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The hydrothermal formation of tobermorite during the processing of autoclaved aerated concrete was
investigated by in situ X-ray diffraction (XRD) analysis. High-energy X-rays from a synchrotron radiation
source in combinationwith a newly developed autoclave cell and a photon-counting pixel array detector were
used.
To investigate the effects of the silica source, reactive quartz from chert and less-reactive quartz from quartz
sandwere used as startingmaterials. The effect of Al addition on tobermorite formation was also studied. In all
cases, C-S-H, hydroxylellestadite and katoite were clearly observed as intermediates.
Acceleration of tobermorite formation by Al addition was clearly observed. However, Al addition did not affect
the dissolution rate of quartz. Two pathways, via C-S-H and katoite, were also observed in the Al-containing
system. These results suggest that the structure of initially formed C-S-H is important for the subsequent
tobermorite formation reactions.
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1. Introduction

Recently, the demand for improved heat insulation of buildings
has been increasing; accordingly, autoclaved aerated concrete (AAC)
has attracted attention as a construction material because of its
excellent heat insulation properties [1,2]. A typical process for the
production of AAC includes hydrothermal treatment of a mixture of
quartz sand, lime, cement, gypsum and other additives at high
temperature (typically, 180–200 °C) under saturated steam pressure,
which results in the formation of crystalline calcium silicate hydrates,
namely, tobermorite (Ca5Si6O16(OH)2∙4H2O) [1,3–7]. Both the quan-
tity and crystallinity of tobermorite formed in AAC have been reported
to affect the mechanical properties of AAC significantly [4–7].
Therefore, understanding the mechanism of tobermorite formation
during hydrothermal treatment (i.e., the autoclave process) is
important in AAC production.

The phase evolution of calcium silicate hydrates under hydrother-
mal conditions, especially the formation of tobermorite, has been
extensively studied [8–42]. Several kinetic approaches have also been
attempted to clarify the mechanism of tobermorite formation
[14,15,35–42]. It is well known that the reactivity of the silica source
[8–15], the addition of Al compounds [11,16–29,31,42], the addition
of alkali [11,16,28–30] and the addition of sulfate compounds [19,31–
34] strongly affect tobermorite formation. As starting material, a
highly reactive silica source such as amorphous silica enhances the
polymerization of C-S-H, which precedes tobermorite formation,
consequently inhibiting the rearrangement of C-S-H to tobermorite
[8,9,15,20]. On the other hand, the presence of Al slows the initial
formation of C-S-H by reducing the solubility of quartz, which then
accelerates tobermorite formation from C-S-H [16,18,20,22,42]. In
addition, this inhibits the conversion to xonotlite [9,29], extending the
temperature range overwhich tobermorite exists. These processes are
more complex in industrial AAC production, which includes cement as
starting material, and the formation mechanism of tobermorite is not
thoroughly understood for such processes.

For investigating the formation process, X-ray diffraction (XRD) is
a useful technique, but it is difficult to quantify non-crystalline phases,
for example, calcium silicate hydrate (C-S-H), which is an important
intermediate in the tobermorite formation process. XRD has been
used in many ex situ studies, in which specimens were taken out from
the autoclave at various stages of the reaction. However, such ex situ
approaches may include ambiguity caused by undesired reactions
during the cooling process.

Therefore, an in situ approach is more desirable for understanding
the reaction in detail. Several in situ approaches have been reported
for monitoring hydrothermal reactions, cement hydration and
pozzolanic reactions by means of transmission XRD [42–48],
transmission energy-dispersive XRD [42,49–52], and neutron
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Fig. 1. XRD patterns for quartz (A) and (B), and the calculation method of the
crystallinity index (=a/b) on the pattern of quartz (A).
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diffraction [41]. In these XRD studies, synchrotron radiation has been
utilized, taking advantage of its high intensity and high photon
energy, which allow the X-rays to penetrate samples of an appropriate
thickness. Most of the reaction cells used in these studies were quite
small, for example, capillary tubes or thin pipes, because such small
cells make pressure sealing easier. However, the accuracy of
temperature and pressure control in the cell is insufficient because
direct monitoring of these parameters is difficult inside small cells. It
is also difficult separate the sample and the water (the source of
steam) in the experimental setups using these cells; however, in AAC
production it is important that the steam be supplied constantly to the
sample throughout the reaction.

We have conducted in situ time-resolved XRD analysis of the
autoclave process using a newly developed cell in combination with
high-energy X-rays from a synchrotron radiation source. In this way,
the formation reactions of tobermorite could be successfully observed
[53,54]. Our findings suggested that at least two reaction pathways
are possible for the formation of tobermorite in the AAC system.

