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M. U. Aasivmos, C. 1. Asepun, A. B. AHKyTuHOB

[MpennoxeH cnocob pacyeTa BHYTPEHHErO AaBMEHUS B LUIMHAPUYECKOW MOpe, BO3HMKLLIEN B
matepuane W3Aenus, U3roToBlIEHHOM MO TEXHOMOrMSIM MOPOLLUKOBOW MeTannyprun. [laBnexHue
B rope OnpeaensioT rno nepemMeLleHnsM BHELLHEN NOBEPXHOCTU MpU MPUMOXEHUN K U3Oenuio
BHeLLHel Harpy3aku. [pu 3ToM MCNonb30BaHbl U3BECTHBIE PELLEHUS 3a4ayv TeopyUmn ynpyroctu o
nedopmaunv UMnMHAPUYECKON NONOCTU, PACTIONOXEHHON B LLEHTPE noroii Tpy6bl U HEKOTOpble

dusnyeckmne 3aBUCUMOCTH.
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BBenenune

MeToab!l NOPOLIKOBOM METAJULYPIUU U aJAUTHB-
HOW TEXHOJOTHUHU IO3BOJISIOT M3TOTABIMBATH METall-
JMYECKUEe U KepaMUYECKHUEe U3ICTHUS CIOKHON (HOPMBI
[1 — 3]. Ha skcruryaTaliHOHHBIE XapaKTEePUCTHKH ITHX
W3JeNUH BIHUSAIOT pasMep, popMa 1 OpHeHTaIus Iop, a
TaKKe JaBICHUE Ta3a BHYTPH 3aKPHITHIX 1op. Hamane
JaBIICHUS B MTOpax, 3HAUUTEIHFHO CHIDKAET MPOYHOCTh
W3JEeNUl 1 MOXKET MPUBECTH K OpaKy WM Jaxke pas-
pymrenuto [4 — 9]. AKTyalbHOH SBIAETCS pa3padoTka
9KCIEPUMEHTATBHO-PACICTHOTO METOa H3MEPEHHUS
JABJICHUS Ta3a BHYTPH 3aKPBITHIX ITOP B MMOPOITKOBBIX
MIPECCOBKAX, JINTHIX WIH MOTYYCHHBIX 110 aJITATUBHON
TEXHOJIOTHH 3aroToBKax W m3nenusax. OmnpeneneHne
JABJICHHS Ta3a B IMOpaxX IMO3BOJHUT aJCKBaTHO OICHH-
BaTh U IMPOTHO3UPOBATH IPOYHOCTHBIEC CBOMCTBA U3/1E-
JIVSL B TICJTOM.

B pabote [10] mokazaHo, 4TO MOXKHO pPaccUUTATh
BHYTpPEHHEE JaBJICHHE ra3a BHYTPH IIapa, 3Has Iie-
peMelieHne BHEITHEeH MOBEPXHOCTH IIapa MpH MpH-
JIOKEHUHM K HEMY BHEIHETO AaBJieHUA. B memummne
HCIONB3YeTCS TOHOMETPHSI — 3TO MPOILEAypa, KOTO-
pPy!0 Oo(pTaIbMOJOTH BBIIONHAIOT IUIS OMNPENCICHUS
BHYTPHUIJIA3HOTO TABJICHUS, TABICHUS KUIKOCTH BHY-
TpH TiMaza. OTO BaXKHBIM TECT NP OICHKE MalleHTOB
C pUCKOM Da3BUTHS [IAyKoMbl. B anruiaHaimoHHON
TOHOMETPHUHU BHYTPHUITIA3HOE ABICHUE ONPENEIICTCS
HCXOASI U3 YCHIIUS, HEOOXOMUMOTro Ui 00pa3oBaHUs

TUTOCKOHM MOBEpXHOCTH (applanate) 3aganHo TuToIIA-
J poroButisl [11, 12].

B nanHO#f paboTe mpeacTaBIeHBI pe3yiIbTaThl UC-
CJIEIOBAHMS 0 OIIPE/ICIICHHUIO BHYTPEHHETO JaBICHUS
ra3a B o0pasie B BUJE IITyXoi TpyOs! ¢ AHUTIaMu. s
3TOT0 K 00pa3ily MpPUKIAAbIBAIN BHELIHIOI OCEBYIO
Harpy3Ky M HW3MEpsSiIM IEepeMEIleHHs BHEIIHEH mo-
BEPXHOCTH 0Opasiia.

