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Pa3nn4unsa B popmMmupoBaHNn CTPyYKTYpPbI
rurcoBOro BsKyLlero, Mogn@puunpoBaHHOro
yrnepoaHbIMy HAHOTPyOKaMu 1 N3BECTbIO

Differences in forming the structure of gypsum
binder modified by carbon nanotubes and lime

CBoIiCTBa I'MIICOBBIX MAaTEPUAIOB BO MHOTOM OTIPEIEIsi-
IOTCS COCTOSIHMEM U CTPYKTypoit Matpuiubl. Jlo6aBKu 4a-
CTHUI[ C HAHOMETPOBBIM Pa3MepoM 00JIaalT BHICOKOM Mo-
BEpPXHOCTHOI 3HEpTrhel M XMMHUYECKON aKTUBHOCTBIO W
OKa3bIBAIOT 0oJiee CWIbHOE BIUsSIHUE Ha (OPMUPOBaHUE
CTPYKTYPbI TPAHUYHBIX CJIOEB MUHEPaJIbHBIX MaTpull. Tak,
WCTIOJIb30BaHVE HAHOYACTUIL B OJUMEPHBIX MaTpUIIax Mo-
3BOJISIET MOBBICUTH MPOYHOCTH /10 JIBYX pa3 U TEIIOCTOM-
kocTh Ha 40—50°C 3a cuer 3aIOJHEHUS CTPYKTYPHBIX JIe-
(exToB Mex(}asHBIX IpaHUL KOMIIO3UTOB, O0Opa30BaHUS
Gu3MYECKNX U XUMMYECKMX CBSI3el M co3maHus 3¢ dekTa
yriotHeHus [1]. Ucnonb3oBaHUe HAHOKpeMHe3eMa B 0eTo-
Hax MO3BOJISIET TTOBBICUTh TTPOYHOCTh, CTOMKOCTh K BOJE U
KOpPpO3UM 3a CUET YMEHbIIEHUS] Mop U (GopMUpOBaHUS
IUIOTHOM CTPYKTYpHI [2]. [Ipu MCIOAb30BaHUY YTIEPOIHBIX
HAHOTPYOOK B CMJIMKATHBIX MaTpUIIax U3MeHsieTcst Mopdo-
JIOTUSI KPUCTAUTOTUAPATHBIX HOBOOOpa3oBaHUil ¢ hopMu-
pOBaHVEM TUAPOCUIMKATOB KaJIbLIMSI MOBBIIIEHHOW OCHOB-
HocTH [3]. Mexny TeM IIpy COBMECTHOM MCIIOJIb30BaHUU
yJIbTpa- MU HAHOAWCHEPCHBIX N0OABOK ITOCTUTAIOTCS OoJiee
IyooKue mpeobpa3oBaHUs B CTPYKType MaTpull. B [4] mo-
Ka3aHo, YTO MPU COBMECTHOM MCIOJIb30BAHUU YJIbTPAIU-
CMEPCHOM METALTYPTMYECKOW MBUIM U YIJIEPOJHBIX HAHO-
TPYOOK 3a CUeT MPOSIBJIEHUS] CUHEpreTnueckoro scdexra
¢dopmupyeTcs CTpyKTypa C MOBBIIIEHHON TUIOIIAAbl0 KOH-
TaKTOB B MeX(}a3HbIX MOBEPXHOCTSIX CO 3HAUUTEIbHBIM T10-
BBIILIEHMEM MEXaHUYeCKUX IokasaTesieir. Takxxe M3BecT-
HO [5], 4TO U3MEHeHHUe BeJIMYMHBI BOAOPOIHOIO IMoKa3aTe-
Js cpenbl (pH) u3MeHsieT CTpyKTypy KJIacTepoB BOIbI, UTO
MPUBOAMUT K M3MEHEHUI0 Mopdoyioruy TuapaTHbeix ¢as. B
CBSI3U C 3TUM ObUIO CIEIaHO MPEeAIoNoXeHue, yTo 3pdek-
TUBHOCTb JICMCTBUS YTIEPOIHBIX HAHOCTPYKTYP YBEIUYUT-
Cs1 TIPY UCIOJIb30BaHUM 100aBKHU, MOBBILIAOIIEH BOAOPO/I-
HBIH TToKa3aTesb Cpelbl.

