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Abstract

The hydrothermal transformation of calcium aluminate hydrates were investigated by in situ synchrotron X-ray powder diffraction in the

temperature range 25 to 170 8C. This technique allowed the study of the detailed reaction mechanism and identification of intermediate

phases. The material CaAl2O4d 10H2O converted to Ca3Al2(OH)12 and amorphous aluminum hydroxide. Ca2Al2O5d 8H2O transformed via

the intermediate phase Ca4Al2O7d 13H2O to Ca3Al2(OH)12 and gibbsite, Al(OH)3. The phase Ca4Al2O7d 19H2O reacted via the same

intermediate phase to Ca3Al2(OH)12 and mainly amorphous aluminum hydroxide. The powder pattern of the intermediate phase is reported.

D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The calcium aluminates Ca3Al2O6 (C3A), Ca12Al14O33

(C12A7), and CaAl2O4 (CA), are the most reactive aluminates

in the hydration of Portland cements and calcium aluminate

cements [1,2]. In the hydraulic reactions, a number of

metastable hydrated phases as CaAl2O4d 10H2O (CAH10),

Ca2Al2O5d 8H2O (C2AH8), and Ca4Al2O7d xH2O (x=7, 11,

13 and 19) can be formed depending upon the reaction

temperatures and solution composition [1–5]. Many of these

phases can be observed in the microscope as hexagonal

crystals [3], but their crystal structures are not known in great

detail. The only stable hydrated calcium aluminate is the

cubic calcium aluminum hydroxide Ca3Al2(OH)12 (C3AH6)
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with a garnet structure [6]. This compound is an end product

in the hydration of the calcium aluminates [7–13].

The hydrated calcium aluminate phases may be identified

from their X-ray powder diffraction patterns [4]. The

powder pattern of C3AH6 was reported as early as in 1929

[14]. The phase C2AH8 was obtained much earlier, in 1900,

in reaction at room temperature of aluminum metal with a

saturated aqueous solution of calcium hydroxide, and from

chemical analysis the composition Ca2Al2O5d 7H2O was

deduced [15]. The powder patterns of CAH10 and C2AH8

were reported in 1933 as stick diagrams in the d-spacing

range 1–7 2 [16] and the compound C4AHx (x=13.5) was

made at 40 8C in 1932 [17]. Several different hydrates and

polymorphs of C4AHx (x=7, 11, 13 and 19) and C2AHx

(x=4, 5, 7.5 and 8) were reported in 1957 [18]. Only the two

compounds C4AH19 and C2AH8 were present in aqueous

media: the remaining phases were produced on drying under

various conditions. The different hydrated states manifested
35 (2005) 2300–2309
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themselves by changes in the c-axis or the interlayer

spacing, while the a- and b-axes were slightly affected.

Only the longest d-spacings of the powder patterns were

reported, for C4AHx (x=7, 11, 13 and 19) the values 7.4, 7.4,

8.2, 7.9 and 10.6 2, respectively, and for C2AHx (x=4, 5,

7.5, and 8) the values 7.4, 8.7, 10.6, 10.7 and 10.4 2,
respectively. However, for the phases C2AH8 and C4AH19,

the d-spacings at 10.7 and 5.36 2 match for both

compounds [11], which makes it difficult to determine

unambiguously if the two compounds are present as pure

phases or as mixtures. The two hydrates are formed in

hydration of C3A according to the reaction [11],

2C3Aþ 27HYC2AH8 þ C4AH19 ð1Þ

The identification of the different hydrated calcium

aluminate phases is difficult due to the lack of reliable

crystallographic data and the structural similarities in these

phases, giving similar powder diffraction patterns. The

phase C2AH8 is identified by the JCPDS card # 45-564,

which also reports excellent agreement between the

chemical formula, CaAl2O5d 8H2O, and the analytical

composition (CaO: 31.3%, Al2O3: 25.5%, and H2O:

40.2%). The phase C4AH19 is identified by # 42-487,

where acceptable agreement with the chemical formula,

Ca4Al2O7d 19H2O, is found for the analytical composition

(CaO: 33.7%, Al2O3: 14.9%, and H2O: 51.2%). In contrast,

for the phases C2AHx and C4AHx with x less than 8 and 19,

respectively, only the d-spacings at low Bragg angles are

reported [4,18].

