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The influence of hardening conditions on the mineralogical composition and mechanical properties of AAC were 

examined. Samples with dimensions 100x100x100 mm from industrial cakes were cut and hardened at saturated steam pressure 
for 4–16 h at 170–200 °C temperatures. The biggest quantity of 1.13 nm tobermorite and C-S-H (I) was formed after 8 h of 
treatment at 180 °C temperature and AAC samples reached the highest compressive strength. The morphology of tobermorite 
depends on temperature: at 200 °C the surface of pores is covered with fibrous shape crystals and the mixture of plate shape 
crystals together with fibrous crystals and amorphous aggregates is formed in the structure material, while at 180 °C platy shape 
crystals are formed in all samples. It was estimated too, that thermal shrinkage of samples, hardened at  
200 °C, decreased twice. The products were characterized by XRD, STA, SEM, MIP and dilatometric analysis 
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1. Introduction 

 
In recent years, the increasing requirement 

for flexibility, comfort and energy saving in 
residential and industrial buildings has led both 
designers and manufacturers to adopt new 
constructive systems, for instance, autoclaved 
aerated concrete (AAC) masonry. AAC is obtained 
by using inorganic binders such as cement and/or 
lime combined with fine siliceous based material, 
cell-generating material and water [1]. Prepared 
mixture cured under saturated water steam in 
autoclaves at 170-200 °C temperature [2]. The 
aluminum paste reacts with calcium hydroxide to 
form hydrogen gas in the making of aerated 
concrete, as follows [3, 4]: 
2Al+3Ca(OH)2+6H2O→3CaO·Al2O3·6H2O+3H2  
                                                                        (Eq. 1) 

With extremely low density (300-500 kg/m3) 
and thermal conductivity (0.100 W/(m·K)), aerated 
concrete is an ideal material for thermal insulation 
and sound-proofing [5-7]. Aerated concrete can be 
used for floors, trench fills, roof insulation [8, 9] and 
other insulating purposes, as well as for making 
masonry units [10]. Among the factors affecting the 
compressive strength of AAC, there are shapes and 
sizes, the gas generation method, the installation 
direction, the water content and the curing process. 
In addition, the structure of the air pores and the 
mechanical condition of the pore shells directly 
affect the compressive strength [11].  

 During the hydrothermal treatment for 
several hours [12], the formation of tobermorite 
occurs, the chemical formula of which is 
5CaO·6SiO2·5H2O [13]. This calcium silicate 
hydrate strongly influences mechanical properties 
of the final product. During the initial autoclaving 
stage, the silica-based compounds such as 
amorphous silica, improve the polymerization of 
semi-crystalline calcium silicate hydrate (C-S-H) 
compounds, preceding the direct formation of 
tobermorite. On the other hand, the presence of 
aluminum delays the initial formation of the CSH-
based compounds reducing the solubility of quartz, 
yet accelerating a direct formation of tobermorite 
[14]. 

The synthesis of tobermorite under 
hydrothermal conditions has been extensively 
studied for various starting materials including 
several types of silica sources and various 
additives [15]. It has been revealed that Al 
compounds have significant effects on the 
tobermorite formation process [14]. J. H. Houston 
et. al. [16] determined that the formation of 
tobermorite proceeds through three stages: 
formation of amorphous and non-crystalline CSH, 
growth of semi-crystals of tobermorite and 
recrystallization of tobermorite in a solid phase. As 
K. Matsui et. al. [17] suggested, different reaction 
paths for the formation of tobermorite in an AAC 
system exist. In one of them, tobermorite appears 
when the temperature reaches 190 °C, in other   
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words, when amorphous gel-based CSH begin to 
decrease. The amount of tobermorite is maximum 
at the end of the autoclave process. 

