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Differential thermal analysis (DTA) has recently attained in · 
creasing importance as a research tool in cement chemistry. 
DTA is normally used in identifying various materials but could 
also be employed to follow reactions by heating the reactants 
gradually to elevated temperatures. Use of sensitive equipment 
and proper calibration facilitate quantitative estimation of mate
rials. Certain poorly crystallized compounds not easily identifi
able by x-ray diffraction give characteristic thermal peaks. 

This review presents the application of DTA to portland ce
ment . Other cements are included to illustrate the importance 
of DTA to an understanding of the chemistry of cement in general 
and also of the potentialities of the method itself. 

•THE TECHNIQUE of differential thermal analysis (DTA) is widely applied in clay min
eralogy, but only recently has it been extended to other fields. The method consists of 
measuring the heat changes associated with physical or chemical transformations occur
ring during the gradual heating of a substance. Thermal changes, such as dehydration, 
crystalline transition, lattice destruction, oxidation and decomposition, are generally 
accompanied by an appreciable rise or fall in temperature and are amenable to DTA 
investigation. The DTA technique has found application in diverse fields such as crimi
nology, pyrotechnics, catalysis, coal chemistry, polymer systems, radioactivity, soap 
and lubricating systems and will continue to be introduced to various branches of study . 

The DTA method had its origin in 1887 when Le Chatelier applied thermal analysis 
to the study of the constitution of clays (1 - 4). However, although one of the pioneers 
in the field of cement chemistry' he did not r ealize the potentialities of the method to 
the study of cements. Kalousek et al. (5) were probably first to introduce DTA in ce
ment chemistry. The usefulness of the method was realized and discussed at the Third 
International Symposium on the Chemistry of Cements held in London in 1952, and since 
then several papers have appeared dealing with the DTA of cementitious materials. The 
remarks made by R. H. Bogue (_~) at the London symposium are significant: 

Our ability to detect and measure small temperature differentials 
has been gr eat l y extended by new electronic instruments capable of 
rapid and automatic recording of minute changes in energy l evel s. 
With these instruments, differential thermal-analytical methods 
are replacing the older quenching t echniques for following phase 
relations with the assurance that energy changes t oo small or too 
rapid otherwise to be observed will be identified . 

Between 19 52 and 1960, increasing attention was paid to the application of DTA in cement 
chemistry and at the Fourth International Symposium on the Chemistry of Cement, held 
in 1960, several investigators interpreted their results through thermographic analysis. 

Paper sponsored by Committee on Basic Research Pertaining to Portland Cement and 
Concrete. 
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DESCRIPTION OF THE METHOD 

Essentially the DTA equipment consists of a furnace , a temperature regulator, a 
specimen block, thermocouples, and a temperature-recording system. Several types 
of apparatus are in use. Refinements have been suggested from time to time to give 
greater accuracy in results and to widen the scope of the method. 

The sample to be studied is placed in one of the cavities of the specimen block (Fig. 
1). In the second cavity is placed calcined alumina, a-AbOi, which does not experience 
any thermal change within the temperature range usually used in the study. Two thermo
couples, constituting the differential thermocouple, are connected as shown. In the third 
cavity of the block a separate thermocouple is embedded to measure the temperature of 
the specimen. The temperature can also be measured by connecting the thermocouple 
ends a-b from the inert material as shown in Figure lb . 

The block with the specimen to be studied and inert material, a-Ah03, is placed in 
a furnace and the temperature is raised at a uniform rate. The differential couple re
cords zero potential difference when the specimen is not undergoing any thermal change. 
During a thermal transformation, the increase or decrease in the temperature of the 
specimen, relative to that of the inert material, will depend on the exo- or endothermal 
character of the change. With the completion of the thermal change, the specimen usu
ally reattains the temperature of the inert material. In some cases, the zero line shows 
a drift after a thermal transformation and 
is attributed to the differences in thermal 
characteristics between the specimen and 
the inert material. The differential tem
perature is recorded as a function of time 
or the temperature of the specimen block. 
In the thermograms, usually the differen
tial temperature, ~T, and the block tem
perature, T, are recorded or plotted in 
such a manner that the endothermic peaks 
are shown downwards and the exothermic 
peaks, upwards with respect to the base
line , ~T = 0. The details of the DTA 
technique, theory, and varied applications 
are discussed in various sources (7 - 14). 

The discussion herein pertains mainly 
to the application of DTA in the field of 
portland cement. The inclusion of the re
lated work was necessitated to indicate its 
importance to an understanding of the 
chemistry of cement and of the potential-
ities of the method itself. 

PORTLAND CEMENT CLINKER 

Raw Materials 

Portland cement is formed by firing 
chalk, limestone , marl or marine shells 
with shale or clay or other siliceous mate
rials to a temperature of 1400 to 1500 C, 
mixing the resulting sintered clinker with 
4 to 5 percent gypsum, and grinding to a 
very fine powder of- average diameter of 
10 µ. In some cement plants gypsum is 
replaced by anhydrite or a mixture of an -
hydrite and gypsum. 

In the formation of cement clinker, the 
clay contributes Si02, A!iO:i, and, pos
sibly, iron, alkalies and alkaline earths, 
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depending on the clay mineral composition. More than 5 percent MgO in cement causes 
unsoundness of concrete. Consequently, clay minerals rich in Mg, such as attapulgite, 
sepiolite and chlorite, do not make suitable raw materials for cement manufacture. 
Kaolinite comprises mainly SiC>.! and Ak03 and, hence, is suitable as a raw material, 
especially for the manufacture of white portland cement. Illite and montmorillonite clay 
minerals normally form suitable raw materials. Schweite (15) observed that kaolinite 
is much more suitable for wet manufacturing process because it exhibits better burning 
characteristics and produces less dusting during grinding. Caution should be exercised 
in choosing a suitable lime source. If the original limestone contains MgO in the form 
of dolomite, the resultant cement will be unsound. 

The application of DTA to the examination of raw materials for cement production 
should prove useful in assessing their suitability. Figure 2 shows typical thermograms 
of some raw materials. The temperature of the peak, the endo- or exothermal char
acter, the intensity and other general characteristics are used to identify each material. 
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Nature of Cement Clinker 

Portland cement clinker contains a 
mixture of four major phases, CsS, 13-C2S, 
C3A and a ferrite phase extending in com
position from C4AF to CaAF2 (16). (Sym
bols used are defined as follows: C = 
Cao, s = SiC>.!, A = AkO:i, F = F~O:i. 
M = MgO, K = K:!O, N = Na20 and H = 
H20.) The C3S phase contains some Al 
and Mg in solid solution, whereas the C2S 
phase contains some ~O and the C3A 
phase, some Na.iO. The clinker has a 
glassy phase ranging from 2 to 20 percent, 
and frequently the greater proportion of 
C3A and ferrite exists in this phase. Ac -
cording to some workers there is essen
tially no glassy phase in the clinker. 

Le Chatelier designated the predomi
nant component of portland cement clinker 
as "alite" with a probable formula, C3S. 
Nurse and Welch (17) carried out DTA of 
pure C3S, alite ancia. cement clinker rich 
in alite. In Figure 3 are shown the DTA 
of pure c3s and alite in the range 150 to 
1500 C as obtained by them. Six endo
thermal transformations are observed in 
pure C3S. The peak at 464 C is due to 
loss of water of hydration from the sur
face of Cao grains and those at 622 and 
750 C are due to {3 ... a' and y ... a' trans
formations of C2S, respectively. The 
peak at 1465 C is attributed to r:x ' ... a 
transformation. The thermal effects at 
923 and 980 C for CsS are more specula
tive and are ascribed to either, triclinic 
~ monoclinic ~trigonal or tri
clini.c ... trigonal ... trigonal + rotation of 
anions. Synthetic alite (Cs4S10' M· A) ex
hibits two endothermic peaks at 825 and 
1427 C. The peak at 825 C is due to 
monoclinic ... trigonal tr~nsformation and 
the higher temperature endothermic peak 
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is due to transformation in C2S. A cement containing 60 percent C3S, however, indi
cated no thermal transformations that could be ascribed to C3 S. The metastable inver
sions at 923 and 980 C in pure C3S and at 850 C in alite reported by Nurse and Welch 
were confirmed by others (18, 99, 100). 

