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HEAT TREATMENT OF A ROD DIELECTRIC MATERIALS USING
MICROWAVE RADIATION

The results of theoretical and experimental research in the field of high-
performance microwave technology for the heat treatment of core material with low
thermal conductivity are presented. The microwave method allows uniform heating of
the dielectric rod throughout the volume, leads to the completeness of the
polymerization reaction and high strength characteristics of the resulting products.
Experimental studies conducted at the oscillation frequency of the electromagnetic field
2450 MHz, and the value of rod diameter of 20 mm. The discrepancy between the
theoretical and experimental values of temperature in the material of the rods did not
exceed 3% at the cross section, and the temperature deviation in the material of the rod
from the nominal value of the temperature did not exceed 5 %.
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B Hactosmee Bpems ~TONYyYWIH ~ Pa3sBUTHE  MPOM3BOJCTBCHHBIC
TEXHOJIOTHH, KOTOpPBIE o0ecreunBaroT yITydIIeHne TEXHUIECKHUX
XapaKTepUCTHK MOJTYYaeMBIX MOJMMEPHBIX KOMITO3HIIMOHHBIX MaTepHAJIOB Ha
OCHOBE YTJIEPOJHOTO, 0a3albTOBOTO W CTekioBoiokHa [l1]. O6mactu, rae
HCTIONB3YIOTCS COBPEMEHHBIE KOMIIO3HIIMOHHBIE MaTEPHAIBl: CTPOUTEIHCTBO
3MaHU, MOCTOB H JOpOT, MAIIMHOCTPOCHHWE, CaMOJETOCTPOCHHE W
KOCMHYCCKHE JICTaTeNIbHBIC almnapaThl. B CTPOUTENBHOW MHIYCTPUU IHUPOKOE
pacmpocTpaHeHHe MOJMyYria CTCKIOIIACTUKOBAs apMaTypa, KoTopas 00saaet
MaJIbIM YJCJIbHBIM BECOM, BBICOKUMU XUMHYECKOM CTOMKOCTBIO U MIPOYHOCTBIO,
HE TIOJIBEPKEeHA KOPPO3UHU M UMEET HU3KYIO TETIONPOBOIHOCTD.

HpI/I TPpaJUIIMOHHOM METOAEC Harpe€Ba IMOJMUMCPHBIX KOMIIO3UIIMOHHBIX
MaTepuajoB Iepefada TeIula OT HarpeBarelss K HarpeBaeMoMy OOBEKTY
MPOMCXOOUT TMOCTENCHHO, 3a CYET KOHBEKIMH, TEIDIONMPOBOTHOCTH H
paIuaIMoOHHOTO MIEpeHOCca TEIUIOBOI SHEPTUH OT BHEUIHHUX CIOEB MaTepHalia K
BHYTPCHHHM cJosM. TakuMm oOpazoMm, mepenavya TeIUla TPaTUMOHHBIMH
METOAAMH  TIOJIMMEPHBIM  KOMIIO3WUIIMOHHBIM ~ MaTephaliaM  CBsf3aHa C
BO3HHKHOBEHHEM TEMIICPATYpPHOTO T'PaJWEHTa, KOTOPHIH MOXKET IPUBOIUTH K
pa3myHbIM jAedeKkTaM BHYTPEHHEH CTPYKTYphl MaTepHaja U K YXYALIICHHIO
TCXHUYCCKUX XapaKTCPUCTUK U3 ICIIUA.

ITouck COBpEMEHHBIX TEXHOJOTHH TepMOOOpPaOOTKH  MOJMMEPHBIX
KOMIIO3MIIUOHHBIX MAaTEpHUaIoOB, KOTOPLIC o6ecnean Ka4eCTBEHHO HOBBIH
YpPOBEHb  UX  IIPOU3BOJCTBA,  XapaKTEPU3YIOIIUUCS  HKOJOTMYHOCTBIO,
SHEPreTHUecKor 3(P(HEKTUBHOCTHIO, BBICOKOHW CKOPOCTHIO TEXHOJOTHUECKHX
MPOIIECCOB, CBSA3aH C HCIOJB30BAHUEM MHUKPOBOIHOBOTO H3IIYYCHHS B
Ka4yeCcTBE MCTOYHUKA TEIUIOBOW YHEPTUU.

