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AnHoTanus. Hacrosmas cTaThs MOCBSIIEHA 3a7adye PallMOHAIBHOTO PaCIIpENeIeHuUs
MOPUCTOCTH O CEYEHUI0 Opyca Npu KpydyeHuu. PemeHue Takoil 3a1a4u mMo3BoIuT odecre-
YUTh HEOOXOJMMYIO HECYIIYIO CIIOCOOHOCTh MPU CHUKEHUH MaTepUaioeMKOCTH KOHCTPYK-
. Llens ucenenoBanus — mogo0paTh palMOHANIBHBIN 3aKOH pacipeeIeH s TIOPHCTOCTH p
MO MPSMOYTOJIFHOMY CEUEHHIO Opyca MPH TEXHUUYECKUX OrPaHHYCHUSX MTPOU3BOJCTBA.

KarwoueBsble ciioBa: MOPUCTOCTh, KPYUEHHE, MPSIMOYTOIBHUK, PAIIMOHATIBHOCTD, OpYC,
HaIpPsDKCHUE, MOAY/Ib CIBHTa, (DYHKIIMOHAIT.

Bormpockl onTUMansHOro NpoeKTHPOBaHKS KOHCTPYKIUI MPHOOPETalOT B MOCIIEAHEE BPEMs BCE
OOMBIIYI0 3HAYMMOCTh H aKTyalIbHOCTh. VIMeercst psi HanpaBieHui onTuMu3anui. OIMHUM U3 HUX SIB-
2'" JII€TCs yIpaBICHUE CBOMCTBAMHU BHYTPEHHEM CTPYKTYphl MaTepuaja. TeopeTHYecKHe HCCIeN0BaHus
U TI0 BO3MOXKHOCTH YIPABIATH YIPYTUMH XapaKTepUCTUKAMU MpU KpyueHHu (Moxyiem capura () pac-
cmarpuBarorcs B paborax K.A. Jlypwe [5]. [Ipumep pelienns panroHalIbHOTO pacipeneeHus MOIYJIs
cnsura G 1o MpsIMOYTOIBHOMY CEYEHHUI0 Opyca MpU KpydeHHH MpeicTaBieH B padore M. . Pelitmana
u I[.C. lanupo [6]. ApyruM HampaBleHUEM SIBISIETCS PEryIMpOBaHHE CBOWCTB MaTepHaia YpOBHEM

IaBpmios J1.1O., 2016

© lnsaxoB

162 ISSN 2222-8896. Bectn. Boarorp. roc. yu-ta. Cep. 1, Mat. ®u3s. 2016. Ne 5 (36)



OU3UKA

nopuctoctu. B HacTosmeil pabore paccmarpuBaercs 3ajada pacHpenesieHus: MOPUCTOCTH IO cede-
HUIO Opyca IMpsAMOYTOIbHOTO MPOGUIIS TPU KPYUEHHH ¢ 1IebI0 Hanboree paloHaIbHOTO HCIOIb30Ba-
HUSl MaTepuana 0e3 MoTepyu Hecyel crocoOHOCTH. bomnbIol BKiIal B M3y4eHHE CBOHCTB MOPHCTHIX
matepuaioB BHecnu FO.A. Kamramsan, C.B. benos, V.J[. Kunrepu, [.0. byraposuu [1-4]. [Topuctsie
MaTepHallbl 00Iaat0T PSIOM CIICH(UUECKUX CBOHCTB: IIOHMKEHHOM TEIIONPOBOJHOCTHIO, TTOBBIIIICH-
HOM 3BYKOM3OJISIIIMEH, XOpOIlIel yaapHOH BA3KOCThI0. Kpome Toro, B Terio3HepreTuke NOpUCThie MaTe-
pHABI ABISIOTCS €IUHCTBEHHO BO3MOXHBIMH KapOIMPOYHBIMU MaTepHajaMi, BEIIIOTHEHHBIMU U3 Kepa-
MUKH WM TOPUCTHIX METAIJIOB, MOIYYEHHBIX METOIOM IOPOIIIKOBOI METaJLTypIHH.

