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Investigations on the early-age hydration products of compo-
sitions made with varied proportions of 4CaO• 3Al2O3• SO3, 
CaSO4 and CaO were undertaken to identify the nature and 
amounts of hydrates formed at intervals of 6, 12, 24, 48 and 
72 hours. The relationships between the products of hydra-
tion and relative volume changes were explored. The objec-
tive of the invçtigations was to determine the potentials of 
various anhydt'bus compositions as expansive components in 
expanding cements. 

In most of the compositions studied the trisulfate hydrate, 
3CaOAl2O3 3CaSO4 31H20, was observed to be the stable 
phase in the pastes except when the CaO/S03 molar ratio ex-
ceeded 4. 0 and the A1203/SO3 molar ratio exceeded 1. 0. In 
these latter cases, a monosulfate hydrate of approximate 
composition 3CaOA1203•CaSO4• 18H20 was discovered to be 
the stable phase in the pastes. Assuming a hexagonal layer - 
structure lattice, the unit cell dimensions and the d-spacings 
for 3CaOAl2O3 CaSO4  18H20 were calculated. A fair degree 
of agreement has been found between the calculated and the 
observed d:spacings, but lack of complete agreement and 
occurrence of many doublets on the observed pattern suggests 
that the'lattiáe is actually pseudohexagonal and the unit cell 
may be monodinic. 

It was observed that f or the production of expansive forces, 
those volume changes were more useful which occurred after 
the hardening of the pastes and which were aëcompanied by 
the formation of the trisulfate hydrate. 

THE SYSTEMS involving formation to calcium sulioaluminate hydrates can become 
increasingly important to the cement industry by virtue of their application to expanding 
concretes which are being investigated for reducing shrinkage cracking and for pro-
duction of chemically prestressed structural units. Although several calcium sulfo. 
aluminate hydrates exist, there has been no disagreement so far with the findings of 
Lerch et al. (!) that only the monosulfate hydrate and the trisulfate hydrate are the 
stable phases in aqueous solutions. (Standard abbreviations used by cement chemists 
are followed: C = CaO; A = A1203; S = SOs; H = H20monosu1fate hydrate = C3ACSHX2  
or C4ASH12; trisulfate hydrate = C3A3CSH31  or C6AS3H31. 

There is some disagreement among various investigators concerning expansions 
incidental to the formation of the monosulfate hydrate. While Mikhailov (2) contended 
that formation of the monosulfate hydrate does not lead to expansion, Chatterji and 
Jeffery (3) proposed that under certain conditions the reactions involving formation of 
the monosulfate hydrate could be expansive. Regarding the trisulfate hydrate, its 
expansive characteristics were reported in 1892 by a German scientist, Michaelis, but 
no attempt to exploit this information for useful purposes was reported until 1944, in 
the work of French engineers Lossier and Caquot (4). The successful utilization of 
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expansive cements based on the formation of the trisu]fate hydrate has, however, only 
recently been realized through the discovery of better means of controlling the rates 
of expansion by Mikhailov (2, 5) in the USSR and by Klein and Troxell (6) in the United 
States. 

The conditions under which the calcium sulfoaluminate hydrates are formed require 
the presence of calcium aluminate and sulfate ions, but there is no requirement as to 
the sources of these ions. Consequently, a variety of materials has been used by 
investigators to make expansive cements for application in expanding concretes. The 
expansive cements developed at the University of California as reported by Klein and 
Troxell (6) are blends of portland cement with an expansive component which consists 
of appropriate proportions of C4A3S, CS, and lime. The anhydrous calcium suif 0-

aluminate, C4A3S, being the only source of alumina in the expansive component, ex-
ercises a controlling influence on the rate and magnitude of the expansive reaction 
involving formation of the trisulfate hydrate. 

Kalousek (7), Jones (8), D'Ans (9) and Eitel (10) have made significant contributions 
to our knowledge on the formation of calcium sulioaluminate hydrates from aqueous 
solutions of tricalcium aluminate, aluminum sulfate, calcium sulfate, calcium hydrox-
ide, etc. Since it is well known now that the physico-chemical characteristics of 
reaction products may vary with the starting materials, procedures and water-solid 
ratio employed, the present investigation was carried out to gather information con-
cerning the nature and the amounts of the hydrates formed when expansive components 
consisting of various proportions of C4A3S, CS and lime are hydrated with low water-
solid ratios similar to those used in practice. The relationship between the relative 
increase in the specific volume of the anhydrous materials and the hydrates formed 
was also explored in order to ascertain which of the hydrates yield expansive reactions 
and whether or not the generation of expansive forces (under restraint) is due strictly 
to the volume changes involved. It is hoped that the observations and the conclusions 
drawn from this work will be useful in stimulating further research for a better under -
standing and closer control of the behavior of expansive cements. 

EXPERIMENTAL 

Materials 

The expansive components used in this investigation consisted of an anhydrous cal-
cium sulloaluminate, calcium sulfate and lime. The calcium sulfoaluminate was first 
discovered by Klein and Troxell (6) but its precise chemical composition, C4A39, was 
reported first by Fukuda (11) and the crystallographic structure was later investigated 
by Halstead and Moore (12). The manufacture of the expansive component involves 
clinkering of the raw mix containing chalk, bauxite and gypsum at temperatures between 
1300 and 1400 C, and subsequently grinding the clinker to about 2700 cm2/g, Blaine. 

In order to have the same constituent compounds in the expansive compositions in 
this investigation, it was decided to make pure C4A3S, CaSO4, and CaO in small quanti-
ties in a Globar furnace at about 1350 C. The first was made by intergrinding stoichio-
metric proportions of reagent quality CaCO3, CaSO4 2H20 and A1203 3H20 and firing 
the raw mix to 1350 C on a periclase hearth plate. The fired material was studied by 
X-ray diffraction and by petrographic microscopy to ascertain that it was high purity 
C4A3S. Finally, it was ground to 2700 cm2/g and stored In air-tight bottles. The CaO 
and CaSO4 were prepared by calcining reagent quality CaCO3 and CaSO4 2H20 respec-
tively to 1300 C in a periclase boat. The fineness of the calcined materials was deter-
mined to be about 4000 cm2/g, Blaine . They also were stored in air-tight bottles. 

Since molar C-S ratios in the trisu]fate hydrate and in the monosulfate hydrate are 
2 and 4 respectively, and the molar A-S ratios are '/s and '/' respectively, the mechan-
ical mixtures of several expansive components were made using suitablejroportions 
of the pure compounds, so that C-S ratios were fixed at about 2 and 4 A-S ratios varied 
between 0.2-1.25. Table 1 shows compound compositions, oxide analyses, and molar 
ratios of the eight mixes (J through Q) prepared accordingly. In addition, one compo-
sition (R) with higher C-S and A-S ratios and another (5) with lower C-S ratio were 
included in the investigation. Pure C4A3S was also included in order to determine its 



TABLE 1 

COMPOUND COMPOSITIONS, CHEMICAL ANALYSES 
AND MOLAR RATIOS OF MIXES J-T 

Desig-  
nation 

Compound 

C.1A3S 	CS 	C 

Compositions ()  Oxide Analyses () 

CaO 	A1203 	S03 

Molar Ratios 

C/S 	A/S 

J 20 	60 20 52 10 38 2.0 0.20 
K 45 	45 10 46 22 32 2.0 0.50 
L 60 	30 10 43 32 25 2.5 1.00 
M 75 	25 0 42 41 17 2.0 1.25 
N 10 	45 45 67 5 28 3.5 0.20 
0 34 	33 33 59 17 24 3.6 0.50 
P 50 	20 30 55 25 20 4.0 1.0 
Q 60 	20 20 50 30 	. 20 3.7 1.25 
R 45 	10 45 .62 22 6 8.0 1.5 
S 50 	- 	50 0 39 25 36 1.6 0.5 
T 100 	0 0 37 50 13 4.0 3.0 

