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Contributions of chemistry and material sciences
to thetrandational research: examples of the current research

Translational research involves basic research, patient-oriented clinical research
and population related research targeting to improve sustainably the public-health.
New approaches to materials, preventions of disease, diagnostics and therapies ac-
cess clinical trialsin order to enhance steadily the therapeutic success for the affected
patients. Essential requirements are the efficient partnership of physicians, researches
in natural, biomedical and material sciences, and the medical device and pharmaceu-
tical industry as well. Briefly outlined examples of the collaboration between the nat-
ural sciences in Tomsk and Muenster (Germany) and an orthopedic clinic and a radi-
ation therapeutic/oncologic department (Muenster, Germany) demonstrate the contri-
bution of chemistry and material sciences to the translational research.

Keywords: trandational research; examples of the collaboration; biomaterials;
“from bench to bedside and back again” .

Introduction

According the definition of Translational Research published by the US Na-
tional Institute of Health (NIH) on July 26, 2002, translational research is the
process of applying ideas, insights, and discoveries generated through basic sci-
entific inquiry to the treatment or prevention of human disease [1]. The discov-
eries in molecular and cell biology in the last half century such as the solved
decodification of the human genome in 2003 [2—-5] have aroused among scien-
tists and the public too, high hopes for a quick translation from biomolecular and
genome research into medical practice. By 2012, the NIH expects to establish
60 centers in US, with an annual funding commitment of $500 million. “Sci-
ence” has launched a new magazine in October of 2009 called Science Transla-
tional Medicine competing with journals such as the American Journal of
Translational Research and the Journal of Translational Medicine. The Seventh
Framework Program (FP7) of EU provided a budget of over € 50 billion (2007—
2013), of which 12% was targeted to health [6] emphasizing projects related to
translational research in infectious diseases, cancer, cardiovascular disease, dia-
betes, obesity, and rare diseases. According the Degree of the President of the
Russian Federation no. 598 (May 7%, 2012) on the improvement of the national
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health care system [7, 8] clusters and centers of translational medicine have been
founded in recent years in Saint Petersburg, Moscow, Kazan and Tomsk (SSMU
and TI'Y). Meanwhile manifold translational research cluster has been estab-
lished worldwide.

Translational research bridges clinical and basic research characterized by
the multidisci-plinary collaboration in order to develop high specific diagnostics,
novel and efficient therapies and the prevention of disease. With respect the
biomedical and the stem cell engineering inspired regenerative medicine, the
increased knowledge on biomaterials, and the high standards of optomechanics
and software as well, the modern medicine faces both, high sophisticated chal-
lenges and new horizons in the multidisciplinary research. Investigations on the
pathophysiology of diseases and the mechanisms of the biomolecular processes,
and the development of specific pharmaceuticals, appropriate biomaterials for
tissue scaffolds or drug delivery systems and adequate medical devices have to
be closely executed in partnership with the clinical research, and the related in-
dustry as well. Translational research challenges investigators to turn away from
the traditional training. The current state of research needs to build bridges be-
tween clinical and basic researchers to generate jointly and translate findings
from bench to bedside and back again [3].

Bilateral translational cooperation in medical technology at a glance

The laboratory of transmission cell-like and molecular biomedicine and the
laboratory of catalysis of the National Research Tomsk State University have
installed collaborations with scientific institutions in Germany, respectively with
the Institute of Transfusion Medicine and Immunology of the Medical Faculty
Mannheim, the Westphalian Wilhelms University and the company Marcotech
oHG in Muenster. Mrs. Prof. Dr. Julia Kzhyshkowska, Mannheim, acts scien-
tific supervisor at the TSU Tomsk and is involved in the current research con-
cerning the development of novel biomaterials. Mr. Prof. Dr. Lothar Heinrich,
Muenster, has provided lectures on the modern medical technology and related
scientific issues.

In the frame of the current research on biomaterials two young scientists of
the TSU were delegated to the Institute of Transfusion Medicine and Immunol-
ogy (Mannheim, Germany) in 2015. Supplemen-tary experiments were executed
in Muenster (Germany) in the laboratories of the university and the company
Marcotech oHG. They presented successfully a poster at the Annual Meeting of
the German Society of Biomaterial, November 12—14, 2015, Freiburg (Germa-

ny).
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Fig. 1. Prof. Kurzina Irina, Lytkina Daria  Fig. 2. Lytkina Daria (TSU Tomsk) investigates

and Shapovalova Yelena (TSU Tomsk) biomaterial surfaces using Atomic Force

at the conference of the German Society Microscopy at a laboratory of physical

of Biomaterials, Freiburg (Germany), chemistry of the University of Muenster
November 12-14, 2015 (Germany) assisted by Dr. Christian

Herkt-Bruns, December 16, 2015

The cooperation of TSU Tomsk with the German partners contributes ef-
ficiently to the translational efforts, and enlarges the multidisciplinary net-
work as well. The educational training in medical technology at the West-
phalian Wilhelms University involves practical trainings of young chemists
and students in the neighbored clinics. In addition to lectures and seminars in
medical technology the students of the natural faculty are welcome to watch
surgeries, or to visit departments such as dialysis, orthopedic workshop, ra-
diotherapy and oncology. Close cooperation in clinical and natural sciences
is established between the Clinic of General Orthopedics and Tumor Ortho-
pedics, the Clinic of Radiation Therapy and Oncology and the Department of
Medical Microbiology. In addition to the joint education manifold joint pro-
jects have been successfully executed, and young scientists of chemistry and
material sciences are involved. Concerning the translational research, the
paradigm “from bench to bedside and back again” has been implemented. No
doubt, the translational network has to be carefully extended by biomolecu-
lar scientists and cell technology avoiding any loss of efficacy caused by an
organizational complexity.

Young scientists of TSU are invited to stay in Germany to be involved in the
existing network. Scientific issues coming out of the clinical research will be
transferred to natural science and vice versa.
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Fig. 3. Students of the Faculty of Chemistry (Muenster) learn together with medical
candidates stitching wounds using different types of surgical suture material

Examples of translational research and the transfer of findings
Joint research on orthopedic materials

The distal femur is a common anatomic location for primary and metastatic
bone tumors. These malignant tumors traditionally were treated with resection,
arthrodesis or amputation of the extremity. This reconstruction of the skeletal
system improves significantly the survival rates among the patient. Custom-
made prosthesis are used to adjust individually stem length or diameter. The
medical device industry supplies also expandable prosthesis which are used in
patients younger than 12 years [9].

In the case of massive osteosarcoma the Clinic of General Orthopedics and
Tumor Orthopedics, Muenster, has successfully implanted MUTARS®-tumor
endoprosthesis [10] which has jointly developed with the company IM-
PLANTCAST (Germany) [11]. The modular construction makes possible the
patient related adjustment. Loading materials are TiAlsV¢ and CoCrMo alloys.
The modules are coated with silver in order to avoid postoperative biofilms [12].
The prosthesis stem is coated with hydroxylapatite in the case of cement free
implantation. UHMWPE inlays, alternatively highly crosslinked XLPE or
HXLPE, in the knee joint provides the adequate tribology to the polished TiN
coated CoCrMo joint ball of the distal femur stem. The joint is stabilized by a
cylinder like lock system of PEEK. A woven attachment tube of PET is used for
the refixation of the soft and muscular tissue and tendons and for the reconstruc-
tion of capsular structures.

Limb salvage with the multicomponent MUTARS®™ endoprosthesis has been
proved regarding good functional results and low rates of periprosthetic infec-
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tions. But complications cannot be excluded such as wear or break of compo-
nents, especially polymers, aseptic loosening, perioperative infections, and sep-
tic loosening, as well as the local recurrence of tumor.

: CoCrMo alloy

: silver coated TiAl V, (or CoCriVio)
consisting of 3 modules

: UHMWEPE (also the plate in 6)

: PEEK

Fig. 4. Components of an explanted knee tumor endoprosthesis (after wear time of 3 years)

The collaboration between the clinic and the chemistry and material science
was focused on

— indications of any biofilm forming on the metal and polymer surfaces or
the PET filaments,

— the postoperative change of the silver surface color to brown or black, and
the biochemical interpretation of that effect,

— causes of failures such as breaks or cracks,

— effects on the silver coating of different antiseptics as perioperative lavages
in order to avoid adverse surface reactions,

— long time stability of the woven attachment tube, and the tissue integration
as well.

The continuous collaboration has been started several years ago, and young
scientist and graduate students of natural and material sciences are actively in-
volved. They are guests at orthopedic surgeries and assist in sampling under
sterile conditions. The young candidates are integrated in analytical tasks and
experiments, as well as in the related current disputation with the clinical re-
searchers. Examples as following illustrate the current collaboration between
clinical research and natural sciences.

10 explanted prosthesis were investigated on microbial contaminations and
biofilms. Neither MALDI-TOF-MS analysis (matrix aided laser desorp-
tion/ionization; time-of-flight mass spectroscopy) nor SEM (scanning electron
microscopy) could indicate any bacteria on the metallic and polymer compo-
nents. Several areas were covered by adhering denaturated proteins:

11
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Fig. 5. Typical SEM micrograph of deposits on components of explanted endoprosthesis.
Both, the small sizes of the species and MALDI-TOF analysis exclude
any bacterial provenance

This result corresponds with the clinical practice, respectively the reduction
of postoperative infections of about 30% cases to 5% after the use of silver coat-
ed tumor endoprosthesis [10, 12].

The explanted silver coated modules show always changes of colors which
differ from yellow to brown or sometimes black. Energy dispersive X-ray spec-
troscopy (EDX) indicates forming sulfur and nitrogen containing surface com-
pounds.

e
Fig. 6. Silver coated prosthesis module Fig. 7. Explanted silver coated module
before implantation after a wear period of 3 years,

tumor endoprosthesis was removed due to an
aseptic loosening

The etiology of the individual differences of coloring is unknown until now.
The extent of silver that can be released into biological fluids from the silver
coating depends on the protein characteristics, adsorbed layer properties, for-
mation of silver-protein complexes as well as concentrations of proteins in the
solution. WANG et al [13] postulate an enhanced release of silver in the pres-
ence of bovine serum albumin (BSA) attributed to surface complexation be-
tween BSA and silver:
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As hypothesis of the mechanisms may be the interactions of silver with sul-
fur containing cystin and cysteine protein sequences supporting the adhesion.
Denaturation and silver catalyzed degradation are followed forming soluble or
adherent silver complexes, and black coloring insoluble Ag,S.
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Fig. 8. The measurement of the silver depth profile using LSM
(laser-scanning-microscopy; KEYENCE, VK-X200) discloses the erosion
of the coating by loss of silver within the dark colored areas

Clinical studies have shown that the silver coated tumor endoprosthesis
caused postoperative silver concentration in blood can arise to 0,08 ppm [14].
Titanium and silver can be found in the bone-implant interfaces, about 700 ppb
Ti and 800 ppm Ag. Therefore, neither systemic nor local argyrosis (blue color-
ing) have not been considered. In fact, the chemical structures of the complexes
are not known yet, as well as their toxicology, side effects, accumulation in tis-
sues and elimination by urine. These open questions are issues of the current
joint research.

In addition to the systemic prophylaxis against surgery associated infections
the prosthesis and open wounds have to be rinsed out with antiseptic liquids.
The effects on silver of several typical lavages were investigated. It could be
demonstrated that the use of BETAISODONA®, solutions of polyvinyl pyrroli-
done-iodine-complex, or any iodine containing antiseptic are unfavorable due to
the forming of surface silver complexes and compounds which cause undesired
side effects with proteins. Translated these results to the clinical practice only
H,0,, LAVASEPT®, PRONTOSAN® (solutions of polyhexanide) or formalde-
hyde are used as perioperative antiseptic lavages.

The attachment tube has been developed for the refixation of soft tissue and
tendons and for the reconstruction of capsular structures.
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Fig. 9. The woven PET-attachment tube Fig. 10. Each string consists of about 185
fixed by bioresistant strings envelops the  parallel running PET-monofile, diameters of
endoprosthesis 25 pm

The open structure of the fabric allows the postoperative tissue integration
into the attachment tube, respectively the refixation of muscular and further soft
tissue. Risks of subluxation are prevented supporting the successful application
of the tumor prosthesis.

Fig. 11. SEM micrograph of a closely tissue surrounded PET-monofile
(one example of an explanted attachment tube)

It has been shown by investigation of more than 10 explanted samples on
microbial species or biofilms (MALDI-TOF-MS, SEM and cultivations after
microbial impression technique) that the attachment tube was free of any bio-
films. One case of small amounts of Serratia marcescens was indicated by
MALDI-TOF-MS, perhaps caused by endogenous infiltration.
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With respect to these results and the clinical experiences as well, the parallel
running monofiles within the PET-fabric achieve both, soft properties and long-
time mechanical stability. The intensity of movements and the frictions between
the monofiles destroy obviously emerging biofilms.

Drug delivery systems for IORT

A joint research on a local drug delivery system has been established with
the Clinic of Radiation Therapy and Oncology at the Westphalian Wilhelms
University Muenster in order to protect the healthy tissue against reactive oxy-
gen radicals (ROS), which are secondarily generated by ionizing rays. In-
traoperative Radiation Therapy (IORT) such as the external beam radiation
therapy (EBRT), the high dose radiation brachy therapy (HDR) or the novel
Intrabeam® Photon Radiosurgery System (PRS) apply X- or gamma-rays [15].
The biomechanical transport processes and the biomolecular cellular mecha-
nisms have to be understood for the design of appropriate antioxidants loaded
nano-containers, as well as to design an useful drug delivery device for clini-
cal trials.

Typical risks and serious acute effects of IORT are e.g. erythema, postop-
erative ulcer, and late side effects can be chronic inflammation, perioperative
infections, injuring neighbored organs or triggering malfunctions or recurrence
[16, 17].

The demand of a locally applied antioxidant delivery system in combina-
tion with antiseptics has been indicated by clinical experiences. The idea is
that a gel like overlay will be loaded with water solubilized antioxidants in
order to deliver the antioxidants in the tissue [18]. The delivery system is
positioned around the radiation target (skin, wound bed) carved to an appro-
priate form. With respect to the fractionated radio-treatments the overlay has
to be easily removed. With respect to the barrier properties of the upper skin
layer (stratum corneum) the antioxidant loaded nano-container of the highest
penetration rate has to be selected. The joint research involves the transder-
mal penetration, the transport within deeper layers such as epidermis or con-
nective tissue, and the biomolecular processes to scavenging ROS as well.

The following drawing illustrates the different transport routes across the
stratum corneum. In general, lipophilic drugs pass the death corneocytes. The
intercellular path is blocked by desmosomes consisting of lipids which are
secreted from keratinocytes during the mutation to corneocytes. Physical stim-
ulations such as ultrasound or electrophoresis can destroy these desmosomes,
but also penetration enhances such as solvents, surfactants, fatty acids can
open the lipophilic transport route.

Within any soft connective tissue, dermis or epidermis the intercellular
transport can be described with the FICK's laws in combination with cellular
uptake and elimination via blood capillaries. The nanocontainers interact with
the cell membranes and access the cytosol by endocytosis. The liposomes or
micelles dissipate and release the antioxidants in order to deactivate ROS.
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Fig. 12. Scheme of the transport routes across the barrier stratum corneum; sizes
of the drug loaded micelles and liposomes should be smaller than 1 pm to pass
the hydrophilic intercellular spaces

The treatment with antioxidants requires a higher protective effect to healthy
tissue than to the remaining tumor cells. A test series with antioxidants has been
started with D-o-tocopherol and a tocotrienol rich raffinate. In-vitro investiga-
tions on the antioxidants cell toxicity and irradiation effects on the cell survival
fractions at human fibroblast cell line HaCaT and hormone receptor positive
breast cancer cell line MCF-7 have shown that under the exposure of the antiox-
idant loaded nanocontainers the tocotrienols containing Palm-TRF provides a
higher radiation protecting efficacy to healthy cells than to cancer cells such as
MCF-7.
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Fig. 13. Survival fractions of HaCat and MCF-7 cells after X-ray radiation (dose: 2 Gy) under
exposure of D-0l-tocopherol (TO) and tocotrienol rich raffinate (TRF)
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These preliminary results motivate to continue the search for antioxidants of
higher radioprotecting selectivity to healthy cells. Therefore further bioactive
antioxidants will be involved in the future investigations such as the use of iso-
lated tocotrienols, hydroxytyrosol, L-ascorbic acid etc., as well as alternative
techniques of carrying (e.g. complexation with cyclodextrins). Furthermore, a
simplified model of the transport across skin and open tissues has been devel-
oped [20] and will be optimized by pharmacokinetic studies. The design of the
appropriate wound dressing or overlay will be elaborated together with the clinic
and an experienced company.

In contrast to the envisaged locally targeted effect of the antioxidants, the
transdermal drug delivery is already established for the systemic medication
with nicotine, chemotherapeutics etc. [21, 22]. With respect to the broad medical
application, the currently executed collaboration provides a huge potential for
future translational research.

Outlook and conclusion

The presented examples of translational research demonstrate that chemical
and material science can efficiently contribute to advantages in the clinical med-
icine. Bridging research of clinical and natural science should be understood that
manifold modern sciences has to be involved, e.g. biomolecular and regenera-
tive medicine, genetics, pharmaceutical research and natural sciences such as
chemistry and material sciences. The creation of an adequate network of scien-
tific excellence is one point of view, the efficacy of collaboration and
knowledge transfer make necessary a well-functioning organizational structure
and management. Translational networks are marked by intrinsic dynamics and
the ability to involve external partners depending on the scientific issues.

The dream to catch new horizons in medicine stimulates the translational re-
search. However joint research which promises success in the near future, moti-
vate the partners to continue and intensify the collaboration.

Training of young scientists in translational thinking and acting should be
started in an early phase of the education in order to become familiar in bridging
natural and medical issues and to destroy barriers of communication. The up-
coming and recognizable challenges in medicine require multidisciplinary com-
petence, respectively the ability to collaborate and communicate with partners of
best excellence.
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Antomunam 6apua noxyyen 307b-2elb MemoodomM ¢ ucnoavsosanuem CBY-
U3YyUeHus: OA bICYUUBAHUA 2els C Nocaedylowel mepmuyeckol 0opabomxkoi npu
memnepamype 0o 1 200°C. [Jna svisaenenuss OUHAMUKYU (DAZ0BbIX U CMPYKIMYPHBIX Npe-
8paweHUll npu CUHmese ATIOMUHAMA 6apusi UCNOAb306AH KOMNIEKC UCCIeO08AHUIL:
ocHogHble cmaouu gopmuposanusi BaAl204 onpedenenvi memodom mepmuieckoco
ananuza (TA); ssonoyus azo6020 cocmasa u KPUCMALIUYECKOU CIPYKIMYPbL U3YUe-
Hbl npu nomowu penmeeno@azoeozo anaiusa u HMK-cnekmpockonuu; mopgonozus
Nn0EPXHOCMU ANIOMUHAMA DAPUS UCCIEO08AHA HA PACMPOBOM DNEKMPOHHOM MUKDO-
cxone (POM).

KuroueBble ciioBa: amomunam dapus; 301v-2envs memoo;, CBY-usnyuenue; ¢ha-
3000pazosanue; MIOMUHOPOD.

BBenenne

B nHacrosimee Bpems OoIbIIoe 3HAYCHUE YIENMASTCS aTIOMHHATAM MIETIOYHO-
3€MCJIBHBIX MECTAJIJIOB, ABJIAIOIIHNXCSA OCHOBOM JIIOMHUHECIICHTHBIX MAaTCpUaIoB.
Baxnoe MecTo cpenu coeqWHEHHMI 3TOTO Kiacca 3aHMMAaeT alloMUHAT Oapus,
AKTHBHPOBAHHBI MOHAMH PEIKO3EMENIFHBIX JJIEMEHTOB. bombimoll mHTEpec K
JIOMHUHECLIEHTHBIM MaTepuallaM Ha OCHOBE aJlOMHHATa 0apus CBsI3aH C UX Tep-
MHYECKOH CTaOMIBHOCTBIO, SKOJIOTHYECKOH O€3011aCHOCTBIO, HWHTCHCHUBHBIM
M3IydeHUEeM W JUIUTSIBHBIM BpeMeHeM mociiecBeuenus [1,2]. Haubonee pac-
MPOCTPaHEHHBIM METOAOM MX CHHTE3a SIBISCTCS TBEpAO(a3HOE CIICKaHUE OKCH-
JIOB, THUJPOKCUIOB, KapOOHATOB, KOTOPOE XapaKTepU3yeTcs MPOCTOTOH dKcIie-
PUMEHTa ¥ OTCYTCTBHEM TOKCHYHBIX IPOIYKTOB peakiuu. OZHAKO y 3TOTO Me-
TOJIa €CTh HeIOCTATKH, TaKhue Kak He0OOXOAUMOCTb MOAEP>KaHUs BBICOKOW TeM-
nepaTyphl, HpHBOI[HH.[eﬁ K YKPYIIHCHUIO 4YaCTHUIl BO BPEMs OTKUI'da MCXOAHBIX
BEIIECTB, a TaKKe IMOJTy4YeHHE MHOTO(a3HBIX W YacTO HECTEXHOMETPHYHBIX
npoaykToB. OMHUM W3 pelIeHui mpodaeMsl (Ha30Boil HEOTHOPOTHOCTH SBISICT-
sl UCTOJIB30BaHUE 30JIb-Te€llb METOJIa. BBeAeHNE OpraHMuecKON COCTaBIsIOLIEH
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OPUBOJAUT K CHUKCHUIO TEMIICPATYPbl CUHTE3a U OTCYTCTBUIO CIICKaHUA YaCTHUII.
3TO MO3BOJISET MOTYYaTh YaCTHUIBI OMPEICICHHOTO pa3Mepa, YTo CoCOOCTBYET
YBEIHMYCHHUIO HHTCHCUBHOCTU JIIOMHUHECIICHIIMH. KpoMe TOro, 3011b-Tellb CHHTE3
TO3BOJIACT YHPABJIATH CBOMCTBAMH KOHEYHOTO NpoAYKTa 3a CUCT M3MCHCHUSA
apaMeTpoB MpoLecca, TAKUX KaK COCTAB U COOTHOIIICHHUE NCXOIHBIX PEarcHTOB,
TeMIepaTypa CHHTE3a, BpeMsi TEPMUUYECKON 00paOOTKH H T.I.

Henp nanHO#M paboTHI 3aKiovaachk B pa3padOTKe criocoda MONydeHUs rek-
CaroHaJbHOIO MOHOAJIIOMHHATA 0apHs 30Jb-T€llb METOJOM C HCIIOJIb30BAaHUEM
MHKPOBOJIHOBOTO H3JIy4eHHs Ha CTaJWH BBICYIIMBAHUS TS, UCCICIOBAHUH
npoiiecca Gpa3000pa30BaHuUs IEIEBOTO IPOIYKTA U OMPEICICHUN ONTHMAIBHBIX
YCJIOBHH, O3BOJISIOLIMX TONYYUTh OJHO(A3HBIIT IPOIYKT.

BKCHepHMeHTaHl)Haﬂ 4acTb

st cuaTe3a amoMuHaTa Oaprs B KauecTBE HCTOYHUKOB METAJUIOB HCTIOIB30Ba-
71 KapOoHAT Oapusi U CBEKEOCAKIECHHBIM MMIPOKCHU]] alFOMUHUS; B KAUECTBE Xela-
TOOOPA3yIoMIero ¥ MOJIMMEPHU3YIOIIETO areHTa — JIMMOHHYIO KHUCTIOTy. BwiOop
MOJIFHOTO COOTHOIIIEHHSI HCXOIHBIX PEareHTOB Me?" : AP : HyCit nenanu Ha ocHO-
Be JaHHBIX (ha30BOM quarpammsl [3], Ha KOTOpOi HAOMIOAAIOTCS TPH XUMHYECKUX
coenureHns BaAl;1019, BaAlOs, BazAlyOs, miaBsmuxcst KOHTpySHTHO TipH 2 188,
2088 u 1893°C cOOTBETCTBEHHO, W YETHIPE IBTEKTHYECKUX TOYKH Tipu 2 148,
1893, 1753, 1 698°C. MoHoanmomuHatT Oapusi 00pa3yeTcsi MPU MOJILHOM COOTHO-
mennu okcuioB BaO:AlbOs, paHom 1:1. Takum 00pa3om, MCXOAHBIE KOMITOHEHTEI,
coZiepiKaIyie KaTHOHBI Oapusl ¥ aTIOMHHHS, OpaJlll B CTEXHOMETPHIESCKOM COOTHO-
1eHuH, MonbHoe cootHomenne HyCit : cymmapHoe kKomudecTBo katnonoB (Ba®' +
AP¥") coctaBumo 2 : 1 [4]. JIns BBICYIMBAHMS TeIsl HCTIONB30BAIN MUKPOBOJHOBOE
BozzelicTere MourHocThio 90, 360, 600 Bt, CBY n3mydenue 2450 + 49 MI'u. Bpe-
Ms BO3JIciicTBHS Ha 00paser; oobemoM 10 mit cocTaBriio 15 MuH.

[ ycTaHOBNIEHUsI OCHOBHBIX CTaguii (pOpMHUPOBAHUS KOHEUHOTO MPOIYKTa
npoBouIy TepMudeckuii ananmu3 Ha npudope NETZSCH STA 449C u mace-
CIIEKTPOMETPUYICCKUI aHaIN3 TP CKOPOCTH Harpea 10°/MUH B BO3IYIIHON aTMO-
cdepe B unTepBasie Temrepatyp 25—1 000°C, HarpeBaHHEe MTPOBOAMIN B TUIIISIX W3
ALOs.

OBomoruio (GazoBOro COCTaBa M KPUCTAJUIMIECKOW CTPYKTYPBHI M3y4Yald TIpU
nomon MK-cnexrpockonuu Ha MK-®ypee crnektpomerpe Agilent Technologies
Cary 600. /I onpenienieHust KAYECTBEHHOTO M KOJIMUYECTBEHHOTO COCTABA KPUCTAJI-
JTrdeckuX (a3 KOHEYHOTO W MPOMEKYTOUYHBIX MPOAYKTOB CHHTE3a HCIIONIB30BAN
MeTol peHTreHoda3oBoro ananmm3a Ha auppakromerpe Rigaku MiniFlex: CuK, —
W3JIyYeHHre, Truamna3oH yrioB 20 3—-80°, ckopocTh CheMKH 2°/MHUH.

Amnanus ($a3oBoro coctaBa IMpoOBOAMIIM C UCHOJIB30BaHUEM 0a3bl JaHHBIX PDF-2.
Mopdosnoruio moBEpXHOCTH UCCEOBAIIM Ha PACTPOBOM DIIEKTPOHHOM MHKPOCKO-
nie Hitachi TM-3000 nipu yckopsironeM HamnpsbkeHuu 15 kB B ycnoBusx peximMa
CHSITHS 3apsaKu ¢ obpasia (dnekTponHas mymka 5-107 Ila; xamepa s o6pasua
30-50 I1a).
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A

Harpesanue co ckopoctbio 5°/muH 10 1 000°C,
oTxur Ha Bo3ayxe npu 1 000°C, 3 u

A

OxJraxcieHre 10 KOMHATHOM TeMITepaTypbl
B My(QelbHOU TIeun

Puc. 1. Cxema cunresa BaAl>O4

DOJeMEeHTHBIN aHaJ U3 MPOBOIIIIN HA MIPHUCTABKE IS SHEPTOIUCIIEPCHOHHOTO
Mukpoananusa Quantax-70. C uenpio GOPMUPOBAHUS KPUCTATLUTHYECKOTO aJIko-
MHUHATa CHHTE3WPOBAHHBIN MPEKYPCOP OTXKHUTAIH B My(enbHOU TeYH IpH TeM-
nepatype 1o 1 200°C. Cxema cuHTE3a IpUBEIeHA Ha puC. 1.

Pe3yabTaThl M MX 00CyXK/AeHUE

OCco0EHHOCTAMH MHUKPOBOJHOBOTO H3JIy4EeHHs SBIIAIOTCSA XOpOIIas MpPOHH-
KaroIas CrlocOOHOCTh M B3aUMOJIEHCTBUE U3ITyUEHHUS C MOJIEKYJIaMH M MOHAMH
o BceMy 00beMy 00IydaeMoro oObeKTa, 9YTo MPUBOJUT K (OPMHUPOBAHUIO O
HOPOJHBIX 0 pa3Mepy JacTHUIl KOHEYHBIX MPoAyKToB. Hawmmydmmero pesymnsraTa
yJaJoCh JOCTHTHYThH C MCIOJIB30BAHHEM MHKPOBOJHOBOT'O BO3JIEHCTBHS MOII-
HOcThI0 360 BT. laHHblEe pacTpoBOH 3IEKTPOHHON MMKPOCKOIUHU CBUJIETEIb-
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CTBYIOT 00 00pa3oBaHUU XOPOIIO C(HOPMHUPOBAHHBIX TPAHYJ OKPYIJIOH (OPMEI
pasmepom 350-550 aM. B cBsi3u ¢ aTUM JanbHeinme uccieaoBanus hazoobpa-
30BaHUS IPOBOIUIIN IS CUCTEMBI C UCIIOIb30BAHUEM HMEHHO 3TON MOIIIHOCTH.

