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Abstract

 

The hydration behavior of specimens with identical chemical compositions (Ca

 

1.955

 

h

 

0.045

 

)(Si

 

0.91

 

P

 

0.09

 

)O

 

4

 

 but different in phase composi-
tions was examined. One composition was 30% 

 

a9

 

L

 

 and 70% 

 

b

 

, whereas the other composition was 92% 

 

a9

 

L

 

 and 8% 

 

b

 

. During the early
stage of the hydration process of about 3 days, the specimen rich in the 

 

b

 

-phase showed a much higher hydraulic activity than that rich in the

 

a9

 

L

 

-phase. Because these powder specimens showed almost the same specific surface areas and particle size distributions, the higher reactiv-

 

ity with water was ascribed to the more favorable defect state on the crystal surface. The 

 

b

 

-phase showed polysynthetic twinning on (100)

 

b

 

.
The intersections of the twin boundaries and the crystal surface would behave like active centers of the reaction with water. The 

 

b

 

-phase,
therefore, showed a much higher cumulative heat for the 3-day curing than the 

 

a9

 

L

 

-phase, the crystal fragments of which were nearly uni-
form with occasional line defects. After hydration for 15 days, both specimens showed almost the same cumulative heat of about 120 J/g.
The heat evolution continued for 34 days, with the eventual cumulative heat of 143 

 

6

 

 3 J/g. © 1999 Elsevier Science Ltd. All rights re-
served.
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With Ca

 

2

 

SiO

 

4

 

 solid solutions (C

 

2

 

S(ss)), the effects of
polymorphism on hydration reactivity have been studied ex-
tensively [1–8]. However, the differences in reactivity be-
tween the 

 

b

 

- and 

 

a9

 

L

 

-phases have not yet been fully clari-
fied. This is partly because the samples examined involved
many variables, including chemical composition, which are
difficult or thought to be impossible to control indepen-
dently [9], and partly because there might be an uncertainty
concerning the phase identification, especially for the “

 

a9

 

-
phase.”

High-temperature phase studies in the Ca

 

2

 

SiO

 

4

 

-
Ca

 

3

 

(PO

 

4

 

)

 

2

 

 system showed that Ca

 

2

 

SiO

 

4

 

 incorporates certain

 

amounts of P

 

2

 

O

 

5

 

 [10–14]. When these crystals, (Ca

 

2

 

2

 

x

 

/2

 

h

 

x

 

/2

 

)
(Si

 

1

 

2

 

x

 

P

 

x

 

)O

 

4

 

, are quenched from elevated temperatures, how-
ever, they do not necessarily give exactly the same struc-
tures as the high-temperature modifications. They some-
times show modulated distortions with respect to the
underlying othohexagonal 

 

a

 

-phase structure [13,15–18].
The distinct incommensurate (INC) superstructure was ob-
tained at ambient temperature for the crystals with 0.175 

 

<

 

x

 

 

 

<

 

 0.225 [18]. This phase often has been misidentified as

the 

 

a9

 

-phase due to the similarity in powder X-ray diffrac-
tion (XRD) patterns. With decreasing 

 

x

 

-value, the phase
compositions systematically changed from 

 

a9

 

L

 

 and INC
(0.125 

 

<

 

 

 

x

 

 

 

<

 

 0.150), 

 

a9

 

L

 

 (0.105 

 

<

 

 

 

x

 

 

 

<

 

 0.11), 

 

b

 

 and 

 

a9

 

L

 

(0.075 

 

<

 

 

 

x

 

 

 

<

 

 0.10) to 

 

b

 

 (

 

x

 

 

 

<

 

 0.065) [18]. Because the 

 

a9

 

L

 

-
to-

 

b

 

 transformation is martensitic, the amount of transfor-
mation has been dependent not only on the 

 

x

 

-value but also
on physical effects such as the size of the crystal grains and
the intensity of the thermal stress on quenching [19]. At
ambient temperature, the relative amount of 

 

b

 

 with respect
to 

 

a9

 

L

 

 was changed most significantly for the crystals with

 

x

 

 

 

5

 

 0.09.
The hydraulic activities evaluated by compressive

strength development were reported to be higher for the

 

b

 

-phase than for the 

 

a9

 

-phase, the P

 

2

 

O

 

5

 

 contents of which
were 2.3% (

 

x

 

 

