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ABS-I-RACi 

Many types of admixtures are being used in concrete for obtaining better work- 
ability, retardation or acceleration of setting, improved mechanical properties, etc. 
There is no doubt that for more judicial and efficient use and also for the development 
of new types of admixtures, a basic understanding of their action in cement is essential. 
The mechanism is involved and complex and hence attempts are being made to explore 
new methods of approach. 

The technique of differential thermal anaIysis (DTA) has largely been used as 
an adjunct or a subsidiary technique to investigate the role of admixtures. It is possible, 
by a systematic approach, to use DTA as the main source of information in many 
cases. Thermograms may be used to study the kinetics of hydration, the mechanism 
of action of admixtures, and for the identification and estimation of new products that 
may form in the presence of admixtures. Jn Some instances ther,mograms provide 
information not easily obtainable by other techniques. 

By means of typical examples this paper attempts to examine the application 
of DTA to a study of the different aspects of the action of various types of admixtures 
on the hydration of cement 

IXI-FtODUCTION 

An admixture is defined as a material other than water, aggregates and hy- 
draulic cement, that is used as an ingredient of concrete or mortar and is added to the 
batch immediately before or during its mixing’. Most concrete in use in North Am- 
erica contains at least one admixture- 

Admixtures can be gouped as folJows: (I) chemical admixtures; (2) air-entrai- 
ning admixtures; (3) ponolans; and (4) miscellaneous (used for special purposes 
such as grouting, coloring, flocculating damp-proofing and corrosion inhibition)_ 

Chemical admixtures are widely used in concrete practice and are classified 

*Prepared for presentation before the Third Annual Meeting of the North American Thermal 
AnaIysis Society in Waco, Texas, on February 7-S. 1972. 
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into five groups’_ They are: Type A, water-reducing; Type B, retarding; Type C, 
acceierating; Type .O), water-reducing and retarding; Type E, water-reducing and 
accelerating _- 

Most pubiished data in the iield of chemical admixtures relate to their infiuence 
on the engineering properties of concrete, and comparatively Iess attention has been 
directed to the basic understanding of the mechanism of their action. There is Iittle 
doubt that the mechanism is complex and involved. At present no single mechanism 
offers a tangible explanation of the various changes in the physical, chemical and 
mechanical effects observed in concrete due to the use of any of the well-known 
admixtures. Hence, there is an ever-increasing awareness of the need for new approa- 
ches and techniques to investigate the action of the chemical admixtures_ 

The DTA technique has been used extensiveIy in clay mineraIo_e and only 
recentiy has it been applied in cement chemistry. There is still a tendency to use it 
only as an adjunct or a subsidiary technique to other weh-known methods of investi- 
gation’. A better appreciation of the DTA technique and the recent tremendous 
advance in the instrumentation have resulted in excellent contributions in the field 
of organic, inorganic and physical chemistry”“_ 

Among the various thermal techniques, the DTA method appears to be more 
extensiveIy used than others because of its ability to detect both physical and chemicai 
changes occurring in a substance. The full potential of this technique has not yet been 
realized in cement chemistry and, more particularly, in the field of admixtures. 
Valuable data can be obtained only if a systematic investigation of the hydration 
process is foliowed sequentiahy, i.e. the sampIes for investigation should be hydrated 
for different lengths of time, if required, from a few minutes to several months13*14_ 
It is aIso essential that, for a proper interpretation of the inflections in the thermograms 
that may decrease or increase in intensity during hydration (including the inflections 
that may emerge), certain physical or chemical treatments should be carried out on 
the sample. In many instances slight modifications in the DTA equipment will yield 
useful information. Resolution and interpretation of the thermal effects may be 
effected by a manipulation of the furnace atmosphere and pressure, rate of heating 
or cooling, or sensitivity. Where additional evidence is needed for interpretation, 
the sampie should preferabIy ‘be subjected to a simultaneous analysis using thermo- 
gravimetry, effiuent _S analysis, mass spectrometry, electrical conductivity, dilato- 
metry, X-ray analysis, etc. 

This paper attempts to show how, by using DTA as the main technique of 
investigation, useful information may be obtained on the role of chemica1 admixtures 
in the hydration of cements. Thermograms provide knowledge on the kinetics of 
hydration and the mechanism of hydration in the presence of admixtures: enabIe 
detection and identification of new products that may develop during hydration: and 
in certain instances yield data not easily obtained by other techniques. it is hoped 
nhat these examples wilt lead to a better appreciation and wider application of DTA 
in the admixture fieId in cement chemistry and in other related fields. 
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IE!XiLTS AXD DISCt’SSION 

Warer reducing, rerarding and water reducing-retarding adnrixrrcres 

In the ASTM designation C494, the chemical admixtures are classified into five 
types_ Of these, types A, B and D may be grouped together. In this group the type D 
is used in about 50-60 billion cubic yards of concrete per year in North AmericarS. 
Under types ri and D the following five classes are recognized: I, lignosulfonic acids 
and their salts; 2, modifications and derivatives of IignosuIfonic acids and their salts 
(classes I and 2 consist of Ca, Na or NH, salts of ligiosulfonic acid): 3, hydroxylated 
carboxyIic acids and their salts; 4, moaifications and deriva?ives of hydroxylated 
carbosylic acids and their sahs (examples for class 3 are Na, Ca or triethanolamine 
salts of acids such as adipic acid and gluconic acid. CIass 4 may be a combination of 
class 3 and some organic or inorganic compounds acting a5 accelerators or reiarders); 
5, carbohydrates, incIudin_g modifications and derivatives (examples are sucrose, 
glucose and maltose). 

