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CUCTEMA NPAMOI'O 5KCIHOHUPOBAHUSI
HA OCHOBE XKHUIKOKPUCTA/UVIMYECKOHN MATPHUIIbI

CraTbs TOCBSIIIEHA HCCIECAOBAHNIO BO3ZMOKHOCTH HCIIONB30BaHus xuakokpuctaumaecknx (JKK) marpun B kave-
cTBe (hOTOIIAGIOHOB JUIs TIEPEHOCa MPOBOJISIIETO PUCYHKA Ha (POTOUYBCTBUTEIBHBIA MaTepHal C TIOMOIIBIO YIIBT-
paduoneroBoro (Y®) msnmyuyenus: npu npousBoactse nevatHeix miat (I1I1). B xoxe wccienoBanus mpousBecH
aHaJIM3 TEXHOJIOTHH 3KCIIOHUPOBaHMS, MCIONB3yeMbIX IpHu npomsBojacTtse I1I1. PazpabGorana cTpykrypHas cxema
CHUCTEMBI IIPSMOTO 3KCIIOHUPOBaHUS ¢ npuMeHeHneM JKK-MaTpulis! 1 onpeneneHsl OCHOBHBIE JIEMEHTHI €€ KOHCT-
pykuun. Ha ocHoBe monoxpomuoro JKK-skpana Pengli PJ3D623V1 co3paH mpoToTHN yCTAaHOBKH, HA KOTOPOM
MIPOBECH PsII SKCIIEPUMEHTOB. B X011 mpoBeieH s 3KCIIEPHUMEHTOB YTOYHEHHBI CIIEAYIONIEe KOHCTPYKIIMOHHbIE T1a-
paMeTpsl YCTaHOBKH: THII paccemBaTels (MaTOBBII), paccTosTHIE Mexay paccemBareneM u JKK-matpureit (37 mm),
JUIMHA BOJHBI HcTOUHUKA Y D-m3mydenus (365 aM). Taxke SKCHEPHUMEHTHI MO3BOJIMIIN OMPENEIUTD TEXHOJIOTHYE-
CKHE XapaKTEPUCTUKHU OIIEPAIMH 3KCIIOHUPOBAHMS: HEOOXOAMMOE BpeMsl SKCIIOHUPOBAHMS JUI MICTOYHUKOB C pa3-
JIMYHOW JJIMHOM BOJHBI, MUHMMAalbHO BOCIPOM3BOJUMBIE pa3Mephl MPOBOJSAILEro pucyHka. I[loarsepikaeHa BO3-
MOKHOCTbH UCIIOJIb30BaHMs pa3pabOTaHHOW CHUCTeMbI: ycrnenrHo usrorosieHa I, cooTBeTcTBylOIas 4eTBEpTOMY
kiaccy TouHoctd o I'OCT P 53429-2009 ¢ MuHMManbHOHN MIUPHUHONW MPOBOJHUKOB U 3a30poB 0.2 MM (TonmuHa
cios MenHo# Qonbru: 35 Mxm). [IponsBeneH aHamu3 NPEUMYLIECTB U HEJIOCTATKOB CHCTEMBI, HA OCHOBE KOTOPOTO

orpeaciiCcHa 00J1aCTh BO3MOKHOTO MIPUMEHCHUA HCCHe}lyeMOﬁ TEXHOJIOTUH, a TAKKE NMEPCIICKTUBBI €€ PA3BUTUSA.

Kn. cn.: IpAMOC SKCIIOHUPOBAHUE, ITPOUECCCHI ITPOU3BOACTBA NE€YAaTHBIX IJIAT, )KI/IHKOKPI/ICTaJ'IJ'H/I‘leCKI/Iﬁ ,Z[HCHHeﬁ

BBEJAEHUE

B Hacrosmiee BpeMs CTPEMHUTENIBHOE pa3BUTHE
WH(GOPMAIIMOHHBIX TEXHOJOTHHA SBISETCS MPHIUHON
YBEIMUYEHMSI CIpOCca Ha DJIEKTPOHHBIE YCTpOICTBa,
YTO BJEYEeT 32 COOOH MOTPEOHOCTh B YBEIUYCHHH
00BEMOB  MPOM3BOAMMEBIX W3JIENHUN, YMEHBIICHUH
BPEMEHHU MX M3TOTOBJICHMS, TIOBBIIICHUN HAJAEKHOCTH
[1-3], cBemeHwio K MHHHMYMY uYucia aedeKTHOI
nponykuuu [4—6]. PemuTs mMmOCTaBleHHBIE 3aa4u
BO3MOJKHO ITyTEM COBEPIIEHCTBOBAHUS TEXHOJIOTHYE-
CKHX TporeccoB [7].

[Ipu usroroBiennn nedatHelx wiat (II1I1) oxnum
W3 BaXKHEHIIMX STAIOB MPOU3BOJICTBA SBISIETCS JTaIll
MepeHoca MpPOBOJIAIIET0 PUCYHKAa Ha 3aroTOBKY IIO-
CPEIICTBOM HAaHECEHHs Ha TOCIENHIO (POTOUYBCTBH-
TENBHOT0 MaTepHaja ¢ MOCIeAYIOUIMM BO3JeHCcTBHEM
Ha Hero yibrpaduonetoBbiM (YD) n3myueHuem, T.e.
9Tan 3KCIOHUpoBaHUA. IMEHHO 3Tam 3KCHOHMpPOBa-
HUS B OOJBIIEH CTENEeHH OmpeAenseT MHHHMAaIbHO
BOCTIPOHM3BOJIUMBIE TTapaMeTphl MPOBOIAIIETO PUCYH-
ka Ha [II1 u BaMsSeT HAa BO3HUKHOBEHHE JE(EKTOB
B Tporecce Wx mpousBoacTtBa. C OIHOW CTOPOHBI,
Ha OlepalMy 3KCIIOHMPOBAHHS MOXKHO IIOIBITAThCS
YCTpaHUTh Ne(EKThI, MTOTYICHHbIE Ha MPOIUIBIX TeX-
HOJIOTUYECKHX ONepalusx, HaIpuMep MEXaHU4EeCKOH
06pabotku [8]. C mpyroif CTOpPOHEI, cama OIeparus
SKCIIOHUPOBAaHUSI MOMET SIBISTHCS HMCTOYHUKOM Jie-
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¢dexToB [9], oOHapyKeHHE KOTOPBIX 3aTPYyIHHUTEIHEHO
U 3a4acTyl0 IPOUCXOAUT Ha IOCIEAYIOIIUX 3Talax,
HalpHUMep I10CII€ TPABICHUS 3arOTOBKH.

B nacrosiiiee Bpemst cpen yCTaHOBOK 9KCIIOHHUPO-
BaHMsI OTCYTCTBYET KaK TaKOBasl 30JI0Tasi CepeauHa.
Ha pblHKE NPUCYTCTBYIOT YCTaHOBKH, UMEIOIINE BBI-
COKYI0 CTOMMOCTh W TOYHOCTH BOCIIPOM3BEIICHUS
MPOBOJALIETO PUCYHKA, U JAELIEBBIE YCTAHOBKHU, KOTO-
pBle TO3BOJISIIOT HW3rOTaBIMBAaTh M€YaTHBIE IUIATHI
HHU3KOro Kjlacca TOYHOCTH. [lo3ToMy BO3HHKaer Imo-
TpeOHOCTH B TIOMCKE HOBBIX PEUICHUH, KOTOpbIE OYAyT
HUMETh HEBBICOKYIO CTOMMOCTB, HO IIPH 3TOM obecIe-
YUBaTh JTOCTaTOYHBIE XapaKTEPUCTUKU JUIsI U3TOTOB-
JICHWSI TTEYaTHBIX TUIAT COBPEMEHHOTO YPOBHSI.

AHAJIN3 TEXHOJIOT WA SKCITOHUPOBAHUS
B MIPOU3BOJACTBE IEYATHBIX IIJIAT

Ha nannsiii momenT B npousBozctse III1 pacmpo-
CTpaHEHBI CIEAYIONINE TEXHOJIOTHH SKCIIOHUPOBAHUS:
KOHTaKTHast, OCCKOHTAKTHAsI ¢ MUKPO3a30pOM M TEX-
HOJIOTHS MIPSIMOTO 3KCIIOHMPOBAHMSA, KaXK1as U3 KOTO-
PBIX UMEET CBOU IpenMyIecTBa U HepocTaTtku [10].

B konTakTHOW TexHOJOTHH i (OPMUPOBAHUS
pHUCYHKa MIPUMEHSETCs IUIeHOYHbIN (PoToImabdiIoH, Ko-
TOpPBI HAXOAWUTCS B HEMOCPEICTBEHHOM KOHTAKTe
¢ 3arotoBkoi. IIpenmMymiecTBa JaHHOrO MeToJla
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3aKJIIOYAIOTCSl B: OTHOCHTEJILHON JAeLIeBU3HE Tpedye-
MOro 00OpyJOBaHHsI 3a CUET OTCYTCTBHS CIIOKHOW
ONTUYECKOW CHUCTEMBI; MPOCTOTE TEXHOJOTHYECKOTO
nporecca; Hanboinee KpyTol XapakTepHCTHUKE H3Me-
HEHHs MTPOIYCKAEMOM SHEPIHH MEXIY MacKUpPyeMbl-
MU H IPO3pavyHbIMU yyacTkamu (oromadinona. Taxxke
TEXHOJIOTHST MMEET OOJIBIIOE KOJMYECTBO HEJIO0CTAT-
KOB: TOYHOCTb BOCIIPOM3BEACHUS IMPOBOJSILETO PH-
CyHKa OIIpeJeNnseTcs TOYHOCThIO IUIOTTepa; HecTa-
OMIIEHOCTh TEOMETPUIECKHX pa3MepoB (poTomiabioHa
NPY U3MEHEHHU TEMIIEpaTyphl M BIAXXHOCTH, YTO MO-
JKET TIPUBECTH K HWCKQXCHHAM pPHUCYHKa W 3aTeM
K Opaky; ¢usnveckoe M3HANIMBaHHE (POTOMIAOIOHOB;
TPYZOEMKOCTh COBMeIIeHUs (oTomabioHa W 3aro-
TOBKHM IIPH HW3TOTOBJIEHUH JBYCTOPOHHHX M MHOTO-
cioiabix 111 3a cuer nedopmanmu moceaHe.

BeckoHTakTHas TEXHOIOTHUS C MHKPO33a30pOM
CXO0Xa C KOHTaKTHOW. OTIMYME 3aKII0YaeTCsl B TOM,
9TO MeXay (POTOmadIOHOM U 3arOTOBKOI OCTaBISIOT
HeOompmoii 3a3op (ot 100 mo 500 mxwm). Hamnuwme
3a30pa CHMYXKAET M3HOC ()OTOMAOIIOHA, HO W CHIDKAET
TOYHOCTh BOCHPOM3BEICHHS PHCYHKa 3a cueT O0Jib-
IIEr0 pacceuBaHMs dHEPruH. Bce ocraibHBbIE HEmOC-
TaTKW KOHTaKTHOTO METO/Ia OCTAIOTCSI.

