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REACTION OF WATER ON CALCIUM ALUMINATES
By‘Lansing S. Wells

ABSTRACT

The four calcium aluminates (Ca0.Al,0; 3Ca0.5A1,0;, 5Ca0.3A1,03,3Ca0.-
Al,O;) have been made, and the mechanism of their reaction with water has
been studied. The tricalcium aluminate, 3Ca0.Al,O;, reacted so rapidly with
water that changes in the composition of the resulting solutions could not be
followed. The other calcium aluminates, as well as a high alumina cement,
reacted with water to form metastable and supersaturated monocalcium alumi-
nate solutions in the early periods. The metastable solutions decomposed as
the reaction proceeded with the precipitation of varying amounts of hydrated
alumina and crystalline hydrated tricalcium aluminate, with attendant increases
in both the pH and molar ratio, CaO/Al,O;, in the resultant solutions. The
constitution of the aluminate solutions has been discussed. Calculations based
upon electrometric measurements and chemical analyses indicate that the alumi-
nate in solution is the calcium salt of monobasic aluminic acid. A study of the
subsequent changes in the aluminate solutions, attended by increasing concen-
trations of calcium hydroxide, indicates that a hydrated tetracalcium aluminate
may be formed in solutions where the pH value is greater than 12.0. An electro-
metric titration study of aluminum chloride and calcium hydroxide and an in-
vestigation of the calcium chlor-aluminates are described.
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I. INTRODUCTION

Investigations ! of the ternary system, lime-alumina-silica, have
established the constitution of all definite combinations of lime and
alumina, lime and silica, alumina and silica, and lime, alumina, and
silica. They have shown that lime can combine with alumina at
high temperatures only in the following molecular proportions: 3Ca0.-
5A1,0g Ca0.Al,0;, 5Ca0.3A1,0;5, 3Ca0.AL,O;. Tricalcium aluminate
(3Ca0.AL,0;) appears to be the only aluminate in Portland cement of
normal composition and normal properties. The other main con-
stituents of such cements are tricalcium silicate (3Ca0.SiO,) and
the beta form of dicalcium silicate (2Ca0.Si0,;). The monocalcium
aluminate (Ca0.ALO;) and the 3:5 calcium aluminate (3Ca0.5AL0;)
occur in the cements characterized by a high alumina content. Such
cements have the property of hardening in a short time and acquiring
meanwhile very high strengths. The cementing qualities of the
calcium aluminates have been reported by Bates;? the properties of
the caleium silicates and calcium aluminates occurring in normal
Portland cement, by Bates and Klein;® and the hydration and hydrol-
ysis of the compounds which may occur in Portland cement, by
Klein and Phillips,* and by Lerch and Bogue,® respectively.

These investigations have indicated that the setting of all calcium
aluminates is accompanied by the formation of hydrated tricalcium
aluminate with or without hydrated alumina. Recently some pre-
liminary experiments, undertaken at the bureau, had indicated that
the setting of the calcium aluminates and high alumina cements might
be closely related to their reaction with water in the formation of
metastable and supersaturated solutions of calcium aluminates. From
these solutions the hydrated tricalcium aluminate and hydrated
alumina precipitated. It was decided, therefore, to investigate this
reaction and obtain more information as to its mechanism.

The first part of this paper concerns not only the chemical com-
position and pH values of these solutions as they are formed in the
early period of setting, but also the changes which they undergo as
the solutions pass from a metastable condition to one of equilibrium.
Then, at this point, a further study was also made of subsequent
changes in the aluminate solutions attended by increasing concen-
trations of calcium hydroxide, a product of the hydrolysis of the cal-

1 Rankin and Wright, ‘“The ternary system lime-alumina-silica,”” Am. J. Sci., 39, p. 1; 1915; Bowen and
Greig, “ The system Al;03-SiO,,” J. Am. Cer. Soc., 7, p. 238; 1924; Hansen, Dykerhoff, Ashton, and Bogue,
““Studies of the system lime-alumina-silica. The composition 8CaO-+Al;03+2S5i10,,” J. Phys. Chem., 31,
pp. 607-615; 1927.

? Bates, Cementing Qualities of the Calcium Aluminates, B. S. Tech. Paper No. 197.

8 Bates and Klein, Properties of the Calcium Silicates and Calcium Aluminate Occurring in Normal
Portland Cement, B. S. Tech. Paper No. 78.

¢ Klein and Phillips, Hydration of Portland Cement, B. S. Tech. Paper No. 43.

¢ Lerch and Bogue, “Studies of the hydrolysis of compounds which may occur in Portland cement,”
J. Phys, Chem,, 31, p. 1627; 1927,
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cium silicates. The second part of the paper deals with an electro-
metric titration study of aluminum chloride and caleium hydroxide
and an investigation of the calcium chlor-aluminates.

II. REACTION OF WATER ON THE CALCIUM ALUMINATES
1. PREPARATION OF COMPOUNDS

The following calcium aluminates were made by W. Lerch by the
methods developed in this laboratory:®

Frbicalcipnalminates S Tites tatnd s A S e e 3C20.5A1,0;
Monocalerum ahumingtel  JbbL A3 bia Il Ca0.Al,0;
5: 3realcinm ‘alominatel) 6 LI LIS E L LI LEDE 2 0y 5Ca0.3A1,0;
Tricalcium aluminate: s foatuobin savan Jonbne smaahy 3Ca0.AL0;

_ For the preparation of these binary compounds, chemically pure
calcium carbonate and alumina were mixed in the proper proportions
with a little water, molded into bars, and burned in an up-draft,
gas-fired kiln for four hours at a temperature” of 1,350+£20°. To
obtain a homogeneous product the material was ground, remolded,
and reburned at the same temperature. No free lime was found
in any of these reburned aluminates either by the White’s test® or
by the method of titration with ammonium acetate.® Miecroscopic
examinations!® showed the resultant material to be homogeneous and
of the desired constitution. The materials were then ground to a
degree of fineness such that about 90 per cent passed a No. 200 sieve.

2. APPARATUS AND SOLUTIONS EMPLOYED

For the determination of the hydrogen-ion concentration of the
aluminate solutions, the electrometric method was used. The poten-
tiometric system consisted of a Leeds and Northrup type K potentio-
meter and type R galvanometer with properly shielded switchboard
and wiring. The Weston cell values were certified by the electrical
division of this bureau.

