=

DOI:10.22184/1993-7296.FR0s.2021.15.1.18.28

TexHonorms o6pabotTku
ONTUYECKMUX JeTanen
M3 KpUCTaNJIOB

KPC-5 meTOoaAOM
a/ZIMa3HOro To4YeHus

n ppesepoBaHus

B.B./Tanwun', E. M. 3axapesu4', M. C. Ky3Heu08?,

K.C.3apamenckux?, A. B. Ocunos?

1 000 «HayuHo-npoussodcmaenHoe npednpuamue
CmankocmpoumenbHblil 30800 «Tyaamaw»

2 AO «TocydapcmeeHHblii HayuHo-uccAedosameAbcKuil
U NpoerMmHbLil UHCMUMYM pedkomMemaanudeckoli
npombluiaenrocmu «Tupedmem»

3 000 «Hay4Ho-npou3sodcmaeeHHas KOMNAHUA
«MarkpoOnmura»

CraTbs NocssleHa paspaboTke TEXHOOMMU
06paboTkM 3arotoBok n3 kpuctannos KPC-5.
DKCnepuMeHTasIbHO onpepesieH oNTUMaJsibHbIN
MeTop 06paboTkU, a TakXKe cnocob onpeneneHus
ONTMMaJIbHOM OpUEHTaL UM 3aroTOBKM.
Paspa6oTtaHHas TexHonornsa onpo6osaHa npu
M3roTOBJIEHUN CBETOAE/INTe/IbHOI0 KOJibLa.
MpuBepeHbl pe3ybTaTbl METPOJIOrMYECKOro
KOHTPO/SA KOJbLLA, @ TaAKXe CNocobbl yay4lueHUs
KayecTBa U TOYHOCTU 06paboTKN.

Knto4yeBble cnoBa: asiMasHbIv pesel, aiMasHoe
dpe3epoBaHMe, a/IMA3HOE TOYEHMe, ONTHUYyeckme
OeTanu, ynbTpanpeun3noHHble CTaHKN,
MOHOKpucTanibl KPC-5

Cratbs nonyyeHa: 05.01.2021
MpurHaTa K nybankaummn: 18.02.2021

BBEJAEHUE

Ontuueckoe npubopocTpoeHue mHpakpacHoro (KMK)
AMarasoHa SIB/ISeTCs BAKHEHIIMM HaIlpaBleHHeM pas-
BUTHS II€PeIOBBIX OTpPAac/lell TeXHHUKH, B TOM YHCIIe
B CBSI3U C BO3PACTAIOIIUMHU TPebOBAaHUSIMU K CIIEKTpPOMe-
TPUUECKUM HCCIeNOBAHUSIM B MHOPPAKPACHOHM obracTu
Ha IIpe[IIPUATHSIX HepTerasoBoi U GpapMalleBTHYeCcKOH
IIPOMBIIUIEHHOCTH. CO37aHHe OITHYeCKUX IPHO0pOB
HEeBO3MOKHO 6e3 TaKkMx 3/eMeHTOB KaK OKHA, JHHS3BI,
IIPU3MBI, 3e€pKajia, CBETOAETUTENH U T.[., IS U3TOTOB-
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Technology of
Machining Optical
Parts Made of KRS-5
Crystals by Diamond
Turning and Milling
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The article concerns the development of

a technology for machining workpieces from
KRS-5 crystals. The optimal machining method,
as well as the method for determining the
optimal orientation of the workpiece, was
experimentally determined. The developed
technology was tested in the manufacture of

a beam-splitting ring. The results of metrological
control of the ring, as well as ways of improving
the quality and accuracy of machining are
presented.
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INTRODUCTION

Optical instrumentation of the infrared (IR) range is an
important direction in the development of advanced
branches of technology, including in connection with
the increasing requirements for spectrometric research
in the infrared range at enterprises of the oil and gas
and pharmaceutical industries. The creation of optical
devices is impossible without such elements as win-
dows, lenses, prisms, mirrors, beam splitters, etc., for
the manufacture of which optical materials with a com-
plex of mechanical, chemical, optical properties that
meet a set of specific requirements must be investigated
and manufactured.
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JIEHHSI KOTOPBIX [OJDKHBI OBITh MCC/IENOBAHBL M U3TOTOB-
JIeHBI OITHYeCKHe MAaTepHUIbI, 00/Iaalore KOMITIeK-
COM MEeXaHHYeCKHX, XMMHUUECKHX, OIITUYECKUX CBOKCTB,
OTBEYAONTUX Hab0py KOHKPETHBIX TPeOOBaHHUI.

OpHuM U3 Haubosee MEPCIIEKTUBHBIX OIITHYECKUX
MAaTepUaJIOB SIBJISIOTCS KPHUCTA/UIBI TAJIOTEHHUIOB TaJl-
nus, obnajailirie pPaBHOMEPHOM IIPO3PAavYHOCTHIO
B OYeHb IIMPOKOM [AMAIla3oHe [UIMH BOJMH, OXBAThIBA-
IOIIeM BHUIMMYIO M CPeJHIO HMHOPaKpacHyo 061acTH
criexrpa ot 0,35 1o 50 MKM (B 33aBUCHMOCTH OT COCTaBa),
0,54-50 mxm st KPC-5 (TIBr-TII). ITpomyckaHue cOCTaB-
nseT 10 70% IIpy OTCYTCTBHH I10J10C IIOIVIOIIeHH . Benu-
YMHA OITHYECKUX II0Teph OIpenesnseTcss KodpdHIu-
€HTOM OTPa’KEHHs, COOTBETCTBEHHO IIPY HaHEeCeHHH
IIPOCBETJISIIOIIETO ITOKPBHITHS MOXKeT OBITh JOCTHUIHYTO
abcoIoTHOe ITporycKaHue., KpHucTamsl 0671agaoT Mexa-
HUYECKON, BUOPAI[MOHHON IIPOYHOCTBIO, XMMHUYECKOH
M BJIarOCTOMKOCTBIO, Oyaromapsi 4emy IIPHUTOAHBL IS
paboTel B aTMochepHBIX YCIOBHSIX 6e3 CIIel[HaIbHOMN
3aIIMTHI [1-3].

