 
l . l 1.4 

72. 1 7l.l 

••• • •• 
0.2 ... 

••• • •• 
•.• 6.l 

~~ 

1.0 
~ 

1.2 

~· ~ 5 

n.1 

~· l 2 
~ 

~· 

21.1 21.1 21.0 li.S 
1.1 1.2 0.1 1.0 
••• l.l •.• • •• 
1.1 u 1.1 u 
••• ••• ••• • •• 
L4 L4 ~l L5 

12. 1 12.1 n.5 n .e 

~~ Ld ~· Ll 
0.2 ••• ••• • •• 
•.• ••• •.• t.l 
o.l Ll ~l ~ l 

21.0 
1.0 

••• 
1.0 

••• 
l .l 

n. 1 

••• 
1.1 
1.1 

••• 

li.O 
0.9 

••• ... 
• •• 
1.5 

11 .9 
l .l 

••• 
t.S 

• •• 

21.l 24.0 
1.1 0.1 

••• • •• 
1.1 1.0 

••• • •• 
l.l f .l 

12.1 n.1 

••• • •• 
••• l. d 
f. 5 a.d 
•. • t.l 

24.1 

'·' ••• 
1.0 
l.d 
t. l 

n.6 
• •• 
••• ••• 
l . i 

99.5 98. 7 99.7 IOU ~.1 l&l.O !U IM. I 100.1 !U 19.0 ~~ , , I 9U fU 9!.1 91.6 IU 

A1I 
ll 

2U 

••• ••• 
0.! 
l. d 
0.1 

71.1 

••• ... 
••• 
l.d 

Alf 
21 

21. 7 

'·' l.d 
0.1 

••• 
O. l 

n.1 ... 
u ... ... 

an m m 
25 

15.0 21.i 21.7 
u 1.1 t. l 
• •• l. d 0.2 
t.J •• , t.l 
1. t 1.1 a.l 
t .l t.6 t.l 

n.1 n.t 12.2 

•. • l. i ··' ... ... .. 
a.d a.d a. l 
1.1 .. . 1. 1 

UE AlE 

25.0 15.1 
•. , t.7 

••• • •• 
J.t t . J 
.. . 1.1 
0.1 t.l 

n.1 n.2 
Ll a. t ... ... 
••• • •• 
• .• 1.1 

m m 
6 

ll. l 25. 0 
u l.t 
a. t l .i 
2.1 1.2 

••• • •• 
t. 4 t .4 

ll.t 72.6 
•.• 1.1 ... ... 
a.t 1.1 
.. . t.l 

l iE l iE l1E 
11 

25.1 21.! 23.! 
u ... l.l 
1.1 •. • 1.1 
t .! .., 1.1 
l. i •• ; 1.1 
1.4 0.1 t.4 
n.f n.z n.• 
t.l a.i a.i 
a.l l.j o.i 
Ll Li l.f .. ~ ... .~~ 

UE 
15 

25.1 

'·' l .d 
1.7 .. ~ 
t. l 

7U .. 
t.2 
1. t 
t.l 

IT£ 
I& 

25.1 
1.2 

••• 
1.0 
l. i 
0.1 

n.t ... 
1.1 

••• 
••• 

l iE 
11 

21.1 
1.1 

••• 
1. 4 

••• 
1.4 

n.1 .. 
••• 
••• . .. 

l iT 
11 

25~ 
L7 ... 
L t 
Li 
L 5 
n.~ 

~ · ... 
Li ... 

m 
u 

25.2 

••• .. . 
0.8 
1.1 

~-· 71.! 

••• 
o.t ... 
••• 

l1E 
20 

25.1 
u 
~I 

~i 

~ ~ 

~~ 

11. i 

~ · w ... 
. ~ 

ft .! 99. ~ !U 99.1 1i.~ IM.l 99.1 99.2 lw.5 ltfl.l !1.! 99.5 99.5 IOU I~U Ut.! f1.7 !t.l 

todr 
~Dt 

5102 
IL20l 
1102 
mm 
110 
1160 
tAll 
Wll 
00 
m.; 
SOl 

101Al 

C!Mr 
5pDt 

51112 
IL20l 
1107 
FUOl 

1160 
tAll 

U."' 
(20 

P205 
S8l 

TOTAl. 

Wr 
~·! 

SI a? 

1l02 
iE21ll 

CAO 
loCO 
[2 

SCl 

10111. 

ATE 
21 

15.1 
~~ 

w 
Ll ... 
LJ 
~2 

w 
Li ... ... 

m 
22 

~~ 

1.1 
Ll 
I~ 

Ld 

Ll 
n.t ... 
••• 
Ll ... 