The saturated KCl-calomel electrode was used in the hydrogen ion
set-up. Its use does not necessitate the protection from contamina-
tion by the saturated KCl used in making liquid junctions required in
the use of normal and tenth-normal electrodes. A gooseneck siphon,
constricted at the tip, connected the tightly stoppered bottle contain-
ing the saturated KCl of the liquid junction with the hydrogen
electrode vessel of 100 ml capacity. By this arragement the contami-
nation of the solutions was reduced to a minimum, and any inherent
error was probably very small and constant. The stem of a separa-

¢ B. 8. Tech. Papers Nos. 43, 78, and 197; Lerch and Bogue, J. Phys. Chem., 31, p. 1627; 1927.
7 All temperatures in this work are expressed in the centigrade scale.

8 A. H. White, J. Ind. Eng. Chem.,, 1, p. 5; 1909.

9 Lerch and Bogue, Ind. Eng. Chem., 18, p. 739; 1926,

10 Made by F. W. Ashton, of this bureau,
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tory funnel, filled with saturated KCl, led into the bottle containing
the saturated KCI of the liquid junction. By opening the stopcock
of this funnel the gooseneck siphon could be washed free of any con-
tamination from the solution of the hydrogen electrode vessel.

A simple wire type of hydrogen electrode was used. By bubbling
hydrogen through a small hole in the side of the glass tube contain-
ing the platinized wire, the solution of the electrode vessel was surged
about the electrode. A small hole in the stopper of the electrode
vessel served as an outlet for the hydrogen. By this arrangement
air was conveniently expelled from the electrode vessel and excluded
during the measurement. In fact, all operations were made with
protective measures against contamination by atmospheric carbon
dioxide. The hydrogen used was electrolytic hydrogen supplied in
tanks. It was passed through a series of wash bottles containing
solutions of alkaline potassium permanganate, alkaline pyrogallol,
mercuric chloride, and a solution similar to that contained in the
electrode vessel, respectively.

All materials were purified with great care, and the system was
checked against standard buffered solutions and was found to con-
form to the standard as recommended by W. M. Clark."

The cells and the solutions to be studied were kept in an air ther-
mostat well insulated by an air space of 1 inch between double glass
walls. There were also double glass doors through which, when
opened, the apparatus could be reached. Heating of the air was
effected by bare nichrome resistance wire strung on an open frame
of asbestos board. A small electric blower, with well-insulated pip-
ing, mounted outside the thermostat provided for a rapid circulation
of air. The heater was placed at the air exit of this blower. The
thermostat maintained a temperature of 30+ 0.05° by means of a
toluene-mercury regulator connected to an electric control similar
to the device of D. J. and J. J. Beaver,? but modified for operation
with a U. X. 201-A radio tube.

In accordance with custom, the hydrogen ion concentration is
expressed in this paper in terms of Sgrensen’s pH, which is defined
by the relation pH=log [Tﬂl_] As all electrometric measurements
were made at 30°, the pH of the solutions was calculated from the
formula

o 1 _E. M. F. (observed)—0.2437
P £ 7Y 0.06011

where the E. M. F. is expressed in volts.

11'W. M. Clark, Determination of Hydrogen Ions, Williams & Wilkins, Baltimore; 1922,
12D, J. and J. J. Beaver, J. Ind. Eng. Chem., 15, p. 359; 1923.
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3. METHOD OF PROCEDURE

Preliminary experiments indicated that metastable calcium alum-
inate solutions were formed during the reaction of water with the
anhydrous calcium aluminates or high alumina cement. It was,
therefore, decided to study not only the chemical composition and
PH of these solutions as they were formed in the early period of the
setting processes, but also to follow the changes which they under-
went as the solutions passed from a more or less metastable condition
to one more nearly approaching equilibrium.

The procedure followed in this study was to shake the anhydrous
calcium aluminate or high alumina cement with distilled water in
the proportion of 50 g of solid to 1 liter of water for a given time
and then filter the mixture rapidly through a Biichner funnel. Sam-
ples of these filtrates were taken at once for chemical analyses and
for pH determinations. In the analyses the solutions were made
slightly acid with hydrochloric acid and the aluminum was precipi-
tated as the hydroxide and ignited to the oxide according to Blum’s
method.”® In the analyses of the more concentrated aluminate solu-
tions the aluminum hydroxide was dissolved and reprecipitated before
ignition. The calcium was precipitated as the oxalate, ignited to
constant weight in a platinum crucible, and weighed as the oxide.

After the samples had been taken the filtered solutions were set
aside in well-stoppered flasks for further observations. On standing,
part of the lime and alumina precipitated from the clear solutions in
changing from a metastable condition to one more nearly approaching
equilibrium. After two weeks the resulting mixtures were filtered.
Samples of these filtrates were also taken for chemical analyses and
for pH determinations. The precipitates were washed with alcohol
and ether and dried in a desiccator containing anhydrous calcium
chloride. The dried material was examined with the petrographic
microscope * and analyzed chemically for lime, alumina, and water
(loss on ignition). It was preferable to make the analyses for alumina
and lime on samples other than those used for the determination of
loss on ignition, since heat converted a portion of the alumina to a
form difficultly soluble in acids.

4. REACTION OF WATER ON MONOCALCIUM ALUMINATE (Ca0.Al;O;)

Klein and Phillips ** have shown, by petrographic methods, that
monocalcium aluminate starts to hydrate almost immediately upon
the addition of water. Bates '® has pointed out that the high alumina
cements, which contain this aluminate, develop most of their high

13 W. Blum, Determination of Aluminum as Oxide, B. S. Sci. Paper No. 286.
14 Examinations made by Dr. H, Insley, of this bureau.

15 B, S. Tech. Paper No. 43.

16 B, 8. Tech. Paper No. 197,
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strengths within 24 hours. It has also been observed that the reaction
of water on the other calcium aluminates progresses rapidly. For
these reasons the study herein described was particularly concerned
with those reactions occurring within the first few hours.

Accordingly, mixtures of anhydrous monocalcium aluminate and
distilled water in the proportion of 100 g of solid to 2 liters of water
were shaken in flasks to prevent setting. After a definite interval of
time one of these mixtures was filtered through a Biichner funnel, and
later, when another definite period of time had elapsed, a second
mixture was filtered. This process was continued until all had been
filtered. In this way successive definite increments of time were
represented by each filtration. Filtering required between 5 and 10
minutes. After the samples had been taken the clear filtrates were
set aside in well-stoppered flasks for further observations. Since these
clear metastable solutions were metastable in varying degrees, it was
necessary to examine them immediately after filtering from the
reaction mixture. Thus, the determination of the pH values of the
samples of the filtered solutions were started at once, as it was
observed that a precipitation of lime and alumina from the clear
metastable filtrates began, in some cases, within two or three hours
after filtering. Then, at the end of two or three weeks, the mixtures
resulting from the decomposition of the metastable solutions were
also studied.

