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Today, the topical issue is the development of a model of mineral binders’ hy-
dration processes that would allow taking into account the most initial parame-
ters and characteristics, conditions, and the mechanism of the hydration pro-
cess. Developing this model requires a large amount of information. Most mod-
els only allow for the effect of original components. Besides, with the acquired
properties, the optimization process becomes complicated due to the increase in
anumber of models in connection with the application of optimality criteria for
the relative properties. Moreover, due to the fact that there is no specified ratio
of components topochemically hydrated in the gypsum system under a solu-
tion-based scheme, the hydration process becomes more complicated. Thus, to
develop the model, we should justify a large number of assumptions. Besides,
selecting the optimality criteria by indirect indicators does not give a clear pic-
ture of the intended end use of the model. We should also take into account a
scaling level and a relationship between the macro-, micro-, and nanoscales.
Modelling of mineral binders’ hydration processes is presented in the form of a
system that changes over time and undergoes macro- to microscale, micro- to
nanoscale, nano- to microscale, and micro- to macroscale stages, using a direct
model as an example. The transition from a macrosystem and a microsystem to
a nanosystem with the formation of a dispersion medium is presented in the
form of a surface consisting of nanoparticles in the multidimensional phase
space. The surface is the interface between the structural elements and the dis-
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persion medium. The second surface is the interface between the dispersion
medium and the hardened structure. At the interface, a partial transition from
macro- and microsystems to a nanosystem occurs as well as a topochemical re-
action of calcium-sulphate transition from hemihydrate to dihydrate. The
most high-strength skeleton frame can be developed by adjusting the values of
solid surface and crystallization nuclei, which affect the initial three-
dimensional structure and the formation of a durable framework. The internal
stresses leading to softening of a structure that has not been yet formed do not
arise because the blocks’ splicing occurs in a free space. Chemical potential is a
unit to measure a change in a characteristic function at constant parameters
and mass fractions (concentrations) of all substances except the mass fraction
(concentration) of a component, the amount of which varies in the system. If
the hydration process is topochemical, structure formation rate will be de-
pendent on particle-size distribution and intraparticle diffusion rate.