Furthermore, the formation of calcium silicate 
hydrates is more difficult in the industrial AAC 
production because of various impurities in raw 
materials [17]. Thus, the formation mechanism of 
these compounds is not completely understood. If 
a great amount of tobermorite forms in AAC 
samples during hardening process, the operating 
temperature of samples increases, in comparison 
with products in which C-S-H(I) are dominated. In 
this work, the influence of different hardening 
conditions on the mechanical and mineralogical 
properties of AAC samples was examined.  

2.Materials and Methods 

2.1. Materials 
The raw materials used for preparation of 

forming mixtures of autoclaved aerated concrete 
were: Portland cement CEM I 42.5 N (SC 
“Akmenes cementas”, Lithuania) of the following 
mineralogical composition (in wt. %): 
3CaO·SiO2=57.27; 2CaO·SiO2=16.28; 
3CaO·Al2O3=8.81; 4CaO·Al2O3·Fe2O3=9.94 
according to the standard [18]; milled lime CL90-Q 
(JSC “Lhoist Bukowa“, Poland) with CaO in 91.03 
%, reactivity expressed by time 9.07 min. and 
temperature 60.2 °C according to the standard 
[19]; gypsum (JSC “Dolina Nidy“, Poland) with 
89.97 % of CaSO4·2H2O according to the standard 
[20]; milled quartz sand (JSC “Matuizu plytine”, 
Lithuania) with 84. 08 % of SiO2 and fineness of 
2200 cm2/g according to the standard [21]. Such 
fineness was obtained by milling in ball mill 
(capacity of 38.64 m3, metal balls of 35.0 mm 
diameter). In forming mixtures, as gas-generating 
agent, aluminum pastes (JSC “Benda-Lutz”, 
Poland) 5-6380/80 (average particle size –24.0 
μm) and 5-6355/80 (average particle size –48.0 
μm) with 70 % of pure aluminum were used. Before 
addition to the forming mixture, aluminum pastes 
were mixed with ratio 1:1 and dispersed for 30 
minutes in water (aluminum/water ratio 1:20) using 
tank of 0.75 m3 capacity. 

 
2.2. Preparation of forming mixtures and 

concrete samples 
The forming mixture was prepared and 

mixed in the industrial production line and its 
composition was selected on the basis of the 
industrial recipe, %: Portland cement – 16.2, lime – 
12.8, gypsum – 2.3, sand slurry – 50.0, return 
slurry – 18.7. The water/solids ratio was equal to 
0.675; content of aluminum paste was amounted to 
0.11 % by weight of solids dry mass.  

All required amount of raw materials was 
weighed at the beginning of mixing. The 
components of forming mixture were mixed in the 
high speed vertical propeller stirrer of 5 m3 volume  

 by the speed of 1500 rpm. First, required 
quantities of sand and return slurries were mixed 
with cold and hot water together (to achieve the 
temperature mean of 40 °C). Second, Portland 
cement, lime and gypsum were added. Finally, 
aluminum paste suspension was placed. Overall 
mixing time was 3.05 minutes. After mixing, 
homogenized forming mixture was poured into the 
steel moulds (size 6220x1580x700 mm). The 
poured moulds were transported to the 
fermentation area (38 °C temperature) and kept in 
moulds for 160 min. Later, the heap of forming 
mixture was cut off. The samples were cut into  
100 x 100 x 100 mm cubes and hardened in the 
laboratory autoclave of 20 l capacity in the 
specified mode (2.5 + (4-6-8-12-16) + 2.5), at 
water vapour temperature of 170, 180 and 200 °C.  

After hardening, the samples were dried to 
the constant mass in the conditioning oven at the 
temperature of 105 ± 5 °C. 

2.3. Methods of testing 
The compressive strength of AAC samples 

was determined according to the requirements of 
the standard [22]. The press MEGA 10-400-50 
(FORM+TEST GmbH) was used. The loading rate 
of samples during compression was 50 N/s until 
the destruction of the sample. 3 samples of each 
batch were subjected to testing. The volume 
density of the samples was determined according 
to the requirements of the standard [23]. 

