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PHYSICO-MECHANICAL AND PHYSICO-CHEMICAL HARDENING PROCESS
CHANGING RESEARCH IN GYPSUM BINDER AND TRANSITION IN GYPSUM-CEMENT
BINDER AND THEN TO GYPSUM-CEMENT-POZZOLANIC USING WITH MECHANICAL

TESTS AND X-RAY SPECTROSCOPY

Abstract

Gypsum-Cement-Pozzolanic binder (GCPB) has been invented in 60-s of last century in USSR by group of scientists
under Mr. A. Volzhenskiy leadership. In that time in USSR and actually in US construction technological processes of
civil and industrial buildings increasing a lot. So demand of cement for heavy concretes as a main component high up day
to day, year to year. But realisation of that idea in practical way wasn’t easy thing because as we know from «Material
science» course — cement is hydraulic binder which hardening in moisture condition or in must cases in water and if
we sae about gypsum is an air binder. That means gypsum is hardening and gets its high compression strength in air
condition and loosing that strength in moisture condition or under influence of water. After analysing knowledge that
have been written above about GCPB we may stay some problems in front of us: 1) First problem connect with modern
theoretical physical-mechanical and physical-chemical researches absence, when GCPB hardening process have been
described by modern X-Ray spectroscopy and mineralogical analysis. All what we have found in internet resources is
basic and theoretical issue with some mechanical tests. 2) Also the main problem when we start see on that researches
and mechanical tests, there are some conflicting things as links for technical requirements of GCPB through ages, storage
conditions before tests. So according by what we have said above we choose some targets of our research: a) How gypsum
binder’s physical-mechanical characteristics going to change as it would be main stuff for GCPB preparing. And also
transition process gypsum binder(GB) in gypsum-cement binder (GCB) and then in gypsum-cement-pozzolanic binder
(GCPB); b) How gypsum binder’s physical-chemical characteristics going to change during transition process in GCB
and then into GCPB with X-Ray spectroscopy analysis.

Key words: gypsum binder, gypsum-cement binder, gypsum-cement-pozzolanic binder, creep factor, softening factor (K ).
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I'NIC-UEMEHTTI TYTKBIPJIBIKKA, AJI1 OJAH THIIC-UEMEHTTI-
HO3HOJAH/ABI TYTKBIPIBIKKA AYBICA OTBIPBIIL, T'HIICTI
TYTKBIPIBIK KATAIOBIHBIH ®U3NKA-MEXAHUKAJIBIK )KOHE
OUBUKA-XUMUAJBIK ITIPOIECTEPIHIH O3I'EPYIH ®U3UKA-MEXAHUKAJIBIK
CBIHAKTAP MEH PEHTTEHO®A3AJIBIK TAJIAAY APKbLJIbI AJIBIHFAH JEPEKTEP
HEI'I3IHAE 3EPTTEY

Anjarmna

l'unconemenT-mo33onan OatmansicTeIpFeIIBIHGIH (I'LIIB) maiina 6omysr eTkeH rFachipasiH 60-xbuinapeiga KCPO-na
A.B. BomxeHckuit 6ackapraH FaasIMAap TOOBIHBIH JKYMBICHI HOTIDKECiHIE maiina Ooommael. KyiiObmmesa (ka3ipri xe3ue
MI'CY um. Kyi#iobimesa). Aiita kety kepek, coi xbuiaapbl KCPO — 1a KapKbIHIbI ©HEPKACINTIK KOHE a3aMaTThIK KYPBUIBIC
Kypai. On mopTIaHALIEMEHTKE 6Te KaKeT OSTOH OHIPICiHIH OailTaHBICTRIPYIITBI HETi31, 01 KeOiHece JKEeTKITIKCi3 OOIBL.
Amnaiina, OYT KBI3BIKTHI WACSHBI iC JKY3iHIE JKY3eTre achlpy MOPTIAHALEMEHT THIPABIAKAIBIK OalTaHBICTBIPFHIII, SFHH
TYTKBIp, BUTFAJIIBI JKaFJai/1a )KOHE TIlTi Cy[a KaTalbIll, TUTIC OAMIaHBICTRIPFBINT (KYPBLUIBIC THIICI HEMece anebacTp Aer
aranabl) oye OailTaHBICTBIPFBIIIBIMEH MEKTeNi. SIFHH, TYTKBIP, TEK KYPFaK aya )KaraalbIHIa MaKCUMAIIbl OepiKTIKKe
re OoJa ajael KOHE BUTFANIBI TAlJaIaHy KaFTalbIHIAa OCBI OCPIKTITIH KOFAITAIbL.

JKorappima KenTipiareH MOIiMETTEpi TaIail OTBIPBII, Ci3 OCHI OAMIAaHBICTHIPFBIMITH 3ePTTEYMEH OalIaHBICTHI Ka3ipri
3epTTEYIIUICPAiH alIbIHAa TYBIHIAUTBIH OipKaTap Mocelenepli aHbIKTai anack3: 1) BipiHmi Mocene Ka3ipri 3aMaHFbI
PEHTreHO(a3aITBIK J)KOHE MUHEPAJIOTHSIIBIK TannayiaapMer pactanra [ LI1b-na karato ke3iHze maiimga 60omaThiH Qr3nKa-
XUMHSIIBIK JKOHE (DM3HMKa-MEXaHUKAJIBIK IPOLECTepAl Kasipri 3aMaHFBl TEOPHSUIBIK 3EPTTEYNCPIiH IKOKTHIFBIMCH
OainmanbicTel. TaOyra OonaTbiH OapibIK HOpce-OyJ1 Heri3iHeH apTypii mspexene ChIFBUIFAH KaJIbl aKmapar Hemece
oenrini Oip sxeprimikri ['IIIIb-HbIH Oipkarap (U3MKATBIK-MEXaHUKAIBIK CHIIATTAMAlIapbl Typaslbl Keilip MamiMerTep
KeJTIPUITeH KOJIIaHOabl CHITATTaFbI )KYMbIcTap. 2) COHBIMEH KaTap, COHFHI JKaFaiaa a, SFHA KOJIaHOAIbl CHITATTaFbl
JKYMBICTapa aBTopiap Oipkarap Mocelenep OOHMBIHIIA ©Te KapaMa-Kallibl MOJTIMETTep KenTipemi. MEBIcalbl: op
Typrmi keupmapaarbl [LI1b-Fa KOMBUTATHIH TEXHUKAIBIK TajlallTapra CUITEMeNep, ChIHAK aJIBIHIA YITUIepAi cakTay
IapTTapbl MEH Mep3iMIepi skoHe T. 0. JKorapbina alTeIIFaHIapFa COlKec, JKOFaphla aTajlFfaH OJKbUIBIKTAP/IBIH OPHBIH
TONTBIPY MaKCaThIHIA OCHI KYMBICTHIH aJIJbIHA KeJieCi MIHAETTep KOHBUINBL: a) THUIICHEMEHTTIK TYTKbIpabikka (['LB)
YKOHE THIICIIEMEHTTIK-1103MoMaHAbIK TYTKeIpabiKKa (['LIIIB)aysica oteipbim, ['LIII6 Heri3i 0oibIn TaOBUIATHIH THIICTIK
TYTKBIpIBIKTHIH (I'B) Keneci Gpu3nkambIk-MeXaHUKAJBIK CUIIaTTaMallapbl Kajaid e3repeTiHiH Kaaaranay; 0) THIICIIEMEHTTI
TyTtKeIpabikKa ([LB), anm omaH rumcremeHTTi-mo3nomanasl TyYTKeIpibikka (I'LIIB) aysica OTBIpBIN, KaTasTHIH TacThI
PEeHTTeHO(A3ANBIK, XUMUSITBIK JKOHE MUHEPAIOTHSUIBIK Tajlay apKbUIbl allbIHFaH JIEPEeKTep HETi3iHIe THICIIEMEHTTI-
mo3noanabl TYTKeIpIbIKKa (I'LI1B) KaTaronsiH pu3nKa-XUMHSIIBIK IPOIIECTEpPi Kallail ©3repeTiHiH Kaiaramay.

Tipek ce3aep: rumnc OaiIaHBICTBIPFBILI, THIIC HEMEHT OaiIaHBICTBIPFBIL, THUIIC LIEMEHT-IIO3LOJIAH OaiIaHbICTBIPFBILL,
ceIFbLTy (creep factor), sxymcapty koaddumuenti (Kx).
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NCCIEJOBAHUE UBMEHEHUA ®U3NKO-MEXAHUYECKUX U
OUBUKO-XUMHNYECKHUX IMTPOUHECCOB TBEPAEHUSA 'MIICOBOI'O BAXKYIIEI'O
C IEPEXOJAOM K THIICOUEMEHTHOMY BAXKYILEMY, A OT HET'O K
I'NMICOUEMEHTHO-ITYHIOJTAHOBOMY BAKYIWEMY HA OCHOBE JAHHBIX,
IOJIYYEHHBIX ITIOCPEJICTBOM ®U3UKO-MEXAHUYECKHX UCITBITAHUM U
PEHTIT'EHO®A30BOI'O AHAJIM3A

AHHOTAIMS

[MosiBnenne rTuTICONEMEHTHO-TTyIIIoTaHOBOro Bspkymiero (I'LIIIB) mpomsomuto B 60-x romax MPOIUIOrO CTOJCTHUS
B CCCP B pesynbrare paOOTHI Ipynmnbl y4eHbIX, BodmiaBiusieMbix A.B. Bomkenckum B MUCH um. KyiiObimesa (B
Hacrosmiee Bpemst — MI'CY um. KyiiObimesa). Heobxogumo ormetutsh, uto B Te roabl B CCCP mmio MHTEHCHBHOE
MIPOMEBIIIICHHOE ¥ TPAXKIAHCKOE CTPOUTEIBCTBO, KOTOPOE OCTPO HYXKIAJIOCh B TOPTIAHALIEMEHTE — BSDKYIIICH OCHOBE JIIIS
MIPOM3BOICTBA OETOHOB, KOTOPOTO YACTO MOMPOCTY He XBarano. OIHAKO pearn3alysi 3TO 3aMaHIHBOM HUIeH Ha TPAKTHKE
OTPaHUYHBAIACH TEM, YTO MOPTIAHAIEMEHT SBISACTCS THUAPABINICCKIM BSOKYIIHM, TO €CTh BSDKYIIHM, TBEPACIOLIIM BO
BJIIKHBIX YCIOBHSAX W JaXXE B BOJC, a TUIICOBOE BSDKYyIIEE (TaK Ha3bIBAEMBIN CTPOUTENBHBIN THUIIC, MK aledacTp, Kak
€ro TOTJa Ha3bIBAJIH ) — BO3MYIITHBIM BsDKYITNM. AHATTU3UPYs BeIIICTIpuBeeHAbIC cBeneHus mo ['T[I1B, MokHO HaMeTUuTh
psia IpobieM, CBA3aHHBIX C UCCIICIOBAHNEM 3TOTO BSDKYIIETO, BOZHUKAIOIINX ITEPE]] COBPEMEHHBIMH HCCIICIOBATCIISIMH:
1) IlepBas mpoOiema CBsi3aHa C MPAKTHYECKU ITOJHBIM OTCYTCTBHEM COBPEMEHHBIX TCOPETHYCCKHX HCCIICIOBAHUI
(hM3UKO-XUMHUYECKHX W (DU3UKO-MEXaHHMYECKUX TMPOIeccoB, mpoTekaronmx B ['LIIB Bo Bpems ero TBepIacHHS,
MOATBEPKICHHBIX COBPEMEHHBIMH PEHTTeHO(A30BBIM H MHHEPAJIOTHYECKUM aHANM3aMu. Bee, 94To yaamoch HaATH, — 3TO
MIPEUMYIIECTBEHHO 00IIas ckKaTasi B pa3HOU CTereHN HH(GOPMALIUS WA paOOTHI MPHUKIIAJHOTO XapaKTepa ¢ IPUBEICHUEM
HEKOTOPBIX JAHHBIX 10 PANY (HU3UKO-MEXaHHICCKUX XapaKTEPHCTHUK TOro wiu mHOro MectHoro ['LIIIB. 2) IIpu sTom
ke B TOCITIETHEM ClTydae, TO €CTh B padoTaX MPHUKIATHOTO XapaKTepa, aBTOPHI MPHBOMAT OYCHb MPOTHBOPCUHBHIC
JTAaHHEIE TI0 sy BOIIPOCOB, HAIIPUMEP, TAKUX KaK CCHUIKH Ha TexHI4YecKue TpedoBanms K ['LIITB pa3HBIX romoB, ycIoBUs
U CPOKH XpaHEHHUs 00pa3IoB Iepel HCIBITAHUSAMH U Jp. B COOTBETCTBHU C BBINIECKAa3aHHBIM C IENIBI0 HEKOTOPOTO
BOCTIOJIHEHHSI BBIIIEYKa3aHHBIX MMpoOenoB B uccienoBannu ['LIIIB mepen maHHOH paboOTOil CTAaBIWIIACH CIICAYIOIINE
3aJa4d: a) MPOCIICTUTh, KAK MEHSFOTCS CIICIYFOIINe (PU3NKO-MEXaHUIECKIE XapaKTePUCTHKH TUTICOBOTO BspKymIero (I'B),
spistronierocst ocHoBoit ['TIIIB ¢ mepexomom B rumcornemenTHoe Bspkymiee (I'L[B) u rHIcomeMeHTHO-ITYIIIOIaHOBOE
BsDKYIIIEe; 0) IPOCIIEINTh, KaK MEHSIOTCS (PU3UKO-XUMHUECKHUE MTPOIECCHI TBEPACHHUS THIICOBOTO BSKYIIIETO C TEPEX0I0M
K THIICOLEMCHTHOMY BSDKYIIEMY, a OT HEr0 K THICOIEMEHTHO-IYIIIOJIAHOBOMY BSDKYIIEMYy Ha OCHOBE JaHHBIX,
MOJYYCHHBIX ITOCPEACTBOM PEHTTEHO()A30BOT0, XHMUIECKOTO U MHHEPAJIOTHYSCKOTO aHAIN30B TBEP/ICIOIIET0 KaMHSI.

KirouyeBble ci10Ba: THIICOBOE BSOKYIIEE, THIICOLEMEHTHOE BSDKYIIEE, THIICOLIEMEHTHO-MYLIIONaHOBOE BSDKYIIEE,
nonsy4ecth (creep factor), koapduumnent pasmaraenus (K ).