OCHOBHOE JOCTOMHCTBO MHKPOBOJHOBBIX TEXHOJIOTUYECKUX MPOLIECCOB
TEPMOOOPaOOTKU MOTMMEPHBIX KOMITO3UIIMOHHBIX MaTEPHUAIOB COCTOHT B TOM,
YTO JHEPrHss MHUKPOBOJHOBOTO HW3IYYCHHS MIHOBEHHO INPOHUKACT HAa BCHO
IyOuHY KOMIO3UIIHOHHOTO Marepuana, HE3aBUCUMO oT €ro
TEIUIOTIPOBOJAHOCTH W HE  HAarpeBaeT  OKpYXKaloIlee IPOCTPAHCTBO.
PaBHOMepHBIN HarpeB 1Mo 00BEMY MOTMMEPHOTO KOMIIO3UIIMOHHOTO MaTepraia
MO3BOJISIET M30ekaTh Ae()EeKTOB BHYTPEHHEH CTPYKTYypHl Marepuana H, Kak
CIIEZICTBHE, TMPHUBOAWT K OOJiee BBICOKUM TEXHHYECKUM XapaKTEPHUCTHKAM
TIOJTY9aeMBIX M3/IeIHHI (YBENUUCHNE TIPOYHOCTH U TOJITOBEIHOCTH).

B pesymbraTe OSKCIIEpHMEHTANBHBIX HCCIEIOBAHUK OOHApYXXEHO, |TO
MHUKPOBOJTHOBOE H3IIyUYCHHE CIIOCOOHO B JECATKH W COTHH pa3 YCKOPSTH
MHOTHE XHMUYECKHC pEaKIUH, B YaCTHOCTH, MOJUMEPHU3AINU, BBI3BIBATH
OBICTpBINM OOBEMHBIN HAIPEB PA3UUHBIX JUIICKTPHUECKUX Marepuanos [2-3].
[IpuMeHeHHE MUKPOBOJIHOBOTO HU3JIYYCHHUS TO3BOJISCT HE TOJBKO BIHUSTH Ha
MOJIEKYJISIPHO-MACCOBbIE XapaKTePUCTUKH, HO M 3HAYUTENBHO COKpallaTh
MPOJOHKUTEIFHOCT, CHUHTE3a MOJMMEPOB. B CBSI3W C 3THM aKTyaJlbHBIMU
3amayaMi  SBISIIOTCSA  pa3pa0oTka W W3yYeHHe  HOBBIX  METOJOB
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MHTCHCH(UKAUK ¥ ONTHMH3AIMM  MPOLECCOB  MOJIMMEPHU3ALUU  C
NPUMEHEHNEM MHKPOBOJIHOBOTO HArpeBa C IIEIBI0 IMOMYUYECHHUS IOJMMEPHBIX
KOMITO3HMI[HOHHBIX MATEPHAJIOB C 3aJaHHBIMHU CBOWCTBaMH [2-3].

B Hacrosuell cTatbe IpeasoKE€Ha KOHCTPYKLUS MHUKPOBOJIHOBOM
YCTaHOBKH JUIsl TEPMOOOPAaOOTKH CTEPIKHEH U3 TTOJIMMEPHBIX KOMITO3UIIMOHHBIX
MmarepuanoB, jauamerpoMm 20 MM Ha paboyeld uyactore KoJeOaHWI
anekTpoMarHuTHOrO moJis 2450 MI'n. OnTrManpHOE 3HAUYEHHE TeMIIePaTyphI
UL TIpoIlecca IIONIMMEpH3alnil MaTepuana crepkHeil cocraBmsumol80 °C, a
OTKJIOHEHHE TEeMIIepaTypbl OT HOMHUHAJIBHOTO 3HAYCHMS TEMIIEPaTypsl He
npeBbImano 5 %.

