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Efficient Coupled Zigzag Theory for Hybrid Piezoelectric
Beams for Thermoelectric Load

S. Kapuria,* P. C. Dumir,” and A. Ahmed*
Indian Institute of Technology Delhi, New Delhi 110 016, India

An efficient coupled zigzag theory is developed for electrothermal stress analysis of hybrid piezoelectric beams.
The thermal and potential fields are approximated as piecewise linear for the sublayers. The deflection is modeled
to account for the transverse normal strain due to piezoelectricity and temperature. The longitudinal displacement
is approximated as a combination of third-order global variation and a layerwise linear variation. The shear
continuity conditions at the layer interfaces and the shear traction-free conditions at the top and bottom are used
to formulate the theory in terms of three primary displacement variables. The theory is assessed by comparing the
analytical solution for simply supported beam with the exact piezothermoelasticity solution. Comparisons for two
thermal loads on a hybrid test beam devised for this study and hybrid composite beams establish that the present

theory yields quite accurate results.

Nomenclature
A, A; Al A = Dbeam stiffness and thermomechanical
matrices
a,b,h, L = length, width, thickness, number of plys
D.,D; E, E, = -electricdisplacements and electric field
dij, é; = piezoelectric strain and stress constants
F 4’ G = electrical load, resultants of D_, D,
Gij, Y;, v, Q, ; = elastic modulii, Poisson’s ratios,
reduced stiffnesses
ko, uo, Vo = midsurface layer and its
displacement variables
L - = matrix of differential operators
Ny, M., P, S = stress resultants of o,
PU = load vector, vector of primary variables
D3, D3 = pyroelectric constants
q;; = extraneous charge density on the actuated
surface at z;)
R*, R% RM = cubic layerwise functions
S = thickness ratioa/h
u, w; 6, = displacements and temperature, potential
U, Yy - = displacement variables for layer k
Ve, Q.. 01, qu = stress resultants of 7.,
Zk—1 = z coordinate of bottom of kth layer
o, ﬁ] = thermal expansion coefficients,

stress-temperature coefficient

beam electromechanical coupling and
electrothermal matrices

beam pyroelectric and dielectric matrices
electric permittivities

stresses and strains

interpolation functions and related
integral functions
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1. Introduction

IEZOELECTRIC hybrid laminates form part of a new gener-

ation of adaptive structures. To achieve desired control, their
robust coupled thermoelectromechanical models are needed to ob-
tain accurate response. Thermal loading causes significant thermal
stresses due to the thermal gradient across the thickness and due to
widely different thermal properties of the adjacent layers. Tauchert
et al.! have presented a review of the work in thermopiezoelasticity
for smart structures. Analytical two-dimensional exact piezother-
moelasticity solutions>3 are available for cylindrical bending of
simply supported hybrid panels. The three-dimensional finite el-
ement analysis* results in a large problem size, which may become
computationally costly for practical control problems. Hence, sev-
eral one-dimensional beam models have been developed. The layer-
wise material inhomogeneity causes severe layerwise distortion of
the normal to the midsurface for moderately thick and thick beams.
The classical laminate theory (CLT) and first-order shear deforma-
tion (FSDT) theory are inadequate to account for this distortion, and
so third-order theory (TOT) and higher-order theories have been de-
veloped with the same expansion of displacement across the thick-
ness. In the discrete layerwise theories (DLT), different expansions
of displacements are used in various layers with the number of dis-
placement variables dependent on the number of layers. The shear
stress continuity conditions at the layer interfaces are violated in the
equivalent single-layer theory and DLT. The efficient zigzag the-
ories (ZIGT) are discrete-layer theories in which the primary dis-
placement variables are reduced by using the continuity conditions
of shear stress at layer interfaces and shear traction-free conditions
at the top and bottom surfaces. In coupled theories, charge equa-
tion of equilibrium is included, whereas in the uncoupled theories it
is excluded. Elastic beam models®~7 with induced actuation strain,
uncoupled and coupled CLT,*° FSDT,'~!2 TOT,"*~!” DLT,'®!° and
ZIGT?~23 have been employed for hybrid beams and plates. A new
efficient coupled ZIGT is presented here for static thermoelectric
stress analysis of hybrid piezoelectric beams, of any layup, by the
extension of the ZIGT of Kapuria et al.? to the thermal load case.
The thermal and electric potential fields are discretized layerwise
as piecewise linear for the sublayers. The model considers both the
longitudinal and transverse electric fields. The transverse displace-
ment is approximated to account for the transverse normal strain
induced by the electric and thermal fields. The longitudinal dis-
placement is approximated as a combination of a global third-order
variation across the thickness and a layerwise linear variation. The
displacement field is expressed in terms of only three primary dis-
placement variables, a set of electric potential variables, and the
thermal field by enforcing exactly the boundary conditions of zero
transverse shear stress at the top and bottom and the conditions of
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its continuity at the layer interfaces. This theory is as efficient as
the coupled first-order theory and TOT. The equilibrium equations
and boundary conditions are derived using a variational principle.
Analytical Fourier series solutions for this theory are obtained for
simply supported hybrid beams and compared with the exact two-
dimensional piezothermoelasticity solution. Comparisons for two
thermal loads on a hybrid test beam devised for this study and hy-
brid composite beams establish that the present theory yields quite
accurate results.

II. Displacement, Potential, and Temperature
Field Approximations

Consider a hybrid beam of width b, thickness /, and length a,
made of L perfectly bonded orthotropic layers with longitudinal
axis x, subjected to thermal load and with actuation potentials ap-
plied to some piezoelectric layers, with no variation along the width.
The piezoelectric material, with poling along the thickness axis
z, can be of orthorhombic materials of class mm2 symmetry be-
cause the commonly used materials lead zirconate titanate (PZT)
and polyvinylidene fluoride (PVDF) belong to this class. Let the
planes z =z9=—h/2 and z =z, = h /2 be the bottom and top sur-
faces of the beam. The z coordinate of the bottom surface of the
kth layer (numbered from the bottom) is denoted as z;_, and its
material symmetry direction 1 is at an angle 6, to the x axis. The
reference plane z = 0 either passes through or is the bottom surface
of the koth layer.

