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INTRODUCTION
Relevance of the work

Autoclaved aerated concrete (AAC) is an artificial silicate stone,
characterized by its environmental performance, durability, fire resistance, good
heat and sound insulating properties, and is easily mechanically treated (cut,
polished, milled, etc.). Thermal insulation properties of AAC are the best of all
manufactured masonry units. In addition, the use of a thin layer of the mixture as
a binder eliminates the appearance of "thermal bridges", wherefore construction
costs are declined and savings of thermal energy make it possible to reduce heating
costs. Such materials as cement, and/or ground lime as well as fine SiO;
components containing material are used for the production of AAC. These raw
materials are mixed with foamer and water, forming a semi-finished product,
which is hardened in the autoclave under saturated steam pressure.

Calcium silicate hydrates (C-S-H) 1.13 nm tobermorite and xonotlite are the
main compounds which formed during the reactions of AAC production. These
C-S-H significantly influence the mechanical and transport properties of AAC
products. The conditions of formation and stability of these calcium silicate
hydrates are governed by the duration and temperature of AAC hydrothermal
treatment; the CaO/SiO, molar ratio of initial mixture; the composition and purity
of raw materials; used additives; stirring intensity and other factors. Depending on
the the production of autoclaved aerated concrete, different SiO, components
containing raw materials can be used.

Various raw material processing technologies, the composition of formation
mixtures, and different hardening treatment are used during the manufacturing of
products with particular characteritistic. Therefore, calcium silicate hydrates with
different basicity can form in the products. The literature data suggest that calcium
silicate hydrates prepared under hydrothermal treatment act as adsorbents for the
removal of heavy metal ions. However, the chomosorption properties of binding
compounds which formed during AAC production investigated are only
fragmentary.

Besides that, considerable attention should be given to the efficiency of
technological process, which is influenced by the common problems of the
production: slow increment of plastic strength of forming mixture, temperature,
low rate of expansion, and cracks. Due to these difficulties, the production process
is long, and the amount of waste material increases, therefore it is important to
choose the right proportions of initial raw materials and optimize the
manufacturing process without compromising the same/improved product
characteristics.

The aim of this work is to examine the formation kinetic of calcium silicate
hydrates in model and industrial systems in order to optimize the technological



parameters of autoclaved aerated concrete production and expand its rational
application areas.

In order to achieve the aim of the work, we have to accomplish the following
goals:

1. To determine the influence of synthesis parameters on the calcium
silicate hydrates formation kinetics in porous and dense silicate stone and
in unpressed samples as well as to evaluate the dispersibility, texture and
stability of formed products.

2. To investigate the influence of the formation mixture components ratio
and the mineralogical composition of new compounds on autoclaved
aerated concrete properties.

3. To determine the optimal hydrothermal treatment conditions of
autoclaved aerated concrete in industrial production line.

4. To evaluate the utilization possibilities of Cd** and Zn?* ions containing
compounds during the synthesis of calcium silicate hydrate.

5. To propose recommendations for the improvement of autoclaved aerated
concrete technology in order to reduce the amount of binder material in
products, cost and suggest new application areas.

Scientific Novelty of the Research

It was determined that the decrease of compressive strength of autoclaved
aerated concrete products, which occurs by prolonging the duration of hardening,
causes the new compound — gyrolite, which does not possess binding properties,
formation.

It was proved that various materials containing soluble environmental
aggressive transition metal ions can be intercalated, thereby dispose, into the
crystal lattice structure of calcium silicate hydrates during the hardening treatment
of products.

Practical Significance of the Scientific Research

It was found that the amount of cement in autoclaved aerated concrete
formation mixture can be reduced from 21.0 to 16.2 %. This not only reduces
production costs by 5%, but also around a 17.5% increase in the compressive
strength, reducing the amount of waste. Increasing the hydrothermal treatment
temperature from 180 to 200 ° C, most of the semi-crystalline C-S-H(l)
recrystallize to 1.13 nm tobermorite, therefore the thermal shrinkage of products
is reduced by approximately twice and the operating temperature increases from
450 °C to 600-650 °C. The obtained results were implemented in a plant UAB
,Matuizu duju silikatas“, achieved economic effect is 1.7 kg/ m? (production line
capacity - 160 thousands m*/year).



Approval and Publication of Research Results

The results of the research have been presented in four scientific publications
included into the Thomson Reuters Web of Knowledge database: one of them was
published in the Science of Sintering; one was presented in the Advances in
Applied Ceramics, two articles were delivered in the Romanian Journal of
Materials. The results of the dissertation have been reported in six international
conferences proceedings: ,,33nd Cement and Concrete Science Conference”
(2013, UK, Portsmouth); “BaltSilica” (2014, Poland), “BaltSilica” (2016,
Lithuania); ,,ESTAC11: the 11th European symposium on thermal analysis and
calorimetry: (2014, Espoo, Finland); “Chemistry and Chemical Technology”
(2016, Lithuania).

Structure and Content of the Dissertation

The dissertation consists of the introduction, a survey of the relevant
scholarly literature, the experimental section, the results and discussion section,
the conclusions, the list of references and publications on the dissertation topic as
well as appendixes. The list of references includes 149 bibliographic sources. The
main results are discussed on 111 pages illustrated in 11 tables and 80 figures.

Statements Presented for Defence

1. Qualitative and quantitative composition of monobasic calcium silicate
hydrates, which formed during the production of autoclaved aerated concrete, is
determined by its performance properties and the working temperature.

2. The hydrothermal treatment temperature has an influence on the
microstructure of the formed porous stone — by increasing the temperature from
180 to 200 °C, the lamellar 1.13 nm tobermorite crystals are largely transformed
to the fibrous crystals, while the diameter 0.6-0.0065 pum of the prevailing
micropores increased from 49-52 to 54-58%.