330 

TABLE 2 

X-RAY DIFFRACTION PEAKS SELECTED FOR 
SEMIQUANTITATIVE ESTIMATION OF PHASES 

Phase 	 CuK (deg 29) 	d (A) 

C4A3S 33.8 2.65 
CS 31.4 2.85 
C 37.4 2.40 
CH 34.1 2.63 
Trisulfate hydrate 15.8 5.61 
Monosulf ate hydrate 31. 1* 2.87 
Phase M hydrate 31.1* 2.87 

products of hydration in absence of both 
CaSO4 and CaO. To insure that the mixes 
were homogeneous prior to hydration, they 
were blended in a laboratory blender for 
one hour. A little hydration and carbona-
tion during blending was unavoidable; 
hence, the mixes were recalcined to 1000 C 
in platinum dishes. The X-ray diffraction 
analysis of the anhydrous compositions did 
not indicate the presence of calcium carbo-
nate or calcium hydroxide. 

*The  (001) and (002) peaks for monosulfate hydrate occur at 	Procedures 
9.9 and 19.9 deg 29, respectively, whereas for phase M 

hydrate, they occur at 9.3 and 18.6 deg 28, respectively. 	 A brief review of casting of expansive 
Since these peaks represent basal spacings; they are 	 concrete as practiced at the University of 
subject to preferred orientation. Therefore, the (120) peak 	California is presented to show that the 
at 31.1 deg 2 6, which is common to both the phases, was 	procedures set up in this investigation for selected to  

of the two phases could be detected by XRD analysis. In 	paste hydration are close to those -used for 
the case of composition R alone, both the phases were found 	expansive concrete hydration. During in- 
to be present simultaneously. 	 vestigations by Klein et al. (13) on the 

effect of several factors on expansion and 
compressive strengths of expansive con-

crete bars, the amount of water used for casting was 34 to 45 percent by weight of total 
cement material and the concretes were exposed to moist curing at 70 F after 6 hours 
of casting. Liii and Klein (14) used 31to 32.5 percent water by weight of totalcementing 
material for making pressure pipes with expansive concrete and exposed them to moist 
ãuring at 70 F after 6 hours of casting. Investigations on the creep characteristics of 
expansive concrete have been reported by Klein and Bertero (15) on prismatic bars 
cast with 30 percent water by weight of cementing material and exposed to moist curing 
after 6 to 8 hours of casting. The data presented (13, 14, 15) show that a substantial 
portion of the expansion is complete within three days of hydration. 

Accordingly, the compositions of the present investigation were hydrated with 40 
percent water by weight of solids and exposed for moist curing at 70 F at 6 hours after 
casting. The details of casting, curing, preparation of specimens for various tests and 
conduct of X-ray diffractions, differential thermal analyses, etc., are given in Appen-
dix A. 

The anhydrous materials, as well as the pastes hydrated to various ages, were 
always packed in the holder in similar manner and were subjected to X-ray diffraction 
under identical settings of the equipment (Appendix A) so that the relative heights of the 
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selected peaks (Table 2) could be utilized for semiquantitative estimation of the various 
phases present. The selection of the peaks for semiquantitative correlation was 
governed by the following considerations: (a) the peak selected to represent a phase 
should not be common to any other phase present, and (b) the peak selected should not 
be unduly subject to preferred orientation. 

RESULTS AND DISCUSSION 

The data from X-ray diffraction analyses, the total combined water and total specific 
volume for specimens at ages of zero hours (anhydrous'composition), 6, 12, 24, 48 
and 72 hours for compositions J through T were plotted. Typical plots, for composi-
tions J, K, M and Q, are shown in Figures 1 to 4. The percentage increase in the 
volume of anhydrous compositions and the relative XRD peak heights of various corres-
ponding hydrates formed at ages 6, 24 and 72 hours are summarized in Tables 3 and 
4. Only hydrates of ages 6, 24 and 72 hours were subjected to differential thermal 
analysis. The resulting thermograms for compositions J, K, M and Q have been 
reproduced in Figures 5 to 8. 

Before discussing the changesin the anhydrous compounds upon hydration, the hy-
drates formed and their correlation with the total specific volume of the material at 
various ages, it is necessary to outline the nature of the hydrates formed and the bases 
on which XRD and DTA results have been interpreted. 

Hydrates Formed and Their Identification 

It has already been stated that the stable hydrates reported for the quaternary 
C-A-S-H system in aqueous pastes are the trisulfate hydrate and the monosulfate hy-
drate (1). It was decided to synthesize these compounds by hydration from the appro-
priate molar compositions containing C4A3S, CS, and CaO. Standard XRD patterns 
and DTA data applicable to the present investigation were thus obtained. The X-ray 
diffraction pattern of pure trisulfate synthesized in this manner is compared in Appen-
dix B to the diffraction data reported on the compound by the National Bureau of 
Standards (16). To confirm its presence in a given hydrat0ed composition by X-ray 
diffraction, the occurrence of three peaks, 9.71 A, 5.61 A, and 3.88 A, is adequate. 
These peaks were found to be unaffected by decrease in humidity from 100 percent to 
about 12 percent. 

On the other hand, the peaks verifying the presence of monosulfate hydrate are 
reported (20) to occur at 8.92 A and 4.46 A. These represent basal spacings of the 
layer structure and move to lower d-values if the sample is permitted to dry at relative 
humidities below 33 percent. Using C4A3S, CS, and CaO in molar proportions, an 
attempt to make pure monosulfate hydrate by hydration was made. The specimen was 
found to contain a little trisulfate hydrate. The XRD patterns due to the monosulfate 
hydrate alone, corresponding to both 12 mols and 7.5 mols of water, are reported in 
Appendix C. 

Regarding DTA date, it is indicated in Figure 9(a) that in compositions containing 
a high percentage of the trisulfate hydrate, we should expect a strong DTA endotherm 
at about 190 C and a weak endotherm at about 270 C. Figure 9(b) shows that for 
relatively smaller amounts of the trisulfate hydrate, the strong endotherm occurs at 
about 150 C and the weak endotherm at about 250 C. Figure 9(c) shows a thermogram 
of the specimen containing both the monosulfate hydrate and the trisulfate hydrate. By 
eliminating endotherms due to trisulfate hydrate seen in Figure 9(b), the remaining 
endotherms at about 230 and 300 C can be considered to belong to the monosulfate hy-
drate. A small endotherm in the thermograms at about 450 C was found to be due to 
the presence of some combined moisture in the alumina used as a diluent in the DTA 
tests. 

For compositions containing relatively low amounts of sulfate, it was expected that 
calcium aluminate hydrates might be formed after the depletion of CS. Steinour (17) 
reviewed the investigations of many researchers on the system C-A-H and reported 
that the commonly present hydrates in aqueous systems are C4AH19, CAH10, C2AH8 , 

and C3AH6, the first three being members of the hexagonal layer-structure family. 



