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1.1

1.2

1.3

[45],

0 0

a—l;O: AocosO— 1, %: Agsin,
L X . x €10 1];uox)  wolx)

X, z , 0(x) x , Ao
,  Euler-Bemoulli 3]
€= MAo- 1- z g_g
i T

o= E(e- of - diE),
Ej q Ezj .]. (j: 17 2’ 3)’dj

, T , z

[ 20]

E:j= Vi/h,

Vi J , V2= 0
. FGM ( E Poisson V a
K ) [14, 21]
L, oz" ha ha
P= VaPu+ VPe Vat+ Ve= 1, Ve= [2+hj , {— 5 <z <2},
Vi, Ve
(2) (3)

_ 00
N(x)= (M- 1)Ci- a—sz— Nr— Ng,
M(x)= (Ao— 1)Ca- 2_303— Mr—- Mg,
C, C2 C; ;N1, Ng , Mr, My,

3 3
(C1, Cp, C3) = jZJ].A-(LZ’ ZZ)E_'jdA, Np = jZJiLE_,‘ ol dA;,

3 3 3
Mr= ZI Ei oTzdAj, Ni= ZIAEjd13EzjdAj, Me = Z'['LE}'dBEzjszj.
j=1 4 j=1 ' j=1 '

Ty,
[14,21] .
i[ dT(z]]_
dz K dz =0

(1)

[ 46]

(4)

(3)

(6a)

(6b)

(7)

(8)
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Tu-To h» ha h2
Ti(z) = T+ h—l[z—?} [?< z < h1+?], (10)
1 1
To= Tor (To=To) ") 0 Kas Vo(z)(Kem Ku)®
h h
- 72< z < 72 ) (11)
Tn-T h h h
T3(z) = Tn+ %{z+ ?2} [— hi1- 72< z<—?2]; (12)
Tp Tz ( )
_ (h+ Ky)Tu+ Tihy _ (hit+ Kp)Ti+ Tuhi
T = i+ K, 12T 2h+ K, (13)
Ky, K. Kn ;c )
.r‘z/2 1
T LKt Vi(z)(Ke- Km)dz'
1.4
(56,
oH ov
E:— /\qu’ 87:— AOQZ; (143)
aa_ﬂj: Ao(— HsinB+ VcosO+ ¢o), (14b)
H,V 3(‘]%3(]2) 9(]6
; NC) H,Vv
N = Hcos0+ Vsinf. (15)
(6) (15
Ox ~ Cs ’
Ay = m[C3(HCOSO+ VsinO+ Nr+ Ng) -
Co(M+ Mr+ Mg)] + 1. (17)
’u ’w 0%0
¢ == Mo 33, == mo sy = - ]0812’ (18)
mo, Io
1 /2 s
(moto) = [© Pz (1L:2)s. (19)
-~ hy2
(D (14) (16) - Euler Bernoulli - -
: wo(x), wol x), O(x)
H(x), V(x) M(x) 6 , x . (17)
Ao
2

’ . s :

(§S. U W)= (x50, uo,wo)/l, (Fr, Fao, F4) = (I’C, IC2, I’C4)/ C5,
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_ 0[18/

(20)

(Pu, Py, Pr, Py) = I*(H, V, N1, Ng)/ Cs, (ps.p:) = U(qe ¢:)/ C,
(m, mr,mg) = (M, My, Mg)/Cs, A= 128anTi, O = 128d3 Vi/h,
.V hy E. E, Cs

= - = T q = = T= .
Q 126 d31 hl, n h()’ E11 Em’ Er2 Em’ t 14107
ol = O Qm, Q2 = ap/ Am, T:= TU/TL, a = 1/(Kr1— 1), 6= 1/ho.
(1) (14 (16), -

