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Preface

This book deals with the chemistry of the principal silicate and aluminate
cements used in building and civil engineering. 1t is a completely re-written
successor to the two volumes on ‘The Chemistry of Cements’ that I edited in
1964,* and, like them, is directed primarily to those whose background is in
chemistry, materials science or related disciplines. Emphasis is placed
throughout on the underlying science rather than on practical applications,
which are well covered in other works.

The earlier volumes are outdated. Since 1964, several major areas pre-
viously unknown or neglected have been widely studied due to changes in
the ways in which cement is made or used, or to increased awareness of the
problems encountered in producing concrete of adequate durability. Along-
side this, much information has accrued from the introduction of new and
powerful experimental techniques, of which scanning electron microscopy
and X-ray microanalysis have proved especially important. In 1964, some
topics, though practically important, were so imperfectly understood from
the standpoint of basic chemistry that I did not consider it useful to deal
with them. Increased understanding now makes it possible, and indeed
essential, to include them. On the other hand, descriptions of standard
experimental techniques, included in the earlier book, have been omitted,
except for some matters of specialist relevance to cement chemistry, as good
textbooks on all of them are available.

All the cements considered in this book fall into the category of hydraulic
cements; they set and harden as a result of chemical reactions with water,
and if mixed with water in appropriate proportions continue to harden even
if stored under water after they have set. Much the most important is
Portland cement. Chapters | to 4 of the present work deal mainly with the
chemistry of manufacture of Portland cement and with the nature of the
resulting product. Chapters 5 to 8 deal mainly with the processes that occur
when this product is mixed with water and with the nature of the hardened
material. Chapters 9 to |1 deal with the chemistry of other types of cement,
of admixtures for concrete and of special uses of cements. Chapter 12 deals
with chemical and microstructural aspects of concrete, including ones rel-
evant to processes that affect its durability or limit its service life.

The literature of cement chemistry is voluminous; the abstracting journal,
Cements Research Progress has latterly listed about one thousand new
contributions annually. Inevitably, coverage in the present work has been
selective. I have tried to strike a balance between classical and recent
contributions, in order to produce a book that will serve both as an

* The Chemistry of Cenients (ed. H. F. W. Taylor), Vol. 1, 460 pp., Vol. 2, 442 pp.. Academic
Press, London and New York (1964).

Xv
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introduction that assumes no previous specialist knowledge of cements, and
as a guide to research. It is hoped that the more important contributions up
to early 1989 have been covered.
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Portland cement and its major
constituent phases

1.1 Introduction

1.1.1  Portland cement: general

Portland cement is made by heating a mixture of limestone and clay, or
other materials of similar bulk composition and sufficient reactivity, ulti-
mately to a temperature of about 1450°C. Partial fusion occurs, and nodules
of clinker are produced. The clinker is mixed with a few per cent of gypsum
and finely ground to make the cement. The gypsum controls the rate of set
and may be partly replaced by other forms of calcium sulphate. Some
specifications allow the addition of other materials at the grinding stage. The
clinker typically has a composition in the region of 67% CaO, 22% SiO,,
5% Al,0,, 3% Fe, 05 and 3% of other components, and normally contains
four major phases, called alite, belite, aluminate phase and ferrite phase.
Several other phases, such as alkali sulphates and calcium oxide. are
normally present in minor amounts.

Alite is the most important constituent of all normal Portland cement
clinkers, of which it constitutes 50-70%. It is tricalcium silicate (Ca,SiO)
modified in composition and crystal structure by incorporation of foreign
ions, especially Mg?*, AI’* and Fe®*. It reacts relatively quickly with
water, and in normal Portland cements is the most important of the
constituent phases for strength development; at ages up to 28 days, it is by
far the most important.

Belite constitutes 15-30% of normal Portland cement clinkers. It is
dicalcium silicate (Ca,SiO,) modified by incorporation of foreign ions and
normally present wholly or largely as the B polymorph. It reacts slowly with
water, thus contributing little to the strength during the first 28 days, but
substantially to the further increase in strength that occurs at later ages. By
one year, the strengths obtainable from pure alite and pure belite are about
the same under comparable conditions.

The aluminate phase constitutes 5-10% of most normal Portland cement
clinkers. It is tricalcium aluminate (Ca;Al,Qg), substantially modified in

1
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composition and sometimes also in structure by incorporation of foreign
ions, especially Si**, Fe’*, Na* and K*. It reacts rapidly with water, and
can cause undesirably rapid setting unless a set-controlling agent, usually
gypsum, is added.

The ferrite phase makes up 5-15% of normal Portland cement clinkers. It
is tetracalcium aluminoferrite (Ca,AlFeQy) substantially modified in compo-
sition by variation in Al/Fe ratio and incorporation of foreign ions. The rate
at which it reacts with water appears (o be somewhat variable, perhaps due
to differences in composition or other characteristics, but in general is high
initially and intermediate between those of alite and belite at later ages.

1.1.2 Types of Portland cement

The great majority of Portland cements made throughout the world are
designed for general constructional use. The specifications with which such
cements must comply are similar, but not identical, in all countries and
various names are used to define the material, such as OPC (Ordinary
Portland Cement) in the UK, or Type 1 Portland Cement in the USA.
Throughout this book, we shall use the term “ordinary’ Portland cements to
distinguish such general purpose cements from other types of Portland
cement, which are made in smaller quantities for special purposes.
Specifications are, in general, based partly on chemical composition or
physical properties such as specific surface area, and partly on performance
tests, such as setting time or compressive strength developed under standard
conditions. The content of MgO* is usually limited to either 4 or 5%,
because quantities of this component in excess of about 2% are liable to
occur as periclase (magnesium oxide), which through slow reaction with
water can cause destructive expansion of hardened concrete. Free lime
(calcium oxide) can behave similarly, and its potential formation sets a
practical upper limit to the alite content of a clinker; in UK specifications,
this is controlled by a compositional parameter called the lime saturation
factor (LSF), which is discussed in Sections 2.3.3 and 3.1.2. Excessive
contents of SO, can also lead to delayed expansion, and upper limits of 2.5~
4% are usually imposed. Alkalis (K,0 and Na,O) can undergo expansive
reactions with certain aggregates, and some national specifications limit the
content, e.g. to 0.6% equivalent Na,O (Na,O + 0.66K,0). Other upper
limits of composition widely used in specifications relate to matter insoluble

* Confusion can arise because the names or formulae of compounds can be used to denote
either phases or components; this applies especially to CaO and MgO. Here and clsewhere, we
shall generally use chemical or mineral names of oxides (c.g. calcium oxide. magnesium oxide.
lime, periclase) for phases and formulae (e.g. CaO, MgO) for components. Mineral names or
prefixed formulae (e.g. a-Al,O,) are never used for components.
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in dilute acid, and loss on ignition. Many other minor components are
limited in content by their effects on the manufacturing process, or the
properties, or both, and in some cases the limits are defined in specifications.

Rapid-hardening Portland cements have been produced in various ways,
such as varying the composition to increase the alite content, finer grinding
of the clinker, and improvements in the manufacturing process, e.g. finer
grinding or better mixing of the raw materials. The alitc contents of Portland
cements have increased steadily over the one and a half centurics during
which the latter have been produced, and many present-day cements that
would be considered normal today would have becn described as rapid
hardening only a few decades ago. In USA specifications, rapid-hardening
Portland cements are called high early strength or Type 111 cements.

Destructive expansion from reaction with sulphates can occur not only if
the latter are present in excessive proportion in the cement, but also from
attack on concrete by sulphate solutions. The reaction involves the Al,O,-
containing phases in the hardened cement, and in sulphate-resisting Port-
land cements, its effects are reduced by decreasing the proportion of the
aluminate phase, sometimes to zero. This is achieved by decreasing the ratio
of Al,O, to Fe,0; in the raw materials. In the USA, sulphate-resisting
Portland cements are called Type V cements.

White Portland cements are made by increasing the ratio of Al,O, to
Fe,0j5, and thus represent the opposite extreme in composition to sulphate-
resisting Portland cements. The normal, dark colour of Portiand cecment is
due to the ferrite phase, formation of which in a white cement must thus be
avoided. It is impracticable to employ raw materials that are completely {ree
from Fe,O; and other components, such as Mn,Oy;, that contribute to the
colour. The effects of these components are therefore usually minimized by
producing the clinker under slightly reducing conditions and by rapid
quenching. In addition to alite, belite and aluminate phase, some glass may
be formed.

The reaction of Portland cement with water is exothermic, and while this
can be an advantage under some conditions because it acceleratcs hardening,
it is a disadvantage under others, such as in the construction of large dams
or in the lining of oil wells, when a cement slurry has to be pumped over a
large distance under pressure and sometimes at a high temperature. Slower
heat evolution can be achieved by coarser grinding, and decreased total heat
evolution by lowering the contents of alite and aluminate phase. Specifica-
tions in the USA include definitions of a Type Il or ‘moderate heat of
hardening’ cement, and a more extreme Type IV or ‘low heat’ cement. The
Type Il cement is also suitable for general use in constructions exposed to
moderate sulphate attack. Heat evolution can also be decreased by partially
replacing the cement by pfa (pulverized fuel ash; fly ash) or other materials
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(Chapter 9), and this is probably today a more usual solution. The special-
ized requirements of oil well cements are discussed in Section 11.8.

1.1.3 Cement chemical nomenclature and other abbreviations

Chemical formulae in cement chemistry are often expressed as a sum of
oxides; thus tricalcium silicate, Ca,SiOy4, can be written as 3CaO-Si0O,. This
does not imply that the constituent oxides have any separate existence within
the structure. It is usual to abbreviate the formulae of the commoner oxides
to single letters, such as C for CaO or § for SiO,, Ca,SiO4 thus becoming
C,S. This system is often combined with orthodox chemical notation within
a chemical equation, e.g.

3Ca0 + Si0, - C,8 (L.1)

or even within a single formula, as in C,;A;-CaF, for Ca,,Al,,0,,F,. The
abbreviations most widely used are as follows:

C = CaO S = SiO, A = ALO, F = Fe,0,
M = MgO K=K,0 S = S0, N = Na,O
T = TiO, P = P,0, H = H,0 C = Co,

The formulae of the simple oxide phases (e.g. CaO) are usually written in
full. Other abbreviations and units used in this book are as follows:

Techniques

BEI = backscatterd electron imaging. BET method = Brunauer-Emmett—
Teller. DTA = differential thermal analysis. EPMA = electron probe micro-
analysis. ESCA = electron spectroscopy for chemical analysis (X-ray photo-
electron spectroscopy). GLC = gas-liquid chromatography. GPC =
gel permeation chromatography. IR = infrared. MIP = mercury intrusion
porosimetry. NMR = nuclear magnetic resonance. QXDA = quantitative
X-ray diffraction analysis. SEM = scanning electron microscop(e.y).
STEM = scanning transmission e¢lectron microscop(e,y). TEM = trans-
mission electron microscope(e,y). TG = thermogravimetry. TMS = tri-
methylsilyl(ation). XRD = X-ray diffraction. XRF = X-ray fluorescence.

Materials

C-S-H = poorly crystalline or amorphous calcium silicate hydrate of
unspecified composition. Ggbfs = ground granulated blast furnace slag.
Hcp = hardened cement paste. Pfa = pulverised fuel ash (fly ash).
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Properties or reactions

AR = aluminaratio (alumina modulus). ASR = alkalisilica reaction. LSF =
lime saturation factor. SR = silica ratio (silica modulus). C, = analytical
(total) concentration of x, irrespective of species. [x] = concentration of
species x. {x} = activity of species x. RH = relative humidity. Na,0_ =
equivalent Na,O (wt % Na,O + 0.66K,0). (4)2V, (—)2V = optic sign
and optic axial angle.

Pressure units

IMPa =1 Nmm~™2 = |0bar = 9.87 atm = 7500 torr = 145.01bin 2.

1.2 Alite
1.2.1 Polymorphism and crystal structure

On being heated, pure C,S undergoes a series of reversible phase transitions,
which have been detected by a combination of DTA, high-temperature
XRD and high-temperature light microscopy (B1,G1.YI,R1,MI-M5):

620°C 920°C 980°C 990°C 1060°C 1070°C
T, T, T, M, M, M, R

(T = triclinic, M = monoclinic, R = rhombohedral).

The pure compound, when cooled to room temperature, is thus T,. In
production clinkers, due to the incorporation of foreign ions, the form
present at room temperature is normally M, or M;, or a mixture of these;
rarely, T, is found (M1-M5,T1). There has been some uncertainty as to the
number and nomenclature of these polymorphs; reported M,, and M,,
forms appear to be identical with M,, leaving reported M, and M,, forms
to be called simply M, and M,, respectively (M4,MS5).

Jeffery (J1) made the first determination of the crystal structure. He
showed that the forms now known as R, T, and M, had closely similar
structures, and determined the approximate or pseudostructure common to
all three; it was built from Ca?*, SiO%~ and O?~ ions, the latter being
bonded only to six Ca*™ ions, as in CaO. Later, more exact determinations
were reported for T, (G2), M, stabilized by Mg?* (N1), R at 1200°C (N2)
and R stabilized with Sr?* (I1). Fig. 1.1 shows the structure of the R form.
The known structures are all closely similar as regards the positions of the
Ca?* and O?” ions and of the silicon atoms, but differ markedly in the
orientations of the SiO}~ tetrahedra, which in some cases are disordered.
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Fig. 1.1 Crystal structurc of the R modification of C,S, based on the results of
Nishi and Takéuchi (N2) and showing calcium atoms (large, open circles), silicon
atoms (small, open circles), oxide ions (large, hatched circle) and oxygen tetrahedra
(triangles). Heights of atoms are in thousandths of the cell height (¢ = 2.5586 nm),
slashes denoting statistical alternatives. Oxygen tetrahedra are shown in averaged
orientations; in reality, each is tilted around its enclosed silicon atom statistically in
any one of three directions so as to preserve the threefold symmetry. All tetrahedra
point upwards excepling those surrounding the silicon atoms at height 213. of which
70% point downwards and 30% upwards. Only the bottom third of the cell is shown,
the middle and top thirds being derivable from it by translations of 1/3. 23, 1/3 and
23, 1/3, 2/3 parallel to the a, b and ¢ axes, respectively.

The structural differences between the polymorphs affect the coordination
of the Ca2* ions and the oxygen atoms of the SiO} ~ tetrahedra. For each
polymorph, there are several crystallographically distinct calcium sites, having
different coordination, and for a given site, the coordination sometimes
varies between individual atoms due to orientational disorder in the sur-
rounding SiO%~ tetrahedra. Definitions of the calcium coordination
numbers are somewhat arbitrary due to variations in the lengths of the
bonds; for example, in the R form at 1200°C, the calcium atoms in one of the
sites could be regarded as 7 coordinated if bonds as long as 0.296 nm are
counted, and 5 coordinated if they are not (N2). If such abnormally long
bonds are excluded, the mean coordination number of the calcium is 5.66 in
the R polymorph, 6.15in M; and 6.21 in T, (M5). In relation to reactivity
towards water, the coordination of the oxygen atoms is possibly more
important than that of Ca. This has not been discussed in detail in the
literature, but mean oxygen coordination numbers may be expected to
increase with those of calcium.



Table 1.1 Crystal data for the C;S polymorphs

Cell parameters (a,b,c in nm) Z Ref.
Space

Polymorph group a b ¢ a B Y

Pseudostructure R3m 0.70 - 2.50 - - 120° 9 n
R (at 1200°C) R3m 0.7135 - 2.5586 - - 120° 9 N2
R (stabilized with Sr) R3m 0.70567 - 24974 - - 120° 9 Il
M, (stabilized with Mg) Cm 3.3083 0.7027 1.8499 - 94.12° - 36 N1
T, P1 1.167 1.424 1.372 105.5°  94.3° 90.0° 18 G2
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Table 1.1 gives those crystal data for the C;S polymorphs that have been
obtained using single crystal methods. The literature contains additional
unit cell data, based only on powder diffraction evidence. Some of these may
be equivalent to ones in Table [.1, since the unit cell of a monoclinic or
triclinic crystal can be defined in different ways, but some are certainly
incorrect. Because only the stronger reflections are recorded, and for other
reasons, it is not possible to determine the unit cells of these complex
structures reliably by powder methods. The unit cells of the T,, M and R
forms are superficially somewhat different, but all three are geometrically
related: transformation matrices have been given (I12,H1).

1.2.2 Tricalcium silicate solid solutions

Hahn er al. (H2) reported a detailed study of the limits of substitution in C;S
of MgO, Al,O, and Fe,0,, alone and in combination. For MgO, the limit
was 2.0% at 1550°C, falling with temperature to 1.5% at 1420°C. The
substitution was of Mg?* for Ca’*. For Al,O,, the limit was 1.0%,
irrespective of temperature, and the substitution was partly of 2 A1** for
Ca®* + Si** and partly of 4 AI** for 3 Si** and a vacant octahedral site.
For Fe,0,, the limit was 1.1%, and substitution was of 2 Fe** for Ca?* +
Si**. The limit of substitution for MgO was not affected by the incorpor-
ation of A1** or Fe** or both, nor vice versa, but AI*>* and Fe** competed
for the same sites and the limit for one was decreased in the presence of the
other.

Incorporation of any of these oxides in sufficient quantity caused the
higher temperature polymorphs to persist on cooling to room temperature.
For each combination of substituents studied, increase in the total pro-
portion of substituents led to the persistence of successively higher tempera-
ture polymorphs in the sequence T, — T, —» M. In the system CaO-MgO-
Al,0,-Si0,, total contents of impurity oxide of about 1% caused T, to be
replaced by T,, and ones of about 2% caused T, to be replaced by M,.
Shightly higher total impurity contents were needed to effect each of these
changes if Fe,0, was present.

Woermann et al. (W1) found that up to 1.4% of either Na,O or K,O
could be incorporated into C,S at 1500°C and discussed mechanisms of

substitution.

1.2.3 Compositions of alites in clinkers

Many workers have analysed alites from ordinary production clinkers by X-
ray microanalysis (T2,T3,K1,G3,B2,G4,S1,H3,H4) or chemical analysis of
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separated material (Y1,Ul); alites from white cement clinkers have also been
analysed (B3). Considering the errors inherent in either method, the agree-
ment between the various sets of data is generally good. The most important
variations are in the contents of CaO, MgO and Fe,O;. Table 1.2 gives an
average composition, with corrections to the contents of these components
based on considerations given in this and the previous sections.

Pure C,S contains 73.7% of CaO and 26.3% of SiO,. Alites in clinkers
typically contain 3-4% of impurity oxides, i.e. oxide components other than
those present in the pure compound. Boikova (B4) found a positive corre-
lation between the total percentage of impurity oxides in the alite (/,) and the
percentage of MgO in the clinker (M,). Her results are approximately fitted
by the equation /, = 0.7M_ + 2.1.

Correlations have also been found between the percentages of individual
impurity oxides in the alite and in the clinker. In the following discussion, we
shall use symbols of the type O, and O, to denote these quantities, where O
is the cement chemical symbol for the oxide and the suffixes a and c indicate
alite and clinker, respectively, For MgO, Kristmann’s (K 1) data indicate the
approximate relations M, = 0.67 x M_ for M_ < 3.0 and M, ~ 2.0 for
M, > 3.0. Yamaguchi and Takagi (Y1) and Terrier (T2) found similar
correlations, but with slopes of 0.74 and 0.45, respectively. For Al,O,,
Kristmann (K1) did not find any significant correlation, but for Fe,O, his
data indicate the approximate relation F, = 0.33 x F_ for F, <4%. Boikova
(B4) reported ratios of 0.34 to 0.82 for M,/M_, 0.09 to 0.23 for A4,/A4, and
0.17 to 0.36 for F,/F.. '

Several authors have discussed the types of substitution that occur in
clinker alites (G1,G3.H3,B4). In general, the evidence as regards limits and
patterns of substitution is consistent with the conclusions of Hahn et a/. (H2)
given in Section 1.2.2, but the contents of K,0 and Na,O are much below the
limits found by Woermann et al. (W1). Table 1.3 includes atomic ratios
corresponding to the typical composition in Table 1.2, assuming 1.1% MgO.
The cations are arranged in approximate sequence of ionic radius; in the
absence of precise information from X-ray structure determinations, this,
taken in conjunction with a knowledge of the known preferences of ions as
regards coordination number, appears to provide the most rational basis for
suggesting allocations of atoms to sites, and one that is consistent with the
compositional data, both for alite and for the other clinker phases.

1.2.4 Polymorphic modifications of the alites in clinkers

Maki and co-workers (M2-M6) studied the crystallization of alite by high-
temperature light microscopy of thin sections together with thermal and X-



Table 1.2 Typical compositions of phases in Portland cement clinkers (weight per cent)

Note Na,0 MgO Al,0, SiO, P,0, SO, K,0 CaO TiO, Mn,0; Fe,0,

Alite 1 0.1 1.1 1.0 252 0.2 0.0 0.1 71.6 0.0 0.0 0.7
Belite 2 0.1 0.5 21 315 0.2 0.1 0.9 63.5 0.2 0.0 0.9
Aluminate (cubic) 3 1.0 1.4 313 3.7 0.0 0.0 0.7 56.6 0.2 0.0 5.1

(orthorhombic) 4 0.6 1.2 28.9 4.3 0.0 0.0 4.0 539 05 0.0 6.6

(low Fe) 5 0.4 1.0 33.8 4.6 0.0 0.0 0.5 58.1 0.6 0.0 1.0
Ferrite 6 0.1 3.0 21.9 3.6 0.0 0.0 0.2 475 1.6 0.7 21.4
Ferrite (low Al) 7 0.1 2.8 15.2 3.5 0.0 0.0 0.2 46.0 1.7 0.7 29.8

Notes

1. For a clinker with 1.65% MgO and 2.6% Fe,0,. More generally, % MgO =0.667 x % MgO in clinker. but not >2.0%; % Fe,0,=0.25x %
Fe,O, in clinker, but not >1.1%; % CaO = 71.6 — 1.4 x (% MgO in alite — 1.1). The composition should be normalized to a total of 100%.

. SO, higher in clinkers of high SO;/(Na,O + K,0) ratio.

. Normal form in clinkers low in alkali and with Al,0,/Fe,O; in the approximate range 1.0-3.0.

. Orthorhombic or pseudotetragonal forms, found in clinkers high in alkalis. Na/K ratio varies with that of the clinker.

. Tentative composition for aluminate phase in white cement clinkers.

. Normal composition for clinkers with Al,0,/Fe,O, in the approximate range 1.0-3.0.

. Tentative composition for ferrite phase in sulphate-resisting clinkers.

~ N w9



Table 1.3 Atomic ratios for phases in Portland cement clinkers, calculated from the typical compositions in Table 1.2

K Na Ca Mg Mn Ti Fe Al Si P O
Alite? 1 290 6 3 4 95 1 500
300 100
Belite 3 1 194 2 2 7 90 1 393
200 100
Aluminate (cubic) 4 9 273 9 1 17 166 17 600
296 200
Aluminate (orthorhombic)® 23 S 265 8 2 23 157 20 600
303 200
Aluminate (low Fe) 3 3 276 7 2 3 176 20 600
291 =~ 200
Ferrite 1 1 198 17 2 5 62 100 14 500
200 200
Ferrite (low Al) 1 198 17 2 5 90 72 14 500
~200 200

“See notes to Table 1.2,
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ray methods. It crystallizes from the clinker liquid at about 1450 C as the R
polymorph, which inverts to lower temperature forms on cooling. Due to the
lowering of symmetry, each crystal usually contains several optically distinct
domains, recognizable in thin section using polarized light. At the higher
temperatures of formation or recrystallization within the normal range,
small crystals, relatively high in foreign ions, are formed, which on cooling
invert to M;. Crystals formed at lower temperatures are larger and poorer in
forcign ions, and may undergo further transition, partial or complecte, to M,
or, rarely, to T,.

The MgO and SO, contents of the clinker are especially important in
determining whether the transformation into M, occurs. High MgO con-
tents favour the formation of small crystals that invert to M,, and high SO,
contents that of large crystals that invert further to M, (Fig. 1.2), though the
tendency to form M is decreased if the ratio of alkalis to SO, is high, as the
SO, is then largely combined as alkali sulphates. Crystals containing both
M; and M, can occur, and are often zoned, with cores of M, and peripheral
regions of M;. This is because the clinker liquid becomes richer in MgO as
crystallization proceeds, causing the material deposited later to persist as
M;. The M; to M, transformation is also affected by cooling rate. slow
cooling favouring the transformation to M,. In certain slowly cooled
clinkers, further transformation may occur, giving T,. This is likely to occur
only if the alite is particularly low in substituents.
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Fig. L2 Dependence of the polymorphic modification of alite in production
clinkers on the MgO and SO; contents of the clinker. Maki and Goto (M6).
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On prolonged heating at high temperatures, the large alite crystals grow at
the expense of smaller ones, and in this process the content of foreign ions
decreases, favouring inversion of My to M, or T,. Production clinkers are
usually sufficiently high in MgO to prevent this inversion from taking place,
even though considerable recrystallization may occur (M6). Recrystalliza-
tion can thus markedly affect the relation between temperature of formation
and crystal size.

Guinier and Regourd (Gl) concluded from XRD evidence that the R
polymorph occurred in certain clinkers. This view has been accepted by
many other workers, but Maki and Kato (M4) concluded from thermal and
other evidence that the supposed R form was really M|, which had been
misidentified because of the similarity of its XRD powder pattern to that
of the R form. They gave two strong reasons for supposing the alites in
question to be M, and not R. Firstly, they contained less MgO than M,
alites; for R to persist at room temperature, it would have to contain more
MgO than M;, because it is a higher temperature form. Secondly, phase
transitions were detected on heating; R, again because it is the high-
temperature form, would not undergo these. Sinclair and Groves (S2) also
described a case of the misidentification of an alite as rhombohedral; using
single crystal electron diffraction, they found that some laboratory-prepared
alites that had been regarded as rhombohedral were really either monoclinic
or trichnic.

On present evidence, it is thus probable that the only alite polymorphs
found in normal production clinkers are M, M, and, occasionally, T,, and
that those that have been described as R are really M,. However, both XRD
and thermal evidence show that some alites formed in the presence of
fluoride are rhombohedral (M7). XRD and optical evidence indicates that
the commonest polymorph in production clinkers is almost certainly M, the
presence of which in such a clinker has also been demonstrated using single
crystal clectron diffraction (H1).

1.2.5 X-ray powder patterns and densities of tricalcium silicate and
alites

A number of experimentally determined XRD powder patterns have been
reported for C,S and alite polymorphs (P1), but because of uncertainties in
the indexing and sometimes in identification of the polymorph, these are
usefully supplemented by patterns calculated from the crystal structures
(Appendix). The patterns of the polymorphs are closely alike, and in
clinkers, interpretation is complicated by the fact that many peaks overlap
ones of other phases. The pattern depends not only on the polymorph or
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mixtures of polymorphs present, but also on the nature and amounts of the
foreign ions present in each. It is therefore not always easy or even
practicable to identify the polymorph or polymorphs in a clinker by the
XRD powder pattern alone. The patterns differ principally in the fine
structures of certain peaks (J1,G1,R1,M4,M5,B4). Fig. 1.3 shows character-
istic portions of the patterns of T, C,S and of some clinkers. M, alite, as
present in clinkers, probably always has the maximum MgO content
possible for this polymorph, and as such has a unit cell or pseudocell that is
geometrically almost hexagonal. This causes the peak at about 51.7° 20
(CuK, radiation) to be almost a singlet; the corresponding peak of the M
alite is a well-defined doublet, and those of T, C,S and T, alite are triplets.
There are also differences in the peaks at 32° to 33° 26, but these are less
useful because of overlaps with other phases. Because of their high relative
intensities, care is needed with these latter peaks to avoid intensity errors
from extinction.
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Fig. 1.3 Portions of XRD powder patterns of (A) the T, modification of C,S at
605°C (after Regourd (R2)); (B), (C) and (D) clinkers containing, respectively, M;,
(M; + M,) and M, alites (after Maki and Kato (M4)). Indexing of T, and M,
patterns is based on the axes in Table 1.1 and calculated intensities.
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The X-ray density of T, C,S is 3120kgm™* (G2); that of M; alite,
calculated assuming the atomic parameters of Nishi et al. (N1) and the
composition  (Cag 9sMgo.01Aly.0067F€0.0033)3(S10.97Al0.03)05. 15 3150

3

kgm™~.

1.2.6 Optical, thermal and other data

T, C,S is biaxial with (—)2V = 20-60°, and a > ¢y, = 0-15" (O1); the
refractive indices are a=1.7139, y=1.7172 for pure C,S and a = [.7158
~1.7197, y = 1.7220-1.7238 for typical clinker alites, all determined using
sodium light (BS). In thin sections in polarized light, M, and M; are most
readily distinguished by the maximum birefringence, which is 0.005-0.006
for M; and 0.003 for M, (M2-M35). Other differences in optical properties
include the optic orientation referred to the hexagonal axes of the R form,
the shape of which persists through the transitions that occur on cooling,
and the optic axial angle; Maki and Kato (M4) give details.

It is doubtful whether the polymorphs can be reliably distinguished by
DTA., since both the M, and the M; forms are metastable at low tempera-
tures and transform to T, at about 700°C (M4,M5). This effect is normally
swamped by the endothermic B to «', transition of the belite. Due to the
effect of substituents, neither Ty nor M, appears to form on heating, and
endothermic transitions occur at 790-850°C, giving M|, and at 950°C,
giving M;. These could occur irrespective of the form imtially present;
however, clinkers high in MgO, in which the alite 1s present entirely as M,
normally show no thermal effects attributable to the alite until more than
1000°C, when transition to R occurs. '

A substituted C;S has been found in nature and given the mineral name
hatrurite (G5). The rock containing it is interesting because it contains other
phases present in clinker and appears to have been formed under conditions
somewhat similar to those existing in a cement kiln.

1.3 Belite
1.3.1 Polymorphism and crystal structure

Thermal and X-ray evidence (R1,N3,B6) show that five polymorphs of C,S
exist at ordinary pressures, viz:

1425°C | 1160°C | 630-680°C ~ <500°C
a o'y a'y, f——m—y

1 69%°C |
(H = high; L = low) 780-860°C
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The structures of all of them are built from Ca?* and SiO,*~ ions. The
arrangements of these tons are closely similar in the o, o'y, o, and f
polymorphs, but that in y-C,S is somewhat different. As with C,S, the
higher temperature polymorphs cannot normally be preserved on cooling 1o
room temperature unless stabilized by foreign tons. y-C,S is much less dense
than the other polymorphs, and this causes crystals or sintered masses of B-
C,S to crack and fall to a more voluminous powder on cooling. a phenom-
enon known as dusting. If the crystallites of B-C,S are sufficiently small, the
transformation does not occur, even if no stabilizer is present (Y2). In all
normal Portland cement clinkers, the belite contains enough stabilizing ions
to prevent the transformation to y-C,S from taking place.

Many of the earlier crystal data reported for the C,S polymorphs were
based on powder XRD patterns obtained either at high temperatures or
from stabilized preparations at room temperature. As with the C,S poly-
morphs, some such data have subsequently been shown to be incorrect, and
the remainder must be considered unreliable. Table 1.4 gives data derived
from single crystal evidence, which does not sutfer from this limitation.

The structures of the a, o'y, o' and B polymorphs (Fig. [.4A C) all
belong to a large family typified by that of glaserite, K,Na(SO,), (M8). As s
apparent from the data in Table 1.4, the unit cells of all four arc closcly
related. High-temperature single crystal X-ray patterns of «-C,S show
symmetry consistent with the space group P6,/mmc. but Udagawa et «ol.
(U6,U7) found that this was due to the presence of a domain structure,
individual domains being structurally similar to glaserite, for which the
space group is P3l¢; this structure, without the domains, was originally
proposed for a-C,S by Bredig (B7). Structure determinations have also been
reported for o, -C,S (U8,13,12) and B-C,S (M9,J2). a',;-C,S appears to have
a structure similar to that of B-K,S0, (B7). The «’,-C,S structure is & more
complex variant on that of o'y, in which the 0.69 nm axis is tripled.

The structures of the o'y, @’ and B polymorphs are derived from that of u-
C,S by progressive decreases in symmetry, which arise from changes in the
orientations of the SiO,*"~ tetrahedra and small movements of Ca’~ ions.
The quantities of impurity ions needed to stablize the higher temperature
polymorphs at room temperature decrease along the sequence from u- to B-
C,S. In all these respects. the situation parallels that existing with the C,S
polymorphs, described in Section 1.2.1. Also as in the latter case, and for the
same reason, these C,S polymorphs differ in Ca?* ion coordination. In -
C,S, some of the Ca?" ions have 7, and others 8, oxygen atoms within
0.288 nm (J2).

The crystal structure of y-C,S is similar to that of olivine, (Mg,Fe),SiO,
(Fig. 1.4D) (U4). The calcium is octahedrally coordinated. The unit cell and
the arrangement of Ca?™ and SiO,*~ ions show some similarities to those of
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Fig. 1.4 Crystal structures of C,S polymorphs, after Udagawa er «af. (U2, U5).
Large. open circles represent calcium atoms, small full circles. silicon atoms and
trianglcs, tetrahedra of oxygen atoms. Heights of atoms are given as hundredths of
the cell height (0.68-0.71 nm). For a-C,S, the structure shown is that of an individual
domain of space group P31c. The structures are shown in the relative orientations
found when they are interconverted, an unconventional choice of origin being
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adopted for y-C,8 to clarify the relation to the other polymorphs.
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the other polymorphs, but also important differences. It has generally been
supposed that transformations involving this form entail total reorganiza-
tion of the structure, but single crystal high-temperature XRD evidence
indicates that this is not correct; the products are formed topotactically (i.c.
in a definite crystallographic orientation relative to the starting material;
Fig. 1.4), but fragment because of the large volume change (U5.B8.G6).
v-C,S scarcely reacts with water at ordinary temperatures.

1.3.2 Lamellar textures in clinker belites

The belite grains in Portland cement clinkers frequently show complex.
striated structures. These have been studied over a long period by workers
using light microscopy; Yamaguchi and Takagi (Y1) and Ono et al. (O1).
who also used XRD and other methods, gave the first substantially complete
interpretations. Groves (G7) and Fukuda and Maki (F1) extended these
results, using single crystal electron diffraction and other methods.

A very common type of belite grain in production clinkers, called Type |
belite, is rounded, typically 2040 pm in mean dimension, and shows two or
more sets of parallel striations. Within each set of striations, the lamellac
extinguish simultaneously when examined in transmitted hght between
crossed polars and are therefore not twin lamellae; their origin is discussed in
the next section. The lamellae in different sets do not extinguish simul-
taneously. Within each set, secondary striations, not parallel to the primary
ones, have sometimes been observed using light microscopy, and are more
clearly seen using electron microscopy. The secondary lamellae within a
given set do not extinguish simultaneously, but alternately at different
angles, in the manner characteristic of polysynthetic twinning.

Type 1 belite grains are those that have crystallized from the liquid at
temperatures above about 1420°C and thus as a-C,S. The primary striations
arise on cooling through the a to o'y transition, in which the symmetry
decreases from hexagonal to orthorhombic, each set of striations thus
representing a different orientation of the o'y structure. The transition to ', -
C,S that occurs on further cooling does not further increase the number of
orientations, but that from o, to B, in which the symmetry falls to
monoclinic, causes each orientation to split into two. This is the cause of the
secondary sets of striations described above.

Belite crystals have been observed that show only one set of striations.
whose behaviour in transmitted light between crossed polars shows them to
be twin lamellae. Such crystals are typically irregular in shape; they have
been called Type II belites, and are rare in modern clinkers. The striations
arise from the o', to B transformation. Such crystals can form either by
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crystallization from the liquid below the « to o', transition temperature. or
by slow cooling of a-C,S under conditions such that one of the twin
components of the resulting o modification has grown at the expense of the
others. These two modes of formation can be distinguished morphologically.
the second mode giving larger and less rounded grains (O1). Belite forms in
clinkers by additional mechanisms, sometimes at lower temperatures than
those discussed above, and may not then show any striations.

1.3.3 Polymorphic types of belites in clinkers

XRD powder evidence shows that in the majority of clinkers the belite is
predominantly or entirely of B-C,S structure (G1.Y1), though some peaks
are broadened (G1) and the presence also of both « and ¢ (presumably u’))
forms has been reported (G1,Y1,R1,01). Characterization of the polymor-
phic form is rendered difficult by the similarities between their powder
patterns (Fig. 1.5) and by overlaps between the peaks and ones of other
phases, especially alite, but has been aided by examination of fractions in
which the belite has been concentrated by chemical (R1) or heavy liquid (Y1)
separation.
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Fig. 1.5 Portions of XRD powder patterns (microdensitometer traces of Guinier
photographs) of (A) a-C,S at 1500°C, (B) o/, -C,S at 1000°C and (C) B-C,S. Indices
are based on axes used in Tablc 1.4. After Regourd and Guinier (R1).

The striations in the common, Type [ grains of belite are zones into which
impurity ions rejected during the transition from a to @’ have been concen-
trated (Y1,01,Cl). In some cases, they appear to have retained the a-C,S
structure (Y 1,01,FI). In contrast, a study on synthetic belites showed that
the material exsolved between the lamellae or at grain boundaries was often
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compositionally far removed from C,S, and structurally either amorphous
or composed of crystalline phases of entirely different structure, such as
C,AS, C,A or C,S, (Cl). Chan et al. (Cl) concluded from this study, in
which SEM and TEM with diffraction and X-ray microanalysis were used.
that B-C,S cannot be stabilized by excess CaO alone, as some previous
workers had supposed. They also concluded that the possibilities of com-
. positional variation in B-C,S are considerably narrower than has often been
supposed. the grosser deviations from ideal composition that have been
reported being attributable to exsolution of foreign ions in lamellae or at
grain boundaries. They further concluded that the role of ionic substitution
in stabilizing forms other than y to room temperature needed to be
reassessed. mechanical constraints associated with exsolution effects provid-
ing a possible, alternative explanation.

Studies on synthetic belites suggest the possible occurrence of modulated
structures, i.e. ones in which compositional or structural variations occur
with a statistical periodicity that is not a rational multiple of that of the basic
structure (HS). Such effects might occur in clinker belites.

1.3.4 Compositions of belites in clinkers

Table 1.2 includes an average composition for belites in ordinary production
clinkers, based on the results of many studies by X-ray microanalysis
(T2,K1.G3.B2,G4,S1,H3,H4) or chemical analysis of separated material
(Y1). As with alite (Section 1.2.3), most of the results from different
laboratories are in relatively close agreement. Belites in white cement
clinkers have also been analysed (B3). Pure C,S, for comparison, contains
34.9% of Si0, and 65.1% of CaO.

Clinker belites typically contain 4-6% of impurity oxides, of which the
chief ones are usually Al,O; and Fe,O;. Correlations have been reported to
exist between the MgO contents of belite and clinker (K1), the Fe,O,
contents of belite and clinker (K1), and the total impurity content of the
belite and the MgO content of the clinker (B4). Early reports mention a
compound KC,;S,,, but the K,O content of 3.5% corresponding to this
formula i1s well above those found in clinker belites, and recent electron
optical work indicates that the limit of K,O substitution is about 1.2% (Ct1).

In general, clinker belite compositions indicate ratios of other atoms to
oxygen above the theoretical value of 0.75. As Regourd er af. (R3) noted, the
C,S structures are too densely packed for the presence of interstitial ions to
appear likely, and it is more probable that vacancies occur in the oxygen
sites, with possible concomitant shifts in the positions of other atoms. Table
1.3 includes atomic ratios, with a possible allocation of atoms to sites,
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corresponding to the typical composition given in Table 1.2. Any inter-
pretation of belite analyses is, however, at present tentative because of the
uncertainties arising from exsolution eflects. From the practical standpoint,
it may be necessary to regard the exsolved material as forming part of the
belite.

1.3.5 Cell parameters, X-ray powder patterns and other data

Regourd er al. (R3) synthesized several belites of B-C,S type with compo-
sitions similar to those found in clinkers and determined their cell par-
ameters. With increased substitution, the crystallinity tended to decrease,
causing broadening of XRD powder peaks. Two of their results are given in
Table 1.5.

Table 1.5 Compositions of synthetic belites (R3)

Composition a (nm) b (nm) ¢ (nm) B

CuyFeg g3sAly 03510 0305 005 0.5502 0.6750 0.9316 94.45
Ca,Fey 0s0Aly 050500 0603 050 0.5502 0.6753 09344 94.19

Fig. 1.5 compares parts of the XRD powder patterns of the a, ¢’ and B
polymorphs. The appendix includes a calculated pattern for a typical clinker
belite. Assuming & = 0.550 nm, b = 0.675nm, ¢ =0.933nm, B = 944",
with the atomic parameters of Jost ¢r al. (J2) and site occupancies
(Ko.01Nag 005Ca9.975M80.01)2(FC0.02Al0.06510.90P0.0150.01)03 6. the X-ray
density is 3300 kg m ~*. That for pure B-C,S, based on Jost ¢r al.’s data, is
3326 kg m ™3, and that for pure y-C,S, based on those of Udagawa er al.
(Ud), is 2960 kg m ™2,

Synthetic B-C,S is biaxial positive with high 2V and a = 1.717, v = 1.735;
y-C,S is biaxial negative with 2V = 60°, a = 1.642, B = 1.645, v = 1.654
(R4). In the Type I belites of clinkers, lamellac of B structure have mean
refractive index 1.720 and birefringence 0.015-0.018, while for the interven-
ing material the corresponding values are 1.700-1.710 and 0.000-0.003 (O1).
Ono et al. (O1) and Yamaguchi and Takagi (Y1) give further data on the
optical properties of clinker belites.

Guinier and Regourd (G1) summarized the thermal behaviour of C,S
polymorphs. On heating, B-C,S shows endotherms beginning at 693°C and
1450°C, due respectively to the B — o and 'y, — a transitions; with y-C,S,
the 693°C endotherm is replaced by a broad one beginning at about 748°C
due to the transition to a',. The curve obtained on cooling a-C,S from
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1500°C shows exotherms beginning at about 1456°C, 682°C and 530°C, due
respectively to the a - a’y, o', = B and B — y transitions. The a'y — o'
transition gives only a very weak effect at 1160"C.

B-C,S. modified by solid solution, occurs in nature as larnite. Early
identifications of a’-C,S with bredigite were incorrect (B9.M10). «-C,S has
been assumed to resemble nagelschmidtite (Ca,Si,P,0,). but the unit eell
of the latter seems to be more complex (Gl).

1.4 The aluminate phase

1.4.1 Crystal structure: cubic, orthorhombic and monoclinic
modifications

Pure C;A does not exhibit polymorphism. It is cubic, with a = 1.5263 nm,
space group Pa3 and Z = 24; the structure is built from Ca?” ions and rings
of six AlO, tetrahedra, of formula Al;O}§~ (M11). These rings are highly
puckered, such that the aluminium atoms lie near to six of the corners of a
cube (Fig. 1.6). The unit cell is composed of 64 (4%) subcells, of edge length
0.3816 nm. Of these subcells, 8 are occupied by Al O, rings; the Ca?* ions

Fig. 1.6 Al,O,5 ring in the structure of C,A, showing the situations of the
aluminium atoms near to the corners of a cube; based on the results of Mondal and
Jeffery (M11).
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occur at the body centres of some of the remaining subcells and near to the
corners of others. The coordination of those near the corners is octahedral.
while that of those at the body centres is irregular, with either 5 or 6 oxygen
atoms within 0.28 nm.

C,A can incorporate Na* by substitution of Ca?* with inclusion of a
second Na™ ion in an otherwise vacant site, thus giving solid solutions of
general formula Na, Ca;_ Al,O, (F2,R5,R1,T4). The substitution occurs
without change in structure up to a limit of about 1% Na,O (x = 0.04).
Higher degrees of substitution lead to a series of variants of the structure
(Table 1.6). In the absence of other substituents, the upper limit of Na,O
substitution is 5.7%.

Table 1.6 Modifications of the C,A structure, of general formula Na, Ca,_ Al,0,
(T4)

Approximate  Compositional range Crystal Space
Na,O (%) AV Designation  system group
0-1.0 0-0.04 C, Cubic Pa3
1.0-2.4 0.04-0.10 Cy Cubic P2,3

24-3.7 0.10-0.16 Cy+0 - -
3.7-4.6 0.16-0.20 0] Orthorhombic Pbca
4.6-5.7 0.20-0.25 M Monoclinic P2,/a

The C, structure (Table 1.6) is the C;A structure, with up to about 1% of
Na,O present as described above. The C,; structure is a minor variant of it,
of lower symmetry (T4); comparison of calculated XRD patterns (T5) shows
that there is little possibility of distinguishing the two by powder XRD,
unless by very precise determinations of the cell parameter, C,,, with 2.4%
Na,O having ¢ = 1.5248 nm (T4). In C,;, and by analogy also in C,, the
additional Na™ ions are located at the centres of the Al,O , rings. The O
structure (originally called O,) resembles C, and C; in having a unit cell that
is composed of pseudocubic subcells with edge lengths of approximately
0.38 nm. which contain Ca?* ions and Al,O, rings, but the arrangement of
the rings within the true unit cell is entirely different (T4,N4). A preparation
of composition Nag g,5Cag 375Al5 175F€0 450510 3750,5(3.3% Na,0) had
a = 1.0879nm, & = 1.0845nm, ¢ = 1.5106 nm, Z = 4 (T4). The M struc-
ture, which was originally considered to be orthorhombic and called O,
(R35), is a slightly distorted variant of the O structure; a preparation of
composition Na,; ¢,Cag ;5Alc0,4 (5.7% Na,0) had ¢ = 1.0877nm, b =
1.0854 nm, ¢ = 1.5135nm, B = 90.1°, Z = 4 (T4).

Substantial proportions of the aluminium in these structures can be
replaced by other ions, of which Fe?* and Si** are the most important. Lee
et al. (L1) found the limits of substitution under equilibrium conditions to be
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around 2% for SiO, and 3-4% for Fe,04, but higher degrees of substitution
were obtainable under non-equilibrium conditions, such as crystallization
from under cooled melts. If Si** is present, fewer large cations are needed to
maintain charge balance:; this extends the solid solution range of the O
structure to lower Na,O contents and that of the M structure to higher ones
(T4). The literature contains many refercnces to a supposed compound
NCgA;. This formula corresponds to a Na,O content of 7.6%. which
cannot be attained in C,A substituted only with Na™, and it is reasonably
certain that this compound does not exist (F2,R5,M12.T4); however, if Si**
is also present, the upper limit of Na® substitution is near to this value
(M12,T4).

Pollitt and Brown (P2) were unable to prepare an analogue of the
orthorhombic phase with K * as the sole substituent, but obtained evidence
that K* could stabilize it in clinker, probably because other substituents
were also present. Maki (M12) also failed to prepare K forms of the
orthorhombic or monoclinic phases under equilibrium conditions, but by
moderately rapid cooling of melts he obtained orthorhombic crystals having
cell parameters close to those of the corresponding sodium-containing
phase. He considered that the presence of silicon in the clinker liquid would
favour supercooling and thereby also non-equilibrium formation of the
orthorhombic or monoclinic phase.

1.4.2 Other modifications

Two further modifications of the C;A structure have been described. One
was obtained as a high-temperature polymorph of the O and M forms and
was considered on the basis of powder XRD evidence to be tetragonal
(R1,R5). It appeared to be metastable at room temperature but could be
preserved by quenching. Later studies, using thermal analysis, high-tempera-
ture light microscopy and high-temperature single crystal XRD
(M13,M14,T4), showed, however, that the O modification was structurally
unchanged up to its decomposition temperature and that the M modifi-
cation was reversibly transformed on heating into the O form. A study of
quenched material using powder XRD and single crystal electron diffraction
(L2) confirmed that the supposed tetragonal form was really orthorhombic,
though with a equal to b and thus geometrically tetragonal. The space group
was considered to be probably Pcaa, which differs from that (Pbca) of the
normal O form; however, three of the indices assigned to XRD powder
peaks (023, 045 and 047) are incompatible with this space group, though not
with Pbca. The high-temperature material may thus have the normal O
structure and a composition such that the @ and b axial lengths are equal to
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within experimental error. Its persistence to room temperature appears to be
favoured by relatively high contents of Na,O and Fe, O, (L1).

The other CyA modification is a disordered, poorly crystalline form,
called *proto-C;A’, which was obtained metastably from simulated clinker
liquids, either by rapid cooling or by static crystallization at low tempera-
tures (B10). It gave an XRD powder pattern with broadened peaks,
corresponding to the systematically strong reflections of cubic C;A index-
able on the subcell with ¢ ~0.39 nm. Analytical electron microscopy of
individual crystals showed it to be very high in substituents, one preparation,
for example, having an Fe/Al ratio of 0.54 (H6).

1.4.3 Structural modifications of the aluminate phase in clinkers

Production clinkers have been found to contain cubic or orthorhombic
forms of the aluminate phase, alone or in combination. The monoclinic
modification has not been observed. The orthorhombic modification is also
known as the prismatic, dark interstitial material, and is sometimes pseudo-
tetragonal. It can arise only if sufficient alkali is available, but its formation
appears to be favoured also by rapid cooling and by bulk compositions
potentially able to yield a relatively high proportion of aluminate phase
(M12).

Cubic aluminate phase in clinker is often finely grained and closely
admixed with dendritic crystals of ferrite; when it forms larger crystals. these
tend to be equidimensional. The XRD powder pattern is characterized by
strong, singlet peaks at approximately 33.3", 47.7" and 59.4° 20 (CuK,
radiation; Fig. 1.7A), the indices of which are, respectively, 044, 008 and 448.
Patterns obtained either from clinker or from maternial in which the alumi-
nate and ferrite phases have been concentrated by chemical extraction of the
sificates give ¢ = 1.5223-1.5255 nm (R1). The slight decrease relative to the
value of 1.5263nm for pure C;A agrees with the results for synthetic
sodium-substituted preparations (R1,T4). These data are probably equally
compatible with the presence of proto-C;A, but the contents of substituents
{Section 1.4.4) are considerably lower than those found in the latter material.
There is probably not enough evidence to show whether the modification is
C, (Pa3) or C,;, (P2,3).

The orthorhombic phase is recognizable in the light microscope or SEM
by its occurrence as characteristic, lath-shaped crystals, which are often
twinned (M12). An XRD powder pattern of material from which the silicate
phases had been removed showed a splitting of the strong peak at 33.3" 20
peak into a strong singlet at approximately 33.2° and a weaker, close doublet
at 32.9°-33.0° (Fig. 1.7B). The unit cell parameters were ¢« = 1.0874 nm, b =
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1.0860 nm, ¢ = 1.5120nm (R1). Another clinker, in which the aluminate
phase was pseudotetragonal, gave a strong singlet peak at 33.2° and a
weaker singlet at 33.0° (Fig. 1.7C), and the cell parameters were ¢ = b =
1.0867 nm, ¢ = 1.5123 nm.

The aluminate phase in clinkers can also be characterized by its compo-
sition, determined by X-ray microanalysis; this is discussed in the next
section.
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Fig. 1.7 Portions of XRD powder patterns of clinkers containing (A) cubic, (B)
orthorhombic and (C) pscudotetragonal modifications of the aluminate phase. Peaks
marked A and F are duc to aluminate and ferritc phases, respectively, and are re-
indexed, where necessary, to correspond (o axes in the text and Table 1.7, and o
calculated intensities. After Regourd and Guinier (R1).

1.4.4 Compositions of the aluminate phase in clinkers

Because of the close admixture with other phases, which is often on a scale
of 10 um or less, X-ray microanalysis of the aluminate phase in clinkers is
frequently difficult or unreliable. Data have been reported for cubic, ortho-
rhombic, pseudotetragonal or unspecified forms of the aluminate phases in
ordinary clinkers (R1,K1,B2,H3) and for aluminate phase (G3,G4,S1,B3)
and glass (B3) in white cement clinkers. Tables 1.2 and 1.3 include,
respectively, average compositions based on these somewhat scanty data,
and suggested site occupancies based on them. The values in both tables take
into account both the experimental data and the requirement of reasonable
site occupancies.
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Pure C,A contains 62.3% CaO and 37.7% Al,O,. Substantial pro-
portions of both calcium and aluminium are thus replaced, the total content
of impurity oxides being typically around 3% for the cubic and up to about
20% for the orthorhombic modification. The content of equivalent Na,O
(Na,O + 0.66K,0) appears to be around 1% for the cubic form and 2-4%
for the orthorhombic form. None of the analyses indicates alkali contents as
high as that required by the formula NCyA,, even though considerable
amounts of silicon are present.

1.4.5 X-ray powder data, densities and optical properties

The appendix includes calculated XRD powder patterns for cubic and
orthorhombic clinker aluminates (T3). The X-ray density of the cubic
modification is 3064 kgm ™, assuming «=1.5240nm and composition
(Ko 03Nag 06-Cay 76Mgo 05 Tig 1) (Feg 2,AlL 40Sig.13)O0,- That of the ortho-
rhombic modification is 3052kgm~*, assuming « = 1.0879nm. b =
1.0845nm. ¢ = [.5106 nm and composition (Nag 59,Ca; 59;) (Feg 50
Al, 5,5Siy 125)0. For pure C;A with « = 1.5263nm, the value 1s
3029 kg m 3. Pure C,A is optically isotropic, with refractive index 1.710
(R4); iron substitution can raise the value to 1.735 (H7). Maki (M13.M15)
described the morphology and optical properties of the orthorhombic
modification. including variations with composition.

1.5 The ferrite phase

1.6.1  Crystal structure and composition in the Ca,(Al,Fe, ,),0 series

At ordinary pressures in the absence of oxide components other than CaO,
Al,0; and Fe,O,, the ferrite phase can be prepared with any composition in
the solid solution series Ca,(Al Fe, _ ),0s, where 0 < x <0.7. The compo-
sition C,AF is only a point in this series, with x = 0.5. The end member
C,A, with x = 1, has been prepared, but only at a pressure of 2500 MPa
(A1). The series with x < 0.7 is not quite isostructural, as the space group
changes near x = 0.33 (S4). Table 1.7 gives crystal data for various compo-
sitions. Care is needed in referring to the unit cell and space group, as some
workers reverse the choice of ¢ and ¢ axes used here, with appropriate
changes in space group symbol. There has also been uncertainty in the past
as to the space group for the compositions with x > 0.33.
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Table 1.7 Crystal data for ferrite phases in the series Ca,(Al Fe, . ),04

Unit cell parameters (nm)¢ X-ray
Space density
\ a b ¢ group (kgm %) References
0 0.55980 1.47687 0.54253  Pcmin 4026 BIl
0.285 0.5588 1.461 0.5380 Ibm2 3862 C2
- 0.36 0.5583 1.458 0.5374 [bm2 3812 C2
0.50 0.55672 1.4521 0.5349 Ibm2 3732 C3. Mlo6
1 0.541 1.445 0.523 Ibm2(7) 3480 Al

«The unit cell is orthorhombic, with Z = 4.

Plots of unit cell parameters or XRD powder spacings against x for the
pure Ca,(Al,Fe),0, series show changes in slope near v = 0.3, attributable
to the structural change (S4). Such plots may be used to determine compo-
sition provided that oxide components other than CaO, Al,O, and Fe¢,0;
are absent. They have often been applied to ferrites in clinkers, but this gives
seriously inaccurate results because of the effects of other substituents
(Sections 1.5.2 and 1.5.3).

Biissem (B12) determined the approximate crystal structure of C,AF.
Subsequent determinations or refinements were reported for preparations
with x = 0 (C,F) (B13,C4,B11), x = 0.285 and 0.36 (C2) and x = 0.5 (C3).
Fig. 1.8 shows the structure for the compositional range with
0.33 < x < 0.7. It is built from layers of corner-sharing octahedra similar to
those in perovskite (CaTiO,), alternating with layers composed of chains of
tetrahedra, together with Ca?* ions. The layers are perpendicular to the 4
axis and the chains are parallel to ¢. The composition of an individual
octahedral layer in the ac cross-section of the unit cell is M,Oq. and that of
an individual chain i1s T,0,, where M and T denote octahedral and
tetrahedral cations, respectively; two corners of each tetrahedron are shared
with adjacent octahedra. Including also the Cua** ions, this gives the
empirical formula Ca,MTOys. The structure for compositions with v < 0.33
differs from the above in that one half of the chains have the opposite
polarity.