AKTyaJILHOIO € Po3po0Ka MOZEJIO IIPOIleciB rigparailii MiHepaabHUX 3B A3yBa-
JbHUX PEUOBUH, SKUI BPaXOBYBaB O 3HAUHY KiJIbKiCTL MEPBUHHUX IapaMeTpPiB
i XapaKTepuCcTUK, YMOBHU Ta MeXaHi3M mpoIiecy rigparariii. [[Jis cTBOpeHHA TaKo-
T'0 MOJIeJIIo ITOTPi0OHAa 3HauHa KilbKicTs imdopmairii. BaraTo MmozmesriB BpaxoByIOTh
BILIUB TiTbKM BUXiZHUX KOMIIOHeHTiB. KpiMm Toro, mpoiiec onTumisalrii 3a Bxiz-
HUMU IIapaMeTpaMU YCKJAAHIOETHCA uepe3 30iJbIIeHHs KiJIbKOCTH MOJAENIB Y
3B'S3KY 3 BUKOPUCTAHHAM B SKOCTi KPUTEPiiB ONTUMAJILHOCTI BiIHOCHAX BJIac-
tuBocTeli. Takox y 3B A3KY 3 TUM, IIJ0 He BCTAHOBJICHO CIIiBBiJHOIIIEHHS KOMIIO-
HEHTIB, AKi riipaTyoTh y I'iICoBill cucTeMi 3a pO3YUHHOIO Ta TOIIOHIMiUHOIO CXe-
MaMH, 3POCTa€ CKJIAAHICTL MOJENIOBAHHSA mpolecy riaparaiii. Tomy mjsa cTBo-
PEeHHA MOJeJ0 HeoOXiTHO OOI'PYHTYBaTH BEJUKY KiJbKicTh momyieHb. o Toro
°K BHOip 3a HEIPAMUMU IIOKAa3HNKaAMU KPUTEPiiB OIITUMAJIBHOCTH He Ja€ JiTKOC-
TH YSABJEHHS IPO KiHIIEBY MeTy IIpU3HaueHHA Moae 0. TakoK moTpidHo Bpaxo-
BYBATH PiBeHb MAacIITA0yBaHHS, B3a€EMO3B A30K MAKpO-, MiKPO- T4 HAHOPO3Mip-
HocTell KoMmoHeHTiB. Mo/e/I0BaHHS IIPOIleciB rifparalrii 38 43yBaJbHUX PEUO-
BUH IPEICTABJIEHO ¥ BUTJIALL CUCTEMH, ITT0 3MiHIOETHLCA B Uaci Ta MPOXOIUTh Ue-
pes crazii 3a cxeMo0 MakKkpo—MiKpOo—HaHO—MiKpPO—MaKpo, Ha IPUKJIALI IPIMOI
mopesi. [Tepexin MaKpo—MiKpo B HAHOCHCTEMY 3 YTBOPEHHSAM JMCIIEPCHOTO cepe-
TOBUIIIA IPEICTABJEHO Yy BUTJIALL IOBEPXHI, 110 CKJIAAAETHCA 3 HAHOYACTUHOK V
GaraToBuMipHOMY (ha30oBOMY IPOCTOpi. ITIoBepxXHA € PO3MiIbU0I0 MEIKEI0 CTPYK-
TYPHUX eJIEMEHTIB i AmciepcHOro cepenoBuina. [[pyra moBepxHAa — posaijgbua
MeKa OUCIIEPCHE CepeloBUIle—3aTBepAia cTPyKTypa. Ha posminbuiii mexxi Bin-
OyBaEThCS YACTKOBUI IIePexiT MaKpo- Ta MiKPOCHCTEMU B HAHOCHUCTEMY, a TAKOMK
TOIOXEMiuHa peakKIlif Iepexoy HaliB3HeBOAHEHOro Timncy B ABoBomHUi. CTBO-
PeHHsS KapKacy 3 HaWOiJbII BHCOKOIO MIiITHICTIO MOXKHA JOCATTU, PEryJII0I0un
BeJIMYMHY TBEPAOI MOBEPXHi Ta MEHTPiB Kpucrasisarii, AKi BIIMBAIOTh HA Iep-
BUHHY IIPOCTOPOBY CTPYKTYPY. BHYTpIillIHi HaIpyKeHHs, 1110 IPU3BOAATE J0 TI0-
HIKEeHHS MIiITHOCTH ITle HEYTBOPEHOI CTPYKTYPH, He BUHUKAIOTh BHACJIIJOK TOTO,
1110 3POIleHHs 0JI0KiB BimOyBaeTheA y BiabHOMY IIpocTopi. Miporo 3amMiHu xXapak-
TepucTUYHOI QYHKIIIT ITpy nocTifiHMX napamMeTpax i Macax (KOHIIEHTpAIlisaX) BCix
PEYOBUH 3a BUHATKOM Macu (KOHIIEHTPAIIil) TOro KOMIIOHEHTA, KiTbKiCTh AKOTO
3MIiHIOETHCA B CUCTEMi, € XeMIiUHUUA HMOTEHITiAI. ¥ pasi, KoJu mpoIliec rigpararii
e TomoxeMiuHO, MIBUAKICTE (POPMYBAHHA CTPYKTYPHU Oyze 3ajiekaTH Bifm rpa-
HYJIOMETPUYHOTO CKJIAAY KOMIIOHEHTIB i mBuaKocTu audysii BcepeauHi 3epHa.
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AKTyalIbHOU ABJIseTcs padpaboTKa MOJAEJU MPOIecCOB Ir'ApaTalui MUHEPAJIb-