The data obtained in these investigations are recorded in Tables
1and 2. In Table 1 the figures in the first column refer to the number
of the experiment, and the second column gives the time of contact
of the monocalcium aluminate with water before filtration. The
columns designated by A (columns 3, 5, 7, 9, 11, and 13) contain the
data as determined and calculated with respect to the solutions
obtained directly upon filtering from the reaction mixtures and are,
therefore, descriptive of conditions of the clear filtrates prior to any
subsequent decomposition after filtering. In the columns designated
B (columns 4, 6, 8, 10, 12, and 14), there are recorded the results of
the same measurements as described under A. However, in the case
of B the measurements were made upon the solutions (numbered the
same 8s those of A in column 1), but after an elapse of two or three
weeks, whereas the results and calculations tabulated under A refer
to the same original solutions at the time immediately following
iiltration as above described. A comparison of the data of each
column A to those of its adjacent column B shows, therefore, the
changes which have occurred in the filtered solutions in passing
from a more or less metastable condition to one more nearly approach-
ing cquilibrium and with an attendant precipitation of some of the
alumina and lime.
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Accordingly, columns 3 and 4 give the alumina in solutions, as
grams AlO; per liter, directly upon filtering and at equilibrium,
respectively, as previously described, and columns 5 and 6 the lime
in the corresponding solutions as grams CaO per liter. Column 7
shows the molar ratio, CaO/Al;Os, in solution directly upon filtering
as calculated from the data of columns 3 and 5, and column 8 gives
this ratio in the resultant equilibrium solutions as calculated from
the alumina and lime in columns 4 and 6. Column 9 gives the lime,
as grams CaO per liter in excess of monocalcium aluminate, obtained
by subtracting from the lime of column 5 the calculated quantity of
lime which will combine with the alumina of column 3 as a calcium
aluminate of the composition, Ca0.AL;O;. Column 10 gives this
excess of lime, computed in the same manner, from the data of columns
6 and 4. Column 11 gives the observed E. M. F., as determined with
the hydrogen-ion set-up, of the solutions (A) containing the alumina
of column 3 and the lime of column 5, and column 12 the observed
E. M. F. of the corresponding solutions (B) at equilibrium which
contain the dissolved alumina of column 4 and the dissolved lime of
column 6. Columns 13 and 14 contain the pH values calculated
from the observed E. M. F. determinations of columns 11 and 12,
respectively. The data of the last two columns (15 and 16) will be
discussed later. In the light of the above description the subse-
quent tables, which contain the results of the reaction of water on
the other aluminates, will be self-explanatory.

In Figure 1 the quantities of alumina and lime (recorded in columns
3 and 5 and expressed as grams Al,O; and CaO per liter, respectively),
dissolved in water, are plotted against the time (in hours) of contact
of the aluminate with water. The pH values of the solutions, re-
corded in column 13, are also plotted against this time.

From the data of columns 3 and 5 of Table 1, as plotted in Figure 1,
it is seen that the reaction of water on monocalcium aluminate pro-
gresses rapidly. The quantity of both alumina and lime dissolved by
the water attained a maximum in 30 minutes and then gradually
decreased until about five hours had elapsed. Further shaking re-
sulted in a rapid decrease, which, in turn, became less as time pro-
gressed. An apparent state of equilibrium was reached only after
several weeks had elapsed.

It is interesting to observe (column 7, Nos. 1 to 7, inclusive) that
anhydrous monocalcium aluminate reacted with water in the early
periods to form calcium aluminate solutions with a molar ratio,
Ca0/ALO;, of approximately 1. The pH of these solutions (columns
13, Nos. 1 to 7, inclusive) was very nearly 11.20. At the later periods
(Nos. 8 to 13, inclusive), the molar ratio of CaO/Al,O; in solution
had increased, with a simultaneous increase in the pH, until the point
pH 11.75 was reached, even though the actual quantities of both
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alumina and lime in solution decreased. It should be noted (columns
9 and 13) that the increase in pH is accompanied by a corresponding
Increase of the lime in solution in excess of that calculated to be in
combination with the alumina in solution as monocalcium aluminate.
A more detailed discussion of this relation will be presented later
in this paper.

Turning now to a consideration of the determined and calculated
data of columns B of Table 1 in comparison to those of columns A
of the same table, it can be seen that changes identical to those de-
scribed above also took place in the more or less metastable solutions

22 5 2 Bluminate solutions from Cal-£Q,
(50 grams CaO-AQ, perliter water)

20
§ 19
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3
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F1a. 1.—Showsng the composition and pH of aluminate solutions from
Ca0.A4L,0; as functions of the time of contact with water

which had been filtered from the reaction mixtures and subsequently
had approached equilibrium on standing. A portion of the alumina
and lime had precipitated from the clear metastable filtrates (Nos. 1
to 7, inclusive, of columns 3 and 5, respectively), leaving ““equilib-
rium” solutions similar in composition (Nos. 1 to 7, inclusive, of
columns 4 and 6, respectively) to those obtained when the anhydrous
monocalcium aluminate had been left in contact with water for long
periods (Nos. 10 to 13, inclusive, of columns 3 and 5, respectively).
The molar ratio of lime to alumina increased as the metastable solu-
tions approached equilibrium on standing, as can be noted from a
comparison of the values of Nos. 1 to 7, inclusive, of column 7 to
112000°—28——2
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those of column 8. This also was accompanied by an increase in pH
(column 14) to about 11.75, the approximate value obtained for the
solutions filtered from the reaction mixtures at the later periods (Nos.
10 to 13, inclusive, of column 13). In Figure 2 the pH values of all
of the solutions are plotted against the molar ratio of lime to alumina,
Ca0/ALQO;, in these solutions.

