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BukoHaHO TeopeTudHi Ta eKcnepuMeHTanbHi OOCNIAKEeHHA npouecy TBepAHEeHHA deHono-gopmanbs-
OerigHoro B’sKy4oro y ByrneueBux komnosmTax. [logaHo KiHETUYHI PIBHSAHHS, WO BPaxoByHOTb SBULLA aBTO-
ranbMyBaHHS 1 aBTOMPUCKOPEHHS NMPOLECIB TBEPAHEHHSI Ta 3anpONoOHOBAHO METOAVKM BU3HAYEeHHS napa-

METPIB 3a3Ha4YEeHUX PiBHSAHb.

KnioyoBi cnoBa: Byrneuesi KOMNo3nTu, eHono-gopmManbaerigHe B’skyde, TBEpAHEHHS, TEOPETUYHI Ta eKe-
nepuMeHTarnbHi AOCNIMKEHHS, aBTOoranbMyBaHHS, aBTONPUCKOPEHHS

Bcmyn. Tlporiec TBepAHECHHS € HANOLIBII BaX-
JUBOIO OTEPAIIIEI0 i Yac OJIepyKaHHS BYTIIEIEBUX
KOMITO3UTIB, IO BigNOBimae 3a (ikcarliro reomer-
puuHOi opMH Ta PO3MipiB BUPOOIB, a TaKOXK (op-
MYBaHHS IUJTICHOT CTPYKTYpU KOMIIO3HUTIB 0€3 po3-
IapyBaHsb i Mop.

[Iporiecn TBepaHEHHS B’SDKyYHX MarepialiB
MaloTh TPH XapakTepHi craaii [1]. 3 mo3umiii kine-
TUKH 3pYYHille BUAUTATH J1Ba €TaIlu, SKi BiIpi3Hs-
I0TBbCA (PI3UYHUM CTAaHOM TBEPIHEHOTO B’SDKYUOTO.
[lepmuii eTan cmiBnajgae 3 MEPIIOKD CTAAi€0 TBEP-
JHeHHs. Jlpyruil eram BKIIOYae APYry Ta TPETHO
cTail TBEpAHEHHS 1 XapaKTEPU3YEThCS CTBOPEHHIM
1 PO3BHTKOM TOJIMEPHOI MPOCTOPOBOT CITKH, OJJHO-
YacHO B’sDKy4e MOBHICTIO BTpayvae B’ S3KICTh 1 mepe-
TBOPIOETHCS HA B’SA3KONPY>KHE a00 BA3KOENACTUYHE
Timo [2,3].

Tocmanoska 3ae0anns. MeTor NOCHIIKEHD €
po3pobka Mojeni TBepAHEHHs (eHono-popmas-
JEeTiAHOTO B’SKYYOTo IIijl 4ac OJEpKaHHS ByTJele-
BHUX KOMIIO3UTIB 1 BU3HAUCHHS PO3PaxXyHKOBO-CKC-
MEPUMEHTANBHUM IIUISIXOM [TApaMeTPiB TaKoi Mojie-
.

Teopemuuna wacmuna. KineTnka peaxiiii TBe-
PAHEHHSI XapaKTepPU3YETbCs 3MIHIOBAaHHAM XiMid-
HUX, Qi3NYHAX 200 MEeXaHIYHUX TapaMeTpiB TBEP/I-
HeHoro nonmimepy [4-6]. JIo XiMi4HHX MapamerpiB
CJIiJT BIIHECTH KOHIICHTPALIII0 PEareHTiB, BUIIICHHS
HU3bKOMOJICKYJISIPHUX JIETKUX PEYOBHH, MOJICKYJIsI-
pHY Macy mojiMmepy, L0 YTBOPIOETHCS, BiJHOCHY
YacTKy Hepo3urHHOI Qpakiii renro. DizmyHrMU
napamerpamu, 6e3rnocepe/HbO TIOB’ I3aHUMH 3 KiHe-
TUKOIO TBEPIHEHHA B SDKYUOro, € 3MiHIOBaHHS
B’SI3KOCTI B’SKY4OT0, IUTOMA TEIJIOTA PeaKLii TBe-
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PAHEHHS, a TAaKOX 3MiHIOBaHHS MOJYJISI MIPYKHOCTI
Ta MIUIBHOCTI, SIKI 3yYMOBJIECHO TEPMOXIMIYHUMH
yCaJKaMHu.

