
Investigations in the System 3 CaO A1203-CaSO4-CaO-H20 
H. E. SCHWIETE, U. LUDWIG and P. JAGER, Institut für GesteinshUttenkunde der 

Rheinisch -Westfälischen Technischen Hochschule Aachen 

'THE FORMATION of two classes of ettringite is to be expected for the hydration of 
standard cement: (a) an ettringite that does not contribute to the strength at hydration, 
and in our opinion, even counteracts the formation of strength by the change of volume 
accompanying its formation; and (b) an ettringite that does contribute to strength. The 
ettringite mentioned in (a) is formed in the hydration of portland cement, ferro-portland 
cement and blast furnace cement. A certain range of pH-values during the hydration 
of these kinds of cement is essential to formation of ettringite; according to our mea-
surements, the range of pH is from 12.5 to approximately 12.9. We further suppose 
that this ettringite is formed topochemically, i. e., is directly formed at the surface of 
the C3A without C3A being dissolved beforehand. Only in this manner can the expanding 
behavior of this ettringite be explained unequivocally. 

On the other hand, we are of the opinion that an ettringite can also be formed starting 
in the very first seconds of hydration of these cements, by precipitation from the 
solution phase before it is saturated with lime. This is the ettringite mentioned in (b), 
which makes a contribution to the strength, especially for the setting and the hardening 
of the supersulfate cement. It is precipitated at a lower pH-value, approximately 11.5 
to 11.8. 

We suppose that this ettrinigte is formed, in contrast to the other ettringite, by 
precipitation from the solution phase, i . e., ions of calcium, aluminate, and sulfate first 
are dissolved and then form the ettringite phase. It can crystallize anywhere in water-
filled space. Contrary to the earlier described ettringite, it is not bound to the sur-
face of the grains of the tricalcium aluminate. 

The questions in connection with the conditions of formation of the ettringite induced 
us to carry out experimental investigations in the system C3A-CaSO3-CaO-H20. 

From the works of Lerch (1.) we know that C3A reacts spontaneously immediately 
after mixing in the presence of gypsum and water. For hydration measurements 
carried out almost isothermally Lerch found that after the first release of heat the 
reaction was very much slowed down, and that after approximately 40 hr a renewed 
rapid reaction commenced when all the gypsum had been converted into ettringite. 
Schwiete (2) had already described similar observations in 1932 without being able, 
however, to interpret them at that time. 

The progress of the reactions is evident from Figure 1, which was elaborated by 
Stein (3). His test composition was composed of 3 g C3A, 0.4 g gypsum and 2 cc 
0.0196 m Ca(OH)2  solution. In the figure the rate of release of heat was plotted in 
cal/sec g C3A vs time. Alter the first large peak, the rate of release of heat reduces 
continuously until the gypsum has reacted completely, then it becomes very large again 
and decreases in the further course of the reaction. Ettringite is formed until the 
added gypsum is completely used up. After the second large peak in the rate of release 
of heat Stein radiographically observed tricalcium aluminate monosulphate hydrate. 
Stein concludes that, in the period in which the gypsum is effective in retarding the 
hydration of C3A, ettringite is formed on the surface of the C3A grain, and that because 
the volume of the ettringite formed is greater than that of the portion of the C3A used, 
the layer of ettringite must eventually peel off. 

From the works of Schwiete and Niël (4, 5) and Schwiete, Ludwig and Niël (6) we 
know that in the hydration of portland cement ettringite is formed in the very first 
seconds. An example of this is the electr on- microscope photo (Fig. 2), where et-
tringite crystals can be recognized 30 sec after the beginning of hydration on the sur-
face of the portland cement. Figure 3 shows ettringite crystals which originated in the 
hydration of super sulfate cement. 	353 
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Figure 1. Isothermal heat liberation of C3A-CaS0421120-Ca(011)2-1120: mixture-3 g C3A, 0.49 
CaS0421-120, 2 cc 0.0196 m Ca(011)2  solution. 