m 
24 

25.5 
0. 7 

••• 
1.1 
l.i 
0.6 

72.2 
o.d 

• •• 
l.i 

• •• 

ATE 
27 

lS.l 
l. t 

••• 
1.1 

••• 
0.5 

Jl.l 
l . i 
1.1 

••• 
1. d 

ATE m ATE 
2 l 

25.4 25.2 ll.l 
LS L9 L9 
Ld a.j Ld 
1.0 O.B 1.1 
1.d o.i o.i 
L4 L4 Ll 

72.1 71.8 71.5 
a.d o.d a.i 
Ll Ll Ll 
a.d o.i o.d 
Ld Li Ld 

ATE 

25.1 
1.1 
O.l 
1.1 
n.d 

••• 
12.1 

••• 
••• 
a.i 
o.d 

ATE 
B 

15.2 
L9 
~d 

Ll 
Ld 

l 5 
n. J 
Ld 
Ld 
Ld 
Ld 

m 

" 
25. 0 
l9 
a.d 
l6 
a.d 

LS 
n. l 
o.d 
Ld 
Ld 

Ld 

ATE 
ll 

25.3 
I.! 
a.d 
1.1 
a.d 
0.1 

72 .2 
a.d 
0.1 
o.d 

••• 

m 
11 

26.1 
1.1 
O.l 
1.2 
n.d 
0.5 

70.6 
u.l 
0. 2 

••• 
o.d 

ATE 
li 

25.2 
0.1 
a.d 
0.9 
a.d 
0.4 

:'1.3 
a.d ... 
n.d 
a.i 

ATE 
I? 

24.5 
I. I 
o.d 
l. l 
n. d 

u 
11.1 
&.5 
n.d 
1. d 
n.d 

m ATE 
IS 52 

25.2 26.0 
O.B 1.0 
n.i n.i 
0. 7 1.1 
n.i n.i 
1.d 0.1 

72. 1 70.1 
1.1 1.i 
a.i n.i 
o.d a.i 
a.d n.i 

ATf 
51 

24.1 
I. I 

••• 
1.1 
n.i 
0.6 

71.6 
a.d 
n. d 
o.d 
n.d 

m 

lO.O 
1. 7 
n.d 
1. 1 
a.d 
n.d 

64.0 
a. d 
u 
o.d 
1.1 

100.0 99.9 100.1 99.8 IO.J.I 99.1 99.~ 99.1 100.0 99.1 !~.J IOO.l IU 99.0 96.1 98.9 R O 99.! 

m m atE m m m m liE iTE m m m m m m m m m 
ll 2l 2 l 6 1 11 22 ~ 2S I 8 9 I~ 11 14 2! l l 

29.5 
1.1 
a.i 
o. i 
u 
0.2 

61 .1 
0. 4 
0.1 

••• 
l.i 

2'.8 
2.1 

••• 
2.2 
l .d 
l .d 

M.l 
l .d 
O. l 
1.i 
1.1 

1' .1 
1.8 

'·' 1.! 
l .d 

··­U. I 
l .d 
0.5 

• •• 
I.B 

l!.l 
I. I 

••• 
1.6 
1.1 
l. d 

6U 
G.l 
0.5 
.I 

1.6 

l0.5 
1. 1 
D.l 
1.6 
l .f 
u 

K O 
0. 4 
1.5 
l. d 
1.1 

lO .O 
1.1 

••• 
1.5 
l . f 
O. l 

iS. l 
0. 1 
0.1 
o. d 
l . i 

ll.l lU 
1.l 2.1 
o.i o.d 
... 1.7 
a. i o. d 
a.l O. l 

U.! 13.6 
1.1 1.1 
0. 1 0. 6 

l .i '· ' 
8.1 l.i 

10. 5 
t.B 
Ll 
tl 
L f 
L d 

IU ... 
L2 
L f 

L& 

liS 
l4 
o. d 
L 6 
Li 

1.1 
61 .7 
Ld 

Ll 
L f 
Li 

ll .2 
D. I 
1.1 
1. 1 

••• 
a. d 

M. l 
u 
0. 1 
o. d 
o.d 

ll.l 
1.2 

••• 
1.5 

••• 
0.2 

1>3.8 

••• 
0.9 
G.l 

••• 

~l 

1.l 
L i 
1.l 
L f 

L d 
ou 
L f 
Ll 
~. ~ 

L l 

Jl. 4 
0.8 
a.d 
1.l 

'·' u 
oU 
l .d 
0.1 

••• 
'·' 

JO. a 
1.! 

••• 
1.1 

'·' 0.2 
62. ! 
D.J 
1. 1 
o.d 
0.5 

11.7 
1.5 
n.d 
1.8 
a. d 

'·' 61.7 
0.4 
0.1 
o.i 

••• 

~0 

1. 0 
Lf 
l.l 
Ld 
l l 
~~ 

L4 
LB 
Ld 

~ ~ 

lt.t 
1.5 
O.l 
2. 1 
a. d 

O.l 
!l. i 
0.1 
1.0 
o.d 
1. d 

~.l !U !'-! 10'-4 1 ~.7 l'l9. i 9!.1 H.i IO'J. 5 lw. l !U 91 .1 1&': .1 lw.l 19.1 !U 9U 10\U 

i1E 

Z..l 
1.1 

••• 
1.! 
a.J 

~­
.Z. I ... 

.I 
t.! 
1.4 

liE 
5 

l l .l 
. l 

••• 
0.7 
l. d 

••• 
61 .4 ... 
e.2 
a. t 
,, j 

m m 
11 

~.1 ll.l 
1.1 0.1 

••• • •• 
1.1 e.1 
l. d •. • 
t.l 1. 1 

tl.l U.i 

••• • •• 
t.l u 
o.j L l 

1.1 1.1 

m 

l'.l 
1.4 
1.1 
1.5 

••• 
!.d 

:;o. i 
l.i 
.J 

1.1 
M 

m 
I! 

lo.t 
1.6 
a.j 

1.7 

• •• 
·· ~ u.s 
5.1 
G.l 
L 

t.6 

m 
22 

a2 
1.1 
Ld 
1.1 
a. I 
L! 