There are four polymor phic forms of C2S (y, 8, a' and a ) stable in the range 0 to 
1600 C. Only the 8 and, occasionally, the y forms are likely to occur in the cement 
clinker. Minute quantities of a' form were observed under exceptional conditions (19). 
It should also be noted that a, a', and 8 forms are not stable at room temperature in 
absence of stabilizers. DTA has successfully provided the accurate inversion tempera
tures of the four forms of C2S and has played an important role in establishing the inter
relationship of the various forms (20). The quenching technique would not prove useful 
in this investigation because neitherthe a nor the a' form is stable at room tempera
ture. Newman and Wells and Vasenin (21 , 22) studied the transformations in C2S, and 
the work carried out at the British Building Research Station has provided accurate in
version points of various forms of C2S (23). The results are presented in Figure 4. 
Curve A shows two peaks obtained by heating y-C2S. At first sight these transforma
tions could be mistaken for 'Y - f3 and 'Y .... {3 transformations. A better interpretation is 
based on the cooling curve of the same substance. Curve B shows three peaks corre
sponding to three inversions. If the cooling is stopped at about 600 C and heating re
started, curve C results instead of curve A. Curve A is reproducible if the material 
is allowed to cool to room temperature before heating is re-started. The interpreta
tion of these curves is as follows: on heating the y-C2S, the phase change is in the se
quence y .... a' .... a, the {3-form appearing only on the cooling cycle below 600 C; the {3 .... y 
inversion takes place on slow cooling or 8 .... a' .... a inversion on heating. These results 
were confirmed by de Keyser (24). 

The stabilizing influence of barium orthosilicate on C2S was studied by DTA. C2S 
treated with various amounts of the stabilizing agent indicated absence of 'Y .... a' inver
sion on addition of more than 10 percent (~). 

Systems With Cao, AhOi, SiO;i and Fe20i 

The thermal reactions in the binary, ternary and quaternary systems involving Cao, 
SiOz, Fe203, and AbOi are of great importance in the study of the chemistry of cement 
clinker. Rapid heating of these mixtures in a thermal analyser results in the appear
ance of thermal inflections caused by the formation of various products. 

Budnikov and Sologubova (26) applied DTA to the study of the reaction between kaolin 
and calcium carbonate in the production of white cement. The formation of Cao· A~O, 
was indicated by an exothermal peak above 1000 C. The mortars cured for 28 days ex
hibited an endothermic effect at 320 to 340 C which was attributed to dehydration of 
2CaO·AkOi'7H20. The formation of tricalcium silicate by the interaction of calcium 
carbonate and silica has been studied by DTA (27). De Keyser has done extensive work 
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on various oxide systems. He heated a mixture of SiOz-CaO-A:IzOa and also a CaO
kaolin mixture between 1000 and 1400 C and studied the reaction by DTA (28). Between 
1200 and 1300 C, the reaction was controlled by the diffusion of oxides. fuCaO-kaolin, 
gehlenite (C2AS) was found to form between 900 and 1000 C, contrary to the results of 
Budnikov and Sologubova (26). At higher temperatures CA conver ted to C5A:i . A mix
ture of Ca(OH)a and SiOz , when heated rapidly in a thermal analyser, exhibited several 
inflections in the thermograms. Samples were withdrawn at various temperatures cor
responding to thermal inflections and examined by x-ray diffraction. Three endothermic 
peaks at 148, 490 and 555 C and three exothermic peaks at 800, 846 and 970 C were ob
served. The x-ray results showed at about 480 C the presence of y-C2S which converted 
to {3-C2S at 960 C. 

Further work by de Keyser (29) on the system 2 Cao, Fe20:i , 6Ca0 + AkO:i + 2 Fe20:i, 
4 CaO + AkO:i + FeaO:i and 6 Cao + 2 Al:iO:i + Fe20:i in the range 500 to 1300 C indicated 
that all these mixtures form 2 Cao· Fe20s from 800 C and CaO · Fe20s at higher tempera
tures. At still higher temperatures, Cao· FeaOa reacted, with Cao to form 2 Cao· Fe203 
with the maximum rate of formation at 1200 C. For mixtures containing Al20s, 3 AkOs ' 
5 Cao was the product between 1000 to 1250 C. 

A systematic work has been carried out by Barta and co-workers (101-104) to follow 
the reaction when different mixtures of Cao, AkOa, SiOz and Fe20s aregradually heated 
in the DTA furnace. DTA gives valuable information on the temperature of transforma
tions, though the values may be different from those obtained from equilibrium studies . 
Some of the results obtained are shown in Figures 5 to 8. 

Figure 5 shows the DTA behavior of · 
3 Cao + Si().a and also the effect of addi
tions of AhOs and mixtures of AlaOs + 
Fe2 0s on the temperature of formation of 
C38. The exothermic peak at 1150 C in
dicates the formation of C3S. The peak 
temperature decreases to 1380, 1350 and 
1320 C with additions of 5 percent Al:!Os, 
2 percent AkOa + 2 percent Fe20s and 5 
percent AlaOs + 5 percent FeaOs, respec
tively. 
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In Figure 6, the DTA curves of different proportions of Cao in AkOs are shown. 
The exothermic effect at 950 to 1000 C is attributed to a simultaneous formation of CA 
and C12A7 • The dip at 1170 C represents the change of y-Al20s to a form and the other 
at 1200 C corresponds to the beginning of formation of C3A. The endothermic peak at 
1300 C indicates melting in the system. Other endothermic effects at higher tempera
tures are not discussed. 

Reactions of different mixes of Cao and Fe203 are represented by thermograms in 
Figure 7. The exothermic maximum at 950 C is due to formation of CF and is indepen
dent of the relative proportions of Cao and Fe20s. Melting effect is shown by an endo
thermic effect at 1150 C and is lower than the eutectic temperature of 1200 C in the 
phase diagram. The compound C2F is formed subsequently, the minimum at 1300 C 
corresponding to an incongruent melting of the mixture. 

The reactions in the ternary mixture containing CaO, Fe20.i and Al203 are shown in 
Figure 8. An exothermic effect occurs at about 980 C owing to the formation of C-iA.F. 
At lower contents of A~<>:,, C2F is also formed, indicated by an endothermic dip at 
about 1160 C. 

The effect of various mineralizers, present in the mass or in the oven atmosphere, 
on the reaction products in cement manufacture has also been studied by DTA by Barta 
and co-workers. 

HYDRATION REACTIONS 

Hydration of Individual Phases in Cement Clinker 

A study of the hydration of the individual components of the clinker compounds pro
vides a better understanding of the complex reactions taking place in the cement. C3S 
reacts quickly with water, producing Ca(OHk and an ill-crystallized compound ·with 
C/S ratio of 1. 5 to 1. 8. The compound is nearly related to natural tobermorite, C5SsH5 , 

and is designated tobermorite gel. 
Midgley studied the hydration product obtained by curing CsS in water for 2 yr in the 

paste form (30). Thermograms indicated the presence of Ca(OH}:i, CaCO:i and calcium 
silicate hydrate with the formula 1. 77 Cao· SiQi · 3 H20 (CaO/SiO,i = 1. 77) representing 
a poorly crystalline tobermorite, CSH(II). The gel gave a characteristic endothermic 
peak at about 120 C. Gaze and Robertson (31) studied by DTA the calcium silicate hy
drate in commercial products. The exothermic reaction between 800 and 850 C was 
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attributed to the transformation of CSH(I) to ~-wollastonite. An endothermic peak at 
760 C represented the presence of CaCO:i. Van Bemst (32) also studied the DTA of 
hydrates obtained by hydration of di- and tricalcium silicates. ~-C2S reacts at a slower 
rate and forms compounds similar to those resulting from C3S. C3A reacts very rapidly 
to form CsAHe, but its formation in cement is much debated. The DTA results of 
Kalousek et al (5) did not indicate the presence of C3AHe in most of the cement pastes. 

The DTA of C3A after treatment with water shows a prominent bulge at 315 to 330C 
(5, 105). Young (33 ) and J ones (64) , however, found two endothermic effects corre
sponding to the stepwise dehydration of CJAHe. Gohle r t (106) r eported thr ee peaks for 
C3A pastes after 3 and 28 days of hydration. Budnikov et a l. (107) and Sauman (108) 
also obtained three peaks. Govorov (109), however, reported four peaks. The differ
ences in behavior of the hydrated C3A reported by different workers could be attributed 
to the degree of purity of the sample, the temperature and quantity of water used, and 
the period of hydration. The sensitivity of the DTA apparatus is another factor which 
mighl have l:auseu lhe nonregistration of minute effects. 

The hydration reactions in the ferrite phase, C4AF, proceed at a slower rate, con
trary to earlier belief, and are much more complicated. Jones (34) has suggested that 
the ferrite phase forms a solid solution of C4A(aq)-C4F(aq) as a first step in the trans
formation to CsA(aq)-CsF(aq) solid solution. 

Kalousek and Adams (35) followed the hydration of Cot.AF by DTA. Thermal curves 
for hydrates of C4AF withand without addition of gypsum are shown in Figure 9. The 
7-day samples without gypsum showed the presence of the hydrogarnets and a small 
amount of hexagonal plates of C4A· 13 H20. With increasing age, hydrogarnets decreased 
and C4A-13 H20 or a related phase increased, with a peak temperature at about 250 C. 
Hydrogarnets were represented by an endothermic effect at 300 to 400 C. 

In cements, c~A reacts with the retarder, gypsum, to form sulfoaluminates of com
positions, C3A· 3 CaS04 · 32 H20 or 3 C3A· CaS04· l2 H20. It is not established which_ forms 
firs t in cement. In cements the formation of analogous sulfofer r ites is also reported . 

