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Study of beryllium hardening obtained by powder metallurgy

In the first part of the article the results of the study of powder hardening processes occurring during beryl
powders consolidation by the hot pressing method are shown. The dependences of the content and morpholo-
gy of the hardening phase depending on the content of low-melting impurities on the sintered Beryllium
powder grains surface have been studied. A hypothesis is proposed that explains the transition of an oxide
film from an amorphous to a crystalline state — devitrification, and the effect of low-melting impurities on the
mechanism of the devitrification process and, as a consequence, on the effect of "dispersion-grain boundary"
hardening. This hypothesis is based on theoretical confirmation with the provision of graphic material
demonstrating the process of devitrification, accompanied by a dispersed-grain-boundary hardening mecha-
nism. The final results of statistical processing carried out.on industrial batches showing the dependence of
the impurities content influence on the properties of hot-pressed beryllium are presented. In the second part of
the article the results of studying the effect of hardening of beryllium obtained in the process of sintering by
the method of hot isostatic pressing (HIP) are shown depending on the temperature of powders consolidation.
Based on the results of electron microscopic studies, the dynamics of the reinforcing phase formation at the
grain boundaries of sintered beryllium is shown. The quantitative dependence of the precision elastic limit
and the conditional yield stress of gas-statically compressed beryllium on the size of the strengthening beryl-
lium oxide particles and the consolidation temperature of the powders have been established. The resulting
equation gives a description. of the "dispersed-grain-boundary" hardening mechanism of isostatically pressed
beryllium. All dependencies are also represented by graphic material reflecting the essence of the research.

Keywords: beryllium, powder, hot isostatic pressing, microstructure, beryllium oxide, pressing temperature,
electron microscopy, mechanical properties, dispersion, tensile strength, yield stress.

Introduction

The beryllium industry in Kazakhstan manufactures products mainly using powder metallurgy methods:
obtaining powders and further consolidating them into a compact sintered material by hot vacuum and
isostatic pressing.

At present beryllium production in Kazakhstan produces sintered beryllium of TGP-56 grade, which, in
addition to its chemical composition, is certified for physical and mechanical properties (density, tensile
strength, yield strength, elongation). However, the use of beryllium in high-tech industries, such as space,
aviation and nuclear technology prescribes a certain level of special properties, in particular, dimensional
stability and precision tensile strength. The use of beryllium in gyro-instrument making and metal optics, due
to the high specific characteristics of rigidity inherent in it by nature, makes high demands on the dimension-
al stability of products to be achieved by beryllium production engineers.

One of the characteristics of dimensional stability is the precision tensile strength (@gggg), Which is
about 50 MPa for the best GIP-56 grade of beryllium for instrumental purposes. As research showed [1, 2],
the specified characteristic is correlated with the conditional yield stress @z, which in turn is determined by
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the grain size in accordance with the Hall-Petch dependence. Since the grain size of compact sintered beryl-
lium obtained by powder metallurgy methods is determined first of all by the particle size of the initial pow-
der, the main way to increase these characteristics is to increase the dispersion of the initial powders and con-
trol the content of beryllium oxide in them. However, an increase of the cost price, pyrophoricity of powders,
dustiness of industrial premises, the content of impurities, deterioration of technological properties, etc. was
observed in this case and limited the possibilities of production and the use of highly dispersed Beryllium
powders with a dispersion of less than 30 microns.

It is also known that the strength properties of beryllium including the precision tensile strength in-
crease with an increase in the content of strengthening phases along the grain boundaries of beryllium oxide
first of all. Beryllium oxide is formed as a film several nanometers thick on the surface of beryllium particles
in the result of oxidation during mechanical grinding of ingots. As shown in papers [3—7] the mechanism of
formation of reinforcing beryllium oxide particles consists of two stages: cracking of the beryllium oxide
film when the powder is heated to 700-750°C (due to the difference in the values of the:thermal expansion
coefficients of the oxide and metal) and coagulation of oxide particles upon further heating and compaction
of the powders. It was also shown that the presence of low-melting impurities such as Al; Si, Mg in berylli-
um affects the process of beryllium oxide coagulation.

