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Tém tit

Bai bao xdy dung 10i giai giai tich theo 1y thuyét tim bac nhat don gian dé phan tich dao dong cuia tim dugc
ché tao tir vat liéu FGM dan hoi-dién-tir c6 vi bot rdng trong cau tao vét liéu (Po-FGMEE), tim duoc dat trén
nén dan hoi Kerr. Vit liéu Po-FGMEE duoc gia thiét ¢ co tinh bién thién tuan theo quy luat ham liy thira. Cac
phuong trinh can bang dugc thiét 1ap tir nguyén ly Hamilton va dwoc giai bang phwong phép giai tich sir dung
dang nghiém Navier. D6 tin cdy ctia mo hinh va chuong trinh tinh toan dwoc kiém chimg qua so sanh véi cac
két qua da cong bd. Cac khao sat s6 duoc thuc hién nhim danh gia anh huéng cta cac tham sé nén dan hoi, chi
) ty 16 thé tich cua vat liéu Po-FGMEE, dién ap - tr truong bén ngoai, kiéu phan bd vi bot rong, hé s6 vi bot
réng va cac kich thudc hinh hoc dén tn s6 dao dong cua tAm Po-FGMEE dat trén nén dan hdi.

Tw khod: dac trung dao dong; tim dan hdi-dién-tir; vi bot rong; 1y thuyét tAm bac nhit don gian; nén dan hoi
Kerr.

VIBRATION CHARACTERISTICS OF FUNCTIONALLY GRADED MAGNETO-ELECTRO-ELASTIC
PLATES WITH POROSITIES RESTING ON KERR’S ELASTIC FOUNDATION

Abstract

This paper develops an analytical solution for analyzing the vibrations of magneto-electro-elastic plates
containing porosities, resting on a Kerr foundation, based on the simple first-order shear deformation theory.
The functionally graded magneto-electro-elastic material containing porosities (Po-FGMEE) is assumed to have
mechanical properties that vary according to apower-law distribution. The governing equations are derived from
Hamilton’s principle and solved analytically using the Navier solution method. The reliability of the model and
computational program is verified through comparison with published results. Numerical investigations are
conducted to evaluate the effects of Kerr foundation parameters, the volume fraction index of the Po-FGMEE
material, the magnetic potential, electric voltage, porosity distribution type, porosity coefficient, and geometric
dimensions on the vibration frequencies of Po-FGMEE plates resting on an elastic foundation.
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1. Giéi thiéu

Vat liéu dan hdi-dién-tir (magneto-electro-elastic) la mot loai vat ligu thong minh, c6 kha nang
dap g vai cac kich thich co, dién va tr. Cac dac tinh ddc dao cua loai vat li€u nay bat nguén tir kha
nang tao ra dién tich khi chiu tac ddng cta lyc co hoc va thay ddi tinh chét co hoc dudi tac dong cua
dién va tir trudng. Vat liéu dan hoi-dién-tir (MEE) duoc tao thanh tir sy tich hop gitra vat lidu ap dién
va vat liéu tir tinh. Két cu 1am tir vat liéu MEE c¢6 thé diéu khién dugc dao dong, thu nang luong va
hoat dong nhu cac cam bién co hoc khién chung tr¢ thanh loai vét li¢u dﬁy htra hen cho nhiéu nganh
va linh vyc nghién ctru khac nhau.

*Téc gia dai dién. Dia chi e-mail: thamvv@huce.edu.vn (Thim, V. V.)
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Su phat trién cong nghé trong Iinh vyc ché tao vt liéu co tinh nang dac bi¢t da tao ra mot loai vat
liéu composite thé hé méi 1a vt liéu c6 co tinh bién thién (FGM). Diéu nay da thic day nhiéu nha
nghién ctru phan tich cac dic tinh co hoc cia ching trong cac két ciu k¥ thuat nhu ddm, tim va vo.
Nho vao d6 bén cao va kha nang chiu nhiét vuot troi, FGM ngay cang dugc ing dung rong rai trong
cac linh vuc co khi, xay dung, 16 phan ting hat nhan, k¥ thuat hang khong vii try, v.v. voi vai tro 1a vat
lidu cua cac két cau [1]. Pé md rong va nang cao hiéu qua tng dung cua két cdu lam tir vat liéu dan
héi—dién—tfr, g'?m day vat licu MEE da duoc ché tao dudi dang vit li¢u FGM, goi la vat licu FGM dan
hoi-dién-tir (FGMEE). Thyc té cho thay, khi dugc md hinh héa dudi dang vt lieu FGM, FGMEE c¢6
thé dat dugc nhitng déc tinh tdi wu nhat. D3 c¢6 nhiéu nghién ctiru nham tim hiéu céac dic tinh va ung
xtr co hoc ctia két cAu lam tir vat liéu FGMEE trong nhitng nim gan déy.

Theo tiép cén giai tich, Liu [2] d& phan tich tinh tim méng FGMEE dua trén 1y thuyét tim c6 dién
Kirchhoff. Zhen Li va cs. [3] da phan tich dao dong va bic xa am ciia FGMEE tur-dién-nhiét-dan hoi
trong céac trudng da vt 1y theo 1y thuyét tim bac nhat (FSDT). Str dung cung 1y thuyét FSDT, Li va
cs. [4] d phan tich dao dong ctia tim FGMEE dit trén nén dan hoi Pasternak. Sir dung 1y thuyét tim
béc ba cua Reddy, Shooshtari va Razavi [5] dd phén tich dao dong ctia tim FGMEE véi cac diéu kién
bién khac nhau va duoc dit trén nén dan hdi Pasternak. Vinyas va cs. [6-8] da nghién ctru cac dic tinh
dao dong tir do cua tim FGMEE trong cac trudng da vat 1y theo 1y thuyét bién dang cit bac cao. Dao
dong ty do va on dinh cua tam nano FGMEE da duoc nghién ctru bdi Zur va cs. [9] theo ly thuyét tam
béc cao bdn an chuyén vi va 1y thuyét dan hoi phi cuc bd. Ansari va cs. [10] da sir dung két hop giira Iy
thuyét tim FSDT va 1y thuyét dan hoi phi cuc bo dé phan tich trang thai mat 6n dinh va sau mét on dinh
ctia tim nano dan hdi-nhiét-dién-tir (METE). On dinh nhiét cia dim nano METE da duoc phan tich
boi Ebrahimi va cs. [11] theo Iy thuyét bac ba va Iy thuyét dan hdi phi cuc bd. Mohammadrezazadeh
[12] d4 tinh toan tan s6 dao dong tu do tuyén tinh va phi tuyén ciia vo nén composite MEE nam trén
nén dan hdi phi tuyén. Sir dung 1y thuyét bién dang cit hinh sin va 1y dan hoi phi cuc bo, Arefi va
cs. [13] da phén tich udn tinh v6 nano hai do cong véi cac 16p bé mat FGMEE va 16p 16i 1a vat liéu
dang hudng.