MHuKpOBOITHOBasE yCTAaHOBKA COCTOMT M3 JABYX IIOCIEJOBAaTEIHHO
COEMHEHHBIX 3NEKTPOJUHAMUYECKUX CHUCTEM, HUMEIOLINX
B3aUMOJOIIONHSIONIEE  pAcIpeleieHHEe TEMIEpaTypbl MO  IONEPEeIHOMY
CEYECHHIO MaTepuaja CTep)kKHA. B kauecTBe NEpBOM 3JEKTPOAMHAMHYECKON
CHCTEMBI  HCIIOJIB3yeTCsI KpPYIJIBIH  BOJIHOBOJ, KOTOpPBIH oOecrieunuBaeT
MaKCHUMAaJIbHYIO TEMIIEPaTypy B LIEHTPE JUIIEKTPUUECKOTO CTEPXKHS U e€ craj
10 paguycy K BHEIIHEH TIOBEPXHOCTH CTEpKHSI. B KauecTBe BTOpOH
3IEKTPOJMHAMHUYECKOM CHUCTEMBI MCIOJIB3YeTCs 3aMeUIIIolas cucTeMa Tuma
nradparMUpOBaHHOTO BOJIHOBOJA, KOTOpas oOOecleudBaeT MaKCHMabHYIO
TeMIIepaTypy Ha BHEIIHEH MOBEPXHOCTH CTEPXKHS U €€ cIaj Mo pajuycy K ocH
JVJIEKTPUYECKOTO CTEPKHS. Pe3ynpTupyromiee pacupesesieHHe TeMIIepaTypsl
o0 MNOMNCPEHYHOMY CCUCHHIO CTCPKHA U3 IMOJMMEPHOI0 KOMIO3UIHUOHHOTO
MaTepHara oOT [JBYX OJIEKTPOJMHAMHYECKHX CHCTEM MHKpPOBOJIHOBOW
YCTAaHOBKH  JIOJDKHO  YIOBIETBOPSTH  TPEOOBAaHHAM  TEXHOJIOTHYECKOTO
npolecca.

DIEeKTPOANHAMUYCCKHE CHCTEMBI PACIONOKCHBI MOCIEOBATENBHO APYT
32 IPYroM B HANpaBICHUH PaclpOCTPAHECHUS SHEPTUH 3JIEKTPOMArHUTHOTO
nosst. Kaxkaas anexkrpoanHaMuuecKkasl CHCTeMa ¢ OJHOI CTOPOHBI cOoracoBaHa
¢ uctounnkom CBY-sHepruu, a ¢ Ipyroi CTOPOHBI COTJacCOBaHA C BOJSIHON
Harpy3kod, B KOTOPOH HMEETCsl NaT4MK, DPErHCTPHPYIOIINH IMPOXOXKACHHS
HEHCIIOJIb30BAHHOM MOIIHOCTH JUISI KOHTPOJS TEXHOJOTMYECKOTro IIpolecca.
Me)KI[y QJICKTPOAMHAMHWYCCKUMU CUCTEMaMH pPacCIOJIOKEH 3anpe):(em)HLH71
BOJIHOBOJI, KOTOPBI CHMMAaeT B3aUMHOE BIMSHHE CHCTEM JAPYI Ha Jpyra.
Ilepen nepBod  HNEKTPOAMHAMHUYECKOM CHUCTEMOM H  IOCIE  BTOPOM
3IEKTPOJMHAMHYECKON CHCTEMBI TaKXKe PACIIOJIOKEH 3aIlpeIebHBII BOTHOBO
JUIL  TIPEJOTBPAILCHMS M3IY4YeHUs W3 MHKPOBOJHOBOH YCTaHOBKH U
obecriedeHns1 6e30MacHOM paboTHI 00CITYKUBAIOIIETO MIEPCOHANA.

