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Abstract: The processes of controlled hardening of nanomineral gypsum binders and the formation of microstructure that
allow obtaining gypsum concrete with specified technological characteristics are analyzed. Innovative approaches to the regula-
tion of strength and water resistance of gypsum nanobinders, the main directions of increasing their durability in concretes and
mortars, building constructions and products are considered. Controlled hardening nanogypsum binders is a promising 3-D ad-
ditive technology.

The mechanism of hardening of gypsum nanocomposites based on calcium sulfate dihydrate and semihydrate is proposed.
The kinetics of the process of hydration and setting of nanobinders depending on the content of the components is studied. The
increase in strength in the process of hardening of pressed gypsum nanobinders is determined by the content of dihydrate and is
accompanied by an increase in the size of needle and plate microcrystals with a thickness of less than 100 nm.
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INTRODUCTION

Building materials based on clinker-free gypsum bind-
ers are characterized by low energy consumption
of production (tens of times less than Portland cement),
sufficient sound, thermal insulation and other technologi-
cal advantages. The elaboration of modified nanocom-
posite pressed gypsum binders, providing products with
high physico-mechanical, operational and technical and
economic indicators, remains an urgent task.

This article is aimed at studying the kinetics of con-
trolled hardening of gypsum nanobinders.

MAIN PART

To solve technological problems of increasing the ef-
ficiency of hardening processes [1] of gypsum nanocon-
crete, it is necessary to control the kinetics of setting and
curing. The physico-chemical characteristics of the hard-
ening of gypsum building materials depend primarily on
the technology of production of raw materials.

The reserves of gypsum minerals in Russia are practi-
cally inexhaustible (only in the Republic of Bashkorto-
stan in explored deposits they amount to over 400 million
tons), there is also a large amount of gypsum-containing
waste that is suitable for the production of materials for
various purposes based on gypsum. Currently, about
250 million tons of gypsum materials based on natural
raw materials and industrial wastes are produced annually
in the world [2].

The basis of the production of gypsum nanobinders is
the heat treatment of gypsum stone, during which phased
physicochemical dehydration processes (dehydration)
take place. According to the production technology, low-
firing (up to 250°C), high-firing (from 600°C to 1000°C)
and unbaked plaster binders are distinguished. The degree
of dehydration of CaSO, * 2H,0 (calcium sulfate dihy-
drate) depends on the temperature, conditions and dura-
tion of heat treatment. At low-temperature autoclave heat
treatment (95—100°C) a-modification of CaSO, + 0.5H,0
is formed (more correctly 2CaSO, * H,0). a—Modifica-
tion of calcium sulfate hemihydrate consists of large dense
crystals that are used in the in technological production
of high-strength gypsum (15—20 MPa).

When hydrated water is removed in open techno-
logical devices from CaSO, «2H,0O crystals in the form
of steam, its dispersion and loosening of the crystal lattice
occurs, and the B-form of semi-aqueous CaSO, * 0.5H,0
is formed. Calcium sulfate f—hemihydrate microcrystals
are small, defectively formed, therefore, gypsum binders
result in significant variations in dispersion, water de-
mand, porosity and reduced strength values.

Low-calcined gypsum binders quickly set and harden,
consist mainly of the 3-modification CaSO, * 0.5H,0 and
are the basis of the construction and molding gypsum

binders. High-calcined gypsum nanobinders harden more

slowly, consist mainly of anhydrite (calcium sulphate

CaSO0,) and 3—5% of calcium oxide and form water-re-

sistant nanocomposites. Unburned gypsum binders are

obtained by fine grinding of natural or artificial varieties
of calcium sulfate and this allows to reduce the energy
consumption for processing raw materials.

The processes of hydration and setting of gypsum
binders nanocomposites depend [3] on many different
factors: the ratio of the gypsum component—water; mix-
ing intensity and temperature; fine grinding, etc. The
physicochemical processes of hardening of calcium sulfate
hemihydrate (as well as other gypsum nanobinders) oc-
curs in three stages:

« dissolution of microparticles of hemihydrate in water
and the formation of its saturated solution; gypsum
nanobinders plastically;

« interaction of water with calcium sulfate hemihydrate,
which leads to the formation of CaSO, * 2H,0 dihy-
drate in the form of ultrafine crystalline microparticles
(the dihydrate is significantly less soluble in water
(2 g/1) compared to CaSO, » 0.5H,0 (8 g/1) and forms
colloid nanosystem due to Van der Waals interactions
and is accompanied by the launch of gel-like harden-
ing;

« recrystallization of fine particles of calcium sulfate
dihydrate with the topochemical formation of larger
crystals and gradual accretion into crystalline inter-
growths, which ensures the hardening and curing
of gypsum nanocomposites.

Depending on the setting time, gypsum binders vary:
from fast-hardening (the start of curing is not earlier than
2 minutes, the end is not later than 15 minutes) to slow
hardening (the beginning of hardening is not earlier than
20 minutes, and the end is not normalized). One of the
effective ways to control the setting time of gypsum binders
is the use of appropriate nano-additives. The production
technology of a multi-phase gypsum nanobinders with pre-
dominant anhydrite content provides slower setting time.

The stoichiometric water-gypsum binder ratio upon
hydration of CaSO, *0.5H,0 to dihydrate is 0.18: this
means that about 18% of water is required to be added.
An additional amount of water (up to 30—40%) must be
added to produce a conveniently molded gypsum paste.
The kinetics of the setting of gypsum nanobinders are also
influenced by the fineness of the grinding, the storage time
of the raw material and other factors [4].

Theoretical and experimental studies [5—9] of the
mechanisms for the hardening of gypsum nanobinders
showed that the formation of a crystallization nanostruc-
ture occurs when the following conditions are met:

« microparticles of the dispersed phase should be at
a sufficiently small distance /_ at which the formation
of crystallization nanocontacts between them is pos-
sible;
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« the concentration of the solute in the dispersed me-
dium must be greater than the solubility of the crystal-
line hydrate, i.e. the system must be metastable. The
higher the supersaturation of the solution, the greater
can be the distance between the merging particles
of the hydrate, at which crystallization nanostructure
can be formed.

