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SOME PROBLEMS AND PROSPECTS FOR THE DEVELOPMENT OF BERYLLIUM
PRODUCTION

BEPUNIUA ©HIMOEPI ©HAIPICIH OAMBITYAbIH KEUBIP MOCEJENEPI MEH
NEPCMNEKTUBAJIAPDI

HEKOTOPbIE NMPOBNEMbI U MEPCMEKTUBbLI PA3BUTUA NPOU3BOACTBA
BEPUITTNIMEBOU NPOOYKLUUN

Abstract. On the world market of beryllium products, there is a steady demand for beryllium metal
products for precision instrumentation: gyroscope rotors, metal optics parts, etc. To be used for these pur-
poses, sintered beryllium must meet several requirements, the main of which is to ensure high dimensional
stability of finished products. In the conditions of the availability of a production base in the Republic of Ka-
zakhstan for the manufacture of beryllium products, and as a consequence of the potential for expanding
the range of beryllium products, an urgent task is to study the material science foundations, production
methods, technological techniques with which it is possible to control the special properties of sintered be-
ryllium blanks. The paper presents an overview of the foreign works of the leading research centers on be-
ryllium: USA, Ukraine, Russia. The analysis of studies of the microstructure and nanostructure of grain
boundaries, the role of impurities, primarily beryllium oxide, the features of the crystallographic texture that
lead to the occurrence of micro stresses, from the standpoint of their influence on the precision properties
of beryllium is presented. Based on the critical analysis, the ways of research on the development of scien-
tific foundations for the creation of an instrument grade of beryllium concerning the existing unique equip-
ment of beryllium production in Kazakhstan, which is currently in conservation, are substantiated.

Keywords: beryllium, beryllium oxide, precision elastic limit, yield strength, grain size, grain boundary
hardening, plastic deformation, hot pressing, fusible impurities.

AHOamna. bepunnuli eHimOepiriH anemiik HapbirbiHOa Oas1 Acnan xacay ywiH Memarnn 6epunnulioeH
XacanraH OylbimMOapra mypakmbl cypaHbiC b6ap: eupockonmapObiH pomopriapbl, Memarnsa onmuka
benwekmepi xoHe m.6. ocbl Makcammapda natidanaHy ywiH KylexeHmekmernzeH bepunnuli 6ipkamap
mananmapdbl KaHarammaHObIpybl Kepek, onapdbiH eH 6acmbicbl — OaliblH 6HIMHIH Xofapbl enwemoi
mypaKkmblinbiFbiH KaMmamachi3 emy. KaszakcmaH PecriybniukacbiHOa 6epurnnulideH bylibiMOap xacay ywiH
eHOipicmik 6a3aHbiH 601ybl X8He COHbIH candapbiHaH 6epunnulideH eHiM HOMEHKIamypacbiH KeHeumy
ywiH aneyemmiH 6onybi xardalibiHda MamepuanmaHy Hezai30epiH, eHJOipic adicmepiH, MexXHON0_USIbIK
macindepdi 3epmmey e3ekmi miHOem 605bin mabbinadbl, onapdbiH KemezimeH KyldipineeH bepunnuli
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OalibiHOamanapbiHbIH apHalisl KacuemmepiH 6ackapyra 6onadbl. XXymbicma 6epunnuli 6oUbiHWAa
XemeKwi 3epmmey opmarnbiKmapbiHbiH wemendik XymbicmapbiHa worny b6epineeH: AKLL, YkpauHa,
Pecell. Acmbik wekapanapblHbiH MUKDOKYPbIbIMbI MEH HaHOKYPbINbIMbIH, KocrianapoibiH, eH andbiMeH
6epunnuli okcudiHiH perniH, MUKpo KepHeynepdiH natda 6onybiHa eKenemiH KpucmasnozpagusibIK
KYPbIbIMHbIH — epeKwernikmepiH onapobiH bepunnulidiH 0ean KacuemmepiHe ocepi MmypfbiCbiHaH
3epmmeyze manday xacandbl. CbiHU manday Heezi3iHOe Kasipai yakbimma KoHcepeauyusinayda mypraH
KasakcmaHHbiH 6epunnuli eHOipiciHiH bipezel xab0obifbiHa Kambicmbl 6epunnutidiH acnanmbsiK COpmMbIH
KYpyOblIH FbinibIMU Hezi30epiH a3ipney bolbiHwa 3epmmey xondapb! Heai30e2eH.

