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Abstract

 

The hydrated materials were synthesized at 160–240

 

8

 

C in hydrothermal conditions. The series of samples with differing CaO/SiO

 

2

 

 ra-
tios and doped with NaOH and Al(OH)

 

3

 

 (used as Na- and Al-bearing compounds) were produced, yielding materials consisting of the ill-
crystallized calcium silicate hydrates and/or more crystalline calcium silicate phases. Generally, in the presence of sodium ions the acceler-
ation of reactions leads to the formation of calcium-silicate-hydrate, which is an intermediate product for many well-defined phases that
can appear in this system. A significant amount of sodium additive (although it accelerates the precipitation and to some extent the order-
ing of calcium-silicate-hydrate structure) seems to hinder the crystallization of well-developed, final phases, which are expected to be
formed at assumed CaO-to-SiO

 

2

 

 ratios. The Ca-Na silicate hydrates are produced at significant sodium content (over 20% by weight), and
at SiO

 

2

 

 content exceeding 50% by weight. When Al is added to the calcium hydroxide, silica, and NaOH water suspensions, the sodium
aluminosilicate-analcite (Na[AlSi

 

2

 

O

 

6

 

].H

 

2

 

O) is detected, or the formation of more ordered CSH I (transformed subsequent to the tober-
morite) is observed. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

 

Phase composition and properties of products formed at
temperatures 

 

.

 

100

 

8

 

C under saturated steam pressure (hy-
drothermal conditions) in water suspensions containing
CaO- and SiO

 

2

 

-bearing components are strongly affected by
the CaO-to-SiO

 

2

 

 ratio in the initial mixture and by the pres-
ence of admixtures [1–4]. Among the inorganic admixtures,
those containing aluminium and sodium oxides play a sig-
nificant role in the mechanism and kinetics of hydration.
Alumina is a component of Portland cement phases and
other materials used as mineral admixtures to cement (e.g.,
slags and fly ashes) and therefore it takes part in the forma-
tion of hydration products. The sodium compounds are not
only found in cement phases and many other additional ma-
terials, but also they are widely used as alkaline activators,
particularly together with the components having poor hy-
draulic properties [5]. Their effectiveness has been fully ex-
ploited in the alkali-activated slag technologies [6].

The system Na

 

2

 

O-CaO-SiO

 

2

 

-H

 

2

 

O was investigated by
many authors: Blakeman et al. [7], Nelson and Kalousek
[8], and Xi and Dent Glasser [9]. Reports on the phase com-
position and properties of calcium silicate hydrate have
been published recently by the author [10–12]. Blakeman et
al. [7] found that at constant CaO:SiO

 

2

 

 molar ratio 

 

5

 

 0.83 and
varying NaOH:SiO

 

2

 

 molar ratio 

 

5

 

 0.05–0.63, the calcium-sil-
icate-hydrate (C-S-H), tobermorite, pectolite, and xonotlite
phases could form as a result of hydrothermal reactions oc-
curring in water suspensions of the oxides mentioned above.

Hydrated calcium silicates are materials with poorly or-
dered structure and variable chemical composition (CaO/
SiO

 

2

 

 

 

5

 

 0.8–2). They are formed as a first precursor of many
more ordered, crystalline phases produced at higher temper-
atures. Tobermorite (Ca

 

5

 

Si

 

6

 

O

 

16

 

(OH)

 

2

 

 

 

?

 

 4H

 

2

 

O), of relatively
more ordered structure and stable chemical composition, is
discussed in some papers as a second, further precursor. The
final product synthesized on hydrothermal curing in lime-
and silica-containing water suspensions at CaO/SiO

 

2

 

 molar
ratio close to 1 can be xonotlite (Ca

 

6

 

Si

 

6

 

O

 

17

 

(OH)

 

2

 

). The SiO

 

2

 

content increase brings about the formation of gyrolite
(Ca

 

8

 

(Si

 

4

 

O

 

10

 

)

 

3

 

(OH)

 

4

 

 

 

?

 

 6H

 

2

 

O) and similar phases. When the
molar ratio CaO/SiO

 

2

 

 is higher than 1, one can expect the
formation of such phases as foshagite Ca

 

4

 

(SiO

 

3

 

)

 

3

 

(OH)

 

2

 

, af-
wilite Ca

 

3

 

[SiO

 

3

 

(OH)] 

 

?

 

 2H

 

2

 

O, a-C

 

2

 

SH Ca

 

2

 

[SiO

 

3

 

(OH)] 

 

?

 

q
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(OH) [2], which depend on the chemical composition and
time/temperature parameters of curing. These latter prod-
ucts are normally synthesized using hydrothermal conditions.

In some principal papers concerning the system Na

 

2

 

O-
CaO-SiO

 

2

 

-H

 

2

 

O, the authors generally found the acceleration
of syntheses occurring in the presence of NaOH, the hinder-
ing of C-S-H 

 

→ 

 

tobermorite transition, and the formation of
tobermorite of highly disordered structure at high NaOH con-
tent [7–9,13]. According to Langton et al. [13], the Na

 

2

 

O ad-
mixture up to 10% by weight, together with the silica content
up to 55% by weight, did not produce any other individual
phase apart from C-S-H. At higher SiO

 

2

 

 content pectolite can
be detected as a result of autoclaving [13].