"' L l 
L4 
Ll 

Ll 

m 
11 

l<l.l 
I. I 
. I 

1.4 

••• 
6.1 

iS. l 
i. l 

.2 

••• 
G. I 

m 
21 

12.2 
e . 
a.i 
!.i 
.I ... 

!l .o 
~. I 

6. 1 .. ~ 
.l 

m 
i2 

l!.l 
1. 1 
.d 

l. i 
a. i 
1. 1 

.t. i 
o. l 
e .. 
l.C 

l.f 

ITE 
ll 

lO.i 
1.5 
1.1 
1.i ... 
v. 

eU 
u 
O.l 

·-~ 
6. 3 

m 

~B 

ll 
a.d 
u 
L f 
L d 

~! 

~ ~ 

1.5 
Lf 

ti 

m 

31.1 
1.l 

'·' 
L ~ 

.d .. : 
:1.1 

"·' v. 4 
. I 

0.1 

li£ 
5 

1~.1 

6.; 
o. i 
1.1 
:'1 . ~ 

G. d 

o4 .~ 

V. t 

.t 

o. d 
l.il 

liE 
ll 

31. 1 
1.5 
o. d 
~ .0 

••• 
a. d 

ol .4 

'· ' ••• 
a. i 
0.1 

m 
14 

lM 
1.1 
n.i 
1.! 
o.d 
t .d 

ol .l 
a.d 
{\, ) ... 
1 .• 

!lE 
!5 

lC.: 
1.1 
•. c 
2.1 
o.d 
•. c 

64. : 
.I 

~.5 

a.d 

"" 

!lE 
li 

31.~ 

1. 1 
a.d 
u 
t.l 

~- ~ 
:..· .. 

&. : 

V.t 
o. e 
1.( 

!U 99. 7 !!.i "·l t9. 4 ~.. t! .o 99.3 ,, ! •;. 1 "·' 1!1-l .l ;;.s 1•" .1 IOU !!.5 11.1 "·' 



(Tablel~~ccntinued ) . Electron ~icroprobe analyses of cement clinker mineral phases frm• 0or~ ~ 3 ~f 3RC from kiln No . 3 . 
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(Tablel2- ~). Electron Microprobe analyses of cement clinker mineral phases from Works 9 of SRC with PFA addition . 
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(Table 12·~continued) . El ectron Micro~robe analyses of cement clinker miner a l phases from Works 3 of SRC with PFA addition . 

tadr 
Spot 

5102 
IL"'l 
TI02 
FE20l 
11110 
EO 
CAll 
IIA.."U 
(20 
P205 
SOl 

mM. 

Ccdr 
Spot 

5102 
ll20l 
1102 
ft203 
I Ill 
IISIJ 
tAll 
IIA20 
(20 

P2115 
S8l 

TOT M. 

to4r 
Sjlllt 

51111 
k2il! 
1182 
mm 
UD 

tA5 
IA20 
&:29 
f::ll5 
SOl 

Tall!. 

AT£ ATE 
21 14 

21.7 24.7 
2.7 1.0 

••• • •• 
l.l 1.0 

••• • •• u 0.4 
10.8 7l.l 

••• • •• 
••• • •• 
••• • •• 
••• • •• 

m m 
24 26 

24.5 24.5 
0.8 l.t 

••• • •• 
1.0 1.0 
o.d o.d 
0.5 0.5 

11.9 71.9 

••• • •• 
••• • •• ••• • •• 
••• 0.2 

ATE AT£ m 
I 2 l 

24.0 24.5 21.6 
1.2 0.9 1.1 

••• ••• • •• 
0.8 0.9 t.1 

••• ••• • •• 
0.4 0.5 0.4 

72.1 72.l 72.5 

••• ••• • •• 
••• ••• • •• 
••• ••• • •• 
••• ••• • •• 

m 

ll.t 
1.4 

• •• 
1.1 

• •• ... 
ll.2 

••• 
• •• 
• •• 
• •• 

m m 
1 

24.4 n.J 
1.1 t.l 

••• • •• 
0.9 1.1 

••• • •• 
0.1 0.1 

72.5 70.1 
o.C o.d 
••• 0.2 

••• • •• 
a.l 0. 4 

m m 
I 9 

24.5 24.9 
l.t ... 

••• • •• 
0.1 0.1 

••• • •• 
0.5 0.4 

12.1 7l.6 

••• • •• 
••• • •• 
••• • •• 
••• • •• 

m 
10 

RI 
LB 

~· LB 

~· L5 
~1 

~· 0.1 

~· 
~· 

m 
ll 

at 
1.7 

~· 1.2 ... 
Ll 

72.1 
~ 

Ll ... 
Ll 

m m m 
14 15 18 

22.9 24.0 24.0 
1.9 1.2 1.0 
••• 0.2 • •• 
2.2 0.8 1.1 

••• ••• • •• 
... 0.5 0.5 

11.1 72.8 72.8 
o.d o.d o.d 

••• ••• • •• 
o.d a.c o.d 

••• ••• • •• 

IT£ 
I! 