The distance between microparticles 4, which ensures
the formation of nanocrystallization contacts according to
the data of [5], should be equal to ~3, (5, — intermolecu-
lar distance). It is not possible to bring crystalline hydrate
particles of gypsum dihydrate to the required distance
by ordinary technological methods, in particular, injec-
tion molding technology, therefore, non-trivial methods
of molding are being developed. When pressing semi-dry
mixtures, it is also difficult to bring the particles of dihy-
drate gypsum to the distance required to form a crystal-
lization nanostructure, due to the low water content of the
mixture and the low pressing pressure. Consequently,
for such gypsum nanobinders, it is necessary to increase
the supersaturation of the liquid phase with dihydrate,
i.e. to fulfill the second condition for the emergence
of a crystal hydrate structure, and this can be achieved
by introducing into the composition a certain mass frac-
tion of CaSO, * 2H,0.

Consider the mechanism of hardening nanobinder on
the example of a gypsum composition, the solid phase
of which consists of dihydrate (DH) and hemihydrate
(HH) calcium sulphate. When mixed with water, HH
starts intensively hydrating and dissolving: in a dispersed
system, a supersaturated concentration of DH in the form
of germ-free crystalline hydrates with a size of =2 nm is
rather quickly created. However, the spatial crystalline
hydrate nanostructure may not be formed if the initial
distance between the DH nanoclusters is too large (more
than 10 nm), i.e. the initial components are not suffi-
ciently compacted, and the number of nanobinder HHs
is not enough so that when it hydrates, the gap between
the DH crystals decreases to a critical one.

After the end of the hydration process, HH of calcium
sulfate in the first hours of hardening begins the second
stage of the curing of the nanocomposite: by this time,
a primary three-dimensional nanostructure has formed,
which has initial strength, but with insufficient water resis-
tance. In the future, the existing primary nanostructure is
strengthened, as well as an increase in the number of crys-
tallization nanocontacts between unbound microcrystals
and their fouling. The second stage of hardening crys-
tal hydrate nanostructures proceeds slowly over several
months, depending on the hardening conditions of the
gypsum nanobinder [10].

Studies of the microstructure of gypsum nanobinders
show that between the lamellar with a thickness of less
than 100 nm, the needle-like CaSO,«2H,O crystals
of various shapes and sizes in the solid phase state have

microcavities and micropores [11]. The formed nano-
structure of the calcium sulfate dihydrate crystal lattice is
layered: a layer of Ca** ions and sulfate tetrahedra SO,*
(connected by strong ionic bonds) alternates with a layer
of water molecules. The parameters of the CaSO, * 2H,0
crystal nanostructure are as follows: ¢, = 0.57 nm, b, =
1.52 nm, ¢, = 0.63 nm.

To regulate the speed of hardening (slowing down
at the beginning of the process, accelerating at the end
of strength building) of the components of 3 D-technol-
ogies, various additives are added to the gypsum nano-
composite: for example, 0.05% citric acid (polydentate
inhibitor) slows down the setting by 30 minutes. Various
hardening inhibitors reduce the dissolution rate of gyp-
sum hemihydrate, therefore, reduce the concentration
of precipitated crystalline hydrates. In particular, the in-
hibitory effect of adhesives and surface-active substances
on the kinetics of setting is explained by the fact that they
form stable colloidal nanoparticles that delay the crystal-
lization process of gypsum dihydrate.

The kinetics of hardening and the formation of a pri-
mary nanostructure, as well as the effects of dihydrate
gypsum, were studied by molding and testing samples
of different compositions. For this purpose, samples were
made on the basis of the gypsum grade G-4:

gypsum HH nanobinder G-4 (-B-1I) — DH (S =
3000 cm?/g);

gypsum HH nanobinder G-4 (-B-1I) — dolomite flour
(S =2600 cm?/g);

gypsum HH nanobinder G-4 (-B-II) — quartz sand.

The HH content of the nanobinder varied from 0
to 50%, the water-solid ratio was 0.22...0.17. The pre-
pared cylindrical samples were pressed under a pressure
of 20 MPa for 30 s and tested for compressive strength
(CS) at the age of 1 day curing at relative air humidity
¢ = 60+10% and temperature t° = 20£2°C. The results
of experimental studies of samples based on gypsum
nanobinder strength are presented in Fig. 1.

From figure 1 it is noticeable that dihydrate gypsum
is quite actively involved in the formation of the primary
nanostructure. In the presence of DH in the system, even
with a small HH content (not more than 10%), a three-
dimensional nanocrystallization structure is formed with
a sufficiently high strength.

To study the non-hydration curing, hardened samples
based on gypsum nanobinders were stored for a month
at t° = 20£2°C and relative humidity of the atmosphere
@ = 60£10%. The kinetics of changes in the compressive
strength of nanocomposite samples is shown in Fig. 2:
a noticeable increase in compressive strength occurs in
the first 4 days.

The microstructure of gypsum nanocomposites was
studied using a JEOL JSM-6610L scanning electron mi-
croscope (Fig. 3). Electron microscopic images show an
increase in the size of microcrystals over 8 days.
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Fig. 1. The dynamics of growth of the strength of samples
of different composition depending on the content
of gypsum nanobinders at the age of 1 day

On the basis of data from laboratory experiments,
a technology was developed for producing small wall and
partition products, which was tested in pilot-industrial
conditions. Through the use of semi-dry pressing and
vibropressing technologies, wall partitioning building ma-
terials with sufficient strength have been obtained. The use
of nanoparticles of industrial wastes [12—14] allows us to
accelerate the kinetics of curing, increase the brand of wa-
ter resistance and improve the performance characteristics
of composite gypsum binders. In the monograph [15],
the technology of producing small-piece wall products by
semi-dry pressing based on technogenic phosphogypsum
dihydrate is considered in detail.