For the mineralogical analysis, dry samples 
were sieved through a sieve with an 80 μm mesh. 
The XRD analysis was performed using the D8 
Advance diffractometer (Bruker AXS, Karlsruhe, 
Germany) operating at the tube voltage of 40 kV 
and tube current of 40 mA. The X-ray beam was 
filtered with a Ni 0.02 mm filter to select the CuKα 
wavelength. Diffraction patterns were recorded in a 
Bragg-Brentano geometry using a fast counting 
detector Bruker LynxEye based on the silicon strip 
technology. The specimens of samples were 
scanned over the range 2θ = 3–70° at a scanning 
speed of 6° min–1 using a coupled two theta/theta 
scan type. 

Simultaneous thermal analysis (STA) 
(differential scanning calorimetry and 
thermogravimetry) was carried out on a Linseis 
STA PTI1000 instrument with ceramic sample 
handlers and crucibles of Pt at a heating rate of 15 
°C/min, the temperature ranging from 30 °C to 900 
°C under the ambient atmosphere. 

The sample microstructure was investigated 
by using the field-emission scanning electron 
microscope SEM JSM-7600F (JOEL). The split 
surface of the samples was tested, using low 
accelerating voltage (10 kV).  

The porosity and pore size distribution of the 
samples were measured by mercury intrusion 
porosimetry (MIP, Micromeritics, AutoPore 9500 
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IV). The pressure greater than 400 MPa can be 
achieved by the calorimetry apparatus and allows 
the mercury to penetrate pores as fine as 0.003l m 
in diameter [24]. 

The dilatometric (DIL) analysis was 
performed by using the Linseis “L75H1600 
Platinum series” with Al2O3 sample holder and 
pushrod. Cylindrical dilatometric samples of 5 mm 
diameter and 22 mm length were heated to 1000 
°C at a heating rate of 10 °C/min to monitor the 
sample change under air atmosphere. 

3. Results and Discussion 

3.1. Mechanical and mineralogical analysis 
The average values of compressive strength of 

AAC samples are shown in Figure 1. It was found 
that after 8 hours of the hydrothermal treatment at 
170 °C temperature, the compressive strength of 
sample was equal to 2.58 MPa (Fig. 1). After 
increasing the hydrothermal treatment temperature to 
180 °C, the compressive strength increased and 
reached the maximum value after 8 h of curing (3.97 
MPa). Later on, by prolonging the duration of 
treatment to 16 h the compressive strength slightly 
decreased to 3.74 MPa. Meanwhile, the further 
increment of the reaction temperature to 200 °C led 
to even lower values of mentioned parameter (~ 30 
%). The further decrease in the compressive strength 
was also observed by prolonging the isothermal 
curing from 8 to 16 h. On the other hand, the density 
of AAC samples was very similar and varied in the 
470–481 kg/m3 range.  
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Fig.1 - The influence of hardening conditions on the 

compressive strength of AAC samples, when the 
isothermal temperature and duration of hardening 
were: 1 – 170 °C, 8 h; 2 – 180 °C, 4 h; 3 – 180 °C,  
6 h; 4 – 180 °C, 8 h; 5 – 180 °C, 12 h; 6 – 180 °C, 16 
h; 7 – 200 °C, 8 h; 8 – 200 °C, 12 h; 9 – 200 °C, 16 h. 

It is known that the compressive strength of 
AAC mainly depends on the quantity and quality of 
tobermorite group minerals (semi crystalline C-S-H 
(I) and 1.13 nm tobermorite), which forms during 
the hydrothermal treatment [13]. Thus, in order to 
estimate the mineralogical composition of AAC 
samples, XRD, STA and SEM analysis were 
performed. 