From the investigations of Jones (7), D'Ans and Eick (8) and Eitel (9) we further 
know that the ettringite, Al(OH)s, and C3AH6  constitute the stable hydrate phases in the 
system CaO-Al2O3-CaSO4-H20 at equilibrium. For the hydration of portland cements 
Taylor (10) could radiographically identify ettringite in the paste one day after the 
addition of water. By means of differential thermal analysis, Kalousek, Davis and 
Schmertz (11) observed that ettringite is formed first in the hydration of cements. By 
the same method Greene (12) could identify ettringite after 5 min hydration and the 
monosu]fate hydrate after 7 days. 

According to Kalousek (13), solid solutions between the hydrate 3 CaO A1203 . 
3 CaSO4 aq and 3 CaO . A1203. 3 Ca(OH)3. aq as well as solid solutions between 3 CaO• 
A1203• CaSO4 aq and 3 CaO . A1203• Ca(OH)2. aq are to be expected. Midgley and 
Rosaman (14) reported the formation of a solid solution between 3 CaO A1203 • 3 CaSO4  
aq and 3CaO . A1203 . 3Ca(OH)2 . aq by differential thermal analysis and radiographic 
analysis. 

Budnikov (15) investigated the S03-binding of a clinker with 11 percent C3A as a 
function of time. The initial contents of gypsum amounted to 6.3 percent for these 
tests, decreasedto 2.9 percent after 6 hr, to 1.87 percent after 24 1w, to 1.10 per-
cent after 3 days, and to 0.10 percent after 28 days. For the determination of the 
unbound gypsum he used the extraction method in which the S03 not bound in the et-
tringite is determined by shaking with water saturated with lime. 

PRESENT RESULTS 

The test mixture was composed of 10 g C3A correspondiiig to 0.031 m C3A, 6 g 
gypsum (0.035 m) and 1.43 g CaO in 87.15cc distilled water. This mixture has a 
ratio of C3A to gypsum nearly that of commercial portland cements. The mathematical 
examination of the composition proves that on the one hand the added gypsum is suffi-
cient to convert almost all of the C3A to monosulfate, and that the added portion of CaO 
is sufficient to reduce the residual C3A-portion to tetracalcium aluminate hydrate. We 
favor the small specific surface of the C3A of only 1380 csn2/g Blaine for comparative 
measurements, because the C3A-portion in the portland cement clinker is partly 
surrounded by the residual clinker phases, and for this reason the effective surface 
of the C3A does not correspond to that of the specific surface, approximately 3000 
cm2/g, measured for commercial cements. 

Stoppered plastic bottles of 250 cc capacity served as reaction containers. For each 
reaction time a separate test mixture was made, so that, the reaction was not disturbed 
by intermittent opening of the containers. 
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Figure 2. 	Hydrated cement particle of PZ C (hydration time 30 sec, W/C = 0.35, carbon replica). 

Figure 3. Carbon replica of hydrated supersulfate cement (SHZ 375) (hydration time 4 hr, mortar 1:3, 
W/C = 0.7). 

The chosen amount of water was added after the C3A, gypsum and CaO had been 
weighed into the flask. The reaction mixture was then vigorously shaken by hand for 
1 miii, except in the case of the 1/2-mm test. The mixture was then sorted at room 
temperature until the reaction was stopped. 

The reaction was stopped by filtering through a glass filter funnel with suction. 
Soda-lime was used to prevent CO2  adsorption. The filter cake was washed with 
isopropyl alcohol and further dried by vacuum over concentrated sulluric acid. 

The solution phase was chemically analyzed for CaO by the Franke method. Chemical 
and infrared spectroscopic analyses were used to determine S03. The investigation and 
identification of the newly formed hydrate phases were carried out using radiographic 
and electron microscope techniques. 
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Figure 4. Weight increase of the solid substance due to hydration of C3A, gypsum and CaO: Mixture-
10.0 g C3A, 6.0 g gypsum, 1.43 g CaO, 87.2 cc aq dest, Water/Solid = 5. 
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Figure 5. Behavior of the free lime and 503 during the hydration of C3A, gypsum and CaO: Mixture— 
same as Figure 4. 

Chemical and Infrared Spectroscopic Investigations 

After the measured time of reaction, the quantity of the recovered solution phase was 
measured, and the solid phase was weighed. Figure 4 shows the marked increase in 
weight of the solid phase during the first four 1w, followed by nearly continuous increase 
in weight of the solid phase up to 12 days. This investigation thus indicates that, es-
pecially in the first four 1w, a strong exchange is to be expected. 