Pectolite (NaCa

 

2

 

HSiO

 

3

 

O

 

9

 

) is produced in Na

 

2

 

O-, CaO-,
SiO

 

2

 

-, and H

 

2

 

O-containing mixtures, subjected to the hydro-
thermal treatment at relatively low temperatures (slightly over
100

 

8

 

C). Its stability range is rather wide [7–9,13]. The predom-
inant role of pectolite as a sodium-containing calcium silicate
phase has been reported in some works [7–9]. The authors
found that the crystallization of pectolite was strongly affected
by the sufficient, relatively high sodium content and curing
conditions. Pectolite can occur in equilibrium together with
xonotlite, truscotite (Ca

 

7

 

(Si

 

4

 

O

 

10

 

)(Si

 

8

 

O

 

19

 

)(OH)

 

4

 

 

 

?

 

 H

 

2

 

O), foshag-
ite, and tobermorite. The fairly good mechanical properties and
durability in a corrosive environment make this phase a desir-
able product of setting and hardening in some underground
structures (deep wells, lining-rock mass contact, etc.) [13]. The
other metastable Na-containing phase NaCaHSiO

 

4

 

 has also
been reported. This phase was detected in some mixtures of
different stoichiometry [9,14]. The sodium ions can be incor-
porated in the C-S-H or tobermorite structure, but they do not
form any solid solutions with the other crystalline calcium sili-
cates such as xonotlite or foshagite [8].

In the presence of sodium ions in the liquid phase, degree
of condensation of the silicate anions decreases and the con-
tent of highly polymerized fractions is reduced. This was re-
ported by Dent Glasser et al. [15], who used the trimethylsi-
lylation procedure, and more recently by the author using
the nuclear magnetic resonance method [16]. This observa-
tion is consistent with the proposed mechanism of reaction
in the system, assuming the disintegration of the SiO

 

2

 

 net-
work (i.e., considering quartz as the phase of highest silica
condensation degree) in the highly alkaline NaOH solution,
followed by the crystallization of reaction products [7]. The
lower calcium ion concentration resulting from the reduced

calcium hydroxide solubility in the liquid phase of highly
alkaline pH should favour the formation of a preliminary
product or precursor having a lower CaO content.

It has been commonly known that aluminium ions can be
incorporated in the structure of hydrated calcium silicates,
both at silicon and calcium sites [17,18]. The effect of alu-
minium on the structure of tobermorite was thoroughly
studied by Mitsuda, Taylor, and El-Hemaly [19–20]. The
authors emphasize the stabilizing action of Al on this phase.
There are also some reports concerning the complex substi-
tution Al 

 

1

 

 Na, showing that tobermorite substituted in
such a way exhibits the properties of an ion exchanger [21].

In the light of the data presented above, it appears that
sodium and aluminium admixtures significantly affect the
formation and properties of the calcium silicate hydrates.
The experiments presented in this work were undertaken as
a part of a study on the effect of different additives in the ac-
tivation of the hydration process.

 

2. Methods

 

2.1. Materials, preparation, and methods

 

The following substances of analytical purity were used:
NaOH, Ca(OH)

 

2

 

, and different sources of SiO

 

2

 

; amorphous,
finely dispersed Aerosil, Degussa (specific surface about
20,000 cm

 

2

 

/g), normal silica-gel of coarser grains and finely
ground quartz. The aluminium hydroxide of analytical pu-
rity was added as Al-bearing compound. All the reactants,
aside from the Aerosil, were produced by POCH-Gliwice in
Gliwice, Poland. The components of each sample were
thoroughly homogenized with equal amounts of water in an
agate mixer for 30 min. The suspensions thus obtained were
sealed in Teflon containers and heated in a laboratory auto-
clave. The experiments were carried out on the series of sam-
ples synthesized in different conditions within the temperature
range from 160 to 240

 

8

 

C. The time range was from 2 to 48 h.
In the first step the mix proportions were assumed, tak-

ing into account the chemical formulae of calcium- and so-
dium-containing well-defined hydrated silicates. Therefore,
apart from the pectolite and the metastable calcium-sodium
silicate hydrated phase mentioned above, the compositions
given in ASTM data for X-ray diffraction (XRD) Ca-Na sil-
icate hydrates phase identification were also considered.

For this purpose the basic NCS series of mixtures were

 

Table 1
Chemical composition of samples in the basic NCS series

No. Final formula Na:Ca Na:Si (Na 

 

1

 

 Ca)/Si Ca:Si
SiO

 

2

 

(% by weight)
Na

 

2

 

O
(% by weight)

1NCS Na

 

2

 

Ca

 

2

 

Si

 

2

 

O

 

7

 

aq 1 1 2 1 40.8 21.1
2NCS Na

 

2

 

CaSi

 

2

 

O

 

6

 

aq 2 1 1.5 0.5 50.4 26.1
3NCS NaCa

 

2

 

Si

 

3

 

O

 

9

 

aq 0.5 0.33 1 0.67 55.5 9.9
4NCS NaCa

 

4

 

Si

 

6

 

O

 

17

 

aq 0.25 0.17 0.83 0.67 58.4 5.2
5NCS Na

 

4

 

CaSi

 

3

 

O

 

9

 

aq 4 1.33 1.67 0.33 50 34.4
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prepared from NaOH, Ca(OH)

 

2

 

, and SiO

 

2

 

 (silica-gel). The
composition of these mixtures is given in Table 1. It is
clearly seen that the Ca/Si ratios in sodium-containing hydrate
phases are exactly the same as Ca/Si in some well-known cal-
cium silicate hydrates. The subsequent second series was pro-
duced by incorporation of additional Al-bearing component
calculated as 10% by weight Al