EXPERIMENTAL

The following materials were used: ground quartz sand from the JSC
,Matuizu plytiné* field, grinding fineness of up to 250 m?/kg; ground lime (CaO)
from the company “Lhoist Bukowa”, activity of 88.67 %; Cement CEM II/A-LL,
42.5 R mark produced by ,,Akmenés cementas”; gypsum with 89.97 % of
CaS04-2H,0 produced by ,,Dolina Nidy*; aluminum pastes (5-6380/80 and 5-
6355/80) with 80 % of pure aluminium (,,Benda-Lutz“); CaO (“Stanchem,”
Poland, purity 97%) which was produced by burning calcium hydroxide at 950 °C
for 30 minutes and ground to the specific surface area S, of 1190 m?/kg, with the
quantity of free CaO equal to 97.41%; fine ground SiO2-nH>O (“Reaktiv,” Russia,
purity 98%) having a specific surface area S; = 1529 m?/kg, with loss of ignition
— 6.10%; silica gel, i.e., a waste product of AlF3; production in the chemical plant
of “Lifosa” (Kédainiai, Lithuania) (with moisture content 60-65%), dried to <0.5
% of moisture, S, = 964 m?/kg.

Other reagents Zn(NOs),-6H,0, CdO, acetone (CsHsO) and hydrochloric
acid (HCI).

Preparation of forming mixture and formation of speciments. The forming
mixture of autoclaved aerated concrete was prepared and mixed in the industrial
production line. All the required amount of raw materials was weighed at the
beginning of mixing. The components of the forming mixture were mixed in the
high speed vertical propeller stirrer of 5 m® volume by the speed of 1500 rpm.
First, the required quantities of sand and return slurries were mixed with cold and
hot water together (to achieve the temperature mean of 40 °C). Second, cement,
lime and gypsum were added. Finally, aluminum paste suspension was placed.
Overall, the 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. Samples were
hardened in the industrial autoclave (180 °C, 9 or 15 h) of 221 m? capacity. After
hardening, the samples were cut into 100x100 mm cubes and dried to the constant
mass in the conditioning oven at the temperature of 105 £ 5 °C.

AAC speciments hardening in the laboratory. The formed specimens in the
industrial line were cut into (300x300x200 mm) samples and hardened in the
laboratory autoclave of 20 | 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
specimens were cut into 100x100 mm cubes and dried to the constant mass in the
conditioning oven at the temperature of 105 + 5 °C.

The temperature of AAC formation mixture. After the formation mixture
was mixed and poured into mould, their initial temperature and time were
measured. During the fermentation period, the temperature of the formation
mixture were mesuared, firstly, each 5 min, and after 30 min from the beginning
of the experiment — every 10 min. The experiment proceeded until the ending of
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fermentation. Time was measured with chronometer with 1s accuracy and the
temperature with a digital termometer whith 0.1°C accuracy.

The plasticity of AAC formation mixture was mesured at certain intervals,
5 psi, with a mehcanical plastometer. The plastometer was graduated in pounds
per square inch (psi), so the results were converted to Sl units — MPa: 1 psi=
0.006896 kPa=6,896-10° MPa.

The expansion of AAC formation mixture. The height of forming mixture
expansion was recorded every 1 min using mechanical stopwatch with the
precision of 1 s and a metal ruler with the precision of 1 mm.

Optical micrographs of AAC cakes. Fujifilm cameras were used. Resolution
- 12 Mega Pixels, Optical Zoom — 3 times.

The preparation of hardened AAC samples for the experiments of
performance properties. The three cubes with a side length of 100 mm were cut
from AAC samples for the experiments. One sample was cut from the product of
the upper, middle and lower thirds according to expansion direction of formation
mass.

The dry density of AAC samples was determined according to EN standard,
calculating the constant weight (105 * 5)°C after drying three samples (100x100
mm) and their weight by volume ratio.

AAC samples moisture content was determined according to EN standard,
i.e. moisture content is calculated as the weight loss during drying process and the
dried sample weight ratio.

Hydrothermal synthesis of low base calcium silicate hydrates has been
carried out in unstirred suspensions in 25 ml volume PTFE cells which were placed
in a stainless steel autoclave (‘“Parr instruments 4566B” Germany) under saturated
steam pressure at 175, 180 and 200 °C temperature for 4, 8, 12, 16, 24, 48 and 72
hours. The products of the synthesis have been filtrated, rinsed with acetone to
prevent the carbonization of material, dried at a temperature of 50 °C + 5 and put
through a sieve with an 80-pum 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 CuKa 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 the samples were scanned over the
range 26 = 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 PTI11000 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 dilatometric (DIL) analysis was performed by using the Linseis
“L75H1600 Platinum series” with Al,O3 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.

The porosity and pore size distribution of the samples were measured by
mercury intrusion porosimetry (MIP, Micromeritics, AutoPore 9500 1V). Pressure
greater than 400 MPa can be achieved by the calorimetry apparatus and allows the
mercury to penetrate pores as fine as 0.003 pum in diameter.

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 compressive strength of AAC samples was determined according to the
requirements of the standard. 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.

Fourier transform infrared (FTIR) spectra were obtained using a Perkin-
Elmer FTIR Spectrum X system. Specimens were prepared by mixing 1 mg of the
sample with 200 mg of KBr. The spectral analysis was performed in the range of
4000-400 cm* with a spectral resolution of 1 cm™.