Mot ) phuong phap ché tao vat liéu FGM bao gérn luyén kim bét, léng dong hoi, tu lan truyén,
duc ly tAm voi hiéu suét rat cao, tuy nhién nhitng phuong phap nay ciing c6 nhimg nhuoc diém riéng,
chang han nhu ky thuat phirc tap va chi phi cao. Mot phuong phap hiéu qua khac dé san xuét vat liéu
FGM 1a quy trinh thiéu két. Tuy nhién, phuong phap nay gip phai van dé do sy khac biét vé do hoa
ran cua céc thanh ph?m vat liéu, dan dén sy xuét hién cua céc 16 r5ng vi m6 bén trong vt li€u. Thém
vao d6, mot sé nghién ciru da chi ra rang cac 16 rdng vi mo ciing xuat hién trong vat liéu FGM khi
duogc ché tao bang ky thuat thadm nhép tudn ty nhidu bude. Chinh cac 16 rdng vi md hinh thanh trong
qué trinh san xuat nay da lam cho vét liéu FGM tro nén khong hoan hao (Po-FGM). Dya trén nhitng
phat hién nay, can thiét phai xem xét anh hudng cua cac 16 rdng vi mé khi thiét ké cac két cau FGM dé
dam bao chiing an toan va chinh xac hon. Do d6, két cau lam tir vat liéu Po-FGM di thu hut duoc su
quan tam dic biét cua nhidu nha khoa hoc. Atmane va cs. [14] di nghién ciru anh hudng cua d6 x6p
dén tmg xir co hoc ctia ddm Po-FGM dit trén nén dan hdi. Dao dong phi tuyén ctia dim Timoshenko
Po-FGM da duoc phéan tich boi Ebrahimi va Zia [15]. Ebrahimi va cs. [16] da nghién ctru dap tng
dao dong nhiét ciia ddm Po-FGM va két qua nghién ctru da chi ra ring phan thé tich ciia do xdp co
anh huong dang ké dén tan s6 ty nhién cua dam. Anh huong cua dién, nhiét va kiéu phan bd vi bot
rong dén tan sé dao dong cuia tim 4p dién c6 co tinh bién thién véi cac diéu kién bién khac nhau di
dugc nghién ciru boi Barati va Zenkour [17] theo mé hinh giai tich dwa trén 1y thuyét bac cao bon an
chuyén vi cai tién. Ebrahimi va cs. [18] dd phan tich dao dong ctia tim Po-FGMEE dit trén nén dan
hdi Pasternak theo 1y thuyét bac cao bon an chuyén vi.
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Trong thuc té, c6 nhiéu loai két ciu dang dam, tim, v6 duoc dat trén nén dan hoi, chﬁng han
nhu nén mong trén dat, pha ndi trén mat nude, hodc mat duong va san nha trén nén dat da. Bé don
gian hoa viéc phan tich cac két ciu nay, nén dan hdi da dugc mé hinh hoa theo nhiéu gia thiét khac
nhau. Gia thuyét vé mé hinh nén dan hoi sém nhét va don gian nhat 1a nén Winkler [19]. Mic du dé
tinh toan nhung mo hinh Winkler khong ddm bao tinh lién tuc trong nén do gia thiét nén gém céc
16 xo ddc lap. Gia thuyét nay duoc cai thién bang mé hinh Pasternak [20] thong qua viéc thém mot
16p chiu ct trén 16p 16 xo. Kerr [21] d4 phat trién mo hinh Pasternak bang cach thém mét 16p 16 xo
bd sung phia trén 16p cit, nham tranh sy xuét hién cua cac phén lyc tap trung doc theo céac canh tu
do cua két cAu. Shahsavari [22] da phan tich dao dong tu do cla tam Po-FGM dat trén nén dan hdi
Winkler/Pasternak/Kerr theo 1y thuyét tim twa dan hdi ba chiéu v6i ham chuyén vi dang hyperbol.
Kumar va Harsha [23] d3 str dung 1y thuyét tim bac nhit FSDT dé phén tich tinh cta tdm sandwich
¢6 16p 16i Po-FGM va 16p bé mat vat liéu ap dién dat trén nén dan hdi Winkler/ Pasternak/ Kerr dudi
tac dung cua tai trong co-nhiét-dién. Cac nghién ctru gan ddy [24, 25] di chi ra raing mé hinh nén Kerr
dang thu hut nhiéu sy quan tim trong phan tich dao dong cac két cau dang dam, tAm va vo.

Dbi voi cac két cau tim, dic biét 1a két cAu tim MEE, nhiéu nghién ctru dd ap dung 1y thuyét don
16p twong dwong (ESL) dé du doan tmg xir co hoc cua ching. Cac 1y thuyét ESL phd bién bao gdm:
1y thuyét tam c6 dién (CLPT), Iy thuyét bién dang cét bac nhat (FSDT), 1y thuyét bién dang cit bac
cao (HSDT) va cac ly thuyét cai tién m& rong. Mot 1y thuyét don gian dugc cai tién tir FSDT nham
giam bét khdi lugng tinh toan ma van duy tri d6 chinh xac 1 Iy thuyét FSDT don gian (simple FSDT)
do Thai va Choi phat trién [26]. Khac véi FSDT truyen thong, simple F SDT chi bao gom bén 4n s6,
bang cach tach chuyén vi ngang thanh cac phan ubn va cat, giap giam sb lugng an sb va lam cho Iy
thuyét d& s dung hon. Dya trén dénh gia tong quan cac nghién ciru, chua c6 cong trinh nao phan tich
dac trung dao dong cua tdm FGM dan hdi-dién-tir c6 vi bot rSng trén nén dan hoi Kerr. Diéu nay cho
thiy nhu cau can thiét cho mot nghién ciru méi nham giai quyét van dé trén. Viéc phan tich dao dong
clia tim Po-FGMEE trén nén dan hoi khong chi mang y nghia 1y thuyét ma con mé ra nhiéu tiém
ning tmg dung trong cac két cau cong trinh, dic biét trong bdi canh vat liéu nay ngay cang thu hut
sy quan tim. Vi vdy, bai bao thiét lap m6 hinh giai tich nhdm phan tich dic trung dao dong ciia tim
Po-FGMEE trén nén Kerr, sir dung 1y thuyét tdm bac nhit don gian dé hd tro phat trién cac Gmg dung
tiém nang ciia vat lidu. Két qua so sanh véi cac nghién ciru da cong bd trude do khang dinh do tin cay
ctia mo hinh dé xuat. Trén co s& d6, bai bao tiép tuc nghién ctru anh hudng cua cic tham sé nhu nén
dan hoi, hé sd vi bot réng, kiéu phén bd vi bot r5ng, truong dién va tir bén ngoai ap dit, cung voi cac
kich thuéc hinh hoc dén tan sé dao dong ciia tim Po-FGMEE trén nén Kerr.

