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PACMNPOCTPAHEHUE YNPYIUX NIOCKUX BOJIH

B BOJIOKHUCTO- APMUPOBAHHOM KOMMNO3UTHOM MATEPUAIE

PaccmoTpeHa 3agaya 0 pacnpocTpaHeHUU MITOCKMX YNPYrmx BOSH B BONTOKHUCTO-
apMMpOBaHHOM KOMMO3MTHOM MaTtepuane. PelueHve 3agayum nonyy4yeHo Npu NoMoLum
BONIHOBOro npeacrtaBnenusa ®noke — bnoxa. MNpu 3atom cBoMcTBa KOMMNOHEHTOB
npeacTaBnANMCbL B Bupe pasnoxeHun B psabl dypbe. UccnepoBaHo BnuvsiHve
MUKPOCTPYKTYPbl Ha AWHaAMMYecKue CBOWCTBa KOMNo3uTHoro matepuana. HanpeHbl
AVCNEPCUOHHbIE COOTHOLUEHUS, oOnpeAerneHbl YacTOTHbie 30Hbl 3anupaHus
W NpOMnyCcKaHus.

Knroyesble croea: KOMMO3UMHbIU Mamepuars, yrnpyaue 807Hbl, Oucrepcusi, 30Hbl
3anupaHusi U npoiyckaHus.

PacnpocTpaHeHne ynpyrMux BOMH B KOMMO3UTHbIX MaTepuanax HOCUT
OVCMEePCUOHHBIN XapaKTep BCMEeACTBME pacCesHWs 3Heprnv Ha HeoaHo-
poaHocTax cpedbl. Korga anvHa BOSHbI YMEHbLUIAeTCA M CTaHOBUTCH COU3-
MEpUMON C pasMepoM BHYTPEHHEW CTPYKTYpbl, B KOMMNO3uTe obHapyxuBa-
I0TCHA YaCTOTHbIE 30HbI NPoMNyckaHusa 1 3anupaHus. Ecnun yactota nonagaet
B 30HY 3anupaHus, B maTepuare BO3HUKaeT CTos4as BOMHa, rpynnoBasi cko-
pOCTb KOTOPOW paBHa Hymto. [pn 3TOM aMnnuTyda curHana Ha MakpoypoB-
He aKCMoHeHLUuanbHo 3aTyxaeT. PaccMoTpuM ogHOHanpaBreHHbI BOSTOKHU-
CTO-apMUPOBAHHbLIN KOMMO3UTHBIN MaTepuari, COCTOSALWMA U3 MPOCTPaHCT-

BEHHO-6eCKkoHeYHON MaTpuubl o® y LUMNMHAPUYECKMX BKITOYEHUIA Q(z),
pacrnonoXeHHbIX B y3rax nepuoanyeckon kesagpaTHou peweTtku (puc. 1).
MycTb yrnpyrne BOMHbLI PAcrnpOCTPaHATCA B MIOCKOCTU XXy MepneHanky-
NSIPHO K OCU BOSIOKOH. B 3aTOM criyyae MOXHO BbIAEMUTL TPU PasfvyHbIX
Tuna BonH. Ecnu curHan pacnpocTpaHaeTcs BAOMb OCU X, TO K NepBoMy
TMNY OTHOCUTCH NPOAOSbHAs nrockasd P — BonHa, KoTopas xapakrepusyeTtcs
Aedbopmaumen pacTsKeHUs/CKaTua B NIIOCKOCT X X, . Ko BTOpOMy Tuny
BOJTH OTHOCUTCH CABUroBas nnockas SV — BOnHa, Kotopasi xapakrepusyeTcs
AecbopmaLmen YMCToro casura B MIOCKOCTU XX, . K TpeTbemy Tuny oTHoO-
cuTca caBuroBas aHTunnockasd SH — BoriHa, KoTopasi xapakrepusyeTcsa ae-
dopmaLmen YMcToro casmra B NIOCKOCTU XoX3 .

