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Lenp nccnenoanust — onpenesenne 3dextruBHoro Moaysst FOHra moprcToro TMTaHa ¢ OTKPBHITHIMUA MOPaMH Ha OC-
HoBe Mozienn [ mbcona — Dmdw. [1peioskeHs! 1Be HOBBIE MOJIEIH B BHJIE TPEXMEPHBIX MAacCUBOB sueek [ nbcona — Dmon
C ZIByMS BApHAHTaMHU COEIMHEHUs BEPTUKAIBHBIX U TOPU30HTAIBHBIX 0aJIOK — IMIAPHUPHBIM ONMHMPAHUEM U )KECTKHM 3a-
IeMJICHHEM. PacueTsl, BEIMOTHEHHBIE HA OCHOBE Pa3padOTaHHBIX MOJIENEH, COTOCTABICHBI C PE3yIbTaTaMH H3BECTHBIX
MozieNnell ¥ TUTepaTypHbIMU JaHHBIMH. JlOKa3aHO MPEOI0KEHNE, YTO IIPH BBICOKOH MOpUCTOCTH AedopMalys o0pas-
1[OB ITPOMCXOAUT B OOJIBIICH Mepe 3a CUeT IPOruda ropu30HTANBHBIX 0AJIOK, @ IIPH YMEHBIIEHUH TOPUCTOCTH 3HAUUTEIb-
HYIO pOJIb HAYMHAET UTPaTh JeQopMalus CxKaTHsl BEPTUKAIBLHBIX OaJIOK.
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ESTIMATION OF THE EFFECTIVE YOUNG'S MODULUS
FOR OPEN CELL POROUS TITANIUM BASED
ON 3D GIBSON — ASHBY CELL ARRAY

A. V. NIKITSIN®, G. I. MIKHASEV?®

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
Corresponding author: A. V. Nikitsin (andy.nik@tut.by)

The objective of study is to determine the effective Young’s modulus of open cell porous titanium based on the Gibson —
Ashby model. Two novel models are proposed in the form of 3D Gibson — Ashby cell arrays with two variants for connecting
vertical and horizontal beams — hinged support and rigid clamping. Calculations made on the basis of the developed
models are compared with results of known models and literature data. It is proved the assumption that at high porosity,
the deformation of samples occurs to a greater extent due to the deflection of horizontal beams, and with a decrease in
porosity, the compressive deformation of vertical beams is playing an important role.

Keywords: Gibson — Ashby model; porous titanium; open pores; effective Young’s modulus.

BBenenue

HawuGonee yacto ucosnb3yemble MOAX0/Ibl K UCCICIOBAHUIO MEXaHHUYECKUX XapaKTEPUCTHK TOPUCTHIX CTPYK-
Typ, BCTPEUAIOIIMECS B HAyYHOU JIUTEPATYPE, MOKHO Pa3/i€IUTh HAa TPH OCHOBHBIE TPYIIIIBL:

* [IPE/ICTaBJICHIE IOPUCTON CTPYKTYPHI KaK KOHTHHYYMa C OCOOBIMHU XapaKTEPUCTUKAMHU KOMIIO3UTHOTO Ma-
Tepuana;

* OMMHCAHKE STYECK TIOPUCTON CTPYKTYPBHI C OMOLIBIO TEOPUH 0aTIO0K, UMEIOIINX ONPEIeICHHYIO TOIIIHHY
CTEHOK;

* IPSIMOE MOJIEIMPOBAHUE BHYTPEHHEH apXUTEKTYpbl METOJIOM KOHEUHBIX JIEMEHTOB C MCIIOJIb30BaHHEM
JAHHBIX KOMITBIOTEPHOH TOMOTrpaduH.

Hecmotps Ha TO 4TO mocneqHAH MOAXOA SBISETCS MAKCUMAIbHO PHOMKEHHBIM K peaibHOM MEXaHHUKE CO-
MIPOTHUBJICHUS MaTepUalIa, OH CIMIIKOM TPYAOEMOK IJIsl IPHMEHEHHSI HEMIOCPEIICTBEHHO K CTPYKTYpaM OOJIBILIOTO
pasmepa [1]. [Ipu MoxenupoBaHUM BCTABOK W3 MOPUCTOrO THTaHA B JOpMeE MapauiesenuIe/ia nejiecooopastee
HCTIONb30BATh MAaTEMAaTHIECKUE MOJIEITH, IIOCTPOSHHBIE HA TEOPUH OaJIoK.