2. Co so ly thuyét
2.1. Mo hinh tdm Po-FGMEE dat trén nén dan dan héi Kerr

Xét thm chit nhat 1am béng vat liéu Po-FGMEE, dugc cu thanh tir hai loai vat liéu v6i bé mat
trén (z = h/2) 1a BaTiO; va bé mit dudi (z = —h/2) 1a CoFe, Oy tiép xtic voi mot dién thé d(x, y, 2)
va tr truong W(x, y, z), dat trén nén dan hoi Kerr dic trung bdi cac hé s6 do cung udn cua nén dan hoi
trén (k,), hé sb do cimg cit (G,) va hé sb d6 cimg udn cia nén dan héi dudi (k) nhu biéu dién trén
Hinh 1.

Céc tinh chat vat liéu hiéu dung cua tim Po-FGMEE la c4c bién s theo phuong chiéu day dya
trén quy luat ldy thura [27]:

() =0/ +(©, - O G/h+1/2) - T (0, +O)E (1)

trong d6 O(z) 1a cac tinh chét hiéu dung cua vat liéu Po-FGMEE bao gém: hﬁng s6 dan hdi C; j, hé s6
ap dién e;;, do dién tham ;;, hé s0 ap tir g;;, hé sO dan hoi-dién-tir d;;, hé sO tir tham y;; va khoi luong
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riéng p(z); p 1a chi sb ty 1 thé tich cta vat liéu FGMEE; hé s Poisson v(z) cta vat liéu FGMEE lay
g?m ding la hﬁng s6 theo chiéu day 16p; ©, va O, 1an luot 13 céc tinh chat cua vat liéu tai mit trén va
dudi; eg laty 1€ phé‘ln tram thé tich cua cac vi bot rong; Z 1a ham xac dinh d6 xép (FGMEE hoan hao
MEE-0): Z = 0; FGMEE c¢6 vi bot rdng phan b6 déu (MEE-I) [22]: E = 1; FGMEE c¢6 vi bot rong
phan bd khong déu (MEE-II) [22]: E = (1 — (22| /h)).

‘I . | @, W

il //éf:
- 7 R

MEE-II

MEE-I

Hinh 1. TAm dan hdi-dién-tir Po-FGMEE dit trén nén dan hdi Kerr

2.2. Cac hé thirc co ban - H¢ phwong trinh chi dao cia tam Po-FGMEE
Dé phan tich dao dong riéng cua tim Po-FGMEE dat trén nén dan hoi Kerr, bai bao st dung 1y
thuyét tim bac nhit don gian (SFSDT). Trudng chuyén vi cia mot diém bat ky thudc tdm duogc gia
thiét nhu sau [26]:
u(x,y,z,1) = up(x, y, 1) = z20wp (X, y, 1)
v(X,3,2,1) = vo(X, y, 1) = 20wpy(x, y, 1) (2)
w(x,y,2,0) = wp(x, y, 1) + wi(x,y, 1)

trong do uo, vo 1an luot 1 chuyén vi tai mit trung binh ciia tim theo cac phuong x, y; wy, va wy 1a cac
thanh phan chuyén vi ngang do mémen uén va luc cit gy ra.

Su phén bd dién thé va tir truong theo chiéu day tim Po-FGMEE dang xét phai théa méan phuong
trinh Maxwell. Theo Wang [28], ham dién thé, tir trudng duoc gia dinh gan dung 1a su két hop gitra
ham lugng giac va ham tuyén tinh:

O (x,y,z,1) = —cos (nz/h) po(x,y,1) + Rz/h) V

3
Y (x,y,z,t) = —cos (mz/h) vo(x,y,t) + 2z/h) Q )
trong do V, Q 1an luot 1a dién ap va tr truong bén ngoai dat vao tdm Po-FGMEE:; ®0, Yo la dién ap va
tir truong tai mat trung binh cia tim.
Truong bién dang {&} dugc suy ra tir truong chuyén vi:

Ex U x Uo,x — ZWh,xx

8y V,y Vo,y — ZWh,yy

Exyp = Uy +Vp = U0y +2V0x — 22Wp xy 4
Exz Ws.x Ws.x

Eyz Wi,y Ws.y
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n . T . s
Theo (3), véc to dién truong {E} = {Ex E, EZ} duoc xac dinh nhu sau:

Ey=-®,=cos(nz/h)¢o,; Ey=-®,=cos(nz/h)¢o,

E,=-®,=—(n/h)sin(xz/h) po — 2V/h ©®)
Tuong tu, véc to tir truong {H} = {Hx H, HZ}T duoc xac dinh theo:
Hy=-Y  =cos(nz/h)Yox; Hy=-Y, =cos(nz/h)o, ©)
H,=-Y,=—(n/h)sin(nz/h) Yo —2Q/h
Phuong trinh chuyén dong dugc thiét 1ap tir nguyén Iy Hamilton md rong:
Lté(S+W—K)dt=0 (7

& day S 1a ning lwong bién dang, W 1a cong do ngoai luc thuc hién va K 1a dong ning. Bién phan cua
nang lugng bien dang c6 thé duogc viét la:

oS = fa-ijés,-.,-dv
\%4

8
3 f Ox0Ey + 008y + T xy0Yxy + T30Vxz + T30, av ®)
v\ - DyE, - D\0E, - D,0E, — B,0H, — ByoH, — B,6H,