B TexHOMOTHMH MPSAMOTO AIKCIIOHHPOBAHUS JIa3ep
TIPH TTOMOIIM ONTHYECKOW CHCTEMBI BO3/IEHCTBYET Ha
(OTOUYBCTBUTENBHBIA MaTepuall Ui GOPMUPOBAHHS
pucyHka. [IpenMyiiecTBaMu JJaHHOW TEXHOJOTUM SIB-
JSIIOTCS: TIOJIHOE HUCKIIIOYeHHE (POTOImadbIoHOB; BO3-
MOXKHOCTb KOMIIEHCAIMH JIe()OpMAllMK  3arOTOBKH
MyTEM H3MEHEHHUS! BOCHPOM3BOAKMMOIO JIA3€POM PH-
CYHKa; IIPOCTOTA COBMEIICHUSI IPOBOJSIETO PHUCYHKA
Y 3aroTOBKH. TakuM 00pa3oM, TaHHAS TEXHOJIOTHS JIU-
HIeHa HEJOCTATKOB JBYX MpEABIAYIIHMX, HO oOnamaer
JPYTAMH: BBICOKAsi CTOMMOCTh ONTHYECKOW CHUCTEMBI;

3aBUCUMOCTb TOYHOCTH BOCIPOU3BEICHUS PUCYHKA
OT pa3Mepa IISITHA Ja3€PHOro JIyda U MEXAHUYECKOMN
CHCTEMBI, OCYIIECTBIIAIOIEN OTKIIOHEHUE JTOTO JIyYa;
HaunboJiee TONOTasi KpUBasi pacrpeiesieHus >HEPruu
W3Iy4YeHUs], 9TO BJIEYET 32 cOo00i HanOoJjbIee mapa-
3UTHOE 3acBeunBaHue (OTOPE3UCTa U, KaK CIEACTBUE,
CHW)KEHHE TOYHOCTU BOCIIPOU3BOJIMMOIO PUCYHKA.

B HacTosmee BpemMsi KpyIHbIE IPEANPUATHS, TIPO-
u3Bogsamue I, craparoTcsi OCylIECTBUTh MNEPEXO]
Ha TEXHOJIOTHIO MPSIMOTO 3KCIIOHUPOBAaHMsI, B TO Bpe-
M Kak Ha MajblX MpeINpUATHsAX paclpocTpaHeHa
TEXHOJIOTH KOHTAaKTHOTO 3KCIIOHWPOBAHHSA H3-3a JI0-
POTOBU3HBI YCTAHOBOK IIPSIMOTO 3KCIIOHUPOBAHUS.
Hcxonst u3 pactynmx morpeOHOCTEH TPOMBIIIIEHHO-
CTH B IIPOU3BOJCTBE U YCOBEPILICHCTBOBAHMH TEXHO-
JIOTUYECKUX IPOLIECCOB BCTAET BOIPOC O BO3MOXKHO-
CTH CO3JaHUsl TEXHOJIOTHH, KOoTopas OyIeT coderarb
B ceOe MpenMyIecTBa TEXHOJIOTHH TPSMOTO M KOH-
TaKTHOIO JKCHOHMpOBaHUA. CO CTOPOHBI MPSIMOIO
SKCTIOHUPOBAaHUsI HEOOXOAMMO OOECTICUHTh: OTCYTCT-
BH€ TUICHOYHBIX (POTOMIA0IOHOB, BO3MOXHOCTh H3MeE-
HEHUs PA3MEPOB MPOBOJSALIETO PUCYHKA, IPOCTOTY
COBMEIICHMS MPOBOJSLIEIO PUCYHKA M 3arOTOBKHU.
Co CTOpOHBI KOHTAKTHOTO SKCIOHUPOBAHUS Kema-
TEIBHO MOJIy4YUTh OTCYTCTBHE CIOXKHOW ONTHUYECKOM
CHCTEMBI U, KaK CIIEICTBHE, BBICOKOM LIEHBI YCTAHOBKH.

PA3BPABOTKA YCTAHOBKHA
9KCIIOHUPOBAHUA

CXOkHif € OSKCIIOHUPOBAHHEM TPOIECC TaKKe
BcTpevaeTcs B 3D-neuyaT, a MIMEHHO B TEXHOJIOTHU
MacouHou crepeonurorpadpuu  (Mask  Stereolito-
graphy, MSLA) [11].

Cucmema Cucmema gpurcayuu Cucmema 3KCNoHUpPoB8aHUA
ynpaeneHua 3azomosxa
Ba3osbii Cnoi >
CraHep MaTepuan botopeancta | ¢ ‘ HHK-marpuua 4-' Pacceuearens Y@-maTtpuua
MNoacucrema MNoacuctema
nK Dukcatop - ynpaBneHua MK | ynpaBneHna YO
=T MaTpuuen martpuuen
S —
| TlofiEhcicna BaKyyMHbIi
YNpaeneHua
| Hacoc
Hacocom

— [luHUU ceemosol cea3u

b JIUHUU UHpOpMayUOHHOU C8A3U

— [IUHUU MeXaHUYecKol ceasu

Puc. 1. CtpykrypHas cxema CHCTEMBI SKCTIOHHPOBAHUS
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B MSLA-TexHONOTHH HCIIONB3YyeTCsl ONTHYecKas
CHUCTEMA, COCTOAIIAs U3 UCTOYHUKA Y D-U3IMydeHUs
n KK-matpuiel. Ha skpaH mocnenoBaTenbHO MOCTY-
MaeT M300pa’keHNe CII0EB M3TOTaBIMBACMON MOJIEINH.
Kunkas QoromonuMepusyromasics KOMITO3UIMS 3a-
TBepAeBaeT moxa neicteueMm Y®D-cBera. 3areM IIBH-
Kymasicss miaargopma ¢ cPOpPMHPOBAHHBIM Ha HEH
CJIOEM TOJHMMAETCS BBIIIE JUIS MMOJIMMEPU3ALIN Clle-
JIYIOLIETO CIOS.

Takum obpazom, MSLA 3D-npunTepsl obecriedu-
BAIOT CEJICKTUBHYIO MOJMMEPU3ALINIO, YTO MO3BOJISET
cAenaTh MPeINooKEHHUE O BO3MOKHOCTH HCIIOJIB30-
BaHMS JAHHOTO MPHUHITUIIA TTPU SKCITOHUPOBAHUHU CBE-
TOUYBCTBUTEIBHOTO MaTepHualia IMpH IPOU3BOJICTBE
IIIT: Bo3nelicTBOBaTh Ha 3aroToBKy Y d-CBETOM, IPO-
xoasmuM yepe3 JKK-MaTpuily, Ha KOTOpOl HAXOAUT-
csl M300paskeHHe MpOBOIsIIEro pUcyHKa. Ha ocHoBe
BBIIIEU3JIOKEHHONH TEXHOJOTHH pa3paboTaHa CTPYK-
TypHasi CXeMa CUCTEMBI SIKCIIOHUPOBAHUS C UCTIOIb30-
BaaneMm JKK-matpurisr (puc. 1).

Cucrema BKIIIO4YaeT B ce0sl TP OCHOBHBIE COCTaB-
JISIOIIHE:

1. Cucmemy ynpaénenuss — U3 NEPCOHAIBHOIO
komnbioTepa (I1IK) u moxyns ckanupoBanusa. CkaHep
MoJTyJaeT M300pakeHre OJHOW M3 CTOPOH 3arOTOBKH
C TMPOCBEPJIICHHBIMH B HEW OTBEPCTHSIMH U TEepeaaeT
ero Ha [IK. IIK obecrieqnBaeT yIpaBiIcHHE CKaHEPOM
U IPYTUMHU CHUCTEMaMH, a UMEHHO: CHCTEMOH 3KCIO-
HUPOBAHMS M CHCTEMOM (puKcanuu, a TaKke OCyIIecT-
BJIsIET 00pab0TKy M300pakeHHsI 3arOTOBKH, ITOJIyYeH-

Bo3gylwwHas TpybKa

HOI1 co ckanepa [12]. Ha ocHOBe aHanm3a cMelIeHUI
OTBEPCTUH OTHOCHUTENIBHO (DailIOB KOHCTPYKTOPCKOM
nokymenTaruu [1K npousBoauT n3meHenne pazmepon
M300pakeHUsT TMPOBOAIIETO PUCYHKA IS obecrede-
HUSl HAWJIy4IIero COBMEILIEHUs IOCJIEIHETO C 3aro-
TOBKOH.

2. Cucmemy 39KCNOHUPOBAHU — W3 MOJCUCTEMBI
ynpasnerus JKK-marpurieir 1 mojacucTeMsl yrnpasie-
Husa Y®-marpuueit. [loacucrema ynpasnenus XK-
MaTpULEl MoJlydaeT OT YHNPAaBISIOIIEH IPOrpaMMBbl
I1IK cxoppekTupoBaHHOE N300paKEHUE MPOBOASIIETO
pucynka. Iloacuctema ympasnenus Y®-marpuuen
M0 KOMaHJE YIpaBJSAIOMIed MporpaMMbl obecrednBa-
eT HeoOX0aUMOoe BpeMsl SKCIIOHUpOBaHMA. Takxke Mme-
xny YO®- n XK-marpumamn HeoOX0AMMO HaIHdne
paccenBarens, 00€CIEUMBAIOLIETO IAPALICIBHOCTD
Y®-nyyeit u, COOTBETCTBEHHO, PABHOMEPHOE pacipe-
JICJIEHUE SHEPTUU SKCIIOHUPOBAHMSI 110 3aTOTOBKE.

3. Cucmemy @uxcayuu — obecnieunBaeT ILUIOT-
HbIl KoHTakT Mexay JKK-matpuueid u 3aroToBKoi
B MpolLiecce IKCIIOHUPOBaHus. B aToM ciyuae neneco-
00pa3HO HWCIONB30BaTh TEXHOJOTHIO BaKyyMHOTO
MPHXKATHsI, UCIIOIB3yEMYIO B YCTAaHOBKaX KOHTaKTHO-
T'O SKCIIOHMPOBAHUS. 3arOTOBKa ¢ HAHECEHHBIM (HOTO-
YyBCTBHTEJIBHBIM MaTepUaIoM pacnonaraercs
Ha JKK-martpure, a cBepXy HaKpBIBa€TCS JAeprKaTeleM,
BBIIIOJIHEHHBIM U3 NMPO3payHON MOJIMMEPHOH IIICHKH.
3areM Mexay MaTpUlEH U IUIEHKOM ¢ IMOMOIIBI0 Ha-
coca cO3Jaercs paspspKeHHeE, IMPHKUMAarollee 3aro-
TOBKY K MaTpHIIE.

