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Abstract

Based on the nonlinear strain geometry relationship, temperature effect and piezoelectric theory,
it is studied the nonlinear bending of boron nitride nanotube (BNNTSs) reinforced piezoelectric
plate under the action of electro thermal force in this paper. And the constitutive relation of boron
nitride nanotube reinforced piezoelectric plate is established. The nonlinear control equation of
the structure is derived by the variational method. The difference method is used to disperse, and
then it is used to solve the problem by the iterative method. In this calculation, the effects of the
volume ratio, temperature, voltage and load on the nonlinear bending of the BNNTs reinforced
piezoelectric plate are discussed in detail. The results show that the deflection and bending mo-
ment of the plate in the linear case are greater than those in the case of the nonlinear case. When
the transverse load Q increased, the nonlinear effect increased. Applying positive and negative
voltage to BNNTs will cause the increase and decrease of deflection and bending moment. With the
increase of temperature the deflection and bending moment increase, and with the volume frac-
tion of BNNTSs in the matrix they will also decrease.
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Figure 1. Geometry of piezoelectric plate reinforced with BNNTSs
[ 1. BNNT #&38 /) £ B ARAY LT REE

DOI: 10.12677/ms.2018.86088 744 PR R


https://doi.org/10.12677/ms.2018.86088

WEAE, R

O G, ¢, ¢; 0 0 0 &, a, é 0
o, G, C, C 0 0 0 g, a, e 0 P
o.|_ ¢ C, G 0 0 0 _52 el || 0 0 Ei @
o, o o o ¢, 0 0 £, 0 0 e, O z
o, 60 0 0 0 C5 O &, 0 0 0 e ~
o,] L0 0 0 0 0 Cglll|& 0 10 0 0]
g, a,
g, a .
D, e, €, ¢ 0 0 0 Ey g g, 0 0 [[E
a *
D=0 0 0 ¢ 0 0 EZ - OZ AT |- 0 &, 0 |{E, Q)
D, 0 0 0 0 e, O Ey 0 0 0 &,l|E.
&, 0

Hih By (K =x,9.2)« ay (K =x,y,z) AT 53 FoR B BIZIK RBANET M e« &)+ C, (i.j=1+-6)
IR MR I LR i AR R R SR A A R

— IR GKE (BNNTs) Gk FRTERAN Z IR IREE A, TASCRA Z 7% . 8 6ek ik
SEURM Ry PVDF G 5E A1 BNNTs PRI LR, 5RO R BT LU “XY (8 YX) [18]
MR SRAFHAA S HRomuh:

R AP 1< 0 ol L5t PSRPEN L7 0N U
v,.Ch+(1-7,)C, C cr c cr
2 2
:y,(c 1-v,)(cn
C22=VfC52+(1_Vf)C2m2+g_f_ ’ (C]r:Z) —( /C?’?( 12) ,C44=V/'CZ4+(1_V/')Cﬁ
4 CsCes

66 —

TEACT v en+(1-1,)C

e, =C {er;l +<1 V )8311, ¢ :V/'egz +<1_V )6;7; + Clzeﬂ d Clze31 _( )C12e3'

o G G G, G ©)
_ C13331 _ V,Cises, _ (I_Vf)cfgeﬁ
e e a
; m & C
€4 =erz4+(1—Vf)ez4, ;s :B T AC &y = B+ AC
P L el -n)(s)
Ve (1=V, )&, & =V, e +(1-v, )eim = S S ’
&y 1522+( f)gzz &3 /533 ( )533 C11+ cr cr
o
4= ZfC;S —+ (1_2Vf)c5”i B= Iz/fclrs —_— (_ )Clrg*
() +Ciay () +Char  (ef) +Caal (en) +Cuar -
I (1-v,)&r

