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AHHOTaUUuA

Hesn. {151 mosyyeHuUst HOJTMMEPHBIX KOMIIO3UIMOHHBIX MaTepraioB (ITKM) ¢ nmoBbliieHHBIM ypOBHEM (HH3HKO-MEXaHHUECKUX CBOWCTB
MeTozioM Oe3aBToK/IaBHOW TexHomoruu (vacuum assisted resin transfer molding, VaRTM) cBsi3ytomue 0mKHBI 001a/1aTh BSI3KOCTHIO
10 500 mITa-c. B psne citydaeB 3TO NPUBOAMT K OFPAHMYEHHUIO 110 IPUMEHEHHIO TEX MM MHBIX MaTepuajoB, JIMOO TpeOyeT UCII0b30-
BaHWs BPEMEHHBIX pa30aBUTENCH, YTO HEPa3PhIBHO CBS3aHO C yXyIIILIEHHEM JPYruX TpeOyeMbIX XapaKTepPUCTHK KOMIIO3UTA, HAIIpUMep,
yBennueHneM roprodectd. Hamu Obuin cuHTE3MpOBaHbI TpH (pochopconepkanmx onuroddup(mer)axpuiara PAOEM-1, PhOEM-2,
PhOEM-3, o6najaromumx 3Ha4nTeIbHBIMUA OTIHYHSAMHE 110 XapakTepucTukaM Bsi3kocTd B psiagy PhOEM-1 << PhOEM-2 << PhOEM-3,
pu 3ToM nosuMep Ha ocHoBe PhOEM-1, o6ianas MeHbIlel BI3KOCTBIO, XapaKTEePU3YeTCsl XYALMME (pU3UKO-MEXaHUIECKUMHU CBO¥-
CTBaMH. B CBsI3U € 3THM, LIEJIBbIO UCCIIEOBAHUS SBUIOCH U3YyYECHUE BA3KOCTHBIX XapPAKTEPHCTUK CMECEH METAKPUIATHBIX CBA3YIOLIHMX
OJIMHAKOBOH TPUPOJIBI, PA3HOTO CTPOCHMS M (PYHKLHOHAIBHOCTH ITyTEM H3y4YEHHUS PEOJOTHYECKUX CBOMCTB HCXOIHBIX 0JIMroddup(mer)-
AKPHJIATOB M UX CMECEH, B3AThIX B PA3JIMYHBIX COOTHOLICHUSX, C IPUMEHEHUEM METO/la ONITUMHU3ALMN COCTABOB 110 CHUMILIEKC-pelLeT-
ke (rany ledde) st nonyyenust [IKM mo 6e3aroknasuoii (VaRTM) texHomoruu.

Mertonasl. VcenenoBanne peoornueckux CBOMCTB (ochopcopepkaIux oaurodhup(MeT)akpHiIaToB ¥ UX cMecei IPOBOIMIN METOIOM
pOTaIMOHHOW BHCKO3UMETpHH Ha BHcKozumeTpe Brookfield LVDV-II + Pro ¢ ucnonb3oBanuem mmuHAesS 27 TP CKOPOCTIX CIBUTA
B muanazone ot 0 10 70 ¢! u Temneparypax ot 30 1o 70°C. IlapauiensHO IPOBOIMIN PEOIOTHUECKUE HCCIEOBAHMS HA BHCKO3HMETPE
Lamy Rheology GT300 PLUS (GEL TIMER) B ToM e Juana3oHe CKOpOCTeH CABUTa U TEMIIEpaTyp.

Pe3yabTaThl. YCTaHOBIICHO, YTO HCCIEAYyEeMble OOBEKTHI, B 3aBHCHMOCTH OT TEMIICpPATyphl, XapaKTePHU3yIOTCsl 3HAUCHUSIMU BS3KOCTH
ot 96 no 2137 mlla-c. ITo xapaxrepy Bsi3koro TedeHus Gpocopcopepaye oaurodGup(MeT)akpuiaaThl ¥ X CMECH BeayT ceOs aHa-
JIOTHYHO HBIOTOHOBCKHM JKHAKOCTSM TOJIBKO TIPH ONPEAEIEHHBIX CKOPOCTSX caABUTa. PaccunTansl 2)peKTHBHBIC SHEPTUH aKTHBAIUI
BSI3KOTO TEUCHUS CBSI3YIOIIUX U UX CMECEl, yCTAaHOBJICHO BIIMSHNE TEMIEPATyphl HA BI3KOCTH CBSI3YIOIIUX.