Hydration of Cement 

OTA is considered one of the most powerful tools in the investigation of the hydration 
of cement pastes. Thermograms have yielded useful results on the cement hydrated for 
various lengths of time unde1· diffe rent conditions (5, 30, 36, 37 38, 39). Typical tber
mograms of portland cem ent hydra ted for various periods as obtained by Greene (36) 
are shown in Figure 10 . The unhydrated cement exhibits two endothermic peaks atl 40 
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minutes after hydration, an endothermic peak appears at 130 C due to the formation of 
high-sulfate calcium sulfoaluminate, 3 Cao· AI.aO:i· 3 CaS04· 31 H20. The decrease in 
gypsum content is evident from the reduction of the gypsum peaks. An hour after hy
dration, the intensities of the gypsum peaks decrease further and the peak due to sulfo
aluminate becomes more pronounced. At 4 hr, an additional endothermic peak above 
500 C is observed. The peak below 500 C is believed to be due to chemisorbed water 
on the surface of free lime particles, and that above 500 C to the more coarsely crys -
talline Ca(OHh formed by crystallization through solution. After 24 hr of hydration, 
the double peak due to gypsum disappears and a small endothermic shoulder appears 
on the low temperature flank of the sulfoaluminate peak due to calcium silicate hydrate. 
After 7 days this endothermic peak increases. The appearance of a small endothermic 
peak at 200 C maybe due to either the low-sulfate calcium sulfoaluminate, 3 CaO· AkD.i· 
CaS04· 12 H2 0, or to a solid solution of this compound with tetracalcium aluminate hy-
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drate, 4 CaO· Ab~· 13 H20. The other important feature of the 24-hr and 7-day curves 
is the gradual loss of water in the range 200 to 500 C and increase in Ca(OH}2 and 
CaCOi contents. 

The thermal effects below 200 C in hydrated cements are of great interest in the in
terpretation of various reactions. Midgley (30) has discussed the endothermic peak 
effects obtained in a 14-day and 1-yr set cement. The three endothermic effects occur
ring very close to one another could be identified by comparing the standard thermo
grams of purer systems, such as Ca(OH)2, free water, tobermorite gel CSH(Il), ettring
ite and low sulfoaluminate (Fig. 11). The 14-day hydrated compound gives three peaks 
at 114, 127 and 147 C due to free water, CSR gel and ettringite, respectively. The set 
cement after 1 yr shows two endothermic peaks below 200 C and a peak above 200 C. 
The peak above 200 C corresponds to one of the peaks of the low sulfoaluminate. A 
quantitative estimation of tobermorite, ettringite and Ca(OHh contents was attempted 
by Midgley by calibrating the peak area with different amounts of the purer substances. 
The estimation of Ca(OH)2 content is relatively accurate. The figures given for tober
morite and ettringite are open to question, however, because there is no way of sepa
rating the individual peaks from the triple peak effect in the range 100 to 200 C. 

There is some controversy regarding the type of sulfoaluminate that forms initially 
in cements, although it is widely held that the high sulfoaluminate forms first. Figure 
12 obtained by Greene gives the DTA curves of cement clinker hydrated for various 
periods of time without the addition of gypsum. At 5 min, the curve shows a peak at 
200 C due to either 4Ca0· AhOi· 13 H20 or a related solid solution. The curve does not 
exhibit a low-temperature endothermic peak at 130 C, indicating tha.t pure clinker com
pounds by themselves are not responsible for the peak. Addition of 2 percent gypsum 
produces a fairly large amount of high-sulfate form and prevents the formation of 
4CaO· AhOi· 13 H20, indicated by the absence of a 200 C peak. The results do not seem 
to be conclusive and much more systematic work is needed to establish the products in 
the initial stages of hydration. For example, the endothermic peak at 200 C for sample 
containing 1 percent gypsum may be partly due to the presence of low-sulfoaluminate 
form which may convert to high form at higher gypsum concentrations. The low sulfo
aluminate is reported to be the preferred product in presence of Ca(OH)2 and CaSQ4 
(40). The DTA work of Greene, in which the cement was hydrated for 2 min in distilled 
water as well as in saturated Ca(OH)2-CaS04 solutions, showed only the endothermic 
peak corresponding to high-sulfoaluminate form in distilled water and the absence of 
any sulfoaluminate in Ca(OH)2-CaS04. Turriziani and Schippa (41, 42) believed that 
DTA can be used to estimate semiquantitatively the sulfoaluminate phases in cement. 

In the DTA of hydrated cement, a single peak at about 130 C is attributed to the high 
form of caicium sulfoaluminate hydrate, whereas the peak at about 200 C is attributed 
to the low-sulfate form. The DTA of purer sulfoaluminate, however, shows three 
peaks. The thermograms of the high- and low-sulfate forms obtained by Nemecek and 
Barta (110) are shown in Figure 13. The higher form containing 31 molecules of H20 
loses 21 molecules (zeolitically held) at 180 C, 3 molecules at 280 C, and the rest at 
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Figure 12 shows no indication of formation of the hexahydrate of C3A in cement hy
drated without gypsum. Kalousek et al. (5), however, reported the evidence of forma
tion of C3AHa in some clinkers by an endothermic effect at about 315 to 330 C . The 
other clinkers treated with gypsum did not exhibit the endothermic peak at 315 to 330 C. 
Only small amounts of 804 ions were required to suppress the formation of the hexa
hydrate. 

Kalousek et al. believe that a solid solution is formed between 3 Cao· AkOs ' 3 CaS04 
(aq) and 3 Cao· AkOs' 3 Ca(OH)2 (aq) and also between the low sulfoaluminate 3 Cao· 
AkOi' CaS04 (aq) and 3 CaO· Al20s· Ca(OH)2 (aq). Midgley and Rosaman (43) carried out 
DTA of three cements and found the first phase was pure calcium sulfoaluminate, with 
the solid solution containing calcium hydroxy aluminate hydrate after longer periods. 
Thermograms of the likely complexes of C3A and CsF are shown in Figure 14. 

The role of ferrite phases in cement has been a subject of much controversy and is 
much more obscure. Malquori and Cirilli (44) and Schippa (45) presented evidence to 
show that calcium sulfoferrites analogous toh igh sulfate andTow sulfate are formed. 
Watanabe and Iwai (46), by using x-ray and DTA, observed no compound corresponding 
to the composition 3Ca0· Fe20s· 3 CaS04· 31 H20 in the hydration of C2F-CaS04. Budnikov 
and Gorshkov (47) discussed the relative stabilities of calcium hydro sulfoaluminate and 
calcium hydro sulfoferrite by DTA. Kalousek et al. (5, 35) carried out DTA to ascer
tain whether C~F produced hydrogarnet or a related hexagonal crystalline compound. 
The 7-day sample without gypsum (Fig. 9) shows an endothermic peak at about 350 C, 
indicating the presence of hydrogarnet, and one at 220 C , indicating the presence of a 
small amount of 4 Cao· AkOs· 13 H20. At longer periods of hydration, hydrogarnet de
creases and C~1s or a related phase increases. The reaction is modified by gypsum. 
The 7-day sample after treatment with gypsum is essentially the sulfoaluminate and 
sulfoferrite of calcium. At 90 days, the product has a maximum of solid solution of 
CsA· AkOs· CaS04· 12 H20-3 Cao· AkOs · Ca(OH)2· 12 H20 and, presumably, 3 Cao· Fe20s· 
CaS04 · 12 H20-3 Cao· Fe20s · Ca(OH)2 · 12 H20. In presence of gypsum, the hydration of 
4Cao· AkOs' Fe203 proceeds rapidly without the formation of hydrogarnets. Attempts 
were made to follow the effect of Ca(OH)2 and gypsum on the hydration of C2F + C~F. 
Several endothermic effects were observed, and the interpretation of the effects was 
incomplete (5). 

The effect of humid air on the products 
obtained during the storage of cements 
has been followed by DTA (48). Water 
combines first with CaS04 and then with 
Cao and calcium silicate. The exother-
mic peak at 600 to 700 C found in the C3F. 3Ca 504 aq 
thermograms of cements was traced to 
the presence of sulfides. 