 

2

 

O

 

3

 

 to the total mass of oxides
Na

 

2

 

O 

 

1

 

 CaO 

 

1

 

 SiO

 

2

 

 in the samples of the first series. The
NCAS mixtures thus obtained were autoclaved for 24 h at
temperatures of 160, 200, and 240

 

8

 

C, respectively.
The third series of samples was composed exclusively of

Ca(OH)

 

2

 

 and SiO

 

2

 

. The CaO-to-SiO

 

2

 

 molar ratios in these
samples were the same as in the samples of the basic series.
These mixtures were autoclaved for 24 h at 200

 

8

 

C.
In the next step the effect of varying the sodium oxide

content on the formation of both gyrolite and xonotlite was
investigated. A constant amount of aluminium was also in-
troduced into some samples. The mixtures composed of cal-
cium hydroxide and amorphous silica (finely dispersed
Aerosil), mixed to give the CaO/SiO

 

2

 

 molar ratio 0.67 in the
case of gyrolite series and 1.00 in the case of xonotlite, were
mixed with sodium hydroxide to produce an Na

 

2

 

O content
of 1, 5, 10, and 20% by weight to the total mass of CaO 

 

1

 

SiO

 

2

 

 oxides. The reference samples without admixtures
were also prepared. The samples with 20% Na

 

2

 

O were fi-
nally mixed with additional Al(OH)

 

3

 

 to produce constant
Al

 

2

 

O

 

3

 

 content, equal to 10% by weight of CaO 

 

1

 

 SiO

 

2

 

.
Therefore, the third series of six samples thus produced
were mixed as follows: (1) 0% Na2O, (2) 1% Na2O, (3) 5%
Na2O, (4) 10% Na2O, (5) 20% Na2O, and (6) 20% Na2O 1
10% Al2O3. The mixtures were subsequently autoclaved for
24 h at a temperature of 2008C.

In the subsequent series of experiments, the formation of
xonotlite was studied starting from the mixtures with differ-
ent SiO2-bearing components, viz. silica gel of coarser
grains as used in NCS series sample preparation, as well as
the finely ground quartz. The six-sample series were mixed
with sodium (and aluminium) as listed above.

For further studies the mixtures with the silica gel of
coarser grains were selected. Several six-sample series were
examined to follow the effect of variable time on the forma-
tion of xonotlite and on the transitions: CSH → CSH I → to-
bermorite(?) → xonotlite(?), in sodium- (with and without
aluminium) doped systems, at temperatures of 160 and 2008C.

Finally, the reference series without Na2O was produced.
The samples were mixed at CaO/SiO2 molar ratio corre-
sponding to (CaO 1 Na2O)/SiO2 molar ratio in the basic
xonotlite series mixed with sodium. In such a way the effect
of declination from stoichiometry on the formation of
xonotlite was also investigated.

After thermal treatment the materials were ground with
acetone to produce the fine-grained specimens for the phase
composition determination. The solution of water and ace-
tone was evaporated. This procedure was repeated several
times. Finally, the specimens were dried at 608C. The phase
composition of the products was examined by XRD (TUR

M64). The phase identification was done based on the
ASTM data and some literature data. The semiquantitative
estimation was done by comparison of peak height.

The fractured samples for scanning electron microscopy
(SEM) observations were placed in alcohol and dried before
preparation. The microstructure was observed by means of
Tesla BS 300 scanning electron microscope.

3. Results

The results of XRD studies are given in Tables 2 through 8
and the examples of XRD plots are shown in Figs. 1 and 2.

The results of phase composition studies for the refer-
ence samples (i.e., corresponding to CaO/SiO2 molar ratios
in NCS and NCAS series) produced from the SiO2,
Ca(OH)2, and H2O containing mixtures and autoclaved for
24 h at a temperature of 2008C are presented in Table 4. In
Table 6, the XRD results dealing with the phase composi-
tion of xonotlite series produced with different silica-bear-
ing components are shown. In Table 7, the XRD results
dealing with the phase composition of xonotlite series pro-
duced at different temperatures (160 or 2008C) within 2 to
48 h are presented.

The phase compositions of autoclaved materials mixed at
CaO/SiO2 molar ratio corresponding to (CaO 1 Na2O)/SiO2

molar ratio in the series admixed with sodium are given in
Table 8.

Table 2
Phase composition of products in NCS series subjected to
hydrothermal treatment

No.

Phases detected in product after 24 h autoclaving at 
temperatures (°C)

160 200 240

1NCS N2C2S2aq, CSHI(T) CSHI(T) CSHI(T)
2NCS CSHI(T) P P
3NCS CSH CSH, G CSHI(T)
4NCS CSHI, G(?) G, CSH G, CSHI(T)
5NCS P, CSHI P P