Type B is an admixture that retards setting. Hence chemicals under D will also 
meet the requirements of B. Type B materials include some sahs of zinc and water- 
soIubIe berates and phosphates. 

Of the types discussed above the most commonly used admixture is the water- 
reducing and -retarding type: which enables retardation of setting and development 
of better strengths in concrete. Lignosulfonic acid and its salts are more widely used 
than others and they are known to extend the setting time by 30-60%, to reduce the 
water requirement from 5-10%. and to increase the compressive strength at 28 days 
by IO-20%. Table 1 shows the influence of a li_enosulfonate on some of the properties 
of concrete’ 6_ 

TABLE I 

EFFECT OF LIGNOSULFONATE ON THE PROPERTIES OF 
PORTLAND CEMEXT CONCRETE 

Adntix!trre N’arer:cemettr iVater Serrirtg fime (ft) for Compressire strength, 7’0 of rhe 

of cemenr rario reduction penclrafion resistance of caniral 

(O,b 6-v UT.) (%) - 
0.5 :~~t7trnz 3.5 ;virnm’ 24 h 3 days 7daw 28 days 

0 0.630 3-I/4 5 loo 100 100 100 

0.07 0.599 

0.13 0.599 : 

3 5-3+ 10: 10-I 103 101 

4 6-I;4 95 10s 111 101 

0.18 0.5so s -I-3i'l 7-l i’ 100 110 IO? 109 

0.26 0.580 8 5-I,‘-1 8- 1 .:j 107 115 112 115 

As can be seen in TabIe I, that addition of lignosulfonate results in retardation 
of setting, decreased water requirements for the same workability, and increased 
compressive strength. Attempts have been made to explain these effects by different 
mechanisms and there is still no general ageement. Portland cement is a mixture of 
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several components and in the presence of lignosulfonate these, individually and 

in combination, mutually influence the hydration sequence_ Since it is rather difficult 

to foIIow these complex efkcts. some attempts have been made to study the effect 

of li,onosuIfonate on the hydration of the individual components of cement. Once the 

effects on each phase are completeIy understood_ the studies may then be extended 

to the binary and ternary systems and ultimately to the interpretation of the behavior 

of the cement itself. 

H’drarion of 3CaU,A120, in rhe presence of ligrtosutfona~e. - The tricalcium 

aluminate phase (C3A)*, although it constitutes only a smaII proportion in portland 

cement, exerts a significant influence on the setting property. it is hence logical to as- 

sume that the set-retardation effects of portiand cement in the presence of lignosol 

may be related to the predominating influence of Iigosol on this phase. 

The C,A phase is known to hydrate to a mixture of the tb-o metastable phases 

of composition C&AH, and CzAH, (hexagonal) before final conversion to a stabIe 

cubic phase of composition C,AH.. The addition of Iignosuifonate retards con*:ersion 

of C3A to these hydrates to different extents depending on the amount of admixture, 

water:soIid ratio, temperature, and the particular size of C,A. 

TEh’P:tATUZE i-C) . _ 

Fig- I- DTA of C,A and its hydrates (A = C3A: B = hexagonal phase: C = cubic phase). 

The technique of DTA is eminently suited to follow both qualitatively and 

quantitatively the interconversion effects durin g the hydration of C,A. The DTA 

7he following nomenclature in cement chemistry will be used where necessaq-: C=CaO, S=SiOz, 
A:=Ai20,. and H=HzO. 



technique is sometimes so sensitive in the identification of phases such as C,AH, 
that it is preferred to X-ray diffraction procedures. In thermograms the C,A phase 
normally shows no perceptible effects. The hexagonal phases show two prominent 
endothermal effects, the first below 1 SO-2OO’C and the second at 200-280°C. The 
cubic phase shows characteristic endothermal effects at about 300-350°C and 
SO-SO’C (Fig. l)*. 

The retardation effects in the hydration of C,A in the presence of small amounts 
of cakium lignosulfonate, and at a low watersolid ratio, may be illustrated by the 
thermograms in Fig. 2. It may be seen that without the addition of calcium lignosul- 
fonate, the cubic phase appears at 6 h and is the main phase existing at 7 days. In the 
sample treated with the admixture the 
These observations show the extent to 
admixture. 

HYDRATION OF C3A 

cubic phase is not detectable even at 14 days. 
which the hexagonal phase is stabilized by the 

HYDRATION OF C3A WITH ZALCIUPA. 

LlGNOSULFONAiE 

30 

Fig. 2. Influence of calcium lignosulfonate on the hydration of CaA. 

In the above example, the retardation effect of lignosulfonate was studied as a 
function of time of hydration. Information on the degree of retardation achieved up 
to a particular period of hydration, using different amounts of IignosuIfonate, would 
be a natural extension of the use of DTA. For example, thermograms of C,A con- 

These effects may occur at higher or lower temperatures, depending on the samp?es and experimental 
conditions. but in no way influence quaiitativc or quantitative asrrcts of identification ard estimation. 



tainins CL506 Iigosulfonate and hydrated for 9 months show that with no admixture 

the hydrated product contains oniy the cubic phase* 7_ Even with an addition of 0.5?4 

admixture only the cubic phase is detected. At lignosulfonate concentration beyond 

0_5?. b only the hexagona! phase is detectable. Thus the DTA method enables determi- 

nation of the optimum amount of the admixture required to stabilize a particular 

phase for a prcdetcrmincd period. 