[pennoxennast B 1997 . Mmogens ['ubcona — Dmbu (MI'D) ans pacuera s¢pdexTuBHOr0 Moaynst FOura
MOPHUCTHIX MaTe€pPUaOB C OTKPHITBIMHU MOPaMH SIBIISICTCS MICAIN3UPOBAHHON M TIPEICTABISET COO0H sTUerKy
B BHJIE KyOa [2]. PeOpamu Takoil MOfieH BBICTYAlOT OJJHOMEPHBIC KOHEYHBIE 3JIEMEHTHI THITa «0ajKa» OJ1Ha-
KOBOU JUTMHEL. [Ipy 3TOM BepTHKAIBHO PACTIONOKEHHBIE OalIKK HE UCIIBITHIBAIOT Je(QOPMALIIIO U 00eCTIeUUBaIOT
3aJIeSIKy TOPU30HTAIBHBIX 0alOK BEpXHEH M HWKHEH TpaHel, K CepeJMHHBIM TOYKAaM KOTOPBIX MPHIOKEHA
BHemnHss cuia [3]. CootHotenune ['nbcona — Duidu Jist TPEXMEPHBIX STYCUCTHIX CTPYKTYP HA OCHOBE Oasiok
3aIMChIBAETCS B BUJIE

_ E
E=—t=(1-9), (1)
ES
rne E — oTHOCHTeNbHBIH Moxyis FOHTa; E;— s dexruBHbiii Moxynb FOHra nopucroro tutana; E; — spdek-
TUBHBIN MOIy/b HOHra CIjIOMIHOTO TUTAHA; () — MOPUCTOCTD (OTHOLICHHUE TIOPOBOTO MIPOCTPAHCTBA K 00LIEeMy
00beMy).

CootHomenne I'nbcona — Dmbu, BEPOSTHO, SIBIISETCS HanOoJee yAauHbIM COOTHOLIEHHUEM Uil IIPOTHO-
3upoBaHus 3(PPEKTUBHBIX CBONCTB MaTEpHAaJIOB ¢ BHICOKOM nopuctocThio (0onee 70 %) [4]. Onnako npume-
HEHME TaKOH MOJEeNN OrpaHUueHO Fe€OMETPUYECKUMHU XapaKTEPUCTUKAMHU HCCIEAyeMbIX 00pa3LoB, MOCKOJIb-
Ky NpenmnonaraeT paBHYyIO UIMHY peOep. Pacder mopucCThIX CTPYKTYp, MMEIOIKX (OpMY PasHOCTOPOHHETO
napaieNenuIesia, BO3MOKEH, €CIIU MPEACTaBUTh €ro 00beM B BUAE TPEXMEPHOIO MAacCHBA ONPEIEICHHOTO
KOJIMYeCTBA KyOUUeCKHX siueeK. B aToM ciyuae kakaas OTaenbHas 4acTh JUCKPETHOM Mozenu siBisiercss MITD
C UCHTUYHOU TeoMeTpHrei, 001aast OTMHAKOBBIMA MEXaHUYECKHMHU CBOMCTBaMH.

Lesnp naHHOTO MCCIEIOBAaHUS — CO3JaHUE MAaTEeMAaTHYECKOH MOJIEIN Ha OCHOBeE siuencThix MI'D, onuchl-
BaroIeH 1e(OopMaIfio MOPUCTOTO TUTAHA C OTKPHITBIMHU ITOPAaMH B 3aBUCIMOCTH OT CTEIICHU IIOPUCTOCTH.

MeTtoauka uccjaea10BaHus

Maremarnueckas MOJICIIb HOpHCTOﬁ CTPYKTYPbI C OTKPBITBIMU IIOpaMH, pacCMaTpruBacMmas B HaCTOfIHIeﬁ
pa60Te, IpeacTaBIsACT co0oii I[PICerTHI;Iﬁ apauICICeuvIie i pa3Mepom a x b x C, COCTABHBIC YaCTH KOTOPOI'o
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apisttoTess MI'O. Kaknas Takasg MOenb COCTOUT U3 12 ofHOMEpPHBIX OaloK paBHOW JITUHBI / C TTOTIEPEYHBIM
CeUeHHUeM f x {. S[4eiKu pacmosaraioTcsi BEpTUKAIBHO U JOMOJHUTEIHHO K 3TOMY PaCHpeAesaioTCs 1O MII0C-
KOCTH B JIBYX HallpaBJIeHHIX, KaK MIOKa3aHO Ha puc. 1, a.