BeiBoasl. OnpenienieHsl 0COOEHHOCTH M XapaKTep KPHUBBIX TedeHHs Gocdopcopepkanyx onurodhup(MeT)aKpuIaTHBIX CBA3YIONUX O~
HaKOBOH MPHPOJIBI, PA3HOTO CTPOCHHS M (PYHKIIHOHAIBHOCTH, A TAKKe NX CMeceil. YCTaHOBIICHBI OOTACTH ONTUMAIIBHBIX COCTABOB TPEX-
KOMITOHEHTHBIX cMecel ocdopconepkanmx omurodhup(MeT)aKkprIaToB UIsl HCTIONB30BAHMS HX B TEXHOIOTHIecKkoM mponecce VaRTM
nipu nomydennn [IKM B nnanazone temmeparyp ot 30 1o 70°C. OnpereneHsl ONTHMAaIbHBIE COCTABEI M TEMIIEPATyPHBIE YCIOBHS IS TTO-
nyaenust [IKM merogom VaRTM, 49T0 1103BONISIET MOTyYaTh MOJMMEPHBIC U3ENS CIIOKHON reOMeTPHIecKoi (hOPMBI 1 Pa3HOTO pa3Mepa.
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Abstract

Objectives. To obtain polymer composite materials (PCM) with enhanced physicomechanical properties using the vacuum assisted resin
transfer molding (VaRTM) method, binders must have a viscosity of up to 500 mPa-s. In some cases, this leads to restrictions on the
use of certain materials or requires the use of temporary diluents. This is closely related to the deterioration of other required composite
characteristics, such as increased flammability. Three phosphorus-containing oligoester(meth)acrylates PhOEM-1, PhOEM-2, and
PhOEM-3 were synthesized with significant differences in viscosity characteristics in the series PnOEM-1 << PhAOEM-2 << PhOEM-3.
The polymer based on PhnOEM-1 exhibits inferior physicomechanical properties despite having lower viscosity. Hence, the aim of the
study was to investigate the viscosity characteristics of mixtures of methacrylate binders of the same nature but different structures and
functionalities. This was done by studying the rheological properties of the original oligoester(meth)acrylates and their mixtures taken
in various ratios. The method used was to optimize compositions via a simplex lattice (Scheffe’s plan), in order to obtain PCM using the
VaRTM technology.

Methods. The study of rtheological properties of phosphorus-containing oligoester(meth)acrylates and their mixtures was conducted using
the method of rotational viscometry on a Brookfield LVDV-II + Pro viscometer with a spindle 27 at different shear rates ranging from 0 to
70 s~! and temperatures from 30 to 70°C. Rheological studies were also conducted on a Lamy Rheology GT300 PLUS (GEL TIMER)
viscometer in the same range of shear rates and temperatures.

Results. It was established that the objects under investigation can be characterized by viscosity values ranging from 96 to 2137 mPa-s
depending on the temperature. The nature of the viscous flow of phosphorus-containing oligoester(meth)acrylates and their mixtures
is similar to that of Newtonian liquids only at certain shear rates. The effective activation energies of the viscous flow of binders and their
mixtures were calculated, and the influence of temperature on the viscosity of binders was determined.

Conclusions. The study identified the features and nature of the flow curves of phosphorus-containing oligoester(meth)acrylate binders
of the same nature but different structures and functionalities, as well as of their mixtures. The optimal composition ranges of three-
component mixtures of phosphorus-containing oligoester(meth)acrylates for use in the VaRTM technological process in producing
polymer composite materials within the temperature range of 30 to 70°C were defined. The optimal compositions and temperature
conditions for obtaining polymer composite materials using the VaRTM technology were also identified. This enables the production
of polymer products with complex geometric shapes and varying sizes.
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BBEOEHUE

3a mocnenHee NECATHIETHE PHIHOK MOJMMEPHBIX KOM-
no3unuoHHbIX MatepuanoB (IIKM) Ha ocHOBe peax-
TOILUTACTOB CTPEMHTEIFHO PACTET 33 CUET YHUKAJIBHBIX
CBOICTB MOJIyYE€HHBIX MOJIMMEPOB: YCTOWYMBOCTH K U3-
HOCY U K BO3IIGI>1CTBI/IIO XUMHYCCKUX p€aréHToB, B TOM
YHCIIe B IIMPOKOM JIMAITa30HE TEMIIePaTyp, H BOSMOKHO-
CTH nepepaboTKK MaTepHalia ¢ IOMOIIbI0 COBPEMEHHBIX
9HEeprocOeperaroInuX U 3KOJOTUYHBIX METOOB, TaKUX
Kak Oe3aBrokiaBHOe popmoBanue (VaRTM — Vacuum
Assisted Resin Transfer Molding) [1-3].