_4t very ION- concentrations of Iisnosulfonate the primary efTect is the rctarda- 

tion of the conversion of the hexagonal to the cubic phase. Complex effects are obser- 

ved when C;A is treated with a large excess of IignosuIfonate’s. At calcium Iigno- 

(b) 

Fig. 3. ts). Electron microgrrtphs of cn!cium lignosulfonate t 5 J2Ot: tb). CXA treated with 30% 
c&Sum ti_aosulfonzte ( x 1960); and (c), the gel-like material with CJA treated with 100% calcium 
fignosulfonate ( x 4900)_ 



sulfonate concentration of IO-30x, there is evidence of a c0mpIe.u formed between 
C,A and the lignosulfonate. The thermogram of this product is different from ther- 
mograms of pure catcium IignosuIfonate or the aluminate hydrates. The electron 
microscopic examination of this product shows a honeycombed structure probabiy 
formed of twisted ribbon-like material (Fip. 3). At stih higher concentrations of 50% 
or more. a gel-like material precipitates out. This gel-like material appears to be a 
basic calcium lisnosulfonate Lvith incorporated Al3 ‘- _ L’nlike calcium Iignosulfonate, 
it shows a large endothermal effect at about IOOC and an exothermic peak at about 
73O’C, has low solubihty in water. has a different chemical composition, does not 
show any Iines in the X-ray- diffraction pattern and has a different morphoIogy. 

The mechanism by which the hexagonal phase of calcium aluminate hydrate 
is stabilized by calcium lignosulfonate is better understood by treating this phase 
directly with caIcium lignosulfonate. Treatment of the hexagona phase with increasing 
amounts of calcium 1ignosuIfonate shows that this phase irreversibly adsorbs the 
lignosulfonate. There is evidence that lignosulfonate enters the interlayer positions in 
the hexagonal phase’ *_ A thermogram of the phase containing about 10% irreversibly 

Fig. 4. Thermograms of the hexagonal phase treated with calcium iignosulfonate (CLS). 

349 



adsorbed calcium Ii$nosuIfonate (CLS) exhibits an intense exothermic peak at 79O’C 
and an endothermic effect at 525 ‘C (Fig. 4). The exothermic peak. which is absent in 

an N’, atmosphere. is attributed to the oxidation of stron@y bound lisnosulfonate on 

the hexagonal phase. CaIcium Ii_gnosulfonate itself is oxidized at a lower temperature. 

Xhe lignosulfonate adsorbed in the interlayer positions may inhibit the free movement 

of the interlayer ions responsible for conversion of the hexagona to the cubic phase. 

Infuence o$ lignosulfonare on rhe hydration of C,A containing gypsum and 

lime. - Once know-Iedze is gained on the action of Iignosulfonate on the hydration 

uf CJA. the next step would be to esamine a mixture containing C,A-_qpsum and 

Ca(OH)2. The study of hydration of this mixture would help understand the mecha- 
nism of hydration of cement at early stages_ The DTA technique, thou_gh useful in 

following the hydration sequence in this system, has received IittIe attention so far. 
Fi_g_ 5 indicates the changes occurring in the thermo_grams” when a small amount of 

Iignosulfonate is added to C3A containing 10% _qsum and 5% Ca(OH)2. 

WITE LIGNOSULFONATE 

WITHOUT ;;GNOSLJLFONAiE 

IrIrI@frf’l 
0 200 400 600 900 1000 0 200 400 600 a00 1000 

TEM?ERAiURE (“Cl TEMPERATURE (“C) 

fig. 5. Tbcrmograms of C3A hydrated in the presence of gypsum, lime, and lignosuifonate. 

Without more extensive investigations a11 the thermal effects cannot be explai- 

ned but certain general conclusions may be drawn. The hi_gh sulfoaluminate compIex 

(CsA-3CaSOJ-31 HzO) is recognized even within a few minutes in the mix containins 

the admixture by a stron_e endothermic effect at about 150°C. The conversion of the 

hi_eh to low suIfoaIuminate form (CAA-CaSO&-I lHtO), or a solid solution, may be 

observed by the emer_gcnce of an endothermai effect at about 2OO’C. Thermograms 

readiIy show t’lat it takes 3 days for hi_gh SuIfoaIuminate to convert to the lower form 

in the presence of Iignosulfonate, whereas in the absence of this admixture the con- 

version is very rapid and occurs in about 3 h. Much more work may be needed to draw 
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definite conclusions. but it does appear that the deIay in set with the admixture may 
be connected with the rate of interconversion_ 

C.4 

Fig. 6. Kinetics of the hydration of C,S in the presence of calcium IignosLdfonate. C3A cx its hydrates. 
A-l =C,SiH: A-2=C3SiLigtH; B-l =C,StC3.4LH; B-Z=C,S+C,A+Lig+H: C-l = 
C,StHex+H; C-2= C3S+Hex-f-Lig+H; D-l = C3S+C3AHb+H; and D-t = C3S+CJAH,t 
Lip-k H. 

