540 B 1
2020 4£ 2 A

Pzl K5 2 W

Journal of Vibration, Measurement &. Diagnosis

Vol. 40 No. 1
Feb. 2020

DOI:10. 16450/j. cnki. issn. 1004-6801. 2020. 01. 012

BMIC B EMNESMHESMEHIRADTAR

BT,

(1 b5 SR R ML 2B dE A, 100192)

MR,

CAERE BB R FNL RGO LR T R R 28 % JEAT,100192)

R

SE 0 B0 AT B (0 SER L  H— 2 R ORI 09 (R . R0 4 0 0 0 SR
V) P R 258 5 B A R 290K 8 9 9 ot 2 T 4 2 A4 BRI (macro fiber composite.
AT MFC) T £T 4 88 525 bRV IZ A0 8 AR 2 TF B 5 0 B PR ot 2 30 2 O B o 030 0 45 90 i S
22 58 G He K 9 M BB R 7B b o FE AR 25T IFC B0 5260 2 4 3038 52 5 b 2 4 1 0% 0 B0
F9E 45 S0 . MFC 7 5 48 7 51 52 32 56 10 1647 505 B 060 895 A L3 k) MFC 8 A b B0 38 2 o S 5 5 30

XA B BERHZ £ AR B 1 45

KRB ZTREG EA-ELE D BAER RS gE S

hE4%RS THI13; TB123

51

Tk

JEH M BHE —FPRR IR R RE M BE, T H R
RO W V2 A AL B2 F Ok sl 2 . T2 & MR
26 SR R IR gh 5 R A5 A 2 k. HAT
JEHL A B 3 A R W M & (piezoelectric ceramics,
iR PZT) . & W B4 %) (poly vinylidene fluoride,
i FK PVDEF) fl R HL 2 M 2F 4 3 g . PZT T
B FE R R v i ) A i B B i O A i
RMASE ] T 45 #1925 it 22 . PVDF B A R i,
W ] LUKE W TE 52 4 45 0 2 a0 iR A0 A A R Ak
o s AR a0 . MEC 244 & o B & 2F
Aeir ARHIE I SH G BRE GTE— RN I)Z 4N E
AR A L PZT #1 PVDF, MFC H A PERE 5 L 2R
T P 2 AR ] S P 0 S R AT TE XS S A A T 2 AR
K 2y 725 T AR Bl 4 ) S5 T P ISR

AR R [ N A 3 B e B AR &2 G 6 R
AT T T IZ 05 . Reddy™ Hi 4 28 i 3
TN BT Y] AT PR HE S S A T A R s K B A%
I EMEZE G RN Ty 707 # . SCEk[2-4 1R ]
— W S YT BRI T & R AR R A ORHZ
AR A mPRsh, Torres %5 = B 85 Y 45 ¢ #1
WS T BN PR S A 2 B IE A& ) R 2
HRAET L AR A hdksh. Topdar
A RITENEE T 2/ 55 T LA 2 AR

x [ERK B RFL IS W BT H (11472056,11872127)
W H 3. 2018-06-17 5 4& [ H 1] . 2018-10-13

(9 F A RS, Liang &7 BT T 76 DU 3 i) S0 5t 5%
PFTR T HL 2 JBE L J5 et R X ik A HL )2 )2
BB AR 0 . Davis 585 F1 Wu S50 X0 R H
JZ A e JL B M T % 25 W 0 SR 2% A T AT T R 3l
B Silva 10 PZT IR K 21 42 B2 |
iz AL T 2k 0 25 A HE AT AR B M N . Huang
AU BT P B R R R R T S
J5HE W 2R 5 ) A A 51 AR A A AU 1 ) F 5
J . BRSBTS R 2RSS A AR
EE T SRl BB AT T R
KA LA B AL TE » Je HAE PRI AR 254 B 2 ) g A
Ao A e il SR A X 2 A PERE B R . Taki R
B2 T R BEE T & PZT Hol 2 19 S H il 2
M & Ok ZE & MR 3h J1 %2 5 . Phung-Van
S R B B D) JE B R FROTIE AT T S A
e v A% S gt RIERAT A 1O 2 B B RHZ S AR RS L A
PRSI 8 S . Zhang 2570 L MEHL KR &
A FROCHERIF 5T T B AT B e v 27 ZE B i) MEFC
XS5 BRE)Z 45 1 BE S5 A B R T