Jns ompeneneHus TUHAMHUKH (DA30BBIX NPEBpAICHUN MCXOTHBIA pacTBOp
BBICYIIWIIHN TIpH ucnonb3oBannu CBY-uznydenus momHocthio 360 Bt u moa-
BEepriaM TepMHYecKod o00paboTke B wmHTepBaje temmeparyp 100-1200°C

(puc. 2).

OCK /{MeBimr)
Tl % ATE [{%/Mun)

T 3K30

100
90 0.0
80

70

60
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40 |
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30

20

1000 200 300 400 500 600 700 800 900
Temnepatypa /°C

Puc. 2. JlaHHBIE TEpMHYECKOTO aHATIH3a

Ananuz TI' u JICK kpuBBIX W pe3ynbTaThl Macc-CIEKTPOMETPHUECKOTO U
HK-cnexTpocKonu4eckoro aHajau3oB (puc. 2) mokaszaid, 4To (opMupoBaHUE
aNfOMHUHATa OapHst MPOTEKaeT B HECKOJIBKO CTAAHMN, XOPOIIO pa3eIeHHBIX MEXK-
ny coboid. [Ipu temnepatype 10 200°C mpoUCXOANUT yJalleHUEe PacTBOPUTEINS U
JIETKOJIETY4YUX KOMIIOHEHTOB, YTO IOATBEPXKIAETCS HAJMYUEM OCKOJKOB Ha
Macc-crekTpe, npunaiexkanux razam CO, CO,, NO,, H>O, u nosiiaeHuem mo-
noc norsomenus B UK-cnextpax mpu 1 385, 1744, 829 cm™!, cootBercTByIo-
X HUTPAT-UOHY, KOTOpBIe rcue3aroT K 250°C, u CHIKeHHeM WHTEHCUBHOCTH
nosoc mpu 3 600-3 100 u 1360 cM !, npuHamIexanmux aacopOUpoBaHHON 1
KpUCTAJUIM3alMOHHON Boxe. Illupokuii 3K30T€pMHUECKUI NUK B HHTEpBaje
temrieparyp 350-500°C cBUAETENBCTBYET O Pa3pyIICHUH MTOIMMEPHOTO KapKaca
C OIHOBPEMEHHBIM OKHCIeHHEeM opranuyeckux BemiectB. B MK-cnekrpax mpu
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9TOM TIPOUCXOTUT YBEIWYCHHE WHTEHCUBHOCTH TOJIOC IOTJIOUICHHUS, COOTBET-
ctBytommx rpymmaM —COO™ npu 1 578 cm!. Beigenupimmiics yriieKHCIbIi a3
o0Opa3yeT ¢ mapamu BOZAbl KapOOHAT-MOHBI, HAIMYME KOTOPBIX CBS3aHO C KoJie-
Ganusimu nipu yactote 1 100 u 1 500 cvm!. dopmuposanue anomuHara 6apus
HauymHaeTcs Boie 800°C, 0 4YeM CBUJCTEIbCTBYET MOSBJICHUE KoJieOaHUi TeT-
pasdnpoB [AlOs], a Takke yBeJIWUYeHHE HMHTEHCHBHOCTH M Pa3pelleHHs I0JI0C
MOTJIOLICHUS], XapaKTepHbIX i cBsi3u Al-O—Al B amomunarte Oapusi. OTHece-
Hue mojoc MK-cmekTpoB amommHaTa 6apus M NMPOMEKYTOUYHBIX IIPOIYKTOB
cuHTe3a npuBeAeHbl B Tabn. 1 [5-9]. Ha xpuBoii JICK nosBnsercs npu 3ToM
9HAOTEpMUUECKUN IPPEKT, CBUACTEIbCTBYIOMUNA 0 (HOPMUPOBAHUHN HOBOHU (ha-
35L.

Taonuma 1
OtHecenne nonoc UK-cnekTpoB ajoMuHaTa 6apus
M NPOMEKYTOYHBIX IIPOAYKTOB CHHTE3a
Temneparypa, °C
250 350 650 700 | 900 | 1000 | Tumxonetanmn
YacToTa KonebaHuii cm ™!
3 600 3 600 3 600— 3600- | 3600— | 3600-
3100 3100 3100 3100 3100 3100 Kpucram.
1 640 1 640 1 640 1640- | 1640— | 1640- BOJIA
1615 1615 1615 1615 1615 1615
3444 3450 3450 3450 3450 3450 —-OH
1 744,13 .
84, 815 - N N N - NOs
1605 1578 1578 - - - COO-
1 500, 1 500, 1500, .
1100 1100 1100 - - - COs
1419,5 14195 | 14132 - Cc=C
10744,
1074 1074 10237 - 0-C-0
906.6, 906.6,
874.9 874.9 897,1 868,6 872 897,1 Al-O-Al
814,8 814,8 820 820 820 820 Al-OH
KOHIICBBIC
691 675 669 700 654 681,8 Al-OH
567.,8 567.,8 564,6 561,5 570 571,5 Al-O
- 443 437 [AlO4]
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PenTtrenodaszoBelii aHaJIM3 MPOMEKYTOYHBIX MPOJYKTOB CHHTE3a, ONpeie-
JICHHBIX 0 Pe3yNIbTaTaM TEPMHUYECKOTO aHAIIN3a, ITO3BOJIMI MPOCIEIUTh AHHA-
MHUKY CTPpyKTypooOpa3oBaHus aidromuHara 0apus (puc. 3). [1o nony4eHHBIM 1u-
(hpakIMOHHBIM KapTUHAM BUAHO, 4TO A0 800°C o0Opasibl ABISIOTCS PEHTICHO-
aMOp(HBIMH, TIO3TOMY OIPEAETHUTH (PA30BBIM COCTAB MPOAYKTOB TaHHBIM METO-
JIOM HE TPEACTaBIAEeTCS BO3MOKHBIM. OHAKO TOsBIICHHE HAanOoJee HHTCHCHB-
HOTO MHKa, cooTBeTcTBYIoMIEro (aze BaAl,Os, cBUAETENBCTBYET O 3apObIiiIe-
o0Opa3oBaHuU OCHOBHOU (a3l yxke mpu 650°C. dopmupoBanue amoMuHara Oa-
pHs TeKCaroHaIbHOW MOAM(UKANN MTPOUCXOAUT MpH Temreparype 800°C, npu
9TOM B HCCIIEyeMOM 00pa3lie NPUCYTCTBYET HEOOJbIIOE KOJINYECTBO MIPUMECH
kapOoHaTa Oapusi, KOTOPHII IPHU JaTbHEHIIEM YBEINYCHIH TEMIIEPaTyPHI UcUe-
3aeT. YBENHMUCHHE TeMIepaTyphl OTKUTa COIMPOBOKIACTCS yBEIHMUCHUEM pa3-
MEpOB KPUCTAJUIUTOB, H3MEHEHHE (pa30BOr0 COCTaBa M KPHUCTALNTUYECKOH
CTPYKTYpBI IPH 3TOM He Habmonaercs (Tadm. 2).

3200 1200
04 l. | M SN

3204 1100
o — Lol ol e
0. L L & a A s .

2300 ] 200

'D—: .I.. i..l.h “h

0

170 ] _—/_;\_A 700
0 '

150 _‘—N 6350
0] ' -

130 - M

0]

Hurens HEHOCTE, OTH.EJ]
et
1
o]
1 =]
=

'D T T T 1
0 50 1040

Puc. 3. ludpakrorpaMMel amoMuHaTa Gapust
Y MIPOMEKYTOYHBIX POJYKTOB CHHTE3a

ITo maHHBIM pPacTpOBOW 3IEKTPOHHOM MHKPOCKONHUU BHIHO, YTO MPOAYKT
MIPEACTaBISIET CO00H MEIKOKPHCTAIUINIECKUI MOPOIIOK, U3 KOTOPOTO COCTOST
KpYITHBIE ariioMepaTsl acTul] (puc. 4). MHKpOPEHTTeHOCTIEKTPaIbHBIA aHaTH3
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MoKa3aj PaBHOMEPHOE paclpe/e/IiCHUE BCEX JIEMEHTOB MO MOBEPXHOCTH IOY-
yeHHOro oOpasma. KonmdecTBeHHOE comepKaHHE 3IEMEHTOB COOTBETCTBYET
cocTaBy MOHOQJIIOMUHATa Oapus (puc. 5).

Tabnuia 2
JlaHHbIe peHTreHo()a30BOI0 AaHAIU3A
Temneparypa L% d A [TapameTpsl OKP. A
omxura, °C ’ ’ sueiiku, A ’
100 4,523 _
800 13 2,393 P 289
38 4,029 ’
100 4,513 B
900 41 4,392 2 _ g’éﬁg 365
38 4,016 ’
100 4,524 B
1000 35 2,400 P 434
26 4,139 ’
100 4,513 _
1100 40 4,392 2 _ g’ééz 463
33 4,127 ’
100 4,525 B
1200 43 4,399 2 _ ;’5(2)3 476
35 4,024 ’

“A D83 500 200um

M3000_3381
Puc. 4. Mopdoiorus moBepXHOCTH CHHTE3HPOBAHHOT'O aJlIOMUHATa Oapust
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. %=

- 4 4 4

Bac 20,500
Al= 39,00=
0= 40,502

Puc. 5. JlaHHBIE 2JIEMEHTHOTO aHAIH3a
3akiiouenue

Takum o0pazom, B paboTe mosrydeH oJHO(Da3HbIN reKcaroHaJbHBINA allOMU-
HaT Oapusi cocraBa BaAl,Os 305b-Telb METOAOM C Hcmnojib3oBanmem CBU-
uznyuyenus. [Ipu ucnons3oBanuu CBU-u3nyueHus BpeMsi CHHTE3a COKpallaeTcst
B HECKOJIBKO pa3, IPU 3TOM CTPYKTypa MPOAYyKTa He HapyIlIaeTcs.

®dopMupoBaHUE AOMUHATA Oapusi MPEACTaBIIeT COOOH MHOTOCTATUIHBIN
MIPOIIECC, BKIIIOYAIONINN PACTBOPEHUE HCXOMHBIX PEareHToB, 00pa3oBaHUe 3071,
pas3iokeHne IpeKypcopa, popMupoBanue aaromuHara O6apus. [1o pesynpratam
peHTreHo(}a3oBoro aHajgu3a (OPMHUPOBAHKE AMIOMHUHATA OapHs HAYHMHAETCS TPU
temnepatrype 650°C. Kpucrammmieckuid oqHO(Ga3HBINA MPOAYKT MMOIydaeTCs pr
temnepatype Bbimie 800°C. C yBenuueHHEM TEMIIEpaTypbl KpUCTaJUIMYecKas
pemieTka He AeOpMHpPYeTCs, pasMep KpPHCTAILIMTOB H3MeHseTcs oT 289 A npu
800°C y10 476 A mipu 1 200°C.
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E.E. Kuznetsova, L.A. Selyunina, L.N. Mishenina

National Research Tomsk State University (Tomsk, Russia)
The sol-gel synthesis of barium aluminate using microwave radiation

Currently, much importance is given to alkaline earth metal aluminate, which are the ba-
sis of luminescent materials. Prominent among this class of compounds take barium alumi-
nate doped with rare earth elements. Sol-gel synthesis is a promising method to obtain mate-
rials with desired properties. In recent years many scientific schools are engaged in its im-
provement. The main advantage of this method is the ability to control of the desired product
formation. The aim of this work was to develop a method for preparing a hexagonal barium
monoaluminate sol-gel method using microwave radiation, to study the process of phase for-
mation of the desired product and determine the optimal conditions that allow to obtain a
single-phase product..

The composition of the final and intermediate products was estimated using Rigaku Mini-
Flex 600 X-ray diffractometer (Japan) (CuKo radiation) (measurements were taken at room
temperature with the range of angles 260 from 3 to 80) and Agilent Technologies Cary 600
Series FTIR Spectrometer (made in USA) for IR-spectroscopy. The surface morphology of the
final compounds was stadied by scanning electron microscopy (SEM) on a Hitachi TM 3000
(Japan) equipment at accelerating voltage of 15 kV while removing the charge from the sam-
ple (electron gun 5 - 10-2 Pa. specimen chamber: 30-50 Pa). Termoanalitical measurements
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of thermally untreated xerogels were performed using a NETZSCH STA 449C thermoanalyser
(“NETZSCH” Germany).

When using microwave radiation decreased the synthesis of time, the product structure is
not disrupted. Formation of barium aluminate is a multistep process involving dissolution of
the starting reactants, formation of sol, decomposition of precursor, formation of barium
aluminate. According to the results of X-ray analysis of the formation of barium aluminate
begins at a temperature of 650°C. Single-phase crystalline product are obtained at tempera-
tures above 800°C. With an increase in the crystal lattice is not deformed temperature, crys-
tallite size ranges from 289 A at 800°C to 476 A at 1200°C.

Keywords: barium aluminate, sol-gel method, microwave radiation, phase formation, the
phosphor.
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Hnemumym npupoonsix pecypcos
Haxuvieanckozo omoenenus Hayuonanwnoii akademuu nayk Azepbatiosxcana
(2. Haxuwisan, Azepbatioscan)

IHonyyenne coennnenusi AgsSnSe B cpeie AuMeTwipopmammujaa

Memooamu penmeenoghazo6o2o, Ough@epeHyuanbHO-mepmMuyecKoo U 1eKmpoHHO-
MUKPOCKONUYECKUX AHAU308 UCCIe008aHbL YCI08U NONyueHus coedunenus AgsSnSs 6
cpede oumemunghopmamuoa. Pazpabomarn memod nonyuenuss muocmannama cepebpa
63aumodelicmeuem Humpama cepedpa c cyivgpuoom onosa(lV). Yemanosnero, umo npu
353-453K u 6 pH=3—4 cpede nonyuaiomcs coedunenusn AgsSnSs 6 MOnbHbIX cOOMHO-
wenusax AgNO3/SnS2=8:3 coomeemcmeenno. B 3asucumocmu om memnepamypel u
BPEMEHU MEPMULECKOL 06pAbOmMKY NONYHAIOMCA YACMUYbL PASHBIX PA3MEPOS U POPM.
Pacwughposroii ougppakyuonnvix aunuii coeounenus AgsSnSs nomyuenvi credyowue
napamempuvl opmopombébuueckou pewemku (Ip. ep. Pna2;):a = 15,3338; b = 7,5620;

c=107244 A0 . Temnepamypa norumopgrozo nepexooa u niaenenust AgsSnSs 445 u
1 120 K coomeemcmeenHo.

KitoueBble CJIOBA: HAHOYACMUYA, XUMUYECKOE Ocaxdcoenue; Oumemunpopma-
MUO; NOTUMOPEHDBIL nepexoo; niasieHue.

HenpepsIBHBINM TTOWCK U UCCIIEIOBAHNE HOBBIX (DYHKIIMOHAIBHBIX MaTepHa-
JIOB SIBJISIETCSI BAKHEHIINM (PaKTOPOM pa3BUTHS COBPEMEHHOH HAyKH W TEXHU-
ku. TuocranHatel cepedpa (AgoSnSs3, AgoSnoSs, AgaSnszSg m AggSnSe) oTHOCSAT-
Csl K YHCIIy BaXHBIX (PYHKIIMOHATBHBIX MaTEPHAIOB COBPEMEHHOH TEXHHKH.
BonbMHCTBO COeMHEHUH 3TOro Kiacca IHUPOKO UCIIONIb3YIOTCS WM CUUTAIOT-
Csl IEPCHEKTUBHBIMU MaTepUalaMy C LEHHBIMU MOJIYNPOBOIHUKOBBIMH, (POTO-,
CETHETO- U TePMODJIEKTPUIECKMH CBOMCTBAMU.

B cucreme Ag—Sn—S m3BecTHBI coequHeHus cocTaBoB AgrSnS3, AgrSnsSs,
AgiSnzSs m AggSnSe. U3 Hux AgsSnSe 00nafgaeT YHUKAIBHBIMHU MOJYIPOBO/-
HUKOBBIMHU cBoiicTBamu [1-5]. JlanHOe coenuHeHne AgsSnSe TIIABUTCS KOHTPY-
sHTHO mpH 1 125 K [1]. Temmeparypa ero noauMop(HOTo MpeBpalicHns paBHa
444 K [2]. O6e momudukamun AggSnSs H30CTPYKTYPHBI C COOTBETCTBYIOIIUMHU
KpUCTaJUTMYecKUMH MoaudukanuiMu AggGeSs 1 UMEIOT CeIyIolIre napamer-
pHl pemetku: a = 15,298; b =7,548; ¢ = 10,699 A [3-5].

W3 nurepaTypHBIX DaHHBIX [ 1—5] M3BECTHO, YTO THOCTAHHATHI cepedpa CHH-
Te3UpyIOTCs Npu BeIcOKUX Temmnepatypax (1000-1150 K) B BakyyMHUpOBaHHBIX
(~1072 Tla) KBapUEBBIX aMITyJIaX ITyTeM CIIIABICHHUS EMEHTHBIX KOMIOHEHTOB
wiu cynbpuna onosa(IV) ¢ cynsdunom cepedbpa(l). st roMoreHn3auuu 3TUX
COCMHEHUN TpeOYIOTCs BBICOKAs TeMIlepaTypa M CIMIIKOM MHOTO BPEMEHH.
B cBs3u ¢ aTHM modydeHHe THOCTaHHATOB cepebpa(l) B pacTBOp mpW HU3KUX
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TeMIepaTypax sBJSeTCS OAHUM U3 HauOoJee aKTyalbHBIX BOMPOCOB. 3BecTHO,
9TO B IOCIIEIHEE BpeMsI IOIyUYeHHE XaIbKOTCHUIOB (-METaJIOB B MOJLSIPHBIX H
MaJIONOJISIPHBIX OPTaHUYECKUX PACTBOPUTENAX HMEET OO0JIbIIOe MPAaKTHYEeCKOe
3HAYEHHE, TaK KaK B COCTaBe TOJIYYCHHBIX COSAMHEHUH, B CpeJie OPraHNIeCcKOro
pacTBopHTeNs, IpuMecei OpBacT MeHbIe. Kpome Toro, popMupoBanne HaHO-
U MHUKPOYACTHUI] IIPOUCXOIUT OYCHB JIETKO. B jmTepaType nHpOpMamms o moiy-
YeHHH THUOCTAaHHATOB cepedpa B cpee TUMeTUIPopMaMua OYTH OTCYTCTBY-
eT. JlumeTundopmamMul — 4acTo MCIOIB3YEMbIH PACTBOPUTEND IS TPOBEICHHS
XUMHMYECKUX PEaKLUil M OYMCTKM BEILIECTB NEpeKpUcTauIn3auueil Omaromaps
BBICOKOH pacTBOPSIOLIEH CIIOCOOHOCTH KaK JAJIsl OpraHMYeCKUX COeMHEHUH, TaK
U ST HEKOTOPBIX HEOpraHWYecKux coneil. JAumMermiadopmamup sBISETCS TI0-
JISIPHBIM alIPOTOHHBIM PacTBOPHUTENIEM C BBICOKOW Touko# kunenwus (426 K). On
CHOCOOCTBYET MPOXOXKICHHUIO PEaKIUil ¢ MOJSPHBIM MEXaHU3MOM, TaKHX Kak
Sn2 peakuuid. HeycTolWuuB K JEHCTBUIO CHIIBHBIX KHCJIOT U OCHOBAHMM, YTO
MPUBOIUT K THIPOIU3Y, OCOOCHHO IPH BBHICOKUX TeMIeparypax. Jusnexrpude-
CKas MpoHUIaeMocTh paBHa 36,71 [2]. YuuTbiBas 3TO, B CUHTE3€ COCIMHEHHS
AgsSnSe B KaueCTBE PACTBOPUTEIISI MBI HCIIONB30BAITN JUMETHI(OPMAMILT.

B crarbe npuBeneHsl pe3ysbTaThl UCCIENIOBAHUS YCIOBUH IOIYyUYEHUsI CO-
equHeHust AgsSnSe n3 AgNO3z u SnS, B cpene numetmiipopmamuia.

JKcnepUMeHTaIbHAsI YaCTh M Pe3yJbTaThl

B kauyecTBe MCXOIHBIX BEUIECTB AJISl CHHTe3a coenuHeHHs AggSnSe ObLn
ucnonb3oBanbl AgNOz u SnS;. [ns cuHTesa SnS; Opanm coequHeHHE
SnCl,2H20 u pacTBOpsUTM B KOHIICHTPHUPOBAHHOM COJITHOW KHCIIOTE, a 3aTeM
OKHCIISLTH TepokcuaoM Bogopoaa a0 SnCly. B momyuennsiii SnCls nmpunusanu
pacTBOp THOAIETaMKIa U MOJydadd ocajok SnS,. 3aTeM ocaZok SnS; MpOMBI-
BaJIM AUCTHUTUPOBAHHON BOJOH M CYIININ B BaKyyMe Iipu Temmeparype 353 K.

Hagecku 0,118 T SnS; u 0,2293 v AgNO3 ObLTH B3SITBI B MOJIBHOM COOTHO-
LIeHUH, COTIacHO ypaBHeHHUIo peakiun 8AgNO3+3SnS;—AgsSnSs+2Sn(NO3)4,
MepeMelIanbl U K 3ToH cMecH npuiuBany 20 mi numetundopmamuia. Pactsop
nepeMennBany B TeueHue 30 MUH, 3aTeM KaXIbH U3 00pa3loB IepeMenalii B
3 aBTOKJaBa U B TeueHHe 48 4 HarpeBaiu Ipu Temneparypax 353, 405 u 453 K.
[locne cunTe3a ocamok oTGUIBTPOBBIBANN. [y M3BICUEHUS H3JIHIIKH OJIOBA
npombutd 0,1 M pacTBOpoM a30THOW KHCIOTHI, AUCTHUTHPOBAHHON BOAOH H
sTa”onoM. OUHIEeHHBIH 0caioK B TeueHue | 4 BeicymmBainy npu 353 K.

[omy4eHHBII 0CamoK MOABEPICsl MUKPOCTPYKTYPHOMY aHAIH3Y (B MHKPO-
cxone ¢pupmbl HITACHI TM 3000). beuto ycranosieno, uro npu 353 K o6pa-
3ytorcst HaHoyacTuusl. [Ipu 403 u 453 K nabmiogaercs popMupoBaHue HaHO-
crepxkHei. Hanoctepsxuu mpu 453 K o6pasyroTcs AmHHOM 4—7 MKM U IIHPUHON
382-487 um. IlpakTndecku OBLIO YCTAaHOBIEHO, YTO IIMPHHA W AJTUHA HAHO-
CTepKHEW M3MEHSIOTCS B 3aBUCHUMOCTH OT TEMIIEPAaTyphl U BPEMEHH TepMHYe-
CKO#1 006paboTKH.
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Ilonyuenue coeounenun AgsSnSs 6 cpede oumemungpopmamuoa
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Puc. 1. Mukpodotorpaduu HaHoIacTHIL] coenuHeHnst AgsSnSe mpu Temrepatypax:
a) 353 K; 0) 403 K; B) 453 K

WBanBuIyanbHOCTh CUHTE3HPOBAHHBIX COCIUHEHHN KOHTPOIUPOBATH Me-
tomxamu auddepernuanpao-repmudeckoro (JITA) (mupomerp HTP-70, mpubop
Tepmockan-2, uHepTHasi atMocdepa) u peHtreHodazoBoro (PDA) anamusos
(2D PHASER “Bruker”, CuKq, 20, 20-80 rpaz.). Ha xpusoit ITA coenuHenus
AgsSnS¢ 00HapyKEHBI J1Ba SHAOTSPMUICCKUX dPdeKrTa. DHAOTCPMUISCKUH -
¢bexT, oOHapyxeHHBIH mpu 445 K, cooTBeTcTBYyeT MOMMMOpPGhHOMY MpeBparie-
uuto coenunenns AggSnSe. [Ipu 3TOH TeMmepaType MPOUCXOAUT HOIUMOP(HOE
npeBparnieHue: aAgsSnSe—PAgsSnSe. DHmoTepMudeckuit apdext mpu 1 120 K
COOTBETCTBYET TeMIlepaType IUIaBIeHUs coemuHeHHs AggSnSe (puc. 2), dTo
COTJIACYeTCs C JIUTEPATYPHBIMH JAHHBIMHU, KOTOPBIC MPEICTABIICHBI BBIIIIC.

AT &
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endo

500 700 90 1100 g

Puc. 2. Kpusas ITA coenunenus AgsSnSe

ITo nanaeiM PDA yctaHoBieHO, uTo npu 353-453 K nmomydeHHOe coenuHe-
HUEe AgsSnSe B OCHOBHOM HaXOJHUTCS B aMOP(HOM cocTostHUU (pHc. 3, a). [locne
TepMHUUecKoi 00paboTku coenuHenus AgsSnSe pu 1 100 K B Teuenue 2 4 cHo-
Ba mposeiu PDA (puc. 3, b). B pesyiprate ux pacummppoBKH MOTYUYESHBI Clie-
oyrolye Tmapamerpbl  optopoMOmueckoir pemetkd (IIp. rp. Pna2i): a =

0
= 15,3338, b = 17,5620, c = 10,7244 A..
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Puc. 3. Tudpakrorpamma coeaunenus AgsSnSe: @) HaHOYACTHIL; b) KpUCTal

B pab6ote Taxke 6buto m3yueno BiamusHue pH cpensr (pH METER-pH410
«AKBUWJIOH») u TemmepaTypsl Ha HOJHOE OCaKAeHHe coenuHeHus: AgsSnSe.
J7st moTydeHns B pacTBOpPE KUCIOTHOM CPeIbl UCTIONB3YIOT a30THYIO KUCIIOTY |
IpU Pa3IUuHbIX 3HadeHUsX pH cpensl B TemnepaTypHoM uHTepBane 353453 K
KOHTPOJIMPOBAJIU BBIXOJ MPOAYKTA. YCTAaHOBJIEHO, YTO MAKCHUMAJbHBIH BBIXO]
coenuHeHnss AggSnSe Habmomaercs npu pH = 3,8 u temneparype 343 K. Ilo
naHHeIM PDA ycraHoBneHo, uto npu pH > 5 B cucteme obpasyercs cMech Mpo-
nyktoB: Sn(OH)3NOs, HaSnOs, Sn(NO3)s 1 AgsSnSe. Tlpu pH < 2 coenunenue
AgsSnSe pasnaraercs. Bousuue pH cpenbl U TemnepaTypsl Ha IOJIHOE OCaXie-
HUE coenHeHMs AggSnSe npecTaBieHo B Tabd. 1.

Tabnuma 1
PesyabTaThl HccieqoBanus BausHus pH-cpeabi
W TeMIepaTypbl Ha BBIX0/ coeiMHeHUsT AgsSnSe

Temnepatypa, K pH Macca coequnenns | Brixox coenuHeHus
7 AggSnSe, mr AgsSnSe, %
323 35 310,1 92,59
343 3,8 326,6 97,52
353 4 323,8 96,68
373 4 319,8 95,49
3akiroueHue

Pa3zpabotan metoa monydeHuss THOcTaHHaTa cepebpa (AgsSnSe) B3auMo-
JeiictBueM HUTpata cepedpa ¢ cynbpumom onosa(lV). beuto mony4yeHo MHIU-
BHIyaJbHOE COeJMHEeHHEe AgsSnSe B pe3yibTaTe peaknuu oOMeHa B cpefe IH-
MeTHwiIGopMamMuIa. YCTAaHOBIECHO, YTO MAaKCHUMAIbHBIA MPAKTUYECKHHA BBIXOX
3TOTO COeIUHEHUs HabmoaaeTcs mpu o0paboTke pactBopa SnS; u AgNO; B 1u-
Metmihopmamue npu Temreparype 353—453 K u pH = 3-4.
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The resulting compound AgsSnSe in dimethylformamide medium

In the article listed the results of the study to obtain the compound of AgsSnSe in
dimethylformamide environment. The found that at 453 K and at pH = 4 obtained
The compound of AgsSnSe in molar ratios AgNO3/SnS; = 8:3, respectively. The in-
dividuality of the synthesized compounds was monitored by X-ray diffraction and
DTA. According to X-ray diffraction data founds that the of 353—453 K resulting
compound of AggSnS¢ mainly in the amorphous state. After heat treatment the inten-
sity of the diffraction lines of AgsSnSs compounds are consistent with literature da-
ta. As a result of decoding, the following parameters of the orthorhombic lattice

(space group Pna21): a=15,3338; b=7,5620; c = 10,7244 ,OA On the curve DTA of
AgsSnSe compounds was found two endothermic effect. The endothermic effect
detected at 445 K corresponds to the polymorphic conversion of AgsSnSs. The endo-
thermic effect at 1120 K corresponds to the melting temperature of AggSnSs com-
pound. According to the microstructural analysis (in the microscope of the company
HITACHI TM 3000) found that at 453 K the formation of nanorods. The full nano-
rods formation is observed at 453 K with a height of 4-7 um, length 382-487 nm.