BnoK ckaHepa

7 CeeToBOM NYy4OK BUAMMOTO CMNEKTPA

MapannenbHbiid YO-cBETOBOW My4OK

PacceuBaTtenb

(T S
v ¥ 0

Y®-cBeToBOM NY40OK

Yd-ceetogmopn,

>
- B MnaTa Y®-matpuLib

7

MneHka ¢uKcaTopa

CTeKNnoTeKCToNnuT

L)

Pagunatop

MepgHas ¢donbra

doTopesuct

ERTEEE Y

HK-matpuua
Yd-ceet

TR Buanmei ceet

Puc. 2. [Ipunimn paboTel yCTaHOBKH YKCIIOHUPOBAHUS
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Ha ocHoBe pa3zpaboTaHHOI CTPYKTYPHOH CXEMBI
(puc. 1) mpemnaraercss MPUHITATT PaObOTHI YCTAaHOBKH
SKCIIOHUPOBAHMSI, IPEACTABICHHBIN Ha puUC. 2.

Oneparop moMemniaeT 3aroTOBKY C HaHECEHHBIM
¢doropesucrom Ha JKK-3kpaH 1 HakphIBaeT ee CBEPXY
paMKoii ¢ UKCUPYIOLIEH IICHKON. 3aTeM o0ecredn-
BaeTci HEOOXOAMMOE MPHXKATUE 3arOTOBKHU IIyTEM
OTKAa4YKH BO3/yXa, OCYILICCTBIACTCS CKaHUPOBAaHHE
BEPXHEH CTOPOHBI 3arOTOBKU U Ha OCHOBE PE3yJIbTa-
TOB CKaHUPOBAHUS TPOU3BOJIUTCS H3MEHEHHE H30-
OpakeHHMsI TPOBOJSIIEr0 puUcyHKa. Ha mocnemHem
sTare u3oOpakeHne BeBOgUTCS Ha JKK-matpuiy,
WCTOYHUK H3IYYCHHUsS] BKIIOYAaeTCs Ha HEoOXOoAuMoe
BpEeMsl M 3aT€M IIPOUCXOAUT BBIKJIIOYEHUE CHUCTEMBI
(ukcanum.

Pa3zpaboranHasi CTpYKTypHas cXeMa U H3JI0XKEH-
HBI TPUHOUN PaboThl B OOIIEM BHIEC OMHUCHIBAIOT
BO3MOXHOCTh npuMeHeHus JKK-MaTpuils! mist skcmo-
Huposanus I1I1. OgHako ocrtaercst 60JbIIOE KOJIHYE-
CTBO YaCTHBIX BOIPOCOB KaCaTCJIbHO KOHCTPYKIUH
YCTaHOBKH, TEXHOJIOTUYECKUX 1apaMETPOB ONEPALUH
u, 4ro Oojiee BaKHO, MPHUHIHUNUAIBEHONW pabdoTocmo-
cobHoCcTH TexHONMOTHH: cMoxeT i JKK-3kpaH B joc-
TATOYHOM CTENCHU 3aMaCKHUPOBATh HAXOASIMNCS MO
HAM QoTtope3uct? Takum oOpa3oMm, BO3HHUKAECT HEOO-
XOOUMOCTh B JKCIHEPUMEHTAJIBHOM HCCIEIOBAHUHI
Y anpoOUPOBAaHUN TEXHOJIOTHH.

SKCIIEPUMEHTAJIBHBIE NCCJIEJOBAHUS

O6opynoBanue, MAaTepHAJIbI, METObI

Jlnst npuHIMIUATBHON TPOBEPKH PabOTOCIOCO0-
HOCTHU MPEJIOKEHHOTO METO/Ia SKCIIOHUPOBAHUS Pa3-
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pabotan nabopatopHblii mpoToTUN (pHUC. 3), KOTOPBII
HE COAEPKHUT B ce0e MOyl CKAaHHPOBAHMS, a TaKKe
MMEET YIPOIIEHHYIO CUCTeMY (PUKCAIH 3arOTOBKH.

[IpoToTHIl yCTAaHOBKM AKCHOHHPOBAaHUS COOpaH
C WCIIOJNIB30BaHUEM CIIEAYIONINX OCHOBHBIX KOMIIO-
HEHTOB:

® [IEPCOHAJIBHBIN KOMIBIOTED;

e wmonoxpomuas KK TFT-marpuma Pengli
PJ3D623Vic nmaronansio 6.23 nmroiiMa, paspelieHH-
em 3840 x 2400 mwmkcemedd W pa3MepoM ITHKCENSI
35 x 35 MKM;

e IuTaTa BBIBOAA M300pakeHHsS Ha JKpaH C WH-
tepdeiicom HDMI;

o Onok ruranus XKK-marpumst 5 B, 3 A;

e cBeTOAUOAHbIC Y ®-MaTpULbI C JJIMHAMU BOJIH:
365,385 1 395 nm;

e jpaiiBep nutaHus Y ®-MaTpuiibl;

e 0ok nutanust Y D-marpuiisl 12 B, 5 A;

e MaToBas M IVISHIEBAs PACCEUBAIOLINE JINH3BI.

Hns pemenust mpobieM, 0003HAUYEHHBIX paHee,
npeaiaraeTcs MpoBECTH 3KCIIEPUMEHTHI, HalpaBllCH-
Hble Ha YTOYHEHHE T[apaMETPOB KOHCTPYKIIHH,
a UMEHHO: OIIPEJIeJICHHE THUIIA PACCEUBAIOIIEH JIMH3BI
1 HEOOXOJUMOTO PACCTOSIHHS MEXIY pacceuBaTeleM
n marpuued. Takke MOJUIEKUT HCCIEHOBAHUIO BOC-
MPOU3BOAUMOCTb IIPOBOJSIIIETO PUCYHKA B 3aBUCHMO-
CTU OT BPEMCHHU DJOKCIIOHUPOBAHUA W IJIMHBI BOJIHBI
WCTOYHHUKA U3ITyUYECHUSI.

g Bcex cienyrommx SKCIIEPUMEHTOB ONpeesieH
CIEAYIOIUNA TEXHOJOTMYECKUM MPOLIECC HU3TOTOBIIE-
HUS 00Pa3IoB.

_
bnok numanua MK-mampuysr

3azomoaka

MK-mampuya
Mpocmasku

Pacceusamens

Yo-mampuuya

M

a

Bnok numarua YO-mampuys!,

MK | Naama esieoda usoﬁpameuun\
Modynab skcnoHuposarua | j,ﬂpaﬁsep Yo-mampuybi

0

Puc. 3. JlabopaTopHBIif MPOTOTHIT YCTAHOBKH YKCIIOHUPOBAHUSI.

a — MOJYJIb OKCIOHUPOBAHUS; 60— MPpOTOTUIT HEJTIUKOM
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1. BeipyOka 3arotoBku ¢ pazmepamu 90 x 70 mm
U3 ABYCTOPOHHEIO (POIBIMPOBAHHOIO CTEKIOTEKCTO-
suta FR-4 ¢ Tommuuoi 6azoBoro marepuaia 0.5 MM
Y TONIIUHON (HONBTIH 35 MKM.

2. CBepiieHHE TEXHOJOTMYECKHX OTBEPCTHH IS
KPEIJICHUS 3aTOTOBKH.

3. MexaHuueckasi JIE30KCHIALMs MOBEPXHOCTH
B 3aunctHoi MammHe Bungard Elektronik RBM 300
BLC.

4. BpicymIMBaHHE W HarpeB 3aroTOBKH JO TeMIIe-
patypsl 70 °C.

5. HaneceHue cyxoro mieHO4HOro (hoTope3ucra
Ordyl Alpha AM 140 na mammuatope Bungard
Elektronik RLM 419p.

6. DKCIIOHMpPOBaHHWE 3aroTOBKW Ha MPOTOTHIIE.
i 3TOrO 3aroTOBKA MOMELIaNach Ha 3KpaH M (UK-
CHpOBasiach MO KpasiM KIIEHKOH JIGHTOH. 3aTeM Ha K-
paH OCYLIECTBIUICS BBIBOJ HM300pakeHHs ¢ Iociie-
OYIOUIMM PYYHBIM BKJIIOUEHHEM CBETOIMOJHON Mart-
PHIIBI HA 3aJJAHHOE BPEMSI.

7. TlposiBka Qorope3ucra pacTBOPOM KaJbIUHU-
POBAaHHOU COJBI C TIOMOINBIO YCTAaHOBKH CTPYHHOTO
TpaBnenusi Bungard Splash mpu temneparype pactBo-
pa 30 °C. Kaxzapie 30 ¢ TpoU3BOAMICS BU3YATBHBIN
OCMOTp 3arOTOBKH Ha MPEAMET CHATHI (HOTOpe3ucTa.

8. CrpyitHas IpOMBIBKA 3aTOTOBKH BOJIOH.

JkcnepuMeHT 1: onpenesieHne KOHpUrypanun
paccenBaTeJisi

[TockonbKy paBHOMEPHOCTb paclpeAesiCHUs dHEp-
TUM CBE€TAa NpPU SKCIOHUPOBAHMU 3aHMMAET OJIHO
U3 KJIIOYEBBIX MECT B IMPOLIECCE SKCIOHUPOBAHUS,
TO Ha MEPBOM JTall€ MPOU3BEACHO CPAaBHEHHUE NIBYX
MMEIOIINXCST JTMH3: MaTOBOU W TISHIIEBOH (puc. 4, a,
0). [lns BusyanmpHOU OIeHKU pacceuBanus Yd-cBer
MIPOTIYIICH Yepe3 00e JMH3BI Ha OCNbIi JTUCT OyMaru
(puc. 4, B, T).

Ha puc. 4 BugHO, 4TO MaTOBasl JMH3a B OOJBIIICIH
CTENIEHU pacCCEUBAET MPOXOASIIMNA uepe3 Hee CBET.
B 1O Bpems kak cBeT, MPOXOASIIUNA CKBO3b TJISHIIE-
BYIO JIMH3Y, OCTaBJISI€T 3aMETHBIN CEeTUaThI PUCYHOK.

Puc. 4. KapTI/IHI)I paccerBaHusa CBE€Ta B 3aBUCUMOCTH OT JIMH3bI.
a — MaToBaid JIMH3a, 60— TJIITHIOCBAA JIMH3a; B — PACCCUBAHUEC CBCTA, MPOMIECANIETO YE€PE3 MAaTOBYIO JIMH3Y,
Ha JIUCTC 6yMam; I' — paCcCCeUBaHUC CBETA, IMPOIICAIICTO YE€PE3 INIAHIICBYIO JIMH3Y, HA JIUCTE 6yMam
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Puc. 5. Kaptunsl paccenBanus cBeTa B 3aBUCUMOCTH OT PACCTOSHUA MeX a1y MaToBoM nH30HM 1 KK-Matpunei.
a — nmH3a n JKK-mMatpuiia ycTaHOBICHbI BILIOTHYIO; 0 — 15 MM; B — 22 MM; T — 37 MM

Opnako npu pacnosiokennn JKK-matpunsl Hero-
CPEICTBEHHO HaJ MaTOBOH JINH30I BCe paBHO MMEET
MECTO HEPaBHOMEPHOCTb paclpelesieHUs CBETa
OT UCTOYHUKA (puc. 5, a). s cHUXKeHus 3Toro Hera-
THUBHOTO 3 deKTa CIPOCKTUPOBAHBI U HalleYaTaHbl HA
3D-npuHTEpE J1BE€ MPOCTaBOYHBIE PAaMKH BBICOTOM 15
1 22 MM, yCTaHABIMBACMBbIC MEXKIY pacceruBaTelIeM
n XKK-marpuueil. 3aremMm mpou3BeeHO CpaBHEHUE pe-
3yJIbTATOB DKCIIOHHPOBAHHS B Pa3HBIX YCIOBUSX: 03
MPOCTAaBOK, C MpocTaBkoM 15 MM, ¢ mnpocraBkoil
22 MM U ¢ ABYMS IpOcTaBKaMH, 00eCHeYHBaIOLIMU
paccTosHHE OT pacceuBaTest 10 MaTpuibl 37 MM
(puc. 5). Bo Bpems skcniepuMeHTa NpUMEHsJIach CBe-
TOAVMOIHAS MaTpHIla C IJIUHOW BOIHBI 395 HM, a Bpe-
M$ 3KCIIOHUpOBaHUs cocTasisuio 30 c.