Thus, sintered beryllium is a dispersion-strengthened composite material in which'beryllium oxide par-
ticles play as a reinforcing phase. However, the available large experimental data characterizing the level of
properties of industrial and experimental varieties of beryllium does not allow us to identify reliable mathe-
matical models for controlling and increasing mechanical properties to the required level. Insufficient
knowledge of the mechanisms and kinetics of reinforcing beryllium' oxide particles formation processes
complicates the establishment of quantitative dependences of the chemical, granulometric compositions and
technological modes, effect on the mechanical properties of products made of beryllium powder.

The aim of the article is to study the mechanism of strengthening beryllium oxide particles formation at
grain boundaries in the processes of beryllium powders consolidation and the effect of the reinforcing phase
on the sintered beryllium strength properties.

Material and methods of research

Research work aimed at studying the processes of beryllium hardening was divided into two parts.
In the first part of the work the formation mechanisms and the reinforcing phase morphology were studied.
In the second part of the work the quantitative effect of "dispersion-grain boundary" hardening was studied.

In the first part of the work 32 billets. with 380 mm diameter obtained by vacuum hot pressing from dif-
ferent industrial batches of PTB-56 brand beryllium powders were selected as the research material. The
workpieces were obtained using standard technology including cold isostatic pressing on a UGS 350 unit
designed by VNIIMETMASH followed by vacuum hot pressing on a GPV-200 furnace at 1030°C. Samples
for mechanical tests were made from the obtained blanks. Upon mechanical tests completion samples, bro-
ken halves that showed significantly different test results in strength properties were selected (Table 1). This
selection was examined using a‘scanning electron microscope with a Jeol ISM 5610 microanalyzer. The
morphology, nanostructure ‘and composition of oxide particles were studied at the transboundary fracture
areas of the selected samples.

In the second part of the work technical beryllium powders of various fineness (-30, -56, -100, -180 mi-
crons)(Figure 1) produced of ingots similar in chemical composition with a low content of low-melting im-
purities and Si / Al=1 ratio were investigated. This ratio provides the transition of beryllium oxide from the
amorphous to the crystalline state (devitrification) by the mechanism of homogeneous crystallization, fine
reinforcing particles obtaining the maximum hardening effect [8].

Preparation and hot isostatic pressing of articles made of beryllium powder was carried out according to
the standard technology as follows: beryllium powder was poured into elastic molds of 100 mm diameter and
200 mm height and compacted on a UGS 350/1000 hydrostat at 4 kbar pressure. After uncovering the porous
briquettes were placed in steel sealed capsules, degassed in vacuum at 700°C and subjected to hot isostatic
pressing in the temperature range 800—1100°C to 1.85 g/cm’density. Samples with 5 mm diameter cut from
compact blanks were tensile tested on Instron 1195 testing machine according to well-known methods which
made it possible to determine the conventional yield stress @z and the precision elastic limit @ggge. The mi-
crostructure was studied with an optical microscope, and the dispersion of Beryllium oxide at the grain
boundaries was studied with a transmission electron microscope using replicas obtained from samples, frac-
tures [11].
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Results and discussions

1. Study of the formation mechanism and morphology of the reinforcing phase

Table 1
Characteristics of samples
Preform Content of main impurities, % mass Average grain size, Ultimate
Ne Oxygen | Silicon Aluminum Iron pum strength, MPa
1 0.8 0.023 0.023 0.12 41 337
2 0.75 0.012 0.027 0.13 26 405

Note: 1) The tensile strength values were obtained by averaging over the results of three tests;
2) Conditioned products shall have a tensile strength of more than 350 MPa

Micro-fractograms analysis of samples fractures from preforms No. 1 and No. 2showed that structural
differences consist not only in the grain size, but also in the morphology and structure of the strengthening

particles of the oxide phase (Figure 1).
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Figure 1. Microfractography of fractures of hot-pressed Beryllium PTB-56

Preform No. 1

Preform No. 2

Preform No. 1:sample with Si content = 0.023%. a) x 1000; b) x 5000; c) x 10000.
Preform No. 2: sample with Si content = 0.012%. a) x 1000; b) x 5000; c) x 10000.
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With the same amounts of beryllium oxide in the preforms and identical pressing modes, fine particles
of single-crystal beryllium oxide are formed in preform No. 2 (Si content = 0.012%), and large polycrystal-
line clusters consisting of nanoparticles oxide cemented with a metal bond based on Si and Al are formed in
preform No. 1 (Si content = 0.023%). These structural and morphological differences determine a different
strengthening effect of beryllium: the reinforcing phase in the form of small single crystals of beryllium ox-
ide causes a greater strengthening effect than large polycrystalline clusters (such as cermets) (see Table 1).