Llenbio faHHOM pabOTHI SIBJISLIOCH YCTAHOBJIEHUE PA3JIv-
yuii B (hOPMUPOBAHUM CTPYKTYPHI TMIICOBOTO BSIKYIIIETO
P UCITOJb30BAaHUU HAHOCTPYKTYP M U3BECTH, BBOAMMBIX
COBMECTHO U Pa3le/ibHO, a TAKXKe UX BIUSHUS Ha MEeXaHU-
YECKUE CBOMCTBA.

B kauecTBe BSIKYIIErO MCIIOJIb30BaIU TUIIC Mapku [-4
npeanpusitTusi OO0 «[IpukaMckasi TMricoBasi KOMIaHMS»
(ITepmb). B kauecTBe HAHOCTPYKTYP ObUIM MCIOJIb30BAHBI
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The properties of gypsum materials are mainly defined by
the matrix state and structure. The additives with nanosized
particles possess a high surface energy and chemical activity,
and have a stronger influence on the formation of the struc-
ture of boundary layers of mineral matrix. Thus the use of
nanoparticles in polymeric matrices allows increasing the
durability in up to 2 times and heat resistance by 40—50°C due
to filling the structural defects of interface boundaries of com-
posites, forming physical and chemical bonds, and creating
packing effect [1]. The application of nanosilica in concretes
allows increasing durability, water and corrosion resistance
due to decreasing the pores and forming the dense structure [2].
When carbon nanotubes are used in silicate matrices, the
morphology of crystalline hydrate new-formations changes
with the formation of calcium hydrosilicates with elevated
basicity [3]. In the meantime, when ultra- and nanoadditives
are used together, greater transformations in the matrix struc-
ture are achieved. In [4] we demonstrated that when the ultra-
fine metallurgical dust and carbon nanotubes are used to-
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Puc. 1. MpoyHOCTb rMNCOBOM MaTpuubl ¢ A06aBNEHMEM MHOMOCNONHBLIX
yrnepoaHbix HaHoTpy6ok: - — 7 gHen; [ — 14 oHew; [ll - 28 oHein

Fig. 1. Gypsum matrix durability with the addition of multilayer carbon
nanotubes: - 7 days; [l - 14 days; [ll - 28 days
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MHOTOCJIOIIHBIE yIJIEpOAHBIE HAHOTPYOKM Ha OCHOBE
Masterbatch CW2-45 ¢paHuy3ckoii Kopropauuu
«ApKeMa», BBOIVMbIE B BUIle AUcTiepcuu. Jucnepcus npen-
cTaBjisieT co0Oil TpaHYJIMPOBAHHYIO AMCIIEPTUPOBAHHYIO
CMeCh YIJIEPOIHBIX HAHOTPYOOK B cpeie KapOOKCHUIMETIII-
LIEJUTIONO3bI, comepxKaiieit 45% MHOTOCTOMHBIX YTJIepo.I-
HBIX HAaHOTpYOOK. Masterbatch CW2-45 nipu MmexaHM4eCKOM
nepeMellMBaHUM C BOIOW MPEBPAILAETCS B MaJOyCTOMYM-
BYIO TUCMEPCUIO C BKIIOUEHUSIMU YaCTULl MUKPOMETPOBBIX
pa3MepoB.

l'uncoBble 06pa3ibl, MOAUDUIIMPOBAHHbBIE U3BECTHIO U
YIJIEPOJHBIMU HAHOCTPYKTYPaMHU, BbIIEPXXKUBAJIN B TeUCHUE
7,141 28 cyr ipu T = 20°C ¢ nocaeayouymM MpoBeacHUEM
MEXaHUUYEeCKUX UCTbITaHui. KosnyecTBo Boibl BapbUpoBa-
mu ot 50 mo 60% Macchel Bsekyiero. ComepskaHue MHOTO-
CJIOMHBIX YIJIEPOAHBIX HAHOTPYOOK MPUHUMANU B KOJH-
gyectBe 0,001—0,01%, a KOHLIEHTpaLXsI U3BECTH COCTABIISIIA
1—2% Macchl BSKYILETO.