COBOKYITHOCTb BCeX BBINIEIlepedHC/IeHHBIX XapaKTe-
PUCTHK JIaeT BO3MOYKHOCTH Y/IyYIIHTB CBOMCTBA 006OpY-
JOBAHMS I10 CPABHEHMUIO C CYLIeCTBYIOIIMMU aHAIOTaMH
B Auama3oHe 10 10 MKM, a TaKKe CO3IaBaTh npu6op1;1,
pa60Ta10Lm/1e B guaria3ode oT 10 mo 50 MKM, He HMe-
IOI[[le AHAJIOr0B, IIPH HCIIONIb30BAHHUM KPHCTAIIOB
KPC-5.

OCHOBHOM ITPOO/IEMOM SIBIISETCSI CJIOKHOCTD OIITHYe-
CKOP 06pabOTKU KPUCTA/UIOB TAIOTEHUIOB TA/UIHS H3-3a
MSITKOCTH U IUTACTUYHOCTH MaTepHaa, BBICOKOTO K03d-
bULIMeHTa TepMHUYECKOTO PACIIMPeHHUs], HHU3KOM TeIlIo-
IIPOBOTHOCTH, & TaKKe BBICOKOM aHU30TPOIIHH. HCITONb-
3yeMble TPAAUIIMOHHO TeXHOTIOTHH 00pabOTKY IIPUBOLIST
K 00pa3oBaHMIO I'TyOOKOr0 HAPYIIEHHOTO CJI0SI KPHUCTAI-
JIMYeCKOH CTPYKTYPHI IIPH IITH(OBKe K HU3KOMY BBIXOZY
B rofiHoe IIpu QUHUIIHOM JOBOAKE ONTUYECKOU IOBepX-
HOCTH PY4HOE I1IOJTHPOBKOH.

B CBSI3K C YKa3aHHBIMH BBIIIE HETOCTATKAMU TPaly-
LIMOHHBIX CI10C000B 00pabOTKK KPHUCTALIOB IIpefjiara-
€TCsI B Ka4ueCTBe /IFTEPHATHBHOIO CII0c06a HCII0/IB30BATh
AJIMAa3HYIO JIe3BUIHYI0 06paboTKy Ha yIbTpa ITPeLI3HOH-
HBIX CTAaHKAaX, KOTOPasi IT03BOUT HU36e5kaTh 06pa3oBaHUs
3HAYUTEIBHOIO IIOBPESKIEHHOTO CJI0SI, IIAPKUPOBAHUS
abpa3uBHBIMH YaCTHLAMH 00pabOTaHHOM I10BEpXHO-
CTH, a TaKKe BBICOKHX TeMIlepaTyp obpaboTku. Tarke
IMasHas JIe3BHUHIHas o6pa60TKa nsgenuun u3 KPC-5,
nposefieHHas 6e3 COXK (CMa309HO-OX/IKAAIOIINX KU~
KOCTeM) B TepMETHYHOM KabHHeTe, IT03BOIHUT COBPaTh
CTPY’KKY, KOTOPYIO MOSKHO 6yIeT HCI10/1b30BaTh IIOBTOPHO
IIPY BBIPAIIMBAHKMH KPUCTULIOB. ATMa3Hasl JIe3BUIHAS
06paboTKa IT03BOMUT 0becIIeunTh He0OX0IHMOe KauecTBO
M TOYHOCTb 0OpabaThIBaeMOM IIOBEPXHOCTH, a TaKKe
B Pasbl MOBBICUTDH IIPOM3BOLUTEIBHOCTh. KAk ITPaBHIIO,

Syl 4

One of the most promising optical materials are
thallium halide crystals with uniform transparency
in a very wide wavelength range, covering the visible
and mid-infrared spectral regions from 0.35 to 50 pm
(depending on the composition), 0.54 to 50 pm for KRS-5
(T1Br -TlI). The transmission is up to 70% in the absence
of absorption bands. The magnitude of the optical loss is
determined by the reflectance; accordingly, when apply-
ing an antireflection coating, absolute transmission
can be achieved. Crystals have mechanical, vibration,
chemical and moisture resistance, making them suit-
able for work in atmospheric conditions without special
protection [1-3].

The combination of all the above characteristics
makes it possible to improve the properties of equipment
in comparison with existing analogues in the range up
to 10 microns, as well as to create devices operating in
the range from 10 to 50 microns, which have no ana-
logues, using KRS-5 crystals.

The main problem is the complexity of optical machin-
ing of thallium halide crystals due to the softness and
plasticity of the material, high coefficient of thermal
expansion, low thermal conductivity, and high anisot-
ropy. Conventional machining technologies lead to the
formation of a deep damaged layer of the crystal struc-
ture during grinding and a low yield to usable when
finishing the optical surface by hand polishing.

In connection with the above disadvantages of con-
ventional methods of machining crystals, it is proposed
as an alternative way to use diamond machining with
cutting tool on ultra-precision machines, which will
avoid the formation of a significant damaged layer,
charge of the treated surface with abrasive particles, as
well as high machining temperatures. Also, diamond
machining of products from KRS-5, carried out without
coolant in a sealed cabinet, will allow collecting chips
that can be reused when growing crystals. Diamond
machining will ensure the required quality and preci-
sion of the machined surface, as well as significantly
increase productivity. As a rule, the surface roughness
of optical products made from KRS-5 is Ra 0.01 pm, and
the accuracy depends on the shape and purpose of the
products.

Thus, the following technological tasks for the
machining of KRS-5 crystals have been set: to work
out the optimal modes of diamond machining; work
out a way to determine the optimal crystal orienta-
tion; determination of the optimal way of basing the
workpiece.

TECHNOLOGICAL UNIT DESCRIPTION
Pilot machining of KRS-5 crystals was carried out at
the pilot production facility of Research and Produc-
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II€POXOBATOCTb IIOBEPXHOCTH ONTHYeCKUX H3[elUN
u3 KPC-5 cocrasnsgeTr Ra 0,01 MKM, a TOYHOCTb 3aBUCHUT
OT pOPMBI U Ha3HA4YeHHUsI U3/e/IHH.

TakuM 06pa3oM, TIOCTaB/IEHBI CIEyOMIHe TeXHOIOIH-
Yyeckye 33/avyu 1o obpabotke KpuctamwioB KPC-5: orpa-
60oTaTh ONTHMA/IbHBIE PEKHMBI JIE3BUHHON aJIMa3HOM
06paboTku; 0TpaboTaTh CrI0cob OIpeneeH s OIITHUMAIIb-
HOM OpHeHTAalluH KPHUCTA/IA; OIIpele/lUTh OINTHMANb-
HBI C110C00 6a31POBAaHHS 3aTOTOBKH.

