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ABSTRACT

Synthetic xonotlite is one of the most important constituents of the industrial material for heat insulating
and fire-resistant building materials. In this paper, formation mechanism of xonotlite as well as spherical
secondary particle were experimentally examined in the SiO,-CaO-H,O system. Special attention was paid
for the process of crystal growth and effects of the crystalline state of the starting materials. Effects of Al,O; in

. the starting materials were also investigated using both pure and industrial materials. The products obtained
were examined by X-ray diffraction and electron diffraction in addition to the detailed observations under the
stereoscope and electron microscope. Amorphous to semi-crystalline state of C-S—H was characteristically
formed at the initial stage of reaction and the morphology and the crystalline state of C-S-H varied
complicatedly according to the experimental conditions.

The main results obtained are as follows: Morphology of C-S~H and its aggregate depend largely upon the
crystalline state of the starting materials. In the experiments used Brazilian quartz as source of silica, fine and
fibrous C-S-H is aggregated, forming angular surfaced massive agglomerate. Using silica gel (reagent), fine
aggregate particle of crumpled foil of C-S-H is entangled with long and fibrous C-S-H, resulting in an irregular
massive agglomerate. Most of C-S-H formed in the Brazilian quartz system transform to platy tobermorite
and to strip and needle crystals of xonotlite through platy tobermorite as reaction proceeds, and simultaneously
massive agglomerate of slightly rounded form changes to oolitic (A;) and spherical-shelled (A;) secondary
particles. The formation process of the spherical secondary particle composed of xonotlite is basically the same
as that when industrial silica powder (e-quartz) containing a very small quantity of Al,O; is used. With
increasing particle size of CaO, hollow spherical secondary particles change to those of dense aggregates
composed of needle crystals of xonotlite (A3) through the spherical shell (A;) and oolitic (A,).

In the experiments used silica gel (reagent), C-S-H transforms directly to needle crystal of xonotlite which
aggregates in the forms of bundle or irregular massive agglomerate, and no spherical agglomerate is formed.
With rising temperatures, however, prisms of hillebrandite are partly formed and transform to xonotlite,
forming the spherical secondary particle (B,) composed of extremely coarse aggregates with long needle
xonotlite on the surface. By addition of very small amount of Al,O3, spherical secondary patticles are formed
in such a way that long fibrous C-S-H formed at the initial stage of the reaction becomes gradually short
resulting the number of bundled aggregates decrease and then, as the reaction proceeds, the platy crystal of
tobermorite is partly formed which later transforms into xonotlite forming spherical secondary particles. The
secondary particle is composed of relatively coarse aggregates of needle crystals (B,). The spherical secondary
particle is unevenly hollow and has long needle crystals on the surface. To be noted is that the texture and
morphology of these spherical secondary particles are similar to those produced in the industrial processes when
byproduct amorphous silica containing a very small quantity of ALO; is used.

The spherical secondary particle of types Ay, A, B, and B, play an important role producing light-weighted
products suited for insulation and heat insulating materials and that of Aj; is suited for fire-resistant building
materials because of the high density property. Aggregates composed of the needle crystals of xonotlite do not
form the secondary particle and the products have drawbacks such as poor mouldability and contraction and
distortion during the drying. These aggregates could not be used as the industrial materials.
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I. INTRODUCTION

Although synthetic xonotlite is widely used as the
industrial materials such as thermal insulators and fire-
resistant building materials, natural occurrence of the
mineral is relatively rare. Since the first discovery of
xonotlite by Rammelsberg (1866), several natural occurr-
ences of the mineral have been reported (Larsen, 1917;
Eakle, 1921; Shannon, 1925; Berman, 1937; Ohmori,
1939 and Imai et al., 1972).

As the ideal chemical formula of xonotlite, a formula
of Ca3(Si30g) (OH), was proposed by Berman (1937).
Later, Mamedov et al. (1955), re-examined the mineral
and Ca4(SigO,7) (OH), was obtained based on their pre-
cise measurements of the cell dimensions and density.
Natural xonotlite, however, commonly contains a small
amount of impurities such as Al, Mg and Fe.

Synthesis of xonotlite was first reported by Nagai
(1931a, b and 1933). Xonotlite is casily formed over
wide temperature and pressure range in the CaO-SiO,~
H,0 system, which is one of the most important systems
in the fields of cement and/or ceramics, and many synthe-
tic experiments have been performed up to the present
(Flint et al., 1938; Heller et al., 1951; Peppler, 1955;
Akaiwa et al., 1956; Assarsson, 1957 and 1958; Aitken et
al., 1960; Speakman, 1968; Takahashi et al., 1972b and
1973; Kalousek et al., 1977; Chan et al., 1978; Ishii et al.,
1978 and others).

As the results of these investigations, industrial pro-
duction methods have been established, i.e., filter press
moulding, pan casting moulding and- active slurry
methods (Kubo, 1980 and Mitsuda, 1980). Among
these, the active slurry method is used most commonly
and is employed in the present experiment. According
to Kubo et al. (1974a, b, ¢ and 1980) and Ciach et
al.(1980), the reaction process of active slurry method is
briefly explained as follows: reaction of SiO,-CaO-H,0
system is carried out under stirring hydrothermal condi-
tions; the crystals of calcium silicate hydrate are aggre-
gated forming spherical secondary particles of 5 to 150
pm in diameter in the form of slurry; and the final product
is obtained by moulding and drying the slurry; thus the
particles of the product contact and entangle with each
other resulting in intense strength. The method is, in
other words, basically to produce the spherical secondary
particles of the crystals of calcium silicate hydrate.

It is to be noted that the physical properties of the
final product such as density and strength largely depend
upon the texture and morphology of spherical secondary
particle of xonotlite, especially upon the degree of round-
ness of the secondary particles. When the secondary
particle is not spherical, the product shows drawbacks
such as contraction and distortion during the drying. It
is, therefore, very important to control the formation of
spherical secondary particle in the active slurry method.

However, systematic examinations on the formation
mechanisms of the spherical secondary particles have not

been carried out up to the present. Kubo et al. (1974b
and 1978) reported preliminary experimental results con-
cerning the secondary particles but their starting materials
were industrial ones containing much impurities. The
main purpose of this paper is to present fundamental data
on the crystal growth in the reaction system using pure
reagents and on the formation mechanism of the secon-
dary particles. Special attention was paid to the effects
of the starting materials, especially to the role of Al,Os,
reaction temperature and time in relation to the crystal
growth, and furthermore to. the formation process of
spherical secondary particle. The results obtained were
also discussed in comparison with the previous ex-
perimental results concerning the industrial materials
(Shibahara et al., 1986a and b).
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II. EXPERIMENTAL METHOD

A. STARTING MATERIAL

1. Siuica (SiOy)

In the present experiment, pure Brazilian quartz
pulverized to about 6.4 zm in size was used. The size of
the starting material was determined considering the fact
that above 30 #m, no spherical secondary particles were
producible. Special reagent silica gel with average size
of 5.7 ym was also used in order to examine the effects of
the crystalline state of starting materials.

For comparative study, industrial materials were also
used, i.e., one is natural silicastone (a-quartz) from
Tajimi City, Gifu Prefecture, with the average size of 7.3
pm and by-product silica powder (amorphous) with size
of about 0.33 ym. Chemical compositions of these start-
ing materials are shown in Table 1. '

TABLE. 1. CHEMICAL COMPOSITION OF THE STARTING MATERIAL OF
SILICA.
Starting material SiOs Al20s Fe:0y MgO | Ig. loss
Brazilian quartz 99.58 0.03 0.02 tr. 0.26
Silica gel (reagent) 94.66 0.05 0.03 tr, 490
Silica powder (1) 97.87 0.99 0.49 0.12 0.31
By-product silica (2) 95.20 0.71 0.07 0.06 248

(1)t After Shibahara et al. (1986 b).
(2) : After Shibahara et al. (1986 a).