The differences in the morphology, composition and structure of reinforcing particles can be explained
by the fact that the formation of oxide particles at the grain boundaries of sintered beryllium is the result of
non-cracking of the oxide film under the action of stresses caused by the difference in the temperature ex-
pansion coefficients of the metal and oxide [3, 6], and the transition of amorphous beryllium oxide into a
crystalline state, the so-called devitrification. Moreover, this transition, as shown by further studies, can take
place at the mechanisms of homogeneous and heterogeneous crystallization [8—10].

The homogeneous mechanism of beryllium oxide devitrification at the grain boundaries‘of sintered be-
ryllium provides a high strengthening effect both due to the formation of a highly<dispersed reinforcing
phase and due to the finer grain size of metallic beryllium microstructure (Figure 2 a).
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Figure 2. Formation of the structure of Beryllium oxide reinforcing phase at
the grain boundaries of sintered Beryllium at various contents of silicon impurities

a) The transition of an oxide from an amorphous state to a
crystalline state by the mechanism of homogeneous crystallization;

b) The transition of an oxide from an amorphous state to a crystalline
state by the mechanism of heterogeneous crystallization;

The heterogeneous mechanism of beryllium oxide devitrification caused by unfavorable ratio of silicon
to aluminum impurities induces a decrease in the strengthening effect both due to the formation of large ox-
ide-silicon-aluminum clusters during oxide devitrification and due to the significant growth of beryllium
grains (Figure 2 b). The above is a feature of the "dispersed-grain-boundary" hardening mechanism of sin-
tered beryllium. Analysis of the results obtained after statistical processing shows that, in addition to the total
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amount of impurities forming the low-melting Si + Al + Mg eutectic, the powder particle size and the Si/Al
impurity ratio are significant. Even greater reliability of strength properties prediction is achieved when both
parameters dx(Si+Al+Mg)xSi/Al are taken into account (Figure 3).
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Figure 3. Dependence of the approximation reliability c
quality indicators of initial powders

2. Study of the quantitative effect of "dispers% grain boun

Microfractography results analysis of isostatically presse B ade beryllium samples fractures
with an electron microscope showed that the beryllium oxic the hereditary grain boundaries in the
samples pressed at 800 and 900°C temperatures practically did not collapse (Figure 4).
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Figure 4. Fractogram of isostatically pressed grade PTB-56 Beryllium samples
fractures at 800 (a), 900 (b), 1000 (c) and 1100 ° C (d), x 10000.
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Figure 5. Dependence of the conventional yield strength on grain d size
(Hall-Petch dependence) and temperature of isostatic pressing

Herewith, local thickenings are observed on the oxide film; which are nuclei of crystalline beryllium
oxide formed as a result of homogeneous devitrification of the initially amorphous form of the oxide. The
average size of the thickenings is 6 and 10 nm, respectively. An increase in the pressing temperature to 1000
and 1100°C causes discrete beryllium oxide reinforcing particles formation with an average size of 120-150
and 300-400 nm, respectively. Dependence of the preforms. strength properties on the average grain size and
the temperature of isostatic pressing were found. (Figure 5).

These graphical dependencies are consistent with the Hall-Petch equation as well as with the Orowan
mechanism [12] where dislocation loops are formed around the inclusions when dislocations pass through an
obstacle (Figure 6).
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Figure 6. Dependence of the increment of the conventional yield stress on the size factor marking

.l
the dispersion of oxide particles at a constant grains size (d *) in the microstructure of the performs;
r is the radius of the particle, b is the Burgers vector of Beryllium, () is the distance between the particles

Thus, the Beryllium structure formation in the process of hot isostatic pressing of its powders coated
with an oxide film is accompanied by hardening, which is a superposition of grain boundary and disperse
mechanisms. The conventional yield stress of Beryllium obtained from powders of various sizes and
isostatically compressed at different temperatures is related to the precision tensile strength in a complex way

(Figure 7).
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Figure 7. The dependence of the precision tensile strength on the yield strength

The experimental results obtained can be approximated<in the form of analytical dependences of the
precision tensile strength on the beryllium grain size, beryllium oxide particle size (1), and hot isostatic
pressing temperature (2):

Fogee = @6100 + mel;*®. 4 ~CE)% MPa, €))

where @, m are coefficients equal to 6:107, 3.7-10, respectively; d; is the average size of oxide particles,
nm; d is the average grain size of beryllium, microns;

Fugoe = @t 100+ meg), - d %)% MPa, )

where a, m are coefficients equal to 6'10,1.07:10", respectively; fg:p 1S the temperature of hot isostatic
pressing; d is the average grain size of beryllium in microns.