IIpencrasiser MHTEPEC PacCMOTPETh 3aady YHCTOrO KpydeHHs: Opyca MpsSMOyrOIBHOTO IOIEPEIHOrO
CEYeHUs, BBIIOIIHEHHOTO U3 MaTepuraia (CTajr) MOPUCTOM CTPYKTYPBI C ITEPEMEHHOMN TI0 CEYEHHUIO TTIOPHCTOC-
Th0. OTpaHMYNMCS CITy4aeM yHpyroro Ae)opMHUpOBaHHs, Hojaras, 4YTo MaKCUMaIbHOE KacaTellbHOE Hamps-
JKeHue B Opyce T He NMPEBBILACT NMPEeNa TEKYUeCTH MaTepuala Py CABUIe T,. MI3BECTHO, YTO ynpyrue
XapaKTEPUCTUKU MaTepuana (Momyib cagura G, a TaxKe HalPsUKEHHE Hadala TEeKY4eCTH G, ) ABJISAIOTCS
¢dyHKIMIME TIoprcTocTH MaTeprana [ 1—4]. CriaxuBasi pe3ylibraThl SKCIIEPUMEHTAITBHBIX JaHHBIX IS IOPHC-
TOM CTamM METOAOM HamMeHbInx KBaapaTtoB (MHK), momydaem 3aBucumoctu G(p), 6,(p), 1,(p) B BUzE:

G=a1+a2p+a3p2, (1)
Cr =b1 +b2p+b3p2, )
Tr=¢ +C2p+03p2. 3)

3nayenus kKod3GpPUINEHTOB a,, b, ¢; (MIla) cBenensl B Tabnuiy 1 11 MHTEPBaIa IOPUCTOCTH OT O
no 0,43. Ha pucynke 1, a, 6, ¢ npuBenensl rpaduku ¢pyakuit (1), (2), (3) coorBercrBerHo. ToukamMu
0003HauECHBI HKCIIEPUMEHTAIBLHBIC 3HAYCHUS YIIPYTUX XaPaKTEPUCTHK.

[NockonbKy nepeMeHHasi 1o CEYEHUIO TOPUCTOCTH MPUBOAUT K HEOAHOPOJAHOCTH CBOMCTB MaTepH-
aJa, CTONb3yeM TEOPHIO KPYICHHU ST HEOJJHOPOIHBIX CTepKHEH ¢ BBeeHneM (GyHKINK HanpshxeHuid O [7].
HcxonHoe ypaBHEeHUE 3a/1a91 KPYUIEHUS] UMEET BUI

o, 1 @ o, 1 &
a=Gme aawma’ @

rae G(p) — Momynb caBHra Kak GyHKIHS MOPUCTOCTH. B cBOIO odepens, MOpUCTOCTh — QYHKIUS KOOP-
IWHAT p = p(X, y); © — OTHOCUTENBHBIN YTOJI 3aKpyYHBAHHSL.

Tabnuya 1
Tabdauna 3HayeHUd K0IPPUIHEHTOB, MOJYYEHHBIX METOJOM HAUMEHBIINX KBaJApPaToOB
a 0,805-10° by 190,31 c 109,87
a -1,737-10° b, -893,15 c -515,67
as 0,359-10° b3 1226,49 c3 708,15
G, 10°[MITa]
09
08 5
07
06 | =
0,5 P :
04 e —
03 e | el
02 = i = Wi
0.1
0

0 003 0086 008 012 014 017 018 021 023 026 029 031 032 034 03 037 039 0.4 042 043

Puc. 1, a. 3aBucuMocTbs MOy CIBUTA OT HOPUCTOCTH
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Puc. 1, 6. 3aBucuMOCTB TIpeIENbHBIX HOPMAIBHBIX HAIIPSHKEHUH OT TOPUCTOCTH
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Puc. 1, 6. 3aBHUCHMOCTh IpEACIbHBIX KaCaTCIIbHbIX HaHpﬂ)I(eHI/Iﬁ OT MOPUCTOCTHU
I'pannyHOE yciioBHe Ha BHEITHEM KOHTYpe L uist pyHKIuN HanpsbkeHuid @ ciemyromee:
@, =0. )

Pemenuie kpaeBoit 3anauu (4), (5) 3aMEHIM MMOMCKOM MUHIUMYMa SKBUBAJICHTHOTO el (pyHKI[MOHATA:

1 |(e0Y (o®)

st moricka MuHUMyMa (yHKIMOHaA (6) BOCIOIb3yeMCS METOIOM KOHEUHBIX 3JIEMEHTOB, JIS
4ero pa30ouBacM CeYCHHE Opyca Ha MPsSMOYTOJIbHBIC TPEYTONbHUKHU (IBYMEPHBIC CUMILICKC-3JIEMEHTHI)
C KaTeTaMH, OPUCHTUPOBAHHBIMU 110 X U y (pHC. 2, 0).