2. LmME (CaO)

Special reagent calcium carbonate calcined at 1000°C
for ten hours and natural limestone from Akasaka, Gifu
Prefecture, calcined at temperatures of 1000, 1100 and
1200°C for four hours were used. It was confirmed by
X-ray powder diffraction method that no uncalcined
calcite was present in these samples. The three calcina-
tion temperatures were chosen to examine the effect of
the heating temperature. The particle size of the pure
and the industrial limes calcined at 1000°C is almost equal
with each other and the size increases with raising calcin-
ing temperature. The relationship between the calcining
temperature and the crystalline particle size agrees with
those of Ohno et al. (1957) and Sakaeda et al.(1969).

The chemical compositions and the particle size
determined by the scanning electron microscope are
shown in Table 2.

TABLE. 2. CHEMICAL COMPOSITION AND PARTICLE SIZE OF THE
STARTING MATERIAL OF LIME.

Starting material Ca0 | Alz03| MgO |Ig.loss| Particle size of CaO

Pure lime (prepared by calcining reagent
calcium carborate at 1000° C for 10 h) 9974 0.06 | 013 | 007 | 0.3 to LO0um

Industrial lime (prepared by calcin- | gc oo

ing limestone at 1000° C for 4 ) (1) || %®| 05to L2um
Industrial lime (prepared by calcin.

ing lmestone at 100" Cfor 4 h) (@ | 127 | 013 ] 024 ] 021

Industrial lime (prepared by calcin- 9695 | — | — | 0.16 | 0.8 to 2.2um

ing limestone at 1100° C for 4 h) (3)

Industrial lime (prepared by calcin. I
ing limestone at 1200° C for 4 1) () | %69 0.16

Ca0 crystals were
sintered

(1), (3) and (4) : Data were taken from Shibahara et al. (1986 b) (Limestone composed of
54.43% of Ca0, 0.32% of MgO, 0.05% of FeiOs, 0.09% of AlOs, 0.13% of
SiOs and 44.98% of ignition loss was used).

(2) ¢ After Shibahara et al. (1986 a).

3. ALO;
y~AlL O3 of special grade reagent of 99.8% purity

with average size of 0.02 xm and natural clay composed
of mainly kaolin minerals (46.63%, SiO;; 35.23%, Al,Os;
2.41%, Fe;03; 0.71%, MgO and 13.10% of ignition loss)
from Ohita Prefecture were used as the starting material
of aluminum, ’

B. SYNTHETIC METHOD

" In the case of pure materials, special grade of rea-
gents were precisely weighed so that the atomic ratio of
Ca/Si was equal to the stoichiometric ratio in xonotlite,
i.e., 1.00, and that of Al/Si was to 0.025 for the aluminum
containing case. Thus, the starting compound contains
1.05 wt. % of ALO3;. Amount of Al,O; was decided
considering the aluminum content of the industrial raw
material or the chemical composition of natural xonotlite.
This is because xonotlite is not produced under the
ordinary industrial conditions of temperature and press-
ure when the addition of Al,O; exceeds approximately 2
wt. % (Takahashi et al., 1973).

Twelve times distilled water of 85°C by weight was
added to the starting lime to slake it. Silica and Al,O;
were added to the solution under stirring. Then, distil-
led water was further added to obtain2 ¢ of slurry in which
the weight ratio of water/starting material was 20. The
slurry was put into an autoclave (I.D.: 13cm, 3¢
Volume) equipped with the agitator and was heated
under the rotating condition of the agitator at 100 rpm.
The heating rate was controlled so that it reached 175°C
(8 kg/em?), 191°C (12 kg/em?) or 214°C (20 kg/cm?) from
100°C in one hour. Under these conditions, reaction
was continued for 1, 2, 4, 6, 8, 12, 24, and 48 hours and 7
days. The content was stirred for 24 hours in the 7 day’s
run.

In case of experiments using the industrial starting
materials, the atomic ratio of Ca/Si was controlled to be
0.975 according to the experimental result of Kubo et al.

(1974a, b, 1976 and 1978), and the weight ratios of
water/starting material were fixed 12 and 20 for silica
powder (a-quartz) and amorphous by-product silica, re-
spectively. The hydrothermal reaction was performed at
191°C (12 kg/cm?) for eight hours. The other conditions
were the same as those for the pure material.

After it was held for certain hours at a known
temperature, the autoclave was cooled by cutting electric-
ity, and the product was taken out. The temperature
range of the reaction between 175°C (8 kg/cm?) and 214°C
(20 kg/cm?) was decided with reference to the conditions
applied usually to the industrial processes. ‘

III. EXPERIMENTAL RESULTS

A. X-RAY POWDER DIFFRACTION

After experimental products were dried at 100°C for
twenty four hours, their X-ray powder patterns were
taken to identify the mineral constituent. To examine
the growth process of xonotlite, the conditions of X-ray
diffraction were kept constant as follows: X-ray: Cuk a,
with Ni-filter, 35 KV, 25mA, receiving slit: 0.15 mm,
divergent slit: 1°, time constant: 1 sec, scanning speed:
0.5°/min, rotating speed of chart: 10 mm/min. Amor-
phous to semi-crystalline state of calcium silicate hydrates
are generally produced at the initial stage of the hyd-
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rothermal reaction in the SiO,-CaO-H;O system.
Among them, the hydrate showing only the diffraction
lines corresponding to (h k 0) and (0 O1) is referred to C-
S-H according to Taylor (1964).

The results are summarized in Table 3.  Some typic-
al results showing phase change with duration of the
reaction time are shown in Figs. 1,2 and 3. The detailed
phase change of the respective starting materials will be
briefly described in the following.

TABLE. 3. MINERALOGICAL CONSTITUENTS OF THE EXPERIJENTAL

PRODUCTS. -
of SiO2 of AOs | Temp.(C) |Press(kg/cm?)| Time(h)
Brazilian 191 12 2 C
quartz 4 T, X, C*
6 X, T
8 X, T
24 X
168 X
Silica gel — 175 8 12 C
(reagent) ' 2 X
48 X
191 12 2 C
4 Cc
6 C, H*
8 X, C*
24 X
168 X
214 20 1 C
2 C H
. 4 X
Silica gel 7-AlOs 191 12 8 C, T
(reagent) . 12 c T
' 24 X, c*
168 X
Kaolin 191 12 8 C T
12 X.c*
24 X, C
168 X

* Only several main reflections were observed.

1. Inthe reaction of Brazilian quartz (Si0,)-CaO-
H,0 system at 191°C (12 kg/em?), a very weak reflection
of (002) of C-S-H at about 11.3A (26: 7.8) can be
recognizable in addition to the broad peaks of (220) and
(040) near d=3.1 A (26: 29) and d=1.84 A (26: 49.5),
respectively, after two hours reaction.  As is seen in Fig.
1, some unreacted a-quartz still remains in the system.
After four hours, however, only a little amount of a-
quartz remains, while tobermorite and xonotlite begin to
appear. In six hours, e-quartz reacts almost completely,
while amount of xonotlite increases. In eight hours,
xonotlite becomes predominant. In twenty four hours,
tobermorite is hardly observed, and the whole product is
composed of xonotlite as shown in Fig. 1. Insuch a way,
xonotlite is produced from the amorphous material
through tobermorite and the spherical secondary particle
is formed.