Kpome mmpoxoro BbeIOOpa CBS3YIONMIMX JUIS TIONTY-
genust [IKM, pa3BHUBalOTCS W METOMABI WX MEPEPaOOTKH.
IIpumepamu MOTyT OBITH pydYHasl BBIKJIAJKA, HATIBUICHUE,
MHKEKIIMOHHOE M aBTOKJIaBHOE (opmoBanue. Kak mpa-
BWJIO, BBINICIIEPEUNCIICHHBIC crIoco0bl noryueHuss [TIKM
SBJISIFOTCSL CPABHUTEIIBHO JJOPOTOCTOSIINMHE MPOLIECCaMH,
Tpe6yIO]J_lI/IMI/I OTHOBPEMECHHO IMOBBIIICHUS TEXHOJIOTUY-
HOCTH 1 YMEHBIIICHUS ce0eCTOMMOCTH npomyKitnu' [4, 5].

OnHOIi U3 MepCIIeKTUBHBIX ¢ TOUKH 3PEHUS 3aTPAaTHOCTH
Y TEXHOJIOTHYHOCTH, SIBIISICTCSI CPABHUTEIIHHO HOBAs Oe3aB-
TOKJIABHASI TEXHOJIOTHSI — BaKyyMHO-WH(Y3UOHHBIA METOT
VaRTM [6, 7]. OnHako nipyu MPOU3BOACTBE KOMITO3UTOB Ta-
KHUM CIIOCOOOM OJIHOH W3 BAKHEMIINX TEXHOJOTMYECKUX
XapaKTEPHCTUK, OTPAaHNYMBAIONINX HCIIONB30BAHKE CBS3Y-
IOIIET0, SIBJIAETCSl ero BA3KocTh. ABTopamu [8—11], Obu10
YCTaHOBJICHO, YTO ONTHMAJIBHASI BSI3KOCTH CBSI3YIOIIETO IS
BaKyyMHOM HH(Y31H HE JI0JbKHA TipeBbiiars 500 mlla-c.

Panee xomeramMu ObLT CHHTE3MPOBAH U 3alaTCHTO-
BaH (ocdopconepkamiuii TpexpyHKIHOHATBHBII OIUTo-
adup(met)akpmiar (PhOEM-1) [12]. TTozxe Hamu ObUTH
MONYYCHBl M 3alaTCHTOBAHBI TETPA(PyHKIHOHAIBHBIC
onmurodgpup(MeT)aKprIaThl, CoIepIKaIIie B COCTaBe CIeH-
cepsl (PhHOEM-2, PhOEM-3) [13, 14]. Bce paccmarpu-
BaeMble OJIMTo3(Up(MET)aKpHUIaThl CIOCOOHBI K OTBEPIK-
JCHUIO B MPUCYTCTBUH MEPOKCUIHOIO0 MHULIMATOPA, IIPU
9TOM OONagaloT pA3NUIHBIMA YPOBHSAMH HavdaIbHOMH
BSI3KOCTH M JPYruX (DU3MKO-MEXaHUYECKHX CBOMCTB.
CuHTe3UpOoBaHHbIE TETpadyHKIMOHAIBHBIE 3(up(MeT)-
AKpWIIaThl, B OTIIMYHE OT TPeX(PyHKIIHOHANBHBIX, Xapak-
TEPU3YIOTCSI OTHOCUTENIBHO BBICOKUMH 3HAYEHUSMH BSI3-
kocty npu Temmneparypax 1o 40°C, orpaHMYMBarOIIUX
UX WCIOJNB30BAaHUE B CTAHNAPTHBIX IMPON3BOACTBEHHBIX
YCIIOBHSAX. YKa3aHHBIC BBINIC COCAMHEHHS ObLIH BBIOpa-
HbI HAMU JJIs1 U3YyYCHUS PCOJIOTMICCKUX CBOICTB UX CMeE-
celt B remnieparypaom auarnazone 30—70°C.