L ¥ Mo
24 7=
zx X B
0 hy
Puc. 2, a. Pacuernas cxema Puc. 2, 6. Cxema pazOueHus ce4eHUst

Ha IBYMCPHBIC CUMIIJICKC-3JICMCHTBI
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[Tpu sToM dyHKIIMOHANT (6) MUHUMHU3UPYETCsl HA MHOXKECTBE (DYHKITHIA COMPSATaeMBIX DJIEMEHTOB,
KOTOpBIE ITPH IMHEHHOM CTIyIaltH-alpOKCHMAllMU Ha TPaHUIaX COMPSHKEHUS 3JIEMEHTOB YIOBIETBOPSIIOT-
Csl aBTOMAaTHYECKH.

Torpa ans y3na i, j momydaum [ =ZI,., i=1,2,..,6,

1 |(o0,) (o0, |
rie —jj G [{ j +[ 5 J ] 200 {dxdy. (7)

AnmnpokcumupyeM QyHKIHIO HanpspkeHUuH O B KaXKI0M dJIeMEHTE THHEHHBIM CIUTAHOM

D, =a,+a,x+o,y,k=1,2,...,6, (8)

I7ie Oy, 0l ,, 0l ; — BEIPAXKAIOTCS Yepe3 y3/I0Bble 3HaUeHHs (yHKIMH HaNpsKeHUH d)l.j.
JU1s1 mepBOro 3IeMEHTa UMEEM:

X; Vi
+ (D, =D, )+ (DD, ).
h, h, ’
1 oo
A, :;(®i+1,j_®g):a; ©
1 oo
O3 = hi(q)l jH cDij) = g
11 yerBepTOrO 3M€EMEHTA!
N (D, -, )+yf(c1> ~®, ).
0‘42:]’7(@1',1'_@1'71,]'); (10)
1 oo
Qg3 = h_(q)i,j D, )= 5

v

JIJis OCTaNIbHBIX 3JIEMEHTOB KO3(D(PHUITMEHTHI MOJTy4atoTCs IIEPECTAaHOBKOM MHICKCOR.
[oncrarmss 3aBucumocty (8) B QYHKIIMOHAJ, MHTEIPUPYS M UCIOJB3Ys Npoueaypy Purna [7],
MOJIy4aeM CUCTEMY YpaBHEHUM:

n+ 1 n n n
CDijle—{CD,]HB +O!, D+ @ F 4@ C, 40 )
J
rl[e —L i_ﬁ_i)_ﬁ_;_i_i_i_i(L_i_L +L+L
TG R kKGR Gh G, hl kT Gl Gl

1 1 1 1
Bf: g 2 ¢, = 12+ 12 D;= 12+ 12 Fj: 7t 2
Gh, Gh;> ' Ghl Gh> ' Gh Gh> Gh, Gh; -

Cucremy (11) pemaem o MeTomy UTepalyii, MpoBepsis yCIOBUE:
Max|®; - @] <z, (12)
rae € — 3aJaHHas TOYHOCTb.

[Tpu 3TOM HaiiieHHOE 3HaYeHHEe PyHKIMK HanpspkeHHH O MO3BONSET BEIYUCIUTD COCTABIISIONINE
KacaTelbHOTO HaIPSDKEHHS 110 (OopMyIaM:
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_» :_82‘ (13)

T oy’ T Ox
COOTBETCTBEHHO KacaTeNbHOE HATPSIKCHHE B IIPOU3BOJIBHON TOYKE CEUCHHUS ONPEICIUTCS 3aBH-
CHMOCTBIO:

S (14)

Y TOJDKHO MTOMIUHATHCS YCIOBHIO: T T, (15)

e T, — (yHKIMS MOPHCTOCTH.

Ha ocroBanuu (15) KoppeKkTUpyeTCs TOPUCTOCTD IO CEUSHHUIO TT0 CXEME MTOCIECI0BATEIHHBIX MTPHU-
OJVKEHUIA.

B kadecTBe mpuMepa paccMoTpuM Opyc TPSMOYTOIBHOTO morepedHoro cedenust 10 x 5 cM, BbI-
MOJTHEHHBIN U3 MOpHCTON cTanu. Pazoonrem ero Ha 100 vacTeit mo Oomnbiei cropore u Ha 50 1o MeHb-
mweit. Takum obpazom, i, =0,001 mu A =0,001 m.