C2AH8 can be made as a pure phase in hydration of a

mixture of C3A and C12A7, present in a calcium

aluminate mix with the nominal composition Ca2Al2O5

[19], according to the reaction

C2Aþ 8HYC2AH8 ð2Þ

The hydrated calcium aluminate CAH10 is obtained at

temperatures below 15 8C in hydration of CA as described

in reaction scheme (3) below [2]

CAþ 10HYCAH10 ð3Þ

The hydration of Portland cement and of the calcium

aluminates C3A and C12A7 have recently been investigated

by in situ synchrotron X-ray powder diffraction [20]. The

investigations were made at hydrothermal conditions at

temperatures up to 170 8C. In continuation of this work, it

was decided to study the hydrothermal formation of C3AH6

from the metastable hydrated phases CAH10 and C2AH8/

C4AH19. The slow transformations of the metastable phases

to the stable product are accelerated by the temperature and

pressure increase at hydrothermal conditions. The in situ

studies obviate the necessity of extrapolation from exper-

imental to ambient conditions and remove artefacts possibly

induced in ex situ investigations such as phase or
composition changes. The results of the present investiga-

tion are reported below.
2. Experimental

The solid state synthesis of calcium aluminates from the

pure chemicals CaCO3 (Merck p.a.) and Al(OH)3d 0.949H2O

(Aldrich) is described previously [20,21]. The compounds

CA, C3A, and a C3A–C12A7 mixture with the nominal

composition C2A were ground in a boron carbide mortar,

passed through a 0.112 mm sieve and stored in air tight

plastic flask at ~20 8C. The C2A sample had the molar

composition: C12A7 78%, C3A 22%. The in situ hydration

reactions occurred in 0.7 mm capillaries; distilled water

containing less than 0.01% of a detergent was used. The

detergent reduces the surface tension of water and ensures

an efficient and fast wetting of the solid powders.

2.1. Sample A, CAH10 made from CA

The sample was made from hydration of CA at

experimental conditions resulting in the compound CAH10

[19], see reaction (2). CA (7.5 g) was mixed with 50 mL of

the above-mentioned solution in a 100 mL glass flask at 2

8C, stirred with a magnetic stirrer and kept at 2 8C for 18

days. The CA/water mixture was a suspension throughout

the reaction period. The product was filtered on a glass

filter, washed with water and dried at ~20 8C over silica gel.

An X-ray powder pattern recorded of the wet paste on a Stoe

Stadi diffractometer using Cu Ka1 radiation (k=1.540598
2) [20,21] showed that the reaction product was CAH10

(JCPDS card # 12-408). The product was dried at ambient

conditions and another X-ray powder patterns confirmed

that the structure was preserved as CAH10.

2.2. Sample B, C2AH8/C4AH19 made from C3A

The sample was made by hydration of C3A at

conditions described below, resulting in the compounds

C2AH8 and C4AH19 [11], see reaction (1). A C3A-H2O

paste was made from 0.5 g C3A and 2 mL water in a small

glass flask, and the paste was kept in the closed flask at 2 8C
for 330 h. The paste was stirred occasionally until it became

solid. The sample was crushed in a mortar, washed with

water and filtered and dried in air at room temperature and

kept in a plastic flask. An X-ray powder pattern of the

sample shows that it contained several phases: the position

of the Bragg reflections corresponded to the d-spacings of

Ca2Al2O5d 8H2O, Ca4Al2O7d 19H2O, Ca2Al2O5d 10H2O,

and Ca4Al2O7d xH2O (JCPDS cards # 45-564, 42-487, 16-

339 and 2-77, respectively). In addition, the sample

contained an impurity of C3A (JCPDS card # 38-1429).

