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Abstract

Lime and sand in autoclaved aerated concrete (AAC) were replaced by air-cooled slag (AS). The compressive strength and the type and
nature of the hydration products were studied for samples autoclaved at 8 bar for different periods of times: 2, 6, 12 and 24 h. The hydration
reactions were monitored by determining free-lime contents and combined water. The types of the hydration products were investigated using
XRD and SEM/EDX. Slag substitutions for sand and lime up to 50% enhance the compressive strength, especially at short curing times (2
and 6 h). The optimum strength is obtained by 50% AS substitution for low-lime mixes (10% CaO) and 30% AS substitution for high-lime
mixes (25% CaO). In high-lime mixes containing up to 30% AS, the initially formed fibrous calcium-rich CSH was changed to needle-like
and lath-like 1.1 nm tobermorite. In low-lime mixes with AS-substitution, tobermorite appears at 2 h processing time with grass-like silica-

rich CSH around quartz particles.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The most known steam cured materials are sand-lime
bricks and cellular concrete or autoclaved aerated concrete
(AAC). AAC is a cellular building material in which the
binder consists of CSH and tobermorite. It is produced by
molding and hydrothermal processing of various raw
materials containing mainly quartz, Portland cement and
lime with traces of aluminum powder. In the mold process,
the mix slurry generates hydrogen gas by the chemical
reaction between fine aluminum powder and lime.

2Al + 3Ca(OH)2 + 6H20—3CaOAI203.6H20 + 3H2 T

After the molding process, the green body is hardened by
autoclaving under steam pressure, with the formation of 1.1-
nm tobermorite as the main binding phase. These processes
result in lightweight products with low bulk density and
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special desert properties, like lower thermal conductivity,
lower shrinkage and higher heat resistance [1-3].

Low energy required in production, low raw material
consumption, ease of use in construction and high energy
efficiency add up to make AAC a very environmentally
friendly building material. Nowadays, there is a worldwide
enlargement in the production and usage of autoclaved
aerated concrete in both hot [4,5] and cold [6,7] countries.
This opened the door for replacing sand and lime (partly or
wholly) by industrial waste by-products [8—11]. The
advantage of this method is that it can be used to recycle
materials which possess a very low reactivity at room
temperature.

However, the utilization of by-products in autoclaved
building materials is not only controlled by the suitability of
these materials for this purpose but also by the local
economy and the competitive position of other building
materials within the area. Technically and economically, it
may be possible to partly replace sand or lime with by-
products if this is accompanied with improving the end
products or reducing the production cost through reduction
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Table 1
Chemical composition of sand and Portland cement

Si0, CaO Al O4 Fe,03 MgO MnO Na,O K,0 SO3 L.O.I* Total
Sand 98.2 0.3 0.43 0.34 0.2 0.15 0.02 0.05 0.01 0.5 100.2
PC 20.9 63.1 6.9 2.1 1.8 2.3 0.1 0.2 1.9 1.3 100.6

of the autoclaving time or temperature. In previous study
[12], the reactivity of water-cooled (WS) and air-cooled slag
(AS) produced from the same raw materials and the same
blast furnace were measured at different curing conditions.
Although the reactivity of AS is lower than that of WS at
room temperature and 100 °C, the reactivity of AS increased
much more than WS with hydrothermal activation at 180
°C. This investigation includes the study of the possibility of
using the air-cooled slag by-products as substituent for sand
and lime in autoclaved aerated concrete. The influences of
slag substitution on the physico-mechanical and chemical
properties of the final products under different autoclaving
time were studied.

2. Materials

The sand was obtained from AAC Brick Company (EI-
Abbasah, Egypt). The chemical analysis of the sand was
carried out using the XRF technique; the results of which
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are given in Table 1. Lime was prepared by firing analytical
grade CaCO; at 1100 °C for 2 h. Each sample of lime was
freshly prepared before mixing with sand to prevent or at
least to minimize the contamination with atmospheric
carbon dioxide. The air-cooled slag (AS) used throughout
this investigation was obtained from Halwan Steel in Egypt.
It is produced by slow cooling in air due to inadequate
granulation facilities. Slag was ground in ball mill to attain a
Blain surface area of 350 m*/kg. The detail characterization
of AS is given in another paper [13]. Portland cement was
obtained from Suez Cement in Egypt. The chemical
composition of Portland cement is given in Table 1, and
the Blaine surface area is about 350 m?/kg.