Each Ca?* ion in C,AF has 7 oxygen neighbours at 0.23-0.26 nm (C3).
The aluminium and iron atoms are both distributed between octahedral and
tetrahedral sites, the fraction of the aluminium entering tetrahedral sites
under equilibrium conditions decreasing with temperature. For the three
preparations with x = 0.285, 0.36 and 0.5 on which X-ray structure determi-
nations were made, 75-76% of the total content of aluminium was found to
be in tetrahedral sites. These preparations were shown to have been in
equilibrium at about 750°C (C3); for a C,AF preparation quenched from
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1290°C, the Mdssbauer spectrum indicated that only 68% of the aluminium
was in tetrahedral sites (G8). It was suggested that x does not cxceed the
observed limit of about 0.7 because at this composition the tetrahedral sites
are all occupied by aluminium (C2). There is evidence of clustering of
aluminium and iron atoms to an extent depending on composition and
conditions of formation (Z1).

O

a = 0:558nm

Fig. 1.8 Crystal structure of C,AF, based on the results of Colville and Geller (C3)
and showing calcium atoms (open circles), (ALFe)O, tetrahedra (triangles) and
(Fe,Al)O, octahedra (hatched squares). Heights of atoms are given as hundredths of
the cell height (b = 1.452 nm). Atoms at heights outside the range of — 1 to + 39 are
not shown, their positions being derivable from those shown by translations of 1/2
parallel to each of the axcs.

1.6.2 Compositions of the ferrite phase in clinkers

In many clinkers, the ferrite phase is closely mixed with aluminate: due o a
similarity in cell parameters, oriented intergrowth can occur (M15). The
close admixture often renders X-ray ‘microanalysis difficult or unreliable.
For ordinary Portland cement clinkers, the compositions found in different
laboratories are nevertheless remarkably consistent. Table 1.2 includes an
average value based on the results of investigations using X-ray microanaly-
sis (H8,K1,B2,U1,H3,B4) or chemical analysis of separated material (Y1).
Table 1.3 includes suggested site occupancies corresponding to these data.
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As with the aluminate phase, the average compositions take into account the
requirement that these site occupancies should be reasonable from the
standpoint of crystal chemistry. There is no basis for allocating cations to
octahedral and tetrahedral sites separately as the preferences of some of the
cations, especially Mg?*, in this structure are unknown, as is the tempera-
ture at which equilibrium is attained. This temperature probably varies
between clinkers, and may be expected to affect the distribution.

The typical composition differs markedly from that of C,AF (46.1%
Ca0, 21.0% ALO,, 32.9% Fe,0,). It contains about 10% of impurity
oxides and 1s much lower in Fe,O;. It approximates to Ca,Al-
Feq ¢ Mgo 5Sig 15 Tig 0505, which is derived from C AF by replacing some of
the Fe3* by Mg2* and an equal amount by Si** and Ti**. Harrisson ¢t al.
(H3) observed that, for data from several laboratories, the number of
magnesium atoms per formula unit agreed with that of (Si + Ti); this
supports the above interpretation.

Sulphate-resisting Portland cements have relatively high ratios of iron to
aluminium, and the ferrite phase cannot have the composition given above if
it contains most of the iron. Tables 1.2 and 1.3 include a tentative compo-
sition and atomic ratios corresponding to it, based on scanty data for the
interstitial material as a whole (G3,G4) and the requircment of rcasonable
site occupancies.

1.5.3 Crystal data and X-ray powder patterns for ferrite phase
containing foreign ions

Mn** can replace all the Fe®* or up to 60% of the AI** in C,AF (K2).
Yamaguchi and Takagi (Y1) summarized data showing that incorporation
of Mg?* or Si** or both causes increases in cell parameters. Boikova (B4)
determined the cell parameters of four preparations with compositions
similar to those of typical clinker ferrites; the ranges were a = 0.5535—
0.5554 nm, b = 1.4492-1.4642 nm, ¢ = 0.5288-0.5333 nm. Marinho and
Glasser (M17) found that Ti** substitution caused stacking changes in C,F
or C,AF. It had negligible effects on the cell parameters and the charge was
balanced by incorporation of additional oxygen atoms. The last conclusion
could be irrelevant to clinker ferrites, since Ti** is a relatively minor
substituent and the charge could be balanced in other ways.

Regourd and Guinier (R1) reported unit cell parameters for the ferrite
phase in five clinkers. The ranges observed were ¢ = 0.5517-0.5555nm, b =
1.455-1.462 nm, ¢ = 0.5335-0.5350 nm. Boikova (B4) reported XRD
powder spacings for clinker ferrites which indicate similar values. The
similarity of these cell parameters to those of the laboratory preparations
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{B4) mentioned in the previous paragraph supports the results of X-ray
microanalyses of clinker ferrites described in Section 1.5.2. Compared with
pure C,AF, typical clinker ferrites have smaller values of « and ¢, but larger
values of b.

The XRD powder patterns of clinker ferrites are affected by the cooling
rate (M18,02). Ono and Nagasmima (0O2) showed that the effect was
associated with differing uptake of MgO and SiO,. Extreme values of the cell
parameters were ¢ = 0.557 nm, » = 1.462 nm, ¢ = 0.532 nm for a quenched
sample, and ¢ = 0.543nm, b = 1.465nm, ¢ = 0.533nm for one that was
slowly cooled. The ferrite in the quenched samples was poorly crystalline,
many peaks other than the three most intense (200, 141 and 202) disappear-
ing. Broadening of peaks of clinker ferrites (M18,R1,B4) might be caused
not only by poor crystallinity, but also by zoning. The cell paramcters
observed by Regourd and Guinier (R1) and Boikova (B4) are near to those
of the quenched sample.

The appendix includes a calculated powder pattern ftor a ferrite phase
having cell parameters and composition similar to those for the material in
typical clinkers. The X-ray density, assuming « = 0.5535nm. » = 1.4642 nm,
¢=0.5328nm and composition Ca,AlFe, Mg, ,Si; ,Ti, 0505 is
3570 kgm ™7,

1.56.4 Optical, magnetic and other data

Ferrite phase of or near C,AF composition and free from foreign ions is
yellowish brown in transmitted light. The optical propertics of C,AF are as
follows: biaxial, negative, with moderate 2V: a 1.96, $ 2.01, y 2.04 in lithium
light; pleochroic, with y brown, a yellowish brown; the refractive indices
increase with Fe/Al ratio (H7). C,AF-MgO solid solutions, in contrast, are
grey or black, and also have higher electrical conductivity, both effects being
attributable to the presence of electronic defects (M18). Normally cooled
clinkers are grey or black, but quenching in water or cooling in nitrogen
causes them to be yellow; this has been attributed to absence of oxygen
during cooling (M 18). The ferrite phase is ferromagnetic, and the more iron-
rich members of the Ca,(Al,Fe, _,),05 series have been studied for their
magnetic properties, especially in regard to the coordinations of the iron
atoms (C4,GY). Ferrite phase, with a composition near to C,AF, has been
found in nature. The name brownmillerite, already in use in cement
chemistry, was adopted as the mineral name (GS).
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High-temperature chemistry

2.1 Introduction

A knowledge of the relevant high-temperature phase equilibria is necessary
for understanding the factors that govern acceptable bulk compositions for
Portland cement clinker, the conditions under which the latter can be
manufactured. and the phase composition and microstructure of the result-
ing material. This chapter deals with these equilibria and with the phases to
which they relate, with the exception of the major clinker phases, which wére
described in Chapter I. Some anhydrous phases primarily of interest in
relation to other types of cement are also considered here. Principles
underlying the preparation of anhydrous silicate, aluminate and other high-
temperature phases are outlined.

2.2 Systems containing CaO with SiO, or Al,O; or both
2.2.1 The Ca0-SiO, system

Fig. 2.1 shows the phase diagram. For clarity, the polymorphism of C,S and
the distinction between a'y- and a'\ -C,S are omitted. Calcium oxide (CaO)
has the sodium chloride structure, in which all ions are octahedrally coordi-
nated: the unit cell is cubic, with « = 0.48105 nm, space group Fm3m, Z =
4, D, = 3345 kgm ™3 (S5). The refractive index is 1.837 (W3).

On equilibrium cooling below 1250°C, C,S decomposes to give CaO and
o';-C,S; this process, which is always slow and below 700°C imperceptible,
is considered in Section 3.5.5. B-CS, a-CS and C,S, are commonly known by
their mineral names of wollastonite, pseudowollastonite and rankinite,
respectively; none reacts significantly with water at ordinary temperatures.
The crystal structures of B-CS (04) and a-CS (Y3) differ markedly from each
other and the two polymorphs are easily distinguishable by powder XRD.
Both exhibit polytypism (B-CS (H9,H10); a-CS (Y3)); the polytypes of a
given polymorph are barely distinguishable by this method. The name
‘parawollastonite’ has been used for the 2M polytype of B-CS. The B«
transition is reversible but slow in the a to B direction, rendering a-CS easily
preservable by quenching. The structure of rankinite is known (S6); a

33
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polymorph, kilchoanite, is known only as a natural mineral and as a product
of hydrothermal reactions.

The polymorphs of silica relevant to cement chemistry are briefly con-
sidered in Section 3.3.2.
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Fig. 2.1 The system CaO-SiO,. After Day et al. (D1) with later modifications (R4,
03, W2, G10).

2.2.2 The CaO-Al,0, system

There have been many phase and equilibrium studies on this system, and
differences of opinion probably still exist on several points. In part, these
differences arise because variations in the humidity and oxygen content of the
furnace atmosphere markedly affect the phase relations for compositions in
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the region of C,,A,. The phase diagram in Fig. 2.2 appears to provide the
best description of the system modified by the presence of small amounts of
water and oxygen, and thus represents the behaviour in air of ordinary
humidity. With both CA and CA,, opinions have differed as to whether
melting is congruent or incongruent; Nurse ef a/. (N6), who found it to be
incongruent in both cases, discussed earlier work. Of the five calcium
aluminate phases appearing in Fig. 2.2, one, tricalcium aluminate (C,A),
was described in Section 1.4.
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Fig. 2.2 The system CaO-Al,O; modified by the presence of small amounts of
H,O0 and O,, and thus representing the behaviour in air of ordinary humidity. After
Rankin and Wright (R4). with later modifications (N5,N6,C5). ’

Monocalcium aluminate (CA), which is the main constituent of calcium
aluminate cements (Section 10.1), reacts rapidly with water. It is monoclinic
and pseudohexagonal, with ¢ = 0.8700 nm, b = 0.8092 nm, ¢ = 1.5191 nm,
B = 90.3°, space group P2,/n, Z = 12, D, = 2945kgm ™, and has a stuffed
tridymite structure, composed of Ca%* ions and an infinite, three-dimen-
sional framework of AlO, tetrahedra sharing corners (H11). It crystallizes
as irregular grains, sometimes prismatic and often twinned, with a = 1.643,
B =1.655 v =1.663, (—)2V = 36° (R4). Formation from CaCO; and
AI(NO;), in the presence of organic reducing agents is reported to proceed
through an amorphous material at 500°C and an orthorhombic polymorph
at 850°C (B14).

Calcium dialuminate (CA,) occurs in some calcium aluminate cements. It
reacts only slowly with water. The formula was at one time wrongly
considered to be C;A;. CA, is monoclinic, with a = 1.2840nm, b =
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0.8862nm, ¢=10.5431 nm, B =106.8°, space group C2/c, Z=4, D, =2920
kgm™3, and has a structure based on a framework of AlO, tetrahedra, in
which some oxygen atoms are shared between two and others between three
tetrahedra (B15,G11). It crystallizes as laths or rounded grains, with a =
1.6178, 8 = 1.6184, y = 1.6516, (+)2V = 12° (B15). CA, has been found as
a natural mineral (G5).

Calcium hexaluminate (CAg) melts incongruently and does not react with
water at ordinary temperatures. [ts crystal structure is closely related to
those of corundum and B-Al,0O;.

2.2.3 C,,A, and derived structures

In air of ordinary humidities, a phase of approximate composition C,,A is
readily formed. It reacts rapidly with water and occurs in some calcium
aluminate cements. A related phase, C, A, CaF,, is similarly reactive and
occurs in certain special cements. In early work, C;,A, was wrongly
assigned the formula C4A; and called ‘stable CsA;’ to distinguish it from
another phase of that composition, described later, which was called
‘unstable C5A;’. C;,A, is cubic, with ¢ = 1.1983 nm (J3), space group 143d
and Z =2 (BI2). Studies on C,A; or closely related phases
(B16,W4,B17,W5,F3) show the crystal structure to be built from Ca?* ions,
an incomplete framework of corner-sharing AlO, tetrahedra and empirical
composition Al,O}L~, and one O?” ion per formula unit distributed
statistically between 12 sites.

At temperatures above about 930°C, a reversible equilibrium exists
between C,,A, and water vapour in the furnace atmosphere (N5,R6,J3,N7).
Material prepared in ordinary air and quenched from 1360-1390°C is almost
anhydrous; on being gradually reheated, it takes up water until at 950°C a
maximum content of about 1.3% is attained, corresponding to the formula
C,,A,H. On further increase in temperature, the water is lost again, until by
the melting point in the region of 1400°C the material is almost anhydrous.
The sorbed water affects the cell parameter and refractive index. There was
early disagreement as to the direction of the variations, but it appears
established that C,,A,H has the smaller cell parameter and higher refractive
index, Jeevaratnam ef al. (J3) finding ¢ = 1.1983 nm, n = 1.611 and D, =
2680kgm~* for C,,A,, and a=1.1976nm, n=1.620 and D, =
2716 kgm ™3 for C;,A,H.

Jeevaratnam er al. (J3) suggested that C,,A, can take up water because
the 12 sites per formula unit that are occupied statistically by one O?~ ion
can alternatively be occupied by two OH™ ions, C,,A,H thus having the
constitution CagAl,O,(OH). In support of this conclusion, they prepared
the halide analogues C,,A,-CaF, and C,;A,-CaCl, of the latter compound.
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C,,A,-CaF, was found to have a cell parameter of 1.1964 nm, giving D, =
2732kgm ™. It forms a continuous range of solid solutions with C,,A,
(S7). Bromide, iodide, and sulphide analogues (T1,Z2) and a chloride
analogue with partial replacement of aluminium by silicon, balanced by
additional occupancy by chloride of the statistically available sites (F3), have
also been described.

Imlach er al. (14) found that they could prepare C,,A, reproducibly by
slowly cooling melts in dry oxygen and that samples obtained in this way, or
by cooling melts in moist air, contained excess oxygen, which could be
detected chemically and was possibly present as peroxide ion. If similar melts
were cooled in very dry nitrogen, mixtures consisting of CA, C;A and,
sometimes, CsA;, were obtained, with only poor yields of C,,A,. These
observations have since been confirmed and extended (B18,B19,Z22,Z3).

Zhmoidin and Chatterjee (Z2,Z3) concluded from density, viscosity and
mass spectrometric evidence that melts of C,,A, composition contained
regions of two kinds, differing in structure and density. The proportion of the
less dense regions increased if the melt took up H,O, O,, CO, CO, or SO,;,
or if CaF,, CaCl,, CaS, CaSO,. or CaCO, was added:; if this proportion was
sufficiently high, C,,A,; or a derivative was formed on freezing. The
proportion of the denser regions in the melt was increased by maintaining a
dry and slightly reducing atmosphere and by increase in temperature; if the
less dense regions were thus eliminated, the melt yielded a homogeneous
glass on quenching, or C;A; on slow cooling. The molecules that stabilized
the less dense regions acted by surrounding themselves with a particular type
of open structure, from which C,,A, readily nucleated; analogies were
noted with the roles of hydrated alkali cations in the formation of zeolites
and of water or organic molecules in that of compounds of the noble gases.
With the exception of water, the molecules thus occluded in crystalline
C,,A, could not be removed without destroying the structure. C,,A, melts
are considerably denser (2870-2910 kg m ™) than solid C,,A, especially if
they have been kept in reducing atmospheres.

The derivatives of C;,A, melt in normal ways, C,,A,-CaF, congruently
at 1577°C and C,,A,-CaS incongruently to give CaS and liquid at 1482°C
(Z2). In contrast, C,A, stabilized only by water shows anomalous behav-
iour, one study (N7) showing a sharp melting point of 1392°C over a range
of compositions, and another (Z2,S7) showing melting over a range from
1380 to 1415°C with evolution of gas and incipient formation of CA, C;A
and C,A;. The diagram in Fig. 2.2 is thus approximate in this region. For
practical purposes, the situation in air of ordinary humidities is more
important than that in very dry and oxygen-free atmospheres, and the
primary phase field of C,,A, will be included in the relevant ternary and
quaternary phase diagrams presented later.
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C,,A, or C;,A,H has been found as a natural mineral and named
mayenite (H12,GS5).

224 CeA, C,Aand C,A,

The conditions of formation of C;A; were discussed in the preceding
section; it is probably an equilibrium phase in the strictly binary system
Ca0-Al,0, but does not form in atmospheres of normal humidity and
oxygen content. CsA; is orthorhombic, with @ = 1.1253 nm, b = 1.0966 nm,
¢ = 1.0290 nm, space group Cmc2,, Z = 4, D, = 3067 kgm ™3, and a struc-
ture related to that of gehlenite (V1). The density is considerably higher than
that of C,,A and accords with formation of the compound from the denser
regions present in the melt. C;A, reacts rapidly with water (B20).

Two other anhydrous calcium aluminates are known. C,A, a high-
pressure phase, was described in Section 1.5.1. C,A, is formed as the
dehydration product of a hydrothermally produced phase, C,A;H;. Its
structure, which is similar to that of sodalite (Na,(Al;S1,0,,)Cl), is based
on a framework of corner-sharing AlO, tetrahedra with Ca?* and O~ ions
in interstices, giving the constitutional formula Ca,(Al,O,,)O (P3).

2.2.5 The Ca0-Al,0,-Si0, system

The phase diagram was originally determined by Rankin and Wright (R4).
Fig. 2.3 is based on that of Muan and Osborn (M19), with further
amendments mainly following from studies on the bounding CaO-SiO, and
Ca0-Al,0, systems discussed in the preceding sections. It relates to atmos-
pheric pressure in an atmosphere of normal humidity, the primary phase
field of C,,A, thus being shown. Some phases probably form solid solutions
within the system, C,S, for example, being able to accommodate some
Al,QOj; this is not shown.

Two ternary compounds exist stably in the system under these conditions.
Gehlenite (C,AS; Ca,Al,SiO,) belongs to the melilite family. In its struc-
ture, layers of 8 coordinated Ca®* ions alternate with ones of composition
Al,SiO%~, in which both aluminium and silicon are tetrahedrally coordi-
nated (L3). Gehlenite forms extensive solid solutions, e.g. with akermanite
(C,MS,; Ca,MgSi,0,), but not within the CaO-Al,0,-SiO, system. It
possibly forms as an intermediate compound in the manufacture of Portland
cement clinker, but does not occur in the final product; it is present in some
calcium aluminate cements. It is tetragonal, with 4 = 0.7716nm, ¢ =
0.5089 nm, space-group P42,m, Z = 2, D, = 3006 kgm™* (L3) and refrac-
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tive indices @ = 1.669, € = 1.658 (W3). It does not react with water at
ordinary temperatures. Anorthite (a polymorph of CAS,; CaAl,Si,Oy),
which is less relevant to cement chemistry, is a triclinic felspar.
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Fig. 2.3 The system CaO-Al,0,-SiO,. After Muan and Osborn (M19), with later
modifications.

Several other anhydrous calcium aluminosilicates are known, including
grossular or garnet (C;AS;), which is a high-pressure phase, various dehyd-
ration products of zeolites, and various products formed metastably by
crystallization from melts or glasses. Most are too acid in composition to be
of clear relevance to cement chemistry, but some of the devitrification
products, especially those with compositions near to CA and structures
similar to those of nepheline (Na;KAl1,Si,O,,) or kalsilite (KAISIO,) (Y4),
are of possible interest in relation to the formation of calcium aluminate
cements,

2.2.6 Clinker formation in the Ca0-Al,0,-Si0, system

The CaO-Al,0,-Si0O, diagram provides a basis for a preliminary under-
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standing of the chemistry underlying the formation of Portland cement
clinker, in which all but the three most important oxide components are
ignored. The approximations are least for white cements. In a cement kiin,
the maximum temperature reached by the mix, called the clinkering tem-
perature, is commonly 1400-1450°C; at this temperature, the mix is partly
molten. For a mix in the pure CaO-Al,0,-SiO, system, a somewhat higher
temperature is required to give a comparable situation. In this discussion, we
shall assume that equilibrium is attained at a clinkering temperature of
1500°C and use the CaO-Al,0;-Si0, diagram to predict which solid phases
will be present for various bulk chemical compositions. The processes by
which the equilibrium is approached in cement making, and those taking
place during the subsequent cooling, are discussed in Chapter 3.

Ca0 GA Al 03—

Fig. 2.4  Part of the system CaO-Al,0,-Si0O,, illustrating the formation of Port-
land cement clinker; for significance of lettered points and of thin full or broken lines,
see text.

The compositions in the pure CaO-Al,0,-SiO, system that correspond
most nearly to those of typical Portland cement clinkers lie within the ringed
area surrounding point P in Fig. 2.4. This point lies within the triangle whose
apices are the compositions of C,S, C,S, and point X, which lies at the
intersection of the boundary of the C,S and C,S primary phase fields with
the 1500°C isotherm. For any bulk composition in this triangle, the equilib-
rium phases at 1500°C will be C,S, C,S and liquid of composition X. This
may be understood by considering what happens if a melt of composition P
is cooled. C,S first crystallizes, the liquid composition thus moving away
from that of C,S until the boundary between the primary phase fields of C,S
and C,S is reached. C;S and C,S then both crystallize, and the liquid
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composition moves along this boundary until the 1500°C isotherm is
reached. For the conditions that exist in cement making, the entire mix is
never molten, so that the path to equilibrium differs, but the resulting phase
assemblage must be the same. The crystals of C,S and C,S, being in contact
with the melt, can grow to relatively large dimensions, which are typically
around 30 pym. During the subsequent cooling, the liquid solidifies, producing
the more finely grained interstitial material.

Some other bulk compositions may be considered in the same way. A
composition such as Q, lying within the triangle C,S-X-Y, will at equilib-
rium at 1500°C give C,S and a liquid having a composition on the curve XY.
One such as R, in the triangle C;8-X-Z, will give C;S and a liquid having a
composition on XZ. Any composition lying below the line C;8-Z, such as S,
will give an assemblage that includes calcium oxide as a solid phase.

In making Portland cement, it is essential to avoid the presence of more
than minimal amounts of free calcium oxide in the final product, and
normally desirable to maximize that of C,S. If equilibrium was continuously
maintained during cooling, apart from decomposition of C,S into C,S and
calcium oxide at sub-solidus temperatures, any bulk composition lying
within the triangle C,S—-C,S-C;A would yield a final product consisting of
these three phases. For bulk compositions below the line C,S-Z, this would
require that the crystals of calcium oxide present at the clinkering tempera-
ture be redissolved. This process is slow, and one cannot assume that it will
be substantially completed in the conditions existing in the kiln. The line
C,S-Z therefore sets a practical limit to the CaO content of the mix. For the
temperature range in which clinkering is practicable, it virtually coincides
with a line joining the C,S composition to the invariant point at 1470°C
involving calcium oxide, C,S, C;A and liquid, and that line may therefore be
used to define the upper limit of acceptable CaO contents. This approach,
modified as discussed in Section 2.3.3 to allow for the presence of Fe,O,,
leads to the definition of a quantity called the lime saturation factor, which
‘can be used in practice as an important parameter of the bulk chemical
composition.

2.3 Systems containing Fe,0,
2.3.1 The Ca0O-Al,0,-Fe,0, system

This system includes the Ca,(Al Fe,_ ),0; series of ferrite compositions.
The bounding, binary system CaO-Fe,O; includes three compounds, viz.
C,F, CF and CF,. C,F, as an end member of the above series, was discussed
in Section 1.5. The other two compounds are of lesser importance to cement
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and to C5A; and gehlenite (C,AS); this is shown by unit cell determinations
(M23) and, for Phase Q, by a structure determination (H14), which also
yielded a probable structure for C;A,M. In all the known structures
mentioned above, aluminium, magnesium and, where present, silicon are
tetrahedrally coordinated. Phase Q was originally assigned the formula
C A MS (PS), and it has also been suggested that two distinct quaternary
phases exist, with compositions C,,A,;,M,S and C,,A ;M,S, (GI3). The
structure determination (H14) and an associated phase study (K3) indicated
that there is only one such phase, and that its composition is
Ca, Aly,_,,Mg,Si,O4e with 1 variable between 2.5 and 3.5, a median
formula thus being C,,A;3M;S;. The unit cell, for n = 3.0, was found to be
orthorhombic with a = 2.7638 nm, b = 1.0799 nm, ¢ = 0.5123 nm, space
group Pmmn, Z = | and D, = 2985kgm~>.

A phase known as pleochroite, of fibrous or acicular morphology, occurs
in some calcium aluminate cements. It appears to be Phase Q modified by
partial replacement of Ca?* by Fe?* and of AI** by Fe** (P5,G13). X-ray
microanalyses by Conjeaud (C6) appear compatible with the approximate
composition CazoAln.GFe;’;Mg“Fegf;Sis.SOGS which is a substituted
form of that given by the structure determination and having n = 3.5. The
results of another EPMA determination (M24) are of uncertain significance
because they show improbably large deviations from charge balance.

Several phase equilibrium studies have been made on this part of the
Ca0O-MgO-Al,0,-Si0O, system (P5,B9,G13,K3). Phase Q has a primary
phase volume in the system, but there are some uncertainties regarding the
stable solid-phase assemblages that include it. C;A,M has a primary phase
field in the CaO-MgO-Al,0; and CaO-MgO-Al,0;-SiO, systems
(W7,B9). C;A M is a metastable phase, and the formula given may only be
approximate.

2.5 Systems containing alkalis or SO; or both
2.5.1 Phases

Portland cement clinkers contain small amounts of alkalis and sulphates
derived from the raw materials and fuel. Both alkalis and SO, can be present
in the major clinker phases, but tend to combine preferentially with each
other to form alkali or potassium calcium sulphates, and it is necessary to
consider these components together. In addition, silicate and aluminate
phases containing sulphate can form either as intermediates or in undesir-
able deposits in cement making, and a calcium aluminate sulphate is a major
constituent of some expansive and other special cements.
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chemistry. Phillips and Muan (P4), in a study of the binary system, found
that CF melted incongruently at 1216°C to give C,F and liquid, and that
CF, decomposed at 1155°C to give CF and hematite (a-Fe,0,). In this and
other systems containing Fe,0,, iron-rich mixes tend to lose oxygen when
heated in air above 1200-1300°C, with consequent replacement of hematite
by magnetite (Fe;0,).

Fig. 2.5 shows part of the ternary system CaO-Al,0;-Fe,0;. C,A,
C,,A, and CA can all accommodate some Fe**; for C;A under equilibrium
conditions at 1325°C, the limit is about 4.5%, expressed as Fe,0; (M20).
The ferrite phase in equilibrium with iron-substituted C;A can have compo-
sitions with x between 0.48 and 0.7 in the formula Ca,(Al Fe,_,),0; if
CaO is also present, x is fixed at 0.48, i.e. the composition is close to C,AF.
Some reduction of Fe** to Fe?* occurs when the ferrite phase is prepared
from mixes with compositions in the Ca,(Al Fe, _,),0, series in air; it leads
to the formation of minor amounts of other phases, which are not observed
when similar experiments are carried out in oxygen (M20).

(a0 WEIGHT % CoF

Fig. 2.5 Part of the system CaO-Al,0,-Fe,0;. Hatched lines indicate solid sol-
utions. Ferrite phase compositions are indicated by the quantity x, which relates to
the formula Ca,(Al Fe, _ ),0;. After Newkirk and Thwaite (N8) and Majumdar
(M20).
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Swayze (S8) noted that equilibrium was often difficult to achieve in this
system. One effect was the tendency for crystals of the ferrite phase to be
zoned. For bulk compositions in the Ca,(Al Fe, _,),0; series, the liquid is
of higher Al/Fe ratio than the ferrite phase with which it is in equilibrium;
the crystals that are initially deposited on cooling such a liquid therefore
have a lower Al/Fe ratio than the bulk composition of the mix. On further
cooling, the Al/Fe ratio of the material deposited progressively increases.
Equilibrium within the ferrite crystals is difficult to attain, causing them to
remain zoned, with cores richer in Fe3* and outer regions richer in Al®*
than the mean composition.

A second effect was the tendency for protected phases to be formed. If a
liquid having a composition somewhat on the CaO-rich side of the boundary
between the CaO and C;A primary phase fields (Fig. 2.5) is cooled calcium
oxide is initially deposited and the liquid composition moves away from
CaO and towards that boundary. When the latter is reached, and assuming
that equilibrium were to be maintained, calcium oxide would redissolve,
C,A would be deposited, and the liquid composition would move along the
boundary. In reality, the C,A quickly surrounds the particles of calcium
oxide, which thus form a protected phase, effectively removed from the
system. This can markedly affect the composition of the ferrite phase which
is subsequently formed on further cooling.

2.3.2 The CaO-Al,0,-Fe,0,-Si0, system

This system comprises the four major oxide components of Portland cement.
Lea and Parker (L4,L5) made a classic study of the subsystem CaO-C,S-
C,,A,-C,AF, which is the part directly relevant to cement production.
Following Lea (L6), the formula C,,A, is substituted in the present
description of this and related investigations for CA,, which was used by
the original authors in accordance with contemporary opinion on the
composition of the phase now regarded as C,,A,. Any errors arising from
this compositional difference will be small. Lea and Parker assumed the
ferrite phase to have the fixed composition C,AF,

Lea and Parker began by studying the bounding ternary subsystems CaO-
C,S-C,AF and C,,A,—C,S-C,AF. The first of these, which is the more
important, is shown in Fig. 2.6, modified in accordance with later work on
the CaO-SiO, system. In general form, it resembles the lime-rich corner of
the CaO-Al,0,-Si0, system (Fig. 2.4), with C,AF in place of C,;A, the
primary phase field of C,S thus being an elongated area extending away
from the CaO-C,S edge of the diagram.

The quaternary system may be represented on a tetrahedral model, each
face of which represents one of the bounding, ternary systems. Within the
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Ca0 CLAF

Fig. 2.6 The system CaO-C,S-C,AF. After Lea and Parker (L4), with later
modifications.

tetrahedron, primary phase fields and subsolidus compatibility assemblages
are represented by volumes, corresponding to the respective areas on the
triangular diagram of a ternary system; correspondingly, isotherms are
represented by surfaces. Fig. 2.7 shows some important features of the CaO-
C,S-C,,A,—C,AF subsystem, as found by Lea and Parker and modified to
take account of later work (S8,N8,W2,G10,M20,59).

No quaternary compounds exist in this subsystem. The tetrahedron can
therefore be divided into three smaller ones representing subsolidus compati-
bility assemblages for CaO-C,S-C,;A-C,AF, C,5-C;A-C,S-C,AF and
C,,A;~C;A-C,S-C,AF. For clarity, these are not shown on Fig. 2.7. The
most important feature of the subsystem is the primary phase volume of
C,S, which is a thin sliver, roughly parallel to the C,5-C,,A,~C,AF face of
the tetrahedron and sandwiched between the larger phase volumes of CaO
and C,S. In accordance with the bounding subsystems (Figs 2.4 and 2.6),
two of its edges lie on the CaO-C,S-C,AF and CaO-C,S-C,A, faces of
the tetrahedron, but it cannot extend to the CaO-C ,AF-C,,A, face. Table
2.1 gives details of the eight invariant points involving C,S in this subsystem.

Subsequent studies on the CaO-Al,0,~Fe,0; (N8M20) and CaO-
Al,O,-Fe,0,-8i0, (58,59) systems have extended knowledge of the latter
to a wider range of compositions, but have only slightly affected conclusions
regarding the phase volume of C,S. All indicate that the phase volume of
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C,A is larger, and that of the ferrite phase smaller, than was shown in Lea
and Parker’s diagrams, which in this region partly rested on early results for
the CaO-C,,A,—~C,AF system. To simplify the diagram, the volumes of
phases other than C,S are only indicated in general terms on Fig. 2.7.

Ca0

Fig. 2.7 The pseudosystem CaO-C,S-C,,A,-C,AF, showing the primary phase
volume of C,S. For details of invariant points P1-P8, see Table 2.1. After Lea and
Parker (L4). with later modifications.

2.3.3 Clinker formation in the Ca0-Al,0,-Fe,0,-Si0, system

Lea and Parker (L5) derived a formula giving the maximum acceptable
content of CaO in a Portland cement clinker composition. If equilibrium
was maintained during cooling, apart from decomposition of C,S into C,S
and CaO at subsolidus temperatures, any bulk composition within the
tetrahedron C,S-C,S-C,A-C,AF would yield a clinker consisting of those
four phases. However, as in the CaO-Al,0,-SiO, system, it cannol be
assumed that any calcium oxide present at equilibrium at the clinkering
temperature will subsequently be reabsorbed. Following reasoning similar to



Table 2.1 Invariant points involving C,S in the CaO-Al,0;~Fe,0,;-Si0, system and in the same modified by 5% MgO

Solid phases Liquid composition (weight %) X in Type

in addition ferrite of Temp.
Point  to C,S CaO AlL,O; Fe,0, SiO, MgO  phase’ point® (°C) Ref.
Pl CaO 71.5 - - 28.5 - - P 2150 Gi10
P2 C,S 69.5 - - 30.5 - - E 2050 Gl10
P3 CaO + C,A 59.7 32.8 - 7.5 - - P 1470 R4
P4 C,S+ C;A 58.5 329 - 8.6 - - P 1455 R4
P5 CaO + ferrite 52.8 16.2 25.4 5.6 - 0.50 E 1347 L4
P6 C,S + ferrite 524 16.3 25.5 5.8 - 0.50 P 1348 L4
P7 Ca0O + C;A + ferrite 55.0 22.7 16.5 5.8 - 0.50 P 1341 L4
P7 Ca0O + C;A + ferrite 53.9 21.2 19.1 5.8 - 0.44 P 1342 S8
P7 CaO + C,A + ferrite + MgO  50.9 22.7 15.8 5.6 <50 047 P 1305 S10
P8 C,S + C,A + ferrite 54.8 22.7 16.5 6.0 - 0.50 ? 1338 L4
P8 C,S + C;A + ferrite 53.5 223 18.2 6.0 - 0.57 P 1338 S8
P8 C,S + C;A + ferrite + MgO 50.5 23.9 14.7 5.9 <5.0 0.67 P 1301 S10

“x in formula Ca,(AlFe, _,),0,.
b E = eutectic; P = peritectic.
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that in Section 2.2.6, calcium oxide will not be present at the clinkering
temperature of approximately 1450°C if the bulk composition lies on the
lime-poor side of a plane defined by the compositions of C,S, C,AF and the
invariant point P, (Fig. 2.7 and Table 2.1). The oxide ratios by weight for
these three compositions are given in Table 2.2. One may then set up three
simultaneous equations of the type

(Si0,/Ca0)x + (Al,0,/Ca0)y + (Fe,0,/Ca0)z = 1.0 2.1
where chemical formulae represent weight percentages of oxides in the
clinker, and solve them to obtain an expression for the content of CaO at
any point in the plane, viz:

Ca0 = x8i0, + yAlL, O, + zFe,0, (2.2)
This gives x=2.80, y=1.18, z=0.65.

Table 2.2 Oxide ratios by weight for points on the surface bounding the region in
which calcium oxide is an equilibrium phase at 1450°C

Point on surface Si0,/Ca0 Al,0;/Ca0 Fe,0,/Ca0O
C,S 0.357 0 0

C,AF 0 0.456 0.714

P, 0.126 0.549 0

The ratio (Ca0O/(2.80Si0, + 1.18Al,0, + 0.65Fe,0,)] is called the lime
saturation factor (LSF). A mix having an LSF greater than unity will yield
free calcium oxide at the clinkering temperature, and this phase is liable to
persist in the final product, irrespective of the degree of mixing of the raw
materials and the time during which the clinkering temperature is main-
tained. The calculation is approximate, because of the neglect of minor oxide
components and of ionic substitutions in the solid phases and for other
reasons. For values below unity, the LSF provides a measure of the extent to
which the maximum attainable content of C,S is approached. Values of
0.92-0.98 are typical of modern clinkers.

Lea and Parker considered that their calculations were valid only for
Al,0,/Fe, O, weight ratios in the clinker above that in C,AF (0.64), but this
does not appear to be correct (W6). The plane within the CaO-C,S-C,,A -
C,AF tetrahedron defined by the compositions of C,S, C,AF and the point
P, passes close to the composition of C,A, and therefore also to all other
compositions in the Ca,(Al Fe, _,),0; series. Swayze’s (S8) results, dis-
cussed in the next section, show that the extension of the CaO-C,S
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boundary surface to more iron-rich compositions remains close to this
plane, which therefore serves also for Al,O,/Fe,O, ratios below that in
C,AF.

2.4 Systems containing MgO or FeO
241 General

Portland cement raw materials contain small proportions of MgQO; as noted
in Section 1.1.2, these must be limited to avoid formation of more than a
minor amount of periclase. The iron in Portland cement clinkers is normally
present almost entirely as Fe**, but calcium aluminate cements may contain
both Fe** and Fe?*.

Table 2.3 lists some phases containing MgO that are in varying degrees
relevant to cement chemistry. It is not a complete list of phases with essential
MgO in the CaO-MgO-Al,0,-Si0, system. As seen in Chapter 1, some
MgO is also taken up by all four of the major clinker phases, typical
contents being 0.5-2.0% for alite, 0.5% for belite, 1.4% for the aluminate
phase, and 3.0% for the ferrite phase. Magnesium oxide (periclase), like
calcium oxide, has the sodium chloride structure; it is cubic, with a =
0.4213 nm, space group Fm3m, Z = 4, D, = 3581 kgm~* (S5) and refrac-
tive index 1.7366 (W3). FeO (wiistite) has the same structure, but always
contains some Fe®*, balanced by vacancies. It forms extensive solid solu-
tions with MgO and can also accommodate some CaO.

Early studies of such systems as MgO-C,S-C,,A, (HI13), CaO-MgO-
C,5-C,,A, (M22) and MgO-C,AF (I5) indicated that periclase is the only
phase with essential MgO liable to be formed in Portland cement clinkers. A
later study on the CaO-MgO-Al,0,-5i0, system suggested that bredigite
and ‘Phase Q’ could possibly occur in rapidly cooled clinkers (B9), but there
is no convincing evidence that either of these phases is present in production
clinkers.

2.4.2 Effect of MgO on equilibria in the CaO-Al,0;-Fe,05-Si0,
system

Swayze (S8,S10) extended the work of Lea and Parker (L4,L5) by consider-
ing the effects of variable ferrite composition and of the presence of MgO as
an oxide component. In the work with MgO, a constant 5% of the latter was
present in all the compositions examined. This was considered sufficient to
saturate the liquid, as small amounts of periclase were detected in nearly all
the products. Fig. 2.8 shows the results for the system in the presence of
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Table 2.3 Some phases containing MgO relevant to cement chemistry

Name Formula Structure type Note
Periclase MgO Sodium chloride

Forsterite M,S -

Monticellite CMs Otivine

Merwinite C,MS, Related to alkali

Bredigite C.MS, sulphate structures 1
Akermanite C,MS, Melilite (C,AS, etc.)

Enstatite MS p 5
Diopside CMS, yroxene

Spinel MA Spinel

- C;A,M

- C,AM(?) } Related to C,AS and C,A, 3
‘Phase Q’ C,0A3M,;S,

Notes

1. *Phase T". of approximate composition C, ;M, ;S (SI1, G12, S12, SI3) is identical with
bredigite (B9, M21).

" 2. Also the polymorphs clinoenstatite and protoenstatite, which too are of pyroxene type.

3. For references and descriptions, see Section 2.4.3. Phase Q is of variable composition: the
formula given is a median.

EDGE OF 95% TETRAHEDRON

a0

Fig. 2.8 The pseudosystem CaO-C,S-C,,A,-C,F modified by the presence of 5%
of MgO, showing the phase volume of C,S and tie lines for the ferrite phase, the
compositional range of which is represented by the hatched line. For details of
Invariant points P1-P8, see Table 2.1. After Swayze (510), with later modifications.
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MgO, modified to take account of later work on the subsystems. The
primary phase is thus always periclase, and the system is represented by
using a tetrahedron whose edges correspond to a total weight percentage of
95%. Volumes within this tetrahedron relate to the second phase to
crystallize.

The most important effects, whether of taking into account variable ferrite
composition or the presence of MgO, concern the invariant points for C,S,
C,A, ferrite phase, liquid and either CaO or C,8S, data for which are given in
Table 2.1, where they may be compared with those of Lea and Parker. In the
absence of MgO, the temperatures of the corresponding points agree well
between the two studies, but the liquid compositions are slightly different. In
the presence of MgQO, the temperatures are each lowered by 37 deg C and the
liquid compositions substantially affected, the Al,O, concentrations being
increased and those of CaO and Fe,O, decreased. Swayze found the ferrite
phase in equilibrium with C;A, C,8, C,S and liquid to have a composition
slightly more iron-rich than C,AF if MgO was absent, and one close to
CA,F if MgO was present.

Swayze pointed out that these results had important consequences for the
composition of the ferrite phase in Portland cement clinkers, the compo-
sitions of which normally include significant amounts of MgO. He con-
cluded that, for Al,0,/Fe,0, ratios above 1.6, the ferrite phase composition
would be C¢A,F. Probably a majority of Portland cement clinkers have
Al,0,/Fe,0, ratios in this range. For ratios below 0.84, assuming no free
calcium oxide to be present, no C;A would be formed, and the Al,0,/Fe,0,
ratio in the ferrite phase would be that of the bulk composition. For
intermediate values, lack of information about the tie lines for the ferrite
phase made it impossible to predict the composition of the ferrite phase.
Analyses of the ferrite phase in typical clinkers (Section 1.5.2) show that
these conclusions are essentially correct, though the situation is complicated
by the fact that the ferrite phase contains significant proportions of minor
oxide components, especially MgO, SiO, and TiO,.

Swayze assumed that, for the bulk compositions that he studied, all the
MgO was in the liquid phase at equilibrium, apart from the small pro-
portions present as periclase. As noted in the preceding section, all four of
the major clinker phases take up significant proportions of MgO. The
contents of the latter component in the liquid phase were therefore probably
substantially lower than 5%.

2.4.3 Phases structurally related to gehlenite

The phases C;A,M, C;AsM and ‘Q’ are structurally related to each other



Table 2.4 Crystal data for sulphate phases

Unit cell parameters (nm)

Crystal Space D,
Formula Name system® a b c group z (kgm ™) Ref.
K,S0, Arcanite Or 0.7476 1.0071 0.5763 Pnam 4 2668 M25
KC,S, Ca langbeinite ' Or 1.0334 1.0501 1.0186  P2,2,2,(?) 4 2683 Si4
K,NS, Aphthitalite® Tr 0.5680 - 0.7309 P3ml 3 2703 035
Na,SO,  Thenardite Or 0.5861 0.9815 1.2307 Fddd 8 2665 M26
CaSO, Anhydrite Or 0.7006  0.6998  0.6245 Amma 4 2952 K4
C.A,S ‘Aluminosulphate’ Cu 1.839 - - 14,32 16 2607 HI15
C.S,8 ‘Silicosulphate’ Or 1.0182 1.5398 0.6850 Pcmn 4 2973 B21

“Or = orthorhombic, Tr = trigonal (y = 120°), Cu = cubic.

® Data are for composition given; cell parameters decrease with increasing Na/K ratio (P2).



Table 2.5 Optical properties of sulphate phases

Refractive indices

Formula Name a B Y Character 2V Ref.
K,S0, Arcanite 1.4935 1.4947 1.4973 Biaxial + 67° W3
KC,S, Ca langbeinite 1.522 1.526 1.527 Biaxial — Low S14
KNS, Aphthitalite® 1.493 - 1.498 Uniaxial + -~ w3
Na,SO, Thenardite 1.471 1.477 1.484 Biaxial + 84° w3
CaS0, Anhydrite 1.5698 1.5754 1.6136 Biaxial + 43° W3
C.A,S ‘Aluminosulphate’ - 1.569 - Isotropic - H15
C,S,S ‘Silicosulphate’ 1.632 1.638 1.640 Biaxial — 60° P6

?Data are for composition given; refractive indices decrease with increasing Na/K ratio (W3).
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The only phase containing essential alkali but not essential SO, known to
occur in Portland cement clinkers in more than trace amounts is the
orthorhombic aluminate phase described in Section 1.4. Trace amounts of
alkali carbonates (P2) or potassium aluminate (F4) have been reported to
occur in some clinkers, and some other alkali phases are formed as inter-
mediates or deposits.

Tables 2.4 and 2.5 list the sulphate phases and give crystal data and
optical properties, respectively. Arcanite is the polymorph (B) of KS stable
at room temperature; it transforms reversibly to a-KS at 583°C and melts at
1069°C (R7). Thenardite is the polymorph (V) of NS stable in the presence
of moisture at room temperature; on heating, it passes through a complex
sequence of phase transitions and melts at 883°C (El). Other polymorphs
can persist to room temperature. Anhydrite is the polymorph (f) of CS
stable at room temperature, formed on heating the hydrates or the metastable
v-CS (‘soluble anhydrite’). A thermal effect at 1195°C, generally attributed
to polymorphic change to an a-CS, may be associated with onset of ionic
rotation (F5). On heating in air, decomposition is detectable below 1000°C
(K5), but slow below 1200°C; in a closed container, anhydrite melts at
1462°C (R7). Calcium langbeinite undergoes a minor phase transition at
940°C and melts incongruently to give CS and liquid at 1011°C (R7).
Aphthitalite is essentially a solid solution phase of general composition
(K,Na),SO,. When it is formed stably at room temperature, the compo-
sition does not vary much from K,NS,, but at higher temperatures compo-
sitions much higher in sodium are possible, up to a limit near KN,S,, and
the resulting solid solutions can be quenched to room temperature. Glaserite
is a varietal name for aphthitalite of or near K,NS, composition.

C,A,S [Ca,(Alg0,,)(SO,)] is readily formed on heating mixtures of
appropriate composition in air at 1350°C (R8,H15,H16). The crystal struc-
ture is a slightly distorted variant on that of sodalite [Na,(Al;Si,0,,)Cl}; it
is composed of a three-dimensional framework of AlO, tetrahedra sharing
corners, with Ca2* and SO2~ ions in the cavities (H15). The distortion
causes a doubling of the lattice parameter and change in space group (H16).
C,A,S reacts readily with water, and melts at about 1600°C (H15).

C,S,S [Ca4(Si0,),(SO,)] has sometimes been called sulphospurrite. The
name is misleading, because the structure is unrelated to that of spurrite
[Ca4(Si0,),(CO,)} and elemental prefixes conventionally denote similarity
not only in formula type, but also in structure. C,S,S is isostructural with
silicocarnotite, Cas(PO,),(SiO,) (B21). It is obtained on heating mixtures of
appropriate composition in air of ordinary humidity (G14,P7), and in this
environment is stable up to 1298°C (P8). Pliego-Cuervo and Glasser (P7)
were unable to prepare it in the absence of water vapour and obtained
evidence that it contained a small amount of essential OH ™. They con-
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sidered that the atmosphere in a cement kiln was sufficiently moist to
stabilize it in the appropriate temperature range, but that this might not hold
true for the centres of clinker lumps.

2.5.2 Equilibria

Considering first systems of sulphates alone, phase equilibria have been
reported for KS-NS (EI), KS-CS (R7,P9) and KS-NS-CS (B22). Melting
of KS-NS—-CS mixes begins below 800°C (R9). At high temperatures, KS is
completely miscible with NS (E1) and accommodates up to 24 mole % of CS
(R7) in solid solutions having the a-KS structure. With increase in tempera-
ture above ambient, the compositional range of aphthitalite solid solution
rapidly broadens, extending much further in the direction of NS and
contracting slightly in that of KS; the maximum Na/K ratio of about 3: 1 is
attainable at 195°C (El). At room temperature, all the phases other than
metastable aphthitalites have essentially the fixed compositions shown in
Tables 2.4 and 2.5.

A study of the CaO-KS-CS system showed that the sulphate melts
dissolved only a little CaO (P9). Alkali sulphate melts also show only limited
mutual miscibility with oxide melts similar in composition to the main
clinker liquid (T6,P7,P10,T1). For contents of alkali sulphates of 2-3% in
the clinker liquid as a whole, the sulphate liquid is dispersed in the oxide
liquid as microregions about 100 nm in diameter (T1), but with higher
contents of alkali sulphates, the two liquids separate on a macroscopic scale
(T1,G15). The partitioning of the components between sulphate melts and
simulated clinker liquids at 1350°C has been studied (G15). SO, is virtually
insoluble in the oxide liquid, and SiO,, Al,0; and Fe, O, only dissolve to
very minor extents in the sulphate liquid, but CaO, Na,O and K,O are
appreciably soluble in both. For five mixes studied, the ratio of K,O to
Na,O was between 1.9 and 4.6 times higher in the sulphate than in the oxide
liquid.

Several early phase equilibrium studies on systems of calcium silicates or
aluminates with alkalis were reported (N9), but their significance needs to be
reassessed because they postulated the existence of the compounds NCgA 4
or KC,,S,,, which in neither case is supported by more recent work.

Gutt and Smith (G16) reviewed earlier work on the effects of SO, on the
formation of Portland cement clinker, and to augment the available
information studied part of the CaO-Al,0,-Fe,0,-Si0,-CaSO, system at
1400°C. They concluded that, if Al,0, was present and MgO absent, even
small proportions of SO, could restrict or prevent formation of C,S. The
effect was lessened, but not eliminated, if MgO was present, and it was noted
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that other minor components, especially alkalis, might further modify the
situation.

Pliego-Cuervo and Glasser (P8) determined subsolidus phase assemblages
in the CaO-rich part of the Ca0-Al,0,-Si0,-S0O, system at 950-1150°C.
Four-phase and three-phase assemblages defining the equilibria between
Ca0, C,S, C;A, C,,A,, CA, C,8,S and C,A,S were established. This work
was extended (P10) to cover parts of the CaO-Al,0,-SiO,-KS, CaO-
Al,0,-KS-CS, Ca0-Al,0,-Si0,-KS-CS and CaO-Al,0,-Fe,0,-KS-CS
systems, and the role of sulphur-containing species in the solid, liquid and
vapour states in the formation of Portland cement clinker was discussed.
Neither C;S,S nor C,A,S could occur in the final product, but both could
play important parts in the kiln reactions.

Kapralik er al. (K5,K6) studied equilibria in part of the CaO-Al,O;-
Si0,-Fe,0,-MgO-CS-KS system at temperatures up to 1300°C with refer-
ence to the formation of clinkers designed to contain C,A,S. Compatible
phase assemblages were established. The authors noted that the subsystem
C,S-C,A,S-CS included all the main compounds having hydraulic proper-
ties that were formed in clinkers of this type.

2.6 Systems with other components
2.6.1 Fluorides and fluorosilicates

Small amounts of F~ may occur in Portland cement clinkers, arising from
raw materials or deliberate additions to lower the clinkering temperature.
Two ternary phases are known to exist in the CaO-C,S-CaF, system, both
of which were discovered by Bereczky (B23). One, now known to be of
formula 2C,S-CaF, or Ca(SiO,),F,, has a structure analogous to that of
chondrodite [Mg.(SiO,),(OH,F),], with layers of y-C,S structure alter-
nating with ones containing Ca?* and F~ (G17).

The second ternary phase has been described as 3C,S-CaF, (GI8),
C,,S,CaF, (T7) and C,,S,2CaF, (G19), but its probable formula is
Cag_ ;81,04 ,F, (x = 1), which has a structure related to that of C,S
with partial replacement of O?~ by F~ balanced by omission of Ca?*
(P11,P12). The arrangement of Ca?*, SiO}~ and O*~ or F~ ions differs
from that in the C,S polymorphs, and is the simplest possible in the broader
family of structures to which the latter belong (P11). There is a strongly
marked pseudocell, which (for x = 1.0) is hexagonal with a = 0.7099 nm,
¢ =0.5687 nm, space group P6,/mmc and atomic contents 1/2 [C,,S,-CaF,],
but the true cell is triclinic, with a =2.3839nm, b= 0.7105nm, ¢ =
1.6755nm, a =90.0°, B=117.3° vy =9856° and atomic contents
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5[C,0Ss-CaF,] (P11,P12). The X-ray density, for x = 1.0, is 2936 kgm ~>.
For brevity, we shall call this phase C,,S,-CaF,.

In the C,S—CaF, system, the two end members form a eutectic at 1110°C.
2C,S-CaF, can be obtained by solid-state reaction at 950°C and decomposes
at 1040°C to give C,S and CaF, (G18). Two phase equilibrium studies of the
Ca0-C,S-CaF, system (T7.G20) (Fig. 2.9) are in good agreement.
C,0S4°CaF, melts incongruently at 1170°C to give C;S and liquid. In the
presence of CaF,, C;S can thus be obtained at this temperature through the
successive formation and decomposition at lower temperatures of
2C,S-CaF, and C,,S, CaF, (B23,G21.T7).

10 20 30 %0 50 50 70 80
(a0 WEIGHT % CaFy

Fig. 2.9 The system CaO-C,S-CaF,. After Gutt and Osborne (G20; Building
Research Establishment; Crown Copyright).

There is some uncertainty as to the extent to which F~ enters the C,S
structure (as opposed to that of C,,S,-CaF,) and also about the effective-
ness of C,S produced in presence of CaF, as a cement. Welch and Gutt
(W8) found that addition of CaF, to the starting materials caused the
polymorph to change from triclinic to monoclinic, and obtained results
suggesting that 0.74% of F~ entered the C,S; CaF, accelerated the forma-
tion of C,S but the compressive strengths of mortars made with the latter

-were reduced. Tanaka et al. (T7) found that C,S formed from C,,S,-CaF,
was trigonal (presumably rhombohedral), though it tended to invert to
monoclinic on quenching. They found that C,,S,-CaF, gave poor strengths
and suggested that the poor hydraulic activity of Welch and Gutt’s prep-
arations might have been due to presence of this phase, formed from the C,S
during cooling. Maki et al. (M27) described an alite prepared from a melt
containing F~; it was monoclinic (M), and contained 0.9% F and 3.4%
ALO,.
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In contrast to some of these results, Moir (M7) described a clinker
containing 1.8% Al,0;, 2.3% SO, and 0.16% F, which gave high early
strengths; the C,S it contained was rhombohedral. Shame and Glasser (S15)
found that little F~ could enter the C,S structure in the absence of Al®™,
which permitted coupled substitution to occur, giving material of general
formula Ca,(AlSi, _ )(Os_F,). The upper limit of x was 0.15 (1.2% F). At
x = 0.15, the material was rhombohedral, even if cooled rapidly, and gave
high 28-day strenéths. In the presence of AI>* and F~, C;S could be made
by solid-state reaction at temperatures as low as 1025°C, though reaction
was slow below 1050°C. At higher temperatures, F~ not lost by volatiliza-
tion was mainly present in the melt, and thus acted as a flux rather than as a
mineralizer.

Another calcium silicate fluoride, cuspidine [Ca,(Si,0,)F,], exists but is
not formed under conditions relevant to clinker formation. Systems contain-
ing fluorosilicate ions [SiFZ~] and the possible use of calcium fluorosilicate
as a flux have been investigated (S16). ]

In the CaO-Al,0,-CaF, system, the compound C, A,-CaF, was de-
scribed in Section 2.2.3. One other ternary phase, of compositon 3CA-CaF,,
is known; it is hexagonal, with @ = 1.729 nm, ¢ = 0.701 nm, and refractive
indices @ = 1.628, ¢ = 1.618 (L7). Several studies on parts of the system
have been reported (G22,C5,C7,Z4).

