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ABSTRACT

Thermopiezoelastic snap-through phenomena of piezolaminated plates are numerically investigated by applying a

cylindrical arc-length scheme to Newton-Raphson method. Based on the layerwise displacement theory and von-

Karman strain-displacement relationships, nonlinear finite element formulations are derived for thermopiezoelastic

composite plates. From the static and dynamic viewpoint, nonlinear thermopiezoelastic behavior and vibration

characteristics are studied for symmetric and eccentric structural models with various piezoelectric actuation modes.

Present results show the possibility to enhance the performance of thermal structures using piezoelectric actuators and

report new phenomena, namely thermopiezoelastic snapping, induced by the excessive piezoelectric actuation in the

active suppression of thermally buckled large deflection of piezolaminated plates.

1. M &

2ot g} g ad 8L ATTFEE
olgt: shz MEE ATEHE BN 7E
o FEEG] A2y A& FoAFAt 53, o
B kA 7158 ARS T dRARE A2 3
P4 Aol aeln a5 F IE dAE AT A=
=X FAHAG

dA n4de FE7 R AR, ¢F7EE, A

AR REIA AF Ao, €3 #FBL w¢
Fagh deearzs ERUF R FH o A=
g Al dse 543 AstAd ¢ e AL
2 oA dn o Ag neg gAe ¥4
Z193kE0l 8 ARAEE wol7) avtE 7x AT
of #&ds HEHT vk kA G I
et de g FAAE AT /&Y FRE B

ol gt A7E oA wlH|ahy),

A 71EY ddAgAd Aol
g Aguaz gch. Ha S[1]2 FAWEe &
T ool s RrlE hAEEy gk AR
Fe Ha2ZgAN = AFE FHEUY. Tzou 9
Ye[2]E= dH-v58e #x 2 A5 dig 4
A aYE 3 AY FELAE sty AFEY
t}.  Lee 9 Saravanos[3]= =53 4d sy
dHygg aRHeE Jled ¢ AT FEEYFH
olBL EYsted My dddAEyd AFEAE
T3l3it}h.  Smittakorn T Heyliger[4] & 3lo]l1
2.9+ A-7] Al (hygrothermopiezomechanical) 2] &
A dAdadsE nee FAY 2 A=5gd dg
Ars Fysidct Pai S5 ¢A A © &
T8 LY 2vlE ERAZHE J)aeEH v
AP4E 18 shvy 2dE AP
Tzou 56,7} ¢AY ¥, H@, 228 49 ¥4
F A 2 FH AFEHS dFsE. oh,
Han Z12]31 Lee[8]E €3 TZE eI
st FFLEEE Foln FIFF AT AA o
g AFE SRS AT o] AFoA A9

e

—232—



Ny AFodM F2 FAs s U AFEA
222 2 (snap-through) @73 ©) ‘i%ﬁﬂﬁq.

€ =82 Oh F8)Y 7oA BudHoy &
2% AFE FE-PY&EYPO) 7o) ¥ (arc-length
method, [9DS 24%5}0% Ao E BHAN o) E
TEIHAT. B AT vy fdesdMd=
ZHEHYA o223 von-Karman B]AHE ¥y
F wAZ ALHAGY. iy Y Zsody
Fysigon olg olg3td, tAAN B
YH g g% do] Batg gy 72
zkzvol A AFEzo)] wWE vAMy

(<3

2 ofe o
rﬁgrﬂ

X ond gy
ot u ¢ ofN

ot _._,°1=
Al
°>~
o
2
-{J
iloZ
£ 9

Eél?_l

2 A3y vAyg s
HYrol 23 von-Karman B) M3
Aol HEHAJG, £H BB F

ZAS WG b g

ZU (x, 7.0’ (2)> u, -ZV (x,,0)P"(2)>

J=1

—W(x,y,t) 1)
AN w, w, 2R wy e A7 x, y 28R
Hakel wgloln cb’(z)ﬂr’?ﬂ‘%?%EEﬂ Ay 23
gl Von-Karman ¥]A% WH-AYE T2
© tes P
s,z_lfLJ,l(iui) S$ g, L 9&) (2a)
ox 2\ ox o ox 2\ &
2 g 2
Bu, fou ) _wov’! , 1w (2b)
=223 = @+~ —

R ay+2(ay] %% Z(ay]
YW=%+%+%%=§:(8_U_J+6V’ o’ + W W (20)
Ty x &y Sy & ox &y

N;
y, =2 O _OW Sy dO Qd
& o ¥y = &
ou, du oW L, do’
= — = — U —— (2e)
V= o&x Oz x+,z=: dz

FAA Fol B AddAEe HY FAAWH
4o Bgs gol Berd + k.