MexaHuueckre UCTIbITAHUS TUIICOBBIX O0Opas3loB-
6amouek 40x40x160 MM IIPOBOAMIIN IO CTAHAAPTHON METO-
JIMKE C MOCIeaYIOUIMM U3y4YeHEM COCTaBa U CTPYKTYPhI 00-
pasloB MeTomaMu peHTreHodasoBoro aHainuza (PDA) u
pacTpoBOii 3JIEKTPOHHOI MUKpockonuu (POM).

Ha puc. 1 ipencraBieHbl pe3yabTaTbl MEXaHUUECKUX
HUCTIBITAHU TUTICOBOTO BSIKYILEro C TOOaBJIeHUEM yrJjie-
pOIHBIX HAHOTPYOOK B KoauuectBe 0—0,01% uepes 7, 14
u 28 cyT. AHaIU3 pe3yJbTaTOB MEXaHUYECKUX MCIIbITa-
HUI TTOKa3aj, YTO BBeAeHUE HAHOJ00aBKU B KOJUYECTBE
no 0,001% cnocoOGCTBYyeT MOBBIIMICHUIO MPOYHOCTH TIPU
CXXaTHUU, HO TIpU JajbHEHIIeM MOBBIIIEHUY KOHIIEHTpA-
MU HabJII0JaeTCsl TOCTEIeHHOe CHUXEHWE MeXaHuue-
CKMX IIOKa3zaTeJieil TMIICOBOro BsXylero (puc. ).
Pe3ynbTaThl MEXaHUUECKUX UCIIBITAHUI 00Pa3IloB C BBe-
IIEHUEeM HAaHOTPYOOK MOTYT OBITh OOBSICHEHBI C MO3UIINIA
CHHEpPreTUKN OUCTIEPCHO-HAIMOJHEHHBIX Te [6]. HaHo-
TpyOKM, oOjamasi BHICOKOW IMOBEPXHOCTHOW 3HEpruei,
WUTPAIOT POJIb IEHTPOB KPUCTAJUIU3AIIUH, TIO TIOBEPXHOCTHU
KOTOPBIX TPOUCXOIUT WHTEHCHUBHAS KPUCTALIU3ALUS
HoOBooOpa3oBaHuii. C yBeJlMUYeHUEM COAEPXKaHUS HAHO-
TPYOOK YBEIUUUBAETCS] KOJUUYECTBO LIEHTPOB KPUCTALIU-
3allMU, YTO CIIOCOOCTBYET OGOJIbIIEMY MpEBPAIllEHHUIO TTO-
JIyBOITHOTO THUIICA B IBYBOJIHBIM U TMPUBOIMUT K MOBBIIIIE-
HUIO MPOYHOCTU. OXHAKO TPU MPEBBIIIIEHUN ONTHMAalb-
HOTO 3HaYeHUs HaHOTPYOOK (6onbiie 0,001%) HabmoOa-
€TCsl MOCTEeNeHHOe TMaaeHue MPOYHOCTU, UTO CBSI3aHO C
NeUIMTOM BSIKYIIEro B FPAaHUYHBIX CJIOSIX U 00pa3oBa-
HUEM MOBBHIIIEHHON MOPUCTOCTU CTPYKTYphl. U3 puc. 1
MOXHO BUIIETh, YTO MPU COAEPXKAHUU HAHOTPYOOK B KO-
mnaecTtBe 0,001% TpPOYHOCTH TUIICOBOM MATPHUIIBI Yepe3
28 cyt nossiaercs 10 40%, a B 7-CyTOYHOM BO3pacTe —
10 80%. OnTuMajabHOe 3HAYeHUE NOOaBKM HAaXOIUTCS B
nntepsaie 0,001—0,005%.