The part of the equation in brackets is essentially the Hall-Petch equation for beryllium obtained by hot
isostatic pressing with coefficients at & ~*#equal to mdgz>* and ?rlﬁ‘;_fp when substituting for the oxide parti-
cle size d ; or the hot temperature isostatic pressing tz;p, respectively. The indicated dependence reflects the
additive contribution of grain boundary and dispersed strengthening mechanisms.

Thus, the results of the study reflect the regularities of polycrystalline beryllium hardening by a mecha-
nism that is a superposition-of two mechanisms: grain boundary and disperse hardening. An analysis of the
dependences shows that these mechanisms almost equally affect the values of the conditional yield stress, at
the same time; the precision tensile strength significantly depends on the state of the oxide and weakly de-
pends on the grain size. This is apparently due to the fact that the level of the precision tensile strength is
controlled by the mechanism of grain-boundary dislocations generation blocked by fine particles of dispersed
beryllium oxide, which leads to an increase in the precision tensile strength. The conditional yield point is
controlled mainly by the grain-boundary hardening mechanism, i.e., the mean free path of dislocations from
one grain boundary to another. Using beryllium powders of the same dispersion, changing only the disper-
sion of the strengthening phase in the range of 6400 nm, it is possible to change the strength properties in a
wide range, for example, a material with a precision tensile strength can be obtained from PTB 56 powder in
the range of 50-500 MPa.

The established graphical and analytical dependencies open up the possibilities of fine control of the
strength properties of beryllium by dispensing the contribution of each of the elements of the "dispersed-
grain-boundary" hardening mechanism.
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Conclusion

According to the results of the first part of the work during the study of the reinforcing phase formation
it was found that the degradation of the oxide film on the surface of beryllium grains during heating pro-
ceeds according to the devitrification mechanism: the transition from the amorphous state to the crystalline
state, and it was shown that the strengthening effect of sintered beryllium obtained by hot molding is largely
determined by the mechanism of beryllium oxide devitrification at the grain boundaries of metallic berylli-
um. The devitrification process, morphology and nanostructure of reinforcing oxide particles are affected by
low-melting impurities, in particular silicon and aluminum, and depending on the content and ratio of silicon
and aluminum impurities this mechanism can be either homogeneous or heterogeneous. Depending on by
which devitrification mechanism oxide particles are formed, they cause effective strengthening (homogene-
ous mechanism) and weak strengthening (heterogeneous mechanism), this determines the morphology, com-
position and structure of the reinforcing phase as well as the grain size of metallic beryllium that ultimately
determines the strengthening effect according to the "dispersion-grain-boundary" mechanism:

According to the results of the second part of the work it is shown that the level of the precision limit of
isostatically compressed beryllium elasticity is controlled by the "dispersed-grain-boundary" mechanism.
The quantitative dependences of the precision elastic limit of isostatically compressed beryllium on the heat-
ing temperature, the size of the beryllium grain, and the size of the reinforcing oxide particles was estab-
lished. Thus, using beryllium powders of the same dispersion changing only the dispersion of the strengthen-
ing phase in the range of 6400 nm it is possible to change the strength properties in a wide range, for exam-
ple, a material with a precision elastic limit can be obtained from PTB 56 powder in the range of 50-500
MPa.

The established graphical and analytical dependencies open up possibilities for fine control of beryllium
strength properties by dosing the contribution of each element of the "dispersed-grain-boundary" hardening
mechanism.
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YHTAKThl METAJLIYPIrUs JAiciMeH aJIbIHFaH
OepuJuiuiiai OepikTeHaipyai 3eprrey