W3 nonydeHHBbIX pe3ynbTaToB BUJHO, YTO IPU OT-
CYTCTBMM IIPOCTaBOYHBIX PaMOK IIBeT (poTopesucra

SIBHO TEMHEE, U OTYETIMBO BUJIEH CETYATHIH PUCYHOK,
00pa30BaHHBIH CBETOM IOCIE IMPOXOXKICHUS uepe3
nuH3y. 1Ipu HCIoIb30BaHUM OTAEIBHO MPOCTABOYHBIX
pamok 15 1 22 MM TakXke BHUJIEH CETUaTbld PUCYHOK,
OJTHAKO IIBET IKCIIOHUPOBAHHOTO (hoTopesmcTra mpH-
o0pen Gosee cBeTiblil 0TTeHOK. C IpUMEHEHHEM ABYX
MPOCTaBOYHBIX pPaMOK BMECTE CETYaThIi PUCYHOK-
MPAaKTUYECKH OTCYTCTBYeT. Ha ocHOBaHMM mHOIy4eH-
HBIX Pe3yJIbTATOB NPHHATO pEIICHHE O COBMECTHOM
WCIIOJIB30BaHNUHU B JAJbHEHIINX MCCIEIOBAHUAX MaTo-
BOM JIMH3BI U IByX IPOCTaBOYHBIX PaMOK.

JKCHepHMEHT 2: onpeeieHHe BpeMeHH
IKCIOHUPOBAHMSI

Ienp 3KcHEpUMEHTa 3aKIIIOYAETCS B ONPEIETICHUU
ONTHMAaJIbHOTO BPEMEHH SKCIIOHUPOBaHUs GoTope3ncra
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a

Bpems 3xkcnoruUpoegaHua: 15¢

0

Bpems 3KCAOHUPOBaHUST, €

BpEMH JKCAoOHUPpORAHURA, ©

1 1 I2gl 1 1 1
| 10 | 15| 20 25 130] 45 [60,75 |

90 | 120 |

Bpems skcnoHuposaHus, © r

15120125130 45} 60 ) 75 } 90 | 120!

Puc. 6. Vsmenenue nsera poTope3ncTa B 3aBUCUMOCTH OT BPEMEHH SKCIIOHHPOBAHUS ey,

a — 9JTaJIoH, MOJy4YeHHbIH Ha ycraHoBKe Bungard Hellas; 6-r — mnpoTOTHIIEI ¢ yCTaHOBICHHBIMH HCTOYHUKAMHU
W3JIyYeHHsl C JUIMHOW BOJHBI A, paBHOH 365, 385, 395 HM coorBeTcTBeHHO. CBETJIBIM IYHKTHPOM Ha PHCYHKE
OTMEYEHBI Te CEKLMH, KOTOPbIE COBNAIIY [0 TOHY C 3TaJIOHOM

B 3aBHCHMOCTH OT JAJIMHBI BOJIHBI HCIIOJIB3yEMOM
ceeroarogHo Y®-maTpuubl. s 3TOro 3KCIOHU-
pyemast obnacte (oropesucta paszueneHa Ha 10 cek-
U, KaKAas U3 KOTOPBIX MMEET CBOE BpEMs JKCIIO-
HupoBaHus (B cexyHnax): 10, 15, 20, 25, 30, 45, 60,
75, 90 u 120. Cnauana Ha XXK-3kpaH BbIBOAMIICS
MOJHOCTBIO IpO3payHblil mabnoH B Tedenue 10 c.
3areM BBIBOAMJICS LIA0JIOH C OJHOH HENpo3padyHoOu
cekuMen eme Ha 5 ¢, najnee — C JByMs elle Ha 5 ¢
u T.a. TakuMm 00pazoM, MOCIEIOBATENbHO 3aKphIBa-
JHUCh CEKUUM OHKCIOHUPOBAHUS OT MUHHMAaIBHOTO
BPEMEHH K MaKCUMaJIbHOMY.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1

B kauecTBe 3TaJIOHHOTO pe3yJbTaTa HUCHOJIb30BaHa
3aroTOBKa C 3aCBEYCHHBIM (POTOPE3UCTOM Ha ycTa-
HOBKE KOHTaKTHOTO 3KcrioHupoBanus Bungard Hellas
C BpeMeHEeM dKCIOHUpOoBaHus B 15 ¢. 3arem momyueH-
HBIE Pe3yJbTaThl BU3yallbHO CPaBHUBAIMCH C 3TaJo-
HOM. Pe3ynbTaThl 3KCHEpUMEHTAa MPEACTABICHBI
Ha pHuc. 6.

CBeTIbIM MYHKTHPOM HA PUCYHKE OTMEUEHBI TE
CEeKIINHU, KOTOPBIE COBIANX IO TOHY C dTasoHOM. [Ipu
WCTIOJb30BAHUH CBETOJUOJHON MATpUIBl C JJIMHOMN
BOJIHBI W3MydeHHUs 365 HM, HayWHasg C BPEMEHHU
SKCHOHUpOBaHUs B 20 ¢, OTYETJIMBO BUJHBI CEKLUHU
W TPaHUIBI MEXKIY HHMH, a COBIAJCHUEC IIBETa



72 M. A. KOPOBKOB, B. JI. 3AVKHH, E. C. MAPEUYEB, O. B. XOMYTCKAS, ®. B. BACUJILEB

120

* L
1-U0 knacc

moYyHocmu

0.75 0.45

2-U Knacc
moyHocmu

0.35 0.3

70

0.25 0
3-0 knacc

mo4YHocmu

F.

0.15
4-0 knacc
moyHocmu

0.1
5-u knacc
moYyHocmu

Puc. 7. IlozutuBHoe oTOOpaskeHue (HoTOIIA0I0HA, UCIOIb3YEMOT0 UL ONPEAEICHUS BOCIPOU3BOAUMOCTH IPOBOA-
HHKOB (YHCIIaMH PSIOM C IIPOBOASAIIUM PUCYHKOM 0003HAa4YeHa MUPUHA IPOBOJHUKOB U 3a30POB MEXIY HUMHU B MM)

HaOII0/1aeTCsl B KOHIIE HCCIIEyEMOro Anamna3oHa Mpu
BpeMeHU 3KcnoHupoBanud B 120 ¢. Ha cBeTonnoaHbIix
Mmarpunax 385 u 395 HM coBmazeHue 1BeTa Habmoa-
€Tcsl IpU BpeMEHM 3KcroHupoBanusa 15 u 10 ¢ coot-
BETCTBEHHO. bonbmuas 4YacTb CEKUMH HMEIOT IBET
TEMHEe, YeM Y 3TaJIOHa, YTO TOBOPHUT 00 M30BITOYHOM
BpPEMEHH SKCIIOHUPOBAHUSL.

IJKCIepUMeHT 3: onpeejieHne
BOCIIPOM3BOAUMOCTH MPOBOASAIIET0 PHCYHKA

Crenyromyii SKCIIepuMEHT HarpasiieH Ha onpeje-
JICHHE BOCIPOU3BOJAUMOCTH MPOBOJHUKOB Pa3IHYHOMN
LIMPHUHBI U 3a30pOB MEXAy HUMH. (1 NpoBencHHs
JKCTIEpUMEHTa CO3JaHa Tomojiorus (puc. 7), comep-
JKallasi y4acTKH OT IEPBOTO JI0 MATOro Kiacca TOYHO-
cti o 'OCT P 53429-2009 [13].

[MockonbKy TIPEABIYIUI IKCICPUMEHT TTO3BOJIHLT
MOJYYHUTh TOJBKO MPHUOIMKEHHYIO OIIEHKY BPEMEHHU

9KCIIOHUPOBAHUsI, TO TEKYIIUI IKCIIEPUMEHT BKJIIOYa-
er B ce0sl He3HAUYMTEIbHOE BapbUPOBAaHHE BPEMEHU
OTHOCHUTEJIFHO OTIPEIETICHHOTO paHee.

3aganuM Iar BapbMpOBAaHUS BPEMEHH 3KCIIOHUPO-
BaHUS:

rae T — BpeMs SKCIIOHUPOBAHMUS, MIOJYUYEHHOE B IIpe-
JBUTYIIIEM 3KCIIEpUMEHTE. BBHIy TEXHHYECKHX Orpa-
HUYCHUU IIAr BapbUPOBAHUS OKPYIJCH JIO IEIOTO
qucIa.

Ha ocHOBe moONy4eHHOro Irara BapbUpOBaHUA A
ONPEIENNM BPEMEHA SKCIIOHHPOBAHUS fexp, KOTOPBHIC
OyIyT UCIOJBb30BAHbI MPU MPOBEACHHH SKCIIEPUMEH-
toB: T—2A, T— A, T, T+ A, T + 2A. TlogobHoe pe-
[ICHHE TO3BOJIUT CHHU3UTh HETOYHOCTH OMPEICICHHUS
MOJYYCHHOTO BPEMEHHU 3KCTIOHUPOBaHus 7.
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Tao.. BOCHpOI/I3BOJII/IMOCTI) MMPOBOAHUKOB B 3aBUCHUMOCTHU OT AJIMHBI BOJIHBI MCTOYHUKA H3JTYYCHUS A
1 BPEMCHH 3KCIIOHUPOBAHUA texp

Bpemst 5KCTTOHUPOBAHUS foxp, C: 60 90 120 150 180
Jona BOJTHBI MuHHMaTbHAS BOCIPOU3BOAMMAS
A =365 HM IIMpUHA TPOBOJHMKA 1 3330pa, MM 0.3 0.2 0.15 0.2 0.25
JlniHa BosHbI Bpems akcnioHUpOBaHUS feyp, C: 7 11 15 19 23

=385 um Minitimastbhas BOCHpOH3BOMMMas 0.25 0.2 025 | 025 0.3
[IMPHUHA POBOJIHUKA U 3a30Pa, MM
Jinima BorHE! Bpemst akcnioHUpOBaHUS feyp, C: 4 7 10 13 16