In the present study, we investigated the effects on the reactions of
silica source reactivity and Al addition. The mechanisms of tobermor-
ite formation in these systems are discussed.

2. Experimental

2.1. Materials and sample preparation

Two types of silica sources, crushed quartz (A) and (B), were used in
this study. Quartz (A) originated from chert rock from Fukui, Japan, and
consisted of small quartz crystals of several micrometers in grain size.
Quartz (B) was natural quartz sand from Vietnam, and consisted of large
quartz crystals of several hundredmicrometers in grain size. The average
particle sizes (d50) of quartz (A) and (B) after crushingwere 30.3 μmand
28.3 μm, respectively. The chemical composition and crystallinity indexof
the two quartz samples are listed in Table 1. Here, the crystallinity index
(C.I.) was determined by the method proposed by Hattori and Umeda
[55], which is based onMurata and Norman's method [56]. XRD patterns
of quartz (A) and (B), and the method of calculating C.I. are shown in
Fig. 1. The index is ameasure of the alkali–silica reaction (ASR) in concrete
[57]. The index decreases with increasing reactivity between quartz and
alkali solution. Therefore, the indices in Table 1 signify that the reactivity
of quartz (A) is higher than that of quartz (B).

The starting materials were mixtures of 54.4 wt.% silica source
(quartz (A) or quartz (B)), 4.7 wt.% quicklime (Kawai Sekkai, Ogaki,
Japan), 38.9 wt.% high-early-strength Portland cement (HPC, Ube
Mitsubishi, Tokyo, Japan) and 2.0 wt.% gypsum (research grade;
Wako, Osaka, Japan). As the Al additive, γ-Al2O3 (research grade;
Wako) was added to the mixtures. The chemical composition of HPC
determined by XRF and the mineral composition calculated using
Bogue equation [58] are shown in Tables 2 and 3, respectively. Five
mixtures were used in this study, with different silica source and Al
content. Table 4 shows silica source and Al content in these mixtures.
For all mixtures, the molar ratio of Ca/(Si+Al) was 0.53. Aluminum in
the mixtures without added aluminum comes from the aluminate
Table 1
Chemical composition (wt.%) and crystallinity index (C.I.) of quartz sources.

Quartz (A) Quartz (B)

SiO2 96.86 96.77
Al2O3 1.18 0.98
Fe2O3 0.90 1.05
CaO 0.00 0.01
MgO 0.12 0.05
Na2O 0.04 0.05
K2O 0.30 0.44
TiO2 0.04 0.61
C.I. 0.38 0.67
phase in the cement and impurities in the quartz. These mixtures
were fully mixed in the presence of water at 50 °C for several minutes
using a motor-driven blade stirrer. The water-to-solid ratio was 0.75
by weight. For each run, the mixture slurry was poured into a plastic
beaker, sealed in a plastic bag and kept at 60 °C for more than 12 h for
the cement in themixture to become hydrated. The hydratedmixture,
so-called pre-cured cake, was then cooled, and cut into specimens
with dimensions of 6 mm×18 mm and thickness of 3.0 mm, imme-
diately before the in situmeasurement was conducted. In this study, a
foaming agent such as Al metal powder, which is commonly used in
the production of AAC, was not used to avoid non-uniformity of the X-
ray transmission thickness of the samples.
2.2. In situ XRD measurements

In situ XRD measurements at an X-ray energy of 30 keV were
carried out at the BL19B2 beamline of SPring-8 (a synchrotron
radiation facility in Hyogo, Japan). The X-ray beam size was set to
0.8 mm×0.12 mm. The autoclave cell is made of stainless steel and
consists of a rectangular parallelepiped main body (capacity: 35 cm3)
and a lid. Two berylliumwindows (0.5 mm thick, 4 mm and 20 mm in
diameter) are firmly welded on the center of each sidewall. The lower
part of the cell is used as a water reservoir, typically filled with 5 cm3

of distilled water. A sample piece is placed on top of the water
reservoir using a mounting stand so that the sample does not contact
with the water directly. Two thermocouples are inserted into the cell
through the lid using compression pipe fittings, in order to monitor
both the vapor temperature near the sample and the water
temperature. A digital pressure sensor is also connected to the lid in
Chemical composition of HPC (wt.%).

SiO2 CaO Al2O3 SO3 Fe2O3 K2O MgO Na2O

20.3 65.2 5.2 3.0 2.6 0.4 0.9 0.2

Table 3
Mineral composition and Blaine surface area of HPC.

Mineral composition calculatedusingBogueequation (wt.%) Blaine surface
area (cm2/g)

C3S C3S C3A C4AF

63.9 10.1 9.4 7.9 4590



Table 4
Silica source and Al content in samples.