Hens paboTsl — pa3paboTka METOAA pacyeTa JaB-
JICHUsI Ta3a B IWINHAPUIECKOH TTOpe.

IMocranoBka u pemeHue 3ajiaan

PaccMoTpuM IUIMHIDP ¢ BHYTPEHHUM pajlyCcoM
a, BHEITHUM PaJUycoM b M BBICOTOH /, HaXOISIIUH-
Csl TIOZ ICWCTBHEM BHYTPEHHETO JIaBJICHUS p W BHEII-
HEell oceBol pacmpeneneHHol Harpy3ku N (puc. 1).
PagnaneHOE TepeMerieHHe IPOM3BOJIBHO — B3ATOMH
TOYKM IMIIMHApA U, SBISETCA (YHKIMEH TeKymle-
TO pajzuyca r W He M3MEHSETCS IO JJMHE IMINHIPA.
Bynem pemars 3amady B LMJIMHIPUYECKOH cHCTEME
KOOpIMHAT. 3a MOJIOKHUTEIBHOE HalpaBleHUe Uil 7
MPUMEM HarlpaBJIeHHE OT OCH LUIUHApa. UTo Kacaer-
sl TIEpEeMEIICHUI BJIOJIb OCH, TO OyAeM CUHTaTh, YTO
OHM BO3HHUKAIOT TOJIBKO KaK CIJIEIICTBHE OOIIETO Y-
JVHEHHS WM yKOpodeHus mwimHiapa. Ecim ocesbie
MepeMEIIeHNsT CYIIECTBYIOT, TO OHHM PaCHpe/esICHbI
TaK, YTO IONIEPEYHbIC CEUCHUS LIWIMHIPA OCTAIOTCS
TUTOCKMMH.
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Puc. 1. Cxema Harpy3ku u 0003HAYCHUSI.

Fig. 1. Load and designations.

HumuHap clienyer cuuTarh TOJICTOCTCHHBIM, SCITH
TOJIIIUHA CTEHKU OOJBIIC OJHOW NECATOH CPEIHEro
paanyca WIMHAPA, TO €CTh BIMOJIHSICTCS yYCIOBUE

2(b—a 1
2b-a) 1
b+a 10
IIpu 5TOM HAJO €le y4ecTh, YTO €CIIU HUIUHJP
HUMEET JIHUIIE, TO B HEM BO3HHMKACT OCEBas PACTArH-
Balollasi CHja, paBHas pna2 + Nmb?. 3nech P HUMeeT

3HaK Moc, a N 3Hak MuHyc. OceBoe HaNpsKEeHHeE G,
Oy/IeT CIICIYIOIINM:
_ pa2 + Nb?

b’ —a?

JUmHy mwimHApa s TpU 3TOM  MPEIIONararoT
JIOCTATOYHO OOJIBIION IJIST TOTO, YTOOBI MOXHO OBLIO
CUHMTATh, YTO HANPSKEHHE G_ PACHPEIENIEHO MO Hore-
PEYHOMY CCYCHHIO PABHOMEPHO U YTO YACPIKUBAIOIICE
BJIMSIHHC JTHUII HAa PAUalIbHBIC IEPSMEIIICHUS IIHJIHH-
Jpa Malo.

Torma 1 paauaibHBIX TIEPEMEILEHUH U, MOXKHO
3anucars [13]

y = (1-v) pa’ . pa’h’ _Vvo.r
' E(bz—az) E(bz—az)r E

HJIK C YYCTOM BBIpAKCHUSA AT GZ

z

. (l—v)pa2 (1+V)pa2b2_
r_E(bz—az) E(bz—az)r
V(pa2+Nb2)r
T E-a)
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rie £ — MOIydb yMmpyroctd, v — Ko3(hPHUIHEHT
ITyaccona.
Hedopmanus €, onpeienienHas U3 0000IEHHOT0
3akoHa ['yka B 3TOM cllydae paBHa
(1-2v) pa* + Nb*
: E (b2 - a2)
U ciemoBareibHO W3MEHEHHE BBICOTHI LUITHHAPA
Ah onpenensiercst GopMyIon
[(1-2v) pa® + NB* |

E(b*-d?)

