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Abstract: The article evaluates the influence of various plasticizing and structure-forming additives on the hydration
process of non-autoclaved aerated concrete (NAC). The authors have developed a method for the NAC formation with the
introduction of the following modifiers: lignosulfonate (LS), graphene oxide (GO) (1 % aqueous suspension) and
a complex additive — GO/LS. The formation of the structure and the study of new mineral formations in cement stone as
a result of hydration were carried out by X-ray diffraction and differential thermal analysis. According to XRD-analysis,
gas blocks of all compositions contain quartz, tobermorite, calcium hydrogarnets, xonotlite, C-S-H(l), and calcite.
The diffraction pattern of the sample with the addition of GO/LS shows that NAC contains, first of all, high-intensity
reflections of tobermorite, xonotlite, as well as C-S—H and calcite. All other NAC samples are characterized by a lower
intensity of reflections of the indicated calcium hydrosilicates. TG- and DSC-curves for all studied gas blocks have
a similar character — 3 stages of weight loss, except for the control sample. Aerated concrete without additives at
temperatures up to 100 °C loses 0.96 % of its weight, with the addition of LS — 1.20 %, GO — 1.35 %, and complex
additive — 1.72 %. In the temperature range of 400-500 °C, an endothermic effect appears, which indicates the dehydration
of weakly crystallized gel-like hydrosilicates and calcium hydrogarnets. It is this peak that is absent in the control sample.
Thus, based on the diagnostic results, it was established that the complex modifying additive allow to increase of the
hydration product crystallinity of the hardened NAC. The results suggest that the modified NAC containing a complex
additive is more stable and functional during operation than comparative samples of concrete of a traditional composition
without this additive.
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OueHka BJIUSAHUSA KOMILUIEKCHOM HAHOMO AN pUUMPYIoleii 100aBKU
«uraocyab(poHaT/okcna rpadeHa» Ha Mpouece ruAPaATAIIAH
HEABTOKJIABHOI'0 ra300eToHa
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Annoranusi: [IpoBeseHa OLEHKAa BIMSHHS Pa3IUYHBIX IUIACTU(QHUIUPYIOMIMX U CTPYKTYpoOoOpasylomux ao0aBOK Ha
npolecc ruaparanuu HeaBTokiaaBHoro razobderona (HI'B). PaszpaGorana merommka ¢opmuposanuss HI'B ¢ BBeneHuem
cienyronx Moaudukaropos: auraocyinsdonara (JIC), okcuna rpadena (OI') (1 % BoxHast cycnieH3us) ¥ KOMIIEKCHON
nob6asku — OI'/JIC. ®opMupoBaHHe CTPYKTYPHI M HCCIIEIOBaHHE MHUHEPAIbHBIX HOBOOOPa30BaHMI B IIEMEHTHOM KaMHE
B pe3ynbTaTe rUApaTanuyl NPOBOAWINCH METOJOM PEHTTEHOCTPYKTYPHOTO U Au((depeHINaTbHO-TEPMUUECKOTO aHAIH3A.
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CorylacHO PEeHTIeHOBCKOM IU(PPaKTOMETPUH, Ta300JI0KH BCEX COCTABOB COZIEpKaT KBapl, TOOEPMOPHUT, TMAPOrPaHATHI
kanpius, kcoHoriaut, C—S—H(I), kampuut. dudpakrorpamma obpasma ¢ mobdaskoit OI'/JIC mokaseiBact, uro HI'B
COJZICPXKHT, TPEXKIE BCErO, BEICOKOMHTCHCUBHBIC OTPaXKCHUS TOOEpMOpHTa, KCOHOTINTA, a Takke C—-S—H u xampnwura.
s Bcex ocranpHBIX 00pas3noB HI'b xapakrepra Oonee HU3Kass MHTEHCHBHOCTD Pe(IeKCOB YKa3aHHBIX THAPOCHIHKATOB
kaxpuus. TT- u JICK-kpuBBIe 11 BCeX MCCIEAYEMBIX ra300I0KOB UMEIOT CXOXKHH XapakTep — 3 CTYNEHH ITOTePH MAacCHl,
KpoMe KOHTpPOJBHOTo oOpasma. ['azoberon 0e3 mobaBok mpu Temieparype okono 100 °C tepsier 0,96 % wmacchl,
¢ pobaskoit JIC — 1,20 %, OI' — 1,35 %, xomrurekcHOW noGaBku — 1,72 %. B wumaTepBane temmnepatyp 400...500 °C
HOSIBIIACTCSA YHAOTEPMHUIECKUH 3(EKT, KOTOPHIH TOBOPHUT O NETHAPATALMH Cla003aKpHUCTAIUIN30BAHHBIX T'e€Ie00pa3HBIX
THPOCUIIMKATOB U T'MPOTPAaHATOB Kaiblys. VIMEHHO 3TOT MUK OTCYTCTBYET Y KOHTPOJILHOTO oOpasna. Takum oOpa3om,
MO pe3yibTaTaM JUMAarHOCTUKM YCTAaHOBJIEHO, YTO KOMIUIEKCHas Moau(puuMpyromas a00aBka YBEIUYUBAET
KPHUCTAJUTMYHOCTh TPOAYKTOB ruapartanuu 3arBepiesmero HI'B. Pe3ynbrartel TO3BOJISIOT MPEINOJIOKHUTH, YTO
moaupunmpoBannslii HI'B, comepxammii kOMIUIEKCHYIO 100aBKy, siBiseTcs Oojee CTaOMIbHBIM M (DyHKIMOHAIbHBIM
B TIpOIIECCe IKCILTyaTalllH, YeM CpaBHUTENIbHbBIE 00pa3iibl 0ETOHA TPAJUIIMOHHOTO COCTaBa 0e3 TaKkoi J0OaBKH.