Sample no. A-0 A-2.5 A-5 B-0 B-5

Silica source Quartz (A) Quartz (A) Quartz (A) Quartz (B) Quartz (B)
Al addition (mol%) 0 2.5 5.0 0 5.0
Al/(Al+Si) molar
ratio

0.037 0.063 0.088 0.037 0.088
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the sameway. A diaphragmpump and a needle valve are connected to
the branched line of the pressure sensor for the removal of the air
inside. Further details of the cell are described in our previous reports
[53,54].

The autoclave cell containing the sample and water was set in a
copper heater block. First, the temperature was raised to 100 °C at a
ramping rate of 2 °C/min. The temperature was held at 100 °C for
15 min. During this period, the cell was evacuated for a few seconds,
and about 95% of the air was removed from the cell. After the steam
pressure built up again at 100 °C, the first XRD measurement was
conducted. After 15 min at 100 °C, the temperature was raised to
190 °C at a ramping rate of 1 °C/min, and then held at 190 °C for 12 h.
The pressure inside the cell was confirmed to be saturated steam
pressure in all experiments.

During this process, the XRDmeasurements were conducted using
a photon-counting pixel array detector, PILATUS 100 K (DECTRIS). The
detector was placed downstream at a sample-to-detector distance of
777 mm. Because the detector area (width: 34 mm; height: 84 mm)
was not large enough to measure the entire diffraction angle range of
interest, three images were acquired for each measurement by
moving the detector along the vertical direction such that some part
of each adjacent image overlapped. The three images were then
connected seamlessly to obtain a long rectangular image. The
exposure time was 60 s for each image, and the measurement interval
was 4.15 min, including the time for repositioning the detector.
During the exposure time, the cell, together with the heater block, was
oscillated in the vertical direction at an amplitude of 3.0 mm and a
rate of 0.6 mm/s to average the measurements over a larger area of
the sample. For each sample, 196 measurement cycles were
conducted during the autoclaving time of 13.5 h. The arc-shaped
diffraction patterns were obtained for a 1/d range of 0.5–6.5 nm−1

[54].
2.3. Data analysis

Typically, the sector average of the arc-shaped two-dimensional
pattern is calculated to obtain one-dimensional diffraction patterns.
However, for quartz and portlandite, the arc-shaped diffraction
patterns mainly consist of a number of diffraction spots from
crystalline particles originating from the starting materials. This
means that the diffraction intensity of these two constituents varies
largely depending on the number and size of the crystalline particles
that contribute to the diffraction. In addition, some extremely strong
diffraction spots from large crystallite of quartz and portlandite were
observed. We eliminated the pixel data for such spots before
calculating the sector average to prevent a few strong spots from
dominating the averaged peak intensities. This procedure was done in
only a few cases, in which the fluctuation of the intensity curve was
relatively large. It was confirmed that overall intensity profiles before
and after this procedure were not considerably changed.

Hence, the absolute value of the normalized intensity for quartz
and portlandite cannot be compared directly between different
samples in this experiment. Therefore, for quartz and portlandite,
changes in only relative intensity are considered. This is not the case
for other constituents that are formed during the autoclave process.
However, it should be noted that anhydrite tends to exhibit non-
uniform diffraction rings in image data, although this does not largely
affect the time-dependent intensity data.

Two-dimensional image data were sector-averaged to produce
one-dimensional diffraction patterns. Peak intensities were calculated
from peak areas after being normalized by the transmitted beam
intensity. Peak positions were defined as themiddle point of two half-
maximum positions, which were calculated from the interpolation of
the nearest two data points.

Non-crystalline C-S-H is also formed by hydration of cement and is
well known as a major precursor to tobermorite formation [8–20,31–
34,38–42,59]. To clarify the mechanism of tobermorite formation, it is
important to observe the C-S-H phase closely. Generally, it is difficult
to investigate the amount of non-crystalline materials by using ex situ
XRD during the reaction process because the intensity of the
amorphous halo can be affected by the background intensity, which
can vary depending on the part of the sample analyzed or on the
sample preparation method. In an in situ experiment, however, the
same portion of the sample is continuously measured throughout the
experiment. This allows slight changes in amorphous intensity to be
detected. The integrated intensity from 3.427 to 3.434 nm−1 (no
background subtracted) was regarded as the C-S-H intensity in our
previous reports [53,54]. In the present study, this method was used
to estimate relative changes in the quantity of C-S-H with hydration
time in the same experiment.