OMUCAHUE TEXHOJIOTMYECKOW

YCTAHOBKU
OKCIIepUMeHTa/IbHas obpaborka KPHCTaJIJIOB
KPC-5 BbIIIOJIHEHA Ha OIBITHOM IIPOM3BOJCTBE

OO0 «HIIII CTaHKOCTPOUTENBHBIM 3aBof, «Tymramari»
Ha y/IbTpa IIPeLIU3HOHHOM CTeHJe (pHC. 1), KOTOpBIM
HMeeT ClIefyIole KOHCTPYKTHBHBIE 0COOEHHOCTH :
*  a3pOCTAaTHYeCKHe OIOPHI 1e/IeBOI0 THUIIA Ha CYIIIIOp-
Tax IIPOZIOILHOTO U TI0IIepeyHOro IepeMelleHU;
*  a9pOCTATHUYeCKUM WHCTPYMEHTAIBHBIN LIIHH[IEIb
Y IIITHUH/IE/b U3 /K,
e (CTaHHMHA CTaHKA YCTAaHOB/IEHA Ha BUOPOU30IHPYIO-
LIMX OIIOpaX;
* IIHeBMaTHYeCKHU IIPUBOJ, IIPOAOJIBHOIO M IIOIe-
PEYHOrO CyIIIIOpTa;
* paspellleHHe CUCTeMBl IIepeMelleHHH II0 JHHeH-
HBIM 0CsIM cocTaBjisgeT 0,1 MKM.
Ha creHze peann3oBaHa BO3MOXKHOCTh 00paboTKH
kpuctayyioB KPC Metomom ¢pesepoBaHUs OLHOPE3L0-
Bou ronoskoH (fly cutting), a Taxke

tion Enterprise Machine-Tool Plant “Tulamash”, LLC
on an ultra-precision machine tool (Fig. 1), which has
the following design features:

« slot type aerostatic supports on longitudinal and
transverse movements;

+ aerostatic tool spindle and product spindle;

« machine bed is installed on vibration-insulating
supports;

« pneumatic drive of the longitudinal and trans-
verse support;

« resolution of the linear axis displacement system
is 0.1 pm.

The machine tool offers the possibility of machining
KRS crystals by fly cutting, as well as by turning. To
carry out research, special equipment was designed
and manufactured, which is necessary for fixing the
workpiece. The equipment consists of a vacuum face-
plate and a retaining ring.

Before conducting research on the machine tool,
a number of preparatory operations were carried
out:

« setting the spindle axis of the product relative to
the X-axis guides in the horizontal and vertical
planes;

+ setting the parallelism of the axis of the tool
spindle and the product spindle in the vertical
and horizontal plane;

+ balancing a single-cutter head.

TO4eHHeM. [UIs IpOBefeHUs HCcle-
DNOBAHHUM CIIPOEKTHPOBAHA U H3r0-
TOBJIeHA CIIelMa/IbHAs OCHACTKa,
HeobxoguMas [/ 3aKperlie-
HUSI 00pabaThIBAeMOro H3[eNHUsl.
OCHACTKa COCTOMT M3 BaKyyMHOM
IUIAHIIAMOBI, a TakKe QUKCHPYIO-
IIIero KOJIbLIA.
Ilepern IpoBefeHHEM MCCIeNOBa-
HHUM Ha CTaHKe ObLI IIpOBelieH Psif
[IOATOTOBUTE/IBHBIX OITEPALIMIE
e BBICTABJIEHHME OCH  IIIIHMH-
e U3OeIus OTHOCHTE/IBHO
HaIIpaB/ISIIOIIMUX OCH X B FOPH-
30HTQIBHON U BepTHUKATBHOMN
IJIOCKOCTH

* BBICTABJIEHHE I1apajUIelIbHO-
CTH OCH HHCTPYMEHTAIBHOIO
IIITHHOENS U IIITHHAIS U3e-
JIUSL B BEPTUKAIBHOM H TOPHU-
30HTa/IbHOM IIJIOCKOCTH

 DayJaHCHPOBKA OIHOPE3L0BOM uct spindle

Puc. 1. Cxema 3kcnepumeHmanbHo20 cmeHod: 1= UHCMPYMEeHMAanbHbIl WNUHOeAb,

2- nonepeyHblli cynnopm, 3-npodoAbHbIl Cynnopm, 4-CmaxuHa, 5-eubpou3sonupy-

touiue onopsbl, 6 — WNUHOeAb uzdeaus

Fig. 1. Scheme of the pilot machine tool: 1~ tool spindle, 2 - transverse support, 3 -
longitudinal support, 4 — machine bed, 5 - vibration-insulating supports, 6 — prod-

6 BudA

bpe3epHO¥ TOJIOBKHU.

20 ®OoTOoHUKA TOM 15 N2l 2021



8 (800) 700-87-09 300002, Poccus, r. Tyna, HITIIT CraHKOCTDOMTE bHBIR 38801

| TYJIAMALL

info@cnc-tulamash.ru yn. MocuHa, 4. 2 ”’
www.cnc-tulamash.ru

MpoM3soAMTENb MHOMOGYHKLUMOHaNbHbIX
YAbTpanpeUnInoHHbIX 0bpabaToiBaloLx
LEHTPOS ANA MIrOTOBAEHHMA CNTHYECKMX
H3AeNWiA M3 METANNOB M KDWCTaNNos,
METOAaMK TOWEHKUS, Ppe3epoBaHMs,
WinHpoBaHMA M MoNKMPOBaHMS

TexHonormm mexaHoobpaboTKu
W obopyaosaHue

@

Mpnbe JPOCTPOEHUE MeauuwuHa A3pOKOCMOC OnTHKAa

TexHonornu obpaboTKu
ANg AOCTUMEHUS CYOMUKPOHHOM
TOYHOCTMW:

* ANMa3HOe ToueHue,

« ToueHWe C yNbTPa3BYKOM;

« AnmasHoe WwnudoeaHue;

+ [BEpAOE TOUEHMUE;

« DpesepoBaHve NeTY4YMM Pe3LOoM.

MaLumHbl 1 06opyAoBaHME:

» Cepua ¥TM: 2-5 ocesble
ToKapHo/ppesepHo/WwnudosansHble
obpabaTbiBalOWME LIEHTPDI.