Keywords: nanoparticle; the chemical vapor deposition; dimethylformamide,
the concentration of components; the polymorphic transition, the melting.
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PU3NKO-XUMHUYECKHE 3AKOHOMEPHOCTH _
IMPOLHECCOB, CTPYKTYPA U CBOUCTBA COEJUHEHUU

VJK 536.46+546
DOI: 10.17223/24135542/3/4

0.B. JIbBoB, A.IO. Hazaposa, H.I'. Kacaukuii, H.U. Pagumesckas

Hayuno-uccredoeamensckuii omoein CmpyKmypHoU MaKxpoOKUHemuKu
Tomcxozo nayunoeo yenmpa CO PAH (2. Tomck, Poccus)

CaMopacnpocTpaHsIOIHMACA BbICOKOTEMIIEPATYPHbII CHHTE3
INNMUHEIbCOAEPKAINUX IMTMEHTOB B CUCTEME ZnO-MgO—-CoO-ALO3

Memoodom camopachpocmpansowezocs 6bICOKOMeMNepanypHo20 CUHMesa noyye-
Hbl KepamuyecKue nuemenmol wnunenvroeo muna 6 cucmemax ZnO—-CoO-ALOs u ZnO—
MgO—-CoO-Al:0s. Ycmanoeneno, umo na manvix oopaszyax (Ouamempom 10-20 mm) 6 pe-
3ynbmame obecneuenuss ux PABHOMEPHO20 NPoSpesa 3d KOPOMKoe 6pemMs Habmooaemcs
YCMOMUBbILL pexcum NocioliHo2o 2openus. Hedocmamounvlii npozpeé wmxmul Ha cpeo-
Hux u borvuux obpasyax (Ouamempom 60-90 mm) modicem npueecmu K nomepe ycmoti-
YUBOCU CIAYUOHAPHOLO PedCUMA, KOMOpblll nepexooum 6 cnuHogwlil. CnuHogbwlil ouaz
dopmupyemcs 3a cuem nepepacnpedeieHus memnepamyp 6 cevenuu oopazya. B oonacmu
NOBLIUEHHbIX MeMNEPANyp NUSMeHM npUodpemaem memHolll yeem u CésA3aH ¢ 4acmuy-
Holm pazpywenuem nuemenma. Ilpu nocnovinom eopenuu (Tua=1 600°C) 6 npoyecce
mMeepoogasHoll pearkyuu WnuHeIb KpUCMAiIU3yemcs 8 6ude OKmasopos u NioCKUx mpe-
V2OnbHbIX naacmuMok. B pezynomame noeviwienus memnepamypor (~1 700—1 800°C) 6
npoyecce CBC obpasyromcs cyOOKCUobl amoMuHuss, HaAOMOO0Aemcs SNUMAKCUATbHLI
DOCH CII0€6 WNUHENU, HAYUHAIOWUIICA ¢ 803HUKHOBEHUS HA NOOTOMHCKE OMOETbHBIX 3apo-
Ovuwetl, u npomexarowuti no IIK-wexanusmy. B ycnosusx yckopennozo pocma o6pasyiom-
cs1 pebeprbie opmbl CKenemosuoHvix Kpucmanios. Temnepamypa CUHmMesa NueMeHmos
onpedensemcs  coommuowenuem — mALOsmAl  Ilpu  memnepamypax — >2000°C
(mAIl203/mAI<S5,8) npoucxooum paspyuienue winunenu ¢ 06pazosanuem KOpyHod, OKcuod
xobanema CoO u wacmuuno odpawjeHHou wnunenu. B pesynomame mexanoaxmusayuu
WUXmMbL, NPOOYKMbL CUHME3A U3 2a3080U azbl He OOHAPYHCUBAIOMCS, UMO CEA3AHO C
npeobaadaruem mepmumusix peaxyuii CBC npoyecca Hao npamvim oKucieHuem anomu-
HuA aenarouuecs sedyuwumu peaxyusimu CBC npoyecca, 803HuKHO8eHUMe 3aPOObIULEL HO-
8bIX a3, NPUBOOAYUX K CHUNCEHUIO meMnepamyp cunmesa winunenel. TuwamensHoe ne-
peMeuusanye wuxmvl nPUeOOUm K Y8eIudeHur) NOIHOMbl CuHmesa winutenet. B npo-
OYKIMAX CUHME3A 3HAYUMENLHO CHUDICAEMCS. KOIUYECme0 MEemAaniiuieckozo Kooanbma,
ooHako ¢haza 0—Al203 coxpansiemces. B npoyecce ceopanus HITA 6 npodykmax cunmesa
obpasyemcs numpuo amomunusn AIN. B npoyecce nonyuenus anomownuneneii ¢ Uchonb-
308anuem nopouikog pasnuunvix mapox (AC/-1, ACH-4, HIIA) numpuo antomunus He 06-
pasyemcs 4mo, 803MOXHCHO, c6:3aHo ¢ obpazosaruem MgAl204 uz AIN. Omcymcemeue cés-
3aHHO20 A30MA 8 NUSMEHMAx NOOMEEPHCOeHO Memodom oucmuniayuu no Kvenvoanro.
Cocmag npodykmos noomeepxcoen permeeropazoevim u HK-cnekmpockonuueckum
aHanu3amil.

Kniouesvie cnosa: wnunenv, KepamuuecKkue NuMeHmyl; AMOMUHUL, CamMopac-
NPOCMPAHAIOWUIICS 8bICOKOMEMNEPAMYPHDBIU CUHIMES.
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CyliecTByeT OrpaHHYEHHOE YHCIO KPHUCTAIIMYECKUX CHCTEM, CHOCOOHBIX
COXpaHATh CBOU LIBETOBBIE CBOMCTBA IIPU BBICOKUX Temreparypax. K HuMm oTHo-
CATCS ILIMUHENH, IPeACTaBIsaIomne OO0 CIOKHBIE OKCUABI, HMEIole KyOu-
4yecKylo cuHronuro [1]. s mmuHened XapaKTepHBI BBICOKOTEMIIEPATYPHBIC
ycioBusl 00pa3oBaHus, OITOMY TEXHOJOTHUS CaMOPACHPOCTPAHSIONIETOCS BEI-
cokotemmneparypHoro cuate3za (CBC) mmuHenscoaepKaniux MUTMEHTOB SIBIISI-
eTcst mepcrekTuBHOW. OHa 00iagaeT psAAOM MPEHMYIIECTB MO CPABHEHHUIO C
TPaIULMOHHBIMU — KEPAMUUYECKUM U 30J1b-I'€JIb METOIOM. DTO BBICOKHME TEMIIE-
patypsl, JOCTHTaeMBIE 3a CUET HK30TEPMUUCCKUX PEeaKIuili CHHTe3a, OBICTpoTa
MIPOTEKaHUs IPOLIECCOB, IPOCTOTa 000PYIOBAHUSA, IKOJIOTHYHOCTb.

Kak mpasuno, CB-cuHTE3 MINMMHETHCOAEPKAMNX TUTMEHTOB MPOBOJUICS B
peXHUMe MOCIOWHOTO TOPEHMs, OJHAKO C HCIIOJIb30BaHHMEM 00pa3LoB OOJIBLIMX
JUaMETPOB B HEKOTOPBIX CIyyasxX HaONIONalci CIIMHOBBIA PEXUM TOPEHHs, OT-
pHULIATETIHbHO CKa3bIBAIOIIUIICS Ha IIBETOBBIX XapaKTEPUCTUKAX MUTMEHTOB.

Lempto paboTHI sSIBISIETCS W3yYCHHE BIHMSHUS TEMIEpaTyphl CHHTE3a IIUT-
MEHTOB U PEXHMOB ropeHus Ha (a30BBI COCTaB U CTPYKTYPY HPOLYKTOB, 00-
pa3yromuxcs B pe3yabTaTe XUMUYECKUX MPEBPAIICHUH B BOJHE TOPEHUSI.

g cuHTe3a NUIMEHTOB LINUHEIBHOIO THUIA NPUMEHSUIUNCh OKcuabl: ZnO,
MgO, Al,O3, C0,03, Co304 kBamupukanmm «4» 1 «xu». B kadecTBe meramna-
BOCCTaHOBUTENSI UCIIOJIB30BaJICA opoiok anmtoMunus Mapku ACJI-4. Mexano-
AKTUBAIMIO INMUXT MHUTMEHTOB OCYIIECTBIISIM B IUTAHETApHOW MenbHUIE M3
(45 g), obbeM GapabaHOB KOTOpPOii cocTaBman 10 M ¢ 3arpyxkaeMoli Maccoi
cmecu B 50 r (Macca cmecu : Macca mapoB = 1 : 6). CUHTe3 TUrMEHTOB MPOBO-
IVJICSI Ha BO3IyXe Mpu atMocdepHoM HapieHnd. CMecH 3achIalnch B CTaKaH-
YUKW U3 MeTaJImdeckor cetku quamerpom 10, 20, 40, 60, 80, 90 MM, KoTOpBIC
MOMEIIAIMCh B TIeUb CONPOTHUBIECHHS. [IMTMEHThI Ha OCHOBE aTIOMOKOOAIbTO-
BBIX IIMHUHENEH, ¢ UCMOJIb30BaHUEM IIMWXT HACHIMHON TUIOTHOCTH, OBLIM TOIY-
yenbl B cucreMax ZnO—CoO—-AlLO; u ZnO-MgO-CoO-AlL,0s. [lns obecneue-
HUSl CTallMOHApHOTO PEeXHMMa IOCIOMHOTO TOPEeHHUs CMECh MOJOrpeBajiach [0
temieparyp 300-500°C, moIKUr OCYIIECTBISUICA OT AJIEKTPOCHUPATIN C TOpLA
obpasma. s KOHTPOJIS TEMIIepaTypsl IOA0TPEBA M TEMIIEPATyp CHHTE3a IpH-
MEHSUIUCh BOJIb(ppaM-peHHeBbIe TEPMOIIAphl, IOMEIIEHHbIE HAa TOBEPXHOCTH U B
neHTpe o0pasioB. MaeHTUHUKAIINIO HCXOAHBIX KOMIIOHEHTOB U MPOJIYKTOB pe-
Ak IPOBOIMIIN TIPH ITOMOIITM PEHTTEHO(ha30BOT0 aHaIM3a Ha qudpakTomerpe
JPOH-YM1 (dwmnerpoBanHoe Co Ka-uznmydeHwe) M wH(paKpacHOW CIEKTPO-
ckoruu B obnactu 1 200-400cm ™! na UK-®ypre cnekrpomerpe Nicolet 5700 Ha
npucTtaBke nuddysHoro orpaxkenuss B KBr, mms m3ydeHHS MHKPOCTPYKTYpHI
MOJIy4Y€HHBIX MUI'MEHTOB HCIOJb30BaJach pacTpoBas AIEKTPOHHAs MUKPOCKO-
nus (Philips SEM 515).

Hcnonp3yst cMecH OKCHIOB METAJIOB C alFOMUHUEM, BBICTYMAIOIIUM B Ka-
yecTBe BoccTaHoButens, CBC meronom ¢ npumeHeHneM MA LIUXTHI B CUCTEME
Zn0-MgO—Co0O-Al,03 MOXKHO MOTYYHTh MPAKTUUECKH OTHO(DA3HBIA MPOIYKT
peaknuy — MIHHEIb cocTaBa ZnMgyCoixyAlO4 (0<x<0,3; 0<y<5), uto mon-
TBEpXKJaeTCs peHTTeHO(a30BbIM aHAH30M (pHC. 1, kKpuBast 3).
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Puc. 1. Andpakrorpammsl mpoaykToB cuHTe3a CBC-TUTMEHTOB CHCTEMBI
MgO—-ZnO-Co0O-AlLO3: I — romy6oit murMeHT (CIIMHOBBIH pexum) 6e3 MA;
2 — TeMHO-CHHHHU TIATMEHT (CTIMHOBBIN pexkuM) 6e3 MA; 3 — rory6oii MUrMeHT
(pexxuM mocnoiiHoro roperus) ¢ MA, rae / — mmuHens ZnxMgyCoi-x-yAl204, 2 — 0—ALOs3;
3 — Co (Cubic); 4 — obpammennas mmuHenb Co2Al04; 5 — Co (Hexagonal); 6 — MgsAlsOni

Baxwnoit ocodbenroctbio CBC TyromiaBKkux MHIMEHTOB SIBIICTCS TPOTEKa-
HHE OTHOBPEMEHHO IBYX M 0oJee MapauIebHBIX PEAKIHA OKUCICHHS TIOMH-
Husa (peakiuu 1-3), BBI3BIBAIOIINX PA30TPEB IIMXTHI IO TEMIIEPATyp CHUHTE3a
camux mmunener (>1 000°C), oOpa3yomuxcs Takke ¢ BblIelIeHueM Tera (pe-
akmus 4) (taom. 1).

B pe3ynpraTe OKUCICHUS aIFOMUHAS HAOMIOMAeTCsl pe3KOe MOBHIIICHUE TEM-
nepatyp ropeHHsl, 3HaAUe€HUs] KOTOPBIX MPEBBIMIAIOT TeMIepaTypbl ILIaBICHUS
oOpasyromuxcs mmuHene (tadn. 2). Tak, HanpuMep agnadatuveckas Temmepa-
Typa ropeHusi peakunu 3 nocturaer 3 174 K [2].

s obecnieueHnst CIOKOHHOTO cTannoHapHOro ropenns npu CB-cuHTe3e n
MPeIOTBpAICHUS MOMYUYSHHs aJIFOMOIIIUHENEH B pacIUIaBJICHHOM COCTOSIHUHU B
MIUXTY J00aBJISIOT MHEPTHEIE BellecTBa. B kauecTBe MHEpTa MCIIONB3YETCS OK-
cuna AlbOj3, urparomuii B mporecce CHHTe3a ABOMHYIO poiib. [Tpu MambIx Temire-
paTypax CHUHTE3a OH SABISETCS MHEPTHHIM BEIIECTBOM, MPHU BBICOKUX — HUCXOJ-
HBbIM KOMIIOHEHTOM CUHTE3UPYEMbIX LIIHHEIEH.

Kak mokazanu wcciemnoBaHus, IpU MOJIYYCHHH aTIOMOKOOAIBTOBOTO IIHT-
MeHTa cucteMbl MgO-ZnO—Co0O-Al,O3 CBC MeTonoM MakcMMallbHasi TeMIIe-
patypa cunresa nocturana 1 600°C 3a KOpoTkoe BpeMs, MPH 3TOM Ha oOpasiax
¢ muametpamu 10, 15 u 20 MM HaOIrIOAANCS TIOCKHUA GpOHT (pHUC. 2, a), KOTO-
pBIi HapyIIajcsl ¢ UCHOJIb30BaHUEM OOPa3LOB OOJBIIETO JUaMeTpa. DTO MpH-
BOAMJIO K MCKPUBJICHUIO (PpOHTA TOpeHUs. AHAJOTHYHBIC PE3yJIbTAThl MOJTyYe-
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Hel U B cucteMe ZnO—CoO-Al,Os3. Mckpusienne GpuKCHpOBaIoch BOJIbPpam-
PCHHEBBIMHU TEPMOIIapaMH, IIOMEIIEHHBIMH B IIEHTP 00pasiia U ¢ ero MOBEepXHO-
ctu. Ha puc. 2, 6 mpencrasieHa BUHTOOOpa3Has CIIMHOBAsI BOJIHA, TIOTyYCHHAS
Ha obOpasie auaMeTpoM 60 MM, pealu3youascs B pe3yiabTaTe HEyCTOWIHBOTO
pEeXUMa TOPEHHUS MIPH HEAOCTATOYHOM IIpOorpeBe MuXThl. CIIMHOBEIN odar ¢op-
MHUPYETCS 32 CUeT IepepaclpeesieHrs] TeMIIepaTyp B ceueHnn obpasma. Oue-
BUJIHO, YTO B OYare M IpUJICraroliuX K HEMY CJIOsX TeMIleparypa BBIIIE Cpel-
HEW, a BAAJIM OT HETO — HIDKE. YUYACTKU C TOBBIMIEHHOW TEMIIEpaTypoy CHHTE3a
OKpAIleHBI B TEMHO-CHHUH I[BET.

Tao6numa 1
Peakuuu, nporexaiouie B pesyjbrate CB-cuHTe3a NUIMEHTOB LINMUHEJILHOT0 THIIA

Cramm CBC Peakuuu CBC npouecca
nporecca
OKHUCIICHHE aTFOMHUHUS 4A1+302=2A1x03+3350 x/Ix (1)
I AJTIOMOTEpMHYECKHE MeO+2A1+02=A10s+Me  (2)
peaknuu 3C0304+8A1=4A1,03+9C0+3983,2 x/x  (3)
. MeO+Al203=MeAl204 (4), rne Me=Co, Zn,
1I CuHTe3 mImuHenei Mg
2Co+02=2C00 (5)
11 [Moct-nporeccsr MeO+Al205=MeAl204 (6)
I'-ALO3, 0-ALO3—0-ALOs  (7)
Tabnuma 2
®Du3znyecKue CBOICTBA AJTIOMOLUNIHHEJIeH
Kpucran- —AH®98 Mor- Trep-
JIYeCKast IITTHHE- Tun,
dopmyna . HOCTb, o JI0CTb 110 IBer
CHHTO- e, 3 C
KI/M Moocy
HUS KJx/MoIb
MgALO4 KyOuH. 23078 3,58 2135 8 Genbiit
(mmmHeNp)
CoALO4 KyOud. 1988,7 437 1960 >7 CHHH
(TeHapoBa CHHB)
ZnAl204 (ranut) KyOud. 2068,7 4,58 1930 7,5+8 OenbIii

N3ydeHne MUKPOCTPYKTYpBl 00pa3LioB MOKa3aJlo, YTO B Pe3yJIbTaTe MOCIOM-
HOT'O TOPEHHS B Ipolecce TBEpA0(a3HOl peakuy IHHETb KPUCTAIUTU3YETCS B
BHZIE OKTa’APOB M IUIOCKHUX TPEYTONBHBIX IIACTHHOK C PAa3JBOCHHBIMHU yTIIaMH,
SIBILIIOIUMUCS. ABOMHUKAaMH CpacTaHMs MO IUIocKocTH {111} rpanm okrasmpa.
Uspenka BcTpewaroTcs rekcaroHallbHble Kpuctaivisl (puc. 3, a). B pesynbrate
noBbIieHust Temnepatypsl (~1 700—1 800°C) mosIBIIAIOTCSA YY4aCTKH MTOBEPXHO-
CTH, Ha KOTOPBIX MPOUCXOAUT SIUTAKCHAIFHOE HapacTaHHE OJHOTO KPUCTAJITH-
YEeCKOro Matepuana Ha apyroil (puc. 3, 6). Takue ydacTku XxapaKkTepHbI KaK s
TEMHO-CHUHHX CJIO€B O0paslloB, MOJYYEHHBIX B CIIMHOBOM pPEXHME, TaK U JUIs
00pasIoB ¢ MOHIKEHHBIM CONEep)KaHHEM HHEpPTa B MIMXTE. DMHUTAKCHATHHBIN
pPOCT CJIOEB HAaYMHAETCSl ¢ BO3HUKHOBEHHUS Ha IMOMAJIOKKE OTAEIBHBIX 3apOJIbI-

38



Camopacnpocmpanaloujuiica 6b1COKOMEMNEPAmMypPHbLIL CUHMES

1Ieil, KoTopble B JajbHEHIIeM pa3pacTaloTcs, 00pasys pedepHbie GOpMBI CKele-
TOBHIHBIX KPHCTAJUIOB IIITHHENIN. DTOT MEXaHU3M POCTa MOXHO oTHecTH K [1K-
MexaHm3my (map—kpuctamin). O4eHb 4YacTO TaKWe KPUCTALIBI BO3HHUKAIOT B
YCIIOBHSIX YCKOPEHHOTO pocTa [3].

Puc. 2. Pexxum nocnoiinoro ropenust (@ 20 mm) (a); BUHTOOOpa3Hasi CIMHOBAsI BOJIHA
(9 60 MM, moniepeyHsIit pa3pe3) (6); BHELIHUIT BUJ] TUTMEHTa CHCTEMBbI
MgO-ZnO—-CoO—-Al203, cHHTE3UPOBaHHBIN B PEXKHUME MOCIOHHOr0 ropeHus (6)

Pentrenoda3oBsiii aHATN3 TEMHO-CHHETO ITUTMEHTA, ITOJIYYEHHOTO PH TeM-
neparype 1 800°C 6e3 HCIoNb30BaHUS MEXaHOAKTUBAIIMM MIUXTHI (cM. puc. 1,
KpuBas 2), MOKa3al, YTO Ha OOJIBIINX yIJIaX MPOUCXOJUT pa3BOCHUE audpax-
OUOHHBIX MAaKCHMYMOB IITIHHENH, YTO TAKKE CBHICTENBCTBYET O HATHIUN IBYX
MOTU(HKALUA [IMUHEISH, UMCIONIMX CXO0XHE MapaMeTpPhl KPHUCTALTMYCCKUX
pemeTok. M3BecTHO, 9TO MPOIIECC SMUTAKCHN OCOOCHHO JIETKO OCYIIECTBISIECTCS,
€CITH TIapaMeTphI 00eUX peleToK pa3nndatorcs He 6onee yeM Ha 10% [3]. Kpo-
Me TOro, B 00Opaslax oOHApYyKHBAETCS METAJUIMYECKUI KOOAIbT, YTO HEKela-
TEJNBHO IPH MTOTYICHUH TUTMEHTOB.
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Puc. 3. Mukpodororpadpun nporykros CB-cuHTE3a MUTMEHTOB IIMMHETBFHOTO THITA CHCTEMBI
MgO-ZnO-Co0O-Al203, ucxomHas muxTa KOTOPOI cocTouT U3 cMecu: ZnO, MgO, A1203,
Co304, Al, rae a — mpoayKTHI CHHTE3a IMTMEHTA B PEXXHUME ITOCIOHHOTO TOPEHUSI
(@ 20 MM); 6 —SIHUTaKCHATIBHBII POCT CIIOEB IIIMHEIN B POAYKTaX, CHHTE3HPOBAHHBIX MTPU
MIOBBIIIEHHBIX TeMIepaTypax (9 60 mm)

W3 nurepaTypHBIX JaHHBIX M3BECTHO, 4TO yxke mpHu 1 600°C Hax okcuaom
ANIOMHMHUS HAOMIOJAr0TCS MPOAyKThl ero auccommauuu: Al,Or), AlO™ ), O,
Alr), a ¢ yBeIMUYCHNEM TeMIEpaTypsl U B IPUCYTCTBUH AJIOMHHUS JICTY4eCTh
Al>,O3 moBbIaeTCs MPUMEPHO Ha [Ba mopsiaka [4, 51:

ALOs3+AI=3A1I0
AlLOs+H4AI=3A1,0

[Ipu cuHTe3e MUTMEHTOB M3 OKCHIOB NEPEXOTHBIX METAIOB B YCIOBHSIX
noBbIIeHHBIX Temnepatyp (~1 700—1 800°C), Hapsiny ¢ TBepaodazHON peakiu-
eil 00pa3oBaHUs, POUCXOTUT TAKXKE CHHTE3 IIMUHEJCH uepe3 ra3oByio ¢asy.
Bricokue sHTaNBINN 00pa30BaHMs ATIOMOIIITUHENCH N3 CYOOKCHIIOB aTFOMUHHS
OJIaronpUsATCTBYIOT MPOTEKAHUIO ATUX peakuuid [6]. BozmoxkHo oOpazoBaHue
YaCTUYHO OOpAIIEeHHBIX MIMHMHENIEH, T KOTOPBIX XapaKTepHBI TEMHBIC IIBETA.
Ha puc. 4. mpuBenenst UK-cnektpsr nurmentoB cucreMbl MgO—-ZnO-CoO-
Al>,O3, cHHTE3UpOBaHHBIC IPU Pa3HBIX TeMIeparypax. Temmeparypsl CHHTE3a
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3aBUCAT OT cooTHomeHus MAILO3/mAl mpu MOCTOSHHOM COAEPXKAHUHU APYTUX
KOMITOHEHTOB, TZIe M — MaccoBas 1o, %. [IurMenT, moxy4eHHbIH IpH TeMIle-
parype 1 600°C, umeer ctpykrypy mmunenau. Ipu 686,8 u 549.8 cm™! nabmro-
JAIOTCsI TIOJIOCHI TIOTJIOMIEHHS, OTHOCSIIUECS K TETPadipUUYeCKi- U OKTadApuye-
cku koopauHupoBaHHEIM [CoO4] u [AlOg]. C yBenmuveHneM TeMIepaTypbl CUH-
Te3a HAOJI0JaeTCsl PACHICINICHHE MOJIOCHI TIOTJIOMEeHHs pu 549,8 cm ! ma nBe
COCTaBJISIFOIIME, YTO CBSA3aHO, BEPOATHO, C 00Opa30BaHUEM IIIHHETH HE TOJBKO
o TBepaoha3HOH peaKiuy, HO U depe3 razoByio dasy. IIpu 465,5 cm™!' mposs-
nseTcst  KojeOaHue CBs3W, npuHamiexkamee o-AlOs;.  Ilpu 2 000°C
(mA1LO3/mA<S5,8) MPOHCXOAUT YaCTUYHOE pa3pyLICHUE MINMHHETU ¢ 00pa3oBa-
HUEeM KopyHna u okcuaa CoO (674,5 u 590,8 cm ') m gactTmunO oOparteHHOH
mrmuaenn (1047,6 cm™!). MK-criekTp ceporo KopyHa TIpuBesieH Ha puc. 4. Bos-
MOXKHO 00pa3oBaHue MeTacTaOWIbHBIX (as3.

100 -
1{T = 1600°C)
90
2(T = 1700°C)
80
3T = 2000°C)
70+
£ 1
@ 1
T 0
o I
iy 1
= |
5 50
s Y 1
C 1
0 4
30+
20
@
101 g @ @ @
@ o4 o
| 38 B
0— ' 1 ' ' ' 1 ' ' ' 1 ' ' ' 1 ' ' ' 1 '
1400 1200 1000 800 500

BonHoBoe WO, o

Puc. 4. UK-criekTpbl MMrMeHTOB mmuHeNsHOTo Tria cuctembl MgO—-ZnO—-Co0O-Al03,
CHHTE3MPOBaHHbIC TIPU Pa3HbBIX TEMIIEpaTypax:
1—-1600°C, 2—1 700°C, 3 -2 000°C, 4 — cepslit KOpyH[ (111 CPaBHEHUST)
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B pesynpTare MexaHOAKTHBAIMM IIHXTHI MPOMYKThI CHHTE3a IIIMHHEICH U3
ra3oBoi (as3pl He OOHAPYKUBAIOTCS, UTO, MIO-BUANMOMY, CBS3aHO C Ipeodiana-
HUeM TepMUTHBIX peakimii CBC mporecca Han OpsMBIM OKHCICHHEM aTIOMU-
HUSI, BOBHUKHOBEHUEM 3apOIBIIIeH HOBBIX (a3, MPUBOIAIINX K CHI)KCHHIO TEM-
mepaTyp CHHTE3a HINMHHENIeH W YMEHBIICHHIO 00pa30BaHus Ta3000pa3HbBIX CyO-
OKCHIOB aTOMHHHUSA. TIIaTeIhbHOE MEpEeMEIINBAHUE MPUBOIUT K YBEITHUCHHIO
MOJTHOTHI CHHTE3a LIMHUHENCH, YTO MOATBEPIKAACTCS PEHTIeHO(MA30BbIM aHAIHU-
30M. B mpoxykrax cuHTe3a 3HAYUTEIHHO YMEHBINACTCS KOJMYESCTBO METAJUTIUC-
CKOTO KoOanbTa, ogHako daza 0—Al,O3 coxpansercs.

W3BecTHO, 9TO B TIpoIecce TOPEHHsT HAHOMOPOIIKOB ATIOMHUHUS, HAPSITY C OK-
CHIIOM aTIOMUHHSA, 00pa3yercs ero HuTpua (AH®9s=+318,2 k/x/mons) [7]. On-
HaKO, KaK ITOKa3alll HCCIENOBAaHMS, B MPONYKTaX CHUHTE3a aJIOMOIINMHENEH ¢
KCTOJIb30BaHKEeM MOpouKkoB paznuyHbix Mapok (ACH-1, AC/I-4, HITA) AIN ne
OOHapy»EH, 4TO, BO3MOXHO, CBsi3aHO C obOpazoBanmeM MgAlLO4 mo peakiun
[Tam xe]:

4A1N+MgO+302=MgA1204+2N2+A203 AH%9s= — 4654 KI[)K/ MOJIb

XuMHYECKUI aHAIM3 MPOAYKTOB CHHTE3a ITMTMEHTOB IIMWHEIBHOTO THUIIA Ha
OTIpECTICHNE CBSI3AHHOTO a30Ta, MPOM3BOAMMBEIA METOIOM IHCTIJUIALNH IO
Knenpnanto, moaTBepani OTCyTCTBHE a30Ta B oOpasnax [8].

