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Material Characterization of Piezoelectric Fiber

Composites under Periodic Electrodes

Student: Wen-Chih Tsai Advisor: Dr. Ching-Chung Yin

Department of Mechanical Engineering

National Chiao Tung University

ABSTARCT

Piezoelectric fiber composite (PFC) actuated by symmetrically
aligned interdigital electrodes onyits opposite surfaces is an emerging smart
material developed in recentyyears.- The PFC s capable of providing large
deformation and stiff exciting farce. Theflexibility of PFC makesit possible to
conform to curved surfaces of the host structures: These properties make PFC
possess great potential to become a functional material in applications of
structural health monitoring, aerospace structures, etc. The effective material
constants of PFC are estimated by rule of mixtures. Some material constants,
Sm, S, and dg, dy, are directly measured by stain gauges through uniaxial
tensile test and applying high voltage to its opposite electrodes. The remaining
constants are determined by an inverse scheme based on quasi-Newton method.
The quadratic objective function is defined by the sum of squares of deviations
between the measured resonant frequencies of the lowest extensional vibration
modes for the finitelength overhung PFC and those calculated by a
commercial finite element code ANSY S.

It is observed by a polar light microscope that the piezoelectric fibers
and interdigital electrodes are not uniformly aligned in some specimens. The
deviation found in measured material constants is caused by the

inhomogeneous material properties. The piezoelectric constant d is not



suitable to be determined by the present method since it has weak influence on
resonant frequency of extensional mode and divergent properties in seneitivity
study of parameters. Most material constants are in agreement with those

obtained by effective model estimated by mixture rule.

Keywords. Piezoelectric fiber composites, interdigital electrodes, effective

material constants, extensional resonance, inverse
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B R E v EA% L 10% 20% > -+ > 80% 1% HP8751A A 47 &
ERIHE rEdd R0 A g E RV Bk o 4ol 39 1 B 312 #r7 o A
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D, =e:5 +8181E1 (3.5)
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T (3.9b)

B AL SR A KSR F Y ¥ dieo $(3.8) 7 ch- R

tan(BL) = (3.10)

B P’ =pE0 o W EALF A S TR EE ¥ Bk BT R B A

FIHE 2 4258 (3.10)i 1 & cos(BL) =0 » £ JRAE K f g

=05 n=135, - (3.11)
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BoELRSERA BB 2 b By b v 2 BTG
lgi d31 b d33 °
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BOEEAR T =2 G L S PR B TEIR AR e ] 3.03 47T -

322 B 7 Th#cd, - dp &P
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¢ phre % 2500 ATEH e 4 6 3N 1T S T S W RBk e L0 Lo
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Bonk BE VBRGNS HERIFHREPIESTHRFFRE ] TS L
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BRETHEHEH L e S bl % ERIE TR G s, S 2
BE ded, ~dy o quf;% 3.6 #rFinF B hlicht £ T F B o
Bor 3B s~ g~ Sy o BT hBicd B AT ke ey d WA
B EIRGIEAPTRE 0 AT ¥ Bre, HE RIS R PARA e, o T
BB F A BB N F B i s sp sy 0 O ey T

4.1.3 & if * #l42;¢ BCONF

"BCONF #x * & 4 &7 ;% (quasi-Newton method) 5 & & ;2 | » & 2 &7k

4 Ak crak BharaE 2 T ) g Bl A E (FiE AR
- b Rdmod o {13 3 BREE AT G

?,lx‘i

f(x)= f(x,)+Vf (xk)T5x+%6xTH(xk)5x (4.1)

= iﬁ‘— e {?'J # '!1\.”(41)3\‘ - =X L:hﬁ;t}j 02 R ﬁ’rﬁ{ f(X) s Il - u}yﬁiﬁjﬁx’J

BLi T - gk HY H(X) 5 Hessian 4E'L F

X =X =X =TH ()] VF (%) (4.29)

S =—TH(Xx )" Vi(x,) (4.2b)

v

THEF S e LG 2 42w (Newton'sdirection) o 4o % Snffch £ 5 = =3¢ 5 fY

AHEVNN—_IEATB IS EER ) B g BTEEEF S v e
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FELEM, & F ¢ % (postive defing)4E"L o e § 2 i & =i % Hessian