MunumManbHasg BOCIPOU3BOIUMAST
2 =395 uum P A
[IMpUHA TPOBOJIHMKA U 3a30pa, MM

0.35 0.2 0.25 0.3 0.35

Puc. 8. PesynbraTsl BOCHPOH3BOJUMOCTH IPOBOJI-
HUKOB (CBETIIBIM IIYHKTHPOM OOBEICHBI SYCHKH
C YIIOBJICTBOPHUTEIHHBIMH PE3YJIbTATaAMH):

a) A =365 HM, toxp, = 120 ¢; 0) L =385 HM, fo,, = 11 ¢;
B)A=395HM, t;(y=7¢C

[Mony4yeHHBIe pe3ynbTaThl DKCIEPHMEHTA TMpEI- BOJIHBI A MpHUBEICHBI HA puc. 8. Hawmmydmmii pesyis-
CTaBJIeHbl B TaOmuie. Hawmydiime pe3ynbraThl 3KC-  TaT BOCHPOU3BOAMMOCTH MPOBOJSAIIETO PUCYHKA T1O-
MoHUpoBaHus st Y D-MaTpuIl ¢ pa3IMyHON JUIMHOW  Ka3aja MaTpPHUIla C JUTHHOMW BOJHBI M3IIyUIeHHS 365 HM
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npu BpeMeHu skcroHupoBaHus 120 c. Ilpm Ttakoi
KOH(HTYpaluK yAaaoch U3TOTOBUTH TOIMOJIOTHIO, CO-
OTBETCTBYIOIYI0 YETBEPTOMY KJIAacCy TOYHOCTH
o 'OCT P 53429-2009 [13], ¢ mupuHO# TPOBOAHU-
Ka u 3a3opa 0.15 MM. Matpuriel ¢ JIrHON BOJIHEI 385
1 395 HM NOKa3aau OJJUHAKOBYIO BOCIIPOU3BOJIUMOCTh
MPOBOTHUKOB 710 (.2 MM TIpu BpeMEHHU IKCIOHUPOBA-
Hus 11 1 7 ¢ COOTBETCTBEHHO.

Paccmotpum mpucyTcTByIomue AedeKkThl Ha Tpu-
Mepe o0pasia, MOJYyYeHHOTO ¢ IpuMeHeHneM 365 HM
Y®-maTpunel u BpeMeHeM JKcrmoHupoBanus 120 ¢
(puc. 9, nedextsl mpoHyMepoBanbl 1-4).

BrIsiBIIeHO Hanu4Me OTCIaMBAIOLIMXCS KyCKOB (o-
TOpE3UCTa HU3-32 HEKAYECTBCHHOM AE30KCHUIALMM II0-
BEPXHOCTH 3arOTOBKH M, KaK CJIEICTBUE, HU3KOW aj-
Te3nH MEXIy (HOTOPE3WCTOM M 3aroTOBKOW (pucC. 9,
1). CyxeHne 3a30pa MEXIy IOPOXKKaAMH H3-3a HEpaB-
HOMEPHOCTH U3JIyYEHHs] TPOU3OIUIO MO TNPHUYUHE
rpy0oro ompeneneHusl pacCTOSIHUS OT pacceuBaTess
1o JKK-3kpaHa, 4T0 MOCTYXHJIO IPUYMHON HEAoCTa-
TOYHO PaBHOMEpPHOTO m3iaydeHus (puc. 9, 2). OmgHo-
BPEMEHHOE YacTHYHOE OTCYTCTBHE (hoTopesucTa
(puc. 9, 3) ¥ HaM4YMe NEPEOTBEPKEHHOTO (HOTOPE3H-
cta (puc. 9, 4) BbI3BaHO pa3HBIM PACCTOSIHUEM OT 3a-
rotoBku 10 JKK-MaTpHIlbl, 9TO SBISETCS CIICICTBUEM
HEIJIOTHOTO TpHJIeTaHus 3aroToBku. B pesynbraTe
aHanmn3a 1e(eKTOB MOYKHO C/IENATh BBIBOJBL, YTO TPH-
YUHON TIOJyYEHHBIX Je(PEKTOB SBIAIOTCA JUOO Ipy-
TH€ TEXHOJOTUYECKUE OIepanuu, Ju00 HETOYHOCTH
B OIIPEJENICHUN IapaMeTPOB KOHCTPYKLUH, KOTODPbIE
MpoBeNsl JIOTIOJHUTEIbHBIE

BO3MOYKHO yCTpPaHMTb,
UCCIIEIOBAHUS.

Takum oOpas3om, B pe3yibTaTe MPOBEACHHBIX JKC-
NEPUMCHTOB B IEPBYIO OUYCPCAb YAaJIOCh MPUHIIUIIN-
aJhHO OLIEHUTHh BO3MOXKHOCTH TIEPEHOCA MPOBOISIIETO
pHCYHKa Ha 3arOTOBKHM METOJOM MPSIMOTO JKCIIOHU-
poBanusi ¢ wucnosibzoBanueMm JKK-matpuupl. Taxxke
MPOBEIECHHBIE HKCIIEPUMEHTHI IO3BOJIHMIM yTOYHHUTH
KaK TapamMeTpbl KOHCTPYKIWHW I MPOTOTHIIA yCTa-
HOBKH 3KCIIOHMPOBAHHUS, TaK M HapaMmeTpbl TEXHOJIO-
TUYECKOU OIepalnu:

1. B kxauectBe mcrounuka Y®D-cBera menecooO-
pa3HO HCIOJIb30BaTh CBETOJAUOJAHBIE MATPULILI C JIU-
HO BOJHBI 365 HM, T.K. OoJbIllee BpeMs SKCIIOHUPOBa-
HUS TI03BOJISIET OOJIee TOYHO COOOIIATh (OTOPE3UCTY
HEOOXOAMMOE KOJIMYECTBO SHEPTUH IS TTOJTMMepH3a-
UM, A TaKKE YBEIWYUTH MpEACIbHBIE OTKIOHEHHS
BpeMeHH I Oe3meekTHOro skcnonupoBanus. Og-
Hako 1ocje 0oyiee TOUHOTO OMpe/eNIeHUs apaMeTpoB
HCIIOJIb30BAHNUEC HCTOYHHUKA HU3JIYyUYCHUSA C 60J'IBIHCI7I
JUTHHOM BOJIHBI TTpH 00eCTIeYeHUN BO3ZMOXKHOCTH KOH-
TPOJNS BPEMEHH SKCIHOHHUPOBAHUS C TOYHOCTHIO
10 MWJUTACEKYHIIT MOXET CYIIECTBEHHO COKpAaTHTh
BpEMsI BBIIIOJTHEHUS OIIEpalltu.

2. Jlyumee paccemBaHWE CBETa NMPOUCXOIHUT TPH
WCTIOJIb30BAaHUH MATOBOM JIMH3BI U O0ECTICYCHUN pac-
crossHUST Mexnay nuH3oM u JKK-akpanoMm, paBHOTO
37 MM, T.€. IpY COBMECTHOM HCIOJIb30BAaHUM IIPOCTa-
BOYHBIX PaMOK BBICOTOM 22 1 15 MMm.

3. Tlpm Bpemenu skcmonuposanus 120 ¢ ymaaoch
BOCIIPOM3BECTH PUCYHOK C MapaMeTpaMu MHUHUMalb-
HOW IIMPHUHBI ITPOBOJHMKA M 3a30pa MEXIy MPOBOJ-
HUKaMH, paBHbIMHU 0.15 MMm.

Puc. 9. Bunsr nedex-
TOB, MOy YE€HHBIX
Mocie JKCIIOHUPOBA-
HUS C MMOMOIIBIO IPO-
\ ToTHMA
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ITonyuyeHHble pe3yabTaThl MO3BOJSIOT  CHENATH
MPEINONIOKEHNE O BO3MOYKHOCTH 3aMEHBI KIJIacCHYe-
CKHMX CHCTEM KOHTaKTHOTO U NPSIMOIO 3KCIOHUPOBA-
HUSl pacCMaTPUBAEMOIN CHCTEMOM B TEXHOJOTMYECKUX
npoueccax npousBoactsa [1I1. YtoOb1 npoBepuTh BbI-
JIBUHYTO€ MPEAIOJIO0KEHNE, HW3TOTOBJIEH TECTOBBIN
oOpa3zel me4aTHOM TJIaThI.

MN3TOTOBJIEHUE TECTOBOI'O OBPA3IIA

JI1si M3roTOBICHUST TECTOBOTO oOpasiia BBHIOpaHa
CBETOAMOHAS MAaTPHULA C IMHOU BOJHBI 365 HM, T.K.
OHa MOKa3ajia Jy4Illne pe3yNbTaThl BOCIIPOU3BENCHUS
MPOBOJSLIETO PUCYHKA, BPEMsI SKCIIOHUPOBAHUSI —
120 ¢, Bpems mposiBku — 60 c. HMcnonb3yeMbrit st
W3TOTOBJIEHUSI 0Opasiia MaTepuan — IBYCTOPOHHUMN
(oIBrUPOBaHHKIN cTekI0TeKCTOMUT FR-4, TonmuHa
0azoBoro Marepuaia cocrapiser 0.5 MM, a TOJITUHA
¢dombru — 35 MKM.

Jnig cozmaHusl MPOBOJALIETO PHUCYHKA HCCIETye-
Moro oOpasna mcnoibs3oBana tononorus [T geTBep-
Toro kjnacca touHocTd o I'OCT P 53429-2009 [13]:
MUHUMaJbHas [IUPUHA IPOBOJHUKOB U 3a30POB MEXK-
ny HuMH coctasisier 0.2 mm. Beibop Tononoruu o0y-
CJIOBJIEH TeM (akToM, 4To mponsBozacTBo 111 geTsep-
TOTO KJIacca TOYHOCTH HamOoJiee pacripoCTPaHEHO,

YeenuyeHHasn

wupuHa W ™y il 7.
npoeoodHUKO8 -i =
1&I k-

TR

B YaCTHOCTHM BBIOpaHHBIE MapaMeTpbl HIMPUHBI MPO-
BOJIHMKA M 3a30pa Ul MaTepuaja ¢ TOJIIUHON (oib-
ru 35 MkMm KomnaHug "Pe3oHuT" ompenenser kak Mu-
HUMAaJIbHBIE 3HAYEHUS TEXHOJIOTMYECKHUX BO3MOXKHO-
creil mpousBoactBa B kiacce "Cranpmapt" [14], T.e.
0e3 yBeIMUeHHUsI CTOMMOCTH H3TOTOBJICHHS.

B Xozme mOATOTOBKM K HMCIBITAHUSM YCTaHOBKH
Npou3Be/icHa MOJTrOTOBKA IMPOU3BOJCTBEHHBIX (aii-
JIOB TOIIOJIOTHHM: BBIIIOJIHEHO TPOHHOE MYJIBTHILIMLIU-
poBanue 3arotoBku (puc. 10), y omHoro obGpasua
YTOJILIEHA YacTh MPOBOAHMUKOB. 3aT€M MOATOTOBJICHO
n3o0paxeHne (QOTomIabioHa M OCYLIECTBJIEHO Mac-
mTabupoOBaHNE B COOTBETCTBUU C pa3pemenneM KK-
JKpaHa.