VY 3arajbpHOMY pa3i MPOLEC TBEPIHEHHS B sDKY-
YOro MOJKHA OMHMCATH KIHETHYHUM PiBHSHHSIM:

By ool E )
P e )b 1)

e [ — morodHa Mipa TMepeTBOPEHHS PeaKIiitHOCT-
POMOJKHHUX TPYII, T — Yac MpoLecy TBEpAHEHHS; Ko —
nepeaekcrionenTa; £ — e)eKTUBHA eHeprisi aKTHBa-
uii mpouecy; R — yHiBepcanbHa ra3oBa mocriiina; 7
— Temmeparypa; f(f) — kiHeTHuHA QYHKIS, SKY 3a-

natoth y Bumi: f B = 1-B ", me N — emmipuuna

KOHCTaHTA.

CriBigHomreHHs (1) 3a/I0BUIBHO OMHUCYE KiHe-
TUKY TBEpJHEHHS (EeHOJIO-(DOPMAaIIbACTiTHOTO B’S-
JKydoro, MOro eHepris aktuBamii ckimamgae 96,0
KJI>/MOIb.

[lig yac TBepAHEHHS B’SHKYUOTO OTBEPKYBa-
YaMH 3 BHCOKOK (PYHKIIIOHATBHICTIO Ha 3aBEpIIy-
IOYMX eTarax IIBUAKICTb peakiii 3HIKY€EThCS SIK 3a
paxyHOK BHYEpIaHHS pEakliifHUX TPyI, Ta i oOMe-
KEHHSI PYXJIMBOCTI MOJIEKYJ, IO IMPHU3BOAMUTH JIO
(aKTHYHOI 3yNMHKH TAKOTO IPOLECy 3a HEMOBHOI
KOHBepCii peakIiitHux rpyI.

VY Ttakomy pa3i KiHETHYHE DIBHSHHS Ma€ BU-
IS

SLkip e @)
e K — KoHCTaHTa IMBHUAKOCTI TBEPAHEHHS; & — O€3-
PO3MIpHHI TIapameTp, 10 BpaxoBye edeKT aBTora-
JbMYBaHHS PEAKLii.

[Iporiecn TBepaHEHHS HU3KU OaraTo(yHKIIiO-
HAJILHUX PEaKIiiHO CIIPOMOXHHX OJIIrOMEpiB He
JOCUTH TOYHO OIHUCYIOTHCA PIBHSAHHSAMH TUIY (2).
Sk BCTaHOBIEHO, JUISI TAKUX OJIIrOMEpIiB KiHIIEBE
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3HAYCHHS MIpPH MEPETBOPCHHS € (YHKIIEIO TeMIIe-

parypu TBepAHEeHHS. ToMy KiHETHYHE pPiBHSIHHS

NpOLIECY TBEPAHCHHS MOKHA 3aIMCaTH SIK [7]:
@:k-l—ﬁ-l—@ﬁ-lﬂﬂﬁ : (3)
dt

ne C, & — mapaMerpu, 10 BPaxoBYIOTh MPOIECH aB-

TOTIPUCKOPEHHSI 1 aBTOTaIbMyBaHHS BiJIOBITHO.

3 aHaizy HaBEJCHHUX PIBHIHD BUTIKAE, IIO PiB-
HAHHA (3) € HaWOUTBII 3araJbHAM, Ta OJHOYACHO
BPaxoOBY€ YNHHHKH, SKi yCKIAJHIOIOTH MPOLEC TBe-
pAHEHHSL.

Excnepumenmanvna wacmuna. KinneBwid erarr
Mpolecy TBEPAHEHHS XapaKTepU3Y€EThCS CTBOPEH-
HSIM 1 PO3BUTKOM TPUBUMIpPHOI CiTKH. ['onoBHHMHU
nmapaMeTpaMd, IO XapaKTepu3ylTh Ieil eTam €
B’SI3KO-TIPY’KHI Ta MPYXHO-TUIACTHYHI XapaKTepHC-
THKH B’SDKYYOTO, TEPMOXiMiuHi e(eKTH Ta MacoBi
BTpatH (U B’sDKYUJOTO, IO 3aTBEPIKYETHCS 3a pe-
aKIIE€I0 TOTIKOHIEHC AIIT).

