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Microstructural studies of the hydration 
products of three tricalcium silicate 
polymorphs 

H. R. STEWART, J. E. B A I L E Y  
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Tricalcium silicate (C3S), the major phase of Ordinary Portland Cement (OPC), occurs in 
several polymorphic forms depending on the amounts and types of impurity ions present. 
The hydration products of triclinic, trigonal and monoclinic C3S samples have been 
studied for a comparison with the silicate hydration products of OPC, using TEM and 
SEM. In the early stages, less than one day, there are distinct differences observed 
between the products on the surfaces of grains of different crystal structure but later all 
three appear similar. This suggests a common mechanism of hydration at later times, 
irrespective of structure, but the influence of the foreign ions in the first few hours is 
significant. 

1. I n t r o d u c t i o n  
Although many features of the hydration reaction 
of Ordinary Portland Cement (OPC) and mor- 
phology of the products have been recognized 
for many years, and despite the appearance in the 
literature of increasing amounts of chemical and 
analytical data, the mechanism of hydration 
remains obscure [1,2]. 

Of the four main phases C3S, /3C2S, C3A and 
C4AF,* the calcium silicates constitute around 
70 to 80% and a study of their activity alone has 
often been considered to give a good indication of 
how the material as a whole behaves. Furthermore, 
both the silicates give very similar hydration 
products; an amorphous calcium silicate hydrate 
gel ( C - S - H )  of apparently indefinite composition, 
and crystalline calcium hydroxide. However, there 
is a significant difference in the rates of hydration, 
the C3S attaining considerable strength much 
earlier than/3C2S. As C3S is the major component 
of  OPC it is the obvious first choice as a model 
compound for a study of cement hydration. A 
comprehensive study of the development of the 
microstructure of hydrating C3S has been made by 
Jennings et al. [3] and they have suggested a new 

classification of C - S - H  morphologies, in addition 
to that of Diamond [4] for the silicate phases of 
OPC. 

The crystal structure of C3S was investigated 
by Jeffery [5] and the trigonal pseudostructure 
which he proposed is a good approximation to the 
true structure [6]. The existence of seven different 
polymorphs between ambient temperature and 
1100 ~ C has been recognized [7, 8]. 
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Each transformation involves only minute 
displacements of structural groups. At normal 
temperatures only the TI form is found but the 
presence of foreign ions, such as magnesium, 
aluminium and transition metal ions which form 
solid solutions with C3S, may stabilise the other 
polymorphs. Replacement of Ca 2§ or Si 4§ or both 
may occur depending on the size and charge of 
the impurity ion. 

OPC can contain any or all of the three types 
of C3S structure, triclinic, monoclinic and trigonal, 
depending on the amounts and types of ions able 

*C = CaO, S = SiO2, A = AI203, I" = t"e203, It = [t20. 
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to form solid solutions. Normally, however, the 
composition is such that the monoclinic form 
predominates [9] and the triclinic form is rarely 
found except in mixes with few impurities. Never- 
theless, hydration studies of C3S reported in the 
literature most frequently involve pure triclinic 
C3S which may therefore not be the best model 
for silicate hydration in �9 Hence, in this study 
three different polymorphs of C3S have been 
investigated and the course and rate of reaction 
and morphology of the products obtained com- 
pared with those of the silicate phases of �9 

2. Experimental details 
The three C3S polymorphs and �9 studied were 
provided by Blue Circle Industries. The monoclinic 
sample (MC3S) was magnesium stabilized, the 
trigonal form (RC3S) contained 0.6% fluorine 

and 1.5% alumina and the triclinic sample (TC3S) 
contained no foreign ions. The free lime content 
of the samples was 0.3% after four firings at 
1400~ with intermediate grinding. It should be 
stressed that these modified samples are only 
examples of some of the different crystal struc- 
tures which can be obtained, and may not be 
typical of a range of materials with the same 
nominal structure. For comparison, typical �9 
batch 112 was used. The hydration reaction 
profile with time was monitored by conduction 
calorimetry at Blue Circle Technical Research 
Division, Greenhithe and traces for each sample 
are shown in Fig. 1 with corresponding data in 
Table I. 