Texnomornyeckuii mpomecc paboTsl ¢ 3arOTOBKOH
AQHAJIOTMYEH OIMCAHHOMY paHee C MOCICIYIOLUIUM J10-
OaBieHUEM OIepaIuii:

1. OxoHuaresnpHas noiauMepusanusi (GoTopes3nucTa
B YCTaHOBKE KOHTAKTHOTO 3KCIOHMpoBaHusi Bungard
Hellas 6e3 ¢oromabnona B Teuenue 15 c.

2. CrpyiiHOE TpaBiIEHHE C MOMOIIBIO YCTaHOBKHU
Bungard Splash B pactBope mepcynbdara amMmmoHMS
C BU3YQJIbHBIM KOHTPOJIEM pe3yJibTaTa TPaBJICHUS Ka-
xaeie 30 c.

3. Cusarue ¢Qotpesucra B pacTBOpEe THAPOKCHAA
HaTpHs.

4. Tlorpy>xHasi MPOMBIBKA B BOJIE.

Puc. 10. ITozutiBHOE O0TOOpakeHHE (POTOMIA0IOHA TECTOBOTO 00pasa
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Puc. 11. TectoBelit 00pazerr mocie cHATHS HOTOPE3UCTA.

-
-
-

I L
a2

Ha yuactkax 1, 3 oBanmbHBIMH rpaHullaMu 0003HaueHBI oOJiacTH ¢ aedekramu; 2 — Oe3nedekTHAs TMeyaTHAs IUIATA;
a — o0uwmii BuI; 0, B — yuacTku 0e3aeeKTHOM 3ar0TOBKH M0J] MUKPOCKOIIOM

Ha puc. 11, a, npexacraieHa moxydeHHas TOIO-
JIOTHA TIOCJIE TPaBJCHHMA M CHATHUS (oTopesucra. Y
00pas3ioB 1o HoMepaMu 1 u 3 BbISBICHBI Je()EKTHI
(BBLAETICHBI OBAJIbHBIMY I'PAaHULIAMH) B BHJIE Pa3PbIBOB
NPOBOJHMKOB M HAJMYUS OCTATKOB MEIH, KOTOpHIC
00yCJIOBJIEHBl HEIUIOTHBIM IPUIETAHUEM 3arOTOBKU
K 9KpaHny. Y oOpasua mon HoMepoM 2 aedekTsl He
BBISIBIICHBI. be3nedexTHas neyatHas miata OCMOTpeHa
ol MHKpockoroM (puc. 11, 6, B) ¢ mpuMeHEHHEM

KaauOpoBOUYHOM nuHeHKku (ueHa aenenus: 0.1 mm).
TonummHbl NPOBOAHUKOB M Pa3Mepbl KOHTAKTHBIX
TUIOIIAJOK KOMIIOHEHTOB TOBEPXHOCTHOTO MOHTa)Ka
[OCJI€ HW3TOTOBJICHUS COBHAIM C HPOECKTHPYEMBIMU
3HAYEHUSIMH UCXOJHOTO MMPOM3BOICTBEHHOTO (aiina.
Takum 00pa3om, TOIydEeHHbIE Pe3yNbTaThl IOJ-
TBEPXKJAIOT MPEAIIONIOKEHNE O BOBMOKHOCTH 3aMEHBI
KJIACCHYECKUX CHCTEM KOHTAKTHOI'O M IPSIMOI0 3KC-
[IOHUPOBAHUA pacCMaTPUBAEMON CUCTEMOIA.
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3AK/JIIOYEHHUE

B pabote uccnemoBaHa BO3MOXKHOCTb CO3/AaHUS
CHCTEMBI TMPSIMOTO 3KCIIOHUPOBAHUS C NMPHUMEHEHUEM
KK-matpuupr Ha ocHoBe MSLA-texnonoruun 3D-
nevatu. CIpoeKkTHpoBaHa CTPYKTypHas cxemMa ycTa-
HOBKM KOHTaKTHOTO 3KCIIOHHMpOBaHMA. PaspaboTan
nabopaTopHBIA  CTEHJl YCTAHOBKH, pPEAIN3YIOIIU
(YHKIIHOHATBHYTO Y9acCTh.

Pan mpoBeneHHBIX SKCIIEPUMEHTOB MOATBEPAMI
MPUHLIMTTHAIEHYIO BO3MOXXHOCTh MTPUMEHEHHS TEXHO-
JIOTHM B MPOU3BOACTBEHHBIX mpoueccax I, a Taxxke
MO3BOJIMJI YTOYHHUTH MapaMeTpbl KOH(PUTypaluu yc-
TAHOBKH, 2 UMEHHO: BUJI OIITHYECKOI'O paccenBaTels,
pacctostaue oT pacceuBarens g0 JKK-maTpwuirsi
W JUIMHY BOJIHBI HCTOYHHMKA H3TydeHusl. OLEeHEHBI
TaKK€ M TEXHOJOTHYECKHE MapaMeTpbl Mpolecca:
BpeMsI JKCIIOHHPOBAHHWA W MHHHMAJbHBIE pa3Mepbl
BOCIPOM3BOJIUMOTO TIPOBOJSIIEI0 PHUCYHKA. Takxke
C UCNOJBb30BAHUEM INIPEUIOKEHHOW CHUCTEMBI H3rO-
toBieHa IIII yerBepToro knacca touysoctu no 'OCT
P 53429-2009 [13] ¢ MUHUMAaIBLHOW IIMPUHON TPO-
BOJIHMKOB U 3a30p0OB Mex1y HUMH 0.2 MM.

B kauecTBe mpeMMyIIECTB CHCTEMBI CTOMT OTMeE-
THUTh HU3KYIO C€0ECTOMMOCTh, OTCYTCTBHE HEOOXOIH-
MOCTH B H3TOTOBJIEHHUHM (DOTOIIAOIOHOB, a TaKxke
0oJBIIIME TIEPCIIEKTUBHI JIT MOJIEPHUA3AIINH:

1) BO3MOXXHOCTh KOMIIEHCALUHM JedopMaluu 3a-
TOTOBKM MyTEM H3MEHEHHs H300pakeHHs MabioHa
3a cYeT BHEAPEHUS CUCTEMbI CKAaHUPOBaHUS [15];

2) yBenu4YeHHE  paspeuiaromeil  CrocoOHOCTH
3a cuyer o0OecredeHus MIOTHOTO MpHieranus ¢orope-
3UCTa W ONpPEICNICHUS ONTHMAJbHBIX HapaMeTpoB
KOHCTPYKITUH U TEXHOJIOTHIECKOTO IPOIIEeCCa;

3) yckopeHHE OIepalud 3KCIIOHHPOBAHMA: OTHO-
CUTENFHO KOHTAKTHBIX YCTAaHOBOK — 3a CYET TOJIHOMN
aBTOMATH3allMM [pollecca COBMEIEHHS IIalJIoHa
W 3aroTOBKM, a TaKXe OTHOCHUTEIHHO IOIYYEHHBIX
pe3yNbTaTOB — ITyTEM COBMECTHOTO HCIIONB30BAaHMUS
WCTOYHUKA M3Iy4YeHUs C OOJblIeH IJUHON BOJIHBI
1 Oosiee TOYHON CHCTEMBI KOHTPOJIS BPEMEHU;

4) monHas aBTOMAaTH3aLUsl Mpolecca 3KCIIOHHUPO-
BaHMS M €ro MHTErpanus ¢ MOMOMIBI0 CPENCTB LH]-
POBOro MPOU3BOACTBA B OOLIyI0 CHUCTEMY Npennpu-
stast [16, 17].

OpfHaKko CTOWUT BBLAECTUTH M HEJIOCTATKHU CHUCTEMBI,
CpeIu KOTOPHIX:

1) 3aBUCHMOCTH TOYHOCTH BOCIPOU3BEACHHUS IMPO-
BOJIAIIETO PHCYHKA OT pa3Mepa MHUKCEN W paspele-
HUSl MaTPUIIB;

2) OTCYTCTBHE Ha TeKyIInii MOMeHT Bpemenu JKK-
MaTpHl OONBLIOrO pa3Mepa C BBHICOKMM pa3pelIeHu-
€M, UYTO HaKJIaJbIBAeT OIpPaHUYEHUS Ha pa3Mephbl U3ro-
TaBJIMBAEMbIX IEYATHBIX IUIAT WK TpeOyeT pazpaboT-
KM MHOTOCTAJUIHOTO TIpoliecca 3SKCIIOHMPOBAHHUA,
MOJIPa3yMEeBalOIIETO IOCIEA0BATEIIEHOE SKCIIOHUPO-
BaHUE OTAEIbHBIX YYaCTKOB 3aTOTOBKH.

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1

Takum 00pa3oM, Ha OCHOBaHHWM OMHCAHHBIX JOC-
TOMHCTB M HEIOCTaTKOB MOXKHO 3aKJIIOUUTh, YTO TO-
JIOOHbBIE CHUCTEMbI HAa JJAHHBIH MOMEHT BPEMEHH MOTYT
OBITH BOCTPEOOBAHBI MPU €IMHUYHOM U MEJIKOCEPHUM-
HOM TIPOM3BOJCTBE MEYATHBIX IUIAT HEOOJBIIOTO pa3-
Mepa, a TAaKkKe MOTYT CTaTh OTIIMYHON ajdbTepHATHBOMN
KIJTACCHYECKUM YCTaHOBKaM KOHTAKTHOTO AKCIOHHPO-
BaHUsl.

Paboma evinonnena 6 pamxax epamma Ilpesudenma
Poccuiickoii @edepayuu ons eocydapcmeentoi noodepiic-
KU MOTOOBIX POCCUICKUX YUEHbIX — KaHouoamos Hayk (MK-
582.2022.4).
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DIRECT EXPOSURE SYSTEM BASED ON A LIQUID
CRYSTAL DISPLAY

M. A. Korobkov, V. D. Zajkin, E. S. Mareichev, O. V. Khomutskaya, F. V. Vasiliev

Moscow Aviation Institute (National Research University), Russian Federation

The paper investigates the possibility of using liquid crystal displays (LCDs) as photomasks for transferring
a conductive pattern to a photosensitive material using ultraviolet light in the workflow of printed circuit boards
(PCBs). In the course of the study, an analysis of the exposure technologies used in the PCB workflow was car-
ried out. A block diagram of the direct exposure system with the use of LCD has been developed, and the main
elements of its design have been determined. Based on the monochrome LCD Pengli PJ3D623V1, a prototype
of the exposure device was created, on which a number of experiments were carried out. During the experi-
ments, the following design parameters of the device were clarified: the type of lens (with frosted glass), the
distance between the lens and the LCD (37 mm), the wavelength of the ultraviolet light source (365 nm). The
experiments also allowed us to determine the manufacturing parameters of the exposure operation: the required
exposure time for sources with various wavelengths, the minimum reproducible dimensions of the conductive
pattern (conductor width and spacing). The possibility of using the developed system has been confirmed:
a PCB corresponding to the fourth accuracy class according to GOST R 53429-2009 with a minimum width of
0.2 mm conductors and spaces has been successfully manufactured (thickness of the copper foil is 35 pm). The
advantages and disadvantages of the system are analyzed, on the basis of which the scope of possible applica-
tions of the technology under study is determined, as well as the prospects for its development.