3. Results and discussion

3.1. Phase evolution

The time-resolved XRD data set for sample A-0 is shown in Fig. 2.
Several constituents involved in the reaction were clearly observed.
The time dependence of the relative peak intensities of major
constituents for samples A-0, A-2.5 and A-5 is plotted in Fig. 3(a),
(b) and (c), respectively. The intensities for samples B-0 and B-5 are
plotted in Fig. 4(a) and (b), respectively. The sum of the (211) and
(002) peak intensities for HE, and the sum of the (211) and (220) peak
intensities for KA are plotted to obtain larger peak integrals and better
statistics. For tobermorite, the (002) and (220) peaks are separately
plotted. All data were normalized on the basis of XRD measurements
of the same sample in our laboratory after in situ XRD. Detail of the
method is as follows: first, the tobermorite intensity in the final
products of each sample after in situ measurement was measured by
laboratory XRD with exactly same experimental condition, by which
the intensity of different samples can be compared directly. Second,
those intensities were compared with the data of the last cycle of in
situ experiments and coefficients to correlate two XRD patterns were
determined for each sample. And then, all data were normalized using
the coefficients.

It should be noted that the mass absorption coefficients for
samples in this study are nearly identical because the differences in
chemical compositions between samples are due to only a few % of
Al2O3 which replaces SiO2. Thus, we consider that it is possible to
compare the normalized intensities between different samples.

In all experiments, monosulfate (MS: Ca4Al2O6(SO4)–14H2O, PDF
Card 42-0062) and portlandite (Ca(OH)2) were observed at the
beginning of the autoclave process, and decreased as the reactions
proceeded; MS and portlandite then completely disappeared. Quartz
initially decreased slowly, and the rate of decrease became slightly
faster in the middle and then became slower again toward the end. As
intermediate phases katoite (KA: Ca3Al2(SiO4)3− x(OH)4x; x=1.5 to
3.0, PDF Cards No. are listed in Section 3.3), a kind of hydrogarnet, was
observed in the heating process, subsequently, hydroxylellestadite
(HE: Ca10(SiO4)3(SO4)3(OH)2, PDF Card 25-0173) was observed. HE
disappeared in all experiments as the reactions progressed; on the
other hand, KA decreased slowly and partly remained in some
experiments. Tobermorite was first observed when the temperature



Fig. 2. Stack of time-resolved XRD patterns for A-0. Temperature was increased from 100 to 190 °C and then held at 190 °C for 500 min. T: tobermorite; P: portlandite; Q: quartz; MS:
monosulfate; KA: katoite; HE: hydroxylellestadite.
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reached 190 °C at the same time as the intensity of C-S-H started to
decrease, and the amount of tobermorite increased toward the end of
the autoclave process. Anhydrite (CaSO4, PDF Card 06-0226) was first
observed at the same time as HE started to decrease and increased
gradually until the end. This suggests SO4

2− ions released from HE
were involved in the formation of anhydrite. Several studies have
reported that HE decomposes into anhydrite and tobermorite under
hydrothermal conditions [32,33]. Our results are consistentwith these
studies.

In the experiments with no Al addition, A-0 (Fig. 3(a)) and B-0
(Fig. 4(a)), the slope of the intensity curve of the (002) reflection of
tobermorite for A-0 was larger than that for B-0 in the early stage. The
rate for A-0 then decreased sharply from about 200 min and the
intensity curve became constant. However, the rate of increase of the
tobermorite (002) reflection for B-0 was lower in the early stage, and
the formation continued in the late stage. Consequently, both
tobermorite (002) and (220) peaks of B-0 were stronger than those
of A-0 at the end of the experiment.

For the experimentswith Al addition, namely, A-2.5, A-5 and B-5, it
was clearly observed that Al accelerated the crystallization of
tobermorite and caused tobermorite formation to begin earlier. For
the A series, Al accelerated the crystallization of tobermorite in the
direction of the c-axis selectively. The intensity of the tobermorite
(002) for A-2.5 was located between that for A-0 and A-5, indicating
that the effect of Al addition increased with the amount of added Al.
On the other hand, for the B series, the effect of Al addition was not as
strong but the decrease of the formation rate in the late stage was
small. As a result, the reaction continued and the final intensity of the
tobermorite (002) peak for B-5 was slightly larger than that for B-0. It
should be noted that for all experiments with the Al addition, the KA
intensities increased in the early stage; thus, Al appeared to contribute
strongly to the formation of KA. This effect will be discussed later.