In the further course of the investigation CaO contents of the solution were deter-
mined chemically and the contents of free lime in the solid phase were determined by 
the modified Franke method. In Figure 5 the total free lime, in g, was plotted over 
the hydration duration. For this calculation it was considered that 0.78 percent free 
calcium oxide was present initially in the CSA. The course of the curve now shows an 
initial heavy increase in the content of free lime, followed by a slow increase for 21 hr. 
In the range of 21 to 24 hr a considerable decrease in the content of free lime was 
observed. This decrease is due to the fact that ettringite reacts a little with the mixture 
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Figure 6. Radiographs of hydrates in the system 3CaO A1203-CaSO4-CaO-H20 (water/solid = 5). 

Abbreviations: A = C3A, B = C4AHD, C = CaO, CH = Ca(OH, E m  ettringite, G = gypsum, M = low 
sulfate, C3 ACsH12; mit 1/4  J = 

1/4 of intensity. 

Figure 7. Electron optical investigation of the system C3A-CoSO4-CaO-H20 (carbon replica on right): 
Mixture-10.0 g C3A, 6.0 g gypsum, 1.43 g CoO, 87.2 cc oq dest; water/solid = 5; hydration time 0 
sec (unhydrous mixture). Abbreviations: A = C3A, C = portlandite, E = ettringite, G = gypsum, H = 

C3AH6, M = low sulfate. 
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of ethyl acetoacetate and isopropyl alcohol, whereas C3ACaSO4H12  does not, with con-
sequent loss of dissolved CaO. In the further course of the hydration no essential 
change in the content of free lime appears up to 12 days. 

The course of the curve thus indicates that in the first minutes of the reaction free 
lime is formed, while in the range of 21 to 24 hr a considerable use of free lime can 
be observed. 

In addition, the content of free S03, i.e., S03 not combined with aluminates, deter-
mined in the solid phase and in solution, was plotted, in g, over the hydration duration 
in Figure 5. It is evident from the course of the curve that there is a considerable 
decrease in S03 in the range of 0 to 8 hr. From 8 to 16 hr no measurable change of the 
content of free S03 was determined. In the further course of the hydration the content 
of S03 decreases slightly up to 21 hr and beyond this decreases rapidly, so that after 
24 hr no more free S03  could be found in the solution and in the solid phase. Thus a 
strong reaction in the first hours of hydration is evident from the shape of the curve. 
Then a range of reduced reaction intensity appears, which finally passes into a range 
of increased hydration completely using the SOs. 

Radiographic Investigation of the Hydration Products 

The nonhydrated homogenized original mixture was investigated radiographically. 
X-ray patterns were obtained at various times of hydration. In Figure 6 the X-ray 
diagrams obtained in this manner were superposed and photographed. In the original 
mixture the interferences of the gypsum, the C3A and the CaO can be clearly recog-
nized. In addition, however, one recognizes a slight quantity of Ca(OH)2, which was 
formed during the radiographic investigations. Five minutes after the addition of water 
a slight portion of ettringite and of C4.AH13  appears for the first time, the latter not 
being confirmed with assurance in the presence of the large surplus of gypsum. In 
addition an increase of the calcium hydroxide interferences can be recognized. These 
interferences, however, are very broadly formed, due to imperfections in the quickly 
formed crystals of calcium hydroxide. 

One hour after the addition of water sharp peaks of calcium hydroxide were observed. 
The ettringite interferences are stronger, and in addition some 3 CaO A1203 . CaSO4 
12H20 is observed, which, however, ought to be unstable. The C4AH13 does not appear 
after this period. Besides the reaction products, the original substances, gypsum, 
C3A, and the CaO being changed into calcium hydroxide can be recognized. 

After 2 hr a considerable increase in the portion of ettringite is seen, while the 
monosulfate is present only in very small quantities. The peaks of the original sub-
stances can clearly be recognized. 

Up to a hydration time of 6 hr no essential changes can be recognized. On the other 
hand a very great increase in the portion of ettringite and an increase in the monosul.fate 
appears after 21 hr. The interferences of the original substances are also still dis-
tinct. 