The texture of the synthesis products was measured by a BET surface area
analyzer KELVIN 1042 Sorptometer (Costech Instruments). The analyzer
determines the surface area, total pore volume and pore size distribution of a
sample by employing the techniques of adsorbing the adsorbate gas (N2) from a
flowing mixture of adsorbate and an inert non-adsorbable carrier gas (He) at 77 K.

The concentration of Ca?* and Zn?* ions was determined by using a Perkin
Elmer Analyst 400 atomic absorption spectrometer with the following parameters:
Zn?* wavelength = 213.86 nm; Ca?* wavelength = 422.67 nm; hollow cathode
lamp current (1) = 30 mA; type of flame was C.Hj—air; oxidant air = 10 I/min;
acetylene = 2.5 I/min.
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RESULTS AND DISCUSSION

Dependence of autoclaved aerated concrete performance properties
on its mineral composition

Binding materials, which are formed during hydrothermal treatment of
AAC, significantly effect the physical and mechanical properties of AAC
products, and this material cementitious properties, in turn, depends on hardening
conditions and formation mixture composition. This binding material determines
the composition and quantity of formed cementitious compounds and also
influences the cost of product.

The influence of cement addition on the AAC semiproduct formation
process and their properties

The amount of cement in the initial mixtures varied from 13.7 to 23.6 %
(preselected point from 12.5 to 22.5 %) and the amount of sand slurry, respectively
- from 52.3 to 42.6 %. Experiments were carried out in industrial technological
lines using large quantities of raw materials, thus the significant weighing errors
are obtained (Table 1).

Table 1. The composition of raw materials mixtures with different amount of cement

. The amount in mixtures My, ..., Ms, wt. %
Raw material
M1 Mz M3 M4 M5
Ground auartz Preselected point 52.5 50.0 47.5 45.0 42.5
a Error evaluation 52.3 50.0 47.3 44.9 42.6
Preselected point 20.0
Waste slurry -
Error evaluation 18.8 18.7 18.8 18.8 18.9
Cement Preselected point 12.5 15.00 17.5 20.0 22.5
Error evaluation 13.7 16.2 18.6 21.1 23.6
Lime Preselected point 12.5
Error evaluation 130 | 128 | 130 | 120 | 126
Gvosum Preselected point 2.5
P Error evaluation 2.3 2.3 2.3 2.3 2.3
Total amount 100.0 100.0 100.0 100.0 100.0

It was determined that an increased amount of cement has no significant
influence on the temperature and expansion height of formation mixtures. The
amount of cement in formation mixture has an influence on the compressive
strength of formed semiproduct. The highest plasticity strength (0,97-10- MPa) of
formation mixtures was after 90 min of filling mold when the amount of cement
were 21.1 % and 23.6 % (Fig. 1).
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Fig. 1. The dependence of plasticity strength on fermentation duration when the amount
of cement were, %: 1 -13.7;2-16.2;3-18.6;4-21.1; 5-23.6

By increasing the amount of additive from 13.7 % to 23.6 %, after 160 min
the plasticity strength of cake grows more than twice (1.93-10° MPa ir 4.00-10°
MPa). The higher the plasticity strength, the lower the probability that the cake
will crack during hydrothermal treatment, because the cured semi-finished product
can sustain higher internal stresses.

The duration of fermentation reaches 35-39 min, gas of H, released
intensively. At this stage, the expansion of cake ends e. i. cavity of H, gas appears
on the surface of cake and the height has not increased. It should be noted that
increasing the amount of cement, intense outgassing of Hz occurs three minutes
faster and has a positive influence on the quality of the surface of the cake, which
is evaluated visually (Fig. 2).

' a b
Fig. 2. The optical microscopy micrographs of cake after the intense outgassing of Hz
when the amount of cement were, %: a — 13.7; b —23.6.

It was determined that after 9 h of hydrothermal treatment at 180 °C temperature,
the increment of the amount of cement addition from 21.1 to 23.6 % has a negative
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influence on cake quality i.e., the negligible cracks were observed on the surface
of blocs, which were formed from M4 and Ms formation mixtures (Fig. 3, a). One
of the main reasons were that cake gained such high plasticity strength too fast
during the fermentation process, when gas of H, were still released. The release of
H, gas from the hardened cake was difficult, therefore the pressure of gas
increased which causes crack in approximately 5 cm below the top of the cake.

a b

Fig. 3. The optical microscopy micrographs of product with 23.6 % amount of cement
additive: a — block view from top, b — one block

It was found that the compressive strength and density of samples reduced
by increasing the amount of cement from 16.2 to 23.6 % (Fig. 4.). The maximum
compressive strength (3.27 MPa) typical for samples produced from the mixture
M and a density — for the samples produced from the mixture — Mi. By
evaluating/comparing mechanical properties of the formation mixtures and
products, the most suitable composition for the AAC production are formation
mixtures M and M. In addition, from these two mixtures, M is better because it
characterizes better formability and formed products are stronger and lighter
(better heat-insulating properties).
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Fig. 4. The influence of the amount of cement on AAC samples compressive strength and
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XRD analysis data showed that the additive of cement has no significant influence
on the mineralogical composition of AAC samples (Fig. 5.). The main unreacted
SiO, component — quartz (d — 0.426; 0.335; 0.228; 0.182 nm), calcium silicate
hydrate - 1.13 nm tobermorite (d — 1.144; 0.547; 0.281; 0.251; 0.184; 0.167 nm)
and semi-crystalline C-S-H(l) (d — 0.304; 0.278; 0.183 nm) are dominant in all
samples (Fig. 5). It should be noted that the amount of quartz coherently decreases

by adding larger amounts of cement.

14

2.90
470

23.6

484
482
480
£
478
X
476 =
(%2}
474 g

r 472.
470

468
466
464



T
T
KT

T T T
c 179 ATQ
ToQ A OM;Q oQA|KQTQTQ Kpo 5

Intensity, a. u.