Ha puc. 2 npencraBieHbl pe3yabTaThl UCITBITAHUI THTT-
COBOTO BSIXYIIETO, MOAU(DHUITMPOBAHHOTO U3BECTHIO U yTIIe-
POITHBIMU HaHOTpyOKamu uepe3 7, 14 u 28 cyT. AHaIU3 Me-
XaHWUYECKMX MCTIBITAHUI TMTICOBOM MaTPHUIIbI TOKa3ajl, 9YTO
MpH cofepXanuu u3Bectu 1% u HaHoTpyook 0,001% noctu-
raetcst OOJbIINI TPUPOCT MPOYHOCTU TUIICOBOM MaTPUIIBI,
YeM MpH BBeICHUHM HAHOTPYOOK.

151 BBISIBJIEHUS U3MEHEHMIT B MUHEPAJIOTUYECKOM CO-
cTaBe 00pas3loB MPOBOAWIM PEHTreHO(hAa30BbIil aHAIN3.
OCHOBHBIE OTpaXeHUSI HA PEHTTEHOTpaMMaX COOTBETCTBY-
10T JIMHUSIM IBYBOIHOTO rurica (d,=7,55—7,67; d,=4,29—4,3;
d,=3,8-3,81; d,=3,07; d,=2,88; d,=2,68—2,69), HO Takxke
MPUCYTCTBYIOT JIMHUM aHruapuTa ¢ d,=3,5. I1pu pasznenp-
HOM BBEIIEHMM YTJIEPOIHBIX HAHOTPYOOK U M3BECTU He3Ha-
YUTEJIbHO YBEJIMYUBAETCSI MHTEHCUBHOCTD OTPaXKeHUI, CO-
OTBETCTBYIOLLUX ABYBOAHOMY runcy (d,=3,07; 2,88), uro
CBUIETEILCTBYET 00 YAYUIIEHUM YCIOBUI MPOTEKAHUS TH-
npatanvu. OIHAKO TPpY A00ABIEHUW U3BECTH TOSIBIISIETCS
JIMHUS aHTuApuTa ¢ d,=3,5, TIOSBIEHNE KOTOPOW MOXET
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Fig. 2. Gypsum matrix durability with the addition of lime and carbon
nanotubes: -1%;[ | -2%

gether, the structure with elevated area of contacts in interface
layers with significantly improved mechanical properties is
formed due to the synergetic effect. It is also known [5] that
the change in the medium pH value changes the structure of
water clusters that results in the modification of hydrated
phase morphology. In this regard, we presume that the action
efficiency of carbon nanostructures increases if the additive
elevating the medium pH value is applied.

The objective of this work is to establish the differences in
the formation of gypsum binder structure when nanostruc-
tures and lime are introduced together and separately, as well
as their influence on mechanical properties.

Materials and methods of investigation. Gypsum of the
grade G-4 produced by LLC “Prikamskaya gypsum compa-
ny” (Perm) is used as a binder. The multilayer carbon nano-
tubes based on “Masterbatch CW2-45” by the French corpo-
ration “Arkema” introduced as dispersion are applied as
nanostructures. The dispersion represents the granulated
dispergated mixture of carbon nanotubes in the medium of
carboxylmethyl cellulose containing 45% of multilayer car-
bon nanotubes. In the process of mechanical stirring with
water “Masterbatch CW2-45” transforms into the fragile
dispersion with the inclusion of microsized particles.

The gypsum samples modified by lime and carbon nano-
structures are kept during 7, 14 and 28 days at T = 20°C with
further mechanical tests. The amount of water varies between
50 and 60% of the binder weight. The content of multilayer
carbon nanotubes is taken from 0,001 up to 0,01%, and lime
concentration is 1—2% of the binder weight.

The mechanical tests of gypsum samples-beams
40x40x160 mm are carried out following the standard tech-
nique with further investigation of the composition and
structure by the methods of X-ray phase analysis (XPA) and
raster electronic microscopy (REM).