« Cepua TM: 5-6 oceBbie TOKapHO-
¢pesepHble obpabaTbiBaowme LEHTPYI.
MaTepuanbl: AeTany TOUHOW MEXAHWKMK
W3 cTanu W CNNaBoB
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Puc. 2. AAmasHbie pe3ubl
Fig. 2. Diamond cutters

B KadecTBe peXyIlero MHCTPyMeHTa IpH HCCIe[o0Ba-
HUSIX KCII0/Ib30BIMCh a/IMa3Hble pe3lbl C paJuhycaMH
IIpY BepIIKHe r 1 MM U 5 MM (pHC. 2) C HyJIeBbIM Iepefi-
HHUM yI7I0M. JlIsSI KpeIUIeHHsI aIMa3HbIX Pe3LioB pa3pabo-
TaH CIelIUa/IbHBIN JAep>KaTe/lb, KOTOPBIM yCTAaHAB/IMBA-
€TCsl B KOPITYC OJHOPe3LI0BOk TOJIOBKH.

Ba3oBast IOBepXHOCTb BAKYYMHOM IIJIAHIIAObI TakoKe
6puta obpaboTaHa aJMa3HBIM Pe3LOM IIOC/Ie BBIIIOTHe-
HUS BCex IIOATO0TOBUTE/IbHBIX OIlepalitL.

TEXHOJIOrNSA OBPABOTKU U3LENUIA

13 KPC-5

[IpenBapuTenbHble SKCIIEPUMEHTH II0 06paboTke
LMJIMHIPHUYECKON 3aroToBKU u3 KPC-5 6putm mIpo-
BeJleHbl I10 TOKApHOM CxeMe (3arOTOBKa BpalllaeTcs
BOKPYT CBOEM OCH, HHCTPYMEHTY COOOIaeTcs ABHU-
skeHHe Topauu). Obpaborka Topua obpasua u3 KPC-5
IoKasasa, 4YTO KpHUCTa/UIorpaduyeckas OpHeHTALUs
B/IMsieT Ha KauecTBO IIOBEPXHOCTH, TaK KaK Ha 3aro-
TOBKe BM3ya/IbHO HaO/I0fanoCch uepeloBaHHE 30H
XPYIIKOTO pas3pylleHHs] M 30H, I[je Ha IOBEPXHOCTH
He Habmromanocs fepekToB (puc. 3). B cBA3M ¢ TeM, 4TO
H3MeHeHHe PeKMMOB 06paboTKU He IPHUBEJIO K yCTpa-
HEHUIO JepeKTHBIX 30H, ObLIO IPHUHSTO pelleHHe
OTKa3aThCsl OT TOKAPHOM CXeMbI U IIepedTH K dpe3epo-
BaHUIO, TaK Kak dpesepoBaHUe II03BOIUT y4UecTb I10J10-
>KeHHe 3arOTOBKH OTHOCUTETIbHO TPaeKTOPHHU IBHKE-
HUS HHCTPYMeHTa.

C y4eToM BBISIBTIEHHOM 0CODeHHOCTH 06paboTKU KpH-
ctauioB KPC-5 pa3paboTaHa U peanr3oBaHa MeETOAMKA
06paboTKH KPHUCTAJIOB METOLOM AJIMa3sHOIo ppesepoBa-
HUS1, COCTOSIILAS! K3 [IBYX 3TAIIOB:

1. OmpeneneHre  ONTHMAalIbHOM  OpPHeHTAIlUH

3arOTOBKM IpU pe3epoBaHHM, IPH KOTOPOM
He Hab/TI0/IaeTCs XPYIIKOIO pa3pyLIeH s ;
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We used diamond cutters with radius r 1 mm and
5 mm (Fig. 2) with a zero rake angle as a cutting tool in
the research. A special holder has been developed for
fastening diamond cutters, which is installed in the
body of a single-cutter head.

The base surface of the vacuum faceplate was also
machined with a diamond cutter after all the prepara-
tory operations were completed.

TECHNOLOGY

OF MACHINING KRS-5 PRODUCTS

Preliminary, the tests on machining a cylindrical
KRS-5 workpiece were carried out according to a turn-
ing scheme (the workpiece rotates around its axis, the
feed motion is communicated to the tool). Machining
of the end face of the KRS-5 specimen showed that the
crystallographic orientation affects the surface quality,
since alternation of brittle fracture zones and zones
where no defects were observed on the surface were
visually observed on the workpiece (Fig. 3). Due to the
fact that changing the machining modes did not lead
to the elimination of defective zones, it was decided to
abandon the turning scheme and proceed to milling,
since milling will take into account the position of the
workpiece relative to the tool path.

Taking into account the revealed peculiarities of
machining KRS-5 crystals, a technique for machining
crystals by the method of diamond milling was devel-
oped and implemented, consisting of two stages:

30HBI KPYIIHOI'O pa3pylIeHUs

Puc. 3. 3azomoska u3 KPC-5 nocne mokapHol 0bpabomku
Fig. 3. Workpiece made of KRS-5 after turning
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2. O6paboTKa 3aroTOBKU C YU€TOM ITPaBUIBHOIO OPH-

€HTHPOBAHUS.

IlepBBIM 3Tall, Ha KOTOPOM IIPOMCXOZHUT OIIpefese-
HUe ONTHMa/JIbHON OpPHeHTaI[uH 3aT0TOBKHU, PealM30BaH
Ha y/IbTpa IIPELIM3HOHHOM CTeHJe II0 CXeMe, ITPefiCTaB-
JIEHHOM Ha pHUC. 4. OfHOpe310Basi FOJIOBKA C JIMa3HBIM
Pe3LIoM C PaIlyCoOM =1 MM yCTaHAB/IHBa/Iach Ha HHCTPY-
MeHTa/IbHOM INuHAene. [InaHmaiba ¢ 3aroToBKOM
YCTaHABIMBATACh Ha LIINHHAeNe H3fenus. IIpu obpa-
0OTKe 3aroToBKa COBepIllajia BpallaTe/lbHble ABHIKEHHS
BOKPYI' CBOEHM OCH. TpaeKTOpHs ABIDKEHHS alMa3HOIO
pesIia IIPOXOAXIIA Yepe3 0Ch BPAllleHH s 3arOTOBKH.

