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«Zuyuunnwtth ghnmpmniitbph wqquyhtt wugbdhugh b Zujwunwth wqquyh
wn hnkthjulut hwdwjuwpwuih nkntjughp. mkuthfjuwt ghnnipmnititph ukphw»
hwinbunid nuugpynid & mbuwub b thopdwpwpului hbnwgnunnipinitubph wpy-
jniupubpp nwkuthjulwt ghnnipeniuitiph hbnbywy pudhtubiphg dbptiwshunipenil, dknw-
Inipghw, nipughunnipinil, pugtkppoguuugnpsdwi wkuuninghwukp, shttwpwpulwb Yu-
nmigquspubkp, hhnpuyihjw b hhppnunkthjuwt juenygubkp, tukpgbnhlju, LEjunpw-
wnkthiw, ghnwju vwppwoptnipni b swthnquljut wkthjw, hwyynnuju nku-
uhw b hupnpldwnplu, nunhnkEupnuhu, dhipnkEjupntuhlu, juqbpught nkuthlu,
wjunndunugnid b junwjupdwt hwdwlupgtp:

Zubnbunud nuuuwpwinud By wjunbdhwlwt b gninuyhtt ghnwhbunwgnunuljut
htunmhwnmunubph, pothtph, ghnwwpununpuljut dhwynpnudutph b wy) juqduwlbpyne-
pinituttinh ghnwljui gnpéniutinipjut wowyl] juplnp wpyniupubpp:

Zwbnbuh hhdtwluwt tyuunwlt b upuil] ghnwnbuthjuljut woweppugn b
hywuwnk] wpnunpnipju Uk wyn wpnniupubph ukpypdwin:

Zuungbup twppwnbuws b fwpunwpugbnibph, hbnwgnunnuiph b ghntwfwb-
ubkph juyt opowititkinh hwdwn: Loyu £ wmbkutind Eptip wdhup dkl whqud:

B xypnane “UsBectus HanmownaneHoll akamemun Hayk PA u HanuonansHOro momurex-
HUYECKOTO yHUBepcuTeTa ApMmeHun. Cepusi TEXHHYECKUX HAyK' MyOIUKYIOTCS Pe3yNIbTaThl TEOPETH-
YECKHX M SKCIICPHMEHTAIIbHBIX HCCIEAO0BAHUH, OXBATHIBAIOIIMX OCHOBHBIE Pa3/ebl TEXHUYECKHX
HayK: MalIHHOCTPOCHHE, METAJLTyPris, MaTepHAIOBEICHIE, TEXHOIOTUH HEPOIIOIb30BaHHUs, CTPOU-
TeJbHbIE KOHCTPYKIHH, THAPABINKA U THAPOTEXHUUECKHUE COOPYIKEHHs, SHEPreTHKa, HIeKTPOTEXHHUKA,
Hay4YHOE MPUOOPOCTPOCHUE M M3MEPUTENbHAS TEXHHUKA, BHIYMCIUTENIbHAS TEXHUKA U HHOOpMATHKA,
PaJMOdIEKTPOHNKA, MUKPOIJICKTPOHHKA, JIa3ePHAst TEXHUKA, aBTOMATH3ALMs M CUCTEMBI yIIPaBICHHUS.

KypHan sBisieTcs EPHOJUIECKAM H3IaHHEM, OCBELIAIONINM Hanbosee BaXKHbIE Pe3yJIbTaThl
HAay4YHOH NEATENLHOCTH aKaJeMHMYECKUX M OTPACIeBBbIX HAyYHO-HCCIEAOBATENbCKHX HHCTHUTYTOB,
BY30B, HAyYHO-TIPOU3BO/ICTBEHHBIX O0BECANHEHHUI 1 JID.

OcHOBHas 1IeNb XKypHaJIa - NPOIaraHAupoBaTh (HyHIAMEHTAIbHBIC U NPHKIAJHbIE HCCIEN0-
BaHMS B 00JAaCTH TEXHHYECKHX HAyK, CIOCOOCTBOBATH BHEAPCHHIO HX PE3yJbTaTOB M YCKOPEHHIO
Hay4YHO-TEXHUYECKOT'0 IPOrpecca B IPOU3BOACTBE.

XKypHan paccunTaH Ha IIMPOKUH KPYT YYCHBIX, UCCIICNOBATENCH M HHXEHEpOB. BBIXOMHUT
OJIMH pa3 B TPU MecsLa.

The journal “Proceedings of the Republic of Armenia National Academy of Sciences and
National Polytechnic University of Armenia. Series of Technical Sciences” publishes the results of
theoretical and experimental investigations concerning the main branches of technical sciences:
mechanical engineering, metallurgy, material science, mining engineering, natura utilization, building
constructions, hydraulics and hydrotechnical constructions, power and electrical engineering, scientific
instrument making and measuring devices, computer science and informatics, radioelectronics,
microelectronics, laser eqeupment, automation and control systems.

The journal is a periodical edition that presents the most important results of scientific
activities at academic and branch scientific-research institutions, universities, research - industrial
companies, etc.

The main task of the journal is the propaganda of fundamental and applied investigations in
the field of technical sciences, and the promotion of their introduction and the acceleration of
scientific and technological progress in industry.

The journal is intended for a wide range of scientists, researchers and engineers. It is

published once in three months.
% %k %
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U.Q. UNFULSUYL, 4.U. AUNIUUULSBUYL, G UL YUUPL3UL,
U.U. ZUrnkesSNrLUL

SUL Ursuuuuu *61LenNhU 2Q0RL4UD ULSNRUPLUSPL
ZUUUQNPLIUOLLE P HENNITUUSUUL LUMJUOUSPL 4hXUYh
2BSUNSNhUC B9 YUNNRSIUOLP Nk ZUSUNPESNPLLED
QEIUINCUTL OrhLU2U0NhE3NPLET

Munifuwuhpyty b dnygus wpnidhtughtt hwdwdnyjusputinh nwp wpunudndu
phdnplugdwt jupyuduyhtt Jhdwlp b jurnigwsdph nt hmnynipnitubph dbwdnpdwi
nupwgpp: Fugwhwynygly b, np wpnwdniut dudwbwl] dknwunh onuljwdl skpntpp Gu-
pwupyynud & ny dhuyl wnpwgpughtt b juyuljub, wy) bwb vwhph gEdnpudwghuyh: dEpghtiu
ulippht otipntphg nhwh dwltpbnipught okipnbtp wdnd kb Udnd ki hwb Epjupugdu
hhubwljut jupnidutpp b vwhph nEdnplwghwbph gnudwpnp: 8nyg k wpgws, np dudjdw
dwuh Eph Unun tpjupugdwt qiluwynp jupnidubph nignnipnittbpp muppkp B, gputp
Juqunid i dwdjdwi wpwugph htwn npnowlh wilynil, npp tnyhybu wdnwd k nhyh dw-
Ytpunype: Upyniupnid pugwhwyngty b, np giluwydnp swnuwnught b opgwigdwyht nhdnp-
dwghwubpp hwinghuwinud Bu wpgbjulnn phdnplughwbp:

Unwigpughl puwnkp, dnynud, wpjnudhttughtt hwdwdnyusp, nwp wpnwdnnud,
uwhph nidnpdwghw, jupnud, dwdjudwyp, Lugnid:

Lhpwbmpmil: fupdp mbuwjuwpup wdpnipyudp, hpudpnipyudp, wiwu-
nhlnipjudp b wy) wpdipuynp hwnlnipniuubpny odnyws unp Wynipbph unbns-
dwt pwquyunnid dEé hnwppppmipnit Bu - ubpujugind  dbnwnujut
hhupny Ynuwnghunught mptpp, huswhuhp kb, ophtul, thuytpu dwuthubpm]
Jupspwgnn b ghuybpu hwnhlubpng wdpugynn ynipbpp, npnighg wnwehunid
nhuybtpu dwutthlubph swhbpp mwnwidnwd Eu 0,01 #fi~hg dhtish 0,1 G, huly
Swwjuyhtt ywpnitwlmipiniup® 1-hg 15 durd. %, dhusnlin tpypnpnnud ghuybpu
hwunhlutph swhbpp ghipuquignid G 1,0 ¢4, hul] Swwjuyhtt wupnibwynipe-
miup’ ~25 dwy. %: Undynghwnuwht Wnipbph wyp ophttwl Eu hwinhuwimd tpl-
dbnwnulwi b obpunugnp Wyniptpp: Uujuyi hwnlnipmitubph puquuquiinie-
jutt mbuwlnithg wnwyt) hkpwtjupuyghtt b dbnunuljut phptipn] wdpuiw-
Ynpdws Yndynghwnuwght yympbpp, npnig vk dbinunujub plptiph npudwghdp
nwnuiynd | dby dyd-h dwubphg dhugh dh pwith tnwutyuly b hwpnip dyd, huly
Swjuwjuwyhtt yupnitbwlmpiniup® dh putth % -hg dhsh 70 dwy. % b wykih:
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dkpohtt nuphubphtt wpynitwpkpnipyut tuppbp ptuqujuetbpmd juygt
Jhpurmpintt o uinwgh] hwnljuybu wynudhth hhipny pupdpudnip hwdwang-
Jusputpp b Yndwynghwnuyht Wynipbpp, npnig vnwgnidp btywwnwlwhwpdwp &
hpwljutwugut) dnydwt mbjuininghwbpny: Munhpt wj £, np wynudhiught thnopte
pujuljuttht opuhnugws Lk, husp junspunnuinid t {Eghpnn vwwppbph htn dhnw-
nuiut yntnwlnh b hbnmbwpwp' hwdwubn hwdwdnyusph vnwugdwp, nph
htwnlwupny jupunn ndupuinid L wihpwdbon dkwihjuljui hwwnlnipmnii-
ubph wywhnynudp: Pugh woywshg, wynidhtiught thnphtt padujuib puiitly b 2n1g-
dwlt tnpuiwlny vnwgdws hwdwdnjusputipnud wpdwsd phpnipmitibpt huywn
Yhpuwimd G Uynu ynqihg dmpdw wpunbph Jpugdut b dwipuhunhl
Junrnigqusp unwbwnt tyyunwlny, npntp wywhnymd b pupdp dkjpwthw-
Julwb hwnlimpiniuubph vnwugnid, dwdwbwljuljhg nkpuhjunid kS Yhpw-
nnippnih kb gty £bpdwdp dpwldwi nkitininghwikpp, wyn pymd’ nwp wpnw-
Unnudp:

Glutny Jtpnhhojuhg” wohiwnwiph tyyunuljs £ hbinwgnunky dnydws wy-
mudhttughtt hwdwdnyJusputph wup wpunudndub nidnplugdut jupdusuyghe
Jhdwljp b nunidtwuhply junnigusph nt hwnynipmnitubph dbwgnpdwt gnps-
nupwgp, husp hwtinhuwund £ juhun wpphujut b hkpwlwpuyghtt jpughp:

unnh gpusépp b dbpnnhljuyh hhdtwygnpnudp: Ukwnwnubph phdnpdwg-
dwt gnpdplpugh hbnwgnundwt hwdwp fhpwnynid bu puquuquits hnpdiwljub
b wnwtdht nhypbpnd’ Jhpniswjwt hbnmwgnuumipinibubp: Uju Enuwbwljabpp
htwpwynpnipnit G mwjhu vwhdwilk] wpnudnynn dbknwnh swjwh mwuppw-
Juwt dwuthlhubph thnjuununpd mbnutnpnipeniattpp, wyn nknuhnfunmpoibtbpp
npnonn npujului b pwhwluwlwh juusnipmiuttpn b, hbnbwpwp, tub wp-
wnwdnynn dbkinwunh phdnpdugdwt jupdusught yhgwlp [1-5]: @npdbpp Junwp-
b B @25 /'t h=45 /if swmthubipny A5E+(5,7...6,5)%Cu pununpnipjudp wjnidh-
tuyhtt hwdwdnijubphg dndus guutuljut b jhuwgutulut tdnipubph pu:

ZEwnwgnunipjwt wpyntbpltpp: Ninhn wpnwhnupny dwdjdwb dudwbuy
Ubkwnwnh Jpuw wgynn wpunwphtt nudbph b gpuig wowewgpws jupnudubph upuk-
dwb wuwnlkpyws kuy. 1-nud [3]:

Upunwunynn dbnwnh Jpuw dwdjuwdwnhg wqnnn ndbpp b jupnudubpp
(oun) huinku ki quihu npybu wpwetiwhtt wljnpy, hul Ynunbjukph Ynnught b
ptp duljiplinyputphg wgnnn nmdbpp b jupnudubpp (oyy, oyp), hsybu twb Ynuunky-
utph b dwdjudwnh Jpu wnwewgus sthdwt nidbpp (Tyw, Typ, Tyy, Ten)' npuybu
Epypnpnuyhtt wjnhy nidbp b jupnudubp: Unbnbjubph Jpuw wpnwdnynn dbnw-
nhg wqnnn nidtipp b jupnidubpp hwinhuwinud Bu nbwljnhy nudtp:
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Uy 1. Mighy wpunwhnupny dwdjdwi dundwlul Jknwnh Yypw wgpny wpuwphl nidbph b
Ipwig wnwowgnué pupnidbbph upikdwi (nidbpp gnyg Ea wipgwé anyh ujupny)

O v
— -]

Upunudnduwi pupugpnid wyu pojnp nidbpp b jupnudubpp thnthnpognud B
Jujudws gnpépupwgh uljqpuwljui, htsyhu twb hwenpnnn thnykpnid wpwgnipe-
jat b phdnplugdut yuydwuubphg, dktnwnh $hqhljuljut yhdwlhh b Yntnbyukph
htn dbinwnh hydwb dwlkpbnygph thnthnpjumpiniuubphg: Zuwnwybu qquih thn-
thnjunipinit nhunynid £ wpnudndwi gnpdpipwgh 4Epetwmjut thnynud [1, 6, 7]

Cunn nidughtt b gEdnplugdwt wuydwtbubph' wpnudndwi qgnpépupwgp
Jupbh k pudwub) 3 hhdtwlwh thnybph [8]:

I thni - qnpéplpwgh uljqpuwljut thnyb k, nph pipwugpnid mbinh E niubund
wpuuwdnynn iwpuwywnpuungusph tunbkgnid,

II thnyy - gopépupwgh hhdtwlwi thoyu k, npp punipugpdmud £ dknwnh
Juyniiugws hnupni,

III thny - gnpépupwgh Yhppuwlut thnrju £, nph dwdwtuy dbnwnh fuyne-
twgyws hnupp pwjunynid k, b wpunudndw gnpéplipugh wjupuynud E:

Onijkphg mupupwbsniphtt pinpny G nidwjhtt wwydwbbkp, npntp npno-
Ynud Lt hhpdttwljwind huinhjuwnnpuht phwugpudh (wpunudndw (phy duonid -
dudjudwnh wigws Swtwyuph) dhongny (. 2) [3]:

Upunudnynn dknwnh phdnpdugdw Jhdwulp punipugpyty £ Ynnpphtiw-
wnujhtt guigh upjubdugh thnthnjudwdp’ hwdwyuwunwuppuwbtwpup  gnpdpupugh
uljgpnud, Ubpntnnid b wupunpt: Upnnudnynn dknwnh Ynnpphwbunught guigh
b nEdnpiugdw Jhdwlhh punghwinip uppbdwi pipgws k uly. 3-nud:
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Swp wpnudnuwi uonudp’
P, UM

Uwdjudwnh whgus swbwwuphp, 4o/

Ul 2. Mighny wpunwhnupny dwdjdwl dunlwlnul dwdjudunn ypu wgnnn gnidwpughb
Alptfunll thnipnfunipiniap nmupplbp hny kpnod (1, 17, 171)
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Ul 3. Uwdpyng dEnunh §nnpphbunnughl gubagh b jupyuéuyhl Jhdwih paghwinip
ufulhwl. w- gnpoplpugh uliqphl, p- gupéplpugh Ahdtwwi hnynid, g- gnpdéplpugh
Yhpoluulpul thnini, - g puun/np nEpnpulmghwikph buynipp wjwuwnply gnuinnt uknung

vwup Ejph Umn, k- grluuninp Eplupuwging nkpnplughwbkph buynipp bdniph nnpuidugdny
Ulubdwt juquyt) E dhugt wpunudndw pupbbyuun guydwbbbpnud ju-
nwupyus thnpdtiph hhdwb ypu: Uju htwpwdnpnipinit £ viwjhu vwhdwl] dhwt-
gninh §ntwjut duypulng wpnwdndui dudwiwly ndnpdughuygh punyypep pun-
nnonn htwnlyuw) hhdtwlwt gpnypubpp.
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1. Upnnuunmuhg htnn uqpiujut nnpphtwnught guigh pninp Epljugytiw-
Jwt ninhn qékpp, pugunnipjudp wnelh dwuh, duwgk] ko ninhn, uvwljuyt dnyby
i duypuljh dwdjdwt dwuh dnunph b Gjph dwunid:

2. Onuspubpp thnfuwnupd hwymnnjus b, hiswyhu, ophtwl] og b a2
wulnibukpp, npp JYuynud £ phdnpdughugh ny Untinnnuntipju dwuht:

3. Uulniuubp oqr> op1 > ot og2 > o2 > ow2, hlsp Juynid £ dwljkplinyphg
ntyh YEunpnt npidnpdwughugh ny Uninnnumpjut tJuqiu dwuht:

4. Gpljuyuwlwt ninhnubkpp oyl ki duypulp ubndny dwuh dninph dnn
gL, p1, w b Gph' q2, p2, w2 jhwnbkpnud: Tw gnyg b nwhu, np wpnwdnynn dbnwnh
wuwuwnhl gnuunt dudjynn dwuh uljunughtt dwjkpbinygpubtpp tbpuyugunud Ba
uwhni wmupdbwnphl) dwltplinypubkp, npnig ninnighlmpniut ninnyws £ wpunw-
Unuuwtp hwljunul:

5. Muuwnhl] gnuuint dwdjynn dwuhg npnpwjh hknpwynpnipjut Ypu Ynnp-
phtwwnwhtt guugh bpluwjtwlut gétpp phpdl] B twhuywnpuungusph
wnwugph mpnnipjudp’ wnwewgubkiny wpwnwphtt skpnbtph hwunwugndubp b
ubipphti obipintiph uknugnudubp:

6. Lupuwywwnpuunyuspnid uljqpuljutt Ynnpphttwnuwihtt gmigh pninp
Jwyuwlwb gstpp uhdbwnphly phpdt; Eu ninnighl dwuny wpunwdnynn dbnwnh
hnuph niggnipjudp: Fw Juynid £, np wpunudnynn dknwnnud ukppht okpnkpp
ouipdyk) L dwlbplinipuyht skpintphg wpwg:

7. Upnudnuut wduwtnuljub guydwttbpmyd wpnudnynn dbnwunnd §nnp-
nphtwwnwhtt gubugh jujuwlwu gskpp, pugurmpjudp twhuywnpuunyusph
Swljwwnwjhtt dwubphtt hwpnn gdbph, uvnnwgl)] Eb wupwpnih wbkup' Y2 = 2px: Uju
wyupwpn(utph p yquwpuwdbnpp juppdws b iwhwyunpuundusph dmjunught
dwuhg niuikgué Ynptph hinwynpnipiniihg:

8. Unglh &wluwnplt hwpnn jujtwlub qskpp (nfjuy nhypmd’ dklp) wp-
wnwunnidhg htwnn pugniimd B 1 - 1'- 1" - 1 piljjugh nnbup, husp gnyg £ wowjhu, np
dhty nhdnplwghw ninhn qsh duypbpp nknuhnpuyt) tu Ynnuyhtt dwljkpbnype, b
nn dwdjdwsph fwjuunuyghtt dwlbplingph dh dwub wighk) L ipw Ynquyhtt dw-
Ytplnyph Jpu:

9. Luyuwlwt qdkpp dydwsph wnbnp dkdwgk E Uknwnh hnuphtt hwjunwy
ninnnipjudp:

10. Cunhwtnip nhwypbpnid, Uknwnh hnuph hwjuprwl munnnipjudp nhn-
Unud £ twl juytiwjuis gdtiph hbknwynpmipjut susht ws:

11. Lujuwwtb gétph phpywsdpubph dlup gnyg b nwjhu, np wpnwdndub
dudwbwl] wpnudnynn dknwunh onuljuwdl skpnkpp Bupuplynud Eu ny dhuy
wnwigpujhtt b juytwfui, wy] bwb vwhph nEdnpdwghugh: dEpghtiu ubppht
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otpbnhg nhkwh dwybkplinipuyht okpnkp wdnd E: tw wyugnigynid £ yn > ym
wllnibttph wthwjwuwpnipjudp, npnup punipugpmd i N b M jhnbkpmd
uwhph nEdnplwughwubpp:

12. My h dwljbplnype uvwhph nhbnpdwughugh wén gnyg L wiwghu, np Eplju-
puguwt qupnidubpp, npnup hwbnhuwind B hhdbwlwi b uwhph nhdnp-
dwghwtbnh gnidwp, unyuybu wdnud B nhyh dwljEplnyp:

13. Uudjdwt dwuh Gph dnnn tpllupugdwt qiluwynp jupnidutph nignne-
pntuubpp mupptp Bu gputp dwdjdwt wnwtgph htin juqunud & npnowljh
wlnil, npp inyy v wEnud £ dwljbplinygph nuggnipjudp:

14. TYhunwplwd ujubdwwnhl hnhnjunippniiubphg hbnbnwd E np wdnigh
wupnne Sujumd gijuwynp swnwynujht b oppwbmgduyhtt nEdnplmghwmbpp
hwunhuwtunid ki npyjbu jupdugdwb nEdnplwughwubp:

Uwdjynn dbnnwnh Jpw wqnynn nidbph ujubdwb pipus k uly. 4-nmd [1, 9]:
Gpt wpunwdnynn dbknwnp dnngh pudwtbup whuwhdwt thnpp yuwnh hwuwnnt-
pinit nikgnn Epljuybwljut onujudl (junpnuljudly) skpnkph b wankukup qnp-
Shph htwn wpunwpht othdwb wqpkgnipniup, hswytu twb skpntph dhelt ubppht
othnidp, wyuw wdwt puquuptpn opjkjnph up wpnudndut dudwbwly pipw-
pwignip okipwn Yqunuh puquulnniuith wthwjuwuwpuswth vbinddw nmwl: Tw
wwwynud k, np Epjupuginng ghdnpdughwitpp hhdtwljwinwd §hukh yuwuuhy:
Upunudndut unynpujut wuydwbbbkpnud, Epp gidnpdugdwt ghiwnpnipmiup
wdpnne dSujuind gpbipk tnyut E, wpnudnynn dbknwunmd ukpphtt okpunkpp owpd-
Ynud Bt dwljbpimpuyhtt obpintphg wpwug: Upyniapnid winwewmd B jpugnighs
Jupnuuttp dwlplmpughtl sbpintpnid dgnn, pwitth np jmpupwiisynip tkppht ok,
ouipdybny wykh wpwg hwpbwb obpnh tjundudp, mwtnd £ tput hp htwnbhg,
huly tkppht skpumd” ubnunn, pwlih np pupwigni dwljplingewihi okpun funspi-
nnunid E huplhwt ubpphti okpnh sowpddwipn: Upmyniipnid, dqunbkiny jupnidubph
hujuwuwpbgdwt, wnwewnid L wpuwpht skpintiph gnunh, npp quynd k jpw-
gnighs tpuytujutt Agnn qupnidubiph wapbgnipjut wwly, npntp thnpputinid L
dwltplnyphg nhuyh wnwtgp ninnnipjudp, b tkppht oipuntph gnunh, npp guinud £
Inwgnighs Epuybwljut ubndnn jupnudubph wqpbgnipjut wwly, nponip dkdwind
El nuh wpwigp mnnnipjudp:

414



S pwnwynuyhlG 1
JwpnudGbiph buynip AN

T uan Gnpdwy jwpntdlinh
Luynip

=

S T \ ﬂ\
¢ 1
dTan dTaw 7 ~ dNt, Sy fuwidnp bplwpglng
| AN nbbrpoughultpf fuynip
[ dTu e Ny
FYARERERR N
Uwdjwdwwn Nu dNs 111)

Ul. 4. Swip wpunudpuwl dudwbal wpunwdnyng Jknwnh ypw wgnpng nidkph ufulbdud,
plpnplughubtph Faympp b jupjuduyhl Yhdwlh nkuwlblpp "w - gnpéplpugh ppalu-
lnugnid umnpulwl wuydwhabpnud; p - gnpéplpugh ppwlhumbnugnid dkumunh Jw§kplng-
puyhl pkpuinnid widpuypl hunnnipinibikph uinpnil) thnppuglwl wupdwbikpnid
P - dunljunfunnpg dwdjing dbunwunh Jpw wqnnng jphy dbonidp, dTie, dTyy, dTup, dTw—phdwil
umuppuljwl mdkph UESmpmibbkpp - hudugunnuuprubmpap dudjunfannp, Iniunkbakph
gnnpuyhl, duypulp plp b juypppnng dulbphnygpakph ypa, dNg, dNd, dNps, - gnlnlyiaEph
ynnuyhl, duypulp plp b juypppng dwlbphnypbbph ypua Gopdwgh nopoeyudp wqpng
nwppulul nidkph dkSnipinibbkpp, dNg — nnwppulpul nidh jppy dkSnipiniip, npp hwl-
phuwinid FdNyy b dTyy nidbph gnidwpp; Se, S, So — plpkpluybwlul, pwunun/nuyhl b opow-
uypl qpuun/np dnpduy jupnidbbpp dugpulh vkngdng nkpudwunid, ouw. — dwdjudunh
vwlbphnyph npll jlnnid inpduy jupnidp, 1, 2, 3 - nupphp jupjuduyl Jhdwinid
qualnjnn gnunplibpp

‘Ltippht okpuntph gnuinid (Y. 4 w, gnunp 1) jpugnighs ubnunn jupnudubpp,
Jipunpytng hhdtwlwt ubnunn jupnudubph 4puw, skt hnpund dkwnwnh jupgu-
Suyhtt Jh&wlp. wyl dbnud E iy, hiy np hhdbwlwh wkupp, wjuhiph' puquuln-
nUuwuh wthwJwuwpswh ubnudws:

Upwwpht okipinkph gnuinud (. 4 w, gnnh 2 b 3) dquwt jpugnighs jupnid-
ubpp, JEpunpytng hhdbwlwh ubnunn Epuytwut jupndubph ypw, thnppug-
unud B nputip, hulj npno wwydwbbph nhwypnid, gipuqugkinyg nputg, thnpanid
Eu dbnnwnh jupubwyhtt yhdwjh nbupp b puquulnniuh wthwjuwuwpuswth
ubnunudp dbwthnpund Epyynndwih (ujiulub) vknddwb b Epuyiuut dqdui:
Swpwuntt jwpnidbpny gnupt (gnunh 3) quuyniud £ wjuunhll gninnt dwdjdwi
nbnudwuh Eph Unw, npunbn ngbwh Gp nuynmpjudp hhdtwwi jupnwdubpp
thnppwtntd kb, huly (pugnighsibpp wénud:
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Qnpépupwgh wb yuydwubbpnwd, tpp wpunwpht okpnh nhidnpdugdwt nh-
dunpmipiniubpp, hudbdwnws tkpphttph htwn, suwn thnpp B, wpunwpht skpnbkpp
owpdynid ki wykih wpwg, pwt tkppht okpnbpp: Upyniupnid wnwewtnid ku
[pugnighs jupnidbp’ Ukpphti skpuimd dqnn, pubih np pupupwbsnip wpnwpht
otipwn, swipdytiny wpwq hwpbwb ubkpphtt gkpnh tfundwdp, mwtnid E upub hp
htanlihg, hulj wpnwphtl shpunnid” ubndnn, pwith np jpwpwisymp Gkpphle okp,
owupdybny nuinun hupbwb wpnwpht skpnbph tqundwdp, wpgbjuynad E apub:
Ujuwhuny, wjuwuwnhly gnunt dwdinng dwunid wpwewinud B nhyh dwlbplingpe
thnppuignn |pugmghy Eplugtmljut dgnn jupmadubpng tkpphtt pkpintph b nhwh
wnwlgp thnppwgnn [pugnighs ubnunn Epluytulut jupmudubpny gnnhubp: Ujg
Inugnighs jupnudubpp, Yepunpytny hhdbwlwtubph ypw, wnwewmgunmd tu pug-
dunnuuih wmthwjuwuwpwsuth ubnddwdp wpunwpht okpuntph gninpubp (gnunp 1,
uly. 4 p), puquulnnuuith wthwjuwuwpuwswth ubnudwdp tkppht obpnkph gnunpibp
(gnunnh 2, uly. 4 p) b, htwpunp E, juytuut vkindudp b Epuyubulut dqiudp
Ukppht kpunkph gninh (gnunh 3, Y. 4 p):

Swp wpnwindui dudwtwly hwdwdnijuspubph junrnigjuspuyht punt-
pwugntpt B hwwnhlh swihp, dup b junniguspuyhtt wmthwdwubpnipjut wuwnp-
Swtp: UwdJwdph Junnigyuépp puntpugpynid | Ubs wthwdwubnnipjudp, nph
hhdtwlwt wuwnmdwnp ghdnpdughuwgh wthwdwubknnipniut E: Yunniguspuyhle
wihwdwubnnipjutt wuwndwn i hwinhuwinid twb obpdwunh&wughtt wuy-
dwutbkph thnthnjumipiniup, dwdjdwb b ngpuhg hbnn vwnkgdwt dudwbwl db-
nuwunmu pupwgnn Junnigjuspuyhlt thnthnjumipiniukpp [1, 10]: Cunhwinip wn-
dudp, dudjjubpnid mhwdwubnnipnitt wpnwhuwynynid £ bpu juytufut b
Epjujiwljut hwnnyputpnid hwnhlh swhtph wthwdwsuhmpudp: Gupo]ws
nhdnpuugdwt Jhdwlihg’ dwdjjuspmd hmwnhlh swithp JEunpnuwlub okpintphg
nkuh wpunwpht dwlbkplnygpe b wnelhg hinht dwu thnppwbnud : LY. 5 b 6-nud
wuwnlkpjws dhypnjuwnniguspubpnid hwnhlh swihbph wyn wwppbpnipnii-
ubkpp wkuwbh B

b

Uy 5. Ynipuynidhbuyhl juph dbpphl pEpunkph dhipniuenigyudpp (x100).
w — wnolih dSuyp, p — Ukownky, ¢ — hknlp duyp

416



Zuwhyh swthtph wthwdwswihmpiniup djunidhg htwnn b wdkh b qupqu-
unud, putth np nwpwugdwt dudwiwl Uks nhdnplughwubpny gninhubpnid mbnh
E mubkund hunktuhy yepupnipbnugnd, npp hknbwtpny wnwgwinid k junonpu-
hwwnhl] jupnigyubpny Eqpupkpu: dpghtiu wdnud L dwdjjubph wnolihg nhuh
Enli: Ujuyhuh Eqpuobpinph wpwewgnidp b tpu hwuwnnipjut thnthnunipjut
punypp by wiqud bu wyugnignid k. junnigqubspuyjhtt wthudwubnnipjut
thwuwnp [1, 117]:

Lunipny dudjdwt nhwypnd junonpuwhwnhly kqpupkpn jud punhwipw-
wku sh wnwewunid, jud niukunid £ thnpp hwuwnnipinih [1]:

UY. 6. Unwiig puniph dwdjyud ympuynidpbuyghl juph unuppkp nknuduubph

Uphpnlunnigywdpp (x250). w - juph dwlbphnype, p - juph §Einnpni.
1 —wnolp duyp, 2 — dkownknh vwu, 3 - dudjudinugnpnh unwu

Uudjjudph Jurnmgyusdpp punipugpnn yuydwtwljub hwpnwthy £ hwwnhlh
Uhohtt swthp, npp jupudws b dwdjdwt wuydwitphg: Tednplughugh deswgdup
qnigpupwg hwnhlh dhohtt swthp tjuqnud E, hull dudjdwt okpdwunhdwh pupd-
pugdwip qnigpipug’ wénid:

Uwdjjusputipnid hwdwpu phndnmid E wnwgphtt gniquhtn wipnuwhwpngus
obpinuynpjusnipnil: Ldwt Jurnigusph wnumiput nhuypmd uqqus dwd]-
Judph juytwut Ynnpduspl nitith wunmpfwwljuwt dulkptnyp, npp Jiuymd k
dwdjjubph wnwugphti qniquhtn dwljkpbnyputph pnyugduws dwubkph wnlw-
mipjul dwupht: Uwdjjubdpnid wnju phdnpdugdut b jurnigquspuyht wthw-
dwubnonipmiit wgnmuu £ upw dkjpuhjujuwt hwnlmpoiiubph Jpue Minhny wp-
wnwhnupny dwdjdw nypnid dwdjqudph wdpnipjut vwhdwibt wdnwd k Euwn-
pouwljut sknbkphg ntyh dwlbplngpe b wnelh duwyphg ntwyh dwdjwduwgnpr:
Npny nhypbpnid wdwt YEpwny, puyg hwjupwl ninnmipjudp thnpeynud £ hwpw-
pEpwljwi Epjupugnudp:
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Upunuunuub gnpéwljgh ny Uks wmpdbpubph nhypmd dwdjdwsph YEuwnpn-
bwlwb b dulkpinipuyght obipnbpnid Ukjuwthjujut hwwnlnipniaubph nwwppk-
poipniup dkdwtnud b Upnwdnuwb Uks gnpéwljhgubph nbhwypnid wyny wnwppk-
nnipjniup Yupnil bugnid £ b hwdwe huyyue Jkpubinud: ta guypdubuynpus
E dkwnwnutph b hwdwdnyuspubph Uks wpnwdndw gnpswljhgubph nhuypnid
Ukppwtuhjuljut hwnlnipnibibph wthwdwswthnipjub hunbtuhynput hoppug-
dwdp: A=10 b wbjh kS wpdbpubph nhypnid dudjduspnid dkpwthjuljut huwn-
Ynipnibuttinn, pugunnipjudp wnelth duyph ny ks wnbkndwunid, gnpstwljuinid
hwjwuwpynud Euw: LY. 7-nud phipdws gpubhlnid wuunlbpdws b dwdjdusph
Jhunpnuwljut b tkppht sbnbpnid wdpnipjut vwhdwth thothnpunipyut b wp-
nuwdnuut gnpswligh Yuwnp [1]:

gd 7

Ul 7. Uundjjuidph dwlbplnipughl (1) b bkpphl (2) pkpuinkpnid wpnippul uvwhdwih
thnihnfuniprul Jufujwénipiniip wpunwdpdwi gnpsulighg

Bqpuljugnipinti: Swp wpnwdndw gnpdpupwugh hbnwgnundwt wpyni-
pnud pugwhwynyty £ np ukpphti okpunnbkph gninniud jpuagnighy ubnunn jupnudubpp,
Jtpunpybtng hhdtwlw uknunn jwpnudubph Ypw, skt hnpunid dknwunh jupdw-
duyhtt Jhdwljp. g dunwd E unyup, wyuhtptt' pnjnp Ynndtnhg wthwjwuwpwswth
ubnUws: Upwnwphtt okpuntiph gnuinid dquwt jpugnighs jupnidubpp, yEpunp-
Jtny hhdtwlwt ubndnn Epuybwlut jupnudubph Jpw, thnppugunud Bu nputp,
hulj npny wuydwbtbkph ghypnud, ghpuquigkng gputg, hojund Gu dbnwnh
jupjuduwyhtt Jhdwlhh wmbupp b ponp Ynndbiphg withwjuwuwpuwswh ubndnudp
Alwhnjunud Epllynpdwith (punguytwljut) uknddw b bpujtuljut dqdwi:

8nyg k nipyws, np dwdjduwspmid wnljw nhdnpldugdwi b jurniguspuwjht
wihwdwubnnipmniitt wgnmud £ gpu JEjuwthjuljut hwnlmpmniuttph Jpu:
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Minhn wpunwhnupny dudjdw nypnid dwdjdusph wdpmpjut vwhdwt wdnd
E jEunpniwlub okpnbkphg nyh duybplinygpe b wpelh duwyphg nkyh dudjudiw-
gnpn: Upnnudndwt gnpsulgh ny Uks wpdbpubph nhypnid dwdjjubph YEuwnpn-
twlwb b dwlbpimpughl obipnbpnud UEwtuhijujut hwnynipmiubph nuppk-
nnipniup Ukdwnd k, hul] wpunudndwi ks gnpswljhgubph nbupnid wyn wmwp-
phpnipniup Jupnly tugnud £ b hwdwj huyun JEpuwind, npp wuydwbwynp-
Jws k dbnwnubpmd b hwdwdnyJuspubpnid ks wpnwdndw gnpéwljhgubph
nhypnud dkjpwthjuwut hwnlnipmnibtiph wthwdwsuhmpjut htnkiuhynipe-
jutt thnppugdwdp:

Zlvnwgmnnuernibhkpp Junnuwpydly o Zuyuunu i wqquypl ynppunkibplulol hu-
duyjuupulp «Ynipughnniyeinil b dkbnugnipghur puquypll ghnwhbunwgnunulul jupn-
punnnphuyni

GrouuuNkE3UL 8ULY

1. Hepaun NU.JI., Paiitéapr JI.X. Teopus npeccoBaHus MeTaiioB. - M.: Meramnyprus,
1975. - 467 c.

2. Herpocsan T'.JI. Ilmactudeckoe aeopMupoBaHHE MOPOIIKOBEIX MarepuaioB. -M.:
Mertamryprus, 1988. — 153 c.

3. Unpujut U.Q., Unkhuiyut U.U. <odpudwudnihppiiujht wpuqubwn ynnyuwn-
ubp b nputg okpdwdswlnudp. Ukiwgpnipinil.- Gplwt, 2006.- 123 y:

4. Jxoncon B., Kyno X. Mexanuka npouecca BoaaBiuBanus merawia / Ilep. ¢ aHr. -
M.: Metamnyprus, 1965. — 174 c.

5. T'yn 'S, Hoayxun I1.U., Ioxyxun B.IL., [Ipynosckuii B.A. ITnactuueckoe Gpopmo-
HM3MEHEeHHEe MeTailioB. - M.: Mertamnyprus, 1965. — 174 c.

6. Ardaasa C.I'., Acnansn B.J[:k., Cocan ML.E. VccienmoBaHne TONMyYeHHS MOJBIX
uzzenuid skcrpysueii / Kommno3uipoHHble Marepuaibl U UX o0paborka. - Epesaw,
1985.- C.33-38.

7. Topsas skcTpy3us TutaHoBoil ryoku / B.A. IaBaos, B.B. Illepouna, B.I1. Toxkapes
u ap. // TlopomkoBas metammryprus.- 1974.- N 9.- C. 153-158.

8. AmutpoBuy A.M. CripaBOYHHK TUTEHIHKA.- MUHCK: Briciras mkoma, 1989.- 390 c.

9. Ar6ansin C.I'. TeopeTnyeckue v TEXHOJIOTHUECKHE OCHOBbI (DOPMOBAHUS CTPYKTYPBI U
CBOWCTB TOpPOLIKOBBIX MaTe€pUaliOB IPH IKCTpy3uu: ABTOped. THC. ... JTOKT. TEXH.
Hayk. —EpeBan, 1992. - 33 c.

10. Pagompbiceanckuii U.J1., leopan H.U., Craapuyk A.A. O HEKOTOPHIX 3aKOHOMEp-
HOCTSIX 3KCTPY3UM M3 CIICUCHHBIX MArHHEBBIX MOPOIIKOB // I1OpOIIKOBBIE KOHCTPYK-
nuoHHbIe Matepuansl.- Kues, 1980.- C. 85-87.

11. Aroansin C.I'., Acnansa B.J., KypoenoB B.A.TexHOJIOTHS W3rOTOBIECHHS TPYO Maioro
JnuaMeTpa dKcTpysueit // CTpyKTypa 1 CBOWCTBa IOPOLIKOBBIX MarepuasioB. — EpeBaH,
1988. - C. 24-28.
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C.I'. ATBAJISIH, B.A. BATJACAPSIH, I''A. BACUJISIH, C.A. APYTIOHSH

HNCCIEJOBAHUE HATIPAKEHHO-JE®@OPMUPOBAHHOI'O
COCTOSIHUSA JIUTHIX AJITIOMUHUEBBIX CILIABOB ITPU T'OPSTYEN
IKCTPAKIIUU U 3BAKOHOMEPHOCTb ®OPMUPOBAHMUSA
CTPYKTYPHI U CBOMCTB

HccnenoBaHo HanpspKeHHO-Ae(DOPMUPOBAHHOE COCTOSIHHE JIMTHIX aTIOMHHHEBBIX
CIUIABOB TPH ropsyell SKCTPY3UH U Tporiecc (OPMUPOBAHUS X CTPYKTYPBI U CBOHMCTB. Y-
TAQHOBJIEHO, YTO B IIPOLIECCE IKCTPY3UH OKPY’KHBIE CIIOU METasla MOABEPIratoTCsl HE TOJIBKO
0CeBOH W TIONepevHoi nedopmanun, HO U aedopManuu ckojibxkeHus. [lociaenuss pacrer
OT BHYTPEHHHX CJIOEB K MOBEPXHOCTH. | JTaBHBIE pacTSArMBarolye HANpsHKEHUs U CyMMa Kaca-
TEJNBHBIX HANpsDKEHUH Takoke Bo3pacTaroT. [loka3zaHo, 4To HAampaBieHHS TIIABHBIX PACTATH-
BAIOIINX HANpPsDKEHUH HA BBIXOJE COKUMAIOIIEH YacTH Pa3indHbI, OHH 00pa3yloT ompese-
JICHHBIHA YTOJI C OCBIO CXKATHs, KOTOPBIA TaK)Ke YBEINIUBACTCS TI0 HAIPABICHUIO K MTOBEPX-
HOCTH. B pe3ynbrare ycTaHOBIEHO, YTO OCHOBHBIE paJfaibHbIE U OKPYXKHBIE Ae(hOopMaLIIH
SIBIISTFOTCSI TOPMO3HBIMH JIe(hOpMALIUsIMU.