KonudecTBo KyOMUECKHX 3JIEMEHTOB B Ka)kJIOM HAIpaBICHWH MMEET CBOE 3Ha4eHue — m, k, n. Slueiiku co-
EIMHSIIOTCSI MEXKJTy COOOH B CTOJIONE IBYMSI )KECTKUMH OalkaMH BBICOTOH /1, KOTOpPBIE TIEPEIAt0T HAIIPSHKCHUE,
BO3HHKAIOIICE IO/ IEHCTBUEM CHJIBI ', OT BEpXHEH IpaHu MOAETH K HIKHEH. [loMrMo 3TOT0, camMu CTOIOIIBI
COCIMHSIIOTCSI MEXKy CO00H OaykaM¥ JUIMHOMW /, MPUKPEIJICHHBIMU K CEPEIMHHBIM TOUKaM pebep OOKOBBIX
rpaHeit Kaxaou sueiiku. C MOMOIIBI0 TaKMX T€OMETPHYECKHX MapaMeTpOB MOXKHO CO37aBaTh TPEXMEpPHBIC
MacCHBBI JTI000# pa3MepHOCTH.

Ha puc. 1, 6, mokazana nuHelHO-yipyras aedopMaiius oTae/ibHON stueiiku. CormacHO MaTeMaTHYeCKON MO-
nenn ['mbcona — Dmon gedopmariis TpEXMEPHBIX CTPYKTYP € BBICOKOH TOPUCTOCTHIO (6oee 70 %) mpoucxonut
3a cueT m3ruda O ropu30HTATBHEIX 0aioK [2]. [ToCKOIbKY YMEHBIICHE TIOPUCTOCTH 00pa3ia 00yCIOBICHO YBe-
JMYEHUEM ITOTIEPEYHOTO CeueHHs 0ayok, To mpu pacdere 3pdexTuBHOro Momyits KOHra HeoOXoaMMo TaKke
YUYHUTBIBATh 1e(OPMALIUIO BEPTHKAIBHBIX CTOEK O, U J,.

ala o/b

Puc. 1. MatemaTnueckasi MOJeJIb IOPUCTON CTPYKTYPBI C OTKPBITBIMU TIOPAMH,
COCTOSIIIAs U3 /1 BEPTUKAIBHO U M x k TOPH30HTAJIBHO pacIoiokeHHbIX MI'D (a).
Jluneitno-ynpyras gedopmanus oTnensHO# staeiikun MI'D (0)

Fig. 1. Mathematical model of an open pore structure consisting of n vertically
and m x k horizontally arranged Gibson — Ashby models (a).
Linear elastic deformation of a separate cell of the Gibson — Ashby model (b)

Jedopmaruy BepTUKAIBHBIX 0aJOYHBIX JIEMEHTOB / M /i MOKHO BBIPA3UTh Y€pe3 UX OTHOCHUTEIbHBIE Y-
nmuaenust: O, = g/ u §, = ¢,/. Eciu cymmaphyto cuity F,, 1efiCTBYOIIYIO Ha BEPXHIOK IPaHb Mapajuleleuiesa,
MIPEICTABICHHOTO B BUEC MACCHBA SIUEEK PA3MEPHOCTH M X 11 X k, IPUHATH paBHOU 2Fmk, TO, NICTIONB3YsI CTaH-
JIAPTHYIO TEOPHIO 0aJIOK, 1ehopMaIIii0 TOPU30HTAIBHON 0aIKU MOKHO paccuuTarh 1o Gopmysie

3 3
Fi El
0=C—=C—"5—,
E1 2mkE 1

. . 1
rae C — nmonpaBo4yHbIN K03(h(pHULIMEHT, 3aBUCATINIA OT THIA 3aKperuieHus 6anku: C = 3 LIAPHUPHOE OIIUPAHUE
1
KOHIIOB, C = E — JKECTKOE 3allleMJIeHue KOHIOB [2; 5; 6, c. 367-390]; F, = 2Fmk — cymmapHas cuna, IpH-

4
o o t o
JIOKCHHAA K BCPXHCU I'PAHU STUCUKU, = E — OCCBOU MOMCHT MHCPIUU KBAAPATHOI'O CCUCHU.