Chemical composition of mixtures is given in Table 1. CSH: poorly
crystallized, nearly amorphous calcium silicate hydrate, showing practi-
cally only the XRD peak corresponding to d 5 0.307 nm; CSHI: calcium
silicate hydrate of more ordered structure, with further two interplanar
spacings (0,307; 0,280; 0,183 nm). T: tobermorite (d 5 1, 136; 0,566;
0,357; 0,311; 0,299; 0,283; 0,253 nm); Xo: xonotlite (d 5 0,700; 0,425;
0,364; 0,325; 0,308; 0,283; 0,270 nm); P: pectolite (d 5 0,385; 0,358;
0,328; 0,308; 0,289; 0,272; 0,258; 0,242; 0,231; 0,228; 0,215 nm); G: gy-
rolite (d 5 2,222; 1,099; 0,840; 0,741; 0,420; 0,366; 0,312; 0,280 nm); Z:
Assarson’s Z phase, precursor of gyrolite (d 5 1,53; 0,838; 0,418; 0,305
nm); N2C2S2aq: hydrated metastable sodium-calcium silicate (d 5 0,386;
0,285; 0,272 nm); AH3: unreacted alminium hydroxide residue (d 5 0,485;
0,437; 0,432 nm); An: analcite, NaAlSi2O6 · H2O (0,563; 0,345; 0,292;
0,268 nm); Tr: truscottite, calcium silicate hydrate of low CaO content,
formed preferentially in the presence of alkalis (d 5 1,887; 0,943; 0,763;
0,465; 0,413; 0,380; 0,347; 0,315; 0,300; 0,283; 0,263 nm), a-C2SH (d 5
0,422; 0,390; 0,354; 0,327 nm). The question mark denotes that the phase
occurs in negligible amount and that it was detected based on some peaks
of poor intensity; it is difficult to prove its presence because of the interfer-
ences of stronger peaks.



1762 W. Nocuń-Wczelik / Cement and Concrete Research 29 (1999) 1759–1767

Examples of microstructure are shown in Figs. 3. The
SEM observations give an insight into the phase composi-
tion determination. The examples of microstructure in
which the well-developed broomlike pectolite forms are
visible are shown in Figs. 3a and 3b. The growing analcite
crystal and the analcite in its final form with smooth walls
are presented in Figs. 4a and 4b. The evolution of the mor-
phology of hydrated phases formed in the presence of so-
dium is illustrated in Figs. 5a through 5c and 6. The honey-
comb structure of C-S-H formed at lower NaOH addition
and at lower temperature/shorter time of autoclaving (Figs.
5a, 5b) is followed by the platelike tobermorite when Al is
added (Fig. 5c). The needlelike xonotlite forms are formed
at prolonged curing at some sodium content (Fig. 6).

4. Discussion

In this work the effects of sodium, as well as of sodium
and aluminium acting together, on the processes occurring
in the mixtures from the system CaO-SiO2-H2O cured in hy-
drothermal conditions were studied.

As the first step the initial batches (NCS and CS series),
differing significantly with molar proportions of basic com-
ponents, were prepared (CaO/SiO2 in the range 0.33 to 1.00 ).
Sodium oxide content varied from 5 to 35% by weight. At
Na2O content exceeding 20% and at high silica content
(more than 50%) the pectolite phase was detected in the
products. The characteristic morphology of pectolite crys-
tals is shown in Fig. 3. In one case (CaO/SiO2 5 1, Na/Ca 5

1; 1608C/24 h) the metastable N2C2S2aq phase was deter-
mined to be present. It was found that when the Na2O ad-
mixture was not higher than 20%, it did not produce any de-
tectable sodium-calcium silicate phase, but only modified
the crystallization of the other calcium silicate hydrated
products. As one could notice the proportions between the
CaO and SiO2 in these other batches were the same as in gy-
rolite or xonotlite phases (0.67 and 1.00, respectively; see
Table 1). It appeared that xonotlite did not form in the sam-
ple doped with over 20% Na2O, but gyrolite was found as a
component in the sample with CaO/SiO2 5 0.67 and at rela-
tively low sodium content as well as in some other samples
with CaO/SiO2 5 0.67. This was taken as a starting point in
preparation of mixtures composed of Ca(OH)2 and SiO2

without admixtures. The CaO to SiO2 molar ratios in these
samples were the same as in the samples of basic NCS se-
ries. Analyzing the XRD data for these two series (Tables 2
and 3), one can see that at molar ratio CaO/SiO2 5 1.00, in
the batch without admixture cured within 24 h at 2008C, the
complete (from the XRD method point of view) reaction of
xonotlite formation occurs, while at the presence of over
20% Na2O only the intermediate product, the CSH phase of
ordered structure transforming to tobermorite, is detected.
Also at lower CaO/SiO2 ratio (0.67 or less) in the mixtures
with no admixture, the formation of gyrolite or Z phase oc-
curs better, while at Na2O admixture (about 5 and 10%, re-
spectively) a C-S-H residue is present. This proves that

Table 3
Phase composition of NCS products enriched with 10% Al2O3 (NCAS 
series) subjected to hydrothermal treatment

Phases detected in product after 24 h autoclaving at 
temperatures (°C)

No. 160°C 200°C 240°C

1NCSA T, AH3
a T T, AH3

a

2NCSA P, CSH, An(?) An, AH3, CSHI An, AH3
a

3NCSA CSH, P(?) CSHI CSHI, AH3, An
4NCSA CSH, AH3 CHS, Z CSHI, G, An
5NCSA unknown (?), An AH3, An CHS, P

Same symbols as Table 2.
a Small amount.

Table 4
Phase composition of products formed in CS series, subjected to 
hydrothermal treatment (200°C/24 h)

No. CaO/SiO2 molar ratio
Phases detected in
reaction product

1CS 0.33 Z (G), CSH
2CS 0.5 Z, G, CSH
3CS 0.67 G, (Z), CSH
4CS 1 Xo

Same symbols as Table 2.