Consideration of structure formation and hardening
of phosphogypsum building materials from the perspec-

CS, MPa
14
12 I -
10 '/
8
‘1
4 el
!.V
2 —
) ] L
0 4 3 12 16 20 24 28 days

—s— gypsum nanobinder - dihydrate
—e— gypsum nanobinder - dolomite flour
—e— gypsum nanobinder - quartz sand

Fig. 2. The change in strength in time of pressed samples
of different composition with the content of gypsum
nano-binder 20%

tive of the fractal concept is correctly modeled as multi-
fractal calcium sulfate dihydrate nanoclusters with dimen-
sions of several tens of nanometers. [16]. Phosphogypsum
nanocomposite with soda production wastes hardens due
to complex reactions with the formation of hydrosulfoalu-
minates and calcium hydrosilicates. The paper [17] pro-
posed a method for quantitative analysis of the images
of the microstructure of a nano-modified composite
based on performing binary decomposition. The mean
values of the fractal dimension for empirical images of the
microstructure are 1.63 (optical microscopy) and 1.76
(scanning probe microscopy).

When mechanically activating high-strength gypsum
[18], it is advisable to introduce “FREM NANOGIPS”
into dry mortar: this reduces the water-gypsum ratio

Fig. 3. Microstructure of pressed nanocomposite gypsum matrices
(hardening time: a) — 1 day, b) — 8 days)
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and increases by 3—6 times the strength characteristics
of the resulting nanocomposite gypsum products and
materials; allows you to adjust the setting time, enhances
water resistance, as well as surface hardness and adhe-
sion [19] to various solid-phase materials. The authors
of the article [20] found that the modification of 0.18%
by multi-layered carbon nanotubes is observed to increase
the compressive strength of gypsum to 29%.

Innovative materials based on gypsum nanocompos-
ite binders (dry plaster and putty mixtures) are created
by modifying 0.25—1% polyvinyl acetate redispersible
polymers [21]. Modified gypsum dry mixes have unique
characteristics: the ability to control the setting time in
wide ranges; sufficient strength, water resistance, etc.

It should be noted that the regulation of the hard-
ening of gypsum binders is considered promising when
designing the initial components of 3 D-technologies
[22]. Additive technologies are a layered addition of mate-
rial on a computer 3D model [23] and now designers in

BBEJEHUE

TpoiiMaTepuabl Ha OCHOBE 0€CKITMHKEPHBIX TUTICO-
BBIX BSDKYIINAX OTIIMYAIOTCST MAJIOM 9HEPro3aTpaTHO-
CTBIO TIPOM3BOJICTBA (B AECSATKU pPa3 MEHbIIIC YeM ITOPT-
JIAHAIIEMEHT), TOCTaTOYHOM 3BYKO—, TEILIOU3OJISIIINCHA
W APYTUMU TEXHOJIOTUYECKUMM ITpenuMyliecTBaMu. Pa3-
paboTKa MOITUMUIIPOBAHHBIX HAHOKOMITO3UIIMOHHBIX
TIPECCOBAHHBIX TUTICOBBIX BSIKYIINX, 00SCITIEUNBAIOIIX
ToJIydeHUe U3JIENINii C BBICOKUMU (PU3NKO-MeXaHN4de-
CKMMM, DKCIITyaTallMOHHBIMUA U TEXHUKO-2KOHOMMYE -
CKMMM TTOKAa3aTeJIIMUA, OCTAeTCs aKTyaJIbHOM 3amadeii.
JlaHHag cTaThs HalleJieHa Ha MCCliefOBaHUEe KHETH -
KU PETYIMPYEMOTO TBEPICHUS TUTICOBLIX HAHOBSTKYIIIMX.

OCHOBHAA YACTb

7151 petreHrs TeXHOJIOTMUECKUX 3a1a4 ITOBBIIICHUS
3(PPEeKTUBHOCTHU TIPOIIECCOB TBepAeHU [1] rnuiicoHa-
HOOETOHOB HEOOXOIMMO YIIPABISATh KWHETUKOI CXBa-
TBIBaHUS W Habopa mpouHocTH. DU3NKO-XUMHIIEeCKIE
0COOEHHOCTH TBEPICHUS THIICOBBIX CTPOMMAaTEepHaIOB
3aBHCSIT, TIPEXKIE BCETO, OT TEXHOJOTUH IIPOMU3BOACTBA
CHIPBEBBIX KOMITOHEHTOB.

3amachl TMTIICOBBIX MUHEpaIoB B Poccuu mipakTide-
CKM HercuepnaeMbl (ToibKo B Pecniyonuke bamkopro-
CTaH Ha pa3BeIaHHBIX MECTOPOXICHUSIX OHM COCTaB-
Js110T cBBItre 400 MUTH. TOHH), IMEeTCsI TAKKe OOJIBIIIOE
KOJIMYECTBO TUIICOCOMIEPKAIINX OTXOHAOB, KOTOPHIE
TIPUTOIHBI IS IPOM3BOACTBA MaTCPUAJIOB Pa3IMIHO-

the construction industry are increasingly using 3D print-
ing technologies, which ensures the speed of construction
of low-rise buildings with a complex structure. An effec-
tive approach to enhancing the performance character-
istics of building nanocomposites for 3D additive tech-
nologies based on gypsum binders is the implementation
of controlled hardening with mineral additives.

CONCLUSION

Thus, the increase in strength in the process of the
hardening of gypsum nanobinders is determined by
the chemical and mineralogical composition of the ini-
tial raw materials and is parallel to the change in their
microstructure. The technological properties of gypsum
nanocomposites: setting time, water resistance, durabil-
ity, etc. can be adjusted by changing the ratio of the indi-
vidual components and the introduction of technogenic
nanomodifiers.

TO Ha3HAYCHMST Ha OCHOBE THIIca. B Hacrosmee BpemMs
€XXETOoHO B MUpPE BEIpabaThIBaeTCs OKOJIO0 250 MITH. T
TUTICOBBIX MaTepHUAJIOB Ha OCHOBE TIPUPOTHOTO CHIPHS
1 TEXHOTEHHBIX OTXOH0B [2].