Table 2 contains the chemical analyses of the material precipitated,
at the end of two weeks, from the filtered metastable calcium alumi-
nate solutions. Precipitation of this material started from the first
six of these solutions within two or three hours after filtering and the
obtaining of a clear filtrate. At the end of a day the precipitate

720 Aluminate Solutfion from CoO-R0s
(50 groms CaOAYQ, per ter water)
G o Solitions before precipriation (A).
: ® Solufions atfer precpitetion (B).
8 7> ——128D, v’
, el
n7 e sm
//;(— 5 °\4 ,////
S /6 12 et 22
Y S B
34 el
L)
5
N

vz

16 20 22 24 26 28 30 32 34 36 38 40

8
Moler Ratio  CaO/ALG, in Jolution

Fia. 2.—Showing the pH of aluminate solutions from Ca0.Al,0; as a function
of the molar ratio CaO/Al,0; in solution

covered the bottom of the flask to a depth of about 0.5 cm. Two or
three days later small spherulites of crystals appeared on the walls
of the flasks. These spherulites, in turn, were covered gradually by
a thin film of amorphous material. Also, at the end of this two-week
period, when the mixtures were filtered a portion of the material
adhered so firmly to the walls of the flasks that it could not be loosened
even by vigorous shaking. This loss of material in filtering probably
accounts for the differences in the molar ratio of lime to alumina in
the precipitate as calculated from the chemical analyses of the mate-
rial recovered and that as computed from the analyses of the aluminate
solutions in the metastable condition (A) and at ‘“equilibrium” (B).
In either case, however, the molar ratio of CaO/ALO; in the precipi-
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tate is less than 1.0. This indicates that the precipitate was com-
posed either of a calcium aluminate hydrate with a molar ratio, lime
to alumina, less than 1.0, or else was a mixture of hydrated alumina
and a more basic calcium aluminate hydrate.

Microscopic examination showed that all samples were composed
wholly of the following three phases:

A. A crystalline phase in flat, hexagonal plates with the refractive
indices as follows: w=1.535+0.004, e=1.515+0.005. The plates
were uniaxial negative. The spherulites consisted of radiating
aggregates of these crystals.

B. Amorphous material, apparently colloidal aggregates, often in
spheroidal form in irregular clumps. Portions of these areas some-
times showed the uniaxial cross as in spherulites and m colloidal
portions of fibers. The amorphous material sometimes occurred in
thin flakes with polyhedral boundaries, as if broken away from the
sides of the containing vessel. It was difficult to obtain the index of
the amorphous material. The average index was about 1.48, but was
a variable quantity.

C. Calcite. This occurred in aggregates of very minute crystals
seldom exceeding 5 u in greatest dimension. This appeared in very
small amounts in all samples except No. 3.

TaBLE 2.—Chemical analyses of the material precipitated from the clear metastable

calctum aluminate solutrons prepared by shaking anhydrous monocalcium alumi-
nate with water in the proportion of 50 g Ca0.Al:Os per liter of water

No.1 { No.2 | No.3 | No.4 | No.5 | No.6 [ No.7

Time of contact of aluminate with water

belare, AHBENE co f o CE s o s 15 min. ({30 min. lhr,| 2hrs. | 4hrs. | 5hrs. 6 hrs.
Analysis of precipitate:
Per cent CaO 17.48 | 19.28 | 18.90 | 17.09 | 17.52 | 17.16 M
Per cent Al;O3.. -| 40.72 | 42.80 | 42.28 | 40.19 | 39.86 | 40.40 )
Per cent H,0 42.33 37. 51 30.00 | 42.30 | 42.60 | 43.78 @)
o 1 R M L R R B RS SRR 100.53 | 99.59 | 100.18 | 99.58 | -99.98 | 101.34 |._______

Molar ratio Ca0O/Alz03 in the precipitate from
above analyses ..s. .t .. Lo o N i 0.780 | 0.819 ] 0.813 | 0.773 | 0.825 | ‘0.772 |.cccue-o
Molar ratio CaO/Al:O; in the precipitate
computed from analyses of solutions (A
and B) before and after precipitation_______ . 743 . 820 .822 . 820 . 749 . 726 0.458

1 Too small amount for analysis.

From the chemical analyses and the petrographic examination it
is apparent that the material is composed of amorphous hydrated
alumina, of varying refractive index, and a hydrated calcium alumi-
nate occurring in hexagonal plates. The refractive indices of these
plates are in fair agreement with those given by Klein and Phillips
for tricalcium aluminate hydrate in their revised data presented
in an unpublished note to P. H. Bates, of this laboratory. 'Their
revised refractive indices are w=1.520+0.003 and e=1.504 -+ 0.003
and serve to correct their previous values, as given on page 8 of Bureau
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of Standards Technologic Paper No. 48, e=1.552 +0.003 and w=1.535
+0.003. They found further that the hexagonal plates were uniaxial
negative rather than uniaxial positive. More recently Pulfrick and
Link 17 have obtained a crystalline hydrated tricalcium aluminate
of the composition 3Ca0. Al,O; 7H,O as hexagonal plates which are
uniaxial negative. The refractive indices which these authors give,
for sodium light, are w=1.538+0.0015 and e=1.523 & 0.0015.

Comparing the optical properties of the crystalline phase in the
material as precipitated from the unstable solutions with the revised
data of Klein and Phillips for tricalcium aluminate hydrate, it is
seen that the crystals, in both cases, occur in flat hexagonal plates,
are uniaxial negative, and within the limits of experimental error
exhibit the same double refraction. The optical properties agree
even better with those of Pulfrick and Link. The refractive indices
of these different hydrated crystals, however, differ slightly. This
is not surprising, since very thin crystals of this character have such
large surfaces that the adsorbed water may be a source of error in
the determination of the refractive indices. The data of Table 2
show the percentage of water, as determined as loss on ignition.
Both the degree of hydration and adsorption of water may also account
for the varying index of the amorphous hydrated alumina.

The small quantity of calcite found in the precipitated material
undoubtedly resulted from slow carbonation after the equilibrium
mixtures were filtered, since no carbonate was found directly upon
filtering.

From this study it would appear, therefore, that, as the reaction of
water with monocalcium aluminate progresses, there may be formed
more or less metastable and supersaturated calcium aluminate
solutions from which hydrated alumina and crystalline hydrated
tricalcium aluminate precipitate as equilibrium subsequently is
approached. The fact that the aluminate solutions apparently
attain the same equilibrium, whether left in contact with the mono-
calcium aluminate for long periods or whether filtered from the reac-
tion mixtures in the early periods and then allowed to approach
equilibrium on standing, indicates that the two solid phases mentioned
above may be formed during the “setting” of monocalcium aluminate.
It does not permit any conclusions to be drawn as to the relative
importance of the above reactions in the actual setting of monocalcium
aluminate, nor does it exclude the possibility of the formation of other
products in the unfiltered mixtures. This investigation, however,
may help to explain the mechanism of the formation of hydrated
alumina and hydrated tricalcium aluminate, as noted by Klein and
Phillips in their study of the reaction of water with monocalcium
aluminate.