ABTOpiap MakajdaHbIH OipiHmi OemimiHme OepWwUIMH  YHTAaKTapblH BICTBIK IIPECTE€y  oiCiMeH
KOHCAJIMAALMsIIay Ke3iHae naiaa OoJaThlH YHTAaKThl OSpiKTEHIIpY MpPOLECTepiH 3epTTEYAiH HOTHXKENepiH
kepceTkeH. bepikrenaipriu ¢azachlHbIH KypaMbl MEH MOP(]OJIOrHsACHIHBIH arjOMepJIeHIeH OepUILINiT YHTaFbI
TYHipiiikTepiHiy OeTiHAeri OHaWOANKBIFBIII KOCHAJapIblH KypaMmblHa Toyenaimiri 3eprrengi. Okcun
IUICHKACBIHBIH aMOPO(THIIaH KPUCTABIK KYHIe aybICybIH — BIABIPAY IPOLIECi MEXaHU3MiHE OHAHOAIKUTHIH
KOCTIaJIap/IbIH 9CEPiH JKOHE «IUCIIEPCTi-YHTAKThD» d(PdekTineri GepikTeHIipyaiH acepi TUIoTe3achl apKbUIbI
TyciHmipireni. By rumore3aHBIH HeTi3l IMCIIEPCTi-YHTAKTHI OEpiKTEHAIpY MEXaHH3MIMEH Oipre bIapIpay
TIPOILIECIH KOPCETETIH TpaduKaIbIK MaTepUalIbl YCEIHYMEH TEOPMSUIBIK pacTay Ooursin TadbuIansl. Kocmamap
KYPaMBIHBIH BICTHIK TIPECTENreH OepIIUIHHAIH KacHeTTepiHe TOYSIALTIriH KopCeTeTiH OHIIPICTIK, mapTHsiap
OOMBIHIIA XKYPTi3ireH CTaTUCTHKANBIK OHACYNIiH COHFBI HOTIDKeNepi KenTipinreH. JKyMBICTBIH/ eKiHIIL
OeniMiHAE YHTAaKTapIblH LIOFBIPJIAHY TEMIEPATypachlHa OAaiIaHBICTBI BICTBIK HM30CTATUKAJIBIK HPECTEY
(BIMIT) omiciMeH arioMepauusi NPOLECIHIE anblHFAH OCpUUIMAAI OCpiKTeHIIpY oCepiHiH, 3cpITey
HOTIDKeTIepi OepiireH. DIeKTPOHIbI MUKPOCKOIHSUIBIK 3€PTTEYIePIiH HOTIKeIepi OOMbIHILA aPIOMEpIICHT eH
Oepriunii TYHipUIIKTEepiHIH IeKapacklHIa apMaTypasbIK (a3aHblH TY31Ty AMHAMUKAchl kKepceTireH. Jonmik
CepHIMIUTIK TIEri MEH Ta3CTaTHKAIBIK MPECTENTeH OCpWIUTMUAAIH MIApTTHl aKKBIIITHIK MIETI apachlHIaFbl
CaHABIK TOyeNaimiri Oepwummii okcupmi OepikTeHIiprimr OejmIeKTepiHiH MemepiHe. XoHe YHTaKTap/bIH
LIOFBIPJIaHY TeMIepaTypachiHa OaillaHbICTHL. AJIBIHFAH TEHACY H30CTATHKAIBIK HPECTENreH OepuuHiiIiH
«IMCIepCTi-TYHipIIiKTinekapacsly OepikTeHy MexaHHW3MiHe cumarraMa Oepeni. JKyprisiireH 3eprreymin
MoHiH OeitHeneiTiH rpaduKabK MaTepuaIIapAblH JepeKTep TOyeailiri Oepinres.

Kinm coe30ep: Oepwiuiii, YHTaK, BICTBIK HM30CTATHUKAIBIK HPECTEY, MUKPOKYPBUIBIM, OEpHIUIMH OKCHI,
IpecTey TeMIepaTypachl, 3JEKTPOHAbI MUKPOCKOIHSI, MEXaHUKAJIBIK KACHETTEp, AUCIICPCTIIIIr, CepIiMIITiK
1ieri, aKKbIIITHIK IIETi.