Thay thé cc phuong trinh (4) vao phwong trinh (8) ta duoc:

5 f(Nxéuo,x = M 6Wp xx + Nyovo,y — Myowp,yy
A

) dxdy
+ Nay (610 + 0v0.5) = 2MxyWp g + QucWsx + QycdWsy

e~ D, cos (nz/h) 6¢o,x — Dy cos (mz/h) 6¢o.y )
+ f f + D.m/hsin (nz/h) d¢g — By cos (mz/h) oo x | dxdydz
AR\ _ By cos (nz/h) ooy + Bor/hsin (nz/h) 6o

trong do6 cac thanh phﬁn ndi luc va mémen N, M, Q duogc xac dinh theo:

—h/2
(Nx,Ny,ny) = ‘f: (o‘x,(ry,o'xy) dz

h/2
—h/2
(st My’ Mxy) = f:[ n (ZO'X,ZO'y,ZO'xy) dz (10)
—h/2 1
(sze Qyz) = Ih/z ks (O—)Cza O-yz) dz.

V6i k, 14 hé s6 hiéu chinh ct, trong nghién ctru nay liy k,=5/6. Bién phan cta céng dugc thyuc hién
boi cac lyc tac dung 1én tam Po-FGMEE dat trén nén dan hoi Kerr ¢6 thé dugc viét dudi dang [29]:
NJwp + W) 16wy + W),

+ N (wp + We),6(wp + Wy)y

oW = dxdy (11)

Al + 25N2y(wb + wy) (wp + ws)y — K16 (wp + wy)
+ K (00wp + wy)y + 60w + wy),y)
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trong dé NS, N;) , Ngy 1a cac tai trong tac dung trong mat phang. K, K> 1a cac thong sd nén va dugc
xac dinh theo mo6 hinh nén [30] (nén dan hoi Pasternak: Ky = k,,, K = G,; nén dan hoi Kerr: K =
klku/(kl + ku)’ K, = kau/(kl + ku)) . i

Trong nghién ctru nay, gia dinh rang tam Po-FGMEE chiu tac dong cuia dién ap ngoai V, tir truong

ngoai Q va bo qua tai trong cét. Do do, Ngy =0va Ng, NS 1a cac tai trong tic dung trong mat phang

do dién ap ngoai V va tir truong ngoai Q giy ra, dugc dinh nghia nhu sau [18]:
h/2 % h/2
N? =N = NE + N¥; NE:—f e31——dz; NH:—f g31——dz (12)
~h/2 h ~h/2 h
Bién phan ciia dong ning cua tim dugc viét dudi dang:
oK = f p(2) (o + vov + wow)dAdz
14
Io (gt + vodvg + Wy, + Wy) 8 Wy, + Wy)) (13)
= f -1 (l}l05wb’x + Wp x0Ottp + Vo(swb,y + Wb,y513’0> dA
A
+1 (W},,xéwh,x + Wb,yéwb,y)

trong do (lp, I, I>) 1a cdc m6é men quén tinh khéi lugng dugce xac dinh béi:
—h/2 )
Iy, 11, 1) = f p(2) (1, zZ zz) dz i p(z) 1a khoi lugng riéng (14)
—h/2

Thay thé cac biéu thirc 65, 6W va 6K tir cac phuong trinh (9), (11) va (13) vao phuong trinh (7)
va tich hop tung phan, déng nhét cac hé $6 Sug, v, Swp, Swy, O¢o va oy ta dugc cac phuong trinh
chuyén dong sau:

(514() : Nx,x + ny’y = Ioﬂo - I]Wb’x

ovy : Ny’y + ny,x = Ipvo — I Wb,y

W+ My e+ 2Moy oy + My = (N + N = K3) V2w, + )
= K1 (wp + wy) = Lo(wp + Wy) + 1 (ﬂo,x + Vo,y) ~ LV,

6wy Qurt Qy, — (NF 4+ N = Ko) V20w +wy) = Ky (wp +wy) = IoGioy + ) (1)

/2
oo : f (DMC cos (nz/h) + D,y cos (nz/h) + D r/hsin (nz/ h))dz =0
—h/2

h/2
S f (Bx.x cos (mz/h) + B, cos (nz/h) + B.x/hsin (nz/h))dz = 0
—h/2 ’
Déi voi thm Po-FGMEE tuyén tinh tiép xtc voi tai co dién tir, cac lién hé ing suat-bién dang
duoc dinh nghia boi:

Ex

C]l CIZ 0 0 0 0 0 ej3 0 0 g3
Oy Clz Cll 0 0 0 &y 0 0 e31|(E, 0 0 @gs1| (Hy
Oxye=10 0 Ces _O 0 Yoo¢—| 0 0 0 |4Ey;—1| 0 0 0 [{Hyp (16)
Tz 0 0 0 Css _0 Yz e;s O 0 E, gis O 0 H,
0 0 0 0 Css 0 es O 0 g5 O
Oyz Yyz
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Ex
Dy 0 0 0 &5 0] ki 0 O](Ey) [du O O](H,
D, = 0 0 0 0 e Vay ¢+ 0O k1 O E, ¢+ 0 dn O H, 17
D, e31 ey 0 O Yz 0 0 k33 |E; 0 0 ds3] \H;

Yyz

Ex
By 0 0 0 gi5 O]|® di 0 O](Ex) [mn O O](H,
Byt={0 0 0 0 Gis|{yni+|0 dn O0REL+|0 an 0[{HP (18)
B, laz g1 0 0 0]}, 0 0 ds]lE; 0 0 fs3f\H:

Yyz

trong d6 cac hang s rat gon cua tim Po-FGMEE & trang thai (mg sudt phing dugc tinh theo [18]:

2 2
= 3. A 3. A - - e33C13
Cii=Ci——== Cn=Ci—-—==; Ce¢=Ce: e5=e€5 &3 =e33———

Cs3 Cs3 Cs3
_ o q33C13 - - 3 q33e3s
di15 = q15; 431 = q31 — s di=di; dyz=diz+ ;o Ki1 =K1 (19)
C33 C33
2 2
- 3. - 33
K33 = K33 + ——; M11 = Hi11; M33 = M33 + ——
Cs3 Cs3

Tich phan cac biéu thirc tir (16) + (18) theo chiéu day tim ta dwoc cac biéu thic luc mang Nij va
mo men uon M;;.