JIJIst palMOHAIEHOTO PACIIPEICICHHS TTOPHCTOCTH H3HAYATBHO 3a1a8MCs IIPOU3BONBHOI [TOCTO-
STHHOH mopucTocThio (p = 0), mpu 3ToM G = const. Pemas cucremy ypasaenwii (11) mist pukcupoBan-
HOT'0 OTHOCUTEIBHOTO yIiia 3akpyunBanus 0 = 0,03, monydyaem TabauIly 3HAUCHUN <Dl.j (puc. 3,a)urt
(puc. 3, 6).

JloCcTOBEPHOCTH MONyYEHHOTO pe3yibTara JUIsl CIUIomIHOoro marepuaia (p = 0) moaTBep)kraeTcs
CpaBHEHHMEM pelleHUs JaHHOHM 3a1a4ul ¢ TOYHBIMUA (OPMYJIaMU TEOPUU YIPYTOCTH, IJe 3HAUCHUE MO-
MEHTa NOIy4YriIoch paBHBIM 6,87 kHwM (morpermnocts perenus 0,21 %), 3HaueHne KacaTenbHBIX Haps-
xeHui Ha Oonpmel cropone 111,7 MIla (morpemuocts pemenus 2,2 %) u 3HaAUCHUE KacaTelbHBIX
HalpshKeHud Ha MeHblied ctopore 88,8 MlIla (morpemHocTs pemenus 2,9 %).

tI’_[_,J-IHa M

g
o
2
Puc. 3, a. Pactipenencuue 3Ha4eHUH (PyHKIIMOHATIA Puc. 3, 6. PacnipeneneHue 3HaYCHUIA
IO TIOTIEPEYHOMY CEUCHUIO KacaTeNIbHbIX HAMPsHKCHUH M0 MTOMEePEYHOMY CCUCHHIO

[To 3Ha4YeHnsAM KacaTeTbHBIX HANPSKEHHUH T HAXOAUM 3HAYEHUS MOPUCTOCTH p ucxons u3 (3) B
COOTBETCTBHH C yciioBueM (15) u orpaHMyYeHUsMH, 33JaBa€MbIMH TEXHHMYECKHMH BO3MOXKHOCTSIMH
npousBozacta 0 < p < 0,4.

[onmyunB cerky 3Ha4YeHMI paclpefeseHus] TOPUCTOCTH p IO MOMEPEYHOMY CEUEHHIO, HaXOIUM
rone 3HaueHui Momyis capura G 1o (1) Bo BTOpOM IIIare u 3aHOBO pelliaeM 3ajady.

[To n3BecTHBIM 3HaYCHUAM (PYHKIIMOHATA CDl.j BBIYMCISIEM KPYTALIUI MOMEHT Kak:

N
M, = 2; D hh,, (16)

rme N — 9uciIo CIBOCHHBIX 3JIEMEHTOB B CCUCHUM.
[pornenypy mocienoBaTe/IbHBIX IATOB 3aKaHYMBAEM TOT/a, KOTrJa MPH 3aJaHHOM 0 BBITTOTHUTCS
yCIIOBHE:
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M. —M.
HL0100% < 0,5% . (17)
Mi+]

PesysnbraTel npubIMKeHni cBeIeM B TaOIHUILy 2.

Tabnuya 2
Pe3yabTarhl HTEPAlIMOHHBIX BHIYHMCJIEHUM
Ne ipu6- 3HaueHue Cpennss 3Hayenue
JIDKCHUS KpYTSAILEro MOpUCTOCTE | M, — M, | y
MOMEHTA, T > /0
kHwm i
0 6,8554 0 —
1 5,49278 0,15942 24,80747
2 4,93786 0,21006 11,23807
3 4,67816 0,2317 5,551328
4 4,5464 0,2424 2,898117
5 4,47284 0,2486 1,644593
6 4,43036 0,25214 0,958839
7 4.4045 0,25433 0,58127
8 4,38384 0,25623 0,47127

[Ipu onjeHKe MOTYYEHHBIX PE3YAbTATOB MBI BUAMM, YTO JJOCTUTIIA HEOOXOJUMOTO 3HAUCHUS Ha
8-M MPUOJIMKEHHH.