2. Inthe reaction of silica gel (reagent SiO,)-CaO-
H,O system, no spherical secondary particles were pro-
duced at 191°C (12kg/cm?). Therefore, reactions at

—

5 10 15 20 25 30 35
20 (CuKa)

Fi6. 1. X-ray diffraction patterns of the products in Brazilian
quartz-CaO-H,0 system.
Reaction conditions: 191°C (12 kg/em?); 2, 4, 6, 8, 24
and 168 h, respectively.
C: C-S-H, H: Hillebrandite, T: Tobermorite, X:
Xonotlite, Q: a-quartz

175°C (8 kg/cm?) and 214°C (20 kg/cm?) were also investi-
gated. In the reaction at 175°C (8 kg/em?), C-S-H
begins to appear after twelve hours. However, (400)
reflection at about 2.82 A (26: 31.7) is hardly observable
in contrast with distinct reflections of (002), (220) and
(040).  After 24 hours, xonotlite becomes a predominant
phase as shown in Fig. 2A, but no spherical secondary
particles are formed. In the reaction at 191°C (12 kg/
cm?), only C-S-H is recongnized as in the reaction at
175°C after two and four hours.  After six hours, howev-
er, reaction proceeds and a small and broad peak of a new
phase begins to appear near d=2.94 A (26: 30.4) in
addition to C-S-H as is shown in Fig. 2B.  Although the
identification of the new phase is difficult duc to weak
diffraction peaks, the characteristic d-value may corres-
pond to that of hillebrandite, Ca,(SiO3) (OH),. After
eight hours, the new phase disappears and the reflections
of xonotlite are observable. Over eight hours, intensi-
tics of xonotlite reflections increase gradually, but no
spherical secondary particles are formed. In the reac-
tion at 214°C (20 kg/em?), C-S-H is formed only after
one hour. In two hours, broad peaks at d=4.80 A (6
18.5), 3.55 A (26: 25.1), 3.35 A (26: 26.6), 3.05 A (26:
29.3), 2.784 A (26: 32.1) and d=1.831 A (26: 49.8) in
addition to the broad peak of d=2.94 A (26: 30.4) are
observable, the same as that observed in six hours in the
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reaction at 191°C. These peaks indicate existence of
hillebrandite besides C-S-H as are shown in Fig. 2C. In
four hours, reflections of hillebrandite disappear and
those of xonotlite appear, and furthermore, the spherical
secondary particles are formed. » _

In conclusion, formation of hillebrandite from amor-
phous materials depends upon the reaction temperature.

3. In the experiments added y-ALOj3 to the reac-
tion system of silicagel (reagent SiO;)-CaO-H,O at
191°C (12 kg/cm?), C-S-H is formed in runs of eight and

twelve hours the same as that without Al;0;. In runs of
Xc
12h C C
‘ X
X X X
X X ‘
24h X X

48h

L i 1 1 1 L 1

5 10 15 20 25 30 35

20 (CuKa)
A

35

5 10 15 20 25 30

20 (CuKa)
C

twelve hours, another weak and broad peaks are clearly
observed near d=5.45A (26: 16.3), 3.55 A (26: 25.1)
and 1.672 A (26: 54.9) as are shown in Fig. 3A. These
reflections may probably be ascribed to those of tobermo-
rite. After 24 hours, reflections of xonotlite become
predominant and the spherical secondary particles are
formed. By adding the clays containing kaolin minerals,
some tobermorite as well as C-S-H are formed in eight
hours.  After twelve hours, xonotlite begins to appear as
is shown in Fig. 3B. In the runs of 24 and 168 hours,
reflections of xonotlite become more conspicuous and the

24h

168h

20 (CuKe)
.

F16.2. X-ray diffraction patterns of the products in silica gel
(reagent)-CaO-~H,0 system. _ ‘
A: 175°C (8 kg/em?); 12, 24 and 48 h, B: 191°C (12
kg/em?); 2, 4, 6, 8, 24 and 168 h,
C: 214°C (20 kg/cm?); 1, 2 and 4 h.
Abbreviations are the same as those of Fig. 1.
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5 10 15 20 25 30 35

26 (CuKa)
A

Fic. 3. X-ray diffraction patterns of the products in silica gel
(reagent)-Ca0O-Al,05-H,0 system.
Reaction conditions: 191°C (12 kg/em?); 8, 12, 24 and
168 h, respectively.
A: Addition of y-Al,0Os, B: Addition of kaolin.
Abbreviations are the same as those of Figs. 1 and 2.

spherical secondary particles are formed.

It may be concluded that the addition of Al,O;
retards the formation of xonotlite. That is, addition of
y-Al;03 and that of kaolin prolong the reaction time of
the first appearance of xonotlite approximately 3 times for
the case of y-Al,03 and 1.5 times for kaolin, respectively,
compared with that of the experiments without Al,O3.

B. RATE oF CrRYSTAL GROWTH

The rate of crystal growth was investigated by
measuring the intensity of X-ray diffraction. Assuming
that the diffraction intensity (height of peak) of d=3.64
A (401) of xonotlite formed in reaction at 191°C (12
kg/em?) for seven days using silica gel (reagent) is 100,
relative intensity of (401) was measured for all xonotlite
and the value is supposed to represent the crystallization
state. The reason why the peak of (401) was used is that
the reflection has no preferred orientation and the posi-
tion of the 26 does not overlap with those of C-S-H,

8h

12h

24h |

168h

5 10 15 20 25 30 35

20 (CuKa)
B

tobermorite, hillebrandite and a-quartz. The intensities
of the (401) reflections of each experiment are shown in
Table 4.

First, the effect of the crystalline state of the starting
materials of silica on the formation rate of xonotlite will
be examined. In the runs at 191°C using Brazilian
quartz, xonotlite begins to appear in four hours and at the
same time tobermorite gradually transforms into xonot-
lite. In the runs using silica gel (reagent), on the other
hand, xonotlite begins to appear relatively later, i.e.,
after eight hours, but once xonotlite is formed, crystalliza-
tion of the mineral procecds rapidly and the degree of
crystallization after 168 hours in the latter runs is higher
than that of the former reaction.

Secondary, the reaction temperature which affects
seriously the formation rate of xonotlite was examined.
At 214°C in four hours, xonotlite begins to appear while
eight and twenty four hours are required at 191°C and
175°C, respectively. Such temperature dependence has
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TABLE. 4. CRYSTALLIZATION RATE OF XONOTLITE.

Form of | Form of Reaction condition D::{{;i;ttl;n
Si0: AkO; | Temp(C) |Press(kg/cm’)| Time () |of X(401) (%)
Brazilian _— 191 12 2 0
quartz 4 132
6 305
8 356
24 77.0
168 81.6
Silica gel _— 175 8 12 0
(reagent) 2 62.1
48 816
191 12 2 0
4 0
6 0
8 431
24 78.2
168 100
214 20 1 0
2 0
4 80.5
Silica gel 7-AlO: 191 12 8 0
(reagent) 12 0
‘ ' 24 72.4
168 79.3
Kaolin 191 12 8 0
12 49.4
24 575
168 736

been already confirmed by Kubo et al. (1974b) in their
experiments used industrial raw materials.

Effects of the addition of Al,O3; were ﬁnally ex-
amined. At 191°C, xonotlite is formed in eight hours in
the runs without adding Al,Os, while the formation of
xonotlite is retarded by adding a small quantity of Al,O3,
e.g., twenty-four hours with addition of y-Al,O; (rea-
gent), and twelve hours with Kaolin clay, respectively as
are seen in Table 4. ‘

It may be concluded that formation of xonotlite
begins earlier in the runs when Brazilian quartz is used
than that of silica gel (reagent). However, rate of crys-
tallization is faster in the case of silica gel. Further, the
formation rate of xonotlite is exponentially increased as
the reaction temperature is raised. The addition of
Al,O; retards the crystalllzatlon of xonotlite about 1-3
times.