 

5

 

 0.056) and 7.6% (

 

x

 

 

 

5

 

 0.181), respectively
[1]. The crystal surface of the 

 

b

 

-phase (0.022 

 

<

 

 

 

x

 

 

 

<

 

 0.088)
showed, when etched with a solution of nitric acid in alco-
hol, a higher density of etch pits than that of the 

 

a9

 

-phase
(0.110 

 

<

 

 

 

x

 

 

 

<

 

 0.270) [2]. Because the defects on the crystal
surface usually behave like active centers for chemical reac-
tions [20], one of the principal factors affecting hydraulic
activity would be the defect state, such as type and concen-
tration of defects [2].
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In the present study of the hydration of C

 

2

 

S(ss), we have,
for the first time, fixed one of the most important variables,
chemical composition, by taking advantage of the martensi-
tic nature of the 

 

a9

 

L

 

-to-

 

b

 

 transformation. The powder speci-
mens used for the hydration experiment were identical in
chemical composition but different in phase composition.
Because they showed almost the same particle size distribu-
tions as well as specific surface areas, the higher reactivity
with water was ascribed to the more favorable defect state
for the reaction with water.

 

1. Experimental

 

Crystals of (Ca

 

1.955

 

h

 

0.045

 

)(Si

 

0.91

 

P

 

0.09

 

)O

 

4

 

 were prepared
from the reagent-grade chemicals of CaCO

 

3

 

, SiO

 

2

 

, and
CaHPO

 

4

 

?

 

2H

 

2

 

O, where 

 

h

 

 denotes a vacancy. The mixtures
were, after calcination at 1200

 

8

 

C for 20 min, pressed into
pellets (12 mm wide and 3 mm thick), heated at 1500

 

8

 

C for
3 days, and quenched in cold water (sample S-1). Part of the
sintered pellets thus obtained was ground using a planetary
micromill (model P-7, Fritsch, Idar-oberstein, Germany),
reheated at 600

 

8

 

C (stable temperature region of the 

 

a9

 

L

 

-
phase) for 5 min, followed by quenching in air (S-2). Both
samples were ground and sieved to obtain fine powder spec-
imens with narrow size fractions.

Polished and thin sections were prepared for both sam-
ples and the microtextures were observed using an optical
microscope.

The phase composition was examined using an X-ray
powder diffractometer (model PW3050, Philips Analytical

X-Ray B.V., Almelo, The Netherlands). The profile data
were collected using monochromatized CuK

 

a

 

 radiation (50
kV, 40 mA) and a step-scan technique (step width 

 

5

 

 0.02

 

8

 

and fixed time 

 

5

 

 5 s) in the 2

 

u

 

 range from 30

 

8

 

 to 35

 

8

 

. Indi-
vidual scale factors of the 

 

a9

 

L

 

- and 

 

b

 

-phases were refined
by a whole-powder-pattern fitting without reference to a
structural model method [21]. According to the quantitative
phase-analysis procedure in previous studies [19,22], the
molar fractions of the a9L- and b-phases were deduced from
the scale factors.

The particle size fractions were measured using a laser
granulometer (model LA500, Horiba Co., Tokyo, Japan).
The specific surface area was examined using a BET three-
point method (model NOVA1000, Yuasa Ionics Co., Osaka,
Japan). Each powder specimen (20.0 g) was mixed with dis-
tilled water (water-to-sample ratio 5 0.4 in weight) in a con-
duction calorimeter (model TCC-23, Tokyo Rikou Co., To-
kyo, Japan). The cumulative heat evolution at 208C was
measured for about 34 days. The accuracy was estimated to
be within 3 J/g from the calibration made by electric heating.

Both samples were examined using a transmission elec-
tron microscope (TEM, model JEM 2000FX, JEOL, Ltd.,
Tokyo, Japan) operated at 200 kV and equipped with an en-
ergy-dispersive X-ray analyzer (EDS, model TN-5500,
Traco Northern Inc., Middleton, WI). They were crushed
between glass slides into fine powders and then deposited
with ethyl alcohol on copper grids. Chemical analysis was
made, together with selected area electron diffraction, for
the same crystal fragments.