Transmission electron microscopy (TEM) 
samples were prepared at a water/solid ratio of 
0.5 using the method of Bailey and Chescoe [10]. 
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Figure 1 Heat evolution profiles of three C3S samples. 
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T A B L E I Conduction calorimetry data for three C3S polymorphs and OPC 

Sample Time of end Time of maximum 
of induction heat evolution (h) 
period (h) 

Heat evolved at 
maximum (J g-l) 

% hydration 
at maximum 

MC3S 24 40.5 67 13 
RC3S 8 25 109 22 
TC3S 3 11.5 92 18 
OPC 1 7 59 

The series of micrographs in Figs. 2, 3 and 4 illu- 
strate the course of the hydration reaction and 
products formed. These observations are best 
discussed in relation to the degree of hydration 
that has occurred as evidenced by the calorimetry 
curves for each polymorph. This is estimated 
from the integrated calorimetric data on the basis 
that 100% hydration corresponds to a total heat 
evolution of 503 J g-1 [11]. In the earlier stages 
there are morphological differences between the 
hydration products of the different polymorphs 
but at later stages all three have a similar appear- 
ance. In the monoclinic sample at early ages the 
characteristic feature of hydration, as clearly seen 
in Figs. 4a and b is a thin crumpled sheet mor- 
phology surrounding the particles, persisting 
beyond the time of maximum heat evolution. 
The triclinic and trigonal samples contain needle- 
like outgrowths (Figs. 2c and d, and 3a and b) 
randomly located over the surface and these 
increase in concentration with time. 

In addition to the main characteristic hydration 
products formed, a fine silicon-rich deposit is 
observed in each specimen in the first few hours 
of hydration (see Fig. 2b) and later loose foils 
are seen which appear to have formed by a 
through solution growth mechanism (Fig. 2e). 
Also during the first few minutes of hydration, 
in freshly prepared samples, a few isolated bursts 
of calcium-rich outgrowths, contaminated by 
silica, are seen, for example, see Figs. 2a and b. 
These outgrowths are similar in form but larger 
than C - S - H  needles produced in the early stages. 

Analysis confirms their different composition and 
electron diffraction shows they have some degree 
of crystallinity, depending on the amount of silica 
incorporated. These structures are most likely 
associated with the hydration of free lime, an 
impurity which is difficult to eliminate during 
synthesis. Elements used to stabilize the different 
polymorphs give rise to their own hydration prod- 
ucts. Thus a few Mg(OH)2 crystals are found in the 
monoclinic sample and various hexagonal plate 
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structures containing aluminium are present in the 
trigonal sample with C - S - H  growing around 
them. It is impossible to say at this stage whether 
these originated from unreacted material in the 
firing cycle or if the elements have been pre- 
ferentially removed from the C3S on hydration. 

Although significant levels of aluminium were 
detected in the C - S - H  in the trigonal sample, 
consistent with the concentration in the raw mix, 
only a trace of magnesium was detected in the 
monoclinic case. 

The early hydration products described above 
are seen up to times corresponding to the maxi- 
mum heat evolution peaks of the calorimetry 
curves and thereafter a transition to late hydration 
product occurs. In each case the late products 
have a crumpled foil morphology extending out- 
wards from the surface and the three samples are 
visually indistinguishable (Figs. 2f, 3c and 4d). 

The hydration behaviour of the calcium silicate 
phase of OPC and the development of the micro- 
structure was compared with the C3S pastes. X-ray 
diffraction analysis confirmed that the major form 
of C3S present was monoclinic. None of the flaky 
sheet early hydration product observed in the pure 
monoclinic sample was obtained. At all stages 
the silicates in OPC (Figs. 5a, b and c) resembled 
most closely the triclinic C3S both in reaction rate 
and morphology of the products. 

3. Discussion 
There is no real evidence in the literature that 
the order of reactivity of C3S polymorphs depends 
on the type of crystal structure alone and this is 
understandable considering that the same type of 
structure can be produced by several methods. 
Harada e t  al. [12] found that in the initial stages, 
after one day, the trigonal form reacted fastest, 
then the triclinic and then the monoclinic, but the 
order changed at later times. In contrast Yama- 
guchi e t  al. [13] found that triclinic and mono- 
clinic samples reacted at the same rate. Thermo- 
dynamic calculations suggest that the monoclinic 



Figure 2 Development of the microstructure of triclinic C3S (a) 30 min, (b) 30 rain, (c) 6 h, (d) 12h, (e) 24 h, and 
(f) 28 days. 