Table 5
Phase composition of products in gyrolite series (CaO/SiO2 5 0.67) with 
admixtures, prepared using Aerosil, subjected to hydrothermal treatment 
(200°C/24 h)

No. Admixtures (wt. %)
Products detected
by XRD

1 0% CSH
2 1% Na2O CSH
3 5% Na2O CSH, Z
4 10% Na2O CSHI, G
5 20% Na2O CSHI, G
6 20% Na2O 1 10% Al2O3 T, CSH

Same symbols as Table 2.

Table 6
Phase composition of products in xonotlite series (CaO/SiO2 5 1.00) with 
admixtures, produced using different silica-bearing components, subjected 
to hydrothermal treatment (200°C/24 h)

No. Admixtures (wt. %)

Products detected by XRD in samples 
with different SiO2 source

Aerosil quartz SiO2 gel

1 0% CSH Xo Xo
2 1% Na2O CSH Xo Xo
3 5% Na2O Xo, Tra Xo, N2C2S2(?)a Xo
4 10% Na2O Xo, Tra Xo, N2C2S2(?)a Xo, CSH
5 20% Na2O Xo, Tra Xo, N2C2S2(?)a CSH I, T
6 20% Na2O 1 10% Al2O3 T T, N2C2S2(?)a T

a Small amount.
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there are some effects that hinder the formation of assumed
phases. The high concentration of sodium ions in the liquid
phase of hydrating suspension can disturb the dissolution
and further reaction of calcium hydroxide, although Na ions
undoubtedly promote the dissolution of silica-bearing com-
ponent. Presumably the calcium and silicate ions are re-
moved from the solution giving the C-S-H, which does not
transform easily into the assumed final product. Because of
the reduced concentration of Ca21, the CaO/SiO2 ratio in
this C-S-H phase may be lowered.

Some more information dealing with the (Na2O)-CaO-
SiO2-H2O system as a model of real cementitious systems
cured in hydrothermal conditions can be produced when
aluminium hydroxide is added to the hydrating mixtures. As
results from many XRD data for NCAS samples show, par-
ticularly those autoclaved at lower temperatures, alumina is
easily combined by other compounds in this system (see Ta-
ble 3). However, the phase composition of autoclaved NCS
mixtures doped with aluminium becomes more complex.
Generally, the synthesis of pectolite is hindered and the
transformation of disordered, amorphous C-S-H to CSH I
and further on to tobermorite takes place. This can be de-
rived from the evolution of 1.1 nm XRD peak and the oc-
currence of two other peaks attributed to more ordered C-S-
H. The stabilization of tobermorite occurs predominantly in
the mixtures with over 20% Na2O, at CaO/SiO2 molar ratio
1.00, admixed with 10% Al2O3.

In many samples with sufficient sodium content the so-
dium aluminosilicate-analcite (NaAlSi2O6 ? H2O) appears.

The formation of this phase was reported by Langton et al.
[13] in the mixtures containing Na2O, Al2O3, and SiO2. The
large, well-developed, characteristic analcite crystals were
observed by SEM and particular stages of their growth have
been documented (see Fig. 4).

In the experiments with NC(A)S series it appeared that
the phases containing Na as a constituent did not form start-
ing from the mixtures in which CaO/SiO2 molar ratio corre-
sponded exactly to xonotlite or gyrolite, and more or less or-
dered C-S-H was found as a component of product after
autoclaving. Therefore, in the next step the studies on gyro-
lite and xonotlite formation were continued at variable con-
tent of sodium admixture. Because the gyrolite formation
was rather slow under the assumed conditions, only one se-
ries of samples was produced and characterized (see Table

Table 7
Phase composition of products in xonotlite series (CaO/SiO2 5 1.00) with admixtures, produced using silica gel component, presented as a function of 
hydrothermal curing conditions

No.

Phases detected by XRD as a function of varying time/temperature parameters

200°C/ 2 h 200°C/6 h 200°C/12 h 200°C/24 h 200°C/48 h 160°C/24 h 160°C/48 h

1 CSH Xo Xo Xo Xo CSH CSH
2 CSH Xo Xo Xo Xo CSH CSH
3 CSH CSH CSH Xo Xo CSH CSH
4 CSH CSH CSH Xo, CSH Xo CSH CSH
5 CSH I CSH I CSH I CSH I, T CSH I, T CSH I CSH I
6 CSH I, T CSH I, T T, CSH I T T CSH I CSH I, T

Sample numbers and contents of admixtures are the same as in Table 6.
Same symbols as Table 2.

Table 8
Phase composition of products in xonotlite series of CaO/SiO2 molar ratio 
declined from 1.00, produced in hydrothermal conditions at 200°C

No.

Phases detected by XRD as a function 
of time of hydrothermal treatment

CaO/SiO2 6 h 48 h

1ref 1,00 Xo Xo
2ref 1,03 Xo Xo
3ref 1,14 T CSH, aC2SHa

4ref 1,27 CSH CSH, aC2SHa

5ref 1,54 CSH, CH CSH, aC2SHa, CH

a Small amounts.