Ecnu nepemelleHns N Hanps>keHnss B KOMNO3UTHOM MaTtepuane 3aBuUCAT
OT [BYX NPOCTPaHCTBEHHbIX KOOpAMHAT X U Xp, TO 3agada o pacnpocTpa-

HEHUWN YNpyrMx BOSMH pacnajaeTcs Ha ABe He3aBUCUMble 3afaudn, OTHOCS-
LLMeCs K NIOCKOW M aHTUMNITOCKOW aedhopmaumn.
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Puc. 1 — BonoKHUCTO-apMUPOBaHHbLIN KOMMO3UTHLIN MaTepuan

PaCCMOTpVIM NOCKYK 3agavy. ypaBHeHI/lﬂ ABWXEeHNA B nepemMeLlleHnax
NMerT Buna:

200 ) O 2 2\ oy
V{pcrVuy |+V| pc +—[ CL —2pct |VU J: —=;
(PT 1) [PT ale % (P L PT) T |=P o2 o
ou 0 o%u
V(pc?vu, |+ V| pcZ =T +—[ ¢t —2pc? |V J: g%
(PT 2) [pT(?Xz] % (PL PT) T pat2

_ 0o _ 0 _ _ =
roe VZX1—+X2—; UT:X1U1+X2U2.
o 2o,
B cBsa3n ¢ Heo4HOPOAHOCTbLID MaTepuana, (*)Vl3|/1'~|eCKllle CBOMCTBA cpenbl
npeactaBieHbl KYyCO4YHO-HENpPepbIBHbIMU beHKLI,VIﬂMI/I KoopAauHaT:

2
p(x)[er (x)]° :p(a)[éa)} . p(x)=p!® mpu xe0@;

(2)
s e 1 589

roe ¢ =1f(7\.+2u)/p, Cr =\fu/p — CKOPOCTM pacnpocTpaHeHus Npoaosib-
HbIX M MOMEpPeYHbIX BOMIH COOTBETCTBEHHO; A, W — KO3dppuuMeHTbl Jlame;
p — NINOTHOCTb.

97



MpumeM ycnoBusi maeanbHOro KOHTaKTa Mexay MaTpuuen n BKIo4e-
HUAMKW, KOTOpble OTBEYalOT pPAaBEHCTBY MEepeMeLLeHUA U  HanpsbkeHuin
Ha rpaHuue pasgena oQ.

BaxHO oTmMeTuTb, 4YTO ypaBHeHud (1) n (2), kKOTopble ONMChIBalOT MOC-
Ky NPOAONBHYIO Y NIOCKYIO CABUIOBYIO BOSHbI, CBA3aHbI.

Cnepnys Teopeme ®noke — bnoxa [3], pacnpocTpaHeHne rapMOHUYECKMX
BOJTH B HEOHOPOAHOW Cpefe ONMUCLIBAETCS BblPAaXEHUSAMU:

Uy = R (X, Xo) exp(iky X +ikox,) exp(iomt);
U2 = F2 (Xl’ X2) eXp(i klxl +i k2 X2) eXp(i (Dt),

®)

roe F1,2(X1:X2) — nepuogmndeckas (QYHKUWUS KOOpAWMHAT, OTpakatoLias
BIIMSIHWE MUKPOCTPYKTYPbI; Ky, Ky — Mpoekumy BonHOBOro BekTopa Ha ocu

KoopauHar.
OTmeTMM, YTO B nuTepaType AaHHas Teopema Takke MMeeT HasBaHue
dnoke — JlanyHoBa. Mcnonb3ysa T.H. MeToA MAOCKMX BOMH [2], npeacTaBum

byHkuM  Fy (X, Xp) @ Takke CBOICTBA KOMMOHEHTOB p(X)[cr (x)]z,
X)[CL (x)]2 . p(X) B BNOE pasnoxexuii B psiabl Pypbe:

o0

oc? S 2n :
peL = Z Z CLryn, €XP | | I — (Mg +np%7) |3

:700 n2 =—00
2 o0 o0 ) 27-E .
peT = Z Z Crryn, EXP 'I_(nlxl +MXp) 3
n1:*00 nz =—00
TC .
Z Z Pryn, XP| i I — (X +N2X%p) | 4)
M =—00 Ny =—c0