3. Experimental

The reference mix was taken as the mix proportion of
aerated concrete produced in industry, sand 65, CaO 25 and
cement 10. Slag was substituted the ingredient of AAC in
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Fig. 1. Compressive strength of autoclaved aerated concrete mixes, (a) 2, (b) 6, (¢) 12 and (d) 24 h.
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Table 2
Autoclaved aerated concrete mixes
Mix Mix composition

Sand CaO PC AS
ASO 65 25 10 -
ASl1 55 25 10 10
AS2 35 25 10 30
AS3 15 25 10 50
AS4 65 10 5 20
AS5 55 10 5 30
AS6 35 10 5 50

two set of mixes, high-lime mixes (25%) and low-lime
mixes (10%). The predetermined proportions of sand, lime
(Ca0), cement and slag were weighed and thoroughly dry
mixed in a ball mill. The solid mixed with water with W/S
ratio of 0.7 with mechanical stirrer for 3 min, with addition
of 0.05% aluminum powder. The slurries were poured into
4x4x4 c¢cm metal mold. After several hours, the surfaces
wire-cut and the cubes hydrothermally treated in an
autoclave under 10 bars (183 °C) for 2, 6, 12 and 24 h.
The autoclaving pressure was built up within 30 min.
During cooling, the autoclave was allowed to cool down
slowly until it reached the room temperature to avoid
thermal and mechanical stresses within the products. After
being removed from the autoclave, the samples selected for
the compressive strength measurement were dried at 50 °C
for 24 h. The other samples were dried at 105 °C for 24 h
then subjected to physical and chemical investigations.

The physico-mechanical properties, which are consid-
ered, are strength and porosity. The kinetics of hydration of
the hardened samples was followed by the determination of
the chemically combined water and free lime.

X-ray diffraction (XRD) analyses were performed using
an automated diffractometer (Scintag, Sunnyvale, CA) at a
step size of 0.02°, scan rate of 2° per min and a scan
range from 4° to 60° 26. Scanning electron microscopy
(SEM) was performed using Hitachi S-3500N SEM
instrument with variable pressure. This SEM is equipped
with a secondary detector and a PGT energy dispersive X-
ray analysis system. Apparent porosity was determined
using the standard liquid volume method adopted by the
ASTM (14).

4. Physico-mechanical properties

The porosity of all samples autoclaved for 24 h were
determined according to ASTM [14]. All samples attain
porosity in the range from 67% to 70% at 12 h
processing time; thus, the effect of porosity on compres-
sive strength was neglected. The changes in the com-
pressive strengths of all the samples during 24 h
autoclaving time are given in Fig. 1. The strength of
the reference mix (ASO) increases during the first 6 h of
autoclaving (Fig. 1, a and b). Furthermore, slow strength

gain occurs at 12 and 24 h autoclaving (Fig. 1, ¢ and d).
The compressive strengths of air-cooled slag substituted
samples increase more than the reference mix at all curing
times. The optimum strength for mixes with low-lime
contents (AS4, ASS5 and AS6) is obtained by mix AS6
(50% AS), but that for mixes with higher lime contents
(25% Ca0) is obtained by mix AS2 (30% AS). These
optimum mixes (AS2 and AS6) show a very high
strength at the early curing times (2 and 6 h) than all
the other mixes, followed by a small decline in strengths
with further curing (see Table 2 and Fig. 1).

The large gains in the compressive strengths occur during
the first 6 h for AS-substituted samples as a result of the fast
lime—slag hydration reaction compared to lime—quartz
reaction. Between 6 and 12 h, the strengths slightly decline
for these samples then increase again at longer autoclaving
times (24 h).

5. Combined water contents (Wn)

The kinetics of hydration were studied by determining
the free lime contents and chemically combined water
contents (Wn). At 2 h of autoclaving, the free lime of the
reference mix (ASO0) is 0.34% and increases to 0.53 for mix
ASI1. The free lime completely consumed in all other slag-
containing mixes at 2 h of autoclaving. Combined water
contents (Wn; Fig. 2) typically show a large increase in the
first 6 h of curing for all mixes, followed by a continuous
slow increase for up to 12 h. The increase in Wn is
indicative of the high rate of hydration reaction at short
autoclaving times, which explain the fast increase in
compressive strength at these times. At 24 h of curing, the
combined water contents decline for all samples. High-lime
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Fig. 2. Combined water contents of autoclaved aerated concrete at different
curing times.
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samples show larger combined water contents at all curing
times than low-lime samples.