O6paboTka BBEIOMHSUIACH HA CIEYIOMIHUX PeKUMaX:
YacToTa BpalleHHss WHCTPYMEHTAJIbHOIO IIMHHIENS
500 06/MMH, YacToTa BpallleHHs 3aroToBKU 0,5 06/MUH,
rnybuHa pesaHus t=10 MkM. ITocse 06paboTky Ha 3aro-
TOBKe 00OpPa30BBIBAIMCH 30HBI XPYIIKOTO Pa3pylleHHs,
KOTOpble MOXKHO OBUIO OOHApY>KUTb HEBOOPY>KEHHBIM
B3I/IsoM (pUc. 5). M3 aHaIM3a MOTy4eHHON KapTHHBI
PACIIONIO’KEHUSI 30H XPYIIKOTO pPaspyLIeHHsl, U 3Has
TPaeKTOPHIO IlepeMellleHHUsl aJIMa3sHOIr0 HMHCTPYMEHTa,
MOYKHO COPHEHTHPOBATh [eTa/lb B YITIOBOM IIOJIOKEHUH
TakUM 06pa3oM, 4TobsI IIpH 06paboTke obecrieurBaICs
TOJIBKO IUIACTUYHBIA CheM MaTepHhana, 6e3 XpyIIKoro
PaspyILeHHUs.

BTopoil 3Tam 3aKIoydaercs B o6paboTKe IIPaBHUIBHO
COpPHEHTHPOBAHHOM JIeTaIk I10 CXeMe, IIpeliCTaB/IeHHOM
Ha pHUC. 6. B OT/IM4Me OT CxeMbl, IIPH KOTOPOH OITpefes-

il 4

1. Determination of the optimal orientation of the
workpiece during milling, in which brittle frac-
ture is not observed;

2. Machining the workpiece taking into account the
correct orientation.

The first stage, where the optimal orientation of
the workpiece is determined, was implemented on an
ultra-precision machine tool according to the scheme
shown in Fig. 4. A single-cutter head with a diamond
cutter with a radius of r=1 mm was installed on the
tool spindle. The faceplate with the workpiece was
installed on the product spindle. During machining,
the workpiece made rotational movements around its
axis. The path of the diamond cutter passed through
the axis of rotation of the workpiece.

Machining was carried out in the following modes:
tool spindle rotation frequency of 500 rpm, workpiece
rotation frequency of 0.5 rpm, cutting depth t=10 pm.
After machining, brittle fracture zones formed on the
workpiece, which could be detected with the naked eye
(Fig. 5). From the analysis of the obtained picture of
the location of brittle fracture zones and knowing the
path of the diamond tool, it is possible to orient the
part in an angular position so that only plastic removal
of material is provided during machining, without
brittle fracture.

The second stage consists in machining a correctly
oriented part according to the scheme shown in Fig. 6.

Puc. 4. Cxema onpedeneHusi onmumanbHou
opueHmMayuu 3a20mosKu

Fig. 4. Scheme for determining the optimal
orientation of the workpiece

OdHopesuosa PpesepHan 20A08Ka A nundens uzdeaus
HHcmpymenmanbHbill
winundes Rapemrka ocu X A(ysenuseno)
A
| Aamasnbtil pesey, Obpabambplzaeman
_,r—|—| N |~ 3020mosKa
°
. P I
°
Kapemka ocuZ
\ HanpasneHue spawieHus
I_ —| 7 UHCMPYMEHIMAALHOZ0
| | winuHdens
Hanpasnenue spoujeHus 30201mosku
Q@

Obpadampleaemasn
nosepxHoOCMb

Tpaermopua 0sudenua pesua npoxodum
uepes ueHmp spauieHus demaoau
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JIOCh PACIIONIOKEHHE XPYIIKHX 30H, 3alOTOBKAa He COBEP-

IIAeT BPAIATEIbHOTO JBIKEHHUSI, A [IePEMEIIIAeTCs] OTHO- |  [IpHMepsl TPaeKTOPHi a/TMasHOTO pesia 30HEBI XPYIIKOTO
CUTeTBbHO Qppe3epHOI FOJIOBKH C IBIDKEHHEM II0JAYH. TIPH KOTOPOM He Hab1Ti0fiaeTCs XPYIIKOTO IPEETR N0
pa3pylLIeHus] MaTepraia MaTepHaia

Crieqpl XPYIIKOTO paspylleHMs, [IolTydeHHble Ha 3aro-
TOBKe IIPU SKCIIEPHMEHTe, YCTPAHSIHCh ITyTeM ITpef-
BapUTEIBPHOM 00pabOoTKH Ha C/IeAyIOIIUX PeKHUMAaX:
YacToTa BpallleHHss WHCTPYMEHTA/JbHOIO IIMHH[eNs
1000 06/muH, CKOPOCTb II0AAYH 3arOTOBKU 12 MM/MHUH,
r1ybrHa pe3aHus 50 MKM. J|J1s yCTpaHEeHHUsI BCeX CJIe[J0B
XPYIIKOTO Pa3pyLIeHHUs IT0TPeboBaTIOCh CHSITH C 3aTOTOBKU
rpuIryck 6omee 0,25 Mm. Jlanee 06paboTKa BBIIIOTHSIACH
Ha YHCTOBBIX PEKHMMaX aJIMAa3HBIM Pe3LOM C PafilyCcoM
5 MM. YHCTOBBIe PesKUMBI 06PabOTKH, Ha KOTOPBIX IIOTTY-
YeHO HaWIydulllee KauyecTBO II0BEPXHOCTH, CJIedyIOIIHe:
YaCcToTa BpAlleHHsS HHCTPYMEHTAIBHOIO IIIIHH/AENS
1000 06/MHH, CKOPOCTb IIOIAYM 3arOTOBKU 12 MM/MHUH,
r1ybMHa pe3aHUs t=3 MKM.