2. Results and discussion

2.1. Phase composition and powder property

From the XRD (Fig. 1), the phase compositions of sam-
ples S-1 and S-2 were found to be quite different from each
other, in accordance with the previous study [19]. With S-1,

Fig. 1. Powder XRD patterns of samples S-1 and S-2. S-1 is composed of
30% a9L and 70% b, and S-2 is composed of 92% a9L and 8% b. The
chemical compositions of both samples are exactly the same and the for-
mula is represented by (Ca1.955h0.045)(Si0.91P0.09)O4.

Fig. 2. Particle size fractions of powder specimens, the median sizes of
which are 1.2 mm for S-1 and 1.3 mm for S-2. The particle size distribution
was almost ,3 mm.
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the application of the thermal stress on quenching in water
promoted the a9L-to-b transformation. Thus, the sample
was rich in the b-phase, the molar content of which was
70% (30% a9L-phase). On the other hand, the transforma-
tion starting temperature of S-2 was lowered by reducing
the grain size, which inhibited the transformation to the b-
phase. Thus, the composition was 92% a9L-phase and 8%
b-phase. The EDS detected no difference in chemical com-
position, not only between samples S-1 and S-2 but also be-
tween the a9L- and b-phases coexisting in each sample. This
is in agreement with the nature of the martensitic transfor-
mation that the chemical compositions of the parent (a9L)
and the product (b) phases are identical with each other.

The pulverized specimens showed nearly the same spe-
cific surface areas (1.7 m2/g for S-1 and 1.6 m2/g for S-2) as
well as very similar particle size fractions, the median sizes
of which were 1.2 mm for S-1 and 1.3 mm for S-2 (Fig. 2).
The particle size distribution was almost ,3 mm for both
specimens.

2.2. Hydration behavior

In the early stage of the hydration process, the powder
specimen S-1 showed much higher hydraulic activity than
S-2 (Fig. 3). After 3 days, the cumulative heat evolution of
S-1 (40 J/g) was about eight times that of S-2 (5 J/g). After
15 days of hydration, however, both specimens showed al-
most the same cumulative heat of about 120 J/g. The heat
evolution continued for 34 days, and the cumulative heat
eventually reached 143 6 3 J/g for both specimens.

The reaction that occurs in the early stage of the hydra-
tion process would be the interaction between the crystal
surface and water, followed by the formation of hydrates.
Because both specimens had almost the same powder prop-
erties (specific surface areas and particle size distributions)
as well as identical chemical compositions, the higher reac-

tion rate of specimen S-1 should be induced by the more fa-
vorable surface structure for the reaction with water.

Because the transformations a9L ↔ b are martensitic
and thus displacive, the differences in bulk crystal structure
between the two phases are very small. This probably leads
to almost the same eventual cumulative heat, in accordance
with the present results.

2.3. Surface structures of the b-, a9L-, and INC-phases

The present samples were quenched from the stable tem-
perature region of the a-phase, hence they showed, under
the optical microscope, the intracrystalline lamella structure
induced by the a-to-a9H phase transition [23,24]. However,
the TEM analysis showed that the lamella structure was not
observed within the crystal fragments of the pulverized
specimens, because they were much smaller in size (,3
mm) than the individual lamellae. Accordingly, the lamella
structure would have no influence on the hydration of both
samples.

The b-phase crystal fragments showed the polysynthetic
twinning on (100)b formed by the a9L-to-b phase transition.
The fragments were larger than the average twin width of
about 100 nm to include large numbers of the twin domains
and boundaries. For example, with the crystal fragment hav-
ing a size of about 5 mm observed under TEM (Fig. 4), it
contained about 50 twin boundaries. These boundaries, ap-
pearing as intersections on the crystal surface, would be-
have like active centers for the reaction with water. Due to
their high density on the surface, the reactivity would be ef-
fectively increased. On the other hand, the crystal fragments
of a9L-phase were nearly uniform, with occasional line de-
fects as observed in B2O3-doped a9-C2S(ss) [4]. As a result,
the hydration rate of the b-phase would be, during the early
stage of the process, much higher than that of the a9L-phase,
leading to the higher cumulative heat evolution of the
former phase.

The orthorhombic INC-phase appeared at ambient tem-
perature when the trigonal a-phase failed to undergo the
a-to-a9H transition on rapid quenching [18]. The crystal grains
consisted of domains related by a 1208 rotation around the

Fig. 3. Cumulative heat evolution of powder specimens. After 3 days of
curing, the cumulative heat of S-1 (40 J/g) is about eight times that of S-2
(5 J/g). After 15 days of curing, both specimens have evolved almost the
same cumulative heat.