Takum 00pa3oMm, AJsl TONYyYCHHS NUTMEHTOB YHCTHIX TOHOB B CHUCTEME
MgO—-ZnO-Co0O-Al,O3 HEOOXOIUMO TPOBEJICHUE CUHTE3a B PEKUME MOCIIOM-
HOTO TOpPEHHs, UTO AOCTUTaeTcs MA W IpeaBapUTEIBFHBIM IIPOTPEBOM IIHXTHL.
OnTumManbHas Temreparypa cuaresa cocranisier 1 600°C.
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0.V. L’vov, A.Yu. Nazarova, N.G. Kasatsky, N.I. Radishevskaya

Research Department for Structural Macrokinetics, Tomsk Scientific Center SB RAS
(Tomsk, Russia)

Self-propagating high-temperature synthesis of spinel-containing pigments
in the ZnO-MgO-Co00O-AL O3 system

The ceramic spinel-type pigments were obtained by the self-propagating high-temperature
synthesis in the ZnO—CoO-Al:03 and ZnO-MgO—-CoO-AlL:0s systems. A stable mode of
layered combustion is found to be observed for the small samples (10-20 mm in diameter) due
to the uniform heating in a short time. The insufficient heating of the green mixture leads to
the decrease in the stability of the stationary mode that passes into a spin mode for the small
and large samples (60—90 mm in diameter). The spin effect is formed by the temperature
redistribution in the cross-section of the sample. Dark color of the pigment indicates the
higher temperatures and is connected with the partial destruction of the pigment. In the
layered combustion (Tmax = 1600°C) a spinel crystallizes as octahedrons and flat triangular
plates during the solid-phase reaction. The temperature increase (~ 1700—1800°C) during the
SHS process leads to the formation of aluminum suboxides and the epitaxial growth of spinel
layers starting with the appearance of individual embryos on the substrate and developing
according to the PC mechanism. The edge skeleton crystals are formed under conditions of
the accelerated growth. The pigment synthesis temperature is determined by the ratio
mALOs/mAl. The spinel is damaged to form corundum, cobalt oxide CoO and a partially
inverse spinel at the temperatures >2000°C (mAl203/mAI<5.8). The mechanical activation of
the green mixture leads to the fact that the synthesis products from the gas phase can not be
Jfound due to the predominance of the termite SHS-process reactions over the direct oxidation
of aluminum, which are the leading SHS-process reactions and the appearance of new phase
embryos that lead to the decrease in the spinel synthesis temperature. Intimate mixing of the
green mixture increases the completeness of the spinel synthesis. The amount of metal cobalt
is significantly reduced in the synthesis products, but the a-Al>Os phase is maintained. During
NPA combustion, aluminum nitride (AIN) is formed in the synthesis products. If aluminate
spinels are obtained using the powders of different grades (ASD-1, ASD-4, NPA) then
aluminum nitride is not formed, perhaps, due to the formation of MgAl2O4 from AIN. The
absence of fixed nitrogen in the pigments is confirmed by the Kjeldahl distillation method. The
composition of the products is confirmed by the X-ray and IR spectroscopic analysis.

Keywords: spinel; ceramic pigments4 aluminum, SHS.
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Ilepuoanyeckuii xapakrep TOKa caMOOPraHU3aALMI
B OKCUTMIPATHOM cpeje

Paccmampusaemca mamemamuyeckas Mooenb QopMUpOBarUsL 2ee60U MeMOPaHbL
Ha ocHoge nekmpogopemuieckoil mooenu 2ens. Ilpusooames danuvle IKChepumMeHma
(U3MepeHUs camonpous8OIbHOZ0 MOKA, GbI3bIBAEMO20 NONAPUIOBAHHBIM OBOUHbIM
INEKMPUUECKUM CILOeM 2€]is), KOMOpble NO36ONAI0M YMEEPHCOAMb, MO OAHHAS MO-
Oenb He mpomusopeuum skcnepumernmy. Ha ocHoge sxcnepumenmanbHblx OaHHBIX U
BLINUCTIEHUL MOOENU OeNaemcs 6b1600, YMO NOCMOAHHOE MASHUMHOE NOJe USMEHsIen
Xapakmep 83auMo0eicmeus pacmMeHmos 2ens opye ¢ OpyeoM, Ymo CKAa3bleaemcs Ha
BenUYUHE USMEPAEMO20 8 IKCHEPUMEHME MOKd.

KitroueBble ci10Ba: oxcueudpamuvie eeesble CUCHEMbL, KOLIOUOHbIE KNACMEPbL;
CAMONPOU3BOIbHYIN NYIbCAYUOHHBLL NOMOK; OUPQY3HLIL 0BOUHOU NEKMPULECKULL
CI0U; MONON0UYECKULl KOHMUHYYM, OUCCOYUAMUBHO-OUCIPONOPYUOHATLHYIL MeXd-
HU3M; meopust Yumuu,; 2eomempust Kaycmux.

BBenenne

PaccmoTpuM camblie o0Iue KOJUTOUTHO-(GU3NIECKHUE TPEICTABICHHUS, YTOOBI
HCCJIEI0BATh IOBEICHUE HOHHBIX IIOTOKOB B 00bEéMe KoJLIonaa. 3ameTM [1], 4To
MaKpOMOJICKYJIIPHBIE KOJUIOUHBIE KOHCTPYKIIMUA OKCUTHIPATOB OKPY>KEHBI TO-
JSpU30BaHHBIM U (Y3HBIM TBOMHBIM 3JeKTpruecKuM ciioeM ([1IC). B renp He-
PEAKO MOMEIIAIOT AJICKTPOJIMT, HAIIPUMED PACTBOP COOCTBEHHOM COJIH, U, KaK 3TO
YCTaHOBIIEHO (HampuMmep, [2]), IPOUCXOANT B3aUMOCHCTBUE TeJsi OKCUTUIpATa
KaK C pacTBOPOM COOCTBEHHOH COJIM, TaK U C MOJICKYJIaMH BOJBI. DTO B3aUMO-
JIeHCTBHAE MOXKET MTPUBOAMTH K 00Pa30BaHUIO U MOTIIONICHUIO ONPEAeIEHHOTO KO-
JUYeCcTBa MOHOB. J[BOWHOU 3JIEKTpUYECKUil ClIol oOpa3yercs B CHIIy TOTO, YTO
4acTh MOHOB BKJIIOYAETCS B MATPHILY T'elisl, B TO BpeMs KaK HOHBI TPOTHBOIOJIOXK-
HOTO 3HaKa OCTAarOTCS B MEKMUIICIUIIPHON JKHUAKOCTH U 00pa3yroT BOKPYT Mak-
pomoutekybl 1uddy3HbIN CIOMU.

OrpoMHbIE MaKpOMOJIEKYJIBI TeJIsl, KaK 3TO YCTAaHOBJIEHO KBAHTOBOXUMUYECKIMHU
pacuéramu, o0pa3yroT OOJBIIOE YHCIO pa3HOOOpa3HBIX KOH(OpMepoB, dopMa u
JIaXKe CTPYKTypa KOTOPHIX MOKET U3MEHSThLCS TI0]T BO3/ICHCTBHEM BHEIIHEH CpeIibl
Jaxe MpH KOMHATHOH Temmepatype [Tam ske]. ITostomy yxke mpu 298 rpamycax
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KenbBiHa MakpOMOJIEKyJISIpHBIE CTPYKTYPBI MOTYT IepecTpauBaThcs. Beiencraue
9TOro 4acTh IU((HY3HOTO CI0S NOHOB MPOTHBOMIOJIOKHOTO 3HAKA MOKET YXOIHTh
BOBHE BOBce JIM00, Ha000pOT, morsomarses u3BHe. [IpranHbI 3TOrO — TEpMOIUHA-
MHYECKHE: TPY MaKpOMOJIEKYJIIPHBIX KOH(QOMEPHBIX MepecTpoiikax MOTeHIHaIbHAs
sHeprus okpyx)aromux J[IC ctpemMuTcs K MUHIMHA3AIIHA. TO MOXKET JTOCTUTATHCS
BBITUIECKOM HOHHBIX ITOTOKOB, KOJICOATeIbHO-BpalaTebHBIM ABIKCHIEM MaKpO-
MOJIEKYJI I'eJisl W CBSI3bIBAHUEM UX B HOBBIX JIOC.

Cam 1o ce0e reib IMEET CeTIATYIO CTPYKTYPY, KOTOPas, BOSMOXKHO, B CHITY IT0-
JIMEPU3aLIH TeNIeBBIX (PparMeHToB M3MeHsercs. He Besikue gpparMeHTsI rerns Mo-
T'yT CBOOOIHO mepeaBUratbcsi B 00béMe. CrieoBaTenbHO, MOSBISIOTCS yCIOBUS
IUTSL BOSHUKHOBEHUSI OCMOTHYIECKOT'O JAaBJICHHS, BO3ICHCTBYIOMIETO HA HOHBI.

Taxum 06pa3oM, B reneBBIX 00pa3nax HaOIIOmaeTcsl CIOXKHAS CHCTEMa JIBU-
XKEHHS — KaK JIMHeHHO-TIepeMeaTelIbHOTO, TaK U KoJIe0aTeJIbHOT0, KaK KPYITHBIX
MOJIEKYISIPHBIX 00pa3oBaHuil (MUKpoIeKTpodopes [3—9]), Tak 1 HOHHOTO MOTO-
KOBOT'O TIEpEeMEIICHUS BHYTPH WM BOKPYT 3THX (pparMeHToB. Bo3zMoxHO camo-
IIPOU3BOJIFHOE BOHUKHOBEHHE JIEKTPHUYECKOTO TTOJIsl, €CIN CIIPABEUIUBEI IIPe/I-
MOJIOKEHHUST 00 OCMOTHYECKOM BIIHSHUU 3apsAKCHHBIX YaCTHUII. CJIC[{OBE[TCJH)HO,
BO3MOKHA W SKCIIEPUMEHTAIbHAS PETUCTPALINS MIKPOTOKOB B CHCTEME BO Bpe-
MeHu. Takas AMHaMHUYecKas CHCTEMa CO BpEMEHeM OyneT TakKe SBOJIIOLHOHH-
pOBaTh BCIIEACTBHE PA3BUTHS B OKCHI'HIpATe MPOLECCOB MOJIMMEPH3AHN — Je-
cTpykiu. OTMETUM, 9TO reoMeTprudeckas ¢popma ress (hopMma dJIeKTPOXUMHUYe-
CKOW STYEWKN) OYEeHBb CHIIBHO, €CIIH HE ONPEICILIONIS, XapaKTepU3yeT BEININHY
BO3HHUKAIONIEH Pa3HOCTH IOTEHINAJIOB B TeJIEBOH CHCTEME, TaK Kak JIMHEeHHas
CKOPOCTh ITOTOKAa MOHOB 3aBHUCHT OT HOPMAQJIHOTO CEUYCHUS TCIICBON SUCHKH.
dopma ke UX MOKET OBITh BECEMa Pa3HOOOPa3HOM, 3aBUCSIIEH OT CAMBIX HEOKH-
JaHHBIX (paKTOPOB MK BOBCE CIIy4alHOM.

BKCHepI/IMeHTaJI])Haﬂ qacTb

Ienu okcuruapara MUPKOHHUS CHHTE3UPOBAIH U3 COJICH OKCUXIIOPUIA IIUPKO-
HUS IyTeM I00aBJICHUS B CHCTEMY PacTBOpa €IKOTO HaTpa I aMMHaka IpH
OTIPEJeNICHHBIX yCIoBUsIX: pH = 9,25; Koau4yecTBO BBOJUMOrO IMPKOHUS 1 =
=0,00094 moib.

[Tpubop 11t M3MEPEHUST UMITYIECHOTO MOJISIPU3AIMOHHOTO TOKA COCTOSIT U3
MOJION TPYOKH, Ha KOHIAX KOTOPOW 3aKPEIUDLIN KPYTJIble IIATHHOBBIC DJICK-
tponsl (R = 0,4 cM). KOHTaKTHI 3JIEKTPOI0B TOAKITIOYATIH K SJICKTPOHHOMY pETH-
cTpupytoniemy 610Ky (puc. 1). CBeKepUTroTOBICHHBIN I'ellb TOMENIATH B MO0
TpyOKy. PaccrosHme MeXny >JIeKTpoIaMH NPHHAMAIH paBHBIM 7,0 CM HiIH
Menbie. [Ipu 3ToM suelika, conepiKalias reib, 3aMbIKAIACh TPAKTUYECKU HAKO-
POTKO, T.€. BBIXOJHOE COMPOTHBICHUE OBUIO OYCHH HEOONBIINM. DIIEKTPOTOK,
BO3HUKAIONINN B CHCTEME, 3aMEPSIUIH Ha CIICIIAaIBHOM 3JICKTPOHHOM 000pyIOBa-
HUM [8] ¢ YacTOTOH OMpPOCca CUCTEMBI 5 pa3 B CEKYHAY. DKCIIEPUMEHT MPOBOIMIH
B TeueHue 6 4.
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TpyOKy ¢ OKCUTHIPATOM MTOMEIIANIM B CUCTEMY KPYTOBBIX TIOCTOSIHHBIX Mar-
HUTOB (HANpPSHKEHHOCTH TI0JIsI MATHUTOB CUCTeMBI 4 Obu1a paBHa Hy = 900 D, cu-
ctema MarHuToB B—Hp = 600 J), a 3aTeM 3aKpervisUii Ha MEXaHHYECKOW Kayaro-
mieicst Memasike Ui IpeAoTBPAIeHUs paccIoeH s reneBoil cucteMsl. Ilpomece
tepmoctatupoBaiu (7 = 303K).

Pe3yabTaThl M UX 00CyxKAeHHE

OKCIIEpUMEHTATEHO 00HAPYKEHO (PHC. 2), 9TO MEXIY IEKTPOIaMH BO3HUKAET
yJIbCALIMOHHBIA TOK. B OKCUTHUAPATHBIX reJIeBhIX cHUCTeMax (OKCHTHIpaTa LUPKO-
aust) (I'OLY), kak Hamu Toka3aHo paHee [ 1-5], kosrebaTensHO-BpaIiaTeIbHbIE HOHHO-
MOJIEKYJISIpHbIE TIOTOKH BBI3BIBAIOTCSA OrPOMHBIM MHOXKECTBOM OTHOCHTENIBHO PEa-
KUX CTOXAaCTUYECKUX TpaHCcHOopMaLuii MAKpOMOJEKyI refst (KOH(GpOpMEpHbIe mepe-
xoz6! 1ipH 298 K), KoTophIe, ocTaBasich KOOPIAMHATHO MAJIOTIOIBIKHBIMU (ECITH pac-
CMaTpUBaTh KOOPJMHATY MX LIEHTpPa Macc) B MPOCTPAHCTBE SUEHKU (BCIIEICTBUE
CBOEI OrpOMHOI Macchl), HEIIPEPHIBHO «HAKAYMBAIOT [TOCTOSHHO BO30OHOBIISIEMbIE
(komebaTenbHble) MOHHO-IU(P(Y3HOHHBIE TIOTOKH B T€OMETPUYECKH BBITSHYTOM
o0BeMe res. DTH HOTOKU 00pa3yloTcsl W3 TCOMETPUYECKH BHIOW3MEHSIOMINXCS
JDC, okpyxarormx KoHGopMepbl. B 3ToM coCTosAT cMBICT U cBoeoOpasue quddy-
3un ApHomnbaa [9] B rensx. OTH mepexoipl MOXKHO paccMaTpuBaTh Kak Iepuoude-
CKH€ TOJUKH, WM BO3MYIIEHNS, [€JIEBON CUCTEMBI.

Puc. 1. DnexrpoxuMudeckas siaeika, copeprKamas OKCHIHAPATHBIA 0CaJI0K

W3BectHo [10], uTo B 00mIEeM ciaydae Jr00as JHHAMUYECKas CUCTEMa MMeEeT
HEYCTPaHUMYIO 00JIACTh CTOXAaCTHUYHOCTH B (ha30BOM IpocTpaHCcTBe. DakTHye-
CKHM 1TO Kiaccuueckue npezacrapnenus Jlamxkesena [10]. ['aMunbpToHNaH Takoi
KoJIe0aTeIbHO-BpAIaTeIbHOH HOHHO-MOJICKYISIPHOW KOJUTOMTHO-XUMHUYECKOH
CHCTEMbI MOXHO 3amnucath B popme H = Hy (/) +¢eV (1,0,t) ,tne 1,6 — Ny —mep-
HBIE BeKTOpHI. Takas cucrema uMmeer N =Ny+1/2 creneneit cBoOOIbI, MpuIeM

1/2 oTHOCHTCS K TIepeMeHHOH ¢ (BpeMs). B o0mem ciydyae 9acTh raMrIbTOHH-
aHa Hq(/) umeeT cemapaTpuchl, HOATOMY BO3MYILEHHE &V , paspymas ux, o0-
pasyer cToXacTHUYeCKue CJIOH IpHu JtoObiXx €. JlanpHeiimas cynpba cToxactuue-

CKUX TPAeKTOPHU ompenenseTcs TeM, KakoBa TOIMOJIOTUs claboro xaoca KoJuio-
UIHO-XMMHUUYECKON CUCTEMBI B (h)a30BOM IPOCTPAHCTBE.
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Puc. 2. N3menenne Toka nomspusanun reneid I'OLl, cHHTe3npOBaHHBIX B TpeX MapalIensx:
a) MarHUTHOe HoJie HanpshbkeHHocThio 900 apcren, 6) MarHUTHOE I10J1€ HAIPSDKEHHOCTBIO
600 spcTen, B) MarHUTHOE OJIE OTCYTCTBYET; 00paser cuHTe3npoBany rnpu pH = 9,25; nmna
TpyOku L = 7 cm; konmuectBo ['OL] B TpyOke n = 0,00094 monb

48



Ilepuoouueckuii xapakmep moka camoopzanu3auyuu 6 OKCUUOPamHoii cpeoe

[, MKA
0,22
0,11
0,00+ L”L
-0,111{,_,-/1“‘
-0,224
60 70 80 90 100110120

t, MWH

Puc. 3. ®parmeHT 3KCIIEpUMEHTATBHOI KPUBOH, OTpaXkarolel HaJimdre OOJBIINX BEIOPOCOB
ToKa. BBIOOpOUHAs KHHETHYECKast KPUBAs IEKTPHYECKOr0 TOKAa CAMOOPTaHU3aI[M1 OKCHT -
pata uupkonust, pH = 9,00; n = 0,00235 monb; L =1 cm, 0,5 cm; T=284 K

[IpakTudecky runepOooNnIecKuil pocT MONIIPU3AUOHHOTO TOKA OT BPEMEHU
OTMeUaeTcs I 00pas3IoB, MOMEIIEHHBIX B MATHUT HanOOJBIIEH HaNpsHKEHHO-
ctu (Tabm. 1). O6pazns: ['OL, noMmenieHHbIE B MATHUT MEHBIIIEH HATIPSHKEHHOCTH,
HMEIOT TOT K€ TUIEPOOTHUECKHU XapaKTep BhIIIecKa (pocTa) TOKa, OAHAKO TOK
MOJIIPU3AINHN IOCTIE TOCTIDKEHHSI HEKOTOPOI'0 MAKCHMAIBHOTO 3HAYCHUS HAUH-
HaeT HKCIOHCHINAIbHO YMEHbIIaThesa. [Ipn 3ToM maer cMeHa 3HaKa TOKa, T.e.
(dakxTHyeckn HaOmOmaeTcs mepesapsaka snekrponoB win JIC reneBoii ¢assl
(puc. 2, 8). Dddexr nepesapsaxu ADC rens, He MOABEPTHYTOTO MarHUTHOMY
BO3JICICTBHIO, BRIPAKEH 3HAUYNTEIHHO CHUIIbHEE (PHC. 2, 8).

s KONMMYeCTBEeHHOW XapaKTepPHCTHKY BhITuiecka Toka ['OLl] B maHHBIX 3KC-
MEPUMEHTaX PACCUMTANN HEKOTOPYIO BEIMUYMHY Al MKA 1O MOy MEXIY
BEPXHUMH U HIDKHIMH 3HAUEHUSIMH BHIIUIECKOB TOKA Ha IIPUBEICHHBIX Tpadrkax

(tabm. 1).
Taonuma 1
Pa3HocTh MaKCMMAJIBLHOI0 M MUHHMAJIBLHOI'0 3HAYEHHS TOKA 110 MOAYJ/IH0

HanpsoxeHHOCTD
MarHuTHOTO MOJIs, Al MKA
H,D
0 1,18 0,57 0,35
600 0,49 1,84 0,99
900 13,46 3,21 6,94

Takum 00pa3zom, HaUOOBIIHIA AUATA30H TOKOBBIX 3HaUeHU! Al MKA oTMmeda-
eTCsl A7l TeJeid, MOJBEPrHYThIX BO3JCHCTBUI0 MAarHUTHBIM IOJIeM OOJNbIIEH
HaNpsHKEHHOCTH. BeposATHO, 3TO CBA3aHO ¢ OpHEHTAIMOHHBIM 3 dekTomM Me30-
(ha301oJOOHBIX YYACTKOB T'eJisl B yCIIOBUSX MAaTHUTHOTO TOJISA, B pe3yJIbTaTe YETr0o
BBIOPOC 3apsDKEHHBIX YACTHUI], CBsI3aHHBIX B JIDC U onpenensiomux MosBIeHIe
TOKa, SIBISICTCS OJHOHAINpaBlIeHHBIM. Takum oOpa3om, HaOmomaeTcs 3PQPeKT
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CyMMallu¥ BBITNIECKA HOHOB. MK ke MpH 3TOM MOSABISIOTCS YATUHEHHBIEC CBS-
3aHHBIC AUTIOJH TEIIEBBIX (PPAarMEHTOB, IMEIOIIUX OONBITYIO ossipu3anuio [19C.

Y 1uinHeHHbIE TOKOBBIE BBITUIECKH MTpeICTaBleHbl Ha puc. 3. [loneiTaemMcs aHa-
JUTHYECKHU OTIHCAT SIBJIEHUE TOKOBBIX BBITUIECKOB, TOCTPOUB allTOPUTMHUYECKYIO
MOJIeNTb TaHHOM 33724y NOKa 06€3 MarHUTHOTO ITOJIS.

Cl/lHXPOHl/BaHl/lﬂ MNEPUOANYECCKHUX OKCUTHAPATHBIX CUCTEM

CuHXpoHHM3aIsl HETMHEHHBIX KoJleOaHwid — OHO U3 (pyHIaMEHTAIbHBIX SB-
JCHUH TPUPOJBI, KOTOPOE MOKHO PACCMATPUBATh KaK MPOCTEHIIHNI MpUMeEp ca-
MOOpTraHU3alluy B3aMMOJICUCTBYIONMINX HETMHEHHBIX cucTeM. [loa cuHxXpoHn3a-
[UEH B TeNIeBOM CHCTEME MBI TIOHUMAEM YCTaHOBIICHHE HEKOTOPBIX COOTHOIIICHHIA
MEXY XapaKTepPHBIMU BPEeMEHAMHU TOKOBBIX BBITUICCKOB, YACTOTaMH WK (hazaMu
KoJIeOaHUH MapIHaibHBIX MOJCUCTEM B PE3yJIbTaTe X B3aUMOJCHCTBHS. B pam-
Kax KJIaCCHYCCKOM TEOPHH CHHXPOHU3AINH PAa3IMUaioT BEIHYKICHHYIO CHHXPO-
HU3AIHIO, T.€. CHHXPOHHU3AIMIO aBTOKOJCOAHHI BHEUIHUM BO3ICHCTBHEM HIIH
CHUT'HAJIOM, U B3aUMHYI0 CUHXPOHU3AaIUu10, HaGJ’IIOHaIOIHyIOCH Ipyu B3aUMHOM BJIN-
SHUW JIByX aBTOKOJIECOATENBHBIX IMOJCUCTEM (OJIM3KO pPACHOJOKEHHBIX MHO-
xecTB). B 000uX ciaydasx mpOsIBISIOTCS OJHH M Te ke dPQEKThI, CBSI3aHHBIE C
ABYMS KIIACCUYCCKUMU MEXAaHU3MaMU CUHXPOHU3AIUN: 3aXBATOM CO6CTBeHHI>IX
4acToT (M, cOOCTBEHHO, (Pa3) KoseOaHU WK K€ TIOJaBIICHUEM OJHOW W3 JBYX
HE3aBHCHUMBIX YaCTOT KBA3HIIEPUOINUCCKIX KOICOaHUH.

KonebarenpHO-BpamareabHble HOHHO-MOJICKYJISIPHBIC MOTOKH BBI3BIBAIOTCS
OTHOCHUTEIBHO PEIKHIMH CTOXACTHUECKHMHU TPAHC(HOPMAIISIMA MaKpPOMOJIEKYII
reJis, KOTOPBIE, OCTaBasCh MAJIOTIOIBI)KHBIME (€CIIH pacCMaTPUBATh KOOPAUHATY
HX LIEHTpa Macc) B IPOCTPAHCTBE SUEHKHU (BCIEACTBUE CBOEH OIPOMHOM Macchl),
HETIPEPBIBHO «HAKAYMBAIOT» HMOHHO-TH((y3HOHHBIE TTOTOKHM B T€OMETPHUYECKH
BBITSIHYTOM oOBbeMe Tens [12].

C dbopManbpHO-MaTEeMaTHIECKON TOUKH 3peHUs 3PPEKT CHHXPOHU3ALIUY CO-
CTOUT B TOM, YTO JBa XapaKTCPHbIX CO6CTB€HHI)IX BPEMCHHBIX MacmTa6a B3au-
MOJIEHCTBYIOIINX KOJIEOATEIBHBIX CUCTEM, KOTOPEIE B OTCYTCTBHUE CBSI3HU SIBIISI-
FOTCS. HE3aBUCHUMBIMH, IPH B3aUMOJCHCTBUU OKAa3BbIBAIOTCS IEIIOYUCICHHO
KpaTHBIMU WJIM palluOHAJIbHO CBA3aHHBIMU. HpI/I 9TOM Ba’XXHO, 4YTO 3Ta KpaT-
HOCTh OKa3bIBaeTcs (PMKCHUPOBAHHOW B HEKOTOPOW KOHEYHOW 00JIACTH 3Haye-
HUW TIapaMeTpPOB CHCTEMBI, Ha3blBaeMoOW 00JacThio cHXpoHM3anuu [10]. Dto
MOJKET OBITh U 00bEM TeJICBOH (pa3bl B YATHMHEHHOMN JICKTPOXUMHUUECKOH STUCHKE.
Pasmepsl 3T0i1 0ONacTH IOKa OIICHUBATH HE OYJIEM.

Otcrona cienyer BakHEHIIass 0COOCHHOCTD SIBICHUSI CHHXPOHU3AINH OKCH-
THIPATHOTO TS B IIOOOM HOPMAIEHOM CEUEHHH AJIEKTPOXUMHUICCKON STYCHKH
HNOHHO-MOJIEKYJISIpHBIE TOTOKM (Miam cedeHus [lyaHkape) CTpyKTypHO OYCHb
OJI3KY (MPAKTHYCCKH HHBAPHAHTHEI).

Taxum 00pa3oM, eciid IOMECTUTh HEMOABMKHBIN reneBblil oopasen (6e3 Me-
XaHUYECKOTO TIepeMEIINBaHMs), HAPUMED OKCUTUIpATa HUPKOHUS, B DIIEKTPO-
XMMHUYECKYIO SUCHKY, TO MOKHO BU3yaIbHO HAOMIOAATh 38 BCEMU MaKpPOMOJIEKY-
JSIPHBIMH TEJIEBBIMHU MPEBPALICHUSIMH B €r0 00bEMe, €CIIH HAUTH BO3MOKHOCTD
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peFI/ICTpI/IpOBaTL KaKUM-TO 06pa30M U3MCHCHUA BTOpI/I‘IHI)IX I/IOHHO—MOJICKyJIHp—
HBIX ITOTOKOB TOJILKO B HEKOTOPOM CCUCHHH TeJIs B TUHAMHKE.

[TonnpoOyeM MOCTPOUTH MAaTeMATHUYECKYH0 MOJEIb 3TOTrO SBICHHUS B JOCTa-
TOYHO OOIIEM BUJE.

MartemaTndeckasi 3a71a4a MOJAeJTUPOBAHUS

[IycTs K CBEXEMPUTOTOBICHHOMY TEII0 JOOABIICH 3JEKTPOIUT — HAIIPUMED,
pacTBOp coOcTBeHHOI conmu. VIoHBI pa3HBIX 3HaKOB OyIyT ocenarts (amcopOupo-
BaThCsl) Ha OONBIIUX (PparMEHTaX KOJUIOUAHBIX HACTHL,, KOMIECHCUPYS 3apsiibl
apyr apyra. TakuM oOpa3oM, B CpaBHUTEIBHO CBOOOIHOM NEPEMEIICHUH YaCTHII
OyzeT y4acTBOBATH JIUIIH HEOOJBIIOE KOJIMYECTBO U3 OOIIEro YHCIa HOHOB HIIH
BIIMSIHUE 0JIS HA JBIKCHUE YacTUI| OyneT HeBenuko. Hac uHTepecyeT npuHIu-
MUagbHas BO3MOXKHOCTh SIBJICHHS, @ HE TOYHBIM KOJMYECTBEHHBIH pe3yibTarT,
OIIpe/ieNIeHNe TeX WM MHBIX HapameTpoB. CienoBaTensHo, OyIeM CUUTaTh, 9TO
BCE [apaMeTphbl, CBSI3aHHbIE C JBIKCHUEM HOHOB, WY TOCTOSHHBI, WU TUHEHHEBI
(muHeapu3oBaHbl). OTpaHUUUMCS TO3TOMY IPOCTON JHHENHHOH Monensro. Kak
OyIleT MoKa3aHO HUKE, ITOT MOAXOJ He JINIIEH ONpeaeIEHHOH TpeacKa3aTelbHOM
CHJIBL.