Knrouesvle cnoea: nutbe, allOMIHHUEBBIN CIUIaB, ropsdee IpeccoBaHue, aedopma-
LIUSI CKOJIBKEHN S, HANIPSDKEHNE, MaTpHIa, JaBJICHHE.

S.G. AGHBALYAN, V.A. BAGDASARYAN, G.A. VASILYAN,
S.A. HARUTYUNYAN

INVESTIGATING THE STRESS - STRAIN STATE OF ALUMINIUM
ALLOYS AT HOT EXTRUSION AND REGULARITIES OF STRUCTURE
AND PROPERTY FORMATION

The stress strain state, as well as the process of formation of structure and features of
aluminium alloys at hot extrusion are investigated. It has been shown that during hot
extrusion, the ring layers of an extruded element experience not only longitudinal and
transverse deformations but also a slip. The slip increases at passing from inner layers to
the surface. The tensile principal stresses and the sum of slip deformations also increase. It
has been also shown that at the exit of the pressing part, the tensile principal stresses have
different directions, forming an angle with the extruder axis, which also increases towards
the surface. As a conclusion, it has been stated that the main radial and circumferential
deformations act as restraining deformations.

Keywords: casting, aluminium alloy, hot extrusion, slip, stress, matrix, pressure.

420



ISSN 0002-306X. 2QUUL It ZUMZ Sk Skubi. ghw. ubkphus. 2023. 2. LXXVI, N4.

28} 620.22: 621.38 13Nk EUSPSNPEBNRL
DOI: 10.53297/0002306X-2023.v76.4-421

L.4. UULSSprNnusuy, .U, UULSShNusuy, U.ULu. UHUND, S.9. 4ULHIRLS,
U.Q. ZUSrUMES3UL, (}.2. 1ULULN3UL, U.U. BL'BUSUL

UULQULP ZUGELORUNY FPUUNRE SELPSH UEMTUUPUUYUL
LVUNRTULGLT USUSNRUC B9 2USUNkhE8NRLLED
NrUNKRULOURCNRESNRLE

Uowlyt) E dwiquih hwybnuiny phudnipe $Ephnh huptwwnwpwsdynn pupdpotip-
dwunhdwbwjhtt uhipkquut nknuninghw: fhungkitwbwquyhtt YEpnisnipjudp npnoybtyp
i pnjwhiwntnipnh yuwnpuwundwt b uhiptiquub juugnyt wuydwitbpp: Uowljdl) tu
YEpudhjulwh tdnpbubph wvnwgdwi b ochdwlwt hywlubph ywunpwundwh nkjuunn-
ghwjut gnpédpupwgubpp: Nuniduwuhpdly Ba ghijEyunphl putwighjhmpejui b jnpniun-
uliph wuljjut mwugkiuh hwdwhinipniithg juhjwénipniup nt Yynjn-wdybpught punt-
pwgptpp:

Unuligpuyhi punlp. $hpntElnphy, unyuhdbpnhl, Yepuhlw, PRV, ghyklnphy
pwthwghihnipnil, ghEywnphy Ynpniunikp:

Lhpwbnmipinit: Mkpnduljhun $EpnkEhnnphl b puqduwdtpnhly yniptpp punt-
pugpynid b wuwpwdbupbph hupnion puqluquinipyudp, hiswyhuhp Bu' nh-
Ltuphulul, winiunhly/yhbgnhEjunpulul, $pndwquhuuluwt b wyt: Uju
hwnlnipynibibpp upnn &o jupqudnpyb] wpinwpht wqnuljikpny, huywyhuhp
kb BEpunpulub b/ud duqihuwlub quonp, skpduunhdwin jud dkwubhljw-
Juwit jupdudnipiniup: dkpnkEhnnhl/unynhdbpnhl yniptkph Yhpundwdp hpw-
Jubgynud £ wjntunhjujut [1], oqunhului [2], EEjunpulijuiySRZ [3] hwdwuh-
wnwtth dynit pununphsubiph (uyt puquuquinipmi: Ujuntwdbugthy, doyup-
dtEpnplutipp (wujwugnyt o puquudniuljghntiwnipjun wendny: dpubp hwdw-
nbnmud ku dEpnkElnnhl, $Epndwuqubnhl nt whiqniEyuphy b wyp hanlnipmii-
ubkpp: dhpehtubpu hpkug PEpnhEjunpulu, dEpnduquhuwlui b dEpnkjuunp-
Julwt hwnlnipniuttph ounphhy dks npunpnipjut ki wpdwbiugl] hknwqgn-
nuwljut puquuphy npnpuikpnud, hisyhuhp L, ophtiwly, Eukipquulwpn hhonn
uwipplpp, dwqhuwlwb nuownh ukunpubpp, wikhwupubpp, jupqupbpkih hu-
nnijunnputpb nt quahsttpn, thnh openn/obnnn uwppbpp, b htwpwynpnipmnit Eu
nwhu twjuwgsknt tnp hwnlmpyntutkpny hkpwljwpwht wvwppbp [4-12]:

BSTO L BFO-BTO Unuwnqhghwubph phiEjuphfjujut hwnlnipniuaubpp
hiwpunp £ wpwg/unpnily tnthnjul) sbgnn qupdwt hdyniyu Yhpunkngd: Uyu
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Wnipkpt nukl jnipwhwwnnlly tkppht hwnlmpinitubp, npnbg otinphhy npuip
owwn qpuyhy Eu npujbu wpuqugnpsd Jkunhukp b dks-hgnpnipjudp nEjugupyng
Yupqupkphstbp . pupdp Hubpghugn] wpwqugnigsuyhtt nkutthyuynud Ghpunn-
pintutkph nhypnud:

Unynhbbpnbitjunphljubpp punipugpynud Eu hpkiug Ejunpuljut b dwg-
thuwljut hwnlnipniuubph fphun juyydwsnipjudp, nph thengny k) htwpwdnp
E (hunud ubklyuljuyhtt gbpdwunhgdwth yuydwiibpnud JEputhnjuly yniph dwqiih-
uwut hwnlnpniutbpp wpunwphtt fEjnpuljut guonh dhengnd b hwljunuljp:
Uju wnwidtwhwinlmipniup hwjnth L npybe dwuquhuwkibjunpuuwt juy (ME
coupling) [6-9]: Uju Wynipbpl odinus L twlb whhqnkjEjnpuljut b whpnkEjupw-
Jwl hwnlnipnibubpng, b htnbwpwp” Gniph hwnlympeyniutpp Jupkih  gn-
thnfubk] twl obpdwumpfwih b wpnwpht dkjpwthjulwb wqnkgnipniuubph dh-
ongny:

Qpuljuinipniithg hwjnh £ np dwqhuubEjnpuut jugt wdbjh nudtin |
ndynqhwnuyht ynipbpnid, put vhwdpwq ynipbpnud: Cun npnud, dhwdwq tyni-
phph UkS dwumd dwgbhuwhEjunpuljui juwp ju'v paduljuihb poy; b o't
wgt sh wnwowunid: Uhwhwq dnipnhdbpnkitljnphlutiph swpphtt L yuunljuind
phuunip dtphwnp' BiFeOs (BFO), npp shnutnittwthun pniptnuyhtt junniggws-
pny whpndulhwn Wynie £ b gunwinwd £ R3c jadpht [9]: Uhwdwq wynipbph hw-
Ukduinmpyudp BFO-h wnun]bjmpymbtbkpt ki pupdp Yniphh obpdwunhguip
(Te=830°C), pwpdp Ukkh obpdwuwmhgdwup (Tw=367°C) 1 pwpdp plubnwgnidp
(P:=90...100 «/fj G/uiP) [4, 6-9, 12]: Uuljuyjt BFO Wynipht ptunpny i Uh pwtih phpnip-
jniutkp, npnlip wljuthwynnpkh Jwpnn Bb vwhdwbuhwl) npuitg fhpunnipnitp
wnwppkp nnpubkpnid: BFO-h phpnipnititinhg b hwdbdwwnwpup pny; duqh-
uwb Ejunpuljut juyp, puth np HEjnpujut b dwqihuuwut hanlnipmniaubp
wwwhnynn hnbubkpp mwppkp B, ynph Ejupujut hwmnlnipmniaibp wyw-
hndmu i Bi-h hnltbpp, hulj dwqihuwlub hunlmpmibibpp’ Fe-h hnulkpp: BFO
nipht punpny phpnipniy £ twb §npunh dbd hnuwbpp® gusdp nphdwunpnipintp,
pwih np BFO-h wuwpwundwi pipwugpnid wowewinid ki hwbkjjuy Fe* hnu-
kp, htnlwpwp' Bi-h b O-h Juljwbuhwikp: Chny npmd, §npunh Uks hnuwbph uyunn-
gunny ks ndfwpmpinit E wnwewinid uinwibugnt wyighuh BFO iynip, nph plik-
nwugnidp Y1huth 90...100 /4 G/ [6, 10]:

dbpp Wjupugpyué phpnipmnibtiph yquwndwnny unynpupwp withpudty-
nnipjnit E wnwewinid judupll; BFO Wniph hwwnynipnitubpp, npt hpw-
Jubwgubint hwdwp gnnipini niukt vh putth wpynibuybn dbpnnubtp: Unweht
Ubpnnh niypnid hpwljuwtwugymd E BFO Wyniph hnuubph dh dwuh thnjuwphimed
huwdwywwnwupiwt hnbiitkpny: Zwynbh k, np wyu gypnid hwdwp oguuuugnpdynid
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ki uwwywhnnuht hntiikp (La®, Sm®, Nd*, Ho*) phudniph hnttkph thnjuwphi-
Uwl hwdwp b whgnidwihtt dknwnbph hnutkp (Mn®, Ti*, Co®, Zr#) tplwuph
hnuubph thnppowphtdwi hwdwp: Gpypnpn dkpnnh nhypnid BFO Wynipp pwntnid
kb whpnyuyhnibph pdphtt wwnlwing dkYy wyy Gniph htwn, ophiwl CaTiOs,
PbTiOs, BaTiOs, LaFeOs: (1- x)BiFeOs-xBaTiOs wjhun juwnunipnp (BF-BT), Wniphh
pupan obipdmunhgwth b tuglgdws Ynpunh hnuwbph hwnlnipniubtph sunp-
hhy, htlnwgnuinnutiph hwdwp hwiiphuwinid E npytu hbnpwitluwpuhtt yymp b
Juuwwup wupniiwlng ynipbph wyptunpuip [6, 8, 10, 12-14]: Anymipnit mubktu tulb
Jwuup sywpnibwlnng wy ympkp, npnighg kb, ophtwly (Ba,Ca)TiOs-Ba(Ti,Zr)Os
(BCZT), (Bi,Na)TiOs (BNT), (K,Na)NbOs (KNN):

Npuytu ju]ugniyh whkqnhEjunpulwt ynp twhlhind juyinpkt Yhpw-
pmipjnil niubp Juwwph ghpynuhnd mhunwtwwnp (Pb(Zr,Ti)Os ud PZT), uw-
Juy puth np juwwpp hwdwpynd E poitbwdnp iymp dwppuig b opowlju dh-
owuyph hwdwp, wyn yguwndwnny b opktunpuljut vwhdwwhwlndubph dh-
ongny wpgkiykg ELEunpnuughtt uvwppbipnid juwwph oquiwugnpénudp utinhlh,
Jundhnuh b Jigujutun ppndh htin dhwuht:

Onpdhwljut dwu: AU wikluuninghuyny BiFeosMnosOs thnokyniph unwg-
Uwl hwdwp oquiugnpéyky ki htnbywy bpuiympbpp. npuybu Junbjhp' Fe, huly np-
wku opuhnhs ppwshi (O2), phudnunh opuhy Bi20s (Uwppmipymiip > 99,975 %, twu-
Uhyh sunhp' 1.5 «fd), tpluph opuhny FexOs (Uwppnipyniip > 99,975 %, dwuthljh
suthp 1.5 ofd), bpup’ Fe (Wwppnipinibp > 99%, dwutthyh swihp' 1.5 o), dub-
quih kplopuhn' MnO: (Wwppnippnibip > 99,9%, dwulihyh swihp 1.5 vfd): Uhb-
phql hpuwiwgyk) Ehknlyw) phihwlub nkulghuyny

— 0
0.5B1,0; + (0.7) (kFe + =2 Fe,05) + 0.3Mn0, — BiF eq;Mn 303, (1)

npunkn k- nkwljghuyh tyqnptpdhwt jupquynpnn gnpswihg k: PAU wmkhtnin-
ghwyny opuhnuyht yniph unwugdwb gnpépuipwugh Juquulkpydwt, wjpdwt wypn-
ghutbph thnpdwpwpului hblnwgnunipniuibiph hpujuitugdwt hwdwp gun-
puuwnyt] b oqunugnpdyty) L wuppbpuljut gnpénnnipjudp jupnpunnp nkwljninp
(uy. 1):

Lwpnpwinnp pYupgk unpnduih (1) dbe nbnugpiws t pupgk wuwy (2),
nnh dby dwudjqus jud wquun Jhdwulnid (gynd k Gyuiynipbph thnpbjuwnunipgp
(3): unnnwljh Uh swypp puig b, hul niu suyphtt wdpuglus b onmghp’ peydusih
dwnwlwpupduwl hwdwp: Epduwship nkwlghnt ughy b unymd puynithg (4)
quqh hnupp jupgquufnpnn uwpph dpgngny: Brulyniptph tnpkuwntnipnh wyqpl-
dwunid nknunpuws £ 4nidpudhg yunpuunguws shjugdwt yupnyp (5), nph
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ohjuguwt dwdwbwl thnoblwntnipnh uljqpwdwuh dwfbplinipught skpunid
wntnh E niukund phihujut nbkwljghw, b dbwdnpynid £ wypdwt Lmjuwn: Uhqphw-
Unpyus wypdwt Swjunp hwunwnnit wpugnipjudp nwupwsynid k thnobjuwn-
unipnh Epuyupny, hull tpw wbgubinig hkwnn, fpununipph hnqugdwip qnigpt-
pug, Alwynpynud £ tyyunwljuyht opuhnyuyht thnpkynipen:

1

6 5 2 3
Uy 1. Lupnpunnnp PRU phwlinnph ufulil. 1-pyupgk pingnywl, 2-pyupgk whwl,
3-bjulyniplph thnokhnuninipn, 4-ppywsih puynl, 5-pplugdwl yupnyp, 6-hupniglul
pny, 7-plpungniyq, S-wqpulpwih nidkyupup, 9-wbhuyng-phy [Epyuhniups, 10-hwdw-
lupgps, 11-pyupgk guilig

Nppui kS 1huth k gnpdwihhgp, wyipu UkS Yhuh bpuiynipbph puntnipnmd
Junbkihph pwtwlnipniup, nphg § jujujws b pwntnipnh wjpdwt gbpdwunh-
fwtt nt wpdwt dwjunh nupwsdub wpwugnipmiup: @npdbpt hpulwbwgyk
El mktninghujut mwppkp nkdhdubpnid. yuwnmpwuwnyby B fjuiymptph juwun-
tnipnuikp” odn]wd wwppbp Eygnppdhuyn: @npdiwlub wpyniipubkpp gnyg b
wnyk], np hwdwlupgnud PRU uljqptiwaynptijnt b yuhywubnt hwdwp wuhpudton
E k-t 4tipguky 0,32 b wykih (6 % b wybkih Epuph thnoh): Uyn wpdtphg gudp wp-
dtiputiph nypmd PRU gqopépupwugn jud sh uljqpuwynpynid, jud jupd dudw-
w) htnn wypdw gnpdplpwgp dwpnud b Pusybu bplind E uly. 2-hg, Euiymptph
uwntim pymd Juntjhph' Fe-h thnpnt puliulni pjut Uksuguwinp qnigphipug wdm k
husybu wypdwt oipdwunhgwip, wjtybu b wypdwt Sujunh wpugnipmiup:

k-h 0,73 wpdtiphg (14 % Fe-h thnoh) ujuws wypuwi ghpuwunhgwip b Sw-
juwnh nmwpwsdwb wpugmpiniup ujund Bu upni wéky, hsp wquwydwbwnp-
Jws L htnlbju) hwbqudwipny: Pusybu huynth £ wypdwut gnnhtt nwpusynd &
Junnn ntnuiwuhg nhyh pojwhiwningnh hupuljhg skpup okpunipyub thnju-
wigdwi hwoyhl, wyuhip hwpwljhg hnd skpup wwpwbnud b dhish wypdwb

424



obpdwunhgwt nt ppuljynid, pun npnid, thnpuwtgws obpunipjut putwlp hhduw-
Jwinid Juhws t Eplnt gnpénitkphg hwdwljwpgh obpdwhwnnppuluinpni-
hg b yunynn nt hwpwlhg hnwd okpintph dhol obipdwyhtt gqpunhbtunhg:

T, o
1100 =

U, tilly]
L 0.20
- 0.18
= 0.16

— 0.14

- — 0.12

6 8 10 12 14 Fe, %

Ul 2. Uppdwl pkpdwumnpdwih Te b wpugnipyul Ue Juipnjwiénieniip Junkjhph
pulnulhg BiFeo7MnosOs hudwlupgnid

Otpuwhwnnpuiwi wap wuydwiunpyus t dbnwunibph, nljug ghuypnod
Epuph pupdp obpdwhwnnpujuimpjudp (Uknwnubph opupnubpt mukt wykjh
gudn obpUwhwnnppuljwinipnil): bull obpdughtt qpunhktnh dkdwugnidp wuy-
dwbwynpyws k k-h dkbwgdwip qnigpipug wpdwt wnwybjugniyu obpduunh-
Swih dkswgdwdp: Uhw wju hwiquulwpny b, hautwpwp, guydwiwgnpyuws &
wypUwi gbpdwunhdwih b Smjunh mwpuwsdut wpugnipjut upntly wdp:

Ujpuut fwjunh mupusdwb wpugnipniip npnoyt) b dudwbwlhg, npt
wihpwdbon L wdniomd okipdwgnuyqbph dhol fwjuwnp wwpwsdwb hwdwp:
Syjujutiph gpuignidp juwnwpymid E LabView spugph vhongny:

Lywwnwluhtt ympbph vhipiqiut dudwiwy, guydwtubphg juudws,
hhdtwljwt jurniguspugnjuglui nbkulghwibpt wdpnnontpjudp nknh skt niuk-
unud, b uvnwgdws wypdwt wpquuhptbpp, pugh btywwnwluwht Wyniphg, yupni-
twlnd B twb Gjuiympbph npny pwbwlmpinil, htisybu bwb wy uvhtiptqué
dwqtp: BiFeOs thnokyniph uhtiphquut wunmhdwth Ypu uypdwt yupwdbnpbph
b uhtiplquut yuydwuubph wqpbgnipniip yupqbnt hwdwp nkuninghwlut
wnunphp nhdhdubpnid uhipliqus tdnipubpp Eupwplyl B nkingbiwbwuquyhte
wtwhgh: ZElmwugnunnipnibibpp juwnwpgb) Bu D8-advanced nhbpwljurnuswthh vh-
ongm] unwugyud nhpulighntt yunnlkpibph’ phpulpnugpbph hhuwl Jpu: Mthinn-
gkt htlnugnunnipiniiibpp gnyg B nydly, np guiljuh dugny tyunuljughtt ynipp
uhliptqynud , Epp pnjuuwnnipnh dte Juntihph pwtwlp 9...12%L:

Zhnmwgnuinipniutbpp gnyg ko wdb), np wypdwb gudp okpdwunhdwh
(Junbkihph phy pwhwlnmpjut) ntypnd PEU gnpépupwugt wjwpwnymd E Fe-h
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thnont opuhnugniuny, b wpyniupnid uhtiptkqué Wyniph dke dunid L qquih pw-
bwlmpyudp Bjutymptp: Ywnkjhph wkjugnidp, npt minkhgynud L wypdwib obpu-
wunhdwh wény, btyywuwnmd t BFO tniph uhipbquup: Nppwt ouwn E qunkihph
pwtwlmpiniup iuiynipbph puntunmipynud, wyupwt pupdp £ yniph vhipbquub
wunhdwp:

PRU wkjutininghuyny unnwgywé BiFeosMno3Os thnokyniph nhingktwgnptipp
pinqus b Y. 3-nud b 4-nud: Unpbiphg Yupbh k kqpuljugil), np $wqbph hunb-
uphynipnitubph Jpuw hhdtwljuinid wqnnud Eu wypdwb okpdwunhgwip b fw-
Juunh nwpwsdwt wpwugnipmip:

13%

:A %]
J JVL_ A NN 10%"\«;
X

- D ..

Intensity (arb. units)

%

2-Theta - Scale
Uy 3. dugh hwpwpkpulwi plunkihupynieiniip Junkipph nnupplp puinulh nlypnid
BiFeo7Mnos0s hunlwljupgnid

Ykpwdhjulul tdnputph twpwywnpuunnd (dwbpugnid, dwdind) b
ppénud: EjEinpnuhuynud b Ejunpunbjuihjuymu oqguinugnpéynn Yepudhuljuu
niplph hwnlmpmniuttpp jupudws tu tpubg vhpn b twinjunnigyusphg: Yt-
nudhuyh Swlnnljkimpmniup b hwnplubph jupngquspuyhtt hudwubonipniip
wqnmud £ gpu hwnlnipnitubph Jpu (ghliEunphy puthwigbihnipmnit, duquh-
uwlwt puthwghjhnienil, hhunbptghuh Ynph wkup b wy): bp htppht Yepw-
Uhjulwl yniptph dhipnjuenigduspp jupus L gpuitg towljuydwt yuyydwi-
ukphg: Pusybu huynth b, BEjupudhghjuljut hmnlnipnitubph dbwdnpdwb
Jpw qquih mqnbgnipnit ki pnnunid wytiyhuh gnpénubp, htywhuhp b Gjubgne-
pEnh hghwphvhuljwt Jhdwlp, Buiyniph dubtipugdut wunhdubp, yunpuuwn-
dwt wuydwuttpp b uqpnitpp: bull ppédwt dudwml] qquith wqpkgnipinit ku
pnnund ppésdwt dudwtwljp, gkpdwunhdwip, mwpwugdw b hndugdwt pupwug-
pnid oipdwunmhgwtih thnthnpudw wpwugnipniip, ququphtt thowjuypp b wyp e
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I/Io

40
2-Theta- Scale

Uly. 4. BiFeozMno30s ihnpklyniph nkinnglinughpnp Fe-p 12 %-p nlkwypnid

N3U hbnwgnumm pniiibphg hinn hppujuiugyl) Eu dwipugdul, dudjdwut
I ppéuwl gnpdplpugitp: Npybu twipugdwt dkpnn plupdb) b dnpnpuljught
Ubpnnp, dwipugdui wpugnipniip 600 ww/j, wupyni&ubpp/yuhnwyubkpp
19yt] Et 70%-ny, dwupwugunn qunbph b Wyniph hwpwpkpulgnipniip hwdwww-
nwupiwbiwpup 4/3 b, dwibpughng htnmlp uwyhpnp' gmph 200%p: Uwpugnuda
hpuwbwgyty Edhush hwwnhlukph 1.8 ¢§u swihh wmuyuwhnynudp (ul. 5):

n, dipd
20 —

15 —

10 —

I I I [ |
1 2 3 4 5 Jud

Ul 5. Uwipuguwl dudwinuljuypl npp

Uhpwuhluljut tuniptkp yunpuwunbnt btyunulny dubtpugdws thnok-

yniphtt npybu Wuwunhfupwp wykwugyt) t 15..20% wnihyhtuhjughtt uyhpnp
10%-ng 1niényype, nphg hkwnn ynipbpp dudpdl) o q[uﬂlumh‘ 16x5 u/if (Dxh) dlim-

surthnt] (. 6):
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Ul 6. Uwdjjudph qulnudll dusunhp

‘Lwhupwlt ppstp tdnipibpp hwpluwdnp b snpuguty, Epp tdniphg hnwinud
Eu opquibiwwt Wynipkpp b gnipp: Lokup, np UkS Alwswthny uwdnipubpp puipdp
ohipdwunhdwinmd b onwthnfuhs dphowduypmd sh Yupkjh snpwgub): Ldwb
ntypbpnud tdnioh dwljtplinyphg opqutwjut Wniptpp b 9onipp hknwiunid Eu
hunbkuuhynpkl, hul junpplphg tdnioh thnpp ququputhuighkjhnmpjut hbnbwb-
pny opqubwwb tympbkpp b onipp vwljuwy hunkiuhynipjudp bu hknwtnid: Uju
Epunyph htnbwupny tdnigh hunppp, npubn juntwynipniup pupdp L, phy Eu
oynudubkpp, hul wlbpbup, npunbn unbwnipmniun phy L, Ysynidubipp qquyh B

UthwJwuwp Ysyniudubph hknbwipny wdnioh duljkpbinypnid wnwewtnid
kU dwptip b sbpunwynpoidubp: Uju bplinygphg untuuhtjne hwdwp wdnibpp hwp-
Junp k snpugul) qutgur, gudp obplwunphgduutpnud b Gpplid ogh pupdnp hw-
pupbpuljuwi unttwympjut dhowduwpnid: Uju gnpdptipugp hwpluynp t wyw-
hnyt) hwnjuuybtu 1-ht b 2-pn thmykpmd, Bpp oph b opqutmaljut Wyniptph htnw-
gnudt mdktwhtwnbuuhdu b Uwdjusph ppédwt Yhubnhljugh hblnwgnunnipmniu-
ubkpp gnyg L by, np tdnpubph (uytuub jupduwspny ysyndubpt wdbih dbs
El, pul pupdpnipjub ninpnipjudp: Uju withgnuuipnujhuyjh yuwndwet wyu b, np
ubnuUnidt hpujubwgynud E dh ninpoipjudp:

Ujunthbnl dwdjqus vdnipubipp ppddty B pupdp sbpduwunhfubiughtt Ju-
nwpwind (1h.7): Epsdwt uljqpuuljui thnynid ququputhwigkhnipniup npn-
owjhnpkl UkSwunud E, npp wuwydwbwynpdws £ hwnhlukph dhol qqutiwdl fun-
nnuljutiph wowewgdwdp: Ujy thnhinid wqun dwljptup tdugnid E:
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Ul 7. @Ppsuwil npkpp

Epsdwt hwenpn thnymud hsdwt hinmbwipny punnnduljubph Yuipguwspp
Yupnil thnppuwtnud k, dhwdwdwbwl Yupni pujund B wqun dwljbplngpep:
Lunwoubph ququputhwighihnipjut yipugnudi ninklgymd b junpngubph nw-
pudwljut guugh puypwynudng, b wnwewunid ku dbniuwgdwsd junnnsubtip: Ujy
thniht hweonpymid k ppsdwt kqpuithwlhhy thoup: Cung npnud, wyu thnynwd hwp-
Juynp E wyuwhnyb) mupugdwt pwn thnpp wpugqmipnil, npytugh ppodwb qnps-
ntpugp juyubw vhwdwdwbwl wdpnne swduiny, huisybu twl uinugyh hwwnhly-
utiph hwjuuwpuswth wd: Twdjjuspubpn ppéyk) ki HEjunpujut qunupwind
700...850 °C gbpdwunhdwuh wuwydwunid, 2 dwd wbinnnipjudp: Zunlnipnibubph
niuntfbwuhpdwt tyywinwlny wdnioh Ypw tunbgyly bt wpswpt Yntnwlnubp:
VY. 8-nud pipjws Eu Yhpudhuljw bdnipubph tupubpp:

Ul 8 Gkpudplwlub unioblp

Ukpwuhjului BFO iyniph LEjunpubhghjuljul hwnlnipniiubph niund-
twuhpdwb tyuwnwlny ppénidhg hbnn unugdus inwpubpp Eupwplyt B hnjdwb
dhtglh hwuwnnipjut Uninwynpuybu 1 dd wpdtpp, nphg htinn 800...850 C obpuwu-
nhdwunid tpwtg ypu wpswph dwsniljh Jhpundudp tunkgyt] ki ohdwljut Ynt-
nulnibp: Upswptyuunnmut ppujutugyl) b puuujut Enutuyng: Upswiph Jup-
pnuwnh (35...40 %) b wwumhupuwph (65...60%) jpununipgp pupul] Yypduh dh-
ongny tunkgyt) k dniptiiph dwljiptkuhl, npnip twhiwybu duppdty b mmuqbipdyy
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El: Epsdwb mnwghti thnyynid (200...400°C) wypynid E wjjmunpuwpupp, hul 2-py
thnynud (450...850°C) wupswph Juppnuwwnp Jkpuljuwbquynid £ Jepusybny k-
nunuljuwb wpswph: Upswph Jepulubqunudp Jupbih E ukpuyugiut] hbnbyug
phthwujut nkwljghwyny.

28A:C0Os3 + CisHis— 56Ag + 38CO:z + 8H20: 2)

Upswpt LEjunpnyubph hwuwnnipniup ppénudhg htnn juqdty £ 30...40 o4

Uhkpwuhuwluw wnpubph ghhEiuphy puthwigbihnieniup (€) b Ynpniun-
ubph wiljub nwbgqkuup (tgd) npnoyty k' Gjukny nittwynipjub b pupnpulne-
pjut wpdtpubkphg:

ElEjunpuljut hwnljmpyniuukph tupugpoipgniiup: HhiEjuphly puthwi-
ghihnipjul (¢) b §npniunubph wuljjut nwbgktuh (tgd) sahmdubpp Juwnwpyby
E TESLA BM560 umippwynpdwtt dhongny, unnugws wpnniupubpp pipdus ku
uly. 9-nud:

€ tgd
75 0.062

\"
0.052
74 /
\ / 0.042
73 %S
\ / 0.032
€
72 \ \ 0.022
71 \ \ / 0.012
\ \)ﬁé\ 0.002
70
) \T\f-/

0 5 10 15 20 25 30 f, U
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g /g 0.008
40 |
/ 0.006
30

A" 2 0.004

20 0.002

0.000

50 100 150 200 250
f, Ulg

P)
Ul. 9. BiFeOs [Epundhjwlwi nlniph phljElnphl punhwiglyiniprui (€) b fnpniuwnbbpp
whlpul nmwbqkihup (1g6) upnjudnipiniip hudwpinipiniiihg.

w — hwdwpunipiniip Uplsh 30 UZg, p - hwdwjunipiniip 25-pg upish 250 UZg

‘Lunipubipp nupwugyly B dhtish 200°C h yuhytk) dnnnunpuytu Ukl dwd,
wyunthbnl Jhpwnydl) £ hwunwnntt jupnud, b idnwpubpp wunhfubwpup vw-
nkgyt kb, nphg htwnn uvnwgyt) G gpuitg GUL-tpp: Pusytiu tplnwd £ UR-Ephg,
uunoubphtt Yhpundws jupdwt pibnwljwunipniup thojubjhu wdnubpp gnigw-
phpnud B tnwpplp phdwnpnipynittbp, hyp jununwd £ p b n mhwh thgpwljhpubph
nwpuswljuh Jipupuphiiwt dwuhb: Ujuhtipt' Jupljh b upunply, np wju Swt-
wunhny httmpuwynp £ vnwbwy fepudhfuub p-n wagnid: Ludnipubph CUE-Epp
0..50 o qupnid dhpwljuypmid dhtigh mwpwgubip b nwpwgubinig htwnn phipqus
kb uly. 10-nud:
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Uy 10. YUR-bpp uplsl okpdunlpwnidp (hné qhd), obpdunlrwlnilhg hkwnn ([Eu-ghs)

Bqnujugmpinit. npdbph wpyniupnid wupqyl) k np Guiympbph pngu-
huownunippmul/hwdwlupgnd PRU uljqpiiudnplint b wuwhwwtbine hudwp wh-
hpwdtown k k-t Jipguty 0,32 (6% b wibih Epuph thnoh): Uy wipdtphg quidp wipdtp-
utph nhypnud PRU gqopépupwugp jud sh uljqpuwynpynid, jud jupd dudwuy
htwnn wypdwb gnpdplipwugp dwpmd k:

k-h 0,73 wpdtphg (14% b wykjh kpluph thnoh) ufjuws wypuiwi ekpuwu-
nh&wbp b fwjwnh nwpustui wpugnipniip ufunid ku jupndy wdl) podw-
huununipymd obpdwhwnnppuljunipyut b qunynn nt hwpwlhg hnwd sbpinkph
Uholt opduyhtt gqpunhbunh wény wuydwbwdnpyus:

Uhtptqué wpquuhputiph nhingbiwdwquyhtt Epnismpjudp ygupqyty
E np Guiymptph b dhowlljjuy dwqtph thopp pubwlmpyundp gubljuih uqny
tywwnwluhtt ympp uhpbqynud k, Gpp pnuwpuiununipph dky Junkihph pw-
twlyp9..12%tL:

YUL-tphg Eptinud E, np fEjupuljut guonnd obpdudywljus wdnipubpht
Yhpunduws jupdwb piinwljutmipiniip thnpatjhu tdntbpp gmgupbpnud B viuppbp
nhuwnpnipyniutbp, hyp fununmid k p b n wnhwh thgpulhpttph mupuswljui Jb-
pupwudwt dwuht:

Yhkpwuhjulub tdniph nhkkinphl puthwigkihnipjub (€) b npniunubph
wtljjut mubqkuuh (tgd) hwdwpumpmniihg jujpjuwsmpjut nuundtwuhpmpmniip
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gnig k nmwhu, np hwdwhinipyub dhish 250 UZg dvhowluwypnid PRU-ny uhlphq-
Jwsd wyu Wnipbpp hwdwwnbnth tu htnkqpuy ks ujubdwtbtph wpunwunpnipyut
htw:

Uppiunnwiiipl ppuluminugyly F 22 YQUUL pupdpugnyyl ppnippui o ghuntppaui
[npunkp wowlgnipyunlp ' «Uplpn- b bwbn-Lklnpnéhluy 2UNS) I «Unpugnih nipkph
I Upgpnuwppkphy (REUIL) puquyhll ghunwhbEunwmgnunulpul jupnpunnnphwibpnid:

GUYULNRE3UL 8ULY

1. Dielectric phenomena of multiferroic oxides at acoustic- and radio-frequency /
J. Yang, W. Bai, Y. Zhang, C.G. Duan, J. Chu, X. Tang // J Phys Condens Matter.-
2023, Aug.- 23;35(46). doi: 10.1088/1361-648X/acecf0

2. Magnetoelectric coupling in multiferroics probed by optical second harmonic generation /
S. Xu, J. Wang, P. Chen, K. Jin, C. Ma, S. Wu, & et al / Nature Communications.-
2023.- Vol. 14, article number: 2274.

3. Electrical, magnetic and microwave absorption properties of multiferroic NiFe,Os-
BaTiO3; nanocomposites / D.S. Lam, N.N. Tung, D.D. Dung, B.X. Khuyen, & et al //
Materials Research Express.- 2022.-Vol. 9, Nr. 7. DOI 10.1088/2053-1591/ac7fel

4. Multiferroic properties of BiFeO3;—BaTiO; based ceramics / T. Futakuchi, T. Kakuda
and Y. Sakai // Journal of the Ceramic Society of Japan.- 2014.- Vol. 122, issue 1426.-
P.- 464-468. https://doi.org/10.2109/jcersj2.122.464.

5. Properties of BiFeO3; — BaTiO; ceramics in the morphotropic phase boundary: a role of
crystal structure and structural parameters / D.V. Karpinsky, M.V. Silibin, D.V.
Zhaludkevich, S.I. Latushka, & et al / Magnetic Journal of Magnetism and Magnetic
Materials.- 2021.-Vol. 539, article 168409. https://doi.org/10.1016/j.jmmm.2021.168409.

6. Enhanced dielectric and multiferroic properties in BaTiO; doped BigssNdo1sFeosMng 0203
ceramics / H. Zhao, R. Yang, Y. Li, G. Liu, & et al // Journal of Magnetism and Magnetic
Materials.- 2020.-Vol. 494, article 165779. https://doi.org/10.1016/j.jmmm. 2019.165779.

7. Ferroelectrically tunable magnetism in BiFeOs/BaTiO; heterostructure revealed by the
first-principles calculations / W. Wang, W. Sun, G. Zhang, F. Ren, & et al // Journal
of Advanced Research.-2020.-Vol. 24.- P. 371-377.
https://doi.org/10.1016/j.jare.2020.04.012.

8. Enhanced ferroelectric, magnetic and magnetoelectric properties of multiferroic
BiFeOs;—BaTiOs—LaFeOs ceramics / M. Zhang, X. Zhang, X. Qi, H. Zhu, & et al //
Ceramics International.-2018.-Vol. 44, issue 17.-P. 21269-21276.
https://doi.org/10.1016/j.ceramint.2018.08.175.

9. Ramirez, Control of Multiferroic properties in BiFeO; nanoparticles / D. Carranza-
Celis, A. Cardona-Rodriguez, J. Narvaez, O. Moscoso-Londono, & et al // Scientific
Reports.-2019.- Vol. 9.-article 3182. https://doi.org/10.1038/s41598-019-39517-3.
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10. The Multiferroic Properties of BiFeO3;—NagsBiosTiO3 Solid Solution Ceramics / Z.
Xu, L. Luo, M. He, K. Shen, & et al // IEEE Transactions On Magnetics.- 2015.-
Vol. 51, issue 11. https://doi.org/10.1109/TMAG.2015.2438954.

11. Enhanced Electric and Magnetic Properties of the Epitaxial (Ba0.5Sr0.5)TiO3/BiFeO3
Multiferroic Heterostructure / Y. Chen, J. Miao, X. Zhang, F. Weng, & et al / IEEE
Transactions on Magnetics.- 2012.-Vol. 48, issue 11.
https://doi.org/10.1109/TMAG.2012.2200459.

12. Ferroelectric and Magnetic Properties of Multiferroic BiFeOs-Based Composite Films
/ H. Naganuma, T. Okubo, K. Kamishima, K. Kakizaki, & et al // IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control.- 2008.- Vol. 55,
issue 5. https://doi.org/10.1109/TUFFC.2008.755.

13. Pure perovskite BiFeO3-BaTiO3 ceramics prepared by reaction flash sintering of
Bi,035-Fe,03;-BaTiOs; mixed powders / A. Taibi, S. Chaguetmi, P.-E. Sanchez-
Jimenez, A. Perejon, & et al / Ceramics International.- 2021.- Vol. 47, issue 19.- P.
26947-26954. https://doi.org/10.1016/j.ceramint.2021.06.108.

14. Synthesis and Characterization of 0.7BiFe0;-0.3BaTiO; Crystallites by the
Hydrothermal Method / T. Tong, J.G. Chen, J. Jian, D.R. Jin and J.R. Cheng //
IEEE International Symposium on Applications of Ferroelectrics (ISAF).- 2014.
https://doi.org/10.1109/ISAF.2014.6923014.

Zuyuunnwtth wqquyhtt ynjhunbuthjuljwt hudwjuwpwi: Unipp tbpuyugdt &
hudpwgnnipini 04.12.2023:

H.B. MAPTUPOCHAH, 1.C. MAPTUPOCSHH, M.A.X. APAT'H,
T.B. BAHAYHII, C.T. AHPATIETSIH, P.A. KA3APSIH, A.C. EPEMSIH

HOJNYYEHUE KEPAMUYECKHUX OBPA3LIOB ®EPPUTA BUCMYTA,
JETHPOBAHHOI'O MAPTAHIIEM, U U3YYEHUE UX CBOVICTB

Pa3paborana TEXHOJIOTHSI CaMOPACTIPOCTPAHSIOIIETOCS BHICOKOTEMIIEPATyPHOTO CHH-
Te3a eppuTa BUCMYTa, JETMPOBAHHOI'O MapranueMm. MeTtoqoM peHTreHo(ha3oBoro aHajansa
OTIpeieNIeHbl HaWTyulllie yCJIOBUS Ul IIPUIOTOBJICHUS CMECH MCXOIHBIX KOMIIOHEHTOB U
cuHTe3a. Pa3paboTaHbl TEXHOIOTHUECKHE TIPOLIECCHI TIOJIYYESHHUS] KEpAMUYECKHX 00pas3LoB 1
MIOJTOTOBKY OMHUYECKHX KOHTAKTOB. VIcCIe10BaHb! YaCTOTHBIE 3aBUCUMOCTH TUICKTPUUECKOH
MIPOHMIIAEMOCTH, TAHT€HCA YIJ1a IOTEPh U BOJIBT-aMIIEPHON XapaKTEPHCTHKH.