2.6.2 Carbonates

Spurrite [Cay(Si0,),(CO,)] is readily formed under suitably low partial
pressures of CO,; using oxalic acid as a source of CQ,, it has been obtained
at 430°C (H17). At sufficiently low CO, pressures or sufficiently high
temperatures, it decomposes to give C,S and CaO. Some other syntheses,
and conditions under which spurrite is formed or decomposed in the cement
kiln, are mentioned in Sections 3.3.3 and 3.3.5. A pressure-temperature
equilibrium curve for the reaction of wollastonite and calcite to give spurrite
and CO, has been reported (H18). The crystal structure is known, and the
unit cell is monoclinic, with ¢ = 1.049 nm, = 0.6705nm, ¢ = 1.416 nm,
B = 101.3°, space group P2,/a, Z = 4, D, = 3024 kgm ™3 (S17). The refrac-
tive indices are: a = 1.638, B = 1.671, y = 1.676; (—)2V = 40° (HI18).
Another calcium silicate carbonate, tilleyite [Ca(Si,O,)(CO,),], occurs as a
natural mineral and has been synthesized (H17), but is not known to form
during the manufacture of clinker.

2.7 Laboratory preparation of high-temperature phases

In general, high-temperature phases are prepared in the laboratory by
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heating mixtures of appropriate composition at temperatures at which
reference to the phase equilibria shows them to be stable. Platinum appar-
atus is normally required. Compounds having a lower temperature limit of
stability (e.g. C,S) may have to be cooled rapidly to a temperature at which
they are kinetically stable. Some high-temperature polymorphs can be
preserved by quenching, but with others it may be necessary to add a
stabilizer. For B-C,S, B,0, (0.1-0.3%) has often been used, but it may be
considered preferable to employ a composition closer to that of the material
in clinker. As noted in Section 1.3.1, crystals of B-C,S below a certain size do
not invert to y-C,S on cooling. This makes it possible to prepare B-C,S
without any stabilizer by first preparing y-C,S and reheating at 1000°C
(S18). For the same reason, B-C,S is the normal product when hydrated
calcium silicates of appropriate composition, including the major hydration
product of C,S or Portland cement, are decomposed at 800-1000°C.

‘As starting materials for high-temperature preparations, finely ground
and well-mixed combinations of crystalline oxides (e.g. quartz) and carbo-
nates (e.g. calcite) have been widely used. Mixtures containing carbonates
must initially be heated at a relatively low temperature (900-1000°C for
calcite) to avoid violent decarbonation. Repeated heating and regrinding,
followed each time by examination of the product by light microscopy,
XRD or other methods, is often necessary to produce an acceptable product.
Intermediate products are often formed; for example, in the CaO-SiO,
system, C,S is formed initially, and reacts only slowly with any excess of
calcium oxide or silica to give other phases. Some phases can be obtained by
cooling of melts or devitrification of glasses. Particular care and choice of
conditions may be needed if, as with the ferrite phase, protected phases or
zoned crystals may be formed. More reactive starting materials can some-
times be used; for example, C,S of 99% purity has been obtained by a single
heating of a mixture of freshly precipitated calcium oxalate and hydrous
silica (O6). It may also be possible first to prepare a hydrated compound and
then to heat it; for example, C;A can be obtained in this way via C;AH,.

If material can be lost by volatilization, as with phases containing alkalis,
fluoride, or sulphate, it may be necessary to use a sealed platinum container
and to test its effectiveness by chemically analysing the product. Control of
the furnace atmosphere, e.g. by employing mixtures of CO and CO, to
buffer the oxygen pressure, may be needed if variable oxidation states are
possible, as with iron compounds. Special methods may be needed to make
single crystals of sufficient size for X-ray structure determinations or other
purposes. These are described in papers on X-ray structure determination.
Single crystals of C,S can be obtained from CaCl, melts (N10).
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The chemistry of Portland cement

3.1

311

manufacture

General considerations

Summary of the reactions in clinker formation

In the manufacture of Portland cement clinker, the raw materials, typically a
limestone and a clay or shale, are intimately mixed and heated, ultimately to
a temperature of about 1450°C. The principal reactions taking place are
conveniently divided into three groups, viz:

M

(2)

3)

Reactions below about 1300°C, of which the most important are (a)
the decomposition of calcite (calcining), (b) the decomposition of clay
minerals, and (c) reaction of calcite or lime formed from it with quartz
and clay mineral decomposition products to give belite, aluminate and
ferrite. Liquid is formed only to a minor extent at this stage, but may
have an important effect in promoting the reactions. At the end of this
stage, the major phases present are belite, lime, aluminate and ferrite.
The last two may not be identical with the corresponding phases in the
final product. :
Reactions at 1300-1450°C (clinkering). A melt is formed, mainly from
the aluminate and ferrite, and by 1450°C some 20-30% of the mix is
liquid. Much of the belite and nearly all the lime react in the presence
of the melt to give alite. The material nodulizes, to form the clinker.
Reactions during cooling. The liquid crystallizes, giving mainly alumi-
nate and ferrite. Polymorphic transitions of the alite and belite occur.

Fig. 3.1 shows these changes for a typical clinker. No attempt has been
made to show a detailed sequence of phases below 1300°C, as sufficient data
do not exist, and minor phases, including sulphates, are omitted. Quanti-
tative phase compositions at various stages vary considerably with starting
materials and other factors.

3.1.2 Lime saturation factor, silica ratio and alumina ratio

Chemical analyses of cements, clinkers and individual phases are commonly

60
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Fig. 3.1 Schematic diagram showing the variations in typical contents of phases
during the formation of Portland cement clinker. Loosely based on a figure by
Wolter (W9).

expressed in terms of oxide components, but it is often useful to employ
quantities derived from these. In the equations that follow, chemical formu-
lae also denote weight percentages. The following parameters are widely
used in the UK and elsewhere:

Lime saturation factor (LSF) = Ca0/(2.858i0, + 1.2A1,0, + 0.65F¢,0;)

3.1
Silica ratio (SR) = SiO,/(Al,0; + Fe,0;) (3.2)
Alumina ratio (AR) = Al,0,/Fe,0, (3.3)

The definition of LSF is theoretically based (Section 2.3.3), and in the form °*
given above applies to clinkers; if corrected by subtracting 0.7SO, from
CaQ, it may be applied to cements. It largely governs the ratio of alite to
belite and also shows whether the clinker is likely to contain an unacceptable
proportion of free lime, a value of 1.0 or above indicating that the latter will
be present at equilibrium at the clinkering temperature and thus liable to
persist in the product. In practice, values up to 1.02 may be acceptable;
typical values for modern clinkers are 0.92-0.98. Other parameters similar in
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function to LSF are used in some countries. A suggested modification to the
LSF definition, intended to allow for magnesium substitution in alite,
replaces CaO by (CaO + 0.75MgO) for MgO < 2%, or by (CaO + 1.5) for
MgO > 2% (S19). In the German literature, Kalkstandard Il corresponds
approximately to LSF and Kalkstandard III to this modification of it.

The SR and AR, also respectively called silica modulus and alumina
modulus, are empirically based. For normal types of Portland cement
clinker, SR is usually 2.0-3.0, and AR 1.0-4.0, but these ranges do not apply
to special types, such as sulphate-resisting or white cement clinkers. The SR
governs the proportion of silicate phases in the clinker. Increase in SR
lowers the proportion of liquid at any given temperature in the kiln, and
thus makes the clinker more difficult to burn. The AR governs the ratio of
aluminate to ferrite phases in the clinker, which has important effects on
cement properties, and also determines the quantity of liquid formed at
relatively low temperatures; at 1338°C, for a given total content of Al,O,
and Fe,0,, the quantity of liquid theoretically passes through a maximum at
an AR of 1.38.

The proportions of raw materials are commonly calculated on the basis of
the above parameters, most obviously by setting up and solving simul-
taneous equations; to fix n parameters, n + | raw materials of appropriate
composition are required. It is also necessary to consider the desired or
allowable contents of minor components.

3.1.3 The Bogue calculation

In another approach, widely used in the USA and elsewhere, the quantitat-
ive phase composition is estimated using a procedure due to Bogue (B24). It
is necessary also to know the content of free lime, which may be determined
by a chemical extraction method (Section 4.3.3). The calculation is as
follows:

(1) Assume that the compositions of the four major phases are C,S, C,S,
C;A and C,AF.

(2) Assume that the Fe,O; occurs as C,AF.

(3) Assume that the remaining Al,O; occurs as C;A.

(4) Deduct from the CaO content the amounts attributable to C,AF,
C;A and free lime, and solve two simultaneous equations to obtain
the contents of C,S and C,S.

This leads to the following equations, in which CaO is assumed to have been
corrected for free lime:
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C,8 = 4.0710Ca0 — 7.6024Si0, — 6.7187AL,0; — 1.4297Fe,0;  (3.4)
C,S = —3.0710Ca0 + 8.6024Si0, + 5.0683A1,0, + 1.0785F¢,0,

= 2.8675Si0, — 0.7544C,S (3.5)
C,A = 2.6504A1,0, — 1.6920Fe,0, (3.6)
C,AF = 3.0432F¢,0, (3.7)

As with LSF, the approach is applicable to cements if CaO is further
corrected by deducting 0.7SO,. Because minor oxide components are
ignored, the total for the four main phases plus free lime will not add up to
100%. It is implicit in the approach that all the MgO is assumed to occur as
periclase. The phase composition calculated by Bogue’s method is related to
the LSF in that a ratio of C,S to C3A < 0.546, calculated without correcting
the CaO content for free lime, corresponds to an LSF > 1.0 (D2).

The results of the Bogue calculation are often called potential phase
compositions, because when the procedure was devised, it was generally
considered that the principal source of error was failure to reach equilibrium
during cooling. The results do indeed differ, probably often markedly, from |
the true phase compositions, notably in underestimating alite and overesti-
mating belite (Section 4.4.6), and it is unlikely that equilibrium is maintained
during cooling, but the direct source of error is that the compositions of the
clinker phases differ considerably from those of the pure compounds. Bogue
compositions are used in some specifications, and for proportioning by
setting up and solving equations to calculate the relative amounts of raw
materials needed to obtain given ‘potential’ contents of C,S or other phases.
They have often been misused for other purposes on the assumption that
they are close to the actual phase compositions. Spohn er al. (S19) have
indicated the dangers of such uncritical use.

3.1.4 Enthalpy changes in clinker formation

The enthalpy change on formation of Portland cement clinker cannot be
calculated with high precision, mainly because of uncertainties associated
with the clay minerals in the raw material. Table 3.1 gives data for the main
thermochemical components of the reaction, almost all of which have been
calculated from a self-consistent set of standard enthalpies of formation, and
which are therefore likely to be more reliable than other values in the
literature. The conversion of the clay minerals into oxides is an imaginary
reaction, but valid as a component in a Hess’s law calculation. Few reliable
thermochemical data exist for clay minerals; those for pyrophyllite and
kaolinite can probably be used with sufficient accuracy, on a weight basis,
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for other 2:1 and 1:1 clay minerals, respectively. The data for the pure
compounds may similarly be used for the clinker phases. Table 3.2 illustrates
the use of these data. The quantitative phase composition of the clinker was
estimated from the bulk composition by the method described in Section 4.4.
The overall enthalpy change is often calculated approximately from the bulk
composition using a formula (Z5), and an experimental method for its
determination has been described (C8).

Table 3.1 Standard enthalpies of reaction

AH For
Reaction kD 1 kg of
CaCO; (calcite) » CaO + CO,(g) +1782 CaCO,

AS,H (pyrophyllite) - a-Al,04 + 4Si0, (quartz) + H,0(g) +224 AS,H
AS,H, (kaolinite) - a-Al,0, + 25i0, (quartz) + 2H,0(g) +538 AS,H,

2FeO-OH (goethite) —» a-Fe, 0, + H,0(g) +254 FeO-OH
2Ca0 + SiO, (quartz) - B-C,S —-734 C,S
3Ca0 + SiO, (quartz) » C,S —495  C,S
3Ca0 + a-AlL,O, - C,A —27 C;A
6Ca0 + 2a-Al,0,; + a-Fe,0; = C4ALF —157  C,A,F
4Ca0O + a-Al,O; + a-Fe,0, - C,AF —105 C,AF

Values for starting materials and products at 25°C and 0.101 MPa, calculated from the data of
Wagman et al. (W10) excepling those for the formation of C(A,F (N11) and C,AF (T8). The
value for C,AF is for 20°C.

Table 3.2 Enthalpy of formation of 1 kg of a Portland cement clinker

Starting materials treated as Products treated as
Calcite 1.20 kg C,S 0.673 kg
Quartz 0.10kg B-C,S 0.133 kg
Pyrophyllite 0.15kg C,A 0.118kg
Kaolinite 0.04 kg CeA,F 0.064 kg
Goethite 0.03 kg CaO 0.010kg
Component of reaction AH (k])
CaCO, - CaO + CO, +2138

AS,H (pyrophyllite) - a-Al,O, + 4Si0, (quartz) + H,0(g) +34
AS,H; (kaolinite) - a-Al,O, + 2Si0, (quartz) + 2H,0(g) +21

2FeO-OH (goethite) - a-Fe,0; + H,0(g) +9
3Ca0 + SiO, (quartz)} —» C,S —333
2Ca0 + Si0, (quartz) — B-C,S —98
3Ca0 + a-AlL,O; » C,A -3
6Ca0 + 20-Al,0, + 0-Fe, 0, - C,ALF -7

Total + 1761
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The overall enthalpy change in forming clinker is dominated by the
strongly endothermic decomposition of calcite. The component reactions
for the replacement of clay minerals by oxides are endothermic, because the
heat required for dehydroxylation exceeds that liberated on forming the
products.

The formation of B-C,S from lime and quartz is moderately exothermic,
but that of C,S from lime and PB-C,S is endothermic, with AH =
+59kJ kg~ ' All these calculations refer to reactants and products at 25°C
and 0.1 MPa. The enthalpy changes at the temperatures at which the
reactions occur are somewhat different, because the specific heats of reac-
tants and products are not the same. The reaction of lime with C,S giving
C,S changes from endothermic to exothermic at 1430°C (J4). For the
decomposition of calcite at 890°C, AH is + 1644 kI kg™ ' (L6).

3.2 Raw materials and manufacturing processes
3.2.1 Raw materials and fuel

These, and manufacturing processes, will be considered only to the extent
needed for a basic understanding of their chemistry: fuller accounts are given
elsewhere (D3,G23,K7,P13).

The raw mix for making Portland cement clinker is generally obtained by
blending a calcareous material, typically limestone, with a smaller amount of
an argillaceous one, typically clay or shale. It may be necessary to include
minor proportions of one or more corrective constituents, such as iron ore,
bauxite or sand, to increase the proportions of Fe,0,, Al,O, or SiO,.
respectively. On the other hand, some argillaceous limestones and marls
have compositions near to that required, making it possible to use a blend of
closely similar strata from the same quarry.

Limestones vary in physical characteristics from compact rocks of low
porosity to friable and highly porous ones, such as chalk, which may contain
up to 25% of water. All consist essentially of calcium carbonate, normally in
the polymorphic form of calcite. Other naturally occurring forms of CaCO,,
such as shell deposits, are sometimes used. Many limestones contain signifi-
cant amounts of minor components, either as substituents in the calcite or in
accessory phases, some of which are deleterious if present in amounts
exceeding a few per cent (e.g. MgO, SrO), a few tenths of a per cent (e.g.
P,0,, CaF,, alkalis) or even less (some heavy metals).

Suitable shales and clays typically have bulk compositions in the region of
55-60% SiO,, 15-25% Al,0, and 5-10% Fe,0,, with smaller amounts of
MgO, alkalis, H,O and other components. Mineralogically, their main
constituents are clay minerals, finely divided quartz and, sometimes, iron
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oxides. The dominant clay minerals are usually of the illite and kaolinite
families, but small amounts of smectites (montmorillonite-type minerals)
may also be present. Kaolinite has a [ :1 layer silicate structure and ionic
constitution Al,(Si,O5)(OH),. Illites and smectites have 2: 1 layer silicate
structures, derived from those of pyrophyllite [Al,(Si,0,),(OH),] or talc
[Mg,(Si,04),(OH),] by various ionic substitutions and incorporation of
interlayer cations and, in smectites, water molecules. In place of clays or
shales, other types of siliceous rocks, such as schists or volcanic rocks of
suitable compositions, are sometimes used.

Pulverized coal is the most usual fuel, though oil, natural gas and lignite
are also used. The contributions of the fuel to the clinker composition must
be taken into account, especially with coal or lignite, which produce
significant quantities of ash broadly similar in composition to the argilla-
ceous component. The fuels also contribute sulphur.

Due to the increasing cost of energy, the need to preserve the environ-
ment, and the non-existence or exhaustion of suitable natural raw materials
in some areas, industrial and other waste materials are of interest as possible
raw materials or supplementary fuels or both. Energy can be saved if even a
part of the CaO can be provided by a material, such as blastfurnace slag,
that does not require decarbonation. Supplementary fuels include such
materials as used or reject tyres and pulverized household refuse, which can
be introduced into the system in various ways. Some materials, such as
pulverized fuel ash (pfa; fly ash) can serve as raw materials that also possess
some fuel content. Other wastes that have been used include calcium silicate
residues from aluminium extraction, mining residues, and precipitated
calcium carbonate from various industries.

3.2.2 Dry and wet processes; energy requirements

Comminution and mixing of the raw materials may be carried out either dry
or wet. The theoretical amount of heat needed to produce | kg of clinker
from typical raw materials is about 1750 kJ (Section 3.1.4). Additional heat
is required because heat is retained in the clinker, kiln dust and exit gases
after they leave the system, lost from the plant by radiation or convection,
and, in the wet process, used to evaporate water. Table 3.3 compares the
heat requirements of the wet process and a modern version of the dry
process, in each case assuming typical raw materials and proper plant design
and operating conditions. The greater thermal efficiency of the dry process
occurs largely because there is no added water to be evaporated. The total
energy requirement of a cement works includes also electrical energy used in
operating the plant, to which grinding of raw material and of clinker make
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important contributions. This is higher for the dry process than for the wet
process, typical values being 120 kWh and 77kW per tonne of cement
(432 kJ kg™ ! and 277 kJ kg ™! respectively, including that used for grinding
the clinker in each case (D4)) but the difference is small compared with that
in the amounts of fuel required.

The wet process has certain advantages if the raw materials are already
soft and moist, but its low fuel efficiency has rendered it obsolescent, and the
following description is of a modern version of the dry process.

Table 3.3 Heat requirement in dry and wet process kilns (kJ/kg of clinker)

Dry Wet
Theoretical heat requirement for chemical reactions 1807 1741
Evaporation of water 13 2364
Heat lost in exit gases and dust 623 753
Heat lost in clinker 88 59
Heat lost in air from cooler 427 100
Heat lost by radiation and convection 348 682
Total 3306 5699

Dry kiln with suspension preheater. Data adapted from Ziegler (Z6).

3.2.3 The dry process; suspension preheaters and precalciners

The raw materials first pass through a series of crushing, stockpiling, milling
and blending stages, which yield an intimately mixed and dry raw meal, of
which typically 85% passes through a 90-um sieve. With automated,
computer-controlled procedures, the LSF, SR and AR can be maintained
constant to standard deviations of 1%, 0.1 and 0.1, respectively.

The raw meal passes through a preheater and frequently also a precal-
ciner before entering a rotary kiln. A preheater is a heat exchanger, usually
of a type called a suspension preheater in which the moving powder is
dispersed in a stream of hot gas coming from the kiln. Fig. 3.2 shows a
common arrangement, which employs a series of cyclones. Heat transfer
takes place mainly in co-current; the raw material passes through the
preheater in less than a minute, and leaves it at a temperature of about
800°C. These conditions are such that about 40% of the calcite is decarbo-
nated. [t is possible to introduce a proportion of the fuel into a preheater,
with a corresponding reduction in the proportion fed to the kiln; a precal-
ciner is a furnace chamber introduced into the preheater into which 50-65%
of the total amount of fuel is introduced, often with hot air ducted from the
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cooler. The fuel in a precalciner is burned at a relatively low temperature;
heat transfer to the raw meal, which is almost entirely convective, is very
efficient. The material has a residence time in the hottest zone of a few
seconds and its exit temperature is about 900°C; 90-95% of the calcite is
decomposed. Ash from the fuel burned in the precalciner is effectively
incorporated into the mix.

EXIT GAS

Fig. 3.2 Schematic diagram of a four-stage cyclone-type suspension preheater. P
indicates the position at which a precalciner burner may be incorporated.
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Because less heat is supplied to the kiln, precalcination allows the rate at
which material can be passed through a kiln of given size to be greatly
increased, thus saving on capital cost. Alternatively, the rate of providing heat
can be reduced, which lengthens the life of the refractory lining. Less NO, is
formed, since much of the fuel is burnt at a low temperature, and with some
designs, NO, formed in the kiln may be reduced to N,. Low-grade fuels can
often be used in the precalciner. Precalcination may also make it economi-
cally feasible to deal with the problem, discussed in the next section, of
formation of deposits in the duct carrying the hot gases from the kiln to the
preheater.

3.2.4 The rotary kiln

The rotary kiln is a tube, sloping at 3-4% from the horizontal and rotating
at I-4revmin~!, into which the material enters at the upper end and then
slides, rolls or flows counter to the hot gases produced by a flame at the
lower or ‘front’ end. In a system employing a precalciner, the kiln is typically
50100 m long and its ratio of length to diameter is 10-15. The maximum
material temperature, of about 1450°C, is reached near to the front end of
the kiln in the ‘burning zone’, also called the clinkering or sintering zone, in
which the material spends 10-15min. The kiln is lined with refractory
bricks, of types that vary along its length in accordance with the varying gas
and material temperatures. The bricks become coated with a layer of clinker,
which plays an essential part in the insulation and in extending their life.

Nodules of clinker, typically 3-20 mm in diameter, are formed in a
semisolid state in the burning zone, and solidify completely on cooling,
which begins in a short cooling zone within the kiln, and continues in a
cooler. In modern plants, when the nodules leave the kiln, their internal
temperatures are around 1350°C, but their surface temperatures are con-
siderably lower.

Liquid or pulverized solid fuels are blown into the kiln through a nozzle
with ‘primary’ air. Additional ‘secondary’ air is drawn into the kiln through
the clinker cooler. The flame in the rotary kiln must meet several require-
ments. The clinker must be correctly burned, so as to minimize its content of
free lime, with the least expenditure of fuel. The ash from a solid fuel must be
uniformly absorbed by the clinker. For normal Portland cements, the
conditions must be sufficiently oxidizing that the iron is present as Fe3*;
however, for white cements, mildly reducing conditions may be preferable.
Proper flame control also extends the life of the refractory lining of the kiln.
Computer-aided or fully automated control of kiln operating conditions is
increasingly used.
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3.2.5 Circulation of volatiles; dust; coocling of clinker

In the hotter parts of the kiln, the potassium, sodium, sulphur, chlorine and
some other elements provided by the raw material or fuel are partly or
wholly volatilized. The fractions that are not pass into the clinker. The
volatilized material is swept back with the hot gases to the cooler parts of the
system, where, assuming that a suspension preheater or precalciner is used, it
is largely reabsorbed, so that cycles are set up. Material that is not
reabsorbed may leave the system through the preheater as gas or dust, but
some can form solid or semisolid deposits. Deposits formed in this and other
ways can seriously restrict the movement of material and gases; in the kiln,
they form rings. They can form in the duct carrying the hot gases from the
kiln to the preheater. With some raw materials or fuels, it is necessary to
divert part of the gas through a bypass and to filter out the dust that it
carries, and to accept the consequent losses of heat and material, but
changes in the raw materials or fuel may sometimes be a preferable solution
(DS).

Dust from the kiln is largely captured in a suspension preheater; that
which is not is removed by an electrostatic precipitator before the gas passes
up the chimney. The flow of gas is aided by an exhaust fan. The dust is as far
as possible returned to the system by mixing with the raw meal or with the
fuel (insufflation), though the extent to which either is possible may be
restricted by its content of alkali sulphates or chlorides, which if high could
lead to an unduly high recirculating load, conducive to the formation of
deposits or undesirably high concentrations in the clinker.

The clinker cooler is essentially a heat exchanger that extracts heat from
the clinker for return to the system; also, a cooled clinker is more readily
transported, ground or stored. Rapid cooling from the clinkering tempera-
ture down to 1100°C produces a better quality clinker (Section 3.5.5), and the
clinker should be effectively air quenched as soon as it leaves the burning
zone. When the clinker enters the grinding mill, its temperature should
preferably be below 110°C. Current practice favours grate coolers, in which
the clinker passes over moving grates through which air is blown. More air is
needed for cooling than for combustion in the kiln, especially with a fuel-
efficient process. Some of the excess (‘tertiary air’) may be ducted to a
precalciner or used to dry the coal and raw materials, but a quantity
normally remains for which it has proved difficult to find economically
viable uses, and which is therefore cleaned and exhausted; steam raising for
electricity generation has been suggested as a possible use.

3.2.6 Other processes for clinker production; clinker grinding

In the wet process, the raw material is fed as a slurry directly to a rotary kiln,
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which typically has a length to diameter ratio of about 30 and may be up to
some 200 m long. In surviving wet process kilns, the slurry typically has a
water content of 30-35%. A system of chains near the back end assists heat
transfer. Cycling of volatiles and of dust is much less pronounced than with
preheater systems. In the semi-wet process, some improvement in fuel
efficiency is obtained by pressing out part of the water to produce a cake
containing somewhat below 20% of water which can be fed to the kiln
directly or through certain types of preheater. In the semi-dry or Lepol
process, the raw materials are made into nodules with just over 10% water
content which are fed to a moving grate preheater. The fuel efficiency is
lower than that obtainable with a suspension preheater. Combined processes
have been brought into operation in various countries for making cement
and other materials, such as aluminium, iron or sulphuric acid (G24).
While there are problems associated with such processes, the latter may
become increasingly important as classical raw materials become scarcer
and environmentally acceptable ways of disposing of industrial wastes more
difficult.

Portland cement clinker has a long storage life, and while it may be
ground immediately, there are often good economic reasons for grinding it
intermittently, and not necessarily in the same plant. To produce Portland
cement, it is ground together with gypsum. Natural gypsum, which is
generally used, commonly contains significant proportions of such impuri-
ties as anhydrite, quartz, calcite and clay minerals. In some countries,
byproduct gypsums from various industrial processes are used. A proportion
of anhydrite may also be added. Some national specifications permit the
addition of materials other than calcium sulphate. To make interground
composite cements, widely varying proportions of granulated blastfurnace
slag, pfa or other materials are added (Chapter 9). Grinding typically
requires a power consumption of 35-50 kWh tonne ™! (125-180kJ kg™ 1),
almost all of which is converted into heat, and cooling is required.

3.3 Reactions below about 1300°C
3.3.1 Decomposition of carbonate minerals

The dissociation pressure of calcite reaches 0.101 kPa (1 atm) at 894°C (S20)
and the decarbonation reaction is highly endothermic (Section 3.1.4). The
rate of decarbonation becomes significant at 500-600°C if a sufficiently low
partial pressure of CO, is maintained or if the calcite is intimately mixed
with materials, such as quartz or clay mineral decomposition products, that
react with the calcium oxide. Even in a precalciner, such mixing occurs,

aided by agglomeration caused by the presence of low-temperature sulphate
melts.
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In the absence of other substances, dolomite [CaMg(COy),] begins to
decompose rapidly in air at about 750°C, giving initially periclase and a
carbonate of higher Ca/Mg ratio. The decomposition temperature is much
affected by the presence of other substances.

The mechanism and kinetics of calcite decomposition have been much
studied. The reaction proceeds by the movement inwards from the surface of
an interface, behind which the material is converted into lime, thus produc-
ing a highly porous pseudomorph. The interface moves at a constant rate,
implying that the rate at any instant is proportional to the area of the
interface. In principle, the rate is controlled by the slowest of the following
five steps:

(1) Transfer of heat to the exterior surface.

(2) Transfer of heat from the exterior surface to the interface.
(3) Chemical reaction at the interface.

(4) Transfer of CO, to the exterior surface.

(5) Transfer of CO, away from the exterior surface.

Hills (H19) showed that, contrary to some earlier opinions, 1t was not
possible to determine which is the rate-controlling step either from the
observed relationship between the extent of reaction and the time, or from
the apparent energy of activation, obtained by applying the Arrhenius
equation to the rate constant determined at different temperatures. For large
particles and low CO, pressures, the temperature within the sphere could be
as much as 45 deg C below that of the surrounding gas, indicating that heat
transfer controlled the rate. For the conditions existing in a rotary kiln, in
which decomposition occurs in a deep, moving mass of material, heat
transfer determines the rate (B25). A rotary kiln is well suited to the later
stages of clinker production, but much less so for calcination, which if
carried out in it requires some tens of minutes for completion.

Very different conditions exist in a precalciner, where the raw meal is
dispersed in hot gas. The reaction still proceeds by the movement of an
interface inwards, but the rate is controlled by the chemical reaction, and the
temperature within the particle is virtually that of the surrounding gas
(V2,B26). The rate is much higher than in a rotary kiln, and. as seen in
Section 3.2.3, decomposition is normally 90-95% complete within a few !
seconds.

3.3.2 Decomposition of clay minerals and formation of products

Laboratory experiments in which single substances or mixtures are heated in
stationary containers in air provide a starting point for understanding the
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reactions that occur in manufacturing clinker, though caution is needed in
applying the results because of the important differences in conditions.

The behaviour of clay minerals on heating depends on their structure,
composition, crystal size and degree of crystallinity. In general, any inter-
layer or adsorbed water is lost at 100-250°C; dehydroxylation begins at 300
400°C and is rapid by 500-600°C. Clay minerals in which AI®* is the
predominant octahedral cation do not form phases of radically different
structure as the immediate products of dehydroxylation, but undergo
varying degrees of structural modification and disorganization due to the
replacement of 20H ™ by O?~. Kaolinite gives a poorly crystalline product,
called metakaolin; with illites, the structural disorganization is less marked,
perhaps because less water has to be lost. Above about 900°C, all begin to
give new, crystalline phases, which are, typically, Al-Si spinel, cristobalite
and, above 1100°C, mullite.

Quartz undergoes a minor, rapid and reversible phase transition to a-
quartz at 573°C. It is unstable relative to tridymite at 867-1470°C, and to
cristobalite above 1470°C. These changes are slow in the absence of other
materials, but many admixed materials accelerate them, and lead to forma-
tion not of tridymite, but of cristobalite at temperatures over about 1000°C.

As noted in Section 3.3.1, the decarbonation of calcite is greatly favoured
by intimate mixing with quartz or clay minerals. Under these conditions,
much CO, is lost before any free lime can be detected. The formation of C,S
as an early product is well established, but the situation with the calcium
aluminate phases is more complex, no one phase being dominant as an
initial product (W11). The aluminate or aluminosilicate phases most often
reported as early or intermediate products in laboratory experiments with
pure chemicals or raw meals have been CA, C,,A, and, less frequently,
gehlenite (W12,D6-D8,W13,L8,L9,16,C9,C10,R10). C;A can form by
850°C (L9,C10) but seems usually to be a later product. Ferrite phase forms
readily, and is initially of low Al/Fe ratio (D7,R10).

The reactions are notably accelerated by water vapour (C10). In the
cement kiln or precalciner, agglomeration may influence their course.
Glasser (G25,G26) reviewed kinetic studies. The complexity of the mechan-
isms has not always been recognized, and it is doubtful whether kinetic data
suffice to determine them, but electron microscopy and X-ray microanalysis
are beginning to provide reliable information (R11).

3.3.3 Sampling from cement kilns or preheater outlets

Several investigators have examined samples from rotary kilns during
normal operation. In one such study, Weber (W13) obtained samples, and
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measured temperatures, mainly using sampling ports in the kiln walls. In all
cases, the raw materials were limestone and marl, and the fuel was pulver-
ized coal. CA and C,,A,, but not gehlenite, were found as early products.
As in the laboratory studies, much calcite decomposed before any free lime
was detected. The free lime content passed through a maximum value of up
to 17%, referred to the weight of clinker, about 15 m from the front end of
the kiln. At this point, the measured temperature was about 1000°C.
Laboratory studies (I6) and analyses of kiln input meals from precalciners,
described later, show that the maximum content of free lime reached varies
greatly with the nature of the raw material.

One may also examine samples from kilns that have been shut down,
though uncertainties inevitably exist due to possible phase changes and
movement of material during cooling, which is carried out with the kiln still
rotating. Moore (M28) reported an XRD study of charge and coating
samples taken from numerous points along the lengths of several kilns.
Sulphate phases were prominent in both types of sample taken from the
cooler parts of the kiln, and comprised anhydrite, C,A,S, C.S,S, calcium
langbeinite and hydroxyl-ellestadite (C, ,S,S,H). KCl was sometimes found.
Spurrite (C4S,C), B-C,S, C,,A, and ferrite were usually also found before
all the calcite had decomposed. Gehlenite was usually found in coating
samples at intermediate temperatures, but rarely in the charge; CA was
never found. C;A was a late product. Rarely, ferrite was found only as a late
product, being replaced earlier by iron-containing spinel, presumably indi-
cating the existence of reducing conditions at the cooler end of the kiln.
Moore concluded that sulphates and chlorides were important mineralizers
and that both spurrite and C,A,S played parts in the normal reaction
sequence. Later results probably do not exclude this latter conclusion, but
both phases can undoubtedly be undesirable artifacts.

Wolter (W14) determined the phase compositions of kiln inlet meals from
about 20 plants using cyclone preheaters, usually with precalciners. XRD
showed that the decomposition products of the clay minerals were especially
reactive, though some reaction of quartz also occurred. Phases detected,
and some notable absences, were as follows:

(1) Unreacted phases from the raw meal: calcite, quartz, minor mica and
felspars, traces of clay minerals. '

(2) Product phases: free lime, periclase, poorly crystalline belite (B-C,S),
ferrite, C,,A, assuming that enough Al,O, was present, and often
spurrite. Gehlenite was possibly present, but if so, was minor com-
pared with belite. Less basic silicates and aluminates (e.g. CA, CA,)
were absent.

(3) Condensed volatiles: arcanite (KS), sylvine (KC1), aphthitalite (rare),
NaCl (exceptionally), anhydrite (for high SO,/alkali ratios, and then
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less than expected). Absences included thenardite, calcium langbei-
nite, alkali carbonates, C4S,S and C,A,S.

(4) Clinker dust and coal ash: alite, pfa (rare).

(5) Secondary products formed on storage or treatment: CH, hemihyd-
rate.

The quantitative composition varied widely, depending on the degree of
calcination, heterogeneity of the raw meal, and whether kiln dust or volatiles
were recirculated. C,,A, and ferrite formed easily. At high degrees of
calcination, virtually all the Al,O; and Fe,O; had reacted, 10-60% of the
total SiO, content was present as belite or spurrite and the content of free
lime was 5-40%. The proportion of the CaO released from the calcite that
was combined in other phases was high at low degrees of calcination, and
decreased as the latter proceeded; at 40-70% calcination, it was 30-75%, or
in rare cases over 90%.

3.3.4 Reaction mechanisms

The mechanisms of the reactions in cement raw meals (C9,16,C11) and lime-
silica composites (W15) have been studied using light and electron micro-
scopy, XRD, high-temperature XRD and high-temperature light micro-
scopy, EPMA and thermal analysis, and free lime determinations. Below
about 1200°C reactions occur largely in the solid state, the first visible effect
in cement raw meals being the appearance of reaction rims around the larger
quartz grains, which later become replaced by clusters of belite crystals.
Chromy (C9) found that the rims comprised zones of cristobalite, isotropic
material of refractive index 1.515-1.525 and (furthest out) belite. By 1200°C,
the belite layer was up to 2-3 um thick, and the isotropic material, which
formed a thicker layer, was tending to break through, to form necks linking
adjacent quartz grains. The isotropic material contained calcium and silicon,
and had Ca/Si < 1.0; it gave a diffuse XRD peak at 0.37 nm and was
probably a glass. XRD and optical evidence also showed the presence of
wollastonite and a little tridymite; in samples cooled from 1280°C, both were
detectable optically, as needles dispersed in the amorphous material and as
crystals on the border of the latter with the quartz, respectively. The
wollastonite had presumably formed from a-CS on cooling.

At 1200-1300°C, high-temperature light microscopy showed movement of
the silica cores and CS crystals; the amorphous material was softening.
Where the belite shell had burst, clusters of belite crystals with a central pore
usually replaced the original quartz grain, but where it had not, these
clusters only formed at a higher temperature and were more compact, with
very little interstitial material. Results at higher temperatures are described
in Section 3.4.4.
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Rapid increase in temperature is desirable at temperatures below those at
which substantial liquid formation occurs (C9,B27,521,.C11.W9,G26). Most
of the belite, and almost all of the other product phases, subsequently either
melt or react in the presence of the melt, and there is no merit in promoting
crystal growth or removal of imperfections, which would impede these
processes. Slow heating may also allow the decomposition products of the
clay minerals to transform into less reactive phases. It can also lead to the
formation of microstructures unfavourable to the later reactions; Chromy
(C9) found that it allowed the belite shells around the silica particles to
thicken, producing composites slow to react with lime. In contrast, rapid
heating increases movement of the liquid phase, when this forms, and thus
improves the mixing of the calcareous and siliceous constituents (C11).

3.3.56 Condensation or reaction of volatiles

Bucchi (B28) reviewed the cycling of volatiles in kilns and preheaters.
Condensation or reaction of species from the gas stream takes place below
about 1300°C. The sulphate and chloride phases produced were noted in
Section 3.3.3. Some of the material thus deposited is liquid, even at quite low
temperatures: melting in the NS-KS-CS-KCl system begins below 700°C
(R9). These low-temperature melts have both good and bad effects. Depo-
sition on the feed can promote reactions, as noted earlier. Deposition in the
preheater or kiln can cause serious obstructions, and condensation of
volatiles i1s responsible for the formation of kiln rings and deposits in
preheaters at temperatures below 1300°C (A2,522,523,B28,C12). Dust par-
ticles become coated with films of liquid condensate which cause them to
adhere to obstacles or cooler surfaces. The temperature within a coating or
deposit gradually falls as more material is deposited; this allows the forma-
tion of compounds within the body of the coating that differ from those
present on the hot face.

Spurrite, if formed, reinforces deposits by producing a mass of inter-
locking crystals; C,A,S and C,S,S behave similarly. The kiln atmosphere
is high in CO,, and spurrite is readily formed on heating either clinker (A2)
or raw meal (S22) in CO, at 750-900°C. It decomposes by 950°C (A2). In
SO,, either raw meal or clinker gives anhydrite at 550-1150°C, and silicosul-
phate at 1050-1150°C; in mixed gases, the reactions with SO, are favoured
over those with CO,, and if K,O is present in the solid, calcium langbeinite
is formed at 600-900°C (A2). Formation of spurrite appears to be favoured
by the presence of K,O or chlorides and inhibited by phosphates (S22),
which are, however, undesirable constituents of clinker. Fluoride also
appears to favour formation of spurrite and silicosulphate.
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Fluorides and compounds of zinc, cadmium, thallium and lead also
undergo cycling and can be deposited in preheaters (K&). Emission of the
toxic heavy metals must be avoided. Fluoride phases that have been reported
in deposits include KCa,,(SO,),(Si0,),0,F (F6) and an apatite phase of
composition K,Ca,(SO,),F (T9.P14).

3.4 Reactions at 1300-1450°C
3.4.1 Quantity of liquid formed

The processes described in this section occur in the presence of substantial
proportions of liquid. They comprise:

(1) Melting of the ferrite and aluminate phases, and some of the belite.

(2) Nodulization,

(3) Reaction of the free lime, unreacted silica and some of the belite, to
give alite.

(4) Polymorphic change of belite to the o form.

(5) Recrystallization and crystal growth of alite and belite.

(6) Evaporation of volatiles.

At the clinkering temperature, the principal phases present at equilibrium
are alite, belite and liquid. For the pure CaO-C,S-C,A-C,AF system, this
phase assemblage will, except at high Al,0,/Fe,0; ratios, be reached by
1400°C (Section 2.3.3). Following Lea and Parker (LS), the quantity of
liquid formed in a mix of given composition at this temperature may be
calculated as follows.

(1) All the Fe,O, is present in the liquid; hence the percentage of liquid is
100 x Fe,05/(Fe,0,),, where Fe,04 and (Fe,0;), are the percent-
ages of that component in the mix and in the liquid, respectively.

(2) The composition of the liquid is governed only by the Al,O,/Fe,04
ratio of the mix, being represented by the point on the C,5-C,S
surface where the 1400°C isotherm is intersected by a plane corres-
ponding to the value of that ratio. The intersection of the 1400 C
isotherm with the C,S-C,S surface runs near and approximately
parallel to the boundaries between that surface and the C;A and
C,AF surfaces. Table 3.4 gives liquid compositions for four values of
the Al,O,/Fe, 0, ratio.

(3) The Al,04/Fe,O; ratios and Fe,O, contents in these compositions
are related by the empirical equation

Al,0,/Fe,0, = —0.746 + 33.9/(Fe,0,), (3.8)
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which may be rearranged to give
Fe,0,/(Fe,05), = (Al,0; + 0.746Fe,0,)/33.9 (3.9
whence the percentage of liquid in the mix is 2.95A1,0; + 2.20Fe,0,.

(4) Lea and Parker (L5) corrected for the contributions to the liquid of
MgO and alkalis. Assuming that the solubility of MgO in the liquid is
5-6%, and that the percentage of liquid is about 30%, the contri-
bution from MgO was assumed to be the MgO content of the mix or
2%, whichever was smaller. The liquid was assumed to contain all the
K,O and Na,O.

Table 3.4 Compositions of liquids in equilibrium with C,S and C,S in the CaO-
Al,0,-Fe,0,-Si0, system at 1400°C

Weight percentages

Weight ratio

Al O,/Fe,0, CaO ALO, Fe,0, Si0,
6.06 56.6 30.3 5.0 8.0
2.62 56.4 26.2 10.0 7.4
0.94 55.1 18.8 20.0 6.1
0.64 53.9 15.3 24.0 6.8

Lea and Parker (L5), with corrections supplied by F. M. Lea and noted by Bogue (B29).

Similar calculations were made at other temperatures. At lower tempera-

tures, the relationship differs according to whether the Al,0;/Fe,Oj; ratio is
above or below 1.38, the value for the C,S-C,S-C;A-C,AF invariant point.
Formulae for the percentage of liquid for various combinations of tempera-
ture and Al,0,/Fe,0, ratio are given below:

1450°C 3.00A1,0, + 2.25F¢,0, + MgO* + K,0 + Na,0
1400°C 2.95A1,0, + 2.20Fe,0, + MgO* + K,O + Na,O
1338°C (A1,0,/Fe,0, > 1.38)  6.10Fe,0, + MgO* + K,O + Na,O
1338°C (Al,0,/Fe,0, < 1.38)  8.20Al,0, — 5.22Fe,0,

+ MgO* + K,O + Na,0

where MgO* denotes an upper limit of 2.0% to the term for MgO. Typlcal‘

percentages of liquid (for a mix with 5.5% Al,Q;, 3.5% Fe,0,, 1.5% MgO

and 1.0% K,O) are thus 24% at 1340°C, 26% at 1400°C and 27% at
1450°C.

Such results, omitting the contributions of MgQO and alkalis, are con-
veniently represented as contours on plots of Al,O; against Fe,O, (Fig. 3.3).
At 1400°C, the effects of the two oxides on the quantity of liquid are additive
and fairly similar weight for weight. At 1338°C, the effects are not additive,
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the maximum amount of liquid for a given total content of Al,0; and
Fe,O, being obtained at an Al,0,/Fe,0, ratio of 1.38.

7

Fig. 3.3 Weight percentages of liquid at 1338°C (full lines) and 1400°C (broken
lines) in the CaO-Al,0;-Fe,0,-Si0, system. Banda and Glasser (B30).

The effects of the minor components on the quantity of liquid have,
however, not been thoroughly studied. Swayze’s results (S10) indicate that
the MgO depresses liquidus temperatures by about 50°C and increases the
Al,0,/Fe,0, ratio in the hquid at the C,S-C,S-C;A-C,AF eutectic to
1.63. Alkalis and sulphate may depress the liquidus temperatures further,
but the effects of liquid immiscibility must be considered.

3.4.2 Burnabilities of raw mixes

The ‘burnability’ of a mix denotes the ease with which free lime can be
reduced to an acceptable value in the kiln. For laboratory use, it has usually
been defined by either the quantity of free lime present after a specified
regime of heat treatment, or by the time of such treatment needed to reduce
the free lime content to some specified value, though some investigators have
used dynamic heating or other regimes in attempts to simulate kiln con-
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ditions more closely. As Bucchi (B27) and Sprung (S21) have noted, none of
the measures so far proposed has more than comparative significance, as
they do not take into account such factors as the atmosphere, movement of
material or rate of heat transfer in the kiln. The rate at which the free lime
reacts depends not only on characteristics of the raw mix but also on the
effects on the latter of the heat treatment received before entering the
clinkering zone and the conditions existing in that zone itself. The measures
can strictly be justified only for a given kiln and set of operating conditions,

Many studies have shown that burnability decreases with increasing LSF
or increasing SR. Increase in LSF implies more CaO that has to react, and
increase in SR implies less liquid at a given temperature. These relationships
have been discussed quantitatively (C13). The AR is relevant at low clinkering
temperatures, because it then greatly affects the quantity of liquid (Section
3.4.1) and the temperature at which substantial formation of liquid begins,
but at 1400°C and above its effect is smaller; however, in the extreme case of
white cements, the AR is very high and burnability is low. The temperature at
which melting begins is also affected by the contents of minor components,
such as MgO, and by the addition of fluxes. Burnability is affected not only
by the quantity of liquid, but also by its physical properties, some of which
are considered in Section 3.6.

Burnability is affected by the particle size of the raw mix, and especially by
the contents of coarse particles (H20,L9,C14). During calcination, large
particles of calcite and of siliceous materials are converted into aggregates of
lime crystals and clusters of belite crystals, respectively. The size distri-
butions of these large particles determine the time required during the last °
stages of clinkering, when the free lime content is falling to its final value.
The fine end of any distribution likely to occur in practice is less important. -
For assessing burnability at 1400°C, the proportions of calcite particles °
larger than 125 um, and of quartz particles larger than 44 pm, are particu-
larly important (C14). .

Burnability also depends on the nature, microstructures and intimacy of
mixing of the raw materials and on the contents of minor components. Silica :
present as quartz is less reactive than that present in clay minerals, and a R
limestone high in silica or silicate minerals is likely to be more reactive than °
one that is nearly pure calcite. Inadequate mixing of the particles of the,“
different constituent rocks present in the raw mix has effects broadly similar
to those of too high a proportion of coarse particles. Petersen and Johansen !
(P15) discussed the mixing of particles from a statistical viewpoint.

Several workers have obtained expressions relating burnability to com-
positional and other parameters (L9,C13-C15,F7). Fundal (F7), defining
burnability (C,,00) by the percentage of free lime remaining after 30 min at
1400°C, found that
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Cia00 = 0.33[(LSF — (107 — 5.1SR)] + 0.938,, + 0.56C,5 + 0.24,
(3.10)

where SR denotes silica ratio, S,, and C,,5 are the percentages of siliceous
particles above 44 um and of calcareous particles above 125 um, respectively,
and A, is the percentage of acid-insoluble material, assumed to be quartz.
This relation was considered to hold for LSF values of 88-100% and silica
ratios of 2-6.

3.4.3 Nodulization

Nodule formation occurs through the sticking together of solid particles by
liquid. Petersen (P16,P17) showed that the nodules grow partly by coales-
cence and partly by accretion, and developed a theory to predict the size
distribution. Timashev (T1) regarded the process as one in which an initially
relatively open assemblage of solid particles was compacted through the
action of the liquid, initially by rearrangement of particles, and increasingly
later by dissolution and crystallization processes. Nodulization requires an
adequate proportion of liquid, and is favoured by low viscosity and high
surface tension of the liquid and by small particle size of the solid (T1,P17).
If there is not enough liquid, the outer parts of the nodules become enriched
in silicates, some of which form dust (P15). Overburning can have a similar
effect (L10). If the friable skin of large alite crystals remains on leaving the
kiln, the clinker has a sparkling appearance. Much is abraded in the kiln, to
form a dust that can cause rings or other deposits to form. It can also
reaggregate to form porous, alite-rich lumps, which can incorporate small
clinker nodules.

Nodulization, chemical reactions and evaporation of volatiles are interde-
pendent. Alite formation and loss of volatiles affect nodulization, and the
compaction that the latter entails must affect the kinetics of the former
processes. Alite formation thus occurs in a changing environment. Initially,
the clinker liquid is not a continuous and uniform medium enveloping the
grains of lime, belite and other solid phases; rather, it fills separate pores and
capillaries, forming thin films on the particles, and there are large local
variations in composition (T1). As compaction proceeds, it becomes more
continuous and more uniform.

3.4.4 Formation and recrystallization of alite

In the study described in Section 3.3.4, Chromy (C9) showed that a melt of
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low Ca/Si ratio began to form at 1200-1300°C around the original quartz
grains, which were being converted into clusters of belite crystals. From
1300°C, a liquid also began to form around the grains of lime. It differed in
reflectance from that surrounding the silica or belite crystals and was
considered to be of higher Ca/Si ratio. Where it bordered on the belite
clusters, alite was precipitated, initially as a compact layer. This later
recrystallized, allowing the liquids to mix. Alite now formed more rapidly;
the belite clusters contracted, and the crystals that remained recrystallized.

In further studies, Chromy and co-workers (C11,C15,C16) distinguished
three stages in the reaction at clinkering temperatures. In the first, melt and
belite are formed. In the second, belite continues to form; this stage yields a
material consisting of isolated clusters of lime crystals having thin layers of
alite on their surfaces and dispersed in a matrix of belite crystals and liquid.
In the third, the clusters of lime react with the surrounding belite to give
alite, by a mechanism based on diffusion of CaO through the liquid. The
temperature increases rapidly during the first stage, but the subsequent
stages are isothermal.

Several workers have discussed the kinetics of the clinker-forming reac-
tions (J5,B31,T1,C11,C15,C16,G26). Because the material is not uniform,
different factors may dominate at different times and in different regions
(T1) but the principal one appears to be diffusion of Ca?* through the
liquid present between the alite crystals in the layers coating the lime clusters
(C16).

From the standpoint of 28-day strength, the optimum size of the alite
crystals appears to be about 15 pm, larger crystals containing fewer defects
and thus being less reactive (L10). Ono (O7) considered that cannibalistic
growth of alite crystals was unimportant, and that the size depended essentially
on the rate of heating to the clinkering temperature; if this was low, the alite
formed at relatively low temperatures as large crystals, and if it was high, it
formed at higher temperatures as smaller crystals. This view has been only
partially accepted by other workers, Hofmdnner (H21), Long (L10) and
Maki and co-workers (M29,M30,M5) all having found that alite crystals
grow larger through recrystallization with increase in either time or tempera-
ture in the clinkering zone, and even (H21) during cooling. The rate of
heating to the clinkering temperature is thus only one factor affecting alite
size. In practice, few production clinkers contain alite with an average size as
low as 15 um. :

Long (L10) noted that alite size is indirectly affected by both bulk ;
composition and fineness of the raw feed. Increases in LSF, SR or AR all -
make a clinker harder to burn, which tends to increase the size, though with |
increased SR or AR, the effect is counteracted by decreases in the quantity
and mobility of the liquid, both of which tend to decrease the size. The

b
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presence of coarse particles, especially of silica, also demands harder burning
and tends to increase the size. Coarse silica particles lead to increased alite
size both for this reason and because they yield large, dense clusters of belite
crystals, which on subsequent reaction with lime give large crystals of alite.

3.4.5 Evaporation of volatiles; polymorphic transitions; reducing
conditions

Miller (M31) summarized factors affecting the evaporation of volatile
species in the burning zone. Much of the alkali and SO; is often present as
sulphate melts. Alkali sulphates volatilize slowly because of their low vapour
pressures, because diffusion within the clinker nodules is slow, and because
the nodules do not spend all their time on the surface of the clinker bed.
Evaporation is favoured by increased residence time or temperature, de-
creased size or increased porosity of the clinker nodules. Low partial oxygen
pressure also favours evaporation through decomposition to give SO,, O,
and alkali oxides. Chloride favours it through formation of the much more
volatile alkali halides. A high partial pressure of H,O favours it through
formation and volatilization of alkali hydroxides. SO, present as anhydrite
is more easily lost, because decomposition to SO, and O, occurs, and this is
also true of sulphur present in the fuel as FeS, or organic compounds. Alkalh
present in the silicate or aluminate phases also appears to be more easily lost
than that present as sulphates.

Exo. —

~-—Endo.

1250 1350 1450
Temperature °C

Fig. 3.4 DTA curve for a white cement clinker raw mix, obtained in air at
20°C min~"'. From Chromy (C9).

Alite may be expected to form in clinkers as the R polymorph, and belite
as o'y, a'y or g, according to the temperature. Chromy (C9) and Hofménner
(H21) discussed DTA curves of raw meals (Fig. 3.4). The main exotherm is
due to belite formation, and the main endotherm to melting. A small
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superimposed endotherm near 1380°C was attributed to the o'y~ transition
of the belite, at a temperature lowered by solid solution (C9). Curves for
different raw meals show considerable variations.

One would expect some loss of oxygen to occur at the burning tempera-
ture, but under normal conditions, this appears to be superficial and
reversed during cooling. Long (L11) summarized the effects of a reducing
atmosphere in the burning zone. Decomposition of the alite is promoted,
and more aluminate phase can be formed at the expense of ferrite, with
consequent acceleration of setting and change in colour of the ground
cement from the normal greenish grey to brown. Some of the Fe?™ that is
formed replaces Ca " in the solid phases, making burning more difficult and
decreasing reactivity towards water. Severe reduction can lead to formation
of iron(0). The sulphate phases may also be reduced; moderate reduction
leads only to formation of SO, without O,, but more severe reduction can
give CaS and KFeS,. The fate of the alkalis is not clear, but such clinkers
become deliquescent if quickly cooled.

For normal cements, the effects of reducing conditions are all undesirable,
but for white cements, which contain very little iron, reducing conditions are
preferred because they yield a whiter product. Locher (L12) concluded that
the bad effects of reducing conditions were avoided so long as the clinker left
the kiln at a temperature of at least 1250°C and thereafter cooled rapidly in
air; however, reoxidation of Fe?™ in alite below 1300°C has been observed
to cause the formation of exsolution lamellae consisting of C,F and belite
(LI1).

3.5 Reactions during cooling, grinding or storage

3.5.1 Solidification of the clinker liquid: indications from pure systems

In principle, the clinker liquid can behave in any of three ways during
cooling, with intermediate possibilities. In the first, equilibrium between the
liquid and the pre-existing solid phases (alite and belite) is continuously
maintained. This implies the possibility of material transfer between these
solids and the liquid in either direction for as long as any liquid remains. We
shall call this situation ‘equilibrium crystallization’. In the second, the liquid
does not crystallize but forms a glass. In the third, the liquid crystallizes
independently, i.e. without interacting with the solid phases already present. -
Intermediate modes include, for example, equilibrium crystallization down °
to a certain temperature and independent crystallization below it.

