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0 mexaHu3me BAUAHUA aKTUBHbIX 100aBOK
Ha OCHOBE MarHe3uTa u yriepoaHbIX HAaHOTPYOOK
Ha CTPYKTYPY M CBOWCTBA aHrMAPMTOBOr0 BSAXYLLEro

[laHo 060CHOBaHME HEO6X0AMMOCTI MCMNONb30BAHUA KOMMeKca 06aBOK ANS Yiy4LUEHNUs CBOACTB aHTMAPUTOBOrO BSKYLLEr0 U MeXaHWU3Ma BAMAHNA
Ha CTPYKTYpY C NPUBNEYeHneM METO0B KBAHTOBO-XMMWUYECKOr0 MOJIENMPOBAHNS 1 METOL0B (PU3NKO-XMMMYECKOr0 aHanu3a. YacTuLibl AucnepcHoro
MarHe3uTa BbICTYNatOT KaK LEeHTPbl KpUCTANIN3aLMKM, N0 NOBEPXHOCTM KOTOPbIX POPMMPYIOTCSA KpMCTaniornapatsl ABYBOAHOMO FUMCa, a TakxXe
CNOCOOCTBYIOT CTPYKTYPUPOBAHNIO aHIMAPUTOBOM MATPULbl, 4TO 06ecneynBaeT noBbileHne npoyHocTy A0 100% npu onTMManbHOM COfepPXaHun
no6askun 3%. Mo pesynbratam VIK-aHanusa yrnepoaHble HAaHOTPYOKM OKa3biBAKOT ropa3fo 60see CUbHOE BO3AEGICTBINE HA USMEHEHWE CTPYKTYPbI
KpUCTannoB ABYBOAHOMO rMnca N0 CPaBHEHMIO C KAYCTMYECKUM MarHe3uToMm. [pu COBMECTHOM MCMONb30BaHUM 106aBOK hopmupyeTcs 601ee NNoTHas
11 NPOYHAs CTPYKTYpa C NOBbILUEHMEM MPOYHOCTHBIX XapakTepucTuk Ao 150% no CpaBHEHWO ¢ KOHTPOSIbHLIM COCTaBOM MPW ONTUMANbHbIX

KOHLIEHTPaLMAX YrnepoaHblx HaHOTPy6ok 0,001% n marHeanta — 3%.
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On Influence Mechanism of Magnesite-Based Active Additives and Carbon Nanotubes

on Structure and Properties of Anhydrite Binder

The substantiation of the necessity to use a complex of additives to improve properties of anhydrite binder and influence mechanism on structure with the help of methods of quantum-
chemical modeling and physical-chemical analysis is given. Particles of dispersed magnesite act as crystallization centers, along the surface of which crystalline hydrates of calcium sul-
fate dihydrate are formed, and they also contribute to structuring of anhydrite matrix increasing the durability up to 100% at optimal additive content of 3%. Based on the results of
IR-spectra, carbon nanotubes have much more influence on calcium sulfate dihydrate structure than caustic magnesite. The more compact and durable structure with the increased
durability characteristics up to 150% in comparison with reference composition with optimal concentration of carbon nanotubes — 0,001% and magnesite — 3% is formed during joint

use of additives.
Keywords: anhydrite, magnesite, carbon nanotubes, microstructure.

VapTpa- 1 HaHOAUCIIEPCHbIE AO0aBKU OKa3blBalOT Cy-
IIECTBEHHOE BJIMSHME Ha TMAPATALIMIO U KPUCTALIA3ALINIO
Pa3IMYHBIX TUIIOB BSDXYILIMX, a TaKXKe (PU3UKO-MeXxaHUde-
ckue xapakTepuctuku. Tak, B pabote [1] moka3aHO, 4TO
TIpY UCTTOJIb30BAaHWM MUKPOKpeMHe3eMa B KoanmdecTBe 2%
OT MAacChl BSDKYIIIETO YCKOPSIETCST MPOLIECC TMApaTalvy 1ie-
MEHTA, YTO BEAET K MOBBIIIEHUIO MIPOYHOCTUA B HAYAJIbHBII
MepHoJI TBEPACHUS 10 TPEX pa3, KpOMe TOro, CHUXKAETCS BO-
JIOMOTJIOLIEHUE 10 ABYX pa3. BBeneHue yriaepoaHblx HAHO-
TpyOOK B rMOpUIHBIE CBsI3yIOIIME [2] crTocoOCTBYET (hopMU-
pOBaHMIO 00JIee OMHOPOIHOM 1 TOHKOIUCIIEPCHOM (pa30BOI
CTPYKTYPBI KOHEYHOTO MpoayKTa. [Tpu ucnosb3oBaHUU Ha-
HOTpPYOOK B LIeMeHTax [3], TOHKOAUCIIEPCHBIX MYLIL0JaHO-
BBIX 100aBOK B OeTOHAX [4] YIJIOTHSIETCS CTPYKTYpa U CHU-
3KaeTcsl TOPUCTOCTD, YTO TTPUBONT K IMOBBIIIEHUIO TIPOYHO-
ctu. Kpome Toro, ncciaenoBaTeny no-pa3HoMy JaroT oObsic-
HEHHE IPOMCXOMSIIINM IIpolieccaM. Tak, aBTopsl [S] moma-
raroT, YTO MPU MCTIOJb30BAaHMU HaHOPa3MEePHOTO MOIU G-
KaTopa, HAaHOCMMOTO Ha MOBEPXHOCTb MUKpOChEp, YILIOT-
HSIETCS CTPYKTYpa LIEMEHTHOI'O KaMHsI Kak B 00beMe MaTpu-
LIbl, TAK W Ha TpaHulle pasaena (a3 LEeMEHTHbIH KaMeHb
— Mukpocdepa. [Ipn MCcnonb30BaHMKM KOPOTKOBOJIOKHU-
cToro acbecta B aHTMIPUTOBBIX BSIXKYIIMX [6] YIIIOTHSIETCS
CTPYKTYpa KaMHsl, TIPENIOIOXKHUTEIbHO 32 CYeT HAaHOCTPYK-
TYPUPOBAHUS TPAHUYHBIX CJIOEB 00PA3yIOLIErocs TUruapa-
Ta. B paGote [7] aBTOpHI MojararoT, YTO CYILECTBEHHOE
yIIy4llleHUe PA3TUYHBIX XapaKTePUCTUK TUIICOBOTO BSIXKY-

HAYUHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

Ultra- and nanodispersed additives have significant influ-
ence on hydration and crystallization of various types of
binders, as well as their physical-mechanical characteristics.
Thus it is demonstrated in [1] that the use of nanosilica of 2%
from the binder mass increases cement hydration process,
thus resulting in increased durability at the initial hardening
period up to 3 times, besides, water absorption decreases up
to 2 times. The introduction of carbon nanotubes into hybrid
binders [2] promotes the formation of more homogeneous
and fine phase structure of polymeric binder. When using
nanotubes in cements [3], fine pozzolanic additives in con-
cretes [4], the structure is compacted and porosity decreases
that leads to the increased durability. Besides, researchers
explain the processes in different ways. Thus the authors [5]
believe that when nanomodifier is applied onto the surface of
microspheres, the structure of cement stone is getting more
compact both in the matrix volume and on interface bound-
ary cement stone — microsphere. When applying short-fi-
bered asbestos in anhydrite binders [6], the stone structure is
compacted due to nanostructuring of boundary layers of di-
hydrate being formed. In [7] the authors believe that the sig-
nificant improvement of different characteristics of gypsum
binder when using nanoparticles based on silica is connected
with the formation of hydrates of calcium sulfosilicates.
Thus, ultra dispersed additives result in the formation of
dense and homogeneous structure and improve different
characteristics of materials. However, there are differences in
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IIETO MPY UCTIOJIb30BAaHUY HAHOYACTHUII HA OCHOBE KpeMHe-
3eMa CBSI3aHO C 00pa3oBaHUEM I'MAPATOB CYIb(POCUINKATOB
Kanpliusa. TakuM obOpa3oM, yabTpagucIiepCHbIe T00aBKU
NpUBOIAT K (POPMUPOBAHUIO TJIOTHOW M OIHOPOAHON
CTPYKTYPbI M 00€CIIEYMBAIOT YIYUIIEHUE PA3TMIHBIX XapaK-
TepUCTUK MaTepuasioB. OIHAKO CYIIECTBYIOT pa3inyus B
OOBSICHEHWUH TTPOUCXOIAIINX TTPOLIECCOB TIPU MCTIOb30Ba-
HUM HAHOMOINU(UKATOPOB.

B mpenpioyniux vccieaoBaHUsIX MokaszaHa 3¢hdeKTrB-
HOCTb MCMOJIb30BaHUS KayCTUUYECKOIo MarHe3uTa B Kaue-
CTBE aKTMBHOW MUHEPAJIbHOU 10OABKM B aHTUAPUTOBBIX BSI-
xymmx [8]. Takke HaHoaMCHepcHBIE MOAM(UKATOPHI 3a
CYeT M30BITOYHON IMOBEPXHOCTHOM HEPTUU CIIOCOOHBI CYy-
LLIECTBEHHO MEHSTh YCJIOBUS CTPYKTYpooOpa3oBaHus [9, 10].
Kpome Toro, uMeHHO B KOMITO3UIIMOHHBIX MaTepuajiax 3a
CYeT MPOSIBJICHUSI CAMOOPraHU3alMi BO3MOXHO MTpUOOpe-
TEHUE MU HOBBIX CBOMCTB. ['MMoTe30i1 JaHHOTO MCCIe0Ba-
HUS SIBJISIETCS] TIPEITTOJIOKEHME, UTO 32 CYET HATIPABICHHOTO
BO3ICICTBUS Ha CTPYKTYPY aHTUAPUTOBOTO BSIKYILETO pa3-
JINYHBIMU TIO TUIY YJABTPAOUCIIEPCHBIMU U HAHOAMCIIEPC-
HBIMU 100aBKaMU Y BO3ZMOXKHOTO TPOSIBIIEHUS] CUHEPTETH -
yecKoro a¢dexra OT COBMECTHOI'O UCTIOJb30BaHUS 100aBOK
OyzmeT JOCTUTHYTO CYIIECTBEHHOE ITOBBIIICHUE MEXaHU4e-
CKUX IOKa3areJiei.

Ienb maHHOU pabOTHI — MCCIENOBATh BIUSHUE KayCTH-
YeCKOT0 MarHe3uTa v yrjepoaHbIX HAHOTPYOOK Ha CTPYKTY-
DY 4 CBOMCTBA BSKYIIETO U3 IPUPOTHOTO aHTUAPUTA U 000-
CHOBATb MOJyYeHHbIE PE3YJbTaThl C UCTIOJb30BAHUEM KOM-
TJIeKca METOIOB (PM3UKO-XMMHUUECKOTO aHaJIU3a.

B xauecTBe BSKYIIETO MCTIONB30BAJICS TIPUPOAHBIN aH-
runput EpraueBckoro mecropoxnenust (KyHrypckuit paii-
oH, [lepmckuii Kpait). JIj1s1 U3roToBIeHKUSI 0OpPa3OB aHT U~
PUTOBBIII KaMeHb MpeaBapUTEIbHO APOOWJICS B IEKOBOI
npo6uke HI1-6, 3aTeM M3MeTbYaics B TOPOLIOK B JJaGopa-
TOpPHOI1 TuckoBoit MebHuULle MI-200 10 ynenbHOM moBepx-
Hoct! 3000 cM?/T. B paboTe mpUMeHSIICS KayCTHUYECKUil
Mmargesut (ITMK-87) ¢ maccoBoii moneit MgO — 87%.
B kauecTBe yriiepogHbIX HAHOCTPYKTYP — MHOTOCJIOMHBIE
yriepoaHble HaHOTpyOku Masterbatch CW2-45 (MYHT)
(«ApkeMa», ®panums). [1IpoayKT mpeacTaBisieT rpaHyJIv-
poBaHHYy10 nucrieprupoBaHHyto cmecb MYHT B cpene kap-
OOKCUMETHUIILIEIUTIONO3bI, codepxaiieir 45% MHOrociom-
HBIX YTJIEPOAHBIX HaHOTPYOOK (puc. 1, a, b). Masterbatch
CW2-45 npu MexaHMYeCKOM MepeMelIMBAaHUU C BOMIO
MpeBpaliaeTcs B MajJoyCTONUUBYIO NUCTIEPCUIO C BKIIOYE-
HUSMU YaCTULL MUKPOMETPOBBIX Pa3MEPOB.