Ha 06paboTaHHOM I10BEPXHOCTH IIOTHOCTBIO OTCYT-
CTBOBJIM C/Ie[Ibl XPYIIKOIO PaspyIleHMsI, YTO IIOATBEp-
IOUIO0 IIPAaBHJIBHOCTh OpPHEHTALIMH 3aroTOBKH, OIIpe-
IeJIeHHOM Ha IIepBOM 3Talle, a Takke IIPaBH/IBHOCTb
HICII0/Ib30BAHHOM MeTONUKH 06paboTky. [11epoXoBaToCTh
IIOBEPXHOCTH, 3aMepeHHas C IIOMOIIBIO IIPODHIIOMETPA,

cocraBria Ra 0,01 MKM. Puc. 5. 3azomosku u3 KPC-5 noc/e 8bisieneHLs onmumManbHoll
Ilo pa3paboTaHHOU METONHKe, OTMHCAHHOH BBIIIE, | opueHmayuu

Obia BbIMONMHEHA 00paboTka TOPLEBBIX IIOBEPXHOCTEH | Fig. 5. Workpieces made of KRS-5 after identifying the optimal
CBeTOEIMTELHOI0 Konblla U3 KPC-5, KOTOpoe Ipen- | orientation
CTaBssieT cobOM KOMIBLIO C HAPYKHBIM JHaMeTpoM 60 MM,
BHYTPEeHHHM JHUAaMeTpoM 36 MM M TOIIIHMHOH 6 MM.
K u3nenuio mpenbsiBieHsl clenyonie Tpebosanus tod- || Unlike the scheme in which the location of fragile zones
HOCTH U Ka4yecTBa: IIepOoXOBAaTOCTb IIOBePXHOCTH Ra 0,01 || was determined, the workpiece does not rotate, but
MKM, TOYHOCTb GopMbI N=0,5, MecTHast omubka AN=0,2, || moves relative to the milling head with a feed motion.
KIMHOBHUAHOCTD MeHee 2-X YIJIO-
BBIX CeKyH[. CBeTo[e/lHTelbHbIe
KO/IbLla HaX0AAT CBOe IIpHMMEHeHHe Hanpasaenue spauienus
B (PYPBE'CHGKTPOMETP&X U B HACTO- UHCIPYMEHIMAALHO20 WNUHOEAR
slllee BpeMsl H3TOTaBIHBAIOTCS
M3 CeJleHU/A LIMHKA, HeJOCTaTKOM b
KOTOPOILO SIBJISIETCS  BOAOPACTBO- » Hauanphoe noAoskeHue demanu
pumocts. Kpucramiel KPC-5 aByis-
IOTCSI BJIATOCTOMKHMMH, YTO IIOMO-
SKeT IIOBBICHTb XapaKTePHUCTHKHU Opadambisacman
~ HOBEPXHOCME
bypbe-CIIeKTpOMeTpPOB.

[TocnenoBaTenbHOCTE 06paboTKU
TOPLIEBBIX IIOBEPXHOCTEHM KOJBIIA
COCTOSUIA U3 CJIe[IYIOLINX 3TAIIOB:

1. YepHoBasi obpaboTka 3aro-

, Koneunoe
TOBKHU C OOHOM U3 CTOPOH noAoxeHue demanu OnmMUMansHas mpaermopun 08UREHUA
pesua, obecredusarowasn 0bpabomey
C Lie/IbIO YCTpaHeH U nedeKToB e apyTK020 pa3pyIEHLA
IIpeiBapPUTEIBHOMN 00paboTKH.

2. Ompepenenue OIITHMaJIb™ Puc. 6.Cxema o6pabomku 3azomosok u3 KPC-5 memodom ¢ppeseposaHus

HOHM OPHMEeHTAallK 3arOTOBKU Fig. 6. Scheme of machining workpieces made of KRS-5 by milling
I10 CXeMe Ha puc. 4.

Hanpasnaenue nodaqu demanu

Tpaekmopla dsuskeHUA pesua

Xod demanu
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3. OpueHTHPOBaHHE 3aTOTOBKH B OIITHMAaJIbHOE I10J10-
JKeHHe 1 YepHOoBast 06paboTKa C Lie/IbI0 YCTPaHeHH I
C71e/I0B XPYIIKOIO Pa3pylLIeHHUs .

4. O6paboTKa 3aroTOBKM Ha YHCTOBBIX PeKHUMax
II0 CXeMe Ha pPHC. 6.

5. TlepeBOpOT 3aroToBKH U 06paboTka BTOPOH TopLie-
BOL [T0BEPXHOCTH, IIOBTOPSISI ITYHKTHI 1-4.

6. IlepeBOpOT 3aroTOBKM W YHCTOBas obpaboTka Iiep-
BOX TIOBEPXHOCTH.

B 3aBHMCHMOCTH OT HeOOXOZMMOM TOUHOCTH (OPMBI
KOJTMYEeCTBO I1€PEBOPOTOB 3aTOTOBKK MOYKET OBITh YBETH-
YeHO. ITO JeNaeTcs AJIsl YCTPAHEHHUSI TeXHOIOTHYeCKOH
HaC/IeICTBEHHOCTH, KOTOPasi MOXKeT IIPHBECTH K HCKasKe-
HHUIO GOPMBI U3Ie/HSI.

ITo OIIMCAaHHOM BBIIIe METOAMKe ObUT 06paboTaH psir
3KCIIepUMeHTa/IbHBIX 06pa31ioB. $oTo 06paboTKH KOMbLIA
II0Ka3aHO Ha pHC. 7.

MeTposIorHYecKUE KOHTPOIb GOpMBI 06pabOTaHHBIX
[IOBEPXHOCTEHN OCYILeCTB/ISUICSI Ha HHTepdepoMeTpe
OWII150 HP XT ¢ 065eKTUBOM IS IUIOCKOM OnTUKU TF 6"
A/20 Zygo Corp. Pabo4as AyTHHA BOMHBI HHTepdepoMeTpa
632,8 HM.

Ha puc. 8 mpencrasieH 3amep GOpPMbI IIOBEPXHOCTH
Hamnyqniero obpasua. TodyHOCTb GOPMBI COCTaBHJIA
N=4,5 (1,239 mkm), AN=2,1 (0,678 MKM), KJIMHOBH[-
HOCTh ~ 6,9 yIJIOBbIE CEKYHIbI. Kak BHIHO U3 pe3yJib-

Puc. 7. Obpabomka konbua u3 KPC-5
Fig. 7. Machining a ring made of KRS-5

=

Prior machining in the following modes elimi-
nated traces of brittle fracture obtained on the
workpiece during the test: tool spindle speed 1000
rpm, workpiece feed rate 12 mm/min, cutting depth
50 pm. To eliminate all traces of brittle fracture, it
was necessary to remove an allowance of more
than 0.25 mm from the workpiece. Further, the
machining was carried out in finishing modes with
a diamond cutter with a radius of 5 mm. Finishing
modes of machining, which obtained the best sur-
face quality, are as follows: tool spindle speed 1000
rpm, workpiece feed rate 12 mm/min, depth of cut
t=3 pm.