BusnaueHHs B’A3KO-TIPY)KHHUX XapaKTePUCTHUK
B’SKYYOro, 110 TBEPJAHE, MOXKJIUBO 3 BUKOPHUCTaH-
HSIM YJBTPa3BYKOBUX KOIWBaHb, CXEMY YCTaHOBKHU
ormcaHo y pooori [8]. Sk 3pa3ok BUKOPHUCTOBYIOTH
KOMIIO3HMIIIIO, IO CKJIamaeThes 3 P 00’eMHHX dac-
TOK apMyrunX eneMeHTIB i (1-P) 06’ eMHIX 9acTOK
B’SKYYOrO.

[IBuAKiCTh TOMMpPEHHS YIBTPa3ByKy BHU3HA-
YaoTh SK:

V= , (4)

ne L — momxuHa 3paska; T — BUMIPSHUIT Yac Ipoxo-
JDKEHHSI yIbTPa3BYKY; T, — «MEPTBHI» Yac, SKOTO
OOYHCITIOITH 3 BAKOPUCTAHHSIM CITiBBiTHOIICHHS

171'|-1_T2'|-2 (5)
Loy
, L
e Ti, T, — Yac MPOXOJDKEHHS YIBTPa3ByKy 4epes
3pa3Ku JOBXKHUHOKO L, 1 L, BignmoBinHO.
JluHaMmidHUE MOJyJTh KOMIIO3HIIIT, 1110 TBEPJIHE,

BHU3HAYAIOTh 32 JOPMYIIOO
E=p-V?, (6)

e p — 00’eMHa HIUIBHICTH KOMITO3UILIT; V — IIBHI-
KICTh MOLIUPEHHS YIbTPa3BYKY.

PesynbTaty BU3HAUCHHS JTUHAMIYHOTO MOJYJIS
MPYKHOCTI TiJl 4yac TBepIHEeHHs (heHOI0-PpopMab-
JIETiTHOrO B’SKY4Oro IoJjaHo Ha puc. 1.

Sk mapamerp TBEpIHEHHS BHKOPUCTOBYIOTH
BiJIHOCHE 3MIHIOBaHHS UHAMIYHOTO MOJMYJIS, SKE
JUISE HE3HAYHOI'0 3MIHIOBaHb IIIJIBHOCTI B’SYKY4Oro
MOJKHA 3aITUCaTH y BH/I:

:[10—riJ2

B=d6-E —
[T t —ri]

(7)

ne 1(0), t(t) — mouaTkoBHil i MOTOYHUIT MOMEHTH
4acy TBEpJHEHHS BiJITOBIIHO.
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T, TOJI.
Pucynok 1 — 3MiHIOBaHHS MOyJIs PYXKHOCTI Bif acy Ha-

rpiBaHHS Hix 9ac TBepAHeHHS B spKydoro CP-010 + TMTA
(1-90°C,2-110°C, 3-130°C, 4 -150°C)

[lin gac TBepAHEHHSA B’SHKYYOTO 32 PEAKIi€r0
MOJIIKOHICHCAIlIT BiJIOYBA€ThCSA BHUIIIJICHHS HHU3BKO-
MOJICKYJISIPHUX JIETKUX PEYOBHUH, SIKE TAKOX Xapak-
Tepu3ye Mipy TBepAHEHHs B’spkydoro. J[ms mocii-
JOKEHHSI MacOBHX BTpAT MiJl Yac TBEPIHEHHS BUKO-
PHCTOBYIOTH TEPMOTPaBIMETPUYHUAN aHali3, CYTh
SKOTO TIONSITae B Oe3nepepBHOMY KOHTPOIIOBAHHI
3MIHIOBaHHSI MACH HaBaKKU B’ SKYYOTO, IO TBEPII-
He, 3a MOCTilHO1 TemmepaTypu abo MOCTIHHOI MBU-
JIKOCT1 HarpiBaHHSI.

XapakTepHi KpUBI 3MiHIOBaHHS Macu HaBa)KKH
¢denomno-hopmanbaerinaoi cmoim CPO-010 3 oTBep-
JoKyBaueM TekcamerwieHnterpaminom (I'MTA) na-
BEJICHO Ha puC. 2.
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T, TOI.
Pucynok 2 — 3MiHIOBaHHS MOJIYJIS IPY’KHOCTI BiJf yacy Harpi-
BaHH Mij1 9ac TBepaHeHHs B spkydoro CO-010+T'MTA
(1-90°C,2-110°C, 3-130°C, 4 -150 °C)