N, Ay Ap 0 U, Byt Bz O || ~Why A A%,

Ny =|A1n Ay 0 Vo,y + (B2 Bn 0 “Whyy ¢t Agl ¢o + Agnl Yo
Ny 0 0 Ags U,y + V0, 0 0  Begsl | 2w, Xy 0 0

M, By B O uo, Dy Dz O | ~Wb,y E3, E3

My, }=|Bix Bii 0 Y0,y +[Di2 Dip 0 | =Whyy ¢ +1E5 G0+ {E5 ¢ %o
Mxy 0 0  Begs Uo, +vo,, 0 0 Dess —2Wb,xy 0 0

Ox _ Ass 0 Wi, x e ¢0,x _am wo,x
(R N R
/2 )
f D cos(E)dZ:Ef5 o + FY, 90.x + F) Vox
2 | Dy h Wi,y o,y Yoy

/2 . (nz
fh/z D, (E) sin (%)dz = A5, (uo,x + VO,y) - E§1V2wb - F§1V2ws — F33¢0 — F54o
/2 B w
f L cos (E)dz = E% Sy FY, Vox + X1 Vox
—h/2 By h Ws,y l//(),y l//O,y
W2y g
f B (Z) sin (z)dz = A7 (o, + vo,,) - B3 VPwy — FIVw, — Fiibo - Xhiho

(20)

4 e e e 1 , A A A ’ , . IR
trong do A;j, Bjj, D,-j,Al.j, El.j, i la cac h¢ so dd ctiing duoc xac dinh bdi:
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h/2 B
(Aij. Bij. Dij) = f s Cij(1,z.2%)dz  (ij = 11,12,66)

h/2 h/2
Agy = Ass = kg f Cssdz;  {AS). ES) = f gyim/hsin(nz/h) (1,2} dz
—h/2 —h/2

/2 h/2
{A?I’Egzl} = f gsim/hsin(nz/h){1,z}dz;  Afs = f 215 cos(nz/h)dz
—h/2 —h/2

h/2
Afs = f G15 cos(mz/h)dz o
)

h/2
[Fe. Fg) = f {&11c08>(nz/h), Ra3(x/ ) sin*(mz/ )} dz
—h/2

h/2
{F’I"I, Fg"g} = f {c?l 1cos?(nz/h), ng,(ﬂ/h)zsinz(ﬂz/h)} dz
—h/2

h/2
RAREIE f ,  micos* ez, /s ez o}
Thay thé cac biéu thirc trong cac phwong trinh (20), (21) vao (15) ta thu dugc cac phuong trinh
chuyén dong biéu dién theo chuyén vi cta tim Po-FGMEE:
Ap1ug xx + Ae6Uoyy + (A12 + A66) Vo.xy — Bl1iwpxxx — (B12 + 2Be6) W xyy
+ A§1¢0,x + A’;ll,//o’x — lpity + I1Wp x = 0
Ap6Vo,xx + A22voyy + (A12 + Ass) Uoxy — B2oWp yyy — (B12 + 2Be6) Wh xxy
+ A§1¢O,y + Agnll//()’y - I()i} + Ilwb’y =0
Biiug,,, + (B12 + 2Bee)ug,xyy + (B12 + 2Be6)v0,xxy + B22V0,yyy
= D1 Wpxxx + E§1V2¢0 =2 (D12 + 2Ds6) Wh xxyy — D22Wb,yyyy
+ E5 V20 — (NE + N7 = Kp) V2w + wy)
N ) . . (22)
— K] (Wb + WS) - I()(Wb + Ws) — 11 (u(),x + VO,y) + I2V2Wb =0
AssWg xx + A44Ws’yy + F§1V2¢0 + F;Vzl//() - (NE +NH - Kz) V2(Wb + wy)
— K1 (wp + wy) + ASV200 + ATV — To(ip +v05) = 0
Agl(u()’x + vo,y) - Eglvzwh - F§1V2W‘Y + ETSVZWS + F71V2¢0 + F;n] Vzlﬁo
— F53¢0 — F33¢0 =0
AT (uo x + Vo) — E5 V2 wy, — F V2w, + ETLV2w, + FTL V260 + X7 V240
— F33¢0 — X33%0 = 0
2.3. Loi gidi Navier
~ Trong trudng hop tAm Po-FGMEE chit nhit lién két khop trén chu tuyén (SSSS), diéu kién bién
thé hién duéi dang sau:
vo=wp=ws;=Ny=My=¢o=y0=0, tai x=0,a

. (23)
u():WbZWSZNyIMyZQb():lﬁo:O, tai y=0,b

Céc thanh phan chuyén vi dugc gia thiét dudi dang chudi lugng giac kép, thoa man diéu kién
bién (23):

141



Thém, V. V. / Tap chi Khoa hoc Cong nghé¢ Xay dung

(o) [ee) o0 (o)
uo(x,y,t) = Z Z Upne cos axsinBy; vo(x,y,t) = Z Z Ve sin ax cos By
m=

1 n=1 m=1n

=1
(o] o0 (o) o0
wp(x, y, 1) = Z Z Wy€ ' sinaxsinBy;  wy(x,y, 1) = Z Z Wome " sin ax sin By (24)
m=1 n=1 m=1 n=1
(o] [Se] (o) [Se]
do(x,y,1) = Z Z Gmne'® sinaxsinBy;  Yo(x,y,1) = Z Z Ymne'™" sin ax sin By
m=1 n=1 m=1 n=1

trong d6: @ = mn/a,B = nn/b, w la tan sb dao dong riéng (rad/s) va cac hé s6 can xac dinh 1a
{X} = {tmns> Vins Womn> Wsmns @mns Wmn}T- ) ,
Thay (24) vao (22) va sau do thyuc hién cac phép bién d6i toan hoc, thu duwgc phuong trinh sau:

{[Kloxs — @ [Mlgxs) 1X} = {0} (25)

trong do6 cac hé $6 k; j vam;; cua ma tran do cirmg két cAu [K Jexe Va ma tran khdi lugng [M ]y dugc
trinh bay trong Phu luc. Tén s dao dong cua tim Po-FGMEE dit trén nén dan hdi duoc xac dinh
bang cach giai phuong trinh tri riéng |[K]6><6 - WM ]6x6| = 0. Nghiém cta phuong trinh nay 13 tin
s6 goc dao ddng w,,, tng véi dang dao dong (m, n). Tan s dao dong riéng co ban duoc xac dinh boi:
w = min {wy, }.
3. Két qua sb va thio luin
3.1. Vidu kiém chirng