Knrouegvle cnosa: CeTHETOANEKTPUK, MYIbTUPEPPOUK, KEpAMUKa, CaMOPacIpocCT-
PaHSIOLIMICS BBICOKOTEMIIEPATYpPHBIN CHUHTE3, NUAIEKTPUYECKAsl MPOHULAEMOCTD, JUAJICK-
TPUYECKHE TIOTEPH.
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N.W. MARTIROSYAN, D.S. MARTIROSYAN, M.A.KH. ARAGHI,
T.V. VANDUNTS, S.G. HAYRAPETYAN, R.H. GHAZARYAN,
A.S. YEREMYAN

OBTAINING MANGANESE - DOPED BISMUTH FERRITE CERAMIC
SAMPLES AND STUDYING THEIR PROPERTIES

A self-propagating high-temperature synthesis technology of manganese - doped bismuth
ferrite has been developed. The best conditions for the preparation of the inital components
mixture and synthesis are determined by X-ray phase analysis. The technological processes
of obtaining ceramic samples and preparing ohmic contacts have been developed. Frequency
dependence of dielectric permeability and loss angle tangent and volt-ampere characteristics
are studied.

Keywords: ferroelectric, multiferroic, ceramics, self-propagating high-temperature
synthesis, dielectric permeability, dielectric losses.
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PUQUUUGSUN-UNPLDIPYIUSPL SULNREHS NPh(]-
ZpNUGSULNRrePUYUL B ULUUNY 1Lk, 8hLUb B, YUNULCh
anrenkrur

Zhnwgnujws £ Yuyuith hwipwhwpunwgunn Swpphjuynud wpnunpdus puquw-
Ubwnwn-unybhnuyhtt mnwiyniphg ywhpn-hhnpoudbnuympghwlju tpuwbwlng wnudh, ghuyh b
Juwwph Ynpquut gnpéplipugp: Fuquudbnwn-unydhnuyhtt punwiymph JEpudrwljdu
hwdwp punpyly b «Gunuyniph unydwnwging pnynid — unyjdwnugus pnyywsph pniy
SéUpwppyuyhlt mwuppundnid» tnubwlp: 8nyg L wpquws, np unydwnmwugyws pnddusdph

pny] $SUpwppYuyht mwuppunisdwt (mdnyphg ynhudp punpnpuijui dunyg Ynpqynud
Epupny ghukinwugdwt tnuwtwyny: Ywwywpp Ynpgynid |k unpwhigniih muppujnisdmi
nwsnyphg Epiuph ghdbbnwugdwt dhongny: Gplup-ghtuyht nisnyphg twwnphnudh
hhnpnopupnh weljuwynipyudp hhgpnjhqm] tpljuph hhnpopuhnt wpwbdbwgynud £ dwypul-
nwdnyphg: Uwppus ghty-unydunuyghtt (nidnyphg ghihh Ynpquut hwdwp Epugpwynp-
Unud k 31nidynn juwjupuyhtt winnubpny HEjunpunpquub tnubwyp:

Unwigpughll punkp. puqudbnwn-unybhnuyhtt pnwiynipe, podnud, pnddubdp,
wnwppuwnidnid, ghdbunwgnid, hhnpnihg, fEjupulnpgnid:

Lkpwbmpinii: Zwbipuy bnnipjut punbppp hwpniun | puquuphy dbnw-
nulijut hwipwiyniptpny: puwig vy wpwtdtwhwnndly nky i gpuntginid pug-
dwdbnwnujhtt hwipwiyniptpp, npnugnid dhwdwdwbwl jupnn B yqupniwy-
Yt muppbp dbnunujut vhwugnipniubpn: Unpuyhuh hwipwiyniptph swpp B
nuuynid SCwhnidjuth hwbipwquypnud (1, 2] wpynitwhwinn hwupwiympbpp,
npnup hpktg punypny puquudbtnwn-unybhnuyht bl Zwipwiymptph hwipw-
hwpunugdwt gnpsptipugnid unwgynid b puqiudbtnwn-unydhnughtt junw-
ntipe, nph hhdttwljwt pununphsp ynhdb b fugh ynudhg, pnuiympipnid wnlju
Elu twl qquh pwbwlmpjudp ghtl] b juwyuwp, npnup punwiyniplph hpugdwb
dudwbwl gnpshwljuwimid ywupquubu jud winbunud &b, jud b gputp sku
Unpqynid wnudh vnwugdwt ywhpndbnwnipghwljut gnpépupugubpnid: pw
hhdtujut yundwnp tdubwnhy pnwiymptph hadwihp yepudouljdw nkju-
unnghwbph puguljwnipniut k:

ZEnwgnuinipjut btyywnwli E Ywywih hwtpwhwpunwgunn wpphljuynid
wpununpynn puqiudbnun-unybhnuyhtt pnwbynmiph guspobpdwunhdwbught
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pnyuwdp unwugynn uniypdwinught pnyqusph nmuppuynisdwb unibwn-pedught
[ndnyphg puinpnnuijut Ainy Ynpqby ghtlyp b jugupp:

vunph gpuspp b dkpanghluyh hhdbwdnpoidp: Zhnwgnuyny puquudb-
wnun-unibhnughtt pnutymphg whpn-hhnpnubnwnipghwljut tnuwtwynyg wynudp,
ghtuh b uwyuwnph Ynpquub dkpnghuyh hhdpnid npus b «puquudbnwn-uny-
$hnuyhtt pprwiyniph unydwnmgunn pnynid — unydwnwugdus pnydusph oy
SsUpuppyuyhtt muppunisnud» uljqpnipp, npp htwpwynpnipinit £ nwjhu wyyu-
hnyt] ppnwbynipnid wnlw wynudh, ghlh, juywph nt Epluph Ynpgnudp, husybu
twl wywhnynud k oppwjun vhpwjuyph yywhywinidp pnddwt pipwugpnid gnyju-
gnn phy putwnipjudp wpunwubnynn sdupwyht quqbtphg:

Puquudtnwun-unydhnuyhtt pnuiyniph guspotipdwunhdwtughtt pnddudp
unwugud pnifyusph nt dhgwtljwy whin wpquuppubph dwquyhti punuinpnip-
jniuttipp hbnnwgningt) ki nkingktwljunnigyuspuht Jpnusnipjut tnuwtwlng:
Utunuwunulut hnubkph §nughinpughwutpp inisnyputpnid swhyb) Bu wnndw -
wpunppghntt uykiunpuwuynyhuyh dbpnnny: Zhdbwlui b odwinul pununnhs-
ubph wuwpnibwlnipmitubpp whin wpquuhpubpnud npnoydl) Eu phtpwlui b
Edhuhntu-uykjunpu) JEpnsnipjut tywbwlubpny:

ZhEnmwgnuinipjut wpynibpubpp: 8htuy b juwwp ywpnitwlyng puqludt-
wnun-untdpnughtt prwiyniph YEpudowljdwt mkuuninghwljwt vjubkdwyny (uy.)
puquudbnwn-unt bhnuyhtt pnwiynipp Eipuplynid £ guspobpduumnhdwtiughte
untpunnugunng pnydwl, nphg unwugyus unyjdpwnugyus pndqusdpp pny) Ssdpw-
pRrYuyht jnwsnypnid nuppunsdwb  tupwuplynud: Fnddwsph poy) ssUpuppyu-
jht mwppuynisdwt nt ngpu unpupugnihg juwwuph ghdbtnwugdwui b mwuppw-
(nwsdwt vhongny unydwuwn-ppeyduyht (ndnyphg hadwywnwujuwt dkpnnubpny
Juunwpynud B wnudh, Epuph nt ghthh Ynpqlwb gnpépupugubpn:

Zhknmwgnuynny  puquudbnwung-unybhnuyht pnwiymph (54,8% CuFeS:,
25,1% FeS:, 6,3% ZnS, 5,2% PbS, 4,6% SiO2, 2,5% AlLOs, 0,8% CaO, 0,7% MgO,
8,7 ¢/n Au 1 98,2 ¢/n Ag) umdpmnwugung pnydwi gnpéplipugh hbnnwgnunipjut
wipyniupubpny npybu puqiudbnun-unybhnuyhtt pnwuiymph unydunwuging
pnyuut oyynhdwy obpdwunhdwt E punpygby 570°Cn: Upy obipdwunhgdwutnid 60
oyl ninnmpjudp, wipinhwn punbidwt yuydwbtbpmd, unydwnwgunng pny-
dwb wpyniipnid unwugus pndduspu hp pununpnipjub punypny unydunw-
1ht £ (CuSOs4, Fe2(SO4)3, FeSO4, ZnSO4, PbSO4):

Unydunugus pnddusph 2 %-wung ssupwppduhtt muppujnisdwt ni-
dnypnud ynhudp, tpjupp b ghtt weoljw b hpkug unyduniitph mbupny (CuSO4,
FeSOs4, Fea(SO4)3, ZnSO4):
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Puquudbinun-unibphnuyhtt mnwiymiph juqunipyut hhdtwwb pununphy
hwtnhuwgnn wnudh Ynpquwll gnpspupugp upnn £ hpufubugyt] huywybu
«bpunpuljnnmd-wyubpunpuljunnd» [3], wyjuybu b «gbdktnwugnid» [4] dkpnn-
ubkpny:

Puquuubtinwun-unydhnuyhtt fpnwiynip

Quqtp b thnph <—| Unydwnwgunn poynid |

| Onotinpunid }%» Pniwudp

|

Fnudph nwppunidnid |

Quqkp |

Thuyh ‘
Juwuwqbpdnid Unpuwjugniy Unydbwnwppyuyht jnisnype

TL ] g

| Swippuynidnid | | Nnudh ghukunwgnid |
_ ' |

oree ¢ v l Bplup-ghujuyht

Stukunugnud | Cu thnph [dnyp
’ rNaOH
Pb tngh r| Gpluph hhrpaihq |
Thuygh ZnSOs nidnyp
tipyuph §npqmd
| Shulh hEwpulnpgnid |
Zn Jwpnnujh

LY. Spaly i jungyup wwpniiwling puquudbnun-unydppuyhl punwilyniph fnpguwi
qupdplipugp

Onpdtwmjutn wpnyniipubpp (wn. 1) gnyg kb tiwuhu, np uljgpniupnpbu todws
Epynt Ukpennubpt b hpwunkh Bu unydun-ppeldughtt jnudnyputphg hisytu wynudh,
wjiyku b ngput hwonpnnn wmkuninghwljub gnpépupugitpnmid puquudbtnwn-
unibhnuyhtt pnwiynipnd wupnibwljynn dbwugws dknunujub pununphsutph
Ynpquut hudwp:

8nyg L wipdky, np tpdus jnisnyph hwdwp «kpunpuljnnid-uwwkpunpul-
wnnud» Ukpanh Yhpwenudp phs wpynitwdbn b, dhisglin «gbdkinwgnid» dkpanh

438



Yhpundwup tpuph nwoknutpny wynudh ghdktnnwgdwt gnpdwljhgp hwutimd k
99,5 %, husp 1hnyht pugnitkih gnigwhy b Edhuhnb-uyklnpuyght yEpnisnipjut
njutbpny (wn. 2) vnwugjws ynuduhnohtt hwdwwywnwupjupwbtnud £ unwtnupun
uunipubipht [5]:

Unyniuwly 1

Swppuym Sl duypul-jnidnyph pnluyhl pununpnieniip

Pnuukph Ynughunpughwubpp unyduwnwugdus pndqusph muppunisdwi

nwdnypnd (¢/7)
Cuz 7n% Fe2+ Fe3+ Pb2+

18,89 4,18 20,96 0,97 Oh hwyntup.*
" Gpulynip-punwlyniph Eppopy (puun wpdkph) pugugphsp” juapwpp, dwpoogbu
qnpqujly E poajwdph ppijuyhl vnappuayniduwh unpuwfugni i hg:

Unniuwly 2

Uunugywd ynhdwpnont blpupni- uyklmpuypl JEpnidnipul wpnniGplkpp

NMnudwthnont mbkuwlp| Cu vwnunipnubph wupnittwynipiniup, %

pun.,% | Sb | As Fe Pb S o Zn
Onpdupupulul 99,5 - 10,001 | 0,064 | 0,05 |0,02(SO«*) | 0,48 |htnphkp
IIMC-H TOCT 4960-75| 99,5 |0,005| 0,003 | 0,060 | 0,05 | 0,01 (SO+) | 0,50 -

Bpjwp-ghjughtt ;ményphg tpiupeh hhnpnihgh wpyniipnud vnwgjus
tpuph hhgpopuhnp ninnymd £ nhwh Epluph Yapgnid, hulj jewntnipyutphg
dwppyuws nidniyphg (hhdtwljutnid ZnSO4, htyytu twl H2SO4 t Na:2SOs) ghijh
EEyunpulnpgnidt ppuljubimgyty b sjnisynn Pb-0,8 % Ag wmunnutpny b wynudhuk
Jupnnuyht hhdptpny fEjunpnihquyhtt qutbuynmd (BEyunpnihnh obpdwunhguin’
40...420C, hnuwtph painnipnip’ 550...600 /47 Juubugh jwpnudp' 3,2...3,3 ¢, wb-
pughwwn fuwnunud):

qhpnidnipyul wpyniupubpp (wn. 3) gnyg ku nughu, np unwugdws Lkjunpn-
1thquyhtt ghtljr hp dwppnipjudp hwdwwyuwinwupowinod | 110 dwljthoh pupdpnpuly
ghuljpti’ puwn @OUS 3640-94-h [6]:

Ugniuwl 3
Shihh Jupnnilph Fdhupnb-uyblnpuyhl Jepiniénipyul wpyniipbkpp

ElEyunpnihquyht ghihh | Zn, vwntunipyubph ywuwpnibwlnipniup, %
wnbuwlp nunh.,% Pb Fe Cu Cd Sn As Al
Uwnwugjuws ghhh 99,975 | 0,011 | 0,007 | 0,001 | 0,001 | 0,001 |0,0002 | 0,003
Yupnnukpp
8huly IO TOCT 3640-94 | 99,975 | 0,013 | 0,005 | 0,004 | 0,004 | 0,001 |0,0005| 0,005
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Bqpuljugmpinii:  Mhpn-hhgpndbnwnipghwljuwt  tnuwbwlyny puqludh-
wnun-unidhnuhtt pnwymphg vnugqus unyduwnugyus pnddusph mwuppu-
nusdwt (nidniyphg ynhtdp ptnpnnujub duny wpynmitwdbwn L Ynpgl) Eplupny
ghiuktnwuguiut tnutwlny: Unwugyué ynuduhnoht hp dwppnipjudp hwdwww-
nuwupwind | unwbnupun duljuhputphtt' pun @0US 4960-75-h: Yuujwpp wpn-
tuwgtn k Ynpgl] unpwpugnijh nwuppunisdwi (nidnyphg ipuph ghdbinwg-
dwtt dhongny: Gpljup-ghtuyhtt (nidnyphg twnphnidh hhnpnopuhnh wnljuynipe-
judp hhnpnihgny tpluph hhnpopuhnt wpwbdbtwgynid b dwypul-nisnyphg:
Uwppdws ghtj-unyydwnuyghtt (nisnyphg ghhh §npquu hwdwp Epuphowynp-
Ynud | sinidynn juuyuwpuyht wingubpng fEjupulnpqdui tnpuwwlyp: BEjupw-
Ynpqyus dwpnip ghij hp dwppnipyudp sh ghenid 0 unnwtupun tdnight’ puwn
QOUS 3640-94-h:

AruuluNhrE3UL 8ULY

. Uduguu 2.U. Zujwunhwbh bwbpwhnidpuyhtt pbumputbpp. - Gphwb: 22 QUG
Qhunipintt hpuwnwpulsnipiniy, 2004. - 432 Le:

2. Munepansl pyasabix popmarmii Apmsackoit CCP / U.I'. Maraksn, HI.O. AmupsH,
P.H. 3apbsan u ap.- T.1.- Epesan: Uzn-so AH ApmCCP, 1984.- 306 c.

3. Mark E. Schlesinger, Matthew J. King, Kathryn C. Sole, William G. Davenport.
Extractive Metallurgy of Copper.- Fifth Edition.- Elsevier Ltd, 2011.- 456 p.

4. CwmupnHoB U.HM. OU3MKO-XUMHUYECKHE OCHOBBI M TEXHOJOTHMS IMOJIYYECHHUS MOPOIIKOB
TSDKENBIX IIBETHBIX MeTaiioB.- KpacHosapck: U3n-Bo KpacHosipck. yH-Ta, 1984.-128 c.

5. T'OCT-4960-75. ITopomok meansiid. TexH. ycnosus.- M.: UIIK, M3a-Bo cranaapTos,
1998.-12 c.

6. T'OCT 3640-94. [luak. Mapku.- M.: U1K, U3n — Bo ctangaptos, 1994.- 6 c.

Zujuunwth wqquyhtt ynjhnbuthjuljut hwdwjuwpui: Unipp tbpuyugyt &
hudpugpnipinit 21.11.2023:

A.M. O'AHECHH, A.I'- BAPJAHSIH, H.A. HHKOAH

NUPOTUAPOMETAJLIYPITHUECKHI CIIOCOB U3BJIEYEHUA
MEJIHU, CBUHLHA 1 IMUHKA U3 NIOJIMMETAJVIMYECKOI'O
CYJIb®UJHOI'O KOHIIEHTPATA

HccnenoBan mUpOrHapoOMETaLTyprUueCK il Croco0 U3BJICUSHUS ME/IH, [IMHKA U CBUHIA
13 MOJMMETAITMIECKOT0 CYIb(HIHOTO KOHIIEHTPATa, Moiy4aeMoro Ha Kamanckoii oboraru-
TenpHOH (pabpuke. s mepepabOTKH MOIMMETAIUTIYECKOTO CYJIB(QHUIHOTO KOHIIEHTpaTa ObLT
BBIOpaH METOA “‘CyNb(haTUPOBAHHBIN O0KUT KOHIICHTpAaTa - CIa00e CEPHOKUCIOTHOE BBIIIC-
JaunBaHue Cyib(aTrupoBaHHOro orapka’. [lokazaHo, 4TO Meb MOXKHO CEIEKTHBHO W3BJICYb

U3 pacTBOpa BBILIEIAYMBAHUs CYJIb(GATUPOBAHHOIO Orapka IyTeM LEeMEHTalluH JKeJie3a,
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CBHHEL U3BJIEKAIOT U3 PACTBOpA BBIILIEIAUMBAHUS MTyTEM LIEMEHTALMH Keje3a, THAPOKCUT
JKeJie3a OTAEISI0T OT MAaTOYHOI'O PacTBOpa THUAPOIU3OM U3 HKEJIe30-LIMHKOBOI'O PacTBOpa B
MPUCYTCTBUU TUIPOKCUA HATpUsl. [ U3BlIeUeHUs HUHKA U3 OYHUILEHHOI'O PacTBOpa CEpHO-
KHCJIOTO IIMHKa OOOCHOBAaH METOJ JJICKTPOBOCCTAHORBJICHUS C HEBBIIICIAUNBAOIIUMUCS
CBUHIIOBBIMHU aHOJIAMH.

Knroueswte cnosa: noauMeTaIMUSCKUN CYIbQUIHBINA KOHIICHTPAT, 00U, Orapok,
BBITIETIAYMBAHKE, [IEMEHTAIIVS, THAPOIIU3, JIEKTPOU3BIICUEHUE.

A.M. HOVHANNISYAN, D.G. VARDANYAN, N.A. NIKOYAN

THE EXTRACTION OF COPPER, LEAD, AND ZINC FROM
POLYMETALLIC SULFIDE CONCENTRATE BY THE PYRO-
HYDROMETALLURGICAL METHOD

The process of pyro-hydrometallurgical extraction of copper, zinc and lead from
polymetallic sulfide concentrate obtained at the Kapan enrichment plant has been studied.
For processing polymetallic sulfide concentrate, the method of «sulfated roasting of the
concentrate - weak sulfuric acid leaching of sulfated cinder» has been chosen. It is shown
that copper can be selectively extracted from the leaching solution of sulfated cinder by
cementation of iron. Lead is recovered from the leach solution by cementation of the iron.
Iron hydroxide is separated from the mother liquor by hydrolysis from an iron-zinc solution
in the presence of sodium hydroxide. To extract zinc from a purified solution of zinc
sulfate, the method of electroreduction with non-leaching lead anodes has been justified.

Keywords: sulfide polymetallic concentrate, roasting, roasted concentrate, leaching,
cementation, hydrolysis, electro - winning.
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ShSUULP YUCreph UUULPYELEE 2UQGD BY, LULUYD
UQ1ESNRESNRULLENT Al-Cu ZUUTYUNSDh 2ZUUTUNRLYUORE
QUNNPSIUOLDP GY, 2ZUSUNkESNRLLELP 41U

Guunupyt k pupdp nbuwjupup wdpnipjudp Al-Cu-TiC hwdwljupgh wjnudhtw-
1ht hwdwdnyjwsputiph dnyjdw gnpépupwugh b junnigyuspugnyugdwi dkjuwhquh Jtp-
[nudnipynit: Hhuwpll] o nhunwh Yupphgh' npybu (kghpnn Yndwynibinh fhpundwl
wnwyknipniuttpp b wnwtduwhwnlnipniuutpp’ twbinjunniguspughtt nduynghwnw-
1ht wnipkph (YU) unbnddwb bywnwlny: 8nyg Eu wipdt) Al+5%Cu+TiC pununpnipjudp
hnunghtt Jurnigquépny Yu-bkph unnugdwt thnpdbph wpyniupubpp: Ljwpugqpyty E TiC
bwbindwuthyubph pupudnmipniip dugpulh hunyph dke: Zhdtwdnpyty o duypulh
Uko nhwnwuh Jupphnh dwutuhlubph swthtph b hwykjdwi hwpwpkpulgnipjut oyunhduy
pwiwubipp:

Unwihgpughli pwpkp. nbuwljupup wdpnipmnil, wpnuwhbiughtt hwdwdnydusp,
wdpwbwynpnn dwg, mhwnwh Jupphy, dbjpwthulwh hwnlnipnibtbp:

Ubkpwbnmipynit: Uppnitwpkpnipjut npno pwquyuntbpnud Eubkpgquiputiw-
mnnipjut b tubpquupnynibwdbnmpjut punhpubpp (nusknt hwdwp juphp &
wnwowinid unknstint unp mkuwlh vwppuynpnidubp, npnip phpl 1huky, odwn-
Jwsd Uks pwhwgnénnujuitt punipwugpbpny: Mnnuuwunyu dbpitwdwubph thnpowph-
unudp nhdwgynit b phpl dknwnutpny hwdwpynid £ phun wpnhwlut jtghp,
npp htwpuynp E hpuubwgul)] pupdp wdpnipjudp phpl hwdwdnyJuspubph
ogunnugnpsdwdp, wjuhtiptt ynnuuwwnp thnpuwphtl] pupdp nkuujupup wdpnipe-
judp hwdwanijusputpny:

Swipplp nnputtpnud oqgunugnpstint bywwlny Ykpotpu tjuunynid L
wpnidhttughtt duypulng Yndwnghnnwghtt hwdwdnydusputph oquugnpsuwb
Juynit hwnnwd, npnughg yuwnpuwunguwsd wpunungpunbuwljubpt ntbkt jnipuhw-
untl] dbjuwthjuljuwt hwnlnippniutbp b owhwgnpsdwt pupdp punipugptn:
Ypwlp skt qhonud tnyuhul wdlwbwnhy wWnnuunyw wpnunpunbuwljubpht:
Zuyunth L wynudhth hhdpnyd Yndwynghwnughtt Wyniptp (YU), npnup 1kghpdws
TiC, SiC, Al203 b wy] yniptpny b odndws b wbih pupdp hwnlnipniuttpng [1]:

Glutny wynudhtught dugpujh wdpugdwt dwutthljubph punyphg, wynidh-
tughlt WU-kpp puwdwi]wd b bpbp fudph dknwnuphpbpn] jud phjpuidub
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pmipbnutpny 1kghpyws, nhuybpu Jupsp hwnplutpnyg wdpugdus b okpunwynp
Junnigquépny wympbp:

Niowgpuy &b wjtt Yndwynghwntbpp, npnup niukt Bukjnhjuljut hnjow-
YEpuympmnitutp b vnwugynd Bu Bukjnhjuljut jurmgdusputph ninnnpnus
pniptnugdwt wipyyniupmd [2, 3]: SYjuw nhypmd Ejubljnpljut dbwdnpnid £ dhw-
nhkuwly jupquynpws Junnigusp hudwdnty]wsph nne swuyny:

Udpwynpnn yniph b wpnudhth dwgypuljh thnpuwqnbgnipmiip ywhwnp k
nintglh ju] Jusnqujuimipyudp unbnskiny wignidught skpun: Zudbdwnws
ADOs-h b SiC-h htiwn, TiC-u niuh wykih qubp funnipinil, wybih pupdp upspnipe-
it b juy thnjuwgybint hwnlnipnitiubp wynidhth hbwn: Ugt bl niuh glpuqutg
phthwlut b obpdwyht fuynitnipyub:

Uohiwwnwupnid npujbku duypulyh ynip yEpgpyty £ wnudny (kghpws wyyne-
Uhth hudwdniJuspp, hull wdpunpnn dwuthlubph dbt nt hwnhlubph swthubpp
nuunpyk) Bt dunuyhtt wbwhqny nuuwljupgnidhg htwnn:

Upnwdhttwghtt hhdpp Yndynghwnuyht Wyniphtt mwhu k dh gupp pwhwqgnp-
Snnuiljutt hwnlnipinikp, husuhuhp i gudp pnnmipiniup, Ukinwunh pupdn hng-
twdwyhtt wdpmpiniup, pupdnp oipdwhwnnppujuyniunipiniup, dwowljuyniuntype-
mniup, obpduyht punupdwljdw gnpdwlhgp b wy [4, 5]:

Uypnudhup, npt punpdty | npybu hinwgnugnn Yu-h dwgpuly, hiptthte ninh
nnny uwhdwbwihwlnudubp: Udpnipjut b giuunhlnipjut hwnlnipniaubpp hw-
Junupd hudbdumnwlut B, wyuhtph, tpp dEhh wipdbpp thnfuynud E, dmniup Jupny
ujuqnud E, nph wipnyniipmd thnpputmd E dnyuspubph oquuugnpsudwt mhpniypen:
Uwjpulh Wniphg pupdp wdpmpjudp Jhugmpnibibph wybjugnidp jupnn &
Jtpugul) wju phpnipmitn: Swppbp pununphstutipny tinp hdhwdnyqusph unugnidp
Eupwunpnud £ unp Yndynghwinught iymph uinwugnid, npp gipuquignid £ uljqpiiw-
Jut pwhwgnpénnuljut puntpwugptpp [6]:

Lhipjuynidu dpuljynid ki mhwnwuh jupphnny kghpdws wynidhth hhdpng
YU-tp, npnip niikl pun pupdp Jupsdpnipintl, Ynounnipintl, nkuwljupup wdpnigpe-
it b obpdwljuyniinieni: Ipwtp hhdbwuwinid ogunugnpdynud Eu ukpphtt wyp-
dwt pwpdhsubpnid [7]: Uwljuytt wthpwdbon E hwodh wntl] bt ntunudbwuhply
owhwgnpddwt pipwugpnid hwdwdniJuspubpnid mbnh niukgnn okpduyghti b ph-
Uhwlub thnjuwqnbgm peintulikpp, npnhtnb hwdwdw)i [8] wptwwnwiph sh pu-
gunynid, np Ubnnwnuiwt wpnunpunbuwlubpp Ypkt junniguspuyhlt thnthn-
hunipiniutitp:

ZEnwgnunipjut hwdwp wpwetwhbppnipmiip wpdus E Ynenghunhdwg-
Yntt hwdwadnuspubphiy, npnip (kghpdus B 5% wnudny (Al + 5 %Cu hudwljupg):
Tputp puntpuqgpynid b ny dhuytt dbjpwthuljwt pupdp hwnlnipmititpnyg
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(wupnipinit, Jupspnipnil, yjuwunhynipnily, hupjuswyhtt dwdnighlnipmnit b
Enwlgtihnipnih), wyb wlkiwlwplnpp pwhwgnpsiwi gniguiihsikph Ukswg-
dwdp: SEjuninghwjut gnpépupwugubph Juunwpbkjmgnpénidp, tbkpwunju) pnjnp
wpununpulub gnpénynipnibikpp, wyy pynd’ hwynudp, phdhwlwi puqunpn -
pjul unnignidp, puntnidp, dnnidp, uvwnkgdwt b pniptinugdut wuydwbttpt
nt obipduyhtt Ypwlnidp dkdwgunid L dntjusn hpbph swhwgnpsdwt npulyp [9]:
Zudwduwyu Al-Cu hwdwlupgh Jhdwlh nhwgpuuh, npp ukpuyugus k
uly. 1-nud [10], Equkwnhluygh YEnp hwdwywnwupwind 33 % wynudh Ynugku-
wpughuyht (unjhnniup ghsp 548°C), hnlwpwp' pwpudwh gnpdwljhgp Ywpnn k
Yhpwndt] ywnudh Ynughinpughuyh dhowluypnid 0-hg 33% CuAlz dwqu niuh
nkinpugniug pyoiplqugwinuly, nph yupudtnpkpb ba a=0,6066 it ¢=0,4874 ).

660
600
t,°C \p 548 %+ CuAl,
0/ :
_.'\.ll/: o +I:L|_u1l:l.||.n|1L|u.|: Efwnbkyunpluw +
511 +CuAl, | +CuAl
ol |
100% Al|fa = . ! CuAl
0 02 157 33 Cu,% _55
4% ’

Uy 1. Al-Cu Zumdwlpupgh yhdwp nhugpund [11]

AlCu $uqh dwuthljubpt niuku np 4t b hwjuwuwpwswth paghaus Ea fu-
onigduspnid: Zudwdntyudph wdpnipniup hhdtwljuwind jupws b dwuthy-
utph Uhohtt hinwynpnipnithg: Gpp wnhudp nsymd £ wynudhth dky, gutgh
wupwubnpp géwjunpbt wjuqnid £ dhtsh 0,4038 &/ wipdbtpp, npp hwdwww-
nuwupiwind £ ynidh wowdbjugnyi jniskihnipjuin. wyt hwduwuwnp k5,7 % -he

AlCu dwugh jpnnipniup 4,34 ¢/udl® b Mnudh wdbjugnidt wynidhth dbke
niuh Unphdhljugunn wqpbgnipmil, vwuyt dAnyyusn wjnudhth dfwjpnhwnplh
Uwlpugdui wqnkgmpinibp tinpp E: b (pmudt Jipp aogush’ wokup twb, np Yuju-
Jwsd dntdusph hnunghiugdwt okpdwunhguwithg, hisyku twb hkbnwqu stpug-
dw pipugpnid, ynhudp btywunnid Ehwnhljubph nhuybpu jupspugdwin [11]:

Gunphhy hp nipwgpuy hwnlmpenittph whnwbh Jupphyp (TiC) junu-
nnidtw)hg Ypudhulw Wynip b, npb nituh pupdp wdpnipnia b jupsdpnipmnil
(9,5+ punn Unnuh uwunnulh), gudp jpinmipinit (2,52 ¢/uif), pupdp phihuljut
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Juyniimpynil, ghpuquilg ghpuwljugniimipni, hswbu bwlb' hnldwb pupdp
nbwuynipni: bp pupdnp Jupspmipjut sinphhy TiC-p Yupnn b wypuwnpubp (huk
SiC-htt i Al:Os-htt’ npuyybu wymdhk dwypwli wdpudnpny tynip, npukn dwow-
Juyniunipniip hhdtwlwt ywhwet b Ujh b Uk yuwhwbownly nith thnotidk-
nwnipghuyh phwquyunnid:

Puipdn gupdwt nul] wpnunpunbtuwljubph Anynudp poy) £ tiwjhu vinw-
) gpliplk wnwbg Swljnnnhutph pupdpudnip wpnunpup: TiC-h htwn hwdwnbny
nhdniqghnt gnpépupwugutpt pupwinud kb guinun b pwbqupnid Bt wqun dnig-
dwlp U pnugdwip: Upnia Ynquhg TiC-it nnuppbp wgpbupn] dhounjuyptph tljunn-
dwdp owin nhdwgynit £, phuhwytiu juynit b nith gusp nkuwjupun Yohe [12]:

Bunph ppjwspp b dkpanhluygh hpdwudnpmup: Skutninghugh hpuljw-
twgdwt b hknmwgnunnipjut pupwugpnid hpuljubwgyt) Eu hbnlyw gnpénnnip-
miuubkpp.

m LiEjunpuluwt phdwnpmipjut Junwpuwinid hukgty Eu Al b Cu dnyw-
Yunplbpp,

B qniquhbnwpup wentuqtu 20 pngé 200...250°C ohpdwunhdwunid -
pugty ki whinwth Yupphngh dwuthlubpp,

m 850..950 °C oipdwunhgdutnid mhwnwth Yupphngh thnohtt ubpdmsyl) k
huwnypeh Uk,

B juunwpdl) EdEuwthjuwt puptnud. juwunthsh vugph wunndwt wpw-
gnipiniup tnky £ 250...350 wuinyuy/pnyk;,

m hwnypp vwnkgyby £ 10...25 wuw/pnyk wupugnipjudp:

Upmyniupnud unwgyly u pupdnp dkjpwthjuljubt hwinlmpiniuttpng tdniy-
ubp, Epp duypuljt wdpugunng dwuthfubpp puojuus B junniguspmid hw-
Juuwpuybu:

ZEhnwugnuinm pjuh wpryniipubpp. Numdbwuhpdty E whnwih upphgh dwu-
uhlh swihh wgpbgnipniup funnipjut ypu: Npytu dugpulh ynip oguugnpdyty
E Al+5 %Cu hwdwlupgh wynidhtiughtt hwdwdnyjuspp: Yndwynghwnuwghtt hwdw-
dniudp unwbiwnt hwdwnp 5...20/Gd dwuuhljutph dhohtt suthny mhunwh jup-
rhnp oquuugnpéyly E npuybu dujpulh Yuwhp poipbqugdut hujwuwpuswth
puohujud YEuwnpnuubpny (wn. 1): Zunyph dke wwppbp swihbph dwuthlubpp
ubipunidyly Eu 5 G/ dhowljuypny (1..5, 5...10, 10...15, 15...20, 20...25): Zkwnwqnunt-
pjut pupwugpnid niuntdtwuhpyty B 1..25 4§ dhgwjuyph swth niukgnn dwuthly-
ubpp: Npnoyby £ wyu suthbph dwutthutph wgptgnipiniup hwnyph jupnnipjut b
twhiuywnpuunyusph Ypus:
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Ugniuwly 1

Shunwulih upphnh dwubplabph sunpp b Al-Cu pruuninipgp pnnniprul wpdkphkpp

Uwubihlubph swthp, 44 uvnnipniiup (¢/udf)
1 2,642
5 2,647
10 2,648
15 2,645
20 2,639
25 2,624

VY. 2-nud gnyg E uipgus unugdus hwdwdnyusph unntpjui thnthnpunt-
pjut yupnjubnipiniun TiC thnont dwuthfubph swithubphg: Ywpbkjh £ wbubk), np
hunnipiniip deswtnid £ jmipupwbynip 1-hg dhtsh 10 # dwuthlutph swthubph
dbdwgdwip qnigpupwg: Zwdwdniyjusdph wnnipniip 5 ¢ ywihup nhunwih
Yupphgh dwuthlubph thpdnsdwt dudwiwl Juqdnud k2,647 ¢/ulP, dhisnbn
hwpwpbpwlwb jpnmpiniup 10 ¢4y dwuthlubph tbkpdnsdwt dadwbuly ug-
Unmud k£ 2,648 ¢/uil:

2,65

3 2,64

E .

S5 263

=

g 262

5 0 5 10 15 20 25 30
2

UwulhyuGph swithubpp, uyu

Ul 2. Shunuaih upphnh dwubihfh sunhup wqnbgnipmniip Al-Cu hwdwidniyjwdph
[funnippul ypw

Ujunthbunl Epind E, np mhinwth Jupphgh dwutthlh swihuh 25 #4d ubp-
Uniddwt dwdwbwl] hwdwdnyJusph ppunmipniip wunhdwbtwpwp tjuqnud k
hwubitym] tjuqugniyh wpdtph' 2,624 ¢/ Unuglws wpmyymbpukph hhdwh Ypu,
hupdwt Jhwinbuwl jpunnipnit wywhndtnt hwdwp, mhunwth jupphnh dwu-
uhjutph sunhup ptunpyby £ 5-hg 15 /4 dpguljugpmu, puth np wyy yuthubpp
wnuwihu ki pnnipjut judwugny wpdpubpp:

Uwnwugwé wprynitipubphg Epinid £, np hwdwdniusph junnipjut Jpu
wqnmud £ mhwnwth Yupphnh dwuthutph swthuh thnthnjunipiniip, b punnipjut
wjugnyt wpdtpubpp unwgyt] ko mhunwh Yupphnh dwubhlubph 5..15 447
Uhowljuyypnid:
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Uuypuyh dhypnswumd dEpwthjuljut nidbiph wonkgmpiub nwly (dwu-
uhYubkph (gnud, mbnunpnud, mhnwth Jupphnh tbpdnidnd utnighsh dhgngny)
dwuthfubph hupywsubph b pwhunidubph otnphhy, htwpwynp £ dhypndwpkph
wnwewgniu: 1.5 ¢ swthuh dwuthlukpp, gudp upnnipjut yuwnmdwnny, npuyjtu
Juunt, 4tp Eu pupdpuinid hwnyph dulbpbu, wyuw wigind jpupudh dke: By
hwljunulyp, tpp 20...25 G/ dbdnipjudp whinwth jupphnh dwutthubpp tbpdnis-
Ynud L huynyph ke, wmyw wnwewmgunid kt wijutnt «uwnp» wqnubpunitp,
husp nddupugunid E gputg dhwnbuwly pughunidp huynypenid [13, 14]: Unyuhuly
huynypenud juwnunudhg hbwn, h Jbpen, jungnp dwutthjubtpp tunnd Eu hwdw-
dnijudph hunwljht:

Zknwgnunipjut hwenpny thnymud nunidbwuhpyly) E jupphguyhtt hwdb-
Inudubinh pubwlh wqnbgmpniup duypuluhtt hwnyph punntpju Jpu:

Undynghnwiht hufwdniusph junmpnip sunhyty E Upphdtnh dkpngnd’

oquugnpstiny htnlyw hwjuwuwpnidp:

pMMC = m / ((m-m1) X pH20),
npunkn pMMC-p Al-Cu-TiC Ynuwnghnh junmpmul b, m-p’ puqunppuy idnigh
quiiqudp onnud, mi-p” iyl Yndynghinh quiiqUudp opmud, pyap-ti pnpus oph
hunnipiniup (293 A-n1d) 998 §q/15

VY. 3-mud gnyg E npqus TiC dwutthljubph tbpunidmuhg wnwg b htinn pawnnt -
prutt thnhnjumpymip §ndynghinughtt hwdwdnpguspnud: Cun wr. 2-h udjuyikph
tplnid E, np fuwnnipiniiip 2,651-hg iwqby Edhlish 2,643, 2,646, 2,631 ¢/ul:

0 1 2 3 - 5 6 7 8
ShunwUuhh yupphnh yuwpnibwyneencup (quitiqudh. %)
Ul 3. Shvnuith upphph puinulh (%) wqnbgnipiniip hudwdni Judph punnippul pw

Lwith np mhwnwith Jupphnh fonnipiniun (2,5 ¢/uf) thnpp k Al-5 %Cu hudwi-
AdniJwusph wnnipiniuhg (2,651 ¢/uif), ntunh Al-5%Cu-TIC Ynuwnqhwubkph pug-
hwnip fpnnipmiup thnppwtind b:
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Ugniuwly 2

Tuinnipyul wpdkplbpp b npuwih Jupphph wubhlabph nngnup hudwdnjudpnid

Shunwutih upphy (put. %) QU hunnipiniup (¢/ulf)
0 2,65
2 2,643
5 2,646
7 2,631

Unwugdus ndjujubph dEpnsnipniup gnyg b tiwhu, np jupajws hunyph
Uty whwnwih Yupphnh dwuthliubph wnnupg fonmpjut juymb wpdbplbpp
quinid tu 1,8-hg 5,5 % dhowjuypnud: Udkih gudp yupnitwlnmpjut ghypnid
Al-Cu huynyph dwljiptuht tjuwnynd £ mpnwth jupphnh dwutthubph wwpub-
owndwl pupdp dwjupnuly, huly 6 %-hg pupdn (hubnt ghypnud hwdwdnijusph
hwnwlnmd wnwewtnid ki tundubpubp:

Bapuiljugnipnii: Al-Cu-TiC hudwljupgh Yndunghunwghtt hwdwdnjusphg
pupdpnpul] wpnunputp vnwbwnt hwdwp junwupdus thnpdkph wpnyniupnid
Jupkih £ wtk) hbnbjw) bgpujugnipniuubpp.

