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[TpeanoxeH Moaxoxa AJIsl YUCICHHOTO UCCIEI0BAaHNS OCPETHEHHBIX KO3((UIIMEHTOB JTUHEHHOTO TEIIOBOTO pac-
LIMPEHUSI MHOTO(a3HbIX KOMIIO3UTOB Ha OCHOBE METOJd CTATUCTHUECKUX UCHBITAaHUN. JJaHHBIH TOIX0/ HO3BOJISET
YUUTBIBaTh CTOXaCTHUECKYIO MPUPOAY KOMIIO3UTA, T.€. MCCIICAOBATh BIMSHHUE pa3dpoca (HU3MKO-MaTeMaTHYeCKUX
XapaKTEPUCTHK CYOCTPYKTYPHBIX 3JIEMEHTOB, B yacTHOCTH, Moayineil FOunra, koaddunuentos Ilyaccona u aunei-
HOT'O TEIUIOBOro pacummpenus. [Ipu 3ToMm ucnonpzyemas MaTeMaTuueckasi MOJIesIb KOMIIO3UTa OCHOBAHA HA NPUH-
murne 3QEeKTUBHON OAHOPOAHOCTH, CTPYKTYPHOM aHAJIN3€ M YUUTHIBAET €CTECTBEHHBIC YCIIOBUS CONPSKEHUS (LIS
nedopManyii, HaIpsDKEHUH U TeMIIepaTypbl) Ha rpaHuLe pasnesna ¢as. YucneHHsle pe3ynbrarsl i 3G GEKTUBHBIX
K03(GHULNEHTOB JIMHEHHOTO TEIUIOBOTO PACIINPEHUS KOMIIO3UTa IPUBEICHBI IJ151 Pa3JIMUHBIX CTPYKTYP Tpex(pazHbIX
Cpex, AJsl KOTOPBIX IMOJIY4EHBl JOBEPUTEIIbHBIC HHTEPBAJIbI C 3alaHHON JOBEPUTEIILHON BEpOSTHOCTHIO. OLEHEHO
BJIMSIHUE CTOXAaCTHYECKOM MPUPOIBI PA3IUUHBIX XapaKTEPUCTUK CYOCTPYKTYpPHBIX 3JIEMEHTOB Ha MaTeMaTH4ecKoe

OXKXKHJTaHHUEC K03(1)(1)I/II_II/IGHTOB JIMHEWHOTO TEILJIOBOT'O pacoinpCHud KOMIIO3UTaA.

KnioueBbie ciioBa: CTPyKTypHO-HEOTHOPOIHBIE CPEJbl, CTOXaCTHUECKasi MPUpOAa KOMIO3uTa, MeTon MoHTe-
Kapio, addexrrBabIe K03(DUIHEHTHI, TEIUIOBOE PACIIMPEHUE, CTATUCTUYECKHE XapaKTEPUCTHKH, JOBEPUTEIIbHBIH

HUHTEpBAa.

BBenenune

Komno3uTel, HCHOIB3yeMBIE B COBPEMEHHOU
TEXHUKE, TMPEICTABISAIOT COOOH CTaTHCTHYECKUUN
aHcamOJIb 3HAYUTEILHOTO KOJIMYECTBA MEPBUYHBIX
AIIEMEHTOB (Pa3IMYHBIX BOJIIOKOH, YaCTHUII, «yCOBY,
CTEKJIIHHBIX MUKpOCQEp, CBSI3YIOLIETO U T. 11.), (u-
3MKO-MEXaHUYECKHNE CBOMCTBA KOTOPBIX, KaK IMOKa-
3BIBAIOT DKCIIEPUMEHTHI, IMEIOT Pa30poc 3HAUCHUH,
T. €. SBISIOTCA CIIy4yalHbIMM BelnunHamu. [loaro-
My HCCJICIOBAaHUE BIIMSHUSL CTAaTUCTUYECKOTO pa3-
Opoca yrpyrux XapakTepuCTUK B Kod()uimeHToB
JUHEHHOTO TEIJIOBOTO PACIIMPEHUs] CyOCTPYKTYp-
HBIX 3JIEMEHTOB KOMITO3ULIUU SBIISIETCS aKTyaJIbHOU
3a/1a4yeil, perieHrue KOTOpOH TMO3BOJIUT Haubosee
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JIOCTOBEPHO MPOTHO3UPOBATh IP(HEKTHBHBIE KOI(D-
(UIHEHTHI TEMJIOBOTO PaCIIUPEHUS] MUKPOHEOIHO-
POIHBIX MaTEPHAJIOB.