HBIX BKYIIIUX BeIECTB, KOTOpasd Obl YUYMTHIBAJA 3HAUNTEIHLHOE KOJHNUECTBO
TIepBOHAYaIbHEIX TapAMETPOB 1 XapaKTePUCTUK, YCIOBUA 1 MEXaHU3M IIPOIiec-
ca rumparanuu. [[Jig co3maHUA TaKOHM MOAEeNN HeoOXOAUMO 3HAUNTEJIbHOE KO-
JudecTBO mHGOpManuu. MHOTME MOAENN YUNUTHIBAIOT BIAUSHUE TOJBKO UCXOI-
HBIX KOMIOHEeHTOB. Kpome Toro, mpoiiecc onTUMHU3ANUU O BXONAIIUM IIapa-
MeTpaM YCJOKHIETCA 3a CUET YBEJIUUECHUSA KOJIMYECTBA MOJEJIeH B CBASU C IIPU-
MeHeHIEeM B KaueCTBe KPUTePreB ONITUMAJIbHOCTH OTHOCUTEIBHBIX CBOMCTB. A B
CBA3HU C TEM, UTO He YCTAHOBJIEHO COOTHOIIIeHNEe KOMIIOHEHTOB, KOTOPhIE THUAPAa-
THUPYIOTCS B TUIICOBOM CHCTEMeE IO PACTBOPHOI M TOIIOXUMHUUECKOI cXeMaM, BO3-
pacTaeT CJIOXKHOCTH MOIEJIUPOBAHUA IIpoliecca rugparamuu. IlosTtomy myia co-
3IaHUA MOJENIN HeoO6X0oauMO 000CHOBATEL GOJIBIIIOE KOJUYECTBO HomnyiieHuii. K
TOMY K€ BBIOOD IT0 KOCBEHHBIM ITOKA3aTeJAM KPUTEPUEB ONITUMAJIbHOCTY HE a-
6T YETKOCTY TIPEICTABJICHUI KOHEUHOMH ITeIu HasHaueHuA Moaeau. TakiKke HeoO-
XOINMO VYNTHLIBATh YPOBEHb MACIITAOMPOBAHU S, B3AUMOCBA3b MaKpO-, MUKPO-
¥ HaHOpasMepHOCTel KOMIIOHeHTOB. MoenanpoBaHMe IIPOIIECCOB THAPATAIINH
BSUKYIIIUX BEIECTB IPEJCTaBJICeHO B BU/Ie CUCTEMbI, MUBMEHSIOIENCA BO BpeMeHU
U TIPOXOAAIIEH Yepes CTaAUM 10 cXeMe MaKPO—MUKPO—HAHO—MUKPO—MaKpo, Ha
mpuMepe IpaMoii mogenu. Ilepexos MaKpo—MHKPO B HAHOCHCTEMY ¢ 0OpasoBa-
HUeM JUCIIEPCHOI cpeabl IPeACcTaBIeH B BUIe MOBEPXHOCTH, COCTOMAIIel 13 Ha-
HOYACTUIL B MHOTOMEPHOM (ha30BOM IIpocTpaHCcTBe. [I0BEpPXHOCTD SBJISAETCA Ipa-
HuUIell paszesa CTPYKTYPHBIX 9JI€MEeHTOB U JUCIIEPCHOI cpenbl. BTopas mosepx-
HOCTh — TpaHUIlA pasjeiia AUCIIepCHAas cpela—s3aTBepheBIas CTpyKTypa. Ha
TpaHUIe pasjesia IIPONCXOIUT YACTUYHBIN Iepexol MaKpo- U MUKPOCHUCTEMBI B
HAHOCHUCTEMY, a TaKyKe TOIMOXUMHUUYECKasa PeakIus mepexo/a MOJyBOTHOTO THII-
ca B nIByBoAHLIN. Co3maHne KapKaca ¢ Hanbojee BBICOKOM ITPOUYHOCTHIO0 MOYKHO
IOCTUYD, PETYJIUPYA BEIUUNHY TBEPAOI MOBEPXHOCTHU U IIEHTPOB KPUCTAJLIN3a-
IIUY, KOTOpbIe BJIUAIOT Ha IIEePBOHAYAJIBHYIO ITPOCTPAHCTBEHHYIO CTPYKTYPY.
BuyTpeHHMe HaAPIKEHUA, TPUBOAAIINE K PA3YIIPOYHEHUIO eIé HecopMupo-
BaBIIIeCA CTPYKTYPHI, HE BOBHMKAIOT BCJIEACTBUE TOTO, UTO cpacTaHue OJOKOB
IIPOMCXOAUT B CBOOOMHOM HpOoCTpaHCTBe. Mepoil n3MeHeHUsT XapaKTepPUuCTHuIe-
CKOM (DYHKITMU IIPU IIOCTOAHHBIX IapaMeTpax 1 MaccaxX (KOHIIEHTPAIUAX) BCeX
BeIIeCTB 3a MCKJIIUeHNEeM Macchl (KOHIIEHTPAIIUM) TOTO KOMIIOHEHTa, KoJauue-
CTBO KOTOPOT'O M3MEHSEeTCA B CUCTeMe, ABJIAETCA XUMUUYEeCKHH moTeHnuaa. B
caydae, KOTZia MPOIlece TUAPaTaliuy UAET TOMOXUMUYECKH, CKOPOCTh (DOPMUPO-
BaHUS CTPYKTYPHI OyAET 3aBUCETHh OT I'PAHYJIOMETPUYECKOTO COCTaBa KOMIIO-
HEHTOB 1 CKopocTu nudpysnu BHYTPHU 3epHA.