TABLE 3 

EFFECT OF INCREASING A/S MOLAR RATIO FROM 0.2 TO 1.25 ON PRODUCTS OF 
HYDRATION IN COMPOSITIONS CONTAIMNG ABOUT 2.0 C/ 

Molar Ratios Relative Heights of Relative Heights of Relative Heights of Relative Heights of Percentage Increase 
Selected Trisulfate Selected Monosulfate Selected Phase M Selected Ca(OH)2  in Volume of 

Composition 
C/ A/—S Hydrate Peaks Hydrate Peaks Hydrate Peaks Peaks., Anhydrous Mixes 

Ratio Ratio 
6 hr 	24 hr 	72 hr.  6 hr 	24 hr 	72 hr 6 hr 	24 hr 	72 hr 6 hr 	24 hr 	72 hr 6 hr 	24 hr 	72 hr 

j 2.0 	' 0.2 4 	18 	23 - 	- 	- - 	- 	- 21 	, 	12 	9 29 	55 	57 
K 2.0 0.5 16 	40 	41 - 	- 	- 3 	- 	- 3 	- , 	- 24 	48 	50 
L 2.5 1.0 13 	25 	21 - 	- 	- - 	2 	5 5 	- 	- 28 	41. 	39 
M 2.0 1.25 7 	18 	29 - 	- 	- 5 	2 	- - 	- 	- 18 	29 	35 
S 1.6 0.5 - 	26 	33 - 	- 	- - 	3 	- - 	- 	- 13 	26 	29 

TABLE 4 

EFFECT OF INCREASING A/S MOLAR RATIO FROM 0.2 TO 1.25 ON PRODUCTS OF HYDRATION 
IN COMPOSITIONS CONTUNING ABOUT 4.0 C/S* 

Molar Ratios Relative Heights of Relative Heights of Relative Heights of Relative Heights of Percentage Increase 
Selected Trisullate Selected Monosulfate Selected Phase M Selected Ca(OH)2 in Volume of 

Composition 
C/S A/S— Hydrate Peaks Hydrate Peaks Hydrate Peaks Peaks Anhydrous Mixes 

Rtio Ratio 
6 hr 	24 hr 	72 hr 6 hr 	24 hr 	72 hr 6 hr 	24 hr 	72 hr 6,hr 	24 hr 	72 hr 6 hr 	24 hr 	72 hr 

N 3.5 0.2 - 	7 	8 - 	- 	- - 	- 	- 50 	52 	40 25 	50 	44 
0 3.6 0.5 5 	20 	26 - 	- 	4 3 	- 	- 27 	30 	20 26 	51 	53 
P 4.0 1.0 15 	12 	11 - 	- 	- 3 	10 	19 17 	9 	4 32 	37 	42 
Q 3.7 1.25 - 	- 	- - 	- 	- 8 	19 	15 4 	- 	- 19 	28 	31 
T 4.0 3.0 - 	- 	- - 	- 	- - 	13 	15 - 	- 	- 4 	10 	10 
R 8.0 1.5 - 	- 	- - 	3 	35 3 	13 	- 29 	38 	29 23 	42 	45 

*Composition  R is on exception. 
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Figure 10. Thermograms for C4ASH15  and C4ASH12. 

These also were prepared by hydration reactions from the appropriate anhydrous compo-
sitions.' The presence tf these hydrates in moist condition can be confirmed by XRD 
peaks at 10.6 and 3.92 Afor C4AH19, 14.3 and 7.16 Afor CAH10 , and 10.7 and 5.3 A 
for C2AH8. The structure of cubic C3AH6 is not suscptible to humidity changes and its 
presence can be confirmed by peaks at 5.14 and 2.3 A. The presence of CH can be 
detected both by XRD peaks at 4.90, 3.11 and 2.63 A, and by DTA endotherm at 500-
560 C. The presence of Ails could only be confirmed by a broad peak at 4.34 A because 
its strongest peak at 4.82 A is overlapped by (002) peak of phase M hydrate, and the 
DTA endotherm at about 300 C is also overlapped by phase M hydrate. The chemical 
composition of this compound is discussed in the following paragraphs. Since it has 
been discovered to be analogous to the monosulfate hydrate, it is called phase M hydrate 
in this report. 

X-ray diffraction analysis of some of the hydrated compositions indicated the pres-
ence of a hydrate whose diffraction pattern did not coincide with any of the diffraction 
patterns reported in the ASTM files. The diffraction pattern was characterized by 
strong peaks at .54, 4.78, 2.87, 2.48 and 2.46 A. Roberts (18) reported that spacings 
of 10.3 and 9.6 A have been observed for some preparations of monosulfate hydrate 
which were still moist with mpther liquor. On the other hand, Berman and Newman 
() reported lines at 9.5-10 A, 5.7 A, and 4.7-4.9 A for wet monosulfate hydrate. 
Since these data were inadequate to account for a large number of unexplained peaks on 
the diffraction patterns of most of the hydrated compositions in the presentinvestigation, 
an attempt was made to synthesize a pure specimen of phase M hydrate. Earlier, it 
was suspected that the chemical composition of phase M hydrate might be significantly 
different from the monosulfate hydrate; hence, several preparations with different 



TABLE 5 

HYDRATES DETECTED IN VARIED C/S AND A/S MOLAR 
COMPOSITIONS USED FOR SYNTHESIS OF PHASE M HYDRATE 

C/S A/_S Hydrates Detected by XRDx 
Ratio Ratio (7 days curing at 70 F) 

2 1 Mainly trisulfate, a little AH3 
2 0.5 Mainly trisulfate 
2 0.33 Only trisulfate 

3 1 Mainly trisulfate and phase M 
3 0.5 Mainly trisulfate and CH 
3 0.33 Mainly trisulfate and CH 

4 1 Mostly phase M, a little trisulfate 
4 0.5 Mainly trisulfate and CH 
4 0.33 Mainly trisulfate and CH 

4 2 Mainly phase M, AH3 
3 2 Mainly phase M and trisulfate, AH3 

6 3 Mainly monosulfate, a little phase M, C2AH5 , AH3 
5 3 Mainly phase M. AH3 
4 3 Mainly phase M, Ails 

*Some  unhydrated compounds were detected in all the compositions. 

TABLE 6 

HYDRATES DETECTED IN VARIED C/S AND A/S MOLAR 
COMPOSITIONS USED FOR SYNTHESIS OF 

PHASE M HYDRATE 

C/S A/S Hydrates Detected by XRD 
Ratio Ratio (6 days accelerated curing at 120 F) 

3.50 1.25 Trisulfate, phase M, a little AH3  
3.50 1.50 Trisulfate, phase M, a little AH3  
3.50 1.75 Trisulfate, phase M, a little AH3  
3.50 2.00 Trisulfate, phase M, a little AH3 

3.75 1.25 Mainly phase M, a little trisulfate and AH3  
3.75 1.50 Mainly phase M, a little trisulfate and AH3 
3.75 1.75  Mainly phase M. a little trisulfate and AU3  
3.75 2.00 Mainly phase M, a little trisulfate and AH3 

4.00 1.25 Phase M. atraceofAH3 
4.00 1.50 Phase M, some AH3 
4.00 1.75 Phase M, some AH3  
4.00 2.00 Phase M. some AH3 

5.00 2.00 Phase M. some AH3  and C3AH5  

*SmaIl amount of unhydroted compounds are still present in alIthe 
compositions. 
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TABLE 7 

HYDRATES DETECTED IN VARIED C/S AND A/S 
MOLAR COMPOSITIONS USED FOR SYNTHESIS OF 

PHASE M HYDRATE 

C/S 	A/S 	Hydrates Detected by XRD 
Ratio 	Ratio 	(8 days accelerated curing at 120 F) 

4.00 1.10 PhaseM only 
4.00 1.20 Phase M. a small quantity of AH3  
4.00 1.25 Phase M. a small quantity of AH3 

4.25 1.10 Phase M. a small quabtity of C3AH6 
4.25 1.20 Phase M. a small quantity of C3AH6 
4.25 1.25 Phase M. a small quantity of C3AH6 