KaroueBble cioBa: HEaBTOKIABHBIN ra300eToH; JWrHOCYJIb(OHAT, oKcuj rpadeHa;, KOMIUIEKCHas a00aBKa;
pCHTICHOBCKas qudpakromerpus; auddepeHInatbHO-TEpPMUUESCKUN aHAINU3;, THIPOCHUINKAT KaJbIMs, THUIPATaIUs]
BSDKYLIETO.

Jns uurupoBanus: Aljaboobi DZM, Burakova 1V, Burakov AE, Yarkin VO. Evaluation of the effect of a complex
nanomodifying additive “lignosulfonate/graphene oxide” on the non-autoclaved aerated concrete hydration process.
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1. Introduction

The use of materials with thermal insulation
properties is an urgent task and is of great importance
for the development of the construction industry.
For these purposes, so-called cellular concrete is
successfully used, the category of which includes
foam concrete, foam aerated concrete, autoclaved and
non-autoclaved aerated concrete, etc. Aerated
concrete is successfully used for wall construction —
both external and internal (blocks, panels), floors
(slabs), fences, etc., as well as for construction of
frame structures [1, 2].

Autoclave gas blocks are produced only in
factory conditions in accordance with Russian
Standard 31360-2007 using high-pressure reactors —
autoclaves. Non-autoclaved aerated concrete is
produced in accordance with Russian Standard
25485-89 without the use of expensive equipment at
the construction site. As is known, average density
and strength are the main parameters by which the
choice of thermal insulation building material is
made. At the same density, non-autoclaved aerated
concrete will exhibit lower mechanical characteristics
than autoclaved one, which primarily affects its load-
bearing capacity. Therefore, the urgent task is to
develop the composition of a non-autoclaved aerated
concrete mixture that provides high strength
indicators along with good thermal insulation
properties [3].

The mechanical properties of concrete materials
are greatly influenced by micro- and nanoscale
reactions occurring in the cement paste during the
hydration process. A number of studies have proven
that the addition of nanodispersed particles can

improve the properties of concrete due to the fact that
nanoparticles act as nucleation sites for the growth of
the C-S-H gel framework. The nucleation of
hydration products on nanoparticles promotes and
accelerates the hydration of cement [4-8].

In [9], the authors obtained compositions of non-
autoclaved aerated concrete with the addition of
carbon nanomaterial (CNM) and a composite binder —
fly ash. It has been proven that the introduction of
CNM leads to an increase in the strength
characteristics of aerated concrete by 15-20 % due to
changes in the hydration process and the formation of
additional amounts of calcium hydrosilicates
according to IR spectroscopy.

The authors [10] studied autoclaved silicate
aerated concrete modified with ultrafine mineral
additives with a concentration of 5-10% and
a dispersion of multi-walled carbon nanotubes
(MWCNTSs) up to 0.001-0.005 % by weight of the
binder. In this way, products were obtained from
autoclaved aerated concrete with a density of
540-580 kg-m2 with a compressive strength of
3.4-3.9 MPa, i.e. an improvement in the strength
characteristics of products up to 30 % is achieved
compared to the control sample.