1. Undynqhunujhtt hwdwdniuspnid 1...25 i/ sahuh wnhnnwth Jupphnh
dwubthjubpp ubpdnidtihu npnoyty L, np dhwnbuwly jpnnipnit wmyywhnybjnt hw-
dwp npu jujwugnyyt wpdbpbpp whwnp E qundka 5-hg dhtish 15 ¢/ dhguljuypnud:

2. Shunwth Juipphnh dwuthlubph wqupmbwlnpmniihg jup]ws hwpngph
hunnipjut thnthnpnipnittpp gnyg ki tniwhu, np gpu uynit wpdbputpp dknp
Eu phpymd 1,8-hg 5,5% dhowluypnid: Udkih guép wupnitwlnipjub nhypnid
Al-Cu hwnyph dwljkpkupt tjunygnid E mhunwth upphnh dwutihjabph nwwpub-
ownuwl pupdp dwmupnul, hul 6 %-hg pupan 1hubnt nphypnid hwdwdnijusph
huwnwlnmd wpwewnid ki tundubputbp:

ZEunnugnunmypnibhkpp Junnwpyly o Zuywunwih wgquyhl ynphnbjuihului hu-
duyuwpuh «Unipughunipnil b dbunwgnipghuy puquypl ghunwhbnwgnunulwi jupn-
punnnppuynid:

QMUY ULNhE3UL 8ULY

1. Juuppjui ¢.U., Uwdupui S.L., ¥dhpyub S.U., Unpagyub U.U. Fupdp mbuwljupup
wdpmpjudp Al-Cu-TiC hwdwlupgh wpnidhttughtt nhdnpuwgynn hwdwdniusputph
Anydwt gnpéplpwgh htnwgnunudp / 2UMN2 Lpwpkp. Shunwut hngjusubph dnnn-
Jwdnt.- Uwu 2.- Gphw: Swpunwpwgbn, 2023.- ko 434-445:

2. AaekceeB M.O., UnuctsaxoB E.H., Kynprwonun JI.I'. bponeBsie marepuansl. CoBpe-
MEHHOE COCTOSHHE // DKCOopT BoopykeHuit. — 2016. — No 2.
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3. Aaarrap AJL, baxun B.IO., BanacoB A.A. IloBbllieHHE MEXaHUYECKUX CBOMCTB
KOMIIO3HUIIMOHHBIX aTIOMHHHCBBIX CIUIABOB NpU BBoIEe KapOuma Oopa // iPolytech
Journal.- 2020.- 24 (3).- P. 663-671.

4. Ni Y., Luo R. Microstructure and Mechanical Properties of Carbon / Carbon Composites
Infiltratedwith Ti-6A1-4V Titanium Alloy // Crystals. — 2020. — Vol. 10 (1). — P. 29.

5. Kypranosa I0.A., Yepusimona T.A., Ko6esesa JI.U., Kypranos C.B. Dkcmnyara-
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HBIX MaTepHAJIOB U MEPCIEKTUBBI HX UCIIOIb30BaHMUS HA COBPEMEHHOM PhIHKE KOHCTPYK-
IUOHHBIX MaTepuanoB // Metamrer. — 2011. — Ned. — C. 71-75.

6. AnapeeBa A.B. OcHOBBI (PMBUKOXHMHH M TEXHOJOTHH KOMITO3UTOB.- M.: PannorexHuka,
2001.—191 c.

7. Belov N.A. Khvan A.V. The ternary Al-Ce-Cu phase diagram in the Al-rich corner //
Acta Materilia. — 2007. — Vol. 55. — P. 5473-5482.

8. Ibrahim A., Mohamed F.A., Lavernia E.J. Particulate reinforced metal matrix
composites — a review // Journal of materials science. — 1991. — No 26. — P. 1137-1156.

9. Jlyn A.P. IToctpoenue (heHOMEHOIOTHUECKOH MOAEIH BO3JCUCTBHS paduHHUPYIOMINX
(II0CcOB Ha Mpolece MOMy4YeHHsI HAHOCTPYKTypHOro kommosuta Al-5%Cu-10%TiC mero-
oM CBC // CoBpemeHHbIe MaTepHalibl, TEXHUKA U TexHonoruu. — 2016. — Ne 3. — C. 63-67.

10. Mongoasdo JI.®. CtpykTypa U CBOICTBa alFOMHHHEBHIX CIUIaBOB: IlepeBonm c aHr-
muiickoro. - M.: Meramnyprus, 1979. — 483 c.

11. Synthesis of aluminum alloy 7075-graphite composites by milling.processes and hot
extrusion / R. Deaquino-Lara, 1. Estrada-Guel, G. Hinojosa-Ruiz, R. Flores-
Campos, et al // Journal of Alloys and Compounds. —2011. — Vol. 509.— P. S284-S289.

12. Belov N.A., Eskin D.G., Aksenov A.A. Multicomponent Phase Diagrams: Applications
for Commercial Aluminum Alloys // Elsevier. — 2005. — P.414.

13. Ilamuman JI.JI. Xumus: Yue6. [Tocobue.- M.: Boicir. mkoina, 1980. — 319 c.
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—Vol. 6. —P. 1951-1960.

Zujuunwith wqquyhtt ynjhnkpthjujwit hwdwjuupui: Uvmpp bkpuyugyt) b
udpugpnipinii 07.12.2023:

T.A. IEMUPYAH

BJIMSIHUE PASMEPOB YACTUL U KOJIMYECTBA KAPBUJIA TUTAHA
HA CBOMCTBA U CTPYKTYPY CIUIABOB CUCTEMBbI AL-CU

[TpoBenen aHaiM3 mpoluecca JUThs U MEXaHH3Ma CTPYKTYpOOOpa30BaHHs AJIFOMUHHE-
BbIX cuiaBoB cuctembl Al-Cu-TiC ¢ BBICOKO# yaeIbHOM MPOYHOCTHIO. PaccMOTpeHsI mpeu-
MYLIECTBAa U OCOOCHHOCTH NPUMEHEHHUs KapOua TUTaHa B Ka4eCTBE JIETHPYIOIIET0 KOMIIO-
HEHTA C IEeTBI0 CO3/IaHus HAaHOPAa3MEPHBIX CTPYKTYpP KOMIO3UIIMOHHBIX MarepuaioB (KH).
[Toxa3zaHbl pe3ynbTaThl 3KCIEeprMeHTOB 1o moiydeHnto KH ¢ romoreHHo# CTpyKTypoit
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Al+5% Cu+TiC. Onucansl Hanowyactuusl TiC B marepumHCKOM paciuiaBe. OOOCHOBaHBI
ONITHMAJIbHBIE COOTHOLIEHHS Pa3MEpOB M aJIUTUBHOIO COOTHOLIEHHs YacTHI KapOunia
TUTaHa B MATEPUHCKOM CIIJIaBe.

Kniouesvte cnosa: ynenbHas MpoOYHOCTh, ATFOMHUHUEBBIN CILUIAB, yIpOUHstomas ¢asa,
KapOuJ| TUTaHa, MEXaHUYECKHE CBOMCTBA.

T.A. DEMIRCHYAN

THE INFLUENCE OF PARTICLE SIZES AND THE TITANIUM
CARBIDE QUANTITY ON THE PROPERTIES AND STRUCTURE OF
THE AL-CU SYSTEM ALLOYS

An analysis of the casting process and structure - formation mechanism of aluminum
alloys of the Al-Cu-TiC system with high specific strength is performed. The advantages
and features of using titanium carbide as an alloying component in order to create
nanoscale composite materials (CM) are considered. The results of experiments for the
production of CM with a homogeneous structure of Al+5%Cu+ TiC are shown. TiC
nanoparticles in the parent melt are described. optimal size ratios and additive ratios of
titanium carbide particles in the parent alloy are substantiated.

Keywords: specific strength, aluminum alloy, strengthening phase, titanium carbide,
mechanical properties.
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PUSUZULLP YN YUSNRLNERESUL 4 U ALUYUL LENULULULRP
U2168NkE3UL UNUYBLURNRSL AULCNPESUL NNTNRUC

Puwljut (Ekntwueny pintjws «Qugtqniph MUY» OLL Lugwpwith puuguwhwiiph
hwpujupbdnjut §nnh yguydwutbpnid tnwswh bhqhjujut dngljuynpdwdp npnpyty k
pugwhwiph Ynnh yiphtt tqphg mupwsyny ptwjut (Enbwjwtgh wrwybjugnyyt pupdnpne-
pintup, nph vwhdwiubpmu quignn Entughtt wywpughtt quiqiust wgnymd £ puguthwiph
ynnp wyyuptbph jupjusuntdnplughni yhdwljh gpu: ‘

vunhpp nwstnt hwdwp Jhpunydl) £ dowlduws tnwswih dnpbjwynpiwt uinkunp
puniugué uinnphtt wbipwnpd b YEppht swpdwljut yphquwubkphg: 8nyg k wipdty, np ghwnwp-
yny puguwhwiph §nnp b gpuithg Ykp nupusnn phwlub (Eebwqubep’ npubu wuywpu-
jhtt quugywsh Ukl Epypudbuwtihjulut wdpnnontipinil, Juyniinipjut hwpqupluyhl dw-
dwbwlulhg dpwgpny npnoyl) £ wyy Epjpudkwhjuljuit wdpnpempjui htwpwnp
uwhph dwljkplnypep, npntn puguwhwiph Ynnp phwljut (Eptwuben hwwnnid £ JEpghthu
wnwykjugnyt pwpdpnipnitp punpnonn Up Yhunwd: Npnodby k, np pugwhwph Ykpht
tkqphg mwpwsyny (Entwjwiep hp wdpnne pupdpnipjudp sh wqpnid puguwhwiph nrund-
twuhpynn Ynnh wywpuyhtt quiaqush jupuswunidnplughnt Jhdwyh b juyniunipjut
Ypu:

Unwbgpuyhl punkp. phwljut (Ekpttwjwby, {kntiughtt pmmguhwiip, pugwhwtph Ynn,
uUnnl), mkugqnunghy, yphquw, jupjuswuntdnpdughnt nupwn:

Lhpwbdmpinil: Lupwpuih pugwhwph onipe 500 o pupdpnipjudp hwpuy-
wpbdwnjwi Ynnh Jipohtt wmunmhfwh 4ipht kqpugshg 50 # hinwynpnipjub Jpu
nuwpwdynd £ hnphqnup tjundwdp 25° pipmipjudp b 125 « punhwtnip pupd-
nnipjudp phwub (Ekntwjwben, hsp gnyg Enpgus uly. 1-nud:

Puigwhwph Ynnp b gpuithg Jbp mupwsynn phuljui (knbwpuep nhuwp-
Yty npybu wywpuhtt quuqush dky Epjpudbwithjuljut wdpnnenipntl,
Juyniunipjutt hwoywpluyhtt Geostudio dpwqpny npnoyty L ykpehtthu htwpwynp
uwhph dwlbplnypp, husp phwljut (Entwjuiop hwnnd k dipghtthu wnwdbjw-
gnyu pwpdpnipiniup punpnonn Uh A Ennid: Zuwpuwynp ABC uwhph dwybplng-
phg tplinud b, np pliwljub (Eelwpuben (4. 2 Yuiws gnijing nknudwup) hp wd-
pnne pupdpnipjudp sh wgnmu pugwhwuph dkpjugws Ynnh juyniunipub pus:
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Puguhwiph dkpjugws §nnh juynminipiub Jpu wqpmd £ dhug pugwhwtph CD
ynnh Jpw «bunnwd» b bpw jupjuswunbdnpldugyus Jhdwlh ypu wqnnn phujub
Entwutighg wnwtdtiwgwus ABD tnwulnit hhupny wphquuywdlb quuqdudp:
Quuthtipp, hudwdwyt dnpbjughtt hbnnwgnuinmipiniiubph junwpdwi hwdwp punp-
Jws 1:500 dmupnumph, juqunid b hwdwywnwuppwupun 90 b 165 1]

Plwlywl LErUwwly

500

H
Pwgwhwlph Yn: a = '
. A =50m
g = 25°

U 1. Puowpuah puguhwiph hupwijuplbduywi §nnh Jpa <Guunwd» phhulwl
JEnbuyyuiioh thwuumugh wkyunhppp b Ephpusuhwlul wupwdbnpkpp

Ul. 2. Fuguhwbph §nnp b jEphuywboh wywpuyhl Ephgpunlbpnuahulul quibgyush
hinupun/np vwhph dwkplniyph nkygunhppp

452



ABC uwhph dwljtplinyph jurnigdut hwdwp oqguuqnpéyk) k phpnipinii-
ubkph Juyniunipjut hwpgupluwjht Geostudio spuqpuiyhtt thwpbkph Unpghupnbpt-
Onuyup dudwtwlulhg mbunipniip, hsp paupupnd E unwnpljugh hwdw-
uwpulonnipjut pninp wuydwubbpht, hwoyh wntbny twb phpnipnitubph u-
miunipjut hwpdupuyhtt muppulut pinlutph dholi gnynipinit niutgnn thnpuwg-
nhkgnipjul onpwthnn nidkpp [2]:

Utpnnhluyh hhdtwdnpnudp: Zudwduwyt $hqhjuwt dnpljwynpdwi hw-
dwp piinpdus Eppusuthwlub 1:500 dwupnwph' ol 2-mu gnyg npud knwby-
it yphquuygh ABD hhuph swthtpp dngljnud juqunud B, hwdwywnwoejuwbw-
puip, AB = 0,18, huly BD = 0,33 /|3, 4]:

ZupJuplubph junwpdwt yupgnipjut hwdwp dnplijnud punniutng wphg-
duyh ABD hhudpp npujtiu ninnuilnits kpwlynit, Jepohtthu dwljkptup Yiuquh.

unnk; 0,33
Sasp = 0,18 X ===10,0297 u*: (1)

Unnlinid ABD tnwilynit hhdpnd b 1 d pupdpmpjudp yphquugh quiuqusp
ythih

unpk; _ ~unply
Vaigp = Sapp X Vingly. X L )

npunkn Vgt — Unglinud pinpjws hwdwpdtp yniph swjwjuyhtt quigqush k,
hwjwuwp 1700 4g/4f [2, 3], 1 -p’ Unplnd (Enbwjwioh ABD knwlilynit hhdpny
wphquuh pupdpnipyniip, &

Puiguhwlph Ynnh Jpu wqnnny phwlui (kntwjwioh quiugusp dnnbnid
plnmuting npuybu hwdwpdtp tynip, Yihuh

Vi — 00297 x 1700 x 1 = 50.5 bg: ®)

ABD

ZEnwgnuinipjwh wpynibpubkpp: LEntughtt pmmguhwiiph Ynnh jupyudwnk-
$npuwughnt yhgwlh ypu Ynnh gEphtt bgphg nwpwsyny ptujub (kntwjuteh wg-
nhgnipjutt ntuntdbwuhpdwt swjwjuyhtt $hghjujuis Unpbjuyghtt hbnwgnunnipe-
miuttpnud pugwhwiph hwpudupbdnyut Ynnh Jpu wgnnn phwljut (Entwjwbeh
quiqudh (3) wpunwhwynnipjudp npnoyws hwdwpdtp ymph pwbhwlny phnt-
Ynud k Enwswth Unpbh JEpht owpdwljut hhdbwldwjupp:

Puigh Pugwpwih (Entwjht pugwhwiph hupwjupbdnyut Ynnh 4Epeht
wunhdwithg yip mupwsynyg phujub (Eptwjubgh mupwsdw gnynipmnit nitk-
gnn thwunwgh Epjpuswhwlut wuydwitbphg, dngbjudnpduwt wyuiwnwipit-
nnud phunwplyl] i bwb (kntwjubeh mupusdwt nuppbp ugbtwpubp [4]: Puu-
wnwgh b phnnwplynn ugkttwpubph hwdwp puguhwph §nnh hwdwpdtp wynipnud
Unnbjughtt hblnwgnunipnitubpny jupjwénipnitubph qpuigdwt hwdwp Y-
wnunpynn wpjuwnwbptubph hippuljwinipmniup hbnlyut k:
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Bnwswth Shghjuju Unnkjughtt unkunh vinnphtt wipwpd hhdvwldwupnid
(1) hwdwndtp Wniphg jurnigynid £ puguhwtph hknwqnunynn Ynnh dnnkip (8),
htyp gnuyg Ewnpifwd Y. 3-h fpw b npu Jpue ntqunpymd £ tpht gupdwljut wphg-
dwiti (2): YEpohtihu dbke 1gynid ki phwljwil (Entwjwbgh mwpwsdwb muppkp Eply-
nusuthwljut yupudbnpbpny ugkiwpubph hudwp 3) wpnwhuwynnipjudp npny-
Jus hwdwpdtp Wyniph quuqusubkpp (7): 8nipwpwignip ughiuph wuydwbkph
ntypnid npybu dbl Ephpudbjwthjuwt dupdht pugnitjws hbinwgnngng
nnp b jEntuqutgh htwpuwdnp thyniquuit dwljtplingeh tpljuyupny (10) Ungbijh unn-
nht hhduwldwuph (1) hwdwpdtp ynipnud (3) 12,5 ud/ pupdpnipjudp nknunpynid
ki Ne1-8 wkugqnunyhsibipn (5), husp gnyg £ nipdws uly. 3-nwd [3]: dbplnid tjupu-
gpuws dkpnyny nphnwupldus ptwljub (Eptwjuwioh mupwsdwb ugkttwpubph hw-
dwip dhqhjuluwi UnpEjudnpdwi hbnnwgnuinmpiniiuibpny puguhwph Ynnh dnnk-
lught phpnipmitnud (8) myhstubpny qpuiigynid Lt uninphtt mpwnd b YEpht owp-
duljut yphquwubpnid 1gus hwdwpdbp Wynipbph quugusutphg wnwewgny
upyuénmipjniubpp:

Puguhwph Ynnh JEpht kqphg tmupusynn wwppkp tpjpusuthuljui yu-
npudbnpbpny ptwljut (Enbtwutiohg puguhwiph §nnh wywpubpnid jupjubdw-
nhdnpuughnt Jhdwhh dnpbjuyhtt hblnwgnunmipniuttpny nuunidbwuhpdw wpy-
jniupubpp phpdws b wr. 1-nud:

Ugyniuwly 1
Unpkjuyhl hlvnugnunniprnihbph wpnynipakpp
Puguhwiph | Lhntwqubeh | Lhniwjubeh | Lintwjuigh | Lhntwjwigh Ltnbw-
Ynnppht | phpmpymibp | nhnwpljus | ynnh fpu wg- | wqnbgnipyub | quibgh pu-
Ugk- | thohg hwpdws hnphqnup htwpwynp | nnn quiqudp | wnwykjugny | gupdwly
tup- | (Epbuwqwigh | Wquwundwdp, | pwpdpnipe- Unnbnud, Pwpdpnipiniip | pwpdnpni-
ubkp | wnwpusdub wuu. jnibp pugu- Iq Unnbnud, piup
htpwynpnip- hwpnud, ul Unnbnud,
jniup, A, 7 12278
1 0 10 56 23,0 7,3 9.9
2 25 15 72 29,6 10.6 14,4
3 50 20 97 43,2 15.4 19,4
4 75 25 125 50,5 18.0 25,0
5 10 30 155 64,5 23.0 31,0
6 150 35 188 80,2 28.6 37,6
7 150 38,4 212 93,1 33.2 42,4
8 150 45 268 121.8 43.4 53,6
9 150 50 318 159,8 57.0 63,6
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U 3. Puguhwiph §nnh unplynid vwhph dwlkplngph Epfuyipny wkiqnunfhsilph
wnknuppdwl vkl

dhpp wdws wuydwuubph nhypmd pugwhwiiph hwpuwjupbdnyut Ynnh
Juyniunipjutt Unpbjughtt hbnmwgnunmpiniutbpnud Unpbih vinnphtt hhdvwldwju-
pnwd h =125, 25, 37,5, 50, 62,5, 75, 87,5 11 100 uzz/ fjunpmipniittipnid hwdwpdtp wyniph
Ubko nbnunpdus wghsubpny juwnwpyty E dngbih JEpht hhdtwldwjupnud dbhwdnp-
Jusd ptwlul (Entwpuiih quigush wqntgnipniithg Unplijnud nknunpdus nghs-
utpny ninnudhq jupdwdnipniutibph wpdtputph gpugnid:

Ul 4-mud pipdws L Lwpwpwth pugwhwph hwpwduplbdnjwi Ynnh k-
rht Eqphg 50  hknunpnipiniihg nwpwsynn ptwljut (kntwjwbgh nmupusdwut
thwunwgh b hnphqnup tundwdp muppkp phpmipniuibpny wulniuubph nby-
pnud Swjuuyhtt hqhuljwt Unpbjuynpnidhg uinugqué wpmyniupubpn: dkpeht-
ubkpu npnodby B Unpljnud mmwpplp dwjupnuljutpnh ypu nidhsutpny qpuugqud
(upyudnipiniuibinh wpdtpubph hhdwb Jpus:

Unnlijh uinnpht hhdtwdwppnid wknunpquws nyghsubpny qpuigqus jup-
Judnipjniuubpn o, npnoymd Lk ndhsubph Ynnuhg qpuigws unpkih unnppt
hhdtwldwupnid pugwhwiph Ynnh b Jipht swpdwljui yphquuymy (Entwpubgh
hwdwpdtp Wynipbph quuqusutph gnidwpuyhtt wpdbpubph b pugwhwuph Ynnp
hwdwpdtp Wyniph quuqustbph wwwppbpnipjut (Pyp + Pieyn - Prp) Wnndhsubph
dwljtipkuh (S) hwpwpbpnipnihg [1].

_ Pupt Prin= Pip |
u S :
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Qpuwlgywd jwnpywdnieiniup, g/ud2
0.00 10.00 20.00 30.00 40.00 50.00 60.00

125 o
3-pn hwaywpyuwjhu /
RINY /
22.5

325

425 —8—Betta =10
—&—Betta =15
Betta = 20
e Betta = 25
=@=—Betta =30
62.5 =@ Betta =35
~—@—Betta =38.4
—8—Betta =45

=@ Betta = 50

Stnwnpdwl Pwpapncp)niup, ud

102.5

Ul 4. Luwowpuih puguhwiph hupunf-wpliduyul §ngh JEphl ihopg 50 f hlnun/npnipiniihg
wnwpuéyng phulul jEpbuwyjmioh thwuinwugh phpnipyui b vnuppkp wblnibbkph nbuypnid

ufpstikpny gpuiiigywé jupywénipinibibph puspijudnieiniin

Juunupjusd tpusuth phqhjuljutt dnpbjughtt hbnnwgnunnipniiitph hhdw
Jpw ptwlut ABD (Eintuwjwuioh wqptgnipniithg Lupwpuih puguhwiph hwpu-
wpldnyw Ynnh juynitumpjut npnpdwt hwdwp dbp Ynndhg dowljus £ unp dk-
pnn: Ihpohtihu hwiwdwl' Ynnh b thymquwi huppnipub thol wwpthwlgws b
hwpinth hwpdupluyhtt depanubph jhpundwt ghypnid puguhwph Ynnh nwwuppu-
Jut pinjubph puduws quaqusubpht, pun junpnipjul, gnidwpynud Eu sw-
Juuyhtt $hqhfuljut Unnijuynpnidhg unwugqus hknwgnuunipiniiitiph wpnniip-
ubpp, npnup hwoyh Eu wntmd Ynnh ybphtt thohg mupwsdynn ptwljut (Entiwjwtoh
wqnlgnipniup [4]:

Un. 2-nud pipjus ki Lugwpuith puguhwiph hwpudupldnywut Ynnh yiphtt
Eqpugdhg 50 « htnunpmipiniihg wwpwéddnn b 25° phpnipjudp phwlub
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(Entupuieh Juynibmpjut hwsyupluiht qupudbnpbpp hudwdwgh dowljjus
unp Ukpnypljwgh [4]:

Un. 2-hg tplnud E, np puguhwbph 4tpht Eqphg mupwsynn ptwujub 1bn-
twjubon dhoynnuyhtt (knttuyhtt wmywpuyht quugush Ypu wnwewgunid k jpw-
gnighs phiniwdplitp, b hbknbwpwp hwyupughlt nuppuljwi dh pwpp poljhk-
nnud wbjugunud E dipohuibphu qugusp: Shqhjuju dnpbjudnpnidhg uinwg-
Jus wyjuubph hhdwt Jpw gnyg E wipdk, np Luowpwh puguhwiuph hwpu-
wpbdwnjub nnh Jpu phwlub (Eptwjuioh wqptgnipniipn gnpénd £ dhish pui-
gwhwph Ynnh 240 « fjunpnipjniup:

Ungniuwly 2

Lupwpulih puguhwiph hupwyuplingul ingh Jephl Eqpugdhg 50 o hknunnpnipiniithg
nwpwéyng b 25 plpnipjudp phwlwb jEniuwywboh uyniiniprul hupdupluyghl

wuwpwdkupkpp
Dunlu- Pnyh Pnyh Finjh

il Rnljh Fnlh - Fnlh hhuph hhupnud hhupnud

b Jwyunip- | pupdpnt quiig- quuqyudp, phpuwi . uwhph cosp uwhph

duipp jniup, a, | pyniup, h, Judp, T, P, wllyniup, |sing| wwlnn wuhnn

7 7 i hwgq. n @, wun. ndp, Tyuns nudp, N,

hwg. hwg. n
1 68,85 30,41 2,31 4.84+1657 45 0,70 3,39 0,70 3,39
2 54,95 87,4 2,31 11,0912 7 42 0,67 7,43 0,74 8,21
3 55,81 139,75 2,31 18,02+854 40 0,64 11,53 0,76 13,69
4 49,54 179,16 2,31 20,50+ % 38 0,61 12,51 0,79 16,20
5 52,59 181,19 2,31 22,01+276 36 0,58 12,77 0,81 17,83
6 49,95 176,92 2,31 20,4142 % 34 0,56 11,43 0,83 16,94
7 49,64 171,01 2,31 19,61+1-54 32 0,53 10,39 0,85 16,67
8 49,71 163,19 2,31 18,7409 31 0,51 9,56 0,86 16,12
9 49,83 153,49 2,31 17,67+ 29 0,48 8,48 0,87 15,37
10 49,61 141,86 2,31 16,26*° 27 0,45 7,32 0,89 14,47
11 49,76 128,62 2,31 14,78+ 26 0,44 6,51 0,90 13,31
12 49,68 113,58 2,31 13,03+ 24 0,40 5,21 0,91 11,86
13 49,73 96,94 2,31 11,14 23 0,39 4,34 0,92 10,25
14 49,91 78,65 2,31 9,07+ 21 0,35 3,17 0,93 8,43
15 49,7 58,6 2,31 6,73 19 0,32 2,15 0,95 6,39
16 57,39 37,23 2,31 4,940 18 0,30 1,48 0,95 4,69
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Bqpuljugnipniuikp.

1. Upwlyby k pugwhwph wmuyyupuyht quuqush jupjuswuntdnpdughnt
Jhdwljh Jpw wqnnn pugwhwph Ynnh Jpht Eqphg mupwésynn phwljui (Entiw-
Jubigh wrwkjugnyl pupdpnipyub npnodwi knwbwly pugwhwiph Ynnp b npw-
thg ykp nmwpwsynn phwljub (kntwjwben nhnwplkny npytu wywpuwjhtt qubg-
Jush tppudbumthjuljui Ukl wdpnnonipinii:

2. Uowldty k wnfjuyjubiph pwtty, npp htwpugnpnipinit £ tiwhu (bntwyutoh
wnwppbkp phpnipmniuaubph ghwypnid hwdwpdtp ympnd nknungpdus wnghsutpny
npnok) Unnbjh unnphtt hhdtwldwhupnid jupduwémpmniiitbph wpdbpubpp: Syhsubtph
Jpu vhuyl phwljul (Entwjuigh wgntgnipmniuhg jupjusnipniutitpp npnotynt hw-
dwip Unnkih unnpphtt mbpwpd hhdbwldwpupmd b pwpdwljut yipht yphquuynid
19yws hudwipdtp tyniph gnidwpuyhtt quuqushg hwidmd  uinnphtt hhdtwldwfu-
pnid 1gJwd hwdwpdbp ymph quiguésp wyh pudwiking whsh dwljkptuh Ypu:

3. Owjuyuyht bhqhjujui Unphjuynpdudp «Qutgqkgniph MUY» OLC Lwi-
owpuih hwpwdupbdnywl §nnh pupdpnipyudp npnoyty Eu wyt vwhdwtubpp, np-
ntin (Ekntwjuigh wywpuyhtt quiqust wqynud E puguwhwiiph Ynnh wyupkph
upjuswuntbnpldugdus Jhdwulh ypu: Ugntgnipjut uvwhdwbibpp npnodty Eu pui-
guhwiph hupujupldnyu Ynnh JEpht thohg ybp mupwsynn (knttwjuiegh mup-
plp ptpnipniuutpny wulniuutph b Ynnh JEphtt wunhgwithg dhtish (Eptwjwigh
ulhqpp qué hinwynpnipjut nhwpnid:

AruuvuNhE3UL 8ULY

1. Znjulihdjwb 9.9, Lintwjht puguwhwiph nkjuntulwub ugnudubpny pnyugus Ynnh
Juyniinipyub Epjpudtwthjuuit hhdtwynpnudp. Ukndwghp n.g.p. wnktwjununt-
prut- Gplwi. - 2023.- 25 te:

2. Stacey T.R. Stability of Rock Slopes In Mining and Civil Engineering Situatins / CSIR
Report ME 1202.- South Africa, 1973.- 217 p.

3. Manyksn JLA., Banacansn JI.C. MozensHbIe UCCIeI0BaHHS BIMSHUS pa3MepOB KYCKOB
MIOPOJI ¥ BIIAYKHOCTH Ha XapaKTEePUCTUKH JBHXEHUSI TOPHON Macchl IPH INepeIrycKe 1o
noposockatam//CoopHUK crareit o Matepuanam LII MexnynaponHoit H-T koHdepeH-
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unbinh dpwlnudp // 22 QUU b ZUNZ Skntwghp. Skhu. ghwn. ukphw.- Gplul, 2022. - 2.
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Zujwuniwtth wqquyhtt wnjhnkpthjujwt hwdwjuwpu: Umpp thpuywgdt; &
hudpugpnipinit 27.12.2023:
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JL.A. MAHYKSIH, B.B. OBAKUMSH

OIIPEJIEJIEHUE MAKCUMAJIBHOM BBICOTHI BJAUSTHUS
ECTECTBEHHOT'O CKJIOHA I'OPbI HA YCTOMUYMUBOCTH BOPTA
HAT'OPHOI'O KAPBEPA

B ycnoBusix roro-zamagnoro 6opra Kamkapanckoro kapbepa 3AO “3anre3ypckuii
MMK?”, Harpy»>KeHHOTO €CTECTBEHHBIM CKJIOHOM TOPbI, TPEXOCHBIM (PU3MUECKUM MOJIEITHPO-
BaHMEM OIIpe/ieNieHa MaKCHMaJIbHas BBICOTA €CTECTBEHHOTO CKJIOHA TOPHI, MPOCTHUPAIOIIETOCS
OT BepxHel OpoBKHM OopTa Kapbepa, B Ipeetax KOTOPOTro Macca TOPHBIX MOPOJ BIHMIET Ha
HaTPsDKCHHO-Ie(OPMUPOBAHHOE COCTOSTHHE OOpTa Kapbepa.

C 1enpio pemieHns MOCTaBICHHOW 3aJadd WCIOJB30BAH TPEXMEPHBIA MOJICIBHBIN
CTEHJ, COCTOSIIIMNA U3 HUXKHEW HEMOJBMXHOW M BepXHEW MOABMKHOHN mpu3M. Ha ocHoBe
MIPOBEJICHHBIX HMCCIICIOBAHUH, PHHUMAs OOPT Kaphepa U MPOCTUPAOIIHMICS OT BEpXHEH €ro
OpOBKHM €CTECTBEHHBIN CKJIOH KaK OJJHO T€OMEXaHHYECKOE IIeJI0e, C MIOMOIIBI0 COBPEMEHHOM
pacyeTHOM MPOrpaMMbI pacueTa YCTOMIUBOCTH OIpe/eeHa BO3MOYKHAS MOBEPXHOCTh CKOJIb-
XKeHust 0opra, IepeceKaromas eCTECTBEHHBI CKIOH B TOYKE, XapaKTepH3YIOLIeH ero
MaKCHMAaJbHYIO0 BBICOTY. lloKa3aHO, YTO MPOCTHpAIOMIMKCA OT BepxHeW OpoBKM Oopra
Kapbepa €CTECTBEHHBIM CKJIIOH CO CBOEW MOJIHOW BBICOTOM HE BJIMSET Ha HANPSHKEHHO-
Je(OPMHUPOBAHHOE COCTOSIHUE U YCTOWYMBOCTH MCCIIEAOBAHHOTO OOpTa Kaphepa.

Knroueevte cnosa: ecteCTBEeHHBIN CKIOH, HATOPHEIA Kapkep, O0OPT Kaphepa, MOAETIb,
TEH30/IaTYHK, IIPU3Ma, HAIPsHKEHHO-Ie(GOopMypOBaHHOE TIOTIE.

L.A. MANUKYAN, V.V. HOVAKIMYAN

DETERMINING THE MAXIMUM HEIGHT OF IMPACT OF THE
NATURAL MOUNTAIN SLOPE ON THE STABILITY OF THE OPEN-PIT
WALL

By implementing 3D physical modeling investigations, the maximum height of the
non-exposed mountain slope extending over the last bench of the open-pit overall slope in
loading conditions, as an example of the South-West wall of the Qajaran open-pit mine
“Zangezur MMC” CJSC is considered, in which the extended rock masses affect the stress-
strain state of the inter-wall rock mass.

The problem is solved by using the constructed 3D physical modeling stand consists
of lower immobile and upper moveable prisms. By considering the open-pit wall and the
non-exposed mountain rock mass as one geomechanical environment, assessing the critical
slip surface by using the well-known stability analysis software, the maximum height of the
mountain slope is determined. It is shown that the natural mountain slope, extending above
the last bench of the open-pit wall does not impact on the stress-strain field, and hence the
stability, of the inter-wall rock mass of its overall height.

Keywords: natural mountain slope, open-pit mine, open-pit wall, model, strain-gauge,
stress-strain field.
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‘Uknjuynmd sowhwgnpdynn wnudwdnhpnktughtt hwipwduyph wuydwuttph ntypnid
hpwluwiwgt E wuwowpubph hwoupuwt wrwdbjugnyt junpnipjui hhdbwynpnudp:
NMupwpubph hwpdupydwt wowykjugnyu junpnipniup wyy yuwowpubph jpipugdwt hw-
dwp untindynn pugwhwuph owynhdw) junpnipniu E npp npnpynud | dwljupugdui uwh-
dwbwght b bgpugduyht gnpswlhgubph hwjuwuwpnipjut wuydwithg: dEpghtiittphu hwy-
Juplws wpdtputiph hwdbdwwnmpjudp npnoyt) £ yuowpttph hwpdupdwt wnwybjw-
gqnyi junpnipniip:

Unwigpuyhl punkp. huipujuyn, puguwhwip, dwljupugdut uvwhdwbiuyghlt gnpsw-
hg, puguwhwiph oyyinhuw] junpnipenii:

Ubkpwbmpinil: Zwjnth k, np hwipwuypbph ntnbuwljut tkpnidp dkdw-
whu Jupdws t gpuignid hwipwpwph nt oqgunuuljup pununphsubph hwoyklo-
puyhl ywpwpubph pwbwlhg b npuyhg: Pp hppht, hwpdtlopuyht gwpwpubph
pwbwlp dedwybu Juwhidws b gputg hwydupldwi hwdwp Yhpunynny Ynunh-
ghwiutiph wwpuwdbnpbphg, fwutwynpuybu’ «gqupwpubph huydupduwt wnut-
Jugnyjt funpnipinity Yntnhghwih wupudtnphg: Zwpyklgpwiht wwpwplbkph
npulp npnoymid £ npuiugnid oqunujup pununphsutph mbkuwlutpng b wupnt-
bwlmpmnibubpny m jupudus t jnunhghwibph wwpudbnpbp hwinhuwgnn wuw-
nniuwynipyniiubph vwhdwwpwbwljubiphg (oqgunuljup pununphsh tqpuigduyht,
juquqnyb wpynitwpbpuut yupnitbwlnmpniaibpp, tuqugnyt gqupnibw-
Ynipniup hwnnypmd b iJuqugnyt yupnibwlnipmiiip hwipughtt dwpdh
nuwpwsdwt dhowjuywpnid): Uhhtnyt dudwbuly, fThnunuljut hwipuduyptph
hwodbklonuyhtt yuwowpubtph hwydupluwt b gpubg owhwgnpddw twpuwgstnh
uljdwt dudwiwl swwn hwdwj winbuynmd b «quowpubph hwyqupldwb
wnwybkjugnyt junpnipmity Ynughghuyh wwpwdbnpp jud hwoqupldnud k
upiwy Ukpnnpupwiinipjut Jhpundwdp: Zknbwpwp, yepehthu hhdtwnpuiwi -
nhpp wpnhwljwb
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Unyb hbnwgnumpjut btyuwnwlia E ynudwdnhnktughtt snnldbpluyght
hwupwquyph yuydwbubpnid hhdbwnpl) «quowpubph hwodupluwbt wnwyk-
Jugniji unpnipynily Yninhghugh wwpudbnpp dwlupugdui vwhdwbughtt b
Eqpugsuyhtt gnpswljhgubph hujuuwpmpjut yuydwih hhdwb pu:

vunph ppduwépp b hknmwgnunipjut dkpnphljw: Munhpp wupnibwynip-
miuubph vwhdwtwpwiwljubph Yhpundwdp hwbpuwyhtt dwpduh bqpugddw b
unugjus kqpugdstpnid’ dwljwpugdul vwhdwbughl nt kgpugswght gnpswljhg-
utiph hwjuwuwpbgdudp ywwowputnh hwyupliut vwhdwbtuyghtt junpnipjut npn-
onudl k:

NMuwowpubph hwrqupdwt wowbjugny junpnipmniip wyy ywowpubph
mipugdw hwdwp unbndynn puguhwiph oyynhdw] junpnipniut k (A, o), npp
npnoymd | dwjupugdwt vwhdwbwghtt (Kw) b kqpuqdughti (Kz) qnpéwljhgubpp
hwjwuwpnipyub wuwydwihg [1, 2].

Ku= Klr: (1)

Uuljupugdut vwhdwtught gnpswjhgp npnoynud k Eplynt nyph hwdwp
[2,3].

1) Epp hwipwduyph dpwlnidp ninbuwy e tyuunwljuhwpdwp t dhugt
pug Enutiwulynd,

2) kpp hwipwquyph dpwlnidp munbuwybu tyuwunwljuwhwpdwp b pug-
unnpghniyuw hwdwlgdws tnuiwlyny:

Unyt hbnwgnumpmniund nhwnwplynn wynudwdnihppbiuughtt hwpwduypp
Uowlnidp mtnbuwy bu tyyunuljuhwpdwn Edhugy pug Epubwlyng, ntunh wju-
wtn ynhnwplyh dhwyl 1-ht nlypp:

Gpp hwtpwduyph dowlnudp ninbuwybtu tyunuljuhwupdwup £ dhuygh
pug bnubtwlny, dwjwpugdwt vwhdwbwihtt gnpswlhgp (Ku v2/1) npnoynid k
htwnlyw] putwdling [3].

K, = a,uby — by, ()
npunbn @, — & puguwhwiph vwhdwbught junpnipjut Ypw ogunuiljup pununphsh
wunpnibwlnipniut £, % (¢/w).

_ @K, - Q0 N 0wy
(b= 0)0 ypy (b—0)0 ynyg O unyg
npunkn @~ fpnwilymiph ghtit E, gpandin ($/in), K, wpym bwhwinfwi dudwinal

hwbpwpwph npulh thnnfudwb qnpdwlhgp, dpwyaph duw, b - o udjuy wkuwlh
hwipwpuptph hupunugdut phypnid hwpunwwnsbpnid oqguuujup pununphsh

by
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wupntwlnipyul npnodwt pubwdlinid hwunwnnih gnpswljhgp, % (¢/n), 8 — o
hwpunwwynskpmd  oquuuljup  pununphsh  wwpnibwlmpiniup, % (¢/w),
o :Ul-zg ~1 dwupugdwi wuyupbbph hbpugdwub b gulnynunueugiui swh-
ubph hwdwdwuuwl dwup, gpwd/in ($/4n), O, 4-11‘ hwupwpwnh wpynibiwhwi-
dwt b Jhpudpwmljdwb swpuubph (wnpwig dujupugdw swhuubph) hwdwdwubw-
Yt dwup, gpwd/in ($/m):

Uuljupugdwul kqpugduyhti gnpswlyhgp kplyph dwltplinyph hwpe pkhtph
b Eppuwpuwdqdus hwiipwdwpdh dowljdwt ghypnid (uly. 1) npnoynud | htinlbyuy
gouyhtt hwpwpbpnipjudp [4].