24.1 
1.0 
o.d 

1.2 

••• 
0.1 

71.6 

••• 
o.i 

••• 
o.d 

99.1 1011.2 98.7 99.1 98.7 fl.4 fl.l 100.0 !9.2 99.1 fl.O 100.4 99.1 100.4 99.0 99.5 100.0 9!.4 

.AT£ ATE 
20 21 

n1 ~o 

1.2 1.2 
Ld Ld 
l.i t.l 
Ld ~~ 

L4 Ll 
72.7 71.1 

••• • •• 
Ld ~~ 

Ld Ld 
L2 Ll 

m AT£ 
22 24 

24.0 RI 
1.2 1.2 
a.d o.d 
l.t 0.1 

••• • •• 
O.l 0. 4 

72.1 72.1 

••• • •• 
O.l a.c ... . .. 
0.5 •.• 

m m m m 
25 20 14 21 

21.8 24 .5 12.5 JO.l 
0.9 1.0 0.7 1.1 

••• ••• ••• • •• 
6.9 0.1 1.1 l.B 

••• ••• ••• • •• 
0.4 0.4 •.• t.l 

12.7 71.2 tU 63.5 
••• ••• 0.5 0.1 
o.d 0. 2 O.l 6,4 

••• ••• ••• • •• 
o.d o.d 0.1 1.5 

BTE ITE JTE ITE 
21 8 9 11 

28.1 JO.c. JG.S 10.8 
2.2 1.7 1.1 1.1 
a.l O.l a.C a.l 
2.1 1.7 ... 1.8 ... ~· ~· ... 
o.4 O.l o.5 0. 1 

il.O U. O U.l 63.4 
0.7 0.) 0.5 t. l 
L5 L5 Ll L4 

••• ••• ••• • •• 
l.l ... 0.9 1.0 

m m 
12 36 

ll.4 lO.I 
1.1 1.7 
O.l O.l 
1.5 1.7 

••• • •• 
0.2 O.l 

U.2 63.1 
0.5 0.7 
0.5 0.5 

••• • •• 
0.5 I.D 

8TE 
l! 

~5 

1.7 
Li 

·~ Ld 
u 
~1 

L5 
L4 ... 
L! 

ITE 

11.8 
1.1 

• •• 
1.1 

••• ••• 
U.l 

••• 
0.1 

• •• 
0.1 

JTE 
11 

10.9 
1.4 
0.1 
1.4 

••• 
0.1 

64.6 
0.5 
O.l 
o.d 

u 

m 
I! 

18.0 
1.1 
o.d 

l.l 

• •• 
0.1 

68.1 
0.4 
0.2 
o.i 

o.5 

99. 4 99.0 99.4 ;9.4 99.7 !U IOO.S 91.9 99.1 99.2 99.1 !9.7 99. 4 99.1 !U "·' IOG.l 100.1 

IT£ ITE 
20 20 

11.2 JO.t 
2.0 1.7 
•.• u 
1.4 1.2 

••• • •• 
O.l t.l 

u.e u.t 
o.s 6.1 
0.2 0.6 
o.l a. 
o.s 0.5 

ITE 
21 

11.4 
1.5 
O.l 
1.5 

••• e.4 
&U 
u 
~.4 

••• 
0.4 

IT£ 
22 

11.1 
1.7 
0.1 
1.1 

••• 
O. l 

13.1 
0.4 
1. 4 

••• 
.0.7 

m 
2l 

11.0 
1.5 

~· 1. 4 .. . 
L2 
a! 
Ll 

~-' 
~6 

L b 

ITE ITE !lt JTE 
2 

:14.7 :14. 4 29.6 li.O 
1.5 1.! l.l 1.1 
o.d o. i U a.d 
I.B 1.1 2.1 1.1 
Ld Li Ld ~~ 

O.l 1.1 O.l a.d 
6J.l 63.1 13.& 14.! 
•. 5 l .d d •.• 
L5 L4 tl Ld 

••• ••• ••• • •• 
o.! 1.4 0.1 e.1 

m m 
If 

12.2 lO.l 
0.1 1.1 

••• • •• 
l.l I. t 
l.d ••• 

c4 ' f.? 
65.0 U.J 
o.d U 

•.• O.l 

••• • •• 
0. 4 o.Y 

JTE JTE 
15 16 

lU 29.4 
J.! 1.7 
o.d o.d 
1.9 1.6 
o.d o.d 
0.2 t. 4 

M.O 63.! 
u 1.4 
• 5 0.5 

••• • •• 
M 1.5 

m 
I! 

31.4 
1.1 
o.d 

1.1 
c.d 

H. I 
d 
u 
••• 
0.5 

m m 
21 21 

ll.E 2'1. 4 
0.4 1.1 
c.d o. d 
t.E 1.1 
o.d c.i 
o.d O.l 

cu 14. 4 
O.l o.i 
0.1 ... 
•.• l.i 
••• 1.5 

m 

~~ 

L1 
Ld 

L5 
Ld 
Ld 

M. I 
t 5 
Ll 
~ 

Le 

m 
21 

ll.2 
t.1 

••• o.s 
e.d .. ~ 

04.4 
a.d 
o.4 
Ld 
0.6 

IV0.5 99.1 IC<O.l h10 .4 9'1.5 9'1.5 99.1 H.l 99.5 !!.! !1.5 H.4 99.4 fl.! fl.2 i9.5 fl.7 !i.J 

tcdf 
Spot 

51111 
ll2Ul 
!102 
fE20l 
111111 

150 
CAll 
WO 
l20 
P205 
561 

TGTAl 

LDI!r 
Spot 

5102 
Al20l 
1102 
fElQl 
I!Jjl) 

1150 
CAD 
IA."U 
(20 

Pl05 
sal 

TCTI. 