Ha puc. 1 npeacrapnen o6mwmii Bug CBY-ycTaHOBKM 111 paBHOMEPHOTO
Harpesa I10 MoIepeyHOMY CEYEHHIO CTEP)KHEBBIX MAaTEPHAJIOB.
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Puc. 1. CBY - ycTpoiicTBO TepMOOOPaOOTKH CTEP>KHEBBIX MAaTEPHAJIOB:

1 - ucrounuk CBU - sHepruy; 2 - coriaacoBaHHas Harpys3Ka; 3 - KpyrJiblii BOJTHOBOJ;
4 - mmadparMUpOBaHHEI BOIHOBOL; 5 - ANIJIEKTPHUECKUH CTEP)KHEBOH MaTepHar;
6 -3ampenenbHBIN BOTHOBO MEXIY JIEKTPOANHAMHIECKIMH CHCTEMaMH;

7 - 3anpenenbHbIi BoaHOBOI, @1 — muamerp kpyrioro BoidHoBoxa; P2 — nuamerp
JIMDJIEKTPUYECKOTO CTepKHS; |y - UIMHA KPYTIIoro BOJHOBOJA,

I, - anuna mradparMHpPOBaHHOTO BOIHOBOJA

OKBHUBAJICHTHYI0 ~ CXE€MYy  JJIEKTPOAMHAMHUYECKOH  CHCTEMBI c
o0pabaTbIBa€MBIM MaTepualioM MOXXHO IPEJICTaBUTh B BHJE HarpyXeHHOH
JUIMHHOM JINHWUY C TPAHUYHBIMH YCIIOBHSIMHU.

Ha puc. 2 mnokazaHa »KBUBaJE€HTHAas CX€Ma JJIEKTPOAMHAMUUYECKOH
CHCTEMBI C HAarpeBacMbIM MaTEPUAJIOM B PEKHME OETyIel BOITHBI.

[
1 -

Pax () (0) o(2)

]

Puc. 2. DxBuBaneHTHas cxeMa MUKPOBOJIHOBOH YCTaHOBKU TEPMOOOPAOOTKU CTEPIKHSL:
1- MCTOYHNK MMKPOBOJIHOBO} SHEPrHH; 2 - COrNIACOBAHHAs HATPY3Ka,
3 - HarpeBaeMsbIit MaTepual; | - AIMHA 3IEKTPOJMHAMIYECKOH CHCTEMBI

Kpyrnenii BomHOBOJ paboTaeT Ha OCHOBHOM THIIE BONHBI FEg, o
pacmpezeneHne TeMIepaTypbl B MONEPEYHOM CEUCHHUHM CTEPXKHS Ha YacToTe
KoneGaHui ayexkTpoMarHutHoro mons 2450 MI' omuceiBaeTcs (QyHKIMEH
Beccens, wumeromeldl MakcUMalbHOE 3HAau€HHE B IIEHTPE BOJIHOBOAA W
CrajIaromIeH Mo pamuycy K MOBEPXHOCTH CTepkHs [4-5]:
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2,405
7(r)=7(0)-| J, == (1)

raoe 7(r)- pacnpeneieHHE TEMIEPATypbl MO PAIUyCy CTEpXKHS B KPYIJIOM
BojHOBOAe; 7(0)- 3HaueHWe TeMIepaTypbl CTEpP)KHS Ha OCH KpYIJIOro
BOJIHOBOZA, R-paiyc Kpyrioro BOJIHOBOJA.

JnadparMupoBaHHbEII BOJHOBOJ IPEIACTABISAET COOOI 3aMeIAIONIyIo
CHCTEMY, CTEIICHb KOHLEHTPALUH HANPSDKCHHOCTH SJIEKTPHYECKOTO IO K
MOBEPXHOCTH  3aMEUIIOIIEH CHCTEMBI —ompenensercs Kod(h(umueHToM
3aMemIeHNd. B mepBoM NpUOMMKEHUH, PaclpeAeieHHE TEMIIEpPaTyphl 0
MONEPEYHOMY CEUCHHIO CTEPXKHS OT HMOBEPXHOCTH 3aMEIISIOIIEH CHCTEMBI K
OCH CTEPXKHSI CIaaeT 10 IKCIOHCHIMAILHOMY 3aKoHYy [4-5]:

—2:K-Ksqs 1—;?—/~r
7(r)=7(0)-e VK )

7€ K,g,- K09(QGHUIUEHT 3aMeIIEHNUS; &'~ 1EHCTBUTEIBHAS YaCTh OTHOCHTEIBHOM
JMDJIEKTPUYECKON MPOHUIIAEMOCTH MaTepHaia CTepKHs; K - BOJIHOBOE YHCIIO
cBoOOaHOro mpocrpaHcTBa K = 2z/A, A - miamba BoaHbl ucrounmka CBU -
SHEPIHH.

