
Journal o f  Thermal Analysis, VoL 3 (1971) 181--190 

E S T I M A T I O N  OF T R I C A L C I U M  SILICATE 

T H R O U G H  P O L Y M O R P H I C  T R A N S F O R M A T I O N  

V. S. RAMACHANDRAN 

National Research Council o f  Canada, 
Division o f  Building Research, Ottawa, Canada 

(Received November 23, 1970) 

Tricalcium silicate characteristically exhibits the most intense reversible transition 
at a temperature of about 915 ~ The intensity of this effect can be used to estimate the 
amount Of C3S in mixtures and to calculate the degree of hydration of C3S. Low sensitiv- 
ity for A T up to 8000 and higher sensitivity between 800 ~ and 1000 ~ enable estimation of 
both Ca(OH)~ and C3S. Interference effects at higher temperatures owing to decarbona- 
tion, recrystallization to fi-wollastonite, and dehydration of the calcium silicate hydrate 
can be overcome by heating to 1000 ~ cooling to 800 ~ and reheating. A determination 
of the degree of hydration of C3S obtained at different periods by DTA correlates 
well with that using the X-ray method. 

Portland cement is a complex mixture of  several phases. Study of  the hydration 
of  individual phases is essential for a basic understanding of  the hydration o 
portland cement itself, and should have an important  bearing on resolving the 
setting phenomenon, dimensional change, strength development, durability of  
concrete, etc. The silicate phases, tricalcium silicate (C3S) and dicalcium silicate 
(C2S) together, are present in portland cement to a value of  70 to 80~ ,  and in 
pastes their hydrolyzed products predominate and dictate many of the properties 
of  the concrete. 

The progress of  hydration of C3S may be followed by several methods, viz. 
by estimation of the amount  of  non-evaporable water or calcium hydroxide, or 
by estimation of the strength or amount  of  heat developed. These are indirect 
methods; they assume that the products of  hydrolysis of  C3S have a constant 
chemical composition throughout the course of  hydration. It  is known, however, 
that the calcium silicate hydrate product has a variable composition in terms of 
CaO/SiO2 ratio during the course of  hydration. A simple and convenient way 
to follow the rate of  hydration of C3S or C2S is to determine the amount  of  silicate 
hydrated at different times. 

In the direct method of following hydration of C3S, X-ray quantitative analysis 
is most  widely applied [1 ]. The techniques of  differential thermal analysis (DTA), 
dynamic differential calorimetry, and thermogravimetric analysis have been widely 
used to estimate the Ca(OH)2 content in hydrating C3S or C2S. These are, however, 
indirect methods of following hydration. In the T G  method of estimation of CaS 
suggested by Longuet [2], especially in clinkers, the free lime is extracted and the 
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sample is heated in an atmosphere of  COz at 880 ~ for 12 hrs. The following reac- 
tion takes place: CaS + CO2 ~ CaCO3 + C2S. The T G  curve gives losses due 
to decarbonation and f rom these the C3S content is estimated. The values thus 
obtained approximate those calculated by Bogue's method or by microscopy. 
The method is somewhat tedious and it is doubtful whether the reaction between 
C3S and CO~ goes to completion. Complications arise when the method is applied 
to cement pastes. 

Tricalcium silicate heated f rom ambient temperature to about 1000 ~ shows at 
least four reversible thermal transformations at approximately 585, 915, 975 and 
990 ~ [3 ]. The transformations leading to the development of  these peaks are still 
not resolved, but it is well recognized that the transition at about  915 ~ involves 
absorption of the maximum amount  of  heat;  in other words, of  the endothermal 
effects, that near 915 ~ has the maximum amplitude (Table 1). The amplitude of  

Table 1 

Characteristics of the reversible transitions of C3S 

Approxi- 
mate 

charac- 
teristic Nature of the 

temp. of endotherm 
transfor- 
mation, 
~ [31 

5 8 5 + 5  

917 • 3 

975 -I- 3 

990q-2 

broad valley 

sharp and most 
intense 

sharp, less 
intense 

Regourd [5 ] 

Triclinic I 
Triclinic II 

ASSIGNMENT 

Miyabe and Roy [61 Jeffery [71 

Heat of 
transfor- 
mation, 

Cal/g [8 ] 

cr transition 

Triclinic I I ~  ' Triclinic 
I Triclinic Ill Monoclinic 

Triclinic 1 II,._~ Monoclinie~ 
Monoclinic / Trigonal 

very small peak Monoclinic~ 
(detectable only I Orthorhombic 
with high reso- 
lution DTA) [41 

Triclinic 
Monoclinic 

Monoclinic~ 
Trigonal 

1.0 

0.5 

0.05 

this effect can be used to estimate the CaS content in hydrating C3S. In fact, heats 
of  transitions of  such materials as quartz and potassium sulphate have been used 
in the calibration of heats of  reaction in DTA. 