Juist onpeneneHust MPOYHOCTHBIX XapaKTepUCTUK M3-
roTaBAUBAIUCh CTaHAAPTHBIE 00pa3IbI-0AJIOUKU CO CTO-
poHamu 4X4X16 ¢M ¢ TTOCIEYIOIINM ITPOBEAEHIUEM MEXa-
HUYECKUX MCIBITAHUN, MUKPOCTPYKTYpa H3ydyajachb Ha
3JIEKTPOHHOM MHUKpockone Phenom G2 pure. g mone-
JIMPOBaHUSI BO3MOXHBIX B3aMMOJEWCTBUI MPU TUIpaTa-
IIMM B KOMITO3ULIMOHHOM MaTepuasie U TIpOTrHO3UPOBaAHUS
SKCIIEPUMEHTa MCIOJIb30BaJICsI KOM-
TUIEKCHBIM TPOTPAMMHBIN TIPOIYKT
HyperChem.

st o6ocHOBaHUsI BbIOOpa MOAM-
(uuupyromux 106aBOK MPOBOIUIOCH
MOJEUPOBaHUE TUApaTalluM C WC-
MMOJIb30BAHUEM TIPOrPAMMHOIO KOM-
mwiekca HyperChem 8.0. Mcmoas3o-
BaHMWe JaHHOM MporpaMMBbl TTO3BOJISIET
CMOJIEJIMPOBATh KaK OTIEJbHbIE MOJIe-
KYJbl BEIIEeCTB, TAaK U WX B3auUMOJeH-
CTBME B Pa3JIMYHBIX KOMITO3UIIMOHHBIX
MarepuajaXx U C BBICOKOU CTEIeHbIO
JIOCTOBEPHOCTU CITPOTHO3MPOBATh Pe-
3yJIbTaThl IKCTepuMeHTa. B KauecTBe
HCXOMHBIX KOMIIOHEHTOB JJIsI MOJEJIH -
pPOBaHUS MPOLECCOB ruapaTaluy ObUTH
BbIOpaHbI CJIEAYIOIIME MOJIEKYJIbl: aH-

(Y PONIENBHBIE

the explanation of ongoing processes when applying nano-
modifiers.

The efficiency of using caustic magnesite as active min-
eral additive in anhydrite binders was demonstrated in previ-
ous investigations [8]. At the same time, it is known that
nanodispersed modifiers are able to significantly change
structuring conditions due to excessive surface energy [9, 10].
Besides, these are composite materials in which the acquisi-
tion of new properties due to self-organization is possible.
The hypothesis of this investigation is the assumption that
due to the directed action onto the anhydrite binder structure
by different ultradispersed and nanodispersed additives and
possible synergetic effect from the joint application of addi-
tives the significant improvement of mechanical characteris-
tics will be achieved.

The objective of this work is to investigate the influence of
caustic magnesite and carbon nanotubes on structure and
properties of natural anhydrite binder and substantiate the
results obtained applying the complex of physical-chemical
analysis methods.

Natural anhydrite from Ergachevo deposit (Kungur re-
gion, Perm krai) is used as the binder. To produce samples,
the anhydrite stone is preliminary crushed in jaw crusher
ShD-6, then ground into powder in laboratory disc mill
ID-200 to specific surface of 3000 cm?/g. In our work we
use caustic magnesite (PMK-87) with mass fraction of
MgO — 87%. Multiwall carbon nanotubes «Masterbatch
CW2-45» (MCNT) by «Arkema» (France) are used as car-
bon nanostructures. The product is a granulated dispersed
mixture of MCNT in the medium of carboxymethyl cellu-
lose containing 45% of multiwall carbon nanotubes
(Fig. 1, a, b). When mechanically mixed with water,
«Masterbatch CW2-45» turn into sensitive dispersion with
the inclusion of microparticles.

Standard samples-beams with the dimensions 4xX4X16 cm
are produced to define the durability followed by mechanical
tests, the microstructure is studied at electron microscope
Phenom G2 pure. Complex software package HyperChem is
applied to model the possible interactions during hydration in
composite material and forecast the experimen.

To substantiate the selection of modifying additives,
the hydration is modeled with software package
«HyperChem 8.0». The application of this software allows
modeling both separate molecules of a substance and their
interaction in different composite materials, and, with high
reliability, forecast the experiment results. Molecules of an-
hydrite (CaSO,), magnesite (MgCO;) and graphene plane
(Fig. 2) are selected as initial components to model the hy-
dration processes. The influence of additives on hydration is
analyzed against the changes in wavelengths and valence an-
gles in molecules.

Analysis of the results of modeling the interactions of
magnesite molecule with water (MgCO;+H,0) demon-

Puc. 1. MNpombilineHHbie 06pasubl yriepoaHbIx HAHOTPYOOK C MPUBUTBEIMU GYHKLIMOHANTBHBIMW FPyM-
namm Ha ocHoBe kapbokcumeTuiuennonossl n3 cepun Masterbatch CW 2-45: a — o6wwmit BuA;
b — npw yBennyeHmm 200000

Fig. 1. Industrial samples of carbon nanotubes with bonded functional groups based on carboxymethyl
cellulose of Masterbatch CW 2-45 series: a — general view; b — at 200000-fold magnification
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rugpur (CaSO,), marnesut (MgCO5) u
rpadeHoBast IOCKOCTh (puc. 2). AHa-
JIU3 BAUSIHUS 100aBOK Ha TMApaTallUio
ITPOBOIUJICS TTO UBMEHEHUIO IJTUH CBSI-
3eil M BaJICHTHBIX YTJIOB B MOJIEKYJIax.