There were no traces of brittle fracture on the
treated surface, which confirmed the correct ori-
entation of the workpiece, determined at the first
stage, as well as the correctness of the machining
technique used. The surface roughness measured
with a profilometer was Ra 0.01 pm.

According to the developed technique described
above, the end surfaces of the beam splitting ring
made of KRS-5, which is a ring with an outer diam-
eter of 60 mm, an inner diameter of 36 mm, and
a thickness of 6 mm, were machined. The following
accuracy and quality requirements are imposed on
the product: surface roughness Ra 0.01 pm, shape
accuracy N=0.5, local error AN=0.2, wedging of
less than 2 arc seconds. Beam-splitting rings are
used in Fourier-transform spectrometers and are
currently made from zinc selenide, the disadvan-
tage of which is water solubility. KRS-5 crystals are
moisture resistant, which will help improve the
characteristics of Fourier spectrometers.

The sequence of machining the end surfaces of the
ring consisted of the following stages:

1. Rough machining of the workpiece from one of
the sides in order to eliminate defects in the pre-
liminary machining.

2. Determination of the optimal orientation of the
workpiece according to the scheme in Fig. 4

3. Orientation of the workpiece to the optimal posi-
tion and roughing in order to eliminate traces of
brittle fracture.

4. Machining the workpiece in finishing modes
according to the scheme in Fig. 6.

5. Turning the workpiece over and machining the
second end surface by repeating points 1-4.

6. Turning the workpiece over and finishing the
first surface.

Depending on the required shape accuracy, the
number of workpiece turns can be increased. This is
done to eliminate technological heredity, which can
lead to distortion of the product shape.
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TaTOB HHTepdeporpaMMel, obpa-

6oTaHHasi 3arotoBKa MMeeT GopMy
cemna. Takylo ke Qopmy cemia
VIMeJIH U OCTaJIbHBIE 06paboTaHHBIe \
3arOTOBKH. %

C Le/bio IOMCKA IIPUYHH 06paso-
BaHUS Ce[y1000pa3HOI IIOBEPXHOCTH

T E |

=h T3

-

Ha cTeHJe ObUIO 06paboTaHo Men-

HOe KOJIBII0 C pa3MepaMM, COBIIA-
JAIOMKMMH C pa3MepaMH KOJblia
u3 KPC-5. PeskuMbl M cxema o06pa-
60TKHM 6BUIM TaKHMMH 3Ke, KaK IIpU
06paboTKe KPHUCTAIIOB, 32 HCKIIIO-

[PETT] Bams Cita]
| s s s
= [N 1 Bats FILL Raxi B0 B -
e e ] (Cr—Tmm:
Apsrturs 0 (R | Enuu [T NLT IIHL'H-:' [ I

Puc. 8.Pe3ynbmam mempoAno2u4ecko20 KOHMpoAsi GopMbl NOBEPXHOCMU
Fig. 8. Result of metrological control of surface shape

yeHHEeM HeoOXOAMMOCTH BbISIBIIE-
HHUSl MPaBWJIBHOU OpHEHTalluU
3aroToBKH. HccemoBaHue 110 06paboTKe MeIHBIX KOJIe]
II0Ka3aJI0 OTCYTCTBHE BHAKMOK Cey1006pa3sHOCTH 3aro-
TOBOK, a TaKKe 3HAUYUTE/IbHOE yIydllleHHhe TOYHOCTH
bOopMBI I10 CpaBHEHUIO € 06pabOTKOM KPUCTALIOB, N=1,47
mpoTtuB N=4,5,

TpebyeMasi TOUHOCTb pOPMBI KOJIBLIA HE MOXKET OBITh
obecrieyeHa Ha CTeHJe M3-32 €r0 KOHCTPYKTHBHBIX OCO-
GeHHOCTel: HU3Kasl KeCTKOCTh, OTCYTCTBHE MeXaHH3Ma
TOYHOM IOCTHPOBKM OCH IUIMHMHAENS H3[eNus B BepTH-
KJIbHOMU IIJIOCKOCTH.

BbiIBO/1bl

IIpoBemeHHBIe MCCIEI0BAHMS II03BOJIM/IN IIOHATE 0CO-
6eHHOCTH 00pabOTKH M QU3MUKY IIpolLlecca pe3aHHUs
KprcTa/uioB KPC-5, IIpu 3TOM YLa/I0Ch BBISICHUTD, UTO
TOYHOCTb QOPMBI CBSI3aHA C aHHU30TPOIIHEel KPHUCTaJI-
0B KPC-5 ¥ HM3MeHeHHeM TBePAOCTH B Pa3IMYHBIX
HaIpaB/leHUAX, a TaKKe HEOJHMHaKOBOCTBHIO YCJI0-
BHUM pe3aHHs, TaK KaK 3aroTOBKa HMeeT KpYIJIyIo
dopmy.

DKCIIEPUMEHTBHI, IIPOBeIeHHbIe Ha CBeTONETUTe/IbHBIX
Konblax U3 KPC-5, m03BONMMIN OTPabOTaTh TEXHOJIOTHIO
06paboTKH, a TakKe 110A0OpaTh ONTHMA/IbHBIE PEKKIMBI
pesanus. [IOCTUTHYThbIe ITapaMeTphl TOYHOCTH M Kave-
ctBa (N=4,5; Ra=0,01 MKM) IIOBEPXHOCTH SIBJISIFOTCS
JOCTATOYHBIMU IS CTAHJAPTHBIX OITHYECKUX H3[e-
MUK (HalpuMep JIMH3bl U OKHa). OJHAKO COBpPeMeH-
Hble OITHYecKHe ITPHUOOpPBI IpembsBISIOT Oojiee BBICO-
Kye TpebOBaHMSI K KaueCTBy KM TOYHOCTH OINTHYECKHX
[IOBEPXHOCTEH.

JUIs TIOBBINIEHHUSI TOYHOCTH K KadecTBa 06paboTKH
TpebyeTcs:

* IIOBBbILIEHME YKeCTKOCTH OCHOBHBIX Y3/I0B CTaHKA
(I103BOJIUT YCTPaHHUTh BIMSIHHE aHHU30TPOIIKH KPH-
CT//IOB Ha Ka4yecTBO 0OpabaThIBaeMbIX IIOBEPXHO-
CTel);

* MCIIO/NIb30BaTh BCTPOEHHBIE MeXaHM3MBI BBICTaB-
JIeHUsI Y3/I0B CTaHKa (II03BOJIAT YCTPAaHUTb OTKIIO-
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A number of test samples were machined by the
method described above. A photo of the ring machin-
ing is shown in Fig. 7.