form should be more reactive than pure TC3S 
since substitution of  Ca 2+ by the smaller Mg 2+ in 
the lattice gives a less stable and hence more 

reactive MgO6 group. However this was not found 
by Valenti e t  al. [14] who studied the degree of  
hydrat ion of several alites as a function of  time. 
Their results clearly "showed that in the early 
stages, pure C3S reacted faster than a sample con- 
taining 1% A1203. The rate of reaction depends 

not only on the type of  substituting ion but also 
on its concentration as demonstrated by 
Thompson e t  al. [15] for monoclinic C3S. An 
increase in MgO content from 1.45 to 2% caused 
marked changes in the heat evolved at 35 h, reflec- 
ting different reactivities. Aldous [16, 17] has 
investigated the effect of  various combinations and 
concentrations of  aluminium, magnesium, fluorine 
and sulphur on alite structure and reaction profiles, 
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Figure 3 Development of the microstructure of trigonal 
C3S (a) 12h, (b) 24h, and (c) 28 days. 

and a wide range of effects are thus produced. In 
both the previous studies there was enhanced 
reactivity of samples stabilized on the transition 
between two polymorphs which is to be expected 
for such high energy intermediate crystal struc- 
tures. The basic reasons for the differing rates of 
reaction are therefore uncertain and a great deal 
more work must be done to resolve this problem. 
However, since the reaction profiles all show the 
same features it is interesting to consider the 
variation in morphology between C3S polymorphs 
at the same stage of reaction, e.g. end of the 
induction period, or at the time of maximum heat 
evolution. For convenience the calorimetry curve 
is divided into five regions as shown in Fig. 6. 

Stage I involves an initial rapid reaction which 
gives off a burst of heat. In the second stage, the 
triclinic and trigonal polymorphs have the same 
reaction products but different reaction rates, 
and the monoclinic C3S is distinctly different. 
It is therefore tempting to suggest a reaction mech- 
anism which is dependent on the impurity ions 
and crystal structure or perhaps defects in the 
structure. In the monoclinic case there is a diffuse 

3690 

sheet-like form of C - S - H  in the hydration rim 
(Figs. 4a and b) and this has a composition defi- 
cient in calcium compared to the later hydration 
products which have Ca/Si ratios of 1.5 to 1.6. 
The sheet-like C - S - H  resembles the precipitates 
formed in solution from the reaction between lime 
and silica where 0.8 < Ca/Si < 1.5 [18]. The pro- 
duction of such a thick layer may be responsible 
for the extended induction period relative to the 
other samples as entry of water and release of cal- 
cium ions are retarded. Thermodynamic consider- 
ations would suggest that the magnesium ions 
on the C3S surface might react to form M - S - H  
in preference to C - S - H  production in the very 
early stages, but analytical evidence has failed so 
far to show magnesium enrichment in the sheet- 
like hydration product. In the triclinic and trigonal 
samples the surface remains smooth as in Fig. 2a, 
showing little evidence of reaction except for a 
few isolated outgrowths (Figs. 2a and b) and 
lifting of a thin surface film, until the end of the 
induction period. 

In stage III the concentration of the sheet like 
C - S - H  builds up steadily in the monoclinic 
sample but even at the time of the maximum heat 
evolution the degree of hydration is significantly 
lower than for the other two samples as the data 
in Table I demonstrate. On the triclinic and tri- 
gonal sample grains, a different type of needle-like 
outgrowth of about 0.5/~m in length appears, 
generally at shallow angles (Figs. 2c and d, and 3a 
and b). These C - S - H  products increase in number 
steadily with time until at the maximum heat 
evolution peak the original surface is just covered 
(Fig. 2d). At this point the degree of hydration is 



Figure 4 Development of the microstructure of monoclinic 

20%. A simple calculation has been carried out to 
determine whether or not the event of achieving 
surface coverage with such outgrowths is con- 
sistent with the calorimetric data. 