The usual assumptions for mathematical simplification of a
one-dimensional model that are retained are as follows. Assume
0y =Ty; =T,y =0, 0, =0, and assume the axial and transverse dis-
placements u and w, temperature ¢, and electric potential ¢ to be
independent of y (= electric field component E, = —¢ , =0). The
strain—displacement relations and the electric field-potential rela-
tions are

Ex =U x,s & =W, Vax =U;+ Wy

E,= _¢,Xs Ez = _¢.z (1)

where a subscript comma denotes differentiation. With these as-
sumptions, the general three-dimensional linear constitutive equa-
tions for stresses and electric displacements D, and D, yield

0v=0nec = E. — B0 =0nu. +éug. — fi6 ()
T = 055V = &15Ev = Oss(u s +w) +éi56, (2b)
Dy =éisy +nEs=215(u; +w,) —11¢x (20)
D;=é316, + N3 E; + psf =é31ux — 3. + P36 (2d)

where QU, Q55, €31, €15, N11, N33, ﬁl, and p3 can be expressed in
terms of Young’s moduli Y;, shear moduli G;;, Poisson’s ratios v;;,
piezoelectric strain constants d;;, electric permittivities ;;, thermal
expansion coefficients «;, and pyroelectric constant p;.

The potential field is assumed® as piecewise linear between n,
points z'é,, j=1,2,...,n4, across the thickness h with zé:zo,
sz =2z, and

b (x,2) =W ()’ (x) 3)

where ¢/ (x) = (x, z;). W (z) are linear interpolation functions
for ¢, and the summation convention is used with the summa-
tion index j and the summation index j’ (used later), when values
1,2, ..., n4 are taken. Note that ny can differ from L and is de-
termined by the required accuracy of ¢. The thermal problem for
the beam can be solved analytically or numerically. For the present
theory, 6 is approximated as piecewise linear between ny points
zh,1=1,2,..., ng, across the thickness & with z} =z, z,° =27y,
and

0(x,2) =W ()0 (x) 4

where 6/ (x) =6(x, zé). \I/é’, (z) are linear interpolation functions for
0, and the summation convention is used with indices / and I’ (used
later), when values 1,2, ..., ny are taken. Note that n, can dif-
fer from L and ng with ng > L and is determined by the accuracy
required of 6. The choice of the number of points z} for a layer
would depend on the variation of the temperature gradient across
its thickness.

Three-dimensional exact solutions? have revealed that, for mod-
erately thick hybrid beams under electric potential or thermal load,
the deflection w has significant variation across the thickness due
to much greater thermoelectric contribution to &, compared to the
negligible contribution of o,. Hence, the deflection w is approxi-
mated by integrating the constitutive equation for &, by neglecting
the contribution of elastic compliance: w , >~ —d33¢ , + 230 =

w(x, 2) =wo(x) — ¥, ()¢’ (x) + ¥} (2)6' (x) (&)

where

z

Wi = /0 dy3 W} (2)dz

is a piecewise linear function and
Wy (2) = f a3y (2) dz
0

is a piecewise quadratic function.

The axial displacement for the kth layer is assumed as a combi-
nation of a third-order variation across the thickness with layerwise
linear variation:

u(x, 2) = up(x) — zwo (x) + 2¥i (x) + 26(x) + 2'n(x)  (6)
where u; and v denote the translation and rotation variables of
the kth layer. Substituting ¢, w, u from Eqgs. (3), (5), and (6) into
Eq. (2b) yields
= 0% (Vi + 226 +32%n) + [659)(2) — 04 ¥ (]9,

+ 04,0 (26, @)
For the koth layer denote 1 (x) = uy,(x) and v (x) = Y, (x). The
functions u, ¥, &, and n are expressed in terms of uy and ¥, using
the (L — 1) conditions each for the continuity of 7., and u at the
layer interfaces and the two shear traction-free conditions t,, =0
at the top and the bottom surfaces at z =z, z,. The continuity
condition of t,, at interface z = z; _| between layers i and i — 1 can
be expressed in the following recursive form:
Ols[Wi + 22,6 + 3200 + [615W) () — QW) () |9,

+ 050!, = 0% '[¥i -1 + 22 1 +32_ 1]

+ [65" W) im ) — 08 " (- ) |8l + 05" Wy (zi - 1)E,

+20% (2 — 2o DE +30%5(22 — 22 )+ [@ls{ Wiz

— Wiz} = 04 { W] @) — W)z} |8l + 0% [ ¥h@)

—W(zi-1]e, ®)

When Eq. (7) is used, ., (x, zo) =0 is written in the preceding
pattern and added to Eqgs. (8) fori =2, 3, ..., k, to yield

0% (‘ﬁk +2z:6 + 32271) + [é’fj\llq{(zk) - Q{;S\Bé (Zk)](ﬁ;’;
+ 04Ul (2000, = 2CHE +6Ckn +CY g7+ CLol,

k=2,....,.L (9)



KAPURIA, DUMIR, AND AHMED 385

where
k o |)
SISy RO o NGl e
=1 i=1

k
chi=> {es[wien — v 0] - 05[ ¥ @) — ¥ 0]}

i=1

k
Ch= Z les [\i’é (z:)

i=1

— V(i) (10)

With use of Eq. (7), ¥, is eliminated from the condi-
tion 7,,(x,z,)=0 and Eq. (9) for k=L; using the condition
T, (x, z0) =0 yields