Hydrarion of C,S in presence of C,A and calcium lignosulfonate. - Calcium 
lignosulfonate retards the hydration of C,A but may inhibit the hydration of C3S in- 
definitely- The extent to which this inhibiting effect of calcium lignosulfonate is coun- 
teracted by additions of C,A. the hexagonal or the cubic aluminate hydrate, is of 
relevance to cement chemistry. In Fi g. 6 the rates of hydration of C,S in the presence 
of 5% C,A and its hydrates are compared by estimation of Ca(OH), through DTA. 
The following information may be gathered from these results. Addition of 0.5 72 
calcium lignosulfonate inhibits hydration of C,S (Fig. 6, curves A-l, A-2)_ Addition 
of 5% C,A is sufficient to promote hydration slowly at first and normally after 3 
days (curves B-l, B-2). The hexagonal phase is less efficient than &A in counteracting 
Ihe inhibitive action of lignosulfonate.. the cubic phase being practically ineffective 
(C-l, C-2, D-l and D-2). These results show that the rate and amount of irreversible 
uptake of lignosulfonate, which i; ill the order of C3A ‘, hexagonal phase>cubic 
phase, dictates the relative action on the hydration of C,S_ The greater inhibitive 
action of Iignosulfonate when added to cements after 5 min of hydration may be 
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explained on the basis of the hydrated products of CJA having less adsorptive capa- 

city than the C,A itself. 

TXw recording action of sugars OJI C,A hydration_ - All saccharides with the 

exception of trehaIose strongly retard the set of cement”. The sugars aIso possess 

a water-reducing property_ The strong retardin S actions of C3A hydration by 1% 

sucrose, as opposed to the weak retarding action of 1% trehalose, is well substan- 
tiated by the DTA curvesZ* of the hydrated C3A (Fig. 7)_ The three endothermal 

Figs 3. Inffucncc of sucrose and trehaiose on the hydration of C3A. 

effects in the vicinity of 100 and 2OO’C represent dehydration by a mixture of the 

hesagonal aIuminate hydrates_ The peaks at 300-35O’C and 55O’C are mainIy due 

to the dehydration effects of the cubic aluminate hydrate phase. The relative amounts 

of the hexagonal and cubic phase formed at different periods may be followed by 

means of the thermoSrams_ The hydration of C3A without an admixture shows a 
strong endothermic peak at about 550X as early as 3 h, indicating an early formation 

of the cubic phase. In the presence of sucrose a Iarge amount of the hexagonal phase 

formed earlier persists even up to 90 days, as evidenced by the endothermal peaks 

be!ow XiO’C_ As opposed to this. C3A containing trehalose shows intense endother- 

ma1 effects for the presence of the cubic phase after a relatively short time. 

Inj?uence of sugars on the hydration of C,A-g~psum mixtures_ - Addition of 
sugrs except trehalose to C,A+qpsum mixtures shows clearly a retardation of 

formation of the ettringite phase”. For exampie, at 14 days of hydration, the mixture 

containing sucrose has 23.8% o f ettrirqite, and that without, 52.3% ettringite. With 

trehalose, the amount is 48.9%. ThermoSrams reveal that conversion of the ettringite 

to the Iow suifoaluminate form is also retarded in the presence of sugars. 

Experience indicates that it is not ahvays possible to label an admixture as a 

retarder, an accelerator or a neutral type in the hydration of cement. In addition to 

other factors, the concentration of the admixture may determine whether it acts as a 
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retarder or an accelerator_ The foilowinrg exampleZ2 shows the influence of the con- 

centration of sucrose on the hydration of C,A (Fig_ 8). 

I-I -2 
1 3 x10 

TEhlPERAiIJfiE c-c) 

Fig. 8. Effect of different amounts of sucrose on the hydration behaviour of C3A. Percentage of 
sucrose: 1 =O.O; 2=0.075; 3=0.05; 4=0-l; 5=0._. 3- 6=0.5; 7= 1.0; S=‘.O; 9=5-O. 

The thermograms for all the samples u-ere taken after IO months of hydration. 
The C,A sample without the admixture indicates two endothermal effects: at 140- 

18O’C and 330-34O’C for the presence of the hexagonal and the cubic aluminate 

hydrate respectively. At sucrose concentrations of 0.025 and 0.059/b, the peaks due 

to the cubic phase are intensified and those due to the hexagonal phase are decreased. 

This shows that at these concentrations there is an accelerated conversion of the 
hexagonal to the cubic form_ At concentrations 0.1-0_5%, increasing amounts of 

hexagonal aluminate hydrate are stabilized. At concentrations of 2-59/o. ev-en the 

amount of hexa,oonaI form diminishes revealing that the hydration of C,A itself is 

retarded- 

No systematic DTA work has been done on the progress of hydration of cements 

using sugars. It may not be easy to interpret all the thermal curves below 3OO’C in 
this system; however, careful work, even for such difficult systems, may yield quanti- 

tative data on the products of hydrationz3. 

If the composition of the hydrated sihcate is assumed to be constant during the 

hydration of C3S or C,S, an estimation of Ca(OH), formed at different periods of 
hydration is a eood index of the degree of hydration_ The relative retardation 2ffec:s 

of different amounts of citric acid on the hydration of portland cement and calcium 

silicates may be cited as an example in which this method could be used”. 
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Accelerarors (calcium chloride) 

An accelerating admixture is used to reduce the setting time of concrete and to 

increase the rate of development of early compressive strengths. This is 3 type C 

admisture accordin_g to the ASTM designation C-494_ Calcium chIoride is by far the 

best known and most wideIy used accelerator in concrete practice_ 

Fig. 9_ Infiuencc of CKI, on the strengrh devcfopmcnt in different types ofcement. - no CaC12 ; 
------ 20, CaCi,_ 

Addition of CaCI, has been shown to increase the compressive strength of 311 

types of cements 25 (Fig_ 9)_ The degee to which CaCI, reduces the setting time of _ 

portland cement concrete may be seen from the following example. A portland cement 

concrete having an initia1 settins time of 3 h and 3 fina setting time of 4f h will 

show 3 reduction in these times by 2 and 3 h. respectively, at a CaCIt content of 3%. 