Introduction

Gypsum-Cement-Pozzolanic binder (GCPB) has been invented in 60-s of last century in USSR by
group of scientists under Mr. A. Volzhenskiy leadership. In that time in USSR and actually in US
construction technological processes of civil and industrial buildings increasing a lot. So demand of
cement for heavy concretes as a main component high up day to day, year to year. According to that there
were lots of deficiency of many construction materials and cement has been stayed on 1-st place. Being
truth many countries have tried find decision of reducing role of cement in construction industry, and
USSR was one of them and as an idea for some low-floor buildings, which contain one or two floors, was
replace to use cement binder for gypsum binder instead. All the more so that prime cost gypsum stuff is
cheaper at least 5 times comparing with cement. But realisation of that idea in practical way wasn’t easy
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thing because as we know from «Material science» course — cement is hydraulic binder which hardening
in moisture condition or in most cases in water and if we sae about gypsum is an air binder. That means
gypsum is hardening and gets its high compression strength in air condition and loosing that strength in
moisture condition or under influence of water. That negative side of gypsum binder may be explained in
high level of creeping (creep factor) and low range of softening factor in gypsum binder comparing with
cement binders and concretes. For our readers we may remind that creeping (creep factor) is an effect
when hardened binder display high plastic deformations under influence of loading and moisture makes
that process get more fast[1 P.2]. Creeping (creep factor) has private connection with softening as creep
factor also may be explained as loosing strength properties of hardened and dry binder after moisture
influence. Level of softening may be described as softening factor(K ), which may be calculate as strength
of water-saturated binder samples dividing on strength of dry binder samples[1 P.2-3]. Using easy
explanation — ratio of strength sample in high wet condition to strength sample in dry condition. According
softening factor(Ks) we may estimate that factor as water resistance. Water resistance or softening
factor(Ks) gypsum binder stay in range 0,3 — 0,45 and cement binder — 0,6 — 0,8 [2 P.6]. So to find some
decision of that problems as creeping and softening factor(Ks) of gypsum binder Mr. A Volzhenskiy’s
researches and his followers has been dedicated at last century. During 20 years since 60-s to end of 80-s
some scientists have made some researches as Mr. A. Palagin, and Mr. M. Kurotsapov[3] has described
influencing 3-10% of cement by gypsum mass. Also water resistance, softening factor(Ks) and compression
strength has been determined. Increasing water resistance also have been noticed by Mr. P. Budnikov, and
Mrs. L. Gulinova and S. Torchinskaya[4], when 10% of cement have been added in dihydrate gypsum.
Positive side of influence on water resistance after adding cement in gypsum binder may be explained by
low water resistance level in hardening gypsum and its high water-solubility level which stay in range
2g/1[5 P.3]. During hydration process in two-component binder — gypsum-cement binder(GCB) we have
two hydration ways: gypsum hydration from hemihydrate gypsum to dihydrate gypsum; and hydration
cement minerals. That two process comes hand in hand and during that low-soluble compounds start
appear in solution as calcium hydrosilicate and on gypsum dehydrate surface low-soluble film appearing
in same time which prevent gypsum molecules by high solubility. After some researches gypsum-cement
binder’s(GCB) stuff, real results have been taken which shows two things. The water resistance has been
grown up but not so much. The second one — after some time samples of gypsum-cement binder(GCB)
start being under internal deformation, which leads to strength loosing on 1-3 months later after hardening[6
P.462]. In some cases there are crush of samples. And that negative side of GCB may be explained because
a special mineral start appear inside the structure or if we may say like this inside solid body of GCB
sample. According to chemistry is three-sulphate form of calcium hydro-sulphoaluminate but according
to mineralogy that mine calls ettringite. That ettringite appear from calcium hydroaluminate with gypsum
dehydrate reaction. By easy words it may be explained three calcium aluminate from cement plus calcium
sulphate from gypsum equal ettringite in whole hardening system during 1-3 months after hardening[6
P.462]. Here we must remind that we have two types of ettringite: first and secondary. The first one appear
fast in solution after water addition. The secondary start appear in system after hardening, inside of solid
sample. Also the most important thing is concentrations of ions as Ca™ and SO, . In two-component
binder GCB there are high concentration and many of them comes by gypsum side reacting with three
calcium aluminate from cement side and moisture, or extra moisture from atmosphere increase speed of
that process, start from pores of solid sample where ettringite start its way. Appearing ettringite is a
process of crystallization in pores, which comes with volume increasing, and that means increasing of
tension. When that tension inside pores high up day to day cracks start appear in solid body and in the end
of case sample has crushed by tension and cracks. Only that may be explained why we have compression
strength loosing during the time and It’s negative side of ettringite appearing. So to demolish that negative
ettringite side in two-component binder three-component — Gypsum-Cement-Pozzolanic binder(GCPB)
have been invented by Mr. A. Volzhenskiy and his group of scientists. Under Mr. A. Volzhenskiy leadership
some researchers have been made that shows, if we put some pozzolan additives in two-component binder
we would achieve kind of stability of system with strength increasing in air and water conditions without
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any plastic(crush) deformations[6 P.462]. According by Mr. A. Volzhenskiy’s proposal in three-component
binder(GCPB) hardening role of pozzo-lana explained as reducing Ca(OH), concentration in water
conditions to that level when system hasn’t got any circumstances of calcium hydroaluminate existence
as 4CaO*Al,0,*13H,0 and 3CaO*AlL0,*6H,0; which qualify as highly-basic, and start redistribution
process in low-basic consistence. During cement minerals hydration Ca(OH),, or lime, start appearing and
then react with pozzolana additive (SiO,) and in the end of case calcium hydrosilicate forms in system as
CSH(B). By other words low-basic calcium hydrosilicate start appear, which works as protective film for
dehydrate gypsum, covering its, during his hydration from hemihydrate, and prevent his high solubility,
increasing water resistance in whole three-component system. According by Mr. A. Volzhenskiy’s opinion
that kind of processes, which we have described above, demolish circumstances calcium three-sulphate
hydroaluminate form, by easy words ettringite 3CaO*Al,0,*3CaSO,*31H,0, appearing in first and
secondary time. Instead ofthatone-sulphatehydroaluminate formstartappear-3CaO*Al,0,*CaSO,*12H,0,
hydro grenades - 3CaO*Al0,*nSiO(6-2n)H,O, gypsum CaSO,j*2H,O, hydrosilicoaluminate
3Ca0*Al,0,*CaSiO,*12H,0 and theur hard solutions. Transition three-sulphate hydroaluminate form in
one-sulphate form comes with volume decreasing in 1,5 times of original stuff. That situation decrease
critical tension by ettringite appearing. That process comes by reaction: 3CaO*Al,0,*3CaSO,*31H,0—
3Ca0*Al,0,*CaSO,*12H,0 + 2CaSO,*2H,0 + 15H,0. By other words when we demolish any
circumstances of ettringite appearing(cement bacillus) in three-component binder (GCPB) we may
achieve system stability in long-time hardening. Water resistance and hydro-hardening(hardening in
water) may be explained as low-solubility compounds appearance in must cases, calcium hydrosilicate
which protect dehydrate by water soluble action. According by Mr. A. Volzhenskiy’s view that protection
action start with 15-20% cement consistence in three-component binder[6 P.465].

By that author’s work and their researches consistence of gypsum-cement-pozzolanic binder may
consist by percentage of mass(%):

- Hemihydrate gypsum : 75 — 50

- Cement: 15-25

- Pozzolanic additives(with 200mg/g activity): 10-25

Main provisions

Target of research we may see in title and meaning of that is to catch connection physical-mechanical
properties changing as water requirement, setting time, compression strength in 2 hours age, compression
strength after whole natural drying system(7 days, 14 days — depend of ratio actually), compression
strength after steaming chamber, water resistance(Softening factor K ); during transition gypsum binder
to gypsum-cement binder and then to gypsum-cement-pozzolanic binder. Not seeing at this extra target
of research have been X-Ray spectroscopy results examinating by gypsum-cement binder and gypsum-
cement-pozzolanic binder for three-sulphate and one-sulphate calcium hydrosulfoaluminate form which
have been described by Mr. A. Volzhenskiy.

Materials and methods

In that work some materials have been used for ratios preparing:

- Gypsum binder — construction gypsum by “Alinex” KZ company, G-5 according to GOST 125-
2018[7].

- Cement binder — white portlandcement M500-A0 by “ChemTrade”

- Pozzolanic additive — microsilica mark “MKH - 95” by “Tau-Ken Temir” with 100 mgCaO/g
activity.

Gypsum-cement binder(GCB) compound was consist: hemihydrate gypsum — 75%; white cement —
25% as we see here is proportion 3:1. In same proportion have been kept in gypsum-cement-pozzolanic
binder(GCPB) but after pozzolana addition by whole mass percentage: hemihydrate — 62%; white
cement — 20%; pozzolana — 18%. Increasing pozzolana percentage comparing with Mr. Volzhenskiy’s
compound may be explained by its activity 100 mgCaO/g which is half according by Mr. Volzhenskiy’s
compound(200 mg CaO/g). Phisico-mechanical tests of gypsum binder, GCB, GCPB have been based on
GOST 23789 — 2018 «Gypsum binder. Test methods» with changing with few cases. According by GOST
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23789 — 2018 some characteristics have been determined as standard consistence, using with Sutard’s
cylinder, setting time, for strength checking beams 160x160x40 mm have been prepared. After 15+ 5
minutes hardening samples have been leaving in air conditions t = 22+2°C. Some pieces have been tested
in 2 hours age, other pieces have been tested after steaming chamber keeping — 2 hours increasing to 75° C
and then 6 hours steaming. Third group of beams have been leaving for 7 days strength tests. Half of piece
have been tested in 7 days, second piece have been put in water for softening factor(softening coefficient
K ) determination, after 2 days keeping in water. Softening factor(K ) have been calculated as proportion
— compression strength 7 days drying plus 2 days lying in water divided by compression strength in 7
days age. That kind of methods have been used in every rations: gypsum binder(GB), gypsum-cement
binder(GCB), and gypsum-cement-pozzolanic binder(GCPB). One turning in GCB and GCPB, we use
two methods of sample keeping — water conditions(moisture 100%) and hydro-both, during 7 days and
then air conditions as in gypsum binder. That kind of methods described in TC 21-31-62-89 «Gypsum-
cement-pozzolanic binder. Technical conditionsy». After tests experiment few grams have been taken for
X-Ray spectroscopy with using «Drone - I1I» machine, for sulphate forms checking.

Results and discussion

Results of research have been shown in table 1 by three rations GB, GCB, GCPB.

As we may see from table 1 results water requirement was the same at each ratio, 52% by mass of
compound. Flow test by Suttard’s cylinder also same for GB and GCB but have been decrease for GCPB,
which may be explained microsilica presence — 18% by mass of ratio. Here we have dependence — if we
increased water we would keep mixture flow and vice versa if we kept water proportion our flow would
change. Comparing setting time of three rations we may see that there weren’t any changings, that ability
have been inherited by gypsum binder.

The second point is setting time in GCB and GCPB totally the same as beginning and ending. For
explaining that effect we must remember that in hemihydrate — CaSO,*0,5H,0 we also have impurities,
as dehydrate - CaSO,*2H,0 and anhydrite - CaSO,.

Table 1 — Mechanical tests

Type of | Water requirement | Setting time Compression strength N/mm? K,
binder Flow begining 2 hours age | After drying | After water | Steaming
ending inf. chamber
1 2 3 4 5 6 7 8
GB 52 % 12 min.
188 — 190 mm. 22 min. 5,08 14,5 4,75 4,2 0,327
GCB 52 % 9 min. 13,21
5,02 5,91 6,21 0,447
185 mm. 14 min. 11,75
GCPB 52 % 9 min. 16,04
4,00 12,84 7,87 0,8
120 mm. 13 min. 12,59

NOTE: According to column 5 for GCB and GCPB rations in numerator have shown results that’s we take after
hydro-both keeping during 7 days and then drying in air conditions. In denominator have shown results which have been
taken after 7 days water keeping(moisture 100%) and then drying in air conditions.

According to this dehydrate phase in that involves for setting time, organise kind of dotes which work
as central of crystallization hemihydrate to dehydrate transformation. So as much dehydrate impurities
in hemihydrate as many crystallization centres would be and as fast setting time would be. In our case
dehydrate quantity have been increased also by dehydrate from cement. As a result of that addition was
central crystallization increasing and setting time of GCB and GCPB became faster than GB. The same
beginning time may be explained as proportion keeping between cement and gypsum. According by
compression strength in 2 hours age we may see gypsum binder influence in every rations. As an example
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GB - 5,02 N/mm?, GCB — 5,08 N/mm?. Not so big difference, as from cement minerals in that time
only three-calcium aluminate being in reaction with dehydrate. But if we see on GCPB we may notice
4,00 N/mm? strength in 2 hours age which had fallen down and may be explained that mineral additive
— microsilica hasn’t started to work yet. Compression strength which have been shown in 5-th column
almost the same GB — 14,5 N/mm?, GCB — 13,2 N/mm?, and GCPB — 16,04 N/mm?. And that kind of
results may prove theory that properties of GCB and GCPB more close by gypsum which share was 75%
and 62% respectively. According to above paragraphs we may conclude that during application GCB and
GCPB where gypsum and cement stay in 3:1 proportion physico-mechanical properties would’t change so
much as compression strength increasing and others as water requirement, setting time, strength in 2 hours
age also would be inheriting by gypsum binder. Now let’s try to understand differences between GCB and
GCPB according to table 1 results. At first one is storage conditions. As we may know by material science
gypsum is an air binder — a binder which after water addition and hardening increase and keeps its strength
in air conditions — moisture 55+5 % and loose strength in water. But in our research work when we have
prepared GCB and GCPP samples we have combined storage conditions: 1) some samples have been kept
in hydro-both; 2) others have been kept in water conditions — moisture 95+5%(for one sample at each
condition). After 7 days keeping samples was took out and here we have change conditions still keep its
in air condition drying until constant mass(7 days or 14 days — depend to ratio). At conclusion of this we
may notice that GCB and GCPB are not air binders they are hydraulic binders as they may be leaving and
increasing its strength in water. The second point, which may prove that theory, is experiments in steaming
chamber — table 1, column 7-th. Gypsum binder in that case have been shown 4,2 N/mm? which proves
creping factor of that material — after water influence it start loose strength. And here wasn’t only water
influence, it was boiling water — steam and temperature 85+5° C. With GCB and GCPB was vice versa, as
we may see from table 1, 7-th column — GCB — 6,21 N/mm?, comparing with 2 hours age — 5,02 N/mm?.
Gypsum-cement-pozzolanic binder after steaming chamber — 7,87 N/mm? comparing with 2 hours age
4,00 N/mm?. Here we have second evidence which describe them(GCB and GCPB) as hydraulic binders.
The third point of differences between GB on one side and GCB, GCPB on the other side was softening
factor(softening coefficient - K ) — 8-th column. According to gypsum binder(air binder) K = 0,327; to
gypsum-cement binder — K = 0,447 which may qualified as middle water resistance material (K = 0,45-
0,6). Comparing results GCPB where K_= 0,8 and may qualified as water resistance material and also
we may notice here that K_of cement stay in rang 0,6-0,8. Also we may add some observations when our
beams have drying until constant mass, as an example for GB and GCB that process was coming 7 days(7
days in water + 7 days in air conditions for GCB) there weren’t internal moisture at all. Beams from GCPB
which have been half for pieces after 7 dry-days was in 2/3 of internal moisture and drying process have
been finished in 1/3 area of sample only on edges. The others 2/3 have been dried extra 10 days. That mean
for GCPB binder 7 days in water + 17 days in air conditions — t 20+2°C, moisture 55 — 60. That effect
may be explained as — lime Ca(OH),, which appearing from cement hardening start react with pozzolana
additive(Si0,) and organizing calcium hydrosilicates — CSH(I). That element form kind of film which
cover gypsum dehydrate molecules, increase water resistance, decrease diffusion and water molecules
evaporation outside of sample. Also we need notice here some important moments. At first one is that
samples GB, GCB and GCPB as in 2 hours age and as after steaming chamber was in moisture condition
that’s explain numbers of compression strength. During drying process until constant mass, which we
still keep after steaming chamber(steaming chamber process + drying until constant mass) that results
have changed: GB — 10,34 N/mm?; GCB — 13,41 N/mm?; GCPB — 13,83 N/mm?. Comparing with 5-th
column results, which also have been prepared and drying, but without steaming process, we may see one
thing: GB — 14,5 N/mm?; GCB 13,21 N/mm?, GCPB — 16,04 N/mm?, so according to this gypsum binder
loose its strength — 28,7 %. Meanwhile GCB and GCPB after steaming chamber + drying was the same
as normal hardening. According to this we may conclude that hardening process of GCB and GCPB may
come with two ways: 1) normal hardening — moisture 95+5 %, t = 20+2°C; 2) fast hardening — steaming
chamber t = 85+£5° C for 6 hours. The secondary are differences between GCB and GCPB in storage
conditions. As an example 7 days in hydro-both and 7 days in water may explain our results difference
in compression strength. Everything have shown in 5-th column from what we may conclude — the most
effective circumstances of storage conditions wasn’t in water it was in hydro-both as it has shown better
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compression strength. That effect may be explained by one thing — when we keep our samples in water
there is lime Ca(OH), leaching in water, as we may see that our water had became with white powder
around. According to this calcium hydrosilicates in water samples were weaker than in hydro both. The
most noticeable it was in GCPB hardening. By this we may conclude that extra calcium hydrosilicates,
which appearing after Ca(OH), and pozzolana(SiO,) reaction, make a positive effect for GCPB strength.