Key words: hydration, mineral binders, nanosystem, hardened structure,
modelling.
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1. PROBLEM STATEMENT

Currently, levels of development of mineral binders-based construc-
tion materials engineering and production technologies (solutions,
concretes, etc.) pose a challenge of creating models that would allow for
the maximum number of initial parameters and properties of compo-
nents as well as the mechanism and conditions of hydration processes.
The research technology (sequence of operations, transition to the
nanolevel) mainly consists of two stages: modification of binders dur-
ing manufacturing and hydration processes (Fig. 1).

In the first variant, in the ‘binder—hydration process—hardened sys-
tem’ research scheme, the hydration process in most existing models is
described in terms of the ‘black box’ principle [1]. The disadvantage is
that a significant amount of information is required when somewhat
setting the hydration process conditions, which is actually impossible
to achieve. Moreover, ‘composition—property’ systems take into ac-
count only the impact of initial components; and therefore, the model
is not universal. Besides, relative properties (physical, chemical, and
mechanical) are used as optimal criteria that increases the number of
models and complicates the optimization process for all input parame-
ters. Information about the object using the black box method does not
make it impossible to obtain information about internal processes.

Y =f(x,%,...x,), (1)

where x4, ..., X, are impact factors (properties of binder); Y is an output
factor (optimization factor).

The same pattern is used in estimating the impact of hydration pro-
cess conditions. Simplified mathematical model:

Y =1(2,2...2,)> (2)

where z,, ..., 2, are impact factors (hydration process conditions); Y is
an output factor (optimization factor).

The complexity of the model development is also because the theoreti-
cal mechanism of hydration of mineral binders has not been clearly identi-
fied. For example, hydration of gypsum systems still has various inter-
pretations. Nevertheless, the most challenging issue is that the ratio of
components hydrated under the solution scheme to those hydrated topo-

Conditions,
process,
mechanism

Binder

Y
Y

End product

Fig. 1. Process flow diagram of the research.
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chemically is not determined. It can also be possible that this ratio varies
depending on hydration conditions and properties of hydrating compo-
nents.

According to the solution scheme, the amount of water should be
four times greater than the amount of binder (solubilities of dihydrate
and hemihydrate are 2.05 and 8.5, respectively), which is completely
not true to the fact [3]. In addition, changing concentrations of the so-
lution and the reversibility of reactions results in additional questions
in respect of this scheme.

When considering the process hydration scheme, we can also see a
lack of theoretical justification for the process. Since direct attach-
ment of water in inside a particle is caused by diffusion and change in
the size of the crystalline lattice.

The process thermodynamics can be presented only in general, i.e.,
using the total amount of heat released during the hydration of bind-
ers’ components. The process complexity increases manyfold.

When considering modelling of hydration process, it should be em-
phasized that when creating a model, you need to justify a large num-
ber of assumptions.

The third one is that selecting optimality criteria is performed by
indirect indicators: strength, chemical proof, density, etc., which does
not give a clear picture of the model’s end use. Thus, there should be a
particular model for each case. We should also take account of a scal-
ing level and a relationship between macro-, micro-, and nanoscales of
components [4].

A reverse model where a structure with optimizing properties is
used as an input factor is a more attractive one. In this case, hydration
processes and components are the target values, i.e., the nanotechnolo-
gy approach is used.

In this paper, the authors propose to consider the hydration process as
a system whose state changes over time passing macro—micro—
nanostages.

Thus, in solving the problems on increasing physical and mechanical
properties in modelling, the main challenge is the creation of a univer-
sal model of mechanisms of hydration processes of mineral binders to
determine the initial components and conditions of interaction there-
of. The aim of this article is a modelling of hydration processes of min-
eral binders in the form of a system that changes over time and under-
goes the macro—micro—nano—micro—macro scheme using a direct mod-
el as an example.

2. RESULTS AND DISCUSSION

Among gypsum binders, calcium sulphate hemihydrate of the a and 8
modifications and natural or manufactured anhydrite (CaSO,) with
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various impurities are most widely used in construction. Either tech-
nical water or natural one containing various salts is used as a grouting
fluid. The components are characterized by the structure, density,
presence of impurities, and granulometric composition thereof.

It should be noted that the transition of calcium sulphate dihydrate
to hemihydrate and anhydrite II occurs at a heat consumption rate as
follows [4]:

CSH, —» a-CS % H, — 17.2 kJ/mole (1) or 83.7 kJ/mole (steam);

CSH,—~> B-CS%H2 — 19.4 kJ/mole (1) or 85.47 kdJ /mole (steam);

CSH, — CS-anhydrite IT — 16.9 kJ /mole (1) or 105 kJ /mole (steam).

Hemihydrate (CaSO,-0.5H,0) (bassanite) crystallizes in the mono-
clinic system, and the crystal lattice consists of chains of Ca?" ions and
S0, % groups located parallel to the C axis forming spatial channels
with hydration water therein. Interatomic distances in a hemihydrate
are approximately 0.306—0.375 nm, and 0.244 nm in a dihydrate. True
density of calcium sulphate hemihydrate is 2.72 g/cm?® and 2.72 g/cm?®
when transitioning to dihydrate [7].

CaSO, + 2H,0 | Condition,
CaS0,-0.5H,0 + 1.5H,0 "l process, t, °C

» CaSO,-2H,0

Fig. 2. Overall structure of modelling of hydration process conditions.

Fig. 3. Structure packing: (a) CaSO,-2H,0; (b) CaS0,-0,5H,0; (c¢) CaSO, [6].
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Crystals in a-hemihydrate are prismatic and well-shaped, while -
hemihydrate has a fibrous and cryptocrystalline structure. Specific
surface area of 3-CaS0,0.5H,0 is 2.0 to 2.5 times greater than that of
the surface of a-CaS0O,-0.5H,O due to water dispersing and vapour
formation between fibres during heat treatment. Anhydrite II has a
crystal lattice characterized by the presence of Ca®" chains and SO,
groups located parallel to the axis[8].