Wr 
Spot 

SIB! 
l!1lil 
Tllll 
H2Ql 
113 
,;a 

(20 

Pl05 
SOl 

T6Tii. 

ITE 
22 

D~ 

L1 
Ll 
1.0 
Li 
t l 
~1 

l.l 
1.5 
Ld 
L5 

BTE 
2 

ll.O 
O.l 
a.d 
0.4 
o.d 

••• 
U.l 
o.d 
0.7 
o.d 
0.9 

BTI 
14 

ll.! 
IJ ... 
1.2 ... 
Ll 

65.5 ... 
Ll 
Ld 
Ld 

m 
15 

~) 

1.8 
Ld 
1.4 
~ 

Ll 
>lA 
L5 
u 
Ld 

L9 

m 
11 

~.4 

Ld 

••• 
L6 ... ... 

04.7 ... 
L1 
Ld 

Li 

m 
18 

11 .8 
1.5 
0.2 
1.2 
o.d 
0.4 

64.0 
0.1 
O.l 
0.4 
o.d 

m FER rn m 
ll 12 19 2l 

1U 14.1 l.6 11.4 
1.9 12.1 11.5 12.1 
o.d o.d 0.1 0.4 
1.5 14.1 26.8 21.6 
o.d o.i o.d O.l 
0.4 O.B 1.4 1.1 

04.2 S4. J 4!.7 51.8 

o. 4 o.4 o.o •·• 
0.5 1.1 0.5 0.2 
o.i o.d n.d n.d 
1.1 l.O 0.6 0.1 

m 
14 

IJ.l 
5.8 
0.1 

11 . 0 

••• 
O.B 

63.5 

••• 
l.d 
o.d 
o.d 

m 
10 

1.9 
11. I 
0.8 

ll. O 
0.5 
l.l 
~.2 

0.4 
a.d 
n.d 
n.d 

m 
14 

u 
15.1 
0.1 

~-· C.5 
1. 1 

41.5 

••• 
0.2 

••• 
••• 

fiR 
IS 

1.1 
IJ.l 
o.s 

16 .b 
u 
1. 1 

4:'.5 

n.e 
O.l 
o.d 
o.d 

HR HR 
21 24 

l.l l.O 
16.6 1!.0 

1.0 0.1 
lB.! 27.8 
•.• 0.4 
1.4 1.8 

17. 1 41.1 

• ·• o.d 
l.d l.d 
n.d n.d 
0.2 l.d 

m 
25 

b. I 
lb.b 
0.4 

14.7 

••• 
1.1 

50.8 
n.d 
0.2 
n.d 
n.d 

fER 
15 

8.6 
ll.4 
0.8 

ll.l 
n.d 
1.4 

51. 0 
0. 1 
n.d 
n.d 
n.d 

!U 99.4 100.5 IOU 100.0 IGO.I !!.! IOO.S 101.0 99.1 !8.7 IOI.l !!.1 9U !!.2 !U 100. 1 100. 4 

HR 
21 

LO 
~2 

L4 
ILO 

••• 
1.2 
~~ 

1.2 
L1 
L i ... 

m 
J 

4.5 

~· L 6 
~0 

Ld 
1.5 
a! 
L6 
Ld 
Ld 
~ 

m 
12 

Ll 
ILO 
L i 
~l 

Ll 
1.4 
~4 

L i 
Ld 
Ld ... 

m m 
•• 24 

Le L5 
IB.l 15.l 
i.J 1.2 

28.1 ~.5 

L1 L6 
1.5 1.4 
~a ~ e 

l . d • • ~ 

Ld Ld 
L l ~~ 

... ~ d 

m 
11 

IU 
10. ) 
u 

18.2 
n.d 
1.0 

54.0 

••• 
••• 
1.1 
0. 5 

HR m m 
12 2l 11 

5.1 2.5 6.1 
16.7 19.4 11.2 
U 0. 4 G. l 

25.9 2i.9 24.5 
a.d 0.1 n.d 
1.5 1.5 1.2 

4!.1 48.4 so.a 
••• ••• • •• 
e.d a.l 0.1 
1.1 ••• • •• 

l.l o.d 2.0 

HR 
24 

J.U 
IU 
o.; 

24.0 
0. 4 
1.1 

52.6 
0. 4 
o.d 

••• 
o. d 

FER 

4.1 
18 .2 
0.7 

25 . ! 
c.d 
1.5 

41.4 

••• 
••• 
••• 
••• 

m 
ll 

1.6 
14.1 
Ll 
~~ 

Li 
1.5 
~l 
L4 
L4 
Ld 

L t 

HF. 
:Cl 

~8 

JL5 
t 5 

~· l 4 
l.l 
~ ) 

l l 
Ll 
o.d 
L5 

m 
25 

ll .l 
lo.5 
0.) 

ll. l 
l.d 
1.~ 

!LV 

••• 
o.d 

••• 
6.1 

m 
27 

l l.l 
11. 1 

0. 4 
lB.! 
l. d 

1.2 
56.1 
n. l 
l.d 

o. d 

••• 

m 
5 

tO 
IU 
Ll 

11 .5 
L d 

1.6 
~0 
Ld 
L2 
Ld 
Ll 

m 
11 

!.0 
16.b 
0.5 

?5.0 

••• 
l.l 

50.0 

••• 
0.1 

••• 
o.d 

fER 
lb 

5.4 
1!.2 
0.1 

~5.8 

••• 
1.5 

4!. J 
a. d 
0. 2 
n.d 
0.! 