X-Ray spectroscopy results in gypsum-cement binder and gypsum-cement-pozzolanic binder
compounds. After hardening some samples have been taken for X-Ray analysis. GCB results have
been shown on «GCB 7 + 7» X-Ray Graph (Figure 1) and GCPB results have been shown on «GCPB
steaming» X-Ray Graph. Here we must say that GCPB on X-Ray analysis have been tests after steaming
chamber + 7 days dry process. As we said later the main goal of X-Ray spectroscopy was — calcium
hydroaluminate(ettringite) — 3CaO*Al,0,*3CaS0O,*31H,0 availability. And that’s for GCB but if we say
about GCPB, we have searched for one-sulphate form - 3CaO*Al,0,*CaSO,*12H,0, which have been
described by Mr. A. Volzhenskiy in middle of 60-x.
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Comparing thet graphs we may see same high diffraction maximums with high intensity d, A:
7,65(7,68);4,29(4,30); 3,071(3,075) and more weaker as 3,80(3,81); 2,87(2,88); 2,68(2,68) which explains
dehydrate CaSO,*2H,0 availability(GCPB — number in brackets, GCB number outside of brackets). Our
qualification that mine the same as in resource[10 P.196]. The others diffraction maximums have low
intensity line and may be qualified as cement mines. That low intensity may be explain by concentration
of cement in any compound — GCB(25%)? GCPB(20%). On GCB X-Ray graph (Figure 2) we may
notice low-lines which may be qualify as ettringite(three-sulphate form 3CaO*Al,0,*3CaSO,*31H,0)
d, A: 5,67(5,61); 4,93(4,98); 2,79(2,733); 2,627(2,616); 2,288 (2,230) (ettringite — number in brackets,
GCB graph number outside of brackets) [10 P.285]. GCPB X-Ray graph have shown on picture 2, where
we haven’t see any low-lines intensity which may prove ettringite availability. But here we may see
one-sulphate form (3CaO*Al,0,*CaSO,*12H,0) low-lines as d, A:2,88(2,87); 2,79(2,73); 2,409(2,41);
1,815(1,82); 1,648 (1,66) — one-sulphate form — number in brackets, GCPB graph number outside of
brackets [10 P.284]. According by this Mr. A Volzhenskiy’s theory, one-sulphate form of calcium
hydrosulphoaluminate appearing in GCPB instead of ettringite(three-sulphate form), have been proved in
our research. And also we may highlight one difference between GCB and GCPB graphs. In GCB there
are Ca(OH), low-lines availability d, A: 4,93(4,93); 2,627(2,63); 1,95(1,93) and there aren’t in GCPB
X-Ray graph (Ca(OH), — number in brackets according to[10 P.292], GCB X-Ray graph with Ca(OH),
lines — number outside of brackets) [10 P.292]. According to this we may conclude that we haven’t got
any “galos” by amorphous microsilica as mineral additive and that means there were reaction between
Ca(OH), and SiO, in GCPB, but in GCB Ca(OH), has still stay in three way.

Conclusion

In conclusion we may say in that work we have proved Mr. A. Volzhenskiy’s two theories about
gypsum-cement-pozzolanic binder.

1) Gypsum-cement-pozzolanic binder compound — hemihydrate — 62%; cement(white cement) —
20%; mineral additive with 10 mg CaO/g activity — 18%. Every properties have been inherited by gypsum
binder but it’s not air binder as they increase its strength in water, in steaming process and in air-moisture
conditions — hydro both. That kind of hydro-binder, which hardening process comes in water and in
steaming conditions, have higher softening factor(K ) which same as cement.

2) In GCPB there isn’t any circumstances for ettringite appearing, internal tensile and future system
damage during water and sulphate influence as it comes for gypsum binder.
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KAJIMU# HETT3IHJETT TAJTbBAHUKAJIBIK KATTTAMAJIAPABI EHTI3Y
EPEKIIEJIKTEPI

Angarna. Kasipri 3aMaHFBI TEXHOJOTHSUIBIK TaMmy JeHreiiHe Kon skeTkisy ymiiH Kasakcran PecmyOnmkachIHBIH
9KOHOMHMKAJIBIK, FBUIBIMH-TEXHUKAJIBIK KAPKBIH/IBI 1aMybl TEXHUKa-?KOHOMUKAJIBIK JKaFbIHAaH THIMII 91iCTepAl KOJIIaHBII,
MeTayT OyHBIMIapsl MEH KYPBUIFBUIAPEIH KeHIHEH OHAIpYal KakeT eteni. Coir MakcarTa TOTBIFYFa TO3IMIl, opi THIMII
MeTay1 OyiHBIMAapsl MeH OOIIIeKTepiH OHAIPYIiH HeTi3Ti KOJIIapbIHBIH Oipi — KagMmuiiey 6oism Tadbbutansl. Kagvuit
KanTamMachl WKEMJi, KAHIIBII KamlTayFa, IITaMOTayFa, OYTiUTyre >KEeHUT YIIbIpar, jKaHaJaH TY3UIreH KamTaMaaphbl
MBIPBIIIKA KaparaHOga KBIIIKBUICH3 (horrocTaprma skakchl moHekepieHemi. 2X18H10T wmapkanel OomaTTtaH jxacaiFaH
TOTBHIKITAWTHIH TaCHaHbl KaAMHUWICYIiH TEXHOJIOTHACHIHA 3epTTey XKYprizinai. Kagmuii a1eKTpoauTTepiHiy TYpiepi MeH
KypaMbIHa CAJIBICTBIPMAIIbl Tajlay >Kacalibl. AJIBIHATHIH KalTaMaHBIH CallachlHa dcep eTeTiH (akTopiap 3epTTelil,
OyYHBIMIapABIH IEKTPOIU3ACH KeHiHT1 OaifKalaThIH HEeTi3Ti KepCceTKImTepiHe ecenTey Kyprizinmi. KanramaHslH camacsl
SJIEKTPOJINTTIH KYpaMblHa, OHBIH TEMIEPaTypachlHa >KOHE TOK THIFBI3IBIFbIHA OAilJIaHBICTBI ©3TepPiCKe YIIBIPAHTHIHEI
aHBIKTaJAbL. beTTik-0encenai 3aTTapas! maiinanany 6apbICBIHIA IIOTSHITHA apTy MYMKIHAIriHE Fie 00JbIm, Oepik KanTaMma
KabaThIH airyFa cenTiriH turi3ai. COHBIH iMiHAE AEKCTPHH, KEJIATHH, CTOJISAP KETiMi CHSKTHI OCTTiK-OeIceH 1l 3aTTapMeH
JKYMBIC JKacayubl. bertik-Oencenni 3aT KoJaIaHbUIMaFaH JKaraiaa KaJMUHMEeH KallTaJFaH TaCllaHbIH JKbUITBIPIIBIFBIHBIH
OonMaiTBIHBI KepiHi. Tok mraMamgaH ThIC OepiireH Ke3/Ie Tacha Maia TYHipIIikTepMeH KalTalbIIl, KapalbIlT KeTeTiHAIr
aHBIKTaJAbl. TacaHbl KaAMHUNICYy OapBICBIHAA YAaKbITTHIH MOHI apTKaH CaiblH Tacma OeTiHe MIeTiareH KaaMuid KabaTsl
apra TYCKeHi OalKaipl.

Tipexk ce31ep: rabBaHUKAIBIK KarTamanap, KaAMuiiiey, MeTam OyibimMaap, 31eKTpoinT, bA3.

Sdikova G.Zh.*!, Shamilova A.Zh.!
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090500, Uralsk, Kazakhstan
*E-mail: sdikova.guliya@mail.ru

FEATURES OF THE IMPLEMENT OF CADMIUM-BASED
ELECTROPLATING COATINGS

Abstract. The rapid economic, scientific and technical development of the Republic of Kazakhstan in order to achieve the
modern level of technological development requires a wide production of metal products and equipment using technically
and economically effective methods. For this purpose, one of the main ways of producing corrosion-resistant and efficient
metal products and parts is cadmium plating. Cadmium plating is flexible, easily amenable to rolling, stamping, bending,
freshly prepared sheathing is better welded on acid-free fluxes than zinc. A study of the technology of cadmium tape made
of stainless steel grade 2X18H10T. A comparative analysis of the types and composition of cadmium electrolytes was
carried out. The factors affecting the quality of the resulting packaging are investigated, the calculation of the observed
main indicators of products after electrolysis is carried out. It is established that the quality of the coating undergoes
changes depending on the composition of the electrolyte, its temperature and current density. The surfactant contributed
to the production of a durable packaging layer with the possibility of increasing potency during use. Including work
with such surfactants as dextrin, gelatin, carpentry glue. It was seen that the cadmium-coated tape has no gloss unless a
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surfactant is used. It was found that when the current is overvoltage, the tape is covered with fine-grained granules and
darkens. When the tape was cadmated, the cadmium layer deposited on the surface of the tape increased with increasing
time.

Key words: electroplating coatings, cadmium plating, metal structures, electrolyte, surfactants.
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OCOBEHHOCTH HAHECEHMS TAJIbBAHUYECKHX IMMOKPLITUI
HA OCHOBE KAMUSA

AHHOTauMs. 71 TOCTHKEHNS COBPEMEHHOTO TEXHOJIOTUYECKOTO YPOBHSI, CTPEMUTEIHLHOTO YKOHOMUYECKOTO M HAYyYHO-
TEXHUYECKOro pasButus PecnyOmuku Kaszaxcran TpeOyeTcs MIMPOKOE MPOU3BOACTBO METAUIMYCCKHX H3ICIUN U
00opymoBaHus ¢ MpUMEeHEHHEM 3()(GEKTHBHBIX C TEXHUKO-IKOHOMHUYCCKON TOUKH 3pEHHSI METOMOB. J[jist 3TOro omHUM 13
OCHOBHBIX CIIOCOOOB TOJIYUCHHS] KOPPOSHOHHOCTONKUX ¥ 3()(HEKTUBHBIX METAUTUUCCKUX U3JICIHNA U CTalCi SBISICTCS
KajMupoBaHue. KaIiMUpOBaHHOE MOKPBITHE FMOKOE, JICTKO TOAMACTCS CMSTHUIO, MITAMIIOBKE, U3TUOY, JIydIlle HmasieTcs B
HEKHUCIJIOTHBIX ()TFOCAX, YeM IIOKPBITHSI Ha OCHOBE IIUHKA. [ [pOBEICHBI HCCIICIOBAHUS [T0 TEXHOJIOTHH KaIMUPOBAHHUS ICTATH
n3 Hepkaseromien crtanu 2X18H10T. IIpoBeneH cpaBHUTENbHBIN aHATN3 TUIIOB U COCTaBa KaJMHEBBIX DJIEKTPOIHUTOB.
W3yueHbl (haKTOPBI, BAMSIONINE Ha KAYECTBO MOIYYaeMOT0 MOKPBITHS, PACCYUTAHBI OCHOBHBIC [TOKA3aTeIn, HA0I0naeMbie
MoCIe BJEKTPOJIM3a. YCTAHOBIEHO, YTO KAa4eCTBO MOKPBITHS MEHSAETCS B 3aBUCHMOCTH OT COCTaBa JJICKTPOJIHTA,
TEeMIIepaTypsl W IUIOTHOCTH TOKa. Bo Bpems ucmosb3oBanus [TAB moTeHmman yBEIWYHIICS, YTO CIOCOOCTBOBAJIO
MOJYYCHUIO TPOYHOTO CJIOS MOKPBITHA. B KauecTBe MOBEPXHOCTHO-aKTHBHBIX BEIICCTB OBUIH HCIIOIB30BAHbI ICKCTPHH,
JKEJIATHH, CTOJISIPHBIN KJIeH. Bbls10 00HAPYKEHO, YTO TIACTUHKA C KaJMUEBBIM MIOKPBITHEM HE UMECT OJIecKa B OTCYTCTBHE
MOBEPXHOCTHO-AaKTUBHOTO BEIIECTBA. BbIIO OOHAPYXKEHO, UYTO MPHU YPE3MEPHOM YMOTPEOICHUU TOKA METaluTHuecKast
MJIACTUHKA TIOKPHIBACTCSI MEIKUMU BKpAIJICHUSIMH U YepHeeT. [Ipy HaHeCeHUH rabBaHMUYECKOTO TIOKPHITHS HA OCHOBE
KaJIMUsl OTMEUEHO, YTO CJION KaJMHsl, OCaXJICHHBIN Ha MOBEPXHOCTH TUIACTUHKH, YBEIIMYUIICS TIO UCTEUCHUN BPEMEHH.

KiroueBble cjioBa: rajbBaHUYECKUE MMOKPBITHS, KAAMUPOBAHUE, METAJION3ACHs, dJeKTponuT, [TAB.

Kipicne

Kazakcran PecnyOnmukacel rajgbBaHMKAIBIK OHIIPICI JaMblFaH eJIiH Oipi OOJBIT TaObLIaIbI.
[anpBaHUKAIBIK OHAIPICTEPIIH TaMybl KOFAapbl, OWTKEHI MeTayul OyHBIMIApbIH TOTBIFYIAaH KOpFay
MaKcaTbhIH/Ia 9p TYPJi KanTamaiap KojaaaHbelianel. bonarran xacanraH OeekTepai TOTBIFYIaH KOpFay
YILIiH KaJMUH KarTamanapsl kel cypanbicka ne. Ce6e0i kagmuii atMocdepablk )KoHe TeHI3IK JKaFaiia
TOTBIFYFa TYPaKTbl OoibIn Tabbutaabl. KaaMuii Kantamanapbl TYpakThl (Scipece CUITUIIK opTaja) )KoHe
TYPJi TYCTi, COHBIMEH KaTap KOPFaHBIII KaOaThIHBIH MUITIIITIT JKOFapbl 00BN Kesedi. [ albBaHnKaIbiK
KanTayfa apHajraH OyHbIMAAp SJETTE MEXaHHKAJBIK OHJCY HOTIDKECIHIE Maiiay MaTephalgapbIMEH
JIaCTaHBIMN, TEPMUSUIBIK OHJCYIACH KeiiH HeMece arMocdepanblK ocep €Ty HOTHXKECIHIE OKCUATEPMEH
JKa0bLIAIbI.