Assuming a conical shaped outgrowth of  base 
radius 0.1/am and length 0 .5#m,  and a surface 
area of  C3S of  3000 cm2g -1 then the volume of  a 
monolayer of  outgrowths is 5 x 10-2 cm 3 per gram 
of  C3S. Allowing for the different densities of  
anhydrous C3S (3.2 gcm -3) and C - S - H  gel (2.25 
g cm -3) then the degree of  hydration 15%. This is 
lower than the value of  20% suggested by calori- 
metry but many factors could account for this. 
For example it is likely that a layer beneath the 
outgrowths is somewhat hydrated and it is calcu- 
lated that such a layer would need to be only 
0 .6~m thick to make up the difference. Also the 
calculation assumes that all the C - S - H  is on the 
grain surfaces and that none precipitates remote 
from surfaces. Nevertheless, this result tends to 
suggest that to a first approximation at the time 
of  maximum heat evolution when around 20% of 
the C3S is hydrated, the majority of  the C - S - H  

C3S (a) 24 h, (b) 48 h, (c) 7 days, and (d) 28 days. 

reaction products are located on grain surfaces in 
the form shown in Fig. 2d and are not the result 
of  through solution precipitation. 

Furthermore it is suggested that the complete 
covering of  the surface by outgrowths is respon- 
sible for the subsequent decrease in rate of  
hydration as the access of  water to the anhydrous 
C3S and the deposition of  further C - S - H  are 
restricted. 

The origin o f  these sharp, well defined and 
uniform outgrowths is difficult to ascertain as 
each contains a substantial amount of  material 
and yet the particle surface in the immediate 
vicinity appears undisturbed and continuous up 
to the needle base. In the early stages, the distri- 
bution of  reactive sites appears random and on a 
scale which is much greater than can be accounted 
for at the atomic or molecular level. Neither does 
it seem that the production of  any single out- 
growth influences the subsequent location of  its 
neighbours. It is possible that slight compositional 
variations may be present but unlikely that these 
would be so evenly dispersed and the fact that the 
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triclinic and trigonal polymorphs show the same 
behaviour despite aluminium and fluorine impu- 
rities in the latter tends not to support this sugges- 
tion for the existence of  preferred reaction sites. 
Physical defects may be responsible, but neverthe- 
less the microstructural evidence indicates that 
ultimately each site may be similarly activated, as 
the entire surface eventually becomes covered by 
identical needles. Analogies with the growth of  
silicate gardens have led to the proposal of  a mem- 
brane/osmosis model of  hydration [19] whereby 
osmotic pressure under the surface film of C - S -  
H is considered to cause its rupture. The nature of 
the rupture phenomenon will depend upon a num- 
ber of  factors, for example if the volume of the 
osmotic cell is very small, as is most likely, the 
pressure difference will be rapidly reduced when 
a rupture occurs in the C - S - H  film. This may 
perhaps explain the limited size of the observed 
needle-like outgrowths and the steady increase 
in the number of  them with time. Furthermore, 
the mechanism by which the initial C - S - H  film 
ruptures will depend on the rheological properties 
of the film. It is hoped to expand upon this model, 
after further experiments, at a later stage. 
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Figure 5 Development of the microstructure of the sili- 
cate phases of OPC (a) 4 h, (b) 6 h, and (c) 24 h. 

If it is assumed that the cementing action is the 
result of  overlap and intergrowth of  the needle-like 
hydration products then a calculation of  the 
expected volume increase in C3S particles on 
hydration to C - S - H  is relevant. The following 
reaction can be considered to occur. 

2C3S + 6H -+ CaS2H3 + 3CH. 

The minimum water/solid ratio required is 
therefore 0.24 for 100% hydration. From the 
data in Table II it is clear that 1 g of  C3S plus 
0.24g of  water, which occupy 0.55 cm 3 of  paste, 
will produce 0.75g of C - S - H  (0.33cm 3) and 
0.49 g of  CH (0.22 cm3). If the CH precipitates in 
the original water volume only, then the volume 
occupied by C - S - H  is only 6% greater than the 
original C3S volume. For a typical particle of 
diameter 10/~m this can be achieved by an increase 
in radius of  0.1 ~m. This corresponds to a distance 
less than the mean length of C - S - H  needles, so 
assuming a suitable geometry is attainable the 
production of a monolayer of needle-like out- 
growths on the particle surface is more than 
sufficient to produce an aggregated mass without 
significant mass transport of the calcium and 
silicate ions forming the C - S - H .  For a more 
realistic water/solid ratio of  0.3 the extra water 
is contained in pores and in C - S - H  gel, thereby 
reducing its density but again, very little volume 
increase is necessary. 