Modelling of hydration processes is mainly performed using two
methods. The first method is used to estimate the effect of the initial
components on the properties of the end product (Fig. 1).

In the second method, the first step is developing a model of impact
of hydration process conditions and components on the structure of
artificial stone and, accordingly, the properties of the hardened system
(Fig. 2) is immediately developed.

Physical models can be presented using the following scheme (by
Mchedlov-Petrosyan) (Fig. 3)[9].

The structure of gypsum binders and the elemental dihydrate model
are shown in Figs. 4, 5.

The presented physical models give us a general idea of the mecha-
nism of hydration of gypsum binders The scheme for cement binders
and composite substances is much more complicated due to the multi-
component mineralogical composition as well as the time factor having
a strong impact.

An important factor is a change in the solution concentration over
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Fig. 5. Elemental calcium sulphate dihydrate model [11].
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time and its effect on the hardened structure of binder during hydra-
tion. Performed studies of hardening resulting products obtained from
calcium sulphate hemihydrate samples unmodified and modified with
carbon nanotubes using X’Pert PRO MPD 3040/60 Fa X-ray diffrac-
tometer. PANalytical (Freiberg Mountain Academy Technical Universi-
ty, Institute of Ceramics, Glass and Building Materials (IKGB TU
Bergakademie Freiberg)) has proven this assumption. The essence of
the experiment is to estimate changes in the mineralogical composition
in a cyclic mode. Each cycle takes 5 min and 16 sec. The following ma-
terials were used as structural models of mineral components for the
full-profile quantitative X-ray diffraction analysis: gypsum
CaS0,-2H,0 (PDF No. 01-074-1433); bassanite CaS0,-0.5H,0 (PDF No.
01-081-1849); anhydrite CaSO, (PDF No. 01-086-2270), and carbon C
(PDF No. 01-075-2078)[12].

Results of the quantitative X-ray diffraction analysis using the
Rietveld method are given in Table.

The x-ray photograph (Fig. 6, Curve 1) of the gypsum sample at the
1** cycle shows a large amount of both calcium sulphate hemihydrate
(24%) and calcium sulphate dihydrate (up to 67% ) after 1 hardening
cycle. The hydration process is completed at the 18™ cycle, i.e., after 95
minutes (Fig. 6, Curve 2). Main impulses of intensity of the reflected
lines of calcium sulphate dihydrate correspond to 6200, 4250, and
3300.

Data from the x-ray photograph of CNT-modified gypsum binder
hardening are indicative of the intensification process of the hydration

TABLE. Changes in mineralogical composition, wt.%.

Hardening cycles CaS0,-0,5H,0 |CaS0,-2H,0| CaSO,

Impurities

Mineralogical composition of unmodi-

fied calcium sulphate hemihydrate after 24 67 4
1 hardening cycle, Curve 1, Fig. 6

Mineralogical composition of unmodi-

fied calcium sulphate hemihydrate after 3 88 4 5
18 hardening cycles, Curve 2, Fig. 6

Mineralogical composition of modified

calcium sulphate hemihydrate after 1 14 77 4 5
hardening cycle, Curve 1, Fig. 7

ot

Mineralogical composition of modified
calcium sulphate hemihydrate after 18 1 93 1 5
hardening cycles, Curve 2, Fig. 7
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Fig. 6. Rietveld diagram of building gypsum hardening through time G-5: 1—
after the 1% cycle; 2—after the 18 cycle.
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Fig. 7. Rietveld diagram of building gypsum hardening through time G-5: modi-
fied with CNTs: 1 —after the 1% cycle; 2—after the 18" cycle.

processes. The hydration process is also completed at the 18 harden-
ing cycle (upon the expiration of 95 minutes); however, calcium sul-
phate dihydrate formation rate is considerably higher. The lines of
main impulses of calcium sulphate dihydrate correspond to 11300,
9900, 6000 (Fig. 7).

During the hydration of unmodified building gypsum within 18 cy-
cles (95 minutes), the process is running with the formation of
CaS0,-2H,0 in the amount of up to 88% . Under the same conditions,
the hydration of modified gypsum reaches 93%, and the amount of un-
reacted CaSO, even slightly drops (Table).

The follow-up analysis of x-rays photographs shows that, when add-
ing CNTs, the hydration process is intensified and the transition of
calcium sulphate hemihydrate to dihydrate is more complete. One of
high-impact factors affecting the mechanism of physical and mechani-
cal interactions in a dispersed medium is surface energy that should be
taken into account when creating a model.
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We see the process of hydration of mineral binders as a system that
changes over time and undergoes macro — micro — nano —» micro —
— macro stages.

At the macro—micro—nanostage, the structure is partially destroyed
to nanoscale elements, since the destruction of main impurities (5 to
15% or more) in the binders does not occur.