VYuuteiBas BBIIIECKa3aHHOE, IETBI0 Pa0OTHI SIBIIS-
JOCh MHCCIECAOBAaHHE OCOOEGHHOCTEH KPUBBIX TEUCHMS

PUMHBIX KOHCMPYKYUU U3 HUX: TTAC. ...

(hochopconepkanmmx onMUTodPUP(MET)aKpUIATOB U HX
cmeceit npu Temmeparypax 30-70°C mmst onpeneneHus
OINTHUMAJIbHBIX COCTaBOB TPEXKOMIIOHEHTHBIX CMECEH,
YIOBJIETBOPSIOMUX Tporieccam mnonydyenus: [IKM mero-
nom VaRTM.

OKCNEPUMEHTAJIbHAA YHACTb

B kauectBe O0OBEKTOB HCCIIEIOBaHMS BBIOpaHBI (oc-
(hopconepxampe crocoOHbIe K TOJIMMEPU3AINN OJUTO-
a¢up(met)akpunarsl (PhOEM), obnanaromiye pa3miaHon
MOJIEKYIISIPHOM Maccoil U OTHOCHTEIILHOW HENpeIeIbHO-
CTBIO, COZIEPIKAIIIME B CTPYKTYpE crieiicep u Oe3 creiicepa.

CuHTe3 COeAWHEHUH TPOBOAWIA B COOTBETCTBHU
C METOJIMKOH, ONTMCaHHoU B padote [15].

HccnenoBanue peoaornueckux CBOMCTB CBA3YHOIIUX
U UX CMECEW MPOBOAMIM METOJOM POTAI[MOHHOW BH-
CKO3UMETpHHU. [T 3TOTO MCIONB30BaId BHUCKO3UMETP
Brookfield LVDV-II + Pro mmunnens 27 (Brookfield,
CIIA) u Buckozumerp Lamy Rheology GT300 PLUS
(GEL TIMER) (Lamy Rheology, ®panuus). Pe3ynbrarsl,
nojly4eHHble Ha BuckosumeTpe Lamy Rheology GT300
PLUS (GEL TIMER), nmoka3anu aHaJIOTHYHBIE TECHICH-
LUK B U3MCHEHHUU CBOMCTB CBS3YFOIIHX.

Juis onpenenieHust 06JacTi ONTUMAIBHBIX COCTABOB
onmuro3Gup(MeT)aKpUIIaTOB HCIOJIB30BATIH IIPOTrPAMMY
STATISTICA (StatSoft, Poccusi), B KOTOpOH peanusyer-
csl rpaUueCKHd OPUCHTUPOBAHHBIN MOJIXOM K aHAIH3Y
9KCIIEPUMEHTAIBHBIX JAaHHBIX [16].

PE3YJIbTATbl U UX OBCYXAEHUE

CTpyKTypbl UCCIEJOBAaHHBIX COEAMHEHUH, CUHTE3UpPO-
BaHHBIX B COOTBETCTBMHU C paboToit [15], mpeacTaBieHs!
Ha puc. 1-3.

CHs

X

CH3; “CH,
Puc. 1. Crpykrypa PhOEM-1
Fig. 1. Structure of PAnOEM-1

Bemkun E.A. Texnonocuu 6e3asmoxiagno2o (popmosanus HU3KONOPUCMBIX NOTUMEPHLIX KOMNOZUYUOHHBIX MAMEPUALO8 U KpYNHO2a0a-
kaHj. TexH. Hayk. M.: BUAM; 2016. 146 c. [Veshkin EA. Technologies of non-autoclave molding

of low-porous polymer composite materials and large-sized structures made from them. Diss. Cand. Sci. (Eng.). Moscow: VIAM; 2016.

146 p. (in Russ.).]
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Puc. 2. Crpykrypa PhOEM-2
Fig. 2. Structure of PhOEM-2
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Puc. 3. Crpykrypa PNOEM-3
Fig. 3. Structure of PhOEM-3

Ha puc. 4 BugHO paznuyane B CTPOSHUN COSTUHEHHI:
pa3sHOE KOIUYECTBO HEMPEAEIbHBIX IPYIIL, IPUCYTCTBUE
WIN OTCYTCTBHE cIieiicepa (BO (hparMeHTe CTPYKTYpPBI
MIPUCYTCTBYET BCTaBKa MEXIY PEaKIMOHHOCIIOCOOHBI-
MU LIEHTPaMHU B OJHOH Mouekyie) [15].