2C1E +6CIn=—Ci ¢/ — Ciib',
2206 + 3250 = Clop/, + Ci0', — ¥ (1)

where CI = W) (z) — 15 W) (z0)/ OLs. Cl = — W} (20). The solution

of & and n from Eq. (11) is
§ =Ry + Rig), + Ry, =Ry + R{$) + Ryf',
(12)
where

Ry=4Cy /A, R4:—4C1L/3A

Rl = — (22CL +4ckch) / a, = (4z0C}; +4CtCl) /3

=—(2ch+4acrcl) /A, R _(4zOc +4ctcy) /3a
(13)

with A =472CL — 8z,CE. Substituting & and 5 from Eq. (12) into
Eq. (9) yields

Y =R ¢1+Rk1¢’ +R{‘29’ (14)
where
R =a*Ry +dkR,
RY, =afR] +a5R] +[CL; — &hsw) (2] / 0% + W) (z0)
Ry = af R, +ds Ry + Cly [ 0% — Ul(z)

af =2(¢t/ 0% —z). as =3(2¢5 /0% —2}) (15)
When Eq. (6) is used, the continuity of u between layers i

andi — 1= u; +z; 1Y =u; -1 + 2z, —1¥i -1, and when Eq. (14) is
used,

ui=uii+zia[ (R = R+ (R = Rjy )@l
+ (R =RL)0L].  i=2.....L (16)
Adding Eqgs. (16) for i =2k yields u; in terms of u:
up = uy + R5yr + R}, ¢/, + R0 an

where

k
R’;zzzi—l(Réil_R;) JI_ZZI_I Ri'fl_le)
i=2

k
lez = Zzifl(R;{l - R;Z)
i—2

Equations (17) and (14) yield, for the koth layer,
uo(x, 1) = gy (x, 1) = uy + Ry + R 7 + RYO', (18)
Yo(x, 1) = Y, (x. 1) = RSy + R@7 + RYO,  (19)

Substituting £ and n from Eq. (12), u; from Eq. (17) with «; from
Eq. (18) and ¥ from Eq. (14) into Eq. (6) yields

u(x, z) =uo(x) — zwox (x) + R () Y1 (x) + R ¢(Z)¢’ + Rip ()0,

(20)
where
Ri(z) = R{ +zRS + 2Ry + 'Ry
Rl,(2) = R + 2R + 2RI+ 2°R]
Rl,(2) = R¥ + 2R + 2R, + 2° R}, 1)
with R¥ = Ré - 1312‘0, R'fj = I?’fl - Ek,‘f, and RY = sz - 1}11‘20 Sub-

stituting v, in terms of ¥ fr({rn Eq. (19) into Eq. (20) yields the
expression of u as

u(x, z) = up(x) — zwo . (x) + R¥(2) Yo (x)
+ RY ()¢’ (x) + R¥ ()0, (x) (22)
where

R'2) = Ri(2) /R = Rf + 2R + 2Ry + 2° Ry

RY(2) = Rl,(2) — Re@R} /R = RY + 2R} + 2RI+ 2R}
R¥(z) = Riy(2) — Ru()R)Y /R = RS + 2Ry + 2 RY + 2° Ry
(23)
with
(RY. RS, Rs, Ry) = (R}, RS, Rs, Ry) [ RY
RY = RY — RIRY, R¥ = R — RFRY
Iéfl = R_ Rka?’ Iétkz = Rtkz - Rlz{RJkS
R} = R] - RyRY. R, =R, — RyR)?
R} = R} — RyR. R, = R, — RyR)? 24)

III. Governing Equations

The equilibrium equations and boundary conditions are derived
from variational principle for a piezoelectric continuum?*:

/(—a,-,-aei_, — Di8¢,;)dV + / (7"8u; + D,8¢) dT
\4

r
5[ o

V and T are the volume and surface area of the beam. A’ is an
internal surface z =z, where ¢ is prescribed, and Dz, — D., = g,
is the extraneous surface charge density on this surface and the
subscrlpts u and [ refer to the faces of the interface at (z]’ )T and
(z )~. The total number of such prescribed potentials is n4. For
outward normal 7 =n;e;, D, = D;n;, and stress vector I} =o;n;.

With use of the notation

/ -)bdz
=1v7_,

5¢J' dA% =0 (25)

i=1
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the beam stress resultants Ny, M, P, !, V., O., OL, and V’ and
the beam electric resultants H/ and G/ are defined by

[Ne, My, P, S]] = (0.[1, 2, R*(2), RV (2)])

[Vi. Q1. 01, V)] = (r[1. RE(2). R () — W) (2). W) ])

=(w@b) ¢ =(¥y.@D) @0

Equations (25) yield coupled equations of equilibrium:

Nx,x = 07 Mx,xx = 07 P x QX =0

~S/ + Q) +HI -G +F/ =0 27)
for j=1,2,...,ns with electrical loads F=b[D,,5;,, —
D.,6;1 +q;,8;; ], where §;; is Kronecker’s delta. When prescribed
values are denoted by an asterisk, the boundary conditions at the
ends at x =0, a are
up = ug or M., =V}

N, = N}, wo=wy;  Or

* * * *
Wo,x = W , or M,=M;, Yo = Y, or P,.=P

¢/ =¢” or  H -S| +Q=H"-V]
=¢* o  SI=s8 (28)

When Egs. (2-5) and (22) are used, the resultants defined by Eq. (26)
can be related to ug, wy, Vo, ¢7, and 6 by

N Ay Ap Ag A{4 Uo,x ﬁlj
M| Ap Ap Ap A£4 T Wo.xx n ﬁ'zf &
PX_ Az Ay Ax A§4 W(;;x /3'3f
Aoy oaloag Lo 1|
A} v
Al2 vl
! 2 !
+ Al 0 — Y
3 V3
i1 i1
A v

Q,\' A33 Aé; 1//0 _3// . Aé .
2 B T AR $rt| i |0
O Ay AL | Lox B Ay
— B}jwo_’_(‘if _ E”)d){ﬁrﬁ”@,ﬁ
Blwo e+ BV + B9, — EV'¢/

+ple + e (29)

Gj = ﬂlju(),x -

where the elements of the beam stiffness A and A, the beam ther-
momechanical coefficient matrices A’_and A!; the beam electro-
mechanical coupling matrices 8/ and B/, the beam electrothermal
matrices 8/ and B/, the beam pyroelectric matrix y//, and the beam
dielectric matrices E4/" and E#/" are defined in terms of the material
constants by