Kanmuitmen kanray - OyidbIMIapabl KaIMUH METaJbIHBIH KYKa KOPFaHBIC KaOaThIMEH KalTaWThIH
MarepuanIbsl TYHAbIpY npoueci. JXKaObiHaap OipHerie TocinaepMmeH Kantanaabl. COHBIH iIIIHIE AJIEKTP
TOI'Bl OTETIH KaJIMUH Ty3bl pITIHAICIHIH KYThUIapblHA KaObULIAyIIbl 3aTrTapabl Oatsipy. KammuiiMen
KanTay IpolecTepi KillipeK 3aTTapra apHaIFaH MEXaHUKaJIbIK )KOHE BaKyYMJIBIK JICTEP/Ii KOHE )KOFaphI
Oipkenki »xaObrHmapabl Oepyai KamTuabl. Kaamuii TaHbIManm KanTay MaTepHaibl OOJBINT TaObLIalb.
OiliTkeHi on OyiibIMAapFa TOTBIFYFa JKOFApbl TO3IMIUTIK, TOMEH YHKeNiC KOA(PQHUIMEHTTEpi KOHE
JKOFaphI IOPEKEIN IEKTp OTKI3rimTiK Oepeni. Kaqmuiini kanray MaTepuaibl maiaanaHybl SKOJIOTUSITBIK
Moceenepre OaiIaHbICThI KaTaH OakplIayFa aiabiHabl [ 1, 2].

Herizri karunanaap

Kaamuiinenren xxa0biH - Oepik skoHe aMOeOarn MeTaabIK )ka0biH. Kaamuii — xxymcak ak metamt. O

18



o XUMNKO-TEXHOJTIOTMYECKUE HAYKH o

Oosarka, NOMBIHFA, HUITIII TEMipre, MBIC )KOHE YHTAK METaJjFa )aObuiFaH Ke3/ie cyocTpar MaTepraibiHbIH
aJJIBIHA KOPPO3USFAa YIIBIPAUTBIH «KYPOAHIBIK KaOBbIH» KbI3METIH arkapajbl. Kaamuii maObIHBIHBIH
KOPPO3MsIFa KapChl KOPFAHBICHIH apTTHIPY YIIIH aJIThIH TYC O€peTiH XpOMaTThl TYPJICHIIPY >KaObIHIAPbI
YKaJIaThUTFaH METAJIBIH YCTIHE XKaFbUTybl MYMKiH. 30UTYH TYCI CHUSIKTBI OacKa TycTep Je Koi xeTimi [3].

Kagmuiimen Kantay KOMITO3UIMSAIapbl MEH MPoLecTepiHin OipHee Typiepi 6enrimi. bipak omapasin
KONIIUTiri 6ap KyHbIHA HEMece OHJEYMIH KYpACIiTirine, oHIMHIH OIpKEeNKUIITiH caKTay KHUBIHIIBIFBIHA
0aiiTaHBICTBI KOMMEPIIMSUIBIK Taiiananyra OediMaenMereH. ['apbBaHUKAIIBIK KanTay opKamlaH OapIibIK
MIPOIECTIH axbIpamac 0esriri OOJBIN Ta0bUIATHIH OCTTI MalbIHAAY. SIFHM KanTaJFaH eHIMIEP/IiH OCTiHCH
Maif MEH OKCHATEPCH Ta3zapTynaH Oactay anajisl [4, 5]. beTTi MykusT Tazanay onaH opi raabBaHUKAIIBIK
OTIepaLUsIIAP/IBIH TANTHIPMAC MAPTH OOJIBIN TaObLIA B

JIaWbIHIBIK OTEpalusuiapbl MEXaHUKAIBIK HEMeCe XHMMSIBIK JKOJIMEH JKy3ere achIpbLIajibl.
MexaHHKaNbIK 9icTepre adOpa3uBTi YHTaKTapMEH OHJey, Oypay, TericTey, KbUIThIpaTy *oHe LIeTKaMeH
OHJIEY CHUSKTBI MpOLECTEP, al XUMHUIBIK 9/iCTepre MauChI3aHIbIpy, OO, OeJceHnipy (nekamupiey),
Kyy, COHIail-aK >ka0yra OOJIMalThIH OETTIK aliMaKTap/bl OKIIayjay »karajbl. AOpa3uBTI YHTaKTapMEeH
OHJICY JKOHE JKYMBIpJay - OHAIPICTIK KaF[aija KOJIJaHbUIAThIH dJicTep. AOpa3uBTI YHTAKIIEH OHJCY
KOH/IBIPFBICHI apaacTHIPFBIIINECH HEMECE OPTAJBIKTAH TEIKIII COPFBIMEH KaObIKTAIFaH kKOHE KYPFaK
YHTaKMeH Hemece a0pa3uBTI YHTAKTBIH CYMEH CYCIEH3HMSCHIMEH TOJITHIPBUIFAH 0onar pesepByapiaH
Typazs [6]. KakeTTi KbICHIM CHIFBUIFaH ayaMeH KaMTaMachl3 eTUTeI.

bemmekrepni Tazamayra apHamFaH aya KbICBIMBI OOJIKTEp KaOBIPFACHIHBIH KaJIBIHJIBIFBIHA
OaiimanpicTel 50 sxkoHe 500 klla apanbiFbiHma O0Mysl Kepek. AOpa3uBTI CYCHEH3WSIMEH OHICITCH
OenmekTep BICTHIK HEMECE CYBIK CyMEH BaHHaJap/a KybUIaIbl XKoHe KenTipy mkadrapsiaga 85-100 °C
TeMIIepaTypaaa KenTipijienai HeMece ChIFbUIFaH ayaMeH YpJICHE .

OnekTp kaObIHBI aJIbIHIA 3aTTapbl Ta3alay[dblH ap3aH opi OHAHM JKOJNBI - OJapAbl KYpaMbIHIA
THIPOKCUATEP, KapOoHarTap, docdarrap, nomudocdarrap, MeTacuimkarTap, OCTTIK-OCICEH Il 3aTTap
JKOHE JKYFBINI 3aTTap Oap CLATUI BaHHAjapia kyy. KagmMuiiMeH KanTayablH Kem 0eJiri epiTy apKbUIbI
JIalbIHIAIFaH CUITUI IMaHU]] BAHHAIAPBIH/IA KY3€Tre achIpbUIa/ibl (HATPUH [MAHUIHIH epITiHICIHALeT1
KaaMui okcui). Harpuii ruspokcui skoHe HaTpuil KapOOHATHI KYPaMbIHAFbl PEAKLUsIIap HOTHKECIHIE
TY311€/11 )K9HE oJapAbIH KypambiHa Kipei [7]. bonat cbiM TopiapbiHaa UTiHIeH KaAMUid [Iapiapbl KanTay
aHOATAphl PETIHAEC KbI3MET eredi. Harpuil ruapokcuii >korFapbl jKyyFa KaOineTTiHe ue, Oipak MbIC,
MBIPBIII JK9HE ATFOMUHUIN KOpBITIATapblHa arpeccuBTi keneai. COHbIMEH KaTtap, OHbI kKyy KublH. HaTpuii
KapOOHAThI )KaH-’KaKThI )KOHE a3 arpeCCUBTI MaliChI31aH IbIPY BAHHACHIHBIH KOMITOHEHTI OOJIBIT Ta0bLIa IbI,
COHJIBIKTAH TYCTI MeTaAap YIIiH xkapamibl. TpuHaTpuiiocdars! CyabpIH KEPMEKTITIH TOMEHAETE 11 )KOHE
MeTasul OeTTepiHeH OHall >KybUIabl. TazamaHaTbiH OeJlikTepae KpeMHHUH TUOKCUI TY3Uly MYMKIHAIriHE
0aiiJTaHBICTBI OHBI AHOATHI JJEKTPOJUTTIK MaWCHI3TaHIBIPYFa apHAJIFaH KOCMa PETiHAe KOJIaHyFa
6ommvaiinet [8]. XKyy epiTiHAIepiH CIATUTIK TopeKeciHe Kapal Y Tormka 6exyre 0oambr:

a) Oomar OYHBIMIAP/IBI aJ/IBIH ajia Ta3anay Kymri cinrin (pH = 12-14);

0) SJCKTPONUTTIK MaWChI3MaHIBIPY aJABIHAA OOJNaT OYHWBIMIApIbl Ta3ajayra apHaJFaH opTalia
cirrimi (pH = 10-12);

B) TYCTI MeTalaapapl MalChI3AaHbIpy YIiH azfamn ciatiti (pH = 8—10).

XUMUSITBIK MAalCBI3AaHIBIPYFa apHAIIFaH CUITLUIL epITIHAIIepAiH Kypambl 1 KecTene KenTipijireH.

Kecte 1 — DnekTpoXUMUSUIBIK MaiChI3aHABIPYFa apHAIFaH epiTiHIl

Kommonent, /1 Epirtinai Typi
Nel Ne2 Ne3
Harpuit runpoxenai 200 - 35
CyYHBIK IIBIHBI 500 35 -
Harpuii dpocdars 280 15 14
CychI3 KoMip KBIIIKBLTHI - - 62
blnranaanabIprbII 30 2 6
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Nel epitinni OomarraH >kKoHE IIOMBIHHAH >KacairaH OyibIMaapra KOJJIaHbUIAAbL. bapibik
komrorentrepai 0,6 1 cyga epitin, 1 7 Kememre cy KOCbUIaJbl. AJIBIHFaH KOHIICHTPJI €pITIHAIHI
Toxipubenik Konganyna 1:10-nan 1:30-ra meliinri apakarbiHacTa CyWbUITYy Kepek. Ne2 epiTingi OapibikK
komroreHtrepai 0,6 1 cyna epitim, 1 1 kereMiHAe KochiMIa Cy Kysiabl. Ne3 epiTiHai MbICc OerikTepi
MEH OHBIH KOPBITIAJAPhl YIIIH KOJAaHbLIa (bl BapiiblKk KOMIOHEHTTEPAl a3 MeJIIepae cyaa epirim, 1 i
KOJIEeMiH/Ie Cy KOCBUIaIbl. DIEKTPOXUMHUSIIBIK MaHCBI3aHIbIPY XUMUSUIIBIK MaiChI31aHAbIpyFa KaparaHaa
0eTTi TazanayablH TUIMIIPEK oici Oonbin Tabbuta el ONTKEH1 OommeKkTepain OeTiHae 0emiHeTIH cyTeri
HEMece OTTeT1 KOIipIIKTepi Mait OemekTepi MeH 0acka JiacTaymibl 3aTTapbIH 06JIiHYiHEe BIKIAJ €TEe/i.
DNEeKTPOXUMUSIIBIK MaMChI3IaHIBIPY KATOATBHIK JKOHE AHONATBHIK OONYbl MYMKIH. DJIEKTPOXHUMUSIIBIK
MaiChI3IaH/IbIpyFa apHaJFaH BaHHaJlAp KeOiHece KAaTOATBHIK JKOHE AaHOATBHIK MaWCBI3AAHIBIPY YIIIH
Oip BaHHAHBI TMaijanaHyFa MYMKIHIIK OEpeTiH MONIOCTI aybICTBIPFBIMINEH >KaOIbIKTanFaH. KaTonrsl
MakChI3aHAbIPy Ke3iHAe BaHHAIAAFbl KOCHajgap TYpiHAeri Metangap Oemnmekrepain Oerine meremi. O
KYHTIpPT, KMBIH €pUTIH kaOblH TypiHae kepineni. Keiine maiichlznannplpyaan keifin 0eTti O6enceHaipy
YIIiH KOJJIAaHBLIATBIH KBIIIKBUT E€PITIHIIICPAC TOJBIK epiMeii. AHONTBIK MaWCHI3TaHIBIPY OCTiHIETi
oTTerini 0ocarbim, OETTIK TOTHIFYABI TYABIPaAbl. byi eTe y3ak mporecc ®oHe ThIM >KOFapbl TeMIeparypa
MEH JKOFaphl TOK TBHIFBI3IBIFBI 0ap MBIC TICH KE3/iH KaparoblHa OKelyi MYMKiH. bys kaparo TinTi eTe
CYMBUITBUIFAH KBIIIKBUIIAP/IA J1a OHAM JKOWBLIAIBI.

DNEeKTPONUTTIK MaiChI3NaHABIPY/Ia JKaKChl HOTIDKENIEPre JKeTy VIIIH Keleci epexenepii cakray
KaXer:

1) YchIHBUIFaH MaMCHI3TAHIBIPY YaKbITBIH acbipMay. Ce0Oebi Oy OemmieKTepiiH CyTeriMeH
KaHBIFybIHA, OCTIHIH KapaloblHa JKOHE cepimnmeni 0eIIeKTep/IiH ChIHFBIIITHIFbIHA OKEIe/I];

2) Cepimnrenep MeH KyKa KaObIpraiibl 0osat OesnmekTepai (1 MM-re IeliiH) TeK aHOATICH OHJICY KepeK;

3) Mpic nieH OHBIH KOpBITIAJapbiHAH jKacajFaH OeJIIeKTep Il TeK KaToTa MaChI3aHIbIpy Kepek,
OUWTKEHI aHOJTHIK MpoIecc Ke3iHe OyibIMIap TOTBIFBII, KYHTIPTTEHEI],

4) ByiibIM MBIPBIII, KaJlalbl, KOPFAChIH JKOHE XPOM CHSKTHI KabaTTaH TYpMaybl Kepek, oyiap epyi
HOTIDKECIHIE IEKTPOIUTTEepAl JacTaiast [9, 10].

Marepuasgap MeH aicrep

OKCHEPUMEHTTIK JKYMBIC OapbICBIHIIA SJIEKTPOIM3EPIiH ONIeMIepiHe COWKeC TOTHIKIAWTHIH
Oomarran sxacanraH Tacma KommaHeUabl (12X18H10T wmapkaner Tacma). XKymbIc skacamynarbl €H
OipiHIN KajaM - TYWipHIiKTepi opTypii emmeMzai (ipi HeMece Maiiia) KeleTiH ereyKyM Kara3bIMEeH
Tazapty. AnaeiMeH OyibIMAapAbl ipi TYHIPIIIKTI €reyKyM Kara3bIMEH OHJEY >KYMBICHI KYPTri3isii.
bylibiMHBIH aynmaH OeTiHzaeri ipi chI3aTTapbl TOJBIKTAW KOO YIIIH OOJIIeKTep IUCTHIICHIEH CYMEH
90/ICH JKYBUIBII, HATPUN TUAPOKCUIIMEH MaNChI3AaHABIPbULIBI. KeiliH KyKipT HeMece Ty3 KbIIIKbUIBIHBIH
QJICi3 epiTIHIICIMEH Ta3apThULIbI. OHICYICH KeHiH Taca SKCUKAaTOp/ia KENTIPUITeH COH, aK Ta3a Karas3ra
opaiipl. MaichI3AaHpIpy MPOLEC] HATPHIA THAPOKCHII KaThIChiHaa, 0,36A/1m? TorbiMeH 10 MHH yaKbIT
iminze ’y3ere achpblIIbl. DIEKTPOXUMHUSIBIK Ta3apTy KYKipT Kpimkbuibiven (H,SO,) 0,36 A/nm* Tok
ki0epin, 20 MUH KaThIChIH/IA KYPTi3UII.

DICKTPOXUMUSUIIBIK KaJMHWICy Ke3iHme karon perinae mapkachl 12X18HI10T TOTBIKIMAWTHIH
OonarTaH )KacaiFaH Tacmagap KOJJAHBLUIIGI (Tacma *Kammbl ayJaansl — 8 cm?). EpimMeiiTin aHoa peTiHze
rpa¢ut anbiHabl. KypambpiHna xkaaMuil Ty3bl, aMMOHUI TY3BI JKOHE SpTYpIi Kocmanap, Mbicansl, HD
JUCTIEPraTophl, YCTa KeliMi, YHACUUI(POCHUH KHIIKBIIBIHBIH JAUATAHOJAMHUH TY3bl Oap Kaamuii
ANIEKTPOJIHTI Oenriii. bepireH AMeKTPOIUTTIH KeMIIUTIT — CUITUTI aKKyMYJISITOpIapbIH AJIEKTPOIATHIK
TUTACTUHAIAPBIHBIH KAJBINTACy CAaThICHIHAA THIFBI3 TETIC JKBUITBIPp TyHOara OaiyaHbICTBI OenceHi
Marepuaiap KaObipmakranagsl. COHBIMEH Karap OeyiceHmiprim Kocmaubl  (yHIEIWIPOoCHUH
KBIIIKBUTBIHBIH JUATAHOJIIAMHH TY3bl) OHEPKICIN JaMbIMAaFaH IBIKTaH )KOHE KYHBI XKOFaphl OOJIFaHIbIKTaH
JKarmai eHaipicTe KoIanyFa 00aMai b, Ne3 aJIeKTpOTUTTiH KeMITUTIT 3JIEKTPOATHIK TUTACTHHATAPBIHBIH
KaJIBITITACy CATBICBIH/IA TETIC KBUITHIP TyHOAara OalaHBICTBI AaKTUBTI 3aTTap/AbIH KaOBIPIIACKHI AJBIHBII
KaJaJpl.