FURI & T8 A7 IR RHZ (92 S RG240 1 it
FE R BT T LR R 2 O PZT 8 PVDE, MFC 1 iE
M . BHFAE—Br 07 VAT A e i Sk L i
TET AL RS 51 A Zigzag oA B 15 1) — FhOFT 19 02 8
Yy B IEHUHEAR SRR 23 B TE R A 0 52 0T %
36 % P AR 257 F 5033 B B RE A R MIFC 1942
FRPRHZ B A A RV Bl 2 00 4 98 L L S8 5 e L %



80 & Zh. W

it AN [ S v 6 AR 2l 4 P ) 2T

1 Fh=sE

1.1 FHAhFHER

WK L s EH DL 4 2R 4R 5k 2 A bR

AR MFC 2 Be b k2 8 BF R0 42, 0F 0 =4
zﬂ@lﬁb@r@o TR AT Y385 52 A M RHZ B W i Bl
K45k [90/0/0/901,[0/0/90/907,[0/90/0/90]
HI[0/90/90/07,

(a) TRESHAMFCENESMENZ G

(a) Composite laminates with MFC layer on the lower surface
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(b) Composite laminates with MFC layer on both upper
and lower surfaces
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Tab.1 Comparison of the dimensionless natural frequencies

of clamped rectangular plates with other theories
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2.341 93.671 94.029 54.942 15.511 96.104 8
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Tab.2 Properties of composite laminates and MFC piezoelectric material