OtHOocuTeNbHBIE YATUHEHUS BEPTHKAIBHBIX OAJIOK €, U €, HaiiieM yepe3 3akoH ['yka, mpexmnonaras IMHEH-
HOCTb HaNPSYKEHHOTO COCTOSHUS:

6, F E

C

" E, 2SE, 4mki’E,
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o__F___E

Sh— = = 2 s
E, 2S,E, 2mkiE,

e S, =7, S, = t; — IIOMIA/I TONEPEHBIX CEUeHH il GATOUHBIX HIEMEHTOB.
Hanpsokenne 6, BO3HHKarOLIee B 0011eM 00beMe OPUCTOro TUTaHA BCICACTBUE NPUIIOKEHHOH cyMMap-
HOM CUJIbI [, PaCCUUTHIBAETCS 10 CIEAyIomen Gpopmye:

F F

C —_ C
axb (2m—-1)(2k -1)I*’
rac a, b- CTOPOHBI OCHOBAHUS IMapaJUICIICIIUIICAA.
OO603HauMB NepBOHAYAIBHYIO JUIMHY Napaiienenunena L, = nl + (n - 1) h, a nmuHy mocie nedopMauu

Gf:

L= n(l -20 - 8,) +(n- 1)(h —8),), MOJKHO HAHTH OTHOCHTENIBHYIO Ae(OPMALIO IOPHCTOTO THTAHA:

_Ly-L _nl+(n-1)h-n(1-28-8)—(n—-1)(h-3,)

o L, nl+(n—1)h -
3 ’ —1)Fh
2CRL et (=g "Rl R (r )2 d
_ 2mkE 1 _ mkEl  Amkt;E;, ~ 2mkt,E,
nl+(n—1)h - nl+(n—1)h

Hanee onpenensieM 3G heKTUBHBIN MOIyTh FOHTa:

E~:&= F, E:(nl+(n—l)h)
T e (2m-1)(2k - 1),

- : - -
(2m —1)(2k - 1)2| "CEL  PRL (r 1)2F°h
mkE I 4mkt;E;,  2mkt,E,
(nl +(n - l)h)mkES

3 —.
(2m —1)(2k — 1)12(12?’” + Itlz + (”Ml)h]
/ ! h

Ecnu npuHATS, 4TO ¢, = 1), = {, TO, YIIPOCTHUB, MOJIyYUM BBIPAKECHUE

P (nl + (n=1)h)mkE, _

! 3 4
12Cnl nl+2(n-1)h ¢
2m —1)(2k - 1)1* 1
(2m =1 ) ¢t ( ’ 4 12Cnl3]
C (nl+(n—1)h)mk ¢ 1
== £ 7 @)
12 (2m —1)(2k = 1)nl | LG (nl+2(n—1)h)t
48 nl’

1
rae m, k, N — KOJIMYCCTBO AYECK B KAXKJIAOM HaITPpaBJIICHUU, C= g

CornacHo pacuetam, onucanubiM JI. JIx. [u6conom u M. ®@. Duibu [2; 3], OTHOCUTEIBHYIO INIOTHOCTD T10-
pPHCTOTO TUTaHA P MOKHO BBIPA3UTh Yepe3 reOMETPHUYECCKUE Pa3Mepbl Oallku ¢ 1 /:

5]
Ps 1)’

e pf — INIOTHOCTH MOPUCTOT'O TUTAHA; P — INIOTHOCTH CIJIOIITHOTO TUTAHA.
B Takom ClIydac IMOPUCTOCTH () MOKHO TAKKC 3allMCaTh B BUJC
2

— t
(p=1—p=1—l—2.

Torna TonmuHy OaJIK¥ ¢ BRIPA3UM Yepe3 TOPUCTOCTh U JUTHHY:

t=1J1-0o. 3)
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B ciyvae mapuaupHoro onupanus 6anok (C; = 8) dopmyina (2) mpuHUMaeT BUJ

I+ (n=1)h)mk
Efzz(n +(n ))m t—4Es 1 - (4)
3(2m—=1)(2k = )nl I “XM+2@—U@1
6nl’

a Juis xKecTKoro 3amemieHus 6anok (C; = 192) umeem

(nl + (n - l)h)mk A 1

6 —E, :
(2m —1)(2k = V)nl [* 1+4@L+AZ—UMR

Ef = )

nl

ITomyguennsie HaMu BeIpakeHU (4) U (5) ABIAIOTCS YHUBEPCATHHBIMHA T pacdeTa dPPEKTUBHOTO MOTYIIS
OHra nopucTeIX CTPYKTYp B BHJE Mapajjesenunena Joooi pasMepHoctu. OQHAKO €clii B3ATh YaCTHBIN
Clly4ail 1 IPUMEHUTh 3TH (HOPMYIIbI 1l 00pasiia Kyoudeckoi (opMbl, Koraa m = k=n u h = [, TO TIOCJIE BbI-
paskeHUs TOJIIIMHBI OAKHU Yepes ee IUTHHY COTIaCHO ypaBHEHHIO (3) 00e popMyltsl Oymy T MpeacTaBiIsaTh COO0H
cootHomieHne ['mocona — Ombu (1) ¢ yrouHsFomuMu Ko3QQUIMEHTaMU IS KQXK/I0TO THIIa 3aKpeTJICHHUSI:

2n

E =(1-9)E, - : (6)
3@n—U@+32n20—¢0
(1 )2 16n
2n-1)[ 1+ == —(1-9)

[TomryueHHbIE BRIpAKEHHSI 3aBUCAT TOJIBKO OT MMOPUCTOCTH 00pa3iia u Konmdectsa siueek. Dopmysa (6) omm-
CBIBACT MIAPHUPHOE ONMpPaHUE KOHIOB 0ajKy, a Gpopmyina (7) — UX JKECTKOe 3aleMieHue. B nanpHeimem stu
BBIPXCHHS UCTIONB3YIOTCS IS pacyera ¢ dexTuBHOro Moxyis KOHra u cpaBHEHUS PE3yIbTaTOB C JIUTEPaA-
TYPHBIMH JIaHHBIMH.

Pe3yJ'[I)TaTI)I U UX 06cyme1me

[omydaennsie Hamu dopmyist (6) 1 (7) mpuMeHsUTHCH Ut pacdeTta d(dekTrnBHOro Momyist FOHra mopucTeix
CTPYKTYp C OTKPBITBIMH ITOPaMH JJIsI IECSITH MaTeMaTHYECKUX MOJIETIEN C pa3IMyHON OPUCTOCTBIO (0T 5 110 95 %).
[TockonbKy NaHHBIE BBIPAXKEHUS 3aBUCST TOJIBKO OT IOPUCTOCTH M KOJIMUYECTBA SIUCEK, B KAUECTBE HUCCIIEye-
Moii reomeTpuu 0bL1 BEIOpan MaccuB MI™D B Buze kyba pazmepom 200 x 200 x 200. MaremaTHuecKyto MOJEIb
TaKOHW KOH(QUTYpAIMU aBTOPBI UCCIICNOBAHN TIPH U3YUYEHHUH JIe(pOpMAIIUK TOPUCTOTO TUTAHA C UCTIONBb30BaHIEM
IU(PPOBBIX MUKPOCTPYKTYD [4]. Pe3ynbrarsl, mogydeHHbIE C TOMOLIbIO KOMMEPUECKOTO IIPOrPAMMHOTIO MaKe-
ta GeoDict® (Math2Market, I epman¥ist), OCHOBAHHOTO Ha HTEPATUBHOM Tpeobpa3oBanuu Dypbe ypaBHEHHS
Jlunnmana — lIBuHrepa, ONMUCHIBAIOTCS UCCIIEIOBATEIIIMH KaK PEaIMCTUYIHBIEC U COOTBETCTBYIOIINE BCEM acleK-
TaM TEOPUHU CONPOTUBIEHUS MarepuainoB. [ HaX0XKAEHUs MPOMEKYTOUHBIX 3HAUEHUM MPUMEHSIICS METO
UHTEPNOJIIMU. Moyb YIPYrocTy ciuoimHoro Turada £, = 112 I'Tla, uTo cOOTBETCTBYET XapaKTepHCTUKaM
xommepueckoro turana Grade 4 (ISO 5832-2), u3 KOTOpOro U3roTaBIMBaIOT HOPUCTHIC BCTABKU JIJIs1 KOCTHBIX
umrianTatoB [7]. Taxke ObUT paccyuTaH OTHOCHTENBHBIA MOay/b KOHTa Kak oTHOIIEHUE (P PEKTUBHOTO MO-

JyNisl yIPYTOCTH MOPHCTOTO U CILIOIIHOTO THTaHa: E = Ff PacueT mapaMeTpoB MpoOn3BOIUICS IS YEThIPEX
N

Clly4aeB: IIApHUPHOTO onupaHus KoHLoB Oanku (C, = 8); skecTkoro 3amemiieHus koHuos 6anku (C, = 192);

cooTHomIeHus [ mocona — Do (1); maTepnosIIIn pe3yasratoB GeoDict. CBomHAs TabIHIIA pe3yIBTATOB MPE-