Fig. 1. XRD patterns of samples prepared at 2008C/6 h, CaO/SiO2 5 1.00
with no admixture (1), 1% Na2O (2), 5% Na2O (3), 10% Na2O (4), 20%
Na2O (5), 20% Na2O 1 10% Al2O3 (6). See the peaks of xonotlite in (1)
markedly reduced in (2) and a continuous transformation of poorly crystal-
lized C-S-H in (3) to better developed ones in (4) and (5) and to poor tober-
morite in (6).
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5). The main research focused on the formation of xonotlite.
The mixtures with CaO/SiO2 molar ratio 1 and sodium ox-
ide admixture ranging from 1 to 20% were produced. In
some experiments dealing with the xonotlite synthesis, dif-
ferent SiO2 sources were taken into account (see Table 6).
Aluminium hydroxide calculated as 10% Al2O3 of (CaO 1
SiO2) was added to the samples with 20% Na2O. In any
event, the xonotlite phase seems to be more significant from
the practical point of view.

The significant influence of sodium on the processes oc-
curring in the autoclaved CaO-SiO2-H2O mixtures has been
found. The accelerating effect of sodium, present at a con-
centration from 1 to 10% Na2O, on the transformation of
highly disordered C-S-H structure to the most ordered one
was documented. This effect is visible particularly in case of
xonotlite series. The scope of sodium’s modifying action de-
pends in turn on the nature of SiO2-bearing component and/or
the time/temperature parameters of hydrothermal process.

In the batches produced from very fine, amorphous silica
(Aerosil), heated hydrothermally for 24 h at 2008C, xonot-
lite was detected at 5% and higher Na2O admixture. At
lower content and without admixture, a disordered C-S-H
was formed. One can presume that amorphous silica acts as
a nucleating agent and probably does not dissolve partially,
but reacts with calcium ions from the solution giving an
amorphous, highly disordered C-S-H of low CaO/SiO2.
This first product does not easily transform to the more or-
dered structures. In other words, Aerosil used in gyrolite

and xonotlite synthesis is highly reactive and transforms
into C-S-H directly by sorption of calcium hydroxide from
the solution. Such a situation has been already described by
other authors who investigated the formation of the other
calcium silicate hydrates [22].

On the other hand, when the results produced in experi-
ments with Aerosil are compared to those for NCS and CS
samples (produced from ordinary silica gel, see Tables 2
and 4), there are some discrepancies. In the latter case the
formation of xonotlite and gyrolite occurs easily without ad-
mixture (see Table 4) while at a high (20%) sodium oxide
content, an ordered CSH I is detected as a main product (see
Table 2). The formation of xonotlite is thus inhibited by the
presence of admixture. Taking this into account the analo-
gous xonotlite series of samples were mixed using a silica
gel as described previously (of coarser grains) or ground
quartz. As has been mentioned earlier, in the mixtures with
finely dispersed silica (Aerosil), the xonotlite was not
formed in the reference, neat sample at the hydrothermal
treatment within 24 h at 2008C. However, this phase was
produced in the further samples of this series, admixed with
5 to 20% Na2O. In the analogous series with silica gel,
cured in the same way, the xonotlite was formed in the ref-
erence sample and in the samples with 1 to 5% Na2O. At
high Na2O content (20%) the degradation of structure was
observed—only the CSH I (probably mixed with tober-

Fig. 2. XRD patterns of samples prepared at 2008C/48 h, CaO/SiO2 5 1.00
with no admixture (1), 1% Na2O (2), 5% Na2O (3), 10% Na2O (4), 20%
Na2O (5), 20% Na2O 1 10% Al2O3 (6). See the peaks of xonotlite in (1),
(2), (3), and (4), C-S-H I in (5), and tobermorite in (6).

Fig. 3. (a, b) SEM microstructure of sample 2 NCS, cured at 2408C/24 h.
See the broomlike forms of pectolite.
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morite) was detected; a noticeable xonotlite content de-
crease took place at 10% Na2O. The effect of quartz at the
same curing conditions was slightly different. This material
is known because of its stimulating role in the formation of
tobermorite. The relatively low, moderate rate of reaction
between quartz and lime in hydrothermal conditions, as
compared with the other forms of silica, was previously re-
ported [20,23]. This could explain the formation of rela-
tively ordered structure of xonotlite in the sample without
admixture and at 1 to 10% Na2O. The other crystalline
phase could be also detected, presumably N2C2S2 (there is a
strong coincidence between the XRD data for xonotlite and
for this phase). In the sample with 20% Na2O, a significant
amount of tobermorite was produced (see Table 6). In all
the mixtures thus examined, irrespective of the siliceous
component, the 10% Al2O3 admixture (apart from 20%
Na2O) stabilized the tobermorite phase and other products
were not detected.

For the next step of the studies, the mixtures with the sil-
ica gel were selected as giving the most clear results. As one
could expect, the change of reaction parameters such as
time and temperature shed some new light on the effect of
alkaline component and the formation of calcium silicate-
hydrated phases. First of all it has been found the xonotlite
formation did not occur at temperature 1608C even at pro-
longed time (48 h). One can notice only a slight transforma-

tion of poorly crystallized C-S-H to more ordered form in
the presence of 20% Na2O, and further on, when the addi-
tional Al-bearing admixture is introduced (see Table 7). On
the other hand, the phase composition changes for the mix-
tures heated hydrothermally at 2008C exhibit some clear
regularities. At longer time of treatment, the range of struc-
ture ordering or stabilization increases (as can be seen from
Table 7). After 2 h of treatment at 2008C, only the C-S-H
type products are formed. Their structure becomes more or-
dered as the sodium content increases. Alumina addition
brings about the stabilization of tobermorite. The transfor-

Fig. 4. SEM microstructure of growing analcite crystal (a) and analcite
crystal in its final form (b), sample 5 NCAS, cured at 2008C/24 h.