Lea and Parker (L5) found that, in the pure Ca0O-Al,0;-Fe,0,-SiO,



The Chemistry of Portland Cement Manufacture 85

system, the compositions of the liquids in equilibrium with C,S and C,S at
1400°C lie within the C,8-C,S-C;A-C,AF subsystem if the AR is between
0.7 and 1.7; for these compositions, equilibrium crystallization and indepen-
dent crystallization lead to identical quantitative phase compositions. If the
AR exceeds 1.7, the liquid composition is deficient in CaO relative to the
above subsystem,; this results in formation of a little C,,A, at the expense of
C,A if crystallization is independent, and in reaction with some of the alite
to form belite if it is not. Conversely, for an AR below 0.7, the liquid
composition has a surplus of CaO relative to the C,5-C,S-C;A-C,AF
subsystem, resulting in formation of a little free lime if crystallization is
independent and in reaction with some of the belite to form alite if it is not.
Equations were derived for calculating the quantitative phase composition
for various cooling conditions (L5,D2,B29).

3.5.2 Do Portland cement clinkers contain glass or C,,A,?

The applicability of these conclusions to production clinkers requires exam-
ination. The compositions of the aluminate and ferrite phases differ mark-
edly from C;A and C,AF, respectively (Chapter 1) and, because of the
presence of minor components, especially MgO, TiO, and alkalis, the
compositions of the liquid phase differ from those in the pure system. We
shall consider in turn: first, whether glass is formed, and if so, under what
conditions; second, whether either C,,A or free lime crystallizes from the
liquid phase under appropriate conditions; and third, whether there is
evidence of either equilibrium or independent cooling.

The early literature contains many references to the presence in produc-
tion clinkers of glass, often in substantial proportions. This view was based
partly on observations by light microscopy; however, this method cannot
distinguish glass from crystalline solids of the cubic system unless crystals
with distinct faces have been formed, nor from crystalline materials of any
kind if the crystals are below a certain size. It was also found that if clinkers
believed to contain glass were annealed, their heats of solution in an acid
medium increased, and this method was used to obtain approximate esti-
mates of the glass content (L13). This evidence, too, is inconclusive, because
the same effect would arise from the presence of small or structurally
imperfect crystals.

Neither quantitative XRD, SEM nor X-ray microanalysis supports the
view that modern clinkers contain significant quantities of glass, except in
rare cases. Regourd and Guinier (R1) found that a few clinkers gave a
strong, diffuse XRD peak at 30-35° 20 (CuK,), indicating the presence of
glass or other amorphous material, but concluded that the amount of glassy
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or microcrystalline phase did not exceed a few per cent. An SEM and X-ray
microanalytical study showed that white cement clinkers contained glass if
quenched in water, but not if cooled in air (B3). A laboratory study on the
cooling of simulated clinker liquids showed that glass, amorphous to X-rays,
is formed on quenching small samples in water (B10). Somewhat slower
cooling, from 1300°C to 700°C in a few seconds, gave ‘proto-C,A’, a poorly
crystalline, iron-rich form of that phase; still slower cooling (1300-1100"C in
6 min) gave normally crystalline aluminate and ferrite phases. Material
probably identical with proto-C;A was earlier obtained as a non-equilib-
rium quench growth (L13), and appears to form easily. The viscosity of the
clinker liquid is near the lower limit for glass formation (BI0). These
observations suggest that glass may occur in clinkers that have been
quenched in water, but is unlikely to be found with slower methods of
cooling.

Neither XRD nor electron or light microscopy indicates that C,,A; is
present in any modern clinkers, and when free lime is found, microscopic
examination does not suggest that it has formed by precipitation from the
liquid.

If clinkers of relatively high AR are cooled slowly, the effect of equilib-
rium cooling is detectable by light microscopy (L11). The alite crystals are
eroded, and a layer of belite forms on their surfaces; ‘pinhead’ crystals of
belite separate from the liquid. At ARs > 2.5, slow cooling can cause a
reduction of up to 10% in the concrete strength, attributable to the lowered
content of alite. These effects are not observed at the moderately fast cooling
rates more usual in practice. This evidence suggests that under normal
conditions crystallization approximates to independent, and that slower
cooling is needed to achieve equilibrium crystallization. Production clinkers
thus behave differently from mixes in the pure, quaternary system, which at
AR > 1.7 give C|,A, on independent crystallization.

3.56.3 Evidence from X-ray microanalysis

X-ray microanalyses by many investigators (Chapter 1) also provide no
indication that C;,A, occurs in normal clinkers. Ghose’s (G4) results are of
particular interest because he did not attempt to distinguish between the
individual phases within the interstitial material, of which he thus obtained
bulk analyses. Taken in conjunction with the results of other investigations
in which individual phases were analysed, they are consistent with the -
hypothesis that for ARs between about 1 and 4 the interstitial material
consists of aluminate and ferrite having the normal compositions given in '
Table 1.2, together with 4-10% of belite, the amount of which increases with
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AR. For lower ARs, the interstitial material consists essentially of ferrite of
higher iron contents, and in white cements it consists of aluminate very low
in iron, possibly together with glass. In each case, small amounts of silicate
phases are probably also present.

The reason why mixes with AR > 1.7 do not yield any C,,A, on
independent crystallization is that the solid phases are not pure C;A, C,AF
and C,S. For AR = 2.71, the quaternary liquid in equilibrium with C,S,
~ C,S and C;A at 1400°C contains 55.7% CaO, 27.1% Al,O;, 10.0% Fe,0,
and 7.2% SiO, (S8). This composition can be closely matched by a mixture
of aluminate (63%), ferrite (30%) and belite (7%) with the normal compo-
sitions given in Table 1.2, the bulk composition of this mixture being 54.4%
Ca0, 26.4% Al,0;, 9.7% Fe,0;, 5.6% SiO, and 1.8% MgO, with <1%
each of TiO,, Mn,0,, Na,0 and K,O. Independent crystallization can thus
yield a mixture of the three phases. The liquid composition cannot be
matched by a mixture of pure C,A, C,AF and C,S, which is relatively too
high in CaO, so that if no ionic substitutions occurred, some C,,A, would
also be formed. A strict comparison would be with the actual composition of
the clinker liquid, which is modified by minor components, but lack of
adequate data precludes this.

3.5.4 Effects of cooling rate on the aluminate and ferrite phases

It follows from the above discussion that the compositions of the aluminate
and ferrite phases in typical clinkers are controlled by that of the clinker
liquid and the conditions under which the latter crystallizes. For clinkers
with AR 14, their compositions are relatively constant because both phases
are present, and because cooling rates are normally moderately fast. The
compositions must nevertheless depend to some extent on that of the raw
mix, especially in regard to minor components. The observation that
resorption of alite occurs on slow cooling implies that their compositions, or
their relative amounts, or both, depend on the cooling rate. They could also
be affected by the clinkering temperature, and the time during which it is
maintained. XRD evidence shows that the composition of the ferrite. at
least, is affected by the cooling rate (02,B32), but the lack of data on the
relation between composition and cell parameters except for compositions in
the pure C,(A,F) series precludes detailed interpretation. IR evidence
indicates the occurrence of structural and compositional variations in both
phases dependent on cooling rate (V3). X-ray microanalyses of the alumi-
nate and ferrite phases in similar clinkers cooled in different ways would
provide data of interest.

The conditions of crystallization affect the ferrite and aluminate in ways
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other than in their mean compositions. Slow cooling produces relatively
large crystals of each phase, while fast cooling produces close intergrowths;
textures are discussed further in Section 4.2.1. Zoning occurs readily in the
ferrite (Section 2.3.1), and may also occur in the aluminate. The distribution
of atoms between octahedral and tetrahedral sites in the ferrite depends on
the temperature at which internal equilibrium within the crystal has been
achieved (Section 1.5.1). The degree of crystallinity of both phases appears
to vary with cooling rate (V3). All these effects, and perhaps others, may
affect the behaviour of the interstitial material on hydration.

3.5.5 Other effects of cooling rate

The behaviour of MgO in clinker formation depends markedly on the
cooling rate (L11). If a clinker is burned at a high temperature (> 1500 C),
relatively high contents of MgO can enter the liquid, and on rapid cooling,
much of it remains in the aluminate and ferrite phases and only a small
quantity of periclase separates as small crystals. On slow cooling from high
temperatures, only around 1.5% of MgO (referred to the clinker) is taken
into solid solution, the excess forming large periclase crystals. At tempera-
tures below 1450°C, the MgO is less readily taken into solution, and clusters
of periclase crystals can remain; the crystals grow with time and even with
temperature in this range.

The polymorphic transitions of the alite and belite that occur during
cooling were discussed in Chapter 1. The belite of normal clinkers contains
sufficient proportions of substituent ions to prevent dusting to give the y-
form; the mechanical constraint provided by the surrounding material may
also contribute. The cooling rate affects the way in which the belite
transitions occur, with effects recognizable microscopically (O2). Cooling
rate is also reported to affect alite crystal size, rapid cooling giving smaller
crystals, which are more easily ground (524).

If a clinker is cooled too slowly in the region from 1250°C to about
1100°C, the alite begins to decompose. An intimate mixture of belite and
lime forms as pseudomorphs after the alite, and the decomposition is
especially likely to occur if the clinker has been fired under reducing
conditions (L11). Mohan and Glasser (M32) reviewed and extended know-
ledge of the kinetics of this process. The kinetics follow a sigmoidal curve, in
which an initial induction period merges into an acceleratory phase. fol-
lowed by a deceleratory one as the process nears completion. These results
can be explained by assuming that the rate is controlled by nucleation of the
products on the surfaces of the C,S grains; in accordance with this, the
reaction is accelerated, and the induction period largely eliminated, if the
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C,S is sufficiently intimately mixed with either C,S or CaO. Some substi-
tuent ions affect the rate: AI** has little effect, Fe** markedly accelerates.
Na* slightly retards, and Mg?* markedly retards decomposition. Where both
Mg?* and Fe’* are present, the accelerating effect of the Fe?* is dominant.
The decomposition is also accelerated by water vapour and, very strongly.
by contact with sulphate melts; with a CaSO,-Na,SO, melt, decomposition
was complete in 2 h at 1025°C.

All the effects described above indicate that rapid cooling is desirable: the
aluminate phase reacts more slowly with water when finely grained and
intimately mixed with ferrite, making it easier to control the setting rate
(S24), decrease in alite content either from reactions involving the interstitial
material or from decomposition is avoided, a higher MgO content can be
tolerated, and the clinker is casier to grind.

3.5.6 Crystallization of the sulphate phases

Much of the SO, is present at the clinkering temperature in a separate
liquid phase, immiscible with the main clinker liquid. The alkali cations are
distributed between the two liquids and the alite and belite. During cooling.
some redistribution of alkali cations and sulphate ions between the liquids
may be expected 10 occur, the sulphate liquid finally solidifying below 900-C
to yield alkali or potassium calcium sulphates.

In most Portland cement clinkers the K,O and Na,O are in excess of the
equivalent amount of SO;, and K, O is usually more abundant than Na,O.
Early work, reviewed by Newkirk (N9), indicated that the SO, combined as
alkali sulphates, the excess of alkalis entering the silicate and aluminate
phases. Sulphate phases shown or believed to occur in clinkers were
potassium sulphate and aphthitalite. Subsequently, calcium langbeinite
(C2K§3) and anhydrite were also found, and Pollitt and Brown (P2) made a
systematic study of the distribution of alkalis and SO, in a number of works-
and laboratory-prepared clinkers. Fig. 3.5 and the following discussion are
based on their conclusions and the tabulated data in their paper. In this
work, the water-soluble alkalis and SO, were those present in alkali
sulphates or C,KS,, the remaining fractions of these components being
present in anhydrite or in the silicate or aluminate phases.

The distributions of all three components are largely controlled by the
molar ratio of total SO, to (total K,O -+ total Na,O) in the clinker,
especially for the important range of this ratio below 1.0. K,O has a greater
tendency than Na,O to combine with SO,, the fraction of the total K,O that

is water soluble being consistently about double the corresponding quantity
for Na,O.
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Fig. 3.5 Fractions of the K,0, Na,0, K,0 + Na,O (molar) and SO, that are
water soluble, plotted against the molar ratio of total SO; to (total K,O + total
Na,O0) lor production clinkers (circles) and laboratory clinkers (squares). Recalcu-
lated from the data ol Pollitt and Brown (P2).

For SO,/(K,0 + Na,0) molar ratios below about 0.5, the contents of
total SO,, water-soluble SO, and water-soluble K,0 + Na,O are approxi-
mately equal, showing that virtually all the SO occurs as alkali sulphates,
which also contain up to 55% of the K,0 and 27% of the Na,O. For ratios
between about 0.5 and 1.0, almost all the SO is usually still water soluble,
but the content of water-soluble K,0 + Na,O falls below that of water-
soluble SO,, showing that C,KS; is also formed. For ratios above 1.0,
appreciable fractions of the SO, are not water sofuble, and thus occur in the
silicate or aluminate phases or as anhydrite. The fractions of the K,O and
Na,O that are water soluble approach 1.0 and 0.5, respectively, at ratios
around 1.5; at higher ratios, they are somewhat erratic and show some
tendency to decrease again. This decrease is unexplained, but in other
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respects these results are broadly consistent with those of the phase equilib-
rium studies on pure systems described in the previous section.

From the smoothed curves in Fig. 3.5, and given the total contents of
K,O. Na,O and SO; in the clinker, one may readily estimate the probable
water-soluble contents of these components, and thence, making certain
assumptions, the contents and compositions of the individual sulphate
phases. The curves may also be represented by empirical equations (Section
4.4.3). Based on the data in the preceding section, we shall assume that
water-soluble SO, not balanced by water-soluble K,0 and Na,O occurs as
C,KS,. and the remaining water-soluble K,0 and Na,O as aphthitalite if
the K/Na ratio is within the appropriate range, or as aphthitalite of the
appropriate end member composition mixed with KS or NS if it is not. As
an example, for a clinker with 0.80% K,O, 0.30% Na,O and 0.60% SO,
this gives: water-soluble K,O, 0.50%; water-soluble Na,O, 0.09%: water-
soluble SO, 0.60%; C,KS,, 0.1%; K,_,Na,S, 1.0% and x = 0.25; KS,
0.1%.

For most normal clinker compositions, the major sulphate phase will be
aphthitalite with its maximum K/Na ratio of 3.0, with minor amounts of KS
or C,KS, or both; only with unusually low values of K/Na in the clinker
would one expect NS to be formed. It is only possible to estimate a
maximum value for the content of anhydrite, based on the amount of SO,
that is not water soluble; this will often be zero, as in the example given
above. Anhydrite may, however, be determined by QXDA (Section 4.3.2).
Rarely, the amount of water-soluble SO, is insufficient to balance that of
water-soluble alkalis; this has been attributed to the presence of traces
of alkali carbonates (P2), or of potassium oxide and potassium aluminate
(KA) (F4).

3.5.7 Changes during grinding or storage

Meéric (M33) reviewed the grinding and storage of clinker. Factors influenc-
ing the ease with which a clinker can be ground include the size distribution
of the nodules, the texture and phase composition, the cooling rate and the
conditions under which it has been stored. Grindability increases with alite
content and decreases with that of the interstitial phases. Hornain and
Regourd (H22) defined a brittleness index, which they showed to have values
of 4.7 for alite, 2.9 for aluminate, about 2 for ferrite and 1.8 for belite. They
also found that microcracking produced by rapid cooling from 1250°C
increased grindability. Some specifications allow the use of grinding aids
(Section 11.3.2). The particle size distributions of cements are discussed in
Section 4.1.
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The heat produced on grinding can cause partial conversion of the
gypsum into hemihydrate (2CaSO,-H,0) or y-CaSO,. The extent to which
this occurs depends on the temperature reached and the relative humidity
within the mill. The conversions affect the rate at which the calcium sulphate
dissolves on hydration. Partial conversion to hemihydrate may be desirable,
as the water present in gypsum can cause the particles of cement to adhere
during storage, with formation of lumps (L.12). To obtain an optimum rate
of dissolution on hydration, part of the gypsum may be replaced by
anhydrite. Lumpiness on storage can also result from the reaction of gypsum
and potassium sulphate to form syngenite (CKS,H) (L11). Maultzsch et al.
(M34) reported on the effects of prolonged storage; minor amounts of
gypsum (from hemihydrate), syngenite, calcite and normal hydration prod-
ucts were present.

3.6 Effects of minor components
3.6.1 General

Minor or trace components derived from raw materials, fuel, refractories or
other plant materials, or added deliberately, can affect the reactions of
clinker formation, or the properties of the product, or both. Their effects can
be beneficial or harmful. Beneficial effects include acceleration of the
clinkering reactions or lowering of the temperature at which they occur, or
increase in the reactivity of the product leading to more rapid strength
development. Harmful effects include decrease in alite content, volatilization
in the kiln with consequent formation of kiln rings or other deposits,
decrease in the durability of concrete made with the cement, or the
introduction of poisonous elements. Some elements have beneficial effects at
low concentrations and harmful ones at higher concentrations. Bucchi
(B33,B28) reviewed some of the effects on the manufacturing process.

The main clinker liquid can be affected through alteration in the tempera-
ture at which it begins to form or in its quantity or properties at a given
temperature. A flux is an agent that promotes a reaction by increasing the
quantity of liquid at a given temperature; Al,O; and Fe,O, are fluxes for the
formation of alite. Butt, Timashev and co-workers studied the properties of
clinker liquids (B31,T1). They found that the viscosity and surface tension of
the liquid are markedly affected by relatively small additions of other ions.
Species containing strongly electropositive elements increase the viscosity
and ones containing strongly electronegative elements decrease it. This was
attributed to changes in the distribution of AI** and Fe®" between octahed-
ral and tetrahedral coordination. The effects of adding more than one minor
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component are not additive, and can be complex, c.g. alkali sulphates
decrease the viscosity, but even a small stoichiometric excess of alkali oxides
over SO, increases it. Many species lower the surface tension, because ions
that do not easily fit into the structure of the liquid tend to beccome
concentrated near to an interface, but the situation may be complicated by
liquid immiscibility. Viscosity has a particularly important effect, a low value
favouring alite formation by accelerating dissolution of lime and belite and
diffusion through the liquid. Decrease in surface tension may be expected to
favour wetting of the solids and penetration of the liquid into porous
aggregates of lime crystals,

Effects of minor components on the solid phases are of various kinds. A
mineralizer is an agent that promotes the formation of a particular solid
phase by affecting the equilibria through incorporation in one or more of the
solid phases. CaF, acts both as a mineralizer and as a flux in promoting the
formation of alite. The mechanism of an observed effect is often not clear,
and perhaps for this reason, the term ‘mineralizer’ is often used loosely.
Other examples of action of minor components on solid phases include the
stabilization of M, C;S and B-C,S at room temperature, the modification of
the aluminate structure resulting from incorporation of alkali, and the non-
formation of C,A; in situations where it would be formed in the pure CaO-
Al,0,;-Fe,0,-S8i0, system. Minor components can affect the properties of a
clinker phase in other ways, such as by causing changes in crystal size,
morphology or structural perfection, and can also modify the microstructure
of the clinker as a whole.

The first 11 minor components of raw mixes, in sequence of decreasing
median concentration, are MgO, K,0, SO, Na,0, TiO,, Mn,0,, P,O.,
SrO, fluorides, chlorides, and Cr,O, (B27).

3.6.2 Effects of s-block elements

The effects of K,O and Na,O in producing low-temperature melts and
volatile species have already been discussed. K,0O and Na,O lower the
temperature of formation of the melt but, in the absence of SO,, increase its
viscosity. If present in sufficient concentration, they lead to formation of
orthorhombic or pseudotetragonal aluminate; this can have undesirable
effects on the rheology of fresh concrete. High K,O contents can lead to
syngenite formation and consequent lumpiness on storage. High contents of
either K,0 or Na,O can lead to destructive reactions with certain aggregates
(Section 12.4). Alkalis increase early strength but often decrease late strength
(Section 7.6.3).

MgO also lowers the temperature at which the main melt begins to form
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and increases the quantity of liquid; it slightly decreases the latter’s viscosity
(B31,T1). Its presence is probably the basic cause of the non-formation of
C,,A; in normally cooled clinkers of high AR. [t stabilizes M, alite (Section
1.2.4). It retards the decomposition-of alite during cooling. These effects are
beneficial, but the formation of periclase, discussed in Section 3.5.5, limits
the permissible content, which most national specifications set at 4% or 5%,

Some limestones contain substantial proportions of SrO. Small contents
favour alite formation, but phase equilibrium studies show that it increases
the range of compositions at which free lime, with SrO in solid solution, is
present at the clinkering temperature (B34,G27,G28). This limits the per-
missible content of SrO in mixes of normal LSFs to about 3%.

3.6.3 Effects of p- and d-block elements

The behaviour of CaF, as a flux and mineralizer was described in Section
2.6.1. In addition to promoting formation of alite at markedly lower
temperatures, CaF, accelerates the decomposition of calcite. Volatilization
does not cause serious problems in the kiln, and it has often been added to
raw meals, typically in proportions below 0.5%. It retards setting, possibly
through formation of C,,S,-CaF, during cooling, and this limits its use. As
with admixtures to the raw meal in general, 1t is also necessary to consider
whether the resulting savings outweigh the extra costs. This is most likely to
be the case with raw materials that would otherwise require particularly high
burning temperature.

Chloride contents must be kept low to avoid corrosion of steel in
reinforced concrete (Section 12.3) and formation of kiln rings and preheater
deposits. Contents below 0.02% are preferred, though higher ones can be
acceptable if a sufficient proportion of the kiln gases is bypassed or in less
energy-efficient (e.g. wet process) plants.

The effects of SO, include formation of alkali sulphates and other low
melting point phases and volatile species, discussed earlier in this chapter
and in Section 2.5.2. Although much of the SO, is present in a separate
liquid phase, the main melt begins to form at a lower temperature and its
viscosity is reduced, rendering CaSO, an effective flux. Against this, it leads
to the stabilization of belite and lime at clinkering temperatures, and
consequent decrease in content or even disappearance of alite, though this
effect 1s lessened if MgO is present (G16). Sulphate can be removed by
increasing the burning temperature, but the inclusions of lime in alite that
have formed at lower temperatures are not easily lost (L14).

Portland cement clinkers typically contain around 0.2% of P,O.; higher
contents lead to decreased formation of alite, and if above about 2.5% to
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presence of free lime. An early conclusion that a-C,S forms a continuous
series of solid solutions with a (‘super o’) C,P above 1450°C (N12) was
modified by later work, which showed that a miscibility gap exists at 1500°C
(G29). Solid solutions also exist between other combinations of C,S and
C,P polymorphs, lowering the temperatures of the C,S transitions and. for
some compositions, stabilizing a or o’ forms at room temperature. In the
CaO-C,S-C,P system (G29), C;S has a primary phase field, but at a
clinkering temperature of 1500°C, mixes with more than a few per cent of
P,0; do not yield C;S. The tolerance for P,O5 is somewhat increased if F~
is also present (G21).

The 3d elements from titanium to zinc all lower the viscosity of the clinker
liquid in varying degrees, but their effects on clinker formation and proper-
ties present a confusing picture. It has been claimed that the content of alite
in clinkers decreases with increase in that of TiO,, but the effect is much less
marked if the latter is regarded as replacing SiO, (B27). Chromium can enter
the clinker from raw materials or refractories; cements high in it have been
reported to give high early strengths, but toxicity renders their use impracti-
cable. The enhanced early strength is possibly due to high defect concen-
trations in the alite (B27), in which the chromium occurs as Cr** (J6). Both
manganese and titanium occur in their highest concentrations in the ferrite
phase, and probably for this reason yield darker coloured clinkers.

The cycling of zinc, cadmium, thallium, lead, sulphur, fluorine and
chloride was noted in Sections 3.2.5, 3.3.5 and 3.4.5.



4

Properties of Portland clinker and
cement

4.1 Macroscopic and surface properties
41.1 Unground clinker

This chapter deals with chemical and physical properties other than ones for
which the nature of the hydration products must be considered, which are
treated in Chapters 5 to 8. In general, properties of the whole clinker or
cement are alone considered, those of the constituent phases having been
dealt with in Chapter |, but factors affecting the reactivities of these phases
are included as a link with the following chapters on hydration.

Portland cement clinker emerges from a dry process kiln as rounded
pellets, or from a wet process kiin as irregularly shaped lumps, in either case
typically of 3-20 mm dimensions. Typical clinkers are greenish black, the
colour being due to ferrite phase that contains Mg?* (M18); in the absence
of Mg?*, they are bufl. Reducing conditions in the kiln typically produce
clinkers that are yellowish brown, especially in the centres of the lumps,
where less reoxidation has occurred. Light colours can also arise from
underburning.

The bulk density of a clinker, determined under standard conditions by
rejecting material passing a 5-mm sieve, pouring the remainder into a conical
container, and weighing, is called the litre weight. This quantity, which is
typically 1.25-1.35kg 1!, gives some indication of the operating con-
ditions. Its optimum value depends on the composition.

The measured true density of clinker is typically 3150-3200 kg m ~3; the
value calculated from the X-ray densities and typical proportions of the
individual phases is about 3200kgm~3. The difference is probably due
mainly to the presence of pores inaccessible to the fluids used in the
experimental determination. Using mercury porosimetry, Butt e al. (B35)
determined pore size distributions and discussed their relations with burning
and cooling conditions and grindability.

41.2 Particle size distribution of ground clinker or cement

Allen (A3) discussed methods suitable for determining this important |

96



Properties of Portland Clinker and Cement 97

property. Sieving is suitable only for determining the proportions of par-
ticles in ranges above about 45 pum. In airjet sieving, jets speed the passage of
material through the sieve and prevent the mesh from becoming blocked.
For the entire range of size, the most widely used methods are ones based on
either sedimentation in liquids or diffraction of light. In the X-ray sedigraph,
the progress of sedimentation is monitored by the absorption of an X-ray
beam and the results calculated using Stoke’s law. Because highly concen-
trated suspensions are used, there is some doubt as to whether this law is
strictly applicable. An older method employs the Andreason pipette, by
which samples are withdrawn from a suspension at a fixed depth after
various times, so that their solid contents may be determined. In laser
granulometry, light from a laser passes through a suspension and the particle
size distribution (PSD) is calculated from the resulting diffraction pattern.
Light microscopy can provide information on the distribution of both
particle size and particle shape, and SEM with image analysis (Section 4.3.1)
can, in principle, provide much additional information.
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Fig. 4.1 Rosin—-Rammler plot of the particle size distribution of a typical Portland
cement. S = specific surface area attributable to particles of size smaller than x.
Open circuit grinding; based on the data of Sumner et al. (S25).

With all the methods, complications or uncertainties of interpretation
arise due to effects associated with particle shape and with flocculation, so
that the results given by different methods do not necessarily agree and
usually have relative rather than absolute significance. Fig. 4.1, curve R,
shows the cumulative PSD, obtained using an X-ray sedigraph, for a
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typical Portland cement ground in an open circuit mill (§25). In modern
ordinary Portland cements, some 7-9% of the material is typically finer than
2 um and 0-4% coarser than 90 pm.

Meéric (M33) discussed analytical expressions used to represent the PSD of
cements. Probably the most successful is the Rosin-Rammler function,
which may be written in logarithmic form as

In(100/R) = n (In x — In x,) 4.1

where R is the weight percentage of material of particle size greater than .
The constants x, and # describe the distribution; x, is a measure of average
size, 36.79% of the material being of size greater than x,, and n is a measure
of breadth of distribution, increasing as the latter becomes narrower. For the
example shown in Fig. 4.1, x_is 22 pm and n is 1.03. For open circuit milling,
the values of » obtained using an X-ray sedigraph are 0.99-1.07: for closed
circuit milling, in which the fine material is separated and only the coarser
material further ground, » can be as high as 1.23-1.28 if the separation is
efficient (S25). A narrow PSD can also be obtained using a vertical spindle
mill. Laser granulometry typically gives values of n lower by 0.15-0.20 (S25),

4.1.3 Specific surface area determination

The specific surface area of cement is commonly determined directly by air
permeability methods. In the Lea and Nurse method (L15), a bed of cement :
of porosity 0.475 is contained in a cell through which a stream of air is ¢
passed, and steady flow established. The specific surface area is calculated
from the density of the cement, the porosity and dimensions of the bed of :
powder, the pressure difference across the bed, and the rate of flow and |
kinematic viscosity of the air. In the Blaine method (B36), a fixed volume of
air passes through the bed at a steadily decreasing rate, which is controlled .
and measured by the movement of oil in a manometer, the time required -
being measured. The apparatus is calibrated empirically, most obviously -
using a cement that has also been examined by the Lea and Nurse method.
The two methods gave closely similar results. The Blaine method, though
not absolute, is simpler to operate and automated variants of it have been
devised. ;

Other methods that have been used to determine specific surface areas of
cements include the Wagner turbidimeter (W16) and BET (Brunauer-
Emmett-Teller) gas adsorption. The former, as conventionally used, gives
very low results because of a false assumption that the mean diameter of the
particles smaller than 7.5 pum is 3.8 pm, which is much too high. The BET!
method gives results two to three times higher than the air permeability
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methods, because it includes internal surfaces present in microcracks or in
pores open at only one end.

The specific surface area, like the PSD, is thus a quality whose value
depends on how it is defined, and is liable to be affected by any pretreatment
or conditions affecting the degree of flocculation. In practice, air per-
meability methods are widely used. Typical values are 300-350 m? kg ~!
for modern ordinary Portland cements and 400450 m? kg ~! for rapid-
hardening Portland cements.

From a PSD curve, one may calculate the specific surface area, S:

S=6x10°x F x Lf/(d x p) 4.2)

where [ is the weight fraction of material consisting of grains assumed to
have a diameter or edge length d (in um), p is the density in kgm ™2, and the
result is in m? kg~ '; Fis an empirical constant which takes into account the
differing assumptions regarding surface shape that are made implicity or
explicity in the determination of PSD and the definition of specific surface
area. This formula applies to both cubic and spherical grains. For a
calculation starting from a PSD obtained using an X-ray sedigraph to give a
specific surface area comparable to that obtained by an air permeability
method, Fis typically about 1.13. Fig. 4.1, curve S, shows the contributions
to the calculated specific surface area of particles of differing sizes, assuming
that particles smaller than 2 pm have a mean size of | pm. About 40% of the
total is provided by particles smaller than 2 um.

In principle, the specific surface area may also be calculated from the PSD
using analytical expressions derived from such functions as the Rosin-
Rammler expression. In practice, this is not always satisfactory because the
specific surface area is so highly dependent on the bottom end of the
distribution.

4.1.4 Particle size distribution, phase composition and cement
properties

Because the constituent phases of a cement are not equally easy to grind,
different particle size fractions differ in composition. Gypsum, and its
dehydration products, are concentrated in the finer fractions. Osbaeck and
Jons (08) concluded that each 1% of gypsum contributed about 10 m? kg ™!
to the specific surface area; in a typical case, some 15% of the total specific
surface area is thus due to gypsum. The content of alite decreases, and that
of belite increases, with increasing particle size (R12,G30), the contents of
aluminate and ferrite phases being little affected.

The depth of reaction of the cement grains after a given time has been
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determined by light microscopy; it may be expected to vary with the
composition and microstructure of the clinker. Anderegg and Hubbell
(A4,A5) found values of 0.43-0.47 pm at 1 day, 1.7-2.6 um at 7 days, 3.5-
54pm at 28 days and 6.1-8.9 um at 150 days. Zur Strassen (Z7) gave
somewhat higher values (e.g. 6-7 pm at 28 days). From the depth of reaction
and the PSD curve, and assuming the grains to be spherical, one may
calculate the fraction, a, of cement that has reacted after a given time:

a=2fx[l — (I —2h/d)?] 4.3)

where & is the depth of reaction in pm and X, f and 4 have the same
meanings as in equation 4.2 and the quantity in square brackets cannot be
less than zero. For the cement to which the data in Fig. 4.1 refer, and using
the means of Anderegg and Hubbell’s values, this gives 0.28 at | day, 0.63 at
7 days, 0.80 at 28 days and 0.90 at 150 days. These values are in reasonable
agreement with those typically found using XRD (Section 7.7.1). Ritzmann
(R12) determined the compressive strengths of pastes of a number of
cements of known PSD, made by mixing separated fractions. For a given
cement and water/cement (w/c) ratio, the strength was linearly related to the
fraction of cement reacted, calculated in this way.

At 1 day, the reaction is primarily of the smaller particles, and the fine end
of the PSD is therefore the important one for the strength. As the age
increases, the coarser part of the distribution becomes progressively more
important; by 28 days the particles smaller than about 10 pm have reacted
completely, and the content of particles up to about 45 pm in size is of major
importance. For a given specific surface area, narrowing the PSD increases
the degree of reaction at 28 days, and thus also the strength (L16,5S25,K9).
The relation may be quantified using equation 4.3. Narrowing the PSD also
saves energy in grinding (S25), but increases the amount of water needed to
produce a mix of given workability (S$25,526); this latter effect can be
compensated by adjusting the temperature during milling so as to increase
the extent to which the gypsum is dehydrated to hemihydrate or soluble
anhydrite (S25).

415 Chemical analysis

Ground clinker or cement may be analysed by standard methods, such as X-
ray fluorescence (XRF). Determination of free lime is discussed in Section
4.3.3. With XRF or other methods in which no fraction of the material is
excluded from the analysis, insoluble residue (determined separately) is
included in the oxide components and therefore should be omitted from the
total. It can often be assumed that two-thirds of it is SiO, and the rest



Properties of Portland Clinker and Cement 101

Al,0,. Classical, wet analysis gives inaccurate results for Al,O, unless the
effects of P,O5 and TiO, are allowed for.

Chemical analysis, microscopy, XRD and other methods of examination
should be carried out on the same, representative sample of material. A
procedure for obtaining such a sample is described in the next section.

4.2 Light microscopy
4.2.1 General

Light microscopy provides much information on clinker microstructure and
thereby on the conditions existing at various stages of the manufacturing
process. Much the most widely used technique has been the examination of
polished and etched sections in reflected light, and the following sections
refer to this unless otherwise stated, but additional information has been
obtained from the examination of thin sections or powder mounts in
transmitted light. Fuller accounts are given elsewhere (G31,H21,L10,C17).

It is vital to obtain a representative sample; the following procedure (L10)
is typical. If a kiln is known to give a reasonably consistent product, samples
taken at intervals over a suitable period are aggregated, but if not, they are
examined separately. Each sample examined comprises at least 15kg of
clinker, and is first examined visually to distinguish kiln deposits or refrac-
tories. It is then crushed to below 6 mm and a representative sample
obtained, e.g. by quartering. The 24 mm fraction of this sample is used. Ten
to twelve samples of uncrushed nodules, covering the range of nodule sizes,
are also examined, together with a sample of the material smaller than 2 mm,
if much of this is present in the original clinker. The relative amounts of
nodules of different sizes, and of the material below 2 mm, are noted.

For examination in reflected light, the sample is mounted in a plastic resin
and is cut and polished using only non-aqueous lubricants. The most
generally useful etchant is probably HF vapour, which has the merit of not
removing alkali sulphates; the slide is inverted over a vessel containing 40%
aqueous HF for 10-20 seconds. Treatment with water followed by 0.25%
HNO, in ethanol and finally ethanol is also widely used, and many other
etchants have been employed for specific purposes. The etchants produce
thin films of decomposition products, which yield interference colours when
viewed in reflected light.

Fig. 4.2 shows a polished and etched section of a production clinker.
Crystals of alite and belite are embedded in a matrix of aluminate and ferrite
phases. If HF vapour is properly used, the alite is yellowish brown, the belite
is blue or red, and the aluminate is grey; the ferrite, which is unattacked, is
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brightly reflective. The alite crystals are angular, often pseudohexagonal. the
belite crystals are rounded and normally striated, as described in Section
1.3.2. Ideally, the alite crystals are 15-20 um in average size, though in
practice they are usually much larger, and there should be no clustering of
either alite or belite. The average size of the belite crystals is typically 25-
40 um.

Fig. 4.2 Reflected light micrograph of a polished and ctched section of a Portland
cement clinker, showing crystals of alite (dark, angular) and belitc (less dark,
rounded) embedded in a matrix of interstitial material, itself composed mainly of
dendritic ferrite (light) and aluminate (dark). Courtesy Materials Science Depart-
ment, British Cement Association.

A good clinker should have been rapidly cooled, and this will cause the -
ferrite and aluminate phases to be mixed on a scale of a few micrometres, the
ferrite often forming dendrites or needles in a matrix of aluminate. In
transmitted light, the ferrite phase is pleochroic. The normal, cubic alumi-
nate tends to fill the spaces between the other phases and thus to exhibit no
definite form,; it is isotropic in transmitted light. In clinkers with an excess of
alkali over SOj, cubic aluminate may be partly or wholly replaced by the
orthorhombic variety. This forms relatively large, prismatic crystals, which
occur in a matrix of the other interstitial phases and are birefringent in
transmitted light.
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There should be little free lime. What there is should occur as rounded
grains, typically 10-20 um in size, and associated with alite and interstitial
material. Lime appears cream in sections etched with HF vapour. Its
presence may be confirmed by a microchemical test using White’s reagent
(5 g of phenol in 5 ml of nitrobenzene + 2 drops of water); long, birefringent
needles of calcium phenate are formed. The test also responds to CH. Alkali
sulphates occur in the clinker pore structure; they are etched black with HF
vapour, and inhibit the etching of silicate phases with which they are in
contact.

The phases may be determined quantitatively by point counting
(H21,C18). The areas of phases on a polished section of a cement clinker are
proportional to the volumes in the material. Random and systematic errors
arise from imperfect sampling, counting statistics and incorrect identifi-
cations of phases by the operator. Error from counting statistics depends on
the number of points, the size of the grid and the grain sizes of the phases;
4000 points normally gives reasonable precision (H21). Systematic errors
from incorrect identification of phases generally exceed errors from counting
statistics, and give rise to differences in results between operators (CI8).
With many clinkers, it is impracticable to determine the aluminate and
ferrite phases separately by this method.

4.2.2 Effects of bulk composition, raw feed preparation and ash
deposition

The bulk composition affects the relative amounts of phases, the LSF, SR
and AR affecting primarily the ratios of alite to belite, silicate phases to
interstitial material and aluminate to ferrite phase, respectively. An LSF that
is too high, either absolutely or in relation to the burning conditions, also
gives rise to an excessive content of free lime. Belite may occur in such
clinkers only as inclusions in alite.

[nadequate grinding of the raw meal is shown by the presence of large
clusters of free lime or belite, up to several hundred micrometres in size and
with defined outlines reflecting those of the original particles of calcareous or
siliceous material, respectively. Coarse fragments of dolomitic limestones
similarly yield localized concentrations of periclase, usually intimately mixed
with lime. Periclase crystals are characteristically angular, up to about 20 pm
in size, and are unattacked by normal etchants. Due to their hardness, they
stand out in high relief in unetched sections. Less sharply defined segregation
indicates inadequate mixing, and is typically shown by the presence of
regions rich in belite and in alite plus lime, in each case together with
interstitial material. In extreme cases, entire nodules can depart seriously
from the mean composition.
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Incomplete assimilation of coal ash is shown by the existence of large
regions high in belite, and containing also interstitial phases. The locations
of these regions indicate the stage of the burning process during which the
ash was deposited; if it was late, the belite-rich material forms coatings on
clinker nodules, in which small nodules can be encapsulated, whereas if it is
deposited earlier, it can form part of the kiln coating, which may later break
away and form the centres of nodules. If the ash contains unburnt matter,
localized reducing conditions can occur. Insufflation of materials into the
kiln can produce similar effects (L.10).

4,2.3 Effects of burning conditions and cooling rate

Underburning is shown by the presence of abundant free lime and a low
content of alite, the crystals of which are very small (< 10 um). The average
size and other characteristics of the alite and belite crystals provide much
further information about the burning conditions; factors governing them
were discussed in Chapters 1 and 3. Ono (O7) considered that alite size was
an indication of the rate of heating to the clinkering temperature, which if
high led to the formation of smaller crystals, but other studies indicate that
many other factors are involved, and that overburning, in particular, can
cause increase in size through recrystallization (Section 3.4.4). Another
indication of excessively hard burning is the presence of material high in
large alite crystals and low in interstitial material, formed by the withdrawal
of the liquid into the centres of the clinker nodules (L10).

The effects of slow cooling (Section 3.5) are readily detectable by light
microscopy. The most general are coarsening of the texture of the interstitial
material and a change in the belite, when viewed in transmitted light, from
colourless to yellow. The belite crystals may also develop ragged or serrated
edges. Slow cooling can also cause resorption of alite, with deposition of
small crystals of belite as fringes on the alite and in the body of the
interstitial material, increase in alite crystal size and, if it occurs below
1200°C, decomposition of alite to an intimate mixture of lime and belite. The
effects of reducing conditions (Section 3.4.5) are similarly detectable by light
microscopy (L11,L14).

4.2.4 Applications of light microscopic investigations
Light microscopy can be used to find the causes of unsatisfactory clinker

quality or to determine what modifications in composition or plant oper-
ation are needed to change the clinker properties in a desired direction. It
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has also been used to predict strength development. Ono (O7) described
results obtained from examinations of powder mounts. The values of four
parameters, indicated in Table 4.1, were each estimated on a scale of 1-4 and
the strength, R, in MPa, of a mortar at 28 days then predicted using the
regression equation:

R =23.6 + 0.59AS + 2.04AB + 0.37BS + 2.00BC 4.4)

The four parameters AS, AB, BS and BC were considered to be measures
of heating rate, maximum temperature, time at that temperature and cooling
rate, respectively. As noted in the preceding section, the first of these
assignments is questionable, but this does not necessarily invalidate the
results obtained by the method, which was tested by routine application in
many plants of a major cement company over a long period. Some of the
other workers using the method have, in contrast, had little success with
the method (e.g. Ref. 827), and the generality of the procedure, or of the
coeflicients, remains to be established. The constant term in the equation
probably subsumes terms relating to composition and cement fineness,
which would have to be taken into account if a wider range of samples was
considered.

Table 4.1 Parameters of Ono’s method (O7) for predicting cement strength

AS (alite size, pm) 15-20 20-30 30-40 40-60

AB (alite birefringence)  0.008-0.010 0.006-0.007  0.005-0.006 0.002-0.005
BS (belite size, pm) 25-40 20-25 15-20 5-10

BC (belite colour) Clear Faint yellow Yellow Amber
Hydraulic activity Excellent Good Average Poor

Value of parameter 4 3 2 1

4.3 Scanning electron microscopy, X-ray diffraction and
other techniques

4.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) of polished sections of clinkers pro-
vides information essentially similar to that given by light microscopy, with
two important additions. First, phases can be analysed chemically. Second,
the image can be stored electronically and subsequently processed or
analysed in various ways. The specimen is polished and coated with an
electrically conducting layer, normally 30 nm of carbon, but not etched. The
most generally useful technique is backscattered electron imaging, using a
detector designed to maximize contrast from compositional differences and
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to minimize that from topography, combined with provision for X-ray
microanalysis. This should include facilities both for obtaining X-ray images
giving semiquantitative information on the spacial distributions of individ-
ual elements, and for obtaining complete and quantitative chemical analyses
in regions of micrometre dimensions. Techniques are described in standard
texts (e.g. Ref. (G32), and the results of analyses of individual clinker phases
were considered in Chapter 1.

The intensity of the electrons backscattered from a particular region of a
specimen depends approximately on the mean atomic number of the
material of which that region is composed; more precisely, it is represented
by the backscattering coefficient, n, which may be calculated from the
formulae:

n=2Cn, (4.5)
N, = —0.0254 + 0.016Z, — 1.86 x 107*Z? + 83 x 1077Z2 (4.6)

where the summation is over elements and C, is the weight fraction of an
element having atomic number Z; (G32). This equation assumes the acceler-
ating voltage to be 20 kV. Assuming the typical compositions given in Table
1.2 for the individual phases, this gives values of 0.171 for alite, 0.167 for
belite, 0.168 for cubic aluminate and 0.178 for ferrite. The differences
between these values are such that the grey levels of the alite, belite and
ferrite phases on micrographs are distinguishable to the eye, but those of the
belite and aluminate are not; however, the phase boundaries are normally
visible, presumably due to slight topographical contrast or compositional
irregularity. Fig. 4.3 shows backscattered electron images of a typical clinker
and of a polymineralic cement grain present in a fresh paste (528). .
The resolution available is limited by the size of the region from which the
backscattered electrons are produced, which is somewhat below | pum in each
direction. Much higher resolution is obtainable using the secondary electron :
image, but this depends mainly on topographical contrast and thus gives, at |
best, poor definition of the phases. The resolution given by the X-ray image
is poorer than that given by the backscattered electron image. :

Fig. 4.3 Backscattered electron images of polished sections of (Al) a Portland :
cement clinker and (B) grains of a Portland cement in a fresh paste. In both
sections, alite is the predominant clinker phase. In (A), the relatively large, darker ;
areas are of belite, and the interstitial material consists of dendritic ferrite (light) ina
matrix of aluminate (dark); cracks and pores (black) are also visible. In (B), the belite
forms well-defined regions, which are rounded, striated and darker than the alite; the
interstitial material, present, for example, in a vertical band left of centre within the
larger grain, consists mainly of ferrite (light) and aluminate (dark). Scrivener and
Pratt (528).
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SEM with image analysis has been used in the study of clinker and ground
cement (L17.529). Scrivener (529) stored the backscattered electron image
and X-ray images for several elements from the same area of a specimen. She
did not find it possible to distinguish the clinker phases from the backscat-
tered electron images alone, but by computer combination of data from
these and the X-ray images, the silicate phases could be distinguished from
the aluminate phases. The method was used to study the phase distributions
within individual grains of cement and to compare the volume and surface
distributions. For the cements studied, the large grains consisted wholly, or
almost wholly, of belite. Almost all the remaining grains appeared to be
polymineralic, even including those that were only a few micrometres in size
(Fig. 4.3B), but grains smaller than about 0.5 pm were not easily studied and
may have been monomineralic. Overall, fracture during grinding appeared
to be predominantly through alite, and to avoid phase boundaries. The
proportions of interstitial phases exposed on the surfaces of the grains were
significantly greater than those by volume in the material. The volume
fractions of silicate and interstitial phases were compared with those deter-
mined by QXDA or obtained by the Bogue calculation.

The application of image analysis to SEM is a rapidly developing
technique, and further development may be expected. In addition to giving
areas of phases, it can provide information on such matters as the distri-
butions of shape, size and surroundings of particles and of phases and pores
within them. It is, of course, essential to examine a sufficient number of
samples and fields to ensure that the results are representative, but the
labour and subjectivity associated with light microscopic studies of a
comparable nature are largely eliminated.

4.3.2 X-ray diffraction

The potential uses of XRD powder diffraction in the study of clinker or
anhydrous cement include the qualitative and quantitative (QXDA) deter-
mination of phase composition, and the determination of polymorphic
modification, state of crystallinity and other features of individual phases. In
principle, information on compositions of phases is obtainable through cell
parameters, but, due to the lack of adequate reference data, XRD is generally
less satisfactory for the clinker phases than X-ray microanalysis. Table 4.2
gives the pattern of a typical Portland cement, with indications of the
assignments of peaks to phases.

Alite is normally so much the predominant phase that its pattern tends to
swamp those of the other phases. All the stronger peaks of belite are
overlapped by ones of alite. Other difficulties in quantitative analysis are
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caused by variability of patterns of phases due to compositional or polymor-
phic variation, and for the ferrite phase, peak broadening due to compo-
sitional zoning or imperfect crystallinity. Other problems in quantitative work
are those of QXDA in general; e.g. the material must be ground sufficiently
finely that primary extinction of the more intense peaks is minimized, and
that adequate mixing with an internal standard is possible, if one is used, but
not so strongly that crystallinity is reduced. Milling to below 5um in an
agate ball mill with cyclohexane as grinding aid, followed by backloading
into the sample holder of a diffractometer, has been found satisfactory for
specimen preparation (G30).

Table 4.2 XRD powder pattern of a typical Portland cement (T5)

20° d(nm) [ Main phases 20° d(nm) I, Main phases

pk
(1.7 0.756 5 Gyp 344 0.2607 83 Ali, Bel
121 0.731 6 Fer 36.7 0.2449 6 Ali
149 0.595 6 Ali 374 0.2404 2 Bel
207 0429 7 Gyp 388 0.2321 12 Ali
219 0406 2 Alu 395 0.2281 5 Bel
23.0  0.3867 7 Ali 41.3  0.2186 4] Ali, Bel
234 0.3302 3 Bel 41.6 02171 16 Ali, Bel
244 0.3648 3 Fer 441 02053 6 Fer
25.3  0.3520 4 Ali 44.5 0.2036  3(B) Bel
264 0.3376 2 Bel 447 02027 2 Bel
276 0.3232 2 Bel, Al 458  0.1981 10 Ali, Bel
28.1  0.3175 4 Ali, Bel 470 0.1933 1} Ali
290 03069 5 Gyp 474 0.1918 8(B) Fer
294 0.3038 60 Ali 47.8 0.1903 7 Alu
30.1 02965 19 Ali 499 0.1828 5 Ali, Fer
311 0.2876 4 Bel, Gyp 51.7  0.1768 33 Ali
322 0.2780 100 Ali, Bel, Fer 51,8 0.1765 35 Ali
326 02747 85 Al, Bel 56.0 0.1642 2 Ali
332 0.2698 40 Alu, Ali 56.6 0.1626 18 Ah
339  0.2644 23 Fer 594  0.1555 3 Alu

599 0.1544 6 Ali

CuK, radiation. 1, = relative peak height (B = broad). Phases are given in decreasing order of
their contributions to each peak, ones making only minor contributions being omitted. Ali =
alite, Bel = belite, Alu = aluminate, Fer = ferrile, Gyp = gypsum.

Struble (S30) summarized QXDA studies on clinkers and cements. Most
investigators have used some form of the internal standard method (K 10).
Rutile (Ti0Q,) has been widely used as the internal standard, but other
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substances, such as silicon, KBr, CaF, and corundum, have also been
employed; corundum has the advantage of giving no overlaps with import-
ant cement peaks up to 60° 20. The method in its conventional form, in
which only a single peak each of the standard and the phase to be
determined are used, is moderately effective for alite, using the peak at
approximately 51° 26, assuming that a means of accommodating the
splitting of this peak is found. It is less satisfactory for the aluminatc and
ferrite, and useless for belite, because of the weakness of their peaks and
interference from those of alite.

With any form of the internal standard method, it is necessary to employ
reference standards that are as near as possible to the phases in the material
as regards composition, polymorphism and degree of crystallinity. This
implies both knowledge of the characteristics of the particular clinker under
examination and the ability to prepare the necessary specimens, or alterna-
tively to isolate them physically from the clinker itself. One solution (G30)
has been to prepare reference patterns for a wide range of specimens of each
phase and to use those that appear to correspond most closely to those
present in the clinker under examination. Clinkers for which results had -
been obtained by point counting have also been used (Kil).

Gutteridge (G30) described a method, based on earlier work by Berger et
al. (B37), in which a least squares fit is obtained between a diffractometer
trace of the sample with internal standard and a simulated trace summing
the contributions from the component phases. The trace is obtained over the
range of 24-39° 28 by step counting at 0.05 degree intervals using CuKg, .
radiation, and stored in a computer. Auxiliary procedures were devised for
dealing with background levels, adjusting the peak widths and, to some
extent, peak positions in the reference patterns to match those in the clinker,
and matching the observed and computed patterns. Minor phases, such as
lime, periclase, calcium sulphate phases and mineral additions (Chapter 9),
could be included in the analysis. This method is probably the most
satisfactory yet described, but still depends on the choice of standards. Its
power could probably be increased, at some expense of apparatus and
computer time, by extending the range of 28 values used. Some workers have
used similar methods, but matching observed and calculated intensities
integrated over selected, wider ranges of 20 (K11). This could avoid
problems arising from variations in the patterns of the component phases, :
though at some loss of sensitivity.

The Appendix gives calculated patterns based on the results of X-ray
structure determinations for the clinker phases. For each pattern, a ‘Refer- -
ence Intensity Ratio’ (H23) is included. This is the integrated intensity of the
strongest individual reflection (which may be a component of an overlap) :
relative to that of the strongest peak of corundum in a 1:1 mixture by
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weight. In principle, it is possible by using this ratio to dispense with a
reference standard. The internal standard used need not be corundum,
provided that its own reference intensity ratio is known. This method has
not been tested with clinkers, but has obvious possibilities. Given the
necessary crystal structure data, it would permit the calculation and use in
QXDA of patterns corresponding to any desired composition and poly-
morph for each phase.

4.3.3 Chemical or physical methods for separation of phases

Partial separations of the clinker phases can be effected by chemical
extraction methods, which may be combined with XRD to identify and
determine minor constituents. Of several reagents that have been used to
dissolve the silicate phases, the most successful has been a solution of
salicylic acid in methanol (SAM), introduced by Takashima (T10). This
reagent dissolves free lime, alite and belite, at rates decreasing in that order
(H24). By adjusting its composition, it is possible either to remove much of
the alite, so facilitating investigation of the belite, or all of the alite and
belite, facilitating that of the remaining phases. The procedure is as follows
(H24).

The clinker is ground in propan-2-ol to an average particle size of 5um.
After evaporating off the propan-2-ol, the sample (5 g) is treated for 2 h at
room temperature with the SAM reagent (300 ml), with constant stirring.
The solution, which is now red, is filtered on a No.4 sintered glass filter, and
the residue washed with methanol and dried at 90°C. If the residue is to be
examined by QXDA, the internal standard (e.g. rutile) may be mixed with
the sample before the extraction. For removal of alite and belite, the salicylic
acid content of the reagent is 20g per 300ml. For complete removal
of the alite, leaving the maximum quantity of belite undissolved, it is 10-15 g,
depending on the alite content; five times the weight of C5S in the sample, as
given by the Bogue calculation, was found to be satisfactory.

A solution of maleic acid in methanol has also been used to dissolve the
silicate phases (T11). This is quicker than the SAM method, but if the
methanol contains water, ettringite may be formed and water-soluble
phases, such as K,SO,, lost, while if it is anhydrous, gelling occurs; the SAM
method is thus preferable (S31). Extraction of the silicate phases by the
trimethylsilylation method of Tamas er al. (T12) (Section 5.3.2) also leaves a
residue containing the aluminate and ferrite phases.

Gutteridge (G33) found that a solution of sucrose in aqueous KOH
(KOSH reagent) dissolves the aluminate and ferrite, leaving the silicates and
minor phases. The clinker or cement (10 g) is reduced to below 5pum by
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grinding in cyclohexane (20 ml) for 40 min in an agate ball mill. After
evaporating off the cyclohexane in a stream of N, the sample (9 g) is added
to the KOSH solution (30 g of KOH and 30 g of sucrose in 300 m] of water)
at 95°C and stirred for 1 min. The solution is then filtered and the residue
washed in water (50 ml) followed by methanol (100 ml) and dried at 60°C.
By using a combination of the SAM and KOSH procedures, it is possible to
produce a residue consisting largely of belite.

Various solvents may be used to dissolve free lime, which can be
determined by titrating the resulting solution with a suitable acid. In one
procedure (J7), the clinker or cement (1.0 g), ground to about 300 m* kg™t
(Blaine), is treated with anhydrous ethylene glycol (50 ml) at 80-100°C for
5min, using a magnetic stirrer. The solution is then filtered under suction
and the residue washed at least twice with a further 10-15 ml of hot ethylene
glycol. The filtrate and washings are diluted with 25 ml of water and titrated
to phenolphthalein with 0.05 M HCL. Other procedures employ mixtures of
ethanol and glycerol (L18) or of acetoacetic ester and butan-2-ol (Franke
solvent) (F8). If properly used, all give similar results. They also dissolve
CH, and have been used to determine this phase in hydrated cements, but
their use for this purpose is questionable as they also appear to attack other
hydration products.

Physical methods are of limited effectiveness for separating the phases in
cement clinker because of the intimate scale on which the latter are mixed;
however, Yamaguchi and Takagi (Y1) had some success with the use of
dense liquids. Some concentration of the ferrite phase can be effected by
magnetic separation (M35,Y1).