Ha puc. 3 npuBeieHbl pe3yabTaTbl TEOPETHUECKUX U IKCIIEPUMEHTATBHBIX
UCCJICJIOBAaHUN pAacIpe/ieNieHusT TEMIIEPaTypbl MO MOMEPEYHOMY CEUYCHHUIO
JUBJICKTPUIECKOTO CTEPXKHSI, TruaMeTpoM 20 MM.

7P
1,05

1,00 - =

0,95

0,90
70 5 0 5—qg "

Puc. 3. Teopernueckue (1) 1 sKcriepruMeHTAIbHBIE (2) XapaKTePUCTUKH
pacrpe/eneHus TEMIIEPaTypHI 110 HOIEPEIHOMY CEUCHUIO JUIIICKTPHIECKOTO CTEPIKHS
HocJIe MPOXOXKICHHS JBYX dJIeKTpoanHaMudeckux cucreM CBY-ycraHoBku
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OcHoBHBIE TapameTpsl ycrpoirictBa CBY-marpeBa um oOpabaTeiBaeMoro
MaTepHana:

- MOIITHOCTh UCTOYHUKOB CBU-3HEPTHH, KBT ... .cvvvvviiiiiiieiiicnieie 1,2
- pabogas yacToTa KoJleOaHni IMEKTPOMarHUTHOTO Toyst, MI'It ...... 2450
- BHYTPCHHUH THAMETP BOIHOBOJA D1, MM ..nvinineeniiineeniieianenean, 100
- TAAMETP CTEPIKHT D2y MM ..uvnriiteenteteaneenteateeneaaeateeneennrrennnnss 20
- JUTMHA BOJTHOBOJHOM CeKIH Iy, MM ............... ..900
- UTMHA CEKIIMH 3aMEJUIAIONIEN CUCTEMBI lp, MM... ...l ....450
- CKOpOCTb JiBWKeHUs cTepkHst B CBY — ycTaHOBKE V, M/MUH ............ 0,6
- KOODOUIHCHT 3AMEITICHUS Kygye e venanineienae s veiee e e e e e 3,0
- TeMIiepaTypa HarpeBa MaTeprana, °C ..........coooovii i, 180
- HaYaJIbHasl TEMIIEPATypa MaTepUalia, C ... ...covvvveninine e e, 20

- 3HaUeHHUe (aKkTopa MoTeph MaTepraa Mpu HadaIbHOH
Temnepartype, &”
- 3HaYE€HUE NEUCTBUTEILHON YaCTH OTHOCUTEIBHOMN

IUDJIEKTPUIECKOM MMPOHUIIAEMOCTH MATEPHANA, €..vvve e vnevrevenennns 3,9
- TeTI0eMKOCTh MaTepuaina, JIK/(T-°C) .....oooiiiiiiiiiiiii e, 0,9
- IUIOTHOCTh Marepuala, L0 ST 1,6

Pacxoxnenne TeOpeTHMYECKUX M OIKCIEPUMEHTAJbHBIX  3HAYCHUI
TEeMIepaTyphl MO IMOIEPEUHOMY CEUYEHUIO CTEp)KHS He mpeBblmano 3 %, a
OTKJIOHEHHE TEMIIEpaTypbl B MaTepuaye CTEP>KHS OT HOMHHAJIBLHOTO 3HAUEHUS
TeMIepaTyphl He npeBsiiao 5 %.

DKCHEepUMEHTAIbHBIMU HCCIEAOBAHUSAMU YCTAHOBJIEHO, YTO YPOBEHb
MOOOYHBIX M3ITYYEeHUI OT MHKPOBOJIHOBOW yCTaHOBKH, Onaromaps NMPUHSTHIM
Mepam, He mpesbiman 10 MKBT/cM?, 9TO HEKE IOMYCTHMBIX MPEIEIOB ISt
W3JIY9ICHHUS U3 YCTAaHOBOK TAKOTO POAA.
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