Puc. 4. O6o6mennsie crpykrypusie popmynst PNOEM

1 UCXOJIHBIX PEarcHTOB sl UX MOTyUYCHHS:

(a) PhOEM-1 (6e3 creiicepa); (b) PNOEM-2 n PhOEM-3,
€O crielcepoM pa3HOro CTPOCHUS

Fig. 4. Generalized structural chemical formulas of PAOEMs
and of the starting reagents for their production:

(a) PhAOEM-1 (without spacer); (b) PA\OEM-2 and PhOEM-3,
with the different spacer structure

H3C CH,

H3CICH2

cl O O

HsC CH3 Cl

DY
jitz/g'

O
OH O

H,C

CHs

BszkocTh CHHTE3UPOBAaHHBIX COEAMHEHHUM Hccieno-
BaJId IIPHU PA3JINYHBIX CKOPOCTSIX CIABUTA M TEMIIEpPaTy-
pax. Pe3ynbTarsl McciieJ0BaHUN PEOIOrHYECKUX CBOMCTB
B BUJI€ KPUBBIX TEUEHHUS MPEICTABICHBI HA PUC. 5—7.

6 -
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4 4
EE
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2 4
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0 .
0 20 40 60 80
y, ¢!
ys7!

Puc. 5. Kpussie teuenuss PANOEM-1 B 3aBucumocTH
OT TeMIepaTypbl: T — HalpshKeHue caBura, [la; y — ckopocth
caBHra, ¢ !

Fig. 5. Share rate versus shear stress for PhOEM-1 depending
on temperature: 7 is shear stress, Pa; y is shear rate, s
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Puc. 6. Kpussie Teuenust PhNOEM-2 B 3aBrCHMOCTH
OT TEeMIIepaTyphl: T — HaNpsDKeHUe caBura, [la, y — ckopocTth
clIBUTa, ¢!

Fig. 6. Share rate versus shear stress for PhOEM-2 depending
on temperature: T is shear stress, Pa, y is shear rate, s~

Hccnenopanre peonormdeckux ocodennocreil PhHOEM-1
OrpaHMYEHHO TeMIeparypHbIM quanasonom 30-50°C B cBs-
31 C HEZOCTATOYHON YyBCTBUTEIBHOCTBIO TIPHOOpA M HU3-
KOU BA3KOCTBIO OJIMTOMEPA IIPH 3TUX Temreparypax. B atom
ciydae pa3paboT4MKOM MPUOOpa PEKOMEHIIOBAHO WCIIONb-
30Barh IIMNHHJETb JPYroro pasmepa. OmHako H3MepeHHs
BSI3KOCTH KUJIKOCTU C UCIIOJIG30BAaHNEM Pa3INIHBIX TeoMe-
TPUYECKHMX Pa3MEpOB IIIUHACIS HE PEKOMEHIOBAHBI TIPU
TMPOBEACHUN CPABHUTCIIBHBIX HCCHGI[OBaHHﬁ.

Jns conmocTaBiieHHs] BA3KOCTHBIX CBOWMCTB HCCIIEAY-
EMBIX OJIMTOMEPOB HCIIOJIh30BANIM THAMA30H CKOPOCTEH
C/IBUTA, TIPH KOTOPBIX KUAKOCTU BEIH ceOsl aHATIOTMIHO
HBIOTOHOBCKHM. C TIOBBIIICHHEM TEMIIEPaTyphl HCCIIe-
JOBaHHE TIPOIOJIKAIIH MIPU OOJBIIUX CKOPOCTSIX CIBUTA,
obecrieunBas 3a/laHHbIC YCIOBUSI.

Ha ocHOBaHMHM NONYyYEHHBIX pe3yNbTaTOB OBUIH pac-
cuuTaHbl d(QQPCKTUBHBIC JHEPTUM AKTUBALUHU BSI3KOTO
TCUCHUST HCCICAYCMbBIX O6’I)CKTOB C HCIIOJIb30BAHUEM
ypaBuenwus (1) [17].