3.2. Tobermorite formation from C-S-H phase

In order to understand the mechanism of tobermorite formation
from its relationship with C-S-H, the intensities of C-S-H and
tobermorite (002) are plotted in Figs. 5 and 6 for the A and B series,
respectively. Because the time of maximum C-S-H intensity corre-
sponded to the starting point of tobermorite formation, and because
the tobermorite intensity increasedwith decreasing C-S-H intensity, it
is reasonable to consider that most of the tobermorite phase was
formed from the C-S-H phase as described in previous studies [8–
20,31–34,38–42,59]. Recently, Houston et al. reported that tobermor-
ite formation proceeded via three steps: formation of amorphous and
non-crystalline C-S-H, growth of semi-crystalline tobermorite, and
recrystallization of the tobermorite solid [38]. The C-S-H intensity in
the case of A-0 remained high even after tobermorite formation, while
the final C-S-H intensity in the case of B-0 was nearly equal to the
initial intensity. This means that the C-S-H phase remained in the late
stage in A-0, and that most of C-S-H formed at the beginning of the
autoclave process disappeared and transformed to the tobermorite
phase in B-0. As for the effect of Al addition, the acceleration of
tobermorite formationwas small in the B series, but remarkable in the
A series. This has been already observed in Figs. 3 and 4 but is shown
more clearly in these figures. Considering the difference in C-S-H
intensities at the start and the end of the autoclave process in the case
of the A series, we can conclude that Al addition strongly affects the
decrease of the C-S-H phase and causes tobermorite formation to
begin earlier.

Cement was used as starting materials; the cement phases (C3S
and C2S) are considered to be hydrated at the beginning of the
autoclave process, because the peaks of both phases were not clearly
observed and Ca ions are thought to be saturated in the liquid phase.
Therefore, it is reasonable to consider that the dissolution of quartz is
a rate-limiting process in the early stage of the reaction [14,36,40,41].
To understand the dissolution behavior of quartz, normalized
intensities of the quartz (100) reflection in the A and B series are
plotted in Fig. 7. As noted in the experimental section, because the
absolute values of the intensities for quartz were affected by the
coarseness of grains, the data were treated by mask processing. Thus,
in these figures the intensities were normalized again so that these
intensities at the start point of 190 °C (t=90 min) were same. Here,
the rate of the decrease of quartz (A) is greater than that of quartz (B)
in the early stage. Because this trend corresponds to the increase of
the C-S-H phase (shown in Figs. 5 and 6), Si ions in the liquid phase
from the dissolution of quartz take part in the C-S-H formation.

As for the effect of Al addition, it was observed that Al suppressed
the dissolution of quartz slightly in the period from 100 to 200 min. As
mentioned above, Al slows the initial formation of C-S-H from quartz
and CaO because it reduces the solubility of quartz. Several studies
have shown that the decreased solubility of quartz results from
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adsorption of Al on the quartz surface [60,61]. However, in the present
study the reduced solubility was not observed. One reason for this is
that alkali ions in the liquid phase from the cement influenced the
dissolution of quartz. In addition, it should be noted that the
dissolution of quartz continued after 400 min for only the B-5 sample.
This relates to the fact that the rate of tobermorite formation did not
decrease in the late stage (Fig. 6). These results suggest that theremay
be another route to tobermorite formation after the disappearance of
C-S-H phase, which will be discussed in following section.

Another reason for the difference in tobermorite formation curves
between A series and B series may be the difference in Ca/Si ratio C-S-
H gel formed in the early stage of the reaction. Considering high
reactivity of quartz A, it would be reasonable to regard that the Ca/Si
ratio of C-S-H is lower in A series (higher Si content). It has been
reported that the C-S-H with high Ca/Si ratio tends to have short
silicate chains [59,62–66] and is more likely to be transformed into
tobermorite than that with low Ca/Si [8,20]. The C-S-H curves in
Figs. 5 and 6 indicate that, for A series, there is some C-S-H remaining
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at the end of the reaction, while little C-S-H remaining for B series.
This implies the C-S-H in B series have higher Ca/Si ratio, and thus,
shorter chain lengths than those in A series.

3.3. Tobermorite formation from KA phase

KA is a type of hydrogarnet, and its chemical composition varies in
accordance with Si content in the solid solution. The lattice constant
varies continuously with the Si content [67]. Several studies have
reported that, for example, when kaolin and lime are used as starting
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(no Al addition) and B-5 (5 mol% Al addition). Vertical line at 90 min indicates the time
at which the temperature reached constant value (190 °C).
materials [18,68–70], KA is an important intermediate in tobermorite
formation. Figs. 8(a) and 9(a) show the time dependence of the
tobermorite (002) peak intensity and the sum of KA (211) and (220)
peak intensities for the A-0 and A-5 samples, and for the B-0 and B-5
samples, respectively. The KA intensities increased considerably in the
early stage, especially for A-5 and B-5. Subsequently, the KA
intensities decreased with increasing tobermorite intensity. KA
remained until the end in the A series, but almost disappeared in
the B series. The rate of decrease of KA for A-5 was higher than that for
B-5. This trend corresponds to a higher rate of tobermorite formation
in the case of A-5. Thus, in addition to C-S-H, KA is considered to be a
precursor to tobermorite formation.