The match with card # 2-77 was not perfect, and this card

does possibly not represent the powder pattern of a pure

phase of calcium aluminate hydrate.
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2.3. Sample C, C2AH8 made from C2A

The sample was made by hydration of C2A at

conditions resulting in the compound C2AH8 [19], see

reaction (3); 7.5 g of the C2A sample was mixed with 50

mL of the above-mentioned liquid in a 100 mL plastic flask

at 25 8C, stirred occasionally and kept at 25 8C for 36 h. The

C2A/water mixture was a suspension throughout the

reaction period. The sample was treated as described above

for CAH10. An X-ray powder pattern recorded of the wet

paste of the sample was in agreement with JCPDS card #

42-487 for C4AH19, and an X-ray powder pattern recorded

of the sample dried for 60 days at room temperature showed

Bragg reflections for C4AH19 and C4AH13, JCPDS cards #

42-487 and 33-255.

2.4. In situ investigation

The time-resolved synchrotron X-ray diffraction data

were collected on beam line X7B of the National

Synchrotron Light Source (NSLS) using a MAR345 area

detector. The samples were placed in 0.7 mm diameter

quartz glass capillaries and heated in a hot air stream. The

reactions studied are in some cases relatively fast, e.g.
Fig. 1. Stack of powder patterns of CAH10 containing CA, sample A, hydrated

radiation, k=0.92018 2. Positions of CA reflections are marked with Miller indic

spacings.
within the first minutes after addition of water, necessitat-

ing development of a new technique for in situ experi-

ments. The solid sample was placed at the tip of the

capillary with a height of 1–2 mm. Water was placed in

the capillary with a syringe using a 0.5 mm quartz glass

capillary as needle, so that ca. 1 mm air separate the

water and the solid, and the water/solid ratio was ca.

10:1. A few powder patterns were collected before the

capillary was pressurized ( p(N2)c1700 kPa), which

caused an immediate wetting of the solid sample when

in contact with the water and ensured that water vapour

bubbles did not form in the hydrothermal liquid. The

nitrogen pressure reduces the air volume in the sample by

approximately 90%, then the solid phase and liquid phase

in the sample are mixed and the water/solid ratio (ca.

10:1) ensures sufficient water for the reaction. The water

contained less than 0.01% of a detergent, which reduced

the surface tension considerably. Temperature ramps from

25 to 120 8C and from 25 to 170 8C were used with

heating rates of 0.79 and 1.21 8C/min, respectively. Each

pattern is recorded in a small temperature interval

determined by the temperature ramp and the X-ray

exposure time of the pattern. The selected X-ray wave-

lengths were k=0.92018 and 0.92274 2 refined with a
in a temperature ramp from 25 to 120 8C and recorded using synchrotron

es, and positions of two strong CAH10 reflections are marked with their d-
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powder pattern of LaB6 (a=4.1570 2). The capillaries

were oscillated 108 to randomize the orientations of the

crystallites in the samples. The diffraction data frames

from the MAR345 area detector were converted to

powder patterns with the software FIT2D [22], giving a

2h range of 0 to 388, with sin(h/k)max=0.354.
3. Results

3.1. CAH10 hydrothermal treatment of sample A

The hydrothermal treatment of the CAH10–water

mixture was recorded with slow heating rate, 1.10 8C
per powder pattern; Fig. 1 shows a stack of powder

patterns in the 2h range 18 to 258. The solid sample was

CaAl2O4d 10H2O with an impurity of unreacted CA. The

positions of the two strong CaAl2O4d 10H2O reflections at

d=14.25 and 7.20 2 and seven CA reflections are

indicated.