R-T-T.
L

(1)
“ L-T, Tn

e E, — 5(ppexTuBHas SHEPrus aKTUBALMH BS3KO-
ro tedenus, JIx/monb, R — ra3oBas MocTosHHAs,
Jox/(K-momb); T, — Ttemneparypa ucnbiTanus, K;
n; — BA3KOCTH, Mlla-c.

[Tommydennblie pe3ynbTaTsl IPECTaBICHBI Ha puUC. §.

W3 mpeacTaBIeHHBIX MAHHBIX BHIHO, 49TO d(PQeK-
THUBHAsl DHEPIUsl aKTHBALIUU BSI3KOTO TEUCHHS 3aBHCHUT
OT CTPYKTYPBI COeTMHEHUS (pUC. 4) M IPUCYTCTBUS B HEM

CHCfICCpOB pas3siInYHOro CTpOCHHUsA, YTO HeO6XOZ[I/IMO

89 30°C
7
6
5
s,
S
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1
0 : : : : : : .
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Y57

Puc. 7. Kpussie teuennss PhOEM-3 B 3aBucumocTH
OT TEMIIepaTyphbl: T — HampsDKeHue casura, [la, y — ckopocTh
CIBHTA, ¢!

Fig. 7. Share rate versus shear stress for Ph\OEM-3 depending
on temperature: T is shear stress, Pa, v is shear rate, s~

YYUTBIBATh MPH pa3padoTke mporiiecca noixydenus [IKM
no VaRTM-texHonoruu.

C menbio moadopa ONTUMAIBHBIX COCTaBOB CMecei
onuro3(hup(MeT)aKprIIaToB, 00 CIICUMBAIOIINX HEOOXOIH-
MBbI€ YCIIOBHUS TEXHOJIOTMYECKUX KPUTEPUEB IS BaKyyM-
HOU I/IH(bySI/II/I, HCCJICAOBAaHUS MTPOBOAWIIN C IPUMEHCHUEM
METOJ]a MaTeMaTH4eCKoOro IJIAHUPOBAaHMS KCIEPUMEHTa
no cuminieke-pemerke (rwiany llledde) ¢ mocrpoenu-
€M TOJIMHOMHUAIBHOM Mojieny 4yeTBeproro nopsiaka [18].
CyTb METOZIa COCTOUT B IIOCTPOEHUH PErPECCUOHHOM 3a-
BHUCHMOCTH CBOWCTB CMECH OT COZIEPKAaHUSI KOMIIOHEHTOB.
Hcnonp3oBanre TaHHOTO METOA MO3BOJISIET YCTAHOBHUTH
3aBHCHUMOCTB CBOMCTB CBS3YIOIINX OT X cocTasa [ 19, 20].

HUccnenyemast oonmacts cuctembl PhOEM-1, PhOEM-2,
PhOEM-3 Brirouaer maccoslie 1ostd oT 0 go 1. O6macts
HCCIIeIOBaHMsl MIPEACTaBlIeHa B BUIE PABHOCTOPOHHETO
KOHIICHTPAILMOHHOTO TpeyroibHuka [nb6ca. Ha puc. 9
MPECTABIEHO TOJOKEHNUE AKCIEPUMEHTAIBHBIX TOYEK
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Fig. 8. Flow activation energy in PhOEM-1, PhOEM-2, PhnOEM-3
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COCTaBOB, T.€. TOYEK KOJIMYECTBEHHBIX COOTHOIICHUH 1031~
POBOK HCCIIETyeMbIX COSIMHEHHH, KOTOPBIE JIOKATCS B OC-
HOBY TaOJUIIBI MaTPHUIIHI INTAHAPOBAHIS SKCTICPUMEHTA.

Ha puc. 10 npencraBieHsl pe3yiabTaThl HCCIe0Ba-
HUN PEOJIOTMYECKUX CBOMCTB CMECEH CBA3YIOIIUX B CO-
OTBETCTBUM C MAaTEMATUYECKHUM IIJIAHHPOBAHUEM 10 ILIa-
ny lledde (cm. Tabauily) B BUIe KpUBBIX TeueHus. Kax
U B BBIIIE ONMUCAHHOM HCCIICIAOBAaHUH, ObLTH BHIOpPAHBI
00IIacTH BSI3KOTO TEUCHUS, TPH KOTOPBIX CMECH BEIH
ce0s aHAJIOTUYHO HbIOTOHOBCKUM JKUIKOCTSIM.