3 9 15 21 27 33 39 45 51 57
Diffraction angle 26, degrees

Fig. 5. XRD analysis patterns of AAC samples after 9 h hydrotermal treatment when the
amount of cement: 1 —13.7 %; 2 — 16.2 %; 3 — 18.6 %; 4— 21.1 %; 5 — 23.6 %. Indexes: T
—1.13 nm tobermorite; Q — quartz; A — anhidrite; K — calcite; O — ortoclaze; C — C-S-H(l)

The recommendations of formation mixture composition for industrial plant
of AAC were proposed according to these results: cement - 16.2 %, lime - 12.8%
gypsum - 2.3 % sand slurry - 50.0 %, aluminum paste - 0.11% sludge waste - 18.7
%.
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The influence of lime addition on the AAC semiproduct formation
process and their properties

The 5 mixtures were prepared to examine the influence of lime content on
the AAC product properties (Table 2). The amount of lime in the formation
mixtures varied from 7.7 to 17.5 %, and sand slurry respectively — from 50.0 to
40.2 %. The amounts of other formation mixture components does not vary.

The formation mixture which had the highest amount of lime additive (Mao)
fell after 27 min from the begining of filling. This happens because the initial
temperature of formation mixture was too high, and cake formed faster than
released H; gas. For these reasons, the structure of semiproduct was destroyed and
it deformed.

Table 2. The composition of formation mixture with different amount of lime additive

Raw material The amount in mixtures M, ..., Mo, Wt. %
Ms My Mg My Mo
Ground quartz Preselected ppint 50.0 47.5 45.0 42.5 40.0
Error evaluation 50.0 47.4 45.1 42.4 40.2
Waste slurry Preselected p_oint 20.0
Error evaluation 189 | 189 [ 187 [ 186 | 19.0
Cement Preselected p_oint 20.0
Error evaluation 21.1 21.1 21.2 21.2 21.1
Lime Preselected p_oint 7.5 10.0 12.5 15.0 17.5
Error evaluation 177 10.3 12.8 15.5 175
Gypsum Preselected p_oint 12.5
Error evaluation 2.3 2.3 2.3 2.3 2.3
Total amount 100.0 100.0 100.0 100.0 100.0

In the AAC production thetemperature of cutted cakes is about 85 °C, so
Muoz) and Mg samples temperature was too high - 93.7 and 92.0 °C, and M: too
low - 74.3 °C (Fig. 6). Thus, these compositions of formation mixtures are not
suitable for the production of AAC.
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Fig. 6. The dependence of cake temperature on fermentation duration when amount of
lime, %: 1-7.7;2-10.3; 3-12.8; 4-15.5; 5 — 17.5: Muo; 6 — 17.5: M1o(2)

Plasticity strength of sample Mo are shown in the Figure 7. The pattern
with number 5 showed the plasticity strentgh which was messured in stright place
of cake and the pattern with number 6 showed the plasticity strentgh in dense area
(index - Mlo(z)s).

5.0 -
45 -
40 - 3
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25 1
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Fig. 7. The dependence of plasticity strength on fermentation duration when amount of
lime, %:1-7.7;2-10.3;3-12.8;4-15.5; 5-17.5: M1o); 6 — 17.5: M(2)s
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The intense release of Hy gas into the surface of cake depends on the
formation mixture composition — the more lime it has, the shorter duration of gas
releasement (Table 3). In the cake Mio) duration is twice shorter in Me.

Table 3. Cake fermentation temperature and duration when released Ha gas is intense

Sample Ms M; Mg Mo Mo Miop)
Amount of lime, % 7.7 10.3 12.8 15.5 17.5 17.5
Duration untill the _ 61 49 43 40 27 31
outgassing of Hz, min

Cake temperature, °C 56.2 58.4 61.5 69.6 67.5 63.0

The highest compressive strength is typical for samples produced from the
mixture which has 12.8 % lime addition, and the lowest — samples with highest
lime additive, i. e. 17.5 % (Table 4).

Table 4. The samples compressive strength, mass, moisture content and density dependence
on quantity of lime additive

Sample Me M- Mg Mo MlO(Z)
Compressive strength, MPa 2.84 3.02 3.10 3.01 2.59
Mass of cutted samples, g 631.73 624.98 640.05 626.05 622.33
Mass of dryed samples, g 479.25 471.83 477.70 470.63 467.65
Moisture content, % 31.81 32.46 33.99 33.03 33.08
Density, kg/m?® 469 463 466 470 464

Thus, after this experiment, the formation mixture of AAC samples remain
the same as was reccomended and mentioned above: cement - 16.2 %, lime - 12.8
% gypsum - 2.3 % sand slurry - 50.0 %, aluminum paste - 0.11 % sludge waste -
18.7 %.

The influence of hardening conditions of autoclaved aerated concrete on
tobermorite formation

The average values of the compressive strength of AAC samples are shown
in Fig. 8. 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). Meanwhile, the further increment of the reaction temperature to 200
°C led to lower values of the 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/m? range.
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Fig. 8. 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,4h;3-180°C,6h;4-180°C,8h;5-180°C,12h;6-180°C, 16 h; 7
—200°C,8h;8-200°C,12h;9-200°C, 16 h