Cornacao [11], noToku 3apsaoB /, ¥ I_ B OTCYTCTBHE IPaIUEHTOB TEMIIEpa-

Typbl M XUMHUECKUX MOTEHIIHAJIOB OMPEAEIIIOTCA COOTHOIIEHUAMH
I, = Ly grade + Ly,gradP
I_=1L,,grade + L;,gradP, (1)

IJie ¢ — AJIEKTPUYSCKUH MOTEHITHA; P — 0CMOTHYECKOE JIaBJIeHUE, KOTOPOE BO3-

HUKAeT B CHITy «CETYaTOCTU» CTPYKTYPHI refist; L11 — Koo HUIMEHT JIeKTPOIpo-
BOAHOCTH JUIsl TOTOKA 3apsDKEHHBIX YACTHIL CO 3HAKOM «»; L12 UMEeT 3HaueHue
9JIEKTPOOCMOTHYECKOI0 ITOTOKA MOJIOKUTENBHO 3apsUKEHHBIX YacTuIl;, [ U L, —

COOTBCTCTBYIOIINEC KOS(I)(bI/IHI/ICHTBI IUTA OTPULIATCIIBHO 3apPSAKCHHBIX HOHOB.
Toku I+ ul_ MOTYT OBITh Pa3IMIYHBbIMU, U 3TO MOXET NMPHUBOJUTH K HAKOII-

JICHUIO 3apsza.
VYpaBHeHHE HEMPEPBIBHOCTH U KOHILEHTpPAlWil ¢ BBEIAEICHHOH OTAEIBHO
muddysueit uMeroT BU
on ~
—+ +divj, = DAn,
ot 2
2 : @
——+divi_ =DAn_
ot

Ie j, U j_ —INIOTHOCTH TOKOB HOHOB COOTBETCTBYIOIUX 3HAKOB; DAn — Iud-
¢by3us; D —kosdounuent mudpdys3un; A — oneparop Jlamiaca. 3amMeTum, 9to |
u [ uMmeroT pasHble pasMepHocTH. [loaToMy paspenum /7, v [_ Ha ruromazp ce-

YEHMs1, KOTOPYIO OyJIEM CUMTATh MOCTOSHHOM, M 13 (2) MOTy4UM COOTHOIIEHHUS
J+ = liigrade + l,gradP
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J- = lygrade + l,gradP, (3)

e Bce Ko (QUIHEHTHI AAI0TCS B OTHOICHUH K IIJIOIIAIU NONEPEYHOTO CEUEHHUS.
IToncraBuM BBIpaXEHUS AJISI INIOTHOCTEN TOKOB (3) B ypaBHEHMS HEIPEPHIB-
HOCTH (2):
2 + L1 A@ + 1y;AP = DAn,
on_
ot

- 4)
+ 121A(p + lzzAP = DAn_

Ocmoruueckoe naBienue P onpenensercs Gopmynoid P =inRT ,TIe i — He-
KO€ YHCJIO; 1 — KOHIEHTPAIIHsI BEIIECTBA, CO3AI0IIEr0 OCMOTHYECKOE IaBICHHUE;
R=kpN, — yHUBepcanbHas ra3oBas IOCTOsIHHAS;, 7 — Temmeparypa. B ycmoBusix
9KCIIEPUMEHTa U3MEHAETCS TOJBKO KOHLEHTpALUsl, CI€J0BAaTEIbHO, MBI MOKEM
CUMUTaTh, YTO JaBJICHHE NPSAMO MPONOPLHUOHAIBHO PA3HOCTH KOHLEHTpAIHid
HOHOB, P=oa(n, —n_).

ony
at

on_
at

+ lllA(p + le(n_'_ - n_) = DATl+

- , (%)
+ lz]_A(p + lzz(n+ - TL_) = DAn_

TJIe IOCTOSIHHBI MHOXHUTEh . YYTEH B HOBOM KO3 (DHUITHCHTE.
VYpasuenue [lyaccona (6e3 kpaeBbIX yClIOBUi) uMeeT BHI AQ = 4n(n, —n_).
[ToxacraBnsas 3To BeIpaxkeHue B (5), uMeeM

aaL: + 11 (ny —n_) + Lp(ny —n_) = DAn,
N . : (6)
‘%‘ +l(ny —n_)+1,,(ny, —n_) = DAn_

Brrutem ypaBrenwus (6) apyr U3 Apyra ¥ BBeAEM o003HaueHHue u =n, —n_. B
pe3ynbTaTe Moay4YnM ypaBHEHHUE
u | (7 - 7 7
E + (l11 - 121)u + (112 - lzz)u = DAu (7)
J106aBUB K 3TOMY ypaBHEHHUIO KPaeBbIe M HAYaIbHBIE YCIIOBUSL, IOTYyYHM 3aMKHY-
TYIO KPaeBYIO 3a/1ady.
Bynem cunTatk, 9TO IIOTOK HOHOB IBIKETCA K DIIEKTPOIY U CO31ACT MTHOBECH-
HYIO Pa3HOCTb MIOTSHIIMAIOB HA HEM (B 3aMKHYTOM KOHTYpE POBOTHIKA TIEPBOTO
pona, cM. puc. 1). CiemoBarenbHO, Ha TPaHUIIE 00JIACTH HEOOXOIUMO ITOCTABUTh

ou

Kpa€BO€ YCIIOBUC KOHBCKIIMU — YCJIOBHE TPETHETO poaa, (—— Au =0 , TaK
x

x=0

KaK MbI OyJIeM CUHTaTh, YTO AJIEKTPOJ PACIONOXKEH NpHu x = 0. Bcro obnacTs, B
KOTOpOM perraeTcs 3amada, Oy/1eM CUUTaTh HeOrpaHWIEHHOH, x € [0;+00) . Takue

reoMeTpUYecKre pa3Mepbl yI0OHO IpUIUCcATh 00JIACTH, TaK Kak BCE SBJICHUS,
yKa3aHHBIE B BBOJAHON YaCTH M KOTOPBIE MBI MOXEM 3a(pUKCHPOBATH, IIPOUCXOIST
JIUIIB B y3KOM cJI0€ OJ1i3 dIeKTposa JmuHoi npuMepHo 107°m [12]. B cpaBHeruu
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C TCOMETPUUYECKUMH pa3MepaMy 3JIEKTPOXUMHUUECKOH stueiiku (okoso 10 cm) xa-
PaKTepHBIA pa3Mep MOXKHO CUUTATh MaJbIM, a BCIO 00JIacTh — OECKOHEUHO 60JIb-
mroil. UTo kacaeTcsi HauaJlbHOTO YCIOBUS, TO MOKHO CUMTAaTbh, YTO OHO HAM H3-
BECTHO U IPEJCTaBIsAeT COO0H QyHKIUIO u ;= uq(x) . Takum oOpaszom, 3agaua

OKOHYATCJIbHO IPUHUMACT BUJ

%+ au=(D—-b)Au, xe[0;+m),te[0;+p)

ou ou

~ =7\‘u| =0> u| —)+OO=07 ~ =0 . 8
oxly=0 ' * 2 PN ®
U l¢=0= 1o (x)

3amerum, uTo B (8) pasHOCTb D—b MOKET OBITh U TIOJOXKHUTEIbHA, U OTPHILIA-
tenpHa. [lonoxuTenpHas pa3HOCTH O3HAYAET, ITO AU(PQY3Us HOHOB MMOIABISCT
pa3zierneHue 3apsiIoB B CHIIy OCMOTHYECKOTO MaBieHus. OTpHIaTeabHas — 0CMO-
THYeCKoe JaBlieHune Oonee CuiIbHO, yeM auddy3us, u, eciid eCTh XOTh HEOOJbIIIOE
OTKJIOHEHHE Pa3HOCTH 3apsAA0B OT HYJISL, TO 3Ta Pa3sHOCTh OyIeT HapacTaTh.

Msl orpaHHYMMCsl paccMOTpeHueM ciydas, korga D-b>0. Uucno o mo
CMBICITY 3a/1a4H MOJIOXKUTENbHO. OTMETHM, 4TO 3a7a4a (§) XOpOoIIo uccie10BaHa,
TEOPEMBI €IMHCTBEHHOCTH, CYIIECTBOBAHHS M CIIOCOO IOCTPOCHMS pEIICHHS
MOXHO HaWTH, Harpumep, B [10].

ToK, KOTOPBIN HAXOUTCS IKCIIEPUMEHTAIILHO, IPEICTABILIET COOOM IPaTUCHT
Pa3HOCTH KOHIEHTpaIwii: ] = grad (ny —n_).

. Ou

x|,
Ha rpanuue o6nactu x=0

CHavasa pacCMOTPUM TaKyIO MOJICIIBHYIO 33/1a4y: MyCTh HAYalbHOE OTKIIOHE-
are Uy = Ad(x — xg), rme xo € (a; b). Torna Best 3a1aya (8) MpUHAMAET BUJT

aa—u+au:BAu, B>0,a>0, x€[0;0),f €[0;+0)
t

a_u
ox x=0
u == A5(x—xp)

ou
=Mt [y=0, —

X x—+400

=0, ]yy10=0 . )

Byznem uckaTh pemeHue B BHIE # = V eXp (—at), Tie V — HOBas HEM3BECTHAsS
¢byukiwys. Pemenne (9) OTHOCHTENBHO (DYHKIIMH V MOYKET OBbITh MPEICTABICHO B
suze [10]:

v(x,t) = \/‘:I?{exp (— (x_x")z) + exp (— M) -21 f;w exp (— Gaxot)? /1{) d(} . (10)

4Bt 4Bt 4Bt

Tak xak Hac MHTepecyeT TOK IpU x = 0 U MBI MOXEM 3apETUCTPUPOBATh
TOJIBKO 3TOT TOK, TO
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v(x,t)z\/%{exp( 4Bt) /1f exp( (x°+f) A{)d(} (11)

Beraucisis “HTErpat, moxryduM
_ A _x\_4 —Axg — A2
v(x,t) = W{exp( 4Bt) (1 +erf (4/13t )) exp(—Axg — A Bt)} , (12)

rze erf(x) — ¢pynkius omubok Jlamnaca. 3aMeTuM, 9T0 BTOPOE CIaraeMoe 10cTa-
TOYHO OBICTPO yOBIBAE€T C POCTOM BPEMEHH, a TaK KakK IIPOMEXYTOK BPEMEHH B
9KCTIEpUMEHTaX OOBIYHO HE Mall, TO CIaraeMbIM MOXKHO IMpeHeOpedb — 110 Kpai-
Heil Mepe, I HECIOXKHBIX U IPYOBIX OLIEHOK.

Tak kax ToK j = v(f)e *, To MBI MOXKEM HAIUCAaTh

(ciee)
i A exp 4Bt—at
I mT (13)

Hcxons u3 rpauKoB SKCIIEPUMEHTANBHBIX KPUBBIX (pUC. 2, 3, 4) 3aBUCHMO-
CTell perucTpupyeMoro Toka Wil HOHHBIX IIOTOKOB OT BPEMEHHU U CUUTas, 9TO OH
COZIEPKHUT TOJIBKO «ITOCTEICTBHS) BO3HHUKIIEH (UIyKTyaIllun 3apsaa, MBI MOXKEM

2 2
X X
BBIYHCIATh KO3 QHIUEHTH o U ﬁ. 0O0603HaYnM WX Kak K; = i nkKh=—owu

OyJeM moIoupaTh METOJJOM HAaMMEHBIIHX KBaapaToB. Koaddunuent K, Bpsa au
MOJKET OBITh OTPHILIATENICH, TaK KaK 3TO OYyAET COOTBETCTBOBATH CIy4al0, KOTIa
3apAaabl IpU IBMXKECHUU TIO[ HeﬁCTBHeM QJICKTPUYCCKOTI'O MOJIA (T.e. Ipu ABUKE-
HUU K KOMIICHCAITUN) CTaIH ObI pa3aensaTbes. [lonoxkurenbabiii ko3 unnent K
COOTBETCTBYET CIIydYal0 Pa3leNiCHHs 3apsIoB IO IEHCTBHEM OCMOTHYECKOTO
JIaBJICHHS.

[Ton6op koaddunmento Ki, K» MeToJIoM HaMMEHBIINX KBaJpaTOB MOKa3aH
Ha puc. 4.

08 1

06 B

i)

04F Bl

02r

n2k

04 . . . . . .
0 50 100 150 200 250 300 350
t, MUH

a

54



Ilepuoouueckuii xapakmep moka camoopzanu3auyuu 6 OKCUUOPamHoii cpeoe

uai ]

06+ q

02r ; q

04 L I I I | |
0 a0 100 180 200 250 300 350
T, MHH

0

Puc. 4. [Tog6op k03¢ hueHTOB METOTOM HAUMEHBIINX KBaPaTOB.
IMynkrupHas auHus (/) — moaGop METOI0M HAUMEHBIIHNX KBaAPATOB,
cepble TOUKH (2) — SKCIIepHMEHTaIbHbIE JaHHbIe. [10 ocu abcuuce OTI0kKEHO BpeMst
B MUHYTaX, [10 OCH OpPJIHHAT 000HX Ipa)MKOB — 3HAUCHUS TOKOB B Oe3pa3MepHbBIX SAMHHIAX

Puc. 4, a cootBercTBYeT Moabopy 1o hopmyiie

. A exp(—rm—at)
] = WT (14)

Puc. 4, 6 cooTBeTcTBYET MOAOOPY 1O (hopmyIie
de _X)_4 — 2
Bt {exp( 4Bt) (1 terf (4ABt )) exp(=Axo — 4 Bt)} (15)
2
Ornienku uis puc. 4, a narot: A=2,5183; b=0,000923 (1/c); :—; = 46,062 ().

Puc. 4, 6 103BOJISIET OIICHUTH U BEJIMYUHY A, KOTOpas OJTy4aeTcss OTPUIIATEIIBHON
(cooTBeTcTBYeT OTTanKMBaHWIO 3apsnaoB). Jns puc. 4, 6: A4=2,6198;

2
b=0,000595 (1/c) ; :—1‘; = 37,806; A =—0,0957 (1/m).

[IpoBenéunplii pacuér, Kak U camMa MOJENb, HE OTIUYAETCS TOYHOCTHIO, HO
JaéT BEpHBIC OICHKH, HANPUMEp BEIHYUHBI Kod(puuueHToB nuddysun: kax
cnenyer u3 [12], 3nauenue x, X 1076 Ilpu s1oM Ko>(pduuMenT nudpdysuu
HOHOB B rejie oleHnBaeTcs Beanuaunoi Dx10712-10713, m%/c, uT0 cooTBETCTBYET
nuTeparypabiM n1aHHbM [1] . Kpome Toro, cymecTByeT psii BCIUIECKOB, HE Clie-
OYIOIIUX U3 NPEAJIOKEHHOHN BbIlIe KapTUHBI U TPEOYIOIIUX ONMUCAHUS, KOTOPOe
OBl HE CIEI0BANO U3 NPEATOKEHHBIX BBIIIE BRIYUCICHUN — 3TO OTAEIBHOE (H-
3UKO-XIMUYECKOE SIBIICHHE.

B tom ciyuae, ecnu rpaduk pemrenus (9) 6oJiee CoKeH, MOXKHO CUUTATh, YTO
TOYEK Pa3/eeHus 3apsi/ia HECKOIBKO. B 3TOM ciiydae ¢ MOXKHO UCKaTh B BUJIE

w = T (357 e (=32) ~3 (14 erf (S + ) ewnaro = 2280)] . 10
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OtmeTnM, 9To pacu€T rpaduka npu N =2 HamH Takxke MpoBeAEH. JlocTuray-

Tasg TOYHOCTDH BBIIIC. OI.[CHI(a JJI TapaMETPOB MAJIO OTIIMYACTCA OT NPCAJIOKCH-

2

HBIX K puc. 4 4, =25050; b=0,000497 (1/c); % =43,446 (¢) ;

A

2
=-0,0921 (1/M); Ay =0,8076; %;=29,418 ©).

3ak.r0uenue

[TynscaniMoHHBIN XapakTep TOKOBBIX (IOTOKOBEIX) BhimieckoB OI'L] ompene-

JIAETCSI KOH(POPMAIIMOHHBIMH TTEPECTPOHKAMH OKCUTHAPATHONH MaTpuibl. Crien-
CTBUEM KOH(POPMAITMOHHOW HECTAOWIHBHOCTH SIBJISIETCSI U3MEHEHHE TIOJISIPU3aIluN
J3C reneBbIX 4YacTUL, YTO MPOSIBISIETCS B BUJIE MEPUOJUUYECKUX BBHIMJIECKOB
AJIEKTPOTOKA.

MaremaTrnueckas MOJieNib YUUTBIBACT NIEPUOANICCKOE, TOJTUKOBOC BO3MYIIIC-

HHUE TeJIEBOM CHUCTEMbBI, YTO OIPECACIIACT YIJIUMHCHHBIC, ITUMKOBLIC TOKOBBIC BbI-
TIJICCKH.

N —
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Periodic formation current self-organization in oxyhydrate environment

The gel samples of zirconium oxyhydrate a complicated system of motion (linear
peremeschatelnogo and vibrational-rotational) of large macromolecular structures (microe-
lectrophoresis) and the ion stream directed movement inside or around them. In addition to
molecular conformational motion exists and translational movement of the gel macromolecules
of a different nature. Therefore, it seems quite real occurrence of the potential difference on
platinum electrodes and, therefore, the possibility of experimental micro-registration system in
time. In this paper the mathematical model of the gel membranes based on the electrophoretic
gel patterns. The data of the experiment (the measurement of spontaneous current induced po-
larized electric double layer gel (DES)), which suggest that this model is consistent with exper-
iment. On the basis of experimental data and model calculations it is concluded that the static
magnetic field changes the nature of the interaction of the gel fragments with each other, which
affects the value of the current measured in the experiment. In addition, these dynamical sys-
tems are constantly evolving, as a result of development in oxyhydrate zirconium polymeriza-
tion processes — destruction, spontaneous hydration, dehydration, involving molecular ion
stream splashes.

57



10.U. Cyxapes, H.10. Ananukosa, B.O. Ananuxoé u op.

These properties are explained widespread batch processes in colloidal chemistry oxyhy-
drate gel system (CRP), rare earth elements, and oxides, hydroxides some d-elements such as
zirconium, niobium, titanium and others. The study of their assigned coherent chemistry, that
is vibration-chemical batch processes. However, there are some difficulties: in the classical
inorganic chemistry and colloidal chemistry development paradigm vibrational phenomena
and processes developed and little understood. However, these phenomena are now allow for
new insights into the crystallography of colloidal systems, explore the change in the form of
colloidal clusters over time.

The relevance of the work lies in the study of the initial stages of forming a gel that allows
you to create a better understanding of the mechanism of formation of oxyhydrate gels of heavy
metals. A clear understanding of the processes of formation of the elements structuring oxyhy-
drate gels of heavy metals in non-equilibrium conditions allows us to hope for a sorbent based
oxihydrate sorbtsioinnymi with specified characteristics. The practical value lies in the devel-
opment of techniques directed synthesis oxyhydrates heavy metals that have wide application
in industry in the purification of natural and waste waters from heavy metal ions (Cu?*, Zn’*,
Cd**, Co®*, Ni**, Mn®*) and the production of high samples. Of the inorganic sorbents are
widely used hydroxides of aluminum, zirconium, manganese, iron, silica and others. Many hy-
drated oxides of heavy metals are amphoteric and depending on the conditions may exhibit
cation and anion exchange properties.

Keywords: oxyhydrate gel systems, colloidal clusters, spontaneous pulsating flow, diffuse
electric double layer topological continuum-dissociative disproportionate mechanism Whitney
theory, geometry caustics.
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®azoBbie npespamienus B craau 30XI'C
NoJ AeiicTBMEM 3JIEKTPOJIUTHO-IIJIA3MEHHOH HUTPOLleMeHTaAlluH

Pa6ota BeimosnHeHa npu puHaHCOBOH Monepkke PODU B pamkax HaygHoro mpoekra Ne 16-48-700198.

Memoodom npoceeuusaroujeli OuGpakyuoHHo INeKMPOHHOU MUKPOCKONUY Onpe-
Oenen @azosviti cocmag cmanu 30XI'C, noosepenymoii HUmMpoyeMeHmayuu nymem

anexmponummo-niazmennoti oopabomu npu 850°C. Yemanoenenvt kauecmesenuvle u
KOMUYeCMBEeHHble USMEHEHUs. (ha306020 COCMABA U MOHKOU CMPYKMYpPblL 6 CILOSIX, 00-
PA306AHHBIX HUMPOYEeMeHmayuel Mamepuand.

KnioueBble cioBa: cmanvy, asza; 1eKmporumno-niasMeHHds HUmpoyemeHma-
yust; KapOOHUMpUo,; Kapouo,; CKAIAPHAsL U U3OLIMOYHASL RAOMHOCMb OUCIOKAYUIL.

BBenenne

Hapsny ¢ TpaIWIMOHHBIMH METOJaMH XHUMHKO-TEPMHYECKOH 00paboTKH,
JOCTaTOYHO IIHPOKO HMCIOIb3YEMBIMH B MPOMBIIUICHHOCTH, IPUMEHSIOTCS HO-
BbI€ METOJbI YIYHYIIEHHUS SKCIUTyaTallMOHHBIX CBOMCTB MaTepuasioB. OIHUM H3
TaKWX METOJIOB SIBJISIETCS AJICKTPOJUTHO-TIa3MeHHas: oOpabotka [1, 2], koTopas
3aKIII0YAeTCs B TOM, YTO MIPU HArpeBe JeTaled Hapsay ¢ 3aKaIKOH IPOUCXOTUT
XUMHYECKash MOIU(PHUKAIHS TOBEPXHOCTHBIX CIOEB METAJUIOB AJIEMEHTaMH, CO-
JepXKAIUMUICS. B COCTaBe DJIEKTPOJIMTA. MI3MEHSAS COCTaB 3JEKTPOIUTA, MOKHO
MIPOBOJIUTh HUTPOIIEMEHTAIMIO ¢ 00ibmuMH cKopocTsaMu (10—-100 MkM/MHH),
3HAYUTEIbHO TPEBBILIAIOIIMMU XapaKTePHbIE CKOPOCTH COOTBETCTBYIOIIUX
KJIACCHYECKUX TpoIieccoB [3].

NzBectHO [4], uTO HHUTpOLEMEHTAIUS (POPMHUPYET B IMOBEPXHOCTHBIX CIIOSX
MaTepHaia CTPYKTypHl, HATMYHE KOTOPHIX IPUBOINUT K 3HAUATEILHOMY HOBEPX-
HOCTHOMY ymnpodHeHHIo. [loaToMy HacTosimas paboTa HOCBSILEHA HCCIEA0Ba-
HUto (azoBoro cocraa B ctanmu 30XI'C, mogBeprayTOi BHICOKOTEMIIEpATYPHOI
HUTpOoUeMeHTanul. OCHOBHOE BHHMaHHE YICICHO KaK KauyeCTBEHHBIM, TaK H
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KOJINYECTBEHHBIM M3MEHEHUSIM TOHKOH CTPYKTYpHI CIIOEB, OOpa3ylOUIUXCS B
pe3yabTaTe HUTPOLIEMEHTALUH.

MaTepna.n H METOAUKA UCCICAOBAHUA

MarepuanoM WCCIEIOBaHHUS CIIyXKHWJIA KOHCTpYKIHOHHas cTainp 30XI'C
(0,30% C; 0,8-1,1% Cr; 1,1% Mn; 0,8-1,1% Si; 0,025% S; 0,025% P), mpo-
IIeqmas Iponecc MOBEPXHOCTHOTO HACKHIIICHUS a30TOM H YIIIEpoaOM (HHUTpPO-
[IEMEHTANKsA) TyTEM 3JIEKTPOJIMTHO-TUTa3MEeHHOW 00paboTku mnpu 850°C [5].
Wsyuenue cTpyKTypbl U (a30BOro cocraBa CTajd MPOBOAMIOCH METOJOM MpO-
CBEUMBAOMICH NUDPAKIIMOHHONW 3JICKTPOHHON MHKPOCKOIHUW HA TOHKHX (hOJIb-
rax ¢ MCIOJIB30BaHMEM 3JIEKTPOHHOTO MUKpockoma DM-125 mpu yckopsromem
HanpsokeHun 125 kB. Pabodee yBenuueHue B KOJIOHHE 3JIEKTPOHHOIO MHUKPO-
ckomna cocrasisio 25 000 kpart.

HccnenoBanne HUTPOIEMEHTOBAHHOW CTald IPOBEACHO B TPEX TOUYKAX:
1) Ha moBepxHOCTH 00pa3ia; 2) Ha paccTOSTHUU ~20 MKM (B LEHTPAIbHOMN YacTH
HUTPOLIEMEHTOBAHHOT'O IIOBEPXHOCTHOTO CJ0s) U 3) Ha paccTossHUU ~50 MKM (B
MepexoIHOH 30HE). s 3TOro Ha 3JIEKTPOMCKPOBOM CTAaHKE MapauIeNbHO II0-
BEPXHOCTU 00pa3lia oTpe3ajach MeTaINUYecKas IIacTUHKA TONUHON ~0,3 MM.
IIpu 3TOM pexUM 3IEKTPOUCKPOBOIl pe3KH OBLT MOA0OpaH Tak, YTO HE BHOCUI
JOTOJTHUTENBHBIX HCKaXCHUH B CTPYKTYPY MaTepHaa.

[lepBast BEIpe3aHHasi IDIACTHHKA, ONHA W3 CTOPOH KOTOPOH SIBILIACH IIO-
BEPXHOCTBIO HUTPOLIEMEHTOBAHHOTO 00paslia, TOTOBHIACH UCKIIOYHUTENBHO CO
CTOPOHBI pe3a. Tak ymanoch MaKCHMAaJIbHO OJIM3KO MOJOUTH K MOBEPXHOCTH
obpasma. Cama MOBEPXHOCTh HMOIHPOBANIACH TOJNBKO DIIEKTPOIUTHICCKH OYCHB
KOPOTKO€ BpeMs B IE€HE MEpECHIIEHHOr0 pacTBOpa XpPOMOBOIO aHTUApPHUAA B
optodocdopHoii kucnore npu Temneparype 60-80°C.

Panee [6] MeToIOM simEepHOTO TaMMa-pe30HaHca OBIJI0 YCTAaHOBIICHO, YTO TIO-
clie LIeMEHTAllMd U HUTPOLEMEHTAllH B MOBEPXHOCTHBIX 30HAX IIyOHMHOH 110
1 MKM Bcerna mpuCyTCTBYIOT IUICHKH Pa3iIMYHBIX OKCHAOB kese3a. [1ocKoibKy
HAC MHTEPECOBAIM HM3MEHEHHs CTPYKTYpPHl U ()a30BOTO COCTaBa CTAIH IOCIE
HUTPOLIEMEHTAIMH, MPOUCXOAAIINEe B MaTepualie Ha 3HAYUTEIBHO OOJBIIUX
pacctosiHUsIX OT 00pabOTaHHOW MOBEPXHOCTH, 00pa30BaBIIMECS HA MMOBEPXHO-
cTH 00pas3la OKCHABI JKele3a HE BIISIOT Ha CTPYKTYPY HOIIIOBEPXHOCTHBIX
cioeB. [loaTomy, 9TOOBI YOpaTh OKCHIBI M HE 3aTCHATH 00IIeH KapTUHEI, H MPO-
BOAMJIACH AJIEKTPOJIUTUYECKAS TOJIMPOBKA CaMO TTOBEPXHOCTH.

Bropas mmactuaka — 20 MKM OT ITOBEPXHOCTH (B IEHTPAJIBFHON YacTH HHT-
POLIEMEHTOBAHHOTO ITOBEPXHOCTHOTO CJIOSI) TOTOBHJIACH B HECKOJIBKO 3TAIlOB.
Brayaie mpou3BoAUIIOCE YTOHEHHUE BBIPE3aHHOMN MJIACTUHKU TAKXKE CO CTOPOHBI
pe3a no tonumHbl ~30 MKM. 3aTeM IUTACTHHKA YTOHSJIACh CO CTOPOHBI HUTPO-
LEMEHTOBAHHOM ITOBEPXHOCTH 110 TOMIUHEI 20 MKkM. OTMETHM, YTO IOCIE KaXkK-
JoW omepanuu 00s3aTeNbHO (DUKCHpOBajach TOJIIMHA IUIACTUHKU. Bce 310
MO3BOJIJIO TOYHO KOHTPOJIUPOBATH PACCTOSHHUE 10 HUTPOIIEMEHTOBAHHOU IIO-
BEPXHOCTH. YTOHEHHE OCYIICCTBIBUIOCH XUMHUYECKH B PACTBOPE MEPOKCUIA BO-
noponaa (H20,) ¢ nobaBiieHreM HECKOJIBKUX Karlelb T1aBukoBo# kuciotel (HF).

61



Dazoevie npespawienun ¢ cmanu 30XI'C

Ha 3axmrounTensHOM 3Tamne U3 MoJy4eHHOro o0pasia TOMMMHON 20 MKM METO-
IOM DJICKTPOJIUTHUECKOH ITOJIMPOBKH TOTOBIIIACH (DOJIBra Ui MPOCMOTpa B
MIPOCBEYMBAIOLIEM JIEKTPOHHOM MUKPOCKOIIE.

Tpetps mmacTuHKa — 50 MKM OT HUTPOIIEMEHTOBAaHHOW TTOBEPXHOCTH (B Tie-
PEXOIHOI 30HE) TOTOBHIIACH AHAIOTHIHO BTOPOA.