Bang 1 trinh bay két qua tinh va so sanh tan s6 dao dong co ban ctia tim Po-FGMEE véi két qua
ctia Ebrahimi va cs. [18] sir dung mé hinh giai tich trén co s& 1y thuyét bién dang cit bac cao bdn an
chuyén vi. Pién ap V va tir trudng bén ngoai ap dit Q duogc xem xét 13 cac dai lugng khong thir nguyén.
Céc thong s6 vt lidu CoFe;04/BaTiOs dugc lay theo [18]. Vat liéu CoFe;04: Ci = Cay =286 (Gpa),
C33 = 269,5 (Gpa), C13 = C23 = 170,5 (Gpa), C12 =173 (Gpa), C55 = 45,3 (Gpa), C66 = 56,3 (Gpa),
e31 =0 (cm™2), e33 = 0 (cm™2), ey5 = 0 (cm™2), g31 = 580,3 (N/Am), ¢33 = 699,7 (N/Am), ¢15 = 550
(N/Am), k11 = 0,08 (107°C*m 2N, k33 = 0,093 (107°C’m2N"1), uy; = — 590 (107°Ns>C2/2),
w3 = 157 (10°°Ns>C2/2), di1 = day = d33 =0, p = 7300 (kgm™>); vét liéu BaTiO3: Cj; = Cay =
166 (Gpa), C33 = 162 (Gpa), C13 = Cr3 = 78 (Gpa), C12 = 77 (Gpa), Css = 43 (Gpa) , Ces = 44,5
(Gpa), e31 = —4,4 (cm™2), e33 = 18,6 (cm™2), e15 = 11,6 (cm™2), g31 = 0 (N/Am), ¢33 = 0 (N/Am),
g1s =0 (N/Am), k11 = 11,2 (107°C?m™2N"1), k33 = 12,6 (1077°C?’m2N""), g1 = 5 (107°Ns2C2/2),
w3z = 10 (107°Ns?C™2/2), d1 = d» = d33 =0, p = 5800 (kgm™>).

Cac tham s6 nén khong thir nguyén duoc tinh theo cong thuc [18]:

Kn =kaa[(BPCiic) v6i (A =wus50; K, =Gpa'/(hCry) 6

- 2
@ = wa” [h \JpcoFe;0/C11 CoFe,05

Két qua so sanh trong Bang 1 cho thay su khac biét gitra két qua bai bao va tai liéu [18] 1a nho, didu
nay khang dinh d¢ tin cdy ciia mé hinh va chuong trinh tinh toan tan sé dao dong ctia tim Po-FGMEE
trén nén dan hoi.

Trong cac muc tiép theo, tan sb dao dong cua cic tim Po-FGMEE hinh chit nhat c6 kich thudc
a X b x h, dat trén nén dan hdi Kerr duge nghién ctru va thao luan chi tiét. Céac dic tinh cua vat liéu
Po-FGMEE (CoFe,04/BaTiO3) va cac cong thirc khong thir nguyén K, @ dugce Iy theo duoc liy
theo cong thire (26).
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Bang 1. So sanh tan sé dao dong co ban dau tién khong thir nguyén @ ciia tim Po-FGMEE (CoFe,0,4/BaTiO5)
dat trén nén Pasternak (a = b = 100A; ¢y = 0,2)

MEE-I MEE-II

Ly thuyét tinh

Il
W
Il
W

p=0.2 p=1 P p=02 p=1 p
V=0,Q2Q=500;K,=K,=0

HSDT-4 [18] 5,33491 4,72550 3,86939 5,38498 4,85984 4,23871
Bai bao 5,31167 4,64219 3,86348 5,34742 4,76826 4,11050

V=0;Q=-500; K, = K, = 0

HSDT-4 [18] 3,27061 3,46440 3,86939 3,43608 3,59537 3,93172
Bai bao 3,23256 3,34986 3,74004 3,37691 3,47099 3,79315

V=500, Q=0; K, = K, =10

HSDT-4 [18] 16,6333 16,2548 15,9136 15,7441 15,4211 15,1288
Bai bao 16,6259 16,2308 15,8826 15,7313 15,3926 15,0933

3.2. Cadc dang dao dong cia tam Po-FGMEE dat trén nén dan hoi Kerr

Xét ba loai tim FGMEE (hoan hao, MEE-I, MEE-II) dat trén nén dan hdi Kerr dudi tac dung cua
dién trudng V va tir truong Q. Két qua sau dang dao dong dau tién, cing véi cac gi tri tin s6 khong
thi nguyén @ cua cac tim FGMEE duoc thé hién trong Bang 2 va cac Hinh 2, Hinh 3, Hinh 4. C6 thé
thdy v6i ca ba loai tim FGMEE xem xét déu c6 két qua 1a cac dang dao dong s6 2 va 3, s6 5 va 6 timng
d6i mot giébng nhau vé hinh dang, dan dén cac cip nay cé gia trj tin sé dao dong @ bang nhau.

z/h
z/h

S _
0 0 0

y/b 0 wa /b 0 wa y/b 0 x/a

(@) Omn) = (1, 1); & = 12,594 (b) (m,n) = (1,2); @ = 19,645

z/h

0.5

0.5
0 0
y/b 0 x/a y/b 0 x/a
(d) (m,n) =(2,2); ©=26,18 (e) (m,n) =(1,3); ©=30,410 ) (m,n) =(3,1); ©=30,410

Hinh 2. Dang dao dong cua tam FGMEE hoan hao dit trén nén dan hdi Kerr
(eo=0; p=1;a=>b=50h V=300, Q2=200; K; = 10; K, = K; = 100)
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(b) (m,n) = (1,2); 0=20,421 (c) (m,n) =(2,1);=20,421

(d) (m,n) = (2,2); ©=27,050 (e) (m,n) =(1,3); = 31,320 ®) (m,n)=@3,1); =31,320

Hinh 3. Dang dao dong cua tam MEE-I dt trén nén dan hoi Kerr
(eo =0,1; p=1,a=>b=>50h; V =300;Q = 200; K, = 10; K,, = K; = 100)