Systems Containing Cao, SiD.i, AkOs , 
FezD.i1 E tc. ' in H20 

Studies on systems containing CaO, 
Si(}.i, AkOs, F~Os , alkalies and CaS04in 
H20 are of great importance in the chem
istry and morphology of hydrous calcium
complex compounds. Kalousek (49-53) 
did extensive work on the Ca0-Si0,i-H20 
system. The systems containing CaO
Sio.i-H20 and Ca0-Ak0s-H20 were studied 
at room temperature by Kalousek et al. 
(5) and Jambor (54). The lime-silicagels 
show irregular exothermal bulges starting 
from 3 50 to 400 C and extending up to 
500 C and an exothermic bulge at 800 to 
890 C. Substitution of Ak~ for silica 
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Figure 14. Thermograms of C3 A and C3 A
complexes. 
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gels shows, at 7, 14, and 28 days of aging, an endothermic bulge at 200 to 210 C and 
470 C. The bulge at 200 to 210 C indicates the presence of 3 Cao· AbO:i· Ca(OH):i· 
12H20. Newman (55) examined 15 mixtures containing Ca(OH)2-SiO:i-H20 in different 
molar ratios by DTA. Samples with different Ca(OH):i/SiO:i ratios and storage times 
and temperatures show characteristic thermal behavior. Some samples showed the 
presence of Cs~H2. The behaviors of hydrous calcium silicates formed in the system 
CaO-SiO:i-H20 with various C/ S ratios were studied by DTA (56, 57), x-ray and elec
tron microscopy. Tobermorite exhibited an endothermic effect af260 C. The phase 
with C/ S of 0. 8 to 1. 33 showed exothermic peaks at 830 and 900 C, and those with C/ S 
of 1. 5 to 2. 0 exhibited peaks at variable temperatures. The DTA in conjunction with 
x-ray could be applied to differentiate 0. 8 to 1. 33 and 1. 5 to 2. O C/ S hydrates. 

The reactions in the system Ca(OH)2-quartz (or silica) between 125 and 175 C in the 
molar composition range , 0. 8 CaO/SiO:i to 1. 25 CaO/ SiO:i, were studied by DTA (58). 
X-rays failed to differentiate between different compositions, whereas thermograms 
exhibited characteristic peaks. Figure 15 represents the DTA of products made with 
CaO-SiO:i with 0. 8 C/ S (S = quartz) and autoclaved at 175 C for different periods (58). 
The 1-hr product shows the presence of Ca(OHh by an endothermic effect between5 00 
and 600 C. At 1. 5 hr, about two-thirds of Ca(OH)2 is consumed to form poorly crys
tallized ex-type hydrate. At 3. 5 hr, there is almost complete absence of Ca(OHh with 
an appearance of ex-hydrate of 1. 75 C/S. At longer periods reaction occurs between 
the lime-rich phase and the residual quartz. The formula for the 1. 75 C/S product is 
C7S4Hn. The various steps in the reaction could be given as follows on the basis of 
thermograms: 

7C + 4S + aq ... C1S1Hn 

CsS4Hn + S ... 5 CSHn 

4 CSHn + S ... C4SsHn 

C4SsHn converts to tobermorite, indicated by the 8-hr curve. Products of Ca(OH)2-
silicic acid mixture also followed a similar sequence, but the reaction was compara
tively faster. 

Midgley and Chopra (59) studied the lime-rich part in the system CaO-SiO:i-H20. 
Thermograms were obtained for mixes containing CaO/SiO:i = 2:1 and autoclaved at 
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autoclaving o.8 C/S mixture at 175 C. 

150 C. The mixture autoclaved for 30 
days indicated a thermal peak at 460 C 
for the presence of ex-C2S hydrate. After 
14 days of autoclaving at 180 C, DTA 
again showed the presence of ex-C2S hy
drate. At 90 days, the presence of ex-
and {3-C2S hydrate was indicated. The 
peak at about 500 C was attributed to ex
hydrate and that at 550 C to the {3-hydrate. 
The mixture with CaO/SiO:i ratio of 1 
formed crystallized tobermorite. In 
another series of experiments, the auto
claved product of CSH(I) and lime re
sulted in an initial formation of Flint's 
CSH(A) and C2S-ex hydrate. With the 
starting material as {3-C2S, the product 
was C2S-y hydrate. {3-C2S and lime gave 
C2S ex-hydrate. With CsS as the starting 
material, the product was C3S· 17'2 H20. 
The representative thermograms of vari
ous hydrates formed in an autoclaved
treated system are given in Figure 16. 
Bozhcnov ct aL (60) studied by DT ... l\ the 
hydrothermal reactions at 8. 25 and 100 



atm by adding various quantities of CaO 
and SiOa to {3-C2S. Lime-sand autoclaved 
products showed many endothermic ef
fects. The effect in the range 120 to 400 
C was due to dehydration of zeolitic water 
from the gel structural component, at 
450 C it was due to Mg(OH)z decomposi
tion, at 573 C to the ex .... f3 conversion in 
quartz, at 680 to 750 C it corresponded 
to the dehydration of crystalline calcium 
hydrosilicate. Recrystallization of dehy
drated silicates was manifested by a 
sharp exothermic reaction in the range 
800 to 850 C. Further information on 
CaO-SiOa-H20 under hydrothermal condi-
tions has been published recently (61). 
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Figure l6. Differential thermograms of 
various calcium silicate hydrates. 

The DTA of products formed by hydrothermal interaction of lime, with or without 
addition of cement, with siliceous aggregates such as silica, pumice, expanded shale 
or slag showed certain characteristic properties of the products (51, 62). Autoclaved 
products with cement-lime and silica (or quartz) consist of a series ofiiydrates having 
a composition from about 0. 9 to 1. 3 C/S. The mixes different in silica fines formed 
a poorly crystalline lime-rich phase. With pumice, cement-lime formed hydrates 
structurally similar to those made from quartz but with C/ S ratio higher than 1. 3. 
DTA successfully differentiated between phases of different compositions. The DTA 
was applied by Midgley and Chopra (63) to identify the compounds formed by hydro
thermal reaction of lime with aggregates such as fuel ash, expanded colliery shale, 
ground quartz, granulated and foamed blast furnace slag. Tobermorite and a hydro
garnet were formed with pulverized fuel ash or shale as aggregates, tobermorite and 
zonotlite with quartz, poorly crystalline tobermorite, dicalcium silicate ex-hydrate and 
a hydrogarnet with slag. 

Attempts have been made to study the DTA of quaternary system, CaO-AkO:i-CaSQ4-
H20 (41). DTA shows the presence of new phases, c~· 13 H20 and CsA- CaS04· l2 H20. 
Majumdar and Roy (64) used DTA to study the system CaO-AlzO:i-H20 between 100 and 
1000 C under water pressures up to 3000 atm. DTA showed only endothermic peaks 
for the presence of Ca(OH)z, CaAHa and C~aHa. 

Autoclaved Portland Cement Products 

Setting and hardening of concrete products can be accelerated by curing them in 
steam at 180 C and at a pressure of 100 to 200 psi. In this type of curing, the cement 
is mixed with about 60 percent of its weight 
with fine quartz or other reactive silica 
and aggregate. Crystalline tobermorite 
is the main product formed by autoclave 
treatment. In absence of reactive silica, 
ex-C2S is the product responsible for low 
strengths. No free Ca(OH)z is detected. 
The· reaction of CsA and the ferrite phase 
is not well known. 

Kalousek and Adams (35) carried out a 
systematic investigation of the cement
silica (finely ground quartz) mixtures by 
autoclaving at 17 5 C. The DTA of the 
products containing SiD.i up to 60 percent 
is given in Figure 17. The peak due to 
decomposition of Ca(OH)2 at 560 C is ob
served only in the products containing 
less than 9 percent Si().i. The absence of 
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Figure l7. Thermal analysis of cement-sil
ica mixtures processed at l75 C for 24 hr. 
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Ca(OH)2 decomposition peak is due to the reaction between Si().i and Ca(OHh. The endo
thermic effect at 470 to 480 C was identified as plate-like dicalcium silicate hydrate 
and was present in larger amounts up to 9 percent Si().i, after which it decreased pro
gressively. Menzel (65) had reported earlier that 8 to 10 percent Si02 product corre
sponded to minimum strength and at this composition, a maximum amount of plate-like 
dicalcium hydrate was observed. At higher SiG.i concentrations, an exothermic peak 
appears at 840 C, with a maximum inflection at a composition of 40 to 45 percent SiG.i; 
this also corresponds to greatest strength. Hence, the high strength was ascribed to 
the phase responsible for the exothermic peak and was designated monocalcium hydrate. 
Subsequent studies showed that high strengths in the autoclaved products were due to 
the presence of tobermorite. The formation of a-C2S always resulted in articles of 
poor strength. Bozhenov et al. (60, 66) presented results of DTA on autoclaved cement 
pastes obtained at 8 to 100 atm. Thermograms of products formed from C2S in admix
ture with CaO and Si().i were examined. Evidence was found for an interaction between 
{3-C2S and SiG.i with the formation of basic calcium hydrosilicates (67). DTA was ap
plied by Kalousek (51) to examine the autoclaved products obtained with different raw 
materials made of lime-cement and aggregates such as silica, pumice, expanded shale 
or expanded slag. The salient results obtained by him have already been discussed. 