HaTun:xesiep MeH TaJKbLIay

KapamnaiibIM KBIIIKBUT 3JEKTPOIUTTEPAl AaWbIHIAY YLIIH OapiiblK KOMIOHEHTTEPl KBbUIBI Cyna
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OeJieK epiTirl, TaJlbBAaHUKAJIBIK BAHHAJIAP/IbI dKAPTHICHIHA JIEHIH CyMeH TONThIpabl. Keliin oran annpiMeH
KYKIpPT KBIIIKBIIBIH MYKHUAT KYWFaH COH, TY3 €pITIHAUIEepiH OipTiHIACT KOCabl. ¥ ChIHBUIFAH AJICKTPOIUTTI
naiiianany eHiMHIH OeTiHe HAaKThI (PU3HUKAJIBIK KOHE XUMHISUIBIK KacueTTepai O6epeni. Kpicka axcno3unus
YaKbITBIH/Ia TYHOQHBIH JKOHE OHBIH 00C (KeyeKTi) KypbUIBIMBIHBIH KaKChl aATe3UsChIH airy. by HUKenb-
KaJMU JJTaMeJICi3 CUITUI aKKyMyJIiTopJiap/ia KaJIMUN 3JIEKTPOATAPBIH jKacay TEXHOJIOTHICHIHAA KOJIIaHy
YIIIiH JJaMbIFaH OeTi 0ap rajbBaHUKAJIBIK ipi TYHIPIIIKTI KarTaMaxapabl alryFa MyMKiHik oepeni [11, 12].
AWTBUTFaH AIIEKTPOIUTTEPMEH JKYMBIC PEKUMI 2 KecTe/ie KOpCEeTUITeH.

Kecte 2 — Kanmuii 2eKTpouTTepiHiH KypaMbl MEH JKYMBIC PEXKUMI

Epitinni kypamsl, r/1 Nel Ne2 Ne3 Ned

CdSO4-8/3H,0 - - - 7,5
Cdo 5 - - -
cdcl, - - 6 ]

(CH,C00),Cd ] 5 ] }
H,S0, - - - 7,5
H,BO, 8 8 - -
NH,CI - - 34,5 -

(NH,),S0, 10 10 - -

OTUJIICHTJIUKOJIb - - 4.5 -

THOMOYEBHHA 4 4 - -

JIEKCTPUH 1,5 - - -

Crousip sxesimi - 2 - -

JKEJIaTHH - - 1 _
t, °C 15-20 25-30 OoaMe TeMI 15-20
i, A/am? 1

byitbiM MeH Kanmail na Oip OesnmiexkrepiH OCTTIK aylaHbIH METaJIMEH KalTap ajAbIHIA YKYMBIC
PEXHMMIH OpHaTy OapbIChIHIA TOK TBHIFBI3/IBIFBIH JKOHE KAKETTI TOK KYLIIH AYpbIC TaHIAN aly YIIiH
KanTaJaTblH OYHBIMHBIH O€TTIK ayJJaHbl ecenTelinal. bemmekrepain ayaansl aiIbIMeH 06JIeK eCenTetill,
KEHiH XKUBIHTBIKTaNIa/1bl. ByiibIM HeMece OemmeKTepi KanTay TEXHUKAJIBIK IapTTapMEH KapacThIPbIIFaH
Oenrini 61p KaJbIHIBIKTAFbl METANBIH KOPFay KaOaThlH aly TarchblpMachlH OpbIHaiiibl. COHBIMEH KaTap
OFaH coJ1 Oenriti Oip KaJdbIHABIKTAFbl TYHOA aly YIIIH KaXeTTI YaKbITThl HEMECE 3JICKTPOIM3IIH OeNTii
YaKbITBIH/Ia aJIbIHFAH TYHOQHBIH KaJBIHIBIFBIH aHBIKTAy Kepek Oomazpl. KanTanarbiH OyHBIMHBIH TyTeln
OeTiH ecenTey KaxeT. [ eoMeTpusibIK ecentey hopMymnanapbl MEH MOHJEPI 3 KecTele KeNTipUIreH.

Kecte 3 — ByiibIM OeTiHIH TeOMeTpHsUIIBIK ecentey GpopMmynanapbl MEH MOHAEPI

Ne (dhopmynacer Mownnepi
1 | Tik ToptOypeim | F=ab F - aynman, cm? 8 cm?
OeTiHiH ayJaHbI a - TaCTIaHBIH Y3BIH/IBIFBI, CM;

b - TacnaHbIH €HI, CM

2 | Tik TeptOypsim Geti | S =20P(atb)/ab | S - GyiBIMHBIH OCTTIK aymTaHbl, CM?; 23,968 cm?
P - OyitBIMHBIH caMarsl, T;

a - TaCIAHBIH Y3bIH/IBIFBI, MM;
b - TacnaHbIH €HI, MM
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3 | Kanrayra Tuicri G = 10Say G - TYHIBIPBUTFaH METAABIH CaJIMaFHl, T; 6,183r
METAIIBIH CaIMarsl S - Karrranyra THicTi 6ert, M

a - TYHJIBIPBUIFaH METaJUT KaOBIFBIHBIH KaJIBIHIBIFbI, MM;
Y - TYHIOBIPBUIFAH METAJ/IBIH YIIeC CAIMaFbI, Ip/cM?

4 | Karonra P=CIt/100 P - xaToaTa TYHFaH METaJIJIbIH CalMarsbl, T; 0,64 r
TYHJIBIPBUIFAH I - xibepinreH ToK Kyuui, A;
METaJIJIbIH CaJMaFrbl t - DIIEKTPOJIM3 YaKbIThI, CaF;
1 - TOK OOMBIHIIIA HIBIFBEIMBI
5 TyHFaH MeTal V=Pl P - karonTa TyHFaH MeTaNIbIH CAJIMaFbl, I 0,074 cm?
KeJieMi Y - TYHABIPBUTFAH METAJIBIH YJIeC CajMarsl, Tp/cm’
6 | »kaOBbIHHBIH h=V/S S - OyitbIMHBIH OCTTIK aymTaHbl, CM> 31mxk

KaJIbIHABIFbI

7 | TOK TBIFBI3IBIFBI i=1/S { - TOK TBIFBI3ABIFEL, A/1M? 0,36 A
I - xibepinren Tok Kymi, A

Kanmuii kanramacbiHa OCTTIK-O€JICEHII 3aTTapAblH OCEpiH aHBIKTAY YIIH JJICKTPOIUTTEPHIH
ANIEKTPOTKI3TIIITITIH apTTHIPY YIIIH KaTOATHIK MPOIECKE KATBICIIAMTHIH, O1paK AIIEKTPOTKITIIITIT] )KAKCHI
KOCBIMIIIazap Kocazbl. KpIIIKbUT 371€KTPOIUTTEpre KhIIIKBUIIBIH aTTac MOHAAPBIHBIH TY3/1aphl, ajl CUITLI
anektponurrepre NaOH, KOH kocyra Oonajpl. ONCi3 KbIIKBUIAL, HEUTPAIILI JKOHE OJICI3 HETi3i
MEKTPOTUTTEPTe CUITUTIK HEMECe CUITLTIK JKep MeTalaapAblH TY3IapbiH Kocaabl. COHa AIEeKTPOTKIZIII
KOCBhIMILIAJTap 3JIEKTPOIUTTIH KbIIKBUIIBIFBIH ©3repTiel Typy kepek. Kemnreren anekrponutrep Oenrimi
pH wHTepBasbIHIA JKYMBIC ICTETeHMIKTEeH, OaKbUIall OTBIPY YHIiH Oydepii KoChIMIIagap eHTi3ell.
Kebinece 00p KBIIIKbUIBI, HATPUH alleTaThl, CipKe KBIIIKBUIBI XkoHe T. 0. Kommanazsl [13, 14]. Kagmuiiney
mporieci Ke3iHae IEKTPOIUTKE OSTTIK-0eJICeH Ti 3aTTapabl KOCY apKbIIbI Carachl )KOFaphl, TEric OYHbIM
anmyra Oonaapl. OHpaipicTik karmaiaa cuatanon J(C-10, xenarumn, xemm, LY OexiTkimn, kpaxman,
OI1-10, mucniepratrop H®-5, TnokapOaMu CHSIKTBI OETTIK-O€ICeH I 3aTTap AIEKTPOIHUT ePITIHAIepIHE
KOCBLIaIbl. by Toxiprbe OaphIChIHIa KEJIAaTHH, ICKCTPHUH YKOHE CTOJISP JKETiMi KOJIaHbLIJIbL.

Bapiblk snmekTponuTTepae KaaMHUM €Ki BaJeHTTI Typae Oomanbl. ANl OHBIH 3JIEKTPOXHMHUSIIBIK
skBUBaJCHTI 2,2 T/A cararka TeH. KagMuNIiH Tery »KbUIJaMIbIFbl MMalIadbIHBIIATEIH KaTOATHIH TOK
TBIFBI3/IBIFBIHA )KOHE TOKTBIH IIBIFBIMBbIHA OalIaHBICTHI op TYPi 6omazs! [15]. Bynan opi TOK THIFBI3IBIFBI
e3repreH Keszeri KaaMui TyHOamaphl KYPhUIBIMBIHBIH ©3Tepyl KaJaranaHabl.

3 TaMIIIBI IGKCTPUH EPITIH/IICI KOCBUIFaH AIEKTPOIUT €PITIHAICIH/IE TOK THIFBI3IBIFBIHBIH 63Tepyi:

1 A/nm?: Tactia GeTiHe Cyp TycTi KaObIKia Ty3uiai. Metas Heri3iHe ®akchl TYTaCKaH ipi TYHipIIiKTi
KaOBIKIIIa TY3UII.

1,5A/nm?: Tacma OeTiHae aKIIBLI-CYp TYCTI KaObIkiia Ty3inmi. TacmaneiH OeTi Gipkenki Jepitik
KanTaJiFaH.

2A/nm*: Tacma OeTiHae cyp TYCTi KabObikia Ty3uuai. Ty3iaren KaObIKIIa TacraHbIH OCTiHE HaIIap
OipiKKeH JKoHE TUTacTHHA OeTi KaObIpiakTanFaH. KolaHbIIaTbIH TOKTHIH KaTOIThI THIFBI3IBIFBIHA KOHE
Op TYPJIi TOK HIBIFBIMBI K€31HET1 TOyeNAUIIriHe OaiaHbICThl KaAMUNUIH TYHY KbUIIaM/BIFbI 4 KecTeze
KOPCETLITEH.

Kecte 4 — TOKTBIH IIBIFBIMBIHA OaiIaHBICTHI KaMUNIIH 16Ty XKbUITAMABIFbI (MKM/Car)

TOKTBIH THIFBI3/IBIFbI, TOKTBIH IIBIFBIMBI, %
Dk, A/mm?
75 80 85 90 95 100
0,5 9,1 9.7 10,3 10,9 11,5 12,1
1,0 18,2 19,4 20,6 21,8 23,1 242
2,0 36,4 38,8 412 43.6 46,2 48 4
3,0 54,6 58,3 61,8 65,4 69,3 72,6
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®
4,0 72,8 77,6 82,5 87,2 92,4 98,8
5,0 91,0 97,0 103 109 115 121
6,0 109,2 116,6 124,0 130,8 138,6 145,2
7,0 127,4 136,0 144,6 152,6 161,7 169,4
8,0 145,6 155,2 165,0 174,4 184,8 197,6
10,0 182,0 194,0 206,0 218,0 231,0 242,0

DJNEKTPONIUTTIH KYpamblHa, TEMIIeparypachbiHa, apajacTblpy KapKbIHIbLUIBIFbIHA OaiIaHBICTHI
TOK THIFBI3IBIFEIH 0,5-5 A/nM? MHTEpBall apalbIFbIHIA KojmaHyFa Oomanpl. OpTamia mamMaMeH KaJMui
KoHIeHTpanuscel 20 /11 O0IFaH Ke3/e TOK THIFBI3ALIFE — 1,5-2 A/nM?, kaaMuii KoHIeHTpanusice! 40 /71
OOIFaH Ke3/le TOK THIFBI3ABIFBI — 3—4 A/aM? Gonajbl. OJETTer] Kail PeXKUM/Ie EKTPOIUTTIH TYPAKThI
KYPaMbIH KAMTaMachl3 €TETiH aHOATHI TOK THIFBI3IBIFEI 2 A/IM? — TaH acmaysl Thic. JKui TeMneparypaHsl
20-35 °C apanbIFbIHIIA YCTaNBI, OipaK KaXxeT OOJIFaH jkaraiina oHbl apTThIpyFa 0onasl. Tok OoibIHIIA
IBIFBIMBI 85-98% apanbirblHga e3repin Typajbl, o xui 90- 95%-ra colikec kememi. DJICKTPOIUTTETI
KaJMUNI1H KOHIEHTPAIHACHI, TEMIIEPATYPAChIH, apajacThIPy KapKbIHABUIBIFBIH apTTHIPFaH XKaFaaiaa TOK
OOMBIHIIIA IIBIFBIMBI APTabl. TeMIiepaTypaHblH KOFapbLUIaybIMCH KOHIICHTPIII DJICKTPOIUTTI KOJIaHA/IbI.
Ce0e0i OacTanKkbl KOMIOHEHTTEPIIH epIrimTiri korapbutaiiisl. COHBIMEH Katap, SJICKTPOJIUTTIH JICKTP
OTKI3TIIITIr ©ce/l )KOHE aHOATHIH MaccuBalusAcChl TeMeHaen . Ocbl GakTopIapabH 0apibIFbl KOFAPHI
TOK TBIFBI3/IBIFBIH KOJJAHYAbl KaKeT ereidi. bipak, TemmeparypaHbIH >KOFapblIaybIHAH TUCCOILMALINS
xkoHe nuddy3ust mporecTepl ocim, TYHOAHBIH KaTOATHIK MOTEHIMAJIBIHBIH TOMEH/CyiHe okeneni. Tok
TBIFBI3/IBIFBIHBIH JKOFApbUIaybIMEH Oipre TeMmeparypaHblH dcepi Mala KPHCTAIIbl KalTaMalapIbiH
Ty3inyine okenemi. COHABIKTAH KOMNTETeH OJIIEKTPOJIUTTEPAE TEeMIIepaTypaHblH KOFaphUIaybl TYHY
MIPOIIECIH KAPKBIHJIBI XKYPTizyre MyMKiHIK Oepeni. ThIFbI3 aya1a IUaHUATI )KOHE CLITLUTL AIEKTPOIUTTEPI
apanacteipyra OonMaiiasl. Ce0Oebi epiTiHIlI KOMIIOHEHTEPIMEH KOMipKBIIIKBUIBIHBIH OPEKETTECyiHEH
kapOoHarTap Ty3uteni. KagmuiiniH TyHy TpOIECiH oaH dpi *akcapTy YIIiH apalacThIPBIN JKaTKaHAa
Oip yaksIT apajbIFbIH/Ia TEMIIEpATypa MEH TOK THIFBI3IBIFBIHBIH CEpPIH YIFAlTY Kepek. byn Toxipubene
JKOFaphIJla KOPCETUITCH 3 TaMIIbl ACKCTPUH EPITIHIICI KOCBIIFAH ICKTPOIIUT EPITIHIICIHIC TeMIIepaTypa
e3repreH kesneri TyHOa KypbUIBIMBIHBIH e3repici Kanarananaasl. 30 °C temmeparypaaa tacna OeTiHze
METaJJIBIK JKBUITBIPBI 0ap CYp TYCTI KaOBIKIIA Ty31111. Byt KaObIKIIa MeTal1 HeTi31MEH JKaKChl OipiKIlereH
JKOHE TacMaHbIH TeK Oip Oeirid fana Kanran Typ. 45 °C Temneparypa tacra 0eTiH/Ie METaJIBIK )KbUITBIPbI
Oap cyp Ttycti Ty3immi. KaObikma Oipkenki KanraamaraH. MeTajul HETi3IMEH JKaKChl OipiKKeH. ThIFBI3,
yCaK KpHUCTAJJIbl TYHOAHBI KOFapbl TEMIEpaTypaMeH TOK THIFBI3JIBIFBIHIA JKOHE Y3/IKCi3 apajacThIpy
apKbUIBI airyra Oomajsl. ApajacTeIpyasl Y3AIKCi3 HeMece MepHOnThl (pUIBTpalusIMeH Koca JKypriseni.
Ce0e0i epimereH OeJeKkTep KOHBEKIIMOH/IBI aFBIHMEH KaTOJTa TYHBII, Callachl3 KalTaMaHbIH TY31TyiHe
OKEJIIM COFajbl.