In Fig.1 you can see the results of gypsum binder me-
chanical tests with the addition of carbon nanotubes in the
amount between 0 and 0.01 % after 7, 14 and 28 days. The
analysis of the results of mechanical tests demonstrated that
the introduction of nanoadditive in the amount of up to
0,001% improves the compressive strength, but with further
concentration increase the gradual decrease in the mechani-
cal properties of the gypsum binder is observed (Fig. 1). The
results of mechanical tests of the samples with the introduc-
tion of nanotubes can be explained from the point of syner-
getics of disperse-filled bodies [6]. The nanotubes have high
surface energy and play the role of crystallization centers with
the intensive crystallization of new-formations along their
surfaces. With the increase of nanotube content the number
of crystallization centers goes up that contributes to the
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Puc. 3. MukpoCTpyKTypa rmncoBoi Matpuubl: a — 6e3 0o6aBok; b — ¢ yrnepoaHbIM1 HaHOTpyGKamu;
C — C U3BECTbIO; d — C U3BECTbIO U YrNepoaHbIMU HAHOTPYOKamMu
Fig. 3. Gypsum matrix microstructure: (a) — without additives; (b) — with carbon nanotubes; (c) — with
lime; (d) — with lime and carbon nanotubes

OBITh CBSI3AHO C B3aMMOJICMCTBHMEM THUIICA U U3BECTH MPU
pPacTBOPEHUH, TNOO HAIMUYUEM aHTHIPUTA B TUTICOBOM BS-
XymeMm. [Ipu coBMecTHOM BBeIeHUM HAaHOTPYOOK U M3BE-
CTU JIMHMSI aHTUAPUTA MCUYE3aeT, YTO MOXHO OOBSICHUTH
JIy4IIMMU  YCIOBUSIMM JUJISI PACTBOPUMOCTHU  BSIXYILETO.
Takum o6pazoM, npu BBEACHUM HOOABOK CO3MAIOTCS JIyY-
1€ YCJIOBUS ISl TUAPATALIMY, YTO TIPUBOIUT K OOJIBIIIEMY
MpeoOpa30BaHMIO TUTICOBOTO BSIKYIIETO B ABYBOIHBIN TMIIC
1 obecrieunBaeT MOBBIIIEHUE MEXaHWYeCKUX ToKaszaTeseit
TUIICOBOM MaTpUILIbI.

MUKpOCTpYKTYpHBI aHaau3 oOpa3loB 0e3 mobaBoOK
rmoxasai (puc. 3, a), 4To B CTPYKTYpe TMIICOBBIX 00pa3lioB
npeoo6iagaloT MpU3MaTUYECKUe W TIJIaCTUHYAThIe KpU-
CTaJIJIbI, XaOTUYHO pacrpeieieHHbIe B 00beMe MaTPUIIbI,
IJIMHOM 10 15 MKM, OOCTHramomue B IIONEepeUYHUKE
1—2 mxM. B aTOM ciiyyae oOpa3yeTcsl CTpYKTypa C IOBBI-
IIEHHO! MOPUCTOCTHIO, KOTOpasi MPUBOAUT K CHUXEHUIO
MeXaHUYeCKOl MPOYHOCTU 00pa3iioB. B runcoBoii MaTpu-
e ¢ no0aBjJeHUEM YIJIEPOJHBIX HAaHOTPYOOK (puc. 3, b)
dbopMupyercs yropsiioueHHasi U OJHOPOAHASI CTPYKTypa
0ojiee KPpYIHBIMUA KPUCTAJUIAMU IJIUMHOK 10 20 MKM, 4TO
MPUBOIUT K YBEJIWUYESHMIO TUTOIIAIN MexXda3HOl moBepX-
HOCTM, CHUXXEHUIO TOPUCTOCTU U TMOBBILIEHUIO (hU3UKO-
MeXxaHu4yeckux Tmokasareneil. [Ipu BBedeHUU M3BECTU
(puc. 3, ¢) KpoMe KPUCTAINIMYECKON CTPYKTYPhI CO3/1at0T-
Cs1 YCJIOBMSI IJISI OpTaHU3alM1 aMOPMHBIX CTPYKTYP, KOTO-
pbie GopMUPYIOTCS B MeK(a3HBIX CIOSX U TOTIOJTHUTEIb-
HO CBSI3BIBAIOT KPMCTAJIOTUApPATHbIE O0Opa3oBaHUS.
CoBMECTHOE MCIOJIb30BaHUE M3BECTU U YIJIEPOAHBIX Ha-
HOTPYOOK MPUBOAUT K HOPMUPOBAHUIO OYEHb KPYIHBIX
KPUCTAJUIOB ¢ aMOP(HO# cocTaBisolIell Ha X MOBEPX-
HocTu (puc. 3, d).