AHanu3 pe3yabTaToB MOJEIMpPOBa-
HUST B3aUMOICHCTBUST MOJIEKYJIBI Mar-
HesuTa ¢ Bogoii (MgCO;+H,0) noka-
3aj1, yTo MmHa cBa3u O—H usmenser-
ca ¢ 094 no 2,74A, a T1ipu
B3aMMOJICVCTBUU CyJib(haTa KalblUsl C
Bopoit (CaSO,+H,0) — ¢ 0,95 no
1,09A. Kpome TOro, mnpoucXoauT
CTPYKTYpPHAsl OpPUEHTAIUsI MOJIEKYJ
BOZbI BOKPYT MOJIEKYJIbl MarHe3uTa,
YTO COMPOBOXAAETCS MOTEpEN cUMMe-
Tpuu (puc. 3). DTO MO3BOJSIET TOBO-
pUTb O TOM, YTO A00OaBKa CO 3HAYM-
TeNIbHBIM comepxXaHneM MgO (KayCTUYeCKUid MarHe3WT)
OymeT oka3biBaThb BBICOKOE MOJISIpU3YIolliee AeCTBUE Ha
MOJIEKYJIbl BOIbI MPU TUAPATALIUU AHTUAPUTOBOTO BSLKYIIIE-
ro. Bmecte ¢ TeM U3BECTHO, UTO €CJIU HAMOJHUTETb UMEET
BBICOKYIO Y/EJIbHYIO MOBEPXHOCTh, TO BCJIEACTBUE «aCUM-
METPUU CTPOEHUSI TTOBEPXHOCTh AUCIIEPCHOI YaCTUIIBI 00-
pasyeT CJIOi amcopOMpOBaHHON BOMbBI, CTPYKTYPUPOBaH-
HOM ¥ MOJSIPU30BAHHOM, C MOBBILICHHOW IUIOTHOCTBHIO U
MOHWXXEHHON AURJIEKTPUUYECKON MpOoHMUIIaeMOCThio» [11].
B Ttakom ciioe GyneT MpoucXoAuTh MHTEHCUBHASI KPUCTAII-
JIU3alMsl pacTBOpeHHOro BelecTBa. [Ipu 3ToM npeanona-
raeTcsl, YTO TOJSIPU3aLMS MOJIEKYJ BOJbI IPUBOJIUT K YIIO-
PAIOYECHUIO CTPYKTYpPhl KPUCTAJUTOTMIPATHBIX HOBOOOpPA-
30BaHUI C MOCIESAYIONIUM MOBBIIEHUEM (DU3UKO-MeXaHH-
YeCKUX CBOMCTB BSIKYIIUX MaTPUII.

AHaJIM3 pacyeToB B3aUMOICICTBUSI Cyabdara Kalblus C
Bonoil m marHesutoMm (CaSO,+H,0+MgCO;) mnoxkasan
(cM. Tabnuity), yro miauHa cBsizu O—H mensercs ¢ 0,94 no
2,41. DTO 3HAYUTEILHO OOJIBIIIE, YeM TP B3aMMOACHCTBUI
anruapura c Boaoii (0,95 u 1,09), uro noaTBepxaaer dosee
BBICOKHUE MOJIAPU3YIOLLIME CBOICTBA KaToHa Mg?* Ha morte-
KYJIbI BOJIbl. AHAJTU3 pacyeToB rpad)eHOBOM MIOCKOCTU C BO-
JIOM MoKa3aJl HEM3MEHHOCTb JIJIMHBI CBSI3C M BaJICHTHBIX
VIJIOB, YTO CBUICTEIBCTBYET O TUAPOGOOHOCTH TpadeHOBOM
IJIOCKOCTH, HO BBISIBJIEHA OPUEHTALIMSI MOJIEKYJ BOIbI BO-
Kpyr (pyHKIIMOHAIM3MPOBAHHOI IrpadeHOBOI ILTIOCKOCTH.
IIpu B3aMOIENCTBUM MOJIEKYJIbI aHTMIPUTA C MAaTHE3UTOM
U rpadeHOBOI MIOCKOCThIO utnHA cBsidu O—H yBennuuBa-
ercst ¢ 0,94 o 3,94, yto ropasno Gosbliie, YeM MpU B3aMMO-
IEVCTBAM aHTHIPUTA C MarHe3WTOM 0Oe3 rpadpeHOBOI ILIO-
ckoctu (¢ 0,94 no 2,41). Kpome TOro, mpu UCIOJIb30BAaHUU
J100aBOK U3MEHSsI0TCS BaJleHTHBIE YTkl O—Ca—O B MoJieKy-

¢ — graphene plane

Puc. 2. Monekynbl MICXOAHBIX KOMMOHEHTOB AJ19 MOAENNPOBaHWs npouecca rmgpataunn: a — CaSO,;
b — MgCOg; ¢ - rpadeHoBast N10CKOCTb

Fig. 2. Molecules of initial components to model the hydration process: a — CaSO,; b - MgCOg;

strated that the bond length of O—H changes from 0,94 up
to 2,74A, and during calcium phosphate interaction with
water (CaSO4+H,0) — from 0,95 up to 1,09A. Besides, the
structural orientation of water molecules around magnesite
molecule occurs followed by the symmetry loss (Fig. 3).
This allows stating that the additive with considerable con-
tent of MgO (caustic magnesite) will make a high polariz-
ing effect on water molecules during the hydration of anhy-
drite binder. At the same time, it is known that if the filler
has a high specific surface, then, due to structure asymme-
try the dispersed particle surface forms the layer of ad-
sorbed water structured and polarized with increased den-
sity and decreased dielectric permeability [11]. Thus, the
intensive crystallization of dissolved substance will take
place in such layer. At the same time, it is assumed that
polarization of water molecules results in structure regula-
tion of crystalline hydrate new-formations followed by the
improvement of physical-mechanical properties of binding
matrixes.