The introduction of MWCNTS dispersion in an
amount of 0.002 % by weight of Portland cement in
the production of autoclaved aerated concrete [11]
contributed to the production of samples with
a density of 180-200 kg-m™ with a compressive
strength of 0.7-0.9 MPa, a thermal conductivity of
0.046 was 0.048 W-(m-°C)™L. The authors of [11]
state that the addition of nanoparticles leads to
a change in the morphology of hydration products,
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which are intertwined plate-like and needle-shaped
crystals of low-basic calcium hydrosilicates. Thanks
to this, a strong spatial frame of the composite is
formed, less susceptible to cracking and destruction.

A team of authors [12] published a study of the
effect of a 1-2% MWCNTs suspension using
carboxymethylcellulose as a surfactant on the quality
and characteristics of autoclaved (AAC) and non-
autoclaved aerated concrete (NAC). It has been
established that modification makes it possible to
increase the bending strength of NAC to 11.23 %,
AAC - to 25.00%; and compressive strength
of NAC — up to 11.03 %, AAC- up to 24.50 %.

There are works aimed at modifying cement
stone with graphene oxide (GO), graphene
nanoplates, etc. [13-15]. Research results [16] show
that the addition of multilayer graphene can achieve
an increase in compressive strength by 54 % and
flexural strength by 21% for cementitious
composites, respectively. The addition of 0.03 %
GO [17] makes it possible to increase the flexural
strength of cement stone by 77 % and compressive
strength by 47.6 % for compositions aged 28 days.
The results of modification with nanographene
(multilayer graphene with a number of layers
of 5-10) in an amount of 0.8 % of autoclaved aerated
concrete [18] show an increase in compressive and
tensile strength, as well as impact resistance by
45, 81 and 130 % compared to the control sample.
At the same time, the water absorption of the samples
was reduced to 61 %.

Thus, nanotechnologies and nanomaterials as
modifying additives can be effectively used to
improve the properties of concrete, increase their
mechanical  characteristics, thermal insulation
capacity, and, as a result, increase the durability of
building structures built on their basis.

The purpose of this work is to identify the
influence of additives, in particular, based on GO and
lignosulfonate, on non-autoclaved aerated concrete
by studying cement stone using X-ray diffraction and
differential thermal analysis.

2. Materials and Methods
2.1. Materials

To obtain NAC samples, Portland cement M500
(Paladium, Zhukovsky, Russia), dry sand Russian
Standard 8736-2014, slaked construction carbonate-
lime flour (LLC “StroyKomplekt”, Voronezh,
Russia), aluminum powder, tap water (ratio
water/cement was 0.4) were taken. To modify NAC,
powdered lignosulfonate (AKVAKHIM LLC, Kazan,
Russia) and a 1% aqueous GO suspension
(NanoTechCenter LLC, Tambov) were used.

2.2. Preparation of GO/LS non-autoclave
aerated concrete specimens

Samples of aerated blocks were prepared with an
GOJLS content of 0.0002 wt. % and 0.16 wt. % LS
by weight of cement. NAC samples were also
obtained only with the addition of GO at the indicated
concentration and separately with the addition
of 0.16 wt. % LS. To prepare the modifying additive,
the following procedure was developed:

a) at the first stage, an aqueous solution of
lignosulfonate was obtained: the required amount of
lignosulfonate powder was added to distilled water
heated to 80°C and stirred continuously for
10-15 minutes;

b) the pH of the agueous GO suspension was
adjusted to 10 by adding 1 M NaOH solution. The pH
was measured using a HI 2210 benchtop pH meter
(HANNA Instruments, Woonsocket, USA);

c) asuspension of GO was added to LS solution
cooled to room temperature and kept at 90 °C.