TSRS
S
SR

(d) (m,n) = (2,2); ® = 26,725 (e) (m,n) =(1,3); = 31,017 ® (m,n)=Q@3,1);0=31,017

Hinh 4. Dang dao dong ctia tim MEE-II dit trén nén dan hoi Kerr
(e =0,1; p=1,a=b=>50h;V =300;Q = 200; K, = 10; K,, = K; = 100)
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Béng 2. Sau tan sé dao dong dau tién @ cua tim MEE (CoFe,04/BaTiO;3) dt trén nén dan hdi Kerr
(a=b=50h;V =300;Q = 200; K, = 10; K, = K; = 100)

Dang MEE hoan hdo (ep = 0) MEE-I (ep = 0,1) MEE-II (ey = 0,1)
daodong ,-02 p=1 p=5 p=02 p=1 p=5 p=02 p=1 p=5

12,863 12,594 12,358 13,510 13,203 12,934 13,190 12,903 12,652
20,231 19,645 19,172 21,078 20,421 19,892 20,703 20,084 19,584
20,231 19,645 19,172 21,078 20,421 19,892 20,703 20,084 19,584
27,117 26,182 25,455 28,093 27,050 26,241 27,710 26,725 25,960
31,586 30,410 29,509 32,630 31,320 30,319 32,253 31,017 30,069
31,586 30,410 29,509 32,630 31,320 30,319 32,253 31,017 30,069

AN B W~

3.3. Anh hwéng ciia cdc tham sé dé cirng nén dan hoi Kerr
Anh hudng cia cac hé sb 6 cung nén dan hdi Kerr (K,, K, K;) d&én tan s dao dong riéng co ban
dau tién @ cua tam Po-FGMEE dugc thé hién trong Hinh 5. Két qua cho thay khi hé s6 do ciing cua

16 T T T T 16

J ) S—

() K, =10 (d) K, =10

Hinh 5. Anh hudng cua cac tham ) do ctng nén: K..K;, K, dén tan s6 @ cua tAm Po-FGMEE dat trén nén Kerr
(eo =0,1; p=1;a = b =50h; V = 300; Q = 200)
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16p cat (K) va 16p dan hdi phia trén (K,,) ting thi tin sd @ ciing ting, ching t6 cac 16p ndy 6 tac dung
tang cudng do cua tam (Hinh 5(a)+(b)). Khi xem xét anh hudng cua do cimg 16p dan hoi phia dudi
(K;) qua Hinh 5(c)<(d), ban dau khi gia tri cta K; ting @ ciing ting, nhung sau d6 @ giam xudng khi
tiép tuc ting K;.
3.4. Anh hwéng ciia hé sé vi bot rong

Hinh 6 minh hoa anh huong cua hé s6 vi bot r5ng eo khi chi sb ty 1& thé tich p thay d6i dén tan sb
dao dong riéng co ban dau tién @ cla tAm Po-FGMEE dugc dit hodc khong khong dat trén nén dan
hdi Kerr. Co thé thiy rang tan sb dao dong riéng ctia tim MEE-I phu thudc vao gid tri cta chi sd ty
1¢ thé tich p. Cu thé, khi ey tang, tan so riéng dau tién @ tang 1én v6i cac gia tri cua chi sd ty 1& thé
tich p =0 va p = 0,2 (Hinh 6(a)). Nguoc lai, tan s @ giam khi e( ting v6i cac gia tri p =1 va p = 10.
Dbi véi tim MEE-II khong dat trén nén dan hdi va ca hai loai tim MEE-I, MEE-II khi dugc dit trén
nén dan hoi, tan sé déu tang khi eq ting v6i moi gié tri cia p. Do d(’) c6 thé két luan rang tmg xr cua
tam Po-FGMEE bi anh huéng boi gia tri eg va kiéu phan bd 15 rong (Hinh 6(b) (©), (d)). Ngoa1 ra,
nen dan hdi dong vai tro quan trong trong {mg xtr dao dong ctia tim, gop phan lam ting dang ké tan
s6 khong thir nguyén ciia tim Po-FGMEE.

5 5
______________ 48 P
------------------------- 4.6 '____._____-.—---"""'-' e -7
R L T e -
N MEE-I I 44f---""7" 1
3 . __ ] _ 3
p=0- = p=02 —p=1~-p=10 i //
4 L
4}t i
3.8 MEE-TT
T —-=-p=0- - p=02 —p=1 =10
35 ' : ' 36 S NNNE AL AN N
0 0.1 0.2 0.3 04 0 0.1 0.2 0.3 0.4
o %o
(a) MEE-L K, =K, =K, =0 (b) MEE-IL K, =K, =K, =0

[ MEE-II

" = p=0- - p=02—p=1---p=10 - ~ ==-p=0- - p=02 —p=1 --p=10
"o 0.1 02 03 0.4 "o 0.1 0.2 03 04
eO eO
(¢) MEE-L K, = 10;K, = K, = 100 (d) MEE-IL; K, = 10;K, = K; = 100

Hinh 6. Anh hudng cta hé s vi bot rdng ey khi p thay d6i dén tan sé @ cua tim FGMEE khong dat/dat trén
nén dan hoi Kerr (a = b = 50h; V = 300; Q = 200)
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3.5. Anh hwéng ciia chi so ty 1é thé tich

D4 thi trén Hinh 7 cho thiy, viéc ting chi s6 ty 16 thé tich p dan dén tan s6 khong thi nguyén cua
tam Po-FGMEE giam vdi ca hai kiéu phan b 16 réng. Trén thyc té, khi p = 0, tim dugc lam hoan
toan tir CoFe;04 va c6 tan sb 16n nhit. Viée tang p tu 0 dén 10 s& thay dbi vat liéu cua tim MEE tir
tAm hoan toan CoFe,O4 thanh tAm c6 su két hop ciia CoFe, 04 va BaTiO3. Do d6, viéc tang ph?m tram
kim loai, vén c6 mé dun dan hdi thap hon so v&i gdm, s& 1am giam do cling cua tim.