OCHOBOI1 IIPON3BOACTBA TUIICOBBIX HAHOBSTKYIITNX
SIBJIIETCSI TEPMOOOPAOOTKA TUIICOBOTO KaMHSI, TIPH KO-
TOPOU TIPOUCXOIST TTO3TAITHBIC (PU3NUKO-XUMUUICCKIE
npoluecchl 00e3BoXuBaHus (neruapartanus). I1o Tex-
HOJIOTMY TIPOM3BOICTBA PA3IMIAOT HU3KOOOKUTOBEIC
(mo 250°C), BeicokooGxurossie (0T 600°C go 1000°C)
1 0e300XNTOBBIC TUTICOBEIC BsLKyIIne. CTeleHb IeTH-
aparauuu CaSO, 2 H,O (muruapara cyibgara Kajib-
LIVST) 3aBUCUT OT TEMIIEPATYPHI, YCIOBUIA U IJTUTETHHO-
CTU TeruioBoi 00padoTku. [1pu HU3KOTEeMIIEpaTypHOIt
aBTOKJIABHOM TepMoobpadoTke (95—100°C) obpasyercs
a-momudukanua CaSO, 0,5 H,O (6onee KOppeKTHO
2CaSO0, * H,0). a-Monudukanms noiyruapara cyibda-
Ta KaJIbIIAS COCTOMT M3 KPYIHBIX INTOTHBIX KPUCTAJIIOB,
KOTOPBIC MCITOJIB3YIOTCS B TEXHOJIOTMYECKOM ITPOM3BOI-
CTBE BBEICOKOIIpOoUHOTO rurca (15—20 MIla).

[1pu ymameHn THAPATHOM BOIBI B OTKPBITHIX TEXHO-
JIOTMYECKMX anmaparax u3 kpucramio CaSO,+2 H,O
B BHUJIE ITapa MPOUCXOINT ero JUCIIEpTUPOBaHNE U pa3-
PBIXJICHUE KPUCTAJUTMICCKOM PEIIeTKH, IIPH 3TOM 00-
pasyerca B-¢dopma monysogHoro CaSO,+0,5 H,O.
MUKpOKPHUCTAIUTB [3-TIOJIYTUApPATa CyIbdaTa KaIbIIHs
MeJIKHe, 1e(eKTUBHO c(hOPMUPOBAHBI, ITIO3TOMY THII-
COBBIC BSLKYIIME TTOTYJarOTCsI 3HAUMTECIPHBIMA Bapra-
LIUSIMU TUCIIEPCHOCTH, BOIOIIOTPEOHOCTH, TIOPUCTOCTH
1 CHIKCHHBIMU 3HAYCHUSIMU TIPOYHOCTH.

http://nanobuild.ru

554 info@nanobuild.ru



Nanotechnologies in Construction: A Scientific Internet-Journal
HaHoTexHonornm B cTpontenbCcTBE: HayUHbIN IHTepHeT-XKypHan

2019; 11 (5):
549-560

Nanobull

THE ELABORATION OF THE THEORY OF THE FORMATION STRENGTH AND IMPERMEABILITY OF NANOSTRUCTURED SYSTEMS
PA3PABOTKA TEOPUU ®OPMUPOBAHUA ITPOYHOCTU N HENMPOHULJAEMOCTU HAHOCTPYKTYPUPOBAHHbBIX CUCTEM

Hu3K000X1UTOBbIE TUIICOBBIE BSIXKYLINE OBICTPO
CXBaTBIBAIOTCS M TBEPACIOT, COCTOSIT IIPEUMYIIIECTBEH-
HO n3 B-momnpukannu CaSO . 0,5 HZO U ABILIOTCH
OCHOBOI CTPOMTEIILHOTO 1 (DOPMOBOTHOTO THIICOBBIX
BSDKYIINX. BBICOKOOOKUTOBEIC TUTICOBEIC HAHOBSIKYIITIEC
OTBEPAEBAIOT MEIJICHHEE, COCTOSIT TIPEUMYIIIECTBEHHO
u3 anruapura (cynbdara kanpuua CaSO,) u 3—5% ok-
cHIa KaJIbIWs M 00pa3yroT BOMOCTOMKIE HAHOKOMITO3H-
THI. Be300KNUTOBBIE TUIICOBEIC BSLKYIIME TIOTYIAIOT TP
TOHKOM M3MEIbUCHUU IIPUPOTHBIX MJIN NCKYCCTBEHHBIX
Pa3HOBHUIHOCTEH CyiIbdaTa KalbIs, U 3TO TTO3BOJISICT
YMEHBIIUTH SHEPTo3aTPaThl Ha ITepepabOTKy NCXOTHOTO
CEHIPBSI.

ITpotecchl rmapaTallii M CXBaThIBAHUSI HAHOKOM-
TIO3UTOB TMIICOBBIX BSDKYIIMX 3aBUCHT 3] OT MHOXXECTBa
pa3HOOOpa3HBIX (hAKTOPOB: COOTHOIICHUS TUTICOBOTO
KOMITOHEHTa—BOIBl; MHTCHCUBHOCTH U TEMIICPaTyPhI
CMEIIIECHUS; TOHKOCTH MoMoJjia U T.1. PU3NKO-XUMU-
YecKue MPOLIeCCH TBEPACHMS TTOYyTUapaTa Cyiabdara
Kajmpus (TaK Xe KaK U IPYTUX TUTICOBBIX HAHOBSIKY-
IIMX) TIPOVCXOMNT B TPU CTAIUMN:

e pacTBOpeHME MUKPOUYACTHII MOJIYTUIpATa B BOIC
1 00pa30oBaHME ero HACHIIIEHHOTO pacTBOpPA; TUTI-
COBOC HAHOBSIKYIIIEE TTACTUYHO;

o B3aMMOMCIHCTBUE BOIBI C TTOJIYTUAPATOM CyiIb(daTa
KaJIbLMSI, YTO TIPUBOIUT K 00pa30BaHUIO TUTHIPATA
CaSO, * 2H,0 B Buze yabTpaIvcepCHbIX KPUCTaI-
JIMYCCKUX MUKPOYACTHUI (IUTUAPAT 3HAUYUTECITHHO
MEHee pacTBOpPUM B Bome (2 /1) TTo CpaBHEHMIO
¢ CaSO, 0,5 H,0 (8 r/m) u popMupoBaHMIO KOJLIO-
WIHOI HAHOCHCTEMHI 3a cueT BaH-mep-BaanbcoBhix
B3aMMOJICICTBUIT U COTIPOBOXKIACTCS 3aITyCKOM Te-
JIe00Pa3HOTO TBEPACHHS,