EFFECT OF EXTRANEOUS COMPOUNDS ON CEMENT HYDRATION 

Reactions of CaCOi and CO.,, With Cement 

The possibility of formation of complex compounds such as carboaluminates in cements 
in presence of CO;i, CaCOi or alkali carbonates has received some attention in recent 
yea.rs. Bessey (68) prepared the high- and low-carhonate forms, 3 Cao· AhOi· CaC03 • 

xH20 and 3 Cao· AkO:i· 3 CaCQi· xH20. Turriziani and Schippa (69) identified the low
carbonate form in alumina cement pastes cured for 2 yr. Carlson and Berman (70) 
obtained a product of the probable formula, 3 Cao· AkOi' CaCQi· 11 H20, in mixtures of 
CaO-AkOi-H20 exposed to CG.i. Greene (36) found a difference in the thermograms of 
cement hydrated with water and that hydrated with 2 percent Na2CO:i for 24 hr. The 
difference was attributed to the formation of carboaluminate. These thermograms for 
carboaluminates are shown in Figure 18 for comparison. Although these may repre
sent the carboaluminates, it is rather difficult to believe they are identical. No attempt 
has been made by any of these workers to discuss various peaks, and much more sys
tematic work seems to be needed to establish definitely .the thermal behavior of carbo
aluminates . 

Manabe et al. (71) carried out TGA of the system C3A-CaCOi-H20 and reported the 
formation of 3 Ca0"'7'A.i;iO:i· CaCOi· 10. 6 H20. The carboaluminate was formed after 3 
days in a mixture of cement and CaCOi. 

Cole and Kroone (72) carried out DTA to investigate how CO;i reacted with portland 
cement mortar and calcium silicate hydrate. Contrary to earlier views that only cal
cite is formed, poorly crystallized vaterite and aragonite in addition to some calcite 
were found. 

The possibility of the occurrence of calcium silicoaluminates analogous to sulfoalu
minates has been reported by Flint and Wells (73). The compound 3CaO·AkOi· 
3 CaSiOi· 30-32 H20 reported by Flint was re-examined by DTA by Carlson and Berman 
(70) . The compound which had been exposed to CO:i indicated an endothermic effect for 
the expulsion of water at the same temperature found for 3 Cao· AkOi· 3 CaCOi· 32 H20. 
The endothermal peak found at 815 C was due to CO.i evolution. The exothermic effect 
at 850 C was due to lime-silica reaction. The significance of other irregularities in 
the thermal curves was not discussed. The conclusion, however, was that the silico
aluminate in presence of CO;i forms a mixture of aluminate silicate and carboaluminate. 

Work on the effect of various amounts of CaCO:i on the hydration of C3A has been 
carried out at the Division of Building Research by the authors (results unpublished). 
The results of dimensional changes in the compacts formed from C3A and C3A-CaCOi 
and hydrated in water were correlated with those obtained by DTA. Thermograms 
showed that hydrated C3A exhibits an intense endothermal effect with a peak at 310 C 
and additions of CaCOi suppress this peak. A carboaluminate complex formed on the 
surface of the C3A grains also appeared to inhibit further hydration. 
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Figure l8 . DTA of carboaluminates: (a) Carlson and Berman; (b) Turriziani and Schippa; 
and (c) Greene. 

Surface Active Agents 

Addition of small quantities of salts of lignosulfonic acid to concrete lowers the water 
requirement and retards the setting of the concrete mix. DTA was applied by Young 
(33) to study the role of lignosulfonate on the hydration behavior of CaA alone and in 
presence of gypsum and lime. No attempts were made to explain some of the thermal 
peaks. It was concluded that in pastes of CaA, lignosulfonates favor the formation of 
C2AH8 and C~13 and modify their crystal habit. In presence of gypsum and lime, for
mation of low sulfoaluminate form is favored. In Figure 19 are represented the DTA 
of the typical mixtures obtained by Young. The C3A hydrated product shows two endo
thermic peaks; the one at 300 to 400 C was also reported by others as being due to 
CJAHe. In presence of lignosulfonate, three endothermic peaks are obtained below 400 
C and are attributed to a mixture of C~13 and C2AHe. The exothermic peak at 520 C 
was not satisfactorily explained. CaA paste with gypsum and lime shows endothermal 
effects at 100, 210, 320, 520 and 820 C. These are due to low-sulfoaluminate form, 
C2AHe and C~H13. The same mixture in presence of lignosulfonate gave less intense 
endothermal effects due to retardation of the hydration reaction. 

False Set 

Some cements exhibit the phenomenon of "false set" or premature stiffening. Vari
ous theories of false set have been reviewed by Blanks and Gilliland (74). According 
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Figure 19. DTA of C3 A hydrated in presence 
of l ignosulfonate and gypsum and lime. 

to general views, false set is due to de
hydrated gypsum in the form of hemi
hydrate or soluble anhydrite or both, 
rapidly precipitating as gypsum without 
the evolution of much heat. 

Takemoto et al. (75) studied by DTA 
the extent to which gypsum had dehydrated 
during grinding of a mixture of clinker 
and gypsum in an experimental mill. The 
DTA curves showed that the hemihydrate 
was formed at 85 C when ground for 40 
min. The soluble anhydrite was formed 
at 130 C when the grinding time was 80 
min. Gilliland (76) studied the DTA be
haviors of gypsum, hemihydrate, insol
uble anhydrite, and a cement as received 
and when heated to 300 C. Gypsum showed 
two endothermic peaks at 190 and 210 C 
due to loss of 1% molecules and% mole
cule of water, respectively. The exo
thermic peak at 3 80 C initiated the con -
version of soluble to insoluble anhydrite. 
The hemihydrate exhibited an intense 
endothermic peak above 200 C owing to 

Lhe luss uI % molecule of water. No thermal effect was observed for CaS04 (insoluble). 
A commercially ground cement showed two peaks at 140 and 160 C; that the latter was 
larger was attributed to the formation of hemihydrate from the gypsum present in the 
cement. The soluble anhydrite was formed by heating the cement at 300 C and then 
cooling. Soluble anhydrite partially converted to hemihydrate on exposure to air, show
ing a peak at 130 to 135 C. Fischer (111) evaluated quantitatively the degree of dehy
dration of gypsum in cement by DTA. --

OTHER CEMENTS 

Alumina Cement 

The special type of cement known as "aluminous cement, " characterized by a high 
early strength is formed by firing limestone or chalk with bauxite to a temperature of 
1550 to 1600 C. 

Alumina cement contains compounds such as unstabie CsA3, CA and C2AS. CA, the 
most important constituent, reacts with water at room temperature to form CAH10, the 
principal cementing agent. Under hot humid conditions, CAH1o transforms to C3AHe 
with a loss in strength. Pole and Moore (77) and Schneider (112) obtained DTA of alu
mina cement paste. The endothermic effect between 250 and 350 C showed the pres
ence of C3AHa. An exothermic peak extending over a wide range of 400 to 1000 C was 
perhaps due to the burning of carbon present in the cement slag. Nagai and Harada 
(78, 79) studied three alumina cements, CA and C3As by DTA. Rey (38) showed by DTA 
that the aluminous cement hydrated for 7 days exhibits peaks corresponding to tetracal
cium aluminate hydrate and at 13 days to dicalcium aluminate hydrate. The various 
inflections in the thermograms were not accounted for. 

Pozzolanas and Pozzolanic Cements 

Pozzolanas are materials which combine with lime at ordinary temperatures in pres
ence of water to form stable insoluble compounds possessing cementing properties. 
Pozzolanic cements are obtained by grinding together portland cement clinker and poz
zolana or mixing together a hydrated lime and a pozzolana (80). There is every reason 
to believe that pozzolanic materials form cementitious compounds similar to those ob
tained by the hydration of portland cement clinker. 
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Turriziani (81, 82) has applied the DTA technique extensively to a study of the chem
istry of the pozzolanic activity, He reported that a pozzolana treated with saturated 
lime solution gave a low temperature endothermic peak at 140 C, indicating the pres
ence of Taylor's silicate, CSH(I). The second effect at 200 C was ascribed to the pres
ence of C-tAH13. Continued work (83) on the products with different proportions of 
Ca(OH)2 and pozzolana and on mortars confirmed the presence of calcium silicate of 
tobermorite type. In mortars, DTA showed the presence of C4AH13. The reaction at 
45 C gave the product with a peak corresponding to C3AH6 (cubic). This agrees with 
results obtained by Malquori and Cirilli (84). The formation of small amounts of 
C2SAHx was also considered. The determination of free Ca(OHh in pozzolanic cements 
by DTA showed that after long curing the quantity is much smaller than that ordinarily 
formed in portland cement pastes (85). The products of portland cement-pozzolanas 
examined up to a period of 1 yr showed the presence of tobermorite type of calcium 
silicate hydrate, tetracalcium aluminate hydrate, high-sulfate sulfoaluminate and low 
Ca(OHh content. A mixture of pozzolana, hydrated lime and gypsum in water shows 
an endothermal peak corresponding to the formation of 3 CaO· AbO:i· CaSQ4· 32 H20 and 
under certain conditions, 3 Cao· AkO:i· CaS04· 12 H20 (86, 87). Rey (38) also presented 
a typical curve for Ca(OH)2-pozzolana mixture. Surovkin and KryloVl88) studied the 
interaction of lime and calcined clay. DTA showed exothermic peaks at310 and 890 C 
and an endothermic peak at 540 C for the reaction between calcined clay and Ca(OH)2. 
Benton (113) carried out a systematic investigation of the lime-pozzolan and cement
pozzolan reactions by DTA and x-ray. The pozzolans used for the study included pum
icite, diatomite, kaolinite, bentonite, illite, gibbsite, quartz and fly ash. The DTA of 
all lime-pozzolan mixtures except quartz showed endothermic peaks at about 200 C for 
the presence of C4AH13. All mixtures exhibited endothermic peaks between 500 and 
600 C, corresponding to Ca(OHh decomposition, and the intensity of the peak was used 
to determine the reactivity of the pozzolans in lime-pozzolan and pozzolan-cement mix
tures. In cement-pozzolan mixtures, high-temperature exothermic peaks increased in 
intensity for more active cements; this was correlated with dehydration of products into 
such minerals as wollastonite, {3-C2S and melilite. A much more systematic work 
should be undertaken to study the interaction between clay minerals fired to different 
temperatures and treated with limes of varying reactivity. 