4.3.4 Other methods

Bensted (B38) described the use of TG in the study of clinkers or unhydrated
cements. At 49°Cmin~! in N, with cements, losses normally occur at
100-200°C from gypsum or hemihydrate, 400-500°C from CH and 500~
800°C from CaCOs. If a normal, open sample cup is used, the losses from
conversion of gypsum to hemihydrate and from dehydration of hemihydrate
are poorly resolved, making interpretation difficult. Better separation can be -
achieved by using a sample cup with a top that is closed except for a narrow !
exit (S32). {
Syngenite, if present, decomposes at 250-300°C. Small amounts of CH !
can occur due to hydration, and of CaCO, due to carbonation during
milling or storage, impurity in the gypsum, or, where specification allows it, 1
deliberate addition. The increasing tendency to allow additions of sub-}
stances other than calcium sulphate may lead to the presence of other phases j
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detectable by TG. A weight gain at 300-400°C in air that does not occur in
N, normally indicates that the clinker was made under reducing conditions,
but could also conceivably be due to the presence of an excessive quantity of
metallic iron incorporated during milling. In this latter case, it would, of
course, not be shown by the clinker.

Applications of IR and Raman spectroscopy to the study of clinkers and
unhydrated cements have been reviewed (B39,B40). The laser Raman
microprobe, with which regions of micrometre dimensions on a polished
surface may be examined, has been used to investigate structure and
crystallinity, especially of the alite and belite (C19). Spectroscopic methods
for studying the surface structures and compositions of cements are con-
sidered in Section 5.6.2.

4.4 Quantitative phase compositions
4.41 General

The methods that have proved effective for quantitative determination of
phases in clinkers are based on light microscopy (Section 4.2.1), X-ray
diffraction (Section 4.3.2) and calculation from the bulk chemical analysis.
The last two of these are applicable also to cements. SEM with image
analysis (Section 4.3.1) shows promise, but other methods that have been
investigated, such as IR spectroscopy, appear to have little potential.
Sections 4.4.2 to 4.4.5 describe a method of calculation from the bulk
analysis and Section 4.4.6 compares the results of the various methods.

4.4.2 Calculation of quantitative phase composition from bulk analysis

As will be seen in Section 4.4.6, there is wide agreement that the Bogue
calculation gives seriously incorrect results, especially for alite. It has often
been stated that the errors arise because equilibrium is not maintained
during cooling, but this is only partly correct. Even if equilibrium was
maintained, all the major phases would contain significant proportions of
substituent ions. The calculation gives incorrect results because the phases
do not have the compositions assumed for them, and the absence of
equilibrium conditions during cooling merely alters the compositional differ-
ences from the pure compounds.

For a calculation of the quantitative phase composition of a clinker from
the bulk chemical analysis to give correct results, the following conditions
are necessary and sufficient:
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(1) The analysis, including any auxiliary data such as the content of free
lime, must be free from errors.

(2) The analysis must be corrected for any of the four major components
not present in the four major phases. This is routinely done for free
lime, but CaO may also be present in sulphate phases, and, assuming
modern analytical methods (e.g. XRF) to have been used, some of the
Si0, and Al,0, will normally be present in an acid-insoluble residue,

(3) The contents of the four major components in each of the four major
phases must be known. If necessary, weighted mean values must be
used to allow for variable composition, arising, for example, from
zoning in alite or ferrite, or from the presence of both cubic and
orthorhombic aluminate. Belite presents a special problem because of
the probable occurrence of material exsoived between the lamellae. In
the present state of knowledge, use of an average composition includ-
ing this material, such as is given by X-ray microanalysis, is the most
practical solution.

The Bogue calculation is a solution of four linear simultaneous equations
for four unknowns. Following Yamaguchi and Takagi (Y1) and Harrisson
et al. (H3), one may modify it by using the best available estimates of the
compositions of the four phases instead of those of the pure compounds. If
these compositions were free from error, and the other conditions noted
above were satisfied, this procedure would necessarily give correct resuits.
For modern, rapidly cooled clinkers of ordinary Portland cements, the
compositions of the phases do not seem to vary excessively, apart from some
variation in the contents of MgO, CaO and Fe,0, in alite (Chapter 1). By
using typical compositions, such as those given in Table 1.2, one may expect
to obtain results that are substantially more accurate than those given by the
Bogue calculation. The following procedure (T 13) is based on this approach,
and in the form described in Sections 4.4.3 and 4.4.4 applies to most modern
clinkers. Limitations and modifications for cements or other types of
clinkers are noted in Section 4.4.5. It is illustrated by an example, in which
the following analysis is assumed:

Na,0 MgO Al,O, SiO, P,0; SO, K,0 CaO TiO, Mn,0, Fe,O, Loss Total
022 12 57 217 020 037 045 659 029 006 32 0.6 999

Free lime, 0.6%; insoluble residue, 0.3%; main analysis by XRF.

4.4.3 Estimation of sulphate phases

The procedure given below provides an estimate of the amounts of K,O,
Na,O, CaO and SO, present in sulphate phases. It is based on the results of
Pollitt and Brown (P2) (Section 3.5.6), and more specifically on the curves in
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Fig. 3.5, which embody them. These curves are represented by empirical
cquations. We shall use the following symbols, which refer to quantities
expressed as moles per 100 g of clinker: K = total K,O; N = total Na,O0;
S = total SO;; K., N, C, and S, = K,0, Na,O, CaO and SO, present as
sulphates.

(1) Calculate the ratios R = S/(K + N) and k = K/N.
(2) Calculate S,
(a) fFR<08, S, =
(b) If 0.8 < R< 2.0, S, = [1.0-0.25(R—0.8)]S
() f R>20,8 =078
(3) Calculate K, and N
(d) f R<08and k < 3.67, K, = 1.12RK and N, = 0.56RN
(e} If R > 0.8 and k < 3.67, K, =09Kand N, = 0.45N
(f) If k > 3.67, proceed as in (d) or (e) but multiply each result by
(K + N)/(1.12K + 0.56N). This ensures that (N, + K)) < S,
(4) Calculate C, = S, — K, — N,

If the contents of water-soluble K,0O and Na,O are known, it is necessary
only to calculate K and N, from them, and R, and then to carry out stages
2 and 4. From K, N, and C,, the quantities of individual sulphate phases
may be estimated as described in Section 3.5.6. In the example given, the
calculation indicates that the sulphate phases account for all the S0,,0.07%
of Na,O, 0.28% of K,O and 0.04% of CaO. These probably occur as
aphthitalite (0.6%) and calcium langbeinite (0.1%).

4.4.4 Estimation of major phases

From the CaO content, deduct free lime and any CaO present as sulphate or
CaCOj;. In the absence of more detailed data, assume that 67% of the
insoluble residue is SiO, and that 33% is Al,0;, and deduct accordingly.
This gives Al Oy, 5.6%; SiO,, 21.5%; CaO0, 65.3%.

Assume that the four major phases have the compositions given in Table
1.2, that of alite being adjusted in accordance with the MgO and Fe,0,
contents of the clinker as indicated in Note 1 to that table.

Set up four linear, simultaneous equations represented in matrix form as
A.X = B, where a;; is the weight fraction of oxide component i in phase j, x;
is the weight percentage of phase j in the clinker, and b; is the corrected
weight percentage of oxide component 1 in the clinker:

0.7185x, + 0.635x, + 0.566x; + 0.475x, = b, = 65.3 @.7)
0.2515x; + 0.315x, + 0.037x; + 0.036x, = b, = 21.5 (4.8)
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0.0100x, + 0.021x, + 0.313x, + 0.219x, = b, = 5.6 (4.9)
0.0080x, + 0.009x, + 0.05Lx, + 0.214x, = b, =32 (4.10)

The solution to these equations, obtained by inverting the matrix A, is

x, = 4.5131h, — 8.5947h, — 6.8987h, — 1.5116h, = 66.5 (4.11)
X, = —3.6133b, + 10.0842b, + 5.1743b, + 1.0286b, = 13.1 (4.12)
Xy = 0.1320h, — 0.3961h, + 3.6483h, — 3.9598h, = 7.9  (4.13)
Xy = —0.0482b, — 0.0084b, — 0.8292h, + 5.6298h, = 10.0 (4.14)

The calculated percentages of alite, belite, aluminate and ferrite are given by
X,—-x,, respectively. The Bogue calculation gives 60.3%, 16.1%. 9.4% and
9.7%, assuming that the SiO, and Al,O; contents have been corrected for
insoluble residue.

Any standard method of matrix inversion, such as the Gauss-Jordan
method (N13), may be used to solve the equations. The coefficients in
equations 4.11-4.14 may be used without serious error for most ordinary
Portland cement clinkers in which the alite composition is not too different
from that assumed here. As a byproduct of the calculation described in this
section, and using the full compositions of the phases given in Table 1.2, one
may calculate a mass balance table (Table 4.3) showing the distributions of
all the oxide components among the phases.

4.4.5 Limitations and modifications of the calculation of phase
composition

The procedure described above should give satisfactory results for most
modern ordinary Portland cement clinkers, but the following points should
be noted:

(1) If the aluminate phase is orthorhombic, the appropriate composition
(Table 1.2) should be substituted in the matrix A. If both cubic and
orthorhombic forms are present, intermediate values may be used. .

(2) If the result for aluminate is negative, this phase is absent and its
composition should be replaced in the matrix A by that of the low-
aluminium ferrite phase given in Table 1.2. From the compositions ‘
and proportions found for the two ferrite components, the content
and composition of the ferrite may be estimated. Similarly, if the !
result for ferrite is negative, the ferrite composition is replaced by lhat_f
of low-iron aluminate. These conditions will occur at ARs below about
1.0 and above about 4.0, respectively. The data for the low-aluminium




Table 4.3 Distribution of oxide components among phases in a typical Portland cement clinker, calculated from the bulk chemical
analysis

Na,0 MgO ALO, S0, P,0, SO, K,0 CaO TiO, Mn,0, Fe,0, Total

Alite 0.1 0.5 0.7 16.8 0.1 0.0 0.1 48.1 0.0 0.0 0.5 66.9
Belite 0.0 0.1 0.3 4.2 0.0 0.0 0.1 8.4 0.0 0.0 0.1 13.2
Aluminate 0.1 0.1 2.5 0.3 0.0 0.0 0.1 4.5 0.0 0.0 0.4 7.9
Ferrite 00 03 2.2 0.4 0.0 0.0 0.0 4.8 0.2 0.1 22 10.1
Free lime 00 00 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.6
Periclase 0.0 02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2
K;N§, 0.1 0.0 0.0 0.0 0.0 0.3 0.3 0.0 0.0 0.0 0.0 0.6
C,KS, 00 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1
Insol. res. 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3
Other —-0.1 0.0 —0.1 0.0 0.1 0.0 -0.1 0.0 0.1 0.0 0.0 0.0
Total 0.2 1.2 57 219 0.2 0.4 0.5 664 0.3 0.1 3.2 100.0

Results given as percentages on the ignited weight. Periclase calculated by difference. ‘Other’ comprises errors arising [rom rounding, incorrect
assumptions regarding compositions ol phases, and contributions [rom any phases not included in the calculation.
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and low-iron aluminate in Table 1.2 are tentative, and no high
accuracy may be expected.

The results will be less accurate for slowly cooled clinkers, as the
compositions of the ferrite and possibly also the aluminate phases may
differ significantly from those assumed here. At present, there are not
enough data to deal with this problem. The method is not applicable
without major modification to clinkers made under reducing con-
ditions. It is doubtful whether the procedure is applicable to white
cements, both for this reason and because they may contain glass.

(3

~—

The calculation of phase composition from bulk analysis for cements
presents no special difficulties if the content and composition of the gypsum
and any other admixture are known, as the analysis can then readily be
corrected to give the composition of the clinker. If they are not known, an
assumption must be made as to the amount of SO, in the clinker, so that the
contribution of the gypsum to the CaO content of the cement may be
estimated. Further assumptions and corrections may have to be made to
allow for impurities in the gypsum or other additives (e.g. calcite).

446 Comparison of results of different methods

From the results of a study in which six clinkers were examined in a number
of different laboratories, Aldridge (A6) concluded that light microscopy
gave accurate results for the quantitative determination of phases in clinkers,
assuming an experienced operator and adequate sampling. Resuits obtained
using QXDA varied widely between laboratories, and it was concluded that,
as carried out in most of them, the method was of low accuracy. One °
laboratory, however, obtained results that agreed well with those given by
microscopy, and which were considered to be accurate. In general, the
contents of alite found by microscopy were higher than those given by the
Bogue calculation.

The results of another cooperative study, in which microscopy and
extraction methods were used, showed that the Bogue calculation always -
gives low results for alite and generally gives high ones for belite when -
compared with microscopy (C18). For the aluminate and ferrite phases, *
agreement was reasonably good. The total contents of silicates, determined :
by chemical extraction, agreed reasonably well with those found by :
microscopy. :

Several early studies using QXDA gave results in fair agreement with
those of the Bogue calculation, but in the light of the above and other recent‘ff
evidence are of doubtful validity. Odler ef al. (O9) found that alite contentsi
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found either by microscopy or by QXDA were always greater than those
given by the Bogue calculation. Gutteridge (G30) reached the same conclu-
sion for QXDA, and also noted that the total amounts of the crystalline
phases did not vary significantly from 100%. Kristmann (K12) concluded
from a study of 39 clinkers that alite and belite were determined more
satisfactorily by microscopy than by QXDA, but that aluminate and ferrite,
due to their close admixture, were better determined by QXDA or by
determining the total content of interstitial material by microscopy and the
relative amounts of its constituent phases by QXDA of a residue from SAM
extraction (Section 4.3.3). His results indicated that the values given by the
Bogue calculation are low for alite and aluminate, high for belite, and
reasonably satisfactory for ferrite. The mean discrepancy for alite was 8%.

The method for calculating phase composition from bulk analysis de-
scribed in Sections 4.4.2-4.4.4 was tested using Kristmann’s data (T13).
Agreement was substantially better than with the Bogue calculation for alite,
belite and aluminate, and about as good for ferrite. For alite and belite, there
was no significant bias in either direction. For aluminate, there was a
possible tendency to give high results; for ferrite, it was not possible to tell
whether there was bias, due to inadequacies in the experimental data. Good
agreement was also obtained in tests on a wide range of cements, using
experimental data obtained by Gutteridge (G34) using QXDA.

Taken as a whole, the evidence indicates that all four major phases can be
satisfactorily determined by QXDA if an adequate experimental procedure
is employed (e.g. Ref. G30) or by calculation. Alite, belite and the total
content of interstitial material can also be determined by microscopy. With
any of these methods, assuming the best available procedures to be used, the
absolute accuracy is probably 2-5% for alite and belite, and 1-2% for
aluminate and ferrite,

4.5 Reactivities of clinker phases
45.1 Effect of major compaositional variation

The ability of a substance to act as a hydraulic cement depends on two
groups of factors. First, it must react with water to a sufficient extent and at
a sufficient rate; y-C,S, which is virtually inert at ordinary temperatures, has
no cementing ability. Second, assuming that an appropriate ratio of water
to cement is used, the reaction must yield solid products of very low
solubility and with a microstructure that gives rise to the requisite mechan-
ical strength, volume stability, and other necessary properties. C;A reacts
rapidly and completely with water, but the products that are formed when
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no other substances are present do not meet these criteria, and its ability to
act as a hydraulic cement is very poor. C,S, in contrast, satisfies both sets of
conditions, and is a good hydraulic cement.

In this section, we consider only the factors that control reactivity. Any
understanding of them must be based on a knowledge of the mechanisms of
the reactions with water. It is highly probably that these are in all cases ones
in which an essential step is transfer of protons to the solid form from the
water, which is thus acting as a Brensted acid (D9,B41). As an initial
approximation, one may consider the problem purely in terms of the
idealized crystal structures. The reactivities of the oxygen atoms towards
attack by protons depend on their basicities, i.e. the magnitudes of the
negative charges localized on them. Any structural feature that draws
clectrons away from the oxygen atoms renders them less reactive, the
basicity thus depending on the electronegativities of the atoms with which
they are associated. In this respect, the nearest neighbours are the most
important, but the effects of atoms further away are far from negligible. This
hypothesis leads to the following predictions, all of which agree with the
facts:

(1) Oxygen atoms attached only to atoms of a single element will be less
reactive as the electronegativity of that element increases. Thus, C,S
and lime both contain oxygen atoms linked only to calcium, and are
more reactive than B-C,S, in which all the oxygen atoms are also
linked to silicon, while a-Al,0j,, in which all are linked to aluminium,
is inert. However, the reactivity of lime decreases if it is strongly
burned; this is due to effects discussed later.

(2) Oxygen atoms forming parts of silicate, aluminate or other anionic

groups will be less reactive as the degree of condensation with other

such groups increases. B-C,S, in which the tetrahedra do not share
oxygen atoms, is more reactive than any of the C,S, or CS poly-
morphs, in which they do.

(3) Oxygen atoms forming parts of anionic groups similar as regards
degree of condensation will be less reactive as the central atoms in the
groups become more electronegative. In contrast to the C;S, and CS
polymorphs, CA, C,,A, and C,A, in which the AlO, tetrahedra share

corners, are all highly reactive. On the other hand, C,P, which -

contains isolated tetrahedra, is unreactive.

Other hypotheses based on considerations of crystal structure have been

proposed, and in varying degrees may account for second-order effects.. :
Thus, Jeffery (J1) suggested that irregular coordination of calcium was !

responsible for the high reactivity of C,S as compared with y-C,S; however,: |
lime reacts with water, but the coordination of its calcium atoms is highly |
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symmetrical. Jost and Ziemer (J8), who noted the weaknesses in this and
other earlier hypotheses, considered that high reactivity was associated with
the presence of face-sharing CaO polyhedra, but lime contains no such group-
ings, yet can be highly reactive.

4.5.2 Effects of ionic substitutions, defects and variation in polymorph

The considerations discussed in the preceding section suffice only to explain
the effects on reactivity of major variations in composition. They do not, in
general, explain the effects of variations in polymorph or introduction of
foreign ions. These effects are often complex, and while in some cases the
results appear clearcut, there are many others in which they present a
confusing and sometimes apparently contradictory picture. The probable
reason is that many variables are involved which are difficult or impossible
to control independently. These include, besides chemical composition and
polymorphic change: concentrations and types of defects; particle size
distribution; textural features such as crystallite size and morphology,
mechanical stress, presence of microcracks and the mono- or polycrystalline
nature of the grains; and influences of reaction products, whether solid or in
solution. In a cement as opposed to a pure phase, a foreign ion may not only
substitute in a particular phase, but also influence the microstructure of the
material in ways unconnected with that substitution, e.g. by altering the
physical properties of the high-temperature liquid present during its forma-
tion. For both microstructural and chemical reasons, the reactivity of a
given phase in a cement may not be the same as that observed when it is
alone. .

Defects play a particularly important role. Sakurai et al. (S33) noted that
C,8, alite, C,F and C,AF could all take up Cr,0; and that this greatly
accelerated reaction at early ages. Electron microscopic studies showed that
reaction began at grain boundaries and at points of emergence of screw
dislocations, the concentration of which was greatly increased by Cr,0,
substitution. It was also shown that the substituted materials were semicon-
ductors, and a mechanism of attack based on electron transfer processes was
suggested. Fierens and co-workers (F9,F10) also found that the influence of
foreign ions on the reactivity of C;S was due to the presence of defects,
which could be studied using thermoluminescence, and which could also be
introduced by suitable heat treatment.

The complex relations between content of foreign ions, polymorphism,
defects and reactivity are well illustrated by the results of Boikova and co-
workers (B42,B4) on ZnO-substituted C,S. With increasing ZnO content,
triclinic, monoclinic and rhombohedral polymorphs were successively stabi-



122 Cement Chemistry

lized. Curves in which the extents of reaction after given times were plotied
against ZnO content showed maxima corresponding approximately Lo the
T,-M, and M,-R transitions, with intermediate minima. As in the work
mentioned above, it was shown that these compositions were also ones in
which the numbers of defects of a particular type were at a maximum,
Reactivity thus depends not so much on the amount of substituent or nature
of the polymorph, as on the types and concentrations of defects.

Studies on the comparative reactivities of B-, o'~ and a-C,S. reviewed by
Skalny and Young (S34), have given contradictory results. As these authors
conclude, reactivity probably depends on specimen-specific factors other
than the nature of the polymorph, and in the lower temperature polymorphs
may be affected by the exsolution of impurities. This latter hypothesis
receives strong support from subsequent observations that attack begins at
exsolution lamellae and grain boundaries, and that these may contain
phases, such as C;A, that are much more reactive than the C,S (Cl).
Without these lamellae, B-C,S might be much less reactive than it is.

There is wide agreement that substitution of alkali metal ions retards the
early reaction of the aluminate phase, which is thus less for the orthorhom-
bic than for the cubic polymorphs (S35,B43,R13). The effect has been
attributed to structural differences, but the early reaction of pure C,A is also
retarded by adding NaOH to the solution, and the OH ™ ion concentration
in the solution may be the determining factor (S35). The reaction of C;A is
also retarded by iron substitution and by close admixture with ferrite phase;
formation of a surface layer of reaction products may be a determining
factor, at least in later stages of reaction, and the retarding effect of such a
layer may be greater if it contains Fe®* (B44). ‘

The reactivities of ferrite phases in the pure Ca,(Al Fe, _),0; series have
been widely found to increase with Al/Fe ratio, and material of composition
similar to that in clinkers is more reactive than either C,AF or C,A,F (e.g.
Refs. D10,B43 and B44). Anomalies in the relation between rate and Al/Fe
ratio found by some workers can possibly be attributed to zoning or other
variations in crystallinity. As with the aluminate phase, the decrease in
reactivity with iron content is possibly explainable by differences in the
properties of a retarding layer of product. The relatively high reactivity of
the clinker material may be related to its semiconducting properties (M18)
and to disorder arising from the complex ionic substitutions (B44).
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Hydration of the calcium silicate phases

5.1 Introduction
5.1.1 Definitions and general points

In cement chemistry, the term *hydration’ denotes the totality of the changes
that occur when an anhydrous cement, or one of its constituent phases, is
mixed with water. The chemical reactions taking place are generally more
complex than simple conversions of anhydrous compounds into the corres-
ponding hydrates. A mixture of cement and water in such proportions that
setting and hardening occur is called a paste, the meaning of this term being
extended to include the hardened material. The water/cement (w/c) or water/
solid (w/s) ratio refers to proportions by weight; for a paste, it is typically
0.3-0.6. Setting is stiffening without significant development of compressive
strength, and typically occurs within a few hours. Hardening is significant
development of compressive strength, and is normally a slower process.
Curing means storage under conditions such that hydration occurs; con-
ditions commonly employed in laboratory studies include storage in moist
air initially and in water after the first 24 h, storage in air of 100% relative
humidity and, less favourable for reaction, storage in a sealed container.
Because Portland cement is a relatively complex mixture, many studies
having the aim of elucidating its hydration chemistry have been made on its
constituent phases. For a given particle size distribution and w/s ratio,
tricalcium silicate or alite sets and hardens in a manner similar to that of a
typical Portland cement. Using XRD and other methods, it may be shown
that about 70% of the C,S typically reacts in 28 days and virtually all in 1
year, and that the products are calcium hydroxide (CH) and a nearly
amorphous calcium silicate hydrate having the properties of a rigid gel. B-
C,S behaves similarly, but much less CH is formed and reaction is slower,
about 30% typically reacting in 28 days and 90% in | year. In both cases,
reaction rates depend on particle size distribution and other factors. Devel-
opment of compressive strength runs roughly parallel to the course of the
chemical reactions, and the strengths at 1 year are comparable to those of
Portland cements of the same w/s ratio and cured under the same conditions.
The calcium silicate hydrate formed on paste hydration of C,S or 8-C,S is
a particular variety of C—~S~H, which is a generic name for any amorphous

123
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or poorly crystalline calcium silicate hydrate. The dashes indicate that no
particular composition is implied, and are necessary because CSH in
cement chemical nomenclature denotes material specifically of composition
Ca0-Si0,'H,0. The term ‘C-S-H gel’ is sometimes used to distinguish
the material formed in cement, C,S or B-C,S pastes from other variceties of
C-S-H.

This chapter deals primarily with the reactions and products of hydration
of C,S and B-C,S in pastes at ordinary temperatures. Except where stated, a
temperature of 15-25°C is assumed. Background information has been
obtained from studies of C,S or B-C,S hydration at higher w/s ratios. i.e. in
aqueous suspensions, or on C-S-H prepared in other ways, and the results of
such studies are also considered.

5.1.2 Experimental considerations

In all laboratory studies on the hydration of cements or of their constituent
phases, or of C~S-H or other hydrated phases formed by other methods, .
rigorous exclusion of atmospheric CO, is essential. Contamination by |
atmospheric CO, (‘carbonation’) is apt to be much more serious with small
laboratory samples than with practical concrete mixes of smaller surface to -
volume ratio. All operations, such as mixing, curing or drying of pastes, or
preparation, filtration or drying of solid phases in suspensions, must be :
carried out in a CO,-free atmosphere, either in a dry box or in apparatus |
otherwise designed to isolate the materials from the atmosphere. Wet or |
moist materials are especially susceptible to attack, but dry ones are not
immune. Water must be deionized and freshly boiled. Prolonged contact -
with glass must also be avoided; wet curing may be carried out in the
presence of a small excess of water in a sealed plastic container. Despite all
precautions, hydrated materials will inevitably contain some CO,, analysis '
for which will often be required. Jones’s (J9) method, based on decompo- !
sition with dilute acid and absorption of the CO, in Ba(OH), solution,
which is then back-titrated with HCI, is simple and accurate. TG has often
been used to determine CO,, but is not satisfactory because the loss at 700
900°C is not wholly due to CO,. Absence of calcite peaks from an XRD
pattern is not a proof that CO, is absent, as CO, can occur in other forms,
e.g. as vaterite (u-CaCO,), in calcium aluminate hydrate phases and possibly
within the C-S~H structure. 3
Especially with relatively young pastes, the problem often arises of
removing excess water after a specified time of curing to stop the hydration
reactions and to render the material less susceptible to carbonation. For this]
purpose, soaking or grinding in polar organic liquids, such as methanol,;
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propan-2-ol or acetone, has often been employed, but should be used only in
situations where it will not invalidate the results of subsequent tests. Organic
substances can be completely removed from C,S pastes only by drastic
procedures that seriously alter the material. Their presence is especially
undestrable if any form of thermal analysis (e.g. TG or DTA) is to be carried
out, since on heating they react with C-S-H to give CO, (DI11.T14).
Acetone has especially complex effects, since in the alkaline medium it
rapidly undergoes aldol condensations at room temperature, giving mesityl
oxide, phorone and other relatively involatile products (T14). Some workers
consider that primary aliphatic alcohols alter the pore structures of C,S or
cement pastes or of synthetic C-S—H preparations (Section 8.3.2) and it has
also been claimed that methanol reacts with CH at ordinary temperatures,
giving calcium methoxide (B45).

In choosing a procedure to remove excess water, it is necessary to consider
the likely effects on the tests subsequently to be performed. Retention of
organic substances is not the only possible complication; unduly drastic
drying procedures, e.g. heating at 105°C or equilibration to constant weight
in atmospheres of low relative humidity, such as ‘D-drying’ (Section 5.2.2),
partially dehydrate the C-S—H and, with cement pastes. can also decompose
crystalline hydrated calcium aluminate or aluminate sulphate phases. For
some procedures, such as XRD, the presence of organic material may not
matter, but even here, the possibility of decomposing or altering hydrated
aluminate phases must be considered. For electron microscopy, including
the preparation of polished sections for SEM, freeze drying has been found
satisfactory (J10). For many purposes, including thermal analysis above
about 150°C, pumping with a rotary pump for | h is suitable. The drying of
samples for studies on pore structure is considered in Section 8.3.2.

All analytical data on hydrated cements or cement constituents should
normally be referred to the ignited weight. The original weight includes an
arbitrary amount of water, and results referred to it, or to the weight after
some arbitrarily chosen drying procedure (e.g. to constant weight at 105 C),
are often impossible to interpret in detail.

5.1.3 Calcium hydroxide

CH has a layer structure (Fig. 5.1) (B46,P18). The calcium atoms are
octahedrally, and the oxygen atoms tetrahedrally, coordinated. The inter-
layer forces are weak, with negligible hydrogen bonding, thus giving good
(0001) cleavage. The unit cell is hexagonal, with a = 0.3593nm, ¢ =
0.4909 nm, space group P3ml, Z =1, D, = 2242kgm™> The optical
properties are: uniaxial —, © = 1.573, ¢ = 1.545 (85). Calcium hydroxide
occurs as a natural mineral, known as portlandite.
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Elevation

Fig. 5.1 Structure of a single layer of Ca(OH),. Small, full circles represent calcium
atoms, large open or shaded circles oxygen atoms; a hydrogen atom, not shown,
completes the tetrahedral coordination of each oxygen atom. Taylor (T15).

Under ideal conditions of crystallization, CH forms hexagonal plates.
Admixtures greatly affect the morphology, and especially the ¢:a aspect
ratio (B47). Euhedral crystals are observed in young pastes and in pores of
older pastes, but as hydration proceeds, the main deposits of CH become
massive and of indeterminate shape, though the good cleavage persists.
Several studies on the CH of cement pastes by light microscopy or X-ray
microanalysis have indicated the presence of small amounts of SiO, and
other components, but it is uncertain whether these occur as ionic substi-
tuents in the CH structure or in inclusions (B48). There does not appear to
be any convincing experimental evidence for claims that some of the CH in
pastes is amorphous. A TEM study of ion-thinned sections of a C,S paste of
normal w/s ratio showed the CH to occur as large, imperfect crystals; no
finely dispersed, microcrystalline material was observed, though $ome crys-
tals were only tens of nanometres thick (G35,G36); cryptocrystalline CH
was found only in pastes of abnormally low w/s ratio (G37). A reported
occurrence of amorphous CH in a Renaissance lime plaster (M36) was
disproved (N14), but a natural occurrence of amorphous CH has been
described (N15). ‘

It has been reported that the 0001 peak of CH is anomalously strong"
relative to the 1011 peak in XRD powder patterns of calcium silicate or :
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cement pastes obtained using a diffractometer, to an extent that increases
with the w/s ratio and decreases with age (G38,Z8). Grudemo (G38)
attributed the effect to overlap between 0001 and a peak from C-S-H.
Although care was taken to minimize preferred orientation in these studies,
judgement on the results must be reserved. Because of the good cleavage,
preferred orientation occurs very readily, and if a diffractometer is used.
greatly increases the relative intensity of 0001. Such orientation could be
produced in various ways, e.g. on sawing a hardened paste to prepare a flat
surface. Stacking faults can also affect the pattern (S36).

The dissolution of CH in water is exothermic (AH = — 3.8 k) mol ™! at
25°C) (G39), and the solubility therefore decreases with temperature (Table
5.1). The data given are for large crystals; higher apparent solubilities, up to
at least 1.5 gCa0O 17! at 25°C, readily occur with finely crystalline material.

Table 5.1 Solubility of calcium hydroxide (S; g CaO 17 ") (Bassett, B49)

TC S TC S T1C S T1°C S 1TC S °C S

0 1.30 10 1.25 20 1174 30 1.09 50 092 80 0.66°
5 1.28 15 121428 113 40 1.00 60 0.837 99 0.52

“Interpolated values.

(%)

Volatiles Retained

500 700 900
Temperature (°0)

Fig. 5.2 Thermogravimetric curve of Ca(OH), (0.2% CO,); 50 mg sample heated
at 10deg Cmin~ "' in dry, CO,-free N, flowing at 15mlmin~!. Taylor (T5).

Halstead and Moore (H25) reported thermal decomposition equilibria.
The decomposition pressure reaches 101 kPa (1 atm) at 512°C and the mean
enthalpy of decomposition at 300-510°C is 102.9 kJ mol ~!. When heated in
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a vacuum or in a stream of dry N,, CH begins to decompose at an easily
detectable rate at about 370°C. Under typical conditions for TG, decompo-
sition is 98% complete at the end of the step at 580°C (Fig. 5.2). An earlier
conclusion that only about 94% has decomposed at this point (T16) is
incorrect. The finely divided CH available as a laboratory or analytical
reagent normally contains several per cent of CaCOj, and the curve in Fig,
5.2 1s for coarsely crushed large crystals containing 0.2% CO,.

5.2 Compositions of C;S and B-C,S pastes

5.2.1 Calcium hydroxide content, thermal analysis and indirect
determination of the Ca/Si ratio of the C-S-H

The Ca/Si ratio of the C-S-H in a fully reacted C,S or B-C,S paste may be
calculated if the contents of CH and CO, are known, though an assumption
must be made as to whether the CO, occurs in the C-S-H or as CaCO,. If
the content of unreacted C,S or B-C,S is also known, the method can be !
extended to incompletely reacted pastes, though small errors in the contents
of CH or unreacted starting material greatly affect the result at low degrees |
of reaction. Quantitative XRD is probably the only method presently
available for determining unreacted C,S or B-C,S: the precision is probably
not better than + 3% (O10). Methods used to determine CH have included
TG, DTG, semi-isothermal DTG, thermal evolved gas analysis, DTA,
differential scanning calorimetry (DSC), QXDA, IR spectroscopy, image
analysis of backscattered electron images and extraction methods using
either aqueous media or organic solvents similar to those used to determine |
free lime in anhydrous cements. ’

Some workers have found significant differences between the results of
thermal methods and QXDA, the latter usually giving lower results for the
CH content (M37,010,B50,R14,D12), but others have found no differences
outside experimental error (L19,T17). There is broad agreement that extrac- ,
tion methods give higher results than either thermal methods or QXDA |
(O10,M37,B50,R14). It has been suggested that QXDA gives low results due :
to the presence of amorphous CH (R14). Thermal methods have also been |
considered to give low results for the same reason (O10), or because of CH
adsorbed on the C-S—-H (B50) or present as interlayer material (S37).
Sources of error in CH determination by TG have been discussed (T16). As{
noted earlier, major errors can arise from the use of thermal methods on;
material that has been in contact with organic liquids (T14). Preliminary;
results from image analysis did not correlate well with those from TG (S38)]

In the writer’s view, adsorbed or interlayer material is not CH, but part of;
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the C-S—H. The absence of evidence for amorphous CH, or, except at very
low w/s ratios, of cryptocrystalline CH, was noted earlier (Section 5.1.3).
The higher results given by extraction methods are probably attributable to
partial decomposition of the C-S-H. Of all the methods, TG and DTG are
probably the least open to criticism, though precision and accuracy are
limited by the difficulty of distinguishing sharply between the eflects due to
CH and the other phases present. DTA is somewhat suspect, because the
peak area for CH is reported to depend markedly on particle size (W17).

Fig. 5.3 shows the TG and DTA curves of a fully reacted C,S paste,
obtained under the same conditions as the TG curve of CH in Fig. 5.2. The
paste had been prepared at w/s = 0.45 and stored wet, in a sealed container,
for 25 years at 25°C; it contained 0.8% of CO,, referred to the ignited
weight. The height of the CH step (mean from seven determinations and
estimated as shown in the inset) was 8.9%, referred to the ignited weight.
Assuming that this step represents the decomposition of 98% of the CH and
that the CO, occurs as CaCOj, there is 1.15mol CH and 0.04 mol CaCO,
per mole C,S, and the Ca/Si ratio of the C-S-H is 1.81.
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Fig. 5.3 Thermogravimetric and differential thermal analysts curves for a fully
reacted C;S paste; experimental conditions as for Fig. 5.2. After Taylor and Turner
(T14).

This result is similar to those of several other recent investigations, which
have indicated Ca/Si ratios of 1.99 using QXDA or 1.60 using an extraction
method (010), 1.7 + 0.1 (L19) or 1.8 (implicitly) (P19) for mature pastes of
C;S or alite and of around 1.8 (K13,F11) or 2.0 (S18) for ones of B-C,S.
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There is evidence of a lower Ca/Si ratio during the first few hours of reaction
(O10), but with that reservation the more recent work (O10,L19.P19) does
not support the conclusion of some earlier workers that the ratio changes
markedly during the course of the reaction.

5.2.2 Water cantent of the C-S-H

Evidence considered in Sections 5.3.1 and 8.3 indicates that the C-S-H gel of
calcium silicate or cement pastes has a layer structure, and that, together
with a pore solution, it forms a rigid ge! in which the pores range in size from
macroscopic to enlarged interlayer spaces of nanometre dimensions. One
can therefore define a water content only in relation to a specified drying
condition. Three such conditions will be considered.

The most highly hydrated state is that existing in a saturated paste, i.e. one
in which the pores are totally filled with water. According to the theory of
Powers and Brownyard (P20) (Section 8.2.1), the C-S-H in a cement paste
can form only if sufficient space is available to permit it to be accompanied
by a defined proportion of pore space. There is thus a certain w/c ratio below
which complete hydration is impossible, and for which a mature paste
consists entirely of hydration product, including this essential pore space.
The total water content of such a paste in the saturated condition is typically
42-44%, referred to the ignited weight. For nearly saturated C,S pastes,
Young and Hansen (Y5) concluded that the composition of the C-S-H was
approximately 1.7Ca0-SiO,-4H,0. Taking into account the water present
in the CH, this corresponds to a w/c ratio of 0.42, which is similar to the
values found for cement. A

Chemically bound water is most reasonably defined as including that
present in interlayer spaces, or more firmly bound, but not that present in
pores larger than interlayer spaces. As will be seen in Chapter 8, the
distinction between interlayer space and micropores is not sharp: water
adsorbed on surfaces of pores further blurs the definition. From the
experimental standpoint, the determination is complicated by the fact that
the amount of water retained at a given RH depends on the previous drying
history of the sample and on the rate at which water is removed. An
approximate estimate is obtained by equilibrating a sample, not previously
dried below saturation, with an atmosphere of 11% RH (F12,F13,F14).
Saturated aqueous LiCl-H,O gives the required RH (partial pressure of
water vapour = 2.7 torr at 25°C). To achieve apparent equilibrium in a
reasonable time (several days), the sample must be crushed and the system
evacuated; the salt solution should be stirred, at least intermittently. Young

-

and Hansen (Y5) found the composition of the C-S-H in C,S paste thus -
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equilibrated to be 1.7Ca0-Si0,-2.1H,0. For C;S hydrated in suspension.
which probably gives a similar product, Feldman and Ramachandran (F14)
found the C-S-H composition to be 1.64Ca0-Si0,-1.96H,0.

As noted earlier, treatment of C;S pastes with methanol leaves some of
the latter strongly sorbed. The methanol is only removable on heating at
temperatures at which it reacts with the C-S-H, causing carbonation.
However, the total weight of volatiles retained in a C;S paste that has been
soaked in methanol and then pumped for about 1 h with a rotary pump is
near to that obtained on equilibration with saturated LiClI-H,O (T14).
Methanol treatment can thus be used as a rapid, though approximate,
method of determining chemically bound water. Other organic liquids could
possibly be used in a similar way.

In a procedure known as ‘D-drying’, the sample is equilibrated with ice at
—79°C by continuous evacuation with a rotary pump through a trap cooled
in a mixture of solid CO, and ethanol (C20). The partial pressure of water
vapour is 5 x 10~* torr. Heating to constant weight at 105°C in an
atmosphere of uncontrolled humidity, but free from CO,, reduces the water
content to approximately the same value, although it is not a strictly defined
drying condition. The corresponding temperature on a TG curve obtained in
dry and CO,-free N, at 10degCmin~! is about 145°C, but depends
somewhat on the rate of gas flow and design of the apparatus. Water
retained in pastes subjected to D-drying or equivalent procedures is known
as ‘non-evaporable’ water. Contrary to some statements in the literature. it is
not a measure of chemically bound water, as much water is lost from
interlayer spaces under these conditions. It can nevertheless be used as an
empirical measure of the degree of reaction. Typical values in the literature
for the water contents of fully reacted C,S pastes dried by these procedures
are 20.4-22.0% (0O10), corresponding to C-S-H compositions of 1.7Ca0O-
-5i0,-1.3-1.5H,0.

Powers and Brownyard (P20) called the water lost from the C-S-H on
passing from the saturated to the D-dry condition ‘gel water’. It comprises
part of the pore water plus an arbitrarily defined fraction of the interlayer
water. Whatever procedure is used to dry or equilibrate a paste, CO,-free
conditions are essential, and the amount of water retained can be obtained
accurately only if the ignition loss and CO, content are also determined.
Calculations based on the initial w/s ratio are often unreliable due to
changes in the water content during curing.

5.2.3 X-ray microanalysis and analytical electron microscopy

SEM of polished sections of mature C,4S or B-C,S pastes shows well-defined
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regions of C-S-H and CH (Section 5.3.1). Taylor and Newbury (T18)
reviewed X-ray microanalysis (SEM or EPMA) studies of such sections and
reported new results. The recorded Ca/Si ratios for the C-S-H vary
irregularly from point to point and increase with the voltage used to
accelerate the electrons. As in all analyses of heterogeneous materials by this
method, the choice of voltage rests on a compromise: it must be high enough
to excite all the elements adequately, but low enough to produce an
interaction volume sufficiently small that single phases can be analysed. The
mean or median Ca/Si ratios reported for C,S pastes range from 1.4 at 6 kV
to around 2.0 at 25k V. Tt is questionable whether 6 kV is sufficient to ensure
satisfactory analysis for calcium, and at 25kV the volume analysed. taking
into account the effect of porosity, is several micrometres in each direction,
which may be too large to ensure absence of CH or unreacted C;S. Working
at 10kV, Taylor and Newbury obtained mean values of 1.72 and 1.78 for
mature pastes of C,S and B-C,S, respectively; these values are near to those
obtained using the indirect methods described in the previous section. The
range of values was approximately 1.5-2.0 in both cases. '

The totals obtained in SEM or EPMA microanalyses of C-S-H in C,S or
B-C,S pastes, after including oxygen equivalent to the calcium and silicon,
should in theory fall below 100% by an amount equal to the water content
under the conditions existing during the analysis, i.e. high vacuum and
electron bombardment. The evidence from thermal dehydration and inten-
sive drying at room temperatures (Section 5.2.2) indicates that this content is
unlikely to exceed about 15% of the weight of material analysed, implying
an analysis total of at least 85%. The totals are sometimes as high as this,
but are more often 70~-75%, and sometimes even lower (T18). A similar
effect is observed with the C-S—-H of cement pastes (Section 7.2.5), and
appears to increase with the porosity of the region analysed. It has not been
fully explained, and more than one cause may operate. Organic material
remaining from liquids used in preparing the polished section. or carbona-
ceous residues formed from it under the action of the electron beam, may
remain in the pores. Superficial carbonation is a possibility (R15). Electrons
may lose energy through some ill-understood effect during passage through
microporous material (H26).

Analytical electron microscopy (X-ray microanalysis in transmission)
would be expected to allow smaller volumes, in the order of tens of
nanometres in each direction, to be analysed. The volume analysed is not
significantly affected by the exciting voltage within the range (80-200kV)
typically used. Existing techniques give atom ratios but not absolute con-
tents of individual elements. Early studies on ground and redispersed :
samples of C4S and B-C,S pastes (e.g. G40,M38) indicated variability of Ca/ :
Si ratio on a micrometre scale, with ranges of 1.2-2.0 for C,S pastes and 1.1-
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1.6 for B-C,S pastes and means of 1.5 and 1.4, respectively. In a study using
jon-thinned sections, Groves er al. (G35) found that a high-resolution probe
caused the apparent Ca/Si ratio to decrease with time. The problem was
avoided by scanning a 5-um square raster, or by using a high-voltage TEM,
which gave a spot size of comparable dimensions. The mean values of Ca/Si
thus obtained, for three groups of analyses, were 1.66-1.93, and the earlier
values of 1.4-1.5 are thus probably incorrect. The marked local variability of
Ca/Si ratio was confirmed. No significant compositional differences were
observed between ‘inner’ and ‘outer’ products (Section 5.3.1). Crystals
approximately 100 nm in size, identified by electron diffraction as calcite,
were present.

5.3 Structural data for C,;S and B-C,S pastes
5.3.1 Microstructure

The first effective studies of microstructural development in calcium silicate
or cement pastes were made using light microscopy of thin sections (B51).
They showed that the CH grows from relatively few centres in the water-
filled space, where it forms isolated masses typically some tens of micro-
metres in size. Much more CH is observed with C,4S than with -C,S. At the
same time, gel forms around the anhydrous grains and spreads into the
remainder of the water-filled space. Early TEM studies, made on ground and
redispersed material, showed the presence of acicular and rounded, platey
particles, but could not show where these came from in the microstructure
(G41,C21). SEM studies of fracture surfaces (C22,W18,D13,G42) confirmed
these conclusions and showed also that the gel formed in situ from the larger
anhydrous grains, called ‘inner product’, differed in texture from the ‘outer
product’ formed in the water-filled space. It was massive and seemingly
almost structureless, whereas the outer product appeared to form columns
or fibres radiating from the anhydrous grains.

Diamond (D13) distinguished four morphological types of C-S-H gel
visible on fracture surfaces of cement pastes; similar forms have been
observed in calcium silicate pastes (Fig. 5.4). Type I, prominent at early ages,
was the fibrous material, the fibres being up to about 2 um long. Type II,
described as forming honeycombs or reticular networks, was considered to
be very rare in pure calcium silicate pastes, but later work shows that
material resembling it is a normal early product. Type III, prominent in
older pastes, was a more massive form, apparently consisting of tightly
packed equant grains up to 300 nm across. Type IV, still more featureless
and massive, was the inner product, and was also observed in older pastes.
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Fig. 5.4 (A,B) Types I and Il C-S-H, respectively (SEM of fracture surfaces;
courtesy K. L. Scrivener). (C,D) SEM/STEM pair of ion beam thinned section,
showing Type 111 C-S-H (top, right) and Type IV C-S-H (top. left and bottom,
right; Jennings et al. (J10)). (A) is of an ordinary Portland cement paste, w/c = 0.5,
aged 10 h. (B) is of a paste of an oil well cement, w/c = 0.44, with 2.4% of CaCl, on

the weight of cement, aged 1 day. (C) and (D) are of a C,S paste, wic = 0.47, aged
330 days.
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SEM of fracture surfaces has thus provided valuable information, but its
utility is limited by the inherently unrepresentative nature of a fracture
surface and by the effects of dehydration in the high vacuum of the
instrument. Further information has come from the use of other techniques,
especially high-voltage transmission electron microscopy (HVTEM) with
environmental or ‘wet’ cells to reduce water loss (D14,J11.G43), examin-
ation of ion-thinned sections by TEM or scanning transmission electron
microscopy (STEM) (D15,G35), and BEI of polished sections with detectors
that minimize contrast due to topography and maximize that due to
compositional differences (S28,538,539). Scrivener and Pratt (S40) briefly
described these techniques. Other methods have included X-ray imaging of
polished surfaces (T18,T19), SEM of polished surfaces impregnated and
etched to reveal porosity (J12,J13) and the use of a cryo stage in SEM to
avoid dehydration (B52). Each of these methods has its own limitations, but
together they are beginning to yield a reasonably clear picture.

Unless a wet cell or cryo stage is used, the fine microstructure is much
altered by dehydration in the instrument (J10,S41). However, localized
drying occurs in any paste even before it is placed in a high vacuum, as soon
as the RH falls below saturation. The water is lost initially from the wider
pores, which are probably represented disproportionately on fracture sur-
faces. The state of the cement paste in a practical concrete may thus vary on
both a macro and a micro scale between dry and saturated.

Jennings et al. (J10) distinguished three principal stages of product
formation in C,S pastes: an early product formed during the first 4h, a
middle product formed at 4-24 h, and a late product formed subsequently.
Several workers studying the early hydration of C,S in pastes or compacted
powders placed in water have described the early product as consisting of
foils, flakes or honeycombs, which appear to exfoliate from the C,S surface,
probably together with some CH (F15,M39,M40,110,S42,G36). The honey-
comb material is similar to ‘Type II' C-S-H, and the foils have also been
called ‘Type E’ C-S-H (J10). On drying, they collapse, crumple or roll up,
forming fibres (J10). Broadly similar results have been obtained for C,8
hydrated in CH solution (M40) or in the presence of gypsum (M41), sodium
siicate or sodium aluminate (J14). The early hydration of §-C,S appears to
follow a similar course to that of C,S, but reaction is slower and begins
preferentially at grain boundaries and exsolution lamellae (M42,G43).

Ménétrier et al. (M39,M40) reported that the C,S surfaces were attacked
unevenly, and that the first detectable product consisted of minute particles,
some of which were probably CH. They found no continuous layer of
product. Such layers have been reported, but probably only at w/s ratios
above those of normal pastes (G44,L19,G36). Ings et al. (I7) placed single
crystals of C;S in an alite slurry with w/s = 2 and later removed them for
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SEM examination. A layer of apparently structureless material built up to a
thickness of 5pm in 30 min, together with cryptocrystalline CH; this later
shrank, and acicular outgrowths were formed. The product layer contained
aluminium, and had thus formed in part from the surrounding alite.

The middle stage of hydration is characterized by rapid formation of C-
S-H and CH. In fracture surfaces of calcium silicate pastes, Type I C-S-H is
prominent, but HVTEM using wet cells (§39) showed the undried product at
1 day to consist of foils, with no evidence of fibrillar outgrowths. which were
secondary forms resulting from ageing or drying. The latter will certainly
occur unless a wet cell or cryo stage is used, and may do so even if it is, since
ageing may cause local exhaustion of water. Fibrillar material may also form
during fracture (J10).

The characteristic products of the late stage of hydration are Types I
and IV C-S-H, and more CH. STEM examination of Type IIl material in
ion-thinned section (J10) shows that it, too, consists of interlocked and
interleaved thin foils (Fig. 5.4). Type 1V material is almost featureless even at
the 100-nm level, though a fine pore structure has been observed
(D13,G35,G396).

Types [, I1, IIT and E C-S-H thus all appear to have an underlying foil
morphology, which may be modified or disguised by compaction or drying,
and this could well apply also to Type V. The pastes may therefore contain
only one type of C-S-H at the nanometre level. Against this. a less
structured form of C—S—H has been observed as the very first product at high
w/s ratios. A similar material, described as a viscous, gelatinous product and
called ‘Type 0’ C-S-H, has also been reported to precede the formation of
the other varieties in the middle stage of hydration (J10).

BEI of pastes of C,S mixed with C A shows that no spaces develop
between the hydrating C,S particles and the surrounding hydrate (S41). In
this respect, C,S differs from Portland cement (Section 7.4.2).

5.3.2 Silicate anion structure

Because C-S-H gel is nearly amorphous, X-ray diffraction has given only
very general indications of its structure. The nature of the silicate anions has
been determined from the kinetics of the reaction with molybdate (S43), and,
in greater detail, by trimethylsilylation (TMS) and 2°Si NMR. In TMS
methods, the sample is treated with a reagent that converts the silicate
anions into the corresponding silicic acids, which then react further with
replacement of SiOH by SiOSi(CH,),. The resulting TMS derivatives can be
identified and semiquantitatively determined by various procedures. of
which the most widely used have been differential evaporation to isolate the
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higher molecular weight species, gas liquid chromatography (GLC) and gel
permeation chromatography (GPC). It has to be assumed that conversion of
the silicic acids into their TMS derivatives is sufficiently rapid to preclude
side reactions in which they are altered by hydrolysis or condensation. In
practice, these side reactions have never been totally eliminated, though the
technique of Tamas er al. (T12) was a major advance on that originally used
by Lentz (L20). Because of side reactions, and because it is rarely possible to
account for more than 80-90% of the total silicon, the absolute accuracy of
percentages of individual anionic species is at best a few per cent.

In chemical formulae of silicate ions in the following discussion, negative
charges and any attached hydrogen atoms are omitted. Most of the investi-
gations on C,S pastes hydrated for more than a few hours at 15-25°C have
shown that any monomer (SiO,) present is attributable within experimental
error to unreacted C,S, and that the products formed during the first few
days contain dimer (Si,0,), which is first supplemented, and later replaced,
by larger species, collectively called polymer (L20,T12,B53,D16,M43
H27,W19,M44,M45). Fig. 5.5 gives typical results. The percentage of the
silicon present as dimer passes through a maximum at about 6 months, but
even after 20-30 years is still around 40%.
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Fig. 5.5 Percentages of the total silicon in C,S or alite pastes recovered as
monomer (open symbols), dimer (half-open symbols) and polymer (closed symbols)
by a trimethylsilylation method. Differently shaped symbols denote different C,S or
alite specimens. Mohan and Taylor (M43).
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GLC, GPC, mass spectrometry and chemical analyses of TMS derivatives
established the nature and size distribution of anion sizes within the polymer
(D16,U9,M43,H27). From chemical analysis, one may calculate the mean
connectivity of the SiO, tetrahedra, i.e. the number of other SiO, tetrahedra
with which each one shares oxygen atoms; typical values are 1.6-2.0
(M43,M44). The anions are linear, with pentamer (Si;O, ) the most import-
ant single component at all ages, the next most important being probably
linear octamer (SigO,5). As the paste ages, the mean size of the anions
increases, this process continuing long after all the C,S has reacted. At ages
up to 6 months, the polymer fraction consists largely of pentamer and
octamer, and even at 20-30 years these species account for a substantial
fraction of the total silicon, though larger anions, containing some tens of
SiQ, tetrahedra, are also present (M43).

Studies at 2-5°C have given divergent results. Two investigations showed
more monomer at early ages than could be attributed to unreacted C;S.
suggesting that the initial product formed at higher temperatures also
contained monomeric silicate 1ons, which rapidly dimerized (B53.543), but
later investigations did not confirm this (P21,H27). With increase in tem-
perature above ambient, condensation is increasingly rapid, and by 65°C
larger anions, containing > 100 SiO, tetrahedra, are formed (B53,S43,H27).
Early conclusions that admixtures, such as CaCl,, affect the degree of polymer-
ization for a given degree of reaction of the C,S were not confirmed (H27).
The behaviour of B-C,S is similar to that of C,S, apart from the rate of
reaction (M44). A conclusion that three-dimensional cluster ions are formed
{C23) is incompatible with the observed connectivities and with the NMR
evidence discussed in the next paragraph, and can probably be attributed to
occurrence of side reactions.

The use of 2°Si ‘magic angle’ NMR complements the trimethylsilylation
method in two ways. First, it is a purely physical technique, in which there is
no possibility of altering the structure through side reactions. Except with
very young samples, no preliminary drying is needed. Second, it gives
slightly different data, relating not directly to the fractions of the silicon
present in different anionic species, but to the fractions present in different
environments. The terms Q°...Q* refer to the connectivities, Q° thus
denoting isolated tetrahedra, Q' end group tetrahedra (and thus including
silicon present as Si,0,), Q* middle groups, and so on. For C,S pastes, the
content of Q° begins to decrease after a few hours, with formation of Q'.
later accompanied by Q?%; no Q3 or Q* is detected (L21,C24,R16). This
result is compatible with the formation of dimer, later accompanied or
replaced by either single chains or rings, but not with that of double chains,
clusters or other more complex species. Clayden er al. (C24) found high
correlations between the relative intensities of the Q° and Q' peaks in the
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NMR spectrum, the amount of CH given by TG and the cumulative heat
cvolution.

The TMS method is insufficiently precise to exclude the possibility that the
hydration products include a small fraction of monomer. Cross-polarization
NMR can distinguish between silicon atoms in tetrahedra that carry one or
more hydrogen atoms and ones that do not, and thus between monomer
present in the anhydrous compounds and that present in a hydration
product, which is almost certain to carry hydrogen. Using this technique,
Young (Y6) found only small amounts of hydrated monomer in C,§
pastes cured at 2-65°C, which he attributed to water adsorbed on the C,S
surface before mixing. In contrast to this observation, Rodger ¢t al. (R16)
found the product formed during the first few hours in a C,S paste to
contain only monomeric anions, dimer only beginning to form later. The
monomer did not disappear when the larger species were formed; it
accounted for 2% of the silicon at 24 h and was still detectable at 6 months,
The initial formation of monomer agrees qualitatively with some of the
results at low temperatures mentioned earlier (B53,543).