Tylin ce3dep: 6epunnud, bepunnuli okcudi, cepnimOinikmiH 0an weei, akKbIWMbIK weeai, acmbiK
Mernwiepi, acmbiKkmbl wWwemernee Kamalmy, nnacmukansik Oegopmayusi, bICmbIK rfpecmey, me3
bankumsiH Kocnanap.

AHHOmMauus. Ha muposom pbiHke bepurnnuesol npodykyuu Habmwodaemcsi ycmol4usbll Crpoc Ha
u3denus u3 Memarnnu4yecko2o bepunnus 051 MOYHO20 MpubopoCMpPOEHUs: POMOopPbI 2UpocKornos, dema-
nu mMemannoonmuku u Op. [ns ucronb308aHuUsi 8 yKa3aHHbIX Uessx crievyeHHbIt bepunnul domkeH ydo-
ernemesopsimb psidy mpebosaHull, ariagHoe U3 KOmopbiX — obecrneyeHue 8bICOKOU pa3mepHoU cmaburbHo-
cmu eomosbix usdenul. B ycrnosusix Hanu4us rnpoussodcmeeHHol b6a3bi 8 pecrniybniuke KazaxcmaH, Ons
udzomosrneHusi usdenul u3z bepunnus, u kak cnedcmeue nomeHyuana 071 pacwupeHUs HOMeHKIamypabl
npodykyuu u3 bepunnus, akmyanbHoU 3adayvel sierisemcs uccriedosaHue mMamepuanogedyecKux OCHOS,
memodo8 npouzsoodcmea, MexHOM02UYECKUX MpUeMos, C MOMOWbI KOMOPbIX 803MOXHO yrpasneHue
crieyuarnbHbIMU ceolicmeamMu crieHeHHbIX bepusnuesbix 3a2omosok. B pabome npedcmasneH 0630p 3a-
pybexHbix pabom gedyuux ueHmpos uccredosaHull no bepunnuio: CLUA, YkpauHbi, Poccuu. lNpedcmas-
neH aHanu3 uccredosaHuli MUKpPOCMPYKmMYypbl U HaHOCMPYKMypbl 2paHul, 3epeH, ponu rnpumeced, 8
nepsyro o4epedb okcuda bepusnnusi, ocobeHHocmel Kpucmarsnozpaguyeckol meKkcmypbl, MPU8oOAUUX K
B803HUKHOBEHUK MUKPOHaMpsKeHul, ¢ no3uyul ux enusiHUsi Ha npeyusuoHHbie ceolicmea bepunnus. Ha
OCHOBaHUU KpUmu4eckoeo aHamnu3a obocHo8aHb! rymu uccredogaHuli mo paspabomke Hay4yHbIX OCHO8
co3daHusi npubopHoeo copma bepurnnus NPUMeHUMensHO K UMEWeMyCsl yHUKanbHoOMy obopydoeaHuto
bepunnuesoeo npousgodcmea Kazaxcmara, Haxodsauemycsi 8 HaCmosiuiee 8peMsi Ha KoHcepsauuu.

Knroueenie cnosa: Gepunnuin, okeng 6epunnus, NpeumnsnMoHHbIn npegen ynpyroctu, npegen tekyde-
CTW, pasmMep 3epHa, 3epHOrpaHMYHOE YMNpO4YHEHWe, nnactudeckas nedopmauusi, ropsiiee NpeccoBaHue,
nerkonnaekve NpuMechu.

Introduction. Beryllium is a metal having a unique complex of physico-mechanical and nu-
clear-physical properties, which determines its use in some important high-tech branches of
technology. From the point of view of the structure of the crystal lattice and the uniqueness of
the physico-mechanical properties, beryllium without exaggeration can be attributed to the cate-
gory of paradoxical metals. It has high electrical and thermal conductivity, heat resistance, melt-
ing and boiling points, corrosion resistance, dimensional and configuration stability. In terms of
specific characteristics of rigidity, strength and heat capacity, it surpasses all other materials,
and is comparable in density to the lightest magnesium alloys.