In pattern nos. 1–37 (25–65 8C), no significant

changes in the intensities of the Bragg reflections are

observed. In pattern nos. 38–46 (66–75 8C), an increase
Fig. 2. Stack of powder patterns of CAH10 containing CA, sample A, hydrated in t

Positions of CA and CAH10 reflections are marked. The reflection at d=8.13 2 m

products are observed at 117 8C. A phase with reflections at d=7.66, 4.83, 4.37, and

end product C3AH6 where the reflections are marked with Miller indices.
in the background levels is observed in the 2h range 18 to
38. The background increases with depletion of CAH10. A

general change in the background level is observed as a

relative increase of the intensity of the strong 211, 123,

2̄20, and 006 CA reflections, and in addition Bragg

reflections of another phase are observed with the d-

spacings 3.41 and 3.28 2. Additional intermediate phases

are formed; one is observed in pattern nos. 48–63 (77–93

8C) and another in pattern nos. 58–87 (88–120 8C). The
final reaction product, C3AH6, is observed in pattern nos.

58–87 (88–120 8C). This is clearer in Fig. 2 displaying

pattern nos. 43–84 (72–117 8C) in the 2h range 18 to 198.
The Bragg reflections of CAH10 are not present after

pattern no. 59 (89 8C), and the Bragg reflections of CA

are not present after pattern no. 73 (105 8C). The phase

having Bragg reflections at d=3.41 and 3.28 2 is present

up to 120 8C, but this phase has not been identified.

The intermediate phase with Bragg reflections at

d=8.13 2 is interpreted as C2AH10, (JCPDS card # 16-

339), and the intermediate phase with Bragg reflections at

the d-spacings 7.66, 4.83, 4.37 and 3.82 2 is interpreted

as C4AH13 (JCPDS card # 33-255). The positions of the

Bragg reflections of the final stable product, C3AH6, are
he temperature ramp 72 to 117 8C, a section of the stack displayed in Fig. 1.

ost likely belongs to a C2AH10 phase (JCPDS card # 16-339). Two reaction

3.82 2, which possibly belongs to C4AH13 (JCPDS card # 33-255), and the
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indicated by their Miller indices. The chemical reactions

in the transformation of CA and CAH10 to C3AH6 are:

CaAl2O4 þ 10H2OYCaAl2O4d10H2O ð4Þ

4CaAl2O4d10H2OYCa4Al2O7d13H2O

þ 6AlðOHÞ3ðamorphousÞ þ 18H2O ð5Þ

2CaAl2O4d10H2OYCa2Al2O5d10H2O

þ 2AlðOHÞ3ðamorphousÞ þ 7H2O ð6Þ

2Ca2Al2O5d10H2OYCa4Al2O7d13H2O

þ 2AlðOHÞ3ðamorphousÞ þ 4H2O
ð7Þ
Fig. 3. Stack of powder patterns of a C2AHx/C4AHx mixture, sample B, in the 2h
from 25 to 170 8C, and recorded using synchrotron radiation, k=0.92018 2. Po
recorded. Positions of reflections of the intermediate phase C4AH13 are marked wit

the end product C3AH6 are marked with Miller indices.
Ca4Al2O7d13H2OYCa3Al2ðOHÞ12
þ CaðOHÞ2 þ 6H2O ð8Þ

3CaðOHÞ2 þ 2AlðOHÞ3YCa3Al2ðOHÞ12 ð9Þ

3.2. C2AH8/C4AH19 hydrothermal treatment of sample B

The hydrothermal treatment of the C2AH8/C4AH19–

water mixture was recorded in the 2h range 0–388 using a

wavelength k=0.92018 2. A temperature ramp from 25 to

170 8C was used, and a total of 49 patterns were recorded

corresponding to an increment in temperature of 3.0 8C per

powder pattern.
range 18 to 17.28, treated at hydrothermal conditions in a temperature ramp

sitions of C4AH19 and C2AH10 reflections are marked for the first pattern

h the d-spacing values 7.76, 3.91, and 3.82 2, and positions of reflections of
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Fig. 3 shows a stack of powder patterns of the mixture in

the 2h range 18 to 17.28, and Fig. 4 in the 2h range 17.28 to
358. If the solid had been formed in the hydration reaction

from C3A reported in Ref. [11], it would consist of a

mixture of C2AH8 and C4AH19. However, the hydration

reaction of C3A could also result in the formation of C4AHx

(x=11, 13 or 19) and amorphous aluminum hydroxide, and

this is most likely the case in the present investigation. It is

obvious that the sample contains at least three solid phases.