K, = HolctgBa+ctgpa)
k Mpnp

) ®3)

npuntn Hy-ii puguwhwiiph oupnptuy unpoipymih b, o B;-p b f-p hwbpudwpdh

wunlws b jupws Ynntph Ynnuhg puguhwiph Ynntph phpdwt wulniuubkpp,
wuwmnpdwl, m 1111]1_E‘ hwupwdwpduh hnphgnuwlwb hqnpnipniup, &

&3 o By

Ly Ly
m,,

Ul 1. Uwlupuiginl Eqpuuugduyhll gnpSwiligh npnouul ufulanfnl huippe nkjpbph b
Eplupudgyus huwbpwdwpdbh owldwh nkupnid

(3) pmtwdlihg npnobny H,-h Ukdnipniup b hwoyh wetbny (1) wuydwip,
Junwbwp puguhwph oyynhdwy junpnipjutt npnodwt hbnbywy pubtiwdlp.

Kumlmp
ctgpBy + ctgpy’

ZEnwgnunpjut wpynibpubpp: Zknmwgnuunipnibiikpt ppujuwbwgdl) ke

o

ubpuynid pwhwgnpéynn ynudwidnihpypbtughtt hwipwduynh yuwydwubph hwy-
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Jundwdp, npp ibphuyjugfus b dkly hwipwyht dwpding snnldbpynyd, npunky
wolw i hudbdwnwpup wnpwn wnhbd-unjhppkiughtt hwbpwpuptp’ wynudh
0,5 %-hg gudp b Unjhpnkuth dhtish 0,03 % wupnitiwlmpiniubpny [5, 6]:

Zwupuyhtt dwpdhup hunwl wpnwhwyndws tpjpupubuljut vwhdwitbp
sniih U vwhdwbwgdynid t bqpugsuyhtt yyupnitwynipyudp: Uy yupudbknph
thnthnjunipnitp, phwjubiwpwup, hwighgind L ogunuljup hwipwlninwljh vwh-
dwbtbph huwdwywwnwupwt thnhnjumpjut: Cunhwinip wpdwdp hwbpwght
dwpdhtp hwnwljugdnid niuth Lhyunhgh dl, dgws dhpopbwljuth ninnnipjudp
1,5 4, hulj hophgnuwlwt hgnpnipniup hwutnod £ 300,0 ¢~h: ZEnwpniquut
hunpnipinitp Juquniud £ wygbih put 600...650 £ Fpw dbwpwnipiniup jufunpng-
Ynud £ uyhunwljuynit wnpdhpwbdwn gpuinghnphnttph snnljh b yupthwlng
gpwinuhkuhuntubph wpnwhynidught gninnt Eqpuidling, wyy yuwndwony swnnly-
Jtpyh dSwjuuyhtt gdwyuwnltpp jEbnpnbwut dwunid muh vwjubdwb &b b
punpnoynid E wpbdnyutt wulynidny: Swnljdbplp ubpluyugdus b upphipulju-
guwynp hwbipwjmugdwdp: ‘Upphpuljubph hgqnpnipniup mwnwgnid k Uh puth
Uhihutwnptphg dhtish 2,0...3,0 2 hwqunby 5,0...6,0 uif vwynyhphnh, wowby
L Unjhpykuhnh vhwihibpwyughl ipphpulibpp hwqdunbyy b hwbnhynod:

Cumljytpyuyhtt hmupuyugdw pinhwinip $nuhb oun hmuqunby Eu hwb-
nhuynd kquljh hwipbpulkp” dhish 0,3...0,4 «/ hgnpmpudp ot 15...20 «/ nwpws-
dudp:

Pwigh gwubphg, jwjinpku qupqugus Eu dnjhpnhthnh, wjuybu Ynsjws,
«puyubpubppr b jpwynuyhphnh mpnpjws thnpktdwb Ynurnwlnudubpp pupuly
thwnkph wkupn] &knplph wpwlnniinpnodws hwppmpmniabbph Jpu:

Shyuwljwt guugwjht mkpunnipw tu juqunmd wuhwp pyupguyptt uppk-
npujutipp, npntp wyph Eu pujunud hwdbdwnwpwp juyt mupusdusnipyudp:

Zwupwjtwgnidp hwdbdwnwpunp hwjuuwpwswih b wynudh b dnjhpgtth
yupnitbwlnipibiph hnthnpwluinipjut gnpswjhgubptt pun muwpwsdut
juqund tt hwdwywunwupbtwpup 65..75% L 75..80%, hull wnwpwusdwup
huwswnhp nuynippudp’ 50...65% U 60...75 %:

Zupuwyjiwgdwt ninnuédhq gnunpwjwinipniip wyupqnpny sh wpunwhwjn-
Jws, b wmnwdhtt mknudwubpnud gpulinpynud | pun junpnipjut ynudh yupne-
twlnipjut hwpwpkpuljw tuquudp nt Unthpnbuh upnibwlnipjub hwpuptk-
puliub wgny:

Zwupuwjhwgdwt nminujugdwp btywuwnnng gnpénuukphg npnowlh ghp
niukt junnmigyubpujhtt mwuppkpp:

Zwbpwjuypp pun bpjpupwtulut jurmgusph puppniput b «Nhin
oquuujup hwtwsnubph hwupwduypbph wwowpubph b jutjownbunidughtt nk-
unipulikph nuuwluquwis (7] Yepugpynid b 2-pn jadphie:
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Zupuyht dwpduh wpynibwpbpuljut kqpugstpp wighugyt) o hhduw-
Ynpyus Eqpugduyhtt yupnitwlmpjul, hyybu twl yuwowpubph hwpduplynd
ubkpunynn npuuwupl] wywpubph b ny Yninhghnt hwipwpuptph wpwybjugnyya
poyunntih Uhguluyptph Eplwpntpyut Yhpumiundp: Zutpwpuiph wupupttph
Eqpugdnidt hpujubwgyty E wnudh nt dnjhpnkth gupnitwlnipniiubph uinnpl
pptnn thnjypughnn pwppkph Yhpwmdundp:

s, % | 0,218 | 0,200 | 0,180 | 0,160 | 0,140 0,120 0,100 | 0,080 | 0,060 0,000
a™, % | 0,0 | 0,0084 | 0,0140 | 0,0196 | 0,0252 | 0,0308 | 0,0364 | 0,0419 | 0,0475 | 0,0498

bPusytu Epunid E thnpujpugunn pupplph wijuiknhg, tqpugduyhtt yupne-
iy pyni il pun wnbdh Yuqul) £0,218 %, hull puwn Unjhpnkh' 0,0498 %

NMuwowpttph tqpugénidhg htnn 19 hbnwiniqugsh Ypu Junnigdkp tu
hwiupwdwpduh jwjtuljut Jupduspubpp, npnughg wdtuwpunipuqpuljuibph
ujubdwinpljuljut wunlbpubpp pipdws Eu uly. 2-nud:

Gupqudp IV-IV Kh:(L1+L2+L3)/(mhnpl+m]m 112)
e — K;.~(295.8+50.0+96.1)/(269.6+218.9)-0.90

N BN "
AN 77 7(@

=96.1 1

A\
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(

i

T

A
RN
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=

8603000 [1 |
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8602400
8602600
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w)

“unpwsdp VIII-VII]
K=+ To)/m,,
K =(222.1+328.3)/484.5=1.14
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1400

.~
N XITL-XITT o tatal
N [Gnpywop XIII- K,=(517.64683.1)/370.2=1.14 1300
N jm

\ \\\ m.,=370.2 ,_/-F,
- -, 1200
é % 1100

\ 7 1-683.1 1F /

/ 1000

/ 300

/ 700

%
@ 7
1=517.6 1 /
600
-
g
9

8602600
8602800
8603000
8603200
8603600
8603800
8604000

bp XIX-XTIX
\ Gupjmbp X K, =(L+Ly) m
K.=(564.2+407.3)/197.3=4.92
\ _\ <
\\% ’F'_/‘ ~

1104

\\ / 1000

3 / /
\ ., 900
\ — / 4 1-407.3 1 -
N
\ / 800
1-564.2 b o
g g g g g g
g g g 8 g8 8
g g g g g g
1)

Ul 2. Mphdundnppppbiughl hwbpuuyph wquydwbbbpnud dulupuglul Eqpugdughi
gnpswligh npnovwl uppkdunnpliulmt wunnkpp pun hknwpimiqugdkph Jpu
qunnigywé Eqpugshph.

77777, hwtpughh dupdbp kqpugskpp, EI puguhuliph Eqpugdtpp,
[——1 tpliph dalitplinyph bqpuigdtipp, ynnpypluayhl gulbg ARM
WGS 84 hunlwljupgny
Uuwljupugdmt tqpugduyhtt qnpswiljgh dhohtt dbdmipjutt hwpqupldwi
wpiyniipbtpp pun hbnwpuniqugstph Jpu jupnigdws Jupgusplbph, wdthnih-
Jws ki wr. 1-nud:
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Ugniuwly 1

Uwlwpwgiul bqpuigduyhl gnpéuligh upohl dkdnipyub husjuplp pun
hEnwpiniqugskph ypw Junmgyws npjudphbkph

Z/h Yupyusdpp Uwlwpugdwi kqpugduwyhtt gnpswljgh dbdnipiniup, 4/
1 II-1I 0,6
2 II1-111 0,73
3 IV-IV 0,90
4 V-V 0,24
5 VI-VI 1,32
6 VII-VII 1,62
7 VIII-VIIL 1,14
8 IX-IX 1,58
9 X-X 2,46
10 XI-XI 1,15

11 XII-XII 6,10
12 XIII-XTII 3,24
13 XIV-XIV 6,27
14 XV-XV 5,70
15 XVI- XVI 5,21
16 XVII-XVIL 5,53
17 XVIII-XVIII 13,66
18 XIX-XIX 4,92
19 XX-XX 5,86

Uwljuwpugdut vwhdwbuwhtt gnpsuljgh dbdnipjutt hwyqupludwt wpn-

iupubipp phpdws G wr. 2-nud:

Unyniuwly 2

Uwlhwpugdwl vwhdwbuyhl gnpéuiligh hupyupydwl wpyniipikpp

ouwrth. 8 tholikpp uk
Ne|  8nigwthpubiph wduunidutpp wip mgulihplipn puwn punuinphstph
Uhuy. Cu Mo Cutogup
1 2 3 4 5 6
D) o tip U
p | Mwpntiwnupintp twpdag % 0,353 0,0183 0,415
hwupwpwpnid, a
0 u i Jhpudowl-
o | Mwpnttwmpinitn dipundwl % 0,322 0,0166 0,378
Unn hwipwpwpnid, ay
)| u tp h -
3 | Mupntbwlnipniin hupuinwg % 0,089 0,0055 0,1055
dwt ynywupubpnud, &
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Unyniuwly 2-h pupninulinijeiniiip

1 2 3 4 5 6
0 i} i}

4 | Mopninlnipimiip % 23,81 4851 27,3
unwtyniptpnud, g

5 | vnwuiyniph Gpp, y tpunf. wmu | 0,00981 0,00023 0,01003
nutyniph ghtip, Qu $/n 1077,5 81449 1237,7
U Ll dwl

7 | UnibpntUp hnhuplidn puy. i - : 3,40
gnpduilihgn, Kb
Zuipwpwph wpynibwhwbdw

8 | dwuubipp (wnwtg dwjupugdwui $/n 2,6
Sdwipuutiph), Ow
Uujupugdwt wywpukpp

9 | htnugdwl nt |gulnijinunw- $/n 1,1
owgdwl dwipuubpp, Oung

10 Zwipwpwiph hwpunugdwih /i 50
Swijuubpp, Oy
U Uwl vwhdwbugh

pp | Umlpmgiuh uwhiwlh w/in 451 415 6.27
gnpdwlhgn, Ko

Zudwnnbnyg wy. 1-h b wy. 2-h ndjuutpp, mkubnud Gup, np hwpdupldus
dwlupugdut vwhiwbught gnpswlgh Ukdnipmilp 6.27 w/m, hudwyunwu-
Juwinud £ XTIV - XTIV jupduspnid uinugdus duljupugdut kgpugsuyght gnpsuljgh
Ukdnipyuilip, wyjuhtip wjuntn nknh E mbbinud (1) wupdwip' K=K

Bqpuljugnipini: Siinljykpuyhtt ipjupwdqus hwmpuyhtt dwpduny ubp-
Juyugwé wynudwdnihppiughtt hwipwjuyph wuydwbubpnd XIV- XIV Yuip-
Juépht hwdwywnwujiwtng puguhwtph junpnipniip pugwhwiph owynhuwy
hunpnipinitt E jud yquwowpubph hwpdupljdwt wnwybjugnyb anpnipniup, pun
nph phuwplynn ynbdwidnihpptught hwtpujwyph wwpwpubph jnipugnudp
ninbuwybu tyuwnwjwhwpdwp bt hpuljubwugut) dhtsh 530 « pugupdwly thy
niukignn hnphgnup, stuyws wyt hwiqudwipht, np ypuhg ubkppl guninn npny
hwoyupluyht pinlyubp Jupnn thi hwdwpyb) hwodbopught'’ pun wupmbwlyn -
pntuubph vwhdwbwpwiwlubph Ukdnipniubph:

2 UULNPE8UL 8ULY

1. Aradansn FO.A. Teopus m mpakTHKa ONTHMAILHOTO OCBOeHHs Henmp.- M.: Henpa,
1994.- 176 c.

2. Aradansua FO.A. O0mas Teopus ONTHMAIEHOTO OCBOCHHS Henp (TBEpHAbIC IMOJIC3HBIC
uckonaemsie).- Saarbrucken (I'epmanns): Palmarium Academic Publishing, 2015.- 288 c.
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3. Unqupupub 8m.U., Znjjubihuyywb U.2, Pugquuupub U.6. MThun ogunuljup hwbw-
sdnutiph hwipwuyptph wpynibwpbpuljut quwhwwnnd b Uoudwt wwpwdbnptph
oynhdwjugmu: twuwghpp / ZUMNZ.-Bp.: &upunwpughn, 2017.- 260 y:

4. ApcentbeB A.U. Onpenenennue npou3BOAUTENHHOCTH U IpaHull KapbepoB.- M.: Hexpa,
1970.-319 c.

5. Acaansu A.T. PernonansHas reosiorus Apmenun.- EpeBan: Afinerpar, 1958.- 43 1c.

6. T'eonorust CCCP. Tom XLIII. Apmsuckas CCP. I'eonornueckoe onucanue.- M.: Henpa,
1970.- 464c.

7. Mpuy oqginuljup hwhwsnutph hwipwquyptph wwpwpubph b juijpwnbunidughtt nk-
unipuitkph quuwupgnd (hwuwnwngws £ 22 Jjurwjupnipjub 14.03.2013p. Ne 274-L
npnpdwdp) / 22 yupnintwjut nkntywughp. — 10.04.2013. - Ne 19(959):

Zuyuuwnwih wqquyhtt wnjhnbuthjujwt hwdwjuwpuwi: Unpp tbpuyugdt) &
hudpuigpnipeynit 27.12.2023:

A.T. BATTACAPSH, C.B. MAMSH

OBOCHOBAHMUME NAPAMETPA KOHAUIIUU “MAKCUMAJIBHAS
I''IYBUHA IIOJICUHETA 3AITIACOB” B YCJIOBUSAX IITOKBEPKOBOI'O
MEJTHO-MOJIUBJJEHOBOI'O MECTOPOX/JIEHUSA

Jl1s ycioBuii SKCIUTyaTUPYEMOro MeJIHO-MOJIHOAEHOBOIO MECTOPOXKICHHS 000CHOBAHA MaK-
cUMasbHas TIyOnHA 1ojcyeTa 3anacoB. [IpenensHoi rimyOnHOI UL mocyeTa 3armacoB SBISETCS ONTH-
MajbHas IIyOMHa Kapbepa, CO3JaBaeMOro JUIsl 3KCIUTyaTallud 3THX 3aIlacoB, KOTOPas ONpEIeNnseTcs
YCJIOBHEM pPaBEHCTBA TI'PAHMYHOTO M KOHTYPHOrO KO3()(HUIMEHTOB BCKpbINIM. [lyTem cpaBHEHHS
pacueTHBIX 3HAYCHHUI MOCNIEJHUX OIpe/ie]ieHa MaKCHMalIbHasl INTyOHHa MO/IcYeTa 3a11acoB.

Knrouegvie cnosa: MectopoxeHue, Kapbep, TpaHNIHbIH KOI((PUIMEHT BCKPBIIIN, ONTHMAaIb-
Hasl TITyOuHa Kapbepa.

A.T. BAGHDASARYAN, S.V. MAMYAN

JUSTIFICATION OF THE CONDITION PARAMETER “MAXIMUM
DEPTH OF RESERVE CALCULATION” UNDER THE CONDITIONS OF
COPPER-MOLYBDENUM DEPOSIT

For the conditions of the exploited copper-molybdenum deposit, the maximum depth for
calculating reserves is justified. The maximum depth for calculating reserves is the optimal depth of
the quarry created for the exploitation of these reserves, which is determined by the condition of
equality of the boundary and contour stripping ratios. By comparing the calculated values of the
latter, the maximum depth for calculating reserves is determined.

Keywords: deposit, quarry, limiting stripping ratio, optimal quarry depth.
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‘Ukpuynidu unnpghniyu hwipnid Yhpundmd u dpwldwt bplyne’ Juppipwg b 4bp-
Rupwg Jupgny tupwhwpuyht snpblutnhg hwipwpwph yolydwdp b punwpl wywpk-
pny hwinipughtt mwpwdmpub jguthuldwdp dowljdwt hwdwwupgbpp: Unnpghniyu
hwupnid Jhpwnynn hwiipwpwph wpynibwhwidwh nkutininghwubph wpyniwbnnipe-
jut pupdpugdut hwdwp wpwewplymd Bt mwupphpwlubp: Ujg wnweownlubpt ninndws
hu hwipwpwnh wnpunugdut iduqbgdwin b Ynpniunikph Ypdundwin:

Unwgpuyhl punkp. huupupwp, hwipughtt dwpdhb, dpwljdwt hwdwljupg, Eupw-
hwpl, hwpy:

Ukpwbmpinit: Cwhndjuh nuljh-puqudbnunuihtt hwipuduypp quninud
E Zuwjwunwith Zwtpuybinnipjut Untihph dupgnid’ vnnhwppuuwp-Unwgw-
anp Enwt hwpwdupbbjjut Jipewdnpnipmniunid, b nknunpus E NAneoh gl nt
upw dwju Junul Udwtwth dhol (uyy. 1) [1-3]:
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Ul 1. Cuhmdjuih nulp-pugquudbnunughl hwbipwjuyph sopowlh wlhupluyhi
pupunkqp
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Quupwinpkt Cwhnidjuth hwipwjuyph hwupwhtt dwpdhubpp ubplw-
jugqué Lt hwbipkpwlutpnyg b hwupbpuljuyht (Uhubpujugws) gninhabpny:

Zuupughtt dwpdhtubph wmwpwénidp, npybu ubnb, dbpdjugyuului k
(260...300%), ULs dwuwdp nugh hwpuy 70...80° witjdwdp:

zZuipwdwnpdhtph dbhwswhwlwi yupudbnptpt b pun nupusdut
Epyupnipnibubpp munwiymd Eu dh pwbh nmwubyuly dknphg dhtsh 600 o huly
ninnudhg mupwsjusnipmniup’ 150...450

Cwhnudjuth uinnpglntyw hwtiph nupkjut wpnunpnnujuinipmniip vwh-
dwyty) k600 Awq. v/inwph sanhny:

Zudwduyt 1983p. swhwgnpéudwt twhiwgsh' hwtipwduypp ujuly k pwhw-
gnpsyl) Eplnt Uowljdwt hwdwljupgny.

1. Zmupwdwpuhuttph dhtgh 3 Zhqnpnipjut phypnid wuwhbunhg hwipw-
pwph yuypwbgpwiht thgptipny wnljdundp:

2. Bupwhwpltphg Jepptpug b quppipwg hndhwpwdl hnpunwigpugh
1hgptipny hwipwpwph ynludwdp b quonuht snpklhg dntnpught thopjuspuk-
nny hwtipwpwunh wnpkpdwdp:

Uhitslt 2005p. Yhpwundb) £ hhdtwlwunud tplypnpn dowljdwt hwdwljupgp,
npp punipugpl] Ewpnwsuhubph pupdp tipny, wowgtwght b Epypnpught wn-
puwwnwgdw pupdp gniguithpubpny b wohiwwnwtph gusp wpnunpnnuljuinipe-
Judp:

Zhwnwquynud pugbppoquuuugnpddwtt hpwyniupp dknp phipwé «thun Qniy
Uuwyuhtig Ludthwith» @LC-u Jipp wpdwsd phpnipniubph ywwndwnny hpwdwp-
b1 £ wynp Ypuljdwtt hwdwljupghg, hull ywhbtunwynpnidnyg hwdwljupghg' twb
wwwpibph mbuytnbhnipjut hwljdut b hwbpwpwph wifuwbq wnpkpdwb
wuwndwnny:

‘Ukpjuyniud uinnpglntyw hwipnid fhpunynid E dowljdwi tplynt hwdwljupg.

* 1-ht’ Jupplipwg Yupgny Eupwhwpluihl suptljitphg hwipwpwph wny-
dudp b puunwupl] wmywpubpny hwinipughtt nupwsnipjub jguhwldwdp (. 2),

* 2-ny Jbpplpug Jupgny kipwhwpyuyht gnpkYubkphg hwbpwpuph wny-
dwdp b puunwupl] wywpubpny hwinipuhtt nuwpuwsnipjut jguhwldudp (0. 3):

Uwnnpl pbpynud E JEpntgyuy dowljdwt hwdwljupgtph hwljhpg ajupugpnt-
piniup:

1-htu dpwjdwts hwdwljupgh hhdtwjut wpwybnipnitutph L.

v wphiwwnwipkph hpujubugdut dbpktujugdwt juyt htwpwdnpnip-
jniuubpp,

v wpiunwlpkph ppuljutiugdut wuuwtigmput hudbdwnwpwup gusp
nhuljkpp, pwtth np hnpwwnnnp gnpépupwugh ppwlwbuginid t wdpujuydws,
Jurwjupbjh wnwunwnh yuownywunipjub nul,

v Entwght quugqyush wepkpnidt hpujwiwugynud E huptwgwug nkutth-
Juyny:
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1-pt dpwljdwt hwdwljupgh hhdtwlwt phpnipniup hwipwpwnh ghpun-
punwugnidi k:

fughn Unwunwnugulgywé

2ytinp wagltin
mn%m Z LI I, LTI
I

yii I |/ | [
4 N N/ VA | N | | N
AT 7T I

L L

P UhgfuguijhG
2unnpklGEp pOwdwubn

Uy, 2. Upwlpwl hunlwljupgn ' Juppipug upgny Eapuhwupiuyhl pnpklakphg
hwhpwpuph yniduwdp b pununupl wywphbpny hwbniypughl nwpudniprub
[guthwldundp

Bpluybwlwh fuopduwdp hubpughb dwpdnmg
b ]

Uy o jgpsbymsgs

I A LT T T AT

L S e OO BB e

Ul 3. Upwldwl hwdwlupgp ' Jhppipug upgny Ehpuhupluyhl pupklakphg hubpu-
puph ynhdudp I punwpl wwywpibpny hwinipuyhl nwupuénipul jguhwldudp

2-pn dpwljdwi hwdwljupgh hhdtwljut wnwbjnipniubpp tnytwljut Bu
1-htt dpwldwt hudwljupgh htwn' w]bjugpué hwbimpughtt gknph juyinipyui
Enpypnppuhtt winpunugdwt tjuqkgnidp:
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unnh npduspp: Upnh ghnnwnbjuthjulut wowepiipwugh yuydwttpnid,
wuwuljws, swhwquig Jupbnpbny hwnljuybu hwtpwpwph dwppuhwtdwb
nbpinnghwljut gnpépupwgubtph dbpkiwjugdut wunhdwih pupdpugdub
haunhpp, wyb, vwuyl, sh jupnn widbkpuywhnpk nhnyk] nputu thopp hqnpnt-
pjudp hwupwdwpdhuubph dowluwt hwdwlupgbph junwpbjugnpsdwt unwye-
tuyhtt wpwbwlnipjudp thongunnid: dhpghtiu, hwpwjunponid putynph wohuw-
nuwiph wpunugpnnuljutnipjut pupdpugdwt punphhy, ninnusé hukng hwi-
pwpunh wpyntbtwhwidwt huiptwpdtph Ypdwndwip, sh jupnng yuunwupwly
nugtipphg ogunujup hwwdnih Ynpquwt npuljupwwljulju gniguhoutph pw-
phpuddwil wetsyny hwpgbpht:

U hdwuwnny ghphofunn nkp nith dwppdwt mupwsnipiub juyunipniip,
nph tjuqugnyt dednipnitt pupmimd £ Eubkngy quuquéhg hwuipwpunh
wnidwb b pugpnnuui, htiyybu tub dwppdwt mupusnipjniinud (Ekntiwghtt uwp-
pwynpnidubiph mknuynpdwi b wdpuljuyh mknunpdwut yuydwihg: Niunh, np-
pwil UkS | dwppdwb mwpwsdnipjut juwytnipniup, wjupwb pupdp b hwipwpunh
hwunyph nkutnnghwljut gnpépuipwgutnh hpuwiwugdwb, wy pynud” twb (kn-
tuyhtt dbpkuwtibph, vuppunnpnidubph b dbpbtujugyus hwdwhpubiph oquaugnps-
dwt hwdwp hwpdwpuwdbn yguydwiibp unbndtine wuhpudtynmpjudp phjw-
nnud hwpwjunpouyghtt putnpibph wownwiiph wpnwunpoyuljuwinipniut
nt Upwljdw hunbkuhynipniup b hwwowlp:

Ubjwh hwipwdwpduh hqnpnipinithg” dwppdwt mupwsnipjub juyunipe-
jutt Ukdwgnidp, h hwohy Ynnuyhtt wyupubph wnydwb, hwbgkgund E wpnynitw-
hwidwb dwudwbtwl] hwupwpwph npuljh thnthnjudw gnpéwljgh thnppugdwip,
nnh hupnigus ntnbuwfut Juwup npnowljh yuydwtubpnid, wpjuwwnwbph wp-
nunpnjulijubnipjut pupdpugdudp yquyjdwbwynpjws, YJwupnn b ghipuquigl
hwipwpwph wpynittwhwtdwb Ypdunynn swhuubkpp [4]: Pul bptk dwppdwt tnw-
nudnipjul juyunipjut Ukdwugnudp gquydwiwynpjws E hwbipwdwpduh hqnpnipe-
jutt mdny, wyw httwpwynpnipnit £ wnwewiinid® jujugulint ny vhuyb wppuw-
nwipuyhtt wuydwubpp, wy] twb hwipwpwph wpynibwhwidwt npuljuljut
gniguwthpubpp: ZEknmbwpwn, hwipwpwph dwppwhwidw wojpwwnwuputiph dkpk-
twjugdul wunhfwuh pupdpugdwt utinhpp, npuybtu dowljdwt hwdwlupgh
Juwnwpbjugnpsdw gipulju ninnnipinit, Jupkh £ dhwbpwbwly puinniubh hw-
dwipk] hwbpwdwpduh huwdbdwwnwpwp ks hqnpnipyub yuydwbbbpnud:

Zbnwgnuinipjut wpyniupubpp: Unnpghniyu hwipnud Yhpwndnn hwb-
pwpunh wpynibtwhwidwt wkjuininghwtbph wpynitwybnnipyut pupdpug-
dwtt hwdwp wnwewnplynud k.
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1. Quppupwug Jupgny Eupwhwpluyhtt swnpklubphg hwtpwpwph wynljuwdp
b quunupl] wyupitpny hwinipughtt mupwsmput guhwljdwdp douldwt hw-
dwmljupgh nhypnid wnwewnplymd k owhwgnpswljut hwuipyh nne pupdnpnipjudp
ptpuwnp wughugnid, nph pupwugpnid hpujubwugynid tu yiphtt b dhohtt Lupw-
hupibipmd - twhwywnpuunwlul woliunwipltp Eipwhwplughlt supkly-
ubph whglugnid:

Ul. 4-nud ubpuyugdus £ quppupwg Jupgny tupwhwpluyght snipkljutphg
hwtupwpwph ynljdwdp b gunupl wywpubpny hwinipughtt mupwdnipyu |gu-
thwluwdp dpwljiwi hudwlwpgh nhypmu 1-htt’ winnphl Bipwhwplnud hwipw-
pwnh hwunyph hnpunwyuwptgldwt gnpépupwugn:
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Ul 4. Jupplpwg Jupgny Eipuhuplughl pupklakphg huwbipwpuph ynldudp o
puunupl wwywphbpny hwinipuyhl nwpuénipyul jguihwidudp Wwhdwi hudwulupgh
plypnud 1-pl Epuwhwpinid hubipwpuph huwbingph hnpununyuypbglwl gnpéplpugn

Ujinthtinl® uinnpht Bupwhwnplh hwipwpwph dwppuhwidwt wojpuwnuip-
utphg htwn, dhoht Eipwhwplhhg wuywppwpdhs dbpbuuyny juunwpnid Bu nu-
wnwny wywpukpny hwinipuyhtt mwpwsnipyut hbnwunupd [guthwulnid  wyuh-
wuikny widunubgnipjut jubinubbpp:

VY. 5-nud ubkpuyugdus k Juppipug jupgnd upwhwpluyht snpkljutphg
hwupwpwnph ynldwdp b punupl wyupubpny hwinipuiht mupusnipyu (gu-
thwllwdp dpwliwi hudwlupgh pghwypnd 2-pn Uhohtt ipwhwuplnid hwipw-
puph hwbinyph hnpuwnuyuw)ptgdwt gnpépupwugp:
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dkplh Eipwhwplp wdpnnonyhtt dowllinig htnn juwnwpymd t Jtpoht
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Uy 6. Qupplpug Jupgny Eapuhwuplughi supkiakphg huipupwph ynldwdp b
punnuipl wywphlkpny hubnipuyhl nwpudnipyul jguhuldudp dowldumb hunlulupgh
plypnid Jlpght thnyfh gunguinfkpp

Unwowplnipjul wnwybnipmiutbpn.
* punhwinip dkpjugdwt dwljtpkuh thnppugdwt hwoyht (Enttught wphaw-
wnwtpubph witdunuwignipjut pupbjuynud,
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* Wwtwljuhnpkl thnppwtinud £ hwimpuyghtt nupusmpju Ynnuyghtt wwwp-
ubtph thniquut nhuljp, nph Wwwndwnny hEkpwljunrwupynn wywppupdhsubpp
skt Juwuyh, b jpugnighs swhiubp sk yuhwbeh,

* huwtipwpwph wnpuunugdw gniguihoh tJuquut yquwndwnny wpnnt-
twhwynn hwpwpwph npuljh pupdpugnid,

* ptwdwubkph mkupny hwipwpwph Ynpniunibph Ypdunnid,

* nuuwpl wyupbpny ((guiynie) hwiinipuhtt mupwsdnipmniuttph gu-
thwljnud, hyp hwiighigunud £ swpuubinh Ypdundwip b ptuwyuwhywbwlu hpw-
Jhdwljh pupbjuddwinp:

2. Bupwhwpluyht supklubpn] hwipwpuph gknpuyht hwingpny dywl-
dwb hwdwlwupgh wrwewplynny mwuppipwlh nbhypnud (b, 7) hhdbwlwb wow-
YEnmipiniut k punkpphg hwupwpwph Ynpquub pupdp npuljupwbwuljui gni-
gutthobkph b dpwjdw pupwugpnid punn mwpwsdwb b wuljdywh hwupwdwpdip
htnwdndw wrwt] hwpdwp htwpudnpnipjut wywhnynudp:

Gupwhwpluyhl pnpbljutpny dknpuhtt hwinypny dowljdwt hwdwlwupgh
Yhpundwt thnpdwpupuljui wywnwiputnh hwdwp pnpdty b 3s hwipbkpuyp,
npb nih hudbdwinwpwn thnpp hqnpmipynit dhohtip’ 0,54 « b 75...80 wunh&wlh
wiuwb wulpni: LY. 8-mud pipjws L JEpnhhojuy dpwljdwt hwdwljupgh nhw-
pnud hwinipuyht £hnph yuwnlbpp:
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Bhpupunpblh whguhunnnud Epbpurpui-duwplp Eykpulut wyjmnubphbp
Zulprughit dupdh frasnwgpoud b §nlunoiph

nnnwgh whguhunnub hulmgpuht &nph punllupibp

Dunnmugh ubguhunud hubngpughi Snph suhukp

Uhghi: juyfinpynttp Guugqunud £ 0,5 hg 0.8 knp

Uy 8. Blpwhwplughl sinpklbkpny  hwbpupuph kgpuyhl hwbnypny dowldwh
hudwlupgh wnwownlyng nuppkpulh pbypnid hwinipughl dknph quwnbpn
3. Uhpunynn dpwljdmb hwdwlupgh wpynittwdbnnipyut pupdpugduih
nnnyué thnpp hgnpnipjudp hwbpujhtt dwpdhtiubph hwtpwpwph hwunyph
hnpunwyuyptgdut unp ujubdw, nph tyywwnulp hwipwpwnph wnpunugdui gni-
guthph b Ynpniunubph tjuqtgnidi E:
Uhbdwjh Jhpundwt hwdwp ptnpdl b oswhwquig pupwly’ 0,2...0,6 o
hgnpnipjudp hwipbpulp:
Unwowplynud  hnpunwuyuwypbgdut htnlyjw) vjubdwt (uf. 9), npp pw-
Jujwuht juduqtguh hwinipuht £hnph tJuqugny juyunipmniup:
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U 10 Zwinipuyhl nmknudwuh wunnlybpp

Ul 11-mud wunpdws | 64 b 89 v/ npudwigdny hnpunwugptph puuw-
Unpnipjul uppbdwb:
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Ug. 11. Zopunnubigpbph nuuundnpnipyul upuluwl
Ul. 12-nud ubkpuyugjws b wuyphkgdwt wpnwnwupubph wjwpnhg htnn
uUh puth YupJwsplbn:

Twpp 16
Cuwpp 18

L L

l _
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Ul 12, Zulinypuyhll Aknph gdungunnlbpp wuypkgnidhg hkunn

®npdn Jupnn tup hwdwnpl] hwennjws nju ninudwuh nhypnud, vwuljuyg
hhdtwynp b yEpotmjub kqpuhwiquut hwdwp wihpudtown k ujubdw hpwnt;
hwupwquyph nwpplp junnigqusputp b (kntwnkthjulwt hpughduly niuk-
gnn wknudwukpnd’ gpu wpnnibu]bnntppul ghwhwnwlwih hudwp: Zwoyh
wnubkiny hwipwjuyph pwpn Gpipupwbwhbdtubpuljut jurnigduspp, wnw-
owplynid £ wfju upubdwt hpunt) wntuqt 5 mupptp nknudwubpnud, npnig
Jtpnidnipjut wpyniupnid htwpuwynp Y1htth hwoqupyk) npu Swppuwwnwpnipe-
jntup b nwy) qowhwnwljut’ hbnwgu Jhpundwb hwdwp:

Bqnulugnipinii: Lipfuyugyws wnwewpljubpp, nponup ninnus ku fhpun-
Unn dowljdwt hwdwljupgh wpymbwybnnipjut pupdpugdwip, jupnn &u hwb-
gliguk] hwipwpwph wnpuunugdut gniguithoh tjwqbgdwip b Ynpniunibph
Ypdundwlp” tpwbwluhnpky thnppugiitjny hwipwdtnptph Ynnught waywpibph
thiniquut nhuljt m pinhwinip Ukpjugdwt dwljkpbun:
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I''A. APMAT'AHSH

AHAJIN3 CUCTEM ITOJI3BEMHOM PA3PABOTKH IIAYMAHCKOI'O
30JIOTOHNOJIMMETAJIVIMMECKOI'O MECTOPOXIEHUS

B Hacrosee BpeMs B TIOJ3EMHOM PYIHHKE PUMEHSIOTCS IBE CHCTEMBbI pa3pabOTKu —
CHCTEMBI Pa3pabOTKH IyTeM OTOOHKH PYABI U3 IOJ3TAXKHBIX IITPEKOB B MOPSIKE yObIBAHUS
W BO3pPAcTaHMA M 3aBajla BBIEMOYHOTO MIPOCTPAHCTBA MyCTOH mopooi. C 1enbio MoBbIiIe-
HUS 3P (EKTHBHOCTH MPUMEHSIEMBIX B ITOA3EMHOM PYAHHMKE TEXHOJIOTHH TOOBIUM PYABI Ipel-
JIararoTcsl BapHaHTBI, KOTOPhIE JETabHO IPEICTABIEHBl B CTaThe. JlaHHbBIE MPEAIOKEHHS
MIPUBENYT K 00CAHEHUIO Pyl M COKPAILIEHHIO OTEPb.

Knrwouegvie cnosa: pyna, pyHoe Telo, cucTeMa pa3paboTKu, MOJITaXK, ITaK.

H.A. ARMAGANYAN

ANALYSIS OF THE UNDERGROUND MINING SYSTEMS OF THE
SHAHUMYAN GOLD-POLYMETAL DEPOSIT

Currently, two mining systems are used in the underground mine: a mining system
by breaking ore from sublevel drifts through rises and inclines and backfilling methods. In
order to increase the efficiency of the applied ore mining technologies in the underground
mine, options are proposed, which are presented in the article in detail. These suggestions
will help decrease ore losses and depletion.