G, = Q;f'”ej ek, "(’-;"'EAE- €)

D, =e,e, +&,E + pFeAT, 4)

0;17]/H ekj, (X;S'J':a p:la 13]:11 ‘M ?:}'Z‘])&}A

SAAAF, ZALAF, FAEASF
B AP E 2EF7td e EAASE 1Y
84l ekt
ZAE7) g AT RddAE FAYFgon
g9 A7F RBREE JHFEE A
(thermal analogy approach)©] E]—J’_ =)
Hamilton #z2j& A&dq HF
=" 5+ A
ST =8(U +V)~8K
=[ { [ (0,88, ~ 8w, ~ pui8it, ) v - LT,Su,ds} dt
=0
Ayl FaFR FAEFG oJAE HfAHE A
A gsn 22 AA Ay feaesr 5
& 9¢ & Ak

ozl
o & ¥ rx

&)

Mii + (KO- K* - K’ +LKN1+1KN2Ju =F¥ +F” (6)
%714 M, Ko, K*, K", KN1, KN2, F 2
g3 FFe 2%, A¥3A, 718834, 7sgA
24, AEAYAAE, 23 ol WA YALE
oujgt. Aol AFHA fF== Oh F[8]Y
e AAs 7= o] gt

A@NM Y HA¥H vaAEL sHHEE
g 2e AAE T R4S 28 F Ao

(KO- K* - K" + L KN1(u,)+ L KN2(u,))u, = F*" + F* (7)
+(K0- K ~K” +KNI(n,) + KN2(u, )}u, =0 (8)

22. HBSY 2947 2 AFHY

71&9] oh 3819 dAFAME 2F.AFHY
HolE EA A% EA wiol ¢4 %%4 &
AP vy AFE o8 £ ANt B Ay
qre 2d9-285 A7 s ol Y(arc-
length method, [9])& FE-F< vHE Yo H&519
o AME 9A FEstd ¥ sFAaxe g
T4 EFYY q,r,) T ST gol Ao

+ At
q(ux,k,,)=(K0—K“"'—k,,K{,’+-2LKNl(ux)+-§KN2(ux))u_‘_(9)
-0 F-F =0
BAY EE¥YY (998 E7] A48 (+)-E

ARdol A A} Taylor ANE AHgsld 4y A
71" g3 22 FEHYE 28 £ U0

—233—



v _0g" Beioad i1 O
suxl=‘q— [_q(“s’}‘/))"s}‘wl—q‘] (10)

2, o,
=81 + 6N, 'du’,
o} 7] A}
S o K kNI k) (D
u.\
X __krw g (12)
a, '
ZE3 wEe BANS oy g
NN 48X, AN = AN wEN (13)

u =u’ +8u™ Au'' = Au’ +8u™ (13b)

’

o71A AoyelA BlAFE EA st shteld
olg F3}7] H8 B AFdAE vy 2 ¢
23 3 7Zo|¥(cylindrical arc-length method, [9])9]
& shte] ~7ke} WA ale =98

Au';_*'TAui*' = Au'LTAu';. = Al? (14)
A 0 1SS Al HYgsE sy ol
v ges ge oatAAe 9 4 Utk

i+2 i+

a SN} + a3\ +a;=0 (15)

o 714 a, =ou, dul,
a, =260, (A’ + 57 ) (16)

a, =(au’ +8u' ) (A’ +8W )-ar?
el 2 FolA Au sk Autlo gamat
Qo] dlzto) N e AshAh FPWEL 9
stel g, = 10x10° & 2= WY FPBRA
(1012 A}-&8tsict

8 ¥E 7@ T A@ddM dgH
Ze Uuge nHd vla ABANAS IS F
olq_

A .