At the nanostage, new components are formed in the form of amor-
phous and crystalline phases, followed by the formation of micro- and
macrostructures. This representation is also simplified, since the hy-
dration mechanism does not provide for the processes reversibility and
constantly changing concentrations of substances in a solution. All the
system transformations come down to obtaining a hardened structure
with specific properties. The most robust structure of calcium sulphate
dihydrate has the characteristics as follow: p,—1.7 g/cm?®, p—2.32
g/cm?, R,,,,—20 MPa, hardness—2; (x-ray, DTA) crystalline lattice
parameters—monoclinic crystal system, C2/c, a=5.69 A, b=15.21 A,
c=6.29A,b=113.8°,Z=4[14, 15].

Major differences in the structures, which affect the properties of a
hardened binder, are the presence of pores and the chaotic arrangement
of blocks, the structure of blocks and the strength of boundary layers at
the microlevel, and the structure of crystalline lattice at the nanolevel.

After gauging with water, binder forms a disperse system character-
ized by the distribution of solid particles in liquid. Besides, in this
case, it is divided into two parts. One part remains unchanged, and the
other part is destroyed turning into a nanosystem with further for-
mation of both micro-, macroelements of the end structure.

The nanosystem state at any time interval is characterized by the
distribution of nanoparticles ¢(X;, 1) and surrounding medium ¥(§,t)
according to the parameters of particles X; and medium &. Therefore,
the model should provide for a relationship between the patterns of the
environment properties and the distribution of nanoparticles, i.e., the
relationship between functions ¢ and ¥ over time.

Changing the initial state of the environment depending on the
macrostate of the original components and the nanocarrier-to-
macrosystem ratio (Fig. 8).

The boundary state of the system after the formation of a solution
shows partial dissolution of macroparticles of hemihydrate with fur-
ther transition to dihydrate.

The state of nanoparticles at any time interval 1 is determined by

Solution

End structure

Y

Binder »| Nanocarriers »| Microsystem

Fig. 8. System state diagram.
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mass m, spatial coordinates {Y,}, and state parameters for each atom
forming a particle, i.e., internal coordinates {Z,}. A relationship be-
tween the system properties and the external and internal parameters
can be expressed as the ratio as follows [17]:

X} =¥} {Z}- (3)

In the macro—micro—nanosystem evolution, each element changes
from one state to another.

Due to the large number of nanoparticles, the change can be charac-
terized by the probability of transition, P, from state {X,} to state { X }
within time interval Az.

[ pdz, =1. (4)

By integrating with respect to all states X,,, the probability function
can be calculated as follows:

P = (Xigi) . (5)

Using a known probability function, we can calculate function G,
that characterizes the rate of evolution of the nanosystem [18].

G = K.F (XE), (6)

where K, is the kinetic coefficient; F,(X¢g,) is the elementary-process
driving force that is in charge of changes in both the internal X, and
external parameters &; G, is the system evolution function.

According to the model we propose, the transition of a hydrating
system from macro- and microstate to a nanosystem with the for-
mation of a dispersed medium can be represented as a surface that con-
sists of nanoparticles in a multidimensional phase space, where the co-
ordinates of the points are the same as the coordinates of the nanopar-
ticles. The surface is the interface between structural elements to
which atoms and molecules are attached and a dispersed medium con-
sisting of particular elements, nano-, micro-, and macroparticles. The
interaction driving force is a difference in energies of the medium and
a degree of saturation of the solution.

£=C/C, =1; (7
C is the concentration of atoms and ions in the medium; C, is the solu-

bility.
To that extent,
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GL‘ = moznj(f)j - -P/’) ’ (8)

where m, is the mass of an atom; n, is the number of structural ele-
ments on the surface; P’ is the probability of detachment of an atom
from structural elements per unit of time; P, is the transition probabil-
ity function.

Then the kinetic coefficient is as follows:

KG = zmj(})j,o - 1')]',0) ’ (9)

where P;, and P/, are attachment and detachment of structural ele-
ments accordingto =1.

Thus, the state of a nanosystem can be calculated by calculating the
external and internal components, y(§,t) and Z,(m,&). {Z,} is the el-
ementary density that can be calculated by solving the Schrédinger
equation or by means of the external component y(§,t) using tech-
niques of statistical thermodynamics. Both options have significant
complications [17].

A large array of experimental data is analysed within the boundaries
of models of dissolution deterioration, movement in space, changes in
shape, sorption, electrical, and mechanical polarization. In the devel-
opment of general and particular models, principles of external and
internal size effects are used.

For example, the dependence of energy properties of spherical nano-
particles on the size thereof is expressed as the relationship as follows:

E=ar’®+pr’ +yr, (10)

where r is the radius of particles; a, B, y are the constants; ar® is a vol-
umetric energy; pr? is a surface energy; yr is a surface tension.