The acceIerating influence of CaCI, has been known for nearly 90 years, but 
as pet the exact mechanism involved has not been discovered. LittIe success has been 

achieved by studying directIF the role of CaCI, in the hydration of portland cement. 

It seems essentia1 first to gain an understanding of the infiuence of the acceIerator on 

the individual phases of cement. 

Hpirarion of C,A in the presence of CaC12. -The C,A phase in portland cement 

exerts a sig%cant infiuence on the heat development and setting property, and hence 

the mechanism of interaction between CJA and CaC12 ber3mes important for the 

study of the accelerating effect of CaCI,. There is stiI1 some controversy as to which 

chloroaluminate forms when C3A reacts with CaC12, ciz., &A-CaC12-xH,O or 

C,A-3CaCI,-_a-H,O. it is general& beiieved that the Iow form is the main product 

that exists under the practical conditions of hydration_ The DTA technique has been 

u_sed to differentiate between the two forms of chloroaluminate and aIs0 the formation 

of other hydrated phafces_ For example. endotherms at about 19G’C and 35O’C 

identify rhe monochloroaluminate and the endotherm at about 160°C may correspond 

to the higher chloroaluminate- Other compounds detected include calcium hydroxy- 
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chloride with peaks at about 130, 145 and 485’C, the hexagonal calcium aluminate 
hydrates, and solid solutions. 

Based on the thermal investigations. the following important conciusions may 
be drawn about the influence of CaCI, on the hydration of C,A. 

Both the high and low forms of chloroaluminate may be detected when C,A is 
hydrated in the presence of CaCI, and saturated CatOH) solution. The high form 
predominates at high CaCI, concentrations26-30_ 

Tricalcium aluminate reacts with CaClz more slowly in saturated Ca(OH), 
solution than in water. 

Addition of CaCI, does not prevent the formation of ettringitc (C,A-3CaSO,- 
31Hz0) when C3A is hydrated in the presence of mpsum”. 

The cubic calcium aluminate hydrate (C3AH6) also reacts with CaCI, to form 
monochloroaluminate. but the reaction is slower than that using CsA as the startinS 
materia12*. 

The DTA of monochloroaluminate shows an exothermal effect at 5OO’C 
corresponding to a crystallization effect which cannot be detected by the X-ray 
procedures29. 

Hydrarion of C3S in presence of CaCi,. - Several explanations have been 
offered for the accelerating action of CaCI, in cements. In earlier work it was assumed 
that a complex between C3A and CaClz was responsible for earIy setting and strength 
development. As already stated complexes are formed between C3A and CaCI, in 
water or Ca(OH), solution, but these may not play a major role in the accelerated 
action_ In the first six hours of hydration in portiand cement the concentration of 
chloride in the solution phase does not chaqe. It appears that in the presence of 
CaCI, and gypsum. C,A preferentially reacts with gypsum” _ Also, it is difficult to 
conceive how the smali amount of compiex formed by C3A and CaClz could im- 
prove the streqgh development of cement to the extent that is usually observed_ 
Therefore, the rapid settins and strength development should be related in some man- 

Fig- 10. Effect of CaC12 on the B-day strength development in C3S pastes. 
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ner with the action of CaC!? on the silicate phases_ Recent studies have in fact con- 

clusil-eI_v shown that CaCI, acceIerates the hydration of the C,S phase. Fig. IO 

shows rhat small additions of CaC12 increase the compressive strength of C,S 

pastes_ bur higher amounts are deleterious3’. It is thus imperative to gain knowledge 

of the action of CaClz on C;S hydration. 

X sequential thermal study of the hydration of C;S in presence of CaClz yields 

data on the kinetics of hydration_ identification of new phases and the possible mecha- 

nism of rhe accelerators”-3J. 

The kine:ics of hydration of C,S may be followed by DTA either by estimating 

the amount of Ca(OH), formed at different times or by the reduction in the amount 

of the C,S phase55_ The following features emerge when the endothermal area of 

CatOH), decomposition is taken33 as the basis of the degree of hydration of C3S in 

presence of 0, I or -I’!& CaCI, (Fig. 1 I). The extent of hydration at 6 h is in the order 

2 4 6 .5 ?O :z r: i6 15 25 22 2: 

XCI.:JC ..I..,.._ 

r-is_ I I. Estimation of Ca(OH): at ditiercnt periods of hydration of 3CaO-SiOl by DTA. 

of C,S+-l’?L CaCl,>C,St 1 “h CaCi,>C,StO’% CaC12_ and at 30 days, C;S 
L , 1% CaCI, > CjS ;O’% CaCI, > C$ +401-b CaCi2. In terms of the disappearance 

of C,S, however, the extent of hydration at 6 h or 30 days is in the order C,S+4?‘0 

CaCII>C,St I?& CaC12>C3S+0 ‘% CaCI _ These results reveal that in the presence 2 

of 4% CaCI,. C,S hydrates to form a C-S-H product with a higher C:S raxio than 

that with 0% CaCI,. The surface area vaiues and morphological studies aIso show 

356 



distinct differences betxveen C,S containing no CaCI, and that with I o/ or 4% CaCI,. 

in Fig. 10 it is shown that the compressive strength of the C,S paste decreases beyond 

?OL CaCI,. The lower strengths at higher CaCI, contents seem to be due to the for- -, 

mation of C-S-H with a high C:S ratio. The C-S-H product that forms with low 

CaCI, concentrations has Iow C:S ratios and higher strengths. Thermograms in fact 

indicate formation of a product with a low C:S ratio in presence of 1% CaCI?. 