3 3 Ao i 2 ron )|

M =—00 Ny =—0
27
Z z Bryn, €XP| i I — (MX +NyX%s) |.
—Oonz——OO

Moactaeue BeipaxeHust (3), (4) B ypaBHeHUs aBmxkeHns (1) n npupaBHsB
KO3 ULIMEHTEI npw yneHax BMaa exp[ian‘l(nlxl + nzxz)J ,

M, Ny =0,£L,+2,..., nony4ynm BECKOHEYHYI0 CUCTEMY NMUHENHbIX anrebpau-
HECKUX YPaBHEHWI [iN1s1 HEM3BECTHbIX KOIPDULMEHTOB Ay, 1, By ) ¢
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Z z Avn, O‘5‘3Lj1—n1,JFOL1(:T_J'1—”11_p1'1*”1,602 *

My =—00Np=—00 Ip-n, 2o, dpen,
B, 2r =0;
+Bryn, 1 2(CLjg-m —CTj-m )+~ | 48CTig—ny, (=5
J2 n, 12 n, Jz n, (5)
0 [ee)
z z Anng 196 (CLj—ny, —CTjy-ny, )+ 0‘4CT11 m, [t
nl:—oonzf—oo j2 I’] 12 r‘l2 J2 n2

2\ _
*+Boyn, Ly —my T O5CTjy—ny, =P jym @ (= 0,
Jz—l’]2 JZ_nz J.Z—n2

al_(zl_nn2+k2J(2|_ﬂj2 +k2); (05] =($n2+kzj[zl—njl+klj;
. 2
a3=(12—n2)(|—”n1+k1j (h- nl)(_n2+k2j
. 2
ag=(j— W)[—nz+k2j—(12—nz)(Tnn1+k1j?

2 27 . 2 2 .
0‘5=(Tﬂn1+k1j(l—nh+k1]? g =(T”“1+k1j(Tﬂ12 +k2j-

YcnoBvem CyLecTBOBaHWS HeTpUBManbHOMO pelueHns cuctembl (5)
SABMSIETCA PaBEHCTBO HyMN0 onpefenutens MaTpuubl, COCTaBIEHHOWN
13 k0ahprumneHToB ypaBHeHU. Peluas 3agady Ha COGCTBEHHbIE 3HAYEHUS,
npupaBHMBaeM onpegenuTenb HYN U nonyyaem AUCMEPCUOHHYHO 3aBUCK-
MOCTb, CBSI3blBAlOLLY0 MeXay coboi 4YacToTy M BOJSIHOBOE 4umcrnoKk .
CnenyeT OTMETUTb, YTO OAHHBLIN METOA PeLUeHUsT HE UCMONb3yeT KpaeBble
YCNoOBUS Ha rpaHuue pasgena KOMNOHEHTOB B SIBHOM Buae. B gaHHoM cny-
Yae ycrnoBus uaeanbHOro KOHTakTa Mexgy BONOKHaMu 1 MaTpuuen cogep-
xatcsa B ypaBHeHuax (1), (2) n B pasnoxenusix (4) ana F n F,, roe nons

roe:

nepemMeLleHnin U HanpshkeHUA HESBHO MNpeanonaratTcs HenpepbIBHbIMU.
B uncneHHbIX npumepax, NpUBEAEHHbIX HUXE, OUCTMEPCUOHHBIE COOTHOLLE-
HUS BbIYMCNSIOTCA NyTeM yceyeHus cuctembl (5), (6), nonaras —jmax < i
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J2 < jmax - KonmyecTso ynepxmBaeMbiX ypaBHEeHW paBHO (2 jinax +1)%.