Based on the above discussions (Fig. 8) on the structural model of
hydration process, the original components of binder after gauging
with water form an integrated ‘solid matter—dispersed medium’ inter-
face, i.e., the total surface area of a solid phase in a dispersed medium
(Fig. 9). At the interface, a partial transition of macro- and microsys-
tems to a nanosystem (dissolution of hemihydrate) occurs, insoluble
components wetting and a topochemical reaction of calcium sulphate
hemihydrate-to-dihydrate transition. The total mass can be used as one
of criteria characterizing this surface.

At the initial time interval, the total surface of the solid components
consists of the masses as follows:

ZMor.comp =m,+m, +m, +myy+m;+..., (11)

where m, is the mass of CaS0,-0.5H,0 mass that moves to dihydrate
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Original Hardened
Water
components structure
m, CaS0,:0.5H,0| m, 1.5H,0 CaSO,0.5H,0 m,
m, CaS0,-0.5H,0| m, 1.5H,0 CaS0,-0.5H,0 m,
m
so, m, ———— - -850, m,
CaCO, m,, | ™Mu ———————~CaCo, m,,
Fe203 rnl3 | m14 —F8203 m15

Fig. 9. Hydration process schematic diagram.

under the solution scheme; m, is the mass of CaS0,-0,5H,0 that topo-
chemically moves to dihydrate; m,, m,,, m3, and m, are the masses of
S0,, CaCOs, and Fe,0; impurities, etc.

The dispersed medium is characterized by changes in concentration
of calcium sulphate and insoluble solids. The mass will be as follows:

ZM = (m, + m,) + (m, + my) + (m, + mg) + (m, + m;;) + (m;; + my,), (12)

where m,, m;, mg, m,;, and m,, are the masses of water wetting the sur-
face of the binder components.

After reaching the critical concentration, the dispersed medium
changes to the end product (in this case, gypsum stone) having the
mass as follows:

Z hard.subs m3 + m6 + m9 + m12 + m15 ’ (13)
where mg, mg are the masses of dihydrate; mgy, m,; are the masses of im-

purities; m4 is the mass of free moisture.
Changes in the interface of the binder components:

Zssol.comp = mlF + m4 m7 + rnlOFlo + m13F13 ....... (14)
zsor'comp - (ml +S )+(m4 +S, )+(m7 +8 )+(m13F13 +Sb)+
+ooot+ S,(MF, + mF, + mF,). (15)

Zsafter react = m3F3 + m6F6 + m9 + m12F12 + m15F15 . (16)

The amount of substance on the surface (‘solid phase—-liquid phase’
interface boundary) that reacted topochemically is
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CaS0, 0.5H,0 CaSO, 2H,0
m,F, +8S; —— mF, . (17)

The surface of binder that reacted under the solution scheme is

CaS0,-2H,0
mF, +8S,—— m,F, . (18)

The absence of a time factor and a quantitative ratio of calcium sul-
phate hemihydrate hydrated under the solution scheme to that hydrat-
ed under the topochemical scheme in this model do not allow us to es-
timate the formation of a gypsum stone structure with certain proper-
ties.

As assumed, the initial calcium sulphate hemihydrate hydration re-
action occurs on the surface of CaS0,-0.5H,0 + 1.56H,0 — CaSO, 2H,0
(Fig. 10). Then water at the border with the blocks migrates inwards
increasing the internal stress, which leads to the destruction of the
blocks.

Presuming that the entire hydration process is topochemical, the
subsequent formation of new blocks and a scaffold does not result in
the formation of a robust structure. The structure formation rate will
depend on the particle size distribution and intraparticle diffusion
rate.

To calculate the mass of hydrated substance, we should know the
diffusion rate and diffusion depth.

The rate of solubility of calcium sulphate hemihydrate
(CaS0,-0.5H,0) depends on its properties and adheres to the diffusion
rules as follows [21, 22]:

dm/dt = SD(C, - C)/35, (19)

where dm/dr is the amount of substance dissolving per unit of time per
unit of volume; D is the diffusion factor; S is the specific surface area of
the substance solubility; C, is the concentration of the saturated solution;
Cis the actual concentration; & is the thickness of the diffusion layer.
A hemihydrate-to-dihydrate transition is determined by the crystal-
lization rate as follows:
V= —dC/d’C = K‘4(C -C )2 solubility (20)

s

Hemihydrate » Dihydrate

Fig. 10. Hydration process topochemical diagram.
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The rate of hydration of mineral binders is determined by the rate of
solubility and crystallization.

The sequence of hydration of mineral binders under the solution
scheme can be conditionally expressed as follows. At the beginning, the
dissolution occurs followed by the formation of a saturated solution,
and then, crystallization nuclei and blocks are formed. After that, the
blocks fuse together, scaffolds are formed, and finally, voids are filled.

According to suggestions made by A. A. Pashchenko, V. P. Serbin
and E. A. Starchevskaya [5], a key factor for strength is a hardening
spatial structure that is formed in two stages: the first stage is the
formation of a scaffold and the second stage is the scaffold overgrowth
or empty space filling.