The computation analysis of calcium sulfate interaction
with water and magnesite (CaSO,+H,0+MgCO;) demon-
strated (Table) that length of bond O—H changes from 0,94
up to 2,41, which is considerably more than during anhy-
drite interaction with water (0,95 and 1,09), and confirms
higher polarizing properties of cation Mg?* onto water
molecules. The computation analysis of graphene plane
interaction with water demonstrates that bond lengths and
valence angles do not change, which proves hydrophobic
nature of graphene plane, however, the orientation of water
molecules around functionalized graphene plane is re-
vealed. During the interaction of anhydrite molecule with
magnesite and graphene plane the length of bond O—H

CpaBHUTeNbHbIA aHanu3 anvH cea3n O—H v BaneHTHOro yrna O—Ca—O0 npu pa3nuyHbiX BUAAX B3aUMOAeACTBUS
Comparative analysis of length of bond O—H and valence angle O-Ca-0 during different types of interaction

[JaHHble pacyeTa
Bua, B3aMoaencTems LnuHa ceasen gA) 1 BaJIGHTHBIN Yron Computation data
Interaction type Bond length (A) and valence angle [0 onTUMM3aLMK Mocne onTMMM3aLMm
Before optimization After optimization
MgCO3;+H,0 O-H 0,94 2,74
0-Ca-0 93,38 70,62
CaS0O,+H,0
O-H 0,95 1,09
0-Ca-0 74,45 39,2
CaS0,4+H,0+MgCO4
O-H 0,94 2,41
0-Ca-0 74,45 101,96
CaS0,+H,0+MgCOs+rpadeHoBas NNOCKOCTb —
CaS0,+H,0+MgCOs+graphene plane O-H (H,0) 0,94 3,94
O-H 0,95 2,33
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Jie CaSOy, 4TO CBUAETENBCTBYET 00 yya- a
CTUM 100aBOK B MPOTEKAHUU peaKIIMK
(cM. TabuLLy).

N3BectHOo [12], YTO yriepoaHble
HAHOCTPYKTYpPbl OKa3bIBAalOT OoJiee
CWJIbHOE BIWSIHUE Ha W3MEHEHHE
CTPYKTYPbl MMHEPAJIBbHBIX MaTpUIl 3a
cyYeT sSIBJICHUSI cCaMOOpraHu3alu, ooy-
CJIOBJIEHHO€ HaJIMuyMeM H30bITOUYHOM
MOBEPXHOCTHOI 3Hepruu. Takum o0-
pPa3oM, MOXHO MPENION0XUTh, YTO CO-
BMECTHOE MCIOJIb30BAHUE YIbTPAAU-
CIepcHOIl m00aBKU (KayCTUYECKOIO
MarHe3uTa) 1 HaHOAUCIIEpCHOM 100aB-
K4 (YrJepomaHbIX HAHOTPYOOK) OyneT
OKa3bIBaTh OoJiblliee BO3AEHCTBUE Ha
U3MEHEHUE CTPYKTYPbl aHTUIPUTOBOM
MaTpUIbl IO CPaBHEHUIO C pa3nelib-
HBIM UCITOJIb30BaHUEM.

151 060cHOBaHUS MPaBUILHOCTH CAETAHHBIX BBIBOJOB
MPOBOAMIUCH (DU3UKO-MEXaHUUECKUE UCTIBITAHUSI aHTU]I-
PUTOBOTO BSIKYILETr0, MOAU(DUIIMPOBAHHOIO YJIbTpaIu-
CMEPCHBIM KayCTUYECKUM MarHe3uTOM M YIJIepOAHBIMU Ha-
HOCTPYKTYpaMHu.

BBeneHue B cocTaB aHTUIPUTOBOM KOMITO3UIIMY KayCTH-
YeCcKOro MarHe3uTa B nuaras3oHe ot 0 10 3% nmpuBoIuT K MO-
HOTOHHOMY YBEJIMUEHMUIO Mpeiesia TPOYHOCTH Ha cxKaThe 10
100% (puc. 4). I1pu nanpHeHIIEM YBETMUEHUH 100aBKH (60-
nee 3%) TIPOMCXOANT TOCTENEHHOE CHUXKEHNE MeXaHHMue-
CKUX ToKasareseid. JlaHHbIe pe3ybTaThl OOBSICHSIIOTCS TEM,
YTO YaCTUIIBI MarHE3WTa UTPAIOT POJIb «LIEHTPOB KPUCTAJUTH -
3al1U», TI0 TTIOBEPXHOCTU KOTOPBIX (DOPMUPYIOTCST KPUCTAII-
JIbI IByBOAHOTO rurca. KpomMe Toro, mpu MajibIX KOHIIEHTpa-
USX 100aBKU (10 3%) MIPOUCXOIUT CTPYKTYPHUPOBAHUE aH-
TUIPUTOBOI MaTpUIIbl C (POPMUPOBAHKEM OOJIBIIETO KOJIM-
yecTBa 00Jiee TUIOTHBIX M MPOYHBIX KOHTAKTOB MEXIY KpU-
crayuiamMu. M3BectHo [13], uTo B3anmMoaeiicTBrE rpaHUYHbIX
CJI0EB OTAETbHBIX AUCTIEPCHBIX YACTUII IIPUBOAMT K (hopMU-
POBAaHUIO TUIEHOYHOM (Da3bl MaTPHUIIBI MEXKITY TUIOTHOYITAKO-
BaHHBIMM YyacTUllaMU. JlaJibHelillee CHUXEeHUE MPOYHOCTH
00yCJIOBJIEHO HapacTalolllell HeXBAaTKOM BSKYIIETo M1l Mo-
KPBITUS BCEi TTOBEPXHOCTU BBEACHHOM J0OABKU.

AHaJu3 pe3yIbTaTOB MEXaHUIECKUX UCTTBITAHUI 06pa3-
oB ¢ MYHT B untepsaie ot 0 1o 0,005% moka3zair, uTo yBe-
JIMYEHUE TIpeesia MPOYHOCTH MPU CKATUU COCTaBIIsieT 35%,
a mpenesa IPOYHOCTH TIpu nu3rude — 70% (IIpu onTHUMyMe
0,001%). MeHbIIMiA TIPUPOCT TPOYHOCTU OODBICHSIETCS
CJIOXKHOCTbIO PAaBHOMEPHOTO pacrpeesieHus HeOOIbIIOTo
KoJimyecTBa HaHOTPYOOK (0,001%) 110 cpaBHEHUIO C MarHe-
sutoM (3%).