Kpome Toro, Ha cHuMKe 0Opas3iia ¢ Jo6aBIeHUEeM yTJe-
POIHBIX HAHOTPYOOK (puc. 4, a) MOXHO BUIETh CKOMIIO-
HOBaHHYI0 OJOYHYIO CTPYKTYpy ©0€3 MUKpPOIIEIei.
BeposiTHO, HAHOTPYOKU 32 CYET BBICOKOI MOBEPXHOCTHOM
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greater transformation of calcined gyp-
sum into calcium sulfate dihydrate and
results in durability durability. However
when the optimal value of nanotubes is
exceeded (over 0,001 %), the gradual
durability decrease is observed that is
connected with the binder deficiency in
the boundary layers and formation of
the structure with the increased porosi-
ty. In Fig. 1 you can see that when the
content of nanotubes is 0,001%, the
gypsum matrix porosity elevates up to
40% after 28 days, and up to 80% after
7 days. The optimal value of the addi-
tive is in the interval between 0,001 and
0,005%.

In Fig. 2 you can see the test results
of the gypsum binder modified by lime
and carbon nanotubes after 7, 14 and
28 days. The analysis of the gypsum
matrix mechanical tests demonstrates
that when the lime content is 1 % and
nanotubes — 0,001%, the gypsum ma-
trix durability grows more than when
nanotubes are introduced.

The X-ray diffraction analysis is ap-
plied to reveal changes in the mineral-
ogical composition of samples. The
main reflections on the X-ray diffrac-
tion patterns correspond to the lines of
calcium sulfate dihydrate (d,=7.55—
7.67; d,=4.29-4.3; d,=3.8-3.81;
d,=3.07; d,=2.88; d,=2.68—2.69), but
there are also anhydrite lines with
d,=3.5. We can see that when we intro-
duce carbon nanotubes and lime separately, the intensity of
reflections corresponding to calcium sulfate dihydrate
(d,=3.07; 2.88) slightly increases that demonstrates the im-
provement of hydration process conditions. However, when
we add lime, the anhydrite line with d,=3.50 appears, which
can be either connected with the interaction of gypsum and
lime in the dissolving process or anhydrite availability in the
gypsum binder. When the additives are introduced together,
the anhydrite line disappears that can be explained by better
conditions for the binder solubility. Thus, the introduction of
additives results in better conditions for hydration followed by
more extensive transformation of gypsum binder into calcium
sulfate dihydrate providing the improvement of mechanical
properties of the gypsum matrix.

The microstructural analysis of the samples without ad-
ditives demonstrates (Fig. 3, @) that prismatic and lamellar
crystals up to 15 um long and up to 1—2 um in diameter ran-
domly spread in the matrix volume prevail in the structure of
gypsum samples. In this case, the structure with the elevated
porosity that results in decreased mechanical durability of
the samples is formed. The ordered and homogeneous struc-
ture with larger crystals (up to 20 um long) is formed in the
gypsum matrix with carbon nanotubes added (Fig. 3, b) that
leads to the increased interface surface area, decreased po-
rosity and improved physic and mechanical properties.
When lime is introduced (Fig. 3, ¢), the conditions for the
formation of amorphous structures in interface layers are
created apart from the crystalline structure which addition-
ally bind crystalline hydrate formations. The joint applica-
tion of lime and carbon nanotubes results in the formation of
very large crystals with amorphous component on their sur-
face (Fig. 3, d).