Fig. 4. TEM micrograph of a crystal fragment exclusively composed of the
b-phase. Polysynthetically twinned on (100)b. Sample S-1, bright-field
image. The incident beam was nearly parallel to the bb-axis.
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former ca-axis [16,17]. The domains were at the submicro-
scopic level and the boundaries were irregular. The domain
sizes were much larger than the twin width of the b-phase,
suggesting a much lower hydraulic activity than the b-phase.

3. Conclusions

Two types of powder specimens were prepared. They
were exactly the same in chemical composition, (Ca1.955

h0.045)(Si0.91P0.09)O4, although different in phase composi-
tion; one composition was 30% a9L and 70% b and the
other composition was 92% a9L and 8% b.

With powder specimens of nearly the same specific sur-
face areas and particle size distributions, the specimen rich
in the b-phase showed, after hydration for 3 days, much
higher hydraulic activity than that rich in the a9L-phase.

The twin boundaries of the b-phase probably behaved on
the crystal surface like active centers for the reaction with
water, thus leading to the higher reactivity during the early
stage of the hydration process.

After 15 days of hydration, both specimens showed
nearly the same cumulative heat of about 120 J/g. The heat
evolution continued for 34 days, with the eventual cumula-
tive heat of 143 6 3 J/g.

Acknowledgments

K. Fukuda is grateful to the Japan Cement Association
for financial support.

References

[1] J.H. Welch, W. Gutt, Proc 4th Int Congr Chem Cem 1 (1960) 59.
[2] A.I. Boikova, M.G. Degen, V.A. Paramonova, Proc 6th Int Congr

Chem Cem, Supplementary paper, I-3, 1974.
[3] M.Y. Bikbau, Proc 6th Int Congr Chem Cem, Supplementary paper,

II-6, 1974.
[4] I. Jelenic, A. Bezjak, M. Bujan, Cem Concr Res 8 (1978) 173.
[5] K. Suzuki, S. Ito, S. Shibata, N. Fugii, Proc 7th Int Congr Chem Cem

2 (1980) 47.
[6] J. Skalny, J.F. Young, Proc 7th Int Congr Chem Cem 1 (1980) II-1/3.
[7] I. Jelenic, A. Bezjak, Cem Concr Res 11 (1980) 467.
[8] M.W. Barnes, M. Klimkiewicz, P.W. Brown, J Am Ceram Soc 75

(1992) 1423.
[9] H.F.W. Taylor, Cement Chemistry, second edition. Thomas Telford,

London, 1997.
[10] R.L. Barrett, W.J. McCaughley, Am Miner 27 (1942) 680.
[11] R.W. Nurse, J.H. Welch, W. Gutt, J Chem Soc 220 (1959) 1077.
[12] W. Fix, H. Heymann, R. Heinke, J Am Ceram Soc 52 (1969) 346.
[13] H. Saalfeld, Z Kristallogr 133 (1971) 396.
[14] M.W. Barnes, M. Klimkiewicz, P.W. Brown, J Am Ceram Soc 75

(1992) 1423.
[15] H. Saalfeld, K.H. Klaska, Z Kristallogr 155 (1981) 65.
[16] K. Fukuda, I. Maki, J Am Ceram Soc 72 (1989) 2204.
[17] K. Fukuda, I. Maki, S. Ito, H. Yoshida, K. Aoki, J Am Ceram Soc 77

(1994) 2615.
[18] K. Fukuda, I. Maki, S. Ito, T. Miyake, J Ceram Soc Jpn 105 (1997)

117.
[19] K. Fukuda, E. Iizuka, H. Taguchi, S. Ito, J Am Ceram Soc 81 (1998)

2729.
[20] K. Sangwal, Etching of Crystals, North-Holland Physics Publishing,

Elsevier Science Publishers B.V., Amsterdam, The Netherlands, 1987.
[21] H. Toraya, J Appl Crystallogr 19 (1986) 440.
[22] R.J. Hill, C.J. Howard, J Appl Crystallogr 20 (1987) 467.
[23] K. Fukuda, I. Maki, Cem Concr Res 19 (1989) 913.
[24] K. Fukuda, I. Maki, Cem Concr Res 23 (1993) 599.