Keywords: ore, ore body, mining system, sublevel, level.
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Yhwnwpyfuws E hugkpunph wwpudbnpbph &ogphn hwdwdwyibguwi hwpgp' phioh
wwpuwdtnptph htn thnjuwltpyhsh wdkuwpwpdp bjpuyhtt hqnpnipnit vnwbwnt tyw-
wnwlny, wywhnybng tpw withpudbon juyniinipniip: Muwnpuunydusph swnwynuyh
nnnipjudp ohpdwunhdwih wiupnyuwnpkh pupdp wulnudubkphg untuwthbne hwdwp
hugnijinnputph wkuwupup hgnpmipiniup vwhdwbwhwlynd b, htush wpyniipoud wyunpg-
Ynud k, np biquwinwjwhwpuwp E pputip yuwnpuuinky 500...750 o b pupdp jupdwt hwdwnp:
Puigh wyn, pinh ntkwljnhy hqnpuipjut jndybkivwghuyh hwdwp Junwpwughtt pupdn
hwdwjiuwinipjut jnunkuwnnpiubp wpunwgpynud u 375-hg 1000 o wijubwljwi jup-
Uwp, hnbwpwp' higniunph dhwgnup hinkpunphtt’ hobgyws bjpuyht jupniung, whnp
bt hpujuwtwugyh wjunnunpuiubnpiunnpuyhtt vppbdwyny: Uju hnpduénid hwpqunplukpp
wupqtgubint hwdwp Guipunpynud k, np hunnijunph tpljupnipjudp hqnpnipjut gnpéw-
Yhgt niuh npnowlih hwuwnwwnnis Uhohttwgyws wipdtp b jujugws skt hunnijnnph tpluyi-
pny ohpdwuwnhfwbughtt nuonh puwppunidhg: Glukng wyu Eupunpnipniuhg, phinh wljnhy
nhuwnpnipyut jupjwsnipyniip hunniunph quijwptbph putwhhg Yupnn E ubpluywug-
b1 gdbuyhtt $nruljghugh nbupny wnpwtudpnplughuyh wwppbp gnpdwljhgubph nkypnud: bu-
Jtpunnph wwpwdbnpbpp pirtdusph onpugh wupuwdbtnpiphtt hwdwywnwuppwkgut-
1hu wuhpwdtown k ny dhuytt wmywhnyk) 1phy Yndybiuwghw, wyjh ptnpt) Yntnniph hw-
dwpdbtp wljnphy ghuiwnpnipjut wpdtpp wywbu, np hudkpunnpp qupqugith wnwybjugnyu
hgnpmipnil, b wyn ghypnid wphunnpitiph junwjwupkhnippliip Jkpujuibqubine hudwp
twhwnbuguws dudwtwuyp whwnp b dbw ponyjunpth vwhdwbibpnud: Niunh, pinidusph
yntinniph hwdwpdtp wlnhy ghdwngpnipjut wpdtph quuwhwnnudp npubudnpldughuygh
wnwppbp gnpdwlhgutph phypnid gununid £ withpudbonnipinil:

Unwigpuyhll punkp. hunnmyghnt mmwpugmy, hunnijuinp, hwdwhwljuinipjut th-
huwytpyhs, Gpuyhtt hqnpnipynit, ntwlnhy hgnpnipniy, qupupwbughtt pupdp hwdw-
huoayhtt Ynunbiuwnnp:

Uhpudmpmnil: Zudwhuljutnipjul whphunnpuyhtt hnjuwlipuhsutpp hppl
hunmijghntt mwpwgnighsibiph utdwtt wnpmipubp oqguugnpstint niypnid thnpaw-

Ytpwsh phnp ubpuywinud E npytu dbnwnny gqus hugnijunp: Ujnuyhuh plinh
ntypnid hqnpnipjut gnpswlhgp paduljutht gudp kb juqunud k£ 0,15...0,25 [1]:
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Ujt dkdwgbint hwdwp oqunugnpédynid ki nittwjuyghtt Yndykiumghwih wnwppbp
Ubpnnubp:

Shphuninpuyhtt thnpuwfEpush hntuwh woptwwnwph hwdwp whpudbon
wuydwtbphg dkyp hudbpunph wwpwdbnpbph ghon hwddwjukgunud t phnh
wyupwuubnpbph htwn, npytuqh wpyniipmyd vnwgyh hnpoubpush wdbiwpupan
tjpuyhtt hqnpnipniup:

Zuunhyuwljug-qniquhtn nhnpubpny judppwljuyhtt hukpnnpnd, Yphuw-
wyuunlbny Epuyhll jupdwt hwdwpuljuwinipjut Ukdnipniup, nph nhwypmd wyw-
hnyynid £ hbpuinph wppuwwnwiph juynitunipniup, bpuyhtt jupnudp Uninwygn-
puwbu juqunid £ hwunwnntt hnuwbiph vbdwt wyppiph jupdw Yhup [2,3]:
Ujuyhuh thnjuwytpyhsp, mudhowybu 380 o jwpdwt knwbwq hnuwiph guighg
udwh dudwbwl ogunugnpstny towduq ninnhs Junwpjus Judpowluihl
uubdwyny, b nhinnwplynn mkuwlh hugtpunnph Epuyhtt jupnudp, hwoldh wetbng
Juyniunipjutt wmthpwdbon yuhniuwnp, uqunid £ 260...270 <

QEpUwunphfuth wupnyuwnpth pupdp wuljnudubphg juntuwthbnt hwdwp
ouwnwynuyhtt nipnnipjudp hunnijunnputph mbuwuwpup hqnpnippniup vwhdw-
twthwljynud t, hush wpyntupmd gupqynud £, np ityquunuljuhwpdwup b gpuip
wuwwnpwuwnk) 500...750 9 b pupdp jupdwt ghypnid: Pugh wyy, phinh nbwljnhy
hgnpnipjutt Yndybiuwghuyh hwdwp Jquowpwiwghtt pupdp hwdwhwlwintgpe-
judp Ynunkuwnnpubptt wpuwngpynud Eu 375-hg 1000 ¢ widwbwlwi jupdwdp,
htnlwpwp himnijunph dhugnudp hifkpunpht' hobgyws jpughtn jupniung, tugw-
nwujuhwpdwp Ewjunnnpubudnpdunnpuyht ujpbdwgny:

unph gpjuspp b hbnwgnuinipjwi dkpngitpp: Thunwpydnud Eu hugbp-
unpp phnh §ntinniph htn hwdwngpbne hwupgbpp wunnunpuudnpduwnnpughe
upubdwyny hugnijunnpp dhwgubnt dudwbtuly, Epp ngpu utinudp juunwpynud |
hwunhyulwug-qniquhtn nhnnubpny hwenpnuljut mhphunnpuyhtt hudtpunnphg:
‘Llwl thnpuwlbpysh uppbidwi b npu wpjuwinwph uljgpniupp pipgus Eu [4]-nud:

Udununputiudnpduwnnpuyht upubduyny dhwugdwt phypnd §ndytkiiuwugung
nttwlnipniip dhwgws E wdpnne hunnijunphtt qniquhtn, hull hwkpunnpht
dhwgdws k npu quyupubph dhuyte dh dwup (0. 1): Ujuyhuh dhwgnodp htwpue-
Ynpnipinil E rmwjhu pupdpugul jupnudp hugniyunph dpu b Ynugkiuwnnpu-
1ht dwpunlngubpnid dhish wuhpudbown dujwupnul htbkpunnph Epnud hotgdws
Jupdwb dudwbwly, oqunugnpstiny hwonppuljutt Yndwykiuwghwih ulqpniupp
qniquihtinh htiin hwdwwntny:
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Ul 1. Papnilpnnph wynnunpuiupnplunnnpuyhl dhugdwl ulgeniipughl uppbdwi

zuny k gk, np hugnijuinph wjunnunputudnpluinnpught thugniudp oguw-
gnpdynud £ wyt glwpnud, Epp mhphunnpuyhtt Yepyuwihnhhsubpt ogunugnpéynid
Elu npubu vbdw wnpmnipubp, b wpuwbubnpldughuwyh gonpswljgh hbnbwpnyg jw-
nnudp unynpupwp Unn k qniquhtn §ndykiuwmghuwp phy htwpwynpnipjut og-
wnwugnpddwip:

bunnijghntt mupwgnighsp hminhyuljug-qniquihtn nhnputpny hwdwhiw-
juimpyul whphunnpuiht Yplwunhshg utbkihu, npntp manhsh dhengny
dhwgws tu 3809 gmughti hunnijuinph dpw 500...750 & jupnid unwbiwnt hwdwnp,
npwbudnplwughuyh gnpdwlhgp whwp k quugh 1/2-hg 1/3 uwhdwunid, nph wpy-
niupmid ghpuljopnnp puninid E hwenpnujut Yndybkiuwghwi [5]:

Nputu mpuubnplwughuyh gnpswiljhg whwp E hwuljwtuyg htignijuinph, npht
dvhwgyws L hudkunnpp, Whin-h qupupubph pyh hwpwpbpnipmiup, nphtt dhwg-
Jws k hudkpunnpp, W hungnijunph qujupubph pughwini pdht.

W ha
n=-r% 1)

Spwudnplughuyh qnpéuligh gudp wipdtipp bujub wqnbgnipini niih phnt-
Judph Ynuwnniph Jupph b, hbnbwpwp, wdpnne thnpjuwlbpuysh woiwnwiph nk-
dhuh Jpw, ntunh wnwewimd t htgnijuinph vhugdwt wfunnunpubudnpdunn-
nuyht ujubduygh hwnny nuunidbwuppmipjut wthpudbonnipniu:

Onpuwjtpysh wohtwnwph tnpuwy nkdhuh pupwugpnid pintdwsdph tuwnw-
unnuljut Yntnmpnid jupdwi Ynpp b hudbpunnph Ejpuyghtt hnuwbph Ynpb nibkh
pupdp hwpdnuhlubph yupnibwlynipju gusdp nninu: Zhknwgqu hwyduplubpnud
nupnitgws k Eupunpky], np hnuwtph b jupdwt Ynpkpp uhintunhnughte B, hgp
htwpwynpnipnit £ nwjhu junwpk] pintdusph §ntnniph ujubdugh 4Epniéne-
pintu punhwinip juugph nusdwt hwdwp, npp ghunwplynud L uhintunhnughte hn-
uwiph onpwtph mkunipjut Uke:
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Blukny [6]-nud phpdws npnypukphg pugninid kup hignijunp-dbnwy
hwdwlupgh hunmiunpympjut jupdusdnipniup qujupubph pwbwlhg npybtu
gqowyht:

bugnijunnpnid mbnh mubgnn gqnpépupwgubtph Jbpnisnipmitp, hwoyh
wnukny pinh winhy ghdwnpnipjub ny gduyhtt ywpudwsénipiniup hunnijnnph
Epuwpnipniihg, bujut pdqupnipinit | ukpjuyuginid:

Zupqupljubipp wupgtgutint hudwnp Eupunpdmd E np huinnijunph Epljupm-
pjudp hqnpnipjut gnpdwiljhg nith npnowljh hwunwwnnit dhohttmgywé wipdtp
b Juuduwsd sk hugnijunnph Epljuyipny obpdwunhfutughlt puigwnh pupjunithg: G-
Ukny wyu Eupunpnipnihg phnh wljnhy phiunpmpjui jup]uwsnipmiip hb-
nniljuinph quupbitph pwljhg fupny kubpluyugyt) npytu ggughte pniyghw
nputudnpiwughuwgh muppkp gnpdwljhgubph nhwpnid:

PEnuywésph Yntinnniph hwpdupluyht ujpbdwt ukpjuyugyuws k uy. 2-nud:

Py

o

(1-n)r
nr

C

nL (1-n)L

nGwh hugtpunnnp

[} °
U.2. REnljwidph §nlunniph hwpuplughl ujubdwi

Nuydwiu]npfkip phntjwsdph Yntnmph &mnp, npp juqujws b nl higmy-
wnhynipniuhg b nr wjnhy nphdwunpmipiniuhg, wbtuitk] hugniyunhy, hull nput qni-
quhbn &nunp, npp yupnibwlnud E C §ndykiumginng mbwlnipnit b hunniljninph
dtwgus dwup, wmuduik] ntimljuyhte

Ul 2-md phipJud upubdwh thnjuwphibp nput hudwpdtp uubdwyny pn-
1np nupptph gniquhbn dhwgdwdp (uly. 3):

9.

1

| n3slle T

© HEWh hudbpunnp o
o

Ul. 3. Phnp nfunniph hudlupdip ujubdwi
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Ul. 3 hwdwpdbp ujubdugh gqniquhtn gnintph hwnnppujwiunipmiutbpt
wpunwhwynynmd ko hknlbjw) putwdbbpny.

nr

91 = (nr)2+(wnlL)?’ &)
wnlL
S 2w
1_
g2 = At )

B [r(l—n)]2+[wL(1—n)—i]2 '

npunkn L - p hugnijnnph hwdwpdbp nphtwnpnippniti £ hwogh webibyng qupup-
tkph Uhol dwqhuwljwi Juyp, r — p° higoipunp-dknwn hudwlupgh phphw-
tnip wlpn ghdwnpmpeymip, C - o' oy kiuwuging mbwympoiip, n - p’ wpabo-
dnpdwghuyh gnpswljhgp, npp npnoynid k (1) pubwdling.

w(1-n)L

bZ = 2 (4)

B [r(1-n)]? +[wL(1—n) —ﬁ]

1
by = uc — &)
[r(l—n)]2+[wL(1—n)—E]
npunkn g1 b bi-p plinh Yntunniph hignijnhy &ninh hwdwpdtp wljnpy b pbwljnhy
hwnnpyuljuimpmniutbp G, g, b2 (bs — p phinh Yntunniph ntiwjuyhtt £ninh hw-
Uwpdbp wlinh b pkwlunp] hunnppulwimpmniabbpp, @ - @ Yhpyuhnudub
wllnibwghtt hwdwhinipniin:
Uhubduwynid punhwtnip nkqnwbuh yuydwut nith hEnbyw) wkupp

b1 +b2-b3=0: 6)

(6) hwjwuwpnidhg, hwoyh wnuking (2), 2u), (4) b (5), jupkih E npnoky ptn-
hwunip nkgnuwbiuughtt §ntnniph wyywhnddwt hwdwp Yndykiuwgiunng nitbwlne-
pjut Ukdnipiniup

C?’w?L(1 —n)(r? + w?L?) — C[2w?%L? + n(r? — w?L?)]+L =0 7)

Nhkwp k ok, np Yniybbuwging nibwlmpnibh nith bphym wpdbp’ G b G,
npnup puduwpuwpnid kb phinh §nttnniph pughwinip nignuwtiuh wuydwp.

20212 4n(r?-w? L)+ 202 [2+n(r?—w?L?)>—4w? 2 (1-n) (r2+w?L?)
2w2L(1-n)-(r2+w?2L?) ’

®)

C1,2 =

Zuph wnikyny, np’
_ wL
r= _rgq;P’ (8w)
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(8) hmjuuwnpnudp Jupkih k gptp hEnlbyw) mbkupndy.

_ Ztgpztpp+n(1—tgz<pp)i\j[Ztgztpp+n(1—tgztpp)]2+4tg2<pp(1—n)(1+tgz<p1_,) )
- 202L(1-n)-(1+tg2pp) )

C1z ©)
Ul.2-nud pipus ujubduygh ntbwljuyghtt gninmud jupng b nbinh ntubbiug bwb
jupdwh nhqniwbu htwnlyw) wuydwbh nhupnod’

1

2 (19

Ul.4-mu phipjus kb Cr, G2 b G yndybiumugynn mbaympynibibpp” juon]ws
n gnpduiljghg, npntip Jupnigdws tu pun (9) b (10) hwuwuwpnudubph, bpp cosg,, = 0,2:
Unpkp Junmghihu npybu puqhuughtt dbdsmpynit pymignud £ 1 #4242 huignijunp-
Unipniun: Undykuuginng mbwlnipjut wpdtpp npnoymud £ gqpubhlhg unnwg-
Jwé wpdtpp pudwiting phoh hugnijnhdmpjui wpdbph Ypu wpnwhwpndws
Uy Za- ny:

\
no.2 \
0.4 N
’ N
0.6 \
0.8 \17\\
1
1.0

0 4 8 12 16 C10°Uyd

Ul 4. UndwElnugyng nilnunipinibakph Jupnjwdnipmniin npubupnpdughugh
gnpduilighg n jphy ndwbbuwgdwi (1 fnpp) b niuluypl Gninh hwenppuwlui
nhgninubup nkupnid (2 §npp)

1 nph nruntdtwuhpnipniithg, npp hwdwywnwupwind £ (9) wpunuwhuyg-
wnnipjutp, kpiind £, np gpubhlh npnowlih mhpnypnid pintdwsph Ynuwnniph nk-
qnuwtiuwghtt nttwlnipnitup tpupdtp $niughw k n gnpdulghg: Zkwnbwpup,
httwpuynp t wywhnyk) 1phy jndybiuughw §ndykiuwginng mbwlnipyut Gpljnt
wnwnpbkp wpdbpubph nhypnid: n = nw -h hwdwp (7) hwjuuwpnid nith hwjw-
uwp hpuljut wpdwntkp, hul C = F1 (n) dnrughwt vhwupdtp L: Gph n< np, muyu
hujuwuwpdwt wpdwnttpp Yhns G, hsp Juynd | phy nkgntwtiu wmywhnyng
ntuwlnipjut pinpnipjut wthtwphunipjut dwuhb:
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ZEnwgnuinipjub wpnynibphitpp: Yhuwpykup (7) hwjwuwpdw hpuwi b
tnd wpdwwntbph nhwpbpp: LY. 4-mud 1 b 2 Ynpbph thnpownwpd nhppp gnyg k nw-
1hu (10) pmuwdlny npnoqué nitbwlnipjut b (7) hwjwuwpdwb Epypnpy wpdwwnh
wpdbtputiph dnwn (hubkp:

(7) hwjuwuwpuwb Epnt wpdwwnubphg ks wpdtphtt hwdwywnwupwiind
E hwonpnuljut Yndykiumghuyh gipuljppnipniin: Uju niypnid Yntnniph nitbw-
Juyhtt gnint wohiwinmd £ jupdwt nkqnuutiuhn Unn nhidhunud, puyg wnwy puljusd
hgnpmipjut gnpéwligny, npp pwdupup b Yntnniph hugnijuhy £ninh hnuwiph
ntwljunhy pununphsp Yndybiuwgutine hwdwp: Uju nhdhunid hugnijuinph niow-
Juyht &ninny hnunn hnuwipp qquihnpkt wykh ks E, pwt hunnijunhynipjut
&ninnud hnuwtpp, hush hbnbwupny hunnijunnph hugnijuhynipyut &nunp phs £
ogunnugnpdyniu:

(7) hmjuuwpdwt Epypnpny wpdwwnubpny npnoynn §ndybkuwmgunn nitiw-
nipjut wpdbpubph nypnid nittwuyhtt gninh ;phy hnuwpp Yupnn £ qquihn-
ntt thnpp 1huly, putth np wydd npu wpjuwwnwiph nkdhup htinnt £ hwonpryuljut nk-
qnuwliuhg, puyg wyy gninh wnwe puljws hqnpnipjut gnpswljhgp tuqnid £ uyi-
pwl, np hnuwph ntbwluyhtt pununphsp wwhwywinid | bwpuhtt dbdnmipniup b
dund hwJuwuwp Untu &ninnud hnuwtiph hugnijunhy pununnphsh: Upjuwnwiiph
wyu nkdhudnid ghpwlonnid k qniqubhbn §ndykiuwghwi, b pugnijnnph hugniy-
wnpy nt nttwluyh &ninkpnid hnuwbpubipp Ukdnipjudp Unun B

n gnpéwljgh twgnudp hwgkgnid £ hunnijnpy gninnid hnuwuph nkwly-
nhy pununphsh w&hi: Finh phy Yndybiuwghuwyh yuydwip junwpbnt hw-
dwp wthpwdbow k, np Yntinnniph hnuwtiph ntbwluyhtt pununphsp tnybybu Ub-
dww: buly Epp n = ny, myw wyu nhypmid 1phy Yndykiuwghwih hwdwp wthpu-
dtion £ hnuwtph wnwybjugnyt htwpwynp nttmjuyhtt pununphs: Upwi hwdw-
yuunwupwinud E ntbwluyghtt gninh dhuygt EY npnowljh hqnpnipjut gnpswlhg:
Tpw dkdmipiniup 0,7 E: Ujunnbinhg plunid £ wpdwnh kqujhnipmitpn n = oy -h
ntypnid:

n gnpdwljgh htinuqu twjugnidng hugnijunhy &ninh hnuwuph phwljnhy
pununphsp gunund E wjiputt Uks, np tnyhuly dniu £ninh hnuwtiph ntbwlw-
1ht pununphsh wpwybjugny htwpwynp wpdtpp dunwd £ wybih thnpp, put nu
withpwdton E ndjuy n-h hwdwp pun ;phy Yndybuwghwgh wuydwih: Zknbw-
pup, wywhnyky pbnh Ynuwnniph ;ppy nkgntwtu n < ny-h nhypnid whtwn E gub-
Jugwué §ndykuwmgunn hqnpmipjut yuydwunid [7]:

nyp-h wipdtipp Jupiqus t pnh hqnpmipjut gnpswlghg: LY. 5-hg tplind L,
nn cos@r -h 0,1-hg 0,3 w&h htnn wdnud £ bwlt ny Yphnhjuljui gnpbuljhgp: Uw
puguinpynd k upwng, np cos¢r -h wé&p hwdwpdtp b phnh Ynttnnmiph bplne
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&nintpnud (pugnighy wynhy nhdwgpnipmittbp tbpdnisknil, hust ) Eupw-
nnnud £ ugu gninbpnid hnuwtiph tdugnud:

0.38
n

un /
0.34
/
03 //
0.26 /

022 /

0.18 /

/

0.14
005 01 015 02 025 0.3 cosg

Ul 5. Spubiupnpluughuyh ne Ippunplului gnpdulgh Jupnjudnipiniin pknh cospx
hgnpnipjuh gnpéulghg

Gnp phirh hqnpmipjut gnpéwljhgp thnpaynid E 0,1-hg dptsh 0,3, nittwljuyghtt
&nunud hnuwtiph tjuquut wunhgwtt wbh pupép b, pwt hiymijnhy gninnid:
Bph, ophtiwtly, cosgr = 0,1-h nhujpnid ny gnpdwiljhgp 0,17 t (uy. 5), wmuyyw cosge = 0,2-h
ntypnid wpnkt httwpwynp st ppwljwtwgub] (phy Yndybkuwghw n = 0,17 gnp-
Swligny’ nmibwuyhtt gnintipnud hnuwph thnpp wpdtph yuwnmdwnny: .

Zuplunp E Yntunmph gnintpnid hwduwuwpuljont) hnuwbiptbpp, npybtugh
1hup 1nhy ndwyktuwghw. wyu ghypnid wihtiwp k n gnpswljgh wnwig dkdugdwt
Uhlsh nyp = 0,28 wpdtipp:

Ujuyhuny, cosg; -h 0,1-hg 0,3 dhowluypnid w&h nhypnid C = Fi (n) Ynpp
ququpp, npp huduyuwnwuppuinud | npuwtudnpdughugh ny Yphnhjulwb gnp-
Swljghty, mEknuownpdynid £ opphtwnibph wnwugphg we:

busytu tplinwd k uY. 4-hg, Ynp 1-p Ynnpphttwnughtt hwppenipmiup pudw-
tnud | EpYne dwup’ ukppht (T) b wpuwpht (I0): T dwund ju gkpyndykiuwghu,
huy IT dwunid’ phinh phwljnhy hqnpnipyul phpyndybiuwghu:

Ul. 6-nud ubpuyugus tu C = Fi (n) juuubnipjut Ynpkpp, npnp ju-
nnigwé bl cospe=0,2-h nhypnid kplnt mwppbp hnpuulbpyus hwdwpwlu-
nipynibikph hudwp' 2500 U 3000 2g: Yhunwpkup thnfuowbpuyguws hwgwuljw-
umpjut hnhnjudwt wqpbgnipjult wpwbdtwhwnlnipmniip pinh Yntnnipp

Juipph ypu:
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0.2

0.4 <

0.6 S

\\
0.8 \\
_ ~

1.0

0 4 8 12 16  Cx10°dyd

Ul. 6. Undwbhuwghng nibwlnyepul wipdkpibph Juwpujwédnipinian npubupnplughugh
gnpdulighg 2500 Zg (Inp 1) b 3000 Zg (§np 2) hwdwhnulwinipmiaabph gquydwih nEupnid

Bpt, ophtiuly, punniukup n=0,6 gnpéwlhgp, b hpwljwwgukup Yndykiiuwghw
C1 nthwlnipjut nhwypnud, npp hwdwywwnwujpwinud k (7) hwjuwuwpdw Ubs wp-
dwwnhl, wyuw withnthnju wuwhtnyg pkeh §ntnniph ponp wuwpuwdbtnpbpp, npnup
Jupquynpdws ku 2500 Zg hwdwhwlwinipjudp nignuwtunid, hwdwpwljwine-
pjut pupdpugnidp vhisk 3000 Zg, nhwnwnplynn nhupnid hmighgunid k pbinh phip-
nuykiiuwghuyh: Gph 2500 Zg hwdwhujuinipyudp 1phy §ndykiuwghugh wuy-
dwtt wywhnydws t (7) hwjuwuwpdwt thnpp wpdwnny, wyw phnh Ynbinniph
wpdwquipp hwdwpwjuinipjut tdwtwnhy hothnumpjuip Yihth £&hpn hw-
Junwln:

Ujuyhuny, pkptp Yntnmpp, npp jupquptpqws b ngyuy hnjuwltpuus
hwdwpiujutnipjudp nignuwtiuh hwdwp, Jupnn t popnpnght wy) YEpy wpdw-
quiiplk] wju hwdwpwljuwinipjut unyt hnthnpunipjuin, juppdws tpuihg, pt (7)
hujuuwupdwt wpdwnitphg npt b hwdwyuwunwupwinid nhgnuwtiup hwdwp
nudykiuwgunng nttwnipjut ptnpdus wpdtpht [8]:

buytpunnph yupwdbnpbpp phieh §ntnnmph yupudbnpbphtt hadwwywnwu-
huwmtkgutihu wthpwdbtown E ny vhug wyqwhnyby 1phy Yndykuuwmghw, wyb plnpkp
Yntnniph hwdwpdtp wjnhy ghdwugpnipjut wpdtpt wyjuwbtu, npuytugh hudbp-
nnpp nw wdktwdbks hgnpnipiniup, b wju nphwypnid whphunnpubph jupwywnt-
1hnipniup JEpulubqubnt hwdwp twpmnbugws dadwbwlp yhwnp L duw pni-
jnuupbihh vwhdwbtbpnd: Zknmbwpwp, pich Ynbnniph hwdwpdtp wljnphy nh-
dunpnipjul Ukdmipiniup quwhwwnbip nputubnpdughugh nmwppbp gnpdwljhg-
ubkph nhypnid gununud £ withpudbow:

Oquwgnpsting (2), 2uw) (3) b (8w) hwJwuwpnudubpp Yntnniph 1phy wlnpy
nhuugpmpui yuypdwbh b phd jndybuughuh gupdwih hwudwp §nbnngph
hwdwpdtp wlinhy ghdwgpnipjut jupdusnipmniip jupnn E wpunwhwjpngty
pwliwdling.
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nwL(l—n)

2 _ 2 1 2

l+tg "’p(l A —mwZCr, | wil2(1— n)zcg,)] (1+td%0,)

2 1 '
Y "’”’{(1 - [1 g (1 TAmLl; | gtE - n)ZCiz>] Fns tgz%)}
npnbkny Ci2 -p hwdwywunwupwiwpup (7) hwuuwpdwt wpdwntbkpt G
cos@r = 0,2-h hwdwp Rs = F3 (n) Juwpudwénipjui Ynpp phpdws b uly.7-nud:
Qnudhlhg tpind E, np Re = F3 (n) niujghwmb tnybybu tpjupdtp b mp<n<l dh-
owjuypnid: (7) hwjuuwpdw wpdwwntbph thnpp wpdtpubphtt hwdwywnwuhiw-
unud B phnh Yntunniph hwdwpdtp wljnhy nhdwnpnipjut Uké wpdbpubp b hw-
Juowlp: ZEnbwpwp, npuwbupnpdughuyh dhliingt gnpswlgh ghwypnd apdus
nhuwnpnipniuubpp nkqnuwuh phnwplynn tplyne nhypbpnid fupnn b buybu

R3=

nuppbpby dhujubghg:
107
Ruus
6.0
45
3.0 /
1.5 //
N :

0
02 04 0.6 0.8 1

Ul.7. FEnh §nlinmph hudwupdbp wlnpy nhdwnpniprul Jupnjuénipiniip npuiu-
dnplughuyh gnpduwlighg cospx = 0,2-h b iphy indw bhimghuyh vyl pkypoid
Gunwpyws yEpnisnipiniup gnyg wigkg, np pinh wjunnunpubiudnplunnpu-
1ht Uhugdwt nhypnid phnh Yntnniph nkgntwtiutt wmywhnybint htwpwynpnipe-
jniup gnnipinit nitth dhuyt mpubiubnpdwughugh gnpswiljgh thnthnjudwt npnpwiljh
Uhowluypnid: Uyn vhowljuyph juyunipiniup Yupudws k cosgr -hg:
busytu hwjnuh k [8], hwjwnwpd nhnnubpnyg hwenpnuljut hukpunnp hp
tjpuyht pumipugptipny Unwnn £ hnuwph wnpnipht:
Ptph Ynunniph oquuugnpédnudp wuwljwu hwdwpdtp wlinhy ghilwngpnipmne-
uny, pwl wyly, nph hwdwp hwyduplgws L hwdbpunpp, hwighgunud £ npdus G-
puyhlt hqnpnipjutt vnwgdw wthtwphuntipyuip: Zknmbwpwp, tnyhul) nkgnuwtup
wnlwnipjul, puyg ndybiuwging nttwulnipjub vjwy phunpmput phypnid
pkioh Yntwnniph higninhy] &minp fupnn £ whogniw (hitk] npu juptwl nkqn-
twuht Unwn nkdhuny wojuwnnn niwljuyhtt {ninh ontinuwdnplut Wuwndwnny:
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Bqpuljugmpini: Lphy Yndybiuwghw wwywhnydbnt b hudkpunph widw-

bwljub Gpughtt hgnpmipnit uvnwbuynt hwdwp whwnp £ pnply (7) hwduuwupdub

wnwoht (thnpp) wpdwwnny npnoynn §ndy kiuwgung mbwnipyub Ukdnipiniun:

Ptnh wyunnunpububnpiunnpuyhtt dhugnidng mhphunnpuyht hadbpunnp-

ubtph thnpduwluwb ntuntdtwuhpnipmitiitpn b pwhwgnpédwt thnpdp, npnug hw-

dwp oquugnpéyly ku hugnijnnputp dbnwunubph hwjdwi hwdwp, hwunwnnd

kU kqpuljugnipnitubpn, npntp swupunpdus ki unyt wotwnwtipnid:

UYULNRE3UL 8ULYU

Cayxouxkuii A.E., Hemkos B.C., [1aBios H.A., Bamynep A.B. YcTaHOBKH MHIYK-
nuonHoro Harpesa / Ilog pen. A.E. Cnyxoukoro. — JI.: Dreprousnat, 1981. — 328 c.
DJEeKTPOTEeXHUUECKHE YCTaHOBKH M MX HMCTOYHHKHM NHUTaHMA: Y4eOHOe mocobue Juis
By30B 110 cren. “TIpomsiiniennas texktponuka” / Coct. B.H. Bap. — Tonpsartu: TI'Y,
2002. -98 c.

Pynenko B.C., Cennko B.U., Unxenko U.M. OcHOBBI IpeoOpa3oBaTeIbHON TEXHUKH. —
M.: Bricmras nikona, 1980. — 424 c.

ONEeKTPOTEXHOIOTHIECKNE YCTAHOBKH M MX MCTOYHUKH mHTaHus. — Tompsarta, 2002. -
105 c.

EBTiok0oBa WU.II., Kaneuu JI.C., Hekpacoa H.M., CBenuanckuii A.Jl. Dnextpo-
TEXHOJIOTHYECKHE MpoMBIIUIeHHbIe yeTaHoBKH / [Tox pen. A.Jl. CBenwaHckoro. — M.:
Oneprowmznat, 1982. — 400 c.

Bamnynmmna 3., 3unun 10. VccnenoBanue THPUCTOPHBIX peoOpa3oBaTelieid YacTOThI
JUISl YCTaHOBOK HMHAYKIIMOHHOTO HarpeBa MmetamsioB // CuioBast 3JIeKTpoHHKA. - M.,
09.08.2009, http://www.power-e.ru/316.php

Pama P.C. OcHoBsl cuitoBoii anektponuku / [lep. ¢ anrn. B.B. Macanosa— M.: TexHo-
cdepa, 2006. — 288 c.

TupucropHsle mpeoOpa3oBaTeNy MOBBIIIEHHON YacTOTHI VIS 3JIEKTPOTEXHOIOTHUECKUX
ycranoBok / E.W. bepkou4, Hodde FO.C. u ap. — JI.: Dueproaromuzaar, 1983. — 206 c.

Zujwuniwtth wqquyhtt wnjhunkpthjuwit hwdwjuwpw: Umpp thpuywgdt; &

udpwugpnipjnin 19.10.2023
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II.C. MAHYKSIH, A.M. APYTIOHSAH, C.[I. CAPI'CSIH

ABTOTPAHC®OPMATOPHBII METO/I IO AKJIIOYEHUS
NHAYKTOPA K TUPUCTOPHOMY IIPEOBPA3OBATEJIIO

PaccMoTpeH BOIpOC MPaBMIIBHOTO COTJIACOBAHMS IapaMEeTPOB MHBEPTOpA C Iapa-
METpaMH Harpy3KH C LEJIbI0 MOTyd9eHHs HauOOJbIIeH BEIXOAHOW MOITHOCTH IpeoOpa3oBa-
TeJIsl IpU He0OXOIMMOM 3arace ero yCToHUYMBOCTH. Bo n30ekaHne HeIOMyCTUMO BBICOKHX
neperagoB TEMIEpaTypsl B paAnalibHOM HalPaBJICHUH 3arOTOBOK yJIeJIbHASI MOIIHOCTH WH-
JYKTOPOB OTPaHUYUBAETCS, B PE3YJIbTATE YETO OKa3bIBACTCS LIEJIECOOOPa3HbIM BBIOIHSATH
ux Ha HanpspkeHue 500...750 B u Beie. Kpome Toro, neynsie BHICOKOYAaCTOTHBIE KOHJICH-
CaTophbl I KOMIICHCALIUU peaKTHBHOﬁ MOMIIHOCTH HAarpy3KW BBITYCKAalOTCA C HOMUHAJIb-
HBIM HampspkeHreM oT 375 mo 1000 B, mosToMy HOAKITIOYCHHE HHAYKTOPa K HHBEPTOPY C
MOHMKCHHBIM BBIXOAHBIM HANpPsDKCHUEM MPUXOAUTCS OCYILECTBIISThH MO aBTOTpaHchopma-
TOopHOM cxeme. C Lenbio yINpOoIEHNs PacueToOB B HACTOSILIEH paboTe MPUHATO AOIYIICHUE,
YTO KO3()(UIMEHT MOLIHOCTH MO JUIMHE MHAYKTOPAa UMEET HEKOTOPOE MOCTOSIHHOE yCpeI-
HEHHOE 3HAa4CHHE M HE 3aBHCHT OT PACIPEeNICHHs] TEMIIEPaTypHOTO IO BIOJIb MHAYKTOpA.
Hcxonst M3 Takoro JOMyIIEHHs], 3aBUCHMOCTb aKTHBHOTO COIPOTHBIICHHSI HArPY3KH OT YHCIIa
BUTKOB MHIYKTOPa MOXKET OBITh IIPE/ICTAaBJIE€HA B BU/IE IMHEHHOM (DYHKIIMH NIPH pa3IMuHbIX
ko3 punmenrax tpancopmannu. [Ipu coriaacoBaHnM napameTpoB MHBEPTOpA C MapaMeT-
paMu Harpy304HOTO KOHTypa He0OXOJIUMO He TOJIBKO 00ECTIeUnTh MOJIHYI0 KOMIICHCAIMIO,
HO U HO[[O6paT]) BCJIMYMHY S3KBUBAJICHTHOI'O aKTUBHOI'O COIIPOTHUBJICHUSA KOHTYpa TaKUM o6pa—
30M, YTOOBI HHBEPTOP OTaBall HAaHOOJBIIYI0 MOIIHOCTh, X IIPH 3TOM BpEeMs, IPEAOCTaBIsIe-
MO€ Ha BOCCTaHOBJIEHHE YIIPABIIEMOCTH TUPUCTOPOB, JOIDKHO OCTaBAThCA B JOIYCTUMBIX
npezenax. I1o3ToMy oIeHKa BEIMYIHMHBI SKBUBAICHTHOTO aKTUBHOTO COIPOTHBIICHHS HArpy-
309HOTO KOHTYpa IPH Pa3IHIHBIX KO3 (HUIHEHTaX TpaHCPOPMAIIH SIBIAETCS HEOOXOIIMOM.

Kniouegvle cnosa: MHOYKIMOHHBIA HarpeB, MHAYKTOP, MpeoOpa3oBaTedb 4acTOTH,
BBIXO/IHAs! MOLITHOCTh, PEAKTHBHAS MOILITHOCTH, IEYHbIE BEICOKOYACTOTHBIE KOH/ICHCATOPHI.

P.S. MANUKYAN, A.M. HARUTYUNYAN, S.D. SARGSYAN

THE AUTOTRANSFORMER METHOD OF CONNECTING THE
INDUCTOR TO THE THYRISTOR CONVERTER

The issue of the correct coordination of the inverter parameters with the load
parameters in order to obtain the highest output power of the converter at the necessary
margin of its stability is considered. In order to avoid impermiassibly high temperature
drops in the radial direction of the workpieces, the specific power of inductors is limited, as
a result of which it is expedient to perform them for a voltage of 500 ... 750 ¥ and higher.
In addition, high-frequency furnace capacitors for compensating the reactive power of the
load are produced with a rated voltage from 375 to 1000 V, so the connection of the
inductor to the inverter with a reduced output voltage has to be carried out according to the
autotransformer circuit. In order to simplify the calculations, it is assumed that the power
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factor along the length of the inductor has a certain constant averaged value and does not
depend on the distribution of the temperature field along the inductor. Based on this
assumption, the dependence of the active resistance of the load on the number of turns of
the inductor can be presented as a linear function for various transformation ratios. When
matching the parameters of the inverter with the parameters of the load circuit, it is
necessary not only to ensure full compensation, but also to select the value of the equivalent
active resistance of the circuit in such a way that the inverter give the most power, and at
the same time, the time provided for restoring the controllability of the thyristors must
remain within acceptable limits. Therefore, the estimation of the value of the equivalent
active resistance of the load circuit at various transformation ratios is necessary.

Keywords: induction heating, inductor, frequency converter, voltage, output power,
reactive power, high-frequency furnace capacitors.
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KEYWORD-BIASED SPEECH RECOGNITION: A COMPARATIVE
STUDY

The ability to recognize unknown or rare words, such as technical terms and names,
is crucial for speech recognition technology to accurately comprehend conversations in
context. Nonetheless, current end-to-end speech recognition models often have difficulty in
recognizing words that are rarely or never seen during training. This paper examines the
effectiveness of different keyword biasing methods, as well as their modifications outlined
in previous studies, which do not require any modifications to the ASR model.

Keywords: speech recognition, keywords, contextual biasing.

Introduction. Recent years have witnessed a remarkable advancement in the
performance of End-to-End (E2E) automatic speech recognition (ASR) systems
with the help of deep learning. Attention-based Encoder and Decoder (AED) [1, 2],
Connectionist Temporal Classification (CTC) [3] and Recurrent Neural Network
Transducers (RNN-T) [4] have played a significant role in this advancement.
However, these systems face difficulties in recognition unknown or uncommon
words such as person names, location names or technical terminologies that are
rarely or never seen during training. The recently introduced Whisper Large [2]
model is proficient at recognizing terms, names and other commonly used
keywords due to its training on vast amounts of data. Nevertheless, using this
model in embedded Al applications that require fast inference and have limited
memory resources may not be practical. Aside from the computational aspect, it
cannot recognize novel words that were not part of the training set. This problem is
not only limited to ASR technology, but also applies to humans as it is difficult to
understand a conversation full of unknown words. These words often play a
significant role in understanding the overall conversation despite their low
frequency of occurrence.

Keyword biasing (also known as contextual ASR or contextual biasing) is a
family of methods of guiding an ASR system towards a specified list of keywords
and phrases provided along with the audio to be transcribed. Previous research on
contextual ASR can be categorized into deep biasing [5-8] and shallow fusion [9-
11] approaches. While deep biasing methods modify ASR training to incorporate
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keyword lists as a secondary input to the ASR model, shallow fusion utilizes
keyword lists during decoding to bias the output. This paper will mainly focus on
shallow fusion techniques that can be effortlessly integrated into an existing ASR
model without the need for retraining, particularly in situations where target
domain data is scarce or retraining is not feasible.

On-the-fly (OTF) rescoring [9], is, probably, the most frequently used
contextual biasing approach in ASR. Initially, this method was used in hybrid ASR
models wherein a new weighted finite state transducer (WFST) is combined with
the ASR model's WFST representing bias terms. The weights assigned to the bias
terms are dynamically modified during inference, hence the name "on the fly".
Another contextual biasing implementation is CTC prefix beam search with OTF
rescoring [10, 11]. This involves generating several potential translations beams
while performing beam search and assigning higher scores to the translations that
include bias terms. Several papers [10, 12] explore modifications of this technique.
In particular, [10] demonstrates the importance of cost subtraction when a false
prefix occurs, while [12] suggests an adaptive boosting method that assigns a
smaller boosting score to tokens that have relatively lower acoustic confidence. A
line of research [11, 13-15] generates alternative spellings for each bias term and
then integrates them into the decoding process. In particular, work in [11],
proposed a novel method that can predict how ASR may inaccurately recognize the
term and subsequently replace it with the correct spelling.

In this paper, we conduct a comparative analysis of various decoding
strategies, including CTC prefix beam search with keyword biasing [10], and
modifications proposed in literature, including cost subtraction [10], adaptive
boosting [12], and alternate spelling prediction [11], in comparison to baseline
strategies such as greedy decoding, vanilla beam search, and beam search with
language model (LM) [16]. Furthermore, we evaluate the effectiveness of biasing
methods on three different datasets with varying biasing lists, demonstrating their
benefits and drawbacks. We also analyze the methods' effectiveness on rare and
out-of-vocabulary (OOV) keyword groups.

Beam Search Decoding. The main component of an end-to-end automatic
speech recognition system is the acoustic model, which is responsible for
converting acoustic signals into a sequence of characters or tokens. When trained
from a large amount of labelled speech data, the acoustic model can learn to
produce readable transcriptions. However, errors often arise on words that rarely or
never appear in the training dataset. In practice, this is hard to avoid: training from
enough speech data to /ear all of the words or language constructions we might
need to know is impractical [17]. Therefore, many ASR systems employ an
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external LM because these models can be easily trained on huge unlabeled text
corpora. The LM is used in fusion with beam search decoding to find the best
translation candidates. During the decoding phase multiple alternative token
sequences or beams are generated which are then scored using the acoustic and
language models to select the most likely translation sequence. More formally,
given the output of the acoustic model for a given audio signal X, we perform a
search to find the sequence of tokens cy, ¢, ... that is most probable according to
both the acoustic model output and the language model. Specifically, we aim to
find a sequence of tokens C that maximizes the combined objective:

Q(C) = log(P(CIX)) + alog(le(C)) + Blength(C),

where P(C|X) here is a likelihood of token sequence C estimated by the acoustic
model and P, (C) is the one estimated by the LM. length(C) is a function that
returns the length of the sequence C. Parameter « specifies the amount of importance
to place on the language model, and § is a penalty term to consider the sequence
length in the scores. Larger @ means more importance on the LM and less importance
on the acoustic model. Negative values for beta will give penalty to longer sequences
and make the decoder to prefer shorter predictions, while positive values would
result in longer candidates. The objective is maximized using a prefix beam search
algorithm proposed by [16].