2.3. Test methods and specimens

For each cement composition, cubes measuring
70x70x70 mm were cast to determine compressive
strength and 40x40x160 mm to assess flexural
strength. The compaction of the aerated concrete
mixture was carried out on a vibration platform in
accordance with Russian Standard 17674-72 with the
mandatory presence of a vertical component of
vibrations. On the 7" day of hardening, the cubes
were removed to continue strengthening (28 days).
To determine the compressive strength, an IP-500
press with a maximum force of 50 tons (JSC ZIPO,
Armavir) was used, and the bending strength
was determined using a uniaxial testing machine
with a power of 2000 kN and an applied load of
0.4 MPa-s™,

2.4. Analytic methods

The study of new mineral formations in cement
stone was carried out by X-ray phase analysis using a
Thermo Scientific ARL Equinox 1000 X-ray
diffractometer (TechTrend Science Co., Ltd.,
Taiwan) (wavelength A =0.1540562 nm (copper
anode). Determination of weight change under
temperature influence were carried out using
a NETZSCH STA 449 F3 Jupiter instrument
(NETZSCH-Feinmahltechnik GmbH, Selb,
Germany) with simultaneous thermogravimetric
analysis (TGA) and differential scanning calorimetry
(DSC) (measurement in the air atmosphere at
a heating rate of 10 K-min™%).
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3. Results and Discussion

It is well known that the hydration process of
Portland cement represents a series of chemical
transformations [19]. When water interacts with
cement grains, a chemical reaction occurs, due to
which needle-shaped crystals appear on the surface of
the grains and in the water. Over a short time, the
volume of these new formations increases, and the
cement grains form a developed spatial network
among themselves. After 8-10 hours, the gelation
process continues and the entire volume, in which
cement grains gradually decrease, is filled with
calcium hydrosilicates, aluminates, sulfoaluminates,
ferrites, sulfoferrites and hydrogarnets (depending on
hydration conditions, the composition of the concrete
mixture, etc.). The remaining voids are filled,
although not so intensively, with hydration products,
i.e. clinker minerals. The resulting silicate structure
turns into cement stone and after a day begins to
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displace the aluminate structure. After completion of
the hydration process, the cement stone hardens and
becomes strong [20].

The formation of the cellular structure of aerated
concrete occurs as a result of a chemical reaction
between the gas-forming agent and the component
actively acting on it with the release of gas. The
expansion of the forming micropores continues as a
result of the pressure that the gas exerts on the pore
walls and the concrete mixture in contact with them.
In this work, aluminum powder was used as a gas
generator; when interacting with calcium hydroxide,
hydrogen is formed.

According to XRD-analysis (Fig. 1), NAC
samples — both original and modified — contain the
following compounds: quartz (B-SiO2); tobermorite
(5Ca0-3Si02-H20); calcium hydrogarnets (3CaOx
xAl203-xSi02-(6-2x)H20); xonotlite (6CaO-6SiO2x
xH20); C-S—-H(l); calcite CaCOs3.
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Fig. 1. X-ray diffraction patterns of NAC samples: a — control; b — modified LS;
¢ — modified GO; d — modified with a complex additive
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The X-ray spectrum of unmodified NAC shows
reflections of quartz with high intensity peaks at
20 =26.5, 37, 46.5, 60° (Fig. 1, a). Peaks of calcium
hydrosilicates, such as tobermorite and xonotlite,
have a lower intensity value. The resulting diffraction
pattern suggests an insufficient degree of crystallinity
and heterogeneity of new formations that are formed
as a result of hydration of cement stone. Also, the
diffraction pattern of the control sample contains low-
intensity reflections corresponding to hydrogarnets
and calcite.

Aerated concrete samples modified with
lignosulfonate (Fig. 1, b), according to XRD-analysis,
contain large quantities of reflections related to low-
basic calcium hydrosilicates, in  particular,
tobermorite, C-S—H, and xonotlite. It is noteworthy
that the introduction of LS significantly increased the
intensity of the tobermorite peaks, especially at
20 =29°, and the intensity of the quartz peak at
20 = 26.5° decreased several times. The intensity of
the peak corresponding to xonotlite also increased
(at 26 = 21°). The observed changes in the crystalline
pattern in gas silicate are explained by the fact that
heterogeneous reactions of calcium hydroxide and
silicon-containing components in the aerated concrete
mixture occur more fully [19].

The introduction of graphene oxide into the
composition of the aerated concrete mixture (Fig. 1, ¢)
also contributes to a change in the crystal structure of
mineral new formations, as does the addition of
drugs. Compared to the control sample, the intensity
of diffraction reflections of tobermorite, xonotlite and
hydrogarnets increases in NAC modified with GO.
It is known that calcium hydrogarnets also participate
in the structure formation of aerated concrete
mixtures and increase the durability of products.