A quite different picture results after a hydration duration of 24 hr. The ettringite 
interferences decrease considerably. However, a considerable increase in the inter-
ferences of C3ACsH12  appears instead. The observation that the basic interferences of 
C3ACsH1are split is of interest: in one the d value of 8.9 A, in the other one 8.4 A. 
The 8.41 interference is caused by a solid solution of the 3 CaO A1203  CaSO4  12 H2O 
with the C4Ali13. Furthermore it is evident that the interferences of the gypsum cannot 
be .recognized any longer and that the C3A is present only in very small quantities. The 
great decrease of the interferences of the calcium hydroxide is also of importance. 

After a reaction time of 12 days the C3ACsH12, with the splitting of the basic inter-
ferences already described, is essentially the hydration product. In addition, the 
presence of traces of C4AH13  is to be expected. The interferences of the gypsum were 
not present after 24 1w; now at 12 days the interferences of the C3A cannot be identified. 
The intensity of the interferences of the calcium hydroxide have not changed compared 
to the test at 24 hr. The radiographic investigation after 60 days showed that the solid 
solution of the C3ACsH12 and the C4AH 3  is not stable and that it has reduced in favor of 
ettringite and tetracalciumaluminate hydrate. 
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Electron Microscope Investigations of the Solid Phase 

The electron microscope investigations were carried out on powder preparations 
and on carbon replicas. In addition to this electron diffraction patterns were made. 

The nonhydrated, homogenized reaction mixture, consisting of C3A, gypsum and 
CaO, was also subjected to electron microscope investigation. On the left side of 
Figure 7 only the gypsum crystals of 10 to 15 pm length can positively be recognized. 
The carbon replica on the right side of the figure shows the surface of the nonhydrous 
reaction products. Here the gypsum crystals can be identified by measurements of 
their angles. In addition C3A grains can also be recognized, but the added CaO cannot 
be identified. 

The two pictures of Figure 8 were made after a hydration duration of only half a 
minute. The left side of the figure shows nonreacted gypsum, and foils of calcium 
hydroxide that have formed on CaO crystals; the foils are partly rolled up, and thus 
appear lance-like. The diameters of the CaO crystals are about ito 2 pm. In the 
right side of Figure 8, large crystals of gypsum 5 to 6 pm in length can be recognized 
as well as a grain of C3A, the surface of which is completely covered with very small 
needles of ettringite. The lengths of.these needles are only about 0.25 pm;their di-
ameters are about 0.05 pm. 

Five minutes after the addition of water we are still concerned with the same hy-
dration products that we observed after hail a minute. This is shown in Figure 9, in 
the left part of which needles of ettringite are also recognizable. The right side of 
the figure presents the surface of C3A-grains that are completely covered with needles 
of ettringite. 

One hour after the addition of water the formation of ettringite becomes clear also 
in the photomicrograph of the powder (Fig. 10). Here we find ettringite crystallites 
with the small measurements already described, while some isolated crystals have 
grown larger. They have a length of about 1 pm and a diameter of about 0. 1 pm. In 
addition, gypsum crystals and crystals of calcium hydroxide are shown in the left part 
of the figure. In the right part a carbon replica again essentially confirms the presence 
of the phases described. 

Figure 11 shows still more clearly the crystal species described. The left side is 
the electron microscope photo obtained directly from the suspension after a hydration 
time of 2 hr; the right side shows a carbon replica of the solid phase. The same re-
sults were obtained for hydration times of 6 and 8 hr. After 16 hr hydration the C3A 
crystals surrounded by small crystals of ettringite can be recognized beside clearly 
formed crystals of gypsum and calcium hydroxide. This is shown in Figure 12, the 
left side of which again presents the normal powder preparation, the right side a 
replica of the solid surface. 

Figure 13 presents the exterior appearance of the solid phase after a hydration 
duration of 21 hr. In the left part of the figure we again find crystals of C3A, sur-
rounded by small crystals of ettringite, and crystals of calcium hydroxide and gypsum. 
In the right part the carbon replica shows that some of the ettringite crystals are now 
isolated from the C3A surfaces as connected felts. In other cases these felts have not 
yet been produced and still form a solid cover around the C3A grains. Figure 14 shows 
the survey photo of the condition after 21 hr; a great many small needles of ettringite, 
which are not bound to C3A surfaces, are present. 