W3 npexncrasieHHblx Ha puc. 10 peonoruueckux 3a-
BHUCHIMOCTEH BHIIHO, 9TO CMECH BEAYyT ceOsl aHAJIOTHIHO

T — Hanpsvkenue casura, I1a; y — ckopocTh cipura, ¢!

Fig. 10. Share rate versus shear stress for mixtures
at a temperature 30°C: 1 is shear stress, Pa; v is shear rate, s~!

HBIOTOHOBCKUM KHUIKOCTSAM [21] U yIOBIETBOPUTEIHHO
OTIMCHIBAIOTCS YpaBHEHUEM (2).
T=ENC Y, ()
rae 1 — AMHAMU4YecKas BSI3KOCTh, Ila-c; T — Hanpsixe-
Hue caBura, Ila; y — ckopocTh caBura, ¢ L

Hcnone3ys momydeHHbIe pe3yIbTaThl, OBLTH Paccuu-
TaHbl 3HaYeHUs 2(PPEKTUBHON PHEPTUN aKTUBALIUH BS3-
KOT'O TEUEHHUSI JJIsl CMECEH OJIMTOMEPOB.

CooTHOIICHNE KOMIIOHCHTOB, 3HAUCHHS BI3KOCTH
npu temreparypax 30-70°C u 3HaueHUs 3PPEKTUBHOM
SHEPrUH AaKTHBAIMU BA3KOTO TEYCHHS MCCIETyeMbIX

cMecei MmpecTaBlIeHbI B TaOIHIIe.

Tabanua. Marpuna miaHIpOBaHUS H COOTBETCTBYIOINIHE €if BA3KOCTH M HEPTHsI aKTUBAINH Bsi3koro TeueHus (10 06/c)

Table. Planning matrix and corresponding viscosities and activation energy of viscous flow (10 rpm)

lebonass o PhOEM B;.BKOC.TB’ mlla-e E_, xJx/Momnb
Composition Viscosity, mPa-s a
E_, kJ/mol
number 1 2 3 30°C 40°C 50°C 60°C 70°C a
1 1 0 0 162 89 48 - - 21.5
2 0 1 0 1460 612 434 401 373 23.9
3 0 0 1 1856 776 368 248 155 24.4
4 0.5 0.5 0 445 232 127 66 - 23.2
5 0.5 0 0.5 661 408 220 124 94 20.3
6 0 0.5 0.5 2231 1035 530 304 178 24.2
7 0.75 0.25 0 284 150 96 56 34 19.7
8 0.25 0.75 0 926 436 239 124 71 244
9 0.75 0 0.25 349 202 131 89 67 16.6
10 0.25 0 0.75 1987 984 661 506 363 16.6
11 0 0.75 0.25 1652 764 361 195 129 259
12 0 0.25 0.75 2137 932 438 255 148 25.8
13 0.5 0.25 0.25 694 347 195 114 74 21.9
14 0.25 0.5 0.25 1347 668 328 192 102 23.7
15 0.25 0.25 0.5 1699 905 530 312 227 20.6
446 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(5):441-451
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Fig. 11. Composition—property diagrams of mixtures at temperatures:

(a) 30°C, (b) 40°C, (c) 50°C, (d) effective E,, kJ/mol

Jns ompenenenus o0iacTH ONTHMANBHBIX COCTa-
BOB OJUT0d(pUP(MET)aKpPUIATOB IPapUIECKUM METO-
poMm ucnoabs3oBanu nporpammy STATISTICA, B ko-
TOpOil peanmsyeTcss TpapuIeCKU-OPUESHTHPOBAHHBIN
MOAXOA K aHalu3y 3KCIHEPUMEHTAJbHbIX JdaHHBIX.
JuarpamMmsbl xapakTepa H3MEHEHHs CBOMCTB OT COCTa-
Ba (ocdopcogepkanux CBI3YIONUX MPEICTABICHBI
Ha puc. 11.