C. Lartrice CONSTANTS

As mentioned above formation processes of minerals
including C-S-H are different from each other in the
three systems of different starting materials. In order to
examine the effects of experimental conditions on the
crystal structure of xonotlite, the most predominant
phase, lattice constants of the mineral were investigated.
X-ray diffraction measurements were performed under
the same conditions as mentioned before. Silicon pow-
der of NBS was used as the internal standard. Typical
examples of the powder data are shown in Table 5 and the
calculation of lattice constants was done using the compu-

ter program of RSLC-3 (Sakurai, 1967) and the results
obtained are summarized in Table 6.

Although the process of growth of xonotlite varies
with the crystalline state of the starting material of silica
such as, Brazilian quartz or silica gel, as mentioned
above, the lattice constants of xonotlite are almost con-
stant regardless of the crystalline state of the starting
material within the measurement error. These results
agree well with those of synthetic xonotlite formed at
400°C for two days at the atomic ratio of Ca/Si of 1.00 in
a-quartz(Si0,)-CaO-H,0 system (Kalousek et al., 1977)
and of natural xonotlite (Taylor, 1954 and Imai et al.,
1972).

Furthermore, the lattice constants are independent
of addition of Al,O3 and the chemical form of aluminum
such as y-ALO; and clay containing mainly kaolin
mineral.

As a result, it was found that the lattice constants of
xonotlite keep almost constant regardless of crystalline
state of starting material, addition of aluminum, and
formation temperature.

D. SELECTED AREA ELECTRON DIFFRACTION AND TRANS-
MISSION ELECTRON MICROSCOPIC OBSERVATIONS

As mentioned before, amorphous to semi-crystalline

C-S-His always produced at the initial stage of reaction

and is transformed to fine crystals of several phases.

Since the products are mixture of different state of
crystalline phases, it is extremely difficult to identify the
constituent phases only by X-ray. powder diffraction
method. Therefore, the products were examined in
further detail by selected area electron diffraction method
and scrutinized as to how they were transformed into
xonotlite. The sample was dispersed under the ultraso-
nic wave because the products are generally fine
agglomerates and/or the spherical secondary particles.

The typical examples of selected area electron dif-
fraction patterns and electron microphotographs are
shown as a function of starting materials in the order of
reaction process in Plates 1, 2 and 3. In the following,
details of the observed phases will be described.

1. C-S-H

C-S-H is always produced at the initial stage of all
experimental conditions as was confirmed by X-ray dif-
fraction method. Two types of C-S-H are distinguished
in the electron diffraction patterns. The one is C-S-H

showing broad diffraction rings whose d-spacings corres-
pond to those of (220) and (040) of tobermorite, respec-
tively. The diffraction ring corresponding to (040) is
usually dim. The other is C-S-H showing spread dif-
fraction spots corresponding to (220) and (040) of
tobermorite. The former type is formed in silica gel
(reagent SiO;)-CaO-H,O and silica gel (reagent SiO;)-
Ca0-AlL0;-H,0 systems as shown in Plate 2b.

This type characteristically exhibits crumpled foil
shown in Plate 2a and/or fibre shown in Plate 2c. The
latter type is observed in all systems as is shown in Plate
3b with the form of fibre shown typically in Plates 1a and
3a. The fibre in the Brazilian quartz system is as short as
2 um or less as shown in Plate 1a, while that in the system
of silica gel (reagent SiO) is relatively long. Fibres
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TABLE. 5. X-RAY POWDER DIFFRACTION DATA FOR XONOTLITE.

Sample 1) 2) @) ()
nee | d d |/ | d d | I/L| d d | /L | d d | I/I
(obs.) |(calc.)| (obs.) | (obs.) |(calc.)| (obs.) | (obs.) |(calc.)| (obs.) | (obs.) | (calc.)| (obs.)
200 | 855 | 854 4 | 855 853 5 |85 |853 5 | 855 | 853 6
001 (703 |70 16 [ 704 | 701 23 1703 |70 16 | 7.03 | 700 18
400 | 4260 | 4.268 29 | 4.264 | 4.265 27 | 4266 | 4.267 28 | 4.262 | 4.266 30
401 | 3639 | 3.633 3l | 3644 | 3.636 40 | 3.644 | 3.634 38 | 3.642 | 3.634 41
002 | 3508 | 3.504 4 13516 | 3.506 6 | 3508 {3504 3 {3505 |3503 4
202 | 3235 | 3233 33 3249 | 3237 47 13231 | 3234 36 | 3230 | 3234 40
320 | 3088 |3.088 | 100 | 3.087 | 3.089 100 | 3.089 | 3.088 100 | 3.087 | 3.088 100
321 | 2.829 | 2.821 40 | 2830 | 2824 48 | 2830 | 2822 42 | 2829 | 2.822 46
402 | 2704 | 2.698 25 | 2710 | 2.702 36 | 2708 | 2.700 28 | 2710 | 2700 35
601 | 2634 | 2.629 5 | 2637 | 2630 6 | 2634 | 2630 5 12635 | 2630 6
122 | 2506 | 2507 18 | 2510 | 2509 20 | 2508 | 2.507 20 | 2507 | 2507 20
003 | 2342 | 2336 2.344 | 2.337 16 | 2341 | 2336 9 2342 | 2336 10
203 | 2253 | 2249 2.258 | 2.252 9 225 | 2249 8 | 2254 | 2249 9
801,522 { 2.036 2037, 203 19 | 2038 |20372033| 24 | 2.036 [20372031| 22 | 2.036 (2037202 25
721 | 19509 | 1.9485 | 27 | 19517 | 1.9495 | 32 | 1.9513 | 1.9488 | 36 | 1.9521 | 1.9487 | 35
040 | 18389 | 18378 | 20 | 18385 | 1.8309 | 23 | 18406 | 1.8381 | 20 | 1.8403 | 1.8382 | 22
041 | 17783 | L7777 3 | L7776 | 1.7797 3 | 17802 | 1.7780 3| 17802 | 17780 3
722 | 17557 | 1.7532 6 | 1.7566 | 1.7549 7 | L7573 | 17536 8 | 17570 | 1.7538 8
204 | 17101 | 17138 | 10 | L7115 | L7155 13 | 17092 | 1.7139 12 | 1.7089 | 1.7139 14
920,133 | 1.6842 |1687,1.6818 5 | 1.6833 (163116834 6 | 1.6853 (1685516818 6 | 16848 (16506819 7
1001 | 16554 | 1.6558 3 | 1.6548 | 1.6557 4 ] 1.6559 | 1.6559 5 | — | 16556 | —
242 | 15997 | 1.5978 4 | 15999 | 1.5996 5 | 16004 | 1.5980 4 | 16002 | 15981 | 4
124,541 | 1.5747 (1573915756 3 1 1.5769 (1573315771 5 | 15745 1573915758 4 | 1.5745 (1573815759 4
324,514 | 1.5214 (1521215205 7 | 15223 (1523015225 8 | 1.5220 (1521415008 8 | 15220 1521515201 9
1201,450| 13923 [1aozizon| 5 | 13016 [Lamoason| 5 | 13019 [1zmusmzl 6 | 1.3916 1301913903 6
543 | 13261 | 1.3281 3 | 1.3285 | 1.3298 4 | 13269 | 1.3283 4 | 13273 | 1.3285 5
650 | 13059 | 1.3062 3 | 1.3087 | 13071 4 | 13059 | 13063 3 | 13059 | 1.3063 4
244 | 1.2527 | 1.2534 2 | 1.2545 | 1.2547 3 | 12537 | 1.2535 3 | 12540 | 12536 | © 3
652 | 12213 | 1.2225 2 |1.2235 | 1.2239 3 | 12215 | 1.2228 3 | 12217 | 1.2229 3

(1) Brazilian quartz-CaQ-Hz20 system.
(2) Silica gel (reagent)-CaO-H20 system.