Early conclusions from TMS studies that the average size of the silicate
anions in pastes increases on drying (M46,B54) were not supported by later
work (P21). An NMR study on the effect of drying conditions on the anion
structures of C-S—H prepared in suspension (M47) (Section 5.4.4) has
important implications for pastes.

5.3.3 X-ray diffraction pattern, densities and other data

Fig. 5.6 shows the XRD powder pattern of a 23-year-old paste of B-C,S.

Patterns of fully reacted C,S pastes are similar, except that the CH peaks are -

relatively more intense. The only effects definitely attributable to C-S—-H are

the diffuse peak at 0.27-0.31 nm and the somewhat sharper one at 0.182 nm.
Attempts to obtain selected area electron diffraction patterns from the C-S- -

H of calcium silicate or cement pastes have usually failed, but, occasionally,
particles present in ground and redispersed samples have yielded poorly

defined patterns (G41,C25) (Section 5.4.6). A later study by this method
(M48) has been severely, and in the writer’s opinion justifiably, criticized |

(G45).
The density of C-S-H gel depends on the water content. For strongly |
dried samples, it also depends on how the solid volume is defined, causing -
observed values to vary with the fluid used in their determination. Widely .
differing values can thus be equally meaningful, but for a given application;
the appropriate one must be used. Since the C-S-H in C,S or B-C,S pastes is’

mixed with CH, it is necessary either to correct for this phase (D=;a
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2242 kg m~?) or to remove it. A procedure for the latter has been described
(R14).

At about 11% RH on first drying, the interlayer spaces are full of water
and larger spaces are empty; H,0/SiO, is approximately 2.0 (Section 5.2.2).
Using helium pyknometry, Feldman (F16) obtained values of 2350-
2360 kg m™* for fully reacted C,S pastes; correction for CH gave 2430-
2450 kg m ™ for the C-S-H. Determinations on C-S~H samples made by
hydrating C,S in suspension showed that substitution of methanol or
aqueous CH for helium as the fluid had no significant effect on the result.
For a fully hydrated C,S paste with w/s = 0.4 from which the CH had been
removed, Hansen (H28) found 2180 kg m ~*. For all these values, the empty
pores are excluded from the solid volume.
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Fig. 5.6 XRD powder diffraction pattern (microdensitometer trace of Guinier film;
CuK,, radiation: spacings in A) of a fully reacted B-C,S paste. Mohan and Taylor
(M38).

The C-S—-H present in a saturated paste is assumed to include that part of
the porosity, and its content of water, without which it cannot be formed.
The H,0/Si0, ratio is approximately 4.0. Assuming the water in excess of
that present at 11% RH to have a density of 1000 kg m >, Hansen (H28)
calculated the density of the C-S—-H to be 1850-1900 kg m ~>. This value is
near those of 1900-2100 kgm ™2 for cement pastes under saturated con-
ditions (P20), if allowance is made for the CH and other hydrated phases
which these contain.

Helium pyknometry of D-dried samples has given values of 2320-
2350 kg m~? for C,S pastes (F16) and of 2440 kgm ~? for cement pastes
(P20); correction for CH and other phases suggests values of 2400~
2500 kg m ~* for the C-S-H. For a C,S paste with w/s 0.4 from which the
CH had been removed, Hansen (H28) found 2390 kg m 3. With D-dried
samples, methanol gives similar results to helium, but water or CH solution
give much higher values, Brunauer and Greenberg (B55) obtaining values
around 2860 kg m ™2, after correction for CH, for the C-S-H of C,S and B-
C,S pastes. Determinations using water on D-dried cement pastes, based on
the difference between the weights of the D-dried and saturated materials,
typically give values, uncorrected for CH, of 2500-2600 kg m ~3, Relis and
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Soroka (R17) found these to increase with the degree of hydration. an upper
limit of 2700 kg m ~* being found for a specific cement.

Feldman (F16) explained the difference between the values for D-dried
samples obtained with aqueous and other fluids. When the material is dried,
the layers partially collapse, and some empty spaces remain between them,
Water penetrates into this space, and the density obtained, after correction
for CH and any other phases present, is that of the layers themselves,
Organic liquids do not penetrate, and helium penetrates only slowly. The
empty interlayer space is counted as part of the solid volume, with a
consequent decrease in the measured density.

The IR absorption spectra of C,S, alite or B-C,S, pastes {H29.1.22,544)
are relatively diffuse, as would be expected from the poor crystallinity. Si-O
stretching is represented by a single, broad band peaking at about 970 cm ™ ;
this is compatible with the existence of condensed silicate anions. Small
amounts of carbonate are readily detectable by the absorption near
1400 cm ™.

5.4 Structural models for C-S-H gel

5.4.1 General

Many crystalline calcium silicate hydrates are known. Most are formed only
under hydrothermal conditions, i.e. in aqueous systems under pressure above
100°C (Section 11.7), but afwillite (C,S,H,) is probably the stable phase in
contact with CH and solution at ordinary temperatures {L23). It can be
prepared from C,S by ball milling with water at ordinary temperature (K 14)
or seeding (D17), but shows no similarities to C-S~H gel and nothing
resembling it is formed in normal cement pastes. Two other crystalline
phases that can be prepared in aqueous suspensions below 100°C show
much closer relationships. These are 1.4-nm tobermorite (CS,H, approx.)
and jennite (C4SgH,,). Various types of semicrystalline calcium silicate
hydrate are intermediate in structure between these compounds and C-S-H
gel. Two relatively well defined ones are C-S-H(I) and C--S-H(II), which are
closely related to 1.4-nm tobermorite and jennite, respectively. A gelatinous
calcium silicate hydrate, called plombierite, occurs in nature; it is of variable
composition, and some specimens resemble C-S-H(I) (M49).

5.4.2 1.4-nm tobermorite and jennite

I.4-nm tobermorite has a layer structure and the prefix relates to the layer
thickness. On being heated at 55°C, it loses interlayer water and undergoes -
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unidimensional lattice shrinkage, giving 1.1-nm tobermorite (C S H;
approx.), often called, simply, tobermorite. |.4-nm tobermorite occurs as a
natural mineral (F17) and may be synthesized from CH and silicic acid in
aqueous suspensions at 60°C (K15,H30). Table 5.2 gives crystal data. The
crystal structure has not been directly determined, but may be inferred from
that of 1.1-nm tobermorite (M50,H31), aided by evidence from dehydration
and IR studies (F17), broad line proton NMR and silicate anion determi-
" nation by the molybdate method (W20) and 2°Si NMR (W21.K 16). Each
layer consists of a central part of empirical formula CaO,, of which all the
oxygen atoms are shared with Si~O chains, which form ribs covering each
surface; between these layers are water molecules and additional calcium
atoms (Fig. 5.7A and B). The idealized constitutional formula is possibly
Cas(SigO,5H,)-8H,0, but the atomic contents of the unit cell of the natural
mineral show that only 5.5 silicon atoms are present where 6 would be
expected (M51), and synthetic studies also indicate that the Ca/Si ratio is
higher than 0.8 (H30). Many silicate tetrahedra thus appear to be missing
from the chains, and the actual formula may be nearer to
Ca,Sis sO,,H,-8H,0, corresponding to a mean chain length of 11 tetra-
hedra. The conclusion from 2°Si NMR (K16) that little SIOH is present
appears to be of doubtful validity.

Table 5.2 Crystal data for 1.4-nm tobermorite, jennite and related phases

Phase 1.4-nm tobermorite C-S-H(I) Jennite C-S-H(IT)
Molar ratios
CaOo 5 5 9 9
Si0, 5.5 5 6 5
H,O 9 6 1 1
Pseudocell parameters
¢ (nm) 0.5264 0.560 0.996 0.993
b (nm) 0.3670 0.364 0.364 0.364
¢(nm) 2797 2.5 2.136 2.036
1] 90.0° 90.0° 91.8° 90.0"
B 90.0° 90.0° 101.8° 106.1°
¥ 90.0° 90.0° 89.6° 90.0°
Lattice typc 1 [ A A
4 1 1 | 1
D, (kgm~3) 2224 2250 2332 2350
Reference F17, TS T20, TS G46, T5 G47. TS

All data are for the pseudocells and compositions stated. The true cells have doubled values of b
and can be in varying degrees disordered; « and ¢ must often be differently defined. The
structure of C-S—H(I) has little more than two-dimensional order, and that of C--S--H(II) has
less than ful three-dimensional order.
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A. 14 nm Tobermorite (bc)

14 nm

«0-56 nm*
1-4 nm Tobermorite (ac)

C. Jennite (ac)

Fig. 5.7 (A)and (B) Structure of a single layer of 1.4-nm tobermorite in bc- and ac-
projections, respectively. In (B), the chains are seen end on. (C) Suggested structure
for a single layer of jennite, in ac projection; the chains are seen end on and the Ca-0
sheets edge on, parallel to their corrugations, and circled "H's denote hydroxyl
groups. In (A), (B) and (C), full circles denote calcium atoms, P and B denote paired
and bridging tetrahedra, respectively. Jennite axes relate to monoclinic pseudocell |
with @ = 1.00nm, b = 0.36nm, ¢ = 2.14nm, § = 101.9°. ;
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The Ca-O parts of the layers have a pseudohexagonal, centred lattice with
a = 0.56nm, b = 0.36 nm, and may be regarded as layers of CH extremely
distorted due to replacement of their OH groups by SiO, tetrahedra, the
0-O distances of which have to be satistied. CH, referred to orthogonal
axes, has a = 0.62 (0.36 x \/3), b = 0.36 nm. The Si—O chains are of a type
called dreierketten, i.e. they are kinked so as to repeat at intervals of three
tetrahedra. This conformation is imposed by the coordination requirements
of the calcium ion, and occurs in many calcium silicates, including wollasto-
nite {Section 2.2.1). In l.4-nm tobermorite, they are single, i.e. not con-
densed with other similar chains to form double chains or more complex Si-
O structures, and have the empirical formula Si;O,H. |.1-nm tobermorite,
when formed by dehydration of the 1.4-nm form, differs from 1.4-nm
tobermorite only in having lost some of its interlayer water molecules, and
thus also contains single dreierketten. Another variety of it, formed under
hydrothermal conditions, contains double chains (Section 11.7.4).

Jennite (C4ScH ) occurs as a natural mineral (C26,G46), and, like 1.4-
nm tobermorite, may be synthesized from CH and hydrous silica in aqueous
suspensions below 100°C (H32,H33). It forms most readily at 80'C from
mixes of CH with reactive silica at Ca/Si ratios of 1.1-1.2, though on
prolonged reaction these yield 1.4-nm tobermorite (H33). In nature, it
occurs in contact with 1.4-nm tobermortte (C26), with which it is probably in
metastable equilibrium. Like .4-nm tobermorite, it has a layer structure,
and at 70-90°C loses water with unidimensional lattice shrinkage, giving
metajennite (CoS H-) (C26,H32). The layer thickness ts 1.05 nm in jennite
and 0.87 nm in metajennite (G46). Table 5.2 includes crystal data for both
phases. The crystal structure has not been determined, but its major features
(Fig. 5.7C) may be inferred from the crystal data, dehydration behaviour, IR
spectral, 2°Si NMR and other evidence. As with 1.4-nm tobermorite, NMR
evidence against the presence of SIOH groups is weak, and the constitutional
formula is probably Cay(Si,O,gH,(OH)46H,0, the structure somewhat
resembling that of 1.4-nm tobermorite but with alternate chains replaced by
rows of OH groups. The unit cell parameters show that while each layer
could be based on a central part of empirical formula CaQ,, the distortion of
the CH layer needed to produce it would differ greatly from that in 1.4-nm
tobermorite. It is probably folded into corrugations parallel to the b axis
(T21).

5.4.3 C-S-H{l) and similar materials

Attempts to synthesize 1.4-nm tobermorite or jennite from aqueous suspen-
sions at ordinary temperatures normally yield semicrystalline products.
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These vary in crystallinity from ones whose XRD powder patterns approach
those of 1.4-nm tobermorite or, much less frequently, jennite, to materials
no more ordered than those formed in pastes. Reaction between CH and
hydrous silica gives a product called C~S-H(l), first adequately described by
zur Strassen and Stritling (Z9) and more fully by Taylor (T20). Similar but
often less crystalline products are formed on mixing solutions of sodium
silicate and calcium salts, or under certain conditions from C,S
(T20,B56,115,G48) and also as initial or intermediate products of hydrother-
mal reactions at temperatures up to at least 180°C. Table 5.3 gives the XRD
powder pattern of a relatively highly crystalline specimen of C-S-H(I). Tt
consists largely of the hkO reflections, or hk band heads, of 1.4-nm tober-
morite, together with a broad basal reflection. The latter, which is absent
in less ordered forms, corresponds to the mean layer thickness. C-S-H(I)
may be prepared with Ca/Si ratios varying from 0.8 to about i.5. With
increase in Ca/Si ratio, the degree of crystallinity tends to decrease, and the
basal spacing, if present, also decreases, from about 1.3 nm at Ca/Si = 0.8 to
about 1.1 nm at Ca/Si = 1.3 (T22). The basal spacing also decreases on
heating, values of 0.91-1.13 nm being obtained at 108°C (T23). TEM shows
C-S~H{(I) to consist of crumpled foils a few nanometres thick. with a
tendency to elongation or fibrous character at the higher Ca/Si ratios (G41).

Table 5.3 X-ray powdcr diffraction data for C-S-H(l)

d(nm) I, hkl  d(om)l, hkl  d(nm)l, hkl  d(am)i, hkl
125 vs 002 024 wd ? 0.152 vw 22, 0111 w 42

0.53  www 10. 021 wd ? 0.140 w  40. 0.107 vw 5.
0.304 vs I1. 0.182 s 02. 0.123 vw ?
0.280 s 20. 0.167 mw 3L 0.117 vw 3.

Pattern is for a relatively highly crystalline varicty; all peaks are broad. s = strong. w = weak,
m = moderately, v = very, d = diffuse. Indices relate to pseudocell in Table 5.2; hkl denotes a
band head given by an essentially two-dimensional lattice (T22).

Stade and co-workers (S45-S47) studied silicate anion structures in
preparations of ‘C-S—H(di,poly)’, obtained by reactions in suspension at
either 80°C or 150°C and which gave XRD patterns generally similar to
those of C-S—-H(l). They used the molybdate and TMS methods and 2°Si
NMR. The results showed that for Ca/Si ratios of 1.1-1.5, the anion size
distribution varied little with either Ca/Si ratio or temperature of prep-
aration, 40-50% of the silicon being in dimeric, and 50-60% in polymeric,
single chain anions. At Ca/Si = 1.0, the average anion size was greater, and
at Ca/Si = 2.0, a higher proportion of end groups, found using NMR,
indicated an increased proportion of dimer. Hydroxy! groups were attached
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to both end group (Q') and middle group (Q?) tetrahedra. Changes in
silicate anion structure on heating were also studied.

The silicate anion structures of C-S-H(I) preparations appear to be
affected by how long the material remains in contact with its mother liquor
and by how strongly it is subsequently dried. Experiments using the
molybdate method showed that the anions in precipitates made from CaCl,
and sodium silicate solutions at 0°C were mainly those present in the silicate
" solution, and thus monomeric if the latter is sufficiently dilute (S45). By
allowing such products to stand in contact with their mother liquors at 0 C,
and drying at —10°C, preparations with Ca/Si ratios of 1.2-1.5 were
obtained that contained only dimeric silicate anions.

Macphee et al. (M47) made an NMR study of C-S—H samples prepared in
aqueous suspension. In preparations with Ca/Si = 1.8 that had been in
contact with mother liquor for 88 weeks the anions were almost wholly
dimeric, irrespective of drying condition between 10% and 50% RH, but in
one with Ca/Si = 1.1 that had been in contact with the solution for only 4
weeks the ratio of Q? to Q! increased on drying. The C-S-H with Ca/Si =
1.8 thus differed markedly in silicate anion structure from that of similar
composition formed in C,S pastes. The authors suggested that, in freshly
formed C-S-H, drying caused increased condensation. If the material was
formed in suspension, the free supply of water ensured that little condensa-
tion beyond dimer occurred in the presence of the mother liquor, and the
aged material was less susceptible to the effect of drying. In a C;S or cement
paste, the demand for water caused localized drying in the inner product.
with a consequent increase in condensation. The inner or late product could
thus be less hydrated and more highly condensed than the outer product.

DTA curves of C-S-H(I) preparations show endotherms at 100-200°C
and exotherms at 835-900°C, the latter temperatures increasing with Ca/Si
ratio (K17). C-S-H(di,poly) preparations gave somewhat similar results
(546), but the temperature of the exotherm varied erratically with Ca/Si
ratio and, except at Ca/Si = 0.8, an additional endotherm occurred at 332-
372°C. Solvents that dissolve lime, such as ethyl acetoacetate, have little
action on preparations with Ca/Si ratios of 1.25-1.33, but remove CaO from
ones of higher Ca/Si ratio until that composition is reached (K 17,546).

5.4.4 Products formed in suspensions from C,S or B-C,S

Many studies have been reported on the hydration of C;S or B-C,S in
aqueous suspensions, often termed ‘bottle hydration’. If the reaction is
prolonged, so that no unreacted starting material remains, and the w/s ratio
is sufficiently high that the Ca/Si ratio of the product is below about 1.5, the
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product is C-S--H(l), essentially similar to that obtained by other methods
(T20). At lower w/s ratios, such that the product contains CH, the C-S-H is
similar in composition and crystallinity to that formed in pastes (F13). The
products of bottle hydration for short times, such that unreacted starting
material remains, are discussed in Section 5.5.1.

Under some conditions, prolonged reaction at room temperature gives a
product differing from any of the above, which has been called C-S-H(1I).
This was obtained from C,S by shaking with water, and repeatedly remov-
ing proportions of the liquid until the bulk Ca/Si ratio had fallen to about
2.0 (T20), and by bottle hydration of B-C,S (B55). 1t has a Ca Si ratio
somewhat below 2.0, is seen by TEM to consist of bundles of fibres (G41)
and gives a characteristic XRD powder pattern (Table 5.4). which differs
from that of C-S-H(I) and shows similarities to that of jennite. The unit cell
parameters, determined by electron diffraction, are also unlike those of 1.4-
nm tobermorite or C-S—H(I) and near those of jennite (Table 5.2). The
silicate anion structure comprises dimeric and single chain anions in compar-
able proportions, and the structure as a whole appears to be derived from
that of jennite by omission of many tetrahedra from the silicate chains,
giving a constitutional formula approximating to Cay(Si;O H)(Si,O,H)-
(OH)4-6H,0 (G47). Attempts to repeat these preparations have failed, and
the conditions giving C-S—H(II) are obscure.

Table 5.4 X-ray powder diffraction data for C-S—-H(II)

d(nm) I, hkl d(nm) I,  hkl d(nm) 1, hkl
096 85 002100 0312 100 113 0209 12 313(?)
080 20 102 0307 95 304 0203 25 413502, +
048 12 004200 0294 90 211 0.183 75 020417
0358 10 011 0283 95 213 0.1635 5 602

0340 12 Ti1 0243 20 404311, + 01565 20 324+
0335 25 302?) 0224 5 406 0.1212 5 03l

0.329 40 111,006 0.216 10 402(7?) 0.1174 S 231815, +

All peaks are broad; indexing, which relates to the pseudocell in Table 5.2, is approximate as
order is not fully three-dimensional. Data are from Ref. P1, Card 29-374, with peaksof [, <5
omitted.

rel

5.4.5 Structural relationships

The XRD powder pattern of C-S-H gel (Fig. 5.6) suggests structural
similarities to 1.4-nm tobermorite and jennite. The band at 0.27-0.31 nm °
and the peak at 0.182nm could be derived from the sharper peaks in
corresponding parts of the patterns of either or both of those phases. The.}
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patterns of C-S-H(I) and C-S-H(II), which are phases of intermediate
crystallinity, provide links and thus strengthen the hypothesis. The C-S-H(I)
peaks at 0.304nm, 0.280nm and 0.182nm (Table 5.3) represent the
three shortest repeat distances in the plane of a distorted CH layer (compare
Fig. 5.1), and those in the same regions of the C-S-H(II) pattern have a
similar significance for a different type of distortion. Slegers ¢t al. (S44)
attempted to interpret the radial distribution function; this approach might
repay further investigation.

Early studies suggested that the increase in Ca/Si ratio in C-S-H(I) above
that of tobermorite could arise from a combination of omission of tetra-
hedra from the chains and incorporation of additional calcium in the
interlayer (T23). In a dreierkette (Fig. 5.8), the tetrahedra are of two types,
which we shall call *paired’ and ‘bridging’. In calcium silicate structures, the
paired tetrahedra share oxygen atoms with columns of Ca-O polyhedra,
which in 1.4-nm tobermorite and, by analogy, also in jennite, are themselves
condensed into CaQ, layers. If all the bridging tetrahedra are missing, a
series of dimeric anions results; more generally, if some or all are missing,
chains containing 2, 5, 8, (3n — 1) silicon atoms result (G47.T15). This
accounts for the observed sequence of chain lengths in C,S pastes. The
hypothesis that increase in Ca/Si ratio is due to removal of parts of the
structure is also consistent with the observation that it is associated with
decrease in crystallinity and layer thickness.

o S) X
0
O\S_/OH \S./OH *
| | /
O/ \O /O/ \O O /OG) HO\ O /O
/ Ngi T g TN ey

Si Si
o \o o/\o o/o o/\o o/\o O/\O

Fig. 5.8 Silicate chain of the type present in 1.4-nm tobermorite and jennite
(dreierkette). In the tobermorite structure, the oxygen atoms at the bottom of the
figure are also part of the central CaO, layer. The tetrahedra in the lower row are
described as paired and those in the upper row as bridging. A bridging tetrahedron is
missing (at X). Suggested positions of hydrogen atoms and negative charges balanced
by interlayer cations are included. Taylor (T24).

At one time, the relation between C-S—H gel and tobermorite was widely
believed to be very close, and the name ‘tobermorite gel’ was in common use.
The Ca/Si ratio and poor crystallinity of C-S-H gel do not justify this name.
Assuming the idealized formula C,S4H, for 1.4-nm tobermorite, removal of
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all the bridging tetrahedra would only raise the Ca/Si ratio to 1.25, and in
pastes more than a few days old, not all of these tetrahedra arc absent,
Omission of tetrahedra is therefore not the only cause of increased Ca/Sj
ratio. The other cause can only be incorporation of extra Ca” ™ ions, which
could be balanced by omission of H* or incorporation of OH ™ or both.

From their studies on ‘C-S-H(di,poly)’, Stade and Wieker (§45) con-
cluded that Ca** and OH™ ions could both be present in the interlayer
region of a tobermorite-like structure. Stade (S46) suggested that in the
products containing both dimeric and polymeric ions, one surface of each
tobermorite-type layer was composed of dimeric, and the other of poly-
meric, ions, thus accounting for the observed near-constancy of dimer/
polymer ratio. In the purely dimeric material isolated at —10"C. both
surfaces were composed of dimeric ions.

From the crystal chemical standpoint, it is difficult to see how anions, as
well as cations, could be present in the interlayer of a tobermorite-type
structure. Another possibility is that regions of jennite-type structure are
present (T21,T24). If the structure suggested in Section 5.4.2 for jennite is
correct, this is equivalent from the compositional standpoint to adding the
elements of CH to a tobermorite-type structure. The difference between this
hypothesis and that of Stade and Wieker may be largely semantic, since the
probable corrugation of the layers in a jennite-type structure could bring the
additional Ca?* and OH ~ ions into what could alternatively be described as
part of the interlayer region. '

54.6 A mixed tobermorite-jennite-type model for C-S-H gel

Taylor (T24) suggested that C-S-H gel, assumed to be equilibrated at 11%
RH, contains elements of structure derived from both 1.4-nm tobermorite
and jennite. He suggested that these were present in separate layers, but
transition between the structures might also occur within a layer if the
boundary is parallel to the chain direction. In Fig. 5.9, the Ca/Si ratio is
plotted against a function of chain length for each structure, assuming that
omission of bridging tetrahedra is compositionally equivalent to removal of
Si0,. The observed Ca/Si ratio of about 1.8 could arise from a mixture of
the two structures, both with dimeric anions, or from a jennite-type structure
with, on the average, pentameric anions. Transition from the first to the :
second would explain the observed changes in anion distribution with time.
Because it is a change from a more to a less imperfect structure, it might also
explain the direction taken by the process. However, as noted in Section
5.4.3, the increase in mean anion size may be at least in part a consequence |
of local dehydration. ‘



Hydration of the Calcium Silicate Phases 151

2:4 T 1 T
Jennite

2.0~ 7
o L -
T 16 -
n - -
o
v b2 I.4 nm Tobermorite —

0.8 L1 | [

2 5 8 Il 00

Chain Length

Fig. 5.9 Calculated Ca/Si ratio plotted against a function of chain length for jennite
and 1.4-nm tobermorite modified by omission of bridging tetrahedra. Taylor (T24).

Several other lines of evidence were cited in support of this hypothesis.
The TG curve of C-S-H gel (Fig. 5.3), expressed in terms of H,O/Ca ratio.
was shown to be intermediate between those of 1.4-nm tobermorite and
jennite. The densities and H,O/Ca ratios of C-S—H gel are similar to those
of 1.4-nm tobermorite, jennite and structurally related minerals of compar-
able H,0/Ca ratios (Table 5.5). The XRD evidence has already been noted;
of the few selected area electron diffraction patterns that have been
obtained from particles of C-S—H gel, some were shown to resemble ones of
tobermorite minerals, and others that of C-S—-H(II). Finally, the occurrence
of two types of structure, with differing compositions, could explain the local
variability in composition observed in electron optical analyses.

The same hypothesis can be applied to preparations made in suspension.
In C-S—-H(I), increase in Ca/Si ratio above the theoretical minimum value
of 5:6 probably results entirely from omission of bridging tetrahedra until
a value of about 1.0 is reached. Relatively highly ordered materials can be
obtained. Further increase in Ca/Si ratio could result either from omission
of more bridging tetrahedra, or from the presence of regions of jennite-type
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structure, a given ratio thus being obtainable by different combinations of
the two effects, leading to possible variability in properties. The purely
dimeric materials would, in general, contain regions of both structural types,
C-S—H(l) is thus material predominantly, but not always entirely, of
tobermorite-type structure. The mixing of structural types markedly impairs
the crystallinity, and at Ca/Si ratios above about 1.5, it is impossible to
obtain material giving the tobermorite-type, C-S—-H(I) XRD pattern. At
higher ratios, preparations sufficiently ordered to give a distinctive pattern
give one of C-S—H(Il), or, at higher temperatures, jennite.

Table 5.5 Water/calcium ratios and observed densitics (kg m™?)

Matenial H,0/Ca Density Ref*
C-S-H gel (saturated) 2.3 1850-1900 H28
Plombierite (0.8Ca0-Si0O, xH,0; saturated) 2.5 2000-2200 M49
2 2180 H28
C-S-H gel (11% RH) {5 2430-2450  F16
Plombierite (I1% RH) 1.64 ? M49
Jennite 1.22 2320 C26,G46
1.4-nm tobermorite 1.80 2200 F17
Tacharanite (Ca,,Al,Si,50.,H;4) 1.50 2360 C27
C-S-H gel (110°C) 0.85 2600-2700 °
Plombierite (110°C) 1.07 ? M49
Metajennite 0.78 2620 G46
I.1-nm tobermorite 1.00 2440 M49
Opyelite (Ca,Si, B,O0g,Hsq) 1.25 2620 K18

“Values are in some cases calculated from data in references given.
" Typical values obtained using water, corrected for CH.

Some other models for the structure of C-S—-H gel that have been
proposed are incompatible with the evidence. A proposal identifying it with
natural tobermorite, based on IR and extraction results (S37), appears to
ignore both composition and degree of crystallinity. Another, assuming it to
be closely related to the CH structure, with incorporation of monomeric
silicate ions (G38), is inconsistent with the observed silicate anion structure.
As noted earlier, one assuming three-dimensional anionic clusters (C23) is
inconsistent with the 2°Si NMR evidence, and with the overwhelming
proportion of the other evidence on silicate anion structure.

The monomeric material formed as the initial product, either in pastes or
in suspensions, is unlikely to have a structure specifically related to that of
1.4-nm tobermorite or jennite, as both require the presence of dreierketten or
Si,0, groups, though its structure might still be based on Ca—O sheets.
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5.5 Equilibria
5.5.1 Solubility relations

Equilibria in the CaO-SiO,-H,0 system at ordinary temperatures have
been widely studied for the light they may cast on cement hydration and on
leaching of concrete by ground waters. Steinour (S48,S49) reviewed early
work and Jennings (J15) discussed later studies. [f C-S-H(I) is placed in
water or CH solutions, its Ca/Si ratio changes until equilibrium is reached.
Except at low CaO concentrations, the SiO, concentrations in solution are
very low, so that transfer between solid and solution is almost entirely of
CaO. The data may be plotted schematically on a triangular diagram (Fig.
5.10), but because of the low concentrations it is more useful to employ
separate plots of the Ca/Si ratio of the solid or Cy;q, against C¢,o (Figs 5.11
and 5.12).

+CH +
solution

solution

H2O CaO

Fig. 5.10 The system CaO-Si0,~H,0 at ordinary temperatures (schematic). Tay-
lor et al. (T25).
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Fig. 5.11 Metastable cquilibrium curve relating the Ca 'Si ratios of C-S-H prep-
arations to the analytical concentration of CaO in the solution. sclected as typical
from the results of many investigations. After Steinour (S49).

In most of the investigations, the solid starting materials were either CH
and hydrous silica, or C-S-H prepared either from those materials or by
mixing solutions of sodium silicate and a soluble calcium salt. followed by
washing to remove the soluble product. In some, anhydrous calcium silicates
were used. The various sets of data represented by Figs 5.11 and 5.12 show
considerable divergencies; a few studies suggested the existence of a step in
the curve of Fig. 5.11 at Ca/Si >~ 1.1 (S48). With the important exceptions of
some of the data obtained using C,S or C,S, none of these differences is
clearly related to ones in starting material. They may, nevertheless, be
associated with differences in structure, discussed in Section 5.4.6. XRD
powder evidence shows that the central part of the curve in Fig. 5.11
(Ceao = 2-22 mol 17 1) and curve A of Fig. 5.12 represent the solubilities of
C-S-H(I) preparations and that there are invariant points for hydrous silica,
C-S-H(I) with Ca/Si ~ 0.8 and solution with Cgo =~ I mmoll™"' and
Csio, = 2mmol 1™, and for CH, C-S~H(I) with Ca/Si ~ 1.4 and solution .
with Ce,o ~ 22 mmoll 'and Cgo, ~ 1 pmol 17! (S49.T20,J15). Fig. S. 12 ‘
includes metastable solubility curves for hydrous silica and CH.

Jennings (J15) noted that observed points on plots of Cgq, versus Ceyo
tended to fall on one or other of two curves, with relatively few in between
(Fig. 5.12). Of those that fell between, some were obtained using -C,S and
others were suspect from carbonation or for other reasons. Those falling on
the upper curve, B, had all been obtained by reaction of C,S with water for
periods not exceeding a few days; probably in all cases, unreacted C,S was;
present. Some of the experiments using C,S, and all of those using starting;
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materials other than C,8 or C,S, gave points lying on the lower curve, A. Of
the experiments using C5S that gave points on curve A, some were of
durations of 4h or less (B56), but most appear to have been of long
duration, and in at least one case, points lying on curve A were obtained
only if no unreacted C,S remained (T20).
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Fig. 5.12  Concentration data for C-S-H based on the results of many investi-
gations; for explanations of curves, see text. Broken lines give an indication of the
scatter of the data. After Jennings (J15).

Curve A is clearly the solubility curve of C-S-H(I); scatter at the CaO-
rich end may arise because a given Ca/Si ratio can be associated with more
than one structural arrangement. However, any form of C-S-H that is
structurally derived from l.4-nm tobermorite or jennite, or perhaps more
widely that is based on Ca-O sheets, probably has a solubility lying on or
close to this curve. There are no solubility data for C-S-H(II), [.4-nm
tobermorite or jennite, but one might expect the curves for the crystalline
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phases to lic below the relevant parts of curve A, and that of C-S-H(II) to lie
near or slightly below the high-CaO portion of that same curve.

Curve B is most unlikely 1o represent the metastable solubility of anhyd.
rous C,S; thermodynamic calculations (S50) indicate that such a curve
would be very much higher, as would be expected from the high reactivity,
Jennings (J15,J16) and Gartner and Jennings (G48) considered it to be the
metastable solubility curve of a product formed as a layer on the C,§
surface. Thermodynamic calculations based on this assumption indicated
Ca/Si ratios of 1.1 at low and 1.65 at high CaO concentrations (G438); these
values are broadly compatible with ESCA evidence {Section 5.6.2). Barret
and Bertrandie (B57,B58) considered that curve B was not a solubility curve,
but represented a quasisteady state in which the concentrations were such ag
to equalize the rate of dissolution of a hydroxylated surface layer on the C,§
and the rate of precipitation of C-S-H. Both views associate the curve,
though in different ways, with the presence of an altered surface layer on the f’
C,S that is metastable relative to the C-S-H whose solubility is represented
by curve A. Experiments using B-C,S gave compositions lying on a curve '
between curves A and B (B57,G49) and which may similarly be associated
with an altered surface layer on the B-C,S.

There are few data on the concentrations of CaO and SiO, in the pore +
solutions of C,S pastes (w/s < 1.0), as opposed to suspensions, and those
that exist are conflicting as regards Cy;q, (B56,011). The values of C,,, after
long times (e.g. 27 mmol 1 7') (Ol1) appear to be significantly above the :
solubility of CH; this has been attributed to incorporation of SiO, in the CH
(W22), but might also be due to the small crystal size of some of this phase.

5.5.2 Species in solution

Barby et al. (B59) summarized data for silicate species in alkali silicate +
solutions. Monosilicic acid, H,SiO,, has pK,, = 9.46, pK,, = 12.56, and *
pK,; probably about 15. Monomeric species are overwhelmingly predomi- -
nant at Cg;o, below about 2mmol | ~'at pH values up to 9. and up to higher ;
concentrations at higher pH. The solubility product of CH, in terms of ;
activities, 1s 9.1 x 107 ¢mol® 173 at 25°C (G39), and the stability constant of
the complex CaOH* is 20moll ! (S51). Undissociated CH is not a:
significant species in saturated CH solution (G48). In saturated CH solution
at 25°C, the activities of Ca’* and CaOH ¥ are roughly equal. and the pH is
12.45. The stability constants of CaH,SiOf and CaH,SiOj are reported to,
be 1240 mol 1™ and 2.5 mol 17!, respectively (S51), but some doubt has been
cast on these values by the results of thermodynamic calculations using them?
(G48). ﬁ
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Using the equilibrium constants given above, together with standard
expressions to calculate ionic strength and activity coefficients, one may
calculate the species concentrations and species activities in a system of given
bulk composition. For Ce,o = 28.0mmol1™!, Cgo, = 20.0 umol 1™, and
assuming that calcium silicate complexes are not present, the species concen-
trations (in mol1™!) are: Ca?*, 1.90 x 1072, CaOH™, 8.98 x 1073, OH",
4.70 x 107% H,SiO,, 4.19 x 107% H,SiO;, 6.82 x 107° H,SiO2",
11,30 x 107% HSiO;~, 1.46 x 1077 (G48). The activity of OH™ is
3.78 x 1072 mol1™"; this corresponds to a pH of 12.58. If the complexes
CaH,SiOf and CaH;SiO; are assumed to occur, with stability constants of
2000 and 20 mol 171, respectively, the concentrations of the SiO,-containing
species become (mol I™"): CaH,Si0}, 2.01 x 1077; CaH,Si09, 1.61 x 1075;
H,SiO,, 7.75 x 107'% H;Si0;, 1.26 x 107% H,Si02~, 2.41 x 10~8;
HSiO;7, 2.70 x 1078, the neutral complex CaH,SiO$ thus being the princi-
pal SiO,-containing species. The concentrations of Ca%?*, CaOH' and OH ™
are not significantly affected.

5.5.3 Thermochemistry and thermodynamics

Using a heat of solution method, Lerch and Bogue (L24) found the enthalpies
of hydration of C,S and B-C,S in pastes to be —115kJmol™! and
—45kJ mol™!, respectively. Similar values have been reported by other
investigators, e.g. —118kJmol™* and —45kJmol~! by Brisi (B60) and
— 121 kJmol~! and —46 kJ mol~! by Fujii and Kondo (F18), who recalcu-
lated data obtained by Brunauer et a/l. (B61) for dried products. Brunauer et
al. noted that, if the hydration products of C,S and B-C,S were identical
apart from the quantities of CH formed, the enthalpy of hydration of C;S
should equal the sum of the enthalpies of hydration of B-C,S, hydration of
CaO (AH,q5 = —65.2kJ mol™ ) (W10), and reaction of B-C,S and CaO to
give C,S (AH,o5 = ~13.4kJmol™ ") (W10). For the moist material, this
sum is — 124 kJ mol ™!, which is near the observed value.

Fujii and Kondo (F18) calculated the thermodynamic properties of
C-S-H, using solubility data and properties of 1.4-nm tobermorite and CH
given by Babushkin er al. (B62). The C-S-H was treated as equivalent to
a solid solution of these two compounds. For the composition
1.7Ca0-Si0,-2.617TH,0, they found AH° = —2890kJmol™ ', AG;S =
—2630kJ mol~! and $° = 200J mol ! K ~!. They showed that these values
were consistent with data for the enthalpies of hydration of C4S and B-C,S.
The free energy of formation of C-S-H from [.4-nm tobermorite and CH
was shown to become increasingly negative with increasing Ca/Si ratio, but
to tend towards a limit at ratios approaching 2.0; this is consistent with the
observed upper value of this quantity.
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Glasser et al. (G50) calculated the activities of the principal ionic species
in solution in equilibrium with C-S—H of various Ca/Si ratios, and solubility
products defined in terms of those species. Using values of AG," for the ionic
species (B62), values of AG;® for the solids were then calculated. The results
depended somewhat on the set of solubility data used, but were broadly
similar to those obtained by Fujii and Kondo (F18). Using one set of data,
values ranged from —1720 kJ mol ™! at Ca/Si = 0.93 to —2350kJ mol ™! at
Ca/Si = 1.63, referred to formulae containing one silicon atom in each case,

The Gibbs—Duhem equation has been used to calculate Ca/Si ratios of
solids from the CaO and SiO, concentrations in solutions with which those
solids are in equilibrium (F19,G48). Gartner and Jennings (G48) showed
that, at the low concentrations involved, this equation reduces to the
approximate form (Ca/Si), ;4 = —dpg/duc, where pg and pc are the chemi-
cal potentials of Si0, and CaO, respectively. The calculations were carried
out for curve B and three variants of curve A on Fig. 5.12. For points along
cach curve, activities of the ionic species in solution were calculated, and
from these, values of pg and p; these were plotted against each other to give
curves on a chemical potential phase diagram. From the slopes at points
along these curves, the Ca/Si ratios of the solids were obtained. For one
variant of curve A, the calculated Ca/Si ratios at C¢,o = 3mmol 1 ™! and
14.4 mmol 1! were 1.0 and 1.45 respectively. These values agree well with
typical experimental results shown in Fig. 5.11. For curve B, the calculated
Ca/Si ratios were 1.1 at Smmol 17!, 1.65 at 13mmoll~! and 1.65 at
22mmol 171,

5.5.4 Effects of alkalis

Several studies on the quaternary systems of CaO-Si0,~H,0 with Na,O or
K,O have been reported (K19,S52,M52). Alkal greatly lowers the concen-
trations of CaO in the solution and raises those of SiO,. The solid phase
compositions are difficult to study. Determinations based on changes in
concentration on adding CH to alkali silicate solutions are subject to
considerable experimental errors, while direct analyses of the solid are
difficult to interpret because the alkali cations are easily removed by
washing. Suzuki er al. (S52) considered that they were adsorbed. Macphee et
al. (M52) reported TEM analyses of the C-S-H in washed preparations
obtained by reaction of C;S (10 g) in water or NaOH solutions (250 ml). The
C-S-H obtained with water had a mean Ca/Si ratio of 1.77; that obtained
with 0.8 M NaOH had a mean Ca/Si ratio of 1.5 and a mean Na,0Q/SiO, -
ratio of 0.5. These results do not appear to be directly relevant to cement
pastes. The pore solutions of the latter may be 0.8 M or even higher in alkali -
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hydroxides (Section 7.5.2), but the ratios of (Na,O + K,0) to SiO, in the
C-S-H are 0.05 or below (Section 7.2.5).

5.6 Kinetics and mechanisms
5.6.1 C,S: experimental data

Fig. 5.13 shows the general form of the curve relating the fraction of C,S
consumed (a) to time in a paste of w/s ~ 0.5 at about 25°C and with moist
curing. Such curves have been determined using QXDA for unreacted C,S
(e.g. Refs K20,010), though the precision is low for values of a below about
0.1. At low values of a, other methods are available, such as conduction
calorimetry (e.g. Ref. P22), aqueous phase analyses (e.g. Ref. B63) or
determinations of CH content or of non-evaporable water. At very early
ages, it may be necessary to allow for the fact that the property determined
depends on the nature of the hydration products; e.g. precipitation of C-S~
H begins before that of CH.
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Fig. 5.13 C_}eneral form of curves relating the fraction of C,S consumed to time in a
paste. AB: initial reaction. BC: induction period. CD: acceleratory period. DE:
deceleratory period and continuing, slow reaction. Taylor et al. (T25)
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The rate, as followed from that of heat evolution (Fig. 5.14), passes
through an initial maximum, decreases to a minimum during a so-called
induction period, passes through a second maximum and then gradually
declines. Kondo and Ueda (K20) described five periods of reaction, viz: (1)
the initial reaction, (2) the induction period, (3) the acceleratory period, in
which the main reaction first begins to occur rapidly, (4) the deceleratory
period and (5) a period of slow, continued reaction. Periods 1 and 2
correspond to the early stage of reaction as defined from microstructural
studies (Section 5.3.1), periods 3 and 4 to the middle stage, and period 5 to
the late stage. Setting takes place during the acceleratory period.
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Fig. 5.14 Typical calorimetric curve relating the rate of heat liberation to time in a
C,S paste to time. After Brown ef al. (B64).

Many investigators have followed the changes in Cc,q and Cgio, or [OHT]
with time in the course of the reaction of water with C,;S or B-C,S in
suspensions (e.g. B63,B56,G51; Fig. 5.15). The curves for Cg,o or [OHT]
typically show a steep rise during the initial reaction and a more gradual one
of uniform slope during the induction period. Significant precipitation of
CH begins just before the maxima are reached, and is rapid when they
decrease, during the acceleratory period (W22). Some of the curves reported
in the literature show a plateau in the early part of the induction period,
followed by a rise (e.g. Ref. B57). In the most marked cases of this
behaviour, the maximum is unusually high (=~ 40 mmol | ~!) and unusually -
delayed (24-36 h; e.g. Ref. F20). As noted in Section 5.5.1, the final values
reported for pastes tend to be well above the solubility of CH. The SiO,
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concentration passes through a maximum in the order of 1 mmol 1 ™' during
the initial reaction. Brown et al. (B56) found the concentrations to lie
exclusively on curve A (Fig. 5.12), but other workers have found the paths
followed by the concentrations to cross curve A, passing through maxima
near to (G51) or beyond (B57,B58) curve B and then falling back to curve A.

At early ages, do/d¢ increases markedly with w/s ratio above 0.7 (B56).
Moderate variations in specific surface area have little effect on the length of
the induction period, but with finer grinding, da/dr during the acceleratory
period increases (K20,012,B56). The rate of reaction increases with tem-
perature up to the end of the acceleratory period, but is much less affected
thereafter (K21), suggesting a change from chemical to diffusion control.
Introduction of defects into the C,S shortens the induction period
(M53,F20,012).
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Fig. 5.15 Plots of the analytical concentrations of CaO and SiO, against time for a
C,S paste (C,S 352.5m? kg™ !, wfs = 0.7, 24°C). After Brown et al. (B56).

The results of experiments at high w/s ratios have been interpreted
assuming superficial hydroxylation of the C,S followed by congruent disso-
lution and subsequent precipitation (B63,B57). Reaction in pastes must also
occur at least partly by dissolution and precipitation, since much of the
product is deposited at a distance from the starting material, and because
both C¢,o and Cge, pass through maxima. Topochemical mechanisms,
defined as ones in which the material does not pass through a true solution
phase, may also occur, especially in the late stage of reaction (T26).

The kinetics up to the middle of the acceleratory period are discussed in
the following sections. Those of the later stages have been more thoroughly
studied with cement (Section 7.7) and only some aspects are considered here.
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5.6.2 C.S: the initial reaction

Two ESCA studies of the hydration of C,S pastes or compacts showed an
initial surface Ca/Si ratio of 3.0, which within the first minute fell sharply
and then increased again; it then fell more slowly, reaching a value of 1.5-2.0
in 15-30 min (T27,M39,R18). Allowing for the fact that the region analysed
will include unreacted C,S until the layer of hydration product is sufficiently
thick and continuous, these results may be interpreted in terms of the
formation of an initial hydrate of low Ca/Si ratio, which rapidly increases
(R18). Another study (B65), in contrast, showed an unreacted C,S sample to
have a low surface Ca/Si ratio. ESCA results also indicate a change in the
environment of the silicon atoms at the end of the induction period. possibly
associated with the formation of dimeric silicate ions (R18). Secondary ion
mass spectrometry (SIMS) shows promise as an alternative mecthod for
studying surface compositions, but has not yet given information on that of
the hydrated material (G52). Electron diffraction shows that an amorphous
surface layer can be produced by grinding (U10,K20); this may explain
some of the reported differences in behaviour between apparently similar
specimens.

Calculations of « from concentrations in the bulk solution indicate values
of around 0.3% at the start of the induction period (B63.B56). Thesc are
likely to be minimum estimates, because they assume that no CH is formed;
in reality, small amounts may be, on account of concentration gradients,
which will themselves introduce an error in the same direction. Reported
values of «a at the end of the induction period, summarized by Odler and
Dorr (O10), range from 0.1% to an improbable 8%. Their own estimate of
1-2% is supported by subsequent evidence from cross-polarization *°Si
NMR (R16). Assuming a specific surface area of 300 m? kg~ '. a value of 1%
corresponds to a mean depth of attack of about 10 nm.

5.6.3 C,S: the induction period

The causes of the induction period and of its termination have been the
subject of much debate. Hypotheses have been reviewed in a collaborative
paper (T25). The main ones are as follows:

(1) The product of the initial reaction forms a protective layer on the C5S
particles; the induction period ends when this is destroyed or rendered
more permeable by ageing or phase transformation ($53.B66.J15).

(2) The product of the initial reaction forms a semipermeuable membrane :
which encloses an inner solution and is destroyed by osmotic bursting
(D18). :
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(3) The rate of reaction in the induction and acceleratory periods is
controlled by nucleation and growth of the C~S—H formed in the main
reaction, the induction period ending when growth begins
(S54,013,F20,B63).

(4) The induction period occurs because the CH nuclei are poisoned by
SiO, and cannot grow, and ends when the level of supersaturation is
sufficient to overcome this effect (G53,T28,W22).

The induction period is shortened by adding prehydrated C;S (O13), but
additions of lime or CH, including that formed from C,S, are variously
reported to be ineffective (O13,B67) or to lengthen it, though shortening it
with cement (U11). In cement mixes, additions of pfa or some other finely
divided materials accelerate hydration after the first day, apparently by
acting as nucleation sites for C-S—-H (Section 9.3.3). Additions of reactive
silica markedly accelerate hydration (S53). Most of this evidence supports
hypothesis 3 and tells against hypothesis 4. Hypothesis 3 does not exclude
hypothesis 1, as the breakdown of a protective layer could be associated with
formation of a new product.

The recent microstructural evidence (Section 5.3.1) gives no indication
that a membrane or other product distinct from that formed later is formed
during the initial reaction in C;S pastes, though a gelatinous coating is
formed in cement pastes, which show an induction period similar to that
observed with C;S (Section 7.5.1). For C;S pastes, this evidence excludes
hypothesis 2, and gives no positive support to hypothesis 1. It does not
exclude the formation of an altered layer on the C,S surface, no more than
a few nanometres thick. Tadros et al. (T28) postulated the formation of a
SiO,-rich layer with chemisorbed Ca®*, and Barret er al. (B63) that of a
superficially hydroxylated C,S, formed by protonation of the O*~ and
SiO%~ ions, balanced by loss of Ca®*.

The calculated solubility of C,S is about 1 molal (S50). In the absence of
an altered or protective layer, the observed low rate of reaction during the
induction period could be explained only if the concentrations close to the
C,S surface were of this order of magnitude. It is doubtful whether the very
high concentration gradients that this implies could exist (J15,G49).

The balance of the evidence favours a combination of hypotheses 1 and 3.
The following model is essentially that of Gartner and Gaidis (G49), but has
features in common with those of Barret and Bertrandie (B57) and of
Grutzeck and Pamachandran (G51).

(1) In the initiai reaction, C,S dissolves and a material is deposited which
will be termed Product B. The dissolving C,S probably has a hydroxy-
lated surface, as proposed by Barret et a/. (B63). Under typical paste
conditions, Product B forms an overlying surface layer about 1 nm in
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average thickness, though it is likely to be non-uniform and thicker
around active sites. It may be capable of existence only on a C,§
surface and similar to a passive layer on a metal. Within 30 s, the C,§
is almost isolated from the solution, and an unstable equilibrium,
represented by curve B of Fig. 5.12, is established between the solution
and Product B.

(2) Product B is unstable with respect to the material represented by curve
A of Fig. 5.12, for which we shall reserve the term C-S~H. During the
early part of the induction period, C-S-H nucleates and begins to
grow. This implies dissolution of Product B, and increased access of
solution to the C,S, which thus dissolves more rapidly. The rate of
reaction in this stage is controlled by the growth of C-S—H, the rate of
which increases with the amount already formed.

The amount of Product B at any given stage in the reaction must depend
on the relative rates of its formation and dissolution. It may or may not
disappear completely when the latter is sufficiently high. The NMR evidence
of Rodger et al. (R16) (Section 5.3.2) indicates that the hydrated material
formed up to the end of the induction period contains only monomeric
silicate ions and that the latter persist alongside larger ions when the latter
are formed. This suggests that the silicate ions are monomeric both in
Product B and in C-S-H in the early stages of formation of the latter
product. The Ca/Si ratio of Product B is possibly about | initially, increasing
to about 1.7 as equilibrium with CH is approached.

5.6.4 The main reaction (C,S and p-C,S)

From the kinetic standpoint, there is probably no distinction between the
induction period and the early part of the acceleratory period; indeed, as
Gartner and Gaidis (G49) noted, there is strictly no induction period in the
absence of retarding admixtures. Throughout both stages, growth of C-S-H
proceeds at an increasing rate, which is reflected in increasingly rapid
dissolution of the C,S. The Ca?* and OH™ concentrations in the bulk -
solution increase steadily, and when a sufficient degree of supersaturation
has been reached, CH begins to precipitate in quantity, causing these
concentrations to fall. Its formation is not normally rate determining, but
could become so in the presence of admixtures that retard its growth. The
kinetic data for this stage can be fitted by Avrami-type equations, but the
assumptions underlying the latter (formation of a product within an initially
homogeneous material) do not correspond to this situation existing in the
hydration of C4S or cement.
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The smaller grains of C,S probably react completely, by dissolution and
precipitation, during the acceleratory period. In the final, slow periods of
hydration, the remaining grains of C;S, which are relatively large, are
gradually replaced by C-S-H through the inward movement of an interface.
[t is difficult to believe that such a process occurs by dissolution into a true
liquid phase, followed by precipitation. Following earlier studies
(M49,F21,K22,K20), Taylor (T26) suggested that a topochemical reaction
may occur with both C;S and -C,S. Comparison of the numbers of atoms
of each element in the initial and product phases shows that to convert either
C,S or B-C,S into C-S-H, relatively little oxygen must be gained or lost;
much of the calcium, and smaller proportions of the silicon, must be lost,
and equivalent amounts of H* gained (Table 5.6). At the interface, a narrow
zone could exist, in which the necessary atomic rearrangements take place. [t
is not necessary to postulate any migration of water molecules through the
inner product; instead, Ca** and Si** move outwards, and H* inwards. At
the surface, the calcium and silicon enter the solution, and ultimately
precipitate, along with the OH™ ions released from the H,O molecules, as
CH and outer product C-S-H. Migration of silicon was suggested as the
probable rate-determining step; however, at low w/s ratios, reaction stops
because there is no more space in which the outer product can be formed,
and in this case, control presumably shifts to some process related to
deposition of outer product. Barret {B68) discussed topochemical mechan-
isms and their relation to dissolution—precipitation processes.

Table 5.6 Numbers of atoms in 1000/N, ml

Phase Density (kgm ™) Ca Si H 0

C,8 3120 41.0 13.7 68.3
B-C,S 3326 38.6 19.3 77.2
C-S-H (90% RH) 19500 14.4 8.2 66.0 63.9

Slightly modified from Ref. T26: C-S-H composition assumed C, ;SH, 4.

5.6.5 Early hydration of §-C,S

The kinetics and mechanism of §-C,S hydration are similar to those for C;S,
apart from the much slower rate of reaction (M53,T29,F11,014,F22), and,
as noted earlier, the products are similar apart from the much smaller
content of CH. Preparations appear to be more variable in reactivity than
those of C,S; this is partly attributable to differing stabilizers (F23), but
could also be due to differing amounts or natures of phases in intergranular
spaces or exsolution lamellae. Preparations made at low temperatures are
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especially reactive (F22). Because of the low rate of heat evolution, conduc-
tion calorimetry is difficult, but shows the existence of an induction period
similar to that found with C,S (M53), which is also indicated by QXDA
(O14). ESCA, SEM and solution studies show that behaviour during the
early period is similar in principle to that of C,S (M54). The ESCA data
show that the connectivity of the silicate tetrahedra increases within 24 h at
50°C; this behaviour resembles that of C,S at the end of the induction
period. They show the approximate depth of the hydrated layer to be Snm
after 15s, and 15 nm after 6 h at 25°C. The rate of reaction is increased in the
presence of C,S (T29,014).
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Hydrated aluminate, ferrite and
sulphate phases

6.1 AFm phases
6.1.1 Compositional and structural principles

AFm (Al,0,-Fe,0,-mono) phases are formed when the ions they contain
are brought together in appropriate concentrations in aqueous systems
at room temperature. Some can also be formed hydrothermally. i.e. in
the presence of water under pressure above 100°C. They are among the
hydration products of Portland cements. Under favourable conditions, they
form platey, hexagonal crystals with excellent (0001) cleavage. Some of the
AFm phase formed in Portland cement pastes is of this type, but much is
poorly crystalline and intimately mixed with C-S—-H. AFm phases have the
general formula [Ca,(AlLFe)(OH)4)-X-xH,0, where X denotes one formula
unit of a singly charged anion, or half a formula unit of a doubly charged
anion. The term ‘mono’ relates to the single formula unit of CaX, in another
way of writing the formula, viz. C4(A,F)-CaX,-yH,0 [or C,(A.F)X,yH,0],
where y = 2(x + 3). Many different anions can serve as X, of which the
most important for Portland cement hydration are OH~, SO2~ and
CO2Z~. A crystal may contain more than one species of X anion. AFm-type
phases can also be prepared in which other tripositive cations, such as Cr**.
replace the AI** or Fe3*,

AFm phases have layer structures derived from that of CH by the ordered
replacement of one Ca®”* ion in three by AI>* or Fe** (Fig. 6.1) (A7-A9).
The principal layers thus defined alternate with interlayers containing the X
anions, which balance the charge, and H,0 molecules. The replacement of
Ca?" by the smaller A1>* or Fe®" ions distorts the structure of the principal
layer, alternate Ca** ions moving in opposite directions from its central
plane. This allows each to coordinate the oxygen atom of an interlayer H,0
molecule in addition to its six OH ™ ions. The principal layer, together with
the H,O molecules thus bonded to the Ca?* ions, has the composition
[Ca,(AL,Fe)(OH),2H,0]". In the simpler AFm structures, these units are
stacked in such a way as to produce octahedral cavities surrounded by three
H,0 molecules from each of the adjacent layers. These cavities may contain
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X anions, H,0 molecules, or both. In C;A-CaCl,-10H,0 (or [Ca,Al(OH),-
-2H,0]Cl), each cavity contains a Ci~ ion. In C;A-CaSO,-12H,0, one half .
contain SO}~ anions and the remainder contain two H,O molecules. In
C,AH,;, all contain one OH™ anion and one H,0 molecule.