The use of beryllium in technology is continuously expanding, despite many disadvantages —
cold breaking, toxicity and high cost. This is due to the great technical advantages, and in some
cases, the economic benefits of replacing beryllium with traditional materials. Beryllium is in-
dispensable in nuclear engineering products and aerospace structures (Figures 1...3) [1]:
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Figure 2. Beryllium brake discs

Currently, the basis of the nomenclature of beryllium production in Kazakhstan consists of
various types of beryllium ligatures, which consumer enterprises use to produce copper-
beryllium bronzes of the BrB type, high-modulus aluminum alloys of the ABM type, etc.
Ligatures are produced by methods of classical metallurgy: carbothermic method and direct
fusion of components.

At the same time, beryllium production has a significant potential for expanding the range of
products due to the development and production of products for special instrumentation. It has a
separate 602P building, in which, to date, unique equipment has been preserved:

— automatic line of the company "Leibold-Hereus" for the production of spherical beryllium
powders by electron beam sputtering and subsequent encapsulation before pressing;

— gasostat of VNIIMETMASH design with a working diameter of 1600 mm for cold
isostatic pressing of powders under pressure up to 4000 bar;

— VNIIMETMASH gasostat with a working diameter of 1100 mm for hot isostatic pressing
under pressure of 1000 bar;
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Figure 3. Details of special beryllium instrumentation: a — space mirror; b — gyro parts;

The existing technical base can be considered as a basis for further development of beryllium
production and improvement of its economy through the development and production of special
instrumentation products. However, in addition to the technical base, which can ensure the pro-
duction of large-sized products with isotropic properties, it is necessary to meet the require-
ments for special properties that ensure dimensional stability of parts during exploitation [2, 3].
The use of beryllium in gyro-instrumentation and metal optics, due to the high specific stiffness
characteristics inherent in it by nature (Table 1), places high demands on the dimensional stabil-
ity of products, ensuring which is already the task of beryllium manufacturing technologists.

Table 1. Comparative values of some physical properties of beryllium and other metals

Metal Melting Density, Modulus of elasticity, Specific modulus of
point C g/cm?® GPa elasticity (E/y)107, m
Os 2700 22,5 5700 2,53
Ir 2454 22,4 525 2,34
Re 3340 21,0 470 2,25
w 3377 19,1 360 1,88
B 1700 3,3 400 12,16
Be 1284 1,85 300 16,60
Al 657 2,7 71 2,63
Mg 651 1,76 44 2,5
Ti 1750 4,5 105 2,44
Fe 1535 7,8 210 2,65
Cu 1083 8,9 125 14
Zn 420 71 100 1,55

Dimensional stability is indirectly characterized by a precision elastic limit (PPU), which is
equal to the mechanical stress on the sample ¢0.005, causing a residual deformation of 0.005 %.
Currently, this characteristic of beryllium products is not determined at the plant, and, most im-
portantly, there is no knowledge, experience, statistics on how to manage this quality indicator.
Regular hot-pressed billets from technical beryllium TGP-56 have 0.005 from 10 to 50 MPa,
which is not enough for «instrument makersy.

In this regard, the work on the study of materials science mechanisms, techniques, techno-
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logical regulations governing the strength properties of sintered beryllium blanks is relevant..

Literary review. The history of the production of beryllium products, since the first attempts
at its structural application in the 50s, largely boils down to the fight against its low plasticity. A
generalized analysis of the history of domestic and foreign research in the field of materials sci-
ence and beryllium technology allows us to identify two fundamental approaches to solving the
problem of creating a structural material from a brittle metal. Each of these approaches is aimed
at creating an optimal structure, from the point of view of researchers, and the difference lies in
the placement of accents in the chain composition—structure—property.

The first approach, actively developed by the Kharkiv school of Metallophysicists, proceeds
from the premise of the prevailing value of the composition and is therefore focused on obtain-
ing the purest metal possible [4]. This approach is based on the results of studying the funda-
mental properties of the beryllium crystal lattice, sliding systems, and destruction of high-purity
beryllium mono- and polycrystals. It was thanks to the study of ultrapure metal that the funda-
mental laws of plastic deformation and destruction were established, the phenomenon of beryl-
lium superplasticity was discovered and investigated, technological processes for producing thin
vacuum-dense foils were developed. In the course of comprehensive studies, it turned out that
the fragility of beryllium is determined by the peculiarities of its electronic structure (the pres-
ence of a covalent component) and therefore cannot be eliminated in principle. At the same
time, these results of scientific research within the framework of this approach formed the basis
of fundamental ideas about the nature of the fragility of beryllium. One of the directions imple-
mented in the industry of this scientific school was the development and introduction into pro-
duction of beryllium distillation technology and the production of high-purity beryllium in me-
tallic impurities that meets the requirements of nuclear reactor engineering. However, the reduc-
tion of hardening impurities (the content of metal impurities was in the range from 10-3 to 10-
5 %) reduced the yield strength by 25...30 %. This fact indicates that high-purity beryllium is
not effective for «instrumenty use.