El/ Ez/Ez/ Glz/Glx/ sz/ d?%l/ d:sz/ S ,0/
ok ~ ~ ~ ~ Ve /s U —1 1 —8 1 —1 —3
GPa GPa GPa GPa (pm+ V™) (pm+V ") (A0 °*F-V ") (kgem*)
T800/M21™ 172 8.9 4.2 0.02  0.35 0.0l — — 1072
MFCH? 30.336  15.857 5.515 5.515 0.31 0.438  —170 —100 1.416 5 440
x3 EEMBEARARHEAXNE 6 HEFHE
Tab.3 The first six natural frequencies of composite laminated plate under different stacking modes Hz
- i 6 I A R
=77 50
1 2 3 4 5 6
90/0/0/90 9.403 8 49.188 5 59.246 5 156. 605 2 169. 183 302.952 6
0/0/90/90 10. 320 4 49.712 1 65.015 6 159.768 6 185.776 6 312.708 4
0/90/0/90 15.160 6 52.117 9 93.548 5 174.549 9 261.259 1 358.358 2
0/90/90/0 21.395 2 56.880 1 134. 644 3 204. 836 8 384.113 4 459.971 1
x4 AMTEAHEEARNESGHHEEWBRE R
Tab. 4 Stiffness coefficients of composite laminated plate with 4 different stacking modes
B2 77 M B2 2R %
By, =0 E=2.4561 R, =7.585 3X10°
B,, =0 E,,=0.2612 Tn=—2.5X10" R\, =2.612 3X 10’
90/0/0/90 .
B, =0 E,,=12.714 5 T,,=0 R, =7.585 3X10°
Bs; =0 Es =0.350 Rg =3.500 0X 107
By, =20 516.755 6 E,,=7.5853 R, =1.415 1X10°
By, =—20 516.755 6 E,,=0.2612 T, =0 R;;=2.612 3X107
0/0/90/90 . -
B, =0 E,,=7.5853 T, =0 R, =1.019 9X10°
Bs;s =0 Es=0.3500 Rs; =3.500 0X107
B,y =10 258.377 8 E=7.5853 R, =7.585 3X10*
B,, =—10 258.377 8 E;,=0.2612 T, =3 419.459 2 R\, =2.612 3X 10’
0/90/0/90 1 . tq -
B, =—1.672X10 E,,=7.5853 Ts=—3419.459 3 Ry, =7.585 3X10°
B;;=1.672X10" Es=0.350 0 R4 =3.500 0X 107
B =0 E,=12.714 5 R, =7.585 3X 10"
B, =0 E\,=0.2612 T,,=0 R\, =2.612 3X 10’
0/90/90/0 _ . ]
B, =0 E,,=2.456 1 Ty =—2.5X10" Ry, =7.585 3X10°
B;; =0 Es=0.3500 Rg =3.500 0X 107
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Tab.5 The first six natural frequencies of laminate with single-layer MFC under non-electricity condition Hz
' . R ES
RETA 1 2 3 4 5 6
90/0/0/90/MFC 9.211 0 48.185 1 58.017 9 153.413 9 165.852 4 297.062 4
0/0/90/90/MFC 11. 446 3 49.518 2 72.066 4 161. 485 6 205.895 0 321.917 6
0/90/0/90/MFC 12.833 5 49. 943 8 79.282 5 164.169 6 209. 587 2 324.303 2
0/90/90/0/MFC 15.717 2 52.246 6 98.903 2 178.277 8 282.320 4 376.033 5
x6 SHEREMFCHESWMEBRBR THAT 6 MERME
Tab. 6 The first six natural frequencies of laminate with single-layer MFC under electric condition Hz
o T 6 B [ A
R v 1 2 3 4 5 6
100 11.549 3 59.802 2 60. 998 2 158.185 6 168.687 8 300.579 7
90/0/0/90/MFC 200 13.369 4 63.806 9 69.504 7 162. 862 3 171.410 6 304.121 7
300 14.888 2 66. 466 78.007 1 167. 360 6 173.873 3 307.365 7
100 13.422 7 60. 746 6 74.046 6 165. 548 207.530 3 317.289 4
0/0/90/90/MFC 200 15.069 1 70.299 9 76.394 9 170. 009 3 210.083 4 319.682 6
300 16. 495 6 78.622 3 78.702 6 174.313 4 211.794 7 323.198 7
100 15.355 7 64.346 5 80.453 5 171.294 2 214.366 7 326.454 2
0/90/0/90/MFC 200 17.441 7 77.602 1 83.415 8 178.107 9 215.447 8 331.169 8
300 19.219 6 86.361 9 88.897 8 184. 645 4 218.543 9 336.182 6
100 17.228 1 63.131 4 100. 682 6 182.484 7 283.868 2 378.918 3
0/90/90/0/MFC 200 18.581 2 72.392 8 102. 420 6 186. 583 3 285.441 1 381.626 3
300 19.812 2 80.593 1 104.131 4 190.599 3 287.181 8 384.418 7
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Tab.7 The first six natural frequencies of laminate with double-layer MFC under non-electricity condition Hz
' . HiT 6 B [ A 4%

RETA 1 2 3 4 5 6
MFC/90/0/0/90/MFC 9.422 6 52.632 2 59.334 6 166.369 8 169.504 9 319.232 4
MFC/0/0/90/90/MFC 10.025 5 52.974 6 63.115 7 168.401 9 180.451 1 325.365 5
MFC/0/90/0/90/MFC 11.433 2 53.776 9 71.976 9 173.386 6 205.672 6 340.895 1
MFC/0/90/90/0/MFC 13.867 7 55.298 3 87.260 7 182.584 4 249.228 1 369.652 3

®8 SHEVUEMFCHESHEBRBER THA 6 MEAME

Tab.8 The first six natural frequencies of laminate with double-layer MFC under electric condition Hz
N 6 B AT
fifz g A vy 1 2 3 4 5 6