Prefix Trie. To bias the decoding algorithm towards particular keywords,
we first create a prefix tree (trie) for a given list of keywords. A prefix trie is a data
structure that allows an efficient search for a specific prefix within a set of keywords.
Later, we will use constructed prefix trie in beam search decoding. Fig. shows an
example of a prefix trie for a keyword set palo,paulo,pete. Each node in the trie
has an associated token which can be either a character or a word piece. The first
node represents the root node, and the colored nodes are leaf nodes. The edges of
the tree are weighted and indicate the importance of the token as it extends the path
within the tree. It is important to note that the outgoing edge from the root node has
a weight of 0, indicating that the first token in the keyword will not be taken into
account during the decoding process. To simplify a problem, we limit our analysis
to single-word keywords, even though keywords can be made up of more than one
word.
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Fig.1. Prefix trie when a biasing list consists of {"palo”, "paulo”, "pete"}

" on

Keyword-Biased Beam Search. Once a prefix trie of keywords X is
constructed, we can decode the acoustic model output with keyword-biased beam
search algorithm. While performing a beam search, the decoding algorithm favours
the given keywords if the input speech is pronounced similarly to the given
keywords.

To give more importance to the tokens that lead to the next node in the
keyword trie, we modify the scoring function Q(C) by adding an extra term:

Qpigsea(C) = Q(C) +yT(C),

where y controls the strength of boosting algorithm and T(C) is a keyword
boosting score for beam candidate C:

T(C) = {1, if lastWord(C) € X,
~0,if lastWord(C) ¢ K.

Here, lastWord(C) is a function that returns the last word of candidate
beam C. A high value of y may lead to overboost (boosting a word as a keyword
even if it is not actually presented in speech) and a low value may result in nothing
but a vanilla beam search. Moreover, if the prefix consists of only one token, the
boosting score is not applied. This is because boosting keywords from the
beginning may also lead to overboosting, as one-token prefixes are quite common
in candidate beams, particularly when there are a large number of keywords.

Adaptive boosting. To reduce false positives and limit the overboosting
effect, an adaptive boosting method is proposed in [12]. More specifically, the
proposed method assigns a smaller boosting score to tokens that have relatively
lower acoustic confidence, thereby reducing the likelihood of false positives. Let
y(t, k) denote the log-probability distribution by the acoustic model at time t with
k representing the token index. The boosting score for each token at time step t is
determined dynamically by its difference in log-probability with the most probable
token:
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86,10 = [max(3(6, k) = 96k,

a(5(t, k)), iflastWord(C) € X,

T = { 0,if lastWord(C) ¢ X,

where a(x) = 2/(1 + e*) represents a scaled inverse sigmoid function.

Cost subtraction. Work [10] proposes a simple technique to address situations
where a false prefix occurs. When the prefix on K is about to break because the
next token does not continue the prefix, we have to subtract the accumulated value
up to the current node. For example, consider Fig. 1 and let the current prefix path
be pau and the upcoming token be e. In this case, the accumulated boosting score
assigned to the prefix pau needs to be subtracted from the overall score because the
word paue is no longer a prefix on K.

Alternate Spelling Prediction. Work [11] presents a novel alternate spelling
prediction (ASP) model which can enhance the effectiveness of a keyword-biased
beam search algorithm. The ASP model is a text-to-text, transformer-based,
encoder-decoder model. It aims to predict how the ASR system might inaccurately
recognize a given keyword or term. For example, if the input is the name “Krisp”,
the ASP model should predict “Crisp” because that is how the ASR system will
recognize the term. Using this ASP model, we can also add weight to token
sequences associated with the alternate terms the model suggests. These sequences
can then be replaced by the original keywords in the ASR output.

We followed the training and inference procedures as described in the
original paper. The ASP model's training data is derived from ASR audio-text
paired data. First, we run ASR on audio files to obtain the corresponding text
outputs. The outputs are then aligned with reference texts, and incorrectly
recognized word pairs are extracted and filtered to exclude insertion or deletion
errors and only include non-stopword errors. In contrast to the original paper, we
also remove error pairs where reference and predicted words are not phonetically
similar to maintain the quality of the data. To align predicted and reference texts,
we used an open-source tool called fstalign®.

Evaluation Datasets. Earnings21 benchmark. For evaluation we use a
publicly accessible Earnings21 dataset [18]. The Earnings21 dataset is a 39-hour
corpus of earnings calls containing entity-dense speech from the financial sector.
The discussions in these recordings contain industry-specific terminology including
the names of companies, products and executives. Moreover, the benchmark comes

! https:/github.com/revdotcom/fstalign
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with two predefined keyword lists - oracle and distractor. The oracle list includes
terms and phrases found in the Earnings21 reference transcripts, while the
distractor list includes all biasing terms from the oracle list along with other
company names and renowned CEOs that are not present in the Earnings21 dataset.
As we limit our analysis to single-word terms, we excluded phrases from both lists
reducing their sizes to 272 and 434, respectively.

Meetings dataset. We also evaluated on an in-house Meetings dataset,
consisting of 13 meeting recordings with each recording spanning an average of
2169 seconds (7.8 hours in total). The reference transcripts contain a diverse array
of terms and names, which are challenging for the ASR system to recognize, like
people's names (such as Caruana, Hovhannes), locations (such as Jamaica,
Artsakh), companies and software applications (such as Plantronics, Bloomberg,
Discord, Figma). We extracted a list of 178 terms from the reference transcripts.

Podcasts dataset. In order to tune the hyperparameters used in the decoding
phase, we gathered the second dataset comprising 22 audio recordings. The total
duration of the recordings is 10.5 hours and they encompass conversational
discourse involving multiple speakers. We collected a biasing list of 128 terms
from the reference texts. A hyperparameter search was conducted on this dataset to
find the optimal values of o, B and y parameters for keyword-biased beam search
decoding. The best result was achieved for a = 0.3, = 0.95,y = 2.4.

Evaluation Metrics. In line with previous works, we report the Word Error
Rate (WER) for all experiments which indicates the percentage of words that were
incorrectly predicted. Because the number of keywords is quite small when
compared to the size of the text corpus, it's possible that effective methods for
recognizing these keywords may not have a significant impact on the WER. For
that reason, in addition to WER, we report precision, recall and Fl-score on
keywords. These metrics are more useful in determining how well the ASR system
recognizes the terms from the user's perspective. We aim to improve recall without
sacrificing precision and WER.

In addition, we calculate these metrics for three different groups of biasing
keywords: All Words, which includes every non-stopword word that appears in the
biasing list; Rare words, defined as those that appear less than 150 times in the
ASR training data; and OOV words, which are words that do not occur in the ASR
training data.

Automatic Speech Recognition Model. Our ASR model is based on a non-
autoregressive variant of Conformer-CTC architecture [19] which effectively
combines convolutional and transformer blocks to model both local and global
dependencies of an audio sequence. We use a medium-size pre-trained Conformer
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checkpoint? that was made available by Nvidia. We further fine-tune the model on
an in-house dataset with around 75,000 hours of English speech. The model
generates a probability distribution across subword units with a vocabulary size of
128. We use a subword language model [20] for the LM fusion in beam search
decoding. We train the language model on the text part of the ASR training dataset.
To provide a comparative analysis, we also report the results of the open-source
OpenAl Whisper models [2], which were trained on a massive amount of
multilingual speech dataset (680,000 hours).

Alternate Spelling Prediction Model. To train the alternate spelling
prediction model, we used roughly 1.15 million word pairs that were mistakenly
recognized by an ASR system. Furthermore, we removed error pairs in which the
phonetic forms of the reference and predicted words had an edit distance greater
than 50%. We used the grapheme-to-phoneme (G2P) library® to convert words to
the corresponding phoneme sequence.

Similar to [11], our ASP model is also based on a transformer encoder-
decoder framework. It has two layers in both the encoder and decoder with two
attention heads per layer and 400 units per layer resulting in a total of 6.5 million
parameters. However, unlike the original paper, the input and the output subword
tokenization is the same as the tokenization used for the ASR model.

At inference time we use beam search to produce a 5-best list of alternate
spellings for each keyword. We then filter these alternates to remove bad alternates
that are likely to introduce false-positive errors. There are two types of alternates
that need to be filtered out - poor matches and common words. We remove the
poor matches if the log-likelihood of the hypothesized alternate is lower than the
best one by the threshold of 1.0. For common words we filter out any suggested
alternate that appeared more than a 1000 number of times in the ASR training data
or belongs to the list of top 10,000 frequently used English words®.

To test the accuracy of the ASP model, we measure the BLEU score [21]
between the word pieces of the reference and predicted alternates. Fig.2 shows the
results of the ASP model on the test set. For comparison, we present the baseline
score for an identity system that keeps the input word unchanged. In addition, we
report the score obtained by a refined ASP model using beam search. Fig. 3
illustrates examples of alternates that the ASP model produces.

2https://catalog.ngc.nvidia.com/orgs/nvidia/teams/nemo/models/stt_en conformer ctc medium
3 https://github.com/Kyubyong/g2p
4 https://github.com/arstgit/high-frequency-vocabulary/blob/master/10k.txt
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Model BLEU Keyword Topl Top2 Top3

Identity 0.48 Keywords seen during training
Vanilla ASP 0.6 hashimoto | hashamoto hashimoto hashamato
ASP with beam search  0.605 jupyter | jupiter” jupitor” jupitter”
kotlin cotlin cotlan™ codlin®
pulumi pulumi polumi poulumi

Keywords unseen during training

farnoosh farnosh farnush farnash
doernenburg | dornenburg doernenberg  doernenburg
odersky oderski odersky odderski
Fig. 2. Performance of the ASP Fig. 3. Top three alternates generated by the
model with and without beam search ~ ASP model with * denoting alternates that were
in comparison to the identity filtered out due to low confidence or being a
baseline common word

Results

Baseline methods. Table displays the results obtained by applying keyword-
biasing methods along with a comparison to the baseline methods that do not
employ any biasing techniques. As shown in Table 1, both greedy decoding and
vanilla beam search perform poorly at identifying keywords. This is because the
acoustic model alone cannot recognize OOV and Rare words, which were either
absent or infrequent during training. In comparison to the vanilla beam search, LM
fusion yields significant improvements in both WER and F1 scores across all three
datasets. This is because the LM helps to rectify misspelled keywords as illustrated
in Table 2.

Table 1

Performance comparison of keyword-biasing methods with relation to baseline methods.
The first section showcases the scores of Whisper Large and Small models. The second
section displays the baseline scores generated using three decoding techniques: Greedy,
Beam Search, and Beam Search with LM fusion, without any keyword-biasing. Lastly, the
third section demonstrates the results obtained from implementing different biasing
algorithms

Podcast Meetings Earnings21 - oracle
RT Pt Fit WER| | Rt Pt F1T WER| | Rt Pt F1t  WER]

Whisper Large  79.36 97.53 87.51 7.81 6239 9746 76.08  9.28 85.61 9243 8889 9.72
Whisper Small  73.34 9672 8342  7.17 5564 97.02 7072 936 80.23 91.89 8566 983

Greedy decoding  47.03 9241 62.34 7.65 ‘39.74 96.27 56.26 12.19 ‘70.38 90.80 79.30 14.25

Beam search (width=16) 46.76 92.88  62.20 7.60 4026 96.52 56.82 12.10 | 70.54 91.15 79.53 14.12
Beam search with LM (width=16) 55.59 9572 70.33 6.93 4333 9694 5989 1081 | 73.01 9090 8098 13.03

Keyword-biased beam search: (1) 7445 9473 83.37 6.95 5239 90.15 66.27 11.14 | 81.08 80.50 80.79 13.35
(1) + Cost subtraction: (2) 77.17 9242 84.11 6.86 | 5470 8545 66.7 11.08 | 83.90 7391 7859 13.44

(2) + Adaptive: (3) 73.03 94.96 82.56 6.87 53.16 90.14 66.88 10.97 82.08 78.62 8032 13.30

(3)+ASP 7884 9484 86.10 6.83 | 66.67 91.55 77.15 10.86 | 84.00 76.07 79.84 13.35
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Table 2

Transcription samples generated by baseline methods

Reference text so ni wang is now the rebecca’s assistent
Whisper Large so ni wang is now rebecca’s assistent
Greedy decoding so kne waang is now the rebecca’s assistent
Beam search so kne waang is now the rebecca’s assistent

Beam search with LM fusion so knee wang is now the rebecca’s assistent

Additionally, Table includes the results of the Whisper Large and Small models.
These models are proficient at recognizing terms, names and other commonly used
keywords due to their training on vast amounts of data. However, they still struggle
to recognize novel words that were not present in the training set.

Keyword-biasing methods. The use of keyword-biased beam search resulted
in a significant boost in recall across all three datasets. Specifically, when
compared to the LM-fused beam search, there is an 18.86% absolute improvement
in recall in the Podcasts dataset, a 9.06% improvement in the Meetings dataset and
an 8.07% improvement in the Earnings21-oracle dataset. Additionally, by using
cost subtraction approach we can filter out beams that contain false prefixes, which
leads to an overall increase in recall of around 2-3% across all three datasets.

As can be seen from Table 1 by imposing the decoder to produce certain
keywords, we observed a reduction in precision where the predicted keywords
were not actually present in the reference text. By using adaptive boosting
approach, we were able to increase precision and limit the overboosting effect.

The last row of Table 1 demonstrates the effectiveness of alternate spelling
prediction approach. Compared to the LM-fused beam search baseline, the ASP
approach resulted in an absolute recall improvement of 23.25%, 23.34% and
10.99% across the Podcasts, Meetings and Earnings21-oracle datasets, respectively.
As outlined earlier, to prevent false positive errors, the keyword-biased beam
search is not applied right from the beginning of the keyword. This means that
keywords like “Krisp” may be recognized as "Crisp" without the possibility of
correction. By incorporating ASP alternatives into the decoding process, we can
anticipate how ASR may inaccurately recognize the term and subsequently replace
it with the correct spelling.

Table 3 illustrates both positive and negative examples of ASR transcription
with and without keyword biasing. Some errors occurred when the decoder failed
to complete a word by skipping the last characters (e.g., manue) which can
potentially be caused by adaptive boosting. Other errors arose from the beam
pruning logic, where candidates with the correct keyword prefix were pruned
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during the beam search due to their relatively lower scores. Another source of error
comes from the ASR's inability to safely capture the phonetic prefix of the
keyword and hence it will never be boosted (e.g., ubiguitous).

Table 3

Positive and negative examples of ASR transcription with and without keyword biasing

Positive examples

gold text | the airline’s ceo oscar munoz issued an apology
no biasing | the airlines ceo oscar munyos issued an apology
with biasing | the airlines ceo oscar munoz issued an apology
gold text | i wanted to interview cathy o’neil
no biasing | i wanted to interview kathy o’neill
with biasing | i wanted to interview cathy o’neil
gold text | the team topologies patterns
no biasing | the team apologies patterns
with biasing | the team topologies patterns
gold text | i’'m ashock one of your regular co hosts
no biasing | i’'m a shock one of your regular cohorts
with biasing | i’m ashock one of your regular cohorts
Negative examples
gold text | it’s evan bottcher here from melbourne
no biasing | it's evan botcher here from melbourne
with biasing | it’s even bottcher here from melbourne
gold text | manuel you are talking to that
no biasing | manua you are talking to that
with biasing | manue you are talking to that
gold text | that data is ubiquitous
no biasing | that data is ibiicuous
with biasing | that data is ibiguous
gold text | this architecture as data mesh
no biasing | this architecture as datamish
with biasing | this architecture as data mish

OOV and Rare words: According to Table 4, it is clear that both greedy
decoding and LM-fused beam search decoding are not successful at recognizing
OOV words. In fact, on the podcast and meetings datasets these methods failed to
detect any OOV words resulting in a 0% F1 score. LM fusion, on the other hand,
significantly improves the recall and F1-score of recognizing Rare words, as these
words are incorporated in the LM lexicon. By introducing keyword biasing
techniques in the decoding process, we were able to drastically increase the
recognition accuracy of OOV and Rare words (see the last row of Table 4).
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Table 4

Evaluation results of OOV and Rare words with the numbers x/y representing the Recall
and F1 scores, respectively. The third row shows the proportion of Rare and OOV words in
the biasing lists for each evaluation dataset

Podcast Meetings Earnings21 - oracle
ooV Rare All |  oov Rare All | ooV Rare All
Number of keywords 12(9.37%) 49 (38.28%) 128 (100%) | 17 (9.55%) 55 (30.9%) 178 (100%) | 20 (7.4%) 100(36.7%) 272 (100%)
Greedy decoding 741/13.79  24.37/38.67  47.03/62.34 0.0/0.0 451/853  39.74/56.26 | 5.65/10.69  22.42/34.59  70.38/79.30

Beam Searchwith LM 0.0/00  37.39/5361  55.50/70.33 | 130256 451855 43.33/50.80 | 161/3.17  31.03/45.66 73.01/80.98
Keyword-biasing |
: ﬁ‘[‘;:p’;]“‘;"”“““‘ 44.44/60.0  72.46/81.62 78.84/86.10 | 19.48/32.61 51.88/66.13 66.67/77.15 | S1.61/67.37 57.40/62.15  84.00/79.84

+ ASP |

Conclusions. In conclusion, we performed a comparative analysis of various
adaptations to the beam search algorithm, including keyword-biasing, LM fusion,
cost subtraction, adaptive boosting and alternate spelling prediction. Our evaluation
was carried out on three datasets, and the results demonstrate that LM fusion can
consistently boost the recall and precision of rare and common words, but does not
help in recognizing OOV words. We observed significant improvement in recall
when using keyword-biased beam search along with cost subtraction across all
three datasets, while the use of the adaptive boosting method mostly improved
precision. A further enhancement is achieved by employing an alternate spelling
prediction approach.
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1.U. LUNUUSBUYL, @.U. Ub'UuNUsUL

UNuUL3LUSHL AULELD 2hULNY, VNULP KULUNRU: ZUUTUUSUUUL
NrUNRrULOURCNRE3NRU

Uthuyun jud hwqunby gnpéwsynn punkpp, htywyhuhp G nkuuhjulwt wkpdh-
ubpl nt wintbibpp fwwgknt muwlynipniup Juplnp k junuph fwbwsdwt nkuininghuygh
nhypnid junuwlgnipymiulikpp &ogphin phljukne hwdwp: Uyaniwdbiwghy, pun unuph
Suwtwgdw ukpyuyhu Unpljubkph® hwdwh ndjup £ fwhwgk) uyb puntpp, npnp hwqqu-
nty ki gnpéwdynd Jud bpplp skt hwunhwynd Unpbih niunigdwb pipwgpnid: Usghaw-
nuwipnd niumtdbwuhpyt) E wnwigpwjhtt puntph jupupwluidwt wwppbp dbpngubph
wpynitwdbinnipyniip, npnup nipduqgdylp ki twjunpy hbnwgnunipniiibpnud b sk
wuwhwbenid nplk thnthnjunipinit junuph dwbwsdwb Unnbjnud:

Upwbgpuyhlr puwnkp. lunuph dwbwgnid, wnwbgpujhtt punkp, Yntnbkpunught
Jutjuujunipni:

A.C. KAPAMSIH, I''A. KHPAKOCSH

PACIIO3HABAHHME PEUU HA OCHOBE KJIFOYEBBIX CJIOB:
CPABHUTEJIBHOE NCCJIIEJOBAHUE

CrnocoOHOCT paclo3HaBaHKSI HEM3BECTHBIX MIIM PEAKUX CJIOB, TAKMX KAK TEXHHUYECKUE
TEPMHUHBI U IMEHA, SIBIISICTCS KIIFOYEBOW JUIsl TOTO, YTOOBI TEXHOJIOTHS PACIIO3HABAHUS PEUH
TOYHO NIOHMMAJIa Pa3roBOPHI B KOHTEKCTE. TeM He MeHee, TEKYIM MOJIENISIM paclio3HaBa-
HHS Peud 4acTo ObIBaeT CJIOKHO PACIIO3HABAaTh CJIOBA, KOTOPBIE PEIKO MM BOOOIIE He BCTpe-
4aloTcs BO BpeMsi o0yueHus. B nanHoit pabore u3ydaercs 3pQEeKTUBHOCTh Pa3IMYHbIX Me-
TOJZIOB CMEILCHHUS KIIOYEBBIX CIIOB, a TAKKe UX MOIAM(HKAMN, KOTOPbIe OBbUIM OIMCAHBI B
HpeIbIAYIINX UCCIeJOBaHUAX U He TpeOOBaIM BHECEHHUS M3MEHEHHI B MOJENb Paclo3Ha-
BaHUS PEYH.

Kntouesvle cnosa: pacrio3HaBaHHE PedH, KIIOUYEBBIC CIOBA, KOHTEKCTyallbHas IPe-
B3STOCTb.
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INVESTGATING POWER METRICS OF NEURAL NETWORKS AFTER
PRUNING, QUANTIZATION, DPU IMPLEMENTATION: A
COMPARATIVE ANALYSIS

The rapid proliferation of deep learning applications in various fields has highlighted
the need for efficient neural network implementations, especially on resource-constrained
edge devices. In response to this demand, pruning and quantization have emerged as essential
techniques to reduce the computational and memory requirements of neural networks.
Additionally, the deployment of dedicated hardware, such as Digital Processing Units
(DPUs), has gained momentum for accelerating neural network inference.

This paper presents a comprehensive comparative analysis of the power metrics of
neural networks after pruning and quantization, with a particular focus on their implementation
on DPUs. The objective of this research is to investigate the energy efficiency and power
consumption of pruned and quantized neural networks when executed on DPU platforms.
The trade-offs between model size reduction and inference accuracy, as well as the power
efficiency of different DPU architectures are researched.

The results reveal insights into the power efficiency of pruned and quantized neural
networks on DPU platforms, offering a clear understanding of the benefits and trade-offs
associated with these optimization techniques.

This research provides a valuable resource for researchers, developers, and
practitioners interested in optimizing neural network implementations for power efficiency.
The findings contribute to the ongoing effort to make deep learning more accessible and
sustainable on edge devices and other power-constrained environments, ultimately enabling
a wider range of applications with reduced energy consumption.

Keywords: FPGA, DPU, pruning, quantization.

Introduction. The widespread adoption of deep learning has revolutionized
the fields of artificial intelligence and machine learning, propelling remarkable
advancements in various applications such as image recognition, natural language
processing, autonomous systems, etc. However, this transformation has not come
without its challenges, particularly when deploying deep neural networks on
resource-constrained edge devices. As the demand for efficient, low-power
artificial intelligence (Al) solutions continues to grow, researchers and engineers
have turned their attention to techniques that reduce the computational and memory
footprint of neural networks. Among these techniques, pruning [1] and quantization
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[2] have emerged as pivotal strategies, allowing neural networks to maintain high
performance while consuming fewer resources.

In parallel with the quest for resource-efficient neural networks, the development
and utilization of dedicated hardware accelerators have gained momentum. Digital
Processing Units (DPUs) [3] represent a class of specialized hardware designed to
optimize neural network inference, offering both computational power and energy
efficiency. This paper delves into the intersection of these two key domains: neural
network optimization through pruning and quantization, and the deployment of
these networks on DPU platforms.

The primary objective of this paper is to conduct a thorough and comparative
analysis of the power metrics associated with neural networks after pruning and
quantization, with a specific focus on their execution on DPUs. Pruning involves
removing unimportant network connections, effectively reducing model size and,
in some cases, enhancing inference speed. Quantization, on the other hand, reduces
the precision of network weights and activations, thus leading to further
compression of the model and resource-efficient execution. These techniques have
the potential to unlock Al capabilities on edge devices, where computational and
power constraints are paramount.

The findings presented in this paper hold relevance for researchers, developers,
and practitioners engaged in the pursuit of efficient neural network implementations.
This paper contributes to the ongoing effort to make deep learning more accessible
and sustainable in power-constrained environments, fostering the proliferation of
Al at the edge.

From autonomous vehicles and medical diagnostics to virtual assistants and
industrial automation, DNNs have demonstrated their prowess in solving complex
problems and enabling intelligent decision-making. Yet, as these networks have
grown in size and complexity, so too have the challenges associated with deploying
them efficiently on resource-constrained edge devices.

To address these challenges, researchers and engineers are trying to optimize
the execution of DNNs. As a result, two main techniques were developed: pruning
and quantization. Pruning focuses on reducing model size and computational demands
by identifying and eliminating redundant network connections. Quantization, on
the other hand, aims to reduce memory requirements and accelerate computation
by decreasing the precision of network parameters. Together, these techniques have
the potential to make deep learning feasible on devices with limited computational
resources.

While neural network optimization, power efficiency, and hardware acceleration
are widely studied topics, there are several key papers worth mentioning. Each of
them gives a thorough description and together they make it possible to perform a
comparative analysis.

507



In [4] the concept of efficient model scaling is introduced, demonstrating
that model size and computational requirements can be balanced to achieve
resource-efficient DNNs. EfficientNet serves as a foundational reference in the
pursuit of optimizing DNNs for edge deployments. [5] presents a comprehensive
study of quantization techniques, highlighting the advantages of reducing bit
precision in network parameters. This work has inspired numerous studies on
efficient DNN execution.

Pruning, with its potential to create compact neural networks, has attracted
significant attention, as evidenced by paper [6]. This pioneering work laid the
groundwork for understanding how network pruning can lead to a reduction in
model size without sacrificing performance. Furthermore, the development of
hardware accelerators tailored for neural network inference is described in [7]. It
contains insights into specialized hardware designed to enhance the DNN
execution efficiency.

In the following sections quantization, pruning and DPU implementation are
researched, to understand the overall tradeoffs during neural network optimizations.

Method. The model is trained on the “Kaggle Dogs vs. Cats” dataset. After
the training is finished, the model accuracy reaches 97.7%. The evaluation is
performed on 1000 image dataset, and the power consumption is monitored via
sensors on the GPU.

Then the trained model is pruned. Pruning is an iterative process in which
the network is reduced by a certain amount (10% per iteration is used in this work)
and then fine-tuned (retrained) to bring its performance back to the original. In this
work, we are repeating the pruning-retraining sequence six times. The final model’s
accuracy reaches 92.94%. After the pruning is done, the model is evaluated similarly
as it was done for the original float model and the power is measured again.

To further reduce the model’s power consumption, quantization is applied to
the pruned model. Quantization is a technique used to reduce the memory footprint
and computational requirements of CNNs by representing and performing
computations with lower precision data types. In a standard CNN, weights and
activations are typically represented as 32-bit floating-point numbers (FP32),
which consume significant memory and require higher computational resources.
Quantization aims to replace these higher precision representations with lower
precision data types, such as fixed-point or integer values, which have fewer bits.

Finally, the quantized CNN is taken and compiled for the proper DPU
architecture.

The DPU is a soft-core IP whose only function is to accelerate the execution
of CNNs. It acts as a co-processor to the host processor and has its own instruction

508



set: the Vitis Al compiler will convert and optimize, where possible, the quantized
model to a set of micro-instructions and then output them to an xmodel file for the
DPU.

The action sequence described in the previous paragraphs forms a standard
flow which is shown in Fig. 1.

GPU FPGA

Training
Dataset

Training the VO model

Result evaluation

Test
Dataset
Float model freeze &

evaluation

¥

Model inference

Validation
Dataset

Float Model

DPU Deployment

Calibration
_ am
Preprocess

Quantize Weight &
Vitis Al Calibrate Activation

Fig. 1. DPU deployment flow

Generating DPU Model

XENE

Experimental results. The experiments show that pruning and quantization
are reducing overall power consumption. At the same time, network performance
and accuracy do not suffer much. The simulation accuracy results and power
measurements are presented in Table.

Table

Object recognition neural network performance after pruning and quantization

Power (Watts) Accuracy (%)

Float 26.810 97.7
Prunel 23.403 96.4
Prune2 23.648 96.3
Prune3 20.446 94.1
Prune4 19.101 93.8
Prune5 17.252 93.4
Prune6 15.383 92.9
Quantize 11.165 92.8
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The DPU implementation is further reducing power consumption to 9.864
Watts. So, the tradeoff is 4.9% in accuracy vs 63.21% power reduction.

Although the implemented DPU (Fig. 2) has high utilization percent, the
tested neural network is relatively small, meaning that the power efficiency can
increase further for bigger neural networks.
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Fig. 2. Synthesized DPU design

After the pruning process is finished the network’s size is reduced by 57.9%.
Fig. 3 shows the visualization of the float and the pruned model. Some of the
convolutions and SoftMax activation functions are pruned.

Float model Pruned model

Pooling

Convolution

filter (128x512x1x1)
bias (128)

RelU

Convolution

filter (128x528x1x1)
bias (128)

RelU

InnerProduct

weights (1024+2048)
bias (1024)

InnerProduct

weights (1024x2048)
bias (1024)
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RelU
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InnerProduct

weights (2+1024)
bias (2)

InnerProduct

weights (2+1024)
bias (2)

SoftmaxWithLoss SoftmaxWithLoss

Fig. 3. Visualization of the float original neural network and the pruned version of the
same network
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The DPU implementation is further reducing power consumption to an extent of
9.864 Watts. So, the tradeoff is 4.9% in accuracy vs 63.21% power reduction.

Although the implemented DPU has high utilization percent, the tested
neural network is relatively small, meaning that the power efficiency can increase
further for bigger neural networks.

Conclusion. Based on the analysis of power metrics for neural networks
after pruning and quantization and their implementation on DPUs, the research
demonstrates that these optimization techniques reduce power consumption by
63% while maintaining high accuracy levels of 92.8%. This balance showcases the
efficiency of DPUs in executing complex models with reduced energy requirements.
The findings highlight the potential for wider application and sustainability of Al in
power-constrained environments, pointing towards a future where deep learning is
more accessible on edge devices.
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U.U. U4ESPrUSUL

1E3rNLUShL S8ULSGLP QUSNRURS, L4 ULSUSNRUDRS, DPU-P 4 U
PLrUYULNRSHUPS 268N 2200MNREBUL ULLRUSUUL NRhUNRULUURMNRU:
2UUBUUSUUUL 46 LNPONR R3NP

Swippbkp nnpunbbkpniud fjunp niunigdwt Yhpwenipinibiiph wpwg nwpwsnidp gnyg
wnybkg uljpniughtt gmugkph wppynibwdbn tkpppdwt withpudbynnpniup, hwnjwybu nk-
untpuitbpm] vwhdwbwhwy kqpught vwppbpoud: b yunuuwb wyju wwhwbeh' qunnidp
b pyutttnwugnidp wnwgwgl) Lt nputiu uljpnughtt gwugtph hwpynquju b hhonnnipju
wuwhwbgltinp bujuinpkt Wjwgkgubnt tnubwljutp: Fugh wyn, twutughnwgdus uvwupptph
wnbnuljuynudp, npnughg tu pyuyhtt Ypwljdwt dhwynpubpp (DPU), nupdl] b ulpnbwght
guigtph wpwqugnpénipniup Ukbwgubint Yhpwunynn tnutul:

Uphunwupnid ubpljuywgyty | ubjpntughtt gmiigkph hqnpnipjut swthnudubiph hw-
dwwywpthwl hudbdwnulwi Eppnisnipntt quunnidhg b pfuiitnugnidhg htnn' hwnndy
nipwnpnipintl qupditiny npuig’ DPU uwppbph Jpu hpujubugdwip: Zknwgnnm pjub
tyuwwnulu E niunidtwuhpl] qundus b pJutinnugywé tjpntwght gmugkph tukpquung-
b Ennipgniip b hgnpmpyut vyyuenidp DPU hwppuljubpmd gnpstynt dwdwitiuly: Nund-
twuhpqws Eu dnplijh swthtiph jpdundwt b wpyniiph £ogpuinipjut thnjuqhenudubpp, hus-
wku twl mwpptp DPU Smupunupuybnnipiniiubph Eukpquupynibwybnnipniup:

Upyniuputpp DPU hwppwljutpnid quunus b pJutinnugyusé aljpntiughtt gmugkph
Fubpquupmym ] binmpput dwuht nkginpemiibp b npudugpod’ b nwghu hunwl
wuwnlkpugnud juupliut wju dkpanh wnwybnipniutph b thnjughenidubph dwuhi:

Zhkwnwugnunmpeiniip Eubpquniuynnnipyut hwdwp igpnughtt guugkiph tbpgpdwi qu-
Junpluwdp htinwpppynn hknwgnunnnubph, dpwlnnutph b ppugnpénnutnh hwdwp wpdt-
pwynp phunipu b npudwnpnud: Gunwsnubpp tyquunnud Bu kqpuyhtt vwppbpmd b ubp-
ghwyh vwhdwbwwlnudng wy] dhpwuypbpnid junp nrunignidt wybjh dwwnskih b juynia
nupdtym pwpnibwlwlui gwipkpht' h Jbpen wuyuhn]tym] gusp Hubpgquuwuntundp uwp-
ptiph wth juytt yhpwenipnibibph htwpugnpoipyni:

Unwigpuyhl punkp. FPGA, DPU, quuunnid, pjuwtitnwugnu:
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A.A. ABETHUCSH

UCCJIEJOBAHHUE IMOKA3ATEJIEN IIOTPEBJISAEMOM MOIIIHOCTH
HEWPOHHBIX CETEHN IOCJIE COKPAIIIEHUSI, KBAHTOBAHUA U
PEAJIN3ALIAY HA DPU. CPABHUTEJIbHBIA AHAJIA3

BeicTpoe pacnpocTpaHeHye NpHIIokKEHHI TTyOOKOro 00y4eHHs B pa3inuHbIX 00IacTsx
BBI3BIBAET HEOOXOMUMOCTh 3P (EKTUBHBIX peanu3alluii HEHPOHHBIX ceTel, 0COOEHHO Ha
neprepHuitHBIX YCTPOMCTBAX C OrPaHUYEHHBIMU pecypcamu. B oTBeT Ha 3TOT cripoc oOpe3ka u
KBAaHTOBAHUE CTAIN BaXKHBIMH METOJAMH CHIDKEHUS! BEIUMCIUTENIBHBIX TpeOOBaHMI U Tpeb©o-
BaHUI K MaMATH HEHPOHHBIX ceTeil. Kpome Toro, pa3BepThIBaHME CIEMAIBHOTO 000PYI0-
BaHU, TaKOTO Kak nugpossie mporeccopsl (DPU), HabupaeT 000pOTHI sl YCKOPEHUS BBI-
BOJIa HEHPOHHBIX CETEH.

[IpencraBneH BCECTOPOHHHU CPAaBHUTEIBHBIM aHANU3 TOKa3aTeleld MOTpeOIsMon
MOIIHOCTH HEWPOHHBIX ceTel mocie 0Ope3KH M KBaHTOBAaHMS C OCOOBIM aKIIEHTOM Ha WX pea-
mu3anuio Ha DPU. Llenbio TaHHOTO MCCIIENOBaHuUs SIBIISIETCS U3y4YeHHE SHEeprodppeKkTus-
HOCTH M DHEPrornoTpedyieHns] COKPALIeHHBIX U KBAHTOBAaHHBIX HEHPOHHBIX CETEH MpPU UX
BbINoJHEeHNH Ha miardopmax DPU. HccnenyroTcs KOMIPOMHUCCH MEXKAY yYMEHbIICHHEM
pasMepa MOJIEIN U TOYHOCTBIO BBIBOZA, a TAKXKE SHEProd((EeKTUBHOCTHIO Pa3IMYHbBIX apXH-
tektyp DPU.

Pesynbrars! maroT npezcTaBieHne 00 3HeProdHEeKTHBHOCTH COKPAILEHHBIX W KBAHTO-
BaHHBIX HEHPOHHBIX ceTeil Ha miardopmax DPU, mpemiaras 4eTkoe MOHUMaHHE TPEUMY-
IIECTB U KOMIIPOMHCCOB, CBSA3aHHBIX C STUMH METOJIaMH ONTHMH3ALNH.

HccnenoBanue npepocTaBisieT LEHHBIH pecypc Ul HcclieoBaTesield, pa3padoTyu-
KOB U TIPAaKTHUKOB, 3aMHTEPECOBAHHBIX B ONTHUMH3ALMH PEAIM3alMM HEHPOHHBIX CeTeH s
TIOBBIIIEHHUS YHEProdpGekTHBHOCTHU. [loyueHHbIe pe3ybTaThl CIOCOOCTBYIOT MOCTOSHHBIM
YCHWJIMSIM, HallpaBJIEHHBIM Ha TO, YTOOBI cliesiaTh Tiy0oKoe o0y4yeHue 0ojiee TOCTYIHBIM U
YCTOMYMBBIM Ha NepuepuiiHbIX YCTPOHCTBAaX U B APYIHX Cpeax ¢ OrPaHHYCHHBIM SHEPro-
MOTPEOJICHUEM, YTO B KOHEYHOM HTOTE IO3BOJHT HCIIOJIB30BaTh 00JEe MIMPOKUII CIIEKTP
MPUWIOKEHNH ¢ MEHBIIUM NOTPEOIEHHEM SHEPTUHL.

Knroueewie cnosa: FPGA, DPU, oOpe3ka, KBAHTOBaHHE.
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JEKOMITIO3UIIMOHHBIE METO/IbI OIIPEJAEJIEHUS
KOMILIIEKCHbBIX OJJHOITAPAMETPUYECKUX OBOBIIIEHHbBIX
OBPATHbBIX MATPULl MYPA-IIEHPOY3A (II)

[IpennoxeHsl aHATUTHYECKNE U YUCIEHHO-aHAMTHYECKUE JEKOMITO3UIIHOHHbIE Me-
TOJIBI OTIPEICJICHNS] KOMIUICKCHBIX OHOIIapaMeTPHUYECKUX 0000IIEHHBIX 00PaTHBIX MATPHII
Mypa-Ilenpoy3a. AHaIUTHYECKHE METOJbI OCHOBAHBI HAa MEPBBIX JIBYX yCIOBUSX Mypa-
ITenpoy3sa. ITokazaHo, 4T0 B 000MX CIIy4asx MOJy4aeTcs OJHO M TO )K€ pEIICHHE 3aJauH,
YTO U JIOJDKHO ObUIO OBbITh. UMCIIEHHO-aHAIMTHYECKHE METOAbI OCHOBAHbI Ha TOJIyYEHHBIX
AQHAJIMTHYECKUX COOTHOIICHMsX M auddepeHnmansHpx npeodpazoBanusx Ilyxosa. Pac-
CMOTPEH MOJIETIbHBII PUMED.

Knrouegvie cnosa: KOMILIEKCHBIE OJHONIAPAMETPUYECKHE MATPHILbI, 0000IIEHHbIE
obpatHble Matpulbsl Mypa-IleHpoy3a, aHaIUTHYECKUE U YHCIICHHO-aHAIUTHYECKHE pellie-
Hust, muddepeHIanbHpIe MPeodpa3oBaHms, CPEACTBA COBPEMEHHBIX HH()OPMAIMOHHBIX TEX-
HOJIOTU, MOJEJIbHBINA MPUMED.

Beenenue. B padore [1] Obuin npeyioxkeHBI METOIIBI OTPEIeNICHHST KOMILTEKC-
HBIX OJIHOTIAPAMETPUICCKUX OOOOIICHHBIX 00paTHBIX MaTpull Mypa-lleapoysa
A () pxm TpH HemoonpeneneHHbx Matpuiax A(t)ym, T.e. korma m < n. Ilpu
ATHX MeToJaX ObUIM HMCIONB30BaHbl ycnoBus Mypa-Ilenpoysa (1, I) u (2, 1) aroit
pabotel. B HacTosmel paboTe paccMaTpUBalOTCS METOIBI ONPEACTICHUST KOMILICKC-
HBIX OJHOMapamMeTpudeckux 00O0OIIEHHBIX 0oOpaTHBIX MaTpul Mypa-Ilenpoysa
At () pxm TIpH TiEpeONIpeneneHHbIX MaTPULax A(t)ym, T.€. KOTIA M > N, IPUYEM
U B 3TOM CJIy4ae UCIOJb3yIoTCs ycnoBus Mypa-Ilenpoysa (1, I) u (2, I).

I. Ananurnyeckue pemeHusi. [lycte umeercs Mmatpuuad A(t)myen ,» A
KoTOpoit m > n. [lo aHasoruM ¢ aBTOHOMHBIMH MAaTpHULAMH Ay, yp, 0000IIEHHAS
o6parHas A (t)pxm Oyaer umeTs Bus [2, 3]

A+(t)nxm = [A*(t) 'A(t)]r-txn 'A*(t)nxm- (H

[pu paznoxenuu (6, I) Mmarpua uMeet BUA

[A*() - A@®)] = [A1(8) —j - A, (O]T - [4,(®) +j - A, ()] = [AT () - A, () +
+AT(E) - A, (O] +j - [AT(®) - A,(®) — AT (D) - A, (D] = G () +j - (D), (2)
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rae

C1(Onxn = A7 (£) - A1 (£) + A7 (1) - Ax(0), 3)
Co(O)nxn = A7 (1) - A2 (1) — AZ(t) - A1 (D), (4)

a TaKoKe
[A*(®) - AO]T = [C1(6) + - C (O] = [V1(©) +J - Ya(Olnxn- ®)

3ameuanue 1. Herpynno yOeauthes, yro marpuina C; (t) cumMMeTpuyeckas
¥3-33 CUIMMETPHYHOCTH ciaraeMbix Al (t) - A (£)u AS(t) - Ay (t), a marpuma C,(t) -
KOCOCHMMETPHYECKAsl ¢ HYJIEBBIMU AUATOHAJILHBIMH 3JIEMEHTaMH.