Kanramanbiz canacein Oakpliay YiiH e OipiHir 6ara 6epy ChIPTKBI TYpiHE Kapail OTBIPHII, KYHII3T1
HEMece KacaHIbl KapbIKTBIH KemeriMeH xkyprizineni. XKapeikranasipy 300 1K ToMeH OOnMaybl KaXKeT.
CrIpTKBI TYpiH Oaranay HOTHXKeNepi OOMBIHIIA >Kapamjbl, aKayllbl, >KapaMmchl3 TOMTApAbIH OipeyiHe
KaTKpI3yFra Oomaznpl. Erepre camacel3 KantamMaHbl ajblll TacTal, KailTanaMa OTBIPFBI3YIBI KaXkeT Oolca
JKOHE JIe KarTaMaHbl ajMaii-aKk TOJBIK OHJCYAl KaXeT €TeTiH OeleKkTepae >KOFapblaa alThbUIFaHIap
KaTapblHa eHce Oemek kemic 0ombIn canaasl. Kemic GemmexTepre KOppo3ust OMIaKTaphl, MEXaHUKAIIBIK
JKoHe 0acka Ja akaynap jkaTajabl. | cyperTe Tacmaiap/blH ChIPTKBI TYpi OaraiaHabl.
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Cypet | — KagmuiiMen KanrtajiaraH Tacnauap

MertanabliH TOTBIFyFa TYPaKTBUIBIFBI OHBIH TaChIMaJJaHyblHA OaiJIaHBICTHI KOPIIAFaH OPTaHBIH
OCepiHEH TYBIHJAMTBIH XMMUSUIBIK HEMece 3JIeKTPOXMMUSUIBIK Oy3blaynapra TeTen Oepy KaOineTiHe
OaiiaHbIcThl Oonazpl. bemmexkTep i TOTbIFyFa TYPaKThUIBIFBI XKOHIHACT1 HEFYPIIBIM TYPBICBIPAK MiKip/i
TAOWUFH HKCIUTyaTalMsUIbIK JKaFjaia ChlHAy apKbUIbl ajajbl. bipak MyHIai ChIHAMaHBI JKYPri3y Yy3aK
OOJFaHIBIKTaH OHBI OHJIPICTIK JKaFmalaa Koajganyra keiameini. Ce6e0i oHmIpICTIK KaFaaiaa Kpuiiam
OpBIHAANATBIH CBhIHAK TYpJepi KojjaHbLaaasl. ChIHay[bl >KbULAAMIATy YIIH EpITKIIUTI apanacTsIpy,
COHBIMEH KaTap YITiHI epiTiHaire Oip anbim, Oip cambim Typy KaXeT. YJTiHI epiTiHaire KaiTamama
anplN-caly TNPUHIMII KeHOip KOHJBIPFBIIAp/a aBTOMATTHI TYPAE OpPBIHAANAIBI. DJIEKTPOIUTTEperi
METaJIap/bIH TOTHIFyFa TO3IMIUTITIH aHBIKTAYJBIH €H KapamaibiM >KOHE KOJ JKeTIMII dfici — TOTBIFY
KOPCETKIIITEPiHIH KOIIIUIIH NaiananyFa MYMKIH/IK O€peTiH allbIK bIABICTA ChIHAY. YJIT1Jep IIbIHBI
1JIMEKKe HeMece HEHIIOH JKilKe UTiHe/l XKoHe aya, OTTeri, a30T HeMece 0acka ra3 ©TeTiH CTallMOHAPIIBIK
HEMece apajlacThIPbUIFAH TOTBIKKAH EpITIHAIre TOJBIK, illliHApa HeMece aybICHalibl OaThIpy apKbUIBI
ceiHananpl. ChIlHAY Ke3iHAE ChIHAJIATBIH opOip MeTanablH YITiiepi Oeliek BIABICKA CajblHAABL. YJITiHi
Keli/ie IIBIHBI HeMece IUTACTHK TYFBIP/BI Al IaIaHbIl OPHATHIIA B

AJNBIHFAH TaJlbBAaHUKAJBIK KAaNTaMaHBIH KaJbIHJBIFBIH TaMIIbl SJICIMEH aHbIKTaiael. On yIIiH
METaJIMEeH KalTajafaH OyibIMFa epiTiHaLIepal OIpTiHAEN TaMIIbUIATHIN, Oesnrill Oip yakbIT apaibIFbIHIA
OHBI yCTay apKpUIbl epitemi. Omepanusi Tamibl TaMfaH alMaKTapAbl CY3Till Kara3bIMEH HETi3Tri
METaJIIbIH TYTac ayMarbl KOPIHIeHre AeHiH CYpTy apKbUIbl Kypri3iieai. Tamisl 9/1iCiHIH KeTipy 9/liCiHEH
ANBIPMAITBUTBIFBI TAMIIIBI 91iC1 APKBLIBI OOIIICKTIH OeNTUi Oip allMaFbIHIaFbl KalITaAMaHbIH KaJIbIHBIFBIH
aHbIKTayFa 00sa/bl. Byt o/1icTiH KeMIIUTIr KajablH KaOaTThl KanTaMmaiap YIIiH MYHal ChIHAK Y3aK YaKbIT
apajbIFbIHIA KYprizineni. TaMmibl oici Kypaeni minmH/ KoHe ycak OemeKkTepIiH OeTiHeri KanTtama
KaJIBIH/BIFBIH emeyre skapamchis. Cebebl epiTiHAl TaMIIbl TaMaThlH YaKbIT apalibIFbIHAA YCTaJbII
TYpMai, arbIll KeTei. Byi of1ic TeXHUKaIBIK OpBIHIATYBI KaFbIHAH KapanaiibiM OOJFaHBIMEH, TEK JKYKa
KanTaMaHbIH KaJIBIH/BIFBIH aHBIKTaFaHa KaTenikrep oepeni. Kabar KaJbIHIBIFBI 2 MM KanTama YIIiH 0y
OMICTiIH HAKTHUTBIFBI £30% ayMarbIH/Ia aybITKBIMAJIBI TYP/Ie OONabl.

Kanmuii kaGateiMeH kantanran Ttacnara 30 ¢ caiiblH KaJMd HWOAMII €PITIHAICI TaMbI3bLIIbI.
Tammiblnary oiciHiH HOTHXKECT OOHBIHINIA KanmTaMaHbIH KAIBIHABIFBI 31 MKM OOJIJIBL.

MemCT 9.303-84 coiikec ToxipuOe OapbIChIHIA KaJMUIMEH KanTalfaH OyHbIM KOpPFaHBIIITHIK
MaKcaTTa KOJIaHbLTyFa pyKcaT eTijei

KopbIThIHIBI

2X18H10T mapkaibl TOTBIKIANTHIH OOTAaTTaH KacallFaH TaclaHbl KaJMUUJICYIIH TEXHOJIOTUSChIHA
3eprrey okyprizingi. Kaamuiiney mporeciHe >koHe KaJMHUHM KanTaMachIMEH KallTalfaH MeTall
OyiibIMIapbIHa cUTIATTAMa TOJIBIKTAl OepiIil, OHBIH TEXHOJIOTHSUIBIK €PEKIICTIKTEP] aTalbIl KOPCETII.
Kaamuii snmekTponuTTepiHiH Typiepi MEH KypaMblHa CaJlbICTBIPMAJIBI Tajjay KYPri3ijii. AJBIHATHIH
KanTaMaHbIH calachblHa ocep eTeTiH (akropiap 3epTTelin, OyHbIMAApAbIH JIEKTPOJIU3AECH KeHiHT1
OaifKaaThIH HETI3T1 KOPCETKIMTepiHe ecenTey Kypri3iial (OeTiHiH aymaHbl, METAJIIbIH CaJIMarbl, TOK
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TBIFBI3/IBIFBI, TYHFAH METAJII KOJIEM1, 5KaObIHHBIH KaJIBIHJIBIFbI, KATOATA TYHIBIPBIIFAH METAJIbIH CaJIMaFhl,
TOK TBIFBI3IBIFBI). KanTamMaHbIH canackl SIEKTPOIUTTIH KYpaMblHA, OHBIH TEMIIEpaTypachlHa KOHE TOK
THIFBI3/IBIFBIHA OAMIAHBICTBI ©3TEPICKE VIIBIPAWTHIHBI aHBIKTANBL. beTTik-Oencenmi 3ar (IeKCTpuH,
KEJIATHH, CTOJISAp JKeINliMi) TMaljganany OapbIChIHAA MOTEHIMAN apTy MYMKIiHAIriHe we OoubIn, Oepik
Kantama KaOaThIH alyFa CENTITiH TUTi3/di. beTTik-0encen i 3aT KolaHbUIMaraH Xaraaiaa KaJMUiMeH
KalTaJFaH TaCIaHbIH XKbIITHIPIBIFBIHBIH OOIMANTHIHBI KOPiHil. TOK IIaMaaH ThIC OEpiIreH Ke3Jie Tacma
Makjia TYHIpIIiKTepMEH KanTalblll, KapalbIll KeTETIH/IIr aHbIKTaI bl TacnaHbl KaagMuiiey OapbiChIHIa
YaKbITTBIH MOH1 apTKaH CaiiblH Tacma OeTiHe MIeriireH KaJMui KabaTel apTa TYCTI.
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ON DISTRIBUTIONS OF COUNTABLE MODELS FOR CONSTANT EXPANSIONS OF THE
DENSE MEET-TREE THEORY. I

Abstract. We study all possible constant expansions of the structure of the dense meet-tree (M; <, IT) [3]. Here, a dense
meet-tree is a lower semilattice without the least and greatest elements. An example of this structure with the constant
expansion is a theory that has exactly three pairwise non-isomorphic countable models [6], which is a good example in the
context of Ehrenfeucht theories. We study all possible constant expansions of the structure of the dense meet-tree by using
a general theory of classification of countable models of complete theories [7], as well as the description of the specificity
for the theory of a dense-meet tree, namely, some distributions of countable models of these theories in terms of Rudin—
Keisler preorders and distribution functions of numbers of limit models. In this paper, we give a new proof of the theorem
that the dense meet-tree theory is countable categorical and complete, which was originally proved by Peretyat’kin. Also,
this theory admits quantifier elimination since complete types are forced by a set of quantifier-free formulas, and this leads
to the fact that it is decidable.

Key words: meet-tree, countable model, expansion, Ehrenfeucht theories.
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TBIFbI3 AFAIIl TEOPUSICBHIH TYPAKThI BAVBITY YIIIH ECENTEJIETIH
MOJEJBAEPAI BOJ1Y TYPAJIBI. I

Angarna. (M; <, [1) TaburarTa THIFBI3 aFam Ta, 00C aFaml Ta Ke31ecedi. ThIFbI3 aFallThl OHIIpicTe KoOipek maiganaHaib.
ConpbIKTaH f1a 613 THIFBI3 Cy aFallibl KYPBUIBIMBIH OaWBITYNbIH [3] GapibIK TYpiepiH 3epTTeiimi3z. MyHia THIFBI3 aFail
JIeT €H YJIKEH JKOHEe CH KIIIKeHTal »JIEeMEHTTepi KOK TOMEHTI KapThl TOpABI aiTaMbr3. OCBI TYpPakThl KEHEHUTINTCH
KYPBUTBIMHBIH MBICANTBI PETiHAE YII JKYNTHIK H30MOP(THl €MeC CaHaNbIMIBI MOJAET Oap TEOpHsHBI amyFa OOiassl
[6] >xoHE 01 DpeH(OUXT TEOPHUIAPBIHBIH MBICAIBI PETiHIE KapacTHIPBUIAABL. THIFBI3 aFaIlThIH KYPBUIBIMBIH OapiIbIK
MYMKiH OOJIaTBIH TYPaKThl KEHEIOiH 3epTTey YIIiH 0i3 TONBIK TCOPHsIIAPABIH CAHAJIBIMABI MOICIBACPIH JKIKTEYMiH
YKaJITBI TEOPUACHIH [7], COHBIMEH KaTap, OJapAbIH epeKIIeNiKTepiH, aTam aiiTkanaa, Pynua-Keiicnep perrepi skoHe MIeKTi
MOJIETTBACP CaHIAPBIHBIH YIIECTIpy (YHKIIUIAPE! TYPFBICBIHAH OCHI TEOPHSIIAPIBIH CaHAIBIMIBI MOJCTBACPIHIH KeHOip
yiecripimaepin 3eprreiimis. by makanana anrampeiaaa [lepeTsSThKUH AOJICNACTCH THIFBI3 aFalll TEOPHSACHI CaHAIBIMIbI
TTOpEeXKETIK JKOHE TONBIK €KeHAIr Typaibl TEOpeMaHBIH JkaHa momnernidn Oepemi3. Conmali-ak, Oyi1 Teopus KBaHTOPIAP/IBI
KOIOFa MYMKIHIIK Oeperi. OUTKeHI THITEp KUBIHTHIFBI KBAHTOPIBIK eMec (hopMymnanap apKbUIbl )KYKTeIei )KOHEe COll
cebernTi, menriTiMIl TeopHs OOTybIHA OKETe .