Thus, we can change the space and the shape and size of crystals by
changing the solubility and crystallization conditions.

If the structure of either a hardened binder or materials based
thereon is used as an endpoint criterion (output factor), the key pa-
rameters should be identified. These parameters can include spatial
scaffold, shape of blocks, and crystal morphology.

The key factor for defining these parameters are solutions of a spe-
cific concentration, the presence of a solid interface (crystallization
nuclei), gauging fluid (water + surfactant), temperature, pressure,
and mechanism of transition of calcium sulphate hemihydrate to dihy-
drate.

According to a number of analyses of structures performed by many
researchers, the spatial structure is affected by the initial number of
crystallization nuclei and particularly by solid surface area values.
These factors have a major impact on the formation of a robust scaf-
fold, because in this case, the intergrowth of blocks occurs in empty
space and no additional internal stresses occur. By adjusting both the
solid surface value and the number of crystallization nuclei, the high-
est strength spatial scaffold can be achieved.

The number of crystallization nuclei can be expressed as a solid sur-
face area.

The presence of impurities and particles (F,,,;) of reacted calcium
sulphate hemihydrate increases the solid surface area topochemically
and at the same time, macroblocks are formed; in this case, the inter-
growth boundaries are characterized by bonds having interaction en-
ergy less than 10 kcal/mol, and thus, F,,,, should be reduced by this
value due to the formation of blocks with weak bonds and stresses that
are likely to occur.

The sequence of changes in the concentration of the solution,
C,<8.1, C,=8.1, C;<8.1, determines the interaction driving force
changing from O to 1. The maximum concentration of C, of 8.1 g/1 con-
tributes to the formation of crystallization nuclei, growth and for-
mation of blocks, and voids filling.
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The concentration of a solution is a variable increasing from 0 at the
beginning of the process to 8.1 g/1 within t,, then a steady-state con-
centration stage takes placed followed by the third stage where the
concentration is < 8.1 g/1. At this stage, a portion of hemihydrate and
water remains unreacted. Studies on determining the presence of cal-
cium sulphate hemihydrate are indicative of this.

Further hydration process is likely to be topochemical.

An increase in the L/S ratio affects the time required to change con-
centrations C; and C,. Accordingly, the amount of dihydrate obtained
under the solution mechanism increases; however, at the same time,
the time to reach concentration C; increases. This results in the for-
mation of calcium sulphate dihydrate under the topochemical mecha-
nism, yet in the hardened system, which leads to the occurrence of in-
ternal stresses reducing the resulting strength.

When C,= const, the formation and intergrowth of blocks take place
and voids are filled. The ratio of half-periods allows for obtaining crys-
tals of certain morphology and sizes of blocks, and specific voids fill-
ing.

It can be assumed that final setting time corresponds to the time of
certain formation of a spatial scaffold.

Summarizing this analysis, we would like to combine all the three
states as follows: ‘components—solution—system hardening’. Accord-
ing to the conventional scheme, the hardened system is considered as a
system with certain characteristics: strength, density, porosity, etc.
According to our model, the hardened system should have a certain
structure with specific properties. Characteristics in terms of solu-
tion: solid surface, concentration, hydration mechanism, gauging flu-
id.

A relationship between portions of gauging fluid to the components
thereof can be mathematically expressed as follows:

Y = ﬁl.syst [“Vsol (Q(init) )] ; (2 1)

Y is a structure with certain properties; f,, . is the hardened system function;
VY, is the solution function; @ is the original components function.

Therefore, changing the intergrowth conditions by adding various
additives to a hardening system can affect the shape, size, and number
of crystals and, consequently, the formation of a spatial structure to
obtain a product with specific properties.

CONCLUSIONS

According to the proposed model, the transition of the macro- and mi-
crosystems to a nanosystem with the formation of a dispersed medium
can be represented as a surface that consists of nanoparticles in a mul-
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tidimensional phase space, where the coordinates of the points are the
same as the coordinates of the nanoparticles. The surface is the inter-
face between structural elements to which atoms and molecules are at-
tached and a dispersed medium consisting of particular elements,
nano-, micro-, and macroparticles. The interaction driving force is a
difference in energies of the medium and a degree of saturation of the
solution.

If the entire hydration process is topochemical, the subsequent for-
mation of new blocks and a scaffold does not result in the formation of
a robust structure. The structure formation rate will depend on the
particle size distribution and intraparticle diffusion rate.

According to the analysis of structures, the robust spatial structure
that leads to the formation of a robust scaffold is affected by solid sur-
face area values and the initial number of crystallization nuclei. Be-
cause the blocks intergrowth occurs in empty space, no additional in-
ternal stresses take place that would result in the softening of a struc-
ture that has not yet been formed. By adjusting both the solid surface
value and the number of crystallization nuclei, the highest strength
spatial scaffold can be achieved.
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