o TIEPEKPUCTAUIM3AINS TOHKOOMCIIEPCHBIX YaCTUUCK
IUTHUIpaTa cyiabdaTa KaJbLHs ¢ TOIIOXUMUICCKAM
(opMmpoBaHTEM 00JIee KPYITHBIX KPUCTAIIIOB U TT0-
CTCTICHHBIM CpacTaHWEeM B KPUCTAJUIMIECKIE CPOCT-
KW, YTO 00eCIIeYMBacT TBEPACHNE U HAOOP IIPOTHO-
CTHU TUTICOBBIX HAHOKOMITO3UTOB.

B 3aBHCMMOCTH OT CPOKOB CXBAaTHIBAHUS THIICOBHIC
BSDKYIIE BapbUPYIOT OT OBICTPOTBEpACIONINX (Hava-
JIO OTBEp:KICHUS He paHee 2 MUH., KOHEII He TTO3THEe
15 MUH.) 10 MEeIJIECHHOTBEPACIOIIUX (HaYaJI0 TBEPIACHUS
He pa”ee 20 MUH., a KOHel[ He HopMupyetcst). OqHuM
13 3POEKTUBHBIX CIIOCOOOB PETYIUPOBAHUSI CPOKOB
CXBaTBhIBAHUS TUTICOBBIX BSIKYIIMX SIBJISICTCS TIPAME-
HEHHME COOTBETCTBYIOIINX HAHOM00AaBOK. TeXHOIOTHS
TIPOM3BOJCTBa MHOT0O()a30BOTO TUTICOBOTO HAHOBSTKY-
IIIETO C IPEUMYIIECTBEHHBIM COACPXKaHUEeM aHTUIPUTA
obecrieunBacT 3aMeINICHHBIC CPOKH CXBAaThIBAHUSI.

CTexnoMEeTPpUIECKOE COOTHOIICHNE BOIA-TUIICO-
Boe BsiKyuiee npu ruaparauuu CaSO, +0,5H,0 B nu-
ruapat paBHo 0,18: 3HaUnT, TpedyeTCsT 10O0ABUTH OKOJIO
18% Bomwl. JloGaBouHOoe KoIM4YecTBO BoAbI (10 30—40%)
HEeo0XoIuMO MPUOAaBUTH JJIsI TIPOU3BOACTBA YyIOOHOMOP-

MYEMOIi ITacThl TUTICOBOM HaHOBSLKyIIei. Ha kunetuky

CXBaTbIBAaHUS TUTICOBBIX HAHOBSDKYIIMX TAKXKE BIUSIOT

TOHKOCTb IOMOJ1a, IJTIUTEIbHOCTb XpPaHEHUST UCXOJHOTO

CBIpbS U IpyTHe (hakTophI [4].

Teopernueckue 1 sKCepuMeHTaIbHbIE UCCIEN0BA-
HUA [5—9] MeXxaHN3MOB TBepICHUS TUTICOBBIX HAHOBSI-
KYIIMX TTOKa3aju, 4To (POpMUPOBAHUE KPUCTATUIU3ALIM-
OHHOI HAHOCTPYKTYPbI TPOUCXOAUT MPU BHITTOJTHEHU N
CJIEYIOIINX YCIIOBUAM:

o  MMKPOYACTHUIIBI TUCTICPCHO (ha3bl JOJDKHBI HaX0-
JUTHCS Ha JOCTATOYHO MAaJIOM PACCTOSHUM A, , TIPH
KOTOPOM BO3MOXKHO 00pa3oBaHME KPUCTALIM3ALIM -
OHHBIX HAHOKOHTaKTOB MEXAY HUMU;

e KOHIEHTpalMs paCTBOPEHHOTrO BelleCcTBa B IUC-
MEePCHOMU cpelie N0JIKHA ObITh OOJIbIIE PACTBOPUMO-
CTU KpUCTAJIJIOTUApaTa, T. €. CUCTeMa JI0JKHA ObITh
MeTacTtabunbHol. Yem Bblllle TIepechileHUe pac-
TBOpA, TeM OO0JIbIlIe MOXET ObITh PACCTOSIHUE MEXIY
cpacTalIMMuUCs YacTULIaMM TUApaTa, Mpu KOTOPOM
BO3MOXHO 00pa3oBaHUE KPUCTAUIM3ALIMOHHOM Ha-
HOCTPYKTYPBHI.

Paccrosinue Mexiy MUKpodacTULAMu A, obecrie-
yuBatoliee (popMrpoBaHKEe HAHOKPUCTALIN3ALMOHHBIX
KOHTAKTOB I10 IaHHBIM Pa0OTHI [5], JOJKHO OBITh pABHO
~39, (8, — MEXMOJIEKYIAPHOE paccTossHue). COMU3UTDH
KPUCTAJJIOTUAPATHBIC YACTULIbI JUTUApATA TUIICa 10 Tpe-
OyeMOro pacCTOSTHUSI OpAMHAPHBIMU TEXHOJOTUYECKU -
MU TIpYeMaMu, B YaCTHOCTHU, T10 JTUTHEBOW TEXHOJIOTUH
He y/laeTcs, M03TOMY pa3padaTbiBalOTCsl HETPUBUAJIbHbBIE
crioco0Onl popmoBaHus. [1pu mpeccoBaHUM MOTYCYXUX
cMmecel cOMM3UTh YacTUllbl JUTHUIpaTa TUIIca Ha pac-
CTOSIHUE, HEOOXOIMMOE 1711 00pa3oBaHUs KPUCTAILIM-
3allMOHHON HAHOCTPYKTYPhI, TAKXKe 3aTPYIHEHO, YTO
00yCJIOBJIEHO HU3KUM BOJIOCOJAEPKAHMEM CMECU U He-
BBICOKUM JaBJicHUeM mpeccoBaHus. CiemoBaTeIbHoO,
JIJISI TOMTOOHBIX TUIICOBBIX HAHOBSIXKYIIIMX HEOOXOIUMO
ITOBBICUTH TIEPECHIIIICHNE XUIKOMN (ha3bl TUTHUAPATOM,
T.€. BBITIOJJHUTb BTOPOE YCJIOBME BOBHUKHOBEHMST KpU-
CTAJJIOTUAPATHOU CTPYKTYPHI, & 3TOTO MOXHO JOCTUYb
BBEICHUEM B KOMIIO3ULIMIO HEKOTOPOI MacCOBO 10U
CaSO,*2H,0.