6. X-ray diffraction analysis (XRD)

X-ray diffraction analyses were carried out to identify
the crystalline solid phases. The diffraction patterns are
given in Figs. 3 and 4 for samples cured for 2 and 24 h,
respectively. Fig. 3 shows that the peaks characteristic of
tobermorite were started to appear in the reference sample
(AS0) as with the low-lime samples (AS4-AS6), and the
intensity increase with increasing AS contents. This
indicates that tobermorite can be formed at 2 h of curing

time in the presence of AS. In high-lime mixes, at this short
autoclave time, the main peak of CSH intensifies with
addition of AS, indicating an increase of the amount of
CSH formed. No tobermorite peaks were observed at this
short autoclaving time in all slag-containing samples made
with 25% CaO.

The diffraction patterns of samples autoclaved for 24 h
are given in Fig. 4. At this relatively long autoclaving time,
10% and 30% substitution of sand with AS intensified the
characteristics tobermorite peaks (d=3.03, 11.3 and 1.83 A)
in high-lime mixes. However, 50% substitution completely
retards tobermorite formation.

However, increasing the autoclaving time to 24 h in slag-
containing samples made with 10% CaO has no effect on
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Fig. 3. XRD patterns of autoclaved aerated concrete at 2 h of curing times.
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Fig. 4. XRD patterns of autoclaved aerated concrete at 24 h of curing times.

the tobermorite’s peaks intensity. This indicates that
tobermorite formation was inhabited after 2 h of autoclaving
in these mixes.

7. Electron microscopy (SEM)

The fracture surface of all samples autoclaved for 2 and
24 h are examined with scanning electron microscopy. Fig.
5a and b shows the change in microstructure in the reference
mix (ASO0). The initially formed amorphous CSH and platy-
like tobermorite (Fig. 5a) change to crumbled foiled
tobermorite (Fig. 5b) with further processing.

In high-lime mixes made with 10 and 30% AS substitution
(AS1 and AS2), at 2-h processing time, only fibers CSH are
formed. At 24-h processing time, these CSH fibers change to
a very crystalline needle-like tobermorite. Fig. 6 is given as
example of this change for sample AS2.

Fig. 7 shows no tobermorite formed in mix AS3 (50% AS
substitution) at all autoclaving times. Rather, amorphous Al-
substituted CSH formed (Fig. 7a), and it changed to reti-
culated amorphous CSH (Fig. 7b) with increasing processing
time. This seems to be due to the increase in the bulk C/S ratio
beyond those suitable for tobermorite formation.

In AS-substituted mixes made with low-CaO contents
(10%), tobermorite appears at 2-h processing time. How-
ever, with further processing, tobermorite formation was
retarded and CSH with a grass-like structure, and a very low
C/S ratio was formed. Figs. 8 and 9 are the SEM picture for
mix AS5 and AS6, respectively.

8. Discussion

Introducing slag in to such high silica CaO-SiO,—H,0
system has two effects. The first one is the difference in
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Fig. 5. SEM micrographs of the reference mix (AS0) at (a) 2 and (b) 24 h.

reactivity between quartz and slag. Air-cooled slag has
higher reactivity than quartz, and the reactivity increases
with temperature [12]. Slag-substituted samples consume
the lime faster than slag-free samples, and thus, also, the
also combined water increases as a result of the increasing
amount of calcium silicate hydrate formed. This effect is
the main factor in increasing the compressive strengths of
slag-substituted samples at short autoclaving time (2 h).
This suggests that the utilization of slag have an advantage
of reducing the curing time or reducing the curing
temperature in the autoclave. The former advantage is very
important in increasing the plant output to satisfy the
market needs, and the later advantage is very critical in old
autoclaving chambers which cannot hold a very high
pressure.