FEE B - T4 TEE s o 5+ B aErL(singular matrix) o

HcE R RE o B A LR BE L RaM, £ 4 b - B L F7eE (updating
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S % i (x 102 mIN)

S S S S Si
164 -5.74 -7.22 18.8 475
BT % (% 1072 cl/N) T ik
dy dy dys 811/ €9 8;3 le,
-171 374 584 1730 1700

e, =8:854x 10 farads/m

% 2-1b  HPg 2 RERL R R LS

Bffa (epoxy)  RRL ¥ %i-(kapton)

¥ < #-# E(GP) 2.5 2.8
RO 0.36 0.34

% A& density (kg/m) 1430 1420
WEHATTE ¢ 3 34
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422 il B R A

coefficient A A" B B* (of c’ formula
Vo u =0 0, u,=0 a,, o, =0, u,=0 a, -g 1%,
Vs u =0 0, u,=0 a,, o, =0, u,=0 a, —&,1 &,
Ez u =0 0, u,=0 d,, o, =0, u,=0 U, o,/ €,
‘231 u =0 vy u,=0 u, u; =0 U;, 6, =0, -5 /&
E, u =0 a, u, =0 o, u,=0 U,, 6, =0, o,/ &
(_323 - - Wss=0" 1,=0, o54=0, (01,2,3)3 (01,2,3)3 6o/ Vo
e u =0 w =0 u,=0 u,=0 Uu=0¢=0 u;=0,9=¢, T, /E;
€53 w =0 w=0 u,=0 u, =0 Uu=0¢=0 u;=0,9=¢, T,/E;
€5 #=0,u;=0 ¢=0u;= u,=0 u;=0 u =0 u =1 D /S,
e, W=0¢=0 u=0¢=¢  1,=0 u, = u, =0 U, =0 D, /E
£, u =0 u=0 u,=0 u,=0 u,=0,¢=0 u,=0,¢=¢, D,/E,
A G D e 5, © 1 (N/m) ¢ * 1(V)
U %G eiE e A — g iR E
4
=

I Bl el s A =

(@) K™ i g - K



% 2-3a % il B

. E Es
it (GPa
tp = fi-te (GPa) 6.192 233
L V21 V23 V31
3 7}:\ 4
0.326 0.098 0.373
'%;"J 4 ﬁ’:ﬁi (GPa.) Ggg 1.826
SE %8 (x 102 n?/N)

S S S Sk Sa Se
161495 -52.667 -16.013 42917 547.746  428.323
4 2-30E P2 BT AT G
BT 4 o/m? €3 €33 €15

R g (cl/m) -0.203 7.978 0.009
_ d d d
}——‘ 3 /,/4{\ x 10 12 m/V 31 33 15
R ( ) -149.821 348.89 5.095
S S
S AU enl o €33/ &
9.623 354.377
I SUN en/ € e/ &
- 0.628 675.618

¥ g, =8.854x 10 *farads/m
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231 3 st ]

%A mode 1 mode 2 mode 3

10% 39,538 Hz

20% 23,394 Hz 69,813 Hz

30% 15,688 Hz 46,738 Hz 74,375 Hz

40% 13,269 Hz 37,288 Hz 62,000 Hz

50% 10,456 Hz 30,538 Hz 51,000 Hz

60% 8,656 Hz 25,531 Hz 42,406 Hz

70% 7,306 Hz 21,763 Hz 36,500 Hz

80% 6,406 Hz 18,500 Hz 31,044 Hz

% 3-2 Kyowa B ihJi 5 4L i

Type KFG-2-120-D16-11L1M2S
Gage Length 2 mm
Gage Resistance (24°C, 50%RH) 1204+ 0.4 Q
Gage Factor 24, 50%RH 208 +1.0 %
Adoptable Therma Expansion 11.7 PPM/°C
Transverse Sensitivity (24°C, 50%RH) 0.70 %
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# 3-3a B 7 Tificdy ~ O3 7 Sk By %