Few attempts have been made to use the heat of  polymorphic transition of C3S 
for estimating it in hydrating systems. One of the reasons is that in the usual 
hydration experiments low sensitivities are used; otherwise the peak due to Ca(OH)z 
will be too intense to be accommodated in the recording paper. Under such con- 
ditions the endothermic effects due to transitions in C3S become too feeble to be 

J. Thermal Anal. 3, 1971 



RAM ACHANDRAN:  ESTIMATION OF TRICALCIUM SILICATE 183 

detected in the curve. A second reason why the DTA method has not been em- 
ployed for estimating C3S is that as hydration progresses the carbonated product, 
the C - S - H  phase, and crystallization of the dehydrated C - S - H  all 
produce effects that tend to interfere or completely mask the endothermic effect 
due to crystallization transitions in CzS. 

In the present paper a method is proposed for estimating the amount of C8S 
during hydration by endothermic transition at about 915 ~ By way of a typical 
example C3S is hydrated for different periods and the degree of hydration deter- 
mined by DTA technique is compared with that obtained by X-ray quantitative 
analysis. 

Experimental 

Materials 

The sample of tricalcium silicate used in this work was made available by the 
Portland Cement Association, U.S.A., and had the following composition 
expressed as a percentage ignited basis. 

Chemical: CaO, 73.88; SiO2, 26.17; A1203, 0.08; free CaO (ASTM), 0.18; 
free CaO (Franke), 0.46. Mineralogical: CzS, 99.33; C2S, 0.00; C3A, 0.21 ; CaO 
(Franke), 0.46. Fineness: Blaine 3310 cm2/g. 

Hydration of C3S was carried out by mixing it with double-distilled water at a 
water : silicate ratio of 0.5. After mixing the solid with water, the paste was trans- 
ferred to a tightly-covered polyethylene container and rotated continuously for 
24 hrs. At intervals of 1, 3, 7, 14 and 28 days each sample was ground and placed 
in a desiccator, and was continuously evacuated for 24 hrs using liquid air in the 
trap. Care was taken to prevent contamination with CO2. 

Method 

Differential thermal measurements were obtained by the 900-Du Pont thermal 
analyser. The unit consists of a furnace capable of attaining a temperature of 
1200 ~ , platinum cups for housing both sample and reference material, platinum 
versus platinum-rhodium thermocouples for measuring sample temperature and 
differential temperature, heating and cooling modes of operation, a variable AT 
sensitivity with 0.004 mV/in, as the upper limit. 

In each experiment a constant quantity of the sample passing through a 100- 
mesh sieve was placed in the platinum cup with a moderate pressure. Ignited 
e-A1203 was used as a reference material. DTA curves were obtained at a 
heating rate of 20~ The cold junction was maintained at 0 ~ with crushed ice. 

DTA curves are presented with the temperature on the X-axis and the differ- 
ential temperature as millivolts at a sensitivity of 0.02 or 0.004 mV/in. In cal- 
ibration experiments the mixture containing a weighed amount of C3S and a-Al20 3 
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was thoroughly mixed manually with agate and mortar and finally with the 
Wig-l-bug vibrator. 

Thermogravimetric analysis of the hydrated calcium silicates was conducted 
with a Cahn R. H. electrobalance under vacuum at a heating rate of 10~ 

Results and discussion 

Tricalcium silicate exhibits several endothermic effects representing polymorphic 
transformations, which are reversible. Of these transformations, that occurring 
at a characteristic temperature of about 915 ~ is not only sharp but also associated 
with the maximum amount of heat energy. An attempt has therefore been made 
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Fig. 1. Reversible endothermic transitions in CaS 

to estimate CaS by measuring the intensity of this effect. The reversibility of the 
two most intense endothermic peaks of C3S is shown in Fig. 1. In the cooling 
cycle the peaks reappear but have shifted and are less sharp, with slightly decreased 
amplitude. The areas enclosed by these exothermic peaks would be of the same 
magnitude as the endothermic peak areas occurring during the heating cycle. 

Proper standardization is a prerequisite of any estimation by DTA. This was 
accomplished by mixing C3S with different amounts of ignited ~-AlzO3 to 
obtain mixtures containing 10 to 80% C~S. DTA curves of these mixtures and 
of pure C3S (AT, 0.004 mV/in.) indicate an intense endothermic peak at about 
940 ~ for C3S, decreasing with decrease in C3S (Fig. 2). As the thermal effect is 
sufficiently sharp, it was decided that the peak height rather than the thermal peak 
area would be more direct and accurate for quantitative estimations. 
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Some endotherms showed a base line shift. In such cases the peak height was 
obtained as illustrated for 100K C~S in Fig. 2. Point K, representing the beginning 
of the endotherm, and point L, at which the curve ends, were joined. A perpen- 
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Fig. 2. Variation of endothermic peak amplitude with C.S content 
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Fig. 3. Plot of  peak height versus C~S content 
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dicular line (with respect to the temperature axis) was drawn from the apex of the 
peak (B) to meet the line KL at A. The length AB is designated as peak height 
or amplitude and was used for calibration purposes. 