®Pun3nNYecKkUn CMbICITT TaKOro YCeYeHUs 3aknyaeTcs B MnoTepe pelleHui
B o6nactn BbICOKMX 4acToT. B kayectBe uucneHHoro npumepa 6bin
paccMOTpeH KOMMO3WUT antoMUHUN-HUKENb. CBOWCTBA BONOKHA (HMKEMb)

NPUHUManNUCbL cneaylwnuMmn: p = 8940k2/ 12 . u= 79-10° ITa , v=0,31,
E =200-10° /7a, % =124-10°1a . CeoiicTBa MaTpuubl (antoMUHKI) NPUHK-
Manucb  crnegyrowumu; p =2700x2 /8 , p=26 10° ITa , v=0,31,
E=70-10°17a, »=55-10°17a . Mpu oToBpaKeHMn NoMnyYeHHbIX YNCIEHHbIX
pesynbTaToB, Ha rpadukax WCMOMb30BaNUCh Ge3pasMepHble YacTota ©

*
1 BONHoBoe ymcno k :

. ol . K
O =——oH -

ool 2n

rae o — vactota; | — xapakTepHbiil pasMep suerku nepuoamyHocT; L —
AIVHHA BOJHBI, © =ck, C — ckopoCTb BOMHbI; kK — BOMHOBOE 4ucrIo,

k=JkZ +kZ .

Ha pwuc. 2 npeacraBneHbl ANCNEPCUOHHBIE KpMBbIE ANS1 NPOAOIbHBLIX P —
BONMH (CNSOWHbIE NWHUKM), U ANSA MOonepeyvHbiX SV — BOMH (LUTPUXOBblE
nnHWK). lncnepcroHHas gvarpamMmma CoCTOUT U3 ABYX YacTew, pa3aeneHHbIX
ocbio opauHat. [MpaBas 4acTb cooTBeTCTByeT opToroHansHomy (@ =0),

aneeas — [AuaroHanbHoMy (@=m/4) HanpasneHulo pacnpocTpaHeHus
BOMHbI. 34€Cb @ — Yron Mexay OCbi0 X; W HampasrieHMeM pacnpocTpaHe-
HWS BOMHbI, tgp =k, /k; . B kBasnogHopoaHom cnyyae (w—0) pelleHue
ABNAETCHA U3OTPOMHLIM U HE 3aBUCUT OT yrna ¢ . Ho npu pocTe 4actoThl o

B KOMMNO3UTE MNpPOoABNAKTCA aHMU3O0TPOMNHbIE ceoncrtea. Ha ,D,VICI'IepCI/IOHHOVI
anarpamMmMme cepbiMun NMpAMOYrofibHUKamMun M306pa)KeHbI 30Hbl 3anupaHua,
B KOTOPbLIX MPOXOXAeHune curHana B onpenerieHHoOM HanpaslieHUn HeBO3-
MOXHO. YBenuyeHue jmax noBbIWAeT TOYHOCTb YUCIIEHHbLIX pe3ynbTaToB.

OTmeTMM TOuky B, B KOTOpOW NpoucxoauT nepeceveHne OUCMEPCUOHHbIX
KpYBbIX NPOOOSbHBLIX U MOMepeYHbIX BOMH. B AaHHON TOYke XapakTepucTUKu
NNOCKNX NOMepeYHbIX BOMH cABWUra M MAOCKMX MPOOOSIbHbIX BOSH pacTske-
HUA-CXXaTUS OAMHAKOBbI. B 3TOM xapakTepHOW TOuKe dHeprus npogosibHbIX
BONMH MoXeT ObITb nepegaHa nonepeyHbiM BoMHaM M HaobopoT. [aHHbIv
3pheKkT BO3HMKAET B KOMMO3UTHOM MaTtepuane 3a CYeT JloKarlbHOro rnpe-
FNIOMNEHNS N OTPaXXEHUSA BOSIH Ha rpaHuvLe pa3gernoB KOMMOHEHTOB. B ogHo-
pOAHbIX cpefax AaHHbIM addeKT He HabnogaeTcs.
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Puc. 2 — lucnepcuoHHble KpuBble komno3suTa Al — Ni