Metrological control of the shape of the treated
surfaces was carried out on an OWI150 HP XT interfer-
ometer with a TF 6" A/20 Zygo Corp flat optics objec-
tive lens by Zygo Corp. The working wavelength of the
interferometer is 632.8 nm.

Fig. 8 shows the measurement of the surface shape
of the best sample. The shape accuracy was N=4.5
(1.239 pm), AN=2.1 (0.678 pm), the wedging was
6.9 arc seconds. As can be seen from the results of
the interferogram, the machined workpiece has the
shape of a saddle. The rest of the machined blanks
had the same saddle shape.

In order to search for the reasons for the formation
of a saddle-shaped surface, a copper ring with dimen-
sions matching the dimensions of a ring made of
KRS-5 was machined on the machine tool. The modes
and scheme of machining were the same as when
machining crystals, with the exception of the need
to identify the correct orientation of the workpiece.
Research on the machining of copper rings showed no
apparent saddle-like shape of the workpieces, as well
as a significant improvement in shape accuracy com-
pared to crystal machining, N=1.47 versus N=4.5.

The required accuracy of the ring shape cannot be
ensured on the machine tool due to its design fea-
tures: low rigidity, lack of a mechanism for precise
alignment of the product spindle axis in the vertical
plane.

CONCLUSIONS

The studies carried out made it possible to understand
the features of machining and the physics of the cut-
ting of KRS-5 crystals, while it was possible to find out
that the shape accuracy is associated with the anisot-
ropy of the KRS-5 crystals and the change in hardness
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HeHMe OT IIepIeHAUKY/ISPHOCTH OCH IIIIUHAeNS
K IUIOCKOCTH 0OpabaThIBaeMOM [eTalM, a TakKe
YCTPAaHUTh I[IPUYMHBL BbI3bIBAIOLIKe KIMHOBHI-
HOCTB 3aIrOTOBKH);

¢ KOHTPOJIHPOBATh GOPMY 3arOTOBKH 6e3 CHATHS ee

CO CTaHKa JIsl KOPPeKLUH TPaeKTOPUHU JIBUKEHUS
CYIIIIOPTOB HA YMCTOBOM IIPOXOZie C IIOMOLIBIO CIIe-
ITUAJIBHOM byHKLIMH, 3aIo’keHHou B UIIY (r103BO-
JIUT TIOBBICUTb TOYHOCTh 0OpabaThIBaeMbIX H3ie-
JIUN).

ITpenaraeMsIi criocob 06paboTku KpucTawioB KPC-5
IIO3BOJIUT IIOBBICUTDH ITPOM3BOAUTEIBHOCTh HU3TOTOBJIE-
HUS OHTHYECKUX M3LeNIHH ¢ obecriedeHreM HeoOXOmu-
MOIM TOYHOCTHM M KauecTBa. I3roToBleHHEeM Y/bTpa-
IIPeLIM3MOHHBIX CTAaHKOB II0[, II0f0OHBIE 33amauu B PO
3aHuMaercss OOO «HIIIT CTaHKOCTPOUTETIbHBIH 3aBOZ,
«Tymamann»,
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in different directions, as well as the unequal cutting
conditions, since the workpiece has a round shape.

The tests carried out on beam-splitting rings made
of KRS-5 made it possible to work out the machining
technology, as well as select the optimal cutting condi-
tions. The achieved parameters of accuracy and qual-
ity (N=4.5, Ra=0.01 pm) of the surface are sufficient
for standard optical products (for example, lenses and
windows). However, modern optical instruments place
higher demands on the quality and accuracy of optical
surfaces.

To improve the accuracy and quality of machining,
one will need to:

+ increase the rigidity of the main units of the
machine (will eliminate the effect of crystal
anisotropy on the quality of the machined
surfaces);

« use the built-in mechanisms for setting the
machine units (they will eliminate the deviation
from the perpendicularity of the spindle axis to
the plane of the workpiece, as well as eliminate
the reasons causing the wedging of a workpiece);

« control the shape of the workpiece without
removing it from the machine, to correct
the path of movement of the supports on
the finishing pass using a special function
embedded in the CNC (will improve the accuracy
of the machined products).

The proposed method for machining crystals KRS-5
will increase the productivity of manufacturing opti-
cal products while ensuring the required accuracy and
quality. The manufacture of ultra-precision machine
tools for similar tasks in the Russian Federation is
carried out by Research and Production Enterprise
Machine-Tool Plant “Tulamash”, LLC.
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: CUHTETUYECKUI

nﬂaCTMHbI, OKHa, NoANOXKKIA:
CMOTPOBLIE, 3aLNTHLIE, CKAHEPHbLIE OKHA, YacoBbie
CTEKNa, 3IKpaHbl AN EMapTHOHOE M MOBUNBHBIX

TEIIE[')DHDB  ONTHHECKKWME KOMMNOHEeHTE!

Tpybbl 1 TUMNK

TPYBKM 1 TUINK PazNUYHON ANUHBI U CEYeHUA
ANA Namn BLICOKOTO AaBNeHun, TEpMOPEeakTopos,
YCTAHOBOK NNazmMeHrHOro TpaeneHa

CTep>KHU Kpyrnoro u
NPAMOYIOfIbHOMO CeYeHUS:
CEBETOBOAOLI ANA NWUPOMETPOE, NNYHAXEPRa ONA
xpnmmurpal:b HHYE8CKWUX HACOCOB M CMKBEHATOpPOB,

H3IONATOPBI, M3H OCOCTOMKME Han PaenAoLWKre

NHAMBMAOYaNbHbLIA 33Ka3:
TepMopeakTopbl, 4acoBble M NPUBOPHbIE KaMHK,
NnogWUnHMEK, KOMNOHeHTE! 4NA Ha}"‘-IH'DI:I M
MeaUUWHCKOA TeXHUKK, BpekeTsl, CyBeHUpHan

npogyKurs

ObopynoBaHve Ans BblpaliMBaHns
KpWCTannos

Nika-M60, Nika-M30, Nika-3, Nika-PROFILE
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