The patterns in Fig. 3 have an amorphous background in

the 2h range 28 to 38 and possibly also at in the 2h range

138 to 168. The Bragg reflections at the 2h values 4.948,
9.788 and 14.788 have the intensities 100, 30 and 10, which

corresponds more closely to the intensities of the three

reflections of C4AH19 (JCPDS card # 42-487) of 100, 20

and 12, than the intensities of the three reflections of

C2AH8 (JCPDS card # 45-564) of 100, 72 and 38. These

three reflections of C4AH19 are observed in pattern nos. 1–

19 and are then depleted in the formation of the end product
Fig. 4. Stack of powder patterns of a C2AHx /C4AHx mixture, sample B, in the 2h r

reflections are marked with Miller indices for the first pattern recorded, and posi
C3AH6, whose Bragg reflections can be observed from

pattern no. 16 (at 70 8C). Simultaneously, the background

intensity increases at low Bragg angles, 2h=1–38, suggest-
ing an increasing amount of amorphous material. The

positions of the Bragg reflections of C3AH6 are marked

with their Miller indices. The chemical reactions in the

transformation of C4AH19 and C2AH8 to C3AH6 are

described by reactions (10) and (11) below and subse-

quently by reaction schemes (8) and (9).

3Ca4Al2O7d19H2Oþ 2AlðOHÞ3ðamorphousÞ
Y4Ca3Al2ðOHÞ12 þ 36H2O ð10Þ

2Ca2Al2O5d8H2OYCa4Al2O7d13H2O

þ 2AlðOHÞ3ðamorphousÞ ð11Þ

The first powder patterns of Figs. 3 and 4 have

additional Bragg reflections at the 2h positions 6.638,
ange 17.28 to 358, same experiment as displayed in Fig. 3. Positions of C3A

tions of the end product C3AH6 are marked with Miller indices.
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6.888, 12.98, and 17.508, corresponding to the d-spacings

7.96, 7.68, 4.09, and 3.02 2. These Bragg reflections

possibly belong to C2AHx and C4AHx phases as observed

previously [8]. In addition, Bragg reflections of C3A are

marked in Fig. 4. The reflections are depleted in two

steps, one step in pattern nos. 16–21 (70–85 8C), and one

in the pattern nos. 34–40 (125–143 8C); this is coupled

with an increase in the C3AH6 Bragg intensities at pattern

nos. 16–21 (70–85 8C) and in pattern nos. 32–36 (119–

131 8C). Some of the C2AHx and C4AHx reflections are

present in pattern nos. 18–37 (76–134 8C) with maxima

at pattern no. 32 (119 8C) with the d-values 7.61, 3.91,

and 3.82 2. Simultaneously, with the increasing inten-

sities of the C3AH6 Bragg reflections in pattern nos. 32–

36, the amorphous background at 2h=1 to 38 starts to

increase and an additional crystalline phase is observed in

the powder pattern no. 44 (155 8C) with Bragg reflections

at the 2h positions, 13.78, and 17.48 corresponding to the

d-spacings 3.86, and 3.05 2. This phase has not been

identified.
Fig. 5. Stack of powder patterns of a sample of C2A, a mixture of C3A and C12A7,

38–84, recorded using synchrotron radiation, k=0.92274 2. Positions of C3A and

C2AH8 reflections are indicated with the d-spacings 10.73, 5.43, and 3.59 2. Positi
and of a minor quantity of C4AH13 by the d-spacing 4.84 2. The end product C
3.3. C2A hydrothermal hydration

The hydration reaction of C2A is reported to yield the

compound C2AH8 [19], according to reaction (2), and thus

corresponding to the formation reaction of sample C and its

final composition. The solid C2A sample had the molar

composition: C12A7, 78% and C3A, 22%. The in situ

hydration of the C2A sample was recorded in the 2h range

08 to 508 using a wavelength of k=0.92274 2. A temper-

ature ramp from 25 to 120 8C was used with an increment in

temperature of 2.11 8C per pattern for pattern nos. 38–84.