Fig. 5. SEM microstructure of sample cured at 2008C/2 h, CaO/SiO2 5

1.00. (a) The network of poorly crystallized C-S-H is visible (1% Na2O).
(b) The honeycomb structure formation can be noticed (10 % Na2O). (c)
The platelike forms of tobermorite (20% Na2O 1 10% Al2O3).
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mation of structure is visible in SEM observations. The ar-
eas of interlocked C-S-H fibres and honeycomb structure
appear in admixed samples, as can be seen in Figs. 5a and
5b. Further on, the platelike forms, characteristic of the to-
bermorite-like phase, are visible (Fig. 5c).

In the samples cured for 6, 12, 24, or 48 h at 2008C the
xonotlite, tobermorite, and C-S-H were detected. At 6 h of
thermal treatment, in the mixture without admixture and in
the mixture with 1% Na2O, xonotlite is formed (as can be
seen in Fig. 1). At prolonged time of hydrothermal treat-
ment (48 h), the xonotlite crystallization is found also in the
samples with 5 and 10% Na2O, replacing the poorly crystal-
lized C-S-H present after shorter time of autoclaving (see
Fig. 2). At 20% Na2O only the transformation C-S-H →
C-S-H I is observed.

Under SEM the xonotlite phase is visible usually as a
network of long, thin needles (Fig. 6). Some amount of so-
dium seems to favour the formation of well-developed,
smooth xonotlite crystals.

In all the series examined, the aluminium addition to-
gether with sodium stabilized the formation of tobermorite.
From SEM observations one can conclude that the pro-
longed curing at temperature 2008C promotes the corrosion
of tobermorite by alkaline solution.

In the light of the presented results, it seems that in the
hydrothermally treated mixtures containing the CaO- and
silica-bearing components at CaO/SiO2 molar ratio close to
1, the transformation C-S-H → xonotlite without an inter-
mediate product, tobermorite, is possible. When the tober-
morite is produced, particularly in the presence of sodium
and aluminium, the transformation to xonotlite becomes dif-
ficult or even impossible. The C-S-H being a precursor of
xonotlite must have a specific, xonotlite-friendly composi-
tion and structure. Presumably the supersaturation of the
liquid phase with silica (as takes place in neat systems or
some systems with moderate sodium concentration) pro-
motes the formation of C-S-H, structurally related to xonotlite.

Since it results from the mixtures having the CaO/SiO2

molar ratio more or less higher than 1, the formation of
xonotlite is sensitive for declination from stoichiometry
(Table 8). The excess lime is hidden in C-S-H, depending
on curing conditions, it enters the calcium silicate-hydrated
phases or remains as unreacted residue (at C/S . 1,5). One
can presume that the deficiency of CaO in solid intermedi-
ate phase, being in quasi-equilibrium with the liquid (for ex-
ample, at quick precipitation of C-S-H with low CaO/SiO2),
or lower calcium ions concentration in the presence of so-
dium ions are not an obstacle in xonotlite structure forma-
tion. On the other hand, some excess of calcium ions can
effectively hamper the synthesis of xonotlite without dis-
turbing the local formation of tobermorite structure. The di-
rect determination of equilibrium in the solution in contact
with the solid in hydrothermal conditions is unrealisable,
practically. It is known that the sodium ions in the liquid
phase of hydrating suspension can disturb the dissolution
and subsequent further incorporation of calcium ions into
the structure of products, though undoubtedly they promote
the dissolution of siliceous component, unless both the cal-
cium and silicate ions are removed from the solution
through the crystallization of products. These mutually op-
posed processes are of particular importance in the reaction
occurring in the CaO-SiO2-H2O system with admixtures.

5. Conclusions

1. The processes occurring during the hydrothermal
treatment of CaO- and SiO2-bearing components in
water suspension are modified by the presence of so-
dium. Sodium accelerates the formation of poorly
crystallized calcium silicate hydrates, but further
transformation of this intermediate product into the
more-ordered, well-developed crystalline forms can
be disturbed at some admixture content.

2. The Ca-Na-containing phases are formed at signifi-
cant sodium content, over 20% Na2O by weight and at
SiO2 content exceeding 50% by weight.

3. The xonotlite synthesis is affected by the nature of
SiO2-bearing component (apart from the time/temper-
ature parameters of hydrothermal curing) and by so-
dium admixed to the hydrating calcium silicate sus-
pension. In the presence of amorphous, very finely
dispersed silica the crystallization process is slow.
The formation of xonotlite occurs at temperature
2008C in the presence of some Na2O admixture (up to
10%), depending on the time of hydrothermal treat-
ment and nature of SiO2-bearing component. The
structure of xonotlite is generally destabilized by an
excess of Na2O or CaO.

4. The xonotlite synthesis can occur without tobermorite
as an intermediate phase.

5. Al admixed to the calcium hydroxide, silica, and
NaOH water suspensions in the form of aluminium
hydroxide brings about further changes in phase com-

Fig. 6. SEM microstructure of sample cured at 2008C/48 h, CaO/SiO2 5
1.00, 5 % Na2O. See the network of xonotlite needles.
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position of autoclaved product; these changes can be
characterized as follows:

• At high sodium and low silica content the sodium alu-
minosilicate analcite (Na[AlSi2O6] ? H2O) is produced.