Slag Cements 

Slag cements are obtained by grinding granulated blast furnace slag (by quenching 
the slag issuing from the blast furnace at 1400 to 1500 C) with activators such as port
land cement clinker or hydrated lime and a mixture of one or other of these with gyp
sum or anhydrite. 

The chemistry of slag cements is less clear than that of portland cement. Lommatzsch 
(89) tried to obtain an understanding of binding and setting processes of granulated blast 
furnace slags under sulfate activation. The thermal changes in the range 800 to 900 C 
were thought to be due to modifications and formations typical of the hydraulic basic 
slags. The formation of glass in the slag was studied by Kondo (90). Williams and 
Chopra (91) found that Indian slags containing 25 percent CaSQ4 and 5 percent cement 
clinker formed a good-quality supersulfated cement. The DTA of this mix indicated 
the presence of ettringite at curing periods extending from 3 to 90 days. The intensity 
of the endothermic effect at 160 C gave an indication of the amount of ettringite formed. 
DTA has been applied by some workers to characterize the blast furnace slags (92, 93). 
Mchedlov-Petrosyan et al. (94) recently found that DTA is a rapid test method for the 
detection of glass in slags. -

The mechanism of activation of slags was studied by Samaddar and Lahiri (114). 
Synthetic slags with a constant SiW Ab03 ratio and varying Cao contents were prepared 
with lime-gypsum mixture. DTA results showed the presence of C-tAH13 as an initial 
product on the surface. During hydration the hydrate liberates lime which reacts fur
ther with mass of the slag. 
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CONCLUSIONS 

The introduction of DTA technique into the field of cement chemistry is only recent 
and it is certain that the method would play a role especially in the investigation of 
materials not easily discernible by x-ray diffraction. 

The thermographic characteristics of similar materials reported by different worker5 
vary considerably. Hence, factors such as heating rate, particle size, weight of the 
sample, furnace atmosphere, type of the specimen block, purity of the material (where 
possible), and method of drying must be specified. 

The low-temperature endothermic peaks in cements provide a basis for the identifi
cation of the starting material. The method of drying is very critical in hydrating ce -
ments and, without proper precautions, may interfere with the low-temperature effects. 

The identification of any material in cement in terms of peak temperatures presents 
difficulties because of the shift in the peak temperature caused by the presence of other 
materials. It would be helpful to calibrate the peak temperatures by running a DTA of 
mixtures of known amount of materials present or formed during a treatment. 

For substances exhibiting small energy changes over a wide temperature range, the 
rate of heating should not be high so as to outstrip the rate of attainment of equilibrium. 
Spurious results, such as the development of two depressions in place of one, are not 
uncommon. 

DTA, as any other technique, has certain limitations and the results should be inter
preted cautiously and preferably in conjunction with other techniques. DTA could ad
vantageously be used for quantitative work. Many attempts have been made to increase 
the sensitivity of the method so that it could be used as a quantitative tool (95-98, 115-
120). -- -
- Another field of study in which DTA offers promise is in the investigation of the na
ture of water alone and in presence of salts in porous systems at fairly low temperatures. 

The progress in the DTA of cement chemistry may be compared to the parrallel de
velopment in its application in clay mineralogy. It is reasonable to expect that the ap
plication of this technique in cement chemistry will greatly increase. In the field of 
clay mineralogy, with the introduction of DTA, there was a tendency among clay workers 
to apply the method rather indiscriminately without regard to precautions and limita
tions. Consequently, thermograms reported for a particular mineral by one laboratory 
differed greatly from that reported by the other. It was in this context that an Inter
national Geological Congress was held in London in 1948 to recommend certain speci
fications for the standardization of the technique. It is perhaps pertinent to indicate in 
this connection that DTA will probably continue to enjoy popularity in cement chemistry 
and it is advisable at this stage to formulate certain standards to aid workers in the in
terpretation and comparison of results. 

REFERENCES 

1. Le Chatelier, H., "The Action of Heat on Clays." Bull. Soc. France. Mineral, 
10:204 (1887). 

2. Le Chatelier, H., "Constitution of Clays." Compt. Rend., 104:1517 {1887). 
3. Le Chatelier, H., "Action of Heat on Clays." Compt. Rend., 104:1443 (1887). 
4. Le Chatelier, H., "The Constitution of Clay." Z. Physik. Chem., 1:396 {1887). 
5. Kalousek, G. L., Davis, C. W., Jr., and Schmertz, W. E., "An Investigation of 

Hydrating Cements and Related Hydrous Solids by Differential Thermal Analy
sis." Proc. Amer. Cone. Inst., 45:693 (1949). 

6. Bogue, R. H., "Studies on the Constitution of Portland Cement Clinker." Proc. 
3rd Internat. Symp. Chem. Cement, London, pp. 184-211 {1952). 

7. Berg, L. G., Nikolaev, A. V., and Rode, E. Ya., "Termografiya." Izv. Akad. 
Nauk. SSSR, Moscow (1944). 

8. Lehmann, H., Das, S. S., and Paetsch, H. H., "Die Differential Thermoanalyse." 
Ton. Ztd. Keram. Rundschau, Beiheft (1954). 

9. Berg, L. G .. "Trudy Pervogo Soveschaniva po Termografii." Izv. Akad. Nauk. 
SSSR, Moscow and Lening-rad (1955). - -

10. Elias, M., Stovick, M., and Zahradnik, L., "Differencni Thermicka Analyse." 
Nakladatelstvi Ceskoslovenske Akad. Ved Prague (1957). 



57 

11. Mackenzie, R. C. , "The Seif ax Differential Thermal Analysis Data Index." 
Cleaver-Hume Press, London (1962). 

12. Mackenzie, R. C., "The Differential Thermal Investigations of Clays." Mineral
ogical Soc., London (1957). 

13. Smothers, W. J., and Chiang, Y., "Differential Thermal Analysis." Chem. Pub., 
New York (1958). 

14. Ramachandran, V. S., and Garg, S. P., "Differential Thermal Analysis as Ap
plied to Building Science." Central Bldg. Res. Inst., Roorkee, India (1959). 

15. Schwiete, H. E., "The Influence of the Clay Minerals on the Formation of Dust in 
Burning Cement Clinker." Zement-Kalk-Gips, 9:351 (1956). 

16. Taylor, H. F. W., "The Chemistry of Cements." Research (London), 14: 154 (1961) . 
17. Jeffery, J. W., "The Tricalcium Silicate Phase." Proc. 3rd Internat. Symp. 

Chem. Cements, London, pp. 30-48 (1952). 
18. Yamaguchi, G., Ikegami, H., Shirasuka, K., and Amano, K., "Effects of the 

Addition of Magnesia or Calcium Fluoride on the Thermal Properties of Trical
cium Silicate." Semento Gijutsu Nenpo, 11:24 (1957). 

19. Metzger, A., "The Presence of Bredigite in Portland Cement Clinkers. 11 Zement
Kalk-Gips, 6:269 (1953). 

20. lfoneyborne, D. B., "Differential Thermal Analysis and Its Application to the Study 
of Building Materials." Chem. Ind. (London), pp. 662-669 (1955). 

21. Newman, E. S., and Wells, L. S., "Effect of Some Added Materials on Dicalcium 
Silicate." J. Res. NBS, 36:137 (1946). 

22. Vasenin, F. I. , "Nature of the Heat Evolution in the Synthesis of Calcium Sili
cates." Zhur. Prik. Khim., 21:389 (1948). 

23. 'Nurse, R. W., "The Dicalcium Silicate Phase. 11 Proc. 3rd Internat. Symp. Chem. 
Cement, London, pp. 56-77 (1952). 

24. de Keyser, W. L., "A Discussion." Proc. 3rd Internat. Symp. Chem. Cement, 
London, pp. 84-87 (1952). 

25. Toropov. N. A., "Solid Solutions of the Minerals of Portland Cement Clinkers." 
Proc. 4th Internat. Symp. Chem. Cement, Washington, pp. 113-118 (1960). 