B nanHoi#t paboTe Ha OCHOBE MareMaTH4eCKON
MOJIeTH 11 MHOTO(a3HBIX MaTepuayioB u3 [1-3],
IJie MapamMeTpbl KOMIIO3UTA SIBISUIUCH JI€TEPMUHU-
POBAHHBIMH, MPEIOKEH MOAXOA A pacuera d¢-
(heKTUBHBIX KOA(DPHUITMEHTOB JTUHEHHOTO TEIIOBO-
rO pacIIUpeHHs] CTPYKTYPHO-HEOTHOPOIHBIX Cpe/l,
KOTOPBIM TO3BOJSIET YYUTHIBATh CTOXACTHYECKYIO
npupoay kommnosuta. [Ipu 3ToM ucnonb3yercs me-
tog, Monte-Kapno (MeTon CTaTUCTUYECKUX HUCIBI-
TaHui [4—6]) U cuuTaeTcs, 4YTO CIyIalHBIMU Tapa-
MeTpaMu sABJS0TCS Moaynu FOura, ko3 duumenTs
[lyaccona u JMHEWHOTO TEMJIOBOTO PaCIIUPEHUS



TPVY/Ibl KOH®EPEHIIUH

CyOCTPYKTYpHBIX 271€MeHTOB. C moMOLIbIO pa3-
pabOTaHHOrO MO JAHHOW METOAMKE YUCIEHHOTO
QITOpUTMa JUIS Pa3IMYHBIX THUIIOB MHOTO(a3HBIX
MaTepuaoB ONPEEIIEHbl KaK CTaTUCTHYECKHUE Xa-
PaKTepUCTHUKH, TaK M JOBEPHUTEIbHBIC MHTEPBAJIBI
(pu 3ajaHHOW JTOBEPUTENIBHON BEPOSTHOCTH) IS
3P PEKTUBHBIX KOAPPHUIMEHTOB JIUHEHHOTO TEIUIO-
BOTO PACHIMPEHUS PACCMATPUBAEMBIX KOMITO3UTOB.

MeTtoa uccie10BaHUusA

Jns pacuera OCpeaHEHHBIX KOA(P(DUIIMEHTOB
JMHEMHOro TEMJIOBOrO PacUIMpPeHuss MHOTO(a3HbIX
MaTepuanoB B Cily4yae JEeTePMHUHHPOBAHHBIX Ta-
paMeTpoOB HCIIONB3yeTCsl MareMaTHuecKash MOJAEIb
Komro3uTa (puc. 1), OCHOBHBIE MPEATIONOKEHUS U3
[1-3] u cooTHOLICHUS M3 [3].

N

Puc. 1. XapakTepHblii 3J€MEHT KOMIIO3UTa C TPO-
JOJBHO-TIONIEpeYHBIM pacnonoxenuem M + N da3

B gactHOCTH, pH3MYECKUE COOTHOMICHUS B CITY-
Yae MPOCTPAHCTBEHHOTO HATIPSHKEHHOTO COCTOSTHUS
IIPH TEPMOCHIOBOM BO3JICHCTBHH ISl paccMaTpH-
Ba€MOro KOMITO3UTa (CM. puc. 1) UMEIOT Clexyto-
IIIUHA BUT:

3
€, = anp0p+(x 0, (1)
p_

e, =bo, +0al® (n=12,3;5=4,56).

Breipaxenuss mans 3GEKTUBHBIX KOAD(UITHCH-
TOB IOJATINBOCTH bnp, by (n,p,=1,2,3;,5s =4,
5, 6) U NMHEHHOro TEIUIOBOTO PACLIMPEHHUS oci,,
(r=1,2, ..., 6) onpenenensl B [3], rae MoayyeHoO,
YTO YKa3aHHbBIC BEJIMYHUHBI 3aBHCST OT OOJIBIIOrO
YHCJIa YIPABISIFONINX TapaMeTPOB:
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by = g (ol

JJ

by, = b, ((o La,al, ocglm)),

t t
apy = gy (0 aff”, af o). @
mei, k=1,2,3;7=4,5,6;1=1,2,...,6;m=1,
2, ... MM+1,...,M+N.