XapakTepHbIe 3HaYEHH S OKOHYATEILHOTO PAIIMOHAILHOTO PACIIPEICIICHHSI TOPHCTOCTH TTOKa3aHbI
Ha puUCyHKe 4.

Puc. 4. PannonannHoe pacupeaciaCHue MOPUCTOCTH 1O MOIIEPEUYHOMY CCUCHUIO

Ipu >toM 3HaYeHus @, HIUTIOCTPATUBHO NMPEICTABICHBI HA PUCYHKE 5, @, a 3HAYCHHs T — HA
PHUCYHKE 5, 0.

TakuMm 00pa3oM, B 30HE MUHUMAJIbHOTO YPOBHS KacaTeJbHBIX HaNpsoKeHUH (BOMM3H yriio-
BbIX TOYCK U B ueHTpe) IMOPHUCTOCTh BBIIIC, @ B 30HC MAKCHUMAJIbHOTO YPOBHA KaCaTCJIbHBIX Ha-
NpsOKeHUH (B cepeauHax CTOPOH) — HHU)KE HEKOTOPOro cpenHero 3HadeHus. Kpome Toro, 3Hade-
HHE KPYTSAILIEro MOMEHTA JiIsl Opyca ¢ paliHoOHalIbHO MOJ00paHHON MOPUCTOCTHIO IO MOMEPEYHO-
MY CEYEHUIO (MKp =2,19192 xHwm) nHa 31,3 % BbIIIe, YeM g Opyca CO CpeIHEl MOPHCTOCThIO
(MKp = 1,6700 xHMm), 4TO CBHAETENHCTBYET O PallMOHATINU3AUN PACIPEACIICHI TOPUCTOCTH T10
MOMEePEYHOMY CEUEHHIO.
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o

Puc. 5, a. 3HaueHus QyHKIMOHAIA, Puc. 5, 6. 3HaueHUs KacaTeIbHBIX HATIPSKCHHIH,
COOTBETCTBYIOIIUE PALIOHATIHLHOMY COOTBETCTBYIOIIHME PAIUOHATBHOMY
pacrpezeseHU o IIOPUCTOCTH pacrpezeneHuo IIOPUCTOCTH
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Abstract. The article presents the issues of optimum design of structures by controlling
material properties due to the level of porosity.

We consider the problem of pure torsion of a bar of rectangular cross section made of a
material (steel) of a porous structure with variable cross-section porosity. We restrict ourselves
to the case of elastic deformation, assuming that the maximum shear stress in the beam (t__ )
does not exceed the fluidity limit of the material in shear (t,). It is known that the elastic
characteristics of the material (module of shear G and the exertion of the fluidity start (c,))
are functions of the porosity of the material. Smoothing the experimental data for the porous
of steel by the method of least squares, we obtain the dependence G(p), o(p), T(p).

Since the variable in the cross section of the porosity leads to inhomogeneous material
properties, we use the theory of inhomogeneous torsion of beams with the introduction of the
functions of exertions ®. Boundary condition on the outer contour L for the function of exertions
@ will be equality of 0.

The solution of the boundary problem we replace by finding the minimum equivalent of
functionality. For finding the minimum of the functional we use the method of finite elements.
So we divide the cross section of the beam on rectangular triangles with sides, which are
orientated to the coordinate x and y. We approximate the function of the exertions ® in each
element of the linear spline. For other elements, the coefficients turn out to be the permutation
of indices.

Substituting the obtained dependence in the functional, integrating and using the Ritz
procedure, we obtain the system of equations, which is solved by the method of successive
iterations.

The found value of function of the exertions @ allows to calculate the components of the
shear stress and consequently the shear stress in arbitrary point of the section.

Based on the obtained values of shear stresses, porosity is corrected in the cross section
according to the scheme of successive approximations.

For instance, we consider a beam of rectangular cross section of 10 x 5 ¢cm, which is
made of porous steel. We divide it into 100 pieces on the larger side and 50 on the smaller one.

The numerical solution confirms that the minimum level of tangential stresses (near the
corner points and in the center) porosity is higher, and the maximum level of tangential stresses
(in the middle of sides) is below a certain average. In addition, the meaning of rotational
moment for beams with rationally chosen porosity on the cross section M,, =2,19192 xHwm)
31.3 % higher than for beams with average porosity M,, = 1,6700 kHm). That is the evidence
on rationalization of the distribution of porosity in a cross section.

Key words: porosity, torsion, rectangle, rationality, bar, stress, shear modulus, functionality.
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