aa_g: AgcosO- 1, aa_gz Agsin 0, (20a)
g_g’z [( Do—- 1)F2— m— mr— myg/, ( 20b)
oP. ‘U Py ?
2
aa—rgz Ag| = PusinB+ Pycosf - Fog_,[ez] , (20d)
A= [(PpcosO+ PysinO+ Pr+ Pg)-
Fafm+ mr+ me)]/(Fi- F22)+ 1. (21)
( Vi== V2=V) me= 0, ( Vi= V2= V) Px
U0, T) = 0, W0, T =0, 0(0,T) = 0, (2)
Uuo, =10 W, T=0 61T =0. (23)
(20) : : ,
(8,22]
UETY= UG+ Uu&T), WET = W(§+ Wy(§&T), (24a)
08T =08+ 0(&T), M(§E T = M(&+ Mo(§ T, (24b)
HET = H(Y+ Ha(ET), E T = V(& + V(& ), (24c)
S s d
[4'81:
U.= AcosOo— 1, W.= Asin0, (25a)
0. = [( A= 1)F2— mg— mr— mg], (25b)
H.= 0 V.= 0, (25¢)
m/5= Ay(— HgsinB+ VicosO), (25d)
Ay = [(Hgscos0+ VisinOs+ Pr+ Pg) -
Fa(me+ mr+ me)]/(Fi— F3)+ 1, (25€)
’ 3 Hs, Vs :
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(24) (20), sinOg= 04, cos04= 1, Us Wg, 06, Ha, Va Mg
, (25)
0 oW,
a_gdz AgcosOs— A Ogsin 0, a_glz AgsinBs + A, B4cosb, (26a)
0 _, o OHy Uy 0V Wy -
0g = MMfrmomd g = Meape 98 T N 5 (26b)
om.
a’%‘: A~ (Ha+ Vi0q)sinOs+ (Vi H.04) cos0] +
. 0°04
Agf VicosO— HsinB] - AFo FEL (26¢)
A= [(Va= HBy)sinO+ (Ha+ V.04)cosb— Fama]/(Fi— F3). (27)
, (26)
( Us, Wa, 04, Ha, Vo, ma) = (wa, wa, Oq ha va, Ma)cos T, ()
© , wd, wd, Od, ha, v My : (2) (26)
wi= TeosOi— A, ®qysin0;, wa= Tsin0+ A ©ycos0s, (29a)
Oa= TFa= My ha= - A@ug, va=- Aoy, (29D)
Ma= As[— (h(l+ Vs®d)sines+ (’U(l— Hs ®d)(30865] +
[ VecosOs — HisinOs] + AsFo o’ 64, (29¢)
I'= [(va— Hs®i)sinOs + (ha+ Vs®)cosb— Fama]/(Fi—- F3). (29d)
Us(0) = Us(1) = Wy(0) = Wi(1) = 6,0) = 61) = 0, (30)
uwd(0) = wd(1)= wdi(0) = wd(1l) = ©40) = B4(1) = 0. (31)
4
(29) ;
(25) (30) : )
Runge-Kutta Newtor Raphson ,
Runge- Kutta ,
[48,22] .
1 -
E/ GPa Poisson ~ V a/(C) K/ (W/m* K)
Al/m 70 0.31 23% 107 © 204
Zr0s/m 151 0.288 2 10x 107 © 2.09

G119 N/p 63 0.3 L.2x 1074 0.17
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, (Zirconia/ 7r07) (A luminum/ Al)
( Zi0JAl), G-1 195 N.
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Free Vibration of Functionally Graded Material Beams
With Surface-Bonded Piezoelectric Layers
in Thermal Environment

U Shirong', SUHowde', CHENG Changjun’

( 1. Department of Engineering Mechanics, School of Science,
Lanzhou University of Technology , Lanzhou 730050, P.R. China;
2. Department of Mechanics, Shanghai University,
Shanghai 200436, P. R . China)

Abstract: Free vibration of statically thermal post-bucklied functionally graded material beams with
surface-bonded piezoelectric layers subjected to both temperature rise and voltage is studied By accu-
rately considering the axial extension and based on EulesBernoulli beam theory, geometrically nonlin-
ear dynamic governing equations for FGM beams with surface- bonded piezoelectric lay ers subjected to
therme-ele ctre- mechanical loadings were formulated It was assumed that the material properties of
the middle FGM layer vary continuously as a power law function of the thickness coordinate and that
the piezoelectric layers are isotropic and homogenous By assuming tha the anplitude of beam’ s vi-
bration is small and its response harmonic, the above mentioned non-linear partial differential equa-
tions were reduced to two sets of coupled ordinary differentia equations; the one for the postbuck
ling, and the other for linear vibration of the beam superimposed upon the post buckled configuration

By using a shooting method to solve the two sets of ordinary differentiad equations with fixed-fixed
boundary conditions numerically, response of post-buckling and free vibration in the vicinity of the
post-buckled configuration of the beam with fixed-fixed ends and subjected to transversely non-uni-
form heating and uniform electric field were obtained Therme-electric post- budkling equilibrium paths
and characteristic curves of the first three natural frequencies versus the temperature, the eledricity
and the material gradient parameters were plotted It is found that the three lowest frequencies of the
pre- buckled beam decrease with an inaease in the temperature, but those of a buckled beam increase
monotonically with the temperature rise The results also show that the tensional force produced in the
piezoelectric layers by the voltage can effidently increase the critical buckling temperature and the

naturd frequency

Key words: functionally graded material, laminated beams with piezoelectric layers, thermal buck
ling;, free vibration; natural frequency