The X-ray diffraction pattern of NAC (Fig. 1, d),
modified with a complex additive of GO/LS, shows
a significant difference in the diffraction pattern of
this sample from the previous ones. The difference
lies in the high intensity of reflections primarily from
tobermorite, xonotlite, as well as C-S—H and calcite.
This fact suggests that the mineral new formations
formed during the NAC hydration are well
crystallized and form a strong framework of
hydration products, thereby increasing the strength of
aerated concrete due to the strengthening of interpore
partitions [19].

The results obtained during the differential
thermal analysis of the NAC samples studied in the
article are presented in Fig. 2.

According to TG- and DSC-curves, at
temperatures up to 100-150 °C, water is removed

from low-basic calcium hydrosilicates of the
tobermorite type, which is accompanied by heat
absorption [12].

A pronounced endothermic effect in the
temperature range of 400-450 °C indicates the
dehydration of gelled hydrosilicates and calcium
hydrogarnets. Small endo-effects at temperatures
from 550-900 °C arise due to the decomposition of
calcium bicarbonates formed during the carbonization
of aerated concrete [21].

In general, the TG- and DSC-curves for all
studied materials have a similar character as
described above — 3 stages of weight loss, except for
the control sample.

Aerated concrete  without additives  at
a temperature of about 100 °C loses 0.96 % of its
weight, with the addition of LS — 1.20 %, GO -
1.35 %, complex additive — 1.72 %. An increase in
the percentage of residual weight in a given area
indicates that the volume of water adsorbed by the
sample is increasing. This fact allows us to assert that
the introduction of a complex GO/LS additive
increases the porosity of aerated concrete [12].

At the next stage in the temperature range of
400-450 °C, which is observed only in modified
NAC samples, a slight weight loss of about 1 % is
recorded for all samples. Recording of weight loss
stops at 1098 °C. Up to this point, in the range of
550-700 °C, the weight of the modified samples
decreases by an average of 4 %. The lowest value of
the residual weight of NAC is observed for the
control sample — 84.47 %, with the addition of LS —
86.40 %, GO — 87.10 %, complex additive — 87.57 %.
This fact suggests that NAC with the addition of
GO/LS is more durable and less susceptible to
thermal influences.

Thus, as a result of X-ray diffraction and
differential thermal analysis of cellular concrete
samples, the effectiveness of introducing a complex
GO/LS additive has been proven, which has
a positive effect on the structure formation of cement
stone and the morphology of hydration products —
new formations of gas silicate.

It should also be noted that the patterns found as
a result of the physical and structural analysis are
correlated with the data of mechanical tests of the gas
blocks under consideration (Table 1) [22].

It has been established that the complex additive
allows to obtain the highest values of the mechanical
characteristics of NAC: an increase in bending
strength by 30 % and compressive strength by 35 %
is achieved.
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Fig. 2. TG- and DSC-curves of NAC samples: a — control; b — modified LS;
¢ — modified GO; d — modified with a complex additive

Table 1. Flexural and compressive
strength values of NAC

Samples Control LS GO GO/LS
additive  additive  additive

Bending

strength, MPa 1.15 1.38 1.27 1.67

Compressive

strength, MPa 1.25 1.45 1.53 1.92

4, Conclusion

Using the methods of differential thermal and
X-ray diffraction analysis, the quantitative and
qualitative content of hydration products of cement
stone of NAC samples modified with additives of LS,
GO and the complex composition of GO/LS was
assessed. XRD-analysis made it possible to determine
the phase composition of new formations that arise
during the hydration of the binder, as well as to

evaluate the influence of various types of additives on
the NAC crystallization. It was established that all the
obtained gas blocks contain quartz, tobermorite-like
calcium hydrosilicates, calcium hydrogarnets, xonotlite,
C-S-H(l), calcite CaCO3. When modifying NAC with
a complex additive of GO/LS, an increase in the
reflections of tobermorite, xonotlite and C-S-H(l) is
observed, which allows to speak about an increase in
the crystallinity degree of new mineral formations of
cement stone. According to the results of TG- and
DSC-analysis, endothermic effects caused by
dehydration of calcium hydrosilicates and destruction
of their structure were discovered. The thermograms
of all samples revealed three main enfo-effects
associated with the removal of adsorbed water from
gel-like hydration products, dehydration of low-basic
calcium hydrosilicates, and decomposition of calcium
carbonate. The obtained XRD and TG/DSC analysis
data are in good agreement with strength tests
demonstrating the effectiveness of using the complex
GO/LS additive for modifying NAC.
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