(3) Silica gel (reagent)—CaO-y-Alez-HzO system.
(4) Silica gel (reagent)-CaO-Kaolin-Hz0 system.

obtained at 191°C or lower temperatures in the system of
silica gel (reagent Si0,)-CaO-H;0 are characterized by
aggregating in bundles (Plate 2c).

2. TOBERMORITE ,

Tobermorite is recognizable only in Brazilian
quartz-CaO-H,O system and silica gel (reagent SiO,)-
Ca0-ALO3-H,O system. Extremely dim diffraction
spots are observed at k= odd which have not been
recognized by X-ray powder diffraction method and the
diffraction spots at h4-k=2n are commonly observable as

shown in Plates 1c and 3d. Two morphological types of
tobermorite are distinguishable under the electron micro-
scope. The one is the form of irregular plate whose end
is partly splitted as shown in Plate 1b. This type is
observed in the Brazilian quartz system. The other is
euhedral platy crystals found in the reaction added Al,O;
(Plate 3c).

3. HILLEBRANDITE
Hillebrandite is recognized only in the reaction_ at
191°C or higher temperatures in silica gel (reagent SiO;)-
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TABLE. 6. LATTICCE PARAMETERS OF XONOTLITE.

Sample |Cassi | Avsi Reaction condition a b ¢ 8

Temp(C) | Timelday) | d(A) | dA) | d(A) y]

1) 1.00 _ 191 7 17.07 7.35 7.01 90.4

(2) 1.00 _— 191 7 17.06 7.36 7.01 90.3

3 1.00 0.025 191 7 17.07 7.35 7.01 90.4

“) 1.00 0.025 191 - 7 17.06 7.35 7.01 90.3

5) 1.00 _— 400 2 17.03 7.36° 7.01 90.3
6) _ _— _—_ e 17.05 7.36 7.01 = 90
m e —_— —_— -_— 17.00* 7.32 7.05 901

[6)] 112 0.12 3300 7 17.07 7.38* 6.98 89.7

* The dimension of unit cell is arranged for reference.

(1) Brazilian quartz-CaO-H:20 system.

(2) Silica gel (reagent)-CaO-H:20 system.

(3) Silica gel (reagent}-CaO-7-Al202-H:0 system.

(4) Silica gel (reagent)-CaO-Kaolin-Hz20 system.

(5) Synthetic xonotlite (Kalousek et al,, 1977).

{6) Xonotlite from Hashidate, Japan (Imai et al.,, 1972).

() Xonotlite from Tetela de Xonalta, Mexico (Taylor, 1954).
{8) Synthetic xonotlite (Kalousek et al, 1977).

\

Ca0O-H,0 system as has been identified by X-ray powder
diffraction method. Since the mineral shows strong pre-
ferred orientation parallel to (001), only electron diffrac-
tion patterns concerned to a* and b* were obtained. In
the diffraction patterns, k= odd layer is usually absent
and/or accompanied with extremely dim streaks, and
diffraction spots of higher order are completely absent as
shown in Plate 2f. Therefore, hillebrandite is regarded

as the state of lower degree of crystallization. The .

characteristic prism form of hillebrandite is shown in
Plate 2e.

4. XONOTLITE

Xonotlite is the final product as the equilibrium
phase in all systems as was confirmed by X-ray powder
diffraction method. An extremely sharp streak parallel
to a* in the layer of k='o0dd is observed in the electron
diffraction pattern and the diffraction spots at 2h+k=4n

are usually observable as shown in Plates 1f and 3f. Two-

types of xonotlite, strip-shaped and needle-shaped, are
distinguishable by electron microscopic observations.
The strip-shaped xonotlite is mainly found at the initial
stage of Brazilian quartz (Si0,)-CaO-H,0 system as
shown in Plate 1d and then it transforms to the needle-
shaped one with the duration of time (Plate 1e). The
needle-shaped xonotlite is also found in the silica gel
(reagent) system (Plate 3e). It is to be noted that in the
silica gel (reagent SiO,)-CaO-H,O system at 191°C or
lower temperatures, most of the needle-shaped xonotlite
form bundled aggregates and some of them reach as large
as approximately 2 zm in width as shown in Plate 2d.

E. SpECIFIC SURFACE AREA AND IGNITION Loss

Tt is well known that the state of crystal growth,
especially the size of crystal, can be expressed as the
specific surface area (Kalousek, 1955; Takahashi et al.,
1972b and 1973 and Hara et al., 1979). The degree of
crystal growth of the experimental products was ex-
amined by this method. The specimens were dried at
90°C for twenty four hours and then the specific surface
area was measured by BET method using a P-700 type
manufactured by Shibata Chemical Instrument Co. The
results obtained are shown in Table 7.

-and 6 in the order of reaction processes.

TABLE. 7. SPECIfic SURFACE AREA OF THE EXPERIMENTAL PRO-

DUCTS.
Starting Starting Reaction condition Specific
pp i 3%’:‘31 Temp.(C) |Press(kg/cm?)| Time(h) s“&:g?é;u
Brazilian — 191 12 2 130
quartz . 11
6 67
8 61
24 53
Silica gel —_— 191 12 . 2 ) 109
(reagent) 4 113
6 84
8 69
24 50
214 20 1 107
2 97
4 38
Silica gel 7-ALO3 191 12 8 110
(reagent) 12 109
24 57
Kaolin 191 12 8 100
12 54
24 49

Values of the specific surface area are, in general,
about 100 m%g or more at the initial stage of reaction.
With increasing crystallization of xonotlite, the value
dezcreases gradually and finally goes down to 40 to 60
m</g.

Ignition loss of xonotlite obtained after 7-days reac-
tion at 191°C in Brazilian quartz (SiO,)-CaO-H,O and
silica gel (reagent SiO;)-CaO-H,O systems was also
examined. After heating at 1000°C for three hours,
ignition loss of xonotlite of the former system was 4.1%
and that of the latter system was 3.8%, both values almost
coincide with each other. These values are larger than
that calculated from the ideal chemical formula,
Cag(Sig017) (OH),, of xonotlite, 2.46%. The fact agrees
well with the result obtained by Kalousek et al. (1977).
They suggested that xonotlite contains more water than
that contained in the ideal formula. ~After heating over
1000°C, complete transformation of xonotlite to p-
wollastonite was confirmed in all experiments.

IV. MORPHOLOGY AND TEXTURE, AND ITS RELATIONSHIPS
TO THE INDUSTRIAL PrODUCTS

Morphological and textural relationships of the ex-
perimental products were examined by means of stereo-
scope and scanning and transmission electron micro-
scopes.