TABLE 11 

Material Mwt (g mol -~) Density (g cm -3) 

C3S 228 3.2 
it t 8 1.0 
C3Satt 3 324 2.25 
CH 74 2.25 
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Figure 6 Classification of the 
hydration stages of C3S paste. 

Thus the production of needle-like outgrowths 
forms a framework which bridges the particles 
and hydration products are subsequently laid 
down within its confines. This mode of precipi- 
tation of C - S - H  allows the gel to extend further 
into space than would a simple radial expansion 
for the same degree of reaction, and by inter- 
connection of needles allows a greater surface area 
of interaction between hydrating particles�9 The 
mechanism accounts for the relatively high rate of 
gain of early strength of pastes when the degree 
of hydration is low (less than 40%). 

At the end of stage III the C3S surface is 
covered by needle-like hydration product and sub- 
sequently hydration proceeds towards the centres 
of the grains�9 The expansion produced leads to 
infilling of the space between needles with a thin 
sheet-like form of C - S - H  as shown in Figs. 2f 
and 3c, and considerable densification of outer 
product results. Little change is observed in the 
external hydrates thereafter�9 In the monoclinic 
sample in stages IV and V the sheet like material 
begins to convert gradually to a more needle like 
morphology, as seen in the other two samples, 
until after several days it is indistinguishable from 
them. It is remarkable that the different structures 
seen in the early stages transform to essentially 
the same form at a later stage. This demonstrates 
the dynamic nature of the system and slow 
approach to equilibrium, with ionic species 
remaining mobile for a considerable length of 

time until each paste eventually attains virtually 
the same minimum free energy state. 

The development of the morphology of 
C - S - H  in cement paste most closely resembles 
the pattern shown by triclinic C3S. This is at first 
surprising since not only are the polymorphs 
different, but with respect to composition TC3S 
is the purest sample and cement the most com- 
plex, with the probability of interference from 
reaction of other components present. It is not 
known whether the MC3S in cement would show 
the same hydration characteristics if it was 
extracted from the mixture and studied in iso- 
lation in the same manner as the three C3S samples. 
Clearly, an efficient separation process which 
would preserve surface properties would be needed 
to carry out such experiments. It is likely that 
reactivity depends less on crystal structure and 
more on the exact method of preparation. 

Odler and Schtippstuhl [20] have shown that 
production conditions and ageing can greatly 
affect the duration of the induction period and 
rate of heat evolution. They found that fast 
cooling after firing and fine grinding shortened 
the induction period, with the total elimination 
of the induction period for the finest ground 
sample. Long storage and doping of the sample 
with A120~ both considerably lengthened the 
induction period. From extensive studies of the 
reactivities of C3S containing impurities, and of 
pure C3S samples which have undergone different 
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thermal treatments and natural ageing, Fierens 
[21 ] has concluded that  surface defects introduced 
by  any method are primarily responsible for the 
wide range of  observed reactivities. On balance it 
appears that although the different polymorphic  
forms of  C3S studied here are seen to produce 
distinguishable early hydrat ion products ,  the 

question of  the relationship between crystal struc- 
ture and reactivity remains unsolved. Preparative 
conditions, particle size, impuri ty  levels and the 

occurrence of  surface defects or active sites may 
be of  more importance in determining the hydra- 
t ion behaviour of  C3S. Nevertheless, ul t imately 
all the C3S samples give hydrat ion products which 
appear the same. Minor composit ional  differences 
which cause significant variations in the early 
hydrat ion rates or mechanisms, appear to have 
little long term effect on the morphology.  

4. Conclusions 
A sequence of  reaction steps in the microstructural  
development o f  the hydrat ion products o f  triclinic 

and trigonal C3S polymorphs has been identified,  
but  a monoclinic sample has been found to dis- 
play a somewhat different mechanism. In each 
case there is initial C - S - H  film formation on the 
C3S surface but the subsequent rupture of  this 
coating is by lifting and peeling of  sheets o f  

material in the monoclinic case, and by random 
eruption of  needle-like outgrowths in the triclinic 
and trigonal samples. Ultimately all three samples 
appear identical with thin sheet like C - S - H  
bridging the perpendicularly radiating outgrowths.  
Each stage in the reaction sequence can be corre- 

lated with conduction calorimetry data, and a 
model of  hydrat ion which considers the mech- 
anism of  space tilling, in particular during stage III, 
can account quanti tat ively for the degree of  
hydrat ion observed at the end o f  this stage. 
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