26. Budnikov, P. P., and Sologubova, 0. M., "Reactions between Kaolin and Calcium 
Carbonate in White Cement Production." Ukrain Khim. Zhur., 19:92 (1953). 

27. Subba Rao, B. V. S., Mehdi, S., Datar, D. S., and Ali, A., "Formation of Tri
calcium Silicate by the Interaction of Calcium Carbonate and Silica at 840°." 
Jour. Sci. Ind. Res., 21:249 (1962). 

28. de Keyser, W. L., "Reactions in the Solid State in the Ternary System SiOs-CaO
AkOs." Bull. Soc. Chim. Belges, 63:40 (1954). 

29. de Keyser, W. L., "Reactions of CaO-F~Os-AkOs in the Solid State." Bull. Soc. 
Chim. Belges, 64:395 (1955). 

30. Midgley, H. G., "The Mineralogical Examination of Set Portland Cement." Proc. 
4th Internat. Symp. Chem. Cement, Washington, pp. 479-490 (1960). 

31. Gaze, R., and Robertson, R. H. S., "Some Observations on Calcium Silicate 
Hydrate (I)-Tobermorite." Mag. Cone. Res., 8:7 (1956). 

32. Van Bemst, A., "The Hydrates of Calcium Silicate." Bull. Soc. Chim. Belges, 
64:333 (1955). 

33. Young, J. F., "Hydration of Tricalcium Aluminate with Lignosulphonate Addi
tives." Mag. Cone. Res., 14:137 (1962). 

34. Jones, F. E., "Hydration of Calcium Aluminates and Ferrites." Proc. 4th 
Internat. Symp. Chem. Cement, Washington, pp. 204-242 (1960). 

35. Kalousek, G. L., and Adams, M., "Hydration Products Formed in Cement Pastes 
at 25 to 175 C." Proc. Amer. Cone. Inst., 48:77 (1952). 

36. Greene, K. T. , "Early Hydration Reactions of Portland Cement." Proc. 4th 
Internat. Symp. Chem. Cement, Washington, pp. 359-374 (1960). 

37. Lommatzch, A., "Investigation of Setting and Hardening of Cement by Differential 
Thermal Analysis." Silikattech. 7:188 (1956). 

38. Rey, M., "Examination of Hydraulic Binders by Differential Thermal Analysis." 
Silicates Ind., 22:533 (1957). 



58 

39. Mchedlov-Petrosyan, 0. P., Bundkow, A. G., Goworow, A. A., Latischew, 
F. A., Lewtschuk, N. A., and Sstrelkowa, I. S., "The Use of Thermography 
in the Study of Mineral Binders." Silikattech. 8:556 (1958). 

40. Steinour, H. H., "The Setting of Portland Cement-A Review of Theory, Per
formance and Control." Portland Cement Assn. Res. Dept., pp. 1-124 
(Nov. 1958). 

41. Turriziani, R. , and Schippa, G., "Investigation of the Quaternary Solids CaO
AkO.i-CaSQ4-H20 by the X-ray and DTA Methods." Ricerca Sci., 24:2356 (1954). 

42. Turriziani, R., and Schippa, G., "Investigation of the Quaternary Solids CaO
AkG.i-CaSQ4-H20 by the X-ray and DTA Methods, Note II." Ricerca Sci., 
25:2894 (1955). 

43. Midgley, H. G., and Rosaman, D., "The Composition of Ettringite in Set Portland 
Cement." Proc. 4th Internat. Syrop. Chem. Cement, Washington, pp. 259-262 
(1960). 

44. Malquori, G., and Cirilli, V., "The Calcium Ferrite Complex Salts." Proc. 3rd 
Internat. Syrop. Chem. Cement, London, pp. 321-328 (1952). 

45. Schippa, G., "Hydrated Calcium Sulfoferrites." Ricerca Sci., 28:2334 (1958). 
46. Watanabe, K., and Iwai, T ., "Electron-microscopic and X-ray Investigation on 

the Hydration of Tetracalcium Aluminoferrite and Dicalcium Ferrite. " Semento 
Gijutsu Nenpo, 9:57 (1955). 

47. Budnikov, P. P., and Gorshkov, V. Sz., "Stability of Calcium Hydrosulphoalu
minate and Calcium Hydrosulphoferrite." Mag. Tud. Akad. Kem. Tud. Oszt. 
Kozlemen, 10:145 (1958). 

48. Esenwein, P., "Thermoanalytical Investigationon Fresh and Stored Portland 
Cements." Schweizer Archiv., 20:365 (1955). 

49. Kalousek, G. L., "The Reactions of Cement Hydration at Elevated Temperatures." 
Proc. 3rd Internat. Syrop. Chem. Cement, London, pp. 334-355 (1952). 

50. Kalousek, G. L., "Application of Differential Thermal Analysis in a Study of the 
System Lime-Silica-Water." Proc. 3rd Internat. Syrop. Chem. Cement, 
London, pp. 296-311 (1952). 

51. Kalousek, G. L., "Studies on the Cementitious Phases of Autoclaved Concrete 
Products Made of Different Raw Materials." Jour . Amer. Cone. Inst., 
50:365 (1954). 

52 . Kalousek, G. L., "Crystal Chemistry of Hydrous Calcium Silicates:!, Substitution 
of Aluminum in Lattice of Tobermorite." Jour. Amer. Ceram. Soc., 40:74 
(1957). 

53 . Kalousek, G. L., Logiudice, J. S., and Dodson, V. H., "Studies on the Lime
Rich Crystalline Solid Phases in the System Lime-Silica-Water." Jour. Amer. 
Ceram. Soc., 37:7 (1954). 

54. Jambor, J., "The System CaO-Silica Gel-H20 at 20°." Silikaty, 6:162 (1962). 
55. Newman, E. S., "A Thermochemical Study of the Reaction of Calcium Hydroxide, 

Silica Gel and Water." Jour. Res. Nat. Bur. Std., 59:187 (1957). 
56. Kalousek, G. L., and Prebus, A. F., "Crystal Chemistry of Hydrous Calcium 

Silicates: III, Morphology and Other Properties of Tobermorite and Related 
Phases." Jour. Amer. Ceram. Soc., 41:124 (1958). 

57. Greenberg, S. A., "Calcium Silicate Hydrate (I)." Jour. Phys. Chem., 58:362 
(1954). 

58. Kalousek, G. L., "Tobermorite and Related Phases in the System CaO-SiOr 
H20." Jour. Amer. Cone. Inst., 51:989 (1955). 

59. Midgley, H. G., and Chopra, S. K., "Hydrothermal Reactions in the Lime-Rich 
Part of the System CaO-SiG.i-H20." Mag. Cone. Res., 12:19 (1960). 

60. Bozhenov, P. I., Kavalerova, V. I., Salnikova, V. S., and Sovorova, G. F., 
"The Influence of High-Pressure Steam on the Process of Hardening of Calcium 
and Magnesium Silicates and Cements of Different Compositions." Proc. 4th 
Internat. Syrop. Chem. Cement, Washington, pp. 327-348 (1960). 

R1 , Sauman, Z", "System Ca0-Si0i-H2 0 under Hydrothermal Conditions." Silikaty, 
6:149 (1962). 

62. Peppler, R. B., "The System of Lime, Silica and Water at 180 C." Jour. Res. 
Nat. Bur. Std., 54:205 (1955). 



59 

63. Midgley, H. G., and Chopra, S. K., "Hydrothermal Reactions Between Lime and 
Aggregate Fines. 11 Mag. Cone. Res., 12:73 (1960). 

64. Majumdar, A. J., and Roy, R., "The System CaO-AhO:i-H20." Jour. Amer. 
Ceram. Soc., 39:434 (1956). 

65. Menzel, C. A., "Strength and Volume Change of Steam Cured Portland Cement 
Mortar and Concrete." Jour. Amer. Cone. Inst. Proc., 31:125 (1934). 

66. Bozhenov, P. I., and Sovorova, G. F., "Thermographic Analysis of Solid Prod
ucts of Cements Processed with High Pressure Steam." Tsement, 23:8 (1957). 

67. Bozhenov, P. I. , and Kavalerova, V. I. , "Interaction of Di calcium Silicate with 
Addition of Cao and SiOi under Hydrothermal Treatment." Rept. Higher Schools 
Conf., 50:187 (1959). 

68. Bessey, G. E., "The Calcium Aluminate and Silicate Hydrates." Proc. Symp. 
Chem. Cement, Stockholm, pp. 178-215 (1938). 

69. Turriziani, R., and Schippa, G., "The Existence of a Hydrated Monocarboalu
minate." Ricerca Sci., 26:2792 (1956). 

70. Carlson, E. T., and Berman, H. A., "Some Observations on the Calcium Alu
minate Carbonate Hydrates." Jour. Res. Nat. Bur. Std., 64A:333 (1960). 