CTaBJICHA HIDKE. _

I'paduku 3aBrcuMocTH oTHOCHTENBbHOTO MOIyst FOHTa £ OT mopucTocTH 00pasia ¢ Juis KaKJI0H MOJIeITH
otoOpakeHbl Ha puc. 2. OHOIETOBBIM U OPAHKEBBIM IIBETOM TIOKa3aHbI KPUBBIE 3aBUCUMOCTH ISl IIAPHUP-
HOTO ONMPAHUS KOHI[OB OaJKW M WX JKECTKOrO 3alleMJICHUs, paccuuTaHHbie 1o Gopmynam (6) u (7) coor-
BEeTCTBCHHO. CHHHMM IIBETOM OTOOpPa)KEHBI 3HAUCHHUS IMapaMeTpOB I cooTHOImeHHs [ mocona — Dmou (1).
3HaueHHUs OTHOCUTEIbHOTO Moayist FOHra B 3aBUCUMOCTH OT MOPUCTOCTH MOJEINH, [TOJTYYEeHHBIE ITyTEM HH-
TEPIIONIANINY Pe3yabTaTOB MporpaMmMHoro nakera GeoDict, Ha Tpaduke 0TOOpaXkaeT KpUBas 3eJICHOTO 1IBETA.
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Pacuet 3¢ppexTuBHBIX Moay.Ieii FOHra n oTHOCHTEJILHBIX MOTYJI€ii yIIPyrocTn
B 3aBHCHMOCTH OT OPHCTOCTH 00pa310B, THIIA 3aKPeNieHus 0aJKH H MeTo/la pacyeTa
Effective and relative Young’s modulus calculations depending
on the porosity of a specimen, beam attachment and the calculation method

C, =8 C, =192 MI'D GeoDict
i E E, TTla E E,TTla E E,TTla E E,TTla
0,050 0,205 22,515 0,586 64,406 0,903 99,275 0,596 65,560
0,100 0,187 20,555 0,552 60,743 0,810 89,100 0,521 57,263
0,200 0,153 16,820 0,486 53,427 0,640 70,400 0,389 42,790
0,300 0,121 13,354 0,419 46,125 0,490 53,900 0,291 32,034
0,400 0,093 10,187 0,353 38,845 0,360 39,600 0,207 22,806
0,500 0,067 7,357 0,287 31,598 0,250 27,500 0,139 15,265
0,600 0,045 4,904 0,222 24,404 0,160 17,600 0,093 10,251
0,700 0,026 2,878 0,157 17,306 0,090 9,900 0,048 5,238
0,800 0,012 1,337 0,095 10,403 0,040 4,400 0,024 2,673
0,900 0,003 0,350 0,037 4,017 0,010 1,100 0,007 0,721
0,950 0,001 0,090 0,013 1,380 0,003 0,275 0,001 0,137

Kak BugHO U3 puc. 2, KprBas, MOIy4eHHAs C MOMOIIBIO TporpaMMHoOro nakera GeoDict, TPOXOTUT MEXKIY
JIBYMsI KDHBBIMH, PACCUYMTAHHBIMHE JIJISL IBYX THITOB 3aKperuieHus1. [Ipu 3ToM ee Havasio coBMajaeT ¢ JaHHBIMU
a1t ooparHoro ko3 dunuenta C; = 192 (kecTkoe 3aleMIeHHE KOHIIOB OalIKi), a KOHEIl — C PaCUeTHBIMH 3Ha-
YeHHAMH 111 00paTHOro Kodddunuenra C, = 8 (1apHUPHOE ONUpPAaHUE KOHIOB OAKN). DTO MOATBEPIKAAET
HaIlIe TPEAIOI0KEHNE, YTO TIPU BBICOKOHM MOpHCTOCTH JiehopMaliist 00pa3oB MPOUCXOIUT B OOMIbBIIEH Mepe
3a c4eT MPOrnda ropu30HTAIBHBIX IIEPEMBIYCK, & IPH YMEHBIICHUU IOPUCTOCTH BCIICICTBUE YBEIMYCHUS TOJI-
IIMHBI 0AJIOK 3HAYUTEIIBHYIO POJIb UTPAET Je(OopMaIUs CKATHS BEPTUKAIBHBIX CTOCK.

CpaBHUM pe3yNbTaThl PACUETOB C JINTEPATYPHBIMH JIAHHBIMH, OTTHCHIBAIOIIIMMU MEXaHHYECKHE UCITBITAHUS
Ha CKaThe MeHOOOPa3HBIX TUTAHOBBIX 00PA3IOB C PA3IMYHON MMOPUCTOCTHIO0. DKCIIEPUMEHTAIBHBIC JJAHHBIC,
MOJy4YeHHBIE B XO/Ie UcclieoBaHui [8], mokasanu cHmkenue 3ddexruBroro Mmoayis FOHra npu yBenndeHun
nopuctoctu. st o6pasioB ¢ mopuctocthio 71; 73 m 76 % Momyns ympyroctu coctasmia 2,8; 1,8 m 1,2 I'Tla
COOTBeTCTBEHHO. Hanbosee OMM3KMMU K 3TUM 3HAYEHHSIM OKA3aJIUCh PE3YNIBTaThl PACYECTOB JUIS IIEPBOW MOJICITH
(mrapaUpHOE OMUpaHKe KOHITOB Oanku) — 2,75; 2,41 u 1,93 I'Tla. Moxayne FOnTa, paccunTanHbIi 11 YeTBep-
ToW Mozenu (MHTepnomALus pesyinsratoB GeoDict), npu nopuctocta odpasua 71 % Obut B 2 pasa Oomble