[Ko-K* —x,K! + KN1(u,) + KN2(u,) - o*M}{@w}=0 (17)

A A28 gEFTA) A= ATFlolalel & ZpukA)
o] Al&EFHdow mFRHANE BFU
(Subspace Iteration Method, [10])0] AF&= $ith
A% AN BAEE B4YLS)  non-
positive definite 54 W&o &9 nHFAE ZHAl
Aed oy 39 WML s

dz

3. €3t % E9
3. fHASE Y

E Mo e Fig. 1 & 22l 7o ¢HAAS
g A AgE %A Ao oI
Zoh

E: Eccentric

P: Partially covered

S: Symmetric
F: Fully covered

FaArdL 9 AA QA2 13X13 FAI} ALE
ge0 14" AP EAXYG @59 FAE
Table 1 ¥ Zth 7]&stdQd 4L the3 2o
a=b=120mm and c;, =1mm.
RE ZzrdoAN AAZAL de&AA AAZH
oA T&£HL [0/445/-45/90)s HHHSZHY FTF
Holl A ghet,
W=U"=0 atx=0,a (18a)
W=y"=0 aty=0b (18a)
71 mE EFHFHe FTHEE oudth
FREDE wE Ad7H FFREI} ol
AY Table 2 o] YAR=0] W LTz HIPS
et FEHoz FId dAdA A¢
59 "ol AdEREE BF Fr

32. @#Fe® A ¢ AT WY 22T

X AdHPFZEY HFFEE AT e E
et 387 Y €3 AF2x ol g A e
P3Pk Ar]A HEH EEL SFES SPE
AN 25 d3AF Feoll FFEEX in-phase
Aejolth. Fig. 2 & Z2 A71A38tdA SFEEE
ZA$7F sprdun 2% A FHES
RojFg, F3 SEREY AL (S2)R=9 -
300Volts oA F wHje] HIXE FHE BHAFn
=

22 g9y Ao AE SEEE (S)AF
of 9% vy AL e Fig 3a 9
o] AMAERLE HZTH FHdA (83)F}FL E
A EAo] Qlo] g dtFol LAYSA T FF
T dHdM e dody A7FAA = e FFHH
o] A3 UL ¢ F Uk FEe ol &
AL dAdATFA 2Y-2F(thermopiezoelastic snap-
through)’2t2 A ol&tic}t. oy @42 HAl 4=
5F5g By TEREY IWE HIJAG IFA
of Al g = Q] wjFd olef Wit o)s}rt
Agsojor & oz AZEAT. Fig 3b £ Fig

—234—-



3a oA AMANE BPFeAM e mAAFEA
Foltk, AolA & F YFo] AE-AF
o A] Al2®l Z}A 0] non-positive definite 3t
EA817] Wi &9 ZAAZF eI
old AHdAe
AL ongch

1 SF.¢ S.P.9 »}%ZF

o =15)0A odd bd A%

o & A%E siMdeArt. Fig. 4.a < Fig 4b
AAHFZFEDAA ] 2F-2F 5L BAF

ae oﬁ,
2L Rl

}ﬂ_‘i

SHI (SHEAF Ygsire EHom

Zd tﬂ%‘%% L3lg FAA7IL ALH (S2)
o} (83)A 2 WyL AT 2 &} 2} 2k
(SHAFREY AS AA A7 FolA é‘;ﬂ-¢$

4ol LA E A
oAt JAls A A ¥aE ny
%l EF¢ EPol tig vlAda Agolck W

A7 RAE HELE dARXEAS FHAA
BAaF o) WoR(Fo) IWF WPo] &
APt FAY 2EFTIE AT/AT,=05,10,1.52

oM
o2 Jo
2 [0 =

)

23 WMEg £0l7] 98 ER=ZE R
ol9] H|Hd¥ AEFL Fig. 529 Sboll A
AT/AT, =05, 1.0 & Aol A3H
2 Wgol AAHAAR AT/AT, =15
B ET A9-AF @il H4stn 9
22T Qigo] HAsHA] ¥R YU
AAMEe 227t EAgddn B ¢ 9lo
Aol Al FFHQd A} sM5d

lo > ot
°§”%oﬁ h
—— et
Jdo oo

BB 8 e
(o3

o
=
oz
s
e
V)

4. 2 =
E ATdNE Fuug Hdy gdes
Agste] A Eel mAy AgAY A
nEASTE. APAEY L

wg )y of to o

E_E*ﬁi B]k)tﬂ 7-]501 o]
?51214

%*% %0171 Hlﬂ 04?011/‘1: (S)HE
AFe3 stE :'-73;5_]- HyAg ol%
H FREDE g (E2)2
B Aol AA s

X
off
=
X
fr
oﬁ‘.