3mintoBanHs Macu 3paska M(T,T) BU3HAYAIOTH
K CyMy BTpaT 3a PaxyHOK BHIIQpPOBYBaHHSA PO3-
yrHHAKA M(T,7) 1 BUIIIECHHS JIETKUX PEYOBHH B pe-
3yabTaTi peakiii noiikouaencaii My(T,t):

m(T,7) =m(T,t)+m,(T,7). (8

3 aHamizy piBHAHHA (8) BUXOAWTH, IO TiUIBKU
JpYTruii WIeH MOro mpaBoi YAaCTUHU XapaKTEPHU3YE
npoliec MoMiKoHAeHcalii. ToMy HeoOXiJHO BH3Ha-
YUTH HOTO SIBHY 3aJIe)KHICTb BiJl TEMIEpaTypu Ta
TpuBajiocTi mpouecy. s mporo 31iHCHIOIOTH AH-
(depeHLIiIoBaHHS 1[LOTO PIBHSIHHS 32 4acOM 1, BUKO-
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PUCTOBYIOYH OCHOBHY TilOTE3y (hOpMalbHOI KiHe-
TukH [9], mOIaTh CyMapHy HNIBHAKICTh BTPAT MacH
y BUI:

0
Rk P = my) ok, (P -m,)

pe (9)

ne K, Kn — KOHCTaHTH MIBUAKOCTEH MAaCOBHX BTPAT
3a PaxyHOK BHIIAPOBYBAaHHS PO3YMHHHKA Ta PEaKIIii

noJikoHeHcanii BixnosigHo; M ”, m;” — mexosi

MacoBi BTpaTdh 3a PaxyHOK BHIAPOBYBaHHS pPO3-
YUHHMAKA Ta BUIUICHHS HU3bKOMOJEKYISIPHHUX IIPO-
IYKTIB peakilii moJiKOHAeHc il BiAIOBIAHO.

[Ticns inTerpyBanus piBHSHHS (9) OTPUMYIOTE!

mT,t =m’[1-463 —k -t |+

+mP -[1-exp —k, T | . (10)

Posrmamaroun mocaigHi mami, SKi IOJaHO Ha
puc. 2, 3 BUKOPHUCTaHHSIM METOMIB PErpeciiiHOTrOo
aamizy [10] BM3HAYWNIM 3HAYEHHA MOCTIMHUX Y

dopmynax (9) i (10), wo cknamarore: M’ = 28 %;
m'” = 19,8 %; k. = 1,54-10>exp(-6030/T); k, =
7,15-10%exp(-31086/T), ne T — aGCOTIOTHA TeMIIe-
parypa.

Ha puc. 3 nHaBeneHo kpuBi, OTpUMaHi po3paxy-
HKOBUM MUIIXOM 3 BHKOPHCTaHHSM piBHSHB (9) 1
(10), a TakoXx AOCHIIHI 3HAYCHHS JJI TEMIIEPATypH
90 °C. 3icraBieHHS PO3PaXyHKOBUX 1 JOCIHIAHUX

3HaYeHb CBIAYUTH MPO MOXKIMBICTH MPAKTHIYHOTO
BUKOPHUCTaHHS BKa3aHOTO ITiIXO/Y.
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T, XB.

Pucynoxk 3 - 3aiexHicTs BiITHOCHOTO 3MiHIOBaHHS MacH

TBepaHeHOTO B’ spKydoro (CD-010+I'MTA) 3a izoTepmi-

yuux ymoB (1 - 70 °C; 2-80°C; 3-90°C; 4 -110 °C;
5-120°C)

Sk xpuTepiii Mipu TBEPIHCHHS MOXXHA TIPHITH-
STA MAacoBi BTpaTH, 3yMOBJICHI BUAUICHHSIM HH3b-
KOMOJICKYJIIPHUX TIPOAYKTIB 3a PaxXyHOK peakiii
MOJIIKOHIEHCALIII:

Bt)=m,(T,7)=mP-[1-exp —k,-t | . (11

CrmiBimnomerrst (9) 1 (10) mapameTpudHO
OMHUCYIOTh Pi3HI cTadii TBEpAHEHHS B’SDKYYOTrO.
[Mpuiimaroun A UUX CHiBBIAHOIIEHb KiHETUYHY
MOJIeTh B 3arabHOMY BHUTIIIAL (3), IEPEeXoIsiTh 10
po3poOKH MeTOAMKH Bru3HaueHHs mapamerpis K, C i
&

Iarerpytoun piBHsHHA (3) 3a mapameTpoMm B y
Mekax Bix Hysst (o B i 3a 4acoM y Mekax Big HyJIs
710 T, OTPUMYIOTb!