Figs. 8(b) and 9(b) show the time dependence of the lattice
parameter of KA for the A-0 and A-5 samples, and for the B-0 and B-5
samples, respectively. The crystal structure of KA is cubic, and the
lattice parameter decreases with increasing substitution of SiO4 for
(OH)4 in the hydrogarnet structure. The parameter was calculated
from the peak positions of the (211) and (220) reflections. It should be
noted that the lattice parameter decreases with decreasing KA
intensity. In particular, the parameter for B-5 decreases markedly
with reaction time. According to Bennet et al., the substitution of SiO4

for (OH)4 in KA structure has a linear relationship with the Si
concentration in the liquid phase at 25 °C, where KA is at equilibrium
[71]. However, the temperature is higher in the present system. If this
equilibrium is reached rapidly, it is considered that the concentration
of Si ions in the liquid phase will increase with progress of KA
decomposition and tobermorite formation.

The time dependence of the KA (211) diffraction peak profile for
the B-5 sample is shown in Fig. 10. As the reaction proceeds, the
profiles shifted to higher angle. Simultaneously, the intensity
decreases while the profile remains symmetrical. This does not
mean that only structural parts of KA with higher Si content (lower
lattice parameter parts) decompose selectively. It is quite likely that
KA decreases with increasing Si substitution into its own lattice.
Therefore, it is considered that the concentration of Si ions in the
liquid phase increased until the late stage, especially for B-5. On the
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other hand, the decrease of the lattice parameter for A-5 is relatively
small. This suggests that the remaining C-S-H phase in the A-5 sample
dominates the liquid phase composition.

Siauciunas and Baltusnikas have investigated the Si content of
hydrogarnet formed in hydrothermal treatment of a mixture of SiO2,
Al2O3 and CaO [72]. They found that Si content in hydrogarnet varies
according to the type of silica in the starting materials. When quartz
was used as a silica source, Si-free hydrogarnet was formed, reflecting
the low solubility of quartz. When amorphous silica was used, Si in
hydrogarnet corresponded to an x value of 2.5 in Ca3Al2(SiO4)3− x

(OH)4x. However, in the present work, calculating x from the linear
relationship with the lattice parameter at the end of the experiments
at 190 °C and from the composition for KA in PDF cards (24-0217, 38–
0368, 45-1447, 42-0570, 39-0368), we find x to be 2.22 and 2.08 for B-
0 and B-5, and 2.19, 2.17 and 2.09 for A-0, A-2.5 and A-5, respectively.
The thermal expansion coefficient of KA in the literature [73] was used
to calculate the lattice parameters at 25 °C. All x values found in the
present study were lower than the x value for the amorphous silica
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Fig. 10. Change of katoite (211) peak profile for sample B-5 during autoclave process.
Numbers on the figure correspond to the time from the start of the reaction.
system in the study of Siauciunas and Baltusnikas; thus, the
substitution of Si for (OH)4 in the KA structure is more dominant.
Huber et al. have also reported that Si-free hydrogarnet and
hydrogrossular/grossular solid solution (katoite) are formed in the
tobermorite formation process with Al addition [39]. In addition, they
noted that the solid solution phase transformed to the Si-free
hydrogarnet as the reaction progressed. In the present work, the
higher Si-substitution in KA, regardless of the use of quartz as the
silica source, may reflect a higher Si ion concentration in the liquid
phase. It is likely that alkali from the cement used as starting material
has an effect on the Si ion concentration in the liquid phase.

Klimesh et al. [68,69] reported that KA is the main intermediate
phase in the hydrothermal reaction in the metakaolin–quartz–lime
system and that the decomposition of KA was accelerated as the size
of the quartz particles was decreased. In contrast to the results of
Klimesh et al., KA remained until the end of the autoclave process in
the system containing a more reactive Si source (A series: Fig. 8(a)). It
may be considered that the reaction between KA and quartz (or Si ions
in the liquid phase) was slowed by C-S-H, which was formed initially
and partly remained in the A series. This reaction inhibition by C-S-H
will be discussed in the next section.