PaccMmoTpum MexaHU3M TBEpAECHUS HAHOBSDXYILEH
Ha MpuMepe TUIICOBOM KOMITO3ULIMM, TBepaas dasza
KOTOpOil cocTouT u3 nuruaparHoro (AI') u moayru-
npatHoro (I1T') cynbdarta kanbums. [1pu 3aTBopeHUMN
Bopoi I1T" HauMHaeT MHTEHCUBHO TUAPATUPOBATHCS
U PacTBOPSITLCS: B IUCIIEPCHOI CUCTEME TOCTAaTOUHO
OBICTPO cO31aeTcs TepechillieHHas: KoHueHTpauus T
B BUJIE 3apOJbILIEBLIX KPUCTAIOTMAPATOB C pa3MEPOM
~2 uM. OgHaKO TIPOCTPAHCTBEHHAS KPUCTAJUIOTHIPAT-
Hast HAHOCTPYKTypa MOKET He (POPMHUPOBATHCS, €CITU
repBOHAYaIbHOE PACCTOSIHUE MEXTY HaHOKJIacTepaMu
AT cmumkoM Beauko (6ombine 10 HM), T.e. MCXOTHBIC
KOMMOHEHTbI HEIOCTATOYHO YIJIOTHEHBI, 4 KOJMYECTBO
HaHoBsiky1iero Il HemocTaTouHO 1151 TOrO, YTOOKI IIPU
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ero TUApaTaIliy 3a30p MeXay Kpuctaiamu I ymeHb-
IIJICS 1O KPUTUIECKOTO.

ITocne okoHuaHus npouecca ruapatauuu [1I° cynb-
(aTa KanpIus B TIepBbIC YaChl TBEPACHUS HACTYITacT
BTOpasI CTaausI OTBEPXKICHNUSI HAHOKOMITO3HUIINH: K 3TO-
MY MOMEHTY BpeMeHHU c(hOpMUpPOBaIach IIepBUYHAS
TpexMepHas HaHOCTPYKTypa, obamarolias HadaJIbHOMI
MIPOYHOCTHIO, HO ¢ HEAOCTATOTYHOM BOTOCTONKOCTHIO.
B manpHEHIIIEM TPOMCXOIUT YIIPOUHCHHE CYIIICCTBYIO-
IIeil TTepBUYHOI HAHOCTPYKTYPHI, a TAKKE POCT YMCIa
HAHOKOHTAKTOB KPUCTAJUTM3ALINN MEXKITY HECBSI3aHHBI-
MU MUKPOKPUCTAJITIaMU 1 UX obpacTaHusl. Bropas cra-
IUST YIIPOYHEHMS KPUCTAJTIOTUAPATHEIX HAHOCTPYKTYP
MPOTEeKaeT MEIJICHHO B TCUCHNE HECKOIBKIX MECSIIIEB,
B 3aBHUCUMOCTH OT YCJIOBUI TBEPICHUS TUTICOBBIX Ha-
HoBsKymmx [10].

HccaenoBaHnsT MUKPOCTPYKTYPBI THUIICOBBIX HAHO-
BSDKYIIHNX TTOKA3bIBAIOT, YTO MEXKIY IIACTUHIATHIMU
¢ TommuHoM MeHee 100 HM UTOTBYATHIMA KPUCTaLIa-
mu CaSO, * 2H,0 pa3noo6pa3Hoii popMbl 1 pa3smMepoB
B TBepIO()a30BOM COCTOSTHIHN MMEIOTCS MUKPOITOJIOCTH
u Mukponopsl [11]. ChopmupoBaHHast HAHOCTPYKTypa
KPUCTAJUTMYECKON pelIeTKN TUTHIpaTa CyIbdara Kajlb-
LM CIIOUCTAsL: IIpOcCiIoiika u3 noHoB Ca’" u cynb(aTHbIX
TeTpasnpos SO,’ (COeNMHEHHBIE TPOYHBIMM HOHHBIMU
CBSI3SIMM ) YePEIYCTCS CIIOEM MOJICKYIT BOIbL. I1apameTpsr
HaHOCTPYKTYphI KpuctaiioB CaSO, » 2H, O cnenyromime:
a,= 0,57 um, b, = 1,52 am, ¢, = 0,63 Hm.

15t perymmpoBaHUsI CKOPOCTH TBEPACHUS (3aMeie-
HUS B HaYaJie TIpoIiecca, YCKOPEeHUS TIPH 3aBEPIICHUHT
Habopa IMPOYHOCTU) KOMIOHEHTOB 3D-TexHomoTmit
B TUIICOBYO HAHOKOMIIO3HUIINIO TOOABIISTIOT pa3HOOOpa3-
Hble nobaBku: Hanpumep, 0,05% nuMOHHAsST KUCI0Ta

(TTONMMAeHTAHTHBIM MHIMOUTOP) 3aMEIISICT CXBATHIBAHIE
Ha 30 MmuH. Pa3HOOOpa3HbIC 3aMeUTUTEIN TBEPIACHMUS
ITOHIKAIOT CKOPOCTH PACTBOPEHUS TTOTYyTUAPATA TUTICA,
cJIeIoBaTeIbHO, YMEHBIIIAIOT KOHIICHTPAITNIO BHITIAIAI0-
IINX B OCAIOK KPUCTAJUIOTUAPATOB. B yacTHOCTH, MHTH-
oupylolee IeCTBUE KJIeeB M TIOBEPXHOCTHO aKTUBHBIX
BEIIIECTB Ha KMHETUKY CXBATBIBAHUS OOBSICHSICTCS TEM,
YTO OHU (POPMUPYIOT YCTOMUNBBIC KOJUIOMIHBIE HAHO-
YaCTHUIIBI, KOTOPHIC 3aIePKMUBAIOT IIPOIIECC KPUCTAILIN-
3allUY TATUApaTa TUIICA.