It was determined that a moderate amount of  

 1.13 nm tobermorite forms already after 8 h of the 
hydrothermal treatment at 170 °C temperature in 
the AAC sample (d-spacing – 1.133; 0.506; 0.297; 
0.253; 0,241; 0.209; 0,198; 0.185; 0.167) (Fig. 2, 
curve 1). A similar amount of mentioned 
compound also remains after 4 and 6 hours of the 
autoclaving treatment at 180 °C temperature (Fig. 
2, curves 2 and 3). However, after extending the 
duration of the treatment to 8 h the amount of 
formed 1.13 nm tobermorite noticeably increased 
(Fig. 2, curve 4). In addition, a large amount of 
other compound, namely, semi crystalline calcium 
silicate hydrate C-S-H (I) with high binding 
properties remained in the sample (Fig. 3, a and 
b.; curve 1). 
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Fig.2 - X-ray diffraction patterns of AAC samples, when the 

isothermal temperature and duration of hardening 
were: 1 – 170 °C, 8 h; 2 – 180 °C, 4 h; 3 – 180 °C,  
6 h; 4 – 180 °C, 8 h; 5 – 180 °C, 12 h;  
6  – 180 °C, 16 h. Indexes: T – 1.13 nm tobermorite; 
Q – quartz; A – anhydrate; C – calcite; O – orthoclase;  
I – C-S-H (I). 

 
The quantity of 1.13 nm tobermorite 

narrowly but coherently decreased after extending 
the duration of the hydrothermal treatment to 12 
and 16 h: the area and intensity of the main 1.13 
nm tobermorite diffraction peak (d-spacing – 
1.133) slightly decreased: from 12.700 to 11.510 a. 
u. and from 41.2 to 38.5 a. u., respectively, as well 
as the heat of exothermic effect assigned to C-S-H 
(I) recrystallization to wollastonite  
(847 – 834 °C) decreased from 82 to 23 J/g  
(Fig. 3, curves 1 and 3). 

In addition, under all hydrothermal treatment 
conditions, these compounds were also identified: 
anhydrite (d-spacing – 0.350; 0.284; 0.233; 0.187); 
CaCO3 (d-spacing – 0.385; 0.303; 0.228; 0.209; 
1.191 0.187); orthoclase (d-spacing – 0.324;  
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Fig.3 - DSC (a) and TG (b) curves of AAC samples, when duration of the hydrothermal treatment at 180 °C is: 1 – 8 h; 2 – 12 h; 3 – 16 h. 

0.319; 0.252; 0.182) and quartz (d-spacing – 
0.426; 0.334; 0.246; 0.228; 0.224; 0.213; 0.198; 
0.182; 0.167) (Fig. 2). 

The above mentioned results were confirmed 
by STA analysis data (Fig. 3). On DSC curves at 
100 – 250 °C temperature range, the broad 
endothermic peak is related to the loss of 
physisorbed and interlayer water from the crystal 
structure of C-S-H (I) and 1.13 nm tobermorite. 
This data is also in good agreement with the study 
performed by S. Shaw et al., on a natural sample 
of tobermorite. These authors observed an 
endothermic hump in DSC curve associated with a 
weight loss of about 9 wt. % up to 250 °C 
temperature. During this process, the mass loss in 
TG curve is the greatest (6.70 %), when the 
duration of samples synthesis is 8 h (Fig. 3, b, 
curve 1). The second endothermic effect was 
observed at 571 °C, which is attributed to α-β 
modifications transition of quartz. An exothermic 
effect at ~843 °C temperature, which is assigned to 
the recrystallization of C-S-H (I) to wollastonite 
varied in a narrow range. Moreover, at ~712 °C 
due to the decarbonation of hardening products, a 
fair amount of calcium carbonate was also 
observed. 

Significant changes in the mineralogical 
composition were observed, when the temperature 
of the isothermal curing was increased to 200 °C 
(Fig. 4). After 8 h of the isothermal curing, the 
intensities of the main diffraction peak 
characteristic to 1.13 nm tobermorite, in 
comparison with 180 °C temperature, were 
decreased. 