u coctasun 5,1 I'Tla. JIns Tperwbeit mogenu (cootHomenne [ mOcoHa — Dmdw) ATOT mapamMeTp UMeIT 3HaYeHHe
9,4 I'Tla.
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Puc. 2. TpaduKi 3aBUCHMOCTH OTHOCHTEIBHOT0 Momy/s FOmHra E
OT IOpUCTOCTH 00pa3ua ¢ ¢ oTkpbIThiMU nopamu: [ — C, =8; 2 - C, =192;
3 — cootHomenue [ mbcona — Dmdn; 4 — MHTEPNONANUS pe3ynsraTtoB GeoDict
Fig. 2. Correlation between relative Young’s modulus £
and porosity ¢ for open cell foam: / — C, =8; 2 C, =192;
3 — Gibson — Ashby ratio; 4 — interpolation of GeoDict results
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B pabore [9] n3rotoBneHHbIE METOIOM MOPOIIKOBOM METAJTypTrUH TUTAHOBBIE BCTABKH CO CPEIHUM YTIIOT-
HerreM 60 % ToABepraymch UCIBITAHUSIM Ha CKaTHe, B PE3YJIbTaTe Yero 3aliChIBANCH KPUBBIE 3aBHCHMOCTH
HarpspKeHust T Aedopmaryu, U cpeanuii Mmonynbs FOHra uist Becex o0pasuos coctasuin 5,3 ['Tla. PacyetHoe 3Ha-
YyeHue JUIsl IEpBOM MOJIeNu ¢ Takoi ke mopuctocthio — 5,0 I'Tla, a muist uerBeproit moaenu — 10,4 T'Tla. pyrue
WCTIBITAHUS Ha CKATHE, IPOBOJUMBIC STHMH K€ MCCIICAOBATEISIMU JIJIsl 00pa3ioB ¢ MOPUCTOCTHIO 63 % [10],
roKas3anu 3HaueHne moxayis ynpyroctu 4,0 I'Tla, uTo Taxke COOTBETCTBYET pe3yabTaTy pacueTa AJis MepBOr
Monenu, coctapuBiiemy 4,3 I'Tla.

Ony0nukoBaHHbIe B padboTe [ 11] pe3yabrarhl HCIIBITAHHUN HA CKATUE BKIIFOUAOT KPUBYIO 3aBUCUMOCTH HaIIPsi-
JKEHUS OT ehopMaInvu Ui TATAaHOBOTO 00pasia ¢ mopucTocThio 41 % u addexrnBHbIN MOmynb FOHTa, paBHBIN
41 I'TTa. ABtops! uccienoanus [12], onpenenss MPOYHOCTHBIE XapaKTEPUCTUKU C TIOMOIIBIO YIBTPA3BYKOBOTO
Metoxa, momyunnn 3Hadenne 39 ['Tla mst mopucroctn 41 %. DTH TaHHBIE XOPOIIO COTIACYIOTCS C Pe3yibTa-
TaMH PacueToOB JJIsl BTOPO MoJenH (’KECTKOE 3aleMJIeHIEe KOHLIOB Oallki) U TPEThel MoJiesin (COOTHOLICHUE
I'n6cona — Dmbu) — 38,8 u 39,0 ['Tla coorBeTcTBEeHHO. TaKkXke ¢ MOMOIIBIO YABTPAa3BYKOBOTO HCCIIEIOBAHUS
ObUI0 MoTy4eHo 3HaueHue Moxnyist ynpyroctu 60 ['Tla st obpasua ¢ mopucroctsio 22 %, 4To HOATBEPKAACT
aJIeKBaTHOCTb BTOPOH MOJIeNH, JUIsl KOTOPOM 3HaYeHHe 3Toro napaMmerpa cocrasuiio 53 I'la.