It is obvious from these results that the compressive strength is not proportiona to 

the degree of hydration if the C-S-H products formed do not have the same C:S 

ratios. This is shown in Fig. 12. Ail the points in the curse \vere obtained32 at 28 days 

of h>-dration but with different amounts of CaCI,. 

- 

- 

a0 70 63 70 100 

?i?CE?iiAGE GF HY3i;AilGX CF C3.S (*&) 

Fig. 12’. Compressive strength of C;S as a function of the degree of hydration with different amounts 
of CaCI, - 

Thermograms make possible a study of the influence of CaCI, on the dormant 

period in the hydration of C,S. Durin, = the dormant period the reaction rate is very 

slow and at the end of this period the reaction is accelerated and is reflected in the 

emergence of peaks of the hydrated phase_ For example, with 5% CaCIz the dormant 

period is reduced from 4 to 2 h. 

In the presence of CaCIz new peaks emerge during the hydration of C,S in 

addition to the changes in the endothermal peak intensities due to Ca(OHjz (Fig. I3);_ 

In CaCIz an endothermal effect is registered at about 57O’C after 15 min of hydration: 

it increases in intensity in the first few hours and becomes undetectable at later periods. 

There is also an exothermic peak after 3 h at 64O’C which intensifies with hydration: 

this peak is always foliowed by an endotherma dip in thq range YIO-85O’C. .4n 

expIanation of the above effects required certain treatments to the sample. and also 
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Fig_ 13_ Dilicrential thermal characteristics of CIS h,vdmred in the presence of CaCIz - 

a re-examination by DT,k Usins DTA as the main source of information, the follo- 

wing conclusions may be drawn. Calcium chloride may exist in four or five states 

including complexes in hydrating C,S. depending on the admixture content and dura- 

tion of hydration. Calcium chloride exists in a free state in the early periods of hydra- 

tion_ In the dormant period the chtoride is also adsorbed on the C,S surface. In the 
acce!eratory period and Iater, the chloride is chemisorbed on the C-S-H surface 
kth some existing in interlayer positions_ At later periods a considerable amount 

is incorporated strongly into the C-S-H lattice. An approximate estimation of the 

chloride with different modes of fixation in the hydrating C,S is indicated in Fig. I$ 

There is a general relztance to use CaCIz as an accelerator in reinforced con- 

crete and particularly in prestressed concrete_ The enhanced corrosion effect of CaC!, 
on the prestressed wires is we!! known. There is hence a continued interest in devel- 

oping an acce!erator with nearly as much accelerating capacity as CaC!, but having no 

corrosive action. 

Cdcitm rhiosuIfure_ - There are many sutstances that have been suggested 

as a!temative accelerators. but the recent!y reported chemical, calcium thiosulfate, 

has received some attention_ In TabIe II a comparison is made of the action of three 
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-l-ABEL 11 

INFLUENCE OF THE ACCELERATORS ON SE-l-l-ING AND STRENGTH 

DEVELOPMEXl- IN PORTLAND CEMENT 

Admixrurc Percenrage Initial selling Final setzing Compressire srrengrh (kg-cm’) 

admixrure lime (min) iime (min) 

I dax 3 days 7 daxs 28 days 

None 0 160 250 39 1’0 221 379 
CaClz 0.5 Ii8 195 

1.0 78 I22 69.5 150 291 381 
2.0 82.5 172 213 353 
3.0 45 80 85.3 I77 265 364 

CaCN03)1 OS 112 132 

1.0 95 160 

2.0 15.7 113 i93 316 
3-O 100 210 

C&,0, 1.0 44.7 117 ‘IO 341 
1.2 51 11-Z 
1-s 64 99 

7-O 46.7 I27 203 325 
3.0 23 40 55.8 I30 231 366 

0 a 3 12 16 20 24 tea 
PERIOD OF HYDRATlOri (HR) 

Fig_ 14_ Possible states of the chloride in tricalcium silicate hydrated for different periods. 
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accelerators on the setting property and strength development in a portland cement 
paste and mortar, respectivety _ 36 It mav be generalized from the resuIts that at low _ 

concentrations all three salts act as accelerators of setting. How-ever, in terms of the 
early strength development CaCI, is by far the best among them_ However, reinforced 
mortars containing 2-50-b CaCI? showed signs of corrosion within a month, whereas 
those containing 5% CaS,03 or Ca(NO_I)I did not exhibit any corrosion even after 
exposure for 6 months36_ 

The relative acceierating capacities of the above accelerators may be convenient- 
ly foIlowed by DTX. This may be iIIustrated with respect to C$G hydrated for 7 h 
in the presence of 3?% of each of these admixtures (Fig. 15)‘6. The Iow-temperature 

.- 
J 130 z c ,rj 623 at3 ! coo 

;f~.<.,E:~T~:E ::a:; 

Fig- 15. DTA curves of the hydration products of C3S in the presence of calcium salts. 