Teneps nepeiineM K onpeaenenno Matpuisl A (t) ¢ yuerom npezcrasieH-
HBIX cooTHotenui (1) — (5).

1. Ucnoan3oBanue ycaosuss Mypa-Ileapoysa (1, I) o oTHOLIEHUIO K MaT-
pure [A*(t) - A(t)] npuBOAMT K CIEAYIOMIEMY BBIPAKEHHUIO:

[47(6) - A(O)] - [A"(©) - AO]" - [47(©) - A(D)] = [A"(©) - A(D)] (6)

packpsiTHe KoToporo ¢ yueroM (19, 1) u (22, 1) naer

[C(O) +)-C®] [V1(®) +) - (O] - [C1(8) +j - C(0)] = [C1(D) +j - C2(D)]
W
[C1(8) - Y1 () - C1 () — Co(8) - Yo () - € () — C1(8) - Yo () - Co(2) —
—C (1) Y1 (D) - G (O] +j - [C1(8) - Y1(1) - Co () — o (8) - Yo (2) - o (0) +
+C1(1) - Y2 (6) - €1 (8) + G (0) - Y1(0) - G (O] = [C1 (1) + - G (D],
OTKY/la IMEEM MAaTPHUHYIO CUCTEMY

{Cl(t) V() G0 — GO - Y1) - Ci(0) — Gi(0) - Yo (8) - G (8) — G (8) - Y1 (1) - G, (1) = G, (D), (7)
G (t) ) Y1(t) ' Cz(t) - Cz(t) ' Yz(t) <Gy (t) +C; (t) Y, (t) ) C1(t) + Cz(t) ' Y1(t) -G (t) =G (t):

niin
[[_C_l_(f)_ RAGKIAOR G FIORACEISIOR1 _(E)_]] . [_0_1_(5)_] {C_l_@}
[C,(@) - Y,(t) + C, (1) - YL (D]l [C(®) - Y1 (1) — Co(2) - Yo ()] Cy (1) G®Fr
HnJIn
“_C_l_@ ;—__C_z_@_].. {Y_lﬁ_f_) _Xz_(_t)_” [@it)_] [_C_l_(_t_)]
Gy GO L) (@) C,(t) G®r
nin

st Bl -

2nx2n 2nx2n 2nx2n 2nx2n 2nx2n

®)
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W3 nocneqHero COOTHOLIEHUS] HMEEM:
a) mobo

quiﬁ,Pwk®®}p®Fﬁ@}f=mL ©)

C2(t) C@®): (O] L@ 1)
CIIeIOBATEIBHO,
L= YHO] _ [G®- GO]
h@;mJ‘&quwL (10
2nx2n 2nx2n
6) mu6o

<uﬂ_%Hq@—Q®]H®—ﬁ®}f¢mL

G (1) C(t) Ci(t)

YTO HE MPEICTABIISET HUKAKOTO HHTEpeca.
Takum o6paszom, umest marpuiisl Y; (t) u Y, (t), B coorBerctBum ¢ (1), (2) u
(5) MOXHO oTIpeenuTh U MaTPHUILY

AT Opem = 1) +J - Y2(O] - [A, (@) — j - A, ()] = [Va(®) - AT (0) +
+Y,(0) - AL O]+ - [V () - AT (1) — Y1 (2) - AL (D)]. (11)

2. Ucnoan3oBanue yciaosus Mypa-Ilenpoy3sa (2, I) o oTHOLIEHUIO K MaTpH-
e [A*(t) - A(t)] npuBOAUT K CIEAYIONIEMY BBIPAKEHHUIO:

[4"(©) - AD]T - [A"(©O) - AD] - [A"(O) - AD]T = [A" (1) - AT, (12)
PacKpbITHE KOTOPOTo ¢ yueToM (2) u (5) maet

[Y1(0) +j - Y2(O] - [C1(8) +j - (O] - [Ya(8) +j - Y2(O)] = [V1(6) +j - Y2(D)]

nin

@) Yi(t)

[Y1(6) - C1(2) - Y1(8) — Yo (8) - Co(0) - Y1 (8) — Y1 (8) - G (0) - Yo (8) —
() - C1(0) - Y2(0)] +J - [Y1(©) - C1(8) - Yo () = Y2(8) - (D) - Yo (O) +
RAGEAOBAGEIAONMOBAGIEIAGR IR AG]H
OTKy/Ia IMEEM MAaTPHYHYIO CHCTEMY

{y1(t) "Gy @®- Y1(t) -Y @®- G, @®- Y1(t) - Y1(t) : Cz(t) ' yz(t) -1 @®- C1(t) ' yz(t) = Y1(t): (13)
Y1(t) ) C1(t) : Yz(t) -1 (t) ) Cz(t) : Yz(f) + Y1(t) : Cz(t) : Y1(t) + Yz(f) Gy (t) . Y1(t) = Yz(t):

nin

[[Y1 () Ci(t) =Y (1) - (O] 1 = [i (1) - Co(t) + Yo (1) - G (t)]] ) [Yl (t)_] _ [_1(1_(?)]’

M@ CO+%LO-GOT ME GO -0 GO Y (6

Y, (t)
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nim

[Pw'nw Pm'@mﬂrﬁq w@}

G AGIRIAGCEAGE N AGIENAG
HJIIn
Y1(0) = YL (0)] [C1(t)!— Co(E) Y1 (£) 0
[Fraa Al e e R R A 14
2nx2n 2nx2n 2nx2n 2nx2n 2nx2n
%K} IIOCJICOAHECTO COOTHOILICHUSA UMEEM .
a) mbo
Yi(t) N@- KO [G®=- GO _
ol * [l o ol e col -2 -0 (3
CJICOOBATCIBHO,
Y (£ — Y5 (t) C1 (D)~ G (D)
v - b@"mﬂ (16)

2nx2n 2nx2n
0) Moo

[Yl(t)] _ [8] [ﬁ_(_t_)___}_’z_ Qt_)_] . [_C_l_(_t) 'T_QZ_@_] E = [0],

Y,(t) RE) ndl 16O @)

YTO HE MPEeJICTaBIAEeT HUKAKOTO HHTEpeca.

Takum o6pazom, nmest Matpuipsl Y; (t) u Y, (t), B coorBerctBuu ¢ (11) MoxxHO
onpenenuts U MaTpuity A* (t)m-

Sameuanue 2. O4eBUIHO, YTO TPU KCIIONB30BaHUH ycloBmii Mypa-Ilenpoysza
(1, I) m (2, I) u 30ech NpUILIM K OJHOMY M TOMY € aHaJUTUYECKOMY PEIICHHIO,
T.e. (10) = (16).

II. YncjieHHO-aHATUTHYECKHE pelleHns. B kauecTBe OCHOBHOrO mMarema-
THUYECKOTO ammapara BocHosib3yeMmcs AuddepeHIraIbHbIMA IpeoO0pa30BaHUsIMU
[4, 5].

O6o03HauNM

C (01— Co (1) M@= Y (0)
; Z]Y@‘iwiﬁJ’ {17

O =[G

IIpY KOTOPBIX MAaTPUUHBIE AUCKPETHI (TIPsIMbIe MPeoOpa3oBaHus)

517



_ HE [a¥cw _

ck) == =5 o k=0 (18)
_ HX 1d¥v(®) _

v =5 25 o =0 (19)

a TEHJIOPOBCKME MAaTPUYHbIE OPUTHHAJIBI (0OpaTHBIE MPeoOpa3oBaHusl):

t—ty,
H

C(0) = w5 (1,6, H,C(K)) = St (52 €10 20)

t—ty,
H

V(O) = 4 (1,6, H Y (K)) = St (52) Y (00, @

r7ie t,- UEHTpP anIpOKCHMAIlMK TEHUIOPOBCKUX PasiokeHuit; H- macurrabHbiii kood-
(ULMEHT, BEIPAaBHUBAIOLINH Pa3MEPHOCTH OPUTHHAIOB U X W300paxeHuit; K- ne-
JIOUUCIICHHBIA aprymMeHT; a3(*) u a4(*) - TeIopoBCKHEe MaTpU4HbIC (GYHKIIHMH,
BoccTaHaBiuBatone opuruHaisl C(t) u Y (t) coorBercTBeHHO. EcTecTBeHHO, MpH
3TOM MpeJroaraeTcs, uTo Bee anmemeHTsl Matpull C(t) u Y (t) obnamaror mocra-
TOYHOM CTENEHBIO [MAIKOCTH B LICHTPE ANNPOKCUMAIINH t) .

3ameuanue 3. Marpunbl C(t) u Y (t) 6J109HO-KOCOCUMMETPUIECKHE OTHO-
CHUTEJIBbHO NEPBOM INIAaBHON AWAroHaldH U OJOYHO-CUMMETPUYECKHUE OTHOCHTEIBHO
BTOpOH TJIaBHOM JHMaroHamu.

3ameuanue 4. Marpuunsie opuruHaisl (20) u (21) MOTyT OBITH BOCCTaHOB-
JICHBI U IPYTUMH OOpaTHBIMU AuQQepeHIINaT-HBIMA TPeoOpa3oBaHusIME (HATIPU-
Mep, MaKJIOPEHOBCKUMH (ty = 0), npoOHo-paronanbHbiMu (I1age), ogHOTOUECH-
HBIMH, MHOTOTOYEYHBIMH U 1p. [4]).

Tenepb nepelizieM K UCTIONB30BaHUIO TUPQepeHINATBHBIX TPe0Opa3oBaHuil
Ut iepeBoza opuruHaios (9) u (15) B oonacts auddepeHmanbHpIx n300paKeHuit.

1. D - anaJjor yciaosus (9)

Ucnonb3oBanne auddepeHnnanbHpIX Npeodpa3oBaHuil As MepeBoia opu-
rurana (9) B obnacte muddepeHnnanbHBIX H300paXKeHW MPU COOTHOIICHUSIX
(17) - (21) nmpuBOIUT K CIAEAYIOLIEMY:

npu K = 0:
l,eciu K =0,
C(0)-Y(0)=E-6(K), oK)= {0 ecn K >1
2nx2n
OTKyJa
Y(0) = C*(0): (22)
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npu K =1:
c(0)-Y(1)+C()-Y(0) =0,

OTKyZa
Y(1) = -C¥(0)-C(1) - CT(0);
npu K = 2:
C0)-Y(2)+C)-Y(1)+C(2)-Y(0) =0,
OTKyJa

Y(2) = €7(0) - [-C(2) + C(1) - €T (0) - C(D] - C*(0);
npu K = 3:
CO)-YB)+Cc)-Y)+C@2)-Y(1))+C(3)-Y(0) =0,
OTKyJa
Y(3)=C"(0)-[-CR)+C(D)-C(0)-C(2) -
—C(1)-C*(0)-C(1)-C*(0) - C(1) + C(2) - €(0) - C(D)] - C*(0);

npu K = K:

K
CO)-Y(K) + Z c)-Y(K—1)=0,
=1

OTKyaa

Y(K) = —-CHO)[ZE,c() YK -D]K=T,

(23)

24

(25)

(26)

Takum o6paszom, umest MatpuuHbie auckpetsl Y (K), K = 0, oo, OyneM UMeTh
u 6noku Y; (K) u Y, (K), a cnenoBarenbHo, opurdHaiisl Y, (t) u Y, (t) B cooTBETCTBUM
¢ (21). Torma MoxHO onpeneauTs ¥ Matpuy At (t),,m B coorBercTBHu ¢ (11).

2. D - ananor yciaoBus (15)

Hcnonw3oranue auddepeHuanbHbIX mpeodpa3oBaHuii s MepeBoia OpH-
ruHana (15) B oOnacte auddepeHManbHBIX U300paKEHUN MPU COOTHOIICHUSAX

(17) - (21) npuBOIUT K CIEAYIOLIEMY:
npu K = 0:
l,ecin K =0,
Y(0)-C(0) = E-§(K), §(K) = {o =1
2nx2n
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OTKyZa

Y(0) =C*(0);
npu K = 1:
Y(0)-C(1)+Y(1)-C(0) =0,
OTKyJa
Y(1) = —C*(0)-C(1)-C*(0);
npu K = 2:

Y(0)-c(2)+Y()-c(1)+Y(2)-C(0)=0,

OTKyJ1a
Y(2) =C7(0) - [-C(2) + (1) - CT(0) - C(D]-C*(0) ;
npu K = 3:
Y(0)-CRA)+Y()-C2Q)+Y(2)-C(1)+Y(3)-C(0)=0,
OTKyJ1a

Y(3)=C"(0)[-C)+C(1D)-C"(0)C(2) -
—C(D)-CT(0)-C(D)-CT(0)-C(D)+C(2)-CT(0)-C(D]-CT(0);

npu K = K:
K
Y(K)-C(0) + Y(O-C(K—-1) =0,

OTKyJa

Y(K) = —[ZK, YD) C(K —D]-C*(0), K =T, 00.

27

(28)

(29)

(30)

(1)

Takum o6paszom, umes Matpuunsie auckpers Y (K), K = 0, 00, 6y1eM UMeTh
u osoku Y; (K) nY,(K), a cnenosarenbHo, opuruHaisl Y; (t) u Y, (t) B cooTBeTCTBUH
¢ (21). Torma MoxkHO onpeaeautsb U MaTpuiy A™ (t)p.m B cootBercTBHu ¢ (11).

3ameuanue 5. Bo Bcex MpeUIOKEHHBIX B HACTOSIIEH paboTe BHIYHCIUTENb-
HBIX CXEMax, OUEBHIHO, OIIEPUPYEM KBaJIPATHBIMU 0000IIEHHBIMI OOpaTHBIMH Mart-
pHULIaMH B OTJIMYKE OT BBIYUCIHUTENBHBIX cXeM paboThl [5], B KOTOpoil onepupyem
OPSAMOYTOJILHBIMH O0OOIEHHBIMH OOPaTHBIMH MaTpULaMd. JTO OOCTOSTENLCTBO,
€CTECTBEHHO, 00yCIIaBINBACT MMOJY4YEeHHE TOYHBIX, & HE MPUOIMKEHHBIX PELICHUH

3a/1a4M.
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I11. Moaenbublii npumep. [lycts 3anana marpuua u3 padotsr [1]:

1+t jt ]
A(t) = . L. m=n=2,
© —jt  (1-jb)
JUI1 KOTOPOM, OYEBHUIHO,

rw=[00

PR t)] = A71(0), u6o0 detA(t) = 1.

C npyroii cTopoHsl, B cootBeTcTBHH C (6, 1), (1) - (5), (10) u (16) umeem

am=[; Jamo=[ ‘]

_ ) ,
G = [(1) (1) [(1) (1)] + [i -i] ' [—tt —tt] —-.= [ ;t%t ) 1 itth)]’
CZ(t):[(l) (1)][—tt —tt]_[i :t][(l) (1) - [—OZt 20t]’
a TaKXeE

_ [9_@_)_1_:6_2_(_@_]* _
C(t) 1 Ci (D)

[mt) ! —Y2<t>]

IAGKHRAO)

[ (1+2t%) 2t 10 -2t ]+
_|oo2et o Q2ehyy 2 0 f L
- l 0 2t 1 (1+2t9) 2t2 J -

-2t 0 L 2t? (1+ 2t%)
(1+2t%) —2t2 0 2t
B -2t2  (1+2t%) -2t 0 1
R 0o - —2t (1+2t)  —2t2 |
| 2t 0 L —2e? (1+ 2t2)J
OTKyZa
A+2t) 22 1 0 —2t
co =l 20 Qi 2 0
0 2t r (1 + 2t%) 2t [
-2t 0 o 2t2 (1+ 2t?)]
(142t2)  —=2t2 0 2t
Y(©) = ___T_Z_t_z _____ a _-|:_2_t_2_)__i____—_2_§ ________ o .
0 -2t o (+2t?) -2tF |
2t 0 Lo=2t (14 2t2)]
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Tenepp mepeiieM K HCIONB30BAHUIO UYKCICHHO-aHATUTHYECKOIO METOJa
(22) — (26).
OueBugHO, IpU t, = 0,H=1:

1 0:0 O 0O 0'!0 -2
~10.110 0f_ ~+¢0y = ~10.0:2 0
0 0:0 1 -2 010 O
2 210 0
—12..2,0_ 0 =
0 0:2 2
CrenoBaTeabHO:
npu K = 1:
0010 2
— —_CH0) - ct)=...=|.0_0 =2 0]
Y(1) =-C*(0)- c(1)- €*(0) = = [ 2- 472 0],
2 010 O
npu K = 2:
Y(2) =C*(0)-[-C(2)+ C(1)-C*(0)-C(1)]-C*(0) = —C(2) + C*(1) =
-2 —250 0 4 0,0 O 2 —250 0
_|z2.-2;0 0| |0 4:0 0] _|-2 2:0 0]
0 0 -2 =2/ |0 0i4 O |0 02 -=2f
0 0:-2 -2 lo o0 4 0 0 :!-2 2
npu K = 3:

Y(3) = C*(0) - [-C(3) +C(1) - C*(0)- C(2) -
—C(1)- C*(0) - C(1) - C*(0)- C(1) +C(2) - C*(0) - C(D)] - C*(0) =
=C()-cQ-C3+Cc@)-CA)=-=

0 0:i-4 —4] [0 0;0 -8 0 014 —4
_|0.0i 4 4] |0 _0:8 0f 10 0:i4 —4
4 470 0 0 80 0 -4 4:0 0
-4 -4 0 0 -8 0:0 0 -4 410 0
0 0i0 0 '

~10..0:0_0

(0o 0i0 0

0 0'0 0

HerpyaHo yoenuThes Takke, 4TO MPH
npu K > 3:

Y(K) = [0].
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Takum o06pazom, marpuna Y(t) B COOTBETCTBHU C (21) BBIMJISIUT TaK:

YO =Y(0)+Y() t+Y(Q2) t?=

1 0:0 0 0 0:0 2 2 =2,0 0
! L= -2 2.0 0
e R S O e K
0 000 1 2 0:0 0 0 0: -2 2
(1+2t3) -2t2 | 0 2t
[_:_z_t_z _____ (Q+2eh): -2t 0____. ]
0 -2t 1 (@+2t?) =2t [
| 2t 0 22 (142

YTO TOYHO COBIIAJIAET C MPEJCTABICHHBIM BHIIIEC aHATUTHUCCKUM perneHueM. [lpu
stom pemtenue 3agaun A (t) B coorerctBuu ¢ (11) Oyaer uMeTh BHA

AT@) = V() +j - L] [4,) —j - A,®O]" =

(1+2t?)  —2t? [0 =2t 100 .1t ¢tq]
=[ —2t? (1+2t2)]+]'[2t 0]]'[[0 1]_]'[—1: —t]] -
_[a-jv  —jt
Lot @+l

YTO TOYHO COBNAAACT C pCUICHNUECM, IMOJTYUYCHHBIM B [1], 4YTO U AOJIZKHO OBLIO OBITH.

3akuouyenne. B HacToseit pabore npeniokeHbl TOYHBIC aHATTUTUYECKUE 1

NPUONMKEHHBIC YUCIICHHO-aHATMTHICCKUE BBHIYUCIUTENBHBIC METOMbI ONpPEIeNICHUSI
KOMIUICKCHBIX OJTHOTIAPaMETPUUYECKUX O00O0OIIECHHBIX 00paTHBIX Matpull Mypa-
HerOY?:a. YucneHHo-aHATUTHYECKHE BBIUMCIUTEIIBHBIE CXEMBI JIETKO peain3zyCMbl
CpeIcTBaMH COBPEMEHHBIX HH(DOPMAITHOHHBIX TEXHOJIOTHH [6].

w

CIIMCOK JIMTEPATYPbBI

. Cumonsin C.O., Unsunrapsn M.I'., Adorapsn O.C. [[eKOMIO3UIIMOHHBIE METOIbI

OIIpe/ieNICHNs] KOMIUIEKCHBIX OJHOIapaMeTPUYEeCKHX OOOOIIEHHBIX OOpaTHBIX MAaTpHIl
Mypa-Ilenpoysa (I) / Bectank HITY A: H(opManiioHHbIE TEXHOIOTHH, DJIEKTPOHHKA,
panuorexauka. —2023. - Ne 2. — C. 9 - 22.

TI'anrmaxep ®@.P. Teopus marpuir.- M.: @usmatiurt, 2010.- 560 c.

Jlankactep II. Teopus matpuir.- M.: Hayka, 1978.- 280 c.

Iyxos I'.E. uddepennuanpusie npeodpazoBanust GyHKIUH M ypaBHeHHH.- Kues:
HayxoBa mymka, 1984.-419 c.

Cumonsstn  C.O. Metonpl ompeneneHuss OJHOIAPAMETPHYECKHX  O0OOOIIEHHBIX
oOpatabix Marpun: Mosorpapus.- LAP LAMBERT Academic Publishing RU,
Saarbriicken, Deutschland, 2017. - 222 c.

Kong Q., Siauw T., Bayen A. Python Programming and Numerical Methods. A Guide
for Engineers and Scientists. - Academic Press, 2021. - 455p.

HarpoHaneHbIi MONMUTEXHUYECKUH YHUBEpCUTET ApMeHHH. MaTtepuan HoCcTynuI B

penaxuio 19.12.2023.

523



U.z. UPUNL3UL, U.Q. 2PLhLQUL8UL, 2.U. URSU3UL

UNkRC-M5LCNNROP UNUNLERU UPUNULNTUESMUYUL CULEZULIUSIUO
ZUYUNMUNQ UUSCRSLENP NLNTUTL 25UuNUNNIh3hNL UGENTILED (II)

Unwowplyt] Eu Unip-Nkupnnigh Yndwikpu dhwywpudbnpuljut punhwipwg-
Jwd hwljunupd dwwnphgubph npnodwt whwjhnhl b pdw-wbwhnhly ginduynghghnu
Ubpnnubip: Uhwhnhly dbpnpubpp hhdtdws Gu Unip-NMEupnnigh wnwehtt Eplnt wyuydwi-
ukph Ypu: 8nyg b wpyk], np Epynt phypnud ) wnwugyniud £ dhliingt jnusnudp, hyp b
whwp L (hubp: EJw-wbwhnhl dbpngubpp hhpdtdws tu uvnnwugyws wwjhnhly hwpwpk-
puygnipiniuutph b Mntjungh phdbptughw) dbwthnjunipnibubph ypu: Thunwplyt) L dngk-
luyhti ophtiwl:

Unwigpuyhl punkp. inuuytpu vhuwyupudbnpulut dunphgitp, Unip-Mkipnnigh
punhwipugdus hujunupd dwnphgubp, wbtwjhnpl b pyu-wbwhinhly inwsnudutp, nhbt-
plughwy dbwthnjunipinitiutp, dudwtwluwlhg nkntjunduljut nkuuninghwutph vhong-
utip, Unpbjuyhtt ophtiwy:

S.H. SIMONYAN, M.G. CHILINGARYAN, H.S. ABGARYAN

DECOMPOSITION METHODS FOR DETERMINING COMPLEX ONE-
PARAMETER GENERALIZED INVERSE MOORE-PENROSE
MATRICES (II)

Analytical and numerical-analytical decomposition methods for determining
complex one-parameter generalized inverse Moore-Penrose matrices are suggested.
Analytical methods are based on the first two Moore-Penrose conditions. It is shown that in
both cases, the same solution to the problem is obtained, as it should be. Numerical-
analytical methods are based on the obtained analytical relations and differential Pukhov
transformations. A model example is considered.

Keywords: complex one-parameter matrices, generalized inverse Moore-Penrose
matrices, analytical and numerical-analytical solutions, differential transformations, means
of modern information technologies, model example.
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ZNFUOUEP 269 U4N U UL WULALLE L

Unipp fudpugpnipinit ikpljujugdnud k pun htiinbyju) wwhwbgubph.

1. Bplynt ophtiwly, twb LEyupntwghtt nwppkpuyny, hwdwlwupgswyhtt pupduspp’ Microsoft
Office Word: Znnjwish swjwip Jupnn b (hul) dhtsh 10 by, hwnnpynudubphiup® dhigh 4 ke: Skpuwnp
owpunpymd £ A4 swihuh pnph Ypw, wpnwmnwbpuyhtt nuownp’ Top-5ud, Bottom-5,1ud, Left-5,75ul,
Right-1,75ul, Footer-4,6ud, dhowninnuyhtt nwpwénipiniup (Line spacing)' 1,1, wuppbpnipjniup (First
line)* 0,75 udl: Zuybipkl (hubknt nhypmy ympp swpugpdmy t Sylfaen nunwnbuwyny, nwnwsudp’
10, huly pmubpbb fud whqpbpkl jhkn ghypnud® Times New Roman nununnbuwlny, nwnwswthp' 11:

2.@nph Ytpth dwp wulpniund gpynud E hwdwwyhunwih nmwubnppujut pupuluthop’
nbpunhtt hwdwyunwupiu 1Eqny (28%, YVAK, UDC), hwgnpn nnh Yhinpnunud® qjluminwunkpny
htnhtwy(utkp)h wijui-hwjpuidui uljqpiwwnwuntpp b wqquuniu(ukp)p' bold, 10 mwnwswthny
huytipbt, wugbpbi b pniubpbt mbpunbph phwpmd: Znnjwsh kptwghpp wipynud t hinhuwlh
wqquinjwlp hwgnpynn wnnh Yhnpnimd® bold, wdpnpempyudp quwinwntpny’ 10 wwnwswihng
huwytipt, wigbpkh b pniubpbt wkpuntph nhypnud:

3. umnipp ujuynid E wdthnthnudny (winwnwghw) wjt 1kqyny, npny ukpjuyugdus bt Ud-
thnthnidt wjuwpunynd |k wpwigpwjhtt punkpny’ wwnwswthp® 9 huykpbit mbkpunh phypnd b 10
wwnwswihng whqkpkl b pniubpkl whpunbph nhwypntd, b dhwgl «Unwigpught punkpy wpunwhug-
wnipynip® bold, italic: Unithmhmup whwnp E (htih 500 Wthohg ny wibh tkpunyug dhewluwyphpp, wewbg-
pughtt puntipp Jud punwljuggulgntpmttibpp 4-8 pun:

4. Gpwouunpynud £ ymiph owpunpdwb hbnlyjuy jupgp. «Ukpwsnipiniy, npp whwnp
hwdwpnun tkpwnh hwpgh dhdwlp, phduyh wpphwiwiniemniup b hblnwgqnuumpyut tywwnwyp,
«wunph npduspp b dkpnphljuyh hhdtwdnpnudpy, «Zknwgnuinmpjut wpyniupubpp», «Gopuilju-
gnipyii, withpudbynnipjub nhypnid” twl wy) pudhbibp hwdwyunwuhub JEplugpbpny:

5.Skpuinnid hynudubpp qpuljuiinipuip pdnud ki mpnulymit thuljugstpny: Pubwdlbpp
ubpuyug]mu ku np nnnhg, Equation Editor pwgpny, italic, nupwswithp' 11, withpudbynnipjut
nhypnid hwdwpwluwynud G mnnh JEpenud” unynpuljut (Ynp) thwljugsh dke:

6. Vjupubpt nt wnniuwlubpp hwenpynud i wnbipunnud hwdwywnwupiwt hnnudubpht:
«Ul. » b «Unyniuwlpy puntipp, tjupibph dwujugpnipniup b wpniuwljutph wijuinwdutpp gpgnod
Ll Italic 9 nwnwsuhm] hwjkpkt wkpuinh ghypnid b 10 mupwsuhny  whgkpkt b noiubpki
wnbipuntph niypnid:

7.Skpuwnnht hwyonpnnud £ gpuijuinipyut guyp' 9 wwnwswihnyg huybpk mbkpunh nhypnid b
10 wwpwswihng wiqibpkt U pniubpk whpunbph ghypnid, dhwg hinhtwhh wqquibntih m wi]ub-
hwjpwtui uljqpwnuntpp’ bold, «Fpuwljwinipjut guuly wpunwhwyinnmpmniup’ wnnh Yhunpn-
unud, quwunwnkpny: Swuynud qpuijwinipjut jmpupwiynip wnpniyp hwdwpuupnd £ pun
nbpunnd hp hndwb hhppuljuinmpui: Gpuljwinipjut wnpmiptbpp Wuppkpuljub hpunwpw-
Ynipjniuutiph nhypnud ukpluyugynid G htnbyw) Jupgny. hinhtwlh wqquuniup, wiub-hwyput-
Jub uljqpiwnwntpp, Jeptwghpp, hwinkuh wituinudp jud puinnidws hwwywynidp, hpuwnwpul-
dwb nupkphyp, hwwnnpp nt ponqupydwt hwdwpubpp, hbppwlwb hwdwpp, bniph qhnbndw kekpp,
qppbph nhwpnud’ hknhtwhh wqqubman, wigwb-hupuinjul vhqpbwnwuetpp, Yptwghpp, hpuwnw-
puljuwh Juypp, hpunwpuljynipyniip, pwljubp, tobph pubmlp:

8. Apuljutinipjut gwuht hwenpynid G wdthnthnudubpp djniu kplne (kqniutpny (pt nkpuwnp
huwytipku £, wdthnthnudubpp twhe' pnwubpb, wyw® wgibpk, bpk pnwubpbt b, twpe® hugbipbl, wyw®
wq kpkl, kpk wuqbkpku E, twju® hugbipkt, wyw® pnwubpk): Udthndinwdubipp pognp Epkp (Eqniubpng
hntug ppyuwiinuinipjudp b wpwigpuyhtt puntpny whwp k1hukh tnyuwlwi:

9. Stpuinp unnpuigpynud k hknhily(ukp)h Ynndhg, tognud £ igmpp fadpugpnnipnit hwtdibiny
wduwphyp: Skpunnh fdpugpqus b uppugpyus mwppbpulp hwdwdwytgynud Ehtnhtwl(utp)h htw:

10. Zknhtwy(ukp)t wewbdht bony ubkpluyuginud b (1) wqquinil, winil, hwjpwbnibp
(Ipp), wphmunwjuyph, umnpbynt quyph iphy widuinudp, qpunkgpus Wwpwnnbp, ghnwlub wunh-
Lulp, hinwinuwhwdwpubpp (wpuwnwipuyhly, b b peguyhin):
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MPABUJIA O®OPMJIEHUS CTATEN

Marepuan npejcTaBsieTcs B peJaKLiMI0 B COOTBETCTBUH CO CJeAYOLUMU NpaBUIaMU:

1. Cratpst B IBYX 3K3eMInIsipax u ¢aitn crareu B ¢popmate Microsoft Office Word. O6vem cratbu
HE JOJDKeH mpeBblmats 10 cTpanun, o0beM coobmeHuit — 1o 4-x crpaHun. dopmar crpaHums! — A4.
Pabouee none: Top — Scm, Bottom — 5,1cm, Left — 5,75cm, Right — 1,75cm, Footer — 4,6cm, MeXCTpOUYHBIH
untepan (Line spacing) — 1,1, kpacHas crpoka (First line) — 0,75cm. Jlnst cTathu, HanmuMcaHHOW Ha
apMsIHCKOM si3bIke, mpuMensiercs: mpudt Sylfaen (pasmep mpudra - 10), a Ha pyccKOM M aHIJIHMIICKOM —
Times New Roman (pa3mep mpudra — 11).

2.B 51eBOM BepXHEM YIJIy IEPBOTO JIMCTa yKa3blBACTCS YHHBEPCAJbHBIM JIECSITHYHBINA KiacCH(H-
karop (2SS, YK, UDC); crpokoii Hinke - nannuans! (M.0.) u damunus - 3arnaBHeMEA OyKBaMu, mpHOT
Bold, pasmep 10 — Ha apm., pyc. ¥ aHIIL s13., BRIPABHUBAHUE IO LIEHTPY; CTPOKO# HIDKE MO HEHTPY YKa3bIBACTCSI
Ha3BaHME CTaThU — 3aryiaBHbIMU OykBamu, mipu¢T Bold, pasmep 10 — Ha apMm., pyc. U aHIJI. 53.

3.Marepuall TeKCTa HAYMHAETCS C AHHOTALMM W MPEJCTAaBISACTCS HA TOM sI3bIKE, HA KOTOPOM
HalMCaHa CTaThs. TEKCT aHHOTALMM JIOJDKEH COCTOSTH He Oosiee yeM m3 500 3HAKOB, BKIFOUAsi MPOOEIBL.
INocne aHHOTAIMY MHIITYTCS KIIOYEBBIE CIIOBA — OT 4-X 10 8-M CJIOB WM cioBocoveTaHuil. Pasmep Tekcra
AHHOTAIlMM U KIIIOYEBBIX CIIOB 9 — Ha apm.sa3., 10 — Ha pyc. W aHri. s3., cioBocoueTanue “Knrouesvie
cnoea” - Bold, italic.

4.PekOMEHyeTCs CIIeIYIOIIMIA MOPSI0OK HM3JI0KCHUsI MaTepuaia CTaThbU: BBEJICHHE, B KOTOPOM
JIOJDKHBI OBITH KPaTKO TMpPEACTABICHBI COCTOSHHE BOIMpPOCA, AKTYyalbHOCTh TEMbI M LeNIb MCCIICAOBAHHMS;
MOCTaHOBKA 3aJa4d M OOOCHOBAaHHE METOAMKH; PEe3YJIbTAaThl HCCIIENOBAHUS; 3aKIOueHHe (9TH, a Npu
HEOOXOJUMOCTH, U APYTHE pa3Jeibl JOJDKHBI HMETh COOTBETCTBYIOIHE 3ar0JIOBKH).

5. CchUIKM Ha JIUTEpaTypy B TEKCTE NAIOTCS B KBAJPATHBIX CKOOKaX. POpMyIbl 1 MaTeMaTHYECKHE
BBIpakeHHs1 Habuparotcsi pepakropom Microsoft Equation, italic, pasmep — 11. ®opmynbsl HabuparoTes ¢
HOBOH CTpPOKH, BBIpaBHHBaHHE MO IeHTpY. [Ipu HeoOxomumocTH, ux Hymepyror. Homep ¢opmyiist
pacroniaraercsi B KOHIIE CTPOKH, B KPYIJIBIX CKOOKax.

6. PucyHKH 1 TabNHIIBI PACIIONAraroTCs B TEKCTE 10 X0y CChUIKU Ha HUX. CnoBa “Puc.’, “Tabnuya’, a
TaK)Ke Ha3BaHUS PUCYHKOB W TabOiuil nuiytes italic, pasmep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIIL. 5I3.

7.B KOHIIE CTaThH JAaeTCsl CHHCOK JIUTEpaTyphl: pasmep 9 — Ha apm.s3., 10 — Ha pyc. U aHrIL. 3.
CinoBocoueranne “CIIMCOK JIMTEPATYPBI” pacrionaraercst B [EHTPE CTPOKHU 3arjaBHBIMU OyKBaMH,
Bold. IlutupoBanHas nuTepaTypa HyMepyeTcsi B MOpPSAKE CCHUIKM Ha Hee B TekcTe. Kaxapli MCTOYHUK
MIPE/ICTABIISIETCS B CICAYIOLIEM MOPSAKE: B CIyyae CChUIKM Ha CTaThIO M3 )KypHANa: (haMuiius, HHUIHATIBI
HN.0O. - Bold, Ha3BaHue cTaTbu, Ha3BaHHUE JKypHAaJa, MECTO U3/IaHUs, TOJ] U3JJaHHs, TOM M HOMEp U3/1aHusl, C
KaKkoH MO KaKylo CTPaHHMIIbI 3aHHMAeT CTaThsi B 3TOM JKypHAJle; B CIydyae CChbUIKM Ha KHUTY: (amuius,
uHuuaapl M.0., Ha3BaHWE KHUIHM, MECTO H3/aHMs, Ha3BaHWE H3JaTelIbCTBA, O] H3JaHMs, ollIee
KOJIMYECTBO CTPAHHMIL.

8.Ilocne nuTEepaTypbl MPEACTABISIIOTCS AHHOTALMKM BMECTE€ C KJIIOYEBBIMH CIIOBAaMH Ha JBYX
Ipyrux s3plkax. Ecnm cTaThs HamucaHa Ha apMsSHCKOM S3bIKE, TO CHayasia JaeTCs aHHOTAlUs Ha PYCCKOM
A3bIKE, 3aT€M Ha aHMIMHCKOM; €CJIM HAIlMCaHa Ha PYCCKOM SI3bIKE — COOTBETCTBEHHO HA ApPMSHCKOM U
AHMIMHCKOM, a €CIIM Ha aHIVIMHCKOM — COOTBETCTBEHHO Ha apMSIHCKOM M PyCCKOM si3bikax. ConepiaHue
AHHOTALUI ¥ KJIIOUEBbIE CJI0BA IOJDKHBI OBITh HA TPEX S3bIKAX OJNHAKOBBIMH.

9. CraTpg MOANHCHIBACTCS aBTOPOM (aBTopaMu). B KoHme cTtathm craBUTCS naTa (YUCIIO, MecAl,
roj) mpencTaBiieHus: cTaTbi. OTpeIaKTHPOBAHHBIH M OTKOPPEKTUPOBAHHBIM BapHaHT PYKOIHCH COTIIACOBBI-
BAaeTCsl C aBTOPOM (aBTOpaMH).

10. Ha otnmenbHO# cTpaHuile HEOOXOAUMO MPEACTABUTH CIISAYIOIIHE aBTOPCKHE MaHHbIe: (amuus,
UM, OTYECTBO; IMOJHOE HAaMMEHOBAaHHE MecTa paboThl, MecTa yueObl; 3aHMMaeMas MOJDKHOCTb, ydeHas
CTEINEeHb U 3BaHKe; HoMepa Tele(hOHOB (CITy>KeOHbIN, JOMAIIHUHA, MOOUIIBHBIH).
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RULES FOR PREPARATION OF MANUSCRIPTS

The material should be presented to the editorial staff in accordance with the requirements
given below.

1. The authors are requested to submit two hard copies, and also the electronic version of the
manuscript by Microsoft Office Word. The volume of scientific paper is limited to 10 pages, and to 4
pages for short communications. The text should be printed on A4 sized paper. The text margins
should be: Top — Scm, Bottom — 5.1 cm, Left — 5.75 cm, Right — 1.75 cm, Footer — 4.6 cm, Line-
spacing — 1.1 cm, the first line — 0.75 cm. Texts in Armenian should be printed by the Sylfaen, font
size 10, and the texts in by Times New Roman, in font size 10 .

2.0n the top left corner, the Universal Decimal Classifier is placed in the language of the
manuscript (2S%, YK, UDC). The initials and the surname(s) in font size 10, bold for texts in
Armenian, English and Russian should be in the centre of the next line. The title should be placed in
the centre of the line following the author’s surname in font size 10, bold, all in capital letters for texts
in Armenian, English and Russian.

3.The text begins with an abstract in the language it is presented. It ends with keywords in
font size 9 for texts in Armenian, and in font size 10 for the ones in English and Russian. Only the
word “Keywords” should be bold, italic. The summary should not exceed 500 characters including
the spaces, the number of keywords or word combinations - 4-8.

4.The papers should include an introduction briefly introducing the state of the problem area,
the importance of the subject and the aim of investigation, as well as sections describing the statement
of the problem and selection of the methodology, the results of investigation, conclusion (other
sections if necessary) with subtitles, and it should end with the list of references.

5.The references in the text should be given in square brackets. The formulae should be
introduced by the Microsoft Equation Editor. They should be printed from a new line in italic, font
size 11 in the center of the line, and if necessary numbered at the end of the line in round brackets..

6.Figures and tables should follow their references given in the text. The words “Fig”,
“Table”, the figure inscriptions and the table names should be printed in italic, in font size 9 for texts
in Armenian, and in font size 10 for texts in English and Russian.

7.The text is followed by the references in font size 9 for texts in Armenian and in font size
10 for texts in English and Russian. Only the author’s initials and surname should be bold. The word
“References” should be placed in the centre of the line in capital letters. In the list of references, each
source should be enumerated according to its reference number in the text. For the periodicals, the
references should be introduced in the following style: the author’s surname, initials, title, year,
numbers of the volume and issue, page numbers, and for books — the authors names, full title,
publication place, publisher, year, total number of pages.

8.The references are followed by the abstracts in the other two languages. If the text is in
Armenian, the abstracts should be first in Russian and then in English. The text in Russian should be
followed first by Armenian and then by English abstracts, while the texts in English should be
followed first by Armenian, then by Russian abstracts. The abstracts in all the three languages should
be identical in content and keywords.

9.The manuscript should be signed by the author(s) with indication of the submission date.
The edited and proofread version of the manuscript should be agreed upon by the author(s).

10. On a separate page, the author(s) should introduce his/her/their full surname(s), name(s),
patronymic(s); the full name(s) of employment place, educational institution; the position occupied
scientific degree, telephone numbers (office, home, mobile).
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