Fig. 6.1 Structure of a single principal layer of composition [Ca,Al(OH)]" in an
AFm phase, in ab-projection. Distances of calcium, aluminium and oxygen atoms
above or below the central plane of the layer are in picometres. Hydrogen atoms are
not shown. Large circles illustrate the distortion of the CaQ, octahedra, which allows
the coordination of each calcium atom to rise to 7 through the addition of an H,0
molecule (not shown) directly above or below it in this projection.

The unit cells of all AFm phases are based on hexagonal structural
elements with a = 0.57-0.59 nm. These values are somewhat less than \/3
times that of CH. The layer thickness, ¢/, depends on the nature of the X
anion and the amount of interlayer water, which can be varied by stepwise -
dehydration from the highest hydration state. AFm phases exist in which a
complete, additional layer of H,O molecules is present between the principal |
layers. There is no restriction on the separation between adjacent layers; this .
allows large anions, and also intercalated neutral molecules (D19,D20), to |
be present in interlayer sites. Many AFm phases readily undergo changes in 1
water content and anion exchange (F24,D20), the latter including that of .
CO;3~ for OH™. Due care must therefore often be taken to exclude COZ, \
and where necessary also to control the humidity. :

Complex sequences of stacking the layers, or ordered patterns of filling Of
the cavities where their contents are not all the same, lead to unit cells that 3

sl
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are larger or of lower symmetry than the structural element. Some AFm
phases show polytypism, arising from different ways of stacking the layers.

6.1.2 The C,AH,, C,AC,H, and C,ACH, phases

Fischer and Kuzel (F25) summarized and extended earlier work on these
groups of AFm phases, which are listed in Table 6.1. In the pure CaO-
AL, O;—H,0 system, the phase in equilibrium with solutions of appropriate
composition at temperatures up to at least 50°C is C,AH,,, of which two
polytypes (a, and a,) are known. On decreasing the RH or increasing the
temperature, lower hydrates are reversibly formed, with decrease in layer
thickness; a decrease in RH to 81% is sufficient to produce C,AH,, (R19).
C,AH/, is structurally derived from C,AH,; by the addition of an extra
layer of H,O molecules. A high degree of crystallinity is needed to allow this
extra layer to form (D21), and it is doubtful whether it could occur in the
material in a cement paste. In C,AH,,, the contents of the octahedral
cavities in the interlayers are reduced from (OH™ + H,0) to OH™, and in
C,AH,, which is a poorly crystalline material, the H,O molecules attached to
the Ca%" ions have also been lost.

The layer thicknesses indicate that the COZ2~ ions are oriented perpendi-
cular to the layers in C4AC‘0_5H12 and parallel to them in the other phases
containing CO2~. In all these phases, some octahedral cavities contain a
CO3~ ion, and others varying combinations of H,0 molecules and OH "~
jons. In the early literature, C,ACH,, (or C;A-CC-H,,) was incorrectly
identified as a C,A hydrate, and C,AC, sH,, as a polymorph of C,AH ;.
Both phases readily form on carbonation of the C,A hydrates.

Table 6.2 includes crystal data for the C,AH,, C,AC, ;H, and C,ACH,
groups. Only data based on single crystal studies are included. Solid
solutions in these groups of phases appear to be very limited. only
C,AC, sH,, showing some variation in layer thickness up to a maximum of
about 0.825nm associated with partial replacement of COZ~ by 20H"
together with variations in H,O content (D21,F25). The limiting compo-
sition is C,AC, ,sH,. More extensive solid solution may occur in the poorly
crystalline material formed in cement pastes.

6.1.3 The C,ASH, phases

Tables 6.2 and 6.3 give data for these phases. C,ASH, (or C,A-CS-H,,) is
variously known as monosulphate, monosulphoaluminate, or, in the early
literature, low-sulphate calcium sulphoaluminate. The water contents of the
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Table 6.2 Crystal data for AFm phases

Unit cell parameters

Crystal Space D,
Phase system” group a(nm) b(nm) c(nm) Angles V4 (kgem~3)  Ref.
a,-C,AH , H R3c or R3c (?) 0.577 - 6408 y=120° 3 1803 Al0
a,-C,AH 4 H P6,/m or P6,22 0.577 - 2137 y=120° 1 1802 Al0
C,AH,, H R-- 0.5752 - 9.527 y=120° 6 2046 F25
C,AC, H,, H R3c or R3¢ 0.5770 - 49159 y=120° 3 1984 F25
C,ACH,, T P1 or PI 0.5781 0.5744 0.7855 ¢ 1/2 2170 F25
C,ASH,, H R3 0.576 - 2679  y=120° 3/2 2014 All
a-C;,A-CaCl; H M C2/c or Cc 0998 0574 1.679 B =1102° 2 2065 K23
B-C;A-CaCl, H,, H R3c or R3c 0574 - 4688 y=120° 3 2090 K23
C,A-CaCl, Hg H R3c or R3¢ 0.5729 ~ 41233 y=120° 3 2080 K24
C,AH, M C2/c or Cc 0.993 0574 422 =970° 8 1943 S55
C,AH; H R3c 0.573 - 522 y=120° 6 2042 S55
C,ASH, H R3 or R3 0.5747 - 3.764 vy =120 3 1936 K25

“H = hexagonal or trigonal; M = monoclinic; T = triclinic.
Fa = 92.61° B = 101.96° y = 120.09°.

¢ For C;AHy,. only the structural element (¢ = 0.574nm, ¢ = 1.07nm, Z = 1) and X-ray density (1950 kg m~?) are known (S55).



Table 6.3 AFm phases with [Ca,Al(OH)¢]" principal layers and interlayer sulphate, chloride, aluminate or aluminosilicate anions

Layer thickness Interlayer
Composition Drying conditions (nm) contents® Ref.
C,ASH, } <10°C at 100% RH 1.03 1/280,2~ 5H,0° D21
C,ASH ¢} >10°C at 100% RH 0.95 1/280,%~ 4H,0* D21
C,ASH,, > 10°C at 20-95% RH 0.893 1/280,2” 3H,0 D21
C,ASH,, > 10°C at <20% RH 0.815 1/280,2” 2H,0 D21
C,ASH, 30-50°C over P,0; 0.795 1/280,%2” 1H,0 D21
C,A-CaCl, H, (o) <28°C at 35% RH 0.788 1 CI~ 2H,0 K23
C;A-CaCl,H,, (B) >28°C at 35% RH 0.781 1Cl” 2H,0 K23
C;A-CaCl,-Hg 120-200°C 0.687 1Cl™ K24
C,AH, <26°C at 45% RH 1.07 1 AI(OH), < 3H,0 S55
C,AH, >26°C at 45% RH 1.04 1 AI(OH), 5/2 H,O S55
C,AH; Room temp. over P,O, 0.87 1 AI(OH),~ S55
C,ASH, Room temp. at 37% RH 1.255 1 AISiO4(OH),” 4H,0 K25
C,ASH, >135°C 1.12 1 AlSiO,(OH), " K25

“ Per formula unit of Ca,[AI(OH).]".
» Water contents uncertain; see text.
“Alis 6 coordinated in C,AHg (G54).
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two highest hydrates are uncertain, values of 16 for the 0.96-nm hydrate
(T30) and of 15 for the 1.03-nm hydrate (R19) having also been reported. An
alternative formula with 18 H,O (M55) for the 0.96-nm hydrate implies an
impossibly high density for the additional water. As with C,AH,, these
highly hydrated forms probably cannot occur in the poorly crystalline
material of cement pastes.

C,ASH,, forms solid solutions in which up to one half of the SO,%" is
replaced by OH ™. The substitution does not significantly affect the length of
the « axis, but ¢’ is slightly reduced, to a value of 0.877 nm at maximum
replacement (R19). The higher hydrates do not form if excess CH is present.
Early reports that a continuous solid solution series exists with C,AH, are
incorrect. They were based on observations by light microscopy, which with
layer structures of this type cannot distinguish between a true solid solution,
in which the components are mixed at or below a nanometre level within
each layer, an oriented intergrowth consisting of blocks each containing
many layers of one or other component, or intermediate possibilities, such as
random interstratification of layers of different types. Distinction can be
made by XRD.

A phase of approximate composition C4A0_9N0,5-S*UH16 was reported to
form at high concentrations of Na,O, Al,0, and SO, (D22). Three
hydration states, with ¢’ = 1.00, 0.93, and 0.81 nm, and 16, 12 and 8 moles
of H,0, respectively, were described, and it was suggested that the structure
was derived from that of C4A§Hx by the omission of some of the AI** ions,
balanced by the inclusion of Na™*, in addition to anions, in the interlayer.
The concentrations used in the original work were far removed from those
existing in the liquid phase of cement pastes, but later work (§56) indicated
that a similar phase, though probably of different composition, could form
in highly alkaline media in the presence of excess CH and absence of excess
AL O;. This suggests that it could occur as a hydration product of cements
high in alkali. Evidence that AFm phases can accommodate cations as well
as anions in the interlayer is provided by the existence of a compound
[Ca,A{lOH)4]K+(ClO,), xH,0 (D20).

6.1.4 Other AFm phases containing aluminium

The range of anions that can occupy the X positions is very wide (A11,D20);
even anions that form calcium salts of very low solubility, such as fluoride,
can be introduced using special techniques. We shall consider only those
most relevant to cement chemistry. Tables 6.2 and 6.3 include data.
C3A-CaCl,-10H,0 or [Ca,Al(OH)4]CI-2H,0O (Friedel’s salt) can be formed
in concrete exposed to chloride solutions. Two polytypes are known; P is the
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higher temperature form, produced reversibly from a at 28°C
C,A-CaCl, 10H,0 does not form solid solutions with the sulphate AFm
phases., but an ordered compound CA,-CS-CaCl, 24H,0 exists, in which
interlayers containing Cl~ probably alternate with ones containing SOZ-
(K23).

The C,A hydrates are AFm phases with aluminium-containing species in
the interlayer. The hydrate formed in metastable equilibrium with aqueous
solution at 18°C is C,AHj. Scheller and Kuzel (S55) found that, contrary to
some earlier opinions, C,AH, shows neither polymorphism nor polytypism,
but that below 45% RH at 26°C it is converted into C,AH, 5. The transition
temperature depends on the RH. An X-ray structure determination on the
lower hydrate, C,AH,, showed that this had the constitution {Ca,Al(OH)]-
[A{OH),], the interlayer aluminium and some of the interlayer hydroxyl
groups being statistically distributed. Because of poor crystallinity, it was
not possible to obtain such detailed information about the higher hydrates,
but some evidence was obtained for a similar constitution, with H,0
molecules added, in C,AH, ;. In contrast, a study of C,AHy using 27A]
magic angle NMR showed that all the aluminium was octahedrally coordi-
nated (G54), and the constitution [Ca,AI(OH)(JJAI(OH);(H,0);]OH was
proposed. The structural element of C,AHg is closely similar to that of
C,AH,,, and the proposed constitution could be derived from that of the
latter compound merely by removing some of the hydrogen atoms from
interlayer H,O molecules and introducing aluminium atoms, perhaps statis-
tically, into octahedral sites. There is no necessary conflict between the two
sets of data, as they relate to different hydrates. C,AHj is reported to form
solid solutions with C,AH,,, but there is disagreement as to the end of the
series at which these occur (J17,D20).

An early report of the formation of C;A-CS-H, was not supported by
later work (C28), but three subsequent investigations have shown that sucha
phase can be prepared, though it is unstable at ordinary temperatures. and
possibly so even in contact with its mother liquor at 5°C. The anion is
probably H,Si0,%", and hydration states with ¢’ ~ 1.0l nm and 0.89 nm,
presumably analogous to those of C,ASH,, have been observed. It was
obtained by anion exchange (D20), in reaction rims around C,A grains in
pastes made from C;A, C,S and gypsum (R20) and by reaction between
C,AH,, and amorphous silica in the presence of water at 5°C (V4). Because
of its instability, it is unlikely to be more than a transient hydration product
of cement, at least at ordinary temperatures, but the possibility of partial
replacement of SO,2~ by H,Si0,?” in an AFm phase cannot be excluded. -

C,ASHj,, known by its mineral name of stritlingite and also as ‘gehlenite
hydrate’, is well established as a natural mineral, hydration product of *
certain types of composite cements and laboratory product. Its crystal data
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(Table 6.2) show it to be an AFm phase having an aluminosilicate anion as
interlayer and probable constitution [Ca,AlOH)[AlSiO,(OH),4H,0]
(K25).

Naturally occurring AFm phases, called hydrocalumite, appear to vary in
composition. The original specimen was reported to have a composition
near to C,AH,, with some CO3~ and a monoclinic unit cell similar to that
of a-C;A-CaCl,- 10H,0 (T31), but others have proved to be either the a or
the B polymorph of that compound or members of a C,A-CaCl,-10H,0-
C,AH/, solid solution series (F26).

6.1.6 AFm phases containing iron

Iron(ITT) analogues of many of the phases described above have been
obtained. Unless the anion imparts colour, AFm phases containing Fe** are
colourless, brown colours being due to iron(IIl) oxide or hydroxide impur-
ity. They have g-axial lengths of approximately 0.589 nm (§57,K26).

C,FH,, has been obtained by many investigators (e.g. S57,R21). It has
¢ =0.79nm and forms a continuous series of solid solutions with
C,AH,, (S57). As in the corresponding system with Al,O,, the phase
existing in contact with solution is the 19-hydrate (R21). C,FSH, phases are
also well established (M56). Kuzel (K26) found that C,FSH,, is isostruc-
tural with its AI** analogue, and has ¢’ = 0.8875 nm; a higher hydrate with
¢ = 1.021 nm and probably containing 14 H,O exists above 90% RH.
C,FSH,, and C,ASH,, form a continuous solid solution series at 100°C.
but at 25°C or 50°C, miscibility is incomplete. At 25°C, C,FSH, , accommo-
dates up to about 50 mole % C,ASH,,, and the latter up to about 10 mole
% C,FSH,,, and an intermediate phase with Fe/Al ~ 0.5 exists (K26).
C,F-CaCl, 10H,0 similarly shows only limited miscibility with
C,A-CaCl,-10H,0 (K26).

Schwiete er al. (858) found no solid solution between C,FH,; and
C,FSH,,, but in preparations made from C,AF or C4A,F limited miscibi-
lity occurred at the sulphate-rich end of the series as with C,AH,; and
C,ASH,,. Fe** analogues of the Al** phases containing CO,>~ appear to
exist (R22,556).

6.1.6 XRD patterns, thermal behaviour, optical properties and
IR spectra

Strong peaks in the XRD powder patterns of AFm phases normally include
the first and second orders of the layer thickness, and the 1120 and 3030



176  Cement Chemistry

reflections, which for the AI’* compounds have d-spacings at or near
0.2885 nm and 0.1666 nm, respectively. In mixtures, it is sometimes difficult
to distinguish between AFm phases of similar layer thickness, and in such
cases, examination of the patterns of heated samples is often useful.
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Fig. 6.2 Weight loss curves for C,AH |, (static; Buttler e/ al. (B69)) and monosul-
phate and ettringite (TG; 10 deg C min~!; Taylor (T16)).

Weight loss curves under either static or dynamic (TG) conditions or both
have been reported for C,AH,, (B69,L6), C,ACH,, (T32F25),
C,AC, sH,, (F25), C,ASH,, (T16), C;A-CaCl,- 10H,0 and other phases
(A9,K24), C,AH, (L6) and C,ASH; (K25). The curves for C,AH,, and
C,ASH,, (Fig. 6.2) and of C,AH; are all fairly similar if the quantity
plotted against temperature is moles of H,O retained per mole of CaO, and
allowance is made for the effect of differing heating rates. With the
carbonate, nitrate and bromide, and on static heating also with the chloride,
volatiles in addition to H,O are lost. All the curves show steps in varying
degrees. Those at the lower temperatures are associated with the changes in -
hydration state of the AFm phase; loss of molecular water is complete by :
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about 150°C on static, or 250°C on dynamic heating. XRD evidence
showed that, for C,AH,;, the plateau at about 350°C corresponds to
formation of a poorly crystalline mixture of CH and C,A;H,, and the steps
at about 410°C and 630°C to decomposition of these phases to CaO and
C,,A;H plus CaO, respectively (B69). The curve for C,ASH,, shows
similar features, but their significance has not been determined.

The DTA curves of C,AH, ;, and C,ASH,, are characterized by a series of
endotherms below 300°C, which correspond to the steps in the TG curve
(K27,M57). Fig. 6.3 includes a typical curve for C,ASH,,; that of C,AH ,
is similar, but with peak temperatures some 10degC lower. The peak
temperatures depend on the technique and amount present, the 200°C peak
being typically shifted to 180-190°C for the material present in cement
pastes (B70). DTA curves have been reported for other AFm phases,
including C,ACH,, (T32), C,A-CaCl,-10H,0 (A9,K24) and C,ASH,
(K25).
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Fig. 6.3 DTA curves for monosulphate and ecttringite (10 deg C min~!). Taylor
(T5).

100 900

As would be expected from their layer structures, AFm phases are
optically negative. The AI>* phases typically have o = 1.50-1.56, ¢ = 1.49-
1.54; for the Fe** phases, o is typically 1.56-1.61 and ¢ is 1.54-1.60.

Henning (H34) reviewed IR spectra of hydrated calcium silicates and
aluminates; data for C,AH, and C,AH, phases, C,ASH,,, C,ACH,, and
C,FSH,, were included. Other data for phases in the CaO-Al,0,-H,0
system (B71) and for C,ASH,, (B72) have been reported.

6.2 AFt phases
6.2.1 Compositions and crystal structures

AFt (Al,04,-Fe,0,—tri) phases have the general constitutional formula
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[Cas(AlLFe)(OH)4 12H,0],-X;-xH,0, where x < 2 and X represents one
formula unit of a doubly charged, or, with reservations, two formula units of
a singly charged, anion. The term AFt refers to the three units of CX in an
alternative way of writing the formula, C4(A,F)-:3CX:yH,0 [or C4(A,F)-
X;-vH,0], where y = x + 30. AFt phases are formed under broadly similar
conditions to AFm phases, but at higher ratios of CaX to C4(A,F) and
rarely above about 90°C. The range of anions that can occupy the X sites is
smaller, and singly charged anions can possibly only be accommodated to a
limited extent. The most important AFt phase is ettringite, [Ca;A(OH),-
-12H,0],:(50,);-2H,0 or C;A-3CaS0,-32H,0; a phase of or near this
composition is formed during the early hydration of most Portland cements,

. In the early literature, it was often called high-sulphate calcium sulphoalu-
minate. Ettringite also occurs as a natural mineral. Phases of AFt type also
exist in which other cations replace the Ca%* or AI>* or both; an important
example is thaumasite, Ca;[Si(OH), 12H,0](CO;)(SO,).

AFt phases form hexagonal prismatic or acicular crystals. Their structures
(C29,M58,M59) are based on columns in hexagonal array, running parallel
to the prism (c¢) axis, with the X anions and, usually, H,O molecules in the
intervening channels (Fig. 6.4). The columns, which are of empirical
formula {Ca,(AlFe)(OH), 12H,05**, are composed of (Al.Fe)(OH), octa-
hedra alternating with triangular groups of edge-sharing CaQ, polyhedra,
with which they share OH ™ ions. Each calcium atom is also coordinated by
four H,0 molecules, the hydrogen atoms of which form the nearly cylindri-
cal surface of the column. The channels contain four sites per formula unit
with six calcium atoms, of which, in ettringite, three are occupied by SO,2~
ions and one by two H,0 molecules. The repeat distance along the column is
approximately 1.07 nm,

Ettringite is trigonal, with a = 1.123nm, ¢ = 2.150nm, Z =2, D, =
1775 kg m ™3 (S59); the space group is P31c, apparent higher symmetry being
due to twinning or disorder (M59). It is optically negative, with © =
1.463, £ = 1.459 (M60). The doubling of ¢ is due to ordering of the SO,2~
ions and H,0 molecules in the channels. Analogues with Fe**, Mn?**, Cr**
or Ti** in place of AI3* exist (B73,B74,559); solid solution in the Fe3*-
AI®* series is almost continuous, but there is probably a small gap at 70-80

Fig. 6.4 Crystal structure of ettringite. (A) Part of a single column in (1120)
projection; A = Al, C = Ca, H = O of an OH group, W = O of an H,0 molecule.
Hydrogen atoms are omitted, as are the H,O molecules attached to those calcium
atoms lying in the central vertical line of the figure. (B) Projection on the ab-
plane, showing columns (large circles) and channels (small circles); the unit cell, with |
@ = 1.123 nm, is outlined. Modified from Struble (S59). :
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mole % Fe** (B73). This Fe** phase has ¢ = [.1182 nm, ¢ = 2.2008 nm
(S59). Analogues also exist with CrO,?~ replacing SO,*~ (B73.B75) and
with Sr?* replacing Ca2* (B76). A carbonate analogue, CcAC3Hy,. is well
established (C28). Tts unit cell (¢ = 1.0834 nm, ¢ = 2.1250 nm) (S59) and
refractive indices (o = 1.480, € = 1.456) are near those of ettringite. but the
cell parameters differ sufficiently to permit distinction by XRD. Hollow,
tubular crystals have been observed (C28).

Midgley and Rosaman (M57) concluded from DTA evidence that SO~
can be partly replaced by OH ™~ in the AFt phase of cement pastes. Pollman
et al. (P22a) showed that the fully OH ™ -substituted phase, C;AH ;. exists
but is easily carbonated. Material described as a silicate analogue was later
shown to have also contained CO;2~ (C28) but a product identified by X-
ray microanalysis as C,AS;H;,, has since been found in reaction rims
around C;A particles in pastes of that compound with C,S and gypsum
(R20). The compound C;A-3CaCl,"30H,0 has been reported to form at
temperatures below 0°C, but to be unstable at 20°C (S60,S61). Later
attempts to prepare it failed (P22a). Several other AFt phases have been
described (J18,P22a). A higher hydrate of ettringite, C6A§3H36, is reported
to exist at high relative humidities (P22a).

Thaumasite, [Ca,Si(OH)412H,0](SO,)(CO,) or C,SSCH 5. has a struc-
ture similar to those of the AFt phases, with Si** replacing Al* * and SO,?~
and CO,2?~ groups in the channel sites (E2,E3). The octahedral coordination
of the Si** was first established from IR evidence (M61). Thaumasite is
hexagonal, with space group P6,,a = 1.104nm, ¢ = 1.039mm, Z =2, D, =
1886 kgm“3 (E2); the refractive indices are @ = 1.470, ¢ = 1.504. A Mn**
analogue, jouravskite, exists (G55). Thaumasite and ettringite are not
completely miscible, but limited solid solutions probably occur (E2).

6.2.2 Properties

If crystals of natural ettringite are dehydrated, lattice shrinkage occurs,
mainly in the ab plane, giving a product with ¢ ~ 0.84 nm, ¢ ~ 1.02 nm and
probable constitution [Ca;Al(OH),-3H,0],(SO,),; this has been observed
using crystals of the natural mineral heated at 110°C (B77) and subsequently
examined by XRD, or examined by electron diffraction, dehydration then
occurring in the high vacuum (G56). Most of the molecular water has been
lost, and the columns have fused together. Several phases of similar
structure, such as despujolsite, [Ca,Mn(OH)¢ 3H,0)(SO,), (G57), occur as
natural minerals. Synthetic ettringite becomes almost amorphous when
heated or subjected to a high vacuum, and gross morphological changes are
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easily effected in the electron microscope. The differing behaviour may be
related to defect concentrations.

At ordinary humidities, ettringite begins to lose water rapidly at about
50°C. Fig. 6.2 includes a TG curve, determined at 10 deg C min~'. Curves
obtained at lower heating rates for ettringite and its Fe*™ and Cr3*
analogues have been reported (B73). Thaumasite is thermally more stable,
rapid weight loss beginning only at 110°C (B78). DTA curves have been
reported for ettringite (M57,B73), its Fe** (M57,B73) and CO,*~ (C28)
analogues and thaumasite (B78). Fig. 6.3 includes a curve for ettringite. All
show strong endotherms at 110-150°C, the temperature varying somewhat
with the composition, technique and amount present. When present in
cement pastes, ettringite typically gives a peak at 125-130°C (B70).

In XRD powder patterns, ettringite is readily recognized by its strong, low
angle peaks at 0.973 nm (1010) and 0.561 nm (1120), which disappear on
heating or intensive drying at room temperature. The corresponding peaks of
thaumasite have spacings of 0.956 nm and 0.552 nm. Some investigators
have found it impracticable to determine ettringite quantitatively by QXDA,
because crystallinity is easily lost on grinding (M62,015), but Crammond
(C30) reported satisfactory techniques for determining ettringite, thaumasite
and gypsum by this method. Ettringite has also been determined by DTA or
DSC (O15). IR spectra of ettringite, thaumasite and related phases have
been reported (B73-B75,M61,B78,559,B70).

6.3 Other hydrated phases
6.3.1 Hydrogarnet phases

These phases have structures related to that of grossular or garnet (Ca;Al,-
Si;0,,). The latter has a cubic structure, in which the silicon, aluminium and
calcium atoms are in tetrahedral, octahedral and distorted cubic coordi-
nation, respectively; each atom is bonded to one silicon, one aluminium and
two calcium atoms. In the hydrogarnets, this structure is modified by
omission of some or all of the silicon atoms, the charge being balanced by
replacing each of the oxygen atoms to which it was attached with a hydroxyl
group. The AI** may be partly or wholly replaced by Fe**. Complete
replacement of silicon by four hydrogen atoms in grossular thus gives
Ca,[AI(OH)]), or C;AH, and solid solutions exist within a compositional
region bounded by C;AH, C;FH, C,AS, and C,FS,;. In recent mineralo-
gical nomenclature, phases in the C;AHC,AS; series are collectively
called hydrogrossular, and the names katoite and hibschite are used more
specifically to denote those in the C;AH,~C,AS, ;H; and C,AS, ;H,-
C,AS, ranges, respectively (P23).
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C,AH; is the only stable ternary phase in the CaO-Al,0,-H,O system at
ordinary temperatures, but neither it nor any other hydrogarnet phase is
formed as a major hydration product of typical, modern Portland cements
under those conditions. Minor quantities are formed from some composite
cements and, in a poorly crystalline state, from Portland cements. Larger
quantities were given by some older Portland cements, and are also among
the normal hydration products of autoclaved cement-based materials,
C;AH; is formed in the ‘conversion’ reaction of hydrated calcium aluminate
cements (Section 10.1).

Hydrogarnet phases crystallize in various cubic forms. of which at ordi-
nary temperatures icositetrahedra are probably the most usual. The space
group is la3d, with Z = 8; C;AH has ¢ = 1.25755nm, D, = 2527 kgm ™3
(K28). Detailed structural studies have been reported on C;AH, or C;AD,
(K29,F27,B79) and on phases in the C;AH—C;AS, (B80.562) and C,FH -
C,FS, (C31) series. The hydrogen atoms lie outside the tetrahedra of
oxygen atoms to which they are attached, and which surround the empty
silicon sites. They form neither hydrogen bonds nor, contrary to some early
views, H, clusters.

The compositions of naturally occurring specimens indicate that the
C;AH-C,AS; solid solution series is continuous (P23). but synthetic
studies show that it is unlikely that all compositions in this series can be
obtained at any one temperature; probably, those in the range from C;AH,
to about C;AS,H, can be obtained at relatively low temperatures, and the
more siliceous ones only above about 360°C (R6). Contrary to many earlier
opinions, C;FH, can be prepared in the absence of SiO,, though it is
metastable and easily decomposed at ordinary temperatures (R21).

Equations relating the cell parameter and coordinates of the oxygen
atoms in hydrogarnets to composition have been proposed (B80.B81), but
give mediocre agreement with the observed cell parameter for C;AHg. The
equations implicitly assume that Végard's law is obeyed over the entire
C,AH,—C;AS, series, but there is probably a break near the C;AS; end
(R6). An empirical equation giving better agreement over the more highly
hydrated compositions relevant to cement chemistry (SiO,/CaO < 0.67) is

a = 1.171 + 0.016Fe,0, + 0.0144H,0 (6.1)

where « is the cell parameter in nanometres and Fe,O, and H,O are the |
values of x and y, respectively, in the formula C;A, _ F.S;_ ,H_. In order |
to determine the composition of a phase of this general composition from
the XRD powder pattern, a second quantity must be used. Zur Strassen i
(Z10) showed that the intensity ratio of the 022 peak to the 116 peak (d= ;

0.4445 nm and 0.2040 nm, respectively, for C;AH) was suitable. Table 6.4 3

]
i
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gives some values of a and of this ratio, calculated from equation 6.1 and
from the crystal structure, respectively (T5).

Studies by weight loss, XRD and IR spectroscopy show that, on static
heating, C;AH decomposes at 200-250°C to a mixture of C;,A,H and CH,
of bulk composition C3AH, 4; (B79,B82). At 500-550°C, the CH decom-
poses to CaO, and on prolonged heating at 810°C, C,A is formed (K28).
The C,,A, and C;AH, structures are closely related (B12) and the C,,A;H
forms topotactically, with all three axes parallel to those of the C,AH,
(B79). The a-axis of C,,A,H (1.198 nm) is only slightly shorter than that of
C;AHg (1.258 nm), and the lattice shrinkage at 200-250°C is gradual.

Table 6.4 Calculated values of the cell parameter « and ratio of intensities of the
022 to the 116 XRD powder reflections for some hydrogarnet phases (T5)

v C;A,_F,Hg CsA, . F,SH, CA,_F,S;H,
(moles Fe,0,

in formula) a(nm) Lo/l a(m)  Iy,,/1,  a(nm) Ioaa/li 16
1.0 1273 2.22 1.245 177 1.216  1.36

0.5 1265  1.15 1.237  0.78 1.208 043

0.0 1.257 041 1229 0.17 1.200  0.03

Passaglia and Rinaldi (P23) discussed IR spectra and TG curves for
C3;AHg and other hydrogarnet phases. The TG curve of C;AH, shows
major loss at 250-310°C and further loss at 450-550°C, but in that of a
katoite specimen the two steps were barely distinguishable. Majumdar and
Roy (M63) reported DTA and IR data for C;AHq. The refractive indices of
C;AS; and C;AH, are 1.734 and 1.604, respectively; those of the solid
solutions are linearly related to the composition (P23).

6.3.2 CAH,,

This phase is formed as a hydration product of calcium aluminate cements
(Section 10.1). Buttler and Taylor (B83) gave tentative crystal data and
described the thermal behaviour. The crystals are hexagonal prisms, but none
large enough for a single crystal XRD have been obtained, and attempts to
determine the unit cell by electron diffraction have failed due to loss of
crystallinity in the instrument. The unit cell is possibly hexagonal, with g =
1.644nm, ¢ = 0.831nm, Z = 6 [CAH ), D, = 1730 kgm 3, prism axis c,
and the ionic constitution is possibly Ca;[Als(OH),,] 18H,0, with rings of
six edge-sharing octahedra. Much of the water is very loosely bound; water
loss begins on drying at 80% RH, and the H/A ratio is about 7 at 45% RH
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or 5.5 on drying over P,O. TG curves at 0.5 or 5deg min™"' (L25) show no
definite steps; at 110°C, H/A is about 4 for the slower, or 6 for the faster
heating rate. On static heating at p(H,0) = 6 torr, H/A is about 6 at 50°C, 3
at 110°C and | at 200°C.

The products of thermal decomposition depend on how easily the water
can escape (B83). If escape is easy, a nearly amorphous product retaining
some of the structural features of CAH,, is formed, but if it is not, C;AH,
and gibbsite (AH;) are formed. The latter situation can occur if a hardened
paste of a calcium aluminate cement containing CAH,, is heated. Under
conditions not giving C;AH,, the XRD pattern varies continuously with
temperature; the crystallinity deteriorates, the cell parameters decrease
slightly and relative intensities change markedly. Little change occurs up to
about 70°C, but by 120°C (H/A ~ 2.5), only the 1.4 nm peak and a close
doublet near 0.7 nm remain, and the relative intensity of the 1.4 nm peak is
much reduced. By 200-350°C, the material is amorphous; by 1000°C, CA is
formed. The marked loss in crystallinity that occurs when H/A falls below 4
can be attributed to the fact that further loss entails dehydroxylation. With
some preparations small amounts of C,AHg and AH; are also formed. The
rehydration behaviour has been studied (B84).

DTA curves at 10 deg C min~"! show a large endotherm at 130-150°C and
a smaller one at about 290°C. Since the first of these is due to loss of
molecular water, its height is affected by any preliminary drying that the
specimen may have undergone. DTA has been used to determine the relative
amounts of CAH,, and AH,, and thus indirectly also of C;AH, in calcium
aluminate cement concretes, but caution is needed because the CAH,, may
have undergone partial dehydration and also because its thermal decompo-
sition can itself yield AH;. To some extent, this caution also applies to the
determination of CAH 4 by QXDA.

A 27Al NMR study (G54) confirmed the octahedral coordination of the
aluminium atom. Henning (H34) reported IR spectra for CAH,,. CAH,
and CAH,.

6.3.3 Brucite, hydrotalcite and related phases

Brucite [magnesium hydroxide; Mg(OH),] is isostructural with CH. It is
formed in Portland cement concrete that has been attacked by magnesium
salts, and on hydration of Portland cements high in MgO and possibly of *
Portland cements in general. It has ¢ = 0.3147 nm, ¢ = 0.4769nm, Z = 1, -
D, =2368kgm™3, o = 1.561, &€ = 1.581 (S63). Three polytypes of alu- :
minium hydroxide [A{OH),], gibbsite, bayerite and nordstrandite. contain ; c

layers essentially similar to those in brucite, but with an ordered pattern of | ¢
|
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cation vacancies and a different relationship between adjacent layers, result-
ing from hydrogen bonding.

There exists a range of phases structurally related to brucite as the AFm
phases are to CH; that is, some of the Mg?™ ions are replaced by tripositive
ions, typically AI** or Fe**, and the charge is balanced by anions which,
together with H,O molecules, occupy interlayer sites. Allman (All)
reviewed them. The first structure determination on this group of phases was
on sjogrenite, a polytype of [Mg, ;5Feq 55(OH),)(CO;)y.125(H,0)4 5 (A12).
They are sometimes called hydrotalcite-type phases, after a polytype of the
Al®* analogue of sjogrenite. They are formed on hydration of slag cements.
and as minor hydration products of Portland cement. These products
possibly approximate in composition to meixnerite, [Mg, ;sAly,5-
(OH),)(OH), ,5(H,0), s (K30), which, like the other phases named above,
occurs as a natural mineral.

Because Mg?*, AI** and Fe®” are all relatively similar in radius, the ratio
of di- to tripositive ions is not fixed, as in the AFm phases. Brindley and
Kikkawa (B85) discussed the factors limiting it. The minimum M?**/
(M?* 4 M3*) ratio is 2/3, and could be set by a requirement to avoid the
occurrence of M*" ions in adjacent sites; in phases of this ratio, the cations
are ordered (H35), giving unit cells with a approximately /3 times that of
brucite. At higher ratios, the cations are disordered, though ordered regions
may occur locally, and the upper limit of the ratio may be set by nucleation
of pure brucite layers if the proportion of tripositive ions falls below a
certain value. In a study of synthetic meixnerites, pure phases were obtained
only at Mg/(Mg + Al) ratios between 0.67 and 0.76, suggesting an upper
limit close to 0.75 (M64), and it is probably significant that this ratio is much
the most usual in the natural minerals.

As with the AFm phases, anion exchange reactions occur {H35), and
meixnerite readily takes up CO,, giving a material similar to hydrotalcite.
Among the natural minerals of the group, ones with interlayer CO,>~ are
relatively common, and ones with interlayer OH ™ very rare. This may be a
further indication that replacement of OH™ by CO,?~ occurs easily.
Differing schemes for the packing of H,O molecules and CO,%~ ions in the
interlayer have been proposed (A12,18).

Layer thicknesses are similar to those of the AFm phases, and it would be
difficult to distinguish the two groups of phases by XRD if only the basal
reflections could be observed. Polytypism is common; for example, sjogre-
nite, with a two-layer structure, has a three-layer polytype, called pyroaurite.
Three-layer structures are the ones normally formed at room temperature.
Meixnerite, which is a three-layer form, has a = 0.30463 nm, ¢ = 2.293
(3 x 0.764) nm, space group R3m, Z = 3, D, = 1950 kgm 3 (K30). Ther--
mal dehydration (B86) and IR spectroscopic (H35) studies on Mg-Al phases
of this group have been reported.
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6.3.4 Sulphate phases

Table 6.5 lists these phases and gives crystal and optical data. The gypsum
used in cement manufacture is usually of natural origin. but byproduct
gypsums produced by the chemical industry have also been used. The most
important is phosphogypsum, resulting from manufacture of phosphoric
acid by the wet process. It contains impurities, especially phosphate and
fluoride, that retard setting and which, if present in relatively high pro-
portions, may have to be partially removed by appropriate pretreatments
{(M65). Another byproduct gypsum, which is likely to be produced in
increasing quantity, is that resulting from flue gas desulphurization.

Dehydration of gypsum in air at 70-200°C gives hemihydrate
(CaSO,- =~ 0.5H,0) or y-CaSO, (‘soluble anhydrite’), the extent of dehyd-
ration depending on the temperature and duration of heating and RH of the
surrounding atmosphere. y-CaSO, is probably never completely anhydrous
(B88). These products have essentially identical crystal structures, which are
hexagonal or pseudohexagonal, with the H,O molecules in channels parallel
to the hexagonal c-axis. The channels can accommodate methanol (R23).
Hemihydrate is known as a natural mineral, called bassanite. Above about
200°C, anhydrite (also called ‘insoluble anhydrite’; Section 2.5.1) is formed.

Reported a and B forms of hemihydrate appear to differ only in degree of
crystallinity or crystal size, the more crystalline a form being obtained by
dehydration of gypsum in the presence of liquid water or aqueous solutions
and the B form by heating in air (B89). y—CaSO, is readily rehydrated to
hemihydrate. There has been uncertainty as to the maximum H,O content of
these products and whether variation in this quantity is continuous. Kuzel
(K31), studying highly crystalline preparations, found that variation was
continuous from 0.53 to 0.62 H,O, but that a miscibility gap existed at 0.03~
0.53 H,0; the space group was P3,21 for 0.62 H,O and 12 for 0.53 H,0.
Some studies indicate a maximum H,O content well above 0.5: thus Abriel
(A13) reported a crystal structure refinement for a preparation with 0.8
H, 0, for which the space group was P3,21. The H,0 molecules were found
to be statistically distributed, with four molecules among five positions.
Abriel concluded that larger unit cells arose through ordering of the H,0
molecules, which was possible only at H,0 contents of or below 0.5. This
would account for the larger cell with space group I2 found at H,O contents
around 0.5 and for the reversion to a smaller cell in y-CaSO,. The extent
to which these structural distinctions are relevant to the less crystalline
products obtained by heating gypsum in air is uncertain.

Reaction in the presence of water between K,SO, and CaSO, can
produce syngenite, KCS,H, data for which are included in Table 6.5.



WUELEY0 X T = 2 "W ¢ 1969°) = ¢ suonEdyIpoL [ruodexoy pue |

‘SIUSWAUYAL 31n1dNIIS [RISAID 01 OS]y ,
PUogL 2Y1 01 uonraI Ajiep o) uasoyd saxy

.06 10U 312U A,

s8eaeyd

swstid (010)
10 sy191qe sajed [euoSexay ‘Krarea (2 y13uay) swstd jeuoexoy ‘s19Iqe ] A3ojoydiopy
-£'82(=) + RA(ED! + -85(+) AT pue udis ondo
9LIS’] 8PSl 9¢8S°1 65 1= 967S°1 A
991$°1 - $655°1 - 9ZT$'1 g
0105’1 SOS’I 65S°1 9= 4 n
(¢M) (Bojoydiow puv viop [p21d0)
L84 91 91 ey vid ,NUIdJY
L09T 8567 €€LT £8LC 01¢£2 ((_wdy)’g
4 £ 4! £ 14 Z
ST'P01 = ¢ 0T =4 4006 =D 0T =4 V8l =¢ »() $3[3uy
LCL60 ££0£9°0 099C'1 01v9°0 7590 (wu) >
LTIL0 - 90T°1 - 0zs ] (wu) g
§TT90 $6969°0 0£69°0 89690 6L9S°0 (wu) p
u/'zd 2T%9d 4| 17'¢d e/7] dnous 2oedg
JIUIDOUO N jeuodexay JIUI[IOUO A Jeuodu JIUIDOUON wa1sAs [BISAID)
wivp 151

O'HA("0S)¥D™  OTHS00> -*OsED O°HS'0-"0S®D O°H8'0-"0S®D O°HZ-"0S®)

Mudduig *oSeD-4 wnsd{n

deipAyruay

saseyd sjeydins pareaphy 1oj viep (poudo pue 21541 69 ajqe.



188  Cement Chemistry
6.4 Equilibria and preparative methods

6.4.1 The CaS0O,-H,0, CaSO,~Ca(OH),-H,0 and CaS0,-K,SO,~H,0
systems

At ordinary temperatures, the metastable solubility of hemihydrate or y-
CaS0, is considerably higher than the solubility of gypsum, which is thus
precipitated on mixing either of the former materials with water (Fig. 6.5);
the setting of plaster is based on this reaction. Anhydrite displaces gypsum
as the stable phase above 42°C, or at somewhat lower temperatures if other
solutes are present, but is not readily precipitated, and gypsum can persist
metastably up to at least 98“C, above which temperature hemihydrate is
stable relative to gypsum.
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Fig. 6.5 The CaSO,-H,0 system. After Posnjak (P25).

The solubility of gypsum is only slightly decreased in the presence of CH,
and vice versa (Table 6.6). The effect, which could scarcely be explained if
the only dissolved species were Ca?*, OH™ and SO,%~, occurs because
substantial proportions of the OH~ and SO,%~ ions are complexed to give
CaOH™ (Section 5.5.2) and neutral CaSO,, respectively. The formation
constant of the latter species is 204 mol } ~! (S51).

Gartner et al. (GS58) discussed equilibria governing precipitation of
gypsum, CH and syngenite with reference to the early stage of cement
hydration. They concluded that the equilibrium activity products at 25°C
were (2.547 + 2.2580) x 10~° mol? 1 =2 for gypsum, 8.25 x 10~ ¢mol®17?
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for CH and (13.97 — 0.3) x 10”3 mol® | =% for syngenite, where / is the ionic
strength. As Bailey and Hampson (B90) noted earlier, it is essential to take
account of both complex formation and activity coefficients.

Table 6.6 Invariant points in the system CaO-Al,0,-SO;-H,0 at 20°C (D24,
B91). Labelling of points as in Fig. 6.8

Concentrations (mmol 1~ ")
Point  Solid phases CaO Al O, CaSO,
w Ca(OH), 20.7 - -
0 Hydrous alumina - ~0.01 -
b Gypsum - - 15.2
v Ca(OH),. C,AH,, 21.5 0.0329 -
% C,AH,,. C,AH, 10.9 0.94 -
p C,AH,. hydrous alumina 5.79 6.74 -
v CH, gypsum 19.7 - 12.4
] Hydrous alumina, gypsum - ~0.01 15.2
I Ettringite, gypsum, Ca(OH), 20.6 0.0272 12.2
c Ettringite, gypsum, hydrous alumina 15.2 0.103 0.151
d Ettringite. monosulphate, Ca(OH), 21.1 0.022 0.0294
n Ettringite, monosulphate, hydrous alumina  5.98 1.55 5.88

6.4.2 The CaO-Al,0,-H,0, Ca0-Al,0,-5i0,-H,0 and
Ca0-Al,0,-50,-H,0 systems

Fig. 6.6 shows equilibria in the CaO-Al,0;-H,0O system mainly as found by
Jones and Roberts (J17) at 25°C and reported by Jones (J19), who also
reviewed earlier studies. Table 6.6 gives invariant concentrations at 20°C.
The stable phases in contact with solution at 25°C are gibbsite (AH,),
C;AH, and CH. but metastable solubility curves for AFm phases, CAH,
and hydrous alumina can also be obtained.

The curve shown for AFm phases contains a discontinuity at Y. Jones and
Roberts considered that the curve CY related to C;,AH,,, and the curve YT
to a solid solution of C,AH 4 with C,AH4 which had C/A = 2.0 at T and
C/A = 2.4 at Y; the prolongation TT’ of this latter curve related to C,AH,.
The results of Dosch and Keller (D20) do not support the conclusion that
solid solutions with C/A ratios of 2.0-2.4 exist, but the data of Jones and
Roberts could probably be equally well explained by the formation of
oriented intergrowths on a submicrometre scale, which in the present case
would be virtually indistinguishable from solid solutions by XRD, light
microscopy or solubility relations. Not all workers have observed the
discontinuity at Y. The curve for the AFm phases may be slightly variable,
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as small changes in conditions could determine whether separate crystals of
C,AH,, and C,AHy, intergrowths or solid solutions are formed.

Data have also been obtained at other temperatures from 1 C to 50°C
(J19): some are considered in Section 10.1.5. At 50°C or above, the other
ternary phases are rapidly replaced by C;AH,.

£

~o

Al;03 CONCENTRATION (mmol (1)

0 5 10 15 20
(30 CONCENTRATION (mmol (7))

Fig. 6.6 The CaO-Al,0,~H,0 system at 25°C, mainly after Joncs and Roberts
(J17); CAH,,, solubility curve at 21°C, Percival and Taylor (P26).

No detailed studies on the CaO-Al,0,-Si0,~H,0 system at ordinary
temperatures have been reported, but, based largely on considerations of
solubility products, Dron (D23) suggested the main features of a probable
metastable equilibrium diagram, a modified form of which is shown in Fig.
6.7. The diagram indicates the metastable coexistence of CH, C-S-H and
C,AH ,, and that stritlingite cannot coexist with CH. In cement pastes, the
AFm and AFt phases appear to accommodate some silicon; the extents of
these substitutions, and the related question of the scale on which the
hydrated phases are mixed, are considered in Sections 7.2 and 7.3.

Equilibria in the CaO-Al,0,-SO;-H,0 system were studied at 25°C by
Jones (J20) and at 20°C by d’Ans and Eick (D24). Following Brown (B91),
the latters’ results are shown on a three-dimensional diagram in which the
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functions plotted are the tenth roots of the concentrations (Fig. 6.8). This
figure represents the metastable equilibria involving AFm phases and
hydrous alumina. The stable equilibria, which involve C;AH, and crystal-
line AH;, were also studied but are less relevant to cement hydration
chemistry. Table 6.6 gives data for the invariant points and probable AFm
compositons. Seligmann and Greening (S56) considered that an AFm solid
solution may have a stability field in the quaternary system. The CaO-
Al,0;-80,-H,0 system modified by various additions of alkalis has also
been studied (J21). In the main, the general form of the phase relations
appears to be unchanged, but the invariant concentrations are considerably
altered.

Fig. 6.7 Suggested general form of the metastable equilibria in the CaO-Al,O,-
Si0,-H,0 system at ordinary temperature, showing solubility surfaces. Modified
from Dron (D23).

Ogawa and Roy (0O16) studied the stability of ettringite in the presence of
water at elevated temperatures and summarized earlier work. Ettringite
appears to be stable in water up to at least 90°C at atmospheric pressures,
130°C at 6.7 MPa or 145°C at 27 MPa. The principal decomposition product
is monosulphate.
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Fig. 6.8 Metastable equilibria in the CaO-Al1,0,-SO,-H,0 system at 20 C. show-
ing crystallization surfaces, based largely on the data of d'Ans and Eick (D24).
Concentrations are expressed as logarithms to the base 10 of values in mol 1 7! and,
following Brown (B91), are plotted on scales proportional to their tenth roots.
Concentrations at the lettered invariant points are given in Table 6.6.

6.4.3 Preparative methods

Mylius (M60) described the preparation of many calcium aluminate hy-
drates and related compounds. As with C-S—H, it is normally essential to
exclude atmospheric CO, and to avoid prolonged contact with glass appar-
atus. Dosch and Keller (D20) described methods for obtaining many AFm
phases by anion exchange or other special procedures.

The C,A and C,A hydrates are most conveniently prepared by adding
CaO or saturated CH solution to a supersaturated calcium aluminate
solution obtained by shaking CA or white calcium aluminate cement
(Section 10.1.1) with water. Such solutions typically contain up to about
1.2gCa017! and 1.9 g Al,0,17", these concentrations depending on the--
shaking time, temperature, proportioning and particle size of the starting
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material. The amount of CaO or CH solution added must be such as to
produce the desired compound and a solution in metastable equilibrium
with it, in accordance with the solubility relations (Fig. 6.6 and Table 6.6).
CAH,, may be prepared in this way at 5°C, no added CaO or CH being
added. C;AH, may be prepared from metallic aluminium and CH solution
at 50°C, or by hydrothermal treatment of C;A or a mixture of CaO and
AH; with water at 150°C.

Ettringite may be prepared by mixing solutions of CH, gypsum and
Al1,(SO,);. Mylius used 11 of saturated CH (1.2 g CaO 1 ') diluted to 1.21
(A), 530 ml of saturated gypsum (2.05g CaSO,17"; B) and a solution of
1.78 g of Al,(SO,),;-18H,0 in 770 ml of water (C). Solutions A and B were
first mixed, and solution C then added, with shaking. The mixed solution
was shaken at 18°C until an initially precipitated gel had been replaced by
crystalline material. The molar proportions are 8CaQ : 1A1,(50,), : 3CaSO,.

Monosulphate is troublesome to prepare. Mylius mixed 500 ml of a
supersaturated calcium aluminate solution (649 mgCaQO and 969 mg
Al O, 17Y) at 18°C, with shaking, with 2924 ml of saturated CH
(1.25gCa017 1) and 334 ml of saturated gypsum (1.93 gCaSO, 17 "). After
30 min, crystallization was complete; the mixture was filtered, washed four
times with a lttle water followed by 96% ethanol and ether, and dried over
CaCl, and soda lime without evacuation. Monosulphate may also be
prepared hydrothermally (A8).

Carlson and Berman (C28) described the preparation of C,ACH,, and
C,AC;H,,. C,ACH,, was obtained using a supersaturated calcium alumi-
nate solution, saturated CH and Na,CO,. The most satisfactory method for
preparing C4AC,H,, employed a supersaturated calcium aluminate sol-
ution, NH,HCO, and a concentrated CH solution containing sucrose.

Crammond (C32) reviewed reports of the formation of thaumasite in the
laboratory and in deteriorated building materials. [t forms readily at 4°C
from mixtures that contain the appropriate ions and also 0.4-1.0% of
reactive alumina. It does not form at 25°C or above. A little A" may be
essential, and reported failures to reproduce published syntheses may be due
to the use of aluminium-free materials.

6.5 Hydration reactions of the aluminate and ferrite phases
6.5.1 Reaction of C,A with water or with water and calcium hydroxide
The reactions of C;A and C,AF with water, alone or in the presence of

calcium hydroxide or sulphate or both, have been widely studied for the light
they may cast on the mechanism of Portland cement hydration, and
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especially on the action of gypsum in controlling setting. The results of such
studies must be interpreted with caution. The aluminate and ferrite phases in
Portland cement clinker differ greatly in composition from the pure com-
pounds. In normal clinkers, they are intimately mixed with each other and
react in an environment chemically and microstructurally influenced. and
perhaps dominated, by the silicate phases, and which is further affected by
the presence of alkalis. The hydration of CA and C,A has similarly been
studied for its bearing on that of calcium aluminate cements, and is
considered in Section 10.1.4.

Many studies have shown that the reaction of C,A with water in
suspensions at ordinary temperatures gives C,AH, and C,AH ,, which are
converted into C;AH, at a rate that depends on such factors as the
temperature, w/s ratio, grain size, and presence or absence of CO,. At
temperatures above about 30"C or in pastes, conversion is rapid and the
AFm phases may not be observed; local temperature increase due to the
strongly exothermic nature of the reaction probably has an important effect.
The formation of gel as a precursor to the AFm phases, mentioned in several
early reports, has been confirmed by SEM and XRD (B92) and HVTEM
(S41) studies, which indicate that the initial product consists of thin foils,
apparently growing on the C,A surfaces, and not detectable by XRD. Their
composition is not known. ESCA evidence (J22) suggested that the initial
product has a relatively high CaO/Al, O, ratio, possibly equal to 4. On the
other hand, the CaO/Al,O, ratio of the solution rises above 3.0 when
precipitation begins, indicating that a solid product with CaOQ/Al,O; below
3.0 has been formed (B93,G59). Another ESCA study (B94) indicated that
the surface layer of the starting material is hydroxylated and deficient in
calcium before coming into contact with liquid water. Inspection of Fig. 6.6
indicates that the first product to form might be C,AH; or some form of
hydrous alumina, the latter tending to redissolve later. In either case. this
would explain the observed increase in the CaQ/Al, O, ratio of the solution.

In pastes, the hydration of C;A, as followed calorimetrically, is slightly
retarded if CH is present (C33). The products are essentially the same as
those formed in the absence of CH, but the crystals of AFm phases are
smaller (G60). In dilute suspensions, the first crystalline product to form is
C,AH ,; this causes the CaO/Al,O; ratio in the solution to decrease (B93).

6.56.2 Reaction of C;A with water in the presence of calcium sulphate
Studies using calorimetry, electron microscopy, XRD and DTG (S64.S65,

(C33) have shown that this reaction occurs in two stages, both of which are
strongly exothermic. The first stage is characterized by a peak in the heat



Hydrated Aluminate, Ferrite and Sulphate Phases 195

evolution curve during the first 30 min, and yields ettringite. In the second
stage, which is characterized by a peak typically occurring at 24-48 h, the
cttringite reacts further and AFm phases are formed. The reactions may be
represented by the following equations:

C,A + 3CSH, + 26H,0 — C,AS;H;, (6.2)
2C,A + C,AS,H;, + 4H,0 - 3C,ASH,, (6.3)
C,A + CH + 12H,0 - C,AH,, (6.4)

where the C,AH, could occur either in a solid solution with monosulphate
or in separate crystals. In ordinary Portland cements, the ratio of SO, to
Al,O; is typically about 0.6, suggesting that the final products will be
C,ASH,, and C,AH,,, but some AFt phase nevertheless often persists.

Studies by TEM (B95) and HVTEM (S41) show that, as in the absence of
gypsum, the formation of a distinctly crystalline reaction product is pre-
ceded by that of a layer of amorphous or poorly crystalline material having a
foil or irregular, platey morphology on the surface of the grains. There is no
direct evidence concerning the composition of this material, but Brown
(B91) concluded from a consideration of the phase equilibria (Fig. 6.8) that,
depending on the concentrations in the solution in contact with the C A
when the latter began to react, the first Al,O,-containing phase to form
might be either AH; or ettringite. The morphology of the product does not
support the view that it is ettringite, though it might be amorphous material
of similar composition.

The ettringite produced in the first stage of reaction tends to form as
stubby, prismatic crystals up to | pm long and close to the C;A surfaces, but
it is also formed away from these surfaces, thus indicating a through
solution mechanism (M66,541). Further evidence for the latter is provided
by the observation that, in pastes of C;A and C,S with gypsum, some of the
C;A grains form hollow shells only partly occupied by unreacted starting
material or hydration products (S41). The ettringite crystals are readily
damaged by the electron beam. Longer needles, of high aspect ratio, can
also form. The amount of available space (M66), pH (B95) and sulphate
ion concentration (S41) have been variously considered to control the
morphology.