A.B. PeBynkuii, b.B. CpipHes, O.B. Cemunynkas

HccnenoBanue ynpouHenusi depuiLius,
MOJIYYeHHOI'0 MeTOA0M MOPOUIKOBOI MeTaJLIyprun

ABTOpaMHU NEPBOIl YaCTH CTaThbH MOKAa3aHBL PE3YJIbTATHI HCCIEAOBAHUS MPOLECCOB YIPOYHCHUS IMOPOLIKA,
MIPOHUCXOSAIINX MPH KOHCOJUIAUH TTOPOIIKOB OCPIILTHS, METOJIOM TOpsTYero IpeccoBanHus. V3ydeHs! 3aBu-
CHMOCTH COZEpKaHHs U MOPQOJIOrHU YIPOUHSIOMEH (a3sl B 3aBUCHMOCTH OT COJICP)KAHUS JICTKOIUIABKHUX
TpuMecell Ha MOBEPXHOCTH 3€peH CIIeUueHHOro mopormka Oepmuiust. [Ipemnoxkena rumoresa, 0ObsICHIIONIAs
(haxT mepexosia OKCHIHOHN IICHKH U3 aMOP(HOTO B KPUCTAJUIIECKOE COCTOSIHHE, — PACCTEKIIOBAHHUE H BIIHS-
HHME JIETKOIUIaBKUX NPUMECEH Ha MeXaHU3M Ipoliecca PacCTeKIOBAHMU, U, KaK CIeNCTBHE, Ha 3P deKT «ruc-
HEPCHO-3EPHOIPAHUYHOr0) YIPOUHEHUS. B OCHOBE NAHHOMN TMIIOTE3bI JIEKUT TEOPETHYECKOE TOATBEPIKIC-
HHE C HPEIOCTABICHUEM TpadUueckoro MaTepuaia, AEMOHCTPUPYIOLIETO MPOLECC PACCTEKIOBAHHS, COMPO-
BOXKIAIOLIMHCS AUCTIEPCHO-3€PHOIPAHUYHBIM MEXaHU3MOM yNPOYHEHHMs. [IpUBeseHBI NTOrOBBIE PE3yNIbTAThI
CTaTHCTUYECKOH . 00paboTKH, NMPOBEAECHHOH HA IMPOMBIIUICHHBIX MapTHAX, ITOKA3bIBAIOIINE 3aBUCHMOCTH
BIIMSTHUSL COAEPKaHMs NpUMeceil Ha CBOMCTBA ropsuenpeccoBaHHoro Oepmumms. Bo Bropoil wactu paGoTs
TIPEACTABIICHEI Pe3yIbTaThl UCClIeNoBaHMs d(PdeKTa yIpodHEHH OSpHILTHS, TOJydeHHOTO B IIpOIecce CIe-
KaHWsI METOZIOM Fopstaero nzocrarudeckoro npeccosanus (I'MII), B 3aBHCHMOCTH OT TeMIiepaTypsl KOHCOIIH-
JAIUK ITOPOMIKOB. Ha OCHOBaHMM JaHHBIX 3J1€KTPOHHO-MHKPOCKOIIMYECKHX MCCIIEOBAaHUN MOKa3aHa AMHA-
MUKa GpOpMUPOBaHKS apMUpPYIOIIeH (a3bl Ha IPAHUIIAX 3€PEH CHEYEHHOTo Oepuutis. Y CTaHOBJICHA KOJIMYe-
CTBCHHAS 3aBUCHMOCTb NPELU3MOHHOTO Mpe/iena YIPYroCTH M YCJIOBHOTO Ipesesa TeKY4ecTH ra3ocTaTuye-
CKH CIPECCOBAaHHOTO OCPHIUIUS OT pa3Mepa yHPOUHSIOIIMX YacTHI] OKCHAA OepUILIHA M TeMIepaTypbl KOH-
colMIanuy  nopomkoB. [lomydyeHHOe ypaBHEHHE NPEACTaBIsieT COOOW OMNMCAaHUE «AUCIEPCHO-
3epHOTPAaHUYHOTO» MEXaHN3Ma YIPOYHEHUS] M30CTaTHUECKH IIpeccoBaHHOro Oeprmiummsa. Bcee 3aBmcumoctn
JIaHBI TAKOKe IpaUIECKUM MaTepHaIoM, OTPasKaIOIINM CYTh IIPOBEICHHBIX HCCIIEJOBAaHUI.

Kniouesvie crosa: Gepwinii, MOPOIIOK, ropsiuee H30CTATHUECKOE IIPECCOBAHUE, MUKPOCTPYKTYpa, OKCH Oe-
pWILIHSL, TeMIlepaTypa MPEecCOBaHuUs, MMEKTPOHHAS MUKPOCKOIUS, MEXaHUYECKHE CBOWMCTBA, AUCIIEPCHOCTD,
npezaes ynpyrocty, npeaen TeKy4ecTH.

BecTHuk KapaFaH,ElMHCKOFO yHuBepcuteTta
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