17 Kolloid-Z., 34, p. 117; 1924,
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Fia. 3.—Clusters of hexagonal plates of tricalcium aluminate hydrate
wmbedded in and partially covered with « thin film of hydrated
alumina. (X9.)

These two solid phases precipitated slowly from solution 7 of Table 1 in passing from a
metastable condition to one more nearly approaching equilibrium

i ‘ i

Fia. 4.—Large individual cluster of hexagonal
plates of tricalcium aluminate hydrate re-
moved from the walls of the flask and photo-
graphed with a black background. (X9.)
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5. REACTION OF WATER ON THE 3:5 CALCIUM ALUMINATE
(3Ca0.5A1,0,)

The method of procedure used in the study of the 3:5 calcium
aluminate was essentially the same as that already described in the
investigation of the reactions of monocalcium aluminate.

In Table 3 there are tabulated the composition and pH of the more or
less metastable aluminate solutions (columns A) obtained from the 3:5
calcium aluminate directly upon filtering from the reaction mixture
and the data relative to these same solutions at the end of two weeks
(columns B). In Figure 5 the quantities of alumina and lime in solu-
tion (recorded in columns 3 and 5 and expressed as grams Al,O; aa.l

20 Aluminate solutions from 36a0-5A),0; 120
(50 groms a05A),0, per liter of water)
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Fia. 5.—Showing the composition and pH of aluminale solutions from
8Ca0.5 AL0; as functions of the time of contact with water

CaO per liter, respectively) are plotted against the time (in hours) of
contact of the aluminate with water before filtering. The pH values
of the solutions (column 13) are also plotted against this time.

From the data (columns 3 and 5 of Table 3, as plotted in Figure
5) it is apparent that the reaction of water on the 3:5 calcium alumi-
nate progresses rapidly. The quantity of both lime and alumina
dissolved by the water attained a maximum in 30 minutes and there-
after gradually decreased until two hours had elapsed. Between
two and three hours there was a rapid decrease of alumina and lime
in solution, and this rate of diminution, in turn, became less as time
progressed. An apparent state of equilibrium was reached only
after an elapse of several weeks.
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The 3:5 calcium aluminate is less basic than the monocalcium
aluminate, Ca0O.Al;O0;. However, both of these anhydrous caleium
aluminates reacted with water in the early periods to form calcium
aluminate solutions with a molar ratio, CaO/ALQO;, of approximately
1. This indicates that the lime and alumina are dissolved by the
water as the calcium salt of monobasic aluminic acid. A more
complete discussion of this relation will be presented later in this
paper.

At the later periods (Table 3, Nos. 8 to 12, inclusive) the molar ratio
of lime to alumina in solution (column 7) increased, with a simulta-
neous increase in the pH (column 13), until once more the point pH
11.75 was reached, as in the case of corresponding solutions from the
anhydrous monocalcium aluminate. Changes identical to these also
took place in the more or less metastable solutions when filtered from
the reaction mixture of 3: 5 calcium aluminate and water. A portion
of the lime and alumina precipitated, leaving ““equilibrium’’ solutions
(Table 3, columns B) similar to those obtained when the anhydrous
aluminate had been left in contact with the water for long periods
(Table 3, columns A, Nos. 9 to 12, inclusive). Again the molar ratio
of lime to alumina increased, as can be noted from a comparison of
the values of Nos. 1 to 7, inclusive, of column 7 to those of column 8,
Table 3. This was accompanied by an increase in pH (column 14)
to about 11.75, the value obtained for the solutions filtered from the
reaction mixtures of the water and 3: 5 calcium aluminate at the later
periods (Table 3, column 13, Nos. 9 to 12, inclusive), and also for
the ‘“equilibrium” solutions from the anhydrous monocalcium
aluminate previously discussed.

In Figure 6 the pH values of all the solutions are plotted against
the molar ratio of lime to alumina, CaO/Al,O;, in these solutions.

Table 4 contains the chemical analyses of the material precipitated
at the end of two weeks from the clear metastable calcium aluminate
solutions. (Table 3, columns A, Nos. 1 to 7, inclusive.) Precipita-
tion of this material was initiated in the more concentrated solutions
(Nos. 1 to 4, inclusive) within two or three hours after filtering. The
small spherulites did not appear until two or three days later. On
the other hand, the more dilute solutions (Nos. 5 to 7, inclusive)
remained clear for a day or two, following which small spherulites
were observed on the walls of the flasks. Later these crystals were
covered with a thin film of amorphous material. Chemical analyses
and petrographic examinations of the material precipitated from the
metastable solutions indicated that hydrated alumina and hydrated
tricalcium aluminate were precipitated as equilibrium was approached.
Except for a small quantity of calcite in three of the samples, no
other phases were observed. The refractive index of the amorphous
material in sample No. 2 was approximately 1.55. The index, w, of
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the hexagonal plates in samples Nos. 5, 6, and 7 varied between 1.522
and 1.532. These variations may be due to the degree of drying and
presence of some water between the laminz of the crystals. It does
not, however, prove the presence of a new compound.

TaBLE 4.—Chemical analyses of the material precipitated from the clear meta-

stable calcium aluminate solutions prepared by shaking anhydrous 3 : 6 calcium
aluminate with water in the proportion of 50 g 3Ca0.5A41;0s per liter of water

No.1| No.2 | No.3 | No.4 | No.5 | No.6 | No.7

Time of contact of aluminate with water.____. 15min. |30min.| 1hr. | 2hrs. | 3hrs. | 4 hrs. | 6 hrs.

Analysis of precipitate:

Per cent Ca 4 17.14 | 17.20 | 15.70 { 13.62 (O] (O]
Per cent Al30;.. 3 41.68 | 41.70 | 45.44 | 50.02 0] (O]
Per cent H3O.... 5 41.17 | 42.17 | 38.23 | 36.98 (O] O]

99.99 | 101.07 | 99.37 | 100.62 |- ._.__|-____.__

Molar ratio CaO/Al20s in the precipitate from
above analyses:. .- T ot U T i S aEe T, 0.642 | 0.747 | 0.749 | 0.626 | 0.495 | .. .. |..._.._
Molar ratio CaO/Al30; in the precipitate
computed from analyses of solutions before
and after precipitation..__________________ . 700 .808 LT77 . 689 .483 | 0.465 0.452

1 Too small amount for analysis,

T T T T T T T T T
i Aluminafe solutiors trorn 3Ca0-3Ak03
119 (50 grams 3Ca 0+ $Al:03 per liter of water)
o Solutions befre preciprtation (A) o
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Fic. 6.—Showing the pH of aluminate solutions from 3Ca0.5A1,0; as a
Junction of the molar ratio CaO/Al;O; in solution