(3necy U B manpHEHIIEM HCIHOJIB3YIOTCS B OCHOB-
HOM oOo3Hauenus u3 [3].) s orleHKH BIUSHUS OT-
KJIOHEHUH TeX WU UHBIX MapaMeTpoB U3 (2) OT HO-

MUHaJIbHBIX HA 3HAYEHUS ocir (r=1,2,...,6)0ynem
ucnomns3oBarb Mero Monte-Kapo [4]. IIpu atom
CUUTAETCS, YTO TEOPETUUECKHE IUIOTHOCTH paciipe-
JeTICHUs TapaMeTPOB

a'm  qlm

(m)
zk > > Qs (3)

KOTOpbIE UMEIOT CTOXaCTUYECKYIO IPUPO.LY, U3BECT-
HBI, HaIIpUMeEp, U3 IKcrepuMeHToB. Toraa, onpene-
JUB TOCHeaoBaTeabHOCTh (Ha DBM) ciyualiHbIX
3HAYEHUN YKa3aHHbBIX napaMeTpOB (3) u ucnomnwzys
coOoTHOIIeHUs U3 [3], Hallgem oc r=12,...,6)
JUTSL KOKJI0M cepuur 3HAYCHUM ynpaBnmoumx napa-
MmeTpos. [loBropus 31y npouenypy L pa3 (L — xo-
JINYECTBO CTATUCTUYECKUX HCIBITAHUMN), MOTYyYUM
t t t
BHAYCHHUA Olyy(1)> Olpp(2)s -2 Opp( ) > UTO MO3BOJIACT
OTIPE/IETTUTh CTATUCTUUECKUE XapaKTEPUCTUKHU CIIy-
YalHbIX BEJTUYNH ai,r (r=1,2,...,6)— crarucruue-
CKO€ CpeJIHEE U CTATUCTUYECKYIO auctepcuro [7, 8]:

1 L
M[a;r} =7 ch,r(/),
L @

2
t
el
rmer=1,2,...,6.

VYKka3aHHbIE BEJIMYUHBI B (4) SBISAIOTCS COCTOS-
TEJIbHBIMU U HECMEILIEHHBIMU OLIEHKaMU ISl MaTe-
MaTU4YECKUX OXXKHMJIAHUM M JMCHEPCHU CIIydaiHbIX

D [af'r:| i ( Qpr(ry —

l:l

BEJIMYUH oc , r=1,2,...,6).

I/Icnom::;y;l (4), MO>)XHO TIOCTPOUTDH JOBEPUTEIb-
Hble uHTEpBaNBI 1, rr(B) » COOTBETCTBYIOLIHE 3aaH-
HOM JI0BEpUTENIbHON BepO}ITHOCTI/I [ g maremaru-

YECKOTO OXKUIAAHUS BETUUNHBI (x . (r=1,2,...,6),
KOTOpBIE, corsacHo [7], OHpeI[eJISIIOTCSI CJIeIYIOLIUM
obpa3zom:
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Ly = (M otfe ] =,

Mlal, |+ A,(B)),

e

JL

neHra (mpu 3a1aHHbIX L u P).

— cratuctuka CTbIO-

5 g

e Ang) =1p

Pe3yibTarsl U 00CyKIeHUE

B kauecTBe YHCIOBBIX TPUMEPOB B IEIISAX OTPe-
JIEJICHHOCTH W KOHKPETHU3AIMK PACCMOTPHUM TpeX-
(ha3HBIC KOMITO3HMTHI, COCTOSIIIME W3 PA3TUIHBIX
M30TpOMHBIX ¢a3. B aTom cimydae 1jisi 371€eMEHTOB
KOMTIIO3HUITUHU OyZIeM UMETh CIICTYIOITUE BBIPAXKCHUS
JU1s1 K03 HUITMEHTOB TONATIMBOCTH M JIMHEWHOTO
TEIIOBOro pacimmpenus [2, 9, 10]:

al(im) = 1/E(m) >

(6)
a™ =1/G" G = 0,5E™ [(1+v™),

(m) _

(m) _ _(m)
O > Oy )

rnei=1,2,3;1=4,5,6;,m=1, 2, 3. Ilpu sTom
napameTpsbl EM v(m), ocgm) (m=1, 2, 3) ume-
IOT CTOXaCTHYECKYIO IPUPOY U MOAUYUHSIOTCS (I
3HAYUTEIIBHOTO Kiiacca KOoMIo3uToB [11-14]) Hop-
MaJibHOMY 3aKkoHy. Torna, coracHo [4], onpenenum
COBOKYITHOCTh 3HAYEHUI HOPMaIbHO pacrpeeieH-
HBIX CIIY4aifHBIX BEJIHUYUH 1O (hopmyre

X; = (D[X;Je+M[X;] (i=1,2,....9;

X, =ED, X, = E®, Xy = EP
b b b (7)

X, V(l), X; = V(Z)’ X = V(3),

1 2 3
X7 = ofY, Xy = of?), X = oY)
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(§ — HOopManbHO pacrpe/iefieHHas Cily4yaiHas Be-
JUYMHA C MaTeMaTUYeCKUM OXKUJTAHHEM, PaBHBIM
HYJII0, U TUCTIEPCUEH, paBHOW eAMHUIIE), & TEM Cca-
MbIM HalJ1IeM MHOXKECTBO CIIyYalHbIX 3HAYEHUN JJIsI
BCEX paccMaTpHBAEMBbIX IMapaMeTpoB u3 (6). 3arem,
HCTIONB3Ys UX, OMPEIETUM C TTIOMOIIBI0 COOTHOIIIE-

. t
Huit u3 [2, 3] %y (r=1,2,3;1=1,2,3,...,L),
t t
a TeM caMbiM 3 (4) u (5) — M[ocrr} D|:(X,.r:|
).
JIiisl yKa3aHHBIX KOMITO3HUTOB TaK)Ke ObLIH TIPO-
BEJICHBI PAacyeThl CTATHCTHUYECKOTO CPEIHEro,

CTaTUCTUYECKON TUCIIEPCHHM M JOBEPHUTEIBHOTO
UHTEpBasa s d3PPEKTUBHOTO TEPMUUYECKOTO KO-

t
s dunrenTa 006beMHOTO PACIIUPEHUS — O, 3HAUe-
HUE KOTOPOTO B COOTBETCTBHH C [2, 9] onpenensier-
Csl CIISAYIOIIUM 00Pa3oM:

3
t t
o _Zarr'
r=1

[Ipu sTom cooTHomeHus (4), (5) ocrarorcs crpa-

®)

BEJUIMBBI 1 JUTSL O, €CITH B HHX HIKHHI HHIEKC <
OITYCTHUTb.

KonkpeTHble pacueTbl IPOBEACHBI IS KOMIIO-
3UTa CO CICAYIOUMMH NapameTpamu: o3 = 0,3,
0<® <0,3, ® =0,7-®,. XapakrepucTuku,
yKa3zaHHbIE B Tabnuile, B3aThl u3 [11-15].

[Ipu 5TOM mepBbIl Marepual COOTBETCTBYET
CTEKJISTHHBIM BOJIOKHAM (KBapleBO€ CTEKJIO), BTO-
poii MaTepuan — CTEKJISITHHOH MHUKpPOAPOOH, a Tpe-
TUH MaTrepual — nonumdGpupHoOMy cBsizyromemy. J{is
OTIpe/IeNICHUs CPEAHET0 KBaAPATUUECKOTO OTKIOHE-
HUS YKa3aHHBIX B TaONWIle BEJIMYMH HCIOIH30Ba-
JIOCh «TPABUJIO TPEX CUTM» (IIPH 3aJaHHOM pazOpo-
Ce DKCIIEpUMEHTANbHBIX JaHHBIX B [11-15]).