After a hydration period of 24 hr (Fig. 15), the solid phase shows no more aggre-
gations of crystals, and no more C3A crystals surrounded, hedgehog-like, by small 
crystals of ettringite. Moreover, the figure shows in a high degree newly formed 
hexagonal hydrate phases, which may be attributed to the tetracalcium aluminate hy-
drate, but which might be calcium hydroxide or the low form calcium sulfoaluminate. 
Furthermore, it is important to note that the crystals of ettringite, which still can be 
recognized in the figure in a highly diminished degree, have rounded-off forms, leading 
to the conclusion that ettringite is being dissolved. 

After a hydration of 12 days, Figure 16 was made from the solid phase. This fig-
ure is dominated by the hexagonal hydrate phases, while ettringites can only be recog-
nized in such small quantities that they could not be detected with the integrating 
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Figure 8. 	Same as Figure 7, hydration time 30 sec. 
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Figure 9. 	Same as Figure 7, hydration time 5 mm. 
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Figure 10. Same as Figure 7, hydration time 1 hr. 
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Figure 11. 	Some as Figure 7, hydration time 2 hr. 
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Figure 12. 	Some as Figure 7, hydration time 16 hr. 
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Figure 13. 	Same as Figure 7, hydration time 21 hr. 
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Figure 15. 	Some as Figure 7, hydration time 24 hr. 

Figure 14. 	Some as Figure 7, hydration time 21 hr. 

apparatus for the radiographical investigation. Corresponding observations also were 
made after 30 dayst hydration. 

It is of interest that after a hydration of 60 days, the ettringite needles again appear 
in a multiplied degree (Fig. 17), as reported in the discussion of the results obtained 
radiographically. In addition, one can sporadically identify the regular forms of 
C3AH6 . Finally, the following hydration products are found side by side after a hy-
dration duration of 60 days: (a) ettringite, 3 CaO A1203 • 3 CaSO4  32 HzO; (b) mono-
suLfate, 3 CaO A1203  CaSO4 12 H20; (c) tetracalciuxn aluminate hydrate, 4 CaO• 
Al2O3  13H20; (d) tricalcium aluminate, 3CaO A1203 • 61120; and (e) calcium hydroxide, 
Ca(OH)2. 

DISCUSSION AND SUMMARY OF RESULTS 
Ettringite crystals form immediately after the addition of water for the hydration of 

C3A with gypsum and lime; this is shown by electron microscope and radiographic 
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Figure 16. Some as Figure 7, hydration time 12 days. 
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Figure 17. Some as Figure 7, hydration time 60 days. 
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Figure 18. Schematic description of the retarded setting due to sulfates. 

techniques. The reaction velocity could be measured by determination of the increase 
of the solid phase and by determination of the decrease of the amount of free S03 in the 
reaction mixture. These observations are in good agreement with earlier investiga-
tions carried out at the Institut für Gesteinshtittenkunde which have already been cited. 
They are furthermore in good accord with results obtained thermochemically and 
radiographically by Stein (3) for similar reaction mixtures. 

Shortly alter the addition of water to the reaction mixture, foils of calcium hydrox-
ide, which enclosed the CaO rosette-like, could be observed with the electron micro-
scope. These foils were partly rolled up and only in a few cases showed hexagonal 
angles. Because of the curling one had the impression that some of the formations 
were acicular. A considerable disorder could be inferred from the width of the X-ray 
interferences of calcium hydroxide after a hydration duration of 1/2  and 5 mm. 

In the further-course of the reaction a considerable decrease in the reaction velocity 
is observed, caused by the formation of ettringite covers around the C3A grains. These 
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are observed with the electron microscope. The delay of the reaction is confirmed by 
the decrease in the rate of reaction of SO3 and by the correspondingly small rate of 
increase in the weight of the solid phase. The same mechanism, the covering of the 
C3A grains by ettringite, can also be responsible for the retarding effect of the gypsum 
in the hydration of the portland cement. This interval of diminished reaction velocity 
was also observed by Stein in his thermochemical investigations. 