S GO e pite
exp€-5-1 = e

ne 5=€+C - €-¢ .€+C .
[Ticnsa norapudmMyBaHHS Ta HECKIAAHUX anreo-

paiuaux meperBopeHs hopmyry (12) MoxHa 3amu-
catu K

t=A-IN€+C-BIB-INC-.-B>D-In€-B, (13)
e A=C-1-& /k-5; B=¢-1+C /k-6;
D=&+C /k-5.

, (12)

[Mpuiimaroun B(t) y Buai (13), Oyno orpumMaHo
HacTymHi 3HayeHHs1 napametpiB: C = 1,677; & =
1,040; k = 0,1036-10% exp(17898/T).

Togni piBasiHHS (3) Ma€ BUTIISIL

dp 17898

— =0,1036-10% -exp(—j- 1-B -
T T

- 1-1,6778 - 1-1,0408 (15)

Bucnosxu. PosrnsHyro moOynoBy Mojeni TBe-
pAHEHHS (QeHO0JI0-(hOPMAaIIBJIETITHOTO B SDKYUOro 3
ypaxyBaHHSIM TIPOLECIB aBTONPUCKOPEHHS I aBTO-
raabMyBaHHs. ExCriepiMeHTaIbHUM NUISXOM BCTa-
HOBJICHO 3MIHIOBAaHHS JWHAMIYHOTO MOAYJIS TIPYK-
HOCTIi Ta MacoBi BTpaTH MijJ Yac TBepaHEHHS (heHO-
710-(hOpMabIETiIHOTO B SHDKYYOTO 32 YMOB TOCTiH-
Hoi TemmepatypH. [loka3aHa MOXKIUBICTE PO3paxy-
HKOBO-EKCIIEPUMEHTAIBHOTO BU3HAYEHHS! KOHCTaH-
TH TIBUJKOCTI MPOLECY TBEPAHEHHS Ta KiJbKiCHUX
3HAYeHb IMapaMeTpiB aBTONMPUCKOPEHHS W aBTOTa-
JTbMYBaHHSI.
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RESEARCH OF HOT-SETTING PHENOL-ALDEHYDE CONNECTIVE IN CARBON COMPOSITES

Theoretical and experimental researches of process of hot-setting phenol-formaldehyde connective are ex-
ecuted in carbon compos. Kinetic equalizations over are brought, taking into account the phenomena of au-
tobraking and autoacceleration of processes of hot-setting and the methods of determination of parameters
of the indicated equations are offered. The construction of model of solidifiability of phenol-formaldehyde of
astringent taking into account processes autoacceleration and autobraking is considered. An experimental
way is set treason of the dynamic module of resiliency and mass losses during the solidifiability of phenol-
formaldehyde astringent on conditions of stationary temperature. Possibility of calculation-experimental de-
termination of constant of speed of process of solidifiability is shown and quantitative values of parameters of
autoacceleration and autobraking. Eventual stage of hot-setting phenol-formaldehyde connective (PFC) cha-
racterized by forming of three-dimensional net which provides viscoelastic and resiliently-plastic descriptions.
For determination of Baskoynpyrux descriptions connective in the process of hot-setting an ultrasonic method
was used. The change of speed of passing of the ultrasonic length modes was determined curing sample on
the basis of PFC. Dependences of change of viscoelastic descriptions are set depending on time of process
of hot-setting of standards in the conditions of isothermal self-control three temperatures 90, 110, 130 and
150 °C. On the basis of finding the constants of kinetic equation of process of hot-setting of PFC are certain.
In the process of hot-setting there is a decline of mass of PFC due to moving away of low-molecular vola-
tiles. The crooked dependences of change of mass of ®®C are built in the process of isothermal self-control
at temperatures 70, 80, 90, 110 and 120 °C. On the basis of finding the constants of kinetic equalization of
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process of hot-setting of PFC are also certain. It is set that constants of kinetic equalization, got on both of-
fered variants coincide and ground for control of process hot-setting of PFC both on the change of rate of
passing of ultrasound and on the change of mass of cold-setting standards.

Key words: carbon composites, phenol-aldehyde connective, hot-setting, theoretical and experimental re-
searches, autobraking, autoacceleration
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