Jl7is OlleHKU BIUSHUS B3aUMHOTO PaCHOIOXKe-
HUS $a3 U UX OObEMHOTO COJEp)KaHUs Ha CTaTH-
CTHYECKHE XapaKTePUCTUKU KOAPPUIIUEHTOB ITH-
HEIHOTO TEMJIOBOTO PACIIUPEHUs KOMIIO3UTa Ha
puc. 2—4 mpuBeaEHBI COOTBETCTBEHHO 3aBHUCHMO-

cTH M[a{ll M[Otéz} u M[a'] or ynenbHoro

XapaKTepHCTHKH mapaMeTpoB Il KOMIIO3UTa

/ (s) / (s)
mo | M[EYD], ITa DIE®],THa | M["] DV ol ],’5 oL ],’5
1/rpan, 10 1/rpan, 10
1 120,17 17,17 0,17 0,015 0,056 0,018
2 63,5 4,83 0,25 0,0167 0,053 0,149
3 3,29 0,41 0,385 0,012 8,5 0,5
80  Ne4(65)2014
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roaE-0s 1 Moy, |, 1/rpas

6,03E-05 \

5,03E-05 |

4,03E-05
3,03E-05

2,03E-05

1,03E-05 A

3,00E-07 T T T T T T T )

Puc. 2. 3aBucumoctu M [och] OT yAEIBHOTO 00BEMHOTO

comepkanust 1-if (a3l @ (CIUIOIIHbBIE JTMHHUK) U JOBE-

pUTETbHBIC HHTEPBABI (TyHKTHPHBIC JJMHAN) TIPH JOBe-
putensHOU BeposTHOCTH B=0,95u L =10

7,20E-05 -
£,20E-05 -

520E-05

4,20E-05 A

3.20E-05 m——

2,20E-05 : T T

Puc. 4. 3aBucumoctn M[a'] oT yrensHOro 06b5eMHOro

comepskanust 1-if ¢aspl @ (CIUTOIIHBIC JIMHUN) U JOBE-

pUTEIbHBIC MHTEPBANBI (TyHKTHPHBIE JTMHUH) TIPH JIOBE-
putenbHo BepositHocTH 3= 0,951 L =10

o0beMHOro conepxkanust 1-i paszpl ®; (CIUIOLIHbIE
JMHAW) W YKa3aHbl JIOBEPUTEIbHBIC WHTEPBAJIBI
(IMyHKTUpHBIE JIMHUM) MpPHU JOBEPUTEIILHON Bepo-
arHoctu 3 = 0,95 u L = 10. KpuBsie, oTMe4YeHHbIE
udpoit 1, oTBeyaroT ciay4aro NpoJ0IbHOIO pacio-
noxenust a3z (M = 3, T = 0), a mudpoit 2 — ciy-
Yar MPOIOJILHO-TIONIEPEYHOTO PaCIoioKeHus (a3
(M =2, N =1). CrutonmHasi KpuBasi, OTMEUYCHHAs
OyxBoii D Ha puc. 4, coOOTBETCTBYET 3(h(hEeKTUBHOMY
TEPMHUUECKOMY KOAPPUIIUEHTY OOBEMHOTO PaCIIIU-

Cm
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I i
7,00E-05 -/ OLH], l/rpan

6,00E-05 4

R ==

4,00E-05 4

3,00E-095 1

2,00E-05 4

1,00E-05 1—

0,00E +00 . , : . : ; . .

Puc. 3. 3aBucumoctu M [agzj OT YHIEeNbHOTO 00B-

e€MHOTO cofepkanus 1-if Ga3pr®; (CIUIOMIHBIC JIMHUM)

W JIOBEpPUTEJIbHBIC WMHTEpPBaJIbl (IMyHKTUPHBIE JINHUN)
IIpH TOBEpUTENbHOM BeposiTHOCTH 3= 0,95 u L = 10

1.24E-04 -
1,21E-04 A

1,18E-04 4

1.1 SE-04 T T T 1
0 0.2 04 D& 0a

Puc. 5. BausiHue croxacTUuecKol MpUpoJibl pas3-
JUYHBIX XapPaKTEPUCTHK CYOCTPYKTYPHBIX OdIIe-
MEHTOB KOMITO3UTa (TIPOJOIBHOE PACIIONOKEHHE

dbaz) ma M[a']

peHus o, HaWJIEHHOMY JJI TPOAOIBHO-TIONIEPEYHO-
ro pacnojoxenuss (a3 mpHu ICTCPMUHHUPOBAHHBIX
rnapaMerpax »JJIeMEHTOB KOMIIO3UILIUU, KOTOpPbIE
PaBHBI MaTEMaTHYECKUM OXHUIAAHUSM COOTBETCTBY-
FOIUX BEJTUYHH U3 TAOIHUIIBL.