OnpeaesieHne BHYTPEHHEro aBJIeHNUs rasa
BHYTPHY LHHJIMHAPA

Bynem pemars 3a1aqy onpeieicHus BHYTPSHHETO
JTABJICHUS Ta3a BHYTPH HWIHHIPA. Y HAC €CTh IUIHHIP
C THUIIIAMH HATPYXXEHHBIM BHYTPEHHUM J[aBJICHUEM P,
KOTOPOE HaM HE M3BECTHO U HYXKHO €r0 OMPEICIUTh.
MBI MOXKEM M3MEPUTh BHENIHUI pauyc HUIMHAPA U
MyCTh MbI KAaKUM-TO 00Pa30M MOCYHMTAIH WIH HU3Me-
PWIM BHYTPEHHHI pajnyc HUIHHAPA (Pagnuyc TOphI)
U BBICOTY IIMJIMHJIPA (TIOPBI) MOCIIC MPUIIOKCHHS BHY-
TPCHHETO JIaBJICHUS, TO €CTh &, b 1 i n3BeCcTHBL. UTOOBI
OTIPEICIIUTh BHYTPCHHEE AABJICHUC P, TIPHIIOKHIM K 00-
pasily 0CEBYIO pacrpeieiieHHy o Harpy3ky N. Eciu Ob1
JTABJICHUS] BHYTPU LWIMHAPA HE ObLIO, TO U3MCHCHUC
BBICOTHI IIMJIMHJIPA /i ¥ paJiiycoB a, b ObLI10 ObI paBHO

_ Nb*h
)
_ —VNb*a
O )
_ —VNP’
)

B peanprOCTH M3MeHEeHUE Al OyIET ONpeaesaTh-
csl BHEIIHEH Harpy3kod N u 100aBOYHBIM BHYTpPCH-
HHUM JlaBJieHueM Ap, 00yCIIOBIEHHBIM 3aKOHOM bBoiiis
— Mapuotrra

[(1-2v)apa® + N6* |

R Py
1-2v) Apa*h
_ gy U2 Bpa - (b?_f:j)

rjie Ah MOXHO M3MEpUTh, A/, paccUMTaTh M Cle/loBa-
TEJIbHO OIPEACIUTh Ap

(A= ARy ) E(b” )
(1-2v)a®h

Ap =
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Tenepb, 3Has Ap, MOKXEM OIPCACIIUTL USMEHCHHUE

a2

BHYTPEHHETO paauyca

Aa =

5—1 (Ah—AhO)
h
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MsMeHnenune BLICOTLI nuingapa, MKM

MpoLece MPUIOKEHHUST BHEITHEH OCEBOM HArPy3KH SIB-
JISIETCSl U30TEPMHUUECKUM
pV =const,

pra’h=(p+Ap)n(a+ Aa)2 (h+Ah).
OKOHYATETHFHO TOXYIUM (POPMYITY IS OTpeIeie-
HHSI HICKOMOTO BHYTPECHHETO JIaBJICHUS

Ap(a+Aa)’ (h+ Ah)
p= :

2
azhll—(HAaJ (1+Mﬂ
a h
AHaJ'IOI‘I/I‘IHOC BBIpa)KCHI/IC MOXHO HOHy‘II/ITL, n3-

MEPASA TOJIBKO M3MEHECHHUE BHEIIHETO paanyca NUJINH-
Aapa
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MsMeHeHne BEICOTHI ITWIUHJPA, MKM

Puc. 2. 3aBUCUMOCTb BHYTPEHHETO JIaBJICHUS P OT U3MEHEHHUsI BBICOTHI A/ IMIIMH/pa U3 alIOMUHUS. BHelHss pacnpeneneH-
Hag Harpy3ka: a — 3 MIla, b — 1 MIla.

Fig. 2. Dependence of the internal pressure p on the change height A/ of an aluminum cylinder. External distributed load: a — 3 MPa,
b — 1 MPa.
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Puc. 3. 3aBHCHMOCTb BHYTPEHHETO AABJICHHUS p OT M3MECHEHHS BBICOTHI A/ IMIIMH/IpA U3 MeAU. BHEIIHS pacnpeneacHHas
Harpyska: @ — 1 Mlla, b — 0,8 MIla.