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 (Fig. 9, curve 1). A similar amount of the
mentioned compound also remains after 4 and 6 hours of the autoclaving treatment
at 180 °C temperature (Fig. 9, 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. 9, 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. 10, a and b, curve 1).
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Fig. 9. X-ray diffraction patterns of AAC samples, when the isothermal temperature and
duration of hardening were: 1 — 170 °C, 8 h; 2180 °C, 4 h; 3—-180 °C, 6 h; 4 — 180 °C,
8h;5-180 °C, 12 h; 6 — 180 °C, 16 h. Indexes: T — 1.13 nm tobermorite; Q — quartz; A —

anhydrate; C — calcite; O — orthoclase; | — C-S-H (1)
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Fig. 10. DSC (a) and TG (b) curves of AAC samples, when duration of the
hydrothermal treatment at 180 °Cis: 1 -8 h;2-12h;3-16h

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 12.7 to 11.5 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 (1) recrystallization to
wollastonite (847 — 834 °C) decreased from 82 to 23 J/g (Fig. 10, 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); CaCOs (d-
spacing — 0.385; 0.303; 0.187); orthoclase (d-spacing — 0.324; 0.319; 0.182) and
quartz (d-spacing — 0.426; 0.334; 0.182; 0.167) (Fig. 9).

Significant changes in the mineralogical composition were observed, when
the temperature of the isothermal curing was increased to 200 °C (Fig. 11). 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,
decreased.
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Fig. 11. X-ray diffraction patterns of AAC samples, when duration of the
hydrothermal treatment at 200 °Cis: 1 —8 h; 212 h; 3— 16 h. Indexes: T —1.13 nm
tobermorite; Q — quartz; A — anhydrite; C — calcite; O — orthoclase; | — C-S-H (1)

Furthermore, 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; 0.184; 0.167) (Fig. 11, curve 3) were formed. This
compound does not have binding properties.

In order to estimate the morphology of formed compounds, an SEM
analysis was performed (Fig. 12 a, b). 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. 12, a), as well as structure material (between pores). This is in 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.

L

Fig. 12. SEM micrographs of AAC sample cured 8 h at 180 °C temperature (a), and
16 h at 200 °C temperature (b)

Meanwhile, by increasing the temperature and duration of treatment (200
°C, 16 h), the form of crystals was changed (Fig. 12, b). Platelike shape crystals
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together with fibrous crystals and amorphous aggregates were identified in the
structure material (Fig. 12, b). The latest, presumably are associated with gyrolite
gels.

Finally, thermal shrinkage of AAC samples was investigated (Fig. 13). All
samples are shrinking similar to 800 °C temperature (1.05 — 1.36 %) but after
increment of burning temperature significant differences were determined. For
instance, shrinkage (in the range of 800 — 1000 °C 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. 13, curves 1 and 6).
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Fig. 13. 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,8h;5-200°C, 12 h; 2-200°C, 16 h

Therefore, thermal shrinkage of samples hardened at lower temperature
increased twice. This could be explained as follows: a lower amount of C-S-H (1)
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.

The utilization of Cd?* and Zn?** ions containing compounds during
hydrothermal treatment of calcium silicate hydrate

The XRD analysis data showed that in the pure CaO-SiOz'nH>0O-H,0O
system after 4 h of hydrothermal treatment at 200 °C temperature, a semi-
crystalline calcium silicate hydrate C-S-H(l) are formed (Fig. 14., curve 1). It was
found that an unsoluble CdO additive at the begining of sythesis has no significant
influence on the mineralogical composition of formed products because the
diffraction peaks characteristic to C-S-H(I) and CdO (d — 0.235; 0.166; 0.142 nm)
are observed in the XRD curve (Fig. 14., curve 2). Meanwhile the soluble
Zn(NOs),2-6H,0 additive influences the formation of high cristallinity Z-phase
with intercalated Zn?* ions, because in XRD pattern peaks typical to Z-phase (d —
0.157; 0.834; 0.280; 0.180) (Fig. 14., curve 3) are identified.
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Fig. 14. XRD patterns of hydrothermal synthesis products after hydrothermal treatment at
200 °C for 4 h. Indexes: 1 — pure mixtures, 2 — with CdO additive, 3 — with
Zn(NOs3)2-6H20 additive; C — C-S-H(l), Cd — CdO, Z — Z-phase, P — portlandite, K —

calcite

The previous results were confirmed by STA analysis data. Two endothermic
effects were observed in DSC curve: the endothermic effect at 141°C can be
attributed is related to the loss of interlayer water from the crystal structure of Z-
phase (Fig. 15, curve 2), the second - at 451 °C is related with portlandite
dehydration. The exothermic effect at 854 °C was assigned to semi-crystalline C-
S-H(I) recrystallization into wollastonite (Fig. 15., curve 2). Furthermore, the
endothermic effect at ~725 °C can be assigned to the decomposition of calcium
carbonate (Fig. 15., curve 2).
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Fig. 15. STA (1 - TGA curve; 2 — DSC curve) curves of hydrothermal synthesis products
when Zn(NOs)2-6H20 additive were used after hydrothermal treatment at 200 °C for 4 h
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After prolonging the duration of hydrothermal treatment to 8 h, the traces of
Z-phase are identified in pure mixtures and in the mixtures with CdO additive (Fig.
16., curves 1 and 2). Meanwhile in the system with Zn(NOs3),-6H,0 additive
together with Z-phase also unreacted Ca(OH), remained (Fig. 16., curve 3). These
results confirmed the fact that Zn?* ions are intercalated into the structure of Z-
phase and C-S-H(l) and replaced Ca?* ions in their lattice therefore portlandite is
identified in the synthesis products.

Intensity, a. u.