'11.1 !!.2 11>).2 9U 99.5 99.2 il.l !00.4 IOO.l 101.0 100.1 101.' JOU.4 100. 1 9!.1 101.2 91.5 !\.8 

li. ll 

n 

1.1 
Ill 

••• 
25. 7 
l.d 
1.2 

41.0 

••• 
.6 

o.i 
.e 

lllU 

4.1 
tU 

• •• n.9 .. 
l.l 

su• 
• •• 
0.2 

••• 
1.2 

li.JJ 
12 

4.5 
ao 
Ll 
lil 
~ 

t.l 
~.5 

~ · Ll 
Ld 
~ 

l~. l 99.5 100.1 



. 
X ... 
E 

..... 
liJ .... 
1-< 
t-

u 
::r: 
_J 

4-
0 

CD 

Ill 
.>1. 
1-< 
c 
3 

E 
0 
1-< 
"-
Ill 
QJ 
Ill 
liJ 
r. 
c. 

..... 
liJ 
1-< 
QJ 
c .... 
e 
1-< 
QJ 
.Y 
c .... ..... 
u 
.... 
c 
QJ 
E 
QJ 
u 
4-
c 
Ill 
QJ 
Ill 
> ..... 
liJ 
c 
liJ 

QJ 
.c 
0 
1-< 
c. c 
1-< 
u .... 
c 
0 

"' .... 
u 
QJ 
..... 
w . ,..,. 
,.... 
..;, 

QJ 
..... 
n 
liJ .... 

-­.. -

... =--

;-

~"-:~0:~~-"'!~~-.::~ 
r-;c::aa:O-aoQ::;!GCCIIC 

V"D"'"''O"' ___ .,... ___ _ 

~OciO.iO:::!..iGOci 

-:o:..::-:""":"!~~"-:~'"': ::::.o .. -aca;::•••c:ao 

-~~~"---~---a-:Q.:;;~---0 

O:"'!~""':~"":O:~"":~V! 
..-\-c:~~-aON•o•o 
~ ~ 

~""!"""'!c--:~11"!-:~~~~ :=::-•-oe:JOJ::;!•a•• 

~-:~"'!""":""!~~~~~ 
~-a:-ao~aatz• 

0:'"':~~""':~"!"":"":':""': 
-o•o••Naaaa. "' ~ ___ .., __ w-. ___ "GG 

...;.o.ao.;o~••a• "' ~ 

'"":-:~--;~--:~~""!""':""': 
~-·-•o,::::aaaa 

-~- - - - -----....... . . . . 
~-•-•o:;=:•••• 

r:-:--:o:~~~~""':~""'! 
~-•o•a>;:::o••• 

___ 0._.,.._. ___ _ 

;:::....;.a...;..;o:;•••• 

~'""'!~'"":~or:---:~-:~...-: '""'-•-•oN•oa-N ,._ 

~C:~O:"''I!~-:"":':"":'! 
~- •o •o:::!o • • • 

""";~~~~~'"":""":"'-:""':~ 
~-•o•o~•••• 

-;;r--:""":o;""':"":"'!"-:~~"-: 
~o•o•o::::!•••• 

""!-:------"""--;e;o•...:•o~·o•• 

-----------~o•o•o::::•••• .,.. ____ """ ____ _ 
~...:.:o.iOJ:!C:.;ee~ 

------------i-=•-=•c:t:!•••• 
-;r-;---:a:-w:..-:-:--:~""-!~ 
~o•e~o•o~•••• 

~""::'"':0>;~"":~""':~':': 
~ooo •o~ • • • • 

"":-:""':~'-:""'!"'-;""':""':"":'! 
~o•o•~~•••• 

-:~--:--:--:--:~--:--:--:""": --•-•oN•••• "' ~ 

~~~'c:--=-=~--=~~~ 
~-•-•o~•••• 

--- --------;d.4•ro:ao~·--=· 

~ --

--
~ ----

; .. 

... ;;-

o:-:~"":~~ ·~ 
,...,_c-a~c-.. 
~ ~ 

.... -~rQ._ _____ ..... ,.._ 

,..;oaoco...;ooac 
~ ·-
-----------iOG O.Z.>~-G.iC 

~~~~--:"!--: 
~- ·- ac::ro;:: 