[Aur, A, Ais, Al ALl = (0l 2 RY @), RY (2), R¥ (2)])
[An. Az, AL, AL] = (Onizlz, R*(2), RY (2), R¥ (2)])
[As. AL, 4] = (01 R QIR 2). R (2). RY (2)])

(4%, 4] =(0nRY @IRY (2), R¥ (2)))

(8.8 8. BV ] = (ea1¥] . @1 2. R“(2). RY (2)])

[, 7. va.vi'] = (B I1. 2. R 2). RY (2)])

[Ass, Al AL] = (0ssRE ([ RE). RY (2) — W) (2). Th(@) )

(A2, A]] = (0ss{RY @ — ¥} [RY @) - ¥] ). TL(2)])

[B], B = (e1s%] D[RL(D), RY(2) — ¥(2)])

y = (ps¥] ()W (D). EV = (ii39) ()W) (2))

ET = (i v ()% () (30)

The coupled equilibrium equations in terms of the primary vari-
ables ug, wy, Yo, and ¢’ are obtained by substitution of the expres-
sions of the resultants from Eq. (29) into Eq. (27):

LU=P 31)

where U= [uy wo Vo ¢' ¢> ... ¢™]", and P=[P, P, P;
P! P} ...P/°]". L is a symmetric matrix of linear differential
operators in x with

Ly = —=A110 xx» Ly = A120) xxx
A4 Oxx = B O

L23 = A23 (),xxx

L13 = _A|3(),XX7

L22 = _A22 (),xxxx 5

L1.3+_1" =

L2,3+j’ = A2/4( ),x:(xx + ﬁzj ( ),x.x1 L33 = _A33 (),xx + A33

= Al]9,1xxx - Vlle,lx’ = _A elxw\ + VZGI

AL O +[ = B + A%+ B0

Lisiyp=—

L3+j,3+j’ = _Azjdl (),xxxx + [ - ﬂif — ,34{ J + Aﬁi — Ejj

+B 4 B0+ EV
P3 = Al glxxx V’Slel\' - Aéelr

Pl=—F+ AJ0 .~ (v + AL + B = p")6 0" (3D)
for (j, j"=1,...,ng. After U is solved for, 7, is obtained by
integrating the two-dimensional equation of equilibrium in the
x direction.

To assess the coupled ZIGT developed herein, analytical
Fourier series solutions are obtained for simply supported
beams with the following boundary conditions at x =0, a:
N.=0, wy=0, ¢/=0, P,=0, M,=0, and S} =0, for
j=1, ..., ny. The solutions are compared with the exact piezother-
moelastic solution.? The details are omitted for brevity.

IV. Results and Assessment

Results are presented for three simply supported hybrid beams a,
b, ¢, which consist of an elastic substrate with a piezoelectric layer
of PZT-5A% of thickness 0.1/ bonded to the top. The PZT-5A layer
has poling in + z direction. The top and the bottom of the substrate
are grounded. The stacking order is mentioned from the bottom.
Beam a, which has been devised as a benchmark test case, has a
five-ply substrate of thickness 0.094/0.225h/0.135h/0.18h/0.27h
of materials 1/2/3/1/3, which have highly inhomogeneous prop-
erties for stiffness in tension and shear as in Ref. 26 and highly
inhomogeneous coefficients of thermal expansion and thermal con-
ductivities. The orientation 6, = 0O for all of the plys of beam a. The
substrates of beams b and c are made of graphite—epoxy composite of
material 4% and consist of four plys of equal thickness 0.225k with
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Table 1 Effect of k* on percent error of FSDT for beams with S =10
K2 K2 K2
Beam Load Entity 5/6 K Entity 5/6 K2 Entity 5/6 K
a 1 w(0) 2.62 —3.13 0¢(0.47) —10.0 —10.0 al(0.4%) 3.42 3.41
2 w(0) 0.71 —1.85 0(0.47) —6.04 —6.05 of(=041%) 274 274
b 1 w(0) —15.06 —16.98 0(0.47) —3.69 -3.69 al(0.5) 5.20 5.20
2 w(0) 0.21 —1.31 0¢(—0.5) —3.95 -3.96 or(0.5) 1.16 1.16
c 1 w(0) —16.7 —144 0¢(—0.275%) —4.22 —422  ol(0.5) 2.67 2.67
2 w(0) —4.23 —4.83 0¢(0.47) —1.88 —1.89  ol0.4%) 1.81 1.81
0.5 N T g4 [TTTTTTTOT LI fl frorrrrrTT LI fl
F—— S=5  loadcasel A load case 1 Mor load case 1 M
[--- =10 /] 1t .
/ /
[ /] S 10 S
[ /] 1 [ /]
z/h [ 2 S o
0.0 L e ] . [ ] L [ N
r / ] 1t | ]
[ ! ] Vo1 0k ' ]
L ! ] Vo1 \ ]
[ | ] L N
L \ 4 \\ 4 L \\ 4
r L q \ A r \ A
L P e =S [ AP SRR e, S S S B
0.8 1.00.9 0.95 1.00.9 0.95 1.0
0.5 _‘ rrvrrrrrrprrrrerrroe rTvirrrrrrprrrrrrorore -‘ Tirirrrrrprrrrrroeoeey
N load case 2 1 load case 2 1 [ load case 2 ]
. z I z
0.0 - s 1r 1r ]
- / . 4 - |
- / . 4 - |
L / ] 1l t ]
[ | ] 1 ]
[ / ] 1 ]
[ ' ] 1 [ ]
[ P ] 1 [ ]
-1 0 1 -1 0 1 -1 0 1
T(0.5a,2) T(0.5a,2) T(0.5a,z2)
Beam (a) Beam (b) Beam (c)
Fig. 1 Temperature distribution for beams a—c under loads cases 1 and 2.
0'5_ """""""""" ] [rrrrrrrTT I"'f""l"""_ [ il
ot 1t 1t ]
00 1 1F , ]
AR | (]
| = -- Present / - F 1 I ]
[ FSDT 70 IR R N : 1 [ 7 ]
I ) 3 SN RS S T W AANEEEE S SRR R Y. AR N
-4 -2 0 -2 0 2 -2 0 2
u(0,2) w(0.5a,2) 0,(0.5a,2)
0.5 T L B e R T L T e T
L s=10 ] e 1 1. =10
[ / 1 r 1 F ]
[ " 1 [ 1 [ ]
s/h | B 10 ]
0.0 . 1r 1r ]
_0_5'.|../......‘|..‘.......' N e ST B R S D -
-2 0 2 -0.6 0.0 0.6 -0.6 0.0 0.6
U$(0'5a7z) TZZI(O?'Z) TZI(OVZ)