Ha puc. 5 111 oueHKM BIUSHHS CTOXACTUYECKOM
MPUPOJIBI  PA3IMYHBIX XaPAKTEPUCTUK CYOCTPYK-
TYPHBIX 3JIEMEHTOB KOMIMO3UTa (TIPOAOILHOE pac-

nonokenue das) va M [o] MIPUBE/IEHBI 3aBUCUMO-

CTH: KpuBas / COOTBETCTBYET CiIydaro, Kornua o™
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(m =1, 2, 3) — cnyuaiiHble, a OCTaJbHbIE Mapame-
TpBI JeTepMUHApOBaHLY; Kpusas 2 — v (m =1, 2,
3) — cnyuaiiHble, a OCTaJIbHBIE TAPAMETPHI AETEPMHU-
HupoBanbl; kpusast 3 — E (m=1,2,3) — cuy-
YaifHble, a OCTaJIbHbIE MapaMeTpbl JETEPMUHUPO-
BaHbI; KpUBas 4 — BCE NIapaMeTpPbl CIIy4YaHble. YUeT
CTOXacTUYeCKOH npupozs! Moayis FOHra (kpusas 3)
IIPAKTHUUYECKH COBIIAJAET CO CIy4yaeM, KOIja Bce Ma-
pamMeTpbl JI€TEPMUHUPOBAaHHBIE. XapaKTEPUCTHKU
CBOICTB 3JIEMEHTOB KOMIIO3ULIMHU B3SIThl U3 TaOu-
11bl. CpaBHEHNE KPUBBIX Ha PUC. 5 MIOKA3bIBAET, YTO
HaunOombIee BiusHUE Ha 3(dekTuBHBIN KOdDDU-
LIMEHT 00OBEMHOI0 TEPMHUUYECKOTO PACILIMPEHUS] OKa-

3pIBaeT pasopoc 3Havenuit o™ (m =1, 2, 3).

BriBoabI

Hcrnonp3yemast maremarndeckass MOJICIb MHO-
roazHoro KOMIO3UTAa M TPEIJIOKEHHBIM METO.
MO3BOJIMJIM  MCCIICJIOBATh  BJIMSIHUE  CTPYKTYPBI
KOMIIO3UTA M €r0 CTOXaCTHYECKYIO MPUPOTY Ha CTa-
TUCTUYECKUE XapaKTEPUCTHKU A(DPEKTUBHBIX KO-
¢ dunreHToB TermiIoBoro pacmupenus. [lpu stom
JUIS YKa3aHHBIX XapaKTePUCTUK HaWJIEHBbI JTOBEPH-
TeTbHbIC MHTEPBAJIbI PH 33JJAHHON TOBEPUTEIbHON
BEPOSITHOCTH, YTO ITO3BOJISICT OLICHUBATh DKCILTya-
TAIIMOHHBIE CBOWCTBA KOMITO3HUTA MTPU TEPMUIECKHUX
BO3JIEUCTBUIX.
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Abstract

The approach for the numerical analysis of the averaged thermal expansion coefficients of multiphase composites
based on the method of statistical testing is proposed. This approach allows to take into account the stochastic nature
of the composite. The influence of the variation of physical and mathematical characteristics of the substructural
elements: Young modulus, Poisson ratios and linear thermal expansion coefficients is investigated. The mathematical
model of the composite is based on the principle of effective homogeneity, structural analysis and correctly formulated
interference conditions (for deformation, stress and temperature) at the interphase boundary. The numerical results
are presented for the effective coefficients of linear thermal expansion of the composite for various structures of three-
phase environments. The confidence intervals with given confidence probability for various structures are found. The
influence of the stochastic nature of various characteristics of substructural elements on mathematical expectation of
thermal expansion coefficients of the composite is estimated.

Keywords:
structure-heterogeneous mediums, stochastic nature of composite, Monte-Carlo technique, effective coefficients,
thermal expansion, statistical characteristics, confidence interval.
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