It is seen, therefore, that the reaction of water with 3:5 calcium
aluminate is analogous to its reaction with monocalcium aluminate
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previously described in more detail. In the early periods of the
reaction, metastable caleium aluminate solutions are formed which
have a molar ratio, CaO/ALO;, approximately 1. After these solu-
tions are filtered from the reaction mixtures they subsequently
decompose on standing, with an attendant precipitation of a portion
of the alumina and lime as hydrated alumina and hydrated tricalcium
aluminate. The resulting solutions, which are in equilibrium with
these two solid phases, attain the same composition as the solutions
obtained by filtering the mixtures of water and either of the anhy-
drous aluminates after several weeks have elapsed. In all cases the
pH values of the solutions at the later periods are higher than those
of the corresponding metastable solutions obtained directly upon
filtering from the reaction mixtures. The molar ratio of lime to
alumina in the solutions obtained at the later periods is also higher.

6. REACTION OF WATER ON THE 5:3 CALCIUM ALUMINATE
(5Ca0.3A1,03)

The procedure for the study of the reaction of water on the 5:3
calcium aluminate, 5Ca0.3A1,0;, was the same as that adopted in
the investigation of the mono and 3:5 calcium aluminates. Although
the reaction mixtures of the 5:3 calcium aluminate and water were
shaken vigorously to prevent setting, nevertheless, a portion of the
material soon agglomerated in small lumps as a result of the forma-
tion of hydrated material on the outside of the individual grains,
which had a tendency to cohere and prevent the further penetration
of water. The mixtures of this aluminate and water did not filter
as readily as those of either the mono or 3:5 calcium aluminate.

The composition and pH of the resulting aluminate solutions
are recorded in Table 5 and represented diagramatically in Figure 7.
It may be noted from columns 3 and 5 of Table 5, as plottedin Figure
7, that the total quantities of both alumina and lime dissolved by
the water increased rapidly for 30 minutes, then more slowly, and
finally reached a maximum at the end of two hours. This was fol-
lowed by a rapid decrease, which, in turn, became less after six hours
had elapsed. An apparent state of equilibrium was reached only
after several weeks had elapsed. Also, the total quantities of alumina
and lime dissolved by the water in the early periods were less than the
corresponding quantities of these same materials taken into solution

112000°—28—3



TaBLE 5.—Composition and pH of aluminate solutions from 6:3 calcium aluminate (6Ca0.8A41,03)
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in the case of the other two aluminates (1:1 and 3:5, each of higher
alumina content) previously studied. Nevertheless, the aluminate
solutions formed during these periods had a molar ratio, CaO/Al0;,
of approximately 1, as can be seen from Table 5, column 7, Nos.
1 to 6, inclusive. This again indicates that initially the lime and
alumina are dissolved as the calcium salt of monobasic aluminic
acid. From these investigations it is apparent that, although
monocalcium aluminate is dissolved as such, in each case, in the early

T T T T X L F L T 1

20 Aluminafe Solutions from 5Ca0-34k0; —12.0
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Fia. 7.—Showing the composition and pH of aluminate solutions from
5Ca0.3A41,0; as functions of the time of contact with water

periods of the reaction, yet its total concentration, in grams per
liter, is related to the chemical composition of the anhydrous alumi-
nate from which it is formed. In the further study of the subsequent
changes in the aluminate solutions, attended by increasing concen-
trations of calcium hydroxide, a more detailed discussion of the lower
concentration of monocalcium aluminate in solution from the 5:3
calcium aluminate will be presented in this paper.

It is noted that at the later periods the molar ratio, CaO/ALO,, in
solution increased (Table 5, column 7), with a simultaneous increase
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in the pH (Table 5, column 13), until the point pH 11.75 was reached.
Lerch and Bogue '® also have shown recently that the pH of equilib-
rium of 5:3 calcium aluminate and water is about 11.7, approximately
this same value. These values are also approximately those obtained
when either the mono or the 3:5 calcium aluminate had been left in
contact with water for long periods.

Likewise, identical changes took place in the metastable solutions
which were filtered from the reaction mixtures. On standing, the
molar ratio, CaO/AlL;O;, in solution increased as equilibrium was
approached, with an attendant precipitation of a portion of the lime
and alumina. This was accompanied by a similar increase in pH to
about 11.75 (column 14).

Tasrr 6.—Chemical analyses of the material precipitated from the clear metastable
calcium aluminate solutvons prepared by shaking anhydrous 5:3 calcium elumi-
nate with water in the propertion of 50 g 5Ca0.3A1:,0;3 per lLiter of water

| |
| No.1 | Ne.2 | No.3 | No.4 | No.5 | No.6

Time of contact of aluminate with water l1hr. | 2hrs. | 3 hrs. | 4hrs.

Analysis of precipitate:

LTy R 0 S S EY SeTet e LM el Ol 2.96 k0. 787 - 3244 [_-toat: 13. 58
Per cent Al,O3__ 49.30 | 53.70 | 47.40 |________ 48.99
127 2035 2 p{A T IR SR WU BT DSDTe o 37.42 | 36.87 | 39.80 |_____-__ 37.71

VS G Sl R SO s SIS D AR 1 | 99.68 | 101. 35 | 99. 64 I ________ 100. 19
Molar ratio CaO/Al;03 in the precipitate from above | |

ARAIVEBSL do5 coobe S b Shl Sl e s 0.593 | 0.477 | 0.365 | 0.480 |...._... 0. 505
Molar ratio Ca0/A1O3 in the precipitate from ana | i |

of solutions before and after precipitation____________ | .694 i .614 .625| .614| 0.603 . 460

Table 6 contains the chemical analyses of the precipitated material.
Bince the metastable solutions from the 5:3 caleium aluminate were
not g0 concentrated as those obtained with the less basic aluminates,
the precipitation was delayed. Accordingly, in growing more slowly
the spherulites of tricalcium aluminate adhere more firmly to the
walls of the flasks. Consequently, the resultant loss of this portion
of the crystals firmly attached to the walls of the container might
account for the lower molar ratio of lime to alumina in the precipi-
tate, as calculated from the chemical analyses of the material recov-
ered, in comparison to that computed from the analyses of the solu-
tions before and after precipitation. Chemical analyses and petro-
oraphic examination of the material precipitated from the metastabie
solutions indicated that hydrated alumina and hydrated tricaleium
aluminate were precipitated as equilibrium was approached. No
calcite was found in any of the samples. The hexagonal plates, with