2 % 2 *
r r r m m m
(els) + 5 (els) + 54

DOI: 10.12677/ms.2018.86088 745 PR R


https://doi.org/10.12677/ms.2018.86088

WEAE, FvE

EFR r Fm 2 R B AR R AR 2y .V, SRR AE 55 BNNTs T & (AR L .
23. FRlGR
XtF A BNNTs $45 (0 AR, 0545 AE TT 7T LS A

M=U+W (®)
Herh U Mw 53 9] 273 VAR e MR 1) 48047 BT i ) 2
AR FER NN -
1 _ 1
U=2 I, 0.54Q-— [l EDdC 9)

HIETRE(A(S) LA IX BUR ) BNNTSs () Z 7IR4EH, 15 E, = E. =0 Bk, S530(9)28
¢, ¢, 0 € & —a AT

¢, C 0 ¢ g, —a AT
U=L{[ (5-anr 7 -anars, £} o |8 -@AT| w0
2 ? ) ) ' 0 0 C66 O Exy
e e 0 -g -E

(9)AF0) A ) Q KRB
Tt I E 3 i () LA 77

E =V/a (11)
BEFIT 3 g (x, y) BT TN
W = IJAq(x,y)wdxdy (12)
AR 73 JR B oT1=0), AJHES H R4 K E (BNNT)HY 5 Ik HAR A AR 2 itk 42 1) 07 12 9 -
N,,+N,, =0
N, ,+N, = 0 (13)
M, +2M  +M, +Nw +2N w +Nw +g=0
Horr:
N, 4, A, 0 ][e, N N?
N, [AZI 4, 0 {gy —{N] p—yN] ¢,
N, 0 0 Aglle,] |Ny| [N, (14)
M, D, D, 0 ][K, Ml [Mm!
M, {Dm D,, OHK} —SM] =M
M, 0 0 Dg]||K,| |M,| |M]
e

N)T M: Cll ClZ 0

NI M t=[5|Cy Gy 0

NI ML) Plo 0 C

fE LS5, A, M D, R ATES AR, e AR BAE A
I

1,2’ )z (i, =1,2,6) (16)

a, NP oMT 00 e](E
a, t(L 2)ATdz, {NT M L=["10 0 e, |l 0 (1L 2)d (15
0

NP Mm” :
xy Xy

(4,.0,)=[%C,

/]

=
—

A
2

DOI: 10.12677/ms.2018.86088 746 PR R


https://doi.org/10.12677/ms.2018.86088

WEAE, R

SINULTR ERNSHL:

— D — D, — D. — D
Di=—1 Dp=—2_ Dp=—T2_ De=—2

C22 h3C22 ’ - h3C22 ’ - h3C22
WIZEHb, ~ 44 ~ U, BNNTS S 38 4R L R s 2

2

- 2 I 2 ) Az 2 2 _
An (U,éf +4 W,éW,ff ) + A (stﬂ +4 W,nW,fn ) + Ass (?Uﬁﬂ + V,irz +4 WJzW,fﬂ +4 WfW'M] =0

2
- 2 _ 2 _ /11 2 2 _
4w (U,fn A W.iW,éﬂ)+ Az (Vm +4 W,nW,nn)+ Ao (E Vee v Uy + AW W + 4 W;W,@;] =0

_Z14D“W,§«f§§ —24° % Dol ey = AR DesW ¢,

m

—~DuW,, . +244, Ass{%z/,q%V,gm]@w;m]W@ (18)

- 1 - 1
+27 |:A11(U’5 +5212Wé) + AV, +Ez,§wj) -2 (el +(Cra, + Clzay)AT)} ..

- 1 - 1
+A2 [Alz(U,é +5112Wg)+A22(I{,7 +EA;W;)—2; (eleJr(Clzax + szay)AT)}WjW +0=0

R P IA TR 32, WITE B I 2% A0 A
E=0LV =0, =0,W, =0

- 1
All(Uﬂf +5%2W§)_112 (611V+(C11ax +C12ay)AT)=O

19
n=0,1,U=0,W=0,W, =0 (19)
— 1
A» (l{,, +Eﬂ;Wjj—}; (e12V+(C12aX +C22ay)AT) -0

3. RESE

N TSR R IL TR ANRI D T RE(18), R ENMRERE W - U My L2 B =, LR
PR RA . fEAA R A ARG, W TR H (LB, Low ., Bl

w

1
W W :M[

74

(i+1.))