Moreover, after increasing the duration of 
treatment, the amount of mentioned compound 
negligible but coherently decreases (Fig. 4, curves 
2 and 3). Furthermore, the transfer of calcium 
sulfate dehydrate to anhydrite is finished in this 
temperature because peak intensities of this 
compound increased almost 2.5 times (Fig. 2 and 
4). Anhydrite did not have binding properties.  
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Fig.4 - X-ray diffraction patterns of AAC samples, when 

duration of the hydrothermal treatment at 200 °C is:  
               1 – 8 h; 2 – 12 h; 3 – 16 h. Indexes: T – 1.13 nm 

tobermorite; Q – quartz; A – anhydrite; C – calcite;  
O – orthoclase; I – C-S-H (I). 

 
Furthermore, the visible changes can be 

seen after 16 hours of hardening because traces 
of a new compound of calcium silicate hydrate 
gyrolite gel (d-spacing – 2.225; 1.130; 0.545; 
0.308; 0.280; 0.249; 0.213; 0.184; 0.167) (Fig. 4, 
curve 3) were formed. This compound also does 
not have binding properties. At the same time, the 
area (4.739 a. u.) and intensity (14.8 a. u.) in the 
X-Ray patterns, as well as crystallite size (156.6 
nm) of 1.13 nm tobermorite, significantly 
decreased. The main explanation for this is that, 
by increasing the temperature and duration of the 
hydrothermal treatment, greater amount of quartz 
reacts and the C/S molar ratio of products 
decreased and low basicity compounds are 
formed. Besides, in these hydrothermal treatment 
conditions decreased quantity of other compound 
with binding properties C-S-H (I) (Fig. 5, a): 
increasing the temperature of the hydrothermal 
treatment from 180 to 200 °C, the mass loss in the  

a b 
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Fig. 5 - DSC (a) and TG (b) curves of AAC samples, when duration of the hydrothermal treatment at  
200 °C is: 1 – 8 h; 2 – 12 h; 3 – 16 h. 

  

 

 
Fig. 6 - SEM micrographs of AAC sample cured 8 h at 180 °C temperature (a), spectrum 1 (b) and spectrum 2 (c). 
 
100 – 250 °C temperature range decreased from 
6.70 to 3.15 % (Figure 3, b, curve 1; Figure 5, b, 
curve 1) and the heat of the exothermic effect 
changed almost twice. 

Thus, XRD and STA data showed that in 
AAC samples hardened at 200 °C temperature 
formed the compounds having more inert 
(anhydrite and gyrolite) and less binding properties 
(1.13 nm tobermorite and C-S-H (I)), in comparison 
with the samples treated at 180 °C.  

 In order to estimate the morphology of 
formed compounds, SEM analysis was performed 
(Fig. 6 and 7). It was found that after 8 h of curing  

 at 180 °C the surface of pores in the AAC samples 
is covered with plate shape crystals (Fig. 7, a and 
b), as well as structure material (between pores) 
(Fig. 7, c). Similar results were obtained by other 
authors: platy deposits are a crystal habit of 
tobermorite with a size of approximately 5μm  
[25, 26]. This is in a good agreement with XRD 
analysis data, as under the conditions mentioned 
above, the intensity of the main diffraction peak of 
1.13 nm tobermorite was the highest one. 

Meanwhile, by increasing the temperature 
and duration of treatment (200 °C, 16 h), the form 
of crystals was changed (Fig. 7, c). Platelike shape 

a b 

spectrum 1 

spectrum 1 

spectrum 2 

spectrum 2 

a 

c 

b 
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Fig. 7 - SEM micrographs of AAC samples cured 16 h at 200 °C temperature (a), spectrum 1 (b) and spectrum 2 (c). 

crystals together with fibrous crystals and 
amorphous aggregates were identified in structure 
material (Fig. 7, c). The latest, presumably are 
associated with gyrolite gels. These results 
coincide with XRD analysis and compressive 
strength data (Fig 1 and 4). The surface of pores is 
covered only with fibrous shape crystals (Fig. 7, a 
and b). This data also corresponds other author's 
results: the tobermorite phase can have either a 
platelet or fibrous morphology [27]. 