Tipexk ce31ep: Ke3IECETIH aFaml, CAaHAIBIMIBI MOJICIb, OAUBITY, DPEeH(OUXT TCOPHUSITAPHL.
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O PACIIPEJIEJTEHUSIX CYETHBIX MOJIEJIEM JIJII KOHCTAHTHBIX OBOTAIIIEHUA
TEOPUMU IIVIOTHOI'O JEPEBA BCTPEU. I

AHHOTanusi. Mbl H3ydaeM BCEBO3MO)KHBIE KOHCTAaHTHBIE 000TaIeHUs CTPYKTYPBI INTOTHOTO JiepeBa Betped (M; <, IT) [3].
371ech MO/ ITIOTHBIM JIEPEBOM BCTPEY MBI TOHUMAEM HIDKHIOIO ITOJTyPEIIeTKy 0e3 HanOOoIbIIIero M HANMEHBIIIETO AIIEMEHTA.
B kauecTBe npuMepa 3TOH CTPYKTYPHI ¢ KOHCTAaHTHBIM 00O0TallleHHEM MOXKHO B3Th TEOPHIO, KOTOPAsi IMEET B TOUHOCTH
TP NMOMTApHO HEN30MOP(HBIE CUCTHBIC MOJIEIH [ 6], KOTOPBIi SIBISIETCSI XOPOIIMM HPUMEPOM B KOHTEKCTE 9PEH(OIXTOBBIX
Teopuii. MBI H3ydaeM BCEBO3MOKHBIE KOHCTAHTHBIE 000TaIIEHHsI CTPYKTYPBI IUIOTHOTO JIEPEBa BCTPEY, HCIIOIb3Ys OOILYI0
TEOPHIO KITaCCH(MKAIINH CIETHBIX MOJICIICH ITOTHBIX TeOpHH [ 7], a TakxkKe ONUcanue cennuUKH TEOPUH IIIOTHOTO JIepeBa,
a IMEHHO HEKOTOPBIE pacIpeIeIeHUs] CUETHBIX MOJIENIEN ITUX TEOPUIl B TepMHUHaX npennopsnkos Pynuna—Keiicnepa u
(yHKIMH pacripesienieHust Yices IpeelbHbIX Mozieeld. B 9Toil cTaTbe MBI 1aeM HOBOE JJOKA3aTeIbCTBO TEOPEMBI, UYTO
9Ta TEOPHsI TUIOTHOTO JIepeBa BCTPEY SIBISCTCS CYCTHO-KATETOPUYHON M TTOJHOM, KOTOpOe OBUIO M3HAYAIBHO JI0KAa3aHO
IepersTekunbM. Takxke 3Ta TEOpHs IOMyCKaeT MMUMUHALUIO KBAHTOPOB, MOCKOJIBKY MHOKECTBO TUIIOB HaBSA3bIBAECTCS
6eCcKBaHTOPHBIMU (POPMYIIaMH, U 3TO TIPHUBOHUT K TOMY, YTO OHA €IIE U SBISIETCS Pa3peIIMMON.

KaroueBnle cjioBa: JACPEBO BCTPLCY, CHCTHAS MOACIIb, O60l"aHIeHI/I€, TEOpUn 3p€H(1)017[XTa.

Introduction

It is well known that M. G. Peretyat’kin [6] has constructed the complete decidable theory 77
having exactly 3 nonisomorphic countable models by expanding a dense meet-tree structure [3] with
constants C,(LO), n € o, such that Cr(10) < C1(1(-)|-)1’ n € ®. Consequently, the theory was used as a base to produce
examples in the context of Ehrenfeucht theories. Also, in [2] it was shown that a theory 7 by expanding
T, with countably many distinct constants is either Ehrenfeucht or I(T, w) = 2.

In our work, we study all possibilities of constant expansions of a dense meet-tree structure
(M; <, II) by using a general theory of classification of countable models of complete theories [7].
Moreover, we describe some distributions of countable models of these theories in terms of Rudin—Keisler
preorders and distribution functions of numbers of limit models. For instance, in the monograph [7]
it is shown that the numbers of countable models for constant expansions of 7, ~ with one sequence

(C-,(ll))necu of constants, with two sequences (Cflo))new, (C,Sl))new, of constants, and three sequences
(C,(lo))new, (C,(ll))new, (C7(12))new of constants are 3, 6 and 34, respectively.

Main Provisions

The number of pairwise non-isomorphic models of cardinality A of a theory 7T'is denoted by (7, 1).

Definition [4]. A theory 7T 'is called Ehrenfeuchtif 1 < I(T,w) < w.

Definition [1]. A type P(x) € S(T) s said to be powerful in a theory T if every model M of T
realizing p also realizes every type q € S(T),i.e., M & S(T).

The powerful types, that always are represented in Ehrenfeucht theories [1], play an important
role for the finding the number of countable models. If a complete theory does not have a powerful type,
then it has infinitely many countable models. Indeed, we take a type Py, since it is not powerful, there is
atype P1 and a model My that realizes the type Po and omits the type P1, since the types PosP1 are
not powerful, again there is a type P2 and a model M that realizes the types P, p; and omits the type
P2 and etc. Thus, any Ehrenfeucht theory has a powerful type.

Interrelations of types in theories are defined, in many aspects, by the Rudin-Keisler preorders.
The next definitions and notations are taken from [7]. Let M, denote the class of isomorphic models that
are prime over a realization of the type P .

Definition. Let p and q be types in S(T). we say that the type P is dominated by a type q, or
p does not exceed q under the Rudin-Keisler preorder (written P =gk 9), if M, E p, that is, M, is
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an elementary submodel of M, (written M}, < My). Besides, we say that a model M,, is dominated by
a model My, or My, does not exceed My under the Rudin-Keisler preorder, and write M <gx M.
Definition. Types p and q are said to be domination-equivalent, realization-equivalent, Rudin-
Keisler equivalent, or RK-equivalent (written P ~rk 9)if P <grk g and q <gg p. Models M, and M,
are said to be domination-equivalent, Rudin-Keisler equivalent, or RK-equivalent (written M, < M).

If M, and M, are not domination-equivalent then they are non-isomorphic. Moreover,
nonisomorphic models may be found among domination-equivalent ones.

Definition. Denote by RK(T) the set PM of isomorphism types of models My, p € S(T), on

which the relation of domination is induced by <, , a relation deciding domination among M, that is,

RK(T) = (PM; <gg). We say that isomorphism types M;, M, € PM are domination-equivalent (written
M, ~ M,) if so are their representatives.

Amodel M of atheory T'is called limit if M is not prime over tuples and M = Unew My for
some elementary chain (M}y)neq of prime models of T over tuples. In this case the model M is said to
be limit over a sequence q of types or q-limit, where q=(qn)new, My = My ,n € w. If the sequence q
consists of a unique type ¢ then the q-limit model is called limit over the type q.

Definition [5]. A theory T is said to be A-based, where A is some set of formulae without
parameters, if any formula of 7 is equivalent in 7 to a Boolean combination of formulae in A.

For A-based theories T, it is also said that 7" has quantifier elimination or quantifier reduction up
to A.

Definition [5, 7]. Let Abe a set of formulae of a theory 7, and p(x) a type of T lying in S(7). The
type p(%) is said to be A-based if p(¥) is isolated by a set of formulas @% € p, where @ € A, § € {0,1}.

The following lemma, being a corollary of Compactness Theorem, noticed in [5].

Lemma 1. A theory T is A-based if and only if for any tuple a of any (some) weakly saturated
model of T, the type tp(Q) is A-based.

The following fact is well-known using Lemma 1.

Fact. The theory T, are based by the set of quantifier-free formulae and formulae describing
non/existence of least/greatest elements and in/comparability of elements.

Materials and Methods

Let M —(M; <, II) be a lower semilattice without least and greatest elements such that:

(a) for each pair of incomparable elements, their join does not exist;

(b) for each pair of distinct comparable elements, there is an element between them;

(c) for each element a there exist infinitely many pairwise incomparable elements greater than o,
whose infimum is equal to a.

Structure M — (M; <, I1) will be called dense meet-tree.

Definition. Let A = (4; <,M) and B = (B; <,M) be two L-structure of a dense meet-tree.
A function fp,: A, = B, with A, = {a, ..., a,} a finite subset of 4 and B,, = {by, ..., by,} a finite
subset of B is called a partial isomorphism if

A E @ay,..an) & BF o(f(a), .., f(an)),

holds for every atomic £ -formula @ (X1, ..., Xp,).

Notation. We write x || y to mean that x £y and 'y £ x, where x < y means xy vy = x-

Results and Discussions

Lemma 2. Let fn: A, - B, be a partial isomorphism between two models A and B of DMT,
where An € Aand B, C B besubsetswith cardinalityn. Then, forany a,., € A\A,, thereis bu+1 € B
, such that fn+1:= fo U {(@ns+1, bns1)} is also a partial isomorphism with — fq 1 A, = for

Proof. We choose an element Qniq € A\A, with the minimal index and we put that

¢(an+1,an) = diag(@nyy, an), where a,, = (a4, ay, ..., a,) is some ordering of the set A. Suppose
that @; < Qu4q for L € I, apyq < @; for j €] and apyql|ay for k € K such that
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ax ( /\(al- < XA /\(x <a) A /\(x I ak))

i€l i€l k€K

where @;, aj, Ay € a, = (aq,a,, ...a,). Then since a; ¥ ag and a; £ a; we have the following

/\ (ai<aj)/\ /\ (aj [ ak) .

i€l,je] j€JkEK

It can be seen that a, are comparable with each other and they are less than o, consequently, there is a
maximal element among them, say @;,. By construction, we have bio = m‘galx ; and
l

/\(bio <b;) A /\ (b; Il by)

J€J j€J,kEK

Now to find b,,;; we reduce our proof to the consideration of eight cases.
Case (i):1 = @, ] # @, K # @. We want to show that there exists such bp4; and

N\ Buir <) A \Gusa 15

jeJ keK

when Ap4q = Hje] a;.

By the fact that there is no minimal element there exists b'nyr < b, for every j € J such that
e =bp1 NMby, k€ J. Since ¢ < b', 11, this implies that ¢, are comparable to each other and among
them there is a maximal element, say Ck,. Let bp+q € (Cko’ b';41). Then bpyqr < bj for every jE]J
and bpy1 % by forevery k € J-

Now we prove that b, ,, £ by. For this, we assume that bn41 = Dy, thensince b; > bpyq = by
we have bj = by which contradicts b; Il by, and therefore by 1 Il by.

Case (ii)):1 # @, ] = @, K # @. By the fact that a;, is maximal element among o, we have

3x ( N <onr e ak)> = 3x ( N, <)r @i ak)>.

i€l k€EK i€l kEK

Since bi, = max by, it is clear that bn+1 > by, and by, || by forevery k € K follows from
axiom (c), as there exist infinitely many incomparable elements by, by, ..., by, ..., which greater than
b io, that is, b, > b;;. Then one of b, will be incomparable with bp+41.

Case (iii): 1 # @, ] # @, K = @ In this case, we will just take bpyq1 = b'pyq.

Case (iv):1 =@, ] = @, K # @. In this case, a,,4]||ax, k € K.

Let @;, = Apyq1 M Ay, Ko € K. Then we have @iy < An+1 and Apy1||ag, where k € K. As in
the Case (i), we find bn41.

Case (v):1 = @, ] + @, K = @. Similar to Cases (ii) and (iii)

Case (vi): 1 # @,] = @, K = @. Similar to Cases (ii) and (iii).

Case (vii):1 # @, ] # @, K # @. Note that, a;, is maximal element among a;, i € [
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(a1, < @ne) A \(@nir < @) A P\ @en 1) )

jeJ kek

Here we take K = K; U K, with the condition that their intersection is empty. Also, taking k € K; is
equivalent to taking k € K and a; » < . Then we rewrite our expression as follows

(a1, < @ne) A P\ (@i < @) A f\ (a1, < @) A @ @)

jeJ kek,

A\ (@, @) A (@i 1) |

keK,

Let’s denote d® = []je; a;. It easy can be seen that d* = a,41. Now, we consider each case
separately to find by 4q:
. J— a
1. ¥f Ap+1 = d? then byt = H]-E]bj.
2.if apyq < d? then

(aio < lpyr < dP) A /\(aio < i) A (Gneq I ag) A /\(ai0 I ax) A (anss Il ag) |

keK, keK,

By the axiom (b) there is b’,;; € (b; ,dP), where d® = [1je; bj. Besides, we will take a’
as the meet d® N by, k € K . Since d,lz < dﬁ, then they are comparable to each other and among
them there is a maximal element, say d,léo. By using the fact that d?||by and d;’éo < db, we take
bns1 € (dp,dP), more precisely, Dny1 € (dRyd”) 0 (byy, dP). Hence, b; < by, < byyy <bj for
every LEL,J €],

It remains to prove that b, Il by for every k € K. Assume the contrary, that bpiq < by
. Since bpyq < dP we obtain bpyq < b Nd? =db < d,bCO < by41. This contradiction shows that
bni1 £ by,

In the next case, we also assume the contrary, that bn+1 > br. Using bni1 > b;,, together
with the given fact that bpnyq1 > by we will obtain that b;, and by are comparable, that is, b;, =
by or b;, < by. This would contradict our assumption, because if we take b, = by then ay o = Ak
and Gny1 > Qg = A, but Apeq | ag; if by, < bi, this implies that d% > a; and A% = apyq,
consequently, @k and @n+1 are comparable.

Case (viii): I = @,] = @, K = 0. Since it is impossible, we do not consider this case.

Thus, in each case we have found bn+1 in the set B, and this completes our proof.

Theorem 1. The theory DMT of dense meet-trees is w-categorical.

Proof. Let A = (A; <,M) and B = (B; <,1) be two L-structure of the dense meet-tree theory.
Since they are dense, A and B must both be infinite. Fix some enumerations (@;)i<w of 4 and (b)) j<w
of B. We will build an isomorphism f:A — B inductively, by extending increasing sequence of partial
isomorphisms /. from some subset of 4 to B such that a ., belongs to the domain of f, and b, belongs
to the codomain of £, _ ..
We start f, being the empty function, namely /, is an isomorphism between the empty substructure
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of 4 and the empty substructure of B. So suppose we inductively have constructed /, and we are going to
constructf . If n+1 is even, then we apply Lemma 2 on @, and f, to construct a partial isomorphism /|
which extends f and whose domain includes @ __, (this is the forth in back and forth).

In the back part, the odd stages of the construction, are handled in the same way, with the roles of
A and B reversed, that is, if n+1 is odd, then we consider f, ', which is a partial isomorphism from some
finite subset of B to some finite subset of 4. So by Lemma 2 there is a partial isomorphism f = whose
domain includes both » _ and the image of /. Then we put f,,, = f,;}}4, which is a partial isomorphism.

Therefore, f = U<, f; Will be desired isomorphism between 4 and B.

Theorem 1. immediately implies:

Corollary. The theory DMT of dense meet-trees is complete.

By Lemma 1 theories of dense meet-tree, admit the quantifier elimination since complete types
are forced by collections of quantifier free formulas. Moreover the theory of a dense meet-tree is finitely
axiomatizable. Using Corollary we obtain the following its generalization:

Theorem 2. The theory of dense meet-tree is decidable.

Conclusion

We investigated dense meet-tree, which is a lower semilattice without the least and greatest
elements. It is proven that theories of dense meet-tree are countably categorical by using back-and-forth
argument, and hence they are decidable.
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ANALYTICAL APPROACH FOR INVERSE PROBLEMS THEORY APPLICATIONS
TOWARDS DETERMINATION OF THERMOPHYSICAL CHARACTERISTICS OF SOIL

Abstract

Current paper presents analytical expressions received for investigation of determination of thermophysical characteristics
of soil applying the theory of inverse problems. There was considered experimental design with exact measurements and
constructed mathematical model for considered case. The analytical expression for transient one-dimensional temperature
field was received by Laplace transform. Additional data, such as the heat flux at inlet domain received by conducting
numerical simulation of the heat source via computational model. Presented analytical expression for heat transfer
parameter allows to determine the soil thermal property without loss of precision, which is crucial in agricultural field.
Paper discusses posed peculiarities considered for the inverse problem methodology along with derivation stages of
analytical expression. The analytical expression for proposed model is presented both in the frequency and real time
domain by applied direct and inverse Laplace transform. The measured outlet input data is interpolated further by the 8-th
order polynomial and presented with approximation residuals.