In Fig. 3 are plotted the peak heights of the endothermic transformation realized 
for different percentages of C3S in the (C3S + AlzO3) mixtures. A linear relation 
is evident. This calibration curve was used to estimate the amounts of unhydrated 
C3S in samples of C3S hydrated for different periods. 

CorrLmor~ to curve A ~nd B 

A=T, 0.02 MV/in. (Ambient to 1000~ 

B,C=T, 0.O0t* ivlV/in. (800~ to 1000~ 

I ~ ! i [ , I ~_,....  
145 361 550 724 886 1040 

Temperature~ ~ 

Fig. 4. Elimination of interfering effects in hydrated C~S 

A direct application of this procedure presents certain problems. In most 
reported work a low sensitivity for AT has been used throughout the course of 
heating to estimate Ca(OH)2 from its endothermie effect [9]. At such a low sen- 
sitivity the effects due to CaS transitions were either not registered at all or were 
of too low an amplitude. Figure 4 illustrates this aspect more clearly for a hy- 
drated C3S sample. Curve A refers to a low sensitivity setting wherein a large peak 
due to Ca(OH)2 is evident. Beyond 900 ~ however, the endothermic curve for the 
C3S transitions is barely registered and is not suitable for a quantitative estima- 
tion. A distinct peak due to endothermic transition could be obtained along with 
a measurable peak for Ca(OH)z by carrying out DTA at two different sensitivities, 
i.e., at a low sensitivity up to about 800 ~ and then switching over to a higher 
sensitivity up to 1000 ~ By such a simple manipulation curve B results. Curve B 
refers to a hydrated C3S with AT sensitivity of 0.02 mV/in, up to about 800 ~ 
and with 0.004 mV/in, sensitivity beyond this temperature. This curve shows 
three endothermic and one exothermic effect. The exothermic effect partly inter- 
feres with endothermic transition in C3S; this may become more pronounced 
at longer periods of hydration. 
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Fig. 5. DTA curves of C~S hydrated for different periods 

The interfering effects may  be due to decarbonat ion,  crystallization o f  fl-Wol- 
lastonite and the dehydrat ion effect o f  calcium silicate hydrate.  A method was 
discovered to annul  these interfering effects. As already described the material was 
heated to a temperature o f  about  800 ~ at a low sensitivity, heated to I000 ~ at a 
higher sensitivity, cooled to 800 ~ and reheated to a temperature o f  1000 ~ as 
shown below. 

Heat (AT= 0.02 mV]in.) 
Ca(OH)~ peak 

800 ~ 
J 

Hydrated C~S 
(Ambient temperature) 

8000 Heat (/AT= 0.004 mV/in.)t000 ~ 
Endothermic 

C3S transitions + 
interfering effects 

Cool (AT----- 0.004 mV/in.) 
Exothermic (reversible) C3S transitions 

Heat (AT= 0.004 mV/in.) +1000o 
Endothermic C3S transitions minus 

interfering effects 
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Under such a heating schedule the interfering effects can be overcome because 
they are not reversible. In Fig. 4 curve C represents a curve free of interference 
effects. 

8O 
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- - - -  X-ray, Locher 
�9 DTA, this study 

I ~ .... ; u~ -  
3 7 14 28 
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Fig. 6. Comparison of rate of hydration of C~S by DTA and X-ray methods 

This method was used to determine the amounts of unhydrated C3S remaining 
in C3S hydrated for different periods (Fig. 5). In curves for 14 and 28 days of 
hydration the interference effects have been eliminated by the reheating method. 
Duplicate determinations of the heights of the peaks attested to its reliability. 
The degree of hydration of CzS could then be calculated, on ignited basis, by 
obtaining ignition loss values through thermogravimetric analysis. 

The percentage of CaS hydrated at different periods, determined by DTA, are 
plotted in Fig. 6. A comparison is made by extrapolating the results obtained 
through quantitative X-ray analysis by Kantro et al. [10] and Locher [11 ]. Con- 
sidering the possible variability in the starting material, hydration procedure and 
determination, the correlation between DTA and X-ray determinations is very 
good. 