@Da30BBIi aHAIN3 MPOBOJIWICS MO M300paKEHUAM, MMOATBEP)KIACHHBIM MUK-
ponudpakIMOHHEIMU KapTHHAMH M TEMHOIIOJBHBIMHA H300paKCHUSIMH, IOIY-
YCHHBIMH B COOTBETCTBYIOMHNX pedurekcax. [Io cHUMKaM, MOTy4eHHBIM B 3JICK-
TPOHHOM MHUKPOCKOIE, M3MEpSUIM CIeNyIollue MapaMeTpbl: 0ObeMHBIE TOJIU
MOP(}OJIOTHYECKHX COCTABIIIIONINX MaTpUIbl cTamu (Py); pasmeps! (d), mior-
HOCTh pacnpeaenenus (1/r) u oobemMubIe 10U (O) KapOUIHBIX M KapOOHUTPHI-
HBIX YaCTHUII, CKALIPHYIO (P) W M30BITOYHYIO (P+) IUIOTHOCTH AWCIOKALNH, aM-
IUIMTYAY AaTbHOJACHCTBYIOMIMX ToJel HampspkeHuit (). OnpeneneHue JHHEH-
HBIX pa3MepoB W CKAIPHOW IUIOTHOCTH AWCIOKAIUI IPOBOIMIOCH METOIOM
CeKyllell Mo CTaHIapTHBIM MeToaukaM [7, 8], n30BITOYHON MIOTHOCTH AUCIO-
Kaliil, aMIUTUTY 16l TaJbHOACUCTBYIONIUX MOJEH HAMpSHKEHUN COTJIIACHO METO-
JMKe, U3J10KeHHoM B [9]. Bee nonydyeHnHble nanHble 00pabaThIBaIlCh CTaTHCTH-
YECKH.

HcxoaHoe cocTosiHUE MaTpulbl CTAJIN

Kak mokazann mpoBeOeHHBIE 3JCKTPOHHO-MHKPOCKOITHMYECKHIE HCCIIeI0Ba-
HUS, B UCXOIHOM cocTossHuu Matpuna ctanu 30XI'C mpencrasiser coboit o-
a3y — TBepIBI pacTBOP yriiepoaa U Jerupyronmx 31eMeHToB B o-Fe ¢ OLIK
KPUCTAJUTMYECKOW pemeTkold. Mop(doIorn4ecKuMU COCTaBIISIFOIIAME  Ol-(ha3bl
SIBILIIOTCSL (PePPUT, OIS KOTOPOro coctaBisier ~0,35 oT 00beMHON 1O Mate-
puaia, u mepiuT, A0l KoToporo B Matepuaie ~0,65 (puc. 1). O6e mopdonoru-
YEeCKHE COCTABILIIONINE Ol-(ha3bl HE UICATBHEL.

®DeppuT B UCXOJHOM COCTOSHHUH IPUCYTCTBYET B JIBYX MOJM(DUKAIMIX: He-
(parmeHTHpOBaHHBINA (puc. 1, @) U PpparMeHTUpOBaHHBIN (puc. 1, 6) co cpen-
HUM pasmepoM (parmeHTOB ~400 HM. O6Ge MoauduKauKu 001aIal0T ceTYaToi
JMCIOKAIIMOHHOW CYOCTPYKTYpO#, HO C Pa3IHYHON CKaJSIPHON IUIOTHOCTBHIO
Jqucinokanuii (tab. 1).

HedparmentupoBanusii Gepput sBiseTcss Oe3kapOumHbiM. Ha rpanumax
(parMeHTOB ¥ BHYTPH, Ha TUCIOKAIHAX, (PParMeHTHPOBAHHOTO (eppHuTa mpu-
CYTCTBYIOT YaCTHIIBl CIeIMalbHOrO Kapouma M»3Ce, oOnanaromme OKpyTJIon
(dopmoii. CpeHUH pa3Mep YacTHIl, HaXOIAIIUXCS Ha TpaHUIAX (ParMEeHTOB,
coctaBisier 32 HM, UX OOBEMHas JONS BO (parMEHTUPOBAHHOM MaTepHaie
~1%. Pa3smep wacTull, HaxoJIIIUXCS BHYTPH (ParMEHTOB Ha HUCIOKAIMAX,
3HAUATENHFHO MCHBIIE M COCTaBISACT B cpenHeM 4 HM, oOBbeMHas IOJS TaKhX
gacTull Bo (hparmeHTHpoBaHHOM (eppure — 0,5%.

CdhopmupoBanHass B (eppuTe IOBOJIBHO BBICOKAs CKAISIPHAS IUIOTHOCTh
JIUCIIOKAIMA CO3JaeT B Marepuasie BHyTpeHHue Hamnpspkenus [10], ammnutyna
KPUBH3HBI-KPYUIEHUS KOTOPHIX MpHBeAcHA B Tabn. 1. JlucrmokammoHHAs CTPyK-
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Typa HapsIly CO CKaJspHOW IUIOTHOCTBIO AWCIIOKAUN XapaKTepU3yeTCsl BBICO-

KMM 3HaYCHHEM H30BITOYHOH IIOTHOCTH JAUCITOKaIuit (Tabm. 1).

[epaut B UCXOTHOM COCTOSIHUM — IUIACTUHYATHIA (puc. 1, a). [Ipu aTom oH
MPUCYTCTBYET KaK B BHJE COBEPIICHHOT0 (HEpa3pyIlIeHHOT0), TaK U B BUJC pa3-
pymeHHoro. HepaspyuieHHbIH niepiauT MoxkeT ObITh emme U aedekTHbiM. Cka-
JIApHAS IUIOTHOCTH JUCIIOKAIMiA B TiepiuTe HeOombmmas (tadn. 1). M3rubGHble
SKCTHHKIIUOHHBIC KOHTYPHI B 3¢pHAX MEPJIUTA MPAKTUYCCKH OTCYTCTBYIOT. JTO
03HAYaeT OTCYTCTBHE JIOKAIBHBIX BHYTPEHHUX HANPSDKCHUH.

Puc. 1. Di1ekTpOHHO-MHKPOCKOIINYECKOe N300paXkeHHe TOHKOH cTpyKTyphl ctanu 30XI'C
B MCXOJIHOM COCTOSIHMU: a — 3¢pHO HedparMeHTHpoBaHHOro deppura (D),
3epHO macTuH4aToro nepiauta (I1); 6 — 3epHo pparMeHTHpPOBaHHOTO (eppura

Mopdonornueckne cocrapiasomue o-¢aspl ctaan 30XI'C u koJuYecTBeHHbIE
XapaKTepPHCTHKH AHCI0KAIMOHHON CTPYKTYphI B HUX. McX0aHOe cocTosiHHe

Tab6nuia 1

O06bemMHas

CkanspHast N30bITOuHAs Amnnnrtyna
JI0JISt B
Mopomormnueckast cocTas- MATDHLLE IUIOTHOCTh IUIOTHOCTh KPUBH3HbI-
JISTFOIIAst MATPHILBI CTaIIH TPHUC | penokanmii, | ancnokanwmii, KpY4eHus,
CTalu, 10 2 10 2 -1
Pr. % px1071% em= | p=x107'Y, cm %> CM
£ He(?parMeHTHpOBaH- 20 34 3.5 620
2. | bl
g DparMeHTUPOBAHHBII 15 0,4 0,4 930
B cpennem 35 2,1 2,2 750
[epnut 65 0,2 0 0
Bo Bcem maTepuane 100 0,5 0,5 250
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CTpyKTypa cTaju nocje HUTPOUEMEHTAlUH

HI/ITpOHeMeHTaLlI/IH CTajJii NpUBCJila K CYHICCTBCHHBIM Ka4€CTBCHHBIM U KO-
JMYECTBEHHBIM M3MEHEHUSIM B CTPYKTYpE CTallM, IIPHUYEM, KaK ITOKa3aa IpoBe-
JCHHBIC MCCIEOBAaHMSA, TOHKAas CTPYKTypa CTadd U (a30BBIA COCTaB B IPHIIO-
BEPXHOCTHOM 30HE HUTPOLEMEHTOBAaHHOTO oOpaslia U B MEpPexXoJHOU 30HE (Ha
rryonHe ~50 MKM) OKa3allCh CYIIECTBEHHO pPa3IMYHBIMH. PaccMoTpum 3TO
moxpo0OHee.

Dazoswill cocmag u CMpYKmypa Cmaiu 8 NPUno8ePXHOCMHOU 30He 00pasya.
B pesyzibraTe mpOBEAECHHBIX UCCIENOBAaHUN yCTAHOBIEHO, YTO MaTepual Ipu-
MTOBEPXHOCTHOTO ¢JI0s1 — MHOTO(a3HBIH. TeM He MeHee OCHOBHOH COCTaBIISIO-
el ocraercst o-haza. Bee ¢asbl, koTopsle ObUTH OOHAPY>KEHBI B IIPUMIOBEPX-
HOCTHOW 30HE, TIPECTABICHBI B Ta0JI. 2.

Tabnuma 2
Tun, npocTpaHCTBeHHAs IPyNNA U NapaMeTPbl KPHCTAINYECKHX PeLIeTOK
o- 1 y-¢a3s, kapOuI0B M KapGOHUTPHIOB

Tun kpucTam- IMpoctpan- ITapamMeTpbl KPUCTATNYECKOIT
daza - CTBEHHAs PELICTKH, HM
YeCKO# peneTku
rpynna a | b | c
a-taza OLIK Im3m 0,2866
v-daza Ik Fm3m 0,3600
Ms;C Opropomo. Pnma 0,5080 0,6774 0,4520
M:Co,61No,39 OpTopomo. Pben 0,4878 0,5604 0,4440
M23(C, N)s r'uk Fm3m 1,0585
Ma(C, N) Terparot. - 0,766 | 1,057
M+(C, N)3 OpTOpOMG. Pnma 04546 | 06959 | 1,1919

Crpykrypa o-(hasbl mperepriena 3HaAYUTEIbHbIE H3MEHEHUs. B oTimuune ot
HCXOIHOTO COCTOSHHS OHa MPEICTaBIIeT CO00H cMech TpeX MOP(HOIOrHIeCKUX
COCTaBJISIFOIIMX: @) MaKeTHOro (WM PEeYyHOro) OTMYHIIEHHOTO MapTEeHCUTa
(puc. 2, a), 6) HU3KOTEMITEPaTYPHOTO (pHC. 2, 6—2) U B) BRICOKOTEMIIEPATYPHOTO
(puc. 2, 6) MIaCTUHYATOrO OTMYLIEHHOTO MapTeHcuTa. OObeMHBIE OJIU 3TUX
MOP(}OJIOTHYECKHX COCTABISAIOUINX OTHOCHUTENFHO 00BbeMa MAaTpHUIBl CTalU
npuBeneHs! B Tabn. 3. OTMeTnM, 9To 3epHa (eppuTa 1 MepauTa Ha MOBEPXHO-
CTH HUTPOIIEMEHTOBAHHOTO 00pa3ia He 00HAPYKEHBL.

y-aza mprUCYTCTBYET B BUAE OCTATOYHOTO AyCTCHUTA U PACIONaraeTcs 00
MPOCIIOMKAaMH 10 TPAHHUIIAM MapTEHCUTHBIX peek (puc. 2, @) u TuiacTuH (puc. 2,
0), MO0 BHYTPHU MapTECHCUTHBIX IUTACTHH B BUJE KOJIOHUH ABOHHUKOBOTO THIIA
(puc. 2, 6), mub0 octpoBkamu (puc. 2, 2). O0beMHas 108 y-(ha3bl B pa3InIHbIX
MOP(}OJIOTHYECKUX COCTABIAIOUINX O-(ha3bl MpeAcTaBiIeHa B Ta0I. 3.
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Puc. 2. Tonkas crpykrypa cranu 30XI'C rmocie HUTpOIEeMEHTAaIMN, HOBEPXHOCTh 00pa3ia:

1 — peedHsIi; 2 — MIaCTUHYATHII HU3KOTEMITEpaTypHEIH;

3 — BBICOKOTEMIEPATYPHBIH OTITyIIEHHBIH MapTEHCHT.
OcTaTOYHBIH ayCTEHUT (Y) 10 TpaHULaM peek (a), TIacTHHHI (0),

B BUJIC KOJIOHHIA IBOHUKOBOTO THUMA (6) U OCTPOBKOB (2)

Ta6nuia 3

Mopdoaoruueckne cocrapiasiromue o-¢aspl craam 30XIT'C
nocJjie HUTPOLEMEHTANMH 1 KOJIMYecTBeHHbIe 101 Y-(a3bl B HHX

Mop(bonomqecxaﬂ COCTaBJIAIOIIAss MAaTPULIBI CTAITA

OO6beMHas JOJIs
B MaTpHIIE CTaJIH,

Z[OJIF[ OCTaTOYHOI'O
ayCTC€HUTA B KpU-

cTauiax
Pr, % o
a-dassl, 8,%
IToBepxHOCTb 00pa3Ia
TTaKETHBIN 30 1,5
. | MIacTHHYATHIH HU3KOTEMIIe-

OTmy1eHHbIH . 20 1,7

paTypHBIi
MapTEHCUT =
TUTACTUHYATHIH BBICOKOTEMIIE- 50 40
paTypHbIi ’
B matepuane 100 2,6
50 MKM OT oBepXHOCTH 00pa3na
MMaKETHBIH 55 1,3
. | MIacTHHYATHIH HU3KOTEMIIe-

OTnymeHHbIH " 20 4,7

paTypHBIH
MapTEHCUT =
TUIACTUHYATHIH BBICOKOTEMITE- 25 6.0
paTypHbIi ’
B matepuane 100 3,2
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HutporemenTanus npusena K U3MEHEHHIO U B KapOHIHOH MOJCHCTEME CTa-
mu. 1[eMeHTUT Temeph HMPUCYTCTBYET BHYTPH KPHCTAJUIOB OTITYIICHHOTO Map-
TeHcuTa. YacTulpl UMEIOT Uroip4aryio (opMy, UX pa3Mep U IUIOTHOCTh pac-
MpEeIeeHNs] B Pa3IMIHBIX MOP(OIOTHYECKUX COCTABISAIONINX Ol-(ha3bl pasiImd-
HeL. OngHako 00BEMHAs JOJSI IEMEHTHUTA B KaXKAOW M3 MOP(OIOTHIECKUX CO-
CTaBJLIIONINX ol-(a3sl He npeBsimaeT 0,5% ot o0beMa MaTepHaa.

[locie HUTpOIIEMEHTAIIMY HA TIOBEPXHOCTH 00pasiia BO BceX Mopgoorude-
CKHX COCTaBJISIIOIIUX O-pa3bl MPOUCXOIUT 0Opa3oBaHHE KapOOHUTPHUIOB, a
HNMCHHO: M2C0,61N0739, M23(C, N)s, M4(C, N) 58 M7(C, N)}.

YacTunpsr kapoonutpuna M>Cos1No39 Ha HUTPOIIEMEHTOBAHHOUN MOBEPXHO-
CTH o0paslia pacroiararoTcs MO0 TpyNIaMHu BHYTPU BBICOKOTEMIIEPATYPHOTO
IUTACTUHYATOT0 MapTEHCHUTA, JINO0 B BHUIC OTICIBHBIX YaCTUI] HA TPAHHUNAX HIH
BHYTPH MOP(OIIOTHUECKUX COCTABIIONIMX a-¢a3bl. Kak mpaBuno, ¢ neexTHoM
(IMCTIOKAIMOHHO) CTPYKTYpoil o- U y-(ha3 OHHM HE CBS3aHBI. JTH YaCTHIEI 00-
nagaT okpyrioi Gopmoit. Cpegnuii pazmep yacturl M>Co61No 39, HAXOASIIIUX-
csi B rpymmax, coctaBisier 320 HM, HaXOIMIIMXCA HAa TPAHUIAX WX BHYTPHU
MOP(OJIOTUYECKUX COCTaBISOMUX o-Pa3bl — ~80 HM. OOBEeMHasT A0S YaCTHII
kapoonuTpuaa M>Coe1No3o Ha moBepxHOCTH oOpasmna cocraBisier ~1,5% oT
o0beMa MaTepuaia.

Kak mpaBuino, Ha rpanumax pasgena «kapoorutpua MaCosiNozo — o-¢haza»
MPUCYTCTBYIOT YaCTHIBI TNIACTHHYATOH (DOPMBI, KOTOPHIC SIBISIOTCS KapOOHHT-
puaom M3(C, N)s. Cpennnit pazmep gactur] M23(C, N)g cocrasmsier 10x180 uMm.
O6wemHas nons ux B Mmarepuasie — He Oonee 0,1%. Ha moBepxHOocTH 0Opasma
MIPUCYTCTBYIOT YacTHIIbI kKapOooruTpuaa Ma3(C, N)s, UMeroIHe oOKpyriiyro Gopmy.
3to HaHOo4YaCcTHIIBI (~10 HM), pacrooKeHHBIE Ha AUCIOKAIUAX BceX MOP(OIIOTH-
YECKUX COCTABIIOMUX o-(pa3bl. OObeMHas 1O TAKUX KapOOHUTPUAHBIX HAHO-
YaCTHI] B MaTepHale HeBelIrKa u coctaBisieT He 6omnee 0,3%. Kpome Toro, Memkue
HaHopazMepHble (~8—10 HM) gacTuisl Ma3(C, N)g, UMEIOLINE TaKkKe OKPYTIYIO
(hopMy, IPUCYTCTBYIOT B MPOCIOWKAX OCTATOYHOTO ayCTEHHUTA, PACIOI0KEHHBIX
10 TPaHUIIAM MAPTEHCUTHBIX KPUCTAUIOB (IUIACTHH U PEEK) M BHYTPH OCTPOBKOB
1 KOJIOHWI IBOMHUKOBOT'O THIIA.

Hutponemenranus ctanu nprBesia K 00pa3oBaHHIO HA TIOBEPXHOCTH 00pasia
enre AByX THIOB KapOoHUTpuaoB — M4(C, N) u M7(C, N)3. Hanouactuisr (~5—
8 um) kapOonutTpuaa Ms(C, N) oOpa3oBanuch Ha MeX(a3HBIX MOBEPXHOCTIX
«kapoouutpua M7(C, N)3 — a-dasza» Ha yactunax M7(C, N)3, cpeaauii pazmep
KOTOPBIX cocTaBisieT ~0,2 MKM.

Taxum 00pa3oM, MPOBEJCHHbIE UCCIEI0BaHUs TIOKa3ald, YTO €CJIM B UCXOI-
HOM COCTOSIHMM TOHKas cTpykTypa ctanu 30XI'C npencraBieHa cMechblo 3epeH
(deppuTa U mepnurTa, TO HUTPOLEMEHTAIHMs CTAId M3MEHHJIa MOpdosoruo o-
(a3sl: Ha TTOBEPXHOCTH 00pa3na CTPYKTypa Ol-MaTpHIBI CTANH — 3TO CMECh Ia-
KETHOTO W IUTAaCTHHYATOTO (HHU3KOTEMIIEPATypHOTO M BBICOKOTEMIIEPATYpPHOTO)
OTIYIIEHHOTO MapTeHCUTa. Bo Bcex 30HaX BHYTpU M MO I'paHUIAM BCEX KpH-
CTaJTIOB Ol-(pa3bl MPUCYTCTBYIOT YAaCTHIBI JISTHPOBAHHOTO IIEMEHTUTA U KapOo-
HUTpUa0B TUNIa M2Co 61N0 39, M4(C, N), M7(C, N)3 1 M23(C, N)s.
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Kak nokasanu ucciaeqoBaHus, BO BceX MOP(OIOTHYECKUX COCTABIISIONINX Ol
(a3l TUCITOKAUOHHAS CTPYKTYpa MMEET BHI IUIOTHBIX JHCIOKAIIMOHHBIX Ce-
TOK, HO C Pa3HbIM 3HAYCHHEM CKaJSPHOW IJIOTHOCTH AMCIOKanud p (Tadm. 4).
Kak BumHO 13 Tabum. 4, BO BceX KpUCTAIIax o-(pa3bl BETUUUHA p ciabo pa3muya-
ercs. TeMm He MeHee caMoe BBHICOKOE 3HAUCHUE CKAISIPHON INIOTHOCTH IHCIOKA-
oW UMEIOT KPUCTAIDIBI MaKeTHOTO OTIYIICHHOTO MapTEHCHTA, B IDIACTHHAX
BBICOKOTEMIIEPATYPHOTO  OTIIYIIEHHOI'0 MapTCHCUTAa 3HAYCHHUC O HUMECT
HauMeHbIee 3HaYeHue (Ta0i. 4). Takoe MmoBeeHUE CBA3aHO ¢ OOBEMHBIMU H3-
MEHEHUSIMH MaTepualia Mpu TepMooOpaboTKe CTaH.

Tab6nuuma 4
Mopdonornueckne cocrapasiomue o-¢aspl crann 30XI'C nocjie HUTpoOLEMEHTALMH
H KOJUYeCTBeHHbIE XaPAKTePUCTHKH TUCIOKANUOHHONH CTPYKTYPBI B HHX

OO6bemHas
CkanspHast 36bITOUHAs
oJIsl B
Mopororuueckast coCTaBISIOMAs MI;T e IUVIOTHOCTh IUIOTHOCTH
MaTpULbI CTAJIN p JTHCIIOKAITUH, JTHCIIOKAITUH,
cra, px1071% cm? | p=x10719, cm?
Pv, % ’ i
IToBepxHOCTB 0Opasia
TaKEeTHBIN 30 4.4 0
. | TIacTUHYaATBIM HU3KO-
OTIyImeHHBII N 20 3.9 0
TeMIIepaTyPHBII
MapTEHCUT v
TUTACTUHYATHIH BBICO-
. 50 3,5 0
KOTEMIIepaTypHBII
B matepuane 100 3,9 0
50 MKM OT NMOBEPXHOCTH 00pa3ia (MpoMeXyTOUHBIH CI0i)
TaKeTHBIN 55 7,6 2.9
. | TIACTUHYATHIM HU3KO-
OTmy1ieHHbIN o 20 4,1 4.1
TeMIIepaTypHBII
MapTCHCHT TUTACTUHYATHIA BBICO
. 25 3.2 1,2
KOTeMITepaTypHBIN
B matepuane 100 5,8 2,7

@®a30BBIl COCTAB CTajd B IEHTPAIBHOW YaCTH MPHUIIOBEPXHOCTHOM 30HBI
oOpasna. [lo Mepe ymaneHHs OT MOBEPXHOCTH 0Opasiia BIIyOb HUTPOIEMCH-
TOBAHHOTO CJIOST (PAa30BBIi COCTAB CTAIHM M3MEHSETCSA. DTO MOKA3aIN HCCIEIO-
BaHUS, IPOBEACHHBIC Ha paccTOSHUN 20 MKM OT ITOBEPXHOCTH 00pasma, T.c. B
HEHTPANLHOW YacTH HHUTPOLEMEHTOBAHHOTO IOBEPXHOCTHOTO CJIOS. bBBIIO
YCTaHOBIICHO, YTO CTPYKTYpa MATPHIBI MO-TIPEXKHEMY MPEICTAaBISET COOOU
cMech a- U Y-(ha3, TIe OCHOBOM ocTaeTcs o-¢asza, MPeACTABISIONAs OTITYICH-
HBI PECYHBIA W IUIACTUHYATHIA (HU3KOTEMICPATYPHBIA W BBICOKOTEMIIEpa-
TYpHBIN) MAPTCHCUT C BBIACTICHUAMHU JIETHPOBAHHOTO LIEMEHTUTA BHYTPH KPH-
cTauioB o-(pas3pl. [lo-mpexxHeMy Ha IUCIOKAIMSIX BCEX MOP(OIOTHIESCKHUX
COCTAaBILIIOIUX O-()a3bl U BHYTPH MPOCIOEK Y-(Pa3sl MPUCYTCTBYIOT HAaHOYA-
ctuipl kapoonutpuaa Ma3(C, N)s. Hactumbl kapboruTpuaa M2Co61No 39 IpH-
CYTCTBYIOT TOJIBKO B BHJE OTICIBHBIX YACTHI[ Ha TPAHUIAX WIA BHYTPH MOp-
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(dosormueckux coctapistomux o-(asel. Yactunsl kapobonutpuna M7(C, N)
0o0OHapy’KeHB! TOJIBKO Ha T'PAaHHUIAX 3€PEH O-MaTPUIIBI, & YACTUI[Bl KapOOHUT-
puna My(C, N) BooO1ie He 00HApYKESHBI.

®a3oBBIit cocTaB mepexoqHOro cios. VccinemoBanue mpoMexyToqHOro (TIe-
pexoanoro) cios ctamu 30XI'C mokaszano, 4TO HUTPOIIEMEHTAIMs IpUBeIa K
eme Ooyiee 3HAYUTEIHHBIM H3MCHEHUSM B CTPYKTYPE MATpPHIBI CTAaIH. XOTS
CTPYKTypa MaTpHIbl MO-NIPEKHEMY NPEACTaBIseT co00i cmech d- U y-(as, a
OCHOBHOM COCTABJISAIONICH B MaTpHIIEe OcTaeTcs oi-a3a — OTIYIICHHBIN peeUHbINH
U IUIAaCTHHYATHIA (HU3KOTEMIIEPATYPHBIH M BBICOKOTEMIICPATYypPHBIH) MapTeH-
CHT, COOTHOIICHHE MOPQOIOTHYECKUX COCTABJIAIOMINX H3MEHMIOCh. Temepb
OCHOBHOW MOP(OJIOTHYECKON COCTABISIONICH SBISICTCS PECYHBIN OTIYIICHHBIH
MapTeHCUT (cM. Tabi. 3). y-¢a3a (OCTaTOUHBIM ayCTEHUT) MPUCYTCTBYET B TEX
JKEe MEeCTaX, YTO ¥ Ha IIOBEPXHOCTH 00pa3na, Ho 00beMHast oA Y-(ha3sl 3aMETHO
yBeJIM4YUiIach (cM. Tabi. 3).

BHyTpr Bcex KpHCTAIUIOB OTIYIIEHHOTO MAPTEHCHUTA HO-TIPEKHEMY TTPHUCYT-
CTBYIOT BBIICJICHHS JIETHPOBAHHOTO IIEMEHTUTA, MIMEIOIINE UTOJIBYATYIO (opMy.
Pa3mepsl 9acThI] LIeMEHTUTA NMPAKTHYECKH TaKHe ke, KaK W Ha ITOBEPXHOCTH
o0pasIia, 0OJHAKO IUIOTHOCTh MX PACIHPENENEHHs BhIIIE, a 3HAYUT, U UX 00beM-
Hasl IO TakKe OOJbIIe, YeM B COOTBETCTBYIOIINX KPHCTAIUIaX O.-(ha3bl, HaXo-
JSIIIAXCS HAa TIOBEPXHOCTH 00pasia.

Kap6onutpunsr Tuna M»3(C, N)s, Kak 1 Ha TIOBEPXHOCTH 00pasiia, IMpUCYT-
CTBYIOT Ha JWCIJIOKAIMAX BHYTPH BCEX MOP(OJIOTMYECKHX COCTABILIOLNIMX Ol
¢a3el, a TakKe BHYTPH Hpocioek y-¢pa3sl. dopMa JacThIl Takas Ke, Kak ¥ Ha
MOBEPXHOCTH 00pasna. OTHAKO pa3Mepsl YacTHII, INIOTHOCT UX PaclpeeleHus
1 00bEMHBIC JTOJIM HECKOJBKO HIDKE. JIpyrux THIOB KapOOHUTPUAOB HE OOHa-
PYXEHO.

3aki1oueHue

HuTtpouemenTanus crtany npuBeia K CO3JaHUI0 B MaTepHaje CTPYKTYp, Xa-
PaKTEPUCTHKH KOTOPBIX IO Mepe YIaICHHS OT MOBEPXHOCTH 00pasia M3MEeHs-
FOTCS CIISAYIONINM 00pa3oM:

1) m3mensercss MOpQOIOTHS MATPUIIBI CTAJM — HA TTOBEPXHOCTH obOpasma o-
¢a3a mpeacTaBiIeHa B OCHOBHOM IUIACTHHYATHIM BBICOKOTEMIIEPATYpPHBIM Map-
TEHCHTOM, B MPOMEXKYTOYHOM CJIO€ MAKETHBI MapTEeHCHT COCTABISIET OCHOB-
HYIO 9aCTh MaTPHIIBI CTAJIH;

2) BO BCEX 30HAX BHYTPH U II0 IPaHMIIAM BCEX KPHUCTALUIOB O-(ha3bl MPHUCYT-
CTBYIOT 4YACTHUIIBI JICTHPOBAHHOIO IIEMEHTUTA W KapOOHUTPHIOB THIIA
M2Co,61No.39, M4(C, N), M7(C, N)3 u Mp3(C, N)s;

3) Ha MOBEPXHOCTU 00pa3ia KOHIEHTPALUs YIIepoia U a30Ta 3HAYUTEIbHO
BBIIIIE;

4) o Mepe yIaJeHus OT TOBEPXHOCTH 00pa3iia N3MEHSIOTCS pacipeie/icHIe
1 oObeMHas 10 KapOUAHBIX (a3, MpH ATOM YHCIO KapOOHUTPUAHBIX (a3 3Ha-
YUTEIBHO COKPAILACTCS.
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Phase transformations in 0.3c—1cr—1mn—1si—fe steel
under plasma electrolytic nitrocarburizing

The paper presents results of the transmission electron microscopy used for the detection
of phase composition of the type 0,3C—1Cr—1Mn—1Si—Fe steel exposed to plasma electrolytic

nitrocarburizing at temperature of 850°C. The qualitative and quantitative modifications are
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ascertained for the phase composition and fine structure of the layers formed by steel nitro-
carburizing.