Pattern nos. 1–38 were recorded at 25 8C, and pattern nos.

84–108 were recorded at 120 8C. Fig. 5 displays a stack of

powder patterns of the mixture in the 2h range 18 to 17.28.
Pattern nos. 1 and 2 are recorded for the dry solid sample,

and positions of 10 C12A7 and C3A reflections are indicated.

During the recording of pattern no. 3, water was introduced

to the solid sample by applying nitrogen gas pressure to the

sample in the quartz capillary, as described previously

[20,21]. Pattern nos. 4–34 show formation of the first
in a hydrothermal hydration in the temperature ramp 25 to 120 8C, from nos.

C12A7 reflections are indicated with Miller indices, and positions of three

ons of an intermediate phase are marked by the d-spacings 5.29 and 3.51 2,

3AH6 is marked by Miller indices.
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reaction product in depletion of C12A7, indicated by the

positions of the Bragg reflections of C2AH8 at the 2h
positions 4.938, 9.768, and 14.778, corresponding to d-

spacings 10.73, 5.42 and 3.59 2. C2AH8 is assumed to be

the reaction product according to reaction (2). However, the

relative intensities of the three reflections are 100, 28, and 9,

which is not in agreement with the JCPDS card # 45-564 for

C2AH8. Heating of the sample was started between pattern

nos. 37 and 38, C2AH8 occurs up to pattern no. 62 at 74 8C.
A second intermediate phase is observed in pattern nos. 43

to 56 (34 to 61 8C) with d-spacings 5.29 and 3.51 2, and is

interpreted as C4AH19. A third reaction product is seen in

pattern nos. 58–108 (65 to 120 8C) with the d-spacings at

7.84 2, corresponding to C4AH13. The final stable reaction

product C3AH6 has Bragg reflections in pattern nos. 55 to

108 (65 to 120 8C) and is indicated by Miller indices for
Fig. 6. Stack of powder patterns of the C2AH8–water mixture, sample C, in the 2h r

using synchrotron radiation, k=0.92274 2. Pattern nos. 1 to 2 are recorded with

C4AH13. During recording of pattern no. 3, water was introduced to the sample

patterns. C2AH8 is present in the patterns up to no. 30 (61 8C) and the intensity

increase gradually up to pattern no. 32 (64 8C) where the intensity of the C4AH13

indices.
C3AH6. In addition, the broad 002 reflection of gibbsite was

observed at 2h=10.98. The chemical reactions in the

hydrothermal transformation of the C12A7–C3A mixture

to C3AH6, where the mixture corresponds to the composi-

tion Ca2Al2O5, are:

Ca2Al2O5 þ H2OYCa2Al2O5d8H2O ð12Þ

3Ca2Al2O5d8H2OY2Ca3Al2ðOHÞ12
þ 2AlðOHÞ3 þ 9H2O ð13Þ

3.4. C2AH8 hydrothermal treatment of sample C

The hydrothermal treatment of the C2AH8–water

mixture was recorded in the 2h range 08 to 388 using
ange 28 to 17.28, heated in the temperature ramp 25 to 120 8C, and recorded
the dry solid sample showing Bragg reflections of C2AH8, C2AH10 and

which can be observed as an increase in the background of the following

of the C2AH10 and C4AH13 reflections at d=7.91 and 7.68 2, respectively,
reflections has its maximum. The end product C3AH6 is marked by Miller