KuHeTHKy TBepmeHMsI HAHOBSDKYIIINX U 00pa30BaHe
MMepBUYHON HAHOCTPYKTYPHI, a TAKXKe BIUSHUS TUTH-
IpaTa TUTICA M3YJaIu IMyTeM (POPMOBAHUS M NCTIBITAHUS
00pas3IIOB Pa3IMYHOTO cocTaBa. JIJIst 3TOro M3rOTOBIIIN
0o0pa3lBl Ha OCHOBe MapKu rurica I'-4:

ruricoBoe [T HanoBstkymiee I'-4(-b-11) — AT
(S, = 3000 cM?/T);

ruticoBoe [1I" HanoBskymiee I'-4(-b-11) — momomm-
TOBast MyKa (S ~ 2600 cm?/1);

ruricoBoe I1I" HanoBskytee '-4(-b-11) — kBapie-
BBIIA MIECOK.

Conepxanne I1I" HAHOBSZKYIIETO M3MEHSIIOCH OT ()
10 50%, BomorBepaoe otHoireHue — 0,22...0,17. I1pu-
TOTOBJICHHBIC 00pa3IIbl HMJIMHIPUICCKOI (hOpMBI TIpec-
coBanu nox masieHuem 20 MIla B teuenue 30 ¢ u uc-
ITBITHIBAJIM Ha TIPOYHOCTH IIPU CXKATUH B Bo3pacTe 1 CyT.
TBEPICHUS ITPU OTHOCUTEILHON BIAXKHOCTH BO3IyXa (p =
60£10% u Temneparypsl t° = 20£2°C. Pe3yabTaThl 9KC-
IIepUMEHTAJIBHBIX MCCIICIOBaHMIT 00pa3IloB Ha OCHOBE
TUTICOBBIX HAHOBSIKYIIIMX Ha IIPOYHOCTD IPEACTABICHBI
Ha puc. 1.

W3 pucyHka 1 3aMeTHO, YTO TUTUAPATHBIN TUTIC TO-
CTaTOYHO aKTWBHO y4acTBYeT B (hDOPMUPOBAHUU TIep-
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Puc. 1. lnunamMuKa pocTa NpOYHOCTH 00PA3IOB
Pa3JMYHOrO COCTABA B 3aBUCHMOCTH OT COJAEPKAHUS
THTICOBOTO HAHOBSIKYHIETO B Bo3pacre 1 cyT.
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Puc. 2. I3meHeHne NpoYHOCTH BO BpeMeHH
NPeCCOBAHHBIX 00PA3LI0B PA3JIMYHOTO COCTABA
NPH ColePKAHUHU TUTICOBOTO HAHOBSLKYmIero 20%
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Puc. 3. MEKpOCTpYKTypa NpecCOBAHHBIX HAHOKOMITO3UTHBIX THIICOBBIX MATPHIL.

Bpewms TBepnenus: a) — 1 cyt., 6) — 8 cyT.

BUYHOI HAHOCTPYKTYphI. [1pn Hanmuum B cucteme I’
Jaxe rnpu HebosblioM coaepxkanuu I (e 6o1ee 10%)
obpasyeTcs TpexMepHass HAaHOKPUCTAIN3allnOHHAS
CTPYKTYpa C JOCTATOYHO BHICOKOM IMPOYHOCTHIO.

Jns u3yyeHus 6e3ruapataliioOHHOTO Habopa mpou-
HOCTH 3aTBEpPACBIINE 00pa3Ilbl Ha OCHOBE T'MIICOBBIX
HAHOBSDKYIINX XPaHWINCH B TCUCHUE MecsIIa TIpu t° =
20£2°C 1 OTHOCUTEILHOU BJIAXKHOCTH aTMOC(EPHI p =
60+10%. KunHetrika n3MeHeHH s IIPOYHOCTHU Ha CXKaTHe
HaHOKOMITO3UTHEIX 00pa31IoB ITpMBEIcHA Ha pHC. 2; 3a-
METHBII POCT IIPOYHOCTHU Ha CXKaTHe ITPONCXOIUT B Tep-
BBIC 4 CYTKU.

MUuUKpOCTPYKTypa TUIICOBBIX HAHOKOMITO3UTOB HC-
cjemoBaHa Ha pacTPOBOM 3JIEKTPOHHOM MHKPOCKOIIE
JEOL JSM-6610L. DieKTpOHHOMHUKPOCKOITMYECKHE
CHUMKU TTOKA3bIBaIOT (pHC. 3) yBeIUUCHUE Pa3MepOB
MUKPOKPHCTAIIJIOB B TCUCHHE § CYTOK.

Ha 6a3e naHHBIX 1a00paTOPHBIX ONBITOB ObLIA pa3-
paboTaHa TeXHOJIOTHS TOTYUCHMST METKOIITYIHBIX CTe-
HOBBIX U TIEPETOPOIOYHBIX M3IEINil, KOTopas Oblia
anmpoOMpoBaHa B ONBITHO-TIPOMBINIJICHHBIX YCIOBU-
SIX. 3a CYCT MCITOIb30BAHUS TEXHOJIOTHUI TTOIYCYXOTO
TIPEeCCOBaHUSI U BUOPOIIPECCOBAHMS TTOJYICHBI CTe-
HOBBIC TIEPETOPOIOUHBIC CTPOMMATEpHUAaIbl C JOCTa-
TOYHOI ITpOoUHOCThI0. McItob30BaHe HAHOYACTHII
TeXHOTEHHBIX OTXOM0B [12—14] m03BOJISIET YCKOPUTH
KMHETUKY Habopa IIPOYHOCTH, IIOBBICUTH MapKy 110 BO-
TOHETIPOHUIIAEMOCTH M YIYUIINTD SKCILTyaTallHOHHBIC
XapaKTePUCTUKNA KOMITO3UIITMOHHBIX TUTICOBBIX BSIKY-
mux. B pabore [15] moapoOGHO paccMOTpeHa TEXHOJIO-
TUST TIOJIYYCHUST MEIKOIITYYHBIX CTEHOBBIX M3IEIUit
TOJIyCYXUM TIPECCOBAHUEM Ha OCHOBE TEXHOTCHHOTO
murunapara dpocdorurnca.