18J, Phys. Chem., 31, p. 1627; 1927.
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optical properties similar to those noted in previous aluminate pre-
cipitates, were present in all samples. The refractive index, w, of
these plates varied between 1.525 and 1.535. In samples Nos. 1, 4,
and 6 the index of refraction of the amorphous isotropic material wes
approximately 1.48. In samples Nos. 2 and 3 it was nearly 1.55.
Also, in samples Nos. 2, 3, and 4 a new phase in small amounts was
noted. This consists of isotropic, isometric erystals with an index of
refraction very close to 1.605. Incidentally, this index of refraction
is about that of the isotropic crystals of the anhydrous 5:3 calcium
aluminate. However, the crystals in the precipitated material appear
as well-formed icositetrahedrons or rhombic dodecahedrons, and in
this respect are unlike the irregular isotropic grains characteristic of
the finely ground anhydrous 5:3 calcium aluminate. Ttis planned to
investigate further this new phase, with the hope that its identity may
be established.

It would appear, therefore, that during the reaction between
water and anhydrous 5:3 calcium aluminate there are formed meta-
stable and supersaturated monocalcium aluminate solutions from
which hydrated alumina and hydrated tricalcium aluminate subse-
quently precipitate as equilibrium is approached. In these respects
the reactions are analogous to those previously described in case of
the mono and 3:5 calcium aluminate. Furthermore, at the later
periods the solutions resulting from the reaction of water with these
various anhydrous aluminates apparently approach the same equilib-
rium. A new phase, the identity of which has not yet been estab-
lished, has been observed as a decomposition product of several of
the metastable solutions obtained by filtering mixtures of the 5:3
aluminate and water. To what extent this phase, as well as the other
two phases (hydrated alumina and hydrated tricaleium aluminate),
may be present in the unfiltered mixture of the 5:3, 1:1, or 3:5
aluminates and water has not been determined.

7. REACTION OF WATER ON TRICALCIUM ALUMINATE (3CaG.ALO:;)

From his experiments on the time of set of the calcium aluminates,
Bates ' concludes that the mono and 3:5 calcium aluminates react
with water much more slowly than the others high in lime. He
found that by the use of about 10 per cent more water, in terms of
cement, than is used in gauging Portland cement it is possible to
knead thoroughly the 5:3 calcium aluminate without the appearance
of any flash set. Initial set occurs in from 3 to 5 minutes after
molding, and final set occurs in from 15 to 30 minutes, the latter

19 B, 8. Tech. Paper No. 197,
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being accompanied by a marked evolution of heat. On the other
hand, the addition of water to the tricalcium aluminate produces a
very vigorous reaction, manifesting itself almost immediately by a
rapid rise in temperature, until the mass steams vigorously and
assumes a ‘“flash set.”

Notwithstanding, it was hoped that it would be possible to follow
the changes in the composition of the solutions resulting from the
reaction of water on the tricalcium aluminate in a manner similar to
that used in the case of the other aluminates. However, the attempt
was soon abandoned. When the finely powdered tricalcium alumi-
nate was added to the water it quickly agglomerated into balls which
hydrated on the exterior to hard masses which prevented the pene-
tration of water to the interior; consequently, large masses of
unhydrated material were present. Furthermore, the resulting
mixture filtered very slowly, evidently due to the precipitation of
material within the pores of the filter paper, since the clear filtrates,
which were first obtained, became cloudy very quickly on standing.
Thus, since the addition of water to freshly prepared tricalcium
aluminate, 3Ca0.AL,Os;, produces such a very vigorous reaction, the
changes in the composition of the resulting solutions could not be
followed. Previous investigations * have indicated that its setting
is due to the formation of hydrated tricalcium aluminate without
the formation of hydrated alumina. This hydrated material may
result entirely or in part from the direct hydration of the anhydrous
aluminate, or, by analogy to the reactions of the other aluminates,
from the reaction of the excess of lime on & calcium aluminate formed
in the very early period of setting.

8. REACTION OF WATER ON A HIGH ALUMINA CEMENT

Having studied the mechanism of the reaction of water on the
calcium aluminates, a commercial brand of high alumina cement
was investigated.

The chemical analysis # of this cement was:

Per cent Per cent
SIQ5 L e T R S 1001y @@ - Sal s il i hubagins 40. 83
FesOa: - dionis saiaiogd eaiiy 10792 iMg@. o dolpeaa oo s T 0. 81
s VA0 ey e G i LT 38,98 | iInsoluple-a2: —c: 0o~ o 5l 2. 83
P ol B o P o e 1.90:1 Liegson‘lgnition . i vf oo o5 - 1. 51

The monocalcium aluminate (CaO.ALO;) and the 3:5 calcium
aluminate (3Ca0.5A1,0;) are the chief constituents of high alumina
cements of this composition, and the dicalcium silicate (2Ca0.Si0,)
and iron compounds are the minor constituents.

In the study of the reaction of water on this cement the procedure
was that followed in the investigation of the calcium aluminates.

% Klein and Phillips, B. S. Tech. Paper No. 43.
4 Anslysie by H. C. Stecker, of this bureau.
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The aluminate solutions were obtained by shaking 250 g of cement
with 5 liters of distilled water. The composition and pH of the solu-
tions are recorded in Table 7 and represented diagramatically in
Figure 8 from the data of columns 3, 5, and 13 of the table. The
total quantities of both lime and alumina dissolved by the water
increased for four hours, remained approximately constant for two
more hours, and then decreased rapidly until about eight hours had
elapsed, after which the decrease became less as time progressed.
It was evident that a rapid precipitation of alumina and lime from
solution occurred shortly after six hours, since the solutions above
the cement became cloudy at this time. As in the reaction of the
calcium aluminates, an apparent state of equilibrium was reached
only after several weeks had elapsed. In general, the mechanism
of the reaction of water on the high alumina cement was the same as
with the mono, 3:5, and 5:3 calcium aluminates studied previously;
that is, the formation of metastable solutions with lime and alumina
in a molar ratio, CaO/ALQs, of approximately 1, in the early periods
of the reaction, followed by the precipitation of a portion of this lime
and alumina as equilibrium is approached. In the same way the
molar ratio of lime to alumina increased after this precipitation and
was attended by an increase in the pH to about 11.70.