100 12.271 6 63.034 4 66.170 7 171.999 3 172.742 5 323.224 7

MFC/90/0/0/90/MFC 200 14.410 3 66.501 5 77.373 6 176. 309 6 177.470 1 327.393 2
300 16.164 8 69.744 7 87.145 3 179.439 8 182.768 5 331.335 3

100 12.754 7 66.438 5 66.616 3 173.957 3 183.582 7 329.245 6

MFC/0/0/90/90/MFC 200 14.849 2 69.909 1 77.595 7 179.373 3 186. 816 4 333.339 9
300 16.584 9 73.022 9 87.332 6 184.618 7 190.024 5 337.3859

100 14.828 2 71.275 2 81.674 1 194.935 5 227.632 2 376.972 8

MFC/0/90/0/90/MFC 200 16.727 0 81.784 1 84.394 0 199.790 9 230.444 5 380.555 2
300 18.362 1 87.006 6 91.085 4 204.535 3 232.789 6 384.131 8

100 15.989 7 68.314 3 89. 825 2 187.784 8 251.449 6 373.237 5

MFC/0/90/90/0/MFC 200 17.787 7 79.212 3 92.315 7 192.839 1 253.719 2 376.788 5
300 19. 362 4 88.776 4 94.723 2 197.771°7 256.172 9 380.323 4
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Fig. 3 The first six natural frequencies of laminate with single-layer MFC under different ratio of length to width and
width to thickness
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Fig. 6 Fundamental frequency of laminate with double-layer MFC under different boundary conditions and ratio of width

to thickness

3 #RIE

%%E~Bj|§3@] SE BEE B A E L 3R 58
RO 1) AL 2 18 5 T3S R BB =
MFC [ £F 4E 5 30 52 & bR E SR BT L. X T
FE R RER BLHZE MEFC (15 & M B2 G f, H 2
Jra 0 R 58 A ik 3 5 [ A AR A 5
. MFC B REFRHE A [ 30 544 18 5 X = &+ 8
JZE A BRI A R . ARG A R A
K8 B AN 98 P L B 54 ekl . MEC 3 RE A R 18
FL e 2 0 AR G0 14 ] A AR A — E IR Al L

ak P MEFC 3 BEAS R 130 1 H ok 52 B X & &5 41
FHZ A AR IR Sl R AR 42 5

Zigzag PR

z % X ik

[1] REDDY J N. On laminated composite plates with inte-
grated sensors and actuators[ J]. Engineering Struc-
tures, 1999,21:568-593.

[2] PIETRZAKOWSKI M. Piezoelectric control of com-
posite plate vibration: effect of electric potential distri-
bution[ J|. Computers and Structures, 2008, 86 948-
954.

[3] FARSANGIM A A, SAIDI A R, BATRA R C. Ana-

lytical solution for free vibrations of moderately thick
hybrid piezoelectric laminated plates [J]. Journal of
Sound and Vibration, 2013,332:5981-5998.

[4] JINJ, BATRA R C. Effect of electromechanical cou-
pling on static deformations and natural f{requencies
[J]. IEEE Transactions on Ultrasonics, Ferroelec-
trics, and Frequency Control, 2005,52(7) :1079-1093.

[5] TORRES D F, MENDONCA P R. HSDT-layer wise
analytical solution for rectangular piezoelectric laminat-
ed plates[]J]. Composite Structures, 2010, 92;1763-
1774.

[6] TOPDAR P, SHEIKH A H, DHANG N. Vibration
characteristics of composite/sandwich laminates with
piezoelectric layers using are fined hybrid plate model
[J]. International Journal of Mechanical Sciences,
2007,49:1193-1203.

(7] LIANG X Q. BATRA R C. Changes in frequencies of
a laminated plate caused by embedded piezoelectric lay-
ersJ]. AIAA Journal, 1997,35:1672-1673.

[8] DAVIS C L, LESIEUTRE G A. An actively tuned
solids tate vibration absorber using capacitive shunting
of piezoelectric stiffness[ J]. Journal of Sound and Vi-
bration, 2000,232(3):601-617.