4.50 1.10 Phase M. a small quantity of C3AH6 
4.50 1.20 Phase M. a small quantity of C3AH0 
4.50 1.25 Phase M a small quantity of C3AH 

'Of all the hydrated compositions in this table, C4A,.,-§ gave 
maximum intensities for phase M hydrate on the diffraction 
pattern. Furthermore, no other oshydrous or hydrated compound 
was detectable by X-ray. The presence of a little AH3 was, 
however, suspected by the slight turbidity shown when a small 
amount of material was shaken with dilute HCI. 

c/ and A/S molar ratios (Tables 5, 6 
and 7) had to be made before an X-ray 
diffraction pattern completely free from 
the lines of other known phases could 
be obtained. Although this pattern 
corresaonded to the molar composition 
C 4A1.1  S, the presence of a very small 
amount of AH3  was detected by the 
slight turbidity obtained when the speci-
men was dissolved in dilute HC1. By 
following the partial dehydration of 
phase M hydrate pastes with X-ray dif-
fraction, it was observed that the first 
traces of monosulfate hydrate began to 
appear when the loss on ignition of the 
sample dropped to 45 percent (corre-
sponding to 18 mdls of water.) It was 
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concluded, therefore, that the chemical composition of phase M hydrate is approxi-
mately C4A7SH18.* 

Since the synthetic material was extremely fine in particle size and was stable under 
moist conditions only, it was not possible to utilize it for precise crystallographic work 
by conventional techniques. On the assumption of a hexagonal layer structure (because 
the basal spacings decreased on drying), an indirect method (Appendix D) was employed 
to calculate the lattice constants. The tabulated data (Appendix E) show that all 36 
lines observed in the diffraction pattern can be indexed with a fair degree of agreement 
between the calculated d-spacings and the observed d-spacings. However, the existence 
of minor differences in d-spacings in some cases and the splitting of some of the peaks 
into doublets in the observed diffraction pattern suggests that the lattice may be a 
little distorted and actually pseudohexagonal. This is not surprising when it is sug-
gested that the presence of a little AH3 is perhaps necessary for the stability of the 
phase M hydrate. Phase M hydrate was observed to be the stable phase in the hydrates 
of compositions P, Q, and T (C/ = 3.6-4.0; A/ ;_~ 1.0) which contained AH3, as 
verified by the HC1 solubility test. Lea (20), in fact, has speculated that the sti-ucture 
of monosulfate hydrate is monoclinic. 	 - 

The thermograms in Figure 10(a), lO(b) and 10(c) are from, respectively, C 4ASH18, 
C4A7SH12 prepared by hydration, and C4ASH12 prepared by precipitation from dilute 
solutions. The significant differences between phase M and the monosu]f ate hydrate 
are, for phase M, the presence of a large endotherm at 150 C and the increased inten-
sity of endotherm at 300 C. 

Rate of Disaoiearance of Anhydrous Phase and of Formation of Hydrates 

It was not the object of this investigation to determine the absolute rates of hydration 
of different compounds, yet some useful inferences can be drawn from the plots. In 
anhydrous compositions containing CaO it was evident that, upon hydration of the 
material, CaO hydrated most rapidly. After 6 hours of hydration, only a small amount 
of CaO was detected in some cases (compositions K, P, Q, and R) but none whatsoever 
was detected in any of the compositions after 12 hours of hydration. 

In all the compositions containing CaO, the presence of Ca(OH)2 was detected after 
6 hours of hydration although in some cases, such as in compositions K, L, and Q, it 
disappeared at later ages (Tables 3 and 4). It was also observed that disappearance 
of CaO and formation of Ca(OH)2 was accompanied by a corresponding, but not nec-
essarily proportional, increase in the total specific volume of the hydrated composition. 
For example, in composition J (Fig. 1) the only hydrates detected at age 6 hours were 
the trisulfate hydrate and Ca(OH)2; the former, being in a small quantity, could not 
account for about 30 percent increase in the saecific volume of the solids. 

From the figures it is evident that for C4A3S and CS the rate of disappearance upon 
hydration was slower than that for CaO. At later ages, it may possibly be due to the 
inability of curing water to permeate through the products of hydration. In many 
compositions (rigs. 3, 4, 5), the slopes of the plots indicate that the rates of hydration 
of C4A39 and CS bear a .definite relationship to each other, regardless of presence or 
absence of CaO. 

Regarding formation of the trisulfate hydrate, it may be observed from the data 
summarized in Tables 3 and 4 that the trisulfate hydrate existed as the stable phase 
in the hydrated pastes over a wide range of compositions. Its formation within the 
first 6 hours of hydration was readily detectable by DTAin all the compositions except 
when the C/S molar ratio was about 4.0 or more and A/S molar ratio exceeded 1.0. 

The diffraction pattern corresponding to the monosulfate hydrate pattern was ob-
served only in case of composition R (a few weak peaks were also noticed in composition 

*After completion of the experimental work, the authors came across Turriziani's (21) reference to an 
earlier Italian publication in which the existence of a monosulfate hydrate having 14 mols of water 
was reported in contact with saturated solutions of K2SO4. The basal spacing was reported to be 
9.59A, but the complete X-ray diffraction pattern, the lattice constants and the indexes were not 
reported in the original publication (22). 
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0, at age 72 hours). It is clear from Table 4 that phase M hydrate was predominant 
in composition R up to age 24 hours but at later ages the monosulfate hydrate started 
increasing with corresponding decrease of the phase M hydrate, until the latter 
completely disappeared at age 72 hours. It is speculated from the behavior of com-
position R, therefore, that both the monosulfate hydrate and the phase M hydrate are 
capable of existing simultaneously in hydrating pastes and that the former tends to be 
the stable phase when the medium contains a large excess of Ca(OH)2. 

It is shown in Table 3 that onjy traces of the phase _M hydrate were detected by XRD 
in compositions of about 2.0 c/s and 0. 5 or more ALS, and that the phase M disappeared 
altogether at later ages. Only in composition L (c/S = 2. 5, A/ = 1. 0) did phase M 
persist even at age 72 hours. It is apparent from the data in Table 4 that phase M 
hydrate was the predominant phase in compositions with about 4.0 c/s and with 1.0 or 
more A/S, but when the c/S ratio was less than 4. 0 (composition Q), it tended to 
decrease at later ages with formation of the trisulfate hydrate (detected at age 72 hours 
by DTA endotherm at 150 c—Fig. 8). 

Relationship Between compositions of Hydrates Formed and Total Specific Volumes 

From the data summarized in Table 3 in appears that for compositions K, M and 
5, the increase in volume up to age 6 hours was mainly due to formation of the tri-
sulfate hydrate. In all cases investigated over 80 percent of the total increase in vol-
ume was obtained within 24 hours. The trisulfate, however, continued to form up to 
age 72 hours, except in hydration of composition L (Table 3) where it decreased be-
tween 24 and 72 hours with corresponding decrease in specific volume. Although max-
imum increase in volume at all ages was observed for composition J, the utility of 
this composition for practical applications as an expansive component of expanding 
cements is doubtful due to inferior binding power (Fig. 1 1A). On the other hand, 
composition K, for which there was 50 percent increase in volume at age 72 hours 
due to formation of the trisulfate hydrate, appeared to possess good binding strength 
under the restraining conditions provided (Fig. 11B). The presence of ca(oH) in 
hydrated pastes under restraint appears to be detrimental to the binding strength due 
to its increased solubility at high pressures. 