Keywords: direct exposure, printed circuit boards manufacturing processes, liquid crystal matrix

INTRODUCTION reproduction, and there are cheap setups that allow the
manufacture of low-grade PCBs. Therefore, there is

Currently, the rapid development of information a need to find new solutions that will have a low cost
technologies is the reason for the increase in demand  but still provide sufficient performance to produce
for electronic devices, which entails the need to in- current-level printed circuit boards.
crease the volume of manufactured products, reduce
the time for their manufacture, increase the reliability
[1-3], minimize the number of defective products [4—
6]. It is possible to solve the assigned tasks by im-
proving technological processes [7].

In the manufacture of printed circuit boards
(PCBs), one of the most important manufacturing
steps is transferring the conductive pattern to the
workpiece by applying a photosensitive material to
the latter and then exposing it to ultraviolet (UV) radi-
ation, i.e., the exposure step. It is the exposure step
that, to a greater extent, determines the minimally re-
producible parameters of the PCB conductive pattern
and affects the occurrence of defects in the produc-
tion. On the_ one hand, during the exposure step, one process; the steepest characteristic of transmitted
can try to eliminate defects obtained in previous tech- h bet ked and tr t
nological operations, for example, machining [8]. On erfl‘er%}}l/ ¢ a?lgi © Wlfen }1131? X et a}rll 1 ansp ar?n ar}elas
the other hand, the exposure operation itself can be 0 ¢ photomask. ¢ ?C nology also has

a large number of drawbacks: the accuracy of the

a source of defects [9], which are hard to detect and ducti duction is d i1ed by th
often occur in subsequent stages, for example, after conductive pattern reproduction 1s determined by the
etching the workpiece ’ ’ plotter accuracy; the instability of the geometric di-
Currently, among éxposure setups, there is 1o gol- mensions of thq photomask during chaI.lglng. tempera-
’ ’ ture and humidity, which can lead to distortion of the

den mean as such. There are setups on the market that . h fect: the phvsical £ oh
have a high cost and accuracy of conductive pattern picture and then to dsfect; the physical wear of pho-
tomask; the labour intensity of combining the photo-

ANALYSIS OF EXPOSURE TECHNOLOGIES
IN PCB MANUFACTURING

At the moment, the following exposure technolo-
gies are common in the production of PCBs: contact,
non-contact with a microgap, and direct exposure
technology. Each of them has its advantages and dis-
advantages [10].

In contact technology, a film photomask is used to
form a pattern, that is in direct contact with the work-
piece. The advantages of this method are: the relative
cheapness of the required equipment due to the lack of
a complex optical system; the simplicity of the
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mask and the workpiece during manufacture of
double-sided and multilayer PCBs due to deformation
of the latter.

Non-contact microgap technology is similar to
contact microtechnology. The difference is that a
small gap (from 100 to 500 pm) is left between the
photomask and the workpiece. The presence of a gap
reduces the wear of the photomask but also reduces
the fidelity of the pattern due to greater energy dissi-
pation. All other shortcomings of the contact method
remain.

In direct exposure technology, a laser, using an
optical system, acts on a photosensitive material to
form an image. The advantages of this technology are:
the complete exclusion of photomasks; the ability to
compensate for the deformation of the workpiece by
changing the pattern reproduced by the laser; and the
ease of combining the conductive pattern and the
workpiece. Thus, this technology is devoid of the dis-
advantages of the two previous methods, but has oth-
ers: the high cost of the optical system; the depen-
dence of pattern reproduction accuracy on laser beam
spot size and the mechanical system, that deflects this
beam; the most gentle radiation energy distribution
curve, which entails the greatest parasitic illumination
of the photoresist and, as a result, a decrease in the
accuracy of the reproduced image.

Currently, large enterprises producing PCBs are
trying to turn to direct exposure technology, while
contact exposure technology is widespread at small
enterprises due to the high cost of direct exposure se-
tups. Based on the growing needs of industry in the
production and improvement of technological
processes, the question arises of the possibility of
creating a technology that will combine the advantag-
es of direct and contact exposure technologies. On the
part of direct exposure, it is necessary to ensure the
absence of film photomasks; the ability to resize the
conductive pattern; simple alignment of the conduc-
tive pattern and the workpiece. On the part of contact
exposure, it is desirable to obtain the absence of a com-
plex optical system and, as a result, a low device cost.

EXPOSURE SETUP DEVELOPMENT

A process similar to exposure is also found in 3D
printing, namely in the technology of mask stereoli-
thography (MSLA) [11].

MSLA technology uses an optical system consist-
ing of a UV radiation source and LCD matrix. The
screen sequentially receives the image of the layers of
the manufactured model. The liquid photopolymeriza-
ble composition solidifies under UV light. The mov-
ing platform with the layer formed on it then rises
higher to polymerize the next layer.

Thus, MSLA 3D printers provide selective poly-
merization, which makes it possible to make an as-

sumption about the possibility of using this principle
when exposing a photosensitive material in the pro-
duction of PCBs: to affect the workpiece with UV
light passing through the LCD matrix on which the
image of the conductive pattern is located. Based on
the above technology, a structural diagram of the ex-
posure system using an LCD matrix was developed

(Fig. 1).

Fig. 1. Structural diagram of the exposure system

The system includes three main components:

1. The control system consists of a personal com-
puter (PC) and a scanning module. The scanner rece-
ives an image of one side of the workpiece with holes
drilled in it and transmits it to a PC. The PC provides
control of the scanner and other systems, namely, the
exposure system and the holding system, and also
processes the image of the workpiece received from
the scanner [12]. Based on the analysis of hole offsets
relative to the construction documentation files, the
PC resizes the image of the conductive pattern to en-
sure the best alignment of the latter with the work-
piece.

2. The exposure system consists of the LCD matrix
control subsystem and the UV matrix control subsys-
tem. The LCD control subsystem receives
a corrected image of the conductive pattern from the
PC control program. UV matrix control subsystem, by
command of the control program, provides the re-
quired exposure time. Also, between the UV and LCD
matrices, it is necessary to have a diffuser that ensures
the parallelism of UV rays and, accordingly, the uni-
form distribution of exposure energy throughout the
workpiece.

3. The holding system provides tight contact be-
tween the LCD matrix and the workpiece during ex-
posure. In this case, it is advantageous to use the va-
cuum pressing technique used in the contact exposure
setups. The workpiece with the applied photosensitive
material is located on the LCD matrix and is covered
with a holder made of a transparent polymer film.
Then, a vacuum is created between the matrix and the
film with the help of a pump to press the workpiece
against the matrix.

Based on the developed structural diagram (Fig. 1),
the principle of operation of the exposure setup is
proposed and shown in Fig. 2.

Fig. 2. Principle of operation of the exposure setup
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The operator places the workpiece with the applied
photoresist on the LCD screen and covers it from
above with a frame with a holding film. Then the ne-
cessary pressing of the workpiece is provided by
pumping air out, the upper side of the workpiece is
scanned, and based on the results of the scan, the im-
age of the conductive pattern is changed. At the last
stage, the image is displayed on the LCD matrix, the
radiation source is turned on for the required time, and
then the holding system is turned off.

The developed structural diagram and the stated
principle of operation in general form describe the
possibility of using an LCD matrix for PCB exposure.
However, a large number of specific questions remain
regarding the design of the setup, the technological
parameters of the operation, and, more importantly,
the fundamental performance of the technology: can
the LCD screen sufficiently mask the photoresist un-
der it? Thus, there is a need for an experimental study
and technology testing.

EXPERIMENTAL STUDIES

Equipment, materials, methods

A laboratory prototype (Fig. 3) without a scanning
module, and with a simplified system for holding the
workpiece, was developed to fundamentally check the
operability of the proposed exposure method.

Fig. 3. Laboratory prototype of the exposure setup.
a — exposure module; 6 — full prototype

The prototype of the exposure setup is assembled
using the following basic components:

* PC;

* 6.23-inch monochrome TFT LCD matrix Pengli
PJ3D623Vic with a resolution of 3840 x 2400 pixels
and a pixel size of 35 x 35 um;

* image output board with HDMI interface;

* 5V, 3 A LCD matrix power supply unit;

* LED UV matrix with wavelengths of 365, 385,
and 395 nm;

* UV matrix power driver;

* 12V, 5A UV matrix power supply;

» matte and glossy scattering lenses.

To solve the problems identified earlier, it is pro-
posed to conduct experiments aimed at clarifying the
design parameters, namely, determining the type of
diffuser lens and the required distance between the
diffuser and the matrix. The reproducibility of the
conductive pattern is also to be investigated with re-
gard to the exposure time and wavelength of the radia-
tion source.

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1

For all the following experiments, the following
sample manufacturing process is defined.

1. Cutting of a 90 x 70 mm workpiece from double-
sided foil glass-textstolite FR-4 with thickness of base
material of 0.5 mm and a foil thickness of 35 um.

2. Drilling of fabrication holes for workpiece at-
tachment.

3. Mechanical surface deoxidation in Bungard
Elektronik RBM 300 BLC brushing machine.

4. Drying and heating the workpiece to 70 °C.

5. Application of Ordyl Alpha AM 140 dry film
photoresist with the use of a Bungard Elektronik RLM
419p laminator.

6. Exposure of the workpiece on the prototype. To
do this, the workpiece was placed on the screen and
fixed at the edges with adhesive tape. Then, the image
was displayed on the screen, followed by manually
turning on the LED matrix for a given time.

7. Developing the photoresist with a soda ash solu-
tion using a Bungard Splash jet etching unit at
a solution temperature of 30 °C. Every 30 s,
a visual inspection of the workpiece was carried out
for the removal of the photoresist.

8. Jet washing of the workpiece with water.

Experiment 1: Determination of diffuser
configuration

Since the uniformity of the distribution of light
energy is substantially important in the exposure
process, at the first stage, two available matte and
glossy lenses were compared (Fig. 4, a, 6). For a visu-
al evaluation of scattering, UV light was passed
through both lenses onto a white sheet of paper
(Fig. 4, B, 1).

Fig. 4. Patterns of light scattering depending on the
lens.

a — matte lens; 6 — glossy lens; B — scattering of
light passed through a matte lens on a sheet of paper;
r — scattering of light passed through
a glossy lens on a sheet of paper

Fig. 4 shows that the matte lens diffuses the light
passing through it to a greater extent while the light
passing through the glossy lens leaves a noticeable
mesh pattern.

However, when the LCD matrix is positioned di-
rectly above the matte lens, the light distribution is
still uneven from the source (Fig. 5, a). To reduce this
negative effect, two spacer frames, 15 and 22 mm
high, are designed, printed on a 3D printer, and in-
stalled between the diffuser and the LCD matrix. Then
the results of exposure under different conditions were
compared: without spacers, with spacer 15 mm, with
spacer 22 mm and with two spacers providing the dis-
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tance from the diffuser to the matrix 37 mm (Fig. 5).
During the experiment, an LED matrix with a wave-
length of 395 nm was used, and the exposure time was
30s.

