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A Study on the Smart Composite Panels Based
on Piezoelectric Sensors -

II. Piezoelectric Sensor Responses under Low Cyclic Fatigue Loading

In-Gul Kim*

ABSTRACT

The responses of piezoelectric sensors attached to the composite laminated panels under the
low cyclic tensile loading differed not only between piezopolymer and piezoceramic sensors but
also between piezoceramic sensors depending on the attachment techniques. The measured sensor
responses were compared to those predicted by the shear lag model with piezoelectric constitutive
equations and equivalent circuit theory. The effective strains of the sensors were different from
the actual applied strains of host structures depending on the thickness of the bonding layer.
It was observed that the large strain of host structure was not linearly transferred to the pie-
zoceramic sensor through the bonding layer. The amplitude and phase of sensor response were
different from those of actual applied strain when the frequency of cyclic loading was lower
than the cut-off frequency of the sensor. The piezopolymer sensor responses under the cyclic
loading agreed fairly well not only with shape but also with magnitude of the predicted sensor
output. The predicted responses of piezoceramic sensor based on the elastic-plastic shear lag
model agreed well with both shape and magnitude of the measured responses for adhesive-
bonded and epoxy-bonded piezoceramic sensor. The reponses of piezoceramic sensors were
decreased as the number of fatigue cycle was increased while that of piezopolymer sensor
was almost constant.
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A, © electrode area of piezoelectic sen- a ° host structure equilibrium parameter
sor €& ! normal strain
C, * capacitance of piezoelectric mate- £ . average stain over the electrode
rials &3z - permittivity in the thickness dire-
C, . piezoelectric sensor constant ction
D;  electric displacement I' ! nondimensional shear transfer pa-
Dy piezoelectric constant rameter
E : modulus ratio of host structure to ¥ - shear strain
piezoelectric materials w . effective stiffness ratio
E; ' electric field v . Poisson’s ratio
G : modulus ratio of bonding layer to 6 . thickness ratio(normalized by t,)
piezoelectric materials T . shear stress in the bonding layer
L length of piezoelectric sensor
R ! resistance Subscript
S; + elastic compliance matrix b ! bonding layer
%, : nondimensional bonding layer thi- H  host structure
ckness p ! piezoelectric materials
V I actual sensor output voltage pc . piezoceramic sensor
V . open-circuit voltage pp - piezopolymer sensor
x I piezoelectric centered coordinates
¥ nondimensional piezoelectric cen- Superscript
tered coordinates(2x/L) s . surface of host structure
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Fig. 1. Geometry of surface-bonded piezoelctric se-

nsor to a host structure through a finite
bonding layer thickness and assumed strain
distributions
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Table 1. Shear lag model parameters for the rec-

tangular piezoelectric sensors

Parameter P ieé%%?g;ner Pieg(é%esrgxplic
E, (GPa) 2.54 71.0
tp(m) | 0.028x107° 0.38x1073
v 2,440 6.43
L/2(m) | 30/2x1073 5.08/2x%1073
E, (GPa) 3.0 3.0
ty (m) 0.010%x1073 }0.010x10730.058%1073
G 6 158.6%1073 10.418x1073|2,424x10"3
Cy 39,824 2,199 912
r 597 5.58 2.32
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Fig. 2. Normal strains in piezoelectric sensor and
shear stresses in the bonding layer for dif-
ferent layer thickness based on elastic shear
lag model
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Fig. 3. Geometry and dimension of disk type pie-
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Table 2. Averaged strains over the piezoelectric
sensor with different host structure and

bonding layer thickness

Selzgor PC Sensor
Ey; (GPa) | 85.5° 85.5% 75.8P
ty (x10™m)| 0.010 | 0.010 | 0.058 | 0.010 | 0.058

Cy(L/2) | 597 5.68 | 2.32 | 5.66 | 2.35

e /&y 1.00 | 0.666 | 0.421 | 0.649 | 0.414
/ey 1.00 | 0.641 | 0.400 | 0.629 | 0.395
a. [SUF-2, 3] : [0/90],s made of unidirectional Gr/Ep
Prepreg
b. [SFF-2]:  [0/90],5 made of fabric Gr/Ep Prepreg
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Fig.4. Normal strains in piezoelectric sensor and
shear stresses in the bonding layer for dif-
ferent layer thickness based on elastic-plastic
shear lag model(s,;=0,58% strain, t,=30
MPa assumed)
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Table 3, Typical constants of piezoelectric sensors