Table 1

Powder pattern of C4AH13, pattern no. 40, recorded at 76 8C, and

k=0.92274 2

d (2) 2h (8) Iobs

7.83 6.76 100

4.84 10.93 9

4.76 11.13 8

3.905 13.57 23

3.810 13.91 25

3.045 17.43 4

2.883 18.42 30

2.523 21.07 23

2.443 21.77 22

2.204 24.17 6

2.120 25.14 15

1.956 27.29 3

1.931 27.65 6

1.900 28.11 3

1.862 28.70 3

1.818 29.41 5

1.780 30.05 1

1.664 32.19 14

1.627 32.94 9

1.530 35.10 4

1.468 36.63 6

1.441 37.34 5

1.385 38.94 1

1.261 42.92 1

1.192 45.53 1
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a wavelength of k=0.92274 2. A temperature ramp from

25 to 120 8C was used and a total of 68 patterns were

recorded with an increment in temperature of 1.56 8C per

pattern.

Fig. 6 displays a stack of powder patterns of the

mixture in the 2h range 08 to 178. Pattern nos. 1 to 2 are

recorded with the dry solid sample showing Bragg

reflections of C2AH8, C2AH10 and C4AH13. This is very

similar to the observations depicted in Fig. 3. During

recording of pattern no. 3, water was introduced, which

can be observed as an increase in the background of the

subsequent patterns. C2AH8 is present in the patterns up

to no. 30 (61 8C) and the intensity of the C2AH10 and

C4AH13 reflections at d=7.91 and 7.68 2, respectively,

increase gradually up to pattern no. 32 (64 8C), where

the intensity of the C2AH10 reflections has its maximum.

The Bragg reflections of C4AH13 are present up to

pattern no. 68 (120 8C) but have their maximum at

pattern no. 52 (95 8C) at d=7.83 2. At this temperature,

the powder pattern possibly contains contributions from

three crystalline solid phases, C3AH6, Al(OH)3, and

C4AH13. Table 1 lists d-spacings and relative intensities

of the latter phase. The JCPDS data card # 33-255 for

C4AH13 has a number of lines with d-spacing values in

acceptable agreement with values listed in Table 1. The

final reaction product, C3AH6, is observed from pattern

no. 27 (56 8C) and grows with depletion of C4AH13. The

increase in the C3AH6 Bragg reflections is seen from

pattern no. 52 where the quantity of C4AH13 is at its
maximum. The chemical reactions are reaction scheme

(13) and

2Ca2Al2O5d8H2OYCa4Al2O7d13H2Oþ 2AlðOHÞ3 ð14Þ

4. Conclusion

In the hydrothermal treatment of CAH10, Figs. 1 and 2,

the compound persists up to 88 8C. Then decomposition

starts with formation of an amorphous phase, presumably

aluminum hydroxide, and a phase with d-spacings at 3.41

and 3.28 2, which has not been identified. Then the

metastable phases C2AH10 and C4AH13 are formed, and

ultimately the stable hydroxide C3AH6. This is the same

sequence of events observed in the in situ hydration of

cubic C3A, extracted from cement clinker, where the first

compound formed was C4AH19, followed by the com-

pounds C2AH10, C4AH13 and C3AH6 [8]. The hydro-

thermal treatment of sample B, containing C2AHx/C4AHx,

Figs. 3 and 4, and sample C, containing C2AH8, Fig. 6,

gave roughly identical reaction sequences; but the

observed powder X-ray diffraction intensities from

C2AH8 differ somewhat from the reported values. The

main result is that C3AH6 is formed from the intermediate

phase C4AH13. Fig. 3 shows formation of amorphous

aluminum hydroxide, and possibly a minor quantity of

gibbsite, and Fig. 6 shows only gibbsite and no amorphous

aluminum hydroxide. The two experiments do not show a

distinct difference between the hydrothermal reaction

routes of C4AH19 and C2AH8 to C3AH6. The hydrothermal

hydration of C2A, Fig. 5, results also in formation of

C2AH8. The main final reaction products in this experi-

ment are C3AH6 and gibbsite.
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