endothermal effect below ZOO’C is due to C-S-H. The relative intensities of this effect 
for the three acceIentors clearly demonstrate that CaCI, accelerates the hydration to 
the maximum extent. The same conclusions may ako be drawn by an estimation of 
the intensities of the Ca(OH)? peaks occurring at about 55O’C. A small endothermal 
dip just before the Ca(OH), peak is probably due to the dehydration of the amorphous 
form of Ca(OH)?_ The exothcrmal effects observable in the presence of CaCI, and 
CaS,03 may possibly be due to the crystafiization of C-S-H or to a reaction involving 
the chemisorbed compIex of the admixture on the C-S-H phase. 

in the hydration of C,A in the presence of 3% of CaCL, Ca(N03)2 or CaS,O,, 
the thermograms show some differences_ With chloride and thiosulfate the formation 
of C&H,, C3A-Ca(OH)2-xH20 or of products substituting Cl- or $03 for (OH)? 
in the structure is indicated. The Ca(N03)2 is different from others because it pro- 
motes hydration of C3A to the cubic C,AH,_ 

Oxak acid. - Oxalic acid in smaI1 amounts has been shown to acceIerate the 
_Fet and strength development in cements3’. By an addition of 2% oxalic acid the 
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initial set of cement paste is reduced by 43% and the final set by 44%. The compressive 
strength of the cement paste is increased by 12%, l-3% and 9% at 5, 15 and 28 
days, respectively. 

A comparison of the hydrated cement with and without oxalic acid by DTA 
shows perceptible differences_ In the cement containing oxalic acid four endotherma 
effects are observed at 300,480,550 and 620°C that could be ascribed to the existence 
of calcium oxalate. It appears that much of the strength deveiopment may be due to 
the formation of calcium oxalate during hydration. 

Carbonates. - Carbonates such as CaCO,, MgC03 and CaCOs-MgCO, 
either as minerals or chemicals are known to react with the C,A component of cement 
forming carboaluminate complexes. An addition of finely ground carbonates would 
increase the strength substantially. For example, a &A paste may show a compressive 
strength of only 6-12 kg/cm’ between 3 days and I2 months, whereas this paste with 
marble may yield strengths at corresponding periods equivaIent to 77-431 kg/cm*, 
and with dolomites3’ 98-750 kg,%m*. There seems to be some potentiality for using 
these admixtures in cement. 

The strength deveIopment in C,A pastes containing CaCO, or CaCO,*MgCO, 
is attributed mainly to the formation of a carboaluminate complex of composition 
3CaO-A120J-CaC03-1 1 H,O. The paste containing MgC03 shows much Iower 
strengths. For instance, at 28 days of hydration, the strengths for CaCO,, 
CaCO,-MgC03 and MgCO, are, respectively, 102, 160 and 44 kg’cm’. The cause 
of Iow strengths developed with MgC03 admixture may be explained by a thermal 
investigation3’ (Fig. 16)_ 

=3* 

C3A-CcCOj 

C3A+CsC03- MgCO3 

C3A+MgC03 

0 300 600 900 

TEMPERATURE (‘C) 

Fig. 16. Thermograms of GA hydrated with carbonate admixtures (28 days). 

Tricalcium aluminate paste shows a sharp endothermal effect at 30°C and 
a broad endotherm of moderate intensity at about 450°C. These two effects are typical 
of CAAH6. In the presence of CaCO, or CaC03-MgC03, thermograms indicate a 
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large endotherm at about XO’C, and a very small endotherm at about 300°C. 
The peak at 200°C corresponds to the formation of the carboaluminate complex. 
In presence of MgC03 only a small amount of the carboaiuminate complex is formed, 
as evidenced by a small endotherm at about 2OO’C A considerable amount of C3AH6 
is indicated in the paste containing MgCOs. A small quantity of carboaluminate 
and a large quantity of the C3AH6 phase present in the MgCO,-treated C,A sample 
shouId explain the lower strengths developed in this mixture- 

H’bter-reducing and accelerating admixtures 
The use of the type D admixtures provides good workability at Iow water: 

cement ratios and also results in increased compressive strengths. In many instances 
where only the water reduction is required but not the retarding action, certain formul- 
ations are made in which a material is added to counteract the retarding action and to 
accelerate the reaction. CaIcium chloride, calcium formate and triethanolamine are 
typical of the mater%& used in these formuIations. 

Since triethanolamine is used to counteract the retarding action of an admixture, 
it is assumed that, used by itself, triethanolamine should be an accelerator- Not much 
published work is availabIe on the effect of triethanolamine on the hydration of port- 
hnd cement, but there is some evidence that it may not act as an acceleratort6. 

c 
1co c ~__ . . . ..I 1.1---- 

. . . ..a......... -,y 

0 40 30 120 720 

TERIOD OF HYDRATlON,(HR) 

Fig 17. The rate of hydration of tricalcium silicate in presence of calcium chloride and triethanol- 
2unine w). 

The app.arently contradictory behaviour of triethanolamine can be understood 
only if its action on the individual phases in cement is understood. In Fig. 17 the rate 
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of hydration of C,S is compared with that containing CaCI, or triethanoIam.ine. 

The calcium hydroxide content at different stages of hydration was obtained by esti- 

mating the peak area of the endo:hermal decomposition of Ca(OI-&. It appears from 

the resuhs that at any period of hydration the amount of calcium hydroxide formed in 
the presence of triethanolamine is less than that present in C,S hydrated with water 

only and much less than that with CaCI?. These resuhs agree with those obtained 

by TG and X-ray analysis. The effect of different amounts of triethanolamine shouid 

be studied before its retarding or accelerating action is established. The influence of 

triethanolamine on the hydration of C2S shows a similar trend (Fig. 18). At any stage 
of hydration the intensity of the endothermal effect corresponding to the dehydration 

of calcium hydroxide is much less in sampIes containing triethanolamine. Thermo- 

grams aIso reveal a twin endothermal effect in triethanolamine-treated samples, 

indicating a possible formation of an amorphous type of Ca(OH)2. A systematic 

investigation of the effect of triethanolamine on the individual phases in cement has 

provided a basis for the mechanism of its action3’. 