2 7 12 17 22 27 32 37 42 47 52 57
Diffraction angle 2 9, degrees

Fig. 16. XRD patterns of hydrothermal synthesis products after hydrothermal treatment at
200 °C for 8 h. Indexes: 1 — pure mixtures, 2 —with CdO additive, 3 — with
Zn(NOs3)2-6H20 additive; C — C-S-H(1), Cd — CdO, Z — Z-phase, P — portlandite, K —
calcite

It should be highlighted that in the mixtures with CdO, the additive Z-phase
remain stable longer than in the pure system, because the small peak (d — 1.563)
characteristic to this compound is observed after 72 h of synthesis (Fig. 17., curve
2).
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Fig. 17. XRD patterns of hydrothermal synthesis products after hydrothermal treatment at

200 °C for 72 h. Indexes: 1 — pure mixture, 2 — with CdO additive, 3 — with

Zn(NOs3)2-6H20 additive; Z — Z-phase, P — portlandite, K — calcite, G — gyrolite
Thus, the duration of Z-phase synthesis is shorter twice when soluble

Zn(NO3),-6H,0 additive are used. compounds Thus, the sequence of which
formed in a CaO-SiO,-H,O system with Zn(NOs),-6H,0 additive looks as

follows:
C—S—H(I)
CaO +Sio H,O+H,O+ Zi (NO ) 6H.0 4.8h Z—phase
a0 + ol -n + +7n ) __48h
T Ve Ca(OH),
CaCO,
C—-S—H(I)
Z —phase ) .
_ 121 ,lca(OH), __16.2an |OYrolite 4575, [Gyrolite
Z —phase CaCO,
CaCO,
Gyrolite gel

Meanwhile the compounds formation mechanism in the system CaO-

Si02-nH,0-CdO-H,0 at 200 °C temperature occur in the following sequence:
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C-S—H(
Ca0+SiO, -nH ,0+H,0+Cdo —4" o

cdo
_s— Gyrolite gel
C-S-H®) [oolte ot
8,12,16h - 24h - 48,72h Z—phase
Cdo C—S—H(l)
CaCo,
CaCo, CaCo,

Technological recommendations for AAB production without waste

It is recommend to return back to the production line the formed AAC waste
(which formed during the production of AAC), before milling this waste with
sand. Therefore, the required amount of raw materials are weighed 10 and
transported into mixer 11. The formation mixture are poured into form and are
kept 160 min in the fermenatation camera 13. Then, cake is cut into the correct
size of products in the cutting line. Prepared products 18 are hardened in autoclave
19 for 8 h at 180 °C temperature. Obtained products are packed 21 and transported
into storage. The waste which remains on the hardening platform is crushed with a
branchial breaker and then transported to the waste disposal bunker. After this
treatment these wastes can be used as the initial raw material.
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Fig. 18. Principal technological scheme of AAB production without waste:

1 — bunker of raw material, 2 — silos of raw material, 3 — the reservoir of water, 4 — the
reservoir/mixer of aluminum suspension, 5 — screw feeder, 6 — vibro-feeder 7 — ball
mill, 8 — the reservoir of slurry, 9 — pump, 10 — the weight dispenser,11 — mixer, 12 —
metallic form, 13 — fermentation camera, 14 — hardening plate, 15 — form plastered with
olive, 16 — cake, 17 — cake cut horizontally, 18 — cake cut horizontally and vertically, 19 —
autoclave, 20 — hardened cake, 21— packed production, 22 — platform of hardening with
AAB waste, 23 — platform of hardening, 24 — hardened AAB waste, 25 — branchial
breaker. A — waste formed after cutting
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CONCLUSIONS

1.

It was found that by increasing the hydrothermal treatment temperature
from 180 to 200 ° C, most of the semi-crystalline C-S-H(l) recrystallize
to 1.13 nm tobermorite, therefore the thermal shrinkage of products is
reduced by approximately twice and the operating temperature increases
from 450 °C to 600-650 °C.

It was determined that the amount of cement in the autoclaved aerated
concrete, formation mixture can be reduced from 21.1 to 16.2 %, thus
reducing the formation of cracks in formation mixture and thereby
increasing the compressive strength of the product upto 6.7 %.

It was found that in the AAC samples which were hydrothermally treated
8 h at 180 °C the main formed products — 1.13 nm tobermorite and C-S-
H (1) — had the highest compressive strength. Meanwhile, by increasing
the hardening temperature and duration, the lower amount of the
mentioned compounds and new compound — gyrolite — which does not
show the binding properties, resulting in smaller values of the
compressive strength, are formed.

It was estimated that at the beginning of calcium silicate hydrates
synthesis, both soluble and insoluble transition metal ion change the
calcium silicate hydrate formation mechanism in the CaO-SiO2'nH,0—
H0 system. Therefore, the duration of low base calcium silicate hydrates
synthesis is shortened about 2 times when the initial mixture is mixed
with soluble zinc ion addition. Meanwhile, insoluble in the reaction
medium, cadmium oxide became unstable only after 24 h of
hydrothermal treatment and then fully interfered into the structure of the
synthesis products (gyrolite gel and Z-phase).

The recommendations of formation mixture composition for industrial
plant of autoclaved aerated concrete were proposed: cement - 16.2 %,
lime - 12.8 % gypsum - 2.3 % silica flour - 50.0 %, aluminum paste - 0.11
% sand slurry - 18.7 %, W/S=0.675. The achieved economic effect was
1.7 EUR/mM®,
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REZIUME
Temos aktualumas

Autoklavinis akytasis betonas (AAB) — tai dirbtinis silikatinis akmuo,
pasizymintis ekologiSkumu, ilgaamziskumu, atsparumu ugniai, geromis §ilumg ir
garsa izoliuojan¢iomis savybémis bei yra lengvai mechaniskai apdorojamas
(pjaustomas, Slifuojamas, frezuojamas ir t. t.). AAB Silumos izoliacinés savybés
yra geriausios i$ visy gaminamy miro gaminiy. Plono mi$inio sluoksnio, kaip
jungiancios medziagos, panaudojimas eliminuoja ,terminiy tilteliy* atsiradima,
todel mazéja statybos iSlaidos, o sutaupyta Silumos energija sudaro galimybe
sumazinti i§laidas Sildymui. Jam gaminti naudojamos hidraulinés riSamosios
medziagos — cementas ir / arba kalcitinés kalkés bei smulkios SiO, komponento
turindios medziagos. Sios Zzaliavos sumaiSomos su porodariu ir vandeniu,
suformuojamas pusgaminis, kuris sukietinamas autoklave esanc¢iame dideliame
soc¢iy vandens gary slégyje.