Keywords: steel; phase; electrolytic-plasma nitrocarburizing; carbonitride; carbide;
scalar and excess dislocation density.

References

1. Yerokhin A.L., Nie X., Leyland A., Matthews A., Dowey S.J. // Surface and Coatings
Technology. 1999. Vol. 122. P. 73.

2. Pogrebnyak A.D., Kulmenteva O.P., Kobzevi dr. / Pisma v JTF. 2003. T. 29. Vip. 8.

3. Suminov L.V., Belkin P.N. i dr. Mir materialov i tehnologii. Tom 1. M. Tehnosfera, 2011.

4. Skakov M.K., Bayatanova L.B., Popova N.A., Nikonenko E.L. // [Elektronnii resurs] Mate-
riali nauchnogo seminara s mejdunarodnim uchastiem, posvyaschennogo yubileyu Zaslu-
jennogo professora TGASU E.V. Kozlova «Struktura i svoistva metallov pri razlichnih
energeticheskih vozdeistviyah i tehnologicheskih obrabotkah» 29-30 sentyabrya 2014 g.,
Tomsk, Rossiya. Tomsk : Izd-vo TGASU, 2014. S. 15. portal.tsuab/ru/ScienceWork/
2014/ko konf SSM_2014/konf SSM 2014.pdf.

5. Skakov M.K., Verigin A.A., Fursov A.V. i dr. Ustanovka elektrolitno-plazmennoi
obrabotki, Patent na poleznuyu model Respubliki Kazahstan, MPK8 C25F 7/00 // Ne 878.
Zayavl. 31.01.2012. Opubl. 15.11.12. Byul. Ne 11.

6. Sedunov V.K., Menshikova T.Ya., Mitrofanov K.P. i dr. // MiTOM. 1977. Ne 9. S. 13.

7. Chernyavskii V.S. Stereologiya v metallovedenii. M. : Metallurgiya, 1977.

8. Hirsh P., Hovi A., Nikolson R. i dr. Elektronnaya mikroskopiya tonkih kristallov. M. :
Mir, 1968.

9. Koneva N.A., Kozlov E.V. // 1zv. vuzov. Fizika. 1982. Ne 8. S. 3.

10. Koneva N.A., Kozlov E.V. // Perspektivnie materiali (uchebnoe posobie) / pod red.
D.L. Mersona. Tula : TGU,MISIS, 2006.

Information about authors:

Popova Natalya A., senior Researcher, TSUAB (Tomsk, Russia). E-mail: natalya-popova-44@mail.ru
Zhurerova Laila G., PhD, Applied Physics Department of D. Serikbayev East Kazakhstan State Tech-
nical University (Ust-Kamenogorsk, Kazakhstan). E-mail: leila_1809@mail.ru

Nikonenko Elena L., Senior Researcher TSUAB (Tomsk, Russia). E-mail: vilatomsk44@mail.ru

Skakov Mazhin K., DSc, Professor, Academician of the National Academy of Sciences of the Republic
of Kazakhstan, Deputy Director General of the National Nuclear Center of the Republic of Kazakhstan
(Kurchatov, Kazakhstan). E-mail: skakovmk@mail.ru

70



Becmnuk Tomckozo zocyoapcmeennozo ynusepcumema. Xumus. 2016. Ne 1 (3). C. 71-78

UDC 541.183
DOI: 10.17223/24135542/3/7

A.D. Abbasov, M.M. Jafarli, F.S. Memmedova, F.F. Heyderova

Heydar Aliev avenue, 35, Institute Natural Recourses of Nakhchivan section of National
Academy of Sciences of Azerbaijan (Nakhchivan city, Azerbaijan)

Thermodynamic characteristics
of sorption of metal-ionsby ion exchangers

Conditions of sorption equilibrium of copper, zinc, cadmium and lead-ions by
chelatforming resins Diaion CR 11, Dowex M 4195 and Duolite C 467 depending on
the degree of neutralization of their ionogenic groups, the acidity of the medium and
concentration of solutions are studied; corresponding equations expressing the iso-
therms of sorption are offered. Kinetics of these processes is studied; on the basis of
equilibrium and kinetic parameters are calculated thermodynamic quantities. It is
shown that under selected conditions the selectivity is controlled by enthalpy factor
with calorification and a decrease in entropy.

Keywords: ion exchanger resins, sorption isotherms; isotherm equations; kinetic
and thermodynamic quantities.

I ntroduction

The availability of data on the equilibrium of ion exchange is necessary
for selection and optimization of the conditions of ion concentration, ejec-
tion of a concrete ion from a complex system and for its separation from the
other ions, as well as for the calculation and designing of technological
equipment. As a result the investigation of equilibrium conditions of ion ex-
change brings to deriving of isotherm equations and to determination of the
exchange constant and coefficient of selectivity. For this reason, the study of
model solutions in the way of increase of sorption selectivity is regarded as
an actual problem. The aim of the present research work is to study the mu-
tual influence of ion exchangers under consideration and ions of non-ferrous
metals for the comparative evaluation of their sorption capacity.

Studies are carried out at the follows chelatforming resins: macroporous
Duolite C 467 with aminophosphonic functional group, macroporous Dowex
M 4195 with bis-picolilamine functional group and highporous Diaion CR-1
with iminodiacetic acid functional group [1].

Experimental Section

As the deprotonated form for the chelatforming resins is coordinating-
active their industrial form (Diaion CR 11 and Duolite C 467 —Na*, Dowex
M 4195 — SO4>") was used; processes were carried out at the static condi-
tions, in the ratio of resin:solution = 1:100. Concentration of the residual
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after sorption of the studied ions from the solution is determined by com-
plexometric method using pyridile-azo-naphthol PAN (Cu®"), eriochrome
black T (Zn*" and Cd**) and xylenole orange (Pb*") [2]. At the joint presence
of studied ions their content in the solution was determined by AAS method
on the spectrometer Thermo Scientific iCE 3500 AA. The quantity of ions
absorbed by the resins is found on the basis of difference between the begin-
ning and after sorption concentration. Kinetics of these processes is studied
by the method of "limited capacity" with solutions of initial concentration
1,0 g Me/l; the values of effective diffusion coefficients are calculated from
the equation offered by G. Boyd and colleagues [3].

Results and Discussion

Diaion CR 11, Duolite C 467 and Dowex M 4195 are characterized by the
functional groups of —N(CH2COONa),, -NH-CH>—PO (ONa), and CsH4N-
CH>-N- (matrix)-CH,-CsH4N (SO4%") respectively; the sorption by the first
2 polyampholytes is realized at the expense of replacement of Na' ions with
Me?* ions and coordinating bond between the N atoms and Me*"* ions, the
sorption of Me?" ions by Dowex M 4195 is carried out at the expense of
formation of matching complexes. Production of chelate acids in the resin
phase, in other words, the selectivity of ion exchangers depends basically on
the chemical nature of their functional groups and conditions of the sorption
process conducting; kinetic parameters of sorbents, regeneration liability,
swelling rates, mechanical and thermal stability depends on the properties of
a polymer matrix [4], in this connection these factors are also evaluated. Be-
cause of the fact that the groups of polyampholytes with the base nature de-
pending on the medium acidity are subjected to partially or completely dis-
sociation they are responsible for the sorption of metal ions at the expense of
co-ordination bond. The sorption capacity of polyampholytes determines the
quantity of acid groups, and the selectivity of sorption processes — basicity
of amine groups and stereochemistry of ligand groups. Under small values of
pH the acid groups of resins are weakly dissociated, that is why occurs the
competitive sorption for functional groups between hydrogen and metal ions.
In addition, effective mutual influence between ions and functional groups of
the resins cannot realize because of protonation of amine groups.

Sorption isotherms for all studied systems are made (fig. 1); parameters
included in the considered models (Langmuir, Freundlich, Sips and Redlich—
Peterson) are calculated on the basis of values get during the experiment.
Analysis of the experimental data confirms with certain deviations the possi-
bility of expression of the studied processes by the Langmuir equation with
sufficient precision. This fact shows that there is a layer of monomolecular
sorption in these systems and all sorption centers are characterized by equal
energy. Freundlich equation can describe only beginning parts of the sorp-
tion curves: (0,25-1,50 gMe/l).
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Fig. 1. Isotherms of sorption of Cu?*, Zn?*, Cd** and Pb**-ions by studied resins
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The deviations in saturation regions of the curves between values theoretical-
ly calculated and the experimental results are so great that it becomes meaning-
less to compare. Three unknown parameters are included to the equations of
Sips (A = Ks.C{""/1+05.C"") and Redlich-Peterson (A = Kgp.Cy/1+0rp.CiP) [5];
therefore the minimization procedure is used [6], results adequately satisfying
theoretical and practical data aren’t obtained. In our opinion, the cause of it is
concerned with the fact that last two models have been simulated on the basis of
the hybrid mechanism. For Duolite C 467: Pb>Cu>Zn>Cd, for Diaion CR 11:
Cu>Pb>Zn>Cd and for Dowex M 4195: Cu>Pb>Zn>Cd selectivity sequences
are determined; it is revealed that the polyampholyte with aminophosphon group
is the most effective sorbent for the studied ions. All isotherms made by the
method of changing concentrations are noted for the relief depending on the se-
lectivity of the resin against the concrete ion. Absence of curves in the isotherms
allows to suppose that absorption occurs mainly at the expense of functional
groups. a and n included in the Freundlich equation are found from the graphic
—x/m = a'C{". At the specified graphic dependence the length of the segment cut
from the ordinate axes gives the value of a, tangent of the angle formed by a
straight line with the abscissa axis gives the value of n. In the foregoing se-
quence the forms of isotherms corresponding to Lanqmuir and Freundlich equa-
tions are the follows:

Pb*: A = 370,6:(6,65+0,06)-C, /1+ (6,65+0,06)-C, A=660,7-C%7
Cu*": A =109,6-(5,60£0,05)-C, /1+(5,60+0,05)-C; A=95,5-C>¥
Duolite C 467
Zn*": A =90,2-(4,51£0,04)-C,/1+(4,51£0,04)-C; A=81,3-C
Cd*":A = 152-(3,87+0,04)-Cy/ 1+(3,87+0,04)-C; A=1259-C%¥
Cu*": A =177,8(6,46%0,03)-C/ 1+(6,46+0,03)- C, A=74,13-C®
Pb*: A = 227,9-(4,50+0,04)-C/1+(4,50+0,04)- C, A =2344-C0%
Diaion CR 11
Zn*": A = 68,7-(4,19+0,04)-Cy/1+(4,1940,04)-C; A=57,74-C3¢
Cd*": A =104-(3,75+0,06)-Cy/1+(3,75+0,06)-C; A=933-C>*
Cu**: A =120,4-(29,5+0,05)-C/1+(29,5+0,05)-C, A=325,6-C7
Zn*": A = 52,55-(3,95+0,06)-C/1+(3,95+0,06)-C, A=50,12-C>
Dowex M 4195
Pb*": A =160,65-(21,1£0,5)-C/1+(21,1%0,5)-C; A=245,5-C>70
Cd*: A =96,40-(24,4 + 0,4)-C/1+(24,4 + 0,4)-C, A=83,2-C%*

The study of kinetics of these processes shows in all cases that the sorption
equilibrium arises in 2.5-3 hours. Simple and reliable method of “kinetic
memory”, in other words, the partition method, is used for the experimental de-
termination of demarcation stage. The increase in sorption rate in all cases after
partitioning in comparison with the initial rate confirms that processes under the
control of pore diffusion. The dependence of -1g(1-F) on time isn’t expressed by a
straight line under low saturation degrees, under higher saturation values (F>0.5—
0.6) dependence are expressed by a straight line. The expression of saturation de-
gree up to the values of dependence F-in t'? equal to 0.4-0.5 by the straight line
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going from the beginning of origin of coordinates and quantities calculated for the
prices charged for absolute values of the Bio criterion (Bi>50) confirm once again
that the processes are under control of the pore diffusion. The sorption rates of
ions by the polyampholytes at the different way with increase in temperature. The
positive effect of the temperature on the rate of processes is observed more clearly
during the sorption of cadmium and lead ions: no matter how great are the values
calculated for the activation energy, more intensive changes simultaneously with
the change of the temperature the sorption rate. This is also evident in the 2nd fig-
ure. The values received by us for the activation energies are characteristic for
sorption processes realized in the region of the pore diffusion.

Kinetic and ther modynamic parameters of studied systems

D; 107, D, 107, Ea, —AS°, —AHY, —AG", K AR 1077,
Cm?*/sec Cm*sec | kCal/mol | C/mol.K | kCal/mol | kCal/mol Cm?
Duolite C 467-Pb*
085 [ 0197 [ 1350 | 4464 | 178 | 455 | 629 | 1,169
Duolite C 467-Cu**
070 [ o616 | 1680 | 7344 | 2524 | 336 | 388 [ 00365
Duolite C 467-Zn*"
064 [ 0012 [ 1850 | 6848 [ 228 [ 241 [ 265 | 0,006
Duolite C 467-Cd**
045 [ 00275 | 2160 | 61,00 [ 2081 [ 264 [ 290 | 00246
Dowex M 4195-Cu?*
028 [ 0049 [ 1850 [ 5621 [ 2748 [ 1073 [ 7594 | 0729
Dowex M 4195-Zn*
0,06 [ 07068 [ 2650 | 3400 | 1125 | 112 | 157 | 418
Dowex M 4195-Pb**
0,145 | 0959 [ 2750 | 3147 | 1813 | 875 [ 3426 | 568
Dowex M 4195-Cd**
002 [ 488 [ 3200 | 1795 | 707 | 1,72 | 20 | 2888
Diaion CR-11-Cu?*
075 [ 0087 [ 1750 | 51375 | 1855 | 324 [ 370 | 0518
Diaion CR-11-Pb?*
055 [ 02156 | 2050 | 4388 [ 1643 [ 336 | 388 | 1276
Diaion CR-11-Zn*"
040 [ 035 [ 225 | 398 | 1357 | 169 [ 198 | 0078
Diaion CR-11-Cd**
035 | 0844 [ 250 | 3254 | 11,77 | 2074 | 231 | 0005

Thermodynamical parameters of sorption of the studied ions by the polyam-
pholites are calculated on assumption of ideal conditions for the ionite phase, in
other words, without taking into account the factor of activity of sorbed ions at
the ionite phase. In all cases, the sorption of ions is accompanied with calorifica-
tion (AH<0). The connection between the increase in sorption selectivity and
decrease in entropy determined by us is justified in all investigated systems.
A case of more rapidly establishment of the sorption equilibrium is specific for
small values of the entropy factor. The values of the entropy factor are calculat-
ed in compliance with [7].
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Fig. 2. The dependence of the sorption of the studied ions ion exchangers Diaion CR 11,
Duolite C 467 and Dowex M 4195 on the temperature

Characterization of the entropy factor of Duolite C467 by smaller values,the
rapid establishment of sorption equilibrium is connected with the fact that its ma-
trix is macroporous and it has to a certain extent relatively large sorption capacity.
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The results obtained confirm the fact that the thermodynamic parameters of sorp-
tion processes carried out at high speed and selectivity are characterized by mini-
mum values. According to calorification and decrease in entropy it is possible to
suppose that in all systems investigated by us the selectivity is controlled by the
enthalpy factor. As can be seen from the table, the polyampholites can be arranged
in the follows order according to their kinetic indexes: Duolite C 467>Diaion CR
11>Dowex M 4195. The kinetic parameters of the highporous Diaion CR 11 ex-
pressed by relative low values in comparison with the macroporous Duolite C 467
must be explained, in our opinion, by its small exchange capacity. The values of
half-time of exchange calculated for all system confirm these comments. The val-
ues of time of half-exchange for copper ion by the ionites Duolite C 467, Diaion
CR 11 and Dowex M 4195 are respectively the following: 425 sec, 397 sec,
1063 sec.

Conclusions

The maximum degree of extraction of copper ions studied sorbents is about
90-95% of the injected amount (0,5-1,0g/l). Quantitative separation of two ions
mixture by the method of selective sorption is achieved if distribution coefficients
of sorbed and non-sorbed ions have the following order: P;~100-300 and P,<3-10
and their ratio is 10-30 [8]. When combined presence of copper and zinc with
Dowex M 4195, lead and zinc ion exchangers Duolite C 467 and Diaion CR 11 in
the range of pH 4.5-5.5 ratio P1/P, to be about 10-30. At these sorbents, under
certain conditions it is possible to conduct a quantitative separation of ions copper
and lead from zinc and some degree of cadmium. Good sorption of ions copper
and lead indicates the selectivity of ion exchangers for the studied ions copper and
lead. By sorption of binary solutions of copper and zinc with an initial
concentration of 0,5 g/1 (0,25 gCu?"/ 1 + 0,25gZn?*/ 1) ion exchanger Dowex M
4195, lead and zinc (0.25 g Pb%/ 1 + 0.25 gZn2"/ 1) ion exchangers Duolite C 467
and Diaion CR 11 for the partition coefficient obtained respectively the following
values: 30.30, 24.86 and 20.36. As can be seen, with the joint presence of these
ions corresponding ion exchangers division proceeds efficiently. The data show
that of industrial wastewater and other similar objects with a concentration of
0,5 g /1 of copper and lead, they can be cleaned studied ion exchangers.
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Tomckuii nonumexnuyeckuil ynusepcumem (2. Tomck, Poccus)

N3meHnenne TepMOXHUMUYECKHX ApPaMeTPOB
HAHO- 1 MHKPOIIOPOIIKOB KeJjie3a 1mocJjie 00,1y4eHus
MOTOKOM YCKOPEHHBIX 3JIEKTPOHOB

Pa6oTa BEINIOJIHEHA IIpU YacTHYHOU (puHAHCOBOIH nmoanepkke POOU
(npoext Ne 15-03-05385, npoekt Ne 16-32-00287).

Hccnedosano enusinue HUSKOIHEP2EMUUECKO20 DNIeKMPOHHO20 NYYKA C dHepauell
360 k3B na usmenenue napamempog XumMuueckou aKmuHOCMU MUKPO- U HAHONO-
powikog dceneza npu Hazpesanuu 6 8o30yxe. C nomowwro memooa oughpepernyuas-
HO20 MePMUHECKO20 aHAU3A YCMAHOBIEHO, YO NOCie 8030eUCmBUs I1eKMpPOHHO20
NYUKa NPOUCXOOUNIO NOBbIUEHUE MEMNEPAMYPbl HAYAAA OKUCIEHUS] NOPOUIKOS Jicelie-
s3a Ha ~30°C. Taxum obpasom, 6o30eiicmeue 31eKMPOHHO2O0 NYUKA C 3Hepeuell
360 k3B Ha nopowiku sHcenesa npusooUm K NOSLIUEHUIO UX MEPMULECKOL YCMOUUBO-
cmu K OKUCTIeHUIO 8 8030yXe, HO He Glusiem Ha Opy2ue napamempuvl ux XUMU4ecKkou
akmusHocmu. Beposimno, Oeticmeue nomoxa ycKOPEeHHbIX dNeKMPOHO8 NPUBOOUM K
Oecopbyuu U yOaneHuio CesA3aHHOU 600bl ¢ NOGEPXHOCHIU YACMUY Jicesie3d, Ymo no-
HUdICAem KOHYEeHMPAayulo 0CHOBHO20 OKUCIUMEIS JHCeNe3d — NOOBUICHBIX NPOMOHOS.

KnioueBble c10Ba: HAHONOPOWIOK dicene3d; MUKDOHHBIL NOPOWIOK Jicenesd;
9NeKMPOHHBIN NYYOK, NAPAMEmpbl XUMUHECKOU AaKMUGHOCMU, NUPOMEXHUYecKue
cmecu; NOPOUIKOBAst MeMAJLLYP2UsL.

I[Ipu mepeBoe METAIIIOB B IUCIIEPCHOE COCTOSTHHE HaOMI0OaeTCsl H3MEHEHNE
CBOICTB MaTepualia B CPaBHEHHH C MAaCCHBHBIM cocTossHHeM. C IepexoaoM B
HaHOPa3MEPHOE COCTOSHHUE MPOSBISIIOTCA HOBbIE CBOWCTBA, HalpUMep 3araca-
HUe HaHomopolukamu 3Hepruu [1]. TIpu 3TOM 3amaceHHas SHEPrHUsl CBsA3aHA C
SHEpTUe MOBEPXHOCTH HAHOYACTHII, TAKXKE DHEPTHs MOXET 3aracaTtbes B UX
CTpyKType [2]. 3amaceHHass MOBEPXHOCTHIO SHEPrHsl OTpaHUYEHA YCTOHYMBO-
CThIO HAHOYACTHII: €CIM TUaMeTp YacTHibl MeHbile 30 HM, TO TaKHe YacTUIIBI
HEBO3MOXXHO CTaOMIM3MpPOBaTH B Bo3xyxe. Ha oCHOBe 3KcCIepHMEHTAIBHBIX
pe3yJIbTaTOB MO CHIXKEHUIO TOJNIIMHBI 3alIUTHOW TUIGHKH MPHU YMEHBLICHUU
JUaMeTpa 4acTHUl] CJeNIaHO MPEIOI0KEeHHE O CYIIECTBOBAaHUU JABOMHOTO DJIeK-
TPHUYECKOTO CJIOsI, 00JIa/Ial0IIero MCeBI0EMKOCTHIO [3].

[Nopommkw sxene3a TIMPOKO UCTIONB3YIOTCS B MIOPOLIKOBEIX TEXHONOTUAX [4]:
B MOPOILKOBOM METAJIypruu, B TexHoJorusx 3D meyaTu, a Takke B KauecTBe
KOMITOHEHTa MUPOTEXHUUECKNX cMmeced [5]. PazButue m pacmnpoctpaneHue pe-
Cypco3((GEKTUBHBIX H HSHEProcOeperaronmx TEXHOJIOTHH TpeOyeT co3maHus
MOPOIIKOBBIX MaTepHANIOB, YCTOHYMBBIX K OKHCIEHHIO B Bo3ayxe [6, 7]. OnHum
Y3 BO3MOXKHBIX TYTEH peIleHus 3TO MpoOJieMbl SBISETCS BHICOKOOHEpreTHYe-
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CKO€ BO3JIEICTBHE Ha MOPOIIKOBBIe MaTepHaisl [1, 8, 9], B yacTHOCcTH 00yue-
HUE BBICOKORHEPIreTUUECKUMHI NOTOKaMH 3JIEKTPOHOB. Takoe BO3AeHCTBHE NpU-
BOAMUT K CYIIECTBEHHOMY HM3MEHEHHUIO (PU3UKO-XUMHUYECKUX CBOHCTB HAaHOIO-
pomkoB MetawioB. IlogoO6HOEe HW3MeHEHHE CBOWCTB OOBSCHEHO IpolleccaMu
HAKOIUIEHUs IOJIOXKUTEIbHOIO 3apsiia METAINIMUECKOM 4acTH 4acTHULIBI BHYTPU
H30JUPYIONIe OKCHIHO-THIPOKCHIHONH O0ONOUKY U pelaKCalliy 3apsioB IPH
HarpeBanuu [1]. B pabore [1] TemnepaTypa o0pa3uoB npu oOIydYeHHH HE KOH-
TPOJIMPOBAJIach, B TO BPEMsI KaK MCII0JIb30BAJICS BBICOKOIHEPIreTHUECKUH dJeK-
TPOHHBIN My4oK ¢ 3Hepruert 4 M»sB. [IpenmonoxuTensHO B SKCIIEPUMEHTaX
[Tam xe] mpu 00JydeHUH 3JIEKTPOHAMH IPOUCXOIMI Pa30rpeB HAHOIIOPOIIKOB,
YTO BJIMSJIO HA BEITUYMHY TETUIOBOTO dPQeKTa.

Lenbto HacTosel pabOTHI ABJISUIOCH YCTAaHOBJIEHHUE 3aKOHOMEPHOCTEH BIIH-
SIHUA 00JTy4eHHs] HU3KOIHEPreTHUECKUM SJIEKTPOHHBIM ITyYKOM ¢ 3Hepruen 360
k3B Ha mapaMerpbl XMMHUYECKOW aKTUBHOCTH MUKPO- U HAHOIIOPOLIKOB JKeJIe3a
IIpU HarpeBaHUU.

MeToauku IKCICPUMEHTOB

Js 00nyueHys MOPOLIKOB Kelle3a UCMONb30BAIH OTOK YCKOPEHHBIX 3J1EK-
TPOHOB ¢ KuHeTH4YecKko 3Heprueil ~360 k3B. B kauecTBe UCTOUHUKA BIIEKTPO-
HOB HCIOJB30BAIM WMITYJIbCHBIN 31eKTpoHHBIN yckoputenb ACTPA-M [10],
pa3paboTaHHbIil B TOMCKOM MOJMTEXHUYECKOM YHHBEPCUTETE LIS IPOBEICHUS
MPUKJIAAHBIX HccaenoBanuid [11, 12] u 1 npuMeHeHus B palualliOHHbIX TeX-
Hojorusx [13].

Ha puc. 1 mpencraBieHa cxeMa MpOBeACHHs SKCIIEPHMEHTa IO O0IyYSHUIO
MHUKPO- U HAaHOMOPOLIKOB KeJie3a.

e-beam 4

100 mm

100 mm

Puc. 1. CxeMa npoBezieHHs SKCIIEPUMEHTA!
1 — BBIITyCKHOE OKHO YCKOPHUTENS 3JIEKTPOHOB;
2 — 3KCIIEPUMEHTAITBHBIN CTOJ; 3 — J03UMETpUYeCcKas MJICHKa; 4 — oOpaserr
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Ob6pasen; 00ydyaeMOro TOpOMIKa 4 pacroyiarald Ha 3KCIEPUMEHTATbHOM
crorne 2 Ha pacctossHuU 100 MM OT TUTOCKOCTH BEIITYCKHOTO OKHA YCKOPHUTEIS /.
1 3a1aHHOTO PacCTOSHUSI C IOMOLIBIO JO3UMETPUUYECKON MIEHKH ObUIO ycTa-
HOBJICHO, YTO HEOJHOPOAHOCThH pacIpeieCHuUs MOTJIOMEHHON 03Bl 1O ceue-
Huto He npesblmnaeT 5% i auamerpa 100 MM IO OocH BBIIIYCKHOI'O OKHA 3a
10 UMIIyJIbCOB TOKa 3JIEKTPOHHOrO Iyuyka. [ mpoBeneHHs 3KCIIEPUMEHTOB
nopomok xkene3a (100 Mr) momernaau B KOHBEPT U3 aJTIOMUHHEBOH (ONBIH
TOJIIIUHON 5 MKM C JIMHEHHBIMH pa3MepaMu 5X3 ¢M U TOJIIMHOW CBEPHYTOTO
KOHBepTa 15 MKM, YTO KOHTPOJIMPOBAIU MUKPOMETPOM IIyTEM H3MEPEHUs TOJI-
LIMHBI KOHBEpPTa B HECKOJBKUX TOYKax. J{JrHa mpodera 3jieKTpoHa B aIIOMHUHU-
eBoii gorbre mpu 350 k3B coctaBnser 50 MKM, cienoBaTeNbHO, 00pa3Ibl 00ITy-
YaJIUCh «Ha MPOCTpeN». DKCHO3ULHOHHYIO JI03Y PETYJIUPOBAd KOJIUYECTBOM
HMMITYJILCOB JIEKTPOHHOTO Mydka. YacTtoTa ciieJOBaHUS UMITYJIBCOB COCTaBIIsAIA
1 I'm. Temmeparypy HOBEpPXHOCTH KOHBEpPTa C 00pasloM KOHTPOJHPOBAIH C
nomortbio Tertopu3opa (Fluke TiR10). IIpu o01ydeHnu odpasia ero temmepa-
Typa He npesbimana 40°C.

C moMoIbI0 AMAarHOCTUYECKOro o0opynoBaHus yckoputens [12, 13] Obuia
MIPOBENICHA OIEHKAa CKOPOCTH Habopa MOTJIONIEHHON 1036l B IPOOE MOPOIIKA 3a
OIpENEJICHHOE YHCIO HMMITYJILCOB BJIEKTPOHHOTO MydYka. JJIUTEeIhbHOCTh HM-
MyJibca JIEKTPOHHOTO MyYKa, HHKEKTUPOBAHHOTO B aTMOc(epy, CocTaBisia ~
100 mC. YcpenHeHHOE MO BpEeMEHHW 3HAYEHHE IJIOTHOCTH MOIIHOCTU SHEPTUU
3JIEKTPOHHOTO My4Ka COCTaBANno ~4 Br/cm?,

C moMomIbI0 KaOPHMETPUUECKOTO CIIoco0a YCTaHOBIEHO, 9TO 3a 50 M-
MyJILCOB DIIEKTPOHHOTO IydKa B o0Opasie BhLIesIoch ~3,5 [k, 4To cooTBeT-
CTBYET MOMIOMEHHON 03¢ ~13 K['p. YuuThiBasi COOTHOIIEHNE MaCCOBBIX TOII-
LIMH KOHBEPTa U MOMEUIEHHOTO B HEro oopasla MopouIKa, MOTJIoUIEHHAs 103a B
MOPOIIIKE JKeJie3a cocTaBisuia mopsaka 35% oT MOrIomEHHON 103l BCeM 00-
pasuom. Takum oOpazom, noryomeéHHast 00pa3LoM MMOPOIIKOM XKeJe3a J103a Mo-
cie 50 umnynbcoB coctaBuia ~4,5 kI'p. i onpeneneHus: 3aKOHOMEPHOCTEH
W3MEHEHUS] TEPMOXMMHYECKUX MapaMeTpoB Tocie oOaydeHHus oOpasioB 103a
o0y4eHus BapbupoBaiack ot 1,8 mo 54,0 x['p.