Fig. 11(a) and (b) shows the time dependence of the Bragg
spacings of tobermorite (002) for A-0, A-2.5 and A-5, and for B-0 and
B-5, respectively. The Bragg spacing of tobermorite (002) can be
clearly seen to decrease with tobermorite formation, the Bragg
spacings of tobermorite (220) were unchanged in all experiments
(data not shown). These trends were observed in our previous study
as well [54]. Mitsuda et al. [5] investigated the chemical composition
of tobermorite crystals in AAC for various autoclaving times. They
found that the Ca/(Al+Si) ratio is greater than the stoichiometric
value at the early stage of the autoclave process, decreases with the
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(no Al addition) and B-5 (5 mol% Al addition). Vertical line at 90 min indicates the time
at which the temperature reached constant value (190 °C).
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increasing autoclave time, and then become stable at the stoichio-
metric value. Assuming that the excess Ca beyond the stoichiometric
value can be attributed to the Ca ions in the interlayer region of
tobermorite, it is reasonable that the (002) spacing decreased with
the reaction time (Fig. 11).

The (002) spacing of tobermorite at the end of the autoclave are
shown in Fig. 12. The (002) spacing increased linearly with the
addition of Al. It is well known that Al is substituted into the Si-
tetrahedra of tobermorite [17,23–29,38,39], as well as that the basal
spacing increases with Al content [17,29,39,54]. Fig. 11(a) and (b)
shows that the (002) spacing of the samples without Al addition (A-0
and B-0) decreased drastically, then gradually leveled off, decreasing
with time until 400 min, whereas the (002) spacing of the samples
with Al addition (A-5 and B-5) leveled off earlier. Consequently, the
differences between the spacing with and without Al became larger
from about 150 min. Therefore, it is reasonable to consider that Al was
gradually substituted into the tobermorite lattice from about 150 min.
This corresponds to the decrease of KA shown in Figs. 8(a) and 9(a),
implying the KA phase is the source of Al that is substituted into the
tobermorite lattice. In addition, the difference of the lattice para-
meters shown by the two lines in Fig. 12 is considered to correspond
to the difference between amounts of remaining KA of in A and B
series at the end of experiments.
3.4. Formation mechanism of tobermorite

Our previous study has suggested that tobermorite crystallized
through two pathways under hydrothermal reaction condi-
tions [53,54]. Considering previous studies together with the present
results, we can summarize the two pathways as follows:

C� S� H→ tobermorite ðIÞ

Quartz;KA;HE; ðC� S� HÞ→ Si
4þ
;Ca

2þ
;Al

3þ
;OH

− → tobermorite ðIIÞ
Reaction (I) is a transformation between solid phases, described in

the earlier section. On the other hand, reaction (II) is a solid–liquid
reaction in which tobermorite crystallizes from the liquid phase.
Tobermorite formation via the KA phase, described in the previous
section, is part of reaction (II). These two reactions proceed not
independently, but rather interdependently. For example, in the case
of the A series with reactive silica source, early formation of C-S-H,
which is difficult to crystallize to form tobermorite via reaction (I),
may slow the dissolution of quartz and/or the decomposition of KA via
reaction (II). This role of C-S-H was observed in all experiments using
the A series; consequently, reaction (II) did not proceed adequately.
Thus, the C-S-H formed in the early stage affected the dissolution of
quartz and KA in the late stage. One possible reason for this is that the
pH of the liquid phase was lowered by adsorption of alkali on the C-S-
H or C-S-A-H surface [74,75]. Another reason would be that C-S-H
formed around quartz particles and acted as a physical barrier to
quartz dissolution [40].

On the other hand, in the experiment on the B series with a less-
reactive silica source, the reactive C-S-H, likely having short chain
length as suggested by Sato and Grutzeck [8], is completely
crystallized to form tobermorite through reaction (I). After that,
because the reaction (II) became predominated in the late stage, the
dissolution of quartz and the decomposition of KA continued until the
end. From this model, we can conclude that the structure of the
initially formed C-S-H controls the two pathways of tobermorite
formation.

3.5. Acceleration mechanism on tobermorite formation by Al

According to the above model, acceleration of reaction (I) in the A
series by Al (Fig. 5) can be explained as follows. C-S-H that formed
before tobermorite became destabilized by Al; this means that the
barrier to tobermorite crystallization was diminished by Al. For the B
series, on the other hand, the dissolution of quartz was accelerated in
the late stage by Al, decreasing the lattice parameter of KA (Fig. 8(b)
and 9(b)). This suggests that reaction (I) was completed in the early
stage and that the main formation process was shifted to reaction (II)
by Al.