Conclusions 

By adopting a calibration standard, a high sensitivity and manipulation of the 
heating schedule DTA may advantageously be applied to estimate amounts of 
CzS and Ca(OH)2. This method should be particularly applicable to a determina- 
tion of the rate of hydration of CoS or portland cement in the presence of admix- 
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tures  a n d  addi t ives .  T h e  m e t h o d  can  be  ex t ended  to the  e s t i m a t i o n  o f  fl-C~S, 

wh ich  also exhib i t s  r evers ib le  t rans i t ions .  C a u t i o n  shou ld  be  exerc i sed  i f  the  po ly -  

m o r p h i c  t r ans i t i on  in C3S is affected by the  p re sence  o f  a n o t h e r  c o m p o n e n t .  

The author wishes to thank G. M. Polomark, for experimental assistance. 
This paper is a contribution from the Division of Building Research, National Research 

Council of Canada, and is published with the approval of the Director of the Division. 
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R~SUM~ - -  Le silicate tricalcique rnontre une transition r6versible, intense et caract6ristique ~t 
915 ~ environ. On peut utiliser l'intensit6 de cet effet pour estirner la teneur en C3S des m61anges 
et pour calculer le taux d'hydratation. La sensibilit6 du signal A T ,  faible jusqu'~ 800 ~ et plus 
61ev6e entre 800 et 1000 ~ permet d'estimer h la fois Ca(OH)~ et C3S. Les effets d'interf6rence 
aux ternp6ratures 61ev6es dus h la d6carbonatation, h la recristallisation en fl-wollastonite, 
et/~ la d6shydratation du silicate calcium hydrat6 peuvent 6tre 6vit6s par chauffage h 1000 ~ 
refroidissernent /t 800 ~ et nouvel 6chauffement. La d6terrnination du taux d'hydratation de 
C~S par ATD recoupe bien les r6sultats de l'6tude aux rayons X. 

ZUSAMMENFASSUNG - -  Trikalziumsilikat zeigt einen charakterislischen 1Ubergang bei einer 
Ternperatur von ungeffihr 915 ~ Die Intensit/it dieses Effektes kann zur Bestimrnung der 
Mengen yon C,~S in Gernischen und zur Errechnung seines Hydratationsgrades herangezogen 
werden. Die niedrige Ernpfindlichkeit ffir d T  his 800 ~ und die hShere zwischen 800--1000 ~ 
erm6glicht die Bestirnrnung yon Ca(OH)2 und C3S. Interferenzeffekte bei hSherer Ternpera- 
tur, verursacht durch Entkohlung, Rekristallisation yon fl-Wollastonit und Dehydratation 
von Kalziumsilikathydrat, kSnnen durch Glfihen auf 1000 ~ AbkiJhlen auf 800 ~ und erneutes 
Gliihen behohen werden. Die durch DTA erhaltenen Hydratationswerte von C3S stimrnten 
gut mit den r6ntgenographisch erhaltenen Ergebnissen iiberein. 
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Pe3toMe - -  f [ ~  TpHKa~lbt~H~Cr~n~J~aTa xapaKxepao npo~BYleHHe naH6oaee HHXeHCrIBHOrO npe-  
Bpalr~ertr~ npr~ TeMnepaType o~oao  915 ~ HHTeHCHB~IOCTt, 3TOFO 3dp~eKTa MO~eT 6bITb/,IciioYlb3o- 
Bana ~a~ o~eHK~ KOJIW~eCTBa C35 B CMeCr~ H pacqexa  c r e n e n a  raapaTat lgH CzS. Hn3~a~ ~yB- 
CTm~Teab~OCTS A T  ~o  800 ~ a 6onee  B~,icoKaa qyBCTB~Te~bnOCTI, Merely 800 a 1000 ~ ~aIoT 
BO3~Oa(nOCTS ot~ennT1, ~aK Ca(OH)2, TaR n C3S. OqbqbeKrbI, Memaromae np~  6oaee  BSICO~X TeM- 
nepaTypax n o6ycsIoBnenasIe ~aexap6ona3atme~, pe~pacTaa~n3a~nei~ ~o ~-~onnacTonnTa 
RerH~paTatIuefi r a~paTa  cnsmKaTa ram,  urns, MOFyT ~bITI~ npeo~oneab i  NyTeM HarpeBaan~ ~o 
1000 ~ ox~aa~e rm~  ao  800 ~ a noaTopHoro n a r p e a a n n m  CTer~em, rn)~paTaunrt CaS, onpe~enae-  
Man npn: p a 3 n i t q r f ~  x~epno~ax MeTO)/OM ~ITA, x o p o m o  ~oppeanpyeTca c a a n a ~ , I ~ ,  nony~eH- 
nr~Mn n p a  ~CnOnb3oBanna MeTO~a penTre~ocTpyrTypnoro aaann3a.  
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