For the stereoscopic observations, the specimens
were dried, and the characteristics of the surface were
examined. Further detailed observations were per-
formed by scanning and transmission electron micro-
scopes. Some typical examples are shown in Plates 4, 5
For compara-
tive studies, products from the industrial raw materials
were also examined. The specimens were fixed with
n-butyl methacrylate resin and thin plates of approx-
imately 3 z#m thick were cut off by a microtome and the
inside of the plate was observed by the stereoscope.
Some typical examples are shown in Plate 7. Results
obtained will be summarized in the following:



322 Kazuo SHIBAHARA

1. MASSIVE AGGLOMERATE |

Massive agglomerate I is defined under the stereo-
scope as a dense aggregate of fine, angular particles of 20
to 130 #m in diameter. Observations by scanning elec-
tron microscope reveal that the aggregate is composed of
fibre crystals of several microns as shown in Plate 4a.
Massive agglomerate I is formed at the initial stage of
reaction of Brazilian quartz (SiO;)-CaO-H,O system
and gradually becomes round with duration of time.
Most of surface angles of the agglomerate are rounded off
in four hours.. Besides the fibre crystals, plate crystals of
several microns are also formed. Fibre crystal and plate
crystal were identified as C-S-H and tobermorite, re-
spectively. ,

2. MASSIVE AGGLOMERATE II

The particle size of massive agglomerate II is 5 to 50
pm, slightly smaller than that of massive agglomerate I.
The shape is irregular and the coarse aggregate is com-
posed of fine crystals as shown in Plates 5a and 6a.
Massive agglomerate II is formed at the initial stage of
reaction of silica gel (reagent) system. Electron mic-
rophotographs show that coarse and granular aggregate
composed of fine crumpled foil crystals of several microns
is covered by fibre crystals of several to 20 um and/or
these bundled aggregates as is shown in Plates 5b and 6b.
In some cases, tangles of prism crystals of several to 20
pm are observed between and around the particulate
aggregates as shown in Plate Se.

The former is formed in the experiments at 191°C or
lower temperatures in the reactions of silica gel (reagent
Si0;)-CaO-H;O and silica gel(reagent SiO,)-CaO-
Al,03-H,0 systems. Only few bundled aggregates of
fibre crystals are found in the reaction with Al,O5 addi-
tion. The tangles of prism crystals are mainly found at
higher temperature in the silica gel (reagent)-CaO-H,0
system.

It should be mentioned in relation to the spherical
secondary particles that the massive agglomerate contain-
ing few bundled aggregates, axiolitic or prism crystals
become gradually spheritic with the lapse of time, while
bundled aggregates show no morphological change.

The crumpled foil and fibre crystal are identified as
C-S-H and the prism is hillebrandite, respectively.

3. NEEDLE AGGLOMERATE .

Needle agglomerate is defined as the agglomerate
composed of mainly needle crystals of 5 to 20 xm accom-
panying a few irregular-shaped aggregates as shown in
Plate Sc. By the examination of scanning electron mic-
rophotographs, it is determined that the needle agglomer-
ate consists of the bundled aggregates of fine needle
crystals of about 20 zm long with 1 #m wide or less. In
some cases, irregular-shaped aggregates of needle crystals
are found as are shown in Plate 5d. The needle
agglomerate is charactristically found in the runs at 191°C
or lower temperatures in the silica gel (reagent SiO;)-
Ca0O-H,O0 system when massive agglomerate II does not
gather forming spherical secondary particles with dura-
tion of time. '

The needle crystal is confirmed as xonotlite.

4. SPHERICAL SECONDARY PARTICLE A
Surface observations of the experimental products

under the stereoscope indicate that two types of the
spherical secondary particles are generally formed, i.e.,
particle A is 20 to 130 #m and particle B, 10-50 xm.
Type A can be further classified into oolitic particle
including an irregular-shaped mass (A;), spherical-
shelled particle (Az) and dense aggregate of fine particles
(A3). The spherical secondary particle A; and A, are
formed from the massive agglomerate I in the reaction of
Brazilian quartz system with the lapse of time. In runs
after six hours, A; and A, coexist together as shown in
Plate 4b. A, is transformed into A, as the reaction
proceeds and completely transformed into A, in eight
hours as shown in Platc 4e. A part of A, is broken after
twenty four hours .

Detailed observations by scanning and transmission
electron microscopes show that the inside of oolitic
particle (A;) is partly hollowed and strip or needle
crystals of several microns long with 1 «m wide or less are
denscly aggregated on the inner rough surface as shown in
Plate 4c. Morcover, needle crystals of 1 zm long or less
project on the surface of the particles like a brush as
shown in Plate 4d.

The spherical shell shaped particle (A,) is completely
hollow and the uniform shell with several microns thick-
ness is commonly developed. The shell is composed of
dense aggregates of finc needle crystals of several microns
long and 1 um wide or less as shown in Platc 4f. The
length of needle crystals projecting on the surface of
particle is as short as 1 um or less.

Oolitic and spherical shell shaped seconday particles
are also found in the industrial silica powder (a-quartz)
system as shown in Plate 7a. Transformation of these
particles into dense aggregates of fine particles (A;) is
accelerated, as the grain-size of CaO crystals of the
starting materials (Plate 7c) is increased, and simul-
taneously, the size of the secondary particle is increased.
Observation of the cross-section of the spherical-shelled
particle by stereoscope indicates that the particle is com-
pletely hollow similarly to that produced in the Brazilian
quartz system and the thickness of the particle shell is
about 2 to 6 #m as shown in Plate 7b. Dense aggregates
of fine crystals (Aj;) are, on the other hand, found in the
runs when sintered CaO crystals are used. The whole
secondary particle is uniformly packed with fine crystals
as shown in Plate 7d. Scanning and transmission clec-
tron microphotographs indicate that the particle is com-
posed of dense aggregates of fine needle crystals and the
length of needle crystals projecting on the surface of
particle is as short as 1 um or less as shown in Plates 4g
and 4h.

The fine strip and needle crystals are confirmed as
xonotlite.

S. SPHERICAL SECONDARY PARTICLE B

Spherical sccondary particle B is almost spherical but
some what angular particles of 10 to 50 #m in size, and is
a little smaller than the spherical secondary particle A.
The particle is composed of coarse aggregates of fine
crystals as shown in Plates 5f and 6¢c. Scanning and
transmission electron microscopic observations show that
spherical secondary particle B consists of two types of
aggregates. The one is extremely coarse aggregates of
needle crystals of 2 to 4 um long projected on the surface
(B1) as shown in Plates 5g and 5h. The other (B,) is, as
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shown in Plate 6d, some coarse aggregates of needle
crystals. The particle is unevenly hollow and the inner
surface of the sphere is covered partially with long
bundled aggregates of needle crystals as shown in Plate
6e. The needle crystals as short as 1 to 2 »m long project
on the outer surface as shown in Plate 6f. B; corres-
ponds to the particle which is sphered with the lapse of
time among the massive agglomerate II and is formed at
214°C in the silica gel (reagent SiO,)-CaO-H,O system.
B, is found in the silica gel (reagent SiO,)-CaO-Al,Os-
- H,0 system and is similar to the products in the industrial
by-product silica (amorphous) system. The. inner sur-
face of particle is rough and the thickness of particle shell
is about 2 to 12 #m as shown in Plates 7e and 7f.  All of
these needle crystals forming particle B are xonotlite.