Among the compositions shown in Table 4, relatively large volume gains are ob - 
served in the hydration of compositions N, 0, and R due mainly to presence of large 
quantities of Ca(OH)2  in all three cases, the presence of trisulfate hydrate in compo-
sitions N and 0, and finally, the presence of a large quantity of monosulfate hydrate 
in composition R. The binding powers for each of the hydrated compositions P, Q, 
and T appeared as good as that of composition K (Fig. 11B), but there was only a 
slight increase in volume of hydrated composition T, containing predominantly phase 
M hydrate and AH3. The hydrated compositions P and Q, however, showed fairly good 
increase in volume corresponding to the formation of the phase M hydrate and the tri-
sulfate hydrate. For composition Q, the presence of the trisulfate hydrate was de-
tected by DTAendotherm at 150 C as shown in Figure 9(c). 

Relationship Between Hydrates Formed and Total combined Water 

In general, the slopes of curves representing the total combined water were found 
to be in good agreement with the slopes of curves of total specific volume. The increase 
in the amounts of hydrated phases is likewise indicated by the corresponding increase 
in the amounts of total combined water. Theoretically, the values of percent combined 
water for trisulfate hydrate, monosulfate hydrate and Ca(OH)2  are 45.0 percent, 34.6 
percent, and 24.3 percent, respectively. Accordingly, hydration of composition K 
(Fig. 2), which resulted in formation of the highest amount of trisulfate, showed the 
largest percentage of combined water (43 percent) despite the fact that the percentage 
increase in volume of hydrated compositions J and 0 for the same curing period was 
found to be greater than for hydrated composition K. This shows that in the hydrated 
compositions involving trisulfate, monosulfate, and Ca(OH)2, the total combined water 
should perhaps provide a better criterion for the amount of trisulfate hydrate present 
than the total specific volume. 
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Figurell. A—composition J at 24 hours after hydration; and B—composition K at 24 hours after 
hydration. 

Expansive Reactions and Expansive Forces 

Since the densities of the anhydrous compounds are greater than their corresponding 
hydrates, it is obvious that the hydration reactions invariably result in increase in 
specific volume of the solids. This can be illustrated by the following reactions which 
are involved in the present investigation: 

aq 
CaO 	 Ca(OH 

Gram-molar weight 	 56 	 74 

Density 	 3.32 	 2.23 

Molar volume (cm3 ) 	 16.8 	 33.2 
33.2-16.8 

Increase in volume of solids on hydration = 	168 	
= 98 percent 

aq 
3CaO3Al20CaSO4 + 2CaSO4  + 6CaO—*3(3CaOAl2O3 CaSO4  18H20) 

Stoichiometric weight (g) 	610 	 272 	336 	 2190 

Density 	 2.60 	 2.96 	3.32 	 1.99 

Stoichiometric volume (cm3 ) 	235 	 92 	101 	 1100 

Increase in volume of solids on hydration = 1100-(235+92+ 101)  (235 ± 92 + 101) 	
= 157 percent 

aq 
3CaO3AI2OCaSO4  + 8CaSO4 + 6CaO3CaQAl203CaSQ4 31H20) 

Stoichiometric weight (g) 	610 	 1088 	336 	 3708 
Density 	 2.60 	 2.96 	3.32 	 1.73 
Stoichiometric volume (cm3 ) 	235 	 368 	101 	 2143 

Increase in volume of solids on hydration = 2143- (235 ± 368 + 101) 
 (235 + 368 + 101) 	

= 202 percent 

These reactions are based on the assumption of solid-state hydration. i.e., 
assuming the solids to behave like a piece of dry wood surrounded by water so 
that the resultant increase in the volume of wood and the corresponding swelling 
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pressure* is directly attributable to water taken up from the environment. In expanding 
concrete practice, about 30 percent water by weight of solids is used as the mixing 
water, which dissolves parts of the solids present and is thus part of the system before 
hydration products are formed. Reaction 3 could be rewritten to illustrate the case 
in point by including the mixing water with the reactants: 

aq 
4. 	 3CaOiAl20CaSO4  + 8CaSO4 + 6CaO + aq-3(3CaOAl2O3CaS04 3lH20) 
Stoichiometric weight (g) 	610 	 1088 	336 609 	 3708 
Density 	 2.60 	 2.96 	3.32 	1 	 1.73 
Stoichiometric volume (cm3 ) 235 	 368 	101 	609 	 2143 

Increase in volume of solids on hydration = 2143- (235 +368 + 101 +609) 
(235 + 368 + 	+ 609) 	

= 63 percent 

This is to say that a completely dried piece of wood has maximum swelling potential 
because it has the capacity to absorb a larger volume of water. By comparison, a 
partially dried piece of wood having some moisture already present in it would be 
expected to undergo less change in volume and cause less swelling pressure. The 
observations of Klein and Troxell (6) and Klein et al. (13) that in their tests less ex-
pansion was obtained when higher mixing-water content was used with expanding con-
cretes can possibly be explained by the stoichiometry of reactions 3 and 4. 

The fact that an anhydrous composition is capable on hydration of undergoing a large 
increase in volume does not, however, offer a sufficient basis for the prediction of its 
useful expansive potential. The potential expansive force under given conditions of 
restraint, as evidenced by the apparent increase in the bulk volume of the specimens, 
was found to depend also upon the rate of the expansive reaction. That portion of the 
expansive force can be lost without doing any useful work which corresponds to the 
expansive reaction completed prior to the hardening of the paste, i.e., prior to the 
development of internal restraint. This was particularly true for those compositions 
which upon hydration registered large volume increases due to. the formation of 
Ca(OH)2 within the first six hours of hydration. 

Another observation which, incidentally, conflicts with the sulfate expansion hypoth-
esis of Chatterji and Jeffery (3) concerns the expansive potential of the mohosulfate 
hydrate. They report that C3A-CSH2  mixtures hydrated either with Ca(OH)2  or without 
Ca(OH)2 and with 60 percent water, when stored in brittle plastic vials, were found to 
have cracked the vials between the ages of 14 days and 3 months in those cases only 
where Ca(OH)2  was present. They identified the initial sulfate-bearing compound to be 
the trisulfate hydrate and the final one to be the monosulfate hydrate. They proposed 
that in the presence of Ca(OH)2  the transformation of C4AH13  to monosulfate, at the 

S expense of trisulfate (C4AH13  +  from the trisulfate hydrate 1  C4AS1112),is accompanied 
by about 14 percent increase in solid volume and that this increase in volume results in 
expansive forces if the solubility of C4AH13  in the liquid phase is low (i. e., when 
Ca(OH)2  is present). 

In the case of composition R, it was observed that a large amount of monosulfate 
hydrate was formed between age 48 and 72 hours in a medium containing excess 
Ca(OH)2, but no apparent increase was noted in the volume of the paste contained in the 
molds. Unlike the pastes from compositions J and K (Figs. hA and 11B), the paste 
from composition R did not show any swelling and was not pushed out of the molds. 
Also, the transformation of the trisulfate hydrate to C4AS aq is accompanied by a 

*The generation of large swelling pressures from penetration of water in dry wood was utilized in 
ancient quarrying operations. Dry wedges of wood were driven into cracks or holes drilled in rocks 
and water was poured on. The volume change in the wood often exerted sufficient pressure to crack 
the stone. 
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reduction in the total volume of the system (Table 3, composition L). On the basis of 
data from this investigation, the present authors are in agreement with Milthailov (2) 
that formation of layer structure hydrates, such as monosulfate hydrate, is not ac-
companied by expansive forces. 