Fig. 2 Distributions of u, w, o, and 73, for test beam a under load case 1 (open circuit).
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0.5 NUMAAARRSS EEmmmE 1
z/h |
0.0 C —
— Exact
I —— - Present
""" FSDT
0.5 L Lov v v nnnn [N
-3 0 3
u(0,2)
0.5

z/h o _ \ _

0,(0.5a,2)

T2a(0,2) T2a(0:2)

Fig. 3 Distributions of u, w, o, and 7, for test beam a under load case 2 (open circuit).

L

L

0,(0.5a,2)

0.8 0.0 0.8

T.2(0,2) 7.2(0,2)

Fig. 4 Distributions of u, w, o, and 7;, for composite beam b under load case 1 (open circuit).

symmetric [0/90/90/0 deg] and antisymmetric [90/0/90/0 deg]
layups, respectively. The material properties of materials 1-4 are as
follows for Y;, Y7y, Grr, and Gy7; vy and vyrr; op and ar; and
k; and k7. Material 1 is equal to 6.9, 6.9, 1.38, and 1.38 GPa; 0.25
and 0.25; 35.6 and 35.6 x 107 K~!; and 0.12 and 0.12 Wm~! K~!.
Material 2 is equal to 224.25, 6.9, 56.58, and 1.38 GPa; 0.25 and
0.25;0.25and 35.6 x 107 K~'; and 7.2 and 1.44 Wm~' K~!. Ma-
terial 3 is equal to 172.5, 6.9, 3.45, and 1.38 GPa; 0.25 and 0.25;
0.57 and 35.6 x 107 K~'; and 1.92 and 0.96 Wm~! K~!. Material 4
is equal to 181, 10.3, 7.17, and 2.87 GPa; 0.28 and 0.33; 0.02 and
22.5x 107 K~!;and 1.5 and 0.5 Wm~! K~!. For PZT-5A the ma-

terial properties for Yy, Y, Y3, G2, G3, and G3;; and vy,, vy3, and
vz are 61.0,61.0,53.2,22.6,21.1,and 21.1 GPa; and 0.35, 0.38, and
0.38. AlSO, d31, d32, d33, d15, and d24; and N1, N2, and 133 are equal
to—171, —171, 374, 584, and 584 x 10~'? m/V; and 1.53, 1.53, and
1.5 x 1078 F/m; where a;, o>, and 3; and k; are equal to 1.5, 1.5,
and2.0 x 107°K~';and 1.8 Wm~' K~'. Here L and T are directions
parallel and transverse to the fibres, v, 7 is Poisson’s ratio for strain
in the T direction under uniaxial normal stress in the L direction,
and k., k7, and k; are the thermal conductivity coefficients.

The accuracy of the present theory is assessed by comparison with
the exact two-dimensional piezothermoelasticity solution.? Because
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Fig. 5 Distributions of u, w, o, and 7, for composite beam b under load case 2 (open circuit).
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Fig. 6 Distributions of u, w, o, and 7, for composite beam b under load case 1 (closed circuit).

the number of displacement variables in the present theory is the
same as in the FSDT, results are also compared with the FSDT and
the existing ZIGT with uniform w across the thickness, which can
be obtained from the present ZIGT by setting a3 =0 and ds3 =0.
No comparison is done with other layerwise theories that involve
more displacement unknowns because the accuracy of the present
theory is established directly by comparison with the exact solution.

Two load cases considered consist of equal temperature rise at
z==£h/2 and equal temperature rise and fall at z==+h/2 with
sinusoidal longitudinal variation: 1) 0(x, £h/2) = T sin(nmwx /a)
and 2) O(x, h/2)= — O(x, —h/2) =Ty sin(nmwx/a).

The results are nondimensionalized as follows with S=a/h
and with Y7, a7 of material 1 for beam a and of material 4 for

beams b and c:

(#, w) =100(u, w/S) /oy ShTp, (0x, Tex) = (0x, STex) far Y7 T

¢ =dr/arhTy, D, = D, JardrYr Ty, T=T/T

The overbar is omitted in the following discussion for sim-
plicity. The temperature distributions obtained by the exact two-
dimensional analytical thermal solution for the three beams are
shown in Fig. 1. Test beam a, devised for this study, is ideal for
assessing one-dimensional theories because the temperature pro-
files are highly nonlinear with large discontinuities in its slope.
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Fig. 7 Distributions of u, w, o, and 7, for composite beam b under load case 2 (closed circuit).
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Convergence studies for the ZIGT have revealed that accurate re-
sults are obtained by dividing each layer into four equal sublayers
for temperature discretization and dividing the piezoelectric layer
into four sublayers for potential discretization.

The accuracy of FSDT depends on shear correction factor k2.
The central deflection and the stresses in the elastic and piezolayers
where these are large, in the middle cross section, are computed
with k> =15/6 and with a layup dependent value of k? according
to Whitney’s method.?” The percent errors with respect to the ex-
act two-dimensional solution are compared in Table 1 for beams
with § = 10. Nondimensional coordinates x /a and z/ h are used for

tabulating the results. Observe that the stresses for both the thermal
loads are not affected by the choice of k?, but the deflection is a little
more accurate for k> = 5/6 except for beam c under load case 1. A
similar trend for these distributions has been found for beams with
S =35. Hence, all subsequent results for FSDT have been reported
for k2=5/6.