Subsequently, during the formation of the beryllium industry in Kazakhstan, it became obvi-
ous that the use of foundry technology for the production of beryllium products is extremely
limited. All the progress in improving the mechanical properties of structural beryllium pro-
duced by the industry of Kazakhstan is due to the development of powder technology, devel-
oped largely by the efforts of VNIINM after academician A. Bochvar [1, 5].

Materials and methods of research. The effect of microstructure on the mechanical proper-
ties of beryllium. To harden metals, in general, various methods are used: solid-solution, grain-
boundary, dislocation, dispersion hardening.

As experimental studies have shown, alloying and obtaining solid solutions based on berylli-
um has few prospects, firstly, due to the low solubility of the elements in it, and secondly, a
sharp drop in plasticity, which made the alloy non-technological [6].

The most promising direction of increasing the strength properties of beryllium and simulta-
neously increasing the technological plasticity was the method of grain boundary hardening.
The influence of grain sizes on the mechanical properties of beryllium was studied in the middle
of the last century. It was found that the reduction of grain sizes in cermet beryllium from 61 to
17 microns led to an increase in the tensile strength from 206 to 343 MPa [7]. The mechanical
properties of beryllium obtained by powder metallurgy methods, other things being equal, are
determined by the size of the initial powder. A finer powder contributes to the formation of a
finer-grained structure in semi-finished products, which causes increased strength and plastic
properties. With a decrease in grain size, the yield strength and temporary resistance to rupture
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of beryllium increases [5]. As for other metals, the relationship of the yield strength of berylli-
um with the grain size can be described by the Hall-Petch equation (Figure 4):

or = 0o + K, d= /2,
where 67 — Yield strength; 6o — is the yield stress at d/2 = 0, depending on the purity of the metal
40-140 MPa; Kr — is a constant associated with the stress required to transfer sliding from one
grain to another, K7 = 14,5-29,0 MITaxmmY?; The constant K. characterizes the strength of block-
ing dislocations during the transfer of deformation from grain to grain and is determined by the
ratio:

K. = 0a(2L)"/?

where a4 — is the dislocation separation stress from the anchorages; L is the distance between the
dislocation source and the grain boundary.

The dependence of the Hall-Petch equation for hot-pressed beryllium of industrial purity
containing 3,3-5,3 % BeO, determining the yield strength, is shown in Figure 1.4, with values
0,~73,5 MPa, K,~27,5 MPa [6],

The dependence of the destructive stresses o_P on the grain size is determined by the Petch-
Stroh ratio:

Op = 0Oy + Kpd_l/z

Like the ratio for o7 this ratio is derived empirically by processing experimental results, but it

can also be interpreted based on dislocation representations of destruction.
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Figure 4. Dependence of yield strength on grain size for hot-pressed beryllium

The dependence of breaking stresses and tensile strength on dimensions for hot-pressed be-
ryllium has already been investigated and shown in Figure 5, with tabular values oy~ 98,1 MPa,
Kp~ 29,2 MPa [8]. These studies also showed that the value o, does not depend on the texture
of the metal and has a weakly pronounced dependence on the content of impurities, and all val-
ues of the constant o, for beryllium, regardless of the method of production, are in the range
98+147 MPa.