CTOWUT OTMETHTH, UTO B JINTEPATYpe BCTPEUAINCH NaHHBIE MEXaHMYECKUX HCIBITAHWN Ha C)kaThe obpas-
L[OB, M3TOTOBJICHHBIX C HCIIOJIb30BAHHEM JIPYTUX MPOU3BOJCTBEHHBIX TEXHUK, TOMUMO METOA [TOPOLIKOBOM
MeTtauryprud. [lpu 3Tom pe3ynasraTsl KapAuHAIBHO OTINYAINCh OT PACCYUTAHHBIX HAMH 3HAYEHHUH. DTO CBH-
JETEIBCTBYET, YTO MEXaHUYECKHE CBOMCTBA IIOPUCTHIX MATEPUAIOB B 3HAYMTEILHON CTETIEHH MOTYT 3aBHCETh
OT METO/IOB MX TIPOU3BOJICTBA.

BriBOabBI

B onmcaHHBIX BhIIIE HUCCIICA0OBAHUAX 6I)I.Ha MPOACMOHCTPHUPOBaHa METOAMKA TIOCTPOCHUA MAaTEMATHYCCKUX
Mozened Ha ocHoBe MI'D i1t HOPUCTBIX METAIJIOB ¢ OTKPBITBIMU IIOPaMH, U3TOTOBJIEHHBIX 110 TEXHOJIOTUU
MIOPOIIKOBON MeTaJLTypruu. [loimy4eHHbIe ¢ TOMOIIBI0 TeOpUHU 0aIOK (POPMYIIbI ITOKA3aTH OTHOCUTEIBHO XO-
poliee COOTBETCTBUE PE3YJIBTATOB pacueTa JIUTEPaTyPHBIM JaHHBIM U ITOATBEPAMIINA IPEATIOIONKEHHE, YTO Je-
(hopMarrusi BEICOKOIIOPUCTHIX 00pa3I[0B MPOUCXOAUT B OONBIIEH CTENEHH 3a CYET MPOrnda TOPU30HTAIBHBIX
IMEPEMBIYCK, a IPU YMEHBIICHUHN IMTOPUCTOCTHU TAKKE UMECT MECTO Ile(i)OpMaHI/ISI CIKaThs BEPTHUKAJIBHBIX CTOCK.
W3 geThIpex pacCMOTPEHHBIX B CTaThe MOJIeTIel HanOonee MHPOPMATUBHON 1 OJIM3KOH K pe3ybTaTaM MeXaHH-
YeCKHUX MCIBITAaHUN Ha CKaTHe OKa3allach nepsad MOACIb C IIAPHUPHBIM OIMMUMPAHHUEM I'OPU30HTAJIBHBIX 63.]'[01(
(bopmyma (6)). CpaBHUTEIBHBIN aHAIHN3 JINTEPATYPHBIX MTaHHBIX IMO3BOJISIET CIIENATh MPEIITONIOKEHHE, YTO
JTaHHAsI MOJIE)Ib HauOoJIee TOAXOIUT JIJIsl pacueTa CTPYKTYP C MOPHUCTOCTHIO Ooree 60 %.

Pe3ynbraThl pacdeToB TSI BTOPOH MOJAETH C YKECTKHM 3aIlleMJICHHEM KOHIIOB OaJIOK TOKa3al BO3MOXK-
HOCTBH NMpUMeHeHus (hopMyibl (7) 71 TATAHOBBIX 00pa3moB ¢ mopuctocThio MeHee 40 %. [IpornosupoBanue
a¢dpexruBHOoro Moy KOHra ¢ moMOINBI0 JJAHHOTO BBIPAKEHUSI MPUEMIIEMO, TIOCKOJIBKY MPEICTABIISIET CO-
00l ycpeTHEHHBIN BapHaHT MEXTy cOOoTHomeHneM [ mbcoHa — D1IOu u pe3ysibTaraMy IPOTPaMMHOTO TTaKkeTa
GeoDict, a TakKe UIMEET CPAaBHUTEIILHO XOPOIIIee COOTBETCTBUE JINTEPATYPHBIM JIAHHBIM.

B 3akmrouenmne ormernM, uto dopmynsl (6) u (7) cienyer IpUMEHSTh A 00pas3IoB BBICOKOTIOPHCTOTO
TUTaHAa, U3TOTOBJICHHBIX M0 TEXHOJIOTUH ITOPOIIKOBON METAILTYPIrUH, C MAKCUMAIILHO PABHOMEPHO pacrpee-
neHHBIME TIopamu pazmepoM 200-500 mxMm. JlanpHeimure uceaenoBanus OyayT HalpaBlIeHBl Ha TTOCTPOCHUE
MaTeMaTHYeCKUX MOJIETICH IS MOPUCTHIX TUTAHOBBIX BCTABOK, 3aITOTHEHHBIX KOCTHOM TKAaHBIO.
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