10.

—235—

AnEs
Ha, S.K., Keilers, C., and Chang, F.K., "Finite
Element Analysis of Composite Structures

Containing Distributed Piezoceramic Sensors and
Actuators," AIAA4 Journal, Vol. 30, No. 3, 1992, pp.
772-780.

Tzou, H.S., and Ye, R., "Piezothermoelasticity and
Precision Control of Piezoelectric Systems: Theory
and Finite Element Analysis," Journal of Vibration
and Acoustics, Vol. 116, Oct. 1994, pp. 489-495.
Lee, HJ., and Saravanos, D.A., "Generalized
Finite Element Formulation for Smart Multilayered
Thermal  Piezoelectric  Composite  Plates,"”
International Journal of Solids and Structures, Vol.
34, No. 26, 1997, pp. 3355-3371.

Smittakorn, W., and Heyliger, P. R., "A Discrete-
Layer Model of Laminated
Hygrothermopiezoelectric Plates," Mechanics of
Composite Materials and Structures, Vol. 7, 2000,
pp. 79-104.

Pai, P.F., Nayfeh, A.H., Oh, K. and Mook, D.T. "A
Refined Nonlinear Model of Piezoelectric Plates,"
International Journal of Solids and Structures, Vol.
30, No. 12, 1993, pp. 1603-1630.

Tzou, H.S., and Zhou, Y.H, "Nonlinear
Piezothermoelasticity and Multi-Field Actuations,
Part 2: Control of Nonlinear Deflection, Buckling
and Dynamics," Journal of Vibration and
Acoustics, Vol. 119, July 1997, pp. 382-389.

Bao, Y., Tzou, H. S. and Venkayya, V.B.
"Analysis of Nonlinear Piezothermoelastic
Laminated Beams with Electric and Temperature
Effects," Journal of Sound and Vibration, Vol. 209,
No. 3, 1998, pp. 505-518.

Oh, LK., Han, ] H., and Lee, 1., "Postbuckling and
Vibration Characteristics of Piezolaminated
Composite Plate Subject to Thermopiezoelectric
Loads," Journal of Sound and Vibration, Vol. 233,
No. 1, 2000, 19-40.

Crisfield, M. A., Non-linear Finite Element
Analysis of Solids and Structures, Vol. 1, John
Wiley & Sons Ltd., New York, 1997, pp. 252-333.
Bathe, K.J., Finite Element Procedure, Prentice
Hall, New Jersey, 1996.



Table 1 Material properties of the graphite-epoxy and

Table 2 Piezoeleastic deformation according to various
PZT-5A layers

actuation modes.

Properties Graph‘te- pZT‘SA Structural Modei- Ax:matiox‘\ Piezoelastic deformations
CpoxXy Modes:
E\(GPa) 150 63 S B U—" A
Ex(GPa) 9.0 63 e I —
-+
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Cpp =0.4173 vfﬁf)_v
Reference
temperature 20 20
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Fig.1. Structural models of piezolaminated plates. e .
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Fig. 3. Thermopiezoelastic snap-through phenomena and
vibration characteristics of of S.F. model with
(83) actuation under thermal pre- and post-
buckling states.
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Fig.2. Enhancement of thermal buckling temperatures.
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(a) Nonlinear behavior in S.F. model

(a) Nonlinear behavior in E.F. model
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Fig.4. Nonlinear thermopiezoelastic behaviors of S.F.

Fig. 5 Nonlinear thermopiezoelastic behaviors of E.F.

and E.P. models with (E2) actuation for various
temperatures.

and S.P. models by various actuation modes under
thermally postbuckled state.
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