Pagrindiniai junginiai, susidarantys vykstanéiy reakcijy metu gaminant
autoklavinj akytgjj betong, yra kalcio hidrosilikatai: C-S-H(l), 1,13 nm
tobermoritas bei ksonotlitas. Jie nulemia gaminiy eksploatacines savybes. Siy
kalcio hidrosilikaty susidarymas priklauso nuo AAB hidroterminio apdorojimo
trukmés ir temperatiiros, pradinio misinio molinio santykio (CaO/SiO,), zaliavy
granuliometrinés sudéties ir grynumo, naudojamy priedy, mai§ymo intensyvumo
ir kity faktoriy. Autoklavinio akytojo betono gamybai gali biiti naudojamos
ivairios, SiO, komponento turinios zaliavos. Gaminant skirtingy savybiy
gaminius pasirenkamos jvairios Zaliavy apdorojimo technologijos, formavimo
misSiniy sudétys, kietinimo rézimai, todél gaminiuose gali susidaryti skirtingo
baziskumo kalcio hidrosilikatai. Mokslinéje literatiiroje yra duomeny, jog kalcio
hidrosilikatai gali buti naudojami sunkiyjy ir radioaktyviyjy metaly jonais
uzterStiems vandenims valyti. Taciau AAB gamybos metu susidaranciy riSamyjy
junginiy adsorbcinés savybés sunkiyjy metaly jonams yra tirtos fragmentiskai.

Pagal Europos Parlamento ir Tarybos direktyvg iki 2020 m. butina pasiekti
bendrg tikslg — atsinaujinanéiy iStekliy energija sudaryty ne maziau kaip 20 %
bendrojo, ES Salyse suvartojamo, energijos kiekio. Nattralu, kad ir Lietuvoje
naujai statomiems gyvenamiesiems namams nuo 2017 01 01 jsigaliojo
reikalavimas, pagal kurj sieny Siluminé varza turi biiti ne mazesné nei 8,3 m*K/W.
Siluminé varza priklauso nuo medziagos Silumos laidumo koeficiento ir
izoliacinio sluoksnio storio. Norint tenkinti Siuos reikalavimus reikia pasirinkti
tinkamas statybines medziagas. D¢l §ios priezasties AAB miiro gaminiai tapo itin
populiariis statyby rinkoje ir §iuo metu yra placiai naudojami, nes gaminant AAB
miro gaminius, démesys yra kreipiamas j svarbiausias galutinio produkto savybes
— gniuzdomajj stiprj ir tankj. Sios savybés nulemia ir kitas eksploatacines savybes,
kurios turi didele jtaka Silumos laidumo koeficiento vertei. Taip pat didelis
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démesys skiriamas technologinio proceso efektyvumo didinimui, kuriam jtakos
turi gamyboje pasitaikancios problemos: létas formavimo masés plastiSkojo
stiprio didéjimas, jos jSilimas, mazas iSsipiitimo greitis bei formavimo maséje
atsirandantys jtrokimai. Dél minéty sunkumy gamybos procesas vyksta ilgai ir
padidéja broko kiekis. Norint optimizuoti patj gamybos procesg nepabloginant,
0 pagerinant gaminio savybes, svarbu parinkti optimalius pradiniy Zaliavy
santykius.

Darbo tikslas ir uzdaviniai

Darbo tikslas — istirti kalcio hidrosilikaty susidarymo kinetika modelinése ir
pramoninése sistemose autoklavinio akytojo betono gamybos technologiniams
procesams optimizuoti ir praplésti jo panaudojimo sritis.

Siekiant uZsibrézto tikslo reikéjo iSspesti Siuos uzdavinius:

1. nustatyti sintezés parametry jtaka kalcio hidrosilikaty susidarymo kinetikai
akytame ir tankiame silikatiniame akmenyje bei nepresuotame bandinyje,
taip pat produkty dispersiSkuma, tekstiirg bei stabiluma;

2. istirti formavimo miSinio komponenty santykio ir naujadary mineralinés
sudéties jtaka autoklavinio akytojo betono savybéms;

3. nustatyti autoklavinio akytojo betono gamybos optimalias hidroterminio
apdorojimo salygas pramoningje gamybos linijoje;

4. igtirti Cd?* ir Zn?* jony turin¢iy junginiy utilizavimo galimybes kalcio
hidrosilikaty sintezés metu;

5. parengti rekomendacijas autoklavinio akytojo betono gamybos technologijos
tobulinimui, siekiant sumazinti riSamosios medziagos kiekj gaminiuose, jy
savikaing ir pasiiilyti naujas panaudojimo sritis.

Mokslinis naujumas

Nustatyta, kad autoklavinio akytojo betono gaminiy stiprumo sumazgjima,
vykstant] ilginant kietinimo trukme, sukelia naujo junginio — girolito, kuriam
nebiidingos riSamosios savybés, susidarymas.

Irodyta, kad gaminiy kietinimo metu j susidaran¢iy kalcio hidrosilikaty
kristaly gardelés struktiirg galima jterpti ir taip utilizuoti medziagas, kuriy sudétyje
yra aplinkai agresyviy tirpiy pereinamyjy metaly jony.