The second effect of introducing slag is the modification
of the equilibrium in the CaO-SiO,—H,0 system. The high
reactivity of the added slag modifies this system by
introducing Al and increases the Ca/Si ratio. These two
modifications have opposite effects on the rate of
tobermorite formation, which is the main binding phase

in autoclaved Ca-silicate building products. In this inves-
tigation, the substitution of slag up to 50% with about
10-11% Al,O3 does not result in the formation of new
Al-containing phases, such as hydrogarnetes. It seems that
all the aluminum can be accommodated in either the
CSH-gel or the tobermorite. The effect of Al substitution
on the stability field and rate of crystallization of
tobermorite have been studied by many investigators
[15-18]. They showed that the presence of AI’" accel-
erates the rate of tobermorite crystallization. Isu et al. [19]
find that addition of slag to autoclaved aerated concrete
gives tobermorite with high Al substitution and lower Ca/
(Al+Si) ratio than samples without slag, and also, the
crystallinity increases. The author reported [20] that the
presence of Al-ions could lower the temperature required
for the formation of tobermorite down to 100 °C at 14
days of autoclaving times. In the present study, up to
50% substitution of sand by slag accelerates the tober-
morite formation at 2 h in low-lime mixes (10% CaO). In
these mixes, the formation of tobermorite from CSH is
accelerated due to the presence of aluminum ion and

Fig. 6. SEM micrographs of mix (AS2) at (a) 2 and (b) 24 h.



N.Y. Mostafa / Cement and Concrete Research 35 (2005) 1349-1357 1355

(a)

& ‘L'k

20.0%KV x6.0k  Sum

Fig. 7. SEM micrographs of mix (AS3) at (a) 2 and (b) 24 h.

suitable available C/S ratio for tobermorite formation. As
the lime consumed, with longer autoclaving times, the
available C/S ratio becomes lower than the limit under
which further formation of tobermorite is inhibited. Since
at very low C/S ratio, tobermorite can not formed even
with presence of some accelerator like Al and sulfate ions
and long autoclaving times [20-22]. Okada et al. [23]
noted the C/S ratio of the initially formed CSH-gel
controls the rate of its transformation to tobermorite. In
CaO and quartz mixtures (Ca/Si=0.8), the initial C—S—H
with a Ca/Si of 1.69 transformed to tobermorite having a
C/S8<0.9. In a comparison sample made with silicic acid
and CaO (C/S=0.8), the initial C—S—H had a Ca/Si=0.81,
and tobermorite crystallization was significantly slower.
Okada’s results [23] were confirmed by Sato and
Grutzeck [24] using 2°Si NMR to study samples prepared
from CaO and quartz, silicic acid or colloidal silica fume
at 180 °C. The C-S-H which formed initially in the
quartz samples was characterized by a low Q,/Q; ratio
(i.e., short chains, dimers) and tobermorite crystallized by
4 h. In samples made from silicic acid and silica fume,

the initial C—S—-H had a high Q,/Q; plus Qs (i.e., long
chains, some cross-linking). Even after 24 h, these
samples did not convert to crystalline tobermorite.
Tobermorite formed easily from the C-S—-H with high
C/S ratio but not from the Si-rich ones, which indicates
that the C-S—-H gel structure affects the ease of
tobermorite crystallization. The presence of long, cross-
linked chains in the Si-rich C—S—H retards the rearrange-
ment of silica tetrahedra that is needed to form
tobermorite. On the other hand, the short chains and
dimers in the Ca-rich C—S—H can rearrange more easily to
form crystalline tobermorite. In the present study, the low
C/S ratio promotes the formation of poorly crystalline
CSH and prevents the tobermorite formation at long
autoclaving times.

In high-lime mixes, addition of slag up to 30%
increases tobermorite crystallinity at long autoclaving
times. However, 50% slag prevents the formation of
tobermorite due to the increase in the available Ca/Si ratio
beyond the Ca/Si ratio suitable for its formation. Thus, Ca-
rich CSH is formed at short autoclaving time (2 h). This

20.0kV %x3.0k 10um

Fig. 8. SEM micrographs of mix (ASS5) at (a) 2 and (b) 24 h.
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Fig. 9. SEM micrographs of mix (AS6) at (a) 2 and (b) 24 h.

Ca-rich CSH transform to a crystalline tobermorite at
longer autoclaving times.

9. Conclusions

The present study has shown that air-cooled slag can be
used as a valuable additive to autoclaved aerated concrete.
The substitution of sand with AS in autoclaved building
materials accelerate the tobermorite formation if the reactive
C/S ratio was adjusted. This may used to reoptimize the
production cost to lower autoclaving time, which is an
economical option for developing countries. This will be
associated with advantages in the production of AAC:

(1) increasing the plant output;

(2) decreasing the production cost through the reduction
of the autoclaving conditions and the reduction in the
amount of lime used; and

(3) improving the end products of AAC with respect to
the mechanical properties.

A possible disadvantage of AS substitution is the dark
color of the end products at the higher substitution level.
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