Takke ANs cpaBHEHMS MONYyYEHHbIX Pe3yrnbTaToB C M3BECTHbIMU Uccne-
AO0BaHVAMW Apyrmx aBTopoB Bbifi paCCMOTPEH YaCTHbIN CryYai BONIOKHUCTO-
ro KOMNo3uTa C NyCTOTHbIMW BKIHOYEHUAMU. [UCNEPCUOHHbIE KpUBbLIE MpU-
BefeHbl Ha puc. 3. ChMowHbIMU NMHMAMKM 0603Ha4YeHo paccmaTpyBaemoe
aHanuTU4ecKoe pelleHre, a YepHbIMU TOYKaMW — peLleHue Mnpu NoMOLLU
psgoB Pennes, nonyyeHHoe MNoyntoHom n MoB4aHom [4].

B paboTte pelleHa 3agada O pacnpocTpaHEHWW MIOCKMX YMNpPyrux BOJH
aedopMauun B BOJIOKHUCTO-apMUPOBAHHOM KOMMO3WTHOM Matepuarne.
HangeHbl AMCNEepPCUOHHbIE 3aBMCMMOCTM U MOCTPOEHbI OUCMEPCUOHHbIE
KpuBble ANS  NPOAOSbHbLIX MMOCKMX P —BOMH W COBUIOBLIX MIOCKMX
SV — BonH. OnpeaeneHbl YacTOTHbIE 30HbI 3anupaHus Ans paccmaTpuBae-
MbIX BUOOB BOSH.

lNokaszaHa BO3MOXHOCTb B3aMMHOro nepexoga P u SV BONH B BOMOKHU-
CTO-apMUPOBAHHOM KOMMO3WTHOM MaTepuane. Hanmuve B 4aCTOTHOM Cnek-
Tpe 30H 3anuMpaHus roBOPUT O BO3MOXHOCTM WMCMONb30BaHUS mMaTepuanos
N KOHCTPYKLUWIA, UMEIOLLMX BONOKHUCTO-apMUPOBAHHYIO CTPYKTYPY B KayecT-
BE BOJTHOBbIX (PUMNbTPOB. DTO CBOMCTBO MOXET OblTb MCMOMb30BaHO B He-
paspyLuamLWmx MeTofax KOHTPOMs BOMOKHUCTLIX KOMMO3UTOB. Tak e nony-
YeHHble pes3ynbTaTbl MOryT ObiTb MPWMEHeHbl AN  KOHCTPYMPOBAaHUS
1 ONTMMM3auMn NepUoanYEecKUX CTPYKTYP C Lenblo CO3A4aHusa aKyCTUYeCKMX
UnNbTpoB 1 BUBporacuTenen.
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Puc. 3 - Hucnepcuouuble KpuBble KOMNo3uTa C NyCTOTHbIMU BKNKYE€HNAMU
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B. B. [aHiwesckul, 0-p mexH. Hayk, €. O. KywHepos

MOLWWUPEHHSA NMPYXXHUX NITOCKUX XBUJb
Y BOJIOKHUCTO-APMOBAHOMY KOMMO3UTHOMY MATEPIATI

Po3rnsiHyTOo 3apja4vy Npo MOLMPEHHS MIIOCKUX MPYXHUX XBWIMb Y BOJIOKHUCTO-
apMOBaHOMY KOMMO3UTHOMY Martepiani. PoO3B’A30K OTpuUMaHO 3a [OMNOMOro
XBUNbOBOro npeacrtaBneHHA dnoke — bnoxa. Mpu LbOMY BNacTMBOCTi KOMMNOHEHTIB
nogaBanucsa y BuUrnagi posknagie B paau ®dyp'e. locnigxkeHo BNAUB MIKPOCTPYKTYpU
Ha p[AuHaMiYyHi BRAacTUMBOCTI KOMMO3WTHOrO Martepiany. 3HaWAeHO AWCNEpPCinHI
cniBBiAHOLLEHHSA, BU3HAYEHO YaCTOTHI 30HU 3aMUKaHHS.