Fig. 3. Dependence of the internal pressure p on the change height Ak of an copper cylinder. External distributed load: ¢ — 1 MPa, b —
0.8 MPa.
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V(Apa2b+Nb3)

- E(bz—az)
2—v)Apa*b

Ab:A@ﬁ%.

Wsmepus Ab u pacuntas Ab, onpenensem Ap
(Ab—Ahy)E(b* - a?)
(2 - V) a’b

A 3arem, 3Has Ap, aHAJIOTWUYHO ompenessemM Ah,
Aa ¥ UICKOMOE€ 3Ha4Y€Hue p.

Ha puc. 2, 3 npuBeneHbl pacueTHble TpaduKH
3aBHCHMOCTH BHYTPEHHETO JaBJICHHUS B MOpE p, B 3a-
BUCHUMOCTH OT M3MEHEHHsI BBICOTHI IMIINHAPa Al IS
aJIOMUHUA U Meau. MexaHudyeckue CBOMCTBA Mare-
puasioB npuseseHsl B [ 14]. [list pacyera ObLT B3SIT 11~
nuHAp auametpoM 30 cM, ¢ TONIIMHOM cTeHKHu 1,5 cM
u JumHo# 50 cm. {8 kaxkmoro marepuana mpuBene-
HBI PE3yNbTaThl JJIS PA3IMYHBIX BHEIIHUX Harpy3oK.
[pukiaapiBaeMyt0 BHEIIHIOI Harpy3Ky BBIOMpau C
Y4eTOM COOTBETCTBHUS YIPYTrOMy Harpy:K€HHIO U3 yC-
JOBUY G, < PR

>

BriBoabl

[Ipennoxen crocod pacdyera BHyTPEHHETO AaBIle-
HUSI T'a3a B IOpE.

3ajava CBOAUTCS K pacueTy JaBJICHUS BHYTPHU LU~
JVHApPA C THULIAMH.

ITokazaHo, 4TO, IPUKJIA/IBIBASI BHELTHIOO HATPY3-
Ky W M3Mepsisl IepeMeIleHNs] BHEITHEH MOBEPXHOCTH
LUIHHPA, MOJKHO PACCUUTATh HEU3BECTHOE JIaBIICHNE
ra3a BHyTpPHY LWUIMHIPA.

Hccneoosanue  evinonneno npu  noooepiicke
Poccuiickoeo Hnayunoco ¢onoa (epanm Ne 22-19-
00126).
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Calculation of internal pressure in a cylindrical pore

M. 1. Alymov, S. I. Averin, A. B. Ankudinov

A method for calculating the internal pressure in a cylindrical pore that has arisen in the material of a product made using powder
metallurgy technologies is described. A pore with an internal pressure, from certain positions, should be considered as a defect,
which, if not removed, then at least from the known pressure inside the pore, certain onclusions can be drawn about the degree
of strength reliability of this porous product. In addition, the measured pressure inside the pores allows you to optimize the
manufacturing processes of products, control the structure and properties, and avoid the formation of cracks at the boundaries
of the particles that make up the material. In this paper, a method is proposed for calculating the pressure in a pore, based on
the displacements of the outer surface of the sample, when an external load is applied to the product. In this case, the known
solutions of the problem of elasticity theory about the deformation of a spherical cavity located in the center of a spherical hollow
ball are used.

Keywords: pore gas pressure, theory of elasticity, theoretical calculation, porous material, powder metallurgy.

Alymov Mikhail — Merzhanov Institute of structural macrokinetics and materials science
Russian Academy of Sciences (ISMAN) (Academician Osipyan str., 8, Chernogolovka, Moscow
Region, 142432, Russia), corresponding Member of the Russian Academy of Sciences,
director, specialist in the field of powder metallurgy and composite materials. E-mail:
alymov@ism.ac.ru.

Averin Sergei — Baikov Institute of Metallurgy and Materials Science of the Russian Academy
of Sciences (IMET RAS) (49 Leninsky prospect, 119334 Moscow, Russia), researcher, specialist
in the field of powder metallurgy. E-mail: qqzz@mail.ru.

Ankudinov Alexey — Baikov Institute of Metallurgy and Materials Science of the Russian
Academy of Sciences (IMET RAS) (49 Leninsky prospect, 119334 Moscow, Russia), senior
researcher, specialist in the field of powder metallurgy. E-mail: a-58@bk.ru.

IIEPCIERTHBHEBIE MATEPHAJEI 2022 No 12 81