The chemical analyses of the materials precipitated, at the end
of two weeks, from the clear metastable calcium aluminate solutions
are recorded in Table 8. Precipitation of this material started from
the more concentrated of these solutions (Table 7, columns A, Nos.
1 to 6, inclusive) within two or three hours after filtering. It was
not until a day or two later that any precipitation was apparent in
the more dilute solutions, Nos. 7 and 8, with the appearance of
spherulites on the walls of the flasks. A day or two later these crys-
tals were, in turn, covered with a thin film of amphorphous material.
Microscopic examination revealed no phases other than those hereto-
fore described. No calcite was found in any of the samples. The
hexagonal plates, with optical properties similar to those noted
previously, were observed in all samples. The isotropic and prob-
ably amorphous hydrated alumina had no perceptible birefringence,
and a refractive index of about 1.570+0.003. Although Gibbsite
(ALO;.3H,0) is rather strongly birefringent and is undoubtedly
crystalline, its mean refractive index, 1.573, agrees fairly well with
the refractive index 1.570+0.003 of the hydrated alumina. Also,
in several of the samples, the isometric erystals with an index about
1.60 were found. These erystals appeared to be either icositetrahe-
drons or rhombic dodecahedrons and were similar to those observed
previously in several samples from the 5:3 calcium aluminate. None
of the samples showed any reaction with White’s solution (used for
the detection of free lime) after one hour of contact with this reagent.



TaBLE 7.—Composition and pH of aluminate solutions from high alumina cement
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TasLe 8-—Chemical analyses of the material precipitated from the clear metastable
calcrum aluminate solutions prepared by shaking a high alumina cement with
water, in the proportion of 50 g per liter of water

No.1 { No.2 | No.3 | No.4 | No.5 | No.6 | No.7 | No. 8

Time of contact of cement with water.|15 min. [30min.| 1hr. | 2hrs. | 4hrs. | 6hrs. | 8 hrs. | 10 hrs.

Analysis of precipitate:
13.96 | 13.32 | 13.77 | 14.66
46.40 | 50.52 | 49.36 | 44.44
39.39 | 36.61 | 38.54 | 41.15

99.95 | 100.45 | 101.67 | 100. 25

Molar ratio CaO/Al1;03 in the pre-
cipitate from the above analyses.__.| 0.547 | 0.463 | 0.507 | 0.600 | 0.484 | 0.632 | ______ [ .......
Molar ratio CaO/Al203 in the pre-
cipitate comguted from analyses
of solutions before and after pre-

el piaton . e e e A . 700 .722 . 700 .768 .819 .781 | 0.694 0. 590
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¥iG. 8.—Showing the composition and pH of aluminale solutions from a
high alumina cement as functions of the time of contact with water

A microscopic examination of the fractured surfaces of some
briquettes of high alumina cement which had been stored in water
for a year revealed in some small cavities hexagonal plates with
optical properties similar to those noted previously. Several of these
crystals are seen in Figures 9 to 12, inclusive.

" The reaction of the iron in the cement has not been determined.
The constituents containing iron and silica apparently influence the
112000°—28——4
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rate of the setting of the aluminates. However, no iron was detected
in any of the aluminate solutions. ;

From these experiments it would appear that the reactions between
water and the high alumina cement, as well as the monocalcium
aluminate, the 3:5 calcium aluminate, and the 5: 3 calcium aluminate,
were in part related to the precipitation of hydrated alumina and
crystalline hydrated tricalcium aluminate from metastable and
supersaturated monocalcium aluminate solutions. It is hoped that
the following consideration of the constitution of the aluminate
solutions will throw further light upon the formation and decomposi-
tion of the metastable monocalcium aluminate solutions.

9. CONSTITUTION OF THE ALUMINATE SOLUTIONS

Amphoteric electrolytes give both hydrogen and hydroxyl ions as
products of their ionization. Aluminum hydroxide is an example of
such an electrolyte, and it is assumed ?* to be ionized in two ways,
namely,

Al(OH);=Al+++4+30H~
and

H;Al10;=H*++H,A10;~
or

HAIO,=H*+ AlO;~

The formula H;AlO; differs from the formula HAIO, only by one
molecule of H,O. Since the degree of hydration of these substances
15 not known, it is usually more convenient to use the formula HAIO,
when dealing with the acid ionization of this hydrate. The present
study concerns primarily aluminum hydroxide as an acid wherein
with bases it forms salts called aluminates (for example, Ca(AlQ,),).
Furthermore, since the formation and decomposition of aluminate
solutions apparently occur in the ‘“setting” of the anhydrous calcium
aluminates and high alumina cements, it is advisable to consider the
constitution of the aluminates in the light of previous investigations.
The evidence in favor of the existence in aqueous solution of definite
salts of monobasic aluminic acid is based on results of investigations
along several lines.

Prescott ® found that 1 mol of freshly precipitated aluminum
hydroxide dissolves in exactly 1 mol of sodium or potassium hy-
droxide and maintained, therefore, that the solution must contain
the monoaluminate (for example, the meta-aluminate). The same
formula for the alkali aluminate was set forth by Cavazzi,* who
found, by the addition of metallic aluminum to the alkalis, that 1
mol Al went into solution for each mol of NaOH or KOH. The
same combination (1 alkali for 1 Al) was also found by Bogussky

2 B. W. Washburn, Principles of Physical Chemistry, p. 362; 1921; McGraw-Hill Book Co., New York.
2 J. Am. Chem. Soc., 2, p. 27; 1880; Chem. News, 42, p. 29; 1880,
# (Gazz. chim. ital., 15, p. 205; 1885,
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Fig. 9.—Fractured surface of neat briquette of high alumina cement stored

in water for one year, showing cavities containing hexagonal plates of
colorless hydrated tricalcium aluminate.  (X/40.)

TFia. 10.—A flat hexagonal plale of hydrated tricalcium aluminate removed
from a cavity for photographing. (X40.)
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Fia. 11.—Fractured surface of neat briquette of high alumina cement stored
in water for one year, showing cavities containing hexagonal plates of
hydrated tricalcium aluminate. (X50.)

Fra. 12.—Same as Figure 11, but oriented. (X40.)



Wells) Reaction of Water on Calcium Aluminates 977

and Zaljesky,” as well as by Lyte.” Observations ? on this subject
were also made by H. St. C. Deville, A. Ditte, F. Russ, and A.
Gliassner. Numerous investigators have shown that gelatinous
aluminum hydroxide, on standing, changes over to a new form
which is often referred to as a crystalline variety and which is diffi-
cultly soluble, even in an excess of alkali. This change is known
as the ‘“aging” process. Therefore, the solubility ratio is <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>