Besides, in the picture of the sample with carbon nano-
tubes added (Fig. 4, a) we can see the packed block structure
without microslots. Probably the nanotubes attract crystals
due to high surface energy forming denser structures. That is,
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SHEPruu MPUTATUBAIOT K cebe Kpu-
cTajuibl, opMUpPYST NMPU ITOM TJIOT-
Hble OJIOUHBIE CTPYKTYpbl. MHBIMU
cJIoBaMM, HAaHOTPYOKM BBICTYMHAlOT B
Ka4yecTBe 1IEHTPOB KPUCTALIU3ALINY,
10 TIOBEPXHOCTH KOTOPBIX (hOpMUPY-
ercs OoJiblliee KOJTUYECTBO KPUCTAT-
JIOB ABYBOJHOTO TUIICa, 4TO obecrie-
YKMBAET TOBBIIIEHUE MEXAHUYECKUX
nokasareneii. Ha cHuMmke obpasna ¢
N00aBJIeHUEM U3BECTU U YIJIEPOAHBIX
HaHOTpyOOK (puc. 4, b)) BUAHO Ha-
IUIACTOBaHUE KPYITHBIX KPUCTAJIJIOB C
IUIOTHBIMU Yy4yacTKaMu Mexda3Hoit
MMOBEPXHOCTH.

Takum o6GpazoM, Mpu KOMILIEKC-
HOM KMCMOJIb30BaHUU 100aBOK (hOpMU-
pyeTcsl yropsiioyeHHasi CTPYKTypa ¢
0JI0YHOM YNaKOBKOI KPYIHBIX KpH-
CTaJlJIOB C JOTOJHUTEIbHBIM CKJIEMBAHUEM KPUCTAJUIOB
aMoOp(HOI COCTaBJISIONIEH.

YriepoaHble HAHOCTPYKTYPbI BBICTYMAIOT KaK LIEHTPBI
KPUCTaJUIM3alMU, TI0 TTOBEPXHOCTU KOTOPBIX MPOUCXOAUT
(bopmMupoBaHue yHOPSIOYEHHON CTPYKTYpbl C OJIOYHOIM
YIAaKOBKOW KPUCTAJIOB C YBEJIMUYEHUEM TJIOTHOCTU MEX-
(hazHoIt MOBEPXHOCTU, B pe3y/abTaTe Yero JOCTUTaeTcs Mo-
BBIIIEHUE (PU3MKO-MEXaHUYECKUX IMoKa3aTeseil TUIICOBOM
MaTpulibl. A IpU BBEIEHUM U3BECTU B TMIICOBYIO MaTPUILY
co3aloTCsl YCIOBUST ISl opraHu3anuu amopdHoil dasbl,
KOTOpasi CKJIEMBasi KPUCTALIbl, OOECNeUrBAET AOIMOJIHU-
TEJbHOE TIOBBIIIIEHNE MEXaHUYEeCKUX ToKazaTeseil TUIICOo-
BOTO BSDXyIero. Takum oOpa3oM, Ipy COBMECTHOM BBeJIe-
HUM 0100aBOK 00eCIIeurBalOTCs Jydllre YCIOBUS 1Is1 pop-
MMPOBAHMUS MTPOYHOUN CTPYKTYPHI.

KiroueBble cioBa: euncogoe esijicyujee, MHO2OCAOUHbLE
yeaepoOHvie HaHOMPYOKU, U36eCMb, MUKPOCIMPYKMYPA.
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Fig. 4. Gypsum matrix microstructure (X5000): (a) — with carbon nanotubes, (b) — with lime and carbon
nanotubes

the nanotubes act as crystallization centers with more crystals
of calcium sulfate dihydrate along their surface which provide
the improved mechanical properties. In the picture of the
sample with lime and carbon nanotubes added (Fig. 4, b) we
see the lamination of large crystals with dense areas of inter-
face surface.

Thus, in the complex use of additives the ordered struc-
ture with block packing of large crystals with additional glu-
ing of crystals of the amorphous component is formed.

Carbon nanostructures act as crystallization centers with
the formation of ordered structure with block packing of
crystals with the elevated density of interface surface, as a
result, the improved physic-mechanical properties of gypsum
matrix are obtained. When lime is introduced into the gyp-
sum matrix, the conditions for the formation of amorphous
phase are created which, gluing the crystals, provides the ad-
ditional improvement of mechanical properties of the gyp-
sum binder. Thus, when the additives are introduced togeth-
er, the better conditions for the formation of durable struc-
ture are provided.

Keywords: gypsum binder, multilayer carbon nanotubes,
lime, microstructure.
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