Key words: Inverse problems, transient heat transfer, analytical solution, experimental measurements, numerical
simulation, soil.
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TOHBIPAKTBIH TEPMO®U3UKAJBIK CUITATTAMAJIAPBIH AHBIKTAYT' A KEPI
MOCEJIEJIEP TEOPUSACHI KOJIJAHBIJTYBIHBIH CAPAIITAMAJIBIK TOCIJIIAEPI

Anjgarna

Byt xymbIcTa Kepi ecenTep TEOPHSICHIHBIH KOMETIMEH TOIBIPAKTHIH TEePMOPH3UKAIBIK CHIIATTaMaIapblH aHBIKTAY/IbI
3epTTEy YIIIH ajblHFaH capantaMaliblK epHekTep OepinreH. Hakrel esemaepi 60ap SKCIEPUMEHTTIK CXeMa 3epTTEill,
KapacThIPBUIBII OTBIPFAH JKaFjaiifa MaTeMaTHKAJIBIK MOJICSb KYPacThIpbUIAbL. Jlamiac TypieHIIpYyiHiH KeMeriMeH
CTAIMOHAPIIBI eMec Oip eJIeM Il TeMIIepaTypa epici YIlliH aHAIUTHKAJIBIK OPHEK albIH bl KOChIMIIIa 1epeKTep, MbICAIIBI,
KipiC KBUTYy aFbIHBI, CCCITEY MOJCIIH MaiaJaHbIl KbUTy KO3iH CaHIBIK MOJCIBICY apKbUIbl aibiHAAbL. JKbuTy Oepy
mapaMeTpi YIIiH YChIHBUTFaH aHATMTUKABIK OPHCK TOMBIPAKTHIH JKBLTYIIBIK KACUETTEPIH JOJIIKTI )KOFAIITHAN aHBIKTayFa
MYMKIHIIK Oepeni. Bysl aypul mapyalmbUIBIFBI cajlachlHIA ©T€ MaHBI3ABL. Makanaga Kepi eCenTiH oicTeMeci YIIiH
€CKepIIETIH JKUBIHTBIK OeNriiep, COH/Iail-aK aHAMTUKAIIBIK OPHEKTI HIBIFapy Ke3€HJEpi KapacThIpbuiaibl. ¥ ChIHBUIFAH
MOJICTTh YIIIiH aHAIUTUKAIBIK OpHEeK JlammacTeiH TikeJel jkoHe Kepi TYPIACHIIpYIepiHiH KOMETIMEH JKUUTIK OONBICHIHIA
Jla, HAKTHI YaKbIT aiiMarbplHAa 1a YCHIHBUTFaH. [IIBIFynars! eJmeHreH Kipic 1epeKrepi 8-Imi peTTi KenMymeMeH KOChIMIIa
MHTEPIONSLUSIIAHAIbI XKOHE KYBIKTAY KaJIIbIKTAPbIMEH YChIHBUIAAbI. COHBIMEH Karap, MOJCIbCYIH IIIITIH apTThIPY
YIIiH KaH-)KaKThl KYPBUIBIMAAPHl 0ap MOJENbAI KOPCETYre KaHIIAJIBIKTHI BIHTANBI OOJCAK, aHATUTHKAJBIK IICTIiMII
MIBIFapy Ke3eHAePiHe COFYPIIBIM KUBIHBIKTAP TYbIHAaN b1 OChI ce0enTi 013 HAKTHI QJIeM/Ie KapacThIPbUIATBIH MOCEICHIH
JKaJIbl TCHICHIUSIAPBIH KOPCETETIH SKBUBAJICHTTI MOJICIIB/II YChIHA ajlaMbI3. ¥ CHIHBUIFAH MaKaJIaHbIH JKaJIIbl MAKCAThI
— OipTeKTi OpTa YIIiH KOJJaHBUIATBIH KO(G(GHUIIMCHTTEPAl aHBIKTAy MPOLEAYPAChl YIIH aHATUTHKAJIBIK KEpi Taugay
9JIiCTEMECIHIH Kbl UIESIChIH YCBIHY.

Tipex ce3mep: Kepi ecenrep, oTmei xKpuly aIMacy, aHATUTHKAJIBIK MICIIIM, TOKIPHOCITIK eJIIeMIep, CAHIBIK MOJICIIBICY,
TOIIBIPAK.

34



XUMNKO-TEXHOJTIOTMYECKUE HAYKH

Cunnna A.B."!, Auronuo Kanconu?

'Kazaxcraucko-Bpuranckuii texandeckuit yausepcuret, 050000, r. Anmarsi, Kazaxcran
? TlonurexHUUECKU yHUBepcUTET Munana, Munan, Utanus
*E-mail: a.sinitsa@kbtu.kz

AHAJIMTUYECKHUH MOJXOI AJ MPUJIOKEHUI TEOPUU OBPATHBIX 3A1AY
K OITPEAEJIEHUIO TEIVIO®PU3NYECKHUX XAPAKTEPUCTUK I'PYHTA

AHHOTAIMSA

B nmanHOit paboTe mpecTaBICHbl aHAIUTHYCCKUAC BBIPAKCHHS, TIOJTYUYCHHBIC U1 MCCIICIOBAHUS OMPEIACICHUS TeIUo(hu-
3MYCCKUX XapPaKTCPUCTUK TPYHTA C MPUMEHCHHEM TEOPHH OOpaTHBIX 3a7a4. bbula paccMOTpeHa SKCIEPUMEHTATbHAS
cXeMa ¢ TOUYHBIMU U3MEPEHUSIMU U TIOCTPOEHA MaTeMaTH4eCcKasi MOJIEJb JUIsl PACCMaTPUBAEMOTr0 Ciyyasi. AHAJTUTHYECKOe
BBIPQKCHUC JIJII HECTAIMOHAPHOTO OJHOMEPHOTO TEMIICPATypHOIO IMOJsl TOJYYECHO C IOMOIIBI0 MPEOOpa3OBaHUS
Jlarutaca. [lononHuTenbHbIE TaHHBIE, TAKKE KaK TEIJIOBOM MOTOK HAa BXOZE, MOXYYarOT MyTeM MPOBEACHUS YUCICHHOTO
MOJICIIMPOBAHMS HCTOYHHKA TEIlJIa C MOMOIBIO BEIUUCIUTENbHOM Moaenu. [IpeacTaBieHHoe aHaTUTUYECKOE BEIPAKEHIE
JUTs TapaMeTpa TeTIoNepe1adun M03BOJISIET 0€3 MOTEPU TOUHO CTH OTIPEACTUTh TETNIOBBIE CBOMCTBA IOUBBI, YTO KpaitHe BAXKHO
B CEIILCKOXO3SIMCTBCHHOM cepe. B cTarhe 00CyKIAIOTCsI TOCTABICHHBIC 0COOCHHOCTH, YYUTHIBAEMBIC [UISI METOJIOIOT U
00paTHOM 3a71a4H, a TAKXKE ITAIbl BEIBO/IA AHAIUTHYCCKOTO BBIPAKCHHS. AHAIMTHYCCKOES BRIPAKECHUE JIJIS TIPEITIOKECHHON
MOJICIT TIPE/ICTABJICHO KaK B YaCTOTHOW OOJNIACTH, TaK M B OOJACTU PEaIbHOIO BPEMEHHU C NMPUMCHEHUEM MPSMOTO U
oOparHoro npeodpaszoBanus Jlamtaca. M3MepeHHbIC BXOJHBIC JAHHBIC HA BBIXOJE JOMOJHHUTEIBHO HHTCPIIOIUPYHOTCS
MTOJIMHOMOM 8-T0 TIOPSIIKA U MPEACTABIISIFOTCS ¢ OCTaTKaMu armpokcumanuu. O0Ias meib npeiaracMoi CTaTbi COCTOUT
B TOM, 4TOOBI U300pa3UTh 0OIICE MPEICTABICHUE O METOOIOTUU aHATUTHYCCKOTO 0OPATHOTO aHAIN3a ISl IIPOLICTYPhI
onpeneneHus: K03 GUIUCHTOB, UCTIONIB3YEMbIX JIJIsl OIHOPOIHOM CPEIbI.

KiroueBble ciioBa: 00OpaTHBIC 3a1a4M, HECTAIIMOHAPHBIN TCIIIOOOMEH, aHATUTUYCCKOC PEIICHUE, YKCIICPUMCHTAIIbHBIC
M3MEpEHUs], YUCIIEHHOE MOCITMPOBAHUE, TPYHT.

Introduction

In today’s world there are a lot of well-known empirical methods for determination of thermal-
physical characteristics of structural and non-structural materials in the laboratory conditions with
prescribed accuracy [1-5]. However, it is still a matter of difficulty to identify key properties of material
without terminating the exploitation process during experiments conducted on the field or receiving
such data analytically without loss of accuracy and precision [6]. It is well-known fact that analytical
expressions are more favorable in terms of reduction of computational cost expressed in time and
memory, to receive exact value without losses due to introduced errors by numerical approximation [7].
Determination of thermal characteristics of soil plays key role in agricultural area and construction sector
[8-9]. Investigating soil fertility or appropriate freezing depth of soil are the key issues in agricultural
sector which are impossible without reliable data of thermal characteristics for considered soil category
[10—-12]. Another application of the usage of inverse problems is to determine the type of the soil by
observing calculated values of key thermal parameters using statistical comparative analysis [13-16].
The essence of the inverse analysis methodology lies in the prescribed ill-posedness of the problem due
to violation of one of the following factors: lac of solution, infinitely many solutions or the solution
discontinuous dependency on the input data. These factors comprehend numerical exploitation of the
posed inverse problem. In such case analytical investigation is more preferable, since we illuminate these
factors, however such implementations require to overcome number difficulties due to derivation stages.
For instance, there should exist the solution of the posed direct problem, its continuous transform in the
frequency domain, and same solution of the invers problem derived for the considered process. Moreover,
the more we are keen to imply model with comprehensive structures in order to increase the accuracy of
simulation, the more difficulties will arise during the derivation stages of the analytical solution. For that
reason, we may pose an equivalent model that will reflect general tendencies of real-world considered
problem.

The general goal of proposed paper is to depict general idea of the analytical inverse analysis
methodology for coefficients determination procedure utilized for homogeneous medium terrain.
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Main provisions
In current experiment we considered a box with specific soil type equipped with the measurement
devices located at specific points of domain as illustrated below.

Figure 1 — Soil experimental design

The direct problem consists of determining the temperature field in domain Q = x € [0, )
Ut € [0, T]. We set absence of bounds on the right side for spatial part of domain since for single-layered
structure we do not have any reflections of the heat-wave flux from the right side, considering it as isolated
side, thus for set experimental design the model describing transient heat flow is constructed as:

-l (1)
0(x,0) = 0, (x). 2
6(0,t) = 0,(t). 3)
600, ) = 0. 0

Here the initial condition (2) is received by interpolating measured data through time domain and
the same is done for boundary condition (3), heat conductivity coefficient is expressed as a = /k/pc,
where P and c are density and specific heat capacities of the soil, whereas £ is the heat transfer coefficient.

The inverse problem is formulated as follows: to determine the heat conductivity coefficient by

measuring additional data on the inlet of the domain. For that reason, we measure heat flux from radiation
of the bulb lamp at point x — 0.

Materials and Methods
The measured radiation received from numerical simulation of the heating processes inside the bulb

lamp [17]. The geometrical domain is considered as axis-symmetrical region, which is discretized by
structural grid presented below:
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Figure 2 — Axis-symmetrical region and heat flux inside bulb lamp
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Simulated processes include conduction trough the tungsten spiral, which is further transferred by
convection through argon to the lamp glass and then as the heat flux by radiation from glass to soil inlet.
The following profiles gives numerical values of received heat flux due to radiation from the bulb

lamp:
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Figure 3 — Heat flux profiles
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The introduced heat flux is depicted in model as expression:
69
o lx=0 = @ (5)

Considering (5) and (3), we can reformulate them as follows:
a0
_lx =0 — helx 0 h kG(Ot)

To find an analytical solution form, we apply Laplace Transform as usually done for seeking
analytical expressions [18-20], so the problem (1)-(6) will take form in the frequency domain:

U-a22l =9 ™
p a 0

(6)

au
dx lx=0 = hU|x=0- (®)

The solution of (7) is found in the form:

U= % L cex, ©)

The constant is found by boundary condition (8):

_ b __h —‘/—Ex 0o _ —Qx 6o 1 —@x
U_p<1 @Hle ) p<1 >+“\/_(@+h)e ' (12)

The form (12) represents an analytical expression for proposed model in the frequency domain. Now,
it is necessary to apply inverse transform and receive equivalent form in real-time domain. Considering

that:
ﬁ
-1 E Y-
. <pe ) 5rf (sae) (13)
From it, follows that:
8o Py
?<1—e a )%Hoerf(z \/_) (14)
For the right part of (12) shifting and similarities theorems of operational calculus are applied:
“HF(p)] =Lt [ﬁ e_pE] = qe Mat=x)y(at — x). (15)
Having Efros theorem together with (15), we know that:
L—l [F(@) — L_ 1 1 —h(aT x) 4th
7 VB \/—f (16)

Results and Discussion
Combining expressions (15) and (16) together the analytical expression in the real-time domain

takes form:

0(x,t) =0, [erf( ) + ehxta’h’topge (7 + ah\/_)] (17)
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Expressing (17) having (6), the form becomes as:

0(x,t) = 6, [\%f;“—ﬁe‘fzdt +

q a_\?
eae(o,t)x+(9(o,t)) t ifoox q e—tzdt (18)
G (W"'e(o,t)‘ﬁ)
It should be noted that the error function can be expressed as the following converging series:
2 -1 nx2n+1 2 x3 x5 x7 x9
erf(x) = X0, OO L 2 (p 2y X 42 ) )
Vm n!(2n+1) Vr 3 10 42 216

Now, having the measurements of temperature received experimentally, we can find analytical
expression for the heat diffusivity coefficient from (18). The data was measured during ten discrete time
intervals that could be smoothly interpolated by the eighth order polynomial, depicted on the figure below,

along with residual plot:

Q@ | | | | =
10 0 X 40 5 #

Figure 4 — Measured discrete data interpolated by 8" order polynomial (above) along with its residuals (below)

On the above figure, we observe the fitting model, that is the coincide of the interpolated data with
the measurements, so that the vertical axis represents the measurements, and we have time interval in
the horizontal axis. Meanwhile the below graph represents the points at which the residual indicates an
outliners, stating that at these points the measurements were influenced by the noise introduced via the
measurement device error.

Conclusion
We take the first three term of the series (19), however increasing the order will lead to better
accuracy, simplifying the expression (18) we obtain the following form:

(hE + a?h?t) {1
480a%t2¢ + 960a*ht3 — 320aSh3t* + 96aBh5tS — 40t&3 + 35

5
480\/madt2
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n u(ét)  4a*&t?-3a2&%t+2.58°

u 5
0 ama5t2

—1 = 0. (20)

Expression (20) is an analytical form with heat transfer parameters of soil which is heated by the lamp
on the inlet. Determination of the necessary coefficients could be done by numerical iterative approach
or direct calculations. In (20) the term 6(¢,t) is additionally measured temperature at point x = ¢,
whereas all other terms are known constants. It could be clear that heat transfer parameters will depend on
temperature and vary through time exponentially.

Received form is crucial in performing on site investigations or mathematical exploitations
over correlational studies between thermal characteristics of soil and other terms. It is also useful for
convergency rate studies for different approaches.
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