Praktiné verté

Nustatyta, kad autoklavinio akytojo betono formavimo miSinyje cemento
kiekj galima sumazinti nuo 21,1 iki 16,2 %. Tai ne tik leidzia apie 5 % sumazinti
gaminiy savikaina, bet ir ~17,5 % padidinti jy gniuzdomajj stiprj, sumazinti broko
kiekj. Pakélus hidroterminio apdorojimo temperatiirg nuo 180 iki 200 °C, didZioji
dalis pusiau kristalinio C-S-H(I) persikristalizuoja j 1,13 nm tobermorita, todél
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gaminiy terminé susitrauktis sumazéja apie du kartus ir jy darbiné temperatiira
padidéja nuo 450 °C iki 600-650 °C. Remiantis gautais darbo rezultatais
patobulinta UAB ,,Matuizy dujy silikatas* gamybos technologija, dél kurios
gaunamas ekonominis efektas yra 1,7 EUR/m® (gamybinés linijos pajégumas —
160 tikst. m%/metus).

Darbo aprobavimas ir publikavimas

Disertacinio darbo tema paskelbtos 4 mokslinés publikacijos leidiniuose su
citavimo indeksu, jtrauktuose j Thomson Reuters Web of Science duomeny bazg:
Science of Sintering, Advances in Applied Ceramics bei dvi publikacijos Zurnale
Romanian Journal of Materials (1 i$ jy priimtas spaudai).

Disertacijoje atlikty tyrimy rezultatai paskelbti SeSiuose pranesimuose, kurie
skaityti penkiose tarptautinése konferencijose: ,,33nd Cement and Concrete
Science Conference* (2013 UK. Portsmouth); ,,6th BaltSilica® (2014, Lenkija);
,.7th BaltSilica“ (2016, Lietuva); ,,ESTACL11: the 11th European symposium on
thermal analysis and calorimetry* (August 17-21, 2014, Espoo, Suomija);
,»Chemistry and Chemical Technology* (2016, Lietuva).

Darbo apimtis

Disertacija sudaro jvadas, literatliriniy duomeny analizé, metodiné dalis,
tyrimy rezultatai ir jy aptarimas, iSvados, 149 literatliros Saltiniy sarasas, 4
publikacijy disertacijos tema ir 6 praneSimy moksliniy konferencijy medziagoje
sgraSas. Pagrindiné medziaga iSdéstyta 120 puslapiy, jskaitant 11 lenteliy ir 80
paveiksly.

Ginamieji disertacijos teiginiai
1. Autoklavinio akytojo betono gamybos metu susidaranciy vienbaziy kalcio

hidrosilikaty kokybiné ir kiekybiné sudétis nulemia jo eksploatacines savybes
ir panaudojimo temperatiira.

2. Hidroterminio apdorojimo temperatiira nulemia susidarancio akytojo akmens
mikrostruktiira. Ja pakélus nuo 180 iki 200 °C dauguma ploksteliy formos 1,13
nm tobermorito kristaly virsta pluostiniais kristalais, o vyraujané¢iy 0,6—0,0065
um skersmens mikropory kiekis padidéja nuo 49-52 iki 54-58 %.
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ISVADOS

Istirta, kad padidinus hidroterminio apdorojimo temperatiirag nuo 180 iki 200
°C, didzioji dalis pusiau kristalinio C-S-H(I) pereina j 1,13 nm tobermorita,
todél akytojo silikatinio akmens terminé susitrauktis sumazéja apie du kartus
ir jy darbiné temperatiira padidéja nuo 450 °C iki 600-650 °C.

Nustatyta, kad autoklavinio akytojo betono formavimo misinyje cemento kiekj
galima sumazinti nuo 21,1 iki 16,2 %, tokiu biidu sumazinant formavimo
miSinyje atsirandancius jtrikimus ir taip padidinant gaminiy gniuzdomajj stiprj
6,7 %.

Nustatyta, kad hidrotermiskai apdorojant AAB bandinius 8§ h 180 °C
temperatiiroje, susidar¢ produktai — 1.13 nm tobermoritas ir C-S-H(l) —
pasizymi didziausiu gniuzdomuoju stipriu. Tuo metu, didinat kietinimo
temperatiira ir trukme, susidaro mazesnis minéty junginiy kiekis bei susidaro
naujas junginys — girolitas, kuriam nebtdingos ri§amosios savybés, todél
gaunamos mazesnés gniuzdomojo stiprio vertés.

Istirta, kad sintezés pradzioje tirpiyjy ir netirpiyjy pereinamyjy metaly jony
reakcingje terpéje priedai keicia kalcio hidrosilikaty susidarymo CaO-
SiO2nH20-H,O  miSiniuose  mechanizmg. Todél mazabaziy kalcio
hidrosilikaty sintezés trukmé sutrumpéja ~ 2 kartus, kai j pradinius miSinius
imaiSoma tirpaus cinko jony turinCio priedo. Tuo metu, hidroterminémis
salygomis netirpus reakcingje terpéje kadmio oksidas tik per 24 h tampa
nestabilus ir iki galo jsiterpia j sintezés produkty (girolito gelio ir Z-fazés)
strukttirg.

Rekomenduotina formavimo miSinio sudétis pramoninei autoklavinio akytojo
betono gamybai yra tokia: cementas — 16,2 %, kalkés — 12,8 %, gipsas — 2,3
%, maltas smélis — 50,0 %, aliuminio pasta — 0,11 %, §lamo atliekos — 18,7 %,
V/K = 0,675. Gautas ekonominis efektas yra 1,7 EUR/m?3,

UDK 666.97 (043.3)
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