=2W

(@)t W

) 20)

SHEIFA, AT LR 5y MR G2 1 7 B2 rp LA S 2R MR B 5 i) 22 20 A e AR 210
WIRFRIEATE, FEIEAOPAE— j b, BRI RS P AR R I T e AL, BT

(x-»),=(x),(»),, @1)
Kot WP TR (v), o TR, o SRR, :
(), =AM () +8 (), +A () (22)

SFARERIERE, REA,, A, FABUES B0
j=LA =LA, =0,A, =0, j=2:A =2,A, =-1,A, =0

23
J23:A,=3,A, =-3,A, =1 (23)

X T SR AR T AL BT VR 5 IR AR A I A BE 75 AR R o

DOI: 10.12677/ms.2018.86088 747 PR R


https://doi.org/10.12677/ms.2018.86088

WEAE, FvE

Zo1d ZE P E S ARIE LN AL, AR SN >4 1) 77 2 o S5 F) O e 75 R AL A i 22 7 s e ik
TR, SNRERSLRAE . EIEARE SRR PR BEONAR AR PR S SRR 22N T 1072,

4. BUELSRMTHE

£ FHEEF G, Ryt TH - # - /73 F BNNTs 3 5 F BAR AEL 2 dh o . HUTR~FA
o’b/h=10, a/h=10, AFRFMNMNLFE, EHEBIEEMESA BNNT, S4&8 A PYDF, #1EHE
W 1 fin. B RERAT BN
0 = Qsinz&sinzn (24)
X, O NANEURIREAE .

Table 1. Material constants of PVDF and BNNT
5 1. PVDF #1 BNNT Byl &85

C, =23824(GPa), C,=398(GPa), C,23.6(GPa), C, =643(GPa), ¢, =—-0.135(C/m")
PVDF
e, =-0.145(C/m*), & =1.1.68x10" (F/m), a, =7.1x107(1/K). @, =7.1x107(1/K)

BNNT E =1.8(TPa) v=0.34 e, =0.95(C/m’) @, =12x10°(YK)  a =0.6x10"(//K)

2(a) M 2(b)FRAERIRD BV, =0 WKV =0 i5TF AT =0 I, JUFTARZ 0T BNNT 358 5 H

paiy =4
e AR
LI T T T T r . . : —
12 Linear Linear
Q=1000 — Noniinear 10 Q=10Q0 e Noninear
09 P ~.. A |
- N
W o/ ‘,\ 0 /
g A M - Q=400 \
s N £ - S
06 '/" N F
s \, ’
L /:' ............. ‘\ 0
/- /"’.» BN N\
031 /' z"/ ‘.'\, ‘\“
s Q=400 SN

I ,/ \_~ ] 20

¥ ] . ] . : . : . I l 1 1 1 1 1
04 02 00 02 04 - 2 - . "
x/L L
© ®)

Figure 2. Effect of geometric nonlinearity on the bending of piezoelectric plate reinforced with BNNTs. (a) Deflection of
each point along x; (b) Bending moment of each point along x
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Figure 3. Effect of voltage on the bending of piezoelectric plate reinforced with BNNTs. (a) Deflection of each point
along x; (b) Bending moment of each point along x
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Figure 4. Effect of temperature on the bending of piezoelectric plate reinforced with BNNTs. (a) Deflection of each point
along x; (b) Bending moment of each point along x
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Figure 5. Effect of volume ratio on the bending of piezoelectric plate reinforced with BNNTs. (a) Deflection of each point
along x; (b) Bending moment of each point along x
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