Since the expansive forces are produced from the reactions leading to actual as well 
as to apparent increase in the volume of solids hydrating under the restraining influence 
of hardened pastes (in the case of expansive concrete, the aggregate, the reinforcement 
and sometimes externally provided mechanical restraint provide additional restraining 
influence), the authors believe that the structural characteristics of the hydrates formed 
are equally important while considering the expansion potentials of an expansive com-
position. The structure of the trisulfate hydrate has not yet been completely established 
but it is known that it does not possess a layer structure. Contrary to the behavior of 
layer-structure hydrates under the compressive forces exerted by the restraining 
media, it appears that the mass of trisulfate hydrate crystals is capable of withstanding 
considerable forces without being significantly compressed. In research work by one 
of the authors, the trisulfate formed under restraint leading to stresses up to 35, 000 
psi showed no change in the XRD pattern and DTA thermogram. 

Nature of Su)foaluminate Hydrates Produced by Hydration Reactions 

No significant differences between the trisulfate hydrate produced by hydration 
reactions and the same hydrate produced by precipitation from dilute aqueous solutions 
were recorded by X-ray diffraction or by differential thermal analysis. The petro-
graphic examination, however, revealed that the hydrates formed by hydration appeared 
as amorphous clusters of very fine crystallites (somewhat gel-like) when compared with 
the precipitated hydrates which were well-grown, fibrous, or needle-like crystals. 
Similar differences relative to the crystal size were observed when comparing mono-
sulfate hydrate produced by hydration and the hydrate produced by precipitation from 
dilute solutions. 

The procedure adopted for preparing the trisulfate hydrate and the monosulfate 
hydrate by hydration of appropriate compositions consisting of C4A3S, CS and lime 
is not only less tedious than the conventional methods involving interaction of solutions 
with specific ionic concentrations (followed by elaborate filtering and drying techniques 
in CO2-free environments), but it also yields a product having fine size and is, there-
fore, more representative of the trisulfate phase actually formed in portland cements 
hydrated with limited amounts of water. Since the intensities of X-ray diffraction 
peaks are affected by the particle size of the crystals, it is obvious that the trisulfate 
hydrate produced by hydration is better suited for application in quantitative X-ray 
diffraction analysis. 

Lehmann and Mields (23) recorded similar differences in the crystal size of the 
trisulfate hydrate formed by addition of large amounts of calcium sulfate to portland 
cement, slag cement, and aluminous cement. They concluded that the dense structure 
thus obtained, being highly impermeable, was responsible for the stability of these 
cements against corrosive waters. It is obvious, therefore, that other physical 
properties of concrete may also be influenced by the actual crystal size of the hydrates 
present. For example, the observation that creep in expansive concretes is low may 
partially be due to the fine size of the crystals present. 

Lehmann and Mields also pointed out discrepancies in the literature on the sus-
ceptibility of trisulfate hydrate to heat. In their opinion, the differences in the temper-
ature to which the trisulfate hydrate is stable, is largely a matter of whether it was 
made by precipitation from the dilute solution or by hydration reactions. Contrary 
to Kuhl and Albert's report (24) that the trisulfate does not exist above 40 C, Lehmann 
and Mields found considerable amounts of it in the mixtures of aluminous cement and 
gypsum cured at 60 C in a thermostat. They speculated, therefore, that the stability 
of the trisulfate hydrate produced from dilute solutions (Kuhi and Albert's) was poorer. 

The X-ray diffraction data of Klein and Troxell () on the products of hydration of 
several expansive clinkers cured for seven days at 80 C show the presence of large 
amounts of trisulfate hydrate. The trisulfate hydrate is also the stable phase of the 
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Russian expansive cements which are cured hydrothermally at 80 C. More recently, 
Lieber (25) has reported that the trisulfate hydrate can be obtained with certainty even 
from aqueous solutions up to 90 C. It appears, therefore, that differences in stability 
of the specimens on heating as reported above by several investigators were probably 
due to enhanced stability of the trisulfate hydrated when heated in an aqueous environ-
ment. The observations of the authors in this investigation are not in accord with the 
foregoing speculation of Lehmann and Mields that the hydrates produced by hydration 
are more stable to heat than those produced from aqueous solutions. Berman and 
Newman (26) reported that drying experiments conducted at 60 C on trisulfate hydrate 
made by precipitation from dilute solutions resulted in a reduction of water content to 
about 20 mols, whereas drying the specimen of trisulfate hydrate made by hydration by 
the present authors registered a reduction of water content to 17 mols when the speci-
men was maintained at 60 C for 30 hours in a drying oven. This observation is well 
justified on the basis of the finer crystal size of the hydrate formed by hydration. 
Furthermore, Berman and Newman did not find any significant change in the X-ray 
diffraction pattern of their trisulfate hydrate specimens which had lost up to 8 mols of 
water from the original 31 mols bound water. On the contrary, the hydrate made by 
hydration shows very broad peaks of significantly decreased intensity upon reduction 
of molar water content from 31 to 28. It may also be pointed out that heat stability of 
the trisulfate hydrate is greatly influenced by the presence of certain ions in the aqueous 
medium. The stability decreased considerably with curing temperatures of about 50 C 
for compositions with C/s ratio greater than 3.5 (Tables 5-7). 

Differences in Chemistry of Russian and American Expansive Cements 

At present the major research on expanding cements is limited to Russia and the 
United States. Since the compositions and the processes used in both cases are dif-
ferent, it is worthwhile to discuss here the differences in the chemistry of reactions 
involved as understood in the light of the present investigation. It has already been 
reported that the Russian expansive component is a blend of calcium aluminate cement 
(the major compound present is monocalcium aluminate) and gypsum. The expansive 
concrete is cast with 30 percent water and after 24 hours, when the structure has 
hardened, it is exposed to water at 80 C for 6 hours. During the first 24 hours, 
Mikhailov (2) reported the formation of monosulfate hydrate and attributed it to the 
shortage of water used for hydration. On hydrothermal curing in the presence of 
gypsum, the monosulfate hydrate is reported to transform to the trisu]f ate hydrate. 
Theoretically this should cause about 55 percent volumetric expansion in the solids 
as shown: 

- 
- aq - 

C4ASH12 + 	2CTh -~ 	C6AS3 I-b i 
Stoichometric weight (g) 622 344 1236 
Density 1.99 2.32 1.73 
Stoichiometric volume (cm3 ) 312 148 714 

The major compounds present in the U. S. expansive components developed by Klein 
and Troxell (6) are C4A3S, CS, and CaO. Except when the molar ratios of C/S and A/S 
were highly unfavorable (compositions R and T), the formation of the trisulfate hydrate 
was detected by DTA within six hours of hydration even though the water used for hy-
dration was much lower than theoretically required for the formation of the trisulfate 
hydrate. The conclusion of Mikhailov concerning the shortage of water leading to the 
formation of monosulfate hydrate, therefore, appears to be valid only for Russian 
expansive cements. This can be explained due to the rapid solution of the aluminate 
in the latter case so that the A/s ratio in the liquid phase is favorable for the pre-
cipitation of C4A7S aq. 



344 

In Klein and Troxell cements, however, the source of aluminate is not as reactive 
as monocalcium aluminate; hence, the initial A/s ratio in the liquid phase remains 
favorable for the precipitation of C6A7S3 aq rather than C4AS aq. Even lii composition 
P, which has the anhydrous molar composition C4AS, the major phase formed at age 
6 hours is the trisulfate hydrate (Table 4) in spite of the fact that on molar considera-
tions the percent water used was more favorable to the formation of the monosulfate 
hydrate. At later ages, however,_as more aluminate comes into solution, the tri-
sulfate tended to transform to C4AS aq. 