48 . 48 .
MEEI MEE-TT
46f -y =0 46 -—-g,=0
l‘l - - e,=0.1 i --e,=0.1
4.4 1Y 44 Y —e,~03 -
.‘\
342} 342}
4t nt
38f 38t
36 : ' ' ' 3.6 '
0 2 4 6 8 10 0 2 4 6 8 10
p p
() MEE-LK, =K, =K, =0 (b) MEE-IL K, = K, = K, = 0
155 14.5 :
MEE I
15 b 0|
145} B
_e0=0,3
n 13.5
3 I3 N
N
13.5 BN
13k, N T Teeee
12.5 e T
1250 e AT e e
12 . ' 12 \
0 2 4 6 8 10 0 2 4 6 8 10
p p
(¢) MEE-L K, = 10; K, = K; = 100 (d) MEE-IL; K, = 10K, = K; = 100

Hinh 7. Anh hudng cua chi sb ty 16 thé tich p khi e, thay d6i dén tan s6 @ cta tim MEE khong dat/dat trén nén
dan hoi Kerr (a = b = 50h; V = 300; Q = 200)

3.6. Anh hwéng ciia dién dp va tir trueong ngodi dp ddt

Anh hudng cua dién ap bén ngoai V va tir truong Q dén tan s dao dong riéng @ cua tim duoc
mo ta trong Hinh 8 va Hinh 9. Két qua chi ra rang véi ca hai kiéu phan bé vi bot réng, viéc tang V 1a
nguyén nhan lam giam tan s6 riéng va khi ting Q s& lam ting tan sb riéng @. Vi vay, do 16n va dau
clia truong dién va tir bén ngoai ¢6 vai tro quan trong d6i véi g xir dong ciia tim Po-FGMEE dit
trén nén dan hoi Kerr.
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15 13.8
TEE- 13.6F
14.5 MEET
———- =0
° 13.4
-=-¢,=0.1
14 e =03 132F 77T T T T T e e e
—e,=0. 2
I3 13 MEE-II
135 Br —=gy=0
___________________________ 12.8 - - =01
13 —e =03
12.6
12.5 : 12.4 :
-500 0 500 -500 0 500
v v
(a) MEE-I (b) MEE-II

Hinh 8. Anh hudng ctia dién ap ngoai V dén tin s6 @ cta tim MEE dit trén nén dan hdi Kerr
(a=b=100h;p = 1;Q = 0; K, = 10; K, = K; = 100)

15 14
MEE-I
145 0 ]
135} 1
14 -- eo=0,1 ]
_eo=0,3
I3 13.5 . 3 13 eaemmT T
13p----"77T7T T MEETT
_______________________ 1251 e e =0
1250 e T - - e=01
— =03
2 12
500 0 500 -500 0 500
Q Q
(a) MEE-I (b) MEE-II

Hinh 9. Anh hudng cua tir truong ngoai ap dat Q dén tan s @ cua tim MEE dit trén nén dan hoi Kerr
(a=b=100h;p =1,V =0;K; = 10; K, = K; = 100)

MEEI _,/ MEE-II
1208 ==+v=-1000 P 1270 ==v=-1000 e
) - - V=0 ".4' -=V=0 _’"’

—V=1000 - 12.68 } —Vv=1000 o

12.96 o ] -
I3 12.94f e
12.92 /y
129}
12.88 - - - 12.58 - - -
20 40 60 80 100 20 40 60 80 100
ah a’h
(a) MEE-I (b) MEE-II

Hinh 10. Anh huéng cia ty s6 a/h va V dén tan sé @ ctua tim MEE dat trén nén dan hdi Kerr khi V thay doi
(eo=0,1; p=5Q=0;K,; = 10; K, = K; = 100)
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3.7. Anh hwéng ciia ty 1¢ kich thude tam alh

Anh huéng cia ty sb a/h dén tan sb khong thir nguyén @ cua tim FGMEE dit trén nén dan hoi
Kerr khi d4u ciia dién ap va thé tir bén ngoai thay doi duoc thé hién trén Hinh 10 va Hinh 11. C6 thé
théy réng tan sb6 @ phu thudc vao ty 1€ a/h va khi c6 dién ap 4m tac dung din dén tin s @ cao hon,
nhung thé tir am tac dung dan dén tan sé thap hon. Ngoai ra, su khac biét gitra cac két qua tan sb d6i
v6i cac gid tri Am va duong cia dién ap va tir truong bén ngoai tré nén rd rét hon khi ty sé a/h ting.

13.05 12.8 -
MEE-T MEE-II
| ==0=-1000 12.75 | ====0=-1000
L --0=0
—0=1000 —Q=1000
127}
2est
3 S 131265} _zzz---------="""""---3
ol T < T
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Hinh 11. Anh huong ciia ty s6 a/h dén tan s6 @ ciia tim MEE dit trén nén dan hoi Kerr khi @ thay doi
(e0=0,1;p=5; Q=O =1OK K; = 100)

4. Két ludn

Bai bao nay trinh bay dac trung dao dong ctia tdm FGM dan hdi-dién-tir chira vi bot rSng dat trén
nén dan hdi Kerr, theo ly thuyét bién dang cit bac nhat don gian. Hai loai phan bd vi bot réng, cu thé
la déu va khong déu duge xem xét. Cac tinh chit co hoc cua tim Po-FGMEE dugc gia thiét ¢6 co tinh
bién thién tuan theo quy luat ham ldy thira. Két qua khao sat sé cho thiy:

- Tang gié tri chi s6 ty 1¢ thé tich p 1am giam tan s6 riéng ciia tim Po-FGMEE trén nén dan hi
Kerr v6i moi gia tri cla eg.

- Khi hé sb d0 cimg nén dan hdi thay doi, tan so riéng ciia tim Po-FGMEE ciing thay dbi. Hé s6
d6 cting cao hon s& dan dén gia tri tan s cao hon.

- Dbi v6i tam MEE-I khong c6 nén dan hoi, viéc ting e lérn tang tan sd co ban khi p nhé va sau
dé xu huorng nay nguoc lai voi cac gia tri p > 1. Khi dit trén nén dan hoi Kerr, viéc ting e luon lam
tang tan s6 co ban ciia tim MEE-I.

- Pdi v6i tim MEE-IL, tan sb co ban ting khi e ting, ca khi ¢6 va khong c6 nén dan hoi. Tang
tir truong ap dat lam ting tan sb riéng cua tim Po-FGMEE, trong khi dién 4p bén ngoai co tac dong
ngugc lai.

- Khi ty sb a/h ting, dién ap 4m tac dung lam ting tan s, tir trudng am tac dung lam giam tan sb.
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