Specimen dy ds,
No.1 —158.568 322.94
No.2 —156.914 321.39
No.3 —155.033 327.587
No.4 —-156.11 325.646

3% unit : 102 d/N

3 330 F il REBRPBMTIS £ 0 4 5 2

Specimen| = E, (GPa) Va
No.1 5.864 0.29
No.2 6.73 0.179
No.3 5.517 0.146

%\' 3'30 ﬁ:f 'H—‘ﬁ: ﬁ;’:%\

measurement S Sy

short circuit 44,413 -13.235

open circuit 46.208 -13.955
average 45.311 -13.595

3% unit : 10 m?/N
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434 FEIEEE B

ERlIREE (S s ~ dss ES S Vg
jﬁa@ 4\’\‘ S:SET+th E3:G3/83 ’ ‘731:_81/83

M easurement Group P-3500 | & it 3= 1 ;2% #(MTS 810 system) ~ & #7
B RE OBRIRRFTREEE LT H(Kyowa, 120Q) - FHps ks 7

(Stanford Research Systems)

Fa P PRI H AL % 8 (HT-2102)

da1= —156.661(x10™ cl/N)
dae= 324.392(x10™ cl/N)

short circuit : E,=22.516GPa > v5;=0.298

open circuit : E;=21.641GPa > v3=0.302

13 LA —é;f#_;f@z’\’ﬁ AR 4+ 35N
% 3-5 7 Sy £ AT R R
E,(GPa) vy 05107 cl/N) dg(107 cl/N)
7 % &P 22078 0.3 ~156.661 324.392
E R TS il 233 0373 ~149.821 348.89
Advanced Materids o5 0.275 _ 260

Technology # & *t45
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%36 F E M faline it @

S 4 #(x 102 mAN)

S S SF S» Sra
161.495 —52.667 ~13.588 45.294 547.746
& F (% 107 cl/N) N7
dy, d; dy 811/ € 8;3 le,
—156.661 324.392 5.095 9.628 675.618

e, =8:854%x10 #farads/m
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F 4-1 & & 1 4235 T aTipl R

initial guessed converged converged
resonance
parameters deviation parameters deviation  frequency
(kHz)
st 155.909 161.738
st -56.224 -51.532
< 586.736 5.296% 554.152 1.653% 13.0176
dye 5.381 5.196
el 670.898 688.631
s, 157.512 159.396
s5 -48.949 -52.613
s 537.3 5.28% 544.79 1.096% 13.0173
d, 4.64 4.993
el 673.725 675.43
st 147.497 161.28
st -48.596 -54.972
< 552.789 7.463% 534.145 2.289% 13.0173
d, 4.701 5.131
el 737.148 679.739
s, 163.427 167.205
st -49.914 -51.995
< 574.883 4.515% 561.019 2.04% 13.0171
d, 5.009 5.049
el 629.908 676.05
st 148.392 160.321
st -55.478 -53.63
< 563.484 6.024% 556.896 1.155% 13.0173
dye 4.65 5.095
el 686.473 675.406
S 146.771 158.926
s5 -56.991 -50.479
s 537.2 7.604% 538.332 2.142% 13.0174
d, 5.446 5.072
el 738.777 675.545
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3041 B it AR o aclE ()

initial guessed converged converged
resonance
parameters deviation parameters deviation ~ frequency
(kHz)
s, 152.667 158.498
s -50.455 -53.974
S, 571.389 4.709% 532.348 2.298% 13.0173
d, 5.402 4.943
el 695.237 675.251
s, 168.124 162.28
s -51.324 -54.972
SE, 587.204 5.065% 534.145 2.3% 13.0173
Oy 4.966 5.131
el 721.735 679.739
s, 151.518 169.335
s -52.418 52,575
s, 551.383 5.233% 560.667 2.789% 13.0177
d, 4.902 5.254
el 613.803 676.047
s, 161.265 163.877
s -55.496 -52.468
SE 589.06 5.681% 524.909 2.066% 13.0177
Oy 5.384 5.152
el 631.088 679.885
¥ s (x10nP/N)  d(x10*%cl/N)
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% 42 Bk RN T At %