IIpu yMcnonb30BaHUM KOMIUIEKCHOM T00aBKM, COCTOSI-
el U3 KaycTMYecKoro MarHesurta u gucnepcuu MYHT,
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MpoyHoCTbL, Mla
Strength, MPa
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CopepxaHne MgO, %
Content of MgO, %
Puc. 4. 3aB1MCUMOCTb NPOYHOCTU aHMMAPUTOBOMO BAXYLLEro yepes 14 cyt
TBEPOEHUS OT COAEPXAHUSA KayCTUYECKOro MarHe3uTa: 1 — NPOYHOCTb Npu
n3rnbe; 2 — NPOYHOCTb NPU CXaTUn

Fig. 4. Dependence of anhydrite binder durability on caustic magnesite
content after 14 days: 7 — bending strength; 2 — compression strength

onNn MO

Puc. 3. Monekyna marHeauta B kybe Boabl [0 (a) v nocne (b) ontumMmaaumm
Fig. 3. Magnesite molecule in cubic meter of water before (a) and after (b) optimization

increases from 0,94 up to 3,94 that is much higher than
during anhydrite interaction with magnesite without gra-
phene plane (from 0,94 up to 2,41). Besides, when using
additives valence angles O—Ca—O in molecule CaSO,
change, which proves the participation of additives in reac-
tion (Table).

It is known [12] that carbon nanostructures have greater
influence on the structure change of mineral matrixes due to
self-organization phenomenon conditioned by the availabil-
ity of excessive surface energy. Thus, it can be assumed that
joint use of ultradispersed additive (caustic magnesite) and
nanodispersed additive (carbon nanotubes) will greatly influ-
ence the structure change of anhydrite matrix in comparison
with separate use.

Physical-mechanical tests of anhydrite binder modified
by ultradispersed caustic magnesite and carbon nanostruc-
tures are carried out to substantiate the correctness of conclu-
sions made.

The introduction of caustic magnesite into anhydrite
composition in the range from 0 to 3% results in monotonous
increase in ultimate compression strength up to 100%
(Fig. 4). With further additive increase (over 3%) the me-
chanical characteristics are gradually decreasing. These re-
sults are explained by the fact that magnesite particles play
the role of crystallization centers, on the surface of which
crystals of calcium sulfate dihydrate are formed. Besides, at
small additive concentrations (up to 3%) anhydrate matrix is
structured with the formation of a large number of more
compact and durable contacts between the crystals. It is
known [13] that the interaction of boundary layers of separate
dispersed particles leads to the formation of matrix film phase

24
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Puc. 5. 3aBMCMOCTb MNPOYHOCTN aHIMAPUTOBOIO BAXYLLENO Yepes 14 cyT
TBEPOEHNS OT CoAepXaHus kaycTuyeckoro marHeauta n MYHT(0,001%):
1 — MPOYHOCTL NPU CXaTUN; 2 — MPOYHOCTL NPY N3rnbe

Fig. 5. Dependence of anhydrite binder durability on caustic magnesite

and MCNT (0,001% ) content after 14 days: 17 — compression strength;
2 - bending strength
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(x5000)

Puc. 6. M1KpoCTpykTypa aHrmapuToBO MaTpuubl: @ — 6e3 no6aBok; b — C KayCTUYECKUM MarHeanTom — 3%; ¢ — C KayCTMYEeCKMM MarHeantom n MYHT

Fig. 6. Anhydrite matrix microstructure: a — without additives; b — with caustic magnesite — 3%; ¢ — with caustic magnesite and MCNT (x5000)

JIOCTUTAETCSI TPUPOCT MPOUYHOCTU TPU CXKATUM aHTUIAPU-
TOBOTO Bsikyliero 10 150% npu onTruMaabHOM COAepXKa-
Huu MarHesuta 3% u 0,001% MYHT (puc. 5). Takum 06-
pa3oM, MpHU COBMECTHOM MCITOJIb30BAHUU KayCTHMUECKOTO
MarHe3uTa M yIIepOAHbIX HAHOTPYOOK NOCTUTAIOTCS JIyd-
1€ pe3yJabTaThl, YeM IpHU pasieJbHOM HCMOJb30BaHUU
100aBOK, BEPOSITHO, 3a CUET MPOSIBICHMSI CUHEpPreTuye-
ckoro 3pdekra.

Ananmmn3 UK-cniekTpoB 6e3 106aBOK 1 ¢ 100aBKaMU TO-
Ka3aji, 9TO HanOOoJIbIIIE U3MEHEHUSI OTMEYAIOTCS B 00pasiie
C YIJIEPOOHBIMM HaHOTpyOKamu (puc. 6). B umHTepBane
1000—1200 cm™! oTMeuaeTcst cylecTBEHHBIII CIBUT YacTOT,
COOTBETCTBYIOIINX JehopMallMOHHBIM KosiebaHusiM SO, 110
CPaBHEHUIO C KOHTPOJIbHBIM COCTaBOM (Haripumep, 1159,22
u 1109,07 — nnsg koutposibHoOro; 1178,51; 1087,85 — miist 06-
pasua c MYHT). KpoMme Toro, nusmeHsieTcst 4acToTa Kojeba-
Huii B uHTepBasie 1600—1700 cM™!, cooTBeTCTBYIOMINX NE-
(popMaLIMOHHBIM KoJiebaHusIM Boabl (1622,13 n 1620,21 g
KOHTPOJIBHOTO U ¢ HAHOTPYOKAaMM COOTBETCTBEHHO), M 3HA-
YUTEJbHO YBEJIMYMBAETCS WHTEHCHUBHOCTH I0JIOC BaJICHT-
Hbix konebanmit H,O B o6nactu wactor 3400—3550 cm™! B
CpPaBHEHUU C IPYTUMHM. DTO MO3BOJISIET TOBOPUTH O TOM, UTO
B CTPYKType o0Opa3lia ¢ HAHOTpyOKaMM CYIIECTBEHHO MEHSI-
€TCSI CTPYKTYpa KPUCTAJIOTUAPATOB CYIb(haToOB Kaiblius. B
obpasiie, coJepKalieM yJIbTpaaucepcHblil MarHe3uT, Tak-
K€ OTMEUAloTCSl UBMEHEHMS B CTPYKTYpE CyJibdaTta KaabLus
W MHTEHCUBHOCTHU TIOJIOC, HO B MEHbIIIEH CTENeHU, YeM C
HaHOTPyOKaMM.