The constant Kp depends on the texture of beryllium: the minimum values of 19,6+29,4 MPa
correspond to a metal with an isotropic structure obtained by hot pressing powders, and the
maximum values - up to 98 MIla — to a highly textured metal. An increase in deformation leads
to an increase in Kp.
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Figure 5. Dependence of the tensile strength on the grain size for hot-pressed beryllium

Based on these scientific developments, beryllium production in Kazakhstan developed in
the period from the 60s to the 80s of the last century. The dispersion of the initial powders grad-
ually decreased as specialized equipment was developed. Initially, the grade PTB-600 (powder
of technical beryllium with a size of 600 microns) was mastered, then PTB-200, PTB-56. The
desire to obtain a grade of beryllium with a high PUF caused the work to further reduce the dis-
persion to — 30 microns, -20 microns. However, these works were not crowned with success,
because the resulting powders were rapidly oxidized (burned), were non-technological (there
was no fluidity of powders), existing compaction technologies did not give stable results in
terms of material quality. Observed at the same time: an increase in cost, pyrophoric powders,
dustiness of production facilities, an increase in the content of impurities, worsened environ-
mental and economic indicators of production.

For many years, work has been underway to investigate the possibility of obtaining na-
nopowders and nanocrystalline beryllium (Table 2) using the hydride method [9].

Table 2. Chemical composition of nanocrystalline beryllium obtained by VNIINM hydride technolo-
gy and high-purity beryllium 1F-1 by Brush Wellman

Nanocrystalline beryllium obtained by hydride technology
Elements | Li | Mg | Al Ca V Cr Mn Fe Co | Ti | Ba | Cu Ni

Content, | 503 | 9 | 4 | a0 | 2 | 2 | 25| 45 | 01 01|04 |15]| 17

ppm (w)
High-purity beryllium IF-1 from Busch Wellman
Elements | Zn | Mg | Al Ca Mo Cr Mn Fe Ti Si C | Cu Ni

Content, | 465 | 60 | 100 | 200 | 10 | 35 | 30 | 300 | 10 | 100|300 50 | 200
ppm (W)

Compact beryllium with a grain size of 20...30 nm is obtained from this material by hot
pressing. The author notes that «the size of oxide inclusions is an order of magnitude smaller
than in the standard technical beryllium» (Figure 6).
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Figure 6. Morphology of BeO particles in beryllium:
a — beryllium obtained by hydride technology; b — technical hot-pressed beryllium

This is, without a doubt, a promising direction, which has not yet been brought to industrial
implementation.

The influence of the features of the crystallographic structure on the mechanical properties
of beryllium. VNIINM has developed a concept on the determining effect of residual thermal
micro stresses of RTM on the mechanical properties of beryllium [10]. Beryllium has limited
plasticity at room temperature, although it does not meet the Mises-Taylor criterion, which re-
quires five independent sliding systems to maintain continuity during plastic deformation of a
polycrystalline material. Beryllium has only four independent sliding systems (in the planes of
the basis and prism), i.e. the totality of the mechanisms of plastic deformation known for beryl-
lium does not allow us to count on achieving any plasticity at all. The authors explain this para-
dox by the presence in beryllium of effects associated with the uniqueness of the thermophysical
and physicomechanical properties of its crystallites. In particular, the anisotropy of the thermal
coefficient of linear expansion of a beryllium single crystal along (a||) and across (a”) the hex-
agonal axis, which in combination with high elastic modules causes large residual thermal micro
stresses (RTM) in a polycrystalline metal It is known that at 20 °C the value a|| = 8,7-10-6 K-
1,a"=-10,2-10-6 K-1, i.e. the anisotropy is ~20 %. As a result, after cooling in polycrystalline
beryllium, RTMS will inevitably arise, the value of which will be determined by the ability to
relax stresses during cooling. It is important that in polycrystalline beryllium at room tempera-
ture, each grain is compressed along the hexagonal axis and stretched in transverse directions,
thereby complicating the destruction along the planes of the basis. Since the destruction along
the planes of the basis is the main type of destruction of beryllium, the strength should increase
with the growth of RTM. Figure 7 shows the results of measurements of tensile strength and
elongation.

The analysis of the dependencies shows that the tensile strength increases linearly with the
growth of RTM, the elongation has a maximum at a certain value of RTM.

Assuming that the tensile strength and elongation are functions (RTM), a relationship is also
established between them (Figure 8).

For statistical processing and construction of this dependence, a large array of test results of
industrial blanks was used. The constructed dependence is a phenomenological model.

In Figure 8, three zones (1-3) can be distinguished. In zone 1, a metal with low strength has a
good ability to relax RTM and therefore may be preferable for large-sized products or heat-
resistant structures operating under conditions of sudden temperature changes.
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Figure 8. Correlation between elongation and strength for hot-pressed beryllium

In zone 3 with high strength, the material belongs to the category of poorly relaxing and can

800

\

200

&

be used for the manufacture of small products that require high dimensional stability. Zone 2
corresponds to the properties of beryllium, which has the maximum work of destruction, i.e. for

general structural applications.