6. MORPHOLOGICAL RELATIONSHIPS TO THE INDUSTRIAL
Probucrs

Morphology and texture of the spherical secondary
particles have intimate relations to the physical properties
of the industrial materials. :

As mentioned above, the process of crystal growth is
varied with crystalline state of the starting material and
reaction temperature. Most of the products transform
into spherical secondary particles through complicated
forms of aggregates. The forms of aggregates are
summarized in Table 8. The industrial products
together with forms of spherical secondary particle were
already investigated in detail by the present author and
the results were summarized in the previous papers
(Shibahara et al., 1986a and b). The industrial spherical
secondary particle is also composed of xonotlite and is
roughly classified into two types. The one is the spheric-
al secondary particle defined as A in the present experi-
ment, i.e., oolitic particle (A;), spherical-shelled particle
(A,) and dense aggregate of needle crystals of xonotlite
(As). The other defined as B is a little smaller than A

and is characterized by the long needle crystals of xonot-

lite projecting on the surface of the particle. B can be
further divided into B; and B,, i.e., extremely coarse

TABLE. 8. MORPHOLOGICAL VARIATION OF AGGREGATES OBSERVED
IN THE EXPERMENTAL PRODUCTS.

Reaction condition
Temp(C) | offemh | Time ()

Starting | Starting
material | material
of SiOz | of Al:Os

Form of aggregate

Brazilian —_ 191 12 2 Massive agglomerate [

quartz 4 Massive agglomerate |
{slightly rounded)
Spherical secondary particle A
(oolitic and spherical-shelled)
Spherical secondary particle A
(spherical-shelled}
2 Spherical secondary particle A
pherical-shelled particle and its fragments)

6

8

e 12 Massive agglomerate Il (composed of
(lencagle)l 175 8 many bundled aggregates of fibre crystals)
reagent

24,48 | Needle agglomerate

Massive agglomerate 11 (composed of
many bundled aggregates of fibre crystals)

824 | Needle agglomerate
Massive agglomerate II
(tangle of prisms)

Spherical secondary particle B
(coarse of needle crystals)

812 Massive agglomerate II

g (composed of less bundled aggregates)

24 Spherica! secondary particle B
(hollow)

: Massive agglomerate 11

Kaolin 191 12 8 {composed of less bundled aggregates)

1224 Spherical secondary particle B

Silica gel | »ALOs 191 12
(reagent)

(hollow)

aggregate of needle crystals (B;) and somewhat coarse,
hollow aggregate (B;). Spherical secondary particles
A;, A; and B are favorable to the industrial light-
weighted products such as insulation and heat insulating
materials. The products made of the hollow, spherical
secondary particle B, have an advantage in high strength
due to long needle crystals projecting on the surface of
particle. The B; type has, however, a drawback that the
contraction occurs largely during the process of drying.
This is caused by extremely coarse aggregate of the long
needle crystals which project on the surface of particle.

Among A, the particle (A3) in which xonotlite is
densely aggregated is suited for high-density products
including fire-resistant building material. Even though
the needle crystals of xonotlite are produced, however, it
should be noted that particles in which the needle
agglomerate remains have drawbacks of poor mouldabil-
ity and contractible and distortion properties of product
during the drying process. Such particles therefore, can
not be practically used.

V. FORMATION MECHANISM OF THE SPHERICAL
SECONDARY PARTICLE

Formation process and mineralogical variation of the
experimental products will be considered in this chapter
in relation to the formation of secondary particles. Spe-
cial attention was paid on the crystalline state of starting
materials and experimental conditions.

(1) Brazilian quartz(SiO,)-CaO-H,O system: Fine
fibrous C-S-H gathers around e-quartz particles to form
a massive agglomerate at the initial stage of reaction as
shown in Plate4a. As the reaction proceeds, platy,
irregular tobermorite begins to crystallize, and simul-
taneously the massive agglomerate is gradually rounded
by agitationin the vessel.  As the result of further crystal--
lization, tobermorite is splitted along b-axis and xonotlite
strip is formed. The morphology of xonotlite changes to
needle shape. At the same time, the unreacted a-quartz
in the massive agglomerate gradually dissolves and the
inside of the agglomerate begins to hollow, resulting
oolitic secondary particle as is shown in Plate 4c which
changes to a completely hollow spherical shell shaped
secondary particle (Plates 4f).

(2) Silica gel (reagent Si0,)-CaO-H,O system: A
coarse aggregate of fine crystals consisting of crumpled
foil of C-S-H is formed at the initial stage. Fibrous C-
S-H (almost bundled aggregates) is usually accompanied
with the aggregate forming irregular massive agglomerate
as is shown in Plate 5b. C-S-H composed of bundles of
fibrous aggregate, on the other hand, remains unchanged
until the transformation to needle crystal of xonotlite,
which forms a bundled aggregate, so it is not rounded as
shown in Plate 5d even under the agitation condition.
With raising temperature, prisms of hillebrandite are
partly formed in and around the massive agglomerate
composed of C-S-H (Plate 5) and simultaneously bun-
dled aggregates of fibrous C-S-H begin to disappear.
Since hillebrandite disappears as formation of xonotlite,
spherical secondary particles composed of extremely
coarse aggregate of needle crystals of xonotlite are
formed as shown in Plate 5g.
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As mentioned above, distinct differences are recog-
nized in the crystal growth and aggregating processes
between the two systems depending upon the crystalline
phase. In other words, the difference largely depends
upon the morphology of aggregate of C~S~H formed at
the initial stage of the reaction. This can probably be
explained by the fact that the solubilitics of a-quartz and
silica gel in water are different from each other, namely,
that of silica gel at 191°C is four times more than that of
a-quartz (Kennedy, 1950). In the silica gel system,
therefore,nucleation occurs possibly at numerous sites at
the initial stage of the reaction, so many irregular massive
agglomerates may be formed. In the Brazilian quartz
system, on the other hand, nucleation site is relatively
limited so that C-S-H densely gathers around the parti-
cle of a-quartz to form a dense massive agglomerate. As
the reaction proceeds, the C-S-H is transformed to
tobermorite and to almost pure xonotlite in the a-quartz
and silica gel systems, respectively. This fact can also be
interpretable based on the solubility difference. In the
highly soluble silica gel system, effective ratio of Ca/Si in
the solution is nearly equal to that in the starting material
(the ratio is equivalent to that of xonotlite), i.e., 1.00,
while the ratio must be far less than 1.00 in the a-quartz
system. Since the ratio of Ca/Si in tobermorite is in the
range between 0.75 and 1.00 (Hamid, 1979), the crystal-
line phase formed at the initial stage should be tobermo-
rite in the a-quartz system.

(3) In the silica gel (reagent SiO;)-CaO-AlL,O3-
H,0 system, either the form of aluminum is y-Al,O; or
kaolin (clay), coarse aggregates of fine, crumpled foil of
C-S-H forming particles entangled with fibrous C-S-H
are generally formed at the initial stage of reaction
resulting irregular massive agglomerates as are shown in
Plate 6b. With proceeding reaction, platy tobermorite
begins to crystallize which later transforms to needle
xonotlite, and simultaneously unevenly hollow spherical
secondary particles composed of xonotlite are formed as
are shown in Plates 6d and 6e.

By addition of Al,O; to the system, length of each
C-S-H fibre is shortened and the number of bundled
aggregates are extremely reduced. Al is probably substi-
tuted for Si in the Si-O dreier ketten in the crystal
structure of C-S-H as was indicated by Toraya et al.
(1985) and as a result, the dreier ketten is cut resulting
short fibres and decreasing number of the bundled aggre-
gates. Concerning tobermorite, Kalousek (1957), Di-
amond et al. (1966) and Petrovic (1969) suggested the
existence of Al-Si substituted tobermorite. With furth-
er reaction, the needle crystal of xonotlite is slightly
shortened and the number of the bundled aggregates are
sharply decreased. This may be caused by the addition
of Al,O3, but change of lattice constants caused by the
substitution is not confirmed in the present experiments.

In the experiments using the industrial by-product
silica (amorphous), the spherical secondary particles with
the same texture and morphology as those formed in the
silica gel (reagent) system with Al,O; addition were also
confirmed. This is probably caused by AlLO; content
more or less in the industrial raw materials.