[9] WU N, WANG Q, QUEK S T. Free vibration analy-
sis of piezoelectric coupled circular plate with open cir-
cuit[J ]. Journal of Sound and Vibration, 2010, 329.
1126-1136.



88 R oW oKL 5 2 W 10
[10] SILVA S da, JaNIOR M Dias, JUNIOR V Lopes, [19] PANDEY A, AROCKIARAJAN A. Actuation per-

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Structural health monitoring in smart structures
through time series analysis [ J]. Structural Health
Monitoring, 2008,7:231-244.

HUANG G, SONG F, WANG X. Quantitative mod-
eling of coupled piezo-elasto dynamic behaviour of pie-
zoelectric actuators bonded to an elastic medium for
structural health monitoring: a review[J]. Sensors,
2010,10:3681-3702.

Rtk AEABZRARESE A M EZ G Wm0 F 5y
PR EEBMLD]. E# . [[5 K. 2007.

TAKI M S, TIKANI R, ZIAEIFRAD S, et al. Dy-
namic responses of cross-ply bi-stable composite lami-
nates with piezoelectric layers[J]. Archive of Applied
Mechanics, 2016,86:1003-1018.

PHUNG-VAN P, LORENZIS L. De, CHIEN H, et
al. Analysis of laminated composite plates integrated
with piezoelectric sensors and actuators using higher-
order shear deformation theory and isogeometric finite
elements[J]. Computational Materials Science, 2015,
96:495-505.

ZHANG S Q, L1 Y X, SCHMIDT R. Modeling and
simulation of macro-fiber composite layered smart
structures[ ] ]. Composite Structures. 2015, 126: 89-
100.

STURZENBECHER R, HOFSTETTER K, EBER-
HARDSTEINER ]. Structural design of cross lami-
nated timber (CLT) by advanced plate theories[]J].
Composites Science and Technology, 2010, 70 1368-
1379.

CARRERA E. On the use of the Murakami’s zigzag
function in the modeling of layered plates and shells
[J]. Computers and Structures, 2004,82:541-554.
REDDY ] N. Mechanics of laminated composite plates
and shells: theory and analysis{ M]. New York: CRC
Press, 2004:100-101.

[20]

(21]

[22]

[23]

[24]

formance of macro-fiber composite ( MFC) ; Modeling
and experimental studies[]]. Sensors and Actuators
A, 2016, 248.:114-129.

SONG Z G, LI F M. Active aeroelastic flutter analysis
and vibration control of supersonic composite laminat-
ed plate[J]. Composite Structures, 2012,94.:702-713.
ALIJANI F, AMABILI M. Nonlinear vibrations of
laminated and sandwich rectangular plates with free
edges. part 1: theory and numerical simulations[]].
Composite Structures, 2013,105:422-436.

CAO D X, LIU B Y. Free vibration analysis of a pre-
twisted sandwich blade with thermal barrier coatings
layers [J].
2017,60:1747-1761.

DOZIO L., CARRERA E. Ritz analysis of vibrating

Science China Technological Sciences,

rectangular and skew multilayered plates based on ad-

vanced variable-kinematic models [J]. Composite
Structures, 2012,94.2118-2128.

BOWEN C R, GIDDINGS C R, SALO A1T, et al
Modeling and characterization of piezoelectrically actu-
ated bistable composites [J]. TEEE Transactions on
Ultrasoncs, Ferroelectrics, and Frequency Control,

2011,58(9):1737-1750.

F—EEEN B H 199147 A
AL A . FEMRITMAERES
MR ELE M IR B R PE B I E AT
.

E-mail: 1039328773@qq. com

BEEEENMEH.H. 197242 A
AL R, FEAE TR RE
B MR SE A AR LB Iy 2

E-mail: bimhao@163. com



89

BRI A MEE G A RS

ab
He

MFC %