-- ... -• a • a 

__ ,..., __ ,,..w,,._.._.._ 
~...:c:...:a.Q~··•G 
_,...., ____ _ --- ... ~-=a...:ao~ ---. 
--:~~-:--:""":~ 
--G C=> a--N ~ 

~~~~~~.c:~~~"! 
~o a- •<D:=;: • • • • 

--:"'!-;~~--=-:~--=~--: 
~-o- .. o~•••• 

-----------~_:·_:·o;::a.aa.a 

~"':--:""-:~..-:-=:--:--:---:~ 
~-·-·o~• ••• 

r--:C:-;"":--:-;r-:--:--:~---: 
~- o-·~~~~••• 

ro-:""'!r-:-:--:""":-:~~~--: 
~~o-•os:::• ••• 

-----------~o•o•o~o..:.:.; 

"!"':~~~-;~--:~--:--= 
~-•o•o::::•••• _____ ...,. ..... ___ _ 
~o•o•o~•• •• 

w:r-:--: ~':"":-:~-:-oo:--: 
~-·-·•~o••• 

............ _ ... .,., ............... 
:d...:•...:•.::::!•••o 

-----------ici.iO.iOJdai.i.i.a ______ ... ___ _ 
~o••••:=::•••• 
- .. "U _______ _ 

io•o..:o~•••• 

Ocu.._ .. .._M __ ._._ ... 

:dOGO.iOJ::!•.;a..: 

-----------;:!.....: .;,...: •c:;::: ..... 

0:-:~a:--:-;-:~~--=--= 
~o•-•ot::•••• 

~"":~~--:-;-;--:~'!"": 
~o•o••~•••• 

..-:-:~~~..-:-:---:--:~--: 
~-·••o~••• • 

~~""":-:"':~~"'Il!~""": "': 
~-•o•ot::••• • 

';~--=~~~a:--:--:~--: 
~o•-•or:;!•••• 

r-;---:~oo:--=~11!--:--:r-:--: r:;o•o•o,:::a•o• 

~~~~~-="'=~~~~ 
f!!!;O·-·-~···· 

.,..,..... .. _..__ ............... 
i-=•-=••,::::•••• 

-s: .. s: 

- ~- O • ""'Q ............ 

~oao.ca~- a oQ 

--,....."V-. . . .. 
a~- ..., • ,.. • 

0--~ 
~­
• a 

~-=~~~~'-:-t'"-4--­
~---cc.~·., .. o 

----0:.. .. ... 
c:occa~ 

--- o--no"'!'"":....S:'"": 
~o•....:•.-~·-·· 

-!C 

..0 _____ ...,.._ ........ _ ...... 

$:2 ~o~-!.s.i,:::.:o.ia &:: 

~ - ~ .. -
~ -­.. -

=-

~­.. "' 
... - ... .. "' 
~--"' 

-:-:-;r-:--:""':."!~~--=~ 
:;::-o-ao~•••• 

"':~~0:'"":""':":~~~~ ;:;---·-J:;::···· .. 
si 

_,.... ____ 0 __ .__ 

io•••o~•a•• 

------"""·---i•••••r:::----_.,. ___ ....... ___ ._ 

~0 .:o .:.;:;: .JO .i. 

-----------io•o•.ct,::!a••• 
.......... _._.,.. ____ _ 
;e-:•-:•o;::o.,;..-.; 

................. _ .......... 
~G.iO.iOJd.i.:,:.; 

~"'!--:-:~~'"":~--:--=~ 
~o•o•o:=:•••• 

.. 
i 

~~"":~~"':ro:--:--:--:--: ;:_;o•o•os::::•••• 

-............ '" ............ ,Qo•o••:=:•••• 
------------oa..:ao~--d· ... ____ ,.... ____ __ 
iO.icteiOJ:!.i.i..:-' __________ ._ 

i••••o~•••• 

-----------tc!•••••J:!•••• 
__ ._.,.,....,..o._ ... ._,. 

, io•a•o~•••• 
-:~--:-:~""':'"":~--:--=· ;:;o•o•o;::::•••• 

.......... _ .. ""'.__ .. io•o••s:2•••• 

. .,., ... .,.. .... - ... --. 
ti••...:.:.:~···· 



. 
X .... 
E 

u 
::c 
..J 
.._ 
0 

ID 

Ul 
.>l ... 
0 
3 

e 
0 ... .._ 
Ul 
ru 
Ul 
ro 
.c 
c. 

..... 
ro ... 
QJ 
c: ... 
E 

... 
QJ 

.>< 
c: .... .... 
u 
.... 
c: 
QJ 
E 
ru 
u 

..... 
0 

Ul 
QJ 
Ul 
> .... 
ro 
c: 
ro 
ru 
.0 
0 ... 
c. 
0 .. 
u .... 
::;: 

c: 
0 .. .... 
u 
QJ .... 

I.J . ..... 
"0 
QJ 
:l 
c: .... .... 
c: 
0 
u ,.... 

..:.& 
Ql 
..... 
.0 
10 

1-

~-

~ .. ....... 

~ -­...... 

~ _..., .. -
~ -.... .. -

-: '--: "! ~ "'"! ~ '" : -.;> -- 'a 
r-.o ~ C»;!; .g.-~ 0: Cl c: Cll 

-a- .gaa.,...,l"'l,..-.:t"Gr.o 
............ o::,io....:~.s.;ao 

~----<0------N::o~o-=::··-· 

-""" ~ - l"')r-...Q ___ _ 

r-:~o~o-=~•••.: 

0.,..,_ __ ,.... ___ _ 

...:~ c::~o...:moc:aa 

..... -~~~""'!~""!"!~~ 
N~eo~oet-;::c:c.ac 

_.,,....o:» ......... ---- .... 
,...;!do~a....:~ ... aa 

................. -,-W"'_-CI __ 

.....:~o::j a-=~ r:&:> c: c: 

_ ..... _____ .,.,__ -
~o=o:;:aof;ioo•. g: 

o-...ct-ot.I"I-NW"'"'._"O"' 
.o~o~o-=w=;c:ia.:a g: 

0'-IDCD-..ON _____ t.l"l 

r.:~o,;o....:~ ao ei,;. 