MUuKpOCTPYKTYpHBII aHaIU3 0e3100aBOYHOr0 obpasiia
rmokasaj (puc. 6, a), 4To B obpasle (popMUpYETCS phIXias
CTPYKTYpa CO 3HAYUTEJbHON MOPUCTOCTbIO, KOTOpas Mpe-
JoTIpeesisieT HU3KUEe MeXaHUYeCKUe XapakTepucTuku. [1pu
BBE/ICHMM MarHe3uTa hopMupyercsi 6osiee TI0THAsI CTPYK-
Typa (puc. 6, b) 3a cyeT TOro, 4YTO YACTUIILI MarHE3UTa KaK
LIEHTPBI KPUCTAJIM3ALMK CIIOCOOCTBYIOT OOJIbIIIEMY IIPe00-
pPa30BaHUIO AHTUIPUTA B TUIIC, & TAKXKE 3a CUET CTPYKTYpH-
pOBaHMSl aHTUAPUTOBON MATPHUIIbI, YTO TMOATBEPXKIAETCS
pesynbratamu M K-anammza. Ilpu mcnonb3oBaHWM KOM-
IJIEKCHOU n00aBku (popMupyetcst ropa3no 6osee MaoTHas
CTPYKTYypa C MEHBIIEH IOPUCTOCTEIO (PHC. 6, ¢).

ComnocTaBjieHHe pe3yIbTaTOB MEXaHUYECKUX UCIThITa-
Huii, MK-aHanusza, aJIeKTpOHHOI# MUKPOCKOIIMM IIOJI-
TBEpPKAAeT MPEAINoJ0XKeHEe, YTO YaCTUILbl MAarHe3UTa Bbl-
CTYyNawT KaK LUEeHTPbl KPUCTAJUIM3ALMU U CITIOCOOCTBYIOT
CTPYKTYPUPOBAHUIO aHTUIPUTOBOM MATPUIIbI, YTO BbI3BA-
HO 0oJjiee BBHICOKMMHM TTOJISIPU3YIOIIMMM CBOMCTBAMHU Ha
monekynnsl Bonbl. Ilo pesynbratam MK-ananuza MYHT
0Ka3bIBaIOT ropasno 0oJjiee CUIbHOE BO3/AECTBUE HA MU3-
MEHEHUE CTPYKTYPbl KPUCTAIJIOB ABYBOJAHOIO THUIICA IO
CPaBHEHMIO C KayCTUYECKMM MarHe3uToM. MeHbIInit

HAayYHO-MexXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

between densely-packed particles. Further durability de-
crease is conditioned by binder shortage to cover all the sur-
face of the additive introduced.

The analysis of results of mechanical tests of samples with
MCNT in the range from 0 up to 0,005% demonstrated that
the increase in ultimate compression strength is 35%, and
ultimate bending strength — 70% with the optimum of
0,001%. Less durability growth is explained by the complex-
ity of homogeneous distribution of a small number of nano-
tubes (0,001%) in comparison with magnesite (3%).

When using complex additive consisting of caustic mag-
nesite and MCNT dispersion, the growth of anhydrite
binder compression strength up to 150% is observed with
optimal magnesite content of 3% and 0,001% of MCNT
(Fig. 5). Thus, apparently, due to synergetic effect, better
results are achieved with joint application of caustic magne-
site and carbon nanotubes than with separate application of
additives.

IR-spectral analysis without and with additives demon-
strated that the most changes are observed in the sample with
carbon nanotubes. The significant frequency shift corre-
sponding to deformation oscillations of SO in comparison
with the reference composition (e. g. 1159,22 and 1109,07 —
forreference; 1178,51; 1087,85 — for the sample with MCNT)
is observed in the range 1000—1200 cm™!. Besides, the oscil-
lation frequency is observed in the range 1600—1700 cm™!
corresponding to deformation oscillations of water (1622,13
and 1620,21 for the reference one and one with nanotubes,
respectively) and the intensity of bands of valence oscillations
of H,O in the frequency range B obnactu yactor 3400—
3550 cm! considerably increases in comparison with other
samples. This allows stating that the structure of crystalline
hydrates of calcium sulfates considerably changes in the
structure of the sample with nanotubes in comparison with
other samples. Changes in the structure of calcium sulfate
and band intensity are also observed in the sample with ultra-
dispersed magnesite, but to a lesser degree than in the one
with nanotubes.

Microstructural analysis of the sample without additives
demonstrated (Fig. 6, a) that loose structure with consider-
able porosity, which predefines low mechanical characteris-
tic is formed in the sample. When magnesite is introduced,
the denser structure is formed (Fig. 6, b) due to the fact that
magnesite partciles as crystallization centers contribute to
greater transformation of anhydrite into gypsum and due to
anhydrite matrix structuring, which is confirmed by IR-
analysis results. When the complex additive is used, much
denser structure with lower porosity is formed (Fig. 6, ¢).

Comparison of the results of mechanical tests, IR-
analysis, electron microscopy confirms the assumption that
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MPUPOCT MEXaHWYECKUX ToKasaresieil (ITPOYHOCTH IPH
cxatuu 10 30%) CBsI3aH CO CIIOXKHOCTBIO PACIIPEACICHUS
HeOOJIbIIOT0 KOJIWYeCTBa HAHOTPYOOK B 00beMe aHTUIPU -
TOBOW MaTPUIIbI.