W3 puc. 11 Bugno, uto npu remneparypax 30 u 40°C
CYIIECTBYIOT OONACTH 3HAYCHUH BSI3KOCTH, HIDKE KOTO-
PBIX COOTHOILLIEHHE KOMIIOHEHTOB CMECH SIBIISIOTCS OII-
TUMaJIbHBIMU. 3aMETUM, YTO MPHU TeMIlepaTrypax BbIIIE
50°C, ucxomHbIe CBSIZYIONINE U UX CMECH YIOBJIETBOPSI-
10T TPEOOBAHUAM JJIsI TIepepabOTKU MOTUMEPHBIX MaTe-
puanoB meronoM VaRTM-texHomoruel, T.K. 3Ha4E€HUS
nx Bsi3kocTH He npesbimatoT 500 mlla-c.

MuHAMaNBHBIM  3Ha4eHHEM J(QEKTUBHON dHEp-
TUM  aKTUBAIlMM BSA3KOTO TEUeHHWs o00JanaeT cMech
PhOEM-1 : PhOEM-3 =1 : 1. BBeneHue B 3Ty cMech
PhOEM-2 mnpuBomutr K yBemuueHHIO 3()(hEKTHBHON

OHCPIUKU aKTHUBAIIUU BA3KOTO TCYCHUA. BepOHTHO, 9TO
OMpeacCIACTCA MEKMOJICKYISAPHBIM B3aMMO/IEHCTBUEM
OJIMTOMEPOB U HUX TepMO)]HHaMH‘ICCKOﬁ COBMCCTHUMO-
CTBIO.

SAKJTIOMEHME

B pabore Obltm wmcciaeqoBaHBl OCOOCHHOCTH KpH-
BBIX TedeHHs (ochopcoaepKalux onMurodpup(Mer)-
aKpHUJIATOB U MX CMeceil, ompeeseHsl 00IacTu ONTH-
MajbHBIX COCTABOB TPEXKOMIOHEHTHBIX CMeced A
UCIONB30BAHUS HMX B TEXHOJOTHYECKOM IIpOIecce
VaRTM nonyuenust [IKM npu remneparypax ot 30 1o
70°C.

Paznuuus B MOJTyYEHHBIX KPHUBBIX TECUCHUS MeTa-
KpHWJIATOB OTPEACISIOTCS MOJEKYISIPHOM Maccol co-
€IMHEHU! M UX CTPOEHUEM, & TAKKE IMPHUCYTCTBHEM
B CTPYKType TOro WM MHOro crneiicepa. Kpusble teue-
HUsI NIPUHMMAIOT JIMHEHHBIA BHJ NPU HEKOTOPBIX 3HA-
YEHUSIX CKOPOCTEN CABUIA, BBIIIE KOTOPBIX, B Mpeenax

ToHkune xumunyeckue TexHonorum = Fine Chemical Technologies. 2024;19(5):441-451 447
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HCCIIEZIOBAaHHOIO JMalla30Ha CKOPOCTEH, I0BEIEeHUE
HCCIIEAYEMBbIX JKHJIKOCTEH aHAJOTMYHO HBIOTOHOBCKOU
JKUJIKOCTH.

Coemunenus co cneiicepom (PhOEM-2, PhOEM-3)
XapaKTepU3yIOTCS 3HAUUTEIHHO OONBIIUMH 3HAYCHUSIMA
Bsizkoctr 1460 u 1856 mlla-c npu 30°C, uto B 1Ba 1 60-
nee pa3 mpessimaeT Bszkocth PhOEM-1 (162 wmlla-c).
Ta >xe TeHISHIHUS OCTaeTCs W MpU OONBINNX TEMIIepa-
Typax.

YcranosneHo, uto npu Temrneparypax Bbiie 50°C
BA3KOCTb KaK MCXOJIHBIX KOMIIOHEHTOB, TaK U MX CMe-
ceil B 1000M COOTHOILEHUU YJOBIETBOPSIOT YCIOBUSAM
VaRTM-texnosnoruu nis nonxyuenus [IKM ¢ nossiiien-
HBIMH (PU3UKO-MEXaHHICCKIMHU CBOMCTBAMHU.

COBMECTHBIM HCIOJIB30BAHUEM TUATPAMM «COCTaB—
BSI3KOCTB» M «COCTaB—3HEPTHs AaKTUBALUK» MOXHO
OTIPENCTUTE O0IaCTh ONTHUMAJIBHBIX TEXHOJOTHYCCKHUX
YCIIOBUH (Temmeparypa, pa3HOCTb JaBJICHHUN) MOIyde-
uust [IKM MeTooM BakyyMHOM HH(Y3HH.
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