It is obvious that grain-boundary oxide inclusions, which are always present in the structure

of powdered beryllium, prevent the implementation of intergranular slippage, thereby maintain-

ing a higher level of residual micro stresses in the powdered metal compared to beryllium of
foundry origin. It is also obvious that the amount and degree of dispersion of grain-boundary

oxide inclusions should have a significant effect on the magnitude of micro stresses fixed at
room temperature and, accordingly, the tensile strength. It is the discretionary modes of defor-
mation that to some extent compensate for the deficiency of sliding systems in beryllium and
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ensure the existence of noticeable plasticity in polycrystalline metal.

The influence of impurities on the mechanical properties of beryllium. The beryllium indus-
try of Kazakhstan produces beryllium products mainly using powder metallurgy methods — by
obtaining powders and their further consolidation into a compact sintered material, mainly by
hot vacuum and isostatic pressing methods.

One of the most important factors distinguishing the structure of sintered beryllium from the
structure of cast beryllium is the presence of inclusions of beryllium oxide at the grain bounda-
ries in an amount of up to several percent, which largely determined both the possibility of long-
term high-temperature processing without catastrophic grain growth and the control of the phys-
icomechanical properties of compact material.

When using classical grinding methods (shavings, abrasion, and grinding in an air atmos-

phere), the content of beryllium oxide on the surface of the particles increases rapidly with a de-
crease in particle size in proportion to the total surface of the crushed particles.
The first study of the structure of the oxide film on the surface of beryllium was carried out
more than 80 years ago, as a result of which, it was found that at room temperature, a uniform
thickness, dense, and very thin BeO film is formed on the metal. Its thickness is approximately
0.01...0.02 microns [11]. The role of beryllium oxide located at the grain boundaries of compact
beryllium, according to various authors, is contradictory. Some researchers believe that berylli-
um oxide particles are stress concentrators that beryllium embrittles due to premature destruc-
tion of the material [12]. Others consider beryllium oxide not only a hardener but in certain
quantities — increasing plasticity [11].
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Figure 9. Effect of fusible impurities on the particle size of beryllium oxide at the
grain boundaries of hot-pressed beryllium

When studying the morphology of oxide particles and their changes in the presence of impu-
rities using transmission electron microscopy, it was shown that a high-purity material (impurity
content: BeO — 0,9 %; Fe — 0,075 %; Al — 0,06 %; Si — 0,06 %, Mg — 0,08 %), compacted by
hot isostatic pressing at a relatively low temperature (9030C), contains beryllium oxide in the
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form of dispersed particles up to 0.04 microns in size at grain boundaries (Figure 9) [13]. The
material of the dirtiest grades (Impurity content: BeO — 2 %; Fe — 0,18 %; Al — 0,16 %; Si —
0,08 %, Mg — 0,08 %), obtained by hot pressing at temperatures of 1075-1160 °C, contained
BeO particles with a size of 0,15-0,4 microns in the form of clusters.

Dispersed inclusions and accumulations of beryllium oxide at the boundaries of beryllium
grains are formed as a result of destruction and coagulation during compaction of the initial be-
ryllium powders [14, 15]. Figure 9 shows the dependences of the average size of grain-boundary
oxide inclusions on the content of fusible impurities for different hot pressing temperatures.

The general pattern is that with an increase in temperature and the content of the sum of fu-
sible impurities (aluminum, silicon, magnesium form fusible eutectic with beryllium), the aver-
age size of inclusions increases. The abundance and complexity of the processes involved in the
formation of the oxide structure lead to the fact that in beryllium, the formation of the oxide
structure effectively occurs mainly on the free surfaces of beryllium particles and slows down
quickly after compaction of the powder body and «closing» of the powder surfaces.

At temperatures above 760 °C, the creep resistance directly depends on the presence of alu-
minum, silicon, and magnesium in the form of a liquid phase at the grain boundary [11]. Cata-
strophic destruction did not occur at the same time because the volume of the liquid phase, usu-
ally present in beryllium, is insufficient for the formation of a continuous film at the boundary.