Comparing the results reported by Kubo et al.
(1974b), who used industrial silica powder (a-quartz)
containing Al,O; as impurity, with the present ex-
perimental results obtained by using Brazilian quartz, no

essential difference can be found concerning the forma-
tion process of the spherical secondary particles. This is
probably caused by the fact that C-S-H gathers around
the non-reacted grain of a-quartz even under the condi-
tion of Al existence resulting low silica solubility at the
initial stage of reaction (Sakiyama et al., 1977). Thus,
the morphology of massive agglomerate of C-S-H is
almost similar in the two cases in relation to the spherical
secondary particles.

As a result, the presence of ALO; is of use for
producing the industrially useful spherical secondary
particles composed of xonotlite, though it retards the
reaction speed as was indicated by Takahashi et al. (1973)
and El-Hemaly et al. (1977).

VI. SuMMARY

The active slurry method which is commonly used in
the industrial field, is quite effective for the formation of
the spherical secondary particles composed of xonotlite in
the §i0,-CaO-H,O system. In other words, the epoch-
making active slurry method is characterized by the
formation of the spherical secondary particles. There-
fore, basic researches on the formation mechanism of the
secondary particles have been desired, though Kubo et al.
(1974b) have reported some preliminary experiments
using industrial raw materials.

The main results obtained in the present experiments
are summarized asfollows:

1. The reaction products were identified precisely
by X-ray powder diffraction and electron diffraction
methods. Detailed textural and morphological relations
of the products were examined in relation to the forma-
tion processes of aggregates as well as the secondary
particles by stercoscope and scanning and transmission
clectron microscopes.

2. The final products are composed of xonotlite and
the morphology of aggregate of the xonotlite largely
depends upon the crystalline state of C-S-H, which is
commonly formed at the initial stage of the reaction.

3. Growth rate of crystalline phase was examined
by X-ray powder diffraction method on both Brazilian
quartz and silica gel (reagent) systems. In the former
system, C-S~H is formed at first and transforms gradual-
ly to xonotlite through the stage of tobermorite. In the
latter, however, xonotlite is rapidly crystallized directly
from C-S-H after certain incubation period.

4. The addition of small quantity of aluminum in
the form of AlO; to the silica gel (reagent) system
shortens the length of fibrous C-S-H and the number of
bundled aggregates is reduced. Once xonotlite is crys-
tallized, unevenly hollow spherical secondary particles
accompanied with long needle xonotlite on the surface
(B2) begin to form.

5. The texture and morphology of the spherical
secondary particle formed in the system of industrial
by-product silica (amorphous) system are similar to those
formed in the silica gel (reagent) system with AlL,O;
addition,

6. The lattice constants of xonotlite crystallized at
various stages and systems were examined, but no signi-
ficant difference was confirmed.

7. Although the addition of small amount of Al,O3
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retards the formation stage of xonotlite, the fact shows
favorable results for the formation of the spherical secon-
dary particles, since bundled aggregates of fibrous C-S-
H are formed less.

8. The oolitic (A;) and spherical shell shaped (A;)
secondary particles composed of xonotlite are also pro-
duced in the industrial silica powder (a-quartz) system.
As the particle size of the starting CaO is increased, the
spherical secondary particle becomes denser and denser
and the morphology changes to dense aggregate of needle
crystals of xonotlite (A;) from spherical shell shaped
through oolitic. '

9. The spherical secondary particle A (A; and A;)
and B (B; and B,) are suited for the light-weighted
products. Since the hollow spherical secondary particle
(B,) has long needle crystals on the surface of particle,
the industrial strength of the moulded product is high.
The product manufactured from the spherical secondary
particles composed of extremely coarse aggregates of
needle crystals (B;) shows the large contraction after
drying.

10. The spherical secondary particles composed of
dense aggregates of needle crystals of xonotlite (A;) are
suited for high-density products.

11. Non spherical aggregates formed by needle
xonotlite have drawback characteristics such as poor
mouldability and contraction and distortion during the
drying process.

The knowledge obtained in the present research on
the texture and morphology of the spherical secondary
particle will surely help to improve the quality of the
industrial product. That is, the most favorable condi-
tions for producing industrial products with high quality,
such as starting materials and temperatures and pressures
" can be determined based on the present results.
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EXPLANATION OF PLATE 1

Selected area electron “diffraction patterns and transmission

electron microphotographs of the experimental products in

Brazilian quartz-CaO-H,O system (reaction temperature:

191°C).

a. Electron microscopic (EM) photograph of product after 2h.

b. EM photograph (4 h).

c. Selected area electorn diffraction (SED) pattern of irregular
platy crystal (4 h).

d. EM photograph (6 h).

EM phtograph (24 h).

SED pattern of needle crystal (24 h).

™o

EXPLANATION OF PLATE 2

Selected area electron diffraction patterns and transmission
electron microphotographs of the experimental products in silica
gel (reagent)-CaO-H,O system.

EM photograph at 175°C, 12 h.

SED pattern of crumpled foil at 175°C, 12 h.

EM photograph at 175°C, 12 h.

EM photograph at 175°C, 24 h.

EM photograph at 214°C, 2 h.

SED pattern of prism at 214°C, 2 h.

meangop

EXPLANATION OF PLATE 3

Selected area electron diffraction patterns and transmission
electron microphotographs in silica gel (reagent)-CaO-y-
AlLO3;-H,0 system (reaction temperature: 191°C).

After 8 h.

Fibre crystal after 8 h.

After 12 h.

Platy crystal after 12 h.

After 24 h.

Needle crystal after 24 h.

me Qe o

EXPLANATION OF PLATE 4

Stereoscopic and scanning and transmission electron microphto-

graphs in a-quartz-CaO-H,O system (reaction temperature:

191°C).

a. Scanning electron microscopic
(SEM) photograph after 2 h.

b. Stereoscopic(S) microphotograph,
6h. Brazilian: quartz-pure

¢. SEM photogrph of the inside of | lime (calcined calcium
the sphere, 6 h. carbonate (reagent) at

d. EM photograph, 6 h. 1000°C for 10 h).

e. S microphotograph, 8 h.

f. SEM photograph of the inside of

the sphere, 24 h -
Silica powder (a-
g. SEM photograph, 8 h. } quartz)-industrial lime

h. EM photograph, 8 h. (calcined limestone at
1200°C for 4 h).

EXPLANATION OF PLATE 5

Stereoscopic and scanning and transmission electron microphto-
graphs in silica gel (reagent)-CaO-H,O system.

12 h at 175°C.

12 h at 175°C.

24 h at 175°C.

24 h at 175°C.

2h at 214°C.

4h at 214°C.

4 h at 214°C.

4h at 214°C.

PR om0 a0 o

EXPLANATION OF PLATE 6

Stereoscopic and scanning and transmission electron microphto-
graphs in silica gel (reagent)-y-Al,03;-CaO-H,0O system (reac-
tion temperature: 191°C).

8h.

8h.

24h.

24 h.

Inside of the sphere, 24 h.

24 h.

™o a0 oe

EXPLANATION OF PLATE 7

Microphotographs of spherical secondary particle formed from

the industrial starting material (reaction condition: 191°C for 8

h).

a. Silica powder (e-quartz)-industrial lime (calcined at 1000°C
for 4 h). '
Cross-section of a.

c. Silica powder (a-quartz)-industrial lime (calcined at 1200°C
for 4 h).

. Cross-section of c.

e. By-product silica (amorphous)-industrial lime (calcined at
1100°C for 4 h).

f. Cross-section of e.
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