CONCLUSIONS 

The following conclusions may be drawn from this investigation: 

In hydration at 70 F of compositions made with varied proportions of C4A35, CS, 
and CaO, the trisulfate hydrate exists as the stable phase in the pastes for a wide 
range of compositions. Its formation within the first six hours of hydration is readily 
detectable by DTA for all the compositions except when the C/S molar ratio is about 
4.0 or more and the A/S molar ratio exceeds 1.0. 	- 	 - 

In the compositions containing about 4.0-6.0 C/S and 1.0 or more A/S, a mono-
sulfate hydrate having 18 mols of water is found to be the stable phase in the pastes. 
On drying its behavior is similar to the hexagonal layer-structure hydrates. Assuming 
a hexagonal layer-structure, therefore, the calculated unit cell dimensions are 
a = 8.72 a.u., c = 9.54 a.u. All the peaks observed on the X-ray diffraction pattern 
are indexed with a fair degree of agreement between the calculated and observed d-
spacings. But the lack of complete agreement between the calculated and observed 
d-spacings and the occurrence of many doublets on the observed pattern suggest that 
the lattice is actually pseudohexagonal and the unit cell may be monoclinic. 

In addition to C8A53H31, C 4ASH18  and C4ASHI2, the only other hydrates identified 
in the present investigation are Ca(OH)z and AH3. No calcium aluminate hydrates or 
other calcium aluminosulfate hydrates are identified, although there is some evidence 
of at least one other as yet unidentified calcium aluminosuif ate hydrate. 

The CaO present in the anhydrous compositions hydrates almost comlete1y to 
Ca(OH)2  within six hours of hydration. The rate of hydration of C4A3S and CS under 
the present conditions of the experiment are slow; hence, generally small quantities 
of the trisulfate hydrate are formed within six hours of hydration. 

The total specific volume and the total combined water in the hydrated materials 
generally increased with the progress of hydration. However, large increases in 
specific volume of solids are not necessarily accompanied by development, under 
restraint, of large expansive forces. To achieve large expansive forces, a substantial 
volume change should occur only after the paste has adequately hardened and when the 
trisulfate hydrate is one of the major products of hydration. It is speculated that the 
layer-structure hydrates, such as the monosulfate hydrate, are incapable of producing 
the.mechanism for production of strong expansive forces because they are susceptible 
to compaction under the compressive force from the restraining media. 

Unlike the Russian expanding cements, the low percentage of water used for 
hydrating compositions analogous to Klein and Troxell (6) expansive components does 
not initially lead to the formation of monosulfate hydrate. 

The trisulfate hydrate made by hydration reactions consists of extremely fine 
crystals. Compared with the product precipitated from dilute aqueous solutions, it is 
less stable to thermal effects, but is believed to be responsible for superior creep 
characteristics as well as lower impermeability of concrete to corrosive fluids. 

These conclusions are pertinent only to the materials employed in the investigations 
and to the conditions of the tests. In actual concrete practice, interactions are known 
to occur between phases of hydrating portland cement and the hydrating expansive 
component. It is entirely probable that the calcium aluminosulfate hydrates formed in 
expanding concretes may differ in composition from those observed in the course of 
this investigation. The type of portland cement used for blending, the amount and 
fineness of expansive component, the gradation and amount of coarse aggregate, the 
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amount of reinforcement provided and the methods of applying external restraint all 
involve other parameters which affect the rate and magnitude of expansive forces in 
expandinconetes. In brief, although this investigation provides a better under-
standingof the design of expansive components and their hydration reactions, there is 
no implication that the conclusions drawn are by themselves adequate to predict methods 
for more effective control of expansion in expanding concretes; that is to say, the 
development of expansive forces. is not a simple function of volume change alone. 

Finally, new data are contributed relative to X-ray diffraction patterns, thermo-
grams and physicochemical characteristics of calcium aluminosulfate hydrates which, 
it is hoped, will be of value to researchers in the field of cementitious materials. 
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Appendix A 

CASTING, CURING, AND TESTING PROCEDURES 

Casting 

Sections from 1-in, diameter stainless steel tubing 1 in. long were used as molds. 
For casting, the molds were sealed at one end with masking tape which was afterwards 
removed when the specimens were ready to be exposed to moist curing. Tests were 
made at short intervals within three days of hydration to obtain information on the 
nature of the hydrates formed, their relative amounts, the total specific volumes and 
the combined water content. The intervals selected were 6, 12, 24, 48 and 72 hours. 
Hence, five molds were provided for each mix, the contents of the 6-hour paste being 
representative of the state of the paste just before it was exposed to moist curing. 

Pastes were prepared by thoroughly mixing 30 ml of freshly distilled water and 
75 gm of the anhydrous composition in a porcelain dish. The ingredients were thor-
oughly mixed for 2 min with the aid of a stainless steel spatula, and the paste was then 
cast into the molds. As soon as casting was complete, the molds were covered with a 
watch glass to minimize carbonation and loss of moisture. Some loss of moisture 
occurred during themixing operation inasmuch as the heat of hydration and tempera-
ture increases were fairly high, particularly in the mixes containing large percentages 
of CaO. However, weighing the molds before they were exposed to moist curing re-
vealed that the residual water-to-solids ratio in all cases was well within the desired 
range of 30-40 percent by weight. 

Curing 

After 6 hours of hydration, the contents of one of the molds was crushed for use in 
various tests as discussed below. The hardened pastes in the remaining four molds, 
while still in the molds, were stored in contact with cotton pads soaked in distilled 
water. Again, the carbonation was minimized by conducting the moist curing in plastic 
containers sealed with air -tight lids. Photographs of the molds containing compositions 
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J and K at age 24 hours are shown in Figure 11. During moist curing, the mold pro-
vided the restraint essential for preventing possible disintegration of the specimen. 
This is also necessary in actual practice with concretes containing a high percentage 
of expansive component. 

X-Ray Diffraction 

At the end of the required moist-curing periods, the molds were taken from the 
curing container and the hardened material removed for immediate processing. A 
small representative sample was finely pulverized for X-ray diffraction examination; 
the rest of the material was subjected to a drying treatment as discussed later. Since 
layer structure hydrates change their basal spacings on drying, the X-ray examination 
was completed within about one hour, during which the sample of, the paste in the holder 
stayed fairly moist. 

A Philips Norelco X.R. Generator with Cu target tube run at 40 kv, 35 mA, and 
0.0007 in. nickel filter was used in conjunction with a Philips Norelco X.R. Diffracto-
meter with 1 deg divergence and scatter slits, 0.006-in, receiving slit and scintillation 
counter at 850 v. The samples were packed in aluminum holders and were scanned at 
0. 5 deg 2 8/mm. The level of the pulse height analyzer was maintained at 8.0 v, and 
the width at 27.0 v with ratemeter time constant at 2 sec. The diffraction pattern was 
recorded at 1000 counts per sec full scale deflection by a Bristol recorder. 

Drying of Pastes 

The disintegrated material was stored in a desiccator over anhydrous silica gel. 
The choice of silica gel as desiccant was governed by the fact that, being a weak 
desiccant, it is expected to remove only free or uncombined water from the moist 
materials. In a preliminary trial, a sample of freshly prepared trisuif ate hydrate 
paste, when dried to constant weight over anhydrous silica gel, showed 45 percent 
loss on ignition which corresponds to 31 mols of water. Several investigators (1) 
agree that a sample of the trisulfate hydrate stored at room temperature and 33 per-
cent relative humidity possesses 31 mols of water. Freshly activated desiccant was 
supplied to the desiccators every day and the samples of hydrated pastes were stored 
in the desiccators until they showed almost constant weight (not more than 0.05 per-
cent loss in weight in 24 hours). The dried samples were preserved in air-tight 
bottles for determination of total specific volume and combined water content and for 
differential thermal analysis. 

Specific Volume, Loss on Ignition, and DTA 

The total specific volume was measured by the Beckman Model 930 Air Comparison 
Pycnometer. The total combined water was determined as loss on ignition from a 
one-gram sample, ignited in a platinum crucible,' at 950 C in a laboratory muffle 
furnance. 