"' .. ...,o,.,.o-o_..__ 1.n 

:si...:oN.ici:ooai....: ~ 

- ..... ----:-:"'!~-­::::-=•.....:•-;:::----
-=~ooa:-:~r-:r-:-w::~~---: 
~o•o•o:::••• • 

----~~~~~~­~o•o•o:;:!•••• 

.... ~~-:---­::::-·--o~.:o.;.; 

'"':~""":..c:~-----"" 
::::----o~•.o•• 

~~~"":~--:"""!~"":~~ ;t-•-•oJ:!•o•• 

~"'!r-:"!~-0---­

~----a~------­.... 
_ .... ___ _ 
o~•••• 

------IlD-- ......... ;j...:O....;..io;::oo.;a 

'Cl!-:~-:~"'!"":~-:--:---: 

;:;-----:::::----

-----------~c::.:o••::::•o•• 

"!~~-:--:"':~"-:~--:~ 
~-----~---· 

-s: 

-,.., ... 

:;;;;,.., 

... -.... 

... --

.. -!£ 

------CD.,-,-'"0._ r-:::o~.iO:;j.:Q ... 

-f'tft:I ___ <O 

_:~o~o-=:·• -­. . 
-f't .OW"tO'- ........ 

--o~·-=:lieoa.; 

- --C"'4--Cio----_ .... Qs::iOO~-o-a 

------- --..,;~c:::;ic.~-=~ M a a IZ 

------- _, _ ....;:::::o;:::;o .;c;;.;.; 

----W"".0 -"0 ...,~ M ~ 0 ~ 0 a a G .; 

o.--oaa.-,_'"0 __ _ 

--opto-==:•a•• 
"""::-:'"":-:v:-----­
-~Oo;::; o...:~----

-------~---"' ""'~o~o-=~•o--

.o:~~WO:~'"'-:'; ... __ _ 
N~ope•-:;:•••• 

~"!'!-;~~""!"!'"":~"': ;::;-•-••:z;•o•o _____ ,._.,.. __ _ 
;::;...:..;~•a:;io•o• 
___ go. ______ _ 

:si-=•-=•o~oo.c:. 

"'!'"':""'!"'":~~"'!-"'-­
~--- - -~---0 
0:-:,~-:~._.,._.,.._-a ;:;.o·-·•:i•••• 
-----------~-=·-=·0~------ ... -~...:- ....... -.::~~~~"1 ·::cz·-·-
IDV"'t'acro,..,..W"'....,N._,. 
::::o•o•a:oo..:.-
______ c:li>_W'"t_ur;t 

~-=a-=••~..:c:.-o _______ ..., __ _ 
;iO.ao.ao~o••• 

-----------~o-o.:o::::o•.: e 

-:-:--:-:~-;-:ow:"!'"-:---: 
,:;:o•-•c.~•·•• 

----"0 ___ ... _._ 
l(joa...:.;o;::.-aoa 
___ Diit ____ ._._ .... 

~.:.ao.:a~o••a 

...-:"'":'!-:--:-:-:--:~'"-:':: 
~-•-•of:::•••• 

~""'!-:--:---:--:""':~~--:~ 
::;--· ··~···· ............... _____ _ 
........... 
~o•-•o~o• .. • 

· ~ 

--

"' g; 

.. .... -.. 
i 

-g; 

.. -... 

~ --

~ -
~ - .... --
~­--
---~ 

... -­...-
- .... --
... ..... 
... :;;;-

~-::-::"":~~~"!--:-G -
~-o-•a:seoa- ~ 

"'!-:~~~- .... ·--·0 .,.. 
;::;-·--·~.;;..;. :! 

._ ____ _ 
.. ~ 0- .. 

-... --- ... a ::; we•-

----- -........ --:s: _: • ...: • .;~ooa...: 

tncn..:t ---- ·o---
~_,:..:,..:..:o::c:o.i 

"' - ._ - -v - "' .... ._ r• 
~...:.-....;.;.;~..;c: .. -

.. ---~...:o...: 

.,.. - .. -
~-=--

----si 0 • -! 

............ ~~"'-: •d·-·-

-.... . -
------..-.---,;....: .i...: .iO:$, ..;..; 

---0 "'Qf'o · tn--&n 
,;..:.;...:.a c~oo.-....: 

--... 
"'_.__ ... _____ _ 
se-=•-=•o='.:o.:• _ __ .. .__.,..""" __ _ 
tiO ..iC: .i .i~OO .i • 

-Ill 

"' i 

.... -... 



(Table 12·'\J ) . Electron l~icroprobe analyses of cement clinke r minera l phases from Works C DPC . 
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(Table I~~ continued). Electron Microprobe analyses of cement clinker mine r3 l phases f rom Wor ks D OPC • 
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(Table~~~) . Electron ~i croprobe analyses of cement clinker mineral phases from Works G 
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