In recent years, a significant number of studies have been published on the role of impurities
in sintered beryllium, carried out by employees of the Kharkiv Institute of Physics and Technol-
ogy (Ukraine) and the Federal Scientific Center «VNIINM» named after Academician A.
Bochvar, the Russian Scientific Center «Kurchatov Institute» (Russia) [16].

The behavior of the oxide film on the surface of beryllium was studied by reactor specialists
about the use of beryllium as a material in contact with the core of a thermonuclear reactor, in
particular ITER. Davydov D. A. and the staff of the RSC "Kurchatov Institute" investigated the
behavior of beryllium oxide film in various media (air, oxygen, carbon dioxide, moisture).
These gases are the ingredients of the gas medium that occurs in the pores when beryllium pow-
ders are heated [17]. Following the Pilling—Bedworth rule, if the volume of metal oxide formed
during the reaction of metal and oxygen is less than the volume of the reacted metal (p < 1), the
metal oxide film may have a discontinuous cellular structure and cannot reliably protect the
metal from further high-temperature oxidation. If the volume of the metal oxide exceeds the
volume of the reacted metal (§ > 1), the oxide film covers the metal with a continuous layer and
grows freely from the outside. For beryllium, the ratio of the volume of oxide (BEO) to the vol-
ume of the reacted metal at 300 K B = 1.6. In addition, the protective characteristics of the oxide
film are affected by the strength and plasticity of the oxide, its adhesion to the metal, the ability
of the oxide to peel off, and the solubility of the oxide in the metal.

The authors [16, 17] claim that a large difference between the thermal expansion coefficients
and the density of beryllium and VeO causes compressive stress in the beryllium oxide film and
its cracking. This voltage increases over time as the temperature increases. The lower the tem-
perature, the longer it takes to break the film. At temperatures below 1000 K in air or oxygen,
cracks can «healy, while at temperatures above 1200 K cracking becomes dominant (Figure 10).

In [16], the mechanisms of formation of discrete oxide particles at grain boundaries were
confirmed as a result of the processes of destruction and coagulation of the oxide film at pow-
der boundaries during compaction, and important features of the coagulation process of BeO
inclusions and their effect on the mechanical properties of hot-pressed beryllium were noted
(Table 3). The table shows that when the pressing temperature decreases from 1200 no 1080
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OC the size of BeO particles decreases 210 no 110 nanometers, the strength increases from
368 o 517 MPa.

Figure 10. Fractogram of a fracture of a sample of hot-pressed beryllium PTB-56 with
inclusions of beryllium oxide

Table 3. Dependence of the mechanical properties of hot-pressed beryllium PTB-56 on the parame-
ters of hot pressing

Initial Content Hot pressing mode D, O, 602, | 6,% | RTM, | dBeO,
powder BeO, T, P, V, mic MPa | MPa MPa (est.)
(Type) | weight. % °C MPa | mm/min mic

1080 | 500 17 517 418 4 280 0,11
PTB-56 14 1140 650 1,15 19 417 298 2 200 0,17
1200 | 650 21 368 290 1 160 0,21

Note: D — is the average grain size of beryllium, d- is the average particle size of beryllium
oxide, RTM is the residual thermal micro stresses.

The effect of increasing the mechanical properties of hot-pressed beryllium with a decrease
in the particle size of beryllium oxide is considered by the authors within the framework of the
theory of the occurrence of residual thermal micro stresses caused by the anisotropy of the com-
pressibility of beryllium along various crystallographic axes. Within the framework of this par-
adigm, with a decrease in the size of the "wedging" particles, their softening effect decreases..

Results and their discussions. Several studies, in particular [18], were devoted to the study of
the effect of oxide inclusions on the microplastic deformation of beryllium, which characterizes
such a property of beryllium as the precision elastic limit, i.e. an indicator important for the use
of beryllium in special devices. To study the precision characteristics by the method of mechan-
ical hysteresis under static tension, the authors used a machine of the design of the NSC HFTI.
The speed of movement of the capture was 5,4-10-6 ¢ . A cylindrical elastic element with a
strain gauge load measuring system was used as a force meter. To measure the deformation of
the samples, resistance sensors with a base of 20 mm equal to the length of the working part of
the samples were used. The error in determining the load did not exceed + 1%, deformations ¢ =
+ 2-107". The dimensions of the images: the length of the working part is 20 mm, the cross-
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section is 3-3,5 mm?. In experiments, the following values were determined in the field of micro
deformations (10-"-1072 units of relative deformation — u.r.d.).