The thickness distributions of u and t,, at the end and of w
and o, at the center, obtained by the present ZIGT, are compared
with the exact two-dimensional thermopiezoelasticity and the cou-
pled FSDT solutions in Figs. 2-9 for beams a, b, and ¢ for the two
load cases for open-circuit conditions and also for beam b for the
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Table 2 Exact results and percent error of present theory, ZIGT, and FSDT for test beam a (open circuit)

Load case 1 Load case 2
S Entity Exact Present  ZIGT FSDT Entity Exact Present ZIGT FSDT
5 w(0.5,0.5) 3.0197 —-7.12 =733 —73.1 w(0.5,0.5) 3.2618 —4.94 —39.8 —-50.4
10 1.3802 —494 —435 —43.6 2.0943 —2.46 —15.6 —20.0
20 0.91831 —-1.97 —16.8 —16.8 1.7967 —0.77 —4.54 —5.87
40 0.79862 —0.58 —4.85 —4.87 1.7220 —0.20 —1.18 —1.53
5 w(0.5, 0.0) 0.71438 —3.78 12.9 13.7 w(0.5, 0.0) 1.5290 —3.45 28.4 5.86
10 0.75856 —2.10 2.75 2.62 1.6630 —1.58 6.35 0.71
20 0.75926 —0.62 0.68 0.62 1.6893 —0.46 1.53 0.12
40 0.75861 —0.16 0.17 0.15 1.6952 —-0.12 0.38 0.02
5 0¢(0.5,0.47) 2.0375 —11.5 —23.6 —27.8 0¢(0.5,0.47) 1.9668 —16.3 —14.5 —18.9
10 1.7059 —4.24 -875 —10.0 1.7010 —5.59 —4.75 —6.04
20 1.6005 —1.19 —2.48 —2.82 1.6238 —1.53 —1.28 —1.62
40 1.5723 —0.31 —0.64 —0.73 1.6038 —0.39 —0.33 —-0.42
5 al(0.5,0.4%) —1.7867 5.23 10.6 12.5 0¢(0.5,-0.41") —1.3532 0.81 2.19 —5.59
10 —1.9567 1.44 2.97 342 —1.3770 —0.07 —0.61 —2.74
20 —2.0097 0.34 0.75 0.86 —1.3717 —0.04 —-0.27 —0.82
40 —2.0238 0.06 0.16 0.19 —1.3693 —0.01 —0.08 —-0.22
5 7.:(0, 0.4) —0.52102 6.57 17.9 20.4 al(0.5,0.4%) —1.7472 7.60 6.86 8.94
10 —0.59563 1.75 4.64 5.18 —1.8685 2.46 2.18 2.68
20 —0.61810 0.44 1.17 1.31 —1.9025 1.00 0.92 1.04
40 —0.62403 0.11 0.29 0.33 —1.9113 0.62 0.60 0.63
5 104 (0.5, 0.5) 0.53500 0.35 1.03 1.25 7,:(0,0.4) —0.51651 8.57 10.9 14.4
10 0.54392 0.11 0.30 0.36 —0.57281 2.28 2.67 3.49
20 0.54657 0.03 0.08 0.09 —0.58825 0.58 0.66 0.87
40 0.54726 0.01 0.02 0.02 —0.59220 0.15 0.17 0.22
5 104 (0.5, 0.5) 0.52827 0.45 0.59 0.90
10 0.53381 0.13 0.16 0.24
20 0.53523 0.04 0.04 0.06
40 0.53559 0.01 0.01 0.01
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Fig. 9 Distributions of u, w, o, and 7, for composite beam c under load case 2 (open circuit).

closed-circuit condition. The u distributions of the present ZIGT
for load case 2 with the open-circuit condition is in good agreement
with the exact two-dimensional solution. For closed-circuit condi-
tions and also for load case 1, the u distributions of the present
ZIGT deviate from the two-dimensional solution, especially for the
middle layers. It appears from the results that the global quadratic
term in u predominates and distorts the local distributions in some
layers. The pattern of the distribution of u for the exact solution sug-
gests that the present zigzag model may be improved by replacing

the global quadratic term by a local layerwise quadratic term in the
approximation of u. This would require a separate study. The FSDT
is in most cases unable to approximate the layerwise variation of
u. The w distributions for the present ZIGT are in excellent qual-
itative agreement with the exact two-dimensional solution for all
beams with S =5 and 10 for both load cases, with a small quantita-
tive error, whereas the FSDT yields highly erroneous distributions.
The o, distributions for the present ZIGT closely follow the pattern
of the exact two-dimensional solution for all beams in both load
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Table 3 Exact results and percent error of present theory, ZIGT, and FSDT for composite beam b (open circuit)