[TapameTpbl XUMHYECKON aKTUBHOCTH OOJYYEHHBIX MOPOIIKOB ONPEASIISIN C
nmoMoIIpl0 Merona auddepeHnuaisHoro Tepmudeckoro ananusza [14] (ATA) B
Hayuno-ananutuyeckoM ueHTpe TOMCKOrO NOJIMTEXHMYECKOTO YHHMBEPCUTETA
(repmoanammzarop STD Q600) o M3MEHEHUIO BEUINHBI YJIETEHOTO 3K30TEPMHU-
geckoro 3 ¢ekra npu OKUCICHUH 00pa3sia B Bo3ayXxe. TOUHOCTh U3MEPEHHS TEM-
neparypsl coctapisuia 1-107°C, BemmumHb Macchl HaBecku — 1-107% Mr, Tanon —
0—ALO3. [lnsg onpenenceHus mapaMeTpOB aKTUBHOCTH ITOPOIIKOBBIX MaTEPHAIIOB
ucnonb3oBanue Merona JTA mo3Bosser 6osiee TOUHO OLEHUTH SHEPTEeTHYECKOE
COCTOSTHHE YacTHIl, YeM AU pakIuOHHBIE MeTOAbI aHanmu3a [15-17].

Pe3yJ’leaTbI IKCIEPUMEHTOB

Ha puc. 1 mpencraBneHsl pe3ynbTaTthl AU HepeHINAIEHOTO TEPMHYECKOTO
aHalln3a UCXOJHOI0 HAaHOMOPOIIKA Xkele3a (puc. 1, a) 1 HaHOMOPOIIKa XKeJe3a,
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MOJIBEPTHYTOTO OOIYYEHHUIO NMPH MaKCUMAalbHOW morjomeHHoi no3e 54,0 xI'p
(puc. 2, a). 3aBHCUMOCTh Macchl OT TeMIepaTypbl 0003HaYeHa Udpoi /, Tem-
noBoi 3 ekt — 2, TerioBoi NOTOK — 3.
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Puc. 1. TepmorpaMMbl HAaHOMIOPOIIKA JKENe3a:
10 obnyuenust (a); mocie obaydenust (6), mornouieHHas qo3a 54,0 kI['p
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CornacHo JaHHBIM TEPMUYECKOro aHanu3a (cM. puc. 1), mocie oOiydeHus
TEIIIOBOH A(P(PEKT OKUCICHUS HAHOIIOPOIIKA JXeJie3a B BO3AYXE YMEHBIIHIICS
He3HaYuTeNbHO (~8%), CTEeNeHb OKHUCIEHHOCTH MPAKTUYECKH HE M3MEHHJIACH:
U3MeHeHHue cocTaBisier MeHee 1%. B To jxe Bpems TemmepaTypa Havaja OKHC-
nenus yBenmumiach Ha ~30°C, 94TO CBUIETENBCTBYET O MOJOXKHUTEIHHOM BIIHSI-
HUH 2JEKTPOHHOTO ITyYKa Ha POCT TEPMUUCCKOH YCTOWIMBOCTH HAHOIIOPOIIKA
’KeJie3a K OKHCICHHIO B Bo3ayxe. B Tabn. 1 mpuBeneHs! pe3ynbTaTsl auddepes-
MUATFHOTO TEPMHUUYECKOTO aHAIHM3a HAHOIOPOIIKA jKeJie3a MPH YBEINICHUH T10-
TJIONICHHOHN 10361 OOTy9IeHUS.

Ta6nuuma 1
IIapamMeTpbl XMMHYeCKOl AKTUBHOCTH HAHONIOPOLIKA Keje3a

YV nenbHblii
No [TornomieHnas TenoBoit A(- CrermneHnb OKI(/)IC- Temmeparypa ngana
no3a, kI'p dexer, Jh/r JIEHHOCTH, % okucnenus, °C
1 0 5292 37,8 150
2 1,8 4971 35,8 100
3 3,6 4067 37,1 150
4 7,2 4586 36,9 170
5 10,8 4509 35,9 170
6 18,0 4400 35,6 170
7 27,0 4766 37,1 170
8 36,0 4496 37,9 170
9 45,0 4512 37,2 170
10 54,0 4827 37,1 180

CoracHoO SKCIepUMEHTAIBHBIM JaHHBIM (CM. TaOi. 1), cTeneHb OKHUCIEHHO-
CTH TIPH YBEIMICHHUHN TOTJIOMICHHOHN O3Bl MPAKTHIECKH HE MEH:IACh, YTO CBUJIC-
TENLCTBYET, B II€JIOM, O XUMHYECKOH cTaOWIbHOCTH OOIy4eHHOro obpasia.
VYaenpHbI TemoBoO 3PdeKT OKUCIeHNsT HAHOMOPOIIKA >Kele3a mocie obmyde-
HUSI CHIDKAJICS: €r0 MaKCUMalbHOe m3MeHeHue (o0paser Ne 3) coctaBisuio ~23%.

Ha puc. 2 npexacrasiensl pe3yibraTsl AuddepeHInanbHOT0 TEPMUIECKOTO
aHallM3a MCXOJHOTO MUKPOHHOTO TIOPOIIKa kene3a (puc. 2, a) 1 MUKPOHHOTO
MTOPOIIIKA KeJie3a, MOJBEPTHYTOro O0IyUeHHIO MIPH MaKCHUMAIBHON IOTJIOIIEH-
HOM no3e 54,0 xI'p (puc. 2, 6).

CoracHO JaHHBIM TEPMHUUECKOTO aHam3a (puc. 2), mocie o0IydeHus Terio-
BOW A (EKT OKUCICHUSI MUKPOHHOTO ITOPOIIKA JKeTe3a B BO3AYXE YMCHBIIMIICST
He3HAYuTeNbHO (~4%), CTEeneHb OKUCICHHOCTH MPAaKTHYECKH HE HM3MEHMJIAch
(1,3%). B To xe BpeMs TemIiepaTypa Hayajia OKUCIEHUs (KaK U i 00Jy4YEeHHOTO
HAHOTIOPOIIIKa JKelie3a) yBenaumumiack Ha ~30°C, 4To CBHIETEIBCTBYET 00 YBENH-
YEHUH TEPMHIECKOH YCTOHYMBOCTH MUKPOHHOTO TIOPOIIKA JKeJle3a K OKUCIICHHIO
B BO3AyXe mocie oOmydeHus. B Tabn. 2 mpuBeneHbl pe3ynabTaThl AuQQepeHIm-
ILHOTO TEPMHUUYECKOTO aHaM3a MHUKPOHHOTO MTOPOIIIKA JKee3a P YBEINYCHUH
TMIOTJIOIICHHON JTO3BI OOy IeHHSI.
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Tabnuia 2
IMapameTpbl XMMHYECKOH AKTUBHOCTH MUKPOHHOTO MOPOLIKA jKejie3a

Y nenbHbli Temneparypa
[NornomenHas o Cremnienb
Ne TEeMI0BOH Y dexT, Havaja OKUCIICHHS,
no3a, kKI'p OKHCIJIEHHOCTH, Y% o

JIx/T C
1 0 5149 39,4 180
2 1,8 4954 38,7 200
3 3,6 4181 38,6 200
4 7,2 5169 40,7 200
5 10,8 5071 40,3 200
6 18,0 5339 39,0 220
7 27,0 4546 37,8 200
8 36,0 4705 38,2 220
9 45,0 4863 38,6 210
10 54,0 4938 38,1 210

CornacHo TaHHBIM TEPMHUYECKOTO aHanu3a (CM. Tabi. 2), cTerneHb OKUCIICH-
HOCTH TPW YBEJIMYEHHH IIOTJIOIIEHHOM O3Bl MEHSIACH HE3HAUYMTEIHHO, UTO
CBHUJIETEIBbCTBYET, B LIEIOM, O XUMHUYECKOH CTaOMIBHOCTH OOIYy4EeHHOro 00pas-
1a. YIenbHbI TeroBoi 3¢ (GeKkT OKUCIESHUS HAHOMOPOIIKA Kene3a mocie 00-
Jy4eHVsI B OCHOBHOM CHMXKAJICS, €T0 MaKCUMallbHOe U3MeHeHue (oOpasery Ne 3)
coctaBisino ~18%. Jlms obpasma Ne 6 mponcxoauno He3HAUUTEFHOE YBEIUe-
HHUE yJAEeNBHOTo TemaoBoro 3¢ dexra oxucieHus (Ha ~3%), 4TO yKa3blBaeT Ha
3armacaHue B 00pasile SHEPTHUY NPU JICHCTBUH 3JIEKTPOHHOTO Imy4ka. [1o100HbII
a¢ ekt ObUT paHee 0OHAPYKEH JJIsI HAHOIIOPOIIKA JKeJie3a MPH 00IyYeHUH T10-
TOKOM YCKOPEHHBIX 3JIEKTPOHOB ¢ 3Heprueil 4 MaB [1]. JlaHHbIi pe3ynbTar He
SIBIISIETCS. SKCIIEPUMEHTANBHON OIIMOKOH, TaK KaK IOTPELIHOCTh H3MEpEeHUit
TEMIIEPaTyphl B TEIUIOBOTO AP QeKTa TepMOaHaIH3aTopa MHOTO MEHBIIE U3Me-
HEHHS MONYYCHHBIX BEIUYUH YICIBHOTO TEIDIOBOrO 3((eKTa M TeMIepaTypsl
Hayaja OKUCIICHHS.

3aKkiouyeHne

YcTaHOBICHO, YTO BO3ACHCTBHE MTOTOKA YCKOPEHHBIX 3JICKTPOHOB C 3HEPTH-
eit 360 k3B Ha MHKPO- U HAHOIOPOIIKH KeJie3a MPUBOINT K YBEIMUCHHAIO TEM-
mepaTyphl Hadaja OKHUCIEHHS B o0oux ciydasx npumepHo Ha 30°C. B 1o xe
BpeMsI CTEICHb OKHCICHHOCTH OOJyYCHHBIX ITOPOLIKOB IPH HArpeBaHUHU [0
1 000°C mensieTcsa HesHaunTENHHO (~1%). Takum oOpa3zoM, MOIUQHUITIPOBAHIE
MUKpPO- ¥ HAHOIIOPOIIKOB >Ke€Je3a ¢ IOMOIIBIO 3JEKTPOHHOTO MydKa MO3BOJIAET
MTOBBICHTH UX TEPMHUUYECKYIO YCTOHYMBOCTD K OKHCICHHUIO (YBEJINYUTH TEMIIEpa-
Typy Hadaja OKHCJICHUsS) 0e3 yXyIIIeHHsI CBOHCTB MOPOIIKOB. BeposTHo, mei-
CTBHE IIOTOKA YCKOPEHHBIX AJICKTPOHOB MPUBOJUT K AECOPOLMU U yIaCHUIO
CBSI3aHHOM BOJBI C TOBEPXHOCTU YACTHII XKEJI€3a, YTO MOHMKAET KOHIICHTPAIUIO
OCHOBHOTO OKHCIIHTEIS Kelle3a — IOABIKHBIX IPOTOHOB. DTO HOATBEPKAACTCS
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TIOHMKXCHUEM TCIIJIOBOI'O 3(1)(1)CKT3 OKUCJICHUS NOPOLIKOB B BO3AYXE, a TAKKE
TIOBBIIICHUEM TEMIICPATYPhI HaA4YaJla OKHUCIICHUA.

Jumepamypa

1. Wneun AL, Poor JI.O., MocroBmukoB A.B. IloBbllieHne 3amaceHHOW »HEpruu B
HaHomnopoukax Metamios // XKypHan Texaunueckord ¢pusuku. 2012. T. 82, oin. 8. C. 140-
142.

2. Umpnn A.Jl, Poor JI.O., MocroBmukoB A.B., Jutn A.A. DHepreTuka MaibIxX
MeTajumdeckux gactur // V3sectus By3oB. @usuka. 2011. Ne 11 (3). C. 336-342.

3. Hauffe K. Reactions in and on solids. US : Atomic Energy Commission, Division of
Technical Information. 1962.

4. Gromov A.A., Teipel U. Metal Nanopowders: Production, Characterization, and Energet-
ic Applications, Wiley-VCH. Weinheim, 2014.

5. Ellern H. Military and Civilian Pyrotechnics. Chemical Publisher, 1968.

6. Khabas T.A. Solid-phase synthesis and sintering in oxide-metal mixtures of highly dis-
persed powders // Glass and Ceramics. 2002. Vol. 59. P. 404—408.

7. KopmyHoB A.B. Kunernka okuci€HHs 3J€KTPOB3PHIBHOTO HAHOMOPOIIKA Kejle3a MpHU
HarpeBaHUH B Bo3ayxe // Xumudeckas ¢usuka. 2012, T. 31, Ne 5. C. 27-35.

8. Moctosumkos A.B., Umsun A.Il., Eropos 1.C., 3axapoBa M.A. M3MeHeHHEe TepMOXH-
MHYECKUX MapaMeTpoB HAHOMOPOIIKA ATIOMHHHS IOCNIE OOIy4YeHHs! MOTOKOM yCKOPEH-
HBIX 3JIeKTpoHOB // BecTHuk TOMCKOT0 TOCYyIapCTBEHHOTO YHHBepcuTeTa. Xumus. 2015.
Ne2.C. 6-13.

9. MocroBmukos A.B., Unsun A.Il., Yymepun [1.10., FOmkos 10.I'.,, Baynun B.A., Anek-
ceeB b.A. Bmmsane CBY-m3nmyueHnss Ha TepMHYECKYIO CTaOMIBHOCTH HaHOIOPOIIKA
amromunng // ITucema B XKT®. 2016. T. 42, Beim. 7. C. 17-22.

10. Egorov 1., Esipov V., Remnev G., Kaikanov M., Lukonin E., Poloskov A. A high-
repetition rate pulsed electron accelerator // Proceedings of the 2012 IEEE International
Power Modulator and High Voltage Conference, IPMHVC 2012. 2012. C. 716-719.

11. Kaiikano M.U., Pemnes I'.E., FOnuna H.B., Eropos U.C., Jlockytosa FO0.B. Uccnenosa-
HHE PEOJIOTHYECKHUX CBOICTB HE(TH NMpH 0OIYyUCHUH UMITYJIbCHBIM CHIBHOTOYHBIM 3JICK-
TpOHHBIM Iy4koM // U3BecTus By30B. ®usnka. 2012. T. 55, Ne 6-2. C. 37-41.

12. Pemnes I'.E., Cremanos A.B., Boitno /I.A., Eropos U.C., KaiikanoB M.U1., Macnos A.C.,
Mepunosa JI.P., [lomos A.B., Capr b.A., llusn JIL.LH. Ounctka u crepuiam3anus mpo-
MBIIUICHHO-OBITOBBIX CTOYHBIX BOJI HMITYJIbCHBIM 3JICKTPOHHBIM [Iy4KOM HAaHOCEKYHIHON
JUIITENBHOCTH // SInepHast u paguanuoHHas Gusnka. 8- MexxayHapoaHast KOH(epeHIus:
nokmanel. MHCTHTYT simepHO#t ¢m3mku HamyonaneHOro simepHoro menrtpa PecmyOmmku
Kazaxcran / otB. pen. K.K. Kagsipxxanos. 2011. C. 506-509.

13. Egorov 1.S., Kaikanov M.I., Kolokolov D.Yu., Merinova L.R., Remnev G.E., Sazonov
R.V,, Stepanov A.V., Voyno D.A., Maslov A.S., Siarg B.A. Treatment of industrial and
household waste water with the pulse electron accelerator-based setup // U3BecTtust Bbic-
mux y4eOHbIx 3aBeneHuil. Gusuka. 2012. T. 55, Ne 10/3. C. 61-64.

14. Wendlandt W.W. Thermal Methods of Analysis. NY : John Wiley & Sons, 1974.

15. MoctoBmukos A.B., Unsun A.Il., 3axapoBa M.A. 3anacaHue 3HEpruy HaHOIOPOIIKOM
QIIOMHHHS B HaNpPsHKEHHO-1e(OPMUPOBAHHOM COCTOSIHUM KPUCTAJUIMYECKOH PEeIeTKH //
WzBectist TOMCKOTO MOJMTEXHHYECKOTO YHHBEPCHTETA. VHXHHUPHHT TEOpecypcoB.
2016. T. 327, Ne 2. C. 77-80.

16. Unbun A.I1., Tumuenko H.A., MocroBumkoB A.B., Poor JI.O., 3ssarunnesa E.C., T"anu-
MoB P.M. U3ydenue 3apoxaeHus, pocta u ¢popmupoBanus AIN mpu ropeHuu B BO3Iyxe
HAHOIOPOIIIKA AFOMHHHS C MCIOJIb30BAaHHEM CHHXPOTPOHHOTO M3nyudeHus // V3Bectus
By30B. ®m3uka. 2011. Ne 11 (3). C. 307-311.

86



H3menenue MmMePpMOoOXuUmMUuUiecKux napamempoe HaHo- U MUKPOROPOUIK0G6 siceiie3a

17. Uneun A.IL.,, MoctoBmukoB A.B., Tumuenko H.A. M3ydeHme mnocienoBaTenbHOCTH
(a3000pa3oBaHus NPH TOPEHUH IPECCOBAHHOTO HAHOIIOPOINKA ATIOMHUHHS B BO3IyXE C
NIPUMEHEHNEM CHHXPOTPOHHOTO m3iydeHus // dusuka ropenus u B3peBa. 2013. T. 49,
Ne 3. C. 72-76.

ABTOpPCKHIi KOJIJICKTUB:

MocToBmMKOB AHApeii BiaaiuMupoBuy — KaH/. TEXH. HayK, MHXKeHEp Kadeapsl oOieil XuMUU U XH-
MHYECKOH TexHonoruu Tomckoro monurexHudeckoro yamsepcurera (r. Tomck, Poccms). E-mail:
pasembellum@mail.ru

HUnbun Anexcanap IlerpoBuy — nokTop (us.-mar. Hayk, npodeccop kadeapbl 00LIEell XUMUN U XUMH-
4yeckoil TexHonmorun Tomckoro nonurexHudeckoro yHusepcurera (r. Tomck, Poccwmst). E-mail:
genchem@mail.ru

Eropos UBan CepreeBu4 — KaHJ. TEXH. HayK, MJIQJIINII HAYYHbIH COTPYAHUK JTaOOPATOPUH ITyYKOBO-
IUIa3MEeHHBIX TexHonoruii Tomckoro monmTexuwdeckoro ynusepcurera (r. Tomck, Poccus). E-mail:
genchem@mail.ru

MlapadyraunoBa Anactacuss CepreeBHa — MarucTpaHT Kadenpsl oOIeld XUMUM U XUMUYECKON TeX-
Hojoruu Tomckoro nmonurexHudeckoro yausepeurera (r. Tomck, Pocens). E-mail: genchem@mail.ru

Tomsk State University Journal of Chemistry, 2016, 1 (3), 79-89. DOI: 10.17223/24135542/3/8

A.V. Mostovshchikov, A.P. Ilyin, I.S. Egorov, A.S. Sharafutdinova

Tomsk Polytechnic University (Tomsk, Russia)

The modification of thermochemical parameters of iron
nano- and micropowder after irradiation by accelerated electron beam

Changing of material properties can be observed after converting metals from massive to
dispersed aggregation. Some new properties are revealed for nanosized powders, an energy
storage. The value of total stored energy connected with the surface energy of nanoparticles
as well as the energy stored in the particles structure.

The powders of iron are widely used for powder metallurgy, for 3D printing and as a
component of pyrotechnic mixtures. The development and propagation of resource-efficient
and energy-efficient technologies requires the creation of powder materials, which are re-
sistant to oxidation in air. One of proposal decision for described issues is a high-energy
irradiation of powder materials. High energy irradiation by electron beams causes significant
changes in physicochemical properties of metal nanopowders. The high-energy electron beam
(4 MeV) was used in while the powder heating was not being under control. The heating of
the powder by irradiation changed the heat effect presumably. The changes of properties can
be explained by accumulation of positive charge inside the metal particle insulated by oxide-
hydroxide coating and relaxation of charges when heated.

The purpose of the current research is a studying of influence of regularities of electron
beam (360 keV) irradiation on to thermochemical properties of iron micro and nanopowders
when heated in the air.

1t was determined that the electron beam irradiation (360 keV) of micro- and nanopow-
ders provides the initial oxidation temperature increasing at 30 degrees for both of powders.
For the same time the oxidation rate changes a little (~1%) during the heating of powders up
to 1000°C. This way the modification of iron micro- and nanopowders by electron beam irra-
diation provides increasing of their thermal oxidation resistance (the initial oxidation tem-
perature increasing) without any degradation of chemical activity parameters.

Keywords: electron beam; powder metallurgy; iron powder, powder materials; na-
nopowder; sintering aids.
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AxumnoHepHoe oomectBo «CJAC A3zor»

AO «CAC A301» BXOIMT B YHCIIO KPYITHEHIINX ITPOU3BOANTENCH a30THBIX yao0penuii B Poc-
cur. OCHOBHBIMHU MOTPEOUTEISIMU MPOAYKIUH SBIISIFOTCS IPOMBILIICHHBIE M CEIbCKOXO035HCTBEH-
Hele npeanpustus 6onee 40 crpan mupa. C nexadpst 2011 r. AO «CC A3om» HaxoauTcs MOA
ynpasienueM XK «CAC».

Kommanust o6bemuaser KAO «A3or» (Kemepoo) u OOO «AHrapckuii a30THO-TYKOBBII 3aBOI
(Anrapck), pacrosaraeT MOLIHOCTSIME JUtst Tipou3BozicTBa 1,055 MitH T ammuaka, 957 Thic. T aMMHAYHOMN
cenuTpsl, 515 ThIC. T KapOamuza, 314 Teic. T cynbdara aMMoHus, 116 ThIC. T KanposiakTama.

KemepoBckoe AO «A3oT»:

o kpynHeimumil npon3BoaUTeNb a30THBIX YA0Openuii B Poccuu;

® OCHOBHOH NMOCTaBIIMK aMMHAYHOH CENUTPbI NPOMBIILIEHHOTO TIPUMEHEHHs] TOPHOI00bIBAIOLINM
npemnpustuay Cubupu u JlansHero BocToka ¢ 1oneit ppIHKa B perHoHe okoio 85%;

e niponsBoauT 1/3 obmiero oovema kamposakrama B Poccun u obecrieunBaet okoso 50% 00-
LIEPOCCUHCKOTO IKCTIOPTA MPOJYKTA;

e cucreMa MeHekMeHTa kauectBa KAO «A3om» cepTu(dHLIUpOBaHA HA COOTBETCTBHE TPeOO-
BaHISIM MexxayHaponaHoro craggapta ISO 9001:2008 u mexrocymapcrBerHoro crangapra [OCT
ISO 9001:2011. Best mpoaykius nporuia 00s3aTebHY0 CepTU(HUKAINIO H COOTBETCTBYET JYYLIMM
oTpacieBbIM cTaHzapTaM. Ha mpeanpusTHax KOMIAaHMU JEHCTBYET CHCTEMa 3KOJIOTMYECKOro Me-
HEIDKMEHTa, CepTH()UIMPOBaHHAs Ha COOTBETCTBHE TPEOOBAHMSIM MEXIYyHApOAHOTO CTaHAapTa
ISO 14001:2004;

® MIPEANpPUITHE HEOJHOKPATHO CTaHOBMIIOCH JIaypeaToM KOHKYpcoB: «100 iy4mmx ToBapoB
Kys6acca», «100 nyumux toBapoB Poccum», «JIyummii Bpenn Kyszbacca», «Jlumep mpupomo-
OXpaHHOI1 nesTesnbHOCTH Poccuny.

KAO «A301» mpefocTaBisieT BEICOKUE COLUANbHBIC FAPAaHTUH CBOUM paOOTHHKaM. OCHOBHBI-
MU HalpaBICHUSIMH COLIUATBHOMN MOTUTHKH MPEIIPUSTHS ABISIOTCS:

® TIO/IJICP)KKA M Pa3BUTHE MOJIOJICIKHY;

® 3aIIIMTa UHTEPECOB PaOOTHHKOB,

® 03I0pPOBJICHHE PAOOTHMKOB KOMITAHUH U X JETEH;

® COLUATBHBIC TIPOrPAMMBI PA3JIMYHOTO TPOPHIIS;

® TIO//Iep)KKa BETEPAHOB IIPOU3BO/ICTBA.

AKTHUBHas KaJipoBas MOJUTHKA IPENPHATUS Aa€T BO3MOKHOCTb IOBBIILICHUS KBAIUGUKALUU U
oOyueHus 3a cueT npeanpusTus Ha 6a3e Llenrpa oOydeHus KazpoB, KOTOPBIH SBIAETCS OJHON M3
JIYYIINX OpraHu3aluii B CBOeH cdepe, u Apyrux yIeOHBIX YUPEKACHHUIL.

Ceronsst Hanbomnee BOCTpeOOBaHHBIE HA 3aBOJE CIELMAIBHOCTH: XUMHUECKask TEXHOJIOTUS OpraHu-
YeCKUX BEIIECTB, XUMHYECKas TEXHOJOTUs HEOPIraHWYECKHX BEIIECTB, MALIMHBI U almaparhl XUMHYe-
CKMX IPOU3BOJCTB. I CTY/IEHTOB BBIIIENEPEUNCIIEHHBIX CHEINAIBHOCTEN MPENOCTaBIIOTCS 0COObIE
YCIIOBHSL TIPOXOXK/ICHUSI OIIAYMBAEMOM MPAKTUKH HA TPEINPUSITHN U TpyHoycTpoiicTBa. Taioke yyarm-
ecsl XUMUYECKHX (haKyJIbTeTOB MOTYT CTaTh CTHIICHAMATAMU «A30Tay, IOJIyYaTh eKEMECSUHbIE BbIILIA-
Thl B pa3Mepe MHHHUMAJbHOTO pa3Mepa OIUIaThl TPyJa M TapaHTUPOBAHHO CTaTh PAOOTHUKAMH KpYII-
HEHIIero XMMI9eCKOT0 IPEIPHUATHA.

Konrakr

HavaabHuK 0TJes1a 10 padoTe ¢ MEPCOHAIOM
Kapnosa Osibra AHaTo/1beBHA

Tea.: 8(3842)570239

koa@azot.kuzbass.net
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JSC «Siberian Business Union Azot»

JSC «Siberian Business Union Azot» — is one of the biggest Russian producers of nitrogen
fertilizers. The main consumers of its production are industrial and agricultural enterprises from
more than 40 countries of the world. From December 2011 JSC “SBU Azot” is under control of
Chemical Holding “SBU”.

The company unites Kemerovo JSC “Azot” (Kemerovo) and “Angarsk nitric-fertilizer plant”
LTD. (Angarsk), has the facilities for production of 1,055 million tons of ammonia, 957 thousand
tons of ammonium nitrate, 515 thousand tons of carbamide, 314 thousand of tons of ammonium
sulfate, 116 thousand of tons of caprolactam.

Kemerovo JSC “Azot”:

o the biggest producer of nitric fertilizers in Russia;

o the main supplier of industrial ammonium nitrate to the mining companies of Siberia and Far
East, having regional market share about 85%;

o produces 1/3 of the total caprolactam volume in Russia and provides about 50% of its all-
Russian export;

o quality management system of KISC “Azot” is certified according to the requirements of the
international standard ISO 9001:2008 and intergovernmental standard GOST ISO 9001:2011. All
products were obligatory certified and comply with the best branch standards. The system of envi-
ronmental management certified according to the international standard ISO 14001:2004 was im-
plemented in the plants of the company;

o the enterprise has won the competitions: “100 of the best Kuzbass goods”, “100 of the best
Russian goods”, “The best brand of Kuzbass”, “The leader of environmental activity of the Russia»
several times.

KJSC “Azot” provides high social guarantees to its employees. The main areas of the enter-
prise’s social policy are:

o support and development of the youth;

e protection of the employees’ interests;

e health care of the employees and their children;

o different social programs;

o support of the production veterans.

Active staff policy of the enterprise gives an ability to upgrade skills and train at the expense of
the enterprise on the base of the staff training Center, which is one of the best organizations in this
area, and in other educational institutions.

Today the most demanded specialties in the plant are: chemical technology of organic sub-
stances, chemical technology of inorganic substances. For the students of above specialties the
special conditions of paid practice and employment in the enterprise are provided. Also the students
of chemical faculties may become scholarship holders of “Azot”, to get monthly payments in the
amount of the minimum wage and are guaranteed to become employees of the largest chemical
enterprise.

Contact

Head of HR department
Karpova Olga Anatolievna
Tel.: 8(3842)570239
koa@azot.kuzbass.net
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