• In cases where Al does not form any Al-containing de-
tectable phase, the formation of better developed CSH
I transforming subsequently to the tobermorite takes
place, irrespectively of CaO and SiO2 molar ratio in
the batch.

• Tobermorite is stabilized by an additional 10% Al2O3 ad-
mixture to the all calcium hydroxide, silica (CaO/SiO2 5
1), and 20% Na2O-containing water suspensions.

Acknowledgments

The author would like to thank the Polish Scientific Re-
search Committee for its financial support (grant No
11.11.160.330).

References

[1] H.F.W. Taylor, Cement Chemistry, Academic Press, London, 1964.
[2] H.F.W. Taylor, D.M. Roy, Proc. 7th Int. Congr. Chem. Cem., II/2-1,

Paris, 1980.
[3] W. Nocuń-Wczelik, Effect of some inorganic admixtures on the for-

mation and properties of calcium silicate hydrates produced in hydro-
thermal conditions, Cem Concr Res 27 (1) (1997) 83–92.

[4] W. Nocuń-Wczelik, J. Małolepszy, Studies on immobilization of
heavy metals in cement paste—C-S-H leaching behaviour, Proc. 10th
Int. Congr. Chem. Cem., Goeteborg, 1997, Vol. 4, 4iv043.

[5] J. Małolepszy, Hydration and properties of alkali activated slag ce-
mentitious materials, in: Zeszyty Naukowe AGH (Ed.), Ceramika 53,
Kraków, 1989, pp. 1–126 (in Polish).

[6] J. Małolepszy, J. Deja, W. Brylicki, in: W. Kurdowski (Ed.), Advances
in Cement Chemistry, Proc. Inter. Colloq., Kraków, 1997, pp. 67–82.

[7] E.A. Blakeman, J.A. Gard, C.G. Ramsay, H.F.W. Taylor, Studies on
the system sodium oxide-calcium oxide-silica-water, J Appl Chem
Biotechnol 24 (1974) 239–245.

[8] E.B. Nelson, G.L. Kalousek, Effects of Na2O on calcium silicate hy-
drates at elevated temperature, Cem Concr Res 7 (6) (1977) 687–694.

[9] Y. Xi, L.S. Dent Glasser, Hydrothermal study in the system Na2O-
CaO-SiO2-H2O at 3008C, Cem Concr Res 14 (5) (1984) 741–748.

[10] W. Nocuń-Wczelik, The calcium silicate hydrates. Part I, Cement—
Wapno—Beton II/LXIV (1) (1997) 8–11 (in Polish).

[11] W. Nocuń-Wczelik, The calcium silicate hydrates. Part II, Cement—
Wapno—Beton II/LXIV (2) (1997) 65–69 (in Polish).

[12] W. Nocuń-Wczelik, The calcium silicate hydrates. Part III, Cement—
Wapno—Beton II/LXIV (3) (1997) 107–110 (in Polish).

[13] C.A. Langton, E.L. White, M.W. Grutzeck, D.M. Roy, High tempera-
ture cement with geothermal application, Proc. 7th Int. Congr. Chem.
Cem., V/145-151, Paris, 1980.

[14] J.A. Gard, C.G. Ramsay, H.F.W. Taylor, The unit cell of
NaCaHSiO4: An electron-microscope and X-ray study, J Appl Chem
Biotechnol 23 (1974) 87–91.

[15] L.S. Dent Glasser, E.E. Lachowski, G.G. Cameron, Studies on so-
dium silicate solutions by the method of trimethylsilylation, J Appl
Chem Biotechnol 27 (1977) 39–47.

[16] W. Nocuń-Wczelik, Application of NMR in the studies of some auto-
claved calcium silicate hydrates synthesized with admixtures, in: W.
Kurdowski (Ed.), Advances in Cement Chemistry, Proc Inter Colloq,
Kraków, 1997, pp. 59–66.

[17] H. Stade, D. Mueller, On the coordination of Al in ill-crystallized
C-S-H phases formed by hydration of tricalcium silicate and by pre-
cipitation reactions at ambient temperature, Cem Concr Res 17 (4)
(1987) 553–561.

[18] S. Kwan, J. La Rosa-Thompson, M.W. Grutzeck, Structures and
phase relations of aluminum-substituted calcium silicate hydrate, J
Am Ceram Soc 79 (4) (1996) 967–971.

[19] T. Mitsuda, H.F.W. Taylor, Influence of aluminium on the conver-
sion of calcium silicate hydrate gels into 11A tobermorite at 908C and
1208C, Cem Concr Res 5 (3) (1975) 203–210.

[20] S.A.S. El-Hemaly, T. Mitsuda, H.F.W. Taylor, Synthesis of normal
and anomalous tobermorites, Cem Concr Res 7 (4) (1977) 429–438.

[21] M. Tsuji, S. Komarneni, P. Malla, Substituted tobermorites: 27Al and
29Si MASNMR, cation exchange, and water sorption studies, J Am
Ceram Soc 74 (2) (1991) 274–276.

[22] B. Kurbus, F. Bakula, R. Gabrovsek, Reactivity of SiO2 fume from
ferrosilicon production with Ca(OH)2 under hydrothermal conditions,
Cem Concr Res 15 (1) (1975) 134–140.

[23] C.F. Chan, M. Sakiyama, T. Mitsuda, Kinetics of the CaO-quartz-
H2O reaction at 1208C to 1808C in suspensions, Cem Concr Res 8 (1)
(1978) 1–6.