I I I 
300 400 500 

I I I 
300 403 500 

TEMPEPATUPE (*cl 

Fig. 18. Thermograms of C2S hydrated in tfi.e presence of triethanolamine. 

P0Iymer.s 
Recently, there has been an upsurge in research on polymer concretes. Polymers 

improve significantly the compressive and tensiie strengths of normal concrete. 

Typically, a cement mortar is hardened and physically-held water is removed either 

by ovendrying or by evacuation and then impregnated with a monomer (preformed)_ 

SubsequentIy, polymerization is carried out either with gamma radiation or by therma 

catalytic means_ In the so-called premixing method the monomer is added to the 

cement during mixing with water, it is then hardened and finally polymerized as 

before. Though the increase in strength characteristics obtained by this method is 
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IGO~ as significant as that obtained by the impregnation method, it may yield some 
imformation on the mechanism of strength development in the composite. 

The definition of admixtures requires that the admixture be added before or 
during mixins of concrete. Polymer concrete obtained by the premixing method 
should be included under the class of admixtures. 

The use of DTA in polymer chemistry is well known, but its application to 
polymer concrete is only recentSo_ Though much more work would be needed before 
Erm conclusions can be drawn using DTA in this field, the following example provides 
some idea of the future possibilities of its application. 

Fig_ 19- DTA of cement pztsie containing polymers. (I), cement paste; (2). cement paste (PMMA) 
premixed; (3). ameat paste (polystyrene) premked; (4), PMMA; (5). polystyrene; (6). cement paste 
CPM MA) preformed: (7). cement paste (polystyrene) preformed. 

The source of the great strength of polymer concrete is not yet known. It is 
not certain whether the increased strenghs are due to the decreased porosity or some 
surface chemical effect or both. The DTA investigation of some of the polymer con- 
cretes reveals certain differences in thermal characteristics (Fig. 19)40. A comparison 
of the thermal curves for cement paste and for cement paste with premixed polymethyl- 

methactylate (PMMA) or polystyrene shows that, in the PMMA-treated sample, 
there is practically no evidence of Ca(OH),. In the polystyrene-cont.ainin,o sample 
there is a large amount of Ca(OH),. It may be inferred that hydration has proceeded 
to a greater extent in the polystyrene-containing sample than that with PMMA, 
which is in consonance with the low strength development in PMMA-treated samples 
(Table III)40. It should be noted that the extent of hydration is not the only guide 
of stren_$h development_ In paste containing polystyrene the exothermal hump may 
indicate a surface complex of the polymer with the hydrated product. Caution should 
ailso be exercised in the estimation of the intensities of the peaks because of the possi- 
bility of interference eff&ts from the oxidation-decomposition effects of the polymer 
itself. 
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In preformed sampIes both PMMA and polystyrene yield high strengths 

(Table TIT)Jo. The PMMA-treated sample shows no Ca(OH), peak, suggesting that 

there is an interaction with the polymer or monomer. However, the poIystyrene-treated 

sample shows a large peak for Ca(OH),. It is possible that the strength development 

in this case is due to accelerated hydration. 

TABLE III 

SOME PROPERTIES OF POLYMiR-CEMENT MORTARS 

NO. Marerial Formaricn Combined Water Compssice 
tracer [%) absorption strength (psi.) 

No polymer 16.1 7.1s 7,830 
Polymethyl 

Methacrylate Premis 5-l 7.50 4,140 
Polystyrene Premix 13.5 I.55 10,060 
Polymethyl 

Methacrylate Preform 0.25 2V4.0 
Polystyrene Preform 0.18 I 9,420 

A hydrated portland cement treated with a water repellent based on the silane 
derivative of tallow or other fats or olefins shows certain thermal features common 

to the above. The Ca(OH)Z peak does not appear in the treated sample, probably due 

to the interaction of Ca(OH)2 and the water repeller&‘. 

Organ0 pIrosphorosiIicon polymers. - Polymers based on small quantities of an 
organo-phosphorosilicon have been reported tc increase the &en_& of concrete_ 

By an addition of 0.38% of the polymer the strengths at I, 3,7 and 28 days are in- 
creased, respectively, by 53, 48,43 and 34% of the blank concrete specimen_ In an 

effort to expIain the possible causes leading to the strength development, the individual 

cement components were treated with the admixture and the thermograms of the 

hydrated products examined after 38 h and 3 yearse2. The thermograms of the poly- 

mer-treated C,S showed increased amounts of the hydration products compared 

with C,S containing no admixture. In the &A-polymer mixtures, in addition to larger 

amounts of hydration products at any stage of hydration, there was an evidence of 

formation of very finely divided product. This was reflected in an exotherm at 430°C 

due to crystaIlization_ 

coxcLus10xs 

DTA has great potential for use as a major technique in cement chemistry, 

especially for the investigation of the role of admixtures. This technique enables a 

study of the kinetics of hydration, interconversion effects, the emergence of new 

phases and their estimation, the mechanism of hydration, etc. In many instances the 
DTA technique provides information that cannot easiiy be obtained by using other 

we&known methods. 
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