After the initial rapid reaction during the first hour the portion of free SOs in the 
reaction mixture decreases somewhat more slowly up to 8 hr. Then no further de-
crease in the amount of S03  is measureable up to 16 hr. In this period the rate of 
diffusion of the SO4  ion through the ettringite coating on the grains of C3A is the rate-
determining factor for the reaction velocity. 

After 21 hr a small, followed by a very considerable, increase of the hydration 
rate can be observed. This increase of the hydration rate is especially characterized 
by the considerable decrease of the free S03 in the reaction mixture, the corresponding 
increase of the ettringite determined radiographically and the formation of C3ACsH12  
after a hydration duration of 24 hr. A further indication of increased reaction velocity 
is the decrease of free lime content in the reaction mixture. 

It is of interest that the ettringite formed first in the course of the reaction later 
forms C3ACsH12. It is of further interest that the monosulfate forms a solid solution 
with the C4AH13, and that this solid solution is again dissolved in favor of ettringite and 
C4AH13  at later stages. 

For the unstable behavior of the ettringite no explanation can be given. According 
to the equilibria it would be expected that after the combination of the sulfate ions 
cubic C3AH6 would be formed, or that the metastable C4AH13 might appear because of 
the great surplus of calcium hydroxide in the reaction mixture. 

The question of the instability of the ettringite, which in our opinion is formed 
'topochemically, must be further investigated. It must be clarified whether the in-
stability of the ettringites is a criterion for the diminution of the strengths and whether 
their stability is responsible for the development of the strength. The behavior of the 
ettringite positively explains the decreases and increases of the contents of unbound 
S03 shortly after the mixing of cements discovered by Schwiete, Pipinski and Niël (16). 

The increase of the portion of free lime in the reaction mixture first of all can be 
considered a CaO release of the C3A. But in addition it can be explained by the reaction 
of ettringite during the extraction with the mixture of ethyl acetoacetate and isopropyl 
alcohol. An examination of this question for different reaction mixtures showed that 
the ettringite peaks had completely disappeared after an extraction of 1 hr with the 
mixture of ethyl acetoacetate and isopropyl alcohol, i.e., an increase in the amount 
of free lime also results from the destruction of the ettringite. Later investigations 
show that monosulfate is insoluble in the mixture. 

The decrease of the observed portion of free calcium hydroxide in the reaction 
mixture after a reaction time of 21 hr is easily explained by the conversion of the C3A 
to C4AH13, or the solid solution of C3ACsH12  with C4AH13. 

Today we explain the processes leading to the second considerable decrease of S03 
and the formation of monosulfate hydrate as follows. First, a topochemically formed 
ettringite cover is formed around the C3A grain. After a certain interval the crystal 
pressure of the ettringite being formed more and more at the surface of the C3A grows 
so large that the ettringite felt on the C3A grains bursts open, and is immediately 
sealed by a new formation of ettringite. Only when the porportion of gypsum in the 
solution phase of the reaction mixture is no longer sufficient for the formation of 
ettringite, and therefore the burstings can no longer be sealed, does the second con-
siderable reaction begin, which leads to the observed decrease in the amount of ettring-
ite by the formation of C3ACsH12  and the corresponding solid solution with C4AH13. 
Figure 18 shows the reaction schematically. 

Contrary to Stein, according to whose findings the major hydration of C3A begins 
only after the use of the free SO3, we are of the opinion that the reaction can still begin 
in the presence of little gypsum in the solid phase if the concentration of sulfate ions 
present in the solution phase is reduced by rapid use of S03 below that necessary for 
the formation of ettringite. 
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The beginning and the progress of the reaction depend upon the particle size and 
the ratio of C3A to SOs in the mixture, as well as the water-solid cement ratio and the 
temperature of the system. The influence of the added quantity of gypsum on the hy-
dration of the C3A was definitely proved by subsequently adding only 3, instead of 6, 
parts of gypsum to 10 parts C3A in a test series. The second reaction, i.e., the 
formation of the C3ACsH12, now appeared after 4 hr, compared to the earlier 21 hr. 
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