Knroyoei crnoea: komno3umHuli Mamepiar, npyxHi xeusi, Oucnepcisi, 30HU 3aMUKaHHS
ma rponycKaHHsI.
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V. V. Danishevs’kyy, Dr. Sci. (Tech.), I. A. Kushnierov

PROPAGATION OF ELASTIC PLANE WAVES
IN A FIBER-REINFORCED COMPOSITE MATERIAL

Propagation of in-plane elastic waves in a fiber-reinforced composite material
is considered. The solution is obtained by the Floquet — Bloch method. The properties
of the components are presented by the Fourier series expansions. The influence of the
microstructure upon the dynamic properties of the composite material is predicted. The
dispersion relations are evaluated and the phononic bands are identified. The proposed
analytical approaches can be extended to other types of elastic waves as well as
to different types of periodic composite structures. The obtained results can be used
for the development of new, more precise, methods of acoustic diagnostic and
non-destructive testing.

Keywords: composite material, elastic waves, dispersion, phononic bands.

Propagation of linear elastic waves in composite materials is accompa-
nied by a number of new phenomena that can never be observed in linear
and homogeneous media.

When the wavelength of a travelling signal decreases and becomes
comparable to the characteristic size of heterogeneities, successive reflec-
tions and refractions of the local waves at the components interfaces lead
to dispersion and attenuation of the global wave field. Further decrease
in the wavelength reveals in a heterogeneous elastic material a complicated
structure of so called pass and stop frequency bands. In the literature they
are also referred as acoustic or phononic bands (by analogy with photonic
bands arising for electromagnetic and optical waves in heterogeneous di-
electric media). Thus, the composite plays a role of a discrete wave filter.
If the frequency of the signal falls within a stop band, a stationary wave
is excited and neighbouring heterogeneities (e.g., particles) vibrate in alter-
nate directions. On macro level the amplitude of the global wave attenuates
exponentially, so no propagation is possible.

These general properties are defined for infinite unbounded media; how-
ever, they are in very close relation to the selective reflection phenomenon
shown by bounded composites. A wave striking from outside to a composite
medium may be patrtially reflected and partially transmitted — if the composite
is able to transmit the corresponding frequency. Normally, inside the pass
bands the amount of the reflection is defined by a matching problem at the
composite boundary. But inside the stop bands no transmission is allowed
and, hence, the wave must be reflected totally.

We consider 2D in-plane elastic waves that propagates through a fiber
reinforced composite material in the direction orthogonal to the fibers. Name-
ly, we study transverse plane shear waves propagating in the plane through
a regular structure consisting of a spatially infinite elastic matrix and elastic
inclusions. The solution is obtained basing on the by the Floquet — Bloch
theory, while the properties of the components and the unknown displace-
ment field are presented by the Fourier series expansions. The dispersion
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curves for longitudinal tensile and transverse shear waves are evaluated; the
pass and stop bands are identified.

The influence of the microstructure upon the dynamic properties
of the composite  material is predicted. A significant peculiarity
of the obtained solution is the possibility of a mutual transition of longitudinal
and transverse waves in a fiber-reinforced composite material.

The results of the paper can be used for the purposes of non-destructive
testing of composite materials and structures. Also obtained solutions can be
utilized for the design and optimization of periodic structures in order
to create acoustic filters and dampers.
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