Fig. 5. Patterns of light scattering depending on the
distance between the matte lens and the LCD matrix.

a — lens and LCD-matrix are installed closely; 6 —
15 mm; B— 22 mm; r— 37 mm

From the results obtained, it can be seen that in the
absence of spacer frames, the photoresist color is
clearly darker, and the mesh pattern formed by light
passing through the lens is clearly visible. When using
15 and 22 mm spacer frames individually, a mesh pat-
tern is also visible, but the color of the exposed photo-
resist acquires a lighter hue. With the use of two spac-
er frames together, the mesh pattern is practically ab-
sent. Based on the results obtained, it was decided to
use a matte lens and two spacer frames for further stu-
dies.

Experiment 2: Exposure time determination

The purpose of the experiment is to determine the
optimal exposure time of the photoresist depending on
the wavelength of the LED UV matrix used. For this,
the exposed region of the photoresist is divided into
10 sections, each of which has its own exposure time
(in s): 10, 15, 20, 25, 30, 45, 60, 75, 90 and 120. First,
a completely transparent template was displayed on
the LCD screen for 10 s. Then the template was dis-
played, with one opaque section for another 5 s, then
with two for another 5 s and so on. As a result, the
exposure sections were sequentially closed from min-
imum to maximum time.

As a reference, a workpiece with an illuminated
photoresist was exposed for 15 s on the Bungard Hel-
las contact exposure setup. Then, the obtained results
were visually compared with the reference. The re-
sults of the experiment are presented in Fig. 6.

Fig. 6. Change in the photoresist color depending on
the exposure time f.yy.

a —reference obtained on a Bungard Hellas device;
0-T — prototypes with installed radiation sources with
wavelength A equal to 365, 385, 395 nm, respectively.
The light dotted line in the figure marks those sections
that matched in tone with the standard

The light dotted line in the figure indicates the sec-
tions that coincided in tone with the reference. When
using an LED matrix with a radiation wavelength of

365 nm, starting from the exposure time of 20 s, sec-
tions and the boundaries between them are clearly
visible, and the color match is observed at the end of
the studied range with an exposure time of 120 s. On
385 and 395 nm LED matrices, color matching is ob-
served at exposure times of 15 and 10 s, respectively.
Most of the sections have a darker color than the stan-
dard, which indicates excessive exposure time.

Experiment 3: Determination
of reproducibility of the conductive pattern

The next experiment is aimed at determining the
reproducibility of conductors of different widths and
gaps between them. For the experiment, a pattern set
was created (Fig. 7) containing sections from the first
to the fifth accuracy class according to GOST
R 53429-2009 [13].

Fig. 7. Positive display of the photographic pattern
used to determine the reproducibility of the conductors
(numbers next to the conductive pattern indicate the
width of the conductors and the gaps between them in
mm)

Since the previous experiment made it possible to
obtain only an approximate estimate of the exposure
time, the current experiment includes a slight variation
in time relative to the one previously defined.

Let's set the step of varying the exposure time:

A =
4
where T is the exposure time obtained in the previous
experiment. Due to technical limitations, the step of
variation is rounded to an integer.

Based on the obtained step of varying A, we de-
termine the exposure times f.,, Which are used in the
experiments: T—2A, T— A, T, T+ A, T+ 2A. Such an
approach reduces the inaccuracy of determining the
obtained exposure time 7.

Obtained experimental results are presented in
Tab.

Tab. Reproducibility of conductors depending on wa-
velength of A radiation source and exposure time of #.,

The best exposure results for UV matrices with
various A wavelengths are shown in Fig. 8.

The best reproducibility result of the conductive
pattern was shown by a matrix with a radiation wave-
length of 365 nm at an exposure time of 120 s. With
this configuration, it was possible to produce a pattern
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set that has a conductor width and a gap of 0.15 mm,
and corresponds to the fourth accuracy class accord-
ing to GOST R 53429-2009 [13]. Matrices with wave-
lengths of 385 and 395 nm showed equal reproducibil-
ity of conductors up to 0.2 mm at exposure times of
11 and 7 s, respectively.

Fig. 8. Results of conductors reproducibility (cells
with satisfactory results are circled in white dotted
line):

a) L =365 nm, fex,
B) A =395 nm, t.y,

120 s; 6) A =385 nm, fe, = 11 55
7s

Consider the present defects on the example of
a sample obtained using a 365 nm UV matrix and an
exposure time of 120 s (Fig. 9, the defects are num-
bered 1-4).

Fig. 9. Types of defects obtained after exposure using
the prototype

The presence of exfoliating pieces of the photores-
ist due to poor-quality deoxidation of the workpiece
surface and, as a result, low adhesion between the
photoresist and the workpiece, was revealed (Fig. 9,
1). The narrowing of the gap between the tracks due
to uneven radiation occurred due to a rough determi-
nation of the distance from the diffuser to the LCD
screen, which resulted in insufficiently uniform radia-
tion (Fig. 9, 2). The simultaneous partial absence of
photoresist (Fig. 9, 3) and the presence of oversolidi-
fied photoresist (Fig. 9, 4) are caused by different dis-
tances from the workpiece to the LCD matrix, which
is a consequence of the loose fit of the workpiece. As
a result of the analysis of defects, it can be concluded
that the cause of the defects obtained is either other
manufacturing operations, or inaccuracies in deter-
mining the design parameters, which can be eliminat-
ed by conducting additional studies.

Thus, as a result of the experiments, it was primari-
ly possible to fundamentally assess the possibility of
transferring the conductive pattern to the workpieces
by direct exposure using an LCD matrix. Also, the
experiments carried out made it possible to clarify
both the design parameters for the prototype of the
exposure setup and the parameters of the manufactur-
ing operation:

1. As a source of UV light, it is advisable to use
LED matrices with a wavelength of 365 nm, because
a long exposure time makes it possible to more accu-
rately transfer the required amount of energy to the
photoresist for polymerization, as well as to increase
the maximum time deviations for defect-free expo-
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sure. However, after a more accurate determination of
the parameters, the operation time can be significantly
reduced in the case of the use of a radiation source
with a long wavelength while controlling the exposure
time with an accuracy of milliseconds.

2. Better light scattering occurs when a matte lens
is used and the distance between the lens and the LCD
screen is equal to 37 mm, i.e., when 22 and 15 mm
high spacer frames are used together.

3. At the exposure time of 120 s, it was possible to
reproduce the pattern with the parameters of the min-
imum conductor width and the gap between the con-
ductors equal to 0.15 mm.

The obtained results make it possible to make an
assumption about the possibility of replacing classical
contact and direct exposure systems with the system
under consideration in PCB production. To verify this
assumption, a test sample of the PCB was made.

MANUFACTURE OF TEST SAMPLE

For the manufacture of the test sample, a LED ma-
trix with a wavelength of 365 nm was chosen, since it
showed the best results in the reproduction of the con-
ductive pattern, the exposure time is 120 s, the devel-
opment time is 60 s. The material used for the manu-
facture of the sample is double-sided foil fiberglass
FR-4, the thickness of the base material is
0.5 mm, and the thickness of the foil is 35 pm.

To create a conductive pattern on the test sample,
the PCB pattern set of the fourth accuracy class ac-
cording to GOST R 53429-2009 [13] was used: the
minimum width of the conductors and the gaps be-
tween them are 0.2 mm. The choice of pattern set is
due to the fact that the production of PCBs of the
fourth accuracy class is most common, in particular,
the selected parameters of the conductor width and
gap for a material with a foil thickness of 35 um are
defined by Rezonit LTD as the minimum values of
production capabilities in the Standard class [14], i.e.,
without increasing the manufacture cost.

While arranging the setup tests, the production
files of the pattern set were prepared: a triple multipli-
cation of the workpiece was made (Fig. 10), one sam-
ple had a thickened part of the conductors. Then the
image of the photomask is prepared and resized ac-
cording to the resolution of the LCD screen.

Fig. 10. Positive display of the test sample photo-
mask

The manufacturing workflow is the same as pre-
viously described, followed by the addition of:
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1. Final polymerization of the photoresist in the
Bungard Hellas contact exposure unit without a pho-
tomask for 15 s.

2. Jet etching with a spray etcher Bungard Splash
in ammonium persulfate solution, checking the etch-
ing result visually every 30 s.

3. Removal of photoresist in sodium hydroxide so-
lution.

4. Submersible flushing in water.

Fig. 11, a, shows the resulting set after etching and
removal of the photoresist. Samples 1 and 3 have de-
fects (marked by oval boundaries) in the form of bro-
ken conductors and the presence of copper residues,
which are caused by a loose fit of the workpiece to the
screen. Sample number 2 showed no defects. A de-
fect-free printed circuit board was examined using
a calibration ruler (scale value: 0.1 mm) under a mi-
croscope (Fig. 11, 6, B). The wire thicknesses and pad
sizes of the surface mount components after fabrica-
tion matched the design values of the original manu-
facturing file.

Fig. 11. Test sample after removal of photoresist.

In sections 1, 3 the oval boundaries indicate areas
with defects; 2 — defect-free printed circuit board;
a — general view; 0, B — areas of defect-free PCB
under microscope

The results obtained support the hypothesis that the
system under consideration could take the place of
traditional contact and direct exposure systems.

CONCLUSION

The work investigated the possibility of creating
a direct exposure system using an LCD matrix based
on MSLA 3D printing technology. The structural dia-
gram of the contact exposure setup is designed. A la-
boratory bench has been developed, that performs the
functionality of the setup.

A number of experiments carried out confirmed
the fundamental possibility of using the technology in
PCB production, and also made it possible to clarify
the configuration parameters of the setup, namely: the
type of optical diffuser, the distance from the diffuser
to the LCD matrix and the wavelength of the radiation
source. The following workflow parameters were also
evaluated: exposure time and minimum dimensions of
the reproducible conductive pattern. Using the pro-
posed system, a PCB of the fourth accuracy class
(GOST R 53429-2009 [13]) was manufactured, with
a minimum width of conductors and gaps between
them of 0.2 mm.

As advantages of the system, it is worth noting the
low cost, the lack of need for the manufacture of pho-
tomasks, as well as great prospects for modernization:

1) ability to compensate for workpiece deformation
by changing pattern due to implementing a scanning
system [15];

2) enhanced resolution by making sure the photo-
resist fits snugly and choosing the best structure and
workflow settings;

3) acceleration of the exposure operation:

— in comparison to contact setups, due to the com-
plete automation of the pattern and the workpiece
combination process,

— in comparison to the results obtained, by using
a common radiation source with a long wavelength
and a more accurate time control system;

4) complete automation of the exposure process
and its integration into the general system of the en-
terprise by means of digital production [16, 17].

However, it is worth highlighting the shortcomings
of the system, including:

1) dependence of the reproduction accuracy of the
conductive pattern on the pixel size and the resolution
of the matrix;

2) the current absence of large-size, high-
resolution LCD matrices, which imposes restrictions
on the size of printed circuit boards being manufac-
tured or requires the development of a multi-stage
exposure process involving sequential exposure of
individual portions of the workpiece.

Thus, based on the advantages and disadvantages
described, it can be concluded that such systems, at
this moment in time, can be in demand in the one-off
and small-scale production of small-size printed cir-
cuit boards, and can also be an excellent alternative to
classic contact exposure setups.
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