E E E T
Si S S d15 €33 Fobject

Fruikde 161495 -52.667 547.746 5.095 675.618

B3 1t %% 154304 -50.684 584.539 5.165 669.155|3.4623x10™

error -4.45% -3.771% +6.72% +1.37/% -0.96%

343 BB EE S P S

+10% +20% +30%
s, (error) 154.304.(0) 154.304: (0) 154.304 (0)
Fobject 3.4623x10% 3.4623%x10™ 3.4644x10°"
s, (error) —50.938 (+0.5%) 15501938 (+0.5%) -50.938 (+0.5%)
Fobject 1.0566x10* 1.0555x10H 1.0555x10*
sy, (error)  613.766 (+5%) 613.766 (+5%) 613.766 (+5%)
Fobject 1.0914x10* 1.0547x10* 1.0547x10*
ds (error) divergent divergent divergent
ex, (error) 669.155 (0) 669.155 (0) 468.408 (—30%)
Fobiect 3.4623x10°% 3.4623x10™1 2.6962x10°

¥ s (x10né/N)  d(x10*cl/N)



+ > 5 53R oL
= 4'4 dlSL‘E/%G“’:F"%

+10% + 20%
sy; (error) 154.304 (0) 154.304 (0)
d(error)  5.6815(+10%)  6.198 (+20%)
Fobiect 3.3264x10™ 3.4623x10™
s} (error) -50.684 (0) -50.684 (0%)
d.(error)  5.6815(+10%)  6.198 (+20%)
Fobiect 3.3264x10™" 1.0555x10™

sp(error)  613.766 (+4%)  613.766 (+ 4%)
dy(error)  4.6485(-10%)  4.132(-20%)

Fabiect 1.0134x10™12 1.0547x10%
£5(€rror) 669.155 (0) 669.155 (0)
d, (error)  5.6815(+10%)  6.198 (+20%)

Fobiect 3.3264x10™" 3.4623x10™

% 45 7 % B R, o i ik

E E E T
Si S2 S €33 Fobject

cix#ic 161.495 -52.667 547.746 675.618

e
B3 2% 164674 -55.041 553.096 669.609 |6.6947x10"3

error  +1.97% +451% +0.97% -0.89%
¥ s (x10°° m?/N)




# 4-6 FAzdeBh2 T etk

initial guessed converged
parameters deviation parameters deviation
S 165.002 164.778
S -57.079 2 003% -57.106 > 710%
St 574.892 574.865
£ 655.532 669.453
S5 161.62 161.875
Sz -53.187 2 567% -53.156 2 26%
S 539.706 539.755
£33 685.603 669.564
Sy 156.793 156.865
S 55.981 2 894% -55.973 2 889%
St 563.328 563.325
£ 672.715 668.852
S5 156.985 156.912
S 53.72 3.03% -53.728 3.019%
S 566.026 566.041
£33 664.996 669.128
S 160.537 160.549
% -53.345 2.026% -53.344 2.024%
St 548.805 548.806
€5 670.195 669.447
S5 160.001 160.237
2 -56.327 3.133% -56.3 2.93%
S 527.156 527.244
£33 682.577 669.201
Ss 157.721 157.42
e -54.761 2.931% -54.796 2.697%
S 536.017 536.057
€3 652.219 669.096
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3 4-6 % A=4nBE2 T a0BR(H)

initial guessed converged
parameters deviation parameters deviation
S5 157.779 158.064
Sz -54.375 2 504% -54,342 2 244%
S 561.626 561.693
£33 685.382 669.175
S, 168.15 168.383
Sz -52.686 281% -52.659 5 510%
S 544.916 544.913
£ 686.888 670.025
Sh 171.48 171.293
Sz -55.232 2 767% -55.254 2 543%
Su 536.009 535.999
£33 656.352 670.036
¥ s (10 mfIN) -~ d (x20™ cl/N)
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| mpedence (dB)

Impedence (dB)
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I 40 D
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g (X 10°9)

-70

-60

experiment data |
curve fitting

0.1 0.2 0.3 0.4
E, (V/um)
B 315 dsF%d AE1
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g,(X 107

T l T l T
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