It is also important to consider the mechanism of Al-accelerated
tobermorite formation on a nanoscale. In the C-S-H structure, Al
atoms have coordination numbers of 4, 5 and 6 [76,77]; however, Al
has only a coordination number of 4 in the tobermorite structure. In
both cases, the Al atoms having coordination number of 4 are
substituted preferentially into bridging tetrahedral sites (Q3) at
middle chain sites [17,24,26,38,78–80]. In these structures, Al in the
tobermorite has a significant effect on the mean length of the silicate
chains [30], and negatively influences the degree of silica polymer-
ization [27]. Additionally, Sasaki et al. reported that Al-substituted
tobermorite was degraded more easily than Al-free tobermorite
during vibratory milling, and they noted that the Al-O binding energy
was lower than that of Si-O in the structure [80]. According to these
reports, it can be deduced that the formation energy (ΔG) of
tobermorite is lowered by the Al substitution for Si.

In the hydrothermal reaction process, Mitsuda et al. [20] have
reported that Al significantly accelerates tobermorite crystallization
from a silicic acid-lime mixture at 180 °C and that the Q2/Q3 ratio
measured by Si NMR analysis of tobermorite decreased from 5.0 to
2.8, with a Al/(Al+Si) molar ratio of 0 to 0.10 in the starting mixture.
However, in the quartz-lime system, the Q2/Q3 ratio was about 2.0,
which corresponds to the ideal tobermorite structure [17]. Therefore,
it is likely that Al accelerates formation of Q3 sites of the silicate chains
under hydrothermal conditions. With Al addition, the prominent
crystallization in the (002) direction of tobermorite, which was
observed only in the case of the reactive silica system (the A series), is
possibly attributable to the Al position in the silicate chains. However,
Sakiyama et al. [17] have reported that the Q2/Q3 ratio of tobermorite
increased with the Al/(Al+Si) ratio of the starting mixture in the
quartz-lime system. According to our present model, reaction (I) in
their experiments may reach completion because of the lower
reactivity of the silica source; thus, Al might only affect the structure
after tobermorite formation.

We should consider whether the nanostructure of C-S-H has an
effect on tobermorite formation as well. Al acted as a linker for the
silicate chains, thereby producing aluminosilicate chains with longer
length in cement hydration [81]. However, Renaudin et al. reported
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that insertion of Al atoms in the C-S-H structure involved a disruption
into the layered framework [82,83]. In the present study, it was not
fully clarified how these phenomena influenced tobermorite forma-
tion. Thus, additional studies to reveal the role of Al in the C-S-H
structure just before tobermorite formation are desirable.

In the present report, the increases and decreases of C-S-H and KA
phases were mainly discussed; however, it should be noted that the
formation of HE has an effect on reaction (II). For the experiment on
A-5, HE remained until about the time of 400 min and unique
behavior of anhydrite formation was observed during the same time
period. As impurities in the liquid phase, SO4

2− ions affected
tobermorite formation under the hydrothermal conditions [19,31–
34]. Thus, the clarification of the mechanism may be an important
issue in the future.

4. Conclusions

Using an originally developed autoclave cell for in situ transmis-
sion XRD in combination with a high-energy synchrotron radiation
source, the mechanism of tobermorite formation in the processing of
AAC was successfully investigated. The effects of the reactivity of
quartz in the raw material, as well as the effects of the addition of Al
compound on tobermorite formation were studied.

In the experiments using reactive quartz as the silica source,
tobermorite crystallized rapidly in the early stage of the autoclave
process, but the formation reaction rate was decreased in the late
stage, and C-S-H and KA phase remained at the end of the reaction
period. On the other hand, in the experiments using less-reactive
quartz, tobermorite continued to crystallize until the end and the
final quantity of tobermorite became much larger than that in the
reactive quartz system. According to the past studies, this implied
that two types of C-S-H were involved in the present study. One
type was formed in the less-reactive quartz system and readily
crystallized to form tobermorite; the other type was formed in the
reactive quartz system and did not readily crystallized to form
tobermorite.

Al addition had a significant effect on tobermorite formation,
especially the accelerated growth along the c-axis, which was clearly
observed in the experimentswith reactive quartz. On the other hand, Al
additiondid not affect thedissolution rate of quartz. In the systemwith a
certain amounts of Al ions, tobermorite formation via KA was an
important route, in the addition of the C-S-H route. KA decreased with
the formation of tobermorite and simultaneously with the decrease of
its own lattice constant. Therefore, KA was considered to play an
important role in the liquid–solid reaction. It was suggested that Al
addition affected the stability of the C-S-H and tobermorite structures.

A model for the mechanism of tobermorite formation was
suggested; namely, the tobermorite formation route involves two
pathways, via C-S-H and KA, and the reactions along each pathway
influenced each other. Especially, the structure of the initially formed
C-S-H affected the subsequent reactions. For example, the ions in the
liquid phase affected KA formation and degradation, and affected
tobermorite formation from the C-S-H phase.
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