Load case 1 Load case 2
N Entity Exact Present  ZIGT FSDT Entity Exact  Present ZIGT FSDT
5 w(0.5,0.5) 2.5936 —697 —614 —76.3 w(0.5, —0.5) 1.8609 —544 —403 —51.2
10 1.1834 —4.54 =355 —44.1 1.2072 —248 —16.1 —-204
20 0.80587 —1.74 —133 —16.4 1.0360 —0.75 —4.74 —6.01
40 0.70982 —0.50 —3.77 —4.67 0.99266 —0.20 —1.24 —1.58
5 w(0.5,0.0) 1.0469 2.09 —4.19 —412 w(0.5,0.0) 0.88154 -3.57 26.0 2.98
10 0.77950 0.08 —220 —15.06 0.95844 —1.14 5.67 0.21
20 0.70377 —0.03 0.66 —4.26 0.97355 —0.31 1.37 0.02
40 0.68423 —0.01 —0.18 —1.10 0.97704 —0.08 0.34 0.00
5 0£(0.5,0.47) 1.9269 —-2.15 -9.23  —1249 0¢£(0.5,0.47) 1.1425 —-9.72 —-6.53 —10.9
10 1.7916 —0.81 —2.80 —3.69 1.0570 —2.81 —1.96 -3.15
20 1.7527 —-0.22 —0.74 —-0.97 1.0337 —0.74 —0.51 —0.82
40 1.7426 —0.06 -0.19 —-0.25 1.0277 —0.18 —0.12 —0.20
5 0£(0.5,0.175%) 1.1732 —1.68 14.0 21.2 0{(0.5,-0.5)  —0.53895 503 -—-119 —13.3
10 1.3921 —0.05 3.39 4.95 —0.48921 1.21 —-3.51 -3.95
20 1.4536 0.01 0.84 1.22 —0.47551 0.29 —0.92 —1.04
40 1.4694 0.01 0.21 0.31 —0.47200 0.07 —0.24 -0.27
5 al(0.5,0.5) —1.0272 3.41 16.9 222 al(0.5,0.5) —1.3765 3.32 3.85 6.89
10 —1.1821 0.96 4.02 5.20 —1.4534 0.30 0.43 1.16
20 —1.2244 0.27 1.02 1.31 —1.4738 —-0.47 —0.43 —0.26
40 —1.2353 0.09 0.28 0.35 —1.4790 —0.66 —0.66 —0.61
5 7.:(0, 0.4) —0.34764 2.52 10.5 14.5 7. (0, 0.4) —0.43100 3.72 3.48 5.67
10 —0.38292 0.73 2.77 3.55 —0.45005 0.95 0.90 1.43
20 —0.39263 0.19 0.69 0.88 —0.45512 0.24 0.23 0.36
40 —0.39512 0.05 0.17 0.22 —0.45641 0.06 0.06 0.09
5 10¢ (0.5, 0.5) 0.53729 0.17 0.79 0.89  10¢(0.5,0.5) 0.53097 0.22 0.20 0.45
10 0.54324 0.05 0.21 0.24 0.53444 0.06 0.05 0.12
20 0.54483 0.01 0.06 0.06 0.53534 0.01 0.01 0.03
40 0.54524 0.00 0.01 0.01 0.53556 0.00 0.00 0.01
Table 4 Exact results and percent error of present theory, ZIGT, and FSDT for composite beam b (closed circuit)
Load case 1 Load case 2
S Entity Exact Present  ZIGT FSDT Entity Exact Present  ZIGT FSDT
5 w(0.5,0.5) 1.9491 —6.55 -91.1 —98.1 w(0.5,0.5) 0.94913  —6.94 —68.5 —64.3
10 0.53574 —-744 872 -93.9 049933 357 =337 =315
20 0.15890 —6.60 —74.5 —80.2 0.38249 —1.20 -—11.1 —-104
40 0.06313 —421 —470 —50.6 0.35299  —0.34 -3.02 —2.82
5 0{(0.5,-0.5) 1.1407 2.63 —25.1 —233 w(0.5, —-0.5) 1.0378 -729 =713 —67.3
10 0.98918 0.55 —7.72 —-7.20 0.52098 —-399 364 —34.3
20 0.94748 0.13 —2.05 —1.91 0.38787 —1.38 —123 —11.6
40 0.93680 0.03 —-0.52 —0.49 0.35433 —0.39 —3.39 -3.19
5 1067(0.5,0.4%) —0.11510 —343 439 461 0¢(0.5,-0.5) —0.28092 691 235 —21.40
10 —0.45467 0.05 31.1 32.6 —0.23865 1.83 —7.29 —6.63
20 —0.55348 0.11 6.56 6.87 —0.22736 0.45 —1.95 -1.77
40 —-0.57914 0.01 1.55 1.70 —0.22449 0.10 —0.50 —0.46
5 7. (0, 0.175) 0.62460 2.03 0.96 1.24 07(0.5,0.5) —0.27312 6.22 16.04 14.9
10 0.65922 0.51 0.25 0.32 —-0.30746  —1.21 1.06 0.79
20 0.66839 0.13 0.06 0.08 —0.31665  —2.94 —2.38 —2.45
40 0.67072 0.03 0.01 0.02 —0.31898  —3.36 —-3.23 —3.24
5 D.(0.5,0.5) 8.1097 0.10 0.75 0.79  7.,(0, —0.275) 0.10612 5.05 6.13 5.72
10 8.1775 0.03 0.20 0.21 0.11145 1.27 1.55 1.44
20 8.1957 0.01 0.05 0.05 0.11288 0.30 0.37 0.35
40 8.2004 0.00 0.01 0.01 0.11324 0.06 0.08 0.07
5 D,(0.5,0.5) 8.0143 0.99 1.07 1.06
10 8.0450 0.82 0.84 0.84
20 8.0529 0.78 0.78 0.78
40 8.0549 0.77 0.77 0.77

cases. The o, distributions for FSDT are good for load case 2 but
have inaccurate distributions in some outer elastic layers for load
case 1 with significant errors. The distributions of postprocessed 7,
obtained by the present ZIGT and the FSDT are very good for all
beams with the FSDT having generally larger error. Comparison of
the results in Figs. 4 and 5 for beam b with the open-circuit condition
and the results in Figs. 6 and 7 for beam b with the closed-circuit
condition reveals that the electrical boundary conditions have very
large effect on u, w, and o, for both load cases and on t,, for load
case 2. A large potential is induced at the top surface due to the
presence of pyroelectric coupling, to satisfy the open-circuit con-

dition D, =0. Consequently, the displacements and stresses in the
open-circuit condition are significantly different from those for the
closed-circuit condition.