IIpu coBMeCTHOM MCMOJB30BaHUU J100aBOK (GOpMUPY-
eTcs 6oJiee TIIOTHASI U IIPOYHAsT CTPYKTypa, YTO obecreun-
BaeT TOBBILIEHWE MPOYHOCTHBIX XapaKTepucTuk mo 150%
110 CPAaBHEHUIO C KOHTPOJbHBIM COCTABOM IMPU ONTUMAJIb-
HbIX KoHIeHTpauusax MYHT — 0,001% u maruesuta — 3%.
VYabTpa- 1 HAHOAKMCIIEPCHBIE YACTHUIIbI BbI3bIBAIOT BO3HUK-
HOBEHHME BHYTPEHHETO TMOJISI, YTO MPUBOIUT K YIIOpsIIode-
HUIO CTPYKTYPBhl aHTUIPUTOBOW MATPUIIBI B IPAaHUIHOM
cJI0e C YacTMIIaMU HaIlOTHUTeNsA. BeposTHO, 3HAaUMTETbHOE
TOBBIIIEHUE MMPOYHOCTU OOBICHSETCS HE TOJBKO NEHCTBHU-
€M 00aBOK KaK LIEHTPOB KPUCTALIU3ALIMU U CTPYKTYPUPO-
BaHUEM MATPUIIbI, HO U T€M, YTO YJIbTpa- U HAHOYACTHUIIbI
CIOCOOCTBYIOT 3aMOJHEHUIO MOP Pa3IuYHOI BEJIUYUHBI U
(opMHUPOBAHUIO BEICOKOTIJIOTHOM CTPYKTYPHI.

BoiBoapl

Takum obOpa3om, aHaIM3 Pe3yJbTATOB MeXaHUYECKMX
ucnbiTaHuii, MK-CrekTpoB 1 CHUMKOB MMKPOCTPYKTYPbI
AHTUAPUTOBOIO  BSIXKYLIETO TOATBEPAUI Pe3yJIbTaThl
KBaHTOBO-XUMUWYECKOTO MOJEJIUPOBAHUS TIpollecca Thapa-
Talli¥, BO3MOXHOCTb UCITOJIb30BAHUS B KAUeCTBE MOAUDH-
LIMpYIoIel 106aBKM KayCTUYECKOTO MarHe3uTa, a Takke
3 (HEKTUBHOCTh KCIIOJIb30BAaHMSI KOMILIEKca J00ABOK Ha
OCHOBE MarHe3uTa M yIJIEpOJHbIX HAHOTPYOOK 1151 (hopMu-
pPOBaHUS TMJIOTHOM U MPOYHOI CTPYKTYphI. [1py onTumManb-
HBIX KOHIICHTPAITUSX YIIIePOTHBIX HAHOTPYOOK — 0,001% u
MarHesnta — 3% HOCTUTaeTCs MOBBIIIICHUE MEXaHUUECKUX
rokazatenieil. sl JOCTMKEHUSI HAWITYyYIINX Pe3yIbTaToB
HE00XOAMMO PEIINUTh IIPO0IeMy PABHOMEPHOCTH pacIpee-
JIEHUSI YTJIEPOIHBIX HAHOTPYOOK B 00BbEME aHTMIPUTOBOIM
MaTpPUILIBI.

Hcnonb3oBaHue komIuiekca 100aBOK B KOMITO3UIIMOH-
HbIX MaTepuaiax JaeT BO3MOXHOCTb HAMPaBJAEHHOIO Pery-
JIMPOBAHUS CTPYKTYPBl MUHEPATbHBIX MAaTPHII 3a CYET ca-
MOITPOM3BOJILHO MPOTEKAIOIINX MTPOLIECCOB CaMOOpraHu3a-
uuu. JIJiss HampaBJIeHHOTO BO3AECHCTBUSI HAa CTPYKTYPY MU-
HepaJIbHBIX MaTPUILL U JOCTUKEHUS 3aJJaHHBIX CBOMCTB He-
00XOIMMO MCITOIB30BaTh PA3TUIHBIC TIO TUITY ICUCTBUS MO-
IUGUKATOPBI, BKIIOYas aKTUBHbIE MUHEPaJbHBIE T00OaBKU
1 YIJIepOAHBbIE HAHOCTPYKTYPBI.
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magnesite particles act as crystallization centers and con-
tribute to anhydrite matrix structuring that is caused by
higher polarization properties onto water molecules. Based
on the results of IR-analysis MCNT make much stronger
effect on changes in the structure of calcium sulfate dihy-
drate crystals in comparison with caustic magnesite. The
less growth of mechanical characteristics (compression
strength up to 30%) is connected with the complexity of
distribution of a small number of nanostructures in anhy-
drite matrix volume.

With joint application of additives the more compact and
durable structure is formed providing the increase in me-
chanical characteristics up to 150% in comparison with the
reference composition with optimal concentrations of
MCNT — 0,001% and magnesite — 3%. Ultra- and nanodis-
persed particles lead to the formation of internal field, which
results in the regulation of anhydrite matrix structure in the
boundary layer with filler particles. Apparently, the consider-
able durability improvement is explained not only by the ac-
tion of additives as crystallization centers and matrix struc-
turing, but also by the fact that ultra- and nanoparticles con-
tribute to filling pores of various sizes and forming highly
dense structure.

Summary

Thus, the analysis of results of mechanical tests, IR-
spectra and patterns of anhydrite binder microstructure con-
firmed the results of quantum-chemical modeling of hydra-
tion process on the possibility of applying caustic magnesite
as a modifying additive, as well as the efficiency of using the
complex of additives based on magnesite and carbon nano-
tubes to form a dense and durable structure. The increase in
mechanical characteristics up to 150% in comparison with
the reference composition is reached with optimal concen-
trations of MCNT — 0,001% and magnesite — 3%. To
achieve the best results, it is necessary to solve the problem of
homogeneous distribution of carbon nanotubes in anhydrite
matrix volume.

The use of additive complex in composite materials gives
the possibility of directed regulation of mineral matrix struc-
ture due to spontaneous self-organization processes. For di-
rected action onto the structure of mineral matrixes and
achievement of intended properties it is necessary to apply
modifiers different by effect type, including active mineral
additives and carbon nanostructures.
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