The calorimetric evidence, and other evidence discussed in Section 7.6.2,
indicates that reaction of the CyA is markedly retarded in the presence of
gypsum and that gypsum and CH together are more effective than gypsum
alone (C33). The effect of gypsum has been attributed to the protective
action of a layer of ettringite (S65,C33), but it has been queried whether this
layer is sufficiently impermeable to have such an effect (M66). Retardation
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has also been attributed to an underlying layer of hydrous alumina (C34) or
AFm phase (P27,G61); this view is consistent with the electron microscopic
evidence mentioned earlier. The retarding properties of such a layer might
well depend on its composition, thus explaining the different rates of
reaction observed in the absence of admixtures and with CH or gypsum or
both. Retardation has also been attributed to the blocking of active sites on
a- modified C;A surface by adsorbed sulphate ions (S66.F28): however,
Na,SO, has no significant effect on the rate of reaction (C33).

The reaction of the aluminate phase in a cement paste is influenced by the
presence of the silicate phases and of alkali (Section 7.6). Ghorab and El
Fetouh (G62) studied the effect of the latter on reactions in the pure system,

6.5.3 Reaction of the ferrite phase

Many investigations have shown that the hydration products of phases in
the C,(A,F) series are essentially similar to those formed from C;,A under
comparable conditions (C35,S57,C36,D10,C37). The experimental evidence
includes XRD, DTA, DTG, TEM, SEM, IR and calorimetry. The first
crystalline products to form in the absence and presence of CaSO, are AFm
and AFt phases, respectively, the AFt phases being later replaced by AFm
phases, as in the case of C;A. Both types of product phase contain Fe®* as
well as AI**, and tend to undergo further change to give hydrogarnet
phases. ESCA evidence (B94) indicates that the surface of C,AF is hydroxy-
lated and deficient in calcium and iron before contact with liquid water. The
deficiency in iron possibly arises from zoning, considered in Section 2.3.1.
Different preparations of ferrite phase of a given composition and particle
size distribution appear to vary greatly in reactivity (e.g. Ref. S41), perhaps
because of zoning and differences in distribution of cations among tetrahed-
ral and octahedral sites (Section 1.5.1). Some of the earlier studies indicated
that reaction is accelerated in the presence of CH, but later work showed
that, as with C,A, reaction is retarded by CH, more strongly by gypsum and
still more strongly by the two together. Under comparable conditions, C,AF
appears normally to react more slowly than C;A, though initially at least,
the reverse may sometimes be the case (S41). It appears generally agreed that
the rate of reaction of the ferrite phase decreases with the Fe/Al ratio.
Several investigators have noted that the Al/Fe ratio in the product phases
tends to be higher than that of the starting material, and have concluded that
an iron(III) oxide or hydroxide is also formed. Teoreanu et al. (T33), using
Méssbauer spectroscopy and XRD, concluded that the hydration products
formed from C,F or C,AF at ordinary temperatures included FH,. With -
C,F above 75°C, this was replaced by hematite. Fukuhara et al. (F29)
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concluded from calorimetric evidence that the AFt phase formed from
C,AF in pastes at 20°C had an Al/Fe ratio of about 3 and postulated that
FH, was also formed. Rogers and Aldridge (R21) found that in C,(A.F)
preparations hydrated at 4°C the only product detectable by XRD was
C.(A,F)H 4, but SEM with X-ray microanalysis evidence showed that an
amorphous iron oxide or hydroxide was also formed. In products formed at
80°C, hematite was identified by SEM with X-ray microanalysis, XRD and
Moéssbauer spectroscopy. Hydrogarnet phases formed from C(A,F or
C,AF contained only small proportions of iron as did that formed from
C¢AF, at 150°C; those formed from C¢AF, at 21°C or 80°C had Fe/(Al +
Fe) ratios of 0.30-0.35. Fortune and Coey (F30), using XRD and Moss-
bauer spectroscopy, similarly found that hydrous iron(IIf) hydroxide was
present among the products of C,AF hydrated at 72°C. The hydrogarnet
phase that was the main product had an Fe/(Al + Fe) ratio of 0.22. If CH
was added, this ratio was increased to 0.32, but the hydrogarnet formed in
presence of gypsum was almost free from Fe**.

Brown (B96) concluded that in C,AF hydration in the presence of CaSO,,
the early product was C,AH, or hydrous alumina, and that it was
followed by formation of an AFt phase containing little or no Fe3*; an iron
oxide gel containing some Ca?* was also formed. The conclusion regarding
the later products agrees substantially with that of Fukuhara et al. (F29).
The tendency to form iron oxide or hydroxide may be connected with the
fact that species containing AI®* can migrate in pastes relatively easily,
whereas those containing Fe** cannot, and are thus largely confined to the
space originally occupied by the anhydrous material from which they come
(T19).

6.5.4 Enthalpy changes

Table 6.7 gives standard enthalpies of formation of some relevant com-
pounds, and Table 6.8 gives enthalpy changes for hydration reactions of
C4A calculated from them. The strongly exothermic nature of these reac-
tions is apparent. Lack of data for the standard enthalpies of the hydration
products containing iron precludes similar calculations for the ferrite phase.
For the hydration of C,A to give C;AH,, Lerch and Bogue (1.24) obtained
an experimental value of —234kJmol~!; other workers have obtained
similar results. Experimental determinations of the enthalpy of hydration of
C,AF have given —203 kJ mol ™! (products not established; Ref. .24), and,
in the presence of excess CH to give hydrogarnets, — 193 kJ mol~! for C,AF
and —208 kI mol™! for C4A, ¢5F, 5, (B60). For C,AF in the presence of
gypsum to give ettringite and FH,, a value of —352kJmol™! has been
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reported (F29). Houtepen and Stein (H36) gave standard enthalpies of
formation of some other AFm phases determined experimentally, and
Babushkin er al. (B62) gave values for other compounds estimated on the
basis of crystal chemistry.

Table 6.7 Standard enthalpies of formation (AH; kJ mol ') for some compounds
relevant to hydration of the aluminate and ferrite phases (25°C except where
otherwise stated)

Compound AH; Ref. Compound AH, Ref.
C,A —3587.8 W10 s — 17539 W10
C,AS

oASsH, { —17528 S67

C,AF (20°C)  —5090.3 T8 C.ASH,, { —8778 Wio
—8752 S67

C,A,F —8104.9 NIl C,AH,; —8318 H36
CSH, —2022.6 W10 C,ACH 4 ¢4 —8176 w10
CSH, 5 (B) —1574.65 WI0 C,AH, — 5548 W10
CH —986.1 w10 H,O0 (liquid) —285.83 W10

“ Using data for oxides, from Ref. WI0.

Table 6.8 Enthalpy changes for some hydration reactions of C,A, calculated from
the data in Table 6.7 :

Reaction AH (kJ per mole of C;A)
C,A + 3CSH, + 26H,0 - C,AS,H;, —452
C;A + CSH, + 10H,0 —» C,ASH, ~309
C;A + CH + 12H,0 -» C,AH , 314
C,A + 6H,0 — C,AH, ~245

2C,A + C6A§3H32 + 4H,0 - 3C4-A§H12 —1238
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Hydration of Portland cement

7.1 General description of the hydration process and products
7.1.1 Evidence from X-ray diffraction

Unless otherwise stated, this chapter relates to ordinary Portland cements
hydrated in pastes at 15-25°C and wjc ratios of 0.45-0.65. XRD powder
studies on such pastes have been reported by many investigators (e.g.
C38,M67). The rates of disappearance of the phases present in the unreacted
cement are considered more fully in Section 7.2.1. Gypsum and other
calcium sulphate phases are no longer detectable after, at most, 24 h, and the
clinker phases are consumed at differing rates, alite and aluminate phase
reacting more quickly than belite and ferrite. The ratio of belite to alite thus
increases steadily, and after about 90 days at most, little or no alite or
aluminate phase is normally detectable.

The peaks of CH begin to appear within a few hours. Within a few days
they dominate the XRD pattern. A diffuse band at 0.27-0.31 nm and a
sharper one at 0.182 nm develop more slowly; these are similar to the bands
of C-S-H observed in C,S or B-C,S pastes (Fig. 5.6), but taking into
account the amount of C-S-H likely to be present, they suggest an even
lower degree of crystallinity than in the latter materials.

The hydrated aluminate phases that are observed depend on the cement
composition and on the time and other conditions of hydration. With most
ordinary Portland cements under the conditions mentioned above, ettringite
peaks are detectable within a few hours and increase in intensity to a
maximum at about |1 day. They then tend to weaken, and may disappear
completely, though with many cements they persist indefinitely. The 0.973-
and 0.561-nm peaks are especially prominent, but many other peaks can
often be detected, indicating that at least some of the ettringite is highly
crystalline. Peaks of AFm phases typically begin to appear after about 1 day
and become stronger as those of ettringite weaken. This behaviour is similar
to that observed with pastes of C4A (Section 6.5.2) and can be explained in
the same way.

The only peaks clearly attributable to AFm phases are usually those at
about 0.288 nm (11.0), 0.166 nm (30.0) and the first- and second-order basal
reflections corresponding to one or, usually, more layer thicknesses. Taking
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into account the amounts likely to be present, the XRD evidence suggests
that much of the AFm material is poorly crystalline. If the specimen is kept
reasonably moist (RH > 80%) and no special precautions are taken to
exclude CO, during specimen preparation and examination, the principal
layer thickness is usually 0.89 nm, attributable to C,ASH,, or its solid
solution with C;AH,, and weaker peaks corresponding to layer thicknesses
of approximately 0.82 nm, 0.79 nm, 0.76 nm, or any combination of these.
The 0.82-nm spacing could be due to C,AC, sH,, or C,ASH , or both, the
0.79-nm spacing most probably to C,AH,; and perhaps also to hydro-
talcite-type material, and the 0.76 nm spacing to C,ACH,,. The phases
containing CO,2~ form by carbonation of C,AH 3, and the C,ASH,, by
partial dehydration of C,ASH,,. In all these formulae, the possibility of
some replacement of AI3* by Fe®* is assumed. To establish the nature of the
AFm phases in the untreated paste with more certainty, it will often be
necessary to prepare and examine the specimen under CO,-free conditions
and at more than one relative humidity.
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Fig. 7.1 DTA curves for pastes of a typical Portland cement. Bensted and Varma
(B97).

Copeland er al. (C38) observed that the XRD patterns of many pastes :
included peaks of a hydrogarnet in addition to those of other hydrated.
aluminate phases, and obtained evidence that this had formed by hydration;
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of the ferrite. The unit cell parameter was 1.24 nm. Hydrogarnet phases do
not seem to form in any quantity at ordinary temperatures from modern
cements. Luke and Glasser (L27) found a hydrotalcite-type phase by XRD
in a residue from which the other phases had been removed by chemical
extraction, and both a hydrotalcite-type phase and a poorly crystalline
product probably approximating to a hydrogarnet have been found by TEM
(Section 7.1.3). Both appear to be minor products. Calcite, if present, is
detectable by a sharp peak superimposed on the maximum in the C-S-H
band at 0.3035 nm, and if in sufficient quantity by additional peaks.

7.1.2 Evidence from differential thermal analysis and infrared
spectroscopy

Bensted and Varma (B97) summarized the use of these methods for the
examination of cement pastes. Both are mainly useful for following the
phase changes in relatively young pastes. Fig. 7.1 shows DTA curves for
pastes of a typical Portland cement at ages up to 7 days. The peaks at 145°C
and 165°C given by the unhydrated cement are due to gypsum, and that at
485°C to a small amount of CH formed during storage, probably by
hydration of free lime. The peak at 135-140°C that appears within 15 min is
due to ettringite; its intensity passes through a maximum at 16-24 h. The
peak at 115-125°C is due to C~S~H or cement gel, and that at 530-550°C to
CH. The relatively large crystals of this phase that are formed on hydration
in the paste decompose at a higher temperature than the smaller ones formed
on hydration during storage. The peak at 185-200°C is due to AFm phases.
One would expect all these peak temperatures to vary with the technique
- used, but that relative positions would be essentially unchanged.

In the first effective studies of hydrated cements by DTA, Kalousek and
co-workers (K27,K32,K33) observed the early formation of ettringite and its
subsequent replacement by what was termed a solid solution, but which was
probably a mixture of AFm phases. They found no C;AH, or other
hydrogarnet phases. Quantitative or semiquantitative determinations of
gypsum and ettringite indicated that less than half the total SO; present
could be accounted for by these phases. The authors concluded that the solid
solution was eventually replaced by a product which they termed ‘Phase X’,
and which was possibly a gel containing all the oxide components of the
original cement.

Infrared absorption spectra (B97) of unhydrated cements typically show
moderate to strong bands at 525 and 925 ¢cm ™! due to alite, and at 1120 and
1145cm™! from S-O stretching vibrations, and weak bands in the 1650 and
3500 cm ™! regions due to H,O molecules. The early formation of ettringite
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on hydration is shown by a change in the sulphate absorption to a singlet
centred at 1120cm ™', and the subsequent replacement of ettringite by
monosulphate by a further return to a doublet at 1100 and 1170 cm ™. The
hydration of the silicate phases causes a shift in the broad Si-O absorption
band from 925 to 970 cm ™ '. After several days, the silicate absorption tends
to obscure that from sulphate. Changes also occur in the H,O bending band
near 1650 cm ™! and in the H,O or OH stretching bands at 3100-3700 cm ™ !
in the latter region, CH gives a peak at 3640cm™!, ettringite one at
3420 cm ™! and a weaker one at 3635 cm ™!, and monosulphate ones at 3 100,
3500 (broad), 3540 and 3675cm ™. The complexity and partial overlapping
of these absorptions lessens their utility. The IR spectra also indicate that
both the ettringite and the AFm phases formed in cement pastes are less
crystalline than the pure materials, and that the AFm phases become poorer
in SO,2~ as hydration proceeds.

Fig. 7.2 Backscattered electron image of a mature Portland cement paste, aged 2
months. Successively darker areas are of unreacted cement grains (bright), sometimes
with visible rims of hydration products, Ca(OH),, other (‘undesignated’) regions of
hydration products, and pores (black). Scrivener and Pratt (S28).
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7.1.3 Evidence from light and electron microscopy

Studies on the microstructures of cement pastes have given results broadly
similar to those on calcium silicate pastes (Section 5.3.1), though with some
important differences at early ages. As with calcium silicate pastes, the first
effective studies were made using light microscopy of thin sections (B51),
which were successively augmented by TEM of ground and redispersed
material (G41,C21), SEM of fracture surfaces (C22,WI18,D13), X-ray
(T19,U12,U13) or backscattered electron (S28,S68) imaging of polished
sections, TEM examination of ion-thinned sections (R24) and other tech-
niques.

The development of microstructure is considered in Section 7.4. The
broad microstructures of pastes more than about 28 days old are similar to
those of C;S pastes. Fig. 7.2 shows a typical backscattered electron image,
obtained under conditions maximizing contrast from compositional differ-
ences. The following types of region are distinguishable by their differing
grey levels and by their compositions determined by X-ray microanalysis.

(1) The brightest areas are of unreacted clinker phases. Individual cement
grains are usually polymineralic and, as in a clinker (Section 4.3.1), the
different phases within them can be distinguished by their differing
grey levels or by X-ray microanalysis.

(2) To varying extents, the clinker phases are replaced by hydration
products that have formed in situ, and which appear darker on the
backscattered electron image. Most noticeably, the alite and belite are
replaced by material approximating in composition to the C-S-H of
calcium silicate pastes, but which tends to have a higher Ca/Si ratio
and contains small amounts of other elements, especially aluminium,
iron and sulphur. Initially, these hydration products are observed as
rims on the unhydrated material. As the paste ages, the latter is
progressively replaced, until ultimately no significant quantity re-
mains. The in situ hydration products have often been called ‘inner
product’, but this term may be criticized on the grounds that the
apparent outlines of the cement grains may lie within the true ones,
and ‘late product’ may be a better description (J10). Only the larger
cement grains, unreacted or otherwise, can be clearly distinguished in
this way.

(3) CH can be observed as areas darker than the unreacted clinker phases
but brighter than the other hydration products. As in calcium silicate
pastes, these appear to have grown in regions initially occupied by
water. Although the areas appear discrete on two-dimensional sec-
tions, they are not necessarily so in the three-dimensional material.
They can engulf small cement grains.
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(4) The remaining space, which forms the matrix in which the above
regions appear to be embedded, consists of material varying in grey
level from material similar to the in situ product to darker regions,
representing pores. Like the CH, these appear discrete in two dimen-
sions, but are not necessarily so in three. This material is often called
‘outer product’, but the term is imprecise, as it must include not only
products formed in what was originally water-filled space, but also
that formed in space initially occupied by the interstitial material or by
the smaller cement grains, the outlines of which can no longer be
distinguished. The term ‘undesignated product’ is preferable. For
most cements, the majority of individual microanalyses of the hyd-
ration product in these regions show compositions varying between
those of C-S-H and either AFm phase or CH (H4). Regions large
enough for accurate microanalysis on polished surfaces (~5um) are
rarely of pure AFm phase.

Transmission electron microscopy of ion-thinned sections provides data
at higher resolution than can be obtained with polished sections. Rodger and
Groves (R24) described regions which had probably formed in situ from the
ferrite phase, and which consisted of C-S-H, a hydrotalcite-type phase and
a poorly crystalline phase containing iron that could have been the precursor
of a hydrogarnet. The particles of this last constituent were almost spherical
and some 200 nm in diameter. The same investigation also showed that
much of the product formed in situ from alite or belite was essentially pure
calcium silicate hydrate.

7.2 Analytical data for cement pastes
7.2.1 Determination of unreacted clinker phases

The experimental considerations applying to calcium silicate pastes (Sections
5.1 and 5.2) are equally relevant to cement pastes. Of the methods so far
used in attempts to determine the degrees of reaction of the individual
clinker phases as a function of time, QXDA (C39,D12,T34,P28) has proved
much the most satisfactory. Procedures are essentially as for the analysis of a
clinker or unreacted cement (Section 4.3.2), but it is necessary to take :
account of overlaps with peaks from the hydration products, and especially ,
with the C-S—H band at 0.27-0.31 nm. The water content of the sample '
must be known, so that the results can be referred to the weight of
anhydrous material. If a sample of the unhydrated cement is available, and :
its quantitative phase composition has been determined, it may be used as*
the reference standard for the individual clinker phases in the paste. '
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Fig. 7.3 QXDA results for the fractions of the clinker phases reacted in Portland
cement pastes. Filled circles: Copeland and Kantro (C39), w/c = 0.65. Diamonds:
Bezjak et al. (B98), sample C2. Vertical lines: Osbaeck and Jons (O8), range for 7
samples. Open circles: Dalziel and Gutteridge (D12). Open squares: Patel er al. (P28),
samples cured at 100% RH. Filled squares: Tang and Gartner (T34), clinker
interground with gypsum.

The precision and accuracy of the technique should not be overestimated.
If a cement paste contains 50% of alite initially, an error of 3% in the
determination of that phase leads to one of 6% in the percentage reaction; if
it contains 5% of aluminate phase initially, an error of 1% leads to one of
20% in the percentage reaction. With existing techniques, errors much
smaller than these are unlikely to be achieved for untreated pastes. The
precision may be greatly increased for the aluminate and ferrite by first
removing the silicates by chemical extraction methods (Section 4.3.3). Fig.
7.3 shows some results from the literature. The considerable differences
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between the results of different investigations are no doubt partly due to the
limitations of the technique, but also to differences between cements of
curing conditions, which are discussed in Section 7.7.

7.2.2 Non-evaporable and bound water

As with calcium silicate pastes, the gelatinous nature of the principaj
reaction product renders any definition of chemically bound water some-
what arbitrary. The three definitions of water content described in Section
5.2.2 for calcium silicate pastes are relevant to cement pastes, Viz. non-
evaporable water, chemically bound water and water seemingly essential to”
the formation of the hydration products in a saturated paste.

Water retained after D-drying, known as non-evaporable water, has often
been wrongly identified with chemically bound water. It excludes much of
the interlayer water in C-S—-H, AFm and hydrotalcite-type phases and much
of the water contained in the crystal structure of AFt phases. It is often used
as a measure of the fraction of the cement that has reacted, but can only be
approximate in this respect, because the clinker phases react at different
rates and yield products containing different amounts of non-evaporable
water. Fully hydrated cement pastes typically contain about 23% of non-
evaporable water, referred to the ignited weight. Copeland er al. (C38)
determined the non-evaporable water contents of a series of mature cement
pastes and carried out regression analyses on the cement composition. For
pastes of w/c ratio 0.8 and aged 6.5 years, they obtained the approximate
expression:

H,0 = CaO — 0.55i0, + 5Al,0, — 5Fe,0, — 250,  (1.1)

where H,O represents the quantity of non-evaporable water and all quanti-
ties are in moles. The coefficient for SO, was of low reliability, and other sets -
of data given in the same paper suggest a value nearer to — |. For a typical
cement composition (65% CaO, 21% SiO,, 5.5% Al,0,, 3.0% Fe,0,,2.3%:
SO,), and using a coefficient of —1 for SO,, this gives a non-evaporabie ;
water content of 20.4%. i
The content of chemically bound water is approximately that retained on’,
equilibration at 11% RH of a sample not previously dried below saturation.’
For fully hydrated pastes of typical cements, it is about 32%, referred to the:
ignited weight (F13,T35). There are no systematic data relating this quantity‘
to cement composition. The total content of water essential for complete;
hydration in a saturated paste is defined as that present in such a past¢
having the minimum w/c ratio at which complete hydration is possible
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(Scction 8.2). For typical Portland cements, it is 42-44% referred to the
ignited weight.

7.2.3 Thermogravimetry and determination of calcium hydroxide
content

" The discussion of methods for determining CH in calcium silicate pastes
(Section 5.2.1) applies also to cement pastes; TG and QXDA are probably
the most satisfactory methods. Fig. 7.4 shows a typical TG curve for a
mature cement paste. The step at 425-550"C is due primarily to decompo-
sition of CH, and its height, estimated as shown in Fig. 5.3, probably affords
the best available method for determining this phase. It is nevertheless
subject to at least two sources of error: curves for AFm phases show a step in
the same range (Fig. 6.2) and the decomposition of CH is not quite complete
within this range (Section 5.1.3). It is probably not practicable in the present
state of knowledge to correct for these errors, and doubtful whether either
TG or QXDA gives results with an accuracy better than +1%.
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Fig. 7.4 TG curve for a Portland cement paste (w/c = 0.5), moist cured at 25°C for
14 months; full curve, with points calculated as described in the text shown by open
circles. Heating rate, 10deg C min™"', flow rate of dry, CO,-free N, 15mlmin~!;
sample weight, 50 mg. Taylor (T5).



208 Cement Chemistry

The loss above 550°C is due partly to CO, and partly to the final stages of
dehydration of C-S~H and the hydrated aluminate phases. It is not practj-
cable to distinguish the contributions from TG evidence alone, and, unlesg
evolved gas analysis is used, a separate determination of CO, should be
made. As with calcium silicate pastes, serious errors arise if TG determj.
nations are carried out on material that has been treated with an organjc
liquid, e.g. to stop hydration. Losses above 550°C of more than about 3%,
referred to the ignited weight, indicate serious carbonation either from thig
or other causes.

The loss below the CH step is due to decomposition of C-S-H and the
hydrated aluminate phases. Although the TG curves of pure AFm phaseg
are markedly stepped in this region (Fig. 6.2), those of cement pastes
normally show only slight indications of steps. Weak peaks can, however,
sometimes be seen on DTG curves. The absence of steps is probably due to 3
combination of low crystallinity, the presence of other phases and the
presence of AFm phases of different compositions in mixture or solid
solution or both. For typical experimental conditions with a 50 mg sample,
heating rate of 10 deg C min~! and N, flow rate of 15 ml min ™!, the volatiles
retained at about 150°C, after correction for CO,, correspond to the non-
evaporable water, and those retained at about 100°C to the bound or 11%
RH water, but this last temperature, in particular, is very dependent on
experimental conditions (T5).

For pastes of typical ordinary Portland cements cured for 3—12 months,
the CH content found by thermal methods or QXDA is typically 15-25%,
referred to the ignited weight (P29,R14,M37,H37,T17,D12). Pressler et al.
(P29) found that for pastes of various ages of ordinary (US Type I) Portland
cements, it was linearly related to the content of non-evaporable water, but ;
that for cements high in belite (US Type V), it tended to a maximum Whllc,,,
the latter continued to increase. This is readily explained, since belite yields i
only a little CH on hydration. The author has noticed similar behaviour even
with modern cements high in alite, and that the CH content can p0551bly\
even decrease slightly after 28-91 days (TS5).

7.2.4 Determinations of hydrated aluminate and silicate phases

Opinions have differed as to the possibility of determining the hydrated]
aluminate phases by thermal or X-ray methods. The determination ofg
ettringite was discussed in Section 6.2.2. Bensted (B99). who used DTA g
found that for ordinary Portland cements the ettringite content 1ncrease
with time during the first 2 h to maximum values of 2.2-2.8%, and that w
quantity of ettringite formed at any given time increased with the w/c ratio
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There are probably no effective direct methods at present for determining
either C-S-H or AFm phases in cement pastes; in both cases, this is
probably attributable to the low degree of crystallinity. Odler and Abdul-
Maula (O15) found that determination of AFm phase by QXDA was only
semiquantitative. Postulated quantitative phase compositions of cement
pastes may, however, be tested by comparing observed and calculated TG
curves (Section 7.3.3).

7.2.56 Analyses of individual phases

The general considerations mentioned in Section 5.2.3 in relation to calcium
silicate pastes apply equally to cement pastes. Table 7.1 gives results of X-ray
microanalyses of the product formed in situ from the larger alite or belite
grains, obtained by analysis of polished sections in the EPMA or SEM.
Most of the investigators reported considerable scatter between the results of
individual analyses. The reported mean Si/Ca ratios are 0.49-0.60 (Ca/Si
1.7-2.0). There are indications that the Mg/Ca, Al/Ca and S/Ca ratios arc
correlated with those of the cements, or probably more directly with those of
the alite or belite that they contain (H4). Rayment and Lachowski (R29)
noted a significant dependence on w/c ratio, a S-year-old paste with w/c =
0.6 giving a unimodal distribution of Ca/Si ratio with a centroid at 1.75.
whereas one with w/c = 0.3 gave a bimodal distribution with centroids at
1.75 and 1.95. The bimodularity was due to variations in silicon content, and
the distribution of Ca/(Si + Al) ratios was unimodal. Apart from a possible
decrease in the S/Ca ratios with age (H4), there are no clear correlations with
age or temperature. Results for a paste hydrated at 45°C (U12) do not differ
significantly from those for ones hydrated at lower temperatures.

Several investigators have reported X-ray microanalyses of polished
sections of the ‘undesignated product’ formed in space formerly occupied by
water, interstitial material or small cement grains (R28,R29,T19 H4). Fig 7.5
shows a plot of Al/Ca ratios against Si/Ca ratios for individual microana-
lyses from varying parts of the microstructures of typical Portland cement
pastes. Most of the analyses clustering near the lower right-hand corner are
of the material formed in situ from the larger alite or belite grains and
described in the previous paragraph. The spots analysed were not chosen at
random, and CH is much under-represented. The analyses intermediate
between those of the in situ product and either CH or AFm phase were, in
general, obtained from the undesignated product, suggesting that the latter
is largely a mixture on or below a micrometre scale of C-S-H with CH or
AFm phase. Rayment and co-workers (R28,R29) obtained broadly similar
results, but expressed them by noting a tendency for the ratio of (Ca + Mg)
to (Si + Al + Fe + S) to be more nearly constant than that of Ca to Si.



Table 7.1 Results of X-ray microanalyses by EPMA or SEM of the gel formed in situ from alite or belite in Portland cement
pastes®

Temp.
Na Mg Al Si S K Fe w/c °O) Age Ref.
tr. 0.05 0.07 0.59 0.01 0.02 0.01 0.5 20 8 days R25
n.d. n.d. n.d. 0.59 n.d. n.d. n.d. 0.5 25 28 days R26
n.d. 0.02 0.06 0.49 0.02 n.d. 0.03 0.3 ? S years R27
n.d. n.d. 0.06 0.60 0.02 n.d. 0.02 0.6 ? S years R28
n.d. 0.03 0.08 0.60 0.03 n.d. 0.015 045 25 23 years T19
n.d. 0.05 0.10 0.49 0.01 n.d. 0.05 ? ? 136 years R27
0.01 0.02-0.08 0.05-0.07 0.50-0.53 0.01-0.03 0.01-0.02 0.01-0.02 ? 20-25 3-180 days H4?
n.d. n.d. 0.12(7) 0.49 n.d. n.d. n.d. 0.40 25 4 years ui12
n.d. n.d. 0.14(7) 0.53 n.d. n.d. n.d. 0.40 45 60 days uUl2

“Means or other measures of central tendency. expressed as atom ratios relative to Ca. n.d. = not determined or not reported: tr. = trace.
*Data for 6 pastes from 3 cements.
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Fig. 7.5 Al/Ca atom ratios plotted against Si—Ca atom ratios for individual X-ray
microanalyses of typical Portland cement pastes. Modified from Harrisson e¢r «l.
(H4).

As noted earlier, regions of pure AFm phase of sufficient size to be
analysed by EPMA or SEM microanalysis are rare in most cement pastes.
Harrisson er al. (H4) found them to be low in iron and sulphur (Al/Ca =
0.50, Si/Ca = 0.05, S/Ca = 0.12, Fe/Ca = 0.01) and that the AFm phase
mixed with C-S-H in the undesignated product tended to be higher in
sulphur (mean S/Ca = 0.17). The same investigation showed no significant
correlations between the Mg/Ca, Al/Ca, S/Ca and Fe/Ca ratios. The authors
concluded that little or none of the iron replaces aluminium in the AFm
phase, and that magnesium in excess of some quite small amount did not
replace calcium in the C-S-H. X-ray microanalyses of one of the old
Portland cement pastes studied earlier by Copeland er af. (C38) confirmed
that the principal hydrated aluminate phase was a hydrogarnet and showed
its composition to be near Ca;Al, ,Fe, ¢SiO,,Hg (T19).

Studies of ground and redispersed cement pastes by analytical electron
microscopy (L28-L30,T17) showed wide variations between individual ana-
lyses, even within single particles of micrometre dimensions, and gave mean
Ca/Si ratios of 1.5-2.0 for the C-S-H. The mean ratios of minor elements
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relative to Ca + Mg were broadly similar to those found by X-ray micro.
analysis, but some particles contained virtually no aluminium or irop
Particles of AFm phases had lower Fe/Al ratios than the cements from
which they were formed, and contained significant proportions of silicon,
Paralle! studies on calcium silicate pastes gave mean Ca/Si ratios that
appear to have been low (Section 5.2.3). Later work, on ion-thinned sections
(R24), indicated that the product formed in situ from the cement grains had
a Ca/Si ratio of 1.5 £ 0.15. Most of the volumes analysed were found to be
pure calcium silicate, but some contained very small amounts of aluminium, ;
sulphur and potassium; no aluminate sulphate was found as a second phase,
The ‘outer’” gel had an average Ca/Si ratio of 1.6 + 0.2 and many areas
contained aluminium, sulphur or potassium. The apparent conflicts between
these results and those obtained by EPMA or SEM microanalysis have not
been resolved.

7.2.6 Silicate anion structure

Silicate anion structures in Portland cement pastes have been studied by the "
methods described in Section 5.3.2 for calcium silicate pastes. Trimethylsily-
lation (TMS) studies (L.20,T12,569,T36,1.31,M43, M44) show that, as with -
C,S. the proportion of the silicon present as monomer decreases with age *
and that the hydration products contain dimer, which is later accompanied -
and eventually partly replaced by polymer (=58Si). Some results have .
indicated that fully hydrated pastes of cement differ from those of C,S in -
that substantial proportions of the silicate occur as monomer (S69,L31), but -
the results of a study in which pastes of C,S, B-C,S and cement were :
compared (M44) suggest that the differences between the anion structures of
cement and C,S pastes are probably within the considerable experimental
errors inherent in the method. The recovery of monomer from unhydrated
B-C,S was only 66% and results for cement pastes can only be considered
semiquantitative.

Another study (L31,M43), in which the TMS derivatives were examined |
by gel permeation chromatography and other methods, gave the results
shown in Table 7.2. There are no significant differences between the :
distributions of anion size within the polymer fractions of the cement and !
C,S pastes, and, though the lower totals for the cement pastes impede
comparison, probably none between the relative proportions of monomer, -
dimer and polymer that cannot be explained by kinetics, side reactions or
other experimental inaccuracies. In all cases, the data for the molecular’
weights of the polymer TMS derivatives, and the mean connectivities of the:
polymeric anions, are consistent with the hypothesis that the latter are,
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linear, with pentamer as the major component and little of the material in
chains containing more than 11 tetrahedra.

A 2°Si NMR study (B100) showed that for cement, as for C,S pastes, the
content of QY silicate tetrahedra decreases with time and that those of Q'
and later of Q2 tetrahedra increase. After 180 days, the degree of hydration,
estimated from the intensities of the NMR peaks, was approximately 90%.
These results are consistent with those obtained by the TMS method. and
suggest that the hydration products present after 180 days contain at most
only a small proportion of monomer. The possible effects on the silicate
anion structure of drying, whether during hydration as a result of localized
water shortage or subsequently, were considered in Section 5.3.2.

Table 7.2 Comparison of silicate anion structures in pastes of C,S and Portland
cement (M43)

Starting material: C,S Cement Cement
Curing time (months): 12.0 9.5 13.5
% of total Si recovered as:
Monomer 14 11 11
Dimer 50 34 36
Polymer 34 34 34

Molecular weights of polymer
TMS derivatives:

Mode 1300 1300 1300

Number mean 1700 1650 1700

Weight mean 2900 2950 2700
Mean connectivity of SiO,

tetrahedra in polymer anions: 1.8 1.8 1.8

7.3 lInterpretation of analytical data
7.3.1 The nature of the cement gel

Copeland et al. (C39,C295) treated C,S pastes, and C-S-H prepared in other
ways, with various sources of AI>*, Fe?* or SO, ions. The XRD peaks of
the phases providing the ions disappeared, and changes occurred in the
micromorphology of the gels and in the non-evaporable water contents and
fractions of the CaQ extractable by an organic solvent. It was concluded that
the ions were taken up by the C-S—H and that up to about one silicon atom
in six could be replaced by aluminium, iron or sulphur, and that aluminium
and iron could also replace calcium. These results suggested that the
principal hydration product in Portland cement pastes was a substituted C—
S-H, a conclusion that later appeared to be supported by the results of the
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X-ray microanalyses described in Section 7.2.5. However, none of the -
evidence shows that the substitutions occur at the crystal chemical leve
postulated by Copeland ef af., and there are some indications that this is noy
the case. :

Stade er al. (S70) examined C-S—H preparations containing Al** by 274
magic angle NMR. At a Ca/Si ratio of 0.95, the aluminium was lelrahedrally
coordinated: this is also true of aluminous tobermorite (K34). which is of
broadly similar composition and structure. At higher Ca/Si ratios, octahed.
ral aluminium was also present. The fraction of the aluminium in octahedra]
coordination increased with Ca/Si ratio, and at Ca/Si = 1.51 reached unity, *
The aluminium in pastes made from alite or from C;S with a little C;A wag +
also largely in octahedral coordination (S71). Electron spin resonance and |
Méssbauer examinations of C-S—H preparations containing Fe** showed -
that the iron was in octahedral coordination (S72). §

These results show that the AI3* and Fe?* present in the cement gel do
not replace Si**. except perhaps to a minor extent. This conclusion is*
reinforced by most of the results of the silicate anion studies described in "
Section 7.2.6. If there was any significant replacement of silicon at a crystaj
chemical level, the average anion size and SiO, connectivity would both be
reduced. Further evidence of a similar nature is provided by the observation -
that the average anion size in C—S—H preparations made in suspension is not
significantly affected by the presence of AI** (S73). The silicate anion :
evidence also makes it appear unlikely that there is significant repldcement.
of silicon by sulphur; it is, in any case, improbable that such replaccment'
would occur in a dimeric or cham anion, as a Si—O-S link would be readlly
hydrolysed.

Stade and Miiller (S71) considered that C-S—H of high Ca/Si ratios’
contained layers of CH structure, in which some of the calcium could be:
replaced by aluminium or iron. Because of the large difference in size, anyﬁ
such replacement could probably not occur at random, but one calcium:
atom in three can be replaced in an ordered way, and then gives a layer of:
AFm structure. This suggests the hypothesis that most or all of the AP,
Fe3* and SO,?” ions incorporated into the gel are not present as substi-?
tuents at a crystal chemical level, but in layers of AFm phase in[imately,
mixed with those of C-S—H. Such admixture might occur at various levels;
ranging from that of single layers, as in an interstratified clay mineral, to onej
sufficiently coarse for the AFm phase to be detectable by XRD. Thisj
hypothesis readily accounts for the evidence from XRD and other sourcesj
that the AFm phase in cement pastes is poorly crystalline.

If this hypothesis is correct, the gel formed in situ from the alite or belite is]
merely a limiting case, in which the proportion of AFm layers is at q
minimum. This minimum possibly depends on the contents of Al** and
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other foreign ions in the anhydrous phases, and the extents to which they
tend to pass into the pore solution on hydration. If the C-S—H constituent of
the gel is assumed to have the same Ca/Si ratio as in calcium silicate pastes,
one would expect that the ratio would be about 1.9 (Si/Ca = 0.53) in a gel
with Al/Ca = 0.07. This agrees with some, but not all, of the data in Table
7.1. The hypothesis might explain the observations of Rayment and
Lachowski (R29) on the bimodal distribution of Ca/Si ratio in the in situ gel
and the relative constancy of its Ca/(Si + Al) ratio. It probably offers the
most satisfactory explanation of the existing data but needs to be further
tested. Continued studies by TEM of ion-thinned sections may be expected
to yield valuable data in this respect.

7.3.2 Fe,05; SO, and minor oxide components in cement gel

Most of the studies on the hydration of C,AF with or without gypsum
(Section 6.5.3) have indicated that the hydration products are AFm, AFt or
hydrogarnet phases of higher Al/Fe ratio, together with an iron(I1I) hydrox-
ide gel. It has also been suggested that a calcium ferrite gel is formed (B96).
There is, however, no experimental evidence that an iron hydroxide gel is
formed in cement pastes, and Harchand er al. (H38) concluded from a
Maéssbauer study that it was absent and that the Fe** entered the AFm
phase. The ferrite phase in cement may well behave differently from pure
C,AF, because of the large difference in composition and the effects of other
constituents. o .

Studies of polished sections by X-ray (T19) and backscattered electron
(S68) imaging indicated that the Fe** in Portland cement does not migrate
through the pore solution on hydration, but remains in products formed in
situ. In agreement with this, TEM of ion-thinned sections showed the
presence of a poorly crystalline iron-rich phase resembling a hydrogarnet,
which was probably formed as part of the in situ hydration product of the
ferrite phase (R24). A hydrogarnet high in iron would approximate in
composition to the calcium ferrite gel suggested on other grounds. It could
accommodate in its octahedral sites not only AI** and Fe**, but also Ti**
and Mn3*, which are concentrated in the ferrite phase of the clinker.

In an ordinary Portland cement, only some two-thirds of the Fe** occurs
in the ferrite, the rest being contained largely in the alite and aluminate
(Table 4.3). On hydration, the Fe** in these other phases probably does not
enter a hydrogarnet, but goes into AFm phases or layers formed in situ. This
would account for the observation by analytical electron microscopy that
small amounts of Fe** are present in the AFm phases.

One would expect that any relatively large crystals of periclase in a clinker
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would hydrate to give brucite. However, in modern clinkers, most of the
Mg?2* is not present in this form, but in the major clinker phases, especially
alite and ferrite, and, if the MgO content exceeds about 1.5%, in smg|
crystals of periclase intimately mixed with aluminate and ferrite in the
interstitial material. In all these cases, it is associated with comparable or
larger amounts of A**, and one would then expect that a hydrotalcite-type
phase would be formed. TEM and XRD evidence (Sections 7.1.1 and 7.1.3)
indicate that this is the case. Mg?"*, like Fe**, does not readily migrate
through the pore solution, and the formation of a hydrotaicite-type phase ig
readily explained by the substantial magnesium content of the ferrite. A
hydrotalcite-type phase formed from the Mg?* and part of the AI** present
in the alite or belite could be mixed with C-S—H in the manner suggested for
AFm phase.

Sulphate present in the gel could be accommodated as interlayer aniong
associated with AFm layers. C-S—H can, however, take up CaSO, in the
absence of AI1>* or Fe*™, and thus of AFm layers. Odler (O17) showed that
CaSO,, thus bound was very readily removed, and suggested that the Ca2?*
and SO,”” ions were adsorbed. The K* and Na™ ions that are found in the
cement gel by X-ray microanalysis are partly the result of deposition from
the pore solution when the latter evaporates during specimen preparation or '
in the high vacuum of the instrument, and these, too, with equivalent
amounts of OH™, may be adsorbed; after deducting the fractions deposited
from the pore solution, the K/Ca and Na/Ca ratios in the gel are typically -
~0.01 and <0.01, respectively (Section 7.5.2). :

The considerations discussed in this and the preceding section suggest that -
the cement gel is a complex material, comprising several types of solid
constituent together with the pore solution. Most of the solid constituents, .
viz. the C-S-H, AFm and hydrotalcite-type phases, have layer structures,
and the layers are probably mixed on scales varying from the nanometre to
the micrometre level. Hydrogarnet and AFt phase, neither of which hasa
layer structure, could also be mixed with the other constituents on or below ?
a micrometre scale. The relative proportions of the different solid consti-
tuents vary in microstructurally different regions. If this description is:
correct, C—S—H describes only one, or more probably two, of the solid ;
constituents, albeit the most important. Provided that this is recognized, the :
term ‘C-S-H gel’ may still be considered appropriate for the material;
alternatively, the term ‘cement gel’ is possibly to be preferred.

7.3.3 The stoichiometry of cement hydration 3

Many attempts have been made to formulate the stoichiometry of cemean
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hydration (e.g. P30,T17,T35). The following treatment incorporates features
of those in the references mentioned. [t applies to ordinary Portland cements
hydrated in pastes of w/c ratio 0.4-0.6 at 15-25°C for times greater than
about 1 day. Modifications would be needed for other curing conditions or
other types of cement, such as sulphate-resisting cements.

The essential input data are (a) the bulk chemical composition of the
cement, (b) the quantitative phase composition of the cement and the
* chemical compositions of its individual phases, (c) the fraction of each phase
that has reacted, (d) the w/c ratio, (e) the CO, content of the paste and an
estimate of how it is distributed among phases, and (f) the composition of
each hydrated phase for the specified drying condition. If (b) is unknown. it
may be estimated as described in Section 4.4, and if (c) is unknown, it may
be estimated from the age as described by Parrott and Killoh (P30), or, more
simply though less precisely, by using empirical equations (D12, T37). If the
phase composition by volume and porosities are to be calculated, densities
of phases are also required.

In the initial stages of the calculation, quantities of elements are best
expressed as millimoles per 100 g ignited weight. The hydration products of
the ferrite phase are first considered; it is assumed that all the magnesium
released from it on hydration, with an equivalent amount of its aluminium.
enters a hydrotalcite-type phase and that all the iron, silicon, titanium and
manganese released from it, with some of the calcium and aluminium, enter
a hydrogarnet-type phase. The remaining calcium and aluminium from the
ferrite are pooled with the atoms supplied by the other cement phases. It is
then assumed that the magnesium, with an equivalent amount of the
octahedral cations (aluminium, titanium, manganese and iron), enters a
hydrotalcite-type phase. The silicon is assumed to occur as C~S—H, and by
solving two simultaneous equations using the amounts of sulphur and
octahedral cations, the amounts of AFm and AFt phases are obtained. This
procedure can be modified, if desired, to place some silicon in the aluminate
phases, or aluminium in the C-S-H or both; three equations will then have
to be solved. Calcium not present in any of the phases thus far considered. or
in CaCOQy, is assumed to occur as CH. On this basis, a table is constructed
giving the amount of each element present in each phase, expressed in
millimoles per 100 g ignited weight.

For any selected drying condition, a table is now completed, similar to the
previous one, but with the H,0 and CO, content of each phase included and
the quantities of elements expressed as weight percentages of oxide compo-
nents. Table 7.3 shows results for a typical, mature cement paste thus
calculated. It was assumed that the C-S—H had Ca/Si = 1.7 and Al/Ca =
0.02, that the AFm and AFt phases each had Si/Ca = 0.05 and that the
hydrogarnet-type phase had the composition Ca, 45Al, Fe, 55Tiy ;Mng 4s-



Table 7.3 Calculated mass balance and compositions by weight and by volume for a 14-month-old cement paste (w/c = 0.5)°

Percentages on the ignited weight for material equilibrated at 11% RH

Na,0 MgO ALO; SiO, SO, K,0 CaO TiO, Mn,0;Fe,0, Other CO, H,O0 Total

Alite 0.0 0.0 0.0 0.7 00 0.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 2.7
Belite 0.0 0.0 0.0 0.5 00 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 1.6
Aluminate 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1
Ferrite 0.0 0.1 0.6 0.1 0.0 0.0 1.4 0.0 0.0 0.6 0.0 0.0 0.0 29
C-S-H 0.0 0.0 0.5 186 0.0 0.0 296 0.0 0.0 0.0 0.0 0.0 11.4 60.2
Ca(OH), 0.0 0.0 0.0 00 00 0.0 185 0.0 0.0 0.0 0.0 0.0 59 244
AFm 0.0 0.0 32 04 1.1 0.0 79 00 0.0 0.7 0.0 0.0 7.8 21.4
AFt 0.0 0.0 0.6 0.1 15 0.0 24 0.0 0.0 0.1 0.0 0.0 4.0 8.7
Fe HP 0.0 0.0 0.1 0.2 00 0.0 1.7 0.1 0.0 1.5 0.0 0.0 . 4.6
Mg HP 0.0 1.1 0.4 00 00 0.0 00 0.0 0.0 0.1 0.0 0.0 1.1 2.6
CaCO, 0.0 0.0 0.0 0.0 00 0.0 09 00 0.0 0.0 0.0 0.7 0.0 1.6
Other 0.2 0.0 0.1 02 00 0.4 0.0 0.1 0.0 0.0 0.2 0.0 0.0 1.2

Total 0.2 1.2 5.6 210 26 04 654 03 0.1 3.1 0.2 0.7 31.2 1320




Volume percentages for paste equilibrated at 11% RH

Alite Belite Alum. Ferr. C-S-H CH AFm  AFt FeHP MgHP CaCO, Other Pores
1.0 0.6 0.0 1.0 334 13.2 12.7 6.2 1.8 1.7 0.7 0.6 27.0°
Water contents (percentages on the ignited weight)

Bound water: 31.2% Non-evaporable water: 21.9%

Porosities®

Capillary, 15.5% Free water, 27.0% Total water, 41.9%

¢ Modified from Ref. T35. *Other’ components mainly P,0O; (0.2%); other phases mainly alkalis (adsorbed or in solution), insoluble residue and P,O,
(form of combination unknown). Fe HP = hydrogarnet-type product from ferrite phase. Mg HP = hydrotalcite-type phase. AFm and Mg HP
include poorly crystalline materials intimately mixed with C-S—H. Discrepancies in totals arise from rounding.

® Free water porosity.

¢ Porosities defined in Section 8.3.1.
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Table 7.4 TG data, water contents and densities {or phases in Portland cement
pastes

. . . . T
Phase and mole ratio of volatiles retained at given temperature?

Temperature  C-S-H CH AFm  AFt FeHP? MgHP® Any

(O H,0/Ca H,0/Ca H,0/Ca H,0/Ca H,0/Ca H,0/Mg CO,/Ca
50 (2.0)  1.00 300 520 176 267 1.00
75 (1.6) 100 280 450 176 249 1.00
100 (13)  1.00 236 300 176 2.1 1.00
125 098 1.00 228 195 176  2.03 1.00
150 082 100 219 133 176 195 1.00
175 067 100 209 120 176 186 1.00
200 058 100 160 105 176 142 1.00
225 052 100 149 091 100  1.33 1.00
250 046 100 139 076 050  1.24 1.00
300 037 100 089 055 040 079 1.00
350 027 100 079 043 030  0.70 1.00
400 0.18 095 072 036 020 064 1.00
450 0.14 080 060 032 015 053 1.00
500 010 005 040 028 0.0 036 1.00
550 007 002 030 024 008 027 1.00
600 0.05 001 026 022 005 023 1.00
700 0.04 000  0.04 007 000  0.12 0.80
800 003 000 003 004 000 003 0.00
900 002 000 00l 000 000 00l 0.00

H,0/Ca or CO,/Ca ratios*

Saturated 230 1.00 3.50 5.33 1.76 2.50 1.00
11% RH 1.20 1.00 3.00 5.30 1.76 2.50 1.00
D-dry 0.85 1.00 2.00 1.20 1.76 1.90 1.00

Densities (kgm™ %)

Saturated 1900¢ 2240 1900 1770 3100 2000 2710
11% RH 2180 2240 2010 1730 3100 2000 2710
D-dry 2700 2240 2400 2380 3100 2300 2710

Densities of clinker phases (kg m™3)7
Alite, 3150 Belite, 3300 Aluminate, 3060 Ferrite, 3570

“TG with heating rate 10 deg C min ™!, 50 mg specimen, flow rate of dry N, 15 mimin~".

* Hydrogarnet-type product from ferrite phase.
“ Hydrotalcite-type phase.

4H,0/Mg in case of Mg HP.

“Of uncertain significance for w/c > 0.4.

! For typical compositions.
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Siy 40,,H q.4. Table 7.4 gives other data assumed. By introducing also the
w/c ratio and the densities of the phases, the volume percentages of phases
for the specified drying condition may now be calculated, and, by difference,
the porosity. Using data for the TG curves of the phases containing H,O or
CO, or both, one may also calculate a simulated TG curve for the paste. The
results of such a calculation are given in Fig. 7.4, the observed curve in which
relates to the 14-month-old paste of Table 7.3.

" Results such as those in Table 7.3, and calculated TG curves such as that
in Fig. 7.4, agree broadly with experimental data, but many of the data
assumed are tentative and the method needs to be tested in many more cases
before its accuracy can be assessed. The hydration products listed. other
than CH and, in part, the AFm and AFt phases, are probably not separate
phases on more than a sub-micrometre scale, but constituents of the cement
gel. If the data were available, it might be more meaningful to group the
volume percentages differently, by such categories as in situ products formed
at the various stages of hydration from each of the clinker phases, and
undesignated product, and to give the chemical and ‘phase’ compositions for
each. AFm phase as defined in Table 7.3 represents a weighted mean for
products of differing compositions and states of subdivision and crystalli-
nity, ranging from relatively well defined crystalline material, probably low
in SO,, to material intimately mixed with C-S—H and probably higher in
SO,. A similar comment may apply in some degree to AFt phase.

7.4 Development of microstructure
7.4.1 The early period of hydration

Many features of the development of microstructure in cement pastes are
similar to those observed in C,S pastes (Section 5.3.1), but there are some
important differences. As with C,S pastes, it is convenient to consider the
process in terms of early, middle and late periods of hydration, with
divisions at approximately 3 and 24 h after mixing. Fig. 7.6 shows diagram-
matically the sequence of changes undergone by a typical, polymineralic
cement grain, as given by Scrivener, on whose conclusions (S39,568) the
following is largely based.

Studies by HVTEM show that at high dilutions a gel layer or membrane
forms over the surfaces of the grains soon after mixing (D14,G43). A
product of similar appearance has been observed in pastes of C,A with
gypsum (S41), and, less distinctly, in pastes of cement of normal w/c ratios
(J23,568). It is probably amorphous, colloidal and rich in alumina and silica.
but also containing significant amounts of calcium and sulphate, the compo-
sition varying with that of the underlying surface. Within about 10 min,
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stubby rods of AFt phase are also seen (D25-D27). They are typically some
250 nm long and 100 nm thick. Studies using wet cells show them to occur
both on the surfaces of the grains, and at some distance away (S41,S68) (Fig.
7.6b). They are probably more abundant near to the surfaces of the
aluminate phase, and appear to nucleate in the solution and on the outer
surface of a layer of gel. On drying, this layer shrinks, and the AFt crystals
fall back onto the surfaces of the cement grains. The early products thus
differ in morphology and composition from the exfoliating foils or honey-
combs of C-S—H that have been observed in C,S pastes.

The first study using a wet cell, made at high w/c ratios, showed tubular
growths radiating from the cement grains, which were considered Lo have
formed by a ‘silicate garden’ mechanism (D14). Later work showed that they
were rich in calcium, aluminium and sulphur, and that they did not form if
C,S was substituted for cement (B101). They have not been observed in the
more recent studies made at normal w/c ratios, and do not appear to be a
significant feature of normal cement hydration.

7.4.2 The middle period of hydration

During this period, which begins at about 3 h and ends at about 24 h, some
30% of the cement reacts. [t coincides with that of strong heat evolution and
is characterized by the rapid formation of C-S-H and CH. Studies using wet
cells show that the undried C-S-H has a filmy, foil-like morphology
(P31,540), which on drying changes to give fibres (‘Type I C-S-H’) where
space is freely available or honeycombs or reticular networks (“Type 1T C-S—
H’) where it is more restricted (Section 5.3.1). The morphology is also
affected by the presence of foreign ions, such as Cl™. Spherical aggregates of
fibres some 2 um in diameter, observed in dried material, probably result
from the rapid reaction of small cement grains consisting only of alite (S68).
The CH forms massive crystals in the originally water-filled space. Nu-
cleation sites appear to be relatively few in number, and the growing crystals
may engulf some of the smaller cement grains. All these features of the
process are similar to those observed in C,S pastes.

The C-S—H forms a thickening layer around the cement grains (D26,P31)
which engulfs and perhaps nucleates on the AFt rods (Fig. 7.6c). A
significant amount has formed by 3 h, and the grains are completely covered
by 4 h. The shells grow outwards; by about 12 h they are some 0.5-1.0 ym
thick, and those surrounding adjacent grains are beginning to coalese. At
this stage, which was called the cohesion point, fracture through the shells
begins to supplant fracture between them. It coincides with the maximum
rate of heat evolution and corresponds approximately to the completion of
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setting. The structure of interconnected shells has been considered to play ap
important part in determining the mechanical and other properties, which
thus depend on the particle size distribution of the cement (D26).

Studies using ion-thinned sections, wet cells and backscattered electrop
images of polished sections show that a space develops between the shell and
the anhydrous material (S40,S41,568) (Fig. 7.6c). In this respect, the hyd-
ration of cement differs from that of C,S, in which the C-S-H grows directly
over the C,S surfaces, without any detectable separation (S41). By 12 h, the
spaces are up to 0.5pm wide. They are likely to be filled with a highly
concentrated or colloidal solution, and the shells are evidently suﬁiciently
porous at this stage that ions can readily migrate through them (S68). The
existence of spaces shows that reaction proceeds by dissolution and precipi-
tation; further evidence for this is provided by the fact that the C-S-H alsg
deposits on the surfaces of pfa particles, if these are mixed with the cement
(D28). Some other relatively unreactive or inert admixtures behave in the
same way.

Towards the end of the middle period, a renewed growth of AFt crystals
takes place (D27,P31,541) (Fig. 7.6d). They are markedly more acicular than
those formed earlier; their lengths are typically 1-2 pm, but sometimes up to
10 um. Their formation is associated with a shoulder on the heat evolution
curve (Section 7.5.1). Their formation implies an increase in the rate of
reaction of the aluminate, or less probably the ferrite phase, which is
probably related to the reaction of the alite (S68).

7.4.3 The late period of hydration

With the decreasing permeability of the shells, C—S—H begins to deposit also
on their insides, and its surface advances inwards more quickly than that of
the alite retreats. Grains smaller than about 5 um appear to react completely
before the end of the middle period, and before much material has deposited
inside the shells; many that originally contained aluminate phase are empty
(S68). The outer product from such grains is often absorbed in t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>