— microscopic elastic limit o — is the stress at which a deviation from the linear elastic be-
havior of the material is detected during loading;

— microscopic yield strength o — the stress at which the first residual deformation is ob-
served e=2-107";

— residual deformation ¢ after each load cycle of the sample;

—young's module E in the field of microplasticity.

The main attention in the work was paid to powder beryllium compacted by cold and hot
isostatic pressing (CIP-HIP). Its microplasticity characteristics in the initial state and after pro-
longed exposure are given in Table 4, the characteristics of some other beryllium varieties con-
sidered are also presented there.

The analysis of the table shows that the main factors influencing the values of og, 4 and the
microflow voltage o, are the particle size and chemical composition of the powder, as well as
the technological modes of metal production.

Table 4. Microplasticity characteristics of various beryllium varieties in the initial state and after
long-term storage

Material | Method of obtaining | Storage duration, th. h. GEF;a h(/?FEJa I\%a Bl OiA' 1;[.}1)3_?’”1; fc’l 5%
CIP-HIP |CIP-HIP powder of Ucxonnoe coctossuue | 359 | 11,6 | 35,3 | 73 117 258
technical purity 14,8 - 11191299 - 53 150
CIP- CIP-HIP grinding Ucxonnoe coctosiuue | 348 | 11,4 | 34,0 | 68 158 229
HIPspn spherical powder 15,5 - 8,1 | 12,1 - 27 120
HIPsph HIP of spherical pow- | Hcxoanoe cocrostame | 340 | 17,2 | 41,0 | 49 56 80
der of technical purity 11,8 - 16,4 | 44,6 - 79 112
HIPspho |HIP of distilled metal | Mcxoanoe cocrosinne | 335 | - 84 | 63 8,8 13
spherical powder 11,8 - - 9,1 - 18 23

Conclusion. 1) The work of many foreign researchers and the production practice of berylli-
um production have shown that beryllium oxide at the grain boundaries of sintered beryllium
can be either in the form of individual monoparticles or clusters. Inclusions of oxide particles
are a modifying ingredient of the nanostructure of the boundaries of metallic beryllium grains,
as they increase mechanical properties: strength, plasticity, and micro-fluidity indicators (with
the contents of the BeO within the current production specifications). In this regard, powdered
beryllium can be considered as a dispersed-hardened composite material in which the oxide is a
reinforcing strengthening phase.

2) The data available in the literature describe the mechanism of formation of inclusions of
the oxide phase at the boundaries of beryllium grains, as a result of cracking of a solid oxide
film under the action of stresses arising during heating due to differences in the coefficients of
thermal expansion of beryllium and its oxide, followed by coagulation into particles and con-
glomerates. This conclusion seems to be debatable, requiring clarification, since knowledge of
the mechanism of degradation of the beryllium oxide film will allow us to develop ways to con-
trol the properties of sintered beryllium.

3) The dispersion of the oxide reinforcing phase, on which the modifying effect depends, is
affected by the presence of low-melting impurities Al, Si, Mg. There are separate data on the ef-
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fect of the total value of these impurities on the size of oxide particles and the mechanical prop-
erties of sintered beryllium. However, there is no data on the role of the ratio of these impurities,
which can also affect the process of oxide coagulation due to changes in the properties of eutec-
tic (wettability of oxide, surface tension, etc.). In addition, quantitative patterns about the com-
plex effect of the size of the initial particles, the grain size of compact beryllium, the size of re-
inforcing particles, technological modes on the quality of sintered beryllium are of interest.

4) Thus, to create scientific foundations for the management of precision mechanical proper-
ties of "Kazakh" beryllium, the development of new varieties of products, and the expansion of
the nomenclature of beryllium production, it seems appropriate to direct the research carried out
within the framework of doctoral dissertations to:

- investigation of the mechanism of degradation of the beryllium oxide film, morphological
and structural features of the formation of the reinforcing phase in sintered beryllium.

- development of quantitative dependences of the precision elastic limit of sintered beryllium
on the complex effect of grain size, dispersion of reinforcing particles, and temperature condi-
tions of hot isostatic pressing.
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