The exact two-dimensional piezothermoelasticity results for dis-
placements, stress, ¢, and D, at typical points across the thickness
where they are large, along with the percent errors in the present
ZIGT (Present), coupled ZIGT and coupled FSDT are given in
Tables 2-5 for three beams under two load cases for S =5, 10, 20,
and 40. The error in w for the present theory is small for moder-
ately thick beams with the maximum error for S > 10 at 7.44% for
load case 1 and 3.5% for load case 2. The corresponding maximum
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Table 5 Exact results and percent error of present theory, ZIGT, and 0FSDT for composite beam ¢ (open circuit)

Load case 1 Load case 2

S Entity Exact Present  ZIGT FSDT Entity Exact Present  ZIGT FSDT

5 w(0.5,0.5) 0.39938 —21.5 852  —268 w(0.5,0.5) 3.7336 —-5.10 —163 —-29.9

10 —0.38573 4.68 76.0 2.9669 —-1.91 —5.51 —9.93
20 —0.58944 0.72 12.5 2.7614 —-0.54 —151 —2.71
40 —0.64083 0.16 2.88 2.71 2.7091 -0.14 -039 -0.69
5 w(0.5, —0.5) —3.3421 -132 -779 w(0.5,0.0) 3.0402 —3.90 2.83 —14.0
10 —1.3615 —-8.62 —50.1 2.7901 —1.37 0.47 —4.23
20 —0.83605 —3.57 =207 2.7170 —0.38 0.10 —1.12
40 —0.70265 -1.07  -6.17 —6.33 2.6980 —0.10 002 -0.29
5  0¢(0.5,-0.275T) 1.8395 —4.77 —12.8 0£(0.5,0.47) 1.7145 —4.57 -359 —6.59
10 1.7071 —-152 =381 —4.22 1.6403 —1.35 —-1.10 —1.88
20 1.6692 —0.41 —1.00 —1.10 1.6193 —0.35 -0.29  —-0.49
40 1.6594 —-0.10 —0.25 —0.28 1.6139 —0.09 —0.07 —0.12
5 a7(0.5,0.5) —1.4732 3.10 9.75 6l(0.5,04%) —1.1614 3.38 2.94 4.60
10 —1.5926 0.75 2.37 2.67 —1.1994 1.51 1.41 1.81
20 —1.6244 0.17 0.57 0.65 —1.2099 0.98 0.96 1.06
40 —1.6325 0.02 0.12 0.14 —1.2126 0.85 0.84 0.87
5 7., (0, —0.275) 0.57569 3.64 6.57 7.04  1,,(0,-0.275) —0.42887 3.57 442 4.83
10 0.61879 0.93 1.65 1.76 —0.44668 0.92 1.12 1.22
20 0.63047 0.23 0.41 0.44 —0.45140 0.23 0.28 0.31
40 0.63345 0.06 0.10 0.11 —0.45260 0.06 0.07 0.08
5 10¢(0.5,0.5) 0.54773 0.17 0.48 0.68 10¢(0.5,0.5) 0.52314 0.22 0.31 0.51
10 0.55344 0.05 0.13 0.18 0.52673 0.06 0.08 0.13
20 0.55495 0.01 0.03 0.05 0.52767 0.02 0.02 0.03
40 0.55533 0.00 0.01 0.01 0.52791 0.00 0.01 0.01

errors in the FSDT for S > 10 are one order more, that is, 93.9%
and 31.5% for load case 1 and 2, respectively. Even for very thin
beams with S =40, the errors in w for the FSDT are quite large and
one order more than the present theory with 50.6 and 2.82% and
4.21 and 0.34% for load cases 1 and 2 for the FSDT and the present
theory, respectively. The maximum errors in the FSDT occur for
closed-circuit condition in load case 1. The error in w in ZIGT is
generally of the same order as in FSDT for both load cases and much
larger than that in the present ZIGT except for a small improvement
in only the central deflection in beam a for § > 10.

A similar comparison of the results for o in elastic layers reveals
that the error percent for the present theory is much smaller com-
pared to the FSDT for all cases with the errors being even one order
less for beam b under load case 1 for the closed-circuit condition
and for test beam a under load case 2 for the open-circuit condition.
In other cases, the relative reduction in errors for o for the present
theory is in the range of 60-90% except for a low of 30% for beam c
under load case 2. A similar reduction in error in 0¥ in piezoelectric
layer occurs for load case 1 with errors for the present theory being
one order less than the FSDT for beam b with the closed-circuit
condition and with relative reduction in the range of 60-80% for
other cases. However, for load case 2, the error in o/ for the present
theory is of the same order as in the FSDT or marginally larger than
the FSDT for some cases. The errors in ,, in the present theory are
also much smaller compared to the FSDT except for beam b with the
closed-circuit condition, for which the errors themselves are small.
The errors in ¢ in the present theory are generally less then half of
the errors in the FSDT. The errors in D, in the present theory for
beam b with the closed-circuit condition are less the one-seventh
of the error in the FSDT for load case 1 and are of the same order
for load case 2. The errors in the stresses in ZIGT for both load
cases are either a small improvement or deterioration over those of
FSDT. Similarly, the error in ¢/ D, for ZIGT is generally only a
small improvement over that of FSDT.

V. Conclusions

An efficient coupled ZIGT has been developed for hybrid piezo-
electric beams under thermoelectric loading. The theory satisfies
exactly the conditions on transverse shear stress, includes explicitly
the piezoelectric and thermal transverse normal strain in the approx-
imation of deflection, and accounts for the longitudinal electric field.
The electric boundary conditions have been found to play a very sig-
nificant role in the response under thermal load. The present ZIGT

has been found in most case to yield much more accurate values of
deflection, normal stress, shear stress, electric potential, and electric
displacement at specific locations where they are large. The present
theory generally yields quite accurate thickness distributions of de-
flection and stresses for moderately thick beams for both loadings
and for both electric boundary conditions. The error in deflection
for the coupled FSDT is quite large even for thin beams with § = 20.
Generally the results for all entities in the existing ZIGT are either
marginal improvement or deterioration over those of FSDT. The
new coupled ZIGT is much more accurate than the previous ZIGT
and yet as efficient as the coupled FSDT because it is formulated in
terms of only three primary displacement variables.
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