71. Manabe, T., Kawada, N., and Nishiyama, M., "Calcium Carboaluminate." Se
mento Gijutsu Nenpo, 15: 54 (1961). 

72. Cole, W. F., and Kroone, B., "Carbon Dioxide in Hydrated Portland Cement. 11 

Jour. Amer. Cone. Inst., 31:1275 (1960). 
73. Flint, E. P., and Wells, L. S., "Analogy of Hydrated Calcium Silicoaluminates 

and Hexacalcium Aluminate to Hydrated Calcium Sulfoaluminates. 11 Jour. Res. 
Nat. Bur. Std., 33:471 (1944). 

74. Blanks, R. F., and Gilliland, J. L., "False Set in Portland Cement." Proc. 
Amer. Cone. Inst., 47:517 (1951). 

75. Takemoto, K. , Ito, I. , and Hirayama, K. , "Keep Grinding Temperatures Low.'' 
Rock Prod., 62:140 (1959). 

76. Gilliland, J. L., "Identification of Dehydrated Gypsum in Portland Cement." Proc. 
Amer. Cone. Inst., 47:809 (1951). 

77. Pole, G. R., and Moore, D. G., "Electric-Furnace Alumina Cement for High
Temperature Concrete." Jour. Amer. Ceram. Soc., 29:20 (1946). 

78. Nagai, S., and Harada, T., "Alumina Cement, IX." Jour. Ceram. Assn., Japan, 
63:189 (1955). 

79. Nagai, S., and Harada, T., "Special Alumina Cement, Vill." Jour. Ceram. 
Assn., Japan, 62:618 (1954). 

80. Lea, F. M., "The Chemistry of Cement and Concrete." Edward Arnold Ltd., 
London (1956). 

81. Turriziani, R. , "The Reaction of Calcium Hydroxide with Pozzolan." Ricerca. 
Sci., 24:1709 (1954). 

82. Turriziani, R., and Schippa, G., "Differential Thermal Analysis of Reaction 
Products of Dehydrated Kaolin and Calcium Hydroxide." Ricerca Sci., 
24:366 (1954). 

83. Turriziani, R., "Italian Pozzolanas and Pozzolanic Cements." Silicates Inds., 
23:181 (1958). 

84. Malquori, G., and Cirilli, V., "Effects of Lime on Dehydrated Kaolin and on 
Natural Pozzolanas." Ricerca Sci., 14:85 (1943). 

85. Turriziani, R. , and Rio, A. , "Remarks on Some Methods for Testing Pozzolanic 
Cements." Ann. Chim., 44:787 (1954). 

86. Turriziani, R., and Schippa, G., "Mortars of Pozzolanas, Ca(OH)2 and CaS04." 
Ricerca Sci., 24:1895 (1954). 

87. Turriziani, R., and Schippa, G., "Setting and Hardening of Pozzolana-Lime
Calcium Sulphate Mortars." Ricerca Sci. , 26:3387 (1956). 

88. Surovkin, V. M., and Krylov, G. M., "The Interaction of Lime and Calcined Clay 
on Heating." Uzbeksk. Khim. Zh., 6:68 (1962). 

89. Lommatzsch, A., "Untersuchung von Hochofenschlacke mit der Differential
Thermo-Analyse." Silikattech., 7:468 (1956). 

90. Kondo, R., "Discussion of the Paper, Blast-Furnace Slags and Slag Cements by 



60 

Kramer, W." Proc. 4th Internat. Symp. Chem. Cement, Washington, 
pp. 973-975 (1960). 

91. Williams, H., and Chopra, S. K. , "Discussion of the Paper, Blast-Furnace 
Slags and Slag Cements by Kramer, W." Proc. 4th Internat. Symp. Chem. 
Cement, Washington, pp. 979-981 (1960). 

92. Schrlimli, W., "The Characterization of Blast Furnace Slags by Means of Differ
ential Thermal Analysis." Zement-Kalk-Gips, 16:140 (1963). 

93. Kramer, W., "Blast-Furnace Slags and Slag Cements." Proc. 4th Internat. 
Symp. Chem. Cement, Washington, pp. 957-973 (1960). 

94. Mchedlov-Petrosyan, 0. P., Levchuk, N. A., and Strelkova, I. S., "Thermal 
Investigation of Slag Quality and Selection of Slags in Cement." Silikattech. 
13:153 (1962). 

95 . Kurszhyk, H. G., and Schwiete, H. E. , "Concerning the Hydration Products of 
CJS and {3-C2S." Proc. 4th Internat. Symp. Chem. Cement, Washington, 
pp. 349-358 (1960). 

96. Schwiete, H. E., and Tan Tik-Ien, A., "Contribution to the Determination of the 
Heat of Hydration of Clinker Minerals." Proc. 4th Internat. Symp. Chem. 
Cement, Washington, pp. 545 - 550 (1960). 

97 . Courtault, B. , "Study of Solid State Reactions up to 1600 C by Means of Differ
ential Thermal Analysis." Rev. Mater. Constr. 569, pp. 37-47; 570, pp. 67-
78; 571, pp. 110-124; 572, pp. 143-156; 573, pp. 190-203 (1963). 

98. Vasenin, F. I., "Heat of Polymorphic Transformation of Calcium Orthosilicate." 
Dokl. Akad. Nauk, SSSR, 7: 59 (1948). 

99. Yamaguchi, G., and Miyabe, H., "Precise Determination of the 3 CaO· SiO:a Cells 
and Interpretation of Their X-ray Diffraction Patterns." Jour. Amer. Ceram. 
Soc., 43:219 (1960). 

100. Yannaquis, N., Regourd, M. , Mazieres, C., and Guinier, A., "The Polymor
phism of Tricalcium Silicate." Bull. Soc. Franc., Miner. Crist., 85:271 (1962). 

101. Barta, R., and Satava, Vl. , "Differential Thermal Investigation of Mortar." 
Stairvo, 31:15 (1953). 

102. Barta, R., and Satava, Vl., "Proceedings of Glass and Ceramics." SNTL, 2, 
Praha (1954). 

103. Barta, R., "Differential Thermal Analysis." Chemie, p. 257 (1958). 
104. Barta, R., "Chemistry and Technology of Cement." Ceskoslovenske Akad. Ved, 

Praha (1961). 
105. Lefol, J., Thesis, Paris (1937). 
106. Gohlert, A., and Gohlert, I., "The Differential Thermal Analysis of Hydrated 

Clinker Minerals." Tonindustr. Ztg., 86:228 (1962). 
107. Budnikov, P. P., Kolbassov, W. M., and Pantelejev, A. S., "On the Reactions 

of C3 A and C4AF with Calcium and Magnesium Carbonates." Silikattech., 
11:271 (1960). 

108. Sauman, Z., "The Application of DTA to the Study of Hydrated Cement Clinker." 
Silikaty, 3:46 (1959) . 

109. Govorov, A. A., "Application of DTA to the Study of the Hydration of Portland 
Cement." Akad. fur Bau . Architektur. Ukr., SSSR (1958). 

110. Nemecek, K., "Study of Sulfoaluminate and Sulfoferrite." Study Inst. Silicates, 
Prague (1954); (reported by R. Barta and Vl. Satava). 

111. Fischer , W. K. , "A Quantitative Evaluation of the Degree of Dehydration of 
Gypsum in Cement by DTA. " Silikattech., 14:26 (1963). 

112. Schneider, S. J. , "Heat Treatment on the Constitution and Mechanical Properties 
of Some Hydrated Aluminous Cements." Jour. Amer. Ceram. Soc., 
42L184 (1959). 

113 . Benton, E. J., "Cement-Pozzolan Reactions." HRB Bull. 239, pp. 56-65 (1960). 
114 . Samaddar, B., and Lahiri, D., "Investigation on the Activation of Slags of 

CaO-AbO:i-SiO:a System by DTA." Trans. Indian Ceram. Soc., 21:75 (1962). 
115. Sato, N., and Kanaya, M., "Determination of the Content of Various Forms of 

Gypsum in Portland Cement by Diiierentiai Thermal Analysis." Semento 
Gijutsu Nenpo, 16:70 (1962). 



61 

116. Lehmann, H., and Thormann, P., "Investigation of Raw Materials by Combined 
Thermal Expansion and Differential Thermal Analysis." Tonind. Ztg. Keram. 
Rundschau, 86:606 (1962). 

117. Barta, R. , "Results of Further Development in Thermography." Silikaty, 
1: 114 (1957). 

118. Budnikov, P. P., Sotenberg, S. M., and Azeliskaya, R. D., nThermographic 
Analysis of the Heat of Hydration of Cement." Cement, 2:15 (1958). 

119. Speros, D. M., and Woodhouse, R. L., "Realization of Quantitative Differential 
Thermal Analysis-Heats of Solid-Liquid Transitions." Jour. Phys. Chem., 
67:2164 (1963). 

120. Calvet, E., "A Differential Microcalorimeter Which Compensates by the Peltier 
Effect in Quantitative DTA." Jour Chim. Phy., 59:319 (1962). 