The differential thermal analysis'; up to 600 C, was carried out in a furnace built in 
the laboratory, using a nickel sample holder, Pt-10 percent Rh thermocouples and 
cálcined alumina powder as the inert material. In order to eliminate a large variation 
between the diffusivities of the sample and the inert material, all samples, unless 
otherwise stated, were diluted with the same weight of alumina. The same sample 
weight was used in all DTA tests so that the peak areas would be proportional to the 
amounts of hydrated phases present. A constant heating rate of 12 C per min was 
employed and the differential temperature was recorded on a Leeds and Northrup re-
corder with a sensitivity corresponding to 100 microvolts per in. 
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Appendix B 

X-RAY POWDER DIFFRACTION PATTERN OF 3CaOAl2O3 3CaSO431H20 

hkl 

Mehta and Klein 

d I 

Nat. Bur.  of Stds.(16) 

d 	I 

002 10.71 5 - - 
100 9.71 100 9.73 100 
101 8.87 12 8.86 12 
102 7.23 5 - - 
103 5.76 11 - - 
110 5.61 80 5.61 81 
112 4.98 25 4.98 24 
200 4.86 7 4.86 6 
104 4.70 45 4.69 36 - - 4.41 3 

203 4.02 10 4.02 10 
114 3.88 70 3.88 51 
210 3.67 6 3.67 7 
204 3.60 16 3.60 14 
212 3.48 32 3.48 31 

213 3.26 10 3.27 4 
300 3.24 21 3.24 19 
116 3.02 9 3.02 6 
220 2.81 6 2.81 6 
304 2.77 45 2.77 38 

222 2.712 5 2.714 6 
310 2.688 9 2.697 12 
008 2.680 7 
312. 2.616 19 2.616 21 
216 2.566 55 2.564 45 

313 2.527 6 2.524 4 
224 2.490 4 2.487 3 
400 2.430 2 2.434 2 
118 2.422 4 2.422 2 
306 2.408 12 2.401 10 

208 2.352 	. 5 2.347 4 
320 2.231 7 2.230 20 
226 2.210 50 2.209 43 
322 2.184 6 2.185 8 
316 2.152 26 2.154 23 

323 2.130 4 2.130 2 
410 2.124 6 2.124 5 
412 2.079 3 2.081 4 
324 2.059 6 2.062 5 
413 2.033 1 2.033 1 

317 2.027 1 2.027 1 
325 2.004 2 1.979 2 
414 1.971 3 1.975 3 
500 1.943 9 1.946 10 
407 1.904 2 1.905 1 
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hid d I d I 

503 1.875 1 1.875 2 
2-1-10 1.854 .7 1.853 6 
322 1.843 5 1.845 8 
421 1.828 3 1.829 4 
422 1.806 3 1.812 4 

1.789 2. 1.786 2 
1.763 5 1.768 4 
1.748 i - - 
1.723 2 -. - 
1.705 4 - - 
1.679 4 - - 
1.663 10 - - 
1.620 6 - -. 
1.598 2 - - 
1.574 6 

1.515 5 
1.510 2 
1.462 2 
1.392 1 

Appendix C 

X-RAY POWDER DIFFRACTION PATTERN OF MONOSULFATE HYDRATE 

Taylor (i) 
	

Mehta and Klein 

12 mols H20 
	

12 mols H20 	7.5 mols H2O 

8.92 vs 8.93 vs 8.93 vw - - 8.18 vs 

4.88 vw 4.92 vw 4.84 vw 
4.72 vw 4.72 W 

4.50 vw 

4.39 vw - 4.19 vw 
4.46 s 4.46 vs 4.07 vs 
3.99 s 4.00 s. 3.75 vw 

3.65 vw 3.65 vw 3.57 vw 
2.87 vs 2.88 m 2.87 w 

2.79 w 

2.78 vw 2.76 vw 
2.73 m 2.74 w 2.70 w 
2.60 vw 2.67 vw 

2.62 vw 
2.49 vw 
2.47 vw 
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12 mols H20 12rnols H20 7.5 mols H20 

2.45 s 2.45 m 2.43 w 
2.41 ms 2.42 m 2.40 vw.  
2.35 vw 2.36 w 2.34 w 
2.33 w 2.34 w 2.30 vw 
2.25 w 2.26 vw 2.24 w 

2.23 vw 2.14 vw 
2.19 w 2.19 w 2.07 w 

2.09 vw 2.03 vw 
2.06 m 2.07 m 1.96 vw 
1.99 w 2.00 vw 1.94 vw 

1.90 vw 1.905 w 1.872 vw 
1.82 m 1.826 w 1.757 vw 

1.816 vw 
1.786 vw 
1.763 vw 

1.66 ms 1.663 m 1.654 vw 
1.646 vw 

1.641 vw 1.624 vw 
1.63 m 1.634 w 1.609 vw 

1.58 vw 1.589 w 
1.55 vw 1.558 vw 
1.54 vw 1.542 vw 

1.44 w 
1.42 vw 
139 w 
1.37 vw 
1.35 vw 

Appendix D 

CALCULATION OF LATTICE CONSTANTS FOR PHASE M HYDRATE 

Formula for indexing a hexagonal lattice 

Sin2
9 ' 3a2 	 4C2 

	 (1) 

for CuKa 	 = 1.5405 

(001) reflection occurs at 9.26 deg 2e 

Sin2  e (001) = 0.00645 = 	(0) 	
= (1.5405)2  

3a2 	4C2 	4C2 



351 

Therefore, 

C = 9.54 A 

Similarly, (120) reflection occurs at 31. 16 deg 2 e 

Sin2  8(120) = 0.0721 = -s--- (1 + 2 + 4) + -s--- 
(0) = (1.5405)2.7 

	

3a2 	 4C2 	3a2  

Therefore, 

a = 8.72 A 

Substituting the values of h, k, 1, a and c in Eq. 1, the theoretical d spacings can be 
calculated. Appendix E shows the tabulated data comparing the theoretical d spacings 
with the observed ones. 

Appendix E 

COMPARISON BETWEEN OBSERVED AND CALCULATED 
d SPACINGS OF PHASE M HYDRATE 

d Spacings (A) 	Relative 
hkt 	 Intensity 

	

Calculated 	Observed 	Observed 

001 9.54 9.54 vs 
002 4.79 4.78 vs 
102 4.06 4.08 mw 
200 3.79 3.76 m 
003 3.18 3.18 vw 

120 2.87 2.87 s 
121 2.75 2.75 m 
122 2.46 2.48 ms 
203 2.45 2.46 	5 ms 
004 2.39 2.35 mw 

104 2.285 2.308 - 
2.285 mw 

123 2.134 2.135 m 
131 2.056 2.043 w 
204 2.027 2.017 w 
005 1.918 1.911 w 

400 1.897 1.890 
1.8795 W 

124 1.840 1.836 w 
223 1.809 1.801 w 
231 .1.713 1.711 vw 
140 1.657 1.660 

mw - 
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d Spacings (A) 	Relative 
hkZ 	 Intensity 

Calculated 	Observed 	Observed 

141 1.633 1.635 
mw 

006 1.589 1.596 w 
133 1.582 1.581 w 
142 1.566 1.5691 

1.5641 W 

233 1.529 1.535 vw 

500 1.519 1.524 iv 
404 1.488 1.487 vw .  
143 1.471 1.474 vw 
240 1.434 1.437 

1.435 w 

241 1.418 
w 

1.420 

125 1.396 1.396 
w 

242 1.374 1.377 
w 