N. S. Bell et. al. [28] have noticed in their 
work that morphological differences of tobermorite 
could lie in the mechanism of nucleation. Platelets 
may result from heterogeneous nucleation and 
fibres from homogeneous nucleation. A second 
possibility exists in which the two morphologies 
result from differences in the number of cross-
linking Si-O-Si bonds. 

As can be noted, the decrement of 
mechanical product strength can influence not only 
the changes of mineralogical composition but the 
texture as well (pore diameter, form etc.).  

In order to determine the volume of 
micropores and their diameter in AAC samples, the 
mercury intrusion porosimetry analysis was 
performed. It was estimated that micropores with 
diameter 0.6-0.0065 μm are dominated in all 
samples and these pores compose 49 – 52 % of all 
micropores in the samples autoclaved at 180 °C 
temperature. It should be noted that the pores of 
the mentioned diameter increased up to 8 % (54 – 
58 %) after the increment of the curing temperature  
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Fig.8 - Dependence of volume of micropores in AAC samples 

on their diameter, when the isothermal temperature and 
duration of hardening were: 4 – 200 °C, 8 h; 5 – 200 °C, 
12 h; 6 – 200 °C, 16 h. 

to 200 °C (Fig. 8). 
The temperature of the hydrothermal 

treatment (180 or 200 °C) does not have any 
significant influence on the micropores with the 
diameter of 0.6 – 40 μm (8 – 10 %) and 40 – 1000 
μm (35 – 45 %). 

Finally, thermal shrinkage of AAC samples 
was investigated (Fig. 9). All samples are shrinking 
similar to 800 °C temperature (1.05 – 1.36 %) but  

spectrum 2 spectrum 1 

spectrum 1 

spectrum 2 

a b 

c 
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Fig.9 - Thermal shrinkage of AAC, when the isothermal 

temperature and duration of hardening were: 1 – 180 
°C, 8 h; 2 – 180 °C, 12 h; 3– 180 °C, 16 h; 4 – 200 
°C, 8 h; 5 – 200 °C, 12 h; 2 – 200 °C, 16 h. 

 
after increment of burning temperature significant 
differences were determined. For instance, 
shrinkage (in the range of 800 – 1000 °C burning 
temperature) of samples treated at 200 °C 
temperature for 16 h is 1.70 %, whereas samples 
autoclaved at 180 °C for 8 h – 3.51 % (Fig. 9, 
curves 1 and 6). 

Therefore, thermal shrinkage of samples 
hardened at lower temperature increased twice. 
This could be explained as follows: lower amount 
of C-S-H (I) is formed in the AAC samples cured at 
higher temperature and later compound intensively 
shrinks with recrystallization to wollastonite at 
higher than 800 °C temperature. Thus, AAC 
samples with lower thermal shrinkage could be 
used for structures, requiring greater resistance of 
the products.  

4. Conclusions 
 
1. It was found that after 8 h of the hydrothermal 

treatment at 180 °C temperature 1.13 nm 
tobermorite and C-S-H(I) are the main products 
in autoclaved aerated concrete samples and 
they have the highest compressive strength. 
Meanwhile, after changing the temperature 
and duration of the isothermal curing, the 
formation of these compounds and values of 
compressive strength decreased.  

2. It was determined that platy shape crystals 
characteristic to 1.13 nm tobermorite are 
formed after synthesis at 180 °C temperature. 
Meanwhile, the morphology of crystals 
changed by increasing temperature to  
200 °C: the surface of pores is covered only 
with fibrous shape crystals and mixture of plate 
like shape crystals together with fibrous 
crystals and amorphous aggregates is formed 
in the structure material. 

3. It was estimated that significantly lower amount 
of semi-crystalline C-S-H (I) remained in the  

 AAC samples after increasing the temperature of 
the hydrothermal treatment from 180 to 200 °C, 
therefore, thermal shrinkage of samples decreased 
twice. In addition, it is recommended to harden 
AAC products at 200 °C temperature for the 
application in the areas, where the operating 
temperature reaches 600 – 650 °C. 
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