Constants Symbol PP Sensor Sel;%or
Thickness  1t, (x1073m)  |0.028%] 0.052" | 0.380°
Permittivity |ex(x10 PF/m)| 106 | 106 | 15,017
Effective arealA, (x10-%m?) | 360 360 | 14.78
Capacitance  |C, (x10"2F) | 1,363 | 734 584
Piezoelectric |e3; (C/m?) 65.6 | 65.6 | 15.2
strain constants|e (C/m?) 8.55 | 8.55 | 15.2
Sensor Cy(Vor C/F) {17,328/ 32,181 | 384,884
constants C, 2,259 4,194 | 384,884
Time " IRC (ms) 1.38 | 0.754 | 0.604
constant
Cut-off (Hz) 15 | 26 | 2
frequency
* Note ! Based on the IM{2 and 20 pF electronic interface

a. DT1-028K(Atochem Sensors, Inc.)
b. DT1-052K(Atochem Sensors, Inc.)
¢. PK1-500(Piezo Kinetics, Inc.)
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(a) Adhesive-bonded PC sensor, T~3
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(b) Epoxy-bonded PC sensor, T-4

Fig.5. Typical sensor waveform due to fatigue
loading

YT



il

k| EEBAT R

32 #
110,000 cycle)
3 ~-= (300,000 cycle)
g 1.0 /]
- E f
3 3 H
& 3 L
=] E
%) 3
b 4
8 -1.03
o~ E
Q =
» E
-2.0 -3
8.0 A
0.00 0.05 0.10 0.15 0.20
Time (sec)

(¢) Epoxy-bonded PR sensor, T-PP
Fig.5. Continued
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Fig. 6. Average strains and predicted sensor out-
put vs, time for different bonding layer thi-
ckness(e,=0.58% strain, elastic shear
lag model)
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Table 4. Piezopolymer sensor responses under
low-cyclic loading

SUF-2* | SUF-3" | SFP-2°

[0/90],51[0/90],5 | [0/90]5¢
Ey.  (GPa) 85.5 85.5 75.8
Vit s 0.037 | 0.037 | 0.050
Ty, max (MPa) 250 500 343
1t o (%) 0.29 0.58 0.45

Predicted voltage

based on E,, =2.0GPa 0.89 1.78 1.37

Predicted voltage

based on E, =4.0GPa 1.78 3.56 2.74

Predicted veltage
based on E,,=2.54 GPa 1.09 2.19 1.69

Measured voltage 1.05 2.25 1,70

a. T650/35/ERL-1902, Amoco. unidirectional prepreg
b. T650/35-5HS/ERL-1902, Amoco, fabric prepreg
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Fig. 8. Average strains and predicted sensor output
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Table 5. Sensor responses under low-cyclic loading with different sensor attachment techniques based

on the elastic-plastic shear lag model

Specimen SUF-2 SUF-3 SFF-2
En (GPa) 85.5 85.5 75.8
P 0.29 0.58 0.45
Sensor Attachment Method T-3 T-4 T-3 T-4 T-3 T-4
Bonding Layer 0.058 0.010 0.058 0.010 0.058 0,010
Thickness t;, (X107 m)
Predicted Voltage(Volt)
Shear Failure Strength
— 30 MPa (assumed) 5.26 5.91 8.20 8.01 6.34 6.52
— 20 MPa (assumed) 4,67 . 4.80 6.54 6.51 5,22 5.20
— 10 MPa (assumed) 3.27 3.26 4.58 4,24 3.74 3.4
~ 1MPa (assumed) 0.71 0. 66 0.84 0.76 0.77 0.70
Measured Voltage(Volt)
at 10,000 cycle - - 1.29 0.69 0.87 0.20
at 300, 000 cycle 1.10 0.09 1.24 0.36 0.76 0.09
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