PaccmotpeHre cTpyKTypooOpa30BaHMS U TBEPACHUS
(hochOrnumcoBLIX CTpoMaTEpHAIOB ¢ TTO3UINKN (hpaK-
TaJIbHOI KOHIIEIIIINY KOPPEKTHO MOICTUPYETCS B BUIIE
MYJIBTH(DPAKTATHLHBIX HAHOKJIACTEPOB TUTHIPATA CYIIb-

(ata KanpIUST pa3MepaM HECKOJIBKO ICCITKOB HAHOME-
TpoB [16]. ®ocdorumncosast HAHOKOMITO3ULIMSI C OTXO/Ia-
MM TIPOM3BOICTBA COMBI TBEPICET 3a CUCT KOMITJICKCHBIX
peaxinit ¢ 06pa3oBaHUEM TUAPOCYIb(hOATIOMIHATOB
U TUAPOCUIMKATOB Kanblius. B ctatbe [17] mpeanoxeH
METOJ KOJIMIECTBEHHOTO aHa/IM3a N300paskeHUI MU-
KPOCTPYKTYPBI HAHOMOIM(PUIIMPOBAHHOTO KOMITO3HTA,
OCHOBAHHBIN Ha BBITIOJIHCHUY TBOMYHON JEKOMITO3M-
mun. CpemHue 3HaUYeHUS (hpaKTaTbHON pa3MEPHOCTH
IJTST SMIUPUISCKUX N300paKeHN MUKPOCTPYKTYPBI
coctaBysioT 1,63 (onTuyeckast MUKpocKomus) u 1,76
(ckaHMpYIOIIAas 30HI0Bass MUKPOCKOTIINS).

[Ipu MexaHOAKTHBAIIMY BBICOKOIIPOYHBIX TUIICOB
[18] meaecoobpa3HoO BBECTU B CYXYIO CTPOUTEIBHYIO
cMmech «FREM NANOGIPS»: 510 maet cCHUXXKeHUE
BOJOTUIICOBOIO OTHOILLIEHUS U MOBbILIeHUE B 3—6 pa3
IIPOYHOCTHBIX XapaKTePUCTUK ITOJTyIacMbIX HAHOKOM-
TTO3UTHBIX TUTICOBBIX U3ICIIAIA M MATEPUAJIOB; TIO3BOJISICT
peryarpoBaTh BpeMsl CXBAaTBIBAaHMSI, YCUIIUBACT BOMIO-
CTOMKOCTB, a TAKKE ITOBEPXHOCTHYIO TBEPIOCTh 1 all-
re3uio [19] K pa3muuHBIM TBepaO(ha3HBIM MaTepHaIaM.
ABtopamu ctaTthu [20] yCTaHOBJICHO, YTO TIPA MOIU-
¢unuposanuu 0,18% MHOrOCIONHBIMU YIJIEPOIHBI-
MM HaHOTPYOKaMM HaOIIOOACTCS IIPUPOCT IIPOIHOCTH
Ha cxatue rurca 10 29%.

MHHOBaIIMOHHBIC MaTepUaIbl Ha 0a3e TUTICOBBIX Ha-
HOKOMIIO3UTHBIX BSDKYIINX (CyXMe IITYKATYpHBIC U IIITTa-
KJIEBOYHBIE CMeCH) co3naHbl Moaudukanueit 0,25—1%
IMOJIMBUHIJIAIIETATHBIMU PEINCITIEPTUPYEMBIMHU TTOJIU-
Mepamu [21]. MoguduiimpoBaHHBIC TUTICOBEIC CYXHE
cMecH 00J1agaloT YHUKATBHBIMH XapaKTePUCTUKAMMU:
BO3MOXKHOCTBIO PETYIMPOBAHUS CPOKOB CXBAaTBIBAHUS
B IINPOKUX AMANa30HaX, JTOCTATOYHON MPOIHOCTHIO,
BOIOCTOMKOCTBIO M .

CiemyeT OTMETHTb, UTO PETYIISIIINS TBEPICHUS TUTI-
COBBIX BSKYIIIUX CUMTACTCS TIEPCITIEKTUBHBIM TTPU KOH-
CTPYMPOBAHUU MCXOTHBIX KOMITOHEHTOB 3 D-TeXHOIOTHit
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[22]. AnmuTUBHBIC TEXHOJIOTUM TPEACTABIISIIOT COOOI
TIOCIIOITHOE TO0aBJICHIE MaTeprajia 0 KOMITBIOTepHOM
3D-monenu [23], 1 B HAcTOSIIIEE BPEMS TTPOESKTUPOB-
MUKW B CTPOMUHIYCTPUU BCE OOIBINE MCITOIB3YIOT
TexHoJiorun 3D-1euatnt, 4TO 00ecIIeunBaeT OBICTPOTY
BO3BEICHMS MAJIO3TAXHBIX 3MaHUI CO CIOXKHONM KOH-
cTpykuneit. DOheKTUBHBIM TTOAXOI0M YCHICHUS 3KC-
TUTyaTallMOHHBIX XapaKTepUCTUK CTPOUTEIBHBIX HAHO-
KOMIIO3UTOB It 3D ammuTUBHBIX TEXHOJIOTUI Ha 0a3e
TUTICOBBIX BSDKYIINX SIBJISIETCS peaTnu3alinsl peTyaupye-
